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a b s t r a c t

The solid-solution reaction between an alkali cation and an active host material is known as a single-
phase redox mechanism, and it is typically accompanied by a continuous voltage change. It is distinct
from the typical alkali cation intercalation reaction at an equivalent site of the active host material, which
exhibits a voltage plateau. Herein, we report an unusual solid-solution potassium-ion intercalation mech-
anism with a low-voltage plateau capacity on multilayered turbostratic graphene nanosheets (T-GNSs).
Despite the disordered graphitic structure with a broad range of d-spacings (3.65–4.18 Å), the T-GNSs
showed a reversible plateau capacity of � 200 mA h g�1, which is higher than that of a well-ordered gra-
phite nanoplate (�120 mA h g�1). In addition, a sloping capacity of � 220 mA h g�1 was delivered with
the plateau capacity, and higher rate capabilities, better reversibility, and a more stable cycling perfor-
mance were confirmed on the turbostratic microstructure. First-principles calculations suggest that the
multitudinous lattice domains of the T-GNSs contain diverse intercalation sites with strong binding ener-
gies, which could be the origin of the high-performance solid-solution potassium-ion intercalation
behavior when the turbostratic graphene stacks have a d-spacing smaller than that of equilibrium potas-
sium–graphite intercalation compounds (5.35 Å).
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Potassium-ion batteries (PIBs) have received considerable
attention as an alternative to lithium-ion batteries (LIBs) as a
power source because of the approximately 1000 and 100 times
larger potassium resources in Earth’s crust and oceans, respec-
tively, and lower electrode potential in organic electrolyte systems
[1–5]. In addition, the larger alkali cation with lower Lewis acidity
has a higher ionic conductivity, lower stoke radius, and lower des-
olvation energy, possessing superior theoretical rate capabilities
[6,7]. Moreover, potassium-ion intercalation into carbon-based
anode materials (CAMs) is attractive from a commercial point of
view because mass-produced and well-established CAMs, which
led to the commercial success of LIBs, can be used as active anode
materials [8]. Stable phase reactions forming KC8, KC24, KC36, and
KC48 have been identified for potassium–graphite intercalation
compounds, indicating that large-sized potassium ions (four coor-
dinated, tetrahedral, �1.51 Å) can be inserted in every graphene
sheet [9,10]. However, the KC8 phase requires a huge volume
expansion of the graphene lattice of up to 5.35 Å, corresponding
to � 160% to the initial lattice spacing. Repeated expansion/con-
traction during charging/discharging consecutively deconstructs
the solid–electrolyte interface layers, leading to continuous elec-
trolyte decomposition and an increase in surface film resistance
[11–13]. In addition, the theoretical capacity of KC8 in a graphite
anode (�279 mA h g�1) is considerably lower than that of LiC6
(372 mA h g�1). Moreover, the theoretical potassium-ion intercala-
tion capacity is difficult to achieve in practice owing to the sluggish
solid-state diffusion rate of potassium-ion charge carriers in the
host graphitic lattices [14].

As alternative potassium–graphite intercalation compounds,
functionalized carbons and/or porous carbons with short-range
reserved.
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graphitic ordering have been actively reported because the large
number of redox centers, such as functional groups and topological
defects, in these materials can store charges very quickly through
surface-driven Faradaic reactions [15–31]. Pseudocapacitive reac-
tions are remarkably fast and stable, leading to high power capabil-
ities and long cycle lives. However, the surface-induced solid-
solution reactions are accompanied by a continuous voltage drop
with potassiation, resulting in insufficient energy performance
[16,17]. The conflicting energy and power characteristics between
ordered graphite and amorphous carbon materials clearly indicate
that neither carbon material is suitable as an anode for PIBs. Hence,
further research is required to develop high-performance CAMs
that have higher specific energies and powers than those of gra-
phite but with more stable and longer cycling lifespans.

Herein, we report the solid-solution potassium-ion intercala-
tion behavior of multilayered turbostratic graphene nanosheets
(T-GNSs) with disordered local carbon microstructures. Unlike
the general belief that a solid-solution reaction is accompanied
by a voltage change, the T-GNSs showed a plateau-like voltage
capacity at low voltages (�0.5 V) through potassium-ion intercala-
tion reactions in the turbostratic graphitic lattices (3.65–4.18 Å). In
addition, the plateau voltage capacity (�200 mA h g�1) of the T-
GNSs was considerably higher than that (�120 mA h g�1) of
well-ordered graphite nanoplates (GNPs, XGnP graphene nanopla-
telets, Grade M, XGSciences, US). Moreover, the solid-solution
potassium-ion intercalation reaction showed a higher sloping
capacity, a higher rate capability, better reversibility, and more
stable cycling performance. First-principles calculations revealed
that the unusual potassium-ion storage behavior originates from
the effects of defective sites in the stacked graphene basal planes
of T-GNSs, which cause the electronic structure to have more
metallic characteristics. This enhances the electron affinity of the
defective graphene surface, leading to a higher potassium-ion stor-
age capacity and faster and more stable potassium-ion adsorption
behavior in a nearly monovalent state compared with those of
well-ordered graphite materials.
2. Experimental

