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cted film C3N4 Z-scheme
composite for visible-light photocatalytic nitrogen
fixation†

Zhu Ding, Shuo Wang, Xue Chang, Dan-Hong Wang * and Tianhao Zhang*

Photocatalytic nitrogen fixation has attracted extensive attention in recent years. Studies have shown that

catalytic materials with O, N and other defects can effectively reduce the bond energy of N^N triple bond

when N2 is adsorbed on the defects. As an outstanding non-metallic catalyst, g-C3N4 has been widely

studied in the field of photocatalytic catalysis, and the nitrogen-defected C3N4 shows promoted

photocatalytic activity. Herein, nano-size MOF-74 particles (<20 nm) was dispersed on nitrogen-

defected C3N4 thin film (�4 nm) via a simple sol–gel method. The combination of Nano-MOF and

defected film C3N4 could effectively improve the photocatalytic activity of nitrogen fixation through Z-

scheme mechanism compared with pure defected film C3N4.
1. Introduction

As an indispensable energy source, ammonia plays an impor-
tant role in industry and agriculture.1–3 Ammonia is even called
“the other hydrogen” in the fuel world.4 The process of
ammonia synthesis consumes a huge amount of energy (1–2%
of the total world energy consumption) every year, accompa-
nying serious environmental pollution.5,6 Photocatalytic tech-
nology can directly convert solar energy into chemical energy.7

In recent years, photocatalytic nitrogen xation has been widely
studied because of its simple reaction conditions, clean and
pollution-free reaction process and other advantages.8 However,
due to the low utilization rate of visible light and the high
recombination rate of photogenic carriers, the photocatalytic
activity for nitrogen xation is relatively poor.9 At the same time,
N2 molecules involved in the reaction are relatively stable and
difficult to dissociate due to the N^N triple bond, which shows
chemical reaction inertia and poor proton affinity, thus pre-
venting electron transport and Lewis acid–base reaction.10 This
poses a serious challenge to photocatalytic materials.11 How to
improve the utilization rate of visible light, reduce the recom-
bination of photogenic carriers and weaken the N^N triple
bond has become the key to improve the activity of photo-
catalytic nitrogen xation.12

On account of the high porosity and compatibility, metal–
organic frameworks (MOFs) have been studied extensively in
the eld of photocatalysis in recent years.13,14 The unique
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properties of MOFs make it convenient to combine with other
catalytic materials,15 thus forming new functional composite
materials.16 MOFs' channel has a certain adsorption effect on
water-soluble nitrogen in water, so as to shorten the distance
between water-soluble nitrogen and catalytic sites, and further
to weaken the bond energy of N^N triple bond.17,18 However,
MOFs show poor catalytic capacity,19 so they need to be modi-
ed or compounded with other active materials to improve
photocatalytic activity. For a long time, there has been no in-
depth study on the particle size of MOFs,20 and most of them
are single crystal with large size (�mm), and only a handful of
MOFs exist in the form of polycrystalline powder due to its
synthesis, but most of them are about hundreds of nanometers
in size.21 As a result, a majority of the MOFs cannot be well
compounded and interact with other materials, so their
performances will not be improved. For example, Zn-MOF-74
has the advantages of high stability and high gas absorption
capacity.22 However, the single crystal size of Zn-MOF-74 is more
than ten to dozens of microns, so large-sized Zn-MOF-74 is
difficult to be well combined with some other morphological
materials, such as sheet materials.

g-C3N4 is also an excellent catalytic material,23 which has
been widely used in the eld of photocatalysis due to its p-
conjugate electron structure, appropriate bandgap width, stable
chemical properties and low synthesis cost.24 It has been re-
ported that g-C3N4 with nitrogen vacancy has good photo-
catalytic nitrogen xation performance, so the combination of
MOFs and defected g-C3N4 may have a good synergistic
effect.25,26 So far, people have tried to compound g-C3N4 with
ZIF-8,27,28 UiO-66,29,30 MIL31,32 and other MOFs to form some
binary heterojunction composite materials.33 It can take the
complementary advantages of both MOFs and g-C3N4, over-
come their shortcomings and enhance their photocatalytic
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Nano-MOF@defected film C3N4 composite for visible-light photocatalytic nitrogen fixation mechanism.
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activity to some extent.34,35 However, the particle size of tradi-
tional bulk g-C3N4 is also quite large, and when it is combined
with large-sized MOFs, the interaction between them is very
weak and there is no good synergistic effect. How to better
compound MOFs with g-C3N4 is still of great research signi-
cance.36,37 In this work, the particle size of Zn-MOF-74 was
achieved to be <20 nm on average, and g-C3N4 is peeled to get
thin lm (�4 nm), so that the nanoparticle MOF (Nano-MOF-74)
can be easily dispersed on thin lm g-C3N4 (F-C3N4). Further,
the Nano-MOF-74 can be combined with nitrogen-defected thin
lm of g-C3N4 (DF-C3N4) to form Z-scheme composite
(MOF@DF-C3N4) (Scheme 1). It was found that the MOF@DF-
C3N4 composite could effectively improve its photocurrent and
photocatalytic activity of nitrogen xation compared with pure
DF-C3N4, and its visible photocatalytic nitrogen xation yield
could reach 2.32 mmol g�1 h�1.

