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Utilization of photocatalysis as a promising strategy for environmental and energy applications has been
widely considered. Herein, we report a novel black V,05 material (bV,0s5) synthesized using a controllable
and environmentally benign physicochemical reduction method. HRTEM, ESEM, EDX. Raman, XPS, XRD, and
BET textural characterization, as well as computational density functional theory (DFT) techniques were
employed to understand the chemical and electronic changes obtained through modulation of the surface
microenvironment. DFT analyses reveal that tuning a high degree of surface oxygen vacancies considerably
ameliorated visible light photoactivity of practically inactive pristine V,0s. The optimized bV,05 sample
yielded 92% photodegradation of 20 mg/L cationic methylene blue (MB) in 60 min under visible light ir-
radiation - corresponding to a 58-fold increase in photodegradation efficiency over pristine V,0s. Neutral
quinoline yellow (QY) and anionic methyl orange (MO) photodegradation were also investigated to examine
the photocatalytic efficacy of bV,0s for degradation of other organic contaminants with different charges.
DFT calculations show a clear thermodynamic stability towards reduction of the predominant polar (001)
facet at 1-coordinated oxygen surface site. A staggered (type-II) heterostructure between pristine and re-
duced V,05 was determined from band edge positions which is believed to promote the enhancement in
photoactivity of the reduced sample by offering favorable electron-hole separation and allowing both hy-
droxyl and superoxide radical formation. The mechanism behind the formation of surface defects on bV,05
was proposed based on configurational changes.
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1. Introduction

Over two billion people worldwide lack ample and effective ac-
cess to safe potable water [1]. Bench-scale treatment facilities that
are easy to operate and maintain in remote locations can find wide
implementation in curbing the impact of potable water availability.
An array of water pollutants, including but not limited to, heavy
metals (i.e., Hg?"), persistent pharmaceutical antibiotics, and organic
dyes have been deemed problematic in different water bodies con-
sequential towards many ecosystems affecting humans [2,3].
Organic compounds have been found to be some of the most om-
nipresent and persistent contaminants found in land wastewaters
[4]. As such, benign environmental remediation of contaminated
waters containing textile azo dyes and other organic contaminants
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has been an area of significant research. Efficient and cost-effective
photodegradation of these contaminants relies on catalysts with
high activity in the visible-light region, favorable kinetics, and re-
silient performance stability. The development of black TiO, led to
an unprecedented growth of interest due to significant improve-
ments in photoactivity and kinetics. However, a lack of attention has
been given towards investigating the photoactivity of other transi-
tion metal oxides (TMO) upon chemical reduction. Several technol-
ogies that can be implemented for removal of organic contaminants
from wastewater include heterogenous photodegradation [5,6],
bioremediation [7], ozonation [8], adsorption [9], and Fenton [10]
processes have been proposed and heavily investigated. Among
these techniques, photocatalytic degradation has seen a growing
interest as it can be operated with cost-effective and abundant semi-
conductor materials that are capable to degrade contaminants
in-situ.

Briefly, conventional photocatalytic processes involve a reaction
that is activated by absorption of a photon with sufficient energy to
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overcome the bandgap energy of the photoactive material used -
whereby the reaction occurs at the photocatalyst-water interface.
Photocatalytic materials have been investigated, optimized and
employed in an array of applications including water treatment [11],
antimicrobial coatings [12], and water splitting [13]. Upon photo-
excitation, the electron (e”) energizing to the conduction band (CB)
generates an oxidizing radical (0,*), and the resultant hole (h*) at
the valence band (VB) either oxidizes an organic contaminant or
reacts with available water molecules resulting in hydroxide radical
(*OH) which can easily oxidize organic contaminants. Thus, it is
during the intermittent time that the electron is at the CB that
photodegradation of a contaminant is feasible due to the near-
simultaneous generation of oxidizing radicals. In the scenario that
the recombination rate exceeds the time it takes to generate an
oxidizing radical, the photoexcitation process is essentially wasted,
subsequently decreasing the apparent photoactivity and quantum
efficiency of the photocatalyst. Accepted approaches that have been
implemented and confirmed in previous works towards specifically
decreasing the electron-hole recombination rate include doping and
carbon-based heterojunctions which consistently yield a corre-
sponding enhancement in performance of base photocatalyst
[14-16]. Several reports have identified that a catalyst loading of
0.5 g/L is optimum for allowing the highest degree of reactive spe-
cies formation atop the photocatalyst [17]. Since photodegradation is
a (near) surface phenomena, the formation of a hydration film
around the photocatalyst hampers the organic molecules from ad-
sorbing - a fundamental step of any photochemical process [18].
Thus, the favorable modulation of the semiconductor’s micro-
environment interface enhances the elementary surface adsorption
step, such that an inherent improvement in the apparent kinetics of
the photodegradation is facilitated.

Photocatalysis research has seen growing interest after the dis-
covery of ‘black’ TiO, by Chen and coworkers [19] in 2011, which
showed superior photoactivity performance under visible light ir-
radiation compared to its pristine counterpart. The reason behind
that enhancement has been predominantly attributed to high den-
sity of band tail states caused by excessive disorder, which reduce
the effective bandgap of the material and creates trap states during
electron-hole recombination. A considerable fraction of the sun’s
energy is in the visible (43%) and infrared (52%) region, with a very
small segment in the UV (5%). A myriad of metal oxide photo-
catalysts including TiO, [20-22], ZnO [23-25], WO5 [26], and V05
[27] have a very poor spectral response outside the UV region
[28-31]. This inhibits their potential of harvesting a higher degree of
photons to partake in a successful photochemical reaction. Metal-
doping on metal oxides tends to improve the spectral response but
this significantly affects the crystallinity of the material due to the
consequential formation of secondary impurities, which reduce ef-
ficiency and photoactivity [32,33]. Non-metal doping techniques
were found to enhance the spectral response in the visible range
while maintaining the initial crystallinity of the material [34,35].
Nonetheless, improvement in photoactivity seems to still be limited
due to inadvertent effects that may occur such as the decrease of
initial crystallite size. This directly limits photoactivity since it
decreases the migration distance of a photoexcited electron -
essentially increasing the electron-hole recombination rate. Intrinsic
electronic modulation - such as that applied on black TiO, - remains
quintessential to the overall observed photochemical performance
and to the rapid manufacturing of photocatalysts without additional
materials.

A myriad of work has been undertaken to investigate, under-
stand, and realize the intrinsic potential enhancements caused by
oxygen deficiencies in the growing field of electrocatalysis [36-39].
For instance, in our recent work, we have confirmed enhanced
electrochemical activities and chemical stabilities of TMOs towards
the hydrogen evolution reaction (HER) [40]. Worthy of note, there
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are several intrinsic disadvantages of pristine TiO, towards photo-
catalysis, namely a large bandgap, sole UV-light response, high
electron-hole recombination, amongst others relative to other TMOs
with intrinsic low bandgaps, photostability, and visible-light
response [41]. Controlled O, modulation studies on bulk and surface
TiO, found that surface Ti>" species adjacent to oxygen vacant sites
can act as hole scavengers, and O, sites act as O, binding sites and
electron scavengers. This suppresses the electron-hole recombina-
tion rate which directly enhances photoactivity [42]. Moreover, ex-
perimentally induced concentrations of partially reduced metal
states (i.e. Ti>*) form sublevel band states below the CB, which re-
duce the apparent bandgap of the overall photocatalyst. It is an in-
teresting endeavor to study the effect of modulated O, sites
populating different TMOs which may be more appropriate for
emerging persistent contaminant degradation and/or offer a refined
understanding of unknown effects anionic vacancies may have on
photocatalysts.

