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Abstract: The development of ultrastable carbon materials for
potassium storage poses key limitations caused by the huge
volume variation and sluggish kinetics. Nitrogen-enriched
porous carbons have recently emerged as promising candidates
for this application; however, rational control over nitrogen
doping is needed to further suppress the long-term capacity
fading. Here we propose a strategy based on pyrolysis—etching
of a pyridine-coordinated polymer for deliberate manipulation
of edge-nitrogen doping and specific spatial distribution in
amorphous high-surface-area carbons; the obtained material
shows an edge-nitrogen content of up to 9.34 at %, richer N
distribution inside the material, and high surface area of
616 m>g~! under a cost-effective low-temperature carboniza-
tion. The optimized carbon delivers unprecedented K-storage
stability over 6000 cycles with negligible capacity decay
(252mAhg™" after 4months at 1 Ag™'), rarely reported for
potassium storage.

Introduction

Limited Li resources in the earth’s crust (20 ppm) and the
ever-increasing demands for large-scale electrical energy
storage have stimulated numerous efforts for alternative
energy storage systems beyond the state-of-the-art Li-ion
batteries."! K-ion based energy storage systems, such as K-ion
batteries or related hybrid capacitors, have recently emerged
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as promising candidates based on abundant K resources
(17000 ppm), low cost, and relatively low redox potential
(—2.93 V vs. standard hydrogen electrode (SHE)) compared
to Li (—3.04 V vs. SHE).'®? A key requirement to realize
high performances for K-ion based energy storage lies in
developing stable anode materials, as huge anode volume
variation and sluggish kinetics are typically associated with
large-sized K ions.”*d Thus, recent years have witnessed an
explosive growth of exploration. Various alloying and inter-
calating anodes, such as metals,?! transition-metal selenides/
sulfides,” and carbonaceous materials have been propo-
sed.”*>] Carbonaceous materials have been demonstrated to
be among the most promising candidates due to their high
surface area, abundant active sites, and large interlayer
spacing for storing K ions.

An obvious choice is graphite as electrode, the successful
material applied in Li ion batteries with formation of stage I
LiC, via intercalation. Graphite is electrochemically active to
K ion intercalation, leading to the formation of fully
potassiated stage I KCg; and a theoretical capacity of
278 mAhg .2 However, rate performance and cycling
stability are still poor, and graphite suffers from large volume
expansion (58%) and a low K ion diffusion rate during the
intercalation/extraction process.>! Progress has been made
to extend the stability to 500 cycles by expanding interlayer
space and by nanostructure design in graphitic carbons.” To
pursue a long-cycling lifespan with high rate capability,
considerable efforts have been devoted to the exploration
of novel carbonaceous materials. Progressive enhancement in
cyclability reveals several critical structural parameters must
be controlled for achieving a surface-induced K-adsorption
mechanism beyond the intercalation chemistry, including
developed pore nanostructures with high surface area and
defects of heteroatom-doped active sites.® In this regard, N
doping, particularly edge N (pyridinic/pyrrolic configura-
tions) has been proved experimentally and theoretically to be
efficient for adsorbing K ions with abundant electronegative
defect sites and higher adsorption energy.® ! Despite massive
investigation, N species in carbons cannot be rationally
tailored in edge-enriched configurations, owing to trial-and-
error strategies with uncontrolled N species involved in
doping.***1% Designing precursors with definite edge-type N
seems possible to promote edge-enriched N in resulting
carbons, such as using polypyrrole-derived carbons with
enhanced capacity and cyclability.’”'!] However, there is still
enough room to further push forward the cycling performance
with less decay rate (< 0.002% per cycle).”!?l The possible
reasons for restricted cycling stability could be, on one hand,
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the incapability of rationally tailoring N species into edge-
enriched configurations. On the other hand, it is difficult to
simultaneously achieve edge-enriched N and high surface
area, because of the well-known trade-off for both structural
features.'”! Moreover, little attention has been paid to the
spatial N distribution or doping depth, which could also affect
K storage performances. Thus, elaborate engineering of edge-
enriched N in carbonaceous materials is still highly desirable
for achieving ultrastable cycling performance while maintain-
ing high capacity and rate capability.

Herein, we demonstrate a new strategy to produce edge-
enriched N-doped porous carbon nanosheets (ENPCS) for
ultrastable K ion storage. The ENPCSs were fabricated by
pyrolysis—etching of a pyridine-coordinated polymer network,
taking into account the predefined pyridinic N in this
precursor. By lowering the pyrolysis temperature to 500°C,
we obtained ENPCS bearing both a high edge-N content of
9.34 at % and a high surface area of 616 m*g~', as well a richer
N distribution in the inner part of material. The ENPCS
delivers a high reversible capacity (313 mAhg™"), high rate
capability, and ultralong cycling stability with almost no
degradation (0.0009 % decay rate and remaining capacity of
252 mAhg ") over 6000 cycles at 1 Ag™!, representing one of
the best cycling stabilities. The high edge-N content, richer N
distribution inside the material, and high surface area are
together responsible for its impressive ultrastable perfor-
mance through full utilization of surface adsorption capaci-
tive behavior. Our work constitutes an important step in
deploying carbonaceous materials for stable K-ion based
energy storage systems.
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Results and Discussion

