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First-principle calculations are carried out to study the diffusion of Li ions in rutile
structure RuO2, a material for positive electrodes in rechargeable Li ion batteries.
The calculations focus on migration pathways and energy barriers for diffusion in
Li-poor and Li-rich phases using the Nudged Elastic Band Method. Diffusion co-
efficients estimated based on calculated energy barriers are in good agreement with
experimental values reported in the literature. The results confirm the anisotropic na-
ture of diffusion of Li ions in one-dimensional c channels along the [001] crystalline
direction of rutile RuO2 and show that Li diffusion in the Li-poor phase is faster than
in the Li-rich phase. The findings of fast Li diffusion and feasible Li insertion at low
temperatures in the host rutile RuO2 suggest this material is a good ionic conductor
for Li transport. The finding also suggests possible means for enhancing the per-
formance of RuO2-based electrode materials. C© 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4861583]

I. INTRODUCTION

As demand for lithium ion batteries increases, extensive experimental and theoretical research on
promising electrode materials has been conducted. Ideal electrodes should have flexible structures,
large reversible capacities, low cost, high and consistent voltages, structural integrity, non-toxicity,
ionic bonding, and good electronic conductivity. Transition metal oxides possess many of these
attributes and are therefore promising candidates for high-performance electrode materials. Lithium
cobalt oxide (LiCoO2) is the most commercialized cathode material and LiFePO4 has received
attention as a next generation material. RuO2, one of the transition metal oxides having the rutile
structure, has been recently attracting interest for its unusual characteristics in lithium insertion. In
particular, it has an extremely high total capacity of 1130 mAg−1 and high first-cycle Coulombic
efficiency of above 98%.1

Upon lithiation, rutile RuO2 is topotactically transformed into orthorhombic LiRuO2. During the
charge or discharge process in the electrodes, a tetragonal intermediate buffer phase exists between
RuO2 and LiRuO2 to relax stresses due to lattice mismatch.2 This homogeneous transformation
process leads to a maximum lithium storage capacity of 200 mAh/g in the first discharge.1 This
process can be further followed by the heterogeneous formation of Ru/Li2O with interfacial accom-
modation of Li+ ions, which permits the storage of 5.6 Li+ ions per unit RuO2.1, 3 With its unique,
favorable combination of high capacity and high Coulombic efficiency, RuO2 is a theoretically and
practically attractive lithium storage material. Despite concerns about capacity fading after the first
few cycles,1 efforts to maximize the advantages of this material in practice have continued through
combination with carbon, which results in RuO2/C self-wound nanomembranes (SWNMs),4 use
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as interconnect with FePO4,5 and formation of nanocomposites with amorphous V2O5 aerogels.6

Moreover, coating on other materials shows that a RuO2 surface layer facilitates fast electron transfer
as well as fast Li+ ion diffusion.7 Experimental studies on the kinetic characteristics of Li ions in
this material have been reported,8–10 yet to the best of our knowledge, no theoretical investigation
involving quantitative analyses of the diffusion process at the atomic level has been carried out. To
better design electrode materials with enhanced capacity and charge/discharge speeds, it is important
to systematically identify and quantify the effective pathways for Li diffusion and the associated
diffusivities. Understanding the nature of Li diffusion and quantifying the ionic conductivity are one
key to the design of materials with improved capacities.

In this research, we conduct a first-principle investigation into the diffusion of Li in rutile-
structured RuO2 in order to understand the nature of Li diffusion. Under the assumption of high
electronic conductivity, which is the case for RuO2,4, 11 the intrinsic ionic diffusivity and Li diffusion
pathways can be determined by examining the activation barriers along Li hopping paths. Potential
migration pathways are analyzed in both the Li-rich and Li-poor phases. The calculations reveal
the anisotropic one-dimensional pathways in RuO2 and allow the diffusivity to be quantified via
the transition state theory with accurately calculated effective phonon frequencies. A comparison is
made with the diffusional behavior of Li in rutile TiO2 which has the same structure as RuO2. The
result shows that rutile RuO2 is a good candidate cathode material in terms of stable Li intercalation
at low temperatures (an attribute not seen in TiO2) and in terms of high Li diffusivity. Different
Li diffusional behaviors are revealed for different extreme phases and the insight can qualitatively
explain aspects of diffusional behaviors observed in experiments.

