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ABSTRACT: The replacement of the presently used liquid electrolytes by a

O .
nonflammable solid electrolytes is an important avenue to create safer No“llr"’s"P:’"o‘?
batteries. The natrium superionic CONductor (NaSiCON) |
Nay,,Zr,Si,P;_,01, (0 < x < 3) that displays high bulk ionic conductivity ¢ D

®

and good stability toward other NaSiCON-based electrodes is a good solid
electrolyte in NaSiCON-based batteries. Despite the sizeable share of
research on Na,,,Zr,Si P;_,O,, the structural and thermodynamic properties
of NaSiCON require better understanding for more efficient synthesis and
optimization as a solid electrolyte, which often follows chemical intuition.
Here, we analyze the thermodynamic properties of the rhombohedral
NaSiCON electrolyte by constructing the Na,,,Zr,Si,P;_,O,, phase diagram,
based on density functional theory calculations, a cluster expansion framework, and Monte Carlo simulations. Specifically, we build
the phase diagram as a function of temperature and composition (0 < x < 3) for the high-temperature rhombohedral structure,
which has been also observed in several positive electrode materials, such as Na,Ti,(PO,);, NayV,(PO,);, Na;Cr,(PO,),, and
Na;Fe,(PO,);. Through the phase diagram, we identify the concentration domains providing the highest Na*-ion conductivity and
previously unreported phase-separation behavior across three different single-phase regions. Furthermore, we note the similarities in
the phase behavior between Na,, Zr,SiP; O, and other NaSiCON-based monotransition metal electrodes and discuss the
potential competition between thermodynamics and kinetics in experimentally observed phase separation. Our work is an important
addition in understanding the thermodynamics of NaSiCON-based materials and in the development of inexpensive Na-ion
batteries. From our results, we propose that the addition of SiO;” moieties to single-transition metal NaSiCON-phosphate-based
electrodes will significantly slow the kinetics toward phase separation.

S—

1. INTRODUCTION ature,”™*”*” rivaling those of commercial liquid electrolytes
(e.g, 1 M LiPF in dimethyl/ethylene carbonates ~107> S-
cm™").*® More than 40 years ago, Hong and Goodenough
studied the “Natrium Superionic CONductor” (NaSiCON),
Na,,.Zr,SiP; 0, (0 < x < 3),””%° which can achieve
exceptional bulk ionic Na* conductivity (~15 mS-cm™" at 298
K) for x ~2.0—2.4."" The NaSiCON structure provides a
versatile framework, incorporating both cationic (Na* and
Zr**) and anionic (SiO}~ and PO3”) moieties,’>*” which
enable the number of Na* ions to vary between 1 and 4 per
formula unit with the corresponding changes in the P/Si ratio
and Na'-ion conductivity.

Figure 1 depicts the structure of the high-temperature (>450
K) rhombohedral (space group: R3c) phase of

The development of green energy technologies, such as
photovoltaics, wind turbines, and rechargeable batteries, is
essential in meeting the sustainable needs of a society to limit
its fossil fuel usage. Lithium (Li)-ion batteries power the
world’s mobile devices, and they are increasingly seen in
vehicular transportation. When life-cycle analysis is examined
in the design of batteries, however, sodium (Na) appears
attractive because it can be “harvested” directly from seawater,
making Na ~50 times lower in cost than Li'™® Na-ion
batteries also use inexpensive, stainless-steel current collec-
tors.” However, commercial Li-ion batteries and the state-of-
the-art Na-ion batteries employ highly flammable organic
liquid electrolytes,”> which pose a tangible safety concern in
their widespread deployment.

A pathway to create a battery with a high energy density and Received:  June 25, 2020 W
safety is to replace the liquid with a nonflammable solid Revised:  August 27, 2020
electroly‘ce,6 leading to all-solid-state batteries, which are the Published: August 27, 2020

object of a sizeable amount of current research.”** Today, the
superionic conductivity of Li* and Na" ions in solid electrolytes
can achieve record values >10 mS-cm™ at room temper-

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.chemmater.0c02695

W ACS Publications 7908 Chem. Mater. 2020, 32, 7908-7920


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zeyu+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gopalakrishnan+Sai+Gautam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjeev+Krishna+Kolli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Noe%CC%88l+Chotard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+K.+Cheetham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+K.+Cheetham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Masquelier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pieremanuele+Canepa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.0c02695&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02695?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02695?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02695?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02695?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02695?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cmatex/32/18?ref=pdf
https://pubs.acs.org/toc/cmatex/32/18?ref=pdf
https://pubs.acs.org/toc/cmatex/32/18?ref=pdf
https://pubs.acs.org/toc/cmatex/32/18?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02695?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Figure 1. Representation of the rhombohedral Na,, Zr,SiP; O,
structure. Na(1l) is represented by red antiprisms or red spheres,
Na(2) by silver spheres, (Si/P)O, by blue tetrahedra, and ZrO4 by
gray octahedra. Panel a shows the lantern arrangement, whereby
Na(1) positions are stacked between two ZrOg octahedra along the
[001] direction. Panel b depicts a zoomed view (of panel a) of the
Na(1) and Na(2) arrangement within the rhombohedral cell. Panel c
shows a view down the c-axis.

Na,,, Zr,Si,P;_ 0,,,°”*"*** where the three blue XO, (X = P
or Si) tetrahedra share corners with two gray ZrOg octahedra
forming the so-called “lantern units” (panels a and b). There
are two distinct, partially occupied (disordered) sodium sites,
Na(1) and Na(2) (panel b). The superionic behavior in
Na,,Zr,Si,P; O, is driven by a Na-vacancy migration
mechanism that relates directly to the occupational disorder
of Na(1) and Na(2).****7*° The volume of the polyhedra
formed by the Na(1) site is typically larger than that of Na(2)
and is coordinated by oxygen atoms from ZrOg units in an
antiprismatic arrangement (Figure 1b,c), while Na(2) resides
in an irregular polyhedral, coordinated to seven neighboring
oxygen atoms from the ZrOg and XO,, units. The existence of a
third Na site between Na(1) and Na(2) has been reported®>*’
and attributed to a metastable state in the Na* migration. At
lower temperatures (<450 K) and for 1.8 < x < 2.2 for x in
Na,,,Zr,Si,P; Oy, the NaSiCON undergoes a monoclinic
distortion (space group: C2/c) that is often associated with
Na* ordering into distinct Na sites and lower Na
conductivities.”” Here, we will use the nomenclature
rhombohedral and monoclinic NaSiCON to distinguish the
two Na,,,Zr,Si,P; O}, phases.

