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After the discovery that commercial niobic acid (HO) is able to reduce the levulinic acid in value added mole-
cules, HO was thermally treated at 200 °C, 400 °C, and 600 °C, generating the niobium oxides H1, H2 and H3 and
the photocatalytic improvement towards reduction was investigated. Although the higher temperatures signif-
icantly decreased the specific surface area, it was important to remove surface hydroxyl groups and create the T
and TT-Nb205 phase mixture in H3 which were responsible for its best performance (36.4% of conversion and
almost 99% of selectivity for reduced products). To further improve the H3 photoactivity, an identical synthesis
was performed in H flow to produce oxygen vacancies in the structure of the new photocatalyst (H30V). This
simple modification method increased ~7% of products yield, which is the best photocatalytic result obtained for
pure niobium oxides so far, and proved that it is possible to significantly increase photocatalytic performance
without laborious modifications. The electronic and structural differences between H3 and H30V were inves-
tigated by XRD Rietveld refinement, EPR, HR-TEM, DRS and SAED analyses.

Oxygen vacancies
Structural defects

1. Introduction

Levulinic acid (LA) is one of the most promising molecules derived
from lignocellulosic biomass [1,2]. LA can be obtained directly through
the dehydration of both furfuraldehyde and 5-hydroxymethylfurfural
(HMF) [3,4]. Due to carboxyl and carbonyl functional groups, it is
possible to synthesize various products with different applications, such
as fuel additives, food flavorings, pesticides, polymeric precursors, green
solvents, plasticizers, resins, and other platform molecules [5]. Although
several methods transform this versatile compound, none is as prom-
ising and sustainable as heterogeneous photocatalysis [6-9].

Heterogeneous photocatalysis occurs when the semiconductor ab-
sorbs photons with equivalent or higher energy than that necessary to
overcome the bandgap, promoting the transition of electrons (e’) from
the valence band (VB) to the conduction band (CB), leaving holes (h") in
VB. The e’ /h" pairs can permeate the semiconductor’s entire structure,
and most of the time, they recombine and return their energy to the
medium as photons and/or phonons. On the other hand, when the
photogenerated charges reach the surface of the photocatalyst, they can
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react with adsorbed species; the h™ oxidize electron donors and the e
reduce electron acceptors [10].

The mechanism behind this technique may seem straightforward,
but it is quite the opposite. When it involves organic molecules, the
reactions take place via radicals that make the system extremely com-
plex [11]. Furthermore, it is not easy to correlate the steady-state surface
properties with the reaction path. Unlike many conventional catalytic
systems, “photocatalytic sites” have a very short lifetime [12]. These are
the main reasons behind the scarcity of articles focused on photo-
catalytic conversion and the mechanism assessment of versatile mole-
cules such as levulinic acid [13].

Recently, some photocatalytic systems have been designed to add
value to lignocellulosic biomass platform molecules, most of them based
on TiO, [7,13,14]. Despite the good photocatalytic activity of TiOg
(mainly for oxidation purposes, via photogenerated holes, because its
conduction band energy level is not so negative [15,16]), its overrated
application limits the knowledge about the potential of other promising
semiconductors for this type of chemical transformation. The Nb,Os is a
semiconductor that has been gaining visibility in the heterogeneous
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photocatalysis literature [17-20]. On the other hand, little is known
about its real photocatalytic performance in the pristine form because it
is commonly applied along with cocatalysts or in heterojunction scheme.
[10,21-23]. A recent study [24] has demonstrated that electrons in the
conduction band of niobic acid can reduce LA into value-added mole-
cules via the accumulated electron transfer technique (AET). However,
as only niobic acid was used in the photocatalytic conversion of LA, the
true potential for generating value-added products from this biomass
platform molecule by niobium oxides remains unknown. Regarding this,
the aim of the present work is to understand how different thermal
treatments on niobic acid affect the crystalline and electronic structure
of the resultant NbyOs and what is their influence on levulinic acid
reduction AET photocatalysis.

2. Experimental
2.1. Synthesis of niobium oxide photocatalysts

Each niobium oxide was produced by weighing 3 g of niobium acid
(HY-340, supplied by Companhia Brasileira de Metalurgia e Mineracao,
CBMM) into an alumina crucible and heated at 200 °C (sample H1),
400 °C (sample H2), and 600 °C (sample H3) at 10 °C min~! under air
atmosphere. After reaching the final temperature, the photocatalysts
were kept under heating for 3 h. The original niobic acid was named HO.
The most efficient material (H30V) was also synthesized under the same
conditions of H3, howerver in a 10 mL min~" flow of 10% H, and 90%
Ny instead of the air atmosphere.