To this end, some metal oxide photocatalysts such as V,05 ex-
hibited poor photoactivity due to a deep conduction band (CB) edge
limiting major reduction reactions (i.e., reduction of oxygen to su-
peroxide radicals) from forming which can be paramount to pho-
todegradation abilities. Therefore, implementation of V,0s5 has been
limited to its utilization in forming hetero-nanostructures with
other photocatalysts [43-47]. Low cost, chemical and photostability,
small bandgap, high oxygen density, high oxidation state of the
transition metal involved (i.e. V°*), and non-toxicity of V,05 promote
it as a promising candidate when considering the potential photo-
activity enhancements that would occur by the creation of intrinsic
oxygen vacancies (O,). Coupling of V,05 to reduced graphene oxide
(RGO) was investigated and surface V°* states were found to en-
hance e’/h* separation [48]. However, photoactivity was still ham-
pered due to the innately fast e’/h* recombination rate of V,0s.

In this work, a facile and environmentally benign 2-step synth-
esis scheme was used to fabricate V,0s with high surface O, in large
batches, which interestingly results in a dark colored bV,05 material.
To the best of our knowledge, this is the first study to intentionally
and successfully synthesize sizeable and stable V,05 with a high O,
surface density. This widely adoptable technique of physicochemical
and solution-based reduction using NaBH, has been used in
achieving oxygen deficiencies in TiO, previously [49,50]. Thus, ca-
pitalizing on previous work, we innovatively appropriated this
method after fine tuning NaBH, amounts and reduction tempera-
tures, to achieve photoactive oxygen deficient V,05 which exhibited
novel properties of ultra-high adsorption and photodegradation re-
lative to its pristine counterpart and other TMOs. Intrinsic properties
of the novel bV,05 were studied using various relevant character-
ization techniques. The influence of surface O,, crystallite size, oxi-
dation states of Vanadium, and surface charge on the photoactivity
and stability of V,05 were investigated using methylene blue (MB) as
a model contaminant in photodegradation batch experiments under
visible light. Further, DFT was employed to probe the stability, band-
structure, and T/PDOS of bV,0s under different O, locations for the
(001) and (110) exposed facets of the oxyanion of Vanadium. The
rate of MB photodegradation using bV,05 was observed to be a
58-fold higher than that of pristine V,05 material. The below find-
ings open the door to innumerous possibilities for the potential use
of bV,05 in photo- and electrochemical environmental and energy
applications.

2. Experimental
2.1. Synthesis of reduced ‘black’ V505
All precursors used for material synthesis were purchased from

Sigma-Aldrich and used as received without any further purification.
2.5 g of ammonium metavanadate (NH4VO3) was measured in an
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Fig. 1. Synthesis scheme employed to obtain bV,0s microstructures composed of uniaxial nanorods.

alumina crucible and calcinated in a muffle furnace at 550 °C for 1 h
in an air atmosphere, with a 40 °C/min heating rate from an initial
temperature of 25 °C. The resulting orange-colored sample was
characterized and identified as pristine V,0s. 1 g of the prepared
pristine V,05 was weighted and thoroughly mixed with 0.22 g of
sodium borohydride (molar ratio of NaBH4 to V505 at 1.05:1), and
reduced in a tubular furnace at 400 °C in an argon atmosphere, with
a 1 h heating time (6.25 °C/min) and 1 h reaction holding time at
400 °C. The inert argon atmosphere was appropriated in order to
maintain vacant oxygen positions upon their formation through
borohydride-aided reduction. The resulting sample was washed and
centrifuged three times with de-ionized water, then it was vacuum-
dried at a pressure of - 0.1 mbarg and 75 °C for 7 h. Fig. 1 depicts the
experimental scheme used with the observed textural properties
from sample characterization.

2.2. Chemical, textural, and optical properties of modified V,05 samples

An AXIS Ultra DLD X-ray Photoelectron Spectroscopy (XPS) was
applied to collect large area survey and high-resolution X-ray
Photoelectron spectra of pristine and black vanadium oxide samples.
The XPS Al mono (K-alpha) radiation (1486.6 eV) source was oper-
ated at 15kV and 15mA emission current. The high-resolution
spectra of Vanadium 2p and Oxygen 1s peaks were collected with
pass energy of 20 eV and 0.1 eV step size. An integrated Kratos Vision
data processing software was used for calibration of spectra, peak
analysis and deconvolution.

The morphologies of the samples were analyzed utilizing high
resolution scanning electron microscope (ESEM) images employing a
FEI Quanta 400 environmental scanning electron microscope (FEI,
Oregon, USA). The ESEM was operated at high vacuum mode with
30 Kv acceleration voltage and working distance of around 6.5 mm.
An EDAX Octane Elect EDS System with silicon drift detector was
used for EDS signal collection and analysis. The high-resolution
transmission electron microscope (HRTEM) images were taken by an
FEI Talos F200 with 200kV acceleration voltage. HRTEM samples
were prepared by first ultrasonication in ethanol, followed by drop-
casting the dispersion onto TEM Cu grid (400 mesh) with holey film
for characterization. Surface area and pore size distributions were
analyzed using N, physisorption under Brunauer-Emmett-Teller
(BET) and Barret-Joyner-Halenda (BJH) methods under relative
pressure (P/Pg) of 0.995 at -195.8°C with 10s of equilibration
intervals.

Crystallinity of pristine and black vanadium oxide materials were
analyzed using powder XRD spectra collected via a Rigaku Ultima IV
Multipurpose X-ray Diffractometer (Rigaku Corp., Tokyo, Japan)
equipped with cross beam optics, fixed monochromator and a
scintillation counter. The XRD radiation source (Cu-Ka) was operated
at 40kV and 40 mA. A divergence slit (2/3°), divH.L. Slit (10 mm),
scattering slit (2/3°), and a receiving slit (0.3 mm) were used. The
XRD data were collected using continuous scan mode in the 20 range
of 5-80° with step width of 0.02° and 1°/minute scan speed.
Integrated Rigaku PDXL2 software with PDF4+2019 database was
used for data treatment and phase analysis. Scherrer and
Williamson-Hall methods were both used to approximate the
average crystallite sizes of the as-prepared materials [51,52]. Raman
spectroscopy was taken using a Thermo Fisher Scientific DXR Raman
Microscopy, with an excitation wavelength of 532 nm at a focused
scan range of 40-1250 cm™!, 50-times microscope objective, 1.3 pm
laser spot, and using incident laser power of 5mW. UV-Vis-NIR
diffuse reflectance spectroscopy (DRS) (PerkinElmer Lambda 950
Spectrophotometer) was used in the range of 200-800nm to
quantify the solid-state absorption of vanadium oxides. The Tauc
plots were applied to obtain the bandgaps of the as-prepared V,05
based photocatalysts.

