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elf-assembly has been recognized as

one of the most powerful techniques

for integrating various nanostructured
building blocks into macroscopic materials
that can translate properties at the nano-
scale into resulting macroscopic devices
with hierarchical microstructures and novel
functionalities." Furthermore, the assemb-
led superstructures are of novel collective
physiochemical properties that are different
from individual components and the bulk
material, which enriches the species in the
material fields and improves their capacities
for practical applications.>* Different inter-
actions, such as dipole interactions, electro-
static attractions or repulsions, hydrophilic/
hydrophobic interactions, and hydrogen
bonding, have been involved in the driven
self-assembly process.**

Graphene, a single layer of carbon atoms
patterned in a hexagonal lattice, has at-
tracted great attention all over the world
for its potential applications in sensors®
catalysis,” energy-storage devices,® and en-
vironmental fields® due to the excellent
mechanical, electronic, and thermal proper-
ties. Thus, graphene and its functionalized
derivatives with unique two-dimensional
(2D) structures can be well used as build-
ing blocks for self-assembly of functional
carbon-based materials, such as 1D tube-
in-tube nanostructures,’® 2D graphene
films,'' '3 and 3D graphene/polymer com-
posites.'*1¢

Hydrogels and aerogels, the two typical
kinds of 3D macroscopic assemblies, con-
sisting of the microporous and mesoporous
networks allowing access and diffusion of
ions and molecules, possess attractive po-
tentials in electrode materials, catalysis, and
water treatment. Carbon nanotubes'’~'°
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ABSTRACT

Multifunctional 3D Graphene/Metal Oxide Hydrogel

We report a one-step fabrication of macroscopic multifunctional graphene-based hydrogels

with robust interconnected networks under the synergistic effects of the reduction of

graphene oxide sheets by ferrous ions and in situ simultaneous deposition of nanoparticles on

graphene sheets. The functional components, such as o.-Fe0OH nanorods and magnetic Fe;0,

nanoparticles, can be easily incorporated with graphene sheets to assemble macroscopic

graphene monoliths just by control of pH value under mild conditions. Such functional

graphene-based hydrogels exhibit excellent capability for removal of pollutants and, thus,

could be used as promising adsorbents for water purification. The method presented here is

proved to be versatile to induce macroscopic assembly of reduced graphene sheets with other

functional metal oxides and thus to access a variety of graphene-based multifunctional

nanocomposites in the form of macroscopic hydrogels or aerogels.
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and cellulose fibers*® have been success-
fully used as building blocks for the assem-
bly of carbon material gels. However, recent
work on the preparation of 3D graphene
gels and their functionalities is still limited.
Among these reports, chemical or physical
cross-linkers are used to prepare mono-
lithic graphene architectures, such as organic
binders via the sol—gel polymerization
method,”’ DNA molecules,?® ion linka-

ges,>?* and ion coordination.?® Otherwise,
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Figure 1. (a) Photographs of the time-dependent formation process of the hydrogels with 10 mL of GO (2 mg mL ")
suspensions at pH 3 in the presence of 0.5 mmol of FeSO,. The hydrogel was prepared in a cylindrical sampler vial with a
volume of 25 mL. (b) Photograph of the scale-up synthesis of hydrogels by using 1000 mL of GO and 50 mmol of FeSO,. (c and
d) Low- and high-magnified SEM images. (€) TEM image of the microstructures of the freeze-dried graphene/FeOOH hydrogel.

(f) XRD pattern of the graphene/FeOOH aerogel.

reducing mediums achieved by hydrothermal pro-
cesses under high pressure?® or using a large amount
of reducing agents (NaHSOs, Na,S, vitamin C, sodium
ascorbate, etc.)*”?® have to be provided to satisfy the
requirements of the assembly of macroscopic gra-
phene-based hydrogels.

