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ABSTRACT

Based on the ZnCo-layered double hydroxides, the N-doped ZnO/ZnCo,0O, composites were success-
fully prepared via hydrothermal method. The as-synthesized composites were characterized by X-ray
diffraction, scanning electron microscopy, high-resolution transmission electron microscopy, Fourier-
transform infrared spectroscopy, N, adsorption—desorption analysis and UV-vis diffuse reflectance
spectroscopy. The results showed that N-ZnO/ZnCo,0O, composites can support abundant oxygen
vacancies to build ohmic contact and broaden the wavelength range of light absorption. Moreover,
the methylene blue (MB), methyl orange (MO) and rhodamine B (RhB) were selected as the probe
molecules to explore the photocatalytic performance of the N-ZnO/ZnCo,0, composites. It was dis-
covered that the removal efficiencies of MB, MO and RhB were approximately 91.66%, 90.95% and
91.22% within 210 min under visible light irradiation, respectively. The N-ZnO/ZnCo,O, composites
still maintain remarkable reusability and stability for degradation of the above three dyes after five
successive cycles. Furthermore, the possible degradation mechanism of the N-ZnO/ZnCo,0, compos-

ites was discussed in this work.
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1. Introduction

In recent decades, because of the high accessibility
and low cost, synthetic dyes have been widely applied in
paper production, food technology, textile printing and
dyeing [1]. After entering into the water body without
any pretreatments, the dye wastewater has been causing
great danger to aquatic organisms and the ecological envi-
ronment due to its high toxicity and complicated organic
composition [2]. Therefore, developing an effective and
rapid way to handle organic dyes has attracted extensive
interest from environmental experts. In view of the above
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hazards, various approaches have been widely exploited,
including photocatalytic degradation, filtration, adsorp-
tion and biodegradation, etc [3]. Photocatalysis technol-
ogy is the preferred alternative due to its high efficient
decomposition, no secondary pollution, and lower energy
consumption [4,5]. Therefore, it has great application
potential in the environmental purification field.

As a kind of advanced oxidation technology, photo-
catalysis utilizing green solar energy has attracted signif-
icant attention. To this day, a large number of semicon-
ductor materials have been rapidly developed, especially
photocatalytic materials which play an important role in
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environmental purification [6,7]. Among many photocat-
alytic materials, ZnO has the unique advantages of low
price, nontoxicity, and high photocatalytic activity [8,9].
However, its practical applications are limited because
of some disadvantages such as poorly visible light absor-
bance, low charge separation efficiency and susceptibility
to photo-corrosion [10,11]. Thus, modifying the surface and
designing the internal structure of photocatalytic mate-
rials have been mentioned to overcome these defects and
improve the photocatalytic efficiency [12-14].

At present, the regulation of oxygen vacancies (OVs) is
an effective approach to surface modification technology.
The defect levels between the valence band and conduction
band are generated by the introduction of OVs, inducing
new channels for light absorption [15-18]. Meanwhile, the
photocatalytic performance is further enhanced by the influ-
ence of light absorption, charge transportation and separa-
tion, and surface reaction [19,20]. Aschauer et al. reported
that the surface oxygen vacancies of TiO, can provide some
sites for direct adsorption and activation of O, contribut-
ing to the production of reactive oxygen species [21,22].
Some studies showed that the local state induced by OVs
can expand the photoreaction range and effectively capture
electrons, enhancing the photoreaction efficiency [23,24]. In
order to improve the solar energy utilization rate and charge
separation efficiency, a method of doping metallic and/or
non-metallic elements, coupling with other semiconduc-
tors, and sensitizing the surface of the metal complex can be
employed [25,26]. However, the doping of metal elements
has poor thermal stability and high cost. In recent years,
non-metallic elements have been increasingly used as dop-
ing elements in research. Because the atomic radius is close
to O elements, such as N, C, F and B are often selected as
non-mental doping elements. During the process, part of O
atoms is replaced by N atoms, which is beneficial to form the
structural defects. Yu et al. [27] found that the doping of N
significantly improves the light absorption of semiconduc-
tor catalysts such as ZnO. Since the p-orbital of the nitrogen
atom and the 2p-orbital of the oxygen atom are similar and
easy to hybridize [28], the doping of N can narrow the band-
gap of the catalyst and generate partial OV defects, thereby
expanding the range of response to visible light absorption.

