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ABSTRACT

In this paper, carbon microspheres were prepared using glucose and ammonium carbonate at low
temperatures, with glucose being the carbon source. In additionally, elemental nickel microspheres
were synthesized on the basis of carbon microspheres with nickel as raw material and calcined at
high temperature under nitrogen atmosphere. The prepared nickel/carbon (Ni/C) microspheres
exhibited optimum morphology and the best photocatalytic performance when the mass ratio of
glucose and nickel chloride hexahydrate was 4:1 and the preparation temperature was 500°C, the
catalytic decolorization effect of 50 mg of Ni/C microspheres could reach about 76% for 10 mg/L
and 50 mL of methylene blue when illuminated for 4 h under daylight. Degradation efficiency
increased to 80% at pH = 3. The composites exhibited an energy bandgap of 2.11 eV, which was ben-
eficial for improving the photocatalytic activity. Furthermore, it was found that the active species

in the reaction system are mainly *OH radicals.
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1. Introduction

Water pollution has become one of the major challenges
for human society and ecosystems [1-3]. In particular,
synthetic organic dyes pose a serious health hazard [4],
methylene blue (MB) is widely used in the textile indus-
try for dyeing wool, linen and silk fabrics, and has adverse
health and environmental effects [5]. There is an increas-
ing demand for clean and friendly catalytic materials [6-8].
In this regard, nanocomposites are of interest due to their
excellent catalytic properties, abundant active centres,
high electronic conductivity, low-cost and environmental
friendliness [9-14].

In recent years, numerous studies have explored prepa-
ration techniques and photocatalytic properties of nickel
nanomaterials [15-19]. Jeerapan et al. [20] synthesized
nickel nanopowders under a pH of 12.5 based on a hydrated
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chemical reduction method of nickel ions. Lu et al. [21] used
a combination of hydrothermal and ultrasonic methods to
synthesize NiS and MoS, nanosheets co-modified graphitic
C,N, ternary heterostructures and used them for the photo-
catalytic degradation of antibiotics. Haider et al. [22] used
the sol-gel method to synthesize nickel oxide with high
photocatalytic activity to treat contamination from potas-
sium permanganate. Among the various preparation meth-
ods, hydrothermal synthesis produces nickel nanopowders
photocatalysts with small particle sizes and uniform distri-
bution that exhibit excellent catalytic properties under light
irradiation [23,24].

Among the various carrier materials, hollow carbon
materials can promote ion diffusion and shorten the required
diffusion distance of ions [25], one of the carbon materials,
such as carbon nanotubes, graphene, and carbon nanorods
have high electrical conductivity, all of which are beneficial

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



Z. Xu et al. | Desalination and Water Treatment 315 (2023) 304-313

to improve the catalytic properties of the composites [26—
29]. However, most studies have focused on nickel based
on composites and the use of carbon microspheres as car-
riers has not been fully explored. Therefore, in this paper,
hydrothermal synthesis of environmentally friendly carbon
microspheres was performed using glucose and ammo-
nium carbonate at low temperatures, whereas nickel/car-
bon microspheres (Ni/C microspheres) were prepared by
high-temperature calcination method. Characterization and
qualitative analysis of microspheres using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and UV diffuse
reflectance tester. In order to analyze the catalytic perfor-
mance of the catalyst, methylene blue solution was exposed
to visible light and the catalytic action was studied. The
photocatalytic mechanism of the composites was analyzed
by active species capture experiments.

2. Experimental set-up
2.1. Materials

Chemical reagents used in this work were all analyt-
ically pure reagents and further purification work was not
required. Nickel chloride (content > 98.0%, Tianjin Kaitong
Chemical Reagents Co., Ltd., Tianjin, China); p-benzoquinone
(content > 98.0%, Shanghai Macklin Biochemical Co., Ltd.,
Shanghai, China); glucose, ammonium carbonate (content
as NH, > 40.0%), tert-butanol (content > 98.0%), methylene
blue (content as dry product > 82.0%) were purchased from
Sinopharm Chemical Reagent Co., China. Deionized water
was used to prepare all solutions.

