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A B S T R A C T   

The development of stable and durable phosphorus anodes for potassium-ion batteries (PIBs) has been retarded 
by a sluggish reaction kinetics and a notorious volume change with an ambiguous reaction mechanism upon 
cycling. Herein, the phosphorus nanoparticles have been rationally encapsulated into a commercial porous 
carbon through an evaporation-condensation strategy. Benefitted from the improved structural integrity/sta
bility of electronically/ionically insulating phosphorus in a conductive/robust carbon matrix with abundant K+/ 
electron migration channels, the phosphorus/carbon anode material with an appropriate phosphorus content 
(59.4 wt%) would achieve a large initial charging capacity of 744 mA h g− 1 at 100 mA g− 1 and a highly 
reversible capacity of 212 mA h g− 1 at 3200 mA g− 1 over 10,000 cycles with a superior rate capability of 287 mA 
h g− 1 at 11,200 mA g− 1. Simultaneously, the electrochemical importance of phosphorus loading on potassium 
storage capability of derived phosphorus/carbon composites was also uncovered. Critically, the noticeable 
capacitive intercalation/extraction of K+ in carbon nanostructure would significantly boost the charge storage 
process and promote the electrochemical performance of phosphorus/carbon anode. In terms of reaction 
mechanism for phosphorus/carbon anode, the active phosphorus would prefer to proceed a potassiation below 
0.5 V upon discharging and a depotassiation below 1.0 V upon charging, accompanied by a reversible emer
gence/decomposition of K4P3. This novel study shedding lights on nanostructure design and mechanism clari
fication of phosphorus anode would contribute to the development of high-energy and long-life PIBs in practical 
applications.   

1. Introduction 

Confronting with an ever-increasing serious environmental pollution 
in parallel with a rapid depletion of traditional fossil fuel, lithium-ion 
batteries (LIBs), as the predominant power enablers for consumer elec
tronics in last decades, have been proposed to drive the electric vehicles 
(EVs) and store the renewable energy in smart grids [1,2]. However, the 
geologically scarce lithium reserves, accompanied by the rocketing 
prices of lithium resources in the forecasted huge demand on trans
portation electrification and grid construction, have stimulated the 
continuous pursuits of sustainable, affordable, and reliable energy 
storage systems utilizing replaced charge carriers with an excellent 

working safety, a high energy density, and a long operating durability 
[3]. While the sodium-ion batteries (SIBs) were firstly revisited, the 
potassium-ion batteries (PIBs) have been further developed for natural 
abundance and environmental benignity of potassium resources without 
toxicity [4–7]. In earth’s crust, the elemental content of potassium can 
reach 1.5 wt%, which is almost 900 times higher than that of lithium 
(0.0017 wt%), dramatically reducing the manufacturing cost of PIBs 
with potential applications in large-scale energy storage [6–8]. 
Compared with negative standard potentials for Li/Li+ (− 3.04 V) and 
Na/Na+ (− 2.71 V) vs. Standard Hydrogen Electrode (S.H.E.), a desirable 
redox potential of K/K+ at − 2.93 V (vs. S.H.E) could promise a high 
operating voltage and a considerable energy density [6–8]. Additionally, 
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the relatively weaker Lewis acidity for K+ than those for Li+ and Na+

could obviously favor the formation of smaller solvated compounds with 
a higher ionic conductivity in electrolyte, while a low desolvation en
ergy of K+ would further accelerate its diffusion across electro
de/electrolyte interface, leading to an exceptional rate capability [5]. 
Unfortunately, the shift of charge carrier from Li+ to K+ with the in
creases of atomic mass (6.94 vs. 39.1 g mol− 1) and ionic radius (76 vs. 
138 pm) would inevitably diminish the reaction kinetics in electrodes 
and subsequently challenge their structure stability upon huge volume 
variation during the potassiation/depotassiation, further deteriorating 
the electrochemical reversibility and durability of PIBs [9,10]. There
fore, it is still necessary to rationally design and construct a stable yet 
efficient host material with abundant ion diffusion and electron trans
port channels for overcoming the sluggish solid-state diffusion and ac
commodating the repeated intercalation/extraction of large-sized K+. 

In terms of anode materials, the potassium metal was instantly de
nied as a safe anode for PIBs, due to its extremely low melting point 
(63.3 ◦C), violent reactivity toward electrolytes, and unavoidable 
dendrite formation upon potassium plating/stripping [8]. The devel
opment of suitable anode materials has been concentrating on the 
conventional graphite anode, which can reversibly intercalate Li+ and 
K+ with the generation of thermodynamically stable graphite interca
lation compounds (GICs) [11,12]. Ji’s group has firstly revisited the 
room-temperature intercalation of K+ into layer-structured graphite 
anode through liquid electrolyte with a large reversible capacity of 273 
mA h g− 1 in the formation of KC8 upon potassiation [13], which was 
later confirmed by Komaba and colleagues [14]. Interestingly, this 
breakthrough has further inspired the successful applications of various 
carbon materials, including graphitic carbon [15,16], disordered carbon 
[17,18], and soft carbon [19,20], as highly reversible and durable an
odes for PIBs. Although different heteroatom doping approaches 
[21–27], rational nanostructure designs [28–31], and defect engineer
ing [32] have been sucessively employed to boost the electrochemical 
performances of carbon anode materials, their reversible capacities and 
cycle life can hardly satisfy the stringent requirements in building 
high-energy PIBs for large-scale grid energy storage. At the same time, 
substantial efforts have been devoted to developing high-capacity 
alloy-type (tin-based [35–37], antimony-based [38–41], 
bismuth-based [42–44], etc.) and conversion-type (oxides [45–47], 
sulfides [48–51], selenides [52–55], nitride [56], etc.) anode materials 
for PIBs. Even though the combination of nanostructured anode mate
rials with highly conductive carbon could partially alleviate the poor 
electrical conductivity and severe structural instability upon cycling, 
their reversible capacities still cannot exceed 600 mA h g− 1 with a 
limited electrochemical durability below 200 cycles at a low current 
density, while the relatively high operating voltage range would further 
decrease the practical energy densities for these anode materials. 