In this work, based on the ZnCo-LDHs (layered double
hydroxides), the N-ZnO/ZnCo,O, composites were prepared
via the hydrothermal method. After a series of characteriza-
tion, the composition, morphology, chemical structure and
optical properties of the synthesized samples were further
investigated. In addition, the methylene blue (MB), methyl
orange (MO) and rhodamine B (RhB) dyes were selected
as the probe molecules to explore the photodegradation
performance of the N-ZnO/ZnCo,0, composites. Finally,
the possible mechanism of photodegradation of the above
dyes was discussed.

2. Experimental
2.1. Materials

During this work, all chemicals were the analyti-
cal grade without any further purification. Thiourea and
Zn(NO,),:6H,O were both obtained from Xilong Chemical

Co., Ltd,, (China). Co(NO,),,6H,0 was purchased from
Sinopharm Chemical Reagent Co., Ltd., (China). Urea
and MO were obtained from Tianjin Hengxing Chemical
Reagent Manufacturing Co., Ltd., (China). Ethylene gly-
col was received from Shanghai Titan Scientific Co., Ltd.,
(China). MB was supplied by Tianjin Chemical Reagent
Research Institute Co., Ltd., (China) and RhB was obtained
from Tianjin Kemiou Chemical Reagent Co., Ltd., (China).
Deionized water was used throughout the experiment.

2.2. Synthesis of ZnCo-LDHs

The ZnCo-LDHs were prepared by the hydrothermal
method, as schematically located in Fig. 1. Briefly, solution
A containing Zn(NO,),'6H,0 and Co(NO,),"6H,O (the ini-
tial Zn/Co molar ratio was equal to 2.5) was made in dis-
tilled water. Then, the urea was dissolved in an ethylene
glycol-water mixture (V,/V,, was equal to 1), obtaining
the mixed solution B. After the above two solutions were
transferred to the Teflon-lined autoclave and heated at
150°C for 12 h. The obtained solid products were separated
by centrifugation, then washing with distilled water and
anhydrous ethanol several times. The resulting samples
were dried overnight in an oven at 60°C.

2.3. Synthesis of N-ZnO/ZnCo,0, composites

As a nitrogen source, the thiourea was mixed with the
ZnCo-LDHs, then calcined at 500°C for 4 h in a tube fur-
nace to obtain the N-ZnO/ZnCo,O, composites. The ratios of
nitrogen source and ZnCo-LDHs were 0, 1:1, 2:1, 3:1 and 3:2,
respectively. The obtained photocatalysts were marked as ZC,
RZC, NZC-1:1, NZC-2:1, NZC-3:1 and NZC-3:2, respectively.

2.4. Photocatalysts characterization

A powder X-ray diffractometer (XRD, D8 Advanced
Bruker Co., Germany) was conducted to investigate the
crystallinity and phase analysis of the photocatalysts. The
specific surface morphology of the photocatalysts was mea-
sured by scanning electron microscopy (SEM, TESCAN
MIRA3 LMU) and high-resolution transmission electron
microscopy (HRTEM; Tecnai G* F20 S-Twin, FEI). X-ray
photoelectron spectroscopy (XPS) analysis was recorded
the chemical states of the elements using the ULVAC-PHI
spectrometer at 3.0 x 107" mbar using Al Ka X-ray beam
(1,486.6 eV). The UV-vis diffuse reflectance spectroscopy
was provided by spectrophotometer (Shimadzu 2401 spec-
trophotometer). The Fourier-transform infrared (FT-IR)
spectra of composites embedded in KBr pellets were shown
on an AVATAR 360 spectrometer (Nicolet Instrument
Corporation, America). The Brunauer-Emmett-Teller and
surface areas and pore size distribution of composites were
recorded by nitrogen adsorption isotherms under the fol-
lowing conditions: 77 K, 8 h outgas, and 100°C in advance
treatment.

