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ABSTRACT

Graphene aerogel (GA) holds great potentials for versatile applications, for example,
oil-water separation and piezoresistive sensing. However, GA is generally prepared via
time-consuming and complicated methods. Herein, a rapid and facile approach has been
proposed to fabricate GA by a two-step reduction method, i.e., hydrothermal reduction
by thiourea at a mild temperature of 95 °C for 30 min followed by microwave treatment
for several seconds, c.a., 6-14 s. GA was partially reduced in the first step and self-
assembled into a 3D scaffold which is much more receptive to microwaves and
promotes the second complete reduction by microwave treatment. By tuning the
microwaving time, the GA microwaved for 10 s, that is, MGA-10 exhibits
hierarchically porous microstructure, ultra-low density, and super compressibility.
MGA-10 can be used as a recyclable absorbent with high absorption capacities
(223~430 g/g) towards various oils and organic solvents. Meanwhile, the high
sensitivity of the electric resistance to the compressive strain enables MGA-10
promising for pressure sensor applications. The MGA-10 sensor demonstrates high
sensitivity (1.112 kPa™! at a pressure range of 0~0.3 kPa) and excellent stability (> 3000
cycles). This fabrication route paves the way to efficiently prepare highly compressible
graphene aerogels for versatile applications.

Keywords: Graphene aerogel; two-step reduction; microwave; oil-water separation;

pressure sensor
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1. Introduction

Graphene aerogel (GA), inheriting the fascinating intrinsic properties of graphene, is
a developing three-dimensional scaffold material ('), GA aerogel shows excellent
mechanical strength, ultra-low density, highly interconnected pore structure, large
specific surface areas, and high electrical conductivity >, Meanwhile, the outstanding
properties of GA enable it promising for applications, for example, supercapacitors,
lithium-ion batteries, sensors, and environmental remediation [#13]. To prepare GA,
such methods and processing techniques as self-assembly !'*!7], template method [3-2],
3D printing method 2?21, solution freeze-drying !**! have been explored. Particularly,
self-assembly has become a popular approach by offering advantages including mild

241 and has become the most common

conditions and tunable reaction parameters !
strategy to construct GA %],

Normally, for the self-assembly of GA, hydrothermal treatment (50~200 °C) is taken
on GO suspension at atmospheric or autogenous pressure in an autoclave 2>/, Under the
action of the reducing agent and high temperature, GO precursors assemble into
graphene hydrogels by removing part of the hydrophilic groups and reconstructing via
n—n stacking interactions (28], To ensure that the GOs are sufficiently reduced and the

interactions between the graphene sheets are strong enough, the hydrothermal reduction

process usually takes 6 to 24 hours [2°-*!1, Afterward, the hydrogel is frozen, and the ice
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templating effect enables reduced graphene oxide (rGO) sheets to form the solid walls
of the cellular structure. The GA is subsequently obtained from this hydrogel by freeze-
drying 2. However, by using this method, the conductivity and elasticity of the
attained GA are not always desirable **!. To enhance its properties, post-treatments like
annealing are usually required. As a result, the entire manufacturing process ends up
complicated, time-consuming, and costly. Clearly, it remains challenging to fabricate
GA via an economic and rapid approach.

There were reports on the use of microwave irradiation to reduce GO within a short

3437 Graphite or pure graphene with abundant delocalized =

time early in 2010 |
electrons can convert microwave energy into heat energy efficiently via Joule heating
[38] Therefore, microwave irradiation can lead to a fast temperature increase of GO,
facilitating rapid removal of oxygen-containing group on timescales that are too short

to undermine graphene sheet stability %401,

Simple, quick microwave treatment
becomes a desirable method to prepare high-quality reduced graphene, providing us an
inspiration for the rapid preparation of GA. However, it was reported that GO is a poor
microwave absorbing material, and only the unoxidized graphitic region “impurities”
in GO and trace amounts of rGO are the real parts which act as the microwave
absorbents to initiate the microwave-induced deoxygenation [*!. During the reduction
process, once the number of oxygen groups on the GO decreases and the sp? structure
is partially restored, the formed rGO with enhanced microwave absorption capacity can

