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Abstract

Exploration of sulfidic sodium solid electrolytes and their design contributes to advances in
solid state sodium batteries. Such design is guided by a better understanding of fast sodium
transport, for instance in the herein studied Nai;Sn2PSio-type materials. By using Rietveld
refinements against synchrotron X-ray diffraction and electrochemical impedance
spectroscopy, the influence of aliovalent substitution onto the structure and transport in
Nai1+:Sn2P1— M. S12 with M =Ge and Sn is investigated. Whereas Sn induces stronger
structural changes than Ge, the found influence on the sodium sublattice and the ionic
transport properties are comparable. Overall, a reduced in-grain activation energy of Na*
transport can be found with the reducing Na* vacancy concentration. This work explores
previously unreported phases in the NaiSnPSi» structure type that, based on their
determined properties reveal Na* vacancy concentrations to be an important factor guiding

further understanding within Na;1Sn2PSi>-type materials.



1. Introduction

Along with lithium solid-state batteries, that promise high energy density by usage of lithium
metal anodes,! sodium based solid-state batteries may be a prospectively cheaper energy
storage option.? Solid electrolytes represent a key enabler of the technology as optimizing
their ionic transport, electrochemical stability and processability can improve overall cell
performance significantly.!>* Therefore, the understanding of ionic transport and its relation
to the structural features present in solid electrolytes has been widely investigated in Li'- and
Na*-conducting structural families such as LISICONs®, NASICONs®?® (Li/Na)sMCls
halides®!'!, (closo-) borohydrates!> 4, but also prominently in the sulfide-based material

classes: argyrodites!>!8 and ternary thio-LISICONs!%-2

. Other promising compounds are the
Na3PSy-type?! as well as the LiioGeP2S12-type?? conductors, all of which have been reviewed
in depth elsewhere.?? Derived from LiioGeP2S1», the Na* equivalent Naj1SnoPSi2 (NaSnPS)
crystallizes in a distinct but related structure type, which has shown promising ionic transport
properties. In addition, this class shows the ability of being structurally tunable by isovalent
substitutions of P with Sb and S with Se, as well as aliovalent substitution of P with Si or Sn

with Sb.2+%

The Nai1SnoPSi2 structure (Figure 1) is comprised of SnS4 and PS;4 tetrahedral units building
up the anionic backbone that is filled with Na* ions in the tetragonal /4,/acd space group with
Z = 8 formula units per unit cell. The large unit cell (quadrupling that of LijoGeP2Si2)
originates from the long-range rotational ordering (90° rotation along the ¢ direction [001]) of
the PS4* tetrahedra (P(1) on an 8a Wyckoff site) located in half of the “body-centered”
positions of a simple cubic arrangement of SnS4*" units (Sn(1) 16e Wyckoff site). Those
SnS4* tetrahedra also show rotational ordering leading to faces of SnS4* tetrahedra that are
oriented towards the PS4* tetrahedra. The vertices of the SnS4* tetrahedra point towards the
other half of “body-centered” sites forming a quasi-cubic void (Na(6)). This arrangement
leads to a distortion of SnS; tetrahedra along the a- and b- ([100] and [010]) directions from
ideal “simple-cubic” ordering. As this distortion follows the PS4*~ rotation and tetrahedral
size it can be captured by a linear relation of relative rotational angles between PS4*~ units
and the lattice parameter ratio ¢/a, expressing isotropic expansion upon atomic substitution.?
Within this anionic backbone 7 distinct sites are relevant for the sodium sub-lattice
description. In Na;1Sn2PSi2 five sodium sites are found highly occupied: Na(l) a Wyckoff
32g site and Na(2) a Wyckoff 164 site, residing in Na(X)Se polyhedra that are sharing an

edge with the PS> units. Both sites usually show lower Na occupation than the other three



octahedrally coordinated sites: the Na(3) on a 16e site, Na(4) on a 16¢ site and Na(5) on a 16f
site. Especially on the Na(4) and Na(5) sites, large thermal displacement ellipsoids were
reported and a splitting of the Na(4) site has been used to describe the Na* distribution in that
octahedron.?>?” Furthermore, the quasi-cubic 85 site hosts the Na(6), which bridges the Na(1)
and Na(2) positions and was shown to take part in the diffusion mechanism by molecular
dynamics simulations.?*3%-3% Lastly, another unoccupied 32g site in an octahedral void has
been discussed as the intermediate site in alternative diffusion pathways on the basis of bond
valence sum analyses.?”?® The sodium distribution over those sites seems to be heavily
influenced by substitutions as, for example, the Na(6) site occupancy (at 298 K) in
Nai1.1Sn2.1Po.9Sei2 was reported to be 74% while the site remains lowly occupied (< 22%) in

