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A passivating interface is reversely

designed by first-principles

computations

A hydrate coating for Na3SbS4 is

identified for greatly enhanced

stability

Non-destructive synchrotron XRD

provides space-resolved

interfacial information
A key requirement for achieving high-energy density in solid-state batteries is

highly efficient cycling of an alkali metal anode in a safe manner. Herein, we

combine first-principles calculations and experimental characterizations to identify

a protective hydrate coating for Na3SbS4 that leads to a passivating interface and

greatly enhanced stability. The buried interface is characterized using post-

operando synchrotron X-ray depth profiling. This finding identifies hydrates as

promising for improving the metal/electrolyte interfacial stability and suggests a

general strategy for interface design.
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Article
Reactivity-Guided Interface Design
in Na Metal Solid-State Batteries
Yaosen Tian,1,2 Yingzhi Sun,1,2 Daniel C. Hannah,2 Yihan Xiao,1,2 Hao Liu,3 Karena W. Chapman,3,4

Shou-Hang Bo,2,5,* and Gerbrand Ceder1,2,6,*
Context & Scale

In solid-state batteries, the

flammable liquid electrolyte

conventionally used in Li or Na-ion

batteries is replaced with an

inorganic solid-state electrolyte,

leading to substantially increased

safety and, in principle, improved

energy density, when energy-

dense Li and Na anodes are

applied in these systems. While

various superionic conductors

have been discovered, the

integration of the conductors with

Li or Na metals remains

challenging, as most solid-state
SUMMARY

Solid-state batteries provide substantially increased safety and improved en-

ergy density when energy-dense alkali metal anodes are applied. However,

most solid-state electrolytes react with alkali metals, causing a continuous in-

crease of the cell impedance. Here, we employ a reactivity-driven strategy to

improve the interfacial stability between a Na3SbS4 solid-state electrolyte and

sodium metal. First-principles calculations identify a protective hydrate coating

for Na3SbS4 that leads to the generation of passivating decomposition products

upon contact of the electrolyte with sodiummetal. The formation of this protec-

tive coating, a newly discovered hydrated phase, is achieved experimentally

through exposure of Na3SbS4 to air. The buried interface is characterized using

post-operando synchrotron X-ray depth profiling, providing spatially resolved

evidence of the multilayered phase distribution in the Na metal symmetric cell

consistent with theoretical predictions. We identify hydrates as promising for

improving the metal/electrolyte interfacial stability in solid-state batteries

and suggest a general strategy of interface design for this purpose.
electrolytes are reduced by the

alkali metals and form reaction

layers that degrade

electrochemical performance. In

this work, we report a strategy for

building a passivating interface

between solid-state electrolyte

and Na metal anode and improve

this interfacial stability. Unlike

other extrinsic barrier layers, such

‘‘built-in’’ passivating interface

can reform whenever it is

damaged or a new metal interface

is formed, which occurs inevitably

when an alkali metal deposits back

on the anode in the charge cycle

of the battery.
INTRODUCTION

The ability to create all-solid-state batteries is one of the most exciting prospects for

energy storage.1,2 Solid-state batteries have intrinsically higher safety, as the solid

conductor replaces the flammable liquid electrolyte used in conventional lithium

(Li)-ion and sodium (Na)-ion batteries. The development of inorganic solid-state

electrolytes has been an active area of research, with multiple solids achieving ionic

conductivities equaling or even surpassing those of their liquid counterparts. To

date, various highly conductive inorganic solid conductors have been discovered,

such as perovskite-type,3 sodium superionic conductor (NASICON)-like,4–6 garnet-

type,7–9 and sulfide-type materials.10–19 In addition, general design principles

have been developed to achieve high ionic mobility.20

It is now generally accepted that solid-state batteries will have to use metallic Li/Na an-

odes to be able to surpass traditional Li-ion cells in energy density.21 This is particularly

challenging as most solid-state electrolytes are reduced by alkali metals and form reac-

tion layers that degrade rate capability and reduce capacity over time.21–25 For instance,

the cathodic decomposition of Li10GeP2S12 (LGPS) is initiated by the reduction of Ge4+

and P5+ below 1.7 V versus Li/Li+, forming Li15Ge4, Li3P, and Li2S.
23,26,27 Any reduction

of metals in the conductor can create electronically conducting pathways, which lead to

further growth of the decomposition layer. Only a few conductors are thermodynami-

cally stable against Li metal (e.g., Li3N and Li3OCl),25 and their limited ionic conductivity

