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ABSTRACT: An efficient protocol for photocatalytic degradation of organic dyes and antibiotics has been successfully established
via MOF-derived (MOF = metal−organic framework) Ni, Co-embedded N-doped bimetallic porous carbon nanocomposites
(NiCo/NC). Such a NiCo/NC nanocomposite features well-distributed structures, suitable specific surface areas, and more active
sites determined by various characterization analyses. The catalyst exhibits higher photocatalytic performance and stability toward
the liquid-phase degradation of methylene blue (MB) under visible light irradiation for 60 min, after the adsorption−desorption
equilibrium and the thorough degradation into H2O and CO2. Radical quenching experiments further confirmed the dominant effect
of electron holes h+ and superoxide radical anions ·O2− for the MB photodegradation process. NiCo/NC was also appropriate for
the degradation of Rhodamine B, methyl orange, tetracycline hydrochloride, and norfloxacin. Moreover, NiCo/NC is robust, and its
photocatalytic activity is basically maintained after 8 cycles. This work is expected to provide additional information for the design of
MOF-derived carbon material with more excellent properties and lay the foundation for further industrial applications.

1. INTRODUCTION
With the rapid development of social industrialization,
environmental pollution, especially water pollution, has
become an urgent global problem.1,2 The residual toxic
pollutants in water, such as pesticides, antibiotics, and
synthetic dyes, pose a significant threat to ecological balance
and human health.3−5 In the past few decades, many
technologies have been carried out to remove dyes and
antibiotics from wastewater through adsorption, advanced
oxidation, biological treatments, photocatalytic degradation,
and membrane technology.6−9 Among them, adsorption is a
simple and practical method. However, the single perform-
ance/low regeneration of some adsorbents and the complexity
of the pollutant composition are still a problem. Hence, it is
critical to develop advanced protocols combined with
adsorption and catalysis, simultaneously, for effectively
obviating residues of organic dyes and antibiotics in water.
Photocatalytic technology has been a promising utilization

for water pollutant degradation due to its energy-saved and
high efficiency, green and environmentally friendly in aqueous
phase.10 Previous studies have shown that TiO2 semi-
conductors and metal oxide materials were the most common
photocatalyst for the degradation of pollutants,11−14 in which
the small molecule compounds (CO2, H2O, and halide ions)
are the primary products. However, the narrower absorption
wavelengths, rapid recombination of electron−hole pairs, and
the larger bandgaps result in low photocatalytic efficiency and
limit practical applications.15,16 In addition, photocorrosion
originated from the photogenerated holes’ accumulation is a
traditional shortcoming, and the semiconductor materials are
always unstable in the photocatalysis system. The corrosion of

catalysts caused by light exposure in aqueous media facilitates
the migration of metal ions and the dissolution of solid
photocatalysts.17,18 With the further research of photocatalysis,
metal cocatalysts, such as Au, Ag, Pd, and Ni are found to
tremendously advance photocatalytic performance.19−21 The
excessive use of these metals conflicts with the concept of
sustainable development since their supply on Earth is limited.
Nowadays, porous carbon materials are considered as a good
photocatalyst for replacing metals/semiconductors because of
the outstanding properties and stability.22−24 Modified carbon
matrix materials for building the functionalized catalysts could
efficiently accelerate the charge transfer and dispersion.25,26

Thus, finding stable and appropriate materials for pollutant
removal with photocatalytic technology in industrialization is
necessary.
Metal−organic frameworks (MOFs) are a kind of porous

coordination polymer formed by metal ions/clusters and
organic ligands.27−30 Recently, carbonization of MOFs
precursors has attracted great attention due to the tunable
properties of the resulting materials.31,32 In particular, MOFs
have been proved to be very prospective sacrificial precursors
to achieve metal or metal oxide nanoparticles embedded in
porous carbon matrix with large surface areas, tunable pore
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sizes, good thermal stability, and homogeneously dispersed
materials.33,34 During the high-temperature pyrolysis process of
MOFs, the formed carbon layers originating from the
carbonization of organic ligands diffuses into the metal centers
efficiently, which could accelerate the charge transfer and
reduce the recombination of photogenerated charge car-
riers.35,36 Therefore, these peculiar features make MOF-
derived nanocomposites ideal for photocatalytic applications.
For example, Cao and co-workers37 reported the fabrication of
composite materials based on nitrogen-doped carbons and
CdS semiconductors derived from the Cd-MOF in situ
carbonization method, as well as their application as viable
photocatalysts toward tetracycline degradation under visible
irradiation. Guo et al.38 exploited excellent photodegradation
efficiency of methylene blue (MB) using Co3O4/C nano-
composites’ photocatalysts prepared from calcination of
activated carbon-modified MOFs precursor. Park et al.39

