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Carbonaceous nanomaterials with porous structure have become the highly promising anode materi-
als for potassium-ion batteries (PIBs) due to their abundant resources, low-cost, and excellent con-
ductivity. Nevertheless, the sluggish reaction kinetics and inferior cycling life caused by the large
radius of K ions severely restrict their commercial development. Herein, B,N co-doped hierarchi-
cally porous carbon nanosheets (BNPC) are achieved via a facile template-assisted route, followed
by a simple one-step carbonization process. The resultant BNPC possesses a unique porous struc-
ture, large surface area, and high-level B,N co-doping. The structural features endows it with re-
markable potassium storage performances, which delivers a high reversible capacity (242.2 mAh/g at
100 mA/g after 100 cycles), and long cycling stability (123.1 mAh/g at 2000 mA/g and 62.9 mAh/g at
5000 mA/g after 2000 cycles, respectively). Theoretical simulations further validate that the rich B dop-
ing into N-modified carbon configuration can greatly boost the potassium storage capability of the BNPC

anode.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Currently, the development and application of new energy have
aroused significant attention along with the massive consumption
of fossil fuels [1]. Although lithium-ion batteries (LIBs) still dom-
inate the overall energy storage markets [2], the overuse of Li re-
sources and their uneven distribution on the earth further obstruct
their large-scale applications [3]. Thus, it is very imperative to ex-
plore the low-cost battery system with ideal electrochemical per-
formances [4,5]. Recently, potassium-ion batteries (PIBs) have been
adapted as a highly appealing replaceable for LIBs owing to rich
natural reserves, low redox potential, and similar electrochemical
properties to Li [6-8]. Nonetheless, in comparison to Li* (0.76 A)
and Na* (1.02 A), the larger radius of K* (2.72 A) generally means
the worse reaction kinetics and greater volume expansions dur-
ing charge-discharge process, thereby causing low capacity, inferior
rate performance, and dissatisfied cycling life [9,10]. Therefore, it
remains significantly desirable to develop advanced electrode ma-
terials for PIBs, especially for anode hosts.
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In these potential anodes, carbonaceous materials show an un-
paralleled advantage because of economic benefits, chemical sta-
bility, and superior conductivity [11,12]. Significant attempts have
been made to modulate the structure and composition of carbon
anodes for optimizing their KT storage capabilities [13]. Of them,
the construction of three-dimensional (3D) hierarchical nanostruc-
tures composed of two-dimensional (2D) nanosheets has been con-
firmed to a direct and scalable method [14,15]. Such a unique
2D/3D heterostructure can shorten the transmission path of elec-
trons/ions and promote their diffusion kinetics in the electrochem-
ical process, thus achieving the superior performance. For exam-
ple, Yu et al. reported the 3D mesoporous carbon nanosheets
with excellent energy storage properties [16]. Ji et al. prepared Bi-
continuous porous carbon spheres, showing a fast transmission be-
havior of K ions [17]. Besides, the doping of heteroatoms such as
N, S, B, is another popular protocol [18,19], which can not only im-
prove the conductivity of carbon materials, but also provide more
defects for potassium storage. Our recent work also demonstrates
the advantages of in-situ N-doping into Ti3C,Tx nanosheets, in fa-
vor of Na* storage [20]. Compared with the single element doping,
the co-doping of dual atoms (e.g., B and N) is more attractive by
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Fig. 1. ) SEM im-

) Schematic illustration of synthetic procedures of BNPC.
ages, (d 0 TEM images, (g) HRTEM image, and (h) STEM image and the EDX ele-
mental mapping of BNPC.

fully taking advantage of their merits. Moreover, the doping pro-
cess can also induce the enlargement of interlayer spacing of car-
bon materials [21]. However, the current research mainly focuses
on one or two directions for the carbon nanostructure regulating.
Hence, exploring carbon electrodes with multiple structural merits
via a facile and controllable strategy is highly desirable.

Herein, we present the controllable preparation of BN co-
doped porous carbon nanosheets (BNPC) by skillfully selecting N-
acetylglucosamine and MgO as the carbon precursor and hard tem-
plate, respectively. The BNPC product shows large surface area,
high-level B,N co-doping, distinct hierarchical nanostructure, and
increased interlayer spacing. Such an ingenious configuration en-
dows the BNPC anode with a remarkable potassium storage capa-
bility. Based on the experimental and theoretical results, the main
reason for the excellent electrochemical performance is as follows:
(1) High reversible capacity derived from more active sites owing
to the co-doping of B and N into the carbon framework and high
surface area; (2) Fast charge transfer dynamics caused by the 3D
hierarchical nanostructure built by 2D carbon nanosheets and en-
larged interlayer spacing; (3) Long cycling stability at high current
density benefiting from the highly stable 3D conductive network.

