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Abstract
Eco-friendly, highly efficient, and durable heterogeneous catalysts have gained high demand for environmental remediation 
caused by waste-water. Herein, NiCuMoO/rGO nanocomposite and NiCuO, NiMoO, and NiCuMoO nanoparticles were 
synthesized through sol–gel and ultra-sonication routes and characterized with X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), Raman, UV–visible spectroscopy, Scanning electron microscopy (SEM) and energy dispersive 
X-ray spectroscopy (EDX). Cu and Mo doping efficiently reduced the bandgap (2.93 eV), while NiCuMoO/rGO revealed 
a minimum energy bandgap (2.65 eV) with spherical particles lying on rGO. The synthesized materials were tested for 
photodecomposition against MB dye in sun light exposure. The highest photodecomposition rate (99.2%) was attained for 
NiCuMoO/rGO photocatalyst. The boosted photodecomposition performance originated from the synergetic interaction of 
NiCuMoO and rGO that suppressed the recombination of e-/h + pairs and increased the charge carrier transfer capability. 
From the scavenger test, IPA and BQ have suppressed 55.0% and 45.0% MB dye, indicating that HO* and O2

*− are the 
dominant radicals for photocatalytic reaction. Furthermore, the structure was interrupted after  6th cycle reuse. The destruction 
pathway of MB using NiCuMoO/rGO photocatalyst is high, proposed large-scale utilization for the destruction of toxins.

Keywords Sunlight-driven photocatalyst · Toxic pollutants · Energy bandgap · Recombination · Charge carrier separation

Introduction

Worldwide environmental and energy issues pose serious 
threats to living organisms (Qi et al. 2017). These issues 
are arising because of the rapidly growing urbanization and 
industrialization. Rapid industrial growth produces lethal 
contaminants, producing wastewater dangerous to all living 
organisms (Yaseen and Scholz 2019; Noreen et al. 2021). 
Organic dyes are among the most common forms of water 
pollutants. Industrial operations, including textile printing, 

chemical additives, and painting, produce massive amounts 
of wastewater discharge annually (Al-Tohamy et al. 2022). 
Approximately 0.7 million tons of dyes are made annually, 
according to a literature survey (Zaharia and Suteu 2016). 
Methylene blue (MB) is among the most utilized chemi-
cals in the dye industries (Ehrampoush et al. 2010). For the 
purification of contaminated water, many technologies such 
as microbial degradation, adsorption, coagulation, mem-
brane process, and advanced oxidation processes have been 
extensively used (Zaharia et al. 2009). Recent research has 
focused on photocatalytic activity to remove various con-
taminants from wastewater (You et al. 2019). Photocataly-
sis can be carried out in environmental conditions where 
atmospheric oxygen is adequately used as an oxidant, and 
the complete mineralization of water occurs, maximum sun-
light used, cost effective, eco-friendly and nontoxic approach 
(Dalrymple et al. 2010; Takanabe 2017).

Up to now, metal oxides have been attractive materi-
als as photocatalysts for environmental remediation due to 
their flexible properties, various oxidation states, stability, 
non-toxic nature, and controlled band gap tuning, especially 
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transition metal oxides (TMO) have attained great interest 
due to excellent physical and photocatalytic features (Theer-
thagiri et al. 2018; Ajeesha et al. 2021; Ata et al. 2021; Bibi 
et al. 2021; Ghafoor et al. 2021; Hannachi et al. 2022a, b). 
They are the perfect choice for effective photocatalytic dye 
degradation due to their fascinating qualities, which include 
their exquisite morphology, wide availability, adaptable sur-
face composition, and exceptional mechanical, thermal, and 
optical capabilities (Gusain et al. 2019; Gautam et al. 2020; 
Parashar et al. 2020). The advancements and implications for 
the photocatalytic degradation of dyes are highlighted in an 
analysis of a wide variety of TMO with carbon composites 
(Yang and Wang 2018; Zhang and Jaroniec 2018). Some 
transition metals are copper, molybdenum, iron, cobalt, zinc, 
nickel, etc. Among all, NiO is a wide band gap (3.6–4 eV) 
material, being inexpensive, has good photostability, higher 
photosensitivity, exceptional stability, and low cost, which 
makes it attractive material used in numerous technologi-
cal fields, including environmental remediation, energy, and 
biomedical applications (Shkir et al. 2021). Pure NiO has 
limited photodecomposition efficiency despite its chemi-
cal stability and suitable band edge placements due to poor 
optical response (Bashir et al. 2021). Due to the wider band 
gap, NiO response is specified in the UV region (Kannan 
et al. 2021). For maximum sunlight response and enhanced 
photoactivity of NiO, numerous modifications, includ-
ing surface modification, heterogeneous composition, and 
element doping, have been suggested (Taeño et al. 2021; 
Singh et al. 2022). Among all, doping is a viable route to 
amend the electronic behavior of NiO because it can expand 
solar absorption capacity in the visible region by decreasing 
band gap, creating mid-energy states, and creating oxygen 
vacancies for optimized photocatalysis (Khatri and Rana 
2020; Shakil et al. 2022). Doping of metal ions can mini-
mize the electron–hole  (e−/h+) recombination process and 
expand light absorption capacity, which increases photo-
catalytic performance by creating very influential hydroxyl 
radicals(OH*) and super-oxide anion(O2

