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A single-ion-conducting

protective layer is created on the

Li surface in vivo

Membrane lowers interface

charge transfer resistance, Li

plates underneath

Stable, dendrite-free Li plating in

long-life symmetric cells up to 8

mA cm�2

Full cells using high-loading LTO

electrodes demonstrate close to

99.99% CE at 5 C
This article reports a low-cost and scalable approach that tackles the stabilization

of Li metal electrodes by forming a single-ion-conducting and stable protective

surface layer in vivo. This is achieved by using a rationally designed electrolyte

additive complex that reacts with the Li surface to form the membrane, allowing

stable Li plating/stripping at current densities over 4 mA cm�2 and long-term full-

cell cycling with Li4Ti5O12 electrodes at close to 99.99% coulombic efficiency.
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Context & Scale

A stable Li metal anode is key to

fulfilling the promises of Li-O2 and

Li-S batteries and to increase the

energy density of lithium

transition metal oxide batteries in

liquid electrolyte or solid-state

configurations. However, on

cycling, Li metal’s tendency to

dendritic growth poses safety

issues, and the loss of active

lithium and accumulation of a

high-impedance interphase leads

to cell failure. Here, we describe a
SUMMARY

We describe an efficient yet facile strategy to stabilize Li plating by forming a

single Li+-ion solid electrolyte layer in vivo on the Li surface using a rationally

designed electrolyte additive. This amorphous, homogeneous layer not only

reduces the direct contact and parasitic reactions of Li with the liquid electrolyte

but also avoids ion depletion and electric field inhomogeneity at the vicinity of

the Li surface, thus eliminating dendrite formation. This is evidenced by a

50-fold lower interfacial charge transfer resistance and an 8-fold longer Sand

time in LijLi symmetric cells. The protection layer maintains chemical and

electrochemical stability over repeated plating/stripping cycles. We demon-

strate stable Li plating/stripping for 2,500 hr at 1 mA cm�2 in symmetric cells,

and efficient Li cycling at high current densities up to 8 mA cm�2. Over 400

cycles were achieved at 5-C rate in cells with a Li4Ti5O12 counter electrode at

close to 100% coulombic efficiency.
new strategy to stabilize Li plating

by forming a micron-thick Li+-ion

conductive solid electrolyte layer

in vivo on the Li surface using an

electrolyte additive. The glassy

homogeneous layer reduces

parasitic reactions and eliminates

dendrite formation. We achieve a

50-fold lower interfacial charge

transfer resistance in LijLi
symmetric cells with stable Li

plating/stripping for 2,500 hr at

1 mA cm�2, and over 400 cycles at

high rates in cells with an

intercalation counter electrode at

close to 100% coulombic

efficiency with this unique,

scalable method.
INTRODUCTION

Li metal batteries offer promise as next-generation electrochemical storage devices

for electric vehicle applications due to lithium’s highest specific capacity

(3,840 mA hr g�1) and its lowest reduction potential (�3.04 V versus standard

hydrogen electrode) among all metals.1–3 Extensive studies have focused on posi-

tive electrodes that can be coupled with Li anodes to realize high energy density

batteries, namely, the oxygen and sulfur cathodes. The past decade has witnessed

great progress in the mechanistic understanding of the underlying chemistry, and

vastly improved design of cathode host materials and electrolytes for these cells.4,5

However, these encouraging prospects have concealed the problems on the nega-

tive electrode side that arise because of the impractically low areal loadings of active

material used at the positive electrode, and thus the low current and areal capacity

required of the Li anode.6–8 Li metal anodes are plagued with dendrite-like electro-

deposition behavior instead of plating Li smoothly as a film.9,10 Since liquid organic

electrolytes (LE) are thermodynamically unstable to reduction by Li, dendritic growth

leads to the dynamic loss of active Li, buildup of a high-impedance solid electrolyte

interphase (SEI), and electrolyte dry-out causing cell failure. Upon prolonged

cycling, penetration of dendrites through the separator can cause hazardous cell

short-circuits. Dendrite growth is also exacerbated at the higher currents necessary

for fast charging.9

There are two mainstream theories to explain the origin of dendritic behavior. The

space charge model states that an ionic concentration gradient exists over the thick-

ness of the electrolyte upon polarization of the cell, which is determined by the anion
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transference number (ta) and ambipolar diffusion coefficient (D, Equation 1).11,12

Above the limiting current density J*, ion depletion near the Li surface occurs at a

characteristic Sand time t, expressed in Equations 2 and 3:

dC

dx
= � Jta

FD
(Equation 1)
J� =
2FCoD

taL
(Equation 2)
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where F, C0, L, and J refer to Faraday’s constant, the bulk ion concentration, the

inter-electrode distance, and the applied current density, respectively.

