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Summary: Density functional theory (DFT) is employed to research three carbon tubes (CNTs),
SWCNT, N-NiCNT, and N-CoCNT. The first two structures synthesized by other groups and N-
NiCNT has better sodium storage properties as sodium-ion battery (SIB) anode than SWCNT, the last
one is a designed structure. Here, the intrinsic cause why N-NiCNT has better performance than
SWCNT has been located at molecular and atomic levels, meanwhile the potential of N-CoCNT as
anode candidate is predicted. The researched properties that determine the electrochemical
performances involve in structure stability, frontier molecular orbital, partial density of state analysis,
and sodiation barrier comparison. The results indicate that the lower sodiation barrier, expanding
transfer space, more stable structure stability of N-NiCNT should be responsible for its better sodium
storage performance, which consists with the experimental results. In addition, the designed N-CoCNT
anode is a promising candidate as SIB anode owing to better stability, lower barrier, and strong N-Co

interaction than N-NiCNT.
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Introduction

The increasing requirement of power sources
has given rise to essential development of energy storage
devices. Lithium-ion batteries (LIBs) are the main power
system of electronic products, yet the shortage of lithium
resources restricts the mass application of LIBs [1-3].
Alternatively, sodium-ion batterie (SIB) as one of ideal
choices for the next generation of large-scale energy
storage technology has aroused extensive attentions in
these years due to their low cost, inexhaustible natural
sodium resources, and similar technology to LIBs [4-8].

Generally, SIBs mainly make up of positive
electrode, negative electrode, electrolyte and current
collector [8-10]. The anodes are mainly composed of
carbon-based and non-carbon materials, and the later
ones primarily consist of titanium-based materials,
organic materials, alloy materials, metal oxides/sulfides.
However, the capacity of titanium-based anode material
is relatively low, the organic anode materials easily
dissolve in the electrolyte, the alloy anodes tend to
volume expansion after inserting sodium ions, and the
metal oxides/sulfides are prone to reunions [11-13]. Thus,
the above shortages limit the mass application of non-
carbon anodes.

Carbon-based materials mainly refer to hard
carbon materials, which are excellent candidates for
anodes in SIBs owing to low potential, moderate capacity
of sodium storage, small volume expansion, and
excellent cycling performance. More recently, the
exploration of hard carbon has opened the access of
utilizing carbon-based anode for SIBs. In addition,
numerous concerns have been poured on synthesizing
different hard carbons and optimizing their
electrochemical properties [14-16]. Currently, two types
of precursors, polymers [17-18] and biomass materials,
are commonly employed, but the formers are not widely
used for manufacture due to high cost. In this regard,
biomass-derived hard carbon anodes have been given
more attention originating from their low cost, extensive
resources, and stable electrochemical performances [19-
20], and the first discharge-specific capacity reaches to
547.2 mAh/g at 100 mA/g [21]. According to our
investigation, most of the biomass-derived hard carbons
have been modified, and the modified hard carbons
possess better electrochemical performance. In 2021,
Chen et al. [22] synthesized hard carbons doped by nickel
(Ni) and nitrogen (N), and the doped hard carbons
obviously show better cycling performance benefitting
from the ultrahigh solid-solid interface contact between
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Ni and Na,S. That same year, Liu et al. [23] compared
sodium storage properties between pure hard carbon and
hard carbon doped by Ni and N, and they found that the
doped one showed better rate performance (Under 1200
mA/g current density, the discharge-specific capacity is
21 and 222.6 mAh/g for pure hard carbon and hard
carbon doped by Ni/N, respectively.). How does Ni/N
affect the sodium storage properties, and what is
mechanism of the sodiation? [24-26]

For the sake of ascertaining the above questions
and revealing out the properties that could not be
obtained from experiment, the electronic structure and
sodiated properties of two CNTs, SWCNT and N-NiCNT,
are studied at molecular and atomic levels. In addition, a
new CNT structure, N-CoCNT, is designed and
researched to predict its potential as SIB anode. In the
calculation, the edge of hard carbon structures is saturated
by hydrogen atoms.

The contribution is arranged as follows. In
Section 2, the main computational methods are explained.
In Section 3, the Ni/N effects on hard carbons are
analyzed, and Section 4 is the Conclusion.