2.3. DFT calculations

Spin-polarized DFT calculations were carried out within the
general gradient approximation (GGA) [53] using the Perdew-Burke-
Emzerhof (PBE) [54] functional and exchange correlation (XC)
functions as implemented in the Vienna ab initio simulation package
(VASP) [55]. The electron-ion interactions were treated with the
projected-augmented wave (PAW) functions [56]. For overcoming
limitations of the PBE method in approximating bandgap and elec-
tronic properties, a Hubbard-U correction parameter was introduced
[57]. The U parameter is effectively an orbital-dependent term re-
ferred to as an on-site Coulomb repulsion energy which is imported
into the XC term of GGA (PBE), and follows the below relation:

Ecca+u [n(1)] = Egea [n(1)] + Ey[n(r)] - Eac (1)

Herein, n(r) is the electron density, Eggs is the energy obtained
from the GGA (PBE) functional calculations, Ey is the Hubbard type
energy contribution, and Eg4 is the double-counting correction en-
ergy. The Kohn-Sham orbitals were expanded using a plane-wave
basis set and the kinetic cutoff energy was fixed at 500 eV. Structural
convergence criteria were assumed when the Hellmann-Feynman



A. Badreldin, M.D. Imam, Y. Wubulikasimu et al.

forces and energies were less than 0.005eVA™" and 107 eV per
atom, respectively. Gaussian smearing [58] with a finite temperature
width of 0.1 eV was used to enhance convergence of state near the
system-dependent Fermi levels. The Brillouin zone (BZ) was sampled
using a 2x4x3 k-point mesh generated by Monkhorst-Pack (MP)
scheme [59] for the bulk system. For facet-dependent studies,
2x2x1 supercells were constructed in the appropriate orientation,
and an adequately large 15A vacuum region was introduced to
eliminate unphysical interactions. A 5x 3 x 1 k-point mesh for (110)
faceted systems, and a 3 x 7 x 3 k-point mesh for polar (001) faceted
systems. Bulk pristine V,0s5 is an orthorhombic crystal lattice, and
lattice constants are a=11.527 A, b=3.614A, and c=4.614 A, which
are in good agreement with experimentally determined values
(a=11.516 A, b=3.565 A, and ¢=4.373 A) obtained through XRD re-
finement of phases. Oxygen vacancy formation energies were ob-
tained for each facet (i.e. (110), (001)) based on the following
relation:

Eform = Ep,x - Eb,x + 0-5*E02 (2)

Eform represents the formation energy per oxygen vacancy (Oy)
site, E, . is the total energy of the pristine system, E, is the total
energy of the reduced/oxygen vacant system, and Eo; is the energy of
diatomic oxygen obtained from a 10x10x 10 supercell with a
1x1x1 k-point mesh. p, b, and X represent pristine, black/reduced,
and exposed facet, respectively.

2.4. Determination of total organic contaminant adsorptive capacity

Before the analysis of photoactivity, the total organic con-
taminant adsorptive capacity of each sample was assessed using
methylene blue (MB) as the contaminant dye. Throughout all ad-
sorption and photodegradation experiments, the pH of the solution
was adjusted to pH 7.0 by adding HCI or KOH solutions. Two separate
50 mL solutions of 100 mg/L MB were prepared, with 0.025 g of the
pristine V,05 sample added to one beaker, and the same amount of
bV,05 added to the second - ensuring catalyst loading is maintained
at 0.5 g/L. Each sample was tip-sonicated for 1 min before the solu-
tions were left under magnetic stirring for 3 h in the dark. A 3 mL
aliquot from each solution was taken after 3 h, and UV-Vis spec-
troscopy was used to determine the remaining concentration of MB
in each solution after adsorption equilibrium was achieved and the
adsorption capacity was calculated as follow,

Adsorption Capacity = Co — Capys,

where, Cg is the initial concentration of organic dye (100 mg/L) and
Csnrs is the concentration of dye in mg/L after 3 h of dark adsorption.
The total MB adsorptive capacity for the pristine and bV,05 samples
was found to be approximately 25 mg/L and 75 mg/L, respectively.

2.5. Photodegradation experiment

Photoactivity of both pristine and bV,05 samples was evaluated
using methylene blue (MB) as the target organic contaminant.
Catalyst load was maintained at 0.5 g/L for all kinetic experiments
and the stock solutions of MB were prepared as such to ensure
20 mg/L of MB remained in solution after adsorptive equilibrium was

Table 1
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established. Initially, 0.025 g of the bV,05 was added to a 50 mL
solution of 95mg/L MB and stirred in the dark for 3h to ensure
adsorptive equilibrium was reached. 3 mL aliquots were taken and
filtered using a 0.45pum mixed cellulose-ester filter paper. The fil-
tered aliquots were analyzed via UV-Vis spectroscopy to ensure that
20 mg/L MB indeed remained in solution. The solution was then
transferred to a 50 mL reactor and irradiated using an artificial solar
simulator at intensity of 700 W/m? for 1 h under continuous stirring,
with 3 mL samples taken in a predetermined interval using a stan-
dard 10 mL syringe. The solar simulator was calibrated using
a standard CMP6 Kipp & Zonen pyranometer with a spectral range
of 285-2800nm. The MB in collected samples was analyzed
using liquid UV-Vis Spectroscopy (PerkinElmer Lambda 950
Spectrophotometer) at Ama.x of 664 nm. Similar experiments were
conducted using pristine a-V,05 (pV,0s) as the photocatalyst and a
20 mg/L MB was ensured at the start of the photodegradation test.
The degradation percentage was calculated as:

100%(Co — Cy)

Degradation(%) =
gradation(%) G ©

where, Cy is the initial MB concentration and C; is the concentration
of MB after time (t). From it, the degradation efficiency can be at-
tained by simple subtraction from unity. We performed adsorption
and photodegradation tests on neutral-charge quinoline yellow (QY)
and anionic methyl orange (MO) for investigating the effect of
charge of the dye.

3. Results and discussion
3.1. Adsorption of reduced ‘black’ V,0s5 catalysts

Although no notable change to the morphology of the V,05
material was observed upon reduction, the obtained pore volume
(Vp) of bV,05 (0.0524 cm?/g) was higher by 12% than that of pV,05
(0.0468 cm>/g) and correspondingly the pore diameter (L) was
higher by 30% as shown in Table 1. The equilibrium adsorption ca-
pacity (qe) was calculated using the below equation:

ac= (v (4)

where Cy and C are the initial and equilibrium concentrations of MB
(mg/L), respectively, m is the mass of adsorbent (g), and V was the
volume of solution (L). The equilibrium concentration was measured
after 3h of dark adsorption conditions. The adsorption capacities
(mg/g) of solids prepared herein were compared with other ad-
sorbents reported in the literature and based on data shown in
Table 1, the order of adsorption capacity of these solids increases in
the order of: Activated Carbon (AC) > Graphene Oxide (GO) >
Carbon Nanotubes (CNT) > bV,05> pV,0s. Interestingly, the nor-
malized adsorption of the aforementioned solids with respect to
their surface areas show a completely different behavior (see Fig. 2)
whereby the normalized adsorption capacities (mg/m?) are in in-
creasing order as follows: bV,05> pV,05> GO > CNT > AC. Cou-
pling this finding with the neutral-pH Zeta Potentials (mV) noted in
Table 1, we deduce that the induction of surface O, in reduced bV,05
results in a highly negative surface charge, which makes suitable for

Physical properties of pristine and black V,0s in comparison to AC, CNT, and GO: surface area (Sggr), total pore volume (V},), average pore diameter (L), adsorption capacities (qe),

and neutral-pH Zeta Potential.