Particularly, the commercially available and relatively stable red 
phosphorus (P), which used to be recognized as a promising anode 
material of LIBs and SIBs for its ultrahigh theoretical capacity (2596 mA 
h g− 1) and a desirable redox potential (< 0.6 V) in a three-electron 
alloying reaction [57–61], has recaptured the scientific interests from 
electrochemical energy storage field as a competitive anode material for 
PIBs [62–64]. The first attempt on designing phosphorus-based anode 
materials for PIBs has been made by Zaiping Guo and colleagues for 
Sn4P3/C composite with a good reversible capacity and an acceptable 
cycle life [65]. However, the notorious large volume expansion/
shrinkage of phosphorus upon potassiation/depotassiation in 
multi-electron alloying/dealloying reactions would continuously shaken 
its inner structure stability, then trigger the gradual collapse of active 
materials, and ultimately generate the electrode pulverization, resulting 
in a continuous depletion of electrolyte upon solid electrolyte interphase 
(SEI) formation and a rapid capacity degradation upon cycling. Worse 
still, an inferior electrical conductivity for red P (~ 10− 14 S cm− 1) would 
obviously increase the electrochemical polarization and reduce the 
utilization of active phosphorus, further compromising its rate 

capability [64]. To buffer the huge volumetric change and facilitate the 
electron/ion migrations during electrochemical reactions, the red P has 
been either mechanically milled with conductive carbon materials 
(graphite [66,67], porous carbon [68,69], carbon composites [70], etc.), 
or chemically combined with electrochemical inactive materials (CoP 
[71,72], FeP [73–75], etc.) and electrochemically active materials (GeP5 
[76], Sn4P3 [77,78], SnP3 [79], Se-P [80,81], etc.). Admittedly, the 
downsized phosphorus particles with a weakened mechanical stress and 
an improved structural stability would have abundant short pathways 
for electron transport and ion diffusion, the highly active phosphorus 
composites with rich surface defects and large surface areas would 
induce their severe parasitic reactions with reactive electro
lytes/ambient air and further sacrifice the electrochemical activity/r
eversibility upon discharging/charging processes [68]. At the same 
time, an evaporation-condensation strategy, which could spontaneously 
introduce sublimed phosphorus vapor into highly conductive/robust/
flexible carbon matrixes through capillary force and pressure difference, 
has been developed to accommodate the large volume variation and 
facilitate electron/ion migrations upon alloying/dealloying of phos
phorus anodes [82–89]. The similar nanoconfinements of phosphorus 
have also been undertaken in various carbon nanostructures, including 
activated carbon [90], carbon nanotube-backboned mesoporous carbon 
[91], reduced graphene oxide [92], three-dimensional carbon nanosheet 
framework [93], N-doped porous hollow carbon nanofibers [94], hollow 
carbon [95], etc. Specifically, the strikingly different alloying reactions 
between phosphorus and potassium would determine the theoretical 
capacities (865 mA h g− 1 for KP, 1154 mA h g− 1 for K4P3, and 2596 mA 
h g− 1 for K3P) and volume expansion rates (232% for KP, 293% for K4P3, 
and 593% for K3P) of discharged phosphorus anode materials. Intrigu
ingly, Xu’s group reported the formation of KP in the discharged phos
phorus/carbon (P/C) electrode with a first charge capacity of 715 mA h 
g− 1 at 100 mA g− 1 (based on the content of red P) [93], while a dis
charged product of K4P3 was observed during the potassiation of phos
phorus filled in N-doped porous hollow carbon nanofibers, yielding a 
large initial reversible capacity of 805 mA h g− 1 at 100 mA g− 1 with an 
81% capacity retention after 100 cycles [94]. Furthermore, Zaiping 
Guo’s group uncovered the emergence of K3P in the potassiation of 
Sn3P4 anode and achieved a stable capacity of 403 mA h g− 1 at 50 mA 
g− 1 over 200 cycles in KFSI-based electrolyte [78]. Concurrently, the 
critical effects of phosphorus loading in derived composites on the 
physicochemical and electrochemical properties of phosphorus-based 
anode materials have chronically been ignored in the previous 
research works. Moreover, the larger ionic size for K+ than that for Na+

and Li+ would severely challenge the structural integrity/stability of 
phosphorus anode materials with a huge volume change upon 
multi-electron alloying/dealloying reactions and further demand the 
rational designs of robust/conductive/porous/inexpensive carbon 
nanostructure to cushion the huge volumetric expansion/shrinkage of 
phosphorus upon discharging/charging. To further boost the electro
chemical properties of phosphorus anode materials, it is also imperative 
to clarify the underlying potassium storage mechanism and make the 
utmost of active phosphorus in advanced carbon nanostructures upon 
potassiation/depotassiation toward a large reversible capacity, a long 
cycle life, an excellent rate capability, and a high energy density. 

In this regard, we have rationally confined the red P nanoparticles 
into a commercially available and inexpensive porous carbon with a 
high surface area and a large pore volume through a facile evaporation- 
condensation route. This highly conductive and porous carbon matrix 
would not only offer abundant electron transport pathways for electri
cally/ionically insulating phosphorus nanoparticles, but also guarantee 
their convenient access to electrolyte with an exceptional K+ diffusion 
capability. Simultaneously, the tremendous internal mechanical strain 
produced in huge volume change of phosphorus nanoparticles upon 
potassiation/depotassiation can be greatly relieved by this flexible and 
porous carbon nanostructure without structural collapse and electrode 
fracture. Benefitted from the significantly improved electronic/ionic 
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conductivities and outstanding structural integrity/stability, the P/C 
composite with an appropriate loading of phosphorus in porous carbon 
could proceed the efficient alloying/dealloying reactions with the 
reversible emergence/decomposition of K4P3, leading to a large initial 
charge capacity of 744 mA h g− 1 at 100 mA g− 1 and a highly reversible 
capacity of 212 mA h g− 1 at 3200 mA g− 1 after 10,000 cycles. With the 
assistance of a noticeable pseudocapacitive behavior, this P/C composite 
could further achieve a superior rate capability of 287 mA h g− 1 at 
11,200 mA g− 1. Concurrently, the underlying reaction mechanism of P/ 
C anode upon potassiation/depotassiation was also revealed by elec
trochemical and spectroscopic characterizations. The outstanding elec
trochemical properties for this P/C composite with a low manufacturing 
cost and a high industrial scalability could open up a strategic avenue for 
developing high-capacity and long-life anode materials for high-energy 
PIBs. 

2. Experimental 

2.1. Materials synthesis 

The porous carbon (Ketjen Black, EC600JD, Lion Speciality Chem
icals Co. LTD.) was firstly hand grinded with commercial red P (98.5%, 
Aladdin Industrial Co. LTD.) in agate mortar for 10 min and then sealed 
in a quartz tube under vacuum. Importantly, the mixture in a sealed 
capsule was initially heated at 500 ◦C for 6 h at a heating rate of 2 ◦C 
min− 1 to fully sublime the red P and further kept at 300 ◦C for 24 h at a 
cooling rate of 1 ◦C min− 1 to efficiently convert condensational white 
phosphorus to stable red P. The as-synthesized P/C composite was 
carefully collected in an Ar-filled glove box, subsequently washed by 
carbon disulfide to eliminate residual white phosphorus and water/ 
ethanol to remove impurities. After driing at 60 ◦C for 12 h in a vacuum 
oven, the P/C composite was immediately collected and stored in a Ar- 
filled glove box to prevent its surface oxidation in ambient air[68]. 
Specifically, the as-obtained P/C composite, thermally derived from the 
pristine mixture in a mass ratio of 1:1, 2:1, and 4:1 for red P to porous 
carbon, was denoted as P-C-1, P-C-2, and P-C-4, respectively. 