Nal 1 SnZPS 12.23’24’27’28

PS,(8a, 329)
- SnS,(16e, 329)

Na(1) (32g)
Na(2) (16d)
Na(3) (16e)
Na(4) (16c¢, 329)
Na(5) (16f)
Na(6) (8b)

Figure 1: a) Crystal structure of Na;iSn:PSis, showing the Na' channels within the polyanionic
backbone of SnS;*~ and PS;~ tetrahedra. b) By depicting only half of those tetrahedra (Sn in front of
P; Sninx=20.75 Pinx = 0.5) in the unit cell in the bc plane and highlighting the tetrahedral edges
oriented towards the a-direction, the rotational ordering in b and c plane is presented. SnS;~
tetrahedra are rotated with respect to each other ~90° along all three spatial dimensions leading to
their faces oriented towards the PS;~ tetrahedra, which itself are rotated ~90° with respect to each
other in the c direction. c) The resulting Na-S polyhedra in this polyanionic backbone are shown in

the two respective slabs of PS7~ (z = 0.125) and SnSs*~ (z = 0) along the c-direction.

To improve the transport properties through substitution, the ratio of immobile cations in the

framework is often discussed as the phase width of the Na;1SnoPSi2-type structure may be

25,27

quite narrow in the relevant quasi-binary or even quasi-ternary phase diagrams. For

instance, in the first two publications isolating the Nai1SnoPSi2 structure in the series of



Naio+aSni+aP2-4S12 between 0 < d < 1, a strict phase segregation into Nai1Sn2PSi2 and NazPSy
was found.?*?’ Additionally, in the Nai>-4Sn3-,SbsS12 series the phase width was explored,
showing that altering the Na concentration within the Na;;SnoPSi>-type phase seems to
influence the ionic conductivity minimally.?” However, in another aliovalent substitution
approach controlling the Na* content and thereby the charge carrier concentration via
phosphorus exchange, i.e. in Nai>—[Sn2Si]i-P;S12, reduced activation energies and a drastic
improvement of ionic conductivities was observed.>* Moreover, the ratio between Sn and Sb
in Nai1+:Sn2+(Sbi—P))1-+S12 was altered®® to form full solid solutions thereby basically
performing an aliovalent substitution in respect to Na;iSnSbSi2.2° This highlighted the
importance of the cationic ratio for phase stability, however, the influence of a stoichiometric
excess of sodium has been entirely neglected. Additionally, theoretical investigations predict
likely synthesizable phases of Nao+sSnyPn3-Si2 with Pn =P, Sb within 1.5 <s <2.5,3! but no
changes to ionic conductivity or activation energy were found in Nai1:,SnoPS12 with altering

the Na concentration by one sodium ion per unit cell (o = 0.125).*2

Inspired by the question of how strongly vacancies may affect the ionic transport in this class
of materials, in this work we synthesized and characterized the series of Nai1-SnoP1-M:S12
with M = Ge and Sn. Systematically altering the Na* (and with it the vacancy-) concentration
shows influences on the ionic transport within these materials. Full structural characterization
by Rietveld refinements against synchrotron X-ray diffraction data reveals the expansion of
the unit cell via substitution within the (P,_sMs)S, and (Sn,_.M,)S, tetrahedral units. Alongside
the reduced Na'-vacancy concentration (with lattice expansion) a reduction of in-grain
activation energy for ionic transport is found. As previously observed in the NaiiSn2PSi2
structural family, the reduced activation energy leads to an overall reduced room temperature
in-grain sodium ionic conductivity.?>?*°> This work further highlights how aliovalent
substitution and changing Na* carrier densities influence the ionic transport properties in this

class of materials.