The metachronous depleting behavior of cations and anions at the electrode surface

results in a local space charge (F,Cc) and thus a high electric field (E) that leads to

dendritic growth.13 Modified systems employing concentrated electrolytes,14 solid

copolymer electrolytes,15 and additives such as Cs+,16 have shown promise in

suppressing dendrites due to their high bulk ion concentration, high Li+ transference

number (1 � ta), or electrostatic shielding at the dendrite tips, respectively. Alterna-

tively, high-surface-area 3D hosts fabricated from copper17 or graphene18 reduce

the effective current (J) to alleviate dendrite formation. However, this model applies

only to rather high current densities J* and cannot explain the dendritic behavior

widely observed at rather low current densities (<1 mA cm�2).

The other theory relies on the non-uniformity of the SEI in both morphology and

composition and extends it to practical cases.19,20 In this concept, Li plating occurs

only at ion-conducting sites (i.e., inorganic SEI and defects), causing locally

enhanced current density and ion depletion. This site-specific Li nucleation and

growth thus leads to dendritic behavior at much lower current density than theoret-

ical J* values. Moreover, the SEI dynamically fractures upon volume expansion,

exacerbating degradation. Therefore, forming a uniform and conducting SEI layer

is critical. Formulating an SEI with a high LiF fraction by direct addition of the salt

or through salt decomposition shows promise in delaying dendrite growth, although

parasitic reactions with the electrolyte remain unsolved.14,21 Ex situ prepared artifi-

cial SEI layers that are mechanically stable have also been reported, including

carbon nanolayers22 and other traditional solid-state electrolytes.23 Improvements

to the stability and rate behavior of such films under practical conditions and their

interface formed with Li include deposition of ultrathin aluminum oxide layers on

lithium24,25 and in situ formed Li-alloy composite films.26

Despite the progress made in subduing Li dendrite formation in the past decade,

controlled formation of a multifunctional SEI on Li remains a challenge. The two

theories discussed above teach that it is critical to create a uniform and non-

impeding SEI layer that ensures intimate contact with Li, while yet alleviating the

ion depletion behavior where Li plating occurs. Herein, we demonstrate a facile

and scalable approach to build a single-ion-conducting SEI layer with controlled

compositions in vivo (i.e., inside the assembled cell) that maintains complete and

intimate contact with the locally uneven Li metal surface. This comprises a thin amor-

phous ‘‘Li3PS4’’ layer formed by using a low-concentration electrolyte additive. It

reduces the reactions with the electrolyte and eliminates the heterogeneity of the

SEI, thus allowing a non-impeding and uniform Li+ flux. The nature of in vivo forma-

tion distinguishes it from ex situ deposition of solid electrolytes (SE), such as atomic
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layer deposition.24,25,27 More importantly, the Li3PS4 layer is a Li+ single-ion

conductor with a theoretical Li+ transference number of unity, which ideally elimi-

nates the ion depletion and strong electric field buildup at the Li surface that inspire

dendrite growth. This also contrasts with other types of artificial or additive-driven

ion-passivating SEIs.22,28,29 We show experimental evidence of these two important

aspects and demonstrate that their interplay allows long-life dendrite-free Li plating.
RESULTS

Forming the Li+ Ion-Conducting Layer on Li Metal

Previous efforts havemostly focusedon suppressing the reactionof Liwith all electrolyte

components (salts and solvents), but it appears fruitless to find a thermodynamically

stable electrolyte or to achieve hermetic sealing of Li metal.1,3,9 Instead, we take the

counter-intuitive approach of reacting electrolyte components with Li to form an SEI

with a targeted composition. The in vivo reaction is proposed to give rise to amatching

phase boundary between Li and the coating layer, ensuring intimate contact. As in Li-S

batteries, Li reacts with long-chain polysulfides yielding Li2S,
5 while P2S5 undergoes

solution-mediated reaction with Li2S to form a crystalline Li+ conductor, Li3PS4.
30,31

Inspired by these findings, we rationally designed an electrolyte additive complex,

Li2S6-P2S5 (denoted as LSPS), which enables the direct formation of an amorphous

‘‘Li3PS4’’ layer on the Li surface in dimethoxyethane (DME) via Equation 4:
10 Li + Li2S6 + 2 P2S5 / 4 Li3PS4 (Equatio
n 4)

Because the reactivity of Li with Li2S6 is higher than that with DME (the reduction

potential versus Li/Li+ for Li2S6 and DME is 2.3 V and �1.68 V, respectively32),

Li3PS4 will be the predominant component in the SEI upon conditioning. Further-

more, even when microstructured Li forms upon extreme plating conditions, the

plated Li can react with the accessible LSPS additive in the electrolyte to repair

the locally damaged Li3PS4 layer.

