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Abstract: Solid-state nuclear magnetic resonance (ssNMR)
has received extensive attention in characterizing alkali-ion
battery materials because it is highly sensitive for probing the
local environment and dynamic information of atoms/ions.
However, precise spectral assignment cannot be carried out by
conventional DFT for high-rate battery materials at room
temperature. Herein, combining DFT calculation of para-
magnetic shift and deep potential molecular dynamics
(DPMD) simulation to achieve the converged Na* distribution
at hundreds of nanoseconds, we obtain the statistically
averaged paramagnetic shift, which is in excellent agreement
with ssSNMR measurements. Two *Na shifts induced by
different stacking sequences of transition metal layers are
revealed in the fast chemically exchanged NMR spectra of P2-
type Na,;3(Mg,3sMn,;)O, for the first time. This DPMD
simulation auxiliary protocol can be beneficial to a wide range
of ssNMR analysis in fast chemically exchanged material
systems.

Introduction

Modern fast-paced lifestyle requires the superior fast-
charging/discharging performance in the portable devices,
electric vehicles and smart-grids."? The P2-type layered
structure (ABBA-stacking),’! which mostly appears in so-
dium oxides material, is well known as its two-dimensional
diffusion channel and excellent ionic conductivity, thus
pointing a fertile development path of cost-effective so-
dium-ion batteries (SIBs) in fast-charging/discharging scenar-
io.l! Note that the power density of P2-type Na,;MnQO, can be
further improved by Mg®" doping in transition metal (TM)
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layers® and the highly reversible oxygen reaction can be
effectively triggered to provide additional capacity when the
fractions of Mg?" reaches 1/3.1 Therefore, P2-type Na,;-
(Mg,sMn,;;)O, material has attracted widespread atten-
tion, [ and revealing its fine structure and the fast dynamics
of alkali-ion is of the central importance.

Solid-state (ss) magic angle spinning (MAS) NMR
spectroscopy is a unique tool for characterizing those para-
magnetic solids as it is sensitive to local environments.!"”
Nevertheless, associating the local environments with exper-
imental paramagnetic shifts requires the first-principles
representations of complex interaction between unpaired
TM d-electrons and observed nucleus."!! In the past decade,
the density functional theory (DFT) methodology has been
continuously developed for calculating paramagnetic
shift,[1>"% and it seems to be able to assign the chemical shift
in experimental NMR spectrum to each local structure of
materials. However, the application of state-of-art DFT
methodology is still limited in sluggish alkali-ion dynamic
system, such as polyanion,'>">"! full lithiated layered!'®>*2!
and spinel® materials, in which the computational shift has
one-to-one correspondence with experimental shift based on
the DFT optimized structure (i.e. 0 K) (Figure 1a). For the
promising high-rate battery materials, such as aforesaid P2-
type layered materials, the Na® hops frequently between
different chemical sites during NMR experiment time,*!
namely fast chemical exchange regime (Figure 1b), resulting
in the averaged shift across multiple sites and hiding many
structural information in previous “?Na NMR experimental
studies.’**? It is worth noting that fast chemical exchange is
a general phenomenon in ssSNMR studies of high-rate battery
materials. For example, Grey’s group reported that the
fractions of Li" in fast and slow chemical exchange regime
could be regarded as a descriptor for measuring Li* dynamics
in de-lithiated Li(Ni,_, ;CoMn,)O, at different state of
charge.™ Therefore, the suitable calculation method is
urgently needed to further disclose both structural and
dynamics information in fast chemically exchanged ssNMR
spectra of high-rate battery materials.

Molecular dynamics (MD) simulation is a manifest solu-
tion for incorporating chemical exchange in NMR spectra.
Although DFTMD calculation can yield accurate diffusion
trajectories, it is usually limited in picosecond (ps) timescale
due to its high computational cost. As a result, insufficient
sampling of alkali-ion hopping and distribution hinder the
linking to chemically exchanged NMR spectra. We note that
the recently developed deep potential molecular dynamic
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Figure 1. Diagram of slow (a) and fast (b) NMR chemical exchange regimes. k and Q is the hopping/exchange rate and chemical shift (hertz
unit), respectively.

