Chin. Phys. B 35, 108202 (2026)

Frustration-driven Na™ migration in Na;OBH4

Qinfu ZhaoGB4448) -2, Min Jiang(#40)", Junrui Tong([FI#2Fi)!, Weiguo Wang(EfF[E)!, Shuyao Cao(H£75%8)!,
Ping Zhang(7K)!, Zhihui He({7] % £)!2, Fang Kang(575)">", and Qi Song(‘K7%)>

1 College of Physics and Electronic Information, Yan’an University, Yan’an 716000, China

2Key Laboratory of Advanced Optoelectronic Materials and Devices of Higher Education Institutions in Shaanxi, Yan’an University, Yan’an 716000, China

3 Shaanxi Key Laboratory for Theoretical Physic Frontiers, Institute of Modern Physics, Northwest University, Xi’an 710069, China

(Received 18 December 2025; revised manuscript received 6 February 2026; accepted manuscript online 3 March 2026)

Strategies to improve ionic conductivity in solid electrolytes focus predominantly on the static interactions between
polyanions and cations, while the dynamic behavior of polyanions has been largely overlooked. In this work, we.employ
machine-learning molecular dynamics (MLMD) to explore the coupling between Na™ migration and [BH,]™ reorientation
in Na3OBHy. The results show that polyanion reorientations occur at rates about four orders of magnitude higher than Na™
migrations and exhibit only weak temporal correlation with them, indicating that Na™ transport does not follow a paddle-
wheel mechanism. Analysis of the atomistic energy landscape reveals that [BH4] ™ reorientation induces localized potential
fluctuations that split the Na™ energy states, raising the initial-state energy while lowering the transition-state energy and
thereby generating low-barrier migration pathways. Frequency analyses further identify an optimal relation between the
fluctuation frequency and Na™ vibrational modes that enhances low-temperature ionic diffusivity. These results confirm
dynamic frustration as a central factor in polyanion-assisted cation transport, providing design guidelines for complex

hydride electrolytes.
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1. Introduction

All-solid-state sodium-ion batteries (ASSSBs) are re-
garded as promising alternatives for next-generation energy
storage technologies, owing to the natural abundance of
sodium, its low cost, and inherent safety advantages.!'!
Sodium superionic conductors (SSICs), which are character-
ized by rapid carrier migration through rigid crystalline lat-
tices while maintaining structural integrity, are central to the
development of high-performance ASSSBs.[*131 Understand-
ing the physical'mechanisms of ion transport in these materials
is therefore crucial for designing next-generation SSICs.

Previous studies have suggested that the coupling be-
tween carrier migration and polyanion [AB,]"™ reorientation
may drive the high ionic conductivity in certain inorganic crys-
talline materials, which has spurred extensive studies of this
mechanism.14-2%! In 2019, Xie er al.!!8] discovered Na;OBH,4
with high ionic conductivity of 4.4 x 1073 S-cm™! and excel-
lent electrochemical performance at room temperature. They
proposed that the [BH4]™ reorientation couples with Na*t
migration through the paddle-wheel effect, leading to en-
hanced Na™ migration. However, contrary results were ob-
tained by Famprikis ez al.,[*’ whose impedance spectroscopy
and ab initio molecular dynamics (AIMD) simulations indi-
cated markedly reduced conductivity in Na3OBH4. Limited
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by computational costs, their study employed short-timescale
molecular dynamics (MD) simulations at high temperatures
(> 700 K), estimating room-temperature Na™ migration via
Arrhenius equation extrapolation. This strategy requires that
carrier migration strictly obey the Arrhenius equation and that
high-temperature conductivity measurements maintain suffi-
cient precision. Otherwise, significant errors will arise in the
ion diffusion coefficients at low temperatures. >8]

This work aims to clarify these debates by using machine-
learning molecular dynamics (MLMD) simulations to sys-
tematically investigate relatively low-temperature Na' mi-
Although AIMD achieves

density functional theory (DFT)-level accuracy and can pro-

gration behavior in NazOBHy4.

vide atomic-scale insights into the thermally activated pro-
cesses in NazOBHy, its high computational cost severely re-