The fabrication of ENPCS (Figure 1a) involves the fast
coordination of bipyridine with copper ions for producing
pyridine-coordinated polymer network and subsequent py-
rolysis and etching.™¥ The pyrolysis transforms aromatic
pyridine moieties into edge-N heterocyclic carbon rings fusing
and stacking around copper species, while the etching enables
the creation of microporosity by leaching the copper species,
and meanwhile introduces some O functional groups. The
polymer network itself shows a well-defined cuboid-like
nanosheet morphology with a smooth surface (Figure 1b).
After carbonization at 500°C, the resulting carbon ENPCS-
500 largely retains the precursor-immanent morphology (Fig-
ure 1c¢) with randomly aggregated cuboids. However, due to
the shrinkage and pore creation effect, the surface becomes
rough with many holes (Figure 1¢,d), indicative of the
presence of structural defects that could be beneficial for
K* storage. The high-resolution transmission electron mi-
croscopy (TEM) image of ENPCS-500 reveals an amorphous
structure with short turbostratic nanodomains, which are
randomly packed and interconnected with rich microporosity
(Figure 1e). Some lattice fringes are observed with an
interlayer distance of 0.38-0.41 nm (Figure 1e), greater than
that of graphite (0.335nm). According to the HAADF-
STEM and element mappings, ENPCS-500 exhibits an even
distribution of N and O over the cuboids (Figure 1 f-i).

With increasing pyrolysis temperature, ENPCS-650 and
ENPCS-800 also reveal similar morphology features (Fig-
ure S1). However, the intrinsic crystallinity, heteroatom
doping, and microporosity change. X-ray diffraction (XRD)
patterns with hump peaks of (002) and (100) diffractions
suggest amorphous structures (Figure 2a). The crystallinity

Figure 1. a) Schematic illustration of the synthesis of ENPCSs; SEM images of b) the precursor and c) resulting carbon sample ENPCS-500
carbonized at 500°C; TEM images of ENPCS-500 with d) low and e) high magnification; f) HAADF-STEM image and corresponding elemental

mappings of g) carbon, h) nitrogen, and i) oxygen.
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Figure 2. a) XRD profiles; b) Raman spectra; c) N, adsorption/desorption isotherms (the inset shows the DFT pore size distribution curves);
d) XPS high-resolution N Ts spectra and e) corresponding percentage of N-6, N-5, and N-Q; f) histograms of the contact angle of ENPCSs at
0.1s, and the insets are the corresponding digital photos; g) water vapor adsorption isotherms at 298 K at low relative pressure; h) N/C atom

ratio on the surface and in the bulk for ENPCSs.

degree was further assessed using an empirical R value.”™"!

Higher pyrolysis temperatures give rise to increased R values
from 1.91 for ENPCS-500 to 2.03 and 2.32 for ENPCS-650
and ENPCS-800, respectively, manifesting the gradual devel-
opment of a graphite-like microcrystal structure. The inten-
sity ratio of I, (disorder-induced D-band) to I; (in-plane
vibrational G-band) in the Raman spectra for ENPCS-500 has
a value of 2.71, implying a disordered structure with many
defects. Increased pyrolysis temperatures lead to higher I,/I
values (Figure 2b and Table S1). This is probably because at
relatively lower temperature, ENPCS-500 possesses a charac-
teristic sp>-hybridized hexagon structure inherited from the
pyridinic precursor; higher temperatures promote the decom-
position and conversion to amorphous carbons with defect
nanopores/nanovoids.”™™ From N, adsorption/desorption
curves, ENPCSs exhibit predominately micropores with
a narrow pore size around 0.5 nm and a less intense peak at
1.2 nm (Figure 2¢). A Brunauer—Emmett-Teller (BET) sur-
face area up to 616 m?’g' was obtained for ENPCS-500.
Higher temperature results in enhanced microporosity and
surface area, which is probably ascribed to the gradual loss of
carbon and doped heteroatoms at elevated temperatures,
forming more defects in the carbon structure.

ENPCSs are composed of C, N, and O according to the X-
ray photoelectron spectroscopy (XPS) spectra (Figure S2).
The N atomic content is 11.8%, 10.6%, and 7.4% for
ENPCS-500, ENPCS-650, and ENPCS-800, respectively, and
the corresponding N:C ratio decreases, implying a more
significant decomposition rate for N than for C at high
temperatures (Table S2). Further N 1s spectra show that
pyridinic N (N-6, ~398.1eV) in the precursor splits into
pyrrolic N (N-5, ~399.7eV) and graphitic N (N-Q,

19462 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

~400.7 eV) (Figure 2d and Table S3). ENPCS-500 delivers
the highest edge-N (N-6/N-5) ratio of 79.4 %, while this value
decreases to 73.0 % and 56.6 % for ENPCS-650 and ENPCS-
800, respectively (Figure 2¢). As a result of both the high N
doping level and the high edge-N ratio, ENPCS-500 demon-
strates an actual edge-N content of 9.34 at %, superior to
ENPCS-650 (7.75 at%), ENPCS-800 (420 at%), and the
majority of reported N-doped carbons.["%< %1219 AJthough
a few carbons favor higher edge N, they are prone to result in
low surface areal®!"! or vice versa.['® For example, when edge
N exceeds 6at%, the surface area is generally below
500 m*g ' (Table S4). The majority of the N-doped carbons
require a higher carbonization temperature (>600°C), be-
cause further lower temperature leads to incomplete carbon-
ization with reduced conductivity or heteroatom dop-
ing 41181 Thig is likely due to the intrinsic properties of
the precursors.”® The edge-enriched N and high surface area
will be beneficial for the interfacial adsorption for capacitive
process.

