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Abstract

Potassium-ion batteries (PIBs) are considered as promising alternatives to lithium-ion batteries (LIBs) due to their
abundant potassium resources, cost-effectiveness, and comparable electrochemical performance to LIBs.
However, the practical application of PIBs is hindered by the slow dynamics and large volume expansion of anode
materials. Owing to their unique morphology, rich pores, abundant active sites, and tunable composition, metal-
organic framework (MOF)-derived carbon and its composites have been widely studied and developed as PIB
anodes. In this review, the basic configuration, performance evaluation indicators, and energy storage mechanisms
of PIBs were first introduced, followed by a comprehensive summary of the research progress in MOF-derived
carbon and its composites, especially the design strategies and different types of composites. Moreover, the
advances of in situ characterization techniques to understand the electrochemical mechanism during
potassiation/depotassiation were also highlighted, which is crucial for the directional optimization of the
electrochemical performance of PIBs. Finally, the challenges and development prospects of MOF-derived carbon
and its composites for PIBs are prospected. It is envisioned that this review will guide and inspire more research
efforts toward advanced MOF-derived PIB anode materials in the future.

Keywords: Metal-organic framework-derived carbon, carbon composites, in situ characterization, potassium-ion
batteries
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INTRODUCTION

The massive consumption of limited fossil fuels over the past decades, accompanied by excessive carbon
emissions, has led to environmental pollution and a potential energy crisis, endangering the sustainable
development and survival of mankind" ™. The international focus on reducing carbon emissions to achieve
carbon neutrality has prompted researchers to harvest clean and renewable energies in nature, such as wind,
solar, and tidal energy”. However, wide utilization of these intermittent energies is restricted due to their
dependence on climate and region. Therefore, it is extremely urgent to develop efficient and economical
energy conversion and storage devices. Lithium-ion batteries (LIBs) have been successfully commercialized
in portable charging devices and electric vehicles due to their high energy density, fast charging/discharging,
and long cycle life"™'”. Unfortunately, the deficiency and uneven geographical distribution of lithium (Li)
resources have caused the rising cost of LIBs, which compromised their competitiveness in the large-scale
economic energy storage market"”"", Sodium (Na), a neighboring element of Li, has received plentiful
attention because the content of Na (2.3%) is much higher than that of Li (0.0017%) in the earth’s crust"*"”).

In addition, the similar physicochemical properties of Na with Li drive the research of sodium-ion batteries
(SIBs)!"*", Regrettably, the energy density of SIBs is relatively lower than that of LIBs due to the higher
standard reduction potential of Na compared to Li®. Potassium-ion batteries (PIBs) are considered as
another alternative to LIBs due to their abundant potassium (K) resources (1.5%) and lower costs® .

Figure 1A shows the physicochemical parameters of Li, Na, and K. Compared to SIBs, PIBs possess the
following merits: (i) The standard reduction potential of K (-2.93 V vs. standard hydrogen electrodes (SHE))
is lower than Na (-2.71 V vs. SHE) and closer to Li (-3.04 V vs. SHE), endowing PIBs with relatively wide
operating voltage and high energy density"*’; (ii) The Stokes radius of K ions (3.6 A) in propylene carbonate
(PC) is smaller than that of Na and Li ions (4.6 A and 4.8 A), ensuring their good ionic conductivity and fast
kinetics””; and (iii) Aluminum (Al) foil can be employed as the current collector of PIBs because K will not
react with Al, and the cost of PIB electrolyte salts is lower than that of SIBs, thus greatly reducing the cost of
PIBs™. Based on the above advantages, PIBs have been considered as the most competitive candidates for
next-generation large-scale energy storage devices.

Similar to LIBs, PIBs are typical rocking chair batteries and are mainly constituted of cathodes, electrolytes,
and anodes. Owing to the large K ion radius, advanced anode materials play a key role in improving the
electrochemical performance of PIBs. Since it was verified that the K ion can be inserted into and extracted
from the graphitic layer (KC,,~KC,,~KC,), and commercial graphite anodes can achieve a capacity of
273 mAh g, the number of publications involving anode materials and PIBs has rapidly increased in
recent years [Figure 1B]. At present, various anode materials, such as carbon, metal compounds, alloying
materials, and their composites, have been synthesized and applied to improve the electrochemical
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performance of PIBs*"**. Generally, carbon materials are ideal anode materials for PIBs owing to their low
cost and excellent physicochemical properties. Rational structure design and doping engineering can
effectively enhance their potassium storage performance”. In addition, conversion-type materials (such
as metal compounds) and alloying-type materials (such as Bi and P) have been investigated as anodes for
PIBs due to their high theoretical capacity. Unfortunately, these materials have inferior cyclic performance
due to tremendous volume expansion during potassiation. Therefore, composite materials combining
carbon materials and conversion/alloying-type materials have been investigated”***. Although progress has
been achieved, it is still an enormous challenge to synchronously harvest the merits of both carbon and
conversion/alloying-type materials through structural design, doping engineering, and the formation of
composites.
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Figure 1. (A) Comparison of physicochemical parameters of Li, Na, and K. (B) Publication numbers related to anode materials of PIBs.
The data come from the Web of Science with the keywords including “anode materials” and “potassium-ion batteries” (accessed on 1
March 2023). (C) Illustration of the configuration of PIBs.

Metal-organic frameworks (MOFs), composed of metal ions and organic ligands through covalent
coordination, have harvested extensive attention as a new kind of porous material due to their different
morphologies, adjustable pore structures, and abundant active sites®*. Owing to their controllable
structure and tunable composition, MOFs have been employed to derive carbon materials with large
specific surface area, well-developed pores, and high levels of heteroatom doping by carbonization and acid
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etching"*"*?. Moreover, MOF-derived carbon composites can be obtained through facile synthesis strategies.
Recently, Cao et al. reported a novel space-confined method that successfully confined different metal ions
(Mg™, Al”", Ca™, Ti*, Mn*, Fe’*, Ni*, Zn*, Pb*", Ba*’, and Ce") in quasi-microcube shaped cobalt (Co)
benzimidazole frameworks (CoZIF9)"*’. The original framework of CoZIF9 will not be destroyed by metal
ion addition when the ratio of Co to metal ions is optimized to 10/1. Excitingly, a series of MOF-derived
carbon prepared through high-temperature carbonization exhibited excellent electrochemical performance.
Based on the above advantages, MOF-derived carbon and its composites have been comprehensively
applied in LIBs and SIBs and are gradually adopted in PIBs in recent years'***’. For example, Jiang ef al.
confined Sn,(PO,), nanocrystals in an interconnected carbon framework through a controllable particle
attachment crystallization growing process of Sn-based phosphate MOFs and high-temperature calcination
strategies'”. The as-fabricated composite exhibited appreciable electrochemical performance as both SIB
and PIB anodes. Therefore, it is necessary to summarize the recent progress of MOF-derived carbon and its
composites in PIBs. To our knowledge, most of the previous reviews on PIB anodes focused on the
classification and optimization of carbon materials**>**! or the type and regulation of metal compounds'>**,
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but few reviews on MOF-derived carbon and its composites””*"\. In this review, we first briefly introduce the
configuration, performance evaluation indicators, and energy storage mechanisms of PIBs. Then, we
comprehensively summarize the research progress of MOF-derived carbon and its composites as PIB
anodes, especially the design strategies and composite types. Furthermore, the importance and necessity of
advanced characterization techniques are highlighted for understanding potassium storage mechanisms.
Finally, we put forward the challenges and development prospects of MOF-derived carbon and its
composites for PIBs. We aspire that this review will guide and inspire more research efforts toward
advanced MOF-derived PIB anode materials in the future.

A BRIEF INTRODUCTION OF PIBS

Basic configuration

As shown in Figure 1C, PIBs are mainly composed of cathodes, anodes, electrolytes, and separators.
Generally, the cathode determines the maximum operating voltage of PIBs, but it provides a lower capacity
than the anode. Considering the intercalation-dominated reaction of large radius K ion, cathode materials
with rigid structures and large channels are favorable for reversible K ion intercalation/deintercalation. At
present, PIB cathodes mainly include Prussian blue analogs, layered oxides, polyanionic compounds, and
organic compounds®*'. As the counterpart of a cathode, an anode is another important component of
PIBs. Due to the low standard reduction potential and high theoretical capacity, potassium metal is the
ultimate anode for PIBs. Notwithstanding, the practical application of potassium metal is difficult, as its
high reactivity with electrolytes and water will cause poor cycle efficiency and serious safety hazards.
Therefore, other advanced anode materials, including carbon-based materials, metal compounds, alloying
materials, and their composites, are to be developed>*”. Electrolytes also play a crucial role in PIBs because
the utilization of inappropriate electrolytes will not only deteriorate the performance of PIBs but also may
promote the dendrite growth and formation of uneven solid electrolyte interface (SEI) layers, causing safety
problems. Generally, an excellent electrolyte should have wide working potential window, high ionic
conductivity, and so on. To date, commonly used PIB electrolytes are organic electrolytes composed of
ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), ethylene glycol dimethyl ether (DME) or diethylene glycol dimethyl ether (DEGDME) solvents, and
potassium hexafluorophosphate (KPF,) or potassium bis(fluorosulfonyl)imide (KFSI) salts®®**\. Finally, the
separator should ensure the free shuttle of electrolyte ions between cathodes and anodes and prevent the
battery short circuit caused by the growing potassium dendrites penetrating the separator. A thick
Whatman glass fiber filter is usually applied as the PIB separator!®.

Performance evaluation indicators

The electrochemical performance of energy storage devices should be comprehensively evaluated before
commercialization. Generally, PIBs can be evaluated by specific capacity, working voltage, rate capability,
energy density, power density, cycle stability, and Coulombic efficiency (CE), etc.”>* Among them, the
specific capacity is the most intuitive indicator to reflect the potassium storage capability of electrodes,
which also determines the energy density of PIBs. Working voltage is another decisive factor affecting the
energy density of PIBs, which can be enhanced through electrolyte optimization. Therefore, to achieve PIBs
with high energy density, high-potential cathodes with high capacity are to be coupled with low-potential
anodes. Power density determines the speed at which PIBs store/release energy, which is related to rate
capability. Considering the fast kinetics of a capacitive process, rational design of anode materials with
higher contributions of capacitive behavior is an effective strategy to improve rate capability and power
density"'. In addition, cycle stability is another key indicator determining the commercialization process of
PIBs, which is mainly related to the structural stability of electrodes and electrolytes and the electrode-
electrolyte interface. CE refers to the ratio of released to stored potassium ions, which is calculated from the
ratio of charge to discharge capacity in the same cycle!*”. When CE is less than 100%, it means that the
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anode is constantly trapping limited K ions, which is not conducive to the commercial application of PIBs.
The first discharge will form a stable SEI and lead to poor initial CE (ICE), which is also an important
indicator for evaluating PIBs.

