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ABSTRACT: In this work, we first have prepared graphene doped
with different amounts of N through a one-pot ammonia-modified
hydrothermal process and then successfully coupled them with
nanocrystalline α-Fe2O3 by a common wet-chemical method. On the
basis of the atmosphere-controlled surface photovoltage spectra, time-
resolved surface photovoltage responses, and photoinduced hydroxyl
radical amount measurements, it is confirmed that the photogenerated
charge separation of α-Fe2O3 could be enhanced in N2 or in air
atmosphere after coupling with a certain ratio of graphene. It is
especially obvious with the graphene doped with a proper amount of
nitrogen. This is responsible for the obviously improved visible activities
of α-Fe2O3 for photoelectrochemical water oxidation to produce O2 and
photocatalytic degradation of gas-phase acetaldehyde and liquid-phase
phenol after coupling graphene doped with a proper amount of N species. It is suggested for the first time, mainly by means of
N1s XPS data, electrochemical impedance spectra, O2 temperature-programmed desorption curves, surface acidity-related
pyridine-adsorbed FT-IR spectra, and electrochemical O2 reduction measurements, that the increased amount of doped
quaternary-type N would be quite favorable for photogenerated charge transfer and transportation and for O2 adsorption. As a
result, photogenerated charge separation of the resulting N-doped graphene−Fe2O3 nanocomposite is greatly promoted. In
addition, the enhanced O2 adsorption of α-Fe2O3 results mainly from the increased surface acidity after coupling with graphene,
especially with quaternary-type N-doped graphene. This work would help us to better understand the important roles of doped
N in graphene in the fabricated nanocomposites and also provide us with a feasible route to improve visible photocatalytic
activities of α-Fe2O3 greatly.

KEYWORDS: α-Fe2O3, N-doped graphene-coupled Fe2O3, photogenerated charge separation, photoelectrochemical water oxidation,
visible photocatalysis

1. INTRODUCTION

With the continuous consumption of fossil fuels and
increasingly serious environmental pollution, development of
novel renewable techniques for energy and environmental
issues in the global world1,2 is highly desirable. As a kind of
clean unlimited power, solar energy is gradually becoming more
and more important.3 Accordingly, effective application of solar
energy has been considered a feasible strategy to realize
renewable production of chemical fuels and complete
purification of polluted environments.4,5 In particular, semi-
conductor photocatalysis technology, with several merits of
high-degree mineralization, mild reaction conditions, and low
cost,6,7 has been widely used as a promising approach in energy
production and environmental purification.8,9 Visible light is
about 44% of the solar spectrum. Hence, the key to this
technique for widely practical application is to develop
inexpensive, steady, and efficient photocatalysts under visible
irradiation. Among various visible-spectrun-active oxide semi-
conductors, α-Fe2O3 with a narrow bandgap of 2.1 eV is
characterized by several advantages:10 strong visible absorption,

high physical and chemical stability, nontoxicity, environmental
compatibility, rich source, and low cost;11 therefore, in recent
years, it has increasingly attracted wide attention in photo-
catalysis for splitting water and degrading pollutants.12,13

However, α-Fe2O3 is not an ideal photocatalytic material
because of its low quantum efficiency. This is usually ascribed
to the short hole diffusion length (about 2−4 nm) and the low
conduction band position of Fe2O3.

14,15 It is widely accepted
that it is favorable to decrease the nanoparticle size of Fe2O3

according to the short hole diffusion length, whereas for the
low conduction band position, it is beneficial to employ an
outer bias. In addition, to date, a great deal of effort has been
made toward improving the photocatalytic performance of α-
Fe2O3.

16,17 In particular, to couple with other substances to
fabricate a Fe2O3-based nanocomposite, such as with SnO2, Pd,
carbon quantum dots (CQD), and graphene, is often taken as a
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feasible route for efficient photocatalysis.18−20 Yu et al.
demonstrated that the CQD/α-Fe2O3 composite exhibited an
enhanced visible photocatalytic activity.20 It is usually assumed
that the enhanced activity is attributed to the improved
separation of photogenerated charges. Unfortunately, it is still
needed to provide direct evidence. In addition, the role of
adsorbed O2 is often neglected, although the adsorption of
oxygen and its capturing photoelectrons are crucial steps in
photocatalytic processes occurring at the oxide surfaces.21

