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A facile strategy was developed to fabricate net-like hematite semiconductor.*The band gap value of GO depends on its
nanoparticle/graphene oxide (GO) composite (NHG), in s oxidization degree, and thus it has been tested as a photocatalyst
which oxidization degree of GO could be controlled by simply for water splitting.'* Significantly, the tunable band gap value of
changing annealing time. NHG with GO of appropriate GO further extend its photocatalytic applications. For example,
oxidization degree and content exhibited much higher when incorporated with wide-band gap TiO,, GO can serve as a

photocatalytic activities than those of a-Fe,O; nanorods and sensitizer, whereas when incorporate?s with narrow-band gap g-
commercial a-Fe,0;. C;3Ny it can work as an electron sink. ~ Nevertheless, the optimal

design of GO-based photocatalyst for water oxidization is still a

w
a

The direct conversion of sunlight into chemical fuels has been challenging task.

extensively studied due to significantly increasing demand of It has been demonstrated that the morphology and the size of
energy supply. o-Fe,0O; is a very promising material for catalysts have an important effect on their photocatalytic
photocatalytic water splitting because it possesses some attractive 6 properties. ®a-Fe,05 nanostructures with various morphologies
features such as favorable optical band gap (approximately 2.1 have been prepared, such as nanoparticles, nanorods, nanotubes,
eV), chemical stability, nontoxicity and natural abundance. nanoflakes, hollow nanospheres, nanocages, nanohorns, and
However, the sluggish reaction kinetics, short carrier lifetime and colloidal nanocrystal clusters.”” But so far synthesis and

great shorter diffusion length of hole compared with the photocatlytic property of net-like hematite nanoparticle/graphene
absorption depth lead to its poor photoelectrochemical (PEC) 6 oxide composite (NHG) has not been reported. Herein we

a5

properties.”> To make the photoinduced electron and hole developed a facile method to fabricate NHG, in which oxidization
separate effectively, some novel a-Fe,O; nanostructures have degrees of GO could be controlled by simply changing annealing
recently been designed.*® For example, hollow spheres composed time. The net-like composite with GO of appropriate oxidization
of ultrathin a-Fe,O; nanosheets with an average thickness of degree and content exhibited higher photocatalytic water
around 3.5 nm were synthesized, which showed a high 7 oxidation rate (150 pmol h'lg') and much better PEC
photocatalytic activity for water oxidation.'However, the slow performance (0.86 mA/cm’ at 1.6 V vs reversible hydrogen
surface reaction kinetics need to be further improved. The electrode (RHE)) than those of commerciala-Fe,O3 and o-Fe;O;
introduction of closed shell ions (AI*, Sn*", and Si**) can address nanorods. The mechanism of such enhancement is discussed in
the issue efficiently, as previously reported.®’ detail.

Recently, some graphene-based nanocomposites exhibited
enhanced photocatalytic performance compared with single
counterpart due to the large surface area and the platform
structure of graphene.®*'® On one hand, although monolayer
graphene absorbs about 2.3% of visible light,'" due to van der
Waals force it is easy to restack to appear black, and
consequently most of visible light will be absorbed by restacked
graphene sheets, which will decrease the light absorption of the
photocatalysts and then lower the photocatalytic performance of
the graphene-based nanocomposites to some extent.” On the other 7
hand, graphene (G) has electronic properties like metal with the
work function of about 4.42 eV, and thus the types of
semiconductors loaded on the graphene surface for photocatalytic
applications are highly restricted from the viewpoint of energy
level matching.

Recent researches demonstrated that if graphene was oxidized
appropriately, it could be transformed from a conductor to a

Fig. 1 SEM image of NHG, b) magnified-view of a).

The preparation of NHG (see Experimental section for details
in Electronic Supplementary Information (ESI)) involved two
steps.t G/B-FeOOH nanocomposites were first synthesized by

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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our previously reported method with a modification.'®

Fig.2 Characterization of NHG2 modified with GO: a) Dark field TEM image, b) TEM image, c), d) HRTEM images EDX elemental mappings of e) oxygen and f )
5 carbon.