2. Results and discussion

The comparison of photocatalytic nitrogen xation activity on
different catalysts shows that (Fig. 1a) pure Nano-MOF-74(Zn)
has basically no visible light catalytic activity, and the visible
light activity for F-C3N4 is relatively low. Aer the combination
of Nano-MOF-74 and F-C3N4, the photocatalytic activity is
improved to a certain extent, about 2.2 times that of F-C3N4,
which indicates that the combination of Nano-MOF-74 and F-
C3N4 can improve the photocatalytic activity. When F-C3N4 is
made into nitrogen-defected DF-C3N4, its visible light catalytic
activity increases signicantly. This is due to the existence of
nitrogen defects, which can adsorb N2 and reduce the bond
energy of N^N triple bond. Moreover, nitrogen defects can
capture photogenic electrons and thus hinder photogenic
carrier recombination.38 Aer the combination of Nano-MOF-74
and DF-C3N4, its photocatalytic nitrogen xation activity was
This journal is © The Royal Society of Chemistry 2020
greatly improved, which was about 2.3 times higher than that of
pure DF-C3N4 aer 2 h0 light irradiation. According to the
results, both F-C3N4 and DF-C3N4 have a good synergistic effect
with Nano-MOF-74 and can effectively improve photocatalytic
nitrogen xation activity. At the same time, we conducted
relevant experiments to prove its catalytic model (Fig. S1†).
According to the activity analysis of the catalyst under light
irradiation and no light irradiation, there was no ammonia
nitrogen formation in the absence of light, so we considered its
catalytic mode as photocatalysis model. The blank visible light
photocatalytic experiments on DF-C3N4 are also conducted
under Ar and air atmosphere respectively to eliminate the
decomposition of DF-C3N4 (Fig. S2†). The reason for using full
light spectrum irradiation is to increase its photocatalytic
activity to make the contrast more obvious. Ar with a ow rate of
30 ml min�1 was introduced in the sealed reaction solution for
60 min to eliminate the water-soluble N2. The visible light
catalytic nitrogen xation activity is very low under Ar atmo-
sphere. This result also indicates that the nitrogen xation
photocatalytic activity obtained under air atmosphere on DF-
C3N4 comes from the decomposition of water-soluble N2.

Fig. 1b shows the visible light photocurrent of different
catalysts. It can be seen that the photocatalytic nitrogen xation
activity corresponds to the order of the photocurrent. On the
one hand, photocurrent is related to the photocarrier concen-
tration of the catalyst, on the other hand, it is related to the
recombination of electrons and holes. When the catalysts are
exposed to the visible light, the photocurrent of MOF@DF-C3N4

is the highest. This result indicates that the combination of
Nano-MOF-74 with DF-C3N4 can effectively reduce the recom-
bination of photogenic electrons and holes and improve the
photocarrier concentration. The photocurrent of DF-C3N4

under the visible light irradiation is improved compared with F-
C3N4, which indicates that the existence of nitrogen defects can
RSC Adv., 2020, 10, 26246–26255 | 26247
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Fig. 1 (a) Photocatalytic nitrogen fixation activity for different catalysts under the visible light. (b) The visible light photocurrent for different
catalysts. (c) EIS spectra of as-prepared catalysts under visible light irradiation. (d) Photocatalytic ammonia production rates in the first 2 h for
cyclic tests of MOF@DF-C3N4.
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improve the separation ability of photocarriers. As shown in
Fig. 1c, compared with pure DF-C3N4, the MOF@DF-C3N4

composite catalyst showed the smaller Nyquist radius, which
Fig. 2 (a) X-ray diffraction patterns of the samples and STEM images of
C3N4, (f) MOF@F-C3N4, (g) MOF@DF-C3N4.