As a new two-dimensional (2D) system,22 graphene has been
widely used in physical and chemical fields because of its high
electrical conductivity, superior electron mobility, and
extremely large specific surface area.23,24 There have been
many reports about the enhanced photocatalytic activities by
coupling graphene;25,26 however, seldom has using graphene to
improve photocatalytic performance of α-Fe2O3 been inves-
tigated. In our recent work, it is demonstrated that the
introduction of graphene could slightly enhance the photo-
current density and the photocatalytic activity of α-Fe2O3 under
visible irradiation.27 It is worth noting that doping heteroatoms
could change the physiochemical properties of nanostructured
carbons, such as carbon nanotube and graphene, further
improving their performances, according to theoretical and
experimental studies.28−30 Among those heteroatoms doped,
much attention has been paid to the nitrogen atom because it
could noticeably enhance the electrochemical reduction
currents of oxygen, for which it is highly desired in the
application of fuel cells.31,32 It is often assumed, lacking direct
evidence, that the enhanced electrochemical reduction currents
of N-doped graphene are attributable to the increase in the
charge transportation capacity and in the adsorbed O2
amount.33,34

Generally speaking, N doped into graphene is involved with
mainly three kinds of chemical forms with increasing binding
energy, including pyridinic N, pyrrolic N, and quaternary N.
Pyridinic N and pyrrolic N would devote one and two p
electrons to the p-conjugated systems in the graphene layer,
respectively. For quaternary N, it would take the place of the C
atom of the hexagonal ring of graphene.35 Hence, it is expected
that, among three N doped species, the quaternary one would
have the greatest effect on the properties of graphene.
Unfortunately, that is not completely true. It was reported
that both pyridinic N and quaternary N could promote the
oxygen reduction reactions.36,37 This is possibly related to their
promotion of O2 adsorption. However, that still needs to be
further clarified. In addition, it was reported that the
photocatalytic performance for MO dye bleaching and
hydrogen evolution from water of semiconductors could be
improved after coupling with N-doped graphene.38,39 Surpris-
ingly, Fe2O3 has not been employed for photocatalysis, to the
best of our knowledge. In addition, the roles of doped N
species are still ambiguous. On the basis of the above
considerations, we try to couple N-doped graphene to
nanocrystalline α-Fe2O3 to greatly enhance its visible photo-
catalytic activities for water splitting and colorless pollutant
degradation. Meanwhile, the activity-enhanced mechanisms
would be much revealed by investigating in detail the effects of
different doped N species on photogenerated charge behavior
and adsorbed O2 amounts of Fe2O3. Obviously, it is of great
significance from a scientific or engineering point of view for
Fe2O3 photocatalysis under visible irradiation.
Herein, it is clearly demonstrated that the visible activities of

α-Fe2O3 for photoelectrochemical water oxidation to produce

O2 and photocatalytic degradation of gas-phase acetaldehyde
and liquid-phase phenol are improved after coupling with
graphene, especially with that doped with a proper amount of
N species. It has been well confirmed that the obviously
improved visible activities are attributable to the greatly
enhanced separation of photogenerated charges in N2 or in
air. Interestingly, it is suggested for the first time that the
increased amount of doped quaternary-type N would be very
favorable for photogenerated charge transfer and transportation
and for O2 adsorption, further leading to the greatly increased
charge separation in the resulting N-doped graphene−Fe2O3
nanocomposite, and that the enhanced O2 adsorption of α-
Fe2O3 mainly depends on the increased surface acidity after
coupling with quaternary-type N-doped graphene. This work
would help us to better understand the important roles of
doped N in graphene in the fabricated nanocomposites and also
provide a feasible route to greatly improve the visible
photocatalytic activities of α-Fe2O3.

2. EXPERIMENTAL SECTION

All the reagents used in this work were of analytical grade and
used as received without further purification, and deionized
water was employed in all experiments.

