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Abstract: Hollow nanostructures of transition metal phosphate are of immense interest in the
existing and evolving areas of technology, due to their high surface area, presence of hollow void,
and easy tuning of compositions and dimensions. Emerging synthesis methods such as template-
free methods, hard-templating, and soft-templating are discussed in this review. Applications of
these hollow metal phosphates dominate in energy storage and conversions, with specific
advantages as supercapacitor materials. Other applications, including drug delivery, water
splitting, catalysis, and adsorption, are reviewed. Finally, additional perspectives on the progress
of these nanostructures, and their existing challenges related to the current synthesis routes are
covered. Therefore, with the strategic modifications of the unique properties of these hollow
metal phosphates, broader application requirements are fulfilled.

Keywords: hollow metal phosphates, transition metal, synthesis method, catalysis, energy
storage

1. Introduction

The synthesis of chemically designed inorganic metal phos-
phates and metal-hybrid phosphate materials embody a
significant research path that has been extensively studied both
in industry and academia. Various metal phosphates, partic-
ularly transition metal phosphates (TMP), possess favorable
properties for catalysis, photoluminescence, and drug
delivery.[1–6] The fine-tuning of the metal and metal bridging
groups provides the infinite potential for the control and
structure of the metal hybrid network in metal phosphate.[7]

The hollow form of these TMP has been synthesized in
colloidal conditions resulting in the current synthetic approach
of preparations with organometallic metal assembly as
precursors. Likewise, due to the reasonably high specific area
and abundance in surface hydroxyl groups in the metal
phosphates synthesized, there has been ample use of these
metal phosphates as adsorbents for dyes, radionuclide materi-
als, and heavy metal ions.[8]

Due to the well-known photoluminescence and biocom-
patible properties of lanthanide phosphates, they are widely
used in drug delivery and imaging. Hollow spheres of rare
earth metal phosphate have been synthesized using Ostwald
ripening method. The strong emission over the UV-visible
range was achieved by doping other cations such as Eu3+,
Tb3+, and Dy3+ ions.[9] Similarly, fast microwave irradiation
was used to synthesize the rare-earth orthophosphate of the
lanthanide family and yttrium in the mixed solution to study

the photoluminescence with YPO4 as a representative host
lattice.[10] Such properties are critical for making luminescent
devices and biomedical applications. The various characteristics
of these metal phosphates that enable this full range of
applications include well-defined porosity, surface basicity, and
tunable acidity. As with the case of vanadium phosphate, the
oxidation of butane to maleic acid has been successfully
commercialized, yet research is still ongoing for optimal
synthetic methods and transition phases.[1,11] Another metal
phosphate with a widely-known application is iron phosphate.
It is recognized for its immense application in various
oxidation reactions, including the selective oxidation of
methane to oxygenated products and cost-effective cathode
materials for high-performance lithium-ion batteries.[12] Zirco-
nium phosphates have a wide range of applications in electro-
catalytic activity due to high proton conductivity.[3,13] How-
ever, the deficiency of bulky surface properties and the
domination of small interlayer spaces remain constraints for
applying these metal phosphates.[14] Therefore, the synthesis of
a more extended diphosphonate group could be used as a
scaffold and gradually replaced by the phosphate ions to create
the interlayer within the metal phosphate.[15] The UV region
of solar energy makes titanium phosphate an excellent photo-
catalyst. However, recent research shows that the photo-
catalytic activity can be extended well into the visible region by
introducing foreign atoms into the titanium phosphate
framework.[4,16]

Hollow nanostructures are vital for many technological
systems due to their large pore volume, low mass density, and
high surface-to-volume ratio compared to their solid
counterparts.[17–19] These characteristics make the nanomateri-
als advantageous for applications including energy storage,
biomedicine, and catalysis.[17,20–29] The synthetic strategies for
producing hollow structures are generally hard-templating,
soft-templating, and template-free methods.[30]

The first part of this review article introduces the general
strategies for synthesizing hollow transition metal phosphates.
Secondly, the synthesis procedures are grouped into the various
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metal phosphates based on their applications and functions in
multiple fields. Lastly, more viewpoints are provided on the
issues around the synthesis methods with advanced novel
strategies to explore the functionalization of these hollow metal
phosphates.

2. Synthesis Strategies for Hollow TMP

Despite substantial scientific interest, the synthesis of the
controlled hollow structure of transition-metal phosphates has
encountered many challenges. The rapid precipitation reaction
between metal ions (Mn+) and phosphate anions (PO4

