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Design of active sites in carbon materials for
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Carbon materials have attracted considerable attention as anodes for potassium ion batteries owing to their low-cost,

nontoxicity, and controllable structures. The potassium storage behavior of carbon materials is highly associated with their active

sites. In recent years, significant advances have been made in designing the active sites of carbon materials to meet the requirements

of different potassium-based storage devices. Here, potassium storage mechanisms (intercalation and adsorption) for guiding the ra-
tional design of carbon materials are discussed. Based on these mechanisms, the review provides fundamental insight into the rela-

tionship between the structures and potassium storage performance of different carbon materials, including graphite, soft carbon, hard
carbon, porous carbon, heteroatom-doped carbon, hybridized carbon and composited carbon. The structural design principles of car-
bon anode materials for potassium-ion full cell and potassium-ion capacitors are summarized based on the initial coulombic effi-

ciency, capacity, potential plateau, rate performance, and cyclic stability. Finally, the problems and future research directions for the

design of active sites in carbon materials for electrochemical potassium storage are considered.
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1 Introduction

The rapid consumption of traditional fossil fuel
resources and serious global environmental pollution
has caused many issues for the development of con-

1121 Therefore, the development of

temporary society
clean energy is a good choice to alleviate fossil fuel
dependence, especially the electrochemical energy

(EES)

[3-3]

storage system has received extensive

attention” . In the EES system, lithium-ion battery
(LIB) is the most mature one and has been widely
used in electronic products, automotive and aerospace
fields!®. However, large-scale lithium-based energy
storage equipment is restricted due to the scarce re-
sources and their uneven distribution, and arduous re-

cycling of lithium!™

. Thus, potassium-ion batteries
(PIBs) with attractive/unique properties, such as low
cost, abundant resources and relatively low reduction
potential of potassium, have gained extensive atten-

tion in recent years™'*'"l. At the same time, K" pos-
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sesses the smallest Stokes’ radius (0.36 nm) com-
pared to Li" (0.48 nm) in propylene carbonate
solvents, indicating that it has the highest ion mobil-

ity and ion conductivity!'>"

. The above advantages
make potassium-based energy storage equipment an
ideal candidate for green energy storage.

Carbon materials are considered to be the most
promising anode materials for realizing K storage
owing to the obvious advantages of low cost, good
electrical conductivity, controlled surface chemistry
and structure!"* "%, The potassium storage active sites
are highly correlated with the electrochemical potassi-
um storage behavior and even performance''”. Based
on the different potassium storage sites, carbon mater-
ials have two typical potassium storage mechanisms,
including intercalation and adsorption!". In general,
the sloping region in the charge-discharge curve is de-
termined by surface-driven K' storage, and the low-
by K'

intercalation''*'®""). Graphite is a typical K" host by in-

potential plateau region is  driven
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tercalation to form compound KCg, which has a theor-
etical capacity of 279 mAh g ' and an intercalation
potential platform of about 0.3 V***!I. As a PIB an-
ode material, graphite exhibits low discharge poten-
tial and high initial coulomb efficiency (ICE), which
is beneficial for the construction of high energy dens-
ity full-cells. However, during the charging and dis-
charging process, the large size of K (0.138 nm) pro-
duces volume expansion in graphite, resulting in
cycle instability, capacity fading and poor rate per-

(22.23] structural

formance Carbon engineering of
graphitic materials can improve the K* storage capa-
city and cycling stability™ by expanded interlayer
spacing®*%, heteroatom doping®” and building com-
posite structures™**’,

Enhancing the K’ adsorption capability at the
active sites on the material surface by producing
abundant carbon defects or large specific surface area
(SSA) is an effective strategy to improve the potassi-
um storage performance of carbon materials”**".
Abundant active sites on the carbon surface can in-
crease the K accumulation space and fast kinetics,
resulting in high capacity and excellent rate perform-
ance of carbon anode materials®>*!. Based on these
significant advantages, much progress has been
achieved in the design and development of various
types of anode materials, including morphology ad-

nanofibers)'***>7,

justment (porous, nanosheets,
structural design (disordered structures, hybridized
structures)™'*** and heteroatom doping™*”. But, the
low ICE, high-potential sloping curves, and low ma-
terial density should be cautiously considered for
practical applications'*'!. It is found that the variation
of active potassium storage sites leads to different po-
tassium storage mechanisms, and further influences
the potassium storage performance. Therefore, the in-
tercalation and surface-driven potassium storage of
different active sites should be fully considered in the
design of carbon structures to optimize the perform-
ance. At the same time, it should also be focused on
the assembly of full device corresponding to the ap-
propriate mechanisms and electrodes.

In this review, a detailed summary of the rela-
tionship between active sites and potassium storage

mechanism/performance of carbon materials has been

discussed (Fig. 1). The influence of carbon structure
evolution during potassium storage is introduced in
detail in terms of graphite, soft carbon and hard car-
bon materials. Based on that, we review the design
strategies, including porous structure, heteroatom dop-
ing, hybrid structure and composite structure for car-
bon materials aiming at boosting electrochemical per-
formance. Finally, the potassium storage devices with
different carbon electrode materials are summarized,
and the challenges and prospects for further develop-
ment of carbon anodes are put forward.

2 Potassium storage mechanism of act-
ive sites

Active sites of carbon materials are particularly
important for K storage in carbon materials. Potassi-
um storage active sites mainly include graphitic lay-
ers, edges and defects, which can be divided into two
mechanisms: intercalation/deintercalation and adsorp-

221 The K' intercalation/deintercala-

tion/desorption
tion mechanism occurs mainly in the carbon interlay-
ers™. Due to the low discharge potential and high
ICE of interlaminar materials, PIBs can possess high
energy density in practical applications. However, the
K’ intercalation in carbon material will produce

volume expansion, resulting in the loss of contact
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Fig. 1

of carbon-based anodes and K™ storage mechanism at carbon active sites.

Illustration of strategies to boost the electrochemical performance
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between the active material and the collector, increas-
ing interface resistance and deteriorating battery per-
[9,43]

formance The adsorption/desorption of K' is

mainly on the surface, pores and defects of carbon

4 The storage of K'by adsorption is not

materials
limited by the electrode structure damage and the the-
oretical capacity of KC,, showing high potassium
storage capacity, superior rate performance and cyc-
lability!"®. Therefore, the diffusion kinetics and ad-
sorption capacity of K* can be boosted by increasing
the specific surface area (SSA) and creating more de-
fects. However, the large surface area and high de-
fects will consume a large amount of the electrolyte to
form a solid electrolyte film (SEI), resulting in high ir-
reversible capacity and low ICE during the initial
cycle. What’s more, the active sites on the carbon sur-
face break the integrality of the m conjunction of the
carbon plane, which decreases the intrinsic conductiv-
ity”?. As shown in Fig. 2, two typical potassium stor-
age mechanisms are specifically compared in terms of
their potassium storage performance.

Many efforts have been devoted to the develop-
ment and design of carbon structures, which have re-
vealed the potassium storage mechanisms in different
carbon structures and achieved excellent electrochem-
ical performance. The electrochemical performance of
carbon materials, including capacity, potential plat-
form, rate capability, ICE and cycle stability is shown
in Table 1.

