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Abstract
Noble metal-free nickel manganese oxysulfide (NiMnOS) catalysts were successfully prepared via a facile and eco-friendly 
approach at a low synthesis temperature of 90 °C in a water bath. The catalysts were synthesized by varying Ni: Mn molar 
ratios such as 25:75, 50:50, 75:25 and abbreviated as NiMnOS-25, NiMnOS-50, and NiMnOS-75, respectively. The bare 
NiOS and MnOS were also prepared for comparison purposes. The characterizations of the prepared samples were conducted 
with different techniques, and the catalytic activity was investigated through the reduction of methylene blue (MB) dye in the 
presence of NaBH4 in an aqueous solution. Among the prepared catalysts, NiMnOS-25 exhibited excellent performance and 
reduced 98.46% of MB within 5 min. However, NiOS, NiMnOS-50, NiMnOS-75, and MnOS were reduced 9.6%, 98.41%, 
97.04%, and 6.40% of MB dye, respectively, within 7 min. The catalytic reduction activity could be mainly attributed to the 
synergistic effects of the metals (Ni and Mn), more exposed active sites. Therefore, the bimetal NiMnOS catalyst could be 
a promising candidate for the reduction of organic dyes in wastewater treatment technologies.
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Introduction

Water is a fundamental resource that ensures the survival of 
all living things on the earth (Schellekens et al. 2018). But, 
nowadays, access to clean and improved water is becoming a 
great pressing issue because of the increasing environmental 
pollution that results from the rapid growth of industrializa-
tion and urbanization (Fu et al. 2015). The major causes of 
water pollution are different kinds of organic and inorganic 
pollutants caused by various industrial wastes, and natural 
and anthropogenic factors (Quiton et al. 2021). Inorganic 

contaminants are the compounds of inorganic by-products, 
such as fluoride, halide, iron, nitrate, etc., and persist longer 
in an aqueous system, do not degrade easily, and cause fur-
ther deterioration (Srivastav and Ranjan 2020). Organic con-
taminants also include different compounds of pesticides, 
veterinary products, pharmaceuticals, personal care prod-
ucts, industrial compounds/by-products, engineered nano-
materials, food additives, and organic dyes (Mahmood et al. 
2022). In particular, synthetic organic dyes and pigments 
discharged by industries such as textiles, paints, printing 
inks, cosmetics, plastics, and paper cause significant envi-
ronmental pollution because of their hydrophilic nature, 
complex aromatic structure, and high stability against water, 
light, chemicals, temperature, etc. (Liu et al. 2018). In addi-
tion, synthetic dyes seriously affect human health and the 
environment due to their toxicity, long persistent, terato-
genic, carcinogenic, and mutagenic properties (Abay et al. 
2017). Hence, the reduction and elimination of toxic organic 
contaminants are very critical (Tian et al. 2016, 2020).

So far, various strategies such as biological processes 
(aerobic and anaerobic degradation), physical/traditional 
processes (adsorption, membrane filtration, and floccula-
tion), and chemical process (photocatalytic degradation, 
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ozonation, Fenton-like reaction, electrochemical, and pho-
tochemical oxidation) have been developed and employed 
for such dye-containing wastewater (Hashimi et al. 2019; 
Kassem et  al. 2021; Najeeb et  al. 2021b; Saikia et  al. 
2017b; Swathi and Buvaneswari 2008; Zelekew et  al. 
2019). However, several constraints, such as discharge of 
massive amounts of sludge, low efficiency of dye removal, 
expensive recycling steps, release of non-degradable and 
toxic by-products into the environment, slow process, 
higher cost of materials, etc., limit the practical utility of 
this technique (Abay et al. 2017; Benhadria et al. 2022; 
Singh et al. 2014; Sun et al. 2019b). Among all those tech-
niques, the catalytic reduction of organic dye is the most 
advanced technology due to several reasons (Begum et al. 
2020). It is an easy operation, high efficiency, and low-cost 
process. In addition, harmful dyes are converted to useful 
by-products that can be employed as precursors or raw 
materials in a variety of industries (Kong et al. 2017). This 
technique is not only a quick process, but it also achieves 
total dye removal, making it preferable to the oxidative 
degradation process, which only achieves incomplete 
dye removal. Furthermore, the recycling procedures for 
the catalysts used for reduction reactions are simple and 
straightforward (Swathi and Buvaneswari 2008; Zelekew 
et al. 2019). This also suggests that the catalytic reduction 
is more cost-effective than the conventional adsorption 
technique, which requires lengthy separation procedures 
and additional setups to remove the adsorbed dye from the 
catalyst (Najeeb et al. 2021a).

