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As a presentative material of metal-organic frameworks (MOFs), Prussian blue (PB) draws great
attention due to its low cost, facile preparation processes and hollow framework structure. Previous
studies show that the PB-derived nanomaterials can inherit part of their features, exhibiting large surface
area, inter-connected pores and hierarchical pore sizes, which may promote charge transfer when uti-
lized in energy storage and conversion system. By tuning synthesis conditions (e.g. temperature and

atmosphere), nano-materials with desirable structures and properties can be obtained, leading to various
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usage areas for energy storage and conversion applications (e.g. batteries, supercapacitors and catalysts).
In this work, for the first time, various products obtained under different preparation conditions and
their applications are summarized in detail in order to offer guiding significance for synthesizing
nanoporous materials with special purposes.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In order to meet the urgent demand for clean energy storage
and conversion systems, lithium/sodium ion batteries (LIBs, SIBs),
flow cells, super-capacitors, catalysis et al.,, have been widely
investigated [1—5]. To realize high-performance energy system, the
major challenge is to explore appropriate energy materials [2].

Composed of metal cations lattice point linked by organic li-
gands, metal-organic frameworks (MOFs) have been widely
investigated in energy field recently [6]. Generally, MOFs exhibit
superior physical and chemical properties, such as high specific
surfaces areas [7], porosity [8], electrochemical activity [9], mag-
netic properties [10], adsorption [11], biocompatibility [12] and
selectivity [13]. Due to the excellent properties, the MOFs have been
widely used in catalysis [14], drug controlled release system [15],
synthesis and separation [16], especially in energy conversion and
storage systems [17], including LIBs [18], SIBs [19] and super-
capacitors [20]. Prussian blue analogues (PBAs) are the represen-
tative materials among various types of MOFs. The general
chemical formula of PBA could be described as
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AMp[Mm(CN)g)].xH20, where A represents alkali metal ions like
Na™ and K*, M and M represent transition metal cations. PBA
generally exhibits cubic structures, where the cyanide groups act as
bridges connecting the transition metal ions, as shown in Fig. 1a
[21]. Owing to the special structure where two types of metal
centers in the octahedral sites linked by cyanide chains, it has been
widely used in gas storage [22], alkali metal ions batteries [23],
catalysis [24], energy separation [25], charge transfer [26], drug
delivery [27] and sensors [28].

In PBA, the transition metal cations M and M could be manga-
nese [30], cobalt [31], nickel [31], copper [32] and zinc [33] without
breaking the crystal structure. When both M and M are iron, the
final composition will be Fes[Fe(CN)s]3.xH,0, which is generally
known as Prussian blue (PB) or FeCNFe [34]. The PB has been
known since 1704 and its structure has been researched since 1936
[115]. As shown in Fig. 1b, PB exhibits cubic structures; Fe?* and
Fe3* are connected by cyanogens. Interestingly, all of Fe3* are
connected to the nitrogen atom of cyanide and all of Fe?t are
connected to the carbon atom of cyanide. PB could be categorized
into soluble PB (KFe[Fe(CN)g]) and insoluble PB (Fe4[Fe(CN)s]s3)
[29]. Some defects exist in insoluble PB due to the interstitial water
molecules, which could be divided into two types according to their
coordination: the water molecules coordinated to My sites and the
ones inside cavities which do not coordinate to metal sites. The
lattice water molecules play an important part in stabilizing the
structure of insoluble PB. If the lattice water molecules are removed
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Fig. 1. (a) The illustrations of crystal structure of Prussian blue analogue alkali free (x = 0) and alkali in the tetrahedral sites (x = 1) [21]. (b) The illustrations of crystal structure of

insoluble PB (Fe4[Fe(CN)s]3.xH,0, left) and soluble PB (KFe[Fe(CN)g], right) [29].

from the structure, the framework will collapse because it neu-
tralizes the charges arising from defect octahedrons [35].

The detailed syntheses, structure and applications of PB have
been systematically studied by Grandjean's group [116]. They
mainly focused on the application of Prussian blue in dyes. PB has
also been widely researched in alkaline metal ion batteries owning
to its unique electrochemical properties. Shen et al. [36] synthe-
sized two different PB materials (Fe4[Fe(CN)g]3 and FeFe(CN)g) used
in LIBs, and Nie et al. [37] prepared flexible Fe[Fe(CN)s]/carbon
composite tested in SIBs, both of them exhibited super electro-
chemical performance. PB can be also utilized in multivalent ion
batteries, such as magnesium ion batteries and calcium ion batte-
ries [38,39]. More importantly, another potential application of PB
is being used as precursors for the synthesis of nanostructured
inorganic materials [40,41]. Final products with completely
different properties can be obtained through synthetic tuning.

As shown in Fig. 2, the products derived from the thermal
treatment of PB are largely decided by calcination atmosphere and
temperature. The iron oxide with distinctive crystal structure and
porosity could be prepared from PB under aerobic atmosphere,
which is simple, inexpensive, tunable and scalable. The amorphous
iron oxide obtained at low temperature will transform to crystal
iron oxides with the increase of the temperature. Inheriting the
unique crystal structure and porosity from PB, the iron oxides
derived from PB normally exhibit large surface area, inter-
connected pores, and hierarchical pore sizes [42]. Different from
the products in aerobic atmosphere, the products derived from PB
under inert atmosphere are always contain C and N element [43]. At
low temperature, the final products are mostly Fe;03@N-doped C.
With the temperature increasing, the iron and carbon will combine

more closely and the final product will be Fe/Fe3C@N-doped C. In
addition, to further utilize the unique pore structure, the product
derived from PB under inert atmosphere at low temperature was
treated with acid [44]. Iron oxides are washed out with acid
etching; therefore the final product is N-doped C with unique pore
structure. All of these products derived from PB are widely utilized
in energy storage fields, as shown in Fig. 2.

Owing to inheriting the porosity of PB, the iron oxides derived
from PB will offer more void space which could buffer the volume
variation and improve cycle stability compared to ordinary oxides
anode in LIBs. For example, Zhang et al. [45] annealed PB via a facile
solution method, which exhibits 800 mAh g~! at 200 mA g ! and
85% of the capacity preserved after 50 cycles when utilized as
anode in LIBs. The Fe/FesC@N-doped C has been widely used in
catalysts field. Hu et al. [46] synthesized a Fe/FesC wrapped by N-
doped graphitic layers by calcining PB and glucose and utilized it as
catalyst for Zn-air batteries. This work provides a simple way to
synthesize Fe—N—C catalysts, which not only has superb catalytic
performance but also a lower synthesize costs.

Since the products could inherit part of characteristics from PB,
the thermal degradation of PB became an effective method to
synthesis porous/hollow nanostructures. However, the final
morphology and structure were determined by thermal treatment
conditions and the properties of precursor, such as atmosphere,
temperature, precursor size and other conditions. The morphology
and structure of products derived from PB determine their appli-
ance field to a great extent. Nevertheless, no reviews have been
published to systematically sum up the products derived from PB
through thermal treatment under different conditions. Herein,
based on previous works, products derived from PB in different
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Fig. 2. The illustration of the products derived from PB at aerobic and inert atmosphere and their applications in energy storage fields.

synthetic conditions and their applications in energy storage field
are summarized. This work has guiding significance for the future
synthesis of nanoporous materials with special structure.

2. Pyrolysis products of PB and their applications in energy
storage and conversion

The thermal degradation of PB is an effective method to obtain
porous/hollow nanostructures. There are three distinct character-
istics for thermal treatment products: morphology retention, pores
formation and surface change. It has been previously reported that,
after annealing, the cubic symmetry in crystal system could be well
preserved [42]. Besides, during the process of annealing, the nano
pores formed accompanied by the organic parts converted into gas
and removed. The small nano pores connected with each other,
forming big nano pores with airflow. With the formation of porous
structures, the surface became rough owing to the small pores [47].
This method has some advantages compared to the traditional
method [42]: on the one hand, nano-sized materials can be ob-
tained at lower temperatures; on the other hand, inter-connecting
hydrophobic nano pores can be formed, distinguished with “dead
pores”.

The products after thermal treatment could be remarkably
influenced by gas composition, temperature, reactant composition
and gas pressure, especially gas composition and temperature [48].
In addition, owing to their unique properties; they have been
widely utilized in energy storage field. In this review, we summa-
rized the various annealing products derived from PB at different
annealing temperature under aerobic atmosphere and inert at-
mosphere, and their applications in energy storage field.

