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Novel Structural Design and Adsorption/Insertion
Coordinating Quasi-Metallic Na Storage Mechanism toward
High-performance Hard Carbon Anode Derived from

Carboxymethyl Cellulose

Yanhong Zhao, Zhuang Hu, Changling Fan,* Peng Gao, Ruisheng Zhang, Zhixiao Liu,

Jinshui Liu, and Jilei Liu*

Hard Carbon have become the most promising anode candidates for
sodium-ion batteries, but the poor rate performance and cycle life remain key
issues. In this work, N-doped hard carbon with abundant defects and
expanded interlayer spacing is constructed by using carboxymethyl cellulose
sodium as precursor with the assistance of graphitic carbon nitride. The
formation of N-doped nanosheet structure is realized by the C-Ne or C-Ce
radicals generated through the conversion of nitrile intermediates in the
pyrolysis process. This greatly enhances the rate capability (192.8 mAh g~ at
5.0 A g7") and ultra-long cycle stability (233.3 mAh g~ after 2000 cycles at
0.5 A g'). In situ Raman spectroscopy, ex situ X-ray diffraction and X-ray
photoelectron spectroscopy analysis in combination with comprehensive
electrochemical characterizations, reveal that the interlayer insertion
coordinated quasi-metallic sodium storage in the low potential plateau region
and adsorption storage in the high potential sloping region. The
first-principles density functional theory calculations further demonstrate
strong coordination effect on nitrogen defect sites to capture sodium,
especially with pyrrolic N, uncovering the formation mechanism of
quasi-metallic bond in the sodium storage. This work provides new insights
into the sodium storage mechanism of high-performance carbonaceous
materials, and offers new opportunities for better design of hard carbon
anode.

have become a challenge for the energy
storage.3] As a promising alternative,
sodium-ion batteries (SIBs) have attracted
extensive attention recently due to the abun-
dant sodium resources and low cost. The
practical application of SIBs depends on
the development of electrode materials, es-
pecially the anode materials, which deter-
mines the performance of full batteries.[*]
Unfortunately, the commercial graphite an-
ode exhibits low capacity in SIBs due to
its small interlayer spacing (0.3354 nm)
and larger sodium ion radius (0.102 nm)
than lithium ion radius (0.076 nm). Further-
more, the metal Na exhibits weaker binding
to graphite anode compared with Li, mean-
while the formation energy of Na-graphite
compounds is higher and more thermody-
namically unstable.”#] Therefore, it is of
great significance to find novel anode ma-
terials with low cost, rich resources, and ex-
cellent performance for SIBs.

In the past few decades, great pro-
gresses have been made to find suitable an-
ode materials for SIBs, including carbona-
ceous materials (graphite,®l graphene,[1
hard carbon!']), metal/alloys (Sn,!12] Sbi3)),
and metal oxide/sulfide (SnO,,'* TiO,,*!

1. Introduction

Inrecentyears, the large-scale application of lithium-ion batteries
(LIBs) in electric vehicles, portable electronic devices, and smart
grids, as well as the rapidly increasing cost of lithium resources,

MoS,,1'1 SnS,1"7]). The carbonaceous materials are mostly in-
triguing because of their eco-friendliness, abundant resources,
good chemical stability as well as low cost, which mainly con-
sist of carbon spheres, carbon fibers, graphene, hard carbon, and
so on.'®23] Nevertheless, many carbonaceous materials exhibit
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poor rate capability, cycling performance, and low initial coulom-
bic efficiency as the anode for SIBs. In order to improve the elec-
trochemical performance of carbonaceous materials, it is consid-
ered as an efficient way to implement the heteroatomic doping
strategy (e.g., B,I*] N,[5] P,[26] SI27l) " which is believed can en-
hance the electrical conductivity, expand the carbon interlayer
spacing, and increase the active sites of carbon materials, thus fa-
cilitating the rapid transportation of sodium ion and enhancing
the sodium storage. Hao et al.[®] reported nitrogen doped porous
carbon nanosheets derived from soft carbon for SIBs, which
exhibited high capacity and electrical conductivity. Liu et al.*!
prepared nitrogen-doped graphene with superior rate capability,
prominent ultra-long cycling life and much high coulombic effi-
ciency up to 97.2%. Yang et al.%! adopted N, S co-doping strat-
egy to achieve the high-rate performance up to 110 mAh g~! at
10 A g7! for SIBs.

Hard carbon materials have a “house of cards” structure con-
sisting of graphite-like microcrystals and amorphous region. The
poor electrochemical performance can be improved by optimiz-
ing the morphology and structure of carbon materials. Lu et al.>]
synthesized 3D amorphous carbon with controlled porous and
disordered structure, which delivered excellent rate performance
and high reversible capacity up to 280 mAh g=' at 30 mA g~'. Xu
et al.l®?] prepared carbon microspheres with hierarchical archi-
tecture, which achieved high reversible capacity, excellent cycling
stability and superior rate performance as high as 130 mAh g=!
at 10 A g7!. Liu et al.33] prepared carbon/graphene hybrid mate-
rials such as sandwich-like structures with graphene nanosheets
coated on both sides of amorphous carbon layers, realizing high
reversible sodium storage capacity of 336 mAh g~! at 30 mA g
Hong et al.?*] elaborately designed structure construction by tai-
loring carbon quantum dots for the first time, and obtained N-
doped carbon with hollow nanostructures, which provided high
reversible specific capacity.

Understanding the sodium storage mechanism of hard car-
bon materials is crucial to address the challenges faced by these
materials. In 2000, Stevens et al.l**! prepared hard carbon ma-
terials through the pyrolysis of glucose and first proposed the
“intercalation/adsorption” mechanism, which indicates that the
sloping capacity is mainly derived from the intercalation of Na*
into graphite-like layers, while the plateau capacity comes from
the adsorption of Na* in the nanopores of the material. In 2012,
Cao et al.’%] reported on a hollow carbon nanowire synthesized
through direct pyrolysis of hollow polyaniline nanowire and pro-
posed the “adsorption/intercalation” mechanism. This mecha-
nism posits that the sloping capacity mainly comes from the ad-
sorption of Na* on the carbon surface and edge defects, while
the plateau capacity comes from the intercalation of Na* be-
tween graphitic carbon layers. Chen et al.?’] synthesized hard
carbon materials by using glucose and magnesium gluconate as
carbon sources to investigate the sodium storage mechanism.
They monitored that the plateau capacity of hard carbon is con-
tributed by both interlayer intercalation and micropore filling,
therefore, they proposed a microstructure-dependent sodium
storage mechanism, a hybrid “adsorption-intercalation/filling”
mechanism.

