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ion of Z-scheme g-C3N4/
Mg1.1Al0.3Fe0.2O1.7 nanorod heterostructures with
high N2 photofixation ability under visible light

Yanjuan Wang, Wenshi Wei, Mengyan Li, Shaozheng Hu, * Jian Zhang*
and Ruijiang Feng

By tuning the metal ratio, a Z-scheme g-C3N4/MgAlFeO nanorod composite was prepared in situ. The

nitrogen photofixation performance under visible light was tested to evaluate the performance of the

prepared catalysts. Strong electronic coupling, as evidenced by the XPS, PL and EIS results, exists

between the two components in the g-C3N4/Mg1.1Al0.3Fe0.2O1.7 heterojunction photocatalysts, leading to

a more effective separation of photogenerated electron–hole pairs and faster interfacial charge transfer,

causing the higher activity and stability for N2 photofixation. Neat MgAlFeO shows almost no N2

photofixation activity. However, with the MgAlFeO mass percentage of 23.6%, the as-prepared

heterojunction photocatalyst exhibits the highest NH4
+ generation rate under visible light, which is 3.5-

fold greater than that of individual g-C3N4. A possible Z-scheme mechanism is proposed.
Introduction

Nitrogen is the main ingredient of many important organic
compounds in plants. Nitrogen can directly affect the metabo-
lism and growth of all living bodies. Since nitrogen is unusable
in its molecular form to most organisms because of its strong
nonpolar N^N covalent triple bond, nitrogen xation as
ammonia is a signicant important chemical process in nature.
Ammonia is very extensively used in people's daily lives,
including as chemical rawmaterials, fertilizers and refrigerants.
However, the biochemical N2 xation process, which occurs
with the help of specialized microorganisms, does not satisfy
the increased demand of human beings. During the early 20th
century, Haber invented the articial nitrogen xation method,
the Haber–Bosch process, using hydrogen gas and nitrogen gas
as raw materials in the presence of Fe-based catalysts under
high pressure and temperature. Both the energy consumption
and raw material costs are high for this process. Therefore,
articial nitrogen xation using cheap raw materials under
mild conditions is of considerable signicance from the
perspectives of cost and environmental protection. With this
background, various methods have been developed, including
chemical,1,2 electrochemical3,4 and photochemical routes.5,6

In 1977, the process of N2 reduction to NH3 over Fe doped
TiO2 was discovered by Schrauzer et al.5 Since then, nitrogen
photoxation technology becomes a hotspot and is considered
to be a promising method to replace the traditional Haber–
ring, and Environmental Engineering,
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Bosch process. Because of the poor visible light absorption, the
traditional Ti-based semiconductor catalysts show unsatisfac-
tory nitrogen xation ability under visible light.7–9 In recent
years, many novel nitrogen-photoxation catalysts are reported
successively, including BiOBr (BiOCl), g-C3N4, multi-metal
sulde and FeMoS-Chalcogels.10–16 The details of their nding
are shown in Table 1. However, compared with the photo-
catalytic H2 production, N2 photoxation is more challenging
because of the hard formation of high-energy N2 intermediates
(N2

� or N2H) during the N2 photoxation process.12

g-C3N4, which is shown to function as a semiconductor
photocatalyst, has received more and more attentions. This is
due to its special physicochemical properties, such as moderate
band gap, unique electronic structure and special optical
properties. However, as a metal-free organic semiconductor
material, its photocatalytic performance is greatly limited by the
fast charge recombination and insufficient absorption of visible
light.17 Therefore, some g-C3N4 based heterostructured photo-
catalysts coupling with other semiconductors have been devel-
oped in recent years. Metal oxides and sulphides are widely
used as this semiconductor to form the heterojunction
composites with g-C3N4. In addition to single metal sulde,
some multi-metal suldes coupled g-C3N4 composites are also
reported, including ZnSnCdS/g-C3N4,18 ZnCdS/g-C3N4,19 and
ZnMoCdS/g-C3N4.20 However, few studies concerning multi-
metal oxide (MMO) coupled g-C3N4 composites are re-
ported.21,22 With the tunable composition, MMO possesses the
special optical properties and electronic structure, leading to
the formation of tunable band structure. This is benecial to
the energy level matching of two semiconductors, which is
signicant important to form the heterojunction.23 Chen et al.
RSC Adv., 2017, 7, 18099–18107 | 18099
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Table 1 The details of previous work concerning N2 photofixation

Ref. number Author Year Finding

7 Ranjit 1996 Noble-metal-loaded TiO2 was used
as photocatalyst. A correlation
between the M–H bond strength
and the yield of ammonia was
found

