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Prussian blue and its analogues as functional
template materials: control of derived structure
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Hexacyanometallates, known as Prussian blue (PB) and its analogues (PBAs), are a class of coordination
compounds with a regular and porous open structure. The PBAs are formed by the self-assembly of
metallic species and cyanide groups. A uniform distribution of each element makes the PBAs robust
templates to prepare hollow and highly porous (hetero)nanostructures of metal oxides, sulfides, carbides,
nitrides, phosphides, and (N-doped) carbon, among other compositions. In this review, we examine
methods to derive materials from PBAs focusing on the correlation between synthesis steps and
derivative morphologies and composition. Insights into catalytic and electrochemical properties resulting
from different derivatization strategies are also presented. We discuss challenges in manipulating the
derivatives' properties, give perspectives of synthetic approaches for the target applications and present
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from PBAs have already been described.*'* Calcination

1. Introduction
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Prussian blue (PB) is a well-known classic coordination
compound that has risen from an old painting pigment to
a widely studied electrode material.' PB and its analogues
(PBAs) combine the presence of redox-active metallic species
and an open porous structure that can accommodate ions with
little or no volumetric change. Such characteristics are attractive
for energy storage, catalysis, sensing, and biomedical applica-
tions, among others.>” Recently, PBAs have gained growing
interest as a template material for preparing porous deriva-
tives.*” By providing metal species, carbon, and nitrogen from
cyanide ligands combined with a well-structured, stable, and
highly porous framework, they enable sacrificial templating (or
template-engaged/self-template) methods. Templating is a very
effective tool to synthesize more complex porous and hollow
structures, and many different (hetero)nanostructures derived
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methods produce oxides,"™ while annealing generates
carbides,**** alloys,'®"” or metal nanoparticles with different
compositions.'®?* Pre-treatments can regulate the morphology
of the derivatives or introduce heteroatoms.**>*

Nevertheless, fast and simultaneous reports within the past
few years have led to many PBA derivative (hereafter referred to
as PBDs) compositions and morphologies with little control
over the product, where even different derivatives are obtained
under similar processing conditions. This lack of under-
standing of how PBA characteristics and the derivatization
process affect the composition, structure, and morphology of
PBDs, makes the control and prediction of the final product
a current challenge. Despite that, PBDs perform very well in
electrocatalysis, batteries, and capacitors, far surpassing coun-
terparts obtained by different methods. A comprehensive
summary of the PBA derivatization methods and correlation
with PBD composition, morphology, and properties is particu-
larly interesting in this context.

Most reviews on PBDs focus on specific applications such as
energy storage,**'®** catalysis,’**® and the environment.’
Nevertheless, very few describe the synthetic methods to obtain
PBDs; noteworthy are the compilation of Fe-based PBDs
prepared by Li et al.,** and the revisions of Zakaria et al.*” and
Azhar et al.*® that largely focus on PBA modification prior to
derivatization. The growing chemical compositions and struc-
ture complexity described for PBDs require an overview of the
synthesis routes and steps and the approaches utilized for each
composition group (oxides, sulfides, carbides, etc.).
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In this review, we introduce the concept of using the PB
family of compounds as template materials and present their
characteristics and advantages, and their potential to be used as
precursors for novel materials. In addition, we will examine the
strategies adopted in the PBA synthesis to create specific
template structures. The different derivatization methods will
be summarized in terms of composition and morphology,
addressing the approaches for introducing additional elements
and creating complex structures. This will provide a guide map
for the derivatization of new compositions and gives a better
insight into planning the synthesis route for the intended
application. As many of the derivatives are used as catalysts and
energy storage electrodes, some examples of different process-
ing methods for PBD fabrication and the effect of the steps and
the attained morphology on the performance in these specific
applications will be demonstrated. Finally, we will elaborate on
the key aspects of PBA templating that dictate the composition
and morphology of the derivatives and will discuss the chal-
lenges in achieving control over material design.

PRUSSIAN BLUE: STRUCTURE

E FROM PBA TO PBD

1. Pre-treatment

morphology control

Fig. 1

2. Derivatization

chemistry control
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2. Prussian blue and its analogues as
template materials

Prussian blue is the oldest reported coordination compound,
yet it is still the subject of intense research to the present day.®
PB was initially discovered as a pigment at the beginning of the
18th century. However, after its structural characterization and
discovery of its redox properties in the 1970s,”>*° this material
found interest in other areas of application such as (bio)sensors
and absorption, filtration and purification, energy storage and
conversion, and drug delivery, among others.*'~**

As coordination compounds, the primary structure of the
PBA family is based on two metal centres bridged through
cyanide ligands in an octahedral arrangement, formally deno-
ted as hexacyanometallates. A PBA presents a general formula
AM[M'(CN)s],(0;_, -nH,0, where M and M’ are transition
metals coordinated to the nitrogen and carbon of CN ligands,
respectively (Fig. 1A); A is normally an alkali cation, [ stands

ow
e C
e N

o m

& water

final tuning

(A) Theoretical PBA lattice. (B) Defect-free “soluble” PBA with alkali ions in the lattice. (C) “Insoluble” PBA lattice with defects and water

molecules filling the defect sites. (D) PBA characteristics useful for templating and the parameters affecting the PBD properties. (E) The proposed
approach for PBD derivatization in three steps, and the main feature of each step.
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for possible lattice vacancies, and coordinated water can even-
tually occupy defects or uncoordinated sites. In the case of PB,
the metal centres are Fe(mr) and Fe(u) species, resulting in the
formula AFe™'[Fe"(CN)g]. The defective and alkali-free structure
is often referred to as insoluble, while the highly organized and
alkali-containing one is defined as soluble PB (Fig. 1A-C)."
These terms do not correlate with PBA solubility in water or
solvents. The cubic structure formed from the octahedral
coordination of both metals leads to a porous framework, while
the strong bonding energy of the cyanide ligands gives rigidity
to the material.** During redox reactions of the metallic centres,
ions can be stored in the porous lattice, while the structure
rigidity prevents significant strain or expansion, enabling stable
ion insertion processes.*> The properties and the size of the
interstitial sites can be tuned by the metal character through
replacing one or both Fe centres with several other transition
metals such as cobalt, manganese, and nickel, leading to
PBAs.** These characteristics combined allow a PBA to be
selective towards specific ions, which has significant implica-
tions on its application performance and possibilities.’”*

In 1984, Itaya et al. demonstrated the catalytic effect of
Prussian white (PB reduced form) on H,0, reduction, which led
to almost 40 years of exponential research on PB in analytical
bio-sensors.* As a consequence, novel PBAs were described,
bringing new electrochemical properties that naturally diversify
PBAs' application as electrode materials. Much of PBAs
outstanding performances arise from combining (multi)
metallic centres and the described open framework structure,
often compared to metal-organic frameworks (MOFs). Unlike
MOFs, PBAs are water and air-stable under standard ambient
conditions,*® are easy to synthesize, and present a high
concentration of redox-active species per cell volume. In addi-
tion, the short cyanide ligands create easy access to the metallic
species while holding the structure, which is often a drawback
of the bulky ligands in MOFs.*** Though restricted in terms of
ligand nature, PBAs with many different combinations of
transition metals have been described.'*

An appealing characteristic of PBAs to be used as a template
is that they are biocompatible.”® At the same time, their
synthesis is normally performed by a fast, easy, and water-based
co-precipitation method using relatively cheap precursors. It is
cost-effective and shows a high degree of sustainability. The co-
precipitation synthesis of PBAs generally consists of the drop-
wise addition of an MX salt solution (X = Cl~, NO; ™, SO,>", etc.)
to a solution of Ag_[M™(CN)s]. The M ion coordinates to the
[M*(CN)e] unit, while A ions can be incorporated into the
structure in a generic reaction that can be expressed as:

My+(aq) + [M,x+(CN)6](67X)7(aq) + (6 - X = J/)A+
- (A(Gfxfy)M[M/(CN)G]y'nHZO)S

Parameters like the concentration of precursors, pH,
temperature, and mixing rate, among others, influence the
composition, crystallinity, defect content, and particle size.****
Surfactants or carbonaceous materials are often added to
control the shape or reduce the particle size. In contrast,

This journal is © The Royal Society of Chemistry 2023
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additional M salts can be added during co-precipitation to
produce more complex compositions,*>*® resulting in a gradient
composition between two (or more) PBAs.’** An intrinsic
parameter that affects the particle size is the solubility of the
PBA and therefore, its formation speed. This must be consid-
ered while changing the chemistry of the PBA and designing its
size and morphology. The solubility difference can itself be used
to stabilize unstable PBAs. For example, a core-shell PBA on
PBA structure can be synthesized by covering soluble vanadium
hexacyanoferrate (VHCFe) with copper hexacyanoferrate
(CuHCFe), which has a lower solubility.** The synthetic
approaches and the interplay of the controlling variables over
PBA characteristics and morphology are extensively reviewed.
These will not, therefore, be discussed in depth here.*®*>
Nevertheless, understanding PBA synthesis and particle growth
is of great importance, as well as understanding their versatility
in composition and morphology, as they influence the PBDs
derived from such materials. Therefore, we recommend that
anyone interested in the PBD topic investigate PBA synthesis
literature to be able to successfully tailor PBDs.

PBA characteristics are often pursued in electrode materials,
such as metal oxides and sulfides. Nano and microporosity are
well known to benefit the electrochemical properties of mate-
rials as they increase the surface area, facilitate ion transport
and improve electron mobility. Complex synthetic methods are
often developed to achieve highly porous/hollow morphologies
of well-known electrode materials and to improve perfor-
mance.*>* In this context, PBAs have recently started to be used
as templates to produce porous derivatives (Fig. 1D). Since the
PBA structure benefits from the presence of C, N, and metallic
elements, it can also accomplish self-templating.

Derivatization of PB and PBAs can be performed via
multiple approaches, but thermal treatment is mostly used
due to its versatility. By controlling the temperature and
atmosphere, for example, using a carrier gas that reacts with
the PBA, the derivative chemistry can be altered in various
ways. Therefore, carbides, metal-containing compounds, or
simply metal alloys can be derived through thermal treatment.
Other methods, such as liquid and hydrothermal syntheses,
have also been used to derive metallic compounds and show
the diversity in the synthesis of PBDs, however, with far less
extent compared to the thermal procedures.?” The next section
will provide an overview of the PBA derivatization strategies
and steps through which different morphologies and compo-
sitions can be obtained.