2.1. Products obtained in aerobic atmosphere and their applications
2.1.1. Various calcined products in aerobic atmosphere

The PB will transform into iron oxide in different phases upon
annealing in air, which could be a promising method to fabricate

nano-porous iron oxide in large-scale production. As shown in
Fig. 3a and b, after annealing, the cubic symmetry in crystal system
could be well preserved. Fig. 3c displays the TGA curve of PB
microcubes. Before heating up to 300 °C, a small amount of mass
loss corresponding to the loss of crystalline water in the lattice of PB
can be observed. Around 320 °C, obvious weight loss of PB nano-
cubes occurred, which means PB decomposed into iron oxide [49].
During heating, the cyanide skeleton fractured and transformed
into carbon oxide and nitrogen oxide, then removed with air in the
form of gas. At the same time, iron atoms, which lost the support,
were oxidized and transformed into iron oxide. Zhang et al. [49]
annealed PB at 350 °C, 550 °C and 650 °C respectively and found
that the whole thermal transformation process could be divided
into two major phases: Thermal decomposition of the PB micro-
cubes (Fig. 3c) and further crystal growth of Fe,03 (Fig. 3d). The B-
Fe;03 and y-Fe,03 obtained at 350 °C became more intense and
sharper at 550 °C and 650 °C, corresponding to the crystal growth
of Fe;0Os. In addition, it was proposed that the process of the
transformation of PB to iron oxide could be divided into three
procedures in detail, as shown in Fig. 3e. As the temperature reach
to 350 °C, the surface of PB start to transform to Fe;O3 and pore
formed inside owing to Kirkendall effect. The whole process is
accompanied by airflow from outside (Stage I). When the temper-
ature reach to 550 °C, due to the crystal growth of iron oxide
nanoparticles, some micro holes formed on the smooth and
compact surfaces which contributed to the rough particle surface
(Stage II). Finally, as the temperature reached 650 °C, porous iron
oxide shell transformed to iron oxide nanosheet with layered
structure (Stage III). Microcubes structure was retained owing to
the cubic symmetry of crystal structure [49].

In this part, we summarized the thermal decomposition prod-
ucts of PB under aerobic atmosphere and relevant influencing
factors, including annealing temperature, precursor particle size
and pore structures, as shown in Table 1. Amorphous, a, B, vy and
multiphase composite iron oxide could be obtained by controlling
the parameters mentioned above.
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Fig. 3. (a) SEM image of as-prepared PB and (b) after thermal decomposition (iron oxide (III)) [47]. (c) TGA curve of PB in air flow. (d) XRD patterns of hollow Fe,03; microboxes
derived from PB at 350 °C, 550 °C and 650 °C. ( A : B-Fe;O3 and *: y-Fe;03). (e) Illustration of the fabrication process of hollow Fe;03 and its shell evolution with elevated
temperature [49]. (f) Schematic diagram on thermal decomposition process of solid particles, small hollow particles and large hollow particles of PB at 250 °C and 400 °C [51]. (g)
The summary of the changes in products with the increased annealing temperature, particle sizes and hollowness of the precursor.

To the best of our knowledge, the calcination temperature has a
significant effect on the phase structure of the final products. Since
crystallization process generally favours high temperatures, the
annealing products tend to form amorphous phase at low tem-
perature around 250 °C [50]. As the calcination temperature in-
creases, the phase of the final products changes from amorphous to
crystal, forming mixed crystalline phases in the intermediate
temperature. Jiang et al. [53] calcined PB with a particle size about
450 nm at 350 °C, and mixed phases (o + y-Fe;03) was obtained.
Zakaria et al. [55] calcined PB with a particle size around 80 nm at
400 °C, resulting in amorphous Fe;03 + y-Fe;0s3. Hu et al. [47]
calcined PB with a particle size of about 3 um at 450 °C and the
final product is B + y-Fe;03. When the temperature becomes even

Table 1

The works of thermal decomposition of PB under aerobic atmosphere in recent

years.
Temperature PB size Phase Refs.
250 °C 60 nm Amorphous Fe;03 [50]
250 °C 100 nm Amorphous Fe;03 [51]
250 °C 100 nm Amorphous Fe,03 + y-Fe;03 [51]
250 °C 150 nm v-Fe;03 [52]
350 °C 150 nm B + y-Fe,03 [45]
350 °C 20 pm B-Fe,03 [48]
350 °C 450 nm o + y-Fe,03 [53]
400 °C 20 nm v-Fe;03 [54]
400 °C 80 nm Amorphous Fe;03 + y-Fe;03 [55]
400 °C 100 nm o + y-Fe,03 [41]
400 °C 200 nm o-Fe,03 [51]
450 °C 3 pm B + y-Fe,03 [47]
600 °C 300 nm o-Fe,03 [56]
650 °C 500 nm a-Fe;03 [57]

higher, the annealed products tend to be homogeneous phase
structure. At the temperature above 600 °C, pure a-Fe;O3 can be
obtained [56,57].

According to Table 1, we could generally summarize that with
the increasing temperatures, the products with similar size will
convert to phases with higher crystallinity. For instance, with the
particle sizes of 100—150 nm, the lowest temperatures where
amorphous, v, B and o phase Fe;03 can be formed are 250 °C,
250 °C, 350 °C and 400 °C, respectively [41,45,51,52]. This phe-
nomenon is due to the increasing crystallinity of amorphous, vy, B
and o phase. Nevertheless, there are still exceptions: Fe;03 + y-
Fe;03 can be formed under 400 °C with particle sizes of 80 nm,
which may be due to other factors such as the speed of air flow or
the compact level of precursor [55].

Other than temperature, the particle size will also affect the
phase structure of the synthesized iron oxides after calcination.
Two types of PB with different sizes were calcined at 350 °C [48].
After annealing, the smaller sized PB (10—15 nm) transformed into
Y + o + amorphous Fe;Os; by contrast, the larger sized PB
(20—50 pm) transformed into f + o Fe;0s. This is because the
diffusing conditions of oxygen as well as the gas releasing processes
during the decomposition of PB are different for different sized
particles. Zhang et al. [45] and Jiang et al. [53] calcined PB particles
with 150 nm and 450 nm, obtaining B + y-Fe;O3 and o + y-Fe;03,
respectively. The results above have indicated that the crystal
structures of final products are also strongly dependent on the
particle size of PB. In addition, it is also found that the products
transform from y phase to o phase with the particle sizes increase
from 20 nm to 200 nm, which also demonstrates that the higher
crystallinity phase could be obtained while using the bigger par-
ticles [51,54]. From the results above, one could speculate that
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larger particle sizes normally result in higher crystallinity, which
could be attributed to the smaller surface area, hence less defects.
Generally speaking, products with higher crystallinity could be
achieved through increasing the particle size. As shown in Table 1,
with the increase of the particles sizes at 250 °C, the products
transform from amorphous phase to y phase [50—52]. However, we
find that some samples mentioned above are not following this
rule, because other conditions will also affect the final products
[54,55].

Moreover, the phase structure of PB after thermal decomposi-
tion is also related to its degree of hollowness, which directly de-
termines the thickness of iron source layer and further affects the
crystallization degree of PB during thermal decomposition [50,58].
Hu et al. [51] calcined three kinds of PB with different hollowness
and it is found that hollow structures can promote crystallization.
As shown in Fig. 3f, solid particles, small hollow particles and large
hollow particles of PB lead to different products at 250 °C.
Accordingly, large degree of hollowness will promote the diffusion
of airflow within the particle, which accelerates the process of
crystallization; whereas the thick layers of iron source will block air
diffusion during annealing, which contributes to the slow processes
of oxidation rate and crystallization process.

As mentioned above, the products derived from PB in air are
mainly porous Fe;0s. The crystal structures of the products are
mainly controlled by three factors: temperature, particle sizes and
hollow degree. Higher annealing temperature, larger particle sizes
and hollow degree of precursor will promote the degree of crys-
tallization, which cause the products transform from amorphous to
highly crystallized Fe,03, as shown in Fig. 3g.

2.1.2. Applications of Fe;03 derived from PB

With the foregoing discussion, it is learned that the annealed
products of PB under aerobic atmosphere are generally Fe;03 with
different phases which own large surface areas and hierarchical
porous structures. These nanomaterials have been widely used in
different areas such as carrying anticancer drugs [52,57] extracting
heavy metal ions from waste water [51,59]. In this section, the
applications were summarized in the field of energy storage and
conversion, including LIBs, lithium sulfur batteries (Li/S batteries),
supercapacitors and catalysis [53,60,61].