26248 | RSC Adv., 2020, 10, 26246–26255
means the lower charge transfer resistance under the visible
light. The low electrical resistance between interfaces is bene-
cial to the charge transfer and the separation of photogenic
(b) Nano-MOF-74, (c) DF-C3N4 and TEM images of (d) F-C3N4, (e) DF-

This journal is © The Royal Society of Chemistry 2020
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electrons and holes. As shown in Fig. 1d, the ammonia
production rate is well maintained during ve cyclic tests with
each run for 2 h. So it can be seen that the catalyst has good
reusability and stability.

Fig. 2a shows X-ray diffraction patterns of the composites.
Nano-MOF-74 has two main peaks at 6.7� and 11.6� respec-
tively, which is consistent with bulk MOF-74 as shown Fig. S3.†
For MOF@F-C3N4 and MOF@DF-C3N4 composites, the two
main peaks of MOF-74 can still be seen, along with the
diffraction peak (002) of g-C3N4, indicating that the two
materials of Nano-MOF-74 and g-C3N4 have been successfully
combined together. Through STEM dark eld image as shown
in Fig. 2b and c, we can clearly see the morphology of Nano-
MOF-74 and DF-C3N4 (SEM images are shown in Fig. S4†).
The particle size of Nano-MOF-74 is <20 nm, which is quite
different from the traditional bulk Zn-MOF-74 with a size of
ten to dozens of microns. Both F-C3N4 and DF-C3N4 show thin
Fig. 3 AFM images of F-C3N4 (a) and bulk C3N4 (b).

Fig. 4 ESR results for F-C3N4 and DF-C3N4 (a) and temperature depend

This journal is © The Royal Society of Chemistry 2020
lm morphology according to TEM images (Fig. 2d and e).
AFM images (Fig. 3) show that F-C3N4 thin lm presents
a thickness of �4 nm compared with bulk C3N4 (�40 nm). The
thin lm shows a better morphology and is more conducive to
form the composite with Nano-MOF-74. From TEM images for
the composites (Fig. 2f and g), we can see that Nano-MOF-74
can be well dispersed on F-C3N4 and DF-C3N4 with a nano-
size <20 nm. In accordance with TEM element mapping
images for the composites (Fig. S5 and S6†), Zn element is
distributed in the nanoparticles and N element is distributed
in the nanosheets, indicating the successful combination of
Nano-MOF-74 and thin lm g-C3N4. Moreover, Nano-MOF-74
did not form a wrapping state with C3N4, but dispersed and
attached onto the surface of C3N4. If the proportion of Nano-
MOF-74 is too high, it will cover the surface photoactive sites
of thin lm C3N4 and hinder the irradiation of light on thin
lm C3N4, thus decreasing the photoactivity of nitrogen
ent molar magnetic susceptibility cmT for F-C3N4 and DF-C3N4 (b).

RSC Adv., 2020, 10, 26246–26255 | 26249
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xation. Therefore, the combination of a small amount of
Nano-MOF-74 (20 wt%) and thin lm C3N4 (80 wt%) does not
affect the light absorption of thin lm C3N4 and increase its
photoactivity when they interact with each other.

Elemental analysis was used to determine the C/N molar
ratio in F-C3N4 and DF-C3N4 and to determine the type of
defects formed in the DF-C3N4 framework (Table S1†). The C/
N molar ratio of DF-C3N4 was 0.68 (the mass ratio of C is
33.93% and N is 57.95%), which was higher than that of F-
C3N4 (0.66, the mass ratio of C is 33.56% and N is 58.84%).
This nding indicates that the defects formed in the DF-C3N4

framework were nitrogen vacancies with electrons trapped in
as shown in eqn (1). The electrons delocalized in nitrogen
vacancies are suggested to play an important role in nitrogen
xation. Thus DF-C3N4 shows higher photocatalytic activity
than F-C3N4 as shown in Fig. S9.† The unpaired electrons at g
¼ 2.003 were detected for both F-C3N4 and DF-C3N4 by ESR as
shown in Fig. 4a, suggesting the formation of nitrogen
vacancies with electrons trapped in. Magnetic susceptibility
measurements (Fig. 4b) also proved that an increase in
magnetic susceptibility (cmT) is observed for DF-C3N4

compared that for F-C3N4, suggesting the formation of more
unpaired electrons captured by nitrogen vacancies for DF-
C3N4 than that for F-C3N4.
Fig. 5 (a) UV-Vis light absorption spectra of the photocatalysts; (b) Kubel
PL spectra of the photocatalysts and (d) room temperature transient sta

