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Bismuthoxide-based catalysts gained attention for photocatalytic remediation of environmental pollutants owing to their low cost,
feasibility, stability, small, and tunable band gap. In the present work, bismuth molybdate was modifed via transition metal
doping to achieve maximum catalytic efciency. Tis aim was accomplished by synthesizing novel Cu2+ and Ni2+ codoped
bismuth molybdate (CuNi/Bi2MoO6, Cu/Bi2MoO6, and Ni/Bi2MoO6) which were utilized for heavy metal reduction and dyes
degradation. Pure bismuth molybdate was also fabricated for comparative studies. All the prepared samples were characterized by
XRD, Raman spectroscopy, SEM, and EDX. Optical studies for band gap calculations were carried out by UV-Visible spec-
trophotometry and decrease in band gap was observed in doped materials. Pseudo-frst-order kinetic studies were performed to
fnd the rate constants and regression values for Cr(VI) reduction and degradation of rhodamine B and malachite green using
CuNi/Bi2MoO6. Codoped bismuth molybdate exhibited more than 95% photocatalytic performance for Cr(VI) reduction and
degradation of rhodamine B and malachite green dyes. Reusability of catalyst was confrmed up to six cycles. Considering its
catalytic profciency, CuNi/Bi2MoO6 is anticipated to be utilized for more environment friendly applications in future.

1. Introduction

Generally, traditional methodologies of water treatment
include biological method (such as aerobic and anaerobic
treatments), physical processes, or chemical treatments.
Tesemethods have been broadly utilized in the treatment of
industrial efuents, but still there are some demerits asso-
ciated with these techniques [1]. Biological methods are
remarkable due to their low cost and accessibility, but they
are incapable to degrade synthetic dyes because generally
they are not vulnerable for aerobic biodegradation. Physical
methods (such as fltration, coagulation/focculation, and
adsorption) are normally helpful, but they face the drawback
of post treatment of solids and coagulated waste with
functioning cost. Chemical treatments also sufer disad-
vantages, because toxic and carcinogenic substances are
formed as by products; they require high dosage of chem-
icals, less efectiveness, and incomplete mineralization. Since

all methods have some disadvantages, the establishment of
better method for the treatment of wastewater is of prime
signifcance for longer term ecological practicality of textile
industry [2].

Advanced oxidation processes (AOPs), also known as
oxidative degradation processes, involve the generation of
highly reactive hydroxyl radicals (OH•), hydrogen peroxide
(H2O2), and superoxide anionic radicals (O2

•−) in adequate
quantity to improve water purifcation process. AOPs are
basically used for the degradation of organic and inorganic
contaminants present in water and wastewater [3]. During
AOPs, these radicals acting as efcient oxidizing agents,
satisfactorily degrade the pollutants and convert wastewater
toxins into minimal and even nontoxic substances.

Photocatalysis refers to the acceleration of a photoreac-
tion involving a catalyst. Among various advanced oxidation
processes, semiconductor mediated photocatalysis have
proven to be specifcally remarkable in current era because of
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their high capability for mineralization of organic pollutants
present in the environment [4, 5]. Bismuth based com-
pounds such as Bi2O3, Bi2WO6, BiVO4, Bi2MoO6, BiOX
(X�Cl, Br, I), and Bi12GeO20 have been emerged as visible
light driven photocatalysts associated with high oxidation
performance and charge mobility which results excellent
photocatalytic performance. Amongst these Bismuth com-
pounds, Bi2MoO6 has expressed extraordinary properties
such as gas sensitivity, ion conductivity, luminescence, di-
electric nature, and photocatalytic properties [6].

Bi2MoO6 is found to possess a unique aurivillus struc-
ture constructing alternating (Bi2O2)2+ layers and (MoO4)2−

perovskite slabs. Both bismuth oxide layer with Bi-O
structure and a perovskite with corner shared octahedral
Mo-O structure promote efcient electron conductivity,
which is responsible for its excellent dielectric behavior, ion
conductive nature, luminescence, and catalytic features [7].
Bismuth molybdate possesses some more interesting
properties like resistivity towards corrosion, mesoporosity,
less cost, brilliant chemical stability, and distinguished
physiochemical properties, which has also great contribu-
tion to its better photocatalytic efciency [8]. Bi2MoO6 is n-
type semiconductor (majority of charge carriers are elec-
trons) having up shifted valance band, it has a narrow band
gap, i.e., 2.5–2.8 eV, which makes it an amazing catalyst [9].
It has capability to engage more sunlight; the smaller band
gap is due to the hybridization between Bi 6s and O 2p
orbitals.

Bismuth molybdate is a leading photocatalyst among
other pure semiconductor photocatalysts due to its narrow
band gap, but still certain limitations are associated with
pure BMO. Practical applications of BMO are challenging
owing to its fast electron hole recombination, slow carrier
migration, and poor surface chemical states [10]. Poor
quantum yield and low visible light efciency are also the
obstacles to high photocatalytic efciency of BMO [11]. So, it
is mandatory to prospect some modifcation methods such
as Z-scheme, doping, heterostructures, nanocomposites, or
dye sensitization to overcome these issues. Doping of various
suitable metals is a powerful method to enhance photo
induced functioning in wide wavelength range, redesigning
band gap, diminishing photogenerated electrons/holes pairs
recombination, and upgrading the gross efciency of pho-
tocatalyst [12]. Because of distinct spectral characteristics
and d orbital confguration, transition metal doping is very
fruitful technique to extend the absorption from ultraviolet
to visible region. It may modify the VB or CB or may add
a new band into the preliminary band gap [13]. So, in this
research work, we modifed Bi2MoO6 by doping with Cu2+
and Ni2+ metal ions.

