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ABSTRACT: Using the density functional theory method,
we demonstrate that the recently synthesized three-dimen-
sional carbon-honeycomb (C-honeycomb) can serve as a
promising nanoporous scaffold for both lithium and sodium
deposition with good electronic conductivity. Lithium/
sodium can insert into the channels of C-honeycomb with
low migration energy barriers along the walls of one-
dimensional pores (<0.5 eV for lithium and <0.25 €V for
sodium) and exist in the form of metal nanorods. A high
theoretical capacity (711 mAh/g, almost twice that of
graphite) can be achieved when the one-dimensional pores

are filled with lithium/sodium atoms. The volume expansion of the C-honeycomb after metal insertion is less than 5 and 15%
for lithium and sodium, respectively. Further introduction of defects such as pyridinic-N doping or single vacancy can provide
initial nucleation sites for the metal nanorods and increase the open-circuit voltage.

1. INTRODUCTION

Along with the development of lithium-based batteries,
conventional graphite anodes can no longer provide
satisfactory performance due to their low theoretical capacity
(372 mAh/g)." New anode materials with higher capacity,
such as silicon and tin, have been proposed and have attracted
considerable attention in recent years.” > However, as the
lithium atoms are stored based on an alloy mechanism, these
anode materials suffer from severe volume expansion when
providing high capacity, which can cause pulverization of the
anode materials and seriously lower the cycle performance.
Employment of nanomaterials’ ' can significantly alleviate
the volume expansion and provide a longer cycle life, but the
resulting volumetric energy density will be much lower and a
large amount of solid electrolyte interphase will be formed due
to the large surface area. Therefore, three-dimensional (3D)
bulk materials, which can provide high capacity, good
electronic conductivity, and small volume expansion, will be
the ideal candidates for lithium anodes. On the other hand,
sodium-based batteries have been regarded as promising
alternatives for lithium-based batteries due to the abundance
and low cost of the sodium element."' ™" Due to the larger
atom size, sodium can hardly intercalate into the graphite
interlayers and the corresponding capacity is lower than 50
mAh/g."" Other possible anode materials, such as phosphorus,
suffer from the same problem of large volume expansion as that
of alloy-based lithium anode materials.'“™>° Thus, a new
sodium anode material with high capacity and small volume
expansion is urgently needed.
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In addition to graphite, various kinds of three-dimensional
carbon structures, such as T6- and T14-carbon,”’ inter-
penetration graphene networks,”” 16-atom body-centered
orthorhombic unit cells (bco-C),”* and Hex-C;,>" have
been predicted based on ab initio calculations. Recently,
Krainyukova et al.”> have successfully synthesized a new stable
allotrope of carbon, named carbon honeycomb (C-honey-
comb, C-h), via deposition of vacuum-sublimated graphite.
Later, theoretical calculations”* ™’ confirmed that the stable C-
honeycomb structure is composed of graphene nanoribbons
connected by sp® carbon atoms as junctions, as shown in
Figure 1. The C-honeycomb exhibits superior mechanical and
thermal properties, and the aligned one-dimensional (1D)
channels in the C-honeycomb make it a promising material for
gas adsorption”® and lithium/sodium storage. As the radius of
the 1D channels of the C-honeycomb is much larger than the
interlayer spacing of graphite, we propose that different from
graphite, where lithium atoms intercalate between the
interlayers and exist as separated atoms, lithium/sodium
atoms may insert into the 1D channels and nucleate into
metal nanorods, thus providing a much higher capacity. The C-
honeycomb can be regarded as a nanoporous lithium/sodium
deposition scaffold. Its nanoscale pore size makes it much safer
than the microporous lithio/sodiophilic frameworks,*°™** in
which lithium/sodium can form a large-scale continuous phase.
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Figure 1. Geometry of C-honeycomb from (a) side, (b) top, and (c)

perspective views.

