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ARTICLE INFO ABSTRACT

Stabilized tetragonal Bi»O3 nanoparticles (3-Bi»O3) were obtained by annealing treatments of amorphous Bi-
based precursors, obtained by chemical precipitations, at temperatures between 350 and 450 °C. The formation
of the stabilized 3-Bi,O3 phase was possible by using (Bi0),CO3(OH), while other precursors such as amorphous
bismuth carbonate ((BiO),CO3) and amorphous basic bismuth nitrate (BigOs(OH)2(NO3)42H,0) led to the
formation of the thermodynamically stable monoclinic a-Bi,O3 and BisO;NO3 phases. The Bi-based precursors
were prepared by the chemical precipitation method at room temperature in ethylenediamine-solvent varying
the HNO3/Bi®* molar ratio (10, 26 and 56). The physicochemical properties of the three as-prepared amorphous
precursors and the formed-after-calcination B-Bi»O3, a-Bi,O3 and BisO;NO; phases were analyzed by X-ray
diffraction, scanning electron microscopy, thermogravimetry, X-ray photoelectron spectroscopy (XPS), FTIR
analysis, diffuse reflectance spectroscopy and surface area by BET method. The photocatalytic activity of all
annealed solids containing the B-Bi»O3; phase was tested in the photodegradation of the indigo carmine (IC) dye
under specific blue light. A schematic diagram of the Bi,O3 phases obtained as a function of the annealing
conditions and initial amorphous precursor is proposed and explained in terms of the amount of CO3*, NO5” and
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amine (ENH,2* < ENH™) ions present in each bismuth precursor.

1. Introduction

Bi,O3 possesses six different polymorphous phases: a-BiyO3
(monoclinic), (-Bi,O3 (tetragonal), y-Bi,O3 (FCC), §-Bi»O3 (cubic),
€-Biy03 (triclinic) and w-Bi,O3 (triclinic) [1], where o and 8 are ther-
modynamically stable phases at low and high temperature, respec-
tively, while the others are metastable. The optical band gap of Bi,O3
varies from 2.0 to 3.9eV, depending of the crystalline phase [2],
making this material suitable for various applications such as in op-
toelectronics [3], electrochemical capacitors [4,5], gas sensors [6] and
as catalysts/photocatalysts [7-15]. For many of these applications, it is
crucial to obtain pure phase materials or well-defined fractions of
mixed phases, which is not always achieved [8,16-18]. For visible-light
photocatalysis, the metastable 3-Bi,O3 phase is attractive due to the
small band gap (2.4 eV), however, it is more difficult to obtain than the
a-Bi»O3 phase, which is the most stable one at room temperature
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[19-25], notwithstanding, its band gap (2.9eV) limits its light-ad-
sorption capacity in the visible region. The metastable 3-Bi,O3 phase
can be well activated in visible light, but just a few works have been
devoted to the production of 3-Bi>O3 because it is difficult to stabilize in
a wide temperature interval [26-29]. Nonetheless, 3-Bi,Os has shown
higher photocatalytic activity than the a-Bi,O3 phase [29-32], and for
this reason the pure B-Bi,O3 phase is still of great significance.
Different strategies have been successfully used to obtain an ade-
quate bismuth precursor to be transformed into the metastable (3-Bi,O3
phase by calcination processes [33]. Commonly, the bismuth precursor
is obtained by a hydrothermal method at 160-180 °C, where bismuth
trinitrate pentahydrate [Bi(NO3)35H,0] is commonly diluted in an
aqueous solution of nitric acid (HNO3), adding an additive that can be
Na,CO3 [32,34,35], NH4HCO3 [36], 1-lysine-oxalic [37] or citric acid
[33,38], all of them in NaOH presence, obtaining bismuth carbonate
(BiO)>CO3 with different morphologies (worm-like, flakes, flower-like)
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as the main precursor to produce the 3-Bi,O3 phase.

In contrast, by using a solvothermal method under similar thermal
conditions (100-180 °C), [Bi(NO3)3-5H,0] is diluted in an organic sol-
vent or mixture of them: ethylenglycol or methoxyethanol [8], dimethyl
formamide (DMF) [5], acetic acid-ethanol-DMF [29], glycerol-ethanol
[2] or acetic acid-ethanol [39], in absence of both HNO; and NaOH,
obtaining in these cases amorphous precursors with different
morphologies (irregular spherical, hollow spheres, hunk-like, na-
nosheets, etc.). This amorphous precursor has been associated with the
possible formation of an intermediate (BiO)4(OH),CO3, which can be
dehydrated/transformed into (BiO)>CO3 by annealing at 200 °C [8,40].
When the (BiO),CO3 precursor is annealed at around 290 and 380 °C,
either the pure B-BiO3; phase or mixture of the (BiO)>,COs/(-Bi»O3
phase is obtained [16] whereas at temperatures above 350 °C, the f-
Bi,O3 phase starts to be transformed into the a-Bi,O3 phase, obtaining a
mixture of both phases [38]. On the contrary, when the amorphous
precursor is annealed at a similar temperature interval (270-350 °C),
the pure B-Bi,O3 phase is formed, even the transformation toward the
a-Bi,O3 phase occurs above 420 °C [29], indicating that the B-Bi,O3
phase is more stable.