2.2. Experimental procedure

A certain mass of glucose and ammonium carbonate was
weighed and dissolved in 40 mL of deionized water. The
solution of was thoroughly mixed and stirred for 10 min.
Then different amounts of nickel chloride (0.5, 1.0, 1.5, and
2 g) were added and the samples were denoted as Ni/C-®,
Ni/C-®@, Ni/C-®, Ni/C-@. The solution was further stirred
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for 10 min and poured into a 50 mL polytetrafluoroethylene
lined hydrothermal reaction kettle. The brown colored pre-
cipitate was filtered, washed with deionized water, and dried
at 80°C for 10 h to obtain carbon microspheres. The carbon
microspheres were heated to different temperatures (400°C,
500°C, and 600°C) in a tube furnace for 3 h. The samples were
then completely calcined and oxidized under nitrogen atmo-
sphere. This was followed by cooling to room temperature to
obtain monolithic nickel microspheres, which were denoted
as Ni/C-®-400°C, Ni/C-®-500°C, and Ni/C-®-600°C.

2.3. Photocatalytic degradation

In the experiments, 50 mg of catalyst was dispersed into
50 mL (10 mg/L) of MB solution, and the preliminary explo-
rations led to the conclusion that adsorption equilibrium
could be reached within 60 min. Therefore, each experiment
was carried out for 60 min of the adsorption process before
illumination and then, the solution was irradiated with a
300 W xenon lamp. The solution was irradiated with visible
light using a metal halide lamp (300 W) during the light reac-
tion process, 3 mL of the solution was taken at 30 min inter-
vals and centrifugal separation operation was carried out and
the supernatant was taken to determine the absorbance of the
samples at A = 665 nm on a UV-visible spectrophotometer.
The absorbance readings were used to determine the rela-
tive concentration of MB, which was given by C/C,, where,
C, and C represent the initial concentration of MB and the
concentration at time ¢, respectively. The degradation rates
of the catalysts were investigated at different pH (pH = 3,
5, 7,9, and 11) and different MB concentrations (5, 10, 15,
and 20 mg/L). Photocatalytic reactions were performed
using a photocatalytic device manufactured by Shanghai
Jujing Equipment Co., (Shanghai, China). Fig. 1 shows the
preparation steps and photocatalytic schematic of Ni/C.

2.4. Analysis of free radicals

For studying photocatalysis, an experimental procedure
similar to that of the photocatalytic degradation outlined in
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Section 2.3 — Photocatalytic degradation was used. The cata-
lyst was added to 50 mL of 10 mg/L MB solution and stirred
in dark to reach the saturation state of adsorption. In order
to determine the contributions of *OH radicals and super-
oxide radicals O;" to the oxidation reaction, tert-butanol
(TBA) and p-benzoquinone (BQ) were added to the solu-
tion for radical trapping experiments [30,31]. In this exper-
iment as well, the absorbance was measured at A = 665 nm
using the UV-Vis spectrophotometer. The relative concen-
tration of MB (C/C) was calculated and compared with the
relative concentration without the radical trapping agent
to determine the contribution of radicals to the oxidation
reaction.

2.5. Characterizations of microspheres

The crystal structure of the synthesized samples was
characterized using powder XRD (XRD, Bruker D8 Advance,
Germany) with CuKa radiation. Further Confirmation of the
Composition and Valence of Surface Elements of Prepared
Ni/C Materials by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, USA). The particle morphol-
ogy of the Ni/C microsphere powders was observed using
an scanning electron microscope (SEM, ZEISS Sigma 300,
Germany). Optical absorption analysis of the samples was
carried out on a Shimadzu UV-3600i Plus (Japan) UV dif-
fuse reflectance tester. Qualitative analysis of *OH and O;"
was performed by electron paramagnetic resonance (EPR,
Bruker EMXplus-6/1, Germany), the addition of free rad-
icals during the EPR assay requires the addition of the
trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO).