An abundance of oxygen-containing functional
groups on graphene oxide (GO) sheets make it soluble
and easily processable, which leads to the growth of new
types of graphene-based materials, that is, decorating the
2D graphene sheets with nanoparticles.?? 3" However,
until now, very few reports were focused on the assembly
of 3D graphene-based hydrogels with deposited nano-
particles. Recently, Chen et al. reported the capture of
preprepared magnetic nanoparticles into 3D graphene
networks under the assistance of reducing agent (NaHSOs,
Na,S, vitamin C, HI, and hydroquinone).”32 Thus, there
is still a great challenge to develop facile methods for
the preparation of functionalized graphene monolithic
hydrogels with integrated functionalities and the ad-
vantages of both graphene sheets and nanoparticles.

In this article, we demonstrate a facile one-step
approach for fabrication of macroscopic graphene/iron
oxide hydrogels with 3D interconnected networks
under the synergistic effects of the self-assembly
of graphene oxide sheets and in situ simultaneous
deposition of metal oxide nanoparticles such as
o-FeOOH nanorods and magnetic Fes0,4 nanoparticles
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on graphene sheets induced by ferrous ions as a
reducing agent to reduce the graphene oxide sheets
under mild conditions. Herein, the compositions of
graphene hydrogels can be easily changed via adjust-
ing the pH value of the initial GO suspension with other
conditions constant. Interestingly, when burning the
oil-saturated graphene/o-FeOOH superhydrophobic
aerogel directly, a 3D hematite a-Fe,O3; monolith with
porous microstructures can be prepared. Furthermore,
the facilely separable and low-cost graphene/metal
oxide hydrogels and aerogels exhibit excellent cap-
ability for removal of heavy metal ions and oils from
water, thus can be potential candidates for efficient
adsorbents in water purification or other applications.

RESULTS AND DISCUSSION

In a typical synthesis, a mixture of 10 mL of GO
suspension (2 mg mL™") and FeSO, (0.5 mmol) was
undisturbedly sealed in an oil bath at 90 °C. As shown
in the time-dependent photographs of Figure 1a, after
0.5 h, the black, reduced GO sheets were uniformly
dispersed in water, without obviously aggregated
sheets, but slightly floating from the bottom of vessel.
With prolonging the reaction time (e.g., 1 h, 1.5 h), the
assembled graphene monolith floated toward the top
of the water surface. With prolonging the reaction, the
black aggregate further shrunk, as a result of decreas-
ing the diameter of the columnar hydrogel. After 6 h, a
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Figure 2. XPS spectra of (a) the graphene/FeOOH aerogels; (b) core-level Fe2p; (c) core-level C1s of the graphene/FeOOH
hydrogel prepared with 10 mL of GO (2 mg mL™") suspensions at pH 3 in the presence of 0.5 mmol of FeSO,; (d) core-level C1s
of GO. (e) Raman spectra of the graphene/FeOOH aerogel sample in (a). (f) FT-IR spectra of (1) GO; (2) the graphene/FeOOH
aerogel; (3) graphene/Fe;0, aerogel dried from the hydrogel prepared with 10 mL of GO (2 mg mL ") suspensions at pH 11 in
the presence of 0.5 mmol of FeSO,. The hydrogel was prepared in a cylindrical sampler vial with a volume of 25 mL.

well-defined black hydrogel in a columnar shape with
an unchanged size of 10 mm in diameter and 7 mm in
height formed. Interestingly, except for the integrated
cylinder, there were no separated graphene sheets
elsewhere, and the transparent solution was left in
the vessel.

One key advantage of the present synthetic route is
thatitis easy to scale up, as shown in the photographin
Figure 1b, which presents the successful self-assembly
of 1000 mL of GO suspension into the integrated
hydrogel by just using a large reaction vessel of
1500 mL without changing other parameters, such as
concentrations, temperature, and reaction time
(Supporting Information, Figure S1). As demonstrated
previously for the synthesis of 3D hydrogels of gra-
phene oxide based on a hydrothermal process using
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metal ions and glucose as mediators,?**® a metal ion

