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ABSTRACT: Carbon nitrides with layered structures and scalable syntheses have emerged as potential anode
choices for the commercialization of sodium-ion batteries. However, the low crystallinity of materials synthesized
through traditional thermal condensation leads to insufficient conductivity and poor cycling stability, which
significantly hamper their practical applications. Herein, a facile salt-covering method was proposed for the synthesis
of highly ordered crystalline C;N,-based all-carbon nanocomposites. The sealing environment created by this
strategy leads to the formation of poly(heptazine imide) (PHI), the crystalline phase of C;N,, with extended 7-
conjugation and a fully condensed nanosheet structure. Meanwhile, theoretical calculations reveal the high
crystallinity of C;N, significantly reduces the energy barrier for electron transition and enables the generation of
efficient charge transfer channels at the heterogeneous interface between carbon and C;N,. Accordingly, such
nanocomposites present ultrastable cycling performances over 5000 cycles, with a high reversible capacity of 245.1
mAh g~ ' at 2 A g”! delivered. More importantly, they also exhibit an outstanding low-temperature capacity of 196.6
mAh g™! at —20 °C. This work offers opportunities for the energy storage use of C;N, and provides some clues for
developing long-life and high-capacity anodes operated under extreme conditions.

KEYWORDS: 2D nanosheet, sodium-ion batteries, highly crystalline poly(heptazine imide), ultralong lifespan,
low-temperature performances

INTRODUCTION

The increasing demands of energy storage from portable
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electronics, electrical vehicles, and other applications require Accepted: January 9, 2024
the development of advanced battery technologies with high

energy and power densities.' > The commercialized lithium-

ion batteries (LIBs) have limitations due to the shortage of
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Figure 1. Design principle. Schematic of the electrochemically related structural merit differences between the conventional crystalline C;N,,

(PHI) and the as-synthesized highly ordered crystalline PHI for SIBs.

natural reserves, and the pursuit of low-cost alternatives is in
great necessity. Sodium-ion batteries (SIBs), with similar
chemical properties and working mechanism to LIBs, are
viewed as one of the most promising commercializable choices
for large-scale energy storage.*”® Electrode material is the key
component to determine the performances of batteries, while
the larger ionic radius of Na® leads to the unfeasibility of
conventional graphite materials used in LIBs for SIBs.
However, compared with other anode choices, carbonaceous
materials are still viewed as the first choice for commercializa-
tion of SIBs considering their high electronic conductivity,
stable physicochemical properties under both regular and
extreme conditions, and more importantly low expense.” "'
As a graphene analogue, graphitic carbon nitride (g-C3N,)
has attracted increasing attention for energy use due to its
unique features of a 2D-layered structure, high nitrogen
content, and atomic triangular pores, though most of the
current reported studies for g-C;N, are focused on photo-
catalysis use, while its application in energy storage is still not
well developed.'”™"* Its cheap and abundant source along with
relatively simple processing are preferred for SIBs considering
the potential economic and environmental benefits. The
primary issues to prevent its extended use for SIBs are the
low electrochemical conductivity and decreased crystallinity
caused by irreversible reactions between metal ions and
graphitic N species.">™'® Therefore, elevating the crystallinity
of g-C;N, is considered as a potential avenue to improve its
electrochemical performances.lg’20 Currently, the widely
reported g-C;N, synthesized from thermal condensation of
precursors is the melon structure base with weak intralayer
hydrogen bonds and substantial incompletely condensed
—NH/NH, groups (always denoted as polymeric carbon
nitride, PCN), which is viewed as an amorphous or
semicrystalline phase.”””” The crystalline C;N, can be
synthesized under the molten salt medium, with the structure
of either triazine-based (poly(triazine imide), PTI) or
heptazine-based (poly(heptazine imide), PHI) subunits,
depending on the processing conditions.”>”>> However,
although PTI or PHI has shown improved crystallinity

compared with the conventional PCN, the formation of
undesired structural defects and incomplete condensation of
nitrogen-containing precursors during their synthesis still
restrain the elevation of structural ordering to a high level
and thus deteriorate charge migration as well as Na* storage
kinetics. Until now, despite the progress made in the
production of graphene and its analogues, the development
of C3N,-based materials with high crystallinity still remains
highly challenging.