2.2. Characterization

2.2.1. General characterization

To analyze the textural properties of the photocatalysts, N, adsorp-
tion/desorption analysis was acquired at 77 K on a Quantachrome
Quadrasorb SI apparatus. The samples were degassed at 150 °C under
vacuum (0.5 Torr) for 20 h before the measurements (3P Instruments
Masterprep degassing machine). The specific surface area (SSA) was
calculated by the Brunauer—Emmett—Teller (BET) method and the pore
size distribution by Density Functional Theory (DFT). Diffuse reflectance
spectra were recorded on a Shimadzu UV-Vis spectrophotometer model
3550 in the 200 to 1400 nm spectral range. The long-range structural
ordering was verified by X-ray powder diffractometry (XRD) using a
Bruker D8 Advance diffractometer equipped with a scintillation counter
detector with CuKa radiation (A = 0.15418 nm) applying 26 step size of
0.05° and counting time of 3 s per step. The Pair Distribution Function
(PDF or G(r)) analysis was acquired from the XRD data, using a Python-
based library called Diffpy.PdfgetX and the graphical interface was
produced by the PDFgui software [25-27]. To understand the chemical
environments of Nb oxides, Fourier-transform infrared attenuated total
reflectance (FTIR-ATR) measurements were taken on a Varian1000 FT-
IR spectrometer equipped with an attenuated total reflection diamond
unit in the range of 550 to 4000 cm ™.

2.2.2. Specific characterization

Further characterizations were made for the best photocatalyst of the
HO-H3 series and its analog generated in the Hy flow (H30V). For these,
X-ray photoelectron spectroscopy (XPS) measurements were carried out
on Thermo Scientific K-Alpha equipment. The spectra were recorded
using an Al-Ko X-ray source (400 um-spot size), the survey spectra were
collected with a pass energy of 200.00 eV and energy step of 1.000 eV.
The Nb 3d and O 1 s were recorded with a pass energy of 50.00 eV and an
energy step of 0.100 eV. Rietveld refinement from XRD data was per-
formed using the GSAS/EXPGUI software to obtain crystallographic
parameters and the phase percentages. High-resolution Transmission
Electron Microscopy (HR-TEM) and Selected Area Electron Diffraction
(SAED) images were taken on TECNAI G2-20 Super Twin FEI 200 kV to
verify the short-range lattice order. Powder Electron paramagnetic
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resonance (EPR) measurements were performed on Magnettech MiniS-
cope MS400 spectrometer operating at the frequency of 9.4 GHz (the X-
band) at room temperature (~23 °C) and at low temperatures, using an
Oxford Cryostat He-flow system apparatus, to detect paramagnetic de-
fects in the niobium oxides.

2.2.3. Photocatalysis

Photocatalytic tests were performed in 15 mL flat-bottom quartz
tubes purchased from Purshee Optical Elements Company (China). In
each reactor, 20 mg of photocatalyst were weighed and 2 mL of 0.1
mmol mL~! solution of LA in ethanol was added. Then, the reactors were
sealed with a rubber septum. Molecular oxygen was removed from the
system as follows: 10 min of ultrasound bath and 1 min of an intense flux
of N3 inside the headspace (using two needles, the input and the output).
The reaction medium was subjected to 254 nm UV-C radiation (OSRAM
PURITEC HNS S 11 W, GCF11DS/G23/SE/OF G23, luminous intensity
of 7800 cd) under magnetic stirring for 16 h. The parameters, such as
solvent volume, mmol of LA and the mass of photocatalyst, were ob-
tained from an optimization study made by our group specifically for
this type of quartz reactors.

2.2.4. Molecular characterization

At the end of the reaction, 1 mL aliquots were extracted placed in a
1.5 mL vial, and injected into an Agilent 789B gas chromatograph in-
strument set with the following parameters: HP - INNOWAX column (30
m, 0.250 mm and 0.15 pm), He flow of 2 mL min’l, 1 pL of injection
volume, injector at 270 °C with a split ratio of 1:10, the temperature
started at 40 °C and ended at 250 °C with a heating rate of 10 °C min .
The detector, Agilent 5977B MSD mass spectrometer, was set at 150 °C
and performed the mass analysis in the scan mode, ranging from 20 to
300 m/z. The products were quantified according to reference [24].

2.2.5. Detection of radical species

To understand the radical nature of the best photocatalytic systems,
spin trapping measurements were performed using the N-tert-Butyl-
a-phenylnitrone (PBN - CAS 3376-24-7, 98%, TCI America, Japan — 100
mM ethanol solution) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO -
CAS 3317-61-1, 96%, Oakwood, EUA — 150 mM ethanol solution). The
tests were carried out at room temperature, under similar conditions in
which the photocatalytic reactions were performed. For this, 50 pL ali-
quots were withdrawn using a capillary glass tube and inserted inside
quartz tubes after into the cavity of the same EPR spectrometer, in which
the powders were analyzed. The spectra were identified through simu-
lations performed by Easyspin [28].

3. Results and discussion
3.1. Characterization of niobium oxides

The niobium pentoxide (NbyOs) crystallizes in different phases. In
this work, the starting material, HO, is an amorphous NbyOs-nH20 at
standard conditions [24]. It has been shown that at low calcination
temperatures, the amorphous NbyOs crystallizes in TT-phase (pseudo-
hexagonal) and it is favored by defects [29,30]. Fig. 1(a) shows the
experimental XRD patterns of samples, along with the standard
diffraction profile for the TT (CCDC#: 2103847) [31] and T (ICSD#:
1840) phases [32].

