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Abstract: The increase in global warming due to NOy, CO,, and CH4 harmfully different ecosys-
tems and significantly prejudice world life. A promising methodology in this sense is the pollutant
conversion into valuable chemicals from photocatalytic processes by reusable photocatalyst. In
this way, the present work aimed to produce a Nb,Os photocatalyst nanofibers system to convert
CO, by the electrospinning method. Based on the collected data, the nanofibers calcination at
600°C for 2 h resulted in the best condition to obtain a homogeneous surface with an average
diameter of 84 nm. As a result, the Nb,Os nanofibers converted CO, mostly into CO and CHy,
reaching values around 8.5 mol g_1 and 0.55 mol g_l, respectively.
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1. Introduction

Diverse methodologies have been developed to remove pollutants from different
media to address the growing concern with environmental quality. In this vein, hetero-
geneous photocatalysis has gained attention due to its capacity to remove and degrade
contaminants, photocatalytic recovery, and reuse in new cycles [1,2] CO, photoreduction
is especially emerging because of the need to decrease greenhouse gases and diminish
their consequent harmful environmental impacts [3].Photocatalysis is based on com-
plex catalytic reactions that enable the formation of specific products such as methanol,
methane, carbon monoxide, formic acid, etc [4].In order to improve the photocatalytic
stability, production rate, and selectivity, different catalysts systems have been studied,
such as TiO,[5],ZnO[6], and WO3 [7].

Zeng et al. [8] investigated the incorporation of CupyO nanowires in titanium car-
bide (TizCy). These authors confirmed the enhancement of the material efficiency to
convert CuyO into methanol, inducing an increase in the production around 8.25 times
compared to the isolated Cup,O nanowires. This performance improved the charge
carrier’s transport and reduced the bandgap (from 2.2 to 2.02 eV) that optimizes the
light absorption capacity and modifies the charge recombination processes. Ye et al. [9]
proposed the design of nano-tubes bismuth-based heterostructure photocatalysts for
CO, photoconversion. Among the tested BiOX type heterostructures (with X equal to Cl,
Br, or I), BiOI showed the best performance under visible irradiation, as its bandgap was
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the smallest one (1.7 - 1.8 eV), favoring the CO; photoreduction in CO and CHy4 (19.82
mol g ! h™! and 0.22 mol g~! h™}, respectively). However, even though this narrow
bandgap range facilitates the recombination of the photo-generated pairs, such a feature
may also lead to photocatalytic activity loss.

Niobium pentoxide (NbyOs) is a semiconductor that has received attention due to
its similar features to TiO, and promising performance when applied in CO, photocon-
version [10-12]. Silva et al. [12] studied the photocatalytic activity of NbyOs particles
after modifying their surface with peroxo groups. The authors observed that selectivity
and photocatalytic activity were related to the surface acidity of the nanoparticles. Thus,
high surface acidity led to CO, conversion into CO, HCOOH, and CH3COOH, whereas
low acidity induced mainly CHy formation. Although niobium-based materials are
promising alternatives to be applied in CO, photoconversion, it was not found in the
literature the use of Nb,Os ceramic nanofibers for this application. However, photo-
catalysis using nanofibers has been employed to degrade pollutants [13,14] due to their
porous control and homogeneous diameter distribution that enhance the availability
of catalytic sites aside from the improvement in the photocatalyst activity due to its
preferentially directed form.

To the best of our knowledge, no investigations have been carried out considering
the use of polyvinyl alcohol (PVA, which is highly soluble in water) as a polymeric
precursor for the NbyOs fibers synthesis. Based on these aspects, the present work
addressed the Nby;Os ceramic nanofibers synthesis and characterization for CO, pho-
toreduction, considering the electrospinning method and using polyvinyl alcohol as a
precursor under different annealing conditions.