reported a ZnO-carbon composite photocatalyst with MOF-5
sheets as precursors. The catalyst showed photocatalytic RhB
degradation under UV irradiation. In addition, Xia et al.
explored the ZnO/N-doped nanoporous carbon materials from
zeolitic imidazolate framework ZIF-8 at 800 °C.40 The
functioned composites could trap the dye molecules and
enormously facilitate their photodegradation.41 Inspired by
this, the preparation of stable and high-performance porous
carbon photocatalysts achieved by carbonization of self-
assembled MOFs is very valuable for the degradation of
organic dyes and antibiotics.
In this work, a nickel metal−organic framework (Ni-MOF)

was used to fabricate Ni, Co-embedded bimetallic porous
carbon nanomaterials (NiCo/NC) by a facile in situ
carbonization strategy. The as-prepared NiCo/NC materials
exhibited an enhanced adsorption-photocatalytic degradation
of organic dyes and antibiotics. The degradation efficiencies of
MB, RhB, and methyl orange (MO) reach 100%, 81.7%, and
68.4%, respectively, after the irradiation time of 60 min. In
addition, the highly dispersed NiCo/NC nanoparticles
demonstrated satisfactory degradation effects on tetracycline
hydrochloride and norfloxacin. We further probed the
reusability and regeneration of NiCo/NC 8 times. A plausible
photocatalytic mechanism for MB degradation with NiCo/NC
was explored via radical quenching experiments. The present
study describes a new strategy of utilizing photoactive MOF-
derived bimetallic porous carbon materials as an efficient
catalyst for organic pollutants degradation.

2. EXPERIMENTAL SECTION
2.1. Materials. RhB, MB, MO, tetracycline hydrochloride

(TCHC), and norfloxacin were provided by Energy Chemical
Industrial, Inc., Shanghai, China. Ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na), isopropanol (IPA), 1,4-
benzoquinone (BQ), Co(NO3)2·6H2O (99%), 2-methylimida-
zole (99%), and Ni(NO3)2·6H2O (98.5%) were purpased from
Energy Chemical Industrial Inc., Shanghai, China, respectively.
All of the solvents were obtained from commercial sources and
purified by distillation prior to use.
2.2. Catalyst Preparation. ZIF-67 is synthesized via a

stirring method.42 Simply, to a 50 mL Schlenk tube under an
air atmosphere were successively dissolved 2.0 g of 2-
methylimidazole and 0.5 g of Co(NO3)2·6H2O in 35 and 15
mL of methanol, respectively. Then, the former is quickly
poured into the latter one with rapidly appearing purple
precipitates. After being stirred at 60 °C for 10 h, ZIF-67 was

obtained by recrystallization washing with methanol and then
dried at 80 °C in vacuum for 6 h. Ni-MOF was obtained in the
same way as ZIF-67, with the addition of Ni(NO3)2·6H2O.
Ni/ZIF-67 is prepared by the method of loading. Typically,

0.49 g of Ni(NO3)2·6H2O is dissolved in 30 mL of methanol.
Then, 1.0 g of ZIF-67 is dispersed in the Ni(NO3)2·6H2O/
methanol solution followed by agitation at 40 °C for 8 h to
obtain Ni/ZIF-67 by subsequent filtration, washing, and
drying.
NiCo/NC was prepared by calcining and self-reducing Ni/