There exists an extensive body of prior literature on
optimizing the Na-ion conductivity within the NaSiCON
electrolyte,®®31333436740 oqpecially at & ~ 2 in
Na,,,Zr,Si,P; ,O),. Aliovalent doping has been used to
increase the Na-ion conductivity by varying the Na content
and disorder in the NaSiCON.>***~** For example, Miyajima
et al.*' studied the partial substitution of Zr* by 3+ cations,
such as In*, Yb*, Er**, Y*, Dy**, Tb*, and Gd*' in
Na,,,Zr,SiP; O, leading to an increase in the Na content.
Although Sc** has also been used as a common aliovalent
dopant on Zr*,”~*" high Na* conductivities (~3.7 mS-cm™)
have been achieved by doping with trivalent AI**, Fe**, and Y**
and divalent Co*, Ni**, and Zn*" species.”® The complete
substitution of Zr** in the NaSiCON by redox—active
transition meteils,36’38_40 for example, Ti, V, Cr, and Fe, in
the NaSiCON transforms the solid electrolyte into an
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electrode. Notably, NaSiCON-derived electrodes [e.g.,
Na,Ti,(PO,);, Na,V,(PO,);, and Na,Cr,(PO,);] often show
phase-separation behavior upon Na intercalation/extrac-
tion 3442434347

The phase behavior—phase separation or the existence of
solid solutions—has not been fully elucidated in
Na,,,Zr,Si,P;_ O},. Specifically, the experimentally observed
disorder and fractional occupancies of the Na/vacancy (Va)
and Si/P sites in the rhombohedral-NaSiCON structure”*%**
hinder characterization attempts in assigning specific phases
(or ordered Na configurations) at different temperatures and
Na compositions. In this investigation, we therefore analyze
the phase behavior of the NaSiCON electrolyte by
constructing the Na, Zr,Si P; O, phase diagram as a
function of composition (0 < x < 3) and temperature. We
focus on the high-temperature rhombohedral-NaSiCON
Na,,,Zr,Si,P;_, O}, structure, which exhibits high Na con-
ductivity and is adopted by several Na-based positive
electrodes [e.g,, Na;Ti,(PO,);, NayV,(PO,); Na;Cr,(PO,)s,
and Na;Fe,(PO,);] at high temperature as well. The phase
diagram of the rhombohedral Na,, Zr,Si,P; O, phase is
developed by grand canonical Monte Carlo (GCMC)
simulations based on a cluster expansion (CE) model,*
which is built on density functional theory (DFT)*"*°
calculations. Importantly, we find specific temperature and
Na-concentration domains where the rhombohedral NaSi-
CON exhibits a biphasic behavior (or phase separation), which
is similar to the behavior observed in NaSiCON-based
electrodes. Finally, we provide strategies for further optimizing
the synthesis of NaSiCON-related materials and improving
their ion-transport properties.

2. DETAILS OF MONTE CARLO, CLUSTER
EXPANSION, AND DFT CALCULATIONS

To coarse-grain the Gibbs free energy with changes in
composition and temperature of the rhombohedral
Na,,Zr,Si,P;_,Oy,, the Metropolis-Hasting GCMC’' was
performed using a CE Hamiltonian. The CE was para-
meterized on various Na-vacancy (Va) and Si—P config-
urations, and the CE fit was obtained using the cluster-assisted
statistical mechanics (CASM) code.””™> In performing the
GCMC simulations, every Na/Va swap must be coupled to a
Si/P swap or vice versa, in order to maintain the charge
neutrality of the overall simulation cell. We have enforced the
charge neutrality by modifying the GCMC code in the CASM
package (https://github.com/caneparesearch/
CASMcode).”>™*> GCMC runs were performed on 16 X 16
X 16 supercells of the primitive cell with 172,032 atoms and
ranged between 57,344,000 and 573,440,000 steps. The
condition of charge neutrality increases substantially the
number of GCMC steps required to achieve convergence
compared to GCMC simulations without this constraint.
GCMC simulations were considered converged when devia-
tions in formation energies reached <0.5 meV/fu.

In GCMC, either the chemical potential () or temperature
(T) can vary. Because of the charge-neutrality constraint, there
is a single independent  in the NaSiCON system, that is, one
unique composition variable (x). As a result of the three
ground states in the convex hull at x = 0, 2, and 3 (see Section
3.1), p was scanned in two regions with a fine step size (Ay =
0.005 eV/fu) in both “forward” and “backward” directions
(Section S4 in the Supporting Information, SI). GCMC scans

https://dx.doi.org/10.1021/acs.chemmater.0c02695
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Figure 2. Formation energy of the rhombohedral NaSICON vs Na/Va (x) and Si/P (3 — x) composition (panel a). Orange dots are the formation
energies from DFT, while blue crosses depict the energies from the cluster expansion model. The DFT and CE convex hulls are shown by solid
orange and blue lines. Panel b plots the error of the CE model with respect to DFT (horizontal axis) vs the energy above the convex hull (vertical
axis). The dashed lines in b are confidence windows (of +£10 and +20 meV/fu) for the CE model.

were also performed at fixed y and with varying T from $ to
1605 K (AT = § K).

The CE Hamiltonian, based on the approach of Sanchez et
al,*® parameterizes the formation energies (E; in eq 2), as
calculated from DFT, of various Na/Va and Si/P config-
urations, which are mapped onto a fixed Na,Zr,Si;O,,
topology. The CE is typically written as a truncated summation
of the effective cluster interactions (ECls) of pair, triplet,
quadruplet, and higher-order clusters as

E[é_;; QZ] =V + Vi + ‘/l]ClC] + V;aciqz + Vab@‘pb +
(1)

where E[Z:; s q_ﬁ)] is the formation energy of a Na/Va and Si/P
configuration (ie, a given structure). The ECI V, and a
polynomial function mapping the occupation of the lattice site,
with {; = 0 or 1 representing the occupation of Na or Va and
¢, =0 or 1 that of Si or P.°° Each ECI in the sum includes the
multiplicity (the cluster symmetry). All symmetrically distinct
pairs, triplets, and quadruplets in the rhombohedral cell within
a radius of 10, 6, and 5 A, respectively, are used for
constructing the CE model. Note that including larger clusters
via increasing the maximum radius (within which clusters are
included) results in a dramatic increase in the basis-set size and
the complexity of the fitting procedure, without any improve-
ment in the quality of the CE.