−* as active specie 
for photocatalysis (Ahuja et al. 2018; Lakshmana Reddy 
et al. 2018; Abbas et al. 2020). Many researchers worked on 
rare-earth-based materials; for instance, Ranjit S. Kate et al. 
(Kate et al. 2019) used spray pyrolysis to investigate the 
influence of co-doping on the structural and optical charac-
teristics of nickel oxide (NiO) thin films. Khatri et al. (2020) 
reported Fe in NiO synthesized through precipitation, found 
the red shift in the band gap, and enhanced the photodecom-
position efficiency of RB and MB dye. Varunkumar et al. 
(2017) synthesized Cu-doped NiO through a wet chemical 
route and found that morphological, optical, and structural 
features were improved through Cu doping.

In addition, reduced graphene oxide (rGO) is a form of 
graphene oxide with oxygen content reduced through chemi-
cal, thermal, and other strategies (Kavitha 2022). rGO is 

a thin sheet of carbon that acts as an electron donor, co-
catalyst, and electron acceptor (Agarwal and Zetterlund 
2021) and acts as a channel for the transfer of an electron, 
thereby decreasing charge carriers' recombination rate. 
Several research studies demonstrated that rGO composites 
have higher reactivity than purely inorganic compounds with 
wide applications (Slimani and Hannachi 2021). Several sci-
entists have recently worked on rGO-based materials (Yasin 
et al. 2020a, b; Tabish et al. 2021). For instance, using a 
probe sonication-aided solvothermal technique, Kadavath 
Santhosh et al. studied a simple and low-cost technique for 
manufacturing the ternary photocatalyst rGO/NiO/TiO2 
through three-dimensional hierarchical porous  TiO2 parti-
cles (Santhosh et al. 2021).

The literature survey shows the co-doping of low band 
gap metal in the base material and the fabrication of car-
bon-based material to modify the optical band gap and the 
material's structure for photo-decomposition. As Molybed-
mium oxide is promising material p-type visible light active 
material (Bekena et al. 2020) with a band gap of 3.85 eV 
and has attractive chemical and physical properties as a 
photocatalyst (Hakimyfard et al. 2022) and plays an essen-
tial role in industrial and biological application owing to 
its exceptional redox reaction capability, unique electronic 
structure, structural and chemical stability and significant 
potential as catalyst l for use in visible as well as UV region 
(Bashir et al. 2022). However, shallow donor level MoO 
(0.59 Å) below CB introduces perturbation, and that shal-
lowness and 4d non-localized orbital energy as compared to 
3d level enhance the charge carrier's mobility when used as a 
catalyst (Pirzada et al. 2018). So by taking motivation from 
literature, ultra-sonication and co-precipitation procedures 
were employed to synthesize single and co-doped NiCuO, 
NiMoO, NiCuMoO, and rGO integrated NiCuMoO (NiCu-
MoO/rGO) nanocomposite, and this is  1st novel nanostruc-
ture for enhanced photodegradation.

XRD, FTIR, Raman, UV–Vis, and SEM, along with 
EDX, have all been used to analyze the as-synthesized sam-
ples. For the photodecomposition test, MB dye is utilized 
as a common toxin. In addition, recyclability and trapping 
experiments were conducted to evaluate the catalyst's recy-
cling rate and the function of the main active radicals during 
the photocatalytic process. A mechanism for the photode-
composition of dyes is also presented.

Experimental

Materials

Nickel nitrate [Ni((NO3)2)], molybdenum nitrate 
[Mo(NO3)2], copper nitrate [Cu(NO3)2], sodium hydroxide 
(NaOH), sulfuric acid  (H2SO4), graphite powder, potassium 
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permanganate  (KMnO4), sodium nitrate  (NaNO3), ethanol 
and distilled water were employed in the synthesis. All the 
compounds listed above are from Sigma-Aldrich and were 
used without further purification.

Synthesis of NiCuMoO

NiCuMoO was synthesized using the sol–gel process. Ni, 
Cu, and Mo salts were used at suitable weight having 0.1 M 
molarity. Nickel nitrate [Ni(NO3)2] is used as a base mate-
rial, whereas copper nitrate [Cu(NO3)2] and molybdenum 
nitrate [Mo(NO3)2] were used as dopants. To begin syn-
thesis, nickel nitrate [Ni(NO3)2)] was dissolved entirely in 
distilled water after being stirred continually for 30 min. 
The dopants salts, copper nitrate [Cu(NO3)2], and molyb-
denum nitrate [Mo(NO3)2] were then dissolved in the base 
solution and mixed for 1 h. After that, sodium hydroxide 
(NaOH) solution (0.1 M) was added dropwise to achieve a 
basic solution (pH = 9). To create precipitates, the combined 
solution was stirred for 3 h. It was then washed with ethanol 
and water, filtered, then dried at 80° C for 6 h before being 
annealed at 700° C. All other compositions were prepared 
using a similar procedure.

