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Abstract

By means of density functional theory computations, we systematically
investigated the behavior of lithium (Li) adsorption and diffusion on MoO; with
different dimensions: including three-dimensional (3D) bulk, two-dimensional (2D)
double-layer, 2D monolayer and one-dimensional (1D) nanoribbons. The Li binding
energies and diffusion barriers are comparable in MoO; bulk and double-layer.
Reducing the dimension to MoO3s monolayer simultaneously lowers the Li diffusion
barrier and the interaction between Li atoms and MoO; monolayer. Cutting MoQOs3
monolayer into 1D nanoribbons can further facilitate the diffusion of Li atoms, and
enhance the Li binding energies. Especially, Li diffusion on nanoribbons is rather
facile along both the axial and the transverse directions. These computational results
demonstrate that due to the dimensional reduction, MoO3 monolayer nanosheets and
nanoribbons have exceptional properties (good electronic conductivity, fast Li
diffusion, high operating voltage and high energy density), thus are promising as

high-rate Li ion battery electrodes.

Keyword: Molybdenum oxide, two-dimensional structures, nanoribbons, cathode

materials, lithium ion batteries, density functional calculations.
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1. Introduction

Electrochemical energy storage devices are indispensable in solving
environmental and sustainability problems associated with fossil fuels.' Among
them, rechargeable lithium-ion batteries (LIBs) have been widely used from portable
electronics to electric vehicles and grid storage. However, the further success of LIBs
technology depends on the development of new electrode materials with superior
electrochemical properties that can offer higher energy and power density at an
affordable cost and acceptable safety.

Layered metal oxides/sulfides, such as V205,3’4 MOO3,5 MoSz,6 SHSz,7 with
strong intralayer covalent bonding and weak van der Waals coupling between layers,
are usually used as cathodes,® since the layers provide more opportunities of
intercalation and good mobility for the electrolyte ions, which leads to a better
utilization of the high surface area offered by the layers.

Molybdenum oxide (MoOs3), whose crystal structure of a-MoOs; was first
determined in 1931, has a layered orthorhombic arrangement with space group of
Pnma, and contains four formula units of MoQOj3 per unit cell. The MoOj3 single sheet
adopts a bilayer structure with both sides of surface terminated with oxygen atoms O1;
the intralayer is bridge-connected by oxygen (O2) along (100) direction (a-axis
direction in Figure 1) and corner-linked along (001) direction (c-axis direction in
Figure 1); the interlayer is combined by the Mo-O bonds where O is tri-coordinated
(O3), and the interlayer Mo-O bonds are almost perpendicular to the layer surface.

Because of these structural characteristics, MoOj3 has been extensively employed
as LIB cathode materials, which can deliver the capacities of 200-400 mA h g’
between 1.5 and 3.6 V via an intercalation mechanism.'* " Low-dimensional

0-MoO; nanostructures, fabricated by a variety of experimental routes, have been
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used as efficient LIBs electrode materials, since the dimension reduction from bulk to
nanoscale can help release the huge stresses and strains, accommodate the volume
change, and increase the intercalation rate during charging/discharging. For example,

1

. 5 .
MoO; nanoparticles, 2 MoOs; nanorods,1 » 22 MoO;_, nanowire arrays 2 and

carbon-coated MoO; nanobelts’* were found to be stable and of enhanced lithium
storage capabilities; MoOj thin films exhibit high-rate Li-ion intercala‘tion;zs’26 as a
cathode material, MoOj; nanobelts show higher capacity and better cycle ability in the
high rate performance over bulk a-MoO3."*'*!® Because of the improved performance
of these nanomaterials, we expect that MoO; monolayer nanosheets and nanoribbons
may be used as promising cathode materials for high performance rechargeable
batteries.