In most of these works, it has been stated that the presence of car-
bonate (CO3) ions is the key factor to obtain the B-Bi, O3 phase because
surface-coordinated CO53™ ions on the Bi,O3 surface can lower the sur-
face energy of the 3-Bi,O3; phase, making it stable at room temperature
[1]. By contrast, the B-Bi,O3; phase can be returned to the bismuth
oxycarbonate precursor when exposed to the environmental atmo-
sphere or to CO, in solution [40].

Until now, the influence of the HNO3 and diamine-solvent on the
properties of the as-precursors to obtain the (3-Bi,O3 phase by calcina-
tion has not been studied. Therefore, in this work, a simple chemical
precipitation method to produce amorphous precursors using ethy-
lendiamine (ENH ™) as precipitating and morphological agent (60 vol%)
is proposed. The influence of the HNOz/Bi®*molar ratio (10, 26 and
56) on the preparation of three amorphous precursors and their an-
nealing temperature (350, 400 and 450 °C) was investigated. A sche-
matic diagram of the phases compositions obtained as functions of the
annealing conditions and the initial amorphous precursor is proposed.
The adsorption capacity and the photocatalytic activity properties of
pure B-Bi,O3 and solids containing the 3-BiO3; phase were explored in
the photodegradation of the indigo carmine (IC) dye.

2. Experimental details
2.1. Synthesis of the amorphous precursor and Bi»O3

Three different as-prepared solids were obtained by the chemical
precipitation method, where the Bi®* concentration in aqueous solu-
tion was fixed at 41 mM and the concentration of nitric acid (HNOs)
was varied (0.6, 1.5 and 3.5 M), leading to a HNO5/Bi®™ molar ratio
=10, 26 and 56, respectively. A homogeneous solution of Bi
(NO3)3'5H,0 (Aldrich) was prepared by adding the appropriate amount
of nitric acid (HNO3, Baker Analyzed) under constant stirring until
getting a stable transparent bismuth solution. Afterwards, 60 vol% of
ethylenediamine-solvent (ENH*, Aldrich) was added dropwise into the
bismuth acid solution under cold water bath (room temperature),
leaving the suspension under vigorous magnetic stirring for 2h. The
resulting precipitate was collected by filtration, washing with an
ethanol-water solution and left to dry at room temperature. The as-
prepared solids were labeled as NBX, where NB represents the [HNO3/
Bi®*] molar ratio and X represents the ratio value (10, 26 and 56). Each
solid was annealed at three temperatures (350, 400 and 450 °C) in static
air for 2h, using a heating rate of 10 °C/min. The materials were la-
beled as NBX-Z, where Z represents the annealing temperature.
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2.2. Characterization of Bi,O3

The as-prepared solids and the annealed Bi,Os; materials were
characterized by powder X-ray diffraction (XRD) using a Siemens D500
diffractometer with Cu Ka radiation of 0.15406 nm (34 kV, 25 mA) and
scanning range between 15 and 60°C (2 theta) with a step size of
0.013°/s. For the lattice parameter determination, the Bragg law was
used considering the corresponding structure for each phase. The phase
composition and average crystal size were obtained by using the
Halder-Wagner method in the PDXL2 software.

The FTIR absorption spectra of all the samples were recorded on a
Thermoscientific Nicolet 6700 spectrometer using an attenuated total
reflection (ATR) accessory equipped with a diamond crystal; for each
measurement, the powder was placed and the pressure was of 815 Psi at
room temperature. Typically, 68 scans at a resolution of 4cm™? in the
interval ranging from 600 and 4000 cm ™! in the transmittance mode
were used.

The chemical composition of the as-prepared and annealed solids
were evaluated by X-ray photoelectron spectroscopy (XPS) using the
XPS microprobe PHI 5000 Versa Probe II of Physical Electronics. A
monochromated Al K, (hv = 1486.6 eV) X-ray source was used at 25 W
with 100 um of beam diameter. The surface of each sample was etched
for 5min with 1kV Ar+ at 500 nA current. The XPS spectra were ac-
quired at 45° from the surface in a constant pass energy mode (CAE) at
Eo = 117.40 and 11.75eV for survey and high-resolution spectra, re-
spectively. The adventitous Cls signal at 284.8 eV was used to correct
the binding energies.

Thermal analysis (TGA) of the samples was performed up to 800 °C
at a heating rate of 10°C/min in static air atmosphere using a TA
Instruments SDT Q600 V8.3 Build 101. The Bi,O3; morphology was
revealed by scanning electron microscopy (SEM) using a JEOL 7600F
operated at 10kV. The UV-vis diffuse reflectance spectra (DRS) were
accomplished on a UV-vis spectrophotometer (Shimadzu 2600)
equipped with an integration sphere (ISR 2600) in the interval ranging
from 200 to 700 nm and using BaSO, as a reference blank. The spectra
were converted from reflectance to absorbance by the Kubelka-Munk
method. The band gap energy (E;) was calculated by extrapolating the
linear portion of the (F(R) X hv)? versus hv curves to F(R) = 0 [41],
considering its corresponding allowed transition for each phase com-
position (see Table 1).

The specific surface area of the semiconductors was determined by
the BET method from the nitrogen adsorption-desorption isotherms at
—196°C using a Quantachrome Autosorb-1 automatic instrument.
Prior to the adsorption procedure, the samples were out-gassed under

Table 1
Sample name, phase composition, allowed transition type and band gap en-
ergies value for all prepared solids.

