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Stcher-like Method to Synthesize Ultralight, Porous,
Stretchable Fe,Os;/Graphene Aerogels for Excellent
Photo-Fenton Reaction and Electrochemical
Capacitors

Bocheng Qiu,® Mingyang Xing,*" and Jinlong Zhang*"*

We report three-dimensional (3D) graphene-based hybrids of Fe,O3 nanocrystals growth in situ
on the graphene aerogels (Fe,03/GASs) by a Stéher-like method. Compared with other reported
Fe,03/3D-graphene, Fe,03/GAs has outstanding mechanical strength, high elasticity, ultralight
mass, excellent electrical conductivity, efficient oil absorption capacity and nanoparticles
dispersion. It has a 3D network structure with a high surface area of 316 m? g and
physicochemical stability. 3D-GAs can inhibit the losing of Fe?* and stabilize the conversion
of Fe®*/Fe?" in the Photo-Fenton reaction. Compared with Fe,0; and Fe,O3/2D-graphene
(Fe,03/GR), Fe,O3/GAs gives an ultrastable solar-driven Fenton activity in a wide pH range of
3.5~9.0 for the first time. Besides, nanosized Fe,O3 strongly and highly dispersed on the GAs
make the composite have a great application in electrochemical capacitors. Although the
Fe,03/GAs only contains 18.3 wt% Fe,03, it still yields a high and stable capacitance (151.2 F
g 1) at a high discharge current density of 10 A g%, which is better than Fe,03/GR (93.6 F g %).

1. Introduction

Many research have been done on Fe,Os/three-dimensional (3D)
graphene hybrid and its application to lithium ion battery.'”
However, there is less report on the application of Fe,03/3D-
graphene to the Photo-Fenton reaction and electrochemical
capacitors (ECs), up to now. That because most of reported
Fe,03/3D-graphene have a large size of Fe,O3 and poor particle
dispersion on 3D-graphene, which inhibits its application to
ECs and Photo-Fenton reaction. Photo-Fenton reaction is a very
useful oxidative technology to non-selectively degrade the
organic pollutants, especially to the pollutants cannot be
degraded by the biotechnology.®* However, there are also
some instant shortages to inhibit its industrial application to the
environmental issues. The major problems are focused on: 1)
the low efficiency for the H,O, utilization;** ** 2) The pH value
range for the application is very narrow, and most of the Fenton
reaction is conducting at pH < 3.0;}*® 3) it is easy to generate
the iron cement (Fe(OH)s), which leads to the catalyst
deactivation;*" 8 4) the Fe,O5 powder or liquid Fenton-reagent
easily induces the losing of iron ions and is difficult to achieve
the recycle. Although some modifications have been done on
overcoming above mentioned difficulties,'®%* there is no great
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progress in this area to accelerate its industrialization process in
the past several decades.

As an ideal support, 3D-graphene or graphene aerogels
(GAs) has a special 3D network structure and excellent
conductivity,?2° which can provide a protective barrier and an
efficient charge transport to avoid the occurrence of side
reactions.*>** The hybrid of Fe,05/GAs has actual application
prospects of the development of functional materials in the
Photo-Fenton reaction. Hence, if we can achieve the highly
dispersed nanosized Fe,O; in situ growth on the GAs, the
prepared Fe,O3/GAs will have a potential to overcome the
above mentioned problems in Photo-Fenton reaction. Moreover,
the 3D-macroporous structure of GAs and the small size and
highly dispersion of Fe,O; can offer short diffusion path
lengths for adsorbing ions and accelerating electron transfer in
ECs, which is also beneficial to its ECs performance.? ** %

Here we developed an advanced composite of Fe,O3
nanocrystals growth in situ on the GAs surface (Fe,03/GAs) by
a modified Stéher-like method, which overcomes all above
mentioned difficulties in Photo-Fenton reaction at once for the
first time. In addition, it also has a good and ultrastable ECs
performance.
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2. Experimental

2.1 Materials

All chemicals, including iron (I11) acetylacetonate Fe(acac)s,
H,SO, (AR), NaNO; (AR), KMnO, (AR), H,0, (AR),
Concentrated ammonia solution (~ 28 wt%), acetonitrile (AR)
and ethanol (AR) were used as received without any further
purification. Graphite was purchased from Sigma-Aldrich (St.
Louis, MO), and ultrapure water was used for all experiments.