mediated gelation process,®® and adding reducing
agents (Na,S, vitamin C, HI, and hydroquinone),”’? the
larger scale-up synthesis of such hydrogels in the
present case can be achieved by using the proper
reaction vessel with a different volume or shape. The
as-prepared graphene hydrogel containing about
95.8 wt % water exhibited a well-defined and inter-
connected 3D network microstructure with uniformly
dispersed pores of several micrometers in size, as
shown from the SEM image in Figure 1c. More inter-
estingly, a large number of nanoparticles homoge-
nously enwrapped in the graphene sheets were
found by a magnified SEM image (Figure 1d). Further-
more, the TEM image of Figure 1e shows that all of the
rod-like nanoparticles with a size of about 60 nm were
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anchored onto the thin graphene sheets; no particles
that were disassociated from the graphene sheets
were observed.

The XRD pattern in Figure 1f illuminated the com-
positions of the 3D graphene aerogel. All the diffrac-
tion peaks can be assigned to a pure orthorhombic
phase a-FeOOH (JCPDS No. 29-0713). The presence of
the elements C, O, and Fe with high contents in the
graphene aerogel was evidenced by the photoelectron
lines of the wide-scan XPS spectrum in Figure 2a at 285,
532, and 711 eV, attributed to Cls, O1s, and Fe2p,
respectively. In the high-resolution Fe2p XPS spectrum
in Figure 2b, the peaks of Fe2ps,, and Fe2p,,, at 711.1
and 724.7 eV were the characteristic positions of
a-FeOOH,* indicating the existence of a-FeOOH nano-
rods in the graphene support. In the formation process
of the graphene/a-FeOOH hydrogel, the initial GO was
reduced to graphene by ferrous ions, confirmed by
significantly improving the intensity of sp® C—C bonds
of graphene at 284.6 eV and decreasing the oxygen-
containing carbon (epoxy C—O at 286.5 eV, carbonyl
C=0 at 287.9 eV, and carboxyl O=C—O at 289.0 eV),**
as analyzed from the deconvoluted C1s spectra of the
as-prepared aerogel and GO in Figure 2c and d. In the
Raman spectra of GO and graphene/a-FeOOH aerogel,
as shown in Figure 2e, the intensity ratio of the well-
documented D band and G band of graphene in the
aerogel was enhanced after reduction compared with
that for GO, indicating the improvement of the dis-
ordered graphene sheets3> Furthermore, the peak
shifts of two bands to 1350 and 1591 cm ™' revealed
the charge transfer between graphene sheets and
a-FeOOH nanorods.®® In comparison with the FT-IR
spectra of GO and the graphene/o-FeOOH aerogel in
Figure 2f, the absorption bands of carbonyl at
1730 cm ™' and epoxy C—O at 1225 cm ™' of GO were
obviously decreased, indicating the effective reduction
of graphene sheets. Meanwhile, two bands at 892 and
783 cm ™" in the product were the characteristic bend-
ing vibrations of Fe-OH.*” Thus, from the above ana-
lyses, it was reasonable to conclude that our hydrogels
were formed by coassembly of graphene sheets and
o-FeOOH nanorods.

The rheological measurements in Figure 3a further
revealed the structure and property of the graphene/
o-FeOOH hydrogel. As a function of angular frequency
(1-100 rad-s™ "), the independent storage modulus
(@) and slightly sensitive loss modulus (G”) to fre-
quency were characteristics of the hydrogel materials.
Moreover, G' was almost 1 order of magnitude larger
than G” over the whole tested range, indicating an
elastic rather than viscous response of the composite
hydrogel with the permanent cross-linked network.
The G’ value of 50 kPa at 10 rad-s~ ' was 1 to 2 orders
of magnitude higher than the conventional self-as-
sembled hydrogels.?®*° Moreover, the good thermal
stability of such a hydrogel was demonstrated by the
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Figure 3. (a) Dynamic rheological behavior of the gra-
phene/FeOOH hydrogel prepared with 10 mL of a GO (2
mg mL™") suspension at pH 3 in the presence of 0.5 mmol of
FeSO,. The reaction was performed in a cylindrical sampler
vial with a volume of 25 mL. (b) Storage (G') and loss (G”)
modulus as a function of temperature.

