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A novel nanocomposite consisted of a-Fe,03, Mn;0, and reduced graphene oxide (r-GO) has been

facilely synthesized through a two-step method: solvothermal reaction for Mn;0,-modified a-Fe,Os (a-
Fe,05/Mn;0,) and self-assembly process for combining a-Fe,0;/Mn;0, with r-GO (0-Fe,03/Mn;0,/r-
GO). The morphology and structure of the nanocomposite were characterized by X-ray diffraction

(XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy
(HRTEM) and X-ray photoelectron spectroscopy (XPS). The results demonstrated that the rod-like
hematite was modified by Mn;O, and dispersed on the surface of r-GO. Raman and Fourier transform
infrared spectra (FTIR) showed superior interfacial contacts between a-Fe,03;/Mn;0,4 and r-GO.
Ultraviolet-visible diffuse reflectance spectroscopy (DRS) and photoelectrochemical characterizations
revealed a high light-harvesting efficiency, a lowered overpotential for water oxidation and an excellent

charge transfer performance of a-Fe,03/Mn;0,/r-GO nanocomposite with heterostructures. The

photocatalytic oxygen evolution from the optimized photocatalyst was up to 1406.2 pmol g™ in 10 h UV-

vis light irradiation and the quantum yield was ca. 4.35 % at 365 nm. Our investigation suggests that

constructing a catalyst with heterostructures is a promising method to enhance photocatalytic activity.

1. Introduction

Semiconductor-based photocatalysts have attracted great
attention owing to their potential applications in the field of
converting solar energy to chemical fuel! Over the past several
decades, the researches on semiconductor-based photocatalytic
hydrogen generation through water splitting have achieved a
significant progress.>* Because all attractive technologies for
solar-powered hydrogen production involve multi-electron
oxidation of water, which is more difficult due to thermodynamic
and kinetic limitations, thus, more attentions should be focused
on the water oxidation reaction.>’ The interest in this process
carried by semiconductor-based photocatalysts has
increased,*2 but the photo-activities of the catalysts are still
weak. One of important factors affecting the photocatalytic
activities is the high overpotential of the catalysts.'>
Introducing co-catalysts such as noble metals (e.g. Pt and Pd) or
noble metal oxides (e.g. RuO, and IrO,) onto the surface of the
semiconductor-based catalysts is an efficient strategy to
overcome the drawback.'>2

Hematite (0-Fe,O3) as an environment friendly material can
be obtained easily and is stable enough in neutral or alkaline

solutions.2*2* In addition, hematite is a solar-active n-type
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semiconductor with a narrow band gap (ca. 2.1-2.2 ¢V),2 % and

has been used as catalysts for various photocatalytic or
photoelectrocatalytic reactions.?”! However, the promise of
hematite as a photo- or photoelectro- catalyst for water oxidation
is still debated in latest decades for its some intrinsic defects,
including relatively large overpotential, poor majority carrier
conductivity and short diffusion length of minority carrier (Lp =
2-4 nm).*>3* Various methods have been devoted to overcome
these issues. Feng’s group reported a novel hematite-based
nanocomposite for photoelectrochemical water splitting under
visible light irradiation.® The nanocomposite demonstrated
enhanced catalytic activity because the overpotential of hematite
was reduced by the surface modification.®® Hisatomi and co-
workers also reported that ultrathin hematite photoanode
demonstrated enhanced photocatalytic activity for water splitting
to produce oxygen since the mobility of the photoexcited carriers
in the ultrathin hematite photoanode increased.¥ However, new
and efficient photocatalysts with low overpotential and increasing
charge-transfer ability are still needed in order to meet
requirement of solar energy conversion.