The catalytic reductive degradation of organic dyes in 
the presence of sodium borohydride (NaBH4) occurs by the 
electron transfer mechanism (Kassem et al. 2021). In the 
absence of an effective catalyst, the reduction of dye is ther-
modynamically favorable, but there is a significant kinetic 
barrier between the electron donor BH4‾ ion and acceptor 
dyes, which might obstruct the electron transport (Hashimi 
et al. 2019). The catalysts, surprisingly, are capable of reduc-
ing the potential difference due to their high Fermi poten-
tials, which allow them to degrade dyes efficiently (Saikia 
et al. 2017a). As a result, designing and synthesizing cata-
lytic materials with appropriate redox potential between the 
electron donor and acceptor species to operate as an efficient 
electron relay system is very crucial (Saikia et al. 2017a).

To date, several catalysts have been produced for the 
removal of such pollutants, including zeolites, noble metal 
nanoparticles such as Au, Ag, Pt, Pd, metal oxides, ferrites, 
and composite materials (Singh et al. 2014). Noble metal 
nanoparticles are well-known catalysts in the reduction 
reactions and have piqued the interest of researchers for 
a long time due to their effective catalytic activity; how-
ever, the high manufacturing costs of these materials limit 
their usage as catalysts in large-scale applications (Benha-
dria et al. 2022). Thus, the investigation of inexpensive, 

environmentally friendly, and efficient catalysts is still the 
main concern for researchers (Sun et al. 2019a).

Bimetallic catalysts have better catalytic potential than 
their individual metal (monometallic equivalents), because 
of the synergistic effects between two metals and the degree 
of freedom that may be modified to boost the catalytic effi-
ciency of bimetallic nanomaterials (Naz et al. 2021). The 
increased efficiency of the bimetallic catalyst is commonly 
related to the electronic interactions between the two metals 
at the metal/metal interfaces. One metal will attract elec-
trons from the active species, causing its d-electron density 
to change and facilitating effective catalysis (Alshammari 
2018). The interatomic distances between the metal atoms 
can be changed by changing the properties of the electron 
orbitals, which is significant in improving catalytic effi-
ciency and leading to enhanced catalysis compared to metal 
nanoparticles (Alshammari 2018). Nowadays, bimetallic 
oxysulfide catalysts have been employed for the treatment 
of water pollutants due to their facile, green, and economic 
preparation technique, and effective catalytic performance. 
Abdeta et al. synthesized a novel AgMoOS oxysulfide cata-
lysts and effectively reduced chromium (VI) and organic 
dyes such as methylene blue, methyl orange, rhodamine 
blue, and 4-nitrophenol under dark conditions (Abdeta et al. 
2021). Wu et al. synthesized a wool-coiled MoSrOS oxy-
sulfide catalyst for the reduction of heavy metal ions and 
organic pollutants (Wu et al. 2021b). Jiang et al. prepared 
oxygen vacancy-rich bismuth oxysulfide (Bi2O2S) for effec-
tive photocatalytic reduction of CO2 to CH4 under visible 
light irradiation (Jiang et al. 2021). Re et al. synthesized 
cobalt-doped bismuth oxysulfide (Co-doped Bi2O2S) for 
catalytic degradation of tetracycline through peroxymono-
sulfate activation (Ren et al. 2021). Tadesse et al. synthe-
sized vanadium-doped Mo(O,S)2 oxysulfide for enhanced 
photocatalytic degradation of methylene blue dye under 
visible light irradiation (Tadesse et al. 2020). Tadesse et al. 
also synthesized Nd2O3/Mo(S,O)3-x⋅0.34H2O heterojunction 
for efficient photocatalytic degradation of rhodamine blue, 
methylene blue, and methylene orange (Tadesse et al. 2021). 
Nishioka et al. synthesized zinc-based oxysulfide SrZn2S2O 
photocatalyst for reduction and oxidation of water under 
bandgap irradiation (Nishioka et al. 2019). Ni–Mn bimetal-
lic oxide (NiMn2O4) was also fabricated as electrocatalysts 
for Al-air batteries and reported that it had excellent ORR 
catalytic performance (Deng et al. 2021). Ni-Mn bimetal-
lic oxide nanosheets synthesized on carbon cloth substrate 
were also reported as a high-performance electrode for 
asymmetric supercapacitors (Tang et al. 2019). Cao and his 
coworkers also reported bimetallic Ni-Mn sulfides as very 
electrochemical active materials for supercapacitors with 
promising electrochemical performance, and their activity 
can be tuned by varying the molar ratio of Ni to Mn (Cao 
et al. 2018). However, there is no report on the synthesis 
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of bimetal nickel manganese oxysulfide (NiMnOS) catalyst 
prepared in a water bath for reduction of MB dye.

