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Abstract
Beyond the traditional focus on improvements in mechanical, electronic and absorption properties, controllability, actuation, and dynamic
response of monoliths have received increasing attentions for practical applications. However, most of them could only realize simple response
to constant conditions (e.g. a stationary magnetic field) while carrying out humdrum motions. By controlling distribution of metal organic
framework obtained carbon-enriched Fe3O4 nanoparticles in self-assembly reduced graphene oxide (RGO) monoliths, we could achieve two
distinctive RGOeFe3O4 stirrers that could dynamically respond to the rapidly changing magnetic field while executing designed movements
precisely: rotating with lying down posture or standing straight posture. These stirrers can not only be applied in environmental remediation (e.g.
suction skimmer), but also be recycled as electrode active materials for supercapacitors after fulfilling their destiny, realizing transformation of
trash to treasure, which will inspire other dynamically responsive monoliths for various applications.
© 2017, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In recent years, three-dimensional (3D) monoliths, such as
sponges, foams and aerogels with controlled architectures
synthesized by a variety of materials (e.g. polymers), have
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aroused great interests owing to their large specific surface
area, ultralight weight, high electrical conductivity and mechanical strength, revealing potentials for sensors, catalysis,
energy storage, and environmental science and engineering
[1e5]. Graphene, a single layer of carbon atoms patterned in a
hexagonal lattice, has outstanding electronic, thermodynamic
and mechanical properties together with its scalable synthesis
from inexpensive graphite, making it a promising candidate
for widespread applications [6]. By using the graphene as an
exceptional nanoscale building block, a number of processing
techniques, such as chemical vapor deposition (CVD) [7],
cross-linking method [8], and in situ reduction self-assembly
[9], have recently developed for constructing the 3D
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monoliths. Among those approaches, the in situ reduction selfassembly is an attractive method, since it normally requires
mild processing conditions, for example, with hydrothermal
treatment or in presence of reducing agents [10,11]. Moreover,
these as-prepared graphene based 3D monoliths show interesting porous networks with pore sizes ranging from submicrometer to several micrometers, which is favorable for
incorporation of different functional nanoparticles, and thus
broaden their application fields.
Very recently, besides focusing on improvement of mechanical, electronic and absorption properties, controllability,
actuation, and dynamic response of monoliths have increasingly received attentions by research community in consideration of their critical roles in practical applications. By
immobilization of magnetic Fe3O4 nanoparticles on the surface or in the body of porous networks, magnetically
responsive 3D graphene monoliths with dynamic response
have been developed via the above-mentioned in situ selfassembly of graphene [10,12e14]. However, the bottleneck
problem of these magnetic monoliths is obvious, that is ineffective utilization, because most of them could only realize
simple responses to a stationary magnetic field: carrying out
humdrum motions and recycling trash. There is no report of
3D graphene monoliths that can achieve dynamic response to
the rapidly changing magnetic fields while executing designed
movements precisely, owing to the difficulties in material
synthesis and structure design. It is thus highly desirable to
develop an ideal monolith to meet this challenge, especially
given its potential applications in many different fields.
In the present work, for the first time, two distinctive
monoliths that could rotate dynamically with a rapidly
changing magnetic field were synthesized by a hydrothermal
reduction of graphene in the presence of Fe3O4 nanoparticles.
The carbon-enriched Fe3O4 nanoparticles were obtained from
the calcination of metal organic framework (MOF) precursor.
They would distribute in the monoliths evenly or at two ends
while using ultrasonic treatment or not, resulting in two
reduced graphene oxideeFe3O4 (RGOeFe3O4) stirrers that
demonstrated different designed movement patterns: rotated
with a lying down posture or with a standing straight posture.
Thanks to its porous structure and designed movements, these
RGOeFe3O4 stirrers could act as outstanding absorbent for
oils, organic solvents and dyes. In addition, by loading with
one traditional photocatalyst, TiO2, these stirrers would be
endowed with outstanding photocatalytic activities toward
different types of dyes. Besides application in environmental
remediation, we could reuse recycled stirrers as the electrode
active material for supercapacitor, realizing transformation of
trash-to-treasure. This interesting work will lead to development of other dynamic responsive monoliths in the near future.
