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Preface

Bismuth (Bi) is a posttransition metal element with the atomic number of 83, which belongs
to the pnictogen group elements with As and Sb . It is located between Pb and Po in Period
6 in the elemental periodic table, having an electron configuration [Xe]4f"5d'°6s’6p®. Bi is a
heavy metal with a standard atomic weight of 208.98. Among several isotopes, *Bi is the
primordial isotope with the abundance of 100%. Nevertheless, as a heavy metal, the hazard
of Bi is unusually low in contrast to its neighbors Pb, Sb (highly poisonous) and Po (highly
radioactive). Though recently it is confirmed that Bi is weakly radioactive, it has the longest
alpha-decay half-time (ca. 1.9x10" years), which is a billion times of the estimated age of the
universe. Therefore, Bi could be considered as the heaviest stable and non-toxic metal most-
ly. Such property, along with other typical characteristics like strong diamagnetism and low
thermal conductivity, makes Bi attractive in industrial applications.

Usually, Bi resource mainly coexisted with lead, copper or tungsten ore and is extracted as a
byproduct. The largest country for bismuth production is China, followed by Mexico, Cana-
da, Bolivia and Peru. There are more than 100 bismuth products in the industry, including
high-purity bismuth, bismuth alloy, bismuth oxide, bismuth oxychloride, bismuth nitrite,
bismuth potassium citrate, bismuth subsalicylate, bismuth subgallate, bismuth aluminate
and so on. Accordingly, commercial applications of Bi materials could be summarized from
two categories: Bi metal or alloy and Bi compounds.

For Bi metal, it could be used as the substitution of Pb. Due to the small density variation
between Bi and Pb (9.78 vs. 11.32 g cm?®), Bi metal could replace Pb for ballistic applications
like hunting bullet. Besides, Bi with high atomic weight could also replace Pb as the shields
of X-ray in medical uses. On the other hand, benefited from its low melting point (271.5 °C),
Bi could form fusible alloys with other elements like Sn and Cd, such as the famous Wood’s
metal (Bi-Pb-Sn-Cd), which is widely used in the field of safety device fuse and solders for
electronics. In addition, Bi will expand 3.3% during the solidifying process, which could
compensate the contraction of other metals in the alloy and avoid the deformation or crack-
ing of the alloy.

Besides elemental Bi, Bi compounds also have a wide range of applications, and the amount
of Bi compounds accounts for more than a half of total Bi production. In the medical field,
bismuth compounds, for example, bismuth subsalicylate, bismuth subcitrate and bismuth
subgallate, are used as the active ingredients in some pharmaceuticals for the treatment of
stomach disorders such as diarrhea, colitis, peptic ulcers and the like. Other applications of
bismuth compounds include fields of semiconductors, superconductors, cosmetics, pig-
ments and more. For instance, Bi,O; is used as an important additive in electronic ceramics,
a potential electrolyte in solid fuel cell as well as a catalyst for oxidation reactions in chemi-
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cal industry. Bi-Te-Se is an excellent thermoelectric cooling semiconductor, which could de-
crease the temperature to less than 200 K and can be used for laser cooler in military and
aerospace industry. Bismuth strontium calcium copper oxide (BSCCO) is one of the most
studied high-temperature superconductors. BiOCl is sometimes used as the additives in cos-
metics like lipsticks due to its pearlescent quality as well as water retention property. Bis-
muth vanadate, as a well-known yellow pigment and paint with good UV-light resistance,
could take the place of cadmium sulfide, chromates and other toxic pigments.

Based on the good applications of Bi materials above, this book goes further and mainly fo-
cuses on the potential uses of Bi materials. According to the various application areas, the
book has been divided into six sections: in Section 1, bismuth-based nanoparticles, in special
bismuth ferrites, bismuth vanadate and bismuth telluride, are discussed for photocatalytic
hydrogen evolution and CO, reduction, organic degradation, photoelectrochemical water
splitting and thermoelectric applications; in Section 2, bismuth is introduced for X-ray con-
trast and shielding, as well as radiation therapy in medical uses; in Section 3, Bismuth Based
Dielectric Materials like a series of bismuth niobate doped with europium were prepared
and their dielectric constants were measured; in Section 4, bismuth oxide prepared by differ-
ent physical vapor deposition methods and bismuth oxychloride were adopted for humidity
sensing and heavy metal detection as well as antibiosis, respectively; in Section 5, a series of
post-treatments on bismuth-doped and bismuth/erbium-co-doped optical fibers were car-
ried out to improve their performance and stability; in Section 6, recent development of bis-
muth molybdate-based catalysts for selective oxidation of hydrocarbons in organic industry
is summarized; Section 7 is a little different from the other sections, in which the powerful
characterization method positron annihilation spectroscopy is introduced to study the de-
fects and vacancies in bismuth. However, we are aware that the division of the ten chapters
into seven sections might be arbitrary, and there is some cross-linking of the chapters in dif-
ferent sections.

We really acknowledge all the authors of this book, who come from all over the world: Aus-
tralia, China, Pakistan, Poland, Portugal, Romania, South Africa, the USA and Vietnam.
Without their hard work in every step, the publication of this book could not be so smooth.
We wish them a bright future in the scientific research field. Finally, we want to thank the
editorial staff for the tedious proofreading and the patient communication between the au-
thors and editor during the whole process.

Prof. Ying Zhou
Southwest Petroleum University
China

Prof. Fan Dong
Chongging Technology and Business University
China

Prof. Shengming Jin
Central South University
China
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Chapter 1

Bismuth Ferrites/Graphene Nanoplatelets Nanohybrids
for Efficient Organic Dye Removal

Syed Rizwan and Sabeen Fatima

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75807

Abstract

The doped bismuth ferrites have got tremendous attraction owing to its ideal proper-
ties for photocatalysis application. We have fabricated the novel lanthanum and man-
ganese co-doped BiFeO, (namely BLEMO)/graphene nanoplatelets (GNPs) nanohybrid
for photocatalysis with easy and effective synthesis routes namely the co-precipitation
(C-hybrid) and hydrothermal (H-hybrid) processes. The H-hybrid showed crystalline
structure with lower band-gap than the C-hybrid samples. However, C-hybrid showed
higher dye degradation (92%) due its higher surface area (55 m?/g) and the fine incorpo-
ration of BLFMO nanoparticles into the GNPs which enhanced the surface adsorption.
This is verified from more degradation in dark conditions for these samples. The pro-
posed nanohybrids are novel for photocatalytic application fabricated through the low
cost routes which show higher efficiency for practical applications.

Keywords: graphene nanoplatelets, nanohybrid, photocatalysis, co-precipitation,
adsorption

1. Introduction

1.1. Bismuth ferrite

Bismuth ferrite BiFeO, also called BFO is the only naturally existing magnetoelectric materi-
als. BFO possess a perovskite structure with ABO, type atoms where A and B represent the
cations and O is the oxygen atoms or anions. A are corner atoms, B are the body centered and
O are the atoms attach to the faces of the unit cell as shown in Figure 1.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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Figure 1. Perovskite structure [1].

The perovskite structures are of great interest due to their magnetic, multiferroic and photo-
catalytic properties. These properties are beneficial for different applications such as in non-
volatile memories [2], photochemical cells [3], thin films capacitors [4] and non-linear optics
[5]. Perhaps BFO is the only perovskite material representing both strong ferroelectric and
magnetic effect at room temperature [6]. The BFO is doped with various elements due to which
its structural, electrical and magnetic properties are improved. This enhancement in properties
provides a great use of doped BFO particles in different industrial and medical applications.

1.2. Carbon-based 2D materials

Carbon is an important element of our nature and is approximately present in all living forms.
In nature carbon is available in many allotropic forms with different chemical and physical
properties. Important crystalline forms of carbon are fullerene (0D), carbon nanotube (2D),
graphene (2D), graphite and diamond (3D).

1.2.1. Graphene

Graphene is a two dimensional (2D) allotrope of carbon in which carbon atoms are hex-
agonally arranged in a single layer pattern. Graphene being lighter in weight, flexible and
strongest material is getting more popular day by day. In these years graphene spell has

® COOH, OH, -0+

Oxidation v Sl Reducti
—_— :

"

strong Strong reducing

agent

Graphite

RGO/CCG

Figure 2. Chemically converted graphene by chemical exfoliation [10].
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covered the complete industry and due to its extraordinary optical [7], mechanical, elec-
tronic and magnetic properties [8] it is considered to be the most important material for
whole optical and electronic media. Single layer graphene is unstable and is difficult to pre-
pare. The first stable single layer of graphene was made by Geim and Novoselov [9]. The
easiest and cheapest way to synthesize graphene is its chemical exfoliation in which graph-
ite is used as the starting material. By oxidation and reduction of graphite with the help of
suitable oxidizing and reducing agents we reached to multilayer graphene called chemi-
cally converted graphene (CCG) or reduced graphene oxide (rGO) as shown in Figure 2.

1.2.2. Graphene nanoplatelets

Nanoplatelets are particles in platelet form at nanoscale. Different functional groups like car-
boxyls, hydroxyls or ethers are naturally attached to the edges of nanoparticles and the wt%
of these group varies as the particle size is changed [11]. Graphene nanoplatelets (GNP’s) are
a few disk shaped round graphene sheets stacked (more than 10 layers). together as shown
in Figure 3.

Actually GNP’s are the flakes of graphene so called the GNF’s. It is difficult to make GNP’s
even during the artificial synthesis process. So, if GNF’s are not round they are still marked
as graphene nanoplatelets. They have a thin but wide aspect ratio (ranging in thousand).
Sometimes, the GNP’s are also called graphite nanoplatelets when there are more stacked
layers (about 38 layers [13]). GNP’s are easy to prepare as there is no separate need of reduc-
tion. They have better conductivity with less defects. At the nanoscale GNPs are prepared
by thermal exfoliation of naturally available graphite flakes [14]. Commercially, graphene
nanoplatelets xGNPs (shown in Figure 4) are prepared with the help of intercalation process
of graphite with acids, metal ions or different alkali metals with thicknesses of 1-15 nm [14].

ey SRS

- €.f_ —— —
— - — | Y
(6} Monolayer e ﬁcf'fgg_‘;t___ﬂ—a:?
. Bilayer —————
e 8 Trilayer
I e o ¥ 5 STy e
A S S e
St TR Iy, 20T 3
'g'g{"...#-h Fow = -.-F-"-"' ]
Y i o i _';:'-E -»: -apﬁ;’ﬁ i o
| lGra; e >10 layer
a ene ox - _
< Graphite
|a) Shows graphene oxide (GO) prepared EEEIT
through cxidation of graphite. FE Nanoplatelets
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Figure 3. Difference in between GO, graphene and GNP’s [12].
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Figure 4. A typical graphene nanoplatelets (xGNPs) [15].

1.2.3. Graphene-based nanocomposites

A nanocomposite is a blend of two materials in such a way so that we can get the best
properties of these materials. A nanocomposite is a hybrid structure of any two materials
and among these each of these materials should have its dimension in nanoscale (less than
100 nm) [16]. It is a multiphase material in which one phase consists of a matrix while the
other one is a discontinuous or reinforcing phase (usually in the form of sheets, particles or
fibers). Nanocomposite materials are emerging as a suitable alternative for overcoming all
the limitations which are faced by microcomposites in different applications.

Graphene nanocomposites are common and simplest hybrid structures which are prepared
by adding its small amount to polymers, ceramics or metals [13]. These nanocomposites will
be much stronger, heat resistive and conductive due to the addition of graphene. By combin-
ing graphene nanoplatelets with a material in a hybrid, one can improve the composite stiff-
ness, abrasion resistance, tensile strength, corrosion resistance and lubricant properties. The
nanocomposites of GNP’s with other materials help in modifying the mechanical properties
and conductivity of the hybrid structures.

In combination of graphene and graphene nanoplatelets in a composite form with different
magnetic materials or ferrites, one can use these hybrid structures into different applications
like band gap engineering, sensors, desorption, antibacterial activity, oil spilling, photocata-
lytic activity etc [17].

1.3. Photocatalytic activity

Photocatalytic activity involves the degradation of the pollutants present in water with
the help of suitable photocatalysts. In start semiconductor oxides like ZnO, SnO, and TiO,
were used as good photocatalysts due to their higher catalytic activity, excellent ultra violet
(UV) absorbency, low cost, chemical stability and non-toxicity [18]. Photocatalysts perform
their action by oxidizing the organic pollutants or molecules under UV light and result in
carbon dioxide (CO,) and water (H,0) as by-products. In TiO,, the recombination rate of
photo-generated charge carriers were found to be fast and hence, making it a less efficient
photocatalyst [19, 20]. Since, the solar energy is available as an abundant natural source of
electromagnetic radiation and most of it consists of visible light, the best way is to use it
in purification of water and hence, to find a photocatalyst that can work efficiently in the
presence of visible light. Recently, it has been investigated that BFO also responses actively
under visible light. BFO nanoparticles represent a significant photocatalytic activity due
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to stability of crystal structure, large surface area and small energy bandgap [21]. It is pos-
sible to degrade the organic molecules within a short period of time by preparing the parti-
cles with smaller diameters or larger surfaces. The separation between electrons and holes
plays a vital role in this oxidation process and hence, in photocatalysis. If this separation
cannot be maintained, charge carriers will recombine resulting in no oxidation. Graphene
in a hybrid structure with BFO gives an efficient way of enhancing photocatalytic activity
by promoting the separation between the photo-generated pairs of electrons and holes [22,
23]. Hence, the thirst for searching new graphene-based hybrid nanocomposites with large
surface area and small energy band-gap is an ever-demanding field of research.

2. Material synthesis

The material synthesis scheme for pure Bismuth ferrites, and its composites are shown in
Figures 5-7, respectively. The visual changes occur during the hybrid preparation in co-ppt
and hydrothermal synthesis are shown in the given Figure 8.

Crushed mto a Calcmahon o

Figure 5. Sol-gel synthesis of BLFO and BLFMO nanoparticles.

“\_\
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\ L Final
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Figure 6. Ferrite-GO/GNP hybrids through Co-ppt method.
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Figure 7. Hydrothermal synthesis of BLFMO/GNP nanohybrids.

Figure 8. (a) Ferrite dispersion, (b) GNP dispersion, (c) hybrid formation, (d) sedimentation; the inset is the final dried
form of hybrid structure.

3. Enhanced catalytic activity of La, Mn co-doped BiFeO,/GNP
nanohybrids

3.1. C-series structural analysis

The x-ray diffraction pattern was obtained by irradiating Cu-Ka rays (A = 1.54 nm) over the
sample with scanning angle ranging from 20 to 60°. The recorded XRD patterns of graphene
nanoplatelets (GNP) and graphite is shown in Figure 9. One peak is appeared at 26.4° in graph-
ite referring highly stacked structure with an interlayer spacing of 0.34 A for graphite with a
calculated particle size of approximately 145 nm by using Scherrer’s formula [24]. This peak
also appears inside GNP is referred to same graphite primitive plane (002) with a d-spacing of
3.37 A. The intensity of the peak is very low as compared to graphite. This low intensity is due
to the small number of layers present inside GNP with a thickness of ~1 nm and the calculated
particle size was 35 nm which corresponds to 24 graphene sheet inside one GNP particle.
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The XRD of C-series (BLFO/GNP and BLFMO/GNP) nanohybrids are shown in Figure 10.
The labeled peak of BLFO (Figure 10a) are referred to as the primitive hkl planes (012), (104),
(110), (006), (202), (024), (116), (112), (018) and (214) of bismuth ferrite BFO corresponding to
the JCPDS card no. 20-0169. The perovskite rhomboidal structure of bismuth ferrite distort
due to the addition of lanthanum due to which the intensity of peaks is reduced [25]. A small
peak of an impurity Bi,Fe,O, is also appeared in BLFO/GNP which is not present inside BLFO/
GNP with the introduction of graphene nanoplatelets. As these peaks in hybrid structure are
broadened also with the decreased intensity which is representing the disorderedness intro-
duced in hybrid structure with the addition of graphene sheets and hence, the low crystallin-
ity. An extra peak also appeared in hybrid structure of hkl (002) plane which is a clear proof
of formation of BLFO/GNP nanohybrid. With the introduction of manganese (5-25%) the Bi/
Fe deficiencies were compensated and the impurity peak has been completely removed as
the Mn amount was increased as shown in Figure 10b—f. The crystal structure of co-doped
bismuth ferrite is transformed completely from rhombohedral to orthorhombic with the addi-
tion on Mn [26] and this is why the peaks are overlapped. As inter-planar spacing is inversely
proportional to diffraction angle, a positive shift in peak was appeared up to Mn = 15% which
showed a decrease in lattice constant. This decrement in lattice constant is due to the replace-
ment of Fe with Mn-atoms which has a lower atomic radii than Fe [27]. With a further increase
in Mn percentage (BLFMO-20 and BLFMO-25), negative peak shift is observed due to creation
of compressive strain inside crystal structure. With the introduction of Mn in hybrid structure
(BLEMO-5/GNP to BLFMO-25/GNP), there is a same trend of peak broadening and decreased
intensity as was in BLFO/GNP representing complete incorporation of graphene layers inside
BLFMO nanoparticles. The (002) peak of graphitic structure is also present showing graphene
presence inside the nanohybrid. The particle sizes are also calculated by using Scherrer’s for-
mula [24] ranging from 19.3 to 23.5 nm. A small amount of impurity (Bi,Fe,O,) is also present
in BLFMO-25/GNP. There is more disorderedness in C-series nanohybrids crystal structure
due to enhanced fusion of GNP sheets inside BLFO and BLFMO nanoparticles.

(2

26.4°

Intensity(a.u.)

Graphite

L - 'S " L " L .
1 15 20 25 30 35

20 (deg) .

Figure 9. X-ray diffraction pattern of graphite (dark brown) and graphene nanoplatelets GNP (yellow).

9



10 Bismuth - Advanced Applications and Defects Characterization

(a) v BLFEVGNP (b) — BLFMO-SGNF

i)

AR BLFMO-5

I

=0 3o 40 so =o =a o e o wa
28 rdeg) 28 rdeg)
(c) A BN (d} i e WL AT | R ™
= =
BLFAICM-1D g MELFMO-1R
—_ _=
z0 0 a0 =0 w0 e - 0 = a0
26 fafegz) 269 falererd
T ]
« = = o
) e B AR 2 D T S

PR FRIC-20 L FRIC38

ool st

an
ZEF falegr 26 roleg)

Figure 10. XRD patterns of C-series nanohybrids respectively as (a) BLFO/GNP, (b) BLFMO-5/GNP, (c) BLFMO-10/GNP,
(d) BLFMO15/GNP, (e) BLEMO-20/GNP, (f) BLEMO-25/GNP.

3.2. C-series morphological analysis

Scanning electron microscope image of graphene nanoplatelets (GNP) is shown in Figure 11.
Flat and smooth graphene sheets with sharp corners are clearly seen in SEM image. The com-
mercial grade graphene layers (up to 24) are stacked together in the form of flakes inside GNP
and are shown thick and darker in appearance.

Figure 12 shows the SEM micrographs of hybrid structures representing the mixed morphol-
ogy of BLFO or BLEMO nanoparticles (white granular part) and graphene sheets (dark layered
part). BLFO and BLFMO nanoparticles were not even attached with the edge atoms covalently
but also adsorbed by the surface of graphene layers inside GNPs. The GNP consists of stacked
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BLFMO -

.
BLFMO

BLFMO

Figure 12. SEM micrographs of (a) BLFO/GNP, (b) BLFO-5/GNP, (c) BLFMO-10/GNP, (d) BLFMO-15/GNP, (e) BLFMO-
20/GNP, (f) BLFMO25/GNP nanohybrids showing mixed morphology of both nanoparticles and graphene sheets; inset:
shows big clusters of agglomerated particles.
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graphene layers in the flake form and adsorbance of particles provides a sandwiched struc-
ture of layers in-between the nanoparticles. The particle adsorbancy gives an icy transparent
effect to hybrid structures due to which the nanoparticles are clearly visible through the layers
in SEM images. The rapid growth of particles over graphene layers provides a damage to the
graphene sheets inside GNP resulting more disordered hybrid structures which is consistent
with the XRD results. There is also an agglomeration of nanoparticles inside GNP and can be
seen in the form of clusters of particles in SEM images.

The TEM micrographs are shown in Figure 13 representing the BLFMO nanoparticles (dark
part) and the light graphene sheets. Spherical BLFMO nanoparticles are not even connected
to interface but are also distributed over the surface of graphene sheets in the form of small
clusters. Due to overlapping of nanoparticles over the sheets, it is hard to distinguish a sepa-
rate particle inside the hybrid structures. The estimated average particle size from the TEM
micrographs using image-J software is ~ 31 nm.

3.3. X-ray photoluminescence of C-series

Figure 14 represents the X-ray Photoluminescence (XPS) spectra of C-series nanohybrids
which helps in analyzing the detailed chemical composition of hybrid structures. The given
peaks of bismuth (Bi), iron (Fe), lanthanum (La), manganese (Mn), oxygen (O) and carbon
(C) at their corresponding binding energies of 159.1, 711, 837.5, 641.5, 529.8 and 284.7 eV are
shown which are already reported before [28-30]. The main peaks verifying both the mate-
rial’s (BFO and graphene) elemental composition are also shown in Figure 14b-d. The Bi and
O represents two peaks for Bi4f (Figure 14b and c) while C shows only one peak (Figure 14d)
representing a network of C-C atoms. There are three main peaks in pristine GNP [31] which
corresponds to Cls (a high intensity peak), Ols (a low intensity peak) and OKLL (oxygen
vacancies created due to reduction process). The high intensity peak of Oxygen is due to the
introduction of O atoms of BFO inside the hybrid material. There is no additional peak of
other functional groups like C-H, COOR and C-O present inside BLFMO/GNP nanohybrid as
they are eliminated during the reduction process of GNPs. There is peak of OKLL at 970 eV

GNP

Figure 13. TEM images of BLFMO/GNP nanohybrids of C-series at (a) 1 um and (b) 500 nm, resolution.
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Figure 14. X-ray photoluminescence spectra of C-series nanohybrid.

which corresponds to both, GNP and BFO as oxygen vacancies are produced inside BFO dur-
ing charge compensation and inside the graphene during reduction.

3.4. H-series structural analysis

The X-ray diffraction pattern of H-series nanohybrids is shown in Figure 15. The BLFO XRD
pattern with its hybrid form of BLFO/GNP is shown in Figure 14a. All labeled peaks represent
the bismuth ferrite (BFO) hkl planes (012), (104),(110), (006), (202), (024), (116), (112), (018) and
(214), respectively. Peaks are broadened as compared to pure BFO which is due to the rhom-
boidal crystal structure distortion of BLFO with the introduction of Lanthanum. An impurity
peak of Bi,Fe,O, is also appeared inside BLFO with the La addition which is disappeared
in BLFO/GNP nanohybrid. The peaks inside the BLFO/GNP hybrid are broadened due to
low periodicity in crystal structure with the incorporation of graphene sheets inside BLFO
nanoparticles. An extra peak of (002) graphitic plane is also appeared in BLFO/GNP hybrid
representing the successful fabrication of hybrid structure. The addition of manganese inside
BLFO crystal structure is completely transformed from rhombohedral to orthorhombic and
the overlapping of peaks is giving a clear proof of this transformation as shown in Figure 16b-f.
The positive peak shift up to Mn = 15% is due to decrease of lattice constant as interlayer
spacing is inversely related with the diffraction angle. The replacement of iron atoms with
Mn-atoms causes the decrease in d-spacing because Mn have low atomic radii than iron. The
impurity peak is first decreased and then disappeared with the increase amount of Mn (up to
25%) because of the compensation of bismuth-iron deficiencies. A negative peak shift is also
occurred as Mn doping is increase above 15% which is due to the compressive strain produced
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Figure 15. XRD patterns of H-series nanohybrids respectively (a) BLFO/GNP, (b) BLFMO-5/GNP, (c) BLFMO-10/GNP,
(d) BLEMO15/GNP, (e) BLFMO-20/GNP, and (f) BLFMO-25/GNP.

inside the crystal structure. The broadening of peaks inside BLFMO-20 and BLFMO-25 is due
to the surface defects and Mn-atoms trapped inside the crystals [32]. With the introduction
of Mn atoms in hybrid structure from BLEMO-5/GNP to BLFMO-25/GNP, the peaks become
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Figure 16. SEM micrographs of (a) BLFO/GNP, (b) BLFO-5/GNP, (c) BLFMO-10/GNP, (d) BLEMO-15/GNP, (e) BLEMO-
20/GNP, (f) BLEMO25/GNP nanohybrids showing both, nanoparticles and graphene sheets morphology together. Inset:
Uniform distribution of nanoparticles over graphene sheets.

more narrower and intensity of peaks is also increased which shows more crystallinity and
periodicity inside the hybrid structure.

In hydrothermal method under controlled conditions of temperature and pressure, stable and good
quality fine crystals can easily be grown with having a good control over hybrid composition. As
the structure is more crystalline and ordered, small amount of impurities (Bi,Fe,O, and Fe,O,) are
also appeared inside crystal structure of BLFMO/GNP nanohybrids. A positive shift in (002) peak
is also observed inside the hybrid structures which can be occurred due to produced tensile strain
with the introduction of uniformly distributed BLFO or BLEMO particles inside GNP layers [33].

The crystallite sizes are also calculated using Scherrer’s formula which ranges from 22.5 to 26 nm.

3.5. H-series morphological analysis

Figure 16 shows SEM micrographs of H-series representing both, nanoparticle and sheet mor-
phologies inside hybrid structures. In Figure 16a, the GNP sheets are not very much visible

15
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as the whole surface of graphene sheets is covered with the adsorbed BLFO nanoparticles.
As the GNPs are efficient nanofillers in nanohybrid synthesis and form a good dispersion,
well dispersed and uniformly distributed BLFMO nanoparticles over the smooth surface of
graphene nanoplatelets can be clearly seen in SEM images (Figure 16b-f).

Hydrothermal fabrication is a controlled growth synthesis process under high pressure and
temperature conditions which enables graphene sheets to be more focused towards nucleation
centers and thus, more uniform nanohybrids are formed. Mesoporous BLFMO particles are
well embedded inside and over the graphene sheets inside GNP and are more visible in
inset of SEM images. A transparency effect shown in SEM micrographs is due to the surface
adsorption of BLFMO nanoparticles over graphene sheets. These sheets are stacked over one
another inside GNP or in other words, are sandwiched in between the BLFMO nanoparticles
which is why particles can be seen through the transparent graphene layers.

The H-series and C-series hybrids are further subjected to the photocatalytic experiments and
measurement.

3.6. Photocatalytic activity

The photocatalytic activity is checked by measuring the degradation efficiency of hybrid struc-
ture in removal of the organic dye congo red (CR). The absorption spectra measured at a specific
wavelength A was compared with the maximum absorption at A = 496 nm. The diffused
reflectance spectra (DRS) of BLFO/GNP and BLFMO/GNP hybrids is shown in Figure 17.
There is low optical absorption of hybrid structures in UV region as compared to the pure
bismuth ferrite and then an overlap is occurred and optical absorption increases for the vis-
ible region (550 nm-700 nm). This increase in optical absorption enables the BLFMO/GNP
nanohybrids as an efficient photocatalyst under visible light irradiation.

The optical absorption coefficient is related to the given Kubelka-Munk function (Eq. (1))
which is actually responsible for edge absorption.

(ahv) = A (ho-E )" (1)

Here, Eg is bandgap energy, A and n are constants respectively, v and h are light frequency
and plank’s constant [34].

Optical band gap of BLFO/GNP and BLFMO/GNP were also calculated by drawing a graph in
between photon energy and (cthv)? and are compared with the pure bismuth ferrite as shown
in Figure 18. A straight line drawn over the (ahv)? vs. energy plot till the point where it goes
to zero provides the approximate band gap of hybrid structure. The obtained band gap of
BLFMO-20/GNP hybrid structure is significantly reduced to 1.40 eV in comparison to BFO
(2.04 eV). Here in all hybrid structures with small changes in optical absorption for visible
range, it is slightly difficult to measure the onset of decreasing amount in optical absorption.
A decrease in band gap illustrates that there are more chances of an efficient charge transfer
and hence an enhanced photocatalytic activity.

The photocatalytic degradation efficiency of the hybrid structures was measured by check-
ing the degradation rate of congo red organic dye under visible light. The obtained plots for
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Figure 18. Measurement of the optical band gaps of the BFO, BLFO/GNP and BLFMO/GNP nanohybrids.

photocatalytic degradation are shown in Figure 19. The total photocatalytic degradation effi-
ciency of pure BFO is 40% as shown in Figure 19a (H-series nanohybrids). The overall catalytic
activity of H-series nanohybrids depends upon two factors: (i) adsorption of dye over material
surface and (ii) degradation of dye under visible light irradiation. The surface adsorption of dye
for BLFMO-15/GNP, BLEMO-20/GNP and BLFMO-25/GNP is 36, 65 and 54% while the photo-
degradation of dye is about 19, 11 and 9%, respectively. The total dye removal for BLFMO15/
GNP, BLEMO-20/GNP and BLFMO-25/GNP nanohybrids is 55, 76 and 63%. C-series nano-
hybrids catalytic activity is shown in Figure 19b. The surface adsorption of dye for BLFO/
GNP, BLEMO-5/GNP, BLFMO-15/GNP and BLFMO-25/GNP is 92, 70, 67 and 62% while the
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Figure 19. Photocatalytic efficiencies of BFO and BLFMO/GNP nanohybrids degrading the CR under visible light.

photo-degradation of dye is about 4, 12, 9 and 8%, respectively. The total dye removal for
BLFO/GNP, BLEMO-5/GNP, BLEMO-15/GNP and BLEMO-25/GNP nanohybrids is 96, 82, 76
and 70%, respectively. The time taken by H-series hybrid structures to remove the whole dye
from the aqueous solution was 120 min while it was 30 min for the C-series BLFO/GNP nano-
hybrid. The more dye removal due to surface adsorption is due to enhanced incorporation of
GNP sheets inside BLFO nanoparticles. As co-ppt synthesis took more time for GNP sonica-
tion so there will be more yield of graphene due to exfoliation of sheets inside GNP. Graphene
inclusion inside a nanohybrid helps in enhancing its specific surface area which causes more
surface adsorption inside the material. In the following section, Brunauer Emmett Teller and
photoluminescence measurement are performed to support the catalytic results.

3.7. Brunauer Emmett Teller measurements for C-series nanohybrid

To measure the specific surface area, BET measurement was performed and the obtained
Nitrogen adsorption-desorption curve is shown in Figure 20. The observed curve is of type IV
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Figure 20. Nitrogen adsorption-desorption curve for surface area measurements of C-series BLFO/GNP nanohybrid.

(H3 hysteresis) with mesopore existence [35]. The average pore diameter and total pore vol-
ume for BLFO/GNP is 13.32 nm and 0.184 cm?/g, respectively. The surface area of pristine BFO
is 3.3 m?/g [36] while the surface area for BLFO/GNP is enhanced up to 55 m*/g due to the GNP
loading inside BLFO nanoparticles. The enhanced surface area is representing the presence of
multichannel structure inside BLFO/GNP nanohybrid which permits rapid mass movement
and more intake of light harvesting due to increased absorption and multiple light reflec-
tions with gas diffusion inside the material’s pores [37, 38]. The existence of mesopores with
macro-channel structure attribute to more trapping of dye molecules over the material’s sur-
face Hence both adsorption over the surface and multiple light reflections together attribute in
enhancing the photocatalytic activity of the nanohybrid which results in fast dye degradation.

3.8. Photoluminescence spectra of C-series nanohybrids

In photoluminescence measurement, electron-hole recombination rate is checked which
promotes the efficient charge separation inside the photocatalytic material. The low PL
intensity gives us low carrier recombination rate and hence, easily promotes the charge
carriers over material surface for photo-degradation of dye [39]. The loading of graphene
usually reduces the PL intensity due to graphene being a good trapping site for electrons
and hence, easy charge transfer over catalyst surface [40]. Figure 21 represents photolumi-
nescence spectra of Pure BFO and C-series. Pristine BFO has larger band gap as compared
to hybrid structures which is why the PL has high intensity for pure BFO showing more
recombination rate The peak intensity is low for BLFMO-5/GNP and BLFMO-15/GNP as
compared to BLFO/GNP and BLFMO-25/GNP. The low peak intensity refers to low recom-
bination rate of charge carriers and hence more dye degradation under visible light. Hence,
BLFMO-5/GNP (12%), BLEMO-15/GNP (9%) show more dye-degradation under visible
light as compared to BLFO/GNP (4%) and BLFMO-25/GNP (8%).

19
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Figure 21. Photoluminescence spectra of C-series nanohybrids.

4. Conclusion

Here using sol-gel method lanthanum (La) and manganese (Mn) doped BFO nanoparticles
were prepared and named as BLFO and BLFMO nanoparticles. These nanoparticles were
further process to the coprecipitation and hydrothermal routes for synthesizing nanohy-
brids with graphene nanoplatelets (GNP). As synthesized BLFO/GNP and BLFMO/GNP
nanohybrids via different routes were named as C and H series, respectively. Further
nanohybrids were undergo structural and morphological analysis using XRD and SEM
which show that the H-series nanohybrids are showing more crystallinity as compared to
the C-series nanohybrids. The energy level introduced with the addition of Mn into BFO
nanoparticles reduces the band-gap of nanohybrids. The detailed elemental composition
of nanohybrids was checked using XPS which verified the bonding between nanoparticles
and GNP. The BET shows that surface area is greatly enhanced from 3.3 m?/g (for pure BFO)
to 55 m?/g (for C-series nanohybrid) which then contributes in fast dye removal as a result
of both surface adsorption and photo-degradation. Hence C-series nanohybrids are more
efficient as catalysts rather than H-series and showed 96% dye removal in only 30 min. The
catalytic activity mainly depends upon the adsorption of dye over catalyst surface under
dark conditions. These nanohybrids are very much applicable for commercial applications
as they are fabricated via an easy and cost effective route and provide a fast and efficient
dye removal from aqueous solution.
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Abstract

Bismuth-based nanoparticles are a unique category of materials that possess interesting
properties such as excellent chemical, electrical, optical and catalytic activities among
others. The application of bismuth-based nanoparticles as photocatalytic materials has
caught the interest of the scientific community in recent times due to these unique prop-
erties. Consequently, a number of data have been generated in relation to the photo-
catalytic application of these nanoparticles. This chapter intends to organise and provide
the recently generated information on the use of bismuth-based nanoparticles in pho-
tocatalytic degradation processes. A detailed discussion is provided on bismuth-based
nanoparticles including bismuth chalcogenides, bismuth vanadate, bismuth oxyhalides
and other bismuth-related nanoparticles. Attention was also paid to the modification
of these nanoparticles to improve their photocatalytic activities. The application of the
modified nanoparticles in various photocatalytic processes with emphasis on water
treatment, waste gas treatment, hydrogen production and air purification has also been
thoroughly discussed.

Keywords: bismuth-based nanoparticles, photocatalytic degradation, hydrogen
generation, carbon dioxide reduction, water treatment, pharmaceutical products,
organic pollutants

1. Introduction

Photocatalysis is gradually becoming a dependable technological approach in many indus-
tries due to its cost-effective and environmentally friendly nature. This technique has the
tendency to convert light energy into chemical energy under mild reaction conditions [1].
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Subsequently, the technology has had successful application in many areas and is seen as a
possible solution to the ever-increasing environmental and energy shortage issues.

Recent advancement in population growth coupled with the expansion of industrialisation has
brought about serious environmental pollution and energy shortages. This has necessitated
the rising demands for environmental remediation, the alternative supply of energy and novel
methods for pollution eradication by researchers [2]. A lot of methods have been employed to
degrade complex toxic pollutants to less toxic compounds. Among them are the convention
ones (coagulation, oxidation, ion exchange, membrane filtration and flocculation) [2]. These
methods are, however, considered ineffective by a lot of researchers due to their severe dis-
advantages including producing a large volume of sludge and operating at a very high cost
[3]. Photocatalysis using semiconductors has been recommended as a potential method for
environmental clean-up because it is economical and degrades pollutants by using artificial
or natural sunlight which is cheap and abundant worldwide. Besides, there is no formation of
sludge, and the catalyst can be reused after the process since it remains unchanged [4].

A number of semiconductors (TiO,, ZnO, Fe,0O,, CdS and ZnO) have been employed for varied
photocatalytic activities due to their unique properties such as excellent electronic structure
and light absorption, degradation of pollutants, thermal stability, less toxicity, low cost and
inertness [5]. However, these semiconductors suffer two serious drawbacks. These drawbacks
include large energy band gap which is too wide to absorbed visible light [6]. Thus, these
semiconductors are only photoactive in UV range. The second limitation is the rate at which
the photo-generated electrons and holes recombine; a phenomenon that reduces the effec-
tiveness of photodegradation process [7]. Hence, for a semiconductor to attain its maximum
potential as an efficient photocatalyst, some effective modifications that can enhance its pho-
tosensitivity in the visible light range and also retard the recombination of the electrons and
holes [8] are required. Thus, the development of a novel photocatalyst that has potential to
eliminate the environmental pollutants is an essential requirement for photocatalysis process.

Documented reports on bismuth-related nanoparticles including BiOCOOH, BiZWO6,
(Bi0),CO,, BiVO,, BiPO,, Bi,O, and BiOCI [9], have been found to attract considerable atten-
tion because of their proficient photocatalytic performance, cost-effectiveness, low toxicity
and high stability. Modification of bismuth-related nanoparticles with metals and non-metal,
carbonaceous materials and biopolymers is reported to further endow these catalysts with
exceptionally high visible light responsivity and efficient photocatalytic performances [10].
Modified bismuth-related nanoparticles have been efficaciously utilised in many photocata-
lytic processes including antifogging, self-cleaning, disinfection, carbon dioxide reduction,
organic pollutant degradation in water, hydrogen generation, air purification and so on.

This chapter discusses bismuth as a metal and its related nanoparticles. It also dwells on the
modification of bismuth-based nanoparticles for enhanced photocatalytic activity and finally
elaborated on the various photocatalytic applications/processes that these nanoparticles have
been successfully applied to.

1.1. Bismuth

Bismuth (Bi) occurs naturally as a diamagnetic element with atomic number 83. It is a pentava-
lent transition metal and its oxides and sulphides represent significant commercial ore. It has



Bismuth-Based Nanoparticles as Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.75104

low thermal conductivity, high Hall coefficient and high electrical resistivity [11]. Deposition
of a thin layer of bismuth on the surfaces of materials causes it to behave as a semiconduc-
tor [12]. Again, bismuth is reported to be denser in its liquid phase than the solid phase and
expands about 3% during solidification. This property enables it to be used as a component
of alloys so that it can compensate for the contraction of other components of the alloy [12].
Bismuth is relatively non-toxic and has a relatively low melting point (271 C). Approximately,
63% bismuth is used to produce cosmetics, pigments and pharmaceuticals. 26% of it is also
used in the field of metallurgy for galvanising and casting [13]. 7% is used in bismuth alloys,
solders and ammunition and the 4% also are used in research fields [13].

1.2. Bismuth-based nanoparticles

The use of bismuth-based nanoparticles instead of the traditional bismuth-containing bulk mate-
rials/compounds for application in various advanced technological areas has received greater
attention recently. This widespread interest in bismuth-based nanoparticles is as a result of the
fact that the nanoparticles possess peculiar properties that are absent in the bulk solid mate-
rials. These unique features which include high optical, electrical, thermal, photocatalytic and
magnetic properties are mainly dependent on the nanoparticles’ large specific surface area and
small sizes [14]. Fortunately, opportunities exist, through colloidal chemistry, to synthesis bis-
muth-based nanoparticles. This process involves utilisation of bismuth salts as precursors with
the addition of surface modifiers and reducing agents to produce size controllable and highly
crystalline bismuth-based nanoparticles. Among the bismuth-based nanoparticles of interest
are Bismuth chalcogenides, Bismuth vanadate, Bismuth oxyhalides and other bismuth-related
nanoparticles.

1.2.1. Bismuth chalcogenides

Bismuth chalcogenides are a class of photoelectric compounds consisting of bismuth and
group VI elements. These compounds are generally represented as Bi,E, (E=0, 5, Se, Te) and
consist of bismuth oxide (Bi,O,), bismuth sulphide (Bi,S,), bismuth selenide (Bi,Se,) and bis-
muth telluride (Bi,T,). These class of compounds are technologically important semiconduc-
tors owing to their peculiar properties and have been applied in different industries. A recent
study in bismuth chalcogenides’ visible-light-responsive properties and enhanced photocata-
lytic activities has stimulated a great research interest in their nanomaterials.

Bi,O, is a p-type semiconductor with six crystallographic polymorphs which are represented
as a-, -, Y-, w-, &, and 0-Bi,0,. Monoclinic a-Bi,O, is the phase present at room tempera-
ture. This phase can transition to the face-centred cubic 6-Bi,O, phase when heated. The other
phases of Bi,O, include tetragonal -Bi, phase, body-centred cubic y- Bi,O,, orthorhombic
€-Bi, O, and triclinic w- Bi,O, phases [15]. Bi,O, has high refractive index, narrow energy band
gap (2.40-2.80), dielectric permittivity and outstanding photoconductivity [16]. Bi,O, is also
considered as an amphoteric semiconductor as there are reports of the material exhibiting both
p and n-type conductivity based on the methods of synthesis [16]. These properties enable

Bi,0, to be used as a sensor and electrochromic materials, optical coating and photocatalyst.

Bi,S, possesses interesting optical and electronic properties and a direct band gap ranging from
1.3 to 1.7 eV. These qualities enable Bi,S, to be applied in various fields including thermoelectric
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transport for the fabrication of optoelectronic, photovoltaic and thermoelectric devices [17] and
photocatalysis. Various morphologies of Bi,S, have been fabricated through different routes
of synthesis. These one-dimensional nanostructures which include nanowires, nanotubes,
nanorods and nanoflowers are considered to be the most appropriate for the above-named
applications of Bi,S, because of quantum confinement effect which subsequently enhances the
thermoelectric efficiencies of the materials [18].

Bi,Se, has a stacked layered laminated structure. Each layer is about 0.96 nm thick and con-
tains five atoms which are bonded covalently along the z-axis in the following order: Se-Bi-
Se-Bi-Se [19] (Figure 1). As a result of the weak interlayer forces of attraction, exfoliation of
Bi,Se, into few-layer nanosheets is possible [19]. Being a narrow band gap semiconductor
(0.3 eV) with a high charge carrier mobility, Bi,Se, has high potential application in photo-
electrochemical and thermoelectrical devices as well as optical recording systems and pho-
tocatalysis [20].