Energy storage mechanisms

Similar to LIBs and SIBs, PIBs are also typical rocking chair batteries'***”. Generally, the main K ion storage
mechanism in the cathode is intercalation. On the contrary, the storage mechanisms of K ion at the anode
mainly include intercalation, adsorption, conversion, and alloying reactions”. The intercalation reaction is
often observed in layered materials (such as graphite), which usually deliver a capacity of less than
300 mAh g, The capacity of carbon nanomaterials with high specific surface area and rich active sites
can be improved by enhanced adsorption reaction*. The conversion reaction usually occurs in metal
compounds
anodes usually have higher K ion storage capacity but are often accompanied by large volume change,

[70,71

I Compared with intercalation reaction and adsorption reaction, conversion reaction-based

leading to poor cycle performance. Additionally, Some Bi-, Sn-, and P-based materials that can form alloys
I, Generally,
composites with mixed K ion storage mechanisms have been designed and synthesized to improve the

72-74

upon potassiation often exhibit superior K ion storage capacity through alloying reaction'

overall performance of PIBs. In addition to the above reaction mechanisms, there are two K ion storage
behaviors in anodes: surface-induced capacitive behavior (SCB) and diffusion-controlled intercalation
behavior (DIB)"*". The SCB refers to reversible physical/chemical adsorption of K ion in nanopores,
defects, and functional groups, while the DIB is related to a Faradaic reaction of potassiation. The SCB and
DIB can be qualitatively analyzed by the formula i = a+", in which i and v represent peak current and
scanning rate, respectively, and the b-value determines the storage behavior of K ion. The b-value close to 1
(SCB-dominated K ion storage) rather than 0.5 (DIB-dominated K ion storage) indicates fast kinetics and
higher SCB contributions to K ion storage capacity. Besides, the SCB contribution can be further quantified
by the formula i = k,v + k,v", in which k,v and k,v"* represent the SCB and DIB contribution, respectively.

MOF-DERIVED CARBON AND ITS COMPOSITES FOR PIB ANODES

Based on the above discussion, PIBs are expected to implement LIBs due to the abundant and evenly
distributed potassium resources and low prices of potassium carbonate and aluminum current collectors. In
order to overcome the rapid electrochemical performance degradation of PIBs caused by large K ions
during cycling, a series of anode materials have been designed and synthesized. It has been proved that
rational design of carbon materials can observably improve the potassium storage performance. By
intelligently adjusting the pore structure of carbon materials, ions/electrons transmission can be promoted,
and volume change can be mitigated, thus improving potassium storage performance. Heteroatom doping
is another method to significantly improve potassium storage performance via adjusting the electronic
structure to increase the conductivity and wettability and expand the layer spacing. In addition, the
construction of carbon-based composite materials with conversion/alloy-based materials is also a significant
strategy through synergistic effects. Thanks to the diversified selection of metal sources (such as Zn and Co),
organic ligands (such as 2-methylimidazole and terephthalic acid), and solvents (such as deionized water
and methanol), the prepared MOF-derived carbon possesses the advantages of controlled structure and
abundant heteroatoms"”””*. Furthermore, the composite materials can be facilely prepared from pristine
MOFs with abundant carbon/heteroatom/metal ions. Therefore, MOF-derived carbon and its composites
have received increasing attention as PIB anodes. In this section, we summarize the rational design
strategies of MOF-derived carbon and the progress in different types of MOF-derived carbon composites
[Figure 2].
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Figure 2. Schematic of the rational design strategies of MOF-derived carbon and typical types of MOF-derived carbon composites.

Rational design of MOF-derived carbon

The structure of MOF-derived carbon is a key factor affecting the potassium storage performance. The
structural characteristics, such as morphology, pore size/volume, interlayer spacing, and specific surface
area, greatly affect electron transmission, ion diffusion, volume expansion, and effective contact area with
electrolyte, which further determines the capacity, CE, rate capability, and cycle ability of PIBs. In addition,
the introduction of heteroatoms can adjust the electronic structure, number of defects, layer spacing, and
wettability of MOF-derived carbon anodes so as to achieve good potassium storage performance. Herein,
we mainly discuss the influence of structural engineering (morphology/pore design) and doping
engineering (mono-/co-doping) of MOF-derived carbon anodes.

Structural engineering (morphology design)

The morphology of MOF-derived carbon can generally be divided into one-, two- and three-dimensional
(1, 2, and 3D) nanostructures. 1D nanostructures refer to structures, such as nanofibers, nanowires,
nanotubes, and nanorods, which can rapidly transfer electrons. A zeolitic imidazolate framework (ZIF), as a
typical MOF, has been used to synthesize carbon with unique structures. For example, Xiong et al. prepared
1D N-doped carbon nanotubes (NCNTs) with an average outer diameter of approximately 20 nm through
simple and high-yield high-temperature calcination of ZIF-67, which delivered a high capacity of
300.7 mAh g as PIB anodes™. 2D nanostructures have directional layered carbon sheets, which not only
ensure the full contact between electrolyte/electrode but also effectively mitigate the volume change during
potassiation. Li et al. prepared 2D amorphous carbon/graphitic carbon nanoplates from Zn-MOF@Co-
MOF*!. In addition, other 2D MOF-derived carbon materials, including carbon-onion-constructed
nanosheets”, Mn-MOF-derived carbon microsheets™!, and 2D Cu-MOF-derived carbon sheets'*, have
been prepared and deliver excellent potassium storage properties.

Apart from 1D and 2D nanostructures, MOF-derived carbon with 3D networks usually shows increased
layer spacing for K ion storage and interconnected highways for electron conduction, thus improving the
rate performance. Zhang et al. synthesized ZIF-67-derived 3D graphitic carbon networks, exhibiting
excellent potassium storage properties with good rate capability and long cycle life"*". Li et al. synthesized
S-doped ZIF-67-derived carbon microboxes with an expanded interlayer distance, which is conducive to K
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ion insertion/extraction*. Thus, the as-prepared carbon anode delivered good cycle life. In addition, MOF-
derived carbon with core-shell nanostructures has been widely studied due to its unique merits"*. For PIBs,
core-shell nanostructures can not only increase more active sites but also speed up reaction kinetics.
Yu et al. successfully synthesized ten different Ni/Co-MOF@ZIF core-shell materials by helical chains and
2,5-dihydroxybenzenedicarboxylate (DHBDC), including 3D nanoparticles, 2D nanosheets, and 1D
nanowires, as shown in transmission electron microscope (TEM) images [Figure 3A]"". After high-
temperature carbonization and etching, the prepared carbon materials retained the core-shell structure of
the pristine MOFs, as displayed in scanning electron microscopy (SEM) images [Figure 3B].
Electrochemical tests had verified the improved potassium storage performance of all core-shell MOF-
derived carbon than that of single MOF-derived carbon.

Structural engineering (pore design)

MOFEF-derived carbon often contains abundant nanopores, either open or closed. Open pores can increase
the specific surface area, while closed pores can provide active sites. According to the pore size (d), the pores
in carbon materials can be divided into macropores (d > 50 nm), mesopores (2 nm < d < 50 nm), and
micropores (d < 2 nm)?>*
used as diffusion channels for electrolyte ions, and micropores can be used for capacitive storage of K ions.

. Macropores can be used as buffer reservoirs for electrolytes, mesopores can be

Therefore, rational pore structure design of MOF-derived carbon is important to improve its potassium
storage performance.

Thanks to the unique porous properties of MOFs, MOF-derived carbon also has rich pore structures. For
instance, Liang et al. synthesized 3D Al-MOF with a nanorod-assembly structure by precisely adjusting the
nucleation and growth process of MOFs [Figure 3C]"*. The N-doped carbon nanorod-assembled
superstructures (NCS) obtained after pyrolysis and etching possessed rich micropores, with micropore area
of up to 915.1 m* g, which is 63% of the total surface area. Compared with the potassiation of a graphite
anode, abundant micropores in NCS can capture a large number of K ions at a voltage above 0.4 V
[Figure 3D]. As a result, the NCS anode displayed a high capacity [Figure 3E]. However, excess micropores
will prolong the time for electrolyte infiltration, thus forming a thicker SEI layer, resulting in active K ions
loss. Thus, the properly controlled formation of micropores can increase the CE of PIBs. Yuan et al.
successfully prepared superstructure carbon materials (SCNSs) through pyrolysis of mixed ZIF-8 and
polyvinylpyrrolidone (PVP)"®.. Due to the preferential decomposition of external PVP, the as-prepared
SCNSs presented a mesopores-dominated pore structure, which greatly shortened the ion diffusion distance
and inhibited the loss of active K ions. Accordingly, the SCNS anode achieved an outstanding rate capacity
and cycling life.

In addition to single dominant pores, carbon anodes with hierarchical pore structures of macropore,
mesopore, and micropore often show excellent potassium storage performance. Zhou et al. synthesized
interconnected N-doped hierarchical porous carbon (N-HPC) by carbonizing the well-designed ZIF-g".
The interconnected structure and hierarchical pores promoted the transfer of electrons and ions,
respectively. Thus, the N-HPC anode delivered an excellent reversible capacity and superior rate
performance. Ruan et al. constructed N-doped microporous carbon polyhedrons (NMCP), which were
further wrapped by reduced graphene oxide (NMCP@rGO)"". Figure 3F illustrated that the NMCP@rGO
possessed 3D NMCP with rich micropores as the interior carbon and 2D rGO with mesopores and
macropores as the outer carbon. Therefore, the NMCP@rGO exhibited a multi-dimensional double carbon
structure with hierarchical pores [Figure 3G], which delivered excellent potassium storage performance.
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Figure 3. (A) TEM images of core-shell MOF hybrids with various morphologies and (B) SEM images of carbon derived from them. This
figure is quoted with permission from Yu etal®”.(C) Schematic of the synthesis process, (D) discharge curve, and (E) rate
performance of NCS. This figure is quoted with permission from Liang et al.”®®. (F) Structure schematic and (G) pore size distribution of
NMCP@rGO. This figure is quoted with permission from Ruan et al.®".