2.2 Synthesis of Graphene Oxide (GO)

Graphite oxide (GO) was synthesized from natural graphite
powder using a modified Hummers methods.>” In detail, 2 g
graphite powders and 1 g NaNO3; were mixed with 50 mL
concentrated H,SO, in an ice bath under vigorous stirring for 2
h. 6 g KMnO, was added slowly into the mixture while the
temperature was kept from exceeding 5 °C, then the
temperature of the system was heated to 35 °C and maintained
for 2 h. Afterwards, 80 mL of water was slowly added and then
the mixture was heated to 98 °C for 1 h. 280 mL of water and
80 mL of 30% H,0, were added to end the reaction. The

suspension was then repeatedly centrifuged and washed with 5%

HCI solution to remove residual salts. The wet graphite oxide
was freeze-dried at 60 °C for 24 h.

2.3 Synthesis of the 3D structured Fe,03/GAs composite

By using the Stéber method,®® it is possible to achieve
excellent control of the particle size, narrow size distribution,
smooth spherical morphology of the resulting silica or other
particles.®“! Thereby, we developed a modified Stéher-like
method to achieve the highly-dispersed Fe,O3; nanocrystals in
situ growth on the graphene (Fig. 1). Acetonitrile was used as
the co-solvent to improve the solubility of Fe(acac)s in the
mixed solvent. The brief steps are as follows. Typically, 75 mg
GO powders were dispersed a mixed solvent containing 75 mL
ethanol and 25 mL acetonitrile in an ultrasound bath for 90 min,
and then 0.1 mL of NH; was added into the suspension at room
temperature. After stirring for 30 min, 10 mL Fe(acac)s/ethanol
(0.1 mol L™) was added slowly into the above solution. The
suspension was maintained at 80 °C for 2.5 h to form the
amorphous Fe,O; nanoparticle on the GO sheet. Then the
suspension was centrifuged and washed with ethanol to remove
excess Fe(acac)s. The as-prepared two-dimensional Fe,03/GO
was re-dispersed in 20 mL of water followed by an ultrasonic
treatment, which was then transferred into a 50 mL autoclave,
and kept at 180 °C for 15 h. The aerogels was treated by freeze-
drying to obtain a three-dimensional Fe,O3/GAs composite.

seed nanoparticle.

GO+NH,OH

. Freeze
Fe(acac)y/Ethanol =" °
-

drying

s Self-assembly ™

Heating at 80 °C ="+
Stiber-liked process .7 S5
GO Fe,0; seeds on 2D-GO

Hydrothermal ™
180 °C 15h ” £
In situ growth Fe,0/GAs (3D)

Fig. 1 Schematic illustration of the in situ growth pathways of highly dispersed
Fe,O3 nanoparticles on 3D-GAs.

2.4 Synthesis of the 2D structured Fe,Os/GR composite

2| J. Name., 2012, 00, 1-3

80 mg FeCl; 6H,0 was dissolved in 20 mL of water, then 75
mL of 1 mg/mL GO suspension was added to the FeCl;
solutions under stirring in an ultrasound bath for 90 min, and
then the mixture was heated at 90 °C for 5 h. When cooled to
room temperature, 100 pL of N,H,4 was added to the mixture to
reduce the GO suspension. Then the mixture was put in a
microwave oven and irradiated for 180 s. The resulting
suspension was centrifuged and washed with deionized water.
Finally, the Fe,Os;/GR was obtained by drying in a vacuum
oven.