8 Rusina 2003 Fe2Ti2O7 was used as photocatalysts
for N2 photoxation

9 Hoshino 2001 Titanium oxide (TiOx) with
a conducting polymer material
(P3MeT) was used as photocatalyst

10 Dong 2015 They observed that nitrogen
vacancies could endow g-C3N4 with
the photocatalytic N2 xation ability

11 Zhao 2014 They used Fe-doped TiO2 with
highly exposed (1 0 1) facets to
enhance nitrogen photoxation
performance

12 Zhu 2013 They demonstrated that
illuminated hydrogen-terminated
diamond yields facile electron
emission into water, thus inducing
reduction of N2 to NH3 at ambient
temperature and pressure

13 Hu 2016 They found the sulfur vacancies in
ternary metal sulde plays
important role on the N2

photoxation ability
14 Kitano 2012 They found that a Ru-loaded

[Ca24Al28O64]
4+(e�)4 (Ru/C12A7: e

�),
which has high electron-donating
power and chemical stability, works
as an efficient catalyst for ammonia
synthesis

15 Banerjee 2015 They found that chalcogels
containing FeMoS inorganic
clusters are capable of
photochemically reducing N2 to
NH3

16 Li 2016 They used oxygen vacancies of
BiOCl as the catalytic centers to
promote the N2 photoxation ability
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prepared ZnFe2O4 modied g-C3N4 by a simple one-pot
method.21 As a result, the photoinduced electrons and holes
in g-C3N4 are efficiently separated by spatial engineering of the
photoactive sites, and hence enhanced photocatalytic hydrogen
generation activity is obtained. Lan et al. synthesized Zn–In
MMO/g-C3N4 hybrid composites by a facile thermal decompo-
sition of Zn–In layered double hydroxide andmelamine mixture
precursors.22 The higher rhodamine B photocatalytic degrada-
tion rate is attributable to the unique heterostructure of the
semiconductor coupling system, facilitating efficient trans-
portation and separation of the photogenerated electron–hole
pairs and thus the continuous generation of reactive oxygen
species. In the best of our knowledge, no studies on the
nitrogen photoxation performance over tri-component MMO/
g-C3N4 heterojunction photocatalysts have been reported.

In this work, by tuning the metal ratio, Z-scheme g-C3N4/
Mg1.1Al0.3Fe0.2O1.7 MMO nanorods composite was prepared in
18100 | RSC Adv., 2017, 7, 18099–18107
situ. Compared with the ectopic preparation, the heterojunction
photocatalysts prepared by this method displayed stronger
interaction between g-C3N4 and MMO. The nitrogen photo-
xation performance under visible light was tested to evaluate
the performance of the prepared catalysts. The possible Z-
scheme mechanism is proposed.

Experimental
Preparation and characterization

All the chemicals used in this experiment were reagent grade
and without further treatment. Mixed salt solutions of
Mg(NO3)2$6H2O, Al(NO3)3$6H2O and Fe(NO3)3$9H2O (molar
ratio Mg : Al : Fe ¼ 10 : 3 : 2) were added into 80 mL deionized
water under stirring. Then, desired amount of urea (molar ratio
urea/total metal ¼ 1.5) was added. The obtained solution was
placed in a stainless autoclave, which has a 100 mL Teon inner
liner. The autoclave was sealed, placed in an oven and main-
tained at 120 �C for 8 h. The solid was collected by centrifuga-
tion, washed with deionized water and dried at 70 �C. The
obtained solid was annealed at 520 �C for 2 h (at a rate of 5 �C
min�1), and denoted as MgAlFeO. 4 g of dicyandiamide was
annealed at 520 �C for 2 h (at a rate of 5 �Cmin�1). The obtained
g-C3N4 catalyst was denoted as CN.

0.2, 0.4, 0.8 and 1.6 g of MgAlFeO was added into 20 mL of
deionized water respectively and ultrasonicated for 30 min to
obtain a suspension. Then, 4 g of dicyandiamide was added
under stirring. The suspension was heated and maintained at
60 �C for 10 min to dissolve the dicyandiamide. The suspension
was cooled down to room temperature under stirring, during
which dicyandiamide was separated out and attached onto
MgAlFeO surface. The solid was ltrated, dried at 80 �C and
annealed at 520 �C for 2 h (at a rate of 5 �Cmin�1). The obtained
product was denoted as MgAlFeO(1)-CN, MgAlFeO(2)-CN,
MgAlFeO(3)-CN and MgAlFeO(4)-CN. MgAlFeO@CN, with the
same mass ratio as MgAlFeO(2)-CN, was prepared using ectopic
preparation method according to previous work.24 For
comparison, the mechanical mixture of CN and MgAlFeO with
the same mass ratio as MgAlFeO(2)-CN was also prepared. In
order to investigate the reaction mechanism, MMO with other
metal ratio (molar ratio Mg : Al : Fe ¼ 1 : 1 : 1; 1 : 2 : 3 and
3 : 2 : 1) were prepared and denoted as MAFO, MA2F3O and
M3A2FO. The obtained MMO were also used to synthesize het-
erojunction catalysts following the same procedure as in the
synthesis of MgAlFeO(2)-CN. The products were denoted as
MAFO-CN, MA2F3O-CN and M3A2FO-CN.

