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ABSTRACT

Graphene aerogel (GA), with low density, high conductivity, and good
mechanical properties, has important application potentials in the field of flex-
ible electronics. Here, a balanced approach was developed in this work: Gra-
phene oxide (GO) nanosheets were induced to assemble into a homogeneous
porous hydrogel under alkali induction, and then, the oxygen-containing
functional groups of GO were removed by reductant of formamidine sulfonic
acid (FAS). Besides, the hydrogel of GA precursor can be quickly dried at a high
temperature (150 °C) within 30 min to obtain pure GA of FGA. After further
calcination, the obtained aerogel of AFGA with ordered structure has ultralow
density (3.88 mg/cm?), high conductivity (7.4 S/m), supercompression recovery
performance (99%), high sensitivity (S = 0.83 kPa™"), large reversible compres-
sion cycle performance (200 cycles under 90% strain), and high fatigue resis-
tance (10,000 cycles under 70% strain), which presents excellent piezoresistive
properties and can find wide applications in piezoresistive sensors as the high-
performance sensing material.
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Introduction

In recent years, the development and application of
flexible sensors make people’s quality of life improve
greatly, providing significant convenience in many
aspects [1-6]. Aerogel has been widely used in
energy storage, environmental protection, electro-
magnetic shielding, and other fields because of its
unique properties, such as high porosity, high
specific surface area, and low density [7-11]. More
importantly, since conductive aerogel can convert its
mechanical deformation into electrical output signals,
it has attracted great attention in flexible sensor
applications, such as wearable pressure-sensitive
electronic devices, electronic skins, and artificial
intelligence [12-16]. In particular, there have been
many reports using various nanomaterials repre-
sented by graphene to prepare macroscopic aerogel
[17, 18]. As an important derivative of graphene,
graphene oxide (GO) not only inherits the structural
characters and unique properties of graphene but
also has good water solubility and easy assembly due
to its rich functional groups, which is especially
suitable for preparing ultralight and elastic graphene
aerogel (GA) for assembling flexible piezoresistive
sensors [19, 20].

GA is usually prepared by two basic approaches:
the ice-templating method and the sol-gel method
[21, 22]. Although exhibiting high designability in
structure and function, the ice-templating method
inevitably adopts the freeze-drying process to
remove the template. However, the freeze-drying
process of GA tends to be time-consuming (generally
more than 72 h), limiting the quick and large-scale
production of GA [23]. With the hydrothermal reac-
tion or reducing agents, such as hydrazine hydrate,
ethylenediamine, and ascorbic acid, the sol-gel
method uses chemical reduction technology to
achieve cross-linking among thin sheets and chemical
transformation inside the thin sheets to generate a
three-dimensional (3D) network structure [14, 24-27].
However, the high-temperature and high-pressure
treatments in the hydrothermal reaction are very
dangerous, and commonly used reductants are either
toxic, flammable, expensive, or hard to be removed
[28-30]. Thus, it is crucial to find a suitable reductant
for substitution and improvement of reduction
quality. Furthermore, GO’s varying size, easy stack-
ing, and inconclusive distribution of oxygen-con-
taining groups are huge obstacles to accurately
organizing its nanosheets into an ordered 3D struc-
ture. Fortunately, Yao et al. [31] demonstrated that
alkali could induce GO liquid crystals (GO LCs) to
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form a highly ordered structure, endowing graphene
sheets with a long-range ordered microstructure in
the 3D framework.

Here, a balanced method was developed to prepare
GA: GO nanosheets were assembled into 3D ordered
structure with alkali induction and subsequently
in situ reduced using an industrial reductant of for-
mamidine sulfinic acid (FAS). FAS exhibits the fol-
lowing advantages as an efficient reductant: (1)
environmental friendliness and (2) safe and cost-ef-
fective for bulk production. What is more, the GA
obtained by FAS reduction (named FGA) can be
directly dried at a high temperature (150 °C) rapidly
(within 30 min) without noticeable shrinkage, differ-
ent from gels obtained by other reducing agents.
Then, the FGA was further annealed (named AFGA)
and applied for the following testing. The prepared
AFGA has ultralow density (3.88 mg/cm’), high
conductivity (7.4 S/m), supercompression recovery
performance (99%), high sensitivity (S = 0.83 kPa™ "),
enormous reversible compression cycle performance
(200 cycles under 90% strain), and high fatigue
resistance (10000 cycles under 70% strain), which can
find wide applications in piezoresistive sensors.