3  Effect of carbon structure evolution
on the potassium storage behavior

An in-depth understanding of the potassium stor-
age mechanism at different active sites is necessary
for designing material structures for performance re-
quirements. Rationally controlling the intercalation
and adsorption behavior of the carbon structures to
achieve a balance of material properties is essential
yet challenging to the reasonable allocation of the two
mechanisms. The carbon structure evolves with the
heat treatment temperature (HTT), which signific-
antly affects the potassium storage behaviors'®”. For
graphite, the structure stability and the kinetics during

cycling can be boosted by adjusting the graphite inter-

Intercalation

e K* storage mechanism

N T in carbon material

Low x Capacity + High
Low x Cyclic stability  High
Low X Rate capability + High
Low x Diffusion kinetics v High
Low + Potential platform % High
High + ICE X Low

Fig. 2 Schematic illustration of the intercalation-controlled and surface-

driven capacitive K" storage with their respective strengths and weaknesses.

layer distances, further enhancing the cyclic stability
and the rate performance. For both hard and soft car-
bons, regulating the carbon structure by controlling
the pyrolysis temperature is an effective way to im-
prove the K' storage performance (Fig. 3). Generally,
K storage behavior exhibits a tendency from adsorp-
tion on carbon surfaces or edges at low HTT to inter-
calation in the carbon layers at high HTT. Corres-
pondingly, the electrochemical properties of potassi-
um storage also change with HTT, such as the capa-
city, rate performance, cycling stability, ICE and po-
tential plateau of the carbon material.
3.1 Graphite

Graphite is composed of stacked graphene
layers, which is a typical representative of the inter-
calation reaction in anode materials. K can intercal-
ate into the interlayers of graphite to form a series of
intercalated compounds with the theoretical capacity
of 279 mAh g '®®. Moreover, the formation sequence
of these intercalated compounds is closely related to
the process of potassium intercalation. Ji et al.**! in-
vestigated the K intercalation/deintercalation mech-
anism in the interlayers of graphite by ex-situ XRD,
revealing the formation stage of KC,, - KC,, - KCq
(Fig. 4a, 4b). On this basis, Fan et al.'* discovered
firstly the KC, peak at 23°/29° by in-situ XRD,
which clarifies the types of KC, intercalation com-
pounds in the charge/discharge process (Fig. 4c, 4d).
In addition, four peaks of 0.37 V, 0.34 V, 0.24 V and
0.16 V were identified, corresponding to the trans-
ition stage of KC,;, KC,¢, KC,, and KC; (Fig. 4e).

Graphite possesses a low potential plateau dur-

ing charging/discharging. However, the large K' has
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Table 1 A comparison of the K storage performance for different carbon materials.
Materials (?nali):cgifly) Pot(e\l;)tial I(S/:;: Ra(t;f:}? Zt_),i)lity Capacity retention M(?'Sl; ';’;‘E;‘ € Ref.
Graphite
Graphite 273at0.028 A g ~0.2 574 80at028Ag’ 50.8% after 50 cycles ~2 [45]
Expanded graphite 267at0.05A g ~03 81.6 175at02Ag" 99% after 500 cycles ~2 [26]
N-doped graphitic carbon 266at0.05A g ~03 487 2289at2Ag’ 188.9 after 2200 cycles 1-1.1 [46]
Polynanocr-ystalline graphite 224at0.02A g ~0.2 54.1 99at02Ag" 50% after 240 cycles ~2 [47]
Graphite 260at 0.028 A g’ ~0.3 815 250atl4Ag’ 99.9% after 300 cycles ~0.7 [48]
Soft carbon
Soft carbon 264 at 0.028 A g’ ~0.5 56.4 140at14Ag’ 81.4% after 50 cycles ~2 [45]
N-doped carbon nanofibers 248 at 0.025 A g’ ~0.65 49 101at20A g \ ~1.5 [49]
N-doped soft carbon 303at0.05A g ~0.5 30.9 141at5A g 85.5% after 500 cycles ~1 [50]
N/S-doped soft carbon 359at0.1 A g’1 ~0.5 50 115at5 A g" 79.5% after 200 cycles 1-1.2 [51]
Pitch-derived soft carbon (1200 °C) 296 at 0.028 A g7l ~0.2 65 1152at1.4 A g’l 93.2% after 50 cycles \ [52]
Pitch-derived soft carbon (1400 °C) 194 at 0.025 A g! ~0.27 70 110at0.5A g 75% after 100 cycles ~2 [53]
Pitch-derived soft carbon (1500 °C) 240 at 0.028 A g™ ~0.24 \ 80at1.4Ag’ 67.9% after 500 cycles ~2 [19]
Hard carbon
Rhodanine-derived hard carbon 425at0.05A g \ \ 2374atlAg'  90.4% after 10" to 400" cycles ~0.7 [10]
Biomass-derived hard carbon 4424 at0.03 A g ~0.6 \ 175at2 A g’ \ ~0.17 [54]
quantum dots in hard carbon 325at0.1A g \ 39 110at1 Ag’ 75% after 150 cycles ~0.3 [38]
N/S-doped hard carbon 250at0.1 A g’ ~0.5 352 174at3 A g’ 66% after 1200 cycles \ [55]
N/O-doped hard carbon 230at0.05A g \ 45.4 118at3Ag"’ 72% after 1100 cycles ~0.9 [39]
N/P-doped hard carbon 312at0.05A g \ 44 179at5A g 80% after 500 cycles \ [56]
Porous carbon
Porous hard carbon 237.6at0.1Ag" ~0.8 44.4 8l.6at2 Ag" \ 1.2-1.6 [57]
Porous hard carbon 259 at0.05 A gf1 ~0.5 44.6 214 at2 A g’] 84% after 5000 cycles 1.1-1.3 [58]
Mesoporous carbon 460at 0.05A g \ \ 110at4 A g’ 71.3% after 2000 cycles 0.8-1.2 [16]
Nanocapsules carbon 293 at0.05A g ~0.5 30.9 151at5A g’ 85.5% after 500 cycles ~1. [50]
N/S co-doped nanocapsules carbon 408 at 0.05 A g' \ 33 149at5A¢g"  81% after 10" to 2000™ cycles ~12 [36]
N/P co-doped porous carbon 301 at 0.025 A g’l ~0.5 60.04 126at10Ag" 81.8% after 400 cycles 1-1.4 [59]
Hierarchical porous carbon 211.5at0.05 A gfl \ 24.1 76.7 at 10 A g’1 53% after 100 cycles 0.8-1 [60]
Heteroatom-doping carbon
N-doped carbon 248 at0.025 A g ' ~0.65 49 101at20 A g’ \ ~1.5 [49]
S-doped carbon 310at0.05A g’ ~0.75 42 182.7at2A g 68% after 2000 cycles ~24 [61]
P-doped carbon 323.5at0.05A g ~0.5 50.3 90at0.5Ag" 53.7% after 500 cycles \ [62]
P-doped carbon 40262t 0.1 A g ~0.75 \ 258at1 A g’ \ \ [40]
N/O co-doped carbon 365at 0.025 A gfl \ 38 118at3 A g’] 69.5% after 1100 cycles ~0.9 [39]
N/S co-doped carbon 359at0.1 A gf1 \ 50 115at5 A g’] 92% after 1000 cycles 1-1.2 [51]
Hybrid and composite carbon
sp>-sp’ carbon 425at0.05A g \ \ 2374at1Ag'  90.4% after 10" to 400" cycles ~0.7 [10]
sp-sp” carbon 505at0.05A g \ \ 150at5A g’ 90% after 2000 cycles ~0.8 [102]
Hard-soft carbon 376.8 at 0.025 A gfl ~0.68 71.0 101.2at4 A gf1 \ ~1.2 [63]
Graphite-soft carbon 280at 0.028 A g™ ~038 673 \ \ 2-2.5 [28]
Graphite-hard carbon 253at0.05 A gf1 ~0.18 61.8 215.7at0.2A g’l 97.5% after 1000 cycles \ [29]
Graphene-hard carbon 297.89at0.1 A g’ ~0.25 \ 220at1 Ag’ 99.4% after 3200 cycles ~1.2 [66]

sluggish kinetics and produces volume expansion of
ca. 61% when it is intercalated into the interlayers of

graphite, which leads to serious capacity fading and

[45]

low-rate performance™. To enhance the stability of

graphite structures during intercalation/deintercala-

tion of K', a highly graphitic carbon nanocage (CNC)