Fig. 1a describes the entire synthetic process of BNPC. First, the
MgO template with a particle size of about 50 nm was prepared
(Fig. S1 in Supporting information). Second, N-acetylglucosamine
precursor was pyrolyzed onto the MgO surface under the hy-
drothermal condition. After that, the resultant was uniformly
mixed with a certain amount of boric acid by grinding, followed
by a simple one-step carbonization process. At last, the MgO tem-
plate was fully removed by acid washing. Here, it should be men-
tioned that another product was totally solid carbon spheres at the
absence of the MgO template (Fig. S2 in Supporting information),
indicating the vital role of the template in the formation of porous
structures.

Seen from SEM images (Figs. 1b and c), the as-synthesized
BNPC product shows a well-defined morphology and unique 3D
hierarchical nanostructure, which is well constructed by many thin
carbon nanosheets. Meanwhile, these randomly stacked nanosheets
are interconnected to each other to produce a large number of
open spaces. That will be beneficial for the transmission and diffu-
sion of electrons/ions, and alleviation of the large volume changes
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during cycles. The TEM image in Fig. 1d demonstrates that BNPC is
mainly composed of folded interconnected nanosheets, which are
well consistent with SEM observations. The detailed structure is
further identified by the high magnification TEM images (Figs. 1e
and f). Interestingly, it is found that many holes exist into the
rough surface of carbon nanosheets, as framed by the yellow dash
line. That may be caused by the released gas molecules from the
decomposition of boric acid during carbonization process, mani-
festing the abundant porosity. Additionally, the NPC product ex-
hibits a totally different structure (Fig. S3 in Supporting informa-
tion), suggesting that the B doping process further induces the for-
mation of such a unique hierarchical structure for BNPC. Fig. 1g
shows the HRTEM image of BNPC. Clearly, it displays a relatively
low crystallinity and expanded interlayer spacing of 0.364 nm, cor-
responding to the (002) crystal plane of carbon, which is larger
than 0.335 nm of graphite [22]. STEM image and EDX elemental
mapping (Fig. 1h) affirm the existence and good distributions of B
and N elements in BNPC.

Fig. 2a shows XRD patterns of two products. There are two
broad diffraction peaks centered at 25.4° and 42.9° in the NPC
sample, corresponding to the (002) and (101) planes of carbon.
That is the typical feature of amorphous carbon materials. Differ-
ently, the (002) broad peak of BNPC is shifted to the low degree
at about 24.2°, suggesting an enlarged interlayer spacing. Accord-
ing to the Bragg equation, the layer spacing (002) of BNPC and
NPC are calculated to be 0.365 nm and 0.34 nm, respectively, in
line with the HRTEM analysis. The expansion reason for BNPC can
be resulted from the boron and nitrogen co-doping. Raman spec-
troscopy is an effective tool to analyze the carbon microstructure.
As displayed in Fig. 2b, the D band at 1340 cm~! is described
as the disordered carbon, whereas the G band at 1570 cm~! is
characteristic of graphitization carbon. And their ratio Ip/Ig usually
reflects the graphitization degree of carbon materials [23]. BNPC
shows a higher Ip/Ig of 1.04 than that of NPC (0.97), signifying the
presence of more defects owing to the B,N co-doping into the car-
bon framework. The texture properties of two samples were fur-
ther analyzed by N, absorption-desorption isotherm. As shown in
Fig. 2c, Figs. S4a and b (Supporting information), BNPC and NPC
both show a type-IV hysteresis loop at the relative pressure of
P[Py = 0.5-0.9, indicating the appearance of mesopores [24]. The
Barrett-Emmett-Teller (BET) surface area of BNPC is 528.5 m?/g,
much higher than 361.6 m?/g of NPC. Importantly, the pore size
distribution curve (inset of Fig. 2c) further illustrates two kinds of
different mesopores centered at 3.7 and 15-33 nm, matching well
with the SEM/TEM observations. Such a unique hierarchical nanos-
tructure with large mesopores will in favor of the K* fast transport
dynamics.