2.2. Physical characterizations 

The crystalline structures for P/C composites and discharged prod
ucts were analyzed by X-ray Diffraction (XRD) utilizing a Bruker D8 
Advance (Cu-Kα source, 40 kV, 40 mA) spectrometer, and the Raman 
scattering spectra were recorded by a Horiba Scientific LabRAM HR 
evolution spectrometer using a 532 nm laser at room temperature. 
Meanwhile, a Thermo Fisher ESCALAB Xi+ instrument was employed to 
identify the elemental compositions and valence states of P/C compos
ites by X-ray photoemission spectroscopy (XPS). The Thermogravimetric 
Analysis (TAG) experiments were further conducted by a Mettler Toledo 
TG-DSC Simultaneous Thermal Analyzer. Additionally, the nitrogen 
adsorption/desorption isotherms with the corresponding pore size dis
tributions were performed by a Micromeritics ASAP 2460 Accelerated 
Surface Area and Porosimetry System. Moreover, the morphologies of P/ 
C composites were observed by a Zeiss Gemini 300 scanning electron 
microscope (SEM) operated at 5 keV, while a JEOL JEM-F200 (HR) Field 
Emission Transmission Electron Microscope (TEM) equipped with an 
energy-dispersive X-ray spectrometer (EDX) was applied to study the 
microstructures and elemental mappings. 

2.3. Electrochemical measurements 

In the fabrication of P/C electrodes, 70 wt% P/C composite as active 
material, 15 wt% acetylene black as conductive agent, and 15 wt% so
dium alginate (MP Biomedicals) as polymer binder were manually 
mixed and then dissolved into a suitable amount of water. The as- 
obtained homogeneous slurry was subsequently casted onto copper 
foil as current collector, further dried at 60 ◦C overnight in a vacuum 

oven, finally punched into ½ inch pellets with an average mass loading 
of ~ 1.0 mg cm− 2 for active material. The conventional 2032-type coin 
cells in a half-cell configuration, consisting of a fresh potassium metal as 
anode, a polypropylene membrane (Celgard 2400) as separator, and a P/ 
C electrode as cathode in liquid electrolyte, were assembled in an Ar- 
filled glove box to investigate the electrochemical properties of P/C 
composites. In this case, the liquid electrolyte was composed of 1.0 M 
KFSI in a mixing solution of ethylene carbonate (EC) and diethyl car
bonate (DEC) with a volume ratio of 1:1. The electrochemical behaviors 
were characterized by cyclic voltammetry (CV) applying a Princeton 
ParSTAT MC 2000A electrochemical station at different scanning rates, 
while the galvanostatic charge/discharge performances were further 
evaluated by a Neware CT4000 battery testing system between 0.001 
and 2.5 V (vs. K/K+) at various current densities under room tempera
ture. The galvanostatic intermittent titration (GITT) measurements were 
carried out by discharging/charging the cell for 10 min at a current 
density of 50 mA g− 1 with a subsequent 2 h relaxation at an open-circuit 
state. Particularly, all specific capacities were calculated based on the 
total weight of P/C composite. 

3. Results and discussions 

The preparation of P/C composites following a typical evaporation- 
condensation method, as illustrated in Fig. 1, initiated from the uni
form mixing of pristine phosphorus with porous carbon, then conducted 
a complete sublimation of red P under vacuum at 500 ◦C, subsequently 
proceeded a gradual condensation of phosphorus vapor in porous car
bon above 300 ◦C through capillary force, and further undertook a long- 
lasting conversion from volatile white phosphorus to stable red P at 
300 ◦C. Additionally, the as-obtained P/C composites were carefully 
washed by carbon disulfide solvent to eliminate residual white phos
phorus and water/ethanol to remove impurities before vacuum drying 
and immediately transferred into an Ar-filled glove box for storage to 
inhibit the surface oxidation [68]. To investigate the effects of phos
phorus loading on electrochemical properties, different mass ratios of 
red P to porous carbon (1:1, 2:1, and 4:1) in the pristine mixture were 
adopted in the fabrication of P/C composites (P-C-1, P-C-2, and P-C-4). 

To confirm the coexistence of phosphorus and carbon in various P/C 
composites, the XRD was primarily employed to identify their micro
structures, as shown in Fig. 2(a). When it comes to pristine red P, an 
obvious peak around 15.3◦ and a broad peak around 34.0◦ can be 
separately indexed to (013) and (31− 8) diffraction planes for mono
clinic phosphorus (JCPDS No. 00-044-0906, space group of P2/c) with a 
medium-range ordered structure [83,96]. In terms of various P/C 
composites, the (013) and (31− 8) peaks would firstly appear with a 
diminished intensity and then sharpen with an enhanced intensity, 
signifying the efficient confinement of phosphorus into porous carbon 
and effective preservation of phosphorus features. In addition, the 
gradual emergences of (11− 7), (− 218), and (026) peaks at 27.4◦, 30.8◦, 
and 31.3◦ further proved the formation of crystalline red P in derived 
composites after thermal treatments, while this dominant phase in P/C 
composites would become more obvious with an increase of initial 
content for phosphorus in the pristine mixture with porous carbon 
[97–99]. The similar results were also observed by Raman spectra in 
Fig. 2(b). Specifically, a series of features in the range of 300–500 cm− 1 

should be attributed to P‒P bonding in pristine red P, while two sharp 
peaks at 1338 and 1594 cm− 1 separately corresponded to a D band of sp3 

disordered structure and a G band of sp2 graphitic phase in amorphous 
porous carbon [68,100–103]. Interestingly, both carbon and phosphorus 
features can be retained in derived materials, further verifying the 
concurrence of phosphorus and carbon in P/C composites. The increase 
of peak intensities for phosphorus features in Raman spectra conforms to 
the sharpening tendency of phosphorus characteristics in XRD patterns 
for P/C composites, hinting at a gradual increase of phosphorus loading. 
As seen by full survey XPS for different P/C composites in Fig. 2(c), the 
phosphorus and carbon elements coexisted in derived materials with the 
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negligible oxygen contaminations. Furthermore, the high-resolution P 
2p XPS for P-C-2 in Fig. 2(d) could be deconvoluted into three peaks, 
involving a strong peak at 129.8 eV for P‒P bonding in P 2p2/3 feature, a 
noticeable peak at 130.6 eV for P‒P bonding in P 2p1/3 characteristic, 
and a weak peak at 133.9 eV for P‒O bonding. The similar peak-fittings 
of P 2p XPS for P-C-1 and P-C-4 can also be found in Supporting infor
mation (Figs. S1 and S2). According to TGA results in Fig. 2(e), the 
phosphorus contents for P-C-1, P-C-2, and P-C-4 were determined as 
49.6 wt%, 59.4 wt%, and 65.4 wt%, respectively, which are consistent 
with previous findings in XRD patterns and Raman spectra for different 
P/C composites. Moreover, the Brunauer–Emmett–Teller (BET) surface 
area and total pore volume would apparently decrease from 1765.4 m2 

g− 1/3.04 cm3 g− 1 for porous carbon to 182.1 m2 g− 1/0.77 cm3 g− 1 for 
P-C-1, 161.9 m2 g− 1/0.72 cm3 g− 1 for P-C-2, and 37.9 m2 g− 1/0.25 cm3 

g− 1 for P-C-4. Considering the obvious type-IV characteristics for ni
trogen adsorption/desorption isotherms in Fig. S3 with a small hyster
esis loop at a medium-pressure range, the porous carbon should possess 
a large amount of mesopores, which was further identified by Bar
rett–Joyner–Halenda (BJH) pore size distributions in Fig. 2(f) [96]. 
Appealingly, the huge pore volumes for mesopores in the size range of 