Experimental method
Materials

Formamidine sulfinic acid (FAS, 98%) was purchased
from Shanghai Xianding Biotechnology Co., Ltd.
NaOH and KOH with 99% purity were purchased
from Lian-Long Bohua (Tianjin) Pharmaceutical and
Chemical Co., Ltd. Graphite powder (325 mesh,
99.9%) was purchased from Qingdao Huatai Lubri-
cation Sealing Technology Co., Ltd. Deionized water
(> 18 MQ-cm) is homemade and used throughout for
preparation and washing.

Preparation of aerogel

GO was prepared from natural graphite powder
based on our previous work [32]. Firstly, a FAS alkali
solution was prepared, in which the concentrations of
the FAS and NaOH were set as 0.5 and 2.67 M,
respectively. Then, the FAS alkali solution was added
to the prepared GO solution, and the GO and alkali
concentrations were adjusted to 5 mg/mL and
0.16 M. After that, the evenly mixed solution was
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reacted at 90 °C for 2 h to form a hydrogel, which
was subsequently removed and cooled to room
temperature. The hydrogel was frozen in a refriger-
ator for 5 h, then thawed, and further reacted for 8 h.
After being dialyzed with water and ethanol for 24 h,
the gel was dried at 150 °C and further annealed at
500 °C to generate FGA and AFGA, respectively.

Preparations of sensor and array

Sensor preparation: Firstly, a mechanical cutting
device was used to cut the optimum AFGA aerogel
into slices with a radius of 0.8 cm and a thickness of
approximately 0.2 cm. Then, the silver paste was
used to connect the two copper wires to the upper
and lower sides of the aerogel silice to establish
external contact. Finally, the sensor was encapsulated
with medical tape.

Array preparation: Firstly, the optimum AFGA
aerogel was cut into 12 small rectangles with a length
of 0.8 cm and a width of 0.4 cm, which were then
fixed one by one according to the position of the array
plate; finally, they were encapsulated by a transpar-
ent polyester film.

Characterizations

The morphology and size of GO nanosheets were
photographed by transmission electron microscope
(TEM, TF20) and atomic force microscope (AFM,
Bruker-Veeco). X-ray photoelectron spectroscopy
(XPS) was measured by an X-ray photoelectron
spectrometer using monochromatic Al-Ka radiation
as an excitation source on ESCALab MKIIL X-ray
diffraction (XRD) pattern was obtained by a diffrac-
tometer (Bruker D8 Advance, Germany) with an
operating current of 40 mA, and a voltage of 40 kV.
Raman spectroscopy was performed using HORIBA
Jobin Yvon (S.A.S.). The mechanical performances of
the AFGA aerogels were measured using an AGS-X
universal testing machine. All the resistance and
current signals were recorded using a Keithley 2450
Multimeter in voltage scanning mode.
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Figure 1 a Schematic (a)
diagram on the preparation of
the AFGA aerogel. b TEM
and ¢ HRTEM images of GO
nanosheets.

GO

(b)