2.1. Syntheses of Materials. Graphene (G) was prepared
by introducing aqueous FeCl2 to active carbon and stirring for
10 h under the protection of nitrogen, followed by carbon-
ization at 1100 °C under a N2 atmosphere for 30 min, and
treatment in 10% hydrochloric acid at 90 °C for 8 h.40 The N-
doped graphene (NG) was synthesized via a one-pot
hydrothermal method employing different amounts of urea as
the origin of the doped N in the presence of a graphene-
dispersed solution.41 Nanocrystalline α-Fe2O3 (F) was
synthesized by a phase-separated hydrolysis-solvothermal
method.42 The composites between graphene and Fe2O3 and
between N-doped graphene and Fe2O3, respectively named as
G−F and NG−F, were fabricated by a simple wet chemical
processes. Typically, 1.0 g of nanocrystalline α-Fe2O3 and 30
mg of G (or NG) were mixed in a 50% ethanol solution under
stirring for 3 h, followed by drying at 80 °C and then sintering
at 400 °C for 2 h.

2.2. Preparation of Film Electrodes. Conductive fluorine-
doped tin oxide (FTO)-coated glasses were used as the
substrates for the films. These glasses were washed by
deionized water under sonication for 30 min and then cleaned
using ethanol and deionized water in turn, followed by thermal
treatment at 450 °C for 30 min prior to use. For F, G−F, and
NG−F films, the corresponding pastes were prepared as
follows: 0.5 g of the resulting powder was dispersed in 2 mL of
isopropyl alcohol under vigorously stirring, and then 0.3 g of
Macrogol-6000 was introduced to the obtained mixture,
followed by an ultrasonic process for 30 min and then stirring
for 30 min. Finally, 0.15 mL of acetylacetone was added, and
the mixture was then continuously stirred for 2 days, which led
to the paste formation. The films were prepared by the doctor
blade method, and Scotch tape was adopted as the spacer. After
it was naturally dried, the film was calcined at 450 °C for 30
min and then cooled to room temperature. The film was cut
into 1.0 × 2.5 cm2 pieces, a working geometric surface area of
1.0 × 1.0 cm2 containing an illumination area of 0.7 × 0.7 cm2,
and the remaining area was covered by epoxy resin. To
fabricate an electrode, an electrical contact was manufactured
with FTO substrates, and silver conducting paste was used to
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connect with a copper wire, which was then sealed in a glass
tube.
2.3. Characterization of Materials. The samples were

characterized by X-ray diffraction (XRD) with a Rigaku D/
MAX-rA diffractometer (Japan) using Cu Kα radiation (α =
0.15418 nm). An accelerating voltage of 30 kV and emission
current of 20 mA were employed. Raman spectra were
recorded on a Jobin Yvon HR800 micro-Raman spectrometer
with 457.9 nm laser, and the laser intensity at the sample was
kept below the threshold for any laser-induced changes in the
Raman spectra and electrical transport characteristics. The
graphene powder was placed on a clean SiO2/Si substrate for
the Raman measurement. The compositions and elemental
chemical states of the samples were examined by X-ray
photoelectron spectroscopy (XPS) using a Kratos-Axis Ultra
DLD apparatus with an Al (mono) X-ray source, and the
binding energies were calibrated with respect to the signal for
adventitious carbon (binding energy = 284.6 eV). The UV−vis
diffuse reflectance spectra (DRS) of the samples were measured
by a Shimadzu model UV-2550 spectrophotometer. The
electron micrographs were taken on a JEOL JEM-2010
transmission electron microscope (TEM) operated at 200 kV.
The atmosphere-controlled surface photovoltage spectra (SPS)
and time-resolved surface photovoltage (TR-SPV) responses
were measured with the home-built apparatuses that have been
described in detail elsewhere.43 Temperature-programmed
desorption (TPD) curves of oxygen were recorded using a
home-built facility, as described previously.27

Hydroxyl radical measurement was carried out in 0.001 M
coumarin aqueous solution in a quartz reactor of 50 mL
containing 50 mg of sample powder. Prior to irradiation, the
reactor was magnetically stirred for 30 min to ensure the
establishment of an adsorption−desorption equilibrium. After
irradiation for 1 h, a certain amount of the solution was
transferred into a Pyrex glass cell for the fluorescence
measurement of 7-hydroxycoumarin at around 456 nm with
332 nm excitation through a spectrofluorometer (Perkin-Elmer
LS55). The surface acidities were characterized by the pyridine-
adsorbed FT-IR spectra using a PerkinElmer Spectrum 100
spectrometer. Samples were subjected to a conditioning
treatment in situ in advance, which involved outgassing at
200 °C for 2 h (residual pressure at 1.33 × 10−2 Pa) and then
with cooling to room temperature and equilibrating with
pyridine for 15 min. After heating at 150 °C for 0.5 h, recording
of the FT-IR spectra began.