In recent years, hausmannite (Mn3O,) as one of mixed
valence manganese oxides has been employed as a co-catalyst to
build novel semiconductor composites for photocatalysis. These
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composite photocatalysts exhibited higher performance since
Mn;0, nanoparticles in the composites acted as O, evolution
promoters.®® As is well known, graphene as a new block to
construct light-harvesting assemblies has stimulated great
research interest in the solar-energy conversion field due to its
high charge carrier mobility, outstanding optical property, huge
specific surface area and great mechanical strength.®* Many
new photoelectrocatalytic or photocatalytic materials using
graphene as an important component have been designed and
synthesized. 2%

In this paper, we report a facile method to synthesize a novel
nanocomposite composed of o-Fe,O;, Mn;O, and reduced
graphene oxide (r-GO) for photocatalytic water oxidation to
producing oxygen. The typical p-type semiconductor Mn;O4 in
the nanocomposite forms a heterojunction with o-Fe,0;
enhancing the charge transfer. In addition, Mn;0, also acts as a
noble-metal free co-catalyst reducing oxygen
overpotential of hematite. Reduced graphene oxide in the
nanocomposite serves not only as a superior supporting matrix
for anchoring the semiconductor nanoparticles but also as an
excellent electron mediator to adjust electron transfer. The
nanocomposite exhibited remarkable enhanced photocatalytic
activity toward water oxidation compare with bare hematite or o-
Fe,03/Mn;04 under UV-vis light irradiation. The quantum
efficiency of the optimized photocatalyst was up to 4.35 % at 365
nm. The photocatalysts also displayed excellent stability during
the photoreaction. Our investigation proposes that constructing a
catalyst with heterostructures is an efficient method to enhance
photocatalytic activity.

evolution

2. Experimental
2.1. Sample synthesis

Graphene oxide (GO) was prepared with a modified Hummers
method from graphite powders,** and reduced graphene oxide (-
GO) was prepared according to the method reported by Zhou and
co-workers.® In detail, 50 mL of 2 mg mL"' GO ethanol
suspension with brown color was transferred to a 65 mL Teflon-
lined autoclave, heated at 180 °C for 6 h in an oven, and cooled to
room temperature. The black solid sample was collected by
filtered, washed with deionized water three times, and dried at 80
°C in vacuum overnight. Lastly, 10 mg of the obtained solid was
dispersed into 100 mL of deionized water and bath-sonicated for
120 min, resulting stable r-GO colloidal suspension (0.1 mg mL"
1

).

The nanorods of o-Fe,O; were synthesized based on the
reported hydrothermal method.*® In a typical procedure, 2.0 mL
of FeCl; solution (0.5 M) and 1.8 mL of NaH,PO, solution (0.02
M) were mixed with 46 mL distilled water under vigorous
stirring. The mixture was transferred into a 65 mL Teflon-lined
stainless-steel autoclave and was heated in an oven at 220 °C for
2 h. The red solid was obtained by centrifugation, washed with
distilled water and ethanol, and dried at 80 °C in vacuum
overnight. Finally, the sample was calcined at 400 °C for 3 h in
air for better crystallization.

The Mn;04 modified o-Fe,O; hybrid was prepared by a
surfactant-free solvothermal strategy.*”*® Typically, 30 mg of a-
Fe,0; powders and 0.68 mL of Mn(Ac), alcohol solution (5.8 X
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10 M) were mixed with 50 mL of ethanol, and stirred vigorously
for 10 min. Then, the suspension was transferred into a 65 mL
Teflon-lined stainless autoclave and heated at 120 °C for 24 h.
The solid sample was collected by centrifugation, washed with
ethanol for several times, and dried at 50 °C for 2 h in a vacuum
oven. Changing the ratio of the starting materials, the hybrids in
different composition can be prepared. The as-prepared sample is
designated as a-Fe,03;/Mn;0,4-x, where x stands for the weight
percent of Mn;O, to a-Fe,O; in the hybrid.

The nanocomposite composed of a-Fe,O3;, Mn;0,4 and r-GO
was prepared by a self-assembly process.> ** % In a typical
experiment, 10 mg of o-Fe,03/Mn;04-1 and 3 mL of r-GO
colloidal (0.1 mg mL™") were added into 47 mL of deionized
water under magnetic stirring. The pH value of the system was
adjusted to 3 by adding diluted hydrochloric acid solution. The
stirring was kept for 12 h at room temperature. The solid was
collected by centrifugation, washed with deionized water for
several times, and dried at 50 °C overnight in a vacuum oven.
The sample is designated as a-Fe,03/Mn;O4-x/r-GO-y, where y
stands for the weight percent of r-GO to o-Fe,O; in the
nanocomposite.

