Nghién ctru tong hop vit liéu nano Ni/NiO dé nang cao hiéu
qua xuc tac quang phan hay hon hop chat mau methylene
blue va rhodamine B

TOM TAT

Nghién ctru da téng hop thanh cong vat liéu nano Ni/NiO bing phuong phap dbt chay gel sir dung imidazole
va ung dung lam xic tic quang phan huy methylene blue (MB) va rhodamine B (RhB) du6i tic dung cua anh sang
mat troi. Vat liéu duoc dac trung bang phuong phap nhidu xa tia X, hién vi dién tir quét va pho tan xa nang luong tia
X. Két qua xac nhén sy ton tai dong thoi cua cac hat nano NiO va Ni véi kich thude tinh thé tir 9 dén 47 nm. Anh
hudng cua diéu kién tong hop, bao gdm ti 1é mol imidazole/nickel, nhiét d6 va thodi gian nung, dén hoat tinh quang
xuc tac da dugc khao sat. Két qua thuc nghiém cho thay mau Ni/NiO(1:1) dugc téng hop & 350 °C trong 10 phut thé
hién hoat tinh quang xuc tac cao nhét, voi héng sO tbe do biéu kién bac nhat dat 0,0161 phit® ddi véi MB va
0,00757 phat™ d6i vi RhB. Hoat tinh quang xUc tac ctia Ni/NiO duoc tang cuong 1a do hiéu (g hiép dong gitra
NiO va Ni, trong d6 Ni dong vai tro 1a bay electron hiéu qua, thic day qua trinh phén ly dién tich va tc ché su tai to
hop electron—13 tréng theo co ché VB-CB-Ni. Cac thi nghiém bat goc t do cho thiy gdc hydroxyl dong vai tro chu
dao trong qua trinh quang phéan huy ca hai chat mau, trong khi vai tro cua 16 trong quang sinh va goc superoxide 1a
khong dang ké. Ngoai ra, vat liéu Ni/NiO thé hién kha ning tai sir dung tdt, voi su suy giam hoat tinh quang xiic tac
khong déng ké sau ba chu trinh sir dung lién tiép.

Tur khéa: Imidazole, vdt liéu nano Ni/NiO, xUc tac quang, methylene blue, rhodamine B, dnk sdng mdt troi.



Controlled synthesis of Ni/NiO nanocomposites for enhanced
photocatalytic degradation of Methylene Blue and
Rhodamine B

ABSTRACT

In the present paper, Ni/NiO nanocomposite photocatalyst was successfully synthesized through a facile one-
step solution combustion method using nickel nitrate as the metal precursor and imidazole reductant as the reducing
agent. This material was then applied for the solar-light-driven degradation of methylene blue (MB) and rhodamine
B (RhB). The obtained material was characterized by X-ray diffraction, scanning electron microscopy and energy
dispersive X-ray. The physicochemical characterization confirmed the presence of the nanoparticles NiO and Ni
with crystalline size from 9 nm to 47 nm. The effect of synthesis conditions, including the molar ratio of
imidazole/nickel, calcination temperature and time, on the photocatalytic performance was systematically
investigated. The experimental results revealed that Ni/NiO(1:1) catalyst prepared at 350 °C for 10 min exhibited
the highest photocatalytic activity, with apparent first-order rate constants of 0.0161 min-* for MB and 0.00757 min!
for RhB under natural sunlight. The enhanced photocatalytic performance is attributed to the synergistic interaction
between NiO and metallic Ni, in which Ni acts as an effective electron sink, facilitating charge separation and
suppressing electron—hole recombination through the VB-CB-Ni mechanism. Radical trapping experiments
demonstrated that hydroxyl radicals play a dominant role in the photocatalytic degradation of both dyes, while
photogenerated holes and superoxide radicals contribute negligibly. Furthermore, the Ni/NiO catalyst exhibited
good recyclability, with only a slight decrease in photocatalytic activity after three successive cycles.

Keywords: Imidazole, Ni/NiO nanoparticles, photocatalyst, methylene blue, rhodamine B, natural sunlight.

