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ABSTRACT

The capabilities of conductive ink with both excellent conductivity and flexi-
bility properties are extremely important for the construction of next-generation
flexible electronic devices. However, the development of an appropriate ink
possessing high conductivity and good dispersity remains a big challenge for
ink-jet printing. Here, an original synthesis method of surfactant-free carbon
black@graphene (CB@rGO) conductive ink is reported via freeze-drying process
and reduction in p-phenylenediamine. The CB@rGO ink unambiguously dis-
plays a well-defined and smooth morphology, extremely the CB@rGO con-
ductive particles showing good stability in many solvents. The CB@rGO film
exhibited outstanding flexibility which is showed by the durable conductivity
after bending 1000 times. Furthermore, it has an excellent conductivity of
714 £ 90 S m~!, and these data increased to 5091 &+ 200 S m~! after the high
temperature post-processing increased by 198% compared to the traditional
rGO film. Notably, the absence of surfactant in conductive fillers” dispersing
process contributed to the high conductivity of CB@rGO ink compared with the
traditional ones.
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Introduction [1, 7]. In the past decades, a numerous types of
materials such as inorganic nanoparticles, metal

nanowires, conducting polymers and carbon materi-

The development of conductive inks for flexible,
portable and printable radio frequency identification
devices (RFID), electrodes, energy devices, sensors,
and other electronic devices has attracted tremen-
dous attention in recent years [1-6]. Depositing cir-
cuit on a flexible board or designing self-supporting
flexible conductive film is an effective way for the
fabrication of high-density foldable electronic devices
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als have been used in conductive ink for flexible
electronics [8, 9]. However, many challenges for these
conductive inks are limiting their development of
industrial products. For instance, metal conductive
inks are not stable in environmentally friendly sol-
vents which usually need organic addition agents
and the high annealing temperature [10]. In addition,
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another drawback of metal conductive ink is the
consumption of expensive metallic nanoparticles.

One possible approach to solve this problem is the
utilization of highly conductive carbon nanomaterials
[2, 8, 11]. To date, graphene conductive ink has
attracted considerable interest from the viewpoint of
the fabrication of flexible electronic devices, due to its
excellent conductivity, film-forming property and
mechanical flexibility [2, 7, 12-14]. Currently, gra-
phene inks using water as solvent show low con-
ductivity owing to the addition of insulated
surfactant [15-17]. Graphene inks using un-eco-
friendly organic solvents (e.g., N-methylpyrrolidone
(NMP) and dimethylformamide (DMF)) have low
viscosity (<2 ¢P) and low concentration
(< 0.1 mg mL™"), suggesting that several tens of print
passes are required to obtain conductive films which
is low efficiency for the printed electronic technique
[17-19]. Large-scale fabrication of hydrophilic gra-
phene oxide (GO) and reduced graphene oxide (rGO)
ink has been reported. The conductivity of self-sup-
porting printed GO film can be promoted after the
oxygen-containing functional groups being removed
by chemical reduction [20-24]. The graphene in rGO
inks formed by chemical reduction methods from GO
can be modified simultaneously with different func-
tional groups (sulfonic acid group, phenol groups,
alkoxy group). The surface functionalization of gra-
phene is necessary for both the modification of their
dispersing properties and the acquisition of new
characteristics [25-27]. Owing to the electrical path-
way effect of graphene and the decreased contact
resistance of graphene junctions by Ag nanoparticles,
the Ag/graphene conductive ink possesses excellent
conductivity and some flexibility [28]. However,
before long, silver migration can easily occur from
silver loads on graphene system and the graphene/
Ag structure is destroyed in the end because there is
no extra force to support this structure. There still
remain many challenges that need to be overcome
before graphene inks can actually become industrial
products, especially in designing flexible electronics.
Therefore, environment-friendly, high concentrations
and surfactant-free graphene conductive inks are
meaningful for the development of flexible
electronics.

