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ZIF material for efficient visible
light photocatalytic fuel denitrification

Yi Lu,ab Haibo Pan, ab Jiafeng Lai,c Yuzhou Xia, c Lu Chen,c Ruowen Liang,*c

Guiyang Yan *c and Renkung Huang*c

Effective design of photocatalysts is an effective method to improve the separation of photogenerated

carriers, which improves the photocatalytic performance of photocatalysts. In this work, CoCu-ZIF

materials with bimetallic structure were synthesized at room temperature for efficient photocatalytic fuel

denitrification. The properties and structures of CoCu-ZIF photocatalysts can be effectively controlled by

adjusting the molar ratio of cobalt to copper. The as-prepared CoCu-ZIF photocatalysts were

characterized by XRD, FT-IR, SEM, TEM, UV-vis, Raman, BET and other techniques. The photoactivity of

CoCu-ZIF for the denitrogenation of NCCs has been evaluated using visible light (l $ 420 nm). The

results indicate that Co8Cu2-ZIF photocatalysts exhibit excellent photocatalytic properties, in which the

denitrification rate almost reached 80% after 4 hours under visible light irradiation, which is higher than

the degradation ability of ZIF-67 (38%). Transient photoelectrochemical experiments and EIS Nyquist

plots indicate that Co8Cu2-ZIF with unique structure efficiently improves the separation and transfer of

photogenerated electron–hole pairs. Moreover, a possible reaction mechanism was proposed by LC-MS

analysis.
Introduction

With the rapid development of the world, the human demand
for energy is also increasing, especially for low-cost natural
energy such as oil, coal and gas.1,2However, nitrogen-containing
compounds (NCCs) in fuels (gasoline and diesel), such as
pyridine and pyrrole, will lead to NOx emission, reduction of
combustion efficiency and increase of CO and particulate
emissions during combustion.3–5 Specically, NOx produced by
fuel combustion will lead to acid rain, corrode buildings and
crops, and change the pH value of soil and rivers.6 Moreover,
NOx will also seriously impact human health, such as through
respiratory diseases and nervous system diseases.7,8 Therefore,
more and more strict environmental regulations have been
formulated for the nitrogen content in fuels worldwide.9,10

Currently, NCCs in fuel are usually removed by hydro-
denitrication (HDN), which consumes expensive hydrogen
and requires high temperature (range from 300 to 400 �C) and
high-pressure conditions (range from 30 to 130 atmo-
spheres).11,12 The process is not economical. Photocatalysis
technology is a kind of technology with low energy consumption
and mild conditions, which has attracted signicant
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attention.13–15 At present, researchers focus on the use of semi-
conductor catalysts for photocatalytic removal of NCCs.16

Although some semiconductors have narrow band gaps and are
promising photocatalysts, their photocatalytic efficiency is low
due to high recombination rate of photogenerated carriers and
low specic surface area.17 For example, Weineng Hu et al.
synthesized CdS for the degradation of NCCs in fuel (64%, 4 h)18

and Bi2MoO6 (51%, 4 h).19 Considering the high specic surface
area and excellent photogenerated carrier transport properties,
porous nanostructures are deemed to be the key structures of
photocatalytic materials.20

Metal–organic framework materials (MOFs) have the char-
acteristics of high specic surface area, regular pore structure,
good chemical stability and convenient synthesis,21,22 so they
are widely used in adsorption and separation,23 gas storage,
catalytic reaction (including chemical catalysis,24,25 electro-
catalysis26,27 and photocatalysis,28 sensors,29 electronic or optical
devices29 and so on). Meanwhile, the high specic surface area
of MOFs can also improve the adsorption of target pollutants
and increase the number of active sites,30,31 which has obvious
application potential to improve the photocatalytic perfor-
mance of semiconductors. Furthermore, compared with tradi-
tional inorganic semiconductors, it is noteworthy that the
structures and functionalities of MOFs can be readily tuned via
the modication of their organic linkers or metal centers.32 ZIFs
are excellent photocatalytic material, which has been applied in
many elds.33,34 For example, ZIF-67 (Co) is a typical Co-based
ZIF with high pore volume and specic surface area.35 Changli
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01049f&domain=pdf&date_stamp=2022-04-26
http://orcid.org/0000-0003-1273-0433
http://orcid.org/0000-0002-7725-8507
http://orcid.org/0000-0001-6530-0790
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01049f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012020


