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ddle-wheel effect towards lower
temperature in a new sodium-ion solid electrolyte,
Na3.5Si0.5P0.5Se4†

Yu Yang,a Zhenming Xu, b Chaohong Guan,a Runxin Ouyang,a Huirong Jinga

and Hong Zhu *a

Designing solid electrolytes with high room temperature (RT) conductivity is essential for the development

of the next generation of solid-state batteries. Beyond the static structural framework, interaction between

cation mobility and anion dynamics, i.e., the paddle-wheel mechanism, may be the principle for enhanced

cation mobility in solid electrolytes. Herein, we use first-principles calculations to study a promising

polyanion-based solid electrolyte, Na4SiSe4, which meets the requirements of high ionic conductivity,

and thermodynamic and dynamic stability simultaneously. Ab initio molecular dynamics reveal the fast

Na diffusion dominated by the paddle-wheel mechanism, which is rationalized by the coupling of the

translational motion of Na with the rotational motion of SiSe4 in terms of time-space, vibrational

properties, and energetics. Furthermore, by substituting Si with P, we theoretically predict

Na3.5Si0.5P0.5Se4 with the paddle-wheel effect activated at 600 K, while Na4SiSe4 is activated at 1000 K.

The calculated RT ionic conductivities of Na3.5Si0.5P0.5Se4 is up to 16.94 mS cm−1. Our findings highlight

that high cation mobility can be achieved by exploiting the anion rotation to invoke the paddle-wheel

effect, especially in the low temperature range.
Introduction

Driven by the urgent need for the transition from fossil fuels to
green energy, technological innovations in rechargeable
batteries are eagerly sought.1–3 By replacing ammable organic
liquid electrolytes with solid electrolytes (SEs) and using a high-
voltage cathode, solid-state batteries are expected to achieve
greater safety and higher energy densities.4 As an essential
component of the solid-state battery, an ideal SE needs to have
high ionic conductivity, low electronic conductivity, and elec-
trochemical, chemical, and mechanical compatibility with the
electrodes.5 Many fundamental principles and design princi-
ples have been proposed for the development of SEs with high
ionic conductivity ($10−3 S cm−1 at working temperatures),
including crystal structure framework,6–8 concerted migra-
tion,9,10 lattice dynamics,11–13 anion charge and volume,14,15 and
defect chemistry.16–18 While previous understandings are mainly
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proposed from the perspective of static structural properties of
the lattice, the anion dynamics (reorientation/rotation) that
increase cation diffusivity are relatively less explored.19

It has been reported long ago that in some structures con-
taining polyanions with covalent bonds such as sulfate (SO4

2−),
nitrate (NO2

−), and phosphate (PO4
3−), the cation conductivity

can be increased by several orders of magnitude, which is
ascribable to the activation of the reorientation/rotational
motion of the polyanions during the order–disorder trans-
formation into the superionic high-temperature (HT)
phases.20–22 The strong dynamic coupling between the
reorientation/rotation of the polyanions and the cation trans-
lation was called the “paddle-wheel” mechanism.20,23 Neutron
diffraction, quasi-elastic neutron scattering (QENS), ab initio
molecular dynamics simulations (AIMD), and other techniques
have been applied to reveal the paddle-wheel effect.24–27 More
recently, the paddle-wheel effect in SEs has received growing
attention. Zhang et al. proved that the rotational motion of
PS4

3−/PSe4
3− polyanion couples to and facilitates the long-range

cation mobility in Na11Sn2PX12 (X = S, Se).28 Subsequently, they
found that the partial substitution of a “faster” polyanion
(SiS4

4−) for a “slower” one (PS4
3−) is related to increased cation

diffusivity in b-Li3PS4.29 Wu et al. found that substituting Y3+ in
Na3YCl6 with Zr4+ promotes polyanion rotation and increases
Na+ diffusivity.5 Similarly, the cluster anion (e.g., BH4

− and
OH−) rotation facilitating the cation motion was observed in
some other systems, such as argyrodite and antiperovskite.30,31
J. Mater. Chem. A
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Table 1 Some reported superionic conductors with anion rotationa

System
AIMD temperature
(K) with anion rotation

Paddle-wheel
effect Ref.

