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Direct Pyrolysis of Supermolecules: Ultrahigh
Edge-Nitrogen Doping Strategy of Carbon Anodes

for Potassium-lon Batteries
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Abdul-Hamid Emwas, Yu Han, Udo Schwingenschlogl, and Husam N. Alshareef*

Most reported carbonaceous anodes of potassium-ion battery (PIB) have lim-
ited capacities. One approach to improve the performance of carbon anodes
is edge-nitrogen doping, which effectively enhances the K-ion adsorption
energy. It remains challenging to achieve high edge-nitrogen doping due

to the difficulty in controlling nitrogen dopant configuration. Herein, a new
synthesis strategy is proposed to prepare carbon anodes with ultrahigh
edge-nitrogen doping for high-performance PIB, Specifically, self-assembled
supermolecule precursors derived from pyromellitic acid and melamine are
directly pyrolyzed. During the pyrolysis process, the amidation and imidiza-
tion reactions between pyromellitic acid and melamine before carbonization
enable the successful carbonization of pyromellitic acid-melamine super-
molecule. The obtained 3D nitrogen-doped turbostratic carbon (3D-NTC)
possesses a 3D framework composed of carbon nanosheets, turbostratic
crystalline structure, and an ultrahigh edge-nitrogen-doping level up to

16.8 at% (73-85% of total 22.8 at% nitrogen doping). These features endow
3D-NTCs with remarkable performances as PIB anodes. The 3D-NTC anode
displays a high capacity of 473 mAh g, robust rate capability, and a long
cycle life of 500 cycles with a high capacity retention of 93.1%. This new
strategy will boost the development of carbon anodes for rechargeable alkali-

metal ion batteries.
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The increasing demand for sustainable
electricity from intermittent renewable
resources (wind, solar, tide, etc.) has trig-
gered an urgent need for low-cost elec-
trochemical energy storage systems.[!
Considering the limited lithium content in
the earth’s crust,”? and significantly more
abundant potassium resources, similar to
sodium,?! potassium-ion battery (PIB) has
become an increasingly important next-
generation electrochemical energy storage
device.*”] PIB has a similar “rocking-
chair” operating principle with lithium-ion
batterieg (LIB) and sodium-ion batterieg
(SIB). However, due to the larger radius
of potassium atom (1.38 A) compared
with that of lithium (0.68 A) and sodium
(0.97 A),ll most anode materials used in
LIBs and SIBs suffer from inferior per-
formances when used as PIB anodes,"®
such as hard carbon,® silicon,® and
various alloying anodes.”! Fortunately,
some amorphous carbonaceous mate-
rials show higher potassium-ion storage
capacities than their sodium-ion storage
capacities.'”! This phenomenon is attrib-
uted to the fact that potassium ion can
intercalate into graphitic carbon nanodomains (GNDs) with
a (002) interlayer spacing of 3.35 A" In contrast, sodium
ion can only intercalate into GNDs with interlayer spacings
>3.7 A in carbonate-based electrolytes.”] As a vital family of
anode materials for PIP=grbonaceous materials hold great
potential towards com E: lization due to their abundance,
nontoxic nature, and low energy/chemical consumption.l¢]
Given the limited potassium-ion storage capacities of graphite
(278 mAh g),121811 and hard carbon (<300 mAh g, their
poor cycling stabilities, and inferior rate performances in car-
bonate-based electrolytes, various low-temperature-annealed
amorphous carbons with expanded interlayer spacings have
been developed as high-performance PIB anodes.?*-24l Nitrogen
doping is an effective strategy to promote the potassium-ion
storage capability of carbonaceous materials.”>?") Generally,
nitrogen dopants are classified into pyridinic, pyrrolic, and gra-
phitic nitrogens. The graphitic nitrogen dopant, surrounded
by three carbon atoms, is a nitrogen atom that replaces one
carbon atom in an in-plane graphene hexagonal structure.
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Edge-nitrogen dopants are pyridinic and pyrrolic nitrogens that
are bonded by two adjacent carbon atoms while leaving itself
on the edge of a GND. As demonstrated by computational and
experimental methodologies, edge-nitrogen-induced defects
are active sites for adsorbing potassium ions compared with
graphitic-nitrogen-doped, and un-doped GNDs.?*-32l Unfortu-
nately, most reported nitrogen-doped carbonaceous materials
have low nitrogen doping levels <10 at% (a large portion is elec-
trochemically inactive graphitic nitrogen)i3>-] that is too low to
exert their potassium-ion storage capability. Some carbonaceous
materials could achieve edge-nitrogen doping ratio of =90%,38l
but they possess a rather low nitrogen doping level of 4.32 at%.
Carbonaceous materials with both high nitrogen doping levels
and high edge-nitrogen doping ratios are significant to enhance
the potassium-ion storage capacity of carbonaceous materials.