2.0–10 nm were notably reduced upon loading phosphorus into porous 
carbon, implying the efficient encapsulation of phosphorus nano
particles into mesopores. Importantly, the rich mesopores in porous 
carbon would not only ensure a facile electrolyte permeation and enable 
a rapid ion diffusion across electrode/electrolyte interface, but also 
accommodate the huge volume change of phosphorus upon potassiation 
through large inner void spaces. Even though the phosphorus nano
particles can be both encapsulated into mesopores [84,104,105] and 
micropores [87,106] for carbon nanomaterials, the effective nano
confinement of phosphorus into micropores would require an 
energy-consuming vaporization process at the very high temperature (~ 
900 ◦C) to promise an efficient diffusion of phosphorus vapor into 
limited microporous structures [87,106]. Conversely, the mesopores 
featured with a huge surface area and a large internal space could easily 
absorb more phosphorus nanoparticles through a strong capillary force 
and an obvious pressure difference, effectively accommodate the large 
volume change of phosphorus nanoparticles upon potassiation/depo
tassiation, and further ensure a rapid permeation of liquid electrolyte 
across electronically/ionically insulating phosphorus, leading to a su
perior electrochemical performance of phosphorus/carbon anode. 

Fig. 1. Schematic diagram of synthesis procedure for P/C composite.  

Fig. 2. Physical properties for various P/C composites. (a) XRD patterns for red P and different P/C composites. (b) Raman spectra for red P, porous carbon, and 
different P/C composites. (c) The full survey XPS for different P/C composites. (d) The high-resolution P 2p XPS for P-C-2. (e) TGA results for different P/C com
posites. (f) Pore size distributions for porous carbon and different P/C composites. 
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Meanwhile, the SEM and TEM techniques were also applied to 
observe the morphologies and structures of different P/C composites for 
validating the successful confinement of red phosphorus into porous 
carbon. Compared with the pristine carbon nanomaterials with an 
average diameter of 30–50 nm in Fig. S4, the as-obtained P/C nano
particles with an even distribution barely changed their shapes and sizes 
in Fig. 3(a–f), manifesting the effective retention of conductive carbon 
matrix without destructing the porous nanostructure after phosphorus 
impregnation. Regardless of a partial nanoparticle agglomeration in 
Fig. 3(g) for P-C-2, the pristine porous and conductive frameworks in 
irregular shapes can still be reserved upon loading phosphorus into 
porous carbon. With the assistance of scanning transmission electron 
microscopy (STEM) in Fig. 3(h and i) and the corresponding EDX 
mappings in Fig. 3(j and k), the carbon and phosphorus elements were 
found to be uniformly distributed in the composite of P-C-2, implying a 
homogeneous elemental combination of phosphorus with carbon. 

Furthermore, the CV tests in Fig. 4(a–c) with a voltage range of 
0.001–2.5 V (vs. K/K+) at a scan rate of 0.2 mV s− 1 were conducted to 
understand the influences of different phosphorus loadings on the 
electrochemical behaviors of various P/C composites. Particularly, a 
distinct broad peak around 0.62 V in the first potassiation process 
without appearance in the following cycles should be related to an 
inevitable decomposition of electrolyte in a irreversible formation of SEI 
upon discharging [107]. During the discharging (potassiation) pro
cesses, the noticeable cathodic peaks at 0.97 V indicated the intercala
tion of K+ into porous carbon, and sharp peaks around 0.001 V reflected 
a stepwise phase conversion from red P to KxP compound, while the 
obvious features at 0.84 V and 1.74 V in the subsequent anodic pro
cesses should represent the corresponding reversible phase trans
formation during depotassiation [94]. While the overlapping positions 
and shapes for reversible cathodic and anodic peaks in several cycles 
partially testified their electrochemical reversibility during the dis
charging/charging processes, the change of peak intensities further 

pointed out the differences on the electrochemical activity and dura
bility for various P/C composites, which were also identified by the 
galvanotactic discharge-charge measurements at a current density of 
200 mA g− 1 in Fig. 4(d–f). In the first cycle, the P-C-2 anode material 
would deliver a large discharging capacity of 1258 mA h g− 1 and a 
highly reversible capacity of 739 mA h g− 1 with an initial coulombic 
efficiency of 58.8%, while the P-C-1 and P-C-4 anode materials could 
display relatively lower discharging/charging capacities of 1073/525 
and 864/502 mA h g− 1, signifying the key role of phosphorus loading in 
P/C composite. It is noteworthy that the sloping plateau below 1.0 V in 
the first discharging process correlated well with the irreversible 
cathodic peak around 0.62 V in the emergence of SEI layer. In the 
following cycles, a sloping region between 1.5 and 0.5 V and a reversible 
discharging plateau below 0.5 V separately agreed well with a repeat
able cathodic peak at 0.97 V and a sharp peak around 0.001 V, while the 
subsequent anodic features around 0.84 and 1.74 V can be respectively 
observed in a highly stable charging plateau around 0.75 V and a 
gradually vanished stage above 1.5 V. Specifically, the P-C-2 anode 
material could exhibit highly stable charging capacities of 683, 635, 
595, 572, 551, 520, and 512 mA h g− 1 in the 5th, 10th, 25th, 50th, 
100th, 150th, and 200th cycle, respectively. When it comes to P-C-1 
anode material, the reversible capacity slowly decreased from 
500 mA h g− 1 in the 5th cycle to 400 mA h g− 1 in the 200th cycle, while 
the charging capacity for P-C-4 anode material rapidly diminished to 
283 mA h g− 1 after 200 cycles. Importantly, this fast capacity decay, 
associated with the severe voltage hysteresis and gradual degradations 
of discharging/charging plateaus, should be basically ascribed to the 
structural incapability and instability of porous carbon in accommoda
ting the formidable volume change of high-loading phosphorus in P/C 
composite upon potassiation/depotassiation. Considering the strikingly 
different electrochemical properties for various P/C composites with 
different phosphorus contents, it is still critical to balance the phos
phorus loading for reversible capacity/volume variation against the 

Fig. 3. Morphologies and structures for various P/C composites. SEM images for (a, b) P-C-1, (c, d) P-C-2, and (e, f) P-C-4. (g) TEM image, (h, i) STEM image, and the 
corresponding elemental mappings of (j) C and (k) P for P-C-2. 
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structural integrity/stability of carbon host for electrochemical rever
sibility/durability in the pursuit of high-energy and long-life phosphorus 
anode materials. 