II. COMPUTATIONAL METHODS

The first-principle calculations carried out are based on the density functional theory (DFT)
and use the Vienna Ab-initio Simulation Package (VASP)12 with the projector augmented-wave
(PAW)13, 14 approach and generalized gradient approximation (GGA) exchange correlation functional
of Perdew-Wang 1991.15 The pseudopotential deals with all three electrons of Li (Li_sv) with the 1s
shell being treated as valence states, and the standard potentials of Ru and O are used. A single plane
wave energy cut-off of 800 eV is used and the first Brillouin zone is sampled for k-space integration
using a Monkhorst-Pack grid. A k-point mesh of 5 × 5 × 5 is used for all calculations.

The nudged elastic band method (NEB)16, 17 implemented in VASP is used to determine the
diffusion pathways and migration energy barriers. The detailed calculation procedure is as follows.
The structures of RuO2 and LiRuO2 are optimized via full relaxation of lattice parameters as well as
atomic positions by calculating the Hellmann-Feynman force until the residual forces acting on the
atoms are smaller than 0.03 eV/Å. The NEB calculations are performed in supercells consisting of
2a × 2b × 2c unit cells containing 16 formula units to reduce interactions between images due to the
periodic boundary conditions used. Structural parameters of perfect RuO2 or LiRuO2 are used for
models of the Li-poor phase and the Li-rich phase, respectively. One Li vacancy is introduced in the
LiRuO2 structure for the Li-rich phase which is composed of 63 atoms (Li15Ru16O32), whereas a Li
is added to the RuO2 structure for the Li-poor phase which is composed of 49 atoms (Li1Ru16O32).
Under the assumption that the local motion of a Li ion does not perturb the shape of the overall
material structure, internal coordinates are fully relaxed while lattice constants and volumes are
kept fixed at those of perfect crystalline structures of LiRuO2 and RuO2 for the Li-rich phase and
Li-poor phase, respectively. End positions are created as equivalent of initial positions at the nearest
neighbor corresponding to the local energy minima. Seven images are then linearly interpolated
between the initial and end positions along Li migration pathways. All atoms are relaxed until the
residual forces acting on each atom are smaller than 0.03 eV/Å. In the NEB, all replicated images
are connected with neighboring images and can move only in the direction perpendicular to the
hypertangent between two neighboring images, maintaining equal distances between the neighbors.
For the migration paths with the lowest energy barriers in both phases, NEB calculations with
15 interpolated images are performed to confirm the existence of a unique saddle point along the
diffusion path. The calculations identify the minimum energy pathways of lithium ions hopping in
the structures.
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TABLE I. Structural parameters for RuO2 and LiRuO2. Optimized lattice parameters, volume, and Wyckoff positions are
listed and compared with available experimental results.

LiRuO2 LiRuO2-exp2 RuO2 RuO2-exp2

Space group Pnnm P42/mnm

a (Å) 5.154 5.055 4.542 4.491
b (Å) 5.031 4.954 4.542 4.491
c (Å) 2.785 2.774 3.141 3.105
V (Å3) 72.22 69.47 64.81 62.63

Wyckoff Positions
Li 2c (0, 1/2, 0) or 2d (1/2, 0, 0)
Ru 2a (0, 0, 0) 2a (0, 0, 0)
O 4g (x, y, 0) 4f (x, x, 0)

x = 0.248 x = 0.26 x = 0.306 x = 0.31
y = 0.329 y = 0.33

III. RESULTS AND DISCUSSION

A. Structure

The perfect structures of RuO2 and LiRuO2 without defect are optimized via full relaxation.
Optimized lattice parameters are listed and compared with experimental values reported in the
literature in Table I. Our results for relaxed lattice parameters and atomic positions show good
agreement with experimental values and previous DFT calculations.2, 18, 19 The calculated lattice
constant values are slightly larger than the experimental values, due to the GGA approximation
which commonly leads to overestimate of lattice constants.