generate more heat which subsequently promotes further reduction of GO 421,

In this work, we reported a facile, rapid method for GA fabrication. With the aid of
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thiourea, partially reduced graphene hydrogel (PGH) could be formed from GO and
thiourea mixture through as short as 30 min of hydrothermal process. After the freeze-
drying of PGH, partially reduced GA (PGA) was obtained. Then the PGA was exposed
to microwave irradiation, allowing the further reduction of rGO sheets. It is worth
noting that the purpose of the hydrothermal reduction is to develop a 3D scaffold with
GO and to enable GO sheets more receptive to microwaves, thereby improving the
efficiency of the deoxygenation process. By manipulating the microwaving time,
MGA-10, that is, GA microwaved for 10 s, exhibits ultra-low density (1.8 mg/cm?),
excellent elasticity, and remarkable compressibility (90%). The oil adsorption capacity
and recycling performance of MGA-10 for different oils and organic solvents was
investigated. MGA-10 exhibits high adsorption capacity, for example, reaching up to
430 g/g for toluene. The electrical resistance of MGA-10 is highly variable upon strain,
allowing MGA-10 to act as a potential pressure sensor with high sensitivity (1.12 kPa
1, good structural stability, and sensing durability (3000 cycles at 70% compression
strain).
2. Experimental
2.1 Materials

Graphite powder (=325 mesh) and phosphorus pentoxide (P.Os) were purchased
from Aladdin (Shanghai, China). Ammonium persulfate ((NH4)2S20s), potassium
permanganate (KMnQO4) and hydrogen peroxide (H>O2) were obtained from Tianjin
Damao Chemical Reagent Co., Ltd. Sulfuric acid (H2SO4) and hydrochloric acid (HCI),

were purchased from Tianjin Fengchuan Chemical Reagent Co., Ltd, and thiourea was
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purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. was purchased from All
chemicals were used without further purification.
2.2 Preparation of GO dispersion

The graphene oxide (GO) dispersion was prepared by an improved Hummers method
[43] The graphite powder (2 g, 325 mesh), (NH4)2S20s (2 g) and P2Os (2 g) were put
into HoSO4 solution (98%, 10 mL) successively, followed by stirring at 80°C for 4h.
The mixture was washed with deionized water until the pH value of the filtrate turned
to neutral. The filtered solid was dried in a vacuum atmosphere for 2 h to obtain the
pre-oxide graphite. 0.6 g of pre-oxide graphite was put into H>SOj4 solution (98%, 24
mL), in an ice bath and stirring. 3 g of KMnO4 was slowly added under the same
circumstance. Then, the mixture was heated to 35°C for 2 h. Subsequently, the
temperature was raised to 95°C for 30 min. After cooling to the room temperature, the
reaction was terminated by adding deionized water (200 mL) and the H>O> solution
(30%, 6 mL). The mixture was washed with HCI solution (volume ratio: HCIl: water
1:10) for 4 times, and with deionized water to neutral to remove the residual metal ion.
After 2h ultrasonication in a low temperature (<10°C), the graphene oxide dispersion
was obtained.
2.3 Preparation of partially reduced graphene aerogel (PGA)

The concentration of the GO solution was adjusted to 2 mg-mL™ and form a
dispersion by repeat ultrasonication. Designated amount of reducing agent (thiourea)
was added to GO solution. The mixture was heated to 98°C for 30 min to obtain a

partially reduced graphene hydrogel (PGH). The resultant hydrogel was immersion in
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alcohol-water mixture solution (the volume ratio is 9:1) for 6h. Afterward, PGH was
freeze-dried for 36 h to obtain PGA. The obtained MGAs with different hydrothermal
reduction times were marked as X-MGA, in which X represents the hydrothermal
reduction time.

2.4 Preparation of microwave-treated graphene aerogel (MGA)

PGA was microwave treated with different times (4, 6, 8, 10 and 12 s) in a nitrogen
atmosphere to obtain MGA. These graphene aerogels were denoted as MGA-t, where
t stands the microwave treatment time.

