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Red phosphorus is a kind of promising anode material for potassium-ion batteries owing to its ideal
theoretical capacity. Unfortunately, its wide application in potassium storage is greatly limited by the
poor electrical conductivity and severe volume expansion in the electrochemical reaction process of red
phosphorus. Combining red phosphorus with a porous carbon substrate is a potential approach to
enhance the potassium storage performance of red phosphorus, which can greatly promote the mass/
charge transfer process and ease the volume change. Herein, hierarchically porous carbon networks
were fabricated by two-step pyrolysis to confine red phosphorus (P@HPCN) with outstanding specific
capacity, rate capability and cycling performance for potassium storage. The resultant anode material
delivered reversible capacities of 461.8 mA h g~ at 0.1 A g™t after 100 cycles and 1557 mA h g™* at
1A g’1 after 2000 cycles. Further experiments implied that the ideal electrochemical performance of
P@QHPCN could be associated with the synergism between red phosphorus and hierarchically porous
carbon networks. Moreover, combining with theoretical calculations, we found that secondary
calcination could effectively remove pyrrolic and pyridinic nitrogen from the porous carbon component,

rsc.li/frontiers-materials

Introduction

The development of a sustainable and environmentally friendly
energy storage system with high performance is vital to the
progress of our society."” Lithium-ion batteries (LIBs) are one
of the most effective and mature energy storage systems, which
are widely used in electric vehicles and portable electronics.>*
Unfortunately, their further development is severely impeded
by the high cost and limited content of lithium.> Potassium-ion
batteries (PIBs) are potential substitutes for LIBs on account of
their lower cost, higher abundance and appropriate redox
potential close to that of lithium.®® Over the past few years,
alloy-based materials (including P, Si, Sb, Sn, etc.) have been
investigated as promising anode materials for PIBs."'* Among
them, red phosphorus-based materials have attracted wide
attention by virtue of their low cost, decent voltage and ideal
theoretical capacity.”>™"” However, the cyclability of red
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leading to a higher phosphorus loading.

phosphorus-based materials is extremely poor owing to their
severe volume change in the charge-discharge process, which
leads to cracking and pulverization.'® What is more, the low
electrical conductivity of red phosphorus greatly limits its
utilization efficiency and rate capability.'® All these disadvan-
tages above greatly hinder the further development of red
phosphorus-based anode materials for potassium storage.

It has been proved that graphite, which has witnessed
tremendous success in LIBs, can also store potassium with a
decent reversible capacity.””>" However, the larger ion radius of
potassium leads to the sluggish kinetics and severe volume
change in the electrochemical reaction process, which dis-
courages the wide application of graphite anode materials for
PIBs.?? Over the past few years, great effort has been devoted to
introducing hierarchical pore structures and defects into car-
bon materials, aiming at improving the capacity and cycling
stability of PIBs.>*~>® However, these carbon materials still face
lots of problems, such as the unapparent voltage platform,
limited energy density and low initial Coulomb efficiency,
which may lead to unstable work voltage and the loss of active
material. Considering all the factors mentioned above, the
combination of red phosphorus and porous carbon can well
make up for their respective shortcomings to achieve better
electrochemical storage capability. For red phosphorus, the
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carbon substrates in the composite can greatly enhance the
electrical conductivity and ease the volume expansion.® For
carbon, the embedding of red phosphorus not only greatly
enhanced its energy density and offered a stable voltage plat-
form, but also effectively reduced its specific surface area
resulting in improved initial Coulomb efficiency.

Herein, we combined red phosphorus and hierarchically
porous carbon networks (P@HPCN) as the anode material for
PIBs. Hierarchically porous carbon networks (HPCNs) were
prepared by two-step pyrolysis of a metal-organic framework
(MOF) precursor, and secondary calcination was performed to
remove nitrogen from porous carbon. By confining red phos-
phorus particles into the pores of the HPCN, a reversible
alloying reaction of red phosphorus and potassium is achieved
as micropores and mesopores can greatly ease the volume
expansion of red phosphorus in the electrochemical reaction
process, and the hierarchically porous network structure can
well promote the mass and electron transfer. Therefore,
P@HPCN demonstrated an excellent reversible capacity of
461.8 mA h g ' at 0.1 A g ' after 100 cycles. In addition, an
outstanding specific capacity of 155.7 mAh g~' at 1 A g~ " after
2000 cycles was achieved, which indicated the ultralong cycling
life of P@HPCN. Moreover, the influence of nitrogen on load-
ing phosphorus was also investigated by theoretical calcula-
tions. Our work not only designed an excellent anode
composite for potassium storage, but also provided practicable
ideas for designing a red phosphorus-based anode material
with outstanding performance for PIBs.