Synthesis of NiCuMoO/rGO

As mentioned in literature (Munawar et al. 2020a, b) gra-
phene oxide (GO) was initially prepared using the Hummers 
process. In this experiment, a sufficient amount of  NaNO3 
and graphite powder was poured into a beaker, concentrated 
 H2SO4 was injected, and the mixture was agitated for 1 h. 
After removing the ice bath and adding  KMnO4, the mix-
ture was stirred for 48 h.  H2O2 and hot water were added 
laterally, and  H2SO4 was utilized to remove  KMnO4. After 
that, distilled water is used for washing to achieve a neutral 
pH level for the production of graphene oxide suspension. 
Finally, reduced graphene oxide (rGO) was created by low-
ering GO with reducing agents (hydrazine and ammonia). 
NiCuMoO/rGO was made by dispersing a ratio of 1:1 (rGO 
and NiCuMoO) in 100 mL of distilled water. Afterward, the 
combined solution was ultrasonicated for half an hour and 
then dried for 1 h at 60 °C to obtain a black color powder.

Photocatalytic test

The photocatalytic performance of all prepared catalysts was 
investigated under solar irradiation by examining MB photo-
degradation. Initially, 20 mg of NiCuO, NiMoO, NiCuMoO, 
and NiCuMoO/rGO catalyst was dispersed in 50 mL dye 
(5 ppm). First, the suspensions were stirred under the dark 
for 80 min to achieve adsorption–desorption equilibrium, 
then exposed to solar irradiation. UV–Vis spectra measured 
light absorption by catalyst and dye concentration after 

exposure. The degradation efficiency (%) of corresponding 
pollutants was intended by using relation (A et al. 2020):

Here, Co and Ct are the initial and final concentrations of 
dyes before and after sunlight exposure. Moreover, trapping 
experiments are performed to investigate the mechanism 
of the photodegradation reaction. Here, EDTA-2Na for h+, 
ASC for O2

*−,  AgNO3 for e−, and IPA for HO* scavengers 
were used. To assess the stability, a repeated photodegrada-
tion test was executed 6 times.

Characterization

A powder X-ray diffractometer (XRD: Bruker D8 
advance laboratory diffractometer) with Cuk � radiation 
(λ=1.5406 Å) in the range of 2 �= 35°–85° was used to 
examine the structural analysis. Raman (confocal Micro-
Raman, 0–2500   cm−1) and FTIR spectra were used to 
identify the molecular structure  and chemical bonding 
(400–4000   cm−1). A UV visible spectrophotometer was 
utilized at ambient temperature in the wavelength range of 
250–800 nm for optical evaluation. SEM operated at 20.0 kV 
of the model (Emcrafts cube 2020) was used to expose sur-
face morphology and elemental confirmation through built-
in EDX.

Results and discussion

XRD

A material's crystal structure and phase composition can be 
determined through XRD analysis. At room temperature, the 
synthesized samples were structurally examined by X-ray 
diffraction technique (range of 2 � = 35°–85°). The XRD 
patterns of NiCuO, NiMoO, NiCuMoO, and NiCuMoO/
rGO are shown in Fig. 1. All diffraction patterns of as-syn-
thesized samples are in strong agreement with the JCPDS 
No.01–075-0269 (NiO). No secondary peak appeared, which 
indicates that the grown samples are highly crystalline. The 
slight shift in peaks of doped samples originated from ionic 
radii differences of host lattice  Ni+2 (0.69 Å) and dopant 
atoms  Cu+2 (0.73 Å),  Mo+2 (0.65 Å), (Fig. 2a). The incor-
poration of higher radii Cu dopant shifts diffraction angle 2θ 
towards the lower end, increasing volume 73.297 Å3, while 
smaller radii element Mo shifts the XRD diffraction out-
come toward ascending 2θ, and volume decrease 72.8196 
Å3 (Table 1). While for Cu and Mo doped NiCuMoO and 
NiCuMoO/rGO samples, the estimated volume is 73.079 
Å3 and 73.117 Å3

, with various lattice constants showing 
their influence in NiO lattice. Table 1 shows the estimated 

(1)� = (
(

Co − Ct

)

∕Co) × 100
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structural data, such as lattice constants, bond length, and d 
spacing. The typical growth orientation of synthesized mate-
rials could be accessed through texture coefficient  (TC(hkl)), 
evaluated from the given relation (Shiri et al. 2019):

I(hkl) = XRD computed intensity, Io(hkl) = standard plane 
intensity, and N = the number of peaks. Generally, it is rec-
ommended that  TC(hkl) > 1 gives good crystal development. 
Here, in Fig. 2b, the  TC(hkl) values for NiCuO against (200), 
(220) plane, for NiMoO against (220) plane, for NiCuMoO 
against (200), (220) plane, for NiCuMoO/rGO for (220) 
plane are > 1, which validates their good growth.