Bismuth telluride (Bi,Te,), is a semiconductor with a band gap of 0.15 eV. It has a trigonal
structure and a high melting point of 585°C. When alloyed with antimony or selenium, Bi,Te,
becomes a highly efficient thermoelectric material at room temperature [21]. Because of these
interesting properties, Bi,Te, has been applied in thermoelectric power generation and refrig-
eration [22, 23].

1.2.2. Bismuth vanadate

Bismuth vanadate (BiVO,) exists in three main phases. These phases include tetragonal schee-
lite, monoclinic scheelite and tetragonal zircon. The monoclinic phase has high visible light
activity due to the narrow nature of its band gap (2.4 eV) [24]. This visible light absorption
behaviour has stimulated a lot of research investigation into its application in environmen-
tal remediation through photocatalysis. Again, BiVO, has advantages over lots of its related
semiconductors such as being environmentally friendly, highly resistant to photocorrosion,
non-toxic and low cost [24].

Figure 1. Structure of bismuth selenide [21].
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1.2.3. Bismuth oxyhalides (BiOX)

BiOX, with the X representing either Br, Cl or I, are layered semiconductor materials that are
crystallised in a tetragonal matlockite form [25]. The layered structure is arranged in such a
way that each bismuth atom is encircled by four oxygen and halogen atoms resulting in an
asymmetric tetrahedral symmetry (X-Bi-O-Bi-X) [25]. This arrangement enables BiOX to pos-
sess remarkable optical, mechanical, electrical and catalytic properties. As a result, BiOX has
been utilised in selective oxidation of alcohols, organic synthesis, water splitting, indoor-gas
purification and photodegradation of organic pollutants in wastewater [26].

Bismuth oxychloride (BiOCl), a p-type semiconductor, exhibits excellent ionic conduction,
optical, catalytic and electrical properties. It is made up of chlorine ions (Cl), bismuth ions
(Bi*) and oxygen ions (O%) that pile up in tetragonal layered [Cl-Bi-O-Bi-Cl]n structure form-
ing non-bonding attractions via the chlorine atoms (Cl) along C-axis. The four Bi-Cl and four
Bi-O are arranged opposite to one another in a tetragonal pyramidal phase with the Bi in the
centre of the structure (Figure 2). BiOCl is active in UV range with experimental band gap
range of 3.1 to 3.5 eV while the theoretical values range from 2.8 to 2.9 eV [27].

Bismuth oxybromide (BiOBr) nanoparticle is also a p-type semiconductor and a promising
photocatalyst due to its excellent optical properties, chemical stability and effective photocat-
alytic activity. Its layered tetragonal structure and appropriate indirect band gap bequeathed
it with high visible light activity and the ability to efficiently separate electrons and hole lead-
ing to its pollutant degradation tendency [26].

Bismuth oxyiodide (BiOI) has a stacked tetragonal structure that contains alternate [Bi,O,]**
and I slabs. It is one of the attractive nanoparticles for visible light photocatalytic applica-
tions owing to its relatively narrow band gap (1.6 to 1.9 eV) which endowed it with high
visible light activity. Photo-generated electrons and holes are also perfectly separated in
BiOlI as a result of the presence of strong intralayer and weak van der Waals interlayer
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Figure 2. Structure of bismuth oxychloride [27].
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bonding in its structure [28]. As a result, BiOI has been successfully applied in some photo-
catalytic processes including organic pollutant degradation, CO, conversion and hydrogen
generation.

1.2.4. Other bismuth-related nanoparticles
1.2.4.1. Bismuth (III) phosphate (BiPO,) and bismuth niobate (Bi,NbO,)

BiPO, is an intrinsic p-type semiconductor with two polymorphic phases. These phases
include the stable monazite-type structure (known as low-temperature monoclinic phase
(LBP)) and high-temperature monoclinic phase (HBP). The HBP polymorph is obtained by
heating LBP at higher temperatures. BiPO, nanoparticles are known to be non-toxic and have
low costs of production [29]. They possess high thermal and chemical stability, redox active
species, and high photocatalytic activity [29]. Consequently, these materials have been used
for Li-ion batteries, sensors and as photocatalysts for disinfection of water and photodegrada-
tion of organic pollutants in water [30].

Bi,NbO, is noted for its favourable properties resulting in its use as electrochemical control-
lers, a catalyst for photolytic water splitting, selective oxidation of hydrocarbons and as oxy-
gen sensors [31]. It exists in cubic and tetragonal phases and has the ability to undergo a
reversible transition between tetragonal phase at 800°C to the cubic phases at 900°C and back
to tetragonal phase. The cubic phase has defective fluorite-structure (Fm3m, a = 0.548), while
the bismuth and niobium atoms are dispersed over similar crystallographic locations. [31].

2. Modified bismuth-based nanoparticles and their photocatalytic
applications

2.1. Modified bismuth-based nanoparticles

Bismuth-based nanoparticles are receiving substantial consideration as promising photocata-
lysts as a result of their comparatively narrow band gaps. They are non-toxic and have the
potential to resist corrosion. They are environmentally friendly and relatively cheap [32]. There
are a number of available reports regarding the efficient visible light activities of these nanopar-
ticles, and their use for water disinfection and organic pollutants degradation [33]. Their effec-
tiveness as photocatalysts for production of hydrogen gas from water as well as carbon dioxide
conversion to useful hydrocarbon products has also been studied. Notwithstanding all these
advantages, bismuth-based nanoparticles have some disadvantages that limit their practical
application as effective photocatalysts. For example, they have small specific surface areas
which impair their photocatalytic activities. They also experience recombination of the photo-
generated electrons and holes [34] and thus reduce their effectiveness as photocatalysts.

Attempts to overcome these problems and improve the efficiency of these nanoparticles have
culminated in the use of different approaches/techniques to modify them. These approaches
comprise the use of carbon-based materials and modification with biopolymers [35], doping



Bismuth-Based Nanoparticles as Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.75104

with metals and non-metal [36], and the use of heterostructures/mixed metal oxides [37]. The
modified bismuth-based nanoparticles are reported to display higher photocatalytic activi-
ties compared to their bare/pure counterparts. Some of the photocatalytic processes to which
these materials have been applied are discussed in the subsequent sections.

2.2. Photocatalytic applications of modified bismuth-based nanoparticles
2.2.1. Application in water treatment

A number of publications are available on the use of modified bismuth-based nanoparticle for
water treatment through the degradation of organic pollutants and removal of bacteria. This
section presents some of the research works that have been performed in this regard.

2.2.1.1. Degradation of organic pollutants

Harmful organic contaminants in water can be degraded or mineralised into innocuous/inof-
fensive products (CO, and H,O) through a photocatalytic reaction involving photo-generated
electrons and holes and reactive oxygen species. Photodegradation of organic contaminants
through the use of bismuth-based nanoparticles occurs when the photocatalyst absorbs light
of appropriate wavelength from sunlight or illuminated light source. This light energy excites
and promotes electrons in the photocatalyst’s valence band to its conduction band. This results
in the creation of positive charges (holes) and negative charges (electrons) on the valence and
conduction bands respectively leading to the creation of electron-hole pairs. The hole oxidise
water molecule into hydrogen gas and hydroxyl radical while the electron reduces oxygen
molecules into superoxide radicals. The hydroxyl and the superoxide radicals then attack the
pollutants and degrade them into harmless products [38]. These hydroxyl ions and superox-
ide radicals are also responsible for inactivation of bacteria through degradation of their cell
walls [38]. The mechanism of the photodegradation process is presented in Figure 3.

r@ . Degradation
Pollutant  Products

Photocatalyst

Figure 3. Mechanism of photocatalytic degradation of organic polluting.
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2.2.1.2. Degradation of textile dyes

A modified bismuth-based nanocomposite consisting of a-BiO, silver (Ag) and graphene
oxide (GO) (Ag/GO/a-Bi,O,), has been synthesised by [39] and deployed in photodegrada-
tion of crystal violet and rhodamine 6G dyes by visible light illumination. The Ag/GO/a-Bi,O,
exhibited six times photocatalytic activity compared to Degussa-P25. It degraded both dyes
at a higher efficiency than the bare a-BiO, and achieved about 90% degradation of the crys-
tal violet and rhodamine 6G dyes in 40 minutes and 150 minutes respectively. Nickel doped
Bi,S, has also been applied in the degradation of congo red and rose bengal dyes by visible
light illumination with successful results [40]. A nanocomposite consisting of BiVO,, Ag and
reduced graphene oxide (rGO) was also synthesised and used to degrade rhodamine B dye
[41]. They identified the composite to possess more photocatalytic reaction sites because of
enhanced charge carriers separation ability of the BiVO,, electron transfer property of the silver
nanoparticles and surface plasmon effect. The composite showed enhanced visible light activ-
ity and exhibited higher degradation efficiency of the dye compared to the bare BiVO, and the
BiVO,-rGO composite.

Qu and Huanyan [42] synthesised a BiOCl Br, photocatalysts consisting of BiOCI, BiOBr,
BiOCl ,Br,,, BiOCl  Br, . and BiOCl ,Br .. The photocatalytic degradation abilities
of the catalysts were assessed by applying them to degrade methyl orange under ultra-
violet light. BiIOCI Br . was identified to be the best photocatalyst for the degradation of
5 mg/L of the dye at pH 7 with 90% degradation efficiency within 90 min. In addition,
BiOI-graphene nanocomposite’s photodegradation ability was tested on methyl orange.
The BiOl-graphene was found to degrade the dye at a faster rate than BiOl. The enhanced
photodegradation efficiency of the BiOI-graphene composite was credited to its ability to
effectively separate and transport the generated electrons and holes owing to the bonding
between graphene and BiO], the increase light adsorption and the high dye adsorption [43].
Studies on the photocatalytic degradation ability of Bi,WO,rGO nanocomposite was per-
formed by Rajagopal et al. [44] with impressive results. The improved performance of the
catalyst against the degradation of rhodamine B was assigned to the fact that the catalyst
possessed a large surface area, as well as the capability to reduce the rate at which the elec-
trons and holes recombined as a result of the inclusion of rGO. Similarly, BizOZCO3/ZnWO A
nanocomposite was synthesised and used to degrade methylene blue [45]. Compared to
the individual ZnWO, and Bi,O,CQO,, the Bi,0,CO,/ZnWO, demonstrated excellent ability
to photocatalytically degrades the dye [45]. This was as a result of the existence of a hetero-
junction in the composite. The presence of the heterojunction favoured the separation of the
holes and electrons [45].

2.2.1.3. Degradation of pharmaceutical products (antibiotics)

The occurrence and accumulation of pharmaceutical products in water bodies can be injuri-
ous to humans as well as aquatic organisms. Hence the need for an appropriate technology
for the removal of this pollutants becomes paramount. Scientists have been studying photoca-
talysis as a suitable means to remove these pollutants. As a result, a number of photocatalytic
degradation studies using bismuth-based nanoparticles have been carried out. Some of these
research works have been discussed here.
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In their study, [46] synthesised a Bi,WO,/Fe,O, heterojunction through the hydrother-
mal process and supported it over graphene sand composite by in situ wet impregnation
method. The tendency of the composite (Bi,WO,/Fe,O,/GSC) to photocatalytically degrade
pharmaceutical waste was tested by its application in the degradation of oxytetracycline and
ampicillin. They obtained a high degradation efficiency of the antibiotics into CO,, H,O and
NO,” under solar light irradiation due to high adsorption property of the composite. The
magnetic nature of the catalyst ensured its easy separation and recyclability [46]. Tetracycline
degradation with BiFeO, prepared through hydrothermal method was also undertaken with
successful results [47]. BiOBr modified with chelating agents (citric acid and ethylenedi-
aminetetraacetic acid) was reported to have been used in the degradation of norfloxacin
with high photocatalytic efficiency [48]. The chelating agents modified BiOBr was noted
to be more photoactive and displayed higher degradation efficiency compared to the bare
BiOBr. Again, a successfully prepared BiOBr-activated peroxymonosulfate system (BiOBr/
PMS) demonstrated exceptional visible-light-responsive activities for photodegradation of
Ciprofloxacin [49] and carbamazepine [50] respectively. A mesoporous Bi,WO, prepared
by hydrothermal technique was used to degrade tetracycline in water, further endorsing
the visible-light-driven photodegradation of pharmaceutical wastes using bismuth-based
nanoparticles [51]. About 97% of the pollutant (20 mg/L) was degraded after 120 minutes of
simulated solar light irradiation.

2.2.1.4. Water disinfection (removal of bacteria)

The need for cost-effective and non-toxic antibacterial agents for an effective water treatment
has become urgent due to the life-threatening consequences of water pollution with vari-
ous species of bacteria. The use of nanoparticles as disinfection systems for water treatment
is gaining recognition due to its effectiveness. Bismuth-based nanoparticles are among the
category of nanoparticles that are being tested for water disinfection. Some of the progress
that has been made so far with respect to the use of bismuth-based nanoparticle for bacterial
inactivation in water is discussed below:

Inactivation of Escherichia coli was determined through the use of Z-scheme photocatalyst
of Agl/BiVO, synthesised through chemical deposition precipitation [52]. The catalyst could
inactivate 7.0 x 107 CFU/mL of the bacteria species within 50 minutes under visible light.
Superoxide radical (¢O,) and holes (h*) were identified to be responsible for the photocata-
lytic disinfection process. In much the same manner, Escherichia coli inactivation under visible
light was performed by using Ag/BiVO, nanocomposite with impressive results [53]. There
was a total inactivation of the bacterial cell (107 CFU mL™) within 120 minutes. They assigned
the effectiveness of the composite for the bacterial inactivation to the presence of the metallic
silver nanoparticle in the composite. The silver nanoparticle trapped the generated electrons
and hence promoted charge carriers separation for the creation of the necessary reactive oxy-
gen species. Zhang et al. [54] reported the application of AgBr-Ag — Bi, WO, nanocomposite in
photodisinfection of Escherichia coli K-12 by visible light illumination. The AgBr-Ag - Bi,WO,
was more effective than the other catalysts i.e. Bi, WO, superstructure, Ag-Bi2WO, and AgBr-
Ag-TiO, used in this experiment. The AgBr-Ag - Bi,WO, nanocomposite was able to com-
pletely disinfect 5 x 107 cfu mL™ of the Escherichia coli K-12 under 15 minutes through the
influence of hydroxyl radicals (¢OH).
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A Bi,0, and NiFe O,/Bi,O, photocatalysts with different concentration of NiFe,O, were fabri-
cated and applied in a comparative photocatalytic degradation of tetracycline in water [55].
The NiFe O,/Bi,O, was more efficient that Bi,O, in the visible light degradation process with
NiFe,O,/Bi,0O, (50%NiFe,O,) being the most efficient catalyst. This catalyst demonstrated a
high degradation efficiency of 90.78 within 90 minutes. The catalyst was easily recovered and
recycled due to its magnetic nature [55]. The destruction of bacteria cells (Escherichia coli K-12)
using Bi,MoO, -rGO was also noted to achieve high efficiency [56]. In all these cases, large
surface area for enhanced pollutant adsorption, improved electron-hole reparation and the
subsequent generation of sufficient oxygen reactive species were identified to be responsible
for the impressive photocatalytic performance of the composites.

2.2.2. Application in waste gas treatment (reduction of carbon dioxide)

The release of carbon dioxide (CO,) into the atmosphere resulting mainly from fossil fuels com-
bustion is contributing significantly to the global climate change. This phenomenon necessi-
tates the need for appropriate strategies to abate the increasing level of CO, in the atmosphere.
An appropriate approach to reducing the level of atmospheric CO, is its conversion into useful
chemicals. Photocatalytic reduction of CO, to useful chemicals as a way of recycling it to a fuel
feedstock is receiving attention as an appropriate substitute for fossil fuels combustion [57].

The mechanism of CO, photoreduction to hydrocarbon fuels is similar to that of organic pollut-
ants degradation. This process also involves illumination of the semiconductor photocatalyst
with a photon of appropriate energy resulting in the creation of electron and hole pairs on the
conduction and valence bands respectively. The generated electrons must have greater energy
than the reduction potential of CO, i.e. the conduction band potential of the catalyst should
have higher negative value than the reduction potential of CO,. At the same time, the valence
band potential of the catalyst must have higher positive value than water oxidation potential.
In other words, the hole must have the potential to oxidise water to produce hydrogen ion (H*)
[58]. The notable thing about this process is that the type of hydrocarbon produced depends
on the number of protons present in the reaction system. The possible reactions involved in the
reduction/conversion of CO, to various hydrocarbon products are presented in Egs. 1 to 4 [59]:

The presence of two protons (H") in the system leads to the conversion of CO, to Carbon
monoxide (CO) i.e.:

CO,+2H*+2e - CO+H,0 1)
Methanol (CH,OH) is produced when six protons are available in the reaction system:
CO,+6H"+6e- - CH,OH+H,O (2)

The availability of eight and twelfth protons results in the production of methane and ethanol
respectively:

CO,+8H*+8e” - CH,+H,O 3)
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2C0O,+12H*+12¢” - C,H,OH+H,0 4)

In this section, we discuss some of the achievement made so far as the use of bismuth-based
nanocomposites in CO, photoconversion to useful hydrocarbon products is concerned.

A comparative study on CO, photocatalytic conversion using titanium oxide (TiO,) nanotubes
and palladium decorated bismuth titanate was conducted by Raja et al. [60]. The experiment
was executed through light illumination of the catalyst in a CO, saturated sulphuric acid
solution. Formic acid (HCOOH) was the resultant product. According to their result, the pal-
ladium decorated bismuth titanate nanocomposite was the better of the two catalysts as it pro-
duced about two times formic acid than that produced by the TiO, nanotubes composite. They
attributed the effectiveness of the palladium decorated bismuth titanate to effective charge
carriers’ separation. In addition, a Bi,O.Br I, , Bi O,Br, and Bi,O,I, composite solutions which
were prepared by the molecular precursor method were applied in CO, photocatalytic reduc-
tion experiment [61]. The results showed that the Bi,O_Br I, composite exhibited the highest
photocatalytic activity with the Bi O,Brl (x = 1) being the best catalyst. This catalyst (Bi,O,BrI)
was able to convert CO, to carbon monoxide (CO) at the rate of 22.85 umol h'g'CO genera-
tion. High CO, adsorption tendency and excellent electron-hole separation were identified to
be the reason for the effectiveness of this catalyst for the reduction of CO, to CO.

Again, different structures of Bi,S, (nanoparticles and microsphere hierarchical nanostructure)
prepared by Chen et al. [62] through facile and template-free solvothermal route were used to con-
vert CO,. The microsphere composite exhibits a better visible light photocatalytic CO, conversion
activity than the Bi,S, nanoparticle. The CO, was reduced to formate in methanol. Excellent light
harvesting ability, profound permeability and the unique hierarchical structure are the factors that
accounted for the effectiveness of the Bi,S, microsphere hierarchical nanostructure. Palanichamy
et al. [63] also showed the trend in the photocatalytic performance of BiVO,, and Cu,BiVO, in
the CO, conversion to methanol. The percentage CO, conversion efficiencies of the BiVO, and
Cu,BiVO, were 2.78% and 2.50% respectively within 80 minutes under the same conditions.

2.2.3. Application in hydrogen production (reduction of water)

The ever-increasing air pollution as a result of fossil fuels combustion has heightened the need
to develop alternative fuel sources. One of the alternative sources is hydrogen gas production
through photocatalytic splitting of water [64]. In order to achieve an economically feasible hydro-
gen generation through photocatalysis, the photocatalyst must be visible light active so as to effec-
tively utilise the limitless and readily available visible light [64]. Bismuth-based nanocomposites
are highly active under visible light owing to their narrow band gaps. Consequently, generation
of hydrogen gas using bismuth-based nanoparticles/composites with visible light is regarded
as one of the promising approaches. The mechanism of this process is discussed as follows [59]:

Similar to the mechanism of photodegradation of organic compounds, electron and hole are
produced on the conduction and valence bands of the photocatalyst when it is exposed to
light with energy greater than or equal its band gap. Modification of the catalyst enhances
its ability to minimise the recombination of the holes and the electrons upon generation.
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The holes in the valence band directly oxidise the chemisorbed water molecule on the cata-
lyst’s surface resulting in the generation of four hydrogen ions (H') and oxygen molecules (O,):

2H,0 — 4H'+0, (5)
The conduction band electrons then reduce the hydrogen ions to produce hydrogen gas:
4H" +4e” — 2H, (6)

A number of experimental results on the utilisation of visible light active bismuth-based nano-
composite for production of hydrogen through water splitting have been published. Some of
these published results are discussed in this section.

The ability of a bismuth-based catalyst, Cr,O,/Pt/RuQO,:Bi,O,, to photocatalytically split water
into hydrogen gas was studied in the presence of a sacrificial hole scavenger (oxalic acid) by
Hsieh et al. [65]. According to their result, the photocatalyst showed a high ability to gener-
ate hydrogen gas from water at a rate of 17.2 umol g™ h™. In their experiment, Adhikari et al.
[66] carried out the synthesis and characterisation of visible light active bismuth-based pho-
tocatalysts (Ta205/BizOs, TaON/BiZOy and TaaNS/BiZO3). They then evaluate their tendency to
generate hydrogen from water under visible light using water-methanol solution. The result
showed enhanced hydrogen generation potential of the catalysts. The composites showed sig-
nificant hydrogen production in comparison to the individual component (Ta,O,, Bi,O,, TaON
and Ta,N,) as a result of the existence of heterojunction in the composites. The heterojunction
enhanced separation of the electrons and holes. In addition, the synthesis, characterisation and
the photocatalytic hydrogen gas production tendency of Pt-Bi,O,/RuO, under visible light was
also assessed [67]. The experiment was performed by adding 0.3 M Na,SO, and 0.03 M H,C,0,
as sacrificial agents. The presence of Na,SO, and H,C,O, assisted the catalyst to increase hydro-

gen production at the rates of 11.6 mol g™ h™ (Na,SO,) and 14. 5 mol g™ h™ (H,C,0,) [67].

2.2.4. Application in air purification

The desire to purify urban or indoor air by removing nitrogen oxide pollutants (NO,) and
volatile organic compounds (VOCs) from it particularly in public places including schools,
churches, shopping mall and so on, has become an issue of high necessity. This is due to the
health consequences associated with these groups of pollutants which are mostly released
into the air through vehicular emissions, building materials, personal care products, office
equipment, cleaning agents etc. [68]. Photocatalysis has been identified as an appropriate
technology for the removal of these pollutants from the air because of the technique’s ten-
dency to completely mineralise these pollutants [68].

The principle behind the photocatalytic degradation of the NO, and VOCs in the air is similar
to that described in the previous sections: The holes generated after excitation of electrons
from the valence band to the conduction band due to illumination of the catalyst oxidise
water molecules in the air to for ¢OH. The OH then attach the organic pollutants in air and
mineralise them through the destruction of their molecular bonds.
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Bismuth-based photocatalysts are among the catalysts that have been tested for effective air
purification experiments. Some results of these experiments are discussed here:

The successful application of Bi nanoparticles modified TiO, (Degussa P25) with mixed
anatase and rutile phase in the photocatalytic removal of NO from the air at ppb level was
undertaken by Zhao et al. [69]. The Bi-TiO, was noted to outperform the pure TiO, in the
NO photocatalytic removal process. Among the catalysts used, Bi-TiO, with Bi nanoparticles
diameters ranging from 5 to 8 demonstrated excellent photocatalytic activity as this diameter
range acted as an excellent visible light active site with improved charge separation [69]. The
improved performance of this catalyst was assigned to the movement of the electrons, which
were generated through plasmonic activation of the Bi nanoparticles, between the conduc-
tion band of the anatase and rutile phases of TiO,; thus reducing their rate of recombination
with the holes. In their experiment, Ai et al. [70] compared the ability of a hierarchial BiOBr
microsphere, BiOBr bulk, Degussa TiO, and C doped TiO, to photocatalytically remove NO
from indoor air (400 ppb level). According to their result, the BiOBr microsphere performed
extremely well compared to the other catalysts as a result of its unique hierarchical structure
which enhanced the diffusion of intermediates and NO oxidation final product leading to
the efficient removal of the NO. NO removal from air at ppb levels through visible light pho-
tocatalysis has also been studied by [71, 72] using N-Bi,O,CO,-graphene quantum dot and
Br-BiOCOOH respectively with excellent results.

Photocatalytic decomposition experiment was also performed to remove toluene from air. The
experiment was conducted comparatively using V,0,/BiVO,/TiO,, V,O,/BiVO, and TiO, pho-
tocatalysts through illumination with visible light. The V,O,/BiVO,/TiO, was identified to be
the best catalyst for the decomposition of toluene due to enhanced charge carriers separation
across the multiple interfaces of the ternary nanojunctions [73]. Similarly, toluene removal
from air through photocatalysis using BiOI/TiO,, pure TiO, and Degussa P25 was carried
out by Boonprakob et al. [74]. They observed that the highest toluene photodecomposition
activity (ca. 68%) was exhibited by BiOI/TiO, as a result of its excellent visible light activity
and efficient charge carriers separation. In their study, Xu et al. [75] synthesised Bi,O,/TiO,
nanocomposite and tested its ability to photocatalytically decompose 4-chlorophenol in air.
They noted that the Bi,O,/TiO, catalyst effectively removed the pollutant from air compared
to the pure TiO, and Degussa P25 owing to the narrow band gap of a- Bi,O, which improved
on the visible light activity of the composite.

3. Conclusion

The necessity to develop more efficient photocatalysts for effective water treatment, carbon
dioxide conversion, hydrogen reduction and air purification so as to alleviate the increasing
energy crisis, air pollution, and to make clean and potable water readily available cannot be
overemphasised. The use of bismuth-based nanoparticles/nanocomposite in this regard has
been organised in this chapter. The chapter also provided recently generated information
on the use of bismuth-based nanoparticles in various photocatalytic degradation processes.
A detailed discussion was provided on bismuth as an element/metal, and bismuth-based
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nanoparticles including bismuth chalcogenides, bismuth vanadate, bismuth oxyhalides
and other bismuth-related nanoparticles. Attention was also paid to the modification of
these nanoparticles to improve their photocatalytic activities. The application of the modi-
fied nanoparticles in various photocatalytic processes with emphasis on water treatment,
waste gas treatment, hydrogen production and air purification has also been thoroughly
discussed.

Author details

William W. Anku*, Samuel O.B. Oppong and Penny P. Govender
*Address all correspondence to: williamanku85@gmail.com

Department of Applied Chemistry, University of Johannesburg, South Africa

References

[1] Oller I, Malato S, Sdnchez-Pérez J. Combination of advanced oxidation processes and
biological treatments for wastewater decontamination—A review. Science of the Total
Environment. 2011;409(20):4141-4166. DOI: 10.1016/j.scitotenv.2010.08.061

[2] Asiagwu A. Sorption model for the removal of m-anisidine dye from aqueous solution
using beaker’s yeast (Saccharomuces cerevisiae). International Journal of Research and
Reviews in Applied Sciences. 2012;13:617-625

[3] Anjaneyulu Y, Chary NS, Raj DSS. Decolourization of industrial effluents-available
methods and emerging technologies—a review. Reviews in Environmental Science and
Bio/Technology. 2005;4(4):245-273. DOI: 10.1007/s11157-005-1246-z

[4] Beach ES, Malecky RT, Gil RR, Horwitz CP, Collins T]. Fe-TAML/hydrogen peroxide
degradation of concentrated solutions of the commercial azo dye tartrazine. Catalysis
Science & Technology. 2011;1(3):437-443

[5] Hoffmann MR, Martin ST, Choi W, Bahnemann DW. Environmental applications of semi-
conductor photocatalysis. Chemical Reviews. 1995;95(1):69-96. DOI: 10.1021/cr00033a004

[6] Linsebigler AL, Lu G, Yates JT Jr. Photocatalysis on TiO, surfaces: Principles, mecha-
nisms, and selected results. Chemical Reviews. 1995;95(3):735-758

[7]1 Choy J-H, Lee H-C, Jung H, Hwang S-J. A novel synthetic route to TiO,-pillared layered
titanate with enhanced photocatalytic activityElectronic supplementary information
(ESI) available: XRD patterns and crystallographic data for pristine layered caesium tita-
nate and its proton exchanged form, and XRD pattern of the anatase TiO, nano-sol used
as pillaring agent. Journal of Materials Chemistry. 2001;11(9):2232-2234. DOI: 10.1039/
B104551M



8]

%]

(10]

[11]

(12]

[13]

[14]

(15]

[16]

[17]

(18]

(19]

Bismuth-Based Nanoparticles as Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.75104

Yoo D-H, Cuong TV, Pham VH, Chung JS, Khoa NT, Kim EJ, Hahn SH. Enhanced pho-
tocatalytic activity of graphene oxide decorated on TiO, films under UV and visible irra-
diation. Current Applied Physics. 2011;11(3):805-808. DOI: 10.1016/j.cap.2010.11.077

Wu Y-C, Chaing Y-C, Huang C-Y, Wang S-F, Yang H-Y. Morphology-controllable Bi,O,
crystals through an aqueous precipitation method and their photocatalytic performance.
Dyes and Pigments. 2013;98(1):25-30. DOI: 10.1016/j.dyepig.2013.02.006

Wang Z, Luo W, Yan S, Feng |, Zhao Z, Zhu Y, Li Z, Zou Z. BiVO, nano-leaves: Mild
synthesis and improved photocatalytic activity for O, production under visible light
irradiation. CrystEngComm. 2011;13(7):2500-2504. DOI: 10.1039/COCE00799D

Khaghani S, Ghanbari D, Khaghani S. Green synthesis of iron oxide-palladium nano-
composites by pepper extract and its application in removing of Colored pollutants from
water. Journal of Nanostructures. 2017;7(3):175-182

Jones H. The theory of the galvomagnetic effects in bismuth. Proceedings of the Royal
Society of London. Series A: Mathematical and Physical Sciences. 1936;155(886):653-663.
DOI: 10.1098/rspa.1936.0126

Pistofidis N, Vourlias G, Konidaris S, Pavlidou E, Stergiou A, Stergioudis G. The effect
of bismuth on the structure of zinc hot-dip galvanized coatings. Materials Letters.
2007;61(4):994-997. DOI: 10.1016/j.matlet.2006.06.029

Kargin YF, Ivicheva S, Buslaeva EY, Kuvshinova T, Volodin V, Yurkov GY. Preparation
of bismuth nanoparticles in opal matrices through reduction of bismuth compounds
with supercritical isopropanol. Inorganic Materials. 2006;42(5):487-490. DOI: 10.1134/
5002016850

Liu G, Li S, Lu 'Y, Zhang J, Feng Z, Li C. Controllable synthesis of a-Bi O, and y-Bi,0O,
with high photocatalytic activity by a-Bi,O,—v-Bi,O,— a-Bi,O, transformation in a fac-
ile precipitation method. Journal of Alloys and Compounds. 2016;689:787-799. DOI:
10.1016/j.jallcom.2016.08.047

Valant M, Suvorov D. Dielectric characteristics of bismuth oxide solid solutions with a
fluorite-like crystal structure. Journal of the American Ceramic Society. 2004;87(6):1056-
1061. DOI: 10.1111/j.1551-2916.2004.01056.x

Yousefia M, Salavati-Niasarib M, Gholamiand F, Ghanbarie D, Aminifazl A. Polymeric
nanocomposite materials: Synthesis and thermal degradation of acrylonitrile-butadi-
ene-styrene/tin sulfide (ABS/SnS). Inorganica Chimica Acta. 2011;371:1-5

ShiL, GuD, Li W, Han L, Wei H, Tu B, Che R. Synthesis of monodispersed ultrafine Bi,S,
nanocrystals. Journal of Alloys and Compounds. 2011;509(38):9382-9386. DOL: 10.1016/j.
jallcom.2011.07.049

Sun Y, Cheng H, Gao S, Liu Q, Sun Z, Xiao C, Wu C, Wei S, Xie Y. Atomically thick
bismuth selenide freestanding single layers achieving enhanced thermoelectric energy
harvesting. Journal of the American Chemical Society. 2012;134(50):20294-20297. DOI:
10.1021/ja3102049

39



40 Bismuth - Advanced Applications and Defects Characterization

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

Taskin A, Sasaki S, Segawa K, Ando Y. Manifestation of topological protection in trans-
port properties of epitaxial Bi,Se, thin films. Physical Review Letters. 2012;109(6):066803.
DOI: 10.1103/PhysRevLett.109.066803

Teweldebrhan D, Goyal V, Balandin AA. Exfoliation and characterization of bis-
muth telluride atomic quintuples and quasi-two-dimensional crystals. Nano Letters.
2010;10(4):1209-1218. DOI: 10.1021/n1903590b

Goldsmid HJ. The electrical conductivity and thermoelectric power of bismuth telluride.
Proceedings of the Physical Society. 1958;71(4):633. DOI: 10.1088/0370-1328/71/4/312

Yamashita O, Tomiyoshi S, Makita K. Bismuth telluride compounds with high ther-
moelectric figures of merit. Journal of Applied Physics. 2003;93(1):368-374. DOIL:
10.1063/1.1525400

Liu Z, Yan F. The application of bismuth-based oxides in organic-inorganic hybrid pho-
tovoltaic devices. Journal of the American Ceramic Society. 2012;95(6):1944-1948. DOI:
10.1111/j.1551-2916.2012.05088.x

Peng H, Chan CK, Meister S, Zhang XF, Cui Y. Shape evolution of layer-structured
bismuth oxychloride nanostructures via low-temperature chemical vapor transport.
Chemistry of Materials. 2008;21(2):247-252. DOI: 10.1021/cm802041g

Zhang ], Shi F, Lin J, Chen D, Gao ], Huang Z, Ding X, Tang C. Self-assembled 3-D
architectures of BiOBr as a visible light-driven photocatalyst. Chemistry of Materials.
2008;20(9):2937-2941. DOI: 10.1021/cm7031898

Zhang K-L, Liu C-M, Huang F-Q, Zheng C, Wang W-D. Study of the electronic struc-
ture and photocatalytic activity of the BiOCl photocatalyst. Applied Catalysis B:
Environmental. 2006;68(3):125-129. DOI: 10.1016/j.apcatb.2006.08.002

Liu Q-C, Ma D-K, Hu Y-Y, Zeng Y-W, Huang S-M. Various bismuth oxyiodide hierar-
chical architectures: Alcohothermal-controlled synthesis, photocatalytic activities, and
adsorption capabilities for phosphate in water. ACS Applied Materials & Interfaces.
2013;5(22):11927-11934. DOI: 10.1021/am4036702

Duo F, Wang Y, Mao X, Zhang X, Wang Y, Fan C. A BiPO,/BiOCl heterojunction pho-
tocatalyst with enhanced electron-hole separation and excellent photocatalytic perfor-
mance. Applied Surface Science. 2015;340:35-42. DOI: 10.1016/j.apsusc.2015.02.175

Zhu Y, Liu Y, Lv Y, Ling Q, Liu D, Zhu Y. Enhancement of photocatalytic activity for
BiPO, via phase junction. Journal of Materials Chemistry A. 2014;2(32):13041-13048.
DOI: 10.1039/C4TA01807A

Ling CD, Johnson M. Modelling, refinement and analysis of the “type III” d-Bi,O,-
related superstructure in the Bi,O,-Nb,O, system. Journal of Solid State Chemistry.
2004;177(6):1838-1846

Sayama K, Nomura A, Arai T, Sugita T, Abe R, Yanagida M, Oi T, Iwasaki Y, Abe Y,
Sugihara H. Photoelectrochemical decomposition of water into H, and O, on porous



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Bismuth-Based Nanoparticles as Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.75104

BiVO, thin-film electrodes under visible light and significant effect of Ag ion treatment.
The Journal of Physical Chemistry B. 2006,110(23):11352-11360. DOI: 10.1021/jp057539+

Xu L, Wei Y, Guo W, Guo Y, Guo Y. One-pot solvothermal preparation and enhanced
photocatalytic activity of metallic silver and graphene co-doped BiVO, ternary systems.
Applied Surface Science. 2015;332:682-693. DOI: 10.1016/j.apsusc.2015.01.235

Zhang L, Tan G, Wei S, Ren H, Xia A, Luo Y. Microwave hydrothermal synthesis and pho-
tocatalytic properties of TiO,/BiVO, composite photocatalysts. Ceramics International.
2013;39(8):8597-8604. DOI: 10.1016/j.ceramint.2013.03.106

Mahmoud WE, Al-Ghamdi A. Synthesis and properties of bismuth oxide nanoshell
coated polyaniline nanoparticles for promising photovoltaic properties. Polymers for
Advanced Technologies. 2011;22(6):877-881. DOI: 10.1002/pat.1591

Raza W, Bahnemann D, Muneer M. A green approach for degradation of organic pollut-
ants using rare earth metal doped bismuth oxide. Catalysis Today. 2018;300:89-98. DOI:
10.1016/j.cattod.2017.07.029

Cho M, Chung H, Choi W, Yoon ]. Linear correlation between inactivation of E. coli
and OH radical concentration in TiO, photocatalytic disinfection. Water Research.
2004;38(4):1069-1077. DOI: 10.1016/j.watres.2003.10.029

Dalrymple OK, Stefanakos E, Trotz MA, Goswami DY. A review of the mechanisms
and modeling of photocatalytic disinfection. Applied Catalysis B: Environmental.
2010;98(1):27-38. DOLI: 10.1016/j.apcatb.2010.05.001

Som T, Troppenz GV, Wendt R, Wollgarten M, Rappich ], Emmerling F, Rademann K.
Graphene oxide/a-Bi,O, composites for visible-light photocatalysis, chemical cataly-
sis, and solar energy conversion. ChemSusChem. 2014;7(3):854-865. DOI: 10.1002/
€s5¢.201300990

Kulsi C, Ghosh A, Mondal A, Kargupta K, Ganguly S, Banerjee D. Enhanced photo
catalytic performance of nickel doped bismuth selenide under visible light irradiation.
Materials Research Express. 2017;4(3):035902. DOI: 10.1088/2053-1591/aa61ad

DuM, Xiong S, Wu T, Zhao D, Zhang Q, Fan Z, Zeng Y, Ji F, He Q, Xu X. Preparation of a
microspherical silver-reduced graphene oxide-bismuth vanadate composite and evalua-
tion of its photocatalytic activity. Materials. 2016;9(3):160. DOI: 10.3390/ma9030160

Qu T, Huanyan X. Photocatalytic degradation of methyl orange over BiOCIxBrl-x
(0<x<1) solid solutions. International Conference on Mechatronics, Electronic, Industrial
and Control Engineering (MEIC); 2014

Liu H, Cao W-R, Su Y, Chen Z, Wang Y. Bismuth oxyiodide—graphene nanocomposites
with high visible light photocatalytic activity. Journal of Colloid and Interface Science.
2013;398:161-167. DOI: 10.1016/}.jcis.2013.02.007

Rajagopal R, Krishnan R, Ramasubbu A, Kamaludeen BA, editors. Synthesis of Bi,WO,-
RGO Nanocomposite for Photocatalytic Application. Smart Sensors and Systems
(IC-SSS), International Conference on. IEEE; 2015

41



42

Bismuth - Advanced Applications and Defects Characterization

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Tian N, Huang H, Zhang Y, He Y. Enhanced photocatalytic activities on Bi,0,CO,/
ZnWO, nanocomposites. Journal of Materials Research. 2014;29(5):641-648. DOIL:
10.1557/jmr.2014.29

Raizada P, Kumari ], Shandilya P, Dhiman R, Singh VP, Singh P. Magnetically retrievable
Bi,WO /Fe, O, immobilized on graphene sand composite for investigation of photocata-
lytic mineralization of oxytetracycline and ampicillin. Process Safety and Environment
Protection. 2017;106:104-116. DOL: 10.1016/j.psep.2016.12.012

Xue Z, Wang T, Chen B, Malkoske T, Yu S, Tang Y. Degradation of tetracycline with
BiFeO, prepared by a simple hydrothermal method. Materials. 2015;8(9):6360-6378. DOI:
10.3390/ma8095310

Yan DY-S, Lam FL. Development of a novel photocatalyst for the advanced antibiotic
oxidation of wastewater. SpringerPlus. 2015;4(S2):07. DOI: 10.1186/2193-1801-4-52-O7

Zhang X, LiR, JiaM, Wang S, Huang Y, Chen C. Degradation of ciprofloxacin in aqueous
bismuth oxybromide (BiOBr) suspensions under visible light irradiation: A direct hole
oxidation pathway. Chemical Engineering Journal. 2015;274:290-297. DOI: 10.1016/;.
cej.2015.03.077

Zhang T, Chu S, Li ], Wang L, Chen R, Shao Y, Liu X, Ye M. Efficient degradation of aque-
ous carbamazepine by bismuth Oxybromide-activated peroxide oxidation. Catalysts.
2017;7(11):315. DOI: 10.3390/catal7110315

Chu X, Shan G, Chang C, Fu Y, Yue L, Zhu L. Effective degradation of tetracycline by
mesoporous Bi, WO, under visible light irradiation. Frontiers of Environmental Science
& Engineering. 2016;10(2):211-218. DOI: 10.1007/s11783-014-0753-y

Guan D-L, Niu C-G, Wen X-J, Guo H, Deng C-H, Zeng G-M. Enhanced Escherichia coli
inactivation and oxytetracycline hydrochloride degradation by a Z-scheme silver iodide
decorated bismuth vanadate nanocomposite under visible light irradiation. Journal of
Colloid and Interface Science. 2018;512:272-281. DOI: 10.1016/j.jcis.2017.10.068

Booshehri AY, Goh SC-K, Hong ], Jiang R, Xu R. Effect of depositing silver nanoparticles
on BiVO 4 in enhancing visible light photocatalytic inactivation of bacteria in water.
Journal of Materials Chemistry A. 2014;2(17):6209-6217. DOI: 10.1039/C3TA15392D

Zhang L-S, Wong K-H, Yip H-Y, Hu C, Yu JC, Chan C-Y, Wong P-K. Effective photo-
catalytic disinfection of E. coli K-12 using AgBr-Ag-Bi,WO, nanojunction system irradi-
ated by visible light: The role of diffusing hydroxyl radicals. Environmental Science &
Technology. 2010;44(4):1392-1398. DOI: 10.1021/es903087w

Ren A, Liu C, Hong Y, Shi W, Lin S, Li P. Enhanced visible-light-driven photocata-
lytic activity for antibiotic degradation using magnetic NiFe,O,/Bi,O, heterostructures.
Chemical Engineering Journal. 2014;258:301-308. DOI: 10.1016/j.cej.2014.07.071

Zhang Y, Zhu Y, Yu ], Yang D, Ng TW, Wong PK, Jimmy CY. Enhanced photocatalytic
water disinfection properties of Bi; MoO,-RGO nanocomposites under visible light irra-
diation. Nanoscale. 2013;5(14):6307-6310. DOI: 10.1039/C3NR01338C



