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a b s t r a c t

Hybrid organic/inorganic nanocomposites comprised of nanocrystalline iron oxide at the metastable �-
phase and graphitic carbon nitride (g-C3N4) were prepared via a facile in-situ growth strategy embedded
in a solid state process. The hybridized �-Fe2O3/g-C3N4 nanomaterials were thoroughly characterized
by a variety of techniques, including UV–vis absorption, nitrogen physisorption, X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR) and transmission electron microscopy (TEM). Their pho-
tocatalytic activity was evaluated under both simulated solar light and pure visible light irradiation
against the photodegradation of methyl orange (MO), rhodamine B (RhB) and phenol. The prepared
�-Fe2O3/g-C3N4 nanocomposites were proven durable and significantly more efficient than the single
components. The �-Fe2O3 content in the final material was tuned to optimize the photocatalytic per-
formance, with particular attention to the activity under visible light. The enhanced photoactivity was
attributed to a) the improved optical properties of the prepared nanocomposites, presenting narrower
band-gap energies and increased visible light absorption efficiency, and b) to the efficient separation of
the photoinduced charge carriers driven by the matched band edges in the heterostructure. The pre-
dominant active species responsible for the photodegradation activity were determined and a possible
mechanism is proposed.
. Introduction photocatalysis in environmental remediation. Ti-based materials
Over the last decades, photocatalysis using semiconductor
aterials and solar energy as the energy source has been estab-

ished as an attractive method for environmental protection and
nergy production [1]. A variety of transition metal oxides, pure
nd their doped derivatives [2,3], including expensive precious
etals [4,5], metal sulfides [6,7], and hybrid nanocomposites [8,9]

ave been prepared and evaluated. High cost, complicated syn-
hesis process, fast electron-hole recombination, dissolved metal
ons and limited activity under visible light of the photocatalyst

aterials are considered the barriers for the wide application of
∗ Corresponding authors.
E-mail addresses: kchristoforidis@units.it (K.C. Christoforidis),

fornasiero@units.it (P. Fornasiero).

1

occupy the vast majority of the applied materials in photocatalytic
degradation reactions in the gas or liquid phase [2]. However, TiO2,
being a wide band gap semiconductor (∼3.2 eV for anatase) [10],
has no response to visible light. Therefore, the development of
stable, environmental-friendly and efficient photocatalysts under
solar light irradiation is still a significant challenge for realistic
applications.

Recently, the polymeric semiconductor graphite-like carbon
nitride (g-C3N4) has stimulated scientists’ interest in photo-
triggered reactions. The unique properties of g-C3N4, having a
2-dimensional metal-free structure containing only carbon and
nitrogen, the excellent chemical and thermal stability, low cost,
simple synthesis process and relatively narrow band gap energy
(∼2.7 eV) established it as a promising material for practical
photocatalytic applications making use of solar energy [11,12].
However, pure g-C3N4 suffers from fast recombination rates of the
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hotogenerated charge carries (electron/hole pairs, e−/h+) and
mall specific surface area [11]. Therefore, improvements are
equired to eliminate the inherent drawbacks. Efforts to improve
he photocatalytic activity of g-C3N4 include doping with metallic
13–16] and non-metallic elements [17–19], increase of the specific
urface area [20,21], functionalization with metal nanoparticles
22,23], control of morphology [24–26] as well as development
f composites and heterostructures [14,27–34]. In addition, it
as been documented that factors such as the organic precursor
melamine, urea etc.) and the actual conditions of the thermal
reatment (i.e. temperature, atmosphere) used for the prepara-
ion of g-C3N4 greatly affect the activity of such photocatalysts
35–37]. Therefore, different catalytic activities have been reported
or materials prepared via different roots.

From the different approaches applied to enhance the activ-
ty of g-C3N4, coupling with other semiconductors is particularly
nteresting. The coupling of different semiconductors and the for-

ation of nanocomposites based on abundantly available raw
aterials, presenting unique properties not found in the individ-

al compounds, is an ideal process for the development of cheap
aterials with advanced properties. Composite materials of g-C3N4

oupled with different metal oxides has been shown to enhance
−/h+ separation and increase light absorption in the visible region,
resenting superior photocatalytic activity than the pure g-C3N4
14,27,38–41]. This strategy is mainly focused on the efficient sep-
ration of the photogenerated charge carriers via selecting oxides
ith energetically matching conduction (CB) and valence bands

VB) with respect to g-C3N4, offering the appropriate driving force
or efficient charge transfer and separation.

Iron oxides are non-toxic, cheap and abundant, presenting rel-
tively small band gap energies capable to absorb visible light.
owever, single iron oxides present normally low photocatalytic
ctivity caused by the rapid recombination of photo-induced
harge carriers [42]. Control of the morphology at the nanoscale
ay improve the recombination processes. Of the different poly-
orphs of ferric oxide (Fe2O3), the �- and �-phases are the most

requently studied. The �-Fe2O3 and ε-Fe2O3 polymorphs have
een scarcely investigated since it is difficult to prepare them as
ingle phase materials [43,44]. Particularly the �-Fe2O3, which
s a metastable phase during the formation of �-Fe2O3, is con-
idered rather unstable under thermal treatments. Nevertheless,
ecently �-Fe2O3 and ε-Fe2O3 prepared via chemical vapor depo-
ition method have been efficiently applied in photo-initiated
eactions for H2 production [45,46].

