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ABSTRACT: Metal oxide semiconductors with a bandgap between 2 and 4 eV are an
important class of compounds in the electronics industry and for photocatalysis. With the
demand for these materials expanding rapidly, especially in the field of photocatalysis, the
fabrication of nanoscale metal oxide particles, which increases the surface-to-volume ratio
and thereby reduces the materials costs, is an emphasis of current research. For the
purpose of photocatalysis, another important quality is the ability to absorb light
efficiently. However, due to the wide bandgap of metal oxide semiconductors, the
absorptions are limited to the UV region. Conveniently, a wider range of wavelengths and
physical properties can be enabled by doping these metal oxide nanoparticles.
Furthermore, the synthesis of doped metal oxides in nanoparticle form offers utility in
an expansive array of systems, substrates, and dispersion media. However, the reliable
synthesis of nanosized colloidal particles of doped metal oxides remains an ongoing
challenge for materials researchers. This manuscript gives a concise overview of research
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conducted regarding the synthesis of visible-light-active doped metal oxide nanoparticles (NPs) and analyzes how doping impacts
the optical properties, making them active in the visible to near-infrared regions. The effects of doping on applications are also
summarized. Given that the most commonly doped metal oxide materials are TiO, and ZnO, this review highlights both anion- and
cation-doped TiO, and ZnO nanoparticles. In addition, doped perovskite nanoparticles (e.g., BaTiO; and SrTiO;) as well as some of
the lesser studied doped metal oxide nanoparticle systems are covered. This work is intended to provide not only a broad overview
of existing doped metal oxide nanoparticles but also a foundation for the development of semiconducting nanoparticle architectures

for next-generation applications.
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1. INTRODUCTION

Traditional semiconductors (with a bandgap <2 eV) have
revolutionized the electronics industry in the last few
decades."” In particular, Si and GaAs have been the
frontrunners in driving this revolution. However, the continued
thinning of devices and the increasing need for processing
power are motivating the search for new materials that can
withstand high power loads. Wide bandgap semiconductors
with a bandgap between 2—4 eV and typically >3 eV offer
possible solutions because the wider bandgap allows them to
withstand rapid switching frequencies and high power loads
while maintaining insulating properties.‘%6 Additionally, wide
bandgap semiconductors are also stable at high temperatures,
can work under high voltages and currents, and exhibit high
carrier density and mobility.”~” Silicon carbide (SiC) and
gallium nitride (GaN) are the most commonly explored wide
bandgap materials and are used widely in light-emitting diodes
(LEDs), lasers, and solar cells."** However, such wide
bandgap semiconducting materials are chemically sensitive,
especially toward oxidation,” which creates complications with
respect to their fabrication, modification, and utilization.
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Alternatively, wide bandgap metal oxides offer a solution to
the aforementioned shortcomings.” In addition to possessing
a wide bandgap, metal oxides, in lieu of already being in the
oxidized state, resist oxidation at high temperatures and are
robust under a wide variety of chemical environments.”” These
characteristics are especially important for photocatalysis, a
contact process, where the chemical stability of wide bandgap
metal oxides is massively important, as is the need for
compatibility with a wide variety of reaction media and
reacting species. The wide bandgap of most metal oxides is also
comparable to electrode potentials of many important
reactions, such as the splitting of water to produce both
hydrogen and oxygen, reduction of CO,, oxidation of organic
molecules, and the degradation of dyes and other pollu-
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Figure 1. Bandgap, band-edge positions with respect to the vacuum level, and normalized hydrogen electrode (NHE, at pH 0) for common metal
oxides. The horizontal red lines represent the conduction edges, and the horizontal blue lines represent the valence band edges. The right-hand y-

axis also represents the redox potential of different chemical species involved in common photocatalytic reactions.
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'911 The bandgaps of commonly used metal oxides and

tants.
their band-edge positions relative to commonly catalyzed
reactions are illustrated in Figure 1. Upon irradiation by light
having an appropriate wavelength, electrons are excited from
the valence band (VB) to the conduction band (CB), while at
the same time creating holes in the VB."” The photogenerated
electrons can participate in reduction reactions, while the holes
in the VB can catalyze oxidation reactions, making metal oxides
powerful photocatalytic materials.'"> In addition to the
aforementioned benefits, metal oxides are also the most
abundant materials in the Earth’s crust, which translates to low
costs compared to other types of wide bandgap semiconductor
materials. Metal oxides are also known for their good
mechanical stress tolerance and compatibility with organic
materials, extending their range of applications.B Interestingly,
certain metal oxides, such as zinc oxide and tin oxide, can
exhibit both conductivity and optical transparency, and are
paving the way for the widespread use of transmitting
conducting oxides (TCOs) in optoelectronic devices.”'*
Nevertheless, the desired wide bandgap for metal oxides
comes at a price. The corresponding absorption of these
materials is limited to the UV region (5% of the solar spectrum
reaching the Earth’s surface), which hinders their efficient
utilization of the entire solar spectrum. Therefore, for the
purpose of photocatalysis and photovoltaics, a more efficient
absorption of solar light is desirable: one which encompasses a
much wider range of wavelengths. This shortcoming is driving
the search for wide bandgap metal oxide materials with optical
responses in the visible to near-IR regions. One way of
achieving this objective is to couple the metal oxides with
visible-light-absorbing materials such as organic dyes or
plasmonic noble metal nanoparticles.”**” An alternative
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approach is to tune the bandgap down toward the visible
region, which can be effectively achieved by doping the metal
oxides with selected elements.'”*° In addition to down-tuning
the bandgap, doping can also introduce new spectral features
in the visible to near-IR regions, thereby increasing the overall
absorption efficiency.

A majority of the studies conducted on doped metal oxides
have featured bulk powders or as-deposited nanostructured
films.>' 7> However, synthesis of stand-alone colloidal nano-
particles (NPs) allows better utilization of these materials by
introducing a high surface-to-volume ratio.”® For photo-
catalysis, which is a surface-specific process, the surface area
per mass of material becomes an important quality for making
these materials economically feasible. Correlations between
photocatalytic activity and surface area are commonly observed
in doped metal oxide films, powdered photocatalysts, and
fibrous/porous/mesoporous micrometer-sized structures.”’~*!
Surface area effects can be maximized through the synthesis
and use of discrete nanosized particles. Fibrous and porous
microstructures also assist the diffusion of charge carriers to
the surface and inhibit recombination.***' These enhance-
ments can be better realized with nanoparticles, as their small
size also enables ready migration of charge carriers to reaction
sites on the surface, decreasing recombination.®® In addition,
well-developed stand-alone nanoparticles offer flexibility for
use in suspensions and colloidal solution-phase reactions as
well as keep the door open for deposition onto finely
structured thin films.* The optical properties also change
with decreasing size, whereupon the photocatalytic activity
invariably increases.

Methods for the synthesis of nanoparticles vary widely and
require a range of approaches and much greater control

https://dx.doi.org/10.1021/acsanm.0c01035
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Figure 2. An overview of the synthesis, properties, and applications of doped metal oxide nanoparticles.

compared to bulk powders. Considering the importance of
nanosized metal oxide particles, the number of reports for the
reliable synthesis of doped metal oxide nanoparticles remains
limited, largely due to the difficulties in stabilizing colloidal
nanoparticles, which is compounded further with doping.
Lower surface area typically corresponds to higher surface
energy.” Doping often induces additional surface defects and
vacancies that make the surface more reactive and unstable,
leading to distortions in shape and homogeneity as well as
problems with aggregation.”* Given these considerations, there
is a need to focus on and master the art of synthesizing doped
metal oxide nanoparticles in a reliable fashion.

This review focuses on previously conducted research on the
synthesis, properties, and applications of visible-light-active
doped metal oxide nanoparticles. The effects of doping on the
enhancement of visible-light absorption and corresponding
enhancements in properties and their impacts on targeted
applications will also be discussed, as outlined in Figure 2. The
studies highlighted herein should provide a good foundation
for the development of new semiconducting nanoparticle
architectures for emerging and future applications.

2. SYNTHESIS OF METAL OXIDE NANOPARTICLES:
BACKGROUND

Strategies for the synthesis of nanoparticles can be broadly
classified as top-down or bottom-up. The top-down approach
begins with large particles (macro- or microscale) that are
broken down to nanosized particles, typically via mechanical
processes such as milling. A major disadvantage of this
approach is the lack of control over the shape, size, and
uniformity of the resulting nanoparticles. In contrast, the
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bottom-up approach begins with atomic nuclei, which affords
much greater control over the structural parameters. In the
latter approach, the precursor salts of the constituent elements
are treated with oxidizing/reducing agents, leading to seeding
and growth of the desired nanoparticles. Bottom-up
approaches were first explored and optimized with elemental
nanoparticles of noble metals such as gold, silver, and
palladium.*>*° Later, the approaches were adapted for the
synthesis of bimetallic nanoparticles, composed of two
elements, starting with dual precursors.”” Further advances in
this field saw the nanoparticle synthesis of metal oxides,
chalcogenides, polymers, carbon-based nanostructures, and
recently doped and multicomponent versions of these
materials,' > **#%75?

The primary advantage of the bottom-up approach is that
the nanoparticle seeding and growth processes can be
controlled by additional reagents acting as ligands, surfactants,
and growth inhibitors.*>® Colloidal nanoparticles experience
interparticle van der Waals attraction that pulls them closer,
while high surface energies cause them to aggregate.”* To
inhibit aggregation, colloidal nanoparticles are often stabilized
by the use of ligands or surfactants that bind to the surface of
the nanoparticles, lowering their surface energy’® and
providing steric or electrostatic stabilization.”> Commonly
used surfactants include polyethylene glycols (PEGs), poly-
(vinyl alcohols) (PVAs), poly(vinylpyrrolidone) (PVP),
polyacrylamides, Triton X-100, citrate, sodium dodecyl sulfate
(SDS), and cetyltrim-ethylammonium chloride or bromide
(CTAC, CTAB).” The addition of surfactants during
synthesis can also stabilize the seeded nuclei or bind to the

https://dx.doi.org/10.1021/acsanm.0c01035
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surfaces of the growing nanoparticles, providing additional
control over the growth process.”™’

Nanoparticle seeding and growth processes can also be
controlled by modifying a variety of parameters such as
temperature, pressure, stir-speed, solvent, degassing, and
reaction times. The most common methods for the synthesis
of metal oxide nanoparticles are wet chemical methods, such as
solution-based, hydrothermal, sol—gel, microwave-assisted,
nonaqueous (solvothermal), and polyol methods. Solution-
based methods are typically carried out in glass reactor vessels
at temperatures below 150 °C. The advantages of this method
are the ability to monitor the progress of the reaction visually,
adjust stir-speed, stepwise addition of reagents, and the option
to conduct the reaction under inert atmosphere or reflux
conditions.”® However, for the synthesis of metal oxides
nanoparticles, hydrothermal methods are more common.
Hydrothermal methods are sometimes also preceded by a
low-temperature solution-based preparation step. Hydro-
thermal synthesis utilizes higher temperature and high pressure
water conditions to generate nanoparticles from precursors
that are insoluble at moderate temperatures and pressures.*”*’
Hydrothermal synthesis is usually carried out below 300 °C
and can be regarded as an electrostatic reaction between metal
ions and hydroxyl ions to generate the metal oxide.’”*
Hydrothermal conditions are preferred over routine solution-
based methods because high temperatures in a closed vessel,
typically a Teflon-lined autoclave inside a stainless steel
reactor, aids in the formation of crystalline nanoparticles.
Furthermore, this facile and convenient method provides good
control over homogeneity, size, composition, phase, and
morphology.” ™"

Another popular technique for metal oxide nanoparticle
synthesis is the sol—gel technique. The sol—gel technique
begins with a homogeneous solution of the precursors; after
condensation of the solution to a gel, the solvent is dried to
form the nanoparticles.””*® This technique is especially
suitable for fabricating multicomponent nanoparticles with
good control over size and shape, and can yield crystalline
nanoparticles using ambient temperatures for sol and gel
preparation.”” Most of these methods typically require an
additional calcination step to improve the crystallinity of the
resulting nanoparticles.”*~*°

However, aqueous sol—gel and hydrothermal methods suffer
from certain disadvantages due to the double role of water as
ligand and solvent, complicating the synthesis of small
structures.”” " As such, nonaqueous solvothermal and sol—
gel methods have seen increased use for the synthesis of binary,
ternary, and doped metal oxide nanoparticles.””*® Using
organic solvents such as benzyl alcohol offers a better match
in reactivity of metal oxide and dog)ant precursors, providing
good control over size and shape.””~* The polyol method,
using ethylene glycol and its derivatives as solvent, is another
powerful method for controlled nanoparticle synthesis. The
sheer multitude of available polyols with varying molecular
weights and boiling points, combined with water-like solubility
for common precursors, offers additional flexibility; further-
more, synthesis temperatures of 200—320 °C can be accessed
without using autoclaves.”” Wet chemical methods using
combinations of oleic acid, oleyl amine, and oleic alcohol have
also shown great success for the synthesis of uniform metal
oxides at temperatures near 390 °C.”””" These high temper-
ature processes allow for the formation of crystalline
nanoparticles directly from the liquid phase.*”%”~%
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Notwithstanding the advantages of the above-mentioned wet
chemical methods, these processes generally need long
reaction times (typically between 4 to 48 h).®" Microwaves
can penetrate and supply heat throughout the volume of a
material, enabling temperatures well above the boiling point of
the solvent. Such heating can increase the speed of reactions by
a factor of 10—1000, allowing reactions to be completed in
minutes or even seconds.’’ Even at such rapid processing
times, it has been observed that microwave-assisted synthesis
can also maintain narrow size distribution and high purity.’’

These aforementioned methods for the synthesis of metal
oxide nanoparticles can be modified and adapted to fabricate
doped metal oxide nanoparticles. Doped metal oxides are
typically prepared via coprecipitation or cohydrolysis of the
precursor of the parent metal with that of the dopant in the
case of metal dopants;’>’? in contrast, nonmetal doping (e.g.,
doping with N, C, and S) is typically achieved in the presence
of ammonia, urea, thiourea, and the like.”*””® These modified
methods are described in greater detail in later sections.

