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T
hree-dimensional (3D) carbon-based
metamaterials, such as arrays, foams,
sponges, and aerogels of controlled

architectures, have recently attracted great
attention due to their ultralight weight, high
specific surface area, excellent electrical
conductivity, and mechanical strength.1�5

These porous carbons, composed of one-
dimensional (1D) carbon nanotubes (CNTs)
or two-dimensional (2D) graphenes, demon-
strate promise in a wide variety of fields,
including energy storage, sensors, catalysis,
and environmental science and engineer-
ing.6�17 Compared with a CNT monolith,
graphene-based metamaterials, specifically
graphene aerogels (GA), tend to have a
much lower density (0.16mgcm�3),18 higher
compressibility (90%),19 and good electrical
conductivity (10 S cm�1).20 A number of
processing techniques, such as hydrother-
mal reduction,6,21 chemical reduction,22�25

organic functionalization,26 chemical vapor
deposition (CVD),20 electrochemical syn-
thesis,27 and ice crystal templating,28 have
been used to fabricate high-performance
GA. Among these approaches, chemical
reduction is an attractive method, as it
requires relatively mild processing condi-
tions by using various reducing agents
(NaHSO3, Na2S, vitamin C, HI, ferrous ions,
ethylenediamine, etc.);19,22 meanwhile gra-
phene oxides (GO) can be integrated into
monolithic aerogels using a self-assembly
process.
The excellent mechanical and electronic

properties of GA can be further improved by
using nanoparticles to form multifunctional
3D networks. A few examples include mag-
netic graphene/iron oxide aerogels for bat-
tery anodes,29,30 oils/heavymetal ion absorp-
tion,31 and oxygen reduction reaction;32,33

nickel nanoparticle/graphene aerogels for
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ABSTRACT Three-dimensional (3D) graphene aerogels (GA)

show promise for applications in supercapacitors, electrode materi-

als, gas sensors, and oil absorption due to their high porosity,

mechanical strength, and electrical conductivity. However, the

control, actuation, and response properties of graphene aerogels

have not been well studied. In this paper, we synthesized 3D

graphene aerogels decorated with Fe3O4 nanoparticles (Fe3O4/GA) by

self-assembly of graphene with simultaneous decoration by Fe3O4
nanoparticles using a modified hydrothermal reduction process. The

aerogels exhibit up to 52% reversible magnetic field-induced strain and strain-dependent electrical resistance that can be used to monitor the degree of

compression/stretching of the material. The density of Fe3O4/GA is only about 5.8 mg cm
�3, making it an ultralight magnetic elastomer with potential

applications in self-sensing soft actuators, microsensors, microswitches, and environmental remediation.
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ethanol fuel cells;34 graphene-carbon sphere hybrid
aerogels decorated with silver nanoparticles for cata-
lytic reduction of 4-nitrophenol;35 nitrogen-doped
activated graphene aerogels/gold nanoparticles for
electroanalytical analysis,36 and GA-supported SnO2

nanoparticles for detection of NO2.
37

The research community mainly focused on the
improvement of the mechanical, electronic, and ab-
sorption properties of 3D GA. However, the controll-
ability, actuation, and dynamic response of GA, which
are of critical importance for applications, have re-
ceived little attention, inspiring this study.
Typical magnetic elastomers, which are being tested

as soft actuators, asmicrosensors in tissue engineering,
and for drug delivery and release,38�42 consist of
magnetic nanoparticles and a compliant matrix. Some
examples include magnetic hydrogels and magnetic
silicones, which have recently drawn increasing atten-
tion due to their fast response, large actuation, and
possibility ofwireless control.43�50 The “bottlenecks” of
magnetic elastomers are the poor recovery after com-
pression and the aggregation of magnetic nanoparticles.
Our objective was to develop an ultralight, conduc-

tive, and magnetically responsive 3D GA with out-
standing actuation ability and dynamic response,
allowing an electrical control over its deformation. In
the current study, 3D magnetic Fe3O4 nanoparticles
decorating graphene aerogels (Fe3O4/GA) were
synthesized via an in situ self-assembly of graphene,
by a modified hydrothermal reduction of graphene
oxide in water in the presence of Fe3O4 nanoparticles.
The ultralight magnetic elastomer demonstrated ex-
cellent field-induced strain and adjustable electrical
resistance, which can be exploited for its applications
in smart soft actuators, microsensors, and switches,
remotely controlled oil absorption, and recycling, to
name a few.