Fig. 1 X-ray diffraction patterns of ZIF-67 and CoCu-ZIFs (a), and the
enlarged regions of the XRD patterns (b).
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Shi et al.36 synthesized Ag/ZIF-67/TiO2/Cu sheet, which dis-
played greatly enhanced photocatalytic activity for the degra-
dation of 4-ATP (�100%, 15 min). Interestingly, the catalyst
containing copper has strong adsorption for nitrogen-
containing compounds. Yang Xu et al.37 synthesised 3% CuO/
NaY zeolite that could adsorb 75 percent of N-nitropyrrolidine
(NPYR). However, single metal ZIF (Cu) are harder to synthe-
size. At present the modication of metal elements of ZIFs has
become a research hotspot, hoping to make up for the defects of
single metal ZIFs.38,39 Bimetallic ZIFs can optimize the energy
conversion mechanism by virtue of the synergy between bime-
tallic elements. Herein, CoCu bimetallic ZIF was prepared by
introducing Cu and used for photocatalytic fuel denitrication.
Compared with ZIF-67, the prepared CoCu bimetallic ZIF
showed excellent photocatalytic fuel denitrication activity. In
this study, bimetallic ZIF was used as photocatalytic fuel deni-
trication catalyst for the rst time.

Experimental
Materials and reagents

Cobalt nitrate hexahydrate [Co(NO3)2$6H2O], copper nitrate
trihydrate [Cu(NO3)2$3H2O], cetyltrimethylammonium bromide
(CTAB), pyridine and octane were supplied by Aladdin Reagent
Co., Ltd. All chemical reagents are of analytical grade and used
as received.

Synthesis of CoCu-ZIF

In a typical synthetic procedure, 2-methylimidazole (4.105 g, 50
mmol) was dissolved in 70 mL distilled (DI) water. While
Co(NO3)2$6H2O (232.8 mg, 0.8 mmol), Cu(NO3)2$3H2O
(48.3 mg, 0.2 mmol) and CTAB (7.5 mg, 0.02 mmol) were dis-
solved in 10 mL DI water. Then the two solutions were mixed
and kept at room temperature for 24 h aer stirring for 1 h. The
nal sample was collected by centrifugation at 10 000 rpm for
10 min, washed several times with ethanol, and dried under
vacuum at 60 �C for 12 h. The obtained sample was Co8Cu2-ZIF.

Changing the molar ratio of cobalt to copper, we can get ZIF-
67 (10 : 0), Co9Cu1-ZIF (9 : 1), Co7Cu3-ZIF (7 : 3), Co6Cu4-ZIF
(6 : 4), Co5Cu5-ZIF (5 : 5), respectively.

Characterizations

X-ray diffraction (XRD) patterns were obtained using a Bruker
D8 Advance X-ray diffractometer. Fourier-transform infrared
reectance (FT-IR) spectra were measured using a Shimadzu
irprestige-21 spectrophotometer. The morphology of the
prepared samples was evaluated using a TESCAN MIRA4 eld
emission scanning electron microscopy (SEM) instrument,
Tecnai G2 F20 S-TWIN (FEI) transmission electron microscopy
(TEM) apparatus. The X-ray photoelectron spectroscopy (XPS)
proles of the samples were obtained using a Thermo Scientic
K-Alpha instrument equipped with a monochromatic Al La X-
ray source. The UV-Vis diffuse reectance spectra (DRS) of the
samples were obtained using a Shimadzu UV-2700 ultraviolet-
visible-near-infrared spectrophotometer over the wavelength
range of 250–800 nm. High-performance liquid
© 2022 The Author(s). Published by the Royal Society of Chemistry
chromatography-mass spectrometry (HPLC-MS) experiments
were performed using an Agilent 1200 series system, equipped
with an Agilent Zorbax Eclipse XDB-C18 column (2.1 mm �
100 mm � 3.5 m). Photocurrent measurements were conducted
using a BAS Epsilon workstation. Electrochemical impedance
spectroscopy (EIS) experiments were conducted using a Preci-
sion PARC workstation.
Photocatalytic activity measurements