3. DOPING IN METAL OXIDE NANOPARTICLES:
BACKGROUND AND APPLICATIONS

Doping can induce changes to the crystal and electronic
structure of the parent metal, which gives rise to changes in the
bandgap. Both metals and nonmetals can be used as dopants
for tuning the bandgap of metal oxide materials.'”** The most
commonly used nonmetal dopants are nitrogen, carbon,
phosphorus, fluorine, chlorine, iodine, sulfur, and other
tellurides such as selenium and tellurium. The nonmetal
dopant can substitute either at the oxygen or parent metal
atomic sites or also exist as an interstitial dopant.”” The 2p
orbital contributions from these nonmetal dopants give rise to
the creation of mixed or localized states near the edges of the
valence and/or conduction bands that lead to a narrowing of
the bandgap and visible-light activity.'”*° Doping can also add
additional dopant states in between the original bandgap that
bring about significant new excitations corresponding to
visible-light wavelengths.”® The dopant acting as an impurity
also leads to defects that can trigger additional optical
features.””*® For example, oxygen vacancies created upon
doping by nitrogen and sulfur in metal oxides often produce
enhanced visible-light activity.’>*' Additional trap states can be
created that prevent spontaneous recombination of the char%e
carriers, thus extending the lifetime of electrons and holes. ?
Longer lifetimes for the charge carriers ensure better utilization
of the charge carriers for the targeted processes.”” On the other
hand, doping can also create recombination centers that
decrease the number of active charge carriers, especially at high
doping percentages.””**** It has also been observed that
codoping and tridoping with different elements is often more
effective than monodoping for enhancing visible-light
absorption.” #7858

Metal dopants can also reduce the bandgap in metal oxides
and enhance additional properties.’” The most commonly used
metal dopants are transition metals, post-transition metals,
alkaline earth metals, and rare earth metals.”>%"~% Among
transition metals, first-row transition metals as well as d® and d°
transition metals are most commonly employed, where the 3d
orbitals of the dopant metal introduce electronic states in
between the original bandgap.”® Metal ion dopants can also
induce defects and changes in the diffusion behavior,”' which
can enhance charge transport and electron mobilities, boosting
electrical performance.”” Cation doping in tin oxide with

https://dx.doi.org/10.1021/acsanm.0c01035
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Figure 3. Morphology of nonmetal doped TiO, NPs. (a) SEM and TEM images of mesoporous N-doped TiO, NPs. Adapted with permission
from ref 114. Copyright 2015 Elsevier. (b, c) HRTEM and TEM images (inset) of N-doped TiO, nanospheres and nanorods, respectively. Adapted
with permission from ref 64. Copyright 2014 Elsevier. (d) Synthesis scheme and HRTEM images for C-doped TiO, NTs, NWs, and NRs (scale
bar: 5 nm). Adapted with permission from ref 65. Copyright 2009 IOP Publishing, Ltd.

antimony and zinc, for example, leads to enhanced
conductivity and thermal stability.””~”> Cation doping can
also further activate a surface for use in catalytic reactions.**
Similar to nonmetal doping, codoping and tridoping different
metals as well as a mixture of metals with nonmetals have been
more effective than monodopinég, in certain cases, for
enhancing visible-light absorption.”*™"’

The most commonly employed doped metal oxides have
been doped titanium dioxide, doped zinc oxide, doped tin
oxide, doped mixed-titanates, perovskites, doped spinel oxides,
doped ceria, doped zirconia, and doped iron oxide nano-
particles. Notwithstanding, TiO, and ZnO have been the
pioneering materials in the field of doped metal oxides
nanoparticles.'”” Titanium and zinc oxides have been utilized
for the synthesis of acoustic devices, solar cells, piezoelectric
devices, thin-film transistors (TFTs), textiles, rubber products,
LEDs, laser diodes, chemical and biosensors, and as
antibacterial and antifungal agents.'"'>'' =%

Research in the field of bandgap engineering via doping
basically started when the bandgap of TiO, was improved
upon doping by nitrogen in studies by Asahi et al. in 2001."%
Since then, there have been multiple reports of doped titanium
dioxide powders. The ones featuring nanosized particles
sensitive to visible light are discussed in detail in the following
sections. Zinc oxide has been mainly doped to produce films
for use as transparent conducting electrodes;’ however, there
are quite a few reports of doped zinc oxide nanoparticles as
well. Compared to TiO,, studies of doped ZnO have centered
largely on the synthesis of uniform spherical nanoparticles, as
described in later sections. However, doping in colloidal 1D
nanostructures like nanorods (NRs), nanowires (NWs), and
nanotubes (NTs), which enables a long lifetime for photo-

6163

generated charge carriers, are more widely utilized for TiO,
compared to ZnO.°* Recently, many studies have centered on
more promising titanates like BaTiO; and SrTiO; along with
mixed tantalum oxides, niobium oxides, and BiVO4.12’106
Doped tin oxides have been almost exclusively studied as thin
films.”*~%° New research, however, is now starting to focus on
visible-light-active nanoparticles of doped tin and iron
oxides.'”'*® Some magnetic metal oxide nanoparticles have
also been modified by doping to fabricate magnetically
separable visible-light-active photocatalysts.'"®

Table 1 lists the various visible-light-active metal oxide
nanostructures and their corresponding dopants that are
covered in this review. A brief description of their primary
application is also provided. While there have been many
reports of the synthesis and study of photoactive doped metal
oxide nanoparticles, only the ones demonstrating visible-light
activity will be discussed within the scope of this review.

4. DOPED TITANIUM DIOXIDE (TIO,)
NANOPARTICLES

4.1. Synthesis and Structure of Doped TiO, Nano-
particles. 4.1.1. Nonmetal Doped TiO, Nanoparticles. The
most typical methods used for the synthesis of doped TiO,
nanoparticles are sol—gel and hydrothermal methods, pre-
dominantly yielding anatase-phase TiO,. The most commonly
used titanium precursors are titanium butoxide (also known as
tetrabutyl orthotitanate, TBOT), titanium(IV) isopropoxide
(TTIP), and TiCl,. Water, ethanol, and isopropanol are the
most common solvents used for these reactions. Nitrogen is
the most common dopant or codopant used in TiO,
nanoparticles. Yang et al. prepared N-doped visible-active
TiO, by using a solvothermal method, with a 0.5—-2.0 molar

https://dx.doi.org/10.1021/acsanm.0c01035
ACS Appl. Nano Mater. 2020, 3, 6156—6185
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Figure 4. Structure and morphology of nonmetal codoped and tridoped TiO, NPs. (a) XRD patterns of TiO, powders (P160) doped with
nitrogen (P160 DN, P160PDN-annealed in air), doped with sulfur (P200DS) and codoped with nitrogen and sulfur (P200DNS). Adapted with
permission from ref 74. Copyright 2016 Elsevier. (b) XRD patterns of TiO, NPs doped with Cu and N (inset shows shift on Cu doping). Adapted
with permission from ref 85. Copyright 2015 Elsevier. (c) SEM image of C, N, and S tridoped TiO, NPs. Adapted with permission from ref 76.
Copyright 2013 Elsevier. (d) TEM images of N and F codoped TiO, NPs synthesized from TiO, NRs. Adapted with permission from ref 115.
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ratio doping of nitrogen to titanium.''”> TBOT and ethyl-
enediamine were used as the precursors. The nitrogen-doped
TiO, nanoparticles adopted the anatase phase. Multiple
theoretical studies have been conducted to determine the
exact nature of nitrogen doping in both rutile- and anatase-
phase TiO,. Although one would assume the nitrogen typically
substitutes at the oxygen site, it has been observed that the
neutral nitrogen substituting the Ti site has the lowest energy
of formation; spectroscopy data also seem to suggest the same,
as discussed in more detail in a later section.”’ Literature
reports indicate a greater ease in synthesizing hollow, porous,
or mesoporous doped TiO, nanospheres as compared to solid
nanoparticles. Li et al. reported uniform mesoporous spheres
of N-doped TiO,, as shown in Figure 3a, synthesized by using
PVP as a dispersant and CTAB as a soft template.''* The as-
prepared mesoporous TiO, was subjected to a hydrothermal
process at 180 °C for 2h with ammonia to obtain mesoporous
N-doped TiO, spheres.

For the synthesis of colloidal 1D doped TiO, nanostruc-
tures, various strategies have been utilized. For example, Lee et
al. employed a sol—gel technique followed by calcination under
an NH; flow to selectively synthesize N-doped nanospheres
and nanorods.®* This technique for N-doping is commonly
referred to as “thermal ammonolysis”. Similarly, an aqueous
solution of TTIP and triethanolamine was mixed with oleic
acid or ethylenediamine, respectively, to obtain nanospheres or
nanorods. As shown in Figures 3b, ¢, the nanospheres had a
uniform diameter around 24 nm, while the nanorods had a
width of about 28 nm and a length of about 170 nm. Preethi et
al. utilized a unique rapid breakdown anodization (RBA)
technique to obtain anatase—rutile—brookite polymorphous
N-doped (0.5—4.5%) TiO, nanotubes.''> The percentage of
brookite phase gradually decreased from 29% with increased
N-doping and disappeared for the 4.5% doped sample. A
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separate study of mixed brookite phase doped TiO, nano-
particles was reported by Zhang et al.''’ Instead of
rutile—brookite, Zhang et al. prepared mixed anatase—brookite
phase spherical TiO, nanoparticles doped with iodine. The
brookite content increased with higher doping percentage;''”
upon increasing the calcination temperature from 375 to 550
°C, the rutile phase also began to appear.

Another predominant nonmetal dopant for TiO, is carbon.
Although carbon is more effective in activating visible-light
properties in spherical nanoparticles as a codopant (as
discussed in the next section), it can effectively activate
visible-light activation in 1D nanostructures as a monodopant.
One of the most common methods for 1D TiO, nanoparticle
synthesis is the alkaline hydrothermal method, where a TiO,
powder is mixed in a sodium hydroxide solution and subjected
to hydrothermal treatment in a Teflon-lined autoclave at
temperatures of 120 °C and above. Wu et al. utilized this
method to prepare TiO, nanotubes.”® These nanotubes were
then exposed to ethanol and then calcined at 400, 500, and 600
°C to obtain C-doped nanotubes, nanowires, and nanorods,
respectively. Nanotubes are hollow 1D structures; therefore,
when subjected to calcination at a higher temperature, they
first collapse to form solid nanowires (at S00 °C) and are
subsequently truncated to yield shorter nanorods (at 600 °C),
as illustrated in Figure 3d. All three samples adopted the
anatase phase. Shao et al. obtained rutile phase C-doped (5—
16%) TiO, nanorods using a similar multistep method."'”
Cationic polystyrene spheres were used as a spherical template
with TBOT in a sol—gel process to first obtain core—shell
TiO, nanospheres. These core—shell nanospheres were then
subjected to hydrothermal treatment at 180 °C, whereby these
spheres fused into a sol and subsequently broke down to C-
doped nanorods. Further calcination at 450 °C afforded single
crystalline C-doped nanorods. Kiran et al. utilized an

https://dx.doi.org/10.1021/acsanm.0c01035
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alternative approach to prepare C-doped TiO, nanowires
starting from TiC powder."'’ After subjecting the starting
materials to hydrothermal treatment in NaOH at 160 °C for
144 h, further annealing at 350 °C for S h converted the TiC
powder to TiO, (anatase) nanowires.

4.1.2. Nonmetal Codoped and Tridoped TiO, Nano-
patrticles. Nitrogen is often employed as a codopant with other
nonmetals or metals rather than as a monodopant because
nitrogen is more effective as a codopant for visible-light
activity, as discussed in more detail in the next section. The
nitrogen-doping process for codoping is similar to that of
monodoping. For example, ethylenediamine was used by
Palaez et al. to achieve nitrogen codoping with fluorine, with
the fluorine and titanium precursor being the fluoro-surfactant
Zonyl FS-300 and TTIP respectively.''® The combination of N
and Ti atoms form a coordination compound around the
fluoro-surfactant micelle, creating an inorganic—organic
composite. Upon heating, the fluoro-surfactant is removed,
and the fluorine atoms diffuse into the TiO, lattice. In separate
studies, Albrbar and coworkers synthesized nitrogen and sulfur
codoped TiO,.”* The gel synthesized with the sulfur precursor
(dimethyl sulfoxide, DMSO) was annealed in ammonia. The
method has been described as a nonhydrolytic sol—gel process.
Crystal growth was observed to be better when annealed in air,
compared to ammonia, which induced nitrogen doping,
decreasing crystallite size (Figure 4a). Sulfur doping also
causes a decrease in the crystallite size, consistent with a
general process in which inhibition of crystallite growth during
gel annealing occurs in the presence of dopants, as shown in
Figure 4a.

Nonmetal tridoping has also been achieved with porous
TiO, NPs (Figure 4c). Well-defined porous spherical C-, N-,
and S-tridoped TiO, nanoparticles were prepared by Lin et al.
by using thiourea as C, N, and S precursor along with
Ti(OBu),.”® Upon increasing the molar ratio of thiourea to
TiO,, there was a decrease in crystallite size and an increase in
the BET (Brunauer—Emmett—Teller) surface area and pore
volume. Inhibition of crystal growth and increased surface area
in TiO, upon doping with nitrogen and sulfur have also been
observed in microstructured photocatalysts.*>*’

Nitrogen is also commonly codoped with metals. Nitrogen
codoping with copper in TiO, NPs was achieved by Jaiswal et
al. by mixing trimethylamine and copper(II) nitrate precursors
with the titanium precursor TBOT.* Doping ratios were
varied between 0.5—2% and 1—3% for copper and nitrogen,
respectively. The anatase phase is preserved under these
doping conditions; however, incorporation of copper shifted
the main anatase peak to higher 26 values because the Cu®" ion
is bigger than the Ti*" ion (Figure 4b inset). Codoping
nitrogen and copper, however, leads to the formation of some
rutile phase (Figure 4b), as the larger Cu®" replaces Ti*" and
N~ replaces O*~, leading to oxygen vacancies and allowing the
rearrangement of Ti** and O~ ions in the lattice to the rutile
phase. Zr*" ions can also replace Ti* in the anatase phase to
about 20% by using ZrOCl, as the zirconium dopant precursor
with TBOT, as demonstrated by Zhang et al.”’ In addition to
zirconium monodoping, these researchers also codoped
zirconium with nitrogen by using ammonia as an added
precursor.