The crystallite size (D) obtained from several methods 
that differed from each other but showed the same tendency 
(Table 2) were employed. These calculations were carried 
out using techniques of previous reports (Munawar et al. 
2020c). Figure 2c, e depicted the Scherrer, W–H, and SSP 
plots. Accordingly, all results revealed that D lies in the 
nano range. Further, SSP results are more reliable because 
this route utilizes the maximum data points for fitting. The 
decreasing trend in D values was observed for NiCuO, 
NiMoO, NiCuMoO, and NiCuMoO/rGO samples, indicating 

(2)TC(hkl) =
I(hkl)∕Io(hkl)

(

1

N

)

I
(hkl)

∕Io(hkl)

the fluctuation in lattice disruption through doping and 
rGO integration. Other interesting results show that strain 
� values are negative, meaning the compressive stress for 
all catalysts. The variation of dislocation density (δ = 1/D2) 
increases for NiCuO, NiMoO, NiCuMoO, and NiCuMoO/
rGO samples, respectively, NiCuMoO/rGO having δ value 
4.089  nm−2 suitable for dye adsorption. Table 2 illustrates 
the D, �, and dislocation density (δ = 1/D2).

FTIR

FTIR spectroscopy was executed within (400–4000  cm−1) 
range to determine the presence of functional groups in the 
catalyst. It also determines grown materials' chemical bond 
interaction and vibrational positions. Figure 3a depicts the 
recorded FTIR spectra for NiCuO, NiMoO, NiCuMoO, and 
NiCuMoO/rGO nanocomposites. The typical interaction of 
oxygen and metal bonds lies in 400–600  cm−1 in all samples. 
For NiCuO, the peak in the FTIR spectrum appears approx-
imately at 423 and 478  cm−1, Ni–O bonding in bending 
modes is responsible for the high absorption band appear-
ing at 423  cm−1. At the same time, Cu–O stretching indicates 
a high absorption band observed at 478  cm−1 (Papadimitro-
poulos et al. 2006; Ramya et al. 2016; Bodade et al. 2017). 
The broadness of the peak evidences the crystalline structure 
of the nickel oxide catalyst. For the sample, NiMoO peaks 
appeared at 424 and 479  cm−1. These bands are caused by 
the vibrational modes of Mo–O-Mo and Ni–O-Mo (Tad-
jarodi et al. 2014). The peak at 417, 457, and 510  cm−1 for 
sample NiCuMoO is due to the copper molybdate crystal-
line phase's vibrational mode. Lastly, for sample NiCuMoO/
rGO, peaks that appeared at 416, 456, and 590  cm−1 origi-
nate from metal oxygen interaction, and 1541  cm−1 in broad 
range (1460–1575  cm−1) arise from C=O stretching. Minor 
band variations appear to imply an interaction between rGO 
and NiCuMoO. These observations support that rGO is inte-
grated with NiCuMoO sample. Thus, NiCuMoO/rGO nano-
composite is formed (Lingaraju et al. 2019).

Raman analysis

Raman spectroscopy is useful for assessing dopant incor-
poration, imperfections, oxygen vacancies, and disorder 
within host material (Belkhaoui et al. 2019). As a result, 
all synthesized samples were subjected to Raman analy-
sis to uncover imperfections and disorders in the material. 
Figure 3b shows the Raman spectra for all samples. Nickel 
corresponds to the cubic group with Fd-3 m space group 
and has two sorts of sublattices (tetrahedral and octahedral 
surroundings). Td & D3d are tetrahedral (T) and octahedral 
(O) sublattices for cubic structure, respectively (Dharmaraj 
et al. 2006). As per group theory research, just five opti-
cal modes  (A1g +  Eg +  3T2g) of the pure cubic structure are 