invariable values of G’ and G” for the entire tem-
perature range (25—100 °C), due to the strong in-
terconnected networks, as shown in Figure 3b. The
compression—strain curve of the graphene/FeOOH
hydrogel exhibited a linear stage at low strains
(<10%), a gradually increasing stage up to 60%, fol-
lowed by the densification stage, behaving like an
“elastic-plastic” under compression (Supporting Infor-
mation, Figure $2).2° The elastic modulus and yield
stress of the free-standing graphene hydrogel were
calculated to be about 0.1 MPa and 23.6 kPa, respec-
tively. The inset in Figure S2 shows a 3D hydrogel
cylinder supporting the weight of 100 g, as a proof of its
good mechanical property.

Furthermore, it was found that the properties of the
graphene/a-FeOOH hydrogel largely depended on the
amount of reducing agent Fe(ll). A higher concentra-
tion of FeSO, in the GO suspension resulted in the well-
defined 3D network-like graphene hydrogel decorated
with more a-FeOOH nanorods, as clearly observed
from the SEM and TEM images (Figure 4a—c). However,
if the amount was lower than 0.0625 mmol, a few
nanoparticles appeared on the sheets, and the pores
with a size of tens of micrometers led to a larger 3D gel
cylinder, indicating the weak interaction within the
network of the hydrogel (Figure 4d—f). When a series of
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Figure 4. SEM images with different magnifications of the graphene/FeOOH aerogels dried from the hydrogels prepared with
10 mL of a GO (2 mg mL™") suspension at pH 3, using different amounts of FeSO,: (a—c) 1 mmol; (d—f) 0.0625 mmol.
Photographs of the graphene/FeOOH hydrogels (g) and corresponding aerogels (h) dried from the hydrogels prepared using
different amounts of FeSO,4. The amount of FeSO, used for preparation of the samples (I)—(V) shown in (g) and (h) is 1, 0.5,
0.25, 0.125, and 0.0625 mmol, respectively. The hydrogel was prepared in a cylindrical sampler vial with a volume of 25 mL.

graphene hydrogels (samples |-V listed in Table 1)
prepared by adding different amounts of FeSO, (from 1
to 0.0625 mmol) were freeze-dried to aerogels, the last
two samples collapsed (Figure 4g and h). Further
characterization of the powdery aerogel (sample V)
prepared with the lowest amount of reducing agent
(0.0625 mmol) revealed that GO was still evolving to
reduced graphene oxide sheets, but was not so highly
reduced, which can be explained by the intensity ratio
of the D band and G band in the Raman spectra and the
content of oxygen-containing carbon in deconvoluted
C1s XPS spectra (Supporting Information, Figure S3).
Thus, the low degree of reduced GO in the sample was
the reason for the collapse of the last two aerogels with
weak cross-linking ability.

Interestingly, the compositions of the as-prepared
graphene hydrogels were significantly affected by the
pH values of the initial GO suspension adjusted with
ammonia, as revealed from a series of XRD patterns of
the pH-controlled samples (pH 3—10) (Supporting
Information, Figure S4). At low pH (3—6), the nano-
particles deposited on the graphene sheets were
o-FeOOH. While using NH,OH to change the pH value
of the GO suspension from 7 to 10, the a-FeOOH phase
was dominant in the products, and the diffraction
peaks for the Fe(OH)s; phase marked with asterisks
appeared simultaneously (Figure S4). On further in-
creasing the pH value of the initial GO suspension to 11,
the magnetic 3D graphene hydrogel can be fabricated,

CONG ET AL.

|
TABLE 1. Experimental Parameters and Composition
Analyses for the Samples Prepared at pH 3

Nfesosgnitial) ~ Mhydrogel Macrogel  Water content  Meegon/Maerogel
sample?  (mmol) (9) (9) (%) %)’
| 1 1175 0.056 95.2 75.6
Il 0.5 1174 0.049 95.8 59.8
Il 0.25 1188 0.032 973 46.2
v 0.125 1699  0.022 9.7 221
v 0.0625 1622 0.019 99.0 10.5