Calculation Methods

In the contribution, DFT is carried out through
employing the Dmol3 module of Materials Studio
packages [27], with the exchange and correlation energy
functional treated by the Perdew-Wang (PWC)
functional of the local density approximation (LDA) [28].
The basis vector of the dual-value orbital basis set (DND)
is implemented to describe the atomic orbital. The setting
values of all models in the optimization process remain
the same. The all-electron spin-unrestricted Kohn-Sham
wave functions were expanded in a local atomic orbital
basis. A convergence criterion of 10 au on the energy
and electron density was performed for self-consistent
field procedure, and the k point is set to 1x1x1. Besides,
Na atom was added to the ground state of the structure
that reached the most stable convergence standard and the
total energy was calculated, as well as the electronic
structure and properties.

In the work, the adsorption energy of different
carbon nanotubes (CNTs) after adsorbing Na atoms was
calculated as the following equation:

Eais = Ecnrina - Ecnt - Eng Q)]

Here, Ecnr+na is the total energy of the whole system after
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adsorbing Na, Ecyr is the total energy of unadsorbed
CNTs (including doped CNTs), and the total energy of Na
atom is Eya.

Results and Discussions
CNT structures
CNT structure properties

In the work, the zigzag (8, 0) single-walled
carbon nanotubes (SWCNT) are taken as research targets
and the effects ofadding N, Ni, Co atoms are investigated,
as the CNT structures shown in Fig. 1. Fig. 1a is the
undoped CNT structure, Fig. 1b is the N-Ni doped CNT
structure in which the bonding N and Ni atoms replace
one carbon atom, respectively, and the analogical design
is as given in Fig. lc. The cell parameters were set as
1x1x3 layers and a=20 A, b=20 A, c=25A, a=p=y=90°,
respectively. The two edges of the studied CNTs are
saturated with H atoms.

In order to analyze the doped effects on the CNT
structures from N and heavy metals, the six-member
cycles including N and heavy metals are selected as
targets as C1-C2-C3-C4-C5-C6, C1-C2-C3-C4- Ni-N,
and C1-C2-C3-C4 -Co-N cycles given in Fig 1.
Meanwhile, the corresponding bond lengths are listed in
Table-1. As the data in Table-1, all the C1-C2, C2-C3,
C3-C4 bond lengths decrease after N and heavy metal
insertion, which demonstrates that the incorporation of
heteroatoms improves the electrons delocalizing the
whole six-member cycles and enhancing conjugation of
the six-member cycle. In other words, all the bonds in the
six-member cycles strengthen.

On the behalf of analyzing the electronic
structure property, the charges for the six-member cycles
are studied in Fig. 2. In comparison of the charges for
SWCNT and N-NiCNT in Fig. 2, the charge of C1 (0.002
for SWCNT and 0.176 for N-NiCNT) decreases (more
positive) obviously, which originates from the strong
electronegativity of doped N atom, while the charge of
C4 (0.004 for SWCNT and -0.162 for N-NiCNT,
respectively) increase (more negative) obviously, which
is due to the strong ability of losing electron for doped Ni
atom (0.379). In addition, the charge changes from
SWCNT to N-NiCNT for both C2 (-0.001 for SWCNT, -
0.047 for N-NiCNT) and C3 (0.004 for SWCNT, 0.002
for N-NiCNT) are small, respectively.
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Table-1: The bond lengths of selected six-member cycles. (A)

CNTs C1-C2 C2-C3 C3-C4 C4-C5 C5-Cé C4-Ni Ni-N C4-Co Co-N
SWCNT 1.54 1.54 1.54 1.54 1.54 - - - -
N-NiCNT 1.44 1.46 1.41 - - 1.80 1.86 - -

N-CoCNT 1.45 1.47 1.41 - - - - 1.84 1.87

Fig. 1:  The CNT structures of a) SWCNT, b) N-NiCNT, ¢) N-CoCNT.

Before sodiation After sodiation

3.000e-1
1. 600e-1
0.000

-1.600e-1
-3.000e-1

=0. -0.081

SWCNT

N-NiCNT

N-CoCNT

Fig.2:  The charges for the six-member cycles (the red field stands for positive charge and blue field stands
for negative charge).
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Furthermore, the charges of all the atoms for
the selected six-member cycle in N-CoCNT are
analogous to N-NiCNT, therefore, its electronic
structure property is the same as N-NiCNT.

In a word, the N and Ni insertion strengthens
the structural stability owing to electron delocalization,
and the strong interactions are formed between the
CNTs and Na atom. Furthermore, the designed N-
CoCNT has the same structural stability as N-NiCNT
and can form strong interactions with Na atoms as
given in Fig. 2.

Frontier molecular orbital levels of CNTs

The frontier molecular orbital (FMO) levels
consist of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), and the FMO levels affect the anode
performance. Generally speaking, the FMO levels of
SIB anodes should possess small energy gap (Eg),
which benefits for both the electrolyte selection and
the electron transfer in the charging and discharging
process [29-30]. Thus, the FMO levels in the
contribution are shown in Fig. 3.
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Fig.3:  The HOMO and LUMO levels of CNTs.

