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Abstract: Stretchable and flexible graphite films can be effectively applied as functional layers in
the progressively increasing field of stretchable and flexible electronics. In this paper, we focus on
the feasibility of making stretchable and flexible films based on expanded graphite particles on a
polymeric substrate material, polydimethylsiloxane (PDMS). The expanded graphite particles used in
this work are prepared by utilizing bath sonication processes at the ultrasonic frequency of either the
commercially available graphite flakes or graphite particles obtained through electrolysis under the
interstitial substitution of silver and sulfate, respectively. The X-ray diffraction (XRD) patterns confirm
that, due to the action of the bath sonication intercalation of graphite taking place, the resistances of
the as-fabricated thin films is ultimately lowered. Mechanical characterizations, such as stretchability,
flexibility and reliability tests were performed using home-made tools. The films were found to
remain stretchable up to 40% tensile strain and 20% bending strain. These films were also found to
remain functional when repeatedly flexed up to 1000 times.

Keywords: expanded graphite; flexible; polydimethylsiloxane; stretchable; thin films

1. Introduction

Graphite has found many technologically important applications. For instance, graphite particles
have been used in thin film batteries, graphene synthesis, gas sensing, filter material, energy storage,
steam generation and thin film nano composites [1-8]. Additionally, a progressively growing area
where graphite thin films could be exploited is stretchable and flexible smart electronics. The most
demanding features of smart electronics lies in the fact that thin layers of different materials built
on such platforms must retain their functionalities when the device is mechanically stretched and/or
flexed [9-12]. Hence, it has become exceedingly important to study the applicability of carbon materials
and their performance within a mechanically stretchable and flexible framework.
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Graphite is a layered allotrope of carbon in which each layer is composed of carbon atoms that are
covalently attached to each other in an in-plane hexagonal fashion, whereas the layers are also weakly
connected through van der Waals bonds along the lateral direction [13]. Here, it is worthy to note that
most smart electronic devices will require at least one or two electrically conductive material layers
for their functionality [14,15]. Therefore, in the context of nanostructured thin films, it will be highly
desirable to somehow enhance the electrical conductivity of graphite particles used to fabricate the
films. Theoretically speaking, if a single layer of graphite can be separated from its bulk counterpart,
converting graphite into a two-dimensional planar material (graphene) its electrical conduction can be
remarkably increased [16]. This process is known as the exfoliation of graphite. However, the removal
of every single layer of graphite is not possible and can be heavily time consuming and expensive.
Another method that is cost effective and much simpler to apply is the intercalation of graphite
particles [17-19]. Intercalation refers to a technique of causing an increase in the inter-layer distance of
graphite by inserting interstitial atoms or ions between the layers. Therefore, keeping in view the time
and cost, two routes have been selected for this work. The first route consists of simply mixing the
interstitial atoms with the commercially available graphite flakes and generating the intercalation effect
using the bath sonication process. The second route is based on the sonication of graphite particles that
are collected through the electrolysis of bulk graphite in aqueous electrolyte containing the interstitial
atoms [20]. Previous work on graphite thin films was indeed important as far as electrical, thermal
and/or morphological properties are concerned [21-23]. However, these vacuum-based fabrication
methods require high setup cost and are also energy demanding. For this reason, it is anticipated that
thin graphite films could be fabricated in a cost-effective manner and properties such as stretchability
and flexibility, which remain of outmost importance for the realization of smart electronics, should
also be addressed.

Therefore, the objective of this paper is to utilize the as-synthesized expanded graphite particles
in the fabrication of thin graphite films and secondly to test the mechanical stretchability and flexibility
of the as-fabricated graphite films on an intrinsically flexible and stretchable polymer substrate.

2. Materials and Methods

2.1. Materials and Chemicals

Commercial graphite flakes of average size 4.13 pm were purchased from Luoyang Tongrun
Technology China. The graphite electrode and all chemicals, such as silver nitrate salt (AgNO3),
N,N-dimethylformamide also known as DMF, ammonium sulfate salt (NH4),50;), ethylene glycol,
acetone, deionized water and distilled water, were locally purchased from Fanara Chemicals and
Supplies, Pakistan. PDMS Sylgard 184 elastomer kit was purchased from Dow Corning, Michigan,
USA. All chemicals and materials were used as received without any further treatment.