In this work, we systemically investigated the adsorption and diffusion properties
of single Li atom on three-dimensional (3D) bulk, two-dimensional (2D)
double/single-layer and one-dimensional (1D) nanoribbon of MoQOs, as well as their
lithium storage capacity by means of density functional theory (DFT) in order to gain
insights into the performance of the MoO3; monolayer nanosheets and nanoribbons as
LIB cathodes. Binding energies (E,) and diffusion energy barriers (Eg) are two
important factors that affect electrochemical performance.”> A larger positive
adsorption energy indicates a more favorable exothermic lithiation reaction between
cathode materials and lithium, and Li will diffuse at a faster rate if the diffusion
energy barrier is reduced. Our studies showed that double-layer MoO3 has comparable
Li binding energy and Li diffusion barrier as the bulk MoOs, monolayer has
simultaneously decreased binding energy and diffusion barrier; dimension reduction
to nanoribbons further lowers the Li diffusion barriers along certain routes, while

enhances Li binding energies compared to monolayer, even to bulk. The above results
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indicate that MoO3; monolayer and nanoribbons are promising as cathode materials for
Li-ion batteries with a high power density and fast charge—discharge rates,

highlighting the importance of dimension reduction for designing LIB cathodes.

2. Computational Methods

All density functional theory (DFT) computations were performed by using the
plane-wave technique as implemented in the Vienna ab initio simulation package
(VASP).? The ion—electron interaction is described with the projector augmented wave
(PAW) method.* A 500 eV cutoff was used for the plane-wave basis set. The
exchange-correlation energy is described by the functional of Perdew, Burke, and
Ernzerhof (PBE).” To investigate single Li adsorption and diffusion in the
MoOs-based nanostructures, the bulk/double-layer/monolayer (nanoribbon) was
modeled ina 3 x 3 x 1 (3 x 1 x 1) lateral supercell and separated by 12 A of vacuum.
The geometry optimizations were performed by using the conjugated gradient method,
and the convergence threshold was set to be 10* eV in energy and 107 eV/A in force.
The Brillouin zone was represented by Monkhorst—Pack special k-point mesh of 4 x 8
x4,4%x4x1and 4 x 1 x 1 for three-dimensional (3D) bulk, two-dimensional (2D)
sheets and one-dimensional (1D) ribbons, respectively. The PBE-D2 method,6 which
introduces dispersion interactions by using an empirical potential of the form C¢R™,
was adopted for the geometry optimization of bulk and double-layer. Furthermore, the
climbing-image nudged elastic band (CI-NEB) method’ implemented in VASP was
used to determine the diffusion energy barriers and the minimum energy pathways for
Li diffusion in the bulk/double-layers and on the monolayer sheet/nanoribbons.

In our study, the Li binding energy, Ey, is defined as E, = E(MoQOs) + E(Li)

—[E(Li-Mo0Os3), where E(Li-Mo00O3), E(MoO3), and E(Li) are the total energies of
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Li-adsorbed MoQOs; (bulk, double-layer, and monolayer sheet/nanoribbon), the energy
of an isolated Li atom, and the energy of pristine MoOs, respectively. According to
this definition, a more positive binding energy indicates a more favorable exothermic

lithiation reaction between MoQj3 and Li atoms.

3. Results and Discussion

3.1. Li adsorption and diffusion in bulk MoQO3 and 2D double-layers.

We first examined the adsorption and diffusion of Li atom in the bulk phase of
MoOs. A 3x3x1 supercell for MoO3 bulk was used, which consists of 36 Mo atoms
and 108 O atoms. Two possible sites for lithiation in MoOj3 bulk are: (1) O1H at
which Li sits at the hollow site of one layer pointing to the terminal O1 of the adjacent
layer (Figure 1b); (2) 0203 at which Li locates between the bridge oxygen O2 of one
layer and the tri-coordinated oxygen O3 of the other layer and is surrounded by four

surface terminal O1 atoms (Figure 1a,c).
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Figure 1. Top (upper panel) and two side (middle and lower panels) views of the
optimized geometries with a Li atom adsorbed at the 0203 site (a, c), and O1H site
(b) of MoO; bulk. The cyan, red, and pink balls denote Mo, O and Li atoms,
respectively. (d) Energy profiles for Li diffusion in MoO; bulk between two 0203
sites through an O1H site along a-axis (red curve) and c-axis (black curve) directions,

respectively.