2.1.2.1. Li-ion batteries. Fe;03 has long been regarded as an ideal
anode for LIBs, owning to its high theoretical specific capacity about
1007 mAh g~ L The lithium storage mechanism of Fe,03 is based on
the redox reaction mechanism. Upon lithiation, Fe,03 is reduced to
metallic Fe nanocrystals and dispersed into Li;O matrix; during
delithiation, Fe nanocrystals reversibly returns back to their initial
oxidation states:

Fe;03 + 6LiT + 6e~ « 3Li,0 + 2Fe

On the one hand, Fe;03 exhibits many advantages such as
nontoxicity, high corrosion resistance and low processing cost [62].
On the other hand, however, Fe;03 suffers from poor cycle ability
due to the drastic volume change during the charge—discharge
processes. Besides, the low conductivity of iron oxides also leads
to worse rate performance. Therefore, various nanostructured
Fe;03 have been synthesized to solve the above problems [63].

Owing to its unique porous structure, Fe;03 derived from PB as
described above exhibits better performance compared to
conventionally synthesized Fe;03 when utilized in LIBs. Zhang et al.
[45] synthesized PB via a facile solution method in air, and its
oxidation products Fe;Os3 was used as anode in LIBs. The
morphology of PB and Fe,03 is shown in Fig. 4a and b. The smooth
surfaces of PB became rough after annealing, which meant the

porous structures formed on Fe;03. The porous Fe;03 exhibits su-
perior electrochemical performance, which exhibits 800 mAh g~!
at 200 mA g~ ! and 85% of the capacity preserved after 50 cycles
(Fig. 4c). This result outperforms conventionally prepared Fe;03 (.-
Fe,;03), which could only preserve 50% of its initial capacity after
same cycle numbers. The porous Fe;0s3 also exhibits superior rate
performance, delivering a stable discharge capacity about
530 mAh g~! at 1500 mA g~ which is also much higher than the
ordinary a-Fe;03 (almost no capacity at such a high current den-
sity) (Fig. 4d). The remarkable difference of cycling stability and rate
capability of these Fe,03 could be attributed to the interconnected
nano-sized particles and porous structures. Both the smaller size
and porous structure of Fe;03 lead to shorter distance for Lit to
transfer during charging—discharging processes, which is benefi-
cial to the rate capability. Moreover, the porous structure of Fe;03
nanocubes will offer more void spaces which could buffer the
volume variation during cycling and lead to the improvement of
cycle stability. To obtain Fe;03 anode with superior performance,
various methods such as structure modification, mixing with other
metal oxides and carbon coating have been previously used.

2.1.2.1.1. Structure modification. The electrochemical perfor-
mance of Fe;03 could be further improved by structural design. In
order to further enhance the electrochemical performance of iron
oxide derived from PB, Zhang et al. [49] introduced hollow struc-
ture and porous shell architecture into the iron oxide by raising
annealing temperature, as shown in Fig. 4. While annealed at
350 °C, the product exhibits microboxes with smooth surface,
which inherited the size and cubic shape of the PB precursor
(Fig. 4e). When the annealing temperature increased to 550 °C, the
final product Fe;03 exhibited microboxes with highly porous shells
(Fig. 4f). After calcination temperature reached 650 °C, the porous
shell of the microboxes further evolved into a complex hierarchical
structure which consisted of sheet like Fe;03 subunits (Fig. 4g).
These unique structures determined the electrochemical perfor-
mance. As shown in Fig. 4h, the Fe;03 with hierarchical structure
exhibits the highest capacity and the best cycling stability, which
has reversible capacity of 945 mAh g~! in the 30th cycles at
200 mA gL This outstanding electrochemical performance is
directly related to the as-designed structure: Both the hollow
structure and porous shell architecture facilitated the penetration
of electrolyte and transportation of Li* ions in the electrode. Such
hierarchical hollow structures could efficiently release the stress
caused by volume variation upon cycling. Furthermore, the Fe;03
microboxes with high crystallinity and structural stability would
also contribute to retaining the pristine nanostructure during
cycling.

2.1.2.1.2. Forming compounds with other metal oxides.
Although the electrochemical performance of Fe;O3 derived from
PB could be improved by structural design, its cycling stability still
needs to be improved. The composite method can solve this
problem in some degree. However, the compound directly mixed
by different metal oxides exhibits poor electrochemical perfor-
mance. Yang et al. [56] synthesized bimetallic organic frameworks
by ion exchange of PB, which was annealed to form porous nano-
composites of Fe;03/CuO. The charge transfer resistance of porous
Fe;03/CuO composite electrode is lower than that of the simply
mixed Fe;03/CuO, which means a better electronic conductivity of
Fe;03/Cu0O composite, as shown in Fig. 4i. The reason lies in the
good contact between CuO and Fe;03 in the porous composite, the
charge transfer resistance at grain boundaries dramatically de-
creases. Therefore, excellent electrical conductivity of Fe,03/CuO
composite leads to excellent rate performance (Fig. 4j). In addition,
the electrochemical performance of the above mixture is much
higher than the mechanical mixture of Fe;03 and CuO, which could
only achieve to 694 mAh g~ ! after the same cycles at the same
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Fig. 4. TEM images of PB precursor (a) and porous Fe;03 nanocubes (b). (c) Cycling stability (current density of 200 mA g~') and (d) rate performance of porous Fe,03 nanocubes
and a-Fe,03 microparticles at the voltage range of 0.05—3 V [45]. FESEM of hollow Fe,03 derived from PB at 350 °C (e), 550 °C (f) and 650 °C (g). (h) Cycling performance of Fe;053
microboxes (350 °C), porous Fe;03 microboxes (550 °C), and hierarchical Fe;03 microboxes (650 °C) and coulombic efficiency of porous Fe,03 microboxes (550 °C) at the current
density of 200 mA g~ [49]. (i) Experimental and simulated nyquist plots of LIBs with as-prepared Fe,03/CuO and physically mixed Fe,03/CuO without charge or discharge at the
range of 0.01 Hz to 1000 kHz with an insertion of equivalent circuit. (j) Rate performance of Fe;03/CuO cubes. (k) Cycling performance of porous Fe;03/CuO (curve a) and physically
mixed Fe,03/CuO (curve b) when used as anode in LIBs at the current density of 500 mA g~ [56]. (1 and m) SEM images of as-prepared 3DG/Fe,05 annealed at 250 °C for 2 h. (n)

Cycling stability of 3DG/Fe,0s at a high current density of 5 A g~' [65].

current density, as shown in Fig. 4k. In addition to forming com-
pounds with CuO, Fe,03 derived from PB could be also com-
pounded with other metal oxides. Li et al. [64] synthesized Fe,0s3/
Co304 from the annealing of Fe4[Fe(CN)g]s and Co(OH),. Owing to
the high conductivity and stabilizing effect of inner Fe,03 layered
hollow microcubes, the nanocomposite exhibits superb electro-
chemical properties, which could obtain a specific capacity of
500 mAh g~ ! at 100 mA g~ ! and a high initial coulomb efficiency of
74.4%. Zhang et al. [34] synthesized iron oxide hollow microboxes
with hierarchical multi-shelled structures derived from PB and
compounded it with other oxides (Sn, Si, Ge, Al, B) through coupling
the condensation reactions. It is found that the Fe;03—Sn0; com-
pound displayed the best electrochemical performance, showing a
reversible capacity of 500 mA h g~! for 100 cycles.

Besides, other than the thermal treatment of PB with other
precursor and compound with other oxides after obtaining Fe,03
from PB, another effective method to obtain compounds with Fe;03
from PB and other metallic oxide is by thermal treatment of PBA

directly, which is easier to implement and less expensive. Chen's
group [109] synthesized MngFe;204 nanocubes derived from
Mnj3[Fe(CN)g]2.nH20 in air, the as-prepared oxide exhibited superb
performance in lithium ion batteries by achieving 827 mAh g~!
after 60 cycles at the current density of 200 mA g~ . The excellent
electrochemical performance could be attributed to the inter-
connected porous structures, which shorten the diffusion length of
Li-ions and buffer the volume expansion during cycling. In addition,
Yuan's group [110] synthesized Fe—Co oxide nanocubes by the
thermal treatment of PBA. After forming compounds with gra-
phene aerogel, the Fe—Co oxide@GA composite showed excellent
performance when used as anode in LIBs, exhibiting 947 mAh g~!
at 100 mA g~ after 130 cycles.

2.1.2.1.3. Carbon coating. In consideration of the low electronic
conductivity of iron oxide, carbon coating is also an effective
approach to improve its electrochemical performance. Jiang et al.
[65] designed iron oxide compounded with three-dimensional
graphene (3DG), obtained from PB and graphene oxide (GO). The
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morphology of as-prepared compounds is shown in Fig. 41 and m,
the 3DG/Fe,0s3 inherited the 3D porous structure of 3DG/PB and the
iron oxide nanoparticles also maintained microscopic morphology
of PB nanoparticles. However, different from PB nanoparticles,
porous nano-frameworks can be identified in the Fe;O3; nano-
particles. Owing to the superb ionic and electronic conductivity of
three-dimensional graphene, the 3DG/Fe,03 exhibited high ca-
pacity (523.5 mAh g~') at a high current density of 5 A g~ . After
1200 cycles, a capacity retention of 98% was achieved (Fig. 4n). This
superb cycling stability is ascribed to the robust graphene shell.

