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HIGHLIGHTS

® The synthetic protocols of various Prussian blue analogue (PBA)-templated nanocomposites are discussed.
e Alkali-ion storage mechanisms based on intercalation, alloying, or conversion reactions are analysed.

® The properties of PBA-templated nanocomposites in alkali-ion batteries (AIBs) are evaluated and compared to outline the structure—

activity correlation.

e Perspectives for the future development of PBA-templated AIB electrodes are envisaged.

ABSTRACT Lithium-ion batteries (LIBs) have dominated the port-
able electronic and electrochemical energy markets since their com-
mercialisation, whose high cost and lithium scarcity have prompted the
development of other alkali-ion batteries (AIBs) including sodium-ion
batteries (SIBs) and potassium-ion batteries (PIBs). Owing to larger
ion sizes of Nat and K compared with Li*, nanocomposites with
excellent crystallinity orientation and well-developed porosity show
unprecedented potential for advanced lithium/sodium/potassium stor-
age. With enticing open rigid framework structures, Prussian blue
analogues (PBAs) remain promising self-sacrificial templates for the
preparation of various nanocomposites, whose appeal originates from
the well-retained porous structures and exceptional electrochemical
activities after thermal decomposition. This review focuses on the
recent progress of PBA-derived nanocomposites from their fabrication,
lithium/sodium/potassium storage mechanism, and applications in AIBs
(LIBs, SIBs, and PIBs). To distinguish various PBA derivatives, the

working mechanism and applications of PBA-templated metal oxides,
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metal chalcogenides, metal phosphides, and other nanocomposites are
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systematically evaluated, facilitating the establishment of a structure—activity correlation for these materials. Based on the fruitful achieve-

ments of PBA-derived nanocomposites, perspectives for their future development are envisioned, aiming to narrow down the gap between

laboratory study and industrial reality.
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1 Introduction

Renewable energy resources such as wind, solar, and tide
have garnered increasing attention due to the depletion of
fossil fuels, whose intermittence has driven the quest for
efficient energy storage systems. Among these, as indis-
pensable members of alkali-ion batteries (AIBs), lithium-
ion batteries (LIBs) have occupied a predominant place in
human life powering portable electronic devices and elec-
trical vehicles (EVs) since their commercialisation in 1991
by Sony [1-4]. With the continued growth of the LIBs mar-
ket, higher demands are raised, including lower cost, higher
energy density, resource preservation, and greater safety. To
address the skyrocketing price and scarcity of Li (~ 12,000
USD per tonne in May 2024, battery grade lithium metal),
a significant interest in “beyond Li” batteries has been trig-
gered, where sodium-ion batteries (SIBs) and potassium-ion
batteries (PIBs) are viable alternatives for LIBs due to their
abundant natural resources, cost-effectiveness, and similar
working mechanisms [5]. For these AIBs, the kinetic and
capacity mismatch between cathodes and anodes severely
hampers their advancement [6—8], which urgently requires
further design and optimisation of electrode materials.

To controllably fabricate AIB electrode materials with spe-
cific compositions and morphologies, it is viable to employ
self-sacrificial templates. Metal-organic frameworks (MOFs),
a typical type of porous crystalline organic—inorganic hybrid
materials, have been intensively investigated as templates/
precursors for energy materials with well-developed porosity,
tailorable chemical composition, and desirable functionality
[9-13]. Consisting of secondary building units (metal entities
and bridging ligands), MOFs with structural periodicity and
open pores are versatile templates to guarantee phase uniform-
ity and large surface area of targeted products. As a symbolic
family of MOFs, Prussian blue analogues (PBAs) with the
open framework structure comprising metal cations bridged by
cyanide groups can exert advantages including abundant dif-
fusion channel for charge carrier ions, adjustable metal nodes,
structural rigidity, and easy preparation when applied in the
energy arena [14]. The ordered structure with interstitial spaces
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and metal centres enables the Faradic intercalation reaction
and ion/mass transportation. Considering the redox activities
provided by metal centres, primitive PBAs have been studied
as lithium/sodium/potassium storage materials, during which
phase transformation may occur with the insertion/extraction
of alkali ions [15]. Nevertheless, there is still a long way to
the practical use of pristine PBA electrodes for AIBs due to
their intrinsic drawbacks including irreversible phase distor-
tion upon cycling, structural vulnerability induced by crystal
defects and coordinated water, sluggish ionic/electronic con-
ductivity, and severe side reactions [14]. Although innumer-
able efforts have been devoted to mitigating the structural
distortion related to multiphase behaviours by optimisation of
crystal configuration, morphology, and composition [16, 17],
the specific capacity and rate capability of PBAs lag far behind
the industrial requirement of AIBs (particularly in full cells).
To evade the above drawbacks of primitive PBAs in alkali-
ion storage and simultaneously utilise their structural advan-
tages, PBAs have gained specific research interests as self-
sacrificial templates. During the PBA-templated synthetic
route, one factor predisposing PBAs to be ideal templates is
their flexible and facile synthesis, of which the coprecipita-
tion method remains the most dominant approach [18]. This
coprecipitation synthetic method inevitably brings interstitial
water leading to occupation of host ion insertion sites and
aggravation of the structural dissolution [19], for which some
methods such as surface modification [20], template method
[21], single ion resource method [22], and adjustment of pro-
cessing conditions (e.g. temperature and solvent environment)
[23] have been proposed to optimise the PBA structure and
composition. The PBA-templated method has been employed
for the directional fabrication of nanocomposites with hierar-
chical porosity [24]. This synthetic route can not only retain
the open framework structure with transport pathways for
alkali ions but also enable the even distribution of active
components with exceptional electrochemical activities. A
range of active nanomaterials (porous carbons, metal oxides,
metal carbides, metal chalcogenides, metal phosphides, metal
hydroxides, etc.) are accessible via in situ thermal conver-
sion or solution-based reactions with PBAs as self-sacrificial
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templates [15]. The prime advantages of adopting PBAs and
their composites as precursors/templates are as follows: (i)
the formed hollow architectures (i.e. core—shell, hollow shell,
multi-shell) with controllable geometries and particle sizes
allow electrolyte to penetrate and accommodate mechanical
strain [25]; (ii) well-developed porous carbon skeletons act
as elastic buffers and conductive networks (especially during
pyrolysis in inert/reductive gas flows) [26]; (iii) the large sur-
face area with vast electrochemical active centres overcomes
the limitation of primitive PBAs in reversible capacities [27].
Notably, in contrast with other MOFs (such as phenyl-based
MOFs and zeolitic imidazolate frameworks), PBAs possess
unique advantages including effective morphological modu-
lation, environmental benignity, and promising economic
efficiency when employed as templates [28, 29]. The regular
morphologies (e.g. nanocubes and nanospheres) of PBAs can
be perfectly retained after the thermal conversion process.
PBAs are easy to prepare by room-temperature reaction in
nontoxic aqueous solutions, thereby rendering PBA-templated
synthesis an eco-friendly and economical approach compared
with other templated synthetic methods. These features pro-
mote the broad development and employment of PBA deriva-
tives in energy storage and conversion.

Following the rapid advancement of PBA-templated nano-
composites, their applications in energy fields such as elec-
trocatalysis [30-32], supercapacitors [27], and secondary bat-
teries [24, 25, 33] have been widely reported. As presented in
Fig. 1, the general discussion of PBA-templated materials in
batteries and other electrochemical devices has been presented
in some recent reviews, but more detailed excavation of their
applications in AIBs is necessary. The systematic exploration
of the synthesis, working mechanisms, and electrochemical
behaviours of PBA-templated AIB electrodes can reinforce
fundamental knowledge of alkali-ion storage with general fea-
tures and instruct the directional design with a structure—com-
position—performance empirical link, thereby establishing a
valuable platform for the innovation of the AIB technology
with PBAs. Herein, this review begins with the synthetic pro-
tocol of PBA-templated nanocomposites from crystal growth
to thermal conversion. The lithium/sodium/potassium storage
mechanisms of these nanocomposites are comprehensively
discussed in this work. Furthermore, the applications and
electrochemical properties of various PBA-templated nano-
composites including metal oxides, metal chalcogenides,
metal phosphides, and others in LIBs, SIBs, and PIBs are
evaluated to outline their structure—activity correlation, as
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Fig. 1 Schematic illustration for reviews about PBA-templated mate-
rials for electrochemical applications

depicted in Fig. 2. Finally, perspectives of the future devel-
opment direction of PBA-templated nanocomposites are pro-
posed based on their merits and existing challenges, exhibiting
more avenues for the next-generation battery technology.

2 Preparation of PBA-Templated
Nanocomposites

PBAs have been widely used in energy fields because of their
abundant resource availability, easy preparation, intriguing
redox activities, and framework structure ruggedness. From the
industrial perspective, the facile preparation of PBAs is favoura-
ble for cost-effectiveness and eco-friendliness, rendering PBAs
suitable self-sacrificial templates for the design of nanocom-
posites with desirable physicochemical properties. During the
directional fabrication of these nanocomposites, crystal struc-
ture control, morphological engineering, surface modification,
and superstructure development are crucial factors [42]. This
section will provide an epitome for the bottom-up synthesis of

@ Springer
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Fig. 2 An overview of applications of PBA-templated nanomaterials
in AIBs [34-41]. Copyright 2019, American Chemical Society; Cop-
yright 2021, American Chemical Society; Copyright 2019, Wiley—
VCH; Copyright 2020, American Chemical Society; Copyright 2024,
Wiley—VCH; Copyright 2019, American Chemical Society; Copy-
right 2023, Wiley—VCH; Copyright 2023, Elsevier

PBA-templated nanocomposites from the PBA crystallisation
to the structural evolution during thermolysis.

2.1 Coprecipitation Method

The coprecipitation approach has been prevailingly used in
PBA synthesis due to its simplicity and environmental benig-
nity, during which the modulation of metal nodes, the selection
of nucleation/crystallisation controlling agents, reaction time/
temperature, solvent environment, etc. parameters are crucial
to the resultant morphological and crystal characteristics.
With a general chemical formula of A,M,[R(CN)¢],_,y-nH,0
(0<x<2; y<1; A=alkali metals, M and R =transition met-
als, Y =R(CN), vacancy), PBAs show multifarious crystal
phases, i.e. monoclinic, rhombohedral, cubic, tetragonal, and
hexagonal structures due to the flexibly controllable compo-
sition [42, 43]. R sites in most PBAs are occupied by Fe,
enabling the formation of a face-centred cubic structure with
spacious interstitial spaces [19]. This enticing crystal struc-
tural property prompts the extensive attempts of fabricating
cubic Fe-based PBAs, viz. FeFe-PB [40], NiFe-PBA [44],

© The authors

MnFe-PBA [45], and so forth by the facile coprecipitation
route using transition metal salts and K;[Fe(CN),]. It is worth
noting that alkali metal sites show significant impacts on the
resulting crystal structure, elucidating the phase transition
upon the alkali-ion storage process in PBAs. For instance,
Fe-based PBAs feature the typical cubic structure and may
undergo crystal structural distortion from cubic to monoclinic
with the increase in sodium content [46]. The morphological
structure is another key parameter, which can be modulated
by the variation in metal centres in transition metal cyano-
metalates. Aside from the prevailing cubic morphology,
spherical/polyhedral morphological traits are available under
proper conditions in Co-based PBAs, i.e. NiCo-PBA [47,
48], ZnCo-PBA [49], MnCo-PBA [35], and CoCo-PBA [50]
synthesised by solution-based reactions between metal salts
and K;[Co(CN)g]. The easy replacement of M and R sites
endows PBAs with vast diversity in compositions and struc-
tures, thereby promoting the discovery and design of PBAs
with multiple metal sites such as MnNiFe-PBA [51], high-
entropy PBA with a single crystal structure (chemical com-
position: Nal.70Feo.2Mn0.2C00.2Nio.2cu0.2[Fe(CN)6] 0.9870.02
[Fe(CN)glg 9g 022-35H,0; abbreviated as SC-HEPBA)
[22], NiFeCo-PBA [52], etc.)

External conditions are also instrumental to the structural
features of PBAs, among which chelating agents interfere with
the nucleation/crystallisation processes. The proper utilisation
of chelating agents such as sodium citrate and polyvinyl pyrro-
lidone (PVP) warrants a slower nucleation process and control-
lable crystallisation, thereby resulting in regular morphologies
[30, 46, 53]. By manipulating the reaction conditions, PBAs
with similar chemical compositions may result in different mor-
phological properties. Hydrothermal treatment is energetically
favourable for defect engineering compared with the conven-
tional room-temperature reaction, which was demonstrated in
the preparation of Fe-PBAs [54]. Moreover, prolonged reaction
time can facilitate the structural evolution from primitive solid
architecture to 3D hierarchically hollow frame superstructure,
which was validated by Lin et al. who prepared Fe—Co-Ni
nanoframe superstructures (abbreviated as Fe—-Co—Ni NFSs;
chemical composition: Nis[Fe 5,Coq 44(CN)¢l,-6.56H,0)
beginning with Fe~Co—Ni nanocubes synthesised by a typical
coprecipitation process at room temperature [52]. These cases
jointly substantiate the flexible and facile synthetic protocols of
PBAs that ensure their structural designability and multiformity
for energy applications.

https://doi.org/10.1007/s40820-024-01517-y
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2.2 Post-Treatment Techniques

Based on the coprecipitation synthesis of pristine PBAs,
PBA-based composites with more complex structures and
dimensionality are accessible by adopting post-treatment
techniques, i.e. electrospinning, template-assisted method,
and surface coating. Electrospinning is a routine technique
that helps fabricate MOF composites with 1D architectures
and hence has been widely adopted in the fabrication of PBA
composites [55, 56]. To develop a 1D network structure,
CoFe-PBA cubic nanoparticles and polyacrylonitrile (PAN)
were dispersed in N,N'-dimethylformamide (DMF) and then
transferred to a syringe for electrospinning to obtain the
CoFe-PBA @PAN composite [57]. Controlled crystal growth
plays a crucial role in the formation of the 2D structure,
which can be realised by employing hard/soft templates.
Typically, graphene oxide (GO) is an ideal hard template
extensively applied in the fabrication of 2D PBA/GO com-
posites [58, 59]. The soft template-assisted method is appli-
cable in some cases, during which feedstocks can precisely
control the crystallisation orientation. Although most PBAs
bear regular particle shapes, a 2D nanoplate structure was
accessible by the fabrication of 2D Prussian green followed
by the solution-based reaction [60]. Core—shell materials are
propitious to stress buffering and hence extensively synthe-
sised and investigated in energy storage, which remain des-
ignable by surface coating of PBAs, thereby motivating the
fabrication of PBA composites with coating layers such as
polydopamine (PDA) [37, 44] and resorcinol-formaldehyde
(RF) [61]. The above techniques can effectively integrate
PBAs with other components to acquire the desirable PBA
composites.

Other than the integration of various components, in
some cases, the removal or replacement of components was
executed for structural and compositional optimisation by
etching or ion-exchange reactions. By adjusting the solvent
environment, the original morphological structures of PBAs
can be partially devastated (especially in acidic or alkaline
environments), thereby favouring the formation of void
space. The existence of H* facilitates the decomposition
of [R(CN)6]4’, resulting in the formation of anion vacan-
cies and voids [59]. In addition, a hollow cage morphol-
ogy was designed by ammonia etching of the NiCo-PBAs
[58], indicating the efficaciousness of alkaline conditions in
morphological engineering. Therefore, the etching method
using acidic or alkaline solvents can selectively remove the

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

undesired components in PBAs to create more defects. When
adopting this method to remove metal components, the
chemical activity of metals is a crucial factor [62]. Active
metal components (e.g. Zn, Co) can be easily removed with
acid but acid etching is infeasible for the removal of inert
metals (e.g. Cu). Furthermore, ion-exchange reactions are
feasible for the replacement of components and have been
employed for the substitution of anions and cations in PBAs
[63]. The employment of post-treatment techniques dis-
tinctly extends the multiformity of PBAs, PBA composites,
and their derivatives in dimensionality, morphology, and
composition.