X-ray photoelectron spectroscopy (XPS) was further applied to
detect the chemical state of BNPC. The high-resolution C 1s spec-
trum in Fig. 2d shows five peaks at the binding energy of 283.9,
284.81, 285.62, 286.54 and 289.18 eV, which are ascribed to C-
B, C-C, C-0, C=0 or C=C and 0-C=O0, respectively [25,26]. Addi-
tionally, five peaks appear at the binding energy of 530.7, 531.6,
532.67, 533.86 and 535.23 eV in Fig. S5 (Supporting information),
corresponding to O=N, C=0 (O-I), C-OH (O-II), COOH (O-III) and
0-B, respectively [25]. Impressively, four distinct peaks exist in
Fig. 2e, which belong to B-C (189.69 eV), B-C,0 (190.73 eV), B-N
(191.66 eV) and B-O or B-CO, (192.42 eV) [27,28], verifying the
successful doping of B atoms. Fig. 2f presents the high-resolution
N 1s spectrum of BNPC. That is deconvoluted into N-B (397.73 eV),
pyridinic N (N-6, 398.8 eV), pyrrolic N (N-5, 399.7 eV), graphitic N
(NQ, 401.23 eV) and N-O (403.17 eV), respectively [28]. The ratio
of pyridine N and pyrrole N is about 43.1% and 34.9%, respectively
(Fig. S6 in Supporting information). As reported, the existence of
N-5 and N-6 can bring more additional defects, thereby improve
the storage of K* [26]. The quantitative analysis shows that about
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Fig. 3. (a) CV curves of the first three cycles at 0.1 mV/s. (b) GDC curves of BNPC electrode at 100 mA/g. (c) Cycling performances at 100 mA/g. (d) Rate capabilities at
different current densities ranging from 50 mA/g to 2000 mA/g. (e) Capacity retention of BNPC and NPC electrodes. (f) GDC curves at different current densities. (g) Long
cycling stabilities of BNPC electrode at 2000 mA/g and 5000 mA/g over 2000 cycles, respectively.

6.79 at% boron and 7.18 at% nitrogen have been successfully in-
corporated into the carbon configuration (Fig. S7 in Supporting
information). Such a high-level B,N co-doping is expected to im-
prove the storage potassium performance thanks to the formation
of more defects and increased active sites [29].

The electrochemical performances of BNPC and NPC electrodes
as PIBs anodes were systemically studied. Fig. 3a illustrates the
CV curves of the BNPC electrode for the initial three cycles at
0.1 mV/s. The CV curve of the first cycle exhibits anodic peak at
0.5 V, and cathodic peaks at 0.6 V. The cathodic peak at 0.6 V
is attributed to the decomposition of the electrolyte and the gen-
eration of a solid electrolyte intermediate phase (SEI) [30], which
obviously weakens in the second cycle. The broad anodic peak at
near 0.5 V is related to the step potassiation process in carbon-
based electrodes [31]. Importantly, CV curves almost overlap in the
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subsequent two cycles, indicating its excellent electrochemical re-
versibility. Fig. 3b shows charge/discharge profiles of BNPC elec-
trode for the first three cycles within the voltage window of 0.01-
3.0 V vs. K/K* at 0.1 A/g. The initial discharge and charge capac-
ities are 1135.5 and 269.5 mAh/g, respectively, showing an initial
coulomb efficiency (ICE) of 23.7%. The initial large capacity loss
is mainly due to the electrolyte decomposition and the SEI film
formation [32]. Meanwhile, the low ICE can be enhanced by pre-
potassiation strategy. In the second cycle, the CE value is increased
to 58.9%, and then maintained at about 99.0% after 100 cycles, in-
dicating that the irreversible capacity loss can be relieved during
cycling.

Fig. 3c displays the cycling stability of two electrodes. Obvi-
ously, the BNPC demonstrates a higher reversible capacity and bet-
ter cycling stability than the control NPC. The charge capacity of
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Fig. 4. (a) CV curves of BNPC electrode at different scan rates. (b) b-values plotted for the anodic peak and cathodic peak. (c) Capacitive behavior (yellow region) and
diffusion behavior (green region) contributions of BNPC at 0.6 mV/s. (d) Normalized contribution ratio of capacitive behavior and diffusion behavior capacities at different
scan rates of BNPC. (e) Electrochemical impedance spectra of BNPC and NPC electrodes (inset of (e)) is the corresponding equivalent circuit). (f) K diffusion coefficients of
BNPC and NPC electrodes. (g) Comparison of the potassium storage performances between the BNPC anode with previously reported carbonaceous materials. (h) Schematic

illustration of possible potassium storage mechanism for BNPC.