Fig. 1  a XRD profile for all NiO-based materials
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Fig. 2  a XRD peak shifting, b Texture coefficient, c Scherrer plots, d W–H plots, and e SSP plots for all NiO-based materials
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important Raman modes that emerge owing to the movement 
of atoms and oxygen ions (Chandekar et al. 2021). Raman 
modes under 600  cm−1 belong to octahedral sites, while 
active modes exceeding 600  cm−1 refer to tetrahedral sites 
(Ghosh et al. 2021). Raman peak was detected at 501  cm−1 
for the NiCuO sample, and the prominent peak may see the 
occurrence of 1LO vibrational mode at 501  cm−1 (Patel et al. 
2017; Gawali 2020). However, when active  Cu2+ ions are 
present in the octahedral sites, the cubic symmetry of the 
octahedral sites (Fd-3 m) is converted into tetrahedral sym-
metry, causing minimal deformation in such sublattice sites. 
Peaks observed at 507  cm−1 for NiMoO material can cor-
relate to the symmetric and anti-symmetric vibration modes 
 (Ag and  Bg) associated with Mo = O and symmetrical stretch 
mode  (Ag) of Mo–O-Ni (Alemán-Vázquez et al. 2005; Sone 
et al. 2016). Because of the dual doping, NiCuMoO has 
peaked at 513  cm−1 and 457  cm−1 with varying intensities. 
Finally, NiCuMoO/rGO has 467, 514, and 1379  cm−1, with 
the 1379  cm−1 peak attributable to the existence of rGO, 
which belongs to the D band of GO sheets (Marinoiu et al. 
2020). The symmetry can be because the D band emanates 
from the edges. At 1379  cm−1 strong peak developed (D 
band, related to the existence of structural defects) (Iqbal 
et al. 2020). As a result, Raman analysis reveals the exist-
ence of a significant proportion of defects in the material, 
which is beneficial for photocatalysis (Maniammal et al. 
2018).

UV–Vis study

The material's optical properties, such as energy bandgap, 
could be estimated through a UV–Vis study. Figure 3c 
reveals the optical absorbance spectra for NiCuO, NiMoO, 
NiCuMoO, and NiCuMoO/rGO nanocomposite. For NiO, 

which lies below 380 nm (UV spectra) and is not appli-
cable in wide sunlight spectra. When dopants are added, 
the absorption shifts significantly in a larger wavelength, 
enhancing sunlight-capturing ability. The recorded redshift 
through doping results in absorption is observed at 390, 
395, and 413 nm for Cu, Mo, and dual doped (Cu, Mo) 
samples, respectively. For NiCuMoO/rGO nanocomposite, 
the optical response is a collection of the electronic group-
ing of π-systems and numerous rGO rings, which respond 
excellently to solar light. The absorbance at 423 nm was 
observed in NiCuMoO/rGO nanocomposite, which covered 
the maximum solar light among all catalysts. In Fig. 3d, the 
recorded transmittance spectra indicate that NiCuO, NiMoO, 
NiCuMoO, and NiCuMoO/rGO nanocomposite are good 
transmitters in longer wavelength regions. The optical band 
gap (Eg) was estimated using the traditional Tauc’s method 
[αhν = A(hν – Eg)n] (Brijesh and Nagaraja 2019). To cal-
culate the energy bandgap, the plot of hν on the x-axis and 
(αhν)2 on the y-axis was drawn and extrapolate the curve to 
touch at the x-axis. The decrement in Eg values 3.34, 3.23, 
2.93 eV, for singular Cu, Mo doped, dual doped (Cu, Mo) 
and 2.65 eV for NiCuMoO/rGO nanocomposite, respec-
tively, were observed and given in (Fig. 3e). This decrement 
might be linked to crystal size variation, strong orbital cou-
pling, and generated defects. The incorporation of rGO can 
facilitate the transfer of  e− into rGO and create maximum 
defects favorable for capturing greater sunlight.

Morphology and elemental analysis

SEM analysis of NiCuO, NiMoO, NiCuMoO, and NiCu-
MoO/rGO samples was done to evaluate the surface fea-
tures of catalysts. In Fig. 4, SEM images in different reso-
lution scales are presented. Figure 4a–a3 reveals irregular 

Table 1  The structural 
parameters of as-prepared 
materials

Samples a = b = c (Å) Volume Å3) Density (g/cm3) Bond-length 
(nm)

d-spacing

NiCuO 4.185 73.297 6.7668 2.093 1.6901
NiMoO 4.176 72.819 6.8113 2.088 1.6863
NiCuMoO 4.181 73.079 6.7871 2.09 1.6884
NiCuMoO/rGO 4.182 73.117 6.7835 2.091 1.6886

Table 2  Geometric parameters 
of as-prepared materials

Samples Average crystallite size (nm) Lattice strain 
ε × 10–4 × 10–3

Dislocation 
density δ ×  10–3 
 (nm−2)

Scherrer Scherrer plot W–H SSP W–H SSP

NiCuO 33 39 35 34 0.847 1.586 0.904
NiMoO 27 26 24 26 -2.86 -2.91 1.366
NiCuMoO 23 24 27 20 -10.5 -7.01 1.860
NiCuMoO/rGO 16 21 13 14 -8.88 -6.67 4.089
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Fig. 3  a FTIR spectra, b Raman spectra, c UV–Vis absorption spectra, d UV–Vis transmittance spectra, and e Tauc’s plots for all NiO-based 
materials