[64]

was designed by Cao and co-workers™™. Benefiting

from the hollow cage structure to buffer the volume
change and reduce the K diffusion length, CNC exhi-
bited superior depotassiation capacity of 175 mAh g’
at 35 C (1 C =279 mA g ). Feng et al.”* reported
that commercial graphite (CG) had a discharge capa-
city of 202 mAh g' and 60% ICE (Fig. 4f). The re-
versible capacity decreased from 169 to 61 mAh g
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Fig. 4 (a) The initial discharge/charge profile of a graphite electrode at C/10 (1 C =279 mA g ') and (b) XRD patterns of electrodes corresponding to the
marked stage compounds of charge in panel (a)*”’. (c) Waterfall representation XRD patterns at the first cycle and (d) the selected XRD patterns during the ini-
tial discharge/charge with different stages. (e) The dQ/dV profiles®'and (f) galvanostatic charge/discharge voltage profiles at 50 mA g ' of CG and EG™,
(g) The structure of high-density K adsorbed around pores in graphene. (h) Electron charge density distribution differences and
(i) the galvanostatic charge/discharge profiles of the NGF electrode””(Reproduced with permission).

sessed a discharge capacity of 267 mAh g with a CE
of 80.83% during the initial cycle. After 200 cycles,
the reversible capacity remained at 228 mAh g ' with

after 200 cycles. Regulating the structure of graphite
material alleviates the structural instability caused by
K" intercalation. As shown in Fig. 2f, the expanded
a capacity retention rate of 105.07%. Tai et al.* ex-

graphite (EG) with wide interlayer distances pos-
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panded the interlayer spacing from 0.334 to 0.358 nm
by activating the graphite with KOH, resulting in a
graphite electrode with a high reversible capacity of
100 mAh g in 100 cycles at 200 mA g '. Moreover,
Shen et al.” concluded that N-doping in graphite
foam facilitated K" storage by theoretical calculations
(Fig. 4g). Benefiting from more K adsorption and
faster charge transfer (Fig. 4h), capacity retention of
247 mAh g after 200 cycles was accomplished
(Fig. 41). The above methods can improve the diffu-
sion kinetics of K* between graphite layers by optim-
izing the graphite structure, which leads to the graph-
ite anode materials with superior electrochemical po-
tassium storage performance.
3.2 Soft carbon

Soft carbon with a turbostratic structure that is
convertible into graphite at high temperatures and is
beneficial to K" storage due to the large interlayer spa-
cing and multiple carbon edges”™""". The turbostratic
carbon structure possesses a good arrangement of car-
bon layers, resulting in superior electrical conductiv-
ity!"®. Moreover, soft carbon can be converted into
graphite after annealing at HTT higher than 2 500 °C,
which is of significant value for studying the storage
mechanism and electrochemical properties of K'
through structural evolution. Zhang et al®¥. investig-
ated the correlation between the order degree of soft
carbon and the corresponding K™ storage as shown in
Fig. 5a. Two main K" storage mechanisms were iden-
tified in soft carbon, adsorption at carbon edge/defect
sites and intercalation into the interlayers. On this
basis, Lu et al."”! determined that the capacity in the
voltage range of 0.45-1.1 V originates from the K" ad-
sorption at the edge/defect sites, while capacity below
0.45 V is attributed to the insertion of K* (Fig. 5b). In
addition, the proportion of sloping regions gradually
decreases with the increase of HTT, and plateau re-
gions appear at 0.23 V at 1 500 °C. When HTT is fur-
ther increased to 2 800 °C, the sloping region disap-
pears and the charging/discharging potential platform
is below 0.23 V (Fig. 5¢). Fig. 5d shows the intercala-
tion mechanism of K" in soft carbon®”. With the be-
ginning of the discharge process, the (002) peak dis-
appears rapidly and the graphitization characteristics

decrease due to K intercalation. The preparation of

soft carbon from pitch by carbonization at 1200 °C
(SC-1200) shows shoulder peaks with no impurity
phase and the emergence of tiny KC, peaks at around
0.14 V. Furthermore, the electrochemical behavior of
three typical samples (SC-1200, hard carbon and
graphite) is compared, among which SC-1200 dis-
plays advantages as PIB anodes with a high revers-
ible capacity of 296 mAh g and 93.2% of the initial
capacity remained at 0.1 C (1 C =279 mA g ') after
50 cycles (Fig. 5e). Ou et al.” found that the poten-
tial plateau is closely correlated to non-uniformity in
the interlayer distance and defect density in soft car-
bon (Fig. 5f). The widely distributed scattering peaks
in the wide-angle X-ray scattering (WAXS) pattern
(Fig. 5g) indicate that the non-uniformity of the inter-
layer distance is closely associated with the defects.
With the increase of HTT, the non-uniformity in the
interlayer distance decreases and the potential plat-
form is enhanced. Moreover, as shown in Fig. 5h, a
soft carbon with a higher defect density possesses a
higher discharge potential platform as demonstrated
by DFT calculation.

Regulating the carbon structure by adjusting the
HTT is an effective way to reveal the intercalation/ad-
sorption hybrid mechanisms of K. The K" storage
mechanisms of the carbon nanofibers (CNFs) were
explored from 650, 1250 to 2 800 °C using polyac-
rylonitrile as the precursor (Fig. 6a)'”. As shown in
Fig. 6b, partially ordered carbon displays intercala-
tion and adsorption hybrid behavior of K" at 1 250 °C
in contrast to the single potassium storage mechanism
of disordered carbon treated at 600 °C and the inter-
calation mechansim of graphitic carbon treated at
2 800 °C. The in-situ Raman (Fig. 6¢) and in-situ
XRD (Fig. 6d) spectra show that the peak of CNF-
1250 is well maintained without significant positional
shifts during discharging/charging process. In con-
trast, CNF-2800 displays a clear peak of the KC, com-
pound (Fig. 6¢). The above results indicate that the K
storage mechanism in CNF-650 is dominated by sur-
face adsorption, and that in CNF-2800 is driven by in-
terlayer intercalation. Based on this hybrid potassium
storage mechanism, the authors further investigated

the sensitivity of the anode material to the test temper-
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discharge. (c) Discharge/charge curves of soft carbon at different HTTs for cycles 1, 2 and 5", (d) The in-situ XRD spectra of SC-1200. (e) The
discharge/charge profiles in the Ist cycle and cyclability test at 0.1 C of SC-1200, graphite, and HC-1200, (f) Schematic diagram of the major determinants

affecting potential profiles of potassium storage. (g) Typical structure fragment and the calculated WAXS pattern based on RMC modeling. (h) Effect of the de-

fect concentration on potential revealed by DFT calculation””(Reproduced with permission).