The crystalline structures of RuO2 and LiRuO2 are shown in Figure 1. The rutile structure (space
group 136, P42/mnm) has an hcp oxygen lattice in which the metal ions and octahedra form edge
sharing chains in the [001] direction along the c-axis.11, 19 The chains are cross-linked by sharing
corners to form an equal number of identical vacant channels. The incorporation of Li ions in the
rutile host is in these channels, at octahedral sites of 2(c) or 2(d).2 Upon lithiation, the lengths of the
a axis of a square base increase from 4.491 Å to 5.055 Å and 4.954 Å, converting the square base to
a rectangular base. Meanwhile the length of the c axis decreases due to strong metal-metal bonding,
resulting in a transformation of the lattice structure from tetragonal (a = b �= c) to orthorhombic
(a �= b �= c) with the change of the c/a ratio from 0.691 to 0.549. The structure after lithiation has the
space group of 58 (Pnnm).20 A Bader charge analysis is conducted to explore the nature of bonding
in the material.21, 22 In this method, the Bader volume is defined as the space enclosed by the surface
perpendicular to the electron charge density minimum and the atomic charge can be taken as the
integration of the charge density within the region.

The average charges for each atomic species in LiRuO2, RuO2, Li-rich, and Li-poor phases are
listed in Table II. The charge of Li in the fully discharged state, LiRuO2, is +0.853e which shows
a strong ionic characteristic in the host material. Charges of Li atoms in the Li-rich phase are in
the range from +0.852e to +0.856e and the charge of the Li atom near the vacancy introduced is
+0.856e. When the migrating atom is at a saddle point, its charge is +0.851e which is about the
same as the charge at the initial point. This indicates that Li is kept ionized in the diffusion process.
In the Li-poor phase, the Li atom has a charge of +0.815e which suggests the atom is slightly less
oxidized. This indicates a slightly more covalent nature of conditions for the Li ion in this phase
compared with the Li-rich or fully charged state. This finding is echoed by the Li-O shorter bond
length of 1.795 Å in contrast to the length of 2.068 Å in the Li-rich phase.

The charge for Ru is +1.247e in LiRuO2 and +1.630e in RuO2, and the charge for O is −1.050e
in LiRuO2 and −0.815e in RuO2. This is in contrast to the formal ionization states, in which all
bonds between atoms are assumed to be ionic, of Ru4+ in RuO2 and Ru3+ in LiRuO2. Similarly, the
calculated charges of O atoms deviate from the formal charge of −2 in both LiRuO2 and RuO2 The
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FIG. 1. Crystalline structures of (a) RuO2 and (b) LiRuO2. Li, Ru and O atoms are represented as green, blue, and red
spheres, respectively. RuO6 are marked by blue octahedrons. Graphical representations are generated using the VESTA
visualization software program.16

TABLE II. Bader charges of each atomic species in LiRuO2 and RuO2 (overall average).

Bader Charge
Atom LiRuO2 RuO2 Li-rich Li-poor

Li +0.853 +0.853 +0.815
Ru +1.247 +1.630 +1.266 +1.609
O − 1.050 − 0.815 − 1.033 − 0.830

charges of Ru and O in the Li-poor and Li-rich phases are similar to those in RuO2 and LiRuO2,
respectively. These show a partial covalent characteristic of the RuO6 polyanions in the compounds.

B. Migration energy barriers in Li-rich phase

It is believed that Li diffuses in one channel along the c direction in the rutile structure20 and
ab initio studies confirmed that it is indeed the case for the Li diffusion in rutile TiO2.23, 24 However,
no theoretical calculation has been carried out for the migration barrier in RuO2. Furthermore, no
quantitative comparison has been made with other possible pathways. In this study, we consider
different plausible pathways for Li migration and evaluate their migration barriers, accounting for
the migration distances between Li sites. Two extreme Li-intercalated states of the host structures
are taken into account due to the fact that the electrodes consist of hetero-junctions between distinct
phases. During the charge-discharge process, the proportion of each of the LiRuO2, RuO2, and
the intermediate buffer phases changes with the movement of the phase boundaries separating the
phases.2 Therefore, the diffusion process of Li mainly occurs in these extreme phases. For each
of the Li-rich and Li-poor phases, three potential pathways are considered based on the specific
geometry. Figure 2 shows the potential pathways for Li diffusion in the host. These pathways
correspond to movement along the b-axis in the [010] direction directly through the edge-sharing
RuO6 octahedrons (Path A), movement to the nearest neighbor in the next diagonal channel in the
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FIG. 2. Possible Li migration pathways in (a) a axis view and (b) c axis view. Green spheres are Li ions, blue octahedrons
with red spheres at corners are RuO6. Path A represents jump of Li along the b direction through Ru-O octahedrons, Path
B represents movement of Li to the next channel, and path C corresponds to Li movement along a channel parallel to the c
direction.