2.2. Characterization

The X-ray diffraction measurements were carried out on a Philips
diffractometer equipped with Ni-filtered Cu Ka radiation to
obtain the structure and crystalline phase composition of samples.
The spectra were collected in reflection geometry at 20-values
ranging from 20 to 70°. Scanning electron microscopy (SEM)
measurements were performed on SEM Hitachi S-4800. High-
resolution transmission electron microscope (HRTEM) images
were obtained using a TECNAI-G20 electron microscope
operating at an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) measurements were taken by
an AXIS Ultra DLD system (Kratos Analytical Inc.) using
monochromatic Al Ko radiation. Binding energies were
calculated with respect to C (1s) at 284.6 eV. The ultraviolet-
visible diffuse reflectance spectrometry was recorded with a
Hitachi UV-3010 spectrophotometer using BaSO, as a reference.
Fourier transform infrared (FTIR) spectra were obtained with a
Thermo  Scientific  Nicolet 6700 instrument. Raman
measurements were performed on a Jobin Yvon HR-800
spectrometer (A = 633 nm).

2.3. Photoelectrochemical measurements

The measurements of photoelectrical response were carried out
on a CHI660D potentiostat/galvanostat electrochemical analyser
in a three-electrode system, which consisting of an indium tin
oxide (ITO) conductive glass covered with a sample as the
working electrode, a platinum wire as counter electrode and a
saturated calomel electrode (SCE) as reference electrode. The
electrodes were immersed in a Na,SO,4 aqueous solution (0.2 M,
pH ~ 6). The working electrode was irradiated by UV-visible
light from a GY-10 xenon lamp (150 W) during the
measurement. For converting the obtained potential (vs. SCE) to
reversible hydrogen electrode (RHE), the following Nernst
equation was used:

Erug = Escg +0.059pH + E'scp

where Eryp is the converted potential vs. RHE, Egcg is the
experiment value of potential vs. SCE, and E'scp = 0.2415 V at
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The electrochemical impedance spectroscopy (EIS) displayed
as Nyquist plot was carried out in the frequency range of 10~ to
10° Hz with alternating current (AC) voltage amplitude of 5 mV
at direct current (DC) bias of 0.5 V vs. SCE. The Mott-Schottky
(M-S) plots were measured with a frequency of 1000 Hz under
UV-visible light irradiation. The DC potential was kept in the
range from -0.2 to 1.0 V vs. SCE for hematite and from 0.5 to 1.1
V vs. SCE for Mn;04. The Mott-Schottky equation was used to
calculate the flat-band potential (Ep,) of the semiconductors:
1/C* = 2/eceyNy x (E - Ey, - kTle)
where C is the capacitance of the electrode, e is the elementary
charge, ¢ is the dielectric constant of the electrode material, &, is
permittivity of vacuum, E is the applied potential, £ is the
Boltzmann constant and 7 is the temperature. Ey, is derived by the
intercept of the potential axis, which obtained by extrapolating
the linear region of the plot.*2

The optical band gap of semiconductors was determined by
the following Tauc equation:
ahv=A(hv - E)"
where hv is the photon energy, E, is the optical band gap energy,
a is measured absorption coefficient, 4 and n are constant. For
the direct and indirect band gap, the value of n is 0.5 and 2,
respectively. E, is estimated by the intercept of the photon energy
axis, which obtained by extrapolating the linear region of the
plot3

2.4. Photocatalytic oxygen evolution reaction

The photocatalytic reaction was carried out in a 50 mL quartz
flask equipped with a flat optical entry window. Typically, 5 mg
of the photocatalyst and 5.4 mL of KIO; aqueous solution (9.3 X
10° M) were added into 45 mL of deionized water. The system
was deaerated by bubbling argon (Ar) into the solution for 1 h.
The system was irradiated with a GY-10 xenon lamp (150 W, I =
3550 puw cm™ at 365 nm; Iy = 14500 pw cm™ at 420 nm) at 298
K. The distance between the flat optical window of the flask and
the lamp was 10 cm. The evolved oxygen was detected by an
online gas chromatograph (GC1690) armed with a thermal
conductivity detector (TCD) and a couple of 5 A molecular sieve
columns using Ar as carrier gas. The GC signal was calibrated by
standard O,/Ar gas mixtures of known concentrations.