ZIF-67. A 1.9 g portion of Ni/ZIF-67 was prepared by
calcining 3 g of Ni/ZIF-67 in an Ar stream at 550 °C for 6 h.
Co/NC and Ni/NC were obtained by calcining ZIF-67 and
Ni-ZIF with yields of 65% and 63%, respectively.
2.3. Characterization Techniques of Materials. Powder

X-ray reflection patterns (XRP) were characterized by a Bruker
AXS D8 ADVANCE diffractometer with a Cu Kα source (λ =
1.5406 Å). An X-ray photoelectron spectrometer (XPS) was
used for collection of the element compositions on a ESCA
LAB MK-II instrument (Al Kα radiation). Microscopic images
and morphologies were recorded by scanning electron
microscopy (SEM) (Hitachi S-3700N) and transmission
electron microscopy (TEM) (JEM-2100 200 kV) equipped
with an energy dispersive X-ray spectroscopy (EDS). Specific
surface areas and the pore size distributions of the materials
were determined via Micromeritics 3Flex instrument at 77 K
using the Brunauer−Emmett−Teller (BET) method (Auto-
sotrb-IQ2-MP-XR).
2.4. Pollutant Adsorption and Photocatalytic Degra-

dation. MB was used as a model pollutant to explore the
adsorption-photocatalytic of precursors (ZIF-67 and Ni/ZIF-
67) and NiCo/NC. The adsorption performance was evaluated
by dispersing 5 mg of the material in 20 mL of MB (10 mg/L)
solution with stirring in the dark at room temperature, until the
adsorption and desorption equilibrium was achieved. Approx-
imately 3 mL aliquots were sampled at a certain interval, and
the solid was removed by a filter membrane (0.45 μm).
The adsorption/photodegradation of MB (%) was calcu-

lated by the following equation:

= *D
c c

c
(%) 100%0

0 (1)

where D is the percentage of degradation, C0 is the initial
concentration and C is the final concentration.
The reaction kinetic study was investigated by the pseudo

first-order model equation.

= ·C C k tln( / )0 (2)

where k is the apparent rate constant of equation.
The photocatalytic degradation performances of materials

were performed by using MB solution with a 500 W Xe lamp
(λ > 420 nm). Typically, a certain amount of NiCo/NC was
added into 20 mL of MB solution (10 mg/L) and then stirred
for 30 min in the darkness. Then, after irradiation for an
appropriate time interval, fixed amounts of the reaction system
were taken out from the reactor and filtered by a 0.45 μm filter
membrane for further analysis. In addition, the effects of the
photocatalyst dosage (1, 3, 5, 7, and 9 mg), photocatalytic
degradation time (10, 20, 30, 40, 50, and 60 min), and target
pollutants (MB, RhB, MO, TC, and norfloxacin) on the
photodegradation performance were thoroughly researched.
And the concentration of MB, RhB, MO, TC, and norfloxacin
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in the solutions could be determined via UV−vis spectroscopy,
and the D of the target pollutants was calculated according to
the eq 1.
To demonstrate the reactive species involved in the

photocatalytic reaction, IPA (2 mL), EDTA-2Na (1.0 equiv),
and BQ (1.0 equiv) were used in photocatalytic experiments.
NiCo/NC was recycled and washed with methanol thoroughly
and dried at 100 °C for 4 h. The collected sample was
consecutively used for an 8-cycle experiment of MB
degradation in the same condition.

3. RESULTS AND DISCUSSION
3.1. Characterization of Prepared Materials. The

morphologies and structures of the synthesized Ni, Co-
embedd MOF precursor, and its derived NiCo/NC were
performed by scanning electron microscopy (SEM). As Figures
1a and 1b exhibited, a well-defined spherical crystal and

smooth surface of Ni/ZIF-67, approximately 1 μm in size, are
clearly observed. Noteworthily, the surface of the NiCo/NC
became slightly rougher with a relatively smaller particle,
during the carbonization procedure of the zeolitic imidazolate
framework shown in Figures 1c and 1d. Most of the metal
oxide species (NiOx and/or CoOx) were reduced to Ni0 and/
or Co0, leaving smaller porous carbon particles with a bigger
pore size. Meaningfully, the porous carbon matrix materials
presented a prominent property in embedding the bimetallic
Ni and Co species, leading to the high dispersion characters
without apparent agglomeration (Figure 1e). The homoge-
neous distribution of C, N, O, Co, and Ni elements on NiCo/
NC surface was demonstrated by the mapping image. In
addition, the contents of C, N, O, Co, and Ni are ca. 48.1, 9.89,
6.7, 17.3, and 17.6 wt %, respectively, according to the analysis
with energy dispersive X-ray (EDX) (Figure S1).
The crystal structures and phase information on the