[28.29] Classical force-

stricts system sizes and simulation time.
field approaches enable extended spatiotemporal sampling but
often lack reliability in complex inorganic systems.3%) The
MLMD method bridges the accuracy-efficiency gap by us-
ing machine-learning interatomic potentials (MLPs) trained
on first-principles data.[>'-33! This method achieves near-DFT
precision while extending simulations to larger system sizes
and longer timescales and enables a quantitative description of
the true detailed coupling between Na™ migration and [BH4]~

reorientation. The MLMD simulation results quantify the
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Arrhenius behavior of carriers and clarify how Na™ migra-
tion is coupled to [BH4]™ reorientation in the low-temperature
regime.

2. Methods

All the DFT calculations were performed using the pro-
jector augmented wave (PAW) method within the Vienna

36371 The exchange-

ab initio simulation package (VASP).!
correlation effects were treated with the generalized gradient
approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE)
functional.[3®! The plane wave cut off energy was set to 700 eV
and a k-point density of at least 64/A=> was used. Struc-
tural relaxation was performed until atomic forces reached
below 1073 eV/A, and the total energy converged within
107® eV/atom. AIMD simulations were performed to gener-
ate initial configurations for training the MLPs. These simula-
tions used the canonical (NVT) ensemble with Nosé—Hoover
thermostats at 700-900 K, a 1 fs time step, and the I"-point
k-mesh.?%1 A 2 x 2 x 2 supercell of cubic Na3OBHy (space
group P43m) containing 0, 1, or 2 Na™ vacancies was adopted.

The MLPs were constructed using the deep potential
generator (DP-GEN) package.*’! Four DP force fields were
trained from the AIMD configurations with different network
initializations. Short MD simulations were performed using
these DP force fields, and the maximum force deviation among
the four predictions was computed for each configuration.
Configurations with deviations between 0.09 and 0.25 eV/A
were selected as candidates. Up to 100 candidate configu-
rations were randomly selected through DFT evaluation and
added to the training set for retraining of DP models. The
iterative process was repeated for 18 cycles and was consid-
ered converged when the configuration exploration accuracy
exceeded 96%.

Classical molecular dynamic simulations were performed
in LAMMPS within the NVT ensemble using a Nosé—Hoover
thermostat and a 1 fs time step.*!! A 3 x 3 x 3 supercell
(236 atoms) with 8.6% Na™ vacancy concentration, consis-
tent with experiments, was adopted.!!8! MD simulations were
performed at 400-600 K to ensure sufficient Na™ migration
events while minimizing contributions from H™ quantum tun-
neling, as the MLPs were trained without nuclear quantum ef-
fects. The initial structures were equilibrated for 20 ps at the
targeted temperatures, followed by 2 ns MD simulations to
quantify the ionic diffusion coefficient until convergence.

3. Results and discussion
3.1. Validation of the MLP force field

The accuracy of the machine-learning potential (MLP)
was validated against DFT calculations and experimental

structural data.[*>=*4] The testing sets comprising 1500 con-
figurations sampled from all supercell types yield root-mean-
square errors (RMSEs) of 1.87 meV-atom™! for energies and
0.06 eV-A~! for forces, demonstrating close agreement with
DFT benchmarks (Fig. 1). The MLP-predicted lattice parame-
ters and volume for NazOBHy are in excellent agreement with
experimental values, with relative errors of 0.65% and 1.92%,
respectively (Table 1). This confirms that the MLPs accurately
capture the material’s structural properties. These results in-
dicate that the potential reproduces both energetic and struc-
tural properties at near-DFT fidelity, ensuring reliable repre-
sentation of the atomistic interactions. To further assess the
accuracy of the MLP for diffusion dynamics, short-time MD
simulations were performed at 700 K using both AIMD and
MLMD in a 2 x 2 x 2 supercell containing one Na™ vacancy
(each comprising 10000 steps at 2 fs per step). Linear fitting
of the mean squared displacement (MSD) curves yields dif-
fusion coefficients of 2.7 x 10~7 cm?/s and 2.2 x 10~7 cm?/s
for AIMD and MLMD, respectively, showing closely match-
ing values (Fig. S1). These results confirm the reliability of
the MLP in capturing diffusion behavior in this system. The
validated MLP thus provides a solid foundation for large-scale
simulations of Na* migration and for probing the coupling be-
tween carrier migration and polyanions [BH4]™ reorientation.