Herein, we present a new synthesis strategy of carbon
anodes with ultrahigh edge-nitrogen doping level for high-
performance PIB. In this strategy, we use pyromellitic acid (PMA)
and melamine (MA) as monomers to realize ultrahigh edge-
nitrogen doping in carbonaceous materials. Pure PMA and MA
monomers cannot be carbonized because of sublimation and
decomposition. On the contrary, the self-assembled PMA-MA
supermolecule can be carbonized due to the pre-carboniza-
tion reactions of amidation and imidization between PMA
and MA monomers. The amide and imide structures formed
before carbonization greatly enhance the thermostability of
PMA and MA, which enables the successful carbonization of
PMA and MA. As a result, we obtained 3D nitrogen-doped
turbostratic carbon (3D-NTC) with an ultrahigh edge-nitrogen
doping level of 16.8 at%. This ultrahigh edge-nitrogen doping
endows 3D-NTC with excellent performances as a PIB anode.
Specifically, the 3D-NTC anode shows a high stabilized revers-
ible capacity of 473 mAh g7, robust rate capability, and a long
cycle life of 500 cycles with a high capacity retention of 93.1%.
Furthermore, the high-performance 3D-NTC anode was assem-
bled into a high-performance PIB using perylenetetracarboxylic
dianhydride (PTCDA) as the cathode.

Figure 1a shows a schematic illustration of the synthesis of
3D-NTC. PMA and MA were used as precursors for the syn-
thesis of 3D-NTC. PMA and MA first react in water and form
self-assembled supermolecule (PMA-MA) crystals (Figure S1,
Supporting Information) due to the strong hydrogen bonding
between PMA and MA molecules.’?) The formation of
PMA-MA supermolecule is demonstrated by X-ray diffraction
(XRD) and Fourier transform infrared (FTIR) spectroscopy
(Figure S2, Supporting Information). After a one-step pyrolysis
process, the PMA-MA supermolecule was successfully carbon-
ized into 3D-NTC. The 3D-NTC samples obtained at annealing
temperatures of 750 and 900 °C are termed as 3D-NTC750 and
3D-NTC900, respectively.

Pure PMA cannot be carbonized since PMA sublimes at a
temperature of =280 °C. Likewise, pure MA faces sublimation
and decomposition at temperatures above =350 °C (Figure 1b).
The MA molecules are polymerized into graphitic carbon
nitride (g-C3N,) at temperatures around 500 °C.* Neverthe-
less, g-C3N, fully decomposes at temperatures above 650 °C
(Figure 1b). On the contrary, the PMA-MA supermolecule can be
carbonized at high temperatures ranging from 400 to 1000 °C,
as demonstrated by the increased thermostability through

Adv. Mater. 2020, 2000732

2000732 (2 of 9)