Very recently, g-C3N4 coupled with iron oxides (�-Fe2O3,
-Fe2O3 and Fe3O4) have been prepared and applied for the pho-

odegradation of model pollutants [14,27,38,47,48]. Iron-modified
-C3N4 based photocatalysts have been also effectively applied for
elective organic synthesis reactions [49,50]. Different approached
ave been adopted for their preparation including in-situ as well
s two-step processes, solution chemistry and hydrothermal treat-
ents. Considering the demonstrated potential of both Fe2O3

nd g-C3N4 in many exciting photo-triggered applications in the
eld of sustainable energy production [11,42,45,46,51], water and
ir purification [14,27,38] and fine chemical production [49,50],
ogether with their advantages over other photocatalysts, the
evelopment of simple and fast synthesis process towards the
roduction of advanced materials based on Fe2O3 and g-C3N4

s of great significance. Herein, a facile solid state process was
pplied for the growth of Fe2O3 nanoparticles in the form of the
etastable �-phase on the surface of g-C3N4 by an in-situ growth

trategy, without the need of specialized equipment, surfactants,
tabilization or precipitating agents. The formation of the hybrid
anocomposites was verified by TEM, XRD and XPS. Small and well
ispersed �-Fe2O3 nanoparticles were overlaid on the surface of
-C3N4. A series of hybrid �-Fe2O3/g-C3N4 nanocomposites with
2

different iron oxide content was obtained. The prepared materials
were characterized and their photocatalytic activity was evaluated
against the degradation of organic dyes (MO and RhB) and phenol
under both artificial solar light and pure visible light irradiation.
The nanohybrids were found more active than the pure g-C3N4 and
�-Fe2O3 materials. Reference reactions in the presence of various
scavengers were carried out and the predominant active species
were unambiguously determined. The photocatalytic mechanism
was tentatively proposed based on the band-structure of the hybrid
materials.

2. Experimental

Melamine, Fe(SO4)3, NaCl, Na2SO4, methyl orange (MO),
rhodamine B (RhB), phenol and triethanolamine (TEOA) were pur-
chased from Sigma-Aldrich. Tert-butyl alcohol (TBA) was purchased
from Fluka. All chemicals were of analytical grade and used without
any further purification.

2.1. Materials synthesis

Graphitic carbon nitride was synthesized via thermal polycon-
densation of melamine [52]. Melamine was put into analumina
crucible with a cover and heated in air at 550 ◦C in a muffle fur-
nace for 4 h with a heating rate of 5 ◦C min−1. The yellow material
was collected, rinsed with 0.1 M HNO3 to remove any remaining
NH3 and washed thoroughly with double-distilled water. Finally,
it was dried over night at 100 ◦C and ground into fine powder for
further use.

The �-Fe2O3/g-C3N4 nanocomposites were synthesized using a
solid state process. First, NaFe(SO4)2 salt was obtained as the iron
precursor [43]. A 20 ml aqueous solution containing Fe(SO4)3 and
NaSO4 at a 1:1 molar ratio was stirred for 1 h. Then, water was evap-
orated and the light brown salt was collected. For the synthesis of
the hybrid materials, NaFe(SO4)2 and NaCl with a 1:8 molar ratio
were thoroughly mixed with an agate mortar. 0.123 g of NaFe(SO4)2
were used to prepare the FCN-3 sample. Then, g-C3N4 (0.6 g) was
added and the three components were further thoroughly mixed
for 30 min with an agate mortar. The mixture was placed in an alu-
mina crucible and heated in air at 500

◦
C for 1 h with a heating rate

of 3
◦
C min−1. The materials were collected, washed thoroughly

with double-distilled water and acetone via filtration to remove
the remaining of the metal salt used, dried at 100 ◦C overnight
and finally grounded into powders. By varying the amount of the
NaFe(SO4)2/NaCl mixture, materials with different iron content
were prepared. The color of the hybrid materials changed from yel-
low to orange and light brown with increasing iron content. Pure
�-Fe2O3 was synthesized in a similar way in the absence of g-C3N4.
The hybrid materials are labeled FCN-x where the increasing x value
denotes samples with increasing Fe content. The Fe content ranged
within 1.6–7.1 wt% according to TGA analysis (see in the following).
CN stands for the pure g-C3N4 sample. A mechanically mixed sam-
ple (MFCN-4) containing similar Fe-content as the FCN-4 according
to TGA analysis was also prepared.

2.2. Characterization

Thermogravimetric analysis (TGA) was performed with a TGA
Q500 (TA Instruments) under air flow, from 100 to 800 ◦C with a
heating rate of 10 ◦C min−1. The composition of the nanocompos-
ites was calculated from the weight difference between 200 and
700 ◦C. Nitrogen adsorption-desorption isotherms were obtained
at the liquid nitrogen temperature using a Micrometrics ASAP2020
system. Each sample was degassed at 170 ◦C overnight and the
Brunauer-Emmett-Teller (BET) model was used to determine the
specific surface area. Fourier transform infrared (FT-IR) spectra in
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Fig. 1. TGA profiles of pure g-C3N4 and the as-prepared �-Fe2O3/g-C3N4 nanoma-
terials.

