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Abstract

Porous functional materials play important roles in a wide variety of growing research and industrial
fields. We herein report a simple, effective method to prepare porous functional graphene composites
for multi-field applications. Graphene sheets were non-chemically modified by Triton®X-100, not
only to maintain high structural integrity but to improve the dispersion of graphene on the pore
surface of a sponge. It was found that a graphene/sponge nanocomposite at 0.79 wt.% demonstrated
ideal electrical conductivity. The composite materials have high strain sensitivity, stable fatigue
performance for 20,000 cycles, short response time of 0.401s and fast response to temperature and
pressure. In addition, the composites are effective in monitoring materials deformation and acoustic
attenuation with a maximum absorption rate 67.78% and it can be used as electrodes for a

supercapacitor with capacitance of 18.1 F/g. Moreover, no expensive materials or complex
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equipment are required for the composite manufacturing process. This new methodology for the
fabrication of multifunctional, durable and highly conductive graphene/sponge nanocomposites hold

promise for many other applications.

Key words: Multifunction; graphene; porous composites.

1. Introduction

Porous conductive materials have drawn great attention in electrochemistry, supercapacitor and
microwave absorption fields [1-3] due to unique pore configuration, ultralight weight and
conductivity [2, 4-6]. Traditional synthesis methods for conductive porous materials are summarized
as the activation method which includes carbonized calcination [7-9], chemical, physical activation,
catalytic activation [10-12] and aerogel preparation [13, 14]. The porous materials obtained by
carbonization or calcination are brittle, almost non-flexible and have poor mechanical properties,
which limit their applications. The activation process is complex, tedious and inefficient. The
preparation process of aerogel is simpler than catalytic activation, but it requires chemical reaction,
followed by freeze drying or annealing. In general, the materials obtained by the traditional method
are often disordered, and it is difficult to control the shape and size of the pore channel [15-17],
leading to limited structure stability, mechanical property and low functionalization. Therefore, we in
this study select a sponge material [18-20], as it can be produced industrially on a large scale, has
stable preparation technology and relatively regular pore structure as a scaffold for nanomaterials. In
this way, the overall structural regularity [21-23] of composite materials can be improved as much as

possible.

Graphene platelets (GnPs), which are highly crystalline few-layer graphene, have been widely used
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as the conductive materials/filler to form porous conductive composites [24-27] for electronic
applications due to excellent conductivity, compatibility and mechanical properties [28, 29].
Graphene/sponge composites are mostly fabricated by direct ultrasonic oscillation [30, 31], dip-
coating layer-by-layer (LBL) electrostatic assembly [32] or adhesive [33, 34]. However, these
fabrication methods may result in graphene aggregates in the sponge and detachment of the graphene
materials due to either the limited dispersion of graphene in the solvent or the adhesion of polymers
used. Therefore, it is of great importance to explore new strategies to prepare graphene/sponge

nanocomposites to overcome the issues.

In recent years, piezoresistive sensors [35-37] with graphene as filler within sponge structure have
been widely used in human motion detection, health monitoring, wearable electronic devices and
human-machine interface, etc. For example, Passaretti, P, et al. [38] explored the interplay of the
GraPhagel3 structure formation and studies the mechanisms that give rise to the controllable self-
assembly for applications in energy storage and conversion, catalysis and sensing. Lu, Y., Z. Niu, and
W. Yuan [39] prepared multifunctional magnetic superhydrophobic carbonaceous (MSC) aerogel
with hierarchically porous structures via a carbonization process using disposable cotton balls
followed by surface-coating of Fe3O4 particles and post hydrophobic-modified treatment with long-
chain silanes, which can be a good candidate for supercapacitors. Most of them are used in only two
areas, and its single feature can be played in each area. This paper implements three different
applications including engineering detection, sound insulation and electrodes for a supercapacitor.

1t is possible to combine two or more of these features and apply them to different fields.

