CHAPTERV

FACILE SYNTHESIS OF FLOWER-LIKE BISMUTH OXIDE:
CONTROLLABLE MORPHOLOGY

51 Abstract

Flower-like bismuth oxide is successfully synthesized via a facile route,
based on thermal decomposition of the precursor obtained by heating bismuth nitrate
pentahydrate in ethylene glycol solution with and without triethanolamine (TEA) at
100°-200 °C for 2 h. The precursor is characterized using Fourier transform infrared
spectroscopy (FT-IR), Thermogravimetric-differential thermal analysis (TG-DTA),
X-ray diffraction (XRD), and Field emission scanning electron microscopy (FE-
SEM). The influences of reaction temperature, TEA, and metal concentration are
investigated. At temperatures as low as 100 °C,TEA can not only catalyze the
reaction, but also affect the nanostructure formation. In the absence of TEA and by
adjusting the bismuth ion concentration, different types of the flower-like structure
are obtained. After calcinations at 300°-500 ¢, the flower-like hismuth oxide is still
maintained.

5.2 Introduction

Bismuth oxide is widely used in a number of applications, such as solid
oxide fuel cells.: sensors2and opto-electronics3. It has been especially considered as
a potential photocatalyst under visible light due to its wide energy gap, around
2.0-3.96 eV 25 In the past few years, various morphologies of bismuth oxide—such
as hand-like6, mesh-like.7 prism-like.s shuttle with concave surface.o or flower-like
structure—have been reported..o Many efforts have been made to control the growth
and the morphology of bismuth oxide nanostructure formation. For example,
Zhang et v reported the template-free process for fabrication of flower-shaped
Bi20 3 hy dissolving bismuth nitrate in nitric solution and using citric acid as a



capping agentn Using a similar template-free agueous method, Zhou et al.
introduced vcv into the reaction system while keeping the pH solution at 12 and
obtained uniform hierarchical nanostructures of Bizos.2 Tseng et al. successfully
synthesized flower-like bismuth oxide in nitric acid with the aid of polyethylene
glycol-8000 (PEG-8000) as a capping agents while Geng et al. also prepared
a flower-like structure of BizGs in nitric solution media using ice-water bath in the
presence of polyvinyl alcohol4 However, the methods of both Tseng et al. and Geng
et al. also required the addition of strong base (NaOH) into the mixture to before
achieving the flower-like structure,

Herein, we report a facile route to synthesize flower-like bismuth oxide with
controllable morphology and capability to scale-up for a large scale preparation,
using alkoxide precursor synthesized from a simple route by heating bismuth nitrate
in EG without adjusting pH and adding other chemical templates. Different
characteristics of the flower-like structure were also studied.

5.3 Experimental

5.3.1 Bismuth Oxide Precursor Synthesis

Bismuth nitrate pentahydrate Bi(Nos)asHzo, >98% purity, Fluka)
was mixed with and without triethanolamine (TEA, 98% purity, QREC) in 100 mL of
ethylene glycol (EG, 99.9% purity, J.T.Baker). The mixture was carried out in a 250-
ml three-necked round-bottom flask and placed in the oil bath. Then, it was stirred
vigorously and heated under nitrogen atmosphere at various temperatures (100, 150,
and 200 °C) to obtain precipitate. The precipitated powder was removed and washed
with acetonitrile (99.9% purity, Lab-scan) several times to remove all
Bi(Nos)ssHzo, TEA, and EG. The powder was then dried in vacuum desiccators at
room temperature before calcinations at temperatures ranging from 300-500°C for
1h using a heating rate of 0.5 °c/min to achieve hismuth oxide.



5.3.2 Characterization

FE-SEM (SEM; Hitachi/S-4800) was wused to observe the
morphological appearance of the bismuth glycolate precursor. FT-IR spectra (Nicolet
15 10: FT-IR spectrometer) was used to investigate the chemical structure of organic
functionality with a spectral resolution of 4 cm-1, using transparent KBr pellets. TG-
DTA was carried out using a Perkin Elmer thermal analysis system with a heating
rate of 10 °c.min_| over a temperature range of 30-750°C to determing its thermal
property. The surface area of all samples was measured using Quantachrom (Model
Autosorp-1) surface area analyzer. The crystalline structure of the samples was
analyzed on a Rigaku X-ray diffractometer system (RINT-2200) with a Cu tube for
generating CuKa radiation (1.5406 A) and a nickel filter, a generator voltage of 40
kv, and a generator current of 30 mA. The scan speed of 5° (20)/min with a scan step
0f 0.02 (20) was used for a continuous run ina 5° to 60° (20) range.