2.4. Photoelectrochemical (PEC) Experiments. PEC
experiments were performed in a quartz cell using a 500 W
xenon light with a stabilized current power supply as the
illumination source and 1 M NaOH solution as the electrolyte.
The as-prepared films were used as working electrodes
illuminated from the FTO glass side, whose illumination area
was about 0.7 × 0.7 cm2. A platinum plate (99.9%) was used as
the counter electrode, and a saturated KCl Ag/AgCl electrode
(SSE) was used as the reference electrode. All the potentials in
this paper were referred to SSE at 298 K, and applied potentials
were controlled by a commercial computer-controlled
potentiostat (LK2006A made in China). High-purity N2 or
O2 gas was employed to bubble through the electrolyte before
and during the experiments. For comparison, the related
current was also measured in the dark. In addition, electro-
chemical O2 reduction experiments were carried out in the
dark.
To measure the produced O2 amount in the PEC water

oxidation, the as-prepared films were used as working
electrodes in a sealed quartz cell with 80 mL of 0.5 M
NaSO4 solution as electrolyte, and high-purity nitrogen gas was
bubbled through the electrolyte before the experiment. The
films were illuminated from the FTO glass side, whose
illuminated working area was about 1 × 1 cm2, at the constant
bias of 0.6 V (vs Ag/AgCl). During the experiment, the
produced O2 amount was detected quantitatively with an
Ocean Optics fluorescence-based oxygen sensor (NFSC 0058)
by putting the needle probe into the electrolyte near the
working electrode, and the irradiation lasted for 10 min using a
500 W xenon light with a 420-cutoff filter as the illumination
source.
The electrochemical impedance spectroscopy (EIS) was

performed with a computer-controlled IM6e impedance
measurement unit (Zahner Elektrik, Germany) by applying
sinusoidal perturbations of 10 mV with a bias of −0.8 V at the
frequency range from 0.05 to 100 kHz. The obtained spectra
were fitted with ZsimpWin software on the basis of appropriate
equivalent circuits.

2.5. Evaluation of Visible Photocatalytic Activities.
The visible photocatalytic activities of the samples were
evaluated by degrading gas-phase acetaldehyde and liquid-
phase phenol. The light source was a 150 W spherical xenon
lamp (XQ150/150 W, Warren Bulb Factory, Shanghai) with an
emitting spectrum similar to sunlight, and a light filter was used
between the light source and the reactor to cut off UV light

Figure 1. Raman spectra (A), and N 1s XPS spectra (B) with an inserted table showing the specific N amount of N1, N2, N3, and the total N
amount (NT) of different NG samples.
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(<420 nm) in all photocatalytic experiments. In the gas-phase
acetaldehyde degradation experiment, 0.15 g of powder was put
into a Pyrex glass cylindrical reactor with a diameter of 7.0 cm
and effective volume of 640 mL. A premixed gas containing 810
ppm of acetaldehyde, 20% O2, and 80% N2 was introduced into
the reactor. The concentration of acetaldehyde for every 20 min
time interval was measured with a gas chromatograph (GC-
2014, Shimadzu) equipped with a flame ionization detector.
The liquid-phase phenol photocatalytic degradation experi-

ment was carried out in a 100 mL photochemical glass reactor
by mixing 0.15 g of powder and 60 mL of 5 mg·L−1 phenol
solution under magnetically stirring. The light source was
placed 15 cm away from the reactor. The reactive system was
magnetically stirred in the absence of light for 30 min to keep
the adsorption−desorption equilibrium prior to irradiation. The
phenol concentration after photocatalytic reactions for 1.5 h
was measured by the 4-aminoantipyrine spectrophotometric
method at the characteristic optical adsorption (510 nm) of
phenol with a Shimadzu UV-2550 spectrophotometer after
centrifugation.