2. Materials and Methods
2.1. Synthesis of NbyOs fibers

For producing ceramic fibers, polyvinyl alcohol (PVA, Mw 50000, Sigma Aldrich,
99.9% purity) and niobium ammonia oxalate (OAN, Mw 353.02, donated by CBMM-
Brazil) were used. First, PVA was solubilized in deionized water to obtain a 20% (w V1)
concentration solution. In parallel, the OAN precursor salt was solubilized in deionized
water to obtain a concentration of 40% (w w1 ). The solutions were then mixed and
homogenized under magnetic stirring for about 30 minutes. Finally, the obtained fibers
were subjected to thermal treatment, varying the temperature from 400°C to 900°C for 2
h, and heating rate of 1 or 10°C min !, based on adaptations from the literature [15]

2.2. Characterization

Thermogravimetric analysis (TGA) was performed on precursor fiber to verify the
events of polymer matrix degradation and mass loss. The equipment used was the TA
Instruments, model Q500. The fiber was heated in a temperature range between 30
and 900°C, with a heating rate of 10°C min~! and a synthetic air atmosphere with a
flow rate of 10 mL h~!. The scanning electron microscopy (SEM) technique allowed the
obtainment of images that provide Nb,Os fibers information on the shape, diameter, and
distribution, using a JEOL® model 6701F microscope. In addition, the average diameters
of the sample were measured with the aid of Image ] software.

2.3. Immobilization of Nb,Os ceramic fibers

The selected photocatalytic materials were immobilized on glass slides (2 x 2 cm)
which were previously cleaned in a sonicator bath with Extran, water, acetone, ethanol,
and water, subsequently. From then, the fibers were added to a beaker containing 5
mL of ethanol for dispersion in a thermostatic bath at room temperature (25°C) for 30
minutes. After this procedure, the glass slide was placed over a heating plate kept at
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50°C. Finally, the suspension was slowly dropped over the substrate surface until the
formation of a film along the entire length of the glass slide.

2.4. Evaluation of CO, gaseous photoconversion

The immobilized photocatalysts were inserted into the cavity of a stainless steel
reactor. The system was purged with ultra-pure gas containing CO; and water vapor
for 20 min before the experiment. Afterward, the reactor was sealed and exposed to
UV-C irradiation (TUV Philips 18 W mercury lamp, 254 nm) for 6 h at room temperature.
Aliquots (300 L) were removed every hour and analyzed in a gas chromatograph (GC),
CG Varian model CP - 3800 equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID), using a column (HayeSep N (0.5m x 1.8")) with a flow
rate of 30 mL min—! for Hy, 300 mL min ! for air, and 30 mL min—? for Ny, using argon
as carrier gas. The injector temperature was set at 150°C, while the TCD and FID detector
temperatures were 200°C and 150°C, respectively.

3. Results
3.1. Optimization of the NbyOs ceramic fibers

The thermogravimetric analysis indicated the mass loss and the organic degrada-
tion events when the fibers were subjected to thermal heating. Figure 1 shows the PVA
fiber degradation behavior in the range from 70°C to 800°C. As observed, the prepared
polymeric fibers showed mass losses up to 480°C. The main thermal events were iden-
tified at 150°C and 250°C due to the adsorbed water removal from the sample surface
(#1) and the beginning of polymer degradation with the elimination of water molecules
(#2). Furthermore, at 270°C, the PVA main chain degradation began (#3), with pyrolysis
and PVA degradation events also being verified between 320°C and 500°C (#4). Results
similar to those shown in Figure 1 are reported in the literature [16,17], showing the PVA
polymer matrix degradation.
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Figure 1. Thermogravimetric profile of the evaluated PVA:OAN fibers.

Once verified the PVA degradation behavior against heat treatment, the morphol-
ogy of the NbyOs fibers was analyzed. Thus, fibers were submitted in an annealing
treatment from 400°C to 900°C for 2 h with a fixed heating rate of 10 °C min~!. The SEM
images results (Figure 2) show the fiber format leakage and the consequent formation of
the particles with calcination temperature increasing. The predominance of fiber mor-
phology is observed at temperatures from 400°C to 700°C, and agglomerates at higher
temperatures. Additionally, the fibers average diameter obtained from 400°C to 700°C
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was 170 nm, 140 nm, 150 nm, and 120 nm, respectively. However, when the temperature
was raised to 800°C, the formation of a more significant number of shapeless particles
with an average diameter of 135 nm was verified. Furthermore, the fiber loss format was
observed after 900°C that led to the particulate material formation.
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Figure 2. SEM images of the Nb,Os fibers after the thermal treatments at different temperatures
(400 - 900°C), using a heating rate of 1°C min~! and 10°C min~?.