In this work, we report a strategy to fabricate multifunctional, durable and highly conductive

graphene/sponge nanocomposites (GSC) by forming 3D conductive nanostructures using a sponge as
3



the skeletons and graphene platelets (GnPs) as the filler. The physical modified GnPs are used as the
filler to maintain the overall structural regularity of the composite to the greatest extent, thus
improving its mechanical and electrical properties. The tripolycyanamide sponge material used also
has good porosity and pore size characteristics, thus optimizing the overall structure of the composite
material. The effects of filler concentration of the composites on their responses to mechanical
deformation (compression and strain), electrical properties, sound insulation and capacitance
properties are investigated in details. The resulting nanocomposite exhibits high flexibility,
lightweight, excellent sensing capacity and outstanding reliability and stability during the long-term
fatigue performances. We demonstrate potential applications of this sponge composite as a
multifunctional sensor for mechanical deformation monitoring, sound absorption/attenuation for

aircraft and electrodes for a supercapacitor.

2. Experimental section

2.1 Materials and Chemicals

Graphite intercalation compound (GIC, 1395) was kindly supplied by Asbury Carbons (USA). The
melamine sponge (tripolycyanamide) with the density of 15-17 kg/m? was provided by Xijie Co.
(China). The porosity was 88.725% 7 0.53%. Triton®X-100 was purchased from BioFroxx

(Germany). All materials were supplied without further purification.

2.2 Fabrication of multifunctional graphene/sponge nanocomposite (GSC)

Graphene platelets (GnPs) were prepared using our published method [24, 40, 41]. In brief, 1 gof a
graphite intercalated compound (GIC) was transferred into a preheated crucible placed in a furnace

at 700 °C for 1 minute, and it was left to cool in air to obtain expanded product. The product was



1 mixed with acetone and further processed for ultrasonication for approximately 2 hours below 25°C.

2 Finally, the solution was dried in a vented oven to obtain GnPs.

3 A piece of sponge (2.00 x 2.00 x 0.25 cm) was used as the scaffold in this study. The preparation
4 method is illustrated in Figure 1 using the 0.79 wt.% GnPs/sponge composite sample as an example.
5 GnPs (0.5 g) and 5 mL of Triton X-100 were mixed together in an agate vessel for about 40 min.
6  Deionized water (63 mL) was then added and the mixture was stirred using a mechanical stirrer for 2
7 h. The sponge was emerged into the solution within a beaker under sonication for 10 h in order to
8 allow the modified GnPs to fully infiltrate into the sponge skeleton. The graphene/sponge composite

9  was dried in an oven at 75°C.

n no0c oo '\ Drying i (.cmm GnPs
-
C

Heating

GIC in Muffle Furnace Sonication below 25°

Grinding 0.5g GnPs
and Sml triton

Placing sponge

Drying, 75°C Sonicate 10 hours .
Stirring with 63ml

deionized water for 2 hou

Figure 1: The schematic of preparation for a multifunctional, durable

and highly conductive graphene/sponge nanocomposite

10 2.3 Fabrication of sample for capacitive properties

11~ Two sponge electrodes (6.00 x 2.00 x 0.25-0.27 cm) were immersed in 1 M Na2SOa4 solution

12 overnight. Then, a sandwich structure was created by combining the electrode sponges, two pieces of
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platinum sheets as the current collectors and a piece of filter paper as the separator.

2.4 Characterization

A graphite intercalation compound (GIC) was placed in acetone and then treated with ultrasound for
5 h. Finally, the solution was diluted for three times to obtain samples for TEM. GnPs were prepared
on 200-mesh copper grids and imaged using a high magnification transmission electron microscope
(TEM, JEM-2100, JEOL, Japan) at 200 kV. The surface of the composite was observed by a scanning
electron microscope (SEM, SUS8010, Hitachi, Japan) with an accelerating voltage of 5 kV. Raman
spectra of GnPs were obtained by a Raman spectrometer Avantes AvaRaman (The Netherlands). A
small piece of the composite was prepared by cutting from the composite and coated with a thin layer

(10-20 nm) of platinum prior to SEM imaging.

The electrical conductivity of the composite was measured by a square resistance meter (Daming,
DMR-1C) with the measuring range of 20 Q (220 V AC, 0.1 A). In a typical measurement, the probe
of the square resistance meter was carefully placed on the surface of the composite material with an

appropriate range selected for reading, and finally it was converted to conductivity.

