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Abstract Endowing compressibility and conductivity into graphene sponge offers the possibility to regenerate
piezoresistivity and is therefore of great interest in the field of sensor. In this work, the highly compressible three-
dimensional graphene-only sponge (CGS) was prepared through a facile method by using ammonium sulfide and ammonia
solutions under mild condition. The morphologies and microstructures of the as-prepared CGSs can be controlled by
adjusting the mass ratio of graphene oxide (GO) to ammonium sulfide which changed from metallic sheen bulk with leaf-
shaped structure to a black sponge with cellular structure. Besides, by simply change the concentrations of GO, CGSs with
different porosity, conductivity as well as mechanical strength were obtained. Moreover, the resultant CGSs show ultralow
density (as low as 4.9 mg cm™), high porosity (as much as 99.8%), great compressibility (as much as the strain of 80%),
excellent stability (100 cycles) during the compression. Furthermore, the sensitive variation of electrical resistances and
cycle stability were validated under the compressive strain of 50% which make them great candidates for pressure-
responsive sensors, elastic conductors and other applications.

Introduction

The carbon nano-materials represented by carbon nanotube (CNT)
and graphene have been desired to form a connected, three-
dimensional structure so as to exploit their numerous possibilities
for many fields such as electrochemical energy materialsl'a, catalystA,
absorbents™ ® and chemical sensors’ because of their superior
physical and chemical propertiesg'lo. Amount these materials, three-
dimensional compressible carbon sponge or foam has attracted
much attention™™, Thereinto, compressible graphene sponge
(CGS)6 1, 16, combining the thinnest, strongest and stiffest
properties as well as excellent conductivity of graphene sheets and
the special three-dimensional structure possesses great
compressibility, ultralow density as well as excellent electrical
property. Meanwhile, a great deal of attention has been paid on the
application of CGS such as piezoresistive sensors”, elastic
conductorsls, electronic skin*® and recyclable absorbent for organic
quuidszo. Therefore, developing facile and accessible methods to
prepare CGS is highly desirable. As well as known, chemical vapor
deposition (CVD) method has been adopted to prepare the three-
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dimensional elastic macroscopic graphene network while this
method needs high temperature, special gases and the assistance of
porous substrates®. Another general method, organic compounds
or polymer binders including ethylenediaminezo’ 21, paraphenylene
diaminezz, poly(vinyl aIcohoI)B, poly (acrylic acid)u, polyurethane”‘
'8 and poly(dimethylsiloxane)zs, had been reported to prepare CGS
by crosslinking graphene oxide (GO) nanosheets and further
reduction. In fact, introducing organic components into the three-
dimensional graphene sponge improved the compressibility but
disserved the conductivitym’ Besides the two methods
mentioned above, hydrothermal process was also employed to
prepare cGs™® 27, however high temperature, high pressure and
special devices were necessary in the process.

Even though much progresses, it is still a challenge to prepare
graphene-only bulk with super elasticity and conductivity under
mild conditions®. Special reducing agents such as hydrazine hydrate,
HI, NaHSOs, Na,S and ascorbic acid (vitamin C) had been reported to
prepare graphene sponge (GS)ZS'BZ. However, none of them have
referred to CGS. One possible reason may be that the reduction
can’t form tight connection with high strength between GO sheets
during the process of reduction and self-assemblyn. Here we tried
to prepare the compressible three-dimensional graphene-only
sponge by ammonium sulfide and ammonia solutions under mild
conditions.

Ammonium sulfide, a cheap, safe and high-efficient reduction
agent were used in this study for reduction of GO. The low valence
states of sulfur (SZ') provide the high reducibility and the reduction
and self-assembly process can be completed at 90 °C during 3 h or 8
days at room temperature. To the best of our knowledge, this is the
first report about the formation of graphene hydrogel (GH) at room
temperature. After the treatment by ammonium solution at 90 °C
for 1 h, the ultra-light and compressible graphene-only sponge was
obtained after freeze-drying. The microstructure, porosity,
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conductivity, mechanical strength and piezoresistivity of the as-
prepared CGSs were comprehensively investigated in the following
work.

Experimental

Materials

Graphite powder (CP) and ammonium sulfide solution (20% w/w aq.)
were supplied by Aladdin (Shanghai, China) and used as received.
The chemicals included potassium permanganate (KMnQ,), sodium
nitrate (NaNOs), concentrated sulfuric acid (98%), hydrochloric acid
and ammonia solution were all reagent grade purchased from
Sinopharm Chemical Reagent Beijing Co., Ltd.