Different Na compositions of the rhombohedral NaSiCON
were studied by varying the Na content from Na,Zr,Si;O,, to
Na,Zr,P;0,. To keep charge neutrality in Na,Zr,Si;O;, upon
the “removal” of Na* ions (i.e., addition of vacancies), the Si**
ions must also be substituted bzf P3* jons. Hence, we used the
so-called “coupled” CE model®” that constraints the concen-
tration of Si**/P%* to Na*/Va by utilizing a single “point” term
(&) of eq 1. The point term in a CE typically sets £ and the
presence of a single p ensures charge neutrality of the
underlying NaSiCON within the CE. Given the large number
of clusters available versus the number of DFT-calculated
configurations, we used the compressive sensing approach to
determine the absolute values of the ECIs by employing a =
1.5 X 107° to penalize the L1 norm of the ECIs and minimize
overﬁtting.58

Different Na/Va and Si/P configurations were enumerated
using the pymatgen package.”” The primitive cell of the
experimental rhombohedral Na,Zr,Si;0, structure® (2 fu.,
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with 42 atoms) was used to enumerate the configurations in
the possible Na concentration range (0 < x < 3) at a step size,
Ax = 0.5. To keep the number of possible configurations to a
computationally tractable level, we used an electrostatic
ranking scheme based on the Ewald energy,61 where classical
point charges are assigned to each species (Na = +1, Zr = +4,
Si = +4, P = +5, and O = —2). We selected S00 structures at
each x with the lowest Ewald energies. We applied a similar
enumeration and ranking procedure to obtain Na/Va and Si/P
configurations in 2 X 1 X 1 supercells (4 fu., with 84 atoms,
equivalent to 1 X 2 X 1 and 1 X 1 X 2) of the primitive cell
with a step size, Ax = 0.25. The final number of structures
considered in our DFT calculations was further reduced by
considering only the symmetry inequivalent orderings. In total,
we computed 1192 structurally and symmetrically distinct
orderings using DFT as implemented in VASP.*>®*

The exchange-correlation energy in DFT was approximated
by the strongly constrained and appropriately normed (SCAN)
semilocal meta-generalized gradient approximation (GGA)
functional.®* The accuracy of SCAN has been demonstrated
on oxides and phosphates,(’s_é7 where SCAN has been shown
not to overbind O, gas, as is typical of GGA functionals.®®
Wave functions were expanded in terms of a plane-wave basis
set, truncated at a kinetic energy cutoff of 520 eV, and
combined with projector augmented wave (PAW) potentials
to describe the core electrons.”” The PAW potentials used
were Na pv 19 Sep 2006 2p°3s', Zr sv 04 Jan 2005
45™4p®4d*Ss?, Si 05 Jan 2001 3s*3p% P 06 Sep 2000 3s*3p°,
and O 08 Apr 2002 2s°2p*. Total energies were integrated on a
3 X 3 X 3 Monkhorst—Pack grid"’ for the primitive cells (while
the k-point density was maintained for the larger supercells)
and converged within 107 eV/cell, without preserving any
symmetry. The atomic forces (and stresses) were converged to
within 1072 eV/A (0.29 GPa).

3. RESULTS

3.1. Energetics of the Na and Si/P Configurations in
the Rhombohedral NaSICON. The formation energy (E;) of
each ordering, computed by DFT, is defined with respect to
the lowest energy end-member compositions, Na,Zr,Si;O},
and Na,Zr,P;0,,, using eq 2

https://dx.doi.org/10.1021/acs.chemmater.0c02695
Chem. Mater. 2020, 32, 7908—7920
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E; = E[Na,, Z5,Si.P, O,] + —gE[Na4ZrZSi3On]

_ (l — g)E[NaIZQ%Ou] ()

where E[Na,,, Zr,Si,P;_.,0,,], E[Na,Zr,Si;0,,], and
E[Na,Zr,P;0,,] are the DFT total energies of each Na/Va +
Si/P ordering and the two end members. Figure 2 plots the
formation energy versus Na composition, which is the phase
diagram of the rhombohedral-NaSiCON system at 0 K. The
DFT formation energies are shown in orange, whereas the
formation energies predicted by the CE model are shown in
blue (Figure 2a). The convex envelopes of the structures with
the lowest formation energies—the convex hull—as predicted
by DFT and CE are depicted by solid orange and solid blue
lines, respectively. Importantly, the three lowest energy (or
ground state) configurations that lie on both the DFT and CE
hulls occur at Na compositions of x = 0.0, 2.0, and 3.0, in
agreement with experimental observations.””’" Thus, there
should be a distinct, stable Na/Va (and Si/P) ordering
corresponding to the x = 2.0 ground-state configuration, apart
from the x = 0.0 and x = 3.0 end members. The structures of
the ordered ground-state configurations (the Na/Si/P order-
ings) that form the convex hull are represented in Figures S3
and S4 of the Supporting Information.

Note that the ground state at NayZr,Si,P,0;, (x = 2.0)
distorts away from the rhombohedral symmetry upon DFT
structure relaxation, which indicates the tendency for the
rhombohedral NaSiCON to transform into the stable low-
temperature monoclinic NaSiCON.*?”7>7® 1t is worth
mentioning that any attempt to resolve the Si/P disorder of
the rhombohedral primitive cell at x = 2.0 reduces the
symmetry to a monoclinic arrangement (space group C2/ c)
even prior geometry optimization, that is, ordering the Si/P
sites breaks the threefold rotational symmetry of a rhombohe-
dral system. Furthermore, we did not preserve the symmetry in
any of our DFT structure relaxations (i.e, impose only a
primitive triclinic or P1 symmetry). Nevertheless, preserving
the symmetry during the DFT calculation leads to a negligible
change in the energy of the ground state at x = 2.0 (~0.274
meV/fu.). Although the low-temperature monoclinic dis-
tortion observed experimentally exhibits the C2/c space
group,””?”7>7%7> this structure presents a rotational distortion
of the ZrOg4 octahedra in combination with disorder in the Si/
P sites, which is not observed in our ground-state structure at x
= 2.0 (of Figures S3 and S4).

In the case of x = 0, the ground-state structure in Figure 2a is
ordered and all the Na* ions occupy the Na(1) position
(Figures S3 and S4 in the Supporting Information), in
agreement with previous experimental reports.””’> The
occupation of the Na(1) sites at low Na concentrations is
driven predominantly by the higher electrostatic repulsion
between P5* and Na* ions compared to Zr** or Si** and the
closer proximity of Na(2) sites to P>* than Na(1). Therefore,
any attempt for Na to occupy the Na(2) sites will increase the
instability of these orderings at x = 0 and x = 0.25, as shown in
Figure 2a.

In Figure 2a, most orderings in 2 X 1 X 1 supercells exhibit
higher formation energies than configurations within the
primitive cell. For example, all the configurations that exhibit
E; < =50 meV/fu. at x = 0.5, 1.0, 1.5, 2.0, and 2.5 are
orderings within the primitive cell.
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3.2. Cluster Expansion Model. Of the 1192 distinct
orderings computed by DFT (Figure 2a), only 884
configurations were selected to fit the CE model Hamiltonian.
The reduction of our data set is due to the high (and expected)
mobility of Na ions in specific starting configurations, which
causes Na ions to move from their initial positions during the
structure relaxation to final positions that are symmetrically
equivalent to other initial Na configurations. We removed
selected structures, primarily at x = 0 and 0.25, whose high
energies originate from the unfavorable ordering of Na in the
structure while making the fitting of the CE extremely
challenging. The ECIs obtained via fitting the CE to the
DFT formation energies are depicted in Figure 3.