The HO, H1, and H2 samples showed poorly defined and broadened
patterns, indicating that they are predominantly amorphous. On the
other hand, the H3 has crystallinity, a TT and T phases mixture. The
acronyms for TT and T come from the German words tief-tief and tief,
which means “quite low” and “low” crystal phase calcination tempera-
ture [33], respectively. The TT and T phases present a similar structure,
however, the TT has fewer niobium atoms in more symmetric Wyckoff
positions, forming an orthorhombic superlattice [30,34]. An in-depth
discussion about the differences and particularities of these crystalline
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Fig. 1. (a) XRD patterns of the different niobium oxide photocatalysts (b) PDF analysis of the powder XRD.
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phase can be found in the literature [35]. The H3 presented features of Table 1
able

the TT-phase, like the presence of a clear preferential orientation along Textural ies of the NbsO terials N dsoroti Ivsi
s extural properties O e materials from as adsorption analysis.
the (001) plane that occurs at 22.6° and a peak splitting around 59°, as prop 2s 28 p 4

previously described by Brayner et al. [29]. The low-intensity peaks of T- Sample  SSA C*  Average Pore Total Pore R?
NbyOs, such as the plane (130) at 17°, strongly suggest the TT and T (m”g ) Diameter ™ (o) Xcr’:;mi)

crystalline phases mixture. The peak broadening and the preferential &

orientation along the (001) plane indicate that H3 has a higher amount E(l) 122 47520 236'49 01'211; 8'233232
of the TT-NbOs. Fig. 1(b) shows the Pair Distribution Function (PDF) H2 %0 71 3';3 0.'182 ' 0.
analysis of these materials. The PDF analysis shows the first two bond 999,891
values around 2.3 and 3.5 A, corresponding to the first order coordi- H3 6 101 27.1 0.084 0.
nation sphere bond between Nb-O and Nb-Nb, respectively. The HO, H1, 999,517
and H2 samples did not present a long-range crystalline ordgr, corrob- *Adjustment coefficient of the BET model.

orating the XRD data. The signals between 4.3 and 12 A indicate **Measured employing DFT data from pore size distribution.

extended and most complex bonds between Nb and O atoms typical of T Measured at the saturation point (P/P° = 0.99).

the amorphous phase. The values of G(r) found for H3 show a long-range

crystalline order up to 3 nm, which reinforces the crystalline features. textural properties of the samples obtained through the gas adsorption

Figure S1 shows the Nj physisorption analysis of the samples and the analysis. The HO, H1, and H2 samples presented a similar profile of a
pore size distribution estimated by DFT method. Table 1 presents the mixture of type I and IV isotherms [36,37]. Type I isotherms indicate
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microporous structure, which corroborates the adsorbed volume at low
pressures. It shows a strong interaction between the photocatalyst and
the N, molecules. Another feature observed is a sharp increase in the
adsorbed volume at high pressures, which indicates the presence of a
disordered macroporous structure. The type IV isotherms present a
hysteresis loop and limit uptake at high pressures. These characteristics
correlate with the mesoporous structure in the photocatalysts. However,
no saturation regime was observed. These data show how much the
textural properties of HO change with the temperature of the calcination
process [38].

The HO sample is known for presenting micro and mesopores, with a
strong interaction with Ny [24]. It has a specific surface area (SSA) of
165 m? g~! (Table 1), which is considered relatively high for niobium
oxides. The H1 and H2 samples showed weaker adsorption at low
pressures that could be explained by micropore closure of the system,
with the H1 displaying very strong adsorption at high pressures. On the
other hand, the closed hysteresis loop (around P/P° = 0.4) indicates the
formation of more organized mesopores in their structure. Heat treat-
ment caused a decrease in SSA from 126 m? g ! in H1 to 90 m? g~ ! in H2
(temperature increased from 200 °C to 400 °C). This behavior was ex-
pected since pores collapse with increasing temperature, creating larger
pores with weaker physical-chemical interaction with the adsorbed gas.
The H3 sample has no significant SSA and showed a type III isotherm
with negligible adsorption at intermediary pressures with a sharp in-
crease at P/P° = 0.99. The synthesis at 600 °C favored the crystallization
of the T and TT phases, which caused the shrinking of SSA (6 m? g’l),
total pore volume of 0.084 cm® g™, and some residual mesopores.