2.5. Photocatalytic degradation activity test

The photocatalytic activities of catalysts were
tested by degrading MB, MO and RhB using a 500 W
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Fig. 1. Schematic representation of N-ZnO/ZnCo,O,.

high-pressure mercury lamp of a 400 nm optical cutoff
filter. The as-prepared photocatalysts (0.05 g) were added
to the MB solution (50 mL, 10 mg/L). Then, in order to
achieve an adsorption—desorption equilibrium, the suspen-
sion solution was placed on a magnetic stirrer for 30 min
under dark conditions. The solutions were then subjected
to photocatalytic degradation which was exposed to the
light irradiation, and this process should always be at room
temperature. The equal of suspension solutions was sam-
pled every 30 min, and the photocatalyst particles were
removed by the filter. The absorbance of the solutions was
measured at a wavelength of 664 nm by utilizing a UV-vis
spectrophotometer (UV-9600) to analyze the concentration
of MB. The catalyst with the optimal photocatalytic activ-
ity was evaluated by the above experimental procedure.
The photocatalyst with the optimal photocatalytic activities
was then used to photodegrade MO and RhB by the same
method.

3. Results and discussion
3.1. Characterization of the catalyst
3.1.1. X-ray diffraction

Fig. 2 shows the X-ray diffraction (XRD) diffractions of
N-ZnO/ZnCo,0, composites with different doping ratio of
N atom. The ZC exhibits reflection peaks around 25°, 32°,
37°,43°, 47°, 54° and 62° corresponding to (006), (012), (015),
(018), (101), (110) and (113) basal reflections, respectively,
which are the typical features of the LDHs [29]. The XRD
pattern of RZC shows that the characteristic peaks of ZC
disappear at a calcination temperature of 500°C, indicating
that the layered structure was destroyed. The characteris-
tic peaks corresponding to ZnO and ZnCo,0, appear, and
the crystal faces (422), (440) and (400) belong to the ZnO
phase (JCPDS no. 36-1451) and ZnCo,0, phase (JCPDS
#23-1390) [30-32]. After N doping, new peaks appear due
to the overlap of peaks of ZnO/ZnCo,O, and nitrogen
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Fig. 2. XRD patterns of ZC, RZC, NZC-1:1, NZC-2:1, NZC-3:1
and NZC-3:2.

atoms. A strong peak is located around 29°, correspond-
ing to the characteristic diffraction peak of ZnO. Therefore,
it can be concluded that the introduction of nitrogen
did not change the structure of ZnO.

3.1.2. Scanning electron microscopy

SEM images of the ZC, RZC and NZC-3:2 compos-
ites are shown in Fig. 3. As can be seen from Fig. 3a that
ZC has a regular polyhedron shape and a distinct layered
structure. The above features are the typical features of
LDHs, indicating that the ZC precursors are successfully
prepared by hydrothermal method. It can be seen from
the SEM image of RZC (Fig. 3b) that after being calcined
at 500°C, the RZC still maintains a distinct layered struc-
ture, and cracks appear on the surface of the material.
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Fig. 3. SEM images of (a) ZC (10 pm), (b) RZC (10 um), (c) NZC-3:2 (10 pm), and (d) NZC-3:2 (1 um).

As shown in Fig. 3c and d, after the doping with N, the
layered structure of NZC-3:2 collapsed and the sample
showed a pelleted morphology with a fluffy structure.

3.1.3. Transmission electron microscopy

The morphology and structure of the NZC-3:2 com-
posites were confirmed by transmission electron micros-
copy (TEM) and high-resolution TEM. TEM images of the
as-prepared samples is shown in Fig. 4a, where the NZC-
3:2 was formed by stacking many nanosheets, and each
nanosheet was different in shape and size. It can be known
from Fig. 4b that each nanosheet was composed of numer-
ous small nanoparticles. Fig. 4c shows the HRTEM images
of the NZC-3:2 composite, which clearly reveals two lat-
tice plane separations of 0.2792 nm and 0.4625 nm, corre-
sponding to the (101) plane of N-ZnO and the (111) plane of

ZnCo,0O,. Energy-dispersive X-ray analysis of NZC-3:2 con-
firms that the composite is composed of Zn, Co, N, O and
C, showing a good correlation with the obtained XRD and
XPS results.

3.1.4. Fourier-transform infrared spectroscopy

Fig. 5 shows the FT-IR spectra of ZC, RZC and NZC-3:2.
It shows that the broad absorption band with a high wave
near 3,439 cm™ of ZC is attributed to the OH stretching vibra-
tion. The adsorption at 1,642 cm™ of ZC is derived from the
O-H bending vibration of hydroxyl groups or interlayer
water [33]. As for RZC and NZC-3:2, the peaks in the region
from 400 to 560 cm™ are ascribed to the bending vibration
Zn-0O band [9,28]. The broad absorption band of NZC-3:2 at
high wave number around 3,400 cm™ is due to the stretching
vibration of N-H bonds [34].
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Fig. 4. TEM images of (a and b) NZC-3:2, HRTEM images of (c) NZC-3:2, and EDX spectrum of NZC-3:2.