240 1492 3 par -
| +  Triplet 1

— 200 Quadruplet
%E, 160 - .
:g 120 L #34 m
© #27
= 80 r T
E 40 B } 7
= 4
S o L Taegdt
: HE

—40 i

AT
-80 #6 #113I #118 L#65 7

2 3 4 5 6 7 8 9 10 11

Cluster Size (A)

Figure 3. Plot of the 65 ECIs (in meV/multiplicity, vertical axis) vs
their size (in A, horizontal axis). Negative (positive) ECIs in pairs are
attractive (repulsive) interactions between Va—Va, P—P, and Va—P.
The indexes of specific ECIs are indicated (Table S2 in the
Supporting Information).

The ECIs of Figure 3 are obtained by minimizing the root
mean square error (RMSE) against the DFT energies of all 884
configurations, which is ~11.20 meV/fu. (~0.53 meV/atom),
while minimizing the total magnitude of all ECIs to minimize
overfitting.”® The transferability of the CE is assessed via the
leave one-out cross-validation (LOOCYV) score, which is ~24.9
meV/fu. (1.18 meV/atom). The 65 clusters with nonzero
EClIs are listed in Table S2 of the Supporting Information.

Of the 65 ECIs, 38 ECls are pair interactions, 22 are triplets,
and 4 are quadruplets. In Figure 3, a negative ECI indicates
“attractive” interactions between Va for clusters built on Na/
Va sites and P for clusters consisting of Si/P sites. Because the
NaSiCON structure has both Na/Va and Si/P sites, attractive
interactions are also extended to other species with the same
occupational variable. Specifically, our CE model uses an
identical notation for the occupation of Na/Si (6 = 0) and Va/
P (6 = +1). Thus, a negative ECI on a Na/Va-Si/P pair
translates to an attractive interaction that favors the occupation
of Va (on the Na/Va site) and P (on the Si/P site). Similarly,
positive ECIs indicate “repulsive” interactions between Va and

https://dx.doi.org/10.1021/acs.chemmater.0c02695
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P. Because of the specific assignment of 6 = 0 for any Na/Si
occupation, only clusters that are fully constituted by Va and/
or by P contribute to nonzero ECIs toward the overall energy
estimation in our CE model. The dominant pair and triplet
terms shown in Figure 3, that is, the highest absolute
magnitude ECI, are the repulsive pair cluster #34 (Na/Va-
Na/Va of length ~7.40 A), the attractive pair cluster #65 (Na/
Va-Na/Va, ~9.19 A), and the triplet cluster #92 (Na/Va-Na/
Va-Na/Va, ~4.72 A), respectively. All dominant pair, triplet,
and quadruplet interactions within our CE model are listed in
Tables S3—SS of the Supporting Information.

Remarkably, our CE model captures some important physics
of the system. For example, the attractive pair #6 (in Figure S1
of the Supporting Information) favors Va located within the
cluster formed by one Na(1) and one Na(2) site, separated by
a length of ~3.162 A within the primitive rhombohedral cell.
However, a larger (~6.52 A) pair cluster #27 (in Figure S1 of
the Supporting Information) with Na(1) and Na(2) sites is
repulsive, which favors either a Na—Va or a Na—Na
occupation within the pair. Thus, the interplay between pair
#6 and #27 indicates the competition between short-range
versus long-range ordering phenomena in the structure.
Furthermore, the most dominant triplet is ECI #92, is
repulsive, penalizes the Va—Va—Va occupation, and consists
of one Na(1) and two Na(2) sites within the primitive cell
(size <4.73 A), see Table S2 in the Supporting Information.
Hence, ECI #92 captures the rather strong short-range
interaction between symmetrically distinct Na sites, that is,
Na(1) and Na(2) (as elucidated in Section 3.5). Also, the
triplet ECI #92 likely acts in conjunction with pairs #27 and #6
[both involving Na(1) and Na(2) sites] to favor a Va—Na—Na
configuration on the Na(1)—Na(2)—Na(2) sites, which is the
underlying motif of the ground state at x = 2 at 0 K (see Figure
2a and Section 3.5). Finally, the quadruplet ECIs #113 and
#118 are attractive, span across Na/Va and Si/P sites, and
favor occupations of Va—Va—Va—P and Va—Va—P-P,
respectively, which likely indicate the electrostatic attraction
between Va and P species.

The error in formation energies predicted by the CE
expansion model is compared with the energy above the
convex hull shown in Figure 2b, with two regions of
confidences, +10 and +20 eV/f.u. (dashed lines). Importantly,
the CE reproduces well the DFT formation energies within
~100 meV/f.u. above the convex hull line. In Figure 2b, points
near 0 meV/fu. on the horizontal axis represent a perfect fit
with the DFT data, whereas points beyond +20 meV/fu. can
be considered poorly described by the model. Most of the
formation energies predicted by the CE model lie within the
+20 meV/fu. window, which indicates that the CE can also
reproduce the formation energies of several high-energy
configurations accurately.

3.3. Temperature—Composition Phase Diagram of
the Rhombohedral Na,,,Zr,Si,P;_,0;,. Using large simu-
lation cells (172,032 atoms) with GCMC, we can coarse-
grain’® the grand-canonical potential at any Na(Va)/Si(P)
concentration and temperature. The temperature versus Na-
composition phase diagram of the rhombohedral
Na,,,Zr,SiP;_,O,, as obtained via GCMC simulations, is
shown in Figure 4. The CE method has been proved very
accurate in the prediction of Na chemical potentials (and
voltages) in electrode materials,”””® which indicates that our
methodology is reliable in predicting the useful ranges of i, in
Na,,,Zr,Si,P;_,O;,. The phase boundaries of Figure 4 are
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Figure 4. Predicted composition (horizontal axis) vs temperature
(vertical axis) phase diagram of rhombohedral Na,,,Zr,Si,P;_ O},
from GCMC simulations. Red stars indicate diffraction studies of
rhombohedral NaSiCON reported experimentally,***%¢79783

identified by analyzing the grand-canonical potential energies,
the discontinuities of Na concentration (vs u), and the
variation of the heat capacity (vs ). Numerical hysteresis
arising from the GCMC was removed by performing a free-
energy integration (see Section S4 and Figure S2 of the
Supporting Information).”® A representative snapshot of
GCMC simulations is provided in Figure S3.