3. Results and discussion
3.1. Morphology and structure of the samples

The phase purity and crystal structure of the samples were
investigated by X-ray diffraction (Fig. 1). The characteristic
peaks at 23.5°, 32.0°, 34.4° and 61.5° (Fig. 1, curve a) are
corresponding to the (012), (104), (110) and (300) crystalline
planes of hematite, respectively, demonstrating that hematite has
been obtained through hydrothermal process.®® 3* After
calcination at 400 °C for 3 h, the diffraction intensity at 34.4° and
61.5° reinforced, indicating better crystallinity of hematite (Fig.
1, curve b).2 For 0-Fe,05/Mn;0,-1 hybrid and a-Fe,05/Mn;0,-
1/r-GO-3 nanocomposite, characteristic peaks of Mn;O, and r-
GO are not observed in the patterns (Fig. 1, curve ¢ and d), which
may be attributed to the low content and high dispersion of
Mn;0, and r-GO in the samples.? The FTIR spectra of r-GO and
a-Fe;03/Mn30,4-1/r-GO-3 nanocomposite are shown in Fig. SI.

)
P

For the r-GO sample (Fig. S1, curve a), the band at 1382 cm™ is
corresponding to the typical vibration peak of graphene.®® The
other band centred at 1400 cm™ is contributed to antisymmetry
stretching of the C-O bond from COOH groups in 1-GO.* > The
relative weak intensity of the peak indicates that the GO has been
reduced in the hydrothermal process.é For the a-Fe,O3/Mn;0,-
1/r-GO-3 sample (Fig. S1, curve b), both of the typical peaks of 1-
GO can be observed demonstrating the presence of r-GO in the
nanocomposite.2

Intensity (a.u.)

20 30 60 70

40 50
2 0 (Degree)

Fig. 1 XRD patterns of (a) a-Fe,03, (b) a-Fe,Os calcined under 400 °C, (c)
0-Fe;03/Mn;04-1 and (d) a-Fe,03/Mn;04-1/r-GO-3.

The Raman spectra of r-GO and a-Fe,03/Mn;0,4-1/r-GO-3 are
shown in Fig. S2. The strong peak centred at 1333 cm’
representing the defected-induced vibration of C-C band is the
typical D band of r-GO; and the weak peak centred at 1598 cm’
relating to the vibration of sp* C-C band is corresponding to the G
band (Fig. S1, curve a).® The largish value of relative intensity
ratio of D to G band (Ip/Ig) displays that the size of graphene
sheet is comparatively small.®® For the sample of a-Fe,03/Mn;04-
1/r-GO-3 (Fig. S1, curve b), the G band position of r-GO
negative-shift ca. 2 cm™ provides reliable evidence of the
superior interactions between a-Fe,03/Mn;0,4 hybrid and r-GO in

the nanocomposite.> >

-1 hybrid and (B) SEM
image of a-Fe,03/Mn3;04-1/r-GO-3 nanocomposites.

The as-prepared hematite demonstrates a rod-like shape with
a diameter of ca. 100 nm and a length of ca. 400 nm (Fig. S3A)
and the calcination at 400 °C does not change the morphology of
hematite obviously (Fig. S3B). Two entirely different types of

This journal is © The Royal Society of Chemistry [year]
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lattice spacing, 0.251 nm for (110) plane of hematite and 0.420
nm for (220) plane of Mn;0,,% ¢ are surveyed in the HRTEM
image of a-Fe,O3/Mn304-1, indicating that a-Fe,O; has been
decorated with nanoscale Mn3;0, (Fig. 2A). The SEM image of a-
Fe,0;/Mn;0,/r-GO  nanocomposite  demonstrates  that
Fe,03/Mn;0, rods are well scattered on the wrinkles surface of r-
GO sheets (Fig. 2B).