[111] direction (Path B), and movement in the open channel along the c-axis in the [001] direction
(Path C).

Stable positions of Li ions corresponding to local energy minima are identified through atomic
relaxation after a vacancy is introduced at the original Li site. For the Li-rich phase (Li15Ru16O32),
the overall structure remains similar to the perfect structure of LiRuO2. Specifically, the energy
minima of Li ions are located at the octahedral sites. The migration energy barrier is defined as the
energy difference between the local minima and the saddle point corresponding to the highest energy
level along a Li migration pathway. For path A, the saddle point occurs at the edge of the edge-
sharing octahedrons and Li ions with low levels of energy are not expected to pass through it. The
calculations show that the energy barrier is high, at 8.77 eV, suggesting that path A is unlikely to be
a feasible pathway. The saddle point along path B is located where Li passes through a gap between
two corner-sharing and one edge-sharing RuO6 octahedrons. Here, Li has a short bond length of
1.71 Å with three neighboring O atoms and a high migration energy barrier of 2.41 eV. Path C
has the lowest migration energy barrier of 0.56 eV. The undistorted, straight migration trajectory
is along the c-channel and Li forms a 2-fold coordinated LiO6 octahedron with bond lengths of
1.77 Å and 2.50 Å at the saddle point. Table III lists the nearest-neighbor Li-Ru and Li-O distances.
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TABLE III. Nearest-neighbor distances in RuO2. The number of bonds is in the parentheses.

Li-rich Li-poor
dLi-O (Å) dLi-Ru (Å) dLi-O (Å) dLi-Ru (Å)

Energy minimum points 2.10 (×4) 2.86 (×4) 1.85 (×4) 2.49 (×4)
2.08 (×2) 2.56 (×2)

Saddle points 2.49 (×4) 2.90 (×4) 2.22 (×4) 2.79 (×4)
1.77 (×2) 2.54 (×2) 1.80 (×2) 2.40 (×2)

FIG. 3. Stable Li positions at local energy minima in the host structure. I and II denote the positions corresponding to the
Li-rich and Li-poor regions, respectively.

As the probability of ion hopping decreases exponentially with the migration energy barrier, the
significantly higher migration energy barriers for paths A and B compared with the energy barrier
of path C shows that Li diffusion is one-dimensional, and channel C is the only viable migration
path. The energy barrier calculated here is in excellent agreement with the result of a galvanostatic
study (0.52 eV) conducted by Dalard et al.9

C. Migration energy barriers in Li-poor phase

Similar to the Li-rich phase, the three possible pathways for Li migration in the Li-poor phase
are also studied. The pathways are similarly defined as those in the Li-rich phase (see Figure 2). A
noticeable difference in the Li-poor phase is that the local energy minimum points of intercalated
Li are not located at the same sites as in the Li-rich phase. The minimum is at a tetrahedral site
which deviates from the octahedral site by 0.75 Å (0.12c) in the c direction, as shown in Figure 3.
As a result, Li forms a LiO4 tetrahedron with a shorter Li-O distance of 1.85 Å in the relaxed
structure, instead of forming a LiO6 octahedron seen in the Li-rich phase. This change leads to a
reduction in the migration distance along all pathways. Here, the stable Li placement in the rutile
host corresponds to the Wyckoff position of 8(h) with (0, 1/2, z = 0.257) in the 136 (P42/mnm) space
group.