2.1. Preparation of T-GNSs

A commercial graphene oxide dispersion (1 wt%, JGO-25, JMC,
South Korea) was lyophilized at �50 �C under � 5 Pa for 3 days,
and the resulting graphene oxide powder was heated at 800 �C
for 2 h in a tube furnace under Ar flow of 300 mL min�1. A heating
rate of 5 �C min�1 and natural cooling were applied for the heating
process. The product T-GNS powders were then stored in a vacuum
oven at 30 �C.
2.2. Characterization

The material properties of the T-GNSs and GNPs were charac-
terized by scanning electron microscopy (SEM, S-4300, Hitachi,
Japan), transmission electron microscopy (TEM, JEM2100F, JEOL,
Japan), X-ray diffraction (XRD, Rigaku D/MAX 2500, Rigaku, Japan),
Raman spectroscopy (514.5 nm, 2.41 eV, 16 mW), X-ray photoelec-
tron spectroscopy (XPS, PHI 5700 ESCA, USA), and nitrogen adsorp-
tion/desorption isotherms (ASAP 2020, Micromeritics, USA).
Electrochemical tests were conducted using 2032-type coin cells
and automatic battery cyclers (WBCS3000, Wonatech, Korea).
The working electrodes were prepared using a slurry method in
which 90 wt% of T-GNSs or GNPs was mixed with 10 wt% of a
polyvinylidene fluoride (PVDF, Sigma-Aldrich, USA) binder in an
N-methyl-2-pyrrolidone solution and then homogeneously coated
on a Cu foil (20 lm, Welcos, Korea) through bar coating. The elec-
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trodes (1/2 inch in diameter) were punched, where the active
material loading density was controlled at � 1 mg cm�2 for each
electrode. The coin cells were assembled in a glovebox filled with
argon gas using T-GNSs or GNPs as the working electrode and
potassium metal (�99.5%, Sigma-Aldrich, USA) as both the refer-
ence and counter electrodes. A glass microfiber filter (GF/F, What-
man, US) was used as the separator.

2.3. Computational method

First-principles density functional theory (DFT) calculations
were performed using the Vienna ab initio simulation package
(VASP) [32,33]. The electron–ion interaction was described by
the projector augmented wave (PAW) [34] method with a plane-
wave energy of up to 400 eV. The vdW-DF [35] exchange–correla-
tion functional was used to adequately describe the van der Waals
interactions. All bulk and surface models were generated based on
6 � 6 supercells composed of hexagonal graphite unit cells. The
integration in k-space was performed with 2 � 2 � 5 and
2 � 2 � 3 Monkhorst–Pack grids for graphite and potassium-
intercalated structures, respectively. All surface models included
a 15 Å vacuum region along the surface normal direction. The
Methfessel–Paxton smearing method was used to determine elec-
tron occupations with a smearing energy of 0.2 eV. The optimized
geometries were obtained with criteria of atomic forces less than
0.01 eV Å�1 and a total energy convergence of less than 10-5 eV.
The intercalation potential between compositions x2 and x1 of the
potassiated graphite was calculated as follows:

V � � EðKx1C8Þ � EðKx2C8Þ � ðx1 � x2ÞEðKmetalÞ
ðx1 � x2Þ

where Kmetal is the body-centered cubic potassium bulk phase.
Bader partial charge analysis was performed using a code provided
by the Henkelman group [36].
3. Results and discussion

The two-dimensional (2D) morphologies of the T-GNSs with
large-area lateral sizes were observed by SEM and TEM (Fig. 1a,
b, and f respectively). The lateral dimensions of the T-GNSs were
several tens of micrometers, which were approximately five times
larger than those (a few micrometers) of the GNPs (Fig. 1e and f).
Further information for the morphologies of both samples can be
confirmed in the low magnification SEM images as shown in
Fig. S1. In addition, high-resolution TEM (HR-TEM) images showed
a glaring contrast in their graphitic microstructures (Fig. 1c and g,
and Fig. S2). The HR-TEM image of the T-GNSs exhibited a tur-
bostratic graphitic structure with a large variation in d-spacing,
while that of the GNPs represented a well-ordered graphitic struc-
ture with a relatively uniform lattice spacing. The specific d-
spacing variations are depicted as frequency distribution bar
graphs, which were obtained from HR-TEM images by calculating
the lattice distances of more than 100 samples (Fig. 1d and h).
The d-spacings of the T-GNSs and GNPs ranged primarily between
3.65 and 4.18 Å and between 3.34 and 3.46 Å, respectively, indicat-
ing that the T-GNSs had larger and a considerably broader range of
d-spacings. The selective area diffraction (SAD) patterns support
the prominent crystallographic differences (insets in Fig. 1c and
g). The SAD pattern of the T-GNSs exhibited a blurred ring pattern,
indicating an amorphous microstructure. In contrast, many clear
points from well-ordered (002) and (100) graphite structures were
observed for the GNPs. The larger and broader range of d-spacings
in the graphitic structure are induced from intrinsic/extrinsic
defects which have sp3-hybridized carbon bonds in the poly-
hexagonal carbon plane [37,38]. The stereoscopic sp3-hybridized