Preparation of CGSs

GO was prepared from natural graphite powders by a modified
Hummers method®’. GH was prepared by reduction and self-
assembly of GO with ammonium sulfide solution. In a typical
process, 10 mL of GO solution (2 mg mL'l) was sealed in a 20-mL
glass bottle with the addition of 1 mL ammonium sulfide solution
(the mass ratio of GO and to ammonium sulfide was 1:10). After
standing at 90 °C for 3 h, the bottle was cooled freely and GH was
obtained. The GH was washed by deionized water for several times
and then treated in ammonia solution (14 v/v%) at 90 °C for 1 hin a
sealed vessel and CGS was obtained after freeze-drying. Other
samples were prepared by 1 mg mL?, 3 mg mL" and 5 mg mL* GO
solutions according to the above mentioned way. The resultant
sponges were referred as CGS-1, CGS-2, CGS-3 and CGS-5,
respectively. In contrast, graphene sponge without the treatment of
ammonia solution was named as GS.

Measurements

Fourier transform infrared (FTIR) spectra were recorded with Bruker
Vertex 70 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) in
the range of 4000-400 cm™’. Thermal gravity analysis (TGA) was
made on a TA SDTQ600 thermo-gravimetric analyzer; the
microbalance has a precision of +0.1 pg. Samples of about 10 mg
were placed into 70 pL alumina pans. The samples were heated
from 30 °C to 800 °C under a nitrogen flow of 100 mL min™
Scanning electronic micrographs (SEM) were recorded with a Nova
NanoSEM 450. The Raman spectra were measured by LabRAM HR
Raman Spectrometer (HORIBA Jobin-Yvon, France) with a laser at
the excitation wavelength of 632.8 nm and 15.7 mW power
irradiation. The collection time for each spectrum was 60 s. The
scattered light was detected with a thermoelectric cooled (-70 °C)
charge coupled device detector (CCD). All the measurements were
carried out directly over the sample. Powder X-ray diffraction (XRD)
patterns were recorded on an X-ray diffractometer (RiGSku D/Max
2500) with monochromated Cu Ka radiation (A=1.54 A) at a
scanning rate of 2° min’. Atomic Force Microscopes (AFM) were
recorded with MFP-3D™ (Asylum Research, USA) and operated in
air in AC mode. The compressive tests were performed in a Dynamic
mechanical analysis (DMA, TA Instruments DMA 2980) in controlled
strain mode with a strain rate of 50% per minute at room
temperature. X-ray photoelectron spectroscopy (XPS) analyses were
conducted with a XSAMB800 system, where Al Ka excitation source
was used. The electrical resistance variation is measured by a two-
probe method under mechanical deformation. During the
measurement, two copper sheets sever as electrodes to connect to
sponges and a Keithly 2410 Source Meter instrument (Keithly Inc.
USA).
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Figure 1. Schematic illustration for the preparation of CGS.

The typical fabrication process of CGS is illustrated in Figure 1. First,
GO colloidal solution was reduced and assembled to graphene
hydrogel by ammonium sulfide at mild reaction condition. Second,
the resultant hydrogel was reinforced by ammonia solution and
freeze-dried to prepare the desired CGS. The as-prepared GO in the
aqueous dispersion is of a single layer with the width about several
micrometers as shown in Figure S1, demonstrating the successful
preparation of GO nanosheets. During the reduction process, GO
solution turned black at room temperature very quickly which
indicated the excellent reducibility of ammonium sulfide
solution (Figure S2). Furthermore, the hydrogel could be
formed obviously in 10 minutes at 90 °C or 2 days at room
temperature which indicated the quickly self-assembly process
as shown in Figure 2a and Figure S3. After 3 h at 90 °C or 8
days at room temperature the volume of hydrogel didn’t
change any more and the self-assembly process was finished
completely. During the process of reduction and self-assembly,
the hydrophobicity and the m—mnt conjugated structures of the
reduced GO sheets were increased gradually and the rod-
shaped hydrogel was formed at the end. In order to remove
the residuary ammonium sulfide the hydrogel was immersed in
de-ionized water and washed for several times. After treated
by ammonium solution at 90 °C for 1 h and freeze-drying the
ultra-light CGS was obtained. Compared with CGS, GS without
the reinforcement of ammonium solution can’t be
compressible as shown in Figure S4. The possible reason can
be ascribed that the low freezing point of ammonia reduced
the expansion of ice during freeze drying as the expansion ratio
was about 1.1 when water became ice and retarded the
freezing of the hydrogel which kept the porous structure
undestroyed33.