and/or poor oxidation stability limit their use in real batteries. While various coating and

deposition methods have been developed to improve the wetting and/or chemical
Joule 3, 1037–1050, April 17, 2019 ª 2019 The Authors. Published by Elsevier Inc.
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stability between garnet oxide electrolyte and Li metal,8,21,28 the high cost of these

deposition methods makes it difficult to extend these methods to a wider range of

solid-state electrolytes. Such barrier layer options are also less reliable for a strongly re-

acting interface such as the Na metal-sulfide electrolyte interface, where the large and

inhomogeneous displacement of the electrode-electrolyte interface during cycling will

jeopardize themechanical integrity of the barrier layer.What is required is the formation

of a passivating layer formed by the reaction of the conductor with the alkali metal

anode that, unlike extrinsic barrier layers, can reform whenever the passivation layer is

damaged or new metal interface is formed in contact with the conductor. This passiv-

ation mechanism would be able to protect the new interface that inevitably forms

when an alkali metal deposits back on the anode in the charge cycle of the battery.

A passivating interface can be engineered by introducing selected elements and/or

compounds that react beneficially with Li/Na metals, forming electronically insu-

lating but ionically permeable decomposition products.22,29–31 Similar concepts of

extending the electrochemical stability window of solid-state electrolytes by forming

passivating phases have been discussed in recent computational work.23,25,26 Once

the set of insulating solids that are stable against the alkali are identified, using, for

example, high-throughput first-principles computational tools,15,22,25 a solid-state

conductor should be designed that will decompose to these insulating solids

when in contact with the metal, leading to intrinsic passivation.

In this paper, we implement this reverse design strategy to improve the stability of a

highly reacting Na/Na3SbS4 interface.
32,33 This is achieved through the formation of

a hydrated layer on the surface of Na3SbS4. Hydration forms a novel phase

(Na3SbS4$8H2O) with reasonable Na-ion conductivity on the surface of Na3SbS4.

This hydrated phase partially reacts with Nametal, forming NaH andNa2O as passiv-

ating products, which limit further decomposition of the solid-state electrolyte and

reduce impedance growth upon cycling. Post-operando synchrotron X-ray depth

profiling (SXDP), a non-destructive technique for probing the interface, was used

to confirm that NaH and Na2O were products of Na3SbS4$8H2O in contact with

metallic Na after the Na plating/stripping processes.

To further investigate the potential of this approach, we evaluated the decomposi-

tion products of all the Li and Na hydrate compounds present in the Materials

Project34 database against Li or Na metal, identifying hydrates as a promising class

of materials for electrolyte protection. In addition, we further extend the strategy of

interface reverse design and discuss the possible pretreatment of solid-state elec-

trolytes with other chemicals besides water. Finally, we highlight the critical need

to spatially resolve interfacial decomposition products in solid-state batteries, sug-

gesting depth profiling and tomography as valuable characterization tools.

RESULTS

Reverse Design and Stability of Na/Na3SbS4 Interface

Using the first-principles methodology developed previously,22,25 the decomposi-

tion products of a conductor can be predicted under different Li or Na chemical po-

tentials. Taking Na3SbS4, a recently reported superionic Na conductor,19,33 and Na

metal as an example, the most thermodynamically favorable reactions (if any) occur-

ring between the Na-ion conductor and Na metal reservoir is calculated to be

8 Na + Na3SbS4 / 4 Na2S + Na3Sb: (Reaction 1)

The predicted decomposition products of Na3SbS4 over the full range of Na

chemical potentials are listed in Table S1. The large fraction of metallic Na3Sb in
1038 Joule 3, 1037–1050, April 17, 2019
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Reaction 1 in the decomposition products indicates the likely formation of a perco-

lating electronic conduction path at the interface. Therefore, continuous decompo-

sition of bulk Na3SbS4 is expected to occur until either the Na metal or the Na3SbS4
solid-state electrolyte is completely consumed.

To evaluate the compatibility between Na3SbS4 and Na metal experimentally, a

symmetric Na/Na3SbS4/Na cell was cycled at a constant current (0.1 mA cm-2).