Table 1
Characteristics of the prepared nanomaterials.

Sample wt% ˇ-Fe2O3
a BET (m2/g) Pore volume (cm3/g) Eg (eV)

CN 0 13.4 0.120 2.74
FCN-1 1.6 28.8 0.151 2.67
FCN-2 2.1 21.5 0.157 2.62
FCN-3 3.5 21.1 0.141 2.55
FCN-4 7.1 20.8 0.112 2.40
MFCN-4 7.0 11.0 0.089 2.73
�-Fe2O3 100 2.1 0.008 1.77

a Calculated from the TGA profiles.
he 4000-400 cm−1region were recorded using KBr pellets with
Perkin Elmer 2000 instrument. TEM measurements were per-

ormed on a TEM Philips EM208, using an acceleration voltage
f 100 kV. Samples were prepared by drop casting onto a TEM
rid (200 mesh, copper, carbon only). High Resolution Trans-
ission Electron Microscopy (HRTEM) images were recorded by
JEOL 2010-FEG microscope operating at the acceleration volt-

ge of 200 kV. The microscope has 0.19 nm spatial resolution at
cherzer defocus conditions in HRTEM mode. X-ray diffraction
XRD) spectra were collected in reflection mode on a D/Max-RAPID
-ray microdiffractometer with a cylindrical imaging plate detec-

or, using CuKa radiation and a collimator diameter of 300 �ms.
onventional XRD patterns were obtained by integration of bi-
imensional images. The X-ray photoelectron spectroscopy (XPS)
easurements were carried out in an ultrahigh vacuum (UHV)

pectrometer equipped with a VSW Class WA hemispherical elec-
ron analyzer. A monochromatic Al K� X-ray source (1486.6 eV)
as used as incident radiation. Survey and high resolution spec-

ra were recorded in constant pass energy mode (90 and 44 eV,
espectively). UV–vis diffuse reflectance spectroscopy experiments
ere performed with a PerkinElmer (Lamda 35) spectrophotome-

er equipped with an integrating sphere assembly with a nominal
esolution of 1 nm using BaSO4 as reference. The band gap energies
f the pure and FCN-x nanomaterials were estimated from their
ptical absorption edges using the following formula:

hv = B
(

hv − Eg
)2

here h�, � and B represent the excitation energy, absorption coef-
cient and a constant, respectively. Instead of a, the Kubelka-Munk

unction was applied in order to eliminate any tailing contribu-
ion from the DR-UV–vis spectra [7,53]. The following function was
pplied to convert the absorption spectra:

(R) = (1 − R)2

2R

here R is the reflectance. The Eg values were estimated from the
lot of F (R) hv1/2 versus energy by extrapolating the linear part.

.3. Photocatalytic degradation

The photocatalytic activity of the prepared catalysts was evalu-
ted against the degradation of MO, RhB and phenol (a recalcitrant
ollutant) in aqueous solution. Catalytic tests were performed
nder simulated solar light (Solar simulator LOT-Oriel equipped
ith 300 W Xe Arc light source and AM 1.5 filter) and pure visi-

le light using a 420 nm cut-off filter. The catalyst (1.25 g L−1 for
yes and 2 g L−1 for phenol) and 160 ml of aqueous solution con-
aining 10 mg L−1 of MO or RhB and 5 mg L−1 of phenol were placed
n a Teflon reactor and the reaction temperature was maintained
t 20 ◦C. Prior to irradiation, the suspension was stirred for 1.5 h
n the dark to reach the adsorption/desorption equilibrium. The
dsorption under dark conditions never exceeded 14%. The catalytic
esults reported herein are after adsorption/desorption equilibrium
as reached. To quantify MO and RhB, aliquots (2 ml) of the sus-
ension were periodically taken and filtered using a 0.45 �m PTFE
illipore disc. To quantify phenol, 3 ml aliquots were drawn and

entrifuged at certain time intervals. A Shimadzu UV-2450 UV/Vis
pectrometer was used to determine the concentration of dyes
nd phenol. Quantification was based on comparison with stan-
ards. To quantify the iron amount leached during photocatalytic
xperiments, the samples were filtrated using 0.45 �m PTFE mem-
ranes and analyzed using inductively coupled plasma and atomic
mission spectroscopy (ICP-AES). The Limit of Detection (LOD) at
he used wavelength (238.204 nm) is ∼10 �g L−1. For the recy-
ling experiments, the used catalyst was collected, washed with
3

water three consecutive times under stirring, washed with ace-
tone and finally dried over night at 100 ◦C. The mechanistic aspects
of the catalytic reaction were studied by using scavengers. TEOA
and TBA (0.1 mmol) were used as hole (h+) and hydroxyl radical
(OH•) scavengers, respectively. Argon was used to study the effect
of superoxide radical (O2−•) formation on photoactivity.