Sample Phases composition Allowed Band ‘Sg
transition gap (m?/
(eV) g)
NB10 Amorphous UNKNOWN 3.52
350°C a / B-Biy03 DIRECT 2.43 ~4
400°C B / a-Biy03 DIRECT 2.86 -
450°C a-Bi,03 DIRECT 2.86 -
NB26 Amorphous-(BiO)4CO3(0OH), INDIRECT 3.63 -
350-400°C  B-BiyO3 DIRECT 2.42 -
450°C a / B-Biy03 DIRECT 2.42 ~5
NB56 Amorphous- INDIRECT 3.37 -
BigO6(OH)2(NO3)4-2H,0
350°C (Bi0)2CO3 / B-Biy03 DIRECT or 2.40 ~8
INDIRECT/
DIRECT
400-450°C  (Bi0)2CO3/B-Bi»03/ DIRECT 2.40 -
BisO,NO; INDIRECT/
DIRECT

@ Sg = Specific Surface Area.
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high vacuum at 150 °C for 6 h. The Brunauer-Emmett-Teller method
(BET method) was applied to calculate the specific surface area.

2.3. Photocatalytic tests under blue light

The photodegradation reaction was performed in an open air-glass-
photoreactor system containing 200 mL of an aqueous solution at 5 ppm
of indigo carmine (IC) dye and 20 mg of photocatalyst powder, leading to
a load of 0.1g/L. The suspension was maintained under magnetic
stirring at 1000 RPM, room temperature and without any pH adjust-
ment (natural pH = 7). The system was irradiated by means of a blue
LED-lamp of 10 W (maximum emitting light at A = 450 nm) placed at
the top of the suspension (at 3 cm of distance). Before irradiation, the
suspension was kept under dark conditions for 40 min to ensure the
adsorption-desorption equilibrium. The estimation of the IC dye con-
centration was done by taking a filtered aliquot of 3 mL at time inter-
vals for 50 min, and analyzing the aliquot absorbance (absorption band
at 610 nm for IC dye) using UV-vis spectroscopy on a Shimadzu 1800
spectrometer. The reaction kinetics was carried out considering the
Langmuir Hinshelwood kinetic model. At low adsorption or reactant
concentration, the reduction rate (r) can be simplified to pseudo first
order kinetics with an apparent rate constant (kypp,), where the reactant
concentration after reaching equilibrium was taken as the initial con-

centration (Co), which is expressed as follows:
ln(c%) = —k kagsC = —kgppt, where k, is the rate constant and kg is

the adsorption equilibrium constant. Plotting ln(c%) versus reaction
time (t) yields a straight line, and the slope is the apparent kinetic rate
constant (Kqpp)-

3. Results and discussion
3.1. Crystalline structure and phase composition

The crystalline phases of the as-prepared solids at different HNO3/
Bi®™ molar ratios and the solids annealed at 350-450 °C were obtained
by XRD. The patterns of all the annealed solids from the as-prepared
sample at HNO3/Bi®* molar ratio of 10 are shown in Fig. 1A. The as-
prepared solid (NB10) exhibited a wide peak at around ~ 28° in 26,
suggesting that it is an amorphous-like compound, however, until now,
it has not been identified. An amorphous product has been similarly
obtained when BiONO; reacts with a weak-alkaline amine like NH,OH
or hexamethylenetetramine (HMT-solvent), depending on its con-
centration, and has been used as a precursor of Bi,O3 solids [8]. When
annealed at 350 °C (NB10-350) exhibits diffraction peaks at 28.08°,
31.73°, 32.98° 46.30°, 47.12° and 55.75° in 20, which are mainly in-
dexed to B-Bi;O3 phases (JCPDS card no. 01-076-0147), however, two
reflection peaks at 27.41° and 33.38° in 20 suggest the presence of the
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a-Bi>O3 phase (JCPDS card no. 01-071-2274). By applying the Halder-
Wagner method in the PDXL2 software, the phase composition of the
NB10-350 sample was found to be mainly represented by 70% of the -
Bi,O3 phase. When the amorphous product is annealed at 400 °C
(NB10-400), it exhibits diffracted peaks at 26 = 25.83°, 26.90°, 27.41°,
28.11°, 33.35° and 46.40° of the principal planes (002), (-112), (-121)
(012), (-202-200) and (041) corresponding to the a-Bi,O3 phase, but
small peaks related to the (-Bi,O3; phase can be also detected, re-
presenting ~ 11% of the 3-Bi,O3 phase. At 450 °C, the NB10-450 solid
is mainly composed of the well-crystallized a-Bi,O3 phase. By applying
the Halder-Wagner method, the grain size of the a-Bi,O3; phase falls
within the interval ranging from 14 to 20 nm. The grain size for the -
Bi»03 phase in the NB10-350 solid is 21 nm. These results are in good
agreement with what has been reported in the literature, where com-
pounds like (H50)g 75Bi>(CH3COO)(NO3); 12 or (BiO),CO3; have been
used as bismuth precursors to obtain the [-Bi,O; phase, being im-
mediately transformed into the stable a-Bi,O3 phase at temperatures
above 350 °C [16,29].