The synthesis and characterization of Na3SbS4 are described in the Experimental

Procedures and in Figures S1–S3. The results are fully consistent with the theoretical

predictions discussed above. As shown in Figure 1A, the Na plating/stripping

voltage continuously increases from an initial value of 0.13 V to 0.67 V after 25 h

of cycling, suggesting increasing polarization due to the unstable Na/Na3SbS4 inter-

face. Na2S could be identified as one of the decomposition products after cycling of

the symmetric cell using synchrotron X-ray diffraction (SXRD) performed at beam line

11-ID-B at the Advanced Photon Source (APS) at Argonne National Laboratory (Fig-

ure 1B), consistent with the theoretical prediction of Reaction 1. The same products

as those predicted in Reaction 1 were also identified using X-ray photoelectron

spectroscopy in Wu et al.32 A digital photograph and scanning electron microscopy

(SEM) images of the Na/Na3SbS4 interface after 25 cycles are presented in Figures S4

and S5.

Based on our previous first-principles screening results on the stability window of

most Na-containing compounds, NaH and Na2O are predicted to be thermodynam-

ically stable upon contact with Na metal. Both compounds have been reported to

exhibit high ionic conductivity and electronic resistivity,35–37 making them desirable

for interface passivation. To bring in the H and O needed to form NaH and Na2O at

the interface, Na3SbS4 was partially hydrated. As reported in the literature,19,33

Na3SbS4 is stable in a dry air atmosphere, whereas a fully hydrated phase,

Na3SbS4$9H2O, can be generated in the presence of moisture. The reactivity of

Na3SbS4$9H2O in contact with the Na reservoir was evaluated for the full range of

Na chemical potentials, and the results are summarized in Table S2. The most favor-

able reaction at 0 V versus Na/Na+ is determined to be

44 Na + Na3SbS4,9H2O / 4 Na2S + Na3Sb + 18 NaH + 9 Na2O:

(Reaction 2)

As shown in Reaction 2, Na2O and NaH will be generated when Na3SbS4$9H2O is in

contact with Na metal. As opposed to the large fraction of Na3Sb generated in

Reaction 1, the fraction of the electron conducting phase is greatly decreased to

3 mol % in Reaction 2, which can result in substantially improved interface stability.

A symmetric cell using a surface-hydrated Na3SbS4 pellet as the solid-state electro-

lyte was constructed to experimentally examine the effect of electrolyte hydration on

the stability of the Na/Na3SbS4 interface. The as-prepared Na3SbS4 pellet was

exposed to ambient air at a humidity of approximately 68% for 10 min before being

sandwiched in metallic Na foils. The cells were assembled using otherwise identical

procedures, and Na3SbS4 from the same batch was used to maximize consistency.

The changes in the surface morphology of the Na3SbS4 pellet during the hydration

process can be observed in the SEM images presented in Figures 1C–1E. Figure 1F

presents schematic illustrations of the Na metal/Na3SbS4 interface with and without

the hydrated layer. As observed in Figure 1A, a substantially smaller voltage increase

occurred after cycling for the surface-hydrated Na3SbS4 than for its non-hydrated

counterpart, which indicates improved interfacial stability and effective protection

provided by the hydrate protective layer.
Joule 3, 1037–1050, April 17, 2019 1039
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Figure 1. Enhancement of Na/Na3SbS4 Interfacial Stability via Surface Hydration of Solid-State

Electrolyte

(A) Galvanostatic cycling of Na/Na3SbS4/Na symmetric cells with (orange) and without (gray)

surface hydration pretreatment at a current density of 0.1 mA cm�2.

(B) SXRD pattern and Rietveld refinement of Na3SbS4/Na interface products. The blue dots

represent the observed intensities, and the red and dark gray curves represent the calculated

intensities and the intensity difference between the observation and refinement fitting,

respectively. The tick marks indicate the peak positions for Na3SbS4 (green) and Na2S (orange).

(C–E) SEM images (and corresponding scale bars) of the surface of Na3SbS4 pellet after air

exposure for different durations. (C) 0 min, bare. (D) 2 min, and (E) 5 min.

(F) Schematic illustration of solid electrolyte-Na metal interface before (left) and after (right)

electrochemical cycling. A mixed conductive interface layer grew upon cycling of the non-hydrated

Na3SbS4 (top), whereas a passivating interface was formed on the hydrated compound of the

surface-hydrated Na3SbS4 (bottom).
Electrolyte Hydration Process and Discovery of Na3SbS4$8H2O

A strong correlation was observed between the (electro)chemical properties of the

surface-hydrated Na3SbS4 and the air exposure time, with an optimal exposure

time of 10 min (Figure 2A). For the cells using Na3SbS4 that were exposed to air

for longer than 10 min, the voltage before cycling increased (shown as the gray
1040 Joule 3, 1037–1050, April 17, 2019



Figure 2. Hydration Process of Na3SbS4 and Discovery of Na3SbS4$8H2O

(A) Voltage of Na/Na3SbS4/Na symmetric cells after different surface hydration pretreatment durations before (gray) and after (red) 25 cycles (0 min of

surface pretreatment indicates the use of bare Na3SbS4 as the solid electrolyte). The grid-pattern-filled area represents the voltage increase of each

symmetric cell upon cycling.