Results and discussion
Structural characterizations

As depicted in Fig. 1a, the preparation process of
aerogels mainly involves three key steps: sol-gel,
reduction, and drying processes. Figure 1b, ¢ pro-
vides TEM images of the prepared high-quality GO
nanosheets. The thickness of the GO nanosheet was
determined by AFM analysis, which indicated that its
thickness was less than 1 nm, corresponding to two
or three stacked layers (Fig. S1, Supporting Informa-
tion). XRD analysis was further carried out to confirm
the crystal structure of the sample, and a strong (001)
diffraction peak near 10.65° can be clearly oberved,
which is a typical peak of GO (Fig. 3a) [33]. Next,
alkali (NaOH) induction and chemical reduction
were performed at a mild temperature (90 °C) to
form graphene hydrogel, where the GO solution is
transformed from the sol into the gel. As illustrated in
Scheme S1, FAS is easily decomposed in an alkaline
solution to generate sulfites, which could remove
GO’s oxygen-containing groups (-OH, C-O-C, C=0)
[34]. During the formation of hydrogel, the alkali
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concentration has the most significant impact on the
final shape of the aerogel. It was observed through
polarized light optical microscope (POM) images that
GO could form a well-organized texture structure
under the induction of alkali solution (Fig. S2a), while
the pure GO suspension showed a disordered phase
at the same concentration (Fig. S2b) [31].
Furthermore, the integrity of aerogel can be
adjusted by the alkali content (Table S1). Series of
AFGA samples were synthesized at different alkali
concentrations (0.12, 0.14, 0.16, 0.18, 0.20, and 0.22 M)
and named as AFGA-0, AFGA-1, AFGA-2, AFGA-3,
AFGA-4, and AFGA-5, respectively. Different alkali
concentrations led to different shrinkage degrees of
AFGA (Fig. S3). When GO was induced at a low
alkali concentration (0.12 M), AFGA-0 seriously
shrank, and AFGA-0 obtained even by freeze-drying
also underwent severe shrinkage (Fig. 54). AFGA-1 at
the alkali concentration of 0.14 M showed a relatively
complete appearance, but it was not pressure-resis-
tant and easily broken after 5 gentle finger compres-
sions. AFGA-2 at the alkali concentration of 0.16 M
could be recovered as before after compression
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(Fig. S5). When the alkali concentration increases to
0.18 M and above, there will also be significant
shrinkage, but it will not collapse (Fig. S3). Therefore,
appropriate alkali concentration is pretty crucial for
the final appearance and performance of GA. By
replacing the alkali of NaOH with KOH, the influ-
ence of different metal ions on the formation of
AFGA is explored, and the as-prepared AFGA exhi-
bits more evident shrinkage (Fig. S6), which may be
caused by the larger hydrated radius of K" than Na™.
Namely, the larger the radius is, the less the electric
double-layer charges of colloidal GO sheets will be
neutralized, which would lead to the failure to
induce the assembly of GO nanosheets [31].

The internal pore structure of the aerogel plays an
essential role in its properties. After being reduced to
form a stable hydrogel, it is removed and placed on a
cold source for freezing to form ice crystals. Ice
crystals are used to create directional pore diameters
inside the hydrogel, which is a general method to
produce a 3D porous structure [35]. Wicklein et al.
[36] reported that a higher freezing rate resulted in
smaller pore diameter, and the directional freezing
was conducted using a —20 °C cold source to form a
hydrogel with a larger internal pore size. Next, dry-
ing the prepared hydrogel is necessary for manufac-
turing GA, and it is imperative to adopt a
suitable drying method. GA usually suffers from
volume shrinkage and structural damage caused by
temperature and pressure during drying. According
to Laplace’s formula (P, = (— 2y x cos(0))/r), capil-
lary pressure (P.) is defined as the functions of the
solvent surface tension (y), contact angle (), and pore
radius (r) [26]. It can be obtained from this equation
that the capillary pressure is reduced by adjusting the
solvent surface tension, contact angle, and pore
radius. Considering the reduction of the hydrogel
and the larger pore size caused by freezing, the
capillary pressure is reduced by dropping the surface
tension. According to the Aspen simulated physical
property data analysis, from room temperature to
200 °C, the surface tension of water is higher than
that of ethanol (Fig. S7) [37]. Using ethanol instead of
water for dialysis can effectively reduce the surface
tension and then dry at 150 °C to quickly obtain the
FAS-reduced aerogel.