Herein, we demonstrate a simple method to synthesize
highly crystalline PHI-based carbonaceous anodes for SIBs.
Compared with the known crystalline C;N, with PHI
structure, a C;N, with fully condensed nanosheet structure
and elevated structural ordering can be generated through a
simple salt-covering route. The further enhanced crystallinity
with reduced undesired structural defects endows materials
with ultrafast charge transfer channels and increased active
sites for Na* storage, which remits the issues arising from the
low crystallinity of the conventional C;N, anodes (Figure 1).
Meanwhile, the sealing environment provided by this strategy
prevents the escape of gases and losses of intermediates and
thus achieves the effective exfoliation of C;N, and hierarchical
pore creation, leading to the formation of a 2D nanosheet
structure with high surface active sites exposed and
significantly shortened diffusion lengths of ions. The nitrogen
configuration is also optimized with the high content of
pyridinic N species and minimized density of graphitic N,
which are viewed as prerequisites for achieving high rate
capability and cycling performances for C;N,-related batteries.
Benefiting from these intrinsic features, the as-prepared
material exhibited outstanding performances at both room
and low temperatures (—20 °C). These results demonstrate its
high potential for practical use, especially under low-temper-
ature conditions, which is rarely reported for the electrode
materials of SIBs.

RESULTS AND DISCUSSION

Morphology and Structure Analysis. Both samples CK-
CNC (covered KCl-carbon nitride/carbon) and MK-CNC
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Figure 2. Morphology investigation of CK-CNC and MK-CNC. (a) Schematic illustration of the synthesis of CK-CNC and MK-CNC
through KCl salted strategy. SEM images of (b) CK-CNC and (c) MK-CNC. (d) EDX elemental mappings of C, N, and O and (e,f) TEM and

(g) HRTEM images of CK-CNC.

(mixed KCl-carbon nitride/carbon) are synthesized through
the salted method for the polymerization of melamine, which is
required for the synthesis of crystalline C;N, (PHI).”>"** The
only difference in processing procedures between them is the
means of KCI addition, either by fully covering or by uniform
mixing (Figure 2a). Compared with the traditional mixing
treatment, the salt-covering method can provide a sealing
environment for the full condensation of a carbon nitride
precursor and extend the in-plane 7-conjugation, leading to the
formation of a fully condensed structure with high crystallinity
for carbon nitride. Furthermore, the salt covering can prevent
the escape of endogenous NH;, which is generated from the
decomposition of ammonium chloride and serves as the pore-
creating template, as well as the nitrogen-doped source. The
pressure environment is also beneficial for accelerating the
carbonization of glucose (the carbon source) and enhancing
the electrical conductivity of the formed carbonaceous
framework.”>”” The detailed microscopic analysis (scanning
electron microscopy, SEM) shows that the synthesized CK-
CNC presented a layered nanosheet structure with an
interconnected hierarchical porous network (Figure 2b,
Figures S1 and S2), which is hardly observed for the traditional
carbon nitride-based materials that always show the large bulk
with little effective pore structure (Figure S3). Such a favorable
layered and hierarchical porous structure can effectively relieve
large volume expansion during sodiation/desodiation and
facilitate electron/ion transport. Besides, the multihomoge-
neous-layer structure can effectively improve the mechanical

strength of electrodes and prevent structural collapse during
discharging/charging, which is the prerequisite for achieving
the long-life performances of batteries.”” " The hierarchical
porous structure can also provide abundant channels for ion
and electron transfer and thus facilitate the charge storage
kinetics. These layered 2D structures with porous network may
be derived from the sealed gases (such as NH; and CO, from
the decomposition of ammonium chloride and glucose, etc.)
that etch and exfoliate the carbonaceous network under the
internal pressure from salt covering.31 As a comparison, MK-
CNC showed a large bulk structure composed of particles in
the micron size (Figure 2c and Figure S4). The energy-
dispersive X-ray (EDX) elemental mapping demonstrates a
uniform distribution of C, N, and O elements without hot
spots (Figure 2d). High-magnification transmission electron
microscopy (TEM) images (Figure 2e,f) further confirm the
2D layered sheets with abundant porous structure, which
ensures rapid Na* diffusion and robust structure stability. A
lattice spacing of 0.32 nm was obtained through high-
resolution TEM (HR-TEM) analysis (Figure 2g), which is
consistent with the data of the (002) plane of the
poly(heptazine imide) structure, further confirming the
formation of highly crystalline PHI in the CK-CNC.