First, 100 mg g�1 simulated NCCs-containing gasoline fuel was
prepared by dissolving 70 mg pyridine in 1.0 L octane. Then,
50mg photocatalyst and 50mL pyridine/octane solution (100 mg
g�1) were added into a quartz reactor. The suspension was
stirred in the dark for 1.5 h to ensure the adsorption–desorption
equilibrium was reached. Aerward, the suspensions were
irradiated using a 300 W Xe lamp (PLS-SXE 300) equipped with
a UV-cut lter to cut off light of wavelength shorter than 420 nm.
At selected time intervals, aliquots of the suspension were
removed and centrifuged. The residual concentration of pyri-
dine in the supernatant was monitored using a Varian Cary 60
spectrometer.
Results and discussion
Structural and morphological characterization

XRD analysis was used to determine the crystal structures of the
as-prepared samples. The XRD patterns of photocatalysts with
different molar ratio of CoCu-ZIFs were shown in Fig. 1(a). The
characteristic peaks of prepared ZIF-67 appeared at 7.3�, 10.4�,
12.7�, 18.0�, 22.1�, 24.6�, 26.7� could be attributed to the (011),
(002), (112), (222), (114), (233) and (134) reections were iden-
tied with simulated ZIF-67.40 In addition, the XRD pattern of
CoCu-ZIFs are similar to that of ZIF-67, which indicated that the
addition of copper had almost no effect on crystallinity.
However, one can see that the characteristic peaks show
systematic shis toward low angles as an increase in the copper
content in CoCu-ZIFs, see Fig. 1(b), consistent with the fact that
the ionic radius of Co2+ is larger than that of Cu2+.41

The structures and chemical bonds of different samples were
studied by Fourier transform infrared spectroscopy (FT-IR). The
peaks were primarily attributed to the 2-methylimidazole
ligand. As is illustrated in Fig. 2, for the Co10Cu0-ZIF (ZIF-67),
the peaks ranging from 600–1500 cm�1 were due to the
stretching and bending of the imidazole group. A minor peak at
RSC Adv., 2022, 12, 12702–12709 | 12703
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Fig. 4 EDS spectrum of Co8Cu2-ZIF.

Fig. 5 Transmission electronmicroscopy images of (a and b) Co8Cu2-
ZIF, and (c–f) EDS mapping of Co8Cu2-ZIF.

Fig. 2 FT-IR pattern of CoCu-ZIFs and ZIF-67.
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1423.3 cm�1 was owing to the stretching mode of C]N bonding
in 2-MIM. The peaks obtained at 2933.1 and 3137.3 cm�1 were
attributed to the stretching of C–H from the aliphatic methyl
group and aromatic ring of 2-MIM, respectively. The positions
of peaks correspond well with the published report.42 As ex-
pected, the composite CoCu-ZIFs contain all the chemical
bonds belong to ZIF-67. The result further conrmed the
successful preparation of CoCu-ZIFs and maintained the
structure integrity of ZIF-67 in this composite.43

The morphologies and structures of CoCu-ZIFs and ZIF-67
were characterized using SEM and TEM. The SEM images of
CoCu-ZIFs and ZIF-67 (Fig. 3(a)–(f)) shows dispersed and
uniform cubic morphology with an average diameter of 450 nm
and a smooth surface. Furthermore, with the increase of copper
content, there were not many discernible differences in
morphology. The EDS spectrums (Fig. 4) verify the presence of
elements N, C, Co, Cu in bimetal CuCo-ZIF.

