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Potassium-ion batteries (PIBs) are attracted tremendous interest for large-scale energy storage systems
(ESSs) owing to their economic merits. However, the main challenges of the PIBs are sluggish K-ion
diffusion and large volume variations in the potassium repeated intercalation/deintercalation. Herein,
mesoporous carbon nanosheet-assembled flowers (abbreviated as F-C) are designed as an original anode
for superior-performance PIBs. Specifically, the F-C anode exhibits a high K-storage capacity (e.g.,
381 mAh/g at 50 mA/g during the 2™ cycle), excellent rate performance (e.g., 101 mAh/g at 2.0 A/g) and
superior long cycle capability. Such excellent K-ion storage property is largely benefited from the large
surface area (~141 m?/g) and reasonable pore volume (0.465 cm>/g), which not only stimulates rapid K-
ions diffusion and relieves the huge volume strain, but also exposes extensive active sites for K-ion
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In response to the excessive exploitation of traditional fossil
energy and the deterioration of haze environment, it is necessary
to carry out the research of renewable energy sources (e.g., solar,
ocean and wind energy) [1-4]. Yet the characteristics of instability,
randomicity and intermittence of these power have exerted
adverse impacts on their further advances. Thus, the development
and promotion of large-scale energy storage systems (ESSs) have
become of great importance to society [5-8]. As a contemporary
popular candidate for ESSs, lithium ion batteries (LIBs) can be
successfully applied into this area with prominent advantages of
long cycling stability and high energy density [9-12]. Nevertheless,
the meager terrestrial reserves of lithium sources limit LIBs
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application in the long run. Potassium-ion batteries (PIBs) have
been recently of great interest to a large number of researchers on
account of the rich resources of potassium sources and low
working potential of potassium (-2.93V vs. standard hydrogen
electrode (SHE)), closing to that of lithium (-3.1V vs. SHE), and
similar electrochemical chemistry to LIBs [13-16]. However, the
larger K-ion ("k*=1.38 A) compared to Li-ion ("#=0.76 A) may cause
sluggish ion diffusion, large volumetric expansion and severer
structural distortion of the electrode materials during the
reversible intercalation/deintercalation [17-19]. Consequently,
seeking super electrode materials is of uppermost priority for
PIBs application.

Until now, a large variety of materials such as amorphous
carbon [20,21], graphite [22,23], phosphorus [24-26] and transi-
tion metal oxides [27-29] have been extensively researched as
anode materials for PIBs. Among them, carbonaceous materials are
considered to be the most promising anodes in terms of high
electron conductivity, adjustable microstructure and low cost [30].
To enhance the K-ion storage performance of the carbonaceous
anodes, some modification strategies such as designing porous
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Fig. 1. Microstructure and morphology of the F-C sample. (a-c) SEM images; (d, e) TEM images; (f) HRTEM image (inset: SAED pattern).

structure with large surface area are proposed [31-33]. A fortified
porous carbon frame structure with enlarged surface area and
pore volume offers large diffusion channels for rapid mass
transport and buffers the huge volume strain, leading to the
improved electrochemical performance for PIBs [34-36]. For
instance, a porous carbon microsphere with the relative large
specific area of 30.7 m?/g and total void volume of 0.12 cm?/g could
release a stable specific capacity of 292 mAh/g at 30 mA/g [37];
mesoporous carbon anode (surface area: 64.25 m?/g; pore volume:
0.0349 cm?|g) derived from orange peel exhibited impressive
K" storage property with a specific capacity of 250 mAh/g at
25mA/g [38]; and a biomass-based hard carbon anode with the
surface area of 115m?/g could deliver a reversible capacity of
262 mAh/g at 30 mA/g [39]. However, their rate capabilities were
unsatisfactory, e.g., only 25 mAh/g at 0.5 A/g for the porous carbon
microsphere, 123 mAh/g at 0.5 A/g for the mesoporous carbon, and
63 mAh/g at 1.0 A/g for the biomass-based hard carbon. Such
inferior rate performance may be caused by the smaller surface
area, which affects the electrolyte infiltration and effective
transport of K-ions. Therefore, devising and reforming porous
carbon anodes with enlarge specific area and increased pore
volume are highly demanding for enhanced K-ions storage.

In this work, mesoporous carbon nanosheet-assembled flowers
(denoted as F-C) are successfully fabricated and applied as the PIB
anode material to demonstrate superior K* storage performance, e.g.,
381 mAh/g at 50 mA/g and 101 mAh/g even at 2.0 A/g, as well as
ultralong cycling stability over 600 cycles at 500 mA/g. The

favorable PIB characteristics make the F-C sample as the promising
potential anode for practical application.