Doping engineering (mono-doping)

N is one of the most commonly used doping elements to enhance potassium storage performance in carbon
materials. Generally, N species are divided into pyridine N (N-6), pyrrolic N (N-5), and quaternary N
(N-Q)¥. N-6 and N-5 can function as electrochemical sites to enhance the SCB of K ions, which is
conducive to capacity improvement. N-Q bonds with three sp* carbon atoms, which is beneficial for
improving conductivity®”. Encouragingly, 2-methylimidazole of ZIF-67 and ZIF-8 contain abundant and
various N chemical bonds, which can be decomposed under different calcination temperatures and in situ
produce different N species. Therefore, ZIF-67 and ZIF-8 are often used to prepare N-doped MOF-derived
carbon. Li et al. prepared N-doped porous carbon (NPC) with controllable N-6 content by optimizing the
carbonization temperature [Figure 4A]". The as-prepared NPC retained the polyhedron morphology of
the precursor with abundant pores. When the calcination temperature was 600 °C, the as-prepared NPC-
600 had the highest level of N-6 among all samples [Figure 4B]. MET-6, a MOF composed of Zn** and N-
rich 1H-1,2,3-triazole ligands (60 wt.% N), was used as C and N precursors to synthesize the NPC
framework with the N level of up to 13.57%*". The as-prepared sample achieved an excellent potassium
storage performance. Moreover, the density functional theory (DFT) was used to further understand the
advantages of N doping in enhancing the potassium storage properties. The K ion adsorption energies of
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pristine carbon, N-Q-doped carbon, N-5-doped carbon, and N-6-doped carbon were -0.38, 0.08, -1.62, and
-3.26 eV, respectively, which indicated that N-5 and N-6 can improve the K ion adsorption ability. As the
number of N-6 increased from 1 to 3, the adsorption energy was increased to -3.48 and -3.67 eV,
respectively, indicating that a higher level of N-6 was conducive to improving potassium storage capacity.

Besides the N element, S is also often doped in carbon skeleton to enhance the potassium storage
properties*”’. S doping can also increase the conductivity and active sites. Moreover, the larger atomic
radius of S can extend layer spacing and reduce K ion diffusion barriers, thus forming more active sites.
Zuo et al. adopted a Fe-based MOF (MIL-88A) as C and S precursor to prepare S-doped PC (S-MPC)
through a multi-step synthesis strategy®. The as-synthesized S-MPC had a unique 3D flower-like
nanostructure with abundant mesopores, which can promote K ion transport. Furthermore, S doping
expanded the interlayer spacing and introduced rich electrochemical sites, which can enhance the storage
capacity of K ions. First-principles calculations were used to corroborate the enhanced potassium storage
enabled by S doping. The results indicated that the adsorption energies of K atoms on the S side and H side
of S-doped carbon (-2.54 eV and -2.22 eV) were greater than that of pure carbon (-1.98 eV). Furthermore,
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The K atom diffusion barriers of S-doped carbon on the S side and H side (0.62 eV and 0.49 eV) were lower
than that of pure carbon (0.81 V). Therefore, S doping can effectively enhance the adsorption and reduce
the diffusion barrier of K ions.

Doping engineering (co-doping)

Compared with mono-doping, heteroatom co-doping can not only harvest the merits of respective
heteroatoms but also incur interactions between different atoms, allowing for enhanced potassium storage
performance. Moreover, the doping of one heteroatom can affect the content and species of another
heteroatom dopant, which allows directional optimization of heteroatom co-doping. Therefore, the number
of electrochemical sites and electronic structure of MOF-derived carbon can be adjusted through a co-
doping strategy.

N/P co-doping is the most used strategy for MOF-derived carbon. Hu et al. prepared P/N co-doped carbon
(named as PN-HPCNFs) from a mixed solution of ZIF-8, urea, polyacrylonitrile (PAN), and
triphenylphosphine through electrospinning and subsequent high-temperature calcination™. The content
of N-6 increased from 46.1% of N-HPCNFs to 55.2% of PN-HPCNFs, proving that additional P atoms can
optimize the electronic structure and create more active sites, thus obtaining higher K ion storage capacity.
P/N co-doping expanded the layer spacing to 0.41 nm, which is beneficial to alleviate the structural damage
caused by K ion insertion/extraction, thus achieving an ultralong cycle life. In addition, the DFT calculation
results showed that P/N co-doped carbon exhibited increased K ion adsorption energy and reduced
diffusion barriers [Figure 4C-F], which further demonstrated the advantage of P/N co-doping in achieving
elevated potassium storage. Similarly, Wu et al. prepared PNCNFs with ultrahigh N content (19.52 wt.%)
and more N-6 active sites by calcining MET-6@PPh,-PAN"™\. The DFT results revealed that the K ion was
more easily adsorbed on N-6-P active sites [Figure 4G-J]. Moreover, the density of states (DOS) of the
Fermi level at the N/P co-doped site was higher than that at the N-doped site, indicating that the
introduction of additional P atoms increased the electronic conductivity [Figure 4K]. The comparable DOS
values of the N-6-P site before and after K ion adsorption indicated the maintained high electronic
conductivity during potassiation/depotassiation [Figure 4L]. Therefore, the introduction of P into the N-
rich system can improve the K ion adsorption ability, facilitate electron transport, and render excellent
reversible capacity and rate performance.

Zhu et al. prepared N/S co-doped carbon microspheres (NSCMs) through high-temperature calcination
and acid washing of Zn-MOF-74 and rationalized the improved potassium storage performance of undoped
carbon microspheres (CMs) by N/S co-doping through material characterization, kinetic analysis, and DFT
calculations"*'!. It was found that the intensity ratio of D-band to G-band (I,/1;), specific surface area
(m* g"), interlayer spacing (nm), and conductivity (S cm™) of NSCMs were 1.10, 1347.4, 0.408, and 8.74,
respectively, all higher than those of CMs (1.05, 1014.8, 0.400, and 5.83), which can be attributed to N/S co-
doping. The improved I,/I; and specific surface area can effectively create more defects for K ions
adsorption, increasing potassium storage capacity. The expanded interlayer spacing and conductivity
accelerate the K ions insertion/extraction and electrons transport, respectively, thereby improving the rate
performance. The kinetics analysis showed that N/S co-doping can reduce the charge transfer resistance and
increase the capacitive contribution, which promoted rapid mass transfer and led to enhanced rate
performance. Moreover, the DFT calculations revealed that N/S co-doping can improve the adsorption
capacity of CMs for K ions, which is beneficial for capturing and storing K ions. Therefore, N/S co-doping
can optimize the physicochemical properties of carbon materials, thereby exhibiting enhanced potassium
storage performance.



Yang et al. Energy Mater 2023;3:300042 | https://dx.doi.org/10.20517/energymater.2023.29 Page 11 of 32

Besides N/P and N/S co-doping, N/O and O/F co-doped MOF-derived carbon was also explored.
Yang et al. synthesized N/O co-doped PC with high N (7.06%) and O (7.90%) content by calcining and
etching an Al-based MOF"”. The additional O element can enhance wettability and increase effective
contact area. Lu et al. prepared O/F dual-doped PC nanopolyhedra (OFPCN) as an anode for PIBs"".
Through experimental results and DFT calculations, it was demonstrated that O/F co-doping can
strengthen K ion adsorption without structural damage, which accounted for the excellent potassium
storage properties.

Typical types of MOF-derived carbon composites

Differing from intercalation and adsorption reactions of carbon materials, metal compounds/alloying
materials with conversion/alloying reactions show higher K ion storage capacity. Owing to inferior
conductivity and huge volume change during charging/discharging, the practical application of metal
compounds/alloying materials is limited by terrible rate and cycling performance. The combination of metal
compounds/alloying materials and carbon can effectively improve conductivity and cycling stability.
Moreover, rational structure design can relieve the volume expansion during cycling. Thanks to the
abundant metal/heteroatom/carbon resources and controllable morphology, MOFs can be facilely
converted into metal compound/carbon and alloying material/carbon composites. In addition, metal ions in
pristine MOFs are evenly distributed, while the MOF-derived carbons prepared by high-temperature
carbonization can well maintain the morphology of pristine MOFs, which ensures the uniform dispersion of
generated metal compounds/alloying materials in the carbon matrix. Based on these advantages, abundant
MOFEF-derived carbon composites, including metal oxide/carbon, metal phosphide/carbon, metal sulfide/
carbon, and metal selenide/carbon composites, have been widely studied. Herein, we mainly discuss the
application of these MOF-derived carbon composites in PIB anodes.

Metal oxide/carbon

Metal oxides have attracted extensive attention as PIB anodes on account of their excellent theoretical
capacity and eco-friendliness. The organic ligand of MOFs can not only anchor active metal oxides into
the carbon skeleton but also alleviate the agglomeration of metal oxides during calcination, which is
conducive to improving the cycle stability. For example, Hu et al. successfully prepared MoO,@N-doped
carbon nano-octahedron (MoO,@NPC) from the MOF-based polyoxometalate (NENU-5)"". The MoO,
nanoparticles (~10 nm) were evenly embedded in the carbon skeleton, which ensured the rapid K ion
transfer between MoO, nanoparticles and carbon materials and reduced volume expansion during cycling.
Moreover, DFT calculations showed the higher K ion adsorption energy of MoO,@NPC than that of bare
MoO, and NPC, suggesting the higher potassium storage capacity in MoO,@NPC. Dubal et al. used Ti-
based MOFs as a self-sacrificial template to synthesize a composite of ultrafine TiO, nanoparticles (1-3 nm)
embedded in N-rich graphitic carbon (TiO,@NGC) with hierarchical pores"**. Ex situ characterization
techniques revealed that the bare TiO, phase was converted into a mixed phase of Ti,0,, and K,Ti,O, after
the first potassiation/depotassiation, which further demonstrated the conversion-based potassium storage
mechanism. As discussed earlier, the well-designed core-shell structure can shorten the K ion transport path
and withstand the volume change during charging/discharging, thus facilitating K ion storage capacity.
Wang et al. synthesized ZnO/ZnFe,O,/carbon with a core-double shell nanostructure, achieving excellent
potassium storage properties'*. Embedding metal oxides into the porous carbon skeleton of core-shell
structures can promote K ions transfer and endure the volume expansion caused by the conversion reaction
of metal oxides during cycling. As displayed in Figure 5A, a TiO,/carbon composite wrapped by N/P/S co-
doped carbon (TiO,/C@NPSC) with a well-designed core-shell structure was synthesized by pyrolyzing a
modified Ti-based MOF"*. Consequently, the TiO,/C@NPSC delivered excellent cycle stability
(122.9 mAh g at 1.0 A g after 5,000 cycles) as a PIB anode [Figure 5B].
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Metal phosphide/carbon

Metal phosphides are also widely used in PIBs owing to their high theoretical capacity and cost-
effectiveness’™. There are usually two strategies for synthesizing MOF-derived metal phosphide/carbon
composites. One is that MOF precursors and P sources are calcined at high temperatures at the same time,
and another is that MOF precursors are carbonized and then phosphatized by P sources. Following the first
strategy, Zhang et al. successfully prepared a 3D graphene skeleton (3DG) and FeP hollow nanospheres
(3DG/FeP) composite through a simple one-step thermal conversion"”. The as-prepared 3DG/FeP
possessed discrete FeP hollow nanospheres encapsulated by 3DG, resulting in excellent potassium storage
properties. Ex situ high-resolution TEM (HRTEM) and X-ray diffraction (XRD) characterizations further
revealed the intercalation and conversion-based potassium storage mechanism of 3DG/FeP, producing K,P
after the conversion reaction between FeP and K [Figure 5C-H]. Similarly, Das et al. prepared Co,P
nanoparticle encapsulated N-doped carbon (Co,P@NCCs) via one-step carbonization-phosphorization of
ZIF-67, which delivered a stable cycling performance as PIB anodes"*. For another synthesis strategy,
Jiang et al. synthesized N-doped carbon-limited CoP polyhedrons wrapped by rGO sheets (CoP/NC@rGO)
for PIBs""”. First, ZIF-67 and graphene oxide (GO) were mixed and carbonized to prepare intermediate Co/
NC@rGO, which was then phosphatized to obtain CoP/NC@rGO. The as-synthesized composite possessed
a ZIF-67-derived carbon matrix, encapsulating discrete CoP nanoparticles as the internal structure and
highly conductive rGO as the external structure, which significantly improved conductivity and effectively
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avoided CoP nanoparticle agglomeration. Thus, the CoP/NC@rGO anode achieved a satisfactory cycle
performance.