prepared MOF and derived bimetallic Ni−Co/NC were
examined by powder XRP as displayed in Figure 2. The
XRP pattern of Ni/ZIF-67 exhibits peaks at 2θ = 14.7°, 16.4°,
and 26.2°, which match well with the predicted pattern of the

standard ZIF-67. A broad diffraction peak at around 26.3°
observed is due to the (002) lattice plane of graphitic carbon
species. Obviously, the characteristic peaks of the crystal planes
from NiCo/NC at about 37.4°, 43.3°, 63.2°, 75.1°, and 80.0°,
attribute to the (111), (200), (220), (311), and (222) faces of
metallic NiCo and/or NiCo alloy, respectively, confirming the
complete carbonization of Ni/ZIF-67.43,44

TEM captures the whole characteristic of the final sample. It
is obvious that some uniform and favorably dispersed black
nanoparticles (diameter: ∼ 20 nm) are located on the surface
of NiCo/NC (Figures 3a-4c). For the high-magnification
images (Figure 3d), nanosized NiCoC bimetallic nanoparticles
embedded in the transparent layers of porous carbon are
apparent. Figure 3e further presents a typical high-resolution
TEM image for the edge of NiCo/NC, where the NiCo
nanoparticles are entirely encapsulated by a carbon layer. The
measured lattice spacing was 0.24 and 0.32 nm, assigning to
the (111) plane of meatal NiCo and the (002) plane of
graphitic carbon, respectively. The selected area electron
diffraction pattern (Figure 3f) of the NiCo/NC nanoparticle
verifies its polycrystalline structure.
High-resolution XPS spectra shows Ni 2p, Co 2p, C 1s, N

1s, and O 1s five elements in NiCo/NC (Figure S1). And the
atomic density of C, N, O, Co, and Ni are 67.8 at. %, 12.9 at.
%, 14.3 at. %, 1.3 at. %, and 3.7 at. %, respectively (Table S1),
which is in accord with the EDX analysis. As shown in Figure
4a, the peaks of Ni 2p at 871.4 and 855.6 eV could be ascribed
to Ni 2p1/2 and Co 2p3/2, respectively.

45 The peaks with
binding energies of 870.3 eV (Ni 2p1/2) and 852.7 eV (Ni
2p3/2) are corresponding to the metallic Ni, and the peaks of
Ni 2p1/2 at 871.2 and 872.8 eV and Ni 2p3/2 at 854.6, 855.0,
856.8, 859.0, and 861.4 eV could be attributed to Ni2+ (cobalt
oxides),46−48 while the peak at 853.3 eV confirms the existence
of the carbide phase in NiCo/NC surface.49,50 For high-
resolution Co 2p3/2 spectra in Figure 4b, three characteristic
peaks appeared at 778.0, 780.1, and 781.8 eV are assigned to
Co0, Co2+, and Co3+ (cobalt oxides).51 Obviously, some
oxidation species may originate from the oxidation process on
the surfaces of metal Ni and Co. In addition, among carbon
regions, the sample exhibited three typical types of carbon
species, contributing to the C−C (sp2) bonds (284.5 eV), C�
N/C−N (sp2) bonds (285.8 eV), and C−O bonds (287.0 eV)
(Figure 4c),52 respectively. The N 1s curves are composed of
five peaks consisting of pyridinic-N (398.6 eV), pyrrolic-N
(399.4 eV), Co−N (399.5 eV), Ni−N (400.1 eV), and
graphitic-N (401.6 eV),53,54 which further proves the nitrogen
was successfully doped and the presence of graphite carbon.
Pyridine nitrogen and/or graphite nitrogen could increase the
dispersion of NiCo surface and further improve the electron

Figure 1. (a, b) SEM images of Ni/ZIF-67; (c, d) SEM images of
NiCo/NC; (e) the corresponding element mapping images of C, N,
O, Co, and Ni for NiCo/NC.