The XPS analysis is used to reveal the surface chemical
composition and electronic state of the nanocomposite (Fig. 3).
For hematite sample, two peaks located at 710.9 eV and 724.2 eV
with a spin-energy separation of 13.3 eV (Fig. 3A, curve a),
corresponding to Fe®* 2p;, and 2p,, of hematite as reported
earlier. >~ For the sintered a-Fe,0s, the XPS peak positions of
Fe*" 2ps, and 2py, slightly positive shifted, suggesting that
FeOOH existed in the sample transformed to hematite after
calcination (Fig. 3A, curve b).2 The similar shift of the position
of the binding energy has also been observed for the other
semiconductor systems, e.g. ZnO, after annealed under different
temperatures.®2 Thus, all o-Fe,0; used for preparing the
nanocomposite is always calcined at 400 °C for 3 h. For o-
Fe,03/Mn;304-1 hybrid, the binding energy of Fe 2p peaks
increased about 0.26 eV compared with that of hematite (Fig. 3A,
curve c), indicating the chemical interaction across the interface
of hematite and Mn;0,.% The similar chemical shift also took
place when TiO, was modified by WO;.%

o-

Mn 2p 3/2

LA Fe2p3n2 Fe2p 1/2

Intensity (a.u.)
Intensity (a.u.)

640 645 650 655
Binding Energy (eV)

720 ‘ 7,%0 63IS
Binding Energy (eV)

Fig. 3 High resolution XPS spectra of (A) Fe 2p from (a) a-Fe,0s, (b) o-

Fe,O; calcined under 400 °C and (c) a-Fe,O3/Mn3;04-1 samples; (B) Mn

2p from a-Fe,03/Mn;0;4-1 hybrid.

710 740

The high resolution XPS spectra of Mn 2p in o-
Fe,03/Mn;0,-1 hybrid are shown in Fig. 3B. The peaks at about
641.6 and 642.7 eV reveal that Mn®>" and Mn*" exist in the
sample.G—6 Furthermore, the area ratio of two peaks is ca. 2:1,
which is in good agreement with the theoretical value of Mn;O,.
The weak peak situated at about 645.8 eV is belonged to the
shakeup satellite peak of Mn*" 2p,.52 %8 The result provides new
evidence that Mn;O4 has been decorated on the surface of
hematite.

3.2. Light absorption and photoinduced charge transfer of the
photocatalysts

Ultraviolet-visible diffuse reflectance spectroscopies of the
samples are shown in Fig. 4A. Hematite demonstrates a robust
absorption in UV-vis range from ca. 200 nm to 600 nm. The little
bump at 558 nm is attributed to the weak indirect electron
transition between Fe** d-d orbitals with different energy levels, 22
which are splitted by an intrinsic crystal field.® Moreover, a
characteristic absorption peak appears at ca. 422 nm, which may
be ascribed to the stronger direct charge transition from an O 2p

50
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orbital to Fe 3d orbital 2 For a-Fe,03/Mn;O,-1 sample, a
significant migration of the absorption edge to low energy region
can be observed. The reduction of the band gap of the hybrid may
attribute to forming a new energy level in the band structure of a-
Fe,0; since chemical bonds between hematite and Mn;O, may
have created. The analogous phenomenon has been observed in
ZnS/Mn;0, system.Z2 For a-Fe,03/Mn;0,4-1/r-GO-3 sample, the
enhanced absorption in whole region is due to the background
absorption of -GO, as reported previously.2 Thus, the absorption
ability of the photocatalysts with heterostructures has been
greatly improved.