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JinRiLai Graphite CO. Ltd. The graphene oxide (GO) was
prepared from purified natural graphite by using a modified
Hummers method [15]. The suspension of GO sheets was
obtained by ultrasonic exfoliation of the as-prepared GO in
deionized (DI) water, followed by centrifugation at 5000 rpm
for 10 min to remove non-exfoliated sheets.
2.2. Synthesis of MIL-(53)Fe precursor and carbonenriched Fe3O4
The MIL-53(Fe) nanoparticles were synthesized via a solvothermal method. Typically, 24.2 mg of FeCl3$6H2O was
dissolved in a solution of 1.5 mL DMF, 7.5 mL ethanol and
22.5 mg PVP. After forming a homogeneous solution, 31.7 mg
trimesic acid was added and stirred for 1 h. The solution was
transferred to a Teflon-line autoclave and reacted under 100  C
for 12 h. The product was collected by centrifugation method
and washed with DMF, ethanol and methanol several times.
The porous carbon-enriched Fe3O4 nanoparticles were obtained by pyrolysis of MOF Fe precusor under a nitrogen atmosphere. Briefly, the MOFs were heated from room
temperature to 500  C with a heating rate of 2  C min1 and
kept at 500  C for 4 h.
2.3. Fabrication of RGOeFe3O4 stirrers
For a typical type I stirrer, 12 mg Fe3O4 particles,
20 mg L(þ)-ascorbic acid and 3 mL of 4 mg mL1 GO
aqueous suspension were mixed in a 5 mL glass bottle by
using the ultrasonic treatments for 25 min. Subsequently, the
mixed solution was placed in an oven for 6 h at 95  C. For a
typical type II stirrer, it was prepared with similar ingredients
and procedures as type I stirrer, but the mixture was mixed by
the continuous shaking for 5 min instead of ultrasonic treatments. Finally, these RGOeFe3O4 stirrers were taken out,
washed with DI water, and freeze-dried for further used. The
other RGOeFe3O4 monoliths with different mass ratio of
Fe3O4 to GO were prepared with similar process by varying
the ingredients. It is noted that the stirrers used in oil and
organic solvent removal tests and dye removal tests, are with
approximately 12 mg Fe3O4 and 12 mg GO, namely, with a
mass ratio of 1:1 of Fe3O4 and GO.
For the TiO2 decorated stirrer, 20 mg TiO2 particles were
dispersed in 7 mL 1 mg mL1 GO suspension with continuous
stirring. A type II stirrer was left submerged in the mixture
fully for 10 min to ensure full saturation was obtained. Then,
this mixture was placed in an oven for 6 h at 95  C. Finally, the
resultant monolith was taken out, washed with DI water, and
freeze-dried for further used.
2.4. Characterization

2. Experimental section
2.1. Materials
All the chemicals were analytical grade and used without
further purification. Graphite was obtained from Qingdao

The X-ray diffraction (XRD) patterns were recorded on a
BRUKER D2 PHASER diffractometer, equipped with CuKa
irradiation (l ¼ 1.54184 Å) and working at 10 mA and 30 kV,
respectively. X-ray photoelectron spectroscopy (XPS) data
were obtained with an ESCALAB 220i-XL electron
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spectrometer using AlKa irradiation. The zeta potentials of
Fe3O4 particles and GO nanosheets were measured by dynamic light scattering (DLS) on a Zeta Sizer Nano. The
thermogravimetric analysis (TGA) was performed via a
Thermogravimetric Analyzer (Q50, TA instruments) in air to
estimate the amount of carbon in the sample. The morphology
was investigated by environmental scanning electron microscope (ESEM, FEI/Philips XL30), transmission electron microscope (TEM, FEI/Philips Tecnai 12 Bio TWIN) and highresolution transmission electron microscope (HR-TEM, Jeol
2010). UV/vis spectra of aqueous samples were recorded on a
Dynamica HALO DB 20 spectrophotometer. The N2 adsorption/desorption isotherms at 77 K were measured by using an
adsorption instrument (TriStar 3000) to evaluate the pore
structures and surface area. The electrochemical measurements were performed on a CHI 760e electrochemical workstation (CH Instruments Company).
2.5. Oil and organic solvent removal tests
Pump oil, heat transfer oil, canola oil, olive oil, lubricating
oil and ethanol were used in this study. The weighed stirrers
were put into different oils/solvent under continuous stirring
and taken out after 5 min. Then, the samples were weighed
again after removing the oil on the surface with filter paper.