(DPMD) simulation scheme can be a highly computational
efficient and accurate solution,?¥ in which atomic coordinates
are translated into symmetry conservation descriptors that
enable DFT datasets to be trained in deep neural networks
(NNs) (Figure 2). The well-trained DP model can massively
accelerate MD sampling millions of times faster than
DFTMD, which is appropriate for revealing the fast alkali-
ion dynamics in paramagnetic battery materials when comb-
ing with DFT calculation of chemical shift and NMR experi-
ment.
In this work, P2-type Na,;(Mg,;Mn,;;)0,*7 is selected as
a model system to expand the scope of ssNMR applications to
high-rate battery materials. The *Na paramagnetic shifts at

DFT datasets

Paramagnetic shift

Coordinates Descriptors

distinct chemical sites are firstly calculated using DFT
method and then the chemically exchanged shift at room
temperature is further obtained with the aid of DPMD
simulations.* Based on this new scheme, the isotropic shifts
in the *Na spectrum are assigned to the two mixed stacking
sequences of TM layers, the space group P6;/mcm and P6;22,
and further are accurately quantified. Our results not only
correct the structural assignment of P2-type Na,;(Mg;-
Mn,;;)O, to single phase (P6,/mcm) in previous reports,”?
but also offer an effective approach to unravel the fast

chemically exchanged ssNMR spectra of high-rate battery
materials.
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Figure 2. Flowchart of computing statistically averaged paramagnetic shifts.
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Results and Discussion
O NaMg—Mg
P2-Na,;(Mg;sMn,;)O, is normally regarded as a single O Neego
[7.9] O NaMn—Mn

phase with the space group of P6s/mcm in previous works.
The TM layers containing Mg*"/Mn*" honeycomb ordering
stack along z axis facing the same metal element on
neighboring TM layers, which induces three distinct Na*
sites, that is, edge (Na.g,), Mn-Mn face (Nay,n,) and Mg-
Mg face (Nay,.y,) sites (Figure 3a,b). Nevertheless, only one
isotropic shift is anticipated in the *Na NMR spectrum
because of the superior interlayer Na* mobility in P2-type
materials,”*! in which the Na* hopping rate is over than
NMR time resolution limit as mentioned above (Figure 2b).

“Na MAS variable-offset cumulative spectroscopy
(VOCS) were acquired at the temperature of 298 K, 308,
318, and 328 K at 50 kHz spinning rate and 9.4 T (Figure 4a).
As shown in the Supporting Information, Figure S1, the
spectra at each temperature is obtained by summing individ-
ual spectrum with variable offset frequency. In contrast to our
expectation, two *Na isotropic shifts labeled as Peakl and
Peak? are observed in the paramagnetic region of “Na MAS
NMR spectra (Figure 4a), which decrease from 1665 to
1611 ppm and 1522 to 1475 ppm as the temperature increas-
ing from 298 to 328 K, respectively. The number of isotopic
shifts has been further confirmed via a MAS NMR experi-