However, ambiguous sodium storage mechanism of hard car-
bon anode materials hinders the rational design of their structure
and the optimization of electrochemical performance. Huang
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et al.?®] found that hard carbon anode material delivers high re-
versible capacity and long-term cycling stability, attributing to
the adsorption mechanism for sodium storage. Qiu et al.?! re-
vealed the adsorption/insertion mechanism of sodium storage
in nonporous hard carbon by in situ X-ray diffraction mapping,
ex situ nuclear magnetic resonance and electron paramagnetic
resonance technologies, achieving high reversible capacity and
coulombic efficiency. Bai et al.l*?) described the design strategy
for the relationship between high-performance and sodium stor-
age mechanism by filling sulfur into microporous carbon, which
confirmed the adsorption/filling mechanism of sodium ion in
hard carbon.

Herein, we have systematically investigated the sodium stor-
age mechanism of hard carbon and designed its structure ratio-
nally to realize superior electrochemical performance. As a typ-
ical easy-to-prepare cellulose derivative, CMC-Na has abundant
hydrophilic functional groups on the surface, which can main-
tain strong interaction with the active load even after the car-
bonization. However, CMC-Na was found to be easily concen-
trated and agglomerated into blocks during the carbonization
process, forming abundant disordered amorphous microstruc-
ture, which is unfavorable for sodium storage. In order to solve
this issue, it is crucial to construct the amorphous carbon with
appropriate ordered structure and suitable interlayer spacing.
Therefore, in this work, N-doped carbon nanosheets (N-CNS)
with optimized structure and morphology were prepared by the
pyrolysis of common CMC-Na with the assistance of g-C;N,
via a freeze-drying technique. Carboxymethyl cellulose sodium
(CMC-Na) was chosen as carbon source, given it is a deriva-
tive of cellulose with abundant, low-cost, and eco-friendly green
renewable resources.*I"* G-C,N, exhibits rich nitrogen and
unique 2D layered structure, which enables it to become an
ideal self-sacrificing template for the synthesis of N-doped carbon
materials.[**°l The N-CNS displays high specific surface area,
abundant active sites, and suitable interlayer spacing for sodium
storage. Benefiting from the synergistic effects between layered
structure and graphitized micromorphology, the N-CNS exhibits
high reversible capacity, superior rate and cycling performance,
which is promising for the practical application in SIBs as anode
material.

2. Results and Discussion

2.1. Structure and Morphology

The carbon materials were synthesized by a facile one-step calci-
nation of the as-prepared precursor CMC-Na@g-C;N, under Ar
atmosphere at various temperatures, denoted as N-CNS-T (T =
900, 1050, 1200). The schematic diagram of the formation of N-
CNS is illustrated in Figure 1a. For comparison, the hard carbon
derived from CMC-Na was prepared at 1050 °C, which is labeled
as HC. The composite of CMC-Na@g-C;N, is formed by the in-
teraction of hydrogen bonding, as illustrated by FT-IR and XRD
analysis in Figure S1 and S2, Supporting Information.

The crystal structures of N-CNS-T were analyzed by XRD, as
shown in Figure 1b. HC shows the broad peak at around 23.0°,
indicating a typical amorphous structure.*’! In comparison, N-
CNS-T displays a similar broad peak at about 23.0° and another
obvious peak near 43.8°, which are assigned to the (002) and (100)
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Figure 1. Schematic illustration of the formation of a) N-doped carbon nanosheets, b) XRD patterns, c) Raman spectra, d) XPS survey spectra, e—-g)
high-resolution N 1s spectra for HC, N-CNS-900, N-CNS-1050, and N-CNS-1200.

planes of graphitel*’] and also demonstrating the characteristics

of the amorphous structure.

Notably, N-CNS-1050 exhibits broad peak centered at about
22.9°, which is smaller than that of N-CNS-900 (24.4°) and N-
CNS-1200 (23.6°). The negative shift of (002) peak reflects the
expansion of interlayer spacing. The d,,,, is calculated according
to the Bragg’s diffraction Equation (1), where A represents the
wavelength of X-ray, 0 is the half diffraction angle, d is the aver-
age interlayer spacing. The d,, values of stacked graphite sheets
in N-CN$S-900, N-CNS-1050, and N-CNS-1200 are calculated to be
0.364,0.388, and 0.377 nm. The average lateral size (L,) and stack-
ing height (L.) of graphite domain are calculated by the Scher-
rer Equation (2), as shown in Table S1, Supporting Information,
where f is the full width at the half maximum intensity, and K
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is the shape factor of crystallite. It is believed that the increase
of interlayer spacing and graphitic size are advantageous for the
insertion/extraction of sodium ion.

2dsinf = ni (1)

L = Ki/pcosf (2)

The Raman spectra of N-CNS-T were further obtained to eval-
uate the graphitization degree of carbon materials, as shown in
Figure 1c. Two characteristic peaks (D band at #1345 cm™! and
G band at #1590 cm™') were obviously observed, corresponding
to the defect-induced disordered structure and regular graphitic
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carbon respectively. The intensity ratio of I,/I; is widely used to
evaluate the degree of graphitization of carbon materials. N-CNS-
900 exhibits higher I}, /I . ratio of 1.10 compared to that of N-CNS-
1050 (1.05) and N-CNS-1200 (0.98), suggesting the increased lo-
cal ordering of graphitic carbon with the increase of calcination
temperature.l*3% The I, /I ratios of N-CNS-T are higher than
that of HC (0.97), presumably attributing to the increasing struc-
tural defects induced by N-doping.