“The initial amount of GO in the experiments was 2 mg/mL (10 mL). ° The values
were analyzed by inductively coupled plasma atomic emission spectrometry
(ICP-AES). The hydrogel was prepared in a cylindrical sampler vial with a volume
of 25 mL.

which was shown by the attraction to a magnet in the
photograph in Figure 5a. The SEM image in Figure 5b
revealed the interconnected network with the porous
structure of the magnetic hydrogel. From the high-
magnified SEM image and TEM image of Figure 5¢,d, a
large number of nanoparticles with a size of 30 nm
were uniformly decorated onto the thin graphene
sheets, and no free nanoparticles from the sheet
supports can be found. All of the diffraction peaks
were indexed to the magnetic Fe;0, phase (JCPDS
No.75-0033), as shown by the XRD pattern of the
magnetic hydrogel in Figure 5e. The Raman spectrum
of the freeze-dried magnetic aerogel in Figure 5f
showed a large value of the intensity ratio of the D
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Figure 5. (a) Photograph of the magnetic property of the hydrogel under a magnet. SEM image with low (b) and high (c)
magnification of the interior microstructures of the freeze-dried graphene/Fe;0,4 hydrogel prepared in the presence of 0.5
mmol of FeSO, at pH 11. (d) TEM image of the microstructures of the hydrogel after sonication. (€) XRD pattern. (f) Raman
spectrum of the magnetic aerogel. (g) Room-temperature hysteresis curves of the magnetic aerogels prepared using different

amounts of FeSO, at pH 11. Samples 1—4 were prepared using 1, 0.5, 025, and 0.125 mmol of FeSO,, respectively.

ii) Graphene/Fe,O,

Scheme 1. Schematic illustration of the formation mechanism of the graphene/iron oxide hydrogels.

band and G band, indicative of the high degree of
reduction of the graphene sheets, as well as a band at
662 cm~ ' associated with the A,y mode of Fe;0,. The
effective reduction of GO to graphene sheets and the
formation of Fe;0, in the magnetic hydrogel were proved
by the information in the FT-IR spectrum in Figure 2f.

To investigate the magnetic properties, a series of
magnetic hysteresis curves for magnetic graphene aero-
gels with different amounts of Fes0,4 nanoparticles were
recorded at room temperature, shown in Figure 5g. The
sample showed ferromagnetic properties, revealed by
the magnified plot in the inset: the coercive force of 38.6
Oe and a remanent magnetization of 4.8 emu-g~'. The
saturation magnetization (M) of the magnetic aerogels
was improved from 452 to 80.3 emu-g ' with the
increase of the amount of embedded Fe;O, nano-
particles, comparable to the bulk magnetite Fes04 (92
emu-g"),* which was much higher than the reported
34emu-g~ ' for graphene/Fe;0,, despite the similar pre-
sence of abundant graphene in our tested samples.>?
Thus, it can be deduced that such strong magnetic sig-
nals at small applied magnetic fields of the as-obtained

CONG ET AL.

novel functional graphene hygrogels are desirable for
practical applications.

The formation mechanism of the novel graphene/
iron oxide hydrogels is illustrated in Scheme 1. The
ferrous ions Fe*" tended to diffuse toward the GO
sheets by electrostatic interactions, which were then
oxidized into ferric ions Fe" effectively by the oxygen-
containing functional groups on the GO surface.*' At
low pH value, the resultant a-FeOOH nanorods were
in situ deposited on the reduced GO surfaces simulta-
neously by hydrolysis of Fe** ions. However, when the
pH value of the initial GO suspension was increased
with NH,OH, the oxidized Fe*" ions and Fe?" ions
coprecipitated into Fe;0,, similar to the formation of
graphene sheets decorated with nanoparticles, as
reported previously.?®2%*? Meanwhile, the reduced
graphene oxide sheets anchored with nanoparticles
were simultaneously self-assembled into the 3D hydro-
gel with interconnected networks driven by combined
hydrophobic and 77— stacking interactions, due to the
decrease of oxygenated groups on the graphene
sheets. Furthermore, the deposited nanoparticles on
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Figure 6. (a) Photographs showing the process of the graphene/a-FeOOH aerogel adsorbing gasoline. The graphene/
a-FeOOH aerogel was dried from the hydrogel prepared with a 10 mL of GO (2mg mL ') suspension at pH 3 in the presence of
0.5 mmol of FeSO,. The gasoline was labeled with Sudan Il for clear presentation. (b) Regeneration capacity of the aerogels
for adsorbing gasoline. Gasoline can be removed by putting the aerogel in the oven at 100 °C for recycled use. (c) Adsorption
capacities of the aerogels for a range of organic solvents and oils in terms of its weight gain. (d) Photographs of burning the
oil-saturated graphene/o-FeOOH aerogel. (e, f) SEM images of the three-dimensional microstructures of the product a-Fe,03