The surface content of O also decreases with increasing
carbonization temperature (Table S2), which can be decon-
voluted into three peaks for C=O, C—OH or C—O—C, and
COOH (Table S5). C 1s spectra with C=C/C—C, C—O/C—N,
C=N, and C=0 were recorded (Table S6). The high N- and O-
doping is also responsible for the enlarged lattice spacing
(Figure 1e), and could make the surface more polar and
hydrophilic.l'”! The dynamic contact angle (DCA) measure-
ments can reflect the surface characteristics to a large extent
for porous materials, once the water drops start to contact the
surface. ENPCS-500 always shows the lowest DCA at
intervals between 0.1 and 0.4 s (Figure 2f, Figures S3 and
S4), demonstrating its high N- and O-decorated surface.

Angew. Chem. Int. Ed. 2020, 59, 19460—19467
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Likewise, the superior low-pressure water capture of ENPCS-
500 also indicates the higher N- and O-content and enhanced
hydrophilicity (Figure 2g). In contrast, the total capacity of
ENPCS-500 is lower (Figure S5), ascribed to the larger
surface area and pore volume of ENPCS-650 and ENPCS-
800.

The bulk elemental composition was measured by com-
bustion elemental analysis. The bulk N:C atom ratio decreas-
es with increasing pyrolysis temperature, consistent with the
conclusion from XPS (Table S2). Intriguingly, it is found that
ENPCS-500 bears a bulk N:C atom ratio of 1:4.7, higher than
that (1:6.8) determined by XPS and even the value of pyridine
rings in the precursor (1:5) (Figure 2h). Considering XPS is
a surface technique with a penetration depth of several
nanometers, the higher bulk N:C ratio indicates that the
distribution of N is more concentrated at the interior of the
cuboids. This probably originates from the thermally induced
contraction and compression at the nanointerface between
the organic pyridine moieties and the copper species tem-
plate, thus retarding the decomposition of N inside.’” The
removal of the template could expose more edge N atoms at
defect sites like nanopore walls at inner materials. For the
other two carbons obtained at higher temperatures, similarly
higher bulk N:C ratios were also observed, but with signifi-
cant decreased values. Such a gradient-like distribution of N
could act as a reservoir for exposing renewed active N sites
upon continuous cycling. Taken together, these results clearly
suggest that the use of an aromatic pyridine-coordinated
polymer network and a lower pyrolysis temperature simulta-
neously achieved edge-enriched N content of 9.34 at %, richer
N distribution inside the defect sites of the materials, and
a large surface area (616 m’g™'), which are expected to
facilitate the surface-dominated capacitive storage.?!!

Figure 3a presents the initial four cyclic voltammetry
(CV) curves of ENPCS-500. A cathodic peak at 0.41 V in the
initial cycle disappears in subsequent cycles, probably because
of the formation of a solid electrolyte interface (SEI) film.
Another small peak near the cutoff voltage (0.01V) is
associated with the K" intercalation. Upon charging, a hump
peak around 0.87 V corresponds to the depotassiation pro-
cess. The curves overlap well after the second scan, suggesting
a highly reversible electrochemical behavior. In spite of
similar CV characteristics for ENPCS-650 and ENPCS-800,
a progressive reduction in areas of the CV curves was
observed (Figure S6), revealing a decreased capacity. This is
mainly caused by the elimination of N species at higher
temperature. Galvanostatic discharge—charge curves show
behaviors in keeping with the CV results, and an initial
discharge capacity of 628 mAhg™' and a reversible charge
capacity of 313mAhg' were obtained for ENPCS-500,
corresponding to an initial Coulombic efficiency (ICE) of
50% (Figure S7a). The low ICE is frequently observed
for amorphous carbonaceous materials. The ICE of ENPCS-
500 is higher than that of most reported N-doped car-
bons.[Badh 100171822l Hgwever, further work should be focused
on reducing the irreversible capacity such as design of novel
structures, prepotassiation, and optimization of electroly-
te.'*] ENPCS-650 and ENPCS-800 show a decreased ICE of
46% and 41 %, respectively (Figure S7b,c), probably due to
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Figure 3. a) CV curves of ENPCS-500 at 0.1 mVs™'; b) the second
galvanostatic discharge—charge curve of ENPCS-500 at 0.05 Ag™';

c) cycle performances and Coulombic efficiency at 0.1 Ag™' and d) rate
performances with 10 cycles at each rate; e) long-term cycling perfor-
mance and Coulombic efficiency of ENPCS-500 at high rate of 1 Ag™
The cell was restarted from 5000 cycle; f) comparisons of cycle
number and corresponding average capacity decay rate per cycle of
various heteroatom-doped carbons. Note: for (c)—(e), the initial two
cycles were performed at 0.05 Ag™".

the increased surface area. A typical sloping discharge—charge
curve was observed after the first cycle (Figure 3b), revealing
a capacitive-dominated K* storage behavior.®**?!l The
capacity mainly derives from 0.1-1.6 V, which could be
beneficial for alleviating the risk of dendrite formation for
safety.”*! The Coulombic efficiency reaches 95% at the
second cycle and then gradually stabilizes to 99 % after about
ten cycles for ENPCSs (Figure 3¢), demonstrating a good
reversibility.