A 2
S5 -B—a-Fe203
" 3 |—aFe,0Mn0,1
=
: z o-Fe 0 /Mn O -1/r-GO-3
£ Z1.0r g on off
-E D
2| —a-Fe,0, A
2 h =
E|—o-Fe,0,/Mn 01 £0.5
=
—a-Fe,0/Mn 0 1/r-GO-3 g
3
e sy
300 400 500 600 700 800 200 300 400 500 600
‘Wavelength (nm) Time (s)
32 140F
~ErC D_,re0
'z —a—FeZOJ 120} 273
o —a—a-Fe O /Mn O -1
224t—a-Fe,0/Mn 01 100 ,0/Mn,0,
E | _aFe0/Mn 0 11-GO3 g e 0 Mn 0, 1-GO3 —
%‘1.6 3
[ "
z o
=08 F .
@
:
0.0

0.0 03 06 09 12 15 - . ; v :
Potential vs. SCE (V) 0 5 g 2B

Fig. 4 (A) UV-visible diffuse reflectance spectra of the samples; (B)
Photocurrent responses of the samples recorded at 0.5 V vs. SCE; (C)
Linear sweep voltammetry plots of the samples scanning from 0 to 1.5 V
vs. SCE; (D) Nyquist plots of electrochemical impedance spectra (EIS)
for the samples. UV-visible light from a 150 W xenon lamp was used to
irradiate electrodes which impregnated in 80 mL Na,SO, aqueous
solution (0.2 M, pH ~ 6).

Photocurrent test was performed to understand the electron
transfer in the as-prepared samples (Fig. 4B). The weak
photocurrent density (ca. 0.26 pA cm™) of a-Fe,04/ITO electrode
owes to the poor conductivity of hematite. The photocurrent
density is up to 0.41 pA cem? when a-Fe,03/Mn;04-1/ITO s
served as the work electrode. However, the photocurrent density
of the a-Fe,03/Mn;0,4-1/r-GO-3/ITO electrode reached to 1.00
pA cm? The great enhancement of the photocurrent for this
electrode compared with other ones owes to the nice light
absorption, the efficient electron transfer and charge separation of
the 0-Fe,03/Mn;0,/r-GO nanocomposite 2t

The linear sweep voltammetry plots of samples under UV-vis
light irradiation are shown in Fig. 4C. For the electrode of o-
Fe,O3/ITO, the onset potential is about 0.876 V vs. SCE,
revealing the largish overpotential of hematite for oxygen
evolution. For the electrode of 0-Fe,O3/Mn;0,-1/ITO, the
photocurrent rises steeply at about 0.468 V vs. SCE, negative
shift about 408 mV compared with the onset potential of
hematite, proving that the electrons in the electrode increased and
the recombination rate of electron-hole pairs at the near flat band
potential was reduced.®! The similar phenomenon has also
observed from Al,O; modified hematite.2 For the electrode of a-
Fe,03/Mn;304-1/r-GO-3/ITO, the onset potential is almost the
same as that of 0-Fe,03/Mn;04-1/ITO but with higher

4 | Journal Name, [year], [vol], 00—00
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photocurrent, indicating more electrons are transferred to ITO
through r-GO instead of recombination with holes on the surface
of 0-Fe,03/Mn;0,4-1 hybrid. Here r-GO acts as an electron
acceptor and transporter because of its low energy level and the
excellent electronic mobility. ™%

Electrochemical impedance spectra (EIS) of the as-prepared
photocatalysts presented as Nyquist plots are shown in Fig. 4D.
The radius of Nyquist curves changes in the order of a-Fe,03 > o-
Fe,03/Mn;04-1 > a-Fe,03/Mn304-1/r-GO-3, providing an order
10 of the decrease of the resistance and the improvement of charge

transfer at the interface of the electrode/electrolyte.”> The similar
phenomenon has also been observed from RuO, modified TiSi,
electrode.? The small radius of Nyquist curve of a-Fe,O3/Mn;O04-
1/r-GO-3 electrode implies the facile charge transfer with the help
15 of r-GO and efficient hindrance of the charge recombination in
the nanocomposite since the heterojunctions have been built.”®

o

A 120tB
120k E,=0T1V

E =011V

3
=3

1/C7 (10° F* mY)
S

1/C* (10 F? em’)

0.0 .. 04 0.8 0.6 0.8
Potential (V vs. SCE) Potential (V vs. SCE)

80 C E=241¢V, D

p / 30l E=2.86eV/
j%‘so F N%
% N%W /
3 3 5 6 9 5’/ 3 s 3
hv (eV) hv (eV)

Fig. 5 Mott-Schottky plots of (A) a-Fe,O3 and (B) Mn;0, were
carried out in Na,SOy solution (0.2 M, pH ~ 6). Tauc plots of (C)
20 0-Fe,05 and (D) Mn; Oy for direct band gap.