3. PBD synthesis strategies

Synthesis of PBDs can be very versatile and sometimes lengthy;
however, they can be roughly broken down into three main
steps: pre-treatment, derivatization, and post-treatment. The
derivatization is the key step, and it is defined here as the step
that causes the conversion of a PBA into other materials (oxides,
sulfides, carbides, etc.). Often a pre-treatment is performed
before derivatization, occasionally followed by post-treatment
to complete the entire procedure. Each of these steps is
chosen strategically to result in a specific attribute of the

J. Mater. Chem. A, 2023, 11, 10473-10492 | 10475
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Table 1 Process steps and methods to achieve PBDs and their key features and limitations
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Step

Method

Features

Limitations

Pre-treatment;
modification of PBA
characteristics

Derivatization;
conversion from
a PBA to a PBD

Post-treatment; final
tuning of
composition and
morphology

material, such as the morphological, physical, or chemical
properties, and aid the material's performance in its target
application. Each step can be taken via a single or multiple

10476 | J. Mater. Chem. A, 2023, 11, 10473-10492

Template

Directed growth

Etching

Ion exchange

Coating

Hybrid/composite

Thermal

Hydrothermal

Liquid

Etching

Thermal

Composite

Control of the macrostructure

“Cubic-free” morphology possible
Addition of new components/more complex
composition

Hollowness possible

Control of the microstructure (normally by
using salt/surfactants)

Normally achieved in one step

High parameter sensibility: fine-tuning
Hollowness and porosity possible (also
combined with etching)

Added porosity and/or hollowness

Time-dependent morphology: fine-tuning
Combined with directed growth for
morphological control

Preparation of non-stable PBAs

More complex M/M’ compositions

Additional metals can be incorporated
Combined with etching for control of exchanged
ions and/or added porosity

Control of the particle size

Incorporation of additional elements that can
be used in the derivatization step

Protection against coarsening in derivatization
Added functionality to PBAs and PBDs

Added components can direct PBA growth but
are not further removed

Accomplishes the widest variety of chemical
compositions

Time- and temperature-dependent
compositions: tuning possible

Possible porosity due to PBA shrinkage

Control of porosity through reaction time

Larger variety of precursor salts

Less energy intensive

Can be combined with an acid/base for added
porosity and hollowness

Can produce an M'-free PBD with the aid of S-
containing salts

High complexity in morphology and metallic
composition

Can replace an N-coordinated metal

Carbon products through metal leaching
Addition of porosity and/or hollowness
Removal of specific metallic species
Improved crystallinity

Achieved carbon graphitization

Added functionality to PBDs

Versatility in composition and morphology
Can support PB as a substrate

Multi-step/time demanding
Possible unwanted elements from the template

Less morphology variety than templates
(cubic-derived morphology only)
High parameter sensibility: difficult to control

High sensibility to media and PBA
characteristics

Etching process depends on PBA crystallinity
Particles >100 nm to avoid structure collapse
Normally requires a combined hydrothermal
process

Limited to specific ions (normally oxide/
hydroxide salts)

Not all metal species can be exchanged
Generally limited to N-coordinated metal

Normally limited to carbon coatings
Sometimes, multi-step process/time demanding

Not always homogeneous component
distribution

Possible reaction of an added component in the
derivation process

Possible loss of morphology, especially at high T
(coated samples can help mitigate)

Less control over product than liquid-driven
methods

Sublimation or salt decomposition required for
added elements (F, P, Se, etc.)

Less variety in compositions compared to
thermal

Generally longer than thermal

Normally requires a subsequent thermal step to
add crystallinity

So far, limited to hydroxides

So far, limited to pristine cubic PBAs

Slower process

Can cause morphology collapse

Not all metals can be easily or selectively
removed

Can cause morphology collapse

Can modify composition during crystallization
Lower interaction between the added
component and PBD compared to pre-treatment
Additional steps/time demanding

processes. For example, two pre-treatment strategies or two
steps of derivatizations can be used. However, adding each step
brings an extra challenge while extending time and energy

This journal is © The Royal Society of Chemistry 2023
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demands. Pre-treatment steps are usually employed to control
the morphology of the PBA, but morphology engineering is
realizable only on particles with a minimum size to tolerate
intricate architecture. Derivatization is the main step in
defining PBD chemistry. However, this change in chemistry
needs a high degree of control on process parameters to
preserve the structure designed by pre-treatment. At last,
post-treatment steps are used to fine-tune the product by
etching away unwanted products or adding porosities, but
this comes at the cost of high temperatures or the use of harsh
acids. Therefore, understanding the full journey from a PBA
to a PBD is essential to design an effective derivatization. A
summary of the derivatization steps and methods covered in
this review and an overview of their key features are described
in Table 1.

3.1 Pre-treatment

Any treatment procedure that retains the PBA character, that is,
being a hexacyanometallate, is considered a pre-treatment.
Here, we summarize the strategies used in the pre-treatment
to alter the PBA morphology and composition and make it
ready for derivatization. These can be divided into templating
and directed growth, etching, ion exchange, coating, and
composite formation (Fig. 2A). We provide examples of the
synthesis of PBA particles that were further used to prepare
PBDs. The work on composition, morphology, and size control
of PBA particles is extensive. Many pioneering and outstanding
examples were left out simply because there is no work on
producing PBDs from those structures, in particular, the
anisotropic growth of PBAs to produce sheets, tubes, rods, or
other nanostructures.**** Most of the reported studies and the
examples presented here are PBDs with cubic-derived
morphology. This is evidence that many possibilities in PBD
research remain unexplored.

3.1.1 Templating and directed growth. PBAs are sometimes
synthesized through the templating strategy to control the
particle shape and size. The templated PBA is then used as
a template to form the PBD. Most PBAs naturally grow as cubic
particles ranging from a few nanometers to a few micrometres,
depending on the synthesis parameters such as solution
concentration and temperature. The PBA templating strategies
can act in two directions: introduce porosity and hollowness in
the particle microstructure, or direct the macrostructure of the
bulk material. PBAs can grow around the template material that
is afterward removed to create hollow structures. This can be
done, for example, through soft-templating by the use of poly-
mers and surfactants, which are further removed, leaving
a hollow PBA shell. By using different surfactants in Co(NO3),
solution, Liu et al. were able to prepare different morphologies
of cobalt hexacyanoferrate (CoHCFe).*® The nature of the
surfactant can direct how the particles will grow. In this
example, sodium dodecyl benzene sulfonate (SDBS) forms
droplets covered by the cobalt salt, leading to CoHCFe-covered
SDBS spheres (Fig. 2B and C). Sodium dodecyl sulfate (SDS)
covers the particle surface, producing SDS-covered CoHCFe
cubes. Upon heat treatment of the PBA to produce FeCo oxides,

This journal is © The Royal Society of Chemistry 2023
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the surfactant is removed, leading to porous cubes, hollow
spheres, or nanoparticles.>®

Hard templating has also been used to regulate the micro-
structure. Hard templating has the advantage of more flexibility
in terms of shape and size due to the rigid structure compared
to soft templates. Traditional methods like coating silicon
particles and subsequent etching with acid can be employed for
this. Nevertheless, a better way to induce hollowness and
porosity is by using sacrificial templates, where the particle also
takes part in the PBA reaction and is consumed, leaving an
empty core. For example, Nai et al. prepared CoHCFe nano-
frames in the presence of trisodium citrate.*® Initially, typical
cubes of CoHCFe are formed. However, with increased reaction
time, the inner part of the cubes is consumed and reprecipi-
tated at the edges of the original cubes, producing porous
frames after 36 h of reaction. The citrate plays a key role as it
protects the (100) faces of the cubes, leaving exposed reactive
(110) edges. The size of the precursor cubes and the size of the
resulting frames could also be tuned by using the concentration
of the reactants. They observed that the soluble K-rich phase is
the preferred structure at the frames compared to the inner
cube, resulting in a less defective material.

Preferential growth engineering is a common approach in
pre-treatment, and tailored morphologies can be synthesized
based on the coverage of certain edges or faces of the crystal. For
example, Nai et al.’” explored epitaxial growth in CoHCFe to
result in intricate structures such as frames, cages, and boxes.
In this study, the initial PBA is formed rapidly, but over a longer
holding time, a K-rich CoFe PBA starts forming on top of the
original CoHCFe cubes. Due to higher activity at the corners and
edges, the second phase starts nucleating from these sites. A
higher growth rate was observed in the presence of PVP, and full
coverage of the PBA template forms cages. Different citrate
concentrations at this stage further ripened the shell into a solid
or open frame. The authors explain the different morphologies
by the different planes that PVP ([100]) and citrate ([111])
protect, and the influence of concentrations on the growth
kinetics (Fig. 2D-F).*”

Hard templating is a common approach for tuning the
macrostructure of the particles. The template can function as
a substrate for the growth of the PBA material, for example,
using layered structures like graphene or MXenes to create PBA
sheets, or wires to create PBA core—shell fibres or hollow tubes.
Wang et al. used a nickel foam to grow different metallic
structures like Co3O, nanosheets, Cu(OH), nanowires, or
Ni(OH), nanoparticles.”® These materials were used as metal
precursors to form different PBAs at the surface of the macro-
structure. In this case, the template is not removed and takes
part in the derivatization process, resulting in highly porous 3D
structures.*® This is a common strategy to guarantee that the
template actively acts as a structure support, source of elements,
or results in conductive carbon species.

3.1.2 Etching. Etching of a PBA is normally performed to
achieve porosity and hollowness because this characteristic is
desired in many applications for its high specific surface area.
In the etching process, the etchant acts on the most reactive or
weakest part, normally the corners or edges, producing cages.