We synthesized pure and modifed Bi2MoO6 by hy-
drothermal method to achieve anisotropic crystals growth,
high purity, and fne particles under controlled conditions
[14]. Prepared samples were characterized by XRD, SEM,
EDX, and Raman spectroscopy, and optical studies and
efect of codoping on photocatalytic efciency was examined
by photoreduction of hexavalent chromium and photo-
degradation of rhodamine B (RhB) and malachite green
(MG) by UV-Vis photo spectrometry. In-depth research was

also carried out on the prospective photocatalytic mecha-
nism and the factors driving it.

2. Experimental Methods

2.1. Materials. All chemicals and reagents were purchased
from Sigma Aldrich, Fluka, and E. Merck. Bismuth nitrate
pentahydrate (Bi(NO3)3·5H2O), nitric acid (HNO3), am-
monium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O),
sodium hydroxide (NaOH), ethanol, and deionized water
were used in the synthesis of bismuth molybdate. Nickel
nitrate hexahydrate (Ni(NO3)2.6H2O) and copper nitrate
hexahydrate (Cu(NO3)2.6H2O) were used as doping source.
All the analytical grade chemicals were utilized without any
further purifcation.

2.2. Synthesis of Cu+2 and Ni+2 Codoped Bi2MoO6.
Bismuth molybdate nanoparticles were synthesized by facile
hydrothermal method [15], as previously reported. Initially,
three solutions were made labelled as solution A, solution B,
and solution C. Solution A was formed by dissolving
0.01moles of Bi(NO3)3·5H2O in 50mL of 3M nitric acid.
Solution B was obtained by dissolving 7.1mmol of (NH4)
6Mo7O24·4H2O in 50mL of 2M sodium hydroxide. Solution
A was dropwise added to solution B under continuous
magnetic stirring, thus forming solution C. 3% (weight
percentage) of each dopant, i.e., Cu(NO3)2·6H2O and
Ni(NO3)2·6H2O was dissolved in solution C and pH of this
solution was adjusted to 7 by adding required amount of 2M
NaOH solution. After 30minutes stirring, this catalyst
precursor was poured into the autoclave tefon lining and set
of hydrothermal treatment for 16 hours at 160°C. Autoclave
was allowed to auto cool to room temperature and brownish
yellow precipitates of bismuth molybdate were obtained
which were separated by vacuum flteration and washed
multiple times with distilled water and ethanol. Finally, the
product was dried at 80°C for 12 hours. For reference, pure
Bi2MoO6, 6% Cu+2-doped Bi2MoO6 and 6% Ni+2-doped
Bi2MoO6 were also synthesized by same procedure.

2.3. Characterization. PXRD spectra of pure and modifed
bismuth molybdate were achieved by a powder difrac-
tometer (Model X’Pert powder X-ray difractometer from
PANalytical, Holland). Nickel fltered Cu Kα radiations were
used to get XRD patterns and the scan rate of 2° in 2θ/min
was maintained at difraction angle of 2θ� 5–80°C. Data
were recorded at 30mA emission current, 40 kV accelerating
voltage, 0.025 step size, 0.4 sec step time, and 0.06/sec scan
speed. SEM images were collected by VEGA3 TESCAN feld
emission electron microscope to determine the size and
morphology of materials. Resolution was kept 500 nm and
accelerating voltage was kept 10.00 kV while taking the
images. Elemental analysis was performed by Energy Dis-
persive X-Ray Detector (EDS, Termo Noran VANTAG-
ESI). Raman measurements were carried out at room
temperature using Raman Spectrometer (BWTEKMiniRam
BTR-111 Miniature) with the Raman shift ranging from
200 cm−1 to 1500 cm−1. Argon ion laser was employed as
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a mean of excitation (514 nm). Optical studies for band gap
estimation were carried out by using spectrophotomter
(Model UV-1700 Shimadzu) in the range of 200 to 800 nm,
water was used as solvent.

2.4. Photocatalytic Studies. Photocatalytic performance of
preparedmaterials was examined for the degradation ofMG,
RhB, and photoreduction of Cr(VI) under 100watt LED
light with output of 40 k Lux. In a standard analysis,
a suitable amount of photocatalyst was dispersed in 40mL
aqueous solution of diferent concentrations of RhB, MG
dyes, and K2Cr2O7 (with 1mL formic acid added). Te
solutions were thoroughly stirred using magnetic stirrer
(Model VELP Scientifca) at normal temperature under
visible light source. 3mL of suspension was taken at specifc
time intervals and centrifuged to eliminate the catalyst. Te
concentration of dye residual in the clear solution was
evaluated by UV-Visible spectrophotometer with respect to
lambda max. of RhB, MG, and Cr(VI) at 555 nm, 617 nm,
and 372 nm, respectively. To assess the photocatalytic ac-
tivity of the as prepared catalyst CuNi/BMO for colourless
organic pollutants, bisphenol A was used before using with
intensely coloured dyes (supplementary data (available
here)).