Na11Sn2PX12 (X = S, Se) >600 Yes 28
b-Li3PS4; Li3.25Si0.25P0.75S4 >900 Yes 29
Na2.25Y0.25Z0.75Cl6 >600 — 5
Li2(OH)0.9F0.1Cl 1100 — 31
Li6PS5BH4 600 No 32

a Note: denotes whether paddle-wheel effects exist or not is not conrmed in the reference.
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As an exception, Sun et al. demonstrated that the enhanced
conductivity in BH4

− substituted Li argyrodite mainly derives
from the weak interaction between Li and BH4

− polyanions
instead of the usually expected paddle-wheel effect rising from
cluster-ion rotation.32 Therefore, the presence of polyanions or
cluster ions in SE is a prerequisite for anion rotation, but
whether anion rotation accelerates cation translation motion
and displays paddle-wheel effects needs to be discussed in
depth. It is worth noting that the paddle-wheel phenomenon
was only reported for AIMD simulations above 600 K (Table 1). It
makes more sense to introduce the paddle-wheel effect into the
low temperature range that is more relevant to solid-state
battery applications. Of course, due to the short times of
AIMD simulations, accurate determination of the onset
temperature of anion reorientation/rotation should rely on
experimental techniques.

In this work, we investigated a potential solid electrolyte,
Na4SiSe4, which was found to have good thermodynamic and
dynamic stability by density functional theory calculations.
More importantly, ab initio molecular dynamics (AIMD) simu-
lations provide a comprehensive insight into the coupling
between the translational motion of cations and the rotational
motion of anions. The Na translation and SiSe4 rotation are
proved to be correlated in time-space, vibrational properties,
and energetics. In addition, we generated P-substituted Na3.5-
Si0.5P0.5Se4, whose paddle-wheel effect is activated at 600 K,
whereas Na4SiSe4 is activated at 1000 K. The calculated room
temperature ionic conductivities of Na4SiSe4 and Na3.5Si0.5P0.5-
Se4 are 1.42 and 16.94 mS cm−1, respectively, implying that they
are promising superionic conductors. Our ndings elucidate
that high cation mobility can be achieved by exploiting anion
rotation to invoke the paddle-wheel mechanism, especially in
the low temperature range.
Fig. 1 Unit cell of orthorhombic Na4SiSe4. Na atoms are depicted as
yellow spheres, Se as green spheres, and SiSe4 as bule tetrahedra.
Results and discussion
Structure and stability

As we mentioned in the Introduction section of the paper, the
solid electrolytes Na11Sn2PX12 (X = S, Se), b-Li3PS4 and Na3YCl6
all satisfy the condition of isolated polyanions, i.e., there are no
common vertices between non-lithium cation polyhedra, and
this isolated arrangement provides degrees of freedom for the
rotation of the polyanion. By screening the Materials Project
(MP) database33,34 for structures with isolated polyanions which
can potentially rotate easily (small electronegativity difference
J. Mater. Chem. A
between the vertex and center atom of the polyanion), we found
the orthorhombic Na4SiSe4 (mp-30931, ICSD35 ID: 409726).
Na4SiSe4 (Fig. 1) has three inequivalent Na1+ sites in the unit
cell, which form square plane (NaI), square pyramidal (NaII),
and trigonal bipyramid (NaIII) with Se2−, respectively. The ex-
ible Na1+ coordination environment may promote the disor-
dered sublattice as well as the Na vacancy/interstitial
formation.36 Si4+ is bonded in a tetrahedral geometry to four
Se2− atoms. DFT-optimized lattice parameters of Na4SiSe4 are
listed in Tables S1 in the ESI.†

A promising SE must meet a set of stringent requirements.
First, the thermodynamic stability was evaluated by comparing
the energy of Na4SiSe4 with that of all the available combina-
tions of competing phases (the convex hull construction).37

Fig. 2a shows that the Ehull value of Na4SiSe4 is 0.74 meV per
atom, and such a low Ehull value implies that Na4SiSe4 is ther-
modynamically stable at 0 K. In addition, there are no imagi-
nary frequencies in phonon dispersions (Fig. 2b), indicating
that Na4SiSe4 is dynamically stable at 0 K in the harmonic
approximation. Importantly, the orthorhombic Na4SiSe4 phase
has been synthesized experimentally,38 which is consistent with
the results of our calculations.