The additive was synthesized by mixing Li2S6 and P2S5 in DME at different molar

ratios. Solutions studied at a fixed concentration of 0.1 M with respect to S content

showed that before mixing, P2S5 is insoluble in DME and Li2S6 forms a dark orange-

brown solution. Coupling the two additives—Li2S6:P2S5—triggers complete dissolu-

tion of the P2S5, yielding a clear and colorless solution in molar ratios of 0.25:2 to 3:2

(Figure S1). At a ratio >3:2 the solution suddenly becomes dark, indicating a change

of the solvation environment for S6
2�. Complete solvation of the additive is advan-

tageous in creating a homogeneous SEI layer, in contrast to an LiF microparticle-

covered Li surface.21 We note that elemental sulfur, although it reacts with Li to yield

Li2S, cannot serve as a coupling agent with P2S5 as it does not co-dissolve with P2S5.

This implies that the complexing behavior is correlated with the polysulfide anion. It

is thus important to understand the nature of the complexing behavior of the LSPS

couple and its further reaction with Li metal.

Analysis of the 1H nuclear magnetic resonance (NMR) spectra of the neat DME and

the LSPS-1:2 solution (used as an example; Figure S2) exclude any reaction of LSPS

with the DME solvent. Solution 31P NMR spectra indicate that Li2S6 and P2S5 are

complexed to form a unique molecular species. The P2S5 spectrum exhibits a single

peak at 57.3 ppm (Figure 1A), ascribed to its Td molecular symmetry (i.e., P4S10, Fig-

ure 1B). While the exact assignment of the 31P peaks in the LSPS solutions are unclear

at this stage, the number of types of 31P peaks depends on the Li2S6/P2S5 ratio. The

LSPS-0.5:2 and 1:2 solutions show two and three major peaks, respectively, indi-

cating breaking of the Td symmetry. Further increase of Li2S6 to 3:2 results in only
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Figure 1. NMR/Raman Spectra and Proposed Mechanism of the Reaction of Li2S6 and P2S5 at Different Ratios

(A) The 31P NMR solution spectra of P2S5 and LSPS at different Li2S6/P2S5 ratios as labeled.

(B) The proposed complexing mechanism of Li2S6 with P2S5, where nucleophilic attack of the polysulfide anions at the P=S bond leads to ionic

polymerization of P2S5.

(C and D) Solid-state Raman spectra of P2S5, Li2S6, and LSPS (C) at different Li2S6/P2S5 ratios as labeled. Gray regions indicate the S-S vibrations in Li2S6
and the green region indicates a shifted Li-S band. (D) Expanded Raman spectra of the two S-S bands in the region between 120 and 240 cm�1. The

minor peaks in the 31P spectra in (A) are due to the trace impurities in commercial P2S5 and their reaction with Li2S6.
one major peak, implying complete complexing of P2S5 that results from phospho-

rous atoms in a homotopic environment. Raman studies of the solids obtained after

drying in vacuo lend support to the proposed mechanism (Figure 1B). The solids are

very rubbery, implying that Li2S6 and P2S5 are polymerized. Prior to reaction, P2S5
exhibits multiple bands at 100–300 cm�1 and�700 cm�1, attributed to its Td symme-

try (Figure 1C),33 and Li2S6 shows three bands at 152, 221, 475 cm�1 (S-S bonds), and

one shoulder at 460 cm�1 (Li-S bond), respectively.34 After complexation, all P2S5
bands disappear, whereas the S-S bands from Li2S6 remain (Figure 1C). Nucleophilic

polysulfide ions or sulfur are reported to catenate into the S-O or P-S bonds of

Na2S2O3 or Li3PS4, forming long-chain molecules.34,35 Thus we believe that the

S6
2� anions (and/or shorter-chain anions/radicals formed on equilibration) initiate

nucleophilic attack on the electrophilic phosphorous in P4S10, causing ionic polymer-

ization (Figure 1B). Increasing the Li2S6/P2S5 ratio leads to lower-energy Raman shifts

of the S-S bands, indicating that the vibrations are affected by the chain length of the

catenated sulfur (Figure 1D). Accordingly, the Li-S band at 460 cm�1 shifts down to

438 cm�1 (green band in Figure 1C).
874 Joule 1, 871–886, December 20, 2017



Figure 2. XPS, Raman, and Scanning EM Study of the Reduction of the LSPS Complex on Li Metal Surface

(A–C) High-resolution XPS (A) P 2p and (B) S 2p spectra of the synthesized pure Li3PS4 powder (black), Li foil treated with LSPS solution, Li-LSPS (red) and

Li electrodes after 100 cycles in LSPS-0.025 M electrolyte (purple). The dotted lines and solid lines are the raw data and fitted data, respectively. (C) The

Raman spectra of Li3PS4 (black), Li-LSPS (blue), with the orange band representing the PS4
3� stretch.