2. COMPUTATIONAL METHODOLOGY

All the computations were performed using the Abinit
software package with the Perdew—Burke—Ernzerhof general-
ized gradient approximation®’ and the projector augmented
wave method.”® Grimme’s DFT-D2°? correction was adopted
to account for the van der Waals interaction. The cutoff energy
was set to be 20 Ha. The k-point mesh was set to be <0.06 A™!
for geometry optimization and <0.03 A™" for the calculation of
density of states. All of the structures were fully optimized to a
force tolerance of 0.01 eV/A. The migration energy barriers of
lithium/sodium inside the C-honeycomb were calculated using
the climbing image nudged elastic band method,*® and 15
images were used. The binding energies were calculated as*'

34—-36

Eping = (Echem — Econ = npyg) /n (1)
and the adsorption energies were calculated as

Eu4s = (Ecohem — Econ — nEp)/n ()

where Ecy,\ is the total energy of lithium/sodium atoms
adsorbed on the C-honeycomb, E, is the total energy of the
C-honeycomb, n is the number of lithium/sodium atoms
adsorbed, py; is the chemical potential of metallic lithium/
sodium atom, and E; is the energy of a single lithium/sodium
atom. The open-circuit voltage (OCV) was estimated by*'

OCV % [Epycoh = Emeyeon + (0 = 21/ (x5 — x))e
3)
where Eyp, cp and Ey cp, denote the total energy of the C-
honeycomb adsorbed with x; and x, lithium/sodium atoms.

3. RESULTS AND DISCUSSION

3.1. Geometry and Electronic Conductivity of
Carbon-Honeycomb. We optimized the geometry of the
C-honeycomb based on the structure proposed by Pang et
al,*® and the 6-6-6 sp° junction was chosen instead of the 5-5-8
junction owing to its lower cohesive energy.”””” A1 X 1 X 2
supercell consisting of 88 carbon atoms was adopted for
further calculations. The detailed geometry of the optimized C-
honeycomb is shown in Figure 1, and the diameter of the 1D
channels is about 1 nm. In addition to the pristine C-
honeycomb, the C-honeycomb may also accommodate the
same type of defects as graphene at low energy cost as
predicted by Zhu and Tomanek.* Thus, we further considered
the influence of pyridinic-N doping and formation of single
vacancy toward the performance of C-honeycomb as anode
material (illustrated in Figure 2al,a2). The calculated density
of states in Figure 2b shows that the pristine C-honeycomb
exhibits a small band gap of about 0.5 eV, while after the
introduction of pyridinic-N doping or single vacancy, the
density of states at the Fermi level becomes a positive value,
which indicates better electronic conductivity. These results
ensure that the C-honeycomb can provide sufficient electronic
conductivity when serving as lithium/sodium anode material.
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Figure 2. Geometry of (al) pyridinic-N doping and (a2) single vacancy. (b) Density of states of pristine C-honeycomb, C-honeycomb doped with
pyridinic-N, and C-honeycomb with single vacancy, where the dashed line represents the Fermi level.
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Figure 3. Perspective view of a 1 X 1 X 2 pristine C-honeycomb supercell filled with (al)—(a3) 1, 14, and 28 lithium atoms packed in hexagonal
form; (b1)—(b3) 1, 14, and 28 lithium atoms packed in cubic form; and (c1)—(c3) 1, 14, and 28 sodium atoms packed in cubic form.

3.2, Lithium/Sodium Insertion into Carbon-Honey-
comb. The binding energies of lithium/sodium at different
concentrations on the C-honeycomb were calculated. For a
single lithium/sodium atom, several possible lithium/sodium
adsorption sites on the pristine C-honeycomb were studied, as
shown in Figure S2. From the binding energies listed in Table
S2, the interactions between lithium/sodium atoms and C-
honeycomb are relatively weak and the binding energies are
positive, similar to the case of pristine graphene.” Then, we
tried to increase the lithium/sodium insertion concentration.
On the basis of the size of the nanochannel, the highest
amount of lithium/sodium that can be inserted is (Li/
Na),5Cgg, corresponding to a capacity of 711 mAh/g. Two
packing forms of lithium/sodium inside the channels were
considered. The first one, named “hexagonal form”, was
constructed based on the most stable single-atom adsorption
site, where six lithium/sodium atoms were attached to their
most stable adsorption site on the wall, then another lithium/
sodium atom is ahead of the hexagonal ring formed, as shown
in Figure S3a. The second one, named “cubic form”, was
constructed based on the bulk structure of lithium/sodium