In this study, a well-dispersed, stable, surfactant-
free and high conductive CB@rGO ink for the fabri-
cation of flexible electronics was developed success-
fully. The CB@rGO conductive ink showed excellent
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dispersion that can be dispersed steadily with high
concentration in various solvents for months in the
absence of surfactant. The film prepared by CB@rGO
ink showed excellent flexibility that it can be retained
most of its conductivity after thousands of folds. The
uniquely dispersibility and conductivity of CB@rGO
ink endowed the constructed flexible electronics with
durability, and most importantly, it provided many
alternative solvents for the next-generation printing
ink and avoided the use of high toxic organic sol-
vents. We utilized ammonia PPD as reductant to
reduce GO. The PPD oxidation products (OPPD) can
interact with rGO by strong n-n stacking interactions
and repelling n-n stacking interactions between rGO
sheets during chemical reduction. In addition, the
adherent carbon black (CB) particles between rGO
sheets achieve the deaggregation of rGO sheets and
decreasing the contact resistance between rGO sheets.
Therefore, we believed that the synthesized CB@rGO
conductive ink could be utilized as printable envi-
ronmentally friendly conductive ink for flexible
electronics.

Experiment section
Chemicals and materials

Nature graphite was purchased from Xiamen Knano
Graphene Technology Co., Ltd. CB was purchased
from Tianyi Century chemical Co., Ltd. The chemi-
cals include p-phenylenediamine (PPD), ethanol (ET),
ethylene glycol (EG), isopropanol (IPA), DMF, NMP
provided by Aladdin Industrial Co., Ltd. The water
used in all procedures was deionized water. All these
materials and chemicals were used as-received
without further purifications.

Synthesis of CB@GO conductive precursors

Initially, GO was synthesized from natural flake
graphite (8000 mesh) via a modified Hummers
method [20, 21]. Then, GO aqueous dispersion
(2 mg/mL) was obtained after ultrasonic processing.
An amount of CB particles (0.05g,0.1g,02¢g, 04 g,
0.8 g) which was wetted by ethanol was mixed with
100 mL of the GO dispersion by high-frequency
ultra-sounding. The carbon black@graphene oxide
(CB@GO) precursor including freeze-drying CB@GO
(FCB@GO), 80 °C drying CB@GO (DCB@GO) and
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without drying CB@GO (NCB@GO) was obtained by
three different methods of freeze drying, 80 °C dry-
ing and without drying, respectively. FCB@GO was
prepared with different mass ratios of CB/GO (4/1,
2/1,1/1,1/2 and 1/4). The mass ratio of CB/GO for
DCB@GO and NCB@GO was prepared as 1/1.

Synthesis of CB@rGO conductive inks

04 g FCB@GO, DCB@GO, NCB@GO conductive
precursor was sonicated in 100 mL EG for 5 min.
Successively, an amount of amino reductant PPD was
dissolved into conductive precursor dispersion and
GO was chemically reduced in 90 °C water bath for
24 h. The CB@rGO conductive materials were
obtained after filtering and washing by EG for three
times. At last, CB@rGO conductive inks were pre-
pared by dispersing CB@rGO conductive materials
into different solvents (water, EA, EG, IPA, DMF,
NMP) via ultrasonic process. High reduction degree
FCB@GO (HFCB@rGO), high reduction degree
DCB@GO (HDCB@rGO) and high reduction degree
NCB@GO (HNCB@rGO) represent three kinds of
conductive inks which obtained from the FCB@GO,
DCB@GO and NCB@GO precursors with high
reduction degree when the PPD usage was 4 g. Low
reduction degree FCB@GO (LFCB@rGO) was the
conductive inks from the FCB@GO precursors with
low reduction degree when the PPD usage was 0.4 g.

Preparation of HFCB@rGO conductive films

The HFCB@rGO conductive film was prepared by
spin coating on glass substrate under 80 °C drying.
The annealing HFCB@rGO (AHFCB@rGO) film was
prepared by blade coating on ceramic substrate
under 400 °C annealing for 2 h in argon atmosphere.
The rolling AHFCB@rGO (RAHFCB@rGO) film was
prepared by rolling the AHFCB@rGO film with a
glass tube.

