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The g-C3N4-coated and Fe-doped TiO, visible-light-driven photocatalysts were synthesized by a
simple mixing method combined with calcination process, in which the commercial Degussa P25 TiO,
was used as a titanium source. The new photocatalysts were investigated by X-ray diffraction,
transmission electron microscopy, X-ray photoelectron spectroscopy, ultraviolet-visible diffuse
reflection spectroscopy, scanning electron microscopy, and Fourier transform infrared spectroscopy.
The co-presence of uniform g-C3N4 coating layers and doped metal ions was proved and the visible
light absorption was significantly enhanced after modification. The photocatalytic efficiency and
stability of the new photocatalysts in degradation of dyes and Cr(V1) under visible-light irradiation
were remarkably enhanced, and were mainly dependent on the ratio of g-C3N4 and metal ions. Based
on the electrochemical impedance spectroscopy results, we believe the interfacial effect between g-
CsN4 and TiO, and the doping Fe ions in the heterojunction could improve the separation and transfer
of photo-induced charge carriers and thereby enhanced the photocatalytic performance.
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1. INTRODUCTION

Environmental pollution has been intensified and thus critically threatens the economic and
social development of humans. In particular, wastewater effluents, such as the dyestuffs and heavy-
metal ions, have become the key issues as they cannot be effectively treated by traditional processing
technics. Under this circumstance, the development of novel efficient techniques becomes increasingly
significant worldwide. A research hotspot is the photocatalytic degradation technique based on TiO,
semiconductor, owing to the utilization of environmental-friendly solar energy resource[1, 2]. TiO; has
been widely used in photocatalytic works owing to its advantages of low-cost, physiochemical stability
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and non-toxicity. However, with a large bandgap energy of 3.2 eV, TiO, could only be motivated by
UV light and only takes up about 4% of sunlight. In this instance, much efforts have been made to
obtain high active visible-light-driven photocatalysts through efficient modification of TiO,, including
semiconductor coupling, doping with metals or nonmetals, and deposition with noble nanoparticles.

Recently, graphite phase carbonic nitrogen (g-CsNg4), a graphite-analogous metal-free
semiconducting photocatalyst with a medium bandgap (2.7 eV) and many advantages (e.g. high
thermal stability, conspicuous visible-light absorption and peculiar electronic structure), has attracted
the photocatalytic research field[3-5]. Meanwhile, with the composition of only carbon and nitrogen,
g-C3N4 can be easily prepared from nitrogen-rich compounds, such as melamine. On account of its
conjugative structure, g-C3N4 has a high ability of photogenerated charge separation, and thus is
considered to be an ideal candidate for the design of photocatalytic compound materials[6-9]. In
addition, the presence of metal ion dopants in semiconductors notably improves the photocatalytic
performance by increasing the visible-light absorption and prolonging the lifetime of photoinduced
charge carriers. Many efforts have been devoted to synthesis of efficient visible-light-driven transition
metal-doped emiconductor photocatalysts, and confirm that Fe is one of the optimal choices[10-13].
Therefore, it has been planned to prepare TiO, photocatalysts with the joint modification of g-C3N,4
coupling and Fe ion doping. However, most of the existing methods are complex and involve
expensive raw materials or cause environmental problems, such as by-product pollution[14].

Regarding the commercial potential of modified TiO, photocatalysts, the use of cheap raw
materials is also the great concern in the research fields of materials chemistry and environmental
engineering. Among all the commercial TiO, materials, the most attractive candidate is Degussa P25
TiO, with average particle size of 21 nm and surface area of 50 m?/g produced by Degussa Corp.. P25
nanoparticles possess effective photocatalytic activity due to their unique mixcrystal structure of 80%
anatase and 20% rutile. However, pure P25 TiO, cannot use visible light, which significantly restricts
its practical applications. Therefore, the joint modification of g-CsN,4 coupling and Fe doping, which
can improve the visible-light-driven activity of P25 TiO,, was proposed for construction of high-
performance photocatalysts.

In this work, a series of modified P25 photocatalysts were prepared through a facile approach
by mixing different contents of P25, melamine and Fe(NO3)3-9H,0O together, followed with a
calcination process at 550 °C. The physicochemical properties of the photocatalysts were investigated,
and the photocatalytic activity and stability were measured with photodegradation tests on dyes and
Cr(VI1) under visible light irradiation[15]. A potential mechanism underlying the enhancement of
photocatalytic performance was proposed.

