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Carbon materials are considered as prospective anode candidates for potassium ion batteries (PIBs). How-
ever, the low-rate capability is hampered by slow K* diffusion kinetics and obstructed electron transport
of carbon-based anodes. In this work, calcium D-gluconate derived mesoporous carbon nanosheets (CGC)
were interpenetrated into the architecture of reduced graphene oxides (RGO) to form the composites of
two-dimensional (2D)/2D graphene/mesoporous carbon nanosheets (RGO@CGC). CGC as a rigid skeleton
can prevent the graphene layers from restacking and maintain the structural stability of the 2D/2D carbon
composites of RGO@CGC. The mesopores in CGC can shorten the path of ion diffusion and facilitate the
penetration of electrolytes. RGO possesses the high surface-to-volume ratio and superior electron trans-
port capability in the honeycomb-like 2D network consisting of sp?-hybridized carbon atoms. Especially,
the - stacking interaction between CGC and RGO enhances stable composite structure formation, ex-
pedites interlayer-electron transfer, and establishes three-dimensional (3D) ion transportation pathways.
Owing to these unique structure, RGO@CGC exhibits fast and stable potassium storage capability. Fur-
thermore, the effects of binders and electrolytes on the electrochemical performance of RGO@CGC were
investigated. Finally, Prussian blue was synthesized as a positive electrode to explore the possibility of

RGO@CGC as a full battery application.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Owing to the scarcity and imbalance distributions of lithium
resources, there is a surge of exploration for alternative energy
storage systems, particularly the potassium ion batteries (PIBs).
Potassium resources are not only earth-abundant and cost-effective
but also possess a low redox potential (—2.93V vs. standard hy-
drogen electrode) [1-4]. Consequently, PIBs stand out as one of
the most promising batteries. Nevertheless, one challenge prob-
lem is the large ion radius of K*, prohibiting the efficient inter-
calation/deintercalation, leading to severe structure collapse of the
electrode materials. Hence, it is imperative for PIBs to design an
appropriate anode that can realize the stable insertion/extraction
of KT [5,6].
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zhangyz@scu.edu.cn (Y. Zhang).
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At present, the anode materials for PIBs could be categorized
as alloy compounds, transition metal compounds and carbon ma-
terials [7,8]. Carbon materials are present in the form of zero-
(0D), one- (1D), two- (2D), and three-dimensions (3D). And the
carbon quantum dot [9], carbon nanotubes [10], graphene [11],
and porous carbon spheres [12] have been extensively investi-
gated as anode for PIBs on account of their chemical stability,
non-toxicity, low cost, safety, and outstanding conductivity. No-
tably, 2D carbon nanosheets represented by graphene with high
surface-to-volume ratio as well as high electronic mobility, abun-
dant charge-storage sites, ultrathin thickness, and large lateral size,
have been broadly researched for PIBs [13,14]. However, graphene
self-restacking occurs during repeated charging/discharging, reduc-
ing active sites, which is detrimental to energy storage [15]. There-
fore, it is necessary to suppress the restacking of graphene sheets
during charge and discharge process. In this respect, multidimen-
sional and multiphase design would be an accessible approach to

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Synthesis and morphology analysis. (a) Schematic of CGC and RGO@CGC preparation route. SEM images of (b) GO@CGC and (e) RGO@CGC. TEM, SAED and HRTEM

images of (¢, d) GO@CGC and (f, g) RGO@CGC.

obtain graphene composites with stable structure and outstanding
performance [16,17].

The m-m stacking interaction is a non-covalent interaction be-
tween two aromatic ring and widely found between graphene and
other compounds with w-electronic structures, which has received
extensive investigation [18]. It has been reported that the exis-
tence of the m-m stacking interaction in carbon composites can
significantly enhance electron transport and enable stable struc-
ture [19,20]. Despite of numerous graphene-based hybrids (such
as porous carbon [21] and carbon nanofibers [22]) have been re-
ported, the m-m stacking interactions between each component
need to be strengthened to inhibit the restacking of the graphene
and obtain sufficient space between the graphene sheets, achieving
a robust structure and exceptional electron transport.