ature. When the temperature drops to 0 °C, the capa-
city retention of CNF-1250 is 79.7%, while that of
CNF-650 and CNF-2800 is 752% and 60.8%
(Fig. 6f), respectively, indicating that the hybrid
mechanism is more insusceptible to the working tem-
perature.
3.3 Hard carbon

The carbon microcrystals within the hard carbon
possess a low accumulation of carbon lamella along
the c-axis (L) and exhibit an overall random orienta-
tion arrangement'*”. As hard carbon materials are dif-
ficult to graphitize even above 2 500 °C, many nano-
graphitic domains such as edges and defects exist in
the hard carbon!'. Thus, the potassium storage mech-
anism in hard carbon materials is complex. In this re-
gard, many efforts have been contributed to exploring

the relationship between the microstructures of hard

carbon materials and potassium storage behaviors.
Komaba et al.””! directly observed the temperature-de-
pendent microstructure of hard carbon and the corres-
ponding selected area electron diffraction (SAED) us-
ing TEM (Fig. 7a, 7b). Compared with the HC700
(hard carbon prepared at 700 °C) sample, the HC2000
(hard carbon prepared at 2 000 °C) sample possesses
advanced structural ordering and a relatively clearer
diffraction ring. As shown in Fig. 7d, 7e, d,,, de-
creases from 0.402 to 0.364 nm and L, increases from
ca. 0.7 to 1.3 nm in the HTT range of 700-2 000 °C.
Simultaneously, the results reveal that the microstruc-
ture, morphology and elemental parameters of a hard
carbon are strongly dependent on the HTT (Fig. 7c¢).
Wang's work illustrated the relationship between the
structure and potassium storage performance of hard
carbon materials at different HTTs". As the HTT
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ures'”(Reproduced with permission).

rises from 1 000 to 1 600 °C, the plateau region capa-
city (II-region) increases from 92 to 165 mAh g
(Fig. 7f). Meanwhile, the slope region capacity (I-re-
gion) decreases from 164 to 86 mAh g™'. Correspond-
ingly, the oxidation peak varies from 0.32 to 0.27 V,
and reduction peak varies from 0.20 to 0.14 V with in-
creasing HTT (Fig. 7g). Thus, the dominant potassi-
um storage mechanism of hard carbon gradually var-
ies from a surface-driven to an intercalation-con-
trolled one as HTT rises, which is ascribed to the pro-
duction of micro-graphite structures. It's worth noting
that the hard carbon at 1200 °C (SP-HC 1200) pos-
sesses a capacity of 284 mAh g', which exceeds the
theoretical capacity of graphite (279 mAh g'). This is
because K" not only intercalates/deintercalates in mi-

crocrystalline graphite, but also adsorbs/desorbs on its

surface and edges. As shown in Fig. 7h, the adsorp-
tion-dominated slope region (I-region) delivers addi-
tional potassium storage capacity, leading to superior
rate capacity and excellent cycling performance of
hard carbon. Similar results were also obtained by
Kim and co-workers'””, K half-cell delivered the obvi-
ous sloping region (above 0.25 V) and quasi-plateau
region (0.25 V). From 1 000 to 1 500 °C, the slope ca-
pacity decreases and the plateau capacity increases for
hard carbons (Fig. 7i). Moreover, Wen et al.” repor-
ted a carbon quantum dots@hard carbon (CQDHC)
composite electrode material for PIBs (Fig. 7j). It is
found that randomly distributed carbon quantum dots
(CQDs) can boost the disorder extent, enhancing the
capacitive storage process driven by adsorption on the
hard carbon surface.
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Fig. 7 TEM images and SAED patterns of hard carbon samples: (a) HC700 and (b) HC2000. (c) Schematic illustration of microstructures of the hard carbon

samples prepared at 700 and 2000 °C. (d) Powder XRD patterns of carbon samples prepared at different HTTs. (¢) Interlayer distances of carbon layers'™,
ples prep: p; ples prep:

The charge-discharge curves of SP-HCs. (g) The dQ/dV curves of SP-HCs. (h) The K' storage mechanism in hard carbon™. (i) the capacities of sloping-voltage

and plateau-voltage regions in relation to HTT, () Schematic diagram of K" storage mechanism in CQDHC"(Reproduced with permission).

Anode materials with K' adsorption behavior
generally possess a larger SSA and higher defects than
intercalation/deintercalation ones. High SSA and de-
fect-rich materials have higher capacity yet inevitably
lower ICE"®!. Balancing the capacity and ICE is the

key to overcoming this issue. Wang et al.l””

prepared
carbon spheres with a nano-size and porous structure
(SPCS) by the sol-gel method. SPCS displayed a
higher SSA (398.85 m’ g') compared to carbon
spheres (CS, 76.02 m*> g'). However, SPCS with a
high SSA delivers a higher ICE (68.2%) and capacity
(232.6 mAh g ') than CS with a lower ICE (60.3%)
and capacity (121.5 mAh g'). Mai et al.”! developed a
hard carbon with a high ICE by constructing intercon-
nected mesoporous carbon (meso-C) nanowires. Com-
pared with the SSA of micro-C (706.6 m*> g '), the
SSA of meso-C (224 m’ g') is reduced by ca.
32 times, which exhibited a high ICE of 76.7% and an
excellent capacity of 231 mAh g 'simultaneously.
The above works demonstrate that the improvement
of both ICE and capacity can be achieved through the

structural design of hard carbon materials.

4  Structure design strategies of carbon
materials

Based on the understanding of the potassium
storage mechanism of different active sites, the ration-
al design of a carbon anode material can effectively
improve its electrochemical performance!™. This pa-
per specifically discusses the design strategies of sev-
eral carbon structures, including porous structure, het-
eroatom-doping, hybrid structure and composite struc-
ture.

4.1 Porous structure

Introducing pores into the carbon materials is an
effective strategy to enhance the electrochemical per-
formance of carbon anodes. The introduction of pores
will create defects in the carbon materials, which can
induce the local charge density rearrangement of the
carbon network to enhance the potassium storage cap-

ability"””*!. Generally, the carbon materials can be de-
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signed to obtain a rich pore structure to meet the po-
tassium storage requirements®'). Furthermore, many
efforts have been contributed to the relationship
between porous structures and K storage behavior as
well as electrochemical properties.

To reveal the K storage mechanism in porous
hard carbons (HCs), Li et al.”” developed HCs with
controlled micro/mesoporous structures by a template-
assisted spray pyrolysis method (Fig. 8a). TEM im-
ages showed that the author successfully obtained
three products, which were spherical carbon (HC-A,
Fig. 8b), bowl-like carbon shell (HC-B, Fig. 8c) and
flake-like composites (HC-C, Fig. 8d). Among them,
HC-B possessed the largest pore volume (0.58 cm® g )
and SSA (955.1 m* g') owing to the unique bowl-like
structure, which contributed to the improved K" stor-
age performance. Fig. 8g exhibits that the initial re-
versible capacities of HC-A, HC-B and HC-C are
78.6, 237.6 and 285.2 mAh g ', with corresponding
ICE of 27.7%, 44.4% and 47.2%, respectively. It is
concluded that ICE strongly depends on the mesopore
volume (Fig. 8f). There is no evident correlation
between ICE and SSA, suggesting that the effective

potassium storage active sites are on mesopore wall.