The electronic density of states of Na4SiSe4 is shown in
Fig. 2c. The valence band maximum is dominated by Se2−,
which is the rst element to be oxidized at high voltages. The
calculated band gap of Na4SiSe4 is 3.09 eV, which can
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Thermodynamic, dynamic, electrochemical, and chemical stabilities of Na4SiSe4. (a) Na–Si–Se phase diagram; the green dots represent
the stable compounds. (b) Phonon dispersions of Na4SiSe4. (c) Density of states and band gap (Eg) of Na4SiSe4. (d) Voltage profile (with respect to
the chemical potential of Na metal) and phase equilibria of Na4SiSe4 upon Na insertion (n > 0) and Na extraction (n < 0). (e) Electrochemical
windows of Na4SiSe4 and other sodium superionic conductors. (f) Reaction energies DED (interface) between Na4SiSe4 and four typical cathodes
(NaNi1/3Co1/3Mn1/3O2, Na3V2(PO4)3, NaCoO2, and NaFePO4), compared with four other typical sodium superionic conductors.
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effectively insulate electron transport. It is important to note
that the value of the band gap only represents the upper limit
of electrochemical stability; a wide band gap does not always
lead to a wide electrochemical window.39 The electrochemical
stability window was calculated based on the grand potential
phase diagram as a function of Na chemical potential,40 as
shown in Fig. 2d. The stable electrochemical window of Na4-
SiSe4 is 0.65 V, ranging from 1.03 to 1.68 V. The window size is
comparable to that of Na10Sn2PS12 and Na10GeP2S12, but the
oxidation and reduction potentials are slightly lower, as shown
in Fig. 2e. The chemical stability of Na4SiSe4 was assessed by
calculating its reaction energy with the cathode materials, as
shown in Fig. 2f. Na4SiSe4 exhibits relatively low reaction
energies (−76 meV per atom) against Na3V2(PO4)3, indicating
that Na3V2(PO4)3 is the most suitable cathode for the system
we studied. The reaction energy between the Na4SiSe4 and
NaNi1/3Co1/3Mn1/3O2 and NaCoO2 cathode materials are −321
and −322 meV per atom, respectively, which may lead to
chemical decomposition at the interface.41 In summary, Na4-
SiSe4 has good thermodynamic and dynamic stability and its
electrochemical and chemical stability is comparable to that of
common sulde electrolytes.
Origin of fast Na ion diffusion in Na4SiSe4

To study the diffusion mechanism of Na in Na4SiSe4, AIMD
simulations were performed at elevated temperatures ranging
from 900 K to 1500 K at 100 K intervals. The species projected
mean-square displacement (MSD) plots in Fig. S1 in the ESI†
shows that the framework does not melt during the simula-
tions. The Na MSD plot in Fig. 3a shows that the diffusivity of
This journal is © The Royal Society of Chemistry 2023
Na increases with increasing temperature and undergoes
a signicant change (4.73 × 10−6 to 2.41 × 10−5 cm2 s−1) from
900 K to 1000 K. To characterize the SiSe4 polyanion
dynamics, we calculated the reorientation autocorrelation
function C(t) (see Methods for details) of SiSe4, as shown in
Fig. 3b. The SiSe4 C(t) is approximately equal to 1 at 900 K,
indicating that the orientations of SiSe4 remain “xed” near
their initial orientations.42 However, the SiSe4 C(t) experi-
ences a pronounced decay at temperatures above 1000 K,
implying that the rotational motion of SiSe4 is activated at
1000 K. This trend is veried by the probability density
analysis.43 At 900 K, the Na trajectories (le panel in Fig. 3c)
indicate mostly local Na vibration with almost no long-range
transport, consistent with the observed low Na diffusivity;
meanwhile, the Se atom (right panel in Fig. 3c) vibrates near
their initial position, in agreement with C(t) analysis. In
contrast, macroscopic three-dimensional Na diffusion (le
panel in Fig. 3d) is observed at 1000 K, accompanied by
rotational motion of SiSe4 (the Se trajectories resembling
a cage surrounding the Si, right panel in Fig. 3d). From the
above analysis, we found that the fast Na ion conduction and
the rotational motion of SiSe4 are activated simultaneously at
1000 K. The rotational motion of SiSe4 may facilitate the
translational motion of Na.
Time-space coupling of Na translation and SiSe4 rotation

