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Abstract:

The rare-earth (RE) elements [Holmium (Ho) and Ytterbium (Yb)] doped vanadium pentoxide
(V,05) with a series of doping concentrations (1 mol.%, 3 mol.%, and 5 mol.%) have been
successfully synthesized using environment-friendly facile hydrothermal method. The effect of
RE ions on the photocatalytic efficiency of doped V,0s5 has also been analyzed from both the
experimental and first-principle density functional theory (DFT) methods. The stable
orthorhombic crystal structure of doped V,0s5 confirms by the X-ray diffraction with no secondary
phase, and high-stressed conditions are generated for the 3 mol.%. The crystallite size, strain, and
dislocation density are calculated to perceive the doping effect on the bare V,0s. The optical
characteristics have been measured using UV-vis spectroscopy. The absorptions are found to be
increased with increasing doping concentrations; however, the bandgap remains in the visible

range. The photocatalytic properties are examined for the bare compound with varying pH, with



the highest efficiency exhibited for pH 7. Moreover, it is observed that the RE ions significantly
impact the catalytic behaviour of V,0s. The degradation efficiency is improved by 93% and 95%
for the 3 mol.% of Ho and Yb-doped V,Os samples within 2 hours, respectively, and the

mechanism behind these extraordinary efficiencies has been explained thoroughly.
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1. Introduction

One of the most insistent and concerning issues on the earth is water pollution, which has been
rising sharply day by day. The textile, pesticide, tanning, and dye industries are the leading
polluters of surface water. Unfortunately, natural fighters, such as bacteria or viruses, cannot heal
this chemically tainted wate [1] r. However, one of the effective ways to remedy this problem is
photocatalytic materials, which can generate free radicals and decompose these pollutants more
easily with the aid of solar radiation at ambient temperature[2,3]. The nanoscale metal oxide and
their nanocomposites have been considered the best candidates for photocatalysis due to their
extended surface area and recyclability [4]. Some commonly used photocatalysts are TiO,, ZnO,

Fe, 03, SnO,, VO, MoO,, etc [5,6].

The Vanadium pentoxide (V,0s), a compound of VO, family, has been an emerging applicant in
recent years in the field of lithium-ion batteries, solar cells, gas sensors, catalysts, and
optoelectronics due to its high physicochemical stability, large absorption efficiency in the solar
spectrum, and non-toxic nature along with biocompatibility[7-10]. It has an orthorhombic
structure with a direct band gap of 2.2-2.8 eV, which makes it suitable for photocatalysis[11,12].
Besides, inherent oxygen vacancies of V,0s lead to the form of many planes of defects arising
between the valence band and conduction band, accordingly, creating a quick recombination
pathway and aiding the photocatalytic process [13,14]. However, recent findings of V,0s indicate
that photo-generated electrons and holes quickly recombine and eventually limit photodegradation

efficiency. To achieve a highly efficient photocatalytic reaction, it is utterly necessary to improve



the numerous electron-hole pairs that boost charge separation and impede charge carrier

recombination[6,15,16].

Previously, cation doping has been used prominently to reduce or resolve the quick recombination
problem. Three categories, including the main group of metals (Na[17], Mg[18], Al[19]), transition
metals (Ti[20], Mn[21], Fe[22], Co[23], Ni[24], Cu[25], Zn[26], Zr[27], Mo, and Sn[28,29]), and
rare-earths (RE) (Y[30], La[31], Ce[32], Nd[33],Ga[34],and Gd[35]) have been documented for
cation doping in the V,05 nanoparticles. Almost all the reports dealt with storage capacity and its
associated properties. Very few were looking for the enhanced photocatalytic behavior of doped
V,0s. As pointed out that the main group metals (like AI’") act as electron sinks in the doped V,0s,
resulting in its inability to improve the photocatalytic properties [19]. On the other hand,
transitional metal doping enhances the oxidizing capability and the number of active sites by
altering surface morphology and their band structures; consequently, not being involved in the

improvement of the photocatalytic activity [25,35]

The RE elements doping has become a pronounced technique to enhance photocatalytic activity
due to its inherent nature of 4f orbitals. Having a partially filled 4f orbital along with an unfilled
5d orbital, they can easily attack organic dyes and pollutants strongly by forming complex
compounds [16,36]. Moreover, the RE metals doping can also be modified the bandgap of the
catalyst and shift to the visible range, which plays a vital role in improving the photocatalytic
activities of the catalyst [31,33]. In addition, the RE doping increases the number of oxygen
vacancies in the semiconductor oxides and hence, enhances the newly formed vacancies that can
trap the photo-generated electrons, leading to a lower recombination rate of electron-hole pair[34].
Furthermore, Because RE metals have a smaller work function than metal oxides, they are able to
pull electrons from the surface of the metal oxides, which speeds up the photocatalytic activity[16].
On account of these points, it is urgent to study the photocatalytic activity of RE ions doped V,05

since very few reports have been published yet in this regard.

