
z Materials Science inc. Nanomaterials & Polymers

Room Temperature-Sintering Conductive Ink Fabricated
from Oleic-Modified Graphene for the Flexible Electronic
Devices
Tam The Le,[a] Huy Hoang Tran Bui,[b] An Khang Phung Dinh,[c] Duc Vu Van,[d]

Quang Dinh Ho,[a] Hoai An Nguyen Thi,[b] Du Hoa Nguyen,[a] and Duong Duc La*[e]

Graphene, a novel 2D nanomaterial, has been intensively
studied and utilized in many fields of applications. Graphene-
based conductive ink has attracted many scientific researchers
due to its flexibility, durability, and, most importantly, high
electrical conductivity. However, the low dispensability and
high curing temperature have hindered the use of graphene
ink in many practical applications. In this work, graphene
nanoplatelets (GNPs) were modified with oleic acid to improve
dispensability. Then, the modified GNPs were employed as a
major component in the conductive ink‘s formulation. The
effects of the oleic acid, binder, and GNPs contents on the

conductivity of the prepared ink were studied. The results
showed that at the ink‘s formulation of 0.75% binder and 6%
GNPs (modified with 2.5% oleic acid), the lowest resistance
with the value of 22 Ω.cm and sheet resistance of 7.56 Ωcm2

was obtained. Remarkably, the high conductivity of the
modified conductive ink on the substrate could also be
observed after curing at room temperature, which is advanta-
geous for practical application. The viscosity of the resultant
conductive ink could also be adjusted by changing the amount
of solvent in the ink‘s formulation for application of the ink in
the pen, painting, or inkjet printing.

Introduction

The flexible and low-cost electronic devices have attracted
extensive attention from scientists and governments worldwide
for innovative and future applications such as sensors,
electronic displays, smart clothing, solar cells, and field-effect
transistors.[1,5] One of the main driving forces for developing
flexible and low-cost electronic devices is the fabrication of
conductive ink.[6,7] To fabricate electronic devices and sensors,
conductive ink could be facilely printed on sensitive and
flexible substrates such as plastic, clothes, polymeric surfaces,
and papers.[8–11] It is necessary to find appropriate ink
formulations that can be processed by screen or inkjet printing
to maintain high mechanical and electrical performance. Many
conductive fillers have been successfully employed to formu-
late the conductive inks, including, but not limited to, metals,
conductive polymers, carbon-based materials, and organic

metal complexes.[12,18] Among these, silver nanoparticles are
considered as one of the most suitable fillers for the fabrication
of conductive ink with high conductivity.[18,20] However, because
of its high cost and electromigration property, silver has limited
its application on a large scale. An alternative promising
conducting filler in the conductive ink formulation is copper
nanoparticles, which are cost-effective for industrial applica-
tions. However, the copper nanoparticles are easy to oxidize to
form the copper oxides, increasing the curing temperature of
the ink and reducing conductivity.[21,23] The copper-based
conductive inks are also of poor thermal and chemical stability.
Several carbon-based nanomaterials such as graphene and
carbon nanotubes have been widely studied as fillers in the
ink’s formulations.[24,29] However, carbon-based materials have
low dispensability in the ink‘s composition, which significantly
hindered their applications. Thus, developing a new conductive
ink formulation for flexible electronic devices and sensors is
necessary.

Graphene, a 2D (2D) carbon nanomaterial with remarkable
mechanical, electrical and thermal properties, have been widely
used in a wide range of industrial applications including, but
not limited to, support substrate for photocatalysis, super-
capacitors, sensors, fillers, and light-emitting diodes.,[27][30,35]

Thanks to the excellent conductivity and transparency prop-
erty, graphene could be employed as a main conductive
component for the fabrication of printable ink.[36,39] The
graphene ink could be patterned using two general processes
of ink transfer and sintering. For example, Gao’s group
successfully fabricated graphene-based ink from pristine gra-
phene, cyclohexanone, and ethyl cellulose using an ultrasonic
CO2-based approach.[40] The prepared ink showed low sheet
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resistance of 0.81�0.2 kΩcm2 after sintering at 300 °C for 30
minutes. The flexible ink-printed substrate remained high
conductivity even after 1000 folding cycles. However, the
processing at high temperatures limited their application of
flexible substrates such as PET. To enhance the dispensability
of graphene in the ink‘s formulation, a modification pathway
through non-covalent or covalent interaction is usually em-
ployed.[41] –[44] Most of the graphene modification aimed to
improve the dispensability in the aqueous-based ink formula-
tion. Thus, the quest of finding a graphene-based ink
formulation with high stability and conductivity, even sintering
at room temperature, is essential for applications in flexible
electronic devices and sensors.