3�) often
leads to irregular or bulk structures in the solution. A robust
chelating agent or structure-directing agent is required to
control the over crystal growth of metal phosphates. Micron-
sized nickel phosphate was synthesized using complexing
molecules ethylenediamine tetra(methylene phosphonic acid)
molecules.[31] Hard templates such as silica and carbon were
used to synthesize hollow structures. Ordered mesoporous tin
phosphate was synthesized via nanocasting method using SBA-
15 silica and CMK-3 carbon as hard templates. The
mesoporous structure showed better thermal stability than

when synthesized from a conventional hydrothermal
method.[32] Researchers have consistently struggled to find the
appropriate dimension of template, functionalization of
template, and removal of the template to get hollow structures.
There have been no simple ways to prepare sub-50 nm hollow
nanospheres of transition metal phosphates. Bastakoti et al.
reported the single micelle template method to synthesize the
sub-50 nm hollow nanospheres of metal phosphate/
carbonate.[33–35] The strong binding of metal sources and
polymeric micelles leads to fabricating hollow nanospheres
with controllable sizes. The polymers are designed in such a
way that the metal sources are driven to interact with the
specific domain of the polymer.[36–38] The molecularly dissolved
polymer chains in tetrahydrofuran undergo self-assembly after
adding phosphoric acid. The spherical micelles are used as
templates to fabricate hollow nanospheres. The micelles have a
positive surface area due to the presence of the pyridine group
which interacts with positively charged metal sources through
a negatively charged phosphate ions bridge. After removing the
polymer template via calcination or solvent extraction, the
hollow nanospheres of nickel phosphate were obtained (Fig-
ure 1).[33]
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Zhang et al. reported the template-free method for the
synthesis of vanadium phosphate with controlled layers. They
were prepared by self-assembly of vanadyl sulfate and phytic
acid. Phytic acid is a chelating agent, avoids unnecessary
aggregation, and is a carbon source in hydrothermal synthesis.
The x-ray photoelectron spectroscopy data clearly shows that
the nanosheet has much higher V4+ ions than V5+ ions. The
presence of more V4+ ions increases the number of electro-
chemical accessible surface sites. The introduction of V4+ ions
into vanadium phosphate increases the number of defects and
oxygen vacancies.[39]

The self-templating method involves the chemical integra-
tion of the model materials into the shells of the nanomaterial
after template preparation. Then, there is a chemical trans-
formation of the templates into hollow nanostructures. The
templates used for this synthesis approach provide space for
creating inner voids and materials to form outer shells. The
self-templating method comprises a relatively simple procedure
with high reproducibility and economic feasibility than the
other templating methods. The challenge of using the
templating method arises from the size limitation of the hollow
nanoparticles and post-treatment of templates. On the other
hand, the post-treatment of these nanomaterials during
template removal may cause structural deformation and the
introduction of a varying degree of impurities.[40] Colloidal
hollow transition metal phosphates were synthesized by
manipulating the reactions’ primary stoichiometric ratios and
pH values of the reaction. The amorphous colloidal spheres
possess a range of properties resulting from the arrangement of
the d-orbital electrons in these transition metals. These
colloidal spheres could crystalize upon annealing in a well-
controlled process resulting in a preserved size and
morphology.[41] Commonly used methods to synthesize hollow

metal phosphates nanostructure and their applications are
listed in Table 1.

2.1. Hollow Iron Phosphates

Iron phosphates of various morphologies have been synthesized
due to their tremendous potential and economic benefits in
electrocatalysis, energy storage devices, and drug delivery.[44,59]

An oil-phase synthesis method was used to produce hollow
iron phosphates with nanotube morphology. The synthesized
iron phosphate nanotubes were amorphous and with remark-
ably high surface area, therefore, employed in lithium-ion
battery for energy storage devices.[44] In another study, hollow
iron phosphates were synthesized by a water-in-oil micro-
emulsion system. This system utilized the aqueous core of the
reverse micelles, which were used to encapsulate the hydro-
philic dye, thereby showing non-toxicity, and was easily
absorbed by cells. Therefore, this hollow material offers an
efficient carrier for drug delivery in biological applications and
magnetic imaging.[33] Water splitting is another application
where hollow iron phosphates are highly utilized due to their
large surface area and potentially active catalytic sites. Hollow
iron phosphates were synthesized from iron phosphide nano-
tubes by a template-free synthesis route involving a simple
hydrothermal synthesis of iron-oxy-hydroxide as precursors.[59]

Duan et al. synthesized the core-shell hollow spheres of FePO4

using polystyrene (PS) beads as a template. It was theorized
that changing the precursor ratio would produce the hollow
spheres with controllable shell thickness. PS beads were used as
a reaction site for the growth of FePO4. The selective
mineralization of FePO4 took place around the uniformly
distributed PS beads. The removal of PS in calcination led to
the formation of the hollow spheres of FePO4. Figure 2 shows
the TEM image of hollow nanospheres. The elemental
mapping and X-ray photoelectron spectroscopy analysis con-
firmed the existence of Fe, P, and O. Interestingly the
crystallinity was induced when the calcination temperatures
increased from 500 °C to 800 °C. However, the high-temper-
ature calcination sintered the particles.[60]

2.2. Hollow Nickel/Cobalt Phosphates

Xiao et al. Synthesized a non-spherical hollow nickel phosphate
with a cobalt framework, possessing unique anisotropic proper-
ties and regulated morphology for catalysis, energy storage,
and conversion. These hollow Co�Ni phosphate nanocages
were prepared by shell-coating and controllable etching process
by employing the ZIF-67 metal-organic frameworks (MOFs)
as a template leading to a high specific capacitance, energy
density, and excellent cycling stability.[47] Another non-
spherical morphology is a new approach of Ni-MOF-derived
hollow porous nickel phosphate synthesized by a ligand-