Our computations showed that Li atom prefers to adsorb at the 0203 site (Figure
la,c) with a binding energy of 4.15 eV, the newly formed Li-O bonds are in the range
of 1.94~2.03 A. The lithium adsorption at the O1H site (Figure 1b) is also
energetically favorable (with a binding energy of 3.92 eV); in this case, the newly
formed Li-O bonds between Li and O around the hollow site in the same layer are

1.94~2.25 A, and the distance between Li and the terminal O is 1.94 A.
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Furthermore, we studied the Li atom diffusion in MoO3; bulk between two
neighboring 0203 sites, passing through an O1H site along both a-axis and c-axis
directions (Figure 1d). The computed diffusion barriers are 0.76 and 0.53 eV,
respectively, indicating that Li atoms can relatively well diffuse in bulk MoOs, and Li
atoms prefer to diffuse along c-axis.

As a comparison, we also studied the Li adsorption and diffusion in MoOs 2D
double-layers. The interlayer surface-oxygen distance of double-layer (2.79 A) is
slightly larger than that (2.78 A) in the bulk phase. As a consequence, the Li-O bonds
are slightly longer (1.94~2.04 A and 1.95~225 A at 0203 and OI1H sites,
respectively) than those in MoO; bulk. The Ej, values of Li at 0203 and O1H sites
are 4.14 and 3.91 eV, respectively, almost the same as those in bulk phase. The
diffusion barriers (Eg) of Li from 0203 site to O1H position, 0.74 and 0.51 eV along
a-axis and c-axis directions, respectively, are also comparable to those in the bulk.

Thus, reducing the dimension from 3D bulk to 2D double-layer does not bring
any significant effect on the Li binding energies or diffusion barriers. Though Li can
well diffuse in 3D bulk and 2D double-layer, to further increase the Li mobility, the

diffusion barrier needs to be lowered. It is expected that Li can diffuse faster on the

MoO3; monolayer/nanoribbons since some hindrance can be avoided.

3.2. Li adsorption and diffusion on 2D MoO3; monolayer.
2D atomic crystals typically possess larger surface volume ratio compared to their
3D bulk counterparts, providing more sites for lithium adsorption. For example,

7 B/N-doped graphene, #

theoretical studies have demonstrated that TizC,, 2
Li4sNiTeOg, 2 BSi; silicene®® and VS, monolayer3 U are promising electrodes for

lithium-ion batteries. Recently, the impressive experimental and theoretical progress
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on graphene-analogous low-dimensional materials (2D nanosheets and 1D
nanoribbons) and their applications for lithium ion batteries have been thoroughly
reviewed.”™ In this section, we explored the behavior of lithium adsorption and
diffusion on 2D MoO; monolayer.

On MoO3; monolayer (Figure 2a), the bridge-oxygen site (02) is most favorable
for lithiation (E, = 4.09 eV), slightly larger than that at the O3 site (E, = 4.06 eV).
The Li binding strength at the hollow site (H) is comparable to that at the O2 site
(4.05 eV), while the terminal oxygen site (O1) is less favorable (E, = 3.58 eV).
Different to the pronounced reduced Li binding upon the dimension reduction from
3D to 2D in the C3B34 and MoSz6 materials, the highest Li binding energy in MoO;
monolayer is only 0.06 eV lower than that for the most favorable site in MoOs bulk
(4.15 eV), which originates from the shortened Li-O bond lengths in the monolayer

(see Table 1) compared to bulk, though the Li coordination is reduced.
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Figure 2. (a) Various Li adsorption sites in a MoOs; monolayer, and possible Ii
diffusion routes. The cyan (light cyan) and red (light red) balls denote Mo and atoms
of the first (second) layer, respectively. (b) Energy profiles for Li diffusion on MoOs

monolayer in different routes, the energy of Q2 site was set as zero.