The phase composition of MK-CNC and CK-CNC was
characterized by X-ray diffraction (XRD) patterns, as shown in
Figure 3a. The main PHI peaks that are related to the
interlayer stacking of conjugated aromatic groups are buried in
the wide peaks of turbostratic carbon with 77—z interaction,
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Figure 3. Structural comparison between samples. (a) XRD patterns, (b) FT-IR spectra, (c,d) PHI structures, (e) Raman spectra, and (f)
pore size distribution of CK-CNC and MK-CNC. High-resolution XPS spectra of (g) C 1s and N 1s along with (i) the proportion of different

N configurations within CK-CNC and MK-CNC.

which is consistent with the previous reports of carbonaceous
composites.””>* However, the characteristic diffraction peak
of PHI at 8.0° that is related to the (100) plane of crystalline
C;N, can still be observed in the pattern of CK-CNC,
confirming the successful confirmation of PHI within the
composite.”>** In contrast, the absence of a peak at 8.0° for
MK-CNC highlights the high crystallinity and in-plane
regularity of PHI in CK-CNC. Furthermore, CK-CN (covered
KCl-carbon nitride) without the addition of glucose presented
clear characteristic peaks of PHI (Figure S5), and its stronger
and sharper peaks than those of MK-CN (mixed KCl-carbon
nitride) further verify the highly structural ordering of samples
synthesized from the salt-covering method. Fourier transform
infrared spectra (FT-IR) were employed to further validate the
structure and chemical features of samples, as shown in Figure
3b. The characteristic peaks of both samples are mainly related
to the heptazine-based structure, indicating the identical
framework of CK-CNC and MK-CNC. The peak at 806
cm™' represents the out-of-plane bending mode of the
heptazine ring, while the fingerprint peak at 1000—1700
cm™' is assigned to the stretching vibration mode of the
conjugated C—N ring.””~*' The stronger intensities of these

two peaks within the spectrum of CK-CNC than those of MK-
CNC demonstrate the fully condensed structure of PHI within
CK-CNC. Correspondingly, the stronger signal of cyano
groups (—C=N) at 2206 cm™" also indicates the maintenance
of large numbers of cyano-terminal groups within MK-CNC,
leading to the low condensed structure with limited
crystallinity.*>** Both aforementioned XRD and FT-IR results
confirm the formation of a highly crystalline PHI phase within
CK-CNC, and the detailed structures of the samples were
presented in Figure 3c,d.

Raman spectra were then recorded to further investigate the
detailed chemical configurations of the samples (Figure 3e).
No clear characteristic peak for C;N, was observed, which is
consistent with the previous reports.”®**~*® The two typical
peaks at 1344 and 1590 cm™' correspond to the disordered
carbon (D-band) and graphitic carbon (G-band), respectively,
confirming the presence of carbon in MK-CNC and CK-
CNC." Compared with MK-CNC, CK-CNC exhibited low
peak intensity due to the favorable interfacial charge transfer
between carbon and PHL*"*® Besides, the slightly higher I,/I
value of CK-CNC (1.21) than that of MK-CNC (1.16)
indicates the more localized defects in the carbon matrix of
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Figure 4. Electrochemical performances of samples in half-cell configurations. (a) Cycling performances of MK-CNC, CK-CNC, and CK-C
at 0.2 A g% (a;) Nyquist plots (with equivalent circuit simulated in the inset) of CK-CNC fresh and cycled electrodes at 0.2 A g~' for 100—
500 cycles and (a,) the corresponding fitting of Warburg impedance coefficients (). (b) Long-term cycling performances of CK-CNC at 2 A
¢! with a preactivation at 0.1 A g™* for the initial two cycles. (c) Electrochemical performance comparison of this work with reported typical
anode materials for SIBs. (d) Rate capabilities of samples from 0.1 to 5 A g~". (e) Cycling stability of the CK-CNC tested at —20 °C. (f) Low-
temperature performance comparison of CK-CNC with other reported anodes for SIBs.