FGA was obtained by drying GA precusor at dif-
ferent temperatures of 25, 60, 90, 120, 150, and 180 °C.
It was evident that partial shrinkage occurred at
temperatures lower than 120 °C, while relatively
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complete FGA could be obtained only at high tem-
peratures of 150 and 180 °C (Fig. S8). By comparing
its density with freeze-drying (FD), drying at 150 °C
shrinks only by 7%, and its density is only 3.88 mg/
cm® (Fig. S9). Although freeze-drying can achieve a
smaller density, it will lead to larger cracks and holes
in its appearance, which is far less complete and
robust than that drying at 150 °C (Fig. 510). In addi-
tion, since a higher drying temperature will lead to a
faster drying speed, the drying time at 150 °C is less
than 30 min. Compared with other drying methods,
high-temperature rapid drying presents apparent
advantages (Table S2). Finally, the impurities are
further removed by annealing at 500 °C to obtain the
annealed FGA (AFGA).

The internal structure of AFGA-2 was observed by
SEM. As shown in Fig. 2a, b, AFGA-2 exhibits a
stable porous structure due to its composition of
interconnected reduced GO (rGO) sheets partially
overlapping in a 3D configuration through n—=n
interactions to form a solid honeycomb structure. In
addition, an ordered honeycomb structure of AFGA-
2 avoids the volume shrinkage [38]. Obviously, the
walls of the aerogel are mainly composed of bilayer
or multilayer graphene sheets, which dramatically
enhances the structural stability of the aerogel
(Fig. 2c, d). As shown in Fig. 2e, the internal pore
appearance of AFGA-2 is similar to a circular ring,
with a pore size of approximately 70 um (Fig. S11)
[39]. Energy-dispersive X-ray (EDX) elemental anal-
ysis indicates that the prepared AFGA only contains
two elements of C and O (Fig. 512), confirming that
the prepared AFGA is pure and does not contain
other impurities. As shown in Fig. 2f, the magnified
cell walls of AFGA-2 are full of folds, which may be
caused by the disappearance of a large number of
functional groups after the reduction of GO. The
reduced surface energy through GO’s mutual reac-
tion and recombination lead to the structural trans-
formation from 2 to 3D, thus resulting in the
wrinkled surface of the textures [40, 41]. Chen et al.
[42] believed that wrinkles/folds would make rGO
achieve hydrophobic performance, which was con-
firmed by measuring its water contact angle (WCA).
WCA values of AFGA samples with different alkali
concentrations are all greater than 100°, and the
maximum value of AFGA-2 is 126.4° (Fig. 513) [43].
Observing the internal structures of AFGA-1, AFGA-
3, AFGA-4, and AFGA-5 by SEM, it can be clearly
obtained that alkali concentration has a tremendous
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Figure 2 a—f SEM images of the AFGA-2 composite aerogel at different magnifications.

influence on the internal system of AFGA (Fig. S514).
The AFGA-1 interior is similar to a stack of pieces
with only a few voids, which may cause its fragility.
Small and disordered internal pores will appear
when the alkali concentration is further increased
(> 1.6 M), which is the leading cause of volume
shrinkage. In conclusion, proper alkali concentration
induction is essential for forming GA with proper
nanostructures and performances.

Figure 3a shows XRD patterns of GO, FGA, and
AFGA. FGA presents a weak and broad (002)
diffraction peak at 20 = 24.05°, corresponding to a
d-spacing of approximately 0.370 nm. After anneal-
ing, AFGA showed relatively sharp (002) diffraction

peak at 20 = 25.35°, corresponding to the d-spacing
decreasing to 0.351 nm. These results approved the
successful reduction of GO by FAS and the further
quality improvement of rGO after annealing. Raman
scattering is very sensitive to electronic structure and
can be used to characterize graphene materials
effectively. As shown in Fig. 3b, the G-band of GO
was near 1587 cm™!, while the D-band appeared in a
lower region of 1346 cm ™', indicating that the char-
acteristics structure of sp® is damaged because more
defects and a large number of oxidation sites are
generated on the sheet. Among them, the strength
ratio of the D-band to the G-band (Ip/Ig) is approx-
imately 0.93 [44]. Upon the reduction of FAS and
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Figure 3 a XRD patterns, b Raman spectra, and ¢ XPS survey spectra of GO, FGA, and AFGA. d-f High-resolution XPS spectra of Cls

for GO, FGA, and AFGA.

further annealing, Ip/I; increased significantly,
reaching 1.19, attributable to the removal of many
oxygen-containing functional groups during the
reduction process and the formation of smaller and
more graphene domains [45, 46].