metal, where the lithium/sodium atoms were packed in the
same way as their bulk form, as shown in Figure S3b,c. After
geometrical optimization, the hexagonal packing form becomes
unstable for sodium and will transform into cubic form during
the structural optimization process. The perspective view of C-
honeycomb after 50 and 100% lithium/sodium insertion is
shown in Figure 3. For lithium packed in cubic form inside the
C-honeycomb, the latter will undergo a significant structural
deformation, where the C-honeycomb lattice parallel to the
direction packed with more lithium atoms will elongate. As
shown in Figure 4, after the insertion of 50% lithium/sodium,
the binding energies will be reduced compared to the single-
atom cases, and the lithium binding energy will become
negative, suggesting that the insertion of lithium into the C-
honeycomb channels at high concentration is thermodynami-
cally favorable compared to forming a segregated lithium
phase. After the insertion of 100% lithium/sodium, the binding
energies will be further reduced and the sodium binding energy
will become very close to zero (+0.01 V). The reduced
binding energy comes from the cohesive energy of metal
packing, and the cubic form packing is more stable compared
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Figure 4. Binding energies of lithium/sodium onto pristine and defective C-honeycomb (C-h) at different concentrations.
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Figure 5. (a) Averaged open-circuit voltage of pristine C-honeycomb (C-h), C-honeycomb doped with pyridinic-N, and C-honeycomb with single
vacancy as the anode material for lithium- and sodium-ion batteries (b) volume change of pristine C-honeycomb, C-honeycomb doped with
pyridinic-N, and C-honeycomb with single vacancy when filled with 50 and 100% lithium or sodium atoms. The symbols in (b) were linked to

guide the eye.

to the hexagonal form, thus contributing to more cohesive
energy and resulting in lower binding energy.

The pristine C-honeycomb can provide negative binding
energies toward lithium at high concentrations, but cannot
stabilize the adsorption of a single lithium atom and sodium
atoms at all concentrations. Introduction of defects such as
nitrogen doping or vacancy has been proven to be an effective
strategy to enhance the interaction between metal atoms and
graphene basal plane.**”* Therefore, we start to study the
lithium/sodium binding onto the defective C-honeycomb. In
addition to the pyridinic-N doping and single vacancy
mentioned above, graphitic-N doping was also studied as
shown in Figure S4. However, from the calculated binding
energies as listed in Table S3, the graphitic-N doping shows
little influence toward the binding energies; thus, it is not
considered for further discussions. The other form of reported
N doping, the pyrrolic-N doping, requires larger graphene
nanoribbons and cannot be properly constructed in our case.

21265

Figures S6—S11 show the geometries of lithium/sodium
insertion inside C-honeycomb with pyridinic-N doping and
single vacancy. The most stable binding site will change due to
the introduction of defects, and the packing form will be
altered slightly. Figure S12 shows the electron distribution of
C-honeycomb doped with pyridinic-N and C-honeycomb with
single vacancy. It is found that the introduction of these defects
creates an electron-deficient area in the C-honeycomb, which
can help trap the lithium/sodium atoms. Figures S13 and S14
show the charge transfer between adsorbed lithium/sodium
atoms and pristine C-honeycomb, C-honeycomb doped with
pyridinic-N, and C-honeycombs with single vacancy. It is
found that the area involved in the charge-transfer process
becomes larger after the introduction of pyridinic-N doping
and single vacancy, which may explain the stronger adsorption
behavior.