The photocatalytic properties of V,0s5 can also be tuned by controlling its morphological structure,
such as nanorods[35], nanodots[37], nanowires[38], nanoflowers[39], etc. This shape-controlled

V,05 can be synthesized by different methods, such as sol-gel synthesis, hydrothermal method,



chemical vapor deposition, electrochemical deposition, pulsed laser ablation, solution combustion,
etc.[40-42] Among them, the hydrothermal method is reported to be a highly productive, low-
cost, easy-handling, and environment-friendly synthesis procedure. Moreover, its low-temperature
operating system aids in guiding the crystallinity and morphology of the compounds that
eventually regulate photocatalytic activity [24,38]

Although various metal doping has been implanted into the V,0s for enhancing energy storage
performance, a few reports have been focused on their photocatalytic performance. Rigorous
studies of the photocatalytic performance of V,0s, especially RE elements doping, are required to
suggest V,05 as a potential catalyst for pollutants or dye degradation. In this paper, we are
introducing RE elements, such as Holmium (Ho) and Ytterbium (Yb) for the first time with
different weight ratios (1, 3 & 5 mol.%) into the V,0s nanoparticles by following hydrothermal
technique to evaluate their photocatalytic efficiency. Here, we also explore the effect of doping on
the structural and morphological properties of pristine V,05 from both the experimental as well as
first-principle DFT calculations. Besides, optical properties, such as absorbance, reflectance, and

optical bandgap, are studied thoroughly to explain its dye degradation performance.

2. Experimental and Computational Details

2.1 Chemicals

Commercially available ammonium metavanadate (NH4;VO;), holmium nitrate pentahydrate
(Ho(NO3)3-5H,0) and ytterbium nitrate pentahydrate (Yb(NO;);-5H,0) were used without any

further purification. All the chemicals are purchased from Sigma Aldrich (Germany) chemicals.
2.2 Synthesis Procedure of RE-doped V,05

The pristine, Ho-doped, and Yb-doped V,05 were synthesized by facile hydrothermal technique.
The steps of the whole procedure are illustrated in Figure 1. Ammonium metavanadate was
dissolved into an equal ratio of de-ionized (DI) water and ethanol to make a 1M concentration.
Ho/YDb precursor was added as a doping element into the solution with 1 mol.%, 3 mol.%, and 5
mol.%. Then, a certain pH level was maintained for making an acidic medium by adding nitrite

acid (10wt.%). This solution was stirred for 1 hour at room temperature and transferred to a Teflon-



lined hydrothermal autoclave for 24 hours at 100 °C. After the reactions, the products were washed
several times with DI water and ethanol using centrifugation and dried for 6 hours in an oven.

Finally, the annealing was done at 500 °C for 2 hours to improve the crystallinity of the final

product.
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Figure 1. Experimental procedure of preparing pure and Ho/Yb doped V,05
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2.3 Characterization Techniques

The X-ray diffraction (XRD) technique was used for structural analysis through the Rigaku Smart
Lab diffractometer with Cu-Ka radiation (A=1.5406 A). Surface morphology was studied by SEM
images TESCAN VEGA 3. Qualitative chemical analysis was acquired by Energy dispersive
spectroscopy. The UV-Vis absorption spectra were measured in a Lambda 650 Perkin Elmer

spectrophotometer in the wavelength range from 200 to 900 nm.
2.4 Photocatalytic Performance Test

The photocatalytic performance of pure and Ho/Yb doped V,0s was evaluated by adding
methylene blue (MB) as a sample of industrial pollutants. A 300 W Xenon lamp was used as the
visible light source, and a solar simulator was attached to filter out UV light (A > 420). We
maintained a distance of 20 cm between the light and to sample. The instrumental setup for

evaluating photocatalytic activity is illustrated in Figure 2. For each experiment, 104 M



concentration of MB solution was prepared into 200 ml DI water. A 200 ppm catalyst
concentration was added to investigate the effects of pH variation. On the other hand, 500 ppm
concentration was used to observe the improvement of photodegradation efficiency in the presence

of RE doping in the V,0s particles.

Light source: UV-filtered Visible light enon Lamp oTe
Temperature: Controlled with two fans

Figure 2: Equipment arrangement for the photocatalytic performance measurement

After adding the catalyst, the solution was stirred for 30 min in the dark condition to develop an
adsorption-desorption equilibrium between the V,0s and MB. After turning the light ON,
absorption spectra were measured at 20-minute intervals. For this, a 10 ml solution was separated

from the original solution and then centrifuged the liquid at 5000 rpm for 5 mins.
2.5 Computational methodology