2.5 Characterization

X-ray diffraction (XRD) patterns of all samples were
collected in the range 10-80° (20) using a RigakuD/MAX 2550
diffract meter (Cu K radiation, A =1.5406 A), operated at 40 kV
and 100 mA. The morphologies were characterized by
transmission electron microscopy (TEM, JEM2000EX). The
surface morphologies were observed by scanning electron
microscopy (SEM, JEOL.JSM-6360LV). The instrument
employed for XPS studies was a Perkin-Elmer PHI 5000C
ESCA system with Al Ka radiation operated at 250 W. The
shift of the binding energy due to relative surface charging was
corrected using the Cls level at 284.4 eV as an internal
standard. Raman measurements were performed at room
temperature using a ViaReflex Raman spectrometer with the
excitation wavelength of 514 nm. BET surface area
measurements were carried out by N, adsorption at 77 K using
an ASAP2020 instrument. Thermogravimetric and differential
thermal analyses were conducted on a Pyris Diamond TG/DTA
(PerkinElmer) apparatus at a heating rate of 10 K min* from 40
to 800 °C in air flow. The leaching of Fe?" during reaction was
analyzed using a Cary 100 ultraviolet visible spectrometer. In
detail, a certain amount of solution was taken from the Photo-
Fenton system. Next, a centrifuge separated the supernatant
from the solution. And then, 1 mL 1, 10-phenanthroline
monohydrate (0.5 wt%) as a testing Fe?* reagent were added
into 3mL supernatant. After 15 minutes' standing, the levels of
ferrous iron were examined by using a Cary 100 ultraviolet
visible spectrometer.

2.6 Photocatalytic Activities

The photocatalytic activity of each catalyst was evaluated by
in terms of the degradation of methyl-orange (MO, 10mg/L).
The Fe,0,/Gas, Fe,0:/GR or Fe,03; powder was added into a
100 mL quartz reactor containing 75 mL MO solution. Prior to
reaction, the initial pH value of the MO solution was adjusted
to 3.5, 5, 7 and 9 with 0.1 M HCI, respectively. Fenton reaction
was initiated by adding a known concentration of H,O, (1.2 mL,
30 wt %) to the solution. A 300 W Xe lamp (with AM 1.5 air
mass filter) was used as a simulated solar light source. At the
given time intervals, the analytical samples were taken from the
mixture and immediately centrifuged before filtration through a
0.22 pm millipore filter to remove the photocatalysts. The
filtrates were analyzed by recording variations in the absorption
in UV-vis spectra of MO using a Cary 100 ultraviolet visible
spectrometer.

This journal is © The Royal Society of Chemistry 2012
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2.7 Electrochemical measurements

Cyclic voltammetry (CV), galvanostatic charge/discharge
experiments and electrochemical impedance spectroscopy (EIS)
were performed to evaluate the electrochemical behavior of the
samples with a three-electrode cell system in 6 M KOH
aqueous electrolyte solution at room temperature. The working
electrode was fabricated by pasting a homogeneous slurry of
electroactive materials, carbon black and
poly(tetrafluoroethylene) in a mass ratio of 80:15:5 into a
nickel foam current collector (11 cm?) using a blade, followed
by drying at 80 °C for 12 h and calendaring. A Pt sheet and a
Ag/AgCl (KCl-saturated) electrode were used as counter
electrode and reference electrode, respectively. The CV
galvanostatic charge/discharge and EIS tests were carried out
using a CHI 660C electrochemical workstation (Shanghai CH
Instrument Company, China). Cycle life test was taken by Land
Battery Test System (Wuhan Kingnuo Electronic Company,
China). According to the galvanostatic charge/discharge curves,
the specific capacitance (Cs, F g*) can be calculated according
to the following equation:

Cs = IAt/ mAV

where “I (mA)” is charge/discharge current, “At (s)” is the
discharge time, “m (mg)” represents the mass of electroactive
materials in the electrodes, and AV (V) is the potential range
during discharge.

3. Results and discussion

Compared with the traditional preparation method, we
employed a modified Stcher-like technology to make the Fe,O3
crystal seeds preliminary growth on the surface of graphene
(GR), as shown in Fig. 1 and the HRTEM spectra of Fig. 2. The
amorphous and highly dispersed Fe,O; crystal seeds can be
clearly observed as indicated by the arrows in Fig. 2b. After a
hydrothermal postprocessing, the obtained Fe,Os/GAs has an
interesting 3D macroscopic appearance (Fig. 3a). Although it
contains 18.3 wt% Fe,03 nanocrystals (Fig. S1, in the ESI), its
density is still very low (8 mg cm™) and exhibits an ultralight
massive property. Its shape and size can be adjusted by the
changing of reaction vessel. With the increasing volume of
reaction vessel, the obtained Fe,O3/GAs gives an increased size
(Fig. 3b). In addition to the interesting macro-appearance, the
micro morphology of Fe,O3/GAs is also attractive. The SEM of
Fe,O4/GAs indicates that the Fe,O3/GAs has a 3D hierarchical
macroporous structure (Fig. 3c-3d). Its surface area can reach to
316 m? g (Fig. S2a in the ESI), and the pore size distribution
curve indicates the presence of hierarchical porous structure
(Fig. S2b in the ESI). The mesoporous size is in the range of
10~13 nm, and the macroporous size is in a wide range of
50 ~ 120 nm. Granular Fe,O; nanocrystals are one by one
embedded in the skeleton of graphene (Fig. 3e). The TEM
further confirms the highly dispersed Fe,O3; nanocrystals on the
surface of graphene (Fig. 3f-3g). The absence of aggregation
suggests the Stcher-like process is beneficial to the in situ
growth of highly dispersed Fe,O3 nanocrystals on the surface of