RESULTS AND DISCUSSION

The preparation of magnetic Fe3O4/GA is illustrated
in Figure 1. A GO (Figure 1a) aqueous suspension was
firstmixedwith reducing agent ethylenediamine (EDA)
and freshly synthesized Fe3O4 nanoparticles. The mag-
netic responsiveness of Fe3O4/GA is a trade-off be-
tween network flexibility and magnetic actuation
force. A large loading of Fe3O4 nanoparticles is re-
quired to generate a strong actuation force, but it also
leads to an increase in stiffness of Fe3O4/GA, which, in
turn, tends to reduce the overall strain. The optimal
nanoparticle loading was determined as shown in
Figures S1�S2 (Supporting Information). After hydro-
thermal treatment, GO was gradually self-assembled
into a hydrogel with simultaneous deposition of Fe3O4

nanoparticles (Figure 1b). The role of EDA in the
graphene self-assembly process has been discussed
in our previous work; it participates in the nucleophilic
ring-opening reaction of epoxy groups and reduction

of GO.19 The as-formed hydrogel floated on the surface
and the solution was transparent, indicating an effi-
cient adsorption of Fe3O4 nanoparticles onto the gra-
phene. The soft hydrogels, fabricated by the modified
hydrothermal method, showed a very small volume
shrinkage. After lyophilization, black, porous, ultralight
(Figure 1c and Figure S3) Fe3O4/GA aerogel samples
(∼17mm in height,∼10mm in diameter, and∼7.7mg
in weight) were obtained. Their density was about
5.8 mg cm�3 after annealing. This aerogel exhibits
excellent magnetic actuation with a magnetic field-
induced deformation strain up to 35% along the axial
direction and 52% along the radial direction, making
it the lightest magnetic elastomer reported so far
(Figure 1d,e and Videos S1 and S2).
The elemental composition of Fe3O4/GA was ana-

lyzed by X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), and Raman spectroscopy.
Figure 2a shows the XRD patterns of GO, pure gra-
phene aerogel, and Fe3O4/GA. For GO, the peak at 7.5�
corresponds to the typical diffraction peak51 with a
d-spacing of 1.18 nm. However, for GA, a wide diffrac-
tion peak appears at about 22�, corresponding to a
d-spacing of 0.40 nm. Compared to the graphite (002)
diffraction peak at 26.5�, this wide peak indicates a
restoration of the conjugation of sp2 regions and π�π
stacking interactions in the cross-linking areas during
the graphene self-assembly. However, due to the
incomplete reduction of GO, residual functional groups
on the graphene sheets slightly enlarge the interlayer
spacing, leading to the downshift of this wide peak. For
the Fe3O4/GA, all the peaks up to 28� can be assigned
to the face-centered-cubic crystals of Fe3O4 (JCPDS 19-
0629), while the wide peak at 23.8� also indicates a

Figure 1. (a) Atomic force microscope (AFM) image of GO
particles (bright) deposited on mica (darker background).
(b) Illustration of the synthesis (self-assembly) process of
Fe3O4/GA. (c) Fe3O4/GA cylinder with a 5.8 mg cm�3 density
standing on mulberry silk. (d) Magnetic field-induced com-
pression along the axial direction of Fe3O4/GA. (e) Magnetic
field-induced compression along the radial direction of
Fe3O4/GA.
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restoration of the conjugation of graphene sp2 regions
during the graphene self-assembly of Fe3O4/GA.
Figure 2b shows the wide-scan XPS profiles of GO,
GA, and Fe3O4/GA.Only C 1s (284.6 eV) andO1s (532 eV)
peaks can be observed from GO, while an additional
N 1s (400 eV) peak can be observed from GA and
Fe3O4/GA, which is attributed to the grafted amine
groups after EDA-mediated hydrothermal reduction.
Anobvious Fe2p (711eV) peak canbe found inFe3O4/GA,

which provides direct evidence of the successful de-
position of Fe3O4 nanoparticles onto the graphene
network. From the C 1s spectra (Figure 2c), regular
peaks of oxygen groups onGO can be clearly observed.
After the EDA-mediated hydrothermal reduction, a
considerable portion of the oxygen groups (hydroxyl
C�OH at 285.7 eV, epoxy C�O at 286.7 eV, and
carbonyl CdO at 288.4 eV) are eliminated. From the
Fe 2p spectra in Figure 2d, the peaks of Fe 2p3/2 and Fe