The XRD patterns of the as-prepared sample at HNO5/Bi** molar
ratio = 26 and those of the annealed solids are shown in Fig. 1B. The
NB26 solid exhibits small wide peaks at around 27.36°, 32.89-33.45°
and 47.50° in 26, suggesting the presence of an amorphous product (not
identified). Additionally, it exhibits a peak at a low angle of ~ 7°in 26,
which suggests a lamellar structure [42]. The amorphous product an-
nealed at 350, 400 and 450 °C exhibits main diffracted peaks at
20 = 28.01°, 31.74°, 32.78°, 46.21°, 47.04°, 54.27°, 55.52° and 57.75°,
which are associated with the (201), (002), (220), (400), (302), (213),
(421), (402) planes that are indexed to the tetragonal-B-Bi>O3; phase
(JCPDS card no. 01-078-1793), however, at 450 °C, a small peak (at
25.82°) related to the a-Bi,O3 phase (18%) is detected, indicating that
at this temperature starts its transformation. In comparison to the an-
nealed NB10 sample (Fig. 1A), the (3-Bi,O3 phase is well stabilized even
at 450 °C, which was unexpected because 3-Bi»O3 has been stabilized at
temperatures below 420 °C from an amorphous product prepared in
organic solvent [29,39]. In our case, the amorphous product pre-
cipitated in aqueous solution in the presence of appropriate amounts of
HNO3/Bi** (26), which is adequate to produce well-stabilized B-Bi,Os
and it could extend its applicability to other catalytic processes. By
applying the Halder-Wagner method, the grain size (crystalline do-
main) of the tetragonal phase was increased from 16 to 44 nm.

By increasing the HNO5/Bi>* molar ratio to 56, the as-prepared
sample (NB56) exhibits small wide peaks centered at around ~ 11°,
28.1-28.7° and 29.7° in 26, suggesting an amorphous-nanocrystalline-
like compound (see Fig. 1C), however, the defined peaks could be re-
lated to the possible formation of basic bismuth nitrate
(BigOs(OH)5(NO3)42H,0) (Card. No. 28-0654). This intermediate pre-
cursor has been similarly obtained in 2-methoxyethanol in the presence
of an amine solvent (hexamethylenetetramine) at pH from 2.5 to 6

A) NB10 B) NB26 C) NB56
a-Bi,0, (JCPDS 01-071-2274) «BLO +Bi,0,NO,
273
450°C (18%) :j 450°C 450°C
N b M
3
©
3\ B-Bi,0, (11%) < J \ X
2 —
Q o> a-Bi,0, (30%) B-Bi,0, (JCPDS, 01-078-1793) )
£ sBio, o 3s50°C ,_J 350°C °B1,0,C0, 350°C
Ll i Y W
Lamellar structure
Amorphous NB10 - Amorphous Amorphous NB56
] N AT e | e
10 30 40 50 60 10 30 40 50 60 10 30 40 50 60
20 degrees 20 degrees 20 degrees

Fig. 1. XRD patterns of the solids annealed from 350 to 450 °C and the as-prepared samples at different molar ratio HNO3/Bi*>*; A) 10, B) 26 and C) 56.
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[8,43,44]. When the solid is annealed at 350 °C (NB56-350), it exhibits
diffraction peaks at 28.07°, 30.11°, 32.74°, 43.16°, 52.35° and 56.8° in
20, which identifies it as (Bi0),CO3 (JCPDS 01-084-1752) with 93% of
contribution. In addition, the reflection peak at 28.01° is associated
with the 3-Bi,O3 phase and the small peak at 27.56° is related in minor
proportion to BisO,NO3; (card. 00-051-0525). After the calcination at
400 and 450°C, diffracted peaks of the (Bi0),COs, B-Bi,O3 and
BisO,NO3 phases are still present at different proportions, however, the
contribution of the BisO,NO; phase was increased whereas that of
(Bi0),CO3 was decreased as the temperature was increased. So, a
mixture of (-Bi,O3 and BisO,NO3; was mainly detected, where by ap-
plying the Halder-Wagner method in the PDXL2 software, the con-
tribution of each one is 49% and 51%, respectively. This means that
nanocrystalline BigOg(OH)»(NO3)42H,0 is formed in aqueous solution
at high nitric acid concentration, and it is gradually transformed
without the formation of the a-Bi,O3 phase as follows: (BiO),CO3 — [3-
Bi203 nd Bi507N03.

3.2. FT-IR analysis

FTIR spectra of the as-prepared samples and the solids annealed at
350-450 °C are shown in Fig. 2A-C. For the amorphous product NB10
(Fig. 2A), it displays signals at 815 and 1038 cm ™', which are char-
acteristic of mono-dentate and stretching vibrations of the NO3™ group,
respectively. These signals must be accompanied by a broad signal at
1274-1300 cm ! of asymmetric stretching modes of the NO5 group
[45,46], however, it appears to be overlapped with a broad band at
1319cm ™. In addition, the signal at 3270 cm™! is related to the
stretching vibrations of OH™ groups, suggesting the presence of some
type of basic bismuth nitrate [BigO4(OH)4(NO3)s 7H,0,
B1605(OH)3(N03)5 3H20, B1606(OH)2(N03)4 1.5H20 [46,47], which
are not well crystallized. The signal at 1319cm™' is assigned to
stretching vibrations of C-N groups [48] and it can be originated from
the diamine-solvent (ENH * -solvent), suggesting that it is present in the
material structure. On the other hand, the signal at 843 cm ™ is char-
acteristic of the out-of-plane bending mode of free CO5> (v), char-
acteristic of (Bi0),CO3 [49], however, the symmetric stretching mode
v; at 1067 cm ™' and the anti-symmetric vibration v at 1470 and
1390 cm ™~ ! are not seen [50-52], because they are overlapped with the
signal at 1429 cm ~*, which is not identified. The signal at 1540 cm ~* is
assigned to deformation vibrations of hydroxyl groups and molecular
water, which can be generated from carbonate compounds containing
OH’ groups like (Bi0),CO3(OH),. This compound has been reported as
an amorphous carbonate intermediate due to its incomplete transfor-
mation into (BiO),CO;3 [53,54]. When the amorphous solid was an-
nealed at 350 °C, the vibration signals of NO3’", C-N and OH" groups are
absent, suggesting that basic bismuth nitrate, ethylenediamine and
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(Bi0)4CO3(0OH), were decomposed. However, the vibration signals
characteristic of free COs* (v, 1380 and 1470 cm ™ ') were observed,
even remaining at 450 °C, indicating the presence of small proportions
of (BiO),CO3. This fact means than the amorphous carbonate inter-
mediate, (Bi0)4CO3(OH), was dehydrated/transformed into the
(Bi0),CO3 precursor while 3-Bi,O; was transformed into a-Bi,Os.