Characterizations

The micromorphology of the conductive particles
was investigated by the field-emission scanning
electron microscopy (FESEM, NJSM-6700F, JEOL,
Tokyo, Japan). The powder X-ray diffraction (XRD,
D8-Advance instrument, Bruker AXS, America) was
operated with Cu Ko radiation at a scan rate (20) of 5°
min~' with an accelerating voltage of 40 kV. The
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Raman spectra were recorded from 500 to 3500 cm ™"

on a Raman spectrometer (Raman, LABRAM, HJY,
France). The Fourier transform infrared spectra were
collected from 1800 to 1000 cm™' using a RQUI-
NOXB55 spectrometer (FTIR, 8400S, Shimadzu, Japan).
The chemical composition of conductive materials
was investigated by X-ray photoelectron spec-
troscopy (XPS) using an ESCALab250 electron spec-
trometer (Thermo Scientific Corporation) with
monochromatic 150 W Al Ko radiation. The sheet
resistance (Rs) was measured on the digital four
probe meter (SZ82, Suzhou Telecommunication
Instrument, China). Thermogravimetric analysis
(TGA) was carried on DTG-60H (Shimadzu, Japan)
from room temperature to 800 °C in air at a heating

rate of 10 °C-min~ .

Results and discussion

The characterization of CB@rGO conductive
particles

The preparing route of HFCB@rGO conductive ink is
described schematically in Fig. 1a. The SEM images
of FCB@GO precursor and HFCB@rGO particle are
shown in Fig. 1b, ¢, respectively. Figure 1d shows the
nitrogen element mapping image of HFCB@rGO. The
XRD diffraction curves of GO, CB, FCB@GO and
HFCB@rGO are shown in Fig. le. The SEM and film
images HFCB@rGO, HDCB@rGO, HNCB@rGO con-
ductive films are shown in Fig. 1f, g and h, respec-
tively. The SEM image of synthesized HFCB@GO
with different CB/GO ratios (4/1, 1/1 and 1/4)
conductive precursor particles is shown in Fig. S1 (a,
b, c), respectively.

As shown in Fig. 1b, CB particles were uniformly
distributed between the GO sheets on the structure of
FCB@GO precursor. FCB@GO exhibited the stacked
structure with ~ 4.7 pm in diameter, which is shown
in Fig. S2(a—c). During the chemical reduction pro-
cess, GO sheets were reduced to wrinkled rGO
sheets. The as-prepared HFCB@rGO showed simi-
larly spherical structure particles with ~ 4.9 pm in
diameter (Fig. 1c and Fig. S2(d—e)). No CB particle
was observed on the shell of the spherical structure,
indicating that they were encapsulated inside the
rGO sheets. Hence, a core-shell structure was pro-
posed for the HFCB@rGO, which had a core of lay-
ered rGO sheets and CB particles and a shell of

@ Springer



11160

1) Ultrasonicing

Figure 1 a Synthesis diagram of HFCB@rGO conductive ink. b,
¢ SEM image of synthesized FCB@GO conductive precursor
particles and HFCB@rGO conductive particles. d SEM element
mapping and energy-disperse spectroscopy (EDS) curves of the
HFCB@rGO materials. e XRD for HFCB@rGO nanoparticles to
demonstrate the reduction in GO. f~h SEM image of synthesized

wrinkled rGO sheets (Fig. 1a). In Fig. 1d, the nitrogen
element mapping distribution was well dispersed on
the sphere of HFCB@rGO, suggesting that rGO sheets
were coated uniformly on the shell due to that the
nitrogen element was solo from PPD structure. In
Fig. 1e, the GO materials showed the characteristic
diffraction peaks at 10.3° which corresponds to the
interlayer spacing (8.60 A), the CB particles showed
the characteristic diffraction peaks at 25.6°, 42.9°, and
the FCB@GO precursor materials showed the char-
acteristic diffraction peaks of CB particle at 25.6°,
42.9° and that of GO sheets at 10.3°. After the chem-
ical reduction, the HFCB@rGO materials showed the
characteristic diffraction peak of CB particles at 25.6°,
42.9° and that of rGO sheets at 20 = 22.8° which
corresponding to an interlayer spacing of about 3.91
A, and the interlayer spacing (3.91 A) of rGO is larger
than that of graphite (3.36 A) [29, 30]. The presence of
defects and the OPPD which attached to the rGO
sheets surface by m-n conjugate action can prevent
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Prepare Ink

HFCB@rGO HFCB@rGO Ink

—Go
—cB
——FCB@GO
——HFCB@rGO

Intensity/(a.u.) D

HFCB@rGO, HDCB@rGO, HNCB@rGO conductive particles,
respectively. (The insets are HNCB@rGO, HDCB@rGO,
HFCB@rGO film.) i Photographs of HNCB@rGO (1),
HDCB@rGO (2), HFCB@rGO (3) conductive particles
dispersed in EG with a concentration of 20 mg-mL™" were taken
after standing for 2 months.

perfect m-m stacking of graphene sheets, which
expending the interlayer space [31].