Sample Sger (M?/g) V, (cm®/g) L (nm) qe (mg/g) Neutral pH Zeta Potential (mV) Reference
pV,0s 32 0.047 309 25.0 -20.8 This work
bV,05 3.0 0.052 40.2 75.6 -61.2 This work
AC 1688 1.04 2.5 270.3 -32 [60]

CNT 177 0.54 12.1 188.7 -58

GO 32 0.11 17.3 2439 -54
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Fig. 2. Comparison of adsorption capacities of GO, CNT, AC, pV,0s, and bV,0s
normalized by BET surface area.

adsorbing positively charged cationic MB through very strong elec-
trostatic forces of attraction. The high negative zeta potential in
bV,0s is generated through a larger density of surface OH- binding
from surrounding water. This could possibly be as a result of the
high-density unoccupied p-orbitals transcended upon borohydride
reduction of the metal oxide. It is the higher concentration of this
negatively charged surface that facilitate the strong electrostatic
interactions between the bV,05 surface and cationic MB. It shall be
noted that the vacant site, guided by Vo" formation immediately
after vacancy formation, is positively charged and in turn acts as an
electron trap site - effectively allowing a net surface negative charge.
This significant increase in the absolute Zeta Potential value of bV,05
compared with pristine V505 is also indicative of a more homo-
genously dispersed (low aggregation) bV,0s in solution, which fa-
vors greater adsorption. This also supports the findings of an
enhanced photoactivity of the bV,0s compared to pV,05 since MB
adsorption is an elementary step of any photodegradation process.

3.2. Photocatalytic performance of reduced ‘black’ V505 catalysts

The photocatalytic degradation characteristics of different V,05
samples were characterized by first allowing 3 h of dark adsorption
conditions to level off at 20 mg/L of remaining MB in solution (after
adsorption equilibrium is reached). Thereafter, the reactor was ir-
radiated with 0.7 kW/m? of artificial visible light and sampled in
20-minute intervals. Both the effects of calcination environment and
reduction ratio on the apparent photodegradation performance were
investigated. First, the effect of initial calcination atmosphere was
probed by calcinating the Vanadia precursor in Argon and in
Vacuum. Vacuum calcination has reportedly been used to create
intrinsic oxygen vacancies in other metal oxides [G1]. bV,0s
(vacuum calcination) showed higher adsorption capacity compared
to the sample calcinated in Argon. Interestingly, as shown in Fig. 3a,
the photoactivity of the bV,0s5 (Vacuum) sample showed initial
sluggish kinetics, which could be attributed to the faster desorption
kinetics upon irradiation due to heating effects. However, it shall be
noted that an argon atmosphere was adopted during NaBH, reduc-
tion in order to present an inert atmosphere with no oxidizing agent;
which would have otherwise lead to repopulation of newly formed
0, sites. Had the latter been undertaken, the catalyst performance in
photodegradation would resemble that of pristine V,0s which
shows no O, in its lattice. Second, the reduction ratio (V,0s5: NaBH,)
was tuned to optimize the ratio of surface O, - believed to enhance
photoactivity. The concentration of surface O, has been selectively
increased using more hazardous reduction methods [62]. In this
work, however, the concentration of surface to bulk O, leading to the
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highest photoactivity of V,0s was found to be 1:1.05 under the
physicochemical reduction scheme used. Correspondingly, the re-
duced sample with a higher NaBH, ratio (i.e. bV,05 (1:1.25)) showed
slower kinetics compared with bV,0s (1:1.05) - indicative of a
higher ratio of bulk to surface O, in the bV,05 (1:1.25) sample. It is
worth noting that all 3 investigated bV,05 samples reached the same
removal percentage (C/Co) of 93% after 60 min of visible light irra-
diation. The optimum bV,0s (1:1.05) sample showing higher ki-
netics will hereby be referred to as bV,0s. One of the main areas that
need further development in photocatalysis research is the stan-
dardization of reactors or testing setup. Thus, in an effort to justifi-
ably compare the prepared bV,0s materials with well-established
photocatalysts (i.e., ZnO, TiO-, black TiO,), the same photodegrada-
tion performance testing was undertaken.

The degradation followed pseudo first-order reaction kinetic
rates, as is depicted in Fig. 3b. The degradation rate constant was
obtained from the slopes of curves in Fig. 3b, elucidated by using
equation -In(C/Co) = kt. The highest degradation rate was witnessed
for the optimized bV,05 sample (k = 0.0408 min™"') which is a 58-fold
increase under visible light photodegradation rate compared with
the pristine V,05 sample. All bV,05 samples achieved approximately
93% removal efficiency compared with 58.7%, 62.9%, and 81.3% for
Zn0, P25 (TiO;), and black TiO,, respectively. Interestingly, the
higher available surface oxygen density in V,0s5 allows for the for-
mation of more O, per periodic cell compared to TiO,. As will be
elaborated on in later sections, the effective heterojunctioning be-
tween pristine and reduced V,0s components in the final bV,05
material employed allows for a clear enhancement in photoactivity.
This effect is due to the reduced electron-hole recombination rate in
the final bV,05 material. It is worth noting that MB degradation was
performed based on the prominent absorption peak of the monomer
at 664 nm. However, oligomers of its dimmer and trimmer are dif-
ficult to break down due to stronger molar absorptivity from higher
resonance which translates to higher chemical stability [63]. To this
end, degradation intermediates of MB have been reported in several
works which depict a multi-step degradation mechanism of the
more complex initial MB molecule. Electrochemical impedance
spectroscopy (EIS) in Fig. S10 showed that the impedance of bV,0s is
significantly reduced due to the increase of charge. The smaller the
radius of the arc (charge transfer resistance - Rcr), the lower the
ability to hinder transport of photogenerated carriers [64-66].
Charge inhibition properties attained from the Nyquist plot convey
that photogenerated carriers could diffuse rapidly on the surface of
bV,0s, in effect promoting reaction kinetics of the photogenerated
carriers on the surface of the photocatalyst. Due to the Conduction
Band Minimum (CBM) of bV,0s5 being below that of the pristine
counterpart, a photoexcited electron on a pV,0s crystal that is het-
erojunctioned to a bV,0s crystal will recombine at the CBM of
bV,0s5 - effectively acting as a trap state for photoexcited electrons
of pV,0s5 crystals.

The effect of the dye charge was examined using the optimum
bV,05 catalyst. Briefly, 3 h adsorption experiments were performed
to ascertain the adsorption capacity of MB, QY, and MO atop bV,05
such that dye concentration at the start of visible-light irradiation is
maintained at a comparable 20 mg/L. Table S3 summarizes the re-
spective adsorbed concentrations of charged and uncharged dyes
atop bV,0s, whereby it is clear to realize that the anionic nature of
bV,05 allows for large concentrations of MB to be adsorbed. Con-
trarily, small amounts of QY and MO were adsorbed. At first glance, a
larger amount of QY than MO is expected to be adsorbed due to its
neutral charge compared to electrostatic repulsions from bV,05-MO
interactions. However, the large size of QY molecules may sterically
hinder them from being adsorbed compared to smaller MO mole-
cules. Nonetheless, the effect of charge on photodegradation is re-
flected in Fig. 3c, whereby degradation efficiency of QY in 1h of
visible light was approximately 82%, which is slightly lower than
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Fig. 3. (a) Visible light (0.7 kW/m?) photodegradation of MB (20 mg/L), (b) pseudo first-order reaction kinetics of pV,0s, Commercial P25 (pTiO,), pZnO, bTiO,, bV,05 (Vacuum),
bV,05 (1:1.25), and bV,05 (1:1.05), (c) degradation efficiency of bV,05 (1:1.05) in 20 mg/L methylene blue (MB), quinoline yellow (QY), and methyl orange (MO), and (d) attained
photodegradation efficiency over five cycling performance experiments (visible-light irradiation time is 60 min for each cycle, the amount of MB injected at each cycle increased
MB concentration by ~0.25 mM). Catalyst loading for all experiments was maintained at 0.5 g/L.