The XRD patterns of the prepared samples were recorded on
a Rigaku D/max-2400 instrument using Cu-Ka radiation (l ¼
1.54 Å). The scan rate, step size, voltage and current were 0.05�

min�1, 0.01�, 40 kV and 30 mA, respectively. UV-vis spectros-
copy was carried out on a JASCO V-550 model UV-vis spectro-
photometer using BaSO4 as the reectance sample. The
morphologies of prepared catalyst were observed by using
a scanning electron microscope (SEM, JSM 5600LV, JEOL Ltd.).
Nitrogen adsorption was measured at �196 �C on a Micro-
meritics 2010 analyser. All the samples were degassed at 393 K
prior to the measurement. The BET surface area (SBET) was
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns (a) UV-vis spectra (b), plots of the transformed
Kubelka–Munk function versus the energy of light (c) and N2 adsorp-
tion–desorption isotherms (d) of as-prepared catalysts.
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calculated based on the adsorption isotherm. ICP was per-
formed on a Perkin-Elmer Optima 3300DV apparatus. The XPS
measurements were performed on a Thermo Escalab 250 XPS
system with Al Ka radiation as the excitation source. The
binding energies were calibrated by referencing the C 1s peak
(284.6 eV) to reduce the sample charge effect. The photo-
luminescence (PL) spectra were measured at room temperature
with a uorospectrophotometer (FP-6300) using a Xe lamp as
the excitation source. Electrochemical impedance spectra (EIS)
made from these as-made materials were measured via an EIS
spectrometer (EC-Lab SP-150, BioLogic Science Instruments) in
a three-electrode cell by applying 10 mV alternative signal versus
the reference electrode (SCE) over the frequency range of 1 MHz
to 100 mHz. The cyclic voltammograms were measured in 0.1 M
KCl solution containing 2.5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1 : 1)
as a redox probe with the scanning rate of 20mV s�1 in the same
three electrode cell as EIS measurement.

Isotopic labeling experiments are carried out as follow. Ar
was used to eliminate air and the possible adsorbed ammonia
in the reaction system. 15N2 was passed through the reaction
mixture for 30 min. Aer that, the reactor was sealed. Other
experiment conditions were the same as those for 14N2 photo-
xation. The produced 15NH4

+ reacts with phenolic and hypo-
chlorite to form 15N labeled indophenol, which was analyzed by
LC-MS. The sample for LC-MS analysis was prepared as follows.
0.5 mL of the reaction reacted with 0.1 mL of 1% phenolic
solution in 95% ethanol. Then, 0.375 mL of 1% NaClO solution
and 0.5 mL of 0.5% sodium nitroprusside solution were added
into above solution. MS studies were carried on an Ultimate
3000-TSQ (LCMS-ESI).
Photocatalytic reaction

The nitrogen photoxation property was evaluated according to
previous literature.11 The nitrogen photoxation experiments
were performed in a double-walled quartz reactor in air. For
these experiments, 0.2 g of photocatalyst was added to a 500 mL
0.789 g L�1 ethanol as a hole scavenger.11 The suspension was
dispersed using an ultrasonicator for 10 min. During the
photoreaction under visible light irradiation, the suspension
was exposed to a 250 W high-pressure sodium lamp with main
emission in the range of 400 to 800 nm, and N2 was bubbled at
100 mL min�1 through the solution. The UV light portion of the
sodium lamp was ltered by a 0.5 M NaNO2 solution. All runs
were conducted at ambient pressure and 30 �C. At given time
intervals, 5 mL aliquots of the suspension were collected and
immediately centrifuged to separate the liquid samples from
the solid catalyst. The concentration of ammonia was measured
using the Nessler's reagent spectrophotometry method (JB7478-
87) with a UV-2450 spectrophotometer (Shimadzu, Japan).11,25
Table 2 The band position and band gap energy of as-prepared
catalysts

Sample CN MgAlFeO MAFO MA2F3O M3A2FO

CB position (V) �1.53 0.11 �0.52 �0.59 �0.67
VB position (V) +1.21 +1.65 +1.46 +1.34 +1.21
Band gap (eV) 2.74 1.76 1.98 1.93 1.88
Results and discussion