Figure 1. (a) Single micelles templating method to synthesize hollow nickel
phosphate. SEM images of (a) polymeric micelles, (b) polymer- nickel
phosphate composites, and (d) TEM image of hollow nickel phosphates.
Reprinted with permission.[33] Copyright 2019 Elsevier Ltd.—
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replacement mechanism. These 3D nanorods were prepared by
a solvothermal process involving substituting ligands from the
MOF with phosphoric ions. The hybrid structure depicts
excellent electrode materials in applications for electrochemical
supercapacitors.[49]

More recently, hollow nickel phosphides were synthesized
by Zhang and the team for similar applications in energy
storage and conversion by employing metal-formate frame-
works. These frameworks were achieved by the sacrificial
template method, which eventually produced structure-tunable
hollow nickel-cobalt microtubes. The stability of these micro-
tubes was a result of the synergistic effect between Co and Ni
ions, which provided a high specific capacitance and better
electrochemical activity to the nanomaterial.[61] In another
study, the sol-gel method was employed in the synthesis of
hollow nickel phosphate nanotubes, which were used in
catalytic applications. These NiPO4 hollow nanotubes had a
pore volume of 0.46 cm3g�1 with an exceptionally average
length of approximately 600 nm.[48] Cobalt phosphates are
widely known for their high oxidation ability in applications
for oxygen evolution reactions, heterogeneous catalysis, ion
exchangers, and positive electrodes for rechargeable ion
batteries.[62,63] The synthesis of hollow cobalt phosphates has
increased material utilization and improved chemical kinetics
and structural sturdiness for better cycling performance. Non-
spherical hollow cobalt phosphate was synthesized by Xiao
et al. Using metal-organic frameworks (ZIF-67) as a template
and nickel phosphate for a synergistic effect, a controlled size,
phase, and morphology.[47] This method of synthesis produced
hollow cobalt phosphate nanocages from ultrathin nanosheets
with energy storage applications. Similarly, hollow cobalt
phosphate was synthesized from cobalt phosphonates, which

shows a peculiar performance in electrolysis for oxygen
evolution in alkaline conditions.[51] The ultra-small nano-
particles of metal phosphate were decorated on the amorphous
hollow carbon structure. ZIF-8@ZIF-67 core-shell structure
was prepared via seed epitaxial growth. NH4H2PO4 was mixed
with ZIF-8@ZIF-67 and annealed at 600 °C in argon
condition (Figure 3). Co and Zn phosphate incorporated in
the hollow carbon structures were used as cathode materials in
the Li-ion battery.[64]

2.3. Hollow Vanadium Phosphates

Vanadium phosphates have been used for catalytic applications
due to their favorable reactions, especially in surface
chemistry.[65] These functional phosphate materials have earned
several benefits in electronic, energy storage, and catalytic
applications resulting from the different polymorphs demon-
strated by the phosphate compound. As reported by Dupre
et al., these polymorphs include two orthorhombic, one
monoclinic, and four tetragonal structures with different
energy configurations and varying synthesis routes.[66,67] The
composites of vanadium phosphate and iron phosphate were
synthesized from yeast cells as a template. Yeast is a unicellular
fungus with spherical or elliptical morphology. The protein
and polysaccharides on the cell wall interact with metal ions or
ionic groups to promote biomineralization.[68]

Kanta et al., synthesized the carbon-coat-Na3V2(PO4)3
using a microwave-assisted sol-gel process where
NaH2PO4 ·2H2O, NH4VO3, and citric acid were used in the
ratio of 3 :2 :2 to form a gel which was used as an electrode
material in a sodium-ion battery.[69] Nanocomposite particles
of Li3V2(PO4)3/CNT were synthesized by spray drying process
followed by calcination at a high temperature. The aerosol
droplets of the precursor were produced by using nitrogen
carrier gas as a dispersion which passed through an atomizer.[70]

SP2 co-ordinated carbon coating mesoporous Na3V2(PO4)3

Figure 2. (a) TEM images (b—d) elemental mappings and (e–g) XPS spectra
of FePO4 hollow spheres.[60]

Figure 3. Synthesis of hollow Zn�Co phosphate/C nanocage with their
electron microscopy images. Reprinted with permission.[64] Copyright 2020
Chemical Society of Japan
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nanoparticles were synthesized using ascorbic acid where the
acid acts as both carbon supplier and reducing agent. The
sample was calcined at 750 °C in an argon atmosphere.[71] The
carbon nanotube protected vanadium phosphate-incorporated
carbon nanofibers (CNTs@VPO@CNF) were synthesized by
electrospinning process. In this process, Polyacrylonitrile and
ammonium metavanadate (in the ratio of 4 : 1) were mixed,
stirred, and electro-spined. The mixture was carbonized at
different temperatures under a nitrogen atmosphere to obtain
nanofibers.[72]