GAs, and the size of Fe,O; is focusing on 25 nm (Fig. 3g, inset).

This journal is © The Royal Society of Chemistry 2012
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The distribution profile of Fe elements in TEM mapping is
consistent with the profile of graphene sheets (Fig. S3 in the
ESI), verifying the ultradispersed distribution of Fe,O3
nanocrystals on the GAs surface. A high-resolution TEM
(HRTEM) image of Fe,O3/GAs reveals typical regular lattice
fringes with a “d” spacing of 0.25 nm, corresponding to the
(110) planes of Fe,05 (Fig. 3h).*?*® Interestingly, when we take
out the Stéber-like process and directly use a hydrothermal
treatment to prepare the composite, the results are very different.
Though the prepared hybrid also has a GAs appearance, but
there are only small amount of Fe,O3; loaded on the GAs and
some independent nanoparticles fall off from the GAs (TEM
images in Fig. S4 in the ESI). Hence, the preliminary growth
step is very important to control the Fe,0; size and achieve the
in situ and strong growth of Fe,O3 on the GAs.

10 nm_

Fig. 2 HRTEM image of the amorphous Fe,O; seeds on the graphene sheet
surface during the St&ber-like pretreatment.

. . 4

Fig. 3 (a) Photographs of an as-prepared Fe,03/GAs (density of 8 mg cm™). (b)
Photographs of Fe,Os/GAs with variable shapes prepared by the changing of
reaction vessel (reaction vessel increases from right to left). (c) SEM and (d and e)
FE-SEM image of Fe,03/GAs (18.3 wt% Fe,03). (f and g) TEM and (h) HR-TEM
images of Fe,03/GAs.

We investigated the structures of the Fe,Os/GAs with x-ray
diffraction (XRD), Raman spectroscopy, and X-ray
photoelectron spectrum (XPS). The strong XRD diffraction
peaks of Fe,O;/GAs are consistent with the peaks of
commercial Fe,Oz nanoparticles, indicating that the Fe,O;

J. Name., 2012, 00, 1-3 | 3
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nanocrystals are highly crystallized (Fig. 4a). The presence of
Alg and Eg characteristic peaks in Raman spectra also confirm
the generation of highly crystallized Fe,O3 in GAs (Fig. 4b). A
doublet in the Fe2p XPS region with peaks at 710.8 and 724.4
eV is due to the 2p3/2 and 2p1/2 transition in hematite (Fig.
4c).*> % The solar light responsive Fe,O; nanocrystals in situ
growth on GAs are expected to play an important role in the
Photo-Fenton reaction. Additionally, the reduction of graphene
is also important to the transfer of photo-generated charges in
the Fenton reaction and ECs. After hydrothermal treatment, the
obvious increase of the intensity ratio of D/G bands in the
Raman spectra confirms the reduction of graphene oxide (GO,
Fig. 4b).*”*° The increased reduction degree of Fe,O4/GAs
ensures the conductivity of graphene. On the other hand, seen
from the XPS spectrum of core-level Cls for Fe,03/GAs and
GO in Fig. 4d, the reduction of GO during the hydrothermal
process is also validated by the decrease of the epoxy C-O-C
bonds at 286.7 eV.» %

a — Fe0/G1s b| — Feo/as
Fe,0,
G
D
) l T _‘——_‘N\*
ot AEE
10 20 30 40 50 60 70 400 800 1200 1600 2000
20 (degree) Raman Shift (em™)
C Fe 2plfl Fe ZI‘M d 284Gey 86TV
o C-0-C
710.8 eV -
GO
Fez()sf'GAs
740 730 720 710 700 280 285 290 295

Bind Energy (eV) Bind Energy (eV)

Fig. 4 (a) XRD patterns of Fe,O3/GAs and pure Fe,Os; powders. (b) Raman
spectra of Fe,O3/GAs and graphene oxides (GO). (c) Fe2p XPS of Fe,03/GAs. (d)
C1s XPS of Fe,03/GAs and GO.