CK-CNC composites,*” which is beneficial for providing more
sufficient electrochemical active sites and promoting the
pseudocapacitive kinetic behaviors.’*™** CK-CNC also pre-
sented a high surface area of 158.65 m’ g~', which is
predictably higher than that of the MK-CNC composite (61.12
m?® g~') (Figure 3f and Figure $6). Its highly porous structure
with a large pore volume (Table S1) is also consistent with
SEM and TEM results. The Brunauer—Emmet—Teller (BET)
results confirm that the CK-CNC composite possesses higher
surface area and abundant mesoporous structure to provide
sufficient active sites and enhance the charge transfer kinetics.

To elucidate the bonding information and surface states of
samples, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed, and the survey spectra confirm the
existence of C, N, and O elements without other impurities
(Figures S7 and S8). The apparently higher concentration of
the N element in CK-CNC (24.33 at. %) than that of MK-
CNC (8.57 at. %) indicates that the salt-covering method
achieved full condensation and conversion of the N-containing
precursor (Table S2). The high-resolution C 1s spectra (Figure

3g) presented three peaks at 284.8, 286.3, and 288.2 eV,
corresponding to C—C, C—O, and N=C-N, respec-
tively.”***>* It is worth noting that, compared to MK-CNC,
CK-CNC presented a relatively high content of N=C—N with
sp>-bonded aromatic structure, proving the higher density of
the heptazine structure for CK-CNC (Table S3).*”°* The
high-resolution N 1s spectra (Figure 3h) were deconvoluted
into pyridinic-N, pyrrolic-N, and graphitic N located at 398.2/
398.0 eV, 399.7/399.6 eV, and 400.6/400.6 eV, respec-
tively.”> ™" The detailed percentages of N configurations are
given in Figure 3i and Table S3. The contents of pyridinic N
and pyrrolic N, which are favorable for enhancing the electrical
conductivity and reduction of irreversible reactions,'”*® are
much higher in CK-CNC (86.33%) than that in MK-CNC
(56.77%). The high proportion of pyridine-N and pyrrole-N
guarantees abundant electroactive sites, leading to fast
electrochemical kinetics and a high reversible capacity.
Correspondingly, the low concentration of graphitic N
(13.67%) is also beneficial for maintaining high crystallinity
of C;N, and enhancing Na adsorption.”” The slight shift of
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pyridinic N and pyrrolic N peaks of CK-CNC to the lower
binding energy compared with those of MK-CNC also proves
the extended conjugation of PHL®

Sodium Storage Performances at Different Temper-
atures. The electrochemical performances of as-prepared
materials were first evaluated by using the anodes for the half-
cell assembly. The cyclic voltammetry (CV) curve of CK-CNC
for the first cycle (Figure S9) presented an irreversible peak at
about 0.1 V caused bgf the formation of a solid electrolyte
interface (SEI) layer,” which then disappeared after the
stabilization in the following cycles. The nearly overlapping
of curves for the subsequent cycles confirms the highly
reversible electrochemical kinetics within the CK-CNC anode.
The detailed cycling performance of CK-CNC and its controls
at 0.2 A g~ are shown in Figure 4a. It can be clearly observed
that the reversible capacity of CK-CNC can still be maintained
at 346.1 mAh g™' after 500 cycles, with a capacity retention
rate of up to 123.5%, which is rarely reported for the
carbonaceous-based anodes of SIBs. The sodium storage
properties are further investigated with galvanostatic charge—
discharge (GCD) curves tested at 0.2 A g~' (Figure S10). The
initial discharge and charge capacities of CK-CNC and MK-
CNC are 643.3/609.8 and 280.2/225.9 mAh g_l, with initial
Coulombic efficiency (ICE) values of 43.56% and 37.05%,
respectively. The initial irreversible capacity loss is assigned to
the electrolyte decomposition and irreversible formation of
SEL After the initial cycles, the Coulombic efficiency values are
stabilized and close to 100%. Besides, its GCD profiles also
showed a reverse capacity growth trend, which is consistent
with the presented cycling performance. Correspondingly,
MK-CNC and the control CK-C (covered KCl-carbon) only
delivered the capacities of 232.8 and 168.5 mAh g™, which is
much inferior to CK-CNC. The electrochemical impedance
spectra (EIS) analysis demonstrates the much smaller charge-
transfer resistance (R,) of CK-CNC than that of MK-CNC
(Figure S11 and Table S4), confirming its rapid charge transfer
kinetics due to the high crystallinity and extended =-
conjugation structure. A further detailed investigation for the
change of R, was performed with Nyquist plots collected for
CK-CNC electrodes at the 0, 100™, 300%, and 500% cycles
(Figure 4a,), respectively. The decreased R, values from
152.06 (0) to 123.5 (100%), 74.22 (300™), and 61.66 Q
(500™) along with the increased Na* diffusion coefficients
(Dna') confirm the gradually reduced interface impedance and
the rising Na* diffusion kinetics through cycling (Figure 4a,
and Table SS), which lead to the reverse capacity growth of the
CK-CNC electrode as shown above. The gradually stabilized
SEI layer with reduced side reactions facilitates charge transfer
and Na* diffusion, and thus the active materials are favorably
accessible for activation, thereby improving the capacity
through cycling.”’ On the other hand, this reverse capacity
growth can only be enabled when the structural stability of
active materials is sufficiently high. It also presented
extraordinary cycling performance at the high current density
of 2 A g~ with a high capacity of 245.1 mAh g”' and a
retention rate of 135.1% maintained even after 5000 cycles
(Figure 4b), demonstrating its excellent long-cycling life and
potential practical feasibility over the commercial SIB anodes.
Its performances have surpassed most of those of the earlier
reported materials for SIBs and are among the highest values in
all carbonaceous anodes (Figure 4c and Table S6). The
Coulombic efficiency (CE) was maintained to be nearly 100%
during discharging/charging. The CK-CNC anode also

