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capacity and ultrastable
carbonaceous anodes for potassium-ion storage
via a hierarchical heterostructure†

Chunrong Ma, a Huijun Yang,b Zhixin Xu,c Zhengguang Fu,d Yingying Xie,e

Hongti Zhang,f Min Hong,c ZiFeng Ma, c Hui Xiong *e and Xian-Zheng Yuan *a

Carbonaceous materials are promising anode materials for potassium-ion batteries (PIBs). However, due to

the large size of K+ ions, pristine carbon anode materials exhibit poor rate capability and unsatisfactory

cycling stability. Herein, a novel anode with a hierarchical porous carbon structure and defects is

reported. Integrating the mesoporous structure and P-dopants at the carbon surface not only offers

more active sites for K+ adsorption but also enlarges the layer spacing to accommodate stress during

potassiation/depotassiation. The as-prepared electrode exhibits ultrahigh stability at a current of 1 A g�1

(over 10 000 cycles without obvious capacity decay) and superior rate capability (165 mA h g�1 at

a current density of 10 A g�1), outperforming most of the reported carbonaceous electrodes in PIBs.

Through integrated comprehensive experimental characterization and theoretical calculations, the

charge storage and transport mechanisms in such a material demonstrate that P doping into the porous

structure is beneficial for synergistically improving K+ ion storage and transport by enhancing the

adsorption of K+ ions and reducing the diffusion barrier of K+ ions. This work sheds light on how tailored

heterostructures could enhance K+ storage and transport and provide new pathways for materials design

for ultrastable PIBs.
Introduction

Over the past few decades, lithium-ion batteries (LIBs) have
emerged as the most promising energy storage system and have
attracted considerable attention due to their high power density
and energy. Owing to the increasing development of smart
power grids and automotive electric vehicle markets, the large-
scale application of LIBs will face challenges such as limited
lithium resources and high costs of raw materials in the fore-
seeable future.1–3 Therefore, exploring next-generation alterna-
tive batteries based on abundant metals (e.g., Na, K, Al, Mg, and
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Ca) is important to ensure long-term and sustainable energy
development. Among these candidates, potassium-ion batteries
(PIBs) are attracting increasing attention because of the high
abundance of potassium ions and the low redox potential of K+/
K (�2.93 V vs. the standard hydrogen electrode), which is close
to that of Li+/Li (�3.04 V).4–6 Considering the similarity between
the operating mechanisms of KIBs and LIBs, carbon-based
anode materials are expected to be the most promising mate-
rials for practical applications due to their availability and low
cost. However, carbon anodes have a few hurdles in realizing
their practical applications in PIBs. For instance, the ordered
and layered graphite materials deliver a theoretical capacity of
only 279 mA h g�1 (KC8) in KIBs, which is less than that of their
analogs in LIBs (LiC6; 372 mA h g�1). Additionally, the radius of
the K+ ion is larger than that of the Li+ ion; therefore, graphite
does not easily accommodate fast insertion and extraction of K+

ions into its small interlayers through intercalation. Recently,
a series of modied carbon structures, such as so-hard carbon,
so carbon, and mesoporous carbon were used as PIB
anodes.7–9 Although some enhancement is observed, the prac-
tical rate capacity and cycling stability are still well below the
expectation for high power and high energy PIBs, owing to the
poor diffusion kinetics of large K+ ions.

To overcome the aforementioned limitations, the key is
adjusting the electronic structure and morphology of carbon
materials to enhance K+ diffusion, i.e., decreasing the diffusion
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of PCSs and a sketch of their structure.