2. EXPERIMENTAL

2.1. Materials

All chemicals used here were of analytical grade and employed without further purification. All
materials were purchased from Shanghai Chemical Corp., Ltd., except TiO, (Degussa(P25) Corp.).
Deionized water was used throughout the experiements.
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2.2. Preparation of Fe-doped and g-C3N4-coated P25 composites (Fe-CN-P25)

Fe-CN-P25 composites were synthesized with a facile route. Firstly, 0.5 g of P25, 0.01 g of
Fe(NO3)3-9H,0 and a certain amount of melamine (1-10 g) were added into deionized water under
stirring at room temperature. The resulting suspensions were placed in an oven and heated to 80 °C,
which removed the water. After that, the dried solid mixtures were removed to a muffle furnace and
calcined at 550 °C for 4 h at a rate of 5 °C min™. After natural cooling down, the final products were
grinded as powder and labeled as PCNFx, where X is the weight of melamine (for example, PCNF1 is
prepared by 1g melamine). Meanwhile, to study the role of metal content on the photodegradation
activity of Fe-CN-P25, we prepared another series of photocatalysts under the same conditions, except
that the amount of Fe(NO3)3-9H,0 was changed from 0.005 to 0.02 g and the dosage of melamine was
5 g. The products were denoted as PFCNX, where X is the mass percent of Fe(NO3)3-9H,0 to P25 (1%-
4%). For comparison, pure g-CsN4 was prepared under the same steps without addition of P25 or
metal.

2.3. Characterization

The crystal structures and phase purity of the photocatalysts were investigated on an X-ray
diffractometer (XRD, Rigaku D/Max2rB; Cu-Ka radiation, A=1.5406 A, scanning rate = 0.02 °s™).
Their morphologies and compositions were characterized on an FEI XL-30 scanning electron
microscope (SEM) and a JEOL-JEM2010 transmission electron microscope (TEM) at the acceleration
voltages of 25 and 200 kV, respectively. Other instruments included a UV-2600 ultraviolet-visible
(UV-Vis) absorption spectrophotometer (Japan), and a Nicolet Nexus 470 FTIR Fourier transform
infrared (FT-IR) spectrometer. The oxidation states of C, N, O, Ti and Fe on the surfaces of the
composites were explored on a PHI 5000 C ESCA X-ray photoelectron spectroscope (XPS) with Al
Ka as the exciting source. The electrochemical impedance spectroscopy (EIS) was recorded by a
Chi660e electrochemical workstation based on a conventional three-electrode systemwitha frequency
range from0.01 Hz to 100 kHz atthe circuit potential.

2.4. Photocatalytic activity for degradation of dye and Cr(VI)

Dyes [Rhodamine B (RhB), methyl orange (MO)] and toxic Cr(\V1) were selected to evaluate
the visible-light-driven activities of the new photocatalysts. Each time, a photocatalyst (50 mg) was
dissolved in a RhB/MO solution (50 mL, 10 mg/L) or Cr(VI) solution (50 mg/L). Prior to the
experiment, the Cr(VI) solution was adjusted with HCIO,4 to pH 2~2.5 and ethylene diamine tetraacetic
acid (EDTA) was added as a sacrificial reagent. A 300W Xe arc lamp with a UV-cutoff filter (420 nm)
provided the simulative visible light. Appropriate temperatures were maintained by cooling water
circulation pumps that were connected to the reactor. Photocatalytic reaction was proceeded a 100 mL
cylindrical quartz vessel under stirring. The suspensions were placed in the dark for 30 min to reach a
desorption/adsorption balance. Then the suspensions were collected at given time interval (each 1 mL),
diluted with deionized water, and speedily centrifuged, which separated the solids from the solution.
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The RhB (or MO) concentration was measured by the UV-Vis spectrophotometer at A=550 nm (or 464
nm), while the Cr(VI) concentration was detected at A=540 nm based on a DPC developer method[16].

3. RESULTS AND DISCUSSION

3.1. XRD
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Figure 1. XRD patterns of g-C3N4 and PFCNX.
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Figure 1 shows the typical XRD patterns of g-C3N4 and the PFCNX. The pure g-C3N,4 exhibits
two distinct diffraction peaks at 13.2° and 27.3°, corresponding to the (101) and (002) crystal planes,
respectively. All PFCNx show a series of peaks marked with A and R. Specifically, the “A” peaks with
20 = 25.4° (101), 37.8° (004), 48.2° (200), 54.5° (105) and 62.8° (204) correspond to the crystal faces
of anatase TiO, (JCPDS card N0.21-1272), while the “R” peaks at 20 =27.2°, 36.1° and 69.7° can be
indexed to the rutile TiO, (JCPDS card No0.21-1276)[17-19]. The XRD patterns of PFCNXx rarely
changed after coating with g-C3N4, because the main peak of g-C3N4 in 27.3° and the rutile-phase
diffraction peak of TiO, in 27.2° were partly overlapped and the g-C3N4 had low XRD intensity.
Meanwhile, no obvious diffraction peak of doped-metal appeared because of the low content of Fe**
(<5 wt.%). In comparison, the peaks of anatase TiO, were relatively weakened after the addition of
metal content. The XRD patterns prove the high purity, stable crystal forms and hybrid heterojunction
in the photocatalysts prepared here[10, 20].