2.4. Zirconium Phosphates

In earlier years, Clearfield and Smith collectively studied the
crystal structure of α- zirconium bis (monohydrogen ortho-
phosphate) monohydrate,[73] subsequently, zirconium
phosphate has been studied expansively in recent years due to
facile synthesis, low cost, prominent stability, and vast
applications including catalysis[50] and targeted ions removal.[74]

More recently, a facile hydrothermal conversion method was
employed in the synthesis of gadolinium phosphate hollow
spheres, which increases the crystallinity of the nanomaterial
upon annealing. The hollow spheres were further doped with
other lanthanides increasing emission intensities.[52,53] A
solvothermal method was employed to synthesize zirconium
phosphate using zirconyl chloride octahydrate as a precursor
and phosphoric acid maintaining the pH below 2. The
solution was stirred for 12 hours followed by washing with
ethanol and dried at 120 °C in an air oven overnight. Finally,
the sample was calcined at 1083 K for 12 hours.[75] In another
study, the zirconium phosphate microporous monolith was
synthesized by the sol-gel method. The metal source was
dissolved in 1 M HCl and glycerol followed by the addition of
polyethylene oxide and polyacrylamide. The whole mixture
was stirred and cooled to 0 °C in an ice bath where the
0.41 ml of phosphoric acid at a temperature of 0 °C was added
and stirred to obtain the wet gel. The gel was dried at 60 °C
for three days followed by calcination at different
temperatures.[76] Alkoxides precursors of zirconium were used
to synthesize the nanostructured porous zirconium phosphate.
The zirconium n-propoxide was dissolved in orthophosphoric
acid (0.1 mol/L) in the presence or absence of surfactants. The
solution was divided into two parts where one part is subjected
to auto-clave heating at 80 °C and another part was directly
dried at 60 °C to obtain different solid particles for comparison
of thermal stability.[77]

2.5. Manganese Phosphates

Manganese phosphate nanospheres were synthesized using
two-phase colloidal synthesis. Manganese nitrate reacts with
phosphoric acid in the presence of oleylamine and octadecene

at 180 °C. The amorphous hollow nanospheres of manganese
phosphate and iron-manganese phosphate possess high electro-
chemical surface and conductivity.[78] The hollow manganese
phosphate was synthesized using a template-free method
(Figure 4).[79] A hollow nanosphere of amorphous iron doped
manganese phosphate (Fe�Mn:P) was synthesized using a
two-step solvothermal method where amorphous manganese
phosphate was produced at first which further reacts with iron
nitrate at 180 °C for 2 hours to form a hollow nanosphere.[78]

The hollow nanocubes of MnCoP were synthesized by hard
acid soft base principles where cuprous oxide, cobalt chloride,
and manganese chloride were used followed by the phosphori-
zation to get hollow nanocubes.[80] Ni�Mn(PO4)2 composite
was prepared by manganese chloride and nickel chloride under
probe sonication mixing with Na2HPO4 dropwise. Finally, the
composite was calcined at 400 °C for 4 hours. The SEM image
composite showed the formation of nanoflakes.[81] The Na3Fe2-
xMnx(PO4)(P2O7) mixed phosphate was prepared using a
spray-drying method. The solution was further heated at
550 °C for 10 hours under argon.

3. Applications of Hollow Metal Phosphates

Transition metal phosphates are generally synthesized in
various forms to augment intended applications. The charac-
teristics of this class of phosphates include excellent chemical
stability, mechanical flexibility, superior conductivity, high
surface area, and charge transport, which in turn promotes
electrochemical and diffusion applications.[82,83] Several factors
influence the properties of the manufactured nanomaterial
based on the synthesis strategy employed. The structure-
directing strategy of creating hollow phosphates is influenced
by the concentration of surfactants, choice of surfactants,
inorganic metal and phosphate precursors, the formation of
surfactant micelle, and removal of the template.[84] TMPs have
shown a promising prospect as valuable materials for anti-
cancer drug delivery amongst other bioapplications.[3,74,85]

Figure 4. Self-templating synthesis of manganese phosphate hollow nano-
spheres. Reprinted with permission.[79] Copyright 2018 American Chemical
Society.
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Prospective applications for some lanthanide phosphates have
been exploited in white light-emitting diodes, optoelectronic
devices, and field emission displays. This is usually resulting
from the structurally stable half-filled 4 f orbitals.[52] Other
applications of this hollow GdPO4 include reliable bioimaging,
drug delivery, and drug release system resulting from the
characteristic emissions from their transition states.[53] Hollow
calcium carbonates have been widely applied as biomaterials
for tissue engineering, imaging agents, and drug delivery[35] but
in recent years, the use of hollow calcium phosphates for
complex bioengineering and biocompatible materials has
received substantial recognition. This application is because of
the nanoscale size and osteogenic cell delivery system of the
hollow microspheres.[43]