Herein, the pristine graphene nanoplatelets (GNPs) are
modified with oleic acid and employed as a filler to formulate
the conductive ink. The oleic-modified GNPs will be thoroughly
characterized. The effects of the oleic acid modified GNPs, and
binder contents on the conductivity of the prepared ink are
investigated. Significantly, the effect of the sintering temper-
ature of the ink on the conductivity is also discussed in detail.

Several examples of the practical application of the prepared
ink are also illustrated.

Results and discussion

The morphologies of the graphene nanoplatelets (GNPs) and
the oleic-modified GNPs were observed using electron scan-
ning microscopy, as shown in Figure 1. It can be seen that
GNPs are of wrinkle and crumpled morphologies with a
diameter in the range of micrometers (Figure 1a). The semi-
transparent property to the electron beam of the SEM instru-
ment demonstrates that the GNPs consist of a few layers of
graphene.[35] After modification with oleic acid, the GNPs tend
to stack to each other (Figure 1b). The modified GNPs are non-
semitransparent to the electron beam, which indicates that the
GNPs’ surface was uniformly covered by oleic acid. The purity
of the graphene nanoplatelets was determined using EDX
spectrum, which indicates that the GNPs have a purity of
almost 100% (Figure S1). The AFM analysis shows that the

Figure 1. The SEM images of (a,c) the graphene nanoplatelets and (b,d) oleic-modified graphene nanoplatelets.
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GNPs has the thickness of around 10 nm, which is equivalent to
approximately 20 layers of graphene (Figure S2).

The chemical structure of the GNPs and the modified GNPs
were studied using Raman spectroscopy, as shown in Figure 2a.
The Raman spectrum of the GNPs has two characteristic peaks
at 1336 (D band) and 1581 cm� 1 (G band), corresponding to
the defects in carbon networks and sp2 bonding, respectively,
of carbon elements. The D band peak’s intensity is significantly
lower than the G band peak, indicating that the obtained GNPs

have fewer defects and a lower oxidant degree. Moreover, the
appearance of a peak at 2658 cm� 1 (assigned to the 2D band),
with an intensity significantly lower than that of the G band,
indicates that the GNPs are multilayered. The broad photo-
luminescent band in the Raman spectrum of the GNPs might
be due to the amorphous nature of the graphene nano-
platelets. In the Raman spectrum of the oleic-modified GNPs, it
can be seen that along with the presence of characteristic
bands of GNPs, the CD-stretching vibrations at around 2100
and 2195 cm� 1 are assigned to the characteristic bands of the
oleic acid. Figure 2b shows the XRD patterns of the GNPs and
modified GNPs. The XRD pattern of the GNPs reveals a peek at
26.4°, which is characteristic of the graphitic nature of
graphene materials. Interestingly, the intensity of the character-
istic peaks in the XRD pattern of the modified GNPs at 26.4°
significantly decreases after modifying the pristine GNPs with
oleic acid. The decrease in the diffraction peak‘s intensity
further confirms that oleic acid successfully covers the GNPs’
surface.

The coverage and bonding nature of oleic acid on the
GNPs’ surface were investigated using FTIR spectroscopy.
Illustrated in Figure 3 is the FTIR spectrum of the oleic-modified
GNPs material. It can be obvious that the characteristic
absorption bands of the GNPs at 3424 (OH� ), 1629 (OH� ), 2369
(COO� ), and 1055 cm� 1 (C� O) are hardly observed in the FTIR
spectrum, which is ascribed to the uniform coverage of oleic
acid on the GNPs’ surface. The symmetric and asymmetric
vibrations of -CH2 sketching in the alkyl chain of oleic acid are
clearly observed at 2926 and 2855 cm� 1, respectively. The sharp
absorption peaks at 1710 and 1285 cm� 1 are assigned to the
carboxylic group‘s C=O and C� O stretching vibrations, respec-

Figure 2. (a) Raman spectra and (b) XRD patterns of graphene nanoplatelets (black line) and oleic-modified graphene nanoplatelets (purple line).