2.5 Characterizations

Scanning electron microscopy (SEM) was carried out with Shimadzu JSM-6380LV
instrument. The transmission electron microscope (TEM) was carried out with field FEI
Tecnai F20 emission transmission electron microscope. XRD analysis was conducted
on Mini Flex II X-ray diffractometer with diffraction angle range of 5~75°, with a scan
rate of 4°~5°/min. The XPS measurements were performed on ESCALAB 250Xi. The
contact angle was measured on a JC-2000C Contact Angle Measuring Instrument. The
electrical properties of the aerogels were measured using RIGOL DM3068 digital
multimeter. The BET tests were performed on BeiShiDe instrument (PM1-1180-A).
The dynamic mechanical analysis (DMA) was carried out with GABO Eplexor
instrument (6000N).
2.6 Mechanical Testing

The compressive mechanical properties of MGA were tested on a Uniaxial Materials

Testing System (LIGAO, HF-9002) equipped with a 10 kg load cell at room
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temperature. The compressive tests were conducted using a cylinder-shaped MGA
specimen (18 mm in diameter and 14 mm in height) at 100 mm-min.
2.7 Adsorption performance evaluation

To investigate the adsorption performance of the graphene aerogels, a weighted
amount of MGA was soaked into different organic solvents at room temperature. The
aerogel was weighted every two minutes and blotted with the filter paper until the mass
remained constant. The absorption capacity (/) of MGA is calculated by Equation (1):

W = (M, — My)/M, €y

where My (g) and M; (g) are the mass of the aerogel before and after the absorption,
respectively.
2.8 Pressure Sensor Design and Testing

MGA was sandwiched between polyimide layers and connected with the copper wire
for assembly of the pressure sensor. The sensor was connected with a computer and the
Uniaxial Materials Testing System. Electrical signals of the strain sensor were recorded
by RIGOL DM3068 digital multimeter at 1 V.
2.9 Subtle Pressure Monitor Design and Testing

This subtle pressure sensing device is made from the digital multimeter, propulsion
device and MGA sensor with a vessel fasten on the top to collect the water droplets.
The propulsion device extrudes the water droplets at a constant flow rate (100 mL/h),
while the MGA sensor receiving the water droplets and causing electrical signals. The
MGA sensor is connected to a digital multimeter for the signal processing and a

computer for outputting the signal.
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3. Results and discussion

3.1 Fabrication and characterizations of MGA

Fig. la illustrates the schematic diagram of preparing MGA by a two-step reduction
method, i.e., hydrothermal reduction followed by microwave treatment. In the first
hydrothermal reduction process, thiourea was quickly added to GO solution with
stirring, and the mixture was then heated to 95 °C and remained for 30 min. During this
process, the mixture gradually turned to black from brown (Fig. S1) and then self-
assembled into partially reduced graphene hydrogel (PGH). Thiourea is a powerful
reducing agent, which can partially reduce GO and enable GO to self-assemble into
stable hydrogels in a short time. In the control experiment without thiourea, the
hydrothermal process could not reduce GO into a regularly shaped hydrogel even after
3h (Fig. S2). With thiourea as the reducing agent here, when the hydrothermal time is
less than 30 min, it is too short to form a stable PGH. When the reduction time is longer
than 30 min, the obtained MGA becomes denser and the volume decreases (Fig. S3a).
After dialyzed in the water-alcohol mixture (the volume ratio of water to alcohol was
9:1), PGH was freeze-dried to form PGA. Then, microwave treatment was adopted on
PGA in a nitrogen atmosphere to complete the second reduction to obtain MGA (Fig.
S3b). During the microwave treatment process, the temperature of PGA quickly
increased and arc can be clearly observed (Fig. S4, Video S1). Meanwhile, with the
violent reaction, white smoke was constantly produced. Digital photographs of PGA
and MGA are presented in Fig. 1b, demonstrating that the color of PGA turns from
black to gray with metallic lustre after the microwave treatment. The color change of
PGA is owing to the redshift of light caused by the restoration of m—n conjugation of
graphene sheets in MGA **#, The obtained highly restored graphene sheets show a
higher reduction level. With increasing the reduction level, a dark black color with no

9



1 lustre would gradually turns gray with metallic lustre '3, Since the restoration of m—
2 mconjugation and reduction process took place on every graphene sheet, it is a process
3 without distinction between the internal and external, so not only the surface but also
4  the interior become gray with metallic lustre as shown by Fig. S5. MGA exhibits ultra-
5 low density, being supported by two human hairs (Fig. 1¢); meanwhile, MGA shows
6  super compressibility, being able to withstand a weight which is more than 1600 times

7  mass of itself and recover to its original state without any damage (Fig. 1d).
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9 Fig. 1. (a) Schematic diagram of the fabrication process of MGA, (b) digital
10  photographs of PGA and MGA-10. Digital photographs showing MGA-10 (c)
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supported by two human hairs and (d) withstanding a weight more than 1600 times
mass of itself.