3.1.5. X-ray photoelectron spectroscopy

The surface chemical composition of the prepared
NZC-3:2 composites is analyzed by XPS. As shown in
Fig. 6a, there are Zn, Co, O, N, and C elements in NZC-
3:2. High-resolution XPS spectra of Zn 2p, Co 2p, O 1s
and N 1s are shown in Figs. 6b—e. Two peaks are located
at 1,023.1 and 1,046.7 eV in Fig. 6b corresponding to the
levels of Zn 2p3/2 and Zn 2p1/2, respectively. As shown
in Fig. 6¢c, the two main peaks of the bond energy of the
Co 2p orbital of 782.23 and 798.24 eV are attributed to
Co 2p3/2 and Co 2p1/2, respectively. The O 1s peak was
subjected to nonlinear least-squares fitting to obtain two fit-
ted peaks at 530.73 and 532.50 eV, respectively. The peak of
530.73 eV can be assigned to the O* ion in oxidation prod-
ucts. Another peak of 532.50 eV is ascribed to the chemi-
cal absorption of oxygen and/or hydroxyl on the surface of
the photocatalyst [35]. It can be seen from the N 1s orbital
spectrum of Fig. 5e that three different peak bond energies
are 399.2, 398.8 and 397.4 eV, indicating that the N atom
has been incorporated into the metal oxide lattice produced
by the calcination of ZnCo-LDHs. Among them, the peak
of 399.2 eV can be attributed to the O-N-Co bond, and
that of 397.4 eV indicates that the N atom combines with
the O vacancy on the surface of the crystal lattice to form
an N-O-Zn or Zn-N-O bond [36]. The peak of 398.8 eV
is due to the presence of an anion N in sp? hybrid N [37].
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Fig. 5. FT-IR spectra of ZC, RZC, NZC-3:2.

3.1.6. N, adsorption—desorption experiments

The specific surface area and pore structure of the cat-
alyst are investigated by N, adsorption-desorption exper-
iments. Detailed pore structure parameters are shown
in Table 1 and Fig. 7. We can see that the N, adsorption—
desorption curves of ZC and NZC-3:2 belong to the type
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Fig. 6. XPS spectra of (a) NZC-3:2, (b) Zn 2p, (c) Co 2p, (d) O 1s, and (e) N 1s

IV with H4 hysteresis loop, indicating that the catalyst
has a mesoporous structure. This result is consistent with
the topographical features reflected by the SEM spec-
trum. Fig. 7b shows the pore size distribution curve of

the photocatalyst. It can be seen that the pore size range
is substantially in the range of mesopores (2-50 nm), so
that it has a relatively uniform mesoporous structure.
As can be seen from Table 1, the specific surface area
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Table 1
Physicochemical properties of the materials

Photocatalyst =~ Pore diameter ~ Pore Surface
(nm) volume (m®)  area (m%g)

zC 1.943 0.142 40.527

NZC-3:2 2.197 0.205 62.340

and pore volume of the ZC precursor NZC-3:2 com-
posite increased to 62.340 m?/g, which is advantageous
for the improvement of catalytic activity. At the same
time, the Barrett-Joyner-Halenda pore volume distribu-
tion is 0.205 m?, and the average pore diameter is about
2.197 nm. The above structure promotes the capture
of dye molecules and the improvement of adsorption
capacity.
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3.1.7. UV-vis diffuse reflectance spectroscopy

The optical absorption properties of the ZC, RZC and
NZC-3:2 composites were measured, and the results are
shown in Fig. 8. The absorption edge of the ZC is about
390 nm, indicating that the absorption capacity of ZC is poor
in the visible light band. After high-temperature calcination,
the RZC has a clear absorption edge around 460 nm, prov-
ing that the ZnO and ZnCo,0, phases enhance the response
of RZC to the visible region. Compared with RZC, the NZC-
3:2 composite presented a red-shift of the absorption edge to
a higher wavelength, indicating that the doping of N atom
enhanced the visible light adsorption [28]. At the same time,
the bandgap energy of the electronic transition is reduced
from 3.06 to 2.92 eV, indicating that the energy required
for the electronic transition is reduced. The above result is
attributed to the local point of the edge of the valence band
induced by the N atom between the gaps, and synergy
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Fig. 7. (a) N, adsorption-desorption isotherms of ZC and NZC-3:2, (b) pore size distribution curves of ZC and NZC-3:2.
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Fig. 8. (a) UV-vis diffuse reflectance spectra of ZC, RZC and NZC-3:2, (b) energy band gaps of ZC, RZC and NZC-3:2 composites.
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with the oxygen vacancy acts to form a new energy band
between the original valence band and the conduction band.