In separate studies,''> Biswas et al. adopted the oleic acid
and oleylamine method, typically used for the synthesis of iron
oxide and indium oxide nanoparticles,’””" to prepare TiO,
nanorods. These nanorods were then codoped with nitrogen
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and fluorine using ammonium fluoride and urea to yield 1-7%
codoped nanocubes and nanodiamonds, with sizes ranging
between 70—225 nm (see Figure 4d).'"

4.1.3. Metal Doped TiO, Nanoparticles. Among purely
metal cation-doped TiO, NPs, the most uniform particles were
obtained upon doping with bismuth. Highly uniform solid
particles with sizes that could be tailored between 117 and 87
nm were synthesized by Li et al. with Bi-doping up to 2.2%
(Figure 5a)."* The doping process and further calcination at

Figure S. Morphology of metal-doped TiO, NPs. (a) SEM images of
solid spherical Bi-doped TiO, NPs. Adapted with permission from ref
139. Copyright 2009 John Wiley and Sons. (b) SEM and TEM images
of Bi-doped TiO, nanocubes. Adapted with permission from ref 88.
Copyright 2010 Elsevier. (c) TEM images of V+*/**-doped TiO, NRs.
Adapted with permission from ref 123. Copyright 2009 Elsevier.

450 °C led to crystallization of the nanoparticles into the
anatase phase without any deformation of the particles.
Similarly, relatively uniform nanocubes with ~100 nm
dimensions were prepared by An’amt et al. using Bi-doping
(Figure 5b).*® Mixing the nitrate salt of bismuth with TTIP
and triethanolamine in a sol—gel hydrothermal reaction at 180
°C for 72 h afforded the Bi-doped uniform nanocubes.
Transition metals are also commonly doped into TiO,
nanoparticles. For instance, iron was monodoped into TiO,
using FeCl; with TTIP solution as precursors using
coprecipitation by Eshaghi et al.'’® The same group also
synthesized Fe-doped TiO, on activated carbon. Another
example of a transition metal dopant is the Pt-doped TiO,
studied by Kim et al® In this example, Ti*" ions were
substituted by Pt*" ions, and the material exhibited both
anatase and rutile phases. A sol—gel synthesis method was used
with TTIP and H,PtCly as the precursors. Acidic conditions
and calcination temperatures between 373 and 873 K were
used. Ali et al. synthesized 4.0 mol % Ag monodoped anatase
TiO, NPs using AgNO; with TTIP and a calcination
temperature of 400 °C."*" Because Ag" (1.26 A) is more
than twice the size of Ti** (0.60 A), introduction of the dopant
ions causes lattice strain and a decrease in crystallite size when
doped in low concentrations, but this lattice strain diminished
at higher Ag* doping concentration. Sol—gel synthesis under
acidic conditions and calcination methods were also used by
Lim et al. to dope TiO, with niobium."** Controlled hydrolysis
of titanium butoxide (TBOT) via an esterification reaction
between acetic acid and ethanol, followed by hydrothermal
treatment in the presence of nitrate salts of Fe and Ce, were
used by Tong et al. to synthesize Fe- and Ce-doped TiO,
nanospheres, respectively, having diameters of 100—500
m."*'* In contrast, a similar method with TBOT and
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Fe(NO;); in the absence of acetic acid yielded much smaller
Fe-doped TiO, nanocubes (~9 nm)."** A limited number of
literature examples report the synthesis of V-doped TiO, NPs.
Belfaa et al. used ammonium methavanadate and TiCl,, while
Takle et al. used TTIP and V,Os as the precursors.'°”'>* The
former used a polyol method while the latter used a sol—gel
method. Both studies employed a calcination step around
400—500 °C, which appears to be the standard calcination
temperature range used by all groups for doped TiO, synthesis.
Belfaa et al. observed a consistent anatase phase with just a
slight decrease in lattice parameters upon increased V doping,
while Takle et al. noticed a preference for the rutile phase over
the anatase phase upon increasing V doping.'*”'** These
studies offer another indication that the use of different
synthesis routes has a significant impact on the adopted
crystalline structure as well as the morphology.'**'**'*

As we have noted, titanium alkoxides such as titanium
butoxide (TBOT) and titanium isopropoxide (TTIP) are
popular precursors for the synthesis of doped TiO, nano-
particles. Another titanium alkoxide used for doped TiO,
synthesis is titanium ethoxide (TEO). For example, Cao et
al. prepared Mo- and W-doped TiO, nanocrystals via
hydrolysis of the chloride salts of the dopants in 1-octadecene
solvent with oleic acid and oleylamine as cosurfactants.'*> The
size of the resulting nanocrystals were varied (12.1 + 2.3, 8.6 +
1.1, and 5.8 £ 0.9 nm) simply by varying the amounts of the
two surfactants in the synthesis. The typical reaction
temperature of 280—290 °C for oleic acid—oleylamine-based
recipes was also employed here, and the resultant doped
nanocrystals directly adopted crystalline anatase phase without
any calcination steps. This recipe could also be employed for
gram-scale production of the doped-TiO, nanocrystals (with
dopant ratio of M/Ti = 0.1). This one-pot synthesis method
produced M-doped TiO, nanocrystals in high yield (>86%),
and the nanocrystal dispersions were stored for at least six
months without changes to the dispersion quality, holding
great promise for industrial production.

Metal ions have also been doped into colloidal 1D TiO,
nanostructures. A single-step hydrothermal reaction was
utilized by Li et al. to prepare uniform V*/5*-doped TiO,
nanorods.'** There was little or no effect on the uniform
morphology of the nanorods at 1 wt % doping, as illustrated in
Figure Sc; the nanorods adopted a rutile phase. As discussed
earlier, the alkaline hydrothermal method is the most common
method for the synthesis of doped 1D TiO, NPs. This method
was utilized by Miyauchi et al. to prepare Cu-doped TiO,
nanotubes starting from a TiO, powder and copper chloride
along with sodium hydroxide at 120 °C;"* this method also
afforded rutile-phase nanorods. Using this method, chromium
was similarly doped into TiO, nanorods at 1—10% using a
chromium nitrate salt at 180 °C.'** Cr-doped TiO, nano-
particles with mixed anatase—rutile phase were also synthe-
sized by Tian et al. using a flame-spray pyrolysis method.'*
Oleic acid and oleylamine are widely used in the synthesis of
iron and indium oxides, as these surfactants offer great control
over morphology and size.”””" A modified version of this
method was used by Liu et al. to synthesize 400 nm Fe-doped
spherical clusters comprised of individual nanorods, each with
a 10 nm diameter and a porous structure with high surface
area.'”” A mixture of TTIP and ferric nitrate was used with
oleic acid and oleylamine in a Teflon-lined steel autoclave at
180 °C. In separate studies, Kashale et al. utilized a green
biosynthesis approach to prepare Co-doped TiO, nano-

particles from the chloride precursors of Ti and Co."*" The
protocol is similar to a sol—gel method but involves
substitution of typical sol—gel solvents with a gram bean
extract. The gram bean extract contains pectin, a complex
polysaccharide present in most primary cell walls, which acts as
a natural capping agent, hindering aggregation. Conventional
sol—gel methods can also be used to synthesize Co-doped
TiO, nanoparticles, as shown by Khurana et al."*’

4.1.4. Transition Metal Codoped TiO, Nanoparticles. Zn
and Mn codoped TiO, NPs were synthesized by Benjwal et al.
using the nitrates of Zn and Mn along with TBOT and
annealed at 500 °C.* Increasing the amount of Zn** and Mn?*
doping favored the anatase phase while inhibiting the
formation of other phases (i.e.,, brookite and rutile). Despite
a variation in ionic size, Zn** and Mn** can replace Ti** as the
Zn—0 and Mn—O bond lengths (~1.93 A) are quite similar to
the Ti—O bond length (~2.03 A) in a distorted octahedral
geometry. In a more recent study using the same precursors,
Benjwal et al. observed that solvothermal methods afforded
anatase-phase Zn and Mn codoped nanospheres, while
hydrothermal methods generated anatase—rutile—brookite
triphasic nanorods.'”” Zr-doped anatase TiO, nanoparticles
were synthesized by Naraginti et al. by using ZrO(NO;), and
TTIP as zirconium and titanium precursors, respectively.137
The same group also codoped the zirconium with silver using
AgNOj; and calcined at 450 °C to obtain nanoparticle powders,
7 to 19 nm in diameter. Analysis by EDX showed near
stoichiometric ratios for AgTiO, (1:1:2) and ZrAgTiO,
(1:1:1:2).

Similar to anion doping, there has been considerably more
success in the uniform preparation of transition metal-doped
mesoporous or hollow particles compared to solid particles.
Peng et al. synthesized hollow TiO, spheres with 250 nm
diameters doped with Co, Fe, Al, as well as codoped with Co/
Zn, Co/Al, and Al/Fe (see Figure 5c).*” As shown in the TEM
images in Figure Sc, the particles retain their shape and
dispersity even after doping. To synthesize the aforementioned
particles, a spherical polystyrene core was used as a template
for the synthesis of PS/TiO, hybrid particles. These hybrid
particles were then treated with the desired transition metal
salts in a solution of citric acid and polyethylene glycol (PEG),
dried, and then further annealed at 600 °C and above to yield
the hollow doped TiO, particles. Transition metal doping,
codoping, and tridoping was carried out in TiO, nanorods by
Zhang et al. (see Figure 6b).”° A Ti-oleate precursor was mixed
with the dopant M-oleate precursor (M =V, Cr, Mn, Co, Nj,
Cu, or Mo) and heated to 290 °C followed by the injection of
additional aliquots of the two oleate precursors. This
methodology was adapted from the Hutchinson group method,
which is now widely used for the synthesis of ITO (tin-doped
indium oxide) nanospheres and nanocubes.”'¢”'%® This
method is popular in doped metal oxide nanoparticle synthesis
as it yields uniform nanoparticles with good control over
morphology. Mono-, co-, and tridoping with various doping
percentages, up to 10%, was achieved simply by varying the
mixing ratio of Ti-oleate and M-oleate precursors. As shown in
Figure 6b, the morphology is well-maintained, even for the
codoped and tridoped nanorods. This method has great
promise to facilitate the preparation and study of tailored metal
doped TiO, nanospheres and nanocubes.

4.1.5. Ti** Self Doped TiO, Nanoparticles. Some studies
have explored the synthesis of TiO, nanoparticles self-doped
with Ti** ions; for example, Zuo et al. doped Ti*" into TiO, by
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Figure 6. Morphology of metal codoped and tridoped TiO, NPs. (a)
TEM images of hollow TiO, NPs doped and codoped with transition
metals. Adapted with permission from ref 87. Copyright 2009
American Chemical Society. (b) Representative TEM images of
transition metal codoped and tridoped TiO, NRs. Adapted with
permission from ref 96. Copyright 2019 American Chemical Society.

utilizing varying amounts of 2-ethylimidazole.''® However, the
amount of Ti** doped successfully had no linear relation to the
amount of ethylimidazole used, with the highest Ti**
concentration observed by using 1 g of ethylimidazole (in a
series ranging from 0.1 to 2.5 g). In a more recent study, Zhou
et al. achieved Ti** doping simply by controlling the initial
volume ratios of TiCl; to TTIP in the reaction solutions while
utilizing a hydrothermal synthesis method.'** Both groups
noticed a strong preference for the rutile phase over the
anatase phase with increasing Ti** doping. Ti*" self-doping was
also achieved in TiO, nanorods by Zhang et al."*' A sol—gel
method with TBOT was first utilized to form TiO,
nanopowders, which were then subjected to an alkaline
hydrothermal reaction in the presence of NaBH, as the
reducing agent to yield Ti*" self-doped TiO, nanorods. These
nanorods, however, adopted the anatase phase, and the XRD
peaks showed broadening as a consequence of the Ti** doping.
The length and width of the doped nanorods were between
0.5—2 pm and 100—350 nm, respectively. However, most of
these doped TiO, nanoparticles were neither uniform nor
monodisperse. The synthesis of monodisperse uniform nano-
particles of doped TiO,, especially solid spherical particles,
remains an ongoing challenge.

4.2, Optical Properties and Applications of Doped
TiO, Nanoparticles. 4.2.7. Nonmetal Doped TiO, Nano-
particles. Doping induces various kinds of visible-light
responses in TiO, nanoparticles. For example, Yang et al
found that a 0.5—2.0 molar doping ratio of nitrogen to
titanium caused a red shift of the absorption peak and a tail
from 400 nm extending all the way to 700 nm, with the 2.0
molar ratio exhibiting the longest absorption wavelengths.''”
Such an absorption was also observed by Palaez et al. upon
doping with nitrogen, due to nitrogen atoms substituting
oxygen atoms, which generated localized states up to 0.73 eV
on top of the valence band.''® However, the exact origin of
visible-light activity in nitrogen-doped TiO, has been the
subject of study for many researchers. Recent theoretical
investigations have calculated the density of states (DOS) and
partial density of states (PDOS) from the various orbital
contributions in nitrogen-doped TiO,. Studies conducted by
Chen et al. attribute the substitution by nitrogen into Ti sites,
which subsequently generates under-coordinated oxygen atoms
as the main cause for bandgap narrowing in anatase-phase
TiO,.”” Yang et al. also studied the effects of nitrogen-doping
in rutile-phase TiO,; these studies found that a significant

6167

decrease of the bandgap is expected in the substitutional N to
Ti-atom rutile TiO,, while the bandgap remains practically
unchanged in the oxygen substitutional and interstitial N-
doped structures.”®

For spherical particles, visible-light absorption upon nitrogen
doping is found to be most efficient when nitrogen is used as a
codopant with other metals and nonmetals, as highlighted in a
later section. There is, however, one study by Lee et al. that
demonstrated enhanced visible-light absorption beyond 800
nm in N-doped nanospheres.”* Furthermore, these authors
also synthesized nanorods and found that the visible-light
activity of N-doped nanorods was higher than undoped TiO,
but lower than N-doped nanospheres. Despite the weaker light
absorption, the authors also found that the N-TiO, nanorods
produced larger amounts of O, via the oxidation of water due
to its small overpotential in the oxygen evolution reaction
(OER). Similarly, 1D N-doped TiO, nanotubes were evaluated
by Preethi et al. for water splitting to produce H, gas."'® The
hydrogen-generation efficiency followed the order 1.5% > 0.5%
> 3% > 4.5% > undoped TiO, NTs with a maximum H,
production of 30.2 mmol/g. In these studies, a phase
transformation from undoped triphasic anatase—rutile—broo-
kite to biphasic anatase—rutile was observed as a function of
increased N-doping percentage. For samples having more than
1.5% dopant, the amount of brookite phase decreased, with the
H, production following a similar trend. The preceding
observation was attributed to the absence of brookite phase,
which likely leads to diminished charge separation/diffusion
due to lower numbers of bulk heterojunctions and thus
diminished activity. More importantly, this study established
the advantages of triphasic nanoparticles, which are possible in
elongated 1D nanostructures. Similar biphasic TiO, nano-
particles doped with iodine, consisting of anatase—brookite
phase, were also studied by Zhang et al."'” The 2.5% doped
sample demonstrated maximum visible-light absorption.
However, the photocatalytic reduction of CO, under visible
light was most efficient with the 10% doped sample due to the
biphasic nature and increased brookite content in the highly
doped samples. Nonetheless, further increasing the amount of
iodine decreased CO, conversion efliciency, most likely due to
an increase in the number of recombination centers.