The FTIR spectra (Figure S2 (a)) indicate that the synthesis temper-
ature mainly affects the characteristic stretching bands of surface hy-
droxyls as well as adsorbed water (1617 and 3250 cm ! [39]). The
higher the temperature, the lower the intensity of these stretching; in the
case of H3, these disappeared from the spectrum. Changes were also
observed at lower wavenumbers values such as a decrease in signal in-
tensity for the mode at 658 cm™! while a new mode appeared at 793
cm ™! in the H3 sample. This phenomenon means that the temperature of
600 °C provided enough energy to form shorter bonds between Nb-O
(more energetic stretches) [40], which is a direct indication of higher
crystallization (in agreement with XRD data). The Kubelka-Munk func-
tions obtained from the diffuse reflectance spectra, Figure S2 (b),
showed that all synthesized Nb oxides absorb purely UV photons (<400
nm). As the radiation source applied in this study is in the UV-C region,
centered at 254 nm, the slight band-gap difference does not limit
photocatalysis.

36.4%

Conversion (%)
N N w

HO H1 H2 H3
Photocatalysts
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3.2. Photocatalysis

Fig. 2(a) reveals that the conversion of LA increases proportionally
with the annealing temperature of niobic acid. A sharp upgrade in the LA
conversion from HO to H1, 7.4% to 21.6% (difference of 14.2 %) was
observed, that was the biggest difference at an increase of 200 °C in the
entire series (i.e., H1-HO > H2-H1 > H3-H2). The H3 reached the
highest conversion, 36.4%, which shows that the increase in the syn-
thesis temperature exerts a positive influence on LA photoreduction and
photocatalysis do not seem to be sensitive to the decrease in the specific
surface area, so it can be deduced that the depletion of hydroxyl groups
as well as the generation of crystalline phases (at 600 °C) have a greater
impact on the process. Another interesting fact was that this same
photocatalyst, when submitted to the AET technique, unlike the others,
changes the color from white to navy blue instead of dark gray
(Figure S3). This optical phenomenon could be related to the TT-NbyOs
crystalline phase.

The main LA-derived products generated during AET have already
been described in our previous article [24]. Five main products were
identified: ethyl levulinate (EL), y-hydroxy valeric acid (GHV), y-valer-
olactone (GVL), 6-hydroxy heptane 2,5-dione (HHD), and the y-hydroxy
ethyl valerate (GHE, or reduced ethyl levulinate) - see the molecular
structures in Figure S4. The GHV result from the direct photocatalytic
reduction of LA, while GVL is the intra-esterification product of GHV. EL
can be produced via radical reactions and by esterification of LA with
ethanol while GHE is generated by EL reduction, and the HHD is formed
by the coupling of levulinyl and a-hydroxyethyl radicals [24].

The selectivity data for each product is shown in Fig. 2 (b). This value
for the photoreduced compounds GVL, GHV, and GHE increases from HO
to H3. In contrast, from H1 to H3, EL was no longer detected, and HHD
drastically decreased throughout the series. This result highlights that
the thermal treatment of niobic acid favors the conversion of EL to GHE
and avoids side reactions to form the HHD; in other words, it improves
the AET process. This positive effect of temperature is reasonable since it
reduces the hydroxyl concentration on the NbyOs surface (as shown in
FTIR) and crystallizes its structure at 600 °C. It is well known that sur-
face hydroxyls can trap photogenerated holes [15,41], so the decrease of
these species favors the contact of holes with ethanol molecules,
oxidizing them and consequently leading to the production of H" and e’
which are responsible for reducing levulinic acid, also the temperature
crystallizes niobium oxide improving charge mobility and photon ab-
sorption [42,43]. No reduction products were detected in the absence of
light or photocatalyst. In the case of the absence of UV radiation, both
electrons and protons (generated as a product of ethanol oxidation) are
not produced by the semiconductor, so LA cannot be reduced [24].
Without photocatalyst, UV light can only excite the = bond electrons of

GVLENGHVENHHD B GHE BEL

Selectivity (%)
w b g o N

HO H1 H2 H3
Photocatalysts

Fig. 2. (a) Conversion and (b) selectivity data for LA photoreduction, via AET, applying niobium oxides as photocatalysts. These data were obtained in 16 h of UV
irradiation. The reaction conditions were: 0.2 mmol of LA, 2 mL of ethanol, 20 mg of photocatalyst, room temp, N, atmosphere and UV irradiation time of 16 h.
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the carboxyl and carbonyl groups of levulinic acid, but these excited
states in aliphatic systems have a very short lifetime and therefore no
charge transfer occurs [44].

Reactions without the O3 elimination step were done to evaluate the
impact that the electron scavenger causes on the AET. The yield values
of the photocatalytic reduction products are shown in Table 2. The yield
increases approximately fivefold for H1, H2, and H3 in N, atmosphere.
The yield for HO in Ny was slightly higher than in O, due to the reaction
path (production of HHD mainly by the parallel reactions). Furthermore,
molecular oxygen promotes ethanol oxidation to acetic acid, which is
not observed in the Ny atmosphere (it only oxidizes to acetaldehyde).
Relatively high amounts of acetic acid were detected, reaching 0.47
mmol for H3.