The chemical and physical properties of this advanced
composite are also developed in our study, such as the
mechanical strength, impedance, oil absorption capacity and
excellent thermal stability. The as-prepared Fe,O;/GAs can
endure dozens of times continuous compression (Fig. 5a).
Fe,03/GAs unfolds almost completely after removing the
external pressure, indicating it has a fine elasticity and strong
mechanical strength (Movie S1). In addition, we have added the
stress-strain curve (Fig. S5 in the ESI) to further suggest the
excellent mechanical strength of Fe,0:/GAs. The stress-strain
curve shows plots of compressive stress—strain for the set ¢
maxima of 30 %, 60 %, and 90 %. The loading process shows
two distinct regions, including a linear elastic region <70 %,
followed by a densification region. In the linear elastic region,
the stress increases linearly with the strain. In the densification
region &>70%, the stress rises steeply with compression.

4| J. Name., 2012, 00, 1-3

Besides, the stress can keep above zero until ¢ = 0, indicating
the high elastic property of Fe,03/GAs. The Fe,O3/GAs
possesses a macroporous and sandwich biscuit-like structure
(Fig. 5b), which is filled with air before being compressed. The
impedance of air is much higher than the Fe,O3; and graphene,
thus, the origin Fe,O3/GAs has a large value of impedance,
which has excessed the measuring range of ohmmeter (Fig. 5c).
When the Fe,03/GAs was compressed by the external force, the
sandwich biscuit-like structures are flattened, and the filled air
is discharging. Meanwhile, the contact between layer and layer
becomes closer and the in-between Fe,O; nanocrystals are also
compacted, which are beneficial to the transfer of electrons (Fig.
5b). With the compressing of Fe,Os/GAs, its impedance
decreases obviously (Fig. 5c). Once removing the external
pressure, the structure of Fe,Os/GAs unfolds completely, and
its impedance also recovers to a large value. The complete
impedance testing is shown in the video of Supplementary
Movie. S2. The above mentioned controllable impedance of
Fe,O3/GAs has a large potential application in the
electrochemistry devices, such as the electrically controlled
switch or probe. In order to highlight the actual value of its
controllable impedance, we used the Fe,Os/GAs to achieve the
adjustment of the speed of the fan (Movie S3). With the
compressing of Fe,0s/GAs, the fan gave a gradual increased
rotating speed.

Compress

Compress

] Burning oil | Recycle

Fig. 5 (a) Compression test of Fe,O3/GAs. (b) Schematic illustration of the
structure of Fe,O3/GAs during the compression test process. (c) The impedance
changing of Fe,O3/GAs during the compression process. (d) Sequential
photographs of Fe,03/GAs absorbing pump oil (dyed with Sudan Ill) on water
surface, and the recycle of Fe,O3/GAs through the burning of oil.

Some reports have demonstrated that the pure GAs has an
excellent oil absorption capacity, owing to its hydrophobicity.?*
155 Although in our study, the Fe,O; nanocrystals were
introduced into the GAs 3D-network structure, it still remains
the excellent oil absorption (Fig. 5d and Movie. S4). The
Fe,03/GAs can completely adsorb the oil in 20 seconds, and it
can be recycled by burning off the oil. After the burning, the
Fe,03/GAs remains a changeless appearance and can be used
again to the oil adsorption (Fig. 5d and Movie. S5). In addition
to recycle the Fe,Os/GAs, we also can recycle the oil by the
distillation method (Fig. S6 in the ESI). After the simple

This journal is © The Royal Society of Chemistry 2012
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distillation, the oil can be effective recycling and the yield is
more than 95%.