Another important nonmetal dopant is carbon. Shao et al.
and Kiran et al. observed increased visible-light absorption with
C-doped TiO, nanorods and nanowires, respectively, com-
pared to commercial TiO, powders (Degussa, p-25).10%110
Shao et al. also observed that single crystal C-doped nanorods
exhibited a 2-fold increase in photocatalytic activity compared
to C-doped polycrystalline TiO,. Related studies conducted by
Wu et al. also compared the light absorption and photo-
catalytic efficiency of nanotubes, nanowires, and nanorods.*®
The visible-light absorption of C-doped TiO, followed the
trend: nanotubes > nanowires > nanorods. When evaluated for
photodegradation of gaseous toluene, the elongated, solid
nanowires outperformed the series, followed by the elongated
but hollow nanotubes, while the shorter nanorods exhibited
the poorest performance. These results can be attributed to the
higher crystallinity of the solid NWs and lower BET surface
area compared to the surface area of the NRs. The
aforementioned examples show that photocatalytic efficiency
is affected by a myriad of factors such as visible-light
absorption efficiency, number of recombination centers,
crystallinity, adopted crystal structure type, and surface area.
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Figure 7. Optical properties of doped TiO, NPs. (a) UV—visible diffuse reflectance spectrum (DRS) of V-doped TiO, NPs. Adapted with
permission from ref 122. Copyright 2018 Royal Society of Chemistry. (b) Tauc plot of TiO, doped with N and Cu. Adapted with permission from
ref 85. Copyright 2015 Elsevier. (c, f) DRS absorption spectra and photoluminescence spectra of TiO, doped with N and Zr. Adapted with
permission from ref 99. Copyright 2014 American Chemical Society. (d) Absorption spectra of hollow TiO, NPs doped with transition metals.
Adapted with permission from ref 87. Copyright 2009 American Chemical Society. (e) Absorption spectra of Ti** self-doped TiO,. Adapted with
permission from ref 120. Copyright 2016 American Chemical Society.

4.2.2. Metal Doped TiO, Nanoparticles. Enhancing the
visible-light absorption in spherical TiO, NPs using a single
dopant has been shown to be more effective when the dopant
is a metal. For example, vanadium, an early transition metal,
was used by two groups to enhance visible-light absorption in
anatase TiO,. Belfaa et al. noticed a decrease in the bandgap,
from 3.18 to 2.60 eV, upon increasing V doping from 0 to 8
atom %.'" A long tail in the absorption spectra, beyond 800
nm, was observed for the V-doped TiO, NPs. In other related
work, Takle et al. observed a much broader and gradual tail in
the absorption spectra, up to 700 nm, with a much narrower
bandgap around 1.79—1.69 €V for their V-doped (1—5%)
TiO, NPs, as shown in Figure 7a.'*” Separate peaks for V,0,
and V,0O; were not observed, which suggests that the enhanced
absorption is due to the presence of V** and V°" states in the
TiO, lattice. A significant reduction in the bandgap, from 3.05
eV down to 1.69 eV, was observed upon V-doping. The surface
area also gradually increased with higher doping percentage,
which should further enhance photocatalytic activity. These
nanoparticles were then tested for photocatalytic degradation
of spent wash (sugar industry) and Jakofix red dye (textile
industry). However, photocatalytic studies under sunlight
demonstrated the 1%-doped sample to be the most efficient,
which may be attributed to its extended absorption tail in the
600—800 nm range (Figure 7a).

Another metal dopant that yields uniform visible-light-active
nanoparticles is bismuth.'** Uniform spherical Bi-doped TiO,
NPs showed a wide absorption peak between 420 and 600 nm,
accompanied by a color change from white to yellow upon
doping."*” The UV—visible spectra changed little upon varying
the doping percentage, but the 0.25%-doped particles
performed the best in the photocatalytic degradation of RhB
dye, outperforming particles doped at 0.5 and 1%. Identical
reaction kinetics were observed under two light sources (4 >
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420 nm and 4 > 510 nm), confirming the visible-light activity.
An’amt et al. also noted that surface modification of TiO,
nanocubes with Bi-doping led to a slight increase in size and
crystallinity of the anatase phase, lowering the probability of
electron—hole recombination due to rapid electron transport.”®
Increased charge transport upon Bi-doping also suppressed the
recombination of electrons in TiO, with the dye and redox
species, which in turn enhanced dye-sensitized solar-cell
performance.*® Doping TiO, with 1% Fe, synthesized by
Eshaghi et al,, led to a decrease in the bandgap from 3.33 to 3
eV."”® This red shift was assigned to the excitation of 3d
electrons of Fe** ions into the TiO, conduction band. When
Fe-doped TiO, NPs were synthesized on activated carbon, the
bandgap narrowed further to 2.9 eV, although the reason for
this further narrowing was not discussed. Photoluminescence
(PL) studies showed that photogenerated electrons from Fe-
doped TiO, were trapped by the activated carbon, leading to
greater charge separation. Fe-doped TiO, nanoparticles,
studied by Tong et al, showed a narrower bandgap of 2.89
eV at 0.4% Fe-doping and a characteristic absorption tail
extending to 550—600 nm."**'** A more powerful transition
metal dopant for TiO, nanoparticles is cobalt, which has
shown significant narrowing of the TiO, bandgap to 1.9 eV at
2% doping and 1.7 €V at 7% doping.*”"*' Co®* substitution
for Ti** in an octahedral or pseudo-octahedral environment
leads to splitting of the d-orbitals of Co®*, which gives rise to
d—d transition peaks typically covering the entire visible
region.”’1 When used as an anode material for Li-ion batteries,
Co-doping in TiO, nanoparticles enhanced the electron-
transfer ability, coulombic efficiency, reversibility, retention
capacity (167 mAh/g, 88.3%), and rate and cycling perform-
ance due to bandgap narrowing."*’

Although many doped TiO, synthesis methods utilize
calcination as one of the steps, the effects of calcination on
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Figure 8. Applications of doped TiO, NPs. (a, b) Photocurrent responses of TiO,, Nb-TiO,, fullerol/TiO,, and fullerol/Nb-TiO, electrodes under
visible-light irradiation and normalized open-circuit potential (OCP) decay curves after turning off the visible light, respectively. Adapted with
permission from ref 134. Copyright 2014 Elsevier. (c) Visible-light induced toxicity of N and F codoped TiO, nanoparticle labeled cells. Adapted
with permission from ref 115. 2019 American Chemical Society. (d, e) Photocatalytic killing of E. coli bacteria by TiO, NPs doped with Zr and Ag;
photographs and plot of relative rates, respectively. Adapted with permission from ref 137. Copyright 2018 Royal Society of Chemistry. (f)
Photocatalytic H, evolution for Ti** self-doped TiO, nanorods under solar simulation. Adapted with permission from ref 121. Copyright 2016

American Chemical Society.

the properties are somewhat understudied. Kim et al. examined
the effects of calcination temperature on PL spectra and
visible-light activity of Pt-doped TiO, particles.”® Higher
calcination temperature gave rise to a greater suppression of
electron—hole recombination. Reactions mediated by valence-
band-hole oxidation are affected by the electron—hole
recombination rates, and in such a reaction, higher calcination
temperature showed better photocatalytic efficiency. Doping
by Pt(IV) also led to a reduced bandgap from 3.0 to 2.7 eV
compared to undoped TiO,. Another parameter that
influences photocatalytic activity is defect density. A few
defects in a metal oxide photocatalyst, arising from the
presence of dopants, can act as trapping centers to inhibit
charge recombination; however, large numbers of defects can
enhance charge recombination and decrease effective
charge."*® As noted by Chang et al. with Zr-doped TiO,
nanocrystals, defect density is affected by both dopant
concentration and synthesis temperature.'*® Higher dopant
concentrations lead to increasing numbers of defects, while
higher synthesis temperatures lead to more crystalline
structures, which corresponds to fewer defects. TiO, nano-
crystals with an optimal Zr/Ti doping ratio of 0.03 and regular
shapes, synthesized at higher temperature of 400 °C (as
compared to 320 °C), exhibited the highest photoactivities.'*°

Metal doping has induced visible-light absorption in
colloidal 1D TiO, nanoparticles as well. For example, Cr-
doped TiO, nanorods demonstrated a narrower bandgap and
wider visible-light-absorption tail with increasing Cr-doping,
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up to 3%, leading to an enhanced photocurrent generation.'**

Doping at 1% vanadium also increased the visible-light
absorption intensity and photocatalytic activity in TiO,
nanorods.'”* Transition metal doping in TiO, nanorods, for
example with Fe, exhibited visible-light absorption with a tail
up to 600 nm monotonically increasing with higher doping
percentage. When evaluated for photocatalytic H, production,
it was observed that increasing Fe doping beyond 3.7% led to
decreased activity, as dopant atoms can also act as
recombination sites. Studies conducted by Liu et al, this
time with Fe-doped TiO, nanorod clusters, displayed certain
advantages due to the cluster morphology.'”” The Fe-doped
TiO, nanorod clusters exhibited a more significant red shift in
the band edge and an absorption tail up to 600 nm compared
to undoped P25, N-doped TiO, NPs, and also monodisperse
Fe-doped NRs. The nanorod clusters also demonstrated higher
photocatalytic activity than monodisperse NRs and overall a 7-
fold enhancement compared to P25, demonstrating the
advantages of the nanorod cluster morphology. We noted
above that doped metal oxide nanoparticles possess photo-
degradation capabilities under visible light, which is also true
for 1D nanostructures. Miyauchi et al. synthesized Cu-doped
TiO, nanotubes and then spin-coated them to make thin
films."*> These films become superhydrophilic and photo-
degrading under visible light, making them promising materials
for self-cleaning windows."** The Cu’*-grafted TiO, absorbs
visible light by interfacial charge transfer between valence band
of rutile TiO, and surface-modified Cu®* ions."*” Interfacial
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charge transfer (IFCT) in bimetallic assemblies have also been
reported in other studies of visible-light-driven decomposition
of organic contaminants.'*™"”" Irie et al. also observed charge-
transfer processes in photosensitized Cu(II)-grafted TiO, and
wo,.'%’ Charge-transfer processes in Cu(II)-grafted TiO,
typically create a hole in the valence band of rutile TiO,,
which decomposes organic substrates, while the Cu(I)
produced by electron transfer reduces absorbed O,.'”
Nakamura et al. discovered the generation of photocurrent in
Ce(II)-grafted TiO, electrodes in O,-saturated acetonitrile
solutions, leading to photoirradiation-induced charge transfer
from atomic Ce(III) ions to the conduction band of TiO,
when atomically grafted onto TiO, surfaces.'”’

The effects of doping metal oxides can be further exploited
to enable visible-light absorption via complexation or
plasmonic activation as well."”*'** For example, another
transition metal niobium was used by Lim et al. to dope
TiO, with fullerol complexation."** The Nb doping increased
charge transfer and interfacial electron transfer and formed Ti
cation vacancies that act as electron-trap sites and retarded the
recombination of charge pairs. An increase in niobium doping
also caused a red shift of the absorption band edge, but the
absorption of fullerol on the Nb-TiO, surface showed a much
more significant increase in visible-light absorption via a
mechanism called surface-complex charge transfer (SCCT).
Photocurrent studies demonstrated a significant increase in the
creation of charge carriers. The open-circuit potential (OCP)
decay after turning off the light also showed a slower rate of
charge-carrier recombination upon Nb doping and upon
incorporation of fullerol (Figures 8a and 8b, respectively).
Nb-doping facilitated interfacial electron transfer, enhancing
the overall photocatalytic activity. Additional absorption in the
visible region can also be triggered by rare earth dopants in
TiO,. Rare earth metals are known for their sharp spectral
features caused by upconversion and are widely used for
phosphors.'”> Similarly, Er**-doped TiO, nanoparticles show
sharp absorption peaks at 451, 489, 522, 654, and 796 nm,
corresponding to transitions from the Er-ion ground state *I;5,,
to higher energy levels, *Fs,,, *F; 5, *Hy /5, ‘Fo/, and *Gy )y,
respectively.'*' Such sharp spectral features offer the option for
selective activation using wavelength-specific light-emitting
diodes (LEDs). Additionally, Er-doping in TiO, also generates
defects and accelerates charge transfer between TiO, and Er’*
ions, promoting the photocatalytic degradation of volatile
organic compounds (VOCs).

Another mechanism used by researchers to activate visible-
light absorption in metal oxides is localized surface plasmon
resonance (LSPR)."* Importantly, via the LSPR, noble metal
nanoparticles are enabled to strongly absorb visible light. This
phenomenon can also be triggered and carefully tuned in metal
oxides by controlling the free electron concentration via
doping. LSPR properties activated by heavy extrinsic doping
with metals have been most widely studied in doped indium
oxides and zinc oxides. However, the LSPR absorption in these
materials occur only for infrared wavelengths. Cao et al
discovered that upon doping TiO, with molybdenum and
tungsten, LSPR-induced absorption in the visible region was
successfully achieved.'*® These researchers found that Mo-
doped TiO, nanocrystals had a sharp absorption peak centered
around 650 nm, while the W-doped TiO, nanocrystals had a
wide peak extending from 500 to 2000 nm. Increases in dopant
concentration generally lead to increases in absorption
intensity until 15.3%, after which a trend reversal occurs due
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to scattering. Similar to ITO, doping TiO, leads to an increase
in the number of electrons near the Fermi level, which is
shifted to slightly above the conduction band minimum
(CBM). However, the electrons near the CBM are not derived
from the dopants themselves, but from the dopant-perturbed
Ti electronic structure. The free electron concentration in Mo-
doped TiO, nanocrystals was comparable to that of noble
metals, and the peak shape closely resembled that for Au NPs.
On the other hand, the LSPR peak of W-doped TiO, was
much wider, covering a larger portion of the visible to near-IR
regions. The authors also noticed that on varying the size of
the W-doped nanocrystals from 13 to S nm gave rise to a blue-
shift in the peak maximum (1) from 1700 to 980 nm,
further shifting the majority of the absorption to the visible to
near-IR regions.