The mentioned morphological characteristics are due to the increasing temperature.
Consequently, the energy supplied favors the Nb,Os fibers coalescence effect, resulting
in a fiber losing initial shape and introducing new particles, inducing growth until ther-
modynamic equilibrium [18,19]. Furthermore, according to Figure 2, samples treated at
400°C, 500°C, and 600°C using a heating rate of 1°C min~! showed fiber-like morphology
with mean diameters of 280 nm, 130 nm, and 84 nm, respectively. Thus, fibers obtained
at 600°C showed greater homogeneity and smaller diameter when compared to those
obtained at 10°C min—!. The obtained results are similar to the literature [20,21], which
also verified morphological differences related to the heating rate during the annealing
process; this step is essential for morphology formulation. Besides that, to the lowest
heating rate, a more regular aspect was defined for fibers without pores, attributed to
greater control of polymeric matrix degradation.

In order to verify the heating rate effects, the range of 400 — 600°C was chosen to
observe the structural changes due to PVA matrix degradation and Nb,Os calcination.
Figure 3 shows the XRD diffractograms performed for Nb,Os ceramic fibers. At this
temperature, the low heating rate of 1°C min~! (Figure 3a) contributed to the structural
Nb;,Os phase formation that showed only the orthorhombic phase characteristic peaks
(JCPDS 28-317), corroborating to the literature results [22]. On the other hand, regarding
the temperatures of 400°C and 500°C, the absence of the Nb,Os peaks was observed,
being detected amorphous halos, similar to pure PVA. Thus, the temperature of 600°C
was the minimum for the desirable Nb,Os phase formation.
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Figure 3. X-ray profiles of Nb,Os fibers after thermal treatments at 400°C, 500°C, and 600°C under
a heating rate of (a) 1°C min~! and (b)10°Cmin 1.

In order to verify the effects of the heating rate in the structural characteristics,
the range of 400 — 600°C was chosen to observe the PVA matrix degradation impacts
during the NbyOs calcination step. The diffractograms in Figure 3b prove the oxide
formation at 400, 500, and 600°C, identifying the orthorhombic preferential Nb,Os
phase (JCPDS card n° 28-317). In addition, the presence of a secondary NbO, phase
(JCPDS n° 19-0859) was also identified, with more intense peaks located at 26.73°, 30.00°
and 49.62° (Figure 3b), presented in all temperatures intervals from 400 — 600°C. Thus,
comparing the diffractograms obtained for the same temperatures in a heating rate
of 10°C min~! with 1°C min~! (Figure 3b), it is noted that the lower rate decreased
the polymeric degradation rate and favored a more controlled thermal treatment since
occurred the organic matrix elimination and the structural arrangement formation of the
ceramic fibers. Furthermore, the heating rate increased the PVA fiber faster degradation,
changing the atmosphere with high CO; elimination and reducing the atmosphere’s
oxidizing capacity. Yun et al. [23] obtained different niobium oxide phases, TT-Nb,Os
(pseudohexagonal phase), TT-Nb,O5/M-NbO,, and M-NbO, (monoclinic phase) from
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samples calcined at temperatures of 700, 800, and 1000°C under N; reducing atmosphere.
The authors identified that the transformations from Nb,Os to NbO, phase occurred
during the temperature increase and a decrease in the Nb valence state from 5+ to 4+, a
characteristic presented by transition metal oxides, such as the Ta;Os and V,0Os.
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Figure 4. FTIR profiles of PVA and Nb,Os ceramic fibers after thermal treatments at 400°C, 500°C
or 600°C at a heating rate of (a) 1°C min~! and (b) 10°C min~1.

In order to further understand the structural properties of the ceramic nanofibers,
FTIR analysis was performed for different heating rates to identify the presence of
residual organic material in the samples after annealing. Figure 4a shows the results of
the FTIR analysis for the fibers calcined at a heating rate of 1°C min~!. Only the highest
temperature of 600°C indicated the presence of pure Nb,Os bands located at 872 cm ™!
referring to bonds (Nb=0) and in 613 cm ! associated with the bonds (Nb-O-Nb) [24,25].
The PVA polymeric matrix presents vibration bonds located in positions at 3314 cm ™!
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and 3332 cm ! (O-H), 2917 cm ! (C=0), 1500 cm ! (C-H), 1000 cm ! (C-O), and around
800 cm~! (C-C) [26]. The same result is observed at temperatures of 400°C and 500°C.