The continuous three-dimensional network indicates the strong
interconnection between building blocks. CGS exhibits a cellular
structure inside with interconnected pores ranging from tens to
hundreds of micrometers by microscopic observation (Figures 2b
and c). The pore walls are made up of assembled graphene sheets
during the reduction and self-assembly process. In addition,
wrinkles and twists can be observed in the edge of graphene sheets
(Figure 2d) which could dedicate to the excellent mechanical
strength and especially compressibility. However, it should be
noticed that the morphologies, gloss and internal structures of
these graphene sponges were influenced greatly by the mass ratio
of GO to ammonium sulfide (Figure 3). It can be seen that the
internal structure changed from leaf-shaped structure to the
continuous porous structure with the increasing of the proportion
of ammonium sulfide solution which is similar with the rGO sponge
prepared by mercaptoacetic acid*. Meanwhile, the volume of
hydrogels get bigger and the mechanical strength become weaker.
The GH even couldn’t hold its shape during the washing process

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 7



rnal-of:Materials-Chemisti

Journal Name

90 °C

10 minl

moniu:
Sulfid

S5 S ey o]
9 . 7 > o
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sponge at different mass ratio of GO to ammonium sulfide from (a)
2:5, (b) 1:5, (c) 1:10 to (d)1:20.

when the mass ratio of GO to ammonium sulfide reached to
1:20. The as-prepared graphene sponge also lost the metallic
sheen gradually as shown in the insets of Figure 3. Therefore,
the mass ratio of GO to ammonium sulfide has significant
effect on mechanical strength as well as morphology of the
graphene hydrogel and sponge (Figure S5). All the phenomena
can be ascribed that when the reducing agent was excess, the
GO sheets were reduced quickly into graphene sheet and the
assembly happened at the same time and during the progress
all the sheets hardly moved and the porous structures formed
immediately. Otherwise, the reduction of GO sheets happened
slowly and the sheets have enough time to move together and
compactly layer structure was obtained at last. In order to
prepare graphene sponge with 3D cellular structure, lower
density and stronger mechanical strength, the mass ratio of 1:
10 of GO to ammonium sulfide was employed in this work.

This journal is © The Royal Society of Chemistry 20xx
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cess of the graphene hydrogel and the digital image of CGS obtained from 5
mg mL™ GO solution. (b-d) SEM images of cellular structure of CGS at different magnification.
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Figure 4 (a) FTIR spectra of GO and graphene samples during the
reduction by ammonium sulfide at 90 °C for different times. (b) XRD
patterns of graphite, GO and CGS. (c) Raman spectra of GO and CGS.
(d) XPS spectra of GO and CGS.

FTIR spectra of the intermediates and products during the
reduction-assembly process were shown in Figure 4a. Before
reduction, the typical stretching vibration band of C=0 and C-O at
1730 cm™ and 1047 cm™ respectively demonstrates that the GO has
abundant oxygen containing groups. After the reduction by
ammonium sulfide, the intensities of all FTIR bands correlated to
the oxygen containing groups decreased dramaticallyss‘ . The
reduction of GO to the final sponge was also examined by XRD,
Raman spectroscopy and XPS (Figures 4b, c and d). In the XRD
patterns, the peak of graphite is at 29 = 26.46 ° (d-spacing 3.36 A)
while the diffraction peak for GO appears is around 28 = 11 ° (d-
spacing 8.10 A). After the reduction and freeze-drying, a new
broadened diffraction peak at 29 = 24.06 ° (d-spacing 3.69 A)
appeared in the sponge, which is close to the d-spacing 3.36 A of
the graphite. All these results suggest the chemical reduction
happened successfully during the process37. The Raman spectra of
GO and CGS have two remarkable bands at around 1326 and 1585
cm™ and they are assigned to the D- and G-bands of carbon. GO

J. Name., 2013, 00, 1-3 | 3
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shows an Iy /Ig ratio of 0.78 while the corresponding value of CGS
was increased up to 1.48. These results indicate that the GO sheets
were reduced to rGO and their conjuGSted structures were partly
restored during the reduction process by ammonium sulfide®® 384,
The C/O mole ratio increased from 1.6 upto 4.9 as shown in the XPS
spectra (Figure 4d). It also demonstrated that large numbers of
oxygen containing groups were reduced successfully by ammonium
sulfid at comparatively mild condition*!. Besides all the analysis
above, the TGA curve of CGS displayed a slowly downward sloping
line compared with that of GO, which means its enhanced thermal
stability due to the removal of oxygen-containing groups34 (Figure
S6).

Table 1 Properties of different CGSs.