To thoroughly elucidate the correlation between the rotational
motion of SiSe4 and the translational motion of Na, we calcu-
lated the functional hi(t, a, Dt, ta),44–46 which identies long-lived
Na displacements of at least a distance a occurring at time t:w
J. Mater. Chem. A
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Fig. 3 Effect of temperature on Na diffusion and SiSe4 reorientation/rotation in Na4SiSe4. (a) Na MSD and (b) SiSe4 reorientation autocorrelation
function C(t) as a function of temperature. The probability density of Na (yellow iso-surface) and Se (green iso-surface) (c) at 900 K, and (d) at
1000 K, and the iso-surface value is set to 2P0 where P0 is defined as the mean value of the density.
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hiðt; a; Dt; taÞ ¼
Y
ta

2

t
0¼

ta

2
� Dt

q
���ri�tþ t

0�� ri
�
t� t

0���� a
�

(1)

here q(x) is the Heaviside step function, and q(x)= 1 or 0 for x$
0 or <0, respectively. ri(t) represents the displacement of atom i
at time t. a is a displacement cutoff. Dt = 3 ps, is the residence
time before and aer the displacement event and ensures that
these displacements are long lived. ta = 9 ps, is a longer time
window, including the residence and transition times. When hi
= 1 it represents that the atom i undergoes such a displace-
ment; otherwise, hi = 0. For our analysis, a = 3.8 Å, which is the
approximate Na–Na average distance (see radial distribution
function in Fig. S2†).

Each rectangle in Fig. 4a individually plots hi (eqn (1)) vs.
simulation time for the 48 Na ions contained in the simulation
cell during the second 20 ps trajectory at 1000 K (the data for the
other simulation time periods are described below). We iden-
tied that a total of 12 Na ions underwent long-lived migration
events. Summing the hi for all Na ions at each time t enables the
identication of ions whose migration events occur simulta-
neously (or near simultaneously), as shown in Fig. 4b. A
J. Mater. Chem. A
minimum of two and amaximum of six Na migration events are
correlated in time. However, are these events also correlated in
space? We calculated and plotted the distinct-part of the van
Hove correlation function43 (Gd) for the Na–Na pair at 1000 K, as
shown in Fig. S3.† Gd only exhibits a few sparse peaks at the
proximity of r = 0, implying that the Na ion motions are
uncorrelated in space. The Na ion migration mechanism of
Na4SiSe4 differs from that of typical fast ion conductors, such as
cubic-phase Li7La3Zr2O12 (LLZO) and Li10GeP2S12 (LGPS), where
the concerted migration mechanism9 of cation is observed.