3. RESULTS AND DISCUSSION

3.1. Composition and Structural Characterization.
One can see from Figure 1A that the Raman spectra of
undoped and N-doped graphene exhibit two remarkable bands
at around 1340 and 1580 cm−1, assigned to the D and G bands,
respectively.44 The G band is related to graphitic carbon, and
the D is associated with the defect in the hexagonal graphitic
layer. The high intensity ratio of IG to ID reflects the high
degree of graphitization.45 It is calculated that the IG/ID value of
graphene is 1.78, whereas that of the N-doped one becomes
slightly smaller, from 1.73 to 1.62, with an increase in the
amount of used urea. This indicates that the graphitization
degree of N-doped graphene is a little low compared with that
of the undoped one.
According to the N 1s XPS spectra shown in Figure 1B and

Supporting Information (SI) Figure S1, along with its relative
XPS data as an inserted table, it is confirmed that the N atoms
are successfully doped into the skeleton of graphene, and the
atomic number ratio of doped N to C gradually becomes large
as the amount of used urea is increased. By means of N 1s XPS-
peak-differentation-imitating analyses, it is deduced that there
are three kinds of N chemical forms in N-doped graphene
(NG)pyridinic N (N1, 398.1 eV), pyrrolic N (N2, 399.5 eV),

and quaternary N (N3, 401.6 eV)with increasing binding
energy.35 One can notice that, similar to the total N, the
pyridinic N and pyrrolic N contents gradually become high as
the amount of used urea is enhanced. However, the quaternary
N content first increases and then begins to decrease, and it is
the maximum content (0.012) of quaternary N in the resulting
NG when the mass ratio of used urea to graphene is 200:1. For
the undoped and N-doped graphene, the C 1s binding energy is
284.6 eV (SI Figure S1), resulting from graphitic carbon, which
is consistent with ref 44. On the basis of the TEM images (SI
Figure S2), it is confirmed that the resulting graphene possesses
a several-layer structure, with slight scrolling at the sheet edges.
Noticeably, the doped N species nearly does not affect the
graphene structure.
In our previous work,27 it is clearly demonstrated that the

fabricated graphene−Fe2O3 nanocomposite exhibits highly
visible photocatalytic activity when the mass ratio of graphene
to α-Fe2O3 is 3:100. Hence, the mass ratio of N-doped
graphene to Fe2O3 is still kept at 3% in mass in this work. It is
shown in Figure 2A that all XRD diffraction peaks are
attributed to α-Fe2O3 according to the standard card JCPDS
33-0664, and they are nearly not changed after coupling with
undoped and N-doped graphene, implying no effects on the
phase composition and crystallinity. On the basis of the TEM
image (Figure 2B), it is observed that the nanocrystalline α-
Fe2O3 is spherical with a size of ∼16 nm, consistent with the
evaluated crystallite size by the Scherrer formula, and is well
dispersed on the surfaces of N-doped graphene. Noticeably, the
effectively contacted nanocomposites between N-doped
graphene and α-Fe2O3 are formed by means of the HRTEM
image as the inset, on which the crystal facet distance of 0.25
nm results from α-Fe2O3.

46 Based on the UV−vis DRS spectra
(SI Figure S3), it is confirmed that the optical absorption
behavior of α-Fe2O3 is not affected by coupling with N-doped
graphene.

3.2. Photogenerated Charge Properties. To investigate
the properties of photogenerated charges, atmosphere-con-
trolled steady-state surface photovoltage spectra (SS-SPS) are
performed first. In general, the surface photovoltage signal of
solid semiconductor material results mainly from the photo-
generated charges, followed by separation under the built-in
electric field or via the diffusion process,47 and the SPS
response of a nanosized semiconductor should originate mainly
from the photogenerated charge separation via the diffusion
process because the built-in electric field of a nanomaterial is

Figure 2. (A) XRD patterns and (B) TEM image with a HRTEM one as the inset of 2NG−F.
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usually neglected.48 As seen from SI Figure S4, the coupled
graphene undoped or doped with N does not change the SPS
attribute of α-Fe2O3,which shows that O2 is necessary for the
SPS occurrence; the larger the O2 content, the stronger the SPS
response.49 This is attributed to the O2 adsorbed on the
surfaces easily capturing the photogenerated electrons so as to
promote the positive photogenerated holes preferentially
diffuse to the surfaces of the testing electrode in the presence
of O2. Interestingly, it is noted from the inset of Figure 3 that

the SS-SPS response of α-Fe2O3 in N2 is enhanced after
coupling with graphene, especially with the N-doped. This
indicates that it is beneficial for the transfer and separation