3. Results and discussion
3.1. SEM analysis of Ni/C microspheres

Fig. 2 shows the SEM morphology of the composites
synthesized by high temperature calcination and it could
be observed that the composites were solid microspheres
with nanoparticles attached to the surface. This was real-
ized due to the template of charcoal spheres facilitated by
the gradual removal of the polymeric carbon skeleton by
oxidation to gas during the calcination process.

The SEM images of the prepared Ni/C microspheres
are shown in Fig. 2, and it can be clearly observed that the
Ni/C microspheres are spherical in shape. The diameter of
Ni/C microspheres is around 3 um as seen in Fig. 2a. Fig. 2b
shows selected regions of the energy-dispersive X-ray spec-
troscopy (EDS) element mapping, and Fig. 2c and d show
the mapping of C and Ni, respectively. As can be seen in
the figure, the nickel element was uniformly distributed on
the carbon sphere. The elemental spectra and compositions
of the Ni/C microspheres found by EDS analysis are given
in Fig. 2e, which shows peaks of each element in the nano-
composite, where the presence of nickel can be observed
in the carbon microspheres, where the Ni content is about
1.3 atom %.

3.2. XRD analysis of Ni/C microspheres

XRD peaks of the samples obtained after high tem-
perature calcination were consistent with the Ni standard

spectrum JCPDS card 04-0850, as shown in Fig. 3. Additionally,
Ni diffraction peaks in Fig. 3 are sharper, indicating that the
prepared nanometer Ni crystal phase structure was complete
with a high degree of crystallinity. The 20 diffraction peaks
of nickel carbide microspheres were in the range of 10° to
80° corresponding to the 44.5°, 51.8°, and 76.3° diffraction
peaks of Ni standard card JCPDS card 04-0850. In addition,
the XRD spectrum of Ni/C had a broad diffraction peak at
26° which is attributed to the (002) diffraction peak of amor-
phous carbon [32,33]. Based on the XRD data of Ni/C micro-
spheres, the Ni microcrystal sizes of the three different peak
surfaces were determined using the Debye-Schell given by:

Do kh
Bcos6

@

where K represents Scherrer’s constant taken as 0.94. A, B and
O represent the wavelength of the X-rays (nm), the diffrac-
tion peak half-width and the diffraction angle, respectively.
The average microcrystal size of the obtained Ni/C micro-
spheres is in the range of 2027 nm.

3.3. XPS analysis of Ni/C microspheres

In order to further confirm the composition and valence
of the elements on the surface of the prepared Ni/C materi-
als, the composites were analyzed by XPS as shown in Fig. 4.
It could be seen that the surface of the composite material
mainly consists of C, O, and Ni elements, which correspond
to the characteristic peaks at the binding energies of 284.0 eV
(C1s), 530.0 eV (Ols), and 854.5 eV (Ni2p), respectively,
which suggests that Ni was successfully loaded on the car-
bon microspheres. However, a small amount of divalent Ni
was produced because the material was exposed to air [34].

3.4. Optical properties analysis of Ni/C microspheres

The Ni/C microspheres were studied through UV-Visible
diffuse reflectance spectroscopy in the wavelength range
of 200-2,500 nm, with BaSO, as the reference, as shown in
Fig. 5a. It could be observed that the Ni/C microspheres had
strong absorption in the visible light region of 300-700 nm
[35], indicating that the electrons on the surface of the
microspheres transition to excited state. This improved the
quantum efficiency resulting in good visible light photo-
catalytic reduction performance.

Catalytic efficiency of nanocomposites can be directly
or indirectly influenced by optical bandgap. When the
bandgap changes, it can produce reactive oxygen species
(ROS) or electron-hole relationships (e-h), which play an
important role in the photocatalytic process [36]. The opti-
cal bandgap can be calculated using the Tauc equation using
UV-Vis spectrophotometer data given by:

(aho) = A(ho-E,) @)

where a is absorption coefficient, /1 is Planck constant, and
v is light frequency.