To obtain further information about the microstructure of
the CoCu-ZIF composite, TEM analyses were performed. As
shown in Fig. 5, the introduction of Cu(II) has no signicant
impact on the morphology of ZIF-67. The EDS elemental
mapping indicates the equal distribution of Cu, Co, C and N in
the CoCo-ZIF. What's more, copper is randomly substituted for
cobalt to ensure the uniformity and stability of the CoCu-ZIF.

In order to further explore the specic surface area and pore
size distribution, nitrogen adsorption/desorption experiments
were carried out. The N2 adsorption/desorption isotherms of
CoCu-ZIFs samples are shown in Fig. 6. The corresponding BET
Fig. 3 SEM images of (a) ZIF-67, (b) Co9Cu1-ZIF, (c) Co8Cu2-ZIF, (d)
Co7Cu3-ZIF, (e) Co6Cu4-ZIF, (f) Co5Cu5-ZIF.

12704 | RSC Adv., 2022, 12, 12702–12709
specic surface areas and pore volumes are summarized in
Table 1. As shown in Fig. 6(a), ZIF-67 and Co8Cu2-ZIF belonged
to I type adsorption behaviour. The BET surface areas for the
Fig. 6 (a) N2 adsorption/desorption isotherms distribution curves and
(b) pore size distribution curves of Co8Cu2-ZIF and ZIF-67.

Table 1 BET surface areas and pore volumes of Co8Cu2-ZIF and ZIF-
67

Sample
BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Co8Cu2-ZIF 1834.71 0.788
ZIF-67 1493.24 0.713

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Raman spectra of ZIF-67 and Co8Cu2-ZIF.

Fig. 10 (a) Photocatalytic denitrogenation of pyridine under different
conditions, (b) kinetics of photocatalytic denitrogenation of pyridine
over Co8Cu2-ZIF and ZIF-67, (c) photocatalytic denitrogenation of
pyridine over CoCu-ZIFs.

Fig. 11 (a) Cycling experiments of photocatalytic denitrogenation of
pyridine over Co8Cu2-ZIF, (b) XRD patterns of fresh Co8Cu2-ZIF and
used Co8Cu2-ZIF recovered after five cycles of photocatalysis.

Fig. 7 High resolution XPS spectra of (a) Cu 2p, (b) Co 2p, (c) C 1s,
and N 1s for Co8Cu2-ZIF.
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ZIF-67 and Co8Cu2-ZIF are 1493.24 m2 g�1 and 1834.71 m2 g�1,
respectively (Table 1). Obviously, The BET surface area of Co8Cu2-
ZIF is larger than that of ZIF-67. A high BET surface areamight be
benecial for providing more active sites, hence could lead to
enhanced photocatalytic performance.27,44 From the correspond-
ing pore size distributions of Fig. 6(b), more mesopores with
increased pore sizes are generated with the introduction of Cu.

XPSmeasurements were used to determine the elements and
valence states of Co8Cu2-ZIF. To get clearer information, the
high-resolution XPS spectra analysis was carried out. The Cu
2p's high-resolution XPS spectrum is shown in Fig. 7(a). It can
be realized that peaks centered at 932.51 eV was related to Cu
Fig. 9 UV-vis DRS spectra (a) and energy band gaps (Eg) (b) of samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2p3/2 and peak at 953.71 eV was related to Cu 2p1/2 of Cu(II).
Fig. 7(b) was the high-resolution XPS spectrum extracted from
Co 2p. The main two peaks were centered at 779.01 eV and
796.31 eV, which can be appointed to the binding energies of
2p3/2 and 2p1/2 of Co(II). As can be seen from the high-resolution
spectrum of C 1s in Fig. 7(c), peaks centered at 284.1 and 284.58
are attributed to C–C and C–N bonds in CuCo-ZIF. Also, the
Fig. 12 (a) Nyquist impedance plots of Co8Cu2-ZIFs and ZIF-67, (b)
transient photocurrent responses of Co8Cu2ZIFs and ZIF-67 using
visible light (l $ 420 nm).