Experimental section
Synthesis of Zn(C,N;H,), (MET-6)

MET-6 was prepared using a modified method at room
temperature.”” Typically, 5.0 g of ZnCl, was added into the
solution of ethanol (50 mL), ammonium hydroxide (20 mL),
water (75 mL), and N,N-dimethylformamide (DMF, 50 mL).
Then, we dropwise added 6.26 mL 1H-1,2,3-triazole to the
mixture and the obtained mixture was fully stirred for 24 h.
Afterwards, we got the white product through filtration. Finally,
the product was washed with ethanol 4 times, and then dried at
80 °C for 8 h.

Synthesis of CN and HPCN

CN was prepared by pyrolysis of the MET-6 precursor at 1000 °C
for 2 h under a flowing argon atmosphere. And the obtained
samples were further heated at 1150 °C for 2 h under a flowing
argon atmosphere to prepare HPCNs.

Synthesis of P@HPCN

50 mg of red phosphorus powder was thoroughly mixed and
ground with 50 mg of HPCN and then the obtained mixture was
encapsulated into a quartz tube under vacuum, and then
heated at 600 °C for 8 h. Afterwards, the temperature was
reduced to 260 °C with a ramping rate of 1 °C min~ " and kept
for 24 h to convert white phosphorus to red phosphorus. The
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resulting black powder was then washed with carbon disulfide
several times in an argon-filled glovebox to remove the residual
white phosphorus, and then dried at 60 °C under vacuum for
10 h to obtain the final product P@HPCN. P@CN was also
synthesized by using red phosphorus and CN as the substrate.

Electrochemical measurements

The active materials, carbon black (Super P) and binder carbox-
ymethylcellulose (CMC) were mixed in a weight ratio of 7:2:1
to prepare electrodes. A mixed slurry formed by adding deio-
nized water was coated on cleaned Cu foil and then dried at
80 °C under vacuum for 12 h. Electrodes were cut into circular
disks and the active mass loading was in the range between
0.47 and 0.77 mg-cm™ . For PIBs, glass fibre and potassium
metal were used as the separator and counter electrode, respec-
tively. The mixed solution (1.0 M) of potassium
bis(fluorosulfonyl)imide (KFSI), ethylene carbonate (EC) and
diethyl carbonate (DEC) was used as the electrolyte. Coin
batteries were assembled in an argon-filled glovebox. The CV
measurements were applied by using the CHI 760E electroche-
mical workstation, and the cycling performances of batteries
were tested in a voltage window of 0.01 V to 2.8 V (vs. K/K') on a
Land test system.

Theoretical calculations

All the theoretical calculations were implemented in the Vienna
ab initio Simulation Package (VASP).”® The ion—-electron inter-
action was described by using the projector-augmented-wave
(PAW) potential,> and the electron-electron interaction was
described by the generalized gradient approximation (GGA)
with the function of Perdew-Burke-Ernzerhof (PBE).*’ The
energy cutoff for all the calculations was set as 520 eV, and
the reciprocal space was sampled using a 3 x 3 x 1 Monkhorst-
Pack k-point mesh.?" For all models in our work, the optimiza-
tions were set to 1 x 10~ eV and 0.02 eV A, Moreover, we set
a 30 A vacuum layer to eliminate the mutual interference
between two repeated layers.

Results and discussion

The detailed preparation procedure for P@HPCN is illustrated
in Fig. 1a, which consists of a two-step pyrolysis process
followed by red phosphorus loading. First, the Zn-based
metal-organic framework (MET-6) was used as the sacrificial
precursor to obtain carbon networks (CNs) by pyrolysis. And a
secondary pyrolysis step was carried out to obtain the HPCN.
Later, red phosphorus was evaporated and then encapsulated
into the pores of the HPCN at 600 °C. As shown in SEM images,
the porous carbon network structure was well reserved after the
evaporation-condensation process (Fig. 1c and d). In addition,
no aggregated red phosphorus particle was found in TEM
images (Fig. 1e and f), which indicated the good dispersion of
red phosphorus in the HPCN. Furthermore, the energy-
dispersive X-ray spectroscopy (EDS) elemental mapping images
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Fig. 1 (a) Schematic diagram of the preparation procedure for P@HPCN.
(b) SEM image of MET-6. (c) SEM image of the HPCN. (d) SEM image, (e and
f) TEM images, and (g) elemental mapping analysis of P@HPCN.

(Fig. 1g) also revealed the uniform distribution of red phos-
phorus in the HPCN.