Herein, the novel nickel manganese oxysulfide (NiM-
nOS) catalysts were synthesized with facile preparation 
technique at low temperature with varying molar ratio of 
Ni:Mn in water bath. The bare NiOS and MnOS were also 
prepared for comparison purposes. The resulting catalysts 
were characterized using XRD, XPS, SEM/EDS, FT-IR, 
PL, and UV–Vis spectroscopy. The catalytic activity of the 
as-synthesized catalysts was evaluated by the reduction of 
methylene blue dye in the presence of NaBH4. Furthermore, 
the stability and reusability of best catalyst were examined. 
Finally, a possible reduction mechanism with NiMnOS cata-
lyst was proposed. It is expected that the bimetallic catalyst 
will exhibit high catalytic performance due to the synergetic 
effect of the two metals.

Materials and methods

Chemicals

Manganese (II) sulfate monohydrate [MnSO4.H2O, 
Alpha Chemika, 98%], nickel acetate tetrahydrate 
[Ni(CH3COO)2.4H2O, Loba Chemie, 98%], thiourea 
[CH4N2S, Finkem], sodium borohydride [NaBH4, Alpha 
Chemika, 97%], methylene blue [MB, SDFCL], ethanol, and 
distilled water were used throughout the experiment. All 
of the chemicals were of analytical grade and used without 
further purification.

Synthesis of NiMnOS catalyst

To fabricate NiMnOS catalysts, nickel acetate tetrahydrate, 
manganese (II) sulfate monohydrate, and thiourea were used 
as nickel, manganese, and sulfur sources, respectively. The 
synthesis method was adopted from the previous study (Li 
et al. 2021b) with modifications. The NiMnOS catalysts were 
obtained through a facile solution-based process with vary-
ing molar ratios of Ni and Mn to study if the metal composi-
tion affects the methylene blue reduction performance. The 
bimetallic NiMnOS catalyst was prepared as follows. In a 
typical synthesis, 10 mmol of Ni(CH3COO)2.4H2O was dis-
persed in 400 mL of distilled water under magnetic stirring 
at room temperature and a light green solution was formed. 
Then, 30 mmol of MnSO4.H2O was added to the solution 
under vigorous stirring. Subsequently, 40 mmol of thiourea 
was added to the above mixture and stirred for 30 min. The 
aforementioned mixture was transferred into water bath and 
reacted for 5 h at 90 °C. After the reaction was completed, 
the solution was naturally cooled to room temperature and 
centrifuged to obtain the precipitate. The collected precipi-
tate was washed with distilled water and ethanol. Finally, it 

was dried in an oven at 80 °C for 12 h. After being dried, 
the resulting precipitate from Ni: Mn molar ratio of 25:75 
was abbreviated as NiMnOS-25. The other samples, with 
Ni: Mn molar ratios of 50:50 and 75:25, were also prepared 
with the similar procedure described above and denoted as 
NiMnOS-50 and NiMnOS-75, respectively. For comparison, 
MnOS and NiOS catalysts were prepared using the same 
approach. Scheme 1 shows the schematic procedure for the 
synthesis of NiMnOS-25 catalyst.

Catalyst characterization

The phase purity and crystal structure of the as-synthesized 
samples were examined by using powder X-ray diffraction 
(XRD) (SHIMADZU XRD-7000). The X-ray photoelec-
tron spectroscopy (XPS) studies were conducted using an 
ESCALAB 250 photoelectron spectrometer. The surface 
morphology and elemental analysis of the as-prepared sam-
ples were analyzed by scanning electron microscopy (SEM) 
equipped with energy-dispersive X-ray spectroscopy (EDS) 
(JSM 6500F, JEOL). Functional group examination was car-
ried out by Fourier transform infrared (FT-IR) spectra (Spec-
trum 65 FT-IR, Perkin Elmer) using KBr pellets. Photolumi-
nescence (PL) emission spectrum was performed using the 
Cary Eclipse fluorescence spectrometer (G9800A) at room 
temperature with the excitation wavelength of 325 nm. Ultra-
violet–visible (UV–Vis) absorption of the catalyst samples 
and concentration of methylene blue were examined using 
UV–Vis spectroscopy (Shimadzu–3600 Plus).