The XRD patterns of as-prepared catalysts are shown in Fig. 1a.
Two typical diffraction peaks of g-C3N4 are present in the CN.
The peak at 13.1� corresponds to in-plane structural packing
motif of tri-s-triazine units, which is indexed as (100) peak. The
This journal is © The Royal Society of Chemistry 2017
peak at 27.5� corresponds to interlayer stacking of aromatic
segments with distance of 0.324 nm, which is indexed as (002)
peak. For MgAlFeO, nine diffraction peaks are observed, which
are assigned to MgO, Al2O3 and Fe2O3, respectively.26–28 It is
noted that no characteristic diffractions related to g-C3N4 are
observed in the MgAlFeO(4)-CN, probably due to the low g-C3N4

content. With the increased CN content, the characteristic
diffractions of g-C3N4 can be found clearly. No diffraction peak
shi is observed indicating that no metal doping occurs. The
UV-vis spectra of the as-prepared heterojunction photocatalysts,
as well as those of CN and MgAlFeO, are shown in Fig. 1b. The
band gaps are estimated from the tangent lines in the plots of
the square root of the Kubelka–Munk function as a function of
the photon energy (Fig. 1c).29 CN displays an absorption edge at
approximately 452 nm, corresponding to a band gap of 2.74 eV
(Table 2). The absorption edge for MgAlFeO is observed at
705 nm, and the corresponding band gap is estimated to be
1.76 eV. For the as-prepared heterojunction photocatalysts, the
typical two absorption edges for CN and MgAlFeO are observed,
hinting the heterojunction photocatalysts are composed of
these two components. The higher MgAlFeO content, the
stronger visible light absorption for these heterojunction pho-
tocatalysts, corresponding to the color change from light yellow
to saffron yellow.

To characterize the specic surface area of as-prepared
catalysts, the nitrogen adsorption and desorption isotherms
were measured (Fig. 1d). The isotherm of CN and MgAlFeO are
of classical type IV, suggesting the presence of mesopores. The
RSC Adv., 2017, 7, 18099–18107 | 18101
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Fig. 2 SEM images of CN (a), MgAlFeO (b), MgAlFeO@CN (c) and
MgAlFeO(2)-CN (d).
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BET specic surface areas (SBET) of CN, MgAlFeO(1)-CN,
MgAlFeO(2)-CN, MgAlFeO(3)-CN, MgAlFeO(4)-CN and MgAl-
FeO are calculated to be 10.5, 12.6, 20.7, 28.9 and 38.6 m2 g�1.
The large SBET can promote adsorption, desorption and diffu-
sion of reactants and products, which is favorable to the pho-
tocatalytic performance. Table 3 shows the components of as-
prepared catalysts obtained by ICP. The C and N contents for
CN are 39 wt% and 57 wt%, which is close to the theoretical
values. For MgAlFeO, the Mg, Al, Fe and O contents are 33 wt%,
11.5 wt%, 15.5 wt% and 40 wt%, respectively. Thus the actual
atomic ratio is Mg1.1Al0.3Fe0.2O1.7. For the as-prepared hetero-
junction photocatalysts, the MgAlFeO content is 11.7 wt%, 23.6
wt%, 59.3 wt%, and 79.7 wt% for MgAlFeO(1)-CN, MgAlFeO(2)-
CN, MgAlFeO(3)-CN and MgAlFeO(4)-CN, respectively.

The morphologies of the representative samples were
examined using SEM analysis (Fig. 2). Fig. 2a shows that as-
prepared CN possesses smooth layer structure. MgAlFeO has
a spherical structure assembled by dozens of nanorods (Fig. 2b).
In the case of as-prepared heterojunction catalysts, spherical
structure MgAlFeO can not be observed. The MgAlFeO nano-
rods attach on the CN surface to assemble CN/MgAlFeO nano-
composites (Fig. 2c and d). However, some obvious differences
between MgAlFeO(2)-CN and MgAlFeO@CN can be observed.
For MgAlFeO@CN (Fig. 2c) MgAlFeO nanorods stick to the CN
surface. The interaction between MgAlFeO and CN is poor. In
the case of MgAlFeO(2)-CN (Fig. 2d), the MgAlFeO nanorods
seem to embed into the CN surface. Thus it is deduced that the
interaction between MgAlFeO and CN should be stronger than
that of MgAlFeO@CN. This stronger interaction can result in
the higher interfacial charge transfer rate and more stable CN/
MgAlFeO composite structure.

The structure of the as-prepared heterojunction catalyst is
investigated by XP spectra. In Mg 2p, Al 2p and Fe 2p regions
(Fig. 3a–c), the binding energies for MgAlFeO located at 49.7, 73.8
and 711.3 eV are assigned to the Mg2+, Al3+ and Fe3+ respec-
tively.30–32 For MgAlFeO(2)-CN, the binding energies in Mg 2p, Al
2p and Fe 2p regions exhibit blue-shis compared with that of
MgAlFeO. This electron density change is probably due to the
electron transfer from electron-rich g-C3N4 to MgAlFeO. In O 1s
region (Fig. 3d), the MgAlFeO displays a single peak at 531.6 eV,
which is assigned to the O2� bond to the metal ions. For
MgAlFeO(2)-CN, besides this M (metal)–O bond, another peak at
533 eV is observed. As reported by previous literatures, this peak
should be assigned to the adsorbed oxygen species.33–35

