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Potassium-ion batteries (PIBs) have attracted tremendous attention for large-scale energy storage fields
based on abundant potassium resources. Graphite is a promising anode material for PIBs due to its low
potassium ion intercalation voltage and mature industrialized preparation technology. However, the in-
ability of graphitic structures to endure large volume change during charge/discharge cycles is a major
limitation in their advancement for practical PIBs. Herein, a soft carbon-coated bulk graphite composite
is synthesized using PTCDA as a carbon precursor. The PTCDA-derived soft carbon coating layer with large
interlayer distance facilities fast potassium ion intercalation/extraction in the BG@C composite and buffers
severe volume change during the charge/discharge cycles. When tested as anode for PIBs, the composite
realizes enhanced rate capability (131.3mAh/g at 2 C, 1 C=279mA/g) and cycling performance (capacity
retention of 76.1% after 150 cycles at 0.5 C). In general, the surface modification route to engineer graphite
anode could inherently improve the electrochemical performance without any structural alteration.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have been widely used in portable
electronics, power tools and electric vehicle due to their high en-
ergy density, high power density and long cycle life. However,
in the realm of large-scale energy storage, LIBs are hampered by
a lack of lithium-resource availability and the rising costs [1-
4]. Herein, sodium-ion batteries (SIBs) and potassium-ion batter-
ies (PIBs) have gotten a lot of interests as LIB alternatives based
on their accessible materials and chemical features comparable to
lithium [5,6]. In comparison, PIBs offer a lower K*/K standard po-
tential (—2.93 V vs. SHE) than Na*/Na (—2.71 V vs. SHE), realizing
a greater full-cell operating voltage and consequently a higher en-
ergy density. In addition, the smaller solvated K* attributed to the
lower charge density of K* facilities fast ionic transport and pro-
vides a high power density [7-9]. Therefore, PIBs are regarded as a
promising technology for large-scale energy storage.

Ji and coworkers demonstrated the reversible electrochemi-
cal potassiation/depotassiation of K* in graphite, making a break-
through in PIBs’ development [10]. Since then, engineering a su-
perior PIBs-based electrode has become a hotspot in materials re-
search. Graphite, as a commercial anode of LIBs, is a preferred ma-
terial for PIBs based on its low-cost and low intercalation volt-
age of ~0.2V. In the case of graphite, K ion storage is based on
intercalation/deintercalation mechanism allowing a theoretical ca-
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pacity of 279 mAh/g, corresponding to the graphite intercalation
compound of KCg [11-13]. Despite K ions affinity for graphite, their
large ionic radius (1.33 A) makes its intercalation challenging. Fur-
thermore, the intercalation process causes a 60% volume expansion
and massive distortion of the graphite structure [14-17]. As a re-
sult, graphite as an anode for PIBs shows poor cycling performance
and rate capability.

Strategies such as forming a stable solid electrode interface
(SEI) via optimized electrolyte systems [18-21], adjusting the inter-
layer distance [22-24], and surface modification of graphite [25-
27] have been adopted to overcome these challenges. In the case
of the surface coating of graphite, effective volume buffering dur-
ing the intercalation/deintercalation process could be anticipated,
which could enhance the cycle stability and rate capability of the
electrode. Feng et al. utilized atomic layer deposition to coat the
atomic layer of Al,03 on graphite. The Al,03 coating layer en-
abled the formation of a robust SEI layer and thus improved the
cycling performance of the electrode to 233 mAh/g after 50 cy-
cles at a current density of 0.05 A/g, which is much superior to
the pristine natural graphite (92 mAh/g) [28]. Here, carbon materi-
als with high electronic conductivity could be a better choice for
coating the surface of graphite. Han et al. synthesized a polyvinyli-
dene fluoride (PVDF) derived F-doped carbon-coated natural mi-
crocrystalline graphite (NMG) composite via a scalable solution
reflux process and thermal annealing. The carbon coating could
effectively suppress the volume change along graphite’s c-axis,
allowing improved K ion diffusion kinetics. Thus, the composite
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Fig. 1. The preparation of PTCDA-derived soft carbon-coated bulk graphite (BG@C).