that of MB (92%) but much higher than that attained for MO (34%) -
see Fig. S7. Also, MB degradation rate was approximately 1.4 times
faster than QY and 4.7 times faster than MO using bV,0s (Table S4).
This could be because cationic dyes such as MB might have a
stronger affinity for radicals formed under light irradiation, so that
their photocatalytic degradation occurs at a higher rate compared to
neutral charged QY. Further, several previous reports have conveyed
the complex multi-step degradation mechanism of some of the
discussed azo dyes such as MB and MO through TMO-based pho-
todegradation [67,68]. This comes to show that a dedicated future
study on the degradation mechanism of MB, MO, and QY using
oxygen deficient TMO photocatalysts may be necessary to fine tune
structural parameters which may enhance degradation of inter-
mediates exhibiting higher stabilities against radical-induced de-
gradation than the original molecule. This can be attained through
employing gas chromatography mass spectrometers (GC-MS) for
identifying the respective degradation intermediates, which may be
different than those found from photodegradation through pristine
TMO photocatalysts [69]. The photocatalyst stability towards pho-
todegradation of MB has been examined by performing recyclability
tests on bV,0s, as shown in Fig. 3d. The attained maintenance of
performance has been ensured through which degradation effi-
ciency drops by approximately 10% after 5 cycles. This partial drop in
efficiency may partly be attributed to minor errors in the recycl-
ability experiments which propagate towards catalyst loadings being
smaller than the 0.5 g/L in the initial experiment.

The significant improvement in photoactivity of the bV,05
sample compared to the pristine V,05 can in part be attributed to
induced oxygen vacancies and surface defects. The oxygen vacancies
are formed when oxygen atoms are removed from the lattice
structure during the reduction process with NaBHy, initially leaving
positively charged defects on the surface. The proposed mechanism
for photocatalytic dye degradation using bV,0s is similar to that

reported for its pristine counterpart [70]. Vp2*represents the posi-
tively charged surface oxygen vacancies at the time of induction.

V205 + hv = V,05(ep™) + V20s(hyp*)
Vo2t + Vo0s(ew™) — Vo*

Vot + 0z — Vp?+ + +05”

V,05(hyp*) + OH- - V,05 + *OH

Dye + *OH + *0,~ —degradation products

The oxygen vacancies on the surface act as trapping sites for the
excited electrons, capturing the electrons and lowering electron -
hole pair recombination. As a result, these surface oxygen vacancies
result in the formation of an intermediate energy level between the
conduction and valence energy bands, effectively narrowing
the band gap and further enhancing photocatalytic properties in the
visible light region [71]. A photodegradation schematic for the bV,05
photocatalyst is conveyed in Fig. 4 highlighting the type-II hetero-
junction between pristine and reduced Vanadia surface. Further, it
provides insight that the attained reduced V,0s possesses a
Z-scheme mechanism, whereby a photoexcited e~ from the VB of
pV»0s migrates to the CB on the same crystal, followed by trans-
ference to the VB of a coupled black V,05 crystal acting as a trap
state [72,73]. The same e~ can then be photoexcited with less energy,
namely visible-light photons, towards the CB of the latter crystal to
participate in formation of a superoxide radical.

Surface oxygen vacancy sites with trapped photoexcited elec-
trons can act as active sites for the adsorption of an O, molecule
from the catalyst environment. The trapped electron is transferred to
the O, molecule, generating the superoxide radical anion (0,7),
which is a strong oxidizing agent, and enhances the degradation
of the organic dye [74]. This in effect increases the available
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Fig. 4. Schematic for visible-light photodegradation of MB with bV,05 composed of pristine and reduced surface heterojunction. Bandgap edges are based on DFT calculation

results.

surface-sites for radical formation. The positively charged holes in
the valence band react with the hydroxide (OH™) ions in solution to
form the hydroxide radicals (*OH). The hydroxide radicals and the
superoxide anion radicals then react with the organic dye to form
the degradation products. The individual contributions of both oxi-
dizing species, *O,~ and *OH were evaluated via degradation ex-
periments involving reactive oxidative species (ROS) scavengers, so
as to determine the main ROS involved in the degradation me-
chanism, the results of which are discussed in the section to follow.

3.3. Textural and crystallinity properties of V,0s photocatalysts

Scanning Electron Microscope (SEM) images pV,0s and bV,05
samples are shown in Fig. 5a, b. As is seen, the pristine sample
(Figs. 5a, S1) consists of highly faceted microscale brick-shaped
structures with varying sizes and relatively smooth surfaces. Simi-
larly, the reduced black vanadium (V) oxide sample (Figs. 5b, S2)
shows similar microscale brick shaped structures. Interestingly,
however, it is noticeable that the surfaces of the ‘microbricks’ are not
smooth and an apparent growth of oriented nanoscales is witnessed.
With close inspection in Fig. 5b, it can be observed that the na-
noscale particles have grown perpendicular to the surface. This is a
quite enthralling morphological modulation upon reduction, since
the displayed nanoscales were found to be the thermodynamically
favored defect surface structure based on DFT calculations. Briefly,
the results of DFT calculations indicated that the predominant (001)
facet obtained from XRD results of the bV,05 sample was found to
have the highest degree of configurational change upon reduction.
This is confirmed by both HRTEM images in Fig. 5c, d whereby a clear
(001) growth facet is witnessed and indicated by lattice fringe spa-
cing of 0.43 nm. Oxygen vacancy sites are highlighted in Fig. 5d atop
the bV,05 surface. Moreover, the distortion found at the bottom of
the HRTEM image of bV,0s represents a facet interface with (110)
facets prevalent from XRD characterization in Fig. 5f. EDS analysis in
Fig. 5e on the reduced sample reveals that Vanadium and Oxygen

predominantly constitute the surface, with a very small amount of
Sodium (3wt%) in bV,05 - corresponding to the Na-V,0s5 phase
attained from reduction impurities. The presence of Sodium is a
result of the physicochemical reduction procedure with the bor-
ohydride sodium salt. The reduced surface was found to be nega-
tively charged upon reduction due to vacancy formations leading to
high-density unoccupied p-orbitals, which lead to a larger density of
surface OH- binding from surrounding water. A degree of mono-
valent cationic sodium gets thermodynamically intercalated to the
resultant surface and is believed to play a subtle, but important role.
Previous reports on the effect of intercalated Na* in a photocatalyst’s
crystal lattice indicate the enabling of neighboring photogenerated
electrons to transfer along the bridge-Na sites [75,76]. This phe-
nomenon expedites adequate separation of photogenerated elec-
tron-hole pairs and increase lifetime of photogenerated carriers.
Thus, it is our belief that upon borohydride reduction, the modest
degree of Na-V,0s5 phase in bV,0s inhibits the electron-hole re-
combination rate, which aids in improving photodegradation effi-
ciency.

