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ARTICLE INFO ABSTRACT

Keywords: As an alternative to lithium-ion batteries (LIBs), sodium-ion batteries (SIBs) have attracted much attention
Carbon because sodium is abundant, cost-effective, and environmentally benign. However, due to the larger size of Na-
Anode

ion compared to the Li-ion, graphite does not work well as an anode for SIBs, as it does for LIBs. Here, based on
first-principles calculations, we show that the recently proposed topological semi-metallic carbon, HZGM-42, has
great potential as an anode material for SIBs. With a large capacity of 318.5 mAhg ™, low diffusion barrier of

Nodal-line semi-metallic
Sodium-ion battery

Prt 0.08-0.21 eV, low average open-circuit voltage of 0.43 V, and a small volume expansion of 1.85%, the all-carbon
topological quantum HZGM-42 has high energy density, good rate capability, and excellent cycling stability and
can serve as a universal anode material for both LIBs and SIBs.

1. Introduction power grids receiving increasing attention, the demand for large-scale

energy storage is growing rapidly [4,5]. Due to the limited lithium re-
Due to the excellent performance and successful commercialization, sources in continental crust with a concentration of 0.0018% [6], LIBs

LIBs are widely used in various technologies such as mobile devices, will not be able to meet the demand for large-scale energy storage de-

electric vehicles, and medical equipment [1-3]. However, with smart vices [7,8]. Therefore, it is crucial to find an alternative to lithium that is

* Corresponding author.
E-mail address: qianwang2@pku.edu.cn (Q. Wang).

https://doi.org/10.1016/j.jpowsour.2020.228746

Received 13 June 2020; Received in revised form 15 July 2020; Accepted 3 August 2020
Available online 29 August 2020

0378-7753/© 2020 Published by Elsevier B.V.


mailto:qianwang2@pku.edu.cn
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2020.228746
https://doi.org/10.1016/j.jpowsour.2020.228746
https://doi.org/10.1016/j.jpowsour.2020.228746
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2020.228746&domain=pdf

Y. Shen et al.

cheap and abundant. SIBs are considered to be suitable substitutes for
LIBs because of the high abundance of sodium in continental crust with a
concentration of 2.36% [6] as well as its environment-friendly nature
[9] and low cost [10,11]. However, due to the large ionic radius of Na
(1.02 A for Na vs 0.76 A for Li) as well as their different electrochemical
potentials [12,13], the anode materials that perform well in LIBs usually
show poor performance in SIBs [14,15]. For example, graphite, which is
commercially used in LIBs with great success, has a limited capacity of
only 35 mAhg ™! in SIBs [16,17]. Therefore, it is highly desirable to find
suitable anode materials for SIBs.

Much effort has been devoted to developing anode materials for SIBs,
and many such materials have been proposed. However, these materials
are usually accompanied by some disadvantages that affect their per-
formance. For instance, phosphorus and phosphide anodes do possess
large capacities, but they are plagued by large volume expansion
[18-20]. In addition, flammable and toxic PHj is produced during the
fabrication process, causing safety issues [21,22]. Metal oxide anodes
such as FeyO3 [23] and TiOy [24] suffer from poor electrical conduc-
tivity and toxicity (such as PbO [25]). Similarly, metal sulfide and
selenide anodes show relatively low conductivity and large volume
expansion [26-28].

Compared to the above materials, carbon anode for SIBs is of
particular interest because of its rich resource, low cost, various mor-
phologies, and environmental compatibility [29-31]. The recently
synthesized porous carbon materials used as the anodes for SIBs are
usually amorphous [32,33], where the disordered holes and defects
affect the transport of sodium ion and reduce electronic conductivity
[34]. Hence, it is important to find carbon-based anode materials having
regular channels and intrinsic high electrical conductivity. Recently, a
3D nodal-line semi-metallic porous carbon, HZGM-42, was proposed
[35] as a promising anode candidate for LIBs with a high theoretical
specific capacity of 637.71 mAhg ™!, a low energy barrier of 0.02 eV for
Li ion diffusion along the one-dimensional channels, and a small volume
change of 2.4% during charging and discharging operation. Since the
pore size in HZGM-42 is larger than the interlayer distance in graphite,
and its intrinsic good electrical conductivity is protected by the topol-
ogy, we expected this structure to have significant advantage over
disordered carbon, metal oxide, metal sulfide and selenide anodes
[23-28] that exhibit poor electrical conductivity. Our systematic
first-principles study confirms this expectation.