Fig. 1 SEM images of (a) CSs and (b, c) PCSs. (d) TEM image of PCSs
(inset: HRTEM). (e) STEM mapping images of PCSs.
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barrier to accelerate the ion/electron transport and enlarging
the interlayer spacing to accommodate the volume expansion. A
porous network is advantageous to shorten the ion diffusion
path and providemore active sites for enhancing the adsorption
kinetics.10 Heteroatom doping as an efficient approach has been
proven to be benecial for tuning the electrochemical and
physicochemical properties of carbonmaterials.11–13 Zhang et al.
reported a hierarchically porous nitrogen-doped carbon elec-
trode for potassium ion batteries through both electrochemical
and computational approaches, which utilized N doping to
optimize its electronic structure to promote charge transport,
thereby enhancing its performance.14 In comparison with N and
other dopants, P, as the most stable chemisorption-type dopant,
promotes out-of-plane puckering of defect sites and has been
shown to enable faster charge transfer in SIBs.15 Hence, intro-
ducing P into a porous carbon structure could be a promising
strategy to create more active sites and accelerate charge
transfer. Nevertheless, detailed mechanisms regarding P-
doping into porous carbon for PIBs have seldom been re-
ported, and other fundamental properties, such as the ion/
electron diffusion, electronic structure, crystal phase change,
and compositional evolution of the host material during
potassiation/depotassiation, remain unclear. Therefore, the
development of a rational design procedure utilizing novel
porous structures with P doping is critical to comprehensively
understand and elucidate its electrochemical behavior in PIBs,
which could provide insights into the design rules for other
advanced anode materials for PIBs.

Herein, we report three-dimensional (3D) P-doped porous
carbon nanosheets (PCSs) with a high specic surface area,
abundant pore structure, expanded interlayer space, and supe-
rior electronic structure. The superior interconnected 3D
porous structure along with P-doping can not only optimize the
equilibrium state of electrons to improve the mobility of K+

ions/electrons but also create more active sites to enhance the
surface-capacitive charge storage. Beneting from the unique
morphology and additional P doping, the prepared PCSs
delivered high specic capacity, excellent rate capability
(165 mA h g�1 at 10 A g�1) and superior cycling performance
(over 10 000 cycles at 1 A g�1 without obvious capacity fading).
The underlying charge storage mechanism for the PCSs is
elucidated via kinetics analysis, in situ X-ray diffraction (XRD),
ex situ X-ray photoelectron spectroscopy (XPS), and theoretical
calculations. The results showed that P doping is benecial to
synergistically improve the electrochemical performance by
enhancing the adsorption of K+ ions and reducing their diffu-
sion barrier. Moreover, the 3D porous structure promotes fast
electron transfer and fast K+ ion diffusion. This work not only
offers new insights into electrodematerials for structural design
in PIBs but also provides a fundamental understanding of the
role of heteroatoms in the K+ ion storage mechanism.

Results and discussion

The PCSs were fabricated via melt nitrate-assisted chemical
blowing, and the preparation process is illustrated in Scheme 1.
Specically, Fe-decorated porous carbon was rst produced via
This journal is © The Royal Society of Chemistry 2020
carbonization of polyvinylpyrrolidone (PVP) with assistance
from iron(III) nitrate. The homogeneous mixture of PVP and
iron(III) nitrate gradually formed a viscous gel when heated and
exhibited a strong binding between the metal cations and PVP.
When the sintering temperature was increased, the gel
expanded to form a loose and bubble-like structure via the
production of gas bubbles due to the decomposition of iron(III)
nitrate and was subsequently carbonized into cross-linked
carbon sheets.16 Simultaneously, the Fe species were formed
in situ and embedded in the carbon matrix by the carbothermal
reduction of iron oxides at higher temperatures. The Fe nano-
particles were then etched from the porous carbon by treatment
with HCl, which introduced abundant nanosized pores into the
carbon sheets. Finally, the porous carbon was treated by phos-
phorization to introduce the P dopant. For comparison, the
undoped porous carbon structure was prepared using a similar
process (CSs). The morphology and structures of CSs and PCSs
were characterized via scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HRTEM), as
shown in Fig. 1. CSs exhibit a foam-like structure with linked
macropores with a diameter of 1–3 mm as observed by SEM
(Fig. 1a). Aer phosphorization, the PCSs (Fig. 1b) inherit the
well-developed porous structure of CSs and exhibit a similar 3D
structure. The SEM image in Fig. 1c reveals that the macropore
walls are comprised of connected carbon nanosheets with
a large in-plane size of several micrometers, and the thickness
of the carbon walls ranges from 10 to 20 nm. The inter-
connected conductive carbon framework can facilitate fast
electron transport.17,18 TEM characterization was used to further
explore the structure of the PCSs (Fig. 1d and S2†). Distinct large
J. Mater. Chem. A, 2020, 8, 2836–2842 | 2837
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nanopores with an average diameter of approximately 5 nm are
uniformly dispersed on the ultra-thin carbon sheets and are
well consistent with the embedded Fe nanoparticles (Fig. S1†).
The nanopores could not only accommodate the volume change
during potassiation/depotassiation but also offer more active
sites to adsorb K+. From the high-resolution TEM (HRTEM)
image, lattice fringes with a 0.396 nm spacing were observed,
which is larger than that of graphitic carbon (0.335 nm) and
ensures the convenient intercalation of K+ (Fig. 1d inset).
Moreover, the scanning transmission electron microscopy
(STEM) mapping analysis (Fig. 1e) demonstrates that the P
element is homogeneously distributed in the carbon matrix.