The X-ray photoelectron spectroscopy (XPS) measurement
was conducted to survey the elemental composition and chemical
state of N-CNS-T, as shown in Figure 1d. There are three peaks
in N-CNS-T assigning to C 1s (284.7 eV), N 1s (399.0 eV) and O
1s (531.2 eV), confirming the successful incorporation of nitro-
gen atoms. With the increase of temperature, the intensity of N
1s peak decreases and the content of N in N-CNS can be tuned
gradually from 4.95 to 1.84 at%, displayed in Table S2, Support-
ing Information. In addition, all the high-resolution N 1s spectra
of N-CNS-T can be deconvoluted into four peaks at 398.2, 399.7,
401.2, and 403.0 eV, attributing to the pyridinic N, pyrrolic N,
graphitic N, and oxidized N, respectively, as shown in Figure le—
g.18] From Table S3, Supporting Information, it can be found that
both the total N content and the configurations of N can be tuned
through controlling the temperature. It is believed that the pyri-
dinic N and pyrrolic N can provide active sites for sodium ion and
contribute to the improvement of specific capacity, meanwhile
the pyrrolic N with lone pair electron that is perpendicular to the
graphene plane can significantly increase the interlayer spacing
and reduce the energy barrier for sodium ion insertion.[*’] More-
over, the graphitic nitrogen can bring extra free electrons to in-
crease the electrical conductivity of graphene. Therefore, the ap-
propriate doping content and configurations of N are essential to
optimize the performance of N-CNS-T anode materials. The opti-
mum configurations of N in N-CNS-1050 are expected to provide
excellent electrochemical performance for SIBs.

The N, absorption/desorption isotherms were used to evalu-
ate the Brunauer-Emmett—Teller (BET) specific surface area and
pore structure of N-CNS-T. As displayed in Figure S3a, Support-
ing Information, all adsorption curves display the type I/IV shape
with hysteresis loop, indicating the coexistence of micropores
and mesopores.I>!l However, there is a slight upward trend for
HC at high relative pressure (P/P, = 0.96-1.0), corresponding to
the existence of macropores. Based on the BET analysis, the spe-
cific surface area of HC is calculated to be 748 m* g™', which is
larger than the N-CNS-T samples (491 m? g~! for N-CNS-900,
396 m? g~! for N-CNS-1050 and 341 m? g=! for N-CNS-1200)
as summarized in Table S4, Supporting Information. Moreover,
the HC has a plenty of micropores with total volume of 0.46 cm?
¢! and the pore sizes are mainly centered at 0.5-0.7 nm (Figure
S3b, Supporting Information). In contrast, the N-CNS-T samples
present lower pore volumes of 0.23-0.27 cm?® g~ with micro-
(<2 nm) and meso- (2-3 nm) pores. Specifically, the average pore
sizes of HC and N-CNS-T are 2.16, 2.27, 2.74, and 2.61 nm, re-
spectively. The optimized pore structure of N-CNS-1050 can facil-
itate the rapid transportation of electrons and ions, thus enhanc-
ing the electrical conductivity and improving the electrochemical
performance of anode for SIBs.

The structures and morphologies of the as-obtained N-CNS-T
were characterized by scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HRTEM). In
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Figure 2a, HC exhibits a micron-thick bulk structure formed by
the agglomeration of irregular particles, constituting a hierarchi-
cal porous and highly disordered amorphous structure, which is
further revealed by the HRTEM images, as shown in Figure 2b,c.
However, the incorporation of g-C;N, leads to a considerably
different structure of as-synthesized N-CNS-T compared to HC
(Figure 2d,g,j), which consisted of a layered nanosheet struc-
ture with rough and wrinkled surface, evidenced by the plenty
of wrinkled graphene structure in the HRTEM images shown in
Figure 2eh k. This structure is beneficial for increasing the con-
tact surface between the electrode and electrolyte, allowing the
sufficient penetration of electrolyte into the electrode and short-
ening the transportation distance of sodium ions. The HRTEM
images in Figure 2f,i] further reveal the microscopic morphol-
ogy of N-CNS-T. With the increase of pyrolysis temperature, more
graphene fragments, and clearer, regular lattice fringes of carbon
layer have been observed. More importantly, the interplanar spac-
ing of graphene layer in N-CNS is assessed by using the Digi-
talMicrograph software. The interlayer spacing of N-CNS-1050 is
significantly expanded from 0.365 nm of N-CNS-900 to 0.388 nm,
in good line with the XRD results, possibly attributing to the suit-
able doping content and configuration of N. Such increase in in-
terlayer spacing will facilitate the insertion/extraction of sodium
ions, accelerating the ions/electrons transportation. In addition,
the increased rearrangement of graphene fragments leads to dis-
continuous lattices or dislocations, resulting in the structural de-
fects of graphitic carbon materials that can provide abundant ac-
tive sites for sodium ions storage. The typical elemental map-
pings of N-CNS-T in Figure S4, Supporting Information reveal
the presence and homogeneous distribution of elements C, N,
and O, confirming the doping of nitrogen.

2.2. Structural Evolution Mechanism

To further elucidate the structural evolution of N-CNS-T, the pre-
cursor CMC-Na@g-C;N, was characterized by in situ thermo-
gravimetric analysis coupled to mass spectrometry (TG-MS) un-
der Ar atmosphere. Figure 3a shows the TG and differential scan-
ning calorimetry (DSC) curves of precursor CMC-Na@g-C;N,.

The 3D TG-MS curves of evolved gas in the annealing progress
are displayed in Figure 3b and Figure S5, Supporting Informa-
tion. There is a slight weight loss at about 110 °C, which is mainly
due to the release of small molecules such as H,0, CH, and NH,.
An exothermic peak at around 295 °C can be clearly observed,
attributing to the decomposition reaction of cellulose including
decarboxylation, dehydration, and molecular rearrangement, ac-
companied by the release of gases such as H,0, CH,, NH;, CO,
CO,, and the formation of carbonaceous material.*?) A signif-
icant endothermic peak appears at 680 °C, which is related to
the decomposition of g-C;N, and releasing nitrogen-containing
gas substances of N, and C,N, (Figure 3c) for further doping
reaction.[’?) The weight loss was continued upon increasing the
temperature, which is mainly associated with the rapid volatiliza-
tion and oxidation of derived carbon, essentially the elimination
of heteroatoms (O, N, H) from the carbonaceous material to in-
crease the degree of graphitization.[>]