(B) SXRD patterns of Na3SbS4 after different durations of air exposure, with the tick marks indicating the peak positions for Na3SbS4 (blue) and

Na3SbS4$9H2O (green). The visible peaks corresponding to Na3SbS4$8H2O are marked by dots.

(C) Crystal structure viewed along the [001] direction of Na3SbS4$8H2O.

(D) SXRD pattern and Rietveld refinement of Na3SbS4 after 10 min of air exposure. The blue dots represent the observed intensities, and the red and

dark gray curves represent the calculated intensities and intensity difference between the observation and refinement fitting, respectively. The tick

marks indicate the peak positions for Na3SbS4 (green) and Na3SbS4$8H2O (orange).
dash line), suggesting an increase in the overall cell impedance. The voltage growth

after 25 cycles (shown as the grid-pattern-filled area) in these cells was similar to that

observed in the cell with 10min of air exposure, indicating similar stability against Na

metal. This finding motivated us to determine whether different phases were pro-

duced during the air exposure or whether this correlation between exposure time

and electrochemical performance was simply because of the expected change in

the interface morphology against exposure time (i.e., increase of thickness).

To monitor the phase transformation of Na3SbS4 during the hydration process in

ambient air, SXRD patterns were collected from a Na3SbS4 powder sample over
Joule 3, 1037–1050, April 17, 2019 1041



120 min of air exposure (Figure 2B). A new phase (the visible peaks marked by the

red-colored dots) appears after 2 min of air exposure, together with Na3SbS4
(allowed peaks marked with blue-colored tick marks). Unexpectedly, the newly pro-

duced peaks do not correspond to those for the previously reported Na3SbS4$9H2O

phase. The fully hydrated phase Na3SbS4$9H2O does not appear until approxi-

mately 30 min of air exposure. Because the hydration and dehydration of Na3SbS4
have been reported to be reversible,19,33 the new phase formed during the hydra-

tion of Na3SbS4 is likely an intermediate hydrate phase containing less crystal water.

The formation time of the intermediate hydrate phase corresponds to the optimal

pretreatment time of the solid-state electrolyte, indicating that the improved

cathodic stability of the surface-treated Na3SbS4 is due to the formation of this inter-

mediate hydrate phase rather than the fully hydrated one.

We attempted to determine the composition and structure of this intermediate hy-

drate phase. Ab initio structure determination from powder diffraction data is chal-

lenging, which was further complicated by the presence of more than two phases

and no prior knowledge of the phase composition, making the commonly employed

structural solution approaches (e.g., simulated annealing, direct method) infeasible.

Instead, we proposed structures by substituting atoms in all hydrated compounds

associated with Na3AX4 (A = P, As, Sb; X = S, Se) that appeared in the Inorganic

Crystal Structure Database (ICSD),38 and these structures were then tested against

the diffraction data using Rietveld refinements. The intermediate hydrate compound

(Figure 2D) was identified as Na3SbS4$8H2O, which was obtained by substituting As

for Sb and D for H in Na3AsS4$8D2O
39,40 as shown in Figure 2C. The structural

parameters of the as-prepared Na3SbS4$8H2O determined from the Rietveld refine-

ment of the SXRD data are listed in Tables S3 and S4. A detailed structural descrip-

tion is provided in Note S1. Using density functional theory (DFT) calculations, the

energy of the monoclinic (P21/c, No. 14) Na3SbS4$8H2O structure was calculated

to be only 11 meV/atom above the compositional convex hull, well within the range

of energy where many synthesizable low-energy metastable compounds are

found.41 However, our efforts to isolate Na3SbS4$8H2O as a single phase were

unsuccessful.