J. Mater. Chem. A, 2023, 11, 10473-10492 | 10477
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Porosity, hollowness
Bl Change in chemical
temperature composition

Improve conductivity, prevent
aggregation, additional elements

concentration

surfactants

Complement/aid properties

Examples:

TEMPLATING/DIRECTED GROWTH COATING

Fig.2 (A) Strategies to modify PBA particles before derivatization, with the common target results. These treatments are performed in parallel to
the synthesis parameters such as the pH, temperature, or concentration of the salts. (B) Co—Fe PBA precursor and (C) resulting porous spheres
prepared by soft-templating. Reproduced from ref. * with permission from the Royal Society of Chemistry. (D—F) Directed growth of the
CoHCFe precursor after resting in the presence of trisodium citrate. Reproduced with permission from ref. . Copyright 2018 Elsevier. (G-1)
Etching procedure of the cubic precursor in the presence of HCI*® and (J and K) in the presence of ammonia.? (G-I) were reproduced from ref. *°
with permission from the Royal Society of Chemistry. (J and K) Were reproduced with permission from ref. 2. Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (L and M) TEM images of MnHCFe after the reaction with Co(NOs), in the absence (L) and presence (M) of C,HsOH
creating porous CoHCFe cubes. Reproduced with permission from ref. 62. Copyright 2021 Elsevier B.V. (N) Cubic precursors before and (O) after
cation exchange due to the solubility difference. Reproduced with permission from ref. 22. Copyright 2021 Wiley-VCH GmbH. (P) SEM image of
the PB precursor and (Q) TEM image of core—shell spheres after coating with resorcinol formaldehyde. Reproduced with permission from ref. 7.
Copyright 2019 American Chemical Society. (R) NiCo arrays on carbon cloth as a substrate before and (S) after PBA cube formation. Reproduced

with permission from ref. 7. Copyright 2019 Elsevier B.V.

However, protective agents like polymers or surfactants can
direct the etching process, for example, toward the cube faces,
producing frames, or the interior, leading to hollow cubes. One
of the first studies on the selective etching of PBAs was per-
formed by Hu et al., where the faces of PB cubes were protected
by cetyltrimethylammonium bromide (CTAB), creating elon-
gated cuboids in the presence of HCL.*® In the absence of CTAB,
the etching is random, while with its presence, a selectivity is
observed for directional etching. In Fig. 2G-I, the etching of the
cubes from corners, which have higher energy, is shown over-
time, leading to the elongated-cube morphology, while faces are
protected by CTAB (Fig. 2I). Similarly, hot etching of PB meso-
crystals in the presence of polyvinylpyrrolidone (PVP) can
produce hollow particles.®® In this method, mesocrystals and
PVP were strategically chosen to promote the etching inside the
particles. In comparison, single PB crystals are defect-free and
do not have a high energy grain boundary to let the HCI mole-
cules diffuse inside the particles. Therefore, the etching starts at
the surface and creates superficial voids. The role of PVP is to
bind with the iron atoms in PB and control the etching rate. A
thicker PVP layer inhibits etching, while too little PVP cannot

10478 | J. Mater. Chem. A, 2023, 11, 10473-10492

guarantee the uniformity of the hollow particles. Depending on
the particle size and temperature, these particles can be trans-
formed upon calcination into different phases of iron oxide.*
Most PBAs are unstable in basic media. Thus, using bases like
NaOH or NH,OH became common to etch them. Nevertheless,
the presence of OH™ can start the simultaneous formation of
metal oxide/hydroxide, directly leading to PBDs.? Therefore, the
concentration, temperature, and/or etching time must be
carefully controlled. The use of ammonia has consistently been
demonstrated to preferentially etch the corners of the cubic
structures of different PBA compositions, indicating a reliable
way to form hollow cages.?**

Fig. 2] and K showsan example of nickel hexacyanoferrate
(NiHCFe) cages produced by ammonia etching.* As the etching
depends on defect density, a less crystalline PBA will induce
a faster etching rate, leading to over-etching and collapse of the
cubes at prolonged etching times.?® Due to the increased surface
area, hollow particles are attractive for improving the perfor-
mance in applications directly affected by the available surface
area and mass diffusion. Consequently, etching has been
further developed and utilized with other synthesis conditions,

This journal is © The Royal Society of Chemistry 2023
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like milder etchants such as urea.”® The control of the etching
rate is a crucial part of tailoring the morphology, producing
uniform hollow/porous particles, and avoiding structure
collapse during the etching or derivatization step. For added
control of the chemical composition of the PBA, etching can
also be carried out along with ion exchange.

3.1.3 Ion exchange. The ion exchange process is a solu-
bility- and equilibrium-driven method to modify the PBA
chemical composition and comprises two sub-categories of
anion and cation exchange. Most of the time, this process also
changes the morphology, creating core-shell structures, hollow
particles, or other hierarchical structures. Similar to etching,
depending on the conditions, ion exchange can also directly
lead to PBDs rather than simply modifying PBA characteristics,
for example, with NaOH treatments, as will be discussed
further.® The advantage of the PBA co-precipitation method is
that one PBA can be a seed for the growth of a second PBA
composition, creating core-shell structures. The difference in
solubility of the two phases promotes ion-exchange processes,
which can change the morphology by creating yolk-shell or
completely hollow materials. The difference in PBA solubility
compared to that of other metal salts can also be used to
prepare PBA compositions that are normally not stable by direct
co-precipitation. For example, cobalt in cobalt hex-
acyanocobaltate (CoHCCo) can be partially exchanged for Mo by
adding MoO, to a CoHCCo suspension® (Fig. 2N and O). Mo
occupies the M-NC sites due to the weaker character of the Co-
NC bond compared to that of Co-CN. This site occupancy later
plays an essential role in the derivatization process, leading to
a hybrid composed of Mo,N and Co;0,. In PBAs, the coordi-
nation of the metal to the carbon of cyanide has a much
stronger character than the one to nitrogen. Therefore, in many
ion-exchange strategies, only the M-NC can be replaced in the
original structure. Even in the case of complete dissolution of
the PBA to react with the salt additive, the new metal ion will
react with the [M”*(CN)e]®~*)~ unit, retaining the M'~CN char-
acter. Zhang et al. combined etching with ion exchange to
modify chemical composition while creating porosity.** When
cubes of nickel hexacyanocobaltate (NiHCCo) are mixed with
ammonia, the corners are etched, creating hollow cages. At
prolonged times, the etching continues at the edges until the six
cube faces are separated, leading to plate-like morphology. If
palladium salt is mixed with NiHCCo and ammonia, Pd ions
partially replace Ni (as they are coordinated with nitrogen).
Interestingly, ion exchange accelerates the morphology change
caused by ammonia, directly leading to PANiHCCo plates rather
than hollow cages. Even if the NiHCCo cubes are first etched
and then mixed with Pd, hollow cages cannot be accomplished,
indicating that ion exchange preferentially takes place at the
edges, causing dissolution and collapse of the cubes. A similar
cation exchange based on this principle was conducted by
synthesizing a more soluble manganese hexacyanoferrate
(MnHCFe) and then adding cobalt nitrate that replaced Mn
atoms to form CoHCFe in the presence of C,H,OH (Fig. 2L and
M).** Ion-exchange in this way can be regarded as similar to the
templating method, and the initial PBA before ion-exchange is
regarded as the sacrificial template.

This journal is © The Royal Society of Chemistry 2023
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3.1.4 Coating and surface modification. The coating of PBA
particles is performed to improve the electrical conductivity of
PBDs as most of the derivatives, like metal oxides, or sulfides,
have intrinsic low conductivity. As a secondary effect, the
coating can also prevent particle aggregation and coarsening
during derivatization.®® Some studies report the successful
capitalization of carbon atoms of cyanide ligands as the source
to produce conductive carbon within the PBDs.** Nevertheless,
this is achieved under specific and mild conditions like low
temperature (<400 °C) and a N, atmosphere, which is unsuit-
able for most derivatization processes. Therefore, the coating
step is usually performed with a carbon precursor that can later
be converted into a conductive carbon shell. The coating can be
performed by using polymers that bind to the material. This
binding ability can be an inherent property of the polymer or
has to be facilitated by treating the surface and adding elements
that ease the attachment of the coating precursor to the
substrate. Two main examples are resorcinol formaldehyde (RF)
and polydopamine (PDA).***” RF can be used as a shell on PBA
particles to produce core-shell morphology (Fig. 2P and Q).
These particles can then be converted to a yolk-shell by heat
treatment. A RF resin shell can be implemented on particles by
using a surfactant, such as CTAB, that is stabilized on the PB
particle surface and promotes the polymerization of resorcinol
and formaldehyde.®” Coating with PDA can be performed in
a single step and simultaneously with PBA co-precipitation.®>®
This is due to the self-polymerization of dopamine hydrochlo-
ride through its oxidation in the presence of Fe** or some other
oxidized metals. The polymerization takes place by non-
covalent bonding of Fe*" and catechol. The pH of the solution
or the presence of oxidative agents further promotes polymeri-
zation kinetically and thermodynamically.®

A recent study observed that the incorporation of a PDA
affected the particle size and material composition. In the
synthesis of CuHCFe, the presence of a PDA coating stabilized
potassium in the PBA crystal, which subsequently affected the
final derivative composition.®® Electrospinning is also an
adopted strategy to cover the PBAs with polymeric carbon
precursors. By dispersing the synthesized PBA particles in the
spinning solution, fibres of PBAs embedded in a carbon matrix
are produced. Upon heat treatment, the particles are converted
into the targeted PBD, while the fibres can carbonize and form
a network of conductive carbon.®®*7”® Besides acting upon
conductivity, the PBA surface can be modified or coated with
other materials that provide extra elements in the derivatization
process. For example, adding thiols to the material can provide
a source of sulfur to produce PBD metal sulfides.”* Anchoring
metal precursors can alter the metallic derivative's composition
and morphology. For example, COHCCo cubes are modified
with Ni(OH),, creating a core-shell composition. Upon sulfi-
dation, both materials are converted, creating a CoS,@NiS,
hierarchical structure rather than a homogeneous mixture of
CoS, and NiS,.”>

3.1.5 Composites and hybrids. Creating composites or
hybrids with other materials that do not necessarily change PBA
particles but rather act as a support or active material in PBD
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application is one of them. For example, carbon nanotubes
(CNT), carbon cloth,” graphene,”®”” and nickel foam,*®”5-
among others, can act as a substrate for particle growth or
simply anchoring. In cases where direct anchoring of PB on the
substrate is impossible or inefficient, a second substrate can be
used. Fig. 2R and S show an example where NiCo arrays were
first formed by a hydrothermal procedure on carbon cloth, and
then NiHCCo was formed on the arrays.” These substrates are
rather stable up to high temperatures and do not actively
change PBA particles nor modify them upon derivatization.
However, they act as a support for a PBD material while
improving mechanical and electrical properties. Materials with
target properties can also be added that do not necessarily
decompose or react during the derivatization process. Wang
et al. modified the surface of PB cubes with CeO, nano-
particles.®* The modification occurs through a redox reaction
between Ce(OH)**, formed due to hydrolysis of hexamethy-
lenetetramine, and Fe() species of PB. This mechanism leads
to an intimate interaction between the as-produced CeO,
particles and the PB surface, preventing the aggregation or
segregation of the particles during heat treatment.