www.advmat.de

thermogravimetric analysis (TGA) (Figure 1b). The differential
scanning calorimetry (DSC) curve shows three endothermic
peaks at temperatures ranging from 100 to 350 °C. These three
endothermic peaks belong to pre-carbonization processes. We
tracked the pyrolysis behavior of the PMA-MA supermolecule
by mass spectroscopy (MS). The release of NH, groups at
295 °C is ascribed to the partial sublimation or decomposition
of MA molecule, while the release of CO, at 298 °C is ascribed
to the partial sublimation or decomposition of PMA molecule
(Figure 1c). MS spectra show three H,O release peaks at 141,
236, and 295 °C, respectively (Figure 1c). The H,O release peak
at 141 °C results from the release of crystal water in PMA-MA
supermolecules. The second (236 °C) and the third (295 °C)
H,0 release peaks are ascribed to amidation and imidization
reactions, respectively. These three water-releasing reactions are
endothermic (Figure 1b). In the imidization of PMA-MA super-
molecule, PMA and MA first react to form an amide structure
releasing one molecule water. The formed amide structures fur-
ther react to form imide structures releasing the second water
molecule (Figure S3, Supporting Information). The amide and
imide structures enable PMA-MA supermolecule to be highly
thermostable and carbonizable.'#2 After the imidization pro-
cess, there is some edge-locating unimidized carboxylic acid
(C(O)OH) and amine (NH,) groups (Figure S4, Supporting
Information) due to the slow reaction kinetics of imidization.
The unimidized C(O)OH groups decompose (shown in the
schematic in Figure le) around 483 °C (indicated by the CO,
release peaks in Figure 1d), which results in the exfoliation of
3D-NTC by the released pyrolysis gases,®! and the final for-
mation of laminar nanosheet frameworks of 3D-NTCs. The
decomposition of s-triazine structure in MA with the releasing
of NCNH, (Figure 1le) at higher temperatures around 520 °C
(verified by the TGA-FTIR in Figure S5, Supporting Informa-
tion) may result in the formation of edge-nitrogen defect struc-
tures in 3D-NTC. The different decomposition temperatures
of C(O)OH and s-triazine (Figure 1c; Figure S5, Supporting
Information) demonstrate that in the amide and imide struc-
ture formed by amidation and imidization of PMA and MA,
the pristine structure of PMA is less stable than MA (Figure 1c;
Figure S5, Supporting Information). The high-nitrogen con-
centration in MA (677 at% with respect tq total carbon and
nitrogen atoms) and the high thermostability of amide and
imide structures formed in pre-carbonization process could
result in highly NTC structures. On the one hand, since the
s-triazine structure is more stable than PMA, the 3D-NTC may
have a higher nitrogen doping level compared with other car-
bonaceous materials prepared fremy pyrolysis methods. On the
other hand, the release of NCNH, may create defective edge
sites for nitrogen dopants, which enables most doped nitrogen
atoms to be of edge-nitrogen configurations.

The laminar sheet-like framework and the turbostratic
crystalline structure in 3D-NTC750 are shown by electron
microscopy characterizations (Figure 2). The 3D-NTC750
sample shows laminar frameworks consisting of thin carbon
nanosheets, as shown in the scanning electron microscopy
(SEM) image in Figure 2a. The thickness of the carbon sheets
of 3D-NTC750 obtained by transmission electron microscopy
(TEM) image (Figure 2b) is around 7-12 nm (Figure S6, Sup-
porting Information). The crystalline structure of 3D-NTC750 is

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

O 0N VT~ W

(SN N B, BV B B B B & P P el W W W W W WWWWWNNNDNNNNNNDDNDRERS = P =P =


zhanw0d
Cross-Out


O 00NV~ N

[V R, IV, . IV IV I, GV, » IS N N W W WWWWWWWWNNNNNNNNNNDR S 2 2R sl s s
\DOO\IG\U'I-PUON'—‘O\D&\]g‘-ﬂﬁWN’—‘S\DOO\IG\U'I-PwNHO\DOO\IG\m#wN'—‘O\QQO\IG\W-PWN'—‘O

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

V2 8
% L .
a e - ‘.. ..‘..—..‘_\
o a : oYz
v 1 e-N [ .. 5 L] .. ]
gt e-0 . - : .".l ..'I
2 NERY ¥ L ¢
[ | = _ _ ®-C \# '-.. ..‘ ‘... /
1 : . ¥ .. ..c v
\_Q. ™ .Q,“
:._"-'b.z..--’ .
P
PMA J
e +’J\ self-assembly . o pyrolysis
’ _ - e —_—
va || '
S )
= PMA-MA 3D-NTC nanosheet
Aqueous mixing supermolecule framework
c '
100 $==—=— =-=MA 0.8 Pre-carbanization | ——a.m.u. 16 (NH;)
b o PMA - T Prat] ==--am.u. 18 (H,0)
\ PMA-MA "o i a.m.u. 42 (N,CH,)
—. 804 \ {04 E 35 i -~ -am.u. 44 (CO,)
2 3! zs i
£ 607 i Rl = |
= il 1 o % @
> A i = 8
= 40 I3} - €
.I i /é’m 1-.04 g =
| \ C o o
201 A .——-// e
[ e 108
04— Srmsemy , . Y T .
200 400 600 800 1000 200 400 600 800 1000
Temperature (°C) Temperature (°C)
e
Supermolecular interaction Cross-linked structure
Amidation

: ,H’ ‘ Imidi:atiort h
. & ,—’_x—{ - _f\,,'_.