Seen from the above discussion on the chemical and physical
characterizations of Fe,O3/GAs, it shows a large potential
application in the Photo-Fenton reaction. The solar-driven
Fenton reaction of the Fe,0s/GAs was measured in the
presence of H,0,, by monitoring the change in optical
absorption of a methyl-orange solution (MO, 10 mg/L, Fig. 6a-
6c). The commercial Fe,O5; and 2D structured Fe,O3/GR were
used as the reference samples. At the first two times cycling test,
the Fe,O3 gives a high photodegradation of MO at a low pH
value of 3.5 (Fig. 6a). Starting from the third cycling test, its
activity exhibits a sharp decrease. When the reaction pH value
is higher than 3.0, the Fe®* is very easy to dissolve out and react
with the H,O and OH" to produce the iron cement of Fe(OH)3,
which is covering on the surface of Fe,O3; to make the catalyst
deactivation. The same tendency is also discovered on the
Fe,03/GR. Though the Fe,03/GR has a similar concentration
and particle size of Fe,O3 with the Fe,0:/GAs (TG/DTA and
TEM spectra in Fig. S1 and S7 in the ESI, respectively), but its
Photo-Fenton reaction activity is much lower than the
Fe,03/GAs after the second cycles. The adsorption data of
Fe,03/GAs in the dark (blue line in Fig. 6a) can eliminate the
affect of adsorption on the Photo-Fenton reaction activity.
Although the Fe,O3; was also successfully fixed on the 2D-GR
(Fig. S7a-S7c, in the ESI), the exposing of Fe,O3 in an acidic
condition (pH=3.5) would lead to a losing of Fe?" in the
solution, thus, resulting into the deactivation of Fe,O3/GR in
the Photo-Fenton reaction. The TEM spectra of Fe,03/GR after
8 times cycles can verify the dissolving of Fe,O3 in the Photo-
Fenton reaction (Fig. S7d-S7f, in the ESI). There are less Fe,03
nanoparticles remaining on the 2D-GR surface after 8 cycles.
Unlike Fe,04/GR, the 3D-GAs can prevent the Fe?* from
dissolving in the solution owing to its 3D-network structure and
super-toughness. Hence, even after 10 times cycling test, the
degradation rate of Fe,O3/GAs remains changeless, which is
much higher and more stable than the activity of pure Fe,O3
and Fe,05/GR (Fig. 6a). To the traditional Photo-Fenton
reaction, the loss of iron ions and the formation of iron cement
are all leading to a damage of its micro-morphology. Very
interestingly, after 10 times cycling test, the TEM images of
Fe,O4/GAs indicate the size, the amount and the distribution of
Fe,O3 nanocrystals on the GAs surface are all changeless (Fig.
S8, in the ESI).

In addition to the acidic condition, when the pH value is
higher than 7.0, the Fenton reaction activity of Fe,03/GAs is
still very high, which is much higher than the pure Fe,O3 (Fig.
6b-6c). This advanced composite exhibits an excellent solar-
driven Fenton activity in a wide pH range of 3.5~9.0 (Fig. 6b).
In order to detect its reaction stability at a high pH value, we
carried out the cycling test in a neutral condition (pH = 7.0)
which is closer to the actual application (Fig. 6c). To the pure
Fe,O3, it gives a much lower activity at the first cycle due to the
occurring of some side reactions. With the increase of cycling
times, the activity of Fe,O; is rapidly inactivated. When the
reaction is on the fifth cycle, it almost loses its activity.

This journal is © The Royal Society of Chemistry 2012
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However, to the Fe,O3/GAs, its Fenton activity enhanced
significantly. Most importantly, after ten times cycling test, the
Fe,O3/GAs remains a changeless photo-activity (Fig. 6c¢).