To understand the Na-ion transport mechanisms in Na3SbS4$8H2O and

Na3SbS4$9H2O, we performed nudged elastic band (NEB) calculations of Na-va-

cancy migration barriers of both structures. The lowest migration barrier and the cor-

responding optimal minimum energy path (MEP) that percolates each structure are

shown in Figure 3. The vacancy migration barrier of Na3SbS4$8H2O is calculated

to be 502 meV (Figure 3A) along the [100] direction, as shown in Figure 3B. This

migration barrier is comparable to that of lithium phosphorus oxynitride (LiPON) re-

ported in previous studies,42,43 suggesting reasonable Na-ion conductivity of

Na3SbS4$8H2O. Detailed descriptions of theNa-ion diffusion channels and transport

mechanisms are presented in Note S1 and Figures S6 and S7. Similarly, the vacancy

migration barrier of Na3SbS4$9H2O is calculated to be 920 meV (Figure 3A) along

the [010] direction, as shown in Figure 3C, which is consistent with previous reports

of the low Na-ion conductivity of the structure.44 The much higher migration barrier

in Na3SbS4$9H2O precludes any substantial Na mobility through it and indicates the

importance of a relatively short hydration process to reach the Na3SbS4$8H2O but

not the Na3SbS4$9H2O phase.

Interface Stabilization Mechanism and Characterization of Interface Products

Based on the findings discussed above, we can rationalize the complex interface

chemistry by which the surface-hydrated Na3SbS4 improves the interfacial stability
1042 Joule 3, 1037–1050, April 17, 2019



Figure 3. Na Vacancy Migration Energies and Transport Mechanism in Na3SbS4$8H2O and

Na3SbS4$9H2O

(A) Na vacancy migration energy along the minimum energy paths (MEPs).

(B and C) Na vacancy migration pathway with minimal percolation barrier in Na3SbS4$8H2O along

the [100] direction (B) and in Na3SbS4$9H2O along the [010] direction (C). Na(H2O,S)6 octahedra and

SbS4 tetrahedra are colored in yellow and brown, respectively. The Na transport channel is

represented by the hopping Na atoms (labeled consistently with Note S1) and the red or blue

arrows.
against Na metal. Upon air exposure for an optimal duration, Na3SbS4$8H2O is

formed instead of the fully hydrated phase on the surface of Na3SbS4. The reaction

between Na3SbS4$8H2O and Na metal can be evaluated using DFT and is found to

be similar to that of the fully hydrated phase, leading to the formation of the

following interface:

40 Na + Na3SbS4,8H2O / 4 Na2S + Na3Sb + 16 NaH + 8 Na2O:

(Reaction 3)

The interfacial decomposition products were experimentally determined using a

spatially resolved post-operando SXDP experiment. The experiment was performed

on a symmetric Na/Na3SbS4/Na cell at beam line 11-ID-B at APS using the radially

accessible tubular in situ X-ray (RATIX) cell adapted for X-ray transmission.45 The

cell was cycled at a constant current (0.1 mA cm-2) for 25 h of the Na plating/stripping

processes. The post-cycled cell was oriented vertically, with the X-ray beam
Joule 3, 1037–1050, April 17, 2019 1043
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Figure 4. Spatially Resolved Post-Operando SXRD Profiles of Na/Na3SbS4/Na Symmetric Cell

with Surface Hydrate Coating

(A) SXRD depth profiling of symmetric cell along the vertical axis of the cell. Each pattern

corresponds to one layer of the schematic illustration on the right marked by multiple colors. The

three bolded patterns mark the three region boundaries in the symmetric cell.

(B and C) Enlargement of XRD profiles from 3.0� to 3.5� (B) and 3.8� to 4.5� (C). Visible peaks for NaH,

Na2O, and Na3SbS4 are marked by arrows.
transmitted through the cell horizontally. To achieve better mapping resolution, the

size of the beamwas reduced to 50 mm in the vertical direction along the cell. Diffrac-

tion patterns were obtained consecutively at 13 positions between two current col-

lectors. Details of the experimental setup are provided in the Experimental Proced-

ures. Figure 4A displays SXRD patterns collected at different positions along the

vertical direction of the Na/surface-hydrated Na3SbS4/Na symmetric cell.

Na3SbS4$8H2O is observed in three SXRD patterns next to Na metal (see the pat-

terns colored in red and yellow in Figure 4A). All the Bragg reflections from the

bulk solid-state electrolyte region can be indexed to Na3SbS4 (see the bolded

pattern no. 4 colored in gray in Figure 4A), suggesting perfect sealing of the cell.