A cooperative migration event involving three Na ions
(identied with blue shading in Fig. 4a, Na IDs are 17, 18 and
19) is used to visualize the motion of the cation and anion.
Fig. 4c shows the position of the three Na ions and their two
nearest-neighbor SiSe4 polyanions, a total of 9 ps trajectory
before and aer the cooperative migration event occurs. It can
be seen that in addition to the translational motion of Na, its
surrounding SiSe4 also underwent a degree of rotational
motion. Fig. 4d illustrates the translational displacement (unit
in Å) of the three Na ions and the rotational displacement (unit
in °) of their two nearest-neighbor SiSe4 polyanions in the
cooperative migration event depicted in Fig. 4c. The trans-
lational displacement of the Na is displayed as black lines on
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Characterization of Na migration events, and their correlation with rotational displacements of a SiSe4 polyanion, in Na4SiSe4 during the
second 20 ps trajectory at 1000 K. (a) Identification of individual Na-ion migration events. Each rectangle individually plots hi (eqn (1)) vs.
simulation time for the 48 Na ions in the simulation cell. (b) Number of Na atoms participating in the cooperative migration event as a function of
the time at which those events were observed. (c) Illustration of the cooperative Na migration event (identified with blue shading in (a)), and the
trajectory of its surrounding SiSe4 polyanion. The silver, yellow and brown spheres represent the positions of the three different Na in the 9 ps
trajectory. Si and Se are labelled as blue and green spheres, respectively. Colored numeric labels identify the ID of atoms. (d) Displacements of
Na-ions (black line, left axis) that are involved in the cooperative migration event (identified with blue shading in (a) and illustrated in (c)) and the
angular displacements of the two nearest-neighbor SiSe4 polyanions (blue and orange line, right axis). The ID for each Na and SiSe4 polyanion is
marked in the top left corner of each plot. Four rotational displacements are plotted for each SiSe4 polyanion using the same color, corre-
sponding to the rotation of the four Se atoms around the center of mass of the SiSe4 polyanion. To identify long-lived Na displacements more
clearly (to differentiate them from local vibrations), the atom positions in (d) are averaged over a moving time window of width equal to 2 ps.
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the le axis, while the rotational displacements of the two
nearest-neighbor SiSe4 are displayed as blue and orange lines
on the right axis. Four rotational displacements are shown for
This journal is © The Royal Society of Chemistry 2023
each SiSe4 polyanion using the same color, corresponding to the
rotation of the four Se atoms around the center of mass of the
SiSe4 polyanion. There is a strong correlation between the
J. Mater. Chem. A
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displacement of Na and the rotational displacement of SiSe4,
and this is demonstrated by the fact that the displacements of
Na and SiSe4 occur at similar times and have a common shape
in the displacement plots. Displacement plots for all migration
events in Fig. 4a and from the other simulation time periods at
1000 K are shown in Fig. S4–S6.† These data (a total of 60 ps of
simulation time) show that in approximately 30% (13 out of 41
events) of the events, the SiSe4 rotational displacement precedes
the Na displacement. With three exceptions (Na displacement
precedes SiSe4 rotational displacement), the remaining events
show that Na displacement and SiSe4 rotational displacement
occurred simultaneously. The displacement curves of Na and
SiSe4 exhibit a similar trend. In addition, large and sustained
rotational displacements (35–100°) of SiSe4 were observed.
Similar behavior is seen in the prototype glass (75Li2S–25P2S5)
with the paddle-wheel effect.46 The above shows that Na trans-
lation and SiSe4 rotation are coupled in time and space.
Vibrational properties and energetics coupling of Na
translation and SiSe4 rotation

To gain a more generic understanding on the correlation
between the rotational motion of SiSe4 and the translational
motion of Na, the power spectrum (see Methods for details) was
calculated to characterize the vibrational properties. Fig. 5a
shows the power spectrum of Na vibration and SiSe4 libration at
300 K in Na4SiSe4. The vibration spectrum of Na shows a peak
near 3–4 THz, corresponding to the Na translational modes (see
typical vibrational modes in Fig. S7†), while the libration spec-
trum of SiSe4 has a peak near 1–2 THz, corresponding to the
SiSe4 rotational modes (Fig. S7†). The spectrum of Na and SiSe4
have a large overlap (grey shades) in the low frequency region
(1–5 THz), indicating that the rotational motion of SiSe4 is
coupled to the translational motion of Na and that the anhar-
monic thermal libration of the SiSe4 may transfer momentum to
the Na prior to migration events.

From an energetic perspective, we plotted the Arrhenius
plots of the translational diffusivity of Na and the rotational
Fig. 5 (a) Power spectrum calculated via the Fourier transform of linea
relation for SiSe4 (purple) at 300 K in Na4SiSe4. (b) Calculated Arrhenius
rotational diffusion (blue triangles, right axis) and Na translational diffusion
the data at 1000 to 1500 K. Values at 300 K are extrapolated from the h

J. Mater. Chem. A
diffusivity of SiSe4, as shown in Fig. 5b. It is important to note
that the Na diffusion coefficient and the SiSe4 rotational diffu-
sion coefficient were calculated using the Green–Kubo formula
(see Methods for details).58 The calculated activation energy for
SiSe4 rotation is 0.37 eV, which is slightly greater than the
translation activation energy of Na, 0.29 eV. A similar pattern
has been shown in some of the materials with paddle-wheel
effects. For instance, in the prototype glass (75Li2S–25P2S5),
PS4 exhibits a rotational activation energy of 0.27 eV, which is
comparable to, but slightly larger than that for Li translation,
0.22 eV.46 In addition, in sulfates (Li2SO4), the rotational acti-
vation energy for SO4 is 0.40 eV, which is similar to, but slightly
larger than that for Li diffusion, 0.34 eV.47 Therefore, we infer
that in Na4SiSe4, the rotation motion of SiSe4 and the trans-
lational motion of Na are energetically coupled.