What’s more, the authors provide insight into the K
storage mechanism by in-sitru Raman characterization
(Fig. 8h). HC-B manifests two distinct regions at
about 0.8 V on the I/]; ratio curve. They correspond
to two different K* storage mechanisms: surface-driv-
en capacitive storage at high potentials and intercala-
tion storage mechanism at low potentials. The capacit-
ive contribution dominates throughout the cycle in
HC-B as revealed by quantifying the capacity of the
two different storage mechanisms (Fig. 8i). Mean-
while, the schematic diagram of the K storage mech-
anisms in porous HCs are presented, including absorp-
tion on the active sites, trapping at micropores and in-
tercalation between the graphene layers (Fig. §j). Re-

1.5% also unraveled the correlation

cently, Yuan et a
between micro/mesopores and K* migration behavior
in HCs. It was confirmed that the micropores provided
additional active sites for K" adsorption. A large num-
ber of mesopores could also provide pathways for K
intercalating, thereby improving ICE and intercala-

1.1 concluded

tion capacity. Moreover, Zhang et a
that the introduction of mesopores can create a large
number of defects, such as graphene edges and voids,

which are active sites for K" storage.
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Fig. 8 (a) Schematic diagram of the synthesis procedure for the porous carbons by spray pyrolysis. TEM images of (b) HC-A, (c) HC-B and (d) HC-C.

(e) Pore size distribution curves, (f) relationship between mesopore volume and ICE and (g) first charge/discharge curves of HC-A, HC-B and HC-C electrode

at0.1 A g'. (h) In-situ Raman spectra of the HC-B electrode, and the corresponding variation of /,,//; ratio. (i) Capacitive contribution of different HCs during

cycling process. (j) Scheme illustration of K* storage mechanisms in HCs®”(Reproduced with permission).
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The preparation methods of porous carbons are
simple and diverse, which have promising applica-
tions in PIB anode materials’®”. The template method
is a common method to obtain porous carbons due to

accurate
[36]

its low cost, method and

adjustment™®*¥

simple
. As shown in Fig. 9a, Qiu group
synthesized 3D N/S co-doped carbon nanocapsules
(NSCN) by ZnO templating. TEM image (Fig. 9b)
confirms that NSCN possesses carbon nanocapsules
with a 3D morphology. Moreover, the nanocapsule
size can be varied by the sizes of the ZnO template.
Similarly, Liu et al.®’” designed a carbon negative
electrode of a nanocapsule-like shape (NSCN) by
MgO templating, resulting in excellent rate performance
(151 mAh g " at 5 A g ). In addition, metal organic
frameworks (MOFs) have become effective precurs-
ors for porous carbons. For example, Liu et al.*” de-
veloped N-rich hollow carbon-onion-constructed
nanosheets (HCONs) from Co-hexamine coordina-
tion frameworks as high-performance potassium stor-
age anode materials. However, all of the above hard
templates require harmful acid solutions to etch away.

NaCl templates avoid this problem by using water as
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the leaching solvent. Hence, Qiu and co-workers”

prepared a N/P co-doped porous carbon (NPPC) by
carbonizing the mixture of coal tar pitch and NaCl
(Fig. 9¢). As shown in Fig. 9d, NPPC has a pore struc-
ture composed of carbon sheets, which are distributed
with a large number of mesopores of 10-30 nm. What’s

[ reported the successful prepara-

more, our group
tion of a hierarchical porous carbon (HPC) including
micropores, mesopores and macropores by multiple
templates (PAANa, NaCl and Zn nanoparticles). HPC
benefits from the hierarchical porous structure that ac-
celerates electrolyte penetration and K™ migration rate,
achieving an excellent rate performance (76.7 mAh g '
at 10 A gh).

Different from the hard template method, the
self-template with specific morphology is formed dur-
ing the polymerization process without use of any ad-

[114] con-

ditional templates™!. Recently, Song's group
structed carbon nanotube microspheres (CNTMs) by
one step injected pyrolysis using thiophene and ferro-
cene as both catalysts and carbon sources. Qiu et al.”*"!
synthesized nitrogen-doped hierarchical porous hol-

low carbon spheres (NHCSs) by polymerization of 3-

(e) 9 1 I
H, o <
L
2o
¢ * Polymerization D g

Cross-linking

PmPD ’
nanospheres (h)

Thermal treatment
Copper removal _ 4
Hollow PmPD
nanospheres

Fig. 9 (a) Schematic illustration of the synthesis process of NSCN. (b) SEM image of NSCN ¢!, (¢) Schematic illustration for the synthesis of NPPC.
(d) (i) SEM and (ii) high-magnification SEM images of NPPC™". (e) Preparation principle of NHCS. () (i), (ii) SEM images, and (iii) TEM image of NHCS"**\
(g) Synthesis protocol for hollow carbon nanospheres. (h) TEM image of the hollow carbon spheres by reaction for (i) 20 min and

(i) 40 min®"(Reproduced with permission).
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aminophenol with formaldehyde followed by carbon-
ization (Fig. 9¢). NHCSs exhibit a monodisperse hol-
low spherical shell structure, which possess an aver-
age diameter of about 330 nm and shell thickness of
about 50 nm (Fig. 9f). Further, Tao et al.*” developed
hollow carbon nanospheres (HCNs) that have a con-
trollable cavity size and shell thickness by a self-tem-
plating method (Fig. 9g). The morphology of the pre-
cursor and cavity size are adjusted by changing the
polymerization reaction time and the solvent used for
sample washing (Fig. 9h).
4.2 Heteroatom-doping

Currently, heteroatom-doping is mainly imple-
mented through the direct pyrolysis of organic pre-
cursors containing heteroatoms or the reaction of car-
bon materials with substances containing heteroatoms
at high temperatures. In addition, the post-annealing
in NH;, H,S and other gases is also widely used due to
their simplicity and controllability. Heteroatomic dop-
ing can increase the defect sites in carbon materials,
thus providing more potassium storage active sites,
which is an effective method to improve the electro-
%, The

doped elements mainly include non-metallic elements

chemical performance of carbon materials

such as nitrogen, sulfur, boron and phosphorus.
Among them, N-doping is one of the main re-
search directions, and the deep insights in the potassi-
um storage mechanism of N-doped carbons have been
gained. Share et al.™ have demonstrated that N-dop-
ing in graphite can increase the potassium storage act-
ive sites between layers, boosting from a theoretical
capacity of 278 to over 350 mAh g '. Moreover, most
of the N-doped atoms are in the forms of pyridine N
(N-6), pyridine N (N-5) and graphite N (N-Q), which
are the different potassium storage sites'*”. Shen et
al.” found that N-5 and N-6 can not only enhance the
electrical conductivity but also increase the numbers
of the defect sites and active sites. The adsorption en-
ergy (AE) of N-5 and N-6 are —2.63 and —2.86 eV, re-
spectively as calculated by Discrete Fourier Trans-
form DFT, which are much higher than that of N-Q
(0.14 eV). This further indicates that the N-5 and N-6
dopings have significantly higher K™ adsorption capa-

cities than that of N-Q doping. On this basis, Zhang et
al.” developed a highly nitrogen-doped (26.7 at.%)
accordion-like carbon anode with a N-6 ratio of
48.4%, and a N-5 ratio of 43.7%. The results indicate
that the dominant N-6 and N-5 dopings in anode ma-
terials lead to a high reversible capacity of 346 mAh
g and superior cycling stability. Moreover, Guo and

co-works®™

reported the preparation of a single
pyrrole nitrogen configuration doped carbon material
(SPNCM) to provide a guide for investigating the en-
ergy storage mechanism of N-doped carbon materials.
Electrochemical test results show that more pseudoca-
pacitance can be delivered with increasing the single
pyrrole nitrogen content.