Catalytic reduction performance evaluation

The catalysts were tested for the reduction of MB dye in 
aqueous solution. Specifically, 30 mg of NaBH4 was added 
into 100 mL (10 ppm) of MB solution under stirring. Then, 
30 mg of NiMnOS catalyst was added into the mixture to 
start the reduction reaction. The methylene blue reduction 
reaction was carried out at room temperature. The color 
of the mixture gradually changed from blue to colorless, 
indicating that the reduction reaction had been conducted. 
The concentration of MB was monitored at time interval of 
1 min by using UV–Vis spectrophotometer. The degradation 
efficiency of the above reaction was calculated according to 
Beer–Lambert’s law (Eq. 1) (Xia et al. 2019).

where A0 represented the initial absorbance of the substrate 
solution and At represented the absorbance of the substrate 
solution at various time intervals.

The stability and reusability of the best catalyst (NiM-
nOS-25) catalyst were also tested. Particularly, 150 mg of 

(1)D(%) =

(

A0 − At

A0

)

× 100
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NaBH4 has been added into 500 mL of MB (10 ppm) aque-
ous solution. Then, 150 mg of NiMnOS-25 catalyst was 
added under stirring. The reduction of MB solution was 
determined by using UV–Vis spectrophotometer. After the 
first round was completed, the resulting solution was made 
to settle and the upper layer of the solution was removed. 
Then, the remaining solution with the catalyst was centri-
fuged and washed with water and ethanol. Finally, the pow-
der was dried in an oven at 80 °C for 12 h. The dried powder 
was utilized in the second run experiment using the same 
procedure as the first. The third and fourth runs also fol-
lowed a similar pattern as stated in the first round.

Results and discussion

X-ray diffraction was used to assess the overall crystallinity 
catalysts. Figure 1 shows the XRD diffraction patterns of 
the as-synthesized NiOS, NiMnOS-75, NiMnOS-50, NiM-
nOS-25, and MnOS samples. The XRD pattern of NiOS 
(Fig. 1a) showed that the main diffraction peaks at 2θ value 
of 12.14°, 24.44°, 33.28°, 36.94°, 59.4°, and 70° corre-
sponds to (001), (002), (110), (111), (300), and (220) planes, 
respectively, and indicated the hexagonal Ni(OH)2.2H2O 
(JCPDS No.00–022-0444). The diffraction patterns of NiM-
nOS-75 (Fig. 1b), NiMnOS-50 (Fig. 1c), and NiMnOS-25 
(Fig. 1d) indicate a broad peak of Ni(OH)2.2H2O with lower 
intensity. In addition, the marginal shift of XRD peaks to 
lower angles was also observed, which shows that the addi-
tion of Mn did change the original phase of the material. 

Scheme 1   The schematic 
diagram for the synthesis of the 
NiMnOS-25 catalyst

Fig. 1   X-ray diffraction pattern of a NiOS, b NiMnOS-75, c NiM-
nOS-50, d NiMnOS-25, and e MnOS
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These peak shifts in the XRD may be due to the change in 
the crystal lattice which is caused by the incorporation of 
Mn, a higher ionic radius, into Ni sites. The decrease in dif-
fraction intensity is also indicated that the crystallinity of the 
material is decreased due to the addition of manganese. In 
addition, the low synthesis temperature below 100 °C may 
result in poor crystallization and nanopowder size which is 
contributed to the weakening and broadening of NiMnOS 
peaks (Chen et al. 2019b). There were no further second-
ary phases found, indicating that the as-prepared NiMnOS 
catalyst is a solid solution-type single phase. The bare MnOS 
(Fig. 1e) showed poor crystallinity with the main diffrac-
tion peaks at 2θ of 32.9°, 33.9°, 36.02°, 43.4°, 55.2°, 58.6°, 
60.4°, 64.3°, and 65.7° corresponds to the MnO3S0.6 (JCPDS 
card no. 00–021-0556). The diffraction peaks observed at 2θ 
of 29.3°, 33.2°, 36.1°, and 54.7° can be also ascribed to the 
(200), (210), (211), and (023) planes of cubic MnS2 (JCPDS 
card no. 01–076-2047).