Carbonization

Figure 1. a) Schematic diagram showing the direct pyrolysis supermolecule strategy for the synthesis of 3D-NTC PIB anodes. Structural evolution
and reactions during the pyrolysis of PMA-MA supermolecule. b) TGA and DSC curves of MA, PMA, and PMA-MA supermolecule. c¢) Temperature-
dependent MS of PMA-MA supermolecule. d) Temperature-dependent FTIR spectra of the decomposition species from the pyrolysis of PMA-MA
supermolecule. e) The schematic diagram for the pyrolysis mechanism of PMA-MA supermolecule.

turbostratically amorphous, with most defect spacings ranging
from 4.4 to 5.2 A, while a small number of defect spacings of
3.5 A can be observed (Figure 2c). The high-resolution TEM
(HRTEM) image shows many defect edge sites (Figure 2c and
its inset) that result from the breakage of chemical bonds in
the original PMA or MA structures, as demonstrated by the
TGA-MS study. The turbostratically amorphous structure
of 3D-NTC750 with large defect size could facilitate the (de)
potassiation process. SEM and TEM images of 3D-NTC900
(Figure 2d,e) also show 3D laminar frameworks similar to
3D-NTC750. However, different from 3D-NTC750, 3D-NTC900
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shows developed long-range ordered GNDs observed in its
HRTEM (Figure 2f). The developed long-range ordered GNDs
of 3D-NTC900 originates from the higher annealing tempera-
ture.¥ The GND of 3D-NTC900 is of turbostratic structure
with a wide distribution of interlayer spacing (Figure 2f), which
is beneficial for the diffusion of potassium ion into a carbon
matrix from where GND has large interlayer spacing. Nitrogen
is successfully doped in the carbon lattice of 3D-NTC750 as
demonstrated by energy-dispersive X-ray spectroscopy (EDS)
mapping (Figure 2g—j). To demonstratg this imidization-
assisted pyrolysis is a new general strategy that can be generally
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Figure 2. Electron microscopy characterization of 3D-NTCs. a) SEM, b) TEM, and c) HRTEM images of 3D-NTC750. Inset of (c) shows a typical atom-
scale defect-rich structure of 3D-NTC750 and its structural schematic diagram. d) SEM, e) TEM, and f) HRTEM images of 3D-NTC900. The inset of
(f) shows the structural schematic diagram of 3D-NTC900 and its contrast profiles. The red dash circles in (c) and (f) show some edge-atoms, while
the yellow arrows show some defects. g) High-angle annular dark-field image (HAADF) of 3D-NTC750. EDS mapping of 3D-NTC750 with elements of

h) carbon i) nitrogen, and j) oxygen.