3.1. Energy Storage Devices

Zhao et. al synthesized iron phosphate nanospheres using a
solvent extraction method, for possible use in energy storage.
By combining PC-884 with N1923 for use in separate
extractions of Fe3+ (metal source) and H3PO4 (phosphate
source) and then combining the loaded phases, they were able
to form FePO4.[86] It was found to have favorable electro-
chemical properties, with a 40 cycle capacity retention and
100% coulombic efficiency. Interestingly, polarization had an
inverse relationship to cycling, meaning the interaction
between charge and discharge increased over time. It also
displayed good reversibility, being able to cycle up to
80 mAh g�1 multiple times. Lithium iron phosphates have
been synthesized many times, with more recent studies looking
into ways to make them more sustainable. Wang et al. recycled
a mixture of LiFePO4/C and acetylene black. They used a
physical separation based on density and regenerated the
products for use in lithium iron phosphate batteries. It was
found to have good electrochemical performance, with a
92.6% retention after 1000 cycles.[87] Sodium-ion batteries
have been theorized to be a substitute for lithium-ion batteries.
In one study, researchers were able to synthesize olivine
NaFePO4/C from LiFePO4/C using an aqueous electrochem-
ical displacement method. It was found to have good capacity
retention, at 90% after 240 cycles and a rated capacity of
46 mAh g�1.[88] Furthermore, NaTi2(PO4)3 (i. e., NTP) has
been applied in various energy storage systems. This includes
sodium-ion batteries (i. e., SIBs), non-aqueous batteries, and
aqueous batteries. NTPs act as anodes in SIBs, and have been
shown to display good electrochemical properties. Non-
aqueous batteries can rely on the sodiation of NTP from
NaTi2(PO4)3 to Na3Ti2(PO4)3, and many researchers are
working to improve its electrochemical performance due to its
low conductivity. Aqueous rechargeable batteries have been
critiqued for their high cost, toxicity, and flammability. Na-
ion full cell batteries were introduced as a solution to these

issues, then found to have good electrochemical properties that
were better, in some ways, than non-aqueous and Li-ion
secondary batteries.[89]

Sharmilla et al. synthesized a multi-wall carbon nanotube
coated nickel manganese phosphate electrode using a hydro-
thermal method. They found that it had good electrochemical
properties, with a specific capacity of 812 Fg�1, and 93%
capacity retention at 5000 cycles.[90] A sonochemical method
was employed in synthesizing nickel manganese phosphate. Its
specific capacity was 678 Cg�1 at 0.4 Ag�1 and a 99.2%
stability after 5000 cycles.[81] It was concluded that the
capacitive and diffusive mechanism improved the storage
capabilities of the supercapacitor. Flexible devices were
synthesized using amorphous nickel pyrophosphate micro-
structures. Its specific capacity was 145.8 mAh g�1,
105.0 Fg�1, and a retention rate of 90.5% after 6000 cycles. It
also could bend between 0 °C to 180 °C. They concluded that
the energy efficiency and device performance could use
improvement.[91] Nickel-cobalt phosphate was used to attempt
a flexible battery. This was accomplished by creating thin,
two-dimensional nanosheets of the material with an aqueous/
solid-state electrolyte. Bing et al., used a one-step hydrothermal
method and obtained a 1132.5 Fg�1 specific capacitance,
32.5 Whkg�1 energy density. They concluded that the device
was durable in a range of temperatures and would be worthy
of further research in energy storage.[92] Separately, ammonium
nickel-cobalt phosphate was synthesized using a two-step
hydrothermal method. Wang, et. al., focused on using
diffusion-controlled materials without the usual issue of
depressed power density. They reported a novel core-shell
composed of (NH4)(Ni, Co)PO6 ·0.67 H2O nanosheets @
single-crystal macroplatelets (NH4)(Ni, Co)PO6 ·0.67 H2O
(NCoNiP@NCoNiP). The device was found to have good
electrochemical properties and adequate power density.[93]

Also, cobalt phosphate was synthesized by Iqbal, et. al., using a
sonochemical and hydrothermal method. Its specific capacity
was 221.4 Fg�1, power density was 6800 Whkg�1, energy
density was 34.75 Whkg�1, and retention was 87.2% after
10,000 cycles. They concluded that the sonochemical ap-
proach, though novel, proved beneficial in controlling struc-
tural properties.[94] Bimetallic hollow phosphate was synthe-
sized and used for high supercapacitor performance. The
coating and controllable etching of the process leads to the
formation of a hollow structure (Figure 5). The hollow Co/Ni
phosphate nanocages exhibit a high specific capacitance of
1616 Fg�1 with 33.29 Whkg�1 energy density at 0.15 kWkg�1

power density.[47]

3.2. Bio-Applications of Metal Phosphates

Phosphorus plays a vital role in our body: (1)It is one of the
most fundamental components of nucleic acids, which make
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up genetic contents; (2) it is an essential component of body
fluid; and (3) it is used to produce proteins, teeth, and bone.
Almost all of the critical advances in the domains of biology
and biochemistry in the new century are intimately tied to
compounds containing phosphorus, opening up a very
appealing universe for phosphorus compounds’ use. Many
phosphorus-based inorganic nanomaterials have been devel-
oped and widely used in biomedicalapplications due to the fast
development ofnanotechnology.[95–99] Inorganic metal phos-
phates have numerous biomedical applications including drug
delivery and magnetic resonance imaging, alpha therapy,
colorectal cancer studies, and enhanced cytocompatibility and
osteogenic efficiency.