Fig. 1. Material properties of the T-GNSs and GNPs. (a) SEM, (b) TEM, and (c) HR-TEM images (inset shows SAD pattern) and (d) d-spacing variation data obtained from HR-
TEM images of the T-GNSs. (e) SEM, (f) TEM, and (g) HR-TEM images (inset shows SAD pattern) and (h) d-spacing variation data obtained from HR-TEM images of the GNPs. (i)
XRD patterns and (j) Raman spectra of the T-GNSs and GNPs. XPS C 1s spectra of the (k) T-GNSs and (l) GNPs. (m and n) Nitrogen adsorption/desorption isotherms of the T-
GNSs and GNPs depicted with different nitrogen adsorption ranges, and (o and p) pore-size distribution data of the T-GNSs and GNPs depicted with different pore volume
ranges.
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carbons in the graphene plane deform the planar carbon sheets
into twisted and tortuous shapes, leading to poorly stacked graphi-
tic structures.

The microstructural differences were further investigated using
XRD and Raman spectroscopy (Fig. 1i and j, respectively). In the
XRD pattern of the T-GNSs, a very broad graphite (002) peak cen-
tered at 22.8� was confirmed, which coincides with the broad
range of lattice spacings found in the TEM observations. The aver-
age d-spacing of the expanded lattices was calculated to be � 3.90
Å (Fig. 1i). In contrast, the XRD pattern of the GNPs exhibited a rel-
atively sharp graphite (002) peak at 26.4� (d-spacing: 3.38 Å),
which is very close to the typical graphite structure (Fig. 1i). The
crystalline graphitic domain sizes (Lc) of the T-GNSs and GNPs
were calculated to be 2.3 and 29.4 nm, respectively, from the
XRD patterns using to the Scherrer equation [37]. Note that the
ordered graphitic domain size of the GNPs was � 13 times larger
than that of the T-GNSs in spite of the substantially smaller con-
tour particle sizes. In the Raman spectra, the signature D and G
816
bands of aromatic polyhexagonal carbon rings were detected
at � 1350 and � 1582 cm�1 for the GNPs and at � 1345
and � 1582 cm�1 for the T-GNSs (Fig. 1j). The redshift of � 5 cm�1

in the D band of the T-GNSs indicates that the polyhexagonal struc-
tures were slightly distorted by tensile strain [39]. The integrated
areal intensity ratios (ID/IG) of the T-GNSs and GNPs were � 1.59
and � 0.31, respectively, and their graphenic domain sizes (La)
were calculated to be � 10.6 and 54.3 nm, respectively (Fig. S3)
[40]. In addition, the Raman spectrum of the GNPs displayed a dis-
tinctive 2D band, which indicates a three-dimensional ordering of
the graphene sheets. This is in contrast to that of the T-GNSs, which
did not have a 2D band (Fig. 1j). From the HR-TEM, XRD, and
Raman spectroscopy analyses, it was confirmed that the T-GNSs
had a turbostratic graphite structure composed of nanometer-
scale crystalline domains and expanded graphitic lattices with a
broad range of d-spacing.

The surface properties of the T-GNSs and GNPs were character-
ized by XPS, as shown in Fig. 1(k and l), respectively. The C 1 s spec-
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tra revealed that both samples were composed primarily of sp2-
hybridized carbon–carbon double-bond structures (284.4 eV) with
a small proportion of sp3-hybridized carbon–carbon single-bond
configurations (284.7 eV). The T-GNSs had a higher proportion of
sp3-hybridized carbon, which originated from intrinsic defects such
as Stone–Wales, mono-vacancy, di-vacancy, pseudo-edge, and
edge defects. In addition, the C 1 s spectrum of the T-GNSs dis-
played a higher intensity of carbon–oxygen single-bond configura-
tions, indicating the presence of more oxygen heteroatoms (Fig. 1k
and l). The O 1 s spectrum of the T-GNSs also shows the higher
intensity of carbon–oxygen single-bond configuration (Fig. S4a).
In contrast, the O 1 s spectrum of the GNPs reveals that a car-
bon–oxygen double bond structure is their main configuration
(Fig. S4b). The O/C ratio of the T-GNSs was � 0.073, which is � 2
times higher than that of the GNPs (�0.036). The XPS survey spec-
tra support that the T-GNSs are mainly composed of carbon and
oxygen bonds (Fig. S5).