Photo degradation efciency and photoreduction ef-
ciencies were calculated by the following formula:

Percentage degradation  eff iciency (%) �
Co –Ct( 

Co
× 100, (1)

where Co � initial concentration of dye and Ct � dye con-
centration after irradiation time, t.

Te Langmuir–Hinshelwood model was used in the
determination of reaction kinetics. Te following equation
was used for the determination of rate constant and R2

values:

ln
Ct

C0
  � −kapp t, (2)

“kapp” signifes the rate constant for pseudo-frst-order
reduction reaction and “t” is the time required for the
completion of the reaction. Rate constant was measured
from the slope of the graph plotted between ln (Ct/C0) on the
y-axis and t on the x-axis.

3. Results and Discussion

3.1. X-Ray Difraction. XRD patterns of fabricated materials
are shown in Figure 1. Te orthorhombic geometry of
Bi2MoO6 is represented by sharp peaks in the difraction
pattern at 28.11°, 32.98°, 46.96°, and 56.11°, which are related
to (131), (200), (062), and (331) crystallographic planes,
respectively. Tese results are consistent with JCPDS card
number 01-072-1524 and previous reports [16]. No dif-
fraction peak appeared due to transition metal ions or any
other impurity which confrms that same geometry is
present in all the samples, and it also indicates that all the
dopant may have entered into the lattice.

On doping, all the peaks in difraction pattern shifted
towards higher angle value of 2θ as compared to pure BMO,
which can be justifed due to diference in ionic radius of Bi3+
(103 pm) and the dopant metal ion Cu2+ (73 pm) and Ni2+
(70 pm). Lattice parameters and respective cell volumes of all
the prepared samples are given in Table 1. Tere is decrease
in lattice parameters and cell volumes of Cu/Bi2MoO6, Ni/
Bi2MoO6, and Cu-Ni/Bi2MoO6 as compared to pure
Bi2MoO6, which possibly due to the transition metal ions
have substituted Bi3+ in Bi2MoO6 lattice. Peak broadening
and decrease in intensity in difraction patterns of doped
materials is a possible indication of doping with
smaller atoms.

Te crystallite size was calculated using the Scherrer
equation:

D �
K.λ

(β cos θ)
, (3)

where D� diameter of crystallite, K� shape factor having
value 0.9, λ�wavelength of incident X-ray having value
1.542 Å, β� full-width hall maxima of corresponding dif-
fraction peak, and θ� bragg’s angle (in radians).

3.2. Raman Spectroscopy. Raman spectra of pure Bi2MoO6,
Cu/Bi2MoO6, Ni/Bi2MoO6, and Cu-Ni/Bi2MoO6 are given
in Figure 2. Six vibration bands are noticed at 845 cm−1,
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Figure 1: XRD patterns of BMO, Cu/BMO, Ni/BMO, and Cu-Ni/
BMO.
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798 cm−1, 720 cm−1, 355 cm−1, 325 cm−1, and 282 cm−1 in the
spectrum of BMO. Te symmetric stretch of MoO6 octa-
hedron generates A1g peak at 798 cm−1 [17]. Two shoulder
peaks at around 845 cm−1 (corresponding to A2u mode) and
720 cm−1 (corresponding to Eu mode) are associated with
asymmetric stretches of Mo-O [18]. Te peaks which are
present below 400 cm−1, are ascribed to stretching vibrations
of Bi-O and lattice modes [17]. Te results are compatible
with prior reported work on BMO. All peaks were observed
in modifed samples with slight shifts which indicate that
transition metal doping might have resulted in some tiny
structural changes in bismuth molybdate. Anyhow, all the
samples possess same orthorhombic phase [19]. No con-
siderable change in intensity is observed in the band related
toMoO6 octahedron while there is an increase in intensity in
the peaks below 400 cm−1 which are attributed to Bi-O.
Tese observations are logical to make us believe that dopant
has interacted with Bi3+ in the lattice instead of Mo6+.

3.3. Scanning Electron Microscopy. SEM images of pristine
Bi2MoO6 and Cu-Ni/Bi2MoO6 were obtained for the
comparison of surface morphologies as shown in
Figures 3(a)–3(d) at diferent resolutions. It can be seen that
BMO is made up of irregular shaped and globular nano-
particles but Cu-Ni/BMO has fowerlike microspheres which
are aggregated by nanosheets [20]. Modifed BMO exhibited
fufy appearance attributed to surface roughness, whichmay
be responsible for increased contact area resulting in en-
hanced photocatalytic activity.

3.4. Energy-Dispersive X-Ray Spectroscopy. Figures 4(a) and
4(b) demonstrate the elemental composition study of pure
BMO and codoped BMO particles from the EDX plot of
respective SEM images. Bi2MoO6 is confrmed by high peaks
of Bi, Mo, and O as base material. Moreover, EDX spectra
also show that the loading of Cu (3%) and Ni (3%) is present
in modifed BMO.

3.5. Optical Study and Band Gap Estimation. In semi-
conductor nanomaterials, valance band electrons migrate to
the conduction band after absorbing the sufcient amount of
energy. Te relation between absorption spectra and band
gap energy is expressed by the Tauc equation, written as
follows [21]:

(αhυ) � k(hυ – Eg)
n
, (4)

where hυ� energy of photon, n� type of transition (n� 1/2
for direct transition and n� 2 for indirect transition),
k� tailing parameter (independent of energy), Eg� energy of
band gap [22], and α� coefcient of absorption (calculated
from Beer–Lambert law.)