The phase diagram in Figure 4 contains four single-phase
(or monophasic) regions, which are labeled A (yellow), B
(green), C (dark purple), and C’ (light purple), with three
two-phase (or biphasic) regions separating the monophasic
domains. The biphasic regions are A + B (red dome between 0
<x<2, T<650K),A+ C’ (orange dome, T > 650 K), and B
+ C (blue dome between 2 < x < 3). The monophasic regions
can be described as, A: Na-poor domain, similar to the
rhombohedral Na,Zr,P;0,,; C: Na-rich domain, similar to
Na,Zr,Si;0y,; B: high-conductivity domain based on the
Na;Zr,Si,P, 0, configuration, which is the target composition
in experimental studies; and C’: a high-temperature-disordered
domain that encompasses both Na;Zr,Si,P;0;, and
Na,Zr,Si;0}, regions. Experimentally, the Na/Va and Si/P
lattices in the rhombohedral NaSiCON are known to disorder
in the composition range 1 < x < 3 (i.e, excluding the end
members) and at high temperatures (>473 K),”*>*>*>7>%% jn
qualitative agreement with our predicted phase diagram.

In the case of the B phase (green domain in Figure 4), at
temperatures <150 K, phase B is only stable at near x = 2, but
its stable composition range increases progressively with
increasing temperature to a maximum range of 125 < x <
2.5 at 650 K. The region of stability of the B phase also
overlaps with the composition (1.8 < x < 2.2) and
temperature (<415 K) where the rhombohedral structure
transforms into the monoclinic polymorph in experi-
ments.””**”* Thus, the presence of the B phase may facilitate
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the well-known rhombohedral-to-monoclinic transition. At
temperatures above 650 K, a high-temperature-disordered
phase C’ appears, which encompasses both the B and C
monophasic regions. The miscibility gap that separates the B
and C monophasic regions (blue dome in Figure 4) reaches its
critical point at x = 2.5 and 650 K. The transition from the
high-temperature-disordered C’ phase to the miscibility gap
(i.e, the B + C two-phase region) represents a first-order phase
transition, marked by the dashed black line at 650 K.

The experimental compositions, which are assigned to
single-phase regions and determined from X-ray and neutron
diffraction measurements, are shown as red stars in Figure
440007279783 Most experimentally observed compositions are
found in the single-phase regions of A, B, C, or C’ and in good
agreement with our calculated phase diagram. Exceptions are
reported single-phase structures at x = 2.0—2.3 at 443 K, x =
0.1 and 2.35 at 300 K,*>* and x = 1 at 473 K.*° Although most
of the disagreements with experimentally reported single-phase
compositions lie at (or near) the predicted phase boundaries,
the measured, low-temperature data point at x = 2.35, 300 K
significantly deviates from our predictions. Notably, the
experimental literature, so far, on Na, Zr,Si P; O, has
never reported any phase separation in this system.

3.4. Na/Vacancies and Si/P Configurational Effects on
the Structural Properties. The DFT-calculated volumes
(panel a) and lattice constants a and ¢ (panel b) of the various
configurations as a function of the Na composition are shown
in Figure 5. Stars represent experimentally reported values of
volumes, lattice constants, and ¢/a ratio,””>>>¥°%778% yhereas
dots, squares, and triangles are the DFT-predicted values. The
color of each point in Figure S is associated with its energy
above the convex hull (Figure 2a), with darker blue (lighter
white) indicating structures that are near (far away from) the
convex hull. The black-dashed lines connect volumes, lattice
constants, and c¢/a ratio of structures forming the convex
hul] 2032334385

Moving from x = 0 to ¥ = 2 in Figure Sa, the predicted
volume increases monotonically with a maximum at x = 2
(Na;3Zr,Si,P,;0,,), in excellent agreement with experimental
reports (distribution of stars). Although DFT calculations do
not capture the effect of temperature, the agreement between
theory and experiments on lattice volumes can be attributed to
the low thermal expansion (<3%, 11.8 X 107° C™') with
increasing temperature (over a wide temperature range, i.e., 25
< T < 700 °C) of the NaSiCON.%*"’

In the case of lattice parameters (Figure Sb), we observe that
the a parameter increases monotonically with increasing Na
content, while the ¢ parameter increases for 0 < x < 2 and
decreases for x > 2, in excellent agreement with experimental
studies.””*’ As the Na content increases in Na,,,Zr,Si,P;_,O;,
in the range 0 < x < 2, the Na* ions are displaced from Na(1)
into Na(2) sites (Figure 6d—f). The reduced occupation of
Na(1) sites facilitates the electrostatic repulsion between ZrOg
units stacked along the ¢ direction, resulting in an increase in
the ¢ parameter.

Importantly, we predict a mild volume contraction (~1%,
panel a) for x > 2, in agreement with experimental observations
that Na,Zr,Si;0;, has a lower volume than Na;Zr,Si,P,0,,
(~1% smaller) because of a contraction of the ¢ axis (panel
b).”” The reduction of the c¢/a ratio with increasing Na
concentration (Figure Sc) captures the typical behavior of the
rhombohedral NaSiCON as the Na content is varied (stars in
panel c).
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3.5. Thermodynamic Properties and Na Occupations
Versus Temperature. The GCMC data enable the analysis
of relevant thermodynamic properties, for example, the Gibbs
energy (G, orange dots and lines) and the configurational
entropy (S, green dots and lines) functions. These are shown
in Figure 6, for 3 distinct temperatures, a 445 K, b 625 K, and ¢
905 K centered around the B + C — C’ transition (~650 K).
Note that the Gibbs energies are referenced to the ground-
state end-member configurations, namely, Na,Zr,P;0;, and
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Figure 6. Thermodynamic properties (left panels, a—c) and Na occupancy (right panels, d—f) are shown as a function of Na composition (x,
horizontal axis). Gibbs free energy G(x) (orange, left vertical axis) and configurational entropy S(x) (in green, right vertical axis) are shown at
specific temperatures 445 K (panel a), 625 K (panel b), and 905 K (panel c), respectively. Panels d, e, and f display the distribution of Na between
the two sites, Na(1) (in blue) and Na(2) (in red), at 445, 625, and 905 K, respectively. Experimental data at 443 and 623 K from ref 33 are
indicated as blue/red stars for Na(1)/Na(2) sites. Dashed lines indicate regions of phase separation in the phase diagram, while monophasic

domains are shown by colored regions (from Figure 4).

Na,Zr,Si;0,,. Panels d—f in Figure 6 show the extent of
occupation of Na(1) (blue dots and lines) and Na(2) (red
dots and lines) by Na* versus x at three temperatures, where a
fully Na-occupied site (fully empty) has an occupancy of 1.0
(0.0). Notably, the occupation values are obtained as statistical
averages from GCMC simulations. Also, the multiplicity of
Na(2) is three times that of Na(1), that is, there are three
Na(2) sites for every Na(1). Dashed lines in all panels of
Figure 6 indicate thermodynamic properties and Na
occupancies within biphasic regions.