process of photogenerated charges of α-Fe2O3 to couple with
N-doped graphene. Moreover, it is noticed from Figure 3A that
the SS-SPS response of α-Fe2O3 in air is obviously increased
after a certain ratio of graphene (3% in mass) is coupled,
especially for an appropriate amount of the N-doped. For the
N-doped graphene-coupled Fe2O3 (NG−F), it exhibits the
strongest SPS response in air when the mass ratio of used urea
to graphene is 200:1, which corresponds to the highest
photogenerated charge separation, based on the SPS
principle.47 However, the excess doped-N species would
lower the SPS response of the resulting graphene−Fe2O3
nanocomposite so as to be unfavorable for photogenerated
charge separation.
As expected, the above SS-SPS results are further supported

by the time-resolved surface photovoltage (TR-SPV) responses.
During the TR-SPV measurements, an ∼10 μm thick mica
spacer was placed between the ITO glass and the sample to
decrease the space charge region at the ITO−sample interface,
and the samples were excited by a 532 nm laser radiation with a
10 ns pulse. For a nanosized semiconductor, its photogenerated
charge separation is greatly influenced by the carrier diffusion
process, which mainly contributes to the slow photovoltage
response (>10−4 s frequently).50 Because the presence of O2 is
favorable for capturing photogenerated electrons, it is under-
standable that the resulting Fe2O3-based nanocomposite should
display a positive TR-SPV response via the carrier diffusion
process. One can see from Figure 3B that the positive TR-SPV
response of α-Fe2O3 is increased after coupling a certain
amount of graphene, especially for the N-doped graphene
(2NG−F), and its charge carrier lifetime is also prolonged on
the milliseconds time scale. Obviously, the TR-SPV results are
in good accordance with the SS-SPS.

3.3. Visible Photocatalytic Activities for Water
Splitting and Pollutant Degradation. On the basis of the
above results of SS-SPS and TR-SPV responses, it is concluded
that the separation of photogenerated charges of α-Fe2O3 is
enhanced in N2 or in air after coupling a certain ratio of
graphene, especially for the appropriate amount of N-doped
graphene. Thus, it is hypothesized that the fabricated N-doped
graphene−Fe2O3 nanocomposite would exhibit much high
visible photocatalytic activities for water oxidation to produce
O2 and colorless pollutant degradation to purify the environ-
ment. As seen from SI Figure S5, the current onset voltage of α-
Fe2O3 in the dark is slightly shifted to lower potential after
coupling with N-doped graphene. However, it is noted from
Figure 4A that the visible photocurrent of α-Fe2O3 is enhanced,

Figure 3. SS-SPS (A) and TR-SPV (B) responses in air. The inset in A
shows the SS-SPS responses in N2 atmosphere.

Figure 4. I−V curves under visible irradiation (A) and the produced O2 amount (B).
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especially for the N-doped graphene-coupled Fe2O3, with the
same onset voltage of about −0.4 V for all Fe2O3-based films.
For the 2NG−F nanocomposite, it exhibits the highest
photocurrent, with a 4-fold enhancement compared with α-
Fe2O3. This is further proved by the produced O2 amount in
the photoelectrochemical water oxidation on different Fe2O3
films (Figure 4B). It is found that a small amount of O2 for α-
Fe2O3 is produced, and its amount of produced O2 could be
increased after coupling with a small ratio of graphene,
especially with the appropriate amount of the N-doped one.
To reasonably evaluate visible photocatalytic activities for

degrading pollutants, we chose colorless gas-phase acetaldehyde
and liquid-phase phenol as the model compounds. As expected,
according to Figure 5, it is confirmed that the visible
photocatalytic activities for degrading acetaldehyde and phenol
of α-Fe2O3 is improved after coupling with graphene, especially
for that doped with an appropriate amount of N species, and
the 2NG−F nanocomposite exhibits the best photocatalytic
performance. This is in good agreement with the above activity
for water oxidation to produce O2. By comparison, it is easily
noticed that, for the resulting Fe2O3-based samples, the
stronger the SS-SPS responses, the higher the visible photo-
catalytic activities. Therefore, it is concluded that the obviously
improved visible photocatalytic activities of α-Fe2O3 are
attributable to the greatly enhanced separation of photo-
generated charges after coupling with N-doped graphene. This
is further supported by the formed hydroxyl radical amounts on
the different Fe2O3-based samples after visible irradiation.
It is widely accepted that the hydroxyl radical (·OH) is a key