Tensile strength of the composite was evaluated using a universal tensile machine (GX-SF001,
Shenzhen Shared instrument equipment co. LTD, China) with the strain rate of 2 mm/min at room
temperature (25 °C). The overall sample size was 6.00 x 2.00 x 0.25-0.27 cm with a gauge length of

35 mm. At least three samples were used to obtain an average for all measurements and calculations.

Fatigue test was conducted using a universal tensile machine (GX-SF00I, Shenzhen Shared
instrument equipment co. LTD, China) at a strain rate of 50%, and the testing range was selected as

50% of the sample’s elongation at break. 20,000 cycles are tested at 3.33 Hz. A FLUKE 26384 hydra
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series III data acquisition device was used to constantly monitor the resistance of the composite

material during fatigue tests.

For the data processing of sound-absorbing/attenuation experiment, Magic Music Editor Software
was used to collect decibel values. The voice frequencies with MP3 format of the collected three
controlled trials were turned on in the software and the absorption rates were calculated according to

the displayed decibel value.

An electrochemical workstation (CHI660E B19038, Chenhua Instrument CO., Shanghai, China) was

used to analyze the capacitive properties of the multifunctional graphene-based composite sponge.

3. Results and discussion

3.1 Characterization of GnPs

The morphology of GnPs was observed by TEM. Figure 2a shows that GnPs have a large specific
surface area with overlapped structure, which makes the conductive path wider. This structure can
potentially improve the overall electrical conductivity of the material. The enlarged image showed
that the sheet edge is featureless, almost transparent and thin, indicating the possibility of being a
monolayer graphene (Figure 2b). The morphological study shows that GnPs possess a thin two-
dimensional structure, and the sheets are stable even when they were exposed to the electron beam
during TEM tests. The Raman spectra of GnPs (Figure 2c) show that GnPs have significant
absorptions at 1362, 1584 and 2723 cm™!, corresponding to the D, G and 2D bands, respectively. The
G band refers to the sp’ resonance on an ordered graphite lattice, while the D band is activated by
substituted in the plane heteroatoms, vacancies, grain boundaries or other defects through the first-

order scattering process of sp? carbon. These defects may be sp’ hybridized carbon structure, which
7



1 is related to the amount of impurities or the degree of oxidation. Since all samples were tested in a

2 powder form, there is no need to discuss the 2D band.

Relative intensity

14|00 16|00 2 IOO 280C
Raman. cm

Figure 2: (a & b) The TEM images of graphene platelets (GnPs) and (c) Raman spectra of GnPs.

3 3.2 Morphology of multifunctional, durable and highly conductive graphene/sponge

4 nanocomposite (GSC)

5  The morphologies of three different sponge systems including pure sponge without GnPs, sponge
6  with the unmodified GnPs and sponge with the modified GnPs are compared by using SEM (Figure 3).
7 All the sponges possess the 3D interconnected and cellular-like porous networks, which could

8  potentially provide mechanical backbone for the fillers. Figure 3al shows a typical smooth sponge
8
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structure without the presence of GnPs. The internal porous network structure with the pore size of
2-3 um can be clearly observed in Figure 3a2. However, it can be seen from Figure 3b1 and 3b2 that
the unmodified GnPs (0.79 wt.%) are not well dispersed within the sponge structure due to lack of
modification by Triton. Visible aggregates consist of a great number of irregular GnPs at the junction
of the sponge skeleton (Figure 3b2). Figures 3cl and 3c2 illustrate SEM images of the
graphene/sponge composite containing the modified GnPs with Triton®X-100. Compared with
Figure 3b1, the modified GnPs are more evenly dispersed within the sponge. These GnPs at 0.79 wt.%
are densely coated and randomly interconnected on the sponge skeletons, resulting in the formation

of a thin conductive layer (Figure 3¢2).