3.1.6 Other approaches. Simply modifying PBA synthetic
conditions can also significantly change the morphology or
composition. For example, by varying the ratio between Co>*
and [Fe(CN)g]>” in solution, the morphology of CoHCFe can
progress from rounded cubes to nanoframes.®” At the same
time, increased ageing time can lead to hollow particles, which
is possibly a greener alternative to the etching methods. Most of
the PBA studies rely on co-precipitation. There are alternative
synthetic methods for PBA preparation, for example, electro-
deposition which can better control particle size, or the hydro-
thermal method, which can tune porosity. Wang et al'
controlled manganese  hexacyanocobaltate = (MnHCCo)
morphology and porosity by varying reaction times during
hydrothermal processing. The particles evolve from rounded
cubes to cross-shaped etched faces.”® The morphology is then
retained upon pyrolysis. In this case, no pre-treatment per se is
applied, but the PBA synthesis is rationally designed. As previ-
ously mentioned, the synthetic routes for controlling PBA
composition, growth, and morphology are plenty, and many (if
not most) of them remain unexplored for PBD synthesis.”® The
combination of the synthesis routes and parameters with pre-
treatment methods gives space for improving the control over
PBD morphology and composition and better tuning of their
properties.

3.2 Derivatization

We define derivatization as the step in which a PBA is used as
a template/precursor and converted into another material. The
two widely adopted methods are hydrothermal and thermal
syntheses, through which many chemical compositions can be
derived. They are usually relatively simple and fast methods
with great scalability potential. Liquid methods are far less re-
ported. However, they enable complex compositions and
morphologies. The following metallic compounds have been
reported as derivatives from PBAs: carbides, oxides, sulfides,
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fluorides, hydroxides, nitrides, phosphides, phosphosulfides,
selenides, and selenophosphides. In addition, metal alloys or
pure metals and carbon can be derived from PBAs by extra
steps, besides composites or hybrids within these composi-
tions. A primary factor separating each group of compounds is
the temperature of the treatment. Because they have different
thermal stabilities, one can control the dominant phase by
controlling the temperature. Both thermal and hydrothermal
treatments can be used for lower-temperature treatments, but
only thermal procedures can be conducted for higher temper-
atures. The final chemistry of the derived compound depends
on the environment during derivatization, besides the (pre-
treated) PBA composition itself. In thermal treatments, the
atmosphere can carry the reactive element, for example, oxygen
(in synthetic air or O,) or nitrogen (in NH,). It can also be
a carrier of the reactive material typically placed upstream in the
furnace or mixed with the PBA. The gas can also be an inert
component, enabling the synthesis of carbides, for example.
Similarly, additional salts can be placed in the media to
promote specific compositions in hydrothermal or liquid
methods. For example, by hydrothermal treatment of a Co-Ni
PBA with ammonium thiomolybdate, mixed Ni-Co-Mo sulfide
can be derived.®® Here, an overview of the derivatization strat-
egies is provided for each compound group. These procedures
are summarized and shown schematically in Fig. 3 and Table 2.
3.2.1 Oxides. These compounds were the first and most
widely reported PBDs, as they can be easily prepared through
a simple standalone thermal step, or subsequent to hydro-
thermal, and liquid methods.®"122%35°59,61,67.69,818487  Dyring
thermal treatment, oxidation can be achieved in open air,
synthetic air, or oxygen. To successfully derive metal oxide or
mixed metal oxides from PBAs, the temperature and duration of
the treatment have to be controlled with precision. A broad
range of temperatures from 250 °C to 900 °C can be imple-
mented for oxide derivatization, depending on the desired oxide
phase. PB has been extensively investigated to produce iron
oxides, given the two iron centres present in its structure. A
great compilation focused on PB-derived Fe,O, can be found
elsewhere.” In general, the thermal decomposition of PB
enables the stabilization of other phases of Fe,O; rather than a-
Fe,0;. The crystallinity and resulting phase depend not only on
the temperature but also on the PB particle size and
morphology. In a multi-step approach, Liu et al. reported yolk-
shell spheres of Fe,O;@C that were further treated to produce
sulfides (Fig. 3C).*” Hu et al. prepared hollow PB particles of
different sizes based on the PVP method.®® When calcined at
250 °C, the smaller particles (110 nm) led to a mixture of
amorphous and y-Fe, 03, while the larger ones (190 nm) resul-
ted in the y-phase only.** Similarly, when calcined at 400 °C, the
large particles oxidized into single a-Fe,O; while the smaller
ones were composed of a mixture of a- and y-Fe,O;. In addition,
if standard non-hollow small PB cubes (110 nm) are heat-
treated, no crystallinity is achieved even at 400 °C. This indi-
cates that the smaller the surface area, the slower the crystalli-
zation and conversion. When different metals are present in the
structure, more complexity is added to the oxidation of PBAs.
Since most metals have a high oxygen affinity, homogeneous

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A and B) Overview of typical compounds derived from PBAs and the common route for derivatization. (C) Consecutive treatments of PB
to obtain FeS,@C yolk—shell structures. Coating with resorcinol followed by 2-step annealing leads to a Fe,Oz@C yolk—shell (ii). Further
hydrothermal treatment with thioacetamide leads to the final derivative. Reproduced with permission of ref. ¢. Copyright 2019 American
Chemical Society. (D) Carbon-coated mixed metal sulfide nanoparticles obtained by thermal treatment in H,S/Ar gas. Reproduced with
permission of ref. ¢. Copyright 2022 American Chemical Society. (E) Cages of mixed selenides obtained through etching with ammonia solution
(i) followed by thermal treatment with Se powder in N,. Reproduced with permission of ref. 2. Copyright 2017 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (F) Several derivatives obtained from PB by different methods: (ii and iii) treatment with NaOH produces multi-shelled (ii) or
hollow (iii) metal hydroxide cubes with hydrothermal treatment (ii) or in room temperature solution (iii). (iv) New metals can be incorporated by
the dissociation of metal oxide salts and form partially hollow cubes of hydroxide/oxide mixtures that can be heat treated in air to form oxides (v)
and further etched with acid to remove one phase (vi) creating single metal oxide hollow cubes. Reproduced with permission of ref. 8. Copyright
2013 American Chemical Society (G) Hierarchical metal nitrides coated on Ni foam/Co(OH), obtained by thermal treatment with NHs. The higher
the temperature, the more coarsening occurs (ii and iii). Reproduced with permission of ref. *8. Copyright 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (H) Porous cubes of metal fluoride mixtures directly obtained from thermal treatment with NH4F in argon. Reproduced with
permission of ref. 2t. Copyright 2019 Elsevier B.V. () Ternary mixed metal phosphide core—shell particles are obtained by annealing with NaH,PO,
in N,. Reproduced with permission of ref. 1°2. Copyright 2021 American Chemical Society. (J) Porous hollow cross-shaped frames of mixed metal
carbide@carbon nanotubes obtained by direct annealing of the PBA in Ar. Reproduced with permission of ref. **. Copyright 2020 Wiley-VCH
GmbH. CT: coating, T + P: thermal + powder, T + G: thermal with gas, HT: hydrothermal, L: liquid.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 10473-10492 | 10481


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2TA09501G

View Article Online

Review

Journal of Materials Chemistry A

‘aprurelaoeoly) :(vv.L)

pue ‘a1njeradurs) WooI (LY "UONILBAI UOHN[0A UIZAX0 YO "O%HY -[*(ND)IN](O?H)IN (INDLIN ‘27eI[BqOI0UBAIEXI [aXOIU :0DDHIN "UONIBI UOIN[0Ad Ud30IPAY *¥HAH *(dd) 2Ieirajoueioexay
U011 :94DHA "93119J0UBAIBXSY 3[8Q0D :DIDHOD , “PINbI] 1T PUE ‘[et1oy301pAY (LH ‘Ses Y3lm [BWLIay) O + I, ‘1opamod + [BULIaY) :d + I, , "93e[dWa) :d 1, pue ‘Supeod :10 ‘98ueyoxa uol :1 ‘SuryolL 114 ,,