2.1.2.2. Other applications. Except for LIBs, Fe;03 derived from PB
can be also used in Li/S batteries, supercapacitors and catalysis. For
Li/S batteries, the dissolution of intermediate polysulphide reaction
species into electrolyte will lead to the whole system to be unsafe
and unstable [66,67]. Zhao et al. [61] synthesized porous Fe;03
nanoparticles derived from PB, and mixed it with sulfur, which was
used as cathode for Li/S batteries. The porous Fe;03 acts as an in-
ternal polysulfide reservoir and suppresses the shuttle effect.

Metal oxides are known to provide high energy densities in
supercapacitor applications, owing to their pseudo-capacitance.
Tanaka et al. [54] synthesized a new composite combining gra-
phene oxide (GO) sheets with iron oxide derived from PB nano-
particles. The compound exhibits a high specific capacitance of
91 F g1 at a scan rate of 20 mV s, which is higher than pure
graphene oxide (81 Fg~!) and pure Fe;03 (47 F g~ 1). The enhanced
electrochemical performance of GO/IO (graphene oxide and iron
oxide) can be explained by the insertion of IO nanoparticles into GO
layers, which provides a well-spaced electrical transportation path
for electrolytes and ions and make it easy for electrolytes to soak
the whole electrode surface.

As for catalytic field, the Fe,03 derived from PB in air could be
utilized in electrocatalytic and photocatalytic applications. Teng
et al. [68] designed Fe;03 microboxes derived from PB and loaded
on macroporous carbon (MPC), which was used as a sensitive
electrochemical sensor for nitrobenzene. The Fe;03/MPC showed a
low detection limit, wide linear range, high sensitivity and good
stability. Based on PB, Zakaria et al. [41] synthesized Fe,03 with
different morphologies, surface areas, and degrees of through
changing the annealing time of calcination. When the calcination
time is 7 h, the a-Fe;03 exhibited superb performance when used
on photocatalytic applications. Besides, the Fe,03 derived from PB
could be utilized to contain other catalysts. Tanaka et al. [69] syn-
thesized Fe;03 annealed from PB at different temperatures. 11 wt%
of Au nanoparticles can be loaded on Fe;03 cubes without signifi-
cant aggregation. The Au nanoparticles loaded in Fe;03 exhibited
excellent performance when used as the catalysts for CO oxidation
owing to the high surface area of iron oxide cubes and the presence
of nanoporous structure which not only provided more available
sites for adsorption of oxygen molecules but also enhanced the
diffusivity of the reactant molecules during the catalytic process.

In summary, the Fe;03 could be obtained through annealing PB
in aerobic atmosphere. Upon heating to 300 °C, the crystal water in
the lattice can be removed. Around 320 °C, the cyanide fractured
and the PB quickly decomposed to amorphous Fe;03. With the
continuous temperature rising, the obtained Fe,03 began to crys-
tallize and formed into Fe,03 with different crystal forms.
Furthermore, the crystalline structures of the obtained Fe,;0O3 are
mainly influenced by annealing temperature, precursor particle
size and particle hollowness. Higher annealing temperature, larger
particle sizes and hollow degree of precursor will promote the
degree of crystallization, causing the products transform from
amorphous to highly crystallized Fe;0s.

Compared to other method to synthesize Fe;03, the method for
obtaining Fe;03 from annealing of PB has a few advantages: (1) The

synthesis process of this method is simpler, more repeatable and
cost less, which is more suitable for large-scale production. (2)
Controllable synthesis of iron oxide with different crystal forms
could be realized through this method. (3) Owing to the gas release
during annealing, large numbers of pores formed, which will be
beneficial in energy storage systems. (4) The morphology of
nanocubes could be inherited by the products after annealing,
resulting in Fe,03 with special morphologies.

Because Fe;03 derived from PB has large surface areas, large
numbers of pores and hierarchical porous structures, superior
cycling stability and rate performance are displayed when they are
employed as anode in LIBs compared to conventionally prepared
iron oxide. Owing to these properties, the obtained Fe,03 could be
also utilized in Li/S battery to effectively suppress the shuttle effect.
Such materials could also be used in supercapacitors. Generally
speaking, this part provides a guidance for obtaining Fe,O3; with
better performance through structural design from changing syn-
thetic conditions.

2.2. Products obtained in inert atmosphere and their applications

2.2.1. Various products in inert atmosphere

Different from annealing at aerobic atmosphere, the products
annealed at inert atmosphere always contain C and N element, for
the reason that after the cyanogens fracture, C and N element could
not escape in the form of gases and finally remain in the products.
Barman et al. [70] have first studied the decomposition of ferricy-
anide in vacuum. Subsequently, the decomposition products of PB
at different temperatures under inert atmosphere were studied
clearly. Aparicio et al. [71,72] studied the whole process of PB
thermal decomposition under inert atmosphere and explored the
decomposition products at different temperatures through TGA,
DSC, EGA, TG, XRD and quantitative analysis, as shown in Fig. 5a—d.
When the temperature is lower than 300 °C, PB starts to lose its
crystalline water without significant structure changes:

F64[FE(CN)5]3.5H20 - FE4[FE(CN)6]3 + 5H0

As the temperature increases above 300 °C, the cyanide skele-
tons of PB begin to collapse and phase transformations occur, fol-
lowed by continuous carbon nitrides release and formation of
porous structures:

FE4[FE(CN)5]3 e 7/3F62[FE(CN)5] + 2(CN)2

The phase transformation is completed when the temperature
rises to 420 °C. In this process, carbon nitrides continuously
decompose and release in the form of gas fragments (CoN3, C3N3,
C3N4) [70]. With higher temperatures, the dissociated Fe after
skeleton fracture will combine with C to form iron carbon com-
pounds in form of Fe,;C and Fe;, ,C. (420—580 °C) Fe,C and Fe, xC
will transform into Fe;C3 and C with the increase of temperature,
until the temperature reach to 660 °C. From 660 °C to 760 °C, Fe,C
has completely decomposed to Fe;Cs, FesCy, FesC, and C. When the
temperature reaches to 800 °C, Fe;C3 and Fe5C, gradually decom-
pose to Fe3zC and C. Above 800 °C, FesC will decompose to y-Fe and
C. Therefore, the general equation of PB decomposition in inert
atmosphere could be described as:

Fe4[Fe(CN)g]3.xH20 — 2Fe3C + Fe + 2C + 7(CN); + 2N + xHy0

The factors affecting the decomposition products of PB under
inert atmosphere include annealing temperature, atmosphere,
particle size, precursor morphology and heating rate. Among these
factors, the annealing temperature and atmosphere are more
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Fig. 5. (a) TGA, DSC and EGA of PB under argon with a heating rate of 5 K min~". (b) In situ XRD pattern of thermal decomposition of PB under nitrogen. (c) Mass loss of PB from
35 °C to 900 °C in air estimated from TG curve. (d) Quantitative result of the Rietveld analysis of in situ XRD [72]. (e) SEM and (f) TEM image of as-prepared PB microcubes. (g, h, i,
and j) SEM images of Fe/Fe;C@N-doped C by thermal decomposition of PB at 600 °C, 700 °C, 800 °C and 900 °C [80]. (k) XRD patterns of the thermal decomposition products of PB

and glucose respectively at 650, 750, 850 and 950 °C [46].

important than others [72]. For easy comparing, recent works of the
thermal decomposition of PB at different temperatures in inert
atmosphere are summarized in Table 2. From Table 2, it can be
concluded that the annealing products of PB under inert atmo-
sphere are directly related to the annealing temperature: when the
temperature is lower than 650 °C, the product is Fe;03@N-doped C
[73,74]; the product tend to become Fe/Fe3C@N-doped C when the
temperature is above 650 °C [75,76], which can be attributed to the
different bonding abilities of Fe—C at different temperatures.
Moreover, iron species will catalyze graphitization at low temper-
atures, forming graphene [74], which exhibits weak bonding with
Fe. Therefore, after cooling, the air is easy to enter the product and
oxidizes Fe to form Fe,03, however, with higher temperature and
longer annealing time, iron and carbon will combine more closely
and the air is hard to penetrate into the tightly packed iron and
carbon compounds, so Fe/FesC exist in the final thermal decom-
position products [77].