In order to determine the relative band positions of main
components in the nanocomposite, we measured flat band
potentials and optical band gaps of o-Fe,O; and Mn;0,,

2s respectively, and the results are demonstrated in Fig. 5. The
positive slope of the Mott-Schottky (M-S) curve in Fig. 5A
suggests that hematite is a typical n-type semiconductor.”” The
observed flat band potential of hematite at the measured
conditions is 0.11 V vs. SCE (0.71 V vs. RHE). For the sample of
30 Mn;Oy, the negative slope of M-S plot implies that Mn;O, is a
typical p-type semiconductor. As shown in Fig. 5B, the flat band
potential of Mn;O,4 is 0.71 V vs. SCE (1.31 V vs. RHE). The
extrapolation of the Tauc plot on x intercepts gives the optical
band gaps of 2.41 eV and 2.86 eV for a-Fe,O; and Mn;0, (Fig.
35 5C and D), respectively, which are close to the data reported by
the literatures?> 2 Since the flat band potential of
semiconductors may be considered approximately as valence
band edge for p-type semiconductor and conduction band edge
for n-type semiconductor,” the position of the conduction band
40 edge for Mn;0,4 and valence band edge for a-Fe,O; is about -1.55
V vs. RHE and 3.12 V vs. RHE, respectively. Based on these
data, the typical p-n heterojunction between a-Fe,O; and Mn;O4
has been built and the potential diagram of the heterojunction

may be constructed as shown in Scheme 1. Under light

45 irradiation, excited electrons are generated in both of the
components of the hybrid electrode. Since the conduction band
and valence band of a-Fe,O; are more negative than the
corresponding bands of Mn3;0,, the photoinduced electrons in
Mn;0, move to the a-Fe,0; side due to the potential difference,

so and then together with photoexcited electrons in a-Fe,O; transfer
to ITO. Such an ordered electrons flow promotes the separation
of electron-hole pairs and enhances
efficiency.

the photoconversion

3.3. Photocatalytic oxygen evolution
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Fig. 6 The amount of O, evolved by (A) hematite modified with different
amount of Mn3;04 and (B) a-Fe,03/Mn;0;4-1 heterojunction modified with
different amount of r-GO in 10 h UV-visible light irradiation, the inset of
(B) is the curves of 0-Fe;O3;/Mn3;04-1/r-GO-3 under UV-visible and

60 visible light irradiation, respectively; (C) The cycling experiments of
oxygen evolution by a-Fe,03/Mn;04-1/r-GO-3 under UV-visible light
irradiation. Reaction conditions: ¢ . = 0.1 mg mL'l, ¢ xios=1.0x 107 M,
V=50mL, T=298 K.

os The blank experiment was carried out with 1.0 x 10° M KIO;
aqueous solution irradiated by a 150 W GY-10 xenon lamp and
only trace of oxygen could be detected. The photocatalytic results
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of a-Fe,O; and o-Fe,O3/Mn;O4 under 10 h UV-vis light
irradiation are shown in Figure 6A. For hematite-catalysts
calcined at different temperatures, the photocatalytic results
demonstrate that the optimized calcination temperature is 400 °C.
The total amount of oxygen produced from a-Fe,O; annealed at
400 °C is 781.8 umol g''. Modification of hematite with Mn;0,
nanoparticles demonstrates positive effect on the enhancement of
the photocatalytic activity. The amount of O, evolved from
optimized a-Fe,03/Mn;0,4-1 hybrid catalyst is 1089.5 pumol g,
which is about 1.4 times as high as that of a-Fe,O;. The
enhancement of photocatalytic activity of the hybrid catalyst is
attributed to that efficient photoexcited electron transfer between
two components hinders the charger recombination and also
Mn;0, performs as a site of water oxidation reduced the
overpotential of the reaction.*® The photocatalytic results are in
agreement with the outcomes of liner sweep voltammetry
measurements. However, higher loading of Mn;0,4 nanoparticles
decreases photocatalytic activity since excess Mn;O, might
become the recombination centre of photogenerated charges 2