Transition metal phosphate hollow nanospheres with large
proportions of void space have gotten a lot of interest in drug
delivery and medical imaging markers. Hollow spheres have
many unique and superior properties to accommodate a large
amount of payloads and improve permeability. Calcium
phosphate possesses distinct biocompatibility with the ability
to attain a tailorable bio-absorbability and bioactivity. Various
trace elements are commonly found in biological systems’
hydroxyapatite (HA) materials. Zinc is a trace element that is
required forhuman health. It is the second most prevalent
transition metal in organisms after iron. It is also thought to
have antioxidant effects and suitable for immunological

system. The hollow hydroxy zinc phosphate nanospheres have
a high drug loading content of 16.28�0.44%wt. percent at
room temperature.[100] To back up this claim, TEM with EDX
(energy-dispersive X-ray spectroscopy) was used to analyze the
shape and elements of drug-loaded hydroxy zinc phosphate
nanospheres (HZnPNSs). The findings proved that the
medication had been put within the hollow spheres. The
therapeutic impact of medicine is directly linked to the drug
release behavior in the body. The usual pH of blood for
human survival is around 7.4, although the environment of
cells’ endosomes and lysosomes is more acidic. HA degrades
more slowly than hydroxyl zinc apatites. At mild temperatures
of no more than 25 °C, HZnPNSs were synthesized using a
bio-friendly and template-free technique. HZnPNSs have
efficient protein adsorption and a high drug loading capacity.
After oral delivery of lanthanum carbonate tablets to patients,
lanthanum can inhibit phosphate absorption by generating
lanthanum phosphate complexes. Hollow YPO4 with Tb3+

and Eu3+ dopant shows orange and green emissions under UV
excitation and also possess sustainable drug release with
excellent biocompatibility.[101] The chitosan-coated siRNA-
loaded lanthanum phosphate nanoparticles were prepared to
improve cancer treatment based on the pH-responsive release
of payloads. The excessive growth of lanthanum phosphate
was controlled by using polysaccharides and chitosan. As a
result, the lanthanum-based siRNA delivery system could be a
promising and effective therapy option for colorectal
tumors.[102,103] Figure 6 shows the preparation of siRNA-loaded
lanthanum nanoparticles where the decrease in pH value
increases the particles’ size. Similarly, the release of siRNA
from the nanoparticles was higher at lower pH (4.5) as
compared with higher pH (7.4).[103]

Magnetic resonance imaging (MRI) is a dynamic imaging
method that has offered excellent spatial resolution and
outstanding anatomical features of soft tissues without the use
of radioisotopes in both clinical and research applications. The

Figure 5. Synthesis of Ni�Co phosphate nanocages and their application as
electrode materials in supercapacitors. Reprinted with permission.[47] Copy-
right 2019 American Chemical Society.

Figure 6. Using hollow lanthanum phosphate for delivery of siRNA.
Reprinted with permission.[103] Copyright 2020 Elsevier Ltd.
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mostly used magnetic NPs such as MFe2O4 (M=Fe, Co, Mn)
in MRI produce a dark signal that can be confused with
bleeding, calcification, or metal deposits, potentially leading to
misdiagnosis. One of the most complex challenges in tumor
detection and treatment is identifying tumors from normal
cellular tissue and releasing medications selectively at the target
place. By utilizing the pH differential between the intracellular
and external environments, MRI-based cell tracking for
diagnosis can be accomplished. Hollow manganese phosphate
nanoparticles (HMP NPS) are amorphous and the release of
Mn2+ ions can be controlled by tuningthe pH of the solution.
The functionalized HMP NPs can be used as a multifunctional
probe for MRI-guided selective diagnostics and medication
delivery.[104]

Targeted alpha treatment (TAT) can kill tumor cells while
causing minimal collateral damage to healthy tissue. The
resistance to radiation damage of lanthanide phosphates makes
them promising candidates in radioimmunotherapy (RIT),
TAT, and imaging applications. The core-shell structure of
LaPO4 nanoparticles containing either 223Ra or 225Ra was
synthesized to study the ability to disintegrate into daughter
nuclei in vitro. It is found that the retention of Ra parents and
related daughters within core and core-shell is substantially
higher in LaPO4. As a result, the core and core-shell LaPO4

NPs could be used as radionuclide carriers in RIT, TAT, and
medical diagnostic imaging.[105]