The first-principle calculations have been accomplished within the DFT framework with the aid
of the Quantum ESPRESSO software [43,44]. The crystal structure for the primitive orthorhombic
Pmmn phase of V,05 (VO) compound, as attained from experimentally determined X-ray powder
diffraction data under ambient pressure (P = 0 GPa) [45], has been initially optimized using the
variable-cell relaxation method as implemented under Broyden-Fletcher-Goldfarb-Shanno scheme
[46—49]. The projector augmented wave (PAW) pseudopotentials [S0] has been taken into account
to consider the electron-ion interactions and the exchange correlation (XC) terms of the
pseudopotentials have been incorporated using the generalized gradient approximation (GGA)

followed by Perdew-Burke-Ernzerhof for solids (PBEsol) functional [51]. To calculate the defect



formation energies (AE4¢) of Ho and Yb-doped VO compounds, a 2 X 2 X 2 supercell geometry of
pristine VO system has been considered. The Ho/ Yb atoms are systematically doped by replacing
V atoms of the said optimized supercell to attain the 3% (Hog06V1.9405, Ybg0sV1.90405) and 5%
(Hog.1 V1905, Ybg1V190s) Ho/ Yb-doped VO compounds. The valance electrons 3d?4s?, 2s°2p?,
4f195d"6s? and 4f'35d'6s? for V, O, Ho and Yb atoms respectively of the systems are considered as
plane waves with kinetic energy cut-off of 60 Ry. The crystal structures of pristine, Ho and Yb-
doped VO compounds are allowed to relax until the convergence criteria of Hellmann—Feynman
force and total electronic energy reach to 10 Ry/Bohr and 10® Ry respectively at P = 0 GPa.
While a gamma-centered k — point mesh of 10 X 10 X 10 Monkhorst-Pack grid has been framed
for geometry optimization and self-consistent-field calculations, a denser mesh of 20 X 20 x 20
grid has been considered for electronic band structures (E-k diagram) and projected atomic density
of states (PDOS) calculations of the said compounds. To precisely estimate the electronic band
gap (E,) of the systems the on-site Coulomb interaction term +U = 4.0 eV for 3d electron of V

atom have been considered throughout the calculations [52].

3. Result and Discussions

3.1 Structural Properties

Figure 3(a) presents the XRD patterns of Ho-doped and Yb-doped V,Os, along with the pristine
condition of V,0s. It is observed that all peaks of the XRD patterns are matched with standard
XRD patterns of JCPDS #41-1426, claiming a stable orthorhombic structure has been formed[53].
No additional peaks are detected in the XRD patterns, meaning no secondary phases have been

identified in the doping samples.



] —— 5YbVO - (b)
@ . RN
- _— St o
F 3Yevo| T} 0 5"\ ——3Ybvo)
: L L L L L L L L L L L L L 2 1va0
f 1YbVO g
T ——Vo
=. o L L L L L L L L L L L L L n ~
% - 5HoVO 20.0 20.2 204 20.6 20.8
b= Angle (20)
[72]
g : 1 1 1 1 1 1 i 1 i i i (c)
£ 3HoVO -
£ ] 5HoVO
3 1HovOo| 3| 3HoVO
o L L L L L L L L L L L L L .g [ 1H°vo
E Sl & - JCPDS #41-1426 ——VyO| 2}
[ o ojJo ¥ oo~ —_ [= N N N N
S IS T §52 T8¢ —f —Vo
Wy T e AT i

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 200 202 204 206 208
Angle (20) Angle (20)

Figure 3: (a) XRD patterns(a) in the range of 10 -80 degrees, (b-c) magnified pattern in the range of 20-
20.8 degrees of all the doped and undoped V,05 samples

However, the intensity of the peaks of HoOVO (Holmium doped V,0s) and YbVO (Ytterbium
doped V,05) differ from their pure V,0s. The intensity of the peaks decreases with increasing
doping concentration indicating the lowering of the crystallite size at the expense of the
crystallinity of the samples[35]. The difference in the ionic radius between V3* (5.4 nm) and Ho**
(8.9 nm) or Yb*" (8.6 nm) is relatively high, which forms these discrepancies in the crystal
structure. It is also observed that the peaks are shifted to lower 20 values indicating volume
expansion occurred in the doped sample compared to pure V,Os, in Figure 3(b-c). 3HoVO and
3YbVO depict the highest peak shifts with respect to all the samples and prosecute the largest
stored internal energy in these two samples, attributed to the influence of RE-doped ions on the V-

O bonds, creating a local mismatch in the V,0s lattice structure.



Table 1: Crystalline parameters of pure and rare-earth doped (Ho/Yb) doped V,05

Crystallite size d- Spacing Micro-Strain Dislocation

(nm) (A) x 1073 density

x 1073 (nm?)

Doping HoVO YbVO HoVO YbVO HoVO YbVO HoVO YbVO
%

0 71.10 71.10 4.363 4.363 2.76 2.76 1.98 1.98
1 52.60 48.90 4.366 4.368 3.73 4.072 3.61 4.19
3 36.40 38.30 4.394 4.394 543 7 5.16 7.56 6.81
5 48.30 45.40 4.364 4.370 4.06 4.33 4.28 4.85

The average crystallite size (D) of the compounds was calculated by the Debye-Scherrer formula,

given below -

Do 094 (1)
B cos6

Where S is the full-width at half maximum of (001) peak, 8 corresponds to the diffraction angle,
and A is the X-rays wavelength of Cu Ka (1.5406 A). Similarly, the d-spacing (d), micro-strain(e),
and dislocation density (&) were also calculated using the following equations and presented in

Table (1).