The use of large radius heteroatoms such as
S5l and PH*?! to expand the carbon layer spacing
for K" storage has also been widely reported. Zheng
et al.®!l expanded the carbon layer spacing from 0.37
to 0.38 nm by preparing sulfur-doped multichannel
carbon fiber (S-MCCF) composites. S-MCCF pos-
sesses super-rate capability (exhibits 182.7 mAh g ' at
2 A g
150 mAh g ' after 2 000 cycles) as an anode material

and long-cycle stability (maintains
for PIBs. Furthermore, Li et al.”*! examined the stor-
age mechanism of K in S-doped carbon materials by
ex-situ XPS at different charge/discharge depths dur-
ing the first and second cycles. It is concluded that
there is a strong binding force between C and S after
doping. The C-S bond can react with K to form a C-S-
K bond, which displays a K storage capacity higher
than of KC,. By mixing red phosphorus with graphite,
our group'® successfully doped P into the carbon
skeleton to form P-C and P-O-C bonds (Fig. 10a). As
an anode material, both capacity (323.5mAhg ' at
0.05 Ag') (Fig. 10b) and
(90mAh g at 0.5 Ag") (Fig. 10c) are enhanced as

compared with a pure graphite electrode. On this

rate performance

basis, our group!*” further studied the effects of the
chemical bonding states between P and carbon matrix
on the K" storage performance (Fig. 10e) by compos-
iting red phosphorus with different types of carbon
nanotubes (Fig. 10d). Compared with the P-C bond
(264 kJ mol ™), the P-O-C bond (585 kJ mol™") dis-
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plays a stronger binding energy. As a result, carbon
anode with a P-O-C bond (P-CGCNT) performs an
outstanding reversible capacity (402.6 mAh g ' over
110 cycles at 0.1 A g') (Fig. 10f) and excellent rate
performance (258 mAh g™ at 1 A g'') (Fig. 10g).

Due to the synergistic effect between two differ-
ent heteroatoms, diatomic doping has also been shown
to be a way of boosting the potassium storage per-
[88,94]' Our
group””! produced a N/O co-doped graded porous car-
bon by carbonizing and acidizing the NH,-MIL-101
(Al) precursor. Benefiting from the large layer spa-
cing (0.39 nm), high SSA (1030 m* g'') and abund-
ant pores, the anode material delivers a high revers-
ible capacities of 365 mAh g ' at 25 mA g '. But from

formance for carbon anode materials

a commercial perspective, it is necessary to develop a
cost-effective and manipulable strategy. In this regard,
Cui et al.” realized a N/O self-doping hard carbon
(NOHC) by simply carbonizing sorghum stalks. As a
PIB anode material, NOHC exhibits a large average
interlayer spacing (0.411 nm), enabling a high revers-
ible capacity (304.6 mAh g ' at 0.1 A g'') and superi-
or cycle stability (189.5 mAh g " at 1 A g after 5 000
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cycles). In recent years, N/S doping has received in-
creasing attention due to the fact that it can simultan-
eously obtain excellent conductivity and significantly
enlarge the interlayer spacing”®. Liu et al.”" prepared
N/S double-doping porous soft carbon nanosheets
(NSC) using coal tar pitch, urea and sublimed sulfur
as the carbon precursors, nitrogen source and sulfur
source, respectively. N/S double doping boosts the in-
terlayer distance, electronic conductivity and charge
storage active sites (Fig. 11a). As a result, the NSC
accomplishes a high capacity (359 mAh g' at
0.1 A g"),ahighrate (115mAhg'at50A g')and
a long cycle life (92.4% capacity retention after 1 000

cycles at 1.0 A g'). Moreover, our group'"”

re-
searched the effect of N and S elements on K" storage
mechanism by ex-sitzu XPS (Fig. 11b, 11c¢). It is found
that the content of N5 and N6 would gradually trans-
form to NQ with increasing the pyrolysis temperature
(Fig. 11b). N5 (ca. 398.5 eV) shows high activity at
600 °C, and the peak values of NQ-K (ca. 399.1 eV)
and N6-K (ca. 398 eV) reach the maximum values at
1000 °C. As shown in the S 2p XPS spectra

(Fig. 1l1c), initial S 2p,, (165.0 eV) and S 2p,,
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Fig. 10 (a) Schematic diagram of the synthesis of the P/C composite. (b) The cycling performance and (c) the rate performance of the P/C and pure graphite

electrodes'®. (d) Schematic illustration of the structure evolution of P-CNT and P-CGCNT electrodes during cycling. (¢) The capacity retention in different
voltage ranges of P-CGCNT and P-CNT electrodes at the 5™ and 60" cycles. (f) The cycling performance and (g) the rate performance of P-CGCNT, P-
RCGCNT, and P-CNT electrodes™*”(Reproduced with permission).
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(163.8 eV) are converted to new peaks related to -
K,S, (162.5 and 161.5 eV) and thiosulfate/-K,S, (ca.
166.9 and 169.0 eV) during the discharge process. At
the pyrolysis temperature of 1 000 °C, 66% of S is re-
tained, in contrast to 600 and 800 °C where only 24%
and 26% are retained during discharge and charge, re-
spectively.

To sum up, various studies have shown that ex-
perimental parameters (such as the carbonization tem-
perature) and heteroatomic precursors have a great in-
fluence on the content of the dopants. Generally
speaking, the lower the carbonization temperature and
the higher the heteroatomic content of the precursor,
the higher the heteroatomic content of the products.
At the same time, the type of heteroatom has a signi-
ficant effect on K storage performance. For example,

[97]

Wang et al.”" comprehensively compared the abilit-

ies of N, P and S dopants to capture K" in PIB anode
materials by DFT calculation. Pyridine-N, pyrrole-N

"N

c.oo 0® %*®o ®

AR mva’ avteretsn

NSC

1000

and P doping produce active sites in the carbon skelet-
on that are more inclined to capture K'. However,
both graphite-N and sulfur doping show poorer affin-
ities to K.
4.3 Hybrid structure

Hybrid structures can enhance potassium storage
performance by taking the advantage of different car-
bon structures. At present, many researches on car-
bon-based materials mainly focus on the sp>-sp’ hy-
brid structure: sp> hybrid carbon represented by graph-
ite and graphene, and diamond and diamond-like sp’