2.3 Thermal Conversion

The above synthetic protocols of PBAs and PBA-based
composites establish a blueprint for the further design of
PBA-templated nanocomposites including metal oxides,
metal chalcogenides, metal phosphides, etc., as illustrated in
Fig. 3. The in situ thermolysis of PBAs or their composites
under proper conditions enables the successful synthesis of
carbonaceous nanocomposites with desired compositional
and morphological features, during which PBAs perform
their dual functionalities as both precursors and templates.
During the solid-state thermal conversion, the resulting
nanostructures are highly correlated with the composition
of self-sacrificial templates, reaction time/temperature, and
gas atmosphere. Metal oxides (MOs) and their composites
are accessible by direct thermolysis of PBAs and their com-
posites under proper conditions, during which the Kirkendall
effect related to the faster outward diffusion of metal ions
than the inward diffusion of oxygen dominates the structural
evolution and facilitates the formation of voids [40, 64, 65].
For instance, the calcination of the CoCo-PBA and its com-
posites under the oxidation atmosphere enables the success-
ful synthesis of Co;0, or its carbon composite with affluent
defect sites with the aid of the Kirkendall effect [64, 66]. The
oxidation atmosphere also favours the formation of MOs
with binary/multiple metal centres such as FeMnO; derived
from MnFe-PBA [67], FeMnO,/Mn,0; nanocomposites
derived from MnFe-PBA [68], and NiCo,0, derived from
NiCo-PBA [69] when using bimetallic PBAs as precursors.
It is worth noting that porous carbon skeletons with N dop-
ing can be perfectly retained when calcined in reductive/inert
atmospheres (N,, Ar, H,, etc.), which enables the fabrication

@ Springer
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Fig. 3 Bottom-up fabrication of PBA-templated nanocomposites [34, 38, 40, 74]. Copyright 2019, American Chemical Society; Copyright
2024, Wiley—VCH; Copyright 2023, Wiley—VCH; Copyright 2018, Wiley—VCH

of metal/carbon (M/C) composites [44, 62]. Motivated by
the peculiar role of M/C composites as intermediates, other
PBA-templated MO-based composites including metal
oxide/carbon (MO/C) and metal/metal oxide/carbon (M/
MO/C) are accessible by thermolysis in reductive/inert gas
(e.g. Co30,4 nanoparticles embedded in N-doped carbon
[66], FeMnO; nanocages in N-doped carbon matrix [70],
Co;0,/Co nano-heterostructures in N-doped carbon [71],
and oxygen-deficient Co/MnO embedded in carbonaceous
micropolyhedrons [35]). Many successful cases in the devel-
opment of PBA-derived MOs and their composites establish
a solid foundation for the nanostructuring of other metal
compounds with PBAs, which endow the vast diversity of
PBA-templated nanocomposites.

During the thermal decomposition process, one pre-
dominant advantage of the PBA-templated route is the easy
introduction of heteroatoms internally or externally, which

© The authors

endows the accessibility of other PBA-derived materials
including metal carbides, metal nitrides, metal sulphides,
metal selenides, metal phosphides, metal phosphates, etc.
Under a specific condition of 600 °C in N, flows for 2 h,
Co,ZnC species can appear during the thermolysis of CoZn-
PBA [49, 72], where carbon originates from the cyano
groups. PBA templates are also intrinsic nitrogen sources
facilitating the formation of metal nitride phases that was
validated by the in situ construction of (Ni/Co);N multi-
core nanoparticles dispersed in the N-doped carbon shell
using the NiCo-PBA @PDA template [73]. Numerous exam-
ples reveal the great advantage of light element (e.g. N, C)
doping when employing the PBA-templated approach. In
contrast with conventional methods, this approach shows
better executability because PBAs are effective light element
donors and can result in successful doping by direct ther-
molysis. The utilisation of PBA templates also warrants the

https://doi.org/10.1007/s40820-024-01517-y
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phase homogeneity of the resulting products and the even
distribution of light elements (i.e. the homogeneous distri-
bution of N in the carbon matrix) [40]. Apart from endog-
enous heteroatoms, exogenous heteroatoms (S, Se, P, etc.)
can be imported by solution-based reactions or solid-state
thermal conversion without severe devastation of primitive
morphologies. To obtain PBA-templated metal sulphide-
based nanocomposites, various S sources such as S powder
[37, 571, H,S [48], Na,S [36], and thioacetamide (TAA)
[61] were adopted during the direct/multi-step conversion.
Likewise, metal selenide-based nanocomposites were con-
ventionally acquired by the solid-state thermal treatment of
PBAs/PBA composites and Se powder under inert atmos-
pheres [74, 75]. As common AIB anode materials, metal
phosphides and their composites were prepared by in situ
phosphatisation of PBA precursors or their derived carbo-
naceous composites via thermal treatment with P sources
(e.g. NaH,PO,-H,0 and red phosphorous) [50, 76-78].
These cases jointly emphasise the executability and flexibil-
ity of heteroatom importing during the preparation of PBA
derivatives, thereby prompting the design of AIB cathodes
as Li/Na/K donors via the PBA-templated protocol. With the
utilisation of Li sources (e.g. LiOH and Li,CO;), PBA-tem-
plated Li-based layered metal oxides such as LiCoO, (LCO)
[79] and LiNi xCoyanOz (NCM) [80] can be fabricated by

thermal conversion at high temperatures. According to pre-
vious literature, the simultaneous use of NH,H,PO, as the
P source and Li,COj as the Li source contributed to the suc-
cessful synthesis of lithium metal phosphate carbonaceous
composites, during which N-doped carbon matrix inherited
from PBA precursors constructed a conductive network [40,
41]. The high-temperature sintering strategy is also suitable
in the preparation of K-based layered metal oxides as PIB
cathodes, where K,CO; or KOH was employed as K sources
[81, 82]. The pronounced achievement in the PBA-templated
synthetic route is an indispensable premise for their large-
scale manufacturing and applications in AIBs.

2.4 Analysis of Pros and Cons

Both pros and cons are present in the PBA-templated
approach, which are summarised in Fig. 4 to help further
improvement in each synthetic procedure. The coprecipita-
tion synthesis of PBAs is facile and green but usually results
in limited structural adjustability. Although post-treatment
techniques (electrospinning, templated assist methods,
surface coating, etching, and ion-exchange reactions) can
significantly increase the diversity of compositions and
structures, they may make the synthetic route more tedi-
ous and import some undesirable impurities. The thermal

The PBA-templated approach

Coprecipitation Post-treatment Therm.al
conversion
Environmentally Increased structural Good crystallinity
friendly and diversity and ' 'and  well-retained
facile designability morphology

Limited structural
adjustability

Tediousness and
impurities

Energy consumption
and gas emission

Fig. 4 Advantages and disadvantages of synthetic techniques of PBA-templated nanocomposites
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conversion step can guarantee a good crystallinity degree
and retain the parent morphology but is neither economical
nor environmentally friendly due to high energy consump-
tion and toxic gas emission. Therefore, the synthetic steps in
the PBA-templated strategy still require further optimisation
and simplification to satisfy the industrial need.

3 Working Mechanisms of PBA-Templated
Nanocomposites in AIBs

The PBA-templated functionalised nanocomposite elec-
trodes of AIBs rely on intercalation, conversion, and alloy-
ing processes. These processes determine whether these
nanocomposites have excellent lithium/sodium/potassium
storage behaviours, whose comprehensive understanding
will be insightful for the recognition of the pros and cons of
different materials and in turn direct their targeted modifica-
tion. Although the overall ion storage mechanisms of LIBs,
SIBs, and PIBs are similar, the working voltage and specific
electrochemical behaviours may vary due to the difference
in the ion size, so it is necessary to distinguish the lithium/
sodium/potassium storage mechanisms of PBA-templated
nanocomposites for rational selection and matching of elec-
trodes. With this aim, orchestrated endeavours have been
devoted to mechanism analysis by in situ/ex situ characteri-
sation when designing AIB electrodes. Hence, in this sec-
tion, the working mechanisms of various PBA-templated
electrodes in AIB systems are analysed by cases in detail.

3.1 Lithium Storage

The commercialised LIB system in earlier days was com-
posed of graphite anode and LiCoO, cathode, where the lith-
ium storage process relies on the repetitive lithium-ion inter-
calation/deintercalation and is defined as the “rocking chair”
mechanism [83, 84]. As expected, layered LIB cathodes such
as LiCoO, [79] and NCM [80] derived from PBAs show typ-
ical intercalation mechanisms. Other than PBA-derived Li-
based layered metal oxides, PBA-templated olivine cathode
materials also deliver lithium storage capability relying on
Li* insertion/extraction accompanied by the transformation
between Li-rich and Li-poor phases, which was systemati-
cally investigated recently [40, 41]. Notably, the lithium stor-
age process of LiFePO, (LFP) is correlated with the cation
doping, as illustrated in Fig. 5a. The Mn-doped LFP bears a

© The authors

nonequilibrium solid solution formation process during the
delithiation process, which is significantly different from the
nucleation process of the primitive LFP and maintains the
structural integrity upon cycling [41]. Apart from LIB cath-
odes, it is widely recognised that the graphite anode shows a
layered structure allowing the intercalation process, which is
expectedly feasible in PBA-derived porous carbon materials
with similar lithium storage behaviours [85].

Despite the dominant position of the intercalation mech-
anism in practice, intensive attention has been dedicated
to the exploitation of alloying-type and conversion-type
LIB electrodes (especially anodes). PBA-derived nano-
composites containing alloying-type metal components
such as ZnO/ZnFe,0, hybrid nanostructures [86], ZnO/
Co;ZnC/N-doped carbon composite [49], and ZnSe-Fe,;Se,
heterostructures [75] present exceptional electrochemical
performances in LIBs due to the reversible capacity pro-
vided by lithium metal alloys (e.g. LiZn,). The presence
of conversion-type metal components results in the single/
multi-step conversion mechanism, which occurs in other
PBA derivatives such as Co;0, [66, 87], Fe,Mn,_,O; [68,
70], CoFeO, [88, 89], FeS, [61], Mn, ¢Fe, ,S [90], CuFeS,
[91], CoP [92], and NiCoP [38]. These conversion reac-
tions have been systematically explored and verified with
sufficient evidence by in situ/ex situ characterisation. For
instance, ex situ XRD patterns successfully unveil the
reversible conversion between metal (Co and Mn) and
metal oxides (CoO and MnO) when using the MnO/Co
carbonaceous composite as a LIB anode (Fig. 5b, c) [35].
The MnO phase can be converted into Mn during the dis-
charge process, after which MnO can be reversibly formed
during the charging process. Meanwhile, the charging pro-
cess enables the transformation from Co to CoO, while Co
can be reversibly generated during the discharge process.
The complementary lithium storage behaviours of MnO
and Co result in the impressive reversible capacity of this
composite, which is a typical example of the synergistic
effect in lithium storage [93]. In another study, the conver-
sion reaction of trimetallic metal sulphide composite, Fe/
Co co-doped NiS with N-based carbon (FeCo-NiS@NC),
was elaborately studied by the in situ XRD technique [94],
where the generation of metal (Ni, Co, and Fe) and Li,S
was identified (Fig. 5d). Upon lithiation, the FeCo-NiS
phase can be converted into Ni, Co, Fe, and LiS, indicat-
ing the joint contribution of all metal centres and hence
improving the overall performance. These findings support

https://doi.org/10.1007/s40820-024-01517-y
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the extraordinary lithium storage capability of conversion-
type materials derived from PBAs and convincingly sub-
stantiate their viability as advanced LIB anodes.

3.2 Sodium Storage

As a pioneering rechargeable battery technology, SIBs
have been regarded as suitable candidates to replace

o)
it SHANGHAI JIAO TONG UNIVERSITY PRESS
&5

commercial LIBs, which show similar electrochemical
behaviours based on intercalation/alloying/conversion
reactions. Typically, pristine PBAs have been widely stud-
ied as SIB cathodes owing to their affluent redox-active
centres, suitable operating voltages, and sufficient space
for Na% intercalation [23, 42]. As for anode materials,
porous carbons with sufficient interlayer space are suit-
able intercalation-type anodes that allow the reversible
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insertion of more sodium ions in contrast with graphite
[95, 96]. Despite the innumerable achievements in inter-
calation-type electrode exploration, the design of PBA-
templated nanocomposites is still in its infancy due to the
immaturity of synthetic protocols and a majority of these
materials bear alloying/conversion mechanisms.

As mentioned above, the existence of alloying-type
metals such as Zn will result in the formation of alloys,
which is also applicable in sodium storage. When utilising
the heterostructure ZnSe/FeSe nanospheres derived from
Zn;[Fe(CN)g],, both alloying and conversion reactions
occur during the discharge process, as expressed below
[53]:

ZnSe + 2Na* + 2¢” — Zn + Na,Se (1)
xZn + Na* + e~ - NaZn, 2)
FeSe +yNa® +ye™ — Na FeSe 3)

Na,FeSe + (2—y)Na* + (2—y)e™ - Na,Se + Fe )

Without alloying-type components, most PBA-tem-
plated SIB anodes (i.e. CoFe,0, [97, 98], MgFeO, [99],
Fe;S; [100], MnS/FeS, [37], (NiCo)S, [101], MnS-
CoS, [102], CoS,/FeS, [57], NiSe, [103], CoSe, [63],
Ni, 4Co, ,Se, [74], (Ni, Co)Se, [58], FeP [104], and CoP/
FeP [77]) contribute sodium storage capacity by single/
multi-step conversion reactions. To reveal the conversion
mechanism of NiCo bimetallic metal sulphide in N-doped
carbon (abbreviated as (Nij sCo, 5)9S3 @NC), in operando
XRD analysis was executed, where characteristic peaks of
Na,S, Na,Ss, Co, and Ni were obtained (Fig. 6a) [36]. By
the same technique, it demonstrated that the FeCu bime-
tallic phosphide can be converted to Cu, Fe, and Na;P
upon discharge (Fig. 6b) [105], thereby emphasising the
similarity of these materials in sodium storage. According
to the above findings, it is noteworthy that the synergistic
effect in sodium storage can also be observed in PBA-
templated nanocomposites with multiple components.

3.3 Potassium Storage
The larger ion size of K* compared with Na* and Li*

requires more interstitial sites to afford the reversible
insertion/extraction process, which has motivated the

© The authors

development of intercalation-type materials (layered metal
oxides, PBAs, polyanion materials, porous carbons, etc.)
[106]. Inspired by this, PBAs were utilised as templates
to prepare other intercalation-type materials for better
compositional and structural monitoring by integrating
the intriguing merits of PBAs as morphological control-
lers and nitrogen sources. N-doped K-based layered metal
oxides derived from PBAs can provide larger interlayer
spacing for reversible K* intercalation/deintercalation
[81, 82]. As presented in Fig. 7a, the 2D layers provided
by PBA-templated P3-typed K, sMn ¢;Fe 350 95N o5
(KMFON) show amplified interlayer distance during depo-
tassiation to allow K* intercalation, resulting in remark-
able reversibility with the negligible variation in the P3
phase. The reversible K* insertion/extraction process and
relatively high voltage plateau make K-based layered metal
oxides suitable cathodes for PIBs. Nitrogen doping is con-
ducive to elevating the electronic conductivity by forming
a successive conductive network and hence is also feasi-
ble in porous carbons. Consequently, the PBA-derived Co
nanoparticles in N-doped graphitised carbon (Co-NC) can
deliver expedited kinetics during the intercalation process
when investigated as the PIB anode [62].