Besides, the morphology and nitrogen content of the ob-
tained products will also vary with the annealing temperature.
Wen et al. [80] synthesized PB nanocubes through hydrothermal
method, as shown in Fig. 5e and f. The as-prepared PB was
coated by preformed polydopamine (PDA) and preheated for 2 h

at 400 °C, then calcined at 600 °C, 700 °C, 800 °C and 900 °C,
respectively. The morphologies of the final products are shown
in Fig. 5g—j. At 700 °C, the final product is Fe/Fe3C@N-doped C
with nanocube structures (Fig. 5h); by elevating the tempera-
ture to 800 °C, more porous structures can be found in the final
product (Fig. 5i); when the temperature reaches to 900 °C, the
collapsed structure indicates that the nanocube structure can no
longer be maintained (Fig. 5j). In addition, the nitrogen content
will decrease as the annealing temperature increasing [39],
which is due to the accelerated release of carbon nitride in the
form of gas fragments (CoN3, C3N3, C3N3) [58]. Therefore,
elevated temperature will cause irregular morphologies and
lower nitrogen contents.

Different inert gas will also cause the difference of final prod-
ucts. It has been reported that by sintering PB-glucose mixture at
950 °C under the mixed atmosphere (Ar:H, = 95:5), the final
product becomes y-Fe;03@N-doped C rather than Fe/Fes;C@N-
doped C (which usually formed above 650 °C under Ar atmosphere)
[60]. Considering the products are mainly decided by the combi-
nation degree of Fe and C, we guess this may be due to the presence
of reducing atmosphere inhibits the combination of Fe and C in a
certain degree, which causes the product oxidized in the air.

Table 2

The works of thermal decomposition of PB under alert atmosphere in recent years.
Temperature Precursor Product Atmosphere Refs.
600 °C PB/Resorcinol/formaldehyde Fe,03@N-doped C N2 [74]
600 °C PB/GO/PPy Fe,03@N-doped C N, [73]
650 °C PB/Glucose Fe,03@N-doped C Ar [78]
800 °C PB/GO Fe/Fe;C@N-doped C Ar [75]
800 °C PB/GO Fe/Fe;C@N-doped C Ar [76]
950 °C PB/glucose v-Fe;03@N-doped C Ar/H; [79]
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In summary, under inert atmosphere, PB is normally sintered
with other organics in order to obtain carbon-containing final
products. The products derived from PB and organics under inert
atmosphere are mainly dictated by temperature and atmosphere. At
low temperature under Ar or nitrogen atmosphere, the degree of
infiltration of iron and carbon is low and the carbon layers are loose
owing to low degree of graphitization. During cooling process, iron
and carbon will separate from each other. Therefore, when the
products are exposed to the air, the iron will be oxidized to iron oxide
and the final product is Fe;03@N-doped C. Nevertheless, when the
temperature is high, the iron will penetrate into the carbon layers,
resulting in dense carbon layers with high degree of graphitization,
which further prevents the contact between air and Fe during the
cooling process. As a result, the final products are generally Fe/
Fe3;C@N-doped C. In addition to temperature, the atmosphere will
also affect the final products. For instance, the addition of reducing
gas (Hp) could also result in products with different compositions.
This might be an interesting area to explore in the future.

2.2.2. Final products obtained after acid-washing

In order to better utilize the porous hollow structure of PB, the
final products treated under inert atmosphere can be washed with
acid. As shown in Table 3, by acid-washing the products annealed at
higher temperature (above 700 °C) and lower temperatures, final
products with vastly different compositions can be obtained. Yang
et al. [46] heated PB-glucose mixture at 650—950 °C under Ar at-
mosphere. After annealing, the product was washed with concen-
trated sulfuric acid for 12 h. As shown in Fig. 5k, the product heated
at 650 °C exhibits carbon structure after washing; however, when
heated at 750 °C, the final product is Fe/FesC@N-doped C, which is
similar to the product before acid treatment. The difference origins
from the weak bonding energy of Fe—C bond that formed at 650 °C,
so the primary product is oxidized to Fe;O3 upon the exposure to
air, which can be washed away by acid. When the temperature is
higher than 750 °C, Fe and C will closely combine to form FesC,
which is relatively stable towards oxygen and acids.

To conclude, the products derived from PB and after acid etching
are mainly decided by the compositions of sintered products before
acid etching, which also rely on the temperature to a large degree.
At low temperature, the obtained iron oxide will be washed out
thus the final product is N-doped C; for products obtained under
high temperatures, the resulted FesC as well as the dense carbon
layers are relatively stable in acidic environment, which causes the
uncharged products (Fe/Fe3C@N-doped C) after acid etching.

2.2.3. Applications of the products derived from PB in inert
atmosphere

As summarized above, the final products of PB annealed under
inert atmosphere could be divided into three categories: Fe,03@N-
doped C, Fe—N-doped C and N-doped C. These products could be
utilized in LIBs, SIBs, Li/S batteries supercapacitor and catalysis.

Table 3
The works of thermal decomposition of PB under alert atmosphere then treated
with acid in recent years.

Temperature Precursor Product Atmosphere Refs.
550 °C PB + glucose ~ N-doped C Ar [81]
650 °C PB + glucose ~ N-doped C Ar [82]
650 °C PB + glucose N-doped C Ar [83]
700 °C PB + GO Fe,Cy @N-doped C Ar [84]
750 °C PB Fe/Fe3;C@N-doped C ~ Vacuum [70]
800 °C PB + PFA Fe/Fe;C@N-doped C  Ar [44]
750—950 °C PB + glucose Fe/FesC@N-doped C Ar [46]
1050 °C PB Fe/Fe;C@N-doped C ~ Vacuum [70]

2.2.3.1. Applications of Fe;03@N-doped C. As a negative electrode in
LIBs, the main issues for Fe;03 should be the severe volume expansion
and the poor electrical conductivity. Constructing hollow structure
and interface coating are effective ways to solve this problem. To
achieve this goal, PB mixed with organics could transform to hollow
iron oxides with carbon coating after annealing. Therefore, an
increasing number of reports on metal oxide/carbon composites
derived from PB/organics have been reported in LIBs since 2010 [85].

Pan and co-workers annealed the mixture of PB and glucose at
650 °C and 950 °C in Ar and Ar/H; (95:5), the products were hollow
polycrystalline y-Fe;O3@graphene and monocrystal y-Fe,03@gra-
phene, respectively [78,79]. At 650 °C, the Fe,0O3;@graphene com-
posite with core-shell structure was formed, as shown in Fig. 6a and
b. The Fe;03 derived from PB was coated with graphene, which
came from glucose and experienced a catalytic process during the
increase of temperature. The nano-hollow <y-Fe,Os@graphene
shows high rate performance with an average discharge capacity of
1095, 1072, 1022, 974, 902, 704, and 504 mAh g~ at the rate of 0.1,
0.2, 05, 1, 2, 5, and 10 C, respectively. The excellent rate perfor-
mance benefits from the stability structure, attributed by the hol-
low structure of y-Fe;03 and the graphene layer, moreover the
graphene layer also provides high electrical conductivity. The
product annealed at 950 °C in Ar/H, exhibits monocrystal y-
Fe,0s@graphene, which is different from the product annealed at
650 °C. Additionally, Fe lattice was detected between y-Fe,03 and
graphene, as shown in Fig. 6¢. Interestingly, the monocrystal -
Fe,Os@graphene exhibits better cycling stability compared with
the hollow polycrystalline y-Fe,Osz@graphene. The superior elec-
trochemical performance of monocrystal y-Fe,Os@graphene comes
from the higher graphitization degree and quality layers of gra-
phene, which offer conductive network and buffer the volume
changes during the electrochemical process.