The NEB calculations show that the energy barriers are 7.47 eV, 1.75 eV, and 0.16 eV for path
A, path B, and path C, respectively. Path B has a similar trajectory, except that the initial and end
points are located differently as described above. Li ions move through saddle points located within
RuO6 octahedrons along a helical trajectory depicted in Figure 4. The significantly lower migration
barrier for path C also confirms that the one-dimensional diffusion along the c direction is the actual
migration path in the Li-poor phase. The saddle point is located at the octahedral site, as in the
Li-rich phase. The migration distance of Li is 1.62 Å, shorter than the distance of 2.78 Å in the
Li-rich phase. Since the number of saddle points and the local minima per unit cell in the Li-poor
phase are twice those in the Li-rich phase (see Figure 3), the migration period of Li in the Li-poor
phase is one half that in the Li-rich phase, i.e. 0.5c in Li-poor phase, 1c in Li-rich phase (c is the
lattice parameter along the [001] direction). This difference causes the migration distance in the
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FIG. 4. Trajectory of Li migration for path B.

Li-poor phase to be shorter, even though the Li-poor phase has a larger lattice parameter in the c
direction.

The Li-O bond lengths and Li-Ru interatomic distances are listed in Table III. At the saddle
points for both phases, the lengths of two of the six Li−O bonds become shorter compared with
the lengths of the other four bonds, making the LiO6 octahedra more distorted compared with the
respective initial states. The lower energy barrier indicates that the diffusion of Li ions occurs more
easily in the Li-poor state. The energy profiles along migration path C in the Li-rich and Li-poor
phases are illustrated in Figure 5. At the saddle point, the Li ion experiences the highest Coulombic
repulsion due to Ru cations located perpendicular to the migration path. As discussed earlier, a
partial covalent characteristic of bonding exists between the Ru and O compounds. When a charge
is introduced with the Li+ ion in the electrode structure, the charge is partially donated to Ru cations
and O anions and the covalent characteristic remains. In contrast, the repulsion between Li cations
along the c direction is insufficiently screened. Therefore, a Li ion at the saddle point in the Li-rich
phase experiences a larger level of electrostatic repulsion from other Li ions along the c-channel.
This effect induces a higher Li migration energy barrier in the Li-rich phase than in the Li-poor
phase.

D. Comparison with TiO2

Another material having the same rutile structure is TiO2. It has been extensively studied and has
attracted attention for a long time. In spite of its abundance and low cost, rutile TiO2 has encountered
difficulty in commercialization due to its limitation on Li insertion at room temperature. DFT
studies revealed that it can be explained by a combination of anisotropic diffusion in the c-channel
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FIG. 5. Energy profiles along path C. (a) Li-rich phase, Li ions move from the local minimum position forming Li-O
octahedrons to the symmetric nearest neighbor position. (b) Li-poor phase, Li ions move from the deviated tetrahedron
position to the next nearest neighbor position. (c) Li-rich phase (black) and Li-poor phase (red) along the c-direction. The
relative coordinate indicates relative position projected in the [0 0 1] direction along the c-axis. 2c (size of the supercells
along the [0 0 1] direction) scales to 1.0. Li migration trajectories for Li-rich phase and Li-poor phase are depicted. Yellow
arrows indicate the trajectories from a local minimum to the nearest minimum.

and favorable energetic ordering of Li ions along ab planes at low Li concentrations.23–25 Migration
energy barrier calculations in the literature have focused on diffusion of Li in the Li0.5TiO2 structure.
We have extended the analysis of Li diffusion into Li-rich (Li15Ti16O32) and Li-poor (Li1Ti16O32)
cases using identical approaches we used for RuO2. Perfect unit cell structures of TiO2 and LiTiO2

are fully relaxed to obtain optimized lattice parameters of a = b = 4.656 Å and c = 2.971 Å
for TiO2, and a = 5.069 Å, b = 5.008 Å, and c = 2.846 Å for LiTiO2. The NEB calculations
are performed in supercells consisting of 2a × 2b × 2c unit cells which contain 16 formula units
to reduce interactions between images due to the periodic boundary conditions used. Structural
parameters of perfect TiO2 and LiTiO2 are used in the models of the Li-poor phase and the Li-rich
phase, respectively. The migration barriers are calculated to be 0.43 eV and 0.03 eV in the Li-rich
and Li-poor phases, respectively. A very low energy barrier for Li diffusion in the Li-poor phase
is consistent with reported the migration barrier of 0.04 eV in relaxed the structure of Li0.5TiO2.24