Apart from intercalation-type PIB electrodes, PBAs
were also utilised as self-sacrificial templates to design
alloying/conversion-type materials for exalted potas-
sium storage capacity. During the initial discharge pro-
cess, ZnO/ZnFe,0, nanoparticles can be transformed into
KZn alloy, metallic Fe, and K,O, after which the revers-
ible transformation occurs (Fig. 7b), as expounded below
[107]:

ZnFe,O, + 9K* + 9¢~ —» 4K,0 + KZn + 2Fe (3)
ZnO + 3K* + 3e” < K,0 + KZn (6)

Fe,0; + 6K + 6e” < 3K,0 + 2Fe 7

PBA-derived conversion-type PIB anode materials
(FeS, [108], NiS/FeS [109], MnSe/FeSe, [110], CoSe,/
NiSe, [111], CoSe,-FeSe, [112], FeP [113], etc.) were
also investigated due to their considerable reversible
capacity induced by conversion reactions of electrochem-
ical active components. Among them, nanocomposites
with multiple active centres/components have gained
particular attention due to the pursuit of the strengthened

https://doi.org/10.1007/s40820-024-01517-y
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synergistic effect, where the synergistic effect refers to
the complementary potassium storage behaviour of vari-
ous components. For instance, the joint potassium stor-
age behaviours of Ni3S,—Co4Sg heterostructures were
unveiled by ex situ high-resolution transmission electron
microscopy (HRTEM), as displayed in Fig. 7c—e [114].
When discharged to 0.01 V, the presence of the K,S

ol
@®

SHANGHAI JIAO TONG UNIVERSITY PRESS

phase indicated the reaction of K* and primitive metal
sulphide phases. It is noteworthy that Ni;S, and CoySg
can be reversibly generated when charged to 3 V sug-
gesting that both of them were involved in conversion
reactions and contributed to potassium storage capacity.
With these convincing results, it can be assumed that the
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complementary effect of various components is beneficial
to improving the overall potassium storage performance.

3.4 Summary of Alkali-Ion Storage Mechanisms
Sufficient evidence has been proposed to validate the

similarity of PBA-templated nanocomposites in lithium/
sodium/potassium storage, during which various reactions

© The authors

corroborated by characterisations unearth root causes of
lithium/sodium/potassium capacity and capacity attenua-
tion of different materials. For intercalation-type materials,
amplifying the interstitial space is an instrumental approach
for adaptation to differences in ion radius, which is favour-
able for the reversible intercalation of more ions, thereby
resulting in enhanced reversible capacities. Simultaneously,
PBA templates enable atomic-level modulation and morpho-
logical engineering for ameliorated electronic characteristics

https://doi.org/10.1007/s40820-024-01517-y
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and enlarged interlayer spacing for faster ion intercalation
kinetics. Although intercalation-type materials are deemed
to be suitable commercial electrodes for AIBs for their
intrinsic safety, their lithium/sodium/potassium capacities
are inadequate to satisfy future energy demands. Therefore,
developing PBA template materials that work synergistically
with other mechanisms is one of the effective ways to solve
the above issue. Alloying-type materials exhibit substantial
theoretical capacities due to the formation of metal alloys,
but their huge volume change and low initial Coulombic
efficiency are not satisfactory. Despite the considerable
capacities induced by multi-electron reactions, conversion-
type materials also show large irreversible capacities during
the first loop and suffer from structural deterioration upon
long cycling. To cope with these challenges, prelithiation/
presodiation/prepotassiation techniques, nanonisation,
and mechanical stress buffering are viable methodologies.
Moreover, the development of heterostructures with hybrid
lithium/sodium/potassium storage mechanisms remains an
emerging trend, which helps to pursue the balanced merits
of various components for strengthened synergistic effects.

Generally, intercalation, alloying, and conversion mecha-
nisms of PBA-templated nanocomposites are similar to AIB
electrode materials designed by conventional approaches
[115-118], whose verification and identification can be
useful fundamental knowledge for AIB electrode design
using PBA-templated route. Based on these reactions, elec-
trochemical reaction kinetics in AIBs can be quantified by
pseudocapacitive studies and are vital to the Li*/Na™/K*
diffusivity. The cyclic voltammetry technique can be applied
to estimate the pseudocapacitive contribution, which follows
the formula [119]:

ip =a’ (®)

i(V) = kv + k,v'/? )

In formula (8), @ and b are constants, while i, and v rep-
resent peak current and scan rate, respectively. In formula
9), i(V), v, k;v, and k2v1/2 stand for the current, scan rate,
capacitance-dominated behaviour, and diffusion-controlled
behaviour, respectively. To our best knowledge, the b value
approaching 1 indicates the strong surface-induced capaci-
tive process (SCP) or non-Faradaic process, while the one
approaching 0.5 reveals the strong diffusion-controlled inter-
calation process (DIP) or Faradaic process. The SCP process

SHANGHAI JIAO TONG UNIVERSITY PRESS

indicates alkali-ion adsorption and is usually more palpable in
conversion-type or alloying-type materials, while the DIP pro-
cess implies alkali-ion intercalation and predominantly inter-
feres with the alkali-ion storage of intercalation-type materials.
In brief, the larger pseudocapacitive contribution ratio indi-
cates faster ion/charge transfer and is conducive to the capac-
ity utilisation rate at elevated current densities. Fortunately,
the intrinsic open framework architecture of PBAs imparts
their derived nanocomposites with sufficient void space after
thermolysis. The crystal defects in PBA templates are com-
mon due to the absence of water molecules or organic ligands,
which can also create vast defects in the resulting derivatives
[24]. The existence of voids/defects facilitates SCP behaviours
and hence is favourable for the SCP contribution of PBA-
templated compounds during Li*/Na*/K* storage [35, 120],
thereby leading to their fabulous multiplier performance in
AlBs. In contrast with the conventionally prepared AIB elec-
trodes, the large surface area imparts PBA derivatives with
abundant redox-active centres and ion adsorption sites [120],
thereby resulting in strengthen ion storage reactions, amelio-
rated electrode/electrolyte contact, and more pronounced pseu-
docapacitive behaviours. The interstitial space is conducive
to the adaptation of ion insertion and the alleviation of the
mechanical stress caused by conversion/alloying processes.
In addition, the effective nanostructuring induced by PBA
templates can reduce the distance for alkali-ion migration and
expedite the reaction kinetics. Therefore, the PBA-templated
method can probably resolve the limitations and optimise the
ion storage mechanisms of AIB electrodes prepared by con-
ventional approaches without subverting routine electrochemi-
cal processes (intercalation/alloying/conversion reactions and
pseudocapacitive/diffusion behaviours).

4 Applications of PBA-Templated
Nanocomposites in AIBs

The mechanism exploration of PBA-templated nano-
composites unambiguously elaborates their suitability
as advanced AIB electrodes. Following the bottom-up
synthetic method from controlled crystallisation of PBAs
and their composites to solid-state thermal/solution-based
conversion, multifarious PBA derivatives with vast mul-
tiformity in structures, compositions, and dimensionali-
ties were meticulously designed. Despite the similarity
in mechanisms, PBA-templated nanocomposites deliver

@ Springer
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different electrochemical performances in LIBs, SIBs,
and PIBs, making it necessary to distinguish their appli-
cations in these AIB systems. The battery parameters like
capacity, voltage range, and ion diffusivity are different in
various AIBs, so the smart selection and optimisation of
electrode materials can be vital to battery operation and
performance [121]. Battery material design ought to be
more connected to the full battery system in AIBs based on
the systematic scientific analysis [122], which requires a
comprehensive consideration of the applicability of differ-
ent electrode materials. Hence, the particularities of PBA-
templated nanocomposites in LIBs, SIBs, and PIBs need to
be clearly identified. To highlight their structure—activity
relationship in AIBs and in turn direct the monomer/condi-
tion selection, this section will categorise, compare, and
discuss the lithium/sodium/potassium storage properties
of various PBA-derived materials including metal oxides,
metal chalcogenides, metal phosphides, and so forth.

4.1 Lithium-Ion Batteries

The most commonly commercialised electrodes for LIBs
play an important role in the energy market, but their lith-
ium storage capacities are nearing their limits (theoretical
capacity: ~372 mAh g~! for graphite and ~ 148 mAh g~!
for LiCo0O,) [123]. The quest for enhanced lithium storage
properties offers opportunities for the ascension of PBA-
templated nanocomposites with peculiar structural proper-
ties increasing lithium storage active sites. To understand
the structure—activity correlation of these materials in
LIBs and to guide their controlled synthesis, the lithium
storage properties are summarised in Table 1.

4.1.1 Metal Oxides

Metal oxides, due to their enticing theoretical capacities,
have been extensively reported as potential alternatives for
conventional graphite. Nevertheless, the structural frangi-
bility and severe volume variation cause drastic capacity
attenuation, thereby prompting the adoption of PBA tem-
plates to obtain desired nanostructures and realise structural/
compositional optimisation. It is widely acknowledged that
hollow architectures with affluent voids can help stress buft-
ering and facilitate Li'*/electron transportation, motivated by

© The authors

which the direct thermolysis of PBAs in air was executed in
earlier days, resulting in numerous metal oxides with nano/
microstructures such as hollow FeCo,O, nanospheres [124],
porous Mn, ¢Fe, ,0, nanocubes [125], Co;0, porous poly-
hedrons [64], and FeMnO; microcubes [67]. These PBA-
derived metal oxides with single component presented
incredible initial capacities (> 1000 mAh g~!) but couldn’t
satisfy practical battery systems due to their bad cycling
lifespan (less than 100 cycles) and dissatisfying initial Cou-
lombic efficiency. For structural optimisation, the anneal-
ing temperature is crucial, which was systematically inves-
tigated when synthesising CoFe-PBA-templated Co,Fe;_ O,
nanocubes [126]. The decomposition of cyano groups in the
precursor promotes the interdiffusion process accompanied
by the formation of the hierarchically porous structure with
excellent phase homogeneity, making 700 °C the optimal
temperature with superior reversible capacities (1601 and
950 mAh g~! at 100 and 5000 mA g~!, respectively) and
elucidating the significance of processing conditions.

To enhance structural integrity and alleviate mechanical
stress, researchers have designed core—shell structures with
multiple components. The calcination of Nis[Co(CN)¢],@
Co;[Fe(CN)¢], was employed to develop Fe,0;@NiCo,0,
porous nanocages, during which the Kirkendall effect played
a part in the formation of the hollow cubic architecture
[127]. Due to the synergistic effect and the well-developed
porosity, this composite anode exhibited a splendid initial
capacity of 1311.4 mAh g~! at 100 mA g~! with a reten-
tion rate of 82.3% after 100 cycles. In some cases, epitaxial
shells of core—shell structures can efficaciously maintain the
structural integrity of bulk materials and boost the overall
electrical conductivity. It is reported that the uniform depo-
sition of CeO, on the Prussian blue (PB) precursor and the
thermolysis at 400 °C resulted in the successful fabrication
of Fe,0;@Ce0,-400 LIB anode with superior rate capabil-
ity (643 mAh g~! at 1000 mA g~!) and cyclability (886 mAh
g ' at 100 mA g~! for 100 cycles) [34], which can be accred-
ited to the enhanced thermal stability and boosted Li* diffu-
sion. To incorporate the advantages of interior cavities and
surface conductive layers, Ag nanoparticles were uniformly
deposited on the surface of PBA-derived Co;0, hollow
nanoboxes, resulting in an outstanding reversible capacity
of 1015 mAh g~! after 100 rounds at 200 mA g~! and con-
siderable capacity retention of 361 mAh g~! at 5000 mA g~
[128]. Although Ag coating pronouncedly exalted the elec-
trochemical performance of bare Co;0, electrodes, this

https://doi.org/10.1007/s40820-024-01517-y
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Table 1 Lithium storage properties of PBA-templated nanocomposites

Electrodes Templates Initial DC/  Voltage (V ICE (%) RC/rate (mA g’l) Cycle number References
CC (mAh vs. Lit/Li)
g
Co;0, Co;[Co(CN)4l, 1499/1073  0.01-3.0  83.2 1229/50 20 [64]
Ag@Co30, CoCo-PBA 1291/1007  0.01-3.0 78 1015/200 100 [128]
NiCo,0,/NiO@C CoCo-PBA@Ni-BTC 1415/1034  0.01-3.0  73.1 1433/1000 200 [132]
Co30, microcages@GA CoCo-PBA@GA 2186/1514  0.01-3.0  69.3 1439/1000 200 [135]
Co30, microcubes@GA CoCo-PBA@GA 1334/913 0.01-3.0  68.5 1235/1000 200 [136]
Co;0,@CNFs CoCo-PBA@PAN 1113/864 0.01-3.0 95.8 1404/100 100 [66]
FeCo,0, Cos[Fe(CN)gl, 1358/1074  0.01-3.0  79.1 1060/100 50 [124]
Co.Fe;_,0, CoFe-PBA 1486/1435  0.01-3.0  96.6 1601/100 60 [126]
CoFeO,@C/C Cos[Fe(CN)gl, 1043/676 0.01-3.0  58.7 483/5000 120 [88]
Fe-Co oxide@GA FeCo-PBA@GA 1300/800 0.01-3.0 61 947/100 130 [134]
FCO@NC FeCo-PBA 1230/798 0.01-3.0 ~70 463/1000 500 [89]
NiO-Co;0,@rGO NiCo-PBA 1640/991 0.01-3.0  60.5 805/100 100 [137]
Fe,0;@NiCo,0, Ni;[Co(CN)g],@Cos[Fe(CN)gl, 1311/903 0.01-3.0 68.8 1080/100 100 [127]
Mn, ¢Fe, ,0, Mn;[Fe(CN)4l, 2312/1337  0.01-3.0  57.8 827/200 60 [125]
FeMnO, MnFe-PBA 2454/1418 0.01-3.0 57.8 710/100 200 [67]
FeMnO;/Mn,0; Mn;[Fe(CN)4l, 1580/850 0.01-3.0 53.8 995/200 170 [68]
Fe-Fe ;3Mn) (;O/C MnFe-PBA 1195/824 0.01-3.0 69 730/100 70 [131]
FeMnO;@NC MnFe-PBA 1594/1167  0.01-3.0 ~80 1011/500 100 [70]
ZnO/ZnFeO, Zn;[Fe(CN)¢l, 998/705 0.01-3.0  70.6 704/200 200 [86]
Fe,0;@Ce0O, PB@CeO, 1351/986 0.01-3.0 728 886/100 100 [34]
Zn0O/Co50, Zn;[Co(CN)4l, 2049/1164  0.01-3.0  56.8 957/100 100 [129]
Co;0,/N-C Zn;[Co(CN)¢l, 1200/840 0.01-3.0 ~70 1255/100 100 [87]
NiFe,0,-FeMnO, NiMn,[Fe(CN)gl, 1698/957 0.01-3.0 564 536/500 500 [130]
0O,-MnO/Co NCPs MnCo-PBA 2124/1638  0.01-3.0 77.1 1349/1000 1000 [35]
FeVO,@CNTs FeV-PBA 475/250 0.01-3.0 52.6 400/250 150 [133]
FeS,@C FeFe-PB 963/650 0.01-3.0 675 560/100 100 [61]
Fe,S;@NC@MoS, FeFe-PB - 0.01-3.0 - 1000/100 100 [100]
NiS,@CoS,@C@C NiCo-PBA 1380/988 0.01-3.0 71.6 680/100 100 [138]
C-coated KCuFeS, CuFe-PBA - 0.01-3.0 ~85 380/250 500 [91]
Mn, (Fe, ,S MnFe-PBA 809/612 0.01-3.0 76 520/1000 1000 [90]
FeCo-NiS@NC FeCoNi-PBA 1179/1010  0.01-3.0 85 514/2000 600 [94]
CoP@GA CoCo-PBA 1213/1075  0.01-3.0  88.6 805/200 200 [92]
CoP/Co,P@N-C CoCo-PBA 1440/951 0.01-3.0 66 978/100 100 [50]
NiCoP@N-C NiCo-PBA 1258/846 0.01-3.0 67.3 859/100 120 [38]
Co;3ZnC/C Zn;[Co(CN)¢l, 908/607 0.01-3.0 66.9 608/100 300 [72]
Zn0/Co3ZnC/NC Zn;[Co(CN)¢l, 1164/744 0.01-3.0 o4 1162/200 300 [49]
(Ni/Co);N MC@HC Ni;[Co(CN)gl, - 0.01-3.0 - 440/200 130 [73]
NCCH NiCo-PBA - 0.01-3.0 - 437/200 300 [85]
LiCoO, Co;[Co(CN)4l, - 3.12-4.3 - 102/274 100 [79]
NCM (Nay 5Ky 15)- 222/190 2.7-4.5 85.6 152/140 100 [80]
Ni, ¢_,Mn,[Co(CN)¢l,

LFP/CN FeFe-PB - 2.3-4.8 - 153/85 500 [40]
LiMn) ,sFe,, ;,sPO,/C MnFe-PBA - 2.3-4.8 - 165/85 200 [41]

DC/CC: discharge/charge capacity, ICE: initial Coulombic efficiency, RC: reversible capacity
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strategy hardly meets the commercial requirement due to
economic considerations.