Similar to metal oxides, embedding metal phosphides into the porous carbon skeleton of a well-designed
core-shell structure can further enhance the potassium storage performance. Miao et al. electrospun a MOF
(ZIF-8/ZIF-67) precursor and then synthesized a novel MOF-derived CoP/carbon composite with a 3D
core-shell structure by a carbonization-oxidation-phosphorization strategy, showing excellent potassium
storage properties"'*. Yi et al. synthesized ZIF-8@ZIF-67-derived NPC with confined CoP polyhedrons via
a carbonization-phosphorization strategy"'". First-principles calculations suggested that K ion was more
likely to be located at the hollow site encompassed by three P atoms, with adsorption energy and diffusion
barriers of about 0.79 eV and less than 0.06 eV, which was conducive to K ion diffusion on the CoP surface,
enhancing the reaction kinetics. The DOS results showed that CoP/NC and CoP had no bandgap at the
Fermi level, indicating good conductivity. These excellent characteristics ensured the good rate capability
and cyclic stability of NC@CoP/NC.

Metal sulfide/carbon

Metal sulfides have become burgeoning candidate PIB anodes owing to their rich active sites, large
interlayer spacing, and high theoretical capacity"*?. The non-etched MOF-derived carbon contains rich
metal nanoparticles, which can form metal sulfide/carbon composites after further sulfidation. Miao et al.
electrospun ZIF-8/ZIF-67 and then synthesized a novel MOF-derived CoS/carbon composite with 3D
hierarchical structure units by a carbonization-oxidation-vulcanization strategy, showing excellent
potassium storage performance"”. In order to alleviate the agglomeration and collapse of MOFs,
Zhou et al. introduced GO into the solution for the synthesis of Fe-MOF, which not only improved the
dispersion of Fe-MOF but also increased the conductivity of the as-prepared FeS,@C-rGO composites!**.
Similarly, Choi et al. used acid-treated carbon nanotube networks (ACNT) to provide a conductive
framework and nucleation site for the in-situ growth of MOF-5"""", The as-obtained Zn$S nanoparticles with
a size of ~15 nm were uniformly dispersed in MOF-5@ACNT-derived 3D-interconnected carbon networks
after carbonization-vulcanization treatment, displaying ultradurable K ion storage.

MoS,, a typical metal sulfide, has been widely studied in PIBs because its large interlayer spacing (0.62 nm)
stetsl Moreover, well-structured MoS,/carbon
composites can effectively overcome the drawbacks of poor conductivity and volume change of MoS,

is conducive to the insertion/extraction of large-radius K ion

during cycling. Generally, MoS, can be coated on a carbon material surface via a hydrothermal method.
Rui et al. used ZIF-67 as the polyhedron template and C/N sources to prepare ultrathin MoS, ornamented
Co nanoparticle/carbon composite (ZIF-67-C@MoS,)""". In situ growth of NCNTs and Co nanoparticles
formed a cross-linking conductive network, which improved the conductivity and reduced the volume
expansion of MoS, during cycling. Thus, the ZIF-67-C@MoS, anode delivered good potassium storage
performance. Analogously, Jiang et al. coated MoS, nanosheets on ZIF-8-derived carbon, showing excellent
potassium storage performance'”. Different from coating MoS, on the carbon material surface, Hu et al.
confined few-layer MoS, nanosheets (< 10 nm) to the interior of MOF-derived carbon (MoS,cC)
[Figure 5I]"**. The strong confinement effect of outer porous carbon inhibited the growth and aggregation
of MoS,, producing abundant edges and active sites for promoted K ions reaction kinetics.

Recently, emerging electrode materials with heterostructures have attracted considerable attention due to
their stronger stability and higher capacity compared to the single component!*. Furthermore, hetero-
structured electrodes can combine the advantages of building blocks while offsetting the drawbacks of
individual modules through synergistic effects. Li et al. successfully synthesized hetero-structured bimetallic
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sulfides with VS, nanodots ornamented on CoS,/N-doped carbon (CoS,/NC@VS,) and employed as PIB
anodes™”. The heterogeneous structure composed of CoS, and VS, was conducive to ensuring full contact
with the electrolyte and shortening the diffusion length of K ions. Moreover, the N-doped carbon skeleton
promoted electron transport and alleviated volume expansion during discharging/charging. Therefore, the
CoS,/NC@VS, anode achieved admirable ICE of 84.59% and high reversible capacity. Zhang et al. designed
a Cu,S./MoS, heterostructure wrapped in a GO matrix by a MOF-assisted strategy*". The in-situ thiophilic
Cu’ mesophase was evenly distributed in Mo’/K,S, compounds, which is conducive to rapid charge transfer
and anchoring of K.S , thus improving the reversibility of the phase transition process. Additionally, the
internal hollow structure and the external 3D conductive framework guarantee long cycling stability. As
expected, the as-prepared composite delivered outstanding capacity and a long cycle lifespan.

Metal selenide/carbon

Compared with the metal-P and metal-S bonds, the metal-Se bond is easy to break due to the larger radius
of Se than that of P and S, which is conducive to facilitated kinetics of conversion reaction. Thus, MOF-
derived metal selenide/carbon composites are receiving increasing attention. Ma et al. implanted Co,,.Se
particles in ZIF-67-derived N-doped carbon (Co,,.Se@NC), which maintained the morphological
characteristics of ZIF-67 with abundant small nanoparticles (20-38 nm)"*.. The Co,,,Se@NC anode
delivered excellent potassium storage performance. Since then, researchers prepared a variety of CoSe/
carbon or ZnSe/carbon composites by calcining the ZIF-67 or ZIF-8 precursors with subsequent
selenization, all of which delivered good potassium storage properties>"*”. Different from the gasification
selenization process of selenium powder, Kim et al. reported a simple solution-phase selenization method in
which Co-Se bonds were formed by ion exchange between Se* in NaHSe solution and organic anions in
ZIF-67". Through crystallization and carbonization treatment, ultrafine Co,,.Se and N-doped carbon
composite were successfully prepared. In order to improve the potassium storage performance of CoSe,
Wang et al. in situ constructed ZIF-67-derived Co/CoSe Schottky heterojunction on the surface of hollow
carbon nanospheres””. The close contact and strong electron coupling between Co and CoSe promoted the
spontaneous electron flow from Co to CoSe at the contact interface, leading to charge redistribution. As a
result, the enhanced lattice defects provide active sites for K" migration, thus improving the potassium
storage performance. Similar to MoS,, MoSe,, with a unique 2D structure and broad interlayer spacing, is
conducive to promoting the insertion/extraction of K ions but suffers from a huge volume change during
cycling. Jiang et al. synthesized MoSe, nanosheets on the NPC polyhedron through annealing ZIF-8 and a
subsequent solvothermal strategy*”. Thanks to the synergistic effects between MoSe, and carbon, the
composite delivered high capacity and excellent rate performance.

Rational structural design of MOF-derived metal selenide/carbon composites is conducive to further
improving K ion storage performance. Na et al. synthesized ultrasmall ZnSe nanocrystals embedded in
carbon nanofibers (ZnSe@PCNF) by electrospinning ZIF-8 and a subsequent carbonization-selenization
strategy, which delivered good potassium storage properties'*. Wang et al. synthesized ZIF-8@ZIF-67-
derived carbon nanotubes confining metal Se (Co-Se@ CNNCP) with a 3D core-shell structure by a
carbonization-selenization strategy*. In addition, wrapping metal selenides in the interior of the hollow
porous carbon is an effective strategy to improve electronic conductivity and alleviate volume changes
during cycling. Liu et al. adopted the unique microporous openings and mesoporous cages of a Fe-based
MOF to well constrain metal selenide and prepare FeSe@C with a mesoporous structure, which exhibited
outstanding potassium storage properties'”. Yang et al. reported a vacuum-assisted method to prepare
carbon-coated CoSe, nanoparticles confined in the interior of hollow mesoporous carbon nanospheres
(CoSe,@NC/HMCS)"?. Owing to the “double confinement” of the carbon skeleton derived from ZIF-67
and HMCS, the CoSe, nanoparticles were confined in the interior of HMCS, ensuring ultrahigh reversible



Yang et al. Energy Mater 2023;3:300042 | https://dx.doi.org/10.20517/energymater.2023.29 Page 15 of 32

capacity and outstanding rate capability in CoSe,@NC/HMCS anode. Ruan et al. also constructed a
“double-carbon-confined” framework (ZnSe@i-NMC@o-rGO), and ZnSe was confined by internal ZIF-8-
derived microporous carbon and further wrapped in external rGO sheets [Figure 6A]"*. The stress
distribution of ZnSe structures in three models (ZnSe, ZnSe@i-NMC, and ZnSe@i-NMC@o-rGO) during
potassiation was studied via a finite element method [Figure 6B], revealing the smallest axial stress and
maximum stress of ZnSe particle in ZnSe@i-NMC@o-rGO and indicating the superior mechanical stability
of the double-carbon constrained structure and outstanding cyclic stability for PIB anode.