2.2. Synthesis of Graphite Particles Using Process of Bath Sonication (First Route)

In this process, silver nitrate and commercial graphite flakes in a 1:1 ratio by weight were
thoroughly stirred in deionized water using a magnetic stirrer until a black colored suspension was
formed. The glass bottle containing the suspension was then placed in a bath sonicator containing
distilled water and sonication was continuously applied for 4 h at a frequency of greater than 20 kHz.
After sonication, the suspension was filtered and washed using deionized water. Finally, the residue
collected over the filter paper was dried on a hot plate at 100 °C for 20 min to render the so-called
expanded graphite particles. Figure 1 depicts the schematic of this process.
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Figure 1. Schematic of first route. Arrows indicate the step by step procedure for obtaining expanded
graphite particles using bath sonication.

2.3. Synthesis of Graphite Particles Using Process of Electrolysis (Second Route)

30f9

In this process a two-electrode electrochemical cell was used for the synthesis of expanded graphite
particles. The graphite plate was made the anode while the copper plate was used as a cathode.
The electrolyte was 500 mL 1 M solution of ammonium sulfate salt (NH4),SO;) in distilled water.
The process was carried out for 2 h at a voltage of 10 V with a constant current of 2 A. During this
process, the graphite particles exfoliated away from the anode and kept on dispersing within the
electrolyte. The electrolyte containing the suspended graphite particles was bath sonicated for 2 h
followed by filtering and washing using deionized water. Finally, the residue was collected and dried
on a hot plate at 100 °C and 20 min to render the expanded graphite particles. Figure 2 shows the

schematic diagram of this process.
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Figure 2. Schematic of second route. Arrows indicate the step by step procedure for obtaining expanded
graphite particles using electrolysis of graphite.
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2.4. Synthesis of Ink, PDMS Substrate and Expanded Graphite Thin Films

The ink containing the collected graphite particles for both the cases discussed above was prepared
by thoroughly mixing 1.5 gm of the collected particles in 10 mL of DMFE. DMF acts as a solvent for the
ink and also as a conductive binder between expanded graphite particles within the thin films. In this
work, the as-synthesized ink was thoroughly shaken each time before the fabrication of graphite films.
In order to prepare PDMS substrates, the base and the cross linker were mixed together thoroughly in a
ratio of 20:1 by weight. The solution was centrifuged at high rpm until all the air bubbles were removed.
Molds were prepared using glass slabs that were 5 cm squared in size. Scotch tape was attached on
one surface of the glass slabs for easy removal of the PDMS and the sides were secured using pieces
of cardboard and scotch tape. Then, 2.5 mL of clear PDMS solution was poured at the center of the
molds and left to cure at room temperature for 2 to 3 days, after which the PDMS substrates were cut
in dimensions of 1 cm (width) X 4 cm (length) X 2 mm (thick). The as-fabricated PDMS substrates were
found to remain reasonably stretchable and flexible for testing the films. In this work thin films of
graphite on stretchable and flexible PDMS substrates were simply prepared by using a paint brush
technique until the substrates were uniformly coated with the ink. The films were left to cure at room
conditions for 24 h before performing the mechanical tests. By studying various lateral scanning
electron micrographs (SEM) of the as-fabricated laminate, the average thickness of the graphite films
in this work was found to remain 15 + 1.37 um. Figure 3 depicts a typical image of the film thickness.

Graphite film

J

o _ )

PDMS
Substrate

Mag= 533X 10 pm
SUPRA 55VP-32-63

Figure 3. Lateral scanning electron microscope (SEM) image of a typical graphite thin film. The lateral
cross-sectional image was viewed at an angle of 90 degrees.