The FT-IR spectra of precursor CMC-Na@g-C;N, sintered at
various temperatures are shown in Figure 3d. According to the
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Figure 2. a,d,g,j) SEM images, b,c,e,f,h,i,k,]) HRTEM images (the intensity line profiles to the graphene layers in inset) for HC, N-CNS-900, N-CNS-1050,

and N-CNS-1200.

typical FT-IR spectra of g-C;N, (Figure S1, Supporting Informa-
tion), the sample obtained by calcining the precursor at the tem-
perature of 300 °C shows similar characteristic with that of g-
C;N,, possibly due to the decomposition of CMC-Na and the
disappearance of hydrogen bonding. When the temperature was
increased from 300 to 600 °C, g-C;N, is gradually decomposed,
accompanied with the formation of nitrile intermediates.[*°] Af-
ter heating to 700 °C, the C=N bond (~1600 cm™') and C-N
bond (1360 cm™') are formed obviously, indicating the suc-
cessful formation of N-doped carbon material.l*#>] When the
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temperature is further increased, the vibrational intensities of
these groups weaken gradually, attributing to the gradual de-
crease of nitrogen-containing bonds. The appropriate doping of
N can not only improve the electrical conductivity of material,
but also provide more active sites for sodium-ion storage. How-
ever, the excessive doping of nitrogen is not conducive to the for-
mation of local graphitization structure, which will reduce the
electrical conductivity. Similarly, the low N doping content leads
to fewer active sites, thus decreasing the sodium ions storage

capacity.
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Figure 3. Structural evolution of a) TG/DSC curves, b) 3D TG-MS curves, c) signal strength of CO/N, (m/z = 28) and C,N, (m/z=52), d) FT-IR spectra,
e) 3D XRD patterns, f) XRD contour plot of precursor CMC-Na@g-C;N, at different annealing temperatures under Ar atmosphere, g) construction

mechanism of N-CNS.

The transformation of precursor was further confirmed by
the XRD patterns obtained at various temperatures, as shown in
Figure 3e,fand Figure S6, Supporting Information. At 300 °C, the
characteristic diffraction peak of CMC-Na is not observed (typi-
cally at about 20.1°), whereas only the characteristic peaks of g-
C;N, are presented, indicating that the CMC-Na is decomposed
at this stage. As the temperature increases from 300 to 600 °C,
the (100) peak at 13.0° gradually disappears and the (002) peak at
27.3° also decreases significantly. At the temperature of 700 °C,
a new broad (002) peak at 25.2° is emerged, which is belonging
to the carbon material and suggesting that the g-C;N, is com-
pletely decomposed and the amorphous carbon is successfully
formed, consistent with the TG and FT-IR analysis. When the
temperature increased progressively, the structure of as-prepared
carbon is further optimized by adjusting the nitrogen content and
graphitization degree. Until 1050 °C, the (002) peak of the ob-
tained carbon shifts to the lowest diffraction angle, delivering the
largest interlayer spacing, which is attributed to the optimized
nitrogen configuration and graphitic carbon.

Small 2023, 19, 2303296

2303296 (6 of 14)

Based on the above analysis, we propose a possible mechanism
for the construction of N-doped carbon nanosheets, schemati-
cally illustrated in Figure 3g. CMC-Na has large number of hy-
droxyl groups, which can be strongly bound to the g-C;N, tem-
plate by hydrogen bonding. During the low temperature pyroly-
sis, g-C;N,, with layered structure can provide favorable structural
skeleton for the formation of 2D carbon nanosheet during the
thermal condensation reaction of CMC-Na. In the process of ther-
mal polymerization, the N-doped carbon is formed through the
conversion of nitrile intermediates, in which C-Ne or C-Ce rad-
icals are generated and defect-rich carbon skeletons are formed.
When the temperature is increased to over 700 °C, the g-C;N,
template is completely decomposed and the N-doped carbon ma-
terial is successfully formed. With the further increment of tem-
perature, the doping content and nitrogen configuration in car-
bon materials are adjusted, and the local graphitization region in
amorphous carbon is realized, thus resulting in the synthesized
graphene carbon nanosheets with suitable layer spacing for the
sodium storage and high electrical conductivity.

© 2023 Wiley-VCH GmbH
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Figure 4. a) CV curves of N-CNS anodes in the first cycle, b) galvanostatic discharge/charge profiles in the initial cycle at 0.05 A g~', c) the plateau and
sloping capacity distribution below and above 0.1V, d) the influence factors of plateau and sloping capacity and contributions to capacity (G-N, P-N,
and Py-N are graphitic N, pyridinic N, and pyrrolic N, respectively), e,f) rate performance and the corresponding coulombic efficiency of N-CNS anodes,
g) comparison of rate performance for N-CNS-1050 in this work with carbon anodes reported in some literatures, h) long-term cycling performance at

0.5 A g™ for HC, N-CNS-900, N-CNS-1050, and N-CNS-1200.

2.3. Electrochemical Performance

To investigate the electrochemical performance of N-CNS-T an-
odes, cyclic voltammetry (CV), galvanostatic discharge/charge,
rate capability, and cycling stability tests were performed. Figure
4a presents CV curves of the first cycle for N-CNS-T and HC
anode at a scan rate of 0.1 mV s~! between 0.0 and 2.5 V (vs.
Na*/Na). A broad cathodic peak I at about 0.35-0.68 V is obvi-
ously observed in the first cycle, attributing to the decomposition
of electrolyte and the formation of solid electrolyte interface (SEI)
film on the electrode surface.>®] A pair of sharp redox peaks II/I11
appear at around 0.0-0.1 V during the cathodic/anodic scan-
ning processes, indicating the reversible insertion/extraction of
sodium ions between graphite layers. A pair of weak and broad
humps are also observed in the voltage region of 0.1-1.5 'V, corre-
sponding to the adsorption of sodium ions on the defect sites and
edges of graphitic domains. However, the integrated area of irre-
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versible peak I of HC is larger than that of N-CNS-T, indicating
that more severe irreversible reactions are occurred on the elec-
trode surface, with a lower initial coulombic efficiency. In Figure
S7, Supporting Information, the CV curves of N-CNS are almost
overlapped after the first cycle, indicating superior reversibility
for the insertion/extraction of sodium ions. In Figure S8, Sup-
porting Information, the uneven deposition of electrolyte on the
surface of HC anode after cycling can be observed from the op-
tical micrographs. In contrast, the surface of N-CNS-1050 anode
after cycling is smooth and uniform, which further supports the
CV analysis.