M H
° 0 H

Figure 3. Crystal structures of P2-Na,;(Mg;sMn,;;)O,. a) Top view of
the honeycomb ordering of Mg?" and Mn*" in 2x2x 1 supercell. The
oblique views of b) P6;/mcm and c) P65;22 unit cell. Only one prism of
each distinct site is shown in unit cells for clarification. Note that the
number ratio of distinct sites is Naggge:Naymn:Naygug =3:2:1 in P65/
mem, and Naggge:Nayomn:Nayemg=3:1:2 in P6;22.
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Figure 4. Na NMR spectra and T, measurement of P2-Na,;(Mg, sMn,;)O,. a) Variable-temperature ®?Na NMR VOCS spectra and fitting curves,
in which the peaks of isotropic shifts are labeled with “+" and the intensities of spectra are plotted at absolute scale. b) The quantification of
Peakl and Peak2 analyzed upon the VOCS spectra. The histogram labeled with subscript “T2” stands for the fractions after T, calibration. The
mean value of calibrated fractions of Peakl is indicated by the dashed blue line, and error bars at each temperature are labeled using short black
lines. c) The transverse relaxation T, of Peakl and Peak2. The integrals and fitting curves are plotted using filled circles and dashed lines,
respectively. T, values and its standard deviation are shown in the legends.
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ment at 60 kHz spinning rate and 14.1 T to suppress the
second order quadrupolar line broadening of *Na NMR
spectra (Supporting Information, Figure S2). The negative
correlation between the shift and the temperature rising
clearly shows the typical characteristic of paramagnetic
shift.*l In addition, the transverse relaxation time T, of
Peakl and Peak2 increases with the temperature rising
(Figure 4c¢), from 121.0+18.8 to 144.7£15.1 pus and 49.9 +
9.7 to 67.749.1 ps, respectively, indicating that both *Na
shifts are located in fast exchange regime.”” Besides, the
longer T, of Peakl suggests the higher Na* mobility in the
chemical environment of Peakl than that of Peak2. Appa-
rently, the single P6;/mcm cannot be related to two isotropic
shifts in ?Na MAS NMR spectra, thus we tentatively propose
other P2-type stacking sequence belonging to P65;22 space
group, in which Mg*" is staggered along z axis in adjacent
layers, giving additional Mn-Mg face (Nay,.,) Na® site
(Figure 3c¢). The formation energy of P6522 2 x2 x 1 supercell
is 0.05 eV/supercell lower than that of P6s/mcm (Supporting
Information, Figure S5), indicating that P6;22 is thermody-
namically stable. Although the integral of Peak2 obviously
increases with elevated temperature, the fractions of Peak2
are quantified as 0.41£0.03 based on VOCS spectra at
variable temperatures (Figure 4b) after taking into account
the transverse relaxation effects during the echo periods.’’]
Given that no transform between P6;/mcm and P6;22 by
interlayer slipping is expected in such a narrow variable
temperature range,’ two isotropic shifts may correspond to
interlayer averaged *Na shift of P6,/mcm and P6,22, respec-
tively.

The assignment of the ?Na NMR spectrum is assisted with
the all-electron hybrid functional DFT calculations of P65/
mcm and P6;22. Three unpaired electrons locate in €, orbital
of octahedral coordinated Mn*" of P2-Na,;(Mg;sMn,;)O,,
and the highly symmetrical occupation of 3d electrons usually
leads to small pseudocontact shift and neglectable zero-field
splitting (ZFS) effect.>> In other words, paramagnetic shift
is dominated by Fermi contact shift (8),!"®! which originates
from the spin-transfer through Mn-O-Na pathway from
octahedrally coordinated Mn** 3d-e, orbital to Na 1s orbital.
Second order quadrupole shift!*”! (8q5) is also included in
total computational shift (8.). Given that &y strongly
depends on the content (a) of Hatree-Fock exchange mixed
in hybrid functional,"*'®! ¢ =0.20, 0.25 and 0.30 are used
individually and the detailed results are shown in the
Supporting Information, Table S1. When a=0.25, the *Na
shift of Na gy, Nayg, v, and Nay, v sites are 2402-2587, 19 and
2216 ppm, respectively (Figure 5a). Note that, Nay, y, can be
regarded as a combination of half of Nay, i, and Nay, v, thus
the additivity of 8"l also verified by the fact that the shift of
Nay, v, site (1191 ppm) approximates to the mid-point shift
of Nayy,mn and Nay,y, sites (1117.5 ppm). The experimental
shifts locate in the broad range of §., of distinct sites, 19—
2587 ppm, which is consistent with the averaged shift across
distinct sites.