4 0T ‘Do 09T D®F0%A [[PYS-[04 ‘Y T [[9Ys—a100
9 A19m1Bq UOI-IT D®%Sad ‘YVL ‘ewIaqioIpAH ‘D 009 ‘YT ‘Do 0ST IV (LH ‘D + 1) ‘eaIn ‘ouro10sa1 (LA + LD) $aqnd ‘9IDH-A
N¢fad + N4¥'¢o0D SaqNd ‘4 T ‘Do 0S¥ “CHN (D + 1) $199Yys Y(HO)oD
8¢S ¥dH pue Y40 rOfaq + 'O*0D saqnd ‘4 T ‘Do 0S¥ ‘A1 (D + 1) Uuo saqnd ‘94DHO0D
sadeooueu mo[[oy
D + dODIN ‘4 T ‘Do 00 IV ““Od°HEN (d + L)
sadeooueru
<9 K1a130q S-1T D+ 0DIN MOT[OY ‘Y T Do 009 IV (D + L) [19ys-2100 ‘vad ‘(1D) saqnd ‘0DDHIN
sa19ydsoIoTu [BIIYdIBIaTY saraydsoIorua
¥6 S[[2 Iejos °SIN ‘4 T ‘Do 0S€ °N “1JIns “(d + 1) Teoryorerary ‘SY(YHN) ‘(41 + Ld) saqnd ‘0DDHIN
“H/1V ‘Do 008
9T Ricre) D®Ao[re 0DIN durresuue [ewIayy, SISQYOURU ‘4 ¢ ‘Do 00T ‘118 (D + L) s1aqyoueu Suruurdsonodspd ‘(dL) saqnd ‘0DDHIN
X0q X0( MO[[0Y ‘QuS X0( MO[[0Y “QuS
A1amEq UOI-IT mo[[oy snoiod ‘“Ous 3uryoie [DH /E0%d-» U 9 ‘Do 005 ‘I8 (D + 1) /E(HO)2d ‘O°HE-f0us®y ‘(A1 + 1d)
xoq snoiod xoq snoiod
E0%g-0 [12YS—104 ‘4 9 ‘Do 00€ ‘I8 ‘(D + L) [12ys—[o4 ‘HOBN N 7°0 ‘L9 ‘(Ld)
X0q
8 A1oyreq UOL-IT f0%d-0 X0q MO[[0Y ‘Y 9 ‘Do 00€ “A1€ (D +.L) Mmo[[0Y ‘HOBN W 2°0 ‘(LH + L) saqnd ‘94DHA
[[9ys-210d 11_ys
L 10310RdRD ZSIN®?S0D ‘4 T ‘Do 0SE °N ‘BaInoryy ‘(d +.I) -2100 ‘BaIn + Y((ON)IN (T + ID) saqnd ‘0DDHOD
sourerjoueu snoiod
0¢ a0 pue YaH N + D + d"%g1°%)D ‘U T ‘Do 00€ “°N ‘““Od°HEN (d + L) saweyy ‘eain (LH + Ld) saqnod ‘94DHO0D
soyejdoueu
qd0 OIN snoiod ‘U T ‘Do 00€ ‘11 ‘(D + 1)
sayeidoueu snoiod snoydioure
Jqq0 Y(HO)IN ‘urw 01 ‘I ‘HO®BN W T (1)
sayejdoueu snoiod
SOT q40 D+ d9N + "d°IN ‘U T ‘Do 00€ “IV °Od°HEN ‘(d + L) sare[doueu ‘INDLIN
pEN uonedrddy adgd JUSUIIBAI-ISOd A3ojoydiow ‘suonipuod A3ojoydiow ‘suonipuod K3ojoydiow ‘vad

‘(poyrowr) uonezneaLng

¢ .N.u@ofmﬁc JudUNBIN-2Id

,ddd Bbumnsai ayy jo uoneondde pue ssadoid uonEZEALSP Ydd dU) JO sajdwex3 g alqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INd TZ:€0:TT G20Z/6/CT UO papeo|umoq ‘€202 YOIl GT UO Paus!iand 901 Y Ss300V uadO

This journal is © The Royal Society of Chemistry 2023

10482 | J Mater. Chem. A, 2023, 11, 10473-10492


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2TA09501G

Open Access Article. Published on 15 March 2023. Downloaded on 12/9/2025 11:03:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

derivatization might not occur at low temperatures anda short
derivatization time. This might result in mixtures of single-
metal oxides over mixed-metal oxides due to a higher oxygen
affinity of one of the metallic species. For example, upon
oxidation of CoHCFe nanoframes at 350 °C for 2 h, the resulting
oxide is composed of a mixture of Co;0,, CoFe,O,, and
K,C00;.”®* Meanwhile, oxidation of hollow nanocubes and
nanospheres of CoOHCFe at 500 °C for 3 h led to a single phase of
Fe;Co0,0,.”” Phase diagrams can be used as an estimation guide
while reducing the strength of oxidation by decreasing the
synthetic air-to-argon ratio or using carbon dioxide gas can help
to achieve better control over oxidation. Li et al. reported
a copolymer-co-morphology synthetic strategy to prepare spinel
oxides, where metal ratios initially tuned the composition of the
oxide in the PBA." In this approach, Mn-Fe hexacyanocobaltate
(MnyFe, yHCCo) with different Mn/Fe ratios is prepared by
simultaneous addition of FeCl, and Mn(NOj3), to K;[Co(CN)e].
When heat-treated at 500 °C for 1 h, spinel Mn,Fe; 3 ,Co0;,0,4 (0
< x < 1.8) hollow nano-dice are obtained. Besides tuning the
composition, the decrease in the Mn content leads to
a morphological progression from cubes to spheres, demon-
strating that the chemical composition also plays a role in
morphology control. In terms of morphology, shrinkage of PBA
particle is normally reported when being oxidized due to the
removal of the CN units. This is followed by an overall increase
in surface roughness and surface area, which is desired in many
applications. Though many studies report a direct templating of
PBA into PBDs, that is, changing the composition but retaining
the original PBA morphology, that is not always the case. Zhang
et al. demonstrated the morphological evolution of PB cubes at
different treatment temperatures.*® When crystalline PB cubes
of 1 um are heat treated at 350 °C, the outer part of the cubes is
oxidized, while the centre atoms diffuse outwards, creating
a Fe,0; shell-microbox. When the temperature is increased to
550 °C, there is particle coarsening, resulting in porous hollow
microboxes, which further progress to a hierarchical structure
of hollow boxes composed of Fe,O; nanoplates at 650 °C. This
shows that even in the absence of pre-treatments, hollowness
and morphology can be tuned with heat treatment parameters.
Hollowness in PBA particles through heat treatment has been
explored for other compositions as well. This is achieved
through the Kirkendall effect, where the difference in the
diffusion of the metals, or the metals and the gas, leads to
internal voids in the PBD particles. If well controlled,
morphologies like yolk-shell can be achieved.®®

Though less explored, liquid methods are also used for
deriving PBA into oxides. However, this is achieved by the initial
derivatization of PBA into hydroxides and further thermal
treatment of PBD-OH. Therefore, the liquid approaches will be
discussed in the hydroxide section.

3.2.2 Sulfides and selenides. Derivatization of PBA to these
chalcogenides can be performed by both hydrothermal and
thermal procedures, while sulfides have also been achieved by
liquid methods.?*77172757683899 [p the thermal method, H,S
can be directly used, or sulfur powder can be heated to produce
sulfur vapour and combined with H, gas to diffuse as H,S gas in
the PBA structure. Sometimes sulfur or sulfur-containing

This journal is © The Royal Society of Chemistry 2023
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additives are incorporated in the PBA particles in pre-
treatment steps, acting as a source of sulfur during the heat
treatment.” Similar procedures can be performed by putting
selenium powder in the upstream side of the furnace or simply
mixing the ground powder with other reactants. Temperatures
between 300 and 500 °C usually provide the necessary energy for
the formation of homogeneous chalcogenides.””* Nevertheless,
partial sulfidation/selenization through thermal methods is
more difficult to control, normally resulting in complete
conversion of the treated materials.®*™*

Bornamehr et al. were able to completely convert CuHCFe
into chalcopyrite within only 10 minutes of treatment at 300 °C
with H,S gas.® In this work, the authors demonstrated the effect
of the coating on the derivative composition. The polydopamine
used to coat and control the particle size also led to a potas-
sium-rich and less defective CuHCFe phase. As a result, the
sulfide derived from the coated material was KCuFeS,, while for
the uncoated, it was CuFeS, (Fig. 3D). This work also presents
significantly smaller derivative particles (<100 nm) than the
usual 0.5-2 um range. Higher surface area can be achieved with
smaller particles; however, it is more difficult to incorporate
morphology complexity in this size range.

In the hydrothermal procedure, a sulfur-containing
compound such as the Na,S salt or thioacetamide can release
$>~ anions and promote anion exchange in the PB lattice to
form metal sulfide.®”** For selenides, the selenium powder can
be dissolved in water to use as the reactive environment in
hydrothermal methods.”” Reaction temperatures for forming
metal chalcogenides in hydrothermal synthesis are reported
between 120 and 200 °C. However, the product of hydrothermal
synthesis is often subjected to a subsequent thermal annealing
process to achieve complete conversion and crystallinity. Liu
et al. reported an interesting multi-step procedure to prepare
yolk-shell spheres of FeS,@C derived from PB (Fig. 3C).*”
Initially, PB particles are coated with a resorcinol-formaldehyde
resin (RF). Upon two-step annealing in Ar at 150 °C and 600 °C,
the PB particles shrink and oxidize to Fe,O; while the RF
coating graphitizes into a carbon shell, forming a yolk-shell
structure. The spheres were modified with thioacetamide, and
through hydrothermal synthesis at 160 °C, FeS,@C yolk-shell
particles were achieved. The coating prevents agglomeration
and coarsening of particles, while annealing at higher temper-
atures is essential to achieve conductivity in the formed carbon
shell. Another way to achieve sulfides with yolk-shell
morphology is through the Kirkendall mechanism and ion
exchange. This was performed, for example, by reacting
cadmium hexacyanoferrate (CdHCFe) with Na,S at 150 °C under
10 atm.”® The S*~ ions are exchanged with [Fe(CN),]*~, forming
CdS. As the Cd*" ions diffuse outwards faster than S*~ can
diffuse inwards, hollowness starts to appear between the
surface and the centre of the cubes, resulting in a CdS yolk-shell
structure. When NiHCCo is reacted with Na,S at 100 °C, the
cube faces are etched first, and the morphology evolves to NiS,
nanocages rather than yolk-shell structures.”® Using (NH,4)S
instead of Na,S drastically changes the morphology. Huang
et al. prepared hierarchical NiS, particles by treating NiHCCo
cubes with (NH,)S by the hydrothermal method at 100 °C.**
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Through hydrolysis, OH™ and S, are formed, and OH™ slowly
etches the Ni' ions, leading to y-NiOOH. At prolonged times,
NiHCCo cubes are completely dissolved, and y-NiOOH is
partially converted to NiS, while the morphology evolves to
hierarchical microspheres of y-NiOOH/NiS,. These particles are
crystallized and converted to NiS, by thermal treatment at 350 °©
C with sublimed sulfur powder. These last studies are the few
examples where the metal from the [M'(CN)] unit is completely
removed from the final derivative, as no iron®® or cobalt®***
remains in the material. Nai et al. also utilized ammonia to
prepare cages of NiHCFe,* by heat treatment with Se powder at
350 °C, obtaining a mixture of NiSe, and FeSe, (Fig. 3E). Like
oxides, obtaining mixed metal chalcogenides rather than
a mixture of single metal components also requires careful
tuning of derivatization parameters. Selenide powder was also
used as a post-treatment to dope (CoFe)S,.” Hollow cubes of
CoHCFe were prepared in the presence of trisodium citrate and
then mixed with sulfur powder. After heat treatment at 350 °C
for 2 h, (CoFe)S, is formed. Mixing the sulfide with selenium
powder and treating it at 250 °C for 8 h leads to the Se-doped
(CoFe)S, hollow boxes. The inverse process, first selenization
followed by sulfidation was also performed, resulting in S-
(CoFe)Se,.