Figure S1 compares the suspension time of the modified graphene sheets with those unmodified in
solvent, demonstrating that the modified sheets disperse better. Most graphene sheets are stacked on
top of each other, while some graphene sheets protrude from the surface. The interfacial interactions
between GnPs and sponge are crucial in determining the final performance of the composites. These
thin and uniform graphene sheets can be more evenly attached to the sponge skeleton to form a
‘coating’ structure, which would improve the mechanical properties of the sponge skeleton. However,
the unmodified graphene sheets tend to form more aggregates inside the sponge, resulting in irregular
interface structure. The aggregates can affect the mechanical properties, electrical conductivity and
other properties of the resulting composites. Therefore, the modified GnPs are selected for the
following studies. Using ImagelJ image recognition software, the pore diameter of the sponges is

calculated to be 65.6+20.1 um.



Figure 3: The SEM images of (al & a2) pure sponge without any filler, (bl & b2) sponge with unmodified GnPs and (c1

& c2) sponge with modified GnPs

10
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3.3 Electrical conductivity

The electrical conductivity of the graphene/sponge nanocomposite is influenced by the dimension of
GnPs and their interfacial bonding with the sponge skeleton. The low thickness of graphene sheets
achieved by longer sonication time can make these easier to adhere to the sponge skeleton and to
obtain higher electrical conductivity. We randomly select three samples with different fractions of
GnPs, i.e., 0.47 wt.%, 0.79 wt.% and 1.27 wt.% with sonication treatment of 6, 8 and 10 hours,
respectively. In Figure S2a in the Supporting Information, the composite conductivity increases with
the treatment time. Therefore, we use 10 h as the optimum sonication time for the preparation of the

composites.

The composite conductivity presents a wavy trend with at filler fractions 0.47 — 1.27 wt.% (Figure 4).
It obviously rises at 0.47 — 0.79 wt.%, likely because no visible agglomeration occurs at the range.
As the GnP content increases to 1.11 wt.%, some agglomeration may form in the sponge, which leads
to uneven internal structure within the composite and thus affects the conductivity. At over 1.11 wt.%,
the conductivity increases gradually, and this means that such graphene at such a high fraction would

form more conductive pathways.

11
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Figure 4: Electrical conductivity with different filler fractions in sponge

3.4 Mechanical property

3.4.1 Tensile strength and elongation at break

Figure 5 shows the tensile strength and elongation at break of the graphene/sponge nanocomposites.
Higher GnPs can enhance the tensile strength but elongation at break decreases. The maximum tensile
strength of 0.232 MPa was achieved at 1.27 wt.% of GnPs with an increment by ~35%. The minimum
elongation at break of 5.667% is achieved at 1.27 wt.%, a reduction by ~66.9 %, while the maximum
elongation at break of 17.22% is achieved without GnPs. The reduction is due to the increase in the
rigid and high-strength phase (GnPs) in the composite. In Figure 5, two curves meet at 0.79 wt.%

where tensile strength and elongation at break are generally accepted in practice.

12
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Figure 5: Tensile strength and elongation at break of the sponge nanocomposites
Based on the above analysis of electrical and mechanical properties, the nanocomposite at 0.79 wt.%
has demonstrated not only the highest conductivity but a balance between tensile strength and

elongation at break. Therefore, the sample at 0.79 wt.% is selected as the representative for the

following measurement.
3.4.2 Strain fatigue property

It is critical to investigate the durability and stability of the nanocomposites by repeatedly stretching-
unloading cycles under 0.5 mm strain for 20,000 cycles at a frequency of 3.33 Hz. The relative
resistance change (AR/Ro) is recorded as shown in Figure 6. The composite has shown satisfactory

stability, because the gradual attenuation of AR/Ro occurs with very minor resistance variation.

In comparison with other measurements with fewer cycles [42-47], this experiment adopted more
cycles to show long-term performance of the nanocomposites. The enlarged images show that the

lowest AR/Ro -0.034 happens at the initial 0—200 cycles, which decreases to -0.048 at 19,800-20,000

13
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cycles. This is because the composite has not reached a stable state in the early stage but its

performance tends to be stable after the first 200 cycles. The obvious relative resistance decreases

can be observed after 20,000 cycles due to the change of stable conductive network during dynamic

loadings [48, 49]. In the last 200 cycles, the sponge is slightly deformed after a large number of stretch

cycles leading to changes in the internal conductive network structure and thus a gradual decline in

the resistance change rate. However, the resistance change with stretching is nearly consistent over

thousands of cycles, which suggests promise applications for long term applications..
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3.5 Stretch linearity

20000 Cycles tensile testing of material at 0.79wt%
Frequency: 3.33Hz  Elongation: 0.5mm
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Figure 6: Strain fatigue test

Signal linearity is normally required for high-performance strain sensors to achieve accurate signals.