Table 1. Comparison of the lattice constants and volumes predicted by
the machine-learned potential (MLP) with the experimental values.

ad) b@A) cA) Volume (A3)
MLP predicted ~ 4.60  4.60  4.60 97.34
Experiment 4.63 4.63 4.63 99.25
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Fig. 1. Comparison of the energies (a) and forces (b) computed by DP
models and DFT for the test dataset generated by DP-GEN sampling.
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3.2. Ionic diffusion coefficients in NazOBHy4

Accurate quantification of Na™ diffusion in NazOBH4
has been challenging due to the limited timescales (~ 100 ps)
accessible in AIMD, which restricts the number of migration
events available for reliable statistical analysis. The construc-
tion of MLPs enabled extended MD simulations up to 2 ns,
capturing abundant Na* migration events at 400-600 K. The
MSD profiles exhibit linear behavior (Fig. 2(a)), confirming
sufficient sampling and allowing precise calculation of diffu-
sion coefficients for Arrhenius fitting.
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Fig. 2. Na' diffusion coefficients obtained from MLMD simulations in
NazOBHjy. (a) Mean squared displacement (MSD) curves of Na* in the
temperature range of 400-600 K. (b) Arrhenius plot of the Na™ diffusion
coefficients.

As shownin Fig. 2(b), the Na™ diffusivity follows an ex-
cellent Arrhenius behavior across the simulated temperature
range. ‘At 400 K, the Na™ diffusion coefficient reaches ap-
proximately 0.26 x 108 cm?/s, consistent with the AIMD re-
sult reported by Famprikis et al.?’! The Arrhenius fit yields
an apparent activation energy of 0.38 eV, slightly higher than
the 0.30 eV obtained from our CI-NEB calculation.!*3! This
difference arises because the CI-NEB calculation at 0 K does
not account for the dynamic scattering of Na™ by the lattice.

In addition, the calculated activation energy is signifi-
cantly lower than the experimental value of 0.81 eV from
impedance measurements. [>’! This can be attributed to factors
not fully represented in the simulations: (i) Thermal lattice ex-
pansion in experiments enlarges transport pathways, resulting
in a steeper Arrhenius slope.[*°! This effect is quantified by
quasi-harmonic approximation (QHA) calculations performed
in our previous work, which reveal a lattice volume expan-
sion from 107 A3 (at 300 K) to 116 A3 (at 800 K).[*3! (ii) The

measured activation energy includes the contribution from va-
cancy formation, as the Na™ vacancy concentration increases
with temperature.[*”! This effect is verified by our earlier com-
putational work, which demonstrated the rise of Na™ vacancy
concentration with temperature in Na3OBH4 and provided the
corresponding vacancy formation energy.*! (iii) Additional
migration barriers from microstructural defects such as grain

boundaries and dislocations. 8]

3.3. Correlation between Na' migration and [BH4]™ re-
orientation

Na™ migration in Na3OBHy.is facilitated by its coupling
with the reorientational dynamics of the [BH4]™ anions. To
clarify the degree of such'coupling, we first quantified the
[BH4]™ reorientation frequency from the MLMD trajectories.
The [BH4]™ reorientation dynamics are identified through
H~ hopping around each B3*, where individual hops corre-
spond to transitions between neighboring regions on the lo-

(491 These regions—representing

cal potential-energy surface.
minima separated by narrow transition pathways—were ex-

tracted through clustering analysis, enabling direct counting

of reorientation events over the simulated temperature range
(Fig. 3(a)).Y
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Fig. 3. (a) Schematic illustration of the rotational hopping of H™ around
B3+ ions. The yellow translucent region represents the high probability
density area of H™. (b) Arrhenius plot of the effective hopping frequency
of H™ around B3*. The slope of the linear fit yields the reorientation
barrier of [BH4]™ groups.