A mechanism has been proposed to explain the formation of acetic
acid from ethanol (Fig. 3). In the photocatalytic system containing Oy,
two distinct processes occur simultaneously: the oxidation of ethanol to
acetaldehyde by the holes in the valence band, Fig. 3(a), and the
reduction of oxygen by electrons in the conduction band - Fig. 3(b).
Molecular oxygen receives an electron, forming the superoxide radical,
which is rapidly protonated (due to its pKa ~4.8 [15]), resulting in the
hydroperoxyl radical. Hydroperoxyl is reduced to its anionic form,
which attacks the carbonyl of acetaldehyde (Fig. 3(c), similar to ace-
talization process), and subsequently, a McLafferty-like rearrangement
occurs, generating a neutral molecule (water) and acetate. Finally, the
acetate is protonated to produce acetic acid.

H3 exhibited the highest photocatalytic activity for LA reduction via
AET. Therefore, a new synthesis was developed in order to improve its
photocatalytic activity. The new material was synthesized following the
same heating parameters of H3, except by calcination in a 10 mL min !
flow of 10% Hjy (90% N3) gas mixture. The purpose of using hydrogen
during the thermal treatment is to generate structural defects in niobium
oxide, more specifically oxygen vacancies (OV), this is a well-known and
used method to generate these species in oxides [45]. The OV make it
possible to distinguish this photocatalyst, named H30V, from others due
to its grayish blue color (Figure S5) [46]. In addition to color, its DRS
spectrum is quite distinct from that of H3 (Fig. 4(a)). Although its
bandgap remains unchanged, a broad absorption band in the visible and
near-infrared spectral ranges can be observed. Such defects induce in-
ternal states between the VB and CB (closer to CB than VB), allowing
optical transitions in the mentioned spectral ranges. Another interesting
fact is that these vacancies are quite stable, one month after H30V
synthesis a new spectrum was collected (not shown here) and no sig-
nificant difference in DRS was observed. These OVs only revealed their
paramagnetic nature below 30 K (due to their short relaxation time
[29]), reaching the highest intensity at 10 K, where the spectra were
recorded (Fig. 4(b)). A large signal with g = 2.00 was observed for
H30V. The broadening of this paramagnetic center may be related to the
coupling of the vacancy electrons with the nuclear spin of **Nb (I = 9/
2), resulting in 10 transition lines that an X-band spectrometer cannot
resolve [19,20,29,47]. Furthermore, when the H30V was subjected to in
situ UV radiation, an additional gain of intensity (violet line plot) was
observed, which indicates that more electrons were trapped in these

Table 2

Comparison of the yield of reduced products between the reaction with pro-
cedures for removing oxygen (N;) and the reaction with atmospheric oxygen
(0y), for all photocatalysts. The reaction conditions were: 0.2 mmol of LA, 2 mL
of ethanol, 20 mg of photocatalyst, room temp, N3 or O, atmosphere and UV
irradiation time of 16 h.

Photocatalyst Yield (%)
N, 02
HO 1.28 0.86
H1 16.54 3.18
H2 23.05 4.71

H3 35.68 6.97

Chemical Engineering Journal 450 (2022) 137935
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Fig. 3. Mechanistic proposal for the photocatalytic production of acetic acid.
(a) Oxidation of ethanol to acetaldehyde, (b) reduction and protonation of
oxygen to hydroperoxyl anion, and (c) reaction between acetaldehyde and
hydroperoxyl anion to form acetate and consequently acetic acid.

defects. Meanwhile, under the same conditions, H3 did not show para-
magnetic defects.

To assess the structural behavior of H3 and H30V, XRD experiments
were carried out combined with Rietveld refinement analysis. Fig. 5(a)
displays the XRD data of H3 and H30V, which are very similar. How-
ever, the H30V sample presented lower peak intensities and an apparent
broadening than H3, typical from TT phase. Both materials have shown
crystallization in TT and T modifications, but the characteristics of the
H3O0V indicate the majority presence of the TT phase. Fig. 5(b)-(e)
shows the crystalline structure of the TT and T phases obtained through
the Rietveld refinement of the H3 and H30V XRD patterns, shown in
Fig. 5(f) and (g). The opened structure (Fig. 5(b) and (d)) of the TT phase
allows it to accommodate defects in its crystalline structure, differently
from the T phase (Fig. 5(c) and (e)), which has higher atomic density.
This structural engineering process is crucial to take advantage of the
niobium pentoxide properties, which could be employed to produce
defects (such as oxygen vacancies and edge dislocations) that enhance
the photocatalytic performance [17,19,48].