As shown in Fig. 5b, bandgap energy of the synthesized
Ni/C microspheres was calculated from the plot of hv and
(ohv)? to be 2.11 eV, the bandgap energy of the well-known
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Fig. 2. (a) Scanning electron microscopy images of Ni/C-® microspheres, (b—d) C, Ni corresponding to the elemental mapping, and
(e) elemental spectra and composition of Ni/C-® obtained by energy-dispersive X-ray spectroscopy analysis.

NiO was 3.7 eV, and the prepared samples were much
lower than the bandgap energy of NiO. Typically, the lower
the energy bandgap, the more ROS or electron-hole rela-
tionship (e-h) will be generated, so the lower the energy
bandgap energy is beneficial for improving photocatalytic
activity.

3.5. Photocatalytic experiments of Ni/C microspheres

The visible photocatalytic performance of nickel micro-
spheres was analyzed in conjunction with the degrada-
tion of MB dye. Figs. 6 and 7 show the influence of nickel
microspheres on photocatalytic performance of MB solu-
tion under different experimental conditions. It can be seen
from Fig. 6 that the catalytic effect of nickel on 10 mg/L MB

solution was appreciable when among of nickel was 1.5
and 2.0 g. Since the degradation rate was similar when the
amount of nickel was 1.5 and 2.0 g, the optimum nickel con-
centration was chosen to be 1.5 g. Fig. 7 shows the degra-
dation rate of Ni/C microspheres at different temperatures
in 10 mg/L MB solution, where it could be observed that
degradation rate of MB at an optimal preparation tempera-
ture of 500°C can reach 76%. Photodegradation kinetics of
MB has been shown to follow a pseudo primary kinetic law
[37-39], so the primary rate constant k for degradation can
be plotted against time for In(C,/C) according to Eq. (3):

1{%] =—k-t )
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Eq. (3) shows the trend of a straight line, which indicated
that the degradation process conforms to the first-order
kinetic model [40,41]. Figs. 6 and 7 show the kinetic curves
of the 10 mg/L MB solution, it could be seen that the nickel
concentration of 1.5 g and the temperature of 500°C which
demonstrates the best performance. The linear fitting curve
yields the following relationship, y = 0.00545x + 0.000605,
the rate constant (i) of the photocatalytic degradation of
MB by Ni/C microspheres was 0.00545. It could be seen
from the first-order reaction kinetics that the concentra-
tion of reactants decreases exponentially with time. Since
r = kC, exp(-kt), the increase of t will not only slow down
the reaction rate, but also reduces the consumption of reac-
tants. The photocatalytic degradation of MB was an irre-
versible reaction, t — o, C — oo, indicating that it taken an
infinite time to complete the reaction.

For photocatalysis studies, 50 mg nickel microspheres
with the best preparation conditions were added to 50 mL
MB solution with concentrations of 5, 10, 15, and 20 mg/L.
A 300 W fluorescent lamp was used to illuminate the sam-
ples. The degradation rate of the solution during the
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photocatalytic process as a function of time is shown in
Fig. 8. Under an exposure time of 4 h, the degradation rate of
5, 10, and 15 mg/L MB solution reached 90%, 76%, and 58%,

respectively. Furthermore, the degradation rate of 20 mg/L
methylene blue solution was about 42%. As expected, the
reaction rate decreased with increasing concentration,
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which is due to the fact that the high concentration of MB
is adsorbed on the surface of Ni/C microsphere, resulting
in a large number of active sites being blocked, hence the
catalytic efficiency decreased. The photocatalytic degrada-
tion of MB by different pH (pH =3, 5, 7, 9, and 11) was also
investigated in the same way and the results are shown in
Fig. 9. It could be seen that the degradation of MB by dif-
ferent pH under 4 h of fluorescent light catalysis was differ-
ent, with the best degradation of 80% for the solution at a
pH of 3.