54 Results and Discussion

54.1 Morphology and Structure of Bismuth Oxide Precursor
5.4.1.1 InfluenceofTemperature

To investigate the temperature effect, Bi(Nos)asHzo was
heated in EG at different temperatures (100, 150, and 200 °C) using TEA & a
catalyst to result in hismuth oxide precursor. FE-SEM results of the precursor are
shown in Figure L The plate-like morphology with strong agglomerate was obtained
at 100 °c synthesis temperature, as seen in Figure la, whereas a mixture of close-
packed flower-like sphere with a diameter of 6-10 pm and spherical particles (Figure
Ib) was observed at the higher temperature of 150 °c. The individual flower-like
sphere taken at higher magnification is shown in the inset of this figure. When
increasing the temperature to 200 °c (Figure Ic), the close-packed flower-like sphere
was larger in size (around 10-15 pm).When the surface of the sphere was closely
observed, it was found that there were small particles between nanosheets.



Figure 5.1 I\{I)orphology of bismuth oxide precursor synthesized at; a) 100°, b) 150°,
and c-0) A0°C.

Heating metal oxide or metal salts in polyol medium usually
leads to the formation of glycolate precursors.ss Thus, in our case, to confirm the
structure, the FT-IR spectra of EG and precursors obtained from heating at different
temperatures were determined, as shown in Figure 2. The following functional
groups were detected; -OH stretching (3200-3500 ¢cm'), C-H stretching (1460-
1380), C-0 symmetric stretching (1089-1038 ¢m', C-H stretching (sss cm™), and
C-O-H bending (640 cm'). FT-IR spectra of all precursors showed peak at
1384 cm"1, referring to N-0 symmetric stretching of free NOs-.1s Absorption band at
580 cm1 corresponds to Bi-OR stretching of bismuth ethylene glycolate.wo It can be
stated that the obtained precursor was bismuth glycolate precursor. It is worth noting
that at higher synthesis temperatures (150 oand 200 °C), the peak at 1089-1038cm'l
increased, indicating more formation of the C-0 bond. The peak at 1600 cm1 for the
precursor obtained from 150 b synthesis temperature belongs to bending vibration



of H20 adsorbed on the surface of the precursor.2) However, this peak did not appear
in the precursor synthesized at 200 °c due to a temperature that was extremely
higher than the boiling point of water.
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Figure 52 FT-IR spectra of a) EG, and hismuth oxide precursor synthesized at
b) 100°c) 150°, and (d) 200 °c.

XRD patterns of all samples are presented in Figure 3. All of
the bismuth oxide precursors mainly exhibit strong low angles, representing a highly
crystalline phase. Although it lacks the XRD pattern information for metal alkoxides
obtained in polyol media, such as EG, our results are similar to other transition
glycolates, such as cobalt,2L manganese or lithium2 which also showed the highest
intensity at low angle around ca. 10-11 2theta degree. These structures are described
as stacked metal oxygen sheet intercalated with ethylene glycol. 3 The strong peak at
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two theta degree of 10.78 of bismuth glycolate powder synthesized at 100 °c was
slightly shifted to a higher angle at 11.62 and 11.64 for 150° and 200 °c,
respectively. Interestingly, according to JCPDS 5-519, the XRD pattern of the
sample synthesized at 200°c, showed the characteristic peaks of elemental bismuth,

S
e

Relative Intensity

(a)

‘ JCPDS 5-519

o

Figure 5.3 XRD patterns of the bismuth oxide precursor synthesized at a) 100°, b)
150°, ¢) 200 °c, and JCPDS 5-519.