2. Experimental Methods

Synthesis. All samples in the series Nai1+.SnoP1-M,S12 with M = Ge, Sn were prepared by
solid-state synthesis. Therefore, the starting materials Na,S (Merck, 99.98%), SnS, (Kojundo,
99.9+%), P2Ss (Merck, 99%), GeS (Merck, 99.99%) and S (Acros Organics, 99.999 %) were
mixed in the respective stoichiometric ratios for 15 minutes in an agate mortar. The resulting

precursor mixtures were pressed into pellets, which were subsequently transferred into a



dried (2 h at 800 °C under dynamic vacuum p < 2 mbar) quartz ampoule. The reaction was
carried out at 650 °C for 12 h with a heating rate of 40 °C/h and a cooling rate of 60 °C/h in a
tube furnace. The obtained yellowish product pellets were ground to a powder in an agate
mortar for further characterization purposes. All powders were handled under exclusion of air

and moisture by handling under inert (argon) atmosphere or vacuum.

Synchrotron X-ray powder diffraction. High resolution synchrotron X-ray powder
diffraction was carried out at the 11-BM-B beamline of the Advanced Photon Source at the
Argonne National Laboratory. All samples were sealed into glass capillaries and placed
inside the Kapton® tubes mounted onto sample holders. The diffraction experiment was
carried out at a wavelength of 0.457894 A over a 20 range of 0.5° to 50° with a step width of

0.001° and at a temperature of 100 K to “freeze out” the mobile sodium ions.

Rietveld analysis. Rietveld refinements were carried out using the TOPAS-Academic V6
software.® Fit indicators: Rwp, Rexp, and goodness of fit (gof) were used to assess the quality
of the refined structural models. The (1) background was fit by a Chebychev polynomial with
15 parameters, a (2) zero error was refined from the starting value provided by the beamline.
The Bragg reflection shape was fit by the (3) Thompson-Cox-Hastings modified pseudo-
Voigt function implemented in TOPAS and corrected for (4) asymmetry with a simple axial
divergence model. For structural parameters of the main Na;1Sn2PSi12 type phase (in space
group l41/acd, origin setting 2) the tetragonal (5) lattice parameters a and ¢, subsequently the
(6) fractional coordinates, (7) thermal displacement parameters and (8) site occupancy factors
(sof ') of the respective sites were refined. Identified side phases were taken into account in
the refinements to reduce the impact of overlapping reflections. Therefore, the structural
information reported in the literature was retained and the reflection shape, intensity and
lattice parameters were allowed to refine. To finalize a refinement all parameters mentioned

above were allowed to vary collectively.

Concerning the structural parameters refined, certain constraints had to be employed to lead
to physically reasonable values (e.g. atomic distances, charge balancing). All constraints
applied are tabulated in the Supporting Information (Table S1 and S8). In structures within
Naj+xSn2P1-xSnxS1> the distribution of tin and phosphorous was allowed over both, the Sn(1)
(16¢) and P(1) (8a), immobile cation sites. Within Na;;+xSn2P;-xGe.S;2 the additional cation
limits the resolvable atomic contrast over the Sn(1) and P(1) sites. Based on the low content

of phosphorous on the Sn(1) site within structures of Nai1+xSn2P1-xSn,S12, in accordance with



literature,?*2627 only Ge and Sn were distributed over the Sn(1) (16¢) site. Hence, P, Ge and
Sn are distributed over the P(1) (8a) site with the Sn content fixed to 2, while refining the Ge
content in the structures. Similar to previous work, the sodium sub-lattice in all structures
was constrained to equal isotropic thermal displacement parameters (B.q) and the total
sodium content was constrained for charge balance following the refined phosphorous
content in the structures.?> As previously reported, the original 16e Wyckoff Na(4) site was
split into a 32g Wyckoff site.?> To be consistent within the whole series this split Na(4) site
(32¢) was also introduced in samples with x)s > 0.5 in Na,;,,.Sn,P,_.M.S,, (M = Ge, Sn) even
though the distance of adjacent Na(4) sites reduced below 1 A. In those cases the sof on the
split Na(4) site was limited to a maximum of 0.5. All structural data are tabulated in Tables

S2 —S13.

Bond valence site energies. The bond valence site energies for mobile Na® within
Nai1Sn2PS12 were calculated starting from the refined structure using the softBV-GUI
software.’” The standard grid resolution of 0.1 A and the automatically estimated screening
factor of 0.627344 was used for the energy landscape calculation.’” The crystal structure and
surfaces of equivalent bond valence site energy were visualized with the VESTA3® software,

to map the connectivity of Na sites within the sodium sublattice.