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Bismuth-Based Nanoparticles as Photocatalytic Materials
http://dx.doi.org/10.5772/intechopen.75104

Neatu $, Macia-Agullo JA, Garcia H. Solar light photocatalytic CO, reduction: General
considerations and selected bench-mark photocatalysts. International Journal of
Molecular Sciences. 2014;15(4):5246-5262. DOI: 10.3390/ijms15045246

Wang W-N, Soulis ], Yang Y], Biswas P. Comparison of CO, photoreduction sys-
tems: A review. Aerosol and Air Quality Research. 2014;14(2):533-549. DOI: 10.4209/
aaqr.2013.09.0283

Kanhere P, Chen Z. A review on visible light active perovskite-based photocatalysts.
Molecules. 2014;19(12):19995-20022. DOI: 10.3390/molecules191219995

Raja K, Smith Y, Kondamudi N, Manivannan A, Misra M, Subramanian VR. CO, pho-
toreduction in the liquid phase over Pd-supported on TiO, nanotube and bismuth
titanate photocatalysts. Electrochemical and Solid-State Letters. 2011;14(5):F5-F8. DOI:
10.1149/1.3543567

BaiY, Ye L, Chen T, Wang P, Wang L, Shi X, Wong PK. Synthesis of hierarchical bismuth-
rich Bi,0,Brx 12-x solid solutions for enhanced photocatalytic activities of CO 2 con-
version and Cr (VI) reduction under visible light. Applied Catalysis B: Environmental.
2017;203:633-640. DOI: 10.1016/j.apcatb.2016.10.066

Chen ], Qin S, Song G, Xiang T, Xin F, Yin X. Shape-controlled solvothermal synthe-
sis of Bi,S, for photocatalytic reduction of CO, to methyl formate in methanol. Dalton
Transactions. 2013;42(42):15133-15138. DOI: 10.1039/C3DT51887F

Palanichamy V, Frites M, Khan S. Conversion of CQO, to methanol in aqueous medium on
visible light active BiVO,, Cu BiVO, photocatalysts and in CM-n-TiO,-cu PEC by simul-
taneous electron and proton transfer reactions. Energy Production and Management
in the 21st Century II: The Quest for Sustainable Energy. 2016,205:213. DOI: 10.2495/
EQ160201

Balat M. Potential importance of hydrogen as a future solution to environmental and
transportation problems. International Journal of Hydrogen Energy. 2008;33(15):4013-
4029. DOI: 10.1016/j.ijhydene.2008.05.047

Hsieh S, Lee G, Davies S, Masten S, Wu J. Synthesis of Cr,O, and Pt doped RuO,/Bi,O,
photocatalysts for hydrogen production from water splitting. American Journal of
Environmental Engineering. 2013;3(3):115-120. DOI: 10.5923/;.ajee.20130303.01

Adhikari SP, Hood ZD, More KL, Ivanov I, Zhang L, Gross M, Lachgar A. Visible light
assisted photocatalytic hydrogen generation by Ta,0O,/Bi,O, TaON/Bi,O,, and Ta,N,/
Bi,O, composites. RSC Advances. 2015;5(68):54998-55005. DOI: 10.1039/C5RA06563A

Hsieh S, Lee G, Chen C, Chen ], Ma S, Horng T, Chen K, Wu ]. Synthesis of Pt doped
Bi,0,/RuO, photocatalysts for hydrogen production from water splitting using visible
light. Journal of Nanoscience and Nanotechnology. 2012;12(7):5930-5936. DOI: 10.1166/

jnn.2012.6396

Sharmin R, Ray MB. Application of ultraviolet light-emitting diode photocatalysis
to remove volatile organic compounds from indoor air. Journal of the Air & Waste
Management Association. 2012;62(9):1032-1039. DOI: 10.1080/10962247.2012.695760

43



44 Bismuth - Advanced Applications and Defects Characterization

[69]

[70]

[71]

[72]

[73]

[74]

(73]

Zhao Z, Zhang W, Lv X, Sun Y, Dong F, Zhang Y. Noble metal-free bi nanoparticles
supported on TiO 2 with plasmon-enhanced visible light photocatalytic air purification.
Environmental Science: Nano. 2016;3(6):1306-1317. DOI: 10.1039/C6EN00341A

Ai Z, Ho W, Lee S, Zhang L. Efficient photocatalytic removal of NO in indoor air
with hierarchical bismuth oxybromide nanoplate microspheres under visible light.
Environmental Science & Technology. 2009;43(11):4143-4150. DOI: 10.1021/es9004366

LiuY, Yu S, Zhao Z, Dong F, Dong X a, Zhou Y. N-doped Bi,O,CO,/graphene quantum
dot composite photocatalyst: Enhanced visible-light photocatalytic NO oxidation and
in situ DRIFTS studies. The Journal of Physical Chemistry C. 2017. DOI: 10.1021/acs.
jpcc.7b02285

Feng X, CuiW, Zhong], LiuX, DongF, Zhang Y. Enhanced visiblelight photocatalyticactiv-
ity of Br-doped bismuth oxide formate nanosheets. Molecules. 2015;20(10):19189-19202

Sun ], Li X, Zhao Q, Ke ], Zhang D. Novel V,0,/BiVO,/TiO, nanocomposites with high
visible-light-induced photocatalytic activity for the degradation of toluene. The Journal
of Physical Chemistry C. 2014;118(19):10113-10121. DOI: 10.1021/jp5013076

Boonprakob N, Chomkitichai W, Ketwaraporn ], Wanaek A, Inceesungvorn B,
Phanichphant S. Photocatalytic degradation of phenol over highly visible-light active
BiOI/TiO, nanocomposite photocatalyst. Engineering Journal. 2017;21(1):81-91. DOL:
10.4186/€j.2017.21.1.81

Xu J-J, Chen M-D, Fu D-G. Preparation of bismuth oxide/titania composite particles and
their photocatalytic activity to degradation of 4-chlorophenol. Transactions of Nonferrous
Metals Society of China. 2011;21(2):340-345. DOI: 10.1016/51003-6326(11)60719-X



Chapter 3

Recent Advances in BiVO,- and Bi,Te;-Based Materials
for High Efficiency-Energy Applications

Phuoc Huu Le, Nguyen Trung Kien and
Chien Nguyen Van

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75613

Abstract

This chapter provides recent progress in developments of BiVO,- and Bi,Te,-based
materials for high efficiency photoelectrodes and thermoelectric applications. The self-
assembling nanostructured BiVO 4—based materials and their heterostructures (e.g., WOS/
BiVO,) are developed and studied toward high efficiency photoelectrochemical (PEC)
water splitting via engineering the crystal and band structures and charge transfer pro-
cesses across the heteroconjunctions. In addition, crystal and electronic structures, opti-
cal properties, and strategies to enhance photoelectrochemical properties of BiVO, are
presented. The nanocrystalline, nanostructured Bi,Te,-based thin films with controlled
structure, and morphology for enhanced thermoelectric properties are also reported and
discussed in details. We demonstrate that BiVO,-based materials and Bi,Te,-based thin
films play significant roles for the developing renewable energy.

Keywords: BiVO,, bismuth telluride (Bi,Te,), photoelectrochemical (PEC) water
splitting, thermoelectrics, pulsed laser deposition

1. Bismuth vanadate (BiVO,) material: a highly promising
photoanode for use in solar water oxidation

The photoelectrochemical (PEC) water splitting, which uses semiconductors to directly harvest
and convert the abundant solar energy into storable and friendly environmental energy in the
form of hydrogen and oxygen from water, has been regarded as a promising approach to solve
our current energy challenges [1-6]. The PEC cell for energy conversion on a global scale requires
the development of devices that are highly efficient, stable, and simple in design. The effective
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and economic energy transfer technologies are still under developing stage for more than
40 years. The PEC water splitting becomes more competitive as the cost continues to decrease
with the development of nanotechnology, which offers the use of new nano-heterostructure
photocatalysts. The current direction along this research field focuses on the development of
high efficiency photoelectrodes based on metal oxides due to their high chemical and photosta-
bility, low cost, and ease of fabrication. Among these interesting and important photoelectrode
materials for PEC, BiVO, is demonstrated as a promising photocatalyst for PEC water splitting.
Originally, the BiVO, was intensively studied as a ferroelasticity, acoustic-optical, and ionic
conductivity materials [7]; however, recently most studies focus on its photocatalytic activity
owing to its direct bandgap of ~2.5 eV together with the desirable band edges and good stability
[8-11]. Additionally, the theoretical solar-to-hydrogen conversion efficiency of the monoclinic
BiVO, could reach 9.2% with a maximum photocurrent of 7.5 mA cm™ under standard AM 1.5
solar light irradiation, which is significantly higher than those of the common metal oxides, and
thus the monoclinic BiVO, has been recognized as one of the most promising photoanode mate-
rials for PEC water splitting [1]. However, its photoactivity performance is limited by its poor
electrical conductivity, slow hole transfer kinetics for water oxidation, and poor charge separa-
tion [12]. A concise overview of BiVO, electronic and optical properties as well as the alternative
strategies to improve its photocatalytic activities is discussed in this section.

2. Crystal and electronic structures of bismuth vanadate

The synthesis BiVO, crystallizes in three main crystal structures of tetragonal scheelite, mono-
clinic phase, and tetragonal zircon structure. The photocatalytic activities of BiVO, strongly
depend on the optical properties of each crystal structure. Among these structures, the mono-
clinic scheelite BiVO, was demonstrated to exhibit the highest photocatalytic water oxidation
under visible light illumination [13]. The higher photocatalytic activity of the monoclinic schee-
lite was attributed to its smaller energy band gap and higher crystal distortion, which enhance
the optical absorption and the electron-hole separation [14]. The conduction-band minimum of
BiVO, is formed mainly by V 3d, which splits into triplet bands V 3d x*-y*/z* V 3d z*/zx, and V 3d
zy/xy [15]. The valence band (VB) of tetragonal zircon structure BiVO, is formed by O 2p orbital,
but the top region of VB of monoclinic structure is formed by both Bi 6 s and O 2p orbitals. It
was demonstrated that Bi 6 s is located above O 2p and the smaller bandgap of monoclinic BiVO,
attributes to the transition from the 6 s electrons of Bi to the 3d orbital of V [14, 16]. Recently, Zou
et al. demonstrated that the crystal distortion in monoclinic BiVO, improves the lone-pair impact
of Bi 6 s states which raises up the O 2p states and reduces the bandgap [17]. In addition, the
monoclinic scheelite structure possesses the better electron-hole separation owing to its higher
degree of structural distortion than that in the tetragonal scheelite structure to result in enhanced
photocatalytic activity for the monoclinic structure. In addition, the conduction-band edge of
BiVO, is only slightly below the H+/H2 redox potential, while its valence band is much below the
oxidation potential of water resulting in low required external bias [15].

In order to investigate the experimental crystal and electronic structure of monoclinic BiVO,,
the single crystal BiVO,, which possesses good crystallinity and eliminates the structural and
electronic defects as well as impurity phases, is required. The vacuum deposition such as
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sputtering, molecular beam epitaxy, and pulsed laser deposition for the single crystal mono-
clinic BiVO, has been developed recently [18-20]. A good lattice match (mismatch less than
1%) of cubic yttrium-stabilized zirconia (YSZ, a = 5.145 A) was used as substrate for epitaxial
growth of high-quality epitaxial monoclinic BiVO, (a = 5.1935 A, b=50898 A, c=11.6972,
v =90.3871) films. The X-ray diffraction 620 scan (Figure 1a) shows only high intensity and
sharp (00 1) reflections of monoclinic BiVO, phase indicating that growth was c-axis oriented:
BiVO, (001) || YSZ (001). The high-resolution TEM image (the inset of Figure 1) reveals the

=]
oy

Intensity (a. u.)

BV (MM

24 (degree)

Figure 1. (a) XRD 20/0 scans of BiVO, film grown on YSZ substrate, and the inset shows HR-TEM image of BiVO,; (b)
atomic model of BiVO,/ YSZ heteroconjunction.
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Figure 2. Photoluminescence taken under the irradiation of 325 nm laser at room temperature (green curve) and UV-Vis
absorption spectrum (red curve) of BiVO, epitaxial film.
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in-plane and out-of-plane lattice parameters of the BiVO, with d,, = 2.53 A and dy, =581 A
which are in good agreement with the lattice constants of the bulk monoclinic BiVO,. The
orientation and growth direction of BiVO, crystal were identified and constructed in the cor-

responding atomic model as shown in Figure 1b.

The electronic structural properties of single crystal BiVO, were investigated by the photo-
luminescence (PL) spectroscopy and UV-Visible spectroscopy. Figure 2 presents the PL and
UV-Vis absorption spectra of a single crystal BiVO, film. As presented in the UV-Vis absorp-
tion spectrum, the observed absorption in the range of 440-480 nm corresponding to the
bandgap of ~2.67 eV could attribute to the transition from the 6 s electrons of Bi (or the hybrid
orbital of Bi 6 s and O 2p) to the empty 3d x>-y?*/z? orbital of V, which is consistent with emis-
sion peak of 2.65 eV in the PL spectrum. The second absorption band edge of approximately
3.15 eV and the second PL emission peak at 3.1 eV could be ascribed to the electron transition
from O 2p valence band to V 3d z?/zx and/ or V 3d zy/xy orbitals.

3. Strategies to enhance photoelectrochemical properties of BiVO,

The development of suitable techniques to fabricate high efficiency BiVO, photoelectrode for
PEC water spitting is crucial. To date, there are many methods, which have been developed to
prepare BiVO, photoelectrodes for use in solar water oxidation. The representative synthesis
methods are (1) metal organic decomposition (MOD) combining with the spin coating or spray
pyrolysis deposition [21-23], (2) electrophoretic deposition (EPD) and chemical bath deposition
(CBD) [24-27], and (3) vacuum deposition methods such as sputtering deposition and pulsed
laser deposition (PLD) [18-20, 28-29]. The MOD is a facile method to synthesize BiVO, materi-
als for photoelectrodes. The main advantages of the MOD method are the easy composition tun-
ing and morphology engineering. However, the existence of crystal and surface defect and low
adhesion between BiVO, and conducting substrate could limit its performance. The EPD and
CBD methods are simple, have low cost, and are easy to scale up. The vacuum deposition is a
powerful method to synthesize good crystalline BiVO, photoelectrodes. The samples prepared
by this method could easily control the doped composition; could facilely tune the crystalline in
form of amorphous, polycrystalline, and single crystalline; and possess a good adhesion.

As described above, BiVO, has many advantages features, however, the actual PEC perfor-
mance of undoped BiVO, is still far below its theoretical value, indicating that its advantages
have not been fully developed. Many research groups have improved photoelectrochemical
water oxidation by the introduction of (1) controlled morphologies, (2) forming nanocompos-
ite structure, (3) doping, and (4) decorating with cocatalysts [30]. A summary of advantages
and alternative strategies to enhance photoelectrochemical properties of BiVO, was depicted
in Figure 3. The best PEC performance of BiVO, photoelectrodes that has been demonstrated
to date is a combination of several above strategies to take advantages of high surface area,
high electron mobility, high water oxidation kinetics, and low charge carrier recombination.
Therefore, understanding the benefits and disadvantages of each strategy could provide an
effective way to enhance the PEC properties.
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First, the morphologies of BiVO, photoelectrode such as shape, size, and particle contact
strongly effect on their interfacial energetics, kinetics, and charge transport properties as
well as reactive sites. Because the electrochemical reactions only occur at the electrode-
electrolyte interfacial area, the photogenerated electron-hole needs to be transferred to the
surface for the reactions. Thus, the development of high surface area photoelectrodes is nec-
essary. The porous structure and one-dimensional nanostructure such as nanorod/nanowire
arrays reveal high surface areas per electrode volume, which directly improves the PEC
efficiency. The high efficient PEC devices based on the BiVO, porous structure and the one-
dimensional nanostructures have been reported by many research groups [31-34]. However,
creating more porosity or smaller nanorod/nanowire structures to improve surface area
could increase the defect site, increase grain boundaries, and reduce crystallinity leading
reduction photocatalytic activity [35]. In addition, with hole diffusion length of ~100 nm and
carrier mobility of 0.044 cm? V2 s7! [36], the length and thickness of nanostructure should
be finely optimized to maximum light absorption and photogenerated charge carrier trans-
port. Furthermore, researchers have recently demonstrated that the charge separation and
photoactivity properties are closely related to the exposed crystal facet of BiVO, photocata-
lysts [8-9, 37-39]. Therefore, an optimized design and morphological control of crystal facets
could improve the PEC performance.
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Figure 3. The advantages and strategies to enhance photoelectrochemical properties of BiVO,.
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Second, nanocomposites provide a powerful route to overcome limitations in the current
studies of single material systems for water splitting, where the photoelectrochemical per-
formance of photoelectrode can be significantly improved by the choice of proper interac-
tions of constituents. The construction of nanocomposite consisting of BiVO, and addition
semiconductor/or conductor can improve the optical absorption, charge carrier separation,
and charge transport processes. Combination of BiVO, with additional metal oxide semicon-
ductors could enhance overall photon absorption and improve electron-hole separation by
the rapid photogenerated electron and hole injections at their heterojunctions and extension
the optical absorption range. Many BiVO,-based heterostructures have been fabricated suc-
cessfully such as TiO,/BiVO,, Ag PO, /BiVO,, Bi,S /BiVO,, g-C3N4/BiVO,, BiVO,/5nO,, WO,/
BiVO,, BiOCl/BiVO,, Fe,0,/BiVO,, Cu,0/BiVO,, and ZnO/BiVO, [40-43]. Among them, the
WO, is a commonly coupled semiconductor with BiVO, because it is a stable n-type semicon-
ductor with better electron transport properties than the BiVO, and a suitable conduction-
band edge for facile electron injection from conduction band of BiVO, [29, 44-46].

Recently, we reported a self-assembled nanocomposite photoanode composed of epitaxial
BiVO, matrix embedded with WO, mesocrystal for photoelectrochemical application in the
visible light regime using PLD [29]. By taking the advantage of the structural feature of this
heterostructure, the well-defined crystal facet and interface between WO, and BiVO, phases
provide a template for the fundamental understanding of photoactivity in the nanocompos-
ite. The BiVO,-WQO, crystal structure details were investigated by XRD and TEM as shown
in Figure 4. The XRD 20-0 scans, in-plane ®-scans, and reciprocal space map results clearly
show that BiVO, and WO, spontaneously separated into two single phases during the depo-
sition with an in-plane orientation relationship as [100],,, //[110],,, //[001],,,. Both mono-
clinic BiVO, and orthorhombic WO, phases exhibit two sets of structural domains, which are
separated by a 90° rotation around c-axis. The microstructure and the epitaxial relationship of
BiVO,-WO, heterostructure were further investigated as displayed in Figure 4(b—e), which are
in an excellent agreement with the XRD analyses. The self-assembled mesocrystal-embedded
heterostructure that composed WO, and BiVO, phases is illustrated in Figure 4g. The energy
band alignment of BiVO,-WO, heterojunction illustrated using X-ray photoelectron spectros-
copy technique shows that the valence band maxima of WO, lies 0.55 eV below that of BiVO,
and the conduction-band minimum of WO, lies 0.25 eV below that of BiVO,. This energy band
structure could favor the enhancement of photogenerated charge carrier separation, which
was further confirmed by photoluminescence and ultrafast transient absorption spectrosco-
pies. Figure 5 shows Nyquist electrochemical impedance spectroscopy and Mott-Schottky
analysis for the BiVO,-WO, photoelectrodes. The results demonstrated a much higher elec-
tron conductivity of WO, with carrier densities of 9.68 x 10’ cm™ under light illumination
than BiVO,. Therefore, the BiVO, matrix serves as the light absorber due to its narrow band-
gap, and the WO, mesocrystal acts as an electron conductor owing to its high electron conduc-
tivity resulting in a significantly enhanced photoelectrochemical performance.

Further example could be observed in the double-deck inverse opal WO,/BiVO, structure that
could reach a photocurrent density of 3.3 mA/cm? at 1.23 V versus RHE and the core-shell WO,/
BiVO, helix nanostructure, in which BiVO, was doped with Mo and naturally doped with W
from the WO, core, exhibits a high photocurrent density of 3.6 mA/cm? at 1.23 V versus RHE [34,
47]. More recently, the highest photocurrent density of 6.72 mA/cm? at 1.23 V versus RHE for
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Figure 4. Structure characterization of BiVO,-WO, nanocomposite. (a) X-ray diffraction 26-0 scans of pure WO,, BiVO,,
and the BiVO,-WO, nanocomposite showing only (00 ) type peaks of BiVO, and WO,. Inset shows XRD ¢-scans of
YSZ (220), BiVO, {013}, and WO, {022} reflections for BiVO,-WO, heterostructure. (b-e) Cross-sectional TEM images of
BiVO,-WO, (BVO-WO) nanocomposite taken along [010],, zone axis. The enlarged images taken from the marked areas
of (d) BiVO, and (e) WO, showing their out-of-plane and in-plane d-spacing parameters. (f) X-ray reciprocal space maps
(RSMs) of the composite grown on ITO/YSZ. (g) Illustration of self-assembled BiVO,-WO, nanocomposite [29].
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Figure 5. (a) The Nyquist plots and (b) the Mott-Schottky plots for the WO,, BiVO,, and BiVO,-WO, photoelectrodes in
0.5 M Na,SO, solution under AM 1.5 illumination [29].
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BiVO,-based photoelectrode was obtained in the CoPi-coated WO,/BiVO, core-shell nanorods
[21]. The high efficiency photoelectrode was attributed to the superior charge carrier separation
and efficient light scattering. In addition, by coupling with a conductor such as reduced graphene
oxide and carbon nanotubes, the photocurrent density of the composite electrodes was improved
significantly compared to those of the corresponding BiVO, electrodes which could attribute to
the enhancement of charge separation and transport properties [49-57]. However, due to the low
crystallinity of BiVO, as well as the poor BiVO,-conductor and conductor-substrate contact in
these nanocomposites, it needs to be further developed to improve the PEC performance.

Third, doping with the metal (such as W, Fe, B, Cu, Zn, Ti, Nb, Sn, Co, Pd, Rb, Ru, Ag, Ga, Sr,
and Ir) or nonmetal (such as P and N) materials can change the electrical and optical proper-
ties of BiVO,. Among them, only Mo- and W-doped BiVO, show a significantly enhanced
photocurrent and IPCE [21]. The intentional introduction of n-type conductivity W and/or
Mo atoms does not change the bandgap energy and band edge positions of doped-BiVO,;
however, it can increase the charge carrier density and the electrical conductivity. A suitable
doping concentration of Mo and/or W results in significant improvement PEC performance
of BiVO, [54-56]. On the other hand, P doping forms an internal electric field which may
improve the photogenerated electron-hole separation. However, it is noted that the doping
could induce trap carrier which can enhance charge carrier recombination and reduce the
charge transport [35]. Therefore, the optimum doping concentration is a key factor to improve
the overall PEC performance of the photoelectrode.

Finally, decoration of BiVO, with various oxygen evolution catalysts (OECs) such as Co-P4,
Co,0,, RhO,, Pt, CoO, and FeOOH improves the kinetic for oxygen evolution and provides
unique active sites for catalytic reactions, thereby strongly enhanced the photocurrent den-
sity [3, 27, 40, 57-58]. In addition, it decreases the bias potential and improves the stability of
BiVO, photoanodes. Perhaps the most successful route in the development of high efficient
BiVO, photoelectrode for water oxidation is the modification of the BiVO,-semiconductor
nanocomposite surface with OECs. To date, the highest photocurrent density 6.72 mA/cm?

at 1.23 V versus RHE was obtained for the CoPi-coated WO,/BiVO, core-shell nanorods [48].

4. Introduction to thermoelectric bismuth-based materials and
applications

Thermoelectric (TE) materials are used in appliances such as heat pumps and power genera-
tors [59-63]. TE devices offer unique features of low environmental impact, no moving parts,
quiet operation, and high reliability. The performance of TE materials is determined by a
dimensionless figure of merit, ZT = a’0T/x, in which a, 0, T, and « are the Seebeck coefficient,
the electrical conductivity, absolute temperature, and the thermal conductivity, respectively.
A TE material must exhibit a high power factor (PF = a%c) and low thermal conductivity (k) to
achieve a high ZT value. However, it is challenging for enhancing the ZT value due to the cou-
pling among the TE parameters [62]: the relationship between a and the carrier concentration
n (expressed by lal~ n?? approximately [60]) limits the increase of the PF (=a’c), while the
proportional relationship between electrical conductivity and electronic thermal conductivity
(the Wiedemann-Franz law) restricts the enhancement of the o/« ratio.
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Bismuth (Bi)-based chalcogenide narrow-bandgap semiconductors such as Bi, Te,, Bi,Se,, Sb, Te,,
Bi,(Te Se, ), and (Bi Sb, ) Te, are of high interest [64—69]. They have been widely exploited
for Peltier coolers and thermoelectric generators at low temperature regime (<150°C) [70, 71].
Thanks to the extensive phonon scattering at grain boundaries, nanocrystalline and nanostruc-
tured Bi-based chalcogenide thin films have achieved reduced thermal conductivity [72-77].
However, the lattice imperfections and grain-boundary defects impair the electrical transport
properties of the films [72], which call for further investigations to improve PF or the electronic
part of ZT. Currently, enhancing the PF of Bi-based thin films is challenging due to not only
the coupling among TE material properties [60] but also the tendency of forming nonstoichio-
metric films at elevated substrate temperatures (T)) [78]. Numerous charge carriers arising from
vacancy defects of volatile elements can constrain the enhancement of |al; however, low carrier
concentrations can suppress electrical conductivity if carrier mobility (1) is poor.

The crystal structures of Bi,Se, and Bi,Te, are usually described by a hexagonal cell that con-
sists of 15 layers of atoms stacking along the c-axis with a sequence shown below [60], as
shown in Figure 6. -- SeV-Bi-Se®-Bi-Se® --- Se(V-Bi-Se@-Bi-Se --- SeM-Bi-Se®-Bi-Se® --- and
- TeW-Bi-Te@-Bi-Te® --- TeW-Bi-Te®-Bi-Te"---TeW-Bi-Te®-Bi-Te® --. The superscripts refer
to two different types of bonding for Se or Te atoms. The five-atomic-layer thick lamellae of
—(Se)-Bi-Se@-Bi-Se")- or —(Te)-Bi-Te@-Bi-Te)-is called quintuple layers, QLs. The Se(...
Se® or Te®...Te® refers to van der Waals force between Se and Te atoms, whereas the SeV-Bi
and Bi-Se® or Te"-Bi and Bi-Te® are ionic-covalent bonds. This weak binding between the
Se® — Se™ and Te®...Te® accounts for the easy cleavage of these materials perpendicular to
the c-axis and the anisotropic thermal and electrical transport properties. For example, the
thermal conductivity along the c-axis direction is ~0.7 Wm™K 7, while it is ~1.5 Wm™K * for
the plane perpendicular to the c-axis [79].

Thin-film technology is advantageous for obtaining nanocrystalline and nanostructured
materials by adjusting deposition conditions and subsequent thermal treatments. The exten-
sive phonon scattering at grain boundaries in the nanostructures causes a large reduction
in thermal conductivity while maintaining reasonable electrical conductivity, leading to
enhanced ZT. Among physical vapor deposition techniques, PLD offers a great versatility
in the fabrication of films with multielement stoichiometry and with a variety of structures,
from amorphous or nanostructured to polycrystalline or even epitaxial [66-68, 76, 77, 80, 81].
Thin-film TE devices offer some distinctive advantages.

First, a thin-film device has the natural advantage of a small volume (thickness of <10 pm,
length and width of ~100 pm) as compared to size of millimeters for a bulk TE couple. As
a result, thin-film TE cooling can be integrated into microelectronic systems (Figure 7a). In
principle, the bulk device can be scaled down to micro sizes; however, fabrication processes
to do so are difficult.

Second, thin-film devices have a much shorter response time than bulk devices, as shown in
Figure 7¢ [59]. The thin-film device achieves the steady state in 15 us, while the bulk device requires
0.35 s [59]. This is a result of the response time associated with the transport of heat through the
thin film (micrometers) rather than through the millimeters associated with bulk devices.

Third, the thin-film device has the ability to handle much larger density of heat pumping
power than does the bulk device. Typically, bulk devices are working with pumping power
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Figure 6. The hexagonal structures of one unit cell of Bi,Se, and Bi,Te,.
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Figure 7. (a) An example for optoelectronics of the continuing reduction in package size. (b) A schematic of grain-
boundary scattering for thin-film materials with (i) disoriented-small grains and (ii) highly oriented large grains. (c)
The comparison of thermal/cooling time response of thin-film (~5 um) superlattice device and a bulk device [59]. (d)
Thermoelectric module performance chart which presents the temperature drop AT versus pumping power [83]. (e) A
commercial thin-film TE module. (f) Size comparison between a thin-film TE device and bulk TE device [83].

density lower than 10 W/cm? however, the pumping power density in a thin-film device is
on the order of hundreds of W/cm? [82]. Figure 7d illustrates a comparison performance chart
between thin-film and bulk TE modules, in which the load line represents the temperature
difference (AT) between the top and bottom substrate and possible pumping power density
(Q) for a given drive current of a TE module [83]. At the maximum drive current for a TE
module, the load line is determined by the maximum power density (Q,__ ) and the AT _ . For
a commercial example, under a given drive current, an eTEC™ Series thin-film TE module
(Laird technology) possesses a larger pumping power up to ten times (Figure 7e) and a com-
parable maximum temperature difference AT__ than the conventional bulk TE modules [83].

Fourth, the granular structure-morphology of thin films increases the grain-boundary scat-
tering which is helpful for suppressing «k and enhanced ZT values. Figure 7b represents the
roles of grain orientation and grain size in carrier mobility. The grains with the same col-
ors illustrate that they have the same/similar orientations. The grain-boundary scattering in
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Figure 7b(i) will be greater than that of the Figure 7b(ii) case because of its smaller grain size
and the greater grain disorientation. The effective mobility is given by [84]

Lg b,
Mo = rm kT eXP(‘ﬁ) @)

where g is the carrier charge, m’ is the effective mass, k is the Boltzmann constant, T is the
temperature, and ¢, is the grain-boundary potential barrier in the depletion region. In poly-
crystalline silicon, the potential barrier height is approximately twice as high at random
boundaries as at low-energy coincidence boundaries.

5. Thermoelectric properties of nanocrystalline and nanostructured
Bi,Te -based thin films

Thermoelectric Bi,Te,-based materials have played a dominant role in the field of thermoelectrics.
The traditional cooling materials are alloys of Bi,Te, with Sb, Te, (such as Bi .Sb, . Te,; p-type) and
of Bi,Te, with Bi,Se, (such as Bi,Te, Se,; n-type), with a ZT at room temperature approximately
equal to one [63]. Recently, nanocrystalline and nanostructured Bi,Te,-based thin films have
recently attracted great interests because of their superior TE performance [72-77, 80, 81, 85, 86].
The PF of Bi, Te, films was 8.8 uWem™ K™ for an (015)-oriented film with layered-hexagonal mor-
phology [85] and 33.7 uWem™ K2 for a highly (001)-oriented layered film [86]. Furthermore, the
hexagonal-Bi, Te, film grown using MBE obtained a PF of 27 uWem™ K [87], and the smooth-
epitaxial- Bi,Te, film prepared by co-evaporation achieved a PF of 39.9 uWem™ K= [88].

Despite fewer studies performed on thermoelectric Bi Se, as compared to Bi,Te,, a consider-
able amount of recent efforts to enhance TE performance has been devoted to the synthesis
of Bi,Se, nanostructures such as hexagonal flakes (PF = 0.28 uWcm™ K™?) [89] and nanoflakes
(PF = 0.97 uyWem™ K2) [90], using the solvo-thermal method and chemical bath deposition,
respectively. Moreover, the Bi,Se, film grown by metal organic-chemical vapor deposition
has reached a PF = 5.8 uWcm™ K2 [91]. In PLD, tightly controlling substrate temperatures (T))

(a) 300°C, 20 Pa Ar | (b} 250°C, 0.3 PaAr | (C) 500°C,33PaAr | (d) 850°C, 173 Pa Ar

e

Figure 8. The morphology and power factor (PF, unit uyWem™ K) of nanostructured Bi,Te, thin films grown by PLD at
various substrate temperatures and ambient pressures, reported by Chang and Chen [77].
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Figure 9. The morphology and power factor (PF, unit uyWem™ K2) of the optimal Bi, Te, and Bi,Se, thin films with layered
structures grown by PLD, reported in Refs. [66, 67, 80, 86].

and ambient pressures enable the morphologies and compositions of films to be manipulated
extensively, which offer a new method for enhancing the TE properties of films. For example,
self-assembled Bi,Te, films featuring well-aligned zero- to three-dimensional nanoblocks have
been fabricated (Figure 8), but the room temperature PFs of these films remain low (< 1.9
uWem™ K2) due to the low electrical conductivity of the voided structures [77].
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By contrast, the Bi,Te,-based thin films with compact and/or layered structures possess the high
electrical conductivities and relatively high Seebeck values if the films obtain stoichiometry. For
example, A. Li Bassi et al. reported a high PF of 50.6 uWem™ K for the layered-smooth Bi, Te, films
(Figure 9a) [80]. Similarly, the Bi,Te, films with layered-hexagonal grain structure exhibited a high
PF of 33.7 uWem™ K (Figure 9b) [86]. P.H. Le et al. found that the optimal PF films also pres-
ent compact-layered structures, namely, PF = 24.3 uyWem™ K for the Bi, Te, film (Figure 9¢) and
PF=5.54 uyWem™ K for the hexagonal Bi,Se, film (Figure 9d) [66, 67]. Usually, compact or layered
structure films obtain high carrier mobility than those with the open/voided nanostructures.

Table 1 summarizes thermal transport properties (at room temperature) of nanocrystalline-
nanostructured Bi,Te,-based thin films and bulk materials in the literature [62, 72-76, 87, 92].

Sample, fabrication Avg.grain k« (WmK) o(S/ a(uV/K) PF=o0a® (uW/ ZT Ref.
method size cm) cmK?) (300 K)
Bi,Te, Se, nanocrystalline 60 nm 0.8 540 -186.1(in-plane) 18.7(in-plane) 0.7 [72]
thin film, flash evaporation (cross-plane)
Sintered bulk Bi,Te, Se_ 30 um 1.6 930  -177.5 29.3 0.6
material, hot pressing
Nanocrystalline bismuth- 10 nm 0.61 550 -84.0 3.9 0.19 [73]
telluride-based (Bl,Te,,5¢) 57 1 o8 540 -138.1 10.3 0.46
thin film

60 nm 0.80 540  -186.1 18.7 0.70
Nanocrystalline Bi-Sb-Te 26 nm 0.46 33 — — — [75]
thin film, sputteri

o i, sputiering 4Snm 065 67  — - -

84 nm 0.81 333 - — —
Nanocrystalline BiSbTe 150 nm 0.6 — — — — [74]
(8:30:62) thin film, flash
evaporation
Single crystal BiSbTe bulk — 0.75 — — — — [62]
alloys
Bi,Te,/Sb,Te, superlattices — 0.4 — — — — [93]
(period ~5 nm)
Bi,Te,, ., bulk — 2.2 1000  -240 58 0.87 [62]
Bi,(Te, 4:Se, ), bulk — 1.59 901 -223 45 0.85 [62]
Bi,Te,/Bi,(Te,4Se, 1.), 80 nm 1.25 639 204 27 0.60 [87]
superlattice film, MBE
Bi,Te, films, laser ablation — 0.2-0.3 — — — — [92]
Bi Sb, Te, nanolayer film, 190 nm 1.16 2700 95 25 0.65 [76]
PLD
Bi Sb, Te, nanodisk film, 100 nm 1.00 1100 132 20 0.60
PLD
Bi Sb, Te, nanocolumn film, 70 nm 0.93 280 207 12 0.39
PLD

Table 1. Room temperature thermal transport properties of nanocrystalline-nanostructured Bi,Te,-based thin films and
bulk materials in the literature, including sample and fabrication method, average grain size, thermal conductivity x,
electrical conductivity o, Seebeck coefficient a, power factor PF (= ¢’0), and ZT (at 300 K).
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Generally, the thermal conductivity k value for polycrystalline films is expected to be smaller
than that of bulk alloys because of the contribution of grain-boundary scattering [62, 72, 74].
Moreover, the i of nanocrystalline Bi,Te,-based films will further decrease when the grain
size of decreases (k < 0.81 W/mK) [73, 75]. For Bi,Te,/Sb,Te, superlattice films, the coherent
backscattering of phonon waves at the superlattice interfaces is outlined for the reduction of
lattice thermal conductivity, resulting in the low x < 0.4 W/mK [93].

For PLD Bi,Te -based films, Walachova et al. [92] estimated « starting from direct ZT mea-
surement with the Harman method and found a value of about 0.2-0.3 W/mK for films with
a thickness comparable to our films (>100 nm). Recently, Chang et al. [76] reported the
between 0.93 and 1.16 W/mK for granular Bi Sb, Te, films. The reported i (at 300 K) of hex-
agonal flake Bi Se, was 0.75 W/mK.

6. Conclusion

We report the crystal, electronic structures, optical properties, and PEC activities of BiVO,-
based materials. Morphology engineering, cocatalyst loading, and doping with metal and
nonmetal composite structures are the approaches to fabricate high efficiency BiVO, photo-
electrode for PEC water spitting. In addition, the Bi,Te -based thin films with nanocrystalline
and nanostructured morphologies obtain the reduced thermal conductivity, meanwhile the
close stoichiometric films with layered structure morphologies exhibit high thermoelectric
power factors. BiVO,-based materials and Bi,Te -based thin films play significant roles for the
photoelectrode and thermoelectric applications.
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Abstract

Bismuth has gained attention in preclinical research because of its ability to attenuate
X-rays and high biocompatibility, which make it an excellent element for use in a biomed-
ical agent or in radiation shielding. Developments in the synthesis of elemental bismuth
nano- and microparticles, their X-radiation interactions, and their biological interactions
will be reviewed in this chapter. The chapter will pay special focus to emerging medical
applications of elemental bismuth nano- and microparticles, including the possibility of
targeted molecular X-ray imaging, photo-thermal and X-radiation dose enhancing thera-
pies for cancer treatment, and the construction of flexible radiation shielding materials
and X-ray opaque devices.

Keywords: bismuth nanomaterial, contrast agent, therapeutic, X-ray imaging, X-ray
shielding

1. Introduction to X-ray attenuating materials for medical
applications

Ionizing radiation is used in many minimally invasive surgical techniques and diagnostic
tests and is an invaluable tool for both its therapeutic and diagnostic benefit. Therapeutic radi-
ation is used to treat cancers by delivering high doses of ionizing radiation to solid tumors,
and diagnostic radiation imaging has been adapted for use in a broad range of medical dis-
ciplines including 2D conventional X-ray, 3D Computed Tomography (CT), and real-time
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X-ray fluoroscopy imaging. Furthermore, interventional radiology has become its own medi-
cal specialty, and in many cases, constitutes an entire department within a modern hospital.
Consequently, new materials to be used as X-ray contrast agents (XCAs), X-ray therapeu-
tics, and in radiation shielding garments, have become an intensifying subject of materials
research and development.

The X-ray attenuating and shielding properties of a given material are a function of the atomic
number, density, and electron configuration of the interacting material. Neglecting K-edge
effects, the general equation for the X-ray attenuation coefficient (1) of an element is described
in Eq. (1), where Z is atomic number, A is atomic mass, p is density, and E is the incident
photon energy [1].

Z4
u="t5 (1)

However, X-ray radiation interacts with materials not only through scattering, but also by
the photoelectric effect, which occurs at quantized energies characteristic of the atoms pres-
ent. Thus, a general relationship between atomic number or density and X-ray attenuation
is confounded by K-edge effects, where the K-edge is the energy of electrons in the K-shell
with principle quantum number equal to 1. When an incident X-ray is at this energy (e.g.,
90 keV for bismuth), it has a high probability of being absorbed, which results in a sharp
increase in attenuation of incident photons. Furthermore, diagnostic X-ray imaging is typi-
cally performed with an X-ray tube voltage between 10 and 150 kVp, dependent on anatomi-
cal characteristics such as specimen thickness, and utilizes an energetically broad range of
X-ray photons (Figure 1A) [2].

Including both scattering and photoelectric effects, plots of the calculated (i.e., theoretical)
mass attenuation as a function of X-ray tube voltage are shown in Figure 1B for tungsten,
lead and bismuth, where it can be seen that lead and bismuth have fairly similar X-ray atten-
uation per unit density over the majority of the incident photon range. In contrast, tungsten
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Figure 1. (A) The relative X-ray photon flux produced from a typical medical X-ray tube as a function of the X-ray tube
voltage (kVp) after aluminum filtering, which removes lower energy X-rays. (B) The mass attenuation coefficient (u/p)
for bismuth, lead, and tungsten is shown as a function of X-ray photon energy (keV).
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has a lower mass attenuation than lead or bismuth, except in the range of 70-88 keV, where
the K-edge effect increases the attenuation. However, keeping in mind that the incident
photon flux of a medical X-ray instrument is polychromatic and dependent on the X-ray
tube voltage, predicting quantitative contrast for compositionally different attenuating
materials used under different instrumental conditions is difficult. Nonetheless, it is gener-
ally true that high Z, dense materials will attenuate X-rays to a greater extent relative to
low Z, sparse materials, which makes inorganic nanoparticles attractive as X-ray imaging
agents and shielding materials. Nanoparticles of elements such as tungsten (Z = 74), gold
(2 =79), lead (Z = 82) and bismuth (Z = 83), as well as compounds of these elements, have
been considered attractive for this purpose and are the focus of much materials research
in this field.

2. Inorganic nanoparticles as biomedical X-ray contrast and
therapeutic agents

2.1. Challenges for developing biomedical X-ray-interacting agents

A multitude of challenges must be considered when designing a targeted X-ray-interacting
agent for in vivo use. This includes how it will selectively and specifically identify its biologi-
cal target, the dose required to attain X-ray contrast or therapeutic effect, how it will avoid
immune response, and possible toxicity.

In terms of the dose required to achieve X-ray contrast, the goal of a targeted XCA for use in
CT imaging is to raise the attenuation of a specific biological tissue type (i.e., a solid tumor)
by elevating its average atomic number. CT signal strength is measured in Hounsfield Units
(HU), where the signal strength of air is designated as -1000 HU and water as 0 HU; the
quantitative contrast of an XCA is evaluated in terms of HU per mM (HU/mM) of the agent or
attenuating atom. In a 3D reconstructed CT image, each three-dimensional voxel is assigned
an HU value indicating its X-ray attenuation. Adjacent tissues can be differentiated by CT
when the HU difference between them is at least three times greater than the background
noise intensity [3]. Without artificial contrast, bones are clearly visible, but adjacent soft tis-
sues must have substantially different densities to be distinguished.