After two cycles at 0.05 Ag!, cells were subjected to
further cycling at 0.1 Ag'. ENPCS-500 shows a slight
capacity loss in the initial 15cycles and then a gradual
increase to 246 mAhg™' after 150 cycles (Figure 3c). How-
ever, ENPCS-650 and ENPCS-800 show continuous fading
with residual capacities of 206 and 166 mAhg' after
150 cycles, respectively. The capacity decay in the initial
cycles could be attributed to the incomplete SEI formation as
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well as the irreversible decomposition of electrolyte on the
high-surface-area carbon.” The gradual increase of ENPCS-
500 afterwards is probably caused by the progressive utiliza-
tion of N-rich domains located inside the particles and deeper
penetration during cycling. In contrast, ENPCS-650 and
ENPCS-800 show significantly reduced N doping, giving rise
to little increase or even decrease in capacity. ENPCS-500
shows the best rate capabilities (Figure3d), delivering
reversible capacities of 276, 255, 229, 206, 184, 157, and
110 mAhg' at current densities of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0,
and 4.0 Ag™', respectively. When the rate turns back to
0.05 Ag™', the capacity is entirely recovered, indicative of
high reversibility and excellent structural integrity. In con-
trast, ENPCS-650 and ENPCS-800 retain lower capacities of
32 and 73 mAhg ', respectively at a high rate of 4.0 Ag™".
The rate performance of ENPCS-500 is comparable to or
even better than that of some reported carbons (Figure S8).
Generally, the rate performance is governed by both the
electronic and ionic conductivity. The former is mainly
influenced by the carbonization temperature, whereby a high-
er temperature will increase the conductivity."®! The latter,
associated with ion transport/diffusion, is governed by doped
active sites and porous structure. Considering that both the
lower carbonization temperature and surface area are
thought to be negative to electronic and ionic conductivity,
respectively, ENPCS-500 still delivers superior rate perfor-
mance, again highlighting the critical role of edge-enriched N
for facilitating the ion transport/diffusion.

The long-term cycling of ENPCS-500 was tested at 1 A g™
(Figure 3e). After the first two cycles at 0.05 Ag~', ENPCS-
500 was subjected to cycling at 1 Ag~' and shows a capacity
fading from 266 to 183 mAhg™" at 137 cycles at 1 Ag™". Then
the capacity stabilized and a capacity of 192 mAhg™! was
obtained after about 2000 cycles (Figure S9). Subsequently,
a gradual rise was observed and the capacity reached
247 mAhg ! after 5000 cycles, very close to its initial capacity
at 1 Ag'. The stabilization during the 2000 cycles indicates
the wetting of the surface or near surface, enhancing the
reversibility of the charge storage. The continuous rise
afterwards is mainly related to further utilization of the richer
N distribution inside the material, which serves as an N
reservoir to release more active N sites for capturing K ions.
The result suggests the importance of constructing gradient-
like N distribution for ultrastable cycling. This phenomenon
can also be reflected by electrochemical impedance spectra
(Figures S10 and S11), in which the calculated charge transfer
resistance (R,) gradually decreases and then stabilizes (R, is
1902, 1522, 1581 Ohm at 100, 1500, 2000 cycles, respectively,
Table S7). When the cell was restarted after 5000 cycles, there
was still no decay (252mAhg' to 6000 cycles), further
revealing the robust structure. A capacity retention of
94.5% can be obtained during the whole 6000 cycles at
1Ag!, corresponding to a capacity decay rate of only
0.0009 % per cycle (Figure 3 f). Such a low attenuation rate
is rarely observed for carbonaceous materials including
heteroatom-doped carbons (Figure 3 f), other porous carbons,
and even some carbon composites with metallic compounds
(Table S8), validating the advantage of such an architecture
design on alleviating structural degradation. The cuboid-like
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structure is well retained after 1000 cycles (Figures S12 and
S13a). Elemental mapping still displays a homogeneous
distribution of C, N, O, and K over the cuboids (Fig-
ure S13b—f), confirming the remarkable structural and N-
doping stability for effective K storage. In contrast to
intercalation chemistry, the surface-driven pseudocapacitive
behavior mainly occurs at edges, defect sites, or pore surface,
without causing damage to the electrode materials. ENPCS
with high edge-enriched N doping, defect structure, and high
surface area could enable the full utilization of pseudocapa-
citive behavior, as discussed below with ENPCS-500 and
ENPCS-800.

The kinetics were investigated by conducting CV tests
with different scan rates (Figures S14a and S15a). According
to the equation i(V)=kv + k,v'% i is separated into
a surface-driven pseudocapacitive process (k;v) and a diffu-
sion-controlled contribution (k,v"?). Figure 4a,b show the
contributions from pseudocapacitive and diffusion processes
at 0.6 mVs'. A predominately capacitive contribution of
77.1% is achieved for ENPCS-500, significantly higher than
54.7% for ENPCS-800. By analysis of other scan rates
(Figures S14b—d and S15b-d), the capacitive contribution
improves with higher scan rates. ENPCS-500 always shows
higher capacitive contribution than ENPCS-800 (Figure 4c).
Even at a very low scan rate of 0.1 mVs ™', a higher capacitive-
dominated contribution of 59.7 % is obtained for ENPCS-500,
whereas ENPCS-800 is characterized by a diffusion process
with a low capacitive contribution of 22.9 %. Such pseudoca-
pacitive behavior can be enhanced by increasing the surface
area or introducing defects such as N-doping sites. The
simultaneous achievement of edge-enriched N and high
surface area in ENPCS-500 (Table S4) is beneficial for the
highly efficient pseudocapacitive process. Surface O-contain-
ing groups could contribute to the performance,®®**! gen-
erally around 1.7 V for adsorbing K ions. The much lower
capacity contribution around 1.7 V and the relatively low O
content result in much less capacity from O. The higher level
of edge-N sites and developed porosity induce more defects,
leading to fast K ion diffusivity kinetics. The diffusion
coefficient, D, was calculated by the Randles-Sevcik equa-
tion, showing linear plots with higher slope for ENPCS-500
(Figure 4d,e). Dy is 1.47x 107" and 4.56x 10 "> cm*s™" for
reduction and oxidation peaks, respectively, greater than
those for ENPCS-800 (Figure 4f). Likewise, ENPCS-500
demonstrates smaller R, (Figure 4g and Table S7). Conse-
quently, the superior K ion diffusivity kinetics in ENPCS-500
is responsible for its high capacity and rate performance.