Wide-angle XRD patterns of pV,05 and bV,0s5 provided in Fig. 5f
show the characteristic orthorhombic Pmmn space group. Clearly,
pV20s phases are established from the predominant polar (001) and
nonpolar (110) facets at 20.31 and 26.15 26 (°), respectively. Peak
positions are in seamless agreement with Powder Diffraction File
(PDF) 04-007-0398 [77]. Specific surface energy results obtained by
DFT calculations predicted an expected slightly lower energy for the
(110) surface. However, upon reduction the oxygen vacant (O,) polar
surface seems to be more stable. Nevertheless, a clear diminishment
in peak intensity is observed in the reduced bV,0s sample. Inter-
estingly, the bV,05 sample shows the presence of two new phases -
namely V40q [78] and Na-V,0s5 [79]. The V409 phase corresponds to
the creation of Oy, atop the surface, and the Na-V,0s is believed to be
due to electrostatic attraction between Na® and the negatively
charged oxygen vacant surface of bV,0s. Although the V,05 phase
appears to have a similar degree of presence of both polar (001) and
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Fig. 5. SEM and HRTEM images of as-prepared (a, ¢) pV,0s5 and (b, d) bV,0s photocatalysts, (e) EDS spectra of bV205 (Pt peaks are due to Pt-coating of powder samples), and (f)
wide-angle XRD patterns of pV,05 and bV,05 with average Crystallite Sizes (nm) for each.

nonpolar (110) facets, the intense peak at 18.45 20 (°) corresponds to
the polar (001) facet, thus resulting in a dominating polar surface for
bV,0s. Furthermore, the Scherrer approximation was used to de-
termine the average crystallite size (D) for both samples. The
Scherrer constant was chosen to be 0.9 - for spherical crystallites —
approximated from HRTEM images in Figs. S5 and S6. Expectedly
from previous reduction work using the employed physicochemical
reduction technique, a decrease in crystallite size is endured upon
reduction - namely from 41.45 to 26.46 nm between pristine and
bV,0s, respectively. This considerable decrease of approximately 41%
in crystal sizes suggests a large volume fraction of V,0s is trans-
formed to another phase, which is not corroborated by XRD or
Raman analyses. Thus, this notable decrease in crystallite sizes may
be in part an artifact from XRD peak broadening due to increased
strain distribution as a result of defect formation upon borohydride
reduction. Since the reduced V,0s material is strained, we appro-
priated the Williamson-Hall method to better approximate crystal-
lite sizes since it factors for strain contributions. Briefly, crystallite
size (d) can be obtained from the intercept of the resultant plot of
pcos(8)=(0.9 r/d) +2Aesin(6), whereby X is the Cuka radiation wa-
velength (1.5406 A), p the peak with at the half maximum (in Rad), 6
the brag angle, and ¢ and A are constants with accepted values of

unity [80]. Based on this, pV,05 and bV,0s5 yielded crystallite sizes of
43.2 and 35.3 nm, respectively, which suggests an 18% decrease in
crystal size upon strain induction through O, formation. None-
theless, a crystallite size greater than 20 nm tends to be sufficient in
suppressing electron-hole recombination through a large enough
charge migration distance [81].

3.4. Surface microenvironment of V,05 photocatalysts

Upon reduction of pristine Vanadia, a notable orange to black
color change was observed. This can be attributed to the newly
generated surface defects, oxygen vacancies, and lower order oxi-
dation states of vanadium (i.e. V**). To probe the changes in surface
chemical states and electronic structures after reduction, XPS mea-
surements were undertaken on both the pristine and bV,05 samples
for comparison. V 2p spectra analysis of both the pristine and re-
duced samples in Fig. 6a show notable difference upon deconvolu-
tion of the peaks. Initially, ground state ngz and V?fz corresponding
to 517.2 eV and 524.4 eV, respectively, are evidently the two mani-
festing peaks in the V 2p spectra. These values are in exceptional
agreement with previously measured Vanadia oxidation states of
V505 [82]. Interestingly, upon reduction, the prominent peak at
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Fig. 6. XPS spectra of (a) V 2p and (b) O 1s of pristine V,0s, and black (reduced) V,0s, (c) Raman spectra of pristine and reduced V,0s, and (d) full survey XPS scan of as prepared

both pristine and back V,0s.

517 eV shows a lower intensity for bV,05 than that for pV,0s due to
the formation of a high degree of the lower oxidation state vana-
dium, V3, corresponding to a binding energy of 515.4eV. It is
hypothesized that active hydrogen generated from borohydride
thermal decomposition during reduction reacts with lattice oxygens,
forming oxygen vacancies. The formation of lower oxidation states of
Vanadium such as V3" results from excess electrons available to re-
duce the highly oxidized V°* [83]. V404 phase confirmed earlier
through XRD analysis of the bV,05 catalyst, is not evident from an
oxidation state standpoint in the XPS analysis through V** or vV
states. A possible explanation for this relates to vacant oxygen sites
having an oxidation state of 0,2 at the time of vacancy introduction.
To allow for charge neutrality, V3* states form instead of V** or V2",
Na-V,05 phase is in good agreement with the V>* states still present
in the reduced V,05 spectra. Although the presence of surface V3*
upon reduction is indicative of O, formation, deconvolution of the
O 1s spectra in Fig. 6b overtly clarifies the presence of hydroxide
surface groups, typically associated with surface defects and oxygen
vacancies [84].

To further confirm the presence of oxygen vacancies in the re-
duced V,05 sample and investigate the crystal structure and surface
defects, Raman spectroscopy under excitation wavelength of 532 nm
was undertaken and the spectra are presented in Fig. 6¢. In the re-
ported range of 40-1200 cm ™!, several representative V,0s peaks are
evident; namely at 106cm™, 149cm™, 202cm™, 290cm™,
310cm™!, 415cm™!, 706 cm™!, and 1003 cm™!, which is in agreement
with data reported in the literature [85]. The reduced sample shows
a slight shoulder peak at 407 cm™! corresponding to the minute
surface presence of V409 phase that was confirmed from XRD. The
highlighted peaks in Fig. 6¢c conveys a Lorentzian fit showing an
apparent peak broadening and negative shifting in the Bsg mode of
in-phase oscillation of vanadium, O, and O3 atoms along the

b-axis for the reduced V,0s sample. A similar phenomenon is
witnessed for the A;; mode at 415 cm’}, (B1g +B3g) mode at
706 cm™, and (A;g +By,) mode at 1003 cm™’, corresponding to
V-0O(3y-V angle-bending, asymmetric stretching of V-O()-V, and
stretching vibrations of the vanadyl bonds, respectively. This is in-
dicative of the creation of lattice distortions because of oxygen va-
cancy formation. Furthermore, the full-width half maximum
(FWHM) of the main Raman peak at the B;g mode shows an increase
from the pristine to the reduced sample, is another indication of a
high presence of surface oxygen vacancies [86-88]. The comparison
of Raman spectra between the pristine and reduced V,05 samples
shows no new presence of Raman peaks corresponding to other
prominent phases of vanadium oxides, which in turn supports the
postulation that the «-V,05 phase is maintained upon reduction.
This finding corroborates the black coloring of bV,05 to induced
surface defects and oxygen vacancies, and not the formation of dark-
green colored phases such as V30; and V,03. Furthermore, phase
transformation of V30, to V,0s5 has been previously reported in
literature under Raman analyses when using laser settings of
300 W/cm? and incident power of 20-30 mW. In this case, we have
utilized a laser power of 5mW using the DXR Raman Microscope
employed in analysis, which is well below the limit found to cause
such phase transformations between vanadium oxides. Confirmation
of the sample purity and maintenance in identity was further en-
sured through performing full XPS surveys of both pristine and re-
duced counterparts of the as prepared V,05 photocatalysts, as seen
in Fig. 6d. Further, the inset confirms that the concentration of
oxygen within the reduced metal oxide has been reduced due to
formation of oxygen vacancies upon the physicochemical reduction.