1. INTRODUCTION

In recent years, environmental pollution has
become one of the most pressing issues globally.
The rapid growth of industrial activities has
been identified as a major contributor to the
severe degradation of the global environment.
Industrial effluents, particularly from textile
processing, are notably rich in dye compounds,
contributing significantly to water pollution. The
discharge of effluents from textile industries into
water bodies results in severe water pollution in
many regions worldwide. Various physical,
chemical, and biological approaches, as well as
their combinations, have been employed for the
treatment of dye-containing wastewater. Among
these methods, photocatalytic degradation has
been recognized as an effective and cost-

as a photocatalyst for the degradation of various
environmental pollutants.*® Nevertheless, NiO
materials exhibit inherent limitations arising
from their wide band gap (3.2-4.2 eV), which
restricts light absorption primarily to the UV
region, and from the rapid recombination of
photogenerated electron-hole pairs, resulting in
diminished photocatalytic performance.’**? To
address these limitations and enhance the
photocatalytic  performance, doping and
combining NiO with other materials have been
employed.™® One effective strategy to enhance
photocatalytic activity is the use of metal/metal
oxide systems, which can exploit the synergistic
interactions between the two components. It has
been reported that Ni° sites act as electron traps
during the photocatalytic process. This trapping

efficient technique due to its simple design and
operational feasibility.*

Photocatalytic semiconductor materials,
such as TiO,, ZnO, NiO, WOs, and Fe,Os, have
attracted considerable attention due to their
strong oxidative power, chemical stability, low
cost, and non-toxicity. Among metal-oxide
semiconductors, NiO has been extensively
studied owing to its distinctive photocatalytic
and magnetic properties and has been employed

of electrons delays their recombination with
holes, which are also generated by light
irradiation. By  mitigating  electron-hole
recombination, Ni° significantly enhances the
overall photocatalytic performance.*?*®
Numerous methods have been developed for the
synthesis of Ni/NiO materials.'?* In particular,
the combustion of organic nickel precursors
represents a straightforward synthesis approach,
which can produce highly active Ni/NiO
materials.?*? It has been reported that synthesis’
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conditions affect the morphology, particle size,
Ni/NiO ratio, thereby affecting the applicability
of the material 2"

In the present paper, we report the
synthesis of Ni/NiO nanomaterials via solution
combustion route using a nickel-imidazole
precursor and the systematic investigation of
their  photocatalytic  activity toward the
degradation of methylene blue and rhodamine B
under natural sunlight. Furthermore, the effects
of key synthesis parameters, including organic
ligand content, calcination temperature, and
calcination time, on the photocatalytic
performance of the obtained materials were
thoroughly examined.

2. EXPERIMENTAL
2.1. Chemicals

All chemicals utilized within this study were of
analytical grade and were used as received
without any further purification. All solutions
were prepared with double-distilled water. The
following reagents were used: Ni(NO3),.6H.O
(AR, 98.5%, Sigma Aldrich, America),
imidazole (AR, 99%, Acros, America), ethanol
(AR, 99%, Xilong, China), rhodamine B (AR,
95%, Sigma Aldrich, America), methylene blue
(AR, 98.5%, Xilong, China), methanol (AR,
99.5%, Xilong, China), 1,4-benzoquinone (AR,
99%, Acros, America), amoni oxalate (AR,
99%, Xilong, China).

2.2. Synthesis of the Ni/NiO nanocomposites

0.002 mol of Ni(NO3), was dissolved into 10
mL of double-distilled water under magnetic
stirring, followed by the addition n mol of
imidazole (n = 0.002-0.012 mol). The mixture
was further stirred for another 15 minutes. The
resulting solution was placed in a high heat-
insulated porcelain crucible and evaporated on a
hot plate. The resulting product was then heated
at temperatures T °C (T = 300-500 °C) for t
minute (t = 5-40 min). Materials synthesized
from nickel nitrate and imidazole at molar ratios
of 1:1; 1:2; 1:4; 1.6 are denoted as Ni/NiO(1:1),
Ni/NiO(1:2), Ni/NiO(1:4), Ni/NiO(1:6)
respectively. For comparision, pristine NiO
sample was synthesized in a same manner with
the use of solely Ni(NOs3)..