realized a specific capacity of 191 mAh/g after 120 cycles at 0.1A/g
with a capacity retention of 74.3% [29]. Nan et al. prepared a N-
doped carbon nanosheet coated multilayer graphite using urea as
a nitrogen-containing carbon source. The composite realized im-
proved specific capacity, cycle durability, and rate capability with a
capacity retention of 97.5% after 1000 cycles at 0.2 A/g [30]. Thus,
surface engineering of graphite could be a viable route to improve
the inherent electrochemical performance of PIBs anode without
any structural alteration.

3,4,9,10-Perylene tetracarboxylic dianhydride (PTCDA), a typical
conjugated carbonyl compound, is a common soft carbon precursor
[31-33]. The soft carbon often has a higher electronic conductiv-
ity and less defect compared to hard carbon and thus could serve
as a suitable surface modifier for graphite. Herein, PTCDA-derived
soft carbon-coated bulk graphite composite (BG@C) is proposed as
an efficient anode for PIBs. The bulk graphite material is homog-
enized with PTCDA in concentrated sulfuric acid (H,SO4, 98%) fol-
lowed by carbonization to convert the PTCDA to carbon layers. The
BG@C based on its soft carbon-coated surface, realizes superior
intercalation/de-intercalation property of K™ with high volume ex-
pansion endurance. The composite demonstrates a high reversible
specific capacity of 232.8 mAh/g in the first cycle with a capacity
retention of ~76.1% after 150 cycles at 0.5 C, superior to the bulk
graphite (BG) with a charge specific capacity of 211.3 mAh/g and
capacity retention of ~31.4% at same conditions. In addition, the
BG@C delivers a higher reversible capacity of 131.1 and 46.1 mAh/g
at 2 and 5 C, respectively. In general, the PTCDA-derived soft car-
bon coating is an effective route to realize efficient graphite-based
PIBs anode.

Fig. 1 illustrates the fabrication process of PTCDA-derived soft
carbon-coated bulk graphite (BG@C) composite. In a typical exper-
iment, PTCDA was first dispersed in the concentrated H,SO,4 (98%)
to form a homogeneous pink solution. PTCDA with the polycyclic
aromatic framework can be protonated and completely homoge-
nized using concentrated H,SO,4 [34]. The bulk graphite was then
added under magnetic stirring and continued for 2 h allowing the
deposition of PTCDA molecules over the bulk graphite via noncova-
lent forces, including van der Waals and aromatic interactions. The
suspension was then placed into cold water to absorb the mas-
sive heat generated by the rapid dilution of H,SO4. The precipi-
tates were later collected by vacuum filtration and dried, followed
by carbonization at 900 °C under Ar atmosphere resulting in a ho-
mogeneous soft carbon coating over bulk graphite.

FTIR analysis was carried to investigate the chemical structure
of PTCDA coated bulk graphite (BG@PTCDA) in reference to pristine
PTCDA. Fig. 2a shows that the standard PTCDA consists of a peak
at ~1774cm~! that corresponds to the C=0 bond of the carbonyl
groups. The peaks at ~1594, 1301 and 1020cm™! are attributed
to C=C stretching vibration, C-O and C-O-C bonds, respectively
[35,36]. In the case of the BG@PTCDA, the typical peaks of PTCDA
could be observed, indicating its successfully surface coating of the
bulk graphite. Fig. 2b shows the XRD pattern for BG@C consisting
of a sharp peak at ~26.4° and four weak peaks at ~42.2°, ~44.5°,
~54.5° and ~77.4°. The peak pattern is well-indexed to the typical
graphite phase standardized against ICCD card No. 41-148725. The
XRD pattern has no evidence of PTCDA justifying its complete car-
bonization and transformation into a thin and amorphous layer of
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Fig. 2. Physical and chemical characteristics of the BG and BG@C samples: (a) FTIR
spectra, (b) XRD patterns and (c) Raman spectra. Microstructure of the BG@C sam-
ple: (d, e) TEM images and (f) SAED pattern.

soft carbon. Fig. 2c shows the Raman analysis of BG@C consisting
of typical D and G bands at 1350 and 1580 cm~! corresponding to
the disordered carbon and ordered graphite, respectively. The Ip/Ig
ratio reflects the disorder degree of the graphite material [37] and
in the case of BG@C, the ratio increases to 0.39 from 0.07 for BG.
Thus, BG@C could contain more defects and has higher disorder
degree based on the soft carbon layer.