Other than Fe,03, Fe304 derived from PB coating with carbon
reduced from other organics have been chosen as anode in LIBs.
Chen et al. [86] obtained carbon-covered Fe304 hollow cubic hier-
archical porous composite through calcining PB and resorci-
nolformaldehyde (RF) resin. The products are found to have a
strong dependence on annealing temperature. The morphologies of
the annealed products are presented in Fig. 6d—f, where porous
structure gradually formed as the temperature increased. As shown
in Fig. 6g, different phase structures are formed at different tem-
peratures, including amorphous, Fe304 and Fe at 400 °C (Fe,C400),
600 °C (FexC600) and 800 °C (Fe,C800), respectively. In addition,
different products demonstrate different electrochemical proper-
ties. As shown in Fig. 6h and i, the Fe304/C (FexC600) exhibits the
best electrochemical performance. Although its discharge capacity
faded in the initial dozen cycles, it then almost recovered to that of
the first cycle, which was close to 1100 mAh g~ !, higher than the
theoretical capacity of Fe,03 (1007 mAh g~1). This result might be
attributed to the synergistic effect between Fe304 and carbon ma-
terial, or the lithium storage behaviour on the interface. Compared
with Fe,C400 and Fe,C800, Fe,C600 also showed better rate per-
formance of 500 mAh g~ at the current density of 500 mA g~ . The
electrochemical performance of Fe304 derived from PB could be
further promoted through coating with double-layer carbon [87].
The Fe304 (derived from PB after thermal treatment) was second
annealed with PDA at N, atmosphere. The obtained Fe304/AC
(amorphous carbon) were then compounded with rGO (reduced
graphene oxide) through a well-designed self-assembly method.
Consequently, a 3D constructed rGO/Fe304/AC was built with
double-layer carbon. Owing to the excellent conductivity and the
function of buffering mechanical stress of double-layer carbon, the
rGO/Fe304/AC exhibited superb electrochemical performance,
which outperformed pure Fe304 and Fe304 with monolayer carbon
(Fe304/AC and Fe304/rGO).
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Fig. 6. (a) and (b) HRTEM image of hollow polycrystalline y-Fe,0s@graphene [78]. (c) HRTEM image of monocrystal y-Fe,0s@graphene [79]. (d)—(f) FESEM images of the products
derived from PB@RF respectively at 400 °C (d), 600 °C (e) and 800 °C (f). (g) XRD patterns of as-prepared Fe,C400, Fe,C600 and Fe,C800. (h) Charge—discharge cycle curves (at the
current of 100 mA g~!) and (i) rate performance of Fe,C400, Fe,C600 and Fe,C800 when used as anode of LIBs [86].

Fe,03@N-doped C could be also utilized in Li/S batteries.
Compared to ordinary FeS, derived from Fe;03 (annealed by PB)
and S, FeS, derived from Fe,03@N-doped C has better electro-
chemical performance. Liu et al. [88] synthesized yolk-shell
FeS,@carbon (FeS,@C) spheres through annealing of PB and RF at
Ar atmosphere. Owing to the unique yolk-shell structure, the
FeS,@C effectively prevented the volume expansion and dissolu-
tion of the active materials when used as anodes in LIBs. The
FeS,@C electrode exhibited superb electrochemical performance
which could achieve 560 mAh g~! at the current density of
100 mA g~! for 100 cycles. Pan and co-workers [89] synthesized
porous Fe;03@N-doped C derived from PB and glucose, and mixed
it with sulfur. When used as cathode for Li/S batteries, the FeS,@N-
doped C has a superior electrochemical performance with a high
reversible capacity of 484.7 mAh g~ ! at 0.5 A g~ ! corresponding to a
specific capacity of 713.49 Wh kg~! and a fast recharging perfor-
mance of 281.4 mAh g1 at 5 A g! at room temperature. This su-
perior performance can be attributed to the short Li-ionic diffusion
distance of FeS,, which provided by the N-graphene shell [90]. The
N-graphene shell also enhanced the structure stability and
decreased the shuttle effect of sulfur. In addition, the products
derived from PB under inert atmosphere have also been employed
in supercapacitor and catalysis applications [91—-93].

2.2.3.2. Applications of Fe/FesC@N-doped C. As discussed above, the
carbon layers become denser when annealed at higher tempera-
ture, which could prevent air entering the carbon layers and pre-
vented Fe oxidized to iron oxide, so iron and carbon will permeate
to each other and formed Fe/Fe3C@N-doped C. In order to obtain
ideal core-shell structure of carbon, PB was always mixed with
different carbon sources [84]. The as prepared products from PB,
PB/C or PB/organics has a broad application field, such as extracting
uranium from nuclear waste [80] and oxidase-mimic activity [94].
As for energy storage field, the Fe/Fe3C@N-doped C are mainly used
for catalysis [95].

The catalyst of oxygen reduction reaction (ORR) plays an
important role in the industrial application of fuel cells. The ORR
behaviours are decided by the intrinsic properties of catalyst
associated with the type and the number of catalytic active sites,
specific surface area, conductivity and mass transport in catalyst
layer [84]. Pt and its alloys, owing to their high catalytic efficiency,
have been widely used for oxygen reduction reaction. Synthesizing
nano-composites derived from noble metals doped PB or PBA
through thermal treatment is an effective method for tuning or
enhancing the catalytic activity of noble metals. Chen's group
synthesized a few nanoalloys (including Pt, Ru, Pd, Ir etc) derived
from noble metals doped PB and PBA, which realized the regulation
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and optimization of the performance on electrocatalytic hydrogen
evolution [117—120]. However, considering its high cost, low
abundance, weak durability, crossover effect and CO poisoning [96],
it is necessary to find another catalysis materials, which could not
only have high catalytic efficiency, but also has a low cost. Fe—N-
based carbon catalysts have attracted considerable attention as one
of the most promising candidates owing to their low cost and high
catalytic activity brought about by nitrogen incorporation and Fe-
coordinated nitrogen species [97]. Cui's group [84] synthesized
iron carbide nanoparticles supported on highly nitrogen-doped 3D
porous carbons from PB/graphene oxide composite (GO) under Ar
atmosphere. The as-prepared sample exhibited superb catalytic
activity, superior durability and methanol tolerance for ORR in both
acidic and alkaline media. Chen et al. [98] obtained a Fe—N co-
doped carbon by the annealing of polyaniline-Prussian blue com-
posite (PANI-PB). The as prepared Fe—N co-doped carbon exhibits
excellent catalytic properties, when catalysts in O,-saturated 0.1 M
KOH solution, the composite catalyst exhibits a high positive
cathode peak. Liu et al. [76] prepared Fe/FesC@N-doped C by
annealing the mixture of PB and GO, the product displayed
outstanding catalytic activity in the ORR on par with the state-of-
the-art Pt/C catalyst at the same mass loading in alkaline media.
Hou et al. [75] prepared N-doped Fe/FesC@C/RGO through
annealing the mixture of PB and GO, as shown in Fig. 7a and b. To
further explore the contribution to catalytic efficiency of N doping,
RGO and FesC, the RGO, N-doped Fe/Fe3C@C, N-doped Fe/Fe3C@C-
RGO (the N-doped Fe/FesC@C/RGO with ex-situ synthesized), N-
doped Fe/FesC@C/RGO and the etched N-doped Fe/Fe3C@C/RGO
were tested at a rotation rate of 1600 rpm in O,-saturated 0.1 M
KOH solution, as shown in Fig. 7c and d. Remarkably, N-doped Fe/
Fe3;C@C/RGO exhibits higher positive ORR onset potential (1 V) and
half-wave potential (0.93 V) than N-doped Fe/Fe3C@C. The superior
performance comes from NRGO sheets, which serve as a conduc-
tion path for electrons and act as an active site for ORR. In order to
explore the effect of N-doping in NRGO sheets, the author syn-
thesized the hybrid material (N-doped Fe/Fe3C@C-RGO) and tested

1

its ORR activity at the same condition. Compared with N-doped Fe/
Fe3C@C-RGO, N-doped Fe/Fe3C@C/RGO the exhibits higher onset
potential and half-wave potential, which could be attributed to the
increase of active sites provided by the N-doping in RGO sheets. To
further clarify the roles of Fe and Fe3C in ORR, etched N-doped Fe/
Fe3C@C/RGO was used as the comparison group, which exhibited a
more negative onset potential and a much smaller current density.
Therefore, it is confirmed that Fe/Fe3C nanoparticles could improve
the catalytic performance for ORR.

Non-precious metal catalysts for oxygen reduction reaction
(ORR) are widely utilized in anion exchange membrane fuel cells
(AEMFCs) owing to their high stability and low cost. Hu et al. [111]
synthesized a novel FesC-based spherical catalyst, which exhibited
superb activity and durability in both Nafion-based low tempera-
ture and acid doped polybenzimidazole-based high temperature
proton exchange membrane fuel cells. Huang et al. [99] synthesized
nanostructured FesC/FeS encapsulated carbon (FeCN-S) derived
from pyrolyzed poly (3,4-ethylene dioxy thiophene) hydrate
(PEDOT) and Prussian blue (PB). The PEDOT and PB are heated at
600 °C (FeCN-S-600) 800 °C (FeCN-S-800) and 1000 °C (FeCN-S-
1000), respectively. The morphologies of products are shown in
Fig. 7e—g. At 800 °C, porous structures began to form. However,
with the continuous increase of temperature, the nanocubes star-
ted to aggregate. (FeCN-S-1000) Therefore, the catalyst annealed at
800 °C (FeCN-S-800) presented the highest disk current (Id) and
lowest ring current (Ir), as shown in Fig. 7h. When utilized in
cathode of anion exchange membrane fuel cells (AEMFCs), it
exhibited better performance compared to Pt/C. The Pt/C utilized in
cathode produces a maximum power density of 142 mW cm~2 and
FeCN-S-800 produces a maximum power density of 125 mW cm 2.
In addition, the durability of FeCN-S-800 in the cathodes of AEMFCs
through hydrogen and oxygen has been tested. At 0.5 V, the FeCN-
S-800 still retains 87% of initial value, which is much better than Pt/
C in cathode.