DRS was employed on both pristine and black V,05 as shown in
Fig. S8a to evaluate the behavior of bV,05 and pV,0s under visible
light and it shows the clear enhancement of visible-light absorption
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by the reduced sample. Lack of d-d orbital transitions in the
600-800 nm region is indicative of a high oxidation state of vana-
dium, V°*, because the d-d transitions predominantly depend on the
presence of V4" states. Furthermore, the pristine V,05 presented in
Fig. S8a clearly depicts the anticipated two intense absorption
shoulder peaks at 344 and 452 nm, corresponding to charge transfer
bands whereby transitions ay(p) - b,(Xy) and b;(p) - ba(xy) com-
prising a V>* and four equatorial oxygen atoms [89]. Interestingly, a
clear peak reduction in the representative V>* shoulder peaks at 344
and 453 nm in the bV,05 absorption spectrum indicates the pre-
sence of lower oxidation states of vanadium. This can be attributed
to excess electrons available to reduce surface V>*. Nevertheless,
bV,05 shows a lucid absorption of UV, visible and near-IR wave-
lengths, which is highly desired for photocatalytic utilization of
visible and IR range photons which are much more abundant in the
solar spectrum than the high energy UV photons.

The bandgap (Eg) of the materials was systematically calculated
under the governing Tauc's relationship [90]: ahv=A(hv - Eg)"
whereby o is the absorption coefficient, A is a constant, h is Planck’s
constant, v is the photon frequency, and n equals 3/2 for materials
with direct forbidden bandgaps - confirmed later for V,05 by DFT.
Fig. S8b shows extrapolated values of 2.35 and 1.35eV for pristine
and bV,0s, respectively. Other methods such as Kubelka-Munck can
also be appropriated for approximating the experimental bandgap of
the semiconductor [91]. A conundrum posing itself then becomes,
what is the origin of the bandgap reduction in bV,0s. Raman ana-
lysis in Fig. 6¢ indicated a lack of other vanadium oxide phases with
lower bandgaps (i.e. V203, VO, etc.), which can contribute to an
apparent bandgap reduction if present in bV,05. We propose un-
dertaking a future study aiming at identifying the presence of Ur-
bach energy (E,) and weak absorption band-tails (E;) formed due to
defect propagation (i.e. sub-surface vacancies) in the reduced oxide’s
bulk. As will be shown from DFT calculations, the formation energy
of sub-surface vacancies is too demanding to be spontaneous, and as
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such we deem the formation of band-tails causing bandgap reduc-
tion unlikely. Furthermore, DFT analysis will show that favorable
formation enthalpies of some surface oxygen vacancies do result in a
bandgap reduction. Thus, we postulate that the reduction in
bandgap and consequential enhancement in visible light utilization
is a result of oxygen vacancies present in the bV,05 samples.

3.5. DFT calculations

Fig. 7a shows the optimized structure of pristine V,0s for both
(110) and (001) exposed facets. Band edges of all investigated sys-
tems including, but not limited to, pV,0s5 (110) and (001) as well as
their reduced counterparts. Eigenvalue bandgaps, which are essen-
tially the difference in KS eigenvalues between lowest and highest
occupied states, have been used in Fig. 7b to determine the theo-
retical bandgap edge for both the pristine and (001) bV,05 systems.
We recognize that some limitations (i.e. lack of derivative dis-
continuity in the XC functional [92]) arise from using KS eigenvalues
to theoretically calculate the bandgap, and probably other more
accurate “beyond DFT” methods may be needed. However, this
method indicates the emergence of an interesting heterostructure
which can be categorized as a staggered (type-II) heterojunction
bandgap. Heterostructures with type-II band alignment were sought
after in photocatalysis since the energy gradient at the hetero-
structure’s interface could aid in electron-hole separation and lo-
calize electrons and holes on different sides of the pV,0s5/bV,05
heterostructure [93]. This in turn can shed more light on the sub-
stantial apparent improvement in photoactivity of the bV,05 sam-
ples compared to their pristine counterpart.

Fig. 7b depicts the aforementioned staggered (type-II) hetero-
structure whereby energy levels of the Valence Band Maximum (VMB)
and Conduction Band Minimum (CMB) are located at - 6.8947 eV and
-4,6017 eV, respectively for pV,0s, and - 4. 7329 eV and -3.6487 eV,
respectively for bV,0s versus vacuum. This corresponds to theoretical

(c) 100%
90%
80%
70%
60%
50%
40%
30%

Degradation Efficiency (%)

20%
10%

0%

Fig. 7. (a) Fully relaxed structure of the nonpolar (110) (right) and (001) (left) pristine V,0s, (b) calculated band edge positions of pristine and black V,0s with respect to Vacuum
Level and with respect to NHE; numerical values in (b) are with respect to Vacuum Level, and (c) the effects of a series of scavengers on the degradation efficiency of MB (IPA -
isopropyl alcohol, HQ - hydroquinone, dosage of scavengers = 0.1 mmol/L, visible-light irradiation time is 60 min for each experiment).
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bandgaps of 2.293 eV and 1.082 eV for pristine and bV,0s, respectively.
Since the GGA method used here is known to slightly underestimate
bandgap positions, the enhanced photoactivity of the reduced bV,05
sample (containing both surface pristine and black V,0s crystallites)
may also be attributed to the facile thermodynamics of superoxide
radicals (*O,") being the ROS generated for photocatalytic contaminant
degradation. Although the hydroxy radical (*OH) energy is present
within the bandgap of pV,0s, it does not contribute to the observed
photodegradation because of the innate poor photoactivity of pristine
a-V,0s. Fig. 7c depicts the photodegradation efficiency of bV,05 under
IPA and hydroquinone scavengers for sequestering hydroxyl and su-
peroxide radicals, respectively. The results confirm that under se-
questering or scavenging superoxide radicals during photocatalysis of
bV,0s, the photodegradation efficiency nearly ceases completely.

The effective Hubbard (Ueg=U-]) correction term which integrates
intra-atomic Coulombic (U) and exchange (J) terms in the one-para-
meter Ues term was determined to be 3 eV for both the vanadium
3d orbital and the oxygen 2p orbital (i.e. Uerd =Uefrp =3€V).
Optimization results that yielded the utilization of the aforementioned
U value are provided in Table S2. The utilization of this GGA+U ap-
proach results in a calculated bandgap value of 2.293 eV, which is a
minute 2.5% underestimation of the experimentally determined value
of 2.35eV. Experimentally determined lattice parameters obtained
through high refinement of XRD phases for both pristine and black
V205 resulted in the same cell parameter values for both samples,
namely a=11.516 A, b=3.565A, and c=4.373 A. This compares very
well with the theoretically obtained parameters for pristine and black
V505 systems, which are a=11.527 A, b=3.614A, and c=4.614 and
a=11519A, b=3.592 A, and c=4.582 A, respectively. Thus, the theo-
retical predictions of the structure are consistent with the experi-
mental findings of the synthesized materials. Furthermore, given the
high surface density of available oxygen sites in pV,0s for reduction
(1, 2, and 3 coordinated oxygen types), specific formation energies for
each available oxygen type was calculated. The results in Fig. 8a show
that all occurrences for oxygen vacancy formation are endothermic -
requires energy input and is not spontaneous. Further, we find that the
2-Coordinated (2-C) and 1-Coordinated (1-C) oxygens are more ther-
modynamically favored in (110) and (001) facets, with formation
energies of 0.70 and 0.74 eV per vacancy, respectively.