In Fig. 3e, the spectra of CN and MgAlFeO(2)-CN in the C 1s
region can be tted with three contributions located at 284.6,
285.8 and 287.8 eV. They are attributed to the C–C bond, which
Table 3 The components of as-prepared catalysts obtained by ICP

Sample C/wt% N/wt% Mg/wt% Al/wt% Fe/wt% O/wt%

CN 39 57 — — — 4
MgAlFeO — — 34 11.5 15 39.5
MgAlFeO(1)-CN 35.1 53.2 3.6 1.4 1.8 4.9
MgAlFeO(2)-CN 30.6 46.8 7.0 2.6 3.4 9.6
MgAlFeO(3)-CN 15.5 25.2 19.6 6.5 9.2 24
MgAlFeO(4)-CN 7.9 12.4 26.3 8.5 12.3 32.6

18102 | RSC Adv., 2017, 7, 18099–18107
originated from sp2 C atoms bonded to N in an aromatic ring
(N–C]N); C]N or C^N, which could be attributed to defect-
containing sp2-hybridized carbon atoms present in graphitic
domains; and pure graphitic sites in a CN matrix.36 In Fig. 3f,
the main N 1s peak of CN located at 398.5 eV can be assigned to
sp2-hybridized nitrogen (C]N–C), thus conrming the pres-
ence of sp2-bonded graphitic carbon nitride. The peak at
a higher binding energy of 400.4 eV is attributed to tertiary
nitrogen (N–(C)3) groups.37 For MgAlFeO(2)-CN, the remarkable
shi to higher binding energy is observed, indicating the
decreased electron density of nitrogen atoms. Combined with
Fig. 3 XPS of as prepared catalysts in the region of Mg 2p (a), Al 2p (b),
Fe 2p (c), O 1s (d), C 1s (e) and N 1s (f).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 FT-IR result of as-prepared catalysts.
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the phenomenon of binding energy shi in Mg 2p, Al 2p and Fe
2p regions, it is deduced that the strong electronic interaction
between the CN and MgAlFeO is formed in MgAlFeO(2)-CN.
Besides, no new binding energy is observed for MgAlFeO(2)-
CN, indicating that the interaction between CN and MgAlFeO
is not chemical bond.

The energy level position of as-prepared catalyst is conrmed
by VB XPS. In Fig. 4a, the VB positions of CN and MgAlFeO are
+1.21 and +1.65 V (Table 2). It is obtained from the UV-vis
results that the band gaps for CN and MgAlFeO are 2.74 and
1.76 eV. Thus the ECB for CN andMgAlFeO is�1.53 and�0.11 V,
respectively. Fig. 4b shows the UV-vis spectra of MAFO, MA2F3O
and M3A2FO. The absorption edges for MAFO, MA2F3O and
M3A2FO are 626, 644 and 659 nm, and the corresponding band
gaps are estimated to be 1.98, 1.93 and 1.88 eV, respectively. In
Fig. 4c, the VB positions of MAFO, MA2F3O and M3A2FO are
+1.46, +1.34 and +1.21 V. Combine with the UV-vis result, the
ECB for MAFO, MA2F3O and M3A2FO are �0.52, �0.59 and
�0.67 V, respectively. These results indicate that the component
of MMO strongly inuences the optical property and energy
level position of as-prepared materials.

The FT-IR result is provided in Fig. 5. For CN, a series of
peaks in the range from 1200 to 1600 cm�1 are attributed to the
typical stretching modes of CN heterocycles, while the sharp
peak located at 810 cm�1 is assigned to the bending vibration of
heptazine rings, which indicating the synthesized g-C3N4 is
composed of heptazine units. The broad absorption band
around 3200 cm�1 is originated from the stretching vibration of
N–H bond, associated with uncondensed amino groups. In the
case of MgAlFeO, the peak located at 446 and 480 cm�1 are
assigned to the Fe–O stretching and bending vibration modes.38

The peaks at 674 and 1533 cm�1 are attributed to the Mg–O
bond.39 The peaks located at 882, 982 and 1372 cm�1 are
assigned to the Al–O bond.40 In the case of MgAlFeO(2)-CN, no
peak for metal oxide is observed. Theerthagiri et al. prepared a-
Fe2O3/g-C3N4 nanocomposites and found the similar phenom-
enon.38 Besides, no new peak is observed for MgAlFeO(2)-CN,
Fig. 4 VB XPS of MgAlFeO and CN (a), UV-vis (b) and VB XPS (c) of
MAFO, MA2F3O and M3A2FO.

This journal is © The Royal Society of Chemistry 2017
indicating no chemical bond is formed between two compo-
nents. XPS result conrms this point of view.