extended to prepare other 3D-NTCs using MA and easy-acces-
sible carboxylic acids, we prepared 3D-NTCs using MA and
three general carboxylic acids such as poly(acrylic acid) (PAA),
terephthalic acid (benzene-1,4-dioic acid) (BDC), and citric acid
(CA). These carboxylic acids form amide structures with MA.
The thermostable amide structure enables the successful prep-
aration of 3D-NTCs. The laminar frameworks and turbostratic
crystalline structures of 3D-NTC750PAA, 3D-NTC750BDC, and
3D-NTC750PAA were confirmed by multiple physicochemical
techniques, such as SEM (Figure S7, Supporting Information),
TEM, HRTEM (Figure S8, Supporting Information), XRD, and
Raman (Figure S9, Supporting Information). These results
demonstrate that our approach constitutes a general strategy
that can be extended to various carboxylic acids and amines for
preparing a series of edge-nitrogen-doped turbostratic carbons.
The (002) bread hump peaks of 3D-NTCs centering at
26.5° (Figure 3a) demonstrate that 3D-NTCs do not have well-
defined interlayer spacing, which agrees well with the HRTEM
study. The precise crystalline structures of 3D-NTCs cannot be
resolved by XRD, as demonstrated by their HRTEM images.
The R-value, introduced by Dahn and co-workers,*! to a certain
extent, can be used as an indicator to reflect the order degree of
amorphous carbons. The much higher R-value of 3D-NTC900
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(4.5) than that of 3D-NTC750 (2.36) demonstrates its better
graphitic structure, which is in accordance with the HRTEM
study. The high Ip/I ratios of 0.99 for 3D-NTC750 and 0.94 for
3D-NTC900 obtained from Raman spectra (Figure 3b) imply
their amorphous structural nature.[*®l The pore size distribution
and Brunauer-Emmett-Teller (BET) surface areas of 3D-NTCs
were evaluated by argon adsorption/desorption isotherms
(Figure S10, Supporting Information). The 3D-NTC750 sample
has a small BET surface area of 9.26 m? g™ and an average pore
size of 5.24 nm. The 3D-NTC900 sample has a relatively larger
BET surface area of 23.2 m? g™! and a smaller average pore size
of 4.87 nm, respectively (Table S1, Supporting Information).
Both 3D-NTC750 and 3D-NTC900 are mesoporous carbons with
layer-structured pores and wide mesopore-dominated pore size
distributions from 2 to 80 nm (Figure 3c), which is in line with
the SEM and TEM characterizations. The mesoporous structure
of 3D-NTCs could enable fast electrolyte diffusion in the elec-
trode.”’] The low BET specific surface areas of 3D-NTCs could
reduce parasitic reactions and improve their initial Coulombic
efficiencies (ICEs) towards practical PIB anodes. The nitrogen
doping levels of 3D-NTCs were tested by X-ray photoelectron
spectroscopy (XPS) analysis. Surprisingly, the 3D-NTC750
sample shows an unexpected ultrahigh nitrogen doping level
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Figure 3. Physicochemical characterization of 3D-NTC. a) XRD patterns. b) Raman spectra. c) Pore size distribution. d) N 1s high-resolution XPS
spectra. e) C 1s high-resolution XPS spectra. f) EPR spectra. Insets in (d) and (f) schematic show the structures of 3D-NTC750 and 3D-NTC900.

of 22.8 at% (Figure S11 and Table S2, Supporting Information).
The result of CHNS elemental analysis is comparable to XPS
results, which confirms the validity of XPS results. A higher
nitrogen-to-carbon ratio obtained through the CHNS analysis
(32.80%) compared with that through XPS analysis (30.65%)
reflects the higher nitrogen content in the bulk than that on
the surface of carbon matrix. This ultrahigh nitrogen doping
level has rarely been reported previously. The nitrogen doping
level of 3D-NTC750 was also confirmed by FTIR (Figure S12,