The chemical binding energy of the as-synthesized NiM-
nOS-25 catalyst was investigated using XPS analysis. As 
shown in Fig. 2a, the two major peaks with binding ener-
gies at 872.75 and 855.1 eV, represent the Ni 2p1/2 and Ni 

2p3/2 levels, respectively. The Ni 2p1/2 and Ni 2p3/2 with 
the energy gap separation of 17.65 eV and the two satellite 
peaks located at 860.8 and 878.85 eV indicates the existence 
of Ni2+ in NiMnOS-25 (Yue et al. 2018). The Mn 2p XPS 
spectrum (Fig. 2b) showed that the peak of Mn 2p1/2 and 
Mn 2p3/2 located at 652.17 and 641.2 eV, respectively, with 
the separation energy gap of 10.97 eV, indicate the existence 
of Mn3+ ions. The peak position at 644.9 and 654.05 eV also 
ascribed to Mn 2p3/2 and Mn 2p1/2 bands, respectively, 
correspond to Mn4+ ion (Chen et al. 2018; Xue et al. 2017). 
The O 1 s XPS spectra in the NiMnOS-25 catalyst showed 
(Fig. 2c) that the peaks at 531 eV and 530 eV corresponds 
to the hydroxyl oxygen and the lattice oxygen, respectively 
(Sun et al. 2019b). Moreover, the S 2p XPS spectra of NiM-
nOS are also displayed in Fig. 2d. The S 2p peaks at a bind-
ing energy of 168.55 eV belong to S6+ (Chen et al. 2019a) 
and at 167.2 eV show the S–O bonding with sulfate features 
(Tang et al. 2017).

The morphology of the as-synthesized NiOS, MnOS, 
and NiMnOS-25 catalysts was investigated using scan-
ning electron microscope (SEM) as shown in Fig. 3. As 
it is observed from Fig. 3a, bare NiOS shows a sheet-like 

Fig. 2   XPS spectra of a Ni 2P, b Mn 2p, c O 1 s, and d S 2p in the NiMnOS-25
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structure with a larger size. Moreover, the morphology 
of the MnOS is shown in Fig. 3b and exhibits aggregated 
nanoparticles with various sizes ranging from smaller to 
bigger particles size. Figure 3c shows the NiMnOS-25 
catalyst and exhibited a sheet-like structure with a smaller 
size and uniform morphology. The sheet-like shape in 
the structure has more space and open channels, which 
provides more interaction sites for reduction reactions to 
occur. The elemental composition of the as-synthesized 
catalyst was also checked by using energy-dispersive 
X-ray spectroscopy (EDS). Figure 3d shows the elemen-
tal analysis of as-prepared NiMnOS-25. As it is indicated 
in Fig. 3d, the presence of nickel (Ni), manganese (Mn), 
oxygen (O), and sulfur (S), showed the successful synthe-
sis of bimetallic NiMnOS oxysulfide catalysts.

The UV–Vis absorption spectra of NiMnOS catalysts 
prepared with various molar ratio of Ni:Mn are shown in 
Fig. 4a. It was observed that with increasing the Mn con-
tent, the bimetallic NiMnOS oxysulfide had better absorb-
ance of visible light. The samples exhibit a broad wave-
length absorption range, indicating that the sample band 
has more absorption states or defects. The direct bandgap 
(Eg) of the samples was calculated from UV–Vis absorp-
tion spectra by using the standard Tauc method (Sharrouf 
et al. 2015).

where α = 2.303 A/L, A is the absorbance of the sample and 
L is the path length (1 cm), h is the Planck constant, k is the 
absorption constant for direct transition, hv is the absorp-
tion energy, and Eg is the bandgap. Figure 4b shows the 
(αhv)2–hν curves of NiMnOS catalysts prepared with dif-
ferent Ni:Mn molar ratio, together with NiOS and MnOS. 
The bandgaps of NiOS, NiMnOS-75, NiMnOS-50, NiM-
nOS-25, and MnOS were obtained as 3.94, 3.54, 3.28, 2.37, 
and 2.57 eV, respectively. It is observed that the Eg value 
of bimetallic NiMnOS decreased when the amount of Mn 
increased. Compared with the bandgap value of NiO at 
3.6–4 eV (Shi et al. 2021), MnO at 3.6–4.2 eV (Lim et al. 
2016), MnO2 at 1.3 eV (Cockayne and Li 2012), NiS at 
0.9 eV (Addawiyah and Gunlazuardi 2018), MnS at 3.1 eV 
(Chaki et al. 2017), the variation of bandgap energy values 
shows that NiMnOS is a bimetal oxysulfide in the form solid 
solution (Chen et al. 2019b).