Table 3 presents the Rietveld refinement results from the H3 and
H30V samples. The results showed reasonable confidence in the
refinement analysis, showing small goodness of fit for all samples (x> <
1.5), low Rp and Rwp values [49]. There are slight changes in the lattice
parameters for the two samples due to differences in the bond lengths,
angles, and microstrains values. The H30V samples presented higher
microstrain and dislocation density in both TT and T phases than H3,
indicating that a reductive atmosphere (Hj) during the thermal treat-
ment led to more defects in the crystalline structure. The crystallite size
of H30V presented smaller values than H3, which intrinsically corre-
lates with the density dislocation values. Higher values mean that the
samples have, statistically, more effects of peak enlargement due to
broadening effects (microstrain and dislocation density) in the crystal-
line structure. The quantitative analysis obtained from Rietveld refine-
ment indicates that H30V samples showed a higher amount of TT-Nb2Os5
than the H3, which corroborated higher microstrain and density dislo-
cation values. This behavior occurs because the molecular hydrogen
(Hy) creates a reductive environment during the thermal treatment
process, creating more defects in the crystalline system, thus leading to
the TT formation [50,51]. The Ny adsorption isotherm and DFT pore
distribution of H30V displayed some differences from H3 (Figure S6).
The H30V has higher SSA (23 m2.g™1) and smaller pore size than H3.
These features are due to the removal of oxygen from the lattice and the
crystallinity transformations (higher content of the TT-modification)
caused by the reducing atmosphere.

The differences between the H3 and H30V samples were investi-
gated employing the HRTEM technique. Fig. 6(a) and (b) show the TEM
images for the H3 and H30V, respectively. Both samples showed similar
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Table 3
Rietveld refinement data from the H3 and H30V samples.
Sample Phase Lattice Parameters/A Fraction/% Crystallite Size/nm Density dislocation/m™2 Strain/% Ry/% Rup/% x2
H3 TT- NbyOs a=6.1836(1) 80.5 8 1.4 x 10 0.86 4.8 6.5 1.5
b =29.1102(7)
¢ = 3.92080(2)
T-Nb,Os a=6.1732(8) 19.5 14 5.1 x 10'° 0.28
b = 29.235(8)
¢ = 3.9248(8)
H30V TT- NbyOs a=6.1881(7) 90.4 7 1.9 x 10'® 0.94 5.46 7.2 1.3
b =29.077(6)
c = 3.924(2)
T- Nb,Os a = 6.1706(0) 9.6 11 8.0 x 10'® 0.45
b =29.184(8)
c = 3.9236(8)

TTand T
mixture region

0.512 nm

\\i130)

200 45

Different diffraction contrast

Fig. 6. TEM images of the (a) H3 and (b) H30V. HRTEM images with inset Wiener filtering image for the (c) H3 and (d) H30V samples.

morphology, with a clear agglomeration of round-shaped nanoparticles
with different TEM contrasts. The H30V presented smaller nano-
particles than H3 and brighter round-shaped spots inside darker and
more prominent spots. Those characteristics are clear evidence of a
phase mixture. The TT-NbyOs presents a smaller density value than T-
Nb,Os due to the open structure, in which the brighter and smaller spots
are the TT-nanoparticles generated within the presence of T-nano-
particles. Fig. 6(c) and (d) show higher magnification and an inset
Wiener filtering image of the H3 and H30V nanoparticles, respectively.

The H30V presents smaller nanoparticles than H3, mainly due to a
higher amount of TT-NbyOs crystalline phase in the samples, which
corroborates the XRD and Rietveld refinement analysis. Fig. 6(c) and (d)
show T-Nb,Os with orientation on its exclusive (1 30) crystallographic
plane, which made it easy to distinguish for the TT-nanoparticle.
Another essential feature is the inhomogeneity of the diffraction
contrast in the two samples. This phenomenon occurs due to an overlap
of the crystallographic planes of TT and T-phases, which have quite
similar crystalline structures with different packing densities. The
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Wiener filter shows another perspective. The long-range crystalline
order and the intergrowth of TT-nanoparticles in the structure are
observable, leading to a disordered region with line defects, corrobo-
rating higher values of microstrain and dislocation density for the
H3O0V. For an in-depth discussion about the changes during T and TT
phase transition see reference [30].

The Selected area electron diffraction (SAED) experiment was also
carried out on the H3 and H30V samples. These niobium oxides showed
signals of the (101), (001), (100), (002) crystalline planes of the TT-
modification. Fig. 7(a) and (b) show the SAED for the H3 and H30V,
respectively, pointing out the polycrystalline aspect. The signal intensity
is weaker in the H3 analysis due to sample orientation and tilt. However,
the two photocatalysts reveal less intense reflections filtering (Fig. 7(c)
and (d)) and depicted the presence of a weak signal near the SAED (000)
spot, which is attributed to the presence of (1 30) crystallographic plane
of the T-phase. The filtering also provides more detailed information
about the diffracted spots and indexes the planes seen in the image,
highlighting the phase mixture. The (181) crystallographic plane occurs
in the T-modification; however, they share a similar interplanar distance
from the (101) plane from the TT-phase, making it difficult to distin-
guish both crystallographic planes in the SAED analysis.