After annealing G/B-FeOOH nanocomposites at 500°C for 1 h at
an air atmosphere, the net-like composite could be obtained
simply. The color of the annealed sample is red rather than black
(Fig. S1), and thus the influence of the light absorption by
10 graphene on photocatalytic performance can be eliminated. 1 For
convenience, the samples obtained at 500°C for 0.5, 1, and 2 h

show ADF STEM and EDX elemental mappings of a-Fe,O3

35 nanoparticles. It can be found that the C element distributes

mainly in the whole region of the a-Fe,O; nanoparticles, which
further confirms that the graphene-like materials cover over o-
Fe,0; nanoparticles’surface. The coating layers may be GO
because the annealing process was carried out at 500°C at an air

are named as NHG1, NHG2, and NHG3, respectively.
The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of G/p-FeOOH
15 nanocomposites show that the B-FeOOH clusters with a size of
about 20 nm are distributed densely on the graphene sheets (Fig.
S2). A low-magnification SEM image of NHG2 clearly shows
that the sample still remains graphene-like morphology (Fig. 1a),
and the magnified SEM image shows that the net-like composite
20 consists of small a-Fe,O; particles with an average diameter of 15
nm. The X-ray diffraction (XRD) confirms the nanoparticles are
rhombohedral a-Fe,Os crystal (Fig.S3). ¥ GO is not detected by
XRD, which is attributed to its very small amount in the sample.
In addition, NHG1 and NHG3 have a similar morphology as
»s shown in Fig. S4.

The net-like composite, composed of nanoparticle subunits, are
further confirmed by TEM and annular dark-field (ADF)
scanning transmission electron microscopy (STEM) images, as
shown in Fig. 2a and 2b. Interestingly, we can find that some a-

30 Fe,0; nanoparticles are coated with graphene-like materials
indicated by the arrows in the high-resolution TEM image (Fig.
2c and Fig. S5). It arises from inadequate combustion of graphene
in G/B-FeOOH nanocomposites at an air atmosphere. Fig. 2d-f

40 atmosphere.
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Fig. 3 High-resolution C1s spectrum of NHGs.
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In order to verify this assumption, X-ray spectroscopy (XPS)
was carried out to analyze the composition of the oxygen
functional groups of the samples. Fig. 3 shows high-resolution
Cls spectra of NHGs. There are three peaks, corresponding to C—

s C, C-OH, and C=0, in the C 1s spectra of NHG1 and NHG2.
However, the intensity ratio of C-OH to C—C increases slightly
from 0.13 in NHGI to 0.136 in NHG2. Furthermore, the intensity
ratio of C=0 to C—C increases remarkably from 0.079 in NHGI
to 0.131 in NHG2. Thus, GO in HNG2 exhibits higher

10 oxidization degree than that in NHG1. Besides these three peaks,
in C 1s spectrum of NHG3 an additional peak at 289.5eV appears,
which is assigned to O=C—OH functional groups.'® Furthermore,
the intensities of the C—OH and C=0 peaks in C 1s spectrum of
NHG3 increased further compared with those of NHGI and

1s NHG2. These results above proved that the residual graphene in
the samples has been oxidized and the oxidization degree
depends on annealing time. The GO contents in the samples were
determined to be about 6.7, 5.6 and 1.6 wt% in NHGI1, NHG2,
and NHG3, respectively, by inductively coupled plasma (ICP)
20 mass spectrometry.f
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Fig. 4 O, evolution from NHG2 with Na,S,0sas electron sacrifice reagent.

UV-vis absorbance spectra are shown in Fig. S6a. NHG2 and
NHG3 exhibited an absorption edge at 585 nm, whereas NHG1
25 showed an absorption edge at 596 nm.1 The Tauc plots of NHGs
for an indirect transition with band gap of about 2.1 eV and a
direct transition with band gap of about 2.17 eV are shown in Fig.
S6¢ and d, respectively. 2 According to the equation, ahv = A
(hv—E,)" (n is 0.5 for a direct and 2 for an indirect transition), we

30 gave ohv vs (hv—E,) curves, as shown in Fig. S6b. The slope (1)
is about 1.9, close to 2, indicating an indirect transition in
NHGs.?*} The slight smaller band gap value of NHG1 may result
from residual lattice strain caused by relatively shorter annealing
time. As all the peaks of NHGI in XRD are slightly shifted
35 towards a lower angle, and the peak corresponding to (104) with
an angle shift of 0.1° was taken for example (Fig. S7), but this
was not observed in other samples. fAccording to Bragg's law:
nA=2dsinf, where n is an integer, A is the wavelength of incident
wave, d is the spacing between the planes in the atomic lattice,
s and 6 is the angle between the incident ray and the scattering
planes. The smaller § leads to the lager d, which means the

enlarged lattice constants. This was proved by the larger lattice
parameters than standard values in Table. S1. T Since band gap is