Galvanostatic intermittent titration (GITT) measure-
ments were further performed to elucidate the diffusion
kinetics of K ions during the dynamic potassiation/depot-
assiation process (Figure Sa). ENPCS-500 exhibited smaller
overpotentials compared to ENPCS-800, indicating a higher
D,. The resulting D, as a function of the depth of discharge—
charge was calculated, and ENPCS-500 shows higher D, than
ENPCS-800 during the whole potassiation and depotassiation
process (Figure 5Sb), manifesting its faster K ion diffusivity.
Considering that the surface area of ENPCS-500 is slightly
lower than that of ENPCS-800 (616 vs. 842 m*g™"), one may
suggest that favorable K ion diffusivity is mainly dominated
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by the accessible edge-enriched N sites. A progressive decline K ions have to overcome the repulsive gradient from
of D, was observed as potassiation proceeds, mainly because  previously adsorbed K ions.’>! In situ Raman spectra were
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recorded to validate the pseudocapacitive dominated charge
storage property (Figure 5c¢). Previous studies indicate that
the G-band or the intensity ratio of I/l could be employed
to monitor the staging behavior.*"?! The intercalation of K
ions into graphitic layer generally results in a change of I,/1,
weakening and even disappearance of the G and D bands at
the fully discharged state due to the formation of KC,.l1%?7
However, it can be seen that the D and G bands remain
almost unaffected (Figure 5c,d), demonstrating that the
storage of K ions does not induce structural changes, which
further supports the surface-adsorption mechanism. A similar
observation was reported for non-graphitic carbon even at
higher temperature.'™ The result can also explain the near-
sloped line in the discharge—charge curve (Figure 3b) with
predominate surface-driven process and minor potassium
intercalation,®? in contrast to graphite which displays
a plateau region below 0.2 V. Although such a slope-
dominated process could avoid the possible plating of K metal
for safety purpose, the relatively high potential without
a plateau will decrease the energy density of the full cell.
Studies are in progress to construct some local expanded
graphitic structures in such defect edge-enriched N carbon
layers for practical applications.

To theoretically reveal the superior K ion storage
capability by edge-enriched N, the relative K adsorption
abilities on carbon lattice with various N configurations were
simulated (Figure 5¢). The adsorption energy (E,;) of K
atoms on an idealized graphene layer is calculated to be
—0.59 eV, and E,4 on an N-Q site is —0.55 eV. For the edge N
doping, we can envisage, ideally but reasonably, that two
situations can be considered: one is the location at the
material outer surface (edge plane of carbon rings) and the
other is interior of the materials such as defects of carbon
basal planes (e.g., pore walls and nanovoids). For the former,
the E 4 for N-6 is —1.16 and —1.01 eV with two possible sites,
and the E, for N-5 is —1.55eV (Figure S16). The result
indicates that N-5 shows higher adsorption ability than N-6 in
this case, but both are superior to the N-Q site. The higher E, 4
of the N-Q site originates from the electron-rich structure
with a negative effect on K adsorption. For the latter, the E, g
for N-5 and N-6 at defect sites inside materials is determined
to be —2.62 and —3.61 eV, respectively, significantly lower
than that of N-Q and those N atoms at the edge plane of
carbon rings on the material outer surface. ENPCSs exhibit
similar pores with small sizes at 0.5 nm, enabling concentrated
edge-located N on the defect pore surface. The much higher
content of edge-enriched N of ENPCS-500 thus exhibits
superior capacity and high rate capability than other ENPCSs.
More interestingly, much richer N distribution (N:C > 1:4.7)
within ENPCS-500 also makes continuous utilization of N-6/
N-5 at defect sites inside possible with a stronger tendency for
K capturing, resulting in a gradual increase of capacity with an
outstanding cycling performance. These results vividly show
that it is vital to increase the edge-N doping level, especially at
the defect carbon layer sites to maximize the K adsorption
and cycle stability.
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Conclusion

In summary, we demonstrated the preparation and
utilization of edge-enriched N-doped porous carbons for fast
and stable K ion storage. The pyrolysis—etching of a pyridine-
coordinated polymer enables the conversion of pyridine
moieties into edge-enriched N active sites at lower carbon-
ization temperature, and the generation of micropores with
rich defects via etching. The optimized sample with superior
edge N obtained at 500°C displays high capacity, excellent
rate capability, and robust cycle stability, thanks to the
surface-dominated pseudocapacitive storage characteristic
with fast ion diffusivity. Most noteworthy is the extraordinary
cyclability with 0.0009 % capacity decay rate for 6000 cycles at
1 Ag . This is also related to the unique structure with richer
N distribution inside the defect sites of the materials, acting as
a reservoir to expose successively renewed N sites upon
cycling. Theoretical simulations show the much higher
adsorption energy for edge N at the defect sites inside the
materials. The utilization of defect edge-N active sites with
controlled spatial distribution could be valuable for various
carbon-based electrode systems in the future.

Acknowledgements

This work was supported by the project of the NSFC
(51972270, 51702262, 51872240, 51911530212, 51672225), the
111 project (B17020), the Natural Science Foundation of
Shaanxi Province (2020JZ-07), the Fundamental Research
Funds for the Central Universities (3102019JC005,
3102019ghxm004), the Research Fund of the State Key
Laboratory of Solidification Processing (NPU), China
(2019-QZ-03). EX. acknowledges support by the Alexander
von Humboldt Foundation. H.-W. acknowledges support from
the 1000 Youth Talent Program of China. S.K. acknowledges
support by the DFG (KA 1698/27-1). We would like to thank
the Analytical & Testing Center of Northwestern Polytech-
nical University for SEM and TEM characterizations.