For the amorphous NB26 solid (Fig. 2B), in addition to the bands of
vibrational modes of the CO5* group (848, 1013, 1388 cm ™Y,
stretching and bending modes of the OH group (3326, 1538 cm ™ ') can
be seen [49,55]. All these vibration signals are characteristic of
(Bi0)4CO3(0OH), compounds, suggesting that the amorphous carbonate
intermediate was well formed. The high intensity of these bands sug-
gests that amorphous (BiO),CO3(OH), compounds are more favored by
increasing the HNO; content. The signal at 1336 cm ~ %, assigned to the
stretching vibrations of C-N groups [48], is also observed, suggesting
the presence of the ENH ™ -molecule. After calcination at 350 °C, the B-
Bi,O3 sample displays vibration signals corresponding to (BiO),CO3
(848, 1388, 1465 cm ™ 1), which decreases its contents as the calcination
temperature is increased. It has been reported that the presence of CO5*
groups in the B-Bi,O3 phase matrix could help stabilize its structure at
temperatures close to 380 °C [1]. Nevertheless, in our case, at a calci-
nation temperature of 450 °C, the vibration signals of (BiO),CO5 are
almost absent, and the PB-Bi»Os; phase continues being stable (seen
Fig. 1B). The presence of (Bi0)4CO3(OH), compounds could be the
responsible for inducing the stabilization of the pure 3-Bi»O3 phase.

By increasing the HNO5/Bi®* molar ratio to 56, the basic bismuth
nitrate solid (Fig. 2C) shows the vibrational bands (815, 843 and
1036 cm ™) of the NOj3™ groups [45] and vibrational bands (1623,
3419 cm ™ 1) of the OH superficial groups of adsorbed water [47]. In
addition, it also displays the vibrational modes of the C-N bond
(1330 cm ™ 1) associated with the ENH*-molecule. This fact confirms
that the nanocrystalline solid is composed of a type of basic bismuth
nitrate. According to the XRD analysis (Fig. 1C), all these vibration
signals are generated by the BigOg(OH)>(NO3)42H,0 compound [45],
which is dehydroxylated during the calcination at 350-450 °C, forming
the BisO,NO3; compound. Vibration signals of the (BiO),CO3; compound
are also exhibited, as it can be seen in the XRD patterns mentioned
above (Fig. 1C). The vibration signal of the ENHT'-molecule
(1330cm ™) is also present, which also appears at 400 °C, indicating
that it was hard to be eliminated. The bands at 815, 1036, 1295 and
1373 cm ™!, assigned to BisO,NOs, [45] are more intense as the calci-
nation temperature increases, whereas the CO5% and C-N signals de-
crease, indicating that the ENH*-molecule and (Bi0),CO5; were de-
composed. This fact means that at high HNO3; contents and in the
presence of an diamine-solvent, basic = bismuth nitrate
(BigOs(OH)5(NO3)42H,0) is preferably formed and it continues to be
transformed into BisO,NO3 during the calcination process.

A) NB10
450°C

B) NB26

450°C M 450°C
"

C) NB56

< [400°c e

S 400°C 400°C

@ 350°C

g - 350°C

m '-\/

£ |nB10 NB26 350°C

E -

@ | NB56

© 3269 l

= 3326 3419
oH oL

3600 1750 1500 1250 1000 7503600 1750 1500 1250 1000 750 3600 1750 ~ 1500 1250 1000 750

Wavenumber (cm'1)

Wavenumber (cm'1)

Wavenumber (cm'1)

Fig. 2. FTIR analysis for the as-prepared samples at molar ratio HNO;/Bi®*; A) 10, B) 26 and C) 56, and of the annealed solids from 350 to 450 °C.
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Fig. 3. XPS spectra of Bi4f and C1s for: A, C) as-prepared solids at different molar ratio HNO3/Bi** and B, D) annealed solids at 350 °C.