The morphology and microstructure of the BG@C and BG were
determined using SEM and HRTEM. Fig. S1 (Supporting informa-
tion) shows that both samples have similar particle sizes of 4-
11 pum, with the surface of the BG@C relatively rough compared
to BG due to the pyrolysis of PTCDA into the carbon layer on the
graphite surface. Fig. 2d shows the HRTEM images of the BG@C
with evidence of lamellar graphitic flakes structure. Fig. S2 (Sup-
porting information) shows the HRTEM images of the bulk graphite
and PTCDA-derived soft carbon. The bulk graphite (Fig. S2a) con-
sists of a well-ordered long-range structure with an interlayer dis-
tance of ~0.344nm. In comparison, the PTCDA-derived soft car-
bon consists of a turbostratic lattice with an enlarged interlayer
distance of ~0.385nm. In the case of BG@C (Fig. 2e), a soft car-
bon coating with a thickness of ~6nm is evident that could ef-
ficiently buffer structural change during the charge/discharge pro-
cess. Moreover, the content of PTCDA-derived soft carbon on the
surface of the bulk graphite is calculated to be 4 wt% (Fig. S3
in Supporting information), and selected area electron diffrac-
tion (SAED) comprised of bright diffraction rings confirms negli-
gible structural alteration in bulk graphite after the carbon coat-
ing (Fig. 2f). Moreover, the BG@C has a low specific surface area of
4.8m?/g with a pore volume of 0.02cm3/g (Fig. S4 in Supporting
information).

Fig. 3 shows the electrochemical potassiation profiles of BG@C
electrode in reference to pristine BG electrode. The corresponding
CV curves at 0.1 mV/s in the potential window of 0.01 and 3V con-
sist of an irreversible peak at ~0.71V in the first cathodic scan, at-
tributed to the decomposition of electrolyte and the formation of
SEI layer on the surface of the electrode. The peak later disappears,
indicating the formation of SEI in the initial cycle [38-40]. The in-
tercalation process of K* into the graphite is responsible for the
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Fig. 3. Cyclic voltammograms curves at a scan rate of 0.1 mV/s and the first three
charge/discharge profiles at a current density of 0.1 C of (a, b) BG and (c, d) BG@C
electrodes, respectively.

strong peak at around 0.05V with the formation of KCg as a com-
plete intercalation product leading to a theoretical specific capac-
ity of 279 mAh/g. Here, two distinct oxidation peaks correspond to
the transitions between staged K-graphite intercalation compounds
for the first anodic scan. Unlike BG electrode, the CV curves of the
BG@C electrode are well-overlapped after initial cycle, indicating a
stable graphite host structure against the large volume change dur-
ing the potassiation/depotassiation process.

Figs. 3b and d show the galvanostatic charge/discharge curves
of BG@C and BG electrodes at 0.1 C (1 C=279mAh/g). The re-
action plateaus attributed to K* reversible intercalation/extraction
reaction are evident in both cases, with BG electrode deliver-
ing a reversible specific capacity of 271.5mAh/g in the first cycle
and an initial coulombic efficiency (ICE) of 51.8%. The BG@C elec-
trode exhibits a higher reversible specific capacity of 278.8 mAh/g
with an ICE of 44.2%. In the case of BG@C electrode, the soft
carbon coating promotes an irreversible reaction of K* due to
greater surface defects, resulting in a lower ICE [29]. The initial
three charge/discharge curves of the PTCDA-derived soft carbon
electrode at 0.1 C could realize a reversible specific capacity of
263.6 mAh/g with an ICE of 42.9% (Fig. S5 in Supporting informa-
tion). Noticeably, the soft carbon coating layer with larger inter-
layer distance is conducive to the intercalation of K* and poten-
tially alleviate the volume change during the charge/discharge cy-
cles, promoting rate capability and cycling performance of the de-
vised electrode.