active species in the photocatalytic process51 and that the
coumarin fluorescent method is a highly sensitive technique

that is frequently used to detect the amount of produced ·OH,
in which the introduced coumarin easily reacts with ·OH to
produce luminescent 7-hydroxycoumarin at ∼460 nm. A strong
fluorescent signal usually indicates a large ·OH amount,
corresponding to a high photogenerated charge separation.
As seen from SI Figure S6, the produced ·OH amount of α-
Fe2O3 is increased after coupling with graphene, especially with
that doped with an appropriate amount of N species. For the
2NG−F nanocomposite, its produced ·OH amount is the
largest among the fabricated ones. This agrees with the above
SPS and SPV results.

3.4. Discussion on Mechanism Insights. On the basis of
the above results, it is confirmed that the photogenerated
charge separation of α-Fe2O3 could be enhanced after coupling
with a certain ratio of graphene, especially with that doped with
an appropriate amount of N species. What causes the enhanced
charge separation? What are the roles of the doped N species in
the charge separation? To clarify these issues, we have carried
out measurements of electrochemical impedance spectroscopy
(EIS), which is a powerful method to evaluate the internal
resistances for the charge transportation process of electrode
materials.52 One can see from Figure 6 that the Nyquist plot
exhibits one capacitive arc in the dark for all resulting Fe2O3-
based films, reflecting the charge transfer resistance. In addition,
the observed arc radii of α-Fe2O3 are slightly decreased after
coupling with graphene doped with an appropriate amount of
N species, indicating that its charge transfer resistance becomes
somewhat smaller. This is responsible for the slight shift to
lower potential of the current onset voltage in the dark that was
observed above. Interestingly, the capacitive arc radii under
illumination are obviously smaller than those in the dark,

Figure 5. Photocatalytic degradation of gas-phase acetaldehyde (A) and liquid-phase phenol (B) on F, G−F, and different NG−F samples under
visible irradiation.

Figure 6. Electrochemical impedance spectra of different samples (A) in the dark and (B) under illumination.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs401122e | ACS Catal. 2014, 4, 990−998995



especially for the fabricated nanocomposites between N-doped
graphene and α-Fe2O3, and 2NG−F displays the smallest
capacitive arc radii under illumination. This indicates that it is
very favorable for photogenerated charge transfer and
separation of α-Fe2O3 to couple with graphene that is
appropriately doped with N, leading to the greatly improved
photocurrent.53

As described above, the adsorbed O2 would strongly
influence the charge separation by capturing photogenerated
electrons, which are crucial for effective photocatalytic
degradation of pollutants.27 Because the photogenerated
electrons would transfer from α-Fe2O3 to the N-doped
graphene in the fabricated nanocomposite, it is expected that
the ability of N-doped graphene to adsorb O2 would greatly
influence the final separation situation of photogenerated
charges. As for the expectation, we have measured the TPD of
O2, as shown in Figure 7A. In general, the desorbed O2 at the
low and high (over 350 °C) temperature is attributed to the
physically and chemically adsorbed forms, respectively.54 One
can notice that the amount of desorbed O2 of α-Fe2O3 is
obviously increased after coupling with N-doped graphene,
especially for the chemically desorbed form. This is very
beneficial for photogenerated charge separation. In addition,
the adsorbed O2 amount of N-doped graphene-coupled Fe2O3
is closely related to the quaternary N amount of doped N
species. For the 2NG−F nanocomposite, it exhibits a large
amount of desorbed O2, contributing to its strong SPS
response. This is further supported by the electrochemical
reduction curves of O2. As seen from SI Figure S7, the O2
reduction current of α-Fe2O3 in the dark is obviously enhanced
after coupling with N-doped graphene, and the larger the
adsorbed O2 amount, the higher the O2 reduction current. This
clearly demonstrates that the increased O2 adsorption
corresponds to the high O2 reduction current.
Why is the adsorbed O2 amount increased after coupling