In comparison of the FMO levels in Fig. 3 we
can see that the N and Ni insertion effectively
decreases the Eg value (0.23 eV for SWCNT and 0.05
eV N-NiCNT, respectively), which is good for
matching electrolyte due to less likely causing
oxidation of electrolytes and electron transfer. What is
notable is the designed anode material, N-CoCNT,
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which possesses narrower Eg than N-NiCNT and
beneficial to selecting electrolyte and electron transfer.
The atomic contributions of FMO are given in
supporting information Fig. 1S.

CNT structures after sodiation
Structure analyses

In order to acquire the most stable sodiation
position, the four kinds of sodiated CNTs are
calculated, and the four sodiation sites which are
defined as T, B, H, and Hin sites as depicted in Fig,. 4.
Here, T site is directly above the C atom on the outer
wall of the tube (doped CNT is directly above the N
atom), B site is directly above the midpoint of the C-C
bond on the outer wall (doped CNTs are directly above
the midpoint of N—Co, N—Ni, respectively), H site
is directly above the center of mass of a six-membered
carbon ring on the outer wall of the CNT (doped CNT
is directly above the centroid of the doped six-
membered ring), and Hin site is directly above the
centroid of a six-membered carbon ring on the inner
wall of the CNT (doped CNT is respectively directly
above the centroid of the six-membered ring doped on
the inner wall). The total energies of four sodiated
structures are listed in Table-2. As the data in Table-2,
both most stable sodiated site for both SWCNT and N-
NiCNT is Hin site, while the H site is the most stable
sodiated site for N-CoCNT. Besides, the vivid sodiated
structures are given in Fig. 5(a, b, ¢). Notably, After
sodiation for SWCNT and N-NiCNT, all the charges
for the carbon atoms in the six-member cycle increase
(more negative) as depicted in Fig. 2, which illustrates
that the strong interactions are formed between the six-
member cycle and Na atom.

Table-2: Total energies of studied CNTs at different
positions after sodiation. (eV).

CNTs B site T site H site Hin site
SWCNT -103302.78  -103302.72  -103302.94  -103303.38
N-NiCNT  -143739.47  -143739.44  -143739.41  -143739.79
N-CoCNT  -141172.00  -141172.00  -141172.08 -

Sodiation analyses

Since the sodiation ability of anodes plays an
important role for SIB performance, the sodiation
properties are researched in the paper. The sodiation
energies of all the CNTs are given in Table-3, and the
calculated basis is equation (1).

Table-3: The sodiation energies for different CNTs at
different adsorption positions. (eV).

CNTs B site T site H site Hin site
SWCNT 35.23 35.24 35.04 34.62
N-NiCNT -2.44 -2.43 -2.40 -2.70
N-CoCNT -21.55 -21.56 -21.64 -
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Fig. 4:

The calculated adsorption position for CNTs.

Fig. 5:
CoCNT (H site).

As the data in Table-3, all the sodiation
energies for CNT at different adsorption position are
around 35 eV, which suggests that the sodiation energy
barrier of CNT is relatively high. However, the N and
Ni insertion obviously decreases the sodiation
energies for all the calculation sites (more negative,
below -2.40 eV), which reduces sodiation barrier and
promotes charging and discharging for SIB.
Furthermore, the sodiation energies for designed

anode N-CoCNT in all the sites (B site: -2.44 eV, T site:

-2.43 eV, H site: -2.40 ¢V, and Hin site: -2.70 eV,
respectively) are quite smaller than those of
corresponding N-NiCNT (B site: -21.55 eV, T site: -

The obtained best sodiated positions for a) SWCNT (Hin site), b) N-NiCNT (Hin site), and ¢) N-

21.56 eV, and H site: -21.64 eV, respectively), herein,
Na will experience lower barrier in the sodiates
process when is  N-CoCNT as anode compared with
N-NiCNT anode.

In comparison of the three CNT structures,
Undoped CNT has the highest sodium intercalation
barrier, followed by N-NiCNT and N-CoCNT, thus,
the insertion of N and Ni decreases sodiation barrier
and improves the SIB performance, and the designed
anode N-CoCNT is a better candidate as SIB anode
than N-NiCNT due to lower sodiation barrier.
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Partial Density of state analyses
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Fig. 6:  The PDOS for studied CNTs after sodiation.