Coupled with innumerable experimental results, it can
be assumed that the joint contribution of various compo-
nents can maximise the lithium storage capability, which
has inspired the synthesis of heterostructural nanocompos-
ites, viz. ZnO/Co;0, nanocomposite clusters derived from
Zn;[Co(CN)¢], nanospheres [129], ZnO/ZnFe,0, hybrid
nanostructures derived from ZnFe-PBA [86], FeMnO,/
Mn, 05 hybrids derived from Mn,[Fe(CN);],-nH,O [68], and
NiFe,0,-FeMnO; derived from N iany[Fe(CN)G]2 [130]. In
the above Zn-based nanocomposites, ZnO is not only an
electrochemically active component with an alloying mecha-
nism contributing lithium storage capacity but also a buffer
domain in the heterostructure inhibiting self-aggregation,
resulting in more stable cycling performances (> 900 mAh
g~!at 100 mA g~!;>700 mAh g~! at 200 mA g~'). The
impact of chelating agents on resulting morphologies was
validated during the preparation of FeMnO;/Mn,0; hybrids,
whereas citric acid can facilitate the formation of Mn,0;
nanotubes with amplified active sites and hence enhance
the reversible capacity (~ 1000 mAh g~!). Compositional
optimisation is another crucial consideration during hetero-
structure design that was examined by adjusting the Ni/Mn
ratio in NiFe,O,-FeMnO; (536.1 mAh g~! at 500 mA g~!
over 500 cycles when Ni: Mn=2: 8) [130]. Therefore, both
morphological and compositional properties are instrumen-
tal factors for the lithium storage behaviours of PBA-derived
nanocomposites.

According to the above findings, although thermal
decomposition in an oxidation atmosphere usually results
in excellent crystallisation orientation and enticing hol-
low structures with perfect retention of parent morpholo-
gies, the fatal demerit of subpar electronic conductivity of
metal oxides needs to be reconciled, thereby inspiring the
manufacturing of metal oxide carbonaceous composites by
solid-state conversion of PBAs under reductive/inert atmos-
pheres. One facile method to generate carbon matrices is the
direct thermolysis of PBAs in anoxic circumstances, where
the PBA templates are ideal carbon sources. By a two-step
calcination process, a ZnCo-PBA-derived composite with
Co;0, nanocrystals in N-doped carbon (Co;0,/N-C) was
fabricated, during which the volatilisation of Zn and oxida-
tion of Co generated vast defects and endow Co;0,/N-C
with a fabulous lithium storage capacity of 1255 mAh g~!
significantly outperforming the carbon-free counterpart

© The authors

[87]. As mentioned earlier, the resulting microstructure
is correlated with the calcination temperature, which was
systematically explored by using MnFe-PBA as the self-
sacrificial template to synthesise manganese-iron oxide-
based carbonaceous hybrids [131]. As shown in Fig. 8a,
the primitive cubic structure can be well inherited below
700 °C, while irregular agglomerates appear over 700 °C.
The composition of resultant products also varies from
300 to 800 °C (MnO,-Mn,0,/C, MnO,-Fe, 35Mn,, c;O/C,
Mn-Fe, ;3Mn ,0/C, Fe-Fe,;3Mng (,0/C,
Fe;Mn;04-Fe, 33Mn,, 4,0/C, and MnO-Fe;C-Fe/C) empha-
sising the significance of the calcination temperature in
structural/compositional manipulation. Among these prod-
ucts, Fe-Fe, ;3Mn,, 4,O/C showed superiority in rate capabil-
ity (589.2 mAh g=! at 1600 mA g') and cycling stability
(626.8 mAh g~! at 1000 mA g~! for 1000 cycles) owing
to the enticing porous structure with abundant void space,
Fe nanoparticles kinetically accelerating the electrochemi-
cal reactions, and N-doped carbon layer acting as an elastic
buffer for volume fluctuation. The meticulous control of
thermal treatment can result in the presence of metal nano-
particles in the resultant nanocomposites with additional
lithium storage capability. These nanocomposites derived
from PBAs with the optimal composition possess increased
active centres and ameliorated electrode/electrolyte con-
tact but are inclined to suffer from particle agglomeration
and display inferior tap density, which are insufficient to
satisfy practical use and stimulate the multiscale modifi-
cation of hierarchical architectures to integrate the merits
of nanoengineering and microengineering. By calcination
of MnCo-PBA at 700 °C, a hierarchical composite with
oxygen vacancy (O,)-rich MnO/Co nanoparticles embed-
ded in N-doped carbon nanotube-assembled carbonaceous
micropolyhedrons (O,-MnO/Co NCPs) was obtained, which
delivered enhanced tap density compared with conventional
nanocomposites due to the unique 3D hierarchical struc-
ture (Fig. 8b) [35]. Consequently, this hierarchical material
displayed splendid long-term cyclability at different operat-
ing conditions (1349.1 mAh g~! at 1000 mA g~ for 1000
cycles; 1106.2 mAh g~! at 2000 mA g~! for 800 cycles at
60 °C) due to the rationally designed structure, a strong syn-
ergistic effect between various components, and the afflu-
ent O, amending atomic/electronic structure. Notably, the
imbalanced charge distribution and charge transfer behav-
iour usually appear around O, sites (Fig. 8c), thereby result-
ing in the expedited Li* mobility during charge/discharge

https://doi.org/10.1007/s40820-024-01517-y
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processes induced by the local electric fields (Fig. 8d) and
revealing the feasibility of O, engineering.

To our best knowledge, carbon modification is a produc-
tive methodology to enhance electrical conductivity for a
higher capacity utilisation rate (particularly at elevated cur-
rent densities). This can be achieved not only by retaining
the porous carbon skeletons of PBAs but also by employing
an external carbon source. For instance, the surface coat-
ing strategy was implemented using carbon sources such as
polypyrrole (PPy) [70] and PDA [89]; then, by the calcina-
tion procedure the PBA-derived metal oxides were success-
fully coated by carbon to prepare the FeMnO;@NC compos-
ite and N-doped carbon-coated FeO/CoO hollow nanocages
(FCO@NCQ), respectively. As expected, this synthetic route
fully utilises both the abundant void space induced by the
decomposition of PBAS in air and the N-doped carbon phase
as the protective layer, simultaneously enhancing the struc-
tural robustness and boosting the electron transfer, thereby
resulting in the superior lithium storage capability of these
carbonaceous products compared with their counterparts
without carbon coating. Similar to PBAs, other MOFs are
also promising carbon sources, inspired by which a dual
template strategy was proposed to fabricate N-doped car-
bon-coated NiCo,0,/NiO nanorods (denoted as NiCo,O,/
NiO@C) [132]. The hybrid MOF, CoCo-PBA@Ni-BTC,
was hydrothermally synthesised, whose hierarchical urchin-
like architecture warranted the large surface area, shortened
ion/electron transfer paths, and alleviated volume expan-
sion of the resulting product, thereby contributing to the
stable reversible capacity of 1432.8 mAh g~! with a Cou-
lombic efficiency of 98%. Moreover, the thermal treatment
process under inert/reductive circumstances energetically
facilitates oxygen defect formation to boost Li* diffusion
kinetics. Motivated by this, CoFe-PBA was deposited on a
3D carbon network and then underwent an oxidation-ther-
molysis process to yield a double carbon-reinforced defec-
tive metal oxide composite (abbreviated as CoFeO,@C/C)
[88]. This double carbon modification strategy endows
CoFeO,@C/C with intriguing capacity retention of over
85% at 200 mA g~! for 120 cycles and negligible capacity
fade during the rate performance measurement (906.1 and
839.8 mAh g~! at 100 and 1000 mA g~!, respectively). The
construction of successive conductive networks can favour
surface defect formation towards a more predominant capac-
itive-controlled process, which can be realised by embed-
ding metal oxide nanoparticles on carbon nanofibers (CNFs)
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or carbon nanotubes (CNTs). Motivated by this, a two-step
thermal treatment process was executed to obtain Co;0,@
CNFs after the formation of the Co-PBA@PAN composite
by electrospinning [66]. In another work, FeV-PBA-derived
Fe,VO, nanoparticles were integrated with CNTs by sonica-
tion in ethanol [133]. These 1D composites also performed
well when investigated as LIB anodes due to the reduced
Li* diffusion distance and the unimpeded electron transfer
pathways.

Despite the predominantly enhanced lithium storage
properties induced by the carbon matrix/network, the fluffy
structure with more electrochemically inert components is
prone to taper the volumetric energy density. Therefore, the
exploitation of binder-free electrodes remains an emerging
trend for the future LIB industry, during which conductive
hard substrates with small volume and light weight have
been widely adopted to enhance both structural rigidity and
conductivity. Considering the excellent structural robustness
of graphene aerogel (GA) as a 3D conductive substrate, GA
encapsulated metal oxide composites derived from PBAs
such as Fe-Co oxide @GA [134], Co;0, microcages @ GA
[135], and Co;0, microcubes @GA [136] were developed
by hydrothermal growth of PBAs on GO, freeze drying, and
calcination. The proper ratio of GA productively mitigated
particle agglomeration and structural deterioration during
cycling to obtain outstanding high-rate performance (> 1000
mAh g~! at 1000 mA g™ for 200 cycles). Recently, reduced
graphene oxide (rGO) encapsulation of NiO/Co50, derived
from NiCo-PBA was also proposed, by which the volume
fluctuation can be well resolved by the integration of hollow
structure and rigid conductive network, thereby resulting in
stable lithium storage capacity [137]. Notable achievements
in PBA-templated metal oxide-based nanocomposites sig-
nify the viability of PBAs in the controlled synthesis of these
materials from macroscopic to microscopic levels.

4.1.2 Metal Chalcogenides

Metal chalcogenides (metal sulphides and metal selenides)
show similar lithium storage behaviours and have attracted
board attention due to their boosted electronic/ion conduc-
tivity and enhanced thermal stability compared with metal
oxides. The significant volumetric change and structural brit-
tleness of metal sulphides severely hamper their practical
application, which requires structural engineering to tolerate

https://doi.org/10.1007/s40820-024-01517-y
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the volume fluctuation upon cycling and hence provides
opportunities for PBA-templated synthetic routes. As men-
tioned earlier, PBA-derived core—shell structures can afford
volume expansion and mechanical stress towards higher
structural integrity. To develop unique core—shell FeS, @
carbon (FeS,@C) spheres, RF coating was executed by the
solution-based reaction to obtain FeFe-PB @REF, after which
thermal treatment was implemented to acquire the Fe,0,@C
intermediate and then the solvothermal sulphurisation with
TAA as the sulphur source successfully converted the

Coating wlt!
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~
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~

intermediate into FeS,@C [61]. The primitive core—shell
structure was well retained after this multi-step synthesis,
which resulted in stable capacities in LIBs (560 mAh g~! at
100 mA g~! for 100 cycles; 269 mAh g~! at 1000 mA g~!
for 500 cycles).

The above result experimentally validated the efficacious-
ness of core—shell structure engineering in the modification
of single-metal sulphides, which is also applicable in other
bi/multi-metallic sulphides derived from PBAs. For instance,
after the solid-state conversion of NiCo-PBA @PDA and
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sulphur at 400 °C, double carbon-wrapped NiS,@CoS, het-
ero-nanocrystals (NiS, @CoS,@C@C) were obtained [138],
as illuminated in Fig. 9a. The hierarchical porosity and dou-
ble carbon frameworks allowed the reversible lithium stor-
age process and resulted in a negligible capacity attenuation
(680 mAh g=! at 100 mA g~! for 100 cycles). To prevent
structural disintegration and particle agglomeration, the
coating strategy was also applied in the modification of other
bi/multi-metallic metal sulphides. According to the previous
report, the in situ polymerisation of PDA on the surface of
CuFe-PBA enabled particle size control and prevention of
particle agglomeration during the thermal sulphuration pro-
cess, which kinetically favoured the lithium storage proper-
ties of the carbon-coated KCuFeS, electrode (800 mAh g™
at 10 mA g=') [91]. The intriguing performance of these
sulphide-based nanocomposites is attributed to not only the
conductive carbon layer but also the incorporation of active
components. Typically, the solid solution mechanism is
propitious to a better electronic structure and can facilitate
the charge transfer process, which was substantiated in the
cubic Mn, ¢Fe,, ,S material with the FeS,/MnS solid solution
during the thermal sulphurisation process [90]. Interfacial
properties in heterostructures also affect the Li* diffusion
kinetics, which can maximise the functionality of individ-
ual components. The delicately designed hybrid with MoS,
grown on N-doped carbon-coated Fe,;Sg (Fe,Sg@NC@
MoS,) delivered expedited lithium storage kinetics owing
to the controllable voids between the inner core and outer
shell and the sufficient active area in the interface induced
by MoS, coating [100]. The joint functionalities of various
active centres are crucial for the resulting capacity, moti-
vated by which the metal sulphide composite with multiple
metal centres was designed. As portrayed in Fig. 9b—d, the
primitive cubic architecture was hardly devastated during
the synthesis of Fe, Co—co-doped NiS in N-doped carbon
(FeCo-NiS @NC) from the PDA surface coating of NiCoFe-
PBA to the thermal decomposition of NiCoFe-PBA@PDA
[94]. Remarkably, the rationally designed structure and
modulation of metal element ratio imparted FeCo-NiS@NC
with suitable working voltage and stable capacity at a harsh
condition (514 mAh g~! at 2000 mA g~! for 600 cycles),
thereby emphasising the significance of morphological and
compositional design for PBA-templated metal sulphides.
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4.1.3 Metal Phosphides

Metal phosphides bear dazzling theoretical capacities (~900
mAh g~!) but are subjected to structural vulnerability and
poor electrical conductivity. Carbon modification methods
can effectively mitigate these drawbacks, suggesting the fea-
sibility of PBA-derived synthetic routes due to the retain-
able porous carbon skeletons. The in situ self-assembly and
phosphatisation processes enabled the firm encapsulation
of CoCo-PBA-templated CoP nanocubes in a 3D graphene
aerogel network (denoted as CoP@GA) [92]. As anticipated,
the hierarchically porous structure and the rigid conductive
substrate contributed to an outstanding initial Coulombic
efficiency (ICE) of 88.6% and remarkably stable capacities
(805.3 mAh g~! at 200 mA g~! for 200 cycles and 351.8
mAh g~! at 10 A g for 4000 cycles). These results manifest
that the carbon matrix is not only a continuous conductive
network to expedite the electrochemical kinetics of metal
phosphide electrodes but also an elastic buffer to reduce the
aggregation issue of nanoparticles.