XRD analysis and Raman spectroscopy were performed to
further explore the microstructure of PCSs. The XRD pattern of
PCSs (Fig. 2a) shows a broad peak at 23.2� while that of CSs
shows a peak at 25.8�; these peaks were indexed to the (002)
plane. Compared with the (002) CS peak, the PCS peak shis to
a smaller angle, which indicates a larger interlayer spacing
resulting from the introduction of P.19 The interlayer spacing of
PCSs was calculated to be 0.396 nm, in accordance with HRTEM
observations. The Raman spectra (Fig. 2b) exhibited two
distinct peaks at 1337 and 1584 cm�1, corresponding to the D
band (disordered carbon) and G band (in-plane vibrational sp2

carbon), respectively.20 The defective and graphitic structure
can be described using ID/IG. The ID/IG value of PCSs (0.99) is
larger than that of CSs (0.78), which is attributed to the greater
number of defects in PCSs due to P doping.21 These defects can
increase the number of active sites to accommodate more K+,
thereby promoting energy storage. The surface chemical state of
PCSs was further evaluated by XPS. From the survey spectra
(Fig. 2c), both C and P signals were detected in the PCSs,
whereas only the C signal was detected in the CSs, conrming
that P was successfully introduced into PCSs. The content of P
was 4.32%.

In addition, in the P 2p high-resolution spectrum (Fig. 2d),
the P main peak can be deconvoluted into two peaks: the peak
Fig. 2 (a) XRD patterns, (b) Raman spectra, and (c) XPS survey spectr
adsorption–desorption isotherm and (f) pore size distribution of PCSs.

2838 | J. Mater. Chem. A, 2020, 8, 2836–2842
at a binding energy of 134.4 eV is ascribed to P–O with a high
oxidation state of P, which can be attributed to the surface
oxidized P species, whereas that at 133.1 eV is attributed to P–C
bonds. Based on the XPS results, it can be concluded that the P
atom was incorporated into the carbon by covalent bonding. In
addition, in the C 1s high-resolution spectrum (Fig. S4†), the
three tted peaks at binding energies of 284.8, 285.9, and
288.9 eV are indexed to C–C, C–O–C, and O–C]O, respectively.