Based on the above discussion, we demonstrate that in
Na4SiSe4, the rotational motion of SiSe4 and the translational
motion of Na are strongly correlated in time-space, vibrational
properties, and energetics, which is consistent with the paddle-
wheel mechanism. Furthermore, Na diffusion and SiSe4 rota-
tion are activated simultaneously at 1000 K, implying that the
motion of Na ions is strongly dependent on the rotation of
SiSe4. There is almost no Na vacancy/interstitial diffusion at
temperatures below 1000 K, and no concerted migration
mechanism9 of Na is observed at high temperatures, suggesting
that the diffusion of Na in Na4SiSe4 is dominated by the paddle-
wheel mechanism.
Regulating the paddle-wheel effect to a lower temperature

Although we discovered fast Na ion conduction with low energy
barriers (0.29 eV, Fig. 5b) dominated by the paddle-wheel
mechanism in Na4SiSe4, this effect is only triggered at temper-
atures above 1000 K. In contrast, anion rotation in some re-
ported SEs is activated only at 600 K. It is necessary to regulate
the paddle-wheel effect in Na4SiSe4 to a lower temperature
range. In general, the large free volume in lattice and highly
covalent bonds in polyanions are conducive to the rotation of
r velocity autocorrelation for Na (bule) and angular velocity autocor-
plots and activation energies using the Green–Kubo formula for SiSe4
(black squares, left axis) in Na4SiSe4. The dashed lines are a linear fit to

igh temperature data.

This journal is © The Royal Society of Chemistry 2023
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the anion.19 Here, we generated a P-substituted Na3.5Si0.5P0.5Se4
structure because the electronegativity difference between P
and Se is smaller than that of Si and Se. Pymatgen code48 was
used to enumerate possible arrangements based on the elec-
trostatic energy criteria;49 then 20 structures with the lowest
electrostatic energy were selected and relaxed, and the one with
the lowest DFT energy was selected as the representative
ground-state structure for Na3.5Si0.5P0.5Se4. DFT-optimized
lattice parameters of Na3.5Si0.5P0.5Se4 are listed in Table S2.†
The Ehull value of Na3.5Si0.5P0.5Se4 is calculated to be 16 meV per
atom, which is sufficiently small (below 25 meV per atom) that
Na3.5Si0.5P0.5Se4 can be easily stabilized by entropic effects at
elevated temperatures or created as metastable phases. No
imaginary vibrational mode is observed from the phonon
dispersions (Fig. S8†), which means that Na3.5Si0.5P0.5Se4 is
dynamically stable. In addition, the calculated band gap of
Na3.5Si0.5P0.5Se4 is 2.87 eV (Fig. S9†), which is comparable to,
but slightly less than that of Na4SiSe4.

Likewise, the C(t) was calculated from AIMD simulations to
study anion dynamics in Na3.5Si0.5P0.5Se4, as shown in Fig. 6a.
At 500 K, SiSe4 hardly undergoes rotation/reorientation and
PSe4 has a very slight rotation, while the C(t) of both SiSe4 and
PSe4 undergo a signicant decay from 600 K to 900 K;
Fig. 6 (a) Reorientation autocorrelation function C(t) for SiSe4 (solid lines)
(b) Arrhenius plot of the calculated diffusivities using the Einstein form
calculated data of Na11Sn2PS12 (ref. 51), Na7P3S11 (ref. 52) and Na2.875PS3.87
for Na3.5Si0.5P0.5Se4, Na3.5Si0.5P0.5Se4 (with the Se atom frozen) and Na3.
Na3.5Si0.5P0.5Se4 (with the Se atom frozen) and Na3.5SiSe4.