Weight measurements were done rapidly to avoid the evaporation of absorbed solvent or oil. The absorption capacity
values were calculated from the difference of mass.
2.6. Dye removal tests
The dyes, including methyl blue (MB), congo red (CR),
rhodamine B (RhB), and methyl orange (MO), were dissolved
in DI water to form solutions with an initial concentration of
100 mg L1. In a typical adsorption experiment, the stirrer was
added to the dye aqueous solution under stirring, and UVevis
absorption spectra were used to determine the concentration of
dye solution. The dye adsorption of stirrers was calculated as
follows:

Ci  Ceq V
Qeq ¼
m
where Qeq (mg g1) is the absorption capacity, Ci and Ceq
(mg L1) are the initial and final concentration of dye solution,
V (L) is the volume of dye solution, m (mg) is the weight of
stirrer.
2.7. Photocatalytic tests
The photocatalytic activities for the TiO2 decorated stirrers
were investigated with use of MB, CR, RhB and MO as pollutants. The dyes were dissolved in DI water to form solutions
with different initial concentrations. In a typical photocatalytic
degradation experiment of RhB, the TiO2 decorated stirrers
was added in 50 mL of RhB solution (10 mg L1). The
photodegradation test was carried out at room temperature in a
customized vessel surrounded with a circulating water jacket.

Solution was irradiated by a 300 W xenon lamp, which was
positioned 10 cm away from the liquid level of the solution
providing an intensity of ~137 mW cm2. Uvevis absorption
spectra were recorded at different time intervals to monitor
RhB concentration change. The photocatalyic experiments of
other dyes were similar to those of RhB, except for initial
concentration and adding amounts of stirrers.
2.8. Electrochemical tests
The electrochemical performance was investigated by a
conventional three electrode system in 1 M KOH (recycled
stirrers as working electrode, Pt mesh as counter electrode and
Ag/AgCl as reference electrode). The working electrode was
prepared by loading the recycled stirrer on nickel foam followed by being pressed under a pressure of 5 MPa. The cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD)
tests were performed in the potential window of 0.8 to 0.2 V
with various scan rates and current densities, respectively. The
specific capacitance (C ) was calculated from discharge curves
by using the equation: C ¼ (IDt)/(mDV), where I (A) is the
constant discharge current, Dt (s) is the discharging time, and
DV (V) is the discharge voltage. The electrochemical impedance spectroscopy (EIS) measurements were conducted at
frequencies from 10 mHz to 100 kHz with a magnitude of
5 mV. The cycling stability was carried out by using a battery
measurement system (CT2001A).
3. Results and discussion
There are already a number of reports that presented the
special magnetic particles and/or monoliths that could be
driven/attracted by magnet, for example, graphene-based
hydrogels and aerogels, with potential applications in actuators and environmental remediation [11,14,16]. However, most
of these candidates do not effectively utilize the powerful
magnetic field as previously discussed. In our study, the
unique dynamic responsive monoliths with designed movements have been successfully developed through a simple selfassembly process as shown in Fig. 1a. The GO was prepared
first via a modified Hummers method, and thanks to the large
amount of attached functional groups, the obtained GO flakes
(Fig. S1) can be evenly dispersed in the water and formed a
transparent light brown solution (Fig. S2). The MOF obtained
Fe3O4 particles are subsequently added in this GO solution
and easily loaded onto the GO sheets by the strong electrostatic interaction between themselves, since the zeta potential
of Fe3O4 was 43.8 eV and that of GO sheets was 63.1 eV,
respectively. It is worth noting that these Fe3O4 particles are
enriched with carbon and exhibit intrinsic hydrophobicity with
a large water contact angle of 135 , making them more
compatible with graphene (Fig. S3). This is essential for the
distinctive movements of our stirrers. By applying ultrasonic
treatment or not, two types of mixed solution with different
particle distributions can be obtained: with ultrasonication, the
Fe3O4 particles will distribute evenly in the GO solution;
whereas without it, these magnetic particles will prefer to float
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Fig. 1. (a) The design and synthesized process of two kinds RGOeFe3O4 stirrers. (b) Schematic demonstration of stirrers with two kinds of designed movements.