with N-doped graphene? According to our previous work,55 in
which it is demonstrated that the increased surface acidity is
very favorable for O2 adsorption, it is assumed that the
increased O2 adsorption of α-Fe2O3 would be related to the
increased acidity after coupling with N-doped graphene. To
prove the assumption, the pyridine-adsorbed FT-IR spectra are
recorded, as shown in Figure 7 B. The FT-IR peaks at 1450 and
1540 cm−1 result from the Lewis and Brönsted acids,
respectively.56 It is confirmed that the surface acidity of α-
Fe2O3 is greatly strengthened after coupling with N-doped
graphene, and the 2NG−F displays very strong surface acidity.
Obviously, the strong acidity corresponds to the large amount

of adsorbed O2, which is demonstrated for the N-doped
graphene for the first time. Therefore, it is deduced that the
increased surface acidity is responsible for the increased O2
adsorption.
On the basis of the XPS data, SS-SPS and TR-SPV responses,

visible photocatalytic activities, produced ·OH amounts, EIS
results, adsorbed O2 amounts and surface acidities, it is worth
noting that the photogenerated charge separation situation and
visible photocatalytic activities of the resulting Fe2O3-based
nanocomposites depend mainly on the quaternary N amount in
the N-doped graphene. For 2NG, it possesses the largest
quaternary N amount in the coupled graphene so as to exhibit
the best visible photocatalytic performance. Therefore, it is
suggested that it is very favorable for photogenerated charge
separation and visible photocatalytic activities of α-Fe2O3 to
couple with the quaternary-N-doped graphene. For pyridinic N
and pyrrolic N doping, their effects are neglectable compared
with that of the quaternary N. It is acceptable because the
quaternary N replaces the C atom of the hexagonal ring in the
graphene, whereas the pyridinic N and pyrrolic N contribute
one and two p electrons, respectively, to the p-conjugated
systems. On the basis of theoretical study,57 it is suggested that
the doped quaternary N, along with its adjacent C atoms, is
helpful for combining with hydrogen so as to greatly increase
the surface acidities.
According to the above discussion, a schematic of the visible-

spectrum-excited charge transfer and separation process in the
fabricated N-doped graphene-coupled Fe2O3 is suggested, as
shown in Figure 8. For the resulting graphene−Fe2O3
nanocomposite, the visible-spectrum-excited electrons of
Fe2O3 would transfer to the coupled graphene so as to

Figure 7. Curves of O2 temperature-programmed desorption (A) and surface acidity-related pyridine-adsorbed FT-IR spectra (B) of different Fe2O3-
based samples (L, Lewis acid sites; B, Brönsted acid sites).

Figure 8. Schematic of photogenerated charge transfer and separation
processes in the fabricated N-doped graphene−Fe2O3 nanocomposite.
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promote charge separation. When the coupled graphene is
doped with quaternary N, it is very favorable for the transfer
and separation processes of photogenerated charges. In
addition, the larger the doped quaternary N amount, the
greater the positive effect. Hence, its greatly enhanced charge
separation of Fe2O3 after coupling with the quaternary-N-
doped graphene leads to the obviously improved visible
photocatalytic activities for water oxidation to produce O2
and for colorless pollutant degradation to purify the environ-
ment. Moreover, the doped quaternary N is helpful for
promotion of O2 adsorption in the resulting Fe2O3-based
nanocomposite, which would further contribute to the efficient
photocatalysis for degrading pollutants. Compared with the
effects of the doped quaternary N, those of the doped pyridinic
N and pyrrolic N are neglected.

4. CONCLUSIONS
In this study, graphene−Fe2O3 and N-doped graphene−Fe2O3
nanocomposites have been fabricated by a simple wet chemical
method. The visible activities for photoelectrochemical water
oxidation to evolve O2 and for photocatalytic colorless
pollutant degradation to the purify environment are enhanced
after coupling with graphene, very obvious for one doped with
an appropriate amount of N species. It is clearly demonstrated
for the first time that the obviously enhanced visible activities of
α-Fe2O3 are mainly attributed to the promoted charge transfer
and separation, and O2 adsorption after coupling with a small
ratio of N-doped graphene, and the doped quaternary N could
play more important roles than the other two N species,
pyridinic N and pyrrolic N. Moreover, the increased surface
acidity is responsible for the promoted O2 adsorption due to
the introduced quaternary N in the fabricated nanocomposites.
This work puts forward new insight into the visible spectrum
activity-enhanced mechanisms mainly related to the doped
quaternary N in graphene and also provides a new route to
design graphene−oxide nanocomposites with high activities for
PEC water oxidation and photocatalytic pollutant degradation.
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