An increasing temperature typically decreases G, which is
consistent with the more negative Gibbs energies at 905 K
compared to 445 K, as shown in Figure 6. Although S depends
strongly on the temperature, the value of S at a given «
depends on the number of accessible configurations at that
composition. For example, S(x = 3) = 0 at all temperatures
because there are no configurational degrees of freedom
available at the Na,Zr,Si;O;, composition, that is, no
configurations lie above the convex hull at this composition
(Figure 2).

Below the B + C — C’ transition (44S and 625 K), S(x)
shows three distinct segments for the three monophasic
regions A, B, and C, with three minima of S(x) [and G(x)]
located at the 0 K ground-state compositions, namely, x = 0, 2,
and 3. The higher entropy observed for other compositions
away from the 0 K ground states is indicative of the higher
configurational disorder within the Na/Va and Si/P sublattices.
Importantly, the minima in entropy at x ~ 2 (within the B
monophasic region) at 625 and 445 K correlate with the Na
occupancies of the Na(1) and Na(2) sites (Figure 6d—f, see
Discussion below). At 905 K (beyond the B + C — C’
transition), S(x) shows two distinct segments, corresponding
to the A and C’ monophasic region. The minima in G(x) [and
S(x)] at « = 2 are driven by minima in enthalpy already
discussed in Figure 2—a reflection of the stable ordering which
enhances the chemical bonding at this composition.
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Unraveling the distribution of Na among the Na(1) and
Na(2) sites sheds light on the Na-ion transport in NaSiCON
phases, which is still not fully understood.”” From Figure 6d—f,
we note that for x = 0, Na(1) is fully occupied and Na(2) is
empty at all temperatures, in agreement with previous reports
indicating that Na,Zr,P;0,, is a fully ordered phase, with Na
occupying only Na(1).”"”” Similarly, at x = 3, both Na(1) and
Na(2) sites are fully occupied, in agreement with the
observations of Hong.”” Interestingly, within the monophasic
A region (x = 0 to x ~ 1) at 905 K, the occupation of Na(2)
increases with increasing «, while Na(1) remains fully occupied
(Figure 6f).

At higher sodium contents, that is, x > 2 (within C’), the
occupation of Na(1) increases monotonically toward 1.0 at x =
3, while the occupation of Na(2) remains roughly constant
(~1.0). However, at intermediate Na contents (x ~ 1.25 to x
~ 1.75), the occupancies of Na(2) and Na(l) show
contrasting trends with increasing Na content, that is, as
Na(2) sites are occupied by Na, Na(l) sites become
unoccupied. This simultaneous occupation and unoccupation
of Na(2) and Na(1) sites result in a decrease in configurational
entropy (Figure 6¢), which eventually reaches a minima at x ~
1.75.

Similar trends in Na(l) and Na(2) occupancies at
intermediate Na concentrations can also be observed below
the B + C — C’ transition (panels d and e in Figure 6), in
agreement with the trends reported by Boilot and Collin
(starts in panels d and e).>® Notably, the Na(1) sites become
empty at Na compositions of 1.5 < x < 2 within the B domain
(at 445 and 625 K), whereas the Na(l) site is never fully
empty in C’ with the minimum in occupation reaching at x ~
1.75. Also, the Na sites are completely ordered, that is, Na(2)
is fully occupied and Na(1) is fully empty, at x = 2 within the B
phase, whereas complete ordering does not occur at x = 2
within the high-temperature C’ phase, underlying the key
difference between the B and C’ monophasic regions. Thus,
Na occupying the Na(l) sites is the primary mechanism of
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inducing configurational disorder in the NaSiCON structure as
the system transitions from ordered B to disordered C’,
particularly at x = 2. Additionally, the complete ordering at x =
2 in B corresponds to the minima in entropy observed at 445
and 625 K at x = 2 (Figure 6a,b).

4. DISCUSSION

4.1. Reconciling the Phase Behavior in NaSiCON-
Based Electrolytes and Electrodes. Understanding the
thermodynamic properties of the rhombohedral
Na,,,Zr,SiP;_, O}, and NaSiCON systems in general, is of
importance for the development of inexpensive solid electro-
Iytes and electrode materials for novel Na-ion batteries. We
have systematically analyzed the phase diagram of rhombohe-
dral Na,,,Zr,Si,P; ,O;, by combining first-principles calcu-
lations, the cluster expansion formalism, and Monte Carlo
simulations. The computational investigation of the mono-
clinic phase diagram of Na, ,Zr,Si P;_.O,, requires knowledge
of the end-member structures at Na = 1 and Na = 4, which are
only found experimentally in the rhombohedral arrangement.
This lack of information curbs the prediction of the monoclinic
phase diagram.

The computed phase diagram of Figure 4 reveals the
presence of two main regions characterized by biphasic
behavior, which are (i) the A + B region that stretches
through Na compositions 0 < x < 2 at low temperatures
(below 200 K) and narrows in the composition range with
increasing temperature and (i) the miscibility gap, B + C, in
the region 2 < x < 3 between 0 and ~650 K. Our result is in
stark contrast with the experimental literature, which indicates
a single-phase behavior across the whole region of accessible
Na compositions (i.e., 0 < x < 3) and temperatures (>450 K,
beyond the region of monoclinic phase stabil-
ity).”?%3%33394072 "The phase diagram also displays four
monophasic regions—A, B, C, and C’, with B spanning a
noticeably increasing range of Na concentrations with
increasing temperature.

Note that Zr off-stoichiometry is often observed in the
rhombohedral Na,,,7r,Si P;_ O,,, with residual ZrO, found
after hi§h-temperature synthesis and sintering treat-
ments.”*#?**%" Our computed phase diagram does not
account for Zr off-stoichiometry, and the inclusion of an
additional compositional axis would make this study intract-
able in terms of computational complexity. However, Boilot et
al.*” confirmed that Na migration in vacant Zr sites is impeded,
indicating that Zr deficiency is less relevant for optimizing the
Na conductivity of this material.

Few experimental reports have targeted the structural
characterization of rhombohedral Na,, Zr,Si P;_ O, at Na
compositions 0 < x < 2 or 2 < x < 3.”7*" Notably, most of the
early characterization work on rhombohedral
Na,,Zr,Si,P;_.O,, used single-crystal samples with x >
2,°0°3727%57 which were mostly refined according to the
structural model of Hong.*” Although single-crystal X-ray
diffraction (XRD) experiments are undoubtedly useful in
understanding the structural properties of this material, they
may hinder the observation of phase separation in
Na,,,Zr,Si,P;_,O,, in particular, across Na-rich and Na-poor
composition domains (e.g, A + B and B + C in Figure 4),
resulting in the lack of identification of unique mono- or
biphasic domains. For this purpose, advanced powder X-ray or
neutron diffraction experiments are required because they
should identify phase separation and reveal all the crystalline
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phases that would eventually coexist in a given sample.
Differential scanning calorimetry can also be used to identify
the well-documented albeit weak rhombohedral-to-monoclinic
phase transition,”*”*® but phase separation has not been
observed so far in the rhombohedral phase.