Considering the effectiveness of carbon encapsulation,
the “assembly and phosphorisation” route was adopted in
the modification of multi-component/multi-metallic phos-
phides. Recently, Ou et al. proposed a facile synthetic
route to fabricate the monodispersed electroactive CoP/
Co,P nanoparticles in N-doped carbon matrix interlaced
by CNTs (CoP/Co,P@N-C) beginning with the CoCo-
PBA template [50]. The synergism of active compo-
nents and N-doped carbon framework imparted the CoP/
Co,P@N-C anode with impressive half cell (977.9 mAh
g~! at 100 mA g~! for 100 cycles) and full cell (137.5
mAh g=! at 100 mA g~! for 50 cycles) performances.
The successful operation of the LIB full cell system with
LiFePO, as the cathode material indicated the potential
of cobalt phosphide-based composites in practical bat-
tery application under low current densities. Similarly,
another composite with NiCoP nanoparticles in N-doped
carbon (NiCoP@N-C) was meticulously designed by
a two-step phosphorisation process, during which the
pyrolysis temperature is vital to the resulting lithium stor-
age properties [38]. When the pyrolysis temperature was
600 °C, the resulting NiCoP@N-C composite (P-NCP-
NC-600) outperformed other counterparts in lithium stor-
age due to the optimal structural properties and appro-
priate crystallinity degree/N content. As presented in
Fig. 9e, P-NCP-NC-600 exhibited extraordinary capacity
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retention at elevated current densities (422.4 mAh g~! at
5000 mA g~') during the rate performance measurement.
Moreover, theoretical studies suggested the excellent syn-
ergism of N-doped carbon and NiCoP nanoparticles and
further supported the credibility of experimental results.

4.1.4 Others

Apart from prevailing metal compounds, PBAs are also suit-
able templates for fabricating other LIB anodes by precise
control of calcination conditions. As mentioned earlier, the
Co;ZnC phase can be generated by the thermal decomposi-
tion of ZnCo-PBA at 600 °C in N, for 2 h, whose lithium
storage mechanism has not been studied thoroughly [49, 72].
Despite the unclear mechanism, Co;ZnC nanoparticles in
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for 130 cycles) compared with its counterpart without the
outer carbon shell [73]. This result can be attributed to the
formation of a stable solid electrolyte interface (SEI) film,
the robust carbon shell without structural variation upon
cycling, and the reversible conversion between metal nitride
and metal phases (Fig. 10a). Considering the suitability of
graphite as the LIB anode, PBA-templated porous carbon
materials can realise high-efficiency lithium storage pro-
cess by reversible intercalation reactions. Through a car-
bonnitridation pyrolysis process of the site-selective etched
NiCo-PBA, a hybrid with Ni-Co nanoparticles embedded in
carbon nanotubes (NCCH) was developed [85]. The NCCH
hybrid anode displayed excellent reversible capacities (over
400 mAh g~!) comparable with conventional graphite owing
to the peculiar hierarchical architecture with ample active
sites. The investigation of these unusual LIB anode materi-
als extends the possibilities for the application of PBAs in
the LIB industry.

Most PBA-templated nanocomposites have been reported
as advanced anode materials, but PBAs were employed
as templates for intercalation-type LIB cathode mate-
rial design in some cases. Cos;[Co(CN)¢], was reported
as a feasible template for the fabrication of LiCoO, nan-
oparticles by the high-temperature lithiation step, but the
resultant product did not perform well when evaluated
at the voltage range of 3.12-4.3 V (101.6 mAh g~! at 1
C for 100 cycles) [79]. A similar strategy was also applied
in the directional preparation of NCM materials using
(Nag 55K ;5)-Ni, ¢, Mn,[Co(CN)¢], as the precursor [80].
Attributed to the efficient phase transition during lithiation,
the resulting NCM materials delivered minimal Li-Ni cat-
ion disorder (~ 1 atom%) and hence exhibited considerable
cyclability (80% retention at 0.5 C after 100 cycles) and
rate capability (136 mAh g~! at 10 C). Therefore, PBAs
are promising templates to morphologically and atomi-
cally control the resulting Li-based layered metal oxides.
As another successful commercial LIB cathode, LFP has
also been controllably designed by the PBA-templated route.
One primary consideration is to establish conductive layers
to address the inherently low conductivity of primitive LFP
[40]. As elucidated by the theoretical studies (Fig. 10b—e),
the successful retention of N-doped carbon from the FeFe-
PB template endowed the LFP/CN composite with boosted
electronic conductivity and ameliorated electronic configu-
ration. Although N-doped carbon can unambiguously ame-
liorate the electrochemical properties of LFP (153.2 mAh

© The authors

g~ at 0.5 C after 500 cycles for LFP/CN), there remains
some space for improvement in working voltage and energy
density, inspired by which MnFe-PBAs with various Mn/Fe
ratio were utilised to accurately manipulate the Mn doping
ratio of LiMn Fe,_ PO,/C composites [41]. When x=0.25,
the LiMn, ,sFe,, ,sPO,/C cathode presented superior electro-
chemical performances owing to the optimal morphology,
N-doped carbon coating, and the unique single-phase solid
solution mechanism induced by proper Mn doping. Despite
the inadequacy of studies on PBA-templated LIB cathodes,
these results provide valuable insights into the directional
modification of these materials.

4.2 Sodium-Ion Batteries

The similarity of SIBs compared with LIBs imparts pris-
tine PBAs with remarkable potential as intercalation-type
sodium storage materials due to the adjustable open frame-
work structure. Moreover, PBA-templated nanocomposites
not only retain porosity but also provide additional sodium
storage activities by generating electrochemically active
components, which are promising SIB electrodes with
exalted capacities [5]. Inspired by this, this section focuses
on the correlation between sodium storage properties of
PBA-templated nanocomposites and their compositional/
structural features, as tabulated in Table 2.

4.2.1 Metal Oxides

Metal oxides have been well reported in lithium storage,
which can also deliver enticing sodium storage performances
based on similar conversion/alloying reactions [139]. To
mitigate the structural deterioration during repetitive Na*
insertion/extraction, structural engineering is crucial for
metal oxide-based SIB anodes, which can be facilely imple-
mented by employing PBAs as self-sacrificial templates. The
thermal treatment in air usually results in metal oxides with
hollow structures, before which metal species are adjustable
by “wet chemistry” approaches. For instance, the fabrica-
tion of MgFe,O, microboxes began with the preparation of
Fe,[Fe(CN)¢l; followed by the ion-exchange reaction and
the subsequent thermolysis, yielding a considerable initial
capacity of 406 mAh g~! at 50 mA g~! but a low capacity
retention (33% retention after 150 cycles) [99]. Similarly,
porous CoFe,0, nanocubes (PCFO-NCs) derived from
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Table 2 Sodium storage properties of PBA-templated nanocomposites

Electrodes Templates Initial DC/CC Voltage (V ICE (%) RC/rate (mA g’l) Cycle number  References
(mAh g™h vs. Na*/Na)

MgFe,0, Fe,[Fe(CN)gls 406/207 0.005-3.0 51 135/50 150 [99]
PCFO-NCs CoFe-PBA 573/394 0.005-3.0 68.8 360/50 50 [97]
PCFO-NCs CoFe-PBA 573/394 0.005-3.0 68.8 394/50 50 [98]
NiO-Co;0,@rGO NiCo-PBA 789/281 0.01-3.0 35.6 269/100 100 [137]
NiS NiNi-PBA 763/381 0.005-3.0 50 166/1000 100 [103]
NiS,@CoS,@C@C NiCo-PBA - 0.01-3.0 - 600/1000 250 [138]
Fe,S;@NC@MoS, FeFe-PB - 0.01-3.0 - 600/100 100 [100]
PFS@NC FeFe-PB - 0.5-3.0 - 375/5000 1000 [140]
ReS,/C FeFe-PB 540/400 0.01-2.5 74 290/200 200 [141]
FeCo-NiS@NC NiCoFe-PBA 700/578 0.01-3.0 82.6 454/100 100 [94]
Co;3S,@C-N/S CoCo-PBA 745/685 0.3-3.0 91.97 599/1000 600 [142]
CoySg@C-N/S CoCo-PBA 627/539 0.3-3.0 86.1 392/2000 1200 [142]
(Nij 5C0y 5)gSg @NC Ni3[Co(CN)¢l,  1031/776 0.01-3.0 75 752/100 100 [36]
NiS,/CoS,@NC@C NiCo-PBA 921/808 0.01-3.0 87.7 490/1000 170 [145]
NiCoS,@ReS, NiCo-PBA 716/545 0.01-3.0 76.1 396/1000 500 [146]
NCS@NDDC Nis[Co(CN)¢l,  654/444 0.01-2.8 68 379/500 100 [74]
MnS-FeS,@NSC MnFe-PBA 673/458 0.01-3.0 68.7 501/100 800 [37]
Fe-CoS,/NC FeZnCo-PBA 850/ — 0.01-3.0 - 621/1000 400 [144]
MnS-CoS,-NC@NC MnCo-PBA 814/620 0.01-3.0 76.2 609/200 100 [102]
Fe( ¢Cog3Niy ;S,@NC FeCoNi-PBA 1850/— 0.01-3.0 - 280/10000 400 [147]
CoS,/FeS,@CNFs CoFe-PBA 800/514 0.01-3.0 64.3 543/500 150 [57]
Ni ¢,Fe 335¢,/NC NiFe-PBA 458/355 0.5-3.0 71.5 375/10000 10,000 [148]
ZnSe@CoSe, Zn;[Co(CN)¢l,  625/613 0.01-3.0 98 615/1000 500 [149]
Cu,Se@CoSe, Cu3[Co(CN)¢l,  568/445 0.01-3.0 78 460/1000 500 [149]
ZnSe/FeSe Zns[Fe(CN)¢l,  669/493 0.01-3.0 73.7 549/100 70 [53]
ZnSe-Fe;Se,@NC Zns[Fe(CN)¢l,  906/605 0.005-3.0 66.8 368/100 60 [75]
Ni ¢Fe, 4Se, @NC Ni;[Fe(CN)gl, 503/449 0.5-3.0 94 372/5000 2000 [150]
3DOM-MnFeSe, @C MnFe-PBA 539/450 0.01-3.0 83.5 460/200 70 [151]
Cu-CoSe, NFCs Cos[Co(CN)¢l, 470/— 0.01-3.0 - 423/100 100 [63]
FeSe,/NC@G Fe,[Fe(CN)4l5 799/529 0.01-3.0 66 477/100 50 [152]
N/(Ni, Co)Se, NFCs@RGOA  NiCo-PBA 636/482 0.01-3.0 76 395/100 200 [58]
FePNC FeFe-PB 740/506 0.01-2.5 68.4 2751200 200 [104]
rGO@CoP@FeP FeFe-PB 968/551 0.01-3.0 56.9 456/100 200 [77]
T-FeP T-PB 442/342 0.01-3.0 77.2 391/100 100 [78]
FeP@C PB 647/346 0.01-3.0 53.4 368/100 100 [153]
Cu-Fe-P/TiN K,CuFe(CN), 355/245 0.01-3.0 69 120/50 100 [105]
CoSe,/Fe;C Cos[Fe(CN)¢l, 427/411 0.01-3.0 96.4 412/10000 2000 [154]

DC/CC: discharge/charge capacity, ICE: initial Coulombic efficiency, RC: reversible capacity

CoFe-PBA presented remarkable reversible capacities of
360 mAh g~ at 50 mA g~! after 50 cycles and 152.6 mAh
g~ at 2500 mA g~! after 500 cycles in SIB half cells [97].
This embodies the significance of the particle size for metal
oxides in sodium storage, whereas nanocubes with smaller
particle sizes can effectively shorten the distance for Na*

SHANGHAI JIAO TONG UNIVERSITY PRESS

diffusion. The selection of binders also shows a significant
impact on the resulting sodium storage performance of
PCFO-NCs, which was experimentally demonstrated by
Zhang and coworkers [98]. Notably, the carboxyl methyl
cellulose (CMC) binder boosted sodium diffusivity, ame-
liorated the electrode/electrolyte interfacial property, and
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hence distinctly elevated the cycling stability with negligible
capacity attenuation at 50 mA g~! after 50 cycles, thereby
elucidating the feasibility of the CMC binder in SIB systems.
Despite the plentiful void space affording Na* insertion/
extraction, the subpar conductivity and structural vulnerabil-
ity are challenging for bare metal oxide SIB anode materials.

To reconcile the above issues, the design of metal oxide-
based carbonaceous materials has been attempted for pro-
longed cycle life. Recently, the rGO-encapsulated NiO-
Co;0, open-ended hollow nanocube (NiO-Co;0,@rGO)
composite was reported as an advanced SIB anode [137].
Bestowed by the robust conductive network and the pecu-
liar hollow architecture, the NiO-Co0,;0,@rGO composite
delivered a stable sodium storage capacity of 269.2 mAh
g ' at 100 mA g! for 100 cycles due to the mitigated vol-
ume change. However, a disappointing ICE value of <40%
was achieved, which remains an inevitable issue for nano-
structural metal oxide carbonaceous composites and requires
further modification.