The movies of their designed movements are included in supporting infromation. (c) Photographs of the type II stirrers prepared with different mass ratio of Fe3O4
to GO (left) and the designed stirrers settle at different positions in water (right).

on the surface and/or sink to the bottom. In the first case, it is
easy to understand that the powerful ultrasonic treatment will
lead to a homogeneous distribution due to the intensive electrostatic interaction between Fe3O4 particles and GO flakes. In
the second case, it is a distinguishing feature that could be
attributed to the combined effect of buoyance and gravitation.
As mentioned, these MOF obtained Fe3O4 are hydrophobic,
they will float on the liquid surface spontaneously. After
interacting with RGO sheets, some of Fe3O4, with less carbon,
would aggregate together and sink to the bottom of solution,
since the carbon acting as life buoy could not generate enough
buoyance to make the aggregated particles float; but for the
one retaining more carbon, they would still prefer to float on
liquid surface on account of larger buoyance. After hydrothermal treatments, GO flakes and Fe3O4 particles are gradually self-assembled into the monoliths. The transparent
solution indicated an efficient absorption of Fe3O4 particles on
GO flakes (Fig. S4). Interestingly, these monoliths could
remain their integrity after the lyophilization (Fig. 1a). Owing

to the different distribution of particles during the mixing
process, two types of monoliths with different configurations
are achieved: type I is with cylinder shape that Fe3O4 particles
distribute evenly in the monolith; type II is with dumbbell
shape that Fe3O4 particles distribute mostly at two ends
(Fig. 1a).
Because these two types of distinctive monoliths contain
certain amount of Fe3O4 particles, it is anticipated that they
can be attracted by magnetic force as other reported studies
[10,14,17]. In addition, owing to the elaborate design of material and structure, our unique monoliths could go even
further: they could spontaneously rotate with the rapidly
changing magnetic field and act as common stirrer (Fig. 1b).
For the type I stirrer, it will rotate lively with a changing
magnetic field as remaining in a lying down posture. It is noted
that type I stirrer would rotate recklessly without magnetic
alignment, whereas the one with magnetic alignment would
rotate harmoniously as shown in supporting movie 1 and 2. We
assume that magnetic alignment process could assist the
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domain ordering of Fe3O4 particles in some degree, thus
showing better response to a changing magnetic field and then
rotate lively in the central position (supporting movie 2). For
the type II stirrer, it will keep on rotating in a different posture:
standing upright all the time as shown in supporting movie 3.
Because most Fe3O4 particles distribute on both ends of stirrer
II, it will stand up due to the attraction of magnetic force, and
thus rotate with the changing magnetic field. Comparing with
type I, fabrication process of type II stirrer is less complicated
and easier to obtain. Besides, it can easily be scaled up to a
multi-planet system, and each would rotate lively with its own
track (Fig. 1b, supporting movie 4). Through adjusting the
content of Fe3O4 and GO solution, we could obtain a series of
stirrers with different sizes. For example, as shown in Fig. 1c,
a few type II stirrers are synthesized in different proportions of
raw materials. With increased Fe3O4 particles, type II stirrers
with dumbbell shapes can be readily achieved; whereas with
fewer Fe3O4 and/or with more GO, the stirrers are inclined to
form with cylinder shapes even with same preparation process.
This interesting result is because aggregation of Fe3O4 no
longer appears so obvious with increasing of GO sheet
amounts which could lead to a larger monolith and thus provide more space for the distribution of Fe3O4 particles. Besides, we could control the stirrers to settle at different
positions in water by simply tuning their densities via adding
different amounts of Fe3O4 in the preparation and controlling
the reduction degree of GO (Fig. 1c). These RGOeFe3O4
stirrers demonstrated different moving patterns towards
rapidly changing magnetic fields as a result of the designed
distribution of carbon-rich Fe3O4.
Supplementary data related to this article can be found
online at https://doi.org/10.1016/j.gee.2017.10.004.