In this work, calcium D-gluconate derived mesoporous carbon
nanosheets (CGC) are firstly prepared and then interpenetrated
into the architecture of reduced graphene oxides (RGO) to form
the composites of 2D/2D graphene/mesoporous carbon nanosheets
(RGO@CGC). RGO@CGC demonstrates a high reversible capacity of
419.2 mAh/g at 0.1 A/g, superior rate performance (207.8 mAh/g
at 2 A/g) and outstanding cyclic stability (204.2 mAh/g at 1 A/g
after 1000 cycles). Additionally, the impacts of electrolytes and
binders for the potassium storage are investigated, finding that
potassium bis(fluoromethanesulfonyl)imide (KFSI) electrolyte and
sodium carboxymethyl cellulose (CMC) binder could improve the
initial coulombic efficiency (ICE) of RGO@CGC electrode. Finally,
a full cell is assembled with RGO@CGC as the anode and Prus-
sian blue (PB) as the cathode to demonstrate the feasibility of
RGO@CGC for PIBs.

Calcium D-gluconate derived CGC is achieved through a self-
template method, involving calcination of calcium D-gluconate fol-
lowed by washing with hydrochloric acid. A homogeneous mix-
ture of CGC and graphene oxide (GO) is prepared via ball milling,
named GO@CGC. The product of the thermal reduction of GO@CGC
is termed as RGO@CGC (Fig. 1a). As a comparison, RGO is ac-
quired through the thermal reduction of GO. The micromorphol-
ogy of GO, RGO and CGC is studied (Fig. S1 in Supporting in-
formation). GO consists of stacked platelets with ample wrinkles.
RGO presents a corrugated morphology. CGC exhibits a lamellar

with abundant mesopores. The high-resolution transmission elec-
tron microscope (HRTEM) pictures of RGO and CGC are displayed
in Fig. S2 (Supporting information), manifesting that RGO has a
multi-layer graphene stack structure with short-range graphite do-
main, as well as CGC has a mesoporous structure and disordered
nature.

The scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images of GO@CGC and RGO@CGC are de-
picted in Figs. 1b-g. It is evident that smooth CGC flakes, serv-
ing as a structural skeleton, are embedded within GO and remain
tightly integrated post blending (Figs. 1b and c). After sintering,
the rigid porous CGC flakes is interpenetrated with RGO layers
and the 2D/2D carbon composite is formed (Figs. 1e and f). The
HRTEM image of GO@CGC exhibits an ordered-disordered compos-
ite structure, and the measured average interlayer spacing is ap-
proximately 0.60 nm (Fig. 1d). The selected area electron diffrac-
tion pattern (SAED) reveals the presence of a hexagonally arranged
lattice of carbon atoms that corresponds to GO (inset of Fig. 1c)
[23]. HRTEM image of RGO@CGC is displayed in Fig. 1g, where RGO
is stacked with CGC, and the mean layer spacing is approximately
0.35 nm. The corresponding SAED (inset of Fig. 1f) displays diffused
ring around the center light spot, manifesting the coexistence dis-
ordered and overlapped crystalline structure [24]. CGC with lots
of mesopores as a rigid skeleton would prevent the graphene lay-
ers from restacking, provide abundant mesoporous between carbon
layers, and maintain structural stability of RGO@CGC composites.
The rich mesopores would offer ample active sites, efficient trans-
port path for K* and electrolyte penetration [25,26].

To investigate the phase composition and structure differences,
X-ray diffraction (XRD) analysis is performed. As shown in Fig.
2a, RGO, CGC, and RGO@CGC all exhibit amorphous characteristics.
Furthermore, the (002) peak for RGO@CGC appears at 25.05°, sig-
nifying a slight shift towards a smaller angle relative to the char-
acteristic peak position of RGO (25.8°). This can be attributed to
the inhibiting effect of CGC on the restacking of RGO sheets. Based
on the Bragg’s law, the calculated layer spacing for RGO@CGC and
RGO is 0.355nm and 0.345nm, respectively. These values are sig-
nificantly wider than graphite (0.336 nm). The enlarged layer spac-
ing facilitates the intercalation/deintercalation of K* [27,28].
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Fig. 2. Structure characterization of CGC, RGO, and RGO@CGC. (a) Wide angle
XRD images. (b) N, adsorption/desorption isotherms and pore size distribution of
RGO@CGC. (c) High-resolution of C 1s spectra. (d) Ex-situ Raman spectra. (e) FTIR
spectra. (f) Laser confocal Raman mapping of RGO@CGC.