09 reported the successful

hybrid carbon. Our group
preparation of sp’-sp’ hybrid carbon nanosheets
(CNSs) by constructing an ordered graphite-like mi-
crocrystalline as conductive framework in defect-rich
carbons (Fig. 12a, 12b). At low pyrolysis temperat-
ures, massive heteroatom-defects are produced,
providing active sites for K* storage, but resulting in

many unstable sp’ hybridization regions lack of elec-
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Fig. 11 (a) Schematic illustration of the carbon structures with different interlayer distances for the K storage™". Deconvoluted (b) N 1s and (c) S 2p peaks of

the electrodes!”(Reproduced with permission).
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tron transport capability (Fig. 12c). By adjusting the
pyrolysis temperature, the C atoms are selectively re-
arranged, which in turn constructs ordered graphite-
like microcrystalline conducting skeletons in  dis-
ordered defects (Fig. 12d). As shown in Fig. 12¢, the
TEM image clearly shows the "Order in Disorder" of
the carbon structure in the carbon material. The sp’
defect region is surrounded by the sp’ nanographene
network, which achieves fast charge transfer kinetics
while ensuring sufficient K storage sites (Fig. 12g).
This sp>sp’ hybridization region in CNS-1000 leads
to superior rate capability (215 mAh g’ at 2 A g)
(Fig. 12f) and long-term cyclic stability (maintain at
180.2 mAh g ' after 5 000 cycles). In addition, Song's
group has achieved a series of hybrid carbons by a
simple ball milling method” ', Ball milling leads to
the introduction of mass self-doping defects in the
graphene flakes and edges, which serve as active sites
for ion adsorption and storage. The defect structures
are distributed in the conductive network formed by
the sp carbon in the sp>-sp’ hybrid carbon. In conclu-
sion, this sp’-sp’ hybrid structure not only provides
abundant energy storage active sites for the anode ma-
terial, but also exhibits good charge transfer capabil-
ity due to the interconnected sp> pathways surround-
ing the sp’ structure.

Moreover, the sp hybrid carbon attracts consider-

able attention owing to the good electrical conductiv-

(a) RhodanineHN_fj
» 4

Melting

(1) Produce disorder

(I1) Create order in disorder

ity and affinity for metal atoms as compared with
the sp>-sp’ hybrid carbon"”". In 2010, Li’s group''"”!
synthesized graphdiyne, a new carbon allotrope, by a
chemical method for the first time. This new material
possesses sp, sp° and sp’ hybrid structures and
is promising for potassium storage. Sun and co-work-
erst'™ determined the adsorption sites and transport
paths of storage K in graphdiyne (GDY) by DFT cal-
culation. It is found that K* can not only migrate with-
in layers but also shuttle vertically between layers.
The theoretical capacity of GDY for potassium stor-
age (620 mAh g') is greatly increased compared to
graphite (279 mAh g ). In addition, the GDY inter-
layer spacing can be expanded from ca. 0.37 to
0.41 nm by adjusting the annealing temperature to ob-
tain superior rate performance (150 mAh g ' at
5 A g') and excellent cycling stability (over 90%
after 2 000 cycles).
4.4 Composite structure

Composite materials, such as hard-soft carbon,
graphite-soft carbon and graphite-hard carbon are
promising for achieving the slope/plateau potassium

storage. Wang and co-workers'®!

synthesized the
hard-soft carbon composite (Pi-700-P28) by carboniz-
ation of a mixture of polyimide and petroleum pitch at
700 °C (Fig. 13a). The XRD pattern in Fig. 13c exhib-
its that the Pi-700-P28 possesses good reversibility

during charging/discharging. Moreover, ex-situ Ra-
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images of CNS-1000. (f) Rate performance of CNS electrodes. (g) The variation of specific surface area, /;y//; and electric conductivity of CNSs with the pyro-

lysis temperature!'"(Reproduced with permission).
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man spectra (Fig. 13d, 13e) show a decrease in I/l
from 1.44 to 1.29 during the potassiation process, in-
dicating that K" is absorbed onto the material defects.
As shown in Fig. 13b, potassium storage in graphite
region is restricted due to edge accumulation and loc-
al bending of the graphite layer during K" intercala-
tion/deintercalation. Benefiting from the hybrid po-
tassium storage behavior, the hard-soft carbon com-
posite performs a high initial reversible capacity of
376.8 mAh g with an ICE of 71.04%. The (002)
peak (Fig. 13g) and G peak (Fig. 13h) of G-SC 3 : 1
has fewer positional shifts than graphite after full po-
tassiation, indicating that the introduction of soft car-
bon shows a significant positive effect on the structur-
al stability of graphite. As a result, G-SC 3 : 1 mani-
fests the highest ICE of 67.3% whereas those of
graphite and SC are only 54.1% and 57.8%, respect-
ively (Fig. 13f). Meanwhile, compositing graphite
with hard carbon has also been shown to improve the

electrochemical performance of anode materials.

Ball milling

ﬁ.
Petroleum pitc

Graphite-hard carbon composites were formed by
coating disordered carbon nanosheets on graphite, res-
ulting in flat discharge voltage platform and excellent
cycle stability (215.7 mAh g™ after 1000 cycles at
0.2 A g") and ICE (61.83%)*". Obviously, the po-
tassium storage mechanism can be adjusted by com-
bining different types of precursors to obtain a bal-
anced performance of a carbon material with a high

capacity, high ICE and good cycling stability.

5 Full device performance

The assembly of full device is particularly im-
portant in achieving the practical application of the
anode material. Moreover, it is essential to guide the
full device fabrication based on the structural and
electrochemical relationships of the anode materials.
Potassium storage devices can be divided into two
types in full devices: potassium ion batteries (PIBs)

and potassium ion hybrid capacitors (PIHCs). Here,
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we introduce the anode materials of the two potassi-
um storage devices.

PIBs usually use carbonaceous materials (graph-
ite, soft carbon, hard carbon, etc.) as the anode materi-
als and K-containing compounds (Prussian blue ana-
logs, layered metal oxides, polyanionic compounds,
and organic crystals) as the cathode materials'*. Dur-
ing charging, K is extracted from the cathode into the
electrolyte and migrates to the anode for intercalating.
Correspondingly, K inserted in the anode are extrac-
ted and reinserted into the cathode during dischar-
ge!'™. Lu's group'®’ assembled a graphite/perylene-3,
4,9,10-tetracarboxylic dianhydride (PTCDA) full cell
using a concentrated electrolyte (KFSI: EMC, 1 : 2.5,
molar ratio) (Fig. 14a). Graphite/PTCDA delivers a
cyclic stability of 92.9 % capacity retention after 50
cycles at 30 mA g ' (Fig. 14b) and a high-rate capabil-
ity (from 80 mAh g ' at 10 mA g’ to 74 mAh g ' at

60 mA g ') (Fig. 14c), based on the active materials in
both anode and cathode. Similarly, Qin et al.'% as
sembled a potassium ion full cell by matching the
graphite anode with the potassium Prussian blue
(KPB) cathode in a highly concentrated electrolyte
(KFSI : DME : HFE, 1:1.9:0.95, molar ratio).
The full cell shows a distinct voltage plateau in the
voltage range of 2.0-4.0 V, achieving a high CE of
99.7% after 100 cycles. Xu et al.*” reported a full cell
coupling of the soft carbon (carbon nanofibers) anode
and KPB cathode. The soft carbon/KPB full cell is
tested in a voltage window of 2.0-4.2 V, showing an
initial discharge capacity of 197 mAh g (based on
the anode mass) and a 97% capacity retention
(190 mAh g™') after 30 cycles at 0.2 A g'. Our
group''” assembled a hard carbon/KPB full cell using
carbon nanosheets and KPB as the anode and cathode,
respectively (Fig. 14d). The CE of the full cell re-
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Fig. 14 Potassium-ion full cell and potassium-ion hybrid capacitor based on the carbon electrode. (a) Schematic illustration of the graphite/PTCDA full cell.