Undoubtedly, EG has an ability to reduce bismuth ion into
elemental bismuth, and this ability increases with temperature and reaches the
maximum value at its boiling point (ca. 198 °Cy.1523 In this so-called polyol process,
the redox reaction of metallic compound occurred by accepting electrons from the
oxidation of EG. When the hydroxyl groups are converted to carboxyl groups, the
electrons and protons were released. This method is well known for preparation of



metal powder, such as Ag and Au.2+ Recently, Liu et al. prepared bismuth nanotube
arrays by heating bismuth oxide in EG at 20 °C 5 and Goia et 4. reported the
preparation of colloidal bismuth particles in polyols Some parts of their
investigation stated that when they heated hismuth salts (bismuth oxide) in polyol
media at its boiling point, the bismuth glycolate platelets were slowly converted into
elemental bismuth. The chemical reactions were proposed as follows;
HOCH:CH20H CHsCHO + HXY (1)
6 CHs-CHO + 2Bi3t 3CH3-CO-OC-CH3 + 2BitsHt (2
When the reaction temperature reached 200 °c, causing EG to
reach its maximum reducibility, some parts of bismuth glycolate were reduced to
elemental bismuth. Therefore, to prevent the reduction of bismuth glycolate to
elemental bismuth, the reaction temperature in this study was limited at 150 °,

5.4.1.2 Influence of TEA on nanostructureformation

In this study, TEA was used to catalyze the reaction. At 100 ¢
temperature the reaction was first carried out with and without TEA. It was found
that with TEA (0.1 mole) the reaction provided white powder of the precursor within
2 h whereas without TEA the precursor precipitate was obtained after 5 h. However,
TEA had no effect on the reaction time when heating the reaction at 150 °C. Interms
of nanostructure formation, different morphologies of the precursors were obtained
from the reaction without TEA at 100° and 150 0C, as seen in Figure 4. Figures 4a-b
show hexagonal plate-like structures of the bismuth oxide precursor synthesized at
100 °C. The thickness of each plate was in the range of 0.20-1.2 pm. At 150 OC, the
flower-like spheres (Figures 4 c-d), consisting of nanosheets with a thickness around
60 nm, were obtained. Comparing the morphology of the precursors obtained with
and without TEA in Figure 5, the nanoparticles still remained in the presence of 0.1
mole of TEA but disappeared in the absence of this catalyst. Thus, it could be
proposed that TEA might have an effect on the hierarchical formation. To verify this
point, a higher concentration of TEA (0.2 mol) was added to the Bi(No 3)s.5Hao and
EG solution and the reaction was run at 150 oc. The results shown in Figure 5
illustrate the images of the bismuth oxide precursor synthesized without TEA
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(Figures 5a-b), and with 01 and 0.2 mole of TEA (Figures 5 b-c and c-d,
respectively). Without the catalyst, the flower-like size was larger than the precursor
obtained from 0.1 mole of TEA. At the higher content of catalyst, the flower-like
structure was transformed to a two-dimensional plate-like structure. Evidently, it
supports the above assumption that TEA inhibited the flower-like formation. As a
result, TEA was used as a catalyst for only the reaction run at low temperature
(100 °C) and was unnecessary for high temperature (150 °C) since it significantly
inhibited the flower-like formation. Thus, the flower-like bismuth oxide can be easily
synthesized by only heating the bismuth nitrate in EG at 150 ¢ without adding other
chemical compounds.

Figure 54 Low and high magnifications of SEM images of the bismuth oxide
precursor synthesized without TEA at temperature of a-h) 100°, and c-d) 150 °c
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Figure55 Low and high magnifications of SEM images of the samples

synthesized at 150 °c without TEA a-h), and with 0.1 (c,d), and 0.2 (e,f) mole of
TEA.

5.4.1.3 Morphology Evaluation
The morphology evaluation of hismuth oxide precursor was
investigated by carrying out a time-dependent reaction in which the samples were
collected at intervals. The results in Figure e clearly show that at 5 min reaction time
(Figure 6a), the bismuth oxide precursors were formed as spherical particles having
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sizes around 50-80 nm. Prolonging the time to 15 min (Figure 6h) caused flower-like
spheres to rapidly occur although the structure in this stage was not complete, as
recognized from the remaining of nanoparticles. Figures sc and d, presenting the
morphologies of the precursors obtained after heating for 1 and 2 h, respectively,
show the nearly full growth of the flower-like spheres, especially when the reaction
reached 2h.