by burning the oil-saturated graphene/o.-FeOOH aerogel.

the graphene sheets facilitated stabilizing such novel
graphene hydrogels, which served as the space to
effectively avoid aggregation of the graphene sheets
during the reduction process.?®> The important role of
the nanoparticles in such a graphene hydrogel system
was proved by etching a graphene/o-FeOOH hydrogel
with HCI to dissolve o-FeOOH nanorods (Supporting
Information, Figure S5). The 3D network structures
were broken down due to the severe reaggregation
of the graphene sheets, as revealed from the photo-
graph of the loose graphene block and cross-sectioned
SEM image. Importantly, in addition to ferrous ions,
other metal ions, such as Mn (Il) and Ce(lll), can also
induce the assembly of the reduced GO sheets, form-
ing macroscopic graphene/Mn,0; and graphene/
CeO, hydrogels by this simple one-step method
(Supporting Information, Figure S6), showing that this
is a general approach for fabrication of graphene/
metal oxide hydrogels.

CONG ET AL.

Another advantage of the novel graphene/o-
FeOOH aerogel was that it was superhydrophobic
and porous to adsorb oils and nonpolar organic
solvents without the suctioning of water, which
could find practical applications as a suction skim-
mer in marine oil-spill recovery.** The photographs
in Figure 6a show the fast process of the aerogel
selectively absorbing a layer of gasoline labeled with
Sudan Il dye on the water surface under superhy-
drophobic and capillary effects. Furthermore, it was
found that the aerogel had an excellent regeneration
capacity, an important index of a promising adsor-
bent. As shown in Figure 6b, the graphene/a-FeOOH
aerogel adsorbent maintained a high adsorption
capacity (92% of the first maximum) after eight
gasoline-absorbing and drying recycles, due to the
robust interconnected network and stable porous
structure. To measure the adsorption capability of
the aerogels, they were sucked into a wide range of
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Figure 7. (a) Adsorption rate plots. (b) Adsorption iso-
therms of Cr(VI) and Pb(ll) on the graphene/FeOOH hydro-
gel at room temperature, which was prepared with 10 mL of
a GO (2 mg mL ") suspension at pH 3 in the presence of
0.5 mmol of FeSO,. Q; and Q. represented the adsorption
capacity at time t and equilibrium capacity (mg-g™"),
respectively. C. was the equilibrium solute concentration
(mg-L™").
nonpolar organic solvents and oils and weighed. As
shown in Figure 6¢, the maximum uptake capacity
was 27 times its weight, fluctuating with the densi-
ties of the solvents. The unusual superwetting and
high selectivity of our graphene/a-FeOOH aerogel
for adsorbing oils were attributed to the hydropho-
bic m—x stacking of the reduced graphene and
abundant inorganic nanoparticles on the graphene
sheets, which dramatically increased the surface
roughness of the adsorbent.***°