The conversion of GO to MGA was achieved via two-step reduction steps. There are
two purposes for the first partially reduction: 1) to facilitate GO sheets to self-assemble
into a 3D scaffold with the assistance of thiourea by decreasing the electrostatic
repulsion between neighboring GO layers; 2) to promote the second reduction via the
partially reduced GO sheets which are much more receptive to microwaves than pristine
GO. The reduction mechanism of GO by thiourea and microwave treatment is
illustrated in Fig. 2. Thiourea first partially reduces GO sheets by removing oxygen-
containing functional groups. The Vander waals force and enhanced n-n interactions
between neighboring graphene flakes, along with hydrogen bonding between new
functional groups such as amino (-NH>) and sulfonic acid (-SO3H) induced by thiourea
1461 drive GO to self-assemble into a robust cellular scaffold during the hydrothermal
process in as short as 30 min. These newly formed functional groups enable strong
crosslinks between the adjacent GO sheets. Meanwhile, increased the partially reduced
to rGO, leading to increased hydrophobicity and therefore enhanced oil-water
separation ability 'Y, Afterward, the high temperature generated by microwave
treatment, allowing most functional groups containing oxygen, nitrogen and sulfur
atoms to be eliminated in the form of such gases as ammonia, hydrogen sulfide, and
carbon dioxide, which can be confirmed by remarkably reduced N, S elements by
converting PGA to MGA (5.09 to 1.54 at. % for N and 4.66 to 1.51 for S) in Table S1.
In the meantime, a dramatic weight loss of up to 60% from PGA to MGA was measured
(Fig. S6), which is possibly ascribed to the decomposition of thermally labile oxygen

functional groups 47,

11
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Fig. 2. Schematic illustration of the two-step reduction mechanism of converting GO
to MGA.

Fig. 3a, b presents surface and side SEM images of the self-made GO. Each GO
consists of continuously aggregated sheets with a wrinkled surface. Significant
differences in the morphology and microstructure of PGA and MGA could be observed
by SEM images. PGA possesses highly interconnected pores (ranging from ~50 to 100
um), built by relatively smooth solid walls (Fig. 3¢, d). MGA maintains the porous
structure and displays a cellular microstructure (Fig. 3e, f). It is worthy to note that
newly formed numerous secondary pores (ranging from ~0.7 to 3.8 pm) are observed
on the cell walls of MGA (as indicated in Fig. 3f). It is proposed that the burst of
volatilized gases, engendered by the high temperature ascribed to the absorption of
microwave by the reduced graphene sheets, break through the walls and therefore give
rise to new micropores in addition to existing primary pores. This hierarchically porous

structure imparts MGA with excellent compressive-resilient and lightweight

12
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characteristics, rendering it promising candidates for applications such as oil adsorption
and sensing. TEM images reveal the wrinkled and folded surface of graphene sheet of
MGA (Fig. 3g). The thin graphene nanostructures consist of 2-5 layers from HRTEM
images in Fig. 3h. The high temperature during microwave treatment leads to partially
graphitization of PGA, which takes in the form of graphite strip, [/ the d-spacing value

of which is 0.376 nm (Fig. 31).

: > 3 m ¢
runary pores;

7

10 pm

Fig. 3. Morphology and microstructure. SEM images of (a-b) GO, (c-d) GA and (e-f)
MGA at different magnifications. (g) TEM and (h-1) HRTEM images of MGA.