(D–F) Surface (D) and cross-sectional (E) scanning EM images, with (F) the corresponding EDS P and S mapping for Li-LSPS. Scale bars, 5 mm (D) and

10 mm (E and F).
The formation of amorphous Li3PS4 upon reduction of the LSPS complex on the Li

metal surface was confirmed by surface-sensitive X-ray photoelectron spectroscopy

(XPS) and Raman spectroscopy. The reaction was carried out by soaking polished Li

foil in the LSPS-1:2 solution under mild pressure for 24 hr followed by drying in vacuo

at room temperature. Microcrystalline Li3PS4 (see X-ray diffraction [XRD] pattern,

Figure S3) was synthesized34 as a reference material. Its high-resolution P 2p XPS

spectrum exhibits one doublet at 132.6 eV (based on the 2p3/2 value), attributed

to the phosphorous in PS4
3� (Figure 2A).36,37 The S 2p spectrum exhibits two com-

ponents at 161.2 and 161.9 eV that correspond to the P=S and P-S-Li moieties,

respectively.36 The P and S 2p spectra of the LSPS-treated Li foil (denoted as Li-LSPS)

display components with exactly the same binding energy as Li3PS4 (Figures 2A and

2B). However, the LSPS-Li film product is amorphous: it exhibits no characteristic

XRD signature (Figure S3). Thus, while crystalline films that include Li3PS4 (along

with Li4P2S6 and other non-ion-conducting phases) form when P2S5 is added to an

Li-S cell as noted previously,31 reaction of the polymeric complex with Li yields a

glassy material (a-Li3PS4). This is important since the Li-ion conductivity of amor-

phous Li3PS4 lies in the range of 5 3 10�4 S/cm, comparable with metastable

b-Li3PS4, and much higher than that of a-Li3PS4.
38 Components with a binding en-

ergy lower than 132 eV in the P 2p spectra, or 161 eV in the S 2p spectra were absent,
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excluding formation of species such as Li2S, Li3P or Li4P2S7, Li2P2S6 from the reduc-

tion of P2S5 or other stoichiometric Li2S/P2S5 reactions.36,37 Formation of Li3PS4 is

further supported by the band at 420 cm�1 in the Raman spectrum, which is the

symmetric stretch of the PS4
3� group (Figure 2C)30; other bands between 450 and

500 cm�1 are attributed to the residual LSPS complex. We note that excess Li is

crucial to the formation of Li3PS4, because the reaction of LSPS with a stoichiometric

amount of Li micropowder (Equation 4) yielded other phases such as Li4P2S7 and

Li2P2S6, as evidenced by Raman bands between 380 and 410 cm�1 (Figure S3).39

The scanning electron microscopy (EM) images of Li-LSPS reveal a uniform and

smooth surface with marginal defects (Figure 2D). The energy-dispersive spectrum

(EDS) and elemental mapping show a uniform distribution of P and S in the layer,

with a bulk P/S ratio of �1:4, again indicating the formation of Li3PS4 (Figure S4).

Cross-sectional scanning EM images and the corresponding EDS mapping deter-

mine a uniform thickness of �1 mm (Figures 2E and 2F).

Single-Ion-Conducting SEI and Absence of Anion Depletion

The Li/electrolyte interface and the Li plating/stripping behavior were examined in

symmetric LijLi coin cells. The LSPS electrolytes were prepared by dissolving

LSPS-1:2 and 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in DME/dioxo-

lane (DME/DOL; 1:1, v/v). A ‘‘blank’’ electrolyte without LSPS was used for compari-

son. The evolution of the electrochemical impedance spectra (EIS) upon an

open-circuit rest provides robust evidence of the chemical stability (versus Li) of

the SEI. Upon a 30-min rest, the cell using LSPS-0.025 M electrolyte (denoted as

the LSPS cell) shows more than a 16-fold lower interfacial charge transfer resistance

(Rct) than the cell with the blank electrolyte (20 versus 340 U cm2), as determined

by the diameter of the semicircles (Figures 3A and 3B). This clearly demonstrates

the rapid formation of an ion-conducting Li3PS4 layer, which, in turn, prevents the

direct contact and parasitic reactions of the electrolyte with Li. The native oxide layer

on the Li foil could also partially contribute to the large Rct of the blank cell. Over 48 hr

of rest, the impedance of the LSPS cell slightly decreases, confirming the stabilization

of a conducting Li3PS4, which is followed by amarginal increase, likely owing to slight

increase in the film thickness. In contrast, the blank cell increases to�900U cm2 (over

50-fold that of the LSPS cell), signaling a continuous impedance buildup. The in vivo

formed a-Li3PS4 layer creates a stable interphase for Li+ ion diffusion.