Interestingly, when burning the black oil-saturated
graphene/o-FeOOH aerogel directly, a red cylinder was
obtained (Figure 6d), which was the pure hematite a-
Fe,05 phase, revealed by the diffraction peaks of the
XRD pattern (Supporting Information, Figure S7). The
novel microstructures of such a burned a-Fe,03 archi-
tecture were revealed by the different magnifications
of the SEM images in Figure 6e,f. To some extent, the
product remained as an interconnected porous net-
work with thin sheets of tens of micrometers in size.
However, the intensity became weaker than that of the
graphene/a-FeOOH aerogel before burning. The mag-
nified SEM image clearly showed that the porous
sheets consisted of nanoparticles when the graphene

CONG ET AL.

sheets were burned out (Figure 6f). Importantly, no
isolated particles were found elsewhere but were
interconnected with each other to form a thin but
free-standing sheet, as shown in the SEM image in
Figure 6e. Therefore, our superhydrophobic gra-
phene/a-FeOOH aerogel can be used as a novel
and simple precursor to effectively fabricate func-
tional metal oxide monoliths with interesting 3D
microstructures.

In addition, given the serious worldwide water
pollution caused by heavy ions, recent reports on
metal oxides and carbon-based nanoadsorbents have
shown excellent activities for purifying polluted
water.”*%647 Herein, the economical self-assembled
3D graphene/o-FeOOH hydrogel fabricated under
mild conditions could act as a promising candidate
for removal of pollutants, inspired by its advantage
of its robust interconnected networks, and, thus, its
easy separation from water. Figure 7a shows the
adsorption rates of heavy ions Cr(VI) and Pb(ll),
highly toxic pollutants in water resources, to test
the adsorption kinetics of our macroscopic adsor-
bents at room temperature. When the initial con-
centration of Cr(VI) or Pb(ll) was 100 mg/L, about 60%
of the heavy ions were adsorbed from the water
within 20 min, and after 90 min, the adsorption was
in an equilibrium state.

The adsorption behaviors of the graphene/a-FeOOH
hydrogel absorbents for Cr(VI) or Pb(ll) were reflected
by adsorption isotherms in Figure 7b, which well fitted
with the Langmuir isotherm model.*® The calculated
maximum adsorption capacities for Cr(VI) and Pb(ll)
were 139.2 and 373.8 mg-g ', respectively, which are
much higher than mesoporous y-Fe,O; and active
carbon for Cr(Vl) (15.6*° and 69 mg-g ', > respectively)
and exfoliated graphene sheets and chrysanthemum-
like and commercial bulk o-FeOOH for Pb(ll) (40,
103.0, and 1.0 mg-g ",* respectively) and slightly
lower than our reported free-standing carbonaceous
nanofiber membranes for Cr(Vl) (173—221 mg-g ")
and Pb(Il) (310—423 mg-g~').*® However, most of the
above adsorption results in the literatures were re-
corded at optimal pH values, which had a significant
effect on the adsorption capacities of the adsorbents
for the pollutant uptake.” Thus, it was more indicative
to estimate the potential capability of our graphene/
FeOOH hydrogel for heavy-ion removal in practical
water purification, as it was measured directly, without
the need for any pH adjustment. The strong adsorption
capacity of the hydrogel with graphene sheets and a-
FeOOH nanorods possibly arose from the synergistic
effects of the static electrical attraction, ion exchange,
and surface complexation between metal oxyhydrox-
ides and heavy ions, as well as the remaining oxygen-
containing groups of the graphene sheets and heavy

jons.>>>3
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CONCLUSION

In summary, we report that novel self-assembled
graphene/a-FeOOH and magnetic graphene/Fe;0,
hydrogels with robust interconnected 3D networks
can be fabricated on a large scale, effectively in-
duced by Fe(ll) ions at different pH values via a simple
one-step method under mild conditions. Interest-
ingly, the pure free-standing a.-Fe,05 monolith with
elegant microstructures composed of interconnec-
ted nanorods can be easily prepared by burning the

METHODS

Self-Assembly of Graphene/FeOOH and Graphene/Fe;0, Hydrogels.
GO was prepared from natural graphite powders according to
Hummers' method.>* In a typical synthesis, a certain amount of
FeSO,4 (1—0.0625 mmol) was quickly added into 10 mL of a
2mgmL~" GO aqueous suspension stored in a 25 mL cylindrical
sampler vial. The pH value of the GO suspension was adjusted
with ammonia from 3 to 11 to investigate the influences of the
pH value on the synthesis of graphene/FeOOH and graphene/
Fe30,4. Then, the reaction vessel was placed in an oil bath for
6 h at 90 °C without stirring. Finally, the 3D black monolith was
taken out, washed with distilled water, and freeze-dried into an
aerogel for further use.