RSC Adv., 2022, 12, 12702–12709 | 12705
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Fig. 13 High-performance liquid chromatography-MS profiles of pyridine after different irradiation times: (a) 0, (b) 2 h and (c) 4 h, and (d) possible
denitrogenation pathway of pyridine.
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peak located at 298.48 represented the tertiary N bonded to
carbon atoms.45 These results further proved that the chemical
component of as-fabricated products was CuCo-ZIF.
12706 | RSC Adv., 2022, 12, 12702–12709
The structure samples were further investigated by Raman
spectrum, as shown in Fig. 8. A peak can be observed in the
Raman shi region at 120 cm�1, which can be attributed to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cobalt ions of ZIF-67.46 The peaks at 468, 680 cm�1 were asso-
ciated to ZIF-67, which vibrational mode of the 2-methyl-
imidazolate ligand at 680 cm�1 and Co–N bond at 468 cm�1.47 It
was noticeable that some peaks of Co8Cu2-ZIF were shied
comparing to the ZIF-67.48 The spectrum of Co8Cu2-ZIF is
similar to ZIF-67's, further proving the good retention of ZIF-67
structure in the Co8Cu2-ZIF.

UV-Vis DRS spectra suggested that all CoCu-ZIF samples
exhibited strong visible light absorption (Fig. 9). The band gap
energies of the photocatalysts in this study were calculated
using the Kubelka–Munk formula: ahn¼ A(hn� Eg)h/2, where a,
h, n, A, and Eg are the absorption coefficient, the Planck
constant, the frequency of light, a constant, and the absorption
band gap energy, respectively. The value of h depends on the
optical transition type of the semiconductor photocatalyst, and
h ¼ 1 for the systems in our study because ZIF-67 is indirect
band gap semiconductor.45 The introduction of copper changed
the sample from purple to blue purple. The approximative band
gaps of ZIF-67, Co8Cu2-ZIF were 1.925 eV and 1.921 eV. The
band gap decreased as the content of copper increased, The
reduction of the band gap of CoCu-ZIF can be attributed to the
formation of a new energy level in the band structure of CoCu-
ZIF since chemical bonds between ZIF-67(Co) and Cu(II) may
have created.49

Photocatalytic performance

The photoactivity of CoCu-ZIF for the denitrogenation of NCCs
have been evaluated using visible light (l $ 420 nm). As illus-
trated in Fig. 10, Co8Cu2-ZIF exhibited excellent catalytic
performance (80%), however, there is rarely catalytic activity
without light. Fig. 9(a) also displayed the comparison of the
pyridine denitrogenation efficiencies of Co8Cu2-ZIF (80%) and
ZIF-67 (38%). The reaction kinetics data for the pyridine photo–
denitrogenation reaction are displayed in Fig. 9(b). The rate
constants of Co8Cu2-ZIF and ZIF-67 were calculated to be 0.348
and 0.091 h�1, respectively. Sample Co8Cu2-ZIF presented the
highest photoactivity. Signicantly, the rate constant of Co8Cu2-
ZIF was 3.82 times higher than ZIF-67. Fig. 9(c) shows photo-
catalytic denitrogenation of pyridine over CoCu-ZIFs, Co8Cu2-
ZIF has the best photoactivity, obviously. The higher photo-
activity of Co8Cu2-ZIF could be attributed to: (i) The introduc-
tion of copper improves the utilization of light; (ii) Compared
with ZIF-67, Co8Cu2-ZIF has larger specic surface area, exposes
more active sites and reduces carrier recombination; (iii)
Appropriate copper cobalt ratio is conducive to synergistic
effect.