3. Results and discussion

3.1. Characterization of photocatalysts

Thermogravimetric analysis was carried out to investigate the
thermal stability and the composition of the prepared materials.
Fig. 1 shows TGA profiles of the CN and the FCN-x samples. The
pure CN sample begins to be oxidized at temperatures above 560 ◦C
verifying that it is stable under the second thermal treatment at
500 ◦C. On the contrary, the FCN-x composites start to be oxidized
at lower temperatures, thanks to a catalytic activation of oxygen
associated to the presence of iron oxide. In fact, with increasing
iron content the decomposition temperature decreases. The con-
tent of the �-Fe2O3 in the hybrid materials was calculated from
the remaining weight, as summarized in Table 1. Based on the TGA
analysis, approximately half of the nominal Fe content is present in
the final FCN-x composites, while the loss of the initial added Fe is
higher for samples treated with higher Fe amount.

Fig. 2 shows XRD patterns of the pure and the hybrid materials.
Both the pure g-C3N4 and the FCN-x samples exhibit two character-
istic reflections at approximately 2� 13.1◦ and 27.3◦ corresponding
to the (1 0 0) and (0 0 2) crystal planes of g-C3N4. These two fea-
tures confirmed the formation of the graphitic stacking structure
via melamine’s polycondensation at 550 ◦C. In addition, the XRD
data provide direct evidence that the g-C3N4 structure is not
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ignificantly altered by the additional thermal treatment at 500 C
sed during the preparation of the iron oxide. However, a gradual
egrease of the main reflection intensity with increasing iron con-
ent is observed which has been previously observed and assigned
o host-guest interaction [54]. Closer inspection of the data also
eveals a shift towards higher 2� values of the (0 0 2) reflection for
ll hybrid materials (about 0.2◦, inset in Fig. 1). This shift was not
etected in the mechanical mixed MFCM-4 sample. The loss of the

ntensity and the shift of the (0 0 2) diffraction peak clearly indi-
ates an interaction between the organic and the inorganic part in
he hybrid materials.

The XRD pattern of the pure iron oxide sample is also dis-
layed in Fig. 2. The characteristic diffraction pattern can be fully

ndexed to the pure metastable �-Fe2O3 phase [43]. The sharp
eflections indicate high crystallinity. The pattern of �-Fe2O3 is
learly observed also in the MFCM-4 sample. Vice versa, in the
ybrid materials, only the main �-Fe2O3 reflection at 32.8◦ is
etected in the composite sample with the higher iron loading
FCN-4). No diffraction peaks attributed to other Fe2O3 polymorph
re observed. The absence of �-Fe2O3 reflections in the nanocom-
osites is most likely due to the low amount of Fe2O3 as evidenced
500 1000 1500 2000 2500 3000

A
bs

or
ba

nc
e 

 (a
r. 

un
.)

Wavenumber  (cm-1)

(g)

(f)

(e)

(d)

(c)

(a)

(b)

A

Fig. 3. (A) FT-IR absorption spectra of the g-C3N4 (a), �-Fe2O3/g-C3N4 (b)-(e), MFCM

4

by TGA. In addition, it may also indicate that the oxide’s nanoparti-
cles are small and well dispersed on the g-C3N4 surface, suggesting
that the growth of the iron oxide nanoparticles is restrained in the
presence of g-C3N4.

Fourier transform infrared (FT-IR) spectra of the g-C3N4, �-
Fe2O3 and the hybrid materials are presented in Fig. 3. All
characteristic peaks of g-C3N4 were observed in the hybrid and
the pure g-C3N4 spectra. The broad absorption band at high
wavenumber (∼3200 cm−1) is attributed to the stretching vibration
of N H bonds (primary ( NH2) and secondary ( N H) amines).
The contribution of surface O H groups is negligible in this
region, considering that no bands have been observed even on
the pure �-Fe2O3 material. The multiple absorption bands in the
1200–1680 cm−1 region originate from the stretching vibration
modes of heptazine heterocyclic ring, typical for CN heterocy-
cles. The sharp peaks at 810 cm−1 originates from the breathing
mode of the triazine units. The g-C3N4 bands are present in the �-
Fe2O3/g-C3N4 which suggests that the g-C3N4 structural features
are maintained during the hybridization process, in agreement with
XRD. The pure �-Fe2O3 exhibited two main absorption peaks at
approximately 460 and 630 cm−1, observed only slightly at the
high-Fe loaded materials (FCN-4 and MFCN-4, Fig. 3B).