5648 Applied Nanoscience (2023) 13:5641–5657

1 3

NiCuO particles that stick together. The synthesized NiMoO 
(Fig. 4b–b3) nanoparticles have spherical morphology; how-
ever, the introduction of Mo has suppressed the agglom-
eration. Well-shaped particles with a spherical pattern 
were observed when Cu and Mo were injected in NiO 

(Fig. 4c–c3). Figure 4d–d3 shows SEM images of NiCu-
MoO/rGO nanocomposite, where NiCuMoO particles are 
distributed over rGO. The mutual binding of NiCuMoO 
and rGO reduced the particle size, which fits well with 
XRD data. This shape harvest more photons from the solar 

Fig. 4  SEM images at different resolutions a–a3 NiCuO, b–b3 NiMoO, c–c3 NiCuMoO, and d–d3 NiCuMoO/rGO
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spectrum and rapid transfer of electron among the NiCu-
MoO and blackish rGO that actively participate in the 
destruction of dyes as rGO accept electron and convert them 
into superoxide anion that attacks pollutant dyes molecules 
and degrade them into harmless product. Figure 5 shows 
the maximum peaks of Ni, Cu, and O in NiCuO, Ni, Mo, 
O in NiMoO, Ni, Cu, Mo, O in NiCuMoO, and C, Ni, Cu, 
Mo, O in NiCuMoO/rGO nanocomposite EDX patterns, 
respectively. The required elements in synthesized products 
confirm that all samples are well prepared (Table 3).

Photocatalytic activity

The photocatalytic degradation ability of as-prepared 
samples is evaluated against MB dye solution under sun-
light illumination after attaining adsorption–desorption 

equilibrium in the dark. MB has a distinctive dark blue color 
when oxidized and is transparent when reduced (Jiao et al. 
2015). For the removal of ecologically toxic substances, 
the photocatalytic degradation experiment of MB dye was 
performed for all synthesized NiCuO, NiMoO, NiCuMoO, 
and NiCuMoO/rGO nanocomposite  samples, and the break-
down of MB dye was carefully studied using UV–Visible 
spectroscopy. Figure 6a–d represents the photocatalytic 
decolorization of MB dye in the presence and absence of 
a catalyst. Fast photocatalytic efficiency for 80 min was 
observed, followed by a reduction in color. The intensity 
of the MB absorbance peak decreased steadily for NiCuO, 
NiMoO, and NiCuMoO samples. At the same time, it was 
faster for NiCuMoO/rGO nanocomposite, and overall photo-
degradation was completed under solar illumination after 
80 min as per the analysis. However, a minimal breakdown 

Fig. 5  EDX spectra of NiCuO, NiMoO, NiCuMoO, and NiCuMoO/rGO, along with elemental composition

Table 3  Elemental 
compositions obtained from 
EDX analysis

Elements NiCuO NiMoO NiCuMoO NiCuMoO/rGO

Weight% Atomic% Weight% Atomic% Weight% Atomic% Weight% Atomic%

O 35 66.65 35 68.17 32 65.17 24 34.76
Ni 55 28.55 52 27.61 48 26.65 21 8.29
Cu 10 4.80 0.00 0.00 8 4.10 12 4.37
Mo 0.00 0.00 13 4.22 12 4.08 18 4.35
C 0.00 0.00 0.00 0.00 0.00 0.00 25 48.73
Total 100 100 100 100 100 100 100 100
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Fig. 6  Absorption spectra of MB after treating with grown catalysts a NiCuO, b NiMoO, c NiCuMoO, d NiCuMoO/rGO, e degradation effi-
ciency at different times, f rate constant plots
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was seen without introducing a catalyst, as presented in 
Fig. 6e. The adsorption was studied by obtaining the adsorp-
tion spectrum of blank dye and then performed after the 
reaction in the dark. Figure 6e depicts the adsorption per-
centage (9.5%, 11.1%, 12.7%, and 19%) and degrading effi-
ciency of NiCuO, NiMoO, NiCuMoO, and NiCuMoO/rGO 
nanocomposite samples having 15.8%, 64.3%, 78.2%, and 
99.2%, respectively. Photodegradation has a pseudo-first-
order kinetic condition, as seen in Fig. 6f, and is estimated 
from the given relation (Oladipo 2021).

whereas k denotes the rate constant. Figure 6f shows 
graphs of the natural logarithm of concentration against 
irradiation time. For NiCuO, NiMoO, NiCuMoO, and 
NiCuMoO/rGO nanocomposite, the computed k values 
are 0.0011   min−1, 0.01239   min−1, 0.01703   min−1, and 
0.0523  min−1, respectively. However, NiCuMoO/rGO nano-
composite catalyst has decomposed (99.2%) MB dye and 
has a greater rate constant value. Therefore, it is reasonable 
to state that NiCuMoO/rGO catalyst has greater potential to 
decompose various organic contaminants as per findings. 
The comparison of photodegradation efficiency with other 
reported materials is given in Table 4.