The galvanostatic discharge/charge curves of N-CNS-T anodes
at the current density of 0.05 A g™! are shown in Figure 4b and
Figure S7, Supporting Information. It can be observed that the
curves contain two different voltage regions, a sloping region
above 0.1 V and a low potential plateaus region below 0.1 V, at-
tributing to the adsorption/desorption on the defect sites and

© 2023 Wiley-VCH GmbH
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the insertion/extraction between the graphite layers of sodium
ion, consistent with the CV analysis. N-CNS-1050 shows an ini-
tial reversible capacity of 304.7 mAh g!, which is much higher
than that of 170.5 mAh g=! for N-CNS-900, 183.6 mAh g~! for
N-CNS-1200, and 127.1 mAh g=! for HC. The initial coulombic
efficiencies of HC and N-CNS-900 (49.28%, 51.16%) are lower
than that of N-CNS-1050 and N-CNS-1200 (79.52%, 65.40%), in-
dicating that the irreversible reaction is more serious in the first
cycle, which is consistent with the CV analysis.

In Figure S9, Supporting Information, it can be observed that
the surface of HC anode is rough after three cycles, indicating
that the electrolyte decomposes severely on the electrode. In con-
trast, the structure of N-CNS-1050 remains intact after the cir-
culation, suggesting good compatibility between the electrode
and electrolyte. Notably, in Figure 4c, N-CNS-T samples exhibit
higher capacity in both regions than HC, and N-CNS-1050 anode
exhibits the optimum plateau capacity and sloping capacity. Con-
sidering the effect of structure on electrochemical performance,
our study showed that the plateau capacity is mainly affected by
the formation of graphite domain size, carbon interlayer spacing
and the content of pyrrolic nitrogen together, while the sloping
capacity is mainly affected by the graphite domain area, nitro-
gen doping content and configurations, as shown in Figure 4d.
Under the temperature-controlled adjustment of nitrogen dop-
ing, the influence factors of N-CNS-1050 reach a balanced pro-
portional relationship, showing the best sodium storage capac-
ity. In contrast, at the low temperature, N-CNS-900 exhibits a
lower plateau capacity because of the smaller size of graphite mi-
crocrystal, resulting in less intercalated sodium despite high ni-
trogen doping content. When the temperature rises to 1200 °C,
although the graphite domain increases, the interlayer spacing
and nitrogen doping content decrease gradually, leading to the
unsatisfactory capacity for N-CNS-1200 anode. Therefore, it can
be concluded that optimizing the nitrogen doping content and
configuration, enlarged interlayer spacing and locally increased
graphite domains are beneficial to improve the overall electro-
chemical performance.

In order to further understand the electrochemical perfor-
mance, Figure 4e,f displays the rate capacities of N-CNS-T an-
odes. The superior rate performance of N-CNS-1050 anode is ex-
tremely impressive. Specifically, N-CNS-1050 anode delivers the
reversible capacities of 304.7, 276.7,261.8, 249.2, 236.8, and 223.4
mAh g! at the current densities of 0.05, 0.1, 0.2, 0.5, 1.0, and
2.0 A g7', respectively. Even when the current density rises to
50 A g7t (e, 16 C, 1 C = 300 mA g!), the capacity is as
high as 197.6 mAh g=', which is superior to those reported car-
bon anode materials, as compared in Figure 4g.13957-62] The dis-
charge/charge curves of N-CNS-T and HC at each current den-
sity are described in Figure S10a—d, Supporting Information.
As compared with counterparts, it can be found that N-CNS-
1050 exhibits smaller electrochemical polarization with increas-
ing current density, attributing to the enlarged interlayer spac-
ing and increased local graphitization. In Figure S1la,b, Sup-
porting Information, the plateau capacity of the insertion be-
tween graphite layer for N-CNS-1050 anode increases slightly af-
ter the activation with small current, ascribing to the sufficient
penetration of electrolyte into the electrode. With the increas-
ing of current density, both the plateau capacity and the slop-
ing capacity decrease because of the electrochemical polariza-
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tion. In Figure S11b, Supporting Information, when the current
density exceeds 1.0 A g7!, the plateau capacity ratio decreases
rapidly from 47.0% at 1.0 A g™! to 27.4% at 5.0 A g~!. Mean-
while, the corresponding sloping capacity ratio increases from
53.0% at 1.0 A g7' to 72.6% at 5.0 A g7!, illustrating that the ki-
netics of the sloping region associated with the defect adsorp-
tion is much faster than that of the plateau region related to the
insertion of graphite layer. Figure 4h presents the long-term cy-
cling performance of N-CNS-T anodes at the current density of
0.5 A g~1. Compared with other samples, N-CNS-1050 anode de-
livers the highest reversible capacity and the best cycling stabil-
ity. After 2000 discharge/charge cycles, N-CNS-1050 still delivers
reversible capacity of 233.3 mAh g=! and excellent capacity re-
tention ratio of 90.9%. However, the reversible capacity of HC
shows an obvious trend of decay, from 97.7 to 66.7 mAh g~! with
poor capacity retention ratio of 68.3% after 2000 cycles, prob-
ably due to its fewer defects and the instability of amorphous
structure.

In general, N-CNS-1050 exhibits the best electrochemical per-
formance, including considerably high capacity, excellent cycle
stability, and superior rate capacity. This can be attributed to the
following points. First, ata certain temperature, N-CNS-1050 pos-
sesses more graphitic carbon and expanded interlayer spacing up
to 0.388 nm, which facilitates the insertion/extraction of sodium
ion between carbon layer and buffers the volume expansion dur-
ing the discharge/charge process. Second, the appropriate dop-
ing content and nitrogen configurations not only provide more
active sites for sodium storage, but also improve the electrical
conductivity of carbon materials. Third, the 2D carbon nanosheet
structure can ensure sufficient contact between the electrode and
electrolyte, shortening the transportation path of sodium ions
and facilitating the rapid transportation of ions.