Fourier transform infrared (FT-IR) studies were con-
ducted in the range of 4000–400 cm−1 to identify the func-
tional groups of the as-prepared samples as shown in Fig. 5. 
The broad peak in the range of 3000–3700 cm−1 relates to 
the O–H stretching vibrations of hydroxyl groups and the 
interlayer water molecules in the structure (Zhang et al. 

(2)(�hv)2 = k(hv − Eg)

Fig. 3   SEM images of a NiOS, b MnOS, and c NiMnOS-25, and d the EDS spectrum of NiMnOS-25 catalyst



Applied Water Science (2024) 14:191	 Page 7 of 13  191

2021). The broadening of the band is due to the formation of 
hydrogen bonds (Taibi et al. 2002). The band at 1630 cm−1 
was ascribed to the bending vibration mode of inter-
layer water molecules (Wu et al. 2013). The band around 
1012 cm−1, in Fig. 5a, is occurred due to the stretching 
vibration of C–O bond (Baruah et al. 2019; Jansi Rani et al. 
2019). As shown in Fig. 5c, the intense band at 1068 cm−1 
displayed the presence of S–O bond due to the SO3‾ group 
from Mn source precursor (Oriakhi et al. 1996; Poul et al. 
2000). In Fig. 5b the peak shift to the higher wavenumber 
is observed in the case of NiMnOS-25, which implies the 
incorporation of Mn. In addition, both C–O and S–O bonds 
were observed at 1038 cm−1 and 1112 cm−1, respectively. 

The band around 638 cm−1 is associated with the bending 
mode of M–O bond (Mn–O, Ni–O), and the band below 
500 cm−1 can be due to the stretching vibration of M–O 
bond (Dong et al. 2019; Li et al. 2017).

The performance of the catalyst was assessed with the 
reduction of MB dye in an aqueous solution. Figure 6 indi-
cates the catalytic performance of the NiMnOS catalysts 
toward the reduction of MB to Leuco-methylene blue (LMB) 
in the presence of NaBH4. The catalytic reduction reaction 
was carried out at room temperature under ambient condi-
tions. In the reduction process, the nucleophile BH4− can 
donate electrons to the catalyst, and the electrophile MB can 
receive electrons from the catalyst. Thus, in a NaBH4 solu-
tion, the catalyst acts as an electron relay for MB reduction.

The catalytic reduction of MB was studied with only 
the NaBH4 and without catalyst, and with the catalyst 
and without NaBH4. As shown in Fig. 6a, with the addi-
tion of only NaBH4 into MB solution, the intensity of MB 
peak at absorption maxima of λmax = 664 nm almost stayed 
unchanged even for a long time, indicating that the reduction 
process of MB does not occur in the absence of any catalysts 
with NaBH4 (Shi et al. 2016). The reduction of MB into 
Leuco-methylene blue (LMB) is thermodynamically feasible 
with only NaBH4; however, large energy barrier between 
two reactant species prevents the electron transfer from the 
BH4

‾ donor to the MB acceptor (Hashimi et al. 2019). The 
reduction of MB was also not observed with only the catalyst 
in the absence NaBH4 in the solution as shown in Fig. 6b. 
In the presence of both NiMnOS-25 catalyst and NaBH4, 
the strong characteristic band of MB at 664 nm was found 
to diminish in about 5 min as shown in Fig. 6c. In order to 
further clarify the reduction of MB in aqueous solution by 
NiMnOS catalysts, the color variations before and after the 

Fig. 4   a UV–Vis absorption spectra, b the (αhν)2-hν plot from the UV–Vis absorption of NiMnOS catalysts prepared with different molar ratio 
of Ni:Mn
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Fig. 5   FT-IR spectra of a NiOS, b NiMnOS-25, and c MnOS
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reaction were observed. When both the catalyst and NaBH4 
are added to the MB solution for reaction, the test solution 
loses the blue color (MB) and finally becomes colorless, 
indicating that the MB solution has been eliminated. The 
course of the reaction has been tracked by using UV–Vis 
absorption spectrophotometry.