Characterizations. The microstructures of the aerogel were
characterized by scanning electron microscope (SEM) images,
taken with a Zeiss Supra 40 scanning electron microscope at an
acceleration voltage of 5 kV, and transmission electron micro-
scope (TEM) images by a JEOL-2010 microscope at an accelera-
tion voltage of 200 kV. For revealing the compositions of the
hydrogels, X-ray diffraction (XRD) analysis was performed on a
Japan Rigaku DMax-ya rotation anode X-ray diffractometer
equipped with graphite-monochromatized Cu Kot radiation
(A = 0.15418 nm). The X-ray photoelectron spectrum (XPS) was
tested on an ESCALab MKII X-ray photoelectron spectrometer
using a Mg Ka radiation exciting source. Raman spectra were
conducted on a confocal laser micro Raman spectrometer
(LABRAM-HR, JY Co.). FTIR spectra were recorded on a Bruker
Vector-22 FTIR spectrometer from 4000 to 400 cm™' at room
temperature. The magnetic properties of the samples were
investigated using a superconducting quantum interface de-
vice (SQUID) magnetometer (Quantum Design MPMS XL). The
inductively coupled plasma atomic emission spectrometry (ICP-
AES) measurements were carried out using an Atomscan Ad-
vantage spectrometer (Thermo Ash Jarrell Corporation, USA).
UV—vis spectra were recorded on a Shimadzu UV-240 spectro-
photometer scanning from 400 to 800 nm at room temperature.

Rheological and Mechanical Measurements. The dynamic rheolo-
gical measurements of the as-prepared hydrogels were per-
formed by a TA-AR2000 rheometer with parallel-plate geometry
(CP25-2) at 25 °C. Dynamic frequency sweep experiments were
measured from 1 to 100 rad/s with the distance of two plates
fixed at T mm and the oscillatory strain at 0.2%. Temperature
sweep experiments from 25 to 100 °C were investigated at a
heating rate of 5 °C/min. To prevent evaporation of water, the
samples were covered by a thin layer of mineral oil. The
compressive stress—strain test for the cylindrical hydrogel was
measured by using Instron 5565A equipped with two flat-
surface compression stages and 500 N load cells.

Oil-Uptake Experiments. The oil-adsorbent capacity of the
aerogels was determined by weight measurements. The
weighed samples were put into different kinds of oils and taken
out by tweezers after T min. After removing the oil on the sur-
face of the samples with filter paper, the samples were weighed
again. The oil adsorption values were calculated from the
differences of mass. The regeneration of adsorbent capacity
was investigated in the same way after the oil-saturated sam-
ples were dried in an oven at 100 °C for 30 min.

CONG ET AL.

oil-saturated graphene/a-FeOOH aerogel directly. The
multifunctional graphene-based hydrogels and aero-
gels are not only composition-flexible but the ideal
candidates as adsorbents with high adsorption capa-
city for removal of heavy ions and oils in industrial
water purification. The versatile method presented
here can be extended to induce the assembly of
graphene sheets and other functional metal oxides
via one step into different macroscopic monoliths with
multifunctionalities for different applications.

Adsorption Isotherm Experiments for Heavy lons. At room tem-
perature, graphene/FeOOH hydrogels equivalent to 10 mg of
aerogels were added into 50 mL of heavy ion-containing solu-
tion of different concentrations. The temperature was main-
tained at 25 °C. After 12 h to reach complete adsorption
equilibrium, the remaining concentrations of Cr(VI) and Pb(ll)
were measured by the reported colorimetric method™ via
UV—vis spectra and ICP-AES technique, respectively.
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