3.2. Morphology

The morphology and microstructure of some representative photocatalysts were investigated by
SEM and TEM. As shown in Fig. 2a and 2b, the PFCN2 exhibits uniform pore size distribution, and
numerous TiO, nanoparticles disperse on the surfaces of the disordered g-CsN4. This remarkable
connection proves the successful combination of TiO, and g-C3N4 and may contribute to the isolation
of photoinduced electron-hole pairs. The combination details of PFCN2 characterized by TEM and
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HR-TEM are showed in Fig. 2c-f. Clearly, TiO; particles are in intimate interfacial contact with a
moderate amount of multilayer g-C3N, (Fig. 2c-€). The HR-TEM image (Fig. 2f) obtained from Fig. 2e
indicate the principal lattice fringe of d=0.35 nm corresponds to the (101) plane of anatase TiO,, which
is consistent with the XRD results[17, 21].
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Figure 2. SEM images (a, b), TEM images (c-f) and EDS pattern (g) of PFCN2.
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Meanwhile, TiO, nanoparticles are mostly surrounded by a few g-C3N, layers whose average
monolayer thickness is about 0.359 nm (Fig. 2f). Furthermore, the energy dispersive spectrometer
(EDS) pattern (Fig. 2g) shows the products are composed of C, N, O, Ti and Fe, which is consistent
with the preparation scheme. The interfacial contact in the heterojunction composites may drive the
photoinduced electrons to transfer from g-CsNs to TiO,[22, 23]. Thus, as expected, the
photodegradation activity of the new photocatalysts under visible light was enhanced.

3.3. UV-vis diffuse reflection spectroscopy (DRS)
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Figure 3. (a) UV-vis DRS spectra of P25, g-C3sN4 and Fe-CN-P25 composites; (b) Plots of (ahv)? vs.
energy (hv) of P25, g-C3N,4 and PFCN2 sample.
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The optical properties of P25, pure g-C3N,4 and composite photocatalysts were explored with a
UV-vis DRS meter. As showed in Fig.3 (a), P25 almost only absorbed ultraviolet light with a sharp
edge at about 400 nm, while pure g-C3N4responded actively in the visible light region up to A=460 nm.
Furthermore, all PFCNx and PCNFx could absorb more significantly at A >400 nm compared with
P25, and the absorption ability increased with the mass degree of g-C3N4 in the composite. The plots of
(ahv)? vs. energy (hv) in Fig. 3(b) show that the band gap energies of P25 and g-C3N, were estimated
to be 3.24 and 2.73 eV, respectively, which are nearly consistent with the literature[24, 25]. After
coupling with g-C3N,4 the PFCN2 showed the most efficient visible light absorption and its band gap
energy was about 2.76 eV. The UV-vis spectra further confirm the tight interfaces between P25 and g-
CsNg4, and it is expected the catalyst with lower band gap energy has a higher visible-light
photocatalytic ability.

3.4. FT-IR spectra
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Figure 4. FT-IR spectra of P25, g-C3N4 and Fe-CN-P25 composites.

To further determine the existence of g-C3sN4 and study its interaction with P25, we tested the
FT-IR spectra of some representatives (Fig. 4). Clearly, P25 shows a broad peak at around 400-600
cm™ (stretching modes of Ti-O and Ti-O-Ti) and two broad peaks at around 3400 and 1630 cm™
(attributed to the surface hydroxyl groups and surface-adsorbed water, respectively). Additionally, the
pure g-CsN, shows the strong peaks within 1240-1650 cm™ (typical stretching vibration modes of C-C
and C@N heterocycles) and two peaks at around 808 and 3000-3400 cm™ (breathing vibration of
heptazine rings and stretching vibration of N-H, respectively)[16, 18, 26]. PFCNx and PCNFx also
show the main typical peaks of g-C3N4and P25, which is reasonable of the hybridization of g-C3N4and
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P25. It should be noted that with the increasing degree of g-C3Ng, the peaks related to g-CsN, are
continuously strengthened while the peaks assigned to P25 are weakened. These vibration trends
reflect the hybridization degree and may modestly influence the photocatalytic performance.