26250 | RSC Adv., 2020, 10, 26246–26255
C3N4/C3N4�x þ xV
���

N þ 3xeþ x

2
N2 (1)

Fig. 5a shows the UV-Vis light absorption spectra of the
photocatalysts. The strongest absorption peak of F-C3N4, DF-
C3N4, MOF@F-C3N4 and MOF@DF-C3N4 is at 380 nm, and the
strongest absorption peak of Nano-MOF-74 is at 400 nm, which
are caused by the band transition of the semiconductors. The
absorption edge of F-C3N4 is at 450 nm, and F-C3N4 basically
has no absorption in the visible light region aer 450 nm.
Compared with F-C3N4, the absorption of DF-C3N4, MOF@F-
C3N4 and MOF@DF-C3N4 have different degrees of redshi.
Especially, when Nano-MOF-74 was combined with DF-C3N4 to
obtainMOF@DF-C3N4, the absorption in the visible light region
was signicantly increased, which was also the main reason for
the increase in the visible light nitrogen xation activity. Fig. 5b
shows the Kubelka–Munk plots converted from the UV-Vis DRS
spectra. The calculated bandgaps for F-C3N4, DF-C3N4, MOF@F-
C3N4 and MOF@DF-C3N4 are 2.76, 2.68, 2.71 and 2.65 eV,
respectively (Table 1). Compared with F-C3N4 or DF-C3N4, aer
combining with Nano-MOF-74, the bandgaps of the composites
decrease to a certain extent, which is more conducive to the
absorption of visible light. Compared with F-C3N4, the narrower
energy gap for DF-C3N4 can be explained by the formation of
ka–Munk plots converted from the UV-Vis DRS spectra; (c) steady state
te fluorescence spectra for the photocatalysts.

This journal is © The Royal Society of Chemistry 2020
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Table 1 The energy gap and average lifetime of different
photocatalysts

Sample Eg (eV) Average lifetime (ns)

Bulk C3N4 2.62 9.65
F-C3N4 2.76 11.92
DF-C3N4 2.68 12.44
MOF@F-C3N4 2.71 10.88
MOF@DF-C3N4 2.65 11.49
Nano-MOF-74 2.63 —
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nitrogen vacancies, which results in the introduction of defect
bands ðV���

N Þ under the conduction band (CB). At the same time,
it can be seen from Fig. S7† that the absorption edges for F-C3N4

and DF-C3N4 blue-shi compared with bulk C3N4, which cor-
responding to the color change from pale yellow to deep yellow.
The color of Nano-MOF is also lighter than that of bulk MOF-74.
As can be seen from the uorescence spectra in Fig. 5c, the
MOF@F-C3N4 or MOF@DF-C3N4 composites basically did not
change the uorescence absorption compared with F-C3N4 or
DF-C3N4, respectively. However, compared with F-C3N4, the
uorescence of DF-C3N4 was signicantly reduced. The decrease
of uorescence emission indicates that the recombination of
photogenic carriers is signicantly reduced. This fact can be
explained by that nitrogen vacancies in DF-C3N4 can trap elec-
trons and effectively reduce the recombination of electrons and
holes, thus improving the photocatalytic activity of nitrogen
xation. The PL emission wavelength for DF-C3N4 (475 nm
equals to 2.61 eV) is higher than that for F-C3N4 (465 nm equals
to 2.67 eV), which is in good accordance with the band gap
obtained from UV-Vis spectra (Table 1). The transient PL decay
spectra in Fig. 5d further gives us evident to explain the pho-
tocatalytic nitrogen xation activities. The average PL lifetimes
of bulk C3N4, F-C3N4, DF-C3N4, MOF@F-C3N4 and MOF@DF-
C3N4 were calculated to be 9.65, 11.92, 12.44, 10.88 and 11.49
ns, respectively. Compared with pure F-C3N4, the relaxation life
of pure DF-C3N4 increases, which implies DF-C3N4 with
nitrogen defects has a strong trapping ability for electrons to
increase the relaxation life.40 While for MOF@F-C3N4 or
MOF@DF-C3N4 composites, the relaxation lives decrease
compared with pure F-C3N4 or pure DF-C3N4 respectively. This
Fig. 6 (a) The bandgap structures of F-C3N4, Nano-MOF-74 and DF-
MOF@DF-C3N4. (c) Charge separation process with the traditional type