2.4. Sodium lon Storage Mechanism and DFT Calculations

In order to better understand the relationship between the ex-
cellent electrochemical performance of N-CNS-1050 and its mi-
crostructure, the CV curves of hard carbon anode at different
scan rates were obtained to further investigate the reaction kinet-
ics and the mechanism of sodium ion storage. As displayed in
Figure 5a,b, the redox peak current of anode gradually increases
obviously with the increase of scan rate, delivering a functional
relationship of Equation (3).%] Where a and b are constants, b
value can be obtained from the slope of the linear plot of In(i)—

In(v).
i=at (3)

Particularly, b = 1 represents the surface-controlled capacitive
process such as adsorption, and b = 0.5 represents the diffusion-
controlled embedding process such as intercalation. By calcula-
tion, the b values of the cathodic and anodic peaks for N-CNS-
1050 are 0.84 and 0.74, indicating that the capacitive process is
dominant, and the diffusion process also exists in the sodium ion
storage process. Likewise, other samples exhibit similar storage
mechanism, as shown in Figure S12, Supporting Information. In
addition, at a certain scan rate, the exact contribution proportion
between these two electrochemical processes can be calculated

© 2023 Wiley-VCH GmbH
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Figure 5. a) CV curves at various scan rates from 0.1to 2.0 mV s~ and b) the corresponding linearity relationship between In(i) and In(v) of cathodic
and anodic peaks, c) capacitive contribution at a scan rate of 2.0 mV s~ for N-CNS-1050, d) the contribution ratios of capacitive capacity at different
scan rates, €) Nyquist plots and f) Z'-w~'/2 plots for HC, N-CNS-900, N-CNS-1050, and N-CNS-1200.

by Equation (4).1%

i=k v+ kzv% (4)
where kv and k,v'/? represent the contribution of surface capac-
itive and diffusion control process, respectively.

In Figure 5c, the capacitive contribution of N-CNS-1050 can
reach a high value of 85.7% at the scan rate of 2.0 mV s7!. The
capacitive contribution ratios to the total capacity for samples at
different scan rates are shown in Figure 5d. Compared with other
samples, the capacitive contribution ratio of N-CNS-1050 are rel-
atively high, attributing to its abundant active sites. The increased
graphite domains with enlarged interlayer spacing also enhance
the utilization of carbon layer at high current densities, thereby
improving sodium storage capacity and electrochemical perfor-
mance. However, the low capacity of HC is also resulted from
capacitive contribution (82.8% at 2.0 mV s7!), which may be re-
lated to the low degree of graphitization and highly disordered
structure.

Electrochemical impedance spectroscopy (EIS) was performed
to further analyze the diffusion characteristic of sodium ion in
N-CNS-1050 anode. As shown in Figure Se, all Nyquist plots
are composed of a semicircle in high-frequency region related
to charge transfer resistance (R,) and a sloping line in low-
frequency region associated to the Warburg impedance (Z,). The
intercept of semicircle on the real axis in high-frequency region
represents the resistance of electrolyte, the electrode and other
intrinsic resistance (R,). According to the corresponding equiv-
alent circuit model in the inset in Figure Se, the fitting results
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are listed in Table S5, Supporting Information. Obviously, the R,
for N-CNS-1050 (5.3 Q) is much smaller than that of N-CNS-900
(32.6 ©), N-CNS-1200 (18.5 Q), and HC (46.6 Q), indicating that
the intrinsic defects and expanded interlayer spacing are favor-
able to the charge transfer. In addition, the diffusion coefficient
of sodium ion can be calculated by Equation (5),

D = R? T?2A*w*F* C*o? (5)

where R, T, and A denote gas constant, absolute temperature,
and the surface area of the electrode. n and F represent the trans-
fer number of electrons per molecule and Faraday constant. C is
the molar concentration of sodium ion. ¢ is the slope of Z’-@~1/?
plots. By fitting the plot of Z” and w~'/?, as shown in Figure 5f,
the diffusion coefficient of N-CNS-1050 is calculated to be
1.4 x 10712 cm? s71, which is much higher than that of N-CNS-900
(5.5 % 1071 cm? s71), N-CNS-1200 (1.2 x 1012 cm? s7!), and HC
(5.1 x 1071 c¢m? s71) in Table S5, Supporting Information. The
results further demonstrate that superior diffusion property can
enhance the rate capability of N-CNS-1050 as SIB anode. Com-
pared with reported related carbon materials in Table S6, Sup-
porting Information, N-CNS-1050 exhibits better electrochemi-
cal performance in sodium ion batteries.

To further investigate the sodium ion storage mechanism, the
structural evolution of N-CNS-1050 during the discharge/charge
process was characterized by in situ Raman, ex situ XRD, and
XPS. For HC anode, as shown in Figure 6a—c, neither significant
reduction in intensity of the G-band nor corresponding plateau
region appears, meanwhile the discharge curve displays smooth

© 2023 Wiley-VCH GmbH
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Figure 6. a—c) In situ Raman spectra of HC and e—g) N-CNS-1050, d) ex situ XRD patterns at different stages of HC and h) N-CNS-1050 in the first
cycle, i) ex situ XPS Na 1s spectra, the concentration of Na* and j) the color changes of ethanol containing 1% phenolphthalein after reaction with

N-CNS-1050, k) deconvoluted N 1s spectra of N-CNS-1050 at the stage of t

slope from OCV to 0.01 V. This may be attributed to the highly
amorphous and low content of graphitic carbon in HC, which
is further confirmed by the negligible shift of (002) peak accord-
ing to the ex situ XRD pattern (Figure 6d). Therefore, HC anode
mainly relies on the adsorption mechanism for sodium ion stor-
age.