We examined four possible diffusion routes for Li on MoO3; monolayer (Figure
2a), namely, migrating along a-axis direction: Route a-1 (O3—H—03) and Route
a-2 (02—01—-02); migrating along c-axis direction: Route c-1 (02—H—02) and
Route ¢-2 (03—01—03). The corresponding diffusion barriers (0.11 and 0.10, 0.20
and 0.16, 0.52 and 0.01, 0.48 and 0.00 eV, respectively, Figure 2b) are dramatically
lower than the diffusion barriers in the bulk phase (0.53 and 0.76 eV) and double
layer (0.51 and 0.74 eV). The Li atom is apt to diffuse from one O3 (0Q2) site to
another passing through a H site along a-axis (c-axis) direction, the diffusion barriers

are rather low, 0.11 and 0.01 (0.20 and 0.16) eV.
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3.3. Li adsorption and diffusion on MoQO; nanoribbons (NRs)

Cutting 2D materials into 1D nanostructures may change the electronic and
magnetic properties due to the edge effect, and thus it may alternate the behavior of Li
adsorption and diffusion. Inspired by previous findings that cutting graphene or MoS,
nanosheets into 1D nanoribbons can significantly enhance the Li binding energies,”®
we expected that the enhanced Li binding could also exist in MoO; NRs. In this
section, we focus on the adsorption and diffusion of Li atoms on the MoO; NRs.
Notably, in our previous work, we found that the MoO3; NRs cut along c-axis with
even number width (c-Ne) and with both edges terminated by alternative
projecting-oxygen have the smallest edge formation energies (Egr) among all the
nanoribbons, and the MoO3; NRs cut along a-axis with odd number width (a-No) also
have small Egg values.*® Therefore, we chose /2-¢ and 1/-a MoO3; NRs as the models
to study the Li adsorption and diffusion on the MoO3; NRs. Here the 1 x 1 x 3 and 3 x
1 x 1 supercells with one adsorbed Li atom were used to investigate the Li adsorption,
which correspond to a chemical stoichiometry of Mo3sOjpsli and Mo330g9lii,
respectively. In the following section, we will first discuss the Li adsorption and
diffusion on /2-¢ NR, then on //-a MoO3; NR.

MoQOj3; bulk, monolayer and nanoribbons were characterized as a wide band
semiconductors,36 recent DFT study showed that the lithium inserted a-MoOs bulk
are metals,3 " and our calculations demonstrated that the single-Li-intercalated 12-c

and /7-a NRs also exhibit metallic behavior (Figure S1).

12-c NR.

In lack of symmetry, many unique sites for lithiation are available along the
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periodic direction of 12-c MoO3s NR (c-axis direction). In this study, we considered all
the possible sites throughout the ribbon for Li adsorption on /2-¢ MoO; NR,
including five O2 sites (02;—02s), six O3 sites (03;—03), five H sites (H;—Hs), and
six O1 sites (01;—-015) on the basal plane, and three sites on the side plane (E1—Ej),

as shown in Figure 3.

Figure 3. Top and side views of geometry of /2-¢c MoO3; NR. All the examined Li
adsorption sites are denoted with black characters. The cyan (light cyan) and red (light
red) balls denote Mo and atoms of one (the other) sublayer, respectively. The pink

dots represent the edge adsorption sites.

The computed Li binding energies (Ey) and average Li-O bond distances (diio)
of all the examined sites for /2-c MoOs; NR were summarized in Table 1. For the H

sites, Li atoms locate off the hollow center and bind two adjacent surface oxygen Ol
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atoms along c-axis. For the 02 (03) sites, Li sits over the O2 (0O3) atoms binding
with the two adjacent O1 atoms. For the edge sites, at E; site Li is bonded with one
projecting oxygen and one edge O3 atom, at E, site Li sits between two projecting
oxygen, and at Ej site Li locates over Mo bonded with two projecting oxygen and one

surface oxygen.

Table 1. Computed Li binding energies (Ey,) and average Li-O bond distances (dLi.0)

of all the examined Li adsorption sites for /2-c MoO3; NR.