In addition, another important application of Fe/Fe3C@N-doped
Cis used as cathode catalysts in Zn-air batteries. Wang's group [112]
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Fig. 7. (a) XRD patterns and (b) Raman spectra of PB, PB/GO, N-doped Fe/Fe;C@C and N-doped Fe/Fe3C@C/RGO. (c) LSV curves of RGO, N-doped Fe/Fe;C@C, physical mixture, N-
doped Fe/Fe;C@C-RGO, N-doped Fe/FesC@C/RGO and Pt/C at a rotation rate of 1600 rpm in O,-saturated 0.1 M KOH solution. (d) LSV curves of RGO, N-doped Fe/Fe;C@C after etching
and N-doped Fe/Fe3C@C at a rotation rate of 1600 rpm in O,-saturated 0.1 M KOH solution [75]. HRSEM images of FeCN-S annealed at different temperatures: (e) 600 °C, (f) 800 °C

and (g) 1000 °C. (h) ORR curves of FeCN-S-600, FeCN-S-800, and FeCN-S-1000 [99].
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proposed a bifunctional oxygen electrocatalyst (Fe@C-NG/NCNTs)
consists of Fe/Fe;C@C (Fe@C), 3D N-doped graphene and bamboo-
like CNTs. Fe@C-NG/NCNTSs exhibited a voltage gap increase of only
0.13 V, almost only half of Pt/C + Ir/C (0.22 V). Pan's group [46]
synthesized a Fe/FesC wrapped by N-doped graphitic layers by
calcining PB and glucose and utilized it as catalyst for Zn-air bat-
teries. When used as catalysts in Zn-Air batteries, it exhibited a
maximum power density of 186 mW cm ™2, which is slightly higher
than Pt/C catalyst.

Moreover, the electrochemical performances of Fe—N com-
pounds derived from PB have been tested in LIBs and Li/S batteries.
Che et al. [100] synthesized a nitrogen and sulfur doped carbon
with Fe,C nanocrystals (Fe,C@C) derived from PB and 3,4-
ethoxylene dioxy thiophene (PEDOT) through simultaneous
polymerization-precipitation technique and thermal treatment.
The Fe,C@C electrode with core-shell structure exhibited a high
specific capacity (657.7 mAh g~!) at the current density of 0.2 Ag™!
and 509.1 mAh g~ ! at a high current density (6 Ag~1). Suetal.[101]
designed Fe3C@N-GE-CNTs by dehydrated NasFe(CN)g annealed
under N, atmosphere. Sulfur is impregnated into the as-prepared
Fe3C@N-GE—CNTs through melt-diffusion strategy. As a result, the
cathode exhibited a high reversible capacity (1221 mAh g~!) at 0.2
C and superb rate performance (220 mAh g~ ' at 10 C).

2.2.3.3. Applications of N-doped C. Loose carbon layers are formed
at low temperature, so the Fe;03 or FesC in the final products could
be washed away by acid, forming N-doped carbon. The obtained N-
doped C could be utilized in supercapacitors and SIBs.

Carbon-based materials are considered as one of the most
suitable materials for supercapacitors, owing to its high conduc-
tivity, stability in different environments, large specific surface
area, and a large variety of carbon-rich precursors [102]. Wickra-
maratne et al. [74] prepared graphitic mesoporous carbons derived
from polyvinylpyrrolidone (PVP)-coated PB at nitrogen atmo-
sphere. Owing to the catalytic graphitization of iron species, the
carbon with different degrees of graphitization can be obtained
with different stoichiometric ratios and annealing temperatures.
The as-prepared carbons exhibited outstanding performance on
double layer capacitors owing to their special porous structures,
which achieved a large capacitance of 211 F g~! in 1 M H,SO4
electrolyte. In order to achieve higher pseudocapacitance, N is
chosen as a dopant into the carbon [103]. However, N-doping re-
sults in lower conductivity and therefore affects the rate perfor-
mance. To solve this problem, Pan and co-workers [83] has mixed
N-doped C with different content of nitrogen, which exhibited high
pseudocapacitance as well as superb rate performance. The hollow
N-doped C was synthesized through washing annealed products at
650 °C with sulfuric acid. (CS-650) In order to change the content of
nitrogen, two products were respectively annealed at 850 °C (CS-
850) and 1050 °C (CS-1050), as shown in Fig. 8a—c.

The products annealed at different temperatures exhibited
hollow carbon structure and the content of N decreased with the
temperature. As shown in Fig. 8d, CS-650 exhibited high specific
capacitance at low current density. However, the capacitance
dropped sharply as the current density increased. Therefore, the
CS-650 was mixed with CS-1050 and the electrochemical perfor-
mance of mixture was investigated at the same condition. Conse-
quently, the mixture showed excellent rate performance, which is
better than CS-650 and CS-1050.

In addition, carbonaceous materials are also regarded as the
most promising anode candidate for SIBs. However, the commercial
graphite could only exhibit no more than 35 mAh g~! when used as
anode in SIBs [104]. Amorphous carbon has superior capacity, but
the initial coulombic efficiency is low owing to the high specific

surface area. To solve this problem, Pan and co-workers [105] has
synthesized N-doped C derived from the mixture of PB and glucose
respectively from 550 °C (NC-550) and 660 °C (NC-650) (shown in
Fig. 8e and f). The as-prepared products exhibit a wide peak around
26°, corresponding to the (002) face of carbon. Interestingly, the
NC-550 shows a much lower specific surface area of 12.1 m? g~!
compared to NC-650 exhibits a high specific surface area of
553.2 m? g~ ! (Fig. 8g). The lower specific surface area reduces the
side reaction on interface, promoting the initial coulombic effi-
ciency of 64.9%, which much larger than NC-650. The NC-550 also
exhibits outstanding rate performance during charge—discharge
processes, which could reach to 212 mAh g~! at a high current
density of 500 mA g~ (Fig. 8h). The superb electrochemical per-
formance could be attributed to its unique structure. Both the
doped nitrogen and the expanded layer distance facilitate sodium
ions storage during the process of charge—discharge, leading to a
high capacity. The low specific surface area also reduced the side
reaction on interface; hence a high initial coulombic efficiency can
be obtained. Instead of being used as anode materials, porous car-
bon derived from PB could be also utilized as a conductive layer for
other anodes in SIBs. Lim et al. [106] designed nitrogen doped 3D
porous carbon derived from PB (NC) and then compounded it with
WS, through solvothermal methods followed by a post annealing
process. Owing to the well-defined, nano-structured hierarchical
scaffolding and highly conductive nature of the 3D porous carbon
framework, the WS,@NC electrode displayed outstanding perfor-
mance in LIBs.

In order to mitigate the “shuttle effect” of lithium polysulfide
species and improve the conductivity, carbon-based materials
have been widely used in Li/S batteries [107]. However, the
combination of carbon and polysulfide is weak which could not
inhibit the polysulfides shuttling between electrodes. In addition,
ordinary carbon structure cannot effectively suppress volume
expansion during charging and discharging. Pan and co-workers
[81] has synthesized a pomegranate-like structure N-doped car-
bon self-assembled with nano-hollows through thermal treat-
ment of PB and glucose. The structure is composed of smaller
hollows with thinner N-doped graphene shells, which are fully
embedded in lager hollows with thicker N-graphene-shells. The
sulfur is filled into the pores, which are encapsulated by the thin
layer graphene shells. With a high areal sulfur loading of 10.1 mg/
cm~2, the cathode exhibited superb electrochemical performance
owing to that the hierarchal nano-hollows with graphene-shells
built a 3D-electronic conduction network and increased the
wettability of electrolyte to enhance the Li-ion transport, hence a
superb rate performance. Besides, N elements in graphene-shells
increased the bonding between polysulfide and carbon, which
prevented shuttle-effect effectively, leading to the superior cycling
stability.

Last but not least, the N-doped porous carbon derived from PB
could be utilized in catalysis. Liang et al. [44] synthesized nitrogen-
doped porous carbon through annealing of PB and furfuryl alcohol
(FA) after acid etching. The obtained porous carbon exhibited high
surface area and displayed excellent electrocatalytic activity and
electrochemical stability when used to support Pt nanoparticles as
an electrocatalyst for the oxidation of methanol. It is believed that
the special structure not only reduces the diffusion rate of carbo-
naceous species but also leads to more fully oxidation of the
carbonaceous species.