During longitudinal stretching, the cross-section area of the composite was reduced by compression.

14
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When the composite material was deformed in the stretching direction, the cross section shrank. Then
the inter-distance between GnPs would decrease resulting in denser conductive paths, as shown in
Figure 7a, which caused the resistance decrease. Figure 7b shows the relative resistance change
(AR/Ro) under a series of strain (0 — 15.565%). The variation rate of resistance decreases uniformly
with increase in strain, which indicates that the composite has a good linearity. The gauge factor
(sensitivity) was measured to be 0.01 (from 0 — 15.565%). The stress-strain curve can be seen in

Figure S3 in the Supporting Information.

1
l l . —— 0.79W1%
- 0.00 |
!

-0.04

Tension

-0.08

GaP Conductive path -0.16

Strain (%)

Figure 7 (a) Stretch principle diagram and (b) stretch linearity

3.6 The flexible analysis

To test the flexibility of the graphene/sponge nanocomposites, the resistance change was investigated
under different mechanical loadings, including bending and torsion. Figure 8 shows significant
change in resistance at different bend angles and twist angles. The composites have shown good
flexibility by being able to withstand the aforementioned loadings without permanent deformation

(tearing). It can be clearly seen that the resistance decreases with the increase of angle, suggesting

15
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their potential for detection of angular deformation as a strain sensor.
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Figure 8: The resistance variations with different bending angles and twist angles

3.7 Pressure sensitivity

To investigate the pressure sensitivity of the composite, weight loads of 2.45 KPa, 4.90 KPa and 12.25
KPa are applied to the composite at the same time interval to observe the change of resistance. In
Figure 9a, when the pressure acts on the composite, the internal structure of the composite becomes
dense leading to increased density of the conductive network and improved conductivity. It can be
seen that the composite has a relatively short reaction time under 2.45 KPa (Figure 9b). Figure 10c
compares the deformation before and after the pressure loading. The composite can maintain basic
structure under a range of pressure. As seen from Figure 9d, with the continuous increase of pressure,
the composite resistance changes significantly. The expected reason is that when the upper and lower
layers of the conductive framework are closely packed under higher pressure, the dense conductive
channels can be formed, which leads to more resistance change under the compression pressure. The

most significant resistance change is achieved under the load of 12.25 KPa. In addition, the trend of

16
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the resistivity change curves is consistent under different pressures, which can reflect the resistance

stability and excellent pressure sensitivity of the composite.

Figure 9 (e) reveals the stress-strain graph of the nanocomposite showing a maximal compressive
strain of 92%. Similar to other porous materials [48, 50], the graph can be divided into three typical
regions. a nearly linear elastic region at strain < 10%, a relatively flat plateau at 10 — 60% and a
stress increasing region at 60 — 90%. In the first region, the composite deforms linearly with stress,
and this elastic region is followed by a plateau from 10% to 60% with buckling of the scaffold as well
as the partially collapse and irreversible damage. In the abrupt stress increasing region, with the
densification of GnPs, the composite is crushed together and behaves like bulk materials, leading to

significantly higher stress. The maximum strain can be up to 92%.
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Figure 9: (a) Schematic diagram of compression, (b) compression response time, (c) resilience diagram,
(d) the pressure sensitivity testing of the composite and (e) compressive stress—strain curve with a
maximum strain of 92% for the composite.