Figure 2. XRP patterns of Ni/ZIF-67 and NiCo/NC.
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transfer efficiency and accelerate the photochemical activ-
ities.55,56

As Figure 5a shows, the adsorption isotherm of NiCo/NC
presents a typical type IV curve and H4 type hysteresis loop,
manifesting its obvious micro/mesoprous structure (Figure
5b). In addition, the surface area of NiCo/NC was found as
413 m2 g−1 with an average pore diameter of 5.7 nm (Table
S2). The large micro/mesoporous characteristics of NiCo/NC
are inclined to expose more active site, which could facilitate
the physical transport and accelerate the adsorption-photo-
catalytic reaction.57

3.2. MB Adsorption Experiments. We performed MB
adsorption experiments to better understand the adsorption
capacity of NiCo/NC. Figure 6a shows the temporal UV−vis
absorbance spectra of MB with NiCo/NC in darkness. The
main adsorption reaction of MB occurs within the first 15 min
and then gradually reaches adsorption−desorption equilibrium
(Figure 6b). Only a small amount of adsorption quantity of
MB increased with prolonging the time from 30 to 120 min.
Moreover, compared to single adsorption or visible light
irradiation, adsorption-photocatalysis presents a higher pollu-
tant removal efficiency, which was attributed to the special

Figure 3. (a, b) TEM images, (c) enlarged TEM image, (d, e) high-magnification TEM image, and (f) electron diffraction pattern of NiCo/NC.

Figure 4. XPS spectra of NiCo/NC: (a) high-resolution Ni 2p spectra; (b) high-resolution Co 2p spectra; (c) high-resolution C 1s spectra; (d)
high-resolution N 1s spectra.
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composition and specific surface area and pore diameter of
NiCo/NC (Figure 6c). In order to better reveal the
degradation mechanism, MB was adsorbed in dark for 30
min to establish adsorption equilibrium before photocatalytic
degradation by NiCo/NC.
3.3. Degradation of RhB under Different Conditions.

The degradation of MB for various mass ratios of NiCo/NC
and illumination time have been studied under the given
conditions. As illustrated in Figure 7a, the MB decolorization
efficiency is ca. 58.2% within 10 min, and it is almost entirely
degraded within 60 min when 10 mg of NiCo/NC was added.
Further prolonging the illumination time to 100 min has a very
negligible effect on degradation efficiency. In addition, MB was
not degraded within 60 min without catalyst, indicating that
the self-photolysis of MB could be ignored. As shown in Figure
7b, the optimal catalyst dosage for the degradation of MB was

explored in a range from 2 to 10 mg under illumination for 60
min. Approximately 60.6% MB removal efficiency could be
obtained when the reaction NiCo/NC feed was lower than 4
mg, indicating the insufficient active sites were available for this
adsorption−photocatalytic reaction. Interestingly, the MB
removal efficiency continuously increased as the NiCo/NC
amount increases from 5 to 10 mg and reaches a maximum for
8 mg. A further increase in the NiCo/NC to 12 mg does not
increase the decolorization efficiency but slightly decreases,
which was caused by the limitations on the charge transport
and the light shielding effect for the excessive catalysts.53

3.4. Photocatalytic Degradation of MB with Various
Materials. As listed in Figure 8a, the removal efficiency of MB
was further explored over various materials for 60 min in
illumination. Significantly, parent Ni/ZIF-67 presents a better
adsorption capacity (in darkness 30 min) and the minimum

Figure 5. (a) N2 adsorption/desorption isotherms and (b) the pore size distribution curves of Ni/ZIF-67 and NiCo/NC.

Figure 6. (a) Adsorption curves of MB on NiCo/NC in the dark. (b) Temporal UV−vis absorption spectra of MB in the presence of NiCo/NC in
the dark. (c) Removal efficiency of MB over NiCo/NC under different conditions.