For the fibers spectra obtained at the rate of 10°C min-1 (Figure 4b) is verified that
even at the lowest temperatures of 400°C and 500°C, there is only the appearance of
typical Nb-O bands. These results corroborate the data obtained from the XRD diffrac-
tograms (Figure 3), indicating that a minor decrease in the polymeric part elimination
occurred when a lower heating rate was used, preventing the crystalline ceramic fiber
formation at lower temperatures.

The fibers calcined at 1°C min~! are different from those treated at 10°C min—!,
especially for the 400°C, showing that the vibration modes of organic molecules are
much more evident. However, with the heating rate of 10°C min—!, the fibers still have
organic residues attributed to the rapid decomposition. Thus, these arrangements were
not so well organized, influencing the inexistence of some vibrational modes. In this
way, decreasing the heating rate allows the samples to be exposed to the temperature
for more extended periods, leading to the highest structural organization. In order to
evaluate the optical properties of the samples, diffuse reflectance spectroscopy (DRS)
analysis was performed. Both fibers calcined at 600°C presented a similar bandgap
between 3.6 (10°Cmin~!) and 3.8 eV(1°Cmin '), which values are close to the expected
range reported in the literature for Nb,Os [27].
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Figure 5. Diffuse reflectance spectroscopy (DRS) of fibers annealed at 600°C for 2 h, with heating
1

rates of 1 and 10°C min™".

After the Nb,Os samples structural and morphological characterization, the fibers
obtained at 600°C, 1°C min~?, and 10°C min—! were selected for the CO, photoreduction.
These systems presented the elimination of the organic precursor and the niobium oxide
phases.

3.2. Photocatalytic conversion of CO,

Nb,Os5 and NbyO5:NbO; fibers were selected to verify the effects of photocatalytic
activity on the gaseous CO, photoconversion. The kinetics shown in Figure 6a indicates
the concentration of CO (umol g ') produced during 6 h for each photocatalyst system.
The Nb,Os fiber produced more CO in all intervals, increasing from 2.0 mol g ! (1 h) to
8.2 umol g~ ! after 6 h. On the other hand, the Nb,Os:NbO, photocatalyst produced less
CO, reaching 3.8 mol g~ ! in 6 h of reaction. This value was 46% lower when compared
to pure NbyOs in the same period to produce CO. With this result is concluded that pure
Nb;Os realized a better photocatalyst system performance for the CO production. In
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this way, the NbO; second phase prejudices the photocatalytic performance of the pure
Nb;Os catalyst.

Catalytic properties are strongly influenced by the presence of acidic and basic sites
on the catalyst surface. Considering this question and according to Lewis theory, Nb>*+
ions have electron acceptor potential, acting as an acid, while O>~ anions act like a basic
receiver. Therefore, the acid-base interactions that occur on the surface of Nb,Os and the
CO; reaction can influence the formation of activated complexes. Regarding the second
phase, NbO,, which presents a narrow bandgap of about 0.7 eV, presents an electronic
configuration different from Nb,Os, being 4d! and 4d", respectively. The electron present
in the 4d electronic layer can be donated or shared, facilitating the oxygen reduction
reactions and consequently decreasing the oxidation number of the NbO, compound,
which can influence the decrease in the photocatalytic activity [28]. Thus, despite
obtaining a material with a lower bandgap value, Nb,O5:NbO; (3.3 eV) compared
to NbyOs (3.8 €V), as seen in Figure 5, the secondary phase can promote a higher
recombination rate of the photogenerated pairs, strongly influencing the photocatalytic

properties.
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Figure 6. CO; gaseous photoreduction in (a) CO and (b) CHy during 6 h under UV-C irradiation.

Figure 6b shows the CH, production by Nb,Os and Nb,O5:NbO, photocatalysts
over 6 h, verified in the first hour of analysis an amount of 2.6 and 2.9 ymol g~! of
CHy. However, the CHy4 concentration dropped abruptly in the second hour, remaining
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practically constant (around 0.6 and 0.7 mol g~ 1) for both materials. In this sense, it
was observed that the different materials prepared based on niobium tend to produce
CO preferentially. This behavior is justified because the CO; reduction mechanism
requires two electrons to produce CO molecules and eight electrons for CH, formation.
For this reason, the generation of CHy is much more complex [29]]. Furthermore, CO
can strongly adsorb on the photocatalyst surface, and desorption of the process can
significantly affect the yield of the CHy formation [30].