showed outstanding rate capabilities with the reversible
capacities of 307.0, 268.9, 235.9, 211.9, 170.7, and 126.9
delivered at 0.1, 0.2, 0.5, 1.0, 2.0, and S A g_l, respectively
(Figure 4d). When the current density rebounded back to 0.1
A ¢!, the capacity even increased to 326.5 mAh g~!, implying
its high structural durability and superior reaction kinetics. In
contrast, MK-CNC and CK-C showed inferior rate perform-
ances with the values of 216.1/170.3, 187.2/146.4, 150.4/
114.1, 130.5/88, 111.9/64.4, and 80.8/38.9 mAh g_1 at 0.1,
0.2, 0.5, 1.0, 2.0, and 5 A g™, respectively.

To further probe the Na" storage kinetics of CK-CNC and
MK-CNC, the capacitive-controlled and diffusion-controlled
charge contributions were estimated with CV curves system-
atically recorded at different scan rates of 0.1-1.0 mV s~
(Figures S12a—S13a). The well-maintained shape of curves
with the increase in scanning rate demonstrates their good
electrode reactivity with reversible electrochemical reactions.
The corresponding calculated b-values of CK-CNC and MK-
CNC electrodes were 0.78/0.77 and 0.89/0.92 (Figures
S12b—S13b), indicating the capacitive-controlled mechanism
dominates in both samples for charge storage. More precisely,
the higher capacitive contribution of CK-CNC than that of
MK-CNC (Figures S14 and S1S) proves its more rapid
sodiation/desodiation process for fast charge transfer, which
ensures the superior electrochemical activity and ultralong
cycling life of CK-CNC. The electrical conductivity of samples
was also tested (Figure S16), and CK-CNC shows higher
conductivity than that of MK-CNC as expected, demonstrating
its great charge transfer capability.

The structural evolution of the MK-CNC and CK-CNC
electrodes before and after cycling at 2 A g~ was studied in
detail to investigate the structural integrity and volume change
that was considered as the key factor for preventing capacity
decay during discharging/charging (Figure S17). Compared
with the top-view SEM images of MK-CNC that showed
severe structural damage with visible fractures and cracks on
the electrode surface after S000 cycles (Figure S17a—c), CK-
CNC presented the smoother surface without apparent
cracking, and the 2D multilayer nanosheet stacking structure
was still well-maintained (Figure S17d—f), suggesting the
robust structural stability of the CK-CNC electrode. The
highly ordered structure and high proportion of active
pyridinic N are beneficial for relieving the internal stress
produced through discharging/charging and thus achieved
stabilized cycling for efficient Na" storage. The excellent
structural integrity, negligible volume change, and rapid Na*
transport kinetics provide the foundation for achieving inverse
capacity growth in the CK-CNC electrode. The structure of
CK-CNC also did not have an apparent change after cycling
(Figure S18). The XPS and HRTEM analyses of CK-CNC
after cycling were then performed to investigate the surface
chemistry and morphology of cycled electrodes with SEI
formation (Figures S19 and S20). The SEI layer provides
effective protection for the CK-CNC electrode and supports its
long-term cycling stability in ester-based electrolytes.”*~**