To characterize the specific open surface areas of the T-GNSs
and GNPs, nitrogen adsorption/desorption isotherm tests were
conducted (Fig. 1m-p). The isotherms of both samples exhibited
typical IUPAC classification type-IV behavior (mesoporous struc-
tures) with type-H2 hysteresis loops, which implies that the pores
were slit-shaped (Fig. 1m and n). The pore-size distributions of
both samples had similar shapes with a broad range of pore sizes
from mesopores to macropores, although there was a large differ-
ence in the magnitudes of the pore volumes (Fig. 1o and p). The
specific surface area (�370 m2 g�1) of the T-GNSs was � 12 times
higher than that of the GNPs (�31 m2 g�1). It is worth noting that
the large gap in the quantity of adsorbed nitrogen was consider-
ably more dependent on the local microstructure, such as La and
Lc, than on the macroscopic sheet size. This means that more nitro-
gen molecules can permeate into the interior of the defective car-
bon structures, where the inner surfaces of the multitudinous
carbon basic structural units can be exposed as open surfaces. Con-
sidering that the kinetic diameter of nitrogen molecules is � 3.64
Å, substantially smaller alkali cations can be more easily inserted
along the large open surfaces, which is advantageous for the charge
transport rate inside the T-GNSs.

The alkali cation storage behaviors in the different carbon
microstructures of the T-GNSs and GNPs were investigated by
comparing their potassium-ion and lithium-ion storage behaviors
in KPF6 and LiPF6 electrolyte systems, respectively, dissolved in
an ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
v/v) mixed solution. Cyclic voltammetry (CV) tests were conducted
between 0.01 and 3.0 V (Fig. 2a and 2b). In lithium-ion half-cells, a
sharp reduction/oxidation peak pair was observed in the low-
voltage region (�0.01/�0.23 V) of the CV curve of the GNPs, while
no oxidation peak was evident in the CV curve of the T-GNSs, indi-
cating that the lithium-ion intercalation reaction is highly affected
by the local graphitic structure (Fig. 2a). Numerous studies support
carbon-microstructure-dependent lithium-ion storage behavior
[41–43]. However, in potassium-ion half-cells, clear redox peak
pairs at � 0.4 and � 0.5 V were confirmed in the CV curves of
the GNPs and T-GNSs, respectively (Fig. 2b). The reversible oxida-
tion peaks in the low-voltage region reveal that similar
potassium-ion intercalation reactions occur in both well-ordered
and turbostratic graphite structures, which clearly differs from
the lithium-ion storage behavior of the T-GNSs. Another notewor-
thy observation is the substantially larger electrochemically active
surface areas (ECSAs) of the T-GNSs in both lithium-ion and
potassium-ion cells than those of the GNPs (Fig. 2a and b). Partic-
ularly for the potassium-ion cells, the CV curve of the T-GNSs had a
higher integral curve area as well as a strong area redox peak pair,
implying that the potassium-ion intercalation reaction occurs with
a large number of pseudocapacitive charge storage reactions
(Fig. 2b) [44]. The pseudocapacitance was quantitatively fit using
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the CV curves of the T-GNSs at different scan rates (Fig. S6). The
pseudocapacitive contribution gradually increased with increasing
scan rate, with pseudocapacitance ratios of � 22%, �43%, �52%,
�64%,�74% and 79% at scan rates of 0.1, 0.2, 0.5, 1, 2, and 5 mV s�1,
respectively. The distinctive charge storage behaviors of the T-
GNSs were further studied through galvanostatic discharge/charge
tests at a current density of 25 mA g�1 (Fig. 2c and d). In lithium-
ion half-cells, the galvanostatic charge (delithiation) profile of the
GNPs exhibited a reversible plateau voltage capacity
of� 210mA h g�1 at� 0.1 V, followed by a sloping voltage capacity
of � 140 mA h g�1; this is quite different from that of the T-GNSs,
which did not demonstrate a noticeable plateau voltage capacity
(Fig. 2c). The overall reversible capacities of the T-GNSs were con-
siderably higher (�580 mA h g�1), and most of the capacities were
obtained with a continuous voltage increase. Hence, the T-GNSs
primarily stored lithium ions via a solid-solution reaction mecha-
nism. However, in the potassium-ion cells, the galvanostatic charge
profiles of both the GNPs and T-GNSs exhibited similar plateau-like
low-voltage capacities of � 120 and � 200 mA h g�1 at � 0.5 V,
respectively, where the T-GNSs presented a higher plateau voltage
capacity, despite their poor graphitic ordering. Moreover, the T-
GNSs exhibited a substantially higher sloping voltage capacity
(�220 mA h g�1) in a higher voltage range (>0.7 V). These results
indicate that the T-GNSs had more redox-active sites for both
intercalation and pseudocapacitive reactions. Essentially, the pseu-
docapacitive alkali cation storage reaction occurs by chemisorption
of the charge carriers on the defective sites of the graphene planes,
such as edge defects, extrinsic defects, and topological defects.
Because the d-spacings of the T-GNSs were larger than the equilib-
rium d-spacing (3.70 Å) of lithium–graphite intercalation com-
pounds, the lithiation reaction on the T-GNSs could mainly occur
along a single graphene surface by surface-driven redox reactions
rather than by intercalation reactions between two graphene lay-
ers [45,46]. The pseudocapacitive reaction on a single graphene
surface can store more charges than that of the intercalation reac-
tion. However, the binding energy with alkali cations could be
higher on the single graphene layer than that between two gra-
phene layers, leading to a higher redox voltage of the pseudocapac-
itive alkali cation storage reaction. Therefore, the lithiation/
delithiation profiles of the T-GNSs with the larger d-spacings
resulted from the pseudocapacitive reactions with higher specific
capacities (�580 mA h g�1), while those of the GNPs composed
of well-ordered graphitic lattices mainly originated from
intercalation-based plateau voltage capacities (�210 mA h g�1