Supporting Information) and TGA (Figure S13, Supporting
Information) analyses. The ultrahigh nitrogen doping level of
3D-NTC750 results from the formation of stable amide and
imide structures, and the high nitrogen content in MA mole-
cules. The other reason for this ultrahigh nitrogen doping level
of 3D-NTC750 is that PMA is less stable than MA, which indi-
cates that MA may contribute more in the final carbon matrix
of 3D-NTC750. The 3D-NTC900 sample shows lower nitrogen
doping level of 9.9 at% (Table S2, Supporting Information) that
is still higher than most recently reported nitrogen-doped amor-
phous carbons. The nitrogen bonding was analyzed by fitting
N 1s XPS spectra deconvoluted into different configurations of
pyridinic (N6), pyrrolic (NS5), graphitic (NQ), and oxidized (NO)
nitrogen (Figure 3d). The relative ratios of N6, N5, NQ, and NO
for the 3D-NTC750 sample are 41.44%, 32.41%, 12.73%, and
13.42%, respectively (Table S3, Supporting Information). The
corresponding values for the 3D-NTC900 sample are 23.38%,
23.15%, 39.73%, and 13.75%, respectively (Table S3, Supporting
Information). The edge-nitrogen doping (N6 and N5) ratio of
3D-NTC750 is as high as 73-85%, which is attributed to the
unique decomposition modality of PMA-MA supermolecule.
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The 3D-NTC900 sample shows a lower edge-nitrogen ratio of
46.53%, which is attributed to the fact that most edge-nitrogen
configurations decompose or form in-plane graphitic nitrogens
at high annealing temperature.?” The 3D-NTC750 sample has
an ultrahigh edge-nitrogen doping level of 16.8 at%. The ultra-
high edge-nitrogen doping in 3D-NTC750 could contribute to
high potassium-ion storage capacity and provide facile interca-
lation pathways. The carbon bonding was analyzed by fitting C
1s spectra (Figure 3e). The 3D-NTC900 sample shows a high sp?
C=C ratio due to the formation of developed GNDs (Table S4,
Supporting Information).*®l The edge-nitrogen doping effect
was further studied by electron paramagnetic resonance (EPR)
spectroscopy (Figure 3f). The 3D-NTC750 and 3D-NTC900
exhibit Lorentzian EPR lines centering at different g values
of 2.0032 and 2.0022, respectively. The line width (LW) of the
3D-NTC750 sample is 11.16 G, while the LW of the 3D-NTC900
sample is 224.68 G. The low LW of 3D-NTC750 indicates that
the unpaired electrons in-3BD-NFC750 are more localized com-
pared with the delocalized unpaired electrons in 3D-NTC900,
which is ascribed to the—existence—of higher concentration
of edge-nitrogen dopants and smaller GNDs compared with
3D-NTC900. The higher g-value of 2.0032 for 3D-NTC750 than
the 2.0022 for 3D-NTC900 implies a strong nitrogen doping
effect. Through EPR spectra, we learn that 3D-NTC750 is—ef
edge-nitrogen doping configurations that separate its carbon
matrix into small GNDs. The unique ultrahigh edge-nitrogen
doped structure of 3D-NTC750 agrees well with the HRTEM,
XPS, and TGA-MS studies. The GNDs of 3D-NTC900 develop
into large sizes due to the high annealing temperatures. The
high-edge-nitrogen doping of 3D-NTC750 could enhance the
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Figure 4. Electrochemical performance characterization of 3D-NTC. a) CV curves of 3D-NTC750. b) GCD curves of 3D-NTC750. ¢) GCD cycling of
3D-NTC750 at a current density of 50 mA g~'. d) Comparison of the total nitrogen doping levels, edge-nitrogen doping levels, and the stabilized revers-
ible capacities between 3D-NTC750 and reported high-performance anodes. e) Rate performances of 3D-NTC. f) Long-term GCD cycling stabilities of
3D-NTC at a current density of 1000 mA g~'. Capacitive contributions of g) 3D-NTC750 and h) 3D-NTC900 at a scan rate of 0.2 mV s7\. i) Capacitive