12-¢c NR monolayer

Site Hl H2 H3 H4 Hs H

Ey/eV. 3.63 3.83 391 4.01 4.11 4.05
diio/A 2.46 2.19 2.22 2.18 221 1.90

Site 021 022 023 024 025 02

Ey/eV. 3.50 3.86 3.97 4.05 4.14 4.06
dio/A 193 206 201 200 199 1.91

Site 03, 03, 03, 03, 03 03 03

Ey/eV 372 384 395 401 403 404  4.09
dio/A  1.87 187 188 188 188 187  1.88
Site o1, o1, o01; oO01, Ol1; 01y, O1
Ey/eV 3.15 336 344 349 353 345 359
duo/A 174 175 175 175 175 175 1.76
Site El E2 E3

Ey/eV 329 414 3381

diio/A  1.93 1.83  1.99

The Li binding energies of all the considered adsorption sites for /2-c MoO3; NR
are in the range of 3.15~4.14 eV, much higher than the cohesive energy (1.56 eV from
our calculation) per Li in bulk Li, thus excluding the phase separation and formation
of hazardous Li dendrites.*® Among all the considered adsorption sites, the two-fold
edge site E; and the three-fold O2s site in the edge region have the highest Li binding
energy (both 4.14 eV), followed by the edge hollow site Hs (4.11 eV). The Li binding

energies increase from the O3 terminated edge side to the oxygen-projecting ended
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edge side for H, O2 and O1 series of adsorption sites (Table 1), implying the
considerable edge effect. The sites close to the oxygen-projecting edge have
comparable Li binding energies (4.11~4.14 eV) to those in bulk (4.15 eV) and slightly
higher bind strength than those on the MoO; monolayer sheet (4.05~4.09 eV). The Li
binding energies on /2-c MoO; NR are also larger than those on zigzag MoS;
nanoribbons.’

To examine the effect of dimension reduction on the Li mobility, we then
investigated the Li diffusion behavior along different pathways in both periodic
(c-axis) and transverse (a-axis) directions of /2-c MoO3; NR. Due to the asymmetrical
structural property, various diffusion pathways have to be considered. For the
diffusion routes along the periodic direction (c-axis), we examined the Li diffusion
from O3; site to O1; site (i = 1-6) (termed Pozo1-i), from O2; site to H; site (i = 1-5)
(termed Popp-i), from E; to E; (Ppopy), from Eq to E; (Pgigz), and from E; to E;
(Pg1g3); for the pathways along the transverse direction (a-axis), we examined the Li
diffusion from 03;/03;,; site to H; site (i = 1-5) (termed Tosy-i), from O2 ; site to
01,/01;4 site (i = 1-5) (termed Topoi-i), from O3 ; to E; (Toszer), from O3 ¢ to
E»( Tosgz), and from E; to E3 (Tg2g3).

For Li diffusion along the periodic direction (as illustrated in Figure 4), it is
kinetically more favorable for Li to migrate through Poyy-i (i = 1-5) channels (blue
routes in Figure 4), the diffusion barriers are between 0.08 and 0.25 eV, and Pooy-2
has the lowest diffusion barriers (0.08 and 0.13 eV) among the five P,y routes, while

the barriers of Pooy-5 route (0.21 and 0.24 eV), where the O25 has the strongest Li
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binding energy, are higher than those of similar diffusion route on MoO3s monolayer
(0.14 and 0.15 eV); despite it is energy barrierless for Li diffusing from O1; site to
03; site (Po3o1-i, | = 1-6), the barrier of migrating from O3; site to O1; site is rather
high (0.48~0.59 eV, black routes in Figure 4); it is energy-demanding for Li diffusion
in the edge plane along c-axis (green routes in Figure 4): the barriers of Li migration
from Ej; to E; and from one E, site to another E, site (route Pgyg») are 0.66 and 0.81
eV, respectively; and even higher energy barrier (1.05 eV) has to be overcome from

E; site to E; site (route Pg;gp) for Li moving on the edge plane.

Figure 4. Top view of Li diffusion pathways on /2-c MoO3; NR along the periodic
direction. The numbers indicate the diffusion barriers in eV. The cyan (light cyan) and

red (light red) balls denote Mo and atoms of one (the other) sublayer, respectively.