By contrast, the intensity and position of D-band and G-
band for N-CNS-1050 anode are strongly affected during the
discharge/charging process, as shown in Figure 6e,f. During
the discharge process, the intensity of D-band is decreased from
the open circuit potential (OCV) to 0.1 V, which is attributed to
the adsorption of sodium ions on defective sites and the edges
of carbon layers, thus limiting the breathing vibration of the sp?
atoms in the carbon rings. When the voltage reaches 0.01 V in

Small 2023, 19, 2303296 2303296

he pristine and discharge to 0.2, 0.1, and 0.01 V states.

the discharge process, the slight enhancement of D-band peak
is attributed to the disorder and inhomogeneity of carbon struc-
ture caused by the insertion of sodium ion in carbon layers.
Meanwhile, the intensity of G-band gradually decreases with
the drop of discharge potential and almost disappears at the
potential of 0.01 V, accompanied by the apparent red-shifted.
Notably, when the discharge potential reaches 0.1 V, a new
peak located at 1460 cm™! is obviously observed as shown in
Figure 6g, which can be ascribed to the insertion of sodium
ions into the graphitized carbon layers and is corresponding
to the plateau region of the discharge curve. In conclusion,
when it enters low potential region (<0.1 V), the D-band is
slightly enhanced and the G-band is rapidly weakened and shifts,
indicating the transformation into disordered microstructure

(10 of 14) © 2023 Wiley-VCH GmbH
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Figure 7. a) Schematic diagram of the source of sodium storage capacities, b) schematic diagram of nitrogen defect structure, c) adsorption energy
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storage potential diagram and structure of pyrrolic N.

and is indicative of the filling of sodium into the nanopores.
Meanwhile, the relative symmetry of Raman curves during
the discharge/charge process indicates good reversibility of
the material.

This result is further verified by ex situ XRD, XPS, and ICP
analysis. In Figure 6h, the position of (002) peak shifts slightly
towards lower angle upon discharge to 0.01 V, indicating an in-
crease in the interlayer spacing, which could validate the inser-
tion of sodium ion into carbon layers. Then, it recovers to the pris-
tine position upon charge to 2.5 V, indicating the good reversibil-
ity for sodium ion insertion/extraction. Figure 6i exhibits the ex
situ XPS spectra of sodium for N-CNS-1050 at various discharge
states. A small wide peak is observed in the Na 1s spectrum of the
pristine electrode, in which the sodium ions are provided by the
sodium alginate binder. When the discharge potential decreases
from 0.2 to 0.01 V, the intensity of Na 1s peak increases grad-
ually and moves towards lower binding energy which gradually
approaches the peak position of metal Na, implying the forma-
tion of quasi-metallic sodium.

This opinion is further proved by the specific reaction of sodi-
ated N-CNS-1050 anode with protonic ethanol solvent. The con-
centration of sodium ions is determined by ICP measurements.
In Figure 6j, it is observed that the concentration of sodium ion
gradually increases and the color of solution containing phe-
nolphthalein indicator gradually deepens, indicating that sodi-
ated electrode reacts with ethanol more and more vigorously,
meanwhile more quasi-metallic sodium stored in the electrode
is formed with the decrease of discharge potential. In addition,
the changes in the intensity and position of the N1s peak in
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Figure 6k during the discharge process indicate occurrence of
the interaction between sodium ions and nitrogen. When the po-
tential is decreased from the pristine state to 0.2 V, the decreased
graphitic nitrogen intensity and increased pyrrolic nitrogen in-
tensity, as well as unchanged peak position have been clearly ob-
served, which is likely due to the changed electron cloud den-
sity of the conjugated system by the introduction of sodium ions.
When the potential drops to 0.01 V, it can be clearly seen that
the intensities of pyrrolic N and pyridinic N decrease and their
peak positions move towards lower binding energy, indicating
that these two types of N configurations can provide active sites
for sodium storage in the low potential plateau region and sta-
bilize sodium in the electrode. Based on the above analysis, it is
concluded that the sodium ion storage of N-CNS-1050 anode is
depended on the adsorption/insertion mechanism coordinating
quasi-metallic Na.

The density functional theory (DFT) calculations were carried
out to further investigate the storage mechanism of sodium ions.
Figure 7a is a schematic diagram to explain the capacity source.
It is known that the traditional N-doped carbon (NC) mainly re-
lies on the adsorption to store sodium ions.!%] By contrast, the
carbon material in this work contains different types of nitrogen
defects, which is beneficial to capture the sodium ions through
the coordination effect. Here, we simplify the common metal-
nitrogen fourfold coordination (M-N,) model and the single atom
structure is available in Figure 7b. It is obvious that different co-
ordination defect sizes expose due to the corresponding nitrogen
structures. In other words, the pore sizes of graphitic N, pyridinic
N and pyrrolic N are 3.55, 3.77, and 4.45 A, respectively.
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Figure 7c shows the adsorption energies of various defective
structures for sodium. It is found that the adsorption energy
of NC is +1.29 eV, so the intercalation of sodium could not be
carried out, while the coordination structure could easily cap-
ture sodium ions. By comparison, it is found that the adsorption
energy is positively correlated with the coordination pore size,
and the pyrrolic N structure has the best adsorption energy of
—1.83 eV. Moreover, Figure 7d depicts the sodium storage capac-
ity of carbon material layer with various spacing. It is found that
sodium storage is easier with the increase of layer spacing. There-
fore, the sample N-CNS-1050 obtained at 1050 °C could deliver
excellent sodium storage performance owing to the large inter-
layer spacing of 3.88 A. Figure 7e shows the calculated theoret-
ical sodium storage potential of pyrrolic N. It is found that the
low potential platform of 0.15 V delivers high sodium storage
capacity, which is consistent with the experimental results. The
mechanism of sodium storage may be attributed the formation
of metallic sodium cluster structure by nitrogen defect storage, in
which the Na—Na bond length is 2.8 A. The generation of sodium
cluster is proved already and the mechanism is reasonable and
feasible. Therefore, the sample N-CNS has unique nitrogen de-
fect to enhance the sodium storage capacity.