The resulting effective hopping frequency of H™ around

B3+ obeys the Arrhenius relation*”]

Feffﬁ 7/(%7[:%‘ 1
=Vpe 5 (D

where kg is Boltzmann’s constant, 7 is the temperature in
Kelvin, I is the effective hopping frequency obtained via the
counting method described above, vy is the pre-exponential
factor — that is, the attempt frequency of H™ hopping around
B3+ — and its explicit value is not required for this analy-
sis, and the reorientation barrier AE is extracted solely from
the slope of the Arrhenius plot across the studied temperature
range. The resulting barrier is approximately 0.1 eV, substan-
tially lower than the Na™ migration barrier (Fig. 3(b)). As are-
sult, [BH4]™ reorientation occurs at rates about four orders of
magnitude higher than Na™t migration, indicating that [BH4]™
reorientation is too rapid and too weakly synchronized with
Na™ migration to support a paddle-wheel mechanism.
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Fig. 4. The relationships between [BH4] ™~ anion groups and their adjacent Na™ during Na™ migration. 2D probability density distribution (pfg)
of BHNa angles 0 and distance r between H and Na™ at (a) 400 K, (b) 500 K, and (c) 600 K, respectively; (d) Pearson correlation coefficients
between angular velocity vectors of H in rotational [BH4]~ anions and their adjacent Na™.

In addition, the spatiotemporal correlation between Na™

migration and [BH4]™ reorientation was analyzed. - Fig-
ures 4(a)—4(c) present two-dimensional probability density
distributions (prz)g) of the B-H-Na angle 6 and the distance
r between H and adjacent Na™ tracked during representative
Na™ migration events at 400, 500, and 600 K, respectively.
The distributions for all rotational [BH4] ™ are highly delocal-
ized and dispersed across most of the (r, 6) space, indicat-
ing weak dynamical coupling between the [BH4]~ anion and
adjacent Na™. Tn contrast, strong polyanion—cation coupling
would result in a probability density localized into a clustered
spot. For a quantitative evaluation, Pearson correlation coef-
ficients were calculated for each Cartesian component (x, y,
7) between the angular velocity vectors of B-H-Na angle 6
(Fig. 4(d)). All correlation coefficients exhibit absolute values
below 0.10, demonstrating that Nat migration is essentially
uncorrelated with [BH4] anion rotation. This provides direct
evidence against the existence of a paddle-wheel mechanism

in Na3 OB H4 .

3.4. Na™ migration facilitated by dynamic frustration

Although Na™ migration events show no clear spatiotem-
poral coupling with [BH4]™ reorientation, the highly reori-
entable [BH4]™ groups actively generate intrinsic structural

I [51-53

disorde 1 we propose that the reorientation of [BH4]™

groups disrupts long-range ordering in the crystal and distorts

the local energy landscape. Na™ cations are no longer tightly
bound to their equilibrium positions but become increasingly
delocalized. Ordered [BH4]™ groups create a uniform poten-
tial environment for Na™ cations, leading to a degenerate set
of Na™ site energies (Figs. 5(a) and 5(c)). During [BH4] ™ re-
orientation, Na—H distances fluctuate markedly, giving rise to
distinct local potentials for different Na™ ions. This fluctuation
produces a broadened distribution of Na™t potential energies
— a signature of dynamic frustration (Figs. 5(b) and 5(d)).

The broadening of the Na™ potential-energy distribution
has a dual effect on Na™ migration. First, certain [BH4]™ ori-
entations transiently raise the energy of the Na™ equilibrium
site via enhanced Coulombic repulsion, promoting Na™ delo-
calization. Second, favorable [BH4]™ group orientations tran-
siently lower the energy at the saddle point, reducing the ef-
fective barrier along specific migration paths. Together, these
fluctuations generate numerous transient, spatially and tem-
porally dispersed low-barrier diffusion channels that promote
Na™ delocalization and thereby enhance its migratory capabil-
ity (Figs. 5(e) and 5(f)).