The surface area of PCSs was analyzed using N2 absorption–
desorption isotherms, as shown in Fig. 2e. An isotherm with
a typical H4-type hysteresis loop is distinctly observed, illus-
trating that both micropores and mesopores exist in the PCSs.22

In addition, the Brunauer–Emmett–Teller specic surface area
based on the isotherm was calculated to be 783 m2 g�1, which is
close to that of the CSs (716 m2 g�1). The average pore size
distribution is illustrated in Fig. 2f, where the pores contain
micropores and mesopores centered from 0.58 to 20 nm. Two
peaks were dominant in the size range below 2 nm, which were
attributed to the defect sites introduced by P doping,23 while
mesopores mainly centered at 2–5 nm due to the corrosion of Fe
nanoparticles. Such a large specic area and pore structure
could promote ion/electron transport leading to high electro-
chemical performance. Also, the density of the PCSs is found to
be 0.63 g cm�3 using a digital density analyzer (JW-M100). The
introduction of phosphorus can signicantly improve the elec-
trical conductivity of graphene. Compared to CSs, PCSs
demonstrate a remarkable increase in electrical conductivity by
up to 2 orders of magnitude (36 S m�1), facilitating fast electron
transport.

The K+ storage properties of PCSs were rst evaluated by
cyclic voltammetry (CV) using half-cells with a potassium plate
as the counter electrode. As shown in Fig. 3a, the CV curves of
PCSs were recorded at a scan rate of 0.1 mV s�1 within
a potential window from 0.01 to 2.5 V. The predominant peak at
0.78 V in the initial cathodic process is distinctly different from
the peaks in subsequent cycles, which indicates the formation
a of CSs and PCSs. (d) High-resolution P spectrum of PCSs. (e) N2

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Electrochemical performance of PCS and CS electrodes as
anodes for PIBs. (a) CV curves of PCSs from 0.01 to 2.5 V at a scan rate
of 0.1 mV s�1; (b) charge–discharge profiles of PCSs within a potential
window of 0.01–2.5 V; (c) rate capability of PCSs and CSs; (d) long-
term cycling performance of a PCS electrode at a current of 1 A g�1.

Fig. 4 (a) CV curves recorded at different scan rates. (b) b values and
voltammetric responses (0.1 mV s�1). (c) Capacitive contribution to the
overall cyclic voltammetry response at 0.1 mV s�1. (d) Capacitive ratio
at various scan rates from 0.1 to 2 mV s�1. (e) GITT profile and (f) the
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of a solid electrolyte interphase (SEI) layer in the rst cycle.24,25

Meanwhile, a sharp peak appeared at approximately 0.105 V,
which is attributed to insertion of K+ into the interlayers of PCSs
in the form of a K-intercalated compound.26 Accordingly, the
broad peak at 0.4 V in the anodic process is related to the
deintercalation of K+. During the subsequent cycles, CV curves
almost overlap between the second and third cycles, suggesting
good reversibility. The charge–discharge proles of the PCS
electrode at a current of 100 mA g�1 are shown in Fig. 3b. The
initial discharge and charge specic capacity were 805 and
436 mA h g�1, respectively, corresponding to an initial
coulombic efficiency (ICE) of 54%. The large irreversible
capacity and relatively low ICE can be associated with the large
consumption of the electrolyte during the formation of the SEI
in the initial cycle due to the large surface area.27 Moreover, the
porous structure could lead to a low electrode packing density
(�0.16 g cm�3) and volumetric capacity (�55 A h L�1), which
present challenges for practical applications of PIBs. Guo et al.
reported that well-mixed nano- and micro-sized materials may
achieve a balance between the energy density and power
density, which inspired us to conduct further studies for engi-
neering high energy materials in our current work.28 Interest-
ingly, the PCS electrode exhibited a better ICE than the CS
electrode (Fig. S5†) and other reported porous carbon struc-
tures.23,24,26,29–31 The enhanced ICE can be attributed to the P
doping. Owing to the larger size, P is more likely to dope the
carbon at the edge-plane sites, which can possibly lead to less
trapped K+, improving the ICE.32 Aer several cycles, the CE
increased to �100% and the electrode demonstrated a revers-
ible capacity. Furthermore, the discharge prole of PCSs
exhibited a sloping feature without an obvious plateau at volt-
ages above 0.1 V, indicating a single solid solution behavior.33