Electrochemical impedance spectroscopy. Electrical conductivities were measured by AC
impedance spectroscopy. Therefore, the powders were isostatically pressed at 325 MPa for
45 minutes. The obtained pellets were sintered for 10 minutes at 550 °C under vacuum in
dried quartz ampoules. The ~90% dense pellets (pellet dimensions included in the
Supporting Information Table S14 and S15) were contacted with 200 nm thick Au electrodes
(0.82 cm diameter) via thermal evaporation and aluminum contacts in a pouch cell
configuration.®® Low temperature impedance spectra from —100 °C to 25 °C (Novocool
Cryosystem) were collected with a Novocontrol Alpha-A frequency analyzer (Novocontrol
Technologies, Montabaur, Germany) applying a sinusoidal voltage curve of Vims =50 mV
amplitude, necessary to resolve high resistances in the frequency range from 10 MHz to
100 mHz. The obtained spectra were evaluated utilizing the RelaxIS 3 - Impedance Spectrum

Analysis software (rhd instruments, Darmstadt, Germany).



3. Results and Discussion

Structural characterization. To determine the influence of increasing the Na* content in this
materials class, two series of solid solutions, Na,;.Sn,P,_ .M, S;, with M =Ge, Sn and
0 <xy=0.625, are synthesized. The structural parameters are determined by Rietveld
refinement against synchrotron X-ray data at 100 K. Low temperature diffraction data was
used to make sure all Na* positions can be reliably refined in this fast ionic conductor and
previous work shows a good comparison between low- and room-temperature data.?
Comparison between the series of the aliovalent substituents Ge and Sn highlights the
similarities between the systems in which the cation substituents exhibit different sizes, while
overall similar stoichiometric Na“ contents are present in the respective compositions.
Exemplary Rietveld refinements are shown in Figure 2. The other diffraction patterns and the

corresponding refinements can be found in the Supporting Information (Figure S1 & S2).
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Figure 2: a) Representative Rietveld refinements against the synchrotron X-ray diffraction patterns
(.= 0.457894 A) of Nay1sSn:>PosGesSi», NaiiSn:PSi> and NaiisSnaPysSnosSi» at 100 K. Collected
data is presented as black data points, the calculated pattern and respective difference curves from
refinement are shown as red and blue lines. The obtained reflection positions of the main phases are
depicted as green tick marks. Small amounts (1.2 wt %) of NaSnS> and (2.9 wt %) of NasSn»S7 type

side-phase can be observed in Na;iSn:PSi> and Nai;sSn2PosGeosSi2 with corresponding reflection



positions indicated by the respectively lower green tick marks. b) Zoom-in on higher diffraction

angles to show the quality of the fit.

Figure 3a shows the total refined fraction of Ge and Sn in the compositions, denoted as X .
A linear increase is found initially that corresponds to a full solubility, however, deviations
from linearity are found at higher Ge and Sn fractions suggesting that a solubility limit has
been reached. For instance, in Naj; 6sSn,P375Sn0625S12 ~8 wt % of Na,SnS, side-phase
indicate the solubility limit to lie in the range of 0.5 < x5, < 0.625, which is in line with the
refined total Sn composition in Figure 3a. In the case of Nay; 65Sn,Pg375Ge0 625512 the situation
appears more complex. Besides the main phase, small amounts of a different Na;;Sn,PS,
phase are revealed by the synchrotron X-ray diffraction that exert themselves as additional
reflections and shoulders shifted to lower 26 angles (Figure S3), indicating some M enriched
phase. These are only resolved in synchrotron diffraction data and indicate a miscibility gap
and accordingly at x¢, = 0.625 a deviation from linearity is found. This observation highlights
the complexity of the phase diagram, especially when introducing an additional atom type
into a quaternary compound. Similar effects have been reported for P-introduction in
Na;,Sn,SiS ;.3 Furthermore, it shows the possibility of closely related phases coexisting that
are most likely thermodynamically stabilized by significant entropic contribution from the