XPS characterization was further performed to
analyze the GO’s reduction degree by FAS. Apparent
changes of the C peak and O peak in Fig. 3c prove
that the reduction of FAS and further annealing
remove GO'’s oxygen-containing groups. For GO, the
peak intensity of O 1s was significantly higher than
that of C 1s. After reduction, the peak intensity of C
1s of FGA and AFGA was significantly higher than
that of O 1 s. As shown in Fig. 3d, GO showed some
typical C 1s peaks of C=C/(C-C), C-O, C=0, and O-
C=0 groups at 284.8, 286.8, 287.4, and 288.7 eV,
respectively [46]. Upon the reduction, both FGA and
AFAG showed the related groups, and the peak
intensity related to the C=C/(C-C) bond was domi-
nant, while the intensity of the oxygen-containing
groups was significantly reduced, indicating the
effective removal of the oxygen-containing groups
(Fig. 3e, f). The C/O atom ratio is essential evidence
of GO reduction. For FGA and AFGA, the C/O atom
ratios detected by XPS are 10.15 and 11.28,
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respectively, which proves the strong reduction
ability of the FAS agent [47]. By comparing the C/O
ratios of GA reported in other literatures, AFGA has
obvious advantages, as summarized in Table S2.

Electrical and mechanical properties

The electrical and mechanical properties of AFGA
aerogels were measured through reasonable
mechanical tests to evaluate the practicality of the
prepared aerogel. As shown in Fig. 4a, compared
with other alkali concentration-induced AFGA,
AFGA-2 possesses the lowest density, only 3.88 mg/
cm®, and its conductivity is as high as 7.4 S/m, which
is attributed to its good internal arrangement struc-
ture. As shown in Fig. 4b, at 50% strain, the stress of
the AFGA series increases with the density increase
due to the densification of the internal structure
caused by contraction. AFGA-2 achieved a modulus
of 3.89 kPa, which was not much different from the
AFGA-4 (4.02 kPa) with higher density, demonstrat-
ing that the ordered internal honeycomb structure is
capable of effective load transfer during external
compression and thus results in GA’s good
mechanical properties. In addition, the larger
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Figure 4 a Density and conductivity of the AFGA aerogels.
b Compression strength and modulus of the AFGA aerogels at
50% compression strain with a compression rate of 20 mm min™".
¢ [-V curves of the AFGA aerogels. d Typical stress—strain curves

of the AFGA-2 aerogel at different set strains. e I-V curves of the

modulus could enable the AFGA aerogel framework
to resist solvent evaporation capillary pressure dur-
ing rapid drying at high temperatures. The I-V curve
exhibited the good linear Ohmic behavior of AFGA,
proving the stable electrical properties of the pre-
pared pure GA (Fig. 4c). A series of compression tests
under different strains were further carried out to
evaluate the structural stability of AFGA-2, which is
very important for high-performance piezoresistive
sensors. As shown in Fig. 4d, AFGA-2 was com-
pressed under the set strains. Starting from 10%
strain, after 30, 50, 70, 90%, and finally 99% strain, it
can completely recover after compression. In partic-
ular, when the external pressure was released under
an extreme strain of 99%, it almost returned to the

AFGA-2 aerogel at different set strains. f Stress—strain curves at
different compression rates. Stress—strain and energy loss curves of
the AFGA-2 aerogel g under 10,000 cycles at 70% strain and
h under 200 cycles at 90% strain with a compression rate of
200 mm min~". i Schematic diagram of cyclic compression.

original shape without visible breakage or shrinkage,
and the maximum stress reached 1.12 MPa (Video
51). As summarized in Table 52, AFGA-2 has supe-
rior mechanical properties compared to other repor-
ted GA materials. Further testing of the I-V curve of
AFGA-2 under different strains showed excellent
linear Ohmic behavior, which would provide strong
support for the fabrication of piezoresistive sensors
(Fig. 4e).