Apparently, the carbon-enriched Fe3O4 is a significant part
of our ingenious designed stirrers, obtained from the calcination of pristine MOF precursor, MIL-53(Fe). This iron-based
MOF is a coordination network with organic ligands, 1,4benzendicarboxylic acid (BDC), creating a three-dimensional
framework with a one-dimensional diamond-shaped channel
system (Fig. S5) [18e21]. As shown in X-ray diffraction
(XRD) analysis (Fig. 2a), the MIL-53(Fe) precursor is crystalline without other impurity peaks suggesting the single
phase which corresponds to the known bulk phase of
FeIII(OH)$[O2CeC6H4eCO2] alike previous studies [18,20].
In our previous work, after high-temperature calcination, these
MIL-(53)Fe particles would convert into magnetic Fe3O4 that
retains a large amount of carbon whilst forming porous hydrophobic composite, which could be applied as highperformance electrode material for supercapacitor [22]. This
carbon-enriched state of Fe3O4 was further proved by the TGA
results, which lost 73% of its weight between 410  C and
550  C due to the decomposition of carbon as shown in
Fig. S3e. Thus, based on the above mature process technology,
we could easily obtain the desired carbon-enriched Fe3O4 via
using MIL-53 as precursor. As shown in Fig. 2a, the sharp
XRD diffraction peaks can be assigned to the magnetite
(JCPDS 19-0629), but it is hard to determine the existence of

carbon in the as-obtained Fe3O4. As demonstrated before, the
carbon-enriched state of these special magnetic particles is
fundamental to our stirrers with designed movements because
it affects the distribution of magnetite through different
treatments. To confirm this carbon-enriched status, X-ray
photoelectron spectroscopy (XPS) analysis was carried out.
The wide-scan XPS spectrum in Fig. 2b proves the presence of
C, O, and Fe elements in the Fe3O4 nanoparticles, since only
C1s (284.6 eV), O1s (532 eV), and Fe2p (711 eV) peaks can
be observed. In the high-resolution Fe2p scan, the peaks at
711.1 and 724.47 eV are ascribed to Fe 2p3/2 and Fe 2p1/2,
respectively, which are the characteristic positions of Fe3O4.
The peak located at 284.6 eV is assigned to the CeC/C]C
bonds that is the typical peak of C 1s (Fig. 2d), indicating the
existence of carbon component. As for the main body of our
stirrer, it is achieved by a self-assembly process based on the
reduction of GO. Only C 1s (284.6 eV) and O 1s (532 eV) can
be observed in the wide-scan XPS profiles of pristine GO and
RGO monolith (Fig. S6a). From the high resolution C 1s
spectra (Figs. S6b, c), regular peaks of oxygen groups on GO
can be observed before the self-assembly process; whereas,
after the self-assembly of RGO monolith, CeC bonds of
graphene at 283.9 eV is significant improved, meanwhile a
considerable portion of the oxygen groups, such as CeO at
286.7 eV and C]O at 286.2 eV as attached on the GO sheets,
are eliminated because of hydrothermal reduction.
Before calcination, MOF Fe precursor shows the rod shape
with a length of nearly 200 nm and a diameter of around
15 nm (Fig. S7). The particles are converted into Fe3O4 after
high-temperature calcination, which would generally retain
their original rod structure despite of partial collapse and slight
aggregation (Fig. 3a, b). The lattice fringes with an interplanar
distance of 0.25 nm correspond to the (311) plane of magnetite
Fe3O4 as reported elsewhere (Fig. S8) [23]. As aforementioned, the carbon-enriched state is a distinctive characteristic
of our Fe3O4, bringing about hydrophobicity (Fig. S3) and
compatibility to graphene that makes the controllable distribution in stirrers come true, leading to the designed movements. This special feature is further confirmed by scanning
TEM image and corresponding elemental mapping. As shown
in Fig. 3b, the C colored in red is distributed throughout the
entire particle homogenously, definitely indicating the carbonenriched state; meanwhile, the Fe and O as colored in yellow
and green respectively can also be detected as expected.
Though there is a slight aggregation of these Fe3O4, it is
favorable for the fabrication of type II stirrer, since the magnetic nanoparticles are designed to aggregate at the two ends
of monoliths originally. Whereas, as for type I stirrer, it will
experience a sonication process during the fabrication. In that
case, the slightly aggregated Fe3O4 particles would be scattered and distribute evenly in the monolith. Therefore, the
slight aggregation of Fe3O4 would not affect the designed
movements of our stirrers.