Extrapolation of linear region of plot (αhυ) [2] vs. energy
(hυ) gives the value of optical band gap, Eg in UV-Vis
wavelength range (200–800 nm). Diference in the values of
band gap can be due to various reasons like dimensions of
grains, transition type (direct or indirect), annealing treat-
ment, and doping [23]. Te accessibility of oxygen vacancies
can also create new state between valance band and con-
duction band resulting in the narrowing of band gap.
Figure 5(a) gives the Tauc plot of pure Bi2MoO6 which shows
the value of Eg around 2.83 eV which corresponds to the
previously reported work [9]. Figure 5(b) shows the band
gap of the Cu-doped Bi2MoO6 catalyst. Tuning of band gap
was observed after the incorporation of copper into the

Table 1: Cell parameters, cell volume, and crystallite size of materials.

Materials
Lattice parameters

Cell volume (Å)3 d-spacing (Å) Crystallite size (nm)
a (Å) b (Å) c (Å)

Bi2MoO6 5.506 16.226 5.4870 490.21 2.379 27.03
Cu/Bi2MoO6 5.504 16.221 5.482 489.43 2.118 24.98
Ni/Bi2MoO6 5.501 16.201 5.470 487.46 1.934 24.10
Cu-Ni/Bi2MoO6 5.493 16.175 5.468 485.82 1.6246 23.47
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Figure 2: Raman spectra of BMO, Cu/BMO, Ni/BMO, and Cu-Ni/
BMO.
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Figure 3: SEM images of (a, b) pure BMO and (c, d) CuNi/BMO.
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Figure 4: EDX spectrum of (a) pure BMO and (b) CuNi/BMO.
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lattice, which was found to be 2.61 eV. Similarly, the band
gap of Ni-doped Bi2MoO6 was observed at 2.24 eV in Tauc
plot, shown in Figure 5(c). It was noticed that copper and
nickel codoped Bi2MoO6 showed minimum value of band
gap among all the samples. Tauc plot of CuNi/Bi2MoO6 is
given in Figure 5(d), which gives the value of Eg at 1.97 eV.

3.6. Photoreduction Studies of Hexavalent Chromium.
Photocatalytic ability of CuNi/BMO for the reduction of
hexavalent chromium to trivalent chromium was de-
termined by UV-Vis spectrophotometry, and it was proved
to be an excellent reducing agent. Aqueous solution of
potassium dichromate was used as a source of Cr(VI). Hole
scavengers are generally used for efcient reduction of heavy
metals; in this work, formic acid was employed as the hole
scavenger. Role of formic acid on reduction of hexavalent
chromium was confrmed through various ways; frstly,
formic acid was used solely as reducing agent but there was
no signifcant reduction even after 24 hours as shown in
Figure 6. It indicates that formic acid is incapable to reduce
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Figure 5: Tauc plot of BMO: (a) Bi2MoO6, (b) Cu/Bi2MoO6, (c) Ni/Bi2MoO6, and (d) CuNi/Bi2MoO6.
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of a catalyst.
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Cr(VI) completely in the absence of catalyst. Similarly,
Cr(VI) reduction using CuNi/BMO was examined with and
without formic acid as shown in Figures 7(a) and 7(b). It was
concluded that CuNi/BMO did not completely reduce the
hexavalent chromium while its performance incredibly
enhanced when formic acid was also added to reaction
solution.

3.6.1. Mechanism of Cr(VI) Reduction. Electrons occupying
the conduction band are responsible for the reduction of
heavy metals. For photoreduction process, the reduction
potential of conduction band must be smaller (less positive)
positive than that of heavy metal, so that the electrons can
fow from conduction band of catalyst to the metal to reduce
it according to energy fow. Tis condition is fulflled by
bismuth molybdate catalyst, its reduction potentials of
conduction band and valance band are −0.33 eV and 2.43 eV
[24], respectively, while that of Cr2O7

2−/Cr (III) is 1.38V
[25].

BMO + hʋ⟶ BMO e−
(CB) + h +(VB)( )

H2O + h+⟶ •OH + H+
(5)

Cr2O7
2−

+ 14H+
+ 6e− → 2Cr3+

+ 7H2O

E0
� 1.38V 

(6)

Formic acid undergoes sacrifcial oxidation and speeds
up the reaction by removing holes from the system, because
reduction is mainly carried out by electrons. It decreases the
electron hole pair recombination as well. Formic acid takes
part in the reduction mechanism according to following
equations:

HCOO−
+ •OH → •CO2− + H2O

Cr2O7
2−

+ •CO2− + 14H+
+ → 2Cr3+

+ CO2 + 7H2O
(7)

3.6.2. Selection of Appropriate Catalyst for Cr(VI) Reduction.
Using UV-Visible absorption spectrophotometry, the pho-
tocatalytic performance BMO, Cu/BMO, Ni/BMO, and
CuNi/BMO for the reduction of hexavalent chromium to
trivalent chromium was examined by taking 0.03 g of cat-
alyst, 1mL of formic acid, and 10 ppm of potassium di-
chromate solution. Te resulting solutions were irradiated
under visible light for one hour and continuous magnetic
stirring. Te most efcient of these catalysts was selected
owing to its efectiveness towards the photoreduction. From
UV absorption data, it was noticed that the Cr(VI) peak at
372 nm entirely disappeared and new peak of Cr (III) at
(350 nm) start originating. Tese results showed that CuNi/
BMO photocatalyst exhibited the highest photocatalytic
efciency among all the four photocatalyst as shown in
Figure 8(a).