Stable stress-strain curves (Fig. 4f) at different
compression rates at 50% strain indicate that the
compression rate does not affect the changes in its
mechanical properties, which is of great significance
for the practical application of piezoresistive sensors.
Subsequently, 10000 cycles of compression tests were
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conducted at 70% strain (Fig. 4g). Obviously, the
maximum stress remained basically unchanged dur-
ing the compression, while the energy loss coefficient
decreased within the first 100 cycles and then main-
tained above 42%. Moreover, as shown in Fig. 4h,
under a higher strain of 90%, the same is true for 200
cycles, maintaining high mechanical stability and a
stable energy loss coefficient, proving that AFGA-2
has excellent fatigue resistance. By placing a 10 N
weight on AFGA-2, it was found that AFGA-2 could
support a weight more than 56000 times its own
weight and could fully recover after release,
demonstrating robust compressive resistance in
practical applications (Fig. S15). The uniform cellular
network provides inherent power and special inner

J Mater Sci (2023) 58:850-863

deformations effectively, proving that GA prepared
by pure GO can also possess reliable compression
resilience and high strength to meet the requirements
of piezoresistive sensors (Fig. 4i).

Sensing performances

The excellent mechanical strength of AFGA-2 is a
prerequisite for the stability and reliability of sensors
based on piezoresistive effects. Sensitivity is one of
the most critical parameters for evaluating the per-
formance of pressure sensors, and its piezoresistive
sensing mechanism is depicted in Fig. 5a. As shown
in Fig. 5b, the sensitivity under different pressures
was tested. It exhibits linear variation (R* = 0.9988)

structure to release the external forces and over a wide detection range (< 2.72 kPa) with a high
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Figure 5 a Schematic diagram of aerogel sensitivity. 10 mm min~'. f AFGA-2 aerogel at 50% strain with different

b Sensitivity of the AFGA-2 aerogel as a function of pressure.
¢ Response time of the fabricated AFGA-2 aerogel sensor. Cyclic
piezoresistive sensing performances of the AFGA-2 aerogel under
different d-e compression strain levels at a compression rate of
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compression rates. h Cyclic piezoresistive sensing performances of
the AFGA-2 aerogel at 70% strain over 10,000 cycles and i at 90%
strain over 200 cycles.
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sensitivity of 0.83 kPa™', showing good pressure
sensing performance attributable to the honeycomb
network structure of aerogel. As another parameter
of sensing performances, the response time of AFGA-
2 is significant. As shown in Fig. 5c, the response time
of AFGA-2 was only 8.97 ms, while its recovery time
was 13.72 ms, with a minimal lag time, which is
significantly better than other composite aerogels
(Table S3) [23, 48, 49]. Under different pressures, the
cycle stability of AFGA-2 has essential reference sig-
nificance. As shown in Fig. 5d, e, AFGA-2 maintained
good cyclic stability in 10 cycles at a low strain of
0.05% and showed ultralow detection limit and real-
time monitoring of small changes, reflecting the
excellent sensitivity of the sensor [48]. Furthermore,
the AFGA-2 aerogel maintained good stability with
the strain increase. As shown in Fig. 5f, the signal
held a good stable direction under different com-
pression rates, indicating that the rate does not affect
the piezoresistive behavior of AFGA-2. Figure 5g
presents a positive trend of strain current change
from 10 to 90%, and the consistency of strain current
change is detected. The cyclic stability of AFGA-2
was evaluated by performing 10,000 compression
tests at a high strain of 70%, and the results are
shown in Fig. 5h, where the rate of current change
remained high stablility. In addition, the current rate
did not change significantly in the first 10 cycles or
the last 10 cycles. Figure 5i shows the piezoresistive
behavior at a higher strain of 90%. The change rate of
current remained highly stable during 200 cycles, and
no change was found by observing the beginning and
the end of the cycles. As summarized in Table S3,
AFGA-2 has excellent sensing performance com-
pared with other works.

