Heliyon 10 (2024) e37689

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Synergistic effects of rare-earth ions (Ho, Yb) doping on the
photo-catalytic efficacy of V,0s5 for removal of pollutants from
industrial waste water

M.M. Uddin*>", M.Z. Hossain “, M.H. Kabir **", S. Ghosh “, M.H. Haque*,
M.M. Hossain“, M.A. Ali“, Md Akhtaruzzaman "’ ;
Abdulaziz M. Alanazi“, S. Mondal ©, J. Chowdhury ©, D. Karmakar ‘,

D. Jana“'

@ Department of Physics, Chittagong University of Engineering and Technology (CUET), Chattogram, 4349, Bangladesh

b Department of Materials Science & Engineering, Chittagong University of Engineering and Technology (CUET), Chattogram, 4349, Bangladesh
¢ Department of Physics, Jadavpur University, 188, Raja S.C. Mallick Road, Kolkata, 700032, India

4 Department of Chemistry, Faculty of Science, The Islamic University of Madinah, Saudi Arabia

€ Department of Physics, Sidho-Kanho-Birsha University, Purulia, 723104, India

fDepartmem: of Physics, University of Calcutta, 92 A P C Road, Kolkata, 700009, West Bengal, India

ARTICLE INFO ABSTRACT

Keywords: The co-doping of vanadium pentoxide (V20s) with rare-earth (RE) elements, namely 1.5 % hol-
Synergistic effects mium (Ho) and 1.5 % ytterbium (Yb) has been conducted using an eco-friendly, straightforward
V205 N | hydrothermal approach to assess the combined effects on structural, optical, and photocatalytic
Hydrotherma properties. The application of the density functional theory (DFT) approach effectively examined
Methylene blue y y Y

Rare-};arth the impact of RE ions on the photocatalytic efficiency of co-doped V,0s. The stable orthorhombic
Co-doped crystal structure of co-doped V305 has been confirmed using DFT and X-ray diffraction without a

DFT calculations secondary phase. It appears that homogeneous nucleation occurs while heterogeneous nucleation
slows down in co-doped samples, as evidenced by the larger crystallite sizes in co-doped samples
compared to doped ones. It means a result, the co-doped samples exhibit photodegrades more
quickly and have a higher rate constant than the doped samples. This is because they have less
dislocation density (4.26 x 1073 nm’z) and internal micro-strain (4.93 x 10’3). The bandgap and
degradation efficiency are determined by the UV-vis spectroscopy and found to be 2.33 eV and
95 %, respectively, at the optimal pH of 7 in the visible range. The co-doped sample has a rate
constant of 24 x 107> min~!, which is the highest in the RE-doped V405 system. This is a good
reason to think of co-doped V505 as a possible catalyst.

1. Introduction

Water pollution, one of the world’s biggest problems, poses a physical, chemical, and biological hazard to human health and the
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environment. The main sources of pollution are often chemicals suspended or dissolved in the water. Common pollutants include
pathogens (fungi, bacteria, and viruses), inorganic compounds like heavy metals, plastics, noxious gases like NO,, SOy, CO, and NHg,
volatile organic compounds, organic dyes, insecticides, herbicides, pesticides, disinfection byproducts, detergents, and surfactants [1].
Photocatalytic materials release free radicals since they are exposed to room temperature sunlight and facilitate the breakdown of
pollutants. This makes photocatalytic materials one of the most effective approaches to address environmental and water pollution [2].
Moreover, the photocatalysis method involves the use of visible or ultraviolet (UV) light to activate a catalyst, often a semiconductor
oxide, which speeds up the rate of chemical processes (oxidation or reduction) [1,3]. The photocatalytic activity of a material is based
on its crystal phase, band gap energy, unique shape, surface-to-volume ratio, and other properties that make it unique [4]. Metal oxides
are often used as photocatalysts because they are very stable in a wide range of conditions, don’t harm living things, and can create
charge carriers when exposed to enough light energy. They break down solar energy systems, various harmful substances, and even
split water into hydrogen and oxygen [5-9].