The binding energies of lithium/sodium on defective C-
honeycomb at different concentrations can be found in Figure
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Figure 6. Lithium migration along C-honeycomb channels following (al) path A and (a2) path B; sodium migration along C-honeycomb following
(b1) path A and (b2) path B. (c) Migration energy barriers for lithium/sodium in C-honeycomb.

4. For a single lithium/sodium atom, the binding energy will be
greatly lowered after the introduction of pyridinic-N doping or
single vacancy. With more lithium/sodium inserted, the
influence of defects will be averaged, making the binding
energies higher but still negative. These results show that the
introduction of defects such as pyridinic-N doping or single
vacancy is necessary to lure the lithium/sodium atoms to be
inserted into the C-honeycomb channels. Afterward, the
inserted lithium/sodium atoms will be trapped on the defect
sites and serve as nucleation sites for metal nanorod growth. A
small number of defects (3.4% pyridinic-N doping or 1.1%
single vacancy) can ensure that the whole insertion process is
thermodynamically favorable, which can be realized in
experiments easily."" >’

The calculated averaged open-circuit voltage (OCV) of
pristine and defective C-honeycomb is shown in Figure Sa.
Except in the case of sodium in pristine C-honeycomb, all of
the OCVs are small positive values, which is similar to that of
graphite.”* The small positive OCVs will ensure the insertion
of lithium/sodium inside the C-honeycomb channels and
provide a large cell voltage. The volume expansion after
lithium/sodium insertion is shown in Figure Sb. For lithium
packed in hexagonal form, the volume shows a very slight
change within 5%, while for lithium packed in cubic form, the
volume shrinks about 15% when the channels are fully filled
due to the structural deformation mentioned above. For
sodium, the volume expansion is within 15% for all of the
cases. The detailed lattice parameter changes can be found in
Figures S15—S20.

3.3. Lithium/Sodium Migration Inside Carbon-Honey-
comb. We then calculated the migration energy barriers of
lithium and sodium inside the channels of C-honeycomb. Two
migration pathways were considered for both cases, as shown
in Figure 6a,b, path A is that the lithium/sodium atom directly
migrates from one most stable adsorption site to the next most
stable adsorption site (walll — walll for lithium and wall2 —
wall2 for sodium), and path B is that the lithium/sodium first
migrates to the nearest metastable adsorption site and then

migrates to the other most stable adsorption site (walll —
wall2 — walll for lithium and wall2 — walll — wall2 for
sodium). From Figure 6¢, the migration energy barriers are
smaller than 0.5 eV for lithium and smaller than 0.25 eV for
sodium, similar to our previous results on lithium/sodium
migration energy barriers on pristine graphene.*’ These small
energy barriers indicate that lithium/sodium atoms can
migrate fast inside the 1D channels during the discharge/
charge process, thus providing good rate capability.

It is worth mentioning that in addition to the C-honeycomb
structure discussed in this work, there exist many other kinds
of possible 3D carbon network structures made up of graphene
nanoribbon arrays and junctions.”>”>* We expect that these 3D
carbon networks share similar electrochemical properties to
the C-honeycomb discussed here when serving as lithium/
sodium anode materials. Moreover, with a larger pore radius,
the theoretical capacity can be further increased and the
binding energies at high lithium/sodium concentrations can be
further lowered.

4. CONCLUSIONS

In conclusion, we explored the feasibility of using the recently
synthesized C-honeycomb as nanoporous scaffold for lithium/
sodium deposition using the density functional theory method.
Calculation results show that lithium/sodium can insert into
the 1D channels of C-honeycomb with low migration energy
barriers and be packed inside as metal nanorods, thus
providing a high capacity of 711 mAh/g. Introduction of
defects such as pyridinic-N doping or single vacancy can
significantly lower the binding energies at low lithium/sodium
concentrations and provide nucleation sites for further
lithium/sodium insertion. Other possible 3D carbon networks
sharing a similar structure to C-honeycomb may also be
promising lithium/sodium anode materials with even higher
capacity depending on their pore size. We hope that these
results will provide a new direction to the search of lithium/
sodium anode materials.
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