It is well known that the cycle reaction of Fe**/Fe?* is very
important to the Fenton reaction. The low conversion of
Fe3*/Fe?* will decrease the utilization efficiency of H,0, and
inhabit the production of hydroxyl free radical. Besides that, the
excessed Fe** ions are easier to generate the Fe(OH); in the
aqueous solution to make the catalyst inactivation. To the Fe,0;
powder, during the solar-driven Fenton reaction process, the
Fe3* can capture the photo-generated electrons to form the Fe?*
and spread to the MO solution, owing to its better water
solubility. Thereby, we can detect a high concentration of Fe?*
ions in the aqueous solution (Fig. 6d). These water soluble Fe?*
ions can react with H,O, to produce OH+ and Fe*' ions. The
regenerated Fe®*" ions will re-deposit to the surface of Fe,0O; to
achieve the cycle reaction of Fe*/Fe?". However, during the
cycle process, the Fe® ions are easy to react with HO- in an
aqueous solution to form the Fe(OH); to terminate the cycle
reaction of Fe*/Fe?*, especially when the solution pH value is
higher than 3.0. Different from that, the Fe,O3;/GAs gives a
Fe3*/Fe?* cycle reaction on the surface of graphene. Under the
solar light irradiation, both dyes and Fe,O; nanocrystals can
transfer the photo-generated electrons to the graphene (Fig. 6e),
that is, the graphene carries negative charges and attracts
positive ions such as Fe?* and Fe". The Fe* ions can capture
the photo-generated electrons or react with the H,O, to form the
Fe?* ions, which will transfer from Fe,O5 to the GAs, owing to
the excellent conductivity of graphene. The Fe?* will continue
react with H,0, to form the OH+ and Fe®*" on the surface of
graphene. The re-generated Fe®' ions are rapidly reduced to
Fe?" by the electrons accumulated on the surface of graphene.
The efficiency of Fe®*'/Fe?* cycle reaction occurred on the
graphene is much higher than the efficiency of reaction
occurred in the aqueous solution, owing to the high
concentration of electrons on the graphene. The high Fe*/Fe?*
conversion efficiency induces a high concentration of Fe?" on
the graphene surface but a low concentration in the aqueous
solution (Fig. 6d), further lading to a enhancing generation of
OHe. Furthermore, the rapid conversion between Fe®*" and Fe?*
will significantly reduce the formation of Fe(OH)s;, thus, to
inhibit the inactivation of catalyst. On the other side, the
reduced Fe,O3/GAs has a certain of hydrophobicity, which also
prevents the generation of Fe(OH);. Compared with the pure
Fe,O; based Fenton reaction, the excellent Fe**/Fe?* conversion
and hydrophobic GAs make the activity and stability of
Fe,O3/GAs free of the shackles of pH values. Even at a high pH
value, the Fe,03/GAs also keeps a high activity and excellent
stability (Fig. 6b-6c).

It was worth mentioned that, the Photo-Fenton cycle
experiment procedure is very simple (Fig. 7). Put a single
Fe,O;/GAs in the MO solution, and then irradiation under the
300 W xenon lamp (with an AM 1.5 filter) under a stirring.
After a certain time of irradiation, close the light and recycle
the Fe,O3/GAs by the tweezers. Put the Fe,O3;/GAs under the
solar light irradiation for another 5 minutes to evaporate the

J. Name., 2012, 00, 1-3 | 5
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small amount of water and degrade the residual MO molecules
on the surface of Fe,03/GAs. After that, the Fe,03/GAs is used
for the next cycle experiment.
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Fig. 6 (a) Cycle test for the solar-driven degradation of methyl-orange (75 mL
MO, 10 mg/L) under different reaction systems (1.2 mL H,O, (30 wt%), the
initial pH was 3.5). (b) Solar-driven degradation of MO on Fe,O3/GAs (1.2 mL
H,0, (30 wt%), the initial pH was adjusted from 3.5 to 9.0 by the adding of 0.1 M
HCI). (c) Cycle test for the solar-driven degradation of MO on different catalysts
with the initial pH of 7.0. (d) Absorption spectra of the MO filter liquor photo-
degraded by the Fe,O; powders and Fe,O3/GAs in the presence of 1, 10-
phenanthroline monohydrate (the initial pH was 3.5). (e) Photo-Fenton reaction
model of Fe;O3/GAs in the system containing dye pollutants and H,0..

In order to further demonstrate the Fe®*/Fe®* cycle is
occurring on the GAs surface rather than in the aqueous
solution, the color changing of the aqueous solution after
adding of 1, 10-phenanthroline monohydrate (Phen) is recorded
in Fig. S9. The Fe* ions can react with the Phen to generate the
produce with an orange color and a strong visible absorption
signal (Fig. 6d and Fig. S9 in the ESI).>® After adding with
Phen, the reaction solution of the Fe,O; powders gives a
noticeable orange color, but the reaction solution of the
Fe,03/GAs is colorless, indicating the absence of Fe?* ions in
the aqueous solution (Fig. S9a, in the ESI). Instead of that, we
cut out a small piece of Fe,03/GAs and then smashed it to be
the powders, which were dispersed in the reaction liquid to
obtain a suspension. After adding the Phen in the suspension,
its color changes to orange (Fig. S9b, in the ESI), which
indicates the Fe?* jons are mainly located on the GAs surface.
Hence, we can conclude that the Fe®*/Fe?* cycle is indeed
occurring on the surface of graphene rather than in the agueous
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solution, which is the reason why the Fe,03z/GAs has an
excellent and ultrastable Fenton photocatalytic activity in a
wide pH range.