Vanadium produces a series of oxides, including VO, V503, VO3, and V,0s, like other transitional metals [4,10,11]. The most
significant and stable component of this series is V20s. Because its d-orbitals are only partly filled, vanadium has a number of con-
nected structural and electrical properties in vanadium oxides and related catalysts. There are several different oxidation states in
which vanadium atoms can occur. Consequently, oxidation or reduction can be used to transform oxides with varying stoichiometry.
Vanadium is the transition metal V205, an oxyanion with a band gap ranging from 2.3 eV to 2.8 eV [12,13] and melting and boiling
points of approximately 936 K and 2020 K, respectively. Because of promise for usage as a photocatalyst under visible light because it
has a high specific surface area and high surface acidity [13-16]. Powder form [16] rewards V2Os for its photocatalytic ability,
breaking down acetone [17], hydrocarbons [18], methylene blue [19], and other substances. When catalysts based on vanadium oxide
are used, the catalytic reaction for the anisotropy of chemical bonds in the V505 crystal lattice is structurally sensitive [20]. The V205 is
a narrow band gap, it may absorbs visible light that leads to the creation of energetic redox centers [21] and electron-hole pairs [22]
and enhances photodegradation efficiency. Nevertheless, V,Os’s photodegradation effectiveness is limited due to its reduced specific
surface area and the rapid recombination of photoinduced charge carriers [21].

One popular method for reducing or solving the rapid recombination issue is cation doping. Several reports have focused regrading
on cation doping to V205 nanoparticles and categories in three main categories: metals such as Na, Mg, and Al [11,23,24], transition
metals like Titanium, Manganese, Iron, Cobalt, Nickel, Copper, Zinc, Zirconium, Molybdenum, Yttrium and Tin [25-34], and
lanthanum series like Yttrium, Lanthanum, Cerium, Neodymium, Gallium, and Gadolinium [35-40]. Interestingly, most of them report
related to storage capacity. Researchers try to improve the photocatalytic behavior of doped V205 by adding main group metals (A13*)
[11] and transition metals [30,40], but in the first case, electron sinks, and in the latter case, altering surface morphology improves
ability of oxidizing along with active sites results fail to enhance photocatalytic efficiency.

RE elements can simply target organic dyes or pollutants by creating complex compounds due to their partially filled 4f and empty
5d orbitals and altering bandgap to match for degradation [36,38,41]. Because of the way 4f orbitals raises oxygen vacancies, this has
recently become a popular way to boost photocatalytic activity. This makes it easier for photo-generated electrons to get stuck in the
newly formed vacancies, which slows down the rate at which the electron-hole pair recombines [39]. Recently, researchers doped
holmium (Ho) and ytterbium (Yb) into V205 nanoparticles using the hydrothermal technique, reporting degradation efficiencies of 93
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Fig. 1. Various steps of preparation of 1.5%Ho - 1.5%Yb co-doped into V.05 (HYVO).
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% and 95 % for 3 mol% within 2 h, respectively [42]. A lot of research needs to be done on the photocatalytic activity of V,0s,
especially on how the Ho and Yb RE ions doping into V205 work together. Only then can V205 be suggested as a possible catalyst for
breaking down pollutants or dyes. Therefore, the initiative has been taken to notice the impact of synergetic doping on the physical
properties of bare V205, using both experimental and DFT calculations. The optical properties have also been detail studied to un-
derstand its dye degradation efficiency.

2. Experimental and computational approach

Ammonium metavanadate (NH4VO3), Holmium(III) nitrate pentahydrate (Ho(NO3)3-5H20), and Ytterbium(III) nitrate pentahy-
drate (Yb(NO3)3-5H20) were utilized. Sigma Aldrich (Germany) supplied the ingredients. We used simple hydrothermal synthesis to
create the bare, Ho-doped, and Yb-doped V;0s. As seen in Fig. 1, the specific steps involved in the synthesis of bare V05 are explained
elsewhere [42,43]. The synthesis technique for Ho and Yb-doped V,Os involves dissolving ammonium metavanadate in ethanol and
de-ionized (DI) water in an equal ratio to achieve a 1M concentration. A 1.5 mol% Ho/Yb precursor added to the solution as a doping
ingredient. Next, 10 wt% nitrite acid addition to create an acidic medium while maintaining a specific pH level. This solution then
agitated for an hour at room temperature, then placed it in a Teflon-coated hydrothermal autoclave and heated it to 100 °C for 24 h.
The products centrifuged more than few times by DI water, ethanol, and then dried using oven for 6 h. Ultimately, the crystallinity
enhanced of product by annealing it for 2 h at 500 °C. An XRD BRUKER AXS D8 advanced diffractometer with Cu-Ka radiation (A =
1.5406 [n\) used to study the structure of the material using the X-ray diffraction (XRD) method. Rietveld refinement has also been done
to determine the precise atomic structure of the samples along with XRD. The FTIR (Fourier-transform infrared) spectroscopy was used
to identify and analyze the molecular composition. The energy dispersive X-ray (EDX) spectroscopy was used to obtain qualitative
chemical analysis, and utilized SEM pictures from the JEOL IT30rHR to study surface morphology. An UV-Vis absorption spectra
(Lambda 650 PerkinElmer spectrophotometer) performed in the 200-900 nm wavelength range.