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) measurements of as-pre-
pared and annealed solids were carried out to investigate the variations
in the surface chemical composition as a consequence of the different
molar ratio of HNO3/Bi®* used for its preparation. Fig. 3A shows the
high resolution XPS spectra of Bi4f photoelectron signal for the as-
prepared solids at different molar ratio (HNO3/Bi™). For the amor-
phous NB10 solid, the spectra show the two spin-orbit Bi 4f,,, and 4fs,»
doublet placed at 159.0 and 164.5 eV, suggesting the existence of Bi**
that can be ascribed to Bi-O bonds of Bi,O3. However, these value are
different to those obtained for pure Bi,O5 but it has been attributed to
the formation of an interfacial structure and the changing in the local
environment and electron density of the elements [38]. The doublet
separation of energy is 5.4 eV which is in accordance to the reported in
the literature for Bi>* [8]. For the amorphous NB26 solid, the spectra
show two doublet peaks placed at (158.8 and 164.16 eV) and (161.4
and 166.6 eV). The first ones are assigned to Bi®* ascribed to Bi,O3 and
the second one, which is shifted at higher binding energy, suggest the
presence of BiO linked to carbonate (CO5%) ions [37,53], attributed to
the presence of the carbonate intermediate compounds in concordance
with the FTIR results. The amorphous NB56 solid also exhibited peaks
assigned to Bi®* of Bi,O3 (158.6 and 164.0eV) and clear shoulders
located at slightly lower binding energies (BE) than the carbonate peaks
(160.4 and 165.5eV), which could be assigned to Bi®* of the basic
bismuth nitrate [45,46], in compliance with the XRD and FTIR results.

After the annealing, the spectra followed similar trends than the
precursors. Fig. 3B shows the high resolution XPS spectra of the Bi4f
signal for the annealed oxide solid at 350 °C. For the three samples, the
spectra show the peaks attributed to the Bi®" of Bi,Os, although
slightly shifted to higher BE for the NB56-350 solid and broader for the
NB10-350, suggesting that BiyOz stoichiometry is not perfectly

distributed. For the annealed NB26 and NB56 samples, the carbonate
associate peaks at (161.4 and 166.6 eV) are clearly observed, suggesting
that the carbonate compounds are still persistent as impurities, as was
confirmed by XRD.

For all the solids, a small peak indicated at 156.9 eV is related to 4f,,
» Bi® metallic state. This is probably a consequence of a slight reduction
of Bi®** occurring during the Ar cleaning [56]. The chemical shift de-
tected between Bi® and Bi®* (2.0eV) are in accordance to those re-
ported in the literature [57].

Fig. 3C-D shows the high resolution XPS spectra of the Cls for the
as-prepared precursor and annealed solids. For the NB26 precursor,
annealed NB26-350 and NB56-350 solids, a clear signal at higher BE is
assigned to the carbonate ion of the bismuth carbonate [53], confirming
the formation of the carbonate compounds in these sample. The peaks
placed at 284.8, 286 eV are ascribed to adventitious carbon species
[51].

Based on the obtained result, a schematic phase composition dia-
gram of the type of bismuth compounds obtained from the different
amorphous precursors prepared in aqueous solution at different HNO3/
Bi®* molar ratios is shown in Fig. 4. When the amorphous precursor is
prepared at a HNO5/Bi®* molar ratio = 10, BiOx compounds are ob-
tained as amorphous products, giving a mixture of a/3-Bi,O3 phases in
different proportions after calcination whereas the pure, well-stabilized
B-Bi,O3 phase can be obtained from the amorphous (Bi0)4CO3(OH),
compound, prepared at a HNO3/Bi®* molar ratio of 26. By increasing
the HNO5/Bi®* molar ratio to 56, nanocrystalline basic bismuth nitrate
(BigO6(OH)2(NO3)4-2H50) is formed, which is transformed into a mix-
ture of (Bi0),CO5 / 3-Bi»O3 / BisO,NO3 phases (see Table 1).

3.4. TG analysis

The TG and TA analyses of the as-prepared samples are shown in
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Fig. 5A-B. For the amorphous NB10 solid, the first weight loss (3.4%)
at the temperature interval of 28-250 °C was associated with the exo-
thermic peak at 234 °C, which could be related to the dehydration of
either basic bismuth nitrate or (Bi0),CO3(OH), compound by replacing
OH" by CO5; ™2 jons [55]. After that, in the interval 250-419 °C, the
weight loss corresponds to the thermal decomposition of carbonates
[16], which is accompanied by two exothermic peaks at 335 and
396 °C. These events are related to the transformation of (BiO),CO5 into
the B-Bi,O3 and a-Bi,O3 phases [58], respectively, as observed by XRD
(Fig. 1A).

As for the amorphous NB26 solid, the first weight loss (3.4%) oc-
curred at of 28-170 °C, corresponding to the elimination of physisorbed
water. Then in the interval 170-240 °C, the exothermic peak at 210 °C is
related to the dehydration of (Bi0),CO3(OH), to form (BiO),CO3 [53].
From 250 to 409 °C, two exothermic peaks at 290 and 313 °C are ob-
served, corresponding to the thermal decomposition of carbonates and
the ENH "-molecule, respectively. The peak at 290 °C is also related to
the transformation of (BiO),CO3 to B-Bi»Os. In addition, a small exo-
thermic peak at 510 °C is observed, which can be related to the crys-
tallization of the a-Bi,O3 phase, as suggested by XRD (Fig. 1B). Thus, it
can be seen that the B-Bi,O5 phase is stable at higher temperatures than
in previous reports, where the transformation into a-Bi,O5 at around
320-350 °C has been observed [2,38,40,58].