2.3. Characterizations

The obtained sample was characterized by using
various chemical and physical techniques. The
X-ray diffraction (XRD) patterns were recorded
on a Bruker D8-Advance X-ray powder
diffractometer using Cu K, radiation (A = 1.5406

A) with scattering angles (20) of 30-80°. The
crystalline size is determined according to the
Scherrer formula:*®
K2
pcosé

(1)

where D is the average crystalline size (nm), K
is Scherrer constant (K = 0.94); A is a
wavelength in A (A = 1.5418 A), B is the Full
width at half maximum (radian) and 0 is
diffraction angle (degree).

The major diffraction peaks at 26, 37.2°
and 51.7°, which can be indexed as (111) plane
for NiO and (200) plane for Ni were used to
calculate the crystal size.

The composition of the solid products was
identified by the Rietveld method using the
TOPAS  program  (TOPAS-Total Pattern
Analysis System, Version 4.2, Bruker AXS).

Scanning electron microscopy (SEM) and
mapping energy dispersive X-ray spectroscopy
(EDX) were performed on an SEM-JEOL-JSM
5410 LV (JEOL JSM-IT200, Japan) with an
acceleration voltage of 10 kV at a magnification
level of 10 K.

2.4. Adsorption study

An amount of 30 mg of the synthesized material
was added to a beaker containing 100 mL of a
mixed solution of methylene blue (MB, 10 ppm)
and rhodamine B (RhB, 2 ppm). The mixture
was kept in the dark to prevent any
photodegradation and was continuously stirred
using a magnetic stirrer to ensure thorough
mixing. At 30-min intervals, approximately 3
mL of the solution was withdrawn and the
concentrations of the remaining dyes were
determined using a UV-Vis spectrophotometer
(Lambda 365, Perkin Elmer, USA). The
adsorption process was continued until the dye
concentrations reached equilibrium, indicated by
negligible changes over time.

Adsorption efficiency (H%) is determined
by the formula:

C -C
H(%) = Oc’ x100% )

0

where C is the initial concentration of the dye;
C is the remaining concentration of the dye after
reaching adsorption equilibrium.

2.5. Photocatalytic degradation experiments

After reaching adsorption equilibrium, the
mixed dye solution was exposed to sunlight
3



between 10 h and 13 h on sunny days, with an
average ambient temperature of 36-39 °C. At 30-
min intervals, approximately 3 mL of the
solution was withdrawn and analyzed using a
UV-Vis spectrophotometer to determine the
remaining dye concentration. The apparent rate
constant (k) of the photocatalytic degradation
was determined using the Langmuir—
Hinshelwood model by plotting In(Co/C) as a
function of time (t), where Co and C represent
the dye concentrations before and after
irradiation, respectively. The slope of the linear
regression was used to calculate k.

To identify the active species responsible
for the photocatalytic degradation of the dyes,
radical scavengers were employed to selectively
guench specific reactive species: methanol (Me)
for hydroxyl radicals ("o ), benzoquinone (BQ)

for superoxide radicals (O{~), and ammonium

oxalate (AO) for photogenerated holes (h*). For
each experiment, 20 mL of either deionized
water, absolute Me, 5 mM BQ, or 5 mM AO
was added to 100 mL of a mixed dye solution
containing 10 ppm MB and 2 ppm RhB with 0.3
g/L Ni/NiO catalyst, which had previously
reached adsorption equilibrium. The
photocatalytic experiments were then conducted
under the same irradiation conditions.

The recovery and reusability of the Ni/NiO
photocatalyst were evaluated using a mixed
solution of MB and RhB. After 3 h of solar
irradiation, the catalyst was recovered by
decantation, thoroughly washed several times
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with deionized water and 96° ethanol, and then
dried at 80 °C for 30 min. The recovered Ni/NiO
material was subsequently reused in the next
photocatalytic cycle under identical
experimental conditions.

3. RESULTS AND DISCUSSION
3.1. The characterization of materials

Figure 1a shows the XRD patterns of materials
synthesized from nickel nitrate and imidazole at
various molar ratios.