Decomposition products, such as NaH and Na2O, together with Na3SbS4$8H2O

were identified in the two layers closest to the Na metal (see the bolded pattern

no. 1 colored in red in Figures 4A–4C, detailed Rietveld refinement shown in Fig-

ure S8). The third closest layer (see the bolded pattern no. 11 colored in yellow in

Figure 4A) consisted of a two-phase mixture of Na3SbS4$8H2O and Na3SbS4. The

detection of NaH and Na2O agrees well with our computational prediction for the

reaction between Na metal and Na3SbS4$8H2O in Reaction 3. The presence of Na
1044 Joule 3, 1037–1050, April 17, 2019



metal was observed after the cell was disassembled. These results confirm the pro-

tection of Na metal by hydration of the electrolyte.
DISCUSSION

Most solid conductors are not stable against the strong reduction potential of alkali

metal anodes and require the use of barrier layers or accidental passivation. The best

passivation is one that is designed to give ionically conducting products from the re-

action of the conductor with the alkali metal. This ‘‘built-in’’ passivation guarantees

that even freshly generated interfaces are passivated, in contrast to externally

applied barrier layers. In our example, we partially stabilized the interface between

the sulfide conductor Na3SbS4 and Na metal by the formation of NaH and Na2O

through air exposure of the solid electrolyte pellet for a certain duration. The fast

phase transformation between Na3SbS4, Na3SbS4$8H2O, and Na3SbS4$9H2O in

ambient air at room temperature suggests the fast reaction kinetics of water uptake

and release, which may have led to the preferred generation of NaH and Na2O over

other products from the reduction of Sb when the hydrated compounds contacted

Na metal. In fact, the stability between Na3SbS4 and Na metal might have been

achieved accidentally without realizing the effect of hydrate protection. In contrast

to other observations and theoretical predictions,19,32,33 the interface between

Na3SbS4 and Na metal was reported to be stable in one previous study44 in which

Na3SbS4 was synthesized by heating Na3SbS4$9H2O. The reported thermogravi-

metric analysis results during the dehydration process indicated the presence of re-

sidual crystal water, which may explain the observed compatibility.

Hydrates have broadened thematerial horizons of battery research,46 in particular as

protective layers for metal anodes. To broaden the impact of our work in metal-

based solid-state batteries, we evaluated the reactions between all the unique Li/

Na-containing hydrated compounds present in the Materials Project database34

and Li/Na metal. All 32 of the unique Na-based hydrated compounds reacted

with Na at 0 V (i.e., complete reduction) to form NaH, and 25 out of 32 reacted

with Na to form Na2O. In addition, all 37 of the unique Li-based hydrated com-

pounds reacted with Li to form both LiH and Li2O at 0 V. These predicted reactions

are summarized in Tables S5 and S6. This suggests hydrates are promising materials

for metal electrode protection in solid-state batteries, which, in certain cases, can be

formed in situ simply through air exposure.

Furthermore, our work highlights the importance of reverse interface design. Rather

than designing conductors for which reactivity with the electrodes is left to chance,

reaction to passivating products should be designed from the start. Based on our

high-throughput screening results on the decomposition products of multiple Na-

ion conductors, we used hydrated compounds as a chemical initiator to beneficially

react with the alkali metal to construct the designed interface. The reaction between

the hydrated compound and metallic electrode introduces preferred passivating

products at the interface (i.e., NaH and Na2O, as demonstrated in this work) and re-

duces the fraction of electronically conducting phases (i.e., Na3Sb) that cause contin-

uous interface growth. Using the proposed general strategy of interface reverse

design, pretreatment using other chemicals can be performed to regulate the

metal-electrolyte interface. For example, Li2S is another passivating product that

can possibly be introduced in the interface. Gas processing of sulfide-based conduc-

tors using SO2 can produce a sulfur-rich layer on the electrolyte surface (such as the

generation of S or Li4GeS4 in Reaction 4 and Reaction 5 calculated by DFT), which

may serve as initiators to introduce Li2S at the metal-electrolyte interface.
Joule 3, 1037–1050, April 17, 2019 1045



Interestingly, several gases21,47 (N2, O2, CO2, and SO2) were considered for use as

the pretreatment gas in an Li-metal liquid cell, and among these gases, SO2 was

determined to be the most effective gas for the construction of a thin passivation

layer.