Moreover, the dramatically different electrochemical performances 
were also verified by cycle performances for various P/C composites. As 
shown in Fig. 5(a), the P-C-2 anode material would present a highest 
charging capacity of 512 mA h g− 1 among various P/C composites with 
a 69.2% capacity retention after 200 cycles at a low current density of 
200 mA g− 1, while the corresponding reversible capacities for P-C-1 and 
P-C-4 can only stabilize around 400 and 283 mA h g− 1 with the capacity 
retention rates of 76.1% and 56.6%, respectively. On the one hand, a 
low phosphorus loading in P/C composite may partially reduce the 
volumetric variation degree of phosphorus upon potassiation/depot
assiation, but the subsequent decrease of reversible capacity would 
further diminish the practical energy density of P/C anode. On the other 
hand, a high phosphorus content in P/C composite, accompanied by a 
huge volume change upon discharging/charging, could severely chal
lenge the structural integrity/stability of P/C anode and then give rise to 
a rapid capacity degradation. Consequently, it is still crucial to select a 
desirable phosphorus loading in P/C anode material for balancing the 
reversible capacity against cycle life and maximizing the electro
chemical reversibility/durability. Intriguingly, the similar electro
chemical differences can be further seen in the comparison of cycle 
performances for various P/C composites at a current density of 
400 mA g− 1 (Fig. 5(b)). The P-C-2 anode material could deliver a large 
reversible capacity of 444 mA h g− 1 with a 61.3% capacity retention 
after 500 cycles, while the P-C-1 and P-C-4 would separately display 
charging capacities of 333 and 194 mA h g− 1 with capacity retention 
rates of 75.3% and 42.8%. When cycled at a current density of 
800 mA g− 1 over 1000 cycles in Fig. 5(c), the P-C-2 anode material 
would obtain a highly stable charging capacity of 368 mA h g− 1 with a 
57.7% capacity retention. Conversely, the corresponding values for P-C- 
1 and P-C-4 would gradually drop to 270 and 162 mA h g− 1, repre
senting the capacity retention rates of 69.0% and 42.8%, respectively. 
Surprisingly, a highly reversible capacity of 310 mA h g− 1 with a 55.9% 
capacity retention can still be achieved for P-C-2 anode materials after 
cycling at 1600 mA g− 1 over 2000 cycles in Fig. 5(d). At the same time, 

the counterpart charging capacities for P-C-1 and P-C-4 can merely 
reach 211 and 129 mA h g− 1, corresponding to the capacity retention 
rates of 61.3% and 38.5%, respectively. Regardless of the relatively low 
initial coulombic efficiencies, the superior electrochemical stability and 
durability for P-C-2 anode material with an appropriate phosphorus 
loading should be originated from its remarkably enhanced structural 
integrity in stable/flexible nanostructure against large volumetric 
expansion/shrinkage and significantly improved electron transport/ion 
diffusion capabilities in conductive/porous matrix. 

The outstanding rate capability and cycle stability of P-C-2 anode 
material were also identified in comparison of electrochemical perfor
mances for various P/C composites. As displayed in Fig. 6(a and b), the 
P-C-2 anode material was able to deliver large reversible capacities of 
696, 630, 583, 537, and 492 mA h g− 1 in the 5th, 15th, 25th, 35th, and 
45th cycle at current densities of 100, 200, 400, 800, and 1600 mA g− 1, 
respectively. Concurrently, the P-C-1 anode material could attain 
reduced charging capacities of 554, 504, 478, 443, and 392 mA h g− 1 at 
current densities of 100, 200, 400, 800, and 1600 mA g− 1, respectively. 
When it comes to P-C-4 anode material, the reversible capacities quickly 
diminished to 471, 332, 262, 225, and 191 mA h g− 1 at current densities 
of 100, 200, 400, 800, and 1600 mA g− 1, respectively. Further 
increasing the current density, the P-C-2 anode material could still 
maintain highly stable reversible capacities of 452, 422, 391, 359, and 
324 mA h g− 1 in the 55th, 65th, 75th, 85th, and 95th cycle at current 
densities of 3200, 4800, 6400, 8000, and 9600 mA g− 1, respectively. 
Unfortunately, the corresponding charging capacities for P-C-1 anode 
material would separately decline to 331, 314, 301, 281, and 
266 mA h g− 1, while the P-C-4 barely acquired reversible capacities of 
166, 150, 125, 103, and 82 mA h g− 1 at current densities of 3200, 4800, 
6400, 8000, and 9600 mA g− 1, respectively. Even when the current 
density was increased to 11,200 mA g− 1, the P-C-2 anode material could 
still retain a highly reversible charging capacity of 287 mA h g− 1 in the 
105th cycle, which was higher than 251 mA h g− 1 for P-C-1 and 
74 mA h g− 1 for P-C-4, hinting at a superior electrochemical adapt
ability of P-C-2 anode material to an extremely large current density 
through an unique confinement of phosphorus nanoparticles into 
conductive/porous carbon host with prominently enhanced electron 

Fig. 4. Electrochemical behaviors for various P/C composites. CV curves for (a) P-C-1, (b) P-C-2, and (c) P-C-4 at a scan rate of 0.2 mV s− 1. Discharging and charging 
profiles for (d) P-C-1, (e) P-C-2, and (f) P-C-4 at a current density of 200 mA g− 1. 
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transport coefficient and ion diffusion rate. Additionally, this reversible 
capacity for P-C-2 anode material could gradually return back to 
701 mA h g− 1 in the 115th cycle upon cycling at 100 mA h g− 1, further 
implying its outstanding structural stability and integrity toward 
different volume changes at varying current densities. Even cycled at a 
large current density of 3200 mA g− 1 over 10,000 cycles in Fig. 6(c), a 
highly reversible capacity of 212 mA h g− 1 with a negligible 0.00597% 
capacity loss per cycle can still be achieved for P-C-2 anode material, 
while the coulombic efficiencies could immediately approach almost 
100% after the gradual formation of SEI layer in the initial 20 cycles. 
Appealingly, an outstanding rate capability and a superior cycle stability 
for P-C-2 anode material have surpassed the electrochemical results in 
most previous reports regarding phosphorus anode materials for PIBs 
(Fig. S17(a and b)) [65–67,70–80,91–95,108,109], suggesting a broad 
application foreground of loading substantial phosphorus into various 
carbon hosts as highly reversible and stable anode materials for 
high-energy and long-life PIBs. Even among the prevailing anode ma
terials (intercalation-type, alloy-type, and conversion-type) for PIB, this 
phosphorus/carbon anode materials still occupied a highly competitive 
position in the comparison of electrochemical performance [10,64, 
110–112]. Particularly, the carbon matrix in P/C composite would not 
only buffer the tremendous volume changes for phosphorus nano
particles and maintain the structural integrity of anode upon continuous 
potassiation/depotassiation, but also facilitate the electron transport 

across the insulating phosphorus materials via conductive networks and 
ensure a rapid ion diffusion in electrode/electrolyte interface through 
porous nanostructure, contributing to an ultralarge reversible capacity 
and an ultralong cycle life with an extraordinary rate capability for P/C 
anode material. 