This journal is © The Royal Society of Chemistry 2023
meanwhile, Na also undergoes signicant diffusion (see MSD
plots in Fig. S10†), implying that the paddle-wheel effect is
activated at 600 K for Na3.5Si0.5P0.5Se4. Interestingly, PSe4
(dashed lines) shows a faster rotation than SiSe4 (solid lines) at
all temperatures. This is because PSe4 has a smaller partial
charge difference between the anion and the central atoms than
that of SiSe4 (Bader analysis in Table S3†), which is consistent
with the qualitative Pauling electronegativity scale. The more
covalent nature of the P–Se bond contributes to the easier and
faster rotation of PSe4. Compared to Na4SiSe4 (>1000 K),
Na3.5Si0.5P0.5Se4 enables the paddle-wheel effect in a lower
temperature range (>600 K). Fig. 6b and Table S4† show
that the calculated RT ionic conductivities of Na4SiSe4 and
Na3.5Si0.5P0.5Se4 are 1.42 and 16.94 mS cm−1 with activation
energies of 0.279 and 0.195 eV, respectively. The coefficient D
was calculated using the Einstein formula (see Methods for
details) as in previous studies.50 As expected, the Na diffusion
activation energy of Na4SiSe4 calculated by using the Einstein
formula (0.279 eV) and Green–Kubo formula (0.29 eV, Fig. 5b) is
comparable. Compared with the previously calculated sodium-
ion solid electrolytes Na11Sn2PS12 (ref. 51), Na7P3S11 (ref. 52)
and Na2.875PS3.875Cl0.125 (ref. 53), Na3.5Si0.5P0.5Se4 shows the
highest RT ionic conductivity and the lowest activation
and PSe4 (dashed lines) as a function of temperature in Na3.5Si0.5P0.5Se4.
ula for Na4SiSe4 (red squares) and Na3.5Si0.5P0.5Se4 (blue circles). The

5Cl0.125 (ref. 53) were also plotted for comparison. (c) Na MSD at 600 K

5SiSe4. (d) Na vibration power spectrum at 600 K for Na3.5Si0.5P0.5Se4,

J. Mater. Chem. A
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energy, meaning that Na3.5Si0.5P0.5Se4 is a promising superi-
onic conductor. We also examined the power spectrum in
Na3.5Si0.5P0.5Se4 where a strong overlap between the Na trans-
lational modes and PSe4/SiSe4 rotational modes was also
observed (Fig. S11†), indicating the coupling motion between
cation diffusion and anion rotation.

Are the lower paddle-wheel activation temperature and
enhanced conductivity of Na3.5Si0.5P0.5Se4 due to the newly
introduced PS4, or due to the effect of Na vacancies generated
via charge compensation? We generated Na3.5SiSe4 with the
same lattice parameters as the original structure of Na4SiSe4
based on the electrostatic energy criteria. AIMD simulations
were then performed, with defect charges compensated by
a uniform background charge. The C(t) and Arrhenius plot of
Na3.5SiSe4 are shown in Fig. S12.† Na3.5SiSe4 exhibits a similar
behavior to that of Na3.5Si0.5P0.5Se4, with SiSe4 undergoing
a signicant rotation from 600 K, with a low activation energy of
0.236 eV, implying that Na vacancies are critical for enabling the
rotation of the polyanion. The volume per atom of Na3.5Si0.5-
P0.5Se4 (28.08 Å

3) is larger than that of Na4SiSe4 (27.06 Å
3) due to

the presence of Na vacancies, providing more free volume for
anion rotation. Furthermore, if we froze the Se atom in Na3.5-
Si0.5P0.5Se4 at 600 K, the Na MSD is almost 0 (Fig. 6c); mean-
while, the low frequency (0–2.5 THz) vibrational mode of Na
also disappears (Fig. 6d), suggesting the decoupling of anion–
cation dynamics. This demonstrates that the prerequisite for Na
diffusion is the reorientation/rotation of Se rather than the
presence of Na vacancies. Therefore, we have shown that the
larger free volume generated by Na vacancies enables the rota-
tion of the polyanion at lower temperatures and that the newly
introduced PS4 rotates faster than SiSe4, both of which together
contribute to the enhanced conductivity of Na3.5Si0.5P0.5Se4.