Figure 2. (a) XRD patterns. (b�e) XPS, C 1s spectrum, Fe 2p spectrum, and O 1s spectrum. (f) Raman spectra of GO, GA, and
Fe3O4/GA. (g) Hysteresis curve of Fe3O4/GA.
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2p1/2 (711.2 and 724.5 eV) in Fe3O4/GA are the char-
acteristic positions of Fe3O4, demonstrating the pres-
ence of Fe3O4 nanoparticles in the graphene network.
The binding between Fe3O4 and GA was studied by
XPS (Figure 2e). The O 1s spectrum of GO can be
deconvoluted into three peaks, CdO at 531.1 eV,
C�OH at 532.4 eV, and C�O�C at 533.3 eV, which
are consistent with the C 1s spectrum. The O 1s
spectrum of Fe3O4 can be deconvoluted into the Fe�O
peak at 529.9 eV and some surface-absorbed organic
group peaks (C�O at 531.2 eV and O�H/C�H at
532.2 eV).52 For Fe3O4/GA, its O 1s spectrum can be
fitted into three peaks, at 529.9, 531.5, and 532.9 eV.
The peak at 532.9 eV can be attributed to the residual
oxygen in graphene sheets, while the one at 529.9 eV
comes from Fe3O4. The peak at 531.5 eV should be
caused by the bonds between Fe3O4 and graphene
and/or come from the CdO group from GO and
absorbed organic groups from Fe3O4, because the
binding energy of O in the last two conditions (about
531.3 eV) is very close to this peak. However, after
annealing, most of the residual oxygen groups are
eliminated, but the peak at 531.5 eV with a high area
ratio (35.86%) still exists. Therefore, that the peak
comes mainly from the CdO group from GO and
absorbed organic groups from Fe3O4 is ruled out,
and the peak at 531.5 eV in Fe3O4/GA should be
attributed mainly to the Fe�O�C bond formed be-
tween graphene and Fe3O4.

29,52�54

Figure 2f shows the Raman spectra of GO, GA, and
Fe3O4/GA. The intensity ratio of D and G bands in GA
and Fe3O4/GA was enhanced after reduction com-
pared with that of GO. An obvious peak appears at
682 cm�1, proving the presence of Fe3O4 nanoparticles
in the graphene network. The G band shift in the
carbon-based composite is related to the charge trans-
fer between carbon and other compounds present.52,54

Therefore, the observed G band shift by 10 cm�1 from
1583 cm�1 (graphene) to 1593 cm�1 (Fe3O4/GA) can be
attributed to the charge transfer from graphene to
Fe3O4, supporting the formation of Fe�O�C bonds
between Fe3O4 and graphene sheets. Then it can be
concluded that, during the graphene self-assembly
process, Fe3O4 nanoparticles could be homogeneously
deposited on graphene sheets by forming Fe�O�C
bonds (such as �COO�) between Fe3O4 and GO, and
those nanoparticles are retained on the surface of GA
by chemical attachment after anneal treatment.29,52�54

To study themagnetic properties of Fe3O4/GA, mag-
netic hysteresis loops were recorded at room tempera-
ture in an applied magnetic field up to 40 000 Oe, as
shown in Figure 2g. The sample shows paramagnetic
behavior, with a coercive force of 40.2 Oe and a
remnant magnetization of 1.5 emu g�1 (the inset plot
of Figure 2g). The saturationmagnetization of Fe3O4/GA
is 37.84 emu g�1, smaller than that of the bulk magnetic
Fe3O4 (92 emu g�1),55 which can be attributed to the

presence of abundant graphene sheets in Fe3O4/GA
(Figure S4).29,31,56

The morphology and structure of Fe3O4/GA was
investigated by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). Figure 3a
shows that as-fabricated GO forms layers, giving a
single crystal electron diffraction pattern spots. After
the formation of Fe3O4/GA, Fe3O4 nanoparticles with
an average size of about 30 ( 10 nm were captured
and distributed homogeneously on the surface of the
graphene sheets (Figure 3b and Figure S15c,d).
Figures 3c and d show the SEM images of the cross-
section of GA and Fe3O4/GA. Clearly, both aerogels
possess honeycomb-like 3D porous architectures
(Figures S5 and S6) with an average pore size about
30 ( 10 μm (Figure S7). These pores were shaped by
the ice crystals during freezing. However, compared
with GA, Fe3O4/GA possesses thinner pore walls and
exhibits more free-hanging graphene sheets. To un-
derstand this structural difference, the cross-linking
areas of GA and Fe3O4/GA were studied, as shown in
Figure 3e,f. For GA, graphene sheets are assembled via

a facial-linking pattern6 (Figure 3e). While due to the
Fe3O4 nanoparticles' decoration, the regions on gra-
phene sheets that are available for self-assembly and