3.2. Photocatalytic activities of the catalysts

The photocatalytic activities of different photocata-
lysts were evaluated by the degradation of MB (50 mL,

L. Liu et al. / Desalination and Water Treatment 217 (2021) 411421

10 mg/L) under visible light irradiation, as shown in Fig. 9.
The adsorption capacities of MB on catalysts were investi-
gated in darkroom conditions and demonstrated that the
suspensions reach the adsorption—desorption equilib-
rium. In Fig. 9a, it is clearly seen that NZC-3:2 compos-
ites present the highest activity of photodegradation, and
nearly 91.66% of MB was removed within 210 min. About

1.0 : 1.0
1 Light (@ Dark | ——-
Dark | : Light (b)
1 I
0.8 ! 0.8 4 L
1
I :
1
\,30.6 E ' ;\;‘ 0.6 1
3 [
) S
S
Q
9l :
0.4+ 0.4
—a—ZC
—e— RZC
0.2+ —A—NZC-1:1 024 —s=—MB
—w— NZC-2:1 —s— MO
—— NZC-3:1
—4— NZC-3:2 RhB
0.0 v T T T T T T T 0.0 T T T T T
0 60 120 180 240 0 60 120 180 240
Time(min) Time(min)
25
€]
2.0
m ZC
® RZC
A NZC-1:1
—~159 v nze2i
S) @ NzZC-31
O 4 NzC-3:2
=

——T T T T T T T
0 30 60 920 120 150 180 210 240

Time(min)
oot0d (e 0.01006
0.008
0.00689

2-0.006 -
<
E 0.00457 0.00461
X

0,004 0.00410

0,002 | 000209

0.000 -

RZC NZC-11 NZC-2:1 NZC-3:1 NZC-3:2

ZC

L L L
120 150 180 210 240

0 30 60 90 _
Time(min)
0.0125
(€]
001030 0.01074

0.0100 | 0.01006 :
10,0075 -
=
E
00050 1

0.0025 -|

0.0000

MB MO RhB

Fig. 9. (a) MB concentration as a function of time in different photocatalytic treatments, (b) MB, MO and RhB concentration as a
function of time in NZC-3:2 treatments, (c) pseudo-first-order degradation kinetics for MB with different photocatalysts, used to
estimate Langmuir-Hinshelwood coefficient, (d) pseudo-first-order degradation kinetics for MB, MO and RhB with NZC-3:2, (e) the
rate constant k of MB with different photocatalysts, and (f) the rate constant k of MB,MO and RhB with NZC-3:2.



L. Liu et al. / Desalination and Water Treatment 217 (2021) 411-421 419

37.38% of the MB was degraded by ZC under the same
condition.

In order to further verify the favorable activity of NZC-
3:2 hybrid composites, the NZC-3:2 composite was selected
for photodegradation of MO (50 mL, 10 mg/L) and RhB
(50 mL, 10 mg/L) under the same conditions. The result is
shown in Fig. 9b, 90.95% of the MO and 91.22% of the RhB
were degraded by NZC-3:2, demonstrating the good per-
formance of NZC-3:2 in photodegradation. Since the intro-
duction of N atom has an inhibitory effect on the recombi-
nation of photogenerated charge carriers, the photocata-
lytic activity of NZC is improved. The NZC composites
exhibited good photocatalytic activity, because the dop-
ing of N atoms changes the original electron band struc-
ture and increases the oxygen vacancies in the gap, thus
absorbing more photons under illumination conditions [38].