The Sand behavior in symmetric cells was examined to understand how the presence

of the single-ion-conducting Li3PS4 layer affects dendrite formation. Based on Equa-

tion 2, the calculated limiting current density J* is�470mA cm�2 for the blank LiTFSI

electrolyte in DME/DOL, assuming an ideal planar electrode surface, a Li

transference number (tc) of 0.58,40 an Li+-ion diffusion coefficient (D) of

5.2 3 10�6 cm2 s�1,40 and an inter-electrode distance (L) of 50 mm (two Celgard

3501 separators). However, in practice the geometrical non-uniformity of the SEI

leads to amuch lower local J*.20 Based on prior literature reports, a macroscopic cur-

rent of 10 mA cm�2 (where the local current can be as high as 300–400 mA cm�2)41

was applied for quantification of the Sand time t. As shown in Figure 3C, following

the onset of polarization a plateau with gradually increasing voltage is observed in

both systems, corresponding to decreasing ion concentration near the Li surface

over time. The Sand time t is determined where the voltage apparently diverges

because of complete ion depletion and rapid dendrite growth.13 Remarkably, we

observed an 8-fold increase in the Sand time for the LSPS cell over the blank cell

(860 min versus 110 min). The fact that the voltage does not go to zero before the

onset of the divergent voltage indicates that in our case, the coin cell (that is under
876 Joule 1, 871–886, December 20, 2017



Figure 3. Impedance, Sand Time, and Plating/Stripping Studies of the LijLi Symmetric Cells

(A and B) Impedance data for (A) the blank electrolyte and (B) the LSPS-0.025 M electrolyte over 48 hr of rest at open circuit: note that the x axis scale of

(A) and (B) differs by 40-fold.

(C) Evolution of LijLi symmetric cell voltage upon plating Li on the working electrode at a constant current of 10 mA cm�2 in the blank (blue) and

LSPS-0.025 M (red) electrolytes; black arrows indicate the characteristic Sand time, t, when dendrite formation starts, as denoted by the voltage

divergence.

(D) Evolution of potentials of working electrode (Ewe), counter electrode (Ece), and cell voltage (Ewe-Ece) of LijLi symmetric cells using blank (bottom) and

LSPS-0.025 M (top) electrolytes, with Li metal as the reference electrode (current, 1 mA cm�2; capacity, 1 mAh cm�2). For visual ease of comparison, the

two voltage curves are stacked in one panel, and the potential above and below zero represents stripping and plating, respectively, for both electrodes.
pressure) failed not as a result of a global short-circuit but of rapid ion depletion at

the plating front.13 Determining the real local limiting current for the two systems is

beyond the scope of this work, and the comparison is as fair as it can be.

A modified Chazalviel model on ramified growth during metal electrodeposition has

shown success in explaining the origin and suppression of Li dendrite growth.11–14,20

The greater Sand time we observe can be rationalized by the simplified model that

depicts the ion concentration, potential, and electric field profiles shown in Scheme 1

and Figure S5. In the blank LE, the high electric field (E) and large potential gradient

(V) at the LijLE interfacial region due to the anion depletion (Cc >> Ca) drives rapid

accumulation of Li+ and, thus, dendrite growth (Scheme 1A). This is amplified by the

non-uniform distribution of SEI that causes a high local current (J).19,20 Utilizing an Li+

single-ion-conductor (ta = 0) leads to a constant cation/ion concentration (C0
c/a) over

the thickness of the solid electrolyte, resulting in a linear potential profile and con-

stant electric field (Figure S5).42 Dendrite suppression has been demonstrated in
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Scheme 1. Illustration of SEI Formation (Left), the Ion/Electron Transfer Process (Center), and the Proposed Profile (Right) of the Anion/Cation

Concentration (Ca,Cc, C
0
c/a), Electric Field (E), and Potential (V) as a Function of Distance to the Li Electrode, during Li Plating in Glyme Electrolyte and