Furthermore, the nitrogen adsorption/desorption curves and
pore size distribution plots are depicted in Fig. 2b and Fig. S3 (Sup-
porting information). The specific surface areas of RGO, CGC and
RGO@CGC are 258.1, 677.5, and 370.8 m?/g, respectively, as calcu-
lated by the Brunauer-Emmett-Teller (BET) method. The larger spe-
cific surface area of RGO@CGC compared to RGO can be attributed
to the intercalation of CGC, which provides ample mesoporous and
effectively prevents graphene layers from restacking. The pore size
peaks of RGO@CGC are located at 2nm and 10 nm, indicating that
RGO@CGC has ample pore structure. The coexistence of carbon and
oxygen is revealed by the full spectrum of X-ray photoelectron
spectroscopy (XPS) (Fig. S4 in Supporting information). The high-
resolution C 1s spectra are presented in Fig. 2c. The peak position
of C=0/0-C=0 shifts in RGO@CGC owing to the electronic effect
originating from the m-m stacking interaction between RGO and
CGC within RGO@CGC [29]. Furthermore, the G-band of RGO@CGC
is slightly shifted compared to RGO and CGC in Raman spectra
(Fig. 2d). The Fourier transform infrared spectroscopy (FTIR) im-
age shows that the C=C and C-O vibrations peaks of RGO@CGC
exhibits shifts in relative to RGO (Fig. 2e). These results suggest
the presence of conjugated m-m stacking between RGO and CGC
[29-31]. Resistivity test results (Fig. S5 in Supporting information)
manifest that RGO@CGC delivers superior conductivity which can
be attributed to the m-m stacking interactions between RGO and
CGC. Laser confocal Raman mapping spectrum is employed to eval-
uate the homogeneity of material mixing (Fig. 2f). These consis-
tent waves indicate that RGO and CGC are uniformly distributed in
RGO@CGC.

The electrochemical performances of RGO, CGC, and RGO@CGC
are depicted in Fig. 3. The cyclic voltammetry (CV) curves of
RGO@CGC are illustrated in Fig. 3a. A wide-range reduction peak
is noticeable at ~0.55V (vs. K*/K) during the process of initial
discharge, corresponding to solid electrolyte interface (SEI) forma-
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tion [32,33]. The second and third CV curves overlap well, indi-
cating good reversibility. The CV plots of RGO and CGC are fea-
tured in Figs. S6a and b (Supporting information). The CV curves
of RGO display a poor overlap, indicating poor reversibility. The
CV curves in second and third cycles of CGC replicate nicely, im-
plying a satisfactory reversibility. Fig. 3b presents the galvanos-
tatic charge/discharge (GCD) curves of RGO@CGC, within the volt-
age range of 0.01-3V (vs. KT/K). Its initial charge specific ca-
pacity reaches 419.7 mAh/g. The initial charge specific capacities
of RGO and CGC are 390.4 and 270.5 mAh/g, respectively (Figs.
S6¢c and d in Supporting information). The high reversible spe-
cific capacity of RGO@CGC can be attributed to wider layer spac-
ing and ample mesoporous structure. The cyclic stability of RGO,
CGC, and RGO@CGC at 0.1 A/g are depicted in Fig. 3c. After 100
cycles, RGO@CGC preserves a reversible specific capacity of 2974
mAh/g, considerably higher than RGO (214.5 mAh/g) and CGC
(240.9 mAh/g). The rate capability and long-term cyclic perfor-
mance are elucidated in Fig. 3d. The initial charge specific capacity
of RGO@CGC is 410.5 mAh/g at 0.1 A/g, and when the current den-
sity increases to 0.2, 0.5, 1, 2, 5, 10 A/g, the capacities are 323.9,
2731, 259.0, 207.8, 161.1, 119.5 mAh/g, respectively, and the spe-
cific capacity regains to 227.3 mAh/g when the current density re-
turns to 1 A/g. After 1000 cycles, RGO@CGC maintains a high spe-
cific capacity of 204.2 mAh/g, while RGO exhibits nearly negligible
capacity, and CGC displays only 133.4 mAh/g. Fig. 3e exhibits the
comparison of rate performance and long-term cyclic performance
with previously reported carbonaceous materials for PIBs [34-43].
The favorable rate performance can be attributed to several fac-
tors: (1) The larger layer spacing facilitating K* embedding/de-
embedding; (2) The 2D/2D structure encouraging electron trans-
port and interfacial reactions; (3) The mesoporous structure pro-
vided by CGC offering more active sites and accelerating electrolyte
infiltration; (4) The -7 stacking effect promoting interlayer elec-
tron transport and constructing a 3D ion transport channel. The
penetration of CGC inhibits the restacking of RGO, and w-7 stack-
ing interaction promotes the stable composite structure forma-
tion. These forms the foundation for the exceptional stability of
RGO@CGC [19,44,45].