2. Computational methods

First-principles calculations based on density functional theory
(DFT) are performed using the projector augmented wave (PAW)
method [36] as implemented in the Vienna Ab initio Simulation Package
(VASP) [37]. The Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA) [38] is adopted to treat the
electron exchange-correlation interactions. The energy cutoff is set to
520 eV for the wave functions. For structure optimization, the conver-
gence thresholds of total energy and force are set as 107 eV and 10™*
eVA 1, respectively. The Brillouin zone is represented by a 4 x 4 x 21 k
points mesh within the Monkhorst-Pack scheme [39]. The nudged
elastic band (NEB) method [40,41] is used to calculate the diffusion
barriers of sodium ions. To obtain the lowest energy structure for each
Na adsorption concentration, we use the pymatgen package [42] to find
all possible structures with unconstrained symmetry for every interme-
diate concentration, and then calculate the energies with both electro-
static Ewald energy method and DFT, which has been adopted in many
previous studies [43-45].

3. Results and discussion
HZGM-42 is a 3D structure composed of zigzag graphene nano rib-

bons connected by the four-fold coordinated carbon chains as linkers.
The top view of the unit cell and the side view of the 1 x 1 x 4 supercell
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are shown in Fig. la and b, respectively. HZGM-42 has hexagonal
symmetry with 42 carbon atoms in its unit cell. The lattice parameters of
the fully relaxed structure are a = b = 16.80 A and ¢ = 2.46 A, which are
consistent with the previous results [35].

We first study the adsorption of a single Na atom on HZGM-42. To
avoid interaction between the Na atoms, we adopta 1 x 1 x 4 supercell.
Five possible nonequivalent initial adsorption sites are considered ac-
cording to the geometric symmetry of HZGM-42, as shown in Fig. 1a and
b. For convenience, the Na atom adsorbed at position x (x =1, 2, 3, 4, 5)
is labeled Na,. Naj, Nay and Nag reside in the small pore, while Na4 and
Nas are in the large pore of this structure. Specifically, Na; is located at
the corner of the triangle consisting of graphene nanoribbons, Nay is at
the bridge site of the side chain, and Nag is at the hollow site of the
triangle. Na4 is located near the bridge site of the side chain while Nas is
near the corner. To check the binding strength of Na atoms on these
adsorption sites, we calculate the adsorption energy (E,) using the
following formula:

Ey = E; —E| —Eng, (@)

Here, E5(E;) is the total energy of system with (without) the adsorbed
Na atom, and Eyy is the energy of one Na atom in its bulk phase. After
structure relaxation, Nay and Nas move to position 1, and Nas moves to
position 5. The adsorption energies for Na; and Nas are —1.22 and
—0.78 eV, respectively, indicating that Na can be easily absorbed on
HZGM-42. Bader charge analysis [46] shows that the charges on Na; and
Nag are 0.87 and 0.88 electrons, respectively, indicating that most of the
3s electrons of Na atom are transferred to the substrate, leading to good
binding between the Na-ions and the carbon substrate. Meanwhile, the
strong Coulomb repulsion between Na ions will prevent them from
clustering, thus ensuring a good performance of the anode.