Sample Density (p) Conductivity Porosity
/mg cm? /S m™ /%
CGS-1 4.9 0.18 99.8
CGS-2 7.5 0.20 99.7
CGS-3 7.7 0.28 99.7
CGS-5 8.1 0.40 99.6

The graphene sponges have an ultralow density (p) that ranges
from 4.9 to 8.1 mg cm™ controlled by variation of the GO
concentration from 1 mg mL?to 5 mg mL™ (Table 1 and Figure S7).
The as-prepared graphene-only sponges can be considered as
ultralight material because densities of all CGSs are in the range of
below 10 mg em? as reporteds. Meanwhile, the conductivities of
CGSs were improved with increasing the weight densities (Table 1).
Typically, CGS-5 has a conductivity of about 0.40 S mfl, and this
value is comparable to that of graphene sponge prepared by severe
hydrothermal reduction of GO. Furthermore, the porosity is
calculated based on the followed equation21 which can be achieved
as high as 99.6-99.8%. Therefore, the CGSs obtained here were of
great electrical conductivity, ultralight as well as high porosity.

e=1-p/p,

where € represent the porosity, p is the density of the as
prepared graphene-only sponge while p,is the density of graphite
which is assumed to be 2.2 g em®.

Taking advantage of the special architecture of as-prepared
graphene-only sponge, the interlock and twist of graphene sheets
composed of pore wall which improved the mechanical strength of
graphene sponge and make the sponges compressible. A set of real-
time images of a compressing sample and the following recovering
process were shown in Figure 5a. It can be seen that CGS-2 can be
pressed to a very small height under stress and once the external
pressure is removed, the CGS-2 could recover to the original shape
immediately. The compression stress (o)-strain (g) curves with the
stress loaded along the honeycomb cell axis direction of CGS-1 to
CGS-5 are shown in Figures 5b, ¢, d and e. The stress-strain curves
with different strains were tested by DMA. It shows that about
compressible structures, all the curves under compression contain
three steps, which includes an initial linear region at € < 10%, a
gradually increasing slope and finally a quick increase in the stress
which is similar to other reportsm’ ¥’ Take CGS-2 for example, the
loading process exhibits a linear-elastic region for € < 8% with an
elastic modulus of 2.25 KPa, a plateau region for 8 < € < 65%, and a
steep slope region for € > 65% where stress rises steeply with
compression, which is because the cell walls begin to impinge upon
each other™ *%. The hysteresis loops formed by the loading and
unloading represent a typical o—€ curve for elastomeric open-cell
foams™*. Additionally, the curves under release give a stress that

4| J. Name., 2012, 00, 1-3

stays above zero until e=0%, suggesting the sponge can rapidly and
completely recover to its original volume, which is consistent with
the observation in Figure 5b to Figure 5e. Meanwhile, the stress of
CGS-1 increased from 1.04, 3.5 to 15.71 KPa under the strain of 30%,
50% and 80% respectively. By simply increased the concentration of
GO solution, the densities increased gradually as shown in Table 1
which resulted into the increase of the compression strength. For
example, the stress at €=50% increase from 3.5 to 10.6 kPa (Figure
6a and Figure S9) for CGSs with the increase of the density of the
samples and the compression stress were much higher than the
CNT sponge with the density of 17.9 mg mL™ at the same strain
which indicated the strong mechanical strength by this method™*.
Besides, all the CGSs show great retention of stress with the
coefficient of more than 88.57% with the stain of 50% after 10
cycles (Figure 6b). It should be noticed that after 10 cycles of
compress-release process the retention of stress increased from
CGS-1 to CGS-3 and then decreased for CGS-5. The possible reason
could be that there were too much graphene sheets in the cell wall
of the sponge and which could be broken during the compression
because of the severe crush (Figure S8).

—30%
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— 80%

Stress (KPa)

id

Stress (KPa)
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Figure 5. (a) A set of real-time images of CGS-2 showing the

recovering process. The stress-strain curves with the strain of 30%,

50% and 80% of (b) CGS-1, (c) CGS-2, (d) CGS-3, (e) CGS-5.