The stability and recyclability of catalyst

To study the stability of Co8Cu2-ZIF, the cycling test was con-
ducted in ve consecutive runs (Fig. 11(a)). The denitrogenation
efficiencies aer 5 run still was 71%, with slightly decreasing of
9%. The insignicant reduction of catalytic activity is a common
phenomenon during cycling tests, which may be due to the
leaching and poisoning of active constituent in catalysts.50

Notably, the Co8Cu2-ZIF still remained relatively high catalytic
activity aer ve consecutive runs, suggesting this material may
© 2022 The Author(s). Published by the Royal Society of Chemistry
be suitable for industrial use. Furthermore, the XRD patterns of
the fresh and used Co8Cu2-ZIF composites are illustrated in
Fig. 11(b). The XRD results revealed that the characteristic
peaks of the Co8Cu2-ZIF composites did not exhibit any signif-
icant changes aer ve cycles.
Photocatalytic mechanism

To further appraise the separation efficiency of the photo-
generated electron–hole pairs, transient photoelectrochemical
experiments were performed. As shown in Fig. 12(a), the
photocurrent density of Co8Cu2-ZIF was signicantly higher
than ZIF-67 under the experimental conditions in this study,
during ve on–off cycles, which indicated that Co8Cu2-ZIF pre-
sented lower photogenerated electron–hole recombination rate
and higher electron transport than ZIF-67.51While photocurrent
decay attributable to photo-corrosion can be observed during
ve on–off cycles. It may be caused by the leaching of some
metal ions.52 Moreover, to better understand the excellent
charge carrier transmission performance of Co8Cu2-ZIF, EIS
Nyquist plots have been obtained (Fig. 12(b)). The Nyquist plot
radius of Co8Cu2-ZIF was smaller than ZIF-67, which revealed
that Co8Cu2-ZIF exhibited better separation of its electron–hole
pairs and more photogenerated charge carries than ZIF-67, and,
consequently, it presented higher photocatalytic fuel denitri-
cation performance.53,54

The HPLC-MS spectrometry results are displayed in
Fig. 13(a)–(c). Upon irradiation for 240 min, the peak intensity
of pyridine at approximately m/z ¼ 80.28 was greatly decreased,
compared Fig. 13(a) and (c), which implied the successful
denitrogenation of pyridine. At the same time, two new peaks at
m/z ¼ 74.17, and 112.16 gradually appeared (Fig. 13(b)), which
suggested that pyridine has been transformed into C2H2ONH
and C5H5O2N, which are protonated intermediate products.
Furthermore, the possible denitrogenation pathway of pyridine
is illustrated in Fig. 13(d)
Conclusion

Containing copper doped CoCu-ZIFs can be obtained by solvent
method at room temperature. CoCu-ZIFs still maintain uniform
cube morphology. Ultraviolet-visible spectra supported that
Co8Cu2-ZIF samples presented greater light-harvesting ability
than ZIF-67 in the visible light. What's more, compared to the
ZIF-67, the Co8Cu2-ZIF sample presented signicantly higher
performance for the photocatalytic denitrogenation of pyridine
(�80%, 4 h) using visible light (l $ 420 nm), which was bene-
cial for the separation and transfer of the photogenerated
electron–hole pairs and absorption of light. Due to the fact that
the atomic radius of copper is similar to that of cobalt and
dispersion uniformity of copper in CoCu-ZIF, the Co8Cu2-ZIF
sample also displayed excellent stability and reproducibility.
Under the catalysis of Co8Cu2-ZIF, pyridine was nally trans-
formed into harmless small molecules. At last, this work could
provide a strategy toward the design of low-cost, highly efficient
photocatalytic fuel denitrication using ZIFs as promising
precursors.
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