This journal is © The Royal Society of Chemistry 2020
result can be explained by the formation of Z-scheme hetero-
junction (as described in the next paragraph) leading to high
efficiency of charge separation.41 Average relaxation life can be
used as an index to evaluate the efficiency of charge separation:
the faster the relaxation, the higher the efficiency.42 The fast
relaxation life of MOF@DF-C3N4 thus corresponds to the large
photogenic carrier separation and the high ammonia
production.43

N2 + 8H+ + 8e� / 2NH4
+, 0.27 eV (2)

Fig. 6a shows the bandgap structures of F-C3N4, Nano-MOF-
74 and DF-C3N4. The energies of valence bands (VB) of the three
are obtained from XPS valence band spectra (Fig. S8†). Then
according to Eg results obtained from UV-Vis spectra (Table 1),
the energies of conduction bands can be calculated. The electric
potential required for N2 conversion to NH4

+ is +0.27 eV (eqn
(2)),39 and the conduction band of Nano-MOF-74 is located at
+0.77 eV. Thus the electrons on the CB of Nano-MOF-74 cannot
cause N2 convert to NH4

+, so we speculate that the combination
of Nano-MOF-74 with F-C3N4 or DF-C3N4 results in a Z-scheme
heterojunction (Fig. 6b). It is benecial to the application of
semiconductor heterostructure in photocatalysis if the photo-
carrier separation can be realized while maintaining their redox
ability. In the semiconductor heterogeneous structure formed
by Nano-MOF-74 and DF-C3N4, the photogenic electrons on the
CB of Nano-MOF-74 transfer and recombine with the photo-
genic holes on the VB of DF-C3N4 at the interface. Thus, the
photogenic electrons on the CB of DF-C3N4 with stronger
reduction capacity and the photogenic holes on the VB of Nano-
MOF-74 with stronger oxidation capacity were retained, this is
a typical vector Z mechanism carrier transfer. To be sure, in the
mechanism of the semiconductor heterostructure, the tradi-
tional type II carrier transfer process (the electrons transfer
from high CB of DF-C3N4 to low CB of Nano-MOF-74) can still
happen (Fig. 6c), it can be seen that the electron should be
transferred from the conduction band of DF-C3N4 to the
conduction band of Nano-MOF-74, while the hole is transferred
from the valence band of Nano-MOF-74 to the valence band of
DF-C3N4. The two carrier transfer processes (Z-scheme and type
II) are competitive. The results of our uorescence lifetime test
C3N4; (b) charge separation process with Z-scheme mechanism on
II mechanism.

RSC Adv., 2020, 10, 26246–26255 | 26251
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Scheme 2 The reaction of 15N labeled 15N2 to ammonia nitrogen catalyzed by DF-C3N4.

Fig. 7 The mass spectra of the indophenol prepared from different atmosphere. (a) The mass spectra of the indophenol prepared from 14N2

atmosphere; (b) the mass spectra of the indophenol prepared from 15N2 atmosphere.
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support the Z-scheme for MOF@DF-C3N4 composite, and the
position of its conduction band is higher with higher electronic
reduction capability, so we believe that the mechanism is
mainly Z-scheme instead of type-II scheme. Therefore, nitrogen
defects introduced in DF-C3N4 play an important role. Electrons
were captured by the nitrogen defects and prevented the elec-
tron transfer from the CB of DF-C3N4 to the CB of Nano-MOF-74.
In this way, the concentration of photogenic carriers is
increased, and the photocatalytic activity of nitrogen xation is
improved.