In addition, the piezoresistive ability of AFGA-2
was further tested by placing it in ethanol (Fig. S16).
AFGA-2 maintained a high electrical signal and stress
stability at 50% strain within 100 cycles, indicating
that AFGA-2 can be used for signal transmission in
some special liquids, extending its sensing applica-
tion field. In addition, AFGA-2 also maintained a
perfect piezoresistive effect in liquid nitrogen (-
196 °C) and exhibited a superb signal response
through using artificial compression (Fig. 517, Video
52), confirming its ultralow temperature tolerance. In
short, thanks to the comprehensive properties of
graphene, AFGA with excellent electrical signals has
been prepared through an alkali-induced self-

assembly strategy, which provides strong support for
practical sensing applications.

Sensing applications

The AFGA-based piezoresistive sensor was fabri-
cated, and a series of tests were carried out. Figure 6a
shows that the adhered sensor can continuously
detect the weak characteristic peak of a volunteer’s
pulse. Figure 6b carried out a vibration test, and the
vibration response of the mobile phone exhibited an
excellent signal response law, which could provide
signal support for tremors in some parts of the body.
Sound detection proves the sensor’s feasibility in
producing speech recognition equipment. As shown
in Fig. 6c, when saying “hello,” the precise change in
the current flowing through the sensor mirrors the
change of sound. The sensor also can be applied to
capture the small electrical signal generated by the
face change (smiling), thus generating standard
waveform output (Fig. 6d). When the sensor was
fixed on the index finger joint, the finger appeared in
different degrees of bending and then gradually
recovered, as shown in Fig. 6e, showing good
recognition of different finger bending angles. By
attaching the sensor to the shoe’s sole, the sensor can
transmit the signal to the receiver in time through
normal walking, presenting a regular response
(Fig. 6f). In conclusion, the piezoresistive sensor fab-
ricated by AFGA-2 can detect limb movements well,
which is significant for wearable electronic devices
and health monitoring.

Wearable pressure sensors are widely integrated
into electronic skin to detect pressure distribution
and the location of mechanical stimuli, and array
units are often applied in the design. Here, AFGA-2
was employed to design a 3 x 4 array element for
multipoint detection of the pressure distribution. The
natural array unit and model are shown in Fig. S18a,
b, and each sensor pixel was connected and assem-
bled with a set of copper wires encapsulated by
polyester film, whose working principle is depicted
in Fig. 6g. Obvious resistance variation can be
detected when the sugar cubes are placed at the head
and tail positions (Figs. 6h, S18¢c, d). In addition, the
array can be used to distinguish different weight
signals at different positions, as shown in Fig. 6i. The
number of sugar cubes in the back row was twice as
much as that of the front row (Fig. S18e, f). The array
can accurately sense different signals. The resistance
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Figure 6 Sensing performances of the AFGA-2 aerogel served as
a pressure sensor for the real-time detection of a pulse, b phone
vibration, ¢ speaking, d smiling, e middle finger bending, and
f knee bending. g Structure diagram of the array. h Resistance

change rate under the pressure of a sugar cube in the
front row was 15%, and the resistance change rate of
two sugar cubes in the back row was 40%, which not
only maintains high stability but also presents accu-
rate recognition ability. Therefore, the strain sensor
array based on AFGA-2 demonstrates its potential
application in wearable pressure devices.

Conclusions

In this work, an ultralight pure graphene aerogel of
AFGA with excellent mechanical properties was
prepared using alkali to induce the arrangement of
GO nanosheets and reductant of FAS to reduce GO,
which has great application potential in the sensing
field. The fabricated sensor based on AFGA can be
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changes of sugar cubes at different positions in the array.
i Resistance changes of sugar cubes at different positions and
weights in the array.

used for personal health monitoring, and a series of
signals can be detected, including pulse, mobile
phone vibration, smiling, talking, walking, finger
bending, etc. At the same time, AFGA-based array
sensors can also be assembled to detect pressure
distribution, further expanding its application range.
In summary, a simple and feasible strategy is applied
to prepare a high-performance pure GA only using
GO, which can further explore the sensor application
of aerogels.
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