4.2.2 Metal Chalcogenides

In contrast with the lacklustre progress of PBA-templated
metal oxides in sodium storage, metal chalcogenides (metal
sulphides and metal selenides) are deemed as promising
candidates as SIB anodes due to the impressive theoretical
sodium storage capacity and superior electrical conductivity
[103], whose directional synthesis has been widely reported
by the PBA-derived routes. Inspired by the enticing lith-
ium storage properties of PBA-derived metal sulphides, in
recent years, PBA-templated metal sulphides and their car-
bon composites, viz. NiNi-PBA-derived NiS [103], NiS, @
CoS,@C@C derived from NiCo-PBA@PDA [138], PB-
templated Fe,Sg@NC@MoS, heterostructures [100], and
trimetallic PBA-derived FeCo-NiS@NC [94], were exten-
sively investigated in sodium storage, resulting in impressive
reversible capacities (usually over 400 mAh g~!). Mono-
metallic metal sulphide carbon composites are accessible
by the thermal sulphuration of monometallic PBAs, during
which the introduction/removal of components for desir-
able products can be flexibly executed. By PPy wrapping
and sulphuration processes of PB nanocubes, a york—shell
composite with FeS, nanocages confined in N-doped car-
bon (denoted as PFS@NC) was obtained [140]. The exog-
enous carbon shell not only established a robust conductive
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network but also trapped the active FeS,, thereby leading
to intriguing cyclability (92% capacity retention at 5 A g~
for 1000 cycles). Notably, Fe species in the PB template
could be removed by in situ carbonisation and HCI leach-
ing, after which ReS,/C nanostructures with regular shapes
were acquired via a hydrothermal sulphurisation process
[141]. The vertical growth of ReS, on the PBA-derived
porous carbon skeleton caused a large surface area (~ 120
m? g~1), well-developed porosity, and plentiful reactive sites,
thereby enduing the ReS,/C nanocomposite with consider-
able reversible capacity (365 mAh g~! at 100 mA g~!) and
prolonged cycle life (over 600 cycles at an elevated current
density of 2 A g~!). Other than the typical cubic architec-
ture, the controlled crystal growth can significantly increase
the morphological diversity of the resulting products. A
tremella-like microflower structure was available by the
joint effect of trisodium citrate dihydrate and K5[Co(CN)g],
which resulted in the formation of Co,;S, in N, S-co-doped
carbon (Co3S,@C-N/S) and CoySg in N, S-co-doped car-
bon (CoySg@C-N/S) after sulphurisation with TAA and S
powders as S sources, respectively [142]. As anticipated,
these cobalt sulphide carbon composites exerted excellent
cyclability (~600 mAh g~! at 1000 mA g~' for 600 cycles
for Co;S,@C-N/S; ~390 mAh g~! at 2000 mA g~! for
1200 cycles for CogSg@C-N/S) and remarkable ICE values
(91.97% and 86.1% for Co;S,@C-N/S and Co,Sg@C-N/S,
respectively).

The above results substantiate the suitability of monome-
tallic metal sulphides (i.e. iron sulphides, rhenium sulphides,
cobalt sulphides) as advanced sodium storage materials and
hence prompt the targeted fabrication of metal sulphide-
based nanocomposites with binary/multiple metal centres
beginning with PBA templates for strengthened synergism.
The multi-step pyrolysis after the self-polymerisation pro-
cess of RF on Ni;[Co(CN)g], enabled the synchronous
morphological engineering and N-doped carbon coating
of NiCo bimetallic sulphide hollow nanocubes (denoted as
(Nij 5Cog 5)9S3@NC), enabling remarkable cycling perfor-
mance (752 mAh g~! at 100 mA g~! for 100 rounds) due to
the excellent synergistic effect of metal sulphide and carbon
layer [36]. Similarly, N, S-co-doped carbon coating of MnS-
FeS, heterostructures (denoted as MnS-FeS, @NSC) could
be realised by PDA coating and sulphuration with sulphur
powders beginning with MnFe-PBA (Fig. 11a), resulting
in extraordinary long-term cyclability (134 mAh g™') at an
elevated current density of 4 A g~! due to the predominant
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pseudocapacitive dominating process [37]. Another work
also reported the substantial reversible capacity (486.6 mAh
g~! at 100 mA g~!) and satisfying cycling stability (230
mAh g~! ateven 10 A g~! over 900 cycles) of Fe, ,Coy ¢S, @
NC synthesised via the PDA coating step of CoFe-PBA
and succedent sulphuration [143]. Conspicuously, the

)
@)
&/{ﬁ 45
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heteroatom-doped carbon layer is kinetically propitious to
Na*/electron transportation and can mitigate the mechani-
cal stress upon long-term cycling. The incorporation and
magnification of active sites should be taken into account
when designing and applying these materials, as exempli-
fied by the enticing sodium storage behaviour of N-doped
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carbon-confined Fe-doped CoS, nanoparticles (Fe-CoS,/
NC) templated by the FeZnCo-PBA [144]. The evaporation
of Zn species creating vast defects, the perfectly retained
N-doped carbon framework, and the additional activities
induced by Fe** doping profoundly endowed the Fe-CoS,/
NC with remarkable half cell (621 mAh g™ at 1 A g™! for
400 rounds; 493 mAh ¢! at 5 A g7') and full cell (313
mAh g=! at 500 mA g~! for 60 cycles with a retention rate
of 83.9%) performances in SIBs.

Taking the fabulous advantages of carbon layers into
account, the double carbon tactic has been employed in
metal sulphide-based SIB anode modification for stabilised
inner active materials and expedited charge transfer. For
example, the double N-doped carbon coating of MnS-CoS,
heterostructures (abbreviated as MnS-CoS,-NC@NC) was
implemented by typical PDA coating and solid-state sulphu-
ration protocols [102]. Incredible cycling stability (560.5
mAh g~! at 5 A g~! after 1100 cycles) was exerted by the
MnS-CoS,-NC@NC in SIB half cells, while an exciting
result (436.7 mAh g~ at 1 A g7! after 900 cycles) was pre-
sented when evaluating the MnS-CoS,-NC@NC anode in
the SIB full cell system with Na;V,(PO,); as the cathode,
thereby manifesting the practicability of double carbon-
modified materials. A similar conclusion was entailed in
another study related to the sodium storage properties of
NiCo-PBA-derived NiS,/CoS, embedded N-doped carbon
nanocubes in RF-derived carbon shell (nominated as NiS,/
CoS,@NC@C) [145]. The noticeable cyclability and ICE
of this composite could be assigned to the structure rigidity
induced by hierarchical carbon matrices, unimpeded ion/
electron pathways, thorough electrolyte/active material con-
tact, and electron redistribution triggered by the heterogene-
ous interface.

Despite the undisputed merits of the carbon encapsula-
tion strategy, the resulting products are prone to present
dissatisfactory volumetric/mass energy density, which can
be overcome by enhancing the volume/mass ratio of electro-
chemically active entities. One viable strategy is to increase
active centres in metal sulphide carbonaceous materials
for maximised sodium storage contribution. ReS, can pro-
vide exceptional sodium storage capability and hence can
increase sodium active sites. Motivated by this, a hierarchi-
cal nanomaterial with ReS, anchored on NiCoS, carbona-
ceous nanocubes (NiCoS,@ReS,) was fabricated by a two-
step sulphuration route [146], where ReS, exerted additional
electrochemical activities. By coupling the inner void space
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and outer ReS, nanosheets, the velocity of ion/electron trans-
fer could be enhanced, thereby demonstrating stable revers-
ible capacities (408 mAh g~ at 0.5 A g~! for 150 cycles; 396
mAh g7!at 1 A g~! for 500 cycles). Another recent study
illustrated trimetallic sulphide nanoboxes coated by N-doped
carbon (Fe, (Co, ;Ni, ;S, @NC) manufactured by in situ
sulphuration of PDA-wrapped FeCoNi-PBA with splendid
sodium storage capacities (1000 and 390 mAh g~ at 0.1 and
10 A g‘l, respectively) [147]. This can be attributed to the
conformal carbon layer and the complementary behaviour of
multiple active sites, thereby experimentally validating the
good synergism in trimetallic sulphide SIB anodes. Another
emerging methodology to pursue higher energy density is
the establishment of “binder-free” electrodes with conduc-
tive substrates. Starting from NiCo-PBA, a conceptual meth-
odology was envisioned to implement rGO encapsulation
of NiCo sulphide nanocubes, after which N-doped carbon
coating was realised by proper post-treatment (denoted as
(NiCo)S@rGO@NC), as illuminated in Fig. 11b [101]. The
rGO and N-doped carbon matrix simultaneously extend the
transmission aisles for electrons, thereby promoting capac-
ity retention at high current densities (413 mAh g~! at 10
A g71). The electrospinning protocol with PAN was also
reported in the fabrication of PBA-derived hollow CoS,/
FeS, nanoparticles confined in N, S-co-doped carbon
nanofibers (H-CoS,/FeS, @CNFs) via two-step in situ ther-
mal conversion [57]. The heteroatom-doped CNFs warranted
the velocity of charge transfer and inhibited particle aggre-
gation, resulting in remarkable sodium storage capability
(323.7mAh g7 at 5 A g~! over 1500 cycles during the half
cell measurement and 240.6 mAh g~! at 0.5 A g~! over 200
cycles during the full cell measurement using Na;V,(PO,),
as the cathode) and further inspiring the rational design of
bimetallic sulphide SIB anodes by spatial confinement and
heterostructural engineering.

The above methodologies have also garnered broad atten-
tion in the development of metal selenide-based SIB anodes
considering the similarity of metal chalcogenides in sodium
storage. To our best knowledge, the robust N-doped carbon
shell can form a continuous conductive network and simul-
taneously minimise the mechanical strain during cycling,
thereby leading to conspicuous stability in both SIB half
cells and full cells. Taking the composite with Ni; 3Co; ,Se,
nanoparticles in N-doped dual carbon (NCS@NDDC)
derived from NiCo-PBA as an example, incredible rate capa-
bility (153 mAh g~! at even 50 A g~!) and cyclability (379.3
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mAh g~! at 500 mA g~! for 100 cycles) were achieved in
SIB half cells, while an extraordinary energy density of 227
Wh kg~! was displayed during the full cell measurement
coupling with the Na,;V,(PO,),0,F cathode [74]. As exhib-
ited in Fig. 11c, the structural deterioration was productively
accommodated by the carbon shell without destruction, dur-
ing which fast electron/ion transport could be maintained
upon cycling. The outstanding sodium storage property of
N-doped carbon-coated binary metal selenides prompted
another attempt to construct the SIB full cell system with
NiFe-PBA as cathode and its derived Nig 4,Fe33Se, in
N-doped carbon (Ni, c;Fe 355¢,/NC) [148]. Remarkably,
the as-assembled full cell displayed a reversible capacity of
302.2 mAh g7 at 1 A g~! owing to the synergistic effect of
Ni and Fe metal centres triggering more lattice defects and
hence accelerating the electrochemical kinetics. It is widely
acknowledged that the resulting morphology of metal sele-
nide carbon composite can be determined by the selection of
metal nodes. The facile bottom-up fabrication route enabled
the formation of ZnSe@CoSe, microspheres and Cu,Se @
CoSe, nanocubes using Zn;[Co(CN)4], or Cu;[Co(CN)¢l,
as precursors, respectively [149]. These PBA-templated
selenide composites as SIB anodes delivered satisfying
cyclability (525 and 423 mAh g~ at 5 A g=! after 500
cycles for ZnSe@CoSe, and Cu,Se@CoSe,, respectively)
due to the well-inherited primitive structures and hollow
porous architectures. In another report, ZnSe/FeSe nano-
spheres with carbon coating were developed beginning with
ZnFe-PBA nanospheres [53]. The ZnSe/FeSe heterostruc-
ture could trigger disordered atom arrangements and hence
modulate the electronic/interfacial characteristics, thereby
contributing to the expedited sodium storage kinetics and
outstanding capacities (524.6 and 417.9 mAh g~! at 100 and
2000 mA g~!, respectively). The hybrid mechanism (alloy-
ing and conversion) of ZnSe-based heterostructures endows
them with considerable reversible capacities in SIBs.
Considering the significance of carbon layers in structural
consolidation and conductivity amelioration, the hierarchical
carbon modification tactic was also applicable in the design
of metal selenide-based SIB anodes. As mentioned earlier,
the PDA coating strategy can successfully integrate endog-
enous and exogenous carbon matrices to extend the conduc-
tive network. Ascribed to the fast velocity of Na* transfer
endowed by functional Fe—-N-C bonds and the prominent
pseudocapacitive contribution imparted by the hierarchi-
cal structure, the hierarchically N-doped carbon-wrapped
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Ni, ¢Fe, 4,Se, (termed as Ni, ¢Fe, 4,Se,@NC) exhibited
superiority in sodium storage behaviours (449.3 and 289.5
mAh g~'at 0.2 and 10 A g™!, respectively) [150]. Motivated
by the enticing sodium storage properties of heterostruc-
tures, Zhang et al. employed a hierarchical composite with
ZnSe-Fe;Se, heterostructures in N-doped carbon (ZnSe-
Fe;Se,@NC) derived from PDA-coated ZnFe-PBA as an
advanced SIB anode [75]. The mitigated volume variation,
well-maintained structural integrity, and homogeneity of
heterostructures endowed the ZnSe-Fe;Se,@NC composite
with a stable sodium storage capacity of 368 mAh g~! at
100 mA g~! over 60 cycles. The balanced merits of het-
erostructures and hierarchical architectures show promising
potential for advanced sodium storage due to the plentiful
active sites and considerable energy density. To develop the
hierarchical porous structure, the polystyrene sphere (PS)
was utilised as a template for controllable PBA growth to
attain the 3D macroporous carbon-modified MnFe selenide
(nominated as 3DOM-MnFeSe, @C) via chemical soak-
ing, tetrahydrofuran (THF) etching, and in situ selenisation
procedures [151]. Coupled with the hierarchical macropo-
rosity and heterojunction interface, enhanced mass transfer
efficiency and faster Nat adsorption/conversion could be
attained, thereby promoting the excellent sodium properties
of 3DOM-MnFeSe, @C (Fig. 11d). Aside from the remark-
able SIB half cell performance (277.6 mAh g~'at 10 A g71),
the impressive performance in the SIB full cell (Fig. 11e—g)
of 234.1 and 124.6 mAh g~ at 0.1 and 2 A g™, respectively,
with Na;V,(PO,);@C as the cathode further elucidated
the practicability of this composite anode material. These
results offer more theoretical and experimental insights
into the structural and compositional engineering of hetero-
structural metal selenide-based nanocomposites with PBA
templates. More impressively, numerous successful cases in
full cell assembly using PBA-templated metal chalcogenides
as anode materials reveal the potential possibilities for the
practical SIB application of metal chalcogenides with the
PBA-templated strategy.

The enhancement of energy density is also a key factor
in the practical use of PBA-templated metal selenide-based
SIB anodes, which requires the pursuit of a higher propor-
tion of active components in these electrodes. Although
PBA-derived selenides were prevailingly prepared by solid-
state thermolysis with the retention of carbon matrices, there
remain some attempts to fabricate metal selenides by “wet
chemistry” approaches for reinforced environmental benefits
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and maximised effective sodium storage volume. Starting
from CoCo-PBA, ammonia etching was executed to generate
a hollow cubic architecture, after which ion-exchange reac-
tions enabled the formation of Cu-doped CoSe, nanoframe
cubes (Cu-CoSe, NFCs) [63]. Owing to the hollow struc-
ture facilitating ion diffusivity and the synergism between
different metal centres, the Cu-doped sample surpassed its
counterpart without Cu doping in rate capabilities (470 and
387 mAh g7!at 0.1 and 2 A g™, respectively). Similar to
metal sulphides, conductive substrates (i.e. graphene [152],
reduced graphene oxide aerogel [58]) were introduced by
controlled crystallisation of PBAs to establish “binder-free”
selenide-based electrodes with strengthened mechanical
robustness and enhanced electrical conductivity. Among
these, PB-derived FeSe, nanoparticles in N-doped carbon
anchored on the graphene layer (abbreviated as FeSe,/
NC@G) and NiCo-PBA-derived N-doped (Ni, Co)Se,
nano-framework cubes on reduced graphene oxide aerogel
(abbreviated as N/(Ni, Co)Se, NFCs @RGOA) performed
satisfactorily when employed as SIB anodes, particularly at
elevated current density (331 mAh g~' at 5 A g~! for FeSe,/
NC@G; 389 mAh g~! at 2 A g~! for N/(Ni, Co)Se, NFCs @
RGOA), which can be assigned to thin and sturdy conductive
networks with excellent chemical affinity.