3.2.3 Hydroxides. The conversion of PBAs into hydroxides
can be realized through liquid and hydrothermal proce-
dures.>*®* Perhaps the most extensive example is the work by
Zhang et al® In this work, PB cubes were transformed into
different hollow and hierarchical cubes with different compo-
sitions driven by basic etching and ion exchange. In the pres-
ence of NaOH solutions, PB is converted to Fe(OH);. The
morphology of the resulting cubes depends on the NaOH
concentration and temperature, generating yolk-shell, hollow
cubes, or multi-shelled microboxes (Fig. 3F(ii) and (iii)). In the
presence of MOx salts (K,SnOs-3H,0, Na,SiO;, Na,GeOs,
NaAlO,, or NaBO,-4H,0), basic etching from salt hydrolysis
and ion exchange takes place, resulting in homogeneous
Fe(OH);/MO, hollow cubes (Fig. 3F(iv)). Upon annealing, they
can be converted into mixtures of Fe,O; and MO, (SnO,, SiO,,
GeO,, etc.) and further single MO, hollow cubes by etching out
the Fe,O; phase (Fig. 3F(v) and (vi)). This work demonstrates the
versatility of changing morphology and composition by finely
tuning reaction parameters.

As discussed in the sulfide section, (NH,)S, can also go
through hydrolysis, producing NH; and H,S which are decom-
posed into OH™ and S,”>”.** This leads to a simultaneous
transformation of the PBA into oxyhydroxide and partial sulfi-
dation with a complex morphology evolution. In general, the
use of a metal salt rather than a strong base or ammonia leads
to slower and more controlled derivatization into hydroxide.
This is also a pathway to introduce new elements to the PBA/
PBD structure, especially if they do not typically form stable
PBA complexes, like Ge, Si, Al, and B in the work of Zhang et al.®
This strategy was also used by Hu et al. to form oxide mixtures of
Fe and W.*® By stirring PB cubes with Na,WO, at 50 °C, Fe(OH);/
WO;_, hollow cages are formed. Through calcination at 550 °C
for 6 h, Fe,03/W;3049 composites are then obtained. The liquid
methods allow the synthesis of more complex or hierarchical
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structures, which is usually not the case for thermal treatments.
Therefore, PBD-OH is typically used as a precursor for other
PBD compositions like PBD-oxides, instead of direct oxidation
of PBAs, and PBD-sulfides, by heat treatment with sulfur
powder.**

3.2.4 Fluorides and nitrides. These compounds remain
little explored and are mainly synthesized by thermal proce-
dures. For nitrides, derivatization can be achieved with the aid
of NH; gas.”®®” Some studies capitalized on the nitrogen from
CN ligands and prepared metal nitrides as well.”> Nevertheless,
most commonly, nitrogen from CN is either removed or results
in N-doped carbon rather than metal nitrides. Of the few reports
on nitrides, the majority covers the conversion of PB into Fe,N,
and most metals/compositions are still to be studied.’”*® Wang
et al. demonstrated that under an NH; flow, CoHCFe templated
over Co(OH),/nickel foam is converted into a mixture of FeN
and CoN.*® At a lower temperature (325 °C), interconnected
nanosheets are obtained. When the temperature increases to
350 °C, 450 °C, and 500 °C, coarsening and coalescence occur,
resulting in complete loss of the initial nanostructure (Fig. 3G).
The higher the temperature, the less nitrogen is incorporated
into the material, resulting in mixtures of nitrides with different
stoichiometric ratios. Wang et al. described the formation of
FeCoNiN on nickel foam (NF) by treatment of COHCFe/Ni(OH),/
NF with ammonia. However, the large amount of Ni suppresses
more structural and composition insights into Co- and Fe-
derived components, with evidence of Ni;N.” Fluoride-based
PBDs are also quite limited, though more restricted in terms of
synthetic approaches, given the toxicity and hazards of fluori-
nated compounds, especially at high temperatures. One report
uses the templating approach to grow NiHCFe onto
Ni(OH),@Ni foam nanosheets.” This material is then fluori-
nated by a thermal process through the decomposition of NH,F
at 350 °C for 2 h and the effect of the NH,F ratio and temper-
ature were evaluated. They show that fluorine suppresses the
release and decomposition of CN units, producing a more
stable hierarchical structure compared to that of the same
sample annealed in argon. Fluorination results in F-doped
NiFeOOH rather than a fluoride compound. Nevertheless, F-
doping plays an important role in the catalytic activity of the
material. Differently, when bare CoHCFe cubes are heat treated
at 400 °C with NH,F, etched porous cubes of CoF, and FeF,
mixtures are formed (Fig. 3H),** indicating that Co/Fe mixtures
might be more prone to fluorination than Ni/Fe.

3.2.5 Phosphides and phosphor-containing compounds.
Due to their high hydrogen evolution activity as catalyst and
their low cost as opposed to the noble metals, different
phosphor-containing compounds have been investigated as
PBDs, being the emerging PBD class of compounds after the
pioneering oxides.>%¢*6>747577,78,8082100101 Meta] phosphides are
derived by a thermal procedure using NaH,PO, powder under
an inert gas flow such as Ar or N,. Similar to selenization and
sulfidation, the powder can be mixed with the reactants or
placed on the upstream side of the tube.”*** Zhou et al.'”
prepared mixtures of 3 different phosphides by treating
FeHCCo with NiCl, to form NiFeHCCo, and further heat treat-
ment with NaH,PO, in N,. The heating leads to a core-shell
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structure that could be related to the higher concentration of Ni
at the surface (Fig. 3I). As observed for the derived-oxides, the
PBA composition also affects the morphology of the derived
phosphide. Ding et al prepared CoHCFe, NiHCFe, and
MnHCFe by co-precipitation and phosphorized them under the
same conditions (400 °C, Ar, and NaH,PO,). After the heat
treatment, all materials present a rough surface. However,
NiFe-P shows higher particle coarsening while MnFe-P pres-
ents small particles adhered to the cubes.’** The addition of Se
or S powder can result in the formation of selenophosphide or
phosphosulfides.”® Similar to other thermal treatments,
a temperature range of 300-500 °C has shown the best resulting
products in terms of homogeneity. For example, Liu et al. per-
formed sulfidation, phosphorization, and phosphosulfidation
of NiHCFe, to evaluate the effect of time and temperature on the
composition and morphology.* At 350 °C and under a N, flow
in the presence of both sulfur and NaH,PO,, the cubic
morphology evolves to smaller nanosheets after 1 h of anneal-
ing, leading to a complete loss of the cubic shape and morphing
into nanoflowers after 2.5 h. The flower morphology is not ob-
tained in the absence of either sulfur or NaH,PO,, and only
deformed and shrunk cubes are produced. Analysis of compo-
sition indicates that the flowers are mixed metal phospho-
sulfide (NiFe)PS; rather than individual phosphosulfides. In
another phosphide derivatization, similar to the RF strategy,
NiHCCo 450 nm cubes were coated by dopamine through the
self-polymerization process prior to derivatization.®® The mate-
rial was first annealed at 600 °C to ensure carbonization of the
coating while forming a Ni-Co alloy. This results in carbon-
coated NiCo hollow cubes. The PBD was then treated with
NaH,PO, at 400 °C to convert the alloy into a mixed NiCo
phosphide. Jiang et al. also utilized dopamine for PBD prepa-
ration. They demonstrated a tubular PB morphology rather than
the usual cubes.®* After coating tubular PB particles with
dopamine, the material was converted to carbon-coated FeP.
They used the original PB as a cathode and the PBD FeP as an
anode in a sodium-ion battery full cell. In many cases, the PBAs
are combined with carbon structures prior to the phosphori-
zation process.®*’*”” The carbon structures, like carbon nano-
tubes and graphene, enhance the overall electronic conductivity
of the derivative and anchor the PBD particles, demonstrating
improved catalytic performances compared to the bare PBD.””

3.2.6 Alloys, carbides, and carbon. By heating the PBAs in
an inert atmosphere such as Ar, without providing other
elements, alloys and metal carbides can Dbe
obtained.'3717246265,6870,84103,104 - Ror example, the treatment
parameters used for oxidation in air can be replicated under Ar
to produce a metallic alloy/carbon composite.** While mild
conditions will form alloys and carbon mixtures, the formation
of carbides requires higher temperatures (>500 °C). This can
make it challenging to achieve carbides with different
morphological features like high porosity and hollowness. As
demonstrated by Wang et al., highly porous cages of MnHCCo
can be prepared through prolonged reaction times (Fig. 3]).*
Nevertheless, when annealed at 700 °C for 2 h, the structures
with higher hollowness degrees collapsed. The presence of
metal and carbon at high temperatures and under inert
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conditions can also favour the growth of by-products like
carbon nanotubes, affecting the final morphology of the PBD
product.” After the derivatization of the metal carbide or alloy/C
mixture, porous carbon can be produced through a subsequent
etching of the metallic species, for example, by using HF or HCI.
This carbon material with high porosity can be very attractive
for absorption applications.*****

3.3 Post-processing

Some PBD synthesis methods involve post-processing steps to
reach the desired product quality and characteristics. This can
be liquid etching to remove impurities or additives, such as
removing metals in the derivative to produce porous carbon.'®*
Simultaneous with etching, more intricate morphologies can be
achieved due to ion exchange.® Etching can also be utilized as
a post-processing step that removes unwanted phases. For
instance, if two oxide phases are formed after derivatization,
and one is undesired or detrimental to the performance, it can
be selectively etched. It also causes in situ porosity formation
that can be beneficial to the target product.®® Post-processing
can also be in the form of mono- or multi-stage annealing,
resulting in higher hybridization and graphitization degrees or
higher crystallinity of the PBD phases. The PBD particles can be
further incorporated into other materials, for example, within
MXene layers, to form MXene/PBD composites.*” Though they
do not fundamentally relate to the PBA derivatization process,
these steps affect the resulting PBD composite properties for
their target application.