Next, we calculate the energy barrier for Na-ion diffusion in HZGM-
42 to determine the rate capability. According to the structural sym-
metry and Na adsorption sites, we select two possible diffusion path-
ways, marked as path 1 and path 2 in Fig. 2a. The diffusion energy
barrier profiles for path 1 and path 2 are calculated and plotted in Fig. 2b
and c, respectively. The corresponding diffusion barriers are 0.08 and
0.07 eV, respectively, which are much lower than that in many other
anode materials for SIBs, such as T-Co4 (0.13 eV) [34], 1T-MoS, (0.28
eV) [47], 2H-MoS, (0.68 eV) [47] and Siy4 (0.68 eV) [48]. For the
convenience of comparison, these results are summarized in Table 1.
The low diffusion barrier indicates that Na-ions can migrate easily in the
structure. Due to the intrinsic high electrical conductivity protected by
the topology of this structure, HZGM-42 possesses good rate capability.

We explore the maximum capacity of HZGM-42 by gradually
increasing the amount of adsorbed Na, and find that the maximum
adsorption corresponds to NaCy, leading to a theoretical maximum
specific capacity of 318.5 mAhg ™! (see Fig. 1c and d). This capacity is
much larger than that of many other reported SIB anodes, including Siz4
(159 mAhg 1) [48] 1T-MoS; (86 mAhg 1) [47], 2H-MoS; (146 mAhg 1)
[471, ISN (159.5 mAhg™!) [49] and T-Cy4 (232.6 mAhg™!) [34] (see
Table 1), indicating that HZGM-42 is a promising anode material for
SIBs with high capacity.

To further examine the migration of Na-ions, we consider the system
with maximum Na concentration, namely, NaC;. We remove one Na-ion
from the fully adsorbed structure and study the diffusion of the resulting
vacancy. As shown in Fig. 3a, two paths are selected according to the
symmetry of the structure. The corresponding energy barrier plots are
shown in Fig. 3b and c. One can see that although the barriers of path 1
(0.21 eV) and path 2 (0.10 eV) are larger than those of single Na-ion
diffusion, these values are still quite small. The low diffusion barriers
of vacancy indicate that Na-ions can migrate smoothly even at a high
concentration, leading to a good rate capability for HZGM-42.

To study the battery performance, we calculate the average circuit
voltage by using the following half-cell reaction model:
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Fig. 1. (a) Top and (b) side views of the geometric structure of a 1 x 1 x 4 supercell of HZGM-42 with five possible adsorption sites. The magnified images for these
absorption positions are also plotted in (a). (c) Top and (d) side views of the stable adsorption structure with the maximum Na concentration (NaCy).
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Fig. 2. (a) Two possible diffusion pathways of Na-ions in HZGM-42. (b) and (c) present the corresponding energy barrier plots for diffusion along path 1 and path 2,

respectively.

Table 1

Diffusion barrier (in eV), specific capacity (in mAhg’l), open-circuit voltage (in
V) and percentage volume change (%) of HZGM-42 and some other reported
anode materials for SIBs.

Materials Diffusion Specific Open-circuit Volume
barrier capacity voltage change
HZGM- 0.08 318.5 0.43 1.85
42
sigs 0.68 159 0.30 2.30
1T-MoS%’  0.28 86 1.25 27.5
2H- 0.68 146 0.75 27.1
MoS3”
ISN* 0.005 159.5 1.35 2.80
T-C3% 0.13 232.6 0.54 0.94

(x2 —x1)Na* + (x, —x;)e” +Nay — HZGM — 42 < Na,, — HZGM — 42
(2
Ignoring the effect of volume, pressure and entropy, we calculate the

average voltage V in the concentration range x; < x < X2 using the
following equation:

- ENaxl—HZGM—42 - ENaxz—HZGM—AZ + (Xz - Xl)ENa
I

1%

3
X2 — X

Here, Eng,-nzom—42 and Eng,_nzem-s2 are the total energies of Na

absorbed structures with concentrations of x; and xz, respectively. To

obtain the total energies for the five different intermediate concentra-

tions (Na,C7: x = 0.167, 0.333, 0.5, 0.667, and 0.833), the optimal

structures for each of these concentrations need to be determined. We
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Fig. 3. (a) Two possible diffusion pathways of the vacancy in HZGM-42. The red spheres in (a) represent the vacancy. The corresponding energy barrier plots for
diffusion path 1 (b) and path 2 (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

chose twenty configurations for each adsorption concentration and find
the configuration with lowest energy as the optimal structure. The
schematics of optimal structures for the five intermediate concentrations
are plotted in Fig. 4, where Na-ions tend to be uniformly dispersed in the
structures to reduce the Coulomb repulsion, thus leading to lower total
energies. We note that the structures of HZGM-42 still remain nearly
intact when Na atoms are adsorbed at different concentrations, sug-
gesting that HZGM-42 can work stably during the charging and dis-
charging process.

Based on the optimal structures, the variations of the binding en-
ergies of Na-ions and the voltage with Na concentration are plotted in

@ (b)

->

Fig. 5a and b, respectively. As the concentration increases, the absolute
value of the binding energy gradually decreases because of the repulsive
interactions between the Na-ions. In the whole adsorption process, the
voltage curve can be divided into two voltage plateaus, separated by the
concentration of 0.167, at which the voltage drops from 1.04 to 0.47 V.
After that, the voltage slowly decreases from 0.47 to 0.22 V with
increasing concentration. The voltage value remains positive
throughout the whole concentration range, implying that the half-cell
reaction can proceed spontaneously until it reaches the final state
NaCy, resulting in a fully reversible capacity of 318.5 mAhg ™. In order
to better characterize the overall voltage, we calculate the average open-

(©

configurations of Na,C,

x=0667 Cx=0833

Fig. 4. Top and side views of the most stable configuration of Na,C, with (a) x = 0.167, (b) x = 0.333, (c) x = 0.5, (d) x = 0.667, and (e) x = 0.833.
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circuit voltage by numerically averaging the whole voltage profile. The
average open-circuit voltage of HZGM-42 is calculated to be 0.43 V,
which is lower than the value of 1T-MoS5 (1.25 V) [47], 2H-MoS- (0.75
V) [47], ISN (1.35 V) [49] and T-Cy4 (0.54 V) [34]. The low average
voltage is favorable for a high voltage fully assembled battery when the
anode is connected with the cathode.

Among the parameters measuring the anode performance, cycling
stability is also important, as it reflects the long-term performance of an
anode. If the structure of an anode material undergoes serious defor-
mation after adsorption, the properties of the anode, such as capacity,
would rapidly degrade after a few cycles [50,51]. To evaluate the cyclic
stability of HZGM-42, we calculate the percentage of volume change
after full Na adsorption, which is found to be 1.85%. This change is
much smaller than the reported values for other systems: 10.6% for hard
carbon [52], 27.5% for 1T-MoS, [47], and 27.1% for 2H-MoS, [47], and
is even smaller than that for Sip4 (2.3%) [48] and ISN (2.8%) [49]. These
results indicate that HZGM-42 may possess excellent cycling stability.

4. Conclusions

Different from previous studies of topological quantum materials
either for LIBs [35,53-55] or SIBs [34,49], we have found, for the first
time, that the recently proposed porous nodal-line semi-metallic carbon
HZGM-42 is a good candidate for SIBs anode as it is for LIBs. Based on
first-principles calculations, we have demonstrated that HZGM-42 has
the following attractive characteristics: (1) a higher capacity of 318.5
mAhg™!, as compared to many other SIB anode materials; (2) low
diffusion barrier of 0.08-0.21 eV, indicating good rate capability; (3)
low average voltage of 0.43 V, showing voltage advantage when
constituting a full battery; and (4) low volume expansion of 1.85%.
Considering that HZGM-42 as an anode material for LIBs has a high
theoretical specific capacity of 637.71 mAhg ™!, a low energy barrier of
0.02 eV, and a small volume change of 2.4% [35], we conclude that it
could serve as a universal promising all-carbon quantum topological
anode material, going beyond the existing studies. We hope that our
study will stimulate further experimental effort in this direction.
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