As illustrated in Fig. 1a, b, by applying the ultrasonic
treatment or not, we could control the distribution of Fe3O4 in
RGO monoliths and obtain targeted stirrers with designed
movements. In order to verify the purposive distributions in
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Fig. 2. (a) XRD patterns of linker (BDC), MIL-53(Fe) before annealing and after annealing (Fe3O4). (b) XPS spectrum of Fe3O4 and high resolution spectra of (c)
Fe 2p and (d) C 1s.

different type stirrers, two representative samples were
bisected and analyzed by scanning electron microscopy (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS).
For the type I stirrer, the Fe3O4 should be thoroughly dispersed
in the body. From the SEM images of Fig. 3c, Fe3O4 can be
observed at different positions of this stirrer. From the corresponding EDS analysis, it is clearly found the existence of Fe
component. Moreover, the atomic ratios of Fe are 2.6% in the
top, 3.7% in the center, and 2.02% in the bottom, respectively,
indicating the purposive wide distribution of Fe3O4 in type I
stirrer. For the type II stirrer, the Fe3O4 should be dispersed
mainly in two ends. As shown in Fig. 3d, Fe3O4 particles are
observed to aggregate both at the top and bottom parts,
whereas it is hardly to observe these particles in the central
part of stirrer. This purposive distribution is further confirmed
by the wide variations in atomic ratios of Fe component at
different positions: 63.97% in the top, 0.87% in the center, and
21.61% in the bottom, respectively. Thus, using the ultrasonic
treatment or not would lead to different distribution of Fe3O4
nanoparticles in the RGO monolith, which is the key of our
stirrers with designed movements.
The porosity and hydrophobicity of reported monoliths
(e.g. RGO aerogel) make them perfect candidates to absorb
oils and nonpolar organic solvents, which could find practical
applications as a suction skimmer in marine oil spillage or
chemical leakage recovery [10,24]. In particular, by

combining with magnetic particles (e.g. Fe3O4), these monoliths could be easily driven by an external magnetic field that
could realize facile separation and collection of contaminant
from water after absorption [10,12,25]. However, the utilization of magnetic field is not that effective in the above cases,
especially in practical application, because of the humdrum
motions. As vividly demonstrated before, our RGOeFe3O4
stirrers could take advantage of magnetic force by rotating
lively with a changing magnetic field in two different ways:
lying rotation and standing rotation, which would assist with
their environmental applications. The specific surface area and
the total pore volume of the stirrers are measured to be
46.48 m2 g1 and 0.097 cm3 g1, meanwhile the presence of
broad range of mesopores and macropores can be clearly seen
in the pore size distribution curves in the inset of Fig. 4a. Thus,
it is expected that our stirrers should exhibit excellent absorbencies for oils and organic solvents like other reported porous
monoliths. The absorption capacities are 17e40 times the
weight of stirrer for different oils and organic solvent fluctuating with the densities of the solvents (Fig. 4b), which are
comparable with other studies [10,25,26]. In addition, these
distinguished stirrers could capture and centralize the oil
spillage by their powerful rotation, which cannot be achieved
by other contenders. As shown in supporting movie 5, the type
I stirrer rotated harmoniously in the center of container; once
oil droplets fell into water near the stirrer, they would be
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scattered and absorbed surround the stirrer. Besides, there are
no obvious differences in absorption capacities between the
two different kind stirrers, because they have same components and similar porous structures (Fig. S9). Thus, type I
stirrer was chosen as a typical sample for the above absorption
tests of oils and organic solvent.
Supplementary data related to this article can be found
online at https://doi.org/10.1016/j.gee.2017.10.004.
Wastewater released from textile, painting, leather, and
printing contains certain recalcitrant pollutants, especially
synthetic dyes, resulting in serious water contamination

[24,27,28]. As shown in supporting movie 6, the type II stirrer
could rotate vividly while keeping a standing position in
aqueous dye solution. In other words, it does not need additional commercial stirrer, usually indispensable in other
studies, to realize effective absorption, making our stirrers be
powerful absorbents for dye removal from water. Four
different dyes, methyl blue (MB), congo red (CR), rhodamine
B (RhB), and methyl orange (MO) were chosen to test the dye
removal ability. Because the two kinds of stirrers have similar
components and structures, they exhibited similar dye
removal capacities (Fig. S10). The absorption capacities of
the stirrers for different dyes ranged from 214 mg g1 to
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solution by type I stirrer. (c) Absorption capacities of type II stirrer for different dyes after 5 days. (d) UVevis absorption spectra of the aqueous solution of MB
(25 mg L1, 20 mL) in the presence of type II stirrer at different intervals. The inset is the corresponding photograph.