Conclusions

We investigated a potential solid electrolyte material, Na4SiSe4,
which we have conrmed to have good thermodynamic and
dynamic stability by DFT calculations. AIMD simulations were
performed to gain insight into the diffusion mechanism of Na4-
SiSe4. We found that the diffusion of Na and the rotation of SiSe4
were activated simultaneously at 1000 K. By identifying all Na
migration events, we found that Na translational motion and SiSe4
rotational motion are coupled in time and in space. Furthermore,
we found that the power spectrum of Na vibration and SiSe4
libration have a strong overlap in the low frequency region. Na
translation and SiSe4 rotation have a comparable activation energy.
The paddle-wheel mechanism dominates the fast Na ion conduc-
tion in Na4SiSe4 with a RT ionic conductivity of 1.42 mS cm−1 and
an activation energy of 0.279 eV. In addition, we calculated the P-
substituted Na3.5Si0.5P0.5Se4 with a RT ionic conductivity of 16.94
mS cm−1 and an activation energy of 0.195 eV. Compared to
Na4SiSe4 (>1000 K), Na3.5Si0.5P0.5Se4 enables the paddle-wheel
effect in a lower temperature range (>600 K), which can be
attributed to the larger free volume generated by Na vacancies. Our
ndings highlight that fast ion conduction can be achieved by
exploiting the anion rotation to invoke the paddle-wheel mecha-
nism, especially in the low temperature range.
J. Mater. Chem. A
Methods

All calculations were carried out in the framework of density
functional theory (DFT)54 using the projector augmented wave
method,55 as implemented in the Vienna ab initio Simulation
Package (VASP). The generalized gradient approximation
(GGA)56 and Perdew–Burke–Ernzerhof (PBE) exchange func-
tional were employed.54 For structural optimization calcula-
tions, a plane-wave energy cutoff of 520 eV was used and the
Brillouin zone was sampled by using a 4 × 3 × 2 Gamma-
centered k-point grid. The convergence criteria of the energy
and force are 1 × 10−5 eV and 0.01 eV Å−1, respectively. Elec-
tronic structures are calculated using the HSE06 functional,57

which is known to yield reliable band gap values. Phonon
dispersions are calculated using the density functional pertur-
bation theory (DFPT),57 as implemented in the PHONOPY
code.59

AIMD calculations were performed without spin-polarization
in an NVT canonical ensemble at elevated temperatures with
a Nose−Hoover thermostat.60 A plane wave energy cut-off of
300 eV was chosen for AIMD simulations of the supercells with
a Gamma-centered 1 × 1 × 1 k-point grid, and the simulation
supercell sizes were at least 10 Å along each lattice direction.
The time step was set to 2 fs for a 100 ps AIMD trajectory.

The tracer diffusivity D was calculated as the mean square
displacement over time interval Dt, known as the Einstein
formula:

D ¼ 1

2NdDt

XN
i¼1

D
jriðtþ DtÞ � riðtÞj2

E
t

(2)

where d = 3 is the dimension of the diffusion system, N is the
total number of diffusion ions, ri(t) is the displacement of the i-
th ion at time t, and the bracket represents averaging over t.

The diffusivity and temperature satisfy the Arrhenius
relationship:

D ¼ D0 exp

�
� Ea

kBT

�
(3)

where k is the Boltzmann constant and T is the temperature in
K. Activation energies Ea were determined from Arrhenius plots
of the diffusivity.

The ionic conductivity was calculated according to the
Nernst–Einstein relationship:

s ¼ nq2

kBT
D

where n is the mobile ion volume density and q is the ionic
charge.

The reorientation autocorrelation function C(t)61 is
dened as

C(t) = hu(t)$u(t = 0)i (4)

where u(t) is a unit vector from the center of mass (i.e., the
position of the central Si atom) of the polyanion to a constituent
anion (Se atom) at time t. < > denotes the averaged value across
This journal is © The Royal Society of Chemistry 2023
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all anions of the same species. The rate at which this function
decays to zero reects the reorientation rate of that species.

The power spectrum, for cation vibration and anion libra-
tion, was calculated via the Fourier transform of the velocity
autocorrelation function, hx(t′)$x(t′ + t)i. x is the linear velocity
(vk) of the cation or angular velocity (wk) of the anion. wk was
calculated via

wk ¼ rk � vk

rk2
(5)

Here, rk is the position vector for each anion atom relative to
the central of mass of the polyanion.28,42

The Green–Kubo formula

D ¼ 1

3N

XN
i

ðN
0

�
xi

�
t
0�
xi

�
t
0 þ t

��
dt (6)

Here, D is the translational diffusivity or rotational diffusivity,
and xi is the linear velocity (vk) of the cation or angular velocity
(wk) of the anion.
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