Calculated atomic distances, energy barriers, and migration distances are listed in Table IV. The
energy profiles are shown in Figure 6. The migration distance is shorter in the Li-poor phase, as in
RuO2. Nevertheless, the local minimum points are located in octahedral sites, and the saddle point
is located in tetrahedral sites, opposite to what is seen in RuO2. In other words, the positions of the
local minima in RuO2 are the positions of saddle points in TiO2, and vice versa.

As described earlier, the low Li diffusivity in ab planes prevents Li to be favorably ordered
in TiO2.23, 25 In contrast, Li diffusion can occur easily in RuO2 at room temperature. In order to
compute the energetically favorable site of the added Li, we compared the total energy changes due
to the intercalation of an additional Li in the Li-poor phases of RuO2 and TiO2. The energy changes
are computed by placing one Li atom at the nearest minimum points along the a, b, and c directions
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TABLE IV. Nearest-neighbor distances, migration distances, and migration energies in TiO2. The number of bonds is in the
parentheses.

Li–poor Li–rich
dLi-O (Å) dLi-Ti (Å) dLi-O (Å) dLi-Ti (Å)

Energy minimum points 1.82 (×2) 2.54 (×2) 1.99 (×2) 2.55 (×2)
2.11 (×4) 2.81 (×4) 2.16 (×4) 2.86 (×4)

Saddle points 1.84 (×4) 2.62 (×4) 1.79 (×2) 2.58 (×2)
2.40 (×4) 2.86 (×4)

Migration distance (Å) 1.49 2.85
Migration energy (eV) 0.03 0.43

FIG. 6. Energy profiles along path C of TiO2. (a) Li-rich phase. (b) Li-poor phase.

in the relaxed Li-poor structure. It is found that the energy is higher when Li ions are arranged along
the c direction than when they are arranged along the b or a direction. The corresponding energy
difference is 0.02 eV and 0.23 eV in RuO2 and TiO2, respectively. The energy difference in RuO2

is much lower than that in TiO2. As a result, the negative effect of low diffusivity in ab planes on
the migration of Li along c channels in RuO2 is not as pronounced as in TiO2. Therefore, unlike in
TiO2, Li can be inserted into RuO2 at low concentrations and relatively low temperatures.

E. Diffusivity

The diffusivity can be calculated from the energy barriers along migration paths using the
transition state theory. Specifically, for a system with non-interacting particles (either interstitials Li
or vacancies of low concentrations) – which is the case for the phases considered in this study, the
diffusivity can be expressed as26

D = �d2, (1)

where � is the rate of hopping to a neighboring site and d is the migration distance. This hopping
rate can be expressed as

� = υ∗e−�E/kb T , (2)

where �E is the energy barrier, T is the absolute temperature, kb is Boltzmann’s constant, and υ∗ is
the effective frequency associated with the vibration of the defect, which has usually been assumed to
be a constant of 1.0 × 1013 Hz or 1.0 × 1012 Hz in previous DFT calculations of diffusivities.27–31 In
this study, we compute the effective frequency to allow a more accurate comparison of the diffusional
behavior at different Li concentrations. Previous studies of Li diffusion in carbon-based electrode
materials in different conditions were conducted by direct calculation of phonon frequencies and
were in good agreement with experiments.32, 33 According to Vineyard,34 for a system containing N
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TABLE V. Migration energy barriers, effective frequencies for Li migration, diffusivities from calculations and experiments,
and Li migration distances between stable points of RuO2 host.