3.6. Photocatalytic degradation mechanism

In the photocatalytic degradation of dyes, photons can
excite the semiconductor to produce photogenerated elec-
trons and holes. The electrons excited to the bottom of the
conduction band generate O,* with O, being adsorbed on
the catalyst surface. This oxidizes the dye that is adsorbed
on the catalyst surface, thereby mineralizing it to CO, and
H,O. At the same time, the holes remaining at the top of the
valence band also undergo oxidation when reacting with
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the dye [31], or with H,O and OH" to generate *OH, which
indirectly mineralizes the dye. Trapping agents are gener-
ally added to quantify the contribution of *OH radicals and
superoxide radicals O;* to the oxidation reaction. Here, TBA
and BQ are selected as the trapping agents for *OH and O;*
radicals, respectively.

As shown in Fig. 10a, 5 mg/L MB solution with Ni/C-
500°C microspheres was stirred in the dark and photocat-
alyzed under fluorescent light, while 300 mL TBA [42] was
added with 100 mL BQ for free radical trapping experiments.
The degradation rate of Ni/C-500°C microspheres was
observed to significantly decrease from 90% to 55% (17%
for MB solution without catalyst) after the addition of TBA.
Additionally, the degradation rate of Ni/C-500°C micro-
spheres decreased from 90% to 73% after the addition of BQ,
which was not significantly different from the case where
the trapping agent was not added. Therefore, it could be con-
cluded that the degradation reaction of MB occurs mainly in
solution, and when Ni/C-500°C microspheres were used as
photocatalysts. The reactive substances in the reaction system
are mainly dominated by *OH radicals and supplemented by
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Fig. 9. (a) Degradation rate of different methylene blue concentrations and (b) plot of In(C,/C) vs. time.
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Fig. 11. Schematic diagram of the mechanism of photocatalytic degradation of methylene blue by Ni/C microspheres.

superoxide radicals O;". The free radical inhibitor interacted
with the generated *OH radicals and O;" radicals, thus inter-
rupting the entire free radical chain reaction, which has a
great influence on the degradation of MB. Fig. 10b shows the
electron paramagnetic resonance (EPR) spectra of the added
Ni/C-500°C microspheres under light for 30 min, where
the number of *OH radicals was observed to significantly
increase after the addition of the prepared catalyst, which
further confirms that hydroxyl radicals were predominantly
responsible for the enhanced photodegradation [43].

Fig. 11 shows the schematic diagram of the photocata-
lytic reaction mechanism. Theoretically, Ni/C microspheres
were sufficient to oxidize OH™ to generate *OH, so most of
the holes generate *OH to oxidize MB. Furthermore, a small
portion of photogenerated holes directly mineralize MB,
converting it to CO, and H,O for degradation. Meanwhile,
the capture experiment proved that the active species in the
reaction system are *OH radicals, with O;* only playing an
auxiliary role. Therefore, ‘OH produced by photogenerated
h* was mostly the main active agent in the photocatalytic
process, and O;" plays a secondary role in facilitating the
photocatalytic process. Both substances had a strong oxida-
tive capacity and could easily degrade methylene blue dyes.

4. Conclusion

In this paper, Ni/C microspheres were prepared, and
their catalytic properties were investigated. For the prepa-
ration of carbon microspheres, ammonium carbonate was

added to the aqueous solution of glucose and nickel chlo-
ride hexahydrate. When the mass ratio of carbonic acid to
glucose was 1:6, the reaction system was placed in an auto-
clave and treated at 150°C for 3 h. Carbon microspheres
were successfully synthesized, and glucose polymerization
was achieved at a lower temperature.

The Ni/C microspheres were prepared after high tem-
perature calcination at a mass ratio of 4:1 between glucose
and nickel chloride hexahydrate. A preparation temperature
of 500°C yielded good morphological and photocatalytic
properties. The catalytic decolorization effect of 50 mg of
Ni/C microspheres could reach about 90% for 5 mg/L and
50 mL of methylene blue when illuminated for 4 h under
daylight.

Degradation efficiency increased to 80% at pH = 3.
The composites exhibited an energy bandgap of 2.11 eV,
which was beneficial for improving the photocatalytic activ-
ity. The degradation reaction of methylene blue mainly
occurs in solution, and when Ni/C microspheres were used
as photocatalysts, the active species in the reaction system
were mainly *‘OH radicals.
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