In summary, different from the products derived from PB in
aerobic atmosphere, the products annealed under inert atmo-
sphere contain C and N element, because C and N cannot combine
with oxygen and be released in the form of gas in inert atmosphere.
The final products are mostly dictated by the annealing
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Fig. 8. (a) SEM image and (b) HRTEM image of CS-850. (c) XRD patterns of CS-650, CS-850 and CS-1050. (d) The capacitance retention of CS-650, CS-850, CS-1050, CS-650 + 850 and
CS-650 + 1050 at different current densities [83]. (e) and (f) HRTEM images of as prepared products from 550 °C and 650 °C. (g) N adsorption/desorption isotherms of as prepared
products from 550 °C and 650 °C. (h) First cycle of capacity-voltage curves of as prepared products from 550 °C and 650 °C [105].

temperature: at low temperatures, the bonding of Fe and C is loose
during iron-carbon interpenetration process. Therefore, the carbon
layers could not buffer the oxygen and iron atoms will be oxidized
when exposed to air. As a result, the final product is Fe;03@N-
doped C with core-shell structure; at elevated temperatures, the
carbon layers become denser and tightly integrated with Fe, which
could prevent Fe from being oxidized, hence Fe/Fe3C@N-doped C
can be obtained. Compared to traditional method to synthesize
Fe;03@N-doped C and Fe/FesC@N-doped C, the method for
obtaining these products derived from PB in inert atmosphere has a
few advantages: (1) The synthesis process of this method is simpler,
more repeatable and cost less, which is more suitable for large-
scale production. (2) The Fe;03 and Fe/Fe3C could obtain carbon
coating by one step without other steps. (3) The thickness of carbon
layers could be partly controlled through controlling the annealing
temperature.

To further utilize the unique structure of the products from PB,
N-doped C can be prepared by removing Fe;03; from Fe,03@N-
doped C through acid treatment. Compared to traditional method
to obtain carbon materials, this method has several advantages: (a)
It contains Fe that can be one of the most effective catalysts to lower
the synthesis temperature of graphene. (b) It can be converted to a
nanoporous carbonaceous structure that enhances the perfor-
mance when utilized in energy storage system. However, because
the process of acid etching is not strictly controllable, the repro-
ducibility of final products is still need to be promoted.

Therefore, three different products could be obtained through
controlling the temperature of thermal treatment: Fe,O3@N-doped
C, Fe/FesC@N-doped C and N-doped C. The Fe;03@N-doped C is
applied in similar field with Fe;03 derived from PB. Nevertheless,
owing to its unique core-shell structure coated with N-doped C, the
Fe,03@N-doped C exhibited better performance especially in cyclic
stability and rate performance in energy storage field. The Fe/
Fe3;C@N-doped C exhibits superior catalytic performance in cata-
lytic field, which could be utilized in fuel cell and Zn-Air batteries.
The N-doped C also has a wide application fields such as super-
capacitors, SIBs, and Li/S batteries.

3. Conclusion and perspective

This review systematically summarizes the products derived
from PB through thermal treatment under different synthesis

conditions (as shown in Fig. 9) and their applications in energy
storage.

When annealed under aerobic atmosphere, the products are
generally Fe,03 with different phases (amorphous, v, § and o). The
crystalline structures of the final products are influenced by
annealing temperature, precursor particle size and particle hol-
lowness. Higher annealing temperature, larger particle sizes and
hollow degree of precursor will promote the degree of crystalliza-
tion, which cause the products transform from amorphous to
highly crystallized Fe,03. Because Fe,03 derived from PB has large
surface areas, large numbers of pores and hierarchical porous
structures, superior cycling stability and rate performance are
exhibited when they are employed as anode in LIBs compared to
conventionally prepared iron oxide. Furthermore, such materials
also effectively reduce the shuttle effect when utilized in Li/S bat-
tery and provide large pseudo-capacitance when utilized in
supercapacitors. There are a few works focused on the application
of Fe,03 derived from PB especially in energy storage system,
however, they paid little attention to the influence of different
crystal structures of Fe;O3 on the performance of energy storage
devices. As we mentioned above, iron oxides with different struc-
tures could be designed using the PB as template with different
synthetic conditions. Fe;03 with better performance when used in
energy storage system might be obtained from this method. As a
result, our work provides guidance for obtaining Fe,03 with better
performance through structural design from changing synthetic
conditions.

When annealed under inert atmosphere, the products derived
from PB are mostly dictated by the annealing temperature: at low
temperatures, Fe ions will be oxidized when exposed to air and
carbon and nitrogen will not disappear in the form of gas, therefore,
the final product is Fe,03@N-doped C with core-shell structure; at
elevated temperatures, the carbon layer becomes denser and
tightly integrated with Fe, which could prevent Fe from being
oxidized, hence Fe/FesC@N-doped C can be obtained. To further
utilize the unique structure of the products from PB, N-doped C can
be prepared by removing Fe;03 from Fe;03@N-doped C through
acid treatment. Therefore, three different products could be ob-
tained through controlling the temperature of thermal treatment:
Fe;03@N-doped C, Fe/FesC@N-doped C and N-doped C. The
Fe,03@N-doped C is applied in similar field with Fe,03 derived
from PB. Nevertheless, owing to its unique core-shell structure
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Fig. 9. Summary of calcined products from Prussian blue under different conditions.

coated with N-doped C, the Fe,O3@N-doped C exhibited better
performance especially in cyclic stability and rate performance in
energy storage field. The Fe/Fe3C@N-doped C exhibits superior
catalytic performance in catalytic field, which could be attributed to
the synergistic reaction of Fe/Fes3C, carbon layers and nitrogen
doping. The N-doped C also has a wide application field, which
could be utilized in supercapacitors, SIBs, and Li/S batteries.

Although the products derived from PB have been widely uti-
lized, it still has potential to become better and new materials
derived from PB are still waiting to explore. First, among all prod-
ucts derived from PB mentioned above, only the optimization of
Fe,;03 derived from PB in LIBs have been reported, which mainly
includes structural modification, forming compounds with other
metal oxides and coated with carbon. However, optimization
techniques for Fe,03@N-doped C, Fe/Fe3C@N-doped C and N-doped
C are rarely reported. The performance of products derived from PB
in inert atmosphere could be also promoted by structural modifi-
cation, element doping and surface modification, as mentioned
above in optimization of Fe,03 derived from PB in aerobic atmo-
sphere. For surface modification, SiO, capsulation might be a po-
tential choice, which could act synergistically with carbon layers.
As we mentioned above, the graphitization degree and the tight-
ness of carbon layers of N-doped C could be promoted through
increasing annealing temperature. For Fe;03@N-doped C and Fe/
Fe3C@N-doped C, the denser carbon shells might further promote
the cyclic stability when utilized in energy storage systems. For N-
doped C, the higher degree of graphitization will possess higher
electronic conductivity, which is beneficial for energy storage. For
instance, although N-doped carbon exhibits superb coulombic ef-
ficiency and capacity as anode materials in SIBs, its electronic
conductivity and rate performance still need to be promoted.
Through promoting annealing temperature might partly solve this
problem.

In addition to optimize the acquired products, it is necessary to
explore new materials with better performance. First, iron oxides
with different structures could be designed using the PB as tem-
plate. Although the application of iron oxides derived from PB in
different fields has been widely investigated, there are few reports
about the structural design of ferric oxide using the PB as template.
Besides, the products derived from PB or PBA with noble metal
doping always display excellent performance in different re-
searches [113,114]. Therefore, more in-depth study is needed on the
products derived from PB or PBA with noble metal doping, which

might be a more effective and easier method to synthesize new
materials with better performance in many application fields.
Furthermore, it has been reported that the graphite/graphene could
be catalyzed by transition metals [108]. Therefore, the free Fe
released from PB during annealing could catalyze amorphous car-
bon into graphite/graphene. Based on this principle, carbon mate-
rials containing graphite/graphene as well as amorphous carbon
can be obtained by synthetic tuning. Moreover, since the catalytic
capability of Fe is limited, only amorphous carbon within a certain
range could be catalyzed. In this case, the proportion of two
different carbon structures could be precisely controlled by tuning
the ratios between PB and organics. As a result, our work provides a
few methods to obtain products with better performance and
design new materials with unique structure using PB as template.

Overall, the research of the products derived from PB through
thermal treatment has opened up a promising approach toward
high-performance functional nanoporous materials in the field of
energy storage and conversion.
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