2.1. Photocatalytic performance

The methylene blue (MB) was used as an example of an industrial pollutant to assess the photocatalytic efficacy of both bare and
Ho- and Yb-doped V,0s. The visible light source was a 300 W Xenon lamp, with a solar simulator added to screen UV radiation (A >
4200 A). A 20-cm gap kept between the light source and the sample. Fig. 2 illustrates the apparatus setup for measuring photocatalytic
activity. For each experiment, we mixed 200 mL of DI water with a 0.0001 mol of MB solution. On the other hand, an increase in
photodegradation efficiency observed at 500 ppm concentration, this happens due to presence of RE doping. The solution agitated for
half an hour in dark environment after adding the catalyst to create an adsorption-desorption symmetry between catalyst and dye. A
10 ml solution was taken from the original solution and centrifuged for 5 min at 5000 rpm to take absorbance spectra in intervel of 20
min.

2.2. Computational methodology

The Quantum ESPRESSO software’s DFT framework was used to do the first-principle computations [44,45] based on experi-
mentally obtained X-ray diffraction data at P = 0 GPa and room temperature (T = 300 K). The primitive orthorhombic phase (Pmmn) of
V205 (VO) has been relaxed using the “variable-cell relaxation” approach inside the Broyden-Fletcher-Goldfarb-Shanno scheme
[46-49]. The exchange-correlation term of the projector augmented wave (PAW) pseudopotential [50] was framed using the
generalized gradient approximation (GGA) in conjunction with the Perdew-Burke-Ernzerhof for solids (PBEsol) functional [51]. The
PAW pseudopotential has been taken into consideration for electron-ion interactions. The system’s crystal structure is let to relax until
the ambient circumstances cause total electronic energy and Hellmann-Feynman force to reach about ~107° Ry and 10~ a.u.,
respectively, as per the convergence criteria. Consideration has also been given to a I'-centered k-point 10 x 10 x 10 grid for geometry
optimization and self-consistent-field (SCF) computations.

To comprehend the electrical features of the co-doped VO system’s tunability, a 3 x 3 x 2 supercell comprising 252 atoms of bare
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Fig. 2. Schematic diagram of experimental set up for measuring photocatalytic degradation under sun simulator.



M.M. Uddin et al.

VO crystal has been built. To create the 1.5 % Ho - 1.5 % Yb co-doped (HYVO) molecule, an equal number of Ho and Yb are then
simultaneously doped by substituting the vanadium of the supercell. The valence electrons of atoms V, O, Ho, and Yb are classified as
plane waves with a 60 Ry cut-off in kinetic energy. For non-SCF computations such as orbital-resolved projected atomic density of
states (PDOS) and electronic band structures of the systems under study, a denser k-point grid of 20 x 20 x 20 has once again been
taken into consideration. DFT calculations have included the on-site Coulomb repulsion + Ugq = 4.0 eV for the 3d atomic orbital of the

Heliyon 10 (2024) e37689

V atom to accurately determine the electronic band gap (Eg) values of compounds [42,52].

3. Result and discussions

3.1. Structural properties

The XRD patterns of 3 % Ho (HVO), 3 % Yb (YVO), 1.5 % Ho and 1.5 % Yb (HYVO) co-doped V305 are shown in Fig. 3(a), along
with V,0s in its bare state. 3 % Ho and Yb doping into the V05 illustrates maximum photodegradation efficiency [42]. The XRD
patterns match with the standard JCPDS #41-1426, indicating the formation of a stable orthorhombic structure [22]. The XRD

patterns reveal no additional peaks, indicating the absence of secondary phases in the doping samples.
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Fig. 3. (a) The XRD patterns (b) magnified pattern in the range of 19.6-21 degrees of all the doped and bare V,0s samples. (c—f) Rietveld
refinement of the bare V,0s, 3HVO (3 % Ho doped V;0s), 3YVO (3 % Yb doped V50s5) and HYVO (1.5%Ho - 1.5%Yb co-doped V,0s), respectively.
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The peaks’ strength diminishes as the doping concentration rises, suggesting that the samples’ crystallinity is sacrificed in favor of a
smaller crystallite size [23]. These differences in the crystal structure arise from the very large variation in ionic radius between V°*
(54 A) and Ho®" (89 A) or Yb®* (86 A). The doped sample exhibits volume expansion compared to bared V,Os, as evidenced by the
push of HVO and YVO peaks to lower 20 values. However, peak shifts to higher 26 values for HYVO demonstrating volume shrinkages
in the doped sample as shown in Fig. 3(b).