The surface composition of the pure g-C3N4 and FCN-x
nanocomposites was investigated by means of XPS spectroscopy.
Fig. S1 shows XPS survey spectra of selected samples. The corre-
sponding high-resolution XPS spectra of the C 1s, N 1s, and Fe 2p
regions are presented in Fig. S2. The survey spectra indicate the
presence of C, N and O on the surface of the pure g-C3N4 and C, N,
O and Fe on the �-Fe2O3/g-C3N4 nanocomposites. The O 1s peak in
the g-C3N4 is assigned to adsorb H2O. No peak of Na was detected in
the �-Fe2O3/g-C3N4 nanocomposites both in the survey and in the
narrow scan Na 1s spectra (not shown), indicating that doping of
g-C3N4 with Na did not take place under the conditions applied and
no un-reacted metal salts remained after the washing treatment.
Typical C1s and N1s XPS spectra were recorded for all samples. The
main C 1s contribution centered at 288.5 eV is ascribed to C-(N)3
while the main N 1s peak at 398.9 eV can be attributed to C N C
sp2-hybridized N-atoms. The Fe 2p3/2 peak centered at 711.2 eV is
ascribed to the formation of �-Fe2O3. XPS data showed the presence
of a single iron oxide species, indicating that Fe was not introduced
at interstitial positions in the g-C3N4 structure. The absence of both
Na and Fe in the g-C3N4 structure was expected since g-C3N4 was
pre-formed during the synthesis of the FCN-x nanocomposites.

Nitrogen physisorption isotherms (Fig. 4) were performed to
study the textural properties of the materials. The hysteresis loop
B
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bserved at relatively low partial pressures (0.4 < P/P0 < 0.9) can
e attributed to the intra-aggregated pores and at higher par-
ial pressures (0.9 < P/P0 < 1) to the large pores formed between
econdary particles, typical for g-C3N4. The corresponding BJH
ore-size distribution curves are presented in Fig. 4h. All samples
resented a bimodal pore size distribution, with a main contribu-
ion in the range 3.5–4 nm and a second and broader centered at
bout 20–30 nm. Table 1 summarizes the textural properties of the
anocomposites and pure materials, along with other properties.
n increase of the surface area was observed upon introducing
-Fe2O3 in the g-C3N4. This increase was not observed for the
echanical mixed MFCN-4 sample.
Transmission electron microscopy (TEM) was used to study

he morphology of the as-prepared g-C3N4 and FCN-x hybrids.
5

Representative images are given in Fig. 5. High magnification TEM
images are also displayed in Fig. S3. A typical layered and platelet-
like structure is observed in the pure g-C3N4 sample formed via
the aggregation of irregular and varying size particles. The layered
structure is preserved in the hybrid materials. Nevertheless, com-
paring the hybrid materials with the pure g-C3N4 a decrease on the
layer’s size was observed. This can explain the higher surface area
of the FCN-x samples compared with the pure g-C3N4 (Table 1). In
the FCN-x series, well dispersed oxide nanoparticles are overlaid
on the surface of g-C3N4 (Fig. 7B, C and S3A). The average size of
such nanoparticles is around 3.5 nm. The small sized and highly
dispersed �-Fe2O3 nanoparticles observed in the �-Fe2O3/g-C3N4
nanomaterials explain the inability to detect the oxide with XRD.
No free �-Fe2O3 nanoparticles were detected outside of the g-C3N4
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Fig. 5. TEM images of the g-C3N4 (A), FCN-3 (B), FCN-4 (C), the pure �-Fe2O3 (D) and the �-Fe2O3 particle size distribution in the FCN-3 (E) and the �-Fe2O3 (F) sample.
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heets. On the contrary, the pure �-Fe2O3 presented an average par-
icle size of 13 nm (Fig. 5D and S3C). These results clearly indicate
hat the in-situ growth of �-Fe2O3 on the surface of g-C3N4 applied
or the synthesis of the �-Fe2O3/g-C3N4 hybrids results in signif-
cantly smaller �-Fe2O3 nanoparticles, at the same time avoiding
he formation of �-Fe2O3 agglomerates. The lattice fringe spacing of
pproximately 0.325 nm observed in the HRTEM images is distinct
rom that of �-Fe2O3 (see insets in Fig. S3B and C) and corresponds
o the (002) crystal plane of g-C3N4 in agreement with the literature
57].

Light absorption properties were studied by UV–vis spec-
roscopy. Fig. 6A displays the UV–vis absorption spectra of the
6

prepared materials obtained from the DR-spectra. The absorption
edge of the pure g-C3N4 material is around 450 nm while for the
pure �-Fe2O3 the absorbance is extended up to 650 nm. An obvi-
ous shift of the absorption band towards longer wavelengths is
detected in the FCN-x series compared with the pure g-C3N4 mate-
rial. This is observed even for the sample with the lowest �-Fe2O3
loading. These results clearly demonstrate that the red shift of
the absorption edge in the �-Fe2O3/g-C3N4 nanocomposites can
be exclusively attributed to the presence of �-Fe2O3. An interest-
ing observation is that the spectra of the FCN-x series could not
be reproduced from a simple linear combination of the pure g-
C3N4 and �-Fe2O3 spectra. This evidence supports the formation
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Fig. 6. UV–vis absorption spectra (A) and plots used to estimate band gap energies
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f a hybrid heterostructure with appreciable interfacial interaction
etween the two components. On the contrary, the spectrum of
he mechanical mixed MFCN-4 sample can be deconvoluted into
he pure g-C3N4 and �-Fe2O3 UV–vis spectra.