at � 0.1 V). However, the expanded graphitic lattices of the T-
GNSs were still smaller than the equilibrium slab distance (5.35
Å) of the potassium–graphite intercalation compounds, wherein
potassium-ion intercalation reactions could mainly occur for both
the T-GNSs and GNPs. Therefore, it is reasonable that they exhib-
ited similar potassium-ion intercalation behaviors in the low-
voltage region. However, the higher plateau-like voltage capacity
of the T-GNSs requires further consideration because the presence
of topological defects on the graphene basal plane creates a strain
on the neighboring six-membered rings and even more remote
ring structures, leading to large defective domains. Therefore, the
origin of the higher plateau capacity of the T-GNSs was further
investigated by first-principles calculations, which will be dis-
cussed in the following section.

More detailed potassium-ion storage mechanisms of both sam-
ples were characterized using the redox peak currents in the CV
curves obtained at different sweep rates (Fig. 2e and S7). The peak
currents increase with the sweep rate according to a power law
relationship: i = avb, where a and b are adjustable values [47]. A
diffusion-controlled charge storage mechanism has a b value
of � 0.5, which increases to � 1 when a surface-controlled reaction
mechanism is dominant. Based on the oxidation peak currents of



Fig. 2. Electrochemical performancesof theT-GNSsandGNPs inLiPF6andKPF6electrolytesdissolved inanEC/DMCmixed solutionover avoltagewindowof0.01 to3.0Vvs. Li+/Li
andK+/K, respectively. Cyclic voltammogramsof (a) lithium-ion and (b) potassium-ion cells at a scan rate of 0.1mV.Galvanostatic discharge/chargeprofiles of (c) lithium-ion and
(d) potassium-ion cells at a current rate of 25mAg�1. (e) Specificpeak currents of cyclic voltammograms at different scan rates, (f) EIS profiles at frequencies between50mHzand
1MHz after potassiation at 0.01 V, (g) variations in potassium-ion diffusivity values with voltage, (h) rate capabilities at current densities from 25 to 1000mA g�1 (followed by
reversible rate capability at 25 mA g�1), and (i) cycling performances with Coulombic efficiency values over 300 cycles of the T-GNSs and GNPs in potassium-ion cells.
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the GNPs and T-GNSs in the CV curves of the potassium-ion sys-
tems, the b values were � 0.50 and 0.58, respectively. This reveals
that the potassiation behavior in the turbostratic structure pro-
gressed with a partly surface-controlled reaction, which is advan-
tageous for the potassium-ion transport kinetics. Electrochemical
impedance spectroscopy (EIS) data collected at frequencies
between 50 mHz and 1 MHz after potassiation at 0.01 V support
the facile charge delivery on the T-GNSs (Fig. 2f). The EIS profiles
of the GNPs and T-GNSs exhibited one large semicircle correspond-
ing to 2,400 and 1,700 X, respectively, where the semicircle was
induced by both the surface film resistance (Rf) and charge transfer
resistance (Rct). The smaller semicircle of the T-GNSs indicates
more favorable charge-delivery kinetics. Additionally, potassium-
ion diffusivity was calculated using the galvanostatic intermittent
titration technique at a current rate of 25 mA g�1 with a rest time
of 2 h (Fig. S8) [48]. The potassium-ion diffusivity values (1.4–3.6
� 10-9 cm�2 s�1) in the T-GNSs were approximately 2–10 times
higher than those in the GNPs (0.1–2.1 � 10-9 cm�2 s�1) at all
the tested voltage ranges, which coincides with the results from
the power law and EIS analyses (Fig. 2g). The lower charge transfer
resistance and higher potassium-ion diffusivity led to higher rate
capabilities for the T-GNSs. At the tested current densities (which
were increased from 25 to 1000 mA g�1 in stages), the initial
capacity gap gradually increased with increasing current density
(Fig. 2h). When the current density reached 200 mA g�1, the rever-
sible capacities of the GNPs were reduced to < 50 mA h g�1, while
those of the T-GNSs were � 220 mA h g�1. In addition, when the
current density was returned to its initial value after 35 cycles,
the T-GNSs retained high reversible capacities
of � 390 mA h g�1, corresponding to the atomic ratio KC5.7,
whereas the GNPs showed relatively poor capacities
of � 170 mA h g�1 (KC13.1) and a gradual reduction in capacity
(Fig. 2h). The superiority of the T-GNSs can be further confirmed
through comparison with previously reported carbon-based anode
materials (Table S1). Additionally, the potassium-ion storage per-
formances of the GNPs and T-GNSs were compared after doubling
the mass-loading density (�2 mg cm�2, Fig. S9). In the galvanos-
tatic profiles, the reversible capacities of both the T-GNSs and GNPs
were reduced in the higher mass-loading density condition. How-
ever, the capacity reduction of the T-GNSs (�15%) was substan-
tially smaller than that of the GNPs (�23%), indicating the T-GNS
electrode has better kinetic performance under the same condi-
tions. Hence, the T-GNSs exhibited a better rate performance and
reversibility for potassium-ion storage. The cycling performances
of the T-GNSs and GNPs were tested at a current rate of 25 mA g�1