For Li diffusing along transverse (a-axis) direction on the basal plane of /2-c¢
MoOs NR, it is more feasible for Li to migrate between H; and 03,/03;;; (Tosn, blue

routes in Figure 5) in the middle region (E4q = 0.00~0.49 eV); however, the migration
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at the edge is not kinetically favored (green routes in Figure S2): the diffusion barriers
from O3¢ to E; (E; to O3¢) and from O3; to H; (H; to O3y) are 1.17 (1.07) and 1.02
(1.11) eV, respectively; Li migration from O34 (E;) to E1 (03) has to overcome the
energy barrier of 1.17 (0.74) eV in the edge plane; in sharp contrast, it only surpasses
a barrier of 0.39 (0.01) eV for Li migrating from E, (E3) to E3 (E;) in the edge plane.
Compared to the big difference between the edge and middle region in Tosy route (Eq4
= 0.00~1.17 eV), the energy barriers for Li migration from O1; (O1; ;) to O2; are in
the range of 0.00~0.20 eV (0.00~0.01 eV), and the high energy barriers from O2; to
01; (01; 41 are between 0.51 (0.25) and 0.60 (0.69) eV. We also examined the
diffusing behavior in the T30, pathways of 03;,—02,—03; and 03;,;—02,—03;4
(i = 1-5), but the diffusion barriers are rather high in the range of 0.41~0.84 eV and

0.23~0.56 eV, respectively (Figure S3).

Clearly, Li prefers to diffuse along the periodic direction, which is different from
the case of Li diffusion on MoS, ribbons,6 but it can also diffuse in the transverse
direction through the optimum path assuming Li atom adsorbs at the O2; site where it
has the binding energy of 3.50 eV: Li moves to Hj site (0.13 eV exothermic) by
overcoming a barrier of 0.11 eV, followed by diffusion to O3, site barrierlessly; then
Li migrates through 02,, 033, 023, 034, Hy and O35 to reach 025 site by surpassing
barriers of 0.41, 0.33, 0.46, 0.39, 0.30, 0.01 and 0.42 eV, respectively, and each step
is exothermic. The optimum path in the transverse direction and the corresponding

energy profiles are illustrated in Figure 5.
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Figure 5. Top view (a) of Li diffusing across /2-c MoO3; NR along the transverse
direction starting at Q2 site (its energy was set as zero), and the corresponding
energy profiles (b). The numbers indicate the diffusion barriers in eV. The cyan (light
cyan) and red (light red) balls denote Mo and atoms of one (the other) sublayer,

respectively.

11-a NR.

We also explored the Li adsorption and diffusion behavior on //-a MoQOs3
nanoribbon, since it has low edge formation energy.36 More adsorption sites were
involved, though it is symmetric, the structures of the two basal planes are different
(Figure 6). The binding strength of Li on //-a nanoribbon is slightly stronger than that
on /2-c NR (Table 2): the Li binding energies at O2 sites, O3 sites, H sites, O1 sites
and E sites are in the range of 4.02~4.30, 4.08~4.20, 4.09~4.32, 3.60~3.70, and

3.44~4.30 eV, respectively. Among all the examined adsorption sites, Hz, has the
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largest E}, value (4.32 eV), which is 0.17 eV stronger than that of the energetically
most favored site in bulk. The large Li binding energies indicate that the MoO3 NRs
possess high operating voltage.

However, it is not a local minimum on Hj site for Li adsorption — the Li atom on
this site moved into the space between the two sublayers after full relaxation (marked
as In site), and when being encapsulated in the edge region of //-a NR, Li binds with
three O2 and two O3 oxygen atoms with the mean Li-O of 2.05 A, while the binding
energy (4.01 eV) is not enhanced compared to the surface adsorption. Besides, it is
quite difficult for the encapsulated Li to diffuse between the two sublayers (the barrier
is as high as 1.66 eV, see the pink route in Figure 7). These results may explain the
recent experimental finding: the irreversible lithium insertion into the crystal structure,
ie., the MoOs intralayers, which tends to trigger unrecoverable structural

15,39

transformation of a-MoQs, was found, which led to the lower cathodic peak (at

249V).
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Figure 6. Top (a), bottom (b) and side (c, d) views of geometry of //-a MoO; NR. All
the examined Li adsorption sites are denoted with black characters. The dashed lines
represent the symmetric planes. The cyan (light cyan) and red (light red) balls denote
Mo and atoms of one (the other) sublayer, respectively. The pink dots represent the

edge adsorption sites.