For the nanocrystalline NB56 solid, the first weight loss (3.4%)
occurred at 28-184 °C, corresponding to the elimination of physisorbed
water from BigOg(OH),(NO3)42H,0 compounds [59]. Then, in the in-
terval 184-400 °C, two exothermic peaks at 244 and 352 °C are ob-
served, which are related to the transformation of (Bi0),CO; into f3-
Bi,O3 and to the release-decomposition of the NO3™ group [60] to form
BisO,NO3; compounds, respectively. From 400 to 532°C, the en-
dothermic peak at 509 °C must be related to the decomposition of
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BisO,NO;3 and crystallization of the a-Bi»O3 phase [45,61].
3.5. SEM and textural properties of Bi;O3

The SEM images of all the amorphous precursors and the annealed
solids containing the B-Bi,O; phase are shown in Fig. 6A-C. The ob-
tained amorphous NB10 solid exhibited huge micro-sheet morphology
with heterogeneous sizes (Fig. 6A), where their lengths (L) can reach
5-20 um and the thickness (th) is ~ 0.1 um. However, small nano-
particles can be seen deposited on top of the microsheets, which could
be related to the presence of (Bi0),COs. When annealed at 350 °C, the
microsheets remained and irregular nanoparticles are also observed.
The irregular nanoparticles can be related to the -Bi,O3; phase while
sheet-particles are associated with the a-Bi,O; phase. This is more
evident in the solids annealed at 400 and 450 °C (not shown), where the
a-BiyO3 phase is in high proportion (see Fig. 1).

The amorphous (Bi0)4CO3(OH), compounds (NB26 solid) exhibited
nanoparticles with leaflet morphology with dimensions of
L = 0.5-1 pm and th = 10-50 nm (Fig. 6B). This morphology is typical
of carbonate intermediate compounds [53], which exhibit the appear-
ance of lamellar structure, which is in agreement with the diffracted
peak at low angle in XRD (Fig. 1B). After the calcination at 350 °C, the
B-Bi»O3 phase showed melt-like-leaflet morphology, until reaching ir-
regular nanoparticles of 50-100 nm at 450 °C. Similar morphology has
been reported for the B-Bi;O; phase obtained from the (BiO),CO3
precursor [1].

In the case of the basic bismuth nitrate NB56 solid, rectangular
sheet morphology was observed with dimensions of L = 10 um, width
of 2-3um and th = 100nm (Fig. 6C), however, small leaflet-mor-
phology nanoparticles were also observed, which could be attributed to
the presence of the amorphous (Bi0),CO3 precursor. The morphology
of basic bismuth nitrate in the lamellar structure is in good agreement
with the literature [46]. When BigOg(OH),(NO3)42H,0 is transformed
into (Bi0),CO53 /Bis0,NO3 at 400 °C, it exhibits smaller fractured sheets
whereas the formed (B-Bi;O; phase also exhibited irregular nano-
particles similar to those obtained with the NB10-350 sample.

Based on the SEM results, both the particle size and morphology
strongly depend on the type and composition of the bismuth-based
precursor, which also depends on the HNO3/Bi** molar ratio, finding
optimal contents to obtain irregular nanoparticles of the stabilized p-
Bi»O3 phase.

Textural characterization was measurement for the solids con-
taining B-Bi»O3; phase (NB10-350 and NB56-350) and for the well
stabilized -Bi»O3 phase at high temperature (NB26-450). These an-
nealed solids exhibited an isotherm of N, adsorption-desorption (Fig.
S1) categorized as type IV according to the IUPAC classification. Ad-
ditionally, they exhibited a H3 hysteresis loop increasing in the order
for NB10-350, NB26-450 and NB56-350 suggesting the presence of
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Fig. 5. A) TG and B) TA curves of the as-prepared samples at different molar ratio HNO3/Bi®* (10, 26 and 56).
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Fig. 6. SEM image of as-prepared prepared at different molar ratio HNOs/Bi**: A) 10, B) 26 and C) 56 and its respective annealed solids.

microcrystals and fibrous structures [51]. The specific surface area for
the well stabilized B-Bi,O3 phase is ~ 5m?/g. For the other solids
containing mixture of phases, the specific surface area is in the same
interval ~ 4-8 m?/g (see Table 1), suggesting that it depends of the
phase composition.

3.6. Optical properties

The UV-vis diffuse reflectance spectra (DRS) of all the solids are
shown in Fig. 7A-C. As for the amorphous NB10 solid (Fig. 7A), the
absorbance edge starts at ~500 nm with a maximum absorption at ~
260 nm, indicating absorption in the UV light region. Similar absorp-
tion at 350-500 nm has been observed for carbonate precursors, where
surface defects occurred [51,62]. For the solid annealed at 350 °C, the
absorption extends into the visible region at 390-550nm, corre-
sponding to the electronic transition from the valence band to the
conduction band of the 3-Bi,O3 phase [4]. But at 400 and 450 °C, the
absorption is blue-shifted at 340-440 nm, which is characteristic to the
electronic transition of the a-Bi,O; phase [24]. According to the
emission spectrum of the blue LED lamp (inset in Fig. 7A), the solid
containing the (3-Bi;O3; phase (NB10-350) can be activated by the blue-
light absorption.

For the NB26 solid (Fig. 7B), the absorbance edge starts at ~

360 nm with a maximum absorption at ~ 270 nm, indicating absorption
in the UV light region, which is characteristic of the electronic transi-
tion of (Bi0)4CO3(OH), compounds [53]. After the calcination at
350-450 °C, all solids present absorption from ~ 550 to ~ 380 nm,
which is characteristic of electronic transitions of the pure B-Bi,O3
phase [16]. The B-Bi»O3 phase can be fully activated by the blue light
emitted by the LED lamp (inset in Fig. 7B).