_ ni 2)
2 sinf
o P 3)
" 4 tanf
1
§ = o2 )



The crystallite size of VO is found to be 71.1 nm, which decreases rapidly with increasing doping
percentage for both elements. The lowest crystallite size value is obtained for 3HoVO and 3YbVO,
indicating a decrease in the particle size for 3% doping, which can be explained by the fact that
doping ions provide new nucleation sites for particles’ formation, which alters the homogeneous
nucleation to heterogeneous nucleation. Heterogeneous nucleation is faster than homogeneous
nucleation, eventually decreasing the particle size. A similar trend was reported for Cobalt doping
in V,05 [54]. It is reported that the interlayer distance of Zr-doped and Ti-doped V,0s nanorods
increases due to their large cation size. A similar trend is observed for the present case. The
interspacing increases with increasing doping (both Ho and Yb) percentage. The highest spacing
estimates for 3mol.% doping concentration of both RE elements in the V,0s. Moreover, the micro-
strain and dislocation density also followed the trends of d-spacing. Both samples are increased

with the increment of the doping elements up to 3 mol.%.
3.2 Morphological Analysis

The surface morphology of the synthesized pure and Ho/Yb-doped V,0s was investigated by
taking scanning electron microscopy (SEM) images. Energy dispersive X-ray spectrum (EDX) has
also been utilized to confirm the presence of desired elements, such as V, O, Ho, and Yb. In Figure
4a, the particle of V,0s is in irregular shape where agglomeration occurs due to the high surface
energy of these particles. The EDX of V,0s is presented in Figure 4b, where no additional peaks
are observed except V and O. Besides, the atomic percentage of the elements confirmed the

successful formation of V,0s.
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Figure 4: (a) SEM image (b) EDX spectra of pure V,0s

The morphology of the particles has been significantly changed with increasing Ho/Yb ions
doping, as illustrated in Figure 5. The particle size reduces compared with their pristine V,05 for
both cases. The finding is highly persuasive as doping elements create new nucleation and promote
heterogeneous nucleation, which eventually reduces the chance of the growth of the particle.

However, the agglomeration is continued for the doped samples.
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Figure 5: SEM image of (a) Imol. % Holmium-doped V,05(1HoVO) (b) 3 mol. % Holmium- doped V,0s
(3HoVO) (c) Smol. % Holmium-doped V,0s5 (5HoVO) (d) 1mol. % Ytterbium -doped V,Os (1YbVO) (e) 3
mol. % Ytterbium -doped V,0s5 (3YbVO) (f) Smol. % Ytterbium -doped V,0s (5YbVO).
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EDX spectra of Ho/Yb doped V,0s are exhibited in Figure 6. Although the EDX spectra cannot
be conclusive in calculating the exact percentage of elements in the overall sample, it can be an
excellent way to examine the presence of expected elements. Our expected elements in these
spectra have been clearly visible, and the intensity for Ho and Yb increases with increasing the

doping percentage.
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Figure 6: EDX spectra of (a) Imol. % Holmium-doped V,Os(1HoVO) (b) 3 mol. % Holmium- doped V,Os
(3HoVO) (c) Smol. % Holmium-doped V,0s5 (SHoVO) (d) 1mol. % Ytterbium -doped V05 (1YbVO) (e) 3
mol. % Ytterbium -doped V05 (3YbVO) (f) Smol. % Ytterbium -doped V,0s (5YbVO).

3.3 Optical Characteristics

UV-visible (UV-vis) absorption spectra of pure, Ho-doped, and Yb-doped V,0s are presented in
figure 7(a-b). All the samples show strong absorption in the visible range, attributed to the electron
transition from O (2p) to V (3d) [35,54]. For the Holmium/Ytterbium doping, the absorption
increases in the UV range due to the unfilled orbitals of RE ions. Besides, substituting V>* with
Ho?*" or Yb3* creates a charge imbalance in the crystal structure, leading to the formation of oxygen
vacancies to compensate for the charge imbalance. These defects are also responsible for

enhancing the absorption of the doped V,0s samples [53].
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Figure 7: UV-visible absorption spectra for various (a) Ho-doping and (b) Yb Doping. (c¢) Calculated
relative absorption and (d) absorption edge of Ho-doping and Yb Doping

The relative absorption (RA) is an essential parameter to observe the improved solar efficiency of
the prepared sample, as shown in figure 7(c) for the doped samples. It is measured by the following

equation in the visible range (380 -750 nm):

Average absorption of desired sample in the visible rar. (5

R . . _
elative ahbrpRQR Average absorption of pure V,0s sample in the visiblera )

The RA value increases with the increment of doping percentage for the samples up to 3 mol.%
and then drops very sharply to 5 mol.% percentage. The 3YVO shows a higher RA value than