Data from XPS measurements for Nb 3d and O 1 s energies are shown
in Table 4 (these spectra are displayed in Figure S7). This analysis shows
that H3 and H30V have very similar surface properties. Both have Nb>*
[20,21,52] and the same oxygen species: lattice oxygens (02’), residual
hydroxyls groups (OH), and electrodeficient lattice oxygens (O’)
[53,54]. A high concentration of O is observed on the surface of H30V
about H3. This species indirectly reflects the presence of vacancies in the
structure of NbyOs, since it is the counterpart that guarantees the elec-
troneutrality of the solid. Another curious fact is that H30V did not show
any change in the binding energy of Nb 3d in comparison to H3, which
suggests that OVs are not located on the surface. This result explains the
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Table 4
XPS analysis parameters of H3 and H30V.
Sample H3 H30V Reference
Binding Energy (eV)
NbS*+ (3ds,/2) 206.30 £+ 0.06 206.31 £+ 0.09 207.5 ~ 206.9
Nb>* (3ds3/2) 209.04 £ 0.05 209.03 £+ 0.07 210.2 ~ 209.2
AE (Nb>* 3d) 2.74 2.72 2.7
Ols (02’) 529.29 £+ 0.09 529.43 £+ 0.04 530.5 ~ 527.7
O 1s(OH) 530.81 £ 0.02 530. 93 £+ 0.07 530.5 ~ 531.0
01s(0) 531.5+ 0.1 531.73 £ 0.06 531.0 ~ 532.0
Atomic Weight (%)
0> 91.73 85.00 -
OH™ 8.07 6.48 -
o 0.20 8.51 -

stability of vacancies, as they are not located on the surface, atmospheric
oxygen does not have access to these defects and therefore cannot
oxidize them.

In order to evaluate the effect of the insertion of oxygen vacancies in
the niobium oxide structure, H30V was applied to the LA photocatalysis
and compared to H3 (see Fig. 8). Although both semiconductors have a
quite similar selectivity (Fig. 8(b)), H30V had the best performance in
LA conversion (Fig. 8(a), 7.1% increase compared to H3) and conse-
quently in product yield. This makes H30V the most active photo-
catalyst of the present study. No conversion was observed in the control
test performed in the dark, which is reasonable since the vacancies are
not on the surface. In addition, all photocatalytic results obtained in Ny
atmosphere of this study were also reported in pmol.h~1.g ™, please see
Table S1 of the Supplementary Material. Typically, oxygen vacancies are
associated with rapid charge recombination [55], the opposite of what
was demonstrated by H30V. Spin trapping kinetics were performed to

5 1/nm

5 1/nm

Fig. 7. SAED analysis of the (a) H3 and (b) H30V with the interplanar distance signal inset, they reveal weak reflection filters for (¢) H3 and (d) H30V.
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Fig. 8. Comparison between H3 and H30V (a) conversion and (b) selectivities. The reaction conditions were: 0.2 mmol of LA, 2 mL of ethanol, 20 mg of photo-

catalyst, room temp, N, atmosphere and irradiation time of 16 h.

compare the charge recombination rate between H3 and H30V by the
difference in spin adduct generation. PBN was used to indirectly detect
the holes generated in the VB (by trapping the ethanol radicals), while
DMPO was applied to indirectly detect the electrons (by trapping the
hydroperoxyl radical).

Interestingly, the hyperfine parameters of the PBN spin adduct found
for both semiconductors (Fig. 9(a)) are characteristic of the ethoxy
radical [56,57]. Previously, the majority of a-hydroxy ethyl production
was reported for HO [24]. Perhaps the changes caused on the surface by
the thermal treatment (loss of hydroxyls shown by FTIR) may have

(a)

— Experimental
~—— PBN/H,C-CH,0e (Ethoxy)

ay=1.43mT ay; =0.26mT

335 336 337 338 339

Magnetic Field (mT)

333 334
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——— Simulated
—— DMPO/sOOH

ay=136mT a,=091mT
—— DMPO?,

334 335 336 337 338 339
Magnetic Field (mT)

333

modified the nature in which ethanol interacts and, consequently, the
radical production. Furthermore, the ethoxy radical explains the selec-
tivity for GHE shown by H3 and H30V, whereas HO basically produces
HHD. The sextet EPR spectrum of the DMPO spin adduct indicated that
both niobium oxides produced the hydroperoxyl radical (Fig. 9(c)), the
low-intensity triplet deconvoluted by the simulation is associated with
the degradation of this spin trap. Looking at the kinetic curves of ethoxy
and hydroperoxyl radical evolution (Fig. 9(b) and (d)), there is practi-
cally no difference between H3 and H30V, i.e., the OVs, in this case, do
not behave as recombination centers. As the presence of these defects
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Fig. 9. (a) Experimental and simulated spectra of spin trapping measurements with PBN, (b) kinetic curves of the PBN spin adducts for H3 and H30V, (c)
Experimental and simulated spectra of the spin trapping measurements with DMPO and (d) kinetic curves of the spin adducts of the PBN for H3 and H30V.
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was not detected by XPS, these vacancies may be in the subsurface of the
material. Literature studies suggest that OVs are deleterious to photo-
catalytic performance if they are in the bulk; subsurface and surface
vacancies favor the reactions [58-60]. On top of that, EPR powder
measurements have shown an increase of electron density in OVs when
H30V is illuminated, possibly such an electron trapping could be
involved in reducing the rate of charge recombination as well as
increasing the number of electrons available to reduce LA.