2.5. Characterizations

From a material characterization point of view X-ray diffraction was performed for the collected
expanded graphite particles in order to ensure the graphite phase and possible traces of other materials,
such as silver and sulfate ions. The film resistances were measured using a digital multimeter with an
accuracy of £1%. Three types of mechanical characterizations were performed on the as-fabricated
films. Firstly, the mechanical stretchability was characterized using a homemade thin film tensile tester.
In this test the graphite/PDMS laminate was secured between the fixed and moveable clamps of the
apparatus and it was stretched slowly by giving deformation in steps of 0.5 mm. After each step the
resistance of the film was recorded. The stretchability testing was continued until the multimeter
registered an open circuit. The second characterization was performed to quantify the mechanical
flexibility of the as-fabricated films. In this test, the graphite/PDMS laminates were conformally
wrapped around circular objects of varying diameters and the film resistance was recorded. It is to be
noted that the tensile test induces tensile strain in the films, whereas the flexibility test induces bending
strain in the films. The third mechanical characterization used in this study was rather to check the
reliability of the as-prepared films. In this test a typical graphite/PDMS laminate was secured between
the thumb and the index finger of the experimentalist and was pressed and then quickly depressed
multiple times until the film was found to fail. The film resistance was recorded intermittently during
the reliability tests. Figure 4 depicts all types of mechanical characterizations used in this work.
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Figure 4. Various mechanical tests performed on the as-fabricated graphite/PDMS laminate. (a) Tensile
test, (b) repeated reliability testing, and (c) bending test.

3. Results and Discussion

3.1. Material and Morphology of Expanded Graphite Particles

Figure 5 represents the XRD pattern of the expanded graphite flakes obtained by following the
bath sonication process of commercial graphite flakes—i.e., the first route. In Figure 5 it can be seen that,
as compared to the pure graphite, which is known to exhibit a characteristic peak at 26.53°, the XRD
pattern of the expanded graphite flakes have also shown peaks at 32° and 38°. After comparing with
various peaks of silver and its compounds, it was concluded that these new peaks refer to silver oxide
and silver, respectively. This confirms the presence of silver and its compound in the expanded graphite
flakes during the bath sonication process. SEM images shown in Figure 5 as insets also confirm the
fact that, after performing the bath sonication process, the graphite flakes have become swollen and
increased in overall size, which indicates that the graphite layers have, indeed, expanded during
the process. This mechanism was ultimately found to reduce the film resistances by three orders of
magnitude, as compared to the films of pristine graphite particles.
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Figure 5. X-ray diffraction pattern of expanded graphite particles prepared by first route. The insets
show the scanning electron micrograph (SEM) images of the expanded graphite particles before and
after bath sonication.
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On the other hand, Figure 6 shows the XRD pattern of expanded graphite particles collected
through the process of electrolysis—i.e., the second route. Compared to the XRD pattern of pure
graphite, several other characteristic peaks can be observed. These new peaks are due to the presence
of sulfate ions. The peaks appear at angles of 16.87°, 20.43° and 22.78° with higher inter-atomic spacing
of 5.25 A, 4.34 A and 3.90 A, respectively. Higher inter-atomic spacing in the sample suggests that
intercalation by the combined action of bath sonication and sulfate ions during electrolysis have been
achieved. Again, it can be seen from the SEM images given in Figure 6 as insets that, after performing
the bath sonication, the particle size has indeed increased, which qualitatively indicates the intercalation
effect. The film resistances were lowered by three orders of magnitude, as compared to the films of
pristine graphite particles. However, in this case it was noted that the film resistances on average
remained five times lower than the film resistances prepared by the first route. This decrease in
the film resistance is attributed to higher d-spacing caused by the sulfate ion as compared to the
d-spacing caused by the intercalation of silver, which remains at 2.77 A and 2.37 A at angles of 32° and
38°, respectively.
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Figure 6. X-ray diffraction pattern of expanded graphite particles prepared by second route. The insets
show the scanning electron micrograph (SEM) images of the expanded graphite particles before and
after bath sonication.