In this work, freeze-drying process was found to be
one important step for the formation of FCB@GO
precursor. The HNCB@rGO and HDCB@rGO con-
ductive particles synthesized via two different drying
process of drying at 80 °C and without drying,
respectively, were studied in comparison with
FCB@GO. In Fig. 1f, HNCB@rGO conductive ink film
was cracked and the phase of CB and rGO was sep-
arated on the SEM image. In Fig. 1g, HDCB@rGO
conductive ink film was non-uniform. The rGO
sheets were stacked and CB particles were covered by
overlapping rGO sheets in a microscale. However,
the HFCB@rGO showed a core-shell structure as we
mentioned at above and its conductive ink film was
very uniform (Fig. 1h), suggesting that the freeze-
drying process played an important role in the for-
mation of HFCB@rGO. It is because that the FCB@GO
conductive precursor was formed slowly at a low
temperature (— 10 °C) and low atmospheric pressure
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(0.35 mbar) for 48 h. Therefore, there is enough time
for porous carbon black particles sticking to GO
sheets due to the strong capillary force in low pres-
sure. The increasing surface energy prompted GO
sheets to aggregate under the freeze-drying process,
whereas the uniformly distribution of CB particles on
GO sheets can hinder the aggregation of GO due to
the increasing capillarity of porous CB particles in
FCB@GO structure. Overall, the strong capillarity
between GO sheets and porous CB supported the
formation of the HFCB@rGO structure and prevented
the phase migration phenomenon when HFCB@rGO
was dispersed in solvents.

In the next reduction procedure, rGO sheets which
on the surface of CB@GO precursor begin to shrink
and generated wrinkle, and then, the rGO sheets
stuck to the FCB@GO precursor particles in order to
resist the reduction in surface tension; gradually, the
FCB@GO precursor particles were surrounded by
rGO sheets completely and the HFCB@rGO particles
were formed in the end [32, 33]. To understand the
structure of HFCB@rGO particle, SEM analysis of
HFCB@rGO is performed (Fig. 1c, h), the as-obtained
HFCB@rGO is nearly spherical structure particles,
and the wrinkles of rGO sheets are observed on the
surface of HFCB@rGO particles. Figure 1i shows the
dispersion of HNCB@rGO, HDCBe@rGO,
HFCB@RGO in EG, in the absence of surfactant. It
was found that HFCB@rGO conductive ink displays
better stability than HDCB@rGO and HNCB@rGO
conductive ink, the phase migration phenomenon
occurs in HNCB@rGO conductive ink and there is a
lot of precipitation in the bottom of HDCB@rGO
conductive ink. The HFCB@rGO conductive material
can disperse in many solvents for a long time, and the
dispersion performance in other solvents is shown in
Fig. S3.

The reduction mechanism of rGO

The chemical reduction in GO by means of PPD is
illustrated in Fig. 2a. In the case of a small amount of
reductant (mass ratio of PPD/GO was 1/1), the
amino group of PPD firstly reacted with the carboxyl
group on GO, resulting in the amide bonds between
PPD and GO. In addition, there was a ring-opening
reaction between amino and epoxy group that would
be happen after the amidation in the first step. In this
case, the LFCB@rGO material can disperse steadily in
most solvents due to the introduction of amino
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group. When adding an excess of reductant (Mppp/
Mgo = 10), most of the oxygen functional groups
were removed, and a series of reactions generated
large amount of hydrophilic OPPD. So HFCB@rGO
ink displays not only excellent dispersing perfor-
mance due to strong conjugate effect between OPPD
and the rGO sheets on particle surface, but also high
conductivity due to maximum reduction in GO
sheets. The images of LFCB@rGO and HFCB@rGO
inks with a concentration of 20 mg mL™" in Fig. 2d
were taken after standing for 2 months.