Williamson-Hall (W-H) equation (1) is a simplified form of the Scherrer equation, which related the peak broadening () to the
cryatallite size (D) and the internal lattice strain (¢). The equation is given by

/Jcos():%+4esin0 (€D)

Where f = full width at half maxima (FWHM) of the peak, § = Bragg angle, K = dimensionless constant called shape factor (value taken
as 0.9). The W-H plot is shown in Fig. 4. The structural parameters of the samples can be calculated by plotting W-H equation and
produces the following equations (2)—(4):
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The calculated parameters of the samples using equations (2)-(4) are illustrated in Table 1.

The VO crystallite size has been determined 71.1 nm and observes its rapid shrinkage as the elemental doping percentage increases.
The data for HVO and YVO show the lowest values for crystallite size, suggesting a drop-in particle size with 3 % doping. Doping ions
may explain this decrease in particle size by providing extra spaces for particle nucleation, transforming homogeneous nucleation into
heterogeneous nucleation. The co-doped samples show an increase in D value, indicating that heterogeneous nucleation is slowing
down and eventually giving way to homogenous nucleation, which in turn increases crystallite size [42,53]. But the dislocation density
values and internal micro-strain are lower in the co-doped samples than in the doped samples. This means that the co-doped samples
should have a faster and higher rate constant.

Rietveld refinement is a potent method for precisely deriving details about a material’s crystal structure from diffraction data in X-
ray or neutron diffraction. It is especially helpful in the analysis of complicated structures and those that alter as a result of doping or
other modifications. The value of 42, a statistical metric used in Rietveld refinement to assess goodness of fit, is defined as follows: In

the formula y2 = 3" “"”ﬁ%“’), where I,,; = observed intensity, I, = calculated intensity, and ¢ = standard deviation of the observed
intensity [54]. Figures (c—f) show the Rietveld refinement of the bare V,05 and doped HVO, YVO and HYVO, respectively. The fitting
parameters are tabulated in Table 1. Generally speaking, a smaller 2 value (around 1) denotes a better fit between the model and the
observed data, indicating that the differences between the computed and observed values are compatible with the experimental
uncertainties. However, if the model is capturing the important structural properties, a somewhat larger y? value could be acceptable
for more sophisticated models (to suit the doped samples) with numerous parameters. Since the model includes many phases for doped
samples, a greater y? (less than 5) may be appropriate if the data quality warrants it. For the examined samples, the y? values are
predicted to be about 3 (Table 1), although the fit quality suggests that the y? values are appropriate and fall within an acceptable
range.
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Fig. 4. The Williamson-Hall (W-H) plot.
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Table 1

The various parameters of bare, doped and co-doped V,0Os.
Sample Crystallite size (nm) Micro-Strain ( x 107%) Dislocation density x 10~ (nm™2) Atomic coordinates Fitting parameter (x2)
Vo 71 2.76 1.98 V 0.14994 0.10484 0.18097 3.28

0 0.00000 1.02677 1.09702
0 0.14605 0.47935 1.21733
0 0.17956 0.00254 0.66374
HVO 36 5.43 7.56 V 0.15091 0.09928 0.19960 3.54
0 0.00000 1.02736 1.29933
0 0.14245 0.48610 1.13177
0 0.18138-0.00218 0.69161
Ho 0.15091 0.09928 0.19960
YVO 38 5.16 6.81 V 0.15480 0.09634 3.20175 3.84
0 0.00000 1.03080 4.24688
0 0.13384 0.46518 4.14760
0 0.17680-0.00198 3.72320
Yb 0.15480 0.09634 3.20175
HYVO 48 4.93 4.26 V 0.15348 0.10394 3.32205 3.05
0 0.00000 1.01460 4.35936
0 0.14028 0.47476 4.26121
00.17726-0.01172 3.81638
Ho 0.15348 0.10394 3.32205
Yb 0.15348 0.10394 3.32205

3.1.1. Morphplogical analysis

The SEM images have investigated the surface morphology of the synthesized HVO, YVO and HYVO along with the bare V50s.
Fig. 5(a and b) illustrates the various magnifications ( x 25k and x 35k, respectively) of SEM images for the HYVO. Fig. 6 (upper panel)
shows the SEM images for HVO, YVO, and VO. Co-doping into the VO significantly changes the particle morphology, as shown in Fig. 5
(a and b). Compared to their bare V505 and doped HVO and YVO, the particle size has significantly decreased. The pictures clearly
show that doping elements create new nucleation compared to their original VO and encourage heterogeneous nucleation for the
doped samples. This speeds up the process in the case of co-doping, which in turn lowers the chance of particles sticking together and
eventually growing.