3.6.3. Efect of pH on Cr(VI) Reduction. Hexavalent chro-
mium photoreduction was optimised to ensure maximum
CuNi/Bi2MoO6 catalytic efciency by examining the efects

of multiple factors, with pH being one of the main factors
afecting the reduction process. pH of solution was mod-
ulated with 1M NaOH and 1M HCL at the start of the
reaction and its efect on photoreduction was examined in
pH range 2–10, initial concentration of potassium di-
chromate solution 10 ppm (40mL) and catalyst dose of
0.02 g for 30minutes. Photoreduction efciency was found
to be maximum at pH 2 as shown in Figure 8(b). Existence of
Cr6+ is highly pH dependant, in acidic media (pH< 6),
HCrO4

− is present in equilibrium with Cr2O7
2−, which can

be easily reduced owing to high reduction potential of
Cr2O7

2− as shown in equation (6). Decline in photoreduc-
tion efciency at higher pH values may be due to the
production of CrO4

2− which is less reducible due to its lower
reduction potential (as shown in equation (8)) resulting in
lower degree of photoreduction.

CrO4
2−

+ H2O + 3e− →Cr(OH)3 + 5OH−

E0
� 0.13V 

(8)

Moreover, Cr (III) form precipitates of Cr (OH)3 in basic
media which hinder the light penetration into reaction
solution, consequently, photoreduction efciency
decreases [26].

In addition, as isoelectric point of BMO is 5.4 [27] so its
surface will be positively charged at pH< 6 and there will be
negative charges on surface at pH> 6. Tis is also a major
reason of better efciency at pH� 2 because electrostatic
forces of attraction will be developed between catalyst and
negatively charged potassium dichromate ions leading to
highest efciency. As there is no considerable diference in
reduction efciency at pH 2 and pH 4, so pH 4 was selected
as optimum pH because catalyst poisoning may occur at
harsh conditions.

3.6.4. Efect of Irradiation Time on Cr(VI) Reduction.
Efect of irradiation time on photoreduction of Cr(VI) was
analyzed by varying the time from 5 to 60minutes by using
40mL of 10 ppm K2Cr2O7 solution with 0.02 g catalyst dose
at pH 4. Efect of irradiation time is shown in Figure 8(c)
which indicates that photoreduction efciency of catalyst
increases with the passage of time due to increase in electron
transfer rate and becomes highest at 40minutes. Hence,
40minutes was selected as optimum time for further cata-
lytic investigates.

3.6.5. Efect of Catalyst Dose on Cr(VI) Reduction.
Catalyst dose is also an important factor in photocatalytic
studies; its efect was studied under above-mentioned
conditions by providing catalyst dose from 0.01 g to
0.05 g. Photocatalytic reduction efciency of CuNi/BMO for
Cr(VI) was increased by increasing catalyst dose upto 0.03 g
as shown in Figure 9(d). Tis increased efciency can be due
to the formation of more active radicals with an increase in
catalyst dose, which are mainly responsible for removal of
contaminants. Further increasing the catalyst dose above
0.03 g led to the decline in efciency, this is possibly due to
the reason that surfeit catalyst particles can create
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Figure 7: Photoreduction of Cr(VI) (a) by CuNi/BMO and (b) by CuNi/BMO+ formic acid.

280 320 360 400 440 480 520

Wavelength (nm)

Ab
so

rb
an

ce

Ni/Bi2MoO6
CuNi/Bi2MoO6

Cr (VI) 10 ppm
Bi2MoO6
Cu/Bi2MoO6

(a)

60

66

72

78

84

90

96

D
eg

ra
da

tio
n 

ef
ci

en
cy

 (%
)

4 6 8 102
pH

(b)

40

50

60

70

80

90

100

D
eg

ra
da

tio
n 

ef
ci

en
cy

 (%
)

10 20 30 40 50 600
Time (min)

(c)

40

50

60

70

80

90

100

110

D
eg

ra
da

tio
n 

Ef
ci

en
cy

 (%
)

20 30 40 5010
Catalyst dose (mg)

(d)
Figure 8: Continued.

8 Nanomaterials and Nanotechnology



a hinderance for the incident visible light and restrain it from
striking the catalyst surface [28]. Te other expected reason
which justifes the drop in efciency is the agglomeration of
particles, which decreases the efective surface area of cat-
alyst and decline in percentage degradation efciency is
anticipated [29].