3.5. XPS
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Figure 5. XPS spectra of PFCN2: survey scan spectrum (a), high-resolution spectra of C 1s (b), N 1s
(c), O 1s(d) and Ti 2p (e).

The chemical states of surface elements in the representative PFCN2 were analyzed by XPS.
The survey spectrum in Fig.5a clearly indicates that PFCN2 is composed of C, N, Ti, O and Fe. It also
proves the photocatalyst has high purity without other peak, which is consistent with the EDS pattern
in Fig. 2. The high-resolution C 1s spectrum in Fig. 5b shows that PFCN2 has two C 1s peaks at 284.8
and 288.4 eV, respectively. The former strong peak is assigned to the C—C coordination of the XPS
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instrument and the sp?> C—C in g-C3N,, while the latter one is attributed to sp®-bonded carbon of C-N in
g-CsN, (literature)[27]. The N 1s spectrum shows two peaks with binding energy of 398.5 and 400.4
eV, respectively, which are attributed to the sp>-hybridized nitrogen group (C=N-C) and tertiary
nitrogen N-C3 group, respectively[18]. The high-resolution spectrum of O 1s shows the two typical
peaks with binding energy of 530.0 and 532.2 eV, respectively (Fig. 5d), which are ascribed to the Ti—
O band of the anatase TiO; and the surface —OH group, respectively. The HR XPS spectra show two
Ti 2p peaks at 458.8 and 464.5 eV, respectively (Fig. 5f), which can be attributed to Ti 2ps;, and Ti
2p12 of Ti** in TiO,, respectively[20, 21]. All these results confirm the heterojunction of TiO, and g-
CsN4 with Fe-doping in the composites as-prepared.

3.6. Photocatalytic activity
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Figure 6. Photocatalytic activity of P25, g-C3Ny4, and Fe-CN-P25 composites for photodecomposition
of (a) RhB, (b) MO and (c) Cr(VI)in solutions (a/b. 10 mgL™, ¢.50 mgL™) under visible-light
irradiation; The recycling performance the of the photocatalyst in photodegradation of MO (d).
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The photocatalytic activities of the samples evaluated by the degradation tests of dyes and
Cr(VI) under visible-light irradiation are showed in Fig. 6. The RhB solution was kept in dark for 30
min in advance to reach the adsorption-desorption balance, where Cy is the initial concentration of the
RhB solution and C is the actual concentration measured at specific time (Fig. 6a). The blank tests
indicate that RhB and MO were both stable, so the photolysis could be neglected (Fig. 6a-b).
Meanwhile, after 1 h of reaction, the RhB removal efficiencies of P25, g-C3sN4, PCNF1, PCNF2,
PCNF3, PCNF4 and PCNF10 were 27.3%, 64.8%, 56.8%, 56.6%, 78.6%, 94.9% and 84.5%,
respectively, indicating that the Fe-CN-P25 composites all have much higher photodegradation activity
than pure P25 and g-C3N4. The degradation efficiencies first increased (from PCNF1 to PCNF4) and
then all decreased with further increase of g-C3N,4 content, indicating the addition of excessive g-C3Ny
could restrain the photocatalytic performance. The possible reasons are that the increase of g-CsNg4
content could modestly promote the visible light absorption, thus forming more electron-hole pairs,
and also improve the transfer and separation of photoinduced charge carriers. However, further
increase of g-C3N,4 content leads to an inappropriate ratio between g-C3N,4 and P25, while the addition
of excessive g-C3N4 may act as the recombination center of electrons and holes, because of its narrow
bandgap. In addition, the low content of P25 nanoparticles also reduces the formation of activated sites
and thereby restricts the transfer of photogenerated electrons from the surface of g-C3N4 to P25,
leading to a poor photocatalytic activity under visible light irradiation. Furthermore, Fig. 6(b) shows
the MO photodegradation tests of several samples under visible-light irradiation. Clearly, the
degradation rates of all samples in 80 min rank as follows: PFCN2 > PFCN3 > PFCN1 > PFCN4 > g-
CsN4 > P25. In other words, PFCN2 doped with 2% Fe** shows the highest MO removal efficiency
(88.6%) under visible-light, indicating that the optimal Fe** doping content is about 2%. The
photocatalytic performance in degradation of Cr(VI) is shown in Fig. 6(c). Clearly, after 20 min of
reaction, the Cr(VI1) degradation efficiencies of blank test, P25 and g-C3N4 are 18.9%, 39.3% and
57.2%, respectively. Compared with photodecomposition of MO, the removal effects of different
modified samples were inconspicuous as the degradation efficiencies of PFCN1-4 were all close to
95%, which means a highly increased photocatalytic activity in degradation of Cr(VI). The stability of
PFCN2 was investigated by reusing the samples after MO photodegradation tests (Fig. 6d). Notably,
the photocatalytic activity of PFCN2 was not reduced significantly after 5 consecutive cycles of MO
photodegradation compared with pure g-C3Ng. It is suggested the g-C3N4-P25 heterojunction could
improve the photocatalytic stability, which is very important for the application of wastewater
treatment[16, 28]. All these results indicate the photocatalysts have high activity and cycling stability
in degradation of dyes and Cr(VI) under visible-light irradiation.