In order to prove that the nitrogen source of ammonia
nitrogen products generated by photocatalysis comes from
nitrogen, we made isotopic labeling of 15N2. Vacuumed the
reactor to change nitrogen, replaced 14N2 with

15N2, and then let
it stand for 12 hours. Then, normal photocatalytic reaction was
carried out, and the product aer the reaction was taken for
indophenol method. Through LC-MS analysis, compared with
14N indophenol blue, the content of 15N indophenol blue
increased by 16.4% (Fig. 7).The reaction process is shown in the
Scheme 2, 15N labeled 15N2 is adsorbed to the N defects on DF-
C3N4, and aer contact with photogenic electrons, the nitrogen–
nitrogen triple bond breaks, and ammonia nitrogen products
are generated contact with hydrogen ions.44 So during the
process, the nitrogen on DF-C3N4 is not involved in the
26252 | RSC Adv., 2020, 10, 26246–26255
formation of ammonia, and the nitrogen source in ammonia
nitrogen come from the N2.
3. Conclusion

In summary, we successfully combined nano-sized Nano-MOF-
74 (Zn) with nitrogen-defected thin lm C3N4. The experimental
results showed that nitrogen xation activity of the composite
was effectively improved compared with pure DF-C3N4 under
visible light irradiation. We speculated that this was mainly due
to the formation of Z-scheme heterojunction, which reduced
the photogenic carrier recombination. Further, the presence of
nitrogen defects can prevent the electron transfer and effectively
improve the concentration of photogenic carriers. This provides
a new idea for the future work on the combination of MOFs and
inorganic materials, and provides a new thought for improving
the photoactivity of visible light nitrogen xation.
4. Experimental procedures

2,5-dihydroxy terephthalic acid (2,5-BDC) was purchased from
Meryer, Zn(NO3)2$6H2O was purchased from Aladdin, N,N-
dimethylformamide (DMF) was purchased from FoChen,
melamine was purchased from Kermel, triethylamine and
deionized (DI) water were purchased from ConCord. All
This journal is © The Royal Society of Chemistry 2020
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chemical reagents are A.R grade and are not further puried
aer purchase from reagent company.
4.1 Synthesis of photocatalyst

Bulk C3N4. Put melamine into the muffle furnace and
increased the temperature to 550 �C at a rate of 2.5 �C per
minute, calcined for 2 hours and natural cooled to room
temperature.

Tube C3N4. As reported in previous literature,45 1 gmelamine
and 1.2 g phosphorous acid were dissolved in 100 ml deionized
water at 80 �C in thermostatic water bath with strong stirring for
1 h. Then the solution was transferred to the Teon reaction
liner and heated at 180 �C for 10 hours. The solid products was
centrifuged, washed ve times with deionized water to remove
other impurities. Finally, the tube-shaped precursor was ob-
tained by vacuum drying at 60 �C for 10 hours. The tube-shaped
precursor was kept in muffle furnace for two hours at a heating
rate of 2 �C min�1 to 500 �C and the tube C3N4 was obtained
aer natural cooling.

Film C3N4. 0.6 g tube C3N4 was added into the mixed solu-
tion of 5 ml glycerol and 15 ml ethanol for reux at 100 �C for 3
hours. Then the powder was centrifuged, washed with ethanol
for 5 times and then dried at 60 �C. Finally, the dried powder
was put into the muffle furnace and calcined for 2 hours aer
heating up to 500 �C at a heating rate of 2 �C min�1. Product
lm C3N4 was obtained aer natural cooling and denoted as F-
C3N4.

Defected C3N4. A certain amount of F-C3N4 was put into
a tubular furnace. Under the protection of nitrogen, the
temperature was increased to 520 �C with a rate of 20 �C min�1

and kept for 2 hours to obtain the defected C3N4 (denoted as DF-
C3N4).

Nano-MOF-74(Zn). 0.1 g 2,5 dihydroxy terephthalic acid (2,5-
BDC) and 0.452 g Zn(NO3)2$6H2O were dissolved in 200 ml DMF
solvent and magnetically stirred until the solid was completely
dissolved. Then added 10 ml of deionized water dropwised into
the solution until full mix. Whereaer, 1 ml triethylamine was
dropwised into the solution and form a pale yellow precipitate
(Scheme S1†). Aer centrifugation, the powder was dried at
130 �C and then washed with deionized water and ethanol for 3
times respectively. Finally, the powder was put into a tubular
furnace and heated up to 200 �C for 2 hours under nitrogen
protection at the rate of 10 �C min�1.

Nano-MOF-74(Zn)@lm-C3N4. 20 mg Nano-MOF-74(Zn) and
80 mg F-C3N4 were added to 100 ml ethanol for ultrasound for
1 h respectively, then the suspension solution of Nano-MOF-74
was simultaneously added to the F-C3N4 solution for another
1 h with ultrasound. The ultrasonic suspension was rested for
one night to obtain the upper liquid. Aer extraction with
dropper, the remaining precipitation was dried at 60 �C for 10
hours. The dried powder was put into a tubular furnace and
calcined for 2 hours at 200 �C under the protection of nitrogen
to make its combination more stable. Finally, it was denoted as
MOF@F-C3N4.