BNPC still maintains to be 242.4 mAh/g and nearly 100% coulom-
bic efficiency after 100 cycles at 0.1 A/g, while NPC only provides
the capacity of 160 mAh/g. The rate performance of BNPC and
NPC electrodes at current density from 0.05 A/g to 2 A/g are pre-
sented in Fig. 3d. Notably, BNPC exhibits high reversible specific
capacities of 314.5, 301.2, 255.4, 2271 and 176.1 mAh/g at cur-
rent densities of 50, 100, 200, 500 and 1000 mA/g, respectively.
Even at 2000 mA/g, a large reversible specific capacity of 134.5
mAh/g can still be reached. Moreover, when the current density
was reset to 100 mA/g, a discharge capacity was recovered to 274.7
mAh/g for BNPC, illustrating an outstanding reversible stability at
high current densities. That corresponds to the capacity retention
of 100, 84.9, 75.5, 58.5, 44.7 and 91.7, respectively (Fig. 3e). In
comparison, NPC has low reversible capacities of 259.5 and 36.1
mAh/g at current densities of 50 and 2000 mA/g, respectively.
Fig. 3f shows the charge-discharge curves of BNPC at different cur-
rent densities, implying capacitive-controlled storage processes. To
better show the superiority of BNPC as anodes for PIBs, we also
investigate its long-term cycling performance at 2000 mA/g and
5000 mA/g. As shown in Fig. 3g, BNPC still keeps a high reversible
capacity of 123.1 mAh/g and 62.9 mAh/g after 2000 cycles, re-
spectively, and large coulombic efficiency of nearly 100%. In con-
trast, NPC only delivers a low capacity of 58.0 mAh/g after 500
cycles at 2000 mA/g (Fig. S8 in Supporting information). Moreover,
the BNPC electrode retains the 3D nanostructure well after cycling,
which verifies its good structural stability (Fig. S9 in Supporting
information). As listed in Table S1 (Supporting information), the
BNPC anode for PIBs developed in the work outperforms most of
the reported carbon-based anodes, highlighting the superiority of
B,N co-doping.

CV measurements at various scan rates ranging from 0.1 mV/s
to 2.0 mV/s were further measured to investigate the potassium
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storage kinetics of BNPC and NPC (Fig. 4a and Fig. S10a in Support-
ing information). As shown in these curves, BNPC maintains the
original shape, which becomes broader with increasing scan rates.
Furthermore, even the scan rate reaches as high as 2.0 mV/s, the
basic characteristics remain well, indicating that BNPC possesses a
superior response capability to PIBs.

The K* storage contribution including the surface capaci-
tive and diffusion contribution was investigated according to the
power-law formula [33]:
i(V)=a® (1)
The b-value can be obtained to determine the electrochemical be-
havior predominated by semi-infinite diffusion (b~0.5) or capaci-
tive process (b~1.0). In Fig. 4b, the anodic process exhibits b-value
of 0.88, while cathodic process is 0.73. As a result, the electro-
chemical process is mainly determined by the surface capacitance,
resulting from the high surface area and rich defects owing to the
co-doping of B and N.

The following formula can be analyzed the contribution value
of the capacitance control process:

i=k1U+k2U1/2 (2)
Fig. 4c shows a 70.7% of capacitive contribution (yellow region)
from the total capacity at 0.6 mV/s for BNPC. Meanwhile, the ca-
pacitance contribution rate gradually increases as the scan rate in-
creasing (Fig. 4d). When the scan rate is added from 0.2 mV/s to
1 mV/s, the capacitance contribution rate increases from 61.5% to
79.8%, much higher than those of NPC (Fig. S10b in Supporting in-
formation). The above results reveal that the capacitance-guided
and diffusion-controlled processes are both embodied in the elec-
trochemical reaction of BNPC, and the contribution rate of the sur-
face dominant behavior is in a larger proportion. This high capac-
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itance contribution is mainly due to the presence of many defects
in the BNPC anode.