possible rearrangement of Na atoms as well as immobile cation disorder.?'4°

The lattice parameters a and ¢ (Figure 3b) within Na,;,,.Sn,P,_.Sn,S;, as well as the resulting
unit cell volume (Figure 3c) show a linear increase up to Naj; 625Sn,P) 3755100 625512, despite the
limited solubility. Such linearity indicates the successful substitution of P>* (ricns(P°*) = 0.17
pm), with the smaller Shannon ionic radius, by Sn* (rcny(Sn**) = 0.60 pm)2#' In
Na; 1., 5n,P,_,Ge, S\, the expansion of the lattice with xs. is not as pronounced as in
Na,;,,.Sn,P,_.Sn,S;, with the difference in ionic radius between P>* and Ge** not as large as
when substituting with Sn* (Fieng(P3*) = 0.17 pm < rieng(Ge*) = 0.39 pm < rieng(Sn*) =
0.60 pm)*'. Considering the overall minute changes (1.2% of unit cell volume), a mostly
linear expansion behavior of the lattice parameters a and c¢ (see Figure 3b) as well as the

resulting unit cell volume is found up to xg. < 0.625.

The isotropy of the expansion, expressed in the ratio of lattice parameters c/a (Figure S3), in
the Na;;Sn,PS;, structure type has been previously shown to be linearly correlated with the

rotational angles between respective (P,_sM;)S, tetrahedra.? This correlation equally holds in



the compounds reported here (Figure S3b). The increase of the lattice parameters a and ¢ as
well as the overall expansion of the unit cell volume (Figure 3c) is driven mainly by the
expansion of the (P1-sM5)S4 tetrahedra upon introduction of the tetrel substituents. The linear
expansion of (P,_sSn;)S, tetrahedral volumes with xs, further confirms the successful
substitution of phosphorous with tin in Na,;,,Sn,P,_,.Sn,S,,. Despite the mixed occupancy of
P/Ge/Sn on the P(1) site in the Na;,,Sn,P,_,Ge,S;, series (Figure S3c), the expansion of the

(P-sM;)S, tetrahedra proceeds approximately linearly with nominal xc..
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Figure 3: a) Nominal x, vs. refined x..y contents of M = Ge, Sn in Naj;+xSn:Pi_xMySi>. With increasing
nominal content x,, a lattice expansion is observed in the tetragonal lattice parameters b) a and ¢ as
well as in the resulting c) unit cell volume of the Naj;+xSn:P1_xMS1> M = Ge, Sn series. d) Locally, Sn
and Ge substitute mainly on the P(1) site where the expansion of the (P1_sMs)Sy tetrahedra (as the

global average determined by the powder X-ray diffraction) is representative of the successful
replacement of P. Refinement uncertainties are smaller than or comparable in size to data points and

linear fits act as guides to the eye.



Sodium ion sublattice.

Within the series of solid solutions M = Ge, Sn in Na;,,Sn,P,_M,S,,, the changing
polyanionic framework as well as the altered Na* concentration are expected to influence the
sodium sublattice. Expressed as the occupancies on the six distinct Na sites and the
coordination polyhedra around them, the Na* substructure is extracted from the structural
models refined against low-temperature synchrotron X-ray diffraction. Whereas previous
studies investigated the complex Na(X)S, polyhedral connectivity, it has shown useful to
separate the six Na-S polyhedra present into two locally connected clusters as highlighted by

bond valance maps depicted in Figure 4b;2283!1

(I) The Na(1)Ss and Na(2)Ss polyhedra (edge-sharing with the (P;_sM;)S, units) as well as
their “bridging” Na(6)Ss quasi-cube (face-sharing with Na(l1)Ss and Na(2)Ss): In
Na; ., 3P, .M, S1,, with increasing nominal x, (equivalent to increasing (P,_sM;)S4
tetrahedral volumes) Na(1)Ss and Na(6)Ss polyhedral volumes are increasing in both M = Sn,
and Ge series (Figure 4a,c). Interestingly, the expansion of the Na(2)S¢ polyhedral volume is
less pronounced in both series even though a direct correlation to (P,_sM;)S, tetrahedral
volume is expected from the high connectivity as previously found in