The rate capability of the PCS electrode with current densities
from 0.2 to 10 A g�1 is shown in Fig. 3c. The PCS electrode
delivered a discharge capacity of 285 mA h g�1 at a current
density of 0.5 A g�1. When the current increased gradually,
discharge capacities of 232, 203, and 174mA h g�1 were reached
at current densities of 1, 2, and 5 A g�1, respectively.
This journal is © The Royal Society of Chemistry 2020
Remarkably, even at a high current density of 10 A g�1, a high
capacity of 165 mA h g�1 was still obtained. Furthermore, the
capacity recovered to 302 mA h g�1 when the current density
was ramped back to 0.2 A g�1. The nearly negligible capacity
loss aer deep charge–discharge cycles at a high current density
further illustrates the great structural stability within the elec-
trode. Meanwhile, the undoped CS electrode was evaluated as
a control; a discharge capacity of 50 mA h g�1 was delivered at
10 A g�1, which is only one-third the capacity of the PCS elec-
trode. Long-term cycling stability is an important target in
appraising K+ storage performance. However, the insertion/
extraction of K+ in carbon was severely hampered by the
larger size of K+ compared to Na+ and Li+. In addition, the stress
along with the volume change during the repeated charge/
discharge process could destroy the structural stability of the
carbonmaterials. The long-term cycling performance of the PCS
electrode was evaluated at a high current density of 1 A g�1, as
shown in Fig. 3d. Notably, even aer 10 000 cycles, the PCS
electrode could still maintain a capacity of 201 mA h g�1,
showing no obvious capacity fading. Furthermore, the CE
increased to �99–99.8% aer the initial cycles and was main-
tained over the subsequent long-term cycling process. This
excellent electrochemical performance of PCSs in terms of high
specic capacity, rate capability, and cycling stability makes it
very attractive as a potential anode for high-power PIBs (the rate
and cycling stability of the PCSs in the present work are
compared with those reported in the literature in Table S1,† and
they surpass those of most of the reported carbonaceous elec-
trodes in PIBs).

To elucidate the charge storage mechanism, kinetics anal-
ysis was carried out by CV at various scan rates. Fig. 4a shows
the CV curves at various scan rates from 0.1 to 2 mV s�1; the CV
curves at different scan rates have similar shapes without
discernable redox peaks. It is assumed that a relationship exists
between measured current (i) and scan rate (v):34

i ¼ avb (1)

where a and b are adjustable parameters, and b can be obtained
from the slopes of the log(v) � log(i) plots. The b value varies
DK+ coefficients calculated from the GITT profiles of the PCS electrode.

J. Mater. Chem. A, 2020, 8, 2836–2842 | 2839
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Fig. 5 (a) In situ XRD patterns of a PCS electrode at voltages ranging
from 0.01 to 2.5 V. (b) Ex situ small angle X-ray scattering patterns and
(c) XPS spectra of a PCS electrode at different potassiation states.
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from 0.5 to 1; specically, when b equals 0.5, diffusion
contributes to the total current, whereas when b reaches 1, the
capacitive behavior dominates the whole reaction process.35,36

The b values at different potentials were calculated (Fig. 4b).
The b values during the cathodic process were mostly greater

than 0.8, suggesting that the overall charge storage was mainly
from the surface-capacitive processes, which promote fast
kinetics. The typical double-layer capacitance is substantially
smaller than the estimated surface-area-normalized capaci-
tance, which indicates that the K+ storage on the surface is
associated with pseudocapacitive behavior. The capacitive
contribution at a given scan rate can be distinguished and
separated from the xed behaviors through the following
equation:37

i ¼ k1v + k2v
1/2 (2)

By calculating k1, the surface capacitive effect can be
distinctly distinguished. As illustrated in Fig. 4c, the capacitive
contribution accounts for 68% of the whole charge at 0.1 mV
s�1, and the diffusion effect is only localized when the potential
is approximately equal to 0 V. Furthermore, this proportion
increases with an increase in the scan rate, reaching 91% at
2 mV s�1 (Fig. 4d). The high capacitive contribution to charge
storage of the PCS electrode indicates that the defect sites
created by the P doping and porous structure play a substantial
role in the fast kinetics and enhanced K+ adsorption, which lead
to superior rate capability.