The observed red shift in the hybrid nanocomposites (Fig. 6)
ives rise to an appreciable decrease of the band gap energy (Eg) in
ig. 7. Photocatalytic degradation of MO over the g-C3N4, �-Fe2O3/g-C3N4 and MFCN-4 p
lots (B) and the rate constants of MO degradation (C) and MO degradation efficiency afte

7

the presence of �-Fe2O3 but not in the mechanical mixed MFCN-4
sample (Table 1). The estimated band gap energy for the pure g-
C3N4 and �-Fe2O3 are in close relation with the values reported in
previous studies [11,12,55]. The increased absorption in the visible
region of light and narrower band gap energies of the FCN-x hybrids
compared to the reference g-C3N4 can have a positive impact in
photocatalysis.

3.2. Photocatalytic activity

The photocatalytic efficiency of the pure and hybrid materials
prepared was evaluated against the photodegradation of organic
dyes (MO and RhB) and phenol under both simulated solar and pure
visible light irradiation. Fig. 7 presents the photocatalytic results
for MO degradation together with the reference reactions. Control
experiments in the absence of light or catalyst resulted in negligi-
ble degradation of MO, demonstrating that the observed decrease
in the MO concentration is due a photocatalytic process. Using the
pure g-C3N4, 57% of MO is degraded in 4 h. All �-Fe2O3 contain-
ing hybrids presented superior activity than the reference g-C3N4
under solar light irradiation. Among all catalysts, the hybrid con-
taining 3.5% of �-Fe2O3 (i.e. FCN-3) presented the highest activity.
Further increase of the �-Fe2O3 resulted to a slight decrease of
the catalytic activity but still higher than the reference g-C3N4. In
contrast to the hybrid materials, the mechanically mixed MFCN-4
sample presented approximately the same photoactivity as the ref-
erence g-C3N4. Among the different factors that can affect activity,
the increased surface area in the FCN-x series can be ruled out. This
is obvious when comparing the results of the FCN-1 vs. CN where
surface area is almost doubled with only a negligible improvement
in the photocatalytic activity.

The experimental data were well fitted with a fist-order kinetic.
The rate constants (k) were obtained by fitting the data with the
following equation:

ln
(

C0

C

)
= kt
hotocatalysts under solar light irradiation (A), the corresponding first-order-kinetic
r 4 h for three consecutive reaction processes for the FCN-3 photocatalyst (D).
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Fig. 8. Photocatalytic degradation of MO over the pure g-C3N4, �-Fe2O3 and the
hybrid FCN-3 photocatalysts under pure visible light irradiation (� > 420 nm). Inset:
first-order kinetic plots for the g-C3N4 and FCN-3 photocatalysts.
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Fig. 9. Removal of MO by the reference g-C3N4 and the FCN-3 nanocomposite after
4 h solar-light irradiation in the presence of various scavengers.
here k is the apparent first-order rate constant (min−1), t is the
rradiation time (min), C0 is the initial concentration and C the con-
entration at reaction time t. The linearity observed in the kinetic
lots expressed asln

(
C0⁄C

)
vs. Irradiation time (t) (Fig. 7B) verified

hat the degradation follows first-order kinetics. The kinetic con-
tant is 2.4 times higher in the FCN-3 than the pure g-C3N4 sample.
he rate constants extracted were 0.22 and 0.21 h−1 for the pure
-C3N4 and the mechanical mixed MFCN-4 respectively and 0.26,
.41, 0.53 and 0.43 h−1 for the FCN-1, -2, -3 and -4 nanohybrids,
espectively (Fig. 7C). These data clearly show that the introduction
f �-F2O3 on the surface of g-C3N4 is beneficial for photoactiv-
ty. However, enhanced photoactivity can be achieved only via the
n-situ growth of �-Fe2O3 nanoparticles on the g-C3N4 surface.

Recycling reactions were performed on the most active catalyst
FCN-3) to evaluate the stability of the hybrid catalysts. The data
resented in Fig. 7D reveal no apparent deactivation of the catalyst
fter three consecutive cycles, illustrating the excellent stability
nder the conditions of our experiment. It is important to under-

ine that the ICP-AES analysis verified that the Fe concentration
n the final solutions were always below the LOD limit (∼10 �g
−1). This value corresponds to an eventual leaching of 2.2% of Fe
resent in the FCN-3 sample. It should be mentioned that �-Fe2O3

s susceptible to detrimental photoleaching phenomena while �-
e2O3 is much more stable [45]. To further establish the stability
f the prepared hybrids, the XRD pattern and FT-IR spectrum of
he used FCN-4 catalyst was recorded presenting no obvious dif-
erences compared with the fresh CN and FCN-4 catalyst (Figure
4). These data further confirm the good stability of the present
ybrid material.

The photoactivity of selected catalysts was also tested for the
egradation of RhB and phenol. The data are presented in Figure
5. In both cases, photoactivity of the �-Fe2O3/g-C3N4 hybrid is
uch higher than the pure g-C3N4 reference catalyst. Since dye

elf-sensitized processes may occur in photocatalysis, of impor-
ance is the photoactivity against phenol that clearly demonstrates
he absence of such phenomena in the present case. The observed
nhanced photodegradation of RhB over MO by both the reference
nd the �-Fe2O3/g-C3N4 hybrid catalysts may originate from dye
ensitization phenomena that are more pronounced using RhB as
he target pollutant [28].