Glyme with Added Li2S6/P2S5
(A and B) In the glyme electrolyte (A), the non-uniform SEI leads to locally enhanced current well above the limiting J*, and anion depletion gives rise to

large electric field that drives dendrite formation. In contrast, with the Li2S6/P2S5 additive (B), the in vivo formed Li3PS4 layer generates a uniform ion-

conducting layer, which blocks the migration of TFSI� near Li surface and thus intrinsically prevents ion depletion and large electric field. The derivation

of the profiles is based on Chazalviel’s model, as discussed in Figure S5.
such cases.15,43 Here, taking advantage of the high conductivity of bulk LEs, the well-

interfaced layer of Li+ single-ion-conducting but electron-insulating Li3PS4 layer at

the Li plating surface provides two functions. First, the uniform SEI prevents any

locally enhanced current, therefore promoting the practical limiting current (J*)

closer to the theoretical. At such practical currents (<J*), no anion depletion at the

SEjLE interface occurs (Figure S5). Second, even above J*, ion depletion and strong

electric field are absent at the LijSE interface (i.e., constant C0
c/a and voltage

gradient V, low E), therefore essentially eliminating the driving force for dendrite

growth (Scheme 1B). Ion depletion at the SEjLE interface (Cc >> Ca) does not alter

the plating behavior. We note that this model is based on assuming a geometrically

complete single-ion-conducting layer, and in practice the presence of defects in the

film can cause slight deviation from this model.

Li Plating Morphology

Dendrite growth/dissolution in symmetric cells is correlated with the evolution of the

voltage profile.44 The evolution of the working and counter-electrode potential as

resolved in three-electrode symmetric cells allows us to distinguish between the

overpotential related to plating and stripping (Figure 3D). Specifically, for the blank

cell, the initial plating/stripping on working/counter electrodes (respectively) expe-

rience a greater overpotential than the LSPS cell (�0.2 V versus 0.025 V). In partic-

ular, Li stripping from the plated working electrode (red curve, 1–2 hr) undergoes

a peak-like voltage profile, where the potential reaches a maximum and then

decreases. The transition point corresponds to the completion of dissolution of

the pre-formed high-surface-area dendritic Li, leaving behind dead Li and triggering

the onset of dissolution from bulk Li.44 These features are maintained over
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Figure 4. Scanning EM and Optical Microscopy Studies on Plating of the Li3PS4-In Vivo Protected Li Foil

(A and B) Surface scanning EM images of Li after plating 2 mA hr cm�2 at 1 mA cm�2 in (A) the blank electrolyte and (B) the LSPS-0.025 M electrolyte.

(C and D) Cross-sectional scanning EM image of Li after plating 4 mA hr cm�2 in the LSPS-0.025 M electrolyte (C) and the corresponding image in back-

scattered electron mode (D).

(E and F) In situ optical microscopy studies showing the cross-sectional view of the Li electrode plating front surface in transparent LijLi symmetric cells

over 25 cycles in (E) the blank electrolyte and (F) the LSPS-0.025 M electrolyte; current 4 mA cm�2, 2 mA hr cm�2 per cycle. The counter electrode is on the

left of the images (not shown).

Scale bars, 2 mm (A and B), 20 mm (C and D), and 100 mm (E and F).
continuous cycling (Figure S6). In sharp contrast, the LSPS cell exhibits a very flat po-

tential profile for stripping throughout cycling (Figures 3D and S6), implying the

absence of formation/dissolution of high-surface-area Li microstructures.

The Li plating morphology in the LSPS electrolyte was investigated by depositing

2 mA hr cm�2 of Li at a current of 1 mA cm�2. Plated electrodes were retrieved

from the symmetric cells after thorough washing. The plated Li in the blank electro-

lyte shows a porous needle-like morphology (Figure 4A). In contrast, Li in the
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LSPS-0.025M electrolyte is plated as a smooth film-like layer with significantly dimin-

ished porosity (Figure 4B). The cross-sectional view of the Li electrode after plating

4 mA hr cm�2 (Figure 4C) clearly shows that the lithium deposits underneath the

amorphous 2-mm thick Li3PS4 layer. By comparison, the pristine Li3PS4 film on Li

foil shows only a clean interface (Figure 4D). Furthermore, the somewhat lamellar

morphology of the plated lithium is distinguishable from the dense Li foil on which

it is plated. The plated Li has a thickness about 20–25 mm, in concert with the

expected quantity of Li plated. The XPS spectrum of the Li surface after plating

2 mAh cm�2 lithium also shows the same P and S environment as prior to plating

(Figure S7), indicating the presence of an Li3PS4 layer.