The Na® potential-energy distribution can be quanti-
tatively measured by the density of atomic states (DOAS)
by sampling Na™* atomic energies across MLMD-generated

s.[44! Initial-state DOAS is constructed from stat-

configuration
ically relaxed snapshots, where the removal of vibrational dis-

placements isolates the contribution of the local structural en-
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vironments around Na*. Transition-state DOAS is established
by performing NEB calculations on the corresponding relaxed
configurations to extract the transition-state energies of the
same Na'. This approach captures the modification of the
Na™ potential energy distribution induced by [BH4] ™ reorien-
tation. At 10 K, suppressed reorientation of [BH4]™ results
in an ordered anion lattice and nearly degenerate DOAS, with
narrow broadenings of 0.1 eV (initial states) and 0.2 eV (tran-
sition states), as shown in Fig. 6(a). It should be noted that
these are classical simulation results, as nuclear quantum ef-
fects for H™ are not considered. At 400 K, the reorientation
of [BH4]™ generates a quasi-continuum distribution of local
Na™ energies, producing pronounced spectral broadening for
both the initial (0.5 eV) and transition (1.0 eV) states, respec-
tively (Fig. 6(b)). The observed increase in DOAS broadening
signifies a modulation of Na™ energy states by [BH4] ™ reori-
entation. This modulation can elevate the initial-state energy
and lower the transition-state energy, collectively forming low-
barrier channels that enhance Na™ migration.

The Na™ migration barrier distribution, obtained by sub-
tracting the initial-state energies from the transition-state en-
ergies in the DOAS, further illustrates this effect. At 10 K, the
migration energy barrier distribution is narrow (0.6-0.8 eV) as
shown in Fig. 6(c), consistent with the highly degenerate po-
tential energy distributions in the ordered structures (The nu-
clear quantum effects of H™ are not included in these classical
simulations). At 400 K, the broadened Na™ migration barrier
distribution spans from 0.3 eV to 1.8 eV (Fig. 6(d)), with a
pronounced lower-energy tail that confirms the reorientation
of [BH4]™ creates low-barrier-channels for Na* migration.

The formation of low-barrier channels for Na™ is gov-

erned by the translational-rotational mode coupling of the
[BH4]~ anions. When the collective vibrational modes me-
diated by B3 are suppressed (fixed B3*), both the DOAS
and migration-barrier spectra collapse to narrow distributions
(Figs. S2 and S3).

The extent of migration-barrier distribution broadening is
governed by the interaction strength between anionic groups
and cations. In Na3OBHy, the reorientation of [BH4]~ polyan-
ions splits Na™ migration barriers, but the weak anion-cation
interactions constrain the overall broadening, hindering the

formation of low-energy migration channels. The absence
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Fig. 5. Mechanism of Na™ migration enhanced by dynamic frustration.
(a) and (b) Schematic illustrations of the Na™ potential energy landscape
within (a) an ordered and (b) a disordered framework of [BH4]™ groups.
(c) and (d) The energy distribution of Na™ at the initial and transition
states, corresponding to the (c) ordered and (d) disordered configurations.
(e) and (f) A comparative depiction of the Na™ migration energy barriers
under both conditions, demonstrating the formation of low-energy-barrier
pathways induced by the disordered arrangement of [BH4]™ groups.
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Fig. 6. Comparison of the distributions of the Na™ energy landscape and migration barriers between ordered and disordered [BH4]~ groups. (a)
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sponding Na™ migration barrier distributions, illustrating the formation of low-energy-barrier pathways induced by the disordered arrangement

of [BH4]™ groups.
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of low-energy migration channels contributes to the low ionic
conductivity observed in NazOBH4. Strengthening anion-
cation interactions — such as by partially substituting [BH4] ™~
with larger (e.g., [BF4] ™) or more polarizable polyanions (e.g.,
[NH;] ™) — can broaden the distribution of Na* migration bar-
riers and promote the formation of low-energy channels that

enhance Na™ transport.

3.5. Frequency correlations under dynamic frustration

The translational-rotational mode of polyanions dynami-
cally perturbs the carrier potential-energy surface. To enhance
ionic conductivity, the perturbation frequency of the potential-
energy surface must match the Na™t vibrational frequency.
Otherwise, the fluctuations are either averaged out at high
frequencies (carriers only perceive a time-averaged potential
energy from the anion group reorientation) (Fig. 7(a)) or ef-
fectively static at low frequencies (presenting a quasi-static
environment) (Fig. 7(b)), providing no improvement in Na*t
transport. Optimal enhancement occurs when the frequencies
are comparable: the increase in potential energy induced by
dynamical frustration near the equilibrium position promotes
Na™ toward the saddle point, while the subsequent reduction
in potential energy near the transition state effectively lowers
the barrier and accelerates migration (Fig. 7(c)).