The low-temperature electrochemical performances of the
CK-CNC electrode were further analyzed to explore its
potential for practical applications under stringent conditions.
The different electrolyte for checking its low-temperature
performances was selected (Figures S21 and $22). Its GCD
curves for the initial 5 cycles presented similar sloping profiles
at =20 °C, indicating its high electrode activity and structural
stability (Figure S23). The CK-CNC anode delivered a high

https://doi.org/10.1021/acsnano.3¢10779
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10779/suppl_file/nn3c10779_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acsnano.org
| ¢
I 1
] f 71 J
i T
J
o T |
l Electrolyte
r’{ 2 N&ﬂf Cathode
ClOy Na* EC DEC  PF¢ Na* DME
b c g
< 500 = i
o Chargeldischarge 5; 4. 210502 0.1Ag"! ;; 4 =
fé 400{ 01 2| | | 2. -
E z 3\ z 7 — 1o i
2 300 i, 05 0 G \ é | 200 ;
S 0. 1 g S 3 S 2] 3ot 5
2 2004 z 22{ / > 2] a0™ 5
8 5 {/ = \ 50"
£ 100/ 14/ \ e AN
S Based on anode 3 / \ 5 Based on anode \ .. \
2 0] cKCNCiNa,V,(PO,), Unit: A g o ). ‘ o ol CK-CNC//Na,V,(PO,), #\20°C N\ ;
0 10 20 30 40 50 60 70 0 100 200 300 400 0 50 100 150 200 i
d Cycle number Specific capacity (mAh g™) f Specific capacity (mAh g)
o 300 1003 "o 1100 &
£ ; < < 300 . <
£ Oioiag w % e
~ RO%4 Q ~ [N
Z 300 S 2200 s 60 8
z 60 & Z200{ 60 2
© —— . 0 ® o8 o}
S 200 : 40 o 2 2, (40 2
3 | £ S 1004 =
Q H
% 100 Based on anode , 20 % % Based on anode . 20 _g
% 0] CK-CNCINa,V,(PO,), 1a9" [4 3 1§ olckoncinay,poy, wocly 8
[77) T T T T T T H
0 50 100 150 200 250 300 350 400 0 10 20 30 40 50 :
Cycle number oz Cyclenumber !

Figure 5. Electrochemical performances of the full cell tested at room temperature (25 °C) and low temperature (—20 °C). (a) Illustration of
the CK-CNC//Na;V,(PO,); full cell. (b) Rate capability, (c) GCD curves, and (d) cycling performance at 1 A g~" of the full cell tested at
room temperature. (e) GCD curves and (f) cycling stability of the full cell tested at —20 °C.

reversible capacity of 196.6 mAh g™' at 0.1 A ¢! with a high
ICE of 78.1% that is superior to most of the reported low-
temperature carbonaceous electrodes (Figure S24), demon-
strating the rapid Na' adsorption/diffusion kinetics even at
—20 °C. The CK-CNC-based electrode can still present
excellent cycling performance with a reversible capacity of
118.9 mAh g' after 500 stable cycles at 0.1 A g™' and a
capacity retention of 76.4% (Figure 4e). Its low-temperature
performances have surpassed most of the previously reported
high-performance anodes that can be used under a frozen point
(Figure 4f and Table S7). Strikingly, it can even show a high
capacity retention of 84.1% for 6000 cycles at a high current
density of 2 A g' (Figure S25). Its impressive low-
temperature electrochemical performances endow the as-
synthesized CK-CNC with high potential for the practical
use of efficient sodium storage, especially under extreme
conditions.