2 SO2 + Li3PS4 / Li3PO4 + 6 S: (Reaction 4)
2 SO2 + 0:5 Li10GeðPS6Þ2 / Li3PO4 + 0:5 Li4GeS4 + 6 S: (Reaction 5)

Finally, together with the phase fraction of each interface component, the spatial dis-

tribution of different components is equally important in determining interface trans-

port properties. Developing a rational strategy toward solid electrolyte interphase

(SEI) morphology optimization in solid-state batteries has been hindered by the

nanoscale thickness of this interfacial layer, which poses significant characterization

challenges. Ex situ X-ray and/or neutron total scattering techniques can provide use-

ful information about the interface decomposition products, but sample preparation

requires physical separation of the interfacial layer followed by grinding it into a

powder, which may lead to further reactions. Figure S9 compares the ex situ and

post-operando SXRD patterns of the Na/Na3SbS4$8H2O interface. Na3SbS4$8H2O,

NaH, and Na2O can be clearly identified at the interface in the post-operando SXRD

pattern but are not detectable in the ex situ diffraction pattern because of the pres-

ence of excess Na3SbS4 from the bulk electrolyte and the generation of Na2S from

the further reaction of Na metal and Na3SbS4 during grinding. These results suggest

that non-destructive methods such as in situ depth-profiling experiments can pro-

vide more accurate information about the composition and spatial distribution of

interfacial reaction products than ex situ experiments. We believe that future work

using in situ depth-profiling experiments and tomography techniques will deepen

our understanding of the morphological evolution of the interface,48–50 which is

crucial for solid-state battery research.

Conclusions

Herein, an effective strategy for the reverse design of the metal/electrolyte interface

in solid-state batteries based on first-principles calculations of passivating reaction

products was presented. Using this strategy, the strongly reacting interface between

Na3SbS4 and Na metal was partially stabilized via electrolyte hydration achieved by

exposing the electrolyte pellet to ambient air. This rapid and simple air treatment

greatly improved the stability of the Na3SbS4 electrolyte-Na metal interface upon

electrochemical cycling. The formation of a newly discovered hydrate phase,

Na3SbS4$8H2O, led to the generation of desired passivating products (i.e., NaH

and Na2O) at the interface, which suppressed the electrolyte decomposition. The

spatially resolved multilayered phase distribution in the Na metal symmetric cell

was characterized using non-destructive post-operando SXDP, providing valuable

information about the metal-electrolyte interface that was consistent with our theo-

retical predictions. Our work identifies hydrates as a promising class of materials for

stabilization of the metal-electrolyte interface of solid-state batteries, together with

the interface reverse design strategy, providing a new path for the discovery of a

wide range of other potential passivating products.

EXPERIMENTAL PROCEDURES

Na3SbS4 was synthesized using a solid-state sintering method. Na2S (Alfa Aesar,

99.8%), antimony (Sigma-Aldrich, 99.5% trace metals basis), and sulfur (Sigma-Al-

drich,R99.5%) were used as precursors. A stoichiometric amount of powder precur-

sors was mixed in an argon-filled glovebox. The resulting mixture (�1 g) was then

placed into a boron nitride tube (3-mm inner diameter and 4-mm outer diameter),
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which was wrapped in aluminum foil, with the open end sealed with a stainless-steel

Swagelok cap (9.525 mm). This tube was transferred into a sealed alumina tube

furnace, which was purged with pre-dried Ar gas (oxygen/moisture traps, model

MT200-4-D, Agilent). The temperature of the furnace was rapidly increased to

550�C within �30 min and then held for 17 h to allow the reaction to complete.

During the reaction, a continuous flow of Ar gas with a flow rate of approximately

50 mL min�1 was used. The resulting products were collected after the furnace

was naturally cooled to room temperature and then immediately transferred into

the glovebox and manually ground into powder.

The Na-ion conductivity of Na3SbS4 was evaluated using electrochemical imped-

ance spectroscopy (EIS) with tantalum electrodes at temperatures ranging from

25�C to 80�C. The as-prepared Na3SbS4 powder was uniaxially compressed under

a pressure of approximately 350 MPa before being sandwiched by tantalum foils

(�0.05-mm thick) (Sigma-Aldrich, R99.9%), which corresponds to an applied pres-

sure of approximately 520 MPa. The ionic conductivities were measured for a

2.33-mm-thick pellet with a diameter of 6 mm. EIS measurements were performed

using an EC-Lab Electrochemistry SP300, Biologic. The measurements were con-

ducted at the initial open-circuit voltage in the frequency range of 7 MHz to 10

mHz with the application of a 10-mV signal amplitude. The measurements were per-

formed using a Biologic Controlled Environment Sample Holder assembled and

sealed in an Ar-filled glovebox.