Operando optical microscopy studies on transparent symmetric cells visualize the Li

plating behavior.26,44 Li was repeatedly plated/stripped on the cross-section of two

Li foils (�1 mm distance) at 4 mA cm�2 for 30 min each half cycle, using a previously

reported setup (Figure S8)26; the evolution of the plating front surface of the working

electrode at different states of plating was recorded and is shown in Figures 4E and

4F. After two cycles of the blank cell, massive mossy/dendritic microstructures were

observed. At this point, the dendrites were already in contact with the mossy-like Li

from the counter electrode, causing local short-circuits (Figure 4E). After 25 cycles

the plated Li became more porous and the front surface grew outward, eventually

causing global short-circuits. In contrast, the LSPS cell exhibits a compact surface

free of dendrites, with only slight changes in global morphology, over extensive

cycling (Figure 4F).

Long-Term Stable Li Plating/Stripping

Prolonged cycling of symmetric cells using electrolytes with different LSPS concen-

trations was carried out to demonstrate the advantages of the in vivo formed Li3PS4
layer. All cells were allowed to rest at open-circuit voltage for 12 hr before cycling to

form a stabilized SEI on the Li surface. Figure 5A shows the voltage profiles for the

first plating/stripping cycle at a moderate current of 1 mA cm�2 with a plating capac-

ity of 1 mA hr cm�2. The LSPS cell at all concentrations (0.0125–0.1 M) shows only a

marginal onset overpotential (�50 mV) and much lower polarization (voltage hyster-

esis, �60 mV) than the blank cell. Figure 5B depicts the temporal evolution of

the voltage profiles at a current density of 1 mA cm�2. The cell using the

LSPS-0.025 M electrolyte exhibits extremely stable voltage polarization over

400 hr, whereas the blank cell exhibits twice the polarization, and voltage fluctua-

tions (local short-circuits), which are followed by a global short-circuit after 270 hr.

It was reported that polysulfide additives can alter the SEI formation and suppress

dendrites in the presence of LiNO3.
28,29 We note that the cell containing only

Li2S6 experiences even more pronounced voltage fluctuation and higher polariza-

tion than the blank cell (Figure S9). Thus the presence of polysulfide itself only leads

to formation of insulating Li2S/Li2S2 domains on the Li surface, exacerbating the SEI

non-uniformity and dendrite growth. The excellent performance obtained with the

LSPS electrolytes, on the other hand, results from the in vivo formation of a-Li3PS4.

The EIS evolution upon cycling of the cells lends further support to the formation of a

stable SEI in LSPS electrolytes. As shown in Figure S10, the cell using the blank elec-

trolyte shows a 3-fold higher interfacial Rct than the cell with the LSPS electrolyte

after 10 cycles (15 versus 5 U cm�2). Note that the Rct of the blank cell after cycling

(Figure S10) also greatly decreased compared with 12 hr of rest (Figure 3A) due to

the newly deposited high-surface-area Li. Furthermore, the appearance of double

semicircles for the blank electrolyte cell after 100 cycles indicates the formation

of an additional interphase. The scanning EM images of the Li electrodes after
880 Joule 1, 871–886, December 20, 2017



Figure 5. Electrochemistry of the Li Electrodes in Symmetric Cells and LTO Cells for Various Electrolytes

(A) First-cycle voltage profiles of LijLi symmetric cells using LSPS-1:2 electrolytes at different concentrations, compared with the blank electrolyte at a

current of 1 mA cm�2 and capacity of 1 mA hr cm�2.

(B–D) Voltage evolution over cycling of the symmetric cells using (B) LSPS-0.025 M electrolyte and the blank electrolyte and (C) the LSPS-0.1 M

electrolyte (current 1 mA cm�2; capacity: 1 mA hr cm�2). (D) The LSPS-0.025 M electrolyte (current 4 mA cm�2; capacity: 1 mA hr cm�2).

(E and F) Discharge/charge voltage profiles of LTOjLi full cells using blank and LSPS-0.025 M electrolytes at the (E) second and (F) 200th cycle.

(G) Discharge capacity retention and coulombic efficiency of corresponding LTOjLi full cells over cycling at 5 C (first cycle at 1 C).
100 cycles (Figure S11) show, in contrast to the dendrite-like and porous surface of

the Li electrode with the blank electrolyte, a smooth and compact surface for the

LSPS electrolyte. The scanning EM and optical images of the Li electrodes (Fig-

ure S11) unambiguously reveal the sharp difference in surface morphology.