Figure 3. Fourier transforms infrared (FTIR) spectrum of the modified GNPs.
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tively. The band at 1461 cm� 1 is attributed to the bending
vibration of (CH2). This result confirms that the entire surface of
the GNPs was evenly covered by oleic acid. The bonding
between the GNPs and the oleic acid is probably due to π-π
interactions. The BET surface area of the graphene nano-
platelets was determine to be approximately 1045 m2/g (Fig-
ure S3), which is relatively high for the fabrication of conductive
inks.

The concentrations of the modified GNPs, oleic acid, and
CAB adhesive in the ink formula greatly affect the conductivity
of the resultant conductive ink. Figure 4a shows the effect of
the oleic acid‘s contents on the resistivity of the modified GNPs
conductive ink on the paper’s surface with the ink’s formula of
1.5% CAB binder and 4% modified GNPs. The resistivity is in
inverse relation with the conductivity; the lower resistivity
means higher conductivity. The resistivity of graphene con-

Figure 4. The effect of oleic content (a) and CAB content (b) on the resistivity of the modified GNPs conductive ink.

Figure 5. The effect of the modified GNPs content (a) and drying temperature (b) on the conductivity of the modified GNPs-based ink.
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ductive ink decreases gradually as the oleic content decreases.
At the oleic acid content of 50%, the resistance of the ink is
determined to be approximately 546 Ω.cm. When oleic acid
content decreases, the resistivity of the ink significantly
declines to 100 Ω.cm at the oleic acid content of 2.5%. This
could be explained by the oleic acid‘s non-conductive nature of
the oleic acid, thus when oleic acid increases, the conductivity
decreases. Further decrease of the oleic acid content to less
than 2.5%, the conductivity decrease because of the low
dispensability of the modified GNPs in the ink formula. Thus,
2.5% was selected to be optimal oleic acid content used for
modifying GNPs in the formula of modified GNPs conductive
ink.

The CAB binder plays a significant role in the adhesion of
the ink on the substrates and greatly affects the ink‘s
conductivity. Figure 4b exhibits the effect of the CAB binder
content on the resistivity of the modified GNPs conductive ink.
In general, the conductivity of the ink increases along with the
CAB binder content. With 10% of the CAB in the ink‘s formula,
the resistance of the ink on the substrate is determined to be

about 864 Ω.cm. The ink‘s resistance decreases quickly when
the CAB binder contents decrease. Similar to oleic acid, the
decrease in the ink‘s resistance and the decrease of the CAB
content are ascribed to the non-conductive nature of the CAB
organic compound. At the CAB content of 0.75%, the ink‘s
resistance is measured to be only 32 Ω.cm. Interestingly, when
the CAB content decreases to lower than 0.75%, the resistivity
of the ink starts to increase. This increase in the ink‘s resistance
is due to the low adhesion of the ink on the substrate as well
as between other components in the ink‘s formula. Thus, the
optimal CAB binder content is selected to be 0.75%.

The main conductive component in the ink’s formula is the
modified GNPs. Thus, the GNPs concentration in the ink‘s
formula is one of the decisive factors affecting the conductivity
of the resultant ink. Because of the highly conductive nature of
the GNPs, it is reasonable that the increase of the GNPs’
content will improve the conductivity of the resultant ink.
Illustrated in Figure 5 is the effect of the modified GNPs content
on the resistivity of the conductive ink prepared with 0.75%
CAB binder. It can be seen that the ink‘s resistance sharply

Figure 6. The SEM images of the modified GNPs conductive ink on the paper before (a,c) and (b,d) after pressing.

ChemistrySelect
Research Article
doi.org/10.1002/slct.202104249

ChemistrySelect 2022, e202104249 (5 of 8) © 2022 Wiley-VCH GmbH

Wiley VCH Mittwoch, 19.01.2022

Artikel_Svenja / 234290 [S. 5/9] 1



decreases from about 360 Ω.cm at 1% modified GNPs to only
22 Ω.cm at 6% modified GNPs. However, when the modified
GNPs content was increased to higher than 6%, the resistance
of the ink increases slightly due to the increase in the ink’s
viscosity and lack of binder to join the modified GNPs to each
other. Thus, the modified GNPs content of 6% is chosen to be
the optimal proportion of GNPs in the ink’s formula.