Most importantly, in addition to the activity presented under
imulated solar light, the prepared materials were proven active
nder pure visible light irradiation. Fig. 8 presents the time
8

dependence of MO degradation and the plots used to estimate reac-
tion rates for selected samples using pure visible light (>420 nm).
The FCN-3 hybrid presented higher activity compared to the pure
reference materials. Comparing the catalytic results of our �-
Fe2O3/g-C3N4 hybrids with Fe2O3/g-C3N4 photocatalysts reported
in the literature containing �- and �-Fe2O3 [14,27,38], the �-
Fe2O3/g-C3N4 hybrids present higher activity with respect to the
enhancement factor over the reference photocatalyst used (as to
the rate constant (k) ratio). Specifically, an enhancement factor of
1.52 [14] and 1.8 [38] were reported over the reference material for
g-C3N4 functionalized with �- and �-Fe2O3 respectively, while the
corresponding value for FCN-3 is 2.4 and shows resemblance with
Fe-doped g-C3N4 [14].

3.3. Photocatalytic mechanism

To get insights into the reaction mechanism and to identify
and assess the contribution of the active species, control experi-
ments were conducted using scavengers for holes and free radicals
over the most active FCN-3 and the reference g-C3N4 sample.
Triethanolamine (TEOA) and tert-butyl alcohol (TBA) were used
as hole (h+) and hydroxyl radical (OH•) scavengers, respectively
[14,56]. To study the effect of superoxide radicals (O2

−•) on pho-
toactivity, control experiments under saturated argon atmosphere
were performed, maintaining anaerobic environment throughout
the reaction. The data are presented in Fig. 9, analyzing the MO
degradation after 4 h of irradiation under simulated solar light.
For both the pure g-C3N4 and the FCN-3 hybrid, the photocat-
alytic degradation of MO is not affected by the presence of TBA.
This clearly indicates that OH• have no effect on the photocatalytic
reaction. Under saturated Ar atmosphere, a small decrease (∼10%)
on reactivity is observed for the FCN-3, suggesting that dissolved
O2 has a role in the photodegradation of MO most likely through
the formation of O2

−•. However, O2
−• are not of significance in

determining photoactivity of FCN-3 since photodegradation is only
slightly diminished. On the contrary, degradation of MO was greatly
suppressed in the case of FCN-3 when TEOA was used as scavenger.
Therefore, photogenerated h+ are the dominant species determin-
ing photoactivity in the hybrid material in agreement with recent
studies for MO, RhB and phenols degradation using g-C3N4-based
composites [57]. In the pure g-C3N4 material, catalytic degrada-
tion of MO is driven both from h+ and O2

−• while the impact
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Fig. 10. g-C3N4 and �-Fe2O3 band edge positions and proposed charge transfer process in the �-Fe2O3/g-C3N4 hybrids.
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f O2
−•seems more prominent when compared with the hybrid

-Fe2O3/g-C3N4 nanocomposites. These results also demonstrate
hat there is no contribution of a Fenton-type reaction in the pho-
odegradation process of MO, considering that OH• and O2

−• are
he main reactive species in the Fenton reaction [58].

These results indicate that photodegradation of MO is gov-
rned by different mechanisms in the pure g-C3N4 and the hybrid
-Fe2O3/g-C3N4 nanomaterials. For the pure g-C3N4 the results
re consistent with previous works [30,56]. However, for the �-
e2O3/g-C3N4 hybrids the results differ from previous studies
erformed on Fe-doped g-C3N4 [13] or g-C3N4 containing iron
xides [14,47]. Hu et al. reported recently that photodegradation of
yes is driven by both O2

−• and OH• using �-Fe2O3/g-C3N4 com-
osites [14]. A similar mechanism was proposed for Fe3O4/g-C3N4
ybrids [47] as well as for other g-C3N4 composites [59]. However,

n our �-Fe2O3/g-C3N4 hybrid catalysts, photogenerated h+ are the
rimary active species for the photocatalytic oxidation of MO while
H• do not participate in the reaction.

The difference in catalytic activity between the mechanical
ixed MFCN-4 catalyst, the pure g-C3N4 and the in-situ synthe-

ized nanocomposites may be related with the improved optical
roperties in the FCN-x series (i.e. narrower Eg), small sized and
ighly dispersed �-Fe2O3 nanoparticles, avoiding the formation
f agglomerates as evidenced by TEM. The tight interface formed
etween the two parts in the heterostructure should also be consid-
red in the charge transfer process. Regarding this last factor, more
nformation can be gained by the actual band structure of the het-
rostructure, e.g. the band edge position of g-C3N4 and �-Fe2O3.
he conduction and valence band (CB and VB) edges of g-C3N4
ie approximately at −1.1 V and +1.6 V, respectively [11,12]. The
B and CB of �-Fe2O3 were estimated by the following empirical
quation [7]

VB = X − EC + Eg

here EVB is the VB edge potential, X the electronegativity of the
emiconductor (which is the geometric mean of the electronega-
ivity of the constituent atoms), EC the energy of the free electron
4.5 eV on the hydrogen scale) and Eg is the band gap energy cal-
ulated from the UV–vis DR-spectra. For �-Fe2O3 the absolute
lectronegativity is 5.87 eV. The conduction band edge potential
ECB) was obtained using

CB = EVB − Eg

By applying this method, the CB and VB potentials of �-Fe2O3
here calculated to be 0.49 and 2.25 eV. Although these may not

e the absolute CB and VB potentials, the values extracted herein
re in good agreement with the values reported in the literature for
ron oxide polymorphs [27] and can be used as guides offering an
stimation of the relative band edge positions.