The resulting HFCB@rGO material was character-
ized by Raman spectra, FTIR spectra and XPS spectra,
all of which confirmed that the reduction in graphene
had taken place. Figure 2b shows the Raman spec-
trum for FCB@GO, LFCB@rGO and HFCB@rGO
materials, and all their Raman spectra of the con-
ductive material exhibited the characteristic D and G
bands at 1339 and 1584 cm ™', respectively. In gen-
eral, the area ratio In/Ig of D and G peaks was con-
sidered to be related to the average size of the sp”
domain. The higher Raman Ip/Ig means the smaller
sp> domain size and the more sp® domains
[30, 34-36]. The calculated Ip/I; ratio of FCB@GO,
LFCB@rGO and HFCB@rGO materials is 0.95, 1.02
and 1.13, respectively, suggesting the number of sp”
domains following the sequence: HFCB@rGO >
LFCB@rGO > FCB@GO. Further insights on chemi-
cal changes caused by PPD were show in FTIR
spectra (Fig. 2c). The FTIR peaks of FCB@GO at
1207 cm™', 1384 cm ™' and 3434 cm ™" assigning to the
epoxide (C-O-C), C=0O and hydroxy (-OH) groups,
respectively, demonstrated that the conductive pre-
cursor FCB@GO contained a large number of oxygen-
containing functional groups, such as epoxy group,
ketone group, carboxyl group and hydroxyl group
[37-39]. The characteristic peak of C-N at 1117 cm ™"
indicated that the amido reaction occurred between
PPD and GO in the FTIR spectrum of LFCB@rGO and
HFCB@rGO. Compared with the FTIR spectrum of
FCB@GO, those of LFCB@rGO and HFCB@rGO did
not show obvious difference owing to the existing of
CB.

The XPS spectrum (Fig. 2e—g) showed evidences
that C-N was generated and oxygen-containing
bonds reduced in LFCB@rGO and HFCB@rGO com-
pared with FCB@GO. Besides, the HFCB@rGO
showed more nitrogen content (12.55%), while less
oxygen (5.12%) than those of LFCB@rGO (9.32% and
8.79%, respectively), which indicated the further ring-
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Figure 2 a Reduction mechanism schematic of GO in the
HFCB@rGO conductive material. b Raman spectra for
FCB@GO, LFCB@rGO and HFCB@rGO materials to
demonstrate the reduction in GO. ¢ FTIR spectra for FCB@GO,
LFCB@rGO and HFCB@rGO materials to be clarified the
changes of functional groups after chemical reduction.
d Photographs of LFCB@rGO and HFCB@rGO ink were taken

opening reaction occurred under the high proportion
of PPD reductant. To clarified successfully chemical
reduction in FCB@GO precursor, the high-resolution
Cls spectra for FCB@GO, LFCB@rGO and
HFCB@rGO materials were compared, as shown in
Fig. 2f, g. The Cls spectra of FCB@GO indicated a
considerable degree of oxidation with three different
peaks at 284.6, 286.2 and 287.8 eV, corresponding to
C-C/C=C in aromatic rings, C-O-C/C-O (epoxide
and alkoxy groups) and C=O (carboxyl and ketone
groups), respectively [30, 40]. The spectrum of
LFCB@rGO and HFCB@rGO showed that there is a
new peak for C-N at 285.6 eV, which demonstrated
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after standing for 2 month and with a concentration of
20 mg-mL™". e XPS spectra for FCB@GO, LFCB@rGO and
HFCB@rGO materials to demonstrate the existence of nitrogen
after chemical reduction. f, g High-resolution Cls spectra for
FCB@GO, LFCB@rGO and HFCB@rGO materials, respectively,
to demonstrate the occurrence of nitrogen-containing functional
groups.

the reduction in GO by PPD. In addition, the spectra
of HFCB@rGO showed a stronger peak intensity at
284.6 eV (C=C) and at 285.6eV (C-N) than
LFCB@rGO, which indicated that the graphene net-
work of C=C bonds was further restored in
HFCB@rGO.