inversely proportional to the product of lattice constants,

4s NHGI has slightly smaller band gap value.
The photocatalytic activities of NHGs, a-Fe,O; nanorods, and
commercial o-Fe,O; were tested using Na,S,0g as electron
sacrifice reagent.”! For comparison, the photocatalytic activity of
a-Fe,O3; nanorods with diameter of 50 nm (Fig. S8a) and
so commercial a-Fe,O; (Fig. S8b) were also tested.t o-Fe,Os
nanorods were prepared according to previous report.'” From Fig.
S9, the photocatalytic activities of the tested samples are in order:
NHG2>NHG3>0-Fe,0; nanorods>NHGI1>commercial o-Fe,Os.
T The poor activity of commercial a-Fe,O; can be attributed to its
ss large size and low surface area. The oxygen production rate of a-
Fe,O3 nanorods is 110 pmol h’lg’l, lower than those of NHG2
(150 pmol h™'g™!, shown in Fig. 4). In addition, the net-like
composites obtained at different annealing times exhibited
different photocatalytic performance. As shown in Fig. S9, both
o NHG1 (85 pmol h™'g™") and NHG3 (130 pmol h™'g™") show lower
oxygen production rate than NHG2. These results above reveal
that both amount and oxidization degree of GO in NHG play very
important roles in the photocatalytic water oxidization process.
The excess and inadequate oxidization degree of GO would
s suppress photocatalytic water oxidization performance of NHGs.

20b
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Fig. 5 Energy level diagram for hematite/G/GO, (a) VBM of GO crosses the
oxidation potential of water, (b) VBM of GO below the oxidation potential of
water.

70 The poor activity of commercial a-Fe,O; can be attributed to
its large size and low surface area. NHG2 has a lower specific
surface area (41.7 m?g™') than that of o-Fe,O; nanorods (49.9
m?g™"), as shown in Fig. S10, but shows better performance.t
Thus, the superiority in photocatalytic performance of NHG2 to
75 a-Fe,03 nanorods is not related to specific surface areas. In order
to explore the cause of the enhancement in photocatalytic
activities of NHG2, energy level diagrams for o-Fe,Os3, G, and
GO are plotted, as shown in Fig. 5, based on the literature value
of the conduction band edge (Ecg) = + 0.40 V vs normal
s hydrogen electrode (NHE) for hematite at pH 7,% and the optical
band gaps for the d-d and ligand-to-metal charge transfer (LMCT)
transitions. Holes for oxygen evolution can be generated either by
visible light excitation (Fe-t, orbital) or by UV excitation (O-p
band),” as shown in Fig. 5.
Since the valence and conduction bands of graphene,
consisting of bonding m and anti-bonding n (n*) orbitals,
respectively, touch at the Brillouin zone corners, which makes a

85
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single sheet of graphene a zero band-gap semiconductor.’*
However, introducing oxygen-containing groups would remove
the equivalence of the two carbon sublattices in graphene by
forming C-O covalent bonds that damage the original orbitals. It
would result in separation of damaged m and n* orbitals and
create a band gap in graphene."’If more oxygen is introduced, the
band gap would further enlarged, and the valence band maximum
(VBM) would gradually change from the & orbital of graphene to
the 2p orbital of oxygen; however, the n* orbital remains as the
conduction band minimum (CBM)."

Fig. 5a and b show energy level diagrams corresponding to
high and low oxidization degree of GO in net-like composite,
respectively. Because the work function of graphene is 4.42 eV,
and the reported CBM of GO is about 4 eV,'* it is reasonable to
presume that the CBM of the GO in NHGs is in range of 4-4.42
eV, depending on the oxidization degree of the graphene. CBM
of GO is located above the NHE, while the CBM of Fe,0; is
under the NHE, therefore it’s impossible for the photoinduced
electrons of a-Fe,O; to transfer to the CB of GO. Namely, GO
doesn’t play the role of electron collector and transporter to
separate photoinduced electron-hole pairs, which is much
different from previous reports on GO as an electron sink
enhancing photocatalytic performance.”*

1000 1 ——r
: s o fit
800 7 R127.98 Q
N r R28.410Q
. F R3 1001 Q
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Fig. 6 a) EIS of NHG2, and insets showing the magnified-view of high
frequency signals, corresponding equivalent circuit model and values of the
elements in the model, respectively.