Owing to the rapid Na' hopping, the above calculated
chemical shift for each Na* site cannot correspond to the
experimental shift. The further computing of the layer
averaged *Na shift requires distribution probabilities of
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Na' at distinct sites. We adopt the recently developed deep
potential molecular dynamics (DPMD)P method, utilizing
many-body potential and interatomic forces generated by
deep neural networks trained with ab initio datasets. The DP
model can dramatically extend the MD simulation timescale,
1.5 ns MD simulation can be obtained using a well-trained DP
model on a NVIDIA GeForce RTX 2080 Ti GPU card within
one hour, which would take around 3 years using DFTMD on
one node composed by 28 parallel Intel Xeon ES5-2680 v4
CPU cores. We acquire well converged Na™ distribution at
300 K after 200 ns MD simulation (Supporting Information,
Figure S10a,b), and the distribution probabilities are 0.586,
0.411, 0.003 for Nag,e, Nayg, v, Nayg i, of P6s/mcm and 0.656,
0.242, 0.102 for Nagge, Nayjn.pn» Nayy e Of 6522, respectively
(Figure 5b,c). Although the Na* distribution converges in
a short simulation time at higher temperatures and the
simulation time can be shortened to several nanoseconds at
500 K, the higher temperature also results in remarkably Na*®
redistribution  (Supporting Information, Figure S10c—f).
Therefore, the high temperature enhanced sampling usually
employed in DFTMD!!is not appropriate for computing Na*
distribution at room temperature, thus further highlighting
the importance of DPMD. According to Na* distribution
results from DPMD at 300K, the averaged shifts are
1474 ppm for P6s;/mcm and 1762 ppm for P6;22 when a=
0.25 (Figure 5a). Consequently, Peak1 (1665 ppm) and Peak2
(1522 ppm) can be assigned to interlayer averaged signal of
ZNa in P6,22 and P6y/mcm in Na,;(Mg;;Mn,;)O,, respec-
tively. Moreover, Na* distribution map (Figure 5b,c) suggests
a honeycomb Na™ diffusion channel connected by face and
edge sites in both phases. The more uniform Na* distribution
in P65;22 indicates a smoother potential energy surface, which
contributes to the difference of the averaged shifts between
two stacking sequences. Furthermore, based on the linear
fitting of Na® mean-squared displacement (MSD), Na*
diffusion coefficients (Dy,) are estimated to be 1.3x 1077
and 4.4x1077 cm?®s™! for P6i/mcm and P6;22 at 300K,
respectively. Thousands of A?> Na® MSD after 200 ns simu-
lations (Figure 5d,e) reduce relative standard deviation
(RSD) of Dy, to about 10%.“!! The higher Na* mobility in
P6;22 is also consistent with longer T, of Peakl (P6522) due to
faster Na™ diffusion in fast exchange regime.

Discussion

To further confirm above assignments, the powder X-ray
diffraction (PXRD) pattern simulations and the refinement of
P2-Na,;(Mg;sMn,;;)O, are performed by using fully random
stacking models of P6;/mcm and P6;22 (Supporting Informa-
tion, Figure S11a). The refinement results (Supporting In-
formation, Figure S12a) suggest that 39 % of P6;22 exists in
P2-Na,;(Mg;;;Mn,;)O,, which is in excellent agreement with
the analysis of Na NMR spectrum (41 +£3 %), the detailed
results and discussions are presented in the Supporting
Information, Figure S12. More importantly, the new assign-
ment enables sSNMR accurately quantifying the fractions of
different stacking in similar honeycomb-ordered cathode
materials, since the peak integral of NMR spectra indicates
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Figure 5. Calculation of ?Na chemical shifts, Na* distribution and diffusion. a) Computational ?Na chemical shift (298 K) and Na* local
environments. Experimental shifts and computational averaged shifts are labeled with solid and dashed vertical lines, respectively. The distribution
map of Na* on XY plane based on 200 ns DPMD simulations at 300 K for both b) P6;/mcm and c) P6,22. The analysis of distribution probability
uses site centered cycles with a radius of 0.8 A as indicated by dashed cycles, and the calculated probabilities are labeled. The dashed rhombus
indicates the XY plane of unit cells. The numbers of Na* are counted using a time interval of 2 ps and not normalized. MSD(t) and Dy, in