Nay l+xSn2+x(Sbl—yPy)l—xs 2.5

(I) The Na(3)Ss, Na(4)Ss and Na(5)Ss octahedra spanning a three-dimensionally
interconnected (mostly) edge-sharing Na(X)Ss network: Besides the increasing unit cell
volume with increasing nominal x,, in Na,;,,Sn,P,_.M.S,, the Na(3)Ss octahedral volume is
observed to be decreasing in both M = Ge, and Sn series (Figure 4a,c). The comparably small
changes observed in the Na(4)Ss and Na(5)Ss octahedral volumes show more irregular
behavior with increasing x; in Na;, Sn,P,_M.S,. Compared to Na;;Sn,PS;, in
Nay;659n,P0375Geo 625512 slightly smaller and in Naj; 65Sn,P3759n0 625512 slightly larger
Na(4)Ss and Na(5)S¢ octahedral volumes are found. The Na(3)S¢, Na(4)Ss and Na(5)Ss
octahedra have previously been observed to shrink with lattice expansion in

Na;14,:914(Sbi,P,)1-:S12, here this effect is mainly seen in the Na(3)S¢ octahedral volume.

However, within Na,;,,Sn,P,_.M,S;, additional sodium has to be incorporated into the lattice
further adding to the complex factors influencing the interconnected Na* sub-lattice. The
additionally added sodium and the structural changes lead to a redistribution of sodium in the
available lattice sites expressed as site occupational fractions (sof) shown in the Supporting

Information Figure S5. Most of the observed structural parameters are comparable between



the two Ge and Sn series of Na,;..Sn,P,_.M,S,, and the sof change in a similar manner as
well. Overall, sodium occupancy reduces on the Na(4) and Na(5) sites, which were highly
occupied in Na;;Sn,PS,, but increases on the Na(1), Na(2) and Na(3) sites that were slightly
vacant in Na;;Sn,PS;,. Furthermore, the Na(6) site sof remain low (< 0.08) and constant
within the range of the refinement error. Accordingly, occupancies cannot be linked
consistently to observed changes in Na(X)S, polyhedral volumes emphasizing the complexity
of the underlying Na* energy landscape. However, complex the sodium sublattice appears, on
average its volume increases with x,, in Na;;,,Sn,P,_,M,S, in accordance to the overall unit

cell expansion (Figure S5).
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Figure 4: Volumes of the Na(X)S, polyhedra building up the b) Na* diffusion pathways against the
nominal a) Ge and c) Sn contents in Najj+xSnPi--M.S1>. The Na(X)S, polyhedra in b) with their
connectivity highlighted by the surfaces of equivalent bond valence site energies representing the

energetically favored Na" diffusion pathways. Linear fits act as guide to the eye.

TIonic transport. In order to assess the changes of the Na* ionic conductivities and activation
energies in Naj+:SnoP1-:MS12 M =Sn, Ge, temperature-dependent electrochemical
impedance spectroscopy was performed. As recently shown for this class of
materials,?>?72842  Jow-temperature measurements on sintered pellets are necessary to

distinguish between in-grain and grain-boundary properties reliably.
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Figure 5. Nyquist representation of selected complex impedance spectra measured at 213 K
(—60 °C) of Naji+xSn2P1-xMxS1> M = Ge, Sn with xy = 0, 0.25, 0.5, fit (depicted as solid
lines) with the displayed equivalent circuit representing contributions from in-grain and
grain boundaries, respectively. b) Exemplary linearized Arrhenius representation of total and
in-grain conductivities in Naii.255n2P0.75Geo 25512 for determination of respective activation
energies E4 and extrapolation of in-grain conductivity to 298 K. The in-grain conductivity ci-
arain(298 K) in (c) as well as the in-grain activation energy E4 in (d) for Naji+xSn2P1—xMxS1>

M = Ge, Sn is shown as a function of xu.