Table 2. Computed Li binding energies (Ey) and average Li-O bond distances (d,.o) of

all the examined Li adsorption sites for //-a MoO; NR.

Site H1—>In H2 Hn H22 H33

Ey/eV 4.01 4.15 4.09 432 4.12

duoA 205 218 196 215 218

Site 021 022 023 0222 0233

Ey/eV 4.30 4.02 4.13 4.19 4.19

diio/A 1.97 2.02 2.04 2.03 2.28

Site 031 032 0311 0322 0333

Ey/eV 4.07 4.15 3.44 4.20 4.18

duo/A  1.88 188 194 186 188

Site 011 012 013 0111 0122

Ey/eV 3.63 3.60 3.69 3.60 3.70

dio/A 174 177 176 1.76 1.76

Site El E2 E3 E4 E5 Eﬁ E7
Ey/eV 4.30 4.19 3.44 3.60 3.58 3.38 3.43

do/A 1.97 1.97 2.23 2.12 1.73 2.30 1.93
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Similar to the case on /2-c MoO3; NR, the Li diffusion along periodic direction
(Posu-i, i = 1-4; Poxor-i, i = 1=5; Pim; Prig1, Peses, Peses, Peies, Peies, Peies, Praes)
and that along transverse direction on the basal plane (Tozu, To301, To203 and To202)
and edge plane (To2k2, Trig2, TE3e4, To1E4, TE3Es, Thiiets Teses, Teee7, Toigr and Tozgr)
were examined.

For Li diffusion along the periodic direction (as illustrated in Figure 7), it is
kinetically favorable for Li to migrate through Posg-i (i = 1-3) channels (blue routes
in Figure 7), the diffusion barriers are between 0.00 and 0.27 eV, and Posg-2 has the
lowest diffusion barriers (0.00 and 0.06 eV) among the four Posy routes; moreover,
the barriers of Pozp-3 route (0.00 and 0.13 eV), where the Hj, has the strongest Li
binding energy, are reduced compared to the E4 values of similar diffusion route on
MoO3; monolayer (0.16 and 0.20 eV). However, the Posy-4 diffusion route is less
kinetically favored due to the edge effect (the barriers are 0.12 and 0.77 eV); the
energy barriers for Li diffusing from 02; (02;) site to O1; (01;) site (Pozo1-i, i = 1-5)
are in the range of 0.44~0.67 eV (black routes in Figure 7); the Li migration between
two MoQOj; sublayers (Pr,) is also energy-demanding (pink routes in Figure 7), the
barrier is as high as 1.66 eV; the barriers of diffusing between edge sites in the
periodic channels (Pgig1, Pe3gs, Peses, Peigs, Peigs, Prigs, Progs) are higher than 0.71

eV (green routes in Figure 7).
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Figure 7. Top (a) and bottom (b) views of Li diffusion pathways on /7-a MoOs; NR
along the periodic direction. The numbers indicate the diffusion barriers in eV. The
cyan (light cyan) and red (light red) balls denote Mo and atoms of one (the other)

sublayer, respectively.

Along transverse direction on //-a MoOs NR, the Li diffusion barriers of Toon
routes on the both sublayers (blue routes in Figure 8) are relatively low (0.00~0.18 eV,
except for the migration from 02, to Hy;, which has to overcome a barrier of 0.79
eV); the barriers of Li diffusion between 02; and O2; are higher than 1 eV (To202,
purple route in Figure 8); the barriers of Li migrating from O3; (03;) to 01,/01;4;
(01;/01;44i47) are in the range of 0.44~0.60 eV (Toz01, black routes in Figure 8);
among the transverse channels at the edge region, Tyig1, Tozp2 and Tgigp routes are
less kinetically favored (the barriers are ~ 1 eV), while Tg3sgs, Tesgs, TrsE7, 10184, TO1E7

and Tg3ps has lower Li diffusion barriers (0.09~0.65 eV, green routes in Figure 8); the
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Li diffusion barriers in the Tpy03 (0.30~0.70 eV) and Top7 (0.11, 0.87 eV) pathways

are moderate (Figure S4).