3.8 Temperature response

Temperature drift generally refers to a fact that the change of ambient temperature causes the change

of the semiconductor or conductor sensing parameters leading to scattering of output signals. It is

18
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necessary to explore the effect of temperature on the conductivity of the graphene/sponge
nanocomposite. The temperature response test was conducted over a temperature range of 35 — 90 °C
with an increase rate of 54.55 second/°C. As can be seen from Figure 10, the resistance of the
composite increases with temperature. In the process of 0 ~ 54 °C, the resistance rate increases; after
54 °C, the rate decreases, and it gradually becomes stable at higher temperature. The result shows
that composite is sensitive to temperature changes in the specific temperature range, indicating its

potential as a temperature sensor.
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Figure 10: The change of resistance with temperature
3.9 Application

3.9.1 Deformation monitoring

Since the composites have excellent flexibility, reliability, durability and sensitivity, they are suitable
for monitoring the deformation of beam frame in engineering. To set up a deformation monitoring
test, an stainless steel ruler was used to simulate the beam structure (Figure 11a-c). The composite

was attached to the beam without warping under different structural changes, which provided close
19
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contact between the composite and the beam. Figure 11d shows that when the ruler is in the neutral
state, the change of resistance is stable at approximately zero. However, when bending occurs, the
resistance signal demonstrates an obvious change, suggesting that it can more accurately and
efficiently detect real-time deformation. This particular response to deformation provides a basis for

applications in structural engineering.
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Figure 11: (a-c) Conformability between a composite and a beam and (d) the rate of resistance

change under different deformation

3.9.2 Sound absorption performance

Porous materials are commonly used for sound insulation and noise reduction. Here we investigate
the acoustic absorption performance of a graphene/sponge nanocomposite at 0.79 wt.% of GnPs. In
Figure 12a-d, the sound absorption is compared by recording the audio frequency obtained from the
music players in three containers. Figure 12e (1-3) shows the research method where a container is

surrounded by many pieces of the nanocomposite in comparison with both an empty container and a

20
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container with pure sponges. In Figure 12f, the nanocomposite container reveals the best sound
absorption effect. For high decibels, the absorption rate of empty box is 46.67%, that of box filled
with pure sponges is 55.56% and that of box filled with graphene/sponge nanocomposites is 63.33%.
For low decibels, the absorption rate of empty box i1s 55.56%, that of box filled with pure sponges is
56% and that of box filled with graphene/sponge composites is 67.78%. The results indicate the

composites have superior sound absorption capability.

The results show that the irregular shape of GnPs on the sponge skeleton increases surface roughness
causes the diffuse reflection effect, which is scattering of the reflected wave in multidirectional to
promotes sound-absorbing effect. Hence, the composites can be used for sound attenuation in military

focused vehicles, such as aircraft and submarine, where stealth is of utmost importance.

21
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Figure 12: (a-d) Audio in different dark rooms, (e1-3) the darkrooms and (f) acoustic absorption at different decibel

3.9.3 Supercapacitor

As discussed above, the graphene/sponge nanocomposites are electrically conductive and porous,
making it applicable in supercapacitors. The electrochemical performances of the composite
electrodes are studied by cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD). In
Figure 13a, two methods were used to fabricate the supercapacitors. One is to take the composites as
the electrodes and separate it with filter paper to form the two-electrode system. The other approach
involves coating graphene sheets above and below the sponge, so that the uncoated sponge in the
middle acts as a medium to form a two-electrode system. Since the first method can better reflect the

application of supercapacitors, it was used in this study.
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Figure 13b shows the CV graphs at a scan rate of 100 mV/s within 0 — 0.8 V. For composites with
pure sponges, CV curve is a straight line, implying no electrochemical capacitance. In contrast, the
CV curve of graphene/sponge nanocomposites approximates to a leaf-like parallelogram, indicating
a typical supercapacitor characteristic. This feature is contributed by GnPs, because of high electrical

conductivity and oxygen-containing groups [51].

Since the performance of supercapacitors is related to the content of active substances in the materials,
we compared the CV images for the nanocomposites at 0 wt.%, 0.63 wt.%, 0.79 w.t% and 1.27 wt.%.
The CV curve of the 0.79 wt.% graphene/sponge nanocomposites is less uniform and out-of-shape
than others, but it has larger area representing the highest specific capacitance. The reason is that the
graphene/sponge composite with a high filler fraction creates more electron pathways and offer more
interface for energy conversion. The specific capacitance values calculated from CV curves are 8.3,
9.9 and 7.5 F/g, respectively for the nanocomposites containing 1.27 wt.%, 0.79 wt.% and 0.63 wt.%
of GnPs. The capacitive property decreases gradually after 0.79 wt.%. This is due to the
agglomeration of graphene sheets under high packing composition, which reduces the ability of

carrying electrons and ions. Therefore, we focus on the 0.79 wt.% composite.