4. PBD properties: structure design
and applications

Understanding the structure/property correlation is a key step
to enabling PBD use for different applications. Therefore, the
derivatization procedure's steps are often engineered to achieve
a specific structure. The structure design can be reviewed from
two perspectives: first, the elaboration on the PBD synthesis
route in each step of pre-treatment, derivatization, and post-
treatment; and second, the formation of hybrids and compos-
ites by assembling PBAs and other components together. The
result of these design strategies is either a final sophisticated
morphology such as hierarchical and multi-walled structures
that aid the material with improved surface area, mechanical
properties, and other characteristics that are beneficial to the
final application, or in a chemical composition that improves
conductivity, magnetic properties, etc. Since each chemical
group (carbides, phosphides, oxides, etc.) have a diverse effect
on performance, the effect of composition can be studied for
a particular application, as described in previous revi-
sions.*102526 Here, attention will be focused on the effect of
morphology on the properties and applications.

4.1 Structure design and PBD characteristics

Pre-treatment usually has a crucial effect on the structure
design, mainly when etching and ion exchange are employed.
For example, by using PVP or citrate, crystal growth can be
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controlled to result in a frame or box morphology.*” The deriv-
atization step can heavily influence the PBD structure.®*'%
Sometimes, due to different precursors (sulfur, selenium, or
NaH,PO, powder) and different growth mechanisms of the
derivative crystals, the same structure evolves into different
morphologies.'*** Heat-treatment parameters can also affect
the design. It has been shown that treating PBA particles under
the same atmosphere but with different temperatures can result
in different oxide morphologies.*

Besides the synthesis parameters, even morphological attri-
butes such as the cavity size in the PBA can affect the subse-
quent derivative morphology. This has been shown for different
iron oxide phases derived from PB cages with different cavity
sizes under the same derivatization parameters.®* Particle sizes
start from around 200 nm when designing more complex and
hierarchical structures. The morphology of smaller particles is
usually limited to dense cubic shapes that are not well devel-
oped and grown. Smaller particles are more prone to collapse
when inducing hollowness and porosity and do not provide the
necessary volume for morphology design. Furthermore,
methods to modify particle morphology rely on protecting
specific planes/surfaces and/or attacks on reactive sites. This
requires well-structured particles with high crystallinity. The
high surface energy of smaller particles makes it more difficult
to control and guide morphology changes.

While the elemental composition of PBDs can be relatively
easy to control, the resulting phases and stoichiometry rely on
many kinetic and thermodynamic aspects of the derivatization
process. A key aspect of PBA composition is the relatively
limited amount of stable metallocyanide salts, typically varying
between [Fe"™(CN)]**~ and [Co(CN)s]*~, sometimes
[Mn(CN)e]>~ or [Ru(CN)¢]*", though the latter is quite cost-
prohibitive. Therefore, most PBA compositions consist of M
[M/(CN)s] with M’ = Fe, Co, Mn, and sometimes Ru. Even
though the M element could vary through a large portion of
transition metals, nearly all studies report on PBAs with M = Fe,
Co, Ni, and Mn. A few examples of alternative metals already
reported — though not all for PBD synthesis - are Cu, V, Mg, Zn,
Cd, Ag, Ti, Pd, and Mo (Fig. 5). Mixing different M units has
become one strategy to increase composition complexity or
stabilize different metals in the lattice that would not form
a standalone PBA, where even a high entropy PBA with 5 dif-
ferent M is described."'*® In principle, mixing different
[M'(CN)6]° ™ units are also possible and has been successfully
reported.’” However, the versatility remains limited. Besides,
the M unit can be more easily replaced in the structure in pre-
treatment procedures like ion exchange due to the lower M-
NC bonding strength, providing more flexibility in composition
design. The composition of the PBDs will be modified in the
derivatization process by incorporating, for example, O, S, or P,
and eliminating N and C from the ligands while retaining the
metal species (in the absence of post-treatment). Therefore, to
some extent, it is possible to predict probable chemical
components of PBDs. Nevertheless, the derivatization parame-
ters and morphological features of the PBA precursor will affect
the resulting phases. Higher porosity and hollowness provide
a larger surface area that can accelerate the conversion or
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facilitate the diffusion of the metallic species, resulting in
different phases or segregation of components, for example,
metal oxides versus mixed metal oxides.>>**%

Though not covered in this review, the PBA synthetic strategy
presents many possibilities for altering morphology and
composition. Most of the examples presented here involve the
synthesis of PBA by co-precipitation and further modifying the
surface, morphology, or composition through pre-treatment
and derivatization. The synthesis parameters in
precipitation can also be tuned to change morphology, like
the solvent (H,O, ethanol), temperature, pH or M/M’ concen-
tration ratio. A few template strategies utilize different materials
as the support for PBA nucleation, directing the 3D macro-
structure,®®”*'%® or as a support and metallic source, where the
template itself reacts with the metallocyanide salt to form
a PBA, creating better interaction between the template and
PBA.'” Nevertheless, other synthesis methods and processings
exist. One approach involves the single-precursor synthesis
through the decomposition of [M/(CN)e] salt, either by acid-
induced or hydrothermal methods."*'"* This enables the slow
release of M’ ions, creating highly crystalline nanoparticles
below the 100 nm range, though M = M’ limits the composition.
Electrodeposition has the same controlled nucleation and
growth effect but allows for a more varied composition (M
#M'), especially if the M source is immobilized in the
electrode.”®™* Electrodeposition can also orient the
morphology'*® and create PBA composites with the electrode
material, for example, carbon nanotubes'” or graphene.'*
Layer-by-layer assembly is another method for controlled
orientation of PBA particles while modifying the surface with
potential active materials for derivatization, like polymers (for
carbonization and conductivity), thiols or amides (for sulfides
or N-doped materials), or nanoparticles (for an additional
metallic source and compositional complexity).****”**® Though
carbon coating through surface modification is the standard
strategy to induce conductivity while avoiding particle aggre-
gation, there are other ways to achieve that, such as electro-
spinning. Electrospun carbon fibers provide high porosity,
conductivity, and specific surface area. PBA particles can be
assembled inside the electrospun fibers by electrospinning the
PBA particles'®*®* or anchoring the particles on the electrospun
carbon fibers.'* After derivatization, the carbonized fibers act
as a conductive matrix for the PBD while providing flexibility
and mechanical stability.

CO-

4.2 PBD morphology and applications

The applications of PBDs are varied since they can present many
compositions. The most attention is given to electrochemical
applications such as catalysis, energy storage, and conversion.
The effect of properties on the application can be discussed
from two viewpoints, namely, the effect of chemical composi-
tion and the effect of structure and morphology. The chemical
composition results from the used precursor and the media
chosen for derivatization. This is usually better controlled and
easily tailored, though unpredicted or secondary phases can be
formed during the derivatization. The unwanted phases can be

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Main strategies to tune the structure of PBDs, their resulting properties, and examples in applications that are affected by such strategies.

controlled by changing processing parameters or etching the
extra phases as a post-treatment step. The chemical composi-
tion will have different effects depending on the application, as
the target properties will vary. Therefore, here the properties
and their effect on the application are focused on the
morphology since there are similar morphological features that
are beneficial to different applications, for example, tailoring
the structure for smaller particle size to reduce the diffusion
paths and increase the reaction rate. Typical morphological
features are depicted in Fig. 4, and some examples are
addressed in Table 2. These standard features can be divided
into the following.

4.2.1 Small particle size. Decreasing the particle size is the
most common approach to enhance properties, especially in
electrochemical applications. This is a rather simple step that
enhances electron transfer and element diffusion by reducing
the diffusion paths. This method is extensively explored in the
PBA application. It uses the synthesis parameters, such as the
salt concentration during co-precipitation or the pH to control
the growth of the nuclei. A careful treatment keeps the small
size attribute of the template. Therefore, studies on the deriv-
atization of the PBA usually do not focus on the effect of the
derivative particle size on the properties but rather use strate-
gies in the pre-treatment step to control the PBA size. Li et al.™
provided an overview of PB derivatives and the effect of
temperature and environment on the particle size and phase
change, and their application in energy storage and conversion.
By cross-comparing different reported studies, they showed that
a larger particle size usually results in higher crystallinity due to
smaller surface area and defects. The effect of particle shape can
also be observed in parallel to the size effect. For example,
a nanosphere morphology can provide better mechanical
stability than a nano-cubic structure and enhance the stability
during the cycling of a battery electrode. However, with the
same diameter, a cubic structure provides a higher surface area.
Liu et al® prepared porous nanospheres and nanocubes of
iron-cobalt oxide. With the similar size of both morphologies,
the spheres provided higher capacity and stability when tested
as a lithium-ion battery anode material compared to the cubes

This journal is © The Royal Society of Chemistry 2023

due to the higher cobalt loading and better porosity achieved
during the processing.