To prepare the Na metal symmetric cells, �140 mg of Na3SbS4 powder was cold

pressed into a pellet under a pressure of �350MPa for 5 min within an in-house-de-

signed pressure cell (7.7-mm inner diameter) in an Ar-filled glovebox. For the elec-

trolyte hydration treatment, the resulting Na3SbS4 pellet (�1-mm thick) was exposed

to ambient air (humidity �68%) to coat the Na3SbS4 pellet. Two metallic Na foils

(6-mm diameter and <50-mm thick) were then carefully attached on both sides of

the pellet. The cells were assembled under an Ar atmosphere with otherwise iden-

tical procedures, and Na3SbS4 from the same batch of sintered powder was used

to maximize consistency. EIS measurements of the samples were performed at

room temperature (�25�C) immediately after cell assembly. The symmetric cells

were then cycled with a constant current density of 0.1 mA cm�2 at room tempera-

ture for 25 h using an EC-Lab Electrochemistry VMP300, Biologic. During cycling, the

current direction was reversed every 30 min. A constant spring pressure (�3 MPa)

was applied within the pressure cells during cycling. SEM images were obtained

on a Zeiss Gemini Ultra-55 analytical field-emission scanning electron microscope

at the Molecular Foundry at Lawrence Berkeley National Laboratory (LBNL).

To observe the phase transformation process of Na3SbS4 upon air exposure, the as-pre-

pared Na3SbS4 powder was exposed to ambient air (humidity �68%) under continuous

grindingwithamortarandpestle for specificair-exposuredurations (0–120min). Thefinal

productswere collected and thenpackedand sealed into a 1.1049-mmdiameter Kapton

capillary for further characterization inanAr-filledglovebox. SXRDexperimentswereper-

formed at beamline 11-ID-B at the Advanced Photon Source (APS) of Argonne National

Laboratory using a constant wavelength of 0.1432 Å. The use of high-energy X-rays

(E = 86.57 keV) minimizes absorption effects. The Rietveld refinements were performed

using the TOPAS 5.0 software package (Bruker).

For phase determination of the products at the Na/solid electrolyte interface,

spatially resolved post-operando XRD patterns of the symmetric cells were collected

at beamline 11-ID-B at APS using the RATIX cell45 adapted for X-ray transmission.
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The cells were prepared in an Ar atmosphere using the samematerials as those used

for the pressure cell measurements and were well sealed to eliminate the safety

concern related to Na metal or NaH. The post-cycled RATIX cell was oriented

perpendicularly to the X-ray beam (l = 0.1432 Å). The width of the beam was

50 mm along the direction of the cell. The detector was positioned at a distance of

95 cm from the sample. The acquisition time for each diffraction pattern was 1 s,

and the diffraction patterns were obtained consecutively at 13 positions from top

to bottom along the vertical direction of the cell. Background measurements were

collected using identical cells but without the testing materials present. A CeO2

standard was used to determine the sample geometry and sample-to-detector dis-

tance. The data were integrated into a function of intensity versus 2q using FIT2D.51

Standard corrections (background, Compton scattering, and detector effects) were

applied, and Rietveld refinements were performed using the TOPAS 5.0 software

package (Bruker).

The interface reactivity was investigated with previously published methods,22,25

which evaluate the driving force for possible products to form. We believe that

such a thermodynamics-based approach provides a better approximation of the

experimental condition than trying to observe interfacial reactions from direct DFT

structural relaxation. DFT calculation for the total energy of Na3SbS4$8H2O structure

uses the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximations52 as

implemented in the Vienna Ab initio Simulation Package (VASP).53 The interactions

between ion cores and valence electrons are described by projector augmented

wave (PAW) method.54 A plane-wave energy cutoff of 520 eV and a k-point density

of at least 1;000=natom are used. Energy above the compositional convex hull for

Na3SbS4$8H2O is evaluated by constructing a convex hull with pre-computed DFT

energies for materials in the same chemical space fromMaterials Project database34

using the Pymatgen software package.55 Reaction products at 0 V versus Na metal

are calculated using the same DFT energy dataset following the method employed

in our previous work.25

To study the Na-ion diffusion in Na3SbS4$8H2O and Na3SbS4$9H2O, we performed

climbing-image nudged elastic band (NEB) calculations56,57 to determine the va-

cancy migration mechanism using DFT-calculated energies and forces. The vacancy

was created by removing one Na ion from the pristine structure. Supercells contain-

ing 8 formula units were used for Na3SbS4$8H2O andNa3SbS4$9H2O tominimize the

interaction between periodic images. A 2 3 1 3 1 k-point grid was used, and the

plane-wave energy cutoff was set to 400 meV for the NEB calculations.
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