We specifically investigate the performance of the 0.79 wt.% graphene/sponge nanocomposite at 20
— 100 mV/s. In Figure 13c, the shape of the cyclic voltammetry (CV) curves is similar to
parallelogram at different scan rates. The specific capacitances calculated from the CV curves are
respectively 18.1, 11.1 and 9.9 F/g when the scan rates increases from 20 mV/s to 100 mV/s. The
graphene/sponge nanocomposites show a slight reduction in specific capacitances with increasing

scan rate.
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In Figure 13d, the specific capacitances calculated from the charge/discharge curves are respectively
15.8, 15.0, 12.0 and 7.5 F/g at different current density (from 0.5 to 5 A/g). It is obvious that the
discharge time decreases with increase in current density and the capacitance decreases with
increment in either scan rate or current density. The trends are due to the fact that the electrode
materials cannot get instantaneously charged since the diffusion of protons within the electrode
materials is time dependent. The specific capacitance ranges respectively calculated by CV diagram

and GCD are approximately the same.

Figure 13e shows that capacity retentions are 94.3% for the graphene/sponge nanocomposite at 0.79
wt.%. The cyclic testing shows a high capacitance because GnPs act as a good electron shuttle
resulting in more stable electrodes. The small decrease in specific capacitance can be attributed to the
microstructural changes caused by small expansion and contraction deformation of graphene sheets
during charge and discharge. The long-term cyclic testing shows high stability for the supercapacitor

based on graphene/sponge nanocomposites.
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Figure 13: Electrochemical characterization of supercapacitors based on graphene/sponge composites containing

1.27wt%, 0.79wt% and Owt% graphene sheets (GnPs): (a) Schematic diagram of supercapacitor, (b) CV curves

obtained at 100 mV/s, (c) CV curves at various scan rate , (d) GCD curves of the 0.79wt% graphene/sponge

composites and (e) cyclic stability
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It is worth discussing the advantages of the choice of scaffold and the method of modification
graphene sheets /32, 43-45, 52-56]. As seen in Table 1, in terms of the size of sponge skeleton, our
sponge has smaller diameter and higher porosity, which is conducive to adhesion of more graphene
sheets to the skeleton scaffold. Due to this, the diffusive reflection effect of sound waves inside the

composite material is more effective, thus improving sound attenuation.
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Table 1: Comparison with different sponge composites

10

11

12

Material Skeleton diameter Dispersion of Others References
filler
CB/STG-PU About 20-30 times larger Nonuniform N/A [44]
RGO-PU Almost similar Transformation [43]
MWCNTS-PU About 50 times larger Nonuniform N/A [32]
MWCNTS-RGO- Nonuniform N/A
PU
RGO-PU Uniform N/A
NDs-fPDA-PU About 20-30 times larger Nonuniform N/A [52]
and
agglomeration
3-Mercaptopropyl- About 20-30 times larger Nonuniform N/A [45]
GO-PU
CNT-CS-PU About 10-20 times larger Nonuniform N/A [53]
RGO-PU About 10-15 times larger Nonuniform  With adhesive [33]
rGONR-PU About 10 times larger Uniform N/A [55]
GOWR-MF About 2 times larger Uniform N/A [56]
RGPS About 2-3 times larger Nonuniform N/A [54]

Please refer to the Annotation in the Supporting Information for abbreviations in table.

Conclusion

In conclusion, we proposed a simple yet effective method to prepare multifunctional, durable and
highly conductive graphene/sponge nanocomposites for multi-field applications. By modifying
graphene and adjusting its fractions, we optimized the composite structure for high sensitivity, stable
fatigue performance, less response time and ideal responses to temperature and pressure. In addition,
the composites have demonstrated remarkable efficiency in applications such as monitoring of
material deformation, acoustic attenuation and energy storage. Moreover, neither expensive
materials nor complex equipment were required for the composite manufacturing process. We
anticipate this work to make an important contribution to the development of porous functional
materials for broad applications in scientific research and engineering.
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