4.2.2 Hollow and porous structures. This method benefits
applications that rely on high surface area and fast diffusion.
Nevertheless, such properties can also be achieved by reducing
the particle size or through sheet morphologies. Their ability to
buffer volume expansions in applications where redox and
conversion reactions occur makes hollow structures character-
istic and attractive. The most prominent example is metal-ion
batteries, which rely on the diffusion of ions (like lithium or
sodium) into and out of the particles in each charge and
discharge step. Depending on the material, alloying reactions
can also be part of the charge storage mechanism, which
presents a much more significant volumetric expansion (100-
400%). Zhang et al.® provided extensive work on hollow metal
oxide boxes. They compared the effect of box layers on the
stability of the material as an electrode for Li-ion batteries. A
higher number of box layers showed better cycling stability,
indicating better structural stability during the charge and
discharge. For the synthesis of PBDs, they employed all three
steps with ion exchange as the pre-treatment by using NaOH,
which simultaneously derived iron hydroxide from the PB
template, followed by an annealing step to produce crystalline
iron oxide. In another report, Liu et al.*” prepared yolk-shell
spheres by coating PB particles with resorcinol formaldehyde.
They performed initial annealing and hydrothermal treatment
via thioacetamide to prepare FeS, yolks and carbon shells. The
present free space between the yolk and the shell provides room
for volumetric expansion, which occurs during the conversion
reactions for lithiation and de-lithiation. The shell is not an
active material and does not aggregate during the reactions;
therefore, a stable cycling performance is achieved.

4.2.3 Hierarchical structure. Hierarchical materials enable
macrostructure arrangements with complex morphologies that
provide a higher accessible surface area which is critical for
applications reliant on surface activity such as catalysis or solar
cells. Huang et al. prepared nickel sulfide mesospheres made of
an assembly of 2D nanoflakes and compared the performance
of this material to a similar nickel sulfide phase in nanoparticle
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morphology as a catalyst for solar cells.* They started with
NiHCCo and performed ion exchange and etching to remove
cobalt by using (NH,),S salt and further derivatization via
a thermal treatment by using sublimed sulfur powder. The
hierarchical nanosphere material presented better long-term
stability and faster electrolyte regeneration, assigned to lower
resistance and diffusion impedance compared to the
nanoparticles.

4.2.4 Carbon composite. Using carbonaceous materials
with a high ratio of sp> hybridized carbon atoms increases the
conductivity, whether when used as a carbon -coating,
a substrate, or a matrix, and is a standard approach in appli-
cations that rely on facile electron transfer. Forming a coating
has the added benefit of the entrapment of unwanted species.
Wu et al.®® explored bimetallic Ni-Co phosphide as a separator
and polysulfide mediator in Li-S batteries. To prevent poly-
sulfide shuttling during battery cycling, they designed carbon-
coated hollow cages of NiCo phosphide. Although the results
are not compared to a coating-less counterpart, successful
polysulfide mediation is demonstrated. For this, two strategies
are combined: first, a hollow structure to mitigate the volume
expansion in polysulfide adsorption, and second, the carbon
coating by using polydopamine to entrap these species and
increase the capacity stability of the cell. A rather less explored
strategy is employing electrospinning to either decorate elec-
trospun fibres by the PBD or to directly electrospin the PBA/D. A
1D structure can be produced by controlling the fibre size and

OUTLOOK:
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providing a high surface area and active site availability.
Moreover, the polymer-based fibre can be heat treated and used
as a carbon substrate to increase the overall conductivity of the
composite.” For example, Wei et al.'® prepared FeCo phos-
phide on nitrogen-doped carbon fibres through electro-
spinning. They further annealed and calcined the material and
then performed a second derivatization by using NaH,PO,
powder as the phosphor source. Electrospinning provides
a high surface area and access sites to evenly distributed
particles while protecting them from agglomeration due to the
open fibre morphology, which aids in the catalytic performance.

5. Summary and outlook

The Prussian blue family of compounds emerged as a new class
of precursors/templates for synthesizing advanced materials.
They provide a source of different metallic species, carbon, and
nitrogen arranged in open framework cubic structures. The
cubic morphology can be tuned into various complex, hierar-
chical, and porous/hollow structures, while composition can be
changed through surface modification and ion exchange
processes. In addition, the template synthesis is water-based
and usually low-cost, making it a sustainable and scalable
derivatization template. Such structures can be converted into
a wide array of metal-based compound compositions whose
morphology is a direct product of the PBA template. Conversion
is achieved by different derivatization methodologies, mainly
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Fig. 5 Outlook on PBDs. Many compositions remain unexplored. Further investigating new synthetic methods, composites and material pro-

cessing can improve PBD performance in current and new applications.

10488 | J Mater. Chem. A, 2023, 11, 10473-10492

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2TA09501G

Open Access Article. Published on 15 March 2023. Downloaded on 12/9/2025 11:03:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

consisting of thermal and hydrothermal methods. Most deriv-
atives are characterized by increased surface area and homo-
geneous morphology and composition. The different PBDs and
their composites have enhanced performance for several
applications, such as catalysis and diverse energy storage
technologies.

Though PBD reports are quickly growing, several aspects of
using PBAs as templates are overlooked. First, regardless of the
increased interest in PBDs, most reports are restricted to
a limited number of synthetic approaches and compositions. In
addition to the classic PBA synthesis route via a liquid method,
cyanogels can aid in expanding the PBA chemistry past the
transition metal combinations."***° The extensive work on PBA
synthesis and particle control should be taken advantage of to
explore and achieve a well-tailored PBA template for derivati-
zation. In terms of composition, much can be done by
temperature control, while the ratio of metals will play
a defining role in the phases that can be obtained. Combining
multiple M species could also contribute to a more diverse
range of compositions. For example, the gradient synthesis of
PBAs is an unexplored method for PBDs.***” The gradient
enables complex compositions, a mixture of different metal
species, and could easily create PBDs with M;@M, core-shell
structures. Even though PBAs with different M species have
been reported, most PBD studies consist of M = Fe, Co, Ni, and
Mn (Fig. 5). Meanwhile, a challenge is posed for compositions
without Fe and Co, given the availability of [M'(CN)] salts.
Currently, ion-exchange synthesis seems to be the only
described way to remove M’ species, besides specific acid
washing for Fe removal.

PBA can show different structures with lower or higher
degrees of defects (as in the soluble and insoluble forms) and
cation content. However, there is still a lack of understanding of
whether and how such defects and cations influence the
derivative. For example, a few studies observed the presence of
alkali-containing phases in the resulting derivative arising from
the PBA alkali-rich structure.”®* The counter-cation largely
influences PBA structure and properties,'** therefore, more
attention should be given to counter-cations present in the PBA
synthesis, as it is retained in derivatization through heat treat-
ment. For example, adding Li" in the PBA synthesis could lead
to a lithiated PBD phase for energy storage applications. The
lack of counter-cations in PBA is associated with a defective
structure. Defect engineering is a promising method to intro-
duce inherent conductivity rather than adding other compo-
nents like carbon, for example, in metal oxides. More insight
into the effect of defects in the original PBA structure would
help better to design PBA synthesis and pre-treatment for
defect-oriented PBDs.

In terms of derivatization methods, liquid methods remain
limited, even though they have the advantage of mild/room
temperature conditions which can prevent the collapse of
highly porous/hollow structures. More elaborate compositions
and complex morphologies could arise from diving into liquid
ion exchange and etching methods during the pre-treatment
and derivatization steps. In this case, post-processing could
be limited to low-temperature treatments to induce

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

crystallization, while temperatures for graphitization might be
prohibitive. Besides, new experimental approaches could be
considered for transforming PBAs into PBDs, like plasma-
assisted and electrochemical methods.

When using multiple metallic components, a challenge is to
derive single-phase compounds. The weaker bond between M-
NC compared to that between M'-CN will likely promote better
diffusion of M species upon the heat treatment, which can lead
to phase separation.”” Using a gas with lower reactivity (e.g.,
CO,) instead of synthetic air can lower the oxidation rate and
retain carbon species. Using H,S gas instead of sublimed sulfur
powder also provides a stable sulfur supply that can result in
better homogeneity and control in size and phase.

Much was discussed in terms of morphology change and
design during PBD synthesis steps. However, that is mainly
done starting from cubic particles. Elaborating on the aniso-
tropic growth of PBA particles could unlock a new range of
morphologies and properties of PBDs.>*** Expanding on the
templating of PBA during their synthesis could also increase the
morphological complexity of the resulting PBD. So far, nickel
foam is the main adopted substrate for PB growth. Nevertheless,
template-oriented growth can be widely varied to produce films,
rods, wires, and arrays, among others.”**>™>*

Most PBA derivatization results in PBD powders for electro-
chemical applications. This means processing into electrode
materials with the aid of binder, carbon, solvents, and coating
processes. Exploring new combinations of PBA synthesis and
derivatization like electrospinning, aerogels, 3D printed struc-
tures, or self-supporting films can enable the preparation of
free-standing and flexible PBD materials. Similarly, the PBDs
can also be further processed in post-treatment steps to create
new composites or assemblies that are not possible before the
derivatization method, for example, the addition of conductive
polymers (that would otherwise decompose in the treatments),
MXenes (that could themselves convert into oxides, sulfides,
etc.), nanoparticles (that would coarsen), etc.

In terms of application, PBAs are primarily used as templates
due to the porous structure with ion-compatible voids and high
surface area desired in catalysis and energy storage. Neverthe-
less, each compound class (oxides, sulfides, carbides, etc.) has
numerous applications. Both selenides and sulfides have
essential applications in solar cells, and only a few reports of
PBDs address such use.”®* Waste treatment is also an over-
looked potential application of PBDs. The high porosity and
surface area make them ideal for absorption, while the tunable
voids and metallic species can induce selectivity towards
specific compounds. The HER and OER are primarily studied in
the widely explored catalysis field. However, (photo)catalytic
degradation could greatly benefit from such structured mate-
rials. Iron species are known to provide high photocatalytic
efficiency. The straightforward implementation of additional
metals like Ti, Sn, or Zn in the PBA synthesis can further tune
the catalytic activity. At the same time, target pre-treatment and
derivatization can result in a highly active material. Similarly,
other energy storage systems besides Li-ion, Li-S, and Na-ion
batteries could capitalize on the combination of the
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composition and structure of PBDs. For example, the catalytic
properties could be used in the ORR in Li-air and Zn-air
cathodes.

Using PBA as precursors and templates is an exciting strategy
to get unique, specific, and sophisticated materials aiming at
target properties and applications. The PBD properties strongly
correlate to the PBA structure/composition and the experi-
mental steps employed to derivate the PBA. Exciting scientific
and technological challenges emerge from this topic. We expect
this review to be useful for chemists, physicists, materials
scientists, and engineers interested in exploring this fascinating
subject.
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