Clinically available, small molecule XCAs (Figure 2), such as iopromide, iohexol, and
iobitridol, use iodine (Z = 53) to increase the average atomic number of a tissue, and con-
sequentially its HU value. These agents are limited to systemic imaging, as opposed to tar-
geted imaging, since they are hampered by rapid kidney clearance from the bloodstream and
a small number (<10) of high Z atoms per molecule. The quick renal clearance means that
a radiologist must image a patient with precise timing relative to contrast agent injection.
Additionally, long exposure times are commonly required for CT imaging, necessitating that
the agent be delivered continuously during the procedure to ensure adequate contrast; this
extended administration can result in kidney damage [4]. Furthermore, solutions of these
agents are generally highly viscous at concentrations sufficient to give rise to contrast, result-
ing from the fact that CT imaging is poorly sensitive to contrast agent detection.
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Figure 2. Three examples of iodine-based contrast agents currently in clinical use.

The limitations of current small molecule imaging agents drive the development of new
XCAs that can deliver greater per unit contrast to specified biological targets, with longer
blood circulation half-lives and less viscous agent doses. Thus, to overcome the high limit of
detection of current, small molecule imaging agents and the low sensitivity of CT imaging,
nanoparticles carrying thousands or millions of high Z atoms (Figure 3) may provide the req-
uisite advantage and enable targeted CT imaging. So far, a variety of inorganic nanoparticles
have been evaluated as potential X-ray attenuating agents, as further discussed in Section 2.2.

In terms of biological fate and toxicology, the bio-distribution and pharmacokinetics of inor-
ganic nanoparticles is a complex topic. For the last decade, the enhanced permeation and
retention effect (EPR) has been cited as a reason for nanoparticle accumulation in tumor tis-
sues, a theory that is supported by multiple observations using a variety of types of nanoparti-
cles. The EPR effect is explained by the large size of fenestrations in tumor vasculature, which
are believed to enable uptake of particles as large as 200 nm in diameter. However, the EPR
effect has been disputed, since many of the in vivo demonstrations of it have been performed
in mice with transfected tumors, which are not necessarily reflective of naturally-occurring
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Figure 3. Representation of a targeted Bi NP XCA containing thousands or millions of high-Z bismuth atoms (e.g., a
50 nm Bi NP contains ~1 million Bi atoms). The targeting vector is chosen so that it specifically recognizes a biological
receptor, such as a cell surface protein.
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human tumors due to their disproportionately large sizes. Further, even in such dispropor-
tionately large tumors, low nanoparticle accumulation rates are commonly observed [5, 6].

Despite the absence of well-established principles concerning nanoparticle bio-distribution
and fate, several empirically observed trends have been noted and are commonly considered
in the design of biomedical agents. When considering the clearance strategy of an intravascu-
larly administered nanoparticle agent, particle size is perhaps the most important variable. It
is generally accepted that nanoparticles smaller than 6 nm can be removed by filtration though
the kidneys, similar to many small molecules and ions. However, nanoparticles of all sizes can
be eliminated by the mononuclear phagocyte system (MPS), a wide-ranging group of cell types
that are capable of removing foreign objects from the bloodstream. This occurs due to the accu-
mulation of proteins on the nanoparticle surfaces, which results in identification, uptake, and
ultimately clearance by phagocytes. Other factors, including shape, surface charge, and surface
chemical functionalities are also important determinants in the identification of nanomaterials by
the MPS [7]. To date, a large number of nanoparticles that have been tested in pre-clinical settings
have been observed to be sequestered from circulation by the MPS, never reaching their intended
target. However, nanoparticles with an electrically neutral surface, and in particular those with
polyethylene glycol (PEG) surface coatings, have been shown to accumulate proteins to a lesser
extent, which slows MPS recognition and thus enables particles to stay in circulation longer.

2.2. Development of early nanoparticle X-ray contrast agents

The first demonstration of nanoparticles as XCAs was published by Hainfeld et al. [8], where
ultra-small gold nanoparticles (Au NPs, ~2 nm) were imaged in an in vivo mouse model. The
result was the enhancement of X-ray contrast throughout the specimen’s entire vasculature
10 min post-injection, followed by eventual renal clearance. Additionally, in mice with trans-
fected tumors, the Au NPs were shown to accumulate preferentially in the tumor, as opposed
to healthy tissues, despite the absence of an active targeting molecule on the nanoparticle sur-
faces. After this study and its follow-up in 2006, Au NPs have been extensively researched as
XCAs, as well as for X-ray sensitization (i.e., as agents causing radiation dose enhancement),
photo-thermal imaging and therapy, and photo-acoustic imaging [9, 10].

The plethora of biomedical research using Au NPs has been enabled by the development of reli-
able Au NP synthesis methods, which have resulted in Au NPs with well-defined sizes and low
size polydispersity; such Au NP formulations are now readily commercially available. However,
while this availability has made Au NPs crucial to the demonstration of nanomaterial-based
imaging and therapies, the use of larger Au NPs is limited by poor biological clearance, since ele-
mental gold is quite inert under physiological conditions [11-14]. The oxidative stability of ele-
mental Au presents an apparent advantage in that decomposition products are not expected to
interfere with biochemical processes, but also results in the demonstrated disadvantage that Au
NPs show high levels of bioaccumulation because they cannot be rapidly degraded into small,
molecular species. This has limited several in vivo applications, including targeted X-ray imag-
ing, that would benefit from larger (i.e., >6 nm) NPs to achieve detectable radiation interactions.

While many researchers continue to work with Au NPs and look for ways to bypass this issue,
there is a widening field of researchers who have focused their work on the development of
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bismuth-based nanomaterials as X-ray interactive biomedical agents. A landmark publication
demonstrating the use of bismuth-containing XCAs by Rabin et al. illustrated the potential
of bismuth(Ill) sulfide nanoparticles (Bi,S, NPs) in an in vivo mouse model [15]. The plate-
shaped nanoparticles ranged from 10 to 50 nm on their longest sides, and the surfaces were
coated with polyvinylpyrrolidone (PVP), a well-established biocompatible polymer. These
PVP-coated Bi,S, NPs showed a superior CT brightness compared to iopromide, a clinically
used iodine-based contrast agent, and had a blood circulation half-life of 140 + 15 min, which
is substantially greater than the circulatory half-life of clinical iodinated XCAs. Furthermore,
the Bi,S, NP formulation resulted in greater contrast while administered at a lower concentra-
tion and as a lower viscosity solution.

Another study of note that utilized Bi,S, NPs as XCAs was performed by Kinsella et al.
[16]. In this study, size monodisperse ~10 nm Bi,S, NPs were prepared and surface-
coated with the amphiphilic polymer 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(amino(polyethylene glycol)) (DSPE-PEG) to produce an uncharged, hydrophilic product.
The DSPE-PEG-coated Bi,S, NPs were further conjugated to the LyP-1 peptide, which is a
surface antigen for the p32 protein that is over-expressed in several human carcinomas. The
accumulation of DSPE-PEG-coated Bi,S; NPs in the tumor was observed to be increased by
70% with the addition of the LyP-1 targeting peptide, although both targeted and untargeted
NPs produced adequate contrast to image the tumor. Ultimately, the DSPE-PEG-coated
Bi,S, NPs were removed by the hepatic/fecal route, as evidenced by the enhanced contrast
of the intestines after a 7-day period. Overall, this publication demonstrated that: (1) even
with a fairly small bismuth-based XCA in which the high Z bismuth payload is diluted
by sulfur (Z = 16), contrast can be superior to that found in commercial iodinated XCAs,
and (2) peptide-mediated active tumor targeting can increase efficacy when designing an
intravenous agent.

Despite the successful demonstrations of Au and Bi,S, NPs as XCAs, elemental bismuth nanopar-
ticles (Bi NPs) can be argued to have significant advantages that make them potentially more
promising as targeted XCAs. Relative to Au and Bi,S,, elemental Bi has a higher overall average
atomic number, thus taking greater advantage of the general Z* increase in X-ray attenuation.
Additionally, elemental Bi is semi-stable with respect to oxidative dissolution, making it more
readily biodegradable relative to Bi,S, and Au, and therefore potentially permitting the use of
larger particles. Furthermore, the degradation of elemental bismuth into bismuth ions (Bi*") at
physiological pH is expected to occur slowly enough to ensure that the concentration of Bi** in
the blood stays below toxic levels, and the resulting Bi** complexes are expected to be small and
highly biocompatible, thus presenting the opportunity for renal clearance [17, 18]. Finally, simi-
lar to many nanoparticles composed of other elements, elemental Bi shares the ability to absorb
X-ray, visible, and near-IR radiation, which presents opportunities for additional imaging and
treatment modalities that use longer wavelength radiation compared to X-rays.

The remainder of this chapter includes summarizing currently published synthetic strategies
for producing aqueous Bi NPs and reviews the biomedical research that has so far explored
these materials as XCAs, photo-therapeutic agents, and X-ray shielding materials in bio-
medical settings. Lastly, we discuss the future of Bi NPs in medical imaging and therapeutic
technologies.
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3. Bi nanoparticles for in vivo X-ray applications

3.1. General synthesis considerations for producing medically useful Bi
nanoparticles

While Bi NPs are a desirable platform for in vivo X-ray contrast and therapeutic applications
owing to their dense, un-diluted payload of high Z atoms, synthesis of these materials is gener-
ally more difficult and less versatile than other high Z nanomaterials. This is most notable in
contrast to precious metal nanoparticles of gold, silver, and platinum, which have high oxida-
tive stability. The primary difficulty in synthesizing elemental Bi NPs is oxidative decomposi-
tion, which has led to a prevalence of anaerobic synthetic strategies to prevent oxidation by O,.
These methods often utilize air-sensitive or pyrophoric reagents in the reduction of a Bi** pre-
cursor in the presence of surface-terminating ligands. Furthermore, apolar solvents and hydro-
phobic ligands are most frequently used to avoid oxidative dissolution of the reduced Bi NPs by
H,O, which results in products that are not water-dispersible as-prepared. Thus, further ligand
coating or polymer wrapping is a common strategy to render stable, aqueous Bi NPs, although
such strategies result in less X-ray dense particles with additional pharmacological complexity.

We have recently reviewed Bi NP synthesis methods that produce some of the lowest poly-
dispersity hydrophobic and hydrophilic Bi NP colloids at this time, with their associated size
metrics (see Supporting information of reference [19]). However, research by our group and
several others, has focused on the synthesis of Bi NPs in aqueous or otherwise polar condi-
tions, as well as scalable production. In general, published aqueous and polar phase syntheses
of Bi NPs have rarely approached the colloidal stability, chemical stability, and size monodis-
persity observed in anaerobic, apolar systems. Nonetheless, a few notable synthetic methods
have produced aqueous colloids of Bi NPs that are potentially biomedically useful, which are
further discussed in Sections 3.2 and 3.3.

3.2. Syntheses of hydrophilic bismuth nanoparticles and demonstration as CT
contrast agents

In a polar phase Bi NP synthesis method developed by our group, Bi*" (from Bi(IIl) nitrate)
was reduced by co-reductants morpholine borane and glucose using 1,2-propanediol as sol-
vent to result in hydrophilic Bi NPs in a single step. The resultant Bi NPs (Figure 4A) were
observed to have an average diameter of 74 + 14 nm by transmission electron microscopy
(TEM), [20] and it was determined that the presence of the reducing sugar (i.e., glucose) in
the formulation enhanced Bi NP oxidative stability in the resulting aqueous colloids. This
synthetic method has several attractive features for biomedical usage, including a substantial
product yield, reproducibility in the size and size distribution of the products obtained, and
use of low cost reagents that are relatively biologically benign. Furthermore, because a poly-
meric surface stabilizer is not used, the Bi core constitutes the majority of the overall particle
volume, representing a dense X-ray opaque payload.

We have shown that the oxidative stability of the Bi NPs prepared in this way is sensitive to
pH, with the Bi NPs decomposing into soluble Bi* species at physiological pH (7.4) within
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Figure 4. (A) TEM image of Bi NPs synthesized via reaction of morpholine borane and glucose with bismuth (III) nitrate
in 1,2-propanediol. (B) Photographs showing pH stability of the Bi NPs 5 min (top) and 24 h (bottom) after they are
dispersed into aqueous solution (reprinted with permission from reference [21]).

24 h (Figure 4B) [21]. This observation suggests a possible mechanism for biological clear-
ance, which has been a substantial clinical translation hurdle for Au NPs. The glucose-stabi-
lized Bi NP colloids were also tested in vitro, where no observable cytotoxicity was observed
within 1 h in either a cancer or a macrophage cell line at concentrations up to 0.5 mg/mL,
suggestive of good biocompatibility. However, at 24 h, the macrophage cell line viability
dropped, having an LD50 of 50 pug/mL due to an observed high concentration of internalized
Bi NPs.

In a study of quantitative contrast using a clinical CT scanner to image a non-biological
phantom (Figure 5A), the Bi NPs produced by this method were shown to generate an
X-ray contrast of approximately 6 HU/mM Bi (Figure 5B and C), which is greater at all
kVp in comparison to an iodine-based standard, and more than double that of the iodine-
based standard at 140 kVp (Figure 5C). Additionally, the quantitative X-ray contrast of
the Bi NPs was observed to be relatively insensitive to the operating voltage of the CT
scanner, performing similarly over the range of 80-140 kVp, while the contrast of an iodin-
ated agent decreased sharply with increasing operating voltage (Figure 5C). This synthe-
sis method has since been used and further modified to produce Bi NPs that have been
studied in vivo. [22, 23]

Li et al. adapted the synthesis method described above to demonstrate X-ray contrast in vivo
using ~40 nm Bi NPs, which had been additionally PEG-coated to further increase biocompat-
ibility [23]. In non-biological phantom studies, these PEG-coated Bi NPs generated 3.7 times as
much contrast as equimolar iopromide, with the measured X-ray attenuation being 60.3 HU/
(mg/mL) for the Bi NPs as compared to 16.4 HU/(mg/mL) for the iodinated agent under the
same instrumental conditions. In vitro, no marked cytotoxicity was observed in either a can-
cer or an endothelial cell line at concentrations up to 300 ug/mL, although endocytosis was
observed, as we also noted. In an in vivo study of tumor bearing mice, the PEG-coated Bi NPs
were injected intravascularly and were observed to slowly accumulate in tumor tissue over the
course of 6 hours, at which time the CT contrast was highest. This degree of non-targeted accu-
mulation in a tumor is higher than that of smaller Bi NPs and was attributed to the EPR effect.
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Figure 5. (A) CT image of a concentration gradient of aqueous Bi NP solutions suspended in a non-biological phantom,
ranging from 0 to 70 mM Bi in the wells from left to right. (B) The CT attenuation of Bi NP solutions as a function of
Bi atom concentration at various operating voltages. (C) Attenuation rates of Bi NPs, ionic bismuth, and ionic iodine
in water at various operating voltages. Reprinted from reference [20] with copyright permission from the American
Chemical Society. The full text of the article can be found at https://pubs.acs.org/doi/full/10.1021/cm500077z and further
permissions related to this material should be directed to the ACS.

However, this observation may in part be due to the large size of the Bi NPs, which are expected
to have a long circulation half-life in the bloodstream prior to renal clearance.

Another synthesis method used to make Bi NPs in polar media was developed by Lei et al.,
which accomplished the reduction of Bi* using NaBH, in a glycerol/ethanol solvent mixture and
used polyvinylpyrollidone (PVP) to control size [24]. Since the PVP-coated Bi NPs were hydro-
philic as-prepared, no further surface modification was required for in vitro or in vivo work,
although the addition of 5 wt% glucose to aqueous solutions of these Bi NPs was also tested. The
resultant PVP-coated Bi NPs had an average core diameter of 2.7 + 1.1 nm by TEM, which is nota-
bly substantially smaller compared to the Bi NPs discussed above. However, in non-biological
phantoms, dispersions containing the ultra-small, PVP-coated Bi NPs provided approximately 2
times greater contrast than equimolar iobitridol at 120 kVp, with the measured X-ray attenuation
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being 7.1 and 3.9 HU/mM for the Bi NP and iobitridol samples, respectively. This study did not
observe cytotoxicity in in vitro studies using up to 500 pug/mL Bi NP samples.

Lei et al. first assessed the in vivo CT contrast of the ultra-small, PVP-coated Bi NPs by intra-
tumoral injection, which showed exceptional CT contrast for the tumor. Encouraged by these
results, the Bi NPs were administered intravenously and the bio-distribution was monitored.
The in vivo bio-distribution studies revealed some accumulation in the liver and spleen that
had decreased by the 24-h time point, while continued accumulation up to 24 h was observed
in the tumor. The HU value of the tumor tissue was observed to increase slowly from 30.3 HU
before injection to 53.8 HU at 24 h post-injection, suggesting a slow and passive accumulation
of the nanomaterial in the tumor. The Bi NPs were apparently excreted intact within 7 days.
Further, using a healthy specimen, a complete blood panel done following an in vivo bio-dis-
tribution assay revealed that the Bi NP-treated tissues were not significantly different relative
to untreated specimens. The further demonstration of a therapeutic application of these ultra-
small, PVP-coated Bi NPs is discussed in Section 3.3.

A study by Yu et al. also applied ultra-small Bi NPs as both an XCA and a therapeutic agent
[25]. In this study, Bi NPs with an average diameter of 3.6 nm were synthesized by hot injec-
tion of a solution containing Bi** into oleylamine, which acted as solvent, reducing agent, and
surfactant. These initially hydrophobic Bi NPs were then made hydrophilic by coating with
DSPE-PEG, and further functionalized by covalently attaching LyP-1, a peptide that associ-
ates with membrane proteins over-expressed in some cancerous cells. In non-biological phan-
toms, the Bi NPs generated approximately 3 times greater contrast than equimolar iohexol,
with the measured attenuation rates being 13.8 and 4.28 HU/mM for the Bi NPs and iohexol at
80 keV, respectively. Upon intra-tumoral injection, the Bi NP-loaded tumor was clearly visible
by CT imaging, having a voxel intensity of >1000 HU, though this result is not extensible to
intravenous (IV) administration. However, the bio-distribution and extent of tumor accumu-
lation after IV injection was also examined, which is discussed in Section 3.3 in the context of
the use of the LyP-1-DSPE-PEG-coated Bi NPs as a photo-therapeutic agent.

Opverall, in the studies noted above, hydrophilic Bi NPs universally outperformed iodinated XCAs
by two- to four-fold in terms of contrast at fixed concentrations and had greater blood-circulation
half-lives, which demonstrated promise for the use of Bi NPs as lower-dose systemic X-ray con-
trast agents. Further, the extent of passive tumor accumulation and CT contrast observed in in
vivo studies demonstrated the possibility of using the Bi NPs to discern diseased tissues, which
can be further enhanced by active tumor targeting, i.e., by the addition of pathology-specific
recognition groups to the Bi NP surfaces. Additionally, bio-distribution studies of ultra-small
(<6 nm) Bi NPs showed that they are cleared largely through the kidneys [24, 25], while larger
Bi NPs tend to be cleared hepatically [22, 23]. In addition to their promising application in CT
imaging, other biomedical utilities of aqueous Bi NP colloids are further discussed in Section 3.3.

3.3. Applications of Bi nanoparticles in therapeutics

As many nanomaterials have been shown to accumulate in solid tumors, the use of photon
therapies that can excite a functional nanomaterial to produce a local and lethal effect on sur-
rounding cells is an active area of cancer research.
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One example of a photon therapy is photo-thermal therapy, which uses near infrared (NIR)
or visible radiation to raise the local temperature of a biological tissue above 48°C, leading
to irreversible protein denaturation and aggregation within 4-6 min [26]. NIR radiation is of
particular utility in the field of photon therapeutics due to relatively long wavelengths that
result in large (~10 mm) tissue penetration depths and low tissue ionization. Bi NPs broadly
absorb both visible and NIR radiation, and afterwards vibronically relax to produce heat,
which makes Bi NPs a candidate for use as NIR-photo-thermal therapy enhancement agents.

The above referenced study by Lei et al. demonstrated the use of Bi NPs for photo-thermal
imaging and therapy [24]. As aqueous colloids, the NIR-to-thermal conversion efficiency of
~3 nm PVP-coated Bi NPs was determined to be as high as 30%, which is higher than for
other photo-thermal agents including gold nanoparticles. In a preliminary in vivo study using
tumor-bearing mice (having both experimental and control specimens), the efficacy of Bi NPs
as photo-thermal agents was established by IV administration of 20 mg/kg Bi NPs, which pas-
sively accumulated in the tumor of the experimental specimen over the course of 24 h. After
24 h, both control and experimental specimens were subjected to NIR photo-therapy using
808 nm incident light at a power of 1.3 W/cm?; the temperature of the tumors was monitored
using an IR camera. Within 6 minutes, a temperature change of 25°C (to ~65°C) was observed
in the tumor tissue of the Bi NP-treated specimen, while the temperature of the control speci-
men had only increased modestly (<5°C). In further in vivo experiments, infrared cameras
were used to image the tumor temperature of specimens in four groups, as follows: (1) those
not treated with Bi NPs or NIR light, (2) those treated with NIR light only, (3) those treated
with Bi NPs (by IV injection) only, and (4) those treated with both NIR light and Bi NPs (by
IV injection). The photo-thermal treatment, when applied, delivered 808 nm incident light at a
power of 1.3 W/cm? and was administered 24 h following the Bi NP injections. For specimens
in these groups, the relative tumor volume was monitored over a period of 14 days, and it was
observed that in the groups treated with only Bi NPs or only NIR light, the tumor volumes
grew at the same rate as the untreated control. However, a significant growth inhibition (~10%
the size of the other groups) was observed for the group receiving Bi NPs in combination with
NIR therapy, which demonstrated that the local heating correlated with cancer tissue death.
Overall, these results showed that ultra-small, passively accumulating Bi NPs could be useful
as a photo-thermal therapy agent.

Another possible therapeutic application for Bi NPs is their use in radiation dose enhance-
ment during X- or gamma-ray treatments. Currently in the United States, over half of all can-
cer patients will receive a form of radiation therapy, typically using extremely high-energy
photons in the MeV range. The drawback of this type of treatment is damage incurred to
surrounding healthy tissues, which typically limits the radiation doses delivered to patients.
Thus, there is a desire to lower the radiation dose delivered to patients while maintaining
the efficacy of the radiation therapy for the treatment of cancers. To address this limitation,
the development of materials that can enhance the local ionizing effects of radiation could
make these treatments substantially more effective. So far, several nanomaterials (e.g., gold
nanoparticles and hafnium oxide nanoparticles) have demonstrated an increase in local ion-
izing damage when used with keV radiation in small animal models, and some are currently
in clinical trials [27-32]. However, as outlined above in the context of XCAs, bismuth has
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a number of unique advantages for biomedical applications, which should remain true for
their application as radiation dose enhancing nanoparticles. Furthermore, not only do Bi NPs
attenuate X-rays far more efficiently than soft tissue, they have also been shown to produce
photo-generated, ionizing chemical species, which can potentially be leveraged to contrib-
ute cellular damage. The mechanisms by which nanoparticles enhance cellular damage from
radiation likely involves a multitude of reactions, and is a topic of current investigation [27].

Two groups have recently demonstrated the ability of Bi NPs to multiply local radiation ion-
ization events upon excitation by X-rays in the keV energy range. For example, Yu et al. co-
administered 3.6 nm DSPE-PEG-coated Bi NPs with a single dose of 4 Gray (Gy) radiation to
tumor-bearing mice. [25] After 14 days, tumor growth rates of the Bi NP/radiation-treated mice-
were 33% lower than those treated by radiation alone. In the same study, Yu et al. also found
that Bi NPs collected from the urine and feces of mice 24 h after injection had the same size and
morphology as when they were initially injected, demonstrating that the 3.6 nm DSPE-PEG-
coated Bi NPs can be cleared but not significantly degraded in this timeframe [25]. Another
study by Deng et al. showed similar results using 50 nm PVP-coated, untargeted Bi NPs, slow-
ing tumor growth by 43% over a 14 day period. [22] Further modification was performed on
these Bi NPs, including conjugation of the biological-targeting group folate and encapsulation
within red blood cell membranes. Here, it should be noted that nanoparticles with folate surface
ligands have previously shown increased accumulation in multiple cancerous tissues types that
overexpress folate receptors. The authors observed that when the RBC-modified, folate-targeted
Bi NPs were used, tumor growth rates were reduced by more than 50% compared to radiation
alone, and mouse survival rates over 36 days increased from 0 to 60%.

Overall, the studies of Bi NPs as photo-therapuetic agents have shown that a synergistic com-
bination of NIR or X-ray radiation with intravascularly administered Bi NPs can significantly
impact tumor growth rates. In addition, several of these recent in vivo studies have included
monitoring for possible tissue damage or changes in blood serum concentrations after admin-
istration of Bi NPs and radiation [22-25]. These studies have revealed that while tumor tissue
samples tend to show damage from the co-administration of Bi NPs and radiation, tissues in
the heart, lungs, spleen, liver, and kidneys have all been found to remain undamaged. Thus,
the use of Bi NPs in NIR and X-ray photo-therapies may prove useful for increasing the effi-
cacy of these procedures in cancer treatments. Finally, while we have discussed the use of Bi
NPs as both imaging and therapeutic agents in the former sections, we end this chapter by
discussing the use of Bi nano- and microparticles in macroscopic radiation-attenuating tools,
such as personal protective equipment and imaging guides.

4. Bi nano- and microparticles for X-ray shielding in medical
applications

4.1. Current status of X-ray shielding materials

There is a substantial call from the medical community for improved radiation shielding gar-
ments for medical personnel who regularly work in proximity to high-energy radiation [33].
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Increased awareness of the harmful stochastic effects of radiation exposure, coupled with an
increase in the number of medical procedures (primarily X-ray fluoroscopy) and the increased
X-ray voltages required for imaging larger patients, have raised concerns about accumulated
radiation exposure to medical personnel [34, 35]. Research has shown that medical person-
nel who regularly work with high-energy radiation are particularly susceptible to, and have
increased incidences of, specific types of cancer [36]. Because of the ubiquitous use of ionizing
radiation in medicine, specialty garments, tools, and devices have been developed, both for
protection against the harmful effects of radiation, as well as for use with radiation imaging.

In radiation imaging, such tools include catheters that contain platinum wires for use with
fluoroscopic imaging and gold fiducial markers that are surgically embedded in a patient to
provide guides in CT imaging and therapeutic radiation delivery [37]. In personal protec-
tive equipment, radiation-interacting (or shielding) materials include specialized rooms with
lead-lined walls, leaded glass viewing areas, and lead-based radiation protective garments.
More recently, specialized drapes and blankets have become available.

Personal radiation shielding garments have historically been composed of lead salts (e.g.,
Pb(I)SO,) embedded into a plastic matrix to form a wearable composite material. This design
results in a hard, brittle composite containing a large percentage of lead salt (>60%) by weight.
This composite is then encased between heavy vinyl sheets to keep the lead from contacting
the wearer. The weight burden from lead is roughly 50% of the overall garment weight, with
the plastic casing composing the remainder. Recently the isolation of lead dust by this design
has caused lead aprons to become a suspected source of lead poisoning in medical settings
[38]. Lead aprons are the most commonly encountered garment of this type and by design
these are worn as an X-ray shield to protect the torso and upper legs, leaving the head, neck,
and arms exposed to radiation. Garments designed to shield additional areas, such as thyroid,
gonads and breasts, and less commonly, the head and hands, are also sparingly used in medi-
cal environments, but are extremely bulky and cumbersome.

Lead is heavy, toxic, and environmentally damaging, which makes it a good candidate for
replacement by alternative elements that can provide good X-ray shielding. Lightweight shield-
ing materials containing lower atomic number elements have been developed and are marketed
specifically to address the weight burden issue that lead-based garments suffer from. In these
products, the lead salt is replaced with a mixture of salts of lighter elements, including barium,
tin, tungsten, and some lanthanoids. These garments are tested and marketed as having a “lead
shielding equivalent” at a specific tested X-ray voltage. However, when tested over a range of
X-ray voltages (kVp), other than the voltage they were optimized for, they can show an inad-
equate radiation attenuation. [39] X-ray attenuation is reported in “mm of lead” and as a kVp is
not specified for this testing, this has enabled manufacturers to report misleading shielding data
and has raised concern for medical personnel who rely on these garments for protection [40].

For high performance X-ray contrast devices, such as catheters or other medical devices that
are surgically inserted, tungsten particles or platinum wires are generally utilized. Use of these
elements also has drawbacks, including difficulty in manufacturing and processing. Tungsten
is extremely hard, requiring specialized equipment to process, while platinum is extremely
expensive (>$13,000/Ib) and is thus limited to use in small devices, such as catheter tips.
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Bismuth is an excellent candidate for lead replacement in garments and platinum and tung-
sten replacement in surgical devices. Relative to lead, it has a similar or higher X-ray attenua-
tion cross-section, but is non-toxic. Bismuth has a lower melting point relative to tungsten (272
vs. 3422°C) and is much softer (2.2 vs. 7.5 Mohs hardness), making it much easier to machine.
The challenge with adapting bismuth for use in shielding garments has historically been the
price of raw material. Though much cheaper than platinum and somewhat less expensive
than tungsten (approximately $20 per pound), bismuth prices have fluctuated widely over the
past decades from $3 to $30 per pound, while lead has historically been roughly $1 per pound.
Incorporating bismuth particles into medical devices has been explored by device manufac-
turers, but the low oxidative stability of bismuth during processing has limited manufacture
adaptation. However, we have recently developed a method for the production of surface-
stabilized Bi nano- and microparticles that are easily polymer-dispersed for use in medical
devices and protective garments, which are described in Section 4.2 [41].

4.2. Fabrication of Bi nano- and micro-composites for X-ray shielding applications

We have recently developed a method to produce microscopic, surface-passivated bismuth par-
ticles for the creation of plastic X-ray opaque composites [41]. To produce the surface-passivated,
micron-sized bismuth material we utilize high-energy ball milling of bismuth ingot in various
organic solvents or other surface coordinating ligands. The organic passivants coat the freshly
fractured Bi crystallites, thus minimizing surface oxide formation. Particles produced are of a
broad range in size (from a few hundred micrometers, down to the nanometer scale) and can
be size selected for a specific application. Excess particles are easily melted on the bench top
and the bismuth can be recovered and recycled though the milling and passivating process.
Furthermore, the wide choice of organic solvent also permits tuning the particle hydrophilicity
and chemical functionality to permit dispersal of the micrometer scale bismuth domains into a
variety of plastics. As examples, we have produced hydrophilic bismuth microparticles by mill-
ing in the presence of dihydroxyacetone (DHA) and 1,2-propane diol, and hydrophobic bismuth
microparticles by milling in the presence of in 1-pentene, or styrene, and toluene. The resulting
bismuth microparticles suspended in their milling solvents are generally collected by centrifu-
gation, washed with an appropriate solvent, dried, ground to a fine powder and sieved to col-
lect particles in a narrow size range. Such organic-passivated, size-selected particles can then be
mixed into molten or uncured polymers such as silicone, polyurethane, polystyrene, and latex to
form X-ray opaque polymer composites Figure 6(A-C). The weight percent of the micron-sized
radiopaque filler in these composites can be readily calculated and varied over a wide range. We
observed that the bismuth microparticles embedded in these composites do not undergo sub-
stantive oxidative decomposition, nor do they aggregate within the polymeric matrix.

We tested one possible application of such composite materials for the fabrication of radiopaque
surgical sponge markers, which are commonly used in surgery to avoid retention of foreign
objects [21]. In doing so, we prepared polyurethane composites containing 20, 40, 60, and 85
wt% of our bismuth micron material and compared them to a commercial sponge marker.
The commercial sponge marker was produced by Medline Industries and is reported to be a
polymer-salt composite of polyvinylchloride containing between 60 and 83% Ba(I)SO, as the
radiopaque filler. Our composites were prepared by mixing uncured liquid polyurethane with
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Figure 6. (A) Components of a composite X-ray shielding material. (B) SEM of polymer/filler composite materials with
varied mass percent of filler (bismuth microparticles or BaSO,). (C) X-ray attenuation of bismuth microparticle- and
BaSO,-containing X-ray shielding materials at various operating voltages (reprinted with permission from reference [21]).

dried, sieved DHA-coated bismuth microparticles, and the resulting mixture was molded using
Teflon plates to produce a “ribbon” of similar thickness to the commercial sponge marker.

To compare attenuation of the commercially available surgical sponge marker to the bismuth
composite markers, X-ray attenuation measurements were performed by an external analytical
laboratory across a range of medically relevant incident photon energies. The composite sam-
ples tested were 0.56, 0.55, 0.51 and 0.64 mm thick for the Medline, 40, 60 and 85% by weight
bismuth markers, respectively. The attenuation of the commercial composite only exceeded the
attenuation of the 20% bismuth composite across all energies, and the 40% bismuth composite at
incident photon energies below 80 kVp. However, superior attenuation across all voltages was
observed for the 60 and 85% bismuth composites as compared to the commercial composite.
For the 85% bismuth composite, the percent X-ray attenuation was nearly 100% at 60 kVp, more
than double that of the commercial marker. Further, the 85% bismuth marker was determined to
have a lead equivalent X-ray attenuation of 0.21 mm, which would indicate that a 1.2 mm thick
sheet of the 85% bismuth composite material would provide similar radiation protection to
the lead aprons commonly used in medical facilities (0.5 mm lead equivalent attenuation) [38].
While this is thicker than a sheet of solid lead, the low toxicity of bismuth means that the
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shielding material can be placed directly against the skin, and will not require thick protective
layers around the functional material. As a substantial portion of the weight burden from lead
shielding garments is a result of the vinyl sheeting required to isolate the lead, we estimate that
a bismuth particulate shielding garment would be roughly half the weight of a lead garment.

We expect the radiopaque bismuth micromaterial filler we have produced will find use in a
variety of thin, flexible plastic composites that can be molded into 3D shapes (such as hats,
gloves, or long-sleeved shirts) to provide an improved form factor relative to current tech-
nologies. Fabrication of thin, flexible X-ray opaque composite materials should enable better
engineering of shielding garments, specifically in regards to the weight burden and flexibility
restriction on the wearer.

5. Summary and prospectus for the future of bismuth nano- and
microparticles in biomedical X-ray applications

New synthetic methods for producing hydrophilic Bi NPs in the 2-100 nm size range are
increasingly reported. As interest in adapting new nanomaterials for biomedical applica-
tions continues to grow, it is expected these materials will be further explored and find new
niche applications or facilitate development of new technologies in nanomedicine. Bismuth
nanoparticles have demonstrated superior X-ray contrast by CT imaging, which exceeds the
clinical standard of iodinated X-ray contrast media by 2—4-fold. This may permit the use of
systemically administered Bi NPs as lower dose, lower viscosity, and lower toxicity contrast
agents. The passive accumulation of untargeted Bi NPs in tumors has demonstrated a high
tumor CT signal and has been shown to provide a means of sensitizing cancer tissues to
local radiation damage using NIR and X-ray photo-therapies. Additionally, the replacement
of lead in personal shielding garments has the potential for development of new and more
practical personal protective equipment. The high biocompatibility, low cost, and exceptional
X-ray attenuation of bismuth make this unique element a rising star in the application of new
technologies in radiation medicine.

The future of hydrophilic Bi NP contrast and therapeutic agents will likely see more active
biological targeting studies, with the goal of using Bi NPs to selectively and specifically seek
out known biochemical markers of disease. The specific biomarkers of disease that are the
target of molecular imaging and therapy are known to be present at low concentrations (10~ to
1071° M), necessitating that the imaging modality used is capable of detecting imaging agents at
similarly low concentrations [42]. Since the limit of detection of CT imaging is high, this would
necessitate the delivery of a large number of X-ray attenuating atoms to a highly localized area,
which may be possible with pathology-targeted, high Z nanoparticles. To estimate how many
Bi NPs this would require, achieving a 100 mM concentration of Bi in a 1 mm? volume would
require 107 mol of Bi, which for uniform 150 nm Bi NPs is approximately 10° Bi NPs. Given
a reasonable tumor cell density of 10°-107 cells/mm?, 1-10 Bi NPs per tumor cell would be
needed [43]. Further bio-distribution studies of IV injected pathology-targeted Bi NPs would
be needed to determine whether this is possible, and to establish the actual limit of detection.
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In the majority of the studies reviewed above, favorable in vitro and in vivo biocompatibility was
observed for hydrophilic Bi NPs. However, so far, only ultra-small Bi NPs have a predictable
and practical biological clearance mechanism via renal filtration, while the larger Bi NPs that
could be most useful as targeted imaging agents are unpredictably endocytosed. Endocytosis
of larger Bi NPs may be useful if they are selectively uptaken by disease tissue and used in
a photo-dynamic therapies, but this would be limiting in a targeted imaging application.
Consequently, further research may involve the encapsulation of ultra-small Bi NPs into larger
structures, such as blood cells, liposomes, polymeric aggregates and other nano-sized drug-
delivery motifs. The goal would be to maximize the overall aggregate signal in a small volume
host, while permitting renal clearance of the payload after release from the host. Alternatively,
the use of large Bi NPs may be achievable if surface stabilization strategies or appropriate for-
mulations could be designed to control the rate of oxidative dissolution of the Bi NPs.
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Abstract

The development of new dielectric materials that allow the reduction of size and weight
of electronic components has been in the scope of the researchers. The bismuth-based
dielectric ceramics are extensively studied for this purpose, namely, the bismuth niobate
(BiNDbO,). The first attempt to improve BiNbO, occurred in 1992 when Kagata reported
the microwave dielectric properties of bismuth niobate doped with the addition of
oxides. This chapter will present a brief review of the several attempts that have been
carried out to enhance the dielectric properties of BiNbO, by modifying their structure
through addition, doping, or atom(s) substitution. This manuscript focuses on a case
study that involves bismuth substitution by europium ions. To investigate the inclu-
sion of europium in BiNbO, ceramics, (Bi, Eu )NbO, samples were prepared using the
sol-gel method, in particular, the citrate route. The structure of the prepared samples
was studied by X-ray diffraction (XRD) and Raman spectroscopy and the morphology
by scanning electron microscopy (SEM). The dielectric properties were studied, in the
microwave frequency range (MW), using the resonant cavity method, and in the radio
frequency range (RF), with the impedance spectroscopy technique.

Keywords: bismuth niobate, europium, sol-gel, dielectric properties

1. Introduction

ABO, ternary oxides proved to be attractive materials from the chemical perspective since
they have the capacity to combine chemical elements in this basic formula, which lead to an
extensive wide array of structures and phases with different properties [1].

They present stibiotantalite structure, where “A” can be bismuth (Bi**) and “B” niobium (Nb*")
cations, composing the bismuth niobate, BiNbO, [2, 3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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The bismuth niobate exists in two polymorph structures, an orthorhombic () phase and a
triclinic (B) phase. According to previous studies, the transition of 3-BiNbO, to a-BiNbO,
occurs at temperatures around 700/750°C, with the opposite, and irreversible transition occur-
ring at 1020/1050°C [3].

The bismuth-containing oxides have large structural diversity and promising physical prop-
erties for applications in optics, nanoelectronics and nanophotonics [4].

In the last three decades, the bismuth niobate ceramics have been studied as a dielectric mate-
rial for applications in radio and microwave frequency range, since the development of the
communication systems forced the device miniaturisation, and, for that, new dielectric mate-
rials are needed [3, 5].

The general requirements of a ceramic dielectric for radio and microwave applications are
high dielectric constant and low losses [5, 6]. However, there are other important parameters
that require improvement, such as the density, since dense BiNbO, (BNO) ceramics are dif-
ficult to obtain [7, 8].

Since 1992, when Kagata [9] reported for the first time the microwave dielectric properties of
BiNbO, doped with CuO and V,O,, numerous attempts have been carried out to improve the
dielectric properties of this ceramic material.

Several authors studied the influence of the preparation process of BiNbO,, the influence of
sintering process, the addition of different oxides and also the substitution of bismuth or
niobium by other cations.

The relation between the structural characteristics and the dielectric properties should also be
considered and that is why the influence of the phase transition on the dielectric properties of
the material is normally presented [10].

In the next section, state of the art, specific previous studies will be presented, where the
dielectric characterisation of BiNbO, in the radio and microwave frequency regions is made in
BNO samples where the addition of oxides or the substitution of bismuth ion was performed.

The last section of this chapter is devoted to the description of a case study, where the inclu-
sion of europium in BiNbO, ceramics, (Bi, Eu )NbO, samples, prepared using the sol-gel
method and then subjected to different heat treatments is analysed. The dielectric properties
were studied in the radio and in the microwave frequency range.

2. State of the art

As mentioned, in 1992 Kagata [9] doped BiNbO, with small amounts of CuO or V,O, with
the aim of densifying the ceramic material. In that work, the samples were prepared using
the solid-state reaction method, and the dielectric characterisation was performed in the
microwave frequency range (f ~ 4.3 GHz), using Hakki-Coleman’s method. According to the
authors, with the addition of these oxides, the samples became dense, even with heat treat-
ments below 1000°C, presenting dielectric constants of about 43 at room temperature.
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In 1999, Yang [11] presented the dielectric properties of BiNbO, ceramics doped with different
amounts of CuO, V,O,, or CuO-V,0O, mixtures. The samples were prepared using the solid-
state reaction method, and the dielectric characterisation, in the microwave frequency regime
(f = 6.1 GHz), was performed using Hakki-Coleman’s method improved by Courtney and
Kobayashi. According to this study, the samples became dense, even with heat treatments below
920°C, and also presented dielectric constants of about 43 at the same environmental conditions.

Tzou and coworkers [6] also used, in 2000, V,O, as a support to lower the sintering tempera-
ture of BiINbO, ceramics. The samples were prepared by the solid-state reaction method, and
to study the microwave (5.7~6.2 GHz) dielectric properties and relate them to the amount of
V,0,, the Hakki-Coleman’s method, improved by Courtney and Kobayashi, was used. A bulk
density of 98% of the theoretical density was achieved for treatment temperatures of 920, 940
and 960°C. The obtained results suggested that large amount of V,0; is avoidable since the Q

values decrease critically.

In 2001 Huang [12] investigated the behaviour and the microwave dielectric properties of
BiNb,, ' Ta O, doped with CuO. The powders were prepared by the solid-state reaction method,
and the dielectric measurements, in the frequency range of 6-8 GHz, were performed using
the Hakki-Coleman'’s technique. The dielectric constant of these samples was not significantly
influenced by the Ta* substitution and saturated at a value between 44 and 45, again at room
temperature.