Figure 3. TEM and SEM images of the GA and Fe3O4/GA. (a)
TEM imageof GOand the diffractionpattern of a singleflake
(inset). (b) TEM image of Fe3O4 nanoparticle decorated
graphene sheets. (c, d) SEM images of microporous struc-
tures of GA and Fe3O4/GA. (e, f) SEM images of cross-linking
patterns of GA and Fe3O4/GA.
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van der Waals bonding are limited, leading to thinner
pore walls and the nanoribbon-linking pattern for
Fe3O4/GA (Figure 3f). These structural changes in
Fe3O4/GA can be verified by using the Brunauer�
Emmett�Teller (BET) method, as shown in Figure S8.
The BET-specific surface area and pore volume of
Fe3O4/GA are 83.07 m2 g�1 and 0.25 cm3 g�1, respec-
tively, which are higher than those of GA (57.01m2 g�1

and 0.15 cm3 g�1). Combining the BET results with SEM
images (Figure 3c�f), the higher specific surface area
and pore volume of Fe3O4/GA should be attributed to
its thinner porewalls and the nanoribbon-linkingpattern.
Themechanical properties of GA and Fe3O4/GAwere

tested using an Instron 4505 universal testing machine
under quasi-static conditions (2 mm min�1), as shown
in Figure S9 and Figure 4a. Both of them can be
compressed into a “pancake” with a very small trans-
verse expansion and a large strain up to 95% (much
higher than that of aerogels fabricated by small-area
GO (Figure S10)) and recover to their original morphol-
ogy after removal of the applied pressure. However,
the Young's modulus of Fe3O4/GA is 2.3 kPa, only half
that of GA (Figure S11), which is consistent with their
BET results and structure shown in Figure 3e,f. From the
stress�strain curves of Fe3O4/GA (Figure 4a), the sam-
ple compression consists of three stages: In stage I
(ε from 0 to 20%) the compressive stress increases
linearlywith strain, indicating an elastic deformation. In
stage II (ε from 20% to 65%) abundant pores of the
sample are gradually compressed and a stress plateau
is formed. Once the porous network is compacted, in
stage III (ε > 65%) the stress increases rapidly, exhibit-
ing a typical densification process. Figure 4b shows
the cyclic stress�strain curves at a strain up to 80%. It
can be seen that the mechanical properties during
20 compression cycles are fairly stable, with the
Young's modulus loss of 16% and residual strain of
9.8% at the 20th cycle compared with the first cycle.
Thus, the as-synthesized Fe3O4/GA possesses excellent
deformability without structural damage or collapse.
Compared with other 3D carbon-based metamaterials
(Figure S12),9,19,57�59 which exhibit 10�100 mg cm�3

density, 0.02�100 MPa ultimate stress, and 60�90%

compressive strain, Fe3O4/GA shows a lower ultimate
stress but larger compressive strain, indicating an
easier actuation. Energy dissipation capability of the
magnetic aerogels is measured by the area under the
stress�strain curve. The energy density of Fe3O4/GA
with 80% strain is about 4.5 J g�1, much larger than the
traditional damping materials.60