Figure 8. Top (a) and bottom (b) views of Li diffusion pathways on //-a MoOs; NR
along the transverse direction. The numbers indicate the diffusion barriers in eV. The
cyan (light cyan) and red (light red) balls denote Mo and atoms of one (the other)

sublayer, respectively.

Apparently, it is likely for Li to diffuse along the periodic direction on [/-a
MoOs; NR, which is similar to the case on /2-c NR. However, Li can also diffuse in
the transverse direction through the optimum path starting from the central site Hz3
where it has the binding energy (4.12 eV) as shown in Figure 9: Li moves to 0233 site

by overcoming a barrier of 0.11 eV, then barrier-free to Hy;, site.
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Figure 9. Top view (a) of Li diffusing across //-a MoO3; NR along the transverse
direction starting at Hs; site (its energy was set as zero), and the corresponding energy
profiles (b). The numbers indicate the diffusion barriers in eV. The cyan (light cyan)

and red (light red) balls denote Mo and atoms of one (the other) sublayer, respectively.

3.3. Li storage capacity of MoQO; bulk, double-layer, monolayer and NRs

We also estimated the Li storage capacity on MoOs; nanostructures since Li
adsorption and diffusion can result in Li accumulation.

Each unit cell of MoOs3 bulk, double-layer, monolayer, //-a and /2-c NRs can
accommodate up to four, six, four, 25 and 28 Li atoms (to avoid phase separation, the
distance between any two adjacent Li atoms is larger than that in Li metal), which
correspond to the chemical stoichiometry of MoO;Li, MoOsLijs, MoOsLi,,

MoOsLiy 7 and MoOsLiy 33, respectively. Accordingly, their theoretical Li storage
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capacity is 186, 279, 372, 423 and 434 mA h g_l, respectively. Obviously, it is the
edge sites that contribute to higher Li capacity for NRs. The rather high average Li
binding energies, 3.87, 3.44, 2.88, 3.03 and 3.06 eV for MoOs3 bulk, double-layer,
monolayer, //-a and 12-c¢ NRs, respectively, indicate that these materials possess high
operating voltage. Therefore, MoOs; monolayer and nanoribbons can provide both

high energy density and high open voltage as LIB cathode materials.

4. Conclusion

In summary, DFT computations were performed to investigate the Li intercalation
and diffusion properties in MoOs; bulk/double-layer and on MoOs;
monolayer/nanoribbons. Our comprehensive computations demonstrated that the Li
mobility on MoO; monolayer can be remarkably increased compared with that in
MoOj; bulk/double-layer. Meanwhile, the Li binding energies on the MoO3s monolayer
are rather strong, though slightly weaker than that in bulk. Thus, MoO; monolayer is
suitable for cathode applications. Cutting MoO3z monolayer into 1D nanoribbons, both
the binding strength and the mobility of Li atoms (by lowering the diffusion barrier)
along the periodic direction can be further enhanced, particularly in the case of //-a
NR; besides, Li can also migrate across the transverse direction on MoQOj3; nanoribbons
through the optimum paths, though the diffusion barriers are slightly higher than those
along periodic direction. Both MoOs; monolayer and NRs possess high operating
voltage as well as high energy density. Moreover, the intercalation of lithium converts
the semiconducting MoOs NRs into metals. These computations are helpful to
understand and design MoOs-based nanomaterials as the cathode materials for

high-rate Li ion batteries.

Supporting Information
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Band structures of MoQOj3 pristine and Li-adsorbed /2-c and /7/-a NRs, top view
of Li diffusion Tosy and Topo1 pathways on /2-c MoO; NR along the transverse
direction, top view of Li diffusion pathways T and T30z on /2-c MoO3s NR along
the transverse direction, as well as top and bottom views of Li diffusion pathways

Tox03 and Topg7 on 11-a MoO3; NR along the transverse direction.
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