The crystalline structures of GO, PGA and MGA are demonstrated by XRD patterns
in Fig. 4a. The sharp (001) diffraction peak of GO (26=11.7°) completely disappears
for both PGA and MGA. The diffraction (002) peaks for the graphitic carbon structure

shifts from 21.6° for PGA to 25.7° for MGA, indicating the second reduction of PGA
13
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during the microwave treatment ). The d-spacing of MGA is 3.5 A, much lower than
that of GO (7.26 A) and slightly lower than that of PGA (3.72 A). The removal of
surface functional groups from graphene sheets contributes largely to the improved
interconnectivity. The decreased d-spacing also suggests restoration of the graphitic
structure. The microwave treatment diminishes the interlayer distance of the graphene
sheets. Besides, XRD patterns of control groups with different microwave treatment
times (4, 6, 8, 12 s, hydrothermal reduction time: 30 min) and different hydrothermal
reduction times (30, 45, 60 min, microwave treatment time: 10 s) are presented in Fig.
S7 and S8, respectively. As the microwave treatment time increases, the 002 diffraction
peaks of MGA is getting shaper, indicating higher reduction degree and reduced
structural defects °°. When the microwave treatment exceeds 10 s, the change of the
002 peak is not obvious, suggesting that 10 s is longer enough to reduce MGA.
Interestingly, the MGAs with different hydrothermal reduction times exhibit almost
overlapping XRD curves (Fig. S8). It can be deduced that different hydrothermal times
may lead to varying reduction degree of PGA, but these PGAs were sufficiently reduced
to a close reduction degree by the high temperature occurred in the subsequent 10 s of
microwaving process.

Fig. 4b shows the Raman spectra of GO, PGA and MGA. The two characteristic
peaks at 1335 cm™ and 1585 cm™ assigned to D and G-bands of carbon, reflect
disordered sp® and ordered sp? carbon domains, respectively % °!l. The relative peak
intensity ratio of the D to the G band (/p/I;), revealed the defects and disorder in the
carbon structure P2, It is notable that /p//¢ decreases from 1.23 for GO to 1.12 for PGA,
and 0.95 for MGA, suggesting the removal of defects in PGA and increased
graphitization in MGA.

Four main elements of carbon, nitrogen, oxygen, and sulfur exist from XPS survey

14
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spectra (Fig. 4c). There are a N1s peak (400.1 eV) and a S2p (165.0 eV) peak in the
spectra of PGA, which are possibly introduced by thiourea 133!, Interestingly, the
intensity of these two peaks decreased remarkably after the microwave treatment,
which is caused by the exhausting of N and S elements in the form of oxide gases. The
atomic contents of N and S elements are 5.09 and 4.66 at.%, respectively, in PGA, and
decrease to 1.54 and 1.51 at.%, respectively, in MGA (Table S1). Moreover, the peak
intensity corresponding to Ols (532.8 eV) decreases while that of Cls (285.7 eV)
increases. The C/O atom ratio is 1.67 for GO, and is increased to 3.9 for PGA, and to
42.7 for MGA, indicating the elimination of oxygen-containing groups of PGA and
MGA during the two-step reduction process. Fig. 4d shows the high-resolution
spectrum of the Cls region of GO, PGA and MGA. GO exhibits three individual peaks
at 284.85, 287.05, and 288.8 eV attributed to C-C, C-O, C=0, respectively (Fig. 4d 1)
(541 By comparing GO with PGA, two extra peaks at 286.0 eV and 285.3 eV are

(32351 introduced by

responsible for C-N and C=S bond, respectively, (Fig. 4d ii)
thiourea. With the further reduction by microwave treatment, the intensity of these two
bonds were notably decreased, providing strong evidence for the discharge of N, S
element containing gases. Nevertheless, these two peaks remained in Fig. 4d iii,

indicating the doping of S and N elements of MGA. The existence of N, S elements in

MGA can be seen much more clearly in the SEM elemental mapping (Fig. S9).

15
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Fig. 4. Crystalline and chemical structure. (a) XRD patterns, (b) Raman spectra, (c)
XPS spectra, and (d) high resolution of Cls spectra of GO, PGA and MGA-10.