Figure 7. Total photocatalytic degradation curves of MB using NiCo/NC under light irradiation (a) contact time and (b) catalyst dosage.
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Figure 8. Photocatalytic degradation performances of MB using Ni/ZIF-67, Ni/NC, Co/NC and NiCo/NC: (a) total photocatalytic degradation
curves of MB using four materials under light irradiation, (b) linear fitting of pseudo first-order kinetic equation. Reaction conditions: MB 10 mg/L
(20 mL), material (8 mg), adsorption time (30 min), and photocatalytic (0−60 min).

Figure 9. Photocatalytic degradation performances of NiCo/NC: (a) total photocatalytic degradation curves of MB, RhB, and MO; (b) effect of
dye type on the removal efficiency under the same conditions; (c) linear fitting of pseudo first-order kinetic equation; (d) the histogram of apparent
rate constant; (e) total photocatalytic degradation curves of TCHC and norfloxacin; and (f) linear fitting of pseudo first-order kinetic equation.
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photocatalytic removal efficiency, which could be ascribed to
the higher surface area (Table S2). NiCo/NC derived from
Ni/ZIF-6 exhibited excellent photocatalytic activity in this
system, affording 100% MB removal efficiency. However, the
poor adsorption (8.6%) and photocatalytic performance are
discovered over the Ni/NC material. A crystallization
aggregation effect of nickel-based catalyst could suppress the
dispersion of charges and the transport of photogenerated
carriers and then reduce the photocatalytic MB degradation.
The Co/NC material did not obtain the desired adsorption
capacity and removal efficiency. Apparently, the total removal
rates of Ni/C and Co/C were only recorded as 53.6% and
72.7%, respectively. Accordingly, the removal rate of MB
increased as NiCo/NC > Co/NC > Ni/NC. The results
further prove that specific surface areas and adsorption abilities
are a profit to MB photodegradation but not the determining
factor. An sppropriate particle size could improve the surface-
active catalytic sites and accelerate the photocatalytic
degradation of MB.
Figure 8b exhibits the pseudo first-order kinetic model of

MB photodegradation. According to the linear fitting, NiCo/
NC presented the largest slope value and the steepest straight
line among the four materials, indicating its excellent
photocatalytic activity.26 As expected, NiCo/NC possessed
the maximum k value of 0.1008 min−1, which was almost 77
times higher than that of Ni/ZIF-6 (0.00132 min−1).
3.5. Photocatalytic Degradation of Other Organic

Dyes and Antibiotics. To further probe the photocatalytic
performance of NiCo/NC, other alternative organic dyes and
antibiotics including RhB, MO, TCHC, and norfloxacin were
carried out under similar conditions for the photocatalytic of
MB. As shown in Figure 9a, ca. 21.8%, 27.6%, and 11.3% of the
initial MB, RhB, and MO are degraded, respectively, after the
adsorption process in darkness for 30 min, which demon-
strated that the improvement of the photoexcited catalyst is
crucial and the self-degradation is not sufficient enough. As
expected, after the irradiation time of 60 min, ∼99.9% of MB is
removed in the presence of NiCo/NC and ca. 81.7% and
68.4% of RhB and MO, respectively, are effectively degraded
(Figure 9b). It further confirms the excellent catalytic activity/
photoelectric characteristic and superior light collection ability
of NiCo/NC.
Figure 9c further studied the pseudo first-order kinetic

model of MB, RhB, and MO photodegradation. Noteworthily,
through the linear fitting, the degradation of MB displays the
steepest straight line and the largest slope value among the
three dyes, manifesting that the photocatalytic degradation

proceeds rapidly. The maximum rate constant k value is
recorded on MB (0.1008 min−1), followed by RhB (0.0236
min−1) and MO (0.0161 min−1) (Figure 9d).
TCHC and norfloxacin are used as the targets to further

evaluate the photodegradation performance of NiCo/NC.
Similarly, both 14.7% of the TCHC and 10.0% of the
norfloxacin are degraded with the adsorption in darkness
condition for 30 min, further indicating that norfloxacin is
more stable than TCHC. After 120 min irradiation, the total
photocatalytic degradation efficiency of TCHC and norfloxacin
are recorded to be 60.8% and 58.6%, respectively (Figure 9e).
As exhibited in Figure 9f, the reaction kinetics of TCHC and