4.2.3 Metal Phosphides

Relying on conversion reactions, metal phosphides feature
low Na™ intercalation potential and substantial theoretical
capacity and hence have been regarded as promising SIB
anodes, among which iron phosphides and their composites
have garnered particular interest due to their considerable
theoretical capacities (> 900 mAh g~!) and environmental
friendliness. Through a chemical vapour deposition process,
the direct phosphorisation of cubic PB (500-700 nm) could
be implemented to acquire FeP nanoparticles in N-doped
carbon matrix (FePNC) [104], as schematically illustrated
in Fig. 12a. The porous nanocubic structure was perfectly
retained during this synthetic process (Fig. 12b, c), thereby
resulting in remarkable sodium storage performance (410.6
and 122.8 mAh g7'at 0.1 and 1 A g7!, respectively). Ham-
pered by the structural frangibility and sluggish electron/ion
transportation of the FeP electrode, the capacity retention
rate at elevated current densities is insufficient, but these
issues can be further accommodated by the incorporation
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of other active entities and robust conductive networks. As
portrayed in Fig. 12d, the core—shell porous FeP@CoP inter-
connected by rGO (rGO@CoP @FeP) was synthesised by
three steps: chemical deposition, electrostatic interaction,
and low-temperature phosphorisation [77]. The core—shell
structure with sufficient cushion space, the synergistic effect
between various active components, and the interconnected
conductive highways facilitated the sodium storage capac-
ity at elevated current densities (341.2 mAh g™ at 2 A g71),
significantly outperforming the counterparts without rGO
wrapping/CoP coating. Another work attempted the in situ
growth of CuFe-PBA on the Ti net (TiN) to prepare the
Cu-Fe-P/TiN composites containing Cu;P and Fe,P phases
[105]. Despite the superior electrochemical properties of Cu-
Fe—P/TiN compared with Cu;P/TiN owing to the synergistic
effect, the dissatisfactory reversible capacity (<200 mAh
g~ at 50 mA g~!) lags far behind the requirement in prac-
tice. Henceforth, the rational selection and optimisation of
conductive substrates ought to be further considered, which
is a momentous issue for the design of “binder-free” SIB
electrodes.

Based on the encouraging results of PBA-templated
metal phosphide-based nanocomposites in SIB half cells,
further assembly and investigation of SIB full cells have
been attempted. Since the primitive PB shows considerable
potential in sodium storage, a tubular PB cathode (T-PB)
was hydrothermally fabricated and its derived tubular
FeP anode (T-FeP) was fabricated by polymerisation and
phosphorisation procedures, based on which a SIB full
cell system was designed [78]. The as-assembled full cell
demonstrated an impressive cycling lifespan of 102 mAh
g 'at0.1 A g~! after 100 cycles and 69.5% capacity reten-
tion rate at 1 A g~! (Fig. 12e). Similarly, another full cell
system with the cubic PB as the cathode and its derived
core—shell FeP@C as the anode was constructed [153]. The
FeP@C composite manifested a distinguished rate capabil-
ity of 111.1 mAh g~! at 20 A g~! with a fabulous capacity
recovery (343.3 mAh g!) when the current density bounced
back to 0.05 A g~!. Coupled with the prominent cyclability
(99.7% retention after 2000 cycles) of the PB cathode, the
SIB full cell exerted a reversible capacity of 108.3 mAh
g~ ! and outstanding durability (88.4 mAh g~' at 0.1 A g~!
for 200 cycles). The construction of SIB full cells success-
fully substantiates the potential of metal phosphides (i.e.
iron phosphides, cobalt phosphides, nickel phosphides) for
practical SIB systems with PBAs or sodium metal oxides as
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cathodes [55]. Excitingly, enlightened by the above results,
these phosphides can perform satisfactorily (over 100 mAh
g~ ') when matched with suitable SIB cathodes and are
promising candidates for next-generation SIBs.

4.2.4 Others

Despite the distinguished sodium storage capacities of PBA-
templated metal oxides, metal chalcogenides, and metal
phosphides, most of these materials suffer from low ICE
values (<80%), thereby giving impetus to the exploration
of other SIB anode materials. Metal carbides show specific
lithium storage capacities as LIB anodes, motivated by
which some researchers attempted to apply them in SIBs.
The pyrolysis of CoFe-PBA under a specific condition
(800 °C for 2 h in Ar) could facilitate the formation of Fe;C
and Co phases, after which Co was selenised to CoSe, to
obtain CoSe,/Fe;C composite [154]. Impressively, a favour-
able SEI film could be formed in the ether-based electrolyte,
which caused an extraordinary ICE of 96.4%, observably
outperforming most PBA-templated conversion-type SIB
anodes. Attributed to the robust and thin SEI film with a
high Young’s modulus upon cycling, accelerated Na* diffu-
sion and stable reversible capacity (412.4 mAh g~' at 10 A

Table 3 Potassium storage properties of PBA-templated nanocomposites

g~ ! after 2000 cycles) could be accessed. Theoretical results
also suggested the preferable Na salt decomposition in the
ether-based electrolyte and further unravelled the rationality
of experimental results. This case emphasises the signifi-
cance of SEI formation and the synchronous optimisation
of electrodes and electrolytes in SIBs.

4.3 Potassium-Ion Batteries

As a cost-effective option, PIBs are expected to be ideal
alternatives for LIBs due to the inexhaustibility of K and the
higher operating voltage compared with other AIBs [106].
The rate capability of PIBs is principally determined by the
mobility and reversible insertion/extraction of K*, which
requires electrode materials with 3D open framework struc-
tures comprising diffusion aisles for accommodation of K*
ions with a larger size. In this context, PBAs have shown
preferable properties for potassium storage due to the 3D
channels, whose derivatives also performed well in PIBs due
to the additional potassium storage sites and the retention of
porous textures, as summarised in Table 3.

Electrodes Templates Initial DC/CC  Voltage (V. ICE (%) RC/rate (mA g‘l) Cycle number  References
(mAh g1 vs. K/K)

Co;0,@C@MoS, Co;[Co(CN)4l, 505/394 0.011-3 78 226/500 500 [155]
Zn0/ZnFe,0, Zn;[Fe(CN)gl, 459/239 0.01-3.0 52 217/100 400 [107]
FeS,@rGO PB 563/333 0.01-3.0 59 264/50 50 [108]
Mn-Fe-Se/CNTs MnFe-PBA 1050/351 0.0-3.0 334 141/50 70 [110]
Ni-Fe-S-CNT NiFe-PBA 1212/546 0.0-3.0 45 181/100 100 [109]
CoSe,/NiSe, @NC-CNTs  CoNi-PBA 1108/326 0.01-3.0 29 134/100 100 [111]
NCS@NC Ni;[Co(CN)¢l, 784/538 0.01-3.0 68.7 638/100 100 [156]
Ni-Co-S@rGO NiCo-PBA 1021/705 0.1-3.0 69 765/200 100 [114]
CFS//g@NC CoFe-PBA 622/436 0.01-3.0 70.2 195/500 2500 [112]
Ni-Fe-P/NC FeFe-NiFe-PBA  725/303 0.01-3.0 41.8 287/100 500 [39]
3DG/FeP PB - 0.01-3.0 - 327/100 100 [113]
Co-NC Zn;[Co(CN)¢l, 1060/276 0.01-3.0 26.1 209/100 300 [62]
K(6C00,_ N, Co;[Co(CN)gl, 86/70 1.5-4.2 81.7 66/50 400 [81]
KMFON Mn,[Fe(CN)] - 1.5-4.0 - 52/100 300 [82]

DC/CC: discharge/charge capacity, ICE: initial Coulombic efficiency, RC: reversible capacity

© The authors
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4.3.1 Metal Oxides

PBA-templated metal oxides possess enchanting lithium
storage properties, but limited successes in SIBs and PIBs
have been attained owing to the intensified structural insta-
bility triggered by the magnified radii of the ionic charge
carriers. The severe structural destruction and potential
hysteresis of metal oxides during potassium storage pro-
mote further compositional and morphological optimisa-
tion with PBA templates. For instance, taking the enriched
open channels attenuating K* diffusion barriers into account,
the hydrothermal growth of MoS, on the CoCo-PBA @RF-
derived Co;0,@C composite was conducted to construct
the composite with MoS, embedded in the carbon frame-
work containing hollow Co;0, nanoparticles (denoted as
Co;0,@C@MoS,) [155]. The joint functionalities of Co;0,
and MoS, assured the fast kinetics of multi-electron redox
reactions, while the carbon matrix enhanced the overall
conductivity. Other than the synergism of individual com-
ponents, the structural texture with affluent interstitial
space and enlarged surface area efficaciously reconcile the
volume fluctuation and ameliorate electrode/electrolyte
contact. Enlightened by the theoretical investigation, the
optimised electronic and interfacial configuration endued
the Co;0,@C@MoS, composite with an eminent revers-
ible capacity of 256 mAh g~! and a distinguished capacity
retention of 88.3% (500 cycles; 500 mA g~!). Motivated
by the excellence of core—shell nanostructures in lithium
storage, ZnO/ZnFe,0, core—shell nanospheres derived from
ZnFe-PBA were reported as a promising PIB anode with a
stable reversible capacity (217 mAh g~! at 100 mA g~! over
400 cycles) [107]. It is widely admitted that the core—shell
structure can offer void space to accommodate the volume
expansion, which was embodied by the optimisation of
thermolysis conditions based on the Kirkendall effect and
further unravelled by the electrochemical measurements
of this work. Noticeably, the synergistic effect of ZnO and
ZnFe,0, and the hybrid mechanism (alloying and conver-
sion) pronouncedly enhanced the overall potassium storage
capacity, while the carbon-free heterostructure is conducive
to a higher volumetric energy density. The capacity reten-
tion (< 100 mAh g_l) at exalted current densities of PBA-
templated metal oxide-based nanocomposites in potassium
storage remains inadequate for commercial use and requires
further improvement.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

4.3.2 Metal Chalcogenides

Following the outstanding sodium storage properties of
PBA-templated metal chalcogenides (metal sulphides and
metal selenides), their potassium storage performances are
also evaluated in this section. Mechanical robustness is a
prime consideration for tolerance of the larger size of potas-
sium ions, which can be probably achieved by the adoption
of conductive substrates. The two-step thermal treatment
of the PB@GO composite ensured the successful synthe-
sis of rGO-wrapped FeS, hollow nanocages (FeS, @rGO),
resulting in stable potassium storage capacities (264 mAh
g ' at 50 mA g~! for 50 cycles; 123 mAh g~! at 500 mA g™!
for 420 cycles) [108]. The rGO network effectively buff-
ered the volume change, established a conductive network
for ion/electron transfer, and restrained the shuttle effect,
thereby contributing to the excellent durability of the
FeS,@rGO PIB anode. This strategy is also viable in the
bimetallic metal chalcogenide-based nanocomposites with
stronger synergism between individual phases. Since CNTs
can interconnect the metal chalcogenide nanoparticles
and form interlaced charge transfer highways, a composite
with MnSe/FeSe, nanoparticles interconnected by CNTs
(denoted as Mn-Fe-Se/CNTs) was developed by solution-
based reaction and subsequent in situ selenisation procedure
(Fig. 13a) [110]. The CNT network prominently enhanced
the potassium diffusion coefficient and hence led to the
superiority in rate capability (83 mAh g~! at 800 mA g~!)
and cycling durability (141 mAh g=! at 50 mA g~! after
70 cycles) of Mn-Fe-Se/CNTs compared with Mn-Fe-Se.
Similarly, another composite with NiS/FeS heterostructures
in N-doped carbon interlaced with CNTs (Ni-Fe-S-CNT)
was fabricated by coprecipitation and thermal sulphurisation
[109], as displayed in Fig. 13b. Ascribed to the 3D hierar-
chically conductive network and the synergism of NiS/FeS
heterostructures, the shortened ion diffusion aisles and the
well-maintained structural integrity imparted Ni-Fe-S-CNT
with superior potassium storage performance compared with
NiFeS and FeS. With the same synthetic approach, N-doped
carbon-coated CoSe,/NiSe, heterostructures interconnected
by CNTs (CoSe,/NiSe, @ NC-CNTs) were designed, whose
heterointerface facilitated the potassium storage perfor-
mance [111]. According to the theoretical calculations, the
CoSe,/NiSe, heterointerface provided external K* adsorp-
tion sites and dynamically facilitated the potassium storage
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reaction, thereby unveiling the preferable interfacial features
of metal selenide-based heterostructures.

External carbon shells can serve as conductive layers and
elastic buffers, which have been pursued to further rein-
force the internal heterostructures. To alleviate the struc-
tural deformation of Ni;S,/CoySq heterostructures, a typical
procedure comprising PDA coating of NiCo-PBA, in situ
pyrolysis, and sulphurisation was employed to develop the
N-doped carbon nanocube-confined Ni;S,/CoySg nanopar-
ticles (abbreviated as NCS@NC) [156], as illustrated in
Fig. 13c. The heterojunction in this composite anode acceler-
ated ion/charge diffusion and the carbon shell maintained the

© The authors

primitive structure upon long-term cycling, which endowed
the NCS@NC with an incredible lifespan (417.7 mAh g~! at
2A g_1 after 1000 rounds) as a PIB anode. In another work,
the successful integration of Ni;S,-CoySg heterostructures
with the open-ended hollow structure (developed by etching
of the NiCo-PBA precursor), PDA-derived carbon layers,
and rGO conductive substrate endued the resulting hierar-
chical composite (denoted as Ni-Co-S@rGO) PIB anode
with negligible capacity degradation (0.089% per cycle at
10 A g7Y) during long-term cycling [114]. Apart from the
distinguished performance in PIB half cells, the Ni-Co-S@
rGOIIK,FeFe(CN)4 PIB full cell maintained a stable capacity

https://doi.org/10.1007/s40820-024-01517-y
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of ~400 mAh g! at 2 A g~! after 300 cycles with a steady ~ in potassium storage due to the abundant voids, excellent

operating voltage of ~1.68 V (Fig. 13d, e), thereby indicating =~ mechanical robustness, and favourable heterointerfaces. This
the practicability of metal sulphide-based heterostructures  case suggests that self-standing electrodes can effectively
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resolve the particle agglomeration and ensure the energy
density to satisfy practical PIBs. To systematically decipher
the effect of heterojunction, a fabulous Janus heterostruc-
ture with graphite layer-coated CoSe,-FeSe, in PDA-derived
N-doped carbon (abbreviated as CFS//g@NC) was elabo-
rately developed [112]. Excitingly, as portrayed in Fig. 14a,
the dual heterojunctions (p-n and Schottky junction) and the
graphite layer not only circumvented the structural fractur-
ing and particle agglomeration but also expedited the ion/
electron migration. It is worth noting that the existence of
heterointerfaces triggered the charge accumulation phenom-
enon and hence caused the internal electric field, thereby
promoting the potassium-ion diffusion and favouring the rate
capability of CFS//g@NC. Hence, tremendous endeavours
have supported the efficaciousness of heterostructures in
advanced potassium storage from experimental and theo-
retical perspectives.