Studies reveal that the surface acidity of the photocatalyst can influence the selectiv-
ity of the products generated from CO, photoreduction [11,12]. The size of nanoparticles,
composition of the photocatalysts can also influence the selectivity during the photore-
duction reaction [31]. Nogueira et al. [4] proposed an interaction mechanism between
the surface of NbyOs with CO, and the selectivity of products. When reaction medium
pH is next to 5.5, part of the CO, molecules are HCO?~ ions, and CO, oxygen atoms
with pairs of electrons can be transferred like Lewis bases. The Nb,Os structure is
composed of NbOy tetrahedral, forming NbO4-H,O structures in the presence of water
vapor, which start to act as Lewis acid sites, receiving the oxygen electron pair from
CO,, enabling coordination with the photocatalyst surface. Similarly, the preferential
CO production for the samples is due to the high oxygen interaction between the CO,
molecules and photocatalyst active sites.


https://doi.org/10.20944/preprints202110.0333.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2021 d0i:10.20944/preprints202110.0333.v1

20
(a) [ [TXR
< 16 + I Nb,0,:NbO,
K=
= g7
o
g
=08 -
o
o 04 -
10 20 30 40
Cycles / n°
0.20
(b)
I o0,
0.16 -
= I Nb,0,:NbO,
2 a1z
o
g
= 008 A
<t
I
O o004
0.00 - T T T T
10 2o a0 4°
Cycles I n°

Figure 7. CO; conversion rate into (a) CO and (b) CH, products after a period of 6 h under UV-C
irradiation, during 4 consecutive cycles.

After the first photocatalysis cycle of Nb,Os and Nb,O5:NbO fibers, 3 reuse tests
were performed to evaluate the stability of the samples. Figure 7 shows the production
rate (mol g~! h™1) of CO and CHjy per cycle, and a decrease in the formation of both
products over the consecutive cycles is observed.

In Figure 7a, it is observed that Nb,Os was the material that produced the highest
CO concentration in all analysis cycles, being the only one that produced significant
amounts up to the 4 cycle. However, the Nb,O5:NbO, system, despite the lower yield,
remained stable in the production of CO, preserving the photocatalytic activity until the
3" cycle in a relevant way. Thus, the secondary NbO, phase indicated a lower degree of
deactivation of the catalytic sites than pure Nby,Os. The deactivation of catalytic sites is
one of the fundamental parameters for CO, reduction [32]. The 4+ Nb oxidation state
of NbO, under O, deficiency allows the formation of substitution defects in the Nb,O5
structure, allowing the NOX reduction from Nb®* to Nb*t, which can influence the
production of electrons in the catalytic sites and favor the formation of products such as
CHy before the catalytic site is deactivated from the niobium oxidation to the 5+ state
[33].

In Figure 7b, it was verified that the Nby,O5:NbO2 system produced CHy in a
2nd reuse, maintaining about 50% of the amount observed in the previous cycle. This
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behavior was due to preserving the photocatalytic activity of the intermediate CO, seen
in Figure 7a. Thus, although the secondary NbO, phase in the Nb,Os system decreases
its overall photocatalytic performance, the presence of NbO; resulted in an enhanced
capacity in the production of CHy. Therefore, the production rate, selectivity of the
products, and the maintenance of the photocatalytic performance in the reuse cycles are
directly related to the niobium oxide phases.

4. Conclusions

The optimization of the calcination parameters showed Nb,Os fibers with struc-
tural and morphology control. The use of different heating rates, 1land 10°C min~!,
induced the formation of two photocatalysts, NboOs and Nb,O5:NbO;, respectively.
It was also verified that the annealing temperature has an important influence on the
phase formation and morphology of fibers or particles. The CO; photoreduction was
more efficient over Nb,Os than Nb,O5:NbO,, but CO and CH,4 were formed. Despite
the lower photoreduction yield, a secondary NbO, phase allowed a photocatalytic per-
formance better preservation. Therefore, ceramic nanofibers based on niobium oxide
were effectively obtained, presenting photocatalytic activity in the CO, conversion into
commercial interest products.
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