The magnetic actuation of Fe3O4/GA was studied
under a solenoid-generated uniformmagnetic field, as
shown in Figure 5a. The samples are put on the iron
core horizontally and vertically to test their magnetic
field-induced deformation behavior in the radial and
axial direction. For the radial direction (Figure 5b), a
large compressive strain, up to 25%, can be obtained
even at a low magnetic intensity (about 0.1 T). The
compressive strain increases with the growth of the
magnetic intensity, and finally, due to the magnetic
saturationof the Fe3O4 nanoparticles, compressive strain
reaches its maximum value of about 52.3%. As the mag-
netic intensity decreases at the same rate, Fe3O4/GA
begins to unfold and finally recovers to its original
morphology. For the axial direction, Fe3O4/GA shows a
similar compressive behavior under the magnetic field,
while only 7.6% strain is obtained at 0.1 T and 35.3%
maximum strain at 1.2 T. This different compressibility of
Fe3O4/GA along the axial and radial directions may be
attributed to the anisotropic pore structures (Figure 3c,d)
and different distances from the iron core.
The dynamics of deformation of Fe3O4/GA under

magnetic fields is reported in Figure S13. With a
constant rate of change in magnetic field intensity
(0.08 T s�1), Fe3O4/GA performs up to a 13.69% s�1 rate
of change in deformation strain, indicating a rapid
response (a detailed discussion is provided in the
Supporting Information). The relationship between
the deformation behavior of Fe3O4/GA and the strength
of the magnetic field is studied by a mathematic fitting
method. The experimental data can bewell fitted by the
logarithmic equation, indicating an approximate loga-
rithmic relationship between them (fitting details are
provided in the Supporting Information and Figure S14).
Furthermore, obvious stiffening can be observed

from the field-induced compression, marked by the

Figure 4. Mechanical compression tests of Fe3O4/GA. (a) The stress�strain curves of Fe3O4/GA at the maximum strains of
35%, 65%, and 95%, respectively. (b) The stress�strain curves of Fe3O4/GA at the maximum strains of 80% for 20 cycles.
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black dotted lines in Figure 5b, which can be attributed
to the action of magnetic torques caused by the mag-
netic orientation on the Fe3O4/GA. This interesting
phenomenon can be used to enhance the output force
of the magnetic aerogel, which will be studied in the
future. The recoverability of field-induced deformation
was tested as shown in Figure 5c. Fe3O4/GA shows a
stable deformability during 20 loading�unloading
cycles, and no obvious residual strain was induced by
the magnetic force, demonstrating an excellent mag-
netic actuation characteristic. The morphology and
amount of Fe3O4 on GA after the deformation test in
a 1 T magnetic field were examined by SEM and TEM
(Figure S15). Compared to its original condition, no
obvious detachment or aggregation of Fe3O4 hap-
pened, which can be attributed to the strong Fe�O�C
bonds between Fe3O4 nanoparticles and graphene
sheets. On the basis of this characteristic, Fe3O4/GA
can be applied for oil absorption and recycling, as
shown in Figure 5d. About 8 mg of Fe3O4/GA can
completely absorb 1.2 g of gasoline remotely con-
trolled by a magnet, and most of the absorbed liquid
can be recycled from Fe3O4/GA by applying magnetic
field-induced compression, which is more practical
than the mechanical extrusion method.
As the 3D network of Fe3O4/GA is assembled by

restoring the conjugation of sp2 regions and π�π
stacking interactions between 2D graphene sheets,
the electrical resistance of Fe3O4/GA may be deformation-
dependent, which inspires a possible self-sensing

property. Figure 6a shows the I�V curve of Fe3O4/GA
and the aerogel exhibits an ohmic characteristic with
a conductivity of about 0.348 S cm�1, a little less than
that of GA (about 0.412 S cm�1 in Figure S16). This
poorer conductivity of Fe3O4/GA can also be attributed
to the influence of Fe3O4 nanoparticles, separating
some of the graphene sheets. The thermal stability of
the conductivitywas tested (the inset plot of Figure 6a),
and it is observed that the conductivity of Fe3O4/GA
can bemaintained at about 0.3 S cm�1 from 0 to 40 �C,
while raising or decreasing the temperature by 20 �C
increases the conductivity to its maximum value of
about 0.541 S cm�1. Figure 6b shows the variation in
electrical resistance of Fe3O4/GA caused by the mag-
netic field-induced deformation. As the magnetic field
intensity is increased from 0 to 1 T, high compressive
strains of 30% and 50% are achieved along the axial
and radial directions, respectively, leading to a 35%
and 53% decrease in the electrical resistance, respec-
tively. The resistance variations are almost linearly propor-
tional to the deformation strains, while a slight hysteresis
can be observed during the radial compression�release
tests, which may be attributed to the additional action
of magnetic torques caused by the magnetic orienta-
tion effects on Fe3O4 nanoparticles.
To illustrate the mechanism of electrical resistance

variation of Fe3O4/GA caused by the deformation,
the structure changes of Fe3O4/GA before and under
50% deformation were examined by SEM, as shown in
Figure 6c. Before deformation, Fe3O4/GA shows a