The repeated compression rebound test of CGS-2 with the strain
of 50% was shown in Figure 7a and the curves of the repeated 10
cycles show reproducible results with the maximum stress of 5.7
KPa. The retention of maximum stress and stress loss were also as
shown in Figure 7b. It can be seen that the maximum stress
decreased by only about 5% and tended to be stable in the first 10
cycles (Figure 7b). Besides, the stability of CGS during the
compression was test by repeated compression rebound as much as
100 cycles and SEM as shown in Figure S10 and Figure S11. Figure
S10 shows that there is hardly any loss for the maximum stress of
the CGS-3. The retention of maximum stress was as much as 94.5%
after 100 cycles which means that the mechanical property is quite
stabile during the compression rebound. The SEM pictures during
the compression were also collected in Figure S11. It can be seen

This journal is © The Royal Society of Chemistry 20xx
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that before compression CGS showed round shape cells of the
sponge (Figure S11a) and during the compression the round cell of
the original sponge had been pressed into narrow shape while the
three-dimensional structure was still remained (Figure S11b). The
cells were undamaged during the compression. And after the

compression the round cell structure of CGS recovered (Figure S11c).

Furthermore, Figure S11d showed the inner structure of CGS after
100 cycles and it can be seen that the continuous three-dimensional
porous structure was still remained. This phenomenon provides that
CGS possesses great stability during compression cycle. Therefore,
the CGSs hold not only great elasticity but also wonderful stability
and durability as a result of the special 3D structure as well as
excellent mechanical strength.

a 004 b

- 0%
40 HEE 50%
. 0%

Stress (MPa)
Retention of stress (%)

CGS-1 CGS-2 CGS-3 CGS-5 CGS-1 CGS-2 CGS-3 CGS-5
Figure 6 (a) The stress of CGSs with the strain of 30%, 50% and 80%,
respectively. (b) The retention of maximum stress of CGSs with the
stain of 50% after 10 cycles.
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Figure. 7 (a) Compressive stress-strain curves of the first 10 cycles of
CGS-2 under the strain of 50%. (b) Retention of maximum stress at
50% strain and the stress loss of the maximum during the first 10
compression cycles (calculated from Figure 7a). (c) The electrical
resistance of the CGS-2 as a function of strain. (d) Electrical
resistance changes of CGS-2 recorded in the first 10 compression
and release cycles with the stain of 50%.

We were excited by the excellent properties of the great elasticity
and electrical conductivity and further investigate the relationship
between elasticity and electrical conductivity for CGS. Then the
curve of the electrical resistance (R) to the strain () during the
compression of CGS-2 was collected in Figure 7c. When the CGS was
connected in a circuit (e=0%), the electrical resistance (Ro) was 2.1
kQ and when €=10% the electrical resistance decreased greatly and
which was 623Q. With the increase of the compressive stain the
electrical resistance decreased slowly and when €=80% the
electrical resistance was about only 15 Q. The density of contact
spots between the graphene skeletons increases rapidly with the

This journal is © The Royal Society of Chemistry 20xx

process of compression, resulting into the decrease of electrical
resistance. This phenomenon makes it possible to be used as
pressure-responsive sensors”® and elastic conductors®®. The
change in the electrical resistance is reproducible, which can be
demonstrated by measuring the electrical resistance of the original
sponge and the sponge was loaded to €=50% for 10 times (Figure.
7d) where the electrical resistance is only determined by the
compressive strain. The constant relationship between compression
strain and electrical resistance resulted from the high mechanical
strength and stability of the structure. In other words, we can
determine the repeated deformation of CGS and the sponge may be
applied in pressure sensing graphene systems.

Conclusions

In summary, we successfully prepared compressible graphene-
only sponges via reduction and self-assembly of GO by ammonium
sulfide at comparatively mild conditions. All results indicate that the
GO was reduced by ammonium sulfide successfully and yielded the
compressive graphene-only sponge by reinforcement of ammonia
solution. It have also been demonstrated that the reduction and
self-assembly of GO could be completed at room temperature. We
found that with the changing of the mass ratio of GO to ammonium
sulfide, not only the mechanical strength of the resultant GHs but
also the appearance and the internal structure of CGSs changed
greatly. Meanwhile, structure, porosity, conductivity as well as
mechanical strength of CGSs can be regulated facilely by changing
the concentration of GO solution. All CGSs could be compressed as
much as 80% of the strain and showed excellent durability. The
conductivity can be as high as 0.40 S m™ and the electrical
resistance of the sponge is variable under compression and is
proportional to the strain, which make them candidates for
potential applications in pressure sensing and elastic conductors.
Besides, the piezoresistivity shows great stability in the cycles of
compression rebound test. We believe that the strategy developed
here can be applied for a variety of applications due to its simplicity,
scalability and functionality.
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A Facile Method to Prepare Highly Compressible Three-Dimensional
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Highly compressible three-dimensional graphene-only sponge (CGS) was prepared
through a facile method. CGAs show ultralow density, high porosity, great compressibility,
excellent stability which make them great candidates for pressure-responsive sensors,

elastic conductors and other applications.