In the case of the NB56 solid (Fig. 7C), the absorbance edge ob-
served at ~ 310-400 nm corresponds to the electronic transition of
basic bismuth nitrate (BigOg(OH)5(NO3)42H,0) [44], also indicating
absorption in the UV light region. When annealed at 350 °C, the ab-
sorption edge extends toward the visible range from 400 to 550 nm.
This visible absorption is due to the presence of both the B-Bi,O3; and
BisO,NO3 phases that are present in higher proportion at high an-
nealing temperatures.

The band gap energies of all the solids were determined by using the
Kubelka-Munk function considering the type of fundamental transi-
tions, direct or indirect, as indicated in Table 1. The absorption in the
visible light region is very important for photocatalytic applications,
therefore, the annealed solids containing the -Bi,O3 phase with band
gap within the 2.4 + 0.04 eV interval [2,31] were used for the pho-
tocatalytic test under blue light.
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3.7. Blue-Photocatalytic activity and mechanism

The dye adsorption capacity and photocatalytic activity in the
photodegradation of Indigo Carmine (IC) dye displayed by the solids
containing the 3-Bi»O3 phase were evaluated under dark conditions and
blue irradiation, respectively. The absorbance spectrum of the IC dye
solution exhibited the typical absorbance peak at 610 nm, characteristic
of the indigoid group [63]. The decrease in this peak almost negligible
for 40 min of adsorption, but it was drastically decreased after 50 min of
blue irradiation using the NB26-350 solid (Fig. 8). This fast decrease in
the indigoid absorbance is accompanied by the increase in the already
known isosbestic point at 251 nm and the raised absorbance peak at
218 nm, which suggests that the IC dye was degraded to isatin sulfonic
and 2-amino-5-sulfobenzoic acids [64,65]. Both intermediates are
products of the oxidation reaction by the superoxide radical (+O,-) [66].

Fig. 9A shows the relative concentration profile (C/Co) of the IC dye
during the adsorption and blue degradation time using the NB10-,
NB26- and NB56-350 solids. The adsorption capacity of the pure -
Bi,O5 solid is very low, reaching only 3% of adsorbed IC dye whereas
for the solid containing a/3-Bi,O3 (NB10-350), the dye adsorption is
9%. During the blue-degradation time, the C/C, of the IC dye decreased
with the reaction time, reaching a maximum of 85% of IC dye de-
gradation in 50 min using the pure p- Bi;O; solid (NB26-350). By
plotting In(Cy/C) versus the reaction time (t), a straight line is obtained,
which is characteristic of a pseudo first order reaction (1st order, not
shown). From this plot, the apparent kinetic rate constant (Kg,,) of all
the annealed solids was estimated and the values are shown in Fig. 9B.
All the solids with low content of the B-Bi>O3; phase presented a lower
Kapp < 1.0 x 1072 min~'; on the other hand, for the pure B-Bi,O;
solids, their K, are close to 3.5 * 0.2 x 10~ min~'. Despite of the
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Fig. 8. Absorbance spectra of IC dye solution during dark condition and blue
light irradiation, using NB26-350 solid.

low specific surface area (~ 4-8 mz/g) of the solids, the pure stabilized
B-Bi»O3 phase showed high photocatalytic activity under blue light,
probably because it has better charge separation efficiency than the a/
B-Bi,O3 mixture or the mixture of the (Bi0),COs3 / -Bi,O3 / BisO,NO;
phases because on the one hand, their blue absorption is limited and on
the other hand, the charge separation does not occur.

The mass variation study using stabilized pure - Bi,O3; (NB26-450,
not shown), revealed that 0.1 g/L of solid is the optimum load for the
photocatalytic IC dye degradation. In this case, the load is very low in
comparison to other reported studies [34,35], which is probably due to
the nanometric size of the pure (3-Bi,O3 solid.

Considering that the blue energy provide by the Blue-LED lamp is
not sufficiently powerful to induce the photolysis of water for the
generation of OH- radicals [67], it means that the blue-photogenerated
electrons on [3-Bi»O3 solid can be captured by dissolved O, to generate
superoxide (*O") radicals. The conduction band of the -Bi»O3 solid at
the natural pH of the IC dye solution (pH ~7) must be more negative
than that of the couple O5/+O, (-0.13V) [68], and as a consequence
large amounts of O, radicals are formed, which are responsible for the
oxidation of the IC dye. The efficiency for the generation of these su-
peroxide radicals is well achieved despite that the stabilized -Bi»O3
solid was annealed at high temperature.

4. Conclusion

Pure 3-Bi»O3 solids, well-stabilized at temperatures ranging from
350 to 450 °C and with excellent photocatalytic response to the visible-
light degradation of indigo carmine dye solutions, can be obtained by
annealing amorphous (BiO),CO3(OH), compounds, which were pre-
pared by chemical precipitation using an optimal HNO5/Bi** molar
ratio equal to 26 in the presence of ethylenediamine solvent. The
amorphous product prepared with a HNO5/Bi®>* molar ratio equal to 10
led to the a/B-Bi,O3 mixture at 350-400 °C with subsequent transfor-
mations to a-Bi,O3 at 400 °C whereas a high HNO3/Bi** molar ratio
equal to 56 favors the formation of basic bismuth nitrate, which is the
precursor of the mixture of (BiO),CO3/[3-Bi,03/BisO,;NO3 phases. The
synthesis of either pure Bi,O3 or a mixture of the bismuth-based com-
pounds depends strongly on the amount of CO3%> and NO5, and amine
(ENH,>* <ENH™") ions present in the bismuth precursor, which also
depends on the molar ratio of HNO3/Bi®* ions in the presence of an
ethylenediamine aqueous solution.
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