Partial density of state (DOS) is an effective
analysis method for researching electron distribution
in the orbitals. Thus, we analyze the PDOS properties
depicted in Fig. 6, and the studied CNTs are divided
into several parts, such as SWCNT is divided into two
parts (Na and C-H) and N-NiCNT is divided into four
parts (Na, C-H, N, Ni) as well as N-CoCNT (Na, C-H,
N, Co).
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As the Fig. 6a, the SWCNT (hollow upper
triangle) is mainly contributed by C-H part (solid
circle) and the Na part (solid square) makes little
contribution to SWCNT. Further, the contributed atom
orbitals mainly are from H 1Is, C%*, and C?. As for N-
NiCNT in Fig. 6b, the N-NiCNT (solid left triangle)
mainly consists of three segments, C-H (solid lower
triangle, C* orbital), Ni (solid circle, 3d orbital), and
N (solid upper triangle, 2p orbital), while Na (solid
square) contributes little part. Therefore, the N-NiCNT
PDOS shows that electrons distribute on N and Ni
atoms, and the NP and Ni¢ orbitals play positive roles
for forming stable N-Ni bond, which consists with the
experimental results from XPS [31]. Analogously, as
the N-CoCNT PDOS shown in Fig. 6¢, the N-CoCNT
(semi-hollow diamond) is mainly composed of C-H
segment (hollow circle), Co (solid pentagram), and N
(left hollow triangle), while Na segment does little
contribution to the total DOS. In addition, the heavy
metal Co® orbital and N2’ orbital keep strong
interaction, which benefits to form strong N-Co bond
and stable six-member conjugated cycle. As the
mention of above analyses, the little contribution from
Na to the total DOS mainly originates from the little
electrons of outer layer, thus, the contribution degree
is relative smaller comparing with other segments.

In order to locate all the roles of segments in
SWCNT, N-NiCNT, and N-CoCNT, we calculate the
PDOS of individual segments as given in Fig. 2S in
supporting information. Here, we just analyze
SWCNT. As the SWCNT-Na in Fig. 2S, the 3p and 3s
atomic orbitals of Na contribute to the HOMO and
LUMO of SWCNT, though the contribution is little
(below 0.1). Meanwhile, the C?*, C%, and H'S from C-
H segment contribute to the HOMO and LUMO in
SWCNT.

Furthermore, the FMO levels and major
contributor are emphasized on Fig. 6, and the HOMO
and LUMO level are depicted with straight line,
respectively. Besides, the detailed FMO levels and Eg
values of CNTs after sodiation are given in Table 4.
Through comparing Fig. 3 and Table-4 we can see that
all the FMO levels have been changed after sodiation
though Na contributes little on the FMO.

Table-4: The HOMO, LUMO, and energy gap (£g)
levels of studied CNTs after sodiation. (eV).

CNTs HOMO LUMO Eg
SWCNT -4.98 -4.74 0.24
N-NiCNT -4.42 -4.39 0.50
N-CoCNT -4.17 -3.86 0.31
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In conclusion, N and Ni form stable chemical
bonds after doping in CNT structures, and the N and
Ni*? keep strong interactions, which benefits to form
stable six-member cycles and decrease barrier for Na
insertion.

Mechanism Analyses and Potential Prediction

Clarifying the mechanism of sodium
embedding is helpful for the follow-up experimental
research. Therefore, we analyze the mechanism of
sodiation in studied CNTs.

The doping of N and Ni improves the
electrochemical performance of CNTs both proved by
experiment and theory, which may originate from the
following causes. Firstly, the insertion of Na in the
studied CNT systems meets the adsorption mechanism
due to decreasing adsorption energy. Secondly, the
other cause may be that the larger heteroatom provides
larger space for Na. Thus, the sodiation mechanism in
the studied CNT systems meets the adsorption-filling
mechanism [32]

As to the designed N-CoCNT structure, it is
a candidate for excellent anode due to its better stable
six-member cycles and small barrier of Na transfer
than N-NiCNT.

Conclusions

In the paper, DFT is carried out to locate the
intrinsic causes why N-NIiCNT has better sodium
storage performance than undoped CNT. The
electronic structures, frontier molecular orbitals,
partial density of state, and sodiation barrier are
investigated. The results indicate that the sodiation
process meets the adsorption-filling mechanism and
the insertion of N and Ni can effectively decrease
barrier of Na transfer, provide larger space, and
strengthen structure stability. Besides, The N orbital
and Ni*¢ orbital interacts strongly, which consistent
with the experimental results. In addition, the designed
N-CoCNT anode possesses better stability, smaller
barrier than N-NiCNT due to the strong N-Co inter
action and is a promising candidate anode material.
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