The structural transformations of RGO and RGO@CGC during
potassium storage are investigated by in-situ XRD. With the in-
creasing depth of discharge, the intensity of the (002) peak of RGO
decreases and transitions to a smaller angle (Fig. 3f). This phe-
nomenon aligns with previous literature, and is believed to stem
from the disorderly transformation of the carbon microstructure
coupled with the embedding of potassium ions [46,47]. During the
charge process, the (002) peak could not return to original posi-
tion and exhibits a shift towards a higher angle, indicating a de-
crease in the layer spacing of RGO and disruption of its interlayer
structure. However, no significant variation is noted in the inten-
sity and position of the (002) peak of RGO@CGC during the charge
and discharge process (Fig. 3g), indicating excellent structural sta-
bility of RGO@CGC, which is consistent with its exceptional cyclic
performance. Diffraction peaks around 16°, 17°, 18° and 24.5° can
be attributed to the in-situ testing device of beryllium window. The
XRD patterns of RGO@CGC tested in beryllium window and indi-
vidual beryllium window are shown in Fig. S7 (Supporting infor-
mation). Furthermore, the morphology of the RGO@CGC electrodes
before cycling and after long-term cycling for 1000 cycles at 1 A/g
are exhibited in Fig. S8 (Supporting information). The results in-
dicate that the 2D/2D composite structure of RGO@CGC is main-
tained even after long-term cycling, demonstrating that the pen-
etration of CGC can effectively inhibit the restacking of RGO and
guarantee the structural stability.

To investigate the reason for superior rate capability of
RGO@CGC, CV tests with various sweep rates and Galvanostatic In-
termittent Titration Technique (GITT) measurement are conducted.
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Fig. 3. Electrochemical measurements. (a) CV curves for RGO@CGC at 0.1 mV/s. (b) GCD curves for RGO@CGC. (c) Cyclic stability for RGO, CGC and RGO@CGC. (d) Rate per-
formance from 0.1 A/g to 10 A/g and long-term cyclic performance at 1 A/g. (e) Comparison of rate performance and long-term cyclic performance with previously reported
carbon-based anode materials for PIBs. The in-situ XRD image of (f) RGO and (g) RGO@CGC electrodes during the initial discharge-charge process. (h) CV curves of RGO@CGC
with different sweep rates. (i) Capacitive contribution in RGO@CGC with the scan rate of 1 mV/s. (j, k) Dx+ are obtained from the GITT profiles during charge/discharge.

Based on CV curves with different sweep rates (Fig. 3h), the b value
for reduction and oxidation peaks are 0.96 and 0.93 (Fig. S9 in
Supporting information), respectively, providing evidence that the
potassium storage process is controlled by capacitance and diffu-
sion mechanisms. RGO@CGC delivers a ratio of capacitance con-
tribution of 78% at 1mV/s (Fig. 3i). Additionally, the contribu-
tion percentages of capacitive and diffusion control for different
sweep speeds can be also observed from Fig. S10 (Supporting in-
formation). A notable trend emerges where the percentage con-
tribution from capacitance progressively escalates with increasing
sweep speed. Fig. S11 (Supporting information) shows the poten-
tial response of RGO, CGC, and RGO@CGC electrodes through GITT
during charge/discharge after 3 activation cycles. The diffusion co-
efficient of K* (Dg+) in RGO@CGC is higher than that of RGO and
CGC at various voltages, calculated by GITT (Figs. 3j and k). The cal-
culation method of D+ is provided in supplementary information
[48,49]. The superior rate performance of RGO@CGC is attributed
to a capacitance-dominated energy storage mechanism and a large
Dg+.