The EDX confirms the presence of desired elements like vanadium, oxygen, holmium and Ytterbium as shown in Fig. 5(c), which
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Fig. 5. (a,b) SEM images of co-doped HYVO with magnifications 25k and 35k, respectively. (c) EDX spectra of co-doped HYVO (1.5%Ho - 1.5%Yb
doped into V50s).
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Fig. 6. (upper panel) SEM images of 3 % Ho (HVO), 3 % Yb (YVO) doped V505 and bare V,0s (VO). (lower panel) EDX spectra of HVO, YVO
and VO.

includes co-doped HYVO EDX spectra. Fig. 6 (lower panel) displays the bare EDX, revealing only V and O as additional peaks. Because
of their high surface energy and irregular form, VoOs particles tend to clump together. Gradually, as the doping increases, the
agglomeration decreases and also becomes co-doped. The EDX spectra can be a great tool to check for the presence of predicted el-
ements, even if they cannot be used to determine the precise percentage of elements in the entire sample. Apart from that, the ele-
ments’ atomic percentage verified that V,0s was successfully formed.

3.1.2. Functional group analysis by FTIR

By analyzing how compounds interact with infrared light, FTIR (Fourier Transform Infrared) analysis is used to identify and
investigate substances. It basically measures the absorption of infrared light at various wavelengths by various chemical connections.
FTIR spectra of the bare V5,05, HVO, YVO, and HYVO are recorded at room temperature and presented in Fig. 7. Between 400 and 1100
cm ™, three primary, distinctive peaks of the samples are observed. The V-O-V vibration’s (symmetric stretching, vs) modes have a peak
at 412 cm™'. The YVO has a greater V-O-V value of 420 cm™ L, while the HVO and HYVO have lower values of 414 and 416 cm ™! [43,
55-57]. This might have occurred because of the doping of RE ions Ho and Yb caused in the vanadium-oxygen bonds. For asymmetric
stretching (v,5) modes of V-O-V, rather large peaks emerge at 818 cm !, The bare V,0s has a value of 828 cm™; this peak is moved to
the lower values of 807, 821, and 817 cm ™ for the HVO, YVO, and HYVO, respectively. This is because of doping RE ions Ho and Yb
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Fig. 7. The FTIR spectra of bare V,0s, HVO, YVO and HYVO measured at room temperature.
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causes modifications in the V-O-V bonds. The terminal oxygen (V = O) vibrational bond is responsible for the third peak, which is seen
at around 1013 cm ™. At this point where peaks do not move considerably because of lower energy, doping ions could not impose
strain on the vibrational bonds. Hence, together with XRD analysis, the FTIR spectra verified the materials’ purity.

3.2. Optical features

The UV-visible absorption spectra of bare V,05, HVO, YVO, and HYVO are shown in Fig. 8(a). The absorbance range at each
wavelength is also shown. All samples in the visible range exhibit significant absorption due to the electron transition from O (2p) to V
(3d) [40,53]. It is clear that the visible range’s absorption is nearly constant up to 530 nm, after which the co-doped material exhibits
reduced absorption. For the holmium/ytterbium doping, the empty orbitals of RE ions cause an increase in absorbance in the UV
spectrum. The crystal structure becomes unbalanced in charge when Ho®" or Yb®" are replaced by V°*, which is corrected by the
formation of oxygen vacancies. These flaws also contribute to the improved absorbance of the doped V505 samples [22]. Another
crucial parameter for describing the optical characteristics of the samples is the absorption edge (AE), which is the point in the ab-
sorption spectrum where a sharp discontinuity called the absorption discontinuity or absorption limit occurs. At that point, an ioni-
zation potential or an electronic transition are represented by the energy of an absorbed photon. Fig. 8(b) shows the computed AE of
the samples. An increasing AE value from the bare indicates "red shift", while a lowering value indicates "blue shift" [42]. According to
calculations, the blue shift edge for the VO, HVO, YVO, and HYVO samples is 585, 597, 625 and 627 nm, respectively. The co-doped
HYVO sample exhibits superior catalytic performance compared to the other samples, as evidenced by its highest value compared to
HVO and YVO.