The conductivity of CB@rGO ink films

Figure 3a shows the RAHFCB@rGO conductive film
fabrication route from HFCB@rGO ink in which
HFCB@rGO particles were dispersed in the EG sol-
vent, then spin coating on the ceramic substrate to
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Figure 3 a Preparation process of RAHFCB@rGO conductive
material. (The insets are AHFCB@rGO film and RAHFCB@rGO
film.) b The formation process scheme of the conductive pathway
model (graphene—carbon black—graphene) of RAHFCB@rGO

make complete uniform film, followed dried in oven
at 80 °C for 5 h to remove solvent. The success of the
uniform film fabrication depends on the uniform
nearly spherical structure of the conductive particles,
and the wrinkles of rGO sheets on the surface of
conductive particles cause corrugated particles tend
to unite. To increase the conductivity of HFCB@rGO
particles, post-processing methods, such as thermal
annealing or compression rolling, can be employed
[41-44]. In particular, thermal annealing is known to
be a very efficient method to improve the conduc-
tivity of GO, and the high-temperature annealing
could remove the residual oxygen-containing func-
tional groups (main hydroxy) of rGO sheets in
HFCB@rGO material completely, and then, it
obtained AHFCB@rGO material. At the following
procedure, compression rolling was employed to
improve the compactness of AHFCB@rGO film
material. RAHFCB@rGO  material  possessed

material. ¢ Electrical conductivity of the different mass ratio of
HFCB@rGO films. d Electrical conductivity of conductive films
with different treatments. e TGA curves in the air of: FCB@GO,
LFCB@rGO and HFCB@rGO materials.

smoother surface than AHFCB@rGO. Figure 3b
demonstrates the formation process of the conductive
pathway model (graphene-carbon black-graphene)
of RAHFCB@rGO material in detail.

The impact of GO/CB mass ratio on the conduc-
tivity of HFCB@rGO conductive ink was studied
with different ratios of 4/1,2/1,1/1,0.5/1 and 0.25/
1. As shown in Fig. 3c, the conductivity of
HFCB@rGO(1/1) ink was 71429 Sm™' which was
the highest than those with other GO/CB mass ratios.
The conductivities of HFCB@rGO(1/4) and
HFCB@rGO(4/1) inks were 3476Sm™' and
18.23 Sm™', respectively, which were much lower
than that of HFCB@rGO(1/1). On one side, rGO
sheets preferred to agglomerate to form large pre-
cursor particles when GO/CB mass ratio was high
during the reduction process of GO, resulting in poor
dispersibility of HFCB@rGO in solvent. On the other
side, the low conductivity of CB particles caused that
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of HFCB@rGO(4/1) when the GO/CB mass ratio was
low. Obviously, a good matching relation of
HFCB@rGO(1/1) ink film between rGO sheets and
carbon black nanoparticles make him endowed with
high conductivity. Meanwhile, the AHFCB@rGO
material was treated at 400 °C and was naturally
more conductive than the HFCB@rGO material
which treated by chemical reduced only (Fig. 3d).
But, unfortunately, high-temperature annealing of
conductive particles results in layer expansion
between carbon black particles and rGO sheets that
along with the decrease in conductivity. So, it is
necessary for AHFCB@rGO material to compression
rolling, and the structural integrity of the
AHFCB@rGO film is restored by compression rolling
resulting. Thus, RAHFCB@rGO film with smooth
surface, high density and high conductivity
(5091 &+ 200 S m~!) was obtained, which increased
by 198% in conductivity compared to the traditional
rGO film (2420 + 200 S m™") [45], and 960% higher
than that of carbon black film. Unfortunately, the
rigid ceramic substrate and the high-temperature
annealing treatment limited the application of
RAHFCB@rGO film in flexible electronics field.
Figure 3e shows the TGA curves of FCB@GO,
LFCB@rGO and HFCB@rGO materials in air atmo-
sphere. All these materials exhibited about 5% weight
loss attributed to the removal of solvents below
100 °C. LFCB@rGO and HFCB@rGO materials did
not show significant mass loss between 100 °C and
300 °C, indicating that the sample did not contain a
significant amount of thermally labile oxygen func-
tional groups. In contrast, FCB@GO materials exhib-
ited 20% weight loss attributed to the removal of
thermally labile oxygen functional groups between
100 °C and 300 °C. Actually, there was still a 15%
weight loss in HFCB@rGO materials material below
600 °C, most likely due to loss of stable oxygen-con-
taining functional groups and small amount of sol-
vent. All of the above materials showed significant
mass loss above 600 °C, and it could be due to
pyrolysis of the carbon skeleton, because the oxygen
in air contributes to pyrolysis of the carbon skeleton
which breakdown at 800 °C under inert gas [46-48].