4.2.3. Codoped and Tridoped TiO, Nanoparticles. One of
the more effective strategies used to enhance the light
absorption of TiO, NPs is to codope with two or more
elements. Often the effects of codoping significantly outper-
form the effects of the dopants when used separately. For
example, fluorine doping causes no changes in the absorption
edge for TiO, by itself, but when codoped with nitrogen, it
contributes to the creation of surface oxygen vacancies based
on photoluminescence (PL) analysis, which enhances visible-
light absorption. For these types of particles, the bandgap
decreased from 3.00 eV for TiO, and 2.99 eV for F-TiO, to
2.80 eV for N-TiO, and 2.75 eV for N,F-TiO,. Nitrogen and
fluorine were also codoped into TiO, nanorods by Biswas et
al.'" These N,F-TiO, nanorods (NRs) displayed an intense
absorption in the visible region, covering the span of 350—900
nm. Biswas et al. investigated the visible-light induced
generation of reactive oxygen species (ROS), which are
responsible for its photocatalytic activity and for triggering
light-induced cytotoxicity. Their results show that HeLa cells
labeled with doped TiO, NRs and exposed to visible light
show green emission due to the formation of ROS. In contrast,
undoped TiO, NRs fail to produce ROS under visible light,
and doped TiO, NRs fail to produce ROS if unexposed to
visible light (see Figure 8c). Albrbar and coworkers noticed
that codoping nitrogen with sulfur decreased the optical
bandgap from 2.74 to 2.32 eV.”* These particles were tested
for RO16 dye degradation and provided high visible-light
activity due to increased surface area, mesoporosity, and
absorption. Theoretical studies by Yang et al. indicate that
sulfur substitution at the oxygen sites introduce additional S-3p
orbitals, increasing the width of the valence band, thus
narrowing the bandgap.”® Higher doping percentages of sulfur
lead to orbital mixing and thus a significant narrowing of the
bandgap. C,N,S-tridoped TiO, prepared by Lin et al,, using a
thiourea precursor, exhibited absorption spectra similar to
other N-doped TiO, nanoparticles with steady enhancement of
visible absorption as the ratio of thiurea:TiO, was increased,
leading to a steady decline in the recombination rate of the
photogenerated electrons and holes of TiO,’® Doping
improved the rate of photocatalytic degradation of X-3B
(Reactive Brilliant Red dye).

Jaiswal et al. found that monodoping anatase TiO, with
nitrogen (3 atom %) decreased the bandgap to 3 eV, while
monodoping with copper (2 atom %) decreased it to ~2.2 eV,
as shown in Figure 7b.”> Codoping with both nitrogen (3 atom
%) and copper (2 atom %) afforded even narrower bandgap
values, under 2.0 eV, compared to monodoped nanoparticles.
From their studies, it can be concluded that nitrogen doping in
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Figure 9. Morphology of doped ZnO NPs. (a) TEM image of Mn-doped ZnO NPs (inset includes SAED pattern). Adapted with permission from
ref 73. (b) FESEM image of Cu-doped ZnO NPs. Adapted with permission from ref 151. Copyright 2007 Elsevier. Copyright 2016 Elsevier. (c)
SEM image of Cu-doped nanoporous ZnO NPs. Adapted with permission from ref 150. Copyright 2017 American Chemical Society. (d) TEM
image of Co-doped ZnO NPs. Adapted with permission from ref 148. Copyright 2017 Royal Society of Chemistry. (e, f) TEM images of 19 and
59% C-doped TiO, NPs, respectively, demonstrating conversion of morphology from nanorods to nanospheres with increasing carbon content.
Adapted with permission from ref 142. Copyright 2015 American Chemical Society.

TiO, NPs effectively induces a broad absorption tail until 700
nm or more, which is further enhanced when codoped with
another element.

Zhang et al. attempted to codope nitrogen and zirconium in
anatase TiO,.”” ZrTiO, has a larger bandgap than TiO,, but
upon codoping with both N and Zr, visible-light absorption is
significantly enhanced up to 800 nm, although the absorption
edge itself shifts little, as shown in Figure 7c. The zirconium is
substitutionally doped into the TiO, lattice, but the nitrogen
primarily existed as surface NO,, species. The synergistic effects
of these two species (doped Zr and surface NO,) leads to a
wide absorption in the visible region and an increase in the
total number of charge carriers (Figure 7f). In contrast, a
narrowing of the bandgap upon zirconium substitution in
anatase TiO, NPs was observed by Naraginti et al. down to
2.98 eV."*” These two studies suggest that zirconium by itself
is a weak dopant for tuning the absorption edge and narrow
the anatase TiO, bandgap. However, codoping with Zr and Ag
showed an even narrower bandgap of 2.82 eV and a greater
suppression of electron—hole recombination than the mono-
doped samples. Thus, both studies show that zirconium,
although a relatively weak dopant by itself, can be an effective
codopant. These Zr- and Ag-doped TiO, NPs were used for
the photocatalytic destruction of E. coli bacteria; the codoped
sample demonstrated 100% effectiveness in killing the bacteria
within 5 h, as shown in Figure 8d. There is a gradual and
consistent improvement in photocatalytic activity upon
monodoping with Zr and Ag individually and codoping with
Zr/Ag, with the enhancement much more pronounced under
visible-light irradiation, as shown in Figure 8e. The Ag
monodoped TiO, NPs showed a bandgap of 3.17 eV. Utilizing
a similar synthetic strategy, much more significant narrowing of
the bandgap, down to about 2.5 eV, was observed by Ali et al.
using 8 mol % Ag doping."*® In their case, a broad visible
absorption, similar to that induced by nitrogen doping, was
observed in the 400—800 nm range.

Zn and Mn codoped anatase TiO, introduced by Benjwala
et al. showed that Ti;_,Zn ,Mn,O,_, exhibited a reduction in
the bandgap from 3.1 to 2.9 eV when x = 1 (1% doping) and
further reduction to 2.86 eV when x = 2 (2% doping).83 There
was also a slight decrease in PL intensity, most likely due to the
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transfer of electrons from excited TiO, to new energy levels
created by the codopant. Interestingly, 1% Mn and Zn doped
TiO, showed a better suppression of charge recombination
than the 2% doped sample, implying that although higher
doping lowers the bandgap, it aids recombination of electron—
hole pairs. Peng et al. studied hollow TiO, doped with multiple
transition metal ions.”” Fe-doped TiO, showed a strong broad
absorption up to 600 nm, displaying a red color, similar to the
Co-doped spheres, which displayed a green color in solution
(Figure 7d). However, the most impressive visible-light
absorption was observed for Co and Zn codoped spheres,
which displayed a dark green color in solution (Figure 7d).
Similar spectral features were also observed for the 25% Zr-
doped TiO,, exhibiting a wide tail up to 600 nm and a bandgap
of 2.8 eV.”

4.2.4. Ti** Self Doped TiO, Nanoparticles. Titanium in
TiO, exists mainly in the Ti** state. TiO, can be self-doped
with Ti** ions, which gives rise to a wide absorption band that
is different from the UV—vis spectra of extrinsically doped
TiO,. TiO, particles self-doped with Ti** synthesized by Zuo
et al. and also by Zhou et al. both showed a wide absorption
band that increases with increasing wavelength to 800 nm and
beyond, as illustrated in Figure 7e.""®'*° It is interesting to
note that this spectral phenomenon has not been observed for
any other dopant. Upon increasing the concentration of Ti*',
the absorption in the visible region was highly enhanced, with
the products exhibiting a strong blue color, and the absorption
band shifted to longer wavelengths. When Zhang et al. self-
doped Ti** into TiO, nanorods, the same type of absorption
feature as well as a blue colored powder were observed.'”" The
enhanced absorption at wavelengths longer than 400 nm could
be ascribed to a high number of oxygen vacancies. The
absorption edge bandgap was also reduced on Ti** doping,
from 3.16 to 2.56 eV. Theoretical calculations suggest that
upon Ti** doping, a miniband forms just below the conduction
band minimum of undoped TiO,. The bandgap of TiO,
nanorods was reduced to 2.61 eV from 3.20 eV upon Ti**
doping. These doped nanorods demonstrated remarkable
photoelectrochemical (PEC) performance and hydrogen
production efficiency (30-fold increase) compared to undoped
TiO, NPs, as shown in Figure 8f.
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5. DOPED ZINC OXIDE (ZNO) NANOPARTICLES

5.1. Synthesis and Structure of Doped ZnO Nano-
particles. 5.1.1. Transition Metal Doped ZnO Nanoparticles.
Visible-light-active doped zinc oxide nanoparticles mostly
feature cation doping. The most common zinc precursors
used in the synthesis of doped zinc oxide nanoparticles are the
acetate, nitrate, and chloride salts of zinc.”>’>!#7148153 gqp
transition metal doping, zinc acetate is commonly used,
generally cohydrolyzed using sodium hydroxide in the
presence of the acetate salt of the dopant metal. Co-hydrolysis
of zinc acetate with manganese acetate followed by hydro-
thermal treatment at 160 °C for 24 h led to the successful
synthesis of Mn-doped zinc oxide by Achouri and coworkers.”
The 1-7% doping was achieved using the aforementioned
method, keeping the hexagonal ZnO wurtzite structure intact.
The size of the Mn-doped ZnO nanoparticles was found to be
somewhat smaller than the undoped congeners, which can be
attributed mainly to the inhibition of growth from the presence
of dopant ions in the reaction medium (Figure 9a). Ullah et al.
also used the cohydrolysis of zinc acetate with manganese
acetate to synthesize Mn-doped zinc oxide nanoparticles.'*®
Alcoholic solutions are used for this method by both groups to
avoid the formation of ZnOH.”*"*® Hydrolysis of zinc acetate
in the presence of cobalt chloride led to the successful
synthesis of Co-doped zinc oxide with a doping percentage up
to 4% by Jacob et al.'*® The synthesized nanoparticles had a
diameter of 40—50 nm with consistent hexagonal wurtzite
structure (Figure 9d). In place of cobalt chloride, Kanade et al.
used copper chloride to synthesize uniformly spherical Cu-
doped zinc oxide nanoparticles, as shown in Figure 9b.">" The
authors used an oxalic acid and ethylene glycol system instead
of NaOH to achieve the hydrolysis to zinc oxide. Cu-doping up
to 1.5% was obtained using the aforementioned method to
yield particle sizes around 40—55 nm, similar to the Co-doped
zinc oxide particles of Jacob et al."*%"*!

Another method for synthesizing uniform spherical Cu-
doped ZnO nanocrystals was reported by Lu et al.'>* These
authors employed an ultrafast, ionic liquid-based antisolvent
method involving ZnO powders in a deep eutectic solvent
(DES), followed by precipitation and growth of ZnO upon
injection into a “bad” solvent (low solubility for ZnO). When
ZnO-containing DES was injected into a bad solvent
containing Cu** ions, Cu-doped ZnO was quickly precipitated
from the solution owing to the dramatic decrease in solubility;
this method afforded nanoparticles with well-defined morphol-
ogy and controllable Cu®" concentrations. Gupta et al.
obtained uniform, discrete, spherical, porous Cu-doped
nanoparticles ~150 nm in diameter by using copper acetate
with zinc acetate instead of copper chloride (Figure 9c)."*’
The porous structures were found to consist of multiple
smaller nanoparticles, around ~1S5 nm in size, and the
crystallite sizes were also observed to be in a similar range
(17 nm for pristine ZnO decreasing to 9.8 nm for 10% Cu-
doped zinc oxide). Fe-doped zinc oxide nanoflower particles
with a doping percentage between 0.5—5% were synthesized
using cohydrolysis of zinc acetate with ferric nitrate by Han et
al. followed by hydrothermal treatment at 150 °C and sintering
at 600 °C.""” When the Fe content was less than 1%, the zinc
oxide XRD peaks were somewhat shifted to higher angles;
however, upon further increasing zinc doping, additional peaks
attributed to ZnFe,O, started to appear. Nitrate salts of the
dopants used with a zinc nitrate precursor also afforded doped
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zinc oxide nanoparticles."*’ The use of silver nitrate with a zinc
nitrate precursor by Nigussie et al. led to the formation of
silver-doped zinc oxide nanoparticles.">

5.1.2. Non-Transition Metal Doped ZnO Nanoparticles.
As observed for Fe-doped ZnO nanoparticles (vide supra), the
use of the nitrate salts of the dopant with zinc acetate can also
be employed for non-transition metal doping. For example,
zinc acetate was used by Khan et al. with aluminum nitrate in a
sol—gel process to achieve 0.5-2% Al-doped zinc oxide
nanoparticles, obtained with a hexagonal ZnO structure."*
The crystallite size was initially found to increase and then
decrease upon increasing Al doping. Zinc nitrate, the other
common precursor for zin oxide, can also be used for non-
transition metal doping. Faraz et al. used a gel-combustion
technique with zinc nitrate with samarium chloride to
synthesize 1, 3, and 5% Sm-doped zinc oxide nanoparticles.
The authors began by first making a gel of the precursors in a
magnetic stirrer followed by an increase of the reaction
temperature to 600 °C.**

However, doping a non-transition metal in zinc oxide
nanoparticles is generally achieved via the coprecipitation
method by mixing the zinc chloride precursor with a similar
salt of the dopant metal. A facile coprecipitation method was
utilized by Pradeev Raj and coworkers for the preparation of
Mg-doped zinc oxide nanoparticles.”” The chloride salts of
magnesium and zinc were mixed in equimolar ratios and
stirred with sodium hydroxide solution; sodium hydroxide aids
in the precipitation of transition metal hydroxides, in this case
zinc hydroxide, which after heating yields zinc oxide nano-
particles. Addition of the magnesium salt enables successful
doping of Mg from 2.5—7.5% following this method. Etacheri
et al. also started with zinc chloride for the synthesis of Mg
doped zinc oxide nanoparticles.'** Zinc chloride was mixed
with nitric acid and magnesium nitrate to use a coprecipitation
method in oxalic acid. The Mg doping percentage was
controlled by stoichiometric addition of magnesium nitrate
during the synthesis. The Mg-doped zinc oxide nanoparticles
had diameters on the order of 50 nm. In both of these studies
of Mg-doped zinc oxide nanoparticles, the hexagonal wurtzite
zinc oxide phase was observed after Mg doping and calcination
above 300 and 400 °C, respectively. Mg doping was also found
to decrease strain and increase the crystallite size. Zinc chloride
was also used for 3% Dy-doped zinc oxide synthesis by using
DyN;04-6H,0 with NaOH in ethanol followed by calcination
at 300 °C."** Thus, overall, various permutations of the
acetate, nitrate, and chloride salts of zinc and its dopants can
be utilized to obtain metal-doped zinc oxide nanoparticles.