Charge density calculations in Fig. 8b and ¢ were undertaken the
top parallel plane to the surface where vacancies were introduced in
(110) and (001) bV,0s, respectively. Interestingly, the introduction of a
2-C O, in the nonpolar (110) facet of V,05 does not impose a sub-
stantial surface rearrangement. Fig. 8b shows charge density grouping
between pristine and black (110) V,05 to be similar, with the main
aberration occurring at the local coordination of atoms around the 2-C
0,. On the contrary, however, as can be seen in Fig. 8c, the relaxation of
a polar (001) V5,05 surface with a 1-C O, initial configuration results in
the other 1-C oxygen on the neighboring surface vanadium to transi-
tion into a bridging (2-C) oxygen between the two vanadium atoms.
Moreover, this stable rearrangement allows for a nudging of the sur-
face layer approximately 1.25 A above the initial pristine V,05 surface
plane pertaining to the local region around the 1-C O, site. Neigh-
boring grouping in (001) surface subdues by a similar distance below
the initial surface plane. Thus, it can be surmised that the introduction
of oxygen vacancies in the stable polar Vanadia facet results in a higher
degree of surface defects compared to the nonpolar (110) facet. Ex-
pectedly, the specific surface energy of the (110) facet was approxi-
mately 22% lower than that of the polar (001) facet. However, upon
reduction a lower specific surface energy of the (001) facet with the 1-
C O, - namely 3.05 eV A2 - is obtained. The aforementioned value is
6% lower than that of the 2-C O, (110) system, having a specific surface
energy of 3.23 eV A% On average, the specific surface energies of re-
duced (110) and (001) bV,05 are 3-fold higher than that of their
pristine counterparts. This aids in the interpretation of the substantial
performance enhancement in photoactivity of the reduced samples.
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Fig. 8. (a) Oxygen vacancy formation energy (eV) per site on (110) and (001) bV,0s,
and charge density representation of (b) (110) systems, and (c) (001) systems; color
bar scale from -2.55872 (yellow) to 1.202 (cyan) e/A>.

The electron band structure for all systems investigated - both
pristine and reduced - conclusively confirm an indirect bandgap
which is intrinsic to V,0s. Total and Projected Density of State
(T/PDOS) calculations were performed with a refined mesh. It shall
be noted that the y-axis range in Fig. S9a and S9c is + 50 (eV), and
that in Fig. S9b and S9d is in the range of + 6 (eV). This is expected,
due to the larger contribution to TDOS in the ground state from
higher populated orbitals of vanadium (p-orbitals) and oxygen
(p-orbitals). Fig. S9a and S9b show the T/PDOS for pristine V,0s. The
difference between VBM and CBM here gave very good agreement
with the experimentally determined bandgap, which was 2.35eV.
The hybridization between the 2p and 3d orbitals of oxygen and
vanadium, respectively, in the VB region confirms the strong cova-
lent character in V-0 bonds. The VBM in pV,05s mainly originates
from the O p states, and the contribution of the V d states is more
notable farther away from the Fermi level.

Contrarily, the CBM is contrived predominantly from the dona-
tion of V d states. Fig. S9c and S9d, belonging to the (001) bV,05 with
a 1-C Ov has a remarkable similarity to all other systems in-
vestigated with oxygen vacancies, both for polar (001) and nonpolar
(110) facets. Fig. S9c shows a very high occupation of V d states at the
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VBM of bV,0s, which are hybridized with O 2p orbitals, indicative of
a well-maintained covalent bonding and stability of the reduced
Vanadia material. Moreover, the introduction of newly formed
electronic states near the Fermi level are rather interesting. This
results in reducing the bandgap for the bV,05 systems. It shall be
noted that the obtained averaged bandgaps for the six different
systems are in good agreement with the experimentally determined
bandgap for bV,0s of 1.35eV. The higher occupation of transition
states near the Fermi level allows for CBM to be more energetically
available for photochemical reactions, compared with the pristine
counterpart.

4. Conclusion

In this work, successful rational design and fabrication of a novel
‘black’ V,0s (i.e., bV,05) material that is photoactive under visible
light was achieved via the utilization of an environmentally benign
physiochemical technique on pristine V,0s. Surface defects and
oxygen vacancies in bV,05 led to lowering the apparent experi-
mental bandgap from 2.35 to 1.35 eV. Nyquist plots attained from EIS
prove that the reduced sample, namely bV,0s, exhibits charge
transfer resistances much lower than its pristine counterpart. The
heterojunction between surface pV,0s and bV,0s crystals on the
same homogenously dispersed microstructure allows for the crea-
tion of effective trap states. The modest degree of intercalated Na* in
bV,0s5 - introduced through NaBH, reduction - is believed to facil-
itate neighboring photogenerated electrons to transfer along the
bridge-Na sites. Both these aid in inhibiting the electron-hole re-
combination rate, which enhances visible light photodegradation
kinetics. The optimized bV,0s5 photocatalyst was confirmed to ac-
tively achieve 92% MB photodegradation in 1h under 0.7 kW/m?
visible-light intensity, after reaching adsorption equilibrium (capa-
city =75 mg/L MB) without light illumination. High adsorption ca-
pacities for cationic dyes, such as MB, coupled with rapid
photodegradation kinetics promotes the developed bV,0s photo-
catalyst towards further testing in applications involving photo-
catalytic water remediation, and as a dopant for other applications
such as water splitting. Experimentally confirmed scavenging tests
revealed that it is superoxide radicals which contribute to the at-
tained photoactivity of the reduced sample.

A DFT+U approach was utilized to probe stability and redis-
tribution of charge density upon reduction. It was found that the
introduction of oxygen vacancies atop the polar (001) facet is highly
stable and thermodynamically favorable compared to the nonpolar
facets. A staggered (type-II) heterostructure between pristine and
reduced V,05 was observed from band edge positions, offering en-
hanced charge separation. Formation of new electronic states near
the Fermi level upon reduction was confirmed by the comparison of
PDOS plots of pristine and black Vanadia. The rational approach
undertaken in this work to develop and investigate the novel black
Vanadia is intended to lay the foundation for similar approaches on a
myriad of other metal oxides. It is our belief that an immense po-
tential for further material development can be achieved through
surface engineering of promising materials for application in dif-
ferent fields.

Associated content

SEM and HRTEM imaging, neutral-pH Zeta Potentials, XRD-at-
tained lattice parameters of pristine and black V,0s, O 1s and V 2p
deconvoluted spectra of pV,05 prepared under vacuum calcination,
schematic representations of (110) and (001) pristine V,0s5 slabs,
DFT-attained bandgaps, lattice parameters, VBM and CBM under PBE
approach and PBE+U approach with different U parameters, EIS
Nyquist plots, liquid UV-Vis spectroscopy on photodegradation of
MB, QY and MO dyes, adsorption capacities, photodegradation
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percentages, and photodegradation kinetics of MB, QY, and MO, DRS
and (ahv)*? vs E; (eV) plots of prepared catalysts, Total and Projected
Density of States (T/PDOS) plots of pV,0s5 and (001)-black V,0s, and
thorough material synthesis section on all prepared samples dis-
cussed.
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