3.6.6. Efect of K2Cr2O7 Concentration on Cr(VI) Reduction.
Efect of K2Cr2O7 or Cr(VI) concentration on photoreduction
efciency was examined (at above optimized conditions) by
varying its concentration from 10ppm to 50ppm. As shown in
Figure 8(e), efciency decreased with the increase in con-
centration. Photocatalytic efciency was observedmaximum at
10ppm solution of K2Cr2O7, so it was considered as optimum
concentration. Tis trend can be explained by considering
Beer–Lambert’s law, when Cr(VI) concentration was increased
it resulted in decrease of path length of photons entering the
reaction vessel, as a result lesser photons were able to reach the
catalyst surface. As the incident intensity, catalyst amount and
irradiation time remained constant; therefore, the availability of
active sites also reduced. After optimizing all the major factors
are afecting photoreduction of hexavalent chromium; per-
centage photoreduction efciencies of BMO,Cu/BMO, andNi/
BMO were also analysed at optimized conditions, and com-
parison is given in Figure 8(f).

In recent past, many photocatalysts have been utilized
for the reduction of hexavalent chromium from waste water.
Table 2 displays photoreduction of Cr(VI) by various
photocatalysts. Comparative analysis shows that CuNi/
Bi2MoO6 has better degradation ability than other reported
catalysts.

3.7. Photodegradation Studies of Rhodamine B (RhB)

3.7.1. Selection of Appropriate Catalyst for RhB Degradation.
Using UV-Visible absorption spectrophotometry, the pho-
tocatalytic efciencies of four as fabricated catalysts (BMO,
Cu/BMO, Ni/BMO, and CuNi/BMO) for the degradation of
rhodamine B were inspected by taking 0.03 g of catalyst and

10 ppmRhB solution.Te resulting solutions were irradiated
under visible light for 40minutes on continuous magnetic
stirring. Te most appropriate of these four catalysts was
adopted based on its potency towards photodegradation. UV
absorption values and color changes from intense pink to
colorless solution showed that CuNi/BMO photocatalyst
exhibited the highest photocatalytic activity among all
photocatalysts as shown in Figure 9(a). Hence, CuNi/BMO
was selected for further studies of rhodamine B degradation.

3.7.2. Efect of pH on Degradation of Rhodamine B. As
diferent sources of wastewater possess diferent pH values,
so pH has a straight infuence on the surface charges of
photocatalyst [39]. Efect of pH on degradation of RhB was
studied in pH range 2–11 providing catalyst dose of 0.03 g in
40mL of 10 ppm RhB solution for 30minutes. Residual
concentration of dye in the clear solution was determined
with UV-Vis spectrophotometer. Catalytic efciency of
CuNi/Bi2MoO6 increases with the increase in
pH (Figure 9(b)). Rhodamine B, being a cationic dye, would
likely to develop electrostatic forces of attraction with the
catalyst at pH above isoelectric point of BMO and its
degradation will be enhanced. Maximum degradation ef-
ciency was found at pH 10, so it was selected as optimum
pH for further studies.

3.7.3. Efect of Irradiation Time on Degradation of Rhoda-
mine B. Photodegradation of rhodamine B with the CuNi/
Bi2MoO6 photocatalyst was studied at diferent time in-
tervals from 5 to 40minutes at pH 10 under visible light to
optime the catalytic activity. Te absorbance peak of RhB at
maximum wavelength expeditiously declined with increase
in exposure time accompanied by gradual decolorization of
solution (Figure 9(c)). Electron transfer rate from valance
band to conduction band increases, which is responsible for
higher photocatalytic efciency [40]. RhB was absolutely
degraded after 30minutes, so it was considered as optimum
time. Figure 9(d) shows infuence of time on percentage
degradation efciency of rhodamine B.
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3.7.4. Efect of Catalyst Dose on Degradation of Rhodamine B.
It is worth important to know about appropriate dosage of
catalyst required for maximum efciency not only for the
estimation of cost but also for the recovery of photocatalyst
after degradation process. It was studied by providing cat-
alyst dose 0.01 g to 0.05 g at the above-given optimized
conditions (Figure 9(e)). It is observed that the amount of
CuNi/Bi2MoO6 in the solution has signifcantly infuenced
the efciency of degradation process. Percentage degrada-
tion efciency remarkably enhanced with the increase in
catalyst amount as it was found to be maximum at 0.03 g of
CuNi/Bi2MoO6. Catalytic efciency declined with further
increase in catalytic amount due to the reasons explained in
Section 3.6.5.

3.7.5. Efect of Dye Concentration on Degradation of RhB.
Te degradation efciency of RhB was examined by varying
the concentration of RhB dye from 10 ppm to 50 ppm.
Degradation efciency of catalyst decreased with the in-
crease in concentration of RhB as shown in Figure 9(f ).

It may happen because adsorption of OH− reduces due
to increased adsorption of dye molecules on catalyst surface,
and it causes a decrease in active sites of photocatalyst; as
a result, the production of strongly oxidative OH• radical is

obstructed. Moreover, when the concentration of dye is
high, it starts absorption of light to itself, hindering it to
reach the catalyst surface [29]. Tus, less energy from
photons hits the active sites of catalyst, resulting in lower
amount of OH• radicals. Furthermore, when the concen-
tration of dye is high, then the formation of intermediate
species may occur during the degradation process. Tese
species may have potential to absorb those active radicals
which react with dye molecules to degrade them.Te overall
efciency decreases by increasing dye concentration due to
these factors [41]. Figure 9(g) expresses the comparison
percentage degradation efciency of all the catalysts at
optimized conditions. Diferent photocatalysts for RhB
adsorption are listed in Table 3.Tese catalysts showed lower
photocatalytic efciency than our photocatalyst. CuNi/BMO
photocatalyst showed the highest catalytic activity for the
degradation of rhodamine B solution in just 30minutes.