5.1.3. Nonmetal Doped ZnO Nanoparticles. Although
nitrogen is the most common dopant for TiO, nanoparticles,
the synthesis of uniform nitrogen-doped ZnO nanoparticles
has proven to be challenging. Most N-doped ZnO studies
involve films rather than colloidal nanoparticles.'”'”* There
are only a handful of reports that demonstrate the ability to
form nonaggregated N-doped ZnO NPs./>!#>14317>,176
Macias-Sanchez et al. synthesized nitrogen-doped zinc oxide
nanoparticles from zinc acetate and urea as precursors while
using ammonium hydroxide as the nitrogen source.”> Further
calcination of the particles at 400 °C for S h in air afforded
mixed agglomerates of N-doped zinc oxide rods and spheres
with an average size around 80—100 nm. The crystallite size
decreased upon nitrogen doping suggesting increased lattice
strain. Similar results were observed by Zhang et al. using an
analogous recipe that involved carbon instead of nitrogen
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Figure 10. Optical properties and applications of doped ZnO NPs. (a, d) Absorption spectra and relative photocatalytic activity at different
wavelength irradiation, respectively, for Co-doped ZnO NPs. Adapted with permission from ref 148. Copyright 2017 Royal Society of Chemistry.
(b) DRS spectra of Mn-doped ZnO NPs. Adapted with permission from ref 73. Copyright 2016 Elsevier. (c, f) Absorption spectra and gas sensing
response vs concentration for Fe-doped ZnO nanoflowers. Adapted with permission from ref 147. Copyright 2011 American Chemical Society. (e)
Comparative UV—visible spectra of methylene blue dye degraded with time by Mn-doped ZnO NPs under UV and visible light. Adapted with

permission from ref 146. Copyright 2008 Elsevier.

doping.'** Carbon-doped zinc oxide nanoparticles were
synthesized by grinding zinc acetate with urea in a mortar
and then annealing at 450 °C. The undoped zinc oxide
particles exhibited nanorod morphology, but upon carbon
doping, the aspect ratio gradually decreased to yield spheres for
the 30, 40, and SO wt % carbon-doped samples (see Figures e-
f). The crystallite size (~50 nm) remained relatively constant
up to 20% carbon doping; however, a gradual drop from 33 nm
for the 30% doped sample to 12 nm for the 40% doped sample
was observed. This recipe, which yielded largely discrete
nanoparticles using gram-scale quantities of the reagents, holds
promise for large-scale industrial synthesis.

5.2. Properties and Applications of Doped ZnO
Nanoparticles. 5.2.1. Transition Metal Doped ZnO Nano-
particles. Undoped zinc oxide has a direct bandgap at 3.37 eV
and like TiO,, doping can extend the activity of zinc oxide to
the visible region. Among doped zinc oxide nanoparticles, the
most promising visible-light absorption was observed by the
Co-doped zinc oxide nanoparticles synthesized by Jacob et
al.'"** Co doping introduced new peaks in the 563, 610, and
657 nm regions corresponding to d-d transitions of Co®" ions
in tetrahedral coordination, as shown in Figure 10a. The
strongest visible-light absorption due to these peaks was
observed for the 2% doped sample. While the absorption in the
UV region remained the same as undoped ZnO, an overall
drop in the absorption across all wavelengths started with
higher doping concentrations of Co (Figure 10a). The
bandgap also initially narrowed upon Co doping at 1% and
2% but widened for the sample with high Co doping
percentages (3% and 4%). The photocurrent and quantum
efficiency studies also followed the same trend, increasing then
decreasing again with increasing doping percentage (Figure
10d). The best photocurrent performance was observed for the
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2% Co-doped zinc oxide sample under the various visible-light
lasers used. Similar spectral features were observed by Bilecka
et al. for Co-doped ZnO nanoparticles."*” However, their
nanoparticles were much smaller (~10 nm) than those
synthesized by Jacob et al. (40—50 nm)"*® and showed a
gradual increase in absorption with Co doping percentage up
to 30%; these nanoparticles also showed Curie—Weiss
magnetic behavior. Along with magnetic behavior, the Fe-,
Ni-, and Mn-doped ZnO nanoparticles all showed strong
visible-light absorption, although detailed UV—vis spectra for
these compounds were not reported. Such diluted magnetic
semiconductors can be applied in spintronics to enable
enhanced electrical and photonic devices.

Strong visible-light absorption was also observed upon Mn-
doping by Achouri et al. (Figure 10b).”” Their 7% Mn-doped
porous zinc oxide nanoparticles showed nearly four times
higher visible-light absorption compared to undoped ZnO; the
bandgap also gradually decreased from 3.06 to 2.84 eV.
However, photocatalytic activity under solar light was best
exhibited by the 3% doped sample and decreased with higher
doping percentages. The Mn*" ions initially act as electron-trap
centers, decreasing recombination and enhancing interfacial
charge transfer; however, Mn?** ions will act as recombination
centers when in excess, which could be a possible reason for
the observed trend. In studies by Ullah et al, zinc oxide
nanoparticles doped with Mn>* also showed much higher
overall absorption than undoped zinc oxide, extending well
into the visible region up to 650 nm.'*® Their studies
suggested that Mn-doped ZnO exhibits higher visible-light
absorption than Al- and Cu-doped ZnO, which can be
attributed to the greater number of defect sites in Mn-doped
ZnO. When used for the photocatalytic degradation of dyes,
the doped nanoparticles underperformed compared to
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undoped ZnO nanoparticles in the UV region but exhibited a
50-fold increase in performance under visible light (see Figure
10e).

Fe-doping in flower-like ZnO NPs synthesized Han et al.
also showed enhanced visible-light absorption and photo-
current generation.'*” Fe-doping introduced an absorption tail
in the visible region up to 700 nm, which increased with Fe
doping until a 3% doping was achieved but dropped for the 5%
Fe-doped sample, as shown in Figure 10c. The photocurrent
studies concluded negligible performance for the pure ZnO
sample while the 1% Fe-doped sample performed the best,
compared to the undoped, 3%, and 5% Fe-doped samples. In
fact, the 5% Fe-doped sample performed the worst compared
to all other doped samples, and the 3% Fe-doped sample
performed similar to the 0.5% Fe-doped sample. The high Fe
doping in the samples created a secondary ZnFe,O, phase on
the surface, which led to increased grain and grain boundary
resistances and potential barriers.'*” Figure 10f shows that the
1% Fe-doped sample also demonstrated the best gas sensing
performance with formaldehyde gas. The 1% Fe-doped sample
was also exceptionally stable for multiple cycles.

Cu-doped zinc oxide nanoparticles also displayed similar
spectral features in the visible region as the Fe-doped
nanoflowers, gradually increasing with copper doping."’
Doping with Cu increased H, production from the
decomposition of H,S by about 2.5-fold compared to undoped
ZnO NPs. However, compared to this study, Gupta et al.
observed much higher and wider visible-light absorption for
porous Cu-doped ZnO NPs."*” These particles were evaluated
for photocatalytic, antibacterial, as well as tumor suppression
applications. The Cu existed in multiple valence states, which
enhanced charge separation as the PL intensity decreased with
increasing Cu doping until 5% doping, but increased for the
10% Cu-doped sample. The 5% Cu-doped sample also
outperformed all samples in the photocatalytic and anti-
bacterial studies performed. These Cu-doped zinc oxide
nanoparticles also successfully obstructed cervical cancer and
hepato-carcinoma cells with vigorous cell proliferation, thereby
exhibiting antibacterial and anticancer activity under dark as
well as visible-light irradiation. The best visible-light absorption
was, however, observed for the Cu-doped ZnO nanocrystals
synthesized by Lu et al. showing much stronger and wider
visible-light absorption.'>” The absorption was attributed to
intraband transitions induced by the doped Cu®*. This allowed
excitation of ZnO by light with energy lower than the bandgap,
generating extra charge carriers. The color of Cu-doped ZnO
turned milky green with increasing Cu®* concentration.
Although visible-light absorption consistently increased with
increasing Cu®* concentration, overall photoconversion
efficiency was severely hampered by carrier trapping at higher
doping concentrations. Photoelectrochemical (PEC) measure-
ments demonstrated about a 2-fold increase in performance for
the 2% Cu-doped sample over the undoped sample, while the
5% Cu-doped sample performed worse than the undoped
sample, and the 10% Cu-doped sample showed almost no
photocurrent density at all. In addition to visible-light
absorption, these Cu-doped ZnO nanocrystals exhibited
room temperature ferromagnetism, where the saturation
magnetization increased with increasing Cu’* concentration.
This feature makes these Cu-doped ZnO nanocrystals
promising materials for magneto-optical applications.

Antibacterial studies were also performed using Ag-doped
zinc oxide nanoparticles.'”® Ag-doped zinc oxide exhibits a
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slightly red-shifted band edge (>400 nm) likely due to the
silver plasmonic peak around 420 nm. ZnO nanoparticles
exhibited better antibacterial performance than TiO, nano-
particles, and this trend also held true for Ag-doped ZnO and
TiO, nanoparticles, both of which performed better than the
respective undoped metal oxide nanoparticles.

5.2.2. Non-Transition Metal Doped ZnO Nanoparticles.
The trend of visible-light activity increasing with doping and
then decreasing again after an optimum point has also been
observed for Dy-doped zinc oxide nanoparticles. In the
decoloration of AR17, 3% Dy-doped zinc oxide nanoparticles
showed three times the photocatalytic activity compared to
that of undoped zinc oxide under visible light.">* Dy*" species
can receive photogenerated electrons from the CB of ZnO to
form Dy, effectively slowing recombination and increasing
interfacial charge-transfer efficiency. Samarium also proved to
be an uncommon but effective dopant for increasing visible-
light absorption in zinc oxide nanoparticles.”* The bandgap
decreased from 3.27 to 3.05 eV upon samarium doping.
Although visible-light absorption changed gradually upon
increasing Sm doping, the best photocatalytic activity was
exhibited by the 3% Sm-doped sample, better than the 5% Sm-
doped sample. These results indicate that higher doping
percentages often create new electron—hole recombination
sites, decreasing photocatalytic performance in spite of
enhanced absorption.

Mg-doped zinc oxide nanoparticles, however, exhibit a much
more monotonic enhancement of the optical and photo-
catalytic activities with increasing doping percentage.”” The
bandgap decreased gradually from 3.36 to 3.04 upon 7% Mg-
doping, and a concurrent reduction in electron hole
recombination was also observed. Photocatalytic performance
in the degradation of RhB dyes also increased consistently
upon Mg doping and was observed to be about 8 times higher
for the 7.5% Mg-doped sample compared to undoped zinc
oxide nanoparticles. Additionally, these Mg-doped zinc oxide
nanoparticles also demonstrated antibacterial abilities.”*
Doping in films and microstructured photocatalysts has
shown to induce changes in the photocatalytic mechanism
due to changes in surface topography.”’~*' However, at the
size range of nanoscale particles, changes in surface topography
are rarely evident. In one study, Lu et al. observed that Mg-
doped ZnO nanoparticles have a smoother surface and
narrower size distribution than undoped ZnO nanoparticles,
which is an interesting observation because doping generally
increases surface disorder.'”” However, the direct effect of the
surface characteristics on photocatalytic mechanism is not well
understood. In the Lu et al. studies, the doped nanoparticles
exhibited slightly higher photocatalytic activity, which can be
attributed in part to their slightly red-shifted light-absorp-
tion."”’

Generally speaking, the most commonly used doped zinc
oxide material is aluminum-doped zinc oxide. However, in
spite of being abundantly used as a transparent conducting
oxide, especially as thin films, these materials have often failed
to exhibit visible-light activity. Visible-light-active aluminum-
doped zinc oxide nanoparticles are almost unheard of. One
rare study by Khan et al. demonstrated the formation of
visible-light-active Al-doped zinc oxide nanoparticles.'*’
Aluminum doping appeared to increase absorption in the
visible region with an absorption peak around 400 nm and a
tail extending up to 800 nm. However, the bandgap increased
upon doping with aluminum.
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Figure 11. Morphology and structure of doped BaTiO; and SrTiO; NPs. (a) TEM image of Ce-doped BaTiO; NPs. Adapted with permission from
ref 158. Copyright 2019 American Chemical Society. (b, d, ¢) SEM image and XRD patterns for Rh-doped BaTiO; NPs made from various TiO,
NP precursors after heat treatment. Adapted with permission from ref 159. Copyright 2015 Royal Society of Chemistry. (¢, f) TEM image and
XRD patterns for Rh-doped SrTiO; NPs. Adapted with permission from ref 157. Copyright 2017 Elsevier.