To enhance the potassium storage performance, bimetallic selenides were prepared as PIB anode materials.
Oh et al. successfully synthesized novel MC-Se@NC with 1D hybrid nanostructures by carbonization-
selenization of ZIF-67-coated MoQ, nanorods, which contained a MoSe, core and a CoSe,/N-doped carbon
shell””. Owing to the abundant active sites provided by the synergistic MoSe, and CoSe,, enhanced
electronic conductivity, and alleviated volume expansion during cycling ensured by N-doped carbon
coatings, the MC-Se@NC delivered great potassium storage properties. Zhou et al. synthesized carbon
anchoring Zn-Mn binary selenides (ZMS@FC) as PIB anodes'*”. With the aid of structural control reagents,
Zn and Mn ions were cross-linked with trimesic acid and self-assembled into flower-like MOFs (Zn-Mn-
BTC) by a solvothermal method. Subsequently, the flower-like ZMS@FC was obtained by calcining Zn-Mn-
BTC mixed with selenium powder. The 2D porous petal layered structure not only improved the electrode
surface wettability and electron transfer efficiency but also effectively limited the volume change, which
played a key role in enhancing rate performance and stabilizing long cycle life. Through ex situ XRD and
TEM characterization, a highly reversible conversion-based potassium storage mechanism was confirmed in
ZMS@FC.

Alloying material/carbon

The emerging alloying-type materials, including Sn, Sb, Bi, and P, have been considered as promising PIB
anode materials due to their high theoretical capacity, appropriate working potential, and attractive safety.
Notwithstanding, serious volume damage during potassiation/depotassiation is still a key challenge,
resulting in inferior cycle lifespan and severe capacity attenuation. The strategies of nanostructure
engineering and carbon decoration could effectively reduce the volume dilation of alloying-type anodes.
Nanoparticles can significantly reduce the mechanical stress during potassiation, thereby alleviating the
pulverization. In addition, the introduction of carbon materials with strong mechanical elasticity, high
conductivity, and stable structure into metal nanoparticles can improve conductivity and buffer volume
dilation or agglomeration. Therefore, MOF-derived alloying-based electrodes show great application
prospects in PIBs. Yan et al. synthesized highly dispersed zinc particles in carbon networks (ZNP/C) via
calcining ZIF-8 precursors"*”. The as-prepared ZNP/C delivered a satisfactory capacity due to the unique
structure composed of highly dispersed zinc nanoparticles and conductive carbon networks, which
inhibited the volume change in the alloying/dealloying (Zn—KxZn) process.

Metal Bi has been widely used in PIBs owing to its relatively high theoretical capacity (385.0 mAh g’; Bi—
KxBi), large lattice spacing, high electronic conductivity, and low cost"*”. Su et al. synthesized ultrathin
carbon film@carbon nanorods@Bi nanoparticle (UCF@CNs@BiNs) composites for PIB anodes
[Figure 6C]"**. The UCF@CNs@BiNs possessed a rod-shaped structure, which was completely wrapped by
a 6 nm thick carbon film and abundant Bi nanoparticles evenly distributed in a carbon nanorod framework.
The UCF@CN matrix enabled the SEI formation on carbon film instead of Bi nanoparticles, thus mitigating
the decomposition of active materials and achieving stable cycling performance [Figure 6D and E].
Sun et al. successfully encapsulated Bi nanoparticles into a 3D foam-like carbon nanocage framework
(Bi@N-CNCs) by annealing 2D Bi-based MOFs!""*?. Thanks to the unique structure and composition, the as-
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prepared sample achieved excellent K ions storage properties. In addition, Tong et al. prepared metastable
Bi:Co or Bi:Fe alloying materials and carbon composites (Bi:Co@C or Bi:Fe@C) by annealing Bi-Co-MOF
or Bi-Fe-MOF precursors, all of which exhibited excellent potassium storage performance*..

Metal Sb is another promising alloying-type anode material for PIBs because of its high theoretical capacity
(660.0 mAh g'; Sb-KxSb), low alloying reaction potential, and great conductivity"””. Cheng et al.
successfully embedded uniform Sb nanoparticles (~19 nm) into porous carbon (Sb-NPs@PC) by simple
annealing treatment of Sb-MOF precursors, which delivered ultrahigh reversible capacity and excellent rate
performance!*. Huang et al. successfully designed a hybrid yolk-shell structure constituted of Sb
nanoparticles as yolk and carbon nanofibers as shell (Sb@CNFs) through a MOF electrospinning coupled
with confined ion-exchange strategy followed by subsequent thermal reduction [Figure 6F]"*.
Consequently, the Sb@CNFs maintained an excellent capacity of 227 mAh g after 1,000 cycles at 1.0 A g
with CE of approximately 100% [Figure 6G].

In addition to metal-based alloying materials, P-based materials have attracted extensive attention in PIBs
because of their safety, environmentally friendly, low cost, and ultrahigh theoretical capacity
(2,956.0 mAh g'; P<>K,P)"*l. Sui et al. embedded red P into carbon nanorods derived from Zn-MOF
(P@ZCRods)"*. By adjusting the size and P content, the optimized P@ZCRods achieved superior ICE of
78.5% and a remarkable reversible capacity of 595.8 mAh g. Similarly, Liang et al. prepared carbon
superstructure by calcining Al-based MOFs, which were further used as a substrate to confine red P
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effectively"*). As a result, the as-prepared sample exhibited satisfactory potassium storage properties.

Recently, electrode materials with conversion-alloying reactions have received attention as they exhibit
higher capacity than single alloying materials through dual storage mechanisms"*!. Chen et al. utilized the
excellent structure of Bi-based MOFs and a carbonization-selenization technique to uniformly embed
Bi/Bi.Se, hybrid nanoparticles into hollow porous carbon nanorods"*". The external hollow porous carbon
framework derived from Bi-MOF manifested structural integrity, which not only prevented the aggregation
of Bi-based active nanoparticles but also provided rich ion/electron transfer channels. In addition, the
composite possessed rich C-O-Bi bonds, indicating a close connection between Bi/Bi,Se, nanoparticles and
the carbon matrix, which further enhanced the stability of Bi-based active particles. As a result, the
assembled half-cell showed an ultrahigh rate capacity of 307.5 mAh g* at 20.0 A g"'. Zhang ef al. embedded
Bi,O, nanomaterials in a carbon framework by carbonization and further oxidation of Bi-MOF
precursors"**. The Bi,0,@C anode achieved a high reversible capacity via a conversion-alloying reaction
(Bi,0,~Bi~K,Bi). Tong et al. designed Bi/Bi,O,-C with heterostructure for PIB anodes via annealing an
accordion-like structure of Bi-based MOFs!*\.

Summary

We summarized the electrochemical performance of MOF-derived carbon and its composites as PIB anode
materials, as shown in Table 1. Through rational structural design and doping engineering, MOF-derived
carbon exhibit enhanced reversible capacity, favorable rate capability, and cyclic stability. However, the ICE
values are usually less than 50% because of their large specific surface area. In general, K ions in PIB full cells
come from commercial cathodes, but exorbitant consumption of K ions will restrain the industry
application of these anode materials. Therefore, many efforts are still needed to improve the ICE without
sacrificing the merits of MOF-derived carbon anodes. Encouragingly, MOF-derived carbon composites
possess higher ICE values (mainly > 50%) than MOF-derived carbon; meanwhile, their rate performance
and cycle life are better than those of bare metal compounds and alloying materials. However, the cyclic
stability of MOF-derived carbon composites (mainly < 1,000 cycles) is inferior to that of MOF-derived
carbon. At present, the design of MOF-derived carbon composites mainly focuses on structural
optimization and composition diversification but ignores the carbon content tuning, which also affects the
cycle performance. Therefore, there are still great challenges in improving the overall electrochemical
properties of MOF-derived carbon and its composites.

ADVANCED CHARACTERIZATION FOR PIB ANODES

As mentioned above, the application of MOF-derived carbon and its composites in PIBs is still at its early
stage, and the performance needs to be further enhanced. Therefore, a more in-depth exploration of
working mechanisms is needed to better optimize potassium storage performance. Although plentiful ex
situ characterization methods have been widely used in the study of potassium storage mechanisms and
some achievements have been made, these technologies cannot avoid exposure of electrodes to air during
battery disassembly, electrode cleaning, and transfer*. Therefore, it is necessary to develop advanced
characterization techniques to monitor the electrode material during charging/discharging in real time to
ensure the accuracy of the results. In situ characterization technologies, including in situ Raman, in situ
XRD, in situ TEM, and so on, have been widely employed in the mechanism research of alkaline ion
batteries and supercapacitors****', For PIBs, these advanced techniques can continuously monitor the SEI
film formation, ion transport process, and electrode structure evolution of PIBs during the cycle, which is
conducive to a deeper understanding of the reaction process and potassium storage mechanism under
actual operating conditions. In this section, we mainly summarized the application of in situ
characterization technologies in PIB anodes.
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Table 1. The electrochemical performance of MOF-derived carbon and its composites for PIBs

. MOF precursors ICE Rate capability  Cycling stability

Anode materials (Organic ligands) Electrolyte (%) (mAhg™ (mAhg") Ref.

NCNTs ZIF-67 0.8 M KPFg in EC/DEC 24.5 293.1at 0.05 A g'w 102.0 at 2.0 A g after 500 cycles [79]
(2-methylimidazole) (v/v =11 131.0at2.0A g

AC@GC ZnCo-MOF 0.7 M KPF, in EC/DEC 15.7 460.0at01Ag"  192.0at1.0Ag’ after 5200 cycles  [80]
(2-methylimidazole) (v/v="11) 120.0 at 5.0 A g'1

HCONs Co-MOF 0.8 M KPFg in EC/DEC 26.0 3M.0at01Ag" 132.0 at 2.0 A g after 5,000 cycles  [81]
(Hexamine) (v/v=11) 136.0at5.0 A g'1

Ci00 Cu-MOF M KFSlin EC/DEC 40.7 2837at01Ag’ 170.8 at 1.0 A g after 500 cycles [83]
(H,BDC) (/v =11) 1845at2.0Ag"

Carbon networks ZIF-67 0.8 M KPF, in EC/DEC 45.0 270.0at 0.05 A 54 202.5at0.05 A g'1 after 500 cycles [84]
(2-methylimidazole) (v/v="11) 100.0at2.0A g

NSC S-ZIF-67 0.8 M KPF, in EC/DEC 38.0 2962at02Ag'  180.5at0.5Ag after 1,000 cycles [85]
(2-methylimidazole) (v/v=11) 151.6at 2.0 A g'1

ZnCo-MOF-74 ZnCo-MOF-74 0.8 M KPF, in EC/DEC 46.2 523.2at0.05 A g—w 175.0at 1.0 A g'1 after 2,000 cycles [87]

@ZIF-8-C (DHBDC) (v/v=11) 1383at3.0Ag

NCS Al-MOF 1.0 M KFSlin EC/DEC 29.0 305.0at01Ag" 162.0 at 6.0 A g after 500 cycles [88]
(2-amino-terephthalic acid) (v/v=11) 162.0at6.0A g’

SCNC ZIF-8 1.0 M KFSIin DME 385 3417at01Ag" 176.4 at 2.0 A g after 1,800 cycles  [89]
(2-methylimidazole) 188.2at2.0 A g'1