In the Nyquist representation of the exemplarily shown impedance spectra, (Figure 5a) two

processes can be distinguished. At lower temperatures (< —40 °C) the two processes are well



resolved and can be fit (as shown in Figure 5a) with equivalent circuits of two series elements
consisting of a resistance in parallel with a constant phase element (CPE). The high
frequency process is assigned to in-grain transport based on the capacitances of the CPE, in
the range of 42 - 128 pF.*** The lower frequency, depressed semicircle can be attributed to
ionic transport across grain boundaries based the capacitances in the range of 0.3 - 3.1 nF.#>%
The blocking electrode behavior expected for Au electrodes is fit with another CPE in series
to the in-grain and grain-boundary processes. With higher temperatures and reduced
resistances, the processes shift to higher frequencies and the in-grain process capacitive
contribution and ultimately the process remains unresolved. Therefore, the in-grain Na*
conductivities at room temperature Cin-grain(298 K) were extrapolated from the Arrhenius-like
temperature dependency of conductivities as determined at lower temperatures. An
exemplary linear Arrhenius fit is shown for the in-grain and the total conductivities of
Nai1.5Sn2Po.75Geo25S12 in Figure 5b. From linear regression the in-grain activation energies
Ein-grain and respective Arrhenius pre-factors oy are obtained and used to extrapolate Gin-grain
to room temperature, as previously shown to be a reliable approach.?>?728 Errors related to
Oin-grain(298 K) are obtained from error propagation of the linear regression to the Arrhenius
behavior.®® All resistances with respective Arrhenius plots and capacitances of the
investigated samples in-grain and total conductivities are presented in the Supporting
Information (Figure S6 and Table S14 & S15).

The resulting in-grain room-temperature ionic conductivity Oingnin(298 K) in
Nai1+:Sn2P1-M,S12 with M = Ge, Sn is decreasing in nearly linear fashion with nominal
amount of tetravalent substituent xjy (see Figure 5c¢). A reduction of the in-grain Na*
conductivity of Gin-grain(298 K) =2.6 mS-cm™! in Na;iSn,PSi> can be observed down to
0.88 mS-cm™! for Nai1.625S12P0.375S10.625S12 and to 1.1 mS-cm™! for
Nai1.625Sn2P0.375Ge0.625512, respectively.

For both series of solid solutions of Nai1+.Sn2P1-:M;Si12 the in-grain activation energy FEa in-
grain (Figure 5d) is decreasing monotonically with an increasing x) down to ~0.28 eV in
Nai1.625Sn2P037sMo.625S12 M= Ge, Sn. However, the enthalpy-entropy compensation
expressed in the Meyer-Neldel rule (Figure S7) leads to the overcompensation of the reduced
activation energy and therefore to the observed decrease of Gin-grain(298 K).2* Overall, the
total room temperature ionic conductivities (see Supporting Information Figure S8), and total
activation energies, Ea ol (in Figure S8), show similar behaviors as found for the in-grain

transport properties with increasing xas.



Structure-Transport relations. With structural parameters and transport properties
monitored, certain correlations between them can be seen in the investigated series. An
expanding unit cell within Na;1SnoPS12-type materials has previously been associated with a
decreasing activation energy in the anionic substitution Naji.1Snz.1PooSei2 and cationic
substitution Nai1+:Sn2+(Sbi-P))xS12.2>% Previously, it was attempted to capture this size
effect by; (I) the “Na* channel”-volume,*? defined as difference of unit cell volume and sum
of MS4 tetrahedral volumes following the reduction of predicted activation energies along
Nai 1 TPSi2> Tt = Si, Ge, Sn.’? And (II) the “average Na-S polyhedral volume”,> defined as
the average of the Na(X)S, polyhedral volumes around the Na(X) sites X = 1 to 6, weighted
by their multiplicities (see Equation S1). For instance, this averaged volume was used as a
measure of Na' pathway size and is linearly correlated to the activation energy in
Nai1+Sn2+(Sbi-yPy)xS12.%

When trying to describe the observed reduction in the activation energy based on the average
Na-S polyhedral volume as done in Figure 6a (and unit cell volume in Figure S9a), no
consistent description between the series of M = Ge, and Sn in Naj1+:Sn2P1-.Sn,S12> can be
found. Compared to literature values of Nai1+:Snz(Sbi1-,P)):S12 (Figure S8a), the in-grain
activation energy in the Naji1+SnoP1—M,S1> series is much lower despite showing a smaller
expansion of the unit cell volume.? Overall, in contrast to literature, the average Na-S
polyhedral volume does not seem to be a good descriptor for the behavior of the presently
described series.