5.2.3. Nonmetal Doped ZnO Nanoparticles. Doping with
nonmetals have also been employed to activate visible-light
absorption in ZnO NPs. Carbon and nitrogen are the primary
nonmetal dopants used in doped ZnO NPs. A significant
reduction in the bandgap energy was observed upon carbon
doping by Zhang et al."** The highest overall visible-light
absorption was observed for the 30% C-doped sample
exhibiting nearly thrice the absorption compared to the
undoped zinc oxide nanoparticles. Increasing the amount of
carbon lead to a change in the morphology from nanorods to
nanospheres. The bandgap also monotonically decreased upon
increasing carbon doping up to 40% from 3.19 to 2.72 eV.
Generally, a nanorod morphology offers a longer lifetime for
photogenerated charge carriers. However, in their studies,
Zhang et al. found the photoluminescence (PL) intensity also
decreased gradually upon carbon doping, meaning that the
nanospheres had a lower rate of recombination than the
nanorods. As a result of these two factors, the nanospheres
with a higher C-doping percentage (59%) demonstrated better
photocatalytic activity than the 10% C-doped nanorods.
Similar to the observations with TiO, NRs by Zhang et
al."””' and Lee at al,** these trends suggest that doping
percentage is a more significant factor than morphology for
photocatalytic enhancement. Nitrogen is another dopant which
was effective in reducing the bandgap of zinc oxide from 3.06
to 2.87 eV and was found useful for herbicide degradation
(2,4-D and picloram).” Another study by Kale et al. showed
that nitrogen doping in porous ZnO nanocomposites could
reduce the bandgap of ZnO from 3.14 to 2.97 while also
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adding an absorption tail up to 700 nm."*> The nitrogen doped
sample showed almost an eightfold enhancement in photo-
catalytic activity compared to undoped ZnO.

6. DOPED PEROVSKITE NANOPARTICLES

6.1. Synthesis and Structure of Doped Perovskite
Nanoparticles. 6.1.1. Doped BaTiO; and SrTiO; Nano-
particles. A variety of perovskite oxide nanoparticles have been
synthesized recently that have exhibited good photocatalytic
activity. However, just like most other metal oxides, their large
bandgap confines their absorption to the UV region, and thus,
doping is required to enhance their visible-light response. The
most popular perovskite materials are BaTiO; and SrTiOj;
however, most doping studies have featured SrTiO; The
synthesis methods for doped BaTiO; and SrTiO; nanoparticles
can be summarized into two main approaches. The first
approach is to start with a TTIP precursor, just like for TiO,,
along with nitrate salts of Ba/Sr and the dopants. For example,
Ag-treated cubic SrTiO; nanoparticles were synthesized from
TTIP, strontium nitrate, and silver nitrate via hydrothermal
treatment.'>> TTIP was also used with strontium salts along
with ruthenium and nickel chloride salts to obtain nanosized
particulates of 1% Ru,Ni codoped SrTiOs."*® Using TTIP with
barium nitrate and cerium nitrate led to the successful
synthesis of uniform Ce-doped BaTiO; nanoparticles by
Senthilkumar et al, as shown in Figure 112."® The size
increased gradually upon Ce doping of 0, 2, 4, and 6% from
109 to 127 nm, respectively. Doping with Ce at 4% shifted the
diffraction peaks to a higher angle, indicating substitution of
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Ce®" ions at Ba®" sites, doping with Ce at 6% shifted the
diffraction peaks to lower angles, indicating substitution of
Ce*/Ce* ions at Ti**/Ti** ion sites. Separate theoretical
studies by Zhou et al. have found it to be energetically more
favorable for the metal ions to substitute for the Ti atoms,
rather than the Sr atoms.'”®

The second approach is to start from commercial TiO,
nanoparticles and use barium/strontium hydroxides or the
carbonate salt of strontium mixed with the nitrate salts or
oxides of the dopant metals. BaTiO; nanoparticles with 2%
rhodium doping were synthesized by Nishioka et al. from three
different commercial TiO, sources, including P25, submi-
crometer anatase, and nanorutile.>” Barium hydroxide, which
is one of the most common reagents used to convert TiO, into
BaTiO;, was used along with Rh(NO;); as the Rh source. The
particles were well-dispersed and seemed to prefer a cube-like
morphology, as shown in Figure 11b. All three commercial
TiO, precursors yielded similar cubic perovskite BaTiOj;
particles after heating (Figure 11d). Heat treatment up to
1273 K increased the crystallinity of the nanoparticles followed
by transformation into hexagonal BaTiO; upon heating further
to 1423 K (Figure 11e). Similar cube-like nanoparticles were
also obtained upon doping SrTiO; with Rh, starting with
commercial P25 and RhCly, as shown in Figure 11c.'”’
Crystalline cubic-phased particles were obtained in gram-scale
quantities (1.2 g) with a yield of 44%, by simple hydrothermal
synthesis without the need for calcination. Unit cell parameters
gradually increased with increasing Rh doping percentage
(Figure 11f). Analysis by XPS revealed the presence of Rh**
species in the material and Rh** on the surface. Rhodium was
also studied as a codopant with lanthanum by Wang et al.”” A
two-step method was used with commercially available rutile-
type TiO, and SrCOj; calcined together first to make SrTiO;
followed by calcination with La,O; and then again with Rh,0;.
A one-step method where all the reagents were mixed together
and then calcined together was also explored. The one-step
method led to better incorporation of Rh into the structure.
Cai et al. demonstrated a microwave-assisted method to
achieve 5% La doping in SrTiO; as well as up to 8% codoping
with Cr.”® The nitrate salts of La and Cr were used here and
treated with TiO, and commonly used Sr(OH), in a
microwave at 150 °C for S h under 800 W; cubic-phase
SrTiO; was obtained. These studies found that La was doped
into the Sr sites while Cr was doped into the Ti sites. Anion
doping with nitrogen and sulfur mostly involves urea or
thiourea as the precursors, respectively, similar to TiO,.
SrTiO; nanoparticles codoped with sulfur and nitrogen were
prepared from commercial TiO, and SrCO; with thiourea.*

6.1.2. Doped Tantalum and Niobium Oxide Nano-
particles. Anion doping is the most common type of doping
for the other perovskite oxide nanoparticles. Most anion-doped
perovskite tantalum oxide particles have been prepared on the
micrometer or powder scale, and only a handful of reports
generate nanosized particles. Sulfur-doped NaTaO; nano-
particles were synthesized by Li et al. (Figure 12a),'®" where
the Ta,O; precursor with Na,S,0;-SH,O were heated in a
Teflon-lined steel autoclave at 180 °C for 12 h to yield cubic
nanoparticles with edge-lengths of 200—500 nm; the doping
was achieved at 10%. The same precursors and reactions
conditions were used by Wu et al. to synthesize C-doped
NaTaO; nanoparticles, with ethylene glycol serving as the
carbon source.'® NaTaO; exists as three polymorphs: cubic,
orthorhombic, and monoclinic. The C-doped particles
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Figure 12. Morphology of doped tantalum oxide NPs. (a) SEM image
of S-doped NaTaO; nanocubes. Adapted with permission from ref
161. Copyright 2015 Elsevier. (b) SEM image of N-doped BaTaO4
NPs. Adapted with permission from ref 163. Copyright 2014 Elsevier.

maintained the orthorhombic phase of NaTaO,; while S-
doping seemed to adopt a structure closer to the cubic phase.
For carbon doping, an interesting method utilizing micro-
organism chelation was used by Jia et al. to dope LaCoO;.”
Nitrate salts of La and Co were mixed with B. lincheniformis
RO8 biomass and citric acid to form a sol—gel, which was then
polymerized, ground, and calcined to obtain perovskite-phase
C-doped LaCoOj nanoparticles.

Thermal ammonolysis under flowing ammonia is the
preferred method for the synthesis of N-doped tantalum and
niobium oxide nanoparticles. Chen at al. synthesized N-doped
Sr;Ta,0,5. N, nanoparticles by using TaClg and SrCOj; with
citric acid and ethylene glycol.'®* Flowing ammonia under high
heat followed by calcination yielded the N-doped materials as
irregularly shaped nanoparticles. Maeda et al. used a similar
recipe with TaCl; while experimenting with Ta(OC,H;)s and
BaCO; for N-doped BaTaO,N nanoparticles and found that
the Ta(OC,H;) precursor prevents the formation of a Ta;Nj
byproduct, which was observed with the TaCly precursor
(Figure 12b)."*® Similar thermal ammonolysis by annealing
under ammonia flow at 818 K for 3 h was used to synthesize
500—600 nm sized N-doped NaNbOj; particles with nitrogen
substitution occurring in the oxygen sites."”> Nb,O; and
Na,CO; precursors were used under a relatively high
temperature of 1073 K, and further calcination at 1173 K
was used to prepare NaNbO; nanoparticles. Thermal
ammonolysis thus proves to be an easy yet effective way to
achieve nitrogen doping, followed by calcination, in these types
of materials.

6.2. Properties and Applications of Doped Perovskite
Nanoparticles. 6.2.1. Doped BaTiO; and SrTiO; Nano-
particles. The most popular wide bandgap perovskites are
BaTiOj; and SrTiO; with a bandgap of around 3.2 eV for both.
These materials also undergo bandgap reduction upon doping.
For example, the bandgap of SrTiO; nanoparticles gradually
reduced from 3.19 to 2.92 eV, and visible-light absorption
increased monotonically on increasing Rh doping until 10%."”
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Figure 13. Optical properties and applications of doped BaTiO; and SrTiO; NPs. (a) UV—visible (inset: NIR) absorption spectra and color
change upon doping for Rh-doped SrTiO; NPs. Adapted with permission from ref 157. 2017 Elsevier. (b) UV—visible DRS spectra of Rh-doped
BaTiOj; post heat treatment in the presence of additional barium hydroxide. Adapted with permission from ref 159. Copyright 2015 Royal Society
of Chemistry. (c, f) DRS data for SrTiO; doped with Rh and La; and photocatalytic Z-scheme overall water splitting under sunlight with Ru-
activated Rh and La codoped SrTiO; with Ir/CoO,/Ta;N; system. Adapted with permission from ref 97. Copyright 2014 American Chemical
Society. (d) Photocurrent density curves and effect of polarization for Ce-doped BaTiO; NPs. Adapted with permission from ref 158. Copyright
2019 American Chemical Society. (e) Reaction time course of photocatalytic H, evolution from methanol for SrTiO; codoped with La and Cr.
Adapted with permission from ref 98. Copyright 2015 Royal Society of Chemistry.

The nanoparticles developed a yellowish tinge with increasing
Rh doping, shown in Figure 13a. The 20—50 nm sized cubic
particles were used for photocatalytic reactions at wavelengths
>420 nm and for killing E. coli bacteria. The best photocatalytic
activity under visible illumination was observed for the 5% Rh-
doped sample, which was comparable to the activity of P25
under UV light of similar intensity. The 5% Rh-doped SrTiO;
sample also killed E. coli bacteria with 6 h of visible-light
exposure. Rh-doped BaTiO; nanoparticles also showed similar
spectra in the visible range with an absorption tail extending to
500 nm (Figure 13b)."”” Heat treatment at 1273 K extended
the absorption furthest into the visible region. Photocatalytic
H, evolution from methanol under visible-light irradiation was
studied and was also found to be most effective for the
nanoparticles heat-treated at 1273 K. High-temperature-
induced crystallization decreases the density of defects that
can act as recombination centers, leading to enhanced
photocatalytic activity. In the case of SrTiO; nanoparticles,
visible-light absorption was substantially more enhanced with
Rh doping using a one-step method and even higher when
codoped with La.”” A wide absorption peak around $60—600
nm was observed with the tail extending up to 800 nm (Figure
13c). Heat treatment was once again found to be important, as
the sample calcined at 1373 K for 6 h exhibited the highest
photocatalytic activity, which was attributed to the absence of
impurity phases and the dopant-enriched shell. Wang et al.
developed a Z-scheme photocatalyst to split water into H, and
O, by using Rh and La codoped SrTiO; with a Ir/CoO,/
Ta;Ny system, under irradiation up to 540 nm (Figure 13f).”
Similarly, La was found to be a useful codopant with Cr in
StTiO; for H, production under visible light.”® In these

studies, 1—8% La,Cr codoped SrTiOj; nanoparticles showed a
yellowish tinge with increased doping percentage and an
absorption shoulder extending to over 500 nm, while also
lowering the bandgap to ~2.8 eV. However, the best
photocatalytic performance for H, evolution was observed
for the 5% codoped sample (~450 ymol/g), with Cr being the
major contributor in the enhanced performance, and codoping
with La enhancing H, evolution further (Figure 13e).
However, among all doped SrTiO; nanoparticles, the lowest
bandgap and widest visible absorption was observed in the case
of Ru- and Ni-doped SrTiOs, as reported by Joseph et al.'>
The 3d orbitals of Ni** and 4d orbitals of Ru** create
additional donor levels near the valence band, lowering the
bandgap to 1.9 and 2.13 €V, respectively. Overall, absorption
throughout the visible region and NIR region was substantially
enhanced. These nanoparticles were evaluated for rate of
photocatalytic degradation of Congo red dye and textile
industry effluent, where the rates were observed to decrease in
the order Ni-SrTiO; > Ru-SrTiO; > TiO, > SrTiOs;.
Hydrogen production via photocatalytic water splitting was
also found to be enhanced by Ce doping of BaTiO;
nanoparticles."*® Senthilkumar et al. found that the built-in
electric field in ferroelectric Ce-doped BaTiO; assisted in
photocatalytic dye degradation and PEC water splitting. The
latter studies showed that the photoanode fabricated at 4 mol
% exhibited high photocurrent density (1.45 mAcm™) and H,
evolution (22.50 pmol h™" c¢m™). Ce-doping in BaTiO,
distorts the Ti—Oy octahedra, leading to higher spontaneous
and remnant polarization and d33 coefficient at 4 mol % due to
the built-in electric field. Photocatalytic activity was evaluated
under visible-light irradiation for the degradation of multiple
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dyes, revealing that the poled sample had superior activity,
shown in Figure 13d. Poling creates a built-in electric field in
terroelectric BaTiO;, hindering the recombination of charge
carriers, which then leads to enhanced photodegradation. The
built-in electric field and band bending in Ce-doped BaTiO;
promotes fast carrier transport at the photoanode/electrolyte
interface. The authors tested 2, 4, and 6% Ce-doped samples,
and the 4% doped sample proved to be most effective for all
applications. An LSPR-induced enhancement in visible-light
absorption and photocatalytic activity for NO removal was also
observed for Ag-treated SrTiO; nanocubes."*®

Similar to TiO,, doping perovskite oxide nanoparticles with
anions such as N, S, and C have shown to lower the bandgap
and improve visible-light activity. Doping with S and N in
SrTiO; show additional absorption edges at 490 and 510 nm,
respectively, and was found to decrease the bandgap to 2.37
eV.% Destruction of NO at 510 and 400 nm was found to be
10.9 and 7.7 times higher, respectively, than for pure SrTiO;.