3HVO, indicating higher solar efficiency can be achieved in the visible range. This increment of
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the absorption is highly aligned with the strained conditions due to the lattice distortion we
discussed in the structural analysis section 3.1. The absorption edge (AE) is another vital parameter
to characterize the optical properties of the samples where absorption discontinuity or absorption
limit occurs a sharp discontinuity in the absorption spectrum of a substance, and at that point, the
energy of an absorbed photon corresponds to an electronic transition or ionization potential. The
AE of the samples has been calculated and illustrated in figure 7(d). Increasing the AE value
indicates the ‘red shift’, and decreasing the value means the ‘blue shift’. The YVO samples show
the ‘red shift’ for all the doping percentages compared to the parent VO sample, and 3HVO is
shown the maximum value of ‘red shift’. The finding indicates that Ytterbium-doping expects to

be shown better performance than Holmium-doping.
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Figure 8: Bandgap measurement of pure, Ho/Yb-doped V,0s sample by using Tauc Formula

The bandgap of the pure and doped samples has been measured using the Tauc relationship,

ahd =A (h9 — Eg)" (6)

Where a is the absorption coefficient, hv defines the photon energy, 4 suggests a proportional
constant, and E, represents the bandgap of the sample. Two different allowed transitions are
classified by using two different ‘n’ values: n = 2 for direct and n = % for indirect bandgap. The
calculated bandgap of the samples using the Tauc plot is depicted in figure 8. It is observed that
the bandgap reduces for all the doping samples compared to their parent VO. The reduction is
caused by introducing defects in the crystal system of pure VO by doping the foreign elements.
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These foreign elements form additional energy states within the bandgap that create intermediate
paths for electron transitions and delay the electron recombination rate[55]. The maximum
decrements of the bandgap are found to be 2.16 eV (3HoVO) and 2.17 eV (3YbVO), which is

consistent with our discussion regarding the highest value of RA and AE.
3.4 Photocatalytic Measurements

Methylene blue (MB) is a symbol of pollutants for measuring photocatalysis efficiency. It shows
two characteristic peaks in the visible absorption spectra at 613 nm and 664 nm. The peak at 664
nm was considered to evaluate the degradation of the MB. As the decrement of the intensity is
proportional to the degradation of the product, the efficiency of photodegradation is calculated by
using the following equation:
Ce
Dye removal ef ficiency = (1 — A 100 (7)
o
Here, C, represents the initial concentration and C; defines the concentration of the sampling time.
Langmuir Hinshelwood (L-H) kinetics can be used to measure the kinetics of our synthesized

catalysts[56], given below:

T dt T 1+KC,

T =

Where K, defines the time-dependent reaction rate, K is the equilibrium constant for adsorption.
We have used a very low concentration of MB (10* M), equation (8) can be approximated to the

first-order kinetic reaction[57,58], presented in equation (9):

ln(g—z) =kt 9)

Here, k defines the pseudo-first-order rate constant. This rate constant is calculated from the slope

of the ln(%) Vs time curve.

t
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Figure 9: Absorption spectra of MB degradation under various pH levels and catalyst concentrations: (a)

as received, (b) pH = 5.5, (c) pH = 7.0, (d) pH = 8.5, (e¢) pH = 10 and (f) pH = 7 and catalyst = 500 ppm

3.4.1 Effects of pH

Industrial textile dyes contain various contaminants having a wide range of pH levels. So, it is
necessary to check the performance of V,0s on the basis of different pH levels. The prepared
sample showed a very low pH value (3.3) due to its synthesis process, wherein a pH of 2.5 was
maintained. We examine the photodegradation efficiency of V,0s as a function of a wide range of
pH levels of 3.3 — 10.0. We set a 200-ppm concentration for the catalyst. The wavelength

dependence of absorptions for various pH values is represented in Figure 9.
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Figure 10: (a) Photocatalytic degradation efficiency and (b) degradation rate constant of MB by V,0:s

under various pH levels

Time-dependent degradation of the MB in the presence of various pH levels is illustrated in Figure

10(a). The degradation is very low at low pH values (acidic medium), whereas the efficiency

improves exponentially from 11% to 52% with a rising pH level from 5.5 to 7.0. The efficiency

decreases afterward in the alkaline medium. The Rate constants were calculated for different pH

levels, as shown in Figure 10(b). The rate constant curves clearly indicate that the highest

degradation is found for pH of 7.0, indicating that the neutral condition or slightly alkaline medium

is good for getting better photodegradation efficiency of V,0s. The overall degradation efficiency

and rate constant values are plotted in Figure 11.
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levels

This phenomenon can be explained by electrostatic interactions between the catalysts and
pollutants, as illustrated in figure 12. One of the important parameters to observe the pH effect is
the point zero charge (PZC) of the catalysts, where the net charge of the particle surface is zero for
a certain pH level [59]. The surface of the particle will be positively charged below this pH level
and negatively charged above the pH level. As the MB is cationic, the surface of the catalyst must
be negatively charged so that the catalyst can come in contact with the pollutants. At an acidic
medium (pH < pHpzc), the surface of V,0s is positively charged, repels the MB, and cannot
degrade. However, in the neutral or slightly alkaline medium, the surface of catalysts is negatively
charged, so adsorption can occur. In our case, the degradation rate was changed dramatically by
changing the pH value from 5.5 to 7. So, one can conclude that the PZC of V,0:s lies in between
pH of 5.5 — 7. It should be noted that the photodegradation efficiency for a very high pH level (11-
14) is not considered in this study. However, many reports claimed that the samples show low
efficiency at this extreme pH level [24,59,60]. This may be attributed to the neutralization of

cationic pollutants due to high OH concentration and restriction to contact with the catalyst.
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Figure 12: Mechanism of pH effects on photodegradation efficiency of V,0s