The excellent charge transmission ability of r-GO makes it
useful as an electron mediator in photocatalytic system.2
Cooperation r-GO with a-Fe,03/Mn3;04-1 hybrid leads to great
enhancement of the photocatalytic activity and the results are
shown in Fig. 6B. Under UV-vis light irradiation for 10 h, o-
Fe,03/Mn;0,-1/r-GO-3, with ca. a 2-fold enhancement of the
photocatalytic activity (1406.2 pmol g') compared with that of o-
Fe,O; and an apparent quantum yield of ~4.35 % at 365 nm,
shows to be a high efficient catalyst for the photocatalytic oxygen
evolution. The catalyst also demonstrates visible-light (A > 400
nm) active for oxygen evolution from water. The amount of
evolved oxygen was about 817.2 pmol g™ after 10 h visible-light
irradiation (Inset of Fig. 6B). However, overloading of r-GO
leads to the decrease of the photocatalytic activity because of
partial coverage of active sites by the overdose of r-GO.%

The stability of 0-Fe,03/Mn;04-1/r-GO-3 was evaluated by
performing the recycle experiments and the results are shown in
Fig. 6C. About 1404.4 pmol g™ of oxygen evolved in the first run
under 10 h UV-vis light irradiation. The amount of evolved
oxygen decreased slightly in the second cycle (1233.0 pmol g™).
This phenomenon has also been observed by other research
group.® The activity of the catalyst did not change much in the
third cycle (1243.5 pmol g'). The amount of oxygen produced
from 0-Fe,03/Mn;04-1/r-GO-3 reduced again (1178.0 pmol g™
in the fourth round. However, after 5.4 mL of KIO; solution (9.3
x 107 M) was added into the system, the amount of oxygen
evolved from the catalyst was 1477.3 pumol g' in the fifth
circulation. The total amount of O, produced from a-
Fe,03/Mn;0,4-1/r-GO-3 is about 6426.6 pmol g’ in the recycle
experiments, and the average production rate of oxygen is about
128.3 pmol g h".

From the results of above, the proposed mechanism of
photocatalytic oxidation by a-Fe,O3/Mn;04/r-GO
nanocomposites are shown in Scheme 1. Under UV-vis light
irradiation,  a-Fe,03/Mn304  hybrid excited. The
photogenerated electrons in the conduction band of o-Fe,O;
transferred to r-GO to reduce 105 into I The electrons in
conduction band of Mn;0, transferred to conduction band of -
Fe,05 due to the potential difference between them. The holes in

water

was

Mn;0, immigrated to the surface and reacted with water to

6 produce oxygen.

©
S
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S
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S

S

Scheme 1 Proposed mechanism of oxygen evolution from o-
Fe,03/Mn;3;04-1/rGO-3 photocatalyst.

4. Conclusion

A novel nanocomposite consisted of a-Fe,O3;, Mn;0, and r-GO
as a photocatalyst has been successively fabricated through
solvothermal and self-assembly process. The o-Fe,03/Mn;0,
hybrid prepared by modifying a-Fe,0; with Mn;0, nanoparticles
was proved well anchored on the two-dimensional r-GO sheets of
the nanocomposite, resulting in the superior interfacial contacts
between the hybrid and r-GO. The nanocomposite demonstrated
high light-harvesting and photoconversion ability. The
photocatalyst with the optimal composition showed much higher
photocatalytic performance for O, evolution under UV-vis or
visible light irradiation. Such an enhanced photocatalytic activity
could be attributed to the formation of heterostructures in the o-
Fe,03/Mn;04/1-GO nanocomposite, which enhances
photoinduced charge transfer and separation. Moreover, Mn;0,
in the nanocomposite can also act as the sites of water oxidation,
reducing the overpotential of the reaction. This study displays an
efficient method to construct a photocatalyst with
heterostructures for enhancing photocatalytic activity.
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