Using the Tauc relationship in equation (5), the bandgap of the samples are determined.,

ah9=A (h9 — E,)" 5)

Here, A = proportional constant, Eg = sample’s bandgap, hv = photon energy, and a = absorption coefficient. Two alternative, n =
2 indicates direct bandgap whereas n = % specifies indirect bandgap that are used to classify the two different permitted transitions.
Fig. 9 shows the samples’ predicted bandgap as determined by the Tauc plot. The co-doped sample exhibits a larger bandgap compared
to the doped and bare samples, suggesting potential enhancement in catalytic performance. It is suggested that when the co-doped
material’s defect content rises, radiative recombination is inhibited, which upturns the catalytic performance [58].

3.3. Photocatalytic measurements

The photocatalytic performance of the samples is measured using the MB characteristic peak in UV-visible absorption spectra, with
a 500 ppm catalyst concentration [Fig. 10(a—c)]. The visible absorption spectra calculated at 611 and 660, 370 and 536, and 367 and
538 nm for the HVO, YVO, and HYVO, respectively, based on the two characteristic peaks in the absorption spectra. The degradation
efficiency of dye determined by equation (6) because the decrease in intensity is proportional to the product’s degradation.

Dye removal efficiency = (%) x 100 ©6)

In this case, C; indicates the equilibrium concentration at sampling time, while C, denotes the initial concentration. Our synthesized
catalysts’ kinetics may be measured using Langmuir Hinshelwood (L-H) kinetics in equation (7). [59], given below:
dC ko KC,
dt  1+KC,

@)

K, = time-dependent reaction rate, and K = adsorption equilibrium constant. Since relatively low concentration (1.0 x 10~*
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Fig. 8. (a) UV-visible absorption spectra for of bare VO, 3 % Ho (HVO), 3 % Yb (YVO) doped V,0s and co-doped (HYVO). (b) the absorbance edge
range of the samples.
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molarity) of MB was used, the first-order kinetic process may be roughly represented by equation (8) [60,611,

Co\
In <a> =kt

Here, the pseudo-first-order rate constant is k. The slope of time dependent In (%?) curve is used to compute this rate constant.

Fig. 11(a—c) displays time dependent degradation efficacies of HYVO, YVO, and HVO. Following 2 h of exposure to visible light, the
samples exhibit increasing deterioration for co-doped HYVO and decreasing degradation for HVO. For HVO, YVO, and HYVO, the
projected degradation percentages are 93, 94, and 95 %, respectively. A calculation of the rate constants is shown in Fig. 11(d) and
values found to be 0.020, 0.022, and 0.024 min~! for HVO, YVO, and HYVO, respectively. It’s interesting to note that the rate constant
of HYVO is over 2.5 times higher than that of the bare V505 sample [42]. As mention in the section on structural characteristics, the
co-doped HYVO system showed a rate constant and degrading efficiency because of an increase in defects and bandgap, which in turn
reduced radiative recombination. Based on the degradation and rate constant, co-doped sample HYVO may thus be a good option for

®

photocatalysis.
Table 2 presents the results of our analysis, indicating that our HYVO degradation rate constant is the greatest of all the V205

particles presented. It is clear that the HYVO could be the finest option for photodegradation in V,0s5. Rapid degradation is a must for a
material to be recommended as the ideal catalyst.

Fig. 12 shows the likely pathways by which pollutants degrade. Equation shows how exposure to light energy equal to or higher
than the band gap energy (Eg) promotes an excited electron in the photocatalyst’s valence band (VB) to the conduction band (CB). A
positive hole (h™) is present in the VB while an electron (e~) is produced in the CB by equation (9).
[1.5% Ho/Yb. V,05] + hv — 1.5%Ho/Yb. V,0s] (ht yg + e cp) (©)]

Recombination occurs between the electron and hole or as a result of the surface charges. The recombination rate is finely regulated
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constant of degradation as a function of time of the samples.

Table 2

A summary of how different ions affect V,Os in relation to MB photodegradation efficiency using visible light source.
Doping elements V.05 Concentration Dye Concentration Photodegradation Rate constant Ref

(ppm x10?%) (Molarity x1075) performance (%) (min~1)
Gadolinium (5 wt%) 1 1.6 46 0.0055 [40]
Titanium (5 wt%) 2 1.0 82 0.014 [22]
Tin (3 mol.%) 2 - 95 0.0153 [62]
Cobalt (5 wt%) 5 0.1 91 0.02 [53]
Neodymium (7 mol.%) 10 1.6 99 0.014 [38]
Holmium (3 mol.%) 5 0.1 93 0.02 [42]
Ytterbium (3 mol.%) 5 0.1 95 0.022 [42]
Holmium (1.5 %) + 5 0.1 95 0.024 This
Ytterbium (1.5 %) work

to determine the efficiency of photocatalysis. The pairs produced by photolysis, h + yp and ecp, are transported to the surface of the
catalyst. They dissolve oxygen and surface hydroxyl groups (OH) when they come into contact with water on the catalyst surface,
creating extremely strong anions of superoxide and hydroxyl radicals. These electrons produced by photosynthesis possess the capacity
to take up oxygen (O2) and produce superoxide radicals (eO3), which in turn will catalyze other processes that try to lower the rate of
recombination. On the other hand, when water (H20) and holes in the valence band mix, hydroxyl radicals can be produced that are
represented in equations 10 and 11.