Shihua, Xi and Yong [13] sintered, in 2004, BiNbO, doped with Bi,O,, by the solid-state reaction
process. Those powders were sintered in air and in N, atmosphere. The microwave dielectric
properties, at approximately 5 GHz, were measured using the Hakki-Coleman dielectric reso-
nator methods. For low frequencies, the temperature dependence of dielectric properties was
measured from 20 to 500°C in a frequency range of 1-100 kHz. This study revealed that the
dielectric constant and loss at low frequencies increased rapidly and the microwave dielectric
properties deteriorated with increasing of B,O, content when sintered in N,

Shihua and coworkers [14] studied, in 2006, the microwave (f = 6 GHz) dielectric properties of
(Bi, R )NbO, (R =Ce, Nd, Dy, Er) using CuO and VO, as sintered aids. In this work, the sam-
ples were prepared using the solid-state reaction method, and the dielectric properties were
obtained by the Hakki-Coleman resonator method. The mentioned ions were introduced to
substitute for Bi*" ions. The dielectric constant varied from approximately 37.5 to 41.58.

In 2008, Zhou et al. [15] designed Bi(V Nb, )O, ceramics by using V' substituting for Nb*".
The samples were prepared by the solid-state reaction method, and the dielectric behaviour at
microwave frequencies (5~6 GHz) was studied by two different processes, Hakki-Coleman’s
dielectric resonator method improved by Kobayashi and the shielded cavity method. The
results obtained by the two methods were similar, with the dielectric constant and the quality
factor strongly dependent on the sintering temperature. For values of x between 0.002 and
0.064, the dielectric constant varied between 38 and 46.

The study developed by Zhong and coworkers [16], in 2010, involved two kinds of CuO-V,0,
dopants with the aim of reducing the sintering temperature of BiNbO,: one was the mechani-

cal mixture of CuO and V,0,, and the other was the compound CuV,O,. The samples were
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prepared by the solid-state reaction method and sintered in N, atmosphere. The dielectric
characterisation at microwave frequencies (f = 4.3 GHz) was performed using the Hakki-
Coleman dielectric resonator method. The addition of CuV,O, led to uniform and dense
microstructures, with higher dielectric constant than those of the samples added with CuO-
V,0O,. The sample with better microwave dielectric properties was sintered at 860°C and was
doped with 0.5 wt.% of CuV,0O,: ¢’ =47 and Q x f=11,950 GHz.

In the same year, Butee and coworkers [17] investigated ceramic samples of BiNbO, and
(Bi, L0, ,c)NDO, (Ln = Dy*, Gd*, Nd** or La**) with V,O, addition. The samples were obtained
by the solid-state reaction method. The dielectric measurements were made at low frequencies
(1 kHz-1 MHz) with a Solartron impedance gain phase analyser and, at microwave frequen-
cies (= 4-5 GHz), with the dielectric post resonator technique. The obtained values in the micro-
wave frequency region for the dielectric constant were 46.5 (pure BiNbO,), 40.8 (Ln = Dy*),
41.7 (Ln=Gd¥), 43.4 (Ln = Nd*) and 47.5 (Ln = La*). The dielectric measurements made on the
sintered samples at RF frequencies showed dielectric constants between 44.7 and 53.4.

In 2011, Almeida et al. [18] sintered BiNbO, ceramics with different amounts of PbO and
Bi,O,, by the solid-state reaction method. The dielectric characterisation was performed with
the impedance spectroscopy technique, in the frequency range of 10>-10® Hz. Since the stud-
ied samples presented relaxation processes, the activation energies were calculated and var-

ied between 0.55 eV (pure triclinic BNO) and 0.67 (BNO with 10 wt.% of PbO).

Sales and coworkers [3] investigated, in 2012, the dielectric, electrical modulus and imped-
ance properties of BINbO, ceramics, doped with different amounts of CuO and prepared by
the solid-state reaction method. The frequency range of this study was between 100 Hz and
10 MHz. The highest values of dielectric permittivity occurred at 10 kHz, for the samples of
BNO with 3 wt.%, 5 wt.% and 10 wt.% of CuO, with the values of 87.15, 88.63 and 140.73,
respectively. The lowest values of the lost tangent occurred for the same samples but at 10 MHz.

In 2014, Czekaj et al. [19] studied the immittance properties of BiNbO, ceramics fabricated by
the solid-state reaction route, with an excess of Bi,O,, followed by pressureless sintering. The
immittance properties, complex impedance, complex modulus, complex admittance, complex
dielectric permittivity and dielectric losses were studied by impedance spectroscopy, in a
frequency range of 20 Hz to 1 MHz. Since the investigated samples presented relaxation pro-
cesses, the Arrhenius relation was applied in order to calculate the activation energies. The
values of the activation energy varied between 0.81 and 1.04 when obtained with the imped-

ance formalism and between 0.85 and 1.12 with the modulus formalism.

Devesa and coworkers [7] investigated, in 2015, (Bi, Fe )NbO, samples prepared using the sol-
gel method. The measurements of the complex permittivity were made in a resonant cavity,
using the small perturbation method, at frequencies of 2.7 and 5.0 GHz. With the substitution
of bismuth by iron, it was possible to reduce the sintering temperature and simultaneously to
decrease the dielectric losses. The dielectric constant of the samples with different percentages
of iron was practically independent of the sintering temperature.

In 2016, Butee et al. [20] studied (Bi, Pb )NbO, samples, prepared by the solid-state reac-
tion method, with the addition of V,O,. The dielectric post (DP) resonator technique was
employed for the microwave characterisation of the samples that was performed at room
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temperature and at ~4-5 GHz. In this study, dielectric constant values between 42 (x = 0) and
71 (x = 0.2) were obtained. According to the authors, such increase has never been reported in
a BNO system and can be attributed to the formation of the Pb,Nb,O, secondary phase.

Analysing the referenced works, we can see that the solid-state reaction method is the most
common preparation process. Furthermore, the dielectric characterisation studies are mainly
focused in the microwave frequency regime, which means that the information of the dielec-
tric behaviour of ceramic materials based on bismuth niobate in the RF frequency regime
is reduced. Concerning the MW dielectric studies, it is also perceptible that the improved
Hakki-Coleman'’s dielectric resonator method is the most used.

To end this brief state of the art, it is important to note that, for some reason that the authors
do not understand, a significant number of microwave dielectric studies of BNO ceramics
do not refer the measuring frequency. None of those incomplete works was included in this
manuscript.

In Table 1, the key progress of the modified BiNbO, is presented.

3. Case study

In this work, (Bi, Eu )NbO, (x=0.00, 0.10, 0.20, 0.50) samples were prepared using the sol-gel
method and thermally treated at different temperatures, between 650 and 1050°C.

In fact, the solid-state reaction method has been the most applied technique to process ceramic
powders; however, more recently the sol-gel method, through citrate route, became considered
a promising process and a simple way to obtain stoichiometric fine powders, with high homo-
geneity, since the formation of citrate complexes allows mixing the component cations in an
atomic scale; thus they can immediately react with each other at relatively low temperatures [6].

The structure was studied by X-ray diffraction (XRD) and Raman spectroscopy and the mor-
phology by scanning electron microscopy (SEM).

The measurements of the complex permittivity were performed in a frequency range from
100 Hz to 1 MHz (RF, radio frequency range), using the impedance spectroscopy technique,
and at 2.7 GHz (MW, microwave frequency range), using the small perturbation theory.

In the case of the microwave dielectric characterisation, through the small perturbation method,
a more detailed study can be consulted in a previous work of Devesa et al. [21], from 2017.

3.1. Sample preparation

The (Bi, Eu )NbO, powders were prepared using the sol-gel method, through the citrate
route. Bismuth nitrate (Bi(NO,),-56H,0), niobium chloride (NbCl,) and europium nitrate
(Eu(NO,),.H,O) were used as starting materials and citric acid and ethylene glycol as chelat-
ing agent and reaction medium, respectively. All reagents used in the whole procedure were
of analytical grade. A suspension containing stoichiometric amounts of starting materials was
previously prepared in a minor amount of hydrogen peroxide and dispersed in a mixture of
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citric acid and ethylene glycol in a molar ratio 1:3. In order to promote the solubility, the mix-
ture was stirred, during 7 days, until a clear colloidal suspension was obtained. The obtained
solution was dried at 400°C for 48 h to evaporate the solvent, and the obtained powders were
thermally analysed by differential thermal analysis (DTA), performed in a Linseis Apparatus
L92/095, in the temperature range of 20-1200°C, with a heating rate of 10°C/min, using A1203
as reference. Subsequently, the dry powders were pressed into pellets and cylinders and
finally heat-treated, according to the differential thermal analysis (DTA) results, at 650, 850
and 1050°C, using a dwell time of 4 h, with a heating rate of 5°C/min.

3.2. Experimental methods

The structural characterisation of the obtained ceramics was performed using XRD. The pat-
tern data were obtained on an Empyrean diffractometer (CuK o radiation, A = 1.54060 A) at
45 kV and 40 mA, with a curved graphite monochromator, an automatic divergence slit (irra-
diated length 20.00 mm), a progressive receiving slit (height 0.05 mm) and a flat plane sample
holder in a Bragg-Brentano parafocusing optic configuration. Intensity data were collected by
the step counting method (step 0.02° in 1 s) in the 20 angle range of 10-60°

The Raman spectroscopy measurements were performed at room temperature, in backscat-
tering geometry, with a 442 nm laser line using an HR-800-UV Jobin-Yvon Horiba spectrom-
eter. A microscope objective focused the exciting light onto the sample.

The morphology of the obtained samples was analysed by SEM. The measurements were
performed on a TESCAN-Vega III. The samples were covered with carbon before microscopic
observation to improve the surface electron conduction.

For the electrical measurements in the frequency range from 100 Hz to 1 MHz, pellets in
disc form and with a thickness of about 1 mm and diameter of 10 mm were prepared, and
their opposite side surfaces were painted with silver conducting paste. During the electrical
measurements, the samples were maintained in a helium atmosphere in order to improve the
heat transfer and eliminate the moisture. These measurements were made using a precision
impedance analyser (Agilent 4294A) in the Cp-Rp configuration, in the temperature range
of 200-400 K. The real part of the complex permittivity, €', and the imaginary part, ¢”, were
calculated using Eq. (1) [22]:

, T Cp d .
& =& 1€ =A—Sn—lm (1)
where A and d represent the sample area and thickness, respectively, ¢, the free space permit-
tivity and w the angular frequency.

The microwave characterisation was performed using the resonant cavity method, with the
cavity operating at 2.7 GHz in the TE105 mode. The measurements were made at room tem-
perature, using a network analyser (HP 8753D) coupled to the cavity.

The insertion of the cylindrical sample at the position where the electric field is maximal
causes a perturbation, changing the transmission of the cavity.
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Considering only the first-order perturbation in the electric field caused by the sample [7], the
shift in the resonant frequency of the cavity, Af, can be related to the real part of the complex
permittivity, ¢, and the change in the inverse of the quality factor of the cavity, A(1/Q), can be
related to the imaginary part, €” [7, 21]:

¢ = KZv+1 @)

¢ =54(g)v ©

where K is a constant related to the depolarization factor, which depends on the geometric
parameters; v and V are the volumes of the sample and the cavity, respectively and f is the
resonance frequency of the cavity.

A = fi=4 4)

(3)-

where the indexes 0 and [ refer to the empty and loaded cavity, respectively.

1
“Q @)

o=

Using a sample of known dielectric constant, in this study polytetrafluoroethylene (PTFE), the
constant K can be calculated.

3.3. Results and discussion
3.3.1. Differential thermal analysis

The DTA data of the obtained powders, shown in Figure 1, revealed, for the sample with
x = 0.00, three exothermic phenomena centred at 646, 1043 and 1181°C. When x = 0.10, besides
the three exothermic phenomena mentioned above, that can clearly be identified although the
small displacements, it is visible two new exothermic phenomena centered at 546 and 607°C,
and an endothermic peak at 443°C. The powder with x = 0.20 shows an endothermic peak at
443°C, and four exothermic phenomena centred at 530, 667, 1033 and 1189°C. For x = 0.50,
there is an endothermic phenomenon centred at 590°C and an exothermic at 978°C.

The heat treatments were made in agreement with these results.

3.3.2. X-ray diffraction pattern analysis

The crystalline phases were identified by X-ray diffraction patterns and are shown in Figure 2.

In the host samples, x=0.00, a combination of orthorhombic and triclinic BINbO, was obtained
for the heat treatment of 650°C, orthorhombic BiNbO, for the heat treatment of 850°C and tri-
clinic BiNbO, for the heat treatment of 1050°C.
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Figure 1. DTA of (Bi, Eu )NbO, powders, heated at the rate of 10°C/min.

When x =0.10, besides the a-BiNbO, and 3-BiNbO,, EuNbO, and EuNb,O,, a nonstoichiomet-
ric phase of bismuth niobate was formed for the heat treatment of 1050°C. The formation of
nonstoichiometric phases of bismuth niobate is associated with the volatile nature of Bi** ions

at high temperature.

With the increase of x to 0.20, besides the a-BiNbO,, 3-BiNbO, and EuNbO,, for the higher
treatment temperature, there are two unidentified peaks that should be associated with a dif-
ferent nonstoichiometric phase of bismuth niobate.

For x =0.50, a-BiNbO,, 3-BiNbO,, Bi,Nb,O,. and EuNbO, were identified.

The results show that Eu’* ions substituted in BiNbO, tend to form a separate crystal structure
rather simply replacing Bi** ions.

Analysing the X-ray diffraction data and the DTA results, the consistency of the information
is visible.

For x =0.00, the first peak shows the formation of 3-BiNbO,, and the second can be associated
with the conversion of a-BiNbO, in $-BiNbO,.
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Figure 2. X-ray diffraction patterns of (Bi, Eu )NbO, samples heat-treated at 650, 850 and 1050°C.

According to the literature, the formation of a-BiNbO, is expected for temperatures above
500°C, evidenced by small exothermic peaks between 500 and 600°C [23], which are visible in
the DTA of the powders with x =0.10 and 0.20.

As in the reference powders, all of the powders with europium show one peak close to 1000°C
that can be related to the transition of 3-BiNbO, to a-BiNbO,. The existence of one endother-
mic peak in this set of powders can be related to the decomposition of intermediate phases.

The increase of the crystallinity is also perceptible for the heat treatment of 850°C, with the
increase of the height and the decrease of the half-high width of the peaks.

The thermal treatment performed at 1200°C caused the fusion of the powders, and therefore
there is no information about the exothermic phenomenon that occurs near this temperature.

3.3.3. Raman spectroscopy analysis

The Raman spectra are presented in Figure 3.
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When x = 0.00, the samples treated at 650 and 1150°C show peaks at 102, 450 and 687 cm™
that are characteristics of the vibration modes of $-BiNbO,. In the case of the sample treated
at 850°C, where the single phase a-BiNbO, was identified, none of these peaks is present.
Besides, the peaks at 139 and 199 cm™ are distinctive of the orthorhombic BiNbO @ fact that
justifies their absence in the spectrum of the sample treated at 1050°C, where all are attributed
to triclinic BiNbO, [5, 24]. This means that none of the detected vibrations can be assigned to

nonstoichiometric phase Bi, ,Nb, .O,, .

For x=0.10 and 0.20, the peaks identified in the samples treated at 650 and 850°C can be attrib-
uted to the vibration modes of BiNbO,, with vibrations at 140 and 200 cm™ being characteristic
of the orthorhombic BiNbO,. For the sample treated at 1050°C, these two vibrations are absent,
though at 690 cm™ it is possible to identify a distinctive peak of the triclinic BINbO, [25, 26].

The vibrations present at 120, 133, 175, 290 and 782 cm™ in the sample with x = 0.20 can be
attributed to the vibration modes of EuNbO, [1].

For the samples with x = 0.50, this analysis is still valid, and it is possible to notice that
the vibration modes of the nonstoichiometric phase Bi.Nb,O,, are very similar to the ones
obtained for the orthorhombic BiNbO,.
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Figure 3. Raman spectra of (Bi, Eu )NbO, samples heat-treated at 650, 850 and 1050°C.
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3.3.4. Morphological characterisation

SEM micrographs of (Bi, Eu )NbO, powders are shown in Figure 4. The images for treatment
temperature of 650°C revealed that the increase of europium content promotes changes in the
morphology of the samples. These changes are more perceptible when x increases from 0.20
to 0.50, with the grain size increasing. For the samples treated at 850°C, one can see that the
increase of europium promotes the occurrence of coalescence. The heat treatment of 1050°C
promotes the formation of high-temperature triclinic BINbO,, which leads to a dramatic change
in the morphology of the samples, with the grain size showing a very expressive increase.

3.3.5. Dielectric characterisation

Figure 5 shows the real part of the dielectric permittivity as a function of the frequency, at
constant temperature T =300 K, in the RF frequency range, for the prepared samples. It can be
verified that it is not significantly influenced by the frequency.
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x=10.10 x = 0.20 %= (.50
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Figure 4. SEM micrographs of (Bi, Eu )NbO, samples.
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Figure 5. Frequency dependence of the real part of the complex permittivity, ¢’, at T =300 K.

For the host samples and for the samples with different amounts of europium, it is perceptible
that the presence of triclinic BiNbO, leads to higher ¢’ values.

The highest dielectric constant occurs for the sample with x = 0.50, treated at 1050°C, where
besides a-BiNbO, and EuNbO,, an unidentified nonstoichiometric phase of bismuth niobate
was detected.

The variation of the imaginary part of the complex permittivity with frequency, also at con-
stant temperature T =300 K and in the RF frequency range, is shown in Figure 6.

Except in the case of the sample with highest ¢’, all the other samples are showing &" values
lower than 1.

In general, the losses decrease with frequency, except in the sample with x = 0.20, treated at
850°C, where the shape of the curve indicates the occurrence of a relaxation process.

Figure 7 presents the real part of the complex permittivity at 2.7 GHz, at constant temperature
T=300K, as function of x, for the prepared samples. The samples treated at 1050°C show the
highest ¢’, with the maximum ¢’, 8.41, occurring for the sample with x = 0.20. The calculated
values indicate that the more influent parameter is the treatment temperature since the per-
mittivity does not vary significantly with the amount of europium.

This increase of ¢’ for the highest treatment temperature can be attributed to the increase of
crystallinity, combined with the formation of the high-temperature triclinic BINbO,.
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Figure 6. Frequency dependence of the imaginary part of the complex permittivity, ¢”, at T=300 K.

In Figure 8, the variation of the imaginary part of the complex permittivity with frequency is
presented. It can be seen that ¢” values are influenced by the amount of europium and also by
the increase of the treatment temperature.

Table 2 resumes ¢” and tg 6 = ‘L, for the different samples.

&

0.5

Figure 7. Calculated ¢’ for all treatment temperatures as a function of x value, at 2.7 GHz and 300 K.
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Figure 8. Calculated ¢” for all treatment temperatures as a function of x value, at 2.7 GHz and 300 K.
X HT (°O) 100 kHz 1 MHz 2.7 GHz
€' tgd €' tgd €' tgd
0.00 650 17.95 22x107 17.96 1.9x103 4.94 1.9 %103
850 16.18 1.6 x107 16.13 7.5x10% 5.42 9.7 %107
1050 30.39 3.2x10° 30.48 45x107° 6.97 1.5x102
0.10 650 13.56 1.5x107 13.64 2.8x10* 4.69 2.5x107
850 15.42 1.0x107 15.36 3.7x10° 5.06 3.1x107
1050 20.85 8.4 x10* 20.97 12x107% 7.28 2.0x107
0.20 650 13.71 1.7 x103 13.79 8.0x10* 4.34 1.5x102
850 7.98 6.1 x107 7.74 3.6 x1072 4.66 7.7 %103
1050 19.87 1.6 x103 19.89 2.5x107° 8.41 8.7 %10
0.50 650 15.27 43x10° 15.32 1.7 %107 4.27 2.7 %107
850 35.08 7.8 =107 34.95 32x107 5.6 2.3 x107
1050 55.32 5.7x107 55.25 4.0x10° 7.24 1.2x102

Table 2. Calculated &’ and g 6 for the different samples, at 100 kHz, 1 MHz and 2.7 GHz, at 300 K.

Analysing the presented values, we can see that, for all the presented frequencies, the for-
mation of high-temperature triclinic BiNbO, contributes to the increase of the permittivity,
without the exacerbation of the dielectric losses.

The substitution of bismuth by europium does not contribute to significant changes in the
dielectric losses of the samples, being the treatment temperature the most influent parameter.

Considering the samples treated at 650°C, it is visible that the introduction of europium is not
advantageous, since the &’ values decrease and, in general, the losses increase. For this same



Dielectric Properties of Bismuth Niobate Ceramics
http://dx.doi.org/10.5772/intechopen.75100

temperature, the increase of europium promotes the increase of the grains size, a morphologic
alteration which is not reflected in the dielectric properties.

In the samples treated at 850°C, the reflection of the morphology changes in dielectric proper-
ties is perceptible mostly in the sample with x = 0.50. In these set of samples, the coalescence
is noticeable; however, it is in the sample with the higher amount of europium that this phe-
nomenon is more evident, which can explain the increase of the dielectric constant.

The samples treated at 1050°C show the higher dielectric constants, which can be related not
only with the formation of the high-temperature triclinic BiNbO, but also with the growing
of the grain size.

For the RF frequency regime, it is also perceptible that, for the samples treated at 1050°C, the

increase of the dielectric constant can be related to the amount of europium introduced.

3.4. Conclusion

In this study, we have presented a structural, morphological and dielectric characterisation, in
the RF and MW frequency regime, of (Bi, Eu )NbO, samples, prepared by the sol-gel method
and treated at three different temperatures, between 650 and 1050°C.

For the lowest treatment temperature, one can conclude that the introduction of europium is
not an advantage since there is no improvement in the dielectric properties of the samples.

In the case of the intermediate heat treatment, the introduction of europium is advantageous
but only for the sample with x = 0.50, with the increase of the dielectric constant, without sig-
nificant increase of the losses.

The samples treated at 1050°C, where the triclinic bismuth niobate was identified, show the
highest dielectric constant. In particular, in the case of the RF frequency regime, these sets of
samples revealed that the introduction of a higher amount of europium can improve signifi-
cantly the dielectric constant, without compromising the losses.
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Abstract

Bismuth oxide thin films still prove attractive to both scientists and engineers due to their
semiconducting behavior, large energy bandgap and high refractive index, despite their
often complex structure, both polymorphic and polycrystalline. We present here a sum-
mary and a comparison of the morpho-structural and optical properties of such films
prepared through three physical vapor deposition (PVD) techniques on several types of
substrates kept at different temperatures. Thermal vapor deposition, thermal oxidation in
air and pulsed laser deposition are discussed as largely used PVD methods. It is proved
that the physical properties of the bismuth oxide thin films can be tailored by changing the
substrate nature and its temperature during the deposition process in a way even more
relevant than even the chosen deposition method. Thus, bismuth oxide thin films with
energy bandgaps ranging from the infrared up to near-ultraviolet can be obtained,
depending on their structure and morphology. High refractive index of the films can be
also attained for specific spectral ranges. When deposited on certain conductive sub-
strates, the films have much lower electrical resistance and even became sensitive to water
vapor. Therefore, humidity sensing and optoelectronic applications of the analyzed bis-
muth oxide thin films can be easily found and used in both science and technology.

Keywords: bismuth oxide, physical vapor deposition, morpho-structural studies, optical
analysis, tailored properties, optoelectronics, humidity sensing

1. Introduction

Most high performance electronic and optoelectronic devices are made of crystalline materials.
When drastically reducing the size of crystals up till micrometers and nanometers, their
properties change dramatically due to quantum size effects, even completely switching their
electrical behavior from metallic to semiconducting, as it is also the case with bismuth. Thus,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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thin films, nanowires, nanorods, and nanoparticles became really attractive not only to scien-
tists, but also to engineers due to their specific, distinctive properties, but also because of the
need of miniaturization and to material saving.

It is considered that a layer of substance deposited on a support (substrate) is a thin film if it
has a thickness ranging between nanometer fractions up to 10 micrometers. Thus, a deposited
layer is a thin film if it has a thickness in the order of magnitude or less than the average free
path of the electric carriers.

Due to the properties induced by the presence of remote order at crystalline semiconductors,
studying the methods of obtaining them as thin films and inferring their properties have taken
an extraordinary magnitude. Among thin crystalline semiconductor films, the oxides are
intensively studied, the presence of oxygen conferring new, special properties, which recom-
mend them for use in Electronics and Optoelectronics, either for coatings or a single compo-
nent in different circuits and devices.

Bismuth trioxide thin films, Bi,O;, which is the most important industrial compound of
bismuth, have also captured the interest of researchers because they have large energy
bandgap, high refractive index, high photoconductivity, photosensitivity to ultraviolet radia-
tion, etc. [1-6], properties that recommend bismuth trioxide for a wide variety of applications:
optical coatings, solar cells, components in electronic circuitry, recording layers in CDs and
DVDs and gas and humidity sensors [7-13]. Moreover, complex oxides containing Bi and V,
such as BiVO, have been found as efficient photoelectrochemical (PEC) material for the treat-
ment of polymer-containing wastewater from oilfields, especially when co-doped with W/Mo
[14] or Zn [15] or by adding NaCl to the precursor solution when the chemical bath deposition
method was employed for BiVO, photoanodes [16].

The deposition of thin films is subdivided according to the aggregation state of the depositing
material in: (1) solution deposition processes, including the sol-gel technique, electrolysis and
spray pyrolysis; (2) deposition from the vapor phase, which is subdivided into: (a) chemical
vapor deposition (CVD); (b) physical vapor deposition (PVD).

Physical vapor deposition is a technique used for depositing thin films by condensing atomic
or molecular vapor phase species on the surface of a certain substrate. The deposition/coating
source is a solid or liquid substance. At a PVD deposition, the material to be deposited is
vaporized or sprayed, then it is or it is not mixed with a specific gas, and then it condenses
from the vapor state as a thin film onto a substrate facing the material source, the substrate
having the anterior surface colder than the flow of deposited material. The deposition is
carried out in a vacuum enclosure so that the particles of material to be deposited have a
maximum average free path. PVD processes can be divided according to the primary vapor
formation method into: (i) vaporization (thermal) processes and (ii) spraying (kinetic) pro-
cesses, respectively. Several techniques of physical vapor deposition are known, such as:
cathodic arc deposition (CAD), sputter deposition, evaporative deposition, electron beam
physical vapor deposition (EBPVD) and pulsed laser deposition (PLD), respectively.

The deposition and study of the properties of bismuth trioxide films have been and still are
difficult because this oxide presents seven polymorphs [17]: a-Bi,O3 (primitive, monoclinic,
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stable form), 3-Bi,O; (tetragonal, metastable form), y-Bi,O3 (cubic centered, metastable form),
0-Bi,O5 (cubic centered, stable form), e-Bi,O5; (orthorhombic, metastable), w-Bi,Oj (triclinic,
metastable form), and an un-named, metastable form, with cubic primitive structure.
Depending on the deposition method and its conditions, on the post-deposition treatment
and on the environmental conditions, one or more of bismuth trioxide polymorphs may
coexist in the deposited layers. These seven polymorphs have optical and electrical properties
that are very different from one another. Thus, the alpha form behaves like a p-type semicon-
ductor at room temperature, passing to n-type conduction around 600°C temperature,
depending on the oxygen partial pressure in the surrounding atmosphere [18]. The delta form
is among the most efficient ionic conduction oxides, achieved through oxygen vacancies,
having a conductivity of about 1 S/cm at 750°C, which is a value with three orders of magni-
tude larger than the metastable forms of bismuth trioxide, respectively four orders of magni-
tude greater than the monoclinic alpha form [18, 19].

The deposition of bismuth trioxide can be accomplished by virtually any known method used
for thin films: thermal evaporation [11, 20-24]; pulsed laser ablation-PLD [25-30], spray pyroly-
sis [31-33], electrodeposition [34], sol-gel [35], etc. Depending on the chosen deposition method,
on its conditions (nature and temperature of the substrate, the vacuum level, the nature and
pressure of the ambient gases, etc.) as well as on the post-deposition thermal treatment, the thin
layers of bismuth trioxide deposited up till now have a great variability in terms of structure,
morphology and their optical, electrical and other types of physical properties.

Thermal oxidation is a widely used method for the production of oxides of various metals [36-39],
including bismuth [9, 21, 22, 40]. Upon thermal oxidation of bismuth, several types of non-
stoichiometric oxides (BiO, BixO, 33, BisOy, etc.) can form in addition to Bi,O3;, whose presence,
types of crystalline planes and properties depend on: (i) the properties of the initial bismuth
layers; (ii)the oxidation conditions: the maximum attained temperature, the oxidation dura-
tion, the heating and cooling rates; (iii) the eventual post-oxidation treatment. There are
numerous reports in the scientific literature concerning bismuth oxide thin films obtained by
thermal oxidation or by other methods, films exhibiting various structures, morphologies, and
optoelectronic properties [1, 9, 21, 40-48]. There are only a few reports on the preparation of
bismuth oxide films containing only one type of oxide obtained by thermal oxidation, and
these were accomplished at high oxidation temperatures (above 600 K) and/or for long oxida-
tion times of up to a few days, as ]. George and collaborators reported [49], along with
K. Jayachandran in [22], in both cases the layers consisting of $-Bi,O3;, while H. A. Zayed
obtained polycrystalline 8-Bi,Oj3 thin films [50].

The preparation of bismuth oxide thin films by the PLD (pulsed laser deposition) technique
has been rarely used [25-30] because of its relative novelty and of the high cost of the necessary
equipment (deposition unit, powerful laser devices, high vacuum, etc.).

The purpose of this chapter is to present three types of physical vapor deposition methods used
for the preparation of bismuth oxide thin films with optoelectronic and humidity sensing prop-
erties, depending on the set of deposition conditions. A comprehensive methodology for the
analysis of the structure, morphology, optical and humidity sensing is also presented together
with examples of experimental results and the way the data can and must be interpreted and
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further used for practical, scientific and industrial purposes. Thus, this chapter intends to be like
a recipe of PVD methods for the preparation of bismuth oxide thin films with tailored properties.

2. Examples of PVD techniques and their corresponding parameters
for the preparation of bismuth oxide thin films

As mentioned above, three types of PVD techniques will be discussed here in terms of their
most relevant parameters that influence the properties of bismuth oxide thin films. These
methods are: (i) thermal vacuum evaporation of bismuth trioxide powder; (ii) thermal oxida-
tion in air of pure bismuth films previously deposited by thermal vacuum evaporation and
(iii) pulsed laser deposition of bismuth targets in oxygen atmosphere.

(i) Firstly, classic thermal evaporation in a vacuum can be employed in order to deposit bismuth
trioxide thin films, by using high purity Bi,O3 (99.999%) as source material, such as the one from
Sigma-Aldrich. The depositions have to take place at high vacuum (e.g. 8- 107> Torr) onto
chemically-cleaned microscope glass substrates (most commonly used, easily available, cheap
and resistant to fairly high temperatures) kept at different temperatures, at least 50 degrees apart
(e.¢.27°C = room temperature, RT, 77°C and 127°C, respectively). Such deposition conditions
would lead to bismuth trioxide films with a semi-transparent, dark gray appearance [11].

(ii) Alternatively, pure bismuth thin films can be firstly prepared also by thermal evaporation
in vacuum (e.g. at 5- 107" Torr), onto the same type of microscope glass slides, maintained at
different temperatures between room temperature and say 227°C (500 K). After cooling, the
bismuth thin films would be submitted to thermal oxidation in air, by means of a home-made
device. The oxidation can be performed in two stages of 1 h each, separated by even several
days one from the other, such as the properties of the films after the first oxidation stage would
not change to air exposure. During the oxidation process, the temperature can be gradually
increased up to around 400°C for the first oxidation step and then the temperature should rise
at lower temperatures during the second oxidation step (e.g. 270°C). The oxidation would be
noticed as the films will turn from semi-transparent dark gray as pure bismuth films are, to
highly transparent, light yellow-grayish as oxidized layers [23, 24].

(iii) Thirdly, pulsed laser deposition of pure bismuth targets in oxygen atmosphere can also be
employed, with and without a radiofrequency discharge of the oxygen inside the high-
vacuumed deposition chamber (e.g. at 3 - 107> Torr). Given the great variability of the types of
bismuth oxides that can form and of their properties, depending on the mode and conditions
of preparation, it can be chosen to obtain bismuth oxide thin films by the PLD technique by
varying: the nature and temperature of the substrate during the depositions, or/and the
wavelength (193 or 266 nm) and number of laser pulses (40,000 or 60,000) used for ablation
[28-30]. Pure bismuth targets (e.g. with 12 mm diameter and 7 mm thickness) can be ablated in
a reactive oxygen atmosphere (at e.g.: 100 SCCM and 0.6 mbar oxygen partial pressure). An RF
source with 13.45 MHz and 150 W can be used for the radio frequency (RF) discharge of the
oxygen inside the deposition chamber. Various materials can be employed as substrates at
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PLD, from microscope glass slides to silicon, Si (100) or/and Si/Pt, respectively, but the latter
proved to give rise to spectacularly different properties of the bismuth oxide films, with
electrical resistance up to three orders of magnitude lower than the films deposited on glass
and also with a very high sensitivity to humidity as compared to the other prepared films [28].
Substrate heating during the PLD process can also be tried, since this parameter is crucial for
the structure, the morphology and the other properties of the deposited films, by controlling
the movement, combination, and accumulation of deposing atoms on the substrate. Substrate
heating up to even 600°C can be tried and leads to good resulting films.

The thickness of all the deposited and analyzed films can be rather precisely and easily
determined by using a Linnik-type of an interference microscope, operated in white light.

The structural analysis of the films can be performed by X-ray Diffractometry (XRD) and/or by
transmission electron microscopy (TEM), by means of the SAED (selected area electron diffrac-
tion) technique. Thus, typically, an X-ray diffractometer with a Cu Kot (A = 1.5418 A) [28, 51] or
with a Co Ka target/source (A = 1.789 A) [29] can be used. Alternatively, a transmittance
electron microscope can be successfully employed for morpho-structural analysis, since it can
provide various information about the samples: (i) Bright Field —TEM (BF-TEM) images,
(ii) SAED electron diffraction images, with measurements of the radii of the electron diffraction
rings through which the interplanar distances can be computed and/or (iii) high-resolution
TEM (HRTEM) images from which the interplanar distances can be inferred as well.

The morphology of the films can be analyzed by Scanning Electron Microscopy (SEM) [28, 52,
53] and/or by Atomic Force Microscopy (AFM), the latter with at least 20 nm lateral resolution
and 2 nm vertical resolution (e.g. a Park XE-100 or a NT-MDT Solver Pro-M AFM [30, 54-57]).

The optical analysis starts by recording the optical transmittance (for the transparent films)
and/or reflectance spectra for near-IR, VIS, and near-UV domains, by using a spectrophotom-
eter (e.g. type Perkin Elmer Lambda 35), operated at normal incidence, in the air, between at
least 200 and 1100 nm. The optical data have to be processed in order to compute the most
relevant optical parameters: the refractive index and the absorption coefficient. Then, different
models can be applied to these parameters in order to infer new and important figures, such as
the energy bandgap and type of electronic transitions within the films [11, 58-61].

Humidity and/or other gas sensing measurements can be performed with a home-made
device, made of a closed box kept at room temperature fed with water vapor and a relative
humidity meter [28] or a gas and a pressure gauge.

3. Examples of bismuth oxide thin films deposited by the three selected
PVD methods: their properties and potential uses
3.1. The structural analysis of bismuth oxide thin films

When thermal vacuum evaporation of Bi,O; powder was employed, most often amorphous
films are obtained, independent of the temperature of the glass substrate, as the XRD spectra
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proved (see Figure 1), by having only one broad maximum instead of individual peaks, like in
the case of crystalline samples. The aspect of the XRD spectrum does not change with changing
substrate temperature during the depositions.

Instead, when firstly deposing pure Bi thin films onto glass substrates and then thermally
oxidize them in open atmosphere, the resulting bismuth oxide films are crystalline, but with
very complicated structures. Thus, the oxidized Bi films are most often not only polymorphous
but also polycrystalline, and contain not only bismuth trioxide, which is the stoichiometric
form of bismuth oxide, but also contain non-stoichiometric bismuth oxides, such as BiO, Bi,O, 33,
BisOy, BixOs,7s5, etc, as they were identified through their specific peaks within the XRD
spectrum—see Figure 2 of such examples. This time, even though the thermal oxidation
process is the same for all the pure Bi films, the deposition temperature, ts of the primary
deposited pure Bi films has a decisive influence on the structure of both the primary Bi films,
but also on the resulting oxidized films. Thus, as the XRD spectra from Figure 2 prove, merely
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Figure 2. The XRD spectra of two bismuth oxide thin films obtained by two-stage thermal oxidation of pure bismuth
films deposited at two different substrate temperatures [62].
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Figure 3. SAED images for two bismuth oxide thin films resulting from the thermal oxidation of pure bi films deposited
at different substrate temperatures [63].

changing the substrate temperature with less than 100 degrees makes the thermal oxidation to
lead to very different structures. E.g. a film deposited at 300 K (27°C) may contain the o, 3, ¥
polymorphs of Bi,Os, along with the Bi,O,3; intermediate oxide, while an oxidized film
resulted from a pure Bi layer deposited at 373 K (100°C) may contain only the a and (3 forms
of Bi,O3, along with both Bi;O, 33 and Bi,O; 75. The films from Figure 2 also contain the XRD
spectra of the same films after the 2nd oxidation stage (marked with 2nd), showing that further
oxidation of the bismuth oxide films changes their structure in a manner and a degree also
depending on the substrate temperature during the initial pure bismuth deposition onto the
glass. Thus, in the given examples, in the case of a film with T =300 K, the 2nd oxidation stage
worsens the crystallinity, as the XRD peaks decreases, while for the films with T, = 373 K, the
2nd oxidation eliminates some crystalline planes and gives birth to others instead, with a
texturizing change [52].

The SAED technique of TEM provides the most detailed structural analysis of low-dimensional
structures. This technique allows one to confirm the complicated structures inferred for bis-
muth oxide films obtained through thermal oxidation in the air as the XRD study shows. As an
example of the application of the SAED technique, the images from Figure 3 confirm the crucial
influence of the substrate temperature, t, (written in the insets of the electron diffraction
images) during the initial pure Bi deposition on the resulting oxidized films.

A 100 degrees temperature difference simplifies the structures drastically, the SAED images
passing from a multitude of diffraction rings to only a few [63]. Un-oxidized bismuth is generally
present as trapped between the formed oxides in all the types of structural analysis of all the
deposited bismuth oxide films, and it will also appear even in the morphological studies, when
transversal SEM images are obtained, as it will be pointed out later.

Figure 4 presents an example of an HRTEM image of a bismuth oxide film obtained by the
thermal oxidation of pure bismuth film deposited at 227°C. The extremely high magnification of
the image (over 1,000,000 ) allows for the visualization of the families of crystalline planes—two
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Figure 4. A HRTEM image of a bismuth oxide film with tg =227°C.

types in the example: (004) of the non-stoichiometric, seldom found oxide Bi,O, 33, while the
others are of the (101) of pure bismuth. The presence of the under-laying and also internally
remnant un-oxidized bismuth can be explained by the fact that, as the films are submitted
to thermal oxidation, some of the crystalline planes of the forming bismuth oxides block the
oxygen access to some bismuth atoms, such the oxidation cannot take place for the entire
film.

When using the pulsed laser ablation to prepare bismuth oxide thin films on glass substrates by
using pure Bi targets and a reactive oxygen atmosphere (stimulated through a RF discharge), the
resulting films still prove to have complicated structures, with remnant un-oxidized bismuth,
with intermediate oxides, mixed with different bismuth trioxide polymorphs, as the XRD spectra
from Figure 5 exhibit as examples [29, 56]. Again, the substrate temperature during the deposi-
tion process proves critical for the resulting composition and structure of each film, since this
parameter controls the mobility of atoms and their mixing and chemical reaction when condens-
ing on the substrates. Moreover, the laser wavelength (namely 266 and 193 nm, respectively) and
the number of laser pulses (40,000 or 60,000) used for the ablation of the target also strongly
influence the resulting films, as the XRD spectra from Figure 5 also prove.

Even if the nature of the substrate changes to crystalline silicon, Si (100) or even to Si/Pt, the
bismuth oxide thin films prepared by PLD still have complicated structures, as the XRD
spectra from Figure 6 exemplify.

Thus, the films deposited on Si contain both Bi,O; and intermediate oxides [30], along with un-
oxidized Bi, while the films deposited on Si/Pt finally reach structural stability, containing
merely Bi;Os (e.g. p and d forms) only after thermal treatment (e.g. 1-h heating and 1-h cooling)
[28]. The substrate temperature, ts proves important in the case of each type of substrate, even
for Si/Pt, the higher ts (e.g. 600°C as compared to 300°C), the simpler the structure after
structural stabilization by post-deposition annealing [28].
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Figure 5. XRD spectra of four bismuth oxide thin films deposited on the glass by RF-PLD, with different deposition
conditions [29, 56].

3.2. The morphological analysis of bismuth oxide thin films

Scanning Electron Microscopy can be the choice for the morphological analysis of bismuth
oxide thin films. As mentioned above, the remnant bismuth oxide layer underneath the newer
formed oxide upon thermal oxidation in air of primary pure Bi films can be also proved by
transversal SEM (Scanning Electron Microscopy) images, as the one presented in Figure 7.

The normal SEM images as the ones presented in Figure 8 reveal the morphologies of the
bismuth oxide thin films prepared by either method, which are rather uniform when thermal
oxidation or PLD are employed on several substrates: glass, Si or Si/Pt.

When using AFM (Atomic Force Microscopy), the aspect of the surface of bismuth oxide thin
films is even better revealed as generally having uniformly distributed grains, also sensitive to
both the nature of the substrate and to its temperature during the deposition —see Figures 8 and
9 for such AFM examples. When PLD is used, the grain distribution on the surface of the
bismuth oxide film is more uniform, but the grain aspect strongly changes with the wavelength
of the UV laser pulses used for the ablation of the bismuth targets, typically 266 and 193 nm.
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Figure 6. XRD spectra of bismuth oxide thin films deposited by PLD on Si(100) and Si/Pt, respectively [28, 30].

Figure 7. Transversal SEM image of a bismuth oxide thin film prepared by thermal oxidation in air of pure bi films [62].