N-HPC 3DOM-ZIF-8 0.7 M KPF in EC/DEC 15.0 3450at01Ag" 157.0 at 2.0 A g after 12,000 cycles [90]
(2-methylimidazole) (v/v="11) 94.0at10.0 A g'T

NMCP@rGO ZIF-8 1.0 M KPF in EC/DEC 50.8 351.0at 0.05 A %'1 1514 at 5.0 A g4 after 6,000 cycles  [91]
(2-methylimidazole) (v/v="11) 194.0at50Ag

NPC ZIF-67 0.8 M KPF, in EC/DEC 30.0 359.6at0.2 A g'1 2316at0.5A g'1 after 2,000 cycles [94]
(2-methylimidazole) (v/v="11) 186.2at2.0 A g'1

NPCF MET-6 0.8 M KFSIin EC/DEC 21.0 409.0at01Ag"  258.9at1.0A g after 2,000 cycles [95]
(1H-1,2,3-triazole) (v/v =11 105.0at200A g"

S-MPC MIL-88A 0.8 M KPF, in EC/DEC 41.3 358.4 at 0.05 A]g'] 2063 at1.0 A g after 700 cycles [98]
(Fumaric acid) (v/v=11) 192.6at2.0Ag

PN-HPCNF ZIF-8 1.0 M KFSIin DEGDME 78.9 3270at01Ag" 226.0 at 2.0 A g after 10,000 [99]
(2-methylimidazole) 194.0at10.0 A g'] cycles

PNCNFs MET-6 1.0 M KFSlin EC/DEC 48.0 407.5at01Ag" 294.6 at 2.0 A g after 3,250 cycles  [100
(1H-1,2,3-triazole) (v/v=11) 2444 at80A g'1 ]

NOHPHC NH,-MIL-101 0.8 M KPF, in EC/DEC 25.0 365at 0.025 A g'w 130.0 at 1.05 A g after 1,100 cycles  [93]
(NH,-H,BDC) (v/v =11 118.0at3.0A g

NSCM Zn-MOF-74 1.0 M KPF, in EC/DEC 36.6 4357at01Ag’  97.7at10.0 Ag’ after 2,500 cycles [101]
(DHBDC) (v/v=11 1335at10.0Ag"

OFPCN Ul0-66 0.8 M KFSlin EC/DEC 27.0 481.0at 0.05 A g'1 1M1.0at10.0 A g'1 after 5,000 cycles [102]
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MoO,@NPC
TiO,@NGC
Zn0O/ZnFe,0,

TiO,/C@NPSC

3DG/FeP
Co,P@NCCs
CoP/NC@rGO

AC@CoP/NCNTs/CNFs

NC@CoP/NC

AC@CoS/NCNTs/CoS@CNFs

FeS,@C-rGO
ZnS/C@CNT
ZIF-67-C@MoS,
PCP@MoS,
MoS,cC
CoS,/NC@Vs,
CMs/C

Cop gsSe@NC

(H,BDC)

NENU-5
(Trimesic acid)

NH,-MIL-125
(NH,-H,BDC)

Zn,[Fe(CN), ], (K;Fe(CN),)

MIL-125

(Hexachlorocyclophosphazene and 4,4'-

sulfonyldiphenol)
3DG/PB
(Na,Fe(CN)y)
ZIF-67
(2-methylimidazole)
ZIF-67
(2-methylimidazole)

ZIF-8/ZIF-67
(2-methylimidazole)

ZIF-8@ZIF-67
(2-methylimidazole)
ZIF-8/ZIF-67
(2-methylimidazole)
MIL-100

(Trimesic acids)
MOF-5

(H,BDC)

ZIF-67
(2-methylimidazole)
ZIF-8
(2-methylimidazole)

MIL-101
(H,BDC)

ZIF-67
(2-methylimidazole)

NENU-5
(Trimesic acids)

ZIF-67
(2-methylimidazole)

(v/v=11)
1.0 M KFSlin DME

1.0 M KPF, in EC/DMC
(v/v=11)

1.0 M KFSlin EC/DEC
(v/v="11

0.8 M KPF, in EC/DEC
(v/v=11)

1.0 M KPF, in EC/DEC
(v/v="11)

0.8 M KPF, in EC/DEC/PC
(v/v/v=212)

0.8 M KPF, in EC/DEC
(v/v=11)

0.8 M KPF, in EC/DEC
(v/v="11)
with 5.0% FEC

0.8 M KPF, in EC/DEC
(v/v=11)

0.8 M KPF, in EC/DEC
(v/v=11)

1.0 MKFSIin DME

1.0 M KFSlin EC/DMC
(v/v=11)

0.8 M KPF, in EC/DEC
(v/v="11)

3.0 M KFSI'in EC/DMC
(v/v=11)

0.8 M KPF, in EC/DMC
(v/v="11)

1.0 M KPF¢ in DME
3.0 M KFSIin DEGDME

0.8 M KPF, in EC/DEC
(v/v=11)
with 3.0 wt% FEC

315

44.0

52.0

46.9

31.0

42.0

423

53.2

26.9

57.6

63.0

48.0

66.5

69.0

49.6

84.6

37.8

57.9

78.0at20.0A g’

332.8at0.05Ag"
64.0at50Ag"

228.0at0.05Ag"
1140at10Ag"

239.0at0.1A %4
31.0at50Ag

299.4at0.05Ag"
1M27at2.0Ag"

332.0at0.1Ag"
101.0at5.0A g’

196.0at0.1Ag"
91.0at20Ag"

360.0at0.1Ag’
1550at2.0Ag"

480.0at01Ag'
2920at32Ag"

325.0at0.1Ag"
200.0at2.0Ag"

486.7at01Ag
1331at6.4Ag"

526.0at0.1Ag"
301.0at5.0Ag"

440.0at0.05A g’
141.0at3.0Ag"

261.5at0.1Ag"
264at50Ag"

376.0at0.1Ag"
2280at20Ag"

341.0at05Ag"
94.0at10.0A g’

408.66at0.1Ag"
232.03at5.0Ag"

3257at01Ag"
100.2at10.0 A g"

319.9 at 0.05 A 5'1
10.7at2.0Ag
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107.6at 0.5 A g'1 after 500 cycles
126.0 at 0.5 A g after 2,000 cycles
60.0at 1.0 A g™ after 2,000 cycles

122.9 at 1.0 A g after 5,000 cycles

127.0 at 2.0 A g after 2,000 cycles
125.0 at 0.5 A g after 1,000 cycles
177.0at 1.0 A g'] after 2,800 cycles

250.0 at 0.8 A g after 1,000 cycles

110.0 at 0.5 A g™ after 800 cycles
130.0at3.2A g'] after 600 cycles
171.0at 2.0 A g'1 after 500 cycles
310.0at0.5A g'1 after 1,000 cycles
199.8 at 0.1A g'T after 50 cycles
100.0 at 0.5 A g after 1,000 cycles
200.0 at 2.0 A g after 150 cycles
29154 at 1.0 A g after 430 cycles
155.0 at 1.0 A g after 1,000 cycles

114.7 at 1.0 A g after 250 cycles

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

(1]

[M3]

[M4]

[15]

[116]

[M7]

[118]

[120]

[121]

[122]
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ZnSe NP@NHC

ZnSe@NDPC
CoSe@NC
sol-CoSe@NC
CoSe/HCS
NPCP@MoSe,
ZnSe@PCNF
Co-Se@CNNCP
FeSe@C
CoSe,@NC/HMCS
ZnSe@i-NMC
@o0-rGO
MC-Se@NC
ZMS@FC
ZNP/C
UCF@CNs@BiNs
Bi@N-CNCs
Big.gsFeqq,@C
Sb-NPs@PC
Sb@CNFs

P@ZCRods

ZIF-8
(2-methylimidazole)

ZIF-8
(2-methylimidazole)

ZIF-67
(2-methylimidazole)

ZIF-67
(2-methylimidazole)
ZIF-67
(2-methylimidazole)
ZIF-8
(2-methylimidazole)
ZIF-8
(2-methylimidazole)
ZIF-8/ZIF-67
(2-methylimidazole)
MIL-100

(Trimesic acids)
ZIF-67
(2-methylimidazole)

ZIF-8@GO
(2-methylimidazole)

MoO,/ZIF-67
(2-methylimidazole)
Zn-Mn-MOF
(Trimesic acids)
ZIF-8
(2-methylimidazole)
Bi-MOF

(Trimesic acids)
Bi-MOF

(Trimesic acids)
Bi-Fe-MOF
(Trimesic acids)
Sb-MOF
(Terephthalic acid)
ZIF-8@PAN

(1- and 2-methylimidazole)

Zn-MOF-74
(2,5-dihydroxyterephtalic acid)
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5.0 M KTFSIin DEGDME with 1.0 wt%

KNO,

0.8 M KPF, in EC/DEC
(v/v="11)

3.0 M KFSI'in DME

1.0 M KFSI'in EC/DEC
(v/v=11)

1.0 M KFSlin EC/DEC
(v/v=11

3.0 MKFSIin EC/DMC
(v/v=11)

3.0 M KFSI'in DEGDME

3.0 M KFSlin EC/DMC
(v/v=11)

3.0 M KFSl in EC/DEC
(v/v="11)

1.0 M KFSIin EC/DEC
(v/v="11)

1.0 M KPF, in DME

3.0 M KFSI'in DEGDME
1.0 M KPF, in EC/DEC

(v/v=11)
0.8 M KPF, in EC/DMC

(v/v=11)

3.0 MKFSIin DME
1.0 M KPF, in DME
1.0 M KPF, in DME
4.0 M KFSIin EMC

2.0 M KFSI'in DME

2.4 M KFSIin EC/EMC
(v/v=11)

477

411

70.0

47.0

66.7

39.0

66.0

67.6

66.0

49.6

78.0

84.0

58.5

75.0

78.0

55.0

735

47.0

78.5

244.42t0.025A g 111.0at0.2 A g'1 after 1,600 cycles

879at02Ag"
2973at05Ag"
528at5Ag"

411.8at0.05Ag"
3659at2.0A g

3703at01Ag"
2029at4.0Ag"

900.0at02Ag"
120.0at5.0Ag"

322.0at01Ag"
1340at5.0Ag"

361.0at0.1Ag"
158.0at2.0 A g’

342.0at01Ag"
280.0at5.0A g’

420.0at0.1Ag"
2540at2.0Ag"

394.0at0.1Ag"
263.0at2.0Ag"

594.0 at 0.05 A %71
364.0at2.0Ag

290.0at02Ag"
190.0at2.0Ag"

3286at0.1Ag"
156.9at5.0A g’

277.0at0.1Ag"
46.0at20Ag’

430.0at0.1Ag"
140.0at10Ag"