The galvanostatic intermittent titration technique (GITT)
was carried out to obtain information regarding diffusion of K+

in the PCS electrode. Fig. 4e shows the GITT curve obtained by
applying a series of current pulses at 100 mA g�1 for 0.5 h fol-
lowed by a 2 h relaxation process. The change in potential
during relaxation corresponds to the rate of K+ diffusion (DK+).
The DK+ value can be quantied on the basis of the following
equation (Fig. S6†):38

DKþ ¼ 4

p

�
mBVM

MBA

�2�
DEs

DEt

�2�
s � L2

�
DKþ

�
(3)

The calculated DK+ value during the discharge process is
shown in Fig. 4f. The DK+ of PCSs is substantially higher than
that of CSs (Fig. S7†), indicating faster diffusion in PCSs.
Because of the P doping, the expanded interlayer space has the
potential to accommodate more K+ and adapt to the interlayer
spacing change during the charge–discharge processes.39 In situ
XRD characterization was used to investigate the structural
evolution of PCSs during the potassiation/depotassiation
process. The evolution of the (002) peak of the PCS electrode
at 100 mA g�1 in the rst cycle within the voltage window from
0.01 to 2.5 V is shown in Fig. 5a. In the pristine state, the peak
was located at 23.2�, which is consistent with the ex situ XRD
results (Fig. 2a). In the initial period (>0.2 V), the (002) peak
exhibited no obvious change in either position or shape, indi-
cating that K+ adsorption is predominant in this region.
Because of the numerous defect sites on the carbon surface and
the porous structure, large amounts of K+ will be adsorbed and
2840 | J. Mater. Chem. A, 2020, 8, 2836–2842
the adsorption on the active sites will not directly affect the
structural integrity. These results are consistent with the
aforementioned kinetic analysis showing that the K+ storage is
mainly from adsorption in the sloping region. Upon further
potassiation and below 0.2 V, the diffraction peak of (002)
shied to a lower angle and reached its maximum at 0.01 V.
Meanwhile, the peak broadened and was slightly compressed,
which is reasonable because intercalation of K+ in the carbon
anode leads to the expansion of interlayer spacing and
increased disorder. Interestingly, the (002) peak position and
intensity recovered when scanned anodically from 0.01 to 2.5 V,
indicating contraction of the interlayer distance and recovery
from the disordered structure accompanying K+ extraction.
Notably, the (002) peak did not completely return to its initial
position aer the cell was fully charged to 2.5 V, illustrating the
possible remaining swelling of turbostratic galleries in the PCS
electrode in the rst cycle due to some trapped K+.40 This result
is consistent with the result of ICE indicating the trapping of
some irreversible K+ in the carbon layer apart from the forma-
tion of SEI.

Ex situ small angle X-ray scattering of the PCSs at various
states of charge was performed (Fig. 5b). The scattering peak
shied to a larger angle from the pristine state to 0.01 V during
the discharge process. When the electrode was switched to the
depotassiation state (to 2.5 V), the peak shied backward but
could not go back to its pristine state. During the discharge
process, K+ was adsorbed onto the mesopores of the surface and
partially lled the mesopores. With the depotassiation process,
the K+ began to desorb from the PCS electrode. Meanwhile, the
mesopores were recovered but could not return to their original
size completely, indicating that trace amounts of K+ remained
in the PCS electrode.41 Such results are consistent with the in
situ XRD results and conrm that the K+ is successfully inserted/
extracted into/from the PCS electrode. The ex situ XPS spectra
acquired at different charge/discharge states were used to
further investigate the compositional variation during the
potassiation/depotassiation process of the PCS electrode
This journal is © The Royal Society of Chemistry 2020
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(Fig. 5c). The C 1s peak exhibited a distinct reversible change
during the whole process, demonstrating the formation of
potassium–carbon compounds. The K peaks were not detected
in the spectrum of the as-prepared electrode before potassia-
tion. However, upon potassiation, the K 2p peak appeared with
an increased intensity that reached a maximum at 0.01 V. This
observation indicates that K+ is present in the electrode and that
the quantity is increased when accompanied by potassiation.39