Figure 5. Magnetic actuation tests of Fe3O4/GA. (a) Diagramof the experimental setup for themagnetic actuation testing. (b)
Field-induced strains as a function of the magnetic field intensity. (c) Variation of sample heights along the axial and radial
direction for 20field-induceddeformation cycles. (d) Remote control of Fe3O4/GA for oil absorption and recycle: Fe3O4/GA can
be guided by a magnet to move to absorb oil. After saturation, oil can be released from Fe3O4/GA by magnetic field-induced
compression. The regenerated aerogels still keep their original shapes.
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regular 3D porous architecture, leading to a conduc-
tivity of about 0.348 S cm�1. While under 50% defor-
mation, pores of the sample are gradually compressed
and the cell walls are wrinkled, as depicted in Figure 6c.
As a result, the stacking areas of graphene sheets
between cell walls are increased during the com-
pressive process, resulting in more pathways for elec-
tron transport.14,18,19,61 Once the external pressure is
removed, the Fe3O4/GA unfolds almost completely,
and its electrical resistance recovers to the original
value.
Figure 6d shows the variation stability of the elec-

trical resistance under cyclic magnetic actuation. Dur-
ing 20 compression cycles, the resistance shows a
stable and synchronous response to the strain. Thus,
the field-induced deformation of Fe3O4/GA can be
monitored in real time by measuring the variations of

electrical resistance, enabling applications of this ma-
terial in self-sensing soft actuators and microswitches.

CONCLUSIONS

Wehave fabricated an ultralightmagnetic elastomer
based on the graphene aerogel homogeneously deco-
rated with Fe3O4 nanoparticles. This ultralight Fe3O4/GA
is the lightest magnetic elastomer ever reported. The
magnetic aerogel exhibits excellent controllability, ac-
tuation, and reversible deformation as well as large
field-induced strain and strain-dependent electrical
resistance. Those properties make this elastomer use-
ful for applications in self-sensing soft actuators, micro-
sensors and microswitches, remotely controlled oil
absorption, and recycling. This work provides a general
strategy for fabricating lightweight inorganic elasto-
mers for a variety of applications.

EXPERIMENTAL SECTION

Preparation of 3D Fe3O4/GA. GO was prepared via a modified
Hummers method.62,63 The magnetic Fe3O4 nanoparticles were
fabricated by a typical chemical co-precipitation method.64 Then,
0.01�0.2 mmol of Fe3O4 nanoparticles were homogeneously
dispersed into 10 mL of as-fabricated GO or commercial GO
(∼1 μm in area, TimesGraph) suspension (2 mg mL�1) by mild
ultrasonication for 30 min. Next, 30 μL of ethylenediamine was
added as assistant reducing agent, and the mixture was ultra-
sonically dispersed in an ice bath for 1 h. Then, 2.5 mL of the
mixture was placed in a 5 mL vial and maintained at 120 �C in a
25 mL Teflon-lined autoclave for 2 h. After that, the autoclave was
naturally cooled to room temperature and the as-formedhydrogel

was poured out and dialyzed with 1 L of solvent composed of
distilled water and ethanol with a volume ratio of 5:1 for 24 h. Last,
the hydrogel was frozen at�80 �C for 24 h and then freeze-dried
into the areogel. The Fe3O4/GA samples were annealed at 250 �C
for 1 h to reduce the assembled graphene by partially eliminating
the functional groups. By testing themagnetic actuation response
of Fe3O4/GAwithdifferent nanoparticle loading, itwasdetermined
that 0.1 mmol of Fe3O4 was the optimal loading for 20 mg of GO.

Conflict of Interest: The authors declare no competing
financial interest.

Supporting Information Available:Materials, characterization
details, additional figures, and videos. This material is available
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Figure 6. Electronic properties of Fe3O4/GA. (a) I�V curve of the aerogels and thermal stability of its conductivity for the inset
plot. (b) Variations of the electrical resistance of Fe3O4/GA as a function of the magnetic field-induced deformation.
(c) Illustration of the mechanism of strain-dependent electrical resistance of Fe3O4/GA. (d) Variation of the resistance for
20 cycles.
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