3.7. Electrochemical properties of Fe-CN-P25 photocatalysts

Electrochemical impedance spectroscopy (EIS) was conducted to explore the photoinduced
charge separation of the samples (Fig. 7). Normally, The EIS Nyquist plots can be divided to a
semicircle segment and an inclined line segment, while the resistance of the semicircle is ascribed to
the charge transfer process. As reported, a smaller arc radius of the EIS Nyquist plot means the
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interfacial charge transfer is faster and the separation of photoinduced electron-hole pairs is more
effective[6, 29]. As shown in Fig. 7, PFCN2 has a smaller arc radius of EIS Nyquist plot than pure g-
C3Ny4, which suggests the separation and transfer efficiency of electron-hole pairs in PFCN2 composite
are remarkably enhanced by the P25-g-C3N,4 heterojunction structure and uniform metal doping. The
photocatalytic efficiencies of the composites may be promoted owing to the improved photogenerated
charge mobility. The results are also consistent with the photocatalytic activity above and help to
propose the photodegradation mechanism of the modified photocatalysts.

1400

1200 4 —e— PFCN2

1000 -
800 =
600 o

400 =

-Z"(Ohm)

200 =

0

0 200 400 600 800 1000 1200 1400

Z'(Ohm)

Figure 7. EIS Nyquist plots of g-C3N, and Fe-CN-P25 photocatalysts under visible light irradiation.

3.8. Discussion on photocatalytic mechanism of Fe-CN-P25 composites.

The mechanism of visible-light photocatalytic enhancement proposed here is based on the
physicochemical and photocatalytic properties of modified composites (Fig. 8). As is well-known, g-
Cs3Ny4 versus TiO;, has lower conduction band (CB) edge potential (-1.21 vs. -0.29 eV) and lower
valence band (VB) edge potential (+1.51 vs. +2.91 eV). Therefore, when the modified composites
were irradiated with visible light, g-CsN4 could absorb visible light to form electron-hole pairs, but
TiO, was barely excited. Moreover, the photogenerated electrons of g-C3N4tend to transfer to TiO, via
their heterojunction interfaces, while the photoinduced holes stay at g-CsNs. Meanwhile, the Fe*
doping in the composites could broaden the absorption range and thus improve the electron-hole
generation efficiency, which prolongs the lifetime of the charge carriers and decelerates the electron-
hole recombination. Moreover, the transferred electrons on the CB of TiO; could motivate the
reduction from toxic Cr(VI) to nontoxic Cr(III), while the photoinduced holes remaining in g-C3sNy4
would participate in oxidizing the dyes to CO,, H,O and other harmless products[30]. As a result, the
modified composites exhibit higher visible-light photocatalytic activity than pure P25 and g-C3N..
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Figure 8. Scheme of proposed possible mechanism of dyes and Cr(VI) photodegradation by the Fe-
CN-P25 composites under visible-light irradiation.

4. CONCLUSIONS

g-C3N4 and Fe ions co-modified P25 TiO, photocatalysts were prepared through a simple facile
route. XPS and FT-IR confirmed the presence of g-C3N4 and metal ions in the heterojunction catalysts.
TEM showed the g-C3N4 coating layers with average monolayer thickness of 0.36 nm could enhance
the visible light absorption, as indicated from UV-vis DRS. The photocatalysts showed significant
enhancement in photodegradation of RhB, MO and Cr(V1) under visible-light irradiation, while the
excellent cycle stability was also confirmed. Furthermore, the composite synthesized with 5g
melamine and 2 wt.% metal showed the optimal photocatalytic activity. EIS indicated the modified
composite was effective in separation of photoinduced electron-hole pairs. The enhanced
photocatalytic activity was mainly attributed to the formation of g-C3N4/P25 heterojunction and the
doping of Fe ions, which decelerate the recombination of electron-hole and efficiently improve the
separation and transfer of photogenerated charge carriers.
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