3.8. Photodegradation Studies of Malachite Green (MG)

3.8.1. Selection of the Appropriate Catalyst for MG
Degradation. Using UV-Visible absorption spectropho-
tometry, the photocatalytic activities of four as synthesized
catalysts for the degradation of malachite green were
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Figure 9: Photodegradation studies of RhB: (a) UV-Vis spectra for catalyst selection, (b) pH, (c) decolorization, (d) time, (e) catalyst dose,
(f ) RhB concentration, and (g) comparison for RhB degradation by various catalysts.

Table 2: Comparison of Cr(VI) photoreduction by various catalysts from the literature.

Catalysts pH Catalyst amount
(g) Cr(VI) (ppm) Degradation time

(min)
Degradation efciency

(%) References

Au/N-TiO2 — 1 10 240 90 [30]
Ag-Ag2S/TiO2 3 1 10 360 100 [31]
Bi2O3-TiO2 3 1 20 180 73.9 [32]
g-C3N4 2 0.05 25 180 75 [33]
Chitosan/g-C3N4/TiO2 2 0.33 30 240 90 [34]
Fe3+-doped g-C3N4/MoS2 — 0.03 20 120 91.4 [35]
Zn-MOF — 0.04 10 90 93 [36]
Niobate/titanate 5 — 0.2 240 90 [37]
TiO2/RGO/Fe3O4 4 0.56 — 100 95 [38]

CuNi/Bi2MoO6
4 0.03 10 40 97.92 Tis work4 0.03 50 40 85.1
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examined by taking 0.02 g of each catalyst and 40mL of
10 ppm malachite green solution. Te solutions were irra-
diated under visible light for 40minutes on continuous
magnetic stirring. Te most appropriate of these three
catalysts was selected based on its efciency towards deg-
radation of dye. CuNi/Bi2MoO6 showed the maximum
photodegradation efciency for MG as compared to other
three catalysts under same reaction conditions as shown in
Figure 10(a). Tat is why the selected CuNi/BMO catalyst
was used for further studies for MG degradation.

3.8.2. Efect of pH on Degradation of MG.
Photodegradation of malachite green was analyzed at dif-
ferent values of pH ranging from 2 to 11, using 0.03 g catalyst
in 10 ppm solution of MG for 30minutes and maximum
degradation was found at pH 10. Just like rhodamine B, MG
is also a cationic dye so the optimization in basic media is
justifable due to the same reasons as explained in Section
3.7.2. PDE of CuNi/Bi2MoO6 for the removal of MG at
pH values 2, 4, 6, 8, 10 and 11 is given in Figure 10(b).

3.8.3. Efect of Irradiation on Degradation of MG. In order to
study the efect of time, a series of experiments was per-
formed at diferent time intervals between 5minutes to
40minutes, providing 0.03 g catalyst in 10 ppmMG solution
at pH 10. Catalytic efciency increases by increasing the
irradiation time as shown in Figure 10(c). It is may be due to
the efcient electron transfer because electron transfer rate is
upgraded by increasing the exposure time under visible light
source [54]. MG was fully degraded after 20minutes so,
20minutes was selected as optimum time for further studies.

3.8.4. Efect of Catalyst Dose on Degradation of MG.
Experimental studies were done to investigate the efect of
photocatalyst amount on degradation of malachite green by
varing the dose from 0.01 g to 0.05 g at above optimized
conditions. Providing more catalyst dose raises the supply of
active sites and more illuminated area for adsorption and
photodegradation of dye molecules, thus the degradation

rate increased upto certain amount of catalyst and then
decreased [55]. Figure 10(e) shows that PDE of CuNi/
Bi2MoO6 was found to be maximum at catalyst dosage of
0.02 g which depicts that it is a highly efcient photocatalyst
for MG removal.

3.8.5. Efect of Dye Concentration on Degradation of MG.
Efect of concentration of MG was studied in concentration
range from 10 ppm to 50 ppm. Photodegradation of mala-
chite green was found to be maximum in 10 ppm solution as
shown in Figure 10(f ). Te possible reasons of high PDE at
low dye concentration are explained in Section 3.7.5. After
optimizing all the parameters, the photodegradation per-
formances of BMO, Cu/BMO, and Ni/BMO were also
studied. Figure 10(g) expresses the comparison percentage
degradation efciency of all the catalysts.

Comparision of photodegradation efciency by various
photocatalysts reported previously and superiority of CuNi/
Bi2MoO6 synthesized in the current study is shown Table 4.

3.9. Efect of Adsorption on Photodegradation. Several ex-
periments were conducted to better comprehend the re-
lation between adsorption and photocatalysis. Comparative
analyses on the dye degradation and Cr(VI) reduction
caused by adsorption in the dark and photocatalysis under
exposure to visible light were conducted. Te adsorption of
contaminants onto BMO surface without visible-light ir-
radiation was examined for 40minutes, nearly 20 to 25%
contaminants adsorbed on catalyst surface. While they al-
most completely decomposed on photocatalysis under ir-
radiation, revealing that the key factor in the complete dyes
degradation was the photocatalysis.