norfloxacin degradation on NiCo/NC was studied. The results
comply with pseudo first-order kinetics, and their rates can be
obtained from the slope of the reaction diagram. As expected,
the photodegradation of TCHC reached a higher k value of
0.00995 min−1 in the NiCo/NC system, which was almost 3.7
times faster than that of norfloxacin (0.0027 min−1). The high
removal rate of organic dyes and antibiotics confirms the
availability of the NiCo/NC photocatalyst.
3.6. Plausible Reaction Pathway of MB Degradation.

To elucidate the mechanistic details of MB using NiCo/NC,
several radical quenching experiments were performed. IPA,
EDTA-2Na and BQ were used as reactive scavenger to quench
hydroxyl radicals (·OH), electron holes (h+) and superoxide
radical anions (•O2−) species, respectively.

49 As shown in
Figure 10a, MB could be nearly degraded with the addition of
IPA, which further demonstrated that •OH radical is not the
main active species in the entire photocatalytic reaction
mechanism. Interestingly, it was found that •O2− and h+ play a
dominant role in the MB degradation process, since the
removal efficiency was decreased to 64.6% and 46.3%,
respectively.50

Based on the above experimental results and previous
reports,54 a possible pathway of the degradation mechanism of
MB with NiCo/NC is described in Figure 10b. Under visible
light irradiation, the electrons are excited and then transferred
to the NiCo/NC surface. The photogenerated e− could react
with adsorbed O2 on the catalyst surface to produce •O2−.

36

Subsequent •O2− and h+ can further oxidize MB to form small
molecular product (e.g., CO2 and H2O).

17

3.7. Reusability of NiCo/NC for the Photocatalytic
Degradation of MB. The stability and recyclability of NiCo/
NC for MB photocatalytic degradation was assessed under
similar reaction conditions (8 mg of catalyst, 20 mL of MB 10
mg/L, 30 min adsorption time, 60 min photocatalytic). The
catalyst was easily recycled from the reaction system because of

Figure 10. (a) Effect of different scavengers on the degradation of MB over NiCo/NC in water under visible light irradiation for 60 min; (b)
plausible MB photocatalytic degradation mechanism with NiCo/NC under visible light irradiation.
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the magnetic properties (Figure S3). As exhibited in Figure 11,
the NiCo/NC could be resumed 8 times without significant

loss of the photocatalytic performance. Over 97% of MB
degradation efficiency remained in the whole circular reactions.
A transmission electron microscope image of the recycled
catalyst displays no severe agglomeration of the Ni, Co
nanoparticles on the NiCo/NC surface, which could be
attributed to the stable structure of the parent ZIF-67 MOFs
(Figure S2b). These results further testified that the prepared
NiCo/NC was stable and good in the field of photocatalytic
applications. Furthermore, the ICP-AES analysis showed that
the contents of Ni and Co were almost unchanged, indicating
that Ni and/or Co species can be embedded well in the MOF-
derived porous carbon layer (Table S3).

4. CONCLUSION
A novel MOF-derived N-doped bimetallic porous carbon
material NiCo/NC was successfully obtained and applied to
the photocatalytic degradation of organic dyes and antibiotics.
The NiCo/NC catalyst with a Ni, Co-embedded carbon layer
has a good photogenerated carrier capability; the available
specific surface areas and well-distributed structures promote
the dispersion and charges transfer, which is responsible for the
adsorption−photocatalytic degradation of pollutants. Remark-
ably, NiCo/NC showed excellent removal efficiency for the
MB within 60 min of visible light irradiation. Radical
quenching experiments substantiated that h+ and •O2−

dominated the photocatalytic degradation process of MB.
Furthermore, NiCo/NC is highly active for the degradation of
other organic dyes and antibiotics, such as RhB, MO, TCHC
and norfloxacin. Simultaneously, NiCo/NC is stable, and its
photocatalytic performance is adequately maintained after 8
reaction cycles. This work would provide a flexible protocol for
fabrication of the recyclable embedded metal carbon materials
for degradation of pollutants.
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