Conflict of interest

The authors declare no conflict of interest.

Keywords: nitrogen doping - porous carbon -
potassium storage - ultrastable cycling

[1] a) H. K. B. Dunn, J.-M. Tarascon, Science 2011, 334, 8; b) T.
Hosaka, K. Kubota, A. S. Hameed, S. Komaba, Chem. Rev. 2020,
https://doi.org/10.1021/acs.chemrev.9b00463.

[2] a) W. C. Zhang, Y. J. Liu, Z. P. Guo, Sci. Adv. 2019, 5, eaav7412;
b) J. C. Pramudita, D. Sehrawat, D. Goonetilleke, N. Sharma,
Adv. Energy Mater. 2017, 7, 1602911; c) H. Kim, J. C. Kim, M.
Bianchini, D. H. Seo, J. Rodriguez-Garcia, G. Ceder, Adv.
Energy Mater. 2018, 8, 1702384; d) X. Wu, Y. Chen, Z. Xing,
C. W.K. Lam, S.S. Pang, W. Zhang, Z. Ju, Adv. Energy Mater.
2019, 9, 1900343; e) C. Vaalma, D. Buchholz, S. Passerini, Curr.
Opin. Electrochem. 2018, 9, 41.

Angew. Chem. Int. Ed. 2020, 59, 19460—19467


https://doi.org/10.1021/acs.chemrev.9b00463
https://doi.org/10.1126/sciadv.aav7412
https://doi.org/10.1002/aenm.201602911
https://doi.org/10.1002/aenm.201702384
https://doi.org/10.1002/aenm.201702384
https://doi.org/10.1002/aenm.201900343
https://doi.org/10.1002/aenm.201900343
https://doi.org/10.1016/j.coelec.2018.03.031
https://doi.org/10.1016/j.coelec.2018.03.031
http://www.angewandte.org

GDCh
~~

[3] K. Lei, C. Wang, L. Liu, Y. Luo, C. Mu, F. Li, J. Chen, Angew.
Chem. Int. Ed. 2018, 57, 4687; Angew. Chem. 2018, 130, 4777.
[4] a)J. Zhou, L. Wang, M. Yang, J. Wu, F. Chen, W. Huang, N. Han,
H. Ye, F. Zhao, Y. Li, Y. Li, Adv. Mater. 2017, 29, 1702061; b) C.
Yang, J. Feng, F. Lv, J. Zhou, C. Lin, K. Wang, Y. Zhang, Y. Yang,
W. Wang, J. Li, S. Guo, Adv. Mater. 2018, 30, 1800036; c) J. Zhou,
Y. Liu, S. Zhang, T. Zhou, Z. Guo, InfoMat 2020, https://doi.org/
10.1002/inf2.12101; d) V. Lakshmi, Y. Chen, A. A. Mikhaylov,
A. G. Medvedev, I. Sultana, M. M. Rahman, O. Lev, P. V.
Prikhodchenko, A. M. Glushenkov, Chem. Commun. 2017, 53,
8272.
[5] Z. Jian, W. Luo, X. Ji, J. Am. Chem. Soc. 2015, 137, 11566.
[6] a)J. Zhao, X. Zou, Y. Zhu, Y. Xu, C. Wang, Adv. Funct. Mater.
2016, 26, 8103; b) W. Luo, J. Wan, B. Ozdemir, W. Bao, Y. Chen,
J. Dai, H. Lin, Y. Xu, F. Gu, V. Barone, L. Hu, Nano Lett. 2015,
15, 7671; c) S. Komaba, T. Hasegawa, M. Dahbi, K. Kubota,
Electrochem. Commun. 2015, 60, 172.
a) Y. An, H. Fei, G. Zeng, L. Ci, B. Xi, S. Xiong, J. Feng, J. Power
Sources 2018, 378, 66; b) Y. Wang, Z. Wang, Y. Chen, H. Zhang,
M. Yousaf, H. Wu, M. Zou, A. Cao, R.P.S. Han, Adv. Mater.
2018, 30, 1802074; c) W. Zhang, J. Ming, W. Zhao, X. Dong,
M. N. Hedhili, P. M. F.J. Costa, H. N. Alshareef, Adv. Funct.
Mater. 2019, 29, 1903641; d) B. Cao, Q. Zhang, H. Liu, B. Xu, S.
Zhang, T. Zhou, J. Mao, W. K. Pang, Z. Guo, A. Li, J. Zhou, X.
Chen, H. Song, Adv. Energy Mater. 2018, 8, 1801149; ¢) Z. Tai,
Q. Zhang, Y. Liu, H. Liu, S. Dou, Carbon 2017, 123, 54.
a) W. Yang, J. Zhou, S. Wang, W. Zhang, Z. Wang, F. Lv, K.
Wang, Q. Sun, S. Guo, Energy Environ. Sci. 2019, 12, 1605; b) J.
Ruan, X. Wu, Y. Wang, S. Zheng, D. Sun, Y. Song, M. Chen, J.
Mater. Chem. A 2019, 7, 19305; c) D. Qiu, J. Guan, M. Li, C.
Kang, J. Wei, Y. Li, Z. Xie, F. Wang, R. Yang, Adv. Funct. Mater.
2019, 29,1903496; d) W. Hong, Y. Zhang, L. Yang, Y. Tian, P. Ge,
J. Hu, W. Wei, G. Zou, H. Hou, X. Ji, Nano Energy 2019, 65,
104038; e) J. Ding, H. Zhang, H. Zhou, J. Feng, X. Zheng, C.
Zhong, E. Paek, W. Hu, D. Mitlin, Adv. Mater. 2019, 31, 1900429,
f) X. Chang, X. Zhou, X. Ou, C.S. Lee, J. Zhou, Y. Tang, Adv.
Energy Mater. 2019, 9, 1902672; g) J. Chen, B. Yang, H. Hou, H.
Li, L. Liu, L. Zhang, X. Yan, Adv. Energy Mater. 2019, 9,
1803894; h) A. Mahmood, S. Li, Z. Ali, H. Tabassum, B. Zhu, Z.
Liang, W. Meng, W. Aftab, W. Guo, H. Zhang, M. Yousaf, S. Gao,
R.Zou, Y. Zhao, Adv. Mater. 2019, 31, 1805430, 1) Y. Liu, H. Dai,
L. Wu, W. Zhou, L. He, W. Wang, W. Yan, Q. Huang, L. Fu, Y.
Wu, Adv. Energy Mater. 2019, 9, 1901379.
a) Y. Xu, C. Zhang, M. Zhou, Q. Fu, C. Zhao, M. Wu, Y. Lei, Nat.
Commun. 2018, 9, 1720; b) W. Zhang, Z. Cao, W. Wang, E.
Alhajji, A. H. Emwas, P. Costa, L. Cavallo, H. N. Alshareef,
Angew. Chem. Int. Ed. 2020, 59, 4448; Angew. Chem. 2020, 132,
4478.
[10] a) X. Lin, J. Huang, B. Zhang, Carbon 2019, 143,138;b) Y. Li, C.
Yang, F. Zheng, X. Ou, Q. Pan, Y. Liu, G. Wang, J. Mater. Chem.
A 2018, 6, 17959.
[11] L. Borchardt, Q.-L. Zhu, M. E. Casco, R. Berger, X. Zhuang, S.
Kaskel, X. Feng, Q. Xu, Mater. Today 2017, 20, 592.