for the potassium-ion cells (Fig. 2i). The T-GNSs exhibited stable
cycling behavior, where reversible capacities of � 275 mA h g�1

were maintained after 300 cycles. In contrast, the GNPs exhibited
a continuous large capacity drop from the initial cycle, with rever-
sible capacities reaching half the initial value after 150 cycles. After
300 cycles, the reversible capacities of the GNPs were below
30 mA h g�1, showing poor cycling performance. The initial
Coulombic efficiency (CE) of the T-GNSs was � 45%, which was
much higher than that of the GNPs (�27%). The CE values of the
T-GNSs and GNPs gradually increased with increasing number of
cycles to � 97.25% and 94.96%, respectively. The stark differences
in the cycling performances can also be observed in the galvanos-
tatic profiles at different cycles (Fig. S10). The cycling perfor-
mances of the T-GNSs were further tested under high rate
conditions. A reversible capacity of > 100 mA h g�1 was maintained
by 500 mA g�1 after 200 cycles, demonstrating good cycling perfor-
mance (Fig. S11).

To clarify the potassium-ion storage mechanisms of the GNPs
and T-GNSs, ex situ Raman analysis was conducted at different
states of charge (SoCs) during the galvanostatic charge/discharge
processes (Fig. 3a and b). In a previous study on graphite foam,
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splitting of the G band in the Raman spectra was observed, which
was thought to be induced by the separation of local graphenic car-
bon structures into two phases, the potassium-ion-intercalated
phase and the neighboring phase with no potassium ions [49].
The occurrence of a new G band with potassium-ion intercalation
can be confirmed in the higher frequency region, indicating that
the in-plane carbon–carbon bond length in the intercalated phase
is shortened by strong interaction with the intercalated potassium
ions. Herein, G band separation occurred in the ex situ Raman spec-
tra of the GNPs during the potassiation process, where the high-
frequency G band intensity gradually increased with increasing
plateau voltage capacity, indicating that potassium ions were
stored by a two-phase intercalation reaction (Fig. 3a). In the subse-
quent depotassiation process, the high-frequency G band intensity
gradually decreased with decreasing SoC, and finally, the initial G
band was restored to its original shape. Contrary to the ex situ
Raman spectra of the GNPs, a new high-frequency G band was
not formed during the potassiation/depotassiation processes of
the T-GNSs (Fig. 3b). One noteworthy result is the gradual red shift
of the G band with increasing SoC for the T-GNSs, where the peak
centered at � 1580 cm�1 shifted to a minimum value
of � 1560 cm�1 in the fully potassiated state. The progressive red
shift indicates that a solid-solution potassium-ion intercalation
reaction occurred, which caused continuous extension of the in-
plane carbon–carbon bond length in local carbon domains. This
is a completely different reaction mechanism from the blue-
shifted phase formation reaction of the GNPs. Nevertheless, the
galvanostatic charge/discharge curves showed a plateau-like volt-
age profile in the low-voltage region (�0.5 V). In addition, the over-
all specific capacities of the T-GNSs (�420 mA h g�1) were � 2
times higher than those of the GNPs (�200 mA h g�1); the T-
GNSs exhibited a � 60% higher plateau-like capacity at � 0.5 V
(Fig. 2d).

The schematics in Fig. 3(c), illustrate the relationship between
the potassium-ion intercalation reaction and the voltage profile
of the GNPs. The a and b phases represent the carbon domains
without and with intercalated potassium ions, respectively, where
the chemical potential (l) in the long-range two-phase region is
fixed at the same value, and accordingly, the main plateau voltage
capacity occurs during the potassiation process. In contrast to the
typical two-phase potassium-ion intercalation reaction of the
GNPs, Dl of the KCx phase continuously decreases with potassia-
tion for the T-GNSs (Fig. 3d). Note that Dl of the T-GNSs is gradu-
ally mitigated with increasing SoC, and a nearly plateau-like
voltage profile is exhibited at higher SoCs (Fig. 3d). The slight
change inDl is due to the presence of numerous redox active sites,
which have similar energy states. Because the potassiation reaction
progresses successively along the reaction pathway via active sites
with the lowest Dl, the plateau-like voltage profile can indicate
when T-GNSs have a large number of redox centers in the low volt-
age region. More explanation for the Fig. 3(c and d) was exhibited
in Fig. S12.