The full cell was then assembled by using commercial grade
Na;V,(PO,); as the cathode to couple with the CK-CNC

anode for performance evaluation (Figure Sa). The electrolytes
used for room-temperature and frozen testing were 1.0 M
NaClO, in ethylene carbonate/diethyl carbonate (EC/DEC,
1:1, v/v) with 5% fluoroethylene carbonate (FEC) and 1.0 M
NaPF, in dimethyl ether (DME), respectively. As presented in
Figure Sb, the CK-CNC//Na;V,(PO,); full cell delivered
room-temperature reversible capacities of 314.2, 277, 246,
223.3, and 195.3 mAh g™ at 0.1, 0.2, 0.5, 1, and 2 A g7},
respectively, indicating its high-rate capability and fast charge
storage ability. The corresponding GCD curves can maintain
the original shape without a change even when the current
density increased to 2 A g~ (Figure Sc), which demonstrates
the highly reversible reaction for charge storage in the CK-
CNC-based batteries. In addition, CK-CNC//Na;V,(PO,),
also showed an outstanding cycling performance with a high
reversible capacity of 179.8 mAh g~ delivered after 400 cycles
at 1 A g”'. The capacity retention maintains 71.24% with a
capacity decay of only 0.0719% per cycle (Figure 5d), which is
much better than the commercial benchmark.”>*® Further-
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Figure 6. DFT calculations. (a) Electrostatic potential analysis of carbon nitrides with different structures. Blue and red regions represent
negative and positive charges, respectively. (b) Work function calculations of carbon nitrides. (c) Adsorption energies of Na on CK-CNC
and MK-CNC. (d) Charge density differences of Na adsorption in CK-CNC and MK-CNC. The yellow and cyan regions refer to charge
accumulation and depletion, respectively. The total and partial density of states (TDOS and PDOS) of (e) CK-CNC and (f) MK-CNC before

and after Na adsorption.

more, the full cell also showed superior low-temperature
electrochemical performances tested at —20 °C. The GCD
profiles of the full cell presented a high average voltage
platform at 2.8 V (Figure Se), which is crucial for devices to
output high energy density. It can still display the high
reversible capacity of 179.2 mAh g™ after cycling at 0.1 A g™/,
which exceeds many previously reported excellent full-cell
assemblies that present a low-temperature sodium storage
capability (Figure Sf and Table S8).

Theoretical Analysis. DFT calculations were then
performed to investigate the in-depth influence of the
crystalline structure on the electronic properties and Na*
storage behaviors of the composites. Herein, MK-CN with
PHI structure and CK-CN with the fully extended conjugated
system and highly ordered structure, as confirmed by the
previously presented structural characterizations, were mod-
eled, while the traditional polymeric carbon nitride (PCN)
with the Melon structure that is reported most in the previous
literature was also listed as a reference.”*”” The optimized
structural models and the corresponding electron density
difference are shown in Figures S26—S28. After the adsorption
of Na (Figures $29—S31), it can be clearly observed from the
charge density difference map that significant charge transfer

occurs between Na* and CK-CN. Furthermore, the corre-
sponding electrostatic potential analysis (Figure 6a) implies
the occurrence of the most favorable Na* adsorption within
CK-CN among three structures with the low-strength
potential.®® The hexagonal pore inside of the heptazine unit
distributed negative charge centers, in which there existed
suitable Na* accommodation sites. Higher density in-plane
heptazine units in the CK-CNC can accelerate the Na*
diffusion and provide more sodium storage capacities. In
addition, the work function calculation was performed to
compare the internal driving force of electron transfer, and CK-
CN showed the lower value (4.468 eV) than MK-CN (6.188
eV) (Figure 6b), indicating its smaller energy barrier for
electron transitions and faster charge transfer kinetics.”””° The
highly ordered crystalline structure of CK-CN with low
concentration of undesired structural defects is favorable for
promoting electron migration and enhancing Na adsorption
capability, thus endowing the electrode with excellent rate
performance.”””"

Carbon was then introduced into the models (Figure S32),
and the corresponding Na adsorption energies were calculated
(Figure 6¢). Compared with MK-CNC (—3.24 eV), CK-CNC
exhibited a lower adsorption energy (—6.81 eV), indicating its
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stronger Na-ion capture capability that is consistent with the
result shown in CK-CN. The charge density difference analysis
of CK-CNC clearly shows charge transfer channels at the
heterogeneous interface between CK-CN and the carbon layer
(Figure 6d), which can effectively accelerate ion/electron
transport between components and thereby ensure fast
reaction kinetics with a low Na* diffusion barrier. This
interaction enhances the possibility of CK-CNC for accom-
modating more sodium, further ensuring the excellent Na*
storage ability of CK-CNC at a low temperature. As a
comparison, no apparent electronic structural transition is
found at the heterojunction interface within MK-CNC. To
further characterize the differences of their electronic proper-
ties, the density of states (DOS) was calculated for MK-CNC
and CK-CNC to explore the structural changes before and
after Na adsorption (Figure 6e,f). Compared with MK-CNC,
CK-CNC showed 2p continuous orbital electron filling at the
Fermi level, indicating significant enhancement of electronic
conductivity for facilitating Na adsorption. The aforemen-
tioned calculation result confirms the CK-CNC with highly
ordered structure can ensure high Na* adsorption capability
and enhanced electrical conductivity from components along
with electrochemically favorable heterostructure interfaces for
rapid charge transfer, which accounts for its outstanding long-
term cycling stability and low-temperature capacity perform-
ances.