389 mg g1 (Fig. 4c), which are comparable to other studies
[26]. The dye adsorption kinetics was also estimated in a
25 mg L1 aqueous MB solution (Fig. 4d) by using
UVevisible (UVevis) absorption spectroscopy. In 1 day, the
MB characteristic band decreased significantly, indicating
high efficiency for MB removal. After 2 days, most of MB
disappeared, and the typical MB signal completely eliminated
3 days later, in good agreement with the decolorized solution
(inset of Fig. 4d). Both anionic dye (e.g. CR) and cationic dye
(e.g. MB) were used in the above tests suggesting versatility
of stirrers for targeting a wide range of organic wastes.
Moreover, thanks to the strong interaction between RGO and
Fe3O4, the stirrers could remain its integrity during the rapid
rotations in absorption tests as shown in the above demonstrations, for example, supporting movie 5 and 6, which
further proves the stability and practicability in environmental
remediation.
Supplementary data related to this article can be found
online at https://doi.org/10.1016/j.gee.2017.10.004.
Besides of absorption processes, photocatalysis is also a
promising technology in removing organic pollutants in water
which is considered as one of the advanced oxidation processes [29e32]. In order to further exploit the potential of our
designed stirrers, we fabricated a photocatalytic monolith by
using type II stirrer and photocatalyst as nucleus and

decorations, respectively, which is very promising in eliminating organic pollutants. As discussed above, compared with
type I stirrer, type II stirrer was prepared by a more convenient
process that does not require additional sonication and could
be easily scaled up to a multi-planet system. This is the reason
why we chose type II stirrer to fabricate a photocatalytic
monolith. As illustrated in Fig. 5a, the TiO2 nanoparticles
(Fig. S11), one of the most extensively studied photocatalysts,
were first dispersed in the diluted GO solution under continuous stirring, followed by the introduction of a type II
RGOeFe3O4 stirrer; TiO2 particles and GO sheets would
readily wrap around the outer surface of the stirrer after hydrothermal treatment. Thus, a photocatalytic monolith with
similar designed movement of type II stirrer was achieved as
shown in Supporting Movie 7. Herein, TiO2 was chosen to
demonstrate the versatility of our stirrers because it is a wellstudied photocatalyst and commercially available. And as
expected, the TiO2 decorated monolith exhibited outstanding
photocatalytic activity towards different concentration of MB
dye solutions that varied from 10 mg L1 to 50 mg L1
(Fig. 5b). Under illumination, the TiO2 nanoparticles as
decorated would provide outstanding photocatalytic activity:
over 99% of the dye could be photodegraded in 80 min at a
high concentration of 50 mg L1; whereas, without light
irradiation, the monolith still showed good dye removal ability
owing to its porous structure: nearly 60% of the dye could be
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waste. (g) Capacitance retention of 10 000 cycles under a current density of 2 A g1 by using the recycled type II stirrer waste. (h) Nyquist plots before and after
10 000 cycles of the recycled type II stirrer waste.

absorbed in 80 min at a concentration of 10 ppm. Moreover,
this monolith demonstrated similar high photocatalytic activities towards other anionic (e.g. MO) and cationic (e.g. RhB)
dyes. Within 60 min, most of the dyes (over 99%) had been
removed because of photodegradation. Since this photocatalytic monolith exhibited similar movement as type II
stirrer under a changing magnetic field, it can also be scaled up
to a multi-planet system. With more monoliths, better
pollutant removal capability could be achieved as anticipated
(Fig. 5d): after 160 min, typical signal of MB was completely
eliminated, in good agreement with the decoloration of solution (inset of Fig. 5d).
Supplementary data related to this article can be found
online at https://doi.org/10.1016/j.gee.2017.10.004.