7

—

[8

=

[9

—

Research Articles

Internati

[12] J. Ruan, Y. Zhao, S. Luo, T. Yuan, J. Yang, D. Sun, S. Zheng,
Energy Storage Mater. 2019, 23, 46.

[13] F. Xu, D. C. Wu, R. W. Fu, B. Q. Wei, Mater. Today 2017, 20, 629.

[14] G.-P. Hao, G. Mondin, Z. Zheng, T. Biemelt, S. Klosz, R.
Schubel, A. Eychmiiller, S. Kaskel, Angew. Chem. Int. Ed. 2015,
54,1941; Angew. Chem. 2015, 127, 1962.

[15] Y. Liu, J. S. Xue, T. Zheng, J. R. Dahn, Carbon 1996, 34, 193.

[16] a) J. Yang, Z. Ju, Y. Jiang, Z. Xing, B. Xi, J. Feng, S. Xiong, Adv.
Mater. 2018, 30,1700104; b) D. Li, X. Ren, Q. Ai, Q. Sun, L. Zhu,
Y. Liu, Z. Liang, R. Peng, P. Si, J. Lou, J. Feng, L. Ci, Adv. Energy
Mater. 2018, 8, 1802386.

[17] Y. Liu, C. Yang, Q. Pan, Y. Li, G. Wang, X. Ou, F. Zheng, X.
Xiong, M. Liu, Q. Zhang, J. Mater. Chem. A 2018, 6, 15162.

[18] Y. Xie, Y. Chen, L. Liu, P. Tao, M. Fan, N. Xu, X. Shen, C. Yan,
Adv. Mater. 2017, 29, 1702268.

[19] a) K. V. Kumar, K. Preuss, Z. X. Guo, M. M. Titirici, J. Phys.
Chem. C 2016, 120, 18167, b) F. Hippauf, W. Nickel, G.-P. Hao,
K. Schwedtmann, L. Giebeler, S. Oswald, L. Borchardt, S.
Doerfler, J. J. Weigand, S. Kaskel, Adv. Mater. Interfaces 2016, 3,
1600508.

[20] W. Ye, F. Pei, X. Lan, Y. Cheng, X. Fang, Q. Zhang, N. Zheng, D.-
L. Peng, M.-S. Wang, Adv. Energy Mater. 2020, 10, 1902956.

[21] G. Wang, M. Shao, H. Ding, Y. Qi, J. Lian, S. Li, J. Qiu, H. Li, F.
Huo, Angew. Chem. Int. Ed. 2019, 58, 13584; Angew. Chem.
2019, 131, 13718.

[22] a) G. Xia, C. Wang, P. Jiang, J. Lu, J. Diao, Q. Chen, J. Mater.
Chem. A 2019, 7,12317; b) L. Liu, Y. Chen, Y. Xie, P. Tao, Q. Li,
C. Yan, Adv. Funct. Mater. 2018, 28, 1801989; c¢) Q. Sun, D. P. Li,
J. Cheng, L. N. Dai, J. G. Guo, Z. Liang, L. J. Ci, Carbon 2019,
155, 601.

[23] Y. Qi, Y. Lu, E. Ding, Q. Zhang, H. Li, X. Huang, L. Chen, Y.-S.
Hu, Angew. Chem. Int. Ed. 2019, 58, 4361; Angew. Chem. 2019,
131, 4405.

[24] C. Chen, Z. Wang, B. Zhang, L. Miao, J. Cai, L. Peng, Y. Huang,
J. Jiang, Y. Huang, L. Zhang, J. Xie, Energy Storage Mater. 2017,
8, 161.