CONCLUSIONS

In summary, a carbonaceous nanocomposite with highly
ordered crystalline PHI was prepared by an unusual KCI
salt-recovering method. Compared with the traditional PCN
with amorphous heptazine-based melon and known crystalline
PHI with undesired structural defects, the as-prepared C;N,
presented a fully condensed structure and extended 7-
conjugation, significantly elevating its structural ordering and
achieving high crystallinity. After coupling with carbon, the
corresponding nanocomposite also exhibited multiple electro-
chemically favorable features, including a 2D layered nanosheet
structure and a high proportion of active N species. DFT
analysis reveals that the electrical conductivity of material is
greatly enhanced with continuous orbital electron filling at the
Fermi level, while the reduced energy barrier for electron
transitions along with easy Na" adsorption and high driving
force for charge transfer are achieved. As the SIB anode, the
synthesized material delivered a high reversible capacity of
245.1 mAh ¢! at 2 A ¢! over extended 5000 cycles with a
high-capacity retention rate of 135.1%. More importantly, it
also delivered a high reversible capacity of 196.6 mAh g~' at
—20 °C, and the assembled CK-CNC//Na;V,(PO,); full cell
can present a high reversible capacity of 179.2 mAh g™" at 0.1
A g ! after cycling (—20 °C). This work extends the energy use
of carbon nitrides and enriches the nanomaterial library of
anode materials for SIBs operated at low temperatures.

METHODS

Sample Preparation. Melamine, glucose, and ammonium
chloride were uniformly mixed by fine grinding in a mass ratio of
1:1:1. Afterward, the mixture was transferred to a crucible and
carefully covered with KCl salt, followed by annealing at 300 °C for 1
h, 550 °C for 2 h, and 600 °C for 2 h in a tube furnace under N,. After
cooling to room temperature, the overlying KCl salt layer could be
directly removed, and the obtained sample was labeled as CK-CNC
(covered KCl-carbon nitride/carbon). For comparison, the mixture

was ground and mixed evenly with KCI salt following the same
treatment. The sample obtained after full salt removal was designated
as MK-CNC (mixed KCl-carbon nitride/carbon). The control sample
without the addition of mealmine in the synthesis procedure of CK-
CNC was designated as CK-C (covered KCl-carbon). Correspond-
ingly, the samples without the addition of glucose in the synthesis
procedure of CK-CNC and MK-CNC were designated as CK-CN
(covered KCl-carbon nitride) and MK-CN (mixed KCl-carbon
nitride), respectively.

Material Characterizations. The morphological features of
samples were recorded by employing scanning electron microscopy
(SEM, JSM-6700F). Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) with
energy-dispersive X-ray (EDX) spectroscopy analysis were conducted
by using a spherical aberration-corrected transmission electron
microscope (AC-TEM, JEOL, JEM-ARM200F) to investigate
thoroughly the microstructure and morphology of samples. The
phase composition and spectroscopic characteristics were determined
with an X-ray diffractometer (XRD, Shimadzu, XRD-7000) via Cu Ka
radiation, Fourier-transform infrared spectra (FT-IR, Bruker VER-
TEX70), and Raman spectroscopy (Horiba LabRAM HR Evolution,
633 nm). The chemical structure and surface properties were checked
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha) with Al Ka radiation. The specific surface area and pore size
distribution were collected by a N, adsorption/desorption instrument
(Quantachrome Autosorb IQ). The electrical conductivity was
measured by a four-probe method (Keithley, 2450 SourceMeter).
Other details about chemicals and electrochemical characterizations
can be found in the Supporting Information.
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