Figure 1. XRD patterns (a) and EDX (b) of the
samples: (1) — NiO; (2) — Ni/NiO(1:1); (3) —
Ni/NiO(1:6)

The XRD pattern of sample synthesized
from nickel nitrate exhibits the characteristic
peaks at 37.2, 43.2, 62.8, 75.6, and 79.4°
indexed to the (111), (200), (220), (311), and
(222) planes of NiO according to JCPDS 47-
1049.*° The XRD patterns of samples
synthesized from the combustion of nickel —
imidazole mixture, in addition to the
characteristic peaks for NiO, exhibit the
characteristic peaks at 44.5; 51.8 and 76.3°
which are indexed to the (111), (200), (220)
planes of Ni according to JCPDS 04-0850.%
Interestingly, with increasing imidazole/nickel
ratios, the intensity of characteristic peaks of Ni
decreases, whereas that of NiO increases.

The phase composition and crystalline
size of Ni/NiO samples were calculated from
XRD data. The results indicate that in the
Ni/NiO (1:1) sample, the metallic nickel phase
accounts for 91%. Increasing the molar ratio of
imidazole to nickel leads to a gradual decrease
in the Ni content to only 18% in the Ni/NiO(1:6)
sample. The nickel-imidazole molar ratio not
only affects the phase composition but also the
crystalline size of the resulting material. As the
molar ratio of imidazole to nickel increases, the
crystalline size of metallic Ni decreases, while
the crystalline size of NiO gradually increases
(Table 1).

Table 1. The characterization of materials based on
XRD and EDX analysis

Sample

Characterization
NiO |Ni/NiO(1:1)|Ni/NiO(1:6)

Phase Ni| O 81 18
composition
(%) NiO| 100 9 82
4




Crystalline | Ni 47 25
size (nm)

NiO| 20 9 17

Elemental | Ni [41.71| 81.52 47.03
composition
(Atomic

(%)) O |58.29| 18.48 52.97

The formation of metallic nickel can be
attributed to the presence of nitrogen in
imidazole. One of the thermolysis products of
N-containing organic compounds is ammonia,
which can participate in the reduction of nickel
oxide.*® However, when the molar ratio of
imidazole to nickel nitrate is large,
corresponding to an oxygen-deficient mixture,
the  combustion  reaction  predominantly
consumes oxygen from the ambient atmosphere,
leading to a vigorous reaction and consequently
the formation of nickel oxide. In contrast, when
the imidazole-to-nickel nitrate molar ratio is
small, i.e oxygen-rich mixture, the combustion
reaction occurs mildly forming NHs, the
combustion process proceeds more mildly and
generates NHs, which promotes the formation of
metallic Ni with a larger crystallite size.?*!

The EDX spectrum shown in Fig. 1b
further confirms the presence of nickel and
oxygen in the synthesized Ni/NiO materials. The
results indicate that the O/Ni atomic ratios in the
NiO and Ni/NiO(1:6) samples are higher than
the stoichiometric value of 1:1 (Table 1),
suggesting preferential oxygen adsorption on the
NiO surface.

The surface morphology of the materials
is revealed from the SEM images (Fig. 2). The
NiO sample synthesized from Ni(NO3), exhibits
discrete and well-defined octahedral particles. In

contrast, the Ni/NiO samples prepared from the
nickel-imidazole precursor show pronounced
particle agglomeration. Such agglomeration may
facilitate interparticle contact and enhance
charge transport within the material, thereby
contributing to  improved  photocatalytic
performance.

Figure 2. SEM images of the samples NiO (a);
Ni/NiO(1:1) (b); Ni/NiO(1:6) (c)

3.2. Photocatalytic performance of Ni/NiO
materials for dye degradation

The time-dependent UV-Vis absorption spectra
of the mixed MB and RhB solution in the
presence of Ni/NiO under solar light irradiation
are presented in Fig. 3a. Two characteristic
absorption maxima are observed in the visible
region, located at 554 nm, corresponding to the
n—7 transition of RhB, and at 664 nm, attributed
to the n—n* transition of MB (where n denotes
the lone pair of electrons on the nitrogen atom of
the C=N bond and the sulfur atom of the S=C
bond).*>3 With increasing irradiation time, the
absorbance intensities of both dyes decrease
progressively. After approximately 180 min of
solar irradiation, the characteristic absorption
peak of RhB decreases to about three-quarters of
its initial height, whereas the absorption peak of
MB almost completely disappears.