Operating parameters

Appropriate dosage of the tested catalyst raises the produc-
tion of e-/h + pairs, thereby, the rapid formation of ROS for 
exceptional photodecomposition efficiency. Hence the influ-
ence of catalyst dosage on the photodecomposition pro-
cess was accessed using NiCuMoO/rGO varied from 20 to 
35 mg, keeping pH = 9 and MB concentration at 10 ppm, 
respectively (Fig. 7a). As shown, the optimal photocatalyst 
quantity (25 mg) showed maximum photodecomposition 
(99.2%) towards MB, and then a decline of 97.1% happened 
for a higher photocatalyst amount (35 mg). For photocatalyst 
amounts (20–25 mg), abundant active sites were available for 
reaction, which creates extra radicals for the photodecomposi-
tion phenomenon. Gradual decline in efficiency was detected 
through additional photocatalyst amount; since aggregation of 
NiCuMoO/rGO particles illustrated screening effect, resulting 
in lower photon capturing ability of catalyst. The pH signifi-
cantly affects the photodecomposition efficiency as different 
pollutants contain varied pH. The pH effect was observed 
through varying pH from 5 to 11, as shown in Fig. 7b, for 
NiCuMoO/rGO (25 mg), initial MB concentration (10 ppm). 
At a pH higher (greater than 7), the surface of NiCuMoO/rGO 
is negatively charged, while at lower pH (less than 7), it adapts 
positively charged. MB being cationic, a higher pH value is 

(3)Ct = Coe
−kt

(4)ln
(

Co∕Ct

)

= kt

favorable for MB adsorption on NiCuMoO/rGO surface; con-
sequently, higher photodecomposition efficiency (99.2%) and 
96.5% occur in basic and neutral conditions. Further higher 
pH value reduces photodecomposition efficiency due to elec-
trostatically repulsion between negative photodecomposition 
surface and ROS involved in the redox mechanism, suppress-
ing the efficiency. The photodecomposition study was executed 
by varying the initial MB concentration from 10 to 25 ppm, 
keeping NiCuMoO/rGO 25 mg and pH = 9 fixed (Fig. 7c). 
Results showed that photodecomposition efficiency using 
NiCuMoO/rGO against MB decreased from 10 to 25 ppm. 
The maximum observed efficiency (99.2%) against 10 ppm 
declines to 90.3% at 25 ppm MB concentration. Therefore, the 
photodecomposition could be enhanced by lowering the initial 
MB concentration. This occurs as more MB molecules were 
integrated on NiCuMoO/rGO surface by increasing the dye 
concentration. Since MB molecules covered numerous active 
sites, the adsorption was reduced, and the regeneration of radi-
cals was hampered. Moreover, more photons were blocked 
from reaching the photocatalyst surface; ROS production was 
slowed. Furthermore, trapping experiments are performed to 
investigate the mechanism of the photodegradation reaction. 
Here, EDTA-2Na for h+, BQ for O2

*−,  AgNO3 for e−, and 
IPA for HO* scavengers were used. Results showed that BQ 
and IPA were the prominent scavengers in the photoreduction 
process. The recorded reduced efficiencies are 99.2% (with-
out scavenger), 88.0%  (AgNO3), 82.0% (EDTA-2Na), 55.0% 
(IPA), and 45.0% (BQ), respectively (Fig. 7d). Hence HO* 
and  O2

*− are the dominant radicals for destructing MB dye. 
Furthermore, NiCuMoO/rGO nanocomposite exhibits greater 
recycling ability toward MB dye till the 6th cycle with just a 
6% fall in photocatalytic degradation rate (Fig. 7e), demon-
strating its high reusability. Figure 7f shows XRD patterns 
of freshly synthesized NiCuMoO/rGO catalyst after the 6th 
cycle, indicating that structure was interrupted after the 6th 

Table 4  Comparison of degradation efficiency of grown nanocom-
posite catalyst with other repoted materials

Photocatalyst Degradation 
efficiency (%)

Refs.

NiO-CaO 96.5 Song and Zhang (2010)
Ni/NiO/TiO2 98.0 Zhu et al. (2018)
NiO-MWCNT 92.4 Nath et al. (2021)
NiO/AgNbO3 85.0 Shu et al. (2010)
CuO-NiO 97.2 Senobari and Nezamza-

deh-Ejhieh (2018)
NiO-ZnO 65.0 Kanjwal et al. (2015)
NiO/MgO 87.0 Fuku et al. (2018)
Ag2O-NiO/CuFe2O4 96.7 Liu et al. (2020)
Cu-NiO-ZrO2 99.0 Areeb et al. (2021)
NiO/Cr2O3 93.6 Yadav et al. (2022)
NiCuMoO/rGO 99.2 Present
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Fig. 7  Operational parameters effect on MB degradation using NiCuMoO/rGO a effect of catalyst, b effect of pH, c effect of initial dye concen-
tration, d scavenger effect, e recyclability test, and f again XRD pattern
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cycle. This type of catalyst is highly demanded for large-scale 
utilization to destroy toxins.