We selected a representative Na™ ion (Naps) and tracked
its potential-energy evolution over time, extracting the per-
turbation frequencies via Fourier analysis. - To isolate the
contributions from [BH4]~ dynamics, Na™ and O atoms are
frozen, with additional freezing of B atoms to separate ro-
tational from total dynamic effects. In the unconstrained
[BH4]™ case, Na™ experiences potential-energy fluctuations
of ~ 0.3 eV, with spectral peaks at 5.5 THz (translational)
and 33 THz (rotational) (Figs. 8(a) and 8(b)). Constraining
the translational mode reduces the amplitude to 0.15 eV, leav-
ing only the 33 THz rotational peak, indicating that rotations
persist while translations contribute the majority of the mod-
ulation (Figs. 8(c) and 8(d)). The reduced amplitude indi-
cates that the modulation of Na* energy landscape originates
from the translational-rotational mode coupling of [BH4]™ an-
ions. Notably, the rotational perturbation frequency (33 THz)
far exceeds the Na™ vibrational frequency (~ 4 THz), pre-
venting Na™ from effectively sensing the fast [BH4]™ motion
(Fig. S4). This frequency mismatch likely contributes to the
low ionic conductivity observed in NazOBHy.

We performed isotope substitution by replacing H™ with
3H~. The increased atomic mass lowers the [BH4]~ vibra-
tional frequency from 33 THz to 21 THz, while leaving the
perturbation amplitude essentially unchanged (Figs. 8(e) and
8(f)). This shift brings the perturbation frequency closer to the
Na™ vibrational mode, strengthening the dynamic coupling.
As a result, the Nat migration barrier decreases to 0.24 eV

and the diffusivity at 400 K increases by a factor of three
(Fig. 9). These results demonstrate that dynamically tuning
the potential-energy perturbation frequency can effectively en-
hance carrier transport in superionic conductors. Through tar-
geted polyanion modification, this frequency-matching cou-
pling under dynamic frustration conditions provides a rational
strategy for designing high-performance SSIC materials with
optimized transport efficiency.

B ~—— Na' diffusion(‘H)
7.01, X Na' diffusion(*H)
7
~
o, =75 F
=)
£
2
S _
@ 8.0
2
-8.5
Y
1.8 2.0 2.2 2.4

Temperature 1000/7T (K~1)

Fig: 9. Arrhenius plots of Na™ diffusion coefficients comparing systems
with 'H~ and *H".

4. Conclusion

In this work, MLMD simulations were employed to in-
vestigate Na® migration in Na3OBH, and to elucidate its
coupling with the reorientation dynamics of [BH4]™ polyan-
ions. The results show that the small reorientation barrier
of [BH4]™ and the weak spatiotemporal correlation between
polyanion reorientation and cation migration rule out a paddle-
wheel mechanism. Instead, Na™ migration is governed by dy-
namic frustration: time-dependent anion reorientation splits
the Na™ energy states and transiently generates low-barrier
migration channels. This mechanism is supported by the
broadened Na™ potential-energy distribution in DOAS and by
the widened migration-barrier spectrum that reflects barrier-
lowering events induced by frustration.

In addition, a Goldilocks-type matching condition is iden-
tified between the frequency of Na™ potential-energy pertur-
bation and the intrinsic Na™ vibrational frequency. Tuning the
[BH4]™ reorientation timescale via hydrogen isotope substitu-
tion strengthens this dynamical coupling, reduces the effective
migration barrier, and markedly enhances low-temperature
ionic mobility.

These findings reveal two general design principles for
superionic conductors based on dynamic frustration: (i) engi-
neering polyanion dynamics to amplify time-dependent PES
perturbations, and (ii) matching polyanion-motion frequen-
cies with carrier vibrational modes to maximize resonance-
like transport enhancement. These strategies provide a physi-
cally grounded pathway toward designing next-generation fast
ionic conductors.
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