The kinetic behavior of photocatalytic degradation was
analyzed, and the experimental data were consistent with
the Langmuir-Hinshelwood model. The photocatalytic pro-
cess of dyes followed the pseudo-first-order kinetics, which
could be described by the following equation: -In(C/C)) =k t,
where k, stands for the apparent pseudo-first-order rate con-
stant (min™), C, represents the initial concentration of the dyes
(mg/L), and C is the concentration of the dyes (mg/L) of the
reaction time. Figs. 9c and d show the corresponding rela-
tionship of In(C/C) to the photodegradation irradiation
time of the target dyes, and the linear relationship con-
firms that the photodegradation experiment follows the
pseudo-first-order kinetics [39]. The calculated first-order
rate constants are shown in Figs. 9d and e, respectively.
The reaction rate constant of NZC-3:2 (0.01006 min™) is
about 4.8 times compared with that of ZC (0.00209 min™).
Fig. 9f further demonstrates that the NZC-3:2 compos-
ites have similar kinetic constants for the degradation of
MO and RhB, respectively. According to the results, we
can infer that it could greatly improve the photocatalytic
efficiency of the NZC-3:2 composite by doping N into RZC.

3.3. Photocatalytic stability of catalysts

Considering the importance of photocatalyst stability
in practical applications, five sets of cycle experiments were
performed to test the stability of catalysts. After complet-
ing every degradation reaction of the samples, the pow-
der of composite was collected by filtration. The collected
powder was then added to the fresh target dye of the same
initial concentration for the next photocatalysis. As found
in Fig. 10, the photocatalytic activity of the NZC-3:2 com-
posites still maintains about 75% of its initial activity after
being recycled five times, demonstrating that the sam-
ples have remarkable stability and reusability for potential
practical applications in environmental purification.

3.4. Photocatalytic mechanism of catalysts

In this work, the mixed metal oxides were obtained
including ZnO and ZnCo,0, phases after calcining the
ZnCo-LDHs. Because the N atoms enter into the lattice of
oxidation products, the original electronic bandstructure
was changed, and the oxygen vacancies in the gap were
increased. Thus, the N-ZnO/ZnCo,0, composites can absorb

more photons from light irradiation conditions and narrow
the band gap from 3.7 to 2.92 eV, which greatly reduce the
required energy for electronic transitions and improve the
utilization of visible light.

Fig. 11 shows the possible mechanism of the N-ZnO/
ZnCo,0, composites for dye degradation. Under visible light
irradiation, the formed electron-hole pair results in excited
state electrons to be transported from valence band (VB) to
conduction band (CB). The quasi-continuous energy levels
are formed when the oxygen defects are located at the inter-
face of N-ZnO/ZnCo,0O,, which induces the formation of ohmic
contact and lower the interfacial electric resistance. The holes in
the VB is recombined with photo-induced electrons at the CB
through the ohmic contact. As a result, the electrons and holes
in the CB and the VB are isolated commendably. Therefore, pho-
togenerated electrons in samples are available to photodegrade
the dyes. At the same time, oxygen molecules are reduced by
the greater negative potential of the photo-induced electrons,
which in turn produces superoxide anions (*O,") results in
the degradation of the contaminants. The holes at VB of
NZC-3:2 are photo-excited to directly oxidize the dye, and
the obtained intermediate reacts with H,O to form hydroxyl
radicals (*OH), both of which are the main active substances
in the photocatalytic reaction [40,41]. Thus, we present that
the N-ZnO/ZnCo,O, composites can enhance the separa-
tion of electron-hole pairs and reduce the recombination of
charge carriers, resulting in an increase in the photodegra-
dation process.

4. Conclusion

In summary, we developed a hydrothermal method to
prepare the N-ZnO/ZnCo,0, composites. The characteristics
of the as-prepared catalysts were systematically detected,
indicating that the NZC-3:2 composites have the optimal
ability of visible-light harvesting and can effectively sep-
arate photogenerated charges. The NZC-3:2 composites
showed higher efficiency of photodegradation than that
of ZC for the degradation of MB, MO and RhB. Moreover,
NZC-3:2 composites had good stability after five cycle runs.
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Fig. 10. Photocatalytic cycles of NZC-3:2 hybrid composites at
pH 7.0 under visible light irradiation.
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Finally, the possible degradation mechanism of dyes was
proposed.
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Supplementary information

The weight percentages of the elements in the NZC-3:2

are provided in Table S1. The EDX data shows the existence
of Zn and Co, and the molar ratio of Zn/Co was approxi-
mately 2.5/1, which was in accordance with the composition
of the precursor solution.

Table S1
Weight percentage of elements in the NZC-3:2

Element Weight (%) Atomic (%)
N 9.42 20.09

Zn 60.04 25.75

Co 24.18 32.62

©) 6.35 21.54
Totals 100.00
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