3.3. Catalysis and Adsorbent

Vanadium phosphate-zirconium phosphate (VP-ZrP) nano-
composites were used for gas phase dehydration of glycol to
acrolein. Those catalysts were synthesized by the solid-solid
wetting method. The surface area analyzer revealed that the
total surface area and the pore size of zirconium phosphate
decrease on loading VP from 5–30% by wt. An active phase
was observed in highly dispersed form when an increase in VP
loading above 20% by wt. Temperature-programmed reduc-
tion (TPR) showed the greater reducibility of species contain-
ing lower VP loading. The selectivity of acrolein by VP
supported on ZrP decreased at first as compared to pure VP.
However, later, it goes on increasing when % by wt. of VP
increased from 5–20%.[106]

Guaiacol is widely used in dental pulp sedation and has the
special property of inducing cell proliferation and scavenger of
reactive oxygen species. Conventionally it was synthesized
from toxic, expensive agents. Transition metal (M=La, Ce,
Mg, Al, Zn) phosphates were successfully used to synthesize
guaiacol via a more economical and environmentally friendly
route. The alkylation of O-methylation of catechol (1,2-
dihydroxy benzene) with methanol gives guaiacol. Among the
used metal phosphates, cerium phosphate showed the highest
catechol conversion (80.3%). The catalytic performance of

cerium phosphate occurs in two cycles. At first, the perform-
ance goes on decreasing from 71.7% to 43.3% which gets
stable after 72 hours and finally increases again and reached up
to 66.5% due to regeneration of catalyst for the conversion of
catechol. In the second cycle, the performance of regenerated
cerium phosphate catalyst decreases from 66.5% to 37.8%
after a certain time of the stream. However, the selectivity of
guaiacol was less after the regeneration of cerium phosphate
than initially. Moreover, the catalytic activity of transitional
metal phosphate catalyst can also be studied by the acidity of
the catalyst.[107] Iron doped manganese phosphate(Fe�Mn:P)
synthesized through the hydrothermal method was used as a
heterogeneous electrocatalyst for electrocatalytic oxygen evolu-
tion reaction (OER) (Figure 7). The efficiency was compared
with nickel foam, IrO2 (commercially available), and manga-
nese phosphate in an alkaline solution. The greater activity
and higher stability of a-Fe�Mn:P catalyst towards OER in
alkaline solution was justified by the lowest overpotential of
252 mV at 10 mAcm�2, lowest Tafel slope value of
52 mVdec�1 and astonishing catalytic stability upto 20 hours
and finally maintaining93% of the initial value of current
density.[78]

Molybdenum phosphate (MoP) has metal ions in various
oxidation states, Mo3+, Mo5+, Mo6+ ions, and in some cases
their mixture. Such redox properties make them ideal catalysts
for partial or complete oxidation of hydrocarbons. Vanadium-
promoted molybdenum phosphate was used to study the
partial oxidation of methanol to formaldehyde. The increased
concentration of vanadium (10% and 20%) showed a separate
VP phase with characteristic platelet morphology. The bulk
reducibility studied by TPR analysis showed a substantialin-
crease in H2 consumption for both MoP�V10 and MoP�V20
in comparison with MoP and MoP containing less concen-
tration of vanadium. The higher vanadium concentration in
MoP enhanced the selective activity as compared to un-
prompted MoP.[108]

Nitrogen-doped metal phosphate was synthesized by
controlled calcination of synthesized metal ammonium
phosphate by a simple method. The metal-like (M=Co, Mn,
Nior Cu) were used to synthesize metal ammonium phosphate
and nitrogen-doped metal phosphate. Field emission scanning
electron microscopy analyzed the morphology of the synthe-
sized materials and revealed the flower-like morphologies in
both ammonium and nitrogen-doped cobalt phosphate(N-
CoP). The transmission electron microscopy images showed
the sheet-like structure constituting pore distribution. The
pore diameters are of 3–10 nm without the ordered pore
structure. However, in the case of N-MnP, the pores are at the
surface, and they are uniform. These pores are formed due to
the oxidation of amino groups during calcination. Among
these metal phosphates, cobalt phosphate was further studied
which showed good properties like low overpotential, small
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Tafel slope, and excellent stability. These properties showed
that N-CoP possesses outstanding oxygen evolution reaction
performance.[109]

Metal phosphates are widely used as a catalyst in electro-
catalytic reactions like HER and ORR, due to their large
radius, isotropic structure, and unsaturated surface area. Metal
phosphate/oxide possess high oxidation nature. The oxides can
be dissolved by using an acidic medium to create metal
phosphate as a true catalytic site for reaction. Moreover, mixed
metal phosphate or phosphide are also used due to their long-
time stability and well-dispersed form which possesses high
HER and ORR performance.[110] N-doped carbon-coated
hollow spherical metal phosphate (CoP/Co2P) was synthesized

by pyrolysis to study the electrocatalysis of water under alkaline
conditions. The result showed the highest stability towards
HER and OER at an overpotential of 125 mV and 273 mV at
a current density of 10 mAcm�2. Similarly, for ORR the half-
wave potential of 0.860 V or higher was obtained which was
36 mV higher as compared to Pt/C.[111] Heteroatom doped
NiP showed greater enhancement towards catalytic activity for
HER due to an increase in density of reactive sites as well as
regulating the adsorption/desorption capacity of reacting
intermediate.[112]