The F-C sample was derived from the acid dissolution of the
hierarchical nanosheet-assembled NasV,(PO4)s@C flowers, as
described in our previous work [40]. The morphology and
microstructure features of the F-C sample are characterized by
SEM and TEM measurements. As revealed in Figs. 1a-c, it is clearly
observed that the F-C sample presents uniform submicro-flowers
morphology with the sizes of 200-500nm. TEM images in
Figs. 1d and e manifest that the flowers are assembled by
ultrathin nanosheets with the thicknesses of around 5 nm. The
high resolution TEM (HRTEM) image (Fig. 1f) and its correspond-
ing SAED (selected area electron diffraction) pattern in the
illustration of Fig. 1f indicate that the F-C sample is highly
disordered amorphous carbon. In comparison, the bulk carbon
(denoted as B-C) originated from the bulk Na3V,(POg4)3/C [40],
presents irregular bulk morphology with the size distribution
ranged from 10 pm to 30 pm (Fig. S1 in Supporting information).

Besides, the F-C and B-C samples are further analyzed by XRD,
Raman, XPS, BET, etc. As illustrated in XRD patterns (Fig. 2a), a
broad characteristic peak at 26 of about 21° is attributed to the
amorphous carbon for both samples [39,41]. In addition, a sharp
peak at 26 = 26.5° for the B-C sample is assigned to graphitic carbon
(JCPDS No. 65-6212), suggesting the presence of some ordered
carbon domains. The Raman spectra in Fig. 2b show two strong
bonds at 1329 and 1592cm!, corresponding to the typical
disordered band (D-band) derived from the vibration of defect
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Fig. 2. Physical and chemical characteristics of the F-C and B-C samples. (a) XRD patterns; (b) Raman spectra; (c) XPS spectra; (d) Core-level XPS spectrum of C 1s; (e) Nitrogen
adsorption-desorption isotherms; (f) Pore size distributions.
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carbon and graphite band (G-band) originated from the in-plane
C—C stretching vibration, respectively [42]. The peak intensity
ratio (Ip/Ig) value of the F-C and B-C is almost the same (~0.9),
illustrating similar carbon structure with many disordered
domains [43,44]. The XPS spectra in Fig. 2c reveal the presence
of O and C for both samples. According to Fig. 2d and Fig. S2
(Supporting information), the C 1s core-level XPS spectrum is
divided into four independent plateaus with the binding energy of
284.6, 285.6, 286.5 and 288.8 eV, attributing to the C—C/C=C,
C—OH, C—0—C and C—OOH bonds, respectively [42]. According-
ly, three independent peaks are also identified to C—OOH (533.5
eV),0H (531.5eV),and C—OH/C—0—C(532.5eV)in the O 1s core-
level XPS spectra (Fig. S3 in Supporting information) [45-47]. The
proportions of these functional groups in the F—C and B—C
samples are calculated and shown in Table S1 (Supporting
information), in which can be found that the percentage of
oxygen-containing groups in F—C sample (~ 50%) is higher than
that in B—C sample (~44.8%). These oxygen species can create
some extrinsic favorable defects and active sites to accelerate the
absorption and diffusion of K-ions, resulting in a favorable high
current charge-discharge ability [48]. Moreover, as shown in
Figs. 2e and f, based on Brunauer-Emmett-Teller method, the
derived specific area of the F—C sample is estimated to be
~141 m?/g with large pore volume of 0.465 cm?/g and reasonable
average pore size of 3.4 nm, which is much higher than that of the
B-C sample (65 m?/g).

The electrochemical K-storage properties of the two carbon
anodes are measured in the half-cell configuration with the
electrolyte of 3 mol/L potassium bis(fluorosulfonyl)imide (KFSI) in
1,2-dimethoxyethane (DME) and the operational voltage region
between 0.01 V and 3.0 V versus K*/K. The CV curves at the scanning
rate of 0.1 mV/s are illustrated in Fig. 3a. In the first cathodic
process, the wide irreversible reduction plateaus located at ~ 1.0V
is originated from the well-distributed formation of a solid-
electrolyte interphase (SEI) film [47], while the available peak
below 1.0V may be attributed to the insertion of potassium ions
into the F—C anode. In the anodic part, the plateaus situated at
about 1.3 V is attributed to the K* de-insertion, and the plateaus at
1.8-2.6V is ascribed to the electrochemical reaction, which
occurred between the K" and the oxygen-containing functional
groups on the F—C surfaces [49,50]. The typical galvanostatic