(b) Cycle stability at 30 mA g

(c) Charge/discharge curves at different current densities®”. (d) Schematic illustration of the hard carbon/KPB full-cell. (¢) The

long cycle performance of the full cell at 0.1 A g "%, (f) Schematic illustration for the working mechanism of PIHC. (g) Charge/discharge curves at 2 A g ' and

(h) prolonged cycling of the PIHC!"'""(Reproduced with permission).
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mains above 96% after 20 cycles and the LED bulbs
can be lit normally, indicating that the HC/KPB full
cell works stably (Fig. 14e). Furthermore, replacing
toxic metal compounds with graphite as cathode for
potassium dual-ion batteries (PDIB)"""""! has poten-
tial applications due to the fact that both of them are
environmentally friendly and cost-effective carbon
materials.

Potassium ion hybrid capacitors (PIHC) have at-
tracted widespread attention because of the advant-
ages of high energy density, high power and long
cycle life compared to PIBs. Dual carbon PIHCs (DC-
PIHCs), in which both electrodes are composed of
carbon materials, have been studied in activated car-
bon (AC) cathodes and various anodes (graphite, soft
carbon, hard carbon, etc.). Graphite/AC PIHC was as-
sembled with graphite as the anode for K" intercala-
tion/deintercalation and AC as the cathode for K™ ad-
sorption/desorption. Passerini and co-workers!'" re-
ported graphite/AC PIHC and sodium ion hybrid ca-
pacitor (SIHC) (Fig. 14f). The charge-discharge
curves display a higher voltage plateau than conven-
tional capacitors, resulting in higher energy density
and power density (Fig. 14g). Fig. 14h shows the ex-
cellent cycling stability of graphite/AC PIHC and SI-
HC, which maintain 91% and 88% of initial capacity
at 15 A g' (based on graphite mass) after 5000
21 established

a PIHC using a soft carbon as the anode and an AC as

cycles, respectively. Fan et al.
the cathode, which displays excellent energy density
(120 Wh kg ") and power density (599 W kg ). To
enhance the capacitive behavior of PIHC anode ma-
terials, more efforts are focused on the structural
modification of soft carbon materials. Recently, Wu
and co-workers''"”! developed a novel accordion-like
soft carbon structure with a hierarchical porous frame-
work consisting of micro-, meso-, and macro-pores.
Furthermore, the pseudocapacitance of the anode ma-
terial is improved by electrodeposition to form nitro-
gen-doped graphene quantum dots. Ultimately, the PI-
HC is obtained by matching with a porous carbon
(PC) cathode, achieving a superhigh energy and
power density (171 Wh kg' and 20000 W kg ).

When a PIHC is designed, the hard carbon anode can

provide high power density and superior cycling per-
formance due to amorphous structures with large in-
terlayer distances and high defect density. Cao et al.[*!
assembled the PIHC using hard carbon as the anode
and PC as the cathode, which manifests ultrahigh
cycle performance (89.2% capacity retention after
6 000 cycles) and high energy/power
(120.2 Wh kg " and 16 700 W kg ).

In summary, the intercalation-dominated carbon

density

materials can be designed as anode materials for po-
tassium ion full cells, which is ascribed to the low and
stable intercalation potential platform that can provide
a high energy density and stable working conditions
for potassium ion full cells. In contrast, carbon materi-
als with surface-driven K' storage mechanism are
more suitable for the development of anode materials
for high power density potassium ion capacitors due
to their faster ion transport and more active sites.

6 Conclusion and perspectives

At present, carbons are considered as important
potassium storage materials due to their advantages of
low cost, good electrical conductivity, controlled sur-
face chemistry and structure. From the recent pro-
gress of various carbon materials in PIBs, it is found
that the potassium storage capacity of the carbon ma-
terials is mainly related to K" transfer, electron trans-
port and active sites. In this review, we introduced the
effects of different active sites on potassium storage
mechanisms. Graphite and graphite-like materials are
dominated by K" interlayer storage with low potential
plateaus. However, the serious volume expansion and
kinetic hysteresis in graphite material result in poor
cycle stability, capacity fading and low-rate perform-
ance. Soft carbon with a turbostratic structure can en-
hance K" adsorption at the edge of carbon sheets,
which alleviates structural instability during the char-
ging and discharging. In addition, soft carbon can be
converted to graphite after annealing at temperatures
higher than 2 500 °C, which is valuable for studying
the relationship between carbon structure and electro-
chemical properties due to structure tuning by the an-
nealing temperature. Hard carbon with abundant car-

bon defects and large SSA boosts the surface-driven
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K" adsorption, leading to high capacity and excellent
rate performance. However, the low ICE and the slop-
ing curve limit their practical applications. Therefore,
it is essential to consider the trade-off between inter-
calation and surface-driven mechanisms when carbon
structures are designed.

On this basis, we have systematically discussed
the rational design strategies of carbon anodes such as
heteroatom doping, pore generation and hybridization
of sp, sp” and sp’. The introduction of pore structures
in carbon materials can increase the surface area, ac-
celerate the electrode/electrolyte contact, and shorten
the diffusion distance of ions/electrons. Heteroatom
doping can enhance the defective sites within the car-
bon material, thus providing more active sites for en-
ergy storage. It is found that the co-doping of differ-
ent heteroatoms could improve the electrochemical
properties of carbon anode materials by synergistic ef-
fects. Hybrid carbon materials possess excellent po-
tassium storage performance through the combination
of sp, sp” and sp’ carbons. The composite structure can
adjust the K" storage mechanism by combining differ-
ent types of precursors, resulting in anode materials
with  balanced potassium storage properties.
Moreover, the assembly of potassium storage full
devices is reviewed according to the structure and
electrochemical relationship of advanced anode ma-
terials.

Despite considerable progress has been made to
date, the following challenges and opportunities may
exist as the researches on carbon-based anodes pro-
gress.

(1) When advanced carbon anode materials are
designed, the comprehensive properties of potassium
storage should be considered. The research of electro-
chemical potassium storage in carbon materials is
mainly in two directions: low potential and high capa-
city/high rate. The existing carbon anode materials
have problems in balancing low potential potassium
storage and high capacity/high rate performance, and
further development is needed to optimize the carbon
structure.

(2) Graphite has been attracting much attention
as the most mature anode electrode for commercial

batteries. However, the intercalating of large radius K"

causes the collapse of the graphite structure during
cycling. In order to improve the electrochemical prop-
erties of graphite in K' storage, many efforts have
been made such as electrolyte development, electro-
lyte formulation optimization and morphology design
of electrodes. Yet the cycle stability of the optimized
graphite anode still does not meet the requirements for
practical applications.

(3) For PIBs, the mechanisms of potassium stor-
age in graphite and soft carbon have been well invest-
igated. However, the complexity and uncertainty of
the hard carbon structure result in controversy of the
electrochemical mechanism, which requires further
studies on the storage behavior of K' in hard carbon.
In addition, the control of graphitized microdomains,
defects and nanopores in hard carbon is critically im-
portant for potassium storage. Thus, it is urgent to un-
derstand the relevant mechanism driving the rational
design of hard carbon.

(4) In the implementation of the whole device,
the anode and cathode need to be matched thermody-
namically and kinetically. Moreover, a clear under-
standing of the reaction mechanism for the electrodes
is required to give full play to the high-performance
potassium storage advantages of the electrode materi-
als. And the mass of the electrode materials needs to

be carefully calculated and matched.
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