3.2 Mechanical properties

The obtained MGA is capable of recovering to its original shape after being
compressed to a large compressive strain by a weight of 50 g, as shown in Fig. 5a and
Video S2, suggesting an excellent compressive elasticity. Even after extremely strains
reaching up to 90%, MGA can still return to its original shape without collapse (Video
S3). The compressive stress-strain curves of MGA with different microwave treatment

times (6, 8, 10, and 12 s) and compression strains (50%, 80%, and 90%) are
16
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demonstrated in Fig. S10 and Fig. 5b. Similar to other graphene aerogels, the
compressive stress-strain curves of MGA show linear elasticity, plateau, and
densification regimes during the compression process. With increasing the microwave
treatment time, the maximum compressive stress at a constant strain demonstrates a
significant decrease (Fig. 5¢). It is due to the newly formed secondary pores on cell
walls in MGA, allowing the MGA much easier to deform. Compared with PGA, MGA
processes both better compressibility and superelasticity. The compressive strength at
90% strain for MGA-10 was only 10.07 kPa. This remarkable compressibility allows
any oil or organic solution adsorbed by MGA-10 to be removed effortlessly. In addition,
the durability of MGA-10 is demonstrated by the repeated loading-unloading 100
cycles at a strain of 80% (Fig. 5d). The ultimate stress decreased only 10.3% after 100
cycles. The loading-unloading curves almost overlapped each other with increasing the
cycle number, indicating an outstanding structural stability and repeatability. To better
reveal the effects of microwave treatment, the height recovery ratio of MGA-10 and
PGA was investigated (Fig. 5¢). MGA could maintain 91.5% recovery ratio after 10
compression cycles (@90% compressive strain). However, PGA was permanently
deformed after only 1 cycle of compression (Fig. S11). It can be revealing that a 30 min
hydrothermal process is insufficient for graphene sheets to remove the oxygen-
containing functional groups (Fig. 4c by the XPS analysis and atomic composition in
Table S1). The interactions between these functional groups makes PGA rigid and
inelastic. The secondary pores formed by the microwave treatment also contributes to

improved resilience of MGA.

17
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Fig. 5. Mechanical properties of PGA and MGA-10. (a) Digital photographs showing
compression and recovery process of MGA-10. (b) Compressive stress-strain curves of
MGA-10 under different compression strain. (¢) Compressive stress-strain curves of
MGA with different microwave treatment time. (d) Cyclical performance of MGA-10
when compressed at 80% and released for 100 cycles. (e) Height recovery ratio of
MGA-10 and PGA from 90% compression for 100 cycles.

3.3 MGA for oil-water separation

MGA, with an ultralow density and hierarchically porous structure, is expected to
be promising for oil adsorption. MGA-10 possesses hydrophobic (with a contact angle
of 132°, Video S4) and oleophilic properties (Fig. 6a, Video S5) and can absorb the oil
on the surface and under water quickly (Fig. 6b, Video S6-7). Comparing with PGA,
MGA-10 exhibits larger absorption capacities toward a wide range of oils and organic

solvents, including peanut oil, gasoline, diesel oil, pump oil, n-heptane, chloroform,
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and toluene (Fig. 6¢). Particularly, the adsorption capacity of MGA toward toluene
reaches as high as 430 g-g’!. This is due to the lower density and much more pore
structures of MGA-10. These newly form secondary pore structures generating in the
microwave treatment provide MGA-10 a larger specific surface area (177.7 m?/g) than
PGA (141.2 m?/g) from Fig. S12. Comparing with groups obtained by different
hydrothermal reduction time (30-MGA, 45-MGA, 60-MGA), the 30-MGA possesses
larger internal space for adsorbing oil. For 45-MGA and 60-MGA, the internal space is
smaller than that of 30-MGA.. As a result, there is not enough space to store the absorbed
oil or solvents (Fig. S13) In the comparison between MGA-10 and other microwave
treatment time groups (MGA-4, MGA-6, MGA-8, MGA-12), MGA-10 still shows
excellent performance in oil absorption (Fig. S14). The MGAs at shorter microwaving
time (4, 6, 8 s) were not sufficiently reduced by microwave treatment, and thus have
fewer secondary pore structures and greater self-weight. MGA-10 almost retains its
original adsorption performance after 10 adsorption/burning cycles (Fig. 6d, and the
adsorption/burning process is presented in Fig. S15) and maintains 83.5% of the
original absorption capacity after 10 adsorption/squeezing cycles (Fig. 6e). For other
oils, for example, pump oil, MGA-10 also kept 71.2% of the original absorption
capacity after 10 adsorption/burning cycles (Fig. 6f). These results suggest that MGA-