To evaluate the dye removal performance
of Ni/NiO materials toward MB and RhB, a
series of parallel experiments were conducted
using a mixed dye solution containing 10 ppm
MB and 2 ppm RhB under different reaction
systems: (i) without catalyst, (ii) in the presence
a NiO catalyst, and (iii) Ni/NiO catalysts.
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The temporal variations in the
concentrations of MB and RhB for the different
reaction systems are shown in Fig. 3b and Fig.
3c, respectively. The experimental results
indicate that both MB and RhB are relatively
stable under dark conditions. Upon solar light
irradiation, both dyes undergo slow degradation
over time. Among the two dyes, RhB exhibits
higher stability than MB. After 180 min of solar
irradiation, approximately 36% of MB is
degraded, whereas only about 9% of RhB is
decomposed. Upon the addition of NiO,
approximately 15% of MB is removed in the
dark due to adsorption. Under solar light
irradiation, the concentrations of both MB and
RhB decrease markedly with irradiation time.
After 180 min of irradiation, the removal
efficiencies reach approximately 77% for MB
and 32% for RhB. When Ni/NiO material is
used, the amount of dye removed via adsorption
in the dark increases remarkedly, ranging from
20% to 25% for MB and from 2% to 12% for
RhB, depending on Ni/NiO ratio in the material.
After 180 min of solar light irradiation, the dye
removal efficiency is also significantly
enhanced, reaching approximately 89-93% for
MB and 59-67% for RhB.

The plots of In(Co/C) versus irradiation
time exhibit a linear relationship with a high
coefficient of determination (R? 0.99), as
shown in Fig. 3d and Fig. 3e. This behavior is in
good agreement with the Langmuir-
Hinshelwood kinetic model, indicating that MB

100

t (min)
Figure 3. UV—Vis absorption spectra of the mixed MB and RhB solution under solar irradiation as a function of
time; temporal evolution of MB (b) and RhB (c) concentrations; pseudo-first-order kinetic plots In(Co/C) versus
irradiation time for MB (d) and RhB (e); dependence of the apparent rate constants for MB and RhB degradation on
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and RhB undergo photocatalytic degradation
and that the degradation process follows pseudo-
first-order reaction kinetics.>* The photocatalytic
degradation rate constants for MB and RhB
were determined from the slopes of the
corresponding linear plots. The calculated
results show that the presence of NiO increases
the photocatalytic degradation rate constants of
MB and RhB by factors of 3.0 and 3.7,
respectively. Meanwhile, the Ni/NiO material at
the same catalyst loading enhances the rate
constants by 5.2 times for MB and 10.7 times
for RhB. With increasing imidazole-to-nickel
molar ratio, the photocatalytic degradation rates
of both MB and RhB slightly decrease. Among
the investigated samples, Ni/NiO (1:1) exhibits
the highest photocatalytic activity (Fig. 3f).

As is well known, during the
photocatalytic process, reactive species play a
crucial role in dye degradation, including
photogenerated holes, superoxide radicals, and
hydroxyl radicals. In practice, methanol is
commonly used as a scavenger for ‘0H radicals,
benzoquinone acts as an effective scavenger for
0!~ radicals, while ammonium oxalate is

employed as a h* scavenger.*® The effects of
different scavengers on the photocatalytic
degradation rates of MB and RhB over the
Ni/NiO catalyst are presented in Fig. 4.
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Figure 4. Effects of Me, AO, and BQ scavengers on
the kinetics of photocatalytic degradation of MB (a,
c¢) and RhB (b, ¢) over the Ni/NiO catalyst.