EIS and PL spectra were used to characterize charge-carrier
migration and conrm the interfacial charge transfer effect of
the as-prepared heterojunction catalysts. As shown in Fig. 6a,
aer coupling with MgAlFeO, the as-prepared heterojunction
catalysts exhibit a decreased arc radius compared to that of CN.
In general, the radius of the arc in the EIS spectra reects the
reaction rate on the surface of the electrode.41 The reduced arc
radius indicates a diminished resistance of the working elec-
trodes, suggesting a decrease in the solid-state interface layer
resistance and the charge transfer resistance across the solid–
liquid junction on the surface between CN and MgAlFeO.42,43

MgAlFeO(2)-CN shows the smallest arc radius, indicating that
a more effective separation of photogenerated electron–hole
pairs and a faster interfacial charge transfer occur. This is
reasonable because, with this CN/MgAlFeO mass ratio, CN and
MgAlFeO have the approximate SBET (10.5 and 38.6 m2 g�1 for
CN and MgAlFeO, Fig. 1d). They can contact with each other as
much as possible, leading to the formation of the maximum
area of the heterojunction. In Fig. 6b, the PL intensity follows
the sequence MgAlFeO(2)-CN < MgAlFeO(1)-CN < MgAlFeO(3)-
CN < MgAlFeO(4)-CN < CN. In general, at a lower PL intensity,
the separation rate of the photogenerated electron–hole pairs is
higher. This conrms the efficient transfer of photoinduced
electrons and holes between CN and MgAlFeO in hetero-
junction catalysts. In addition, both EIS and PL spectra show
that the interfacial charge transfer efficiency of MgAlFeO@CN is
much lower than that of MgAlFeO(2)-CN. This conrms the
stronger interaction between MgAlFeO and CN in MgAlFeO(2)-
CN.

Fig. 7a shows the NH4
+ generation rate (r(NH4

+)) over the as-
prepared catalysts under visible light. The control experiment
results indicate that the r(NH4

+) can be ignored in the absence
Fig. 6 EIS (a) and PL (b) results of as-prepared catalysts.

RSC Adv., 2017, 7, 18099–18107 | 18103
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of irradiation, N2 or photocatalyst, indicating that nitrogen
photoxation occurs via a photocatalytic process. Interestingly,
MgAlFeO shows almost no activity though it can absorb visible
light, indicating it is not the active component in this reaction
system. CN shows the r(NH4

+) of 2.1 mg L�1 h�1 gcat
�1. The

r(NH4
+) for as-prepared heterojunction photocatalyst obviously

improves compared with CN. MgAlFeO(2)-CN displays the
highest r(NH4

+), 7.5 mg L�1 h�1 gcat
�1, which is approximately

3.5-fold higher than that of CN. AgNO3, as electron scavenger,
obviously decreases the nitrogen photoxation ability of
MgAlFeO(2)-CN, as shown in Fig. 7b. This hints that the main
active species of this nitrogen photoxation reaction is photo-
generated electron. The r(NH4

+) can be ignorant when using
DMF and DMSO as aprotic solvents instead of water (Fig. 7b).
This conrms that H2O as the proton source is necessary for the
nitrogen photoxation process. In order to further investigate
the nitrogen source of NH4

+, the N2 photoxation ability of
MgAlFeO(2)-CN under 15N isotope-labeled N2 (purity > 98%) was
performed. A strong 15N labeled indophenol anion mass spec-
troscopy signal presents at 199 m/z in LC-MS studies (Fig. 7c).
The intensity of this signal is obviously higher than the 14N : 15N
natural abundance ratio, conrming that N2 is the nitrogen
source of generated NH4

+ in this N2 photoxation process.
Fig. 7d compares the photocatalytic N2 xation stability of as-
prepared catalysts. The mixture of MgAlFeO and CN exhibits
much lower r(NH4

+) than that of MgAlFeO(2)-CN and MgAl-
FeO@CN which conrms the interfacial charge transfer plays
an important role on the photocatalytic performance. MgAl-
FeO@CN shows the r(NH4

+) of 4.2 mg L�1 h�1 gcat
�1, lower than

that of MgAlFeO(2)-CN. Besides that, MgAlFeO@CN displays
a gradually decreased activity, which is approximatively equal to
that of mechanical mixture aer 20 h reaction. This should be
due to the weaker interaction between CN and MgAlFeO for
MgAlFeO@CN compared with MgAlFeO(2)-CN. The week
interaction not only results in the low interfacial charge transfer
rate but also causes the composite split to the mixture of CN
Fig. 7 The NH4
+ production ability over as-prepared catalysts (a),

NH4
+ production ability of Fe0.05-CN using AgNO3 as the electron

scavenger and in aprotic solvents DMF and DMSO (b), themass spectra
of the indophenol prepared from different atmosphere (c) and pho-
tocatalytic N2 fixation stability of as-prepared catalysts (d).