3.2. Stretchability, Flexibility and Reliability of Expanded Graphite Thin Films

Figure 7 depicts the change in normalized resistance of the films prepared by following the first
route and the second route against the applied tensile strains. It can be seen that expanded graphite
films prepared by following the second route are approximately 1.3 times more stretchable than the
first route. This is due to the fact that expanded graphite particles synthesized by following the second
route were exfoliated from a hard graphite plate as an anode. Owing to this reason, the films formed
by these expanded graphite particles were slightly higher in strength and therefore could bare larger
tensile strains before failure. On the other hand, it could be observed that, up to 25% tensile strains,
both films showed almost linear behavior and the increase in resistance of the films remains less than
10 in both cases. Specially, the films prepared by the first route showed even less increases in resistance.
Thin film piezoresistive coefficient can be considered as a parameter that highlights the dependency of
the resistance on resistivity changes due to mechanical loads. In order to estimate the gage factor and
thus the piezoresistive coefficient for the as-fabricated films the experimental data shown in Figure 7
could be used in combination with the equation of the form [% = R% -1=(1+9+pB)e=GF.e][24],
where 9 is the Poisson ratio of graphite films taken to be 0.2 [25], R is the final film resistance, R, is the
initial film resistance, § is the piezoresistive coefficient of the film material, GF is the gage factor and ¢
is the applied tensile strain. Using the values from Figure 7 it can be estimated that the gage factors
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GF for the as-fabricated films comes out to be 9.9 and 37.33 for the first route and the second route,
respectively. Therefore, the piezoresistive coefficients are 8.7 and 36.13 for the first route and second
route, respectively. This suggests that the change in resistivity of the material during mechanical
loading affects the films prepared by the second route more strongly, which is the reason for higher
resistance change during stretching for these films. These results fairly suggest the applicability of
expanded graphite thin films in stretchable electronic devices.

20 T T T T T T T
= -Route |

—&—Route 2

() Il 1 1 1 1 Il 1 L
0 5 10 15 20 25 30 35 40 45

Figure 7. Stretchability curves of expanded graphite thin films. Error bars show standard deviations
between the tested samples.

Figure 8 shows the variation in normalized resistance against the bending diameters. This graph
can be considered as the quantitative measure of the flexibility of as-fabricated expanded graphite
thin films. It is to be noted that, in this scenario, unlike the case of stretchability, the as-fabricated
films are subjected to increasing bending strains. From Figure 8 it can be noticed that both the films
remain functional until they are conformally wrapped around a circular rod of 10 mm diameter,
which translates to a maximum bending strain of 20% using the equation of the form [¢ = #] where
tris the average film thickness, ¢; is the thickness of the substrate and D is the bending diameter [26].
High gage factors of 49.3 and 89.2 for the films prepared by the first route and the second route,
respectively, are estimated. This suggests that the as-fabricated films are capable of bending and can be

flexibly operated up to a maximum of 20% bending strains with high strain sensitivity.
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Figure 8. Bending curves indicating the flexibility of expanded graphite thin films. Error bars show
standard deviations between the tested samples.

In order to conclude, the mechanical characterizations reliability tests were performed on the
as-fabricated films and the results were shared in Figure 9. This figure shows the change in normalized
resistance of the as-fabricated films against the number of flexure cycles. Both the films were found to
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withstand repeated flexure cycles, with films prepared by the second route slightly over performing
the films prepared by the first route. However, the film resistance changed by 41.57 and reached a
value of 46.97 k().

45 T T
=X =Route 1
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35k

5 |
100 200 300 400 500 600 700 800 900 1000 1100

Figure 9. Reliability curves of expanded graphite thin films. Error bars show standard deviations
between the tested samples.

4. Conclusions

To conclude, this paper presented the mechanical stretchability, flexibility and reliability of
expanded graphite thin films on polymer substrate PDMS. The expanded graphite particles were
prepared using the bath sonication of commercial graphite flakes (the first route) and graphite particles
obtained through electrolysis (the second route) under interstitial substitution. It was concluded that,
due to bath sonication and favorable effects of electrolysis and sulfate ions, the intercalation was
much more effective, resulting in lower initial film resistances. Additionally, from the perspective of
mechanical characterizations, the films prepared by following the second route seem to over perform
the films prepared by the first route. However, due to the strong dependency on the piezoresistive part,
a higher change in resistance was observed during the mechanical loading of the films prepared by the
second route. Nevertheless, both types of film were found to remain stretchable, flexible, and functional,
even at repeated flexures. Various results in this paper have shown that the as-fabricated expanded
graphite thin films demonstrate favorable mechanical performance, which can be used in various
stretchable and flexible electronics applications.
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