For the practical application of the conductive ink, the
drying temperature of the ink after applying to the substrate is
essential. Therefore, in this work, the effect of the drying
temperature on the conductivity of the modified GNPs-based

ink prepared from 0.75% CAB binder and 6% modified GNPs;
the result is shown in Figure 5b. It can be seen that the drying
temperature negligibly affects the conductivity of the ink,
indicating that the modified GNPs-based conductive ink could
be employed for the flexible electronics devices processing at
room temperature.

The morphology of the modified GNPs-based conductive
ink printed on the paper substrate was investigated using
scanning electron microscopy, as shown in Figure 6. Figure 6a
shows the SEM image of the graphene ink printed in the paper
substrate dried at room temperature before pressing by a two-

Figure 7. Four-probe resistance measurement of the modified GNPs-based conductive ink.

Figure 8. (a) The modified GNPs conductive ink pen, (b) simple electrical circuit on the paper, and (c) the modified GNPs conductive ink on copper foil.
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roller machine. The modified GNPs flakes can be observed in
the ink formulation. The thick and dense GNPs flakes are
ascribed to the stack of the GNPs by the CAB binder. After
pressing, the ink‘s surface becomes much smoother, enabling
more contact between the modified GNPs flakes; as a result,
the conductivity of the ink significantly improves. The modified
GNPs conductive ink resistance was measured to be about
74 Ω.cm before pressing. However, after pressing by a two-
roller machine, the resistance decreases to only 22 Ω.cm. Thus,
the pressing technique is utilized to improve the conductivity
of the GNPs-based ink in practical application.

The sheet resistivity of the modified GNPs-based conductive
ink was determined using four-probe resistance measurements
for thin films. The modified GNPs ink was printed on 2×2 cm
glass, dried at room temperature, followed by pressing with a
two-roller machine. The results are shown in Figure 7. The
average resistivity value is 7.56 Ωcm2, indicating that the
modified GNPs-based ink is of substantially electrical conductiv-
ity for electronics and sensing applications.[45,46]

The viscosity of the modified GNPs conductive ink prepared
with 0.75% CAB binder and 6% GNPs (modified with 2.5%
oleic acid) could be facilely controlled by adjusting the amount
of solvent. Depending on the viscosity, the prepared con-
ductive could be used in pen, painting, or inkjet printing to
draw or print on a range of substrates such as paper, plastic,
glass, metals, woods, and fabric. A typical conductive ink
fabricated from the modified GNPs-based ink is shown in
Figure 8a. The conductive ink pen was employed to draw a
simple circuit on the paper substrate, as shown in Figure 8b.
When a battery source was applied to one end of the circuit,
the led light brightened immediately at the other end of the
circuit, demonstrating that the modified-GNPs ink is highly
conductive. The prepared ink could also be inkjet-printed on a
range of substrates. Figure 8c reveals inkjet printing typical ink
film on the copper foil‘s surface. The ink film on the copper foil
is uniform, smooth, and durable without and crack after
bending the foil to nearly 90°. These applications and results
indicate that the modified GNPs conductive ink is highly
promising for application in flexible electronic devices and
sensing.

Conclusions

In short, the graphene nanoplatelets have been successfully
modified with oleic acid to improve the dispensability in
organic solvents. The modified GNPs was utilized as the main
component to fabricate the conductive ink sintering at low
temperature. The effects of the oleic acid, CAB binder, GNPs
contents, and drying temperature on the conductive of the
resultant ink were investigated in detail. The optimal composi-
tion of the conductive ink was drawn with 0.75% CAB and 6%
GNPs (modified with 2.5% oleic acid). The prepared GNPs
conductive ink could be fully aged at room temperature with
line resistance of 22 Ω.cm and sheet resistance of 7.56 Ωcm2.
By adjusting the viscosity of the conductive ink using solvents,
the ink could be facilely applied to many substrates by pen,
painting, or inkjet printing. With high conductivity, process-

ability, low-temperature processing, and durability, the modi-
fied GNPs conductive ink is promising for many applications in
practice, such as flexible electronic devices and sensing.

Supporting information summary

This provides further information about the experimental
section, EDX spectrum, AFM image, and BET surface area plot
of the graphene nanoplatelets.
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aged at room temperature with line
resistance of 22 Ω.cm and sheet re-
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