Recent bench®" and synchrotron® powder XRD studies
demonstrated unequivocally that the low-temperature
Na,,,Zr,Si,P;_, O}, compositions behave as a single phase, in
contrast to our predictions. For example, Deng et al.*’ reported
a single phase at Na,Zr,Si;P,0}, at temperatures of 295 and
473 K, which is in the middle of the A + B two-phase region
(Figure 4). The disagreement in terms of phase stabilities at
low temperatures (<500 K) between the theory-predicted
thermodynamics (suggesting phase separation) and exper-
imental reports (indicating single-phase behavior) can be also
attributed to kinetic factors. For example, at low temperatures
(~300 K), our predicted phase diagram suggests that
Na, Zr,Si;P,0,,(C’) will phase-separate into a mixture of
Na;Zr,Si,P,0,, (B) and Na,Zr,Si;0;, (C). This requires the
disordered SiO}~ and PO;~ ions in the high-temperature C’
phase to be redistributed in order to form the stable B and C
phases. The redistribution of the SiO}~ and POj~, which
requires macroscopic diffusion of multivalent Si** and P>* ions,
would involve high activation barriers that are inaccessible at
the lower temperatures to ensure full phase separation.”” We
verified this unsurmountable energetic cost for Si** and P°*
reorganization by computing the migration barrier of P** in
Nay,,Zr,S1,P5_,O1,, which results larger than ~4.02 eV (Figure
SS in the Supporting Information). However, it remains to be
verified experimentally (which we will do in the near future)
whether prolonged annealing treatments at intermediate
temperatures can promote phase separation in
Nay,, Zr,8i,P;_ Oy,

Biphasic behavior is typical in NaSiCON-based electrodes.
For example, Delmas et al.** detected phase separation of the
rhombohedral electrode Na,Ti,(PO,); when cooled, leading
to the formation of Na,Ti,(PO,); and Na,Ti,(PO,);. For
NaSiCON electrodes with a single transition metal [e.g, M =
Ti, V, Cr, and Fe in Na,M,(PO,),], the existence of two-phase
domains is also observed in electrochemical experiments,
whereby the Na-discharge voltage profile exhibits a flat plateau
as Na intercalates in the electrode (see Figure 7).

Notably, mechanisms of phase separation in single-
transition-metal NaSiCON electrodes do not involve mod-
ifications of the structural framework because phase separation
occurs across Na compositions (i.e., the formation of the Na-
rich and Na-poor domain) and bond-breaking/reforming
involving framework atoms (e.g, Ti, V, Cr, or Fe) is not
required, as transition metals do not have to diffuse
macroscopically. In other words, the mobile Na" and the
accompanying electrons can be redistributed swiftly even at
low temperatures (~300 K) to ensure phase separation.
Interestingly, previous studies have claimed that the
thermodynamically favorable phase separation was curbed in
mixed-transition-metal NaSiCON systems. For example, in
Na,ZrCr(PO,);, the phase separation reaction, 2Na,ZrCr-
(PO,); — NaZr,(PO,); + NayCr,(PO,)s, is inhibited by the
slow kinetics of bond-breaking/reforming of Zr—O and Cr—O
bonds and the poor macroscopic diffusivity of Zr** and Cr**.**
Notably, phase separation of Na,ZrCr(PO,); was not observed
even after prolonged annealing treatments at high temper-
atures. Thus, the thermodynamically favored phase separation
in rhombohedral Na,,,Zr,Si,P;_,O;, may also be kinetically
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Figure 7. Experimental voltage (vertical axis) charge/discharge curves
of Na;Ti,(PO,); (in red), Na;V,(PO,); (in green), Na;Cr,(PO,); (in
blue), and NayFe,(PO,); (in yellow), adapted from refs,**>*”% are
superimposed onto the predicted phase diagram of NaSiCON (~295
K) from Figure 4. The dashed line and the arrow indicate the ordering
at x = 2.

inhibited, similar to the mixed-transition-metal NaSiCON
systems.44

To illustrate explicitly the similarity between the phase-
separation behavior identified in this work in
Na,,,Zr,Si,P;_,O,, and as observed in NaSiCON electrodes,
we schematically superimpose our computed phase diagram
(around 295 K) onto the experimental voltage curves of
Na;Ti,(PO,);, NayV,(PO,);, Na;Cr,(PO,);, and
Na;Fe,(PO,)s, as shown in Figure 7.

Similar to Na,,,Zr,Si,P;_ O}, all the electrode materials
shown in Figure 7, that is, Na;Ti,(PO,);, Na;V,(PO,),,
Na;Cr,(PO,);, and NajFe,(PO,);, crystallize in the rhombo-
hedral structure at x = 0 and x = 3 and distort into a
monoclinic form at x = 2.”° Furthermore, the octahedrally
coordinated transition metals involved in the redox couples of
these NaSICON electrode materials are not prone to Jahn—
Teller distortions,”® thus making our comparison with
Na,,Zr,8i P;_,O,, appropriate.

Figure 7 shows that as Na is inserted/extracted into/from
NaM, (PO,);/Na;M,(PO,); (M = Ti, V, Cr, and Fe), the
materials always phase-separate for Na concentrations in the
range 0 < x < 2. Na,,,V,(PO,); also phase-separates between
Na concentrations of 2 < x < 3. Figure 7 identifies that at
composition x = 2, a stable phase (or structure/configuration)
is always found and appears to be common to all NaSiCON-
based electrodes, analogous to Na, Zr,Si,P; .O,,. Intrigu-
ingly, at low temperature and at x = 2, all of the Na(2) sites in
Na,,,Zr,Si,P;_.O,, are occupied while the Na(1) sites have
ne%li ible occupations, similar to trends observed in Figure
6.7%>%* On the basis of our entropy curves shown in Figure 6,
we believe that the tendency for Na to order at composition x
= 2 in Na;V,(PO,);, NayCr,(PO,);, and Na;Zr,Si,P,0,, is
significant and eventually drives the rhombohedral-to-mono-
clinic (and their superstructures) phase transition at room
temperature.29’73’9l
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In light of these findings, one can formulate the following
hypothesis:

e Phase separation appears to be the underlying favorable
thermodynamic process in Nay, Zr,Si,P;_ O, but is
inhibited by the large energy barrier involved in the
rearrangement of the SiOf~ and PO}~ species.

Phase separation is fully or partially inhibited, kinetically,
whenever cations of the M,(PO,); framework are
required to break bonds, migrate, and form new
bonds. Analogous to the kinetic impediment to phase
separation observed for the solid electrolyte
Na,,,Zr,Si,P;_,Oy,, partial replacement of SiO}~ and
PO;™ may also kinetically limit any phase separation in
monotransition metal electrodes. Other “network
formers”, such as SiSj~ and PS}, found in Li-ion
conductors may provide similar effects.”