Co(PO3)2/MoO4/rGO metal phosphate was synthesized by
anion exchange and phosphating process which was used as a
catalyst for water splitting at 1.0 M KOH solution. The

Figure 7. (a) Synthesis of (A) Fe�Mn:Pi hollow nanospheres. (B-a) LSV curves in 1.0 m KOH, (b) Histograms of the overpotential at the current density of 10
and 100 mAcm�2 from LSV curves,(c) The corresponding Tafel slope plots of Fe�Mn:Pi, Mn :Pi, Ni foam, and IrO2 and d) Chronoamperometric measurement
of the OER at a current density of 10 mAcm�2 for a-Fe�Mn:P. Reprinted with permission.[78] Copyright 2020 John Wiley and Sons.
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overpotential for HER was found to be 140 mV and for OER
290 mV. The stability of samples after long-term use for HER
and OER was also higher than Pt/C and IrO2 respectively.[113]

Red P deposited on TiO2 hollow sphere was synthesized
through the chemical vapor deposition method. When the
experiment was performed, the HER was found to be 2.5
times higher than Red P and 11.1 times higher as compared to
TiO2. This is due to improved light-harvesting efficiency of a
hollow sphere, light absorbance of Red P, and improved charge
separation between TiO2 and Red P interface.[114] CoxP hollow
nanosphere embedded in N-doped carbon nanotubes were
prepared for the water-splitting reaction in 1.0 M KOH. The
result was found to be the overpotential of 118 mV for HER
and 256 mV for OER.[115] Another catalytic study was
conducted with hollow nickel phosphates synthesized by the
micelles template method resulting from three chemically
distinct triblock copolymers. The synthesized Ni�P material
was sub-50nm hollow nanospheres, which catalytically con-
verted p-nitrophenol to p-aminophenol.[33] Using ethylene
diamine tetra(methylene phosphonic acid), a hierarchically
porous shell of hollow manganese phosphate microsphere was
synthesized by a template-free hydrothermal method which
can be used as a binding site for heavy metal adsorption like
Cu2+ ions and protein adsorption due to its outstanding size
selectivity. These outstanding results explore the application of
microspheres in the purification of heavy metals and pollutants
from water.[116] The aluminum phenylphosphonate with an
anionic core and a cationic shell can adsorb cationic dyes and
anionic inorganic complex as shown in Figure 8.[117] The
oxidation-reduction capacity of iron (Fe3+/Fe2+) to metal ions
makes the iron phosphate an ideal adsorbent for metal
ions.[118,119] Iron phosphate synthesized via co-precipitation

method has been used to adsorb uranium from wastewater.[120]

The spectroscopic technique reveals that the adsorption is
mainly driven by adsorption-reducation mechanism and co-
ordination complex formation between adsorbent and metal
ions.

4. Conclusion and Future Perspectives

The detailed challenges and synthesis procedures for hollow
transition metal phosphates along with their various applica-
tions were explored in this review. Precipitation reaction
between the metal and phosphate ions, superfluous aggrega-
tion, and appropriate phosphate precursors persist as the focal
challenges in attaining applicable hollow metal phosphates.
Despite the synthetic challenges, hollow nanomaterials retain
enthralling structural features of high porosity, low mass
density, large surface area, and an increase in the contact area.
Therefore, more focus should be drawn to the established
synthetic approaches and modified to the production of more
hollow metal phosphates with enhanced functionality and
diversified applications. Proper template selection allows
controlling the void space and shell thickness of hollow
particles. Using low molecular weight surfactant supports
inducing micro/mesopores on the shell. The through porosity
on the shell with hollow voids improves the aforementioned
application as the molecules or ions can diffuse in and out of
the hollow voids easily. One of the challenges during synthesis
is controlling the rapid precipitation reaction between metal
ions andphosphate ions. This leads to the formation of
unnecessary agglomeration which not only precludes the
formation of controlled fine structure but also decreases the
surface area. The strategically designed block copolymer could
be used to overcome these issues by strongly binding the metal
ions and controlling the mineralization of metal phosphate in
the polymeric system. The laboratory synthesized stabilizers
and templating agents give the targeted structure, as its
chemistry can be easily controlled. However, it is expensive
and difficult to scale up. The continuous efforts and
resourceful investigation show the easy and cost-effective way
to synthesize hollow transition metal phosphate. For the
applications, the hollow structure should satisfy multiple
requirements depending on where they are being used.
Biodegradability and biocompatibility are major challenges for
bioapplications. Modification or functionalization of metal
phosphates can be done to enhance their efficacy.
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Figure 8. (a) The structure evolution mechanism of aluminum phenyl-
phosphonate microsphere, (b) cationic methylene blue and (c) anionic
binuclear cobalt phthalocyanine ammonium sulphonate adsorption using
different aluminum phenylphosphonate microsphere.[117]
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