3.3. Optical analysis of bismuth oxide thin films

The bismuth oxide thin films deposited on glass through each of the three methods described
above present high transmittance, either as amorphous or crystalline materials, as the trans-
mittance spectra from Figure 10 prove. Thus, the transmittance, T of the films surpasses 50%
above 400 nm for each of the bismuth oxide film chosen as examples and proofs.

The reflectance of the films presents rather often oscillations with changing wavelength, as

Figure 11 proves.
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Figure 8. SEM micrographs of bismuth oxide thin films deposited by thermal oxidation (top left image) or by PLD on
different substrates (see insets) [28, 30].
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Figure 9. SEM images of bismuth oxide on glass substrates obtained by thermal oxidation (left side image) of by RF-PLD
with 266 nm pulses (center image) or with 193 nm pulses (right side image) [55-57].

As the refractive index is concerned, even if its computation is made by taking into account
both the reflectance and the transmittance data of the films, its profile or dependence on the
wavelength closely follows that of the reflectance data, since it is primarily related to it—see
Figure 12. Generally, regions with anomalous dispersion can be noticed especially for the



126

Bismuth - Advanced Applications and Defects Characterization

8

=70'c  (d=0,006 wm) 50
te=70'C ; o 2

— 80 0 .
E - . nl
g ts=20'C 1s=120°C 7

- (d=0.054 pm) (d=0.003 pm) g o}
§ 501 §%0 therrnal oxidation
g thermally evaporatad in vacuum - ' ine B8O,
§ 404 armarphous B0, from [11) i “r T=73K
g £ of (1)~ 1* cndabon
" ] nl (2 - 2" cwsdation

o from [52)

0 s T —— T i} T T T T T
200 300 400 500 €00 VOO BOD 800 1000 1100 W0 00 %00 600 TOO S0 900 1000 19

wavelength, . (nm) wavelength {nm)
Bizmuth oxide by PLD
1001 ;2183 nm; N=50000 pulses

- from [57] | #)

£ 0.

'—

£ o0

g (1) ===1g=RT

E 40- (2)——tg=300"C

& (3) ——1g=a00°C

F 204 (4) —— tg=500"C

(5) ——1g=600°C
0 - - T T I
200 400 600 800 1000
wavelength, & (nm)

Figure 10. Optical transmission spectra for bismuth oxide thin films prepared by each of the three chosen methods—See
insets for details [11, 52, 57].

bismuth oxide films deposited by PLD. Depending on the deposition method and its condi-
tions, the bismuth oxide films can even surpass the value of four for the refractive index.

As for the absorption coefficient, it has to be used for the deduction of the energy bandgap, E,
of the films, according to the model proposed by Tauc [11, 58-61], by plotting (- h-v)" in
function of the photon energy, (h-v) and by extrapolating the graph to zero, as exemplified
in Figure 13 for amorphous bismuth trioxide deposited on glass by thermal evaporation in
vacuum. The values of the ‘r’ coefficient can be 2, 2/3, 1/2 or 1/3, depending on the type of
optical transitions most likely to happen within the analyzed semiconducting films. In the case
of the structurally complex bismuth oxide films, indirect-type of optical transitions are the
most probably allowed, corresponding to r =1/2.

Such energy bandgap estimation can be performed for each of the bismuth oxide films for
whom optical transmittance data can be obtained (i.e. for transparent films deposited onto
transparent substrates), but also by applying the Wemple-Didomenico model for refractive
index data as a function of wavelength [11]. Examples of values for the energy bandgap of
bismuth oxide thin films prepared by different PVD techniques are given in Table 1.
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Figure 13. The optical absorption spectra expressed according to Tauc’s model, for bismuth trioxide thin films with
allowed, indirect transitions and the estimation of their energy bandgaps, E; [11].

Film preparation method Substrate temperature, Type of optical Optical energy bandgap, Reference
ts (°C) transition E; (eV)
Bi thermal oxidation, 1st RT allowed, indirect 3.01 [51]
stage 100 (a-h-v)"? 1.53* [54]
177 2.90 [51]
200 1.67* [54]
227 2.87 [51]
thermal vacuum deposition =~ RT 2.61 [11]
of BizO5 77 2.96
127 2.02
PLD on glass, 193 nm, 60,000 RT allowed, direct 4.15 allowed, 3.30
pulses 300 (a-h- v)z 410 indirect 355 [29]
400 4.15 3.25
500 3.90 3.35
600 4.10 2.75

Table 1. Energy bandgaps and two types of optical transitions within some bismuth oxide thin films deposited by three
PVD methods; * Eg inferred through the Wemple-Didomenico model [11, 52, 54, 57].

3.4. Testing the humidity sensitivity of bismuth oxide thin films

Most often, the electrical resistance measurements of bismuth oxide films deposited onto glass
and silicon substrates have extremely high resistances, of Gigaohms and more, as in the case of
the three PVD methods exemplified here. Still, the films deposited onto conductive substrates,
such as Si/Pt exhibit merely Megaohms resistances, which allows for testing their sensitivity to
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Figure 14. Change of the relative variation of the electrical resistance of bismuth oxide thin films deposited by PLD on
Si/Pt substrates, maintained at different temperatures [28].

humidity and/or other gases. As Figure 14 exemplifies, bismuth oxide thin films deposited by
PLD on Si/Pt present excellent sensitivity to increasing humidity, which recommends them for
atmospheric sensors [28]. Thus, as the relative humidity increases, the electrical resistance of
such films strongly increases, up to 100% relative variation. This behavior is given by the
oxygen affinity of metal oxides thin films which can uptake oxygen atoms from the atmo-
sphere in the pores of the structures, linking to the free metal atoms and also because, gener-
ally, metal oxide films are oxygen defectives and, thus, need oxygen for stoichiometry. Again,
the substrate temperature during the depositions has a relevant influence even on the humid-
ity sensitivity of the films. In the case of the examples from Figure 14, the film deposited at
500°C has the highest sensitivity to relative humidity.

4. Conclusions

Bismuth oxide thin films represent both an attraction and a challenge for scientists in terms of
their properties depending on their often complicated structure. Different PVD methods can be
used to prepare such films, each method having its specific advantages and disadvantages
related to the technique itself, but also to the implied costs of needed devices.

This chapter presented a comparison between the structures, morphologies, optical and
humidity sensing properties of bismuth oxide thin films prepared by three PVD methods:
thermal vacuum evaporation of bismuth trioxide powder, thermal oxidation in air of pure
bismuth films previously prepared by thermal evaporation in vacuum, and pulse laser depo-
sition of pure bismuth targets in oxygen atmosphere.

Generally, polymorphic and polycrystalline bismuth oxide films are obtained by using pure
bismuth as starting material and then thermal oxidation or PLD in oxygen atmosphere are
employed. Thus, mixtures of Bi,O3 polymorphs (a, 3, Y and 6 - most often) along with several
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non-stoichiometric oxides (Bi;O,33—most encountered) are more likely to be obtained. The
structure, morphology, optical properties and humidity sensing properties of the bismuth
oxide films depend on the nature and temperature of the substrate during the primary depo-
sition much stronger than on the chosen deposition method. Thus, the films deposited onto
conductive substrates, such as Si/Pt present much lower electrical resistance than those depos-
ited onto typical substrates such as glass or silicon. Humidity or even other gas sensing cannot
be tested for films with high electrical resistance since the resistance variation with gas con-
centration would not be significant or even measurable.

Generally, bismuth oxide thin films prove to have high optical transmittance and rather high
refractive index, along with a semiconducting behavior and a large energy bandgap, proper-
ties recommending them to Optoelectronics, especially since these properties can be tailored
by properly changing the deposition method and especially the nature and temperature of the
substrate.
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Abstract

The increasing complexity of environmental contamination has boosted the search of
multifunctional nanomaterials that are produced in a green and economical manner. The
bismuth-based materials have been long regarded as safe materials used in cosmetics as
well as biomedical aspects. Particularly, as one of the most important bismuth oxyhalides,
bismuth oxychloride (BiOCl), due to its intrinsic properties including high surface area,
superior photocatalytic/electrochemical performance, and good biocompatibility, pos-
sesses enormous potential for environmental applications. In this chapter, we mainly
introduced bismuth-based materials as typified by BiOCl as ecofriendly multifunctional
materials for the purposes of heavy metal detection as well as antibiosis.

Keywords: bismuth, heavy metal detection, electrochemical stripping analysis,
antibiosis

1. Introduction

As one of the heavy metal elements in the periodic table, bismuth has attracted considerable
interests for industrial and biotechnological applications. Cosmetic and pharmaceutical uses
of bismuth compounds can be dated back over two centuries ago. Bismuth materials includ-
ing metal bismuth as well as its compounds have been long regarded as green materials due to
their eco-friendliness. Owing to their biocompatibility, extensive research of bismuth has been
conducted in diverse fields. For example, the layered structure of bismuth oxychloride (BiOCl)
enabling it to give pearl-like coloring was used in cosmetics. Electrodes decorated with bismuth-
based materials such as Bi(NO,), and Bi,O, have been used for the electrochemical stripping
analysis of heavy metals as an alternative method to replace toxic mercury-based ones [1-3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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In particular, owing to its large surface area, extraordinary electronic transport properties and
high electrocatalytic activities, BiOCl has been extensively studied especially for industrial
purpose such as photocatalytic/electrochemical materials [4, 5]. Notably, it was reported that
bismuth subsalicylate (BSS), the active ingredient of an antacid drug with the trademark of
Pepto-Bismol that was approved for sale over a century in North America, is hydrolyzed into
BiOCl in the stomach [6-9], suggesting its organism safety for clinical practice. Meanwhile,
because of their therapeutic efficacy to deal with gastrointestinal disorders and microbial
infections, bismuth-based conjugates such as colloidal bismuth subcitrate have been explored
in the pharmaceutical industry.

2. The morphology of bismuth-based materials

Despite the extraordinary photo/electro-chemical properties, the layer structure of bismuth-
related material typified by BiOCl may limit its practical applications. Therefore, in an effort
to obtain BiOCl-based material of defined morphology, mesoporous silica materials includ-
ing Korea Advanced Institute of Science and Technology-6 (KIT-6) have been tested as struc-
tural support to produce BiOCI-KIT-6 composites. As shown in Figure 1A, scanning electron
microscopic image (SEM) of BiOCI has revealed its layer assembly, which was composed of
microspheres with a diameter of about 3 pm. By comparison, BiOCI-KIT-6 composites exhib-
ited a relatively large form distributing in a size range of tens of micrometers (Figure 1B)
with a raspberry-like display of bunched balls. It was found that both BiOCl and BiOCI-KIT-6
composites were composed of nanoplates of several nanometers in thickness, aligning rad-
ically and tightly to form hierarchical microspheres. X-ray diffraction (XRD) analysis was
performed to study the crystallographic structure of the BiOCI-KIT-6 composites. As shown
in Figure 2, the well-crystallized phase of BiOCI-KIT-6 composite agreed well with that of
the tetragonal BiOCI (JCPDS Card No.06-0249). The peaks located at 24.0°, 34.8°, and 36.5°
correspond to (002), (012), and (003) crystalline planes of the BiOCl structure, respectively,
representing the characteristics of lamellar structures. The crystallite size (average size of the

Figure 1. SEM images of (A) BiOCl (Adapted from Ref. [10]) and (B) BiOCI-KIT-6.
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Figure 2. XRD pattern of BiOCI-KIT-6 composite (adapted from Ref. [10]).

coherent scattering region) for the BiOCl component was found to be 17.8 nm, calculated
according to the Scherrer formula [10].

3. Bismuth-based sensor for the determination of heavy metals

The method to achieve bismuth-based electrode mainly included in situ plating and ex situ
plating. The in situ plating involves the addition of Bi* into the sample solution. The bismuth
film was formed on the surface of the electrode through the deposition during analyzing pro-
cess. This method is limited as the assay pH of the sample solution has to be kept acidic. The
ex situ plating includes plating the bismuth film on the electrode prior to the analysis of the
sample solution. As such, preforming bismuth film on the electrode surface is not influenced
by the assay conditions, ex situ method is relatively versatile for the real analysis though
additional cautions and preparations are needed compared with in situ one. It is worth men-
tioning that bismuth-based electrode prepared by ex situ method can be reused. After the
measurement, the bismuth-based electrode can be reactivated by holding the electrode at
an adequate potential, which is more negative than the oxidation potential of bismuth while
more positive than the oxidation stripping potential of analyzed metal ions. Therefore, after
the reactivation, the bismuth-based electrode can be regenerated without any possible inter-
ference of deposited metals.

The application of bismuth-based electrode for heavy metal detection dated back to 2000 when
Wang and coauthors tried to plate thin bismuth films on the carbon electrode as an alterna-
tive to mercury-based electrode [1]. The main advantage of bismuth-based material modi-
fied electrode is its nontoxicity to the environment as well as the biosafety for the operational

139



140 Bismuth - Advanced Applications and Defects Characterization

Deposition Stripping

Bismuth Materials Bismuth Materials \
U 7487771 77447777

Figure 3. A schematic diagram of measurement of heavy metal ions using anodic stripping voltammetry.

personnel. Meanwhile, the bismuth-based sensors provide detection sensitivity and accuracy
comparable to that of mercury-based ones [11], which are attractive for practical applications.
Recently, bismuth-based sensors, exhibiting improved separation ability of intermetallic com-
pounds, compared with mercury-based ones, have been used to evaluate heavy metals such
as Cd* and Pb*. These toxic heavy metals originating from severe environmental conditions
including mining area, smelting works, and sewage plant [12] are harmful for the public health.

Nowadays, electrochemical methods owing to their portability, ultrasensitivity, readiness, and
low cost have become useful and efficient for the trace determination of heavy metals [13-17].
Among them, anodic stripping voltammetry (ASV), which involves an effective preconcen-
tration step to form metals on the electrode surface by reducing metal ions in the assay solu-
tion, followed by a sensitive stripping analysis where metals were reoxidized contributing to
a remarkable signal-to-noise ratio, has been intensively employed in this aspect during the
past decade (Figure 3). The amplified stripping signal resulting from bismuth-based electrodes
reflects the ability of bismuth to form “fused” multicomponent alloys with targeted heavy metals
[18]. Bismuth-based sensors thus hold potentials for the assays of heavy metal with applications
ranging from continuous remote sensing to disposable chips. Since the bismuth-based electrode
was applied for the determination of heavy metals in 2000 [1], many reports related to various
bismuth-based material modified electrodes have been devoted to this area. In 2008, Xu and
coworkers used a Nafion-coated bismuth electrode to achieve the simultaneous determination
of three heavy metals including Pb*, Cd*, and Zn* in vegetables using differential pulse anodic
stripping voltammetry [19]. In 2014, Sosa and coworkers analyzed Cd* and Pb* in groundwater
based on sputtered bismuth screen-printed electrode [20]. In 2015, Cerovac and coworkers used
the bismuth-oxychloride particle-multiwalled carbon nanotube composite-modified glassy car-
bon electrode to detect trace-level lead and cadmium in sediment pore water [21]. And it is also
readily possible to evaluate the heavy metal amounts of human blood sample. For example,
Song and coworkers determined Cd* in blood samples based on BiOCI-KIT-6 modified glassy
carbon electrode [11]. During the past decade, many studies have introduced a number of trace
heavy metal detection methods based on bismuth-based electrode. Some typical bismuth-based
sensors as well as the resulting analytical performance are summarized in Table 1.

Nevertheless, in comparison with mercury-based electrode, bismuth-based one often works
well in a relatively narrow potential window, particularly being in a more negative anodic
range due to the fact that bismuth is more easily oxidized than mercury. Meanwhile, the
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Sensor Method Deposit. potent. Deposit.  Linear range LOD(ug/L) Ref.
) time (s) (/L
Pb Cd Pb Cd
Bi-CNT SPE SWASV -14 300 2-100 2-100 1.3 0.7 [27]
NCBFE DPASV -14 180 4-36 4-36 017 017  [19]
Bi/GCE SWASV -12 600 5-60 5-60 0.8 0.4 [28]
Bi_SPE DPASV -1.3 360 0520 03-12 016 010 [20]
BiOCI/MWCNT-GCE SWASV -12 120 5-50 5-50 057 1.2 [21]
BiOCI-KIT-6/GCE SWASV -1.3 120 0.2-300 0.2-300 0.05 0.06 [12]

Bi-CNT SPE, bismuth-modified carbon nanotube modified screen-printed electrode; NCBFE, Nafion-coated bismuth
film electrode; Bi/GCE: bismuth nanoparticles modified GCE; Bi_ SPE, sputtered bismuth screen-printed electrode;
MWCNT, multiwalled carbon nanotube; SWASV, square wave anodic stripping voltammetry; DPASV, differential pulse
anodic stripping voltammetry.

Table 1. Bismuth-based electrodes for determination of Pb (II) and Cd (II) using anodic stripping voltammetry.

cathodic limit of bismuth-based electrode posed by hydrogen reduction is close to that of
mercury-based one. Therefore, the accessible potential window of bismuth-based electrode is
narrower than that made of mercury. Additionally, it was found that the potential window of
bismuth-based electrode was strongly affected by the pH values of the sample solution. The
relationship of operational potential windows of bismuth-based electrode and assay pH is
shown in Table 2 [22]. Moreover, it was observed that the constructed BiOCI-KIT-6/GCE pos-
sessed a wide potential window ranging from -1.22 to -0.25 V versus SCE by recording the
CV spectra of electrode in 0.1 M acetate buffer (pH 4.5) (Figure 4). The wide potential window
of BiOCI-KIT-6/GCE may permit the simultaneous determination of Zn* (stripped at -1.15 V),
Pb* (stripped at —0.58 V) and Cd* (stripped at —0.83 V). It should be noted that the stripping
analysis of heavy metals is limited if oxidation potentials of analyzed metals are close to or
more positive than that of bismuth such as Cu, Sn, and Sb.

In the aspect of heavy metal measurement, many earlier studies have focused on the design
of bismuth-based sensors as well as the detection principle. However, their applications to
environmental, food, and clinical samples have just started. For example, by the use of anodic
stripping voltammetry, cadmium and lead at trace levels in environmental samples [23, 24],
food products [25, 26] and biological fluids [11] have been determined. Using square-wave

Medium pH Anodic limit (V) Cathodic limit (V) Potential window (V)
0.1 M HCIO, 1.00 -0.05 -1.05 1.10
0.2 M HAc-NaAc 424 -0.25 -1.25 1.00
0.1 M NaOH 12.17 -0.55 -1.55 1.00

Table 2. Operational potential of bismuth-based materials plated on carbon-paste electrodes at different pH (Data taken
from Ref. [22]).
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Figure 4. Cyclic voltammetry (CV) analysis of BiOCI-KIT-6/GCE in acetate buffer solution (0.1 M, pH 4.5) (adapted from
Ref. [10]).
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Figure 5. (A) Square-wave anodic stripping voltammetric (SWASV) responses of peak current on the concentration of
Cd* using BiOCI-KIT-6/GCE in acetate buffer solution (pH 4.5) at the deposition potential of 1.3 V and deposition time
of 120 s. (B) Calibration curves of Cd* over a concentration range of 0.5-300 pg/L (adapted from Ref. [10]).
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Figure 6. The determination results of blood cadmium concentration by anodic stripping voltammetry (ASV) using
BiOCI-KIT-6/GCE in comparison with ICP-MS assay (adapted from Ref. [11]).

anodic stripping voltammetry (SWASV), the constructed BiOCI-KIT-6/GCE applied to the
determination of cadmium-spiked human blood samples resulted in a calibration curve of
Cd* with 2 linear ranges from 0.5 to 10 and from 10 to 300 pg/L (Figure 5), respectively, and
a detection limit of 65 ng/L. As shown in Figure 6, a good agreement between the detec-
tion methods of SWASV and inductively coupled plasma mass spectrometry (ICP-MS) was
observed [11]. Moreover, the BiOCI-KIT-6/GCE could be repeatedly used for at least 30 con-
tinuous times in one day and at least 10 continuous days with a marginal reduction of strip-
ping peak current of 6.8 and 3.6%, respectively.

Despite considerable progress achieved during the past decade, most of the earlier stud-
ies have mainly explored various bismuth-based materials towards the sensor fabrication.
Therefore, practical concerns still remain to be addressed to fulfill the demands of environ-
mental protection and so on. Further works to utilize the constructed sensor under harsh
operational conditions and to simply the assay procedures are still needed in the future.

4. Bismuth-based materials for biomedical use

Bismuth is a heavy metal element located close to lead and tin elements in the periodic table of
elements, and thus shares similar physicochemical properties with these elements. But differ-
ent from lead and tin, bismuth is usually regarded as nontoxic and biologically safe. Therefore,
bismuth as well as its derivate has been extensively explored in biomedical applications. For
example, bismuth salts are valuable for synthesis of various bismuth-based complexes as the
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Figure 7. Growth curves of S. aureus cultured in LB media containing 20 pg/mL BiOCI-KIT-6 composite suspension. Each
data point is the average of three independent assays with standard error of the mean (adapted from Ref. [12]).

active ingredients for pharmaceutical uses. The first report on bismuth-containing medicine
in 1786 revealed its efficacy in the treatment of dyspepsia. And since then, there is a growing
number of bismuth complexes which were explored to deal with gastrointestinal disorders
and microbial infections including syphilis, diarrhea, gastritis, and colitis, which point out
desirable therapeutic effects yet low toxicity after the intake of drug molecules.

In the laboratory, the antimicrobial activities of bismuth-based materials can be evaluated by
recording the growth curve of model bacteria such as Gram-positive Staphylococcus aureus and
Gram-negative Escherichia coli in the presence of materials. As shown in Figure 7, the growth
curves of S. aureus cells in the presence and absence of 20 pg/mL BiOCI-KIT-6 were observed.
There was an apparent decrease in the growth curve when adding BiOCI-KIT-6 composite,
suggesting that BiOCI-KIT-6 composite can be used as an antimicrobial agent against S. aureus.
The underlying antimicrobial mechanism of bismuth-based materials can be further studied
using radical-sensitive fluorescent dyes. The generation of free radicals has been considered
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Figure 8. In the presence and absence of BiOCI-KIT-6 suspension (200 ug/mL), S. aureus were stained with 10 uM ROS-
dependent fluorescent probe (DCFDA) in the dark field (left) and bright field (right) under a fluorescence microscope
(adapted from Ref. [12]).

as one of the causes of metal particle-induced cytotoxicity in bacteria [29]. Therefore, the cyto-
toxicity of BiOCI-KIT-6 composite may be linked to the formation of reactive oxygen spe-
cies (ROS). Cellular accumulation of ROS can be detected using the fluorogenic dye DCFDA
based on the oxidation of the non-fluorescent 2’,7’-dichlorodihydrofluorescein (DCFH) that
reacts with H,0,, O*, and ONOO" into the green fluorescent dichlorofluorescein (DCF), which
provides a general indication of ROS levels. As shown in Figure 8, S. aureus incubated with
BiOCI-KIT-6 showed more green fluorescence compared with the untreated group (negative

control), indicating the formation of ROS detrimental to the cell growth (Figure 7).

H. pylori has been considered to play a role in the development of chronic gastritis, peptic
ulcers, and even gastric cancer, and thus bismuth-based drugs are usually prescribed once
H. pylori infection is diagnosed. Based on the clinical survey, H. pylori is susceptible to sev-
eral antibiotics such as clarithromycin, amoxicillin, metronidazole, tetracycline, and rifabutin
and exhibits resistance to many other antibiotics like bacitracin, vancomycin, trimethoprim,
polymyxins, and nalidixic acid. Therefore, it remains challenging to cure H. pylori infection.
In an effort to minimize the antibiotic resistance, bismuth complex has been utilized to treat
gastrointestinal disorders and ulcers with pronounced inhibition activity against H. pylori [9].
Some commercial medicines with bismuth-containing ingredients are summarized in Table 3.
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Bismuth complex Name of pharmaceuticals

Bismuth potassium citrate Livzon Dele, Bielomatik

Bismuth subcitrate De-nol, Tripotassium dicitratobismuthate
Bismuth citrate Ranitidine

Colloidal bismuth pectin Colloidal bismuth pectin capsules

Bismuth aluminate Debitai, Compound bismuth aluminate tablets

Table 3. Bismuth-containing drugs for the treatment of gastrointestinal diseases.

Basically, the bismuth-containing pharmaceuticals have two functions—antiulcer and anti-
bacterial. The antiulcer activity of bismuth complex is explained by the precipitation of
bismuth around the ulcer point to form a glycoprotein-bismuth complex as a protective coat-
ing promoting the healing of the lesion. The underlying molecular mechanisms of bismuth
compounds to deal with H. pylori are not fully elucidated. Some preliminary reports have
indicated that the biological targets of bismuth compounds are closely related to several
H. pylori-related proteins [8].

Over the years, to produce a number of bismuth complexes for biomedical uses, the synthesis
methods have also historically evolved, which mainly include hydrothermal, solvothermal,
and microwave synthesis. Hydrothermal synthesis is a method to synthesize single crystals
from high temperature aqueous solutions at high vapor pressures. Chen et al. synthesized bis-
muth-amino acid coordination polymers (BACPs) with different sizes by heating the aqueous
reacting solution of Bi(NO,),"5H,0 and asparagine at different temperatures [30]. The prepared
BACPs synthesized in a facile green hydrothermal method exhibited unique biological activi-
ties and potential applications in biomedicine. He et al. prepared low-toxicity bismuth aspara-
gine coordination polymer spheres (BACP-2) with sphere-like microstructures of an average
800 nm in diameter through a hydrothermal reaction at 80°C overnight [31]. Solvothermal
synthesis is usually carried out in organic media to produce chemicals of refined crystallin-
ity and morphology through a combination of sol-gel and hydrothermal routes. Andrews
and coworkers have developed two new bis-carboxylate Bi(Ill) complexes including PhBi
(0-MeOC.H,CO,),(bipy)-0.5 EtOH and PhBi(C,;H, N,0,CO,),6H,O, for anti-Leishmanial
through a refluxing reaction in ethanol for 10-12 h [32]. Li et al. reported a nine-coordinate
Bi(III) complex, (Bi(H,L)(NO,),)NO, (Figure 9) that was prepared in methanol [33]. Microwave
synthesis is an efficient and environment-friendly method to accomplish various inorganic
syntheses to achieve products in high yields within shorter reaction times. The coordination
behaviors of bismuth (III) compounds with benzothiazoline were investigated by Mahajan
et al. and the reaction takes few minutes under 700 W inside a microwave oven [34].

Several bismuth derivates have revealed antibacterial and antifungal activities. For example,
(Bi(H,L)(NO,),)NO, shows higher antibacterial properties with the minimum inhibitory con-
centration (MIC) of 10.66 uM against Gram-positive bacteria B. cereus and Gram-negative bac-
teria S. typhimurium than the control of antibiotics chloramphenicol (MIC of 96.71 uM against
B. cereus and S. typhimurium) and kanamycin sulfate (MIC of 107.3 uM against B. cereus,
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Figure 9. (A) Structure of (Bi(H,L)(NO,),)NO, with atomic numbering scheme. (B) Polyhedra showing distorted geometry
around the bismuth atom. H,L, 2,6-diacetylpyridine bis(“‘N-methylthiosemicarbazone) (adapted from Ref. [33]).

53.64 uM against S. typhimurium), respectively [33]. Aqueous colloidal bismuth oxide nanopar-
ticles (Bi,O, NP) with fungicidal activity against Candida albicans and antibiofilm capabilities
were synthesized by Rene and coworkers [35]. Colloidal Bi,O, NP displayed better antifungal
activity against C. albicans growth (colony size is reduced by 85%) and more complete inhibi-
tion of biofilm formation than those obtained by chlorhexidine, nystatin, and terbinafine, dem-
onstrating the candidate role of Bi,O, NP as a fungicidal component of oral antiseptic. Several
bis-carboxylate phenylbismuth (III) and tris-carboxylate bismuth (III) complexes reported by
Andrews and coworkers showed significant antimicrobial activity against the promastigotes
of Leishmania major [32].

It should be noted that although bismuth complexes have been widely applied for medical
practice against H. pylori infection in peptic ulcer, some side effects have been reported includ-
ing disturbances of taste, dizziness, abdominal pain, and mild diarrhea in some patients, and
a few cases of parageusia and glossitis. But so far no statistically identified difference in the
incidences of side effects was found among the standard triple therapy, bismuth pectin qua-
druple and sequential therapies, demonstrating the biosafety of bismuth complexes [36, 37].
According to the statistical analysis, 99% of ingested bismuth is in essence not absorbed by
human body but is excreted in the feces. The bismuth encephalopathy may therefore result
from the long-term ingestion of overdosed bismuth complexes, attributed to the chronically
neurologic dysfunction of bismuth. Although bismuth toxicity is usually difficult to occur, it
is necessary to control the dosage of bismuth compounds.
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5. Conclusion and outlook

Because of the nontoxicity of bismuth (III) salts, there is growing interest to explore various
bismuth (III) salts for diverse applications including stripping analysis of heavy metals as well
as antimicrobial agents. The bismuth-based sensors for the heavy metals are extensively stud-
ied in an effort to replace the mercury-based methods. The precise control of morphology and
surface properties of bismuth-based materials on the modified electrode will greatly determine
the sensitivity and accuracy of the constructed sensors. On the other hand, bismuth-based com-
pounds as the inorganic pharmaceutical molecules may offer advantages over organic ones
for biomedical use. As the dosage is the major cause of neurotoxicity of bismuth compounds,
it is of importance to monitor the in vivo efficacy of bismuth-based pharmaceuticals. Along
this direction, some cargo molecules of ordered structure such as metal-organic frameworks
(MOFs) for the controlled release of bismuth hold potentials to improve the curative effect.
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Abstract

Bismuth-doped and bismuth/erbium co-doped optical fibres have attracted much atten-
tion for their great potential in the photonic applications at ultrawide O, E, S, C and L
bands. The effects of post treatments, including various heating, high energy ray radia-
tion, laser radiation and H, loading processes, on these fibres’ performance, functionality
and stability have been experimentally studied. Experimental results demonstrate that
these post treatments could allow us to get insights regarding the formation and the
structure of bismuth active centre (BAC) and be used to control and regulate the forma-
tion of BAC.

Keywords: bismuth-doped fibre (BDF), bismuth and erbium co-doped optical fibre
(BEDF), bismuth active centre (BAC), broadband, post treatments, thermal treatment,
gamma radiation, photo-bleaching, H, loading

1. Introduction

Since the first demonstration of the broadband near infrared (NIR) luminescence in the
bismuth-doped silicate glass [1], bismuth-doped materials, including crystal, glass, fibre, and
so on, have been developed and studied for photonic applications at the extended band [2-7].
Especially, bismuth-doped optical fibres (BDFs) have been developed for fibre amplifiers and
lasers from 1250 to 1500nm and 1600 to 1800nm [8-13]. Later on, Bi/Er co-doped silicate opti-
cal fibres (BEDFs), due to their great potential in photonic applications from 1150 to 1700nm
covering both the used bandwidth (C band) and the huge unused bandwidth, have been
proposed and developed [14-16].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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Figure 1. Energy level diagrams of different BACs in BDFs.

Although there have been a lot of breakthroughs in the unused spectral range, there remain
many prominent scientific and technological challenges [17, 18]. The fundamental under-
standing of NIR emitting BAC is one key challenge. Unlike the well-shielded f-f transitions
of Er*, the electronic transition of the unshielded Bi centre(s) is closely linked to the micro-
environment. According to the type of the local environment, there are four types of BACs in
BDFs, which are BAC-Si, BAC-Ge, BAC-P and BAC-A], linked to SiO,, GeO,, P,O,:5i0, and
Al O,:SiO,, respectively [18]. Their energy diagrams are shown in Figure 1.

Previous reports have demonstrated that the formation of BAC greatly depends upon the
processing conditions. More specifically, BAC can be activated by high-intensity femtosecond
laser [19], high-temperature melting [20, 21], y-radiation [22, 23], and so on. Here, effects of
post treatments on BDF and BEDF by thermal treatment, high energy ray radiation, laser
radiation and H, loading have briefly been reviewed. It is generally believed that these post
treatments will greatly change the spectroscopic properties of these fibres via the variation
of the BAC. Further research into reasons of variations will help to understand BAC. With
further understanding of the BAC, it is also hopeful to find an appropriate way to control and
regulate the BAC for the performance improvement of BDF and BEDF.

2. Thermal treatment

It is known that the unshielded outer electron shell of bismuth makes the energy structure of
Bi more complex and closely related to the microstructure of the host material [18]. In addi-
tion, Bi itself, as a polyvalent element, often undergoes oxidation-reduction (redox) reaction
in molten glass, which is significantly influenced by the melting temperature, atmosphere and
composition [12, 20, 21, 24-26]. In general, this redox reaction moves toward the reduction
side with increasing melting temperature, and the variation of the valence state of Bi can be
represented as follows [12, 24]:

Bi* — Bi* - Bi* — Bi — Bi clusters (e.g. Bi, Bi,”, Bi,) — (Bi)  colloids (1)
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These facts make it difficult to determine the exact nature of BACs in BDF and BEDF as the
redox reaction mentioned above often occurs during the preform fabrication and fibre draw-
ing processes. In spite of that, the reduction processes have hinted that BACs most likely con-
sist of Bi with low valence state [27], although it is still controversial. The latest experimental
data has already confirmed that BACs are the clusters consisting of Bi ions and oxygen defi-
ciency centres instead of Bi ions themselves [12].

Since valence states of Bi as well as the deficiency [28] can be altered at high temperature,
post thermal treatment has become a common method to modify the properties of Bi-doped
glasses/fibres, and thus to further investigate the origin of BACs [25, 29]. Therefore, in this
section, the effects of the thermal treatment upon BDFs and BEDFs, summarized and listed in
Table 1, are presented and discussed.

2.1. Bismuth-doped fibres
2.1.1. BAC emission at high temperature

In terms of BDFs, the emission of BACs at high temperature of aluminosilicate fibres have been
reported as early as 2008 [30]. However, their interpretations are not convincible owing to the lim-
ited data. Later on, thermal effects on emission of BAC-Si at 830 nm and 1420 nm under 808 nm
pumping have been studied in bismuth-doped silicate fibres (SBi) [31, 32], bismuth-doped
germanosilicate fibre (GSBi) [31] as well as bismuth-doped silicate tube (SBi*) [33] (Table 1).
It is observed that the emission of BAC-Si at ~1420 nm shows an increasing trend when treating
at a specific high temperature, along with the reduction of emission at 830 nm. It is believed
that the increase of NIR emission is associated with the increase of the non-radiative transi-
tion rate between ES, and ES, of BAC-Si (Figure 1) at high temperature, which is confirmed
by the lifetime results in GSBi [31] and SBi* [33]. Taking GSBi [31] for example, the lifetime at
ES, of BAC-Si drops directly from 30 ps to <3 ps, whereas the lifetime of 1400nm luminescence
decreases by 25% when heating from room temperature to 900°C, as shown in Figure 2.

2.1.2. Formation of BACs

The preform of SBiO (Table 1) shows luminescence and absorption in both visible and NIR
region before drawing, whereas SBiO drawn with oxygen in holes has no luminescence but
low background loss. However, when SBiO listed in Table 1 is annealed with argon in holes
at 1100°C for 30 minutes, absorption bands of BAC-5i at 830 nm and 1420 nm appear, accom-
panied by the increment of the background loss [29]. The appearance of absorption at 830
and 1420 nm indicates the formation of BAC-Si, which is further confirmed by the observa-
tion of luminescence after annealing [29]. On the contrary, when SBiO is annealed with oxy-
gen in holes, no obvious change can be detected [29]. These results demonstrate that Bi ions
in BAC-Si can be oxidized into the high valence state in an oxidizing atmosphere, resulting
in the decrease of both luminescence and background loss, vice versa, annealing bismuth-
doped silicate glasses in argon can lead to the high background loss and possible formation
of BAC-Si. These facts indicate not only the formation of BAC-S5i, but also the association of
BAC-Si with the low valence state of bismuth ions.
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Fibre Fabrication Core composition A A, (nm) FWHM  Lifetime Treatment Reference

techniques (nm) (nm)@ (us)@ A, conditions
A, (nm) (nm)

Emission at high temperature

SBi-P PIT 100SiO,-Bi(<0.02 808 830; 72@1400 — 23-700°C [31]
at%) 1400 in air

SBi* (quartz SPCVD 100Si0,-Bi(<10" em~ 825; 14@825;  60@825;  23-600 °C [33]

glass) ) 1420 13001420 658@1420 M air

SBi SPCVD 100Si0,-Bi(<0.02 830; 30@830; — 23-600 °C [32]
at%) 1420 117@1420 in air

SBi-LF SPCVD 100Si0,-Bi(<0.02 36@830; — 23-500°C
at%)-low flourine 117@1420 in air
doping in core

SBi-HF SPCVD 100SiO,-Bi(<0.02 36@830; — 23-500°C
at%)-high flourine 107@1420 in air
doping in core

SBi-H FCVD 100Si0,-Bi(<0.02 830; 87@1400 — 23-500°C [31]

(holey at%) 1400 in air

fibre)

GSBi MCVD 955i0,~ 94@1400 600@1400 23-400°C
5GeO,-Bi(<0.02 at%) in air

Thermal annealing

SBiO (holey FCVD 100Si0,-Bi,0,(~0.03 337,  Absence — - 1100°C in [29]
fibre) at%) 454- argon
676; 1100°C i
975; m
1064 Oxygen
ASBiY MCVD Si0,-ALO,-P,O.- 750 1120 177@1120 10@820; >550°Cinair [34]
Y,0, 800@1150
ASBi MCVD Si0,-ALO,-Bi,O, 532 700; 136@700; — 1200°C inair  [35]
1100 171@1100
SBi-H FCVD 100Si0,-Bi(<0.02 808  830; 87@1400 — 1200°C in air  [31]
(holey at%) 1400
fibre)
GSBi MCVD 955i0,-5GeO - 94@1400 30@830;  >400°C in air
Bi,0,(<0.02 at%) 600@1400
SBi-HF SPCVD 100Si0,-Bi(<0.02 87@1400 — 600 °Cin air  [32]

at%)-high flourine
doping in core

BEDF MCVD Si0,ALO-GeO- 830 1420  98@1420 — 800°Cinair  [36]

P.O.-Er,0.-Bi,O
25 B, U5-BL U, 100°C/200°C/ [37]

in air

Note: PIT—powder in tube, SPCVD —surface plasma chemical vapour deposition, FCVD—furnace chemical vapour
deposition, MCVD —modified chemical vapour deposition.

Table 1. Summary of designations, fabrication techniques, core compositions, the excitation and emission peak
wavelengths, full-width at half maximum (FWHM) of luminescence bands, and lifetime of Bi luminescence and thermal
treatment conditions of BDFs.
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Figure 2. Luminescence lifetime at the wavelength of 830 and 1400 nm as a function of temperature excited at 808 nm [31].

Similar effects have been observed when ASBiY [34] is annealed at >550°C and ASBi at 1200°C
[35] as listed in Table 1. After annealing, absorption peaks of BAC-Al at 500, 750 and 1000 nm
increase, and the NIR emission at 1150 nm is enhanced. These changes obviously indicate the
formation of BAC-AI Hence, it is believed that the extra “generation” (formation of BAC-5i
or BAC-AI) is associated with the reduction of Bi** — Bi* — Bi* — Bi® at high temperature [34].

2.1.3. Degradation of BACs

However, in some cases, luminescence at 1420 nm of BAC-Si starts to decrease when fibre is
annealed at the high temperature in air. Such phenomenon is very prominent in BEDF [37],
fabricated by conventional MCVD combined with in situ solution doping technique. When
one BEDF is annealed at each prescribed temperature for 1 hour and slowly cooled down to
the room temperature, without significant variation of background loss, the luminescence
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Figure 3. NIR emission spectra of BEDF after annealing at different temperatures under 830 nm excitation [37].
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at 1420 nm excited at 830 nm starts to decrease after 100°C annealing, as shown in Figure 3,
showing the degradation of BAC-Si. The degradation is attributed to the redistribution of
point defect in annealed BEDF [37].

In addition, the reduction of emission of BAC-Si has also been observed in SBi-H, SBi-HF and
GSBi after annealing at high temperature, as listed in Table 1 [31, 32]. The features, behaviours
and causes of these phenomena vary case by case. In SBi-H, the dissociation of BAC-Si is due to
the oxygen diffusion (oxygen with high temperature tends to form an oxidation atmosphere).
Another possibility is the reconfiguration of clusters in a greater porosity in SBi-HF [32], result-
ing in an irreversible reduction of their luminescence. In addition, the dissociation of BAC-5i
due to the oxidation by GeO, is also observed in GSBi [31], although it is a reversible process.

2.1.4. Thermal darkening

A strong and irreversible thermal darkening effect has also been found in both BEDF and SBiO
annealed at high temperature as listed in Table 1. When a section of BEDF is heated from room
temperature to 800°C and slowly cooled down, the background losses irreversibly increase in
both visible and NIR regions, which make NIR luminescence almost undetectable after anneal-
ing. Such darkening effect is obvious when comparing the radial profile of visible light intensity
in the unannealed and 800°C annealed BEDF from an optical microscope, as shown in Figure 4.

A similar increase in background loss is observed in the annealed SBiO, of which the back-
ground loss starts to increase significantly from 600°C and up [29]. Such growths of the back-
ground loss observed in both BEDF and SBiO are consistent with Mie theory’s hyperbolic
dependence: (A/A) + B, where A is assumed to be mainly determined by the average value of
the product of the concentration and the volume of particles at different temperatures, B is cor-
rection constant, and A is the wavelength of incident light. So the increment of the background
loss is attributed to the formation of the metallic bismuth nanoparticles (Bi)_[29, 36, 38, 39].

Light Intensity [a.u.]

Radius [a.u.]

Figure 4. Radial profile of visible light intensity in the un-annealed and 800°C annealed BEDF (~2 cm) [36].
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The origin of the growth of background loss is further linked to the excessive reduction of
bismuth ions in Bi-doped silicate fibres [29, 36].

3. High energy ray treatment

Radiation technologies with high-energy rays, already established in materials processing, have
properties uniquely suited for the creation of new advanced materials. When fibres are exposed
to radiation, a darkening process occurs due to the formation of colour centres (or defects), in
which radiation-induced-absorption (RIA) is observed. Extensive studies on radiation-induced
darkening on pure silica and rare-earth-doped fibres have been carried out for assessing the
radiation effects on fibres and understanding the possible underlying mechanisms as well as
the possible use in space-borne applications [40—46].

For BDFs, radiation by high-energy rays has resulted in variations (decrease or increase) of
the characteristic absorption and luminescence of corresponding BACs, thus further provid-
ing information on their properties. Moreover, it has been reported that gamma-ray irradia-
tion can increase the density of BAC leading to an enhancement of fluorescence [47, 48]. The
activation of BAC by radiation is ascribed to the reduction of Bi*" to low valence state, which
contributes to the NIR fluorescence by capturing radiation-released free electrons [23].