Figs. 4a and b show the charge/discharge curves of BG@C and
BG electrodes at different current rates in the range of 0.2-5C.
In the case of BG electrode, a voltage plateau region is observed
at low current density, which gradually diminishes and disappears
when the current density reaches above 2 C. In contrast, BG@C
electrode owing to soft-carbon coated graphitic structure exhibits a
distinct reaction plateau related to the K* intercalation/extraction
even at a high current density of 2 C. The rate performance of
BG@C electrode is shown in Fig. 4c, with BG electrode as a com-
parison. BG electrode delivers a high reversible specific capacity of
271.5mAh/g at 0.1 C, which rapidly declines as the current den-
sity increases and could only retain a reversible specific capacity
of 13.9mAh/g at a high current rate of 5 C. However, the BG@C
electrode exhibits a relatively superior performance with reversible
specific capacities of 278.8, 206.8 and 46.1 mAh/g at increased cur-
rent densities of 0.1, 1 and 5 C. The enhanced rate capability is as-
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Fig. 4. The electrochemical performance of the BG@C electrode with the pristine
BG electrode as a comparison. Charge/discharge profiles at various current densities
of (a) BG and (b) BG@C electrodes. (c) Rate performance and (d) cycle stability at a
current density of 0.5 C.

sociated with larger soft carbon interlayer distance that promotes
ion transfer to the graphitic layer even at high current.

Fig. 4d shows the prolonged cycling performance of BG@C and
BG electrodes at 0.5 C. The BG electrode realizes a reversible K-
storage capacity of 211.3 mAh/g during the initial cycle, which later
declines and remains at 66.4 mAh/g after 150 cycles with a capac-
ity retention of ~31.4%. In contrast, BG@C electrode has a higher
capacity and improved cyclability at a current density of 0.5 C
(140 mA/g), which shows an initial charge capacity of 232.8 mAh/g
and retains a reversible capacity of 177.2 mAh/g after 150 cycles
with a relatively higher capacity retention of 76.1%. The cycling
performance of BG@C electrode is also superior to some previ-
ously reported graphitie anodes, such as F-doped graphite (capac-
ity retention of 74.6% after 100 cycles at 100 mA/g) [25] and PVDF-
derived carbon-confined graphite (capacity retention of 74.3% af-
ter 120 cycles at 100mA/g) [29]. Fig. S6 (Supporting information)
shows the galvanostatic charge/discharge curves of the BG and
the BG@C electrodes at 0.5 C, where a distinct charge/discharge
platform is observed in the initial cycle attributed to the re-
versibly intercalating and extracting of K* from the graphitic layer.
The platform in the case of BG diminishes quickly with a large
charge/discharge gap as cycling increases. In the case of BG@C elec-
trode, the stable charge/discharge profile is observed for the com-
plete 150 cycles at 0.5 C, indicating a lower polarization and good
electrochemical activity.

The kinetics of BG@C was later evaluated using electrochemical
impedance spectra (EIS). The Nyquist plot comprises 3 regions con-
sisting of an interval between the X-axis and the curve in the high
frequency related to the internal resistance of the cell (Rb), a semi-
circle in the high-middle frequency related to the charge transfer
resistance (R¢) and an inclined line in the low frequency repre-
senting the Warburg resistance (Zy) [41,42]. As shown in Fig. 5a,
based on the equivalent circuit, the R}, value of the BG@C electrode
is simulated to be 4.2 2, comparable to that of BG electrode. Fur-
thermore, the BG@C electrode has a much lower R; value (1640 2)
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Fig. 5. (a) EIS spectra with the fitting circuit, (b) Warburg profiles of the BG and
BG@C. The SEM images of (c) BG and (d) BG@C electrodes after 150 cycles at 0.5 C.
(e) Ex-situ XRD and (f) Raman spectra of the pristine, potassiated and de-potassiated
BG@C elelctrodes.