3343at05Ag"
2355at10.0 A g’

354.0at02Ag"
253.0at20.0A g’

551.0 at 0.05 A %4
160.0at2.0Ag

4480at01Ag"
121.0at20Ag"

579.8 at 0.05 Aig”
187.5at5.0Ag

109.1at0.5A g'1 after 500 cycles
299.0 at 2.0 A g after 500 cycles
201.7at0.5 A g'1 after 200 cycles
145.9 at10.0 A g after 3,000 cycles
128.0 at 0.5 A g after 800 cycles
270.0 at 0.5 A g after 1,000 cycles
253.0at0.5A g'] after 200 cycles
310.0at0.5A g'] after 1,000 cycles
442.0at 0.TA g’1 after 120 cycles
233.4at2.0A g'1 after 1,500 cycles
327.0at 0.5 A g after 150 cycles
227.0 at 2.0 A g after 500 cycles
145.0at 0.5 A g'1 after 300 cycles
90.5at1.0 A g'] after 700 cycles
224.0at5.0A g'1 after 1,200 cycles
279.0at2.0 A g’1 after 975 cycles
497.0at 0.1A g after 100 cycles
227.0at1.0 A g after 1,000 cycles

150.7 at 2.5 A g after 400 cycles

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[138]

[139]

[140]

[141]

[142]

[144]
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P@NCS Al-MOF 1.0 M KFSI'in EC/DEC 76.0 561.0at 0.2 A g4 271.0at1.0 A g'1 after 500 cycles [145]
(2-amino-terephthalic acid) (v/v=11) 238.0at80Ag"

Bi/BisSe,@CNR Bi-MOF 1.0 M KPF¢ in DME 74.0 393.0at0.5A g'T 2548 at50A g'1 after 2,000 cycles [147]
(Trimesic acids) 307.5at20.0A g’

Bi,O;@C Bi-MOF 1.0 M KFSIin EC/DEC 55.0 350.0at0.1TA g'1 314.0at 0.05 A g'T after 100 cycles  [148]
(Trimesic acids) (v/v=11) 188.0at1.0 A g'1

Bi/Bi,05-C Bi-MOF 5.0 M KFSIin DME 71.0 426.0 at 0.05 A g'] 819at05A g'1 after 900 cycles [149]
(Trimesic acids) 82.7at1.0A g'l

In situ Raman

Raman spectroscopy is a non-destructive analysis method applied to solids, solutions, pure substances, and mixtures, which effectively provides detailed
information, including phase, morphology, chemical structure, crystallinity, and graphitization degree. Therefore, in situ Raman can realize dynamic
monitoring of electrode materials during discharging/charging. Zhou et al. investigated the potassiation/depotassiation mechanism during cyclic voltammetry
scans of N-HPC by in situ Raman". Figure 7A shows the schematic of in situ Raman testing. There are three obvious phenomena during the potassiation
process [Figure 7B]. First, the G peak gradually shifted from 1,595 to 1,558 cm™ when discharged from 3.01 to 0.30 V, which can be attributed to the increased
steric hindrance and electron density with K ion insertion, resulting in the stretching of C-C bonds in the plane. This expansion produces biaxial strain,
causing the red shift of the G peak. Second, no obvious symmetrical G peaks can be observed at 0.01 V, which can be attributed to the interference between the
metal-like behavior of the intercalation compound and the resonance phonon scattering process, leading to decreased intensity of the G peak. Third, the value
of I)/I; gradually decreased, indicating that K ions filled the defects of the material and increased graphitization. During the subsequent depotassiation process
[Figure 7C], in situ Raman spectroscopy displayed the opposite changes. The G peak was blue-shifted when charged from 0.01 V to 3.00 V. The I,/ value and
G peak intensity were also restored to the initial state, indicating high reversibility. Thus, the working mechanism in N-HPC was speculated to be K ions
adsorption on surface-active sites and filling in nanopores. Liang et al. also explored the working mechanism of NCS by in situ Raman testing [Figure 7D-F]"*.
The G peak shifted from 1,572 to 1,524 cm™ when discharged to 0.01 V, which might be due to the expansion of the C-C bond in the plane caused by the
increased steric hindrance and electron density. After charging to 2.8 V, the G peak shifted back to 1,572 cm™, demonstrating a highly reversible discharging/
charging process. In addition, the value of I,/I; decreased during potassiation, which might be due to the filling of K ions into the defective N-doped
micropores of NCS.

In addition to MOF-derived carbon materials, the in situ Raman technique has also played an important role in revealing the potassium storage mechanism of
MOF-derived composite materials. Recently, Jiang et al. confined Sn,(PO,), nanocrystal in an interconnect carbon framework [Sn,(PO,),@PC] through a
controllable particle attachment crystallization growing process of Sn-based phosphate MOFs and high-temperature calcination strategies'”. As displayed in
Figure 7G, the peaks at 986 cm™ shifted to 936 cm™ during potassiation, indicating that Sn,(PO,), reacted with K to form K,PO,. Moreover, the peak of
Sn,(PO,), reappears when recharged to 3.0 V, indicating that the conversion reaction is reversible.



Page 22 of 32 Yang et al. Energy Mater 2023;3:300042 | https://dx.doi.org/10.20517/energymater.2023.29

T

Electrodchemical workstation

Sperator 28V.

2
1527.3 ¢
/16=0.86]

PTFE sleeve b7

A Raman scattering light | D - 3 E S V\\m
Cathodic shell # Work lscrod M : \\v\ﬂy
Pristine
7 o 2 4 Ioll=0.91
/  Stainless steel mesh - 175V ; Pristine
g
ountor lectrods

X 045V 15813 em?
! 03V 000 1500 2000

o2v Wavenumber (cm™)

15

22 <
Intensity (a.u.)

Conductive metal

Fixed frame

hc.!

~ o
as

K metal / §\>‘

Anodic shell

Intensity (a.u.)

?}.
S2=2=222
Wavenumber of G peak(cm
g2 8
S g
©
°
©
il
c°°
J
°
°
°

Active materials

N

1000 1500 2000 9 9 2

Voltage (V vs. K'/K)
B ! Discharge| C w Wavenumber (cm)
' ) 01V
-~ VN2 -~ ; 60 ==
; M ; 800 ]
< ! ~ Ao 100V s /
" = 'y / M
-‘E’ N 065V ‘E 4 5600 X2 =
H g iy LS = z N
E : 0.44V E 2400 g ———— AZ' ;M
= b = 8 2N
N ] 2 : £
! =
201V |01 v ; 300V 2004 _———
m 0 = %
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 0 T T r T v
Bl -1 1 2 3 800 1200 1600
‘Wavenumber (cm™) ‘Wavenumber (cm' ) Potential (V) Raman shift (cm™)

Figure 7. (A) Schematic of in situ Raman spectra measurement; (B and C) In situ Raman spectra of N-HPC at corresponding voltages.
This figure is quoted with permission from Zhou et al.”®%’. (D) In situ Raman spectra of NCS at corresponding voltages; (E) In situ Raman
spectra and I/l of NCS at the pristine stage, 2.8 V and 0.01V; (F) The wavenumber of G peak at corresponding voltages. This figure is
quoted with permission from Liang et al.®™.(G) In situ Raman spectra of the Sny(PO,),@PC at different charge/discharge states. This
figure is quoted with permission from Jiang et al."*”".

In situ XRD

In situ XRD techniques can monitor the structural evolution and phase transition of electrodes in real-time
during potassiation/depotassiation, which is conducive to a deeper understanding of the potassium storage
mechanism, thus providing clear guidance for the optimization of potassium storage performance. Wu et al.
used in situ XRD techniques to explore the structural evolution of PNCNFs during discharge/charge"™’.
Figure 8A exhibited a broad peak (23.27°) at the pristine stage. During discharging, the peak continuously
shifted to smaller angles, indicating that K ion intercalation led to the expansion of interlayer spacing. When
charged to 2.80 V, the peak recovered to 22.28° indicating the partially restored interlayer spacing after
potassium ion extraction. The incomplete recovery can be attributed to the irreversible capture of K ions.
Sun et al. also studied the potassium storage mechanism of Bi/carbon composite (Bi@N-CNCs)"*.
Figure 8B exhibited three typical peaks of metal Bi (27.2° 37.9° and 39.6°) at the pristine stage. During the
first discharging, the peaks of metal Bi gradually decreased. When discharged to 0.40 V, two new peaks
appeared at 31.1° and 32.5°, indicating the formation of KBi,. When the electrode was further discharged to
below 0.20 V, two new peaks assigned to K,Bi appeared at 28.9° and 29.5°, while Bi and KB4, diffraction
peaks completely disappeared. Therefore, the phase evolution of active Bi in Bi@N-CNCs involved a two-
step alloying reaction during the first discharging, which can be described as Bi—~KBi,—K,Bi [Figure 8C].
During the subsequent charging process, the three recognizable stages indicated a three-step dealloying
reaction from K,Bi to metal Bi. The extraction of K ions in K,Bi first occurred at 0.55 V with the formation
of K,Bi,. When charged to about 0.70 V, K,Bi, gradually evolved to KBi,. Finally, metal Bi was recovered
with the disappearance of KBi, at about 1.10 V.

In situ TEM
With the development of aberration correction instruments, monochromators, and other instruments, TEM
has achieved unprecedented spatial and temporal resolution and multifunctional external field and has
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Figure 8. (A) In situ XRD patterns of PNCNFs during the discharge/charge process. This figure is quoted with permission from
Wang et al.®?!. (B) In situ XRD patterns of Bi@N-CNCs during the first discharge/charge process; (C) Schematics of the phase change
during the first discharge process. This figure is quoted with permission from Hu et al."*.

become one of the most commonly used and powerful tools in the static characterization and dynamic
manipulation of materials"*>"*”.. In order to carry out the charge/discharge reaction and monitor the
dynamic morphology and phase evolution in real time to explore the reaction mechanism of electrode
materials, the in situ TEM technique was developed to supplement the in situ Raman and XRD techniques.
For example, Sun et al. explored the microstructure/morphology changes of Bi/carbon composite (Bi@N-
CNCs) during discharging/charging"*'. As shown in Figure 9A, Bi@N-CNCs, metal K, and K,O grown on
the surface of metal potassium were used as the working electrode, counter electrode, and solid electrolyte
of in situ TEM battery devices. During potassiation [Figure 9B-D], K ions first entered the N-CNC skeleton
and then reacted with Bi nanoparticles through alloying reaction, along with increased Bi nanoparticle sizes
from about 26 nm to about 39 nm. The expanded Bi nanoparticles filled the internal space of N-CNCs,
increasing the length of the carbon skeleton from 195 nm to 201 nm, proving the excellent structural
stability of carbon frameworks. During depotassiation [Figure 9E-GJ, the dealloying reaction occurred with
the size of Bi nanoparticles and carbon skeleton returning to 22 nm and 191 nm, respectively. The phase
evolution of Bi@N-CNCs during the first potassiation was further studied by in situ selected area electron
diffraction (SAED). Figure 9H-J exhibited that the phase evolution of active Bi in Bi@N-CNCs involved a
two-step alloying reaction, which can be described as Bi—~KBi,—K Bi. Huang et al. employed in situ TEM to
reveal morphological changes of Sb/carbon composite (Sb@CNFs) during potassiation/depotassiation**.
The internal Sb nanoparticles have significant volume expansion during the alloying reaction. Fortunately,
the internal space effectively mitigated the overall volume expansion, while the outer carbon shell avoided
the framework collapse, which fully demonstrated the advantages of nanostructure engineering and carbon
modification strategies in the alloying-type PIB anodes.