3.1. Gamma-radiation effect

Gamma radiation seems to favour the formation of new BACs in BDF, BEDF and Bi/Er/
Yb co-doped fibres (BEYDFs). Wen et al. observe the radiation-induced increase of Bi ion
absorption peaks as well as enhancement of photoluminescence in BDF fabricated by MCVD
and atomic layer deposition technique [47]. Apart from the radiation-induced increase of
Bi ion absorption, a new peak at ~580 nm arises, increasing with the increment of the dos-
age, which is related to the formation of aluminium oxygen hole centres (Al-OHCs). This
radiation-induced defect, together with radiation-induced background increase, causes a
slight decrease of NIR fluorescence excited at 532 nm. However, when pumped by 980 nm
excitation, the fibres exhibit an enhancement of emission at 1410 nm of BAC-Si and at 1150 nm
of BAC-AL. Besides that, their result also indicates that BAC-Al is less sensitive to radiation than
BAC-Si. The enhanced fluorescence may originate from the valence state conversion as follows:

B> +2¢ 1 pi+ 2)
Bi* + 4 12 Bj+ 3)
Bi** +5¢ 125 B0 )
Bi* + 2¢ 12 i+ 5)

Bi* + 3¢ 12 Bjo ©6)
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With the y irradiation of BEDF from 1.0 to 50 kGy, the absorption at 830 nm is increased sig-
nificantly while the absorption at a longer wavelength is reduced and emission is restrained
[48-50]. The results show that BAC can be activated by gamma irradiation. A comparative
study of gamma radiation effect upon BEDF and BEYDF indicates that Yb co-doping to BEDF
will enhance the activation of BAC. The enhancement might be due to Compton electron
capture of Yb*: Yb* + e~ — Yb* [42], confirmed by the reduction of the Yb* characteristic
absorption at ~980 nm [48]. Moreover, the report by Sporea et al. has suggested that gamma
irradiation can be used for tailoring the luminescence properties of BEDF [50]. Investigation
on RIA of irradiated BEDF also suggests that BEDFs have good radiation resistance to low
and moderate gamma irradiation.

Gamma-radiation effect on bismuth-doped germanosilicate fibres has recently been reported
by Firstov et al. through measurement of absorption and emission after post irradiation
annealing [51]. A series of BDFs with various bismuth and GeO, are subjected to “Co-source
to different total doses of 1-8 kGy. No significant changes in the absorption and emission
bands of BACs by gamma irradiation are observed. From the RIA analysis, it demonstrates
that RIA is dependent upon fibre composition, where higher germanium and bismuth con-
centrations lead to higher radiation sensitivity.

3.2. Electron-radiation effect

Besides of gamma radiation, electron irradiation is another alternative method to change the
valence state of Bi, similar to that of gamma irradiation in Bi: a-BaB,O, single crystal [23].
Kir'yanov et al. studied the effect of electron irradiation in bismuth-doped germane- and
alumina-silicate fibres and observed two opposite effects (decrement/increment) [52, 53].
Both fibres fabricated by MCVD and solution-doping methods are exposed to electrons of
high energy (6 MeV) at room temperature to different total doses of 2 x 10'%, 1 x 10" and
5 x 10" cm?, respectively. Different from general behaviour of background loss increase with
increasing doses, the resonant absorption peaks of Bi centres decrease with higher radiation
doses, indicating a radiation-induced bleaching effect for Bi centres by electron irradiation.
Deeper comparative study on fluorescence spectra of pristine and irradiated fibres reveals
that the fluorescence emission spectra and lifetimes are slightly influenced by electron irra-
diation and the absorption changes are ascribed to the concentration change of Bi centres.
Different from bismuth-doped germane-silicate optical fibre, bismuth-doped alumina-silicate
fibre exhibits an increase of BAC-Al due to the electron irradiation.

4. Laser radiation

Femtosecond laser irradiation at 800 nm is reported to facilitate the activation of emission cen-
tres in bismuth-doped glass [19, 54]. UV laser radiation at 193 nm and 244 nm can also enhance
the fluorescence of Bi/Al co-doped optical fibres after H, loading, ascribed to the increase of
BACs [55, 56]. In addition, laser-induced attenuation change in active optical fibre is another
common effect. This change can be photo-bleaching or photo-darkening. Photo-bleaching
refers to the decrease of the absorption after the radiation, and photo-darkening is the reverse
effect. Photo-darkening is severe in Al-silicate Yb-doped fibres with high Yb* doping [57]. The
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absorption coefficient of Yb** can be photo-bleached by 977 nm laser radiation [58]. The similar
photo-bleaching effect has been observed in thulium-doped fibre [59] as well as BDF [60]. To
improve the performance of BDF lasers and amplifiers, the photo-bleaching effect induced by
the pump radiation has drawn attention [60]. In this section, the behaviour and mechanism
of photo-bleaching of BAC-Si and BAC-Ge in BDF and BEDF have been described in detail.

4.1. Photo-bleaching of BAC-Si

The photo-bleaching of BAC-Si in BEDF under 830 nm pumping has been reported [61]. By
pumping the fibre with the power of 0.12 MW/cm?, the luminescence of BAC-Si at 1420 nm
decreases by ~15% after 40 minutes as plotted in Figure 5(a). This decrease of the lumines-
cence is proved to be the bleaching of BAC-Si under the resonant pump radiation. In addition,
the self-reversible effect is observed according to the recovery of the absorption of 816 nm,
as shown in Figure 5(b). After 2 days at room temperature, both absorption and emission
recover to the pristine condition.

Through the investigation of the dependence of bleaching effect upon the pump power, wave-
length and temperature, the photo-bleaching mechanism of BAC-Si has further been illumi-
nated [62]. To quantify the bleaching behaviour, the stretched exponential function (SEF) is
employed to describe the bleaching process. The SEF is expressed as:

Lo =1, P+1, Pre ), @)

where I (t)and I, _ are the luminescence intensity at time ¢ and at the time when the bleaching
effect is saturated under the radiation power P. [, stands for the bleachable part of the lumi-
nescence, 7 is the time constant and f is the stretched parameter. Especially, the bleaching
ratio is defined as r, = ﬁ By fitting the decay curve of luminescence of BAC-Si at 1420 nm,
it is found that the pump power dependence of r, and T shows a high similarity with that of
the luminescence intensity as plotted in Figure 6(a), indicating the involvement of the exci-
tation of BAC-Si in the photo-bleaching process. This idea is further proved by the photo-
bleaching dependence of BAC-Si on the pump radiation wavelength, as shown in Figure 6(b).
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Figure 5. (a) Luminescence spectra of the BEDF under 830 nm pumping measured as a function of time. (b) BEDF
insertion absorption spectra obtained before and after irradiation (20 min, 2, 12, and 48 hrs) [61].
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Figure 6. (a) 1420 nm luminescence intensity, the inverse of time constant (1/7), bleaching ratio (r,) and stretched
parameter (8) vs. pump power. (b) The 710 nm excited luminescence before-1 and after-2 710 nm irradiation and the
830 nm (0.2 mW) excited luminescence before-3 and after-4 980 nm irradiation [62].

In the case of 710 nm irradiation, luminescence of BAC-Si is significantly bleached, while the
830 nm excited luminescence has no change after 30 minutes irradiation of 980 nm pump with
35 mW. The reason for using 830 nm to excite the luminescence is that 980 nm light cannot
excite luminescence of BAC-5i. Thereby, it is suggested that the pump laser-induced bleach-
ing effect of BAC-Si is the electron escape from an excited Bi site, expressed as:

Bigic o Bigie D B+, ®)
where Bi” __is the bismuth ion in BAC-Si with valance state of +r, * symbolizes the excited state
and kT stands for the thermal energy. First, i _ _ absorbs photon hv and is excited to the second
excited level corresponding to 816 nm. Second, some of “Bi** _ _ fall to the lower excited states via
non-radiative transition, while some release the electron e to the acceptor site (a nearby material
defect) with the aid of thermal vibrational energy kT and thus induce the decay of luminescence
and ground-state absorption. Furthermore, the bleaching ratio of the BAC-5i luminescence can
be suppressed by half when lowering the temperature to the liquid nitrogen temperature.

4.2. Photo-bleaching of BAC-Ge

Photo-bleaching of BAC-Ge in BDF has also been observed in bismuth-doped silicate fibre
and bismuth-doped germanosilicate fibre [60, 63]. Under the irradiation of 244 nm UV light,
the luminescence at 1700 nm of BAC-Ge is totally bleached, as shown in Figure 7. Besides,
this effect can be activated by 532 nm radiation as well. Further study shows that this photo-
bleaching can be reversed by thermal treatment after the irradiation stops and this bleaching-
recovery process can be repeated showing a memory effect [64, 65].

It is noted that the structure of BAC-Si/Ge is composed of a Bi ion and SiODC(II)/GeODC(II)
[66]. The bleaching of GeODC(II) would deactivate BAC-Ge leading to the decrease of lumi-
nescence and absorption when GeODC(II) is photoionized into E” centre by 244 nm irradia-
tion [67]. So the photo-bleaching of BAC-Ge is caused by the bleaching of the GeODC(II).
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Figure 7. BAC-Ge luminescence spectra at 1700 nm band before and after 1 kJ/cm? 244 nm irradiation excited at 1460 nm
[60, 63].

The destruction of GeODC(II) by UV light leads to the bleaching of BAC-Ge. Such photo-
bleaching process can be expressed as [65]:

Bi*" + ODC-12 Bin+ o=+ E center )

which is confirmed by two evidences: 1) the dependence of bleaching speed upon the irradia-
tion power is close to 2 indicating a two-photon process [68]; 2) the thermal dynamic behav-
iours of BAC-Ge and GeODC are similar [64]. The photo-bleaching effect of BAC-Si in BDF
can be explained with a similar mechanism [60]. Therefore, more than one reason possibly
induces the photo-bleaching effect dependent upon the material environment.

5. H2 treatment

Both H, and D, are the popular reducing agents in the chemical processing of optical fibre. For
example, the fabrication of photosensitive optical fibre through H, loading, photo-chemical
interaction of dissolved H, with UV laser-induced electronic excitations significantly quickens
grating formation in Ge-doped silica-core fibres. In addition, they can reduce the Bi from the
higher valence state to the lower valence state. As a result, H, loading will change the absorp-
tion and luminescence properties of BDFs. In addition, dissolved H, molecules can deactivate
excited defects. So, the presence of H, molecules leads to the decrease of lifetime and steady-state
intensity of triplet luminescence associated with oxygen-deficient centres in fibres, which has
been confirmed as one of the key element for the formation of BAC [12]. Hence, in this section,
different Bi-doped materials, including crystal, glass and fibre will be treated by H, or D, under
different temperature/pressure. Their spectroscopic properties (e.g., absorption and emission)
and photosensitivity before and after H, treatment will be described and compared in detail.

165



166  Bismuth - Advanced Applications and Defects Characterization

5.1. Effect upon spectroscopic properties
5.1.1. Bismuth-doped single crystals annealed in H, atmosphere

In Bi: a-BaB,O, crystal, Bi* will partially substitute Ba* in the crystal lattice. When the crystal
sample is annealed up to 800°C in H, atmosphere, a broadband NIR luminescence will appear
at 985 nm with FWHM of 187 nm excited at ~808 nm, as shown in Figure 8 [23]. The lifetime of
the emission at 985 nm is about 408 us. Further investigation of the absorption, excitation and
emission spectra indicates that the NIR luminescent centres in the crystal are basically consis-
tent with the multiplets of free Bi* for the transition of °P —'D,. Such experimental results dem-
onstrate that thermal annealing of crystal in H, atmosphere will produce free electrons in crystal
lattice to reduce Bi** to low-valence Bi’, accompanied with the creation of O* vacancies [23].

5.1.2. Bismuth-doped glasses annealed in H, atmosphere

However, the heat treatment of bismuth borate glass (75B,0,-25Bi,0,) at 450°C under H, atmo-
sphere will weaken the luminescence in both the NIR band (1000-1300 nm) and the visible band
(650 nm) [69]. The reduction of NIR fluorescence after annealing in oxidation and reduction
atmosphere indicates that the valence of the active centres might be a middle state, not the high-
est Bi** or the Bi atoms [69]. Similar negative effect of hydrogen annealing of bismuth-doped
sodium aluminosilicate glasses at 498°C has been found, which also gives rise to a decrease
of the NIR emission and, at the same time, formation of metallic bismuth particles in the sur-
face region. Furthermore, surface tinting as well as the decrease of visible luminescence follow
Arrhenius kinetics, suggesting that hydrogen permeation is the rate-governing process [70].

5.1.3. Bismuth-doped fibre after H, loading

The presence of H, in glass network provides an additional way for non-radiative transitions
of activators from excited states to ground states, which therefore negatively affects pump
efficiency of fibre lasers and amplifiers. Bi luminescence of hydrogen-impregnated silicate
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Figure 8. NIR emission spectra of H,-annealed Bi: a-BaB,O, crystals under excitation at 808 nm [23].
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optical fibres will be quenched by deactivation of activators’ excited states via collisions with
H, migrating inside the glass network [71].

In bismuth and fluorine-doped-core silicate fibres, H, and D, loading at pressures of up to
125 bar leads to a decrease of the steady-state luminescence intensity and lifetime [32]. It is
attributed to the appearance of an energy transfer bridge from bismuth clusters to vibrational
degrees of freedom of diatomic molecules. In the presence of H, or D, experiencing random
walking in silica, luminescence decay kinetics stops following a single exponential function
even in fluorine-free silica-core fibre, especially at higher temperatures. The induced quenching
rate increases with the increase of temperature as well and is greater for H, molecules than that
for D,. At temperatures below ~250 K, the presence of dissolved molecules has no effect, indi-
cating the primary importance of having rotational degrees of freedom of migrating interstitial
diatomic molecules in an excited state for effective quenching of bismuth electronic excitations.
Especially, the influence of dissolved D, is weaker than that of H, due to a greater angular
momentum of the D, and correspondingly smaller energy of the molecule’s rotational quan-
tum. In addition, such experimental results provide additional evidence for a cluster rather than
a point defect model for bismuth defects in silica being responsible for NIR luminescence [32].

5.1.4. Bismuth-doped fibre after H, loading and thermal annealing

After H, loading (100°C, 140 bars, 5 days) and annealing (few seconds at 1000°C) of BDF
(SiAlGeP), it is impossible to detect any emission band [72]. Such quenching is due to a simi-
lar reason for the degradation of Bi active ions into BiO molecules, Bi metals, and/or Bi /Bi,
clusters. For H,-loaded BDF, such degradation more probably happens due to the thermo-
chemical reaction between glass network and H, molecules, resulting in a partial or complete
reduction of the Bi-O linkages. This reaction results in the reduction of Bi ions into Bi metal or
Bi atomic clusters and then a complete disappearance of the Bi-related luminescent centres,
confirmed by the absence of visible and NIR photoluminescence, as well as the disappearance
of all absorption bands in the accessible wavelength range [72].

5.1.5. Bismuth-doped fibre after H, loading and UV irradiation

After the irradiation by 193 nm pulsed laser, the H,-loaded Bi-Al-doped silicate fibre shows huge
increase of 1130 and 1390 nm luminescence intensity under 1053 and 1357 nm pumping. This
luminescence enhancement seems to be attributed to an increase of the BAC concentration [55],
where one evidence is the increase of the absorption peaks of BAC, as shown in Figure 9. In addi-
tion, the increase of luminescence for H, -loaded Bi/Al doped optical fibres is also obtained by CW
244 nm laser irradiation. The luminescence increase depends upon accumulated laser fluence [56].
Especially, the luminescence scales with the power of the accumulated dose, where the power
exponent mis 0.12 and 0.18 for the CW 244 nm laser and the pulsed 193 nm laser, respectively [56].

5.1.6. Bismuth/erbium co-doped fibre after H, loading

Similarly, after H, loading (27 hours, 194 bars, 180°C), the absorption of BEDF increases, as
shown in Figure 10(a). Meanwhile, the emission is evidently quenched by H, loading, as shown
in Figure 10(b). The additional appearance of peak at ~1240 nm indicates the diffusion of H,
molecules in BEDF as in the previous report [32], which is verified by the disappearance of
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Figure 9. Absorption spectra of H,-loaded, and irradiated H,-loaded Bi-Al-doped silicate fibre [55].

the peak after 7 days exposure in air after the loading. The background loss has also increased
compared with an unloaded sample. Especially, the emission of BAC-5i at >1380 nm is stron-
ger than that at <1380 nm for the pristine, while after H, loading, the emission at >1380 nm
becomes weaker than that at <1380 nm. It may due to the increase of the absorption at 1380 nm,
which might possibly link with the formation of BAC-5i at 1420 nm [55] or the induced OH
absorption at 1380 nm by the reduction of H,.

5.2. Effect upon photosensitivity

Besides the variation of spectroscopic properties, with H, loading (pre-sensitization), the pho-
tosensitivity of BDF and BEDF can be changed as well as their stability of the gratings. Table 2
summarizes the photosensitivity of BDF and BEDF with and without H, loading reported so
far. The photosensitivity is evidently enhanced by H, loading, often leading to higher refrac-
tive index changes [73]. The enhanced photosensitivity in H,-loaded BDF might be attributed
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Figure 10. Absorption (a) and emission (b) spectra of BEDF before and after H, loaded (27 hours, 194 bars, 180°C) excited
by 830 nm.
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to Bi-H species (BiH, BiOH, ...) [74]. The index changes are sufficient to directly inscribe high-
reflective fibre Bragg gratings (FBG) into BDF for laser mirrors. Inscription of FBG directly
into the active fibre would reduce the loss caused by splicing and mode field mismatch, lead-
ing to higher laser efficiency [74]. Moreover, the thermal stability of these gratings is very
important for future applications [75].

5.2.1. Photosensitivity of BDF

The first investigation on the photosensitivity of BDF is performed in 2008 [55]. From fibre grat-
ing inscription of the Bi/Al-doped fibre, the induced index change is estimated to be 1 x 10 and
1.2 x 107 in the H, unloaded and H,-loaded BDFs, respectively [55], showing the enhancement
of photosensitivity by H, loading. Further investigation demonstrates that a mean index change
up to 2.2 x 10 can be achieved in H,-loaded Ge free Bi/Al doped fibre by irradiation of 193 nm
pulsed ArF excimer laser, while 2.0 x 10 in H, unloaded fibres [74, 76]. In addition, the index
change greatly depends upon the bismuth dopant concentration, and the higher doping concen-
tration, the higher index change is achieved overall [74, 76]. That is, to say, the high Bi concen-
tration optical fibre exhibits larger index changes for the same amount of irradiation dose [78].

A CW 244 nm Ar* laser is also used to fabricate Bragg gratings in pristine and H.-loaded Bi/
Al-doped fibres with index changes as high as 3.6 x 10* and 19.3 x 10, respectively [75, 77].
Thermal annealing reveals peaks in the energy distribution at 1.2 and 2.3 eV [75]. Continuous
isochronal thermal annealing reveals that although SMF-28e fibres, with and without hydrogen,
are more stable than Bi/Al-doped fibres, higher thermal stability for the H,-loaded Bi/Al-doped
fibres is achieved, compared with the pristine one [77]. Moreover, thermal annealing results
indicate that the grating in such H,-loaded BDF has good thermal stability up to 678°C [75].

So far, the maximum index changes as high as +2.5 x 10 by 508 W/cm? 244 nm laser has been
achieved in high Bi doping BDF with H, loading, giving a maximum reflectivity >93% [78].
In addition, in Bi-doped microstructured optical fibre (BMOF) without H, loading, average
refractive index changes of 2.7 x 10 is induced by a 5.3 kJ/cm? 193 nm ArF excimer laser [73].

Through the stress study, it is shown in that H, loading also leads to a colour centre-based
refractive index change. Tensile stress changes indicate a contribution of compaction to the
total refractive index change related to volume changes [74, 76]. Especially, the comparison
of the measured core stress changes before and after UV irradiation further indicates a com-
paction contribution to the total refractive index change depends on Bi-concentration [78].
In addition, the irradiation with the higher energy photons for Bi/Al fibre gives rise to a new
band that appears at 3.4 eV. This could be an indication that the higher 193 nm photon excites
a state that was previously inaccessible with 244 nm photon [82].

5.2.2. Photosensitivity of BEDF

The photosensitivity of BEDF has been studied by Bragg gratings inscription with 193 nm ArF
pulsed laser [80] and 244 nm Ar* laser [81]. With 193 nm inscription, the average index n_ in
the Bi-containing fibre with H, loading (P = 180 bars, T = 80°C, t = 2 days) grows faster than
that in standard highly photosensitive fibre (GF1) and achieves a maximum average index

change of 4.5 x 10, Despite the large effective index changes, the index modulation n__, is
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Fibre Key Bi content H, loading Radiation An Reference
elements conditions
BDF Al Si 0.15-0.3 at% 150 bars for 160 mJ/em? 193 nm 2.2 x 10 [74, 76]
2 weeks at room pulsed ArF excimer
temperature laser
BDF Al, Si 0.02 at% x 500 W/em? CW Ar* 3.6 x10* [75]
laser
BDF Al, Si 0.02 at% ~150 bars for 500 W/em?* CW Ar* 1.9x103 [77]
2 weeks at room laser
temperature
BDF Al, Si 0.15-0.3 at% ~150 bars for 508 W/em? CW Ar* 2.5x107 [78]
2 weeks at room laser
temperature
BDF Al Si 0.02 at% ~150 bars for 508 W/ecm* CW Ar* 1.8 x 103 [78]
2 weeks at room laser
temperature
BMOF Si 0.03 at% x 5.3 kJ/cm? 193 nm 2.7 x10* [73, 79]
ArF excimer laser
BDF Al, Si 0.02 at% x 5.3 kJ/cm? 193 nm 1.0x10* [73, 79]
ArF excimer laser
BEDF Er, Al, P, 0.16 mol% Bi,O, 180 bars for 2 days  9.66 J/cm* 193 nm 45x%x10* [80]
Ge, Si at 80 °C ArF excimer laser
BEDF Er, AL P, 0.16 mol% Bi,O, x 190 mW CW Ar* 1.1x10* [81]
Ge, Si laser

Note: BMPOF-microstructured optical fibre.

Table 2. Summary of photosensitivity in BDFs.

generally found to be quite low in BEDF compared to single-mode germanosilicate fibres. n_

od

of the grating in pristine fibre decreases rapidly with the increasing temperature. However,
the FBG in H,-loaded BEDF appears more stable when the temperature is under 750°C [80].
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Without H, loading, BEDF has shown good photosensitivity @ 244 nm [81], comparable to GF1
as expected given similar GeO, concentrations, as shown in Figure 11(a). Different from the
monotonous increase of GF1 vs the inscription duration, the index modulation of BEDF fluc-
tuates, due to the non-uniformity of the BEDF, with an average index modulation of 1.1 x 10
Especially, based on the phase-shifted gratings fabricated in BEDF, a distributed feedback
(DFB) fibre laser operated at ~1538 nm has further been achieved, as shown in Figure 11(b).

6. Summary and outlook

Significant progress has been made in research, development and application of BDF and
BEDF since the first demonstration of NIR luminescence in bismuth-doped glass. Many stud-
ies have been carried out and demonstrated that the performance, functionality as well as sta-
bility, BDF and BEDF of these fibres can be changed by post treatments such as heating, high
energy ray radiation, laser exposure and H, loading. For example, NIR emission of BAC-Si
in BDF excited at 808 nm can be enhanced at high temperature. The thermal treatment could
make Bi ions transfer from higher valence to lower valence, even precipitate to Bi colloids,
which would result in irreversible thermal darkening effect. In addition, the degradation of
BAC could occur by implementing thermal treatment in air, while new BAC could form in
reduction atmosphere. However, the radiation treatment by gamma ray or electron produces
more complicated effects. The radiation can activate the BACs, increase the absorption and
enhance the NIR luminescence, dependent upon fibre compositions. Photo-bleaching effect
has been observed in both BDF and BEDF by laser radiation. Some photo-bleaching is revers-
ible after undergoing thermal treatment. In addition, the photo-bleaching is found to depend
upon radiation wavelength, laser radiation power, temperature as well as material environ-
ment. Post treatment by H, will not only enhance the photosensitivity of the BDF and BEDF,
but also change their spectroscopic properties. As a reducing agent, H, will enhance the reduc-
tion of Bi from higher valence to lower valence. It could result in the formation of new BAC,
but may not increase luminescence due to the deactivation of excited defects or over-reduction.
Through the investigations of these post-treatment effects, more understanding of BACs has
been obtained and alternative ways to control and regulate the BACs in BDF and BEDF for bet-
ter performance could be found.
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Abstract

Bismuth molybdate materials (a-Bi,Mo,O,,, 3-Bi,Mo,0,, and y-Bi,M00,) are well-known
in the field of catalysis due to their excellent activity for one of the most important indus-
trial processes: the oxidation/ammoxidation of lower olefins. These processes play an
important role in society since the production of one quarter of the most important
industrial organic chemicals and intermediates (such as acrolein, acrylic acid, propylene
oxide, etc.) used in the manufacture of industrial products and consumer goods is based
on these reactions. Although the materials were developed since the 1960s, the topic
still attracts many attentions; new catalysts with different additive elements to enhance
catalytic activity are still explored. Advanced researches on bismuth molybdate-based
catalysts have been performed not only with the change in composition but also in the
synthesis methods. This book chapter summarizes recent researches on the development
of bismuth molybdate-based catalysts with new achievements in catalysis field.

Keywords: selective oxidation, hydrocarbons, catalysts, bismuth molybdates, reaction
mechanism

1. Introduction

Since they were developed by SOHIO company in 1959, bismuth molybdates have received a
large attention owing to their high selectivity and activity for partial oxidation and ammoxi-
dation of lower olefins to essential intermediate products for industrial applications. Aspects
of these compounds such as structure, catalytic property, conductivity, etc. have been thor-
oughly investigated. Most studies are concentrated on the catalytic property of bismuth
molybdates. Here, the reactions, the mechanism, and all related aspects have been explored

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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although there are still a lot of controversies. Among many other selective oxidation cata-
lysts, bismuth molybdates are the most extensively studied and serve as the basis for today’s
many highly active and selective commercial catalyst systems [1]. There are many kinds of
bismuth molybdates with different Bi/Mo atomic ratios, but those which have been quite
thoroughly investigated and exhibit good catalytic properties are in the range of composition
Bi/Mo =2/1-2/3.

Three phases of bismuth molybdates, o, §, and vy, exhibit good catalytic properties for oxi-
dation of propylene. Their catalytic activities decrease in the following generally accepted
order, Bi,Mo,0O, () = Bi,Mo,O,, (&) > Bi,MoO, (y), which is reported by many authors [1-5].
However, there are some authors who reported the opposite trend: y 23> a [6, 7], B> (a =)
8] a>p>vy 9]

Catalysts based on bismuth molybdates can be divided into the following components:

Primary bismuth molybdate system: These catalysts are mixed oxide constituted from Bi, O, and
MoQ, at specified ratios as mentioned above.

Multicomponent bismuth molybdate system: These catalysts were developed by the modifica-
tion of primary bismuth molybdates by replacing or adding other metal elements. The first
replacement of half of the amount of the bismuth molybdate by iron in Bi,P Mo,,O,, increased
the catalytic activity for the ammoxidation of propylene noticeably. The Bi-Fe-Mo-O system
consists of several different composite oxides including bismuth molybdate, iron molybdate,
and Bi,FeMo,O,,. Following this improvement, divalent transition metal cations such as Co*

and Ni** were also found to enhance the catalytic activity and selectivity significantly [4].

The catalyst Bi,_ .0, ,V, Mo O, which form a solid solution with composition limits of bis-
muth vanadate, x = 0, and the a phase of bismuth molybdate, x =1, attracted many attentions
[10, 11] since it is a good system to investigate the diffusion of lattice oxide. The participation
of the lattice oxide ion into the reaction is quite prominent in this catalyst system, but the

degree of the participation depends on the catalyst composition.

2. Phase diagram of bismuth molybdates

To understand on the bismuth molybdate catalysts, it is necessary to explore the phase dia-
gram of this system since three catalytic active phases of bismuth molybdates exhibit some
unique properties. The phase diagram established by Egashira et al. (Figure 1) [12] is the most
well known in literature. In this phase diagram, three main phases of bismuth molybdates
can be found.

2.1. The Scheelite (a) phase

This phase has the nominal composition Bi,Mo,O,, (written in short as the 2/3 phase). The «
phase forms a eutectic with MoO, at 615°C and at 71 atom% Mo:

lig.—~ Bi,Mo0,0,,+MoO, (1)
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Figure 1. Phase diagram for the bismuth molybdate system by Egashira [12].
The o phase also forms a eutectic with 1/1 at 640°C and at 59 atom% Mo:
lig.— Bi,Mo,0,,+Bi,Mo,0O, 2)

The a phase has been reported to be stable in a large temperature range between room tem-
perature and 650°C [13]. The a phase congruently melts at 650°C.

The a phase has a monoclinic structure (a =0.789 nm, b = 1.170 nm, c = 1.224 nm, 3 = 116°20")
which was related to the Scheelite-type structure with space group P21/c.

2.2. The Erman (B) phase

This phase has the nominal composition Bi,Mo,O, (written in short as the 1/1 phase). The {3
phase is only stable in the relatively narrow temperature range of 665-540°C. The {3 phase
is formed by the peritectic reaction of liquid MoO, with the high-temperature form of the y
phase at 665°C:

MoO, (liq.) + Bi,MoO, (H) - Bi,Mo,O, 3)
but disproportionates into 2/1 (K) and 2/3 below 540°C:

2Bi,Mo,0, = Bi,MoO, (K)+Bi Mo.O, 4)

However, since the rate of reaction (Eq. 4) is very low, Bi,Mo,0, can exist even at room tem-
perature as a metastable phase. There are two metastable modifications: " and 3" [14].

183



184  Bismuth - Advanced Applications and Defects Characterization

The 3 phase of bismuth molybdate which was first identified by Erman et al. [14] has an ortho-
rhombic crystal structure with lattice parameters: a=1.079 nm, b=1.189 nm, c=1.186 nm, and
space group Pnmm or Pnm?21.

2.3. The Koechlinite (y) phase

This phase has the nominal composition Bi,MoO, (written in short as the 2/1(K) phase).
The high-temperature modification of this phase is indicated by y" - Bi,MoO, (2/1(H)).
The intermediate metastable polyform between y and v’ is y” (or 2/1(I)). The formation
of Bi,MoQO, (H) from liquid is also due to a peritectic reaction as in the case of the (3 phase.
The solid which takes part in this reaction is indicated to be the high-temperature form of
3Bi,0,. 2MoO, (3/1):

MoO, (liq.) + 3B1,0,.2M00, () — 3 [Bi,0, . MoO,(H) )

The high-temperature phase Bi,MoO, (H) is transformed into Bi,MoO, (K) at 600°C, but the
rate of this transition is low so that Bi,MoO, (H) can exist even at room temperature [12, 15].

Earlier reports by Zemann and Aykan [16, 17] showed that the crystal structure of natural
koechlinite, Bi,MoO,, was orthorhombic, a = 0.550 nm, b = 1.624 nm, c = 0.549 nm, and space

comer shared

Moty laver Bi, 0, laver

corner shared
oo 0@-nir Q-0+

Figure 2. Layered structure of Bi,MoO, [19].
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group Cmca (D2h18); Van den Elzen and Rieck [18] reported the same lattice parameters but
different space groups: Pca2l.

The structure was described as alternate layers of (BiO*), and (MoO,*) perpendicular to the
y direction. The (MoO,*), layer consists of deformed oxo-molybdenum octahedra, sharing
four corners with neighboring oxo-molybdenum octahedra in the same layer perpendicular
to the y direction. The molybdenum-oxygen bond distances in such a layer can be divided in
two classes, the first with bond lengths of approximately 0.224 nm. The two other apical ions
of the oxo-molybdenum octahedra point toward a (BiO*), layer, one below and one above.

Thus, if a Bi,0,* = B layer and a MoO,* = A layer, in crystals they will be connected via lay-
ers of oxygen anions denoted by O. Schematically, therefore, the schemata of three bismuth
molybdate phases can be written as the following [8]:

* o phase=(BOAOAOAO)m.
¢ 3 phase=s(BOAOAO)m.
¢ v phase=(BOAO)m.

The structure of the y phase can be seen in Figure 2 [19]. The position of bismuth and molyb-
denum atoms in the unit cell is shown together with their bonds to oxygen.

3. Synthesis of bismuth molybdates

Bismuth molybdates can be obtained via different methods, for example, co-precipitation [9, 20],
solid-state reaction [21], spray drying [22-24], hydrothermal [25, 26], solution combustion [27],
and solgel route [28].

3.1. Co-precipitation

The most popular method to prepare bismuth molybdates is co-precipitation. Almost all
authors [7, 29, 30] follow this method although there are some modifications. The starting
reactants are typically a solution of Bi(NO,),.5H,O in water, a suitable quantity of HNO,,
and a solution of (NH,) Mo, O,,.4H,O in water. The solution of bismuth nitrate is added to
ammonium molybdate or vice versa. pH is adjusted in the range of about 1-9 by adding
NH, or HNO,, depending on each author. The precipitate is filtered and dried or the liquid is
directly evaporated. Some other modifications of precipitation synthesis use Bi(NO,),.5H,0
and H,MoO, or BiONO,.H,0 and (NH,) Mo,0O,,.4H,0 as starting materials [7, 31]. Precipitates
are calcined at some given temperature, normally from 450 to 580°C.

3.2. Solid-state reaction

Another conventional method to prepare bismuth molybdate is a solid-state reaction from
mixtures of bismuth oxide and molybdenum oxide powders [12, 29, 32] or a mixture of
Bi(NQ,),.5H,0 and (NH,) Mo,O,,.4H,0 powders [33] at the temperature range of 500-650°C.
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3.3. Solgel

This method is used by a few authors. Godard et al. [28] prepared bismuth molybdates by
a citrate-based method from aqueous solutions of Bi* and Mo and citric acid in equivalent
amounts. Wildberger et al. [34] used an alkoxide method to prepare bismuth molybdates sup-
ported by titania. The gelation occurs at low temperatures and results in amorphous materi-
als with unique morphology and extraordinary dispersion of the active compound. Bismuth
molybdates are obtained by calcining these materials at about 500°C.

Solgel method was considered as an effective pathway to afford pure phases of these cata-
lysts. However, it requires acidic conditions in general, which is harsh and less suitable for
practical applications [28]. A solgel synthesis of bismuth molybdates as thin film has been
reported at quite neutral pH conditions [35], but the synthesis proved to be effective at differ-
ent pH values. However, at neutral and basic pH conditions, it turns difficult to obtain pure
phases of bismuth molybdates. The gelation process is considered to be entirely different at
pH 1 and 5. With increasing content of bismuth, the formation of the impure Bi,O, phases
turns more difficult to be avoided. Among different catalysts, sample Bi Mo,O,, synthesized
at pH 5 displayed high conversion and selectivity. Additionally, it can be synthesized in more
convenient manner, making it suitable for the applications in practical technical processes
[36].

3.4. Hydrothermal method

The hydrothermal method has been applied to prepare bismuth molybdates by Beale and
Sanka [37, 38]. Stoichiometric amounts of acidified bismuth nitrate solutions were mixed with
ammonium heptamolybdate dissolved in ammonium hydroxide. The pH of this mixture was
adjusted to a specific range (2-6) before introducing this mother liquor into a Teflon-lined
autoclave. The autoclave was placed in a preheated furnace (140°C) for several hours. After a
specific period (20 h), the contents were washed and dried. Thus, this method requires very
low temperatures (except the (3 phase which needs to be calcined further at 560°C) and results
in high surface area (9-10 m?/g).

3.5. Spray drying

As known, bismuth molybdates can be prepared by conventional methods such as precipi-
tation and solid-state reaction, which have been used for long and are widely applied for
laboratory scale and industrial processes. However, pure bismuth molybdates prepared by
conventional methods are not often obtained, and all commercial oxidation catalysts are
multiphase [39].

Spray drying was applied to synthesize many multi-metal oxides, which exhibit good char-
acteristics [40]. Homogeneity, stoichiometry, uniformity of product size, hardness, and
abrasiveness are advantages of spray drying. Spray drying can be applied to replace con-
ventional synthesis methods, which opens interesting industrial applications. To synthesize
bismuth molybdates, the precursor solution for spray drying was prepared from a solution of
(NH,);Mo,O,, and a solution of Bi(NO,), with the addition of few milliliters of concentrated
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HNQ, in order to keep the Bi-salt dissolved. This precursor solution was spray dried using
a laboratory spray dryer with a reasonable nozzle and feeding rate at a suitable temperature
(about 200°C). Spray drying is one of the best methods to prepare pure phases of bismuth
molybdates. It is a versatile method which is able to prepare mixtures of bismuth molybdates
with desired Bi/Mo ratio in accordance with the phase diagram, which is very useful for pre-
paring mixed catalysts with higher activity than the pure one owing to the synergy effect.
Spray drying confirmed its reputation as a reliable method for the synthesis of pure catalysts
[41]. Therefore, the XRD patterns of the spray drying bismuth molybdate samples with dif-
ferent Bi/Mo ratios (Figure 3 [42]) are considered as the standard to determine the phase
composition of these compounds.

3.6. Solution combustion

The solution combustion synthesis is a quite simple method and presents several advantages.
It is based on highly exothermic redox chemical reactions between metallic compounds and
nonmetallic ones. The first step of the solution combustion synthesis is the preparation of an
aqueous solution of suitable metal salts, e.g., nitrates (bismuth nitrate, ammonium molyb-
date), because of their high solubility in water and the oxidizing potential of NO," groups.
An organic molecule such as urea, glycine, hydrazine, or precursors containing a carboxylate
anion is then added to form complexes with the metal ions. The organic molecule works as a
fuel as its combustion enables to release a huge amount of heat in a short period of time. The
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Figure 3. XRD patterns of bismuth molybdate samples with 0.57 < Bi/Mo < 2 [42].
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final solution is then heated until reaching temperatures in the range of 300-450°C for a very
short residence time to avoid sintering, which brings the solution to ebullition. The resulting
mixture then becomes dry and in a matter of minutes ignites that sets off highly exothermic,
self-sustaining, and fast redox reactions that generate a dry, usually crystalline, fine powder.
The obtained powders can be calcined or not since the uncalcined powders are crystallized
well already. The products possess a relatively high specific surface area. The rapidity of the
method may also allow the formation of metastable phases [27, 43—46].

4. Selective oxidation of light hydrocarbons on catalysts

Selective oxidation and ammoxidation of hydrocarbons play an important role in society
since the production of one quarter of the most important industrial organic chemicals and
intermediates used in the manufacture of industrial products and consumer goods is based
on these reactions [55]. Hence, they contribute significantly to the gross national products of
industrial countries and afford future opportunities for developing countries. They also pres-
ent opportunities for significant fundamental research.

The selective oxidation of light hydrocarbons, especially propylene, is the most significant
and well-studied process. Its products include important intermediates such as acrolein,
acrylic acid, propylene oxide, etc. The catalytic process was first discovered in 1948 by Hearne
and Adams [47] with the use of cuprous oxide catalysts. In 1959 and in 1962, Idol [48] and
Callahan [49], respectively, improved the yield of the reaction with the discovery of bismuth
molybdate catalysts. Shortly after that, this process was industrialized by SOHIO company
and has then been developed and improved year by year by this company [3]. Drastic and
empirical changes have been introduced to the catalyst composition and preparation as well
as to the reaction process. As a result, the reaction yield has been increased over the past
40 years from 50% to over 80% [50].

4.1. Reaction and products

Since selective oxidation of propylene is the most popular process among those of other light
hydrocarbons, it is chosen to be described here as an example. The product of the reaction,
acrolein, is formed from propylene in a two-step process through the allylic alcohol interme-
diate (Figure 4). The second step is more exothermic (AH =-195.5 k], mol™) than the first one

+ 150
+15 s HO
m —_— U I LA )] e | CH=CHCHO
=104 klfmol -195.5 k]/mol

241 klfmol | +¥ O

CHe=CHCOO

Figure 4. Reaction pathway of the selective oxidation of propylene.
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(AH = -104 kJ mol™), probably due to the stabilization energy of the conjugated electronic
system of acrolein [4].

By-products of this reaction are acrylic acid and carbon oxides in addition to minor products
such as acetaldehyde, acetic acid, formaldehyde, and polyacrolein. The yield of acrylic acid is
only 10% mol, while the yield of acrolein is more than 70%. If acrylic acid is to be obtained, it
must be synthesized from the oxidation of acrolein in a second-stage reactor with a different
catalyst [51]. Carbon oxides are the products of the complete oxidation of acrolein or acrylic
acid as well as parallel complete oxidation of propylene [52]. Acetaldehyde and formaldehyde
formation during the reaction is due to the oxidative breaking of the propylene C =C bond:

CH,CH= CH,+0, - CH,CHO+CH,0 6)

Acetaldehyde and formaldehyde can also be oxidized further [4].

In the industry, the reaction is carried out in a fluidized bed reactor to facilitate the heat transfer
and allow good temperature control, which is important for maintenance of selectivity. The silica
support provides mechanical stability for the catalyst in the abrasive environment of the fluid-
ized bed. Pressures are low (about atmospheric) and temperatures are in the range 400-500°C [5].

4.2. Catalysts

Catalysts which exhibit above properties for selective oxidation are usually mixed systems
in which transition metal oxides of group B (most often Mo or V) are combined with oxides
of groups IVA, VA, and VIA (B, Sb, Sn, P, Te) or group VIIIB (Fe, Co, Ni). Favored structures
are scheelites, fluorites, rutiles, trirutiles, pyrochlores, and perovskites. Industrial catalysts
contain as a rule small amounts of promoters: alkali or alkaline earth metals are commonly
reported in the catalyst formula, and several other elements of variable valency and rare earth
metals can be also found therein.