6.2.2. Doped Niobium and Tantalum Oxide NPs. Niobium
and tantalum oxide nanoparticles are typically doped with
nonmetals. Similar to nitrogen doping in Sr;sTi,O5 N,
nanoparticles, nitrogen doping was found to enhance the
visible-light absorption of BaTaO; and NaNbOj; nanoparticles.
In the case of the BaTaOj; perovskite structure, N doping to
form BaTaO,N led to a wide absorption peak up to 700 nm,
while N-doping induced a tail up to about 600 nm in NaNbO,
nanoparticles.'”® These nanoparticles were used for the
degradation of 2-propanol to acetone and eventually to
COZ.162 BaTaO,N was used in conjunction with BaZrO; in
a solid solution for H, and O, evolution from water. Nitrogen
doping also led to increased visible-light absorption by forming
Sr;Ta,0,5,N, and shifting the peak from 275 to 565 nm while
substantially reducing the bandgap from 4.5 to 2.2 eV.'*
Similar absorption features were also reported with
Ba;Ta,0,5,N,. These N-doped oxides were used to catalyze
both the half reactions of splitting water under visible-light
irradiation. Visible-light absorption was increased with an add-
on-tail in NaTaOj; upon 20% doping with sulfur, because sulfur
3p orbitals add additional levels above the valence band.''
Photocatalytic performance gradually increased by about five
times up to 20% S-doping and dropped slightly for the 30%
doped sample. NaTaO; photocatalytic activity was also
enhanced upon carbon doping in conjunction with Cl-doped
TiO, for the decomposition of NO, species under simulated
solar illumination.'®® Diffuse reflectance spectra (DRS)
showed an add-on-tail until about 600 nm. Carbon doping
also improved visible-light absorption in LaCoO; with
absorption thresholds at 574 nm compared to 411 nm for
the undoped sample due to the partial substitution of O with C
in the crystal lattice.”> The bandgap decreased from 3.02 to
2.16 eV. Reduction of CO, was also greatly enhanced to yield
formic acid, reaching 96 umol/h/g under irradiation by a
xenon lamp.

7. OTHER DOPED METAL OXIDE NANOPARTICLES

7.1. Synthesis and Structure of Other Doped Metal
Oxide Nanoparticles. Many of the methods used above in
the case of TiO,, ZnO, and the perovskites have been found to
be useful for other metal oxide nanoparticles as well. For
example, the use of TTIP with ethylenediamine to produce N-
doped TiO, nanoparticles can be translated to the synthesis of
N-doped ZrO, and HfO, nanoparticles as well, by substituting
with the isopropoxides of Zn and HIf, respectively.'®® The
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amount of N-doping can be controlled by the amount of acid
(acetic acid) and base (KOH) added during hydrolysis. All of
these doped oxide nanoparticles display clear diffraction peaks
after sintering, consistent with TiO, N, ZrO,_N,, and
HfO,_,N, having anatase, cubic, and monoclinic structures,
respectively. Nitrogen and sulfur codoping along with carbon
in ZrO, nanoparticles was achieved using thiourea, similar to
that observed with TiO, and SrTiO; nanoparticles.”**>'%® For
metal cation doping, the preference toward the nitrate salts was
also observed as Eu doping was achieved in addition to C,N,S
tridoping in ZrO, using Eu(NO,);:6H,0.'*" A mixture of all
nitrate salts of Zn, Fe, and Co with sodium borohydride was
used to achieve Co-doped ZnFe,O, nanoparticles."” Co ions
were substituted into the Zn sites at 3, 10, 20, and 40% to yield
cubic spinel-phase monocrystalline particles having 11 + 3 nm
diameters (Figure 14a). Generally, it is difficult to prevent

Figure 14. Morphology of other doped metal oxide NPs. (a) SEM
image of Co-doped ZnFe,O, NPs. Adapted with permission from ref
108. Copyright 2012 American Chemical Society. (b) TEM image of
antimony-doped tin oxide NPs. Adapted with permission from ref
107. Copyright 2019 American Chemical Society.

aggregation in magnetic particles, compared to nonmagnetic
metal oxides; however, Fan and coworkers were able to
maintain good dispersion even after Co doping until 20%;
however, the surface area dropped significantly for the sample
doped at 40%, indicating nanoparticle aggregation. The nitrate
salt of cerium was also effective for CeO, nanoparticle
synthesis, which were doped with rare earth metals when
combined with rare earth oxides during synthesis.”” Another
widely used metal oxide nanoparticle is tin oxide (SnO,),
which is typically made from tin chloride precursors. However,
recently Medhi et al. discovered that tin oxide nanoparticles
and doped tin oxide nanoparticles can be synthesized using
sodium stannate as the precursor.'”” A simple hydrothermal
method at 150 °C was employed in the presence of sodium
antimonate and sodium zincate to obtain uniform and
monodisperse antimony- and zinc-doped tin oxide nano-
particles (diameter ~40 nm), respectively, as shown in Figure
14b. The antimony-doped tin oxide nanoparticles (ATO)
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Figure 15. Properties of other doped metal oxide nanoparticles. (a) UV—visible absorption spectra of ferromagnetic Co-doped ZnFe,O, NPs
(insets show bandgap change and magnetic separation of catalyst). Adapted with permission from ref 108. Copyright 2012 American Chemical
Society. (b) Absorption spectra of ZrO, NPs coped with C, N, S, and Eu. Adapted with permission from ref 165. Copyright 2015 Elsevier. (c)
Absorption spectra of CeO, NPs doped with rare earth metals. Adapted with permission from ref 89. Copyright 2011 American Chemical Society.

retained the rutile phase of tin oxide, but the zinc-doped tin
oxide nanoparticles (ZTO) adopted a ZnSnO; phase. The
doping percentages could be systematically varied from zero to
13% and 9%, respectively, for the ATO and ZTO nano-
particles.'”” Overall, general trends in the synthesis schemes
used by most groups that translate well for different metal
oxide nanoparticles offer good insight for future synthetic
strategies that will be needed for next-generation homoge-
neously doped metal oxide nanoparticles.

7.2. Properties and Applications of Other Doped
Metal Oxide Nanoparticles. Doping has also proven to be
an effective strategy to enhance visible-light utilization in ferrite
nanoparticles and oxide nanoparticles of zirconium, cerium,
hafnium, tin, and cobalt.*>%%107/108166 The visible-light activity
of spinel magnetic ferrite ZnFe,O, was enhanced upon Co
doping by Fan et al.'"®® The visible-light absorption intensity
increases with Co doping, and there is red shift in the bandgap,
as depicted in Figure 15a. The bandgap of undoped ZnFe,O,
NPs (2.13 eV) was greater than the bulk (1.9 eV) due to
confinement, but progressively diminished upon Co doping to
1.73 eV. Co doping increased visible-light absorption intensity
significantly in the 600—800 nm range (Figure 15a). Visible-
light absorption was consistently observed to broaden with
increasing Co doping. However, photocatalytic activity
increased linearly for Zn,_,Co,Fe,O, until x = 0.2, but the x
= 0.4 sample was less active than the undoped sample. These
nanoparticles demonstrated room-temperature ferrimagnetism
with the highest coercivity for the Zny4Cog,Fe,O, sample
(~32 Oe) and saturation magnetization (~51 emu/g), which
were significantly higher than the values for all other samples.
However, higher ferrimagnetism in the x = 0.4 sample led to
aggregation at this doping%, decreasing photocatalytic
efficiency. With a saturation magnetization of ~14 emu/g,
the optimal trade-off between photocatalytic efficiency and
magnetic strength was found at x = 0.2, for application as a
magnetically separable visible-light photocatalyst (Figure 15a
inset).

Qiu et al. conducted a comparative study of N-doped TiO,,
ZrO,, and HfO, nanoparticles. DRS spectra and difference
DRS data (subtracting the reflectance spectra of nondoped
from the doped samples) were used to determine the impact of
N-doping. The most significant improvement in visible-light
absorption upon N-doping in these nanoparticles was observed
for ZrO, followed by TiO, and then HfO,."® While N-doping
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improved the photocatalytic activity for all three oxides, TiO,
being the better photocatalyst, showed the best photocatalytic
activity among the three oxides, even after doping. The visible-
light absorption in ZrO, was also significantly enhanced by
C,N,S tridoping and improved further by combining Eu doping
with C,N,S doping (Figure 15b).'%® These nanoparticles were
used for the photocatalytic degradation of indigo carmine. The
transparent conducting oxide SnO, is transparent in the visible
to near-IR regions. However, the antimony-doped tin oxide
nanoparticles synthesized by Medhi et al. demonstrated an
absorption tail until 700 nm.'”” The bandgaps were also
lowered upon doping by antimony and zinc. Similar to Sn
doping in In,0;, Sb doping in SnO, shifts the Fermi level into
the single dispersive CB of SnO, giving rise to a significant
increase in carrier concentration and mobility.'’” In the case of
CeO, nanoparticles doped with rare earth metals, no
improvement in visible-light absorption was observed upon
doping with Sm and Gd, but significant absorption broadening
was zg)gbserved upon doping with Pr and Tb, as shown in Figure
15c.

Another metal oxide nanoparticle that is less widely used as
a parent metal oxide is cobalt oxide. As noted above, Co is a
popular dopant for TiO, and ZnO nanoparticles largely
because cobalt oxide already has a bandgap in the visible range,
which can be further tuned by doping. Additionally, cobalt is a
metal with variable oxidation states and possess impressive
catalytic properties, widely exploited in the field of organo-
metallic catalysis. The S-doped CoO/Co;0, nanoparticles
synthesized by Choi et al. showed photocatalytic efficiency for
CO, reduction to methane that was 2.7 times greater than the
undoped analogs, even in the absence of a hole scavenger.”
These studies demonstrate that doped cobalt oxide nano-
particles have great promise for use as visible-light-active
photocatalysts.

8. SUMMARY

As described in this review, much useful research on the
synthesis and applications of doped metal oxide nanoparticles
has been conducted. Surprisingly, hollow, porous, or
mesoporous nanospheres are often easier to synthesize than
solid nanoparticles. Nevertheless, heat treatment in the form of
sintering or annealing at high temperatures is invariably needed
to obtain crystalline nanoparticles. Increased mobility of charge
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carriers and lower density of defects in more crystalline
nanoparticles lead to reduced recombination and therefore
enhanced photocatalytic activity. Hydrothermal/solvothermal
syntheses are the most popular methods for preparing doped
metal oxide nanoparticles, owing largely to their simplicity and
potential for scale up. Sol—gel methods are also commonly
used, while the oleic acid/oleyl amine method provides a
powerful approach for large-scale synthesis of uniform
nanoparticles with fine control over their shape and size.
Doping was observed to be an effective strategy to enhance
visible-light absorption via three main modes: (1) a red shift of
the bandgap into the visible region, (2) an absorption tail
extending into visible wavelengths, and/or (3) the introduction
of new absorption peaks in the visible region. Nitrogen is the
most commonly studied dopant for all of the metal oxide
nanoparticles, commonly achieved via ammonolysis or by
using ethylenediamine, which leads to enhanced visible-light
absorption. Sulfur, carbon, and fluorine are the other
commonly used nonmetal dopants used to promote visible-
light activity. Metal ion doping, especially with a variety of
transition metals, has also been effectively utilized for this
purpose. Many studies have also found that doping can also
reduce electron—hole recombination. While visible-light
absorption typically increases with doping percentage, there
is often a peak doping percentage beyond which photocatalytic
efficiency decreases due to the creation of extra recombination
centers at higher doping percentages. Visible-light absorption
can also be hampered in some cases at high doping
percentages. In practice, the optimum doping percentage
varies from nanoparticle system to nanoparticle system and
from dopant to dopant and is also affected by the synthesis
protocol. These doped nanoparticles with their enhanced
visible-light absorption were utilized for a variety of
applications such as the photocatalytic degradation of dyes,
water splitting, H, evolution from a variety of sources,
reduction of CO,, gas sensing, and antibacterial treatment.
At a glance, one might be tempted to conclude that any kind
of doping improves the visible-light performance of metal
oxides; however, the studies covered in this review show that
doping can also hamper performance by causing aggregation,
diminishing absorption, and increasing recombination. Instead
of narrowing the bandgap, heavy doping in metal oxides can
also lead to a wider bandgap due to structural changes or a
Moss—Burstein shift.'””~'** Just like the tendency for
unnecessary exploration with various dopants in graphene, as
recently pointed out by Wang et al,,'® researchers should also
avoid needless doping in metal oxide nanoparticles, and a
careful balance between the positive and negative effects of
doping needs to be found. The criteria for selecting a dopant
depends on several different factors. Nonmetals have proven to
be convenient dopants for narrowing the bandgap of metal
oxides while maintaining morphological consistency. However,
metal dopants give rise to stronger visible light absorption both
as monodopants and codopants; nonmetal dopant effects are
also enhanced when codoped with metals. Recent advances
with nonaqueous synthetic methods have allowed for the
synthesis of metal doped, codoped, and tridoped nanoparticles
having uniform morphologies and narrow size distributions.
Chemical similarities of the dopant with the parent metal (in
terms of ionic size, atomic structure, and coordination
preferences) facilitate the generation of doped nanoparticles
with fewer defects and recombination centers. Therefore,
transition metals are powerful dopants in TiO,, ZnO, BaTiO;,
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and SrTiO; nanoparticles for photocatalysis. For electrical
applications, along with structural similarities leading to fewer
defects, doping with relatively electron-rich metals is also
preferred because it raises the Fermi level, leading to higher
conduction.

As evident from the research covered in this review, the
groundwork for the synthesis and study of doped metal oxide
nanoparticles with visible-light activity is there. There now
await many opportunities for the synthesis of new doped metal
oxide nanoparticle systems, combining various dopants, for
further enhancing the visible-light activity along with inducing
additional properties including magnetism. For example, new
photocatalysts that combine the effects of codoping with
carefully tailored hybrid heterojunctions are likely to emerge.
Hybrid nanostructures comprised of doped metal oxides along
with noble metal plasmonic nanoparticles, carbon nanotubes,
conducting polymers, graphene oxide, and reduced graphene
oxide also promise to be at the forefront of photoresponsive
nanomaterials research. A comprehensive understanding of
readily manufacturable doped metal oxide nanoparticles opens
the door to all these possibilities. Undoubtedly, we will
continue to see creative advances in this promising field of
research.
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