The Ct/Co ratio as a function of reaction time for the 
reduction of MB on MnOS, NiOS, and NiMnOS catalysts 
is shown in Fig. 6d. The MB reduction percentage of the 
catalyst follows the following order: NiMnOS-25 > NiM-
nOS-50 > NiMnOS-75 > NiOS > MnOS. The bimetallic 
NiMnOS-25 has the best catalytic performance among 
the prepared catalysts with a removal percentage of about 
98.47% within 5 min, while the degradation percentage of 
bare NiOS is about 9.6% within 7 min. The higher reduc-
tion efficiency of the catalyst could be due to the higher 

metal loading in the bimetal catalyst than in the single metal 
catalyst, the presence of a strong synergetic effect between 
Ni and Mn atoms, and an increase in active sites of the cata-
lyst (Abay et al. 2017). From the prepared bimetal NiMnOS 
catalysts, NiMnOS-25 has the highest catalytic performance, 
while NiMnOS-75 has the lowest. The lower performance of 
NiMnOS-75 may be attributed to the lower amount of Mn, 
which reduces the active sites in the catalyst and reduces 
catalytic efficiency (Li et al. 2021b; Zhang et al. 2011). As 
a result, the ideal molar ratio of Ni:Mn is 25:75, and the 
effectiveness of adding Mn to improve the catalyst's reduc-
tion performance has been proven.

The kinetic parameters of the borohydride-mediated MB 
reduction in the presence of nickel manganese oxysulfide 
(NiMnOS) catalyst were analyzed by measuring the change 
in dye concentration as a function of reaction time. In order 

Fig. 6   Reduction of MB with a only NaBH4, b only NiMnOS‐25 catalyst, c NiMnOS‐25 catalyst and with NaBH4, d NiMnOS catalyst prepared 
at different molar ratio of Ni:Mn
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to obtain the catalytic apparent rate constant data of the MB 
reduction reaction, the kinetics of the catalytic reduction 
process can be fitted using the apparent first-order rate law. 
Figure 7a shows the linear fitting results for the NiOS, NiM-
nOS-75, NiMnOS-50, NiMnOS-25, and MnOS catalysts 
according to the apparent first-order rate equation expressed 
in Eq. (3)

where Ct is the concentration of MB (ppm) at irradiation 
time t (min), Co is the initial MB (mg/l) concentration, and 
k (min−1) is the kinetic or apparent rate constant determined 
from the slope of the line.

The apparent rate constant for NiMnOS-25 catalyst was 
65.3 × 10−2min−1 . However, the apparent rate constant val-
ues for the reduction of MB by using NiOS, NiMnOS-75, 

(3)ln

(

Ct

Co

)

= - kt

NiMnOS-50, and MnOS were 1.4 × 10−2min−1 , 33.1 × 
10−2min−1 , 44.2 × 10−2min−1 , and 1.1 × 10−2min−1 , respec-
tively. The specific rate constant, K, in terms of min−1g−1 
was also measured. The NiMnOS-25 catalyst had the high-
est apparent rate constant of 21.8 min−1g−1 . The kinetic rate 
constant of different catalysts was also studied as indicated 
in Table 1 and compared with other reported catalysts and 
showed comparable performance.

The stability and reusability of the bimetallic oxysulfide 
NiMnOS-25 catalyst were further investigated by monitoring 
the catalytic activity during repeated reduction reactions. 
As a result, the reusability of our catalyst was tested by the 
reduction of MB for 4 runs as shown in Fig. 8a. The result 
showed that, after 4 cycles, the bimetallic NiMnOS-25 oxy-
sulfide catalyst maintained a good catalytic activity, which 
is above 96%, without deterioration. It is observed that the 
catalyst performs well on the following run, although it is 

Fig. 7   a Plot of −ln(Ct/Co) versus time for reduction of MB dye. b The kinetic rate constants for NiOS, NiMnOS-75, NiMnOS-50, NiMnOS-25, 
and MnOS catalysts

Table 1   The kinetic rate 
constant of the catalysts for 
degradation of methylene blue

Catalysts Time (min) Kinetic rate constant, 
Kapp ( 10

−2 min−1)
Specific rate con-
stant, K ( min−1g−1)