Therefore, the size effect has to be combined with the effect of additional sodium content in
the structure, which can be captured here by a measure of vacancy concentration (Figure 6b).
Here, this vacancy concentration n(Vna) is estimated on a stoichiometric basis as the
difference of the 13 Na(X) sites that are structurally available per formula unit of
Nai1+:Sn2P1-M.S12, together with the refined amount of sodium Nna, normalized to the unit
cell volume Vuc with n(Vna) = Z - (13 — Nna)/Vuc. Combining the two effects, the reduction
of the in-grain activation energy seems to be reasonably described here for both M = Ge, Sn
Nai1+:Sn2P1-M,S1> series (Figure 6b) and seems to be consistent with previously reported
literature values in Naji+xSn2e(Sbi—P))«S12 (Supporting Information Figure S9¢).?> The
activation barrier increase with higher vacancy concentration may be rationalized by
considering that enough Na" may be needed to create a flat energy landscape with Na* - Na*

interactions, similar to the idea of concerted migration.3%4¢



In addition, changes in the carrier density are most likely expected to change the defect
formation enthalpy. While defect formation enthalpies are often disregarded in superionic
conductors, as they are thought to be negligible compared to migration enthalpy, recent
reports suggest non-negligible influences of sodium or sodium vacancy concentrations in the
fast ionic conductors Naz..PS4..Cl; and Nas.M1..Z1.Cls.>*"*® Nevertheless, while it is difficult
to assess the changing defect formation enthalpies experimentally, the found trend suggests

some influence of the charge carrier density on the activation barrier in Nai1+:Sn2P1-M,S12.
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Figure 6: a) The in-grain activation energy shown against the averaged Na-S polyhedral volume
showing a non-systematic decrease with larger Na™ pathway size. b) In-grain activation energy shows
an increase with stoichiometric vacancy concentration n(Vy,) in the two series of Naj1+xSn>P1—M.S1>
M = Ge, Sn. This relation can be extended to the previously reported materials of
Na1+xSn2e:(Sbi1-,P,)S1> (see Supporting information Figure S9). Parabolic fits act as guide-to-the-
eye only.

S. Conclusion

Utilizing a solid-state synthesis route, the successful aliovalent substitution of P with M = Ge,
Sn in Nai1+:SnoP1-.M:S12 was achieved. The structural parameters determined by Rietveld
refinement against low-temperature synchrotron X-ray diffraction show the overall lattice
expansion in a linear fashion indicating the formation of solid solutions in
Nai1+xSn2P1-M,S12 up to a solubility limit in the range of 0.5 <xj < 0.625. The expansion is

mainly driven by the expansion of the (P,_sM,)S, tetrahedra in which germanium and tin



substitutes the phosphorous. With the expansion of the lattice and additional sodium
introduced by the aliovalent substitution, changing Na(X)S, polyhedral volumes are found
leading to an overall larger Na* pathway. As the changes in the sodium sub-lattices in both
M= Ge and Sn series of Na;;,,Sn,P,_,M.S,, are comparable, the ionic transport properties
change accordingly. The room-temperature in-grain Na" ionic conductivity reduces with x
down to below 1 mS-cm™! as the activation energy reduces as well from 0.4 ¢V down to a
minimum of 0.28 eV in Nai1.625Sn2Po.375Mo.625S12. In these series of solid solutions, this
reduction of the activation barrier can be best described by a reduced vacancy concentration.
This work shows that aliovalent substitution can be used to alter the ionic transport properties
in the Na;1Sn2PS;> structure family, by widening the explored phase width in the quasi binary
Nay(Sn/Ge)S4-NazPSs system guiding future advancements and design in the Na;1SnaPSi2

structure family.

Supporting Information

The electronic Supporting Information file contains; diffraction patterns with associated
Rietveld refinement, constraints applied and extracted structural information of
Nai1+:Sn2P1—M.S12 M = Ge, Sn tabulated; supporting structural parameters: site occupancy
factors of Sn, P and Na(X) sites, lattice parameter ratio, (Sni-.M;)Ss and average Na(X)S,
volumes; obtained in-grain and total resistances with respective Arrhenius plots of
Nai1+:Sn2P1-M,S12; additional exemplary impedance spectra, Meyer-Neldel plot, total
activation energies and total conductivities; in-grain activation energies in comparison to
Nai1+Snz+(Sbi-,Py)S12  against unit cell volume, Na concentration and vacancy
concentration. The Supporting Information further contains all crystallographic information

files (CIF).
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