Li - poor Li - rich Experiments

Migration energy (eV) 0.16 0.56 0.529

Effective frequency (Hz) 5.5 × 1013 6.7 × 1012

Diffusivity (cm2/s) 1.0 × 10−5 1.0 × 10−12 1.6 × 10−11 (80 ◦C)8

2.0 × 10−11 (25 ◦C)8

Migration distance (Å) 1.57 2.79

atoms υ∗ can be evaluated as

υ∗ =

3N∏

i=1
υ I

i

3N−1∏

j=1
υS

j

, (3)

where υ I and υS are the normal mode vibrational frequencies at the initial and saddle points,
respectively. Using force constants obtained from DFPT (Density functional perturbation theory)
calculations, we have evaluated the normal phonon frequencies. The phonon calculations are per-
formed using the PHONOPY code.35–37 For this purpose, equation (1) is rewritten as

D =

3N∏

i=1
υ I

i

3N−1∏

j=1
υS

j

d2e−�E/kb T . (4)

This expression involves temperature and quantities obtained from ab initio calculations. At
the saddle point, the number of degrees of freedom for phonon frequencies is one less than that at
the initial point. The effective frequencies are found to be 6.7 × 1012 Hz for the Li-rich phase and
5.5 × 1013 Hz for the Li-poor phase. The higher effective frequency for the Li-poor phase leads to
faster Li diffusion and reflects the lower migration energy barrier compared with the Li-rich phase.
For instance, at room temperature (300 K), the diffusivities are found to be 1.0 × 10−12 cm2/s
for the Li-rich phase and 1.0 × 10−5 cm2/s for the Li-poor phase. Table V lists migration energy
barriers, effective frequencies for Li migration, diffusivities from calculations and experiments, and
Li migration distances between stable points of RuO2 host.

Experimental measurements conducted at 25 ∼ 80 ◦C show Li diffusivities of 0.9 × 10−12

−2 × 10−11 cm2/s,8, 9 which lie within the range of our computational results for the Li-poor and
Li-rich phases. Recently, Delmer et al.10 measured the Li diffusivity in RuO2 nanoparticles using
the GITT (Galvanostatic intermittent titration technique) experiment and reported a maximum value
of around 9 × 10−11 cm2/s in low Li-concentration regions. In all the reported experiments, a
rapid voltage drop is observed at the beginning of the discharging process. Since the diffusivity
is proportional to square of d E/dx (E is the voltage and x is that in LixRuO2), a significant
voltage drop indicates faster diffusion at low Li concentrations. It is observed that the diffusivity
is lower by four orders of magnitude (104 times) at the beginning of the discharge process.10 As
the compositions of the structures in our simulations vary from those from experiments reported
in the literature, direct validations of properties are challenging. Specifically, the experimentally
observable structure of dilute regions in cathodes may not have exactly the same composition as our
Li-poor phase, but rather have combined features of ideal structures of Li-poor and Li-rich phases
as we have considered. Nevertheless, our results account for the overall qualitative features during
charging/discharging observed in experiments. Although our theoretical value for the diffusivity of
the Li-poor phase is higher than the experimental value, it is qualitatively consistent with the trend
of slowing diffusion as Li insertion progresses.
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IV. CONCLUSION

The diffusional behavior of Li ions in rutile structure RuO2 in both Li-rich and Li-poor phases
is investigated using DFT-based first-principles calculations. The energy barriers through likely
migration pathways for the Li-rich and Li-poor phases are quantified to be 0.56 eV and 0.16 eV,
respectively. The anisotropic one-dimensional diffusion of Li along the c-axis in the [001] direction
of rutile RuO2 is found to have the lowest migration energy barrier compared with other possible
pathways. A comparison with TiO2 rutile host is made. It is found that the energetically favored
ordering of Li in RuO2 along the c direction enables Li insertion into RuO2 at ambient temperature,
an attribute not observed in TiO2.

The diffusivities of the Li-rich and Li-poor phases are calculated to be 1.0 × 10−12 cm2/s
and 1.0 × 10−5 cm2/s at room temperature, respectively. The diffusivity of the Li-rich phase is
consistent with experimental measurements. In addition, our result accounts for the diffusional
behavior difference associated with Li concentration differences. A much lower migration energy
barrier and a higher effective frequency are found for the Li-poor phase relative to the Li-rich
phase. It is this difference in energy barriers and effective frequencies between the two phases that
leads to the drastically lower diffusivity of the Li-rich phase compared with the Li-poor phase.
The analysis suggests that taking advantage of fast anisotropic one-dimensional channels for Li
transport can be an effective mechanism for the design of positive electrode materials for lithium ion
batteries.
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