The first-principles calculation results support our claim that T-
GNSs can deliver considerably higher energy and power densities
than those of GNP via the solid-solution potassium-ion intercala-
tion reaction mechanism with a pseudo-plateau voltage capacity
(Fig. 4). To create a simplified model of the experimental T-GNS
material (in which various defects were combined), three defective
graphite models were generated by stacking the graphene layers
with V2 defects (i.e., 585, 555–777, and 5555–6-7777) in an AB
sequence (Fig. 4a). The intercalation potentials of potassium ions
for perfect and defective graphite structures were calculated using
DFT. For perfect graphite, three intercalated structures, KC24, KC16,
and KC8 (as reported in previous studies), were selected.8 In defec-
tive graphite with the same compositional structure as potassium-
intercalated perfect graphite, the interaction energy between the



Fig. 3. Ex situ Raman spectra of the (a) GNPs and (b) T-GNSs. Schematics showing Dl of the (c) GNPs and (d) T-GNSs with potassiation and corresponding changes in the
voltage profiles.
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potassium and defective graphene layer varies depending on the
arrangement of the potassium ion. Therefore, in this study, two dif-
ferent laterally translated potassium-ion intercalation structures
were calculated (Fig. S13) for each defective graphite model (i.e.,
a total of six structures for each stage). The average intercalation
potentials and their deviations are shown in Fig. 4(b). For the
defective graphite, the average potential of each composition was
higher than that of the perfect graphite in all stages, which is con-
sistent with the experimental voltage profiles. The potential differ-
ence was largest in the first stage (KC24) and decreased with
increasing SoC, similar to the experimental results. The potential
deviation of the defective graphite model was quite large depend-
ing on the arrangement of the potassium ion and defect structure,
which indicates that the experimental voltage profile represents
the solid-solution behavior. In addition, the higher potential com-
pared to that of the perfect graphite indicates that the reduction of
potassium ions in the defective graphite host structure is easier
than that in perfect graphite.

To determine the origin of the different potential behaviors, the
potassium atom binding energies were calculated for the perfect
graphene and V2 defective graphene surfaces (Fig. S14). The potas-
sium binding energies based on the various ring structures present
on the graphene surfaces are shown in Fig. 4(c). The binding energy
for perfect graphene was �0.11 eV, which is weak (physisorption
level). In contrast, the binding energies for the C5-C8 rings present
in the defect regions were between �0.54 and �1.31 eV, which
were approximately 5 to 13 times stronger than that of perfect gra-
phene. These calculation results explain why a defective graphite
material (e.g., the T-GNSs in the experiment) can be charged at a
higher potential than that of a perfect graphite material (e.g., the
GNPs in the experiment): the intrinsically strengthened interaction
between potassium and the defective carbonaceous surface is
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reflected in the intercalation structure. This also means that potas-
sium ions can be easily reduced on the surface of defective gra-
phite, which most likely explains the origin of the relatively long
sloping voltage profile in the initial potassiation stage of the T-
GNSs.

Interestingly, the binding energy tended to decrease as the dis-
tance between the C6 binding site and the defect region increased.
However, it was still considerably stronger (>-0.71 eV) than that of
the perfect graphene. This is because the electronic structure of the
basal plane is affected by the defect site. The density of states
(DOS) and the atomic partial charge of potassium were analyzed
to identify the origin of this behavior. As shown in Fig. 4(d), the
DOS near the Fermi level of each defective graphene model showed
a higher state density than that of the perfect graphene, which is
consistent with previous studies [50–54]. Thus, defective graphene
has more metallic characteristics than perfect graphene, thereby
facilitating potassium-ion reduction because of the improved elec-
trical conductivity. Furthermore, as shown in Fig. 4(e), the partial
charge of the potassium atom adsorbed on the defective graphene
models had a higher oxidation state (+0.88 to + 0.91) than that of
the perfect graphene (+0.79). This indicates that the increased
DOS near the Fermi level enhanced the electron affinity of the
defective graphene surface, which enabled the adsorption of potas-
sium into a nearly stable monovalent state, resulting in a stronger
binding energy. These calculation results clarify that the surface
and lattice domains of the T-GNSs contain various intercalation
sites with strong binding energies, which are the origin of the
solid-solution potassium-ion intercalation behavior.

DFT calculations also identified the origin of the pseudo-plateau
voltage profile of the T-GNSs during potassiation compared to the
solid-solution behavior during lithiation. Because the T-GNSs had
an expanded d-spacing with a broader distribution compared to