In view of an exceptional electrochemical performance for P-C-2 
anode material, the CV measurements were performed at scan rates of 
0.2–2.0 mV s− 1 in Fig. 7(a) to decipher the fundamental reaction ki
netics and potassium storage mechanism. Critically, the charge storage 
of different anode materials upon potassiation/depotassiation is not 
only relying on the diffusion-controlled faradic reactions of K+ inter
calation/alloying/conversion from internal structure, but also depen
dent on the capacitance-dominated interfacial reactions of K+

adsorption/desorption on defective surface [24–27,30,32,38,39,41,44, 
49,50,53,56]. Generally, the electrochemical energy can be stored in 
electrical double-layer capacitors (EDLCs), pseudocapacitors, and bat
teries, which possess quite different charge storage mechanisms [113]. 
Primarily, the EDLCs would perform an electrostatic accumulation of 
charges through reversible chemical adsorption/desorption of anion
s/cations and physical formation/decomposition of electrical double 
layer at electrode/electrolyte interface without any faradic redox re
actions or phase transformations for electrodes [114]. In the view of this 
capacitive reaction, the capacitance for EDLCs is proportional to the 
specific surface area of active electrode. Conversely, the batteries would 

Fig. 5. Electrochemical performances for various P/C composites. Cycle performances for various P/C composites at current densities of (a) 200 mA g− 1, (b) 
400 mA g− 1, (c) 800 mA g− 1, and (d) 1600 mA g− 1. 
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proceed a faradic redox charge storage process and a conspicuous phase 
transformation on electrode via intercalation/alloying/conversion re
actions. Namely, the EDLCs would conduct a surface-dominated 
capacitive reaction with a high power density, while the batteries 
would carry out a solid-state diffusion-controlled redox reaction with a 
high energy density. Appealingly, the pseudocapacitors would balance 
the power density against energy density for electrochemical energy 
storage systems by incorporating the high-rate capacitive reactions of 
EDLCs with the high-capacity redox reactions of batteries [115–119]. 
According to classical theory from Conway [120,121], the primary 
pseudocapacitance can be categorized as adsorption type, redox type, 
and intercalation type. While the adsorption pseudocapacitance in
dicates a underpotential deposition of monolayer metal on the surface of 
other metal, the redox pseudocapacitance would reflect the electro
chemical adsorption of charge carriers at or near the surface of elec
troactive electrodes with faradic charge transfer reactions and without 
any noticeable phase transformations. In terms of intercalation pseu
docapacitance, the electroactive ions would intercalate into 
two-dimensional structures during the faradic charge storage process 
but without any specified phase transformations and valence state 
changes, which is different from the traditional intercalation reaction in 
batteries with clear phase transformations in faradic redox reactions. 
Very recently, the rational designs of nanostructure and special 

morphology for electrode material would further endow the faradic 
capacitive reactions at electrode/electrolyte interfaces, which can be 
called as extrinsic pseudocapacitance, while the previous three types 
would be intrinsic pseudocapacitance [122–124]. Even though the 
phosphorus anode materials are primarily supposed to proceed a 
multi-electron alloying reaction upon potassium storage process, it is 
still urgently necessary to quantitatively recognize the surface-induced 
capacitive contribution and further reveal the basic reaction mecha
nism upon potassiation/depotassiation. Hypothetically, the relationship 
between a specific responsive current and a corresponding scan rate 
generally obeys a classical power-law formula: 

i(V) = avb (1)  

where i(V) (mA) corresponds to a specific current response at a certain 
voltage of V (V) and a corresponding sweep rate (mV s− 1), while a and b 
are adjustable parameters. According to a linear fitting of log (|i(V)|) 
versus log(v) plot, the accurate value of b at a fixed potential can be 
simply extrapolated in Fig. S18(a). Interestingly, a b value at 1.0 rep
resents a linear relation of responsive currents with scan rates in a 
capacitance-dominated charge storage process, while a b value of 0.5 
reflects a typical diffusion-controlled faradic redox reaction. Addition
ally, a b value between 0.5 and 1.0 further demonstrate the coexistence 

Fig. 6. Rate cycle performance for various P/C composites. (a) Rate performances for various P/C composites. (b) The corresponding discharging/charging profiles 
for P-C-2 at different current densities. (c) Long cycle performance for P-C-2 at a current density of 3200 mA g− 1, the inset is the corresponding discharging/ 
charging profiles. 
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of diffusive and capacitive behaviors in potassium storage process. In the 
current case, the capacitive behavior should be the surface-dominated 
faradic reaction in charge transfer process without any phase trans
formations, while the diffusive behavior should be the solid-state 
diffusion-controlled faradic redox reaction with noticeable phase 
transformations and valence state changes [115–119]. To uncover the 
charge storage mechanism of P-C-2 anode material, 80 values of b 
parameter at different voltages between 0.001 and 2.0 V in the dis
charging process were derived from Eq. (1) and further compared in 
Fig. 7(b). As the b value of 0.75 was selected as an equivalent contri
bution position, the diffusion-controlled redox reactions would happen 
at the beginning of potassiation between 2.0 and 1.35 V for K+ inter
calation into carbon and reappear at the deep discharging process be
tween 0.3 and 0.001 V for K+ alloying with phosphorus, while the 
capacitance-dominated interfacial reactions could prefer to occur in the 
middle of potassiation between 1.35 and 0.3 V. Even though the in
crease of sweep rate partially changed the voltage positions of cathodic 
and anodic peaks by electrochemical polarization, the retention of these 
features further validates the steady reaction kinetics and excellent rate 
capability for this P/C anode material. Based on the well-established 
relationship between responsive current and scan rate in Eq. (1), the 
diffusive and capacitive contributions can be further quantified in the 
following equation: 

i(V) = k1v+ k2v1/2 (2)  

where the k1v with a b value of 1.0 indicates a surface-dominated 
capacitive contribution and k2v1/2 with a b value of 0.5 demonstrates 
a solid-state diffusive contribution in a certain current response at a 
specific voltage. With the assistance of a linear fitting for i(V)/v1/2 versus 
v1/2 profile at a fixed voltage for different scan rates, the corresponding 
value of k1 could be facilely obtained. Upon plotting different k1v results 
against various potentials at a specific scan rate of v, the capacitive 
contribution to responsive current can be instantly achieved. As iden
tified in Fig. 7(c), the P-C-2 anode material would possess a considerable 
contribution of 28.1% from surface-induced capacitive reactions to 

charge storage process at a low scan rate of 0.2 mV s− 1, while the 
emerging regions for pseudocapacitive behaviors correspond well with 
the evolution of b values. Appealingly, the surface-induced capacitive 
contribution to potassium storage in Fig. 7(d) would strikingly increase 
to 36.1%, 45.6%, 51.9%, and 58.1% at scan rates of 0.4, 0.8, 1.2, and 
1.6 mV s− 1 in Fig. S18(b–f), respectively. Upon further increasing the 
scan rate to 2.0 mV s− 1, this key parameter could surprisingly reach a 
high value of 61.4%, hinting at a remarkable electrochemical contri
bution from surface-dominated capacitive reactions to charge storage 
process to an outstanding rate capability and a superior cycle stability 
for P-C-2 anode material. To further elucidate the reaction kinetics for P- 
C-2 anode material upon potassiation/depotassiation, the GITT mea
surements as depicted in Fig. 7(e) were applied to derive the K+ diffu
sion coefficients during the discharging/charging processes from the 
following equation in Fick’s second law [26,38,39,44]: 