For most of other monoliths, the whereabouts have not
been mentioned after fulfilling their destiny in environmental
remediation. The disposal of these contaminated monoliths is
an environmentally and economically challenging problem
that has been ignored by most of the studies. It will be a good
idea to transform these wastes into high-value products
through simple procedures. The MOF obtained Fe3O4 could
be used as high-performance active material for pseudocapacitor as our previous report, thanks to its pseudocapacitive
behavior and enriched carbon [22], revealing good application
prospects alike other materials obtained by MOF pyrolysis
[33,34]; moreover, graphene is also one typical carbon material with electric double-layer (EDL) capacitance, widely
used in fabricating high performance supercapacitor
[6,35e37]. Thus, RGOeFe3O4 stirrer should have a potential

application for supercapacitor in view of its intrinsic components. Through a low temperature calcination method, the
absorbed pollutant in the monolith could be eliminated. Afterwards, we could recycle these used monoliths and utilize
them directly as electrode materials, effectively realizing the
trash-to-treasure transformation. As showed in the cyclic
voltammetry (CV) plots of recycled RGOeFe3O4 composite
(with a mass of 5 mg), the curves exhibit quasi-rectangular
shapes under different scan rates (Fig. 5e), as a result of
synergistic effects between EDL and pseudocapacitive materials. The galvanostatic chargeedischarge (GCD) results with
different current densities display nearly triangular shapes
with negligible IR drop (Fig. 5f), indicating a good electrochemical behavior. The value of specific capacitance is estimated to be 92 F g1 at a current density of 0.5 A g1. In
addition, this recycled electrode material has strong electrochemical durability with over 99% capacitance retention after
10 000 cycles; meanwhile, the Coulombic efficiency remains
at 96% around the whole cycling test, implying high stability
of electrochemical performance (Fig. 5g). The Nyquist plots
before and after cycling represent similar pure capacitive
behavior at high frequencies as showed in Fig. 5h: relative
small semicircles can be observed, suggesting the stability of
low series resistance (Rct) after repeated charging/discharging
process (inset of Fig. 5h). This good electrochemical performance could be attributed to the combined effect of Fe3O4
particles and RGO nanosheets. After calcination, the MOF
precursor would change into carbon-enriched Fe3O4 particles,
which demonstrated enhanced pseudocapacitive performance
on account of the nanostructured carbon [22]. Meanwhile, the
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GO nanosheets was reduced to RGO, a typical electrical
double layer capacitor material, after forming the monolith
and the subsequently calcination, which could contribute
additional capacitance and enhance columbic efficiency. Thus,
the recycled electrode materials, composed of Fe3O4 and
RGO, exhibited outstanding electrochemical performance, for
example, high capacitance. Apparently, the above results
demonstrate that the monoliths recycled from environmental
remediation applications could be reused as ideal electrode
active materials for supercapacitor, realizing the transformation of trash to treasure.
4. Conclusions
In this work, we have fabricated the RGOeFe3O4 stirrers
that can realize dynamic response to a rapidly changing
magnetic field with designed movements via a simple selfassembly process. The carbon-enriched Fe3O4 particles obtained by the MOF precursor would disperse evenly or at both
ends in the monoliths through simple ultrasonication or not,
resulting in two different stirrers. As shown in the demonstrations, these stirrers can rotate lively by lying down or
standing straight because of the intentional distribution of
Fe3O4 particles in their bodies. Comparing to type I stirrer, the
fabrication of type II stirrer is less complicated which doesn't
need ultrasonication treatment and additional magnetic
alignment, which is easy for scale-up production. Both types
of the RGOeFe3O4 monoliths can effectively take advantage
of magnetic field that is not achieved by most other studies.
The distinctive designed movement patterns driven by a
changing magnetic field would endow these stirrers with creative applications, for example, absorbents for effective water
cleaning. Thanks to their porous structure, those stirrers show
adsorption capacities for oils, organic solvents and dyes. In
addition, by loading with the photocatalyst, TiO2 particles, the
stirrers would exhibit outstanding photocatalytic activity towards different dyes, demonstrating the versatility of stirrers.
The final fate of used monoliths in environmental remediation
is not mentioned in most studies, which is an environmentally
and economically challenging problem. Herein, we could
utilize these used stirrers as electrode materials for supercapacitor after low temperature annealing, realizing the trashto-treasure transformation. It is believed that this work will
inspire the development of other magnetically responsive
monoliths for a variety of applications.
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