These catalysts can be divided into following system:

* Antimonate system included (i) the uranium antimonate system based on USb,O, (UO, +
Sb,0,) catalyst which was developed in 1966; (ii) the iron antimonate system, Fe,Sb,Si.,

consisting of the active components FeSbO,, Sb,0,, and SiO,; and (iii) the tin antimonate
systems based on SbSnO which were studied since 1969 [53] and attracted attention dur-
ing the 1980s [54]. Although the in-tank acrylonitrile yields of the above antimonate cata-
lyst compositions are respectable, they do not measure up to the productivities of the best
molybdate catalysts. In addition, the antimonate-based catalysts are much more fragile
than the molybdate-based systems under commercial operation. Therefore, it is impera-
tive to operate the antimonate systems under rigidly controlled operating conditions, in
order to prevent possible plant upsets and irreversible reduction which leads to the de-
struction of the antimonate catalysts. In contrast, the later-generation molybdate-based
catalysts are almost indestructible and can easily withstand inadvertently plant upsets,
including severe reductions. It is for these reasons that the complex mixed metal molyb-
dates are currently the industrially preferred catalysts for the ammoxidation of propylene
to acrylonitrile [55].
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* The cuprous oxide system: Cu,O powder is obtained by CuO reduction at about 400°C. This
system is more accurately defined as a multiphase (Cu-Cu,0-CuO) system. Consequently,
it has proven to be very difficult to characterize. The catalyst undergoes changes in its bulk
chemical composition, activity, and selectivity during oxidation of propylene; therefore,
its activity is less stable than the other catalyst system. Anyway, the simple oxide Cu,O is
reported to exhibit significant activity and selectivity and has been often chosen as a model
catalyst for the determination of the involved reaction mechanism [4]. It was reported that
catalytic activity of Cu,O catalyst system is lower than that of bismuth molybdate catalysts;
therefore, the Cu,O catalyst is less popular [56].

* Bismuth molybdate system: Catalysts based on bismuth molybdates are the most efficient
class of catalyst for oxidation and ammoxidation of propylene and olefin. They are also most
thoroughly investigated. This system will be described more detailed in the next section.

4.3. Mechanism of the reaction

Mechanism of selective oxidation of propylene to acrolein over bismuth molybdate catalyst
was proposed by Burrington et al. [54, 57] (Figure 5). Details about active sites are shown in
Figure 6.

According to Burrington [57] and Grasselli [58], initial chemisorption of propylene occurs on
molybdenum dioxo groups bridged to bismuth-oxygen group 1, followed by allylic abstraction
by Bi oxygens to form a m-allyl complex 2, which then undergoes C-O bond formation resulting
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Figure 5. Mechanism of selective oxidation of propylene to acrolein over bismuth molybdate catalyst by Burrington
et al. [57].
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Figure 6. Schematic representation of the catalytic site for partial oxidation of propylene on Bi,MoO, [58]. The oxygen
designated O’ is believed to be responsible for the a-hydrogen abstraction; that designated O", associated with Mo, is
believed to be responsible for oxygen insertion into the allylic intermediate to give acrolein. Square (two lone pairs of
electron associated with Bi-O-Bi surface groups) designates the center for O, reduction and dissociative chemisorption.

in a 0-O-allyl molybdate 3, the acrolein precursor, and Mo(V) analog to Mo(VI) esters formed
from allyl alcohol and Bi,0,.MoQ,. Lattice oxygen removed from the catalyst during the surface
oxidation of propylene to form acrolein must be replenished by gaseous oxygen in order to
reconstitute the active site 1 and complete the redox cycle. Thus, the reaction occurs via a Mars
and Van Krevelen mechanism in which propylene adsorbs reversibly and then reacts with an
oxygen atom of the catalyst. This rate-limiting step leads to cleavage of one of the C-H bonds
of the methyl group of the adsorbed propylene and results in the formation of an adsorbed OH
group and a loosely adsorbed allyl radical that is rapidly stabilized as an adsorbed vinylalkox-
ide [59]. The sites for chemisorption and dissociation of gaseous oxygen molecule are spatially
and structurally distinct from the active sites, at which adsorption and oxidation of propylene
take places. These sites are singly coordinated unsaturated metal cations on the surface. These
sites may reduce molybdenum cations because molybdenum is known to form various multi-
valent coordinate compounds containing oxygen and molybdenum is also stable in its lower
valence states [60]. Therefore, the partially reduced catalysts are good catalysts (rule of “site
isolation” [61]).

This mechanism can be applied to explain the difference in activity noted in the three phases
of bismuth molybdates. The y phase and Bi,O, have too few chemisorption sites, while MoO,
has no a-hydrogen abstracting sites, and, thus, these catalysts are the least active ones. The «
and 3 phases have a favorable balance of these two sites necessary to effect the rate-determin-
ing first hydrogen abstraction. The multicomponent system possesses the greatest number of
active surface sites having the proper structure and composition and a solid-state structure
with the ability to rapidly reconstitute these surface sites with bulk lattice oxygen [1].



192

Bismuth - Advanced Applications and Defects Characterization

However, experiments using gaseous O showed that 16% of the lattice oxygen in the a phase
and 100% of lattice oxygen in the y phase were involved in the formation of both acrolein and
carbon dioxide at 430°C [6]. On the other hand, the layer structure of y phase results in low-
energy pathways than the more closed parked structure of a phase so that oxygen anions can
diffuse easier [1]; for example, in the reoxidation cycle, Y phase can be more active than the
others. These may support for the opposite observation of some authors about the order of
catalytic activity of three phases.

5. Catalytic properties of bismuth molybdate system

The most popular industrial catalysts for selective oxidation of propylene are based on mul-
ticomponent metal oxides containing mainly Bi/Mo(W)-O phases modified by various metal
elements such as Fe, Co, and Ni. Commercial catalysts introduced by SOHIO for the ammo-
xidation of propylene to acrylonitrile are summarized in Table 1 [50].

These commercial catalysts, however, were developed based on the fundamental researches
on basic types of bismuth molybdate catalysts.

5.1. Catalytic activity of different primary bismuth molybdate phases

Three phases of bismuth molybdates, a, 3, and vy, exhibit good catalytic properties for oxida-
tion of propylene. Their catalytic activities decrease in the following generally accepted order:
Bi,Mo,0, () = Bi,Mo,0O,, (o) > Bi,MoO (y). Although this order is reported by many authors
[1, 2, 28, 60, 62], there are some papers in which the opposite trend is stated: y >3 > « [6, 7]
orB>(a=7vy)[8lora>p>vI[9] B>a>y[41], ¥y >« [63]. These reports, however, are not
exhaustive, but it shows the large divergence of opinion. All these catalysts were not prepared
in the same manner nor were the reaction conditions equivalent. In addition, some of the
early results were reported on a per-gram basis and not per unit surface area. Some authors
explain the higher activity of o and 3 phases compared to y phase that & and 3 phases possess
more molybdenum dioxo groups than y phase does; for example, they possess more active
sites for propylene chemisorption [41]. The higher activity v phase compared to a phases
was assigned for the facile oxygen mobility of vy [63]. Especially, the conflicting results on
the activity of Bi,MoO, found in the literature were explained by a surface enrichment with
bismuth during prolonged calcination or reaction, resulting in a deactivation of the catalyst.

Year Catalysts Acrylonitrile yield (%)
1960-1963 Bi,PMo,,0.,/SiO, 55

1963-1965 Bi, Fe, ,PMo ,0,,/SiO, 65

1969-1970 K, ,(Ni,Co),Fe,BiPMo,,0 /SiO, 75

1975-1991 (K,Cs),(Ni,Co,Mn), (Fe,Cr), Bi/Mo,,0 /SiO, 78-80

1992-1995 (K,Cs),(Ni,Mg,Mn), (Fe,Cr), Bi, . Mo, O /SiO, >80

Table 1. Commercial catalysts introduced by SOHIO [50].
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It was found that the activity and selectivity of Bi, MoO, catalysts, in the selective oxidation of
propylene to acrolein, are very sensitive to the presence of small amounts of excess bismuth.
This excess leads to a surface enrichment with bismuth and thereby to a low-active and low-
selective catalyst. However, such catalysts with a Bi/Mo slightly above 2 do show reason-
able activities and selectivities after calcination at moderate temperatures and/or for a short
period of time. These catalysts loose their activity after calcination at a higher temperature or
for a longer period of time. This makes that the activity and selectivity of these catalysts are
strongly dependent on the calcination time and temperature. The reasonable initial activities
of catalysts with a Bi/Mo slightly above 2 are ascribed to relative low Bi/Mo ratios at parts
of the surface after calcination for a short period of time. The excess bismuth merges with
the active parts of the surface during calcination, leading to the deactivation of the catalyst.
The sublimation of molybdenum from the catalyst may play a minor role in the deactivation
process. The deactivated samples can be reactivated by reduction, while the activity of the
active samples is hardly affected by reduction. This reactivation is a result of the formation
of bismuth particles leading to a decrease in the Bi/Mo ratio at other parts of the surface.
The deactivation during calcination and after reduction occurs at similar rates indicating that
these deactivation processes are similar [64].

5.2. Synergy effect in the mixtures of bismuth molybdates

The synergy effect is expressed as the enhancement of the catalytic activity when two or three
phases are present in the catalysts. One of the best-known examples of the synergy effect is
the cooperation between a and y phases obtained by chemical decomposition at about 540°C
of the 3 phase [9, 65, 66]. However, types of cooperation and explanations offered are different
among authors (Table 2).

In general, due to the presence of the synergy effect in the mixtures of bismuth molybdates,
the catalytic activity of these catalysts may be influenced strongly if the samples are not pure
bismuth molybdate phases (alpha, beta, or gamma, corresponding to Bi/Mo ratios of 2/3, 1/1,
and 2/1, respectively). Samples with other Bi/Mo ratios (Bi/Mo ratios of 1.5, 1.3, etc.) even
exhibited higher activity since they are mixtures of these bismuth molybdate phases. Thus,
the catalytic activity of bismuth molybdate samples depends significantly on the Bi/Mo ratio
of the samples. Catalytic activity of bismuth molybdate samples with different Bi/Mo ratio is
presented in Figure 7 [42].

The synthesis method also influences on the catalytic activity of bismuth molybdate catalysts
since different synthesis methods may result in different purities of the catalysts and differ-
ent surface areas. Samples synthesized by solid-state reaction and precipitation sometimes
exhibit unexpected catalytic activity due to the formation of other unexpected bismuth molyb-
date phases and even MoO, or Bi,O,. Due to the presence of unexpected bismuth molybdate
phases, the samples may possess the synergy effect which increase catalytic activity [68].

5.3. Multicomponent bismuth molybdate catalysts

Synergy effect in the mixtures of bismuth molybdate phases may be one of the reasons for
the plentiful researches on multicomponent bismuth molybdates. Many different metals have
been added to bismuth molybdate to increase their activities such as Fe, V, Ni, Sn, Zr, etc.
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Figure 7. Reaction rate for acrolein formation of bismuth molybdates with Bi/Mo ratio from 0.57 to 2 (synthesized by
spray drying): o, pure samples; A, Bi/Mo =1 (47% vy, 47% a, 6% B); +, Bi/Mo =1 (29% v, 29% o, 42% ).

Multicomponent Ni Fe,Bi Mo ,O,, catalysts were applied to the oxidative dehydrogenation
of C, raffinate-3 to 1,3-butadiene. Conversion of n-butene, selectivity for 1,3-butadiene, and
yield for 1,3-butadiene over Ni Fe,Bi Mo, ,0,,, catalysts showed volcano-shaped curves with
respect to nickel content. Among the catalysts tested, Ni,Fe,Bi Mo, ,O,, showed the best cata-
lytic performance. The conversion of n-butene was increased with increasing surface acidity
of the catalyst. The largest surface acidity of the Ni,Fe,Bi Mo,,O,, catalyst was responsible for
its enhanced catalytic performance in the oxidative dehydrogenation of C, raffinate-3. The
facile oxygen mobility of the Bi MoO, phase in the Ni Fe,Bi Mo, O, catalyst also played an
important role in enhancing the catalytic performance of the Ni,Fe,Bi Mo,,O,, catalyst [69].

Bismuth molybdenum titanium oxides containing 14 or 25 wt% of bismuth molybdate were
prepared in a highly dispersed state by the solgel method. Their catalytic performance in pro-
pene oxidation to acrolein was studied. The increase in activity of BiMoTi oxides in propene

Authors Type of cooperation Explanation

Matsuura etal. o +7vyinn-C4=0DH Formation of a phase similar to 3
[62]

Carsonetal. [9] a+7yinn-C3=0x Decomposition of ot or y

Weng et al. [67] o + various oxides in n-C4 = Ox Action of spillover oxygen
Godard et al. a+7yinn-C4=0DH Dual role

[28]

Soares et al. [20] f + 7 in selective catalytic oxidation of The high oxygen mobility in the lattice of the y phase
1-butene that allows the migration of oxygen species from the y
to the 3 phase

Le et al. [42] a/p + v in the selective oxidation of High conductivity of y + a/f3 possesses more active sites
propylene to acrolein to absorb a-hydrogen atoms of propylene

Jungetal. [63] a+7v inthe oxidative dehydrogenation = A combination of the facile oxygen mobility of y and the
of C4 raffinate-3 to 1,3-butadiene abundant adsorption sites of a for n-butene

Table 2. Explanation given in the literature for the cooperative effects between bismuth molybdates.
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oxidation as compared to that of bulk bismuth molybdate can be tentatively related to the sta-
bilization of small aggregates of Bi- and Mo-containing phases due to the beneficial presence
of the titania matrix. The catalytic performance of the samples is significantly depended on
the crystal size of bismuth molybdate phase; an optimum size (23 nm) should exist to enhance
the catalytic performance [70].

Several investigations have shown that the apparent activation energy for propylene oxidation
to acrolein can be reduced by the replacement of Mo by V for catalysts maintaining a scheelite
structure with the composition Bi .V, Mo O, (x = 0-1), which was first reported by Sleight
et al. in the 1970s [71]. Cesari and coworkers also obtained this compound, which forms a solid
solution with composition limits of bismuth vanadate (x = 0) and the a phase of bismuth molyb-
date (x =1) [72]. The authors found that the V** ion in BiVO, can be replaced by Mo® until x =1,
forming cationic vacancies without changing its original structure. Catalytic activity for the reac-
tions producing both acrolein and acrylonitrile in the oxidation or ammoxidation of propylene
increases drastically with increasing concentration of cationic vacancies of Bi, ,V, Mo O,. The
lattice parameter changed regularly with x, and it was concluded that the replacement of vana-
dium by molybdenum atoms resulted in random vacancies of the bismuth cations in order to bal-
ance the difference in negative charges between the tetrahedral anion groups VO, and MoO,>.
The selectivity of the reaction is also improved with the degree of substitution to some extent
[73]. It was also reported that the activation barrier for the rate-limiting step is well described by
the band-gap of such catalysts, the activation energy decreases with the band gap [3]. Among
the multicomponent metal oxide system Bi, .V, Mo O, Bi ..V .Mo, O, exhibited the highest
catalytic activity due to combining a high ability to adsorb propylene and abstract a-hydrogen to
convert propylene to incomplete oxidized organic compounds while having a high conductivity

to allow mobility of lattice oxygen [74].

Recently, an investigation of propylene oxidation was conducted over Bi, Mo, and V oxides
having the aurivillius structure with the composition Bi,V, Mo O,, , .(x = 0-1). The activ-
ity of the aurivillius structure was compared with oxides having the scheelite structure. The
aurivillius-phase catalysts again show a correlation between the apparent activation energy
and the band gap of the oxide, and the only difference being that for a given band gap is
that the apparent activation energy for the aurivillius-phase catalysts is 1.5 kcal/mol higher
than that of the scheelite-phase catalysts. This difference is attributed to the lower heat of
propene adsorption on the aurivillius-phase catalysts. A further finding is that for catalysts
with band gaps greater than 2.1 eV, the acrolein selectivity is 75% for the conditions used and
independent of the propylene conversion. When the band gap falls below 2.1 eV, the intrinsic
selectivity to acrolein decreases rapidly and then decreases further with increasing propylene
conversion. This pattern shows that when the activity of oxygen atoms at the catalyst surface
becomes very high, two processes become more rapid—the oxidation of the intermediate
from which acrolein is formed and the sequential combustion of acrolein to CO, [59].

In the most recent work on multicomponent bismuth molybdate catalysts, other compo-
nents including conductive materials (SnO,, ZrO,) and nonconductive materials (MgO) were
added to beta-bismuth molybdates (3-Bi,Mo0,0,). Comparison of the catalytic activities of
these samples showed that the addition of a suitable amount (10% mol) of SnO, improved
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Figure 8. Comparison of the catalytic activities (reaction rates for acrolein formation based on catalyst surface area,
r, mol/m?s) of different catalysts based on beta-bismuth molybdate with other oxides.

significantly the catalytic activity of beta-bismuth molybdate to an unprecedented high
level for any known single bismuth molybdate catalyst phase or other highly active bis-
muth molybdate mixtures (bismuth molybdate with Bi/Mo ratio of 1.3). When adding ZrO,
to beta-bismuth molybdate, the catalytic activity of the sample increases slightly. In con-
trast, adding MgO to beta-bismuth molybdate does not increase the catalytic activity of the
samples (Figure 8). SnO, was found to exhibit much higher conductivity than ZrO,, leading
to bismuth tin molybdate catalyst also exhibiting high conductivity, while MgO is a noncon-
ductive material. This is evidenced that the increase of the conductivity of the bismuth tin
molybdate could be one of the reasons for the increase of their catalytic activity resulting in
a synergy effect in its catalytic activity [75].

6. Conclusions

Although bismuth molybdate catalysts have been studied and developed for many years,
nowadays, they still attract many research interests worldwide not only due to the impor-
tance of the chemical processes that they catalyze in industry but also due to the interest-
ing aspects raised during the researches such as the involvement of lattice oxygen during
the catalytic processes or the synergy effects occurring in the mixtures of bismuth molyb-
date phases. There are many factors influenced on the catalytic properties of these materials
including synthesis methods and addition of other elements on the multicomponent systems.
The recent studies show that the addition of Sn or V in the basic bismuth molybdate catalysts
increase significantly or the mobility of lattice oxygen or the ability to adsorb a-hydrogen in
reacted hydrocarbons and, thus, increase their catalytic activity. The increase of surface area
of bismuth molybdate catalysts using advanced synthesis methods such as hydrothermal,
solgel, and solution combustion also contributes on the increase of catalytic activity. Catalytic
performance of the recently developed bismuth molybdate-based catalysts generally reaches
to more than 80% conversion of hydrocarbons and 75% selectivity of the desired products.
However, the wish to increase selectivity and yield of desired products in these popular
chemical processes will still continue to attract worldwide researchers to study to improve
catalytic performances of these popular catalyst compounds.
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Abstract

The positron annihilation, experimental and theoretical results obtained for bismuth are
presented, mainly concerning the open volume defects created during compression and
dry sliding. Positron lifetime in vacancy clusters increases with the size of the cluster;
however, it saturates at the value of about 0.42 ns already for six vacancies in a cluster.
Similar values were resolved in the positron lifetime spectra of bismuth samples exposed
to dry sliding. Detection of the subsurface zone in bismuth exposed to dry sliding reveals
exponential decay of vacancy clusters concentration with the depth increase from the
worn surface. The high strain of about 70% was evaluated in the layer adjoined the worn
surface The temperature of recrystallization obtained from the isochronal measurements
of annihilation line shape parameter was equal about 90°C, and the activation energy for
grain migration is about 0.84 + 0.11 eV.

Keywords: bismuth, positron annihilation, defects, subsurface zone

1. Introduction

The technological processes like machining, polishing, sandblasting, and sliding or more
sophisticated, i.e., laser treatments or ion implantations not only affect the surface of the mate-
rial but also modify the subsurface region below it changing its physical properties. This
is due to the elastic and plastic deformation, which expands into the interior. In the litera-
ture, a zone adjoining the surface which properties are changed due to sliding or friction is
called work hardening zone because an increase in hardness is apparent [1]. Nevertheless,
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some changes expand deeper and the whole region affected we called the subsurface zone [2].
Generation of the subsurface zone is inherent in any surface treatment.

When two bodies are in a sliding contact, a load at their surfaces is supported by asperities
of the rough solid surfaces [3]. The asperities deform through elastic and plastic modes,
increasing the contact area between the two surfaces until the contact area is sufficient to
support the load. High-stress concentration in these regions can lead to a damage and thus
also the crack initiation [4]. The asperity region is the source of dislocations that are driven
introducing the stress concentration in the subsurface zone [5]. It is not excluded that a great
number of small impacts on the worn surface force propagate deformation at large distances
into the interior [6] and is the deformation is observed at depth of hundreds of micrometers
from the surface [7].

One can indicate several layers in the subsurface zone, Figure 1. Directly on top is a layer of
contamination, then an adsorption layer and a deeper reaction layer with oxides and other
compounds [1]. These layers are present at the depth of about 10 nm from the surface. Much
deeper in the damage zone, with deformed grains, band shears, and other defects is extended.
This zone has the thickness more than a hundred micrometers, and it seems that this is the
main layer, which carries the stress induced by the load on the surface. Below, undamaged
and unaffected bulk region is located. The strain and accompanied crystalline defects are
distributed in the subsurface zone and they are linked with surface treatments. The most
important is the friction and wear which are always present during manufacturing.

The subsurface zone is a subject of tribology; however, its existence can affect for instance
electrical properties of conductors as well. Due to the skin effect, alternating electric current
(AC) flows within a conductor near the surface at the depth of about 100 pm depending on the
frequency and electrical properties of a conductor. This depth coincides with the subsurface

¥ — V. Contamination layer
~10 nm - IV. Adsorption layer
1 lll. Reaction layer
Il. Defected or worked zone
~100 pm

|. Bulk microstructure

Figure 1. The schema of the subsurface region located below the worn surface (on the top).
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zone depth generated during, e.g. machining or sandblasting, in copper it is about 140-800 pm
as it was reported, see Ref [8]. The skin effect causes that electrons flow mainly near the surface
of the conductor, but in this region, they can scatter at crystalline defects which were created
during manufacturing of wires or other devices. Therefore, recently, we focused our interest
on the subsurface zone in metals and alloys, which are used for the construction of the elec-
tronic devices in radio frequency techniques [9].

The experimental study of the subsurface zone is not an easy task. Measuring the depth pro-
file of microhardness in a sample cross section is one of the methods. However, this is not a
suitable method of detecting defects at the atomic level. Commonly used methods such as
XRD, SEM and TEM also fail in the case of point defects, which occur in large amounts dur-
ing a plastic deformation under sliding condition. Positron annihilation methods, due to the
several reasons, complete the gap. Extremely sensitivity and selectivity to the open volume
defects at atomic level, large positron implantation depth, they are only one of them [10].
Experiments have shown the usefulness of these methods for studies of defects and their
distribution in subsurface zones.

Bismuth is a plastic semimetal, and it is not the material in tribo junctions; however, it is used
as a component of several alloys, for instance, solid lubricants or recently in low friction alu-
minum alloy DHT-3 [11]. Low melting point of this metal, i.e., 270.8°C, allows us to suppose
that this can affect the subsurface zone generation under dry sliding condition. Other positron
annihilation studies of bismuth samples are also presented.

2. Outline of positron annihilation spectroscopy

After thermalization, the positron implanted into matter annihilates with an electron, emit-
ting two photons of energy about 511 keV in almost opposite direction. Positron annihilation
spectroscopy utilizes the detection of those photons. This allows us to measure the Doppler
broadening of annihilation line or the positron lifetime, i.e., how long it exists in the matter.
Both reflect the matter properties at the atomic level. This is because the time prior to annihila-
tion, which an implanted positron spends in the matter depends on the local electron density
[10]. Briefly, the following correlation was established theoretically and experimentally: the
higher electron density in the site where a positron annihilates the lower value of its lifetime.
The electron density is highest in the core region of an atom; however, a positively charged
nucleus repels the positron into interstitial sites occupied by valence and conduction elec-
trons. Electronic density is much lower in these sites, and therefore the annihilation with these
electrons contributes to the positron lifetime.

The real crystalline lattice can be locally disturbed by defects, for instance, open volume defects,
like vacancies or its clusters and/or dislocations. In such defects the electronic density is lower
than in interstitial sites. Positrons can be localized at these defects and this causes an increase
in the positron lifetime value depending on the type of defect. For instance, the lifetime of a
positron trapped at monovacancy is about four-thirds of that in bulk. These values are finger-
prints which can be used for defect identification as it is reported in numerous papers [12]. The
positron lifetime spectroscopy application to study the matter is based on this fact.
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Additionally, the measurements of the broadening of the annihilation line allow us to trace the
momentum of electrons undergoing the annihilation. The momentum of the annihilating positron
electron pair depends on the local electronic density too. Then any disturbance can be reflected
in the broadening, and/or shape of the annihilation line. This can happen in the open volume
defects, where electronic density is suppressed. Positron annihilation with such electrons causes
the annihilation line is narrower than in the case of the annihilation with interstitial valence elec-
trons in bulk. For characterization of the annihilation line shape, the value of the S-parameter
is commonly used. The S parameter is defined as the ratio of the central area to the total area
under the annihilation line. This parameter is extremely sensitive to the presence of open volume
defects, like monovacancies or its clusters and jogs at dislocation lines, where due to their posi-
tive charge, positrons are localized. Usually, the measurements are performed using high purity
germanium detector with the good energy resolution. These both experimental techniques are
widely applied to study many aspects of condensed matter problems. One should also add that
temperature itself does not affect the positron lifetime or S-parameter. The main reasons of the
observed altering in their values are induced by structural changes: like vacancy generation, its
migration or reaction with other defects, phase transition or other structural processes.

Using conventional positron sources, i.e., beta plus isotopes like ?Na one has to take into
account the positron implantation range. The fraction of positrons, which are implanted into
the matter, decreases exponentially with the depth increase from the entrance surface. In the
case of bismuth linear absorption coefficient for positrons emitted from ?Na is about 569 cm ,
it means about 63% positrons annihilates in the layer of the depth of about 17 um from the
entrance surface [13]. This allows to probe large region in a sample by positrons and reflects
its bulk properties at the atomic scale.

3. Positron lifetime in bismuth

In our studies, all measurements were performed for the samples of pure bismuth (99.997%
purity). They had a disc shape of 3 mm height and 10 mm in diameter. For removing defects
that occurred during manufacturing and preparation of virgin samples all discs were
annealed in the flow of N, gas at the temperature of 200°C for 1 h, and then slowly cooled to
room temperature. Additionally, they were etched in the 25% solution of nitride acid in dis-
tilled water to reduce their thickness by 50 um and clean their surface. Only one component
equal to 0.241 + 0.001 ns was detected in the measured positron lifetime spectrum for such
virgin sample. This value corresponds well with the experimental value reported, i.e. 0.240 +
0.001 ns. However, for positrons trapped at monovacancy, this lifetime increases to the value
of 0.325 ns [12]. The positron lifetime for vacancy cluster one can calculate theoretically.

The results of ab inition calculations were carried out using the PAW formalism as implemented
in ABINIT code [14, 15]. The positron lifetime computations were performed on 64 atoms of
bismuth supercell. A specific supercell was constructed to introduce vacancy around the cen-
tral atom. The obtained values are depicted in Figure 2. For bulk value, the obtained positron
lifetime is equal to 0.255 ns and it is slightly higher than the measured value. However, the
theoretical value obtained by other authors was about 0.202 ns [12]. The almost linear increase
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Figure 2. The theoretical values of positron lifetime as a function of the number of vacancies in a cluster of bismuth. The
calculation was performed using ABINIT code [15].

of the positron lifetime with the increase of the size of the vacancy cluster is clearly visible,
Figure 2. However, for the number of vacancies in the cluster larger than five or six this depen-
dency saturates. The obtained results can be helpful in identification of vacancy clusters in the
bismuth host.

4. Temperature measurements in bismuth

4.1. Thermally activated monovacancy

For metals, the increase of temperature induces the creation of thermally activated mono-
vacancy. Their concentration increases with the temperature increase. This is reflected also
in the temperature increase of the mean positron lifetime (defined below) or values of the
S-parameter and hence it can be used for determination of the monovacancy creation enthalpy
[16]. The important condition is that the monovacancy must localize positrons. Nevertheless,
in the case of bismuth, no increase of the S-parameter with the increasing temperature in
the range of 25-200°C is observed, Figure 3. The value of the S-parameter remains almost
constant indicating lack of positron trapping at thermally activated monovacancy. Similar
results were observed not only for bismuth but also for gallium [17] and tin [18]. Thus, the
monovacancies in these metals are very weak positron traps because the trapping efficiency
rate for such defect must be low. Although Bi,Sn alloy does not exhibit positron trapping
at monovacancies positron trapping at grain boundaries has been observed [19]. The grain
boundaries consist of many imperfections including vacancy clusters. Positron trapping at
such defects will be shown in the results of the next measurements presented.

4.2. Defects after plastic deformation

In these measurements, bismuth samples were compressed in a flat geometry between two
martensitic steel plates using a press with the pressure equal to 3 MPa and the engineering strain
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Figure 3. The value of the S-parameter as the function of the temperature obtained in the isochronal annealing measure-
ments for pure bismuth. Each point was measured during 2 h.

equal to 18% [20]. Two components were resolved in the measured positron lifetime spectrum,
the value of the first one is equal to 0.178 + 0.001 ns, the intensity of this component is about
(46 £ 5)% and the value of the second one equal to 0.309 + 0.001 ns the intensity of (54 + 5)%.
Thus, in this process monovacancies or divacancies can be generated, because this value is
close to the theoretical values, i.e., 0.293 or 0.334 ns, Figure 2. However, the lack of positron
trapping at thermally activated monovacancies excludes them.

Creation of such a defect is supported by the fact that the plastic deformation is associated
with the movement of dislocations which may cross each other and the jogs on their lines
occur. The drag of dislocations with jogs generates monovacancies and interstitial atoms. The
latter due to high mobility even at low temperature annihilate with monovacancies. Vacancies
are mobile at room temperature too but they can associate creating divacancies or larger clus-
ters. Such a mechanism is commonly accepted. Large vacancy clusters can be presented also
at grain boundaries, which are created during the compression in great amount.

For comparison of results obtained for different compression, we apply the commonly
accepted robust parameter, i.e., the mean positron lifetime equal to:

T=r1l+1,I, (1)

where 7, are the positron lifetimes resolved from the positron lifetime spectra and I, are
their intensities (note: I, + I, = 1). The mean positron lifetime does not depend on the num-
ber of components resolved in the positron lifetime spectra, however, it is still sensitive to
all parameters corresponding to the annihilation states and properties of the sample at the
atomic level. The S-parameter and the mean positron lifetime are complementary parameters.

In Figure 4, the dependency of the mean positron lifetime for bismuth samples exposed to
compression is depicted [21]. On the x-axis, the thickness reduction or strain of the com-
pressed bismuth samples is indicated. This value increases starting from the bulk value, i.e.,
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Figure 4. The measured values of the mean positron lifetime vs. thickness reduction or strain of compressed pure
bismuth samples [21]. The solid line represents the best fit of Eq. (2), see text.

0.241 + 0.0006 ns and it saturates at the value of about 0.263 + 0.0007 ns for the thickness
reduction of about 73%. This dependency can be well explained. With the increase in plastic
deformation, that is, the increase in stress and strain, a large number of dislocations in shear
bands and accompanying them point defects are created. However, at a certain level of defect
concentration, all implanted positrons after thermalization and random walk are trapped in
these defects. This is reflected in saturation of the positron annihilation characteristics, like
mean positron lifetime. Further increase of the deformation and generation of new defects
does not affect the positron trapping. This happens at the strain of about 50-60% in bismuth,
Figure 4. In other metals, saturation occurs already with less deformation about 10% [22].

The obtained dependency in Figure 4 can be described using a following analytical formula:

T = Tsaf + (Thulk - Tsat) eXp (_CE)’ (2)
where ¢ is the thickness reduction in percent. The solid line in Figure 4 represents the best fit
of this simple function and the values of the adjustable parameters are as follows: t_, = 0.264
+0.003 ns, c=0.044 + 0.017.

The obtained value of the bulk lifetime equals to 7, , = 0.243 + 0.002 ns. In comparison to
other metals, the value of the c parameter for bismuth is about one order lower. For instance
in copper c=0.212 + 0.010 [22]. This can be explained by the fact that in bismuth the mobility
of point defects or other defects must be much higher than in copper which melting point is
much higher, i.e. 1084°C. This is also clearly visible in the positron lifetime spectra, where for
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the highly deformed bismuth sample, the value of the first lifetime is close to the bulk value,
i.e,, 0.241 ns, which indicates the presence of almost perfect bulk regions. These regions can
result from recrystallization process, which can undergo also at room temperature. This can
be visible in the following measurements.

4.3. Thermally activated recovery process

The isothermal measurements at room temperature were performed for the bismuth sample
after thickness reduction of about 80% in compression. In Figure 5a, the obtained dependency
of the S-parameter value as the function of time is depicted. The value of the S-parameter
decreases and for the time above 10 h, its value ceases decreasing. This indicates that even
at room temperature deformed bismuth samples undergo changes at the atomic scale. The
recovery and recrystallization process can explain this behavior. This is clearly visible in the
isochronal annealing experiment. The bismuth sample after thickness reduction of about 80%
was located in the spectrometer, and the value of the S-parameter was measured with the
sequenced increase in temperature. Each measurement was done within 2 h, to obtain a suit-
able accuracy. In Figure 5b, the dependency was depicted. Indeed above 40°C, the value of
the S-parameter starts gradually decreasing up to the temperature of about 140°C and then
saturates. Such a dependency is attributed to the recrystallization process, as we have shown
for other metals, i.e., iron, gold or silver [23].

0.492

0,491 +

10,480 -

10,489 +

S-parameter
S-parameter

0.488 +

0487 +

0.486 +—rrrrrre T
0 20 40 60 80 100120 140 160 180 200 22C
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Figure 5. The results of the isothermal measurements of the S-parameter at the room temperature of the bismuth sample
after plastic deformation (a). The solid line represents the following function, which is the best fit to the experimental
points: S = 0.486 +exp(~t/9.5), where t is time in hours. The isochronal annealing measurements of the S-parameter
for the bismuth samples exposed previously to the plastic deformation (b). The solid line represents the best fit of
the function obtained from the positron diffusion trapping model, including the grain boundary migration in the
recrystallization process.
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The migration of the grain boundaries causes an increase in the size of the new almost defects
free grain. Hence, less positrons annihilate at grain boundaries. They contain a great number
of defects including vacancy cluster which are traps for positrons. The results from Figure 5b
can be described within the positron diffusion model, which takes into account not only the
positron diffusion but also the model of grain expansion. This allows us to estimate the activa-
tion energy for grain boundary migration, which is responsible for this [23]. The solid line in
this figure represents the best fit of this model to the experimental points. The obtained value
of the grain boundary migration activation energy is equal to Q = 0.84 + 0.11 eV. We can state
that the recrystallization temperature in bismuth is about 90°C, this is the temperature of the
middle of the drop of the S-parameter which corresponds the temperature of half-complete
recrystallization within a specified time.

5. The subsurface zone in bismuth

The fact that bismuth undergoes recrystallization at room temperature can be reflected in
the properties of the subsurface zone generated during dry sliding. To find this the virgin
bismuth samples were exposed to dry sliding against the rotating disc made from martens-
itic steel disc with the speed of about 5 cm/s. In order to obtain the defect depth profile the
worn samples were sequentially: etched in a 25% solution of nitride acid in distilled water
and after the measurement of positron lifetime spectrum was performed. The layer of about
15 pm thick was removed in every step. The accuracy of a digital micrometer screw used in
the thickness measurement was 1 pm.

Two-lifetime components: 7, and 7, were resolved in each spectrum, and their values as a
function of depth from the worn surface are depicted in Figure 6. For this sample, the dura-
tion of the sliding test was 1 min and applied load was about 10 N. In Figure 6a, the mean
positron lifetime values are shown. Its value decreases with the increasing depth and expo-
nential decay of this value is clearly visible. This kind of dependency was observed in other
metals, e.g. iron [24].

Nevertheless, we have noticed another interesting feature. The value of the first- lifetime
component increases and the value of the second-lifetime component remains almost con-
stant with the increasing depth. The explanation can be found in the positron diffusion or
standard trapping model [23]. The first-lifetime value lower than the bulk value indicates the
fact that the subsurface zone contains almost defects free regions, presumably recrystallized
grains. However, the second lifetime, which value is much higher indicates the positron trap-
ping at grain boundaries. The average value of about 0.442 + 0.058 ns is close to the theoreti-
cal value of 0.422 ns for positron trapped at the vacancy cluster which consists of five or more
vacancies, Figure 2.

Taking into account Eq. (1) which links the strain with the mean positron lifetime, we can cal-
culate the local strain at different depths. The right y-axis in Figure 6a represents the results of
such calculations. It can be noticed that near the surface, the strain has the value of about 70%
and then decay with the depth increase, but even at the depth of 150 um, it has the value of 5%.
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Figure 6. The values of 7, (b) and 7, (c) resolved from positron lifetime spectra as the function of depth from the worn
surface of the sample which was exposed to sliding with the applied normal load equal to 10 N during 1 min [20]. The
mean positron lifetime calculated from Eq. (1) and the trapping rate values calculated from Eq. (7) are presented in
(a) and (d), respectively. The solid line in (a) and short-dashed line in (d) present the exponential decay functions fitted to
the points in each figure. The long-dashed line in (b) presents calculated the value of 7, from Eq. (4) taking into account
the exponential decay function for the trapping rate, Eq. (8).

To simplify the analysis of the data from Figure 6, we use the standard positron trapping
model instead of diffusion trapping model mentioned above [10]. It neglects diffusion of posi-
trons but takes into account the trapping at vacancy clusters. In this model, it is assumed that
a positron can annihilate from the free state in the bulk or the bound state for instance in the
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vacancy cluster where it can be trapped with a certain rate. The average positron lifetime in
both states are constant and equal to 7, ,, and 7 , respectively. The transition from the free to
the bound state is described by the positron trapping rate which is equal to:

ch = IUCULJ (3)

where C,_represents the concentration of the vacancy clusters which bind positrons and y is
the positron trapping efficiency rate. According to this model the first lifetime component in
the spectrum is as follows:

T

_ bulk
07Ty otk K’ @

and the second-lifetime component:
T, =T, ©)

The mean positron lifetime is given by:

_— 1 + TUC KUC
T =777 « Yo (6)
bulk “ve

It is also convenient to express the trapping rate as a function of the mean positron lifetime
defined in Eq. (1):

T=T, .
R s @)

butk Ty =T

From Egs. (4) and (5), it is well visible that the increase of the trapping rate and hence the con-
centration of the vacancy cluster which trap positrons causes the decrease of the first-lifetime
component. The second component does not vary.

The average value of the second-lifetime component is 0.442 + 0.058 ns, Figure 6¢, and this
value corresponds to the annihilation of positrons trapped at a vacancy cluster, which con-
sists more than five vacancies, Figure 2. Taking into account the mean positron lifetime Eq.
(1) and the average value of the second-lifetime component, we can calculate from Eq. (8) the
positron trapping rate as the function of the depth. In Figure 6d, we depicted the obtained
dependency, which exhibits the exponential decay with the depth increase, represented by
a dashed line.

Identical dependencies were observed also for other samples exposed to dry sliding with
other values of the applied load, not presented here. The values of the evaluated trapping rate
as the function of the depth for various loads applied are depicted in Figure 7. For a descrip-
tion of the data from this figure, the following function is proposed:

K = bexp (—%), (8)
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with two b and d, adjustable parameters. This function describes well the obtained dependen-
cies. The solid lines in Figure 7 represent the best fits of Eq. (8) to the experimental points.
In Table 1, the values of the adjustable parameters are given. It can be stated that with the
increasing load the average depth of vacancy cluster distribution, which is represented by the
d, parameter increases. For the highest load, i.e. 50 N the total depth of the subsurface zone
is about 320 + 20 um. Like in other pure metals the determined total depth of the subsurface
zone is ranged from 140 to 320 um and it depends on the applied load in the sliding treatment,
Table 1. The concentration of the vacancy clusters at the worn surface, represented by the b
parameter also increases with the applied load.

For determination of the absolute value of the vacancy cluster concentration, the value of the
positron trapping efficiency rate: p, which describes the transition rate from the free to the
trapped state is necessary, Eq. (3). This value in metals is ranged from 5 x 10" to 5 x 10" s
[25], however, because of experimental difficulties, it is rarely reported. In turn, the theoretical
calculations of this quantity require knowledge about the mechanism of energy transfer from
the trapped positron to the host, and this is also difficult to point out it in particular case [26].

Load:
0.8 L] EDN
l a 25N
*« 10N
o & % a 5N
3

trapping rate (ns™)

depth (um)

Figure 7. The trapping rate obtained from the positron lifetime spectra, i.e. Eq. (7) as the function of the depth from the
worn surface for different loads applied during the test [20]. The tribo test lasted for 1 min for all samples. The solid lines
represent the best fit of Eq. (8) to the experimental points, and the adjustable parameters are given in Table 1.

Load [N] d, [um] b [ns™] Total depth of the subsurface zone [pum]
5 68.4+75 0.37 +£0.02 140 £ 20
10 71.9+1.2 0.38 +0.04 200 +20
25 792+7.7 0.74 +0.04 280 +20
50 136.8+7.7 0.60 +0.02 320+20

In the last column, the value of the total depth of the subsurface zone defined as the depth, where the only single value
of the positron lifetime equal to the bulk value is resolved.

Table 1. The values of the adjustable parameters from Eq. (8) which was fitted to the experimental points in Figure 7,
where the trapping rate as a function of depth is depicted [20].
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Unfortunately, the lack of data regarding the positron trapping efficiency rate for pure bis-
muth excludes calculations of the absolute value of the vacancy cluster concentration in the
subsurface zone. Nevertheless, we can state that concentration of vacancy clusters decreases
exponentially with the depth increase.

6. The workhardening zone in bismuth

The microhardness profile on the cross section of the bismuth sample exposed to dry
sliding allows us to detect the workhardening zone. The Vickers microhardness was mea-
sured using Zeiss (Neophot 30) microscope at the load of 10 g at different depths from the
worn surface.

The only small increase of the microhardness in the layer adjoined the worn surface is
observed, Figure 8, which only slightly exceeds the error bar. Additionally, the total depth
profile is shallower than those detected by positrons, Figure 7. The microhardness profile
range is less than 150 pm, Figure 6a, whereas the range detected by positrons, Figure 7,
is about 200 pm. This difference can occur as a result of the fact that the microhardness
indenter interacts with large regions of the sample in comparison to the atomic scale and
is insensitive to the presence of point defects. One should emphasize very week increase
of the microhardness in the layer adjoining the worn surface in comparison for example
to the case of stainless steel [27] or iron [24]. In the former, the microhardness increases by
the factor of about two in comparison to the bulk region. Probably this is the reason that
bismuth is not used in frictional junctions, however, recent observations have shown that
aluminum alloy containing dispersed bismuth nanoparticles exhibits better wear resistance
and frictional properties than aluminum alloy with embedded lead nanoparticles [28]. Both
are promising as bearing material.

14
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Figure 8. The depth profile of the Vickers microhardness measured on the cross section of the bismuth sample exposed
to dry sliding against the rotating disc with the load of 15 N [21].
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