d) P6522 and P6;/mcm at 300 K with a simulation time of 200 ns. The dashed purple lines indicate the linear fitting of MSD(t) during whole

simulation time.

alkali-ion content in different stacking sequence directly, the
»Na NMR spectrum of P2-Na,;(Mgg,sMn,;,)0, is further
selected for illustrating this point (Supporting Information,
Figure S3). Based on above experimental and computational
results, two shifts locating at 1581 ppm and 1457 ppm of
Na,;3(Mg),sMny,,)O, are assigned to P6522 and P6i/mcm,
respectively. In contrast to P2-Na,;3(Mg;;Mn,;3)0,, the frac-
tion of P6;22 in NMR spectra is much smaller, suggesting that
the stacking sequence is easily adjusted by changing the
stoichiometric ratio of Mg and Mn, such that the P2-
Na,;(Mg,,sMng 7,)O, is refined as purely P6;/mcm in previous
work.”! Furthermore, a recent DFT study rationalizes the
high stability of oxygen redox in P2-Na,;(Mg;;sMn,;)O,
through collective distortion of oxygen network in P6,/
mem."! According to their conclusion, we anticipate that
P6;/mem phase would exhibit the better oxygen redox
reversibility during electrochemical reaction, due to its atomic
sequence in z direction is composed by symmetric Mn-O-O-
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Mn and Mg-O-O-Mg units. For the P6;22 phase, the O-O pair
in asymmetric Mn-O-O-Mg unit may result in bias distortion
to Mn or Mg, which is harmful for reversible oxygen redox.
Anyway, the oxygen redox behavior of P6;22 should be
considered carefully in the future experimental and theoret-
ical studies, improving the oxygen redox reversibility of P2-
Na,;(Mg;3Mn,;)O, by tuning the fractions of P6;22 would
deserve the future investigations.

Conclusion

Two unexpected isotropic shifts located at 1665 and
1522 ppm are observed experimentally in *Na MAS NMR
spectra of P2-Na,;(Mg;sMn,;)O,, which can be attributed to
Fermi contact interaction and fast chemical exchange of Na*
between prismatic sites in Na interlayers. The shifts of distinct
sites are calculated using all electron DFT methodology with

Angew. Chem. Int. Ed. 2021, 6o, 2—9
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hybrid functionals, further combining with Na* distribution
analyzed from 200 ns DPMD simulations that enable the fast
chemically exchanged shifts to be calculated in paramagnetic
battery materials for the first time. As a result, the exper-
imental *Na shifts of P2-Na,;(Mg;;Mn,;)O, are assigned to
two stacking sequences that correspond to the space group
P6s/mcem (1665 ppm) and P6;22 (1522 ppm). Furthermore,
the NMR deconvoluted intensity gives 41 +£3% of P6;22,
which is in excellent agreement with PXRD refinement of
mixed stacking that gives a probability of 39 % for P6;22. It is
anticipated that the combination of ssNMR experiment,
chemical shift calculation and DPMD simulation as demon-
strated in this work can be applicable for interpreting the
NMR spectra of high-rate paramagnetic battery materials and
other widely dynamic systems.
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The unambiguous assignment of chem-
ical shift in paramagnetic battery materi-
als relies on first-principles calculation,
while the state-of-art computational
methodology is limited in sluggish
dynamic systems. We incorporate hun-
dreds of nanoseconds deep potential
molecular dynamics (DPMD) simulation
to expanding the ssNMR application in
high-rate cathode materials.
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