Recycle

Fig. 7 Photographs of the cycle test of Fe,O3/GAs for the solar-driven Photo-
Fenton reaction.

In addition to excellent Photo-Fenton reaction activity, the
Fe,O3/GAs also has an outstanding ECs performance. Cyclic
voltammetry (CV) is an ideal tool to indicate the capacitive
behavior of materials. Notably, the separation between levelled
anodic and cathodic currents of Fe,O3/GR at the same scan
rates is much smaller than the Fe,O3/GAs (CV spectra in Fig.
8a-8b), indicating the advanced capacitance of 3D structured
Fe,O3/GAs. Compared with Fe,O3/GR, the shape of CV curves
of Fe,O3/GAs is much closer to the rectangle, indicating
Fe,O3/GAs is a better ECs material. From the galvanostatic (GS)
charge/discharge curves of Fe,Os/graphene hybrids at different
current densities (Fig. S10 in the ESI), we can calculate that the
Fe,O3/GAs composites present a specific capacitance as high as
151.2 F g tevenat a high discharge current density of 10 A g1,
which is much better than Fe,O3/GR (93.6 F g Y). The higher
specific capacitance of Fe,0z/GAs can be attributed to
synergetic effect of higher conductivity of GAs and hierarchical
porous structure of Fe,03/GAs. The electrochemical impedance
spectroscopy (EIS) for Fe,Os/GAs is shown in Fig. 8c.
According to analysis of Nyquist plots, the Fe,03/GAs shows a
lower charge-transfer resistance and an excellent conductivity,
which are convenient to the ion and charge transfer in the
electrode materials. The cycling performance of the
Fe,Os/graphene composites were compared by continuous GS
experiments for 1000 cycles at 10 A g™, as shown in Fig. 8d.
Though the Fe,03/GR and Fe,03/GAs are all show high cycling
stability even after 1000 cycles, but the specific capacitance
retention of Fe,0s/GAs is apparently higher than Fe,O3/GR.
The large surface area and 3D hierarchical porous structure
have been considered to be favorable for access of electrolyte
solutions.*® Additionally, the unique and highly dispersed
Fe,O3 nanocrystals on 3D-GAs provide a narrow distribution in
the mesopore range (10~13 nm), which enables electrolyte to
access to the electrochemical sites and gives a short diffusion
path length for adsorbing ions and accelerating electron transfer.
All of above mentioned advantages of Fe,O3;/GAs determines
its long-term electrochemical stability and the outstanding rate
capability.

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 CV curves of (a) Fe;03/GR and (b) Fe,O3/GAs at different scan rates. (c)
EIS of Fe,O3/GAs (inset is enlarged EIS at low frequency region). (d) Cycling
performance of Fe,O3/GR and Fe,O3/GAs at a current density of 10 A g'l.

4. Conclusions

In conclusion, we developed the ultralight and highly
compressible Fe,03;/GAs via the Stéber-like pretreatment
followed by hydrothermal method. The 3D monolithic
Fe,03/GAs exhibits the outstanding performance in Photo-
Fenton reaction and ultrastable capacity in ECs application. The
outstanding Photo-Fenton activity can be attributed to the
excellent conversion efficiency of Fe*/Fe?* and super-
toughness property. Besides, the ultrastable electrochemical
capacity can be ascribed to highly dispersion Fe,Os, excellent
conductivity and 3D hierarchical porous structure. It is believed
that our present synthetic route can be further extended to
prepare other metal oxides/3D-graphene hybrids as excellent

photocatalytic materials, energy storage and conversion devices.
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Electrochemical Capacitor Photo-Fenton

The highly compressible Fe,O3;/GAs synthesized via the Stober-like method
exhibits the outstanding performance in Photo-Fenton reaction and electrochemical

capacitors.