Figure 56 Formation mechanism of the hismuth oxide flower-like structure
obtained a) at 5 min, b) 15 min, ¢) I, d) 2h, €) STEM image of the hismuth oxide
precursor synthesized for 2h without TEA (taken at 80,000 magnification), and f)
STEM image of the individual nanoplate (taken at 90,000 magnification).
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These results are consistent with the previous reports, explaining a fast
nucléation of primary particles, followed by a slow aggregation and crystallization of
the primary particles.2r2s Similarly, in our study, the bismuth oxide precursor nuclei
were quickly formed by coordination of hismuth ion and EG within the first 5 min
and rapidly precipitated out from the solution. The nuclei (50-80 nm) then grew into
nanoplates and the nanoplates arranged themselves into a flower-like structure
through self assembly process. Ethylene glycol not only acted as solvent but it also
facilitated the self assembly, as proposed by Yang et al. on a functionality of EG on
the formation of 3D flower-like Luz0 520 They explained that the nuclei of lutetium
oxide precursor seeds were first formed through a homogeneous nucléation process,
and subsequently recrystallized to grow into nanoflakes. In the presence of EG,
acting as surfactant, the EG could be absorbed onto the flakes, leading to the self-
assembly process. We further and more closely examined the precursor obtained
from 2 h reaction time by low-voltage scanning transmission electron microscopy
(STEM), see Figure 6c, and found the aggregation of two nanoplates, while Figure
50 illustrates the anisotropic growth of an individual plate.

54.14 Influence ofMetal Concentration

The influence of metal concentration was also studied by
varying the bismuth ion concentration from 25 mM to 150 mM without the use
OfTEA. As can be seen by the results in Figure 7, the structure of the bismuth oxice
precursor at 25 mM concentration (Figure 7a) has a semiconcave structure,
composed of small petal plates attached from face-to-face attraction. The small plates
attached layer by layer, which tended to curve into a circular shape. At
concentrations as high as 50 mM, the flower-like structure was formed through the
self-assembly of nanoplates, as seen in Figure 7b. The thickness of each plate is
around 150-230 nm. When the concentration was increased to 100 mM (FigureTc),
the flower-like structure composed of thinner plates appeared around 60 nm, and
these plates arranged themselves in closed packs. At 150 mM concentration (Figure
7d), a mixture of small particles and the flower-like structure was observed. The
plates assembled themselves loosely, as demonstrated in the inset of Figure 7d.
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Figure 5.7 SEM images of the samples using different initial concentrations of
bismuth ion of a) 25mM, b) 50 M, ¢) 100 mM, and d) 150 mM.

Previous researches reported that the influence of metal ion
concentration on the final morphology involved a hybrid mechanism of the crystal
growth.ara At low concentration, a limited number of nuclei led to the growth of a
large plate with a curved structure. At medium concentration of 50 mM, the nuclei
grew and formed anisotropic plates in which individual plates had more time to
grow, causing thicker plates (150-230 nm). When the concentration reached
100 mM, higher numbers of nuclei presented in the solution, making the crystal grow
faster and develop into a hierarchical self-assembled structure, resulting in the
flower-like structure. However, too much nuclei in the solution only caused primary
particles along with flower-like structure since these particles had not enough time to
arrange further. The schematic diagram of the proposed growth mechanism of the
flower-like structure of the bismuth oxide precursor is shown in Figure s, and the
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synthesis conditions, giving different morphologies of the bismuth oxide precursor,
are summarized in Table L

150 mM

ﬁ -.. #
Concentration
100 mM

Concentration
50 mM

Concentration
25mM

Figure 58  Schematic diagram of the proposed growth mechanism of the flower-
like structure of the bismuth oxide precursor.



Table 51 Summarized synthesis conditions and morphologies of the bismuth

oXide precursor.