[1.5%Ho/Yb. V505] (h T yg) + H20 or OH — [1.5%Ho/Yb. Vo0s] + H + *OH (10)
[1.5%Ho/Yb. V505] (e~ cg) + Oz — [1.5%Ho/Yb. V50s] + *O3 (11

The dye is subsequently broken down into a number of chemical intermediates by attacking the potential radicals, and eventually it
entirely mineralized into nitrate ions, carbon dioxide, water, and ammonium.

CR dye + OH + O2 ~ — intermediates — COzTJr H20

The potential of the valence band (Eyg) and conduction band (Ecg) can be determined for the V,0s [63]:

10
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In this case, x denotes the V20s’s electronegativity (6.1 eV) [63]. Eg is V20s’s bandgap (2.22 eV), and E° is energy of free electrons in
the hydrogen scale (4.5 eV). The values of Ecg and Eyp are estimated 0.49 and 2.71 eV, respectively. It is acknowledged that doping
components do not substantially alter the Eg, so that the Ecg and Eyp will essentially stay unchanged from the undoped sample.
However, the doping elements produce a variety of defects by generating vanadium vacancies and interstitial oxygen, which adds to
the bandgap’s energy states. These energy states are thought to act as trapping spots to reduce recombination (e-h), increase pho-
todegradation efficiency, prolong lifespan of the photo-excitons.

3.4. Gaining insight into the photocatalytic activity by first-principle DFT calculations

3.4.1. Crystal structures of bare and co-doped V2035 systems

The VO system crystallizes to a primitive orthorhombic phase with space group no. 59 and Pmmn space group symmetry under
ambient circumstances. Fig. 13(a) displays the optimal crystal structure of bare VO as determined by DFT calculation using GGA-
PBEsol level of theory. The observed lattice parameters of the aforementioned compound are a = 3.575 A, b = 4.665 A, and ¢ =
11.516 A. These values exhibit good agreement with our previous research on the VO compound, as previously published [42].

To comprehend the superior catalytic performance of co-doped HYVO system (vide supra) from DFT calculation, two possible
models of HYVO compound have been primarily considered by altering the positions of Ho and Yb atoms periodically inside the
supercell geometry of VO system. Fig. 13 (b, ¢) displays the crystal structures of the models, that are designated as Type I and Type Il in
this context. The following mathematical equation [64-66] may be used to derive the corresponding defect formation energy per
dopant (AEgy) in equation (12), which are used to determine the structural stabilities of Type I and Type II co-doped systems:

AEy=

[Edoped — Epgre — Nduped (ﬂdoped - ﬂV)] (12)
doped

where Egopeq and Epare represent total energies of co-doped and bare VO crystals respectively, Ngopeq is the number of total Ho and Yb
dopants, 4 gqpeq and py, denote the chemical potentials of Ho, Yb and V atoms respectively. The estimated AE4¢ values show that Type -1
HYVO compound exhibits smaller AE4¢ (~—0.17 Ry) in contrast to its Type — II counterpart (AE4s ~ —0.14 Ry). The minimum AEq4¢
(~—0.17 Ry) reflects that Type — I model of HYVO system is energetically most viable among other compounds under study.

3.4.2. Electronic properties of bare and co-doped V,05 compounds

The electronic band structures (E-k diagrams) of the compounds under study have been calculated along the '-Y—>T—-I'-X-U
high-symmetry direction in order to comprehend the photocatalytic activities of Type I HYVO compounds and bare VO. The findings
are shown in Fig. 14(A and B). The conduction band minimum (CBM) is found at high-symmetry point I" in BZ, while the valence band
maximum (VBM) of VO is located at T high-symmetry point [Fig. 14(A)]. The discovery indicates that bare VO has an indirect band gap
semiconductor with an electron gap of approximately 2.22 eV. The compound’s projected Eg value of 2.22 eV, derived from the PBEsol
+ Ugqgq calculations, agrees well with our experimental result obtained from our experimental absorption data (vide supra).