References

Ag/Fe3O4@C 10 0.34 0.034 Zhu et al. (2013)
Au/TiO2 12 0.156 0.078 Khan et al. (2014)
CuVOS@SiO2 2 0.435 87.0 Sun et al. (2020)
Sn/SnO2 210 0.132 1.32 Das et al. (2018)
CuO-SDS 10 0.345 0.0345 Benhadria et al. (2022)
NiOS 7 1.4 0.48 This study
NiMnOS-75 7 33.1 11.03 This study
NiMnOS-50 7 44.2 14.74 This study
NiMnOS-25 5 65.3 21.8 This study
MnOS 7 1.1 0.36 This study
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not as excellent as the first cycle. As the number of recycling 
increases, the catalyst's catalytic activity declines. The slight 
decrease in the performance of the catalyst is attributed to 
the loss of the catalyst during the recycling process. Further-
more, after the fourth catalytic cycle of the reduction of MB, 
XRD analysis of the catalyst was performed to determine its 
stability. The XRD patterns of NiMnOS-25 before and after 
four cycles of MB reduction are shown in Fig. 8b. As com-
pared to the fresh catalyst, no recognizable differences were 
noticed. The structure and crystalline phase of the NiM-
nOS-25 catalyst remained unchanged following catalytic 
reduction, indicating that it is stable during the reduction 
process and suitable for practical applications.

According to the above-mentioned results and earlier 
works (Kumar and Deka 2014; Wu et al. 2021a), a possible 
catalytic reaction mechanism for the reduction of methyl-
ene blue (MB) to Leuco-methylene blue (LMB) in the pres-
ence of NaBH4 over a NiMnOS-25 catalyst was proposed 
as shown in Fig. 9. First, NaBH4 is dissociated in an aque-
ous solution and generated borohydride ions (BH4‾). The 
BH4‾ ion was then adsorbed and transferred hydride ions 
to the surface of the catalyst (Guo et al. 2020). The hydride 
ions produced from NaBH4 formed covalent bond with the 
metal ions on the surface of the NiMnOS catalysts (Chen 
et al. 2019c). Subsequently, the adsorption of methylene 
blue (MB) on the surface of the catalyst has occurred, and 
strong interactions between adsorbed MB and hydride ions 
are formed. The reduction of MB occurred via electron relay 
from donor species (H‾) to acceptor MB (Sun et al. 2020). 
Furthermore, as shown by the XPS analysis, the presence of 
Mn3+, Mn4+, and Ni2+ ions in NiMnOS catalysts boosts elec-
tron transport and accelerates the reduction activity (Abdeta 
et al. 2021; Li et al. 2021a). Finally, due to the decreased 
electrostatic interaction between the catalyst and Leuco-
methylene blue, the desorption of LMB from the surface of 

the NiMnOS-25 catalyst will spontaneously occur, resulting 
in a free surface for the next catalytic reduction cycle to take 
place (Hu et al. 2019). Here, the catalyst serves two different 
purposes (Chen et al. 2019b, 2019c): The first is to provide 
an interaction center with NaBH4 and organic dyes for ori-
entation-controlled electrophilic and nucleophilic reactions; 
the second is to act as an electron conductor through elec-
tron transfer mechanism between Mn3+/Mn4+. Therefore, the 
reduction reaction is achieved due to both the catalyst and 
NaBH4, which are used to release the electron and hydride 
ions, respectively.

Conclusion

The NiMnOS catalyst was prepared via a facile and envi-
ronmentally friendly technique. The prepared catalysts 
were characterized, and the catalytic efficiency toward the 
reduction of methylene blue dye was examined. The reduc-
tion reaction results showed that the catalyst prepared with 
a Ni:Mn molar ratio of 25:75 (NiMnOS-25) had the best 
catalytic activity and reduced 98.46% of MB within 5 min. 
However, NiOS, NiMnOS-50, NiMnOS-75, and MnOS 
were reduced 9.6%, 98.41%, 97.04%, and 6.40% of MB 
within 7 min, respectively. The NiMnOS catalyst showed 
higher reduction efficiency in comparison with the corre-
sponding NiOS and MnOS due to the synergetic effects of 
the two metals. The presence of Mn in the NiOS catalyst 
assists the electron relay and provides more active sites for 
the reduction reaction. A good stability and reusability of 
NiMnOS-25 catalyst were also observed after four cycles of 
reduction reaction. Hence, the novel NiMnOS catalyst could 
have a promising application in the wastewater treatment 

Fig. 8   a Reusability of NiMnOS-25 catalyst for the reduction of MB, b XRD pattern of NiMnOS-25 before and after four cycles
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technology targeting colored pollutants in the dye manufac-
turing and textile industries.
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