Subsequently, the K 2p peak becomes weak in the potassiation
process; however, the weak K 2p peak could still be observed
until the electrode was charged to 2.5 V. This indicates that K+

cannot be extracted completely from the potassium–carbon
compounds aer the rst cycle.

To better comprehend in-depth the origin of K+ storage and
the role of P doping in K+ adsorption and the electronic prop-
erties of the PCS electrode, DFT-based rst-principles calcula-
tions were conducted. For comparison, the adsorption energies
(DE) of ideal graphene and the defective graphene without P
doping were also calculated. On the basis of three different
carbon structure models with K adsorbed at corresponding sites
(Fig. 6a–c), the related DE of PCSs was obtained (�2.83 eV) and
found to be greater than those of graphene (�0.38 eV) and
defect-introduced graphene (�1.52 eV). These results demon-
strate that the PCSs have the strongest K+ adsorption ability
because of the electron-rich structure through P doping, which
plays a signicant role in explaining the enhanced capacity.42

Therefore, increasing the P content is a necessary way to
improve the capacity of carbon-based materials. Furthermore,
the density of states (DOS) on ideal graphene, defect-introduced
graphene, and a PCS structure was explored, as shown in
Fig. 6d. Compared with that of the graphene and defect-
introduced graphene, the DOS of PCSs shows a metallic state
upon introduction of P doping and the compound retains its
metallic character even aer it adsorbs K+. This result illustrates
the high electron mobility, which cannot be controlled by the
electron transport kinetics. The rate capability is generally
accepted as being associated with ion transport and electron
Fig. 6 The first principles calculation models. Side and top views of (a)
the C-pristine, (b) C-defective, and (c) the PCS carbon structure. (d and
e) Corresponding DOS before and after potassiation.

This journal is © The Royal Society of Chemistry 2020
transport kinetics. According to the aforementioned calcula-
tions, the PCSs demonstrate superior rate capability and a high
specic capacity as a potential anode material for PIBs.
Conclusions

In summary, we demonstrated a mesoporous PCS electrode
with controlled P-doping as a novel anode for PIBs. The
outstanding electrochemical performance of PCSs was under-
stood through integrated experimental and theoretical analysis
including in situ XRD, ex situ SIXS and XPS, CV, GITT, and DFT
calculations. The results demonstrated that the K+ storage
capacity was mainly from the sloping region, which can be
associated with defects/pores for K+ adsorption/desorption
rather than intercalation, leading to improved kinetics and
cycling stability. Kinetics analysis showed that more than 90%
storage contribution was from the surface-driven behavior,
which can facilitate fast charge transport and structural
stability. Moreover, the GITT revealed a higher K+ diffusion
coefficient for PCSs than for CSs due to the well-designed pore
structure and P-doping. The compositional/structural evolution
tests conrmed that K+ could be reversibly intercalated/
deintercalated into/from the PCSs, which is a prerequisite for
achieving high specic capacity and long-term stability. DFT
calculations were further performed to demonstrate the
important role of P doping in the carbon structure—specically,
that P doping can enhance the mobility of K+, thereby ensuring
superior rate capability and high K+ storage capacity. This
elucidation of the K+ storage mechanisms offers a new path to
design anode materials with excellent performance in PIBs by
optimizing the electronic structure to realize high power density
and energy density.
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