As shown in the X-ray diffraction (XRD) patterns (Fig. 2a),
P@CN displayed a peak at around 15.4°, which indicated the
presence of red phosphorus.®” For P@HPCN, this peak was not
observed because of the high dispersion of red phosphorus in
the HPCN. The Raman spectra showed two peaks located at
1354 and 1593 cm™ " (Fig. 2b), which corresponded to the D-
band and G-band, respectively. And the Ig/I, value increased
after the secondary pyrolysis (Table S1, ESIt), which suggested
an increased graphitization degree for the HPCN.*® The pore
structure of P@HPCN was investigated using nitrogen sorption
measurements at 77 K (Fig. 2c), and it revealed that the HPCN
had abundant mesoporous (4.0 nm) and micropores (1.2 and
1.5 nm). Compared with CNs (Fig. S8 and Table S2, ESIY), the
types and amounts of pores significantly increased due to the
removal of nitrogen. The results of elemental analysis (EA)
measurement indicated that the nitrogen content of P@HPCN
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Fig.2 (a) XRD patterns of P@HPCN, P@CN and red phosphorus.
(b) Raman spectra of P@QHPCN and P@CN. (c) Nitrogen adsorption and
desorption isotherm with pore size distribution of HPCN and P@HPCN.
(d) Full XPS spectrum, (e) P 2p spectrum, and (f) N 1s spectrum of P@HPCN.
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Fig. 3 (a) CV curves of P@HPCN at first several cycles. (b) GCD profiles of
P@HPCN at 0.1 A g™ at first several cycles. (c) Cycling performance of
P@HPCN, P@CN and red phosphorus over 100 cycles at 0.1 A g~ (d) Rate
performance of PQHPCN, P@QCN and red phosphorus at various current
densities. (e) Long-term cyclability of P@QHPCN, P@QCN and red phos-
phorus at 1 A gt over 2000 cycles.

(3.60 wt%) was less than that of P@CN (8.06 wt%), which
confirmed the conjecture above. In addition, the nitrogen
adsorbed amount of P@HPCN decreased rapidly, implying that
red phosphorus was confined in the pores of the HPCN after
the evaporation-condensation process. The elemental mass
contents of P in P@CN and P@HPCN measured by inductive
coupled plasma (ICP) were 22.3 wt% and 29.9 wt%, respectively,
indicating that the nitrogen removal operation contributed to
loading phosphorus. In some previous studies, it has been
proved that the pyridinic and pyrrolic nitrogen components in
porous carbon could promote the storage of potassium ions to
some extent.”>** However, in our work, the removal of nitrogen
might reduce the number of active nitrogen sites in porous
carbon, but it also created a large amount of extra micropores
and mesopores, which could well accommodate red phos-
phorus as new active sites with much higher potassium storage
ability. The full X-ray photoelectron spectroscopy (XPS) spec-
trum indicated the presence of O, N, C and P in P@HPCN
(Fig. 2d). In the high-resolution XPS spectrum of P 2p (Fig. 2e),
two peaks centered at 128.87 eV and 129.54 eV were observed,
which could be assigned to P 2p;/, and P 2p1/2.34 Furthermore,
the peak with a binding energy of 132.92 eV could be attributed
to the oxidation of red phosphorus in the measurement
process.?® In the high-resolution N 1s XPS spectrum (Fig. 2f),

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 4 (a) CV profiles of PQHPCN at various scan rates. (b) The corres-
ponding b value plot. (c) The portion of capacitive contribution (red) in
P@HPCN at a scan rate of 1 mV s, (d) The plot of capacitive contribution
in P@QHPCN with respect to various scan rates. (e) The GITT profiles for
P@HPCN in the discharge and charge processes. (f) The diffusion coeffi-
cients of potassium ions for P@RHPCN.

two peaks located at 398.18 eV and 401.19 eV were observed,
which could be attributed to pyridinic (13.31 at%) and graphitic
nitrogen (86.69 at%).>® Compared with P@CN (Fig. S9, ESIt), it
can be seen that pyrrolic nitrogen was almost completely
removed during the secondary pyrolysis process.