Summary
The working mechanism of MOF-derived carbon is mainly attributed to K ions adsorption on surface-
active sites and filling into nanopores due to their high specific surface area and abundant pores, while
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[ @

K,O/K

Bi@N-CNCs

Figure 9. (A) Schematics of in situ TEM battery devices; (B-G) In situ TEM images of Bi@N-CNCs during potassiation/depotassiation;
(H-J) In situ SAED images of Bi@N-CNCs during first potassiation. This figure is quoted with permission from Hu et al."**’,

MOFEF-derived carbon composites undergo corresponding chemical reactions. Here, we summarized the
reaction mechanisms of common MOF-derived carbon composites in Table 2. Therefore, in situ
characterization techniques play a crucial role in revealing the potassium storage mechanism of MOF-
derived carbon and its composites. In situ Raman, in situ XRD, and in situ TEM have strong tracking
capabilities for the evolution of the chemical structure, crystal structure, and morphology in anode
materials. Therefore, it is necessary to combine various in situ characterization techniques to fully explore
the mechanism. Moreover, other in situ characterization techniques, such as in situ X-ray scattering, in situ
atomic force microscopy, in situ nuclear magnetic resonance, in situ SEM, efc., can obtain information on
ion transportation dynamics, mechanical properties variation, local chemical environment, and
heterogeneous charge transfer rate constants, respectively, but are rarely applied to PIBs"*". These in situ
characterization techniques still need to be further explored in PIBs, which is conducive to revealing the
mechanism of improved electrochemical performance and guiding the fabrication of advanced MOF-based
PIB anodes.

CONCLUSION AND OUTLOOK

To promote the substitution of sustainable and renewable energy sources for harmful fossil fuels and
achieve carbon neutrality, developing low-cost, safe, and high-performance energy storage and conversion
devices is highly urgent. Although LIBs have been mature and successfully commercialized, the shortage of
lithium resources and increasing costs make it difficult to maintain their dominance in research and
commercialization. The cost advantage of PIBs makes it possible to implement and even replace LIBs for
large-scale applications. However, the electrochemical properties of PIBs are still to be further enhanced to
satisfy the requirements of commercial applications. As such, it is urgent to prepare high-performance PIB
anode materials through novel processes suitable for industrialization and commercialization. Recently,
MOFs have been considered as promising self-sacrificial templates and precursors for preparing advanced
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Table 2. The reaction mechanisms of common MOF-derived carbon composites

Materials Reaction mechanisms Ref.

Conversion reaction

Tio, 1TIO, + 2K" + 2e” — Ti, 0,5 + K, Ti,Og; K,Ti, O + 2K" + 2" — K, Ti, O [104]
CoP CoP+3K" +3e — Co +KsP [
CoS CoP+ 2K +2¢ — Co +K,S [113]
FeS, FeS, + xK™ + xe” — K FeS,; K, FeS, + (4-x)K" + (4-x)e” — Fe + 2K,S [114]
CoSe CoSe + xK" + xe” — K, CoSe; K, CoSe + (2-)K" + (2-x)e” — Co + K Se [125]
MoSe, MoSe, + xK" + xe” — K MoSe,; 3K MoSe, + (10-3x)K" + (10-3x)e” — 3Mo + 2K, Se, [128]
Alloying reaction

Bi 2Bi+ K" + e — KBi,; KBi, + 5K + 5¢” — 2K,Bi [139]
Sb Sb+3K" +3e” — K;Sb [142]
Red P 15P + K" + & — KPg TIKP . + 34K" + 34e” —15K,P,; 6K,P, + 26K" + 26" —T11K,Py; [144]

K P + 2K +2e” — 6KP; 3KP + K" + & — K,P,

Conversion-alloying reaction

Bi/Bi,Se, Bi,Se, + 8K" + 8e” — 3Bi + 4K,Se; 2Bi + K" + e” — KBi,; KBi, + 5K + 5¢” — 2K;Bi [147]
Bi,O5 Bi,O5 + 6K" + 6e” — 2Bi + 3K,0; Bi + 3K" + 3¢” — K;Bi [148]
Sny(PO,), Sny(PO,), + 6K” + 6" — 3Sn + 2K,P0,; 235N + 4K" + de” — K,Sn,s [47]

K,Sn,; +19K™ +19¢” — 23KSn

anode materials with controllable composition, morphology, performance, etc. In this review, we
comprehensively summarize the research progress of MOF-derived carbon and its composites, especially
the design strategies and composite types. Furthermore, advanced characterization techniques are
highlighted for understanding potassium storage mechanisms.

Although significant progress has been made, there are still some challenges in employing MOF-derived
carbon and its composites as PIB anodes. Firstly, MOF derivatives are usually synthesized by high-
temperature pyrolysis of MOF precursors, which often leads to uncontrollable morphology collapse and
pore plugging, resulting in inferior potassium storage performance. Secondly, for MOF-derived carbon, the
capacity is usually less than 400 mAh g at a low current density; meanwhile, the rate capability is rarely
above 200 mAh g™ at a high current density. Besides, the ICE is usually less than 50%. Thirdly, for MOEF-
derived carbon composites, the cycle stability is usually less than 1,000 cycles because of the huge volume
expansion/contraction during conversion and alloying reaction processes. Finally, the working mechanisms
of various anode materials are still unclear, and further exploration is needed to better optimize their
potassium storage performance. Thus, major breakthroughs can be achieved in the following aspects:

(1) Composition engineering. Although over 20,000 MOFs have been reported, only a few have been used as
precursors for PIB anode materials. Moreover, MOF-derived carbon is mostly synthesized by ZIF-8 and
ZIF-67, while the active metals of MOF-derived carbon composites are mostly Zn, Co, Fe, Ni, Bi, etc., which
greatly limits the development of MOF-derived carbon and its composites. Given the tunable composition
of MOFs, there are still plenty of possibilities for preparing MOF-derived carbon and its composites as
advanced PIB anodes. For MOF-derived carbon, the selection of organic ligands can accurately synthesize
carbon materials doped with different heteroatoms. For MOF-derived carbon composites, most of the
current research focuses on single metal compound/carbon composites, with little attention paid to two or
more metal compounds/carbon composites. The combination of two different metal compounds can form
heterostructures and induce a built-in electric field, thereby improving electron transmission at the
interface. In addition, there is almost no research on metal compounds/alloy materials/carbon composites.
Therefore, the composition engineering of MOF derivatives deserves more exploration.
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(2) Controllable synthesis. The green and controllable synthesis of MOF-derived carbon and its composites
is a prerequisite for commercial large-scale production. However, the morphology of MOF precursors may
be disrupted due to the high-temperature environment during the pyrolysis process, which affects their
performance. Slow heating rate and staged pyrolysis are effective strategies to alleviate the morphology
damage of MOF derivatives. Moreover, understanding the precise conversion mechanism of MOF
derivatives and the key factors affecting their physicochemical properties is still a huge challenge because of
the high-temperature environment during the synthesis. Therefore, it is necessary to conduct a detailed and
accurate analysis of MOF derivatives obtained at different temperatures through advanced characterization
methods. It is worth noting that simple synthesis processes need to be developed to ensure large-scale
production from green and affordable raw materials.

(3) Capacity and ICE enhancement. The capacity and ICE of anode materials are important parameters for
evaluating their practical applications. However, currently, the capacity and especially ICE of MOF-derived
carbon and its composites are still not ideal. Several suggestions for capacity enhancement are put forward:
(i) Rational design of structures and pores, such as interconnected 3D frames and hierarchical porous
structures, are conducive to electron transport, ion migration and adsorption; (ii) Combined with the
properties of metal sites and organic ligands, heteroatoms can be introduced from the initial synthesis
process of MOFs, forming abundant and controllable doping and defects in MOF-derived carbon materials
after annealing; and (iii) The combination of hard and soft carbon is expected to achieve high capacity and
superior rate performance. Although ICE can be significantly improved by reducing specific surface area
and surface defects, this goes against capacity enhancement. Therefore, the ICE enhancement can be
alternatively attempted by these steps: (i) Appropriate pre-potassiation strategies, such as electrolyte
impregnation, can effectively improve ICE; and (ii) Designing appropriate binders and electrolytes is
another effective way to improve ICE.

(4) Cycle life elongation. The cycle life of anode materials is another important performance indicator.
However, the cycle stability of MOF-derived carbon composites is usually less than 1,000 cycles because of
the huge volume expansion/contraction during conversion and alloying reaction processes. Although
external carbon materials play a protective role, it is difficult to accurately control the content and thickness
of carbon materials due to the uneven distribution of internal metal compounds and alloying materials.
Thus, controllable synthesis of these composite materials still needs to be further explored. In addition, the
design of MOF-derived carbon composites mainly focuses on structural optimization and composition
diversification but ignores the ratio tuning of carbon contents, which also plays an important role in cycle
performance and deserves more attention.

(5) Mechanism understanding. The rise of advanced in situ characterization techniques has played a crucial
role in revealing K ions storage mechanisms. It is extremely necessary and challenging to further develop in
situ testing techniques. First, in situ battery device needs to be further optimized to adapt to different
characterization techniques. Second, it is urgent to develop fast detection techniques with high sensitivity
and resolution to provide more insights. Third, most of the current in situ technologies are applied to the K
ion storage process of electrode materials. Consequently, the evolution of electrolytes and the formation of
SEI film and potassium dendrite require further attention. Finally, combining in situ testing techniques and
theoretical calculations is conducive to a deeper understanding of the K ions storage mechanism both
experimentally and theoretically.

In summary, MOF-derived carbon and its composites have shown great potential as PIB anodes; with
composition engineering, controllable and scalable synthesis, enhanced capacity and ICE, elongated cycling
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stability, and well-understood electrochemical mechanism, MOF-derived carbon and its composites will
serve as practical and competitive PIB anodes, implementing the commercialization of PIBs in the
foreseeable future.
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