Fig. 4. First-principles calculation data. (a) Structure models for perfect and defective graphite materials. Defective graphite composed of di-vacancy (V2) 585, 555777, and
55,557,777 graphene sheets with an AB stacking sequence. (b) Theoretical voltage profiles for KC24, KC16, and KC8 compositions based on perfect and defective graphite
structures. The average and standard deviation of the calculated voltage values were plotted for the T-GNSs. (c) Potassium binding energies on perfect and defective graphene
surfaces. (d) Density of states near the Fermi level for perfect and defective graphene models. (e) Partial charges of a potassium atom in the adsorbed state calculated using
Bader analysis. (f) Variation in the intercalation potentials of Li+ and K+ with the d-spacing for perfect and defective graphite structures.
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that of perfect graphite, the intercalation behavior of lithium and
potassium ions could be differentiated by dissimilar interactions
between cations and graphite interlayers. The intercalation poten-
tials were calculated for fully intercalated LiC6 and KC8 structures
with d-spacings that were 10%-50% larger than that of the equilib-
rium lattice (Fig. 4f). As the d-spacing increased, the thermody-
namic stability of the ions in the graphite interlayer decreased,
which caused the intercalation potential to decrease. Intercalation
in the defective graphite occurred at a higher potential for both
ions than that of the perfect graphite because of the relatively
strong ion–graphene binding energy, as discussed previously. It is
worth noting that the degree of instability resulting from the d-
spacing expansion was more significant in the lithiation cases than
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in the potassiation cases. The lithiation potential decreased to
below the Li metal reduction potential when the d-spacing was
increased by more than 20% for perfect graphite and 40% for defec-
tive graphite. Considering the broad d-spacing distribution of the
T-GNSs, only a part of the lattice domains could have an optimal
d-spacing for homogeneous lithiation. Thus, in the rest of the
domains, lithium intercalation involved lattice contraction pro-
cesses, which have extensive thermodynamic costs. For this rea-
son, the lithiation of the T-GNSs showed a solid-solution voltage
profile, as shown in the experiments (Fig. 2c). In comparison, the
T-GNSs provided a pseudo-homogeneous intercalation environ-
ment for potassiation because the average d-spacing of the T-
GNSs was smaller than that of KC8. Moreover, the potassiation
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potential did not change significantly, even when the d-spacing
was increased by up to 50%. Hence, T-GNSs can show a two-
phase-like plateau potential via solid-solution reactions.

To demonstrate the feasibility of T-GNSs in a full-cell system,
we tested T-GNS-based full-cells. A graphitic nanocarbon (GNC),
which can store PF6 anions at high voltages (>4.5 V vs. K/K+) via
an anion intercalation mechanism, was used as the cathode mate-
rial [55]. The material properties of the GNC are shown in Fig. S15.
The GNC had a macroporous network structure composed of gra-
phitic carbon nanofibers with an ID/IG ratio of 0.35 and d-spacing
of � 0.34 nm. In the galvanostatic charge/discharge profiles in
the voltage range 3.5–5.3 V vs. K/K+, the GNC cathode demon-
strated a reversible capacity of� 64 mA h g�1 with an average volt-
age of 4.64 V (Fig. S16a). When the GNC cathode was assembled
with the T-GNS anode, the T-GNS//GNC full-cell profiles also
demonstrated high-voltage performances (>4.5 V) with reversible
capacities of � 46, �40, �35, and � 26 mA h g�1 at 0.1, 0.2, 0.4,
and 1.0 A g�1, respectively (Fig. S16b). The energy densities of
the T-GNS//GNC full cells were � 205, �180, �160, and � 115
Wh kg�1 at power densities of � 450, �900, �1790,
and � 4370 W kg�1, respectively. The relatively high energy and
power densities of the T-GNS//GNC full cells can be seen in the
Ragone plots, which include the energy-power relationships of sev-
eral potassium-ion storage devices (Fig. S16c) [56–62]. In addition,
the T-GNS//GNC full cells revealed stable cycling performances
over 100 cycles with similar capacity retentions (Fig. S16d). Hence,
these full-cell data support the practicality of the T-GNSs as an
anode for PIBs.
3. Conclusion

In summary, the effects of carbon microstructures on the
potassium-ion storage behavior were investigated using two dif-
ferent nanocarbon materials, T-GNSs and GNPs, through a compar-
ative study of lithium-ion and potassium-ion half-cells. The
different local carbon microstructures led to vastly different
lithium-ion storage behaviors between the T-GNSs and GNPs,
while similar plateau-like capacities were observed at low voltages
(�0.5 V) for potassium-ion storage. Interestingly, the defective T-
GNSs had a higher plateau capacity (�200 mA h g�1) than that of
the GNPs (�120 mA h g�1) with a large sloping capacity
(�220 mA h g�1). In addition, the T-GNSs showed higher rate capa-
bilities, better reversibility, and more stable cycling performance.
Ex situ Raman spectra characterized at different SoCs clearly
demonstrated that the T-GNSs stored potassium ions via a solid-
solution intercalation reaction with no phase transformation,
which was very different from the two-phase reaction of the GNPs
involving the formation of a new potassiation domain. Despite the
similar plateau voltage profiles for the different charge storage
mechanisms, the theoretical calculation data indicated that defec-
tive sites on the stacked graphene basal planes can diversify the
potassiation redox potentials, where the electronic structure of
the hexagonal carbon rings was highly affected by neighboring
defective sites. The more metallic basal planes enhanced the elec-
tron affinity of the defective graphene surface, which enabled
potassium to be adsorbed into a nearly stable monovalent state.
This study reveals that defective graphitic materials are more suit-
able anode materials for PIBs.
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