A schematic diagram of the band structure in the nanocompos-
tes together with the redox potential of reference reactions are
9

presented in Fig. 10. Under visible light irradiation, both g-C3N4
and �-Fe2O3 absorb photons with energy greater than their band
gaps, resulting to the excitation of e− to the CB while h+ remain
in the VB. Based on the band structure of the heterojunction, pho-
togenerated e− in the CB of g-C3N4 can be transferred to the less
negative CB of �-Fe2O3 while h+ are transferred from the VB of �-
Fe2O3 to that of g-C3N4. Therefore, the correctly aligned band edges
of �-Fe2O3 and g-C3N4 suggest that efficient charge separation may
occur through the strong interfacial interaction in the nanocom-
posites. The restriction of photogenerated e− on the one side and
h+ on the other via charge transfer due to the difference in the band
edges reduces the recombination rate of e−/h+ pairs and increases
the abundance and stability of the photogenerated charge carriers
in the hybrid nanomaterials [3]. This has an important impact in
photoactivity as evidenced in Figs. 7 and 8 and S5.

Close inspection of the band levels in Fig. 10 reveals that the
reduction potential of the CB e− in g-C3N4 are more negative while
in �-Fe2O3 are less negative than the normal potential of the
O2/O2

−• couple. Hence, CB e− in g-C3N4 can reduce O2 forming O2
−•

while this cannot occur in �-Fe2O3. Therefore, it is not surprising
the small impact of O2

−• in the photodegradation process in the
case of the hybrid materials since e− are effectively transfer from
g-C3N4 to �-Fe2O3. On the contrary, O2

−• contribute significantly
when using the pure g-C3N4. Similarly, the oxidation potential
of the photogenerated VB h+ in g-C3N4 is not positive enough to
generate OH• by direct oxidation of either the surface hydroxyl
groups or adsorbed water molecules (E0 (OH−

surf/OH•) = 1.9V, E0

(H2Oads/OH•) = 2.7V vs. NHE) [60]. This is not the case for the VB
h+ in �-Fe2O3. However, given that h+ are transferred from the VB
of �-Fe2O3 to g-C3N4, OH• are not produced in the hybrid nano-
materials, explaining the results obtained using TBA as scavenger.
OH• are not produced also via O2 multi-electron reduction process,
in accordance with the low reduction potential of the conduction
band e− on �-Fe2O3, further verifying the catalytic results obtained
using TBA as scavenger. The results obtained from the reference
reactions using scavengers (e.g. no production of OH• and O2

−•)
verify the efficient charge separation in the hybrid materials as
suggested by the CB and VB potential calculation. Finally, consid-
ering that the oxidation potential of MO is approximately 1 V (vs.
NHE) [61], the potential of VB h+ in g-C3N4 is high enough for
direct oxidation of MO. Therefore, in the hybrid materials, h+ are
the active species acting as direct oxidizing agents for MO and not
producing OH•. In photocatalysis, usually different active species
are generated (i.e. h+, e−,OH•, O2

−•). Herein, considering that only
the photo-excited h+ participate in the catalytic mechanism when
using the �-Fe2O3/g-C3N4 hybrids indicate that these materials
may find application in controlled sun-light driven catalytic reac-
tions for selective organic synthesis.

Based on the above analysis, the enhanced photoactivity and
the photocatalytic mechanism of MO degradation by the hybrid �-
Fe2O3/g-C3N4 nanomaterials are outlined in the scheme in Fig. 10.
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hotogenerated VB h+ are the primary species determining pho-
oactivity while the enhanced photoactivity is attributed to the
fficient charge separation driven by the well-matched overlap-
ing band-structures of �-Fe2O3 and g-C3N4. Therefore, �-Fe2O3
anoparticles act simply as sensitizers and charge separators and
o not participate in the degradation process or form reactive oxy-
en species.

. Conclusions

In summary, we have developed 2D hybrid nanomaterials con-
isting of Fe2O3 at the metastable �-phase and g-C3N4via a facile
n-situ growth strategy embedded in a solid state process. The
-Fe2O3 enhances light absorption in the visible region, gener-
ting more charge carriers and simultaneously promoting charge
ransfer and separation due to the difference in the CB and VB
nergies. As a result, the hybrid �-Fe2O3/g-C3N4 nanomaterials
xhibit higher photocatalytic activity compared to the pure refer-
nce materials, coupled with a remarkable stability under working
onditions. Photogenerated h+ were identified as the active species
esponsible for the dye degradation in the hybrid �-Fe2O3/g-C3N4
hile in the pure g-C3N4 reference photoactivity is driven by both

+ and O2
−•.
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