3. Conclusions

In this manuscript, we have constructed N-doped carbon
nanosheets by using CMC-Na as precursor with the assistance of
g-C;N,. The micromorphology of N-CNS with abundant defects
and suitable interlayer spacing are achieved by doping and opti-
mizing the nitrogen radicals formed through the conversion of
nitrile intermediates. Therefore, the N-CNS anode delivers high
specific capacity of 304.7 mAh g~! at 0.05 A g~! and superior rate
capability of 192.8 mAh g~ at 5.0 A g1, as well as ultra-long cycle
life of more than 2000 cycles. The relationship between the mi-
crostructure and electrochemical performance of N-CNS anode
is illustrated by kinetic analysis, in situ Raman, ex situ XRD, and
XPS analysis to deeply understand the sodium storage mecha-
nism. We confirm the mechanism of interlayer sodium ions in-
sertion coordinated quasi-metallic storage in the low potential
plateau region. From the perspective of atomic structure, DFT
calculations further demonstrate that the interlayer spacing and
nitrogen defects play the dominant role in sodium storage mech-
anism. This work not only provides an in-depth understanding
of sodium ion storage, but also provides an effective strategy for
rational design of carbon-based anode materials structure.

4. Experimental Section

Preparation of Precursor CMC-Na@g-C3N,: 0.5 g of CMC-Na (Aldrich,
viscosity: 2000 + 20 MPa-s) was dissolved in deionized water under strong
stirring. Thereafter, 0.5 g of g-C3N, was dispersed in the above solution
and stirred vigorously for 2 h to obtain homogeneous suspension. The
preparation of g-C;N, was referred to the method in the previous work.[66]
The precursor of CMC-Na@g-C;N, can be obtained by freeze-drying for
48 h in the vacuum freeze-dryer.

Synthesis of N-CNS:  The precursor of CMC-Na@g-C3N,4 was placed
in a tube furnace and annealed at different temperatures (T = 900, 1050,
1200 °C) for 2 h at the heating rate of 2 °C min~' under the flow of Ar.
The as-obtained product was subsequently immersed in diluted HCl so-
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|ution to remove insoluble substances, then flushed with deionized water
for several times, and dried in a vacuum oven at 80 °C for 12 h. After be-
ing cleaned and dried, the final sample was obtained and named N-CNS.
In addition, a control sample labeled as HC was prepared using the same
experimental conditions at the annealing temperature of 1050 °C, but with-
out the addition of g-C3N,.

Material Characterization: The crystal structures of as-samples were
characterized by XRD (Rigaku Smartlab, Japan) with Cu Ka radiation
sources (4 = 1.5418 A). The FT-IR spectra were performed by using an
infrared spectrometer (Nicolet iS10, Thermo Fisher Scientific, the United
States of America) equipped with attenuated total reflection. The Raman
spectra were recorded by Raman spectrometer (Renishaw inVia, United
Kingdom). XPS was conducted on an ESCALAB 250 xi photoelectron spec-
trometer (Thermo Fisher Scientific, the United States of America) using Al
Ka monochromatized radiation. TGA was carried out on a thermal anal-
yser (TGA/DSC 3+, Mettler, Switzerland) at a heating rate of 10 °C min~"
in Ar atmosphere. The evolved gases during the sintered progress were de-
termined by synchro-thermogravimetric analyser (STA 449 F5 Jupiter, Net-
zsch, Germany) coupled to a mass spectrometer (QMS 403 D, Netzsch,
Germany). The Branauer—Emmett-Teller (BET) specific surface area and
pore size distribution were obtained by using adsorption/desorption ana-
lyzer (Micrometrics ASAP 2020, Micromeritics, the United States of Amer-
ica) at 77 K. The optical images were obtained by using the microscope
(YueScope YM710R, China). The morphology, structure and element dis-
tributions of samples were monitored by SEM (Tescan Mira3, Czech Re-
public), HRTEM (FEI Tecnai G2 F30, the United States of America) and
EDS (Oxford X Max20, Tescan, Czech Republic), respectively. In situ Ra-
man spectra were tested on a Raman spectrometer (WITec alpha300 R,
Germany). The concentration of sodium ions in the reaction solution was
measured by ICP-OES (Aglient 7800, the United States of America). Ex
situ XRD, XPS measurements, the coin cells were disassembled in glove
box after reaching the desired voltage and the electrodes were washed by
dimethyl carbonate (DMC) and samples were sealed in a foil bottle with
Ar filling.

Electrochemical Measurement: The anodes for SIBs were prepared by
mixing active material N-CNS, conductive agent carbon black and binder
sodium alginate at the weight ratio of 8:1:1 in deionized water under vig-
orous stirring for 6 h to obtain homogeneous slurry. Then, it was coated
on a copper foil collector. Subsequently, it was placed in a vacuum oven
at 80 °C for 12 h. The loading mass of active material on working elec-
trode was 1.5 mg cm~2, and the thickness of electrode was about 50 pum.
CR2032-type coin cells were assembled in an argon-filled glove box by us-
ing glass fiber (Whatman GF/D) as the separator, metallic sodium sheet as
the counter electrode, and 1.0 mol L™ NaPF; dissolved in dimethyl ether
(DME) as electrolyte. The assembled batteries were tested for galvano-
static discharge/charge using the Land battery test system (CT-2001A,
Wuhan, China) with the range of voltage 0.0-2.5 V (vs. Nat/Na). CV
tests were conducted on CHI660E electrochemical workstation. EIS was
also measured on the same electrochemical workstation between the fre-
quency range of 1072-10% Hz with an amplitude of 5 mV.

Computational Method: All the DFT computations were conducted
by using Vienna Ab initio Simulation Package (VASP5.4.4) via projector-
augmented wave pseudopotentials. The generalized gradient approxima-
tion (GGA) with the PredewBurke-Ernzerh (PBE) of function was used for
the exchange-correlation interaction. The total energy change during the
structure optimization processes was ultimately converged to 5 x 1076 eV.
In addition, the forces per atom were reduced to 0.01 eV A~1. The k-point
mesh of the Brillouin zone was set at 2 x 2 x 1 for geometry optimiza-
tion. A cutoff energy of 450 eV was adopted during the computations. The
formation energy of the product was calculated by the Equation (6).

AG (Na — HC) = G (Na — HC) — G (HC) — G (Na) (6)

where the G(Na—HC) was the total Gibbs energies of the absorbate of HC
and Na, G(HC) and G(Na) were the Gibbs energies of HC structure and
Na, respectively.
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In addition, the voltage was calculated as the Equation (7).
E=—AG (nNa — HC) /nF )

where the AG(nNa—HC), n and F were the formation energy of the adsor-
bate, electron number and Faraday constant (96 485 C mol™").
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