Interestingly, from Fig. 14 (B), alterations in the E-k diagram for HYVO system have been found. Although the CBM of co-doped
system remains localized at the zone center I', the VBM however, is observed to move from high-symmetry point T to I'. This result
suggests that HYVO compound is a direct band gap semiconductor with E; ~2.25 eV. The Eg value of the studied co-doped system, so
estimated from PBEsol + Ugqq level of theory, is also in close harmony with our experimental finding where the Eg value of HYVO is

11
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Fig. 13. (a) Optimized unit cell crystal structure of V,Os system. Optimized supercell geometries for (b) Type — I and (c) Type — I HYVO compound
as estimated from DFT calculations with GGA-PBEsol level of theory.

pr— .

(b)

States / eV

30 A5 15 3.0

0.0
E-Ep (eV)

Fig. 14. Electronic band structures, orbital resolved PDOS of (A, a) bare and (B, b) 1.5 % Ho - 1.5 % Yb co-doped V,Os systems as attained from
PBEsol + Uggq level of theory. Er denotes the Fermi energy level.

estimated to be ~2.23 eV (vide supra, cf. Fig. 2). While this estimated Eg (~2.25 eV), as observed in the DFT calculation, falls under the
visible region (~551.04 nm) of electromagnetic wave spectrum, the direct band gap on the other hand may primarily signify the
improved photocatalytic performance of co-doped system than the bare VO compound. In this regard, it is also relevant to mention that
the presence of flat energy bands has been noticed in the E-k diagram of HYVO system [Fig. 14 (B)]. Flat energy bands suggest potential
applications in nonlinear optics, photonics, photolysis, and energy storage devices due to smaller group velocity and larger effective
charge carriers [42,67-69].

The orbital-resolved PDOS of the systems have been computed in order to properly comprehend the contributions of atomic orbitals
in the photocatalytic performances of bare VO and HYVO complexes. The outcomes are displayed in Fig. 14(a and b). As can be
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observed from Fig. 14(a), the bottom of the conduction bands, which range from 0 to +3 eV, mostly displays contributions from V-3d
orbitals, whereas the top of the valence bands of bare VO, which range between —3 and 0 eV, originates predominantly from O-2p
orbitals. Nonetheless, in the corresponding valence and conduction bands of VO close to the Fermi energy level (Eg), lesser contri-
butions from the V-3d and O-2p orbitals have also been seen. There have also been seen distinct gap openings close to the Eg in each
system’s PDOS plot, resembling the E-k diagrams of bare and co-doped systems. Remarkably, notable modifications have been noted in
the PDOS spectra of the HYVO molecule, as illustrated in Fig. 14(b). O-2p orbitals and the 5d orbitals of the Ho and Yb atoms have been
seen to make up the majority of the contributions in the valence bands close to Eg in Fig. 14(b). Nonetheless, it is discovered that the
relative weight of Ho’s 5d orbitals is greater than that of Yb-5d orbitals. Furthermore, the top of the valence bands of the HYVO system
has also shown minor contributions from the 4f orbitals of the Ho and Yb atoms. Collectively, these facts suggest that the RE elements
holmium and Ytterbium would be important in improving the co-doped compound’s photocatalytic capabilities, which is consistent
with our experimental results (vide supra).

4. Conclusions

The co-doped V05 has been formed using a facile mild hydrothermal method that is friendly to the environment, containing 1.5 %
(Ho) and 1.5 % (Yb). The research looked at how the doping elements affect the photocatalytic activity of co-doped V205, comparing it
to both bare V5,05 and V505 that had been doped with 3 % Ho and 3 % Yb. The co-doping enhances the production of oxygen vacancies
and suppresses radiative recombination, leading to a rise in absorbance. The lower dislocation density (4.26 x 10~> nm~2) and internal
micro-strain (4.93 x 10~3) of the RE elements make it easier to fix the charge imbalance, which improves absorption and gives the best
degradation efficiency (95 % vs. 94 % for Ho-doped V205 and Yb-doped V20s). Experimental research established the bandgap of co-
doped samples at 2.23 eV, in agreement with DFT (2.25 eV), which reduces radiative recombination and increases degrading efficiency
compared to doped samples. Notably, the doping samples exhibit the greatest rate constant (4.93 x 10~ min™!), indicating a faster
deterioration process than the doped system. The co-doped V505, with a 95 % degradation efficiency and a rate constant, indicates that
there is a synergistic effect that promotes a rapid degradation process in the system. Therefore, 1.5 % HVO and 1.5 % YVO co-doped
V3205 can be recommended as an extremely effective and quick catalyst to address major environmental pollution problems.
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