[25] a) M. Chen, W. Wang, X. Liang, S. Gong, J. Liu, Q. Wang, S. Guo,
H. Yang, Adv. Energy Mater. 2018, 8, 1800171; b) R. A. Adams,
J-M. Syu, Y. Zhao, C.-T. Lo, A. Varma, V. G. Pol, ACS Appl.
Mater. Interfaces 2017, 9, 17872.

[26] J. Lu, C. Wang, H. Yu, S. Gong, G. Xia, P. Jiang, P. Xu, K. Yang,
Q. Chen, Adv. Funct. Mater. 2019, 29, 1906126.

[27] a) Y. Qian, S. Jiang, Y. Li, Z. Yi, J. Zhou, J. Tian, N. Lin, Y. Qian,
Angew. Chem. Int. Ed. 2019, 58, 18108; Angew. Chem. 2019, 131,
18276; b) K. Share, A. P. Cohn, R. Carter, B. Rogers, C. L. Pint,
ACS Nano 2016, 10, 9738.

Manuscript received: April 8, 2020
Accepted manuscript online: May 13, 2020
Version of record online: June 8, 2020

Angew. Chem. Int. Ed. 2020, 59, 19460 —19467

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

19467


https://doi.org/10.1002/anie.201801389
https://doi.org/10.1002/anie.201801389
https://doi.org/10.1002/ange.201801389
https://doi.org/10.1002/adma.201702061
https://doi.org/10.1002/adma.201800036
https://doi.org/10.1002/inf2.12101
https://doi.org/10.1002/inf2.12101
https://doi.org/10.1039/C7CC03998K
https://doi.org/10.1039/C7CC03998K
https://doi.org/10.1021/jacs.5b06809
https://doi.org/10.1002/adfm.201602248
https://doi.org/10.1002/adfm.201602248
https://doi.org/10.1021/acs.nanolett.5b03667
https://doi.org/10.1021/acs.nanolett.5b03667
https://doi.org/10.1016/j.elecom.2015.09.002
https://doi.org/10.1016/j.jpowsour.2017.12.033
https://doi.org/10.1016/j.jpowsour.2017.12.033
https://doi.org/10.1002/adma.201802074
https://doi.org/10.1002/adma.201802074
https://doi.org/10.1002/adfm.201903641
https://doi.org/10.1002/adfm.201903641
https://doi.org/10.1002/aenm.201801149
https://doi.org/10.1016/j.carbon.2017.07.041
https://doi.org/10.1039/C9EE00536F
https://doi.org/10.1039/C9TA05205D
https://doi.org/10.1039/C9TA05205D
https://doi.org/10.1002/adfm.201903496
https://doi.org/10.1002/adfm.201903496
https://doi.org/10.1016/j.nanoen.2019.104038
https://doi.org/10.1016/j.nanoen.2019.104038
https://doi.org/10.1002/aenm.201902672
https://doi.org/10.1002/aenm.201902672
https://doi.org/10.1002/aenm.201803894
https://doi.org/10.1002/aenm.201803894
https://doi.org/10.1002/adma.201805430
https://doi.org/10.1002/aenm.201901379
https://doi.org/10.1002/anie.201913368
https://doi.org/10.1002/ange.201913368
https://doi.org/10.1002/ange.201913368
https://doi.org/10.1016/j.carbon.2018.11.001
https://doi.org/10.1039/C8TA06652C
https://doi.org/10.1039/C8TA06652C
https://doi.org/10.1016/j.mattod.2017.06.002
https://doi.org/10.1016/j.ensm.2019.05.037
https://doi.org/10.1016/j.mattod.2017.04.026
https://doi.org/10.1002/anie.201409439
https://doi.org/10.1002/anie.201409439
https://doi.org/10.1002/ange.201409439
https://doi.org/10.1016/0008-6223(96)00177-7
https://doi.org/10.1002/adma.201700104
https://doi.org/10.1002/adma.201700104
https://doi.org/10.1002/aenm.201802386
https://doi.org/10.1002/aenm.201802386
https://doi.org/10.1039/C8TA04694H
https://doi.org/10.1002/adma.201702268
https://doi.org/10.1021/acs.jpcc.6b06555
https://doi.org/10.1021/acs.jpcc.6b06555
https://doi.org/10.1002/admi.201600508
https://doi.org/10.1002/admi.201600508
https://doi.org/10.1002/aenm.201902956
https://doi.org/10.1002/anie.201908159
https://doi.org/10.1002/ange.201908159
https://doi.org/10.1002/ange.201908159
https://doi.org/10.1039/C8TA12504J
https://doi.org/10.1039/C8TA12504J
https://doi.org/10.1002/adfm.201801989
https://doi.org/10.1016/j.carbon.2019.08.059
https://doi.org/10.1016/j.carbon.2019.08.059
https://doi.org/10.1002/anie.201900005
https://doi.org/10.1002/ange.201900005
https://doi.org/10.1002/ange.201900005
https://doi.org/10.1016/j.ensm.2017.05.010
https://doi.org/10.1016/j.ensm.2017.05.010
https://doi.org/10.1002/aenm.201800171
https://doi.org/10.1021/acsami.7b02476
https://doi.org/10.1021/acsami.7b02476
https://doi.org/10.1002/adfm.201906126
https://doi.org/10.1002/anie.201912287
https://doi.org/10.1002/ange.201912287
https://doi.org/10.1002/ange.201912287
https://doi.org/10.1021/acsnano.6b05998
http://www.angewandte.org