3.10. Proposed Mechanism for Degradation of RhB and MG.
It is believed that holes and superoxide anion radicals are
responsible for the degradation of RhB and MG. When the
light falls on the surface of the photocatalyst, holes and
electrons are formed. Electrons react with the absorbed
oxygen and form superoxide anionic radicals, whereas holes

Table 3: Comparison of RhB photodegradation by various catalysts from the previously reported literature.

Catalysts Catalyst amount
(mg)

Dye amount
(ppm)

Degradation time
(min)

Degradation efciency
(%) References

Ag3PO4@GO 50 6 60 99 [42]
Ag3PO4/WO3 40 5 30 97 [43]
Ag3PO4/Ag 100 10 90 98 [44]
Ag3PO4/ZnO 20 10 30 93 [45]
LaNiO3 10 10 120 53 [46]
Ag3PO4/N-TiO2 20 10 120 99 [47]
Ag3PO4/BiVO4 100 10 30 92 [48]
Ag2MoO4/Ag3PO4 50 10 12 97 [49]
AgBr/Ag3PO4 100 10 7 99 [50]
Bi4Ti3O4/Ag3PO4 20 5 30 99 [51]
g-C3N4/Ag3PO4 100 10 10 96 [52]
CNT/Ag3PO4 75 10 12 92.4 [53]

CuNi/Bi2MoO6
30 10 30 98.64 Tis work30 50 30 84.2
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Figure 10: Photodegradation studies of RhB: (a) UV-Vis spectra for catalyst selection, (b) pH, (c) decolorization, (d) time, (e) catalyst dose,
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react with the hydroxyl ions to form hydroxyl radicals. Since
the electrons and hydroxyl radicals play a negligible role in
the dye degradation, which is why only holes and superoxide
anion radicals react with pollutants to degrade them into
nontoxic products.

hv + Photocatalyst⟶ h+
+ e−

O2 + e− ⟶ O2
•−

OH−
+ h+⟶ OH•

Pollutant + h+⟶ Degradation products

Pollutant + O2
•− ⟶ Degradation products

(9)

3.11. Reusability of the Catalyst. Te fabricated Bi2MoO6
catalyst reusability was examined under optimized param-
eters for photocatalytic reactions (Figure 11). After the
photodegradation process, the consumed Bi2MoO6 catalyst
was recovered from the reaction products using centrifu-
gation at 4000 rpm and washed with ethanol and water (3×),
then dried in an oven at 100°C for 1 hour to eliminate any

moisture or impurities before using it again for another
cycle. For the frst three cycles, the recycled catalyst exhibited
negligible decrease in catalytic performance. However, the
sixth cycle faced a reduction in catalytic performance to 80%.
Te similar trend was obtained for the removal efciency of
catalyst for of RhB and Cr(VI); however, the MG exhibits
superior conversion efciency even after the sixth cycle.

4. Conclusions

Te bismuth molybdate photocatalyst was successfully
doped and codoped with Ni2+ and Cu2+ ions by a facile
hydrothermal method. All materials were characterized by
XRD, Raman spectroscopy, and SEM which indicated or-
thorhombic geometry, phase purity, and increased surface
roughness of modifed materials. UV-visible spectropho-
tometry of modifed materials shows strong photo-
absorption in the visible region with band gap reduction.
Transitionmetal doped and codoped Bi2MoO6 photocatalyst
demonstrate extraordinarily improved photocatalytic per-
formance for the removal of hexavalent chromium, rho-
damine B, and malachite green from wastewater.

Table 4: Comparison of MG photodegradation by various catalysts from the literature.

Catalysts Catalyst amount
(g)

Dye amount
(ppm)

Degradation time
(min)

Degradation efciency
(%) References

Sol-gel dip coating ZnO — 5 180 69.53 [42]
MgFO/Ag0.69 1 3.6 150 70 [56]
TiO2 0.25 10 60 78 [57]
LiCoO2 0.5 18 20 73 [58]
c-ZnO NPs 0.24 20 60 90.20 [59]
Ag/g-C3N4 0.25 10 100 80 [60]
PANI/ZnO 0.4 3.6 300 89 [61]
Ce-SnO2 10 10 120 92 [62]

CuNi/Bi2MoO6
0.02 10 20 99.42 Tis work0.02 50 20 89.5
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Photocatalytic efciency of catalysts was found in the fol-
lowing order: Ni/Bi2MoO6>Ni/Bi2MoO6>Cu/Bi2MoO6
>Bi2MoO6. Doped and codoped materials exhibited am-
plifcation in photocatalytic performance which confrms
low electron hole pair recombination and fast difusion.
Photocatalytic process was optimized by various parameters
such as pH, time, catalyst dose, and concentration of con-
taminent. Under optimized conditions, CuNi/Bi2MoO6
exhibited 98.64% PDE in 30minutes for RhB, 99.42% PDE in
20minutes for MG, and 97.8% reduction efciency in
40minutes for Cr(VI). Using pseudofrst order reaction
kinetics, values of rate constant for removal of RhB,MG, and
Cr(VI) were found to be 0.1912min−1, 0.2378min−1, and
0.149min−1, respectively. Hence, it is concluded that Ni2+
and Cu2+ codoped Bi2MoO6 photocatalyst presents highest
photocatalytic activity and can serve for the removal of
hexavalent chromium, rhodamine B and malachite green
from wastewater.
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