discharge-charge potential profiles (current density: 50 mA/g) for
the initial three cycles of F—C anode are presented in Fig. 3b, which
show the well consistency with the above CV results. In the initial
discharge stage, a large irreversible capacity (around 1100 mAh/g)
and a poor initial Coulombic efficiency (ICE: 26%) are displayed,
which are mainly associated with the formation of a SEI film [51].
And the F—C anode exhibits high reversibility of the reactions with
high Coulombic efficiency value of >88% in the subsequent cycles,
while the B-C sample shows inferior reversibility with inferior ICE
(~22%) and lower CE of ~77% in the subsequent cycles (Fig. S4 in
Supporting information). It is mainly due to the smaller surface
area and larger size of the B-C sample, which not only causes
tardive soaking and penetrating of electrolyte, but also makes the
inner of active materials hardly participate in the electrochemical
reaction, showing an inferior potassium storage property. Fig. 3¢
illustrates the cycling capability of the F-C anode at 50 mA/g. It
reserves a stable discharge specific capacity of 283 mAh/g and a
capacity retention of 74% (estimated based on the 2™ discharge
capacity) during the 50™ cycle, showing a good cyclic stability. In
contrast, the B-C anode shows only 47% capacity retention over 50
cycles at 50 mA/g.

Their rate performances are further studied and presented in
Fig. 3d. The F-C anode can deliver discharge capacities of 381, 296,
248, 216, 204, 189, 169, 135 and 101 mAh/g at the current densities
of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 and 2.0 A/g, respectively.
Meanwhile, the capacity can return to 271 mAh/g when the
current density is reverted back to 0.05 A/g, suggesting a fairly
outstanding rate property compared to the B-C anode (e.g., 316,
168, 136, 107, 89, 83, 76, 63 and 55 mAh/g at 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 1.0 and 2.0 A/g, respectively) and recently available carbon
anode materials (e.g., 70 mAh/g at 2.0 A/g for hierarchical N-doped
carbon nanosheets submicrospheres [52]; and 75.3 mAh/g at
600 mA/g for a low-cost carbon synthesized by acid- and heat-
treatment at 1000 °C with HNOs3) [53]. Besides, the ultra-long
cyclability of the F-C anode is also investigated. As shown in Fig. 3e,
it exhibits robust cycle capability at 500 mA/g with the maintained
satisfactory specific capacity of 110 mAh/g after 600 cycles,
indicating the extremely steady SEI film and impressively excellent
reversibility. Instead, the B-C anode suffers from inferior cycling
stability with only 21 mAh/g over 200 cycles at 500 mA/g (Fig. S5 in
Supporting information).
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Fig. 3. The electrochemical characteristics of the F-C and B-C anodes. (a) CV profiles of the F-C anode at 0.1 mV/s. (b) Typical galvanostatic charge-discharge curves of the F-C
anode. (c) Cycling performance at a low current density of 50 mA/g. (d) Rate capabilities. (e) Long-term cycling performance of the F-C anode at 500 mA/g.
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Fig. 4. Kinetics analysis of K-storage in the F-C anode. Separation of the capacitive
(orange area) and diffusion contribution (grey area) at the scan rates of (a) 0.8 mV/s
and (b) 1.0 mV/s.

Furthermore, the K* storage mechanism and kinetics of the F-C
anode were examined by the CV technique (scan rates: 0.1-1.0 mV/
s). As displayed in Fig. S6a (Supporting information), the CV
profiles display similar shapes and gradually increasing peak
intensities, in accordance with the previous report [54]. The logi =
blogu+loga [55], is applied to discuss the K* storage mechanism
concerning diffusion and pseudocapacitive contribution. Here, i
stands for plateau current, and v refers to the sweep rate. a and b
are treated as constants. Typically, if the b value is 0.5, it implies a
total diffusion driven action, whereas b = 1.0 indicates a
pseudocapacitive behavior. As illustrated in the Fig. S6b (Support-
ing information), the b-values of 0.74 and 0.85 for the peaks 1-2 are
calculated from the approximate linearity of logi and loguv,
suggesting that the K" storage behavior is mainly synergistically
dominated by pseudocapacitive and diffusion effect. Then, the
definite contribution of the F-C sample at a given scanning rate is
evaluated by the equation of i=kyv (capacitor-like process) +
kov'/? (diffusion-controlled charge behavior) [46]. Figs. 4a and b
display the portion of capacitive contribution (orange region) to
the total charge storage. On the basis of the calculations, the
capacitive contributions of the F-C anode are 71.3% and 74.2% at 0.8
and 1.0 mV/s respectively, illustrating that larger capacitive
contribution is conducive to promote a fast K-ions storage kinetics
and inspire a high rate capability for F-C electrode.

In summary, a simple synthetic route was put forward to
prepare the novel mesoporous carbon nanosheet-assembled
flowers, which can primate the fast K-ion diffusion kinetics. As a
result, the F-C sample showed splendid electrochemical perform-
ances in the matter of high reversible capacity (e.g., 381 mAh/g at
50 mA/g during the 2" cycle), ultrahigh rate capability (101 mAh/g
even at 2.0 A/g) and super stable cycle performance.
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