contributions of 3D-NTCs as a function of scan rate.

potassium adsorption capacity, while the small GND could
enhance the rate performances of 3D-NTC750. The well-devel-
oped GNDs in 3D-NTC900 could contribute to higher intercala-
tion capacity compared with 3D-NTC750.

The electrochemical performances of the 3D-NTC750
electrode were first studied by cyclic voltammetry (CV). The
cathodic peak starting from =0.7 V is attributed to the forma-
tion of solid electrolyte interphase. After the first cycle CV, the
CV curves become increasingly stabilized, which indicates
that the capacity decreases during the several initial cycles
(Figure 4a). The slightly decreased current responses of the
anodic and cathodic peaks in the initial cycles are ascribed
to the structural rearrangement during (de)potassiation.'¥
Galvanostatic charge-discharge (GCD) analysis was used to
evaluate their potassium-ion storage capabilities (Figure 4b).
At a current density of 50 mA g!, the 3D-NTC750 elec-
trode displays an initial discharge capacity of 995 mAh g7,
while its initial charge capacity is around 606 mAh g™'. The
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corresponding ICE of 3D-NTC750 is 61% that is comparable
to the highest values for carbonaceous PIB anodes reported in
recent years.®# The capacity of 3D-NTC electrode decreases
in the initial cycles at a current density of 50 mA g7, and
then stabilizes after 10 cycles (Figure 4c). The 3D-NTC900
electrode shows a lower first charge capacity of 578 mAh g™
with a lower discharge plateau (Figure S14, Supporting Infor-
mation), which is ascribed to its well-developed GNDs in its
carbon skeleton. The well-developed GNDs in the 3D-NTC900
electrode endow it with a =100 mAh g™ higher intercalation
capacity than 3D-NTC750 (Figure S15, Supporting Informa-
tion). The 3D-NTC prepared at a lower annealing tempera-
ture of 550 °C shows a slope GCD curve and a lower revers-
ible capacity compared with 3D-NTC750 and 3D-NTC950
(Figure S16, Supporting Information), which is caused by
its incomplete carbonization.??) The 3D-NTC750 electrode
shows an ultrahigh capacity due to its ultrahigh edge-nitrogen
doping of 16.8 at% that is effective for the adsorption and
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desorption of potassium ions. The intercalation-adsorption
mechanism for the potassiation of 3D-NTC750 is demon-
strated by EDS elemental mapping (Figures S17 and S18,
Supporting Information). The atomic ratios of nitrogen,
edge-nitrogen doping, and stabilized reversible capacity of
3D-NTC750 electrode are the highest among recently reported
carbonaceous anodes for PIB (Figure 4d is necessary to
note that some literature also reports hig@trogen doping,
such as PNCM (18.9 at%),33) or high edge-nitrogen doping,
such as NHC2-NH3/Ar (9.2 at%).3% We show an example
that 3D-NTC750 can achieve both high nitrogen doping
(22.8 at%) and high edge-nitrogen doping (16.8 at%) levels.
Both 3D-NTC750 and 3D-NTC900 show high-rate capability
(the corresponding GCD curves are displayed in Figure S19,
Supporting Information). The 3D-NTC750 electrode displays
a highjrate capability. The 3D-NTC750 electrode displays
capacities of 518, 436, 378, 313, 265, 212, and 119 mAh g!
atcurrentdensitiesof50,100,200,500,1000,2000,and 5000mA g,
respectively. After the current density is switched back to
50 mA g}, the capacity recovers to 473 mAh g, which demon-
strates its high reversibility. The 3D-NTC900 displays capacities
of 469, 358, 310, 260, 216, 147, 66 mAh g at current densi-
ties of 50, 100, 200, 500, 1000, 2000, and 5000 mA g, respec-
tively. The capacity of 3D-NTC900 recovers to 413 mAh g7},
after the GCD current density is switched back to 50 mA g
The long-term cycling stabilities of 3D-NTCs electrodes were
tested at a current density of 1000 mA g! (Figure 4f). These
3D-NTC//K half cells failed at the 500th and 600th GCD cycles
due to the potassium dendrite puncture through the separator.
The 3D-NTC750 electrode displays a high capacity retention of
93.1% after 500 GCD cycles. The 3D-NTC900 electrode shows
a high capacity retention of 94% after 600 cycles. Further, the
3D-NTC750 electrodes show undamaged skeletons before and
after GCD cycling test (Figure S20, Supporting Information),
which demonstrates the high structural stability of 3D-NTC750
during repeated (de)potassiation. The 3D-NTC750 electrode
shows high ICE, high capacity, high rate capability, and high
cycling stability compared with the most-recently reported
carbonaceous anodes (Table S5, Supporting Information).
The capacitive contribution was calculated based on Dunn’s
method (Figure 4gh). We find that the 3D-NTC750 elec-
trode has a higher capacitive contribution of 49.8% than the
3D-NTC900 electrode (38.6%) at a scan rate of 0.2 mV s The
capacitive contributions calculated at different scan rates con-
firm the same trend (Figure 4i). The power-law relationship of
the current response and scan rate in a CV test is described as
i = avP 5% A b value of 1 is an indicator of a surface-domi-
nated capacitive process; whereas, a b value of 0.5 indicates
the electrochemical reaction is controlled by semi-infinite
diffusion. To compare the different kinetics of 3D-NTC elec-
trodes, the b values of 3D-NTC electrodes were calculated
based on the CV curves obtained at different scan rates
(Figure S21, Supporting Information). The 3D-NTC750 elec-
trode exhibits higher b values of 0.751 and 0.612 for anodic
and cathodic peaks, respectively, compared with 3D-NTC900
(b values are 0.703, 0.562) (Figure S22, Supporting Informa-
tion). The higher capacitive contributions and higher b values
of 3D-NTC750 result from the undeveloped GNDs and large
defect spacing, which enables fast potassium adsorption and
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desorption. The 3D-NTC900 electrode has smaller interlayer
spacing that may impede the diffusion of potassium ions. The
above results demonstrate that our ultrahigh edge-nitrogen
doped 3D-NTC750 has both high K-ion storage capacity and
rate capability. To further interpret our experimental results,
we performed a theoretical study of the K-adsorption capa-
bility on different defective configurations with N dopant
and tri-vacancy based on density functional theory. Three
defective configurations (pyridinic nitrogen (N6), pyrrolic
nitrogen (N5), and tri-vacancy) (Figure S23, Supporting Infor-
mation) were modeled in bilayer graphene to compare with
graphitic nitrogen (NQ) doped and undoped graphenes.
The edge-nitrogen configurations (N5 and N6) show unam-
biguously higher adsorption energy (E,) than NQ doped and
undoped graphenes (Figure S24, Supporting Information).
The tri-vacancy structure was obtained by replacing the N6
dopant with a carbon atom. It shows slightly lower E, than
the N6 structure (Figure S24, Supporting Information), which
indicates that both the carbon-vacancy-induced and edge-
nitrogen-induced vacancy defects can enhance the K-adsorp-
tion capability.’! In other words, the capacity enhance-
ment of nitrogen-doped carbons could be related to both
edge-nitrogen doping and carbon-vacancy-induced defects.
3D-NTC750 has a lower graphitization and higher edge-
nitrogen doping leve] than 3D-NTC900, which results in more
edge-nitrogen-induced vacancy defects and higher E,. As a
result, 3D-NTC750 has a higher surface-dominated adsorption
capacity than 3D-NTC900. We calculated the charge density
difference to understand the bonding nature of the adsorbed K
atoms (Figure S25, Supporting Information). In all the defec-
tive configurations, there is a net electron transfer between K
and pearest carbon atoms, which suggests an ionic nature of
the bonding. The charge density tends to accumulate around
the N5 and N6 edge-nitrogen dopants, which proves the effec-
tiveness of our edge-nitrogen doping strategy.