Fig. 3a shows the results of cyclic voltammetry (CV) mea-
surements of P@HPCN, and a peak at about 0.57 V was
observed in the first cycle, relating to the formation of the solid
electrolyte interface (SEI) film.*>” During the following cycles,
three pairs of redox peaks were observed, which were consistent
with the voltage platforms in GCD profiles (Fig. 3b) and could
be attributed to the stepwise alloying reactions between potas-
sium and red phosphorus. Furthermore, there was a near-
perfect overlap of CV curves after the first scan, implying the
decent stability and reversibility of P@HPCN. The cycling
stability of P@HPCN was also investigated in Fig. 3c. It could
be seen that P@HPCN exhibited a high initial Coulombic
efficiency of 70.7%. And P@HPCN also displayed a higher
capacity of 461.8 mA h g~" at 0.1 A g™ after 100 cycles as
compared with P@CN (219.8 mA h ¢~ '), which implied that the
abundant pore structures of P@HPCN could efficiently confine
phosphorus to achieve excellent electrochemical potassium
storage performance. In addition, a distinct capacity decay
was observed for pure red phosphorus, which suggested the
positive effect of the porous carbon substrate. Fig. 3d displays
the rate performance of P@HPCN, and we could see that
P@HPCN delivered decent capacities of 433.2, 382.9, 328.6,
304.7,244.8,167.4,and 89.3 mAh g " at 0.2,0.4,0.8,1, 2, 4 and
8 A g, respectively, which are much higher than those of
P@CN and pure red phosphorus, revealing the excellent rate
capability of P@HPCN. Moreover, P@HPCN maintained excel-
lent stability over the next 100 cycles as the current density
returned to 0.1 A g, delivering a capacity of 419.6 mA h g !
Long-term cyclability tests were carried out to further study the
cycling stability of P@HPCN (Fig. 3e), and it displayed that
P@HPCN had the highest capacity (155.7 mAh g Jat1Ag™"
after 2000 cycles compared with P@CN and pure red
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Fig. 5 (a) The structure plots of three types of carbon models. (b) Free
energy diagrams for the introduction of phosphorus in different models.
(c) The charge density difference profiles for different carbon models
incorporated with phosphorus. Electron depletion and accumulation are
displayed as blue and yellow areas, respectively.

phosphorus, indicating the remarkable cycling performance
of P@HPCN.

To further investigate the kinetics of P@HPCN, the CV tests
at various scan rates were performed (Fig. 4a). We calculated
the b value using the equation: i = ar”, where i and v are the
peak current and scan rate, and a and b are constants which
can be adjusted. As is known, the value of b approaching 0.5
implies the diffusion-controlled process while the value of b
approaching 1 reveals the capacitive process.® Fig. 4b shows
the corresponding b value plot for P@HPCN, and the value of b
is 0.60, implying that the potassium storage mechanism in
P@HPCN is the diffusion-controlled process. The surface pro-
cess contribution could be further quantitatively differentiated
according to the equation:*® i = k;v"* + kv, where k; and &,
represent the portions of the diffusion-controlled process (pro-
portional to ©"/?) and the capacitive process (proportional to ),
respectively. The portion of capacitive contribution (red region)
for P@HPCN at a scan rate of 1 mV s~ is displayed in Fig. 4c,
and was calculated to be 42.1%. Using similar analysis, we
could know that the portion of capacitive contribution
increased as the scan rate increased (Fig. 4d), which suggested
that the capacitive process had a faster potassium storage
kinetics compared with the diffusion-controlled process.
Fig. 4e displays the results of galvanostatic intermittent titra-
tion (GITT) measurements, and the log (D;)-V curve shows two
obvious descending peaks corresponding to the stepwise alloy-
ing reactions between potassium and red phosphorus (Fig. 4f).

To further interpret our experimental results, we performed
a theoretical calculation based on density functional theory
(DFT) to evaluate the P-loading abilities of different carbon
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structures. And three types of carbon models with different
nitrogen doping were built (Fig. 5a), which were represented as
MC, MCN-5 and MCN-6. It was calculated that the free energy
changes of MCN-5, and MCN-6 for confining phosphorus were
—0.22 and —0.31 eV, respectively (Fig. 5b), being higher than
that of MC (—0.39 eV). Obvious charge redistribution between
the carbon models and phosphorus was observed in charge
density difference profiles (Fig. 5c), implying the interactions
between them. Moreover, the charge density tended to accu-
mulate less around the N-doping sites, indicating that the
interaction between phosphorus and doped nitrogen was
weaker.?® Therefore, we found that the pyridinic and pyrrolic
nitrogen components in porous carbon would impede the
combination between the phosphorus and microporous carbon
structure, which means that the removal of these nitrogen
components can promote the loading of phosphorus, support-
ing the experimental results.

Conclusions

In conclusion, we presented a MOF-derived composite of red
phosphorus and hierarchically porous carbon networks for
potassium storage with outstanding specific capacity, rate
capability and cyclability. By confining red phosphorus parti-
cles into pores, a reversible alloying reaction of red phosphorus
and potassium is achieved as the porous carbon structure can
greatly ease the volume expansion of red phosphorus in the
charge-discharge process, and hierarchically porous carbon
networks can well promote the electron and mass transport.
In addition, the effect of nitrogen on loading phosphorus was
demonstrated by theoretical calculations. Our work not only
offered an excellent anode composite for potassium storage,
but also provided practicable ideas for designing and fabricat-
ing red phosphorus-based anode materials with outstanding
performance for PIBs.
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