3.4.2 Effects of Ho-doping and Yb-doping

The photocatalytic degradation efficiency of Ho-doped and Yb-doped V,05 have been measured
using the intensity of the characteristic peak of MB in the UV-visible absorption spectra, as
presented in Figure 13. A catalyst concentration of 500 ppm is used to observe the efficiency of

the samples.
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Figure 13: UV-vis absorption spectra of (a) Imol.% Ho (b) 3mol.% Ho (c) 5 mol.% Ho (d) Imol.% Yb (e)
3mol.% Yb (c) 5 mol.% Yb-doped V,0;

Figure 14(a-b) exhibits the degradation efficiencies and rate constants of IHVO and 3HVO as a
function of time. After 2 hours of visible light irradiation, the degradation increases while it is
decreased for SHVO producing the highest degradation for 3HVO among all samples. The rate
constants are found to be 0.012 min!, 0.020 min !, and 0.008 min-! for IHVO, 3HVO, and 5SHVO,
respectively. Interestingly, the rate constant of 3HVO is almost double compared to its pristine
V,05 sample. The degradation percentages are estimated at 78, 93, and 68% for IHVO, 3HVO,
and SHVO, respectively. Similar trends are observed for Yb doped V,Os crystal structure as
depicted in figure 14(c-d). The estimated degradation percentages are 81, 95, and 77% for 1YbVO,
3YbVO, and 5YbVO, respectively. The rate constant is also improved with increasing Yb
percentage up to 3 mol.% and then reduced for 5YbVO. Thus, 3HoVO and 3YbVO can be

considered promising candidates for photocatalysis.
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Figure 14: Degradation of MB as a function of time for (a) Ho-doped (c) Yb-doped V,0s samples.
Degradation rate constants as a function of time for (a) Ho-doped (c) Yb-doped V,Os samples.

A comparison chart of degradation efficiency and the rate constant is illustrated in figure 15 for
better understanding. It is shown that 3 mol.% exhibits the best performance in degrading the
pollutants. As the ionic size differences of RE and vanadium are substantial, the crystallinity
decreases for high doping percentages such as SHoVO and 5YbVO. This damaged crystallinity
reduces the light absorption in the visible range (Figure 7), consequently reducing the degradation

efficiency.

21



25

HoVO (b)
L Ybvo

== [~
(] (=]

Degradation (%)
=)

Rate Constant x 10 (min-")

o

0 1 3 5 0 1 3 5
Doping Pecentage Doping Pecentage

Figure 15: (a) Degradation efficiency (b) degradation rate constant Comparison of pure, Ho and Yb
doped V,0:s.

We have compared our results with available reported RE elements doped V,0s, as depicted in
Table 2. Various measuring factors affect the degradation efficiency and rate constant such as
catalyst concentration, pollutants concentration, degradation time, and energy source. A high
concentration of catalyst and a low concentration of pollutants exhibits a high value of degradation
percentage.[33] Instead of using higher MB concentration, we obtain the competitive degradation
performance among all the V,05 samples. Although Nd3*-doping showed 99% degradation, the
concentration of catalyst was double, the concentration of MB was one order lowers, and the light
source was in the UV range. However, our obtained degradation rate constants of 3HVO and
3YbVO are the highest compared to all listed V,0s particles. It is evident that 3HoVO and 3YbVO
are the best candidates for photodegradation in V,0O:s.
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Table 2: An overview of the effects of various ions on V,Os for the photodegradation efficiency of MB

V,0s Catalysts Catalysts MB Conc. Light Source Degradation Rate Ref
with various Conc. (Molarity) efficiency constant
doping (ppm) (%) (min!)
x 103
5wt.% Gd 100 1.6 x 107 Visible light 46 5.507 ] [35]
5wt% Ti 200 1.0x 107 Visible light 82 714.0 [53]
3 mol.% Sn 200 - Visible light 95 7 15.3 [28]
5 wt.% Co 500 1.0x 10+ Visible light 91 \ ] 20.0 [54]
7 mol.% Nd 1000 1.6 x 10 UV light 99 14.0 [33]
3 mol.% Ho 500 1.0x 10+ Visible light 93 20.0 This
3 mol.% Yb 500 1.0x 10+ Visible light p 95 22.0 This

3.5 Plausible Mechanism of degradation

The possible mechanism of degradation of pollutants using the catalyst and dye MB is illustrated
in figure 16. The photons eject electrons from the valence band (VB) of the catalyst surface and
move to the conduction band (CV). The recombination occurs between the electron and the hole
itself or by the surface charges. Precisely controlling the recombination rate measures the

performance of photocatalysis.
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Figure 16: Schematic diagram demonstrating how rare-earth doped V,05 degrade the pollutant
efficiently