The experimental results indicate that the
photocatalytic activity of Ni/NiO toward dye
degradation gradually decreases upon the
addition of methanol. In contrast, when
ammonium oxalate is introduced into the
reaction system, the photocatalytic degradation
rate of MB slightly increases, while that of RhB
remains almost unchanged. For both dyes, the
addition of benzoquinone leads to a significant
enhancement in the degradation rate. These
observations suggest that hydroxyl radicals are
the dominant oxidative species responsible for
the photocatalytic degradation of MB and RhB

on the Ni/NiO surface, whereas the
contributions of photogenerated holes and
superoxide radicals are relatively minor. The
enhanced photocatalytic degradation observed

upon the addition of O{” and h* scavengers can

be attributed to the suppression of electron—hole
recombination. Specifically, the scavenging of

O{”and h* promotes the separation of

photogenerated charge carriers and facilitates
electron consumption, thereby increasing the
availability of holes for "oH generation, which
accelerates dye degradation. '

In the absence of a catalyst, the
degradation of MB and RhB under solar
irradiation mainly proceeds via a direct
photolysis process. Upon light irradiation, MB
and RhB molecules absorb photons and become
photoexcited, resulting in the promotion of an
electron from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied
molecular  orbital (LUMO), leaving a
corresponding hole in the HOMO level. The
excited electrons in the LUMO can interact with
dissolved oxygen molecules or water molecules
to generate reactive oxygen species, particularly
hydroxyl radicals, which then participate in the
oxidative degradation of the dye molecules.
However, due to the limited light absorption
capacity of MB and RhB under solar irradiation
and the low efficiency of photonic energy
conversion, the amount of generated ‘OH
radicals in the non-catalytic system is relatively
small. In addition, the excited states of the dye
molecules have short lifetimes and are prone to
non-radiative relaxation processes. As a result,
the generation of reactive oxidative species is
inefficient, leading to a relatively slow
degradation rate of MB and RhB.

When NiO is introduced into the system,
it acts as a semiconductor photocatalyst. Upon
solar light irradiation, NiO absorbs photons with
energy equal to or greater than its band gap,
leading to the excitation of electrons from the
valence band (VB) to the conduction band (CB)
and the simultaneous  generation  of
photogenerated holes (h*) in the VB. The
photoinduced holes in the valence band and
electrons in the conduction band subsequently
participate in surface redox reactions, leading to
the formation of hydroxyl radicals, which play a
dominant role in the degradation of MB and
RhB molecules. In addition, the adsorption
capability of NiO toward MB and RhB
contributes to an increased apparent reaction rate
by enriching the dye molecules in the vicinity of
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the active sites, where photocatalytic reactions
preferentially occur. This synergistic effect
between light-induced charge carrier generation
and dye adsorption effectively promotes the
photocatalytic degradation efficiency.

In the Ni/NiO composite system, NiO acts
as the primary semiconductor photocatalyst,
while metallic Ni° serves as an efficient electron
sink,  forming a  metal-semiconductor
heterojunction. Due to the favorable band
alignment and the formation of a Schottky
junction at the Ni/NiO interface, the
photogenerated electrons in the CB of NiO are
readily transferred to the metallic Ni® phase.
This electron migration is thermodynamically
driven by the lower Fermi level of Ni° and
effectively suppresses the recombination of
electron—hole pairs within NiO, consequently,
higher  photocatalytic ~ degradation  rates.
However, as the imidazole-to-nickel molar ratio
increases, the content of metallic Ni in the
Ni/NiO composites decreases, leading to a
gradual decline in photocatalytic activity. The
reduced amount of metallic Ni weakens the
electron-trapping effect and diminishes charge
carrier separation efficiency, thereby
accelerating electron-hole recombination. As a
result, fewer reactive oxygen species are
available for dye degradation, causing a
decrease in the photocatalytic degradation rate
constants of MB and RhB. The oxidation
pathway of MB and RhB is illustrated
schematically as follows:®*

Photon excitation:

MB / RhB—"—MB / RhB" (e uo + Miomo)  (3)
NiO—"— NiO" (ecs + hj;;) 4

Formation of reactive oxygen species:

€uvo O, > 0; (®)
e.umo + H,O — "OH +OH"™ (6)
ez (NiO) — e (Ni) (7)
e (Ni)+0O, >0, (8)
hz (NiO)+H,0 >H" + "OH 9)

O — 5HO;—%5H,0, »2°0H  (10)

Oxidative degradation of dyes:

MB / RhB + “OH — products (11)

Charge recombination:

€ umo + Movo —> MB/ RhB (12)

3.3. Effect of synthesis conditions Ni/NiO

The synthesis conditions, particularly
calcination temperature and calcination time,
have a pronounced influence on the
photocatalytic activity of the Ni/NiO materials
(Figure 5).
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Figure 5. Photocatalytic degradation rate constants of
MB and RhB in the presence of the Ni/NiO(1:1)
catalyst synthesized at different calcination
temperatures for 20 min (a) and different calcination
times at 350 °C (b).