As H3O0V presented visible light absorption, a reaction was per-
formed using a white LED lamp (Stella, 5 mW.cm ™2 of luminous power,
emission spectrum already characterized [52]) to verify any photo-
catalytic activity in this spectral range for LA conversion. It is essential
for a possible application under solar energy. Unlike UV photocatalysis,
the visible reaction resulted in a much lower conversion, which was
already expected from the source energy, 4.1% versus 43.5% for UV and
a different selectivity (Fig. 10(a) and (b)). In UV photocatalysis, the
highest selectivity value was obtained for GHV. Under visible light
irradiation, this position was occupied by HHD. As noted in the previous
work, HHD is generated by side radical reactions between levulinic acid
and ethanol but at longer reaction times, it turns to GVL [24]. Despite
the poor conversion value of LA as well as low selectivity for reduction
products, compared to UV radiation, H30V is still able to generate GVL,
GHV, and GHE in the visible, which is an outstanding result.

To confirm whether such material can generate photogenerated
charges in the visible, spin trapping tests (DMPO and PBN) were also
carried out with this type of radiation. The identical spin adducts
detected in UV were observed in 10 min of visible radiation (Figures S8
(a) and (b)), with much lower intensity nevertheless (the noise is evident
in the experimental curves). These experiments prove that the H30V can
separate the e’/h™ pairs under visible light. Contradictory to the results

Conversion (%)

@) s
43.5%
404
304
204
104
4.1%
0 /
uv Vis

Type of radiation

Density of States
>

CB - Conduction Band

Energy

VB - Valence Band
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OV - Oxygen Vacancies

(b)
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of photocatalysis, the radical observed for the visible radiation was the
ethoxy. The HHD product is produced by C-C coupling between levu-
linyl radical with a-hydroxy ethyl radical and not with ethoxy [24].

Visible light cannot excite the electron directly from VB to CB, only
from VB to OV and/or from OV to CB, this last transition is less energetic,
responsible for the absorption of NIR by the material (see the Density of
States diagram, Fig. 10(c)) [58,60,61]. This “transition shortcut” does
not effectively transfer the electron to the LA, so these electrons promote
the reverse path of the scavenger (ethanol), reducing the acetaldehyde
to a-hydroxy ethyl. Then it reacts with the levulinyl species. In this
process, ethoxy is a kinetic radical, while a-hydroxy ethyl is thermo-
dynamic. From the organic chemistry point of view, radicals are com-
pounds favored mainly by resonance. Among these two produced from
ethanol, only a-hydroxy ethyl can make resonance (the entire process is
in Fig. 10(d)), making it more thermodynamically stable. Therefore it is
preferably generated in the reduction of acetaldehyde.

4. Conclusions

Niobium oxides H1, H2, and H3 were synthesized from HO via
thermal treatment (200 °C, 400 °C, and 600 °C, respectively). Among
them, H3 proved to be the best photocatalyst for reducing LA, reaching
36.4% of conversion and almost 99% of selectivity for reduced products.
This niobium oxide lost all the surface hydroxyls groups and showed no
micro and mesoporosity due to the formation of T and TT phase crys-
tallites, such a result means that for LA photoreduction, the lack of hy-
droxyls and crystalline phases are crucial properties. Tests in the
ambient air atmosphere (instead of N3) showed the deleterious effect of
O, as electron scavenger. For H3, the yield of reduction products
dropped about five times when molecular oxygen was present. The

90
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Type of radiation
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Fig. 10. (a) Comparison of the conversion, (b) selectivity data between UV and Visible photocatalysis for H30V, the reaction conditions were: 0.2 mmol of LA, 2 mL
of ethanol, 20 mg of photocatalyst, room temp, N, atmosphere and irradiation time of 16 h; (c) Density of State illustrative diagram for H30V and (d) oxidation of
ethanol to acetaldehyde (1) and the formation of a-hydroxy ethyl from acetaldehyde (2).
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oxygen vacancies generated during H30V synthesis improved 7.1% of
LA reduced products yield. These stable oxygen vacancies were detected
by DRS and EPR, also Rietveld’s refinement of H30V showed a higher
fraction of TT-phase than H3. The XPS analysis showed that the oxygen
vacancies are not on the subsurface of H30V, which explains their sta-
bility. H30V also showed photocatalytic activity in the visible spectral
range. It is ten times lower than UV, however the selectivity was quite
different: the HHD was generated as the main product in the visible
light, while GHV in UV photocatalysis. This fact indicates that the
mechanism in visible spectral range proceeds differently, most of the
accumulated electrons reduce back the acetaldehyde to the o-hydrox-
yethyl radical (this species is thermodynamically more favorable), that
couples with the levulinyl radical producing HHD. All these results
proved that it is possible to significantly increase the photocatalytic
performance of the semiconductor without laborious modifications or
adding cocatalysts.
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