Sample  Tem
&
Bl 100
B2 150
B3 200
B4 150
B5 150
Be 150
BT 150
Bs 150

erature

Synthesis condition
riethanolamine
Concentration

(mole)

1

1

Bismuth ion
concentration
(mmol)

100

100

100

100
100
25
50
150

Morphology

Plate like

Flower like
(diameter 5-10 pm)
and nano_Eartches
Flower like
(diameter 10-15
pm)

Flower like
Plate like
Semiconcave sphere

Flower like

Flower like and
nanoparticles

5.4.2 Bismuth Oxide Preparation and Characterization
Generally, polymorph bismuth oxide has mainly four crystalline

phases: monoclinic (a-Bi2Cs), tetragonal (P-Bizo3), faced center cubic (0-Bi2Cs), and
body center cubic (y-Bizo3 ). The monoclinic phase is stable at low temperature while
the faced center cubic phase is high-temperature stable. The morphology and the
crystalline phase of the bismuth oxide powder rather depend on synthesis route.
For example, Yang et al. obtained P-Bi2Cs nanotubes by oxidizing metallic bismuth
in air at 200-220°C.a In this study, thermal decomposition of the bismuth oxide
precursor was measured to estimate calcinations temperature using TGA (Figure 9a).
It was found that the maximum weight loss at 268 ¢ was around 33% assigned to
the decomposition of chelating ethylene glycol. 3« Thus, the calcinations process was



started at 300 °c to insure that the precursor was completely transformed to the
bismuth oxide.
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Figure 59 a) TG-curve of the bismuth oxide precursor synthesized at 150 °c
without TEA, and b) XRD patterns of the bismuth oxide obtained from calcining the
bismuth oxide precursor at different temperatures.
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The precursor was calcined at a temperature range of 300-500 ¢ for
In using a heating rate of 0.5 °c/min, and the results were analyzed using XRD, &
shown in Figure 9. At 300 °c, we received a mixture of monoclinic and tetragonal
phases whereas at higher temperatures, the tetragonal phase was transformed to
monoclinic phase (a-Bizo3) and then to monoclinic single phase (PDF card No. 41-
1449). The results of this work are similar to the work done by Monnerau et al. who
obtained the tetragonal phase ((3-Bioa) by decomposition of bismuth oxalate at a
temperature range of 250-300 c¢. The tetragonal phase is also stable up to 300 °c,
which is the transition temperature to monoclinic phase.s The morphology of the
bismuth oxide obtained from calcination at 300°-500 ¢ was illustrated in Figure 10,
Figures 10a-b show the morphology of the bismuth oxide calcined at 300 °c and
taken at low and high magnifications, respectively. The high magnification image
indicates that each plate is composed of many nanoparticles.

Figure 5.10 SEM images of the bismuth oxide; a) calcined at 300 °c for |h and
taken at low magnification, and b) high magnification, c-d) calcined at 400 o and
500 °c, respectively.



Figures 10c-d illustrate the morphologies of the hismuth oxide
calcined at 400° and 500 °c, respectively. As we can see, the flower-like structure is
still maintained in the bismuth oxide product. The Brunauer-Emmett-Teller (BET)
surface areas of all calcinations products are summarized in Table 2. The thick wall
(B7C300) and the thin wall flower-like (BAC300) hismuth oxides calcined at 300 °c
had a very close surface area whereas the plate-like structure had lower surface area,
121 mafg. The surface areas even decreased further to 5.12 and 4.37 ma/g, when the
calcination temperature was increased to 400 ° and 500 °c, respectively.

Table 5.2 Surface area of the hismuth oxide synthesized at different morphologies
and calcination temperatures.

Bismuth oxide

Morphology Calcination Surface area
Temperature (°C) (m2/g)
Plate-like (B1C300) 300 12.10
Thick wall flower like (B7C300) 300 23.18
Thin wall flower like (B4C300) 300 2321
Thin wall flower like (BAC400) 400 5.12
Thin wall flower like (BAC500) 500 4.73

5.5 Conclusions

Flower-like bismuth oxide precursor was successfully synthesized via a facile
route by heating the bismuth nitrate salts in an EG solution at 150 °c for 2 h
Triethanolamine catalyzed the reaction at low temperature (100 °C) and significantly
affected to nanostructure formation. The flower-like formation involved fast
nucléation and growth stages to form nanoplates in which each nanoplate further
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assembled itself through self-assembly process. Various morphologies were observed
as increasing the metal concentration.
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