10 1s a promising candidate for oil-water separation.
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Fig. 6. (a) Superhydrophobic MGA with a water contact angel of 132° and exhibits fast
permeation of oil into MGA-10. (b) Digital photographs showing absorption of toluene
(stained with Sudan III) on water by MGA-10. (c) Comparison between the absorption
capacities of PGA and MGA for various oils and organic solvents. (d-e) Absorption-
burning cycles and absorption-squeezing (50%) cycles of MGA-10 for toluene. (f)
Absorption-burning cycles of MGA-10 for pump oil.

3.4 Electromechanical properties of MGA

The highly repeatable compressibility and high sensitivity of electrical conductivity
to the compressive strain (Fig. S16) enables MGA-10 a suitable candidate for pressure
sensors. The cellular walls of MGA are closely compressed together during
compression, leading to more compact stacking and reduced electrical resistance. The
pressure sensing performance of the MGA-10 pressure sensor was evaluated by an
experimental setup including a digital multimeter, a mechanical motion controller, and

a computer (Fig. S17). Fig. 7a shows the relative resistance-change pressure curve of
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the MGA-10 sensor. The pressure sensitivity S is defined as S = 0(AR/Ro)/0P with AR
= (R — Ro), where R and Ry represent the resistance of the sensor with and without the
pressure, respectively, and P is the applied pressure. The curves are divided into three
parts. From the slope of linear fitting curves, Si is 1.112 kPa™ in the pressure range of
0~0.3 kPa, S>is 0.0832 kPa'! in the pressure range of 0.328~4.11 kPa, and S5 is 0.032
kPa! in the pressure range of 4.23~18 kPa, respectively. Due to their much denser
internal structure, 45-MGA and 60-MGA require greater stress to generate the same
deformation as 30-MGA. As a result, the sensitivity of 45-MGA and 60-MGA is not as
higher as that of 30-MGA (Fig. S18). In the comparison between MGA-10 and other
microwave treatment time groups, MGA-10 exhibits higher sensitivity (Fig. S19). It
can be deduced that the samples not sufficiently reduced (MGA-4, MGA-6, MGA-8)
have more remained oxygen-containing groups on their graphene sheets and less
secondary pores on their graphene walls, which makes them require greater stress to
reach the same AR/R as the MGA-10. MGA-10 and MGA-12 demonstrate similar oil-
water separation and piezoresistive sensing performances, further proving that 10 s is
longer enough to well reduce MGA. As illustrated in Fig. 7b, the AR/R¢ variations at
different strains are quite stable and repeatable. MGA-10 exhibits significant sensitivity
changes of the AR/Ro upon pressed and quickly returns to the initial state when the
external stress was removed (Fig. 7c). Fig. 7d and 7e show the compressive strain-
sensing behavior of the MGA-10 sensor at low frequencies (0.03~0.15 Hz) and high
frequencies (0.25~1 Hz), respectively. MGA-10 sensor can detect and respond stably
with different frequencies. DMA test has been completed and the result is shown by
Fig. S20. It can be seen that at low frequencies, the MGA possesses a greater storage
modulus and smaller loss modulus and tano. This is because when the frequency is low,

the graphene aerogel has enough time to recover. As the frequency increases, the

21



10
11
12
13
14

15

16

17
18

aerogel exhibits reduced storage modulus and increased loss modulus and tand, which
is ascribed to the rich porous structure of MGA that needs longer time to recover.
Nevertheless, the MGA still responds quickly enough to give frequency-independent
AR/Rg signals as proved by Fig. 7e. Fig. 7f demonstrates that after 3000 cycles at 70%
compression strain, negligible fluctuations were observed for the sensitivity changes of
AR/Ry, indicating the excellent structural stability of MGA-10. Loaded with a fast step
strain of 5%, the response and recovery times of MGA-10 sensor were measured to be

135 ms and 130 ms, respectively, revealing a fast signal response (Fig. S21).
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Fig. 7. (a) Relative resistance changes with respect to applied pressures. (b) Cyclic
variations of AR/Ry at two compressive strains of 50% and 90%. (c) AR/Ro-time curves
of MGA-10 under different pressures. (d) AR/Rgchanges at low (0.03~0.15 Hz) and (¢)
high (0.25~1 Hz) frequencies under 50% strain. (f) AR/Ro-time curves of MGA-10
under repeated loading-unloading tests with 3000 cycles at 70% compression strain.