Experimental results indicate that when
the calcination temperature increases from 300
to 500 °C, the photocatalytic degradation
activity of the corresponding Ni/NiO catalyst
initially increases and then gradually decreases.
The highest photocatalytic degradation rate
constants for both MB and RhB are achieved
when using the Ni/NiO catalyst synthesized at
350 °C. The dependence of photocatalytic
activity on calcination temperature can be
explained by the partial re-oxidation of metallic
Ni formed to NiO during the synthesis under the
action of atmospheric oxygen as the temperature
increases. This process increases the number of
photoactive catalytic sites and promotes
interfacial charge transfer. However, at
excessively high calcination temperatures, most
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of the metallic nickel is oxidized to NiO, which
eliminates the synergistic effect, leading to a
decrease  in  photocatalytic  degradation
efficiency.

With respect to calcination time,
increasing the duration from 5 to 40 min results
in only slight changes in the photocatalytic
activity of the Ni/NiO catalyst. The maximum
photocatalytic degradation rates of MB and RhB
are obtained for the catalyst calcined at 350 °C
for 10 min. This behavior can be attributed to
the fact that at short calcination times (e.g., 5
min), only a small fraction of NiO is reduced to
metallic Ni, and thus weak electron trapping
capability, resulting in poor photocatalytic
performance. As the calcination time increases,
a favorable amount of metallic Ni is formed,
enhancing charge separation and photocatalytic
activity. However, prolonged calcination leads
to re-oxidation of the surface Ni layer to NiO,
thereby reducing the photocatalytic efficiency.

Moreover, excessive calcination
temperature and time promote particle growth
and agglomeration, reducing the specific surface
area and limiting the accessibility of active
interfacial sites, further impairing the efficiency
of charge separation and photocatalytic
degradation.

3.4. Catalyst recovery and reusability

The experimental results show that the
photocatalytic activity of Ni/NiO for the
degradation of MB and RhB slightly decreases
after three reuse cycles. After the third reuse, the
rate  constant for MB  decreased by
approximately 25%, while that for RhB
decreased by about 17%. These findings indicate
that the Ni/NiO catalyst can be effectively
recovered and reused, although its photocatalytic
activity gradually declines with successive
cycles.

Compared with other reported Ni-based
catalysts, the Ni/NiO material synthesized in this
work has better catalytic performance (Table 2).
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Figure 6. Temporal evolution of MB (a) and RhB (b)
concentrations and the photocatalytic degradation
rate constants of the dyes (c) after three reuse cycles
of the Ni/NiO catalyst.

Table 2. Evaluation of photocatalytic degradation of
MB and RhB dye under solar light with reported
literature data

Catalyst K (min) Reference
MB RhB
Ni/NiO 0.0161 | 0.00757 | This work
Pt-Ni/NiO | 0.01779 [12]
NiO 0.0082 [38]
ZnO/NiO 0.0058 [39]
CdO 0.0036 [40]
NiO-CaO 0.00459 [41]




3. CONCLUSION

In summary, a Ni/NiO photocatalyst was
successfully  synthesized via a simple
combustion approach using a nickel-imidazole
precursor demonstrating effective photocatalytic
degradation of methylene blue and rhodamine B
under natural sunlight. The photocatalytic
activity was strongly influenced by the synthesis
conditions, with the Ni/NiO (1:1) sample
prepared at 350 °C for 10 min exhibiting the
highest performance. The enhanced activity is
mainly attributed to the synergistic interaction
between NiO and metallic Ni, in which Ni°
functions as an efficient electron sink,
facilitating charge separation and suppressing
electron—hole recombination through the VB-
CB-Ni® pathway. In addition, the catalyst
showed acceptable stability and reusability over
three consecutive cycles. These findings
highlight the potential of Ni/NiO as a cost-
effective and recyclable photocatalyst for solar-
driven dye degradation in wastewater treatment.
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