In both the solid electrolyte and NaSiCON electrodes,
the existence of a stable ordering of Na ions on the
Na(2) site at the x 2 composition is a common
feature. The stability of the fully occupied Na(2) plus
fully empty Na(1) configuration might be electrostati-
cally driven (see Section 4.2) and requires further
exploration. As is well-established in the literature, at low
temperatures, this peculiar Na configuration seems to
promote the phase transition from rhombohedral into
monoclinic symmetry, with the rhombohedral —
monoclinic transformation mechanism needing more
work to understand fully.

The validation of these hypotheses and their extension to all
NaSiCON-derived electrodes requires further experimental
and computational investigations. In particular, the interplay of
structural and electronic structure effects needs attention.
Importantly, the redistribution of octahedrally coordinated
cations in mixed transition-metal NaSiCONs, for example, Ti
and Fe in Na,TiFe(PO,);, may be subject to different
mechanisms than our predictions for Na, Zr,Si,P;_ O ,.

4.2, Effects of Na Distributions on the Na Transport
in Na,,,Zr,Si,P3_,0,,. The bulk ionic conductivity of
Na,,,Zr,Si,P;_,O,, is set by the occupations of Na(1) and
Na(2) sites,””**>*" which enables Na® percolation along
Na(1)—Na(2)—Na(1) paths. Although Zhang et al.’’ inves-
tigated the existence of a third Na site, Na(3), located between
Na(1l) and Na(2), Na(3) is negligibly occupied at high
temperatures 200 < T < 800 °C, hence not relevant to the
thermodynamics. Occupancies of Na(1) and Na(2) sites are in
turn determined by the distribution of SiO§~ and PO} groups,
in order to maintain “local” charge neutrality within the
rhombohedral Na,,Zr,Si P;_ O, an aspect that has been
rarely discussed in prior experimental reports. Furthermore,
the higher mobility of Na enables Na" ions to adopt energy-
minimizing configurations, given a Si/P arrangement. Thus,
the interplay of local charge neutrality, the short- and long-
range cluster interactions among the Na(1) and Na(2) sites,
and Na® mobility will control the experimentally observed
population of Na sites at different Na concentrations.

The GCMC data showed that the occupation of the Na(1)
site decreases from x = 0 to x = 2 and increases monotonically
between x = 2 and x = 3 below the B + C — C’ transition (see
Figure 6). For site Na(2), we observe a constant increase in its
occupation in the range 0 < x < 2, while Na(2) remains fully
occupied for x > 2. The trends in occupancies of Na(1) and
Na(2) sites are in excellent agreement with the experimental

https://dx.doi.org/10.1021/acs.chemmater.0c02695
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study of Boilot et al.’”® The selective occupation of Na(2) sites

at x ~ 2 can be attributed to the shorter distance between
Na(2) sites and XO, tetrahedra, where the increasing
occupation of Si in the XO, units with increasing x can
electrostatically favor Na occupation of Na(2) sites.

It is well-known that a flat energy landscape is beneficial for
ion migration,%_95 which indicates that the initial and final
migration sites should also have comparable energies. In
Na,,,Zr,Si,P;_.O,, Na ions migrate between Na(1l) and
Na(2) sites, and the resultant migration barrier is related to the
energy difference between the Na(1) and Na(2) sites when
they are occupied by Na. To quantify this aspect, we plot the
minimum absolute difference in electrostatic energies (AE),
based on the classical Ewald summation, between the ground-
state (GS) structures and “excited”-state (ES) structures in
Figure 8, at x = 0, 2, and 3. Note that the GS structures are the

X in Nay,xZrSixP3_xO12

Figure 8. Minimum absolute electrostatic energy difference between
the ground-state (GS) and “excited”-state (ES) configurations at Na
concentrations of x = 0, 2, and 3.

ground-state Na/Si/P configurations at x = 0 and 2 (see Figure
6), while at x = 3, the GS is the DFT ground state with a Na
vacancy. The corresponding ES configurations involve
swapping the Na atom/vacancy with an “adjacent” Na(l)/
Na(2) site.

In Figure 8, the min[AE] is significantly high at low (>2.6
eV/fu. at x = 0) and high (>0.9 eV/fu. at x = 3) Na content,
signifying high migration barriers for Na transport. In contrast,
min[AE] is low at « = 2 (~0.14 eV/fu.), signifying a flat
electrostatic energy landscape that may correspond to a low Na
migration barrier as well, which is consistent with previous
experiments reporting the highest Na* conductivity in the
range 2 < x < 2.5.%% Although our preliminary analysis does
not capture the geometric and bonding effects during Na
migration, it should be useful in providing a qualitative
guideline of how Na migration barriers (and Na conductivity)
vary with Na concentration in the NaSICON system
considered here. However, it remains to be seen how specific
configurations of Na/Va and Si/P affect the microscopic
migration barriers that govern the overall Na transport. Hence,
it is important to extend our model by incorporating migration
barriers, as a function of Na content and temperature, which
will be the focus of future work.

5. CONCLUSIONS

We investigated the phase stability of the high-temperature
Na,,,Zr,Si,P;_,O,, ionic conductor using a multiscale
approach based on first-principles calculations, a cluster
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expansion framework, and large-size Monte Carlo simulations.
We observed excellent agreement with DFT-predicted
structural properties, namely, lattice volumes and ¢ and a
parameters, with existing measurements. Additionally, we
found that the selective occupation of Na(2) sites instead of
Na(1) sites drives the stability of the Na,Zr,Si,P,0;, ground
state, particularly at low temperatures.

The computed phase diagram suggests that
Na,,,Zr,SiP;_ O, would phase-separate into three distinct
single-phase domains at low temperature, in contrast with
experimental observations so far. Kinetic limitations, specifi-
cally the macroscopic diffusion of Si** and P5* ions, may inhibit
the phase separation into Na + Sirich and Va + P-rich
domains in experiments. We identified similarities in phase
behavior between the NaSiCON electrolyte and monotransi-
tion-metal NaSiCON electrodes, which typically phase-
separate upon Na extraction/insertion. Interestingly, the lack
of phase separation observed in mixed-transition-metal
NaSiCON electrodes may be attributed to kinetic limitations,
similar to the scenario in Na,, Zr,Si,P;_.O,,. Therefore, we
speculated that the introduction of SiO}~ into phosphate-based
electrodes can kinetically inhibit phenomena of phase
separation.

Based on our phase diagram, we also unveiled the complex
interplay between Na site occupancies at different temper-
atures and electrostatics. With this understanding, we could
identify and explain why experimentally only specific
compositions offer high Na transport. Our work offers
important insights on the role of Na—Va and Si—P
configurations on the stability and Na-transport properties of
NaSiCON electrolytes and will be an important addition in the
development of safe and sustainable Na-ion batteries.
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