Table 1 compares the sensitivity and linear range of MGA-10 with other reported
studies. MGA-10 exhibits a much higher sensitivity and moderate linear range.

Table 1. A comparison of the pressing performance between MGA-10 with other
graphene-based sensors

. P Pressure

Materials Sensitivity (kPa™) U Ref.
regions

Graphene and porous 0.33 0~1.5 kPa [56]
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nylon networks

rGO foam/FPCB 0.13 0~10 kPa [57]
Graphene/CNT 0.15 0~6 kPa [58]
Graphene/borophene 0.9 0~3 kPa [59]
nanosheets
Graphene/MXene- 0.053 0~15 kPa [60]
PDMS @ sponge
PPy/rGO@carbonized 0.635 — [61]
PU
Cu NWs/rGO/MF 0.011 0~1.5 kPa [62]
Graphene/PU sponge 0.26 0~3 KPa [63]
MGA 1.112 0~ 0.3 kPa This work

3.5 Demonstration for Real-Time Pressure Monitoring

As a proof of concept, a sensing device was designed from MGA for the real-time
pressure monitoring, for example, the subtle pressure hit on a substrate by the water
droplet (Fig. 8a). This sensing device is composed of multimeter, propulsion device and
MGA sensor with a copper vessel to collect the water droplets. The vertical distance
between the tip of the syringe and the bottom of the copper container is 7.8 cm. As the
propeller pushes forward, a water droplet gradually forms at the tip of the syringe and
falls down. When the water droplets hit and remains at the top of the sensing device,
the AR/Rg signals are collected and processed to output the corresponding pressure. In
Fig. 8b, the signals generated by water droplets are collected at a flow rate of 100 mL/h.
Since the obtained pressure is within 0~0.3 kPa, the sensitivity is S; (1.112 kPa™"), and
the pressure value is calculated according to Equation (2):

AR/R, =S, P (2)
where AR/Ry is the change in relative resistance caused by the water droplet, S; is
sensitivity of MGA senor in the pressure range of 0~0.3 kPa, and P is the pressure
caused by the falling water droplet. The rang of pressure value is calculated to be 30.2

*5.5 Pa.

A simulation of falling process of a water droplet (Fig. 8c, Video S8) using the soft
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Ansys Fluent 17.2 to verify the reliability of MGA sensor. The simulated pressure
generated by the water drop on the MGA sensor is compared with the calculated value
by the MGA sensor. The variation of the surface average pressure caused by water
droplets with time in the simulation is shown in Fig. 8d, which indicates that the

calculated facet average value range of the simulated bottom pressure is 26.4+ 3.3 Pa.

The tolerance between the theoretical value and the simulated value is less than 35.3%.
Considering the dissipation of impact force in the transmission process, MGA sensor is

reliable for subtle pressure detection.
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Fig. 8. (a) Schematic of MGA sensing for the real-time pressure monitoring of the water
droplet. (b) AR/R¢ variations of MGA response to water droplets at a flow rate of 100
mL-h! (the inset shows AR/Ry signals within 5 seconds). (c) Simulated pressure
contour and (d) facet average pressure with time on the upper surface of the MGA
Sensor.

4. Conclusions
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We have successfully fabricated ultralight, hierarchically porous, and high
hydrophobic graphene aerogel through a facile self-assembling combined with
microwave treatment route. The resultant MGA-10 exhibits a low density of 1.8
mg-cm >, with a resilient strain of 90%. With these merits, the MGA-10 exhibits ahigh
adsorption capacities toward various organic solvents and oils. It also shows good
reusability. Due to the excellent conductivity and superelasticity of MGA, the pressure
sensor based on MGA-10 demonstrates a high sensitivity (1.112 kPa') at a pressure
range of 0~0.3 kPa and high stability (>3000 cycles). MGA sensor is reliable for subtle
pressure monitoring, demonstrating its great potential in the real-time detection of

pressures.
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