The electrochemical impedance spectra (EIS) of BNPC and NPC
were also measured for further analysis of their diffusion kinetics.
Fig. 4e shows the initial Nyquist plots of BNPC and NPC electrodes.
The impedance spectrum contains an inclined line at the low fre-
quency range and a concave semicircle at the high frequency range,
which are assigned to the resistance to charge transfer (R¢;) and
Warburg impedance (Zy), respectively. The Z-view software anal-
ysis indicates that BNPC has a smaller resistance of 331.4 2 than
that of NPC (839.5 2), revealing a better conductivity and faster
diffusion kinetics.

Galvanostatic intermittent titration (GITT) was applied to iden-
tify the K+ diffusion coefficient (D) of two electrodes under differ-
ent voltages. Dy value can be calculated by the following formula
[34]:

4
T

mVim\2 [ AE \
( MgS ) AE;
From the GITT results (Fig. 4f and Fig. S11), we can see that the D
value of BNPC is 10~°2 cm?/s to 10~'2 cm?/s, while the NPC is 1010
to 10~13, further verifying the faster diffusivity of K+ for BNPC. Im-
pressively, the superior rate performance for potassium storage is
comparable to most of previous carbon-based anodes, as summa-
rized in Fig. 4g [35-39]. Fig. 4h describes the schematic diagram of
possible storage potassium mechanism of BNPC. Considering that K
ions tend to form K-intercalated carbon compounds (KICs) at defect
sites [39], more additional defects brought by the B,N co-doping
are favorable for the adsorption of K ions, and the unique hier-
archical nanostructure can facilitate the rapid transport of K ions
and electrons, thus boosting the potassium storage performance for
BNPC anode.

For the sake of clarifying the superior potassium storage perfor-
mance, we then examine the adsorbed behavior of K ions on N-
functionalized carbon (N-C) layers with and without the B doping.
According to previous work [40], three types of N-C nanosheets
are adopted in our calculations. As illustrated in Figs. 5a, e, i,
the adsorption energies of K™ are —0.84, —1.69 and —2.54 eV for
graphitic, pyridinic and pyrrolic N-C layer, respectively. The bond
length of K-N in graphitic N case is significantly larger than other

D= (3)
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two cases, leading to much weaker K* adsorption performance. As
a result, K ions prefer to adsorb onto the pyrrolic N-C layer com-
pared with graphilic and pyridinic ones.

The K+ adsorption on N-C layer after B doping (B-N-C) was fur-
ther evaluated. Fig. 5 gives the corresponding adsorption energies
and bond lengths of K-N and K-B for each K adsorbed B-N-C layer.
Generally, the different B-doped sites show the small impact on
the following K adsorption. For B-graphitic N-C case, the absolute
values of the adsorption energies reach up to 1.60 eV, which is re-
markably larger than that of graphilic N-C layer (0.84 eV), indicat-
ing the enhanced K* adsorption performance. Despite of the ini-
tial position set for K* adsorption, it largely shifts towards B side
during relaxation, suggesting that B sites are more attractive for
K* adsorption than N sites. Besides, such enhanced performance
also happens when B doping into the pyridinic and pyrrolic N-C
nanosheets. In two cases, doped N and B atoms simultaneously
work on and balances the K* adsorption. Additionally, we also cal-
culate the charge density difference of the K adsorbed pyridinic
N-C with and without B(II) doping. As displayed in Figs. 5n and
o, the charge density around N site (blue circle) almost remains
unchanged with and without the existence of B. However, the ac-
cumulated electrons around B (red circle) are remarkably increased
in comparison to those around C or N, mainly resulting in the en-
hanced K* adsorption performance. Taken together, the doping of
B atoms will greatly improve the K* capability of N-modified car-
bon layers.

To sum up, we have developed a scalable structural engineering
technique for synthesis of B,N co-doped porous carbon nanosheets
through a facile template-assisted route and simple carbonization
process. Such a unique architecture can facilitate the transmis-
sion of ions/electrons, and the co-doping of B and N can increase
the conductivity and offer more defects for K ions storage. All of
the structural merits together account for the outstanding potas-
sium storage capability. The constructed BNPC anode delivers a
high reversible capacity (242.2 mAh/g at 100 mA/g after 100 cy-
cles) and an outstanding long-term cycling stability (123.1 mAh/g
at 2000 mA/g and 62.9 mAh/g at 5000 mA/g after 2000 cycles, re-
spectively). The present study proposed can also provide a scalable
feasibility for the development and design of advanced carbon-
based electrode materials.
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