4.3.3 Metal Phosphides

Despite the dazzling theoretical capacity of metal phos-
phides, the pronounced volume expansion caused by the
larger size of K* and relatively low conductivity remain
key challenges for their large-scale use in PIBs. Therefore,
the development of hierarchical hollow architectures is the
dominant approach to exalt the potassium storage proper-
ties of PBA-templated metal phosphide-based nanocom-
posites. As illuminated in Fig. 14b, the in situ growth of
FeFe-PB on NiFe-PBA enabled the creation of the double-
shelled composite with Ni—Fe-P encapsulated in N-doped
carbon (nominated as Ni—-Fe-P/NC) [39]. TEM images of
Ni—Fe-P/NC reveal the double-shell cubic architecture with
a conspicuous gap (~80 nm) between the outer and inner
shells (Fig. 14c, d). This peculiar structural feature facili-
tated the electrolyte infiltration and mitigated the structural
attenuation upon cycling, thereby resulting in considerable
cycling durability (172.9 mAh g~ at 0.5 A g~! after 1600
cycles). When the current density was elevated to 1 A g~
a reversible capacity of 115 mAh g~! was maintained after
2600 cycles, as demonstrated in Fig. 14e. To enhance the
mechanical strength, the 3D graphene skeleton was used to
encapsulate PB-derived FeP hollow nanospheres (denoted
as 3DG/FeP), during which the Ostwald ripening process
played a part in inner void formation [113]. The combina-
tion of the 3D conductive substrate and hollow nanoparticles

© The authors

ensured the structural integrity and hence led to excellent
capacity retention upon cycling (97.6% retention at 2 A g~
after 2000 cycles). In the above cases, one advantageous fac-
tor is the Kirkendall effect during the thermolysis of PBAs
that facilitates the formation of stress buffer hollow space
without devastation of parent morphologies, which is ben-
eficial to the long-term cycling lifespan.

4.3.4 Others

Aside from the conversion/alloying-type PIB anode mate-
rials, intercalation-type materials have also been deemed
as the ideal commercial materials owing to their distinct
voltage plateau. Notably, the utilisation of PBA templates
facilitates the metal species (Zn, Fe, Co, Ni, etc.) decora-
tion and increases the specific surface area, thereby provid-
ing exceptional potassium storage activities. Motivated by
this, the N-doped graphitised carbon anode containing Co
nanoparticles (abbreviated as Co-NC) with fast potassium
storage kinetics was synthesised by the in situ carbonisation
of ZnCo-PBA [62]. The strong Co—N bonds induced by the
homogeneous dispersion of Co nanoparticles not only con-
structed a successive conductive network but also promoted
K™ diffusion/adsorption, which enabled the fast and stable
potassium storage behaviour of Co-NC.

Most studies related to PBA-templated nanocompos-
ites concentrate on the design and modification of anode
materials for PIBs, while few of them pay attention to the
innovation of intercalation-type cathodes. For instance,
K ¢C00,_,N, porous nanoframes were designed starting
from CoCo-PBA by the sintering procedure with K,COj; as
the K source, where N substitution enlarged the interlayer
spacing and amended the electronic configuration [81].
Consequently, this layered PIB cathode presented excel-
lent cyclability (~80% capacity retention over 400 cycles
at 50 mA g~!) and performed well when coupled with the
graphite anode. Considering the efficaciousness of the N
substitution tactic in layered materials, MnFe-PBA-derived
P3-typed K, sMn 6;Fe( 330, 9sNp os (KMFON) nanosheets
were fabricated using KOH as the K source and evaluated in
PIB half cells and full cells [82]. The PBA-templated route
enabled the N substitution and endowed KMFON with supe-
rior reversible capacities (104.2 mAh g~! at 20 mA g~ ! in the
PIB half cell; 88.5 mAh g~! at 20 mA g™! in the PIB full cell
with pitch-derived soft carbon as the anode) compared with
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the N-free counterpart. The suitable operating voltages and
excellent energy densities of K-based metal oxides derived
from PBAs make them feasible for practical PIB systems.
Although experimental and theoretical findings manifest the
feasibility of N doping for the acceleration of K*/electron
transport in PIB layered cathodes due to the manipulation of
atomic/electronic structures, there remains a bottleneck to
enhance their reversible capacities (< 100 mAh g™ 1).

4.4 Summary of Alkali-Ion Storage Applications

In light of the above, orchestrated endeavours have been
dedicated to employing PBA-templated nanocomposites
(metal oxides, metal chalcogenides, metal phosphides, etc.)
as advanced electrode materials (anodes and cathodes) for
AIBs (LIBs, SIBs, and PIBs). To directionally design AIB
electrodes to adapt to different ion sizes of Li*, Na*, and
K*, there are several principles to be followed: (1) precise
selection of monomers and synthetic routes for desirable
compositional and structural features of the resulting prod-
ucts; (2) abundant void space to buffer the volume fluctua-
tion (conversion/alloying-type anodes, particularly) and
allow electrolyte infiltration; (3) hierarchical architectures
with strengthen structural robustness, affluent active cen-
tres, and enhanced energy density; (4) proper utilisation of
endogenous and exogenous conductive matrices; (5) hetero-
junctions with preferable interfacial properties for boosted
lithium/sodium/potassium kinetics. The further exploitation
of PBA-templated materials can provide a platform for the
advancement of AIB technologies. To identify the merits
and demerits of various PBA-templated nanocomposites in
alkali-ion storage, some key parameters including cycling
durability and ICE values are evaluated in Fig. 15. PBA-
templated metal oxides can perform well in lithium stor-
age but can’t afford the larger size of Na* and K* ions. As
for sodium and potassium storage, PBA-templated metal
chalcogenides outperform their counterparts in reversible
capacities and cycling durability due to their superior electri-
cal conductivity. PBA-templated metal phosphides deliver
satisfying reversible capacities but are subject to dissat-
isfactory electrical conductivity. Most alloying-type and
conversion-type electrodes (especially metal oxides, metal
chalcogenides, and metal phosphides) are subjected to low
ICE values (< 80%) owing to the large alkali-ion consump-
tion during the initial discharge process and the intensified
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side reactions of nanomaterials. Although their practical
applications in AIBs are very infant, there have been many
successful attempts to utilise alloying-type and conver-
sion-type materials derived from PBAs to assemble AIB
full cells, manifesting their promising practicability when
rationally implementing compositional and structural opti-
misation with PBA templates. As for AIB cathodes, PBA-
templated nanomaterials deliver prolonged cycle life and
elevated capacities but present lower ICE values compared
with conventional ones (e.g. NCM, LFP, and LCO) [2, 40].
Although PBAs deliver excellent stability and safety when
investigated as AIB cathodes compared with PBA deriva-
tives, most of them suffer from inferior reversible capaci-
ties (< 100 mAh g~!) and lower working voltages (<3 V)
that are insufficient for industrialisation in practical batteries
[17, 42, 157]. Since ICEs are pivotal in practical applica-
tions, prelithiation/presodiation/prepotassiation techniques
and the development of hierarchical composites are viable
approaches. Additionally, when preparing a specific type of
electrodes, nanocomposites derived from similar PBAs with
same redox couples usually feature similar electrochemical
behaviours. This can be a useful guideline for the directional
design of PBA-templated AIB electrodes with desirable
properties (operating voltages, reversible capacities, etc.).
As for the practical aspect, there have been some attempts
to assemble AIB full cells to reflect the practicability of
PBA-templated materials, during which operating voltages
and kinetics matching ought to be considered. Voltage pla-
teaus and cutoff voltages of electrode materials during half
cell measurements are vital parameters for their applica-
tions in AIB full cells because the overall energy density
can be determined by both anodes and cathodes. To direct
the matching of PBA-templated nanocomposites in AIB
full cells, the voltage plateaus of various nanocomposites
in lithium/sodium/potassium storage are summarised in
Fig. 16. Apparently, materials with higher voltages can be
suitable cathodes, while the ones with lower voltages can
be suitable anodes. During the full cell assembly process,
both voltages and N/P ratios are instrumental to the result-
ing performances and survivability in extreme conditions
of AIB full cells [50]. AIB cathodes with proper interlayer
spaces and higher electronic conductivity are conducive to
ion intercalation/mobility and the inhibition of phase deg-
radation, whose working voltages and capacities predomi-
nantly impact their full cell performance. For AIB anodes,
researchers fancy developing materials with excellent safety
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performance, mitigated volume effect, and steady voltage
platforms. Some research works reported the successful
application of PBA-templated alloying-type and conver-
sion-type electrodes in AIB full cells, but some of these

© The authors

materials fail to meet the commercial requirements due to
the relatively high operating voltages and large-slope redox
platforms. These drawbacks can be reconciled by selecting
suitable cathode materials with higher working voltages and
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compositional integration for working voltage optimisation,
thereby opening new avenues for the practicality of alloying-
type and conversion-type materials. The future exploration
of PBA-templated AIB electrodes is expected to keep pace
with practical AIB systems.

5 Conclusion and Perspective

The innovation of LIBs and the excavation of “beyond Li”
batteries remain subjects of utmost significance, which pro-
vide unprecedented opportunities for PBA-templated nano-
composites with designable compositions and structures.
These materials, with facile preparation, fabulous physico-
chemical properties, and tailorable electrochemical behav-
iours have been extensively investigated from experimental
to theoretical studies rendering them as promising elec-
trodes for LIBs/SIBs/PIBs. Despite the enormous progress
of PBA-templated protocols in AIB electrode development,
both advantages and challenges are present in their further
advancement.

Despite the standard open framework structure of PBAs
allowing the insertion/extraction of charge carrier alkali
ions, the detrimental structural water and crystal vacancy-
driven structural fragility are prone to cause subpar revers-
ible capacities and dissatisfying cycling durability. In con-
trast, PBA-templated nanomaterials offer the following
merits when employed as AIB electrodes: (1) retainable

SHANGHAI JIAO TONG UNIVERSITY PRESS

regular morphology with open porous texture, enlarged
surface area, and abundant active sites; (2) phase homoge-
neity and excellent crystal orientation of active components;
(3) vast defects and adequate void spaces induced by the
Kirkendall effect for stress buffering; (4) hierarchical archi-
tectures with well-developed conductive networks ensuring
high conductivity and balancing the advantages of nanoen-
gineering and microengineering; (5) heterojunctions and/or
heteroatoms modulating the electronic/atomic configuration
for accelerated lithium/sodium/potassium diffusivity; (6)
synergism of various electrochemically active components
contributing to enhancing reversible capacities.

The prominent advantages of PBA-templated materi-
als prompt the continuous pursuit of their applications in
practice, but some intractable challenges hinder their mass
production and commercialisation. To comprehensively
evaluate PBA-templated nanocomposites, their strengths and
limitations are summarised in Fig. 17a. Firstly, multi-step
synthetic methods for these nanomaterials are too tedious
for scale-up manufacturing compared with the conventional
solid-state method, whose reproducibility and yields require
further optimisation to meet industrial requirements. There-
fore, from the economic perspective, the skilful selection
of raw materials and the simplification of synthetic routes
are emerging trends for the development of PBA-templated
nanocomposites. Secondly, despite the amplified surface
area and enhanced specific capacity, the inevitable shortcom-
ings of PBA-templated nanomaterials including poor com-
pact density and intensified surface side reactions severely
taper their practicability. To tackle these issues, increasing
attention has been devoted to PBA-derived hierarchical
materials that manifest excellent electrolyte/electrode con-
tact and synchronously warrant excellent volumetric energy
density and high electrochemical efficiency. The SEM/TEM
techniques are insufficient for microstructure analysis due
to the overlap of nanocrystalline, so it is viable to apply
state-of-the-art characterisations such as small-angle neutron
scattering (SANS), small-angle X-ray scattering (SAXS),
and dynamic light scattering particle size analysis (DLS) to
statistically analyse these materials [158, 159]. Third, most
related studies concentrate on electrochemical performance
evaluation and experimental results but neglect theoretical
and practical insights. Purposeless and reduplicative experi-
mental trials are pernicious to the validity of as-designed
PBA-templated materials, which require in-depth theoretical
support to ensure the rationality of experimental schemes
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and avoid unnecessary energy consumption. Machine learn-
ing (ML) models can attain the goal of directional material
design by establishing databases of structure—activity corre-
lation and will play a critical role in the material science and
energy industry in the future. With the rapid development
of ML models, it can be assumed that material databases
related to PBA-templated nanocomposites as advanced AIB
electrodes will occur to direct targeted fabrication and appli-
cation of these materials with the aid of the empirical link
between their compositional/structural properties and elec-
trochemical behaviours in AIBs. For a better understanding,
the roadmap for the future development of PBA-templated
nanocomposites is demonstrated in Fig. 17b.

Based on the advantages and challenges of PBA-tem-
plated nanocomposites, there are some potential develop-
mental directions for these materials in next-generation
AIBs. The retention of carbon skeletons is a prevailing
methodology to construct elastic buffers and conductive
matrices but may be prone to present lower volumetric/mass
energy density. The mass and volume of electrochemically
inert components are pivotal to the resulting energy density.
Hence, the meticulous control of the carbon content will be

© The authors

a critical issue for PBA-templated carbonaceous materials,
stimulated by which “binder-free” electrodes have become
emerging candidates for AIBs. It is noteworthy that PBAs
can be promising templates/precursors during the design of
“binder-free” electrodes with the aid of robust conductive
substrates, where the smaller volume and lighter weight of
electrochemically inactive components are pivotal to the
volumetric/mass energy density and hence play an impor-
tant part in practical AIB systems. To attain this goal, PBAs
can be controllably anchored on hard substrates and then
pyrolysed under proper conditions, which is a prevailing
strategy to develop “binder-free” electrodes with the PBA-
templated route. Safety is a prerequisite for AIBs and can
be realised by the conspicuous Li*/Na*/K* insertion volt-
age platforms. Intercalation-type cathodes (i.e. LiCoO,
and LiFePO,) and anodes (i.e. graphite and hard carbon)
with stable voltage plateaus will still occupy a predominant
position in the future commercially available AIBs, whose
reversible capacities can be further enhanced by integrating
other components with additional alkali-ion storage capa-
bility. Meanwhile, their working voltages (carbon anodes
particularly) need to be further optimised for the prevention

https://doi.org/10.1007/s40820-024-01517-y
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of fatal dendrite growth leading to battery failure. The PBA-
templated method is suitable for the elaborate design and
modification of these intercalation-type electrodes from
molecular and atomic levels. Another way to warrant the
safety of practical batteries is to inhibit the uncontrollable
alkali metal dendrite deposition on separators leading to
the short circuit of batteries [160]. PBA-templated nano-
composites show excellent ability in the consumption of
metal dendrite and hence are suitable for separator modi-
fication. Furthermore, the advent of novel electrolytes (i.e.
solid-state electrolytes, aqueous electrolytes) is conducive
to the adaptability to extreme conditions and the safety
performance of AIB systems. Compared with conventional
organic electrolytes, solid-state electrolytes show good pro-
cessability and can result in higher energy density, while
aqueous electrolytes display pronounced merits in safety and
stability [161, 162]. The excellent chemical compatibility of
PBA-templated nanocomposites makes them suitable battery
components in various electrolyte systems. Pristine PBAs
have been widely employed as electrodes for aqueous AIBs,
but the applications of PBA derivatives in aqueous batteries
are still limited [161, 163]. However, the successful case of
metal oxides in aqueous SIBs indicates more possibilities for
PBA derivatives as aqueous battery electrodes [139]. In light
of the above, the most likely applications of PBA-templated
nanocomposites in practical batteries are as follows: 1) active
components for “binder-free” electrodes; ii) modifiers for
commercial AIB electrodes and separators; and iii) elec-
trodes or electrolyte fillers in solid-state/aqueous AIBs. With
the closer collaboration of experimentalists and industrialists
and the improvement in fundamental understandings, it can
be entailed that the gap between laboratory study and practi-
cal use of PBA-templated nanocomposites in AIBs will be
eliminated. The strengthened connection among experimen-
tal attempts, theoretical investigations, and industrial reality
will be the main driving force for this process.
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