D =
4
πτ

(
mBVm

MBS

)2(∆Es

∆Eτ

)2

, τ≪
L2

DK+

(3)  

where τ is a galvanostatic current pulse time (s), while mB, Vm, and MB 
are actual mass, molar volume, and molar mass of active material, 
respectively. Moreover, S and L are surface area and thickness for 
electrode. Importantly, ∆Es represents a voltage change of electrode at a 
steady state after the intermittent galvanostatic discharging/charging, 
while ∆Eτ reflects a voltage change of electrode at a dynamic state upon 
applying the galvanostatic discharging/charging current. In this case, 
the galvanostatic current pulse time and steady state period were set as 
10 min and 2 h at a current density of 50 mA g− 1, respectively. As the 
weight of active material and surface area of electrode can be easily 
accessed in the electrochemical experiments, the value of Vm/MB could 
be further obtained from the density of active material, yielding a 
calculated K+ diffusion coefficient at a certain potential. When plotted 
various K+ diffusion coefficients as a function of the corresponding po
tentials in Fig. 7(f), the changes of reaction kinetics upon potassiation/ 
depotassiation can be visualized. Attractively, the K+ diffusion coeffi
cient would continue to increase at the beginning of potassiation and 

Fig. 7. Reaction mechanisms for P-C-2 anode material during the discharging/charging processes. (a) CV curves at various scan rates. (b) Calculated b-values plotted 
against the battery potentials in cathodic (potassiation) process. (c) Capacitive contribution at a scan rate of 0.2 mV s− 1. (d) Contribution ratios of capacitive reaction 
at various scan rates. (e) GITT profiles of discharging/charging processes. (f) The K+ diffusion coefficients during discharging/charging processes. 
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then reach a moderate value of 0.83 × 10− 9 cm2 s− 1 at 1.0 V. After a 
gradual drop to ~ 0.61 × 10− 9 cm2 s− 1 at 0.5 V, this parameter would 
apparently increase to 1.15 × 10− 9 cm2 s− 1 at 0.2 V and maintain a high 
value at the deep discharging state, implying a superior kinetic behavior 
of solid-state diffusion-controlled redox reactions for P-C-2 anode ma
terial. In terms of charging process, the K+ diffusion coefficient would 
rapidly increase to 1.27 × 10− 9 cm2 s− 1 at 0.72 V, then gradually 
decrease to 0.60 × 10− 9 cm2 s− 1 at 1.25 V, and finally reach 
0.95 × 10− 9 cm2 s− 1 at 1.65 V, hinting at an outstanding K+ diffusion 
capability upon the depotassiation process. Overall, the effective 
confinement of phosphorus nanoparticles into porous and conductive 
carbon host could not only significantly promote the electrochemical 
contribution from surface-dominated capacitive reactions to charge 
storage process, but also remarkably boost the K+ diffusion capability 
across the solid-state electrode material and dramatically accelerate the 
diffusion-controlled redox reactions upon potassiation/depotassiation, 
further boosting the electrochemical reversibility and durability at high 
rates for P-C-2 anode material. 

In addition, the structural evolution of P/C electrode upon cycling 
was further observed in Fig. 8(a–d). Compared with the fresh electrode 
presenting a uniform distribution of P/C nanoparticles in Fig. 8(a), the 

cycled electrodes could basically retain the pristine nanostructure of P/C 
composites in Fig. 8(b–d), while the electrically insulating SEI layer 
would continue to grow on the surface of active material and stabilize 
the structure of P/C nanoparticles upon repeated potassiation/depot
assiation. When it comes to the discharged P/C electrode, the corre
sponding XRD pattern in Fig. 8(e) would exhibit three obvious peaks at 
29.5◦, 31.0◦, and 35.2◦, which can be separately assigned to (130), 
(114), and (200) planes for K4P3 (JCPDS No. 01-079-0033). As the first 
charge capacity for porous carbon could reach 150 mA h g− 1 at a cur
rent density of 100 mA g− 1 in Fig. S16, an initial reversible capacity of 
744 mA h gp+c

− 1 for P-C-2 anode material with a 59.4 wt% phosphorus 
loading should correspond to a large reversible capacity of 
1150 mA h gp

− 1 for phosphorus, which is approaching a theoretical 
specific capacity of 1154 mA h g− 1 for phosphorus in the emergence of 
K4P3 upon potassiation. Consequently, the phase identification on the 
discharged products of P-C-2 anode material agrees well with its elec
trochemical properties. Unfortunately, the reaction mechanisms of 
phosphorus anode materials in PIBs are still ambiguous in previous re
ports, while the formation of discharged product upon potassiation is 
also unclear. In the early studies, the KP was found as a major discharged 
product for black P in graphite [67] and red P on 3D carbon nanosheet 

Fig. 8. Structural evolution and phase transformation of P-C-2 anode material upon potassiation/depotassiation. SEM images for (a) pristine P-C-2 electrode and 
electrodes after (b) 10 cycles, (c) 25 cycles, and (d) 50 cycles at a current density of 200 mA g− 1. (e) XRD pattern for discharged P-C-2 electrode. (f) Structural 
evolution of P-C-2 anode material upon potassiation and cycling. (g) Ex-situ P 2p X-ray photoemission spectroscopies (in right position) for P-C-2 electrodes at 
different states (in left position) during the discharging/charging processes with a current density of 100 mA g− 1. 
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[93], accompanying by the relatively low reversible capacities. Later, 
different research groups reported K4P3 as a new discharged product for 
red P in hollow carbon nanofibers [94] and rGO coated phosphorene 
[125]. Very recently, Chen and colleagues proposed a reaction route of 
phosphorus upon potassiation, involving a stepwise transformation from 
red P to KP15, K3P11, K4P6, KP, and K4P3, respectively [95]. However, 
these results have been derived from ex-situ measurements, especially 
ex-situ XRD, which might not be able to capture the air-sensitive and 
unstable intermediates and products. Intriguingly, Zaiping Guo’s group 
conducted a series of in-operando synchrotron XRD characterizations for 
different phosphides (GeP5 [76] and Sn4P3 [78]) and observed an 
emergence of K3P as discharged product upon potassiation, which cor
responded well with their initial discovery on the formation of dis
charged product for Sn4P3 by ex-situ XRD [65]. Additionally, the same 
conclusion on the formation of K3P as discharged product has also been 
reached by ex-situ observations of potassiation for SnP3 [79], Sn4P3 [77], 
Se3P4 [81], and Bi0.5Sb0.5@P [126]. Generally, the ex-situ character
ization of discharged product strictly required a complicated and diffi
cult procedure, involving an initial electrochemical test of coin cells, a 
subsequent disassembly of coin-cells in Ar-filled glove box, a collection 
of air-sensitive discharged electrode powder, and a careful character
ization of unstable discharged product by XRD. As the gradual changes 
of crystalline phases and physicochemical properties for these meta
stable discharged products would remarkably affect the characterization 
results and experimental conclusions, it is still urgently needed to pro
ceed in-situ or in-operando X-ray characterizations on red P upon 
potassiation/depotassiation for revealing the underlying phase trans
formation and reaction mechanism. Fig. 8(f) further illustrates the 
structural evolution of P-C-2 anode material upon potassiation and 
cycling. Appealingly, the highly stable and porous carbon host, which 
efficiently encapsulate phosphorus nanoparticles into large-volume 
mesopores, could not only endow abundant electron transport chan
nels in conductive networks for insulating phosphorus and facilitate K+