The ICE of RGO@CGC is only 24% in 0.8 mol/L KPFg in EC/DEC
(hereinafter referred to as 0.8-M KFPg) with polyvinylidene fluoride

(PVDF) as binder, suggesting further advancements are required.
Two strategies are employed to enhance the ICE. Firstly, it is inves-
tigated that the effect of electrolytes for RGO@CGC. 3 mol/L KFSI in
DME (hereinafter referred to as 3-M KFSI) is introduced as an elec-
trolyte to improve the ICE. Fig. S12 (Supporting information) ex-
hibits the CV curve of RGO@CGC in 3-M KFSI electrolyte. The first
charge capacity of RGO@CGC attains 520.3 mAh/g at 0.1 A/g, and
the ICE increases to 33.3%, demonstrating a notable enhancement
in contrast to 0.8-M KFPg as electrolyte (Fig. 4a). TEM images of SEI
after the first cycle in both electrolytes are displayed in Figs. 4b
and c. The SEI is smoother and has a thickness of approximately
13.21nm in 3-M KFSI. However, the SEI in 0.8-M KFPg measures
25.19nm. The SEI images after five cycles are displayed in Fig. S13
(Supporting information). After cycling for 5 cycles, the thickness
of SEI in both electrolytes increases slightly. These results disclose
that the decomposition of the 0.8-M KPFg electrolyte is more se-
vere than that of the 3-M KFSI electrolyte in PIBs [50]. Further-
more, electrochemical impedance spectroscopy (EIS) is performed
on both electrolytes (Fig. S14 in Supporting information). The re-
sistance values are exhibited in Table S1 (Supporting information).
Prior to cycling, the half-cell displays a larger ohmic resistance (Rs)
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in 0.8-M KFPg as compared to 3-M KFSI. After the first cycle, the
cell exhibits a small charge-transfer (R) resistance and SEI resis-
tance (Rsg;) in 3-M KFSIL. SEI components are analyzed using XPS
in two different electrolytes. Organic components overwhelmingly
dominate the composition of SEI in 0.8-M KFPg. In comparison, SEI
in 3-M KEFSI electrolyte contains more inorganic components (Fig.
S15 in Supporting information). The SEI layer rich in inorganic con-
tent can promote the sustainability of the interphase and thus im-
prove electrochemical performance [51]. Overall, less side reactions
along with thin and effective SEI are the reasons for a higher ICE
in 3-M KFSIL

In addition, CMC is substituted for PVDF as a binder. The GCD
curves of RGO@CGC with CMC as binder in two electrolytes are
shown in Fig. S16 (Supporting information). The ICE increased to
32% and 54% in 0.8-M KPFg and 3-M KFSI, respectively. The rea-
son for this outcome is that PVDF-based electrode induces more
side reactions and a thicker SEI in comparison to CMC-based elec-
trode [52,53]. The SEM images of the RGO@CGC electrode before
cycling and after initial cycle are shown in Fig. S17 (Supporting in-
formation). It shows that PVDF as the binder results in more side
reactions on the surface of the electrodes, forming a thicker SEI.

Finally, we synthesize PB as the cathode and RGO@CGC as the
anode. A full cell is assembled, and its cycle performance is as-
sessed, as depicted in Fig. 4d. Here, considering the risk that sol-
vent decomposition and KFSI could corrode the current collector
at high voltage using 3-M KFSI [54-56], we still chose 0.8-M KPFg
as electrolyte in full cell. PB is synthesized based on the litera-
ture [57]. The structure and cycle stability of PB are exhibited in
Fig. S18. The charge and discharge profiles of the positive, negative,
and full battery are exhibited in Fig. 4e. The charge specific capac-
ity after three cycles stabilizes at 260.3 mAh/g (based on negative
weight), and the capacity retention after 50 cycles is 91.5% relative
to the third cycle (Fig. 4f), suggesting the potential for practical ap-
plication.

In  summary, benefiting from the unique 2D/2D
graphene/mesoporous carbon nanosheet structure, RGO@CGC
exhibits excellent rate performance and cyclic stability. Addi-
tionally, it is discovered that using 3-M KFSI as the electrolyte
enhances the reversible capacity and ICE. Moreover, CMC as binder
also can provide higher ICE compared to PVDF. Finally, a full cell
is also assembled to certify practical application of RGO@CGC an-
ode. This study not only designs structurally optimized electrode
materials but also provides new insights into the mechanisms

by which electrolytes influence electrochemical performance. Our
research outlines a straightforward technique for manufacturing
anode materials for PIBs, which could open doors for potential
applications of PIBs in the future.
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