18104 | RSC Adv., 2017, 7, 18099–18107
and MgAlFeO during the reaction, leading to the poor stability.
In the contrary, MgAlFeO(2)-CN shows the stable N2 photo-
xation ability. The strong interaction causes the stable CN/
MgAlFeO composite structure, thus leads to this stable
activity. The actual atomic ratio of MgAlFeO is Mg1.1Al0.3Fe0.2-
O1.7 obtained by ICP. According to the molar ratio, the number
of oxygen atoms should be 1.85, indicating the oxygen vacancy
should exist. It is also reported by Li et al. that the introduction
of oxygen vacancies could activate N2 and promote interfacial
electron transfer.25 However, the MgAlFeO shows very poor N2

photoxation ability, probably due to the poor CB driving force.
For the as-prepared heterojunction photocatalysts, the actual
atomic ratio of multi-metal oxide is hardly obtained because the
oxygen also exists in g-C3N4. In order to investigate the inuence
of oxygen vacancy on the N2 photoxation ability, the
MgAlFeO(2)-CN was calcined at 520 �C in O2 atmosphere for 4 h
to eliminate the oxygen vacancy. The obtained catalyst shows
the similar N2 photoxation ability (7.3 mg L�1 h�1 gcat

�1) to
that of MgAlFeO(2)-CN (7.5 mg L�1 h�1 gcat

�1). Thus it is
deduced that the oxygen vacancy should be not responsible for
the improved N2 photoxation ability of heterojunction
photocatalyst.

It is reported that the standard redox potential for N2/NH3 is
�0.09 V against NHE.9 The reduction potential of CB electrons
in CN is more negative than the redox potential for N2/NH3.
Thus the CB electrons of CN can reduce the N2 molecule and
form the NH3 theoretically. However, MgAlFeO shows almost no
N2 photoxation activity though it can absorb visible light. This
is probably due to the ECB of MgAlFeO is close to the standard
redox potential for N2/NH3, leading to the poor CB driving force.
This CB driving force determines the migration rate of photo-
generated holes and electrons, causing the ignorant N2 photo-
xation ability.44 Fig. 8a shows the TOC removal rate of atrazine
(a powerful herbicides) in the presence of N2 over as-prepared
catalysts. In the contrary of N2 photoxation ability, the TOC
removal rate for MgAlFeO is 28%, whereas CN shows almost no
activity. The redox potentials for cOH/OH� is +1.99 V.45 The VB
Fig. 8 The TOC removal rate of atrazine in the presence of N2 over as-
prepared catalysts (a), N2 photofixation ability (b) and TOC removal
rate of atrazine in the presence of N2 (c) over MAFO, MA2F3O, M3A2FO,
MAFO-CN, MA2F3O-CN and M3A2FO-CN.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 PL spectra of MgAlFeO(2)-CN, MAFO-CN, MA2F3O-CN and
M3A2FO-CN (a) and the comparison of PL and N2 photofixation ability
of MgAlFeO(2)-CN and Fe2O3-CN (b).
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holes in CN and MgAlFeO are not positive enough to generate
cOH. Thus the main active species should be holes for the
atrazine photodegradation. The obvious activity difference in
atrazine photodegradation between CN and MgAlFeO indicates
that the VB holes in CN is not positive enough to oxidize atra-
zine but the VB holes in MgAlFeO can. For the as-prepared
heterojunction photocatalysts, the TOC removal rates improve
obviously. This hints that, in the as-prepared heterojunction
photocatalysts, the photogenerated holes are in the VB of
MgAlFeO but not CN. The transfer route of electrons and holes
for heterojunction photocatalysts is shown in Fig. 8a inset.
Because of the poor CB driving force, the photogenerated elec-
trons in the CB of MgAlFeO can not react with N2 molecule to
form NH4

+. Consequently, these electrons tend to transfer to the
VB of CN and recombine with the photogenerated holes there,
leaving photogenerated holes in the VB of MgAlFeO to oxidize
atrazine.

Fig. 8b shows the N2 photoxation ability over MAFO,
MA2F3O, M3A2FO, MAFO-CN, MA2F3O-CN and M3A2FO-CN.
MAFO, MA2F3O and M3A2FO exhibit much higher N2 photo-
xation ability than that of MgAlFeO (0.2 mg L�1 h�1 gcat

�1),
which should be due to that the proper energy level position
results in the powerful CB driving force. However, the r(NH4

+)
for MAFO-CN, MA2F3O-CN and M3A2FO-CN are much lower
than that of MgAlFeO(2)-CN (7.5 mg L�1 h�1 gcat

�1). This hints
that their transfer routes of electrons and holes are probably
different from each other. In order to conrm this point of view,
the TOC removal rates of atrazine in the presence of N2 over
MAFO, MA2F3O, M3A2FO, MAFO-CN, MA2F3O-CN and M3A2FO-
CN are measured (Fig. 8c). Interestingly, the MAFO-CN,
MA2F3O-CN and M3A2FO-CN show much lower TOC removal
rate than that of MAFO, MA2F3O and M3A2FO, indicating that
the photogenerated holes are in the VB of CN but not MgAlFeO
in these heterojunction photocatalysts, as shown in Fig. 8c
inset.