The 3D-NTC750 electrode was further assembled into a
3D-NTC750//PTCDA PIB full cell using the PTCDA cathode
(schematic diagram shown in Figure 5a). The PTCDA cathode
shows a capacity of =120 mAh g™ as a PIB cathode (Figure S26,
Supporting Information).’2%3 A 4.5 V LED can be lit by two PIB
full cells in series (Figure 5b). The 3D-NTC750//PTCDA PIB
full cell shows a reversible symmetric CV behavior (Figure S27,
Supporting Information). Besides, the 3D-NTC750//PTCDA
PIB full cell displays a decent rate performance and high opera-
tional voltages at various GCD current densities ranging from
30 to 200 mA g! (Figure 5c,d). The cycling performance of
PIB full cell was tested under a current density of 200 mA g™.
After 100 GCD cycles, the PIB full cell can still deliver a high
capacity of 241 mAh g! (Figure 5e). The cycling stability of this
3D-NTC750//PTCDA PIB full cell could be further enhanced by
optimizing the electrolyte compositions.”? The self-discharge
rate of this PIB full cell (Figure S28, Supporting Information)
was provided as a reference to other laboratory-made coin-
cell PIB full cells. 3D-NTC750//PTCDA PIB full cell shows a
slow self-discharge rate of 0.088% per hour. The 3D-NTC750//
PTCDA PIB full cell delivers an energy density of 187 Wh kg™
(Figure S29, Supporting Information) that is among the best
values reported for PIB full cells (Figure 5f). The energy density
of 3D-NTC750//PTCDA PIB is higher than recently reported
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Figure 5. Electrochemical performances of 3D-NTC750//PTCDA PIB full cell. a) A schematic diagram of PIB full cell. b) An LED light showing “PIB”
driven by two PIB full cells. ¢) GCD curves at different current densities and d) the rate capability. €) The cycling performance of PIB full cell at a cur-
rent density of 200 mA g~'. The capacity was calculated based on the mass of anode. f) Comparison of energy density with other PIB configurations

reported in the literature.

PIBs and potassium ion capacitors, such as PIHC,?"l PB//Bi, >
V2C//PB,535 PDIC, 5 and KIHC.5

In summary, we have developed a new, general strategy of
direct pyrolysis of supermolecules to synthesize carbonaceous
anodes with ultrahigh edge-nitrogen doping for PIBs. The opti-
mized carbon anodes show a turbostratically amorphous struc-
ture with an ultrahigh nitrogen doping level of 22.8 at% and
an ultrahigh edge-nitrogen doping level of 16.8 at%. The ultra-
high edge-nitrogen doping and unique defect-rich turbostratic
structures of our carbon anodes result in their remarkable per-
formances as PIB anodes. Our new synthesis strategy can be
extended to prepare a family of highly edge-nitrogen-doped car-
bonaceous materials for other alkali-metal ion batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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