The potential of the conduction band (E ) and valance band (Ey ) for the V,05 can be calculated

by the following equations[60],

ECB=X+ EC_ OSEg
Evp=E4+ Ecp

Here, x is the electronegativity of the V,05 (6.1 eV)[61], E, defines the bandgap of the V,05 (2.22
eV), and E¢ represents the energy of free electrons in the hydrogen scale (4.5 eV). The data
provides the value of 0.49 and 2.71 eV for Ep and Eyp, respectively. Since the addition of doping
elements did not change the bandgap in a wide range, the E 5 and E cgwill remain almost the same
as the undoped sample. However, these doping elements create various defects by forming
interstitial oxygen and vacancies of vanadium, which introduce additional energy states within the
bandgap. These energy states are considered at trapping sites to suppress the electron-hole

recombination and lengthen the lifetime of photo-excitons.
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Apart from the bandgap reduction and defect formation phenomena, the RE ions form complex
compounds with the organic dye that also perpetuate the pollutant’s degradation reaction. It is
attributed to having partially filled 4f orbital in the electronic configuration of the RE elements.
Moreover, the work function of V,05 decreases with increasing RE doping [33]. This decrement
suggests that the Fermi level of V,05 moves towards the CB and makes electrons move easier to
the acceptors. Finally, these photo-generated electrons can capture oxygen (O;) and form
superoxide radicals ("O,"), which would continue further reactions to reduce the recombination
rate. On the other hand, holes in the valance band can react with water (H,O) to form hydroxyl
radical ("OH). These highly reactive radicals attack the pollutants to degrade to generate CO, and
H,0. The degradation pathway of MB in the presence of free radicals is thoroughly discussed in
the previous report [58]. Thus, the degradation of pollutants has been enhanced in the presence of

RE elements.
3.6 Understanding Photocatalytic Activities from First-Principle DFT Calculations
3.6.1 Structural Stabilities of Pristine and Ho, Yb - Doped V,05 Systems

At room temperature (T = 300 K) and under ambient pressure (P = 0 GPa), V,0s crystalizes to
primitive orthorhombic phase and belongs to Pmmn space group symmetry with space group no.
59. The optimized unitcell geometry of pristine VO, as obtained from the first-principle DFT
calculations, is shown in Figure 17(A). The lattice parameters of the crystal system under study
have been estimated to be a=3.575 A, b=4.665 A and ¢ = 11.516 A which are in close agreement

with the experimentally determined X-ray powder diffraction data as reported elsewhere [45].

To introspect the structural stabilities of HogsV1940s (3HoVO), YbgosV19405 (3YDVO),
Hoy1V190s5 (5SHoVO) and Ybg V405 (5YbVO) compounds, the defect formation energies per
dopant (AE4) have been calculated using the following relation [62,63]:

1
AEdf = Nuoyvb [Edoped - Eprisine - NHo/Yb(ﬂHo/Yb —w)] (10)

where Egqpeq and Ejrigine are the total energies of the respective doped and pristine VO compounds,

Nyo/vp represents the number of Ho/ Yb dopants, py,/yp and py symbolizes the respective

chemical potentials of the isolated Ho/ Yb and V atoms. The optimized supercell geometries of
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3HoVO, 3YbVO, 5HoVO and 5YbVO compounds are shown in Figure 17. The AEg4s values for
3HoVO, 3YbVO, 5HoVO and 5YbVO systems are estimated to be -3.74, -3.85, -3.44, -3.50 Ry
respectively. From AEys values, it is clearly evinced that the doped systems are not only exothermic
in nature, but 3HoVO and 3YbVO compounds (3% Ho and Yb — doped VO) are energetically
more favourable than 5% Ho/ Yb - doped systems under study. Moreover AE4¢ values further
suggests that the 3YbVO system is energetically most feasible among the other Ho/ Yb — doped
VO compounds.

Figure 17. (a) Optimized unit cell geometry of V,0scompound. Optimized supercell crystal structures of
(a) 3%, (b) 5% Ho — doped V,0sand (c) 3%, (d) 5% Yb — doped V,Os systems as obtained from the first-
principle DFT calculations using GGA-PBEsol level of theory.
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3.6.2 Electronic Properties of Pristine and Ho, Yb - Doped V,05 Compounds

To understand the photocatalytic activities of pristine and Ho, Yb - doped VO systems, the
electronic band structures for the pristine and 3% Ho, Yb — doped VO compounds have been
estimated. The E-k diagrams along '-Y—>T—I'—-X—U high-symmetry direction for pristine,
3HoVO and 3YbVO systems are shown in Figure 18(a), 18(b) and 18(c) respectively. From Figure
18(a), while top of the valence band of the VO compound is localized at high-symmetry point T,
the bottom of the valley depicting the conduction band of the compound are estimated at high-
symmetry point I in the Brillouin zone. This result implies that the pristine VO system is an
indirect band gap semiconductor with E, ~ 2.22 eV. The estimated value of E, (~ 2.22 eV), so
obtained from PBEsol+U level of theory, is in complete agreement with our experimental

observation so obtained from absorption spectrum [vide supra, cf. Figure 8].