According to the results mentioned above, the possible “Z-
scheme”mechanism over MgAlFeO(2)-CN is proposed, as shown
in Fig. 9. Upon visible-light irradiation, the photogenerated
electrons and holes are formed in both CN and MgAlFeO. The
electrons in CB of CN react with N2 to form NH4

+. Whereas, the
N2 photoxation can not be occurred in CB of MgAlFeO because
of the poor CB driving force. Consequently, the photogenerated
electrons in the CB of MgAlFeO tend to transfer to the VB of CN
and recombine with the photogenerated holes there. Therefore,
Fig. 9 The possible Z-scheme mechanism over MgAlFeO(2)-CN.

This journal is © The Royal Society of Chemistry 2017
the photogenerated electrons in CB of CN can not back to VB to
recombine with the photogenerated holes but react with N2

molecule, leading to the promotedN2 photoxation ability. In the
case of MAFO-CN, MA2F3O-CN and M3A2FO-CN system, because
of the proper energy level position of MMO, the photogenerated
electrons in the CB of MMO can react with N2 molecule but not
transfer to VB of CN to recombine with the photogenerated holes
there. Thus the “Z-scheme” electrons transfer route is not
formed, leading to the lower separation rate andN2 photoxation
ability than that of MgAlFeO(2)-CN.

In order to conrm the different electrons transfer route
among them, the PL spectra of MgAlFeO(2)-CN, MAFO-CN,
MA2F3O-CN and M3A2FO-CN are compared with each other
(Fig. 10a). Obviously, the MAFO-CN, MA2F3O-CN and M3A2FO-
CN show the comparable PL intensities, which are much
higher than that of MgAlFeO(2)-CN. This hints that the inter-
facial charge transfer efficiency of MgAlFeO(2)-CN is much
higher that of MAFO-CN, MA2F3O-CN and M3A2FO-CN, con-
rming the “Z-scheme” mechanism over MgAlFeO(2)-CN. In
addition, since MgO and Al2O3 are non-conductive, the semi-
conductivity of the mixed oxides should come from Fe2O3. It is
known that the coupling of Fe2O3 with g-C3N4 can obviously
improve the photocatalytic performance.46–49 Thus the Fe2O3-CN
with the same mass ratio with MgAlFeO(2)-CN is prepared for
comparison. The PL spectra and N2 photoxation performance
of Fe2O3-CN are investigated (Fig. 10b). Obviously, the PL
intensity of Fe2O3-CN is much higher than that of MgAlFeO(2)-
CN, hinting its lower interfacial charge transfer efficiency. It is
known that the ECB and EVB of Fe2O3 are +0.49 and +2.29 eV,
respectively.38 Thus the band gap energy and band position of
Fe2O3 are obviously different from that of as-preparedMgAlFeO.
The ECB of Fe2O3 is much positive than that of MgAlFeO (�0.11
eV), causing the lower driving force from ECB of Fe2O3 to EVB of
g-C3N4 than that of MgAlFeO(2)-CN. Thus the interfacial charge
transfer efficiency and N2 photoxation performance of Fe2O3-
CN are lower than that of MgAlFeO(2)-CN.

Conclusions

In this work, Z-scheme g-C3N4/MgAlFeO nanorods composite
was prepared in situ by tuning the metal ratio. SEM results show
that the MgAlFeO nanorods stick but not attach to the CN
surface, leading to the strong electronic coupling exists between
two components. This strong electronic coupling results in
RSC Adv., 2017, 7, 18099–18107 | 18105

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra00097a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 3

:1
1:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
more effective separation of photogenerated electron–hole pairs
and faster interfacial charge transfer, causing the higher activity
and stability of N2 photoxation. Because of the poor CB driving
force, MgAlFeO shows almost no N2 photoxation ability. Thus,
the photogenerated electrons can not be consumed in the CB of
MgAlFeO. Consequently, these photogenerated electrons tend
to transfer to the VB of CN and recombine with the photo-
generated holes there, forming the “Z-scheme” interfacial
charge transfer mechanism. With the MgAlFeO mass
percentage of 23.6%, MgAlFeO(2)-CN exhibits the highest NH4

+

generation rate under visible light (7.5 mg L�1 h�1 gcat
�1), which

is 3.5-fold greater than that of individual CN.
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