The performance of flexible conductive
paper electronics

Figure 4a shows the printing patterns of HFCB@rGO
ink via brush printing for flexible electronic. Various
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predefined patterns such as aligned stripe and the
HQU logo were prepared by one-time brush printing
of HFCB@rGO ink on a cellulose paper (Fig. 4a, b). A
light bulb was able to turn on attributing to the
conductivity of stripe or HQU logo printing pattern
via applying an extra 5.0V potential (Fig. 4c),
showing that the printing patterns of HFCB@rGO
had enough conductivity (71429 S m™') for the
electronics. The stripe pattern was twined around the
cylindrical tube or a finger (Fig. 4d), which was able
to be maintained for a long time. The above results
revealed that the HFCB@rGO ink film would have
satisfactory electrical conductivity and high-dimen-
sional stability during the usage. Hence, the impact of
bending act on the conductivity of the stripe patterns
was studied targeting to see whether HFCB@rGO ink
was suitable for flexible electronic, considering its
two mentioned advantages. As shown in Fig. 4e, the
conductivity of carbon black ink film dramatically
decreased during bending 100 times, and completely
lost the conductivity due to the broke of conductive
path after bending 500 times. The reduction in con-
ductivity of CB ink film was caused by the generated
crack and the low adhesive ability of CB ink on the
paper during the bending behavior. However, the
HFCB@rGO ink film showed almost a constant con-
ductivity after 10 times bending. The reduction in
conductivity was kept within 15% after 1000 times
bending.

The good mechanical flexibility of HFCB@rGO ink
film benefits from its special structure. A shell of
wrinkled rGO sheets of HFCB@rGO ink particles
provides a special meshing effect and frictional
resistance between HFCB@rGO particles, which
reduces the generation and the propagation of crack.
Meanwhile, a core of layered rGO sheets and inserted
CB particles of HFCB@rGO particles is a good cush-
ion structure, which could absorb partial stress shear.
In addition, the good adhesion between ink film and
cellulose paper substrate ensures that the conductive
path is not easy to be peeled off from substrate.
Through the fundamental mechanisms above, the
HFCB@rGO ink film exhibited high conductivity
retention. Thus, the flexible test demonstrated that
the good adhesion and the special folding-resistant
structure of HFCB@rGO film, suggesting that it
would be an alternative material for the flexible
electronics by a high-efficiency printing process.
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Figure 4 a, b Fabrication of HFCB@rGO ink-based paper
electronics in different patterns by brush-printing method.
¢ Photograph showed a light bulb connected by HFCB@rGO
ink coated paper. d The flexible test of electronic paper.

Conclusions

We had successfully developed a surfactant-free
HFCB@rGO conductive ink with high viscosity, and
conductivity via an innovative strategy. This con-
ductive ink exhibited a well-defined and smooth
morphology, extremely showed good stability in
many solvents such as EA, EG, IPA, DMF and NMP.
This ink showed good adaptability to conventional
coating/ printing processes. Notably, the carbon black
particles played an important role in the process by
means of prevented the agglomeration of graphene
and reduced contact resistance between rGO sheets.
The HFCB@rGO(1/1) ink film had an optimal con-
ductivity of 714 + 90 S m™ ', and these data increased
to 5091 +200S m™' after the post-processing of
high-temperature annealing and compression rolling,
which increased by 198% compared to the traditional
RGO film. The high conductivity is explainable by the
absence of surfactant during the preparation. Fur-
thermore, the HFCB@rGO ink film still showed the
durable conductivity after bending 1000 times,
exhibited both outstanding conductivity and flexi-
bility. These performances showed that HFCB@rGO
ink had a potential application in the field of flexible
electronics. Moreover, this surfactant-free and envi-
ronmentally friendly ink which using EG as solvent
provided an efficient and environmentally friendly
method to fabricate conductive ink. Overall, it is
believed that the developed HFCB@rGO ink has
great potential for designing flexible electronic devi-
ces in the further, and we also expected that this
synthesis of HFCB@rGO ink will start a new pathway
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experiment was conducted in outward bending.).

for adapting the macroscopic usages of graphene
nanomaterials in senior and energy fields.
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