Surprisingly, with 3% Ho and Yb - doping in pristine VO compound, remarkable changes in the
E-k diagrams have been noticed. The valence band maximum for both 3HoVO and 3YbVO
compound are found to be shifted from T to I" high symmetry points in the Brillouin zone. These
results signify that the 3HoVO and 3YbVO systems are direct band gap semiconductors with E, ~
2.15 and 2.10 eV respectively. The E, values of 3HoVO and 3YbVO, so accomplished from the
PBEsol+U level of theory, are also in good agreement with our experimental findings where the
E; values of the said compounds are estimated to be ~ 2.16 and 2.17 eV respectively from
experimental observations (vide supra, cf. Figure 8). The E, values (~ 2.15 and 2.10 ¢V) and the
direct band gap electronic transitions for 3HoVO and 3YbVO compounds, as obtained from the
DFT calculations, fall under the visible region (~ 576.67 and 590.40 nm) of the electromagnetic
spectrum. This direct band gap in turn may be responsible behind the enhanced photocatalytic
performances of the doped compounds than their pristine counterpart. Interestingly, Figure 18(b)
and 18(c) further reveal the presence of flat energy bands in the E-k diagrams of 3HoVO and
3YbVO systems. The flat energy bands in general signify larger effective mass and smaller group
velocity of the charge carriers, which may suggest an early signature for their potential applications
in various research areas such as nonlinear optics, photonics, photolysis and in energy storage

devices [64—66].
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dashed lines.]

To get deeper insights about the photocatalytic performances of VO, 3HoVO and 3YbVO
compounds, the orbital resolved PDOS have been calculated. The results are shown in Figure 19.
From Figure 19(a), it is observed that the top of the valance bands, ranging from -2 to 0 eV, are
originated mainly from the V-3d and O-2p orbitals, however, relative weight of O-2p orbital is
found to be higher than V-3d orbital. This observation primarily suggests strong p-d hybridization
between V-3d and O-2p orbitals of the VO system. Moreover, predominant contribution of V-3d

orbital has been noticed in the bottom of the conduction bands ranging between 0 and 2 eV. Akin
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to E-k diagram [vide supra, cf. Figure 18(a)], depletion of electronic energy states near Fermi

energy level (Er) have been observed in PDOS plot of the VO compound.

Interestingly, upon 3% Ho and Yb - doping in pristine VO compound, remarkable changes in the
PDOS plots have also been noticed. The results are shown in the lower panel of Figure 19. From
Figure 19(b) and 19(c), definite contributions of Ho-4f, Ho-5d (Yb-4f, Yb-5d) orbitals along with
V-3d and O-2p orbitals of 3HoVO (3YbVO) system have been observed near E. Relative weights
of 4f orbitals of Ho/ Yb atoms near Er are found to be considerably higher in the valance bands
than other orbitals. These observations suggest that 4f orbitals of Ho/ Yb atoms play pivotal roles
in enhancing the photocatalytic activities of the compounds in line with our experimental

observations (vide supra).
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obtained from PBEsol+U level of theory. [The Fermi energy Er is marked with vertical dashed lines]
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4. Conclusions

The Ho and Yb doped V,0s5 have been produced using an environment-friendly facile mild
hydrothermal method, and the effect of doping elements on the photocatalytic activity of V,0s has
been studied in comparison with pristine V,0s. The doping of RE ions raises the absorption in the
UV range due to their unfilled orbitals and customizes oxygen vacancies by creating a charge
imbalance in the crystal to reimburse the charge imbalance, enhancing the absorption. The highest
relative absorption (RA) and absorption edge (AD) are estimated at 3 mol.% Yb doped V,05
sample, Consequently, the highest degradation efficiency and rate constants are also determined
for 3YbVO of 95% and 22, respectively. The bandgap of doped samples, as attained from
experimental/ DFT studies, decreases with increasing percentages of dopant, and the highest
changes are determined at 2.16/2.15 eV (3HoVO) and 2.17/2.10 eV (3YbVO), which is approved
by the higher RA and AD values estimated for 3YbVO. It is noteworthy that the significant effect
of pH on degradation has been studied in detail. The improvement of degradation efficiency
estimates exponentially from 11% to 52% by varying the pH level from 5.5 to 7.0. The findings
revealed that the maximum efficiency can be achieved for a pH of 7.0, which indicates that the
neutral condition or slightly alkaline medium is good for getting better photodegradation efficiency
of V,0s. The photocatalytic study in detail with doped RE ions has been uncovered, and the highest
degradation efficiency is found to be 93% and 95% for the 3 mol.% of Ho and 3 mol.% of Yb-
doped V,05 samples, respectively, within 2 hours. The study suggests that 3YbVO and 3HoVO

can be considered very efficient catalysts for mitigating serious environmental pollutant issues.
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