diffusion across the electrolyte/electrode interface through a rapid 
electrolyte permeation in porous nanostructure, but also cushion the 
huge volume expansion/shrinkage for phosphorus nanoparticles upon 
potassiation/depotassiation and further maintain the structural integ
rity of P/C composite upon cycling. At the same time, the gradually 
accumulated SEI layer on the surface of active material would also play a 
vital role in anchoring the P/C nanoparticles to conductive agent and 
polymer binder without losing electrical contact to current collector. To 
understand the reaction mechanism involving phase transformation and 
structure evolution for phosphorus anode upon potassiation/depo
tassiation processes, the ex-situ P 2p X-ray photoemission spectroscopies 
were conducted for P-C-2 anode material during the discharging and 
charging processes, as shown in Fig. 8(g). Similarly, the pristine elec
trode would display the typical P 2p2/3 and P 2p1/3 features for P‒P 
bonding around 130.5 eV and a broad character at 133.8 eV for P‒O 
bonding, which are consistent with XPS result in Fig. 2(d) for P-C-2 
anode material. When discharged to 1.5 V, the electrode would exhibit a 
merged broad peak around 130.2 eV, while the previous feature for P‒O 
bonding at high energy region completely disappeared. During the dis
charging period at 1.5–0.5 V, the remaining broad peak would mildly 
shift to low-energy region, signifying a predominated but efficient 
diffusion of K+ across the porous carbon nanostructure without an 
effective alloying reaction for phosphorus. In a deep discharging process 
(< 0.5 V), this broad character could distinctly move to 129.7 eV at 
0.25 V and 129.1 eV at 0.001 V, demonstrating an apparent electro
chemical reduction of phosphorus in the emergence of K4P3 during a 
sluggish alloying reaction with K+. Specifically, a complete disappear
ance of P-O character at high energy position during the discharging 
process clearly manifests a greatly suppressed parasitic reaction be
tween active phosphorus and reactive electrolyte via a highly robust and 
conductive carbon matrix. When it comes to charging process, the po
sition for previous broad peak barely changes at 0.5 V, but remarkably 
shifts to 129.7 eV at 0.75 V and 130.1 eV at 1.0 V, verifying an effective 

depotassiation of K4P3 and a reversible formation of phosphorus. At the 
end of charging process, this broad feature would gradually return back 
to its pristine position around 130.5 eV at 2.5 V, further identifying a 
superior electrochemical reversibility for P-C-2 anode material. Criti
cally, the phosphorus anode would prefer to proceed a potassiation re
action below 0.5 V in the discharging process and a depotassiation 
reaction at 0.5–1.0 V in the charging process. Based on the electro
chemical and spectroscopic characterizations in Figs. 7(a–d) and 8(g), 
the P-C-2 anode would proceed an initial capacitive K+ intercalation 
into the porous/conductive carbon matrix (> 0.5 V) with a subsequent 
potassiation of phosphorus nanoparticles (< 0.5 V) during the dis
charging process and conduct a noticeable depotassiation of K4P3 
products (< 1.0 V) with a following capacitive K+ extraction from the 
robust carbon nanostructure (> 1.0 V) during the charging process. It is 
worth emphasizing that the rational and efficient confinement of 
phosphorus nanoparticles into porous carbon materials would not only 
ameliorate the structural integrity/stability of phosphorus upon huge 
volume expansion/shrinkage and provide abundant electron/ion 
migration channels via a highly robust/conductive carbon matrix, but 
also incorporate the surface-induced capacitive reactions in carbon 
nanostructure with diffusion-controlled alloying/dealloying reactions 
and further contribute to the charge storage process during dis
charging/charging processes. 

Admittedly, the utilization of porous carbon nanomaterial with a 
large surface area and a huge pore volume would trigger its severe 
parasitic reaction with reactive electrolyte in the emergence of SEI layer 
and further diminish the corresponding coulombic efficiency, but the 
robust and conductive nanostructure/framework could primarily offer 
abundant channels for K+ diffusion/electron transport toward the 
electronically/ionically insulating phosphorus, remarkably cushion the 
huge volume expansion/shrinkage of phosphorus upon potassiation/ 
depotassiation, and further boost the electrochemical reversibility/ 
durability of phosphorus/carbon anode during cycling. Concurrently, 
the rational nanoconfinement of phosphorus into porous carbon would 
notably downsize the phosphorus from micrometer to nanometer, 
apparently shorten the K+/electron migration pathways, effectively 
guarantee a sufficient contact of phosphorus to electrolyte, and further 
maximize the electrochemical activity of phosphorus anode material. 
However, it is still urgent to address this challenge of poor coulombic 
efficiency for phosphorus/carbon anode material in the commerciali
zation of potassium-ion batteries. Our group has been working on the 
surface modifications of phosphorus/carbon anodes via atomic layer 
deposition (ALD) and molecular layer deposition (MLD) with thickness/ 
composition controllability and coating uniformity/conformity to sup
press their side reactions with reactive electrolyte and maintain the 
structural stability against large volume variation [127–130]. 

4. Conclusion 

In summary, the phosphorus nanoparticles were rationally confined 
into a commercially available porous carbon. Benefitted from an 
improved structural integrity with abundant electronic/ionic migration 
pathways for electrically/ionically insulating phosphorus in a highly 
porous/conductive/robust carbon matrix upon potassiation/depot
assiation, the P-C-2 electrode with a desirable phosphorus content of 
59.4 wt% could deliver a large initial charging capacity of 744 mA h g− 1 

at a current density of 100 mA g− 1, a highly reversible capacity of 
212 mA h g− 1 at 3200 mA g− 1 over 10,000 cycles, an outstanding rate 
capability of 287 mA h g− 1 at 11,200 mA g− 1. According to various 
electrochemical and spectroscopic characterizations, the capacitive 
intercalation/extraction of K+ in carbon nanostructure at a relatively 
high voltage would efficiently facilitate the electron transport/ion 
diffusion processes and significantly contribute to the charge storage 
process during cycling. Furthermore, the phosphorus nanomaterials 
would tend to proceed an effective potassiation below 0.5 V upon dis
charging and a subsequent depotassiation below 1.0 V upon charging, 
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accompanied by a reversible formation and decomposition of K4P3 as a 
discharged product. This novel research on designing high-performance 
phosphorus anodes and revealing the fundamental reaction mechanisms 
would throw lights on the development of practical PIBs with a low 
manufacturing cost, a high energy density, a long cycle life, and a reli
able working capability. 
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