Nano-MOF-74(Zn)@DF-C3N4. The synthesis process is like
that of Nano-MOF-74(Zn)@F-C3N4, except that F-C3N4 is
This journal is © The Royal Society of Chemistry 2020
replaced by DF-C3N4, and the other processes are the same. The
product is denoted as MOF@DF-C3N4.
4.2 Characterization

With 10� min�1 scanning rate, powder X-ray diffraction (XRD)
patterns were recorded in the range 3� to 80� on a Rigaku
MiniFlex 600 using CuKa radiation (l ¼ 0.154178 nm) at 298 K.
Electrochemical data testing was performed at the Chenhua
CHI 760E electrochemical workstation. The samples' morphol-
ogies were analyzed through JSM-7800F scanning electron
microscope (SEM). Using a JEM-2800 microscope high-
resolution TEM (HRTEM) images were tested. The UV-Vis
measurement of the samples was carried out by a spectropho-
tometer with TU-1950 PERSEE. Steady-state uorescence
spectra were measured by HITACHI F-7000. The measurement
of uorescence lifetime was performed by FLS920 transient
uorescence/phosphorescence spectrometer (77–500 K). Atomic
force microscope (AFM, Bruker Dimension Icon) was used to
measure the thickness of samples. Magnetic susceptibility
measurements were performed with MPMS3 from Quantum
Design. The data were measured from 300 K to 250 K at 1000 Oe
direct-current eld. Data were corrected for the diamagnetic
contribution calculated from Pascal constants. Unpaired elec-
trons were detected using an ESR spectrometer (EMX plus-6/1)
at room temperature.
4.3 Photocatalytic N2 reduction reaction measurements

Photocatalytic nitrogen xation reaction is carried out in Zhong
Jiao Jin Yuan photocatalytic reactor (CEL-APR100H). 10 mg
photocatalyst was added to themixed solution of 48ml H2O and
2 ml methanol (as the hole trapping agent) for 15 min ultra-
sound, and then transferred to the photocatalytic reactor for
sealing. The reactor controlled the reaction temperature at
25 �C by circulating condensed water and the reaction was
carried on under atmospheric pressure with magnetic stirring.
The light source is 300 W Xe lamp (CEL-HXF300) about 15 cm
away from the photocatalytic reactor with a cut-off lter (400
nm) for visible-light photocatalysis. During the illumination,
1 ml solution was taken every half an hour to detect NH4

+

content by the Nessler reagent method at 420 nm with an
ultraviolet spectrophotometer (KU-T6PC).
4.4 Photocurrent experiments

10 mg samples were dispersed in 1 ml ethanol for half an hour
by ultrasound, and the samples were uniformly coated on ITO
glass with the area of 1 � 1 cm. Then vacuum dried the
conductive glass coated with the sample for 10 h to make the
sample and conductive glass combine more rmly. The
photocurrent test was carried out in a quartz pool with ITO
conductive glass coated with the sample as the working elec-
trode, a Pt foil as counter electrode and an Ag/AgCl electrode as
reference electrode, and the electrolyte was Na2SO4 (0.1 M)
aqueous solution. In visible light photocurrent tests, the ultra-
violet light is ltered out using a 400 nm lter under a 300 W Xe
lamp.
RSC Adv., 2020, 10, 26246–26255 | 26253
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The electrochemical impedance spectra (EIS) were recorded
when the initial voltage is open circuit voltage over the
frequency range of 1 MHz to 1 Hz under illumination condition.
4.5 N-15 labeling experiments

The catalyst and sacricial agent of the same amount as the
normal photocatalytic reaction were added to 48 ml water for
10 min aer ultrasonic treatment, and then poured into the
reactor. A circulating water pump was used to vacuum the
reactor and replace 14N2 with 15N2. Aer 2 hours of reaction,
0.5 ml of the reaction liquid ltered through the lter
membrane was taken and mixed with 0.1 ml of 1% phenolic
solution in 95% ethanol/water, 0.375 ml of 1% NaClO in alka-
line Na-citrate solution in water and 0.5 ml of 0.5% Na
[Fe(CN)5NO] in water for reaction. Aer 12 hours until fully
developed, it was tested by LC-MS.46
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