Photocatalytic mechanism

The formation of the  e−/h+ pairs upon sunlight irradiation, the 
charge carrier’s separation, the transmission of photo-triggered 
carriers to the active site, and the creation of active oxygen 
species are all part of the photocatalysis process. According 
to UV–Vis analysis, NiCuMoO/rGO nanocomposite band gap 
is suitable for a photocatalytic perspective.

The band edge potentials are obtained from equation 
(Munawar et al. 2022).

Here x = electronegativity of semiconductor, where Ee = 
free e− energy, Eg = bandgap and,

ECB = conduction band potential. The calculated value of 
ECB for Ni is 0.145 eV with Eg (2.65 eV).

Similarly, from the above equation, the value of EVB (val-
ance band potential) is obtained, i.e., 2.795 eV. The photoca-
talysis mechanism is described as follows. The entire photo-
catalytic degradation can be categorized into three stages: solar 
light absorption through the catalysts' surface and photoexcita-
tion of electrons to obtain holes. And finally, photochemical 
reactions across the catalysts' surface through the photogen-
erated electron–hole pairs. The degradation rate of the sam-
ple (NiCuMoO) was significantly greater than NiCuO and 
NiMoO, indicating that co-doping of Cu and Mo can greatly 
enhance NiO's photocatalytic performance. Because of the 
introduction of doping energy levels inside the energy band 
gap of NiCuMoO. The electrons within VB shift to the energy 
level created due to Cu doping below the CB via interconver-
sion between  Cu+ and  Cu2+, whereas Cu is subjected to elec-
tron trapping in the following way:

In addition, when Mo is introduced, the potential of  Mo3+/
Mo is −0.2 above from  ECB of NiCuMoO, with fruitless poten-
tial for redox reaction but can capture exciting  e− for effective 
charge separation, and this  e− can jump towards rGO sheets 
for effective redox reactions. Mo is thus amenable to electron 
trapping in the following manner:

Thus, Cu and Mo co-doping may enable the photo-gen-
erated electrons to enhance e-/h + separation while speeding 
up the charge transport process, leading to improved photo-
catalytic performance.

(5)ECB = X − Ee − 0.5Eg

(6)EVB = ECB + Eg

(7)cu2+ + e− → cu+

(8)Mo3+ + 3e− → Mo

In sample NiCuMoO/rGO nanocomposite, when sunlight 
strikes the catalyst,  e−/h+ pairs are developed. rGO is a thin 
sheet of carbon that could be utilized as an electron donor, 
co-catalyst, and electron acceptor because of its good con-
ductivity. Because of the complex web of interlinked  sp2 
carbons present in reduced graphene oxide (rGO), electron 
mobility is impressive, preventing electron–hole recombi-
nation. Irradiation causes NiCuMoO to exhibit excellent 
charge carrier separation, with holes forming in the mate-
rial's valence band, allowing for oxidation while electrons 
are confined by rGO sheets and readily available for reduc-
tion. Hence, NiCuMoO/rGO nanocomposite surpasses all 
other samples attributed to the following characteristics, (i) 
reduction in the bandgap, (ii) excellent charge separation and 
more defects, and (iii) expansion in surface area. The charge 
transportation process is illustrated in Scheme 1.

Conclusion

In summary, NiCuMoO/rGO nanocomposite and NiCuO, 
NiMoO, and NiCuMoO nanoparticles were successfully 
synthesized by sol–gel and ultra-sonication routes. The 
XRD, FTIR, Raman, EDX confirmed the structural forma-
tion. The lower energy bandgap of NiCuMoO/rGO nano-
composite makes it an efficient photocatalyst under sunlight. 
The NiCuMoO/rGO nanocomposite has superior photode-
composition activities for MB (99.2%, 0.0523  min−1) higher 
than others. The boosted absorption ability and enhanced 
e-/h + segregation results from integrating rGO with NiCu-
MoO improved the sunlight harvesting ability which ulti-
mately increase degradation efficiency. From the scaven-
ger experiment, HO* and  O2

*− were found active for the 
photodecomposition of MB with suppressing efficiency of 
55.0% and 45.0%. Moreover, only 6% photodecomposition 
efficiency was minimized after successive 6 runs. These 

(9)NiCuMoO + hv → NiCuMoO(e− + h+)

(10)
NiCuMoO(e−) + rGO → NiCuMoO + rGO(e−)(electrontrapping)

(11)rGO(e−) + O2 → O−∗
2
(electrontransfer)

(12)h+(NiCuMoO) + H2O → OH∗

(13)h+(NiCuMoO) + OH−
→ OH∗

(14)organic dye + OH∗
→ degraded products

(15)organic dye + O−∗
2

→ degraded products
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findings encourage the synthesis of rGO-based nanocom-
posites for destructing toxin dyes in the future.

Data availability Data will be available on request.
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