Thus, the only possible reason of higher photocatalytic
performance of NHG?2 is that the photoinduced holes can transfer
from VBM of a-Fe,0; to that of GO, as shown in Fig 5a. This
assumption can be supported by electrochemical impedance
spectroscopy (EIS) in Fig. 6a. There are two semicircles in the
EIS of NHG2, of which one is located at low frequency signals
and the other is located at high frequency signals. This means a
two-step charge-transfer process mediated via surface states or
reaction intermediates.”*® The results could be well fitted with the
equivalent circuit model in the inset of Fig. 6. Constant phase

=

=3

s
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element (CPE) is an equivalent electrical circuit component that
models the behavior of an electrical double layer, but not a
perfect capacitor. R; corresponds to the charge transfer resistance,
and the characteristic frequency of the active interfaces is 1.96 Hz,
which may correspond to the hole injection rate.”®® In contrast,
two semicircles don’t appear in the EIS of a-Fe,0; nanorods (Fig.
S11).7 Fundamentally, the speed of holes injection into water is
very slow for 0-Fe,0;,' but fast for GO.'* Also, due to the
serious surface recombination, the lifetimes of photogenerated
holes in o-Fe,0;5 are extremely short,” while relatively long in
GO.%"As a result, GO can serve as the reaction interface where
holes inject into water to speed up oxygen evolution rate.
Therefore, NHG2 showed better photocatalytic activity than o-
Fezog.

Although oxidization degree of GO in NHG3 is higher than
that of GO in NHG2, the GO content in NHG3 is much lower
than that of GO in NHG2, leading to the poorer photocatalytic
performance of NHG3. According to the XPS results, GO in
NHG! exhibits the lowest oxidization degree due to its shortest
annealing time, suggesting the smallest band gap of GO in NHGI,
as shown in Fig. 5b. In this case, VBM of GO is located above
the oxidation potential of water. Because the photoinduced holes
transferred from o-Fe,O; to VBM of GO recombine with the
photoinduced electrons of GO, the oxygen evolution rate of
NHGI1 decreases, even lower than that of a-Fe,O; nanorods. In
addition, the morphology of the net-like composite was well
maintained without any change after the photocatalytic water
oxidation test (Fig. S12), implying a good stability of such
nanostructures as photocatalysts.
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Fig. 7 PEC properties of NHG2, a-Fe,O3 nanorod, and commercial a-Fe,Os,
and inset showing the dark currents of the different samples.

PEC properties of NHG2, a-Fe,O; nanorods, and commercial
a-Fe,O; were also tested, as shown in Fig. 7. As expected,
commercial a-Fe,O; exhibits a negligible photocurrent density at
1.6 V vs RHE (0.009 mA/cm?). A maximum photocurrent density
of 0.86 mA/ecm® at 1.6 V vs RHE was achieved by NHG2,
significantly larger than that of a-Fe,O5 nanorods (0.43 mA/cm?).
Furthermore, NHG2 has lower onset potential (1.09 V vs RHE)
than that of a-Fe,O; nanorods (1.22 V vs RHE). Dark currents
(inset of Fig 7) of NHG2 and nanorods are negligible because the

4 | Journal Name, [year], [vol], oo—oo
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photocurrent densities under illumination are three orders of
magnitudes larger than dark currents. Since the light harvesting
efficiency is important when comparing the performance of
different photoelectrodes, the absorption spectra were showed in
Fig. S13. T There is no notable difference between NHG2 and
nanorod photoelectrodes in the absorption spectra, except that
nanorod photoelectrode shows slightly better absorption than
NHG2 photoelectrode in UV region. Nanorods photoelectrode
shows better absorption than NHG2 photoelectrode, but does
worse in PEC performance. Thus, the large photocurrent density
achieved by NHG is also attributed to the mechanism discussed
above.

Conclusions

In summary, NHGs were prepared by a facile method. The
oxidization degree of GO can be controlled by simply tuning
annealing time. NHGs with GO of appropriately amount and
oxidization degree exhibited much better photocatalytic water
oxidation and PEC performance than those of a-Fe,O; nanorods
and commercial a-Fe,0;. The superiority is attributed to that the
photoinduced holes can transfer from VBM of a-Fe,0; to that of
GO, and GO replaces with a-Fe,O; as the reaction interface
where holes inject into water to speed up oxygen evolution rate.
Furthermore, the strategy presented here could be expended as a
general method to synthesize other types of photocatalysts
modified with GO for applications in water splitting.
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Net-like hematite nanoparticle/graphene oxide composite, in which oxidization degree of graphene
oxide can be controlled by simply tuning annealing time, exhibit highly photocatalytic performance for
water splitting.
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