than BG electrode (~10,0002), facilitating charge-transfer kinet-
ics during the electrochemical reaction and thus realizing superior
rate performance. To further explore the reason for the enhanced
rate performance of BG@C electrode, the diffusion of K ion (Dg+)
in the BG and BG@C are calculated through the following equation
[43]:

Dy = R?T?/2A*n?F*C%02 (1

where R is the gas constant, T is the absolute temperature, A is the
electrode surface area, n is the number of electrons per molecule
during redox reaction, F is the Faraday constant, C is the K* con-
centration and o is the Warburg factor, which can be determined
via the linear fitting of Z’and =12 in the low frequency region as
following:

Z =Rs+Ri+ow 12 (2)

The o values of the BG and BG@C electrodes are 1814.3  S~1/2
and 760.8 2 S~1/2, respectively, as shown in Fig. 5b. According to
the Eq. 1, the Dy: value of BG@C electrode is 4.01 x 10~13 cm?/s,
higher than 1.02 x 10-3cm?/s of BG electrode, suggesting the
faster K ion transportation kinetics in the BG@C electrode, which
could boost the potassium ion storage performance.

The morphological evaluation of BG@C and BG was investigated
using SEM after 150 cycles at 0.5 C. Fig. S7 (Supporting informa-
tion) confirms the excellent structural integrity for both electrodes
before the cyclization. In the case of BG electrode, cracked surface
and significant structural deformation are observed post cycliza-
tion (Fig. 5¢), which could be attributed to the unstable SEI film
[44]. In contrast, the BG@C electrode displays a stable surface with
no distinct crack (Fig. 5d), suggesting that the carbon coating layer
has efficiently alleviated the graphite’s c-axis volume change dur-
ing the potassiation/depotassiation process. The electrochemical ki-
netics of the cycling process was studied by analyzing the EIS spec-
tra of the BG@C electrode after several cycles at 0.5 C. Fig. S8 (Sup-
porting information) shows that R value of the BG@C electrode is
1640, 1338, 1586 and 30802 after 1, 3, 10 and 50 cycles, respec-
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tively. The decline R value after the first cycle could be attributed
to the activation process of electrode [45].

Ex-situ XRD and Raman spectroscopy were carried out to re-
veal the structural variation of BG@C during charge/discharge pro-
cess. Fig. 5e presents the ex-situ XRD of BG@C electrode at differ-
ent charge-discharge states in the initial cycle. The (002) peak be-
comes broaden during discharge process and two weak peaks at
24.1° and 29.8° appeared when discharged to 0.01V, indicating the
formation of graphite intercalation compound. During charge pro-
cess, the (002) peak gets gradually sharp, due to the extraction of
K*. In the Raman spectrum (Fig. 5f), the Ip/I; value increases from
0.68 of pristine electrode to 1.30 of discharged electrode and recov-
ers to 0.70 as charges to 3 V, which further demonstrates the good
structural reversibility of BG@C electrode and favors an enhanced
electrochemical performance.

In summary, PTCDA-derived soft carbon-coated bulk graphite
composite (BG@C) was prepared with the assistance of concen-
trated H,SO4. The soft carbon coating layer can effectively alleviate
the volume expansion of graphite electrode during the cycling pro-
cess and facilitate the formation of a high-quality SEI film. More-
over, the soft carbon coating layer with large interlayer distance
evidently improves the K ion diffusion kinetics, allowing the BG@C
to exhibit good rate performance and cycle durability. The capacity
retention improves from 31.4% to 71.6% compared with un-coated
graphite electrode at 0.5 C after 150 cycles. This work provides an
effective way to construct a suitable carbon coating layer on the
surface of the bulk graphite for stable potassium storage.
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