Understanding the chemical compositions of the surface SEI is critical to account for

the significant difference of the surface morphology upon cycling. The XPS P 2p and

S 2p spectra of the Li electrodes after 100 cycles in LSPS electrolyte show the pres-

ence of P and S that correspond to Li3PS4, along with a marginal fraction (2.8%,

based on S) of Li2S (159.7 eV, Figures 2A and 2B, purple). Therefore, the Li3PS4
surface is chemically and electrochemically stable after prolonged cycling. We

also believe that during cycling any locally disintegrated Li3PS4 can be dynamically

repaired by reaction of the Li with the accessible LSPS additive, leading to re-

coverage of Li3PS4. The presence of excess LSPS additive is indicated by a pale

yellow-colored electrolyte when the cell was dissembled after 100 cycles. This is

confirmed by the energy-dispersive X-ray (EDX) mapping of the surface that shows

a uniform co-distribution of P and S after cycling (Figure S12). The composition of the

native SEI (by reaction with the electrolyte solvent/salt) is reported to be largely
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affected by electrolyte additives/salts/solvents.9,14,28 The Li2Sx/LiNO3 co-additive

or an alternative salt such as LiFSI has been shown to favor salt decomposition

into LiF.14,28,29 In contrast, here we observe that the formation of LiF (684.6 eV) is

actually suppressed for the LSPS electrode (Figure S12),9,28 excluding LiF as a

contributing factor as in previous reports.21,28 Furthermore, a significant decrease

of the Li organic compounds Li-COOR (288.6 eV) and polymerized DOL (285.8 eV)

is observed (Figure S12),45 confirming that glyme decomposition is greatly

suppressed.

Excellent performance over long-term cycling, or at high current densities, was also

observed. Notably, stable cycling of LijLi symmetric cells over 2,500 hr at 1 mA cm�2

with 1 mA hr cm�2 capacity was achieved using the LSPS-0.1 M electrolyte (Fig-

ure 5C). Voltage fluctuation or cell short-circuit was not observed, although a slightly

increasing polarization indicates that the accumulation of an impedance layer slowly

occurs. The cell using the LSPS-0.0125 M electrolyte also exhibits short-circuit-free

cycling over 2,000 hr (Figure S13). This is significant considering the low concentra-

tion of the additive at which such long-term stable cycling is achieved. The stability

of the Li3PS4 layer at high currents and/or high capacity was also examined. At a

current of 4 mA cm�2, in contrast to the massive voltage fluctuation for the cell

with the blank electrolyte, a very stable voltage profile evolution withmuch lower po-

larization (�120 mV) over 400 hr is demonstrated for the cell using the LSPS-0.025 M

electrolyte. Even in symmetric cells at an exceptionally high current of 8 mA cm�2,

the cell can sustain stable stripping/plating over 250 hr (Figure S13B). With a higher

Li cycling capacity of 2 mA hr cm�2 at 4 mA cm�2, the cell also shows stable evolution

of polarization over 400 cycles after a few conditioning cycles (Figure S13).
DISCUSSION

The significance of the in vivo formed Li3PS4 protective layer is here showcased in an

Li metal cell using Li4Ti5O12 (LTO) as the working electrode. LTO endures a high rate

of cycling due to its extremely low volume change upon Li+ intercalation. Figures 5E

and 5F show the voltage profiles of the cells at the second and 200th cycles, respec-

tively, at a 5-C rate (1 C = 175 mA g�1
LTO; areal current, 2.1 mA cm�2). The cell using

LSPS electrolyte shows only half the polarization of the blank electrolyte cell; namely,

its charging voltage (corresponding to the Li plating) exhibits only half the increase

after 200 cycles. The LSPS cell exhibits very stable capacity retention (89%) over

400 cycles and high coulombic efficiency averaging 99.99%, whereas the glyme

cell shows lower capacity and rapidly fading capacity after 175 cycles with failure

at 250 cycles (Figure 5G, and see inset). Li metal cells utilizing thick LTO electrodes

(�7.0 mg cm�2, 1 C; capacity �1 mA hr cm�2, current 1 mA cm�2) were also exam-

ined (Figure S14). The cell using LSPS electrolyte sustains stable capacity retention

and high energy efficiency over 200 cycles (an energy efficiency of �92% owing to

low polarization), whereas the cell using the blank electrolyte failed after�150 cycles

and exhibited fluctuating and lower energy efficiency (81%–87%). The lower overpo-

tential and longer life of the LSPS cell as shown in Figure S14 clearly shows the

important role of the Li3PS4 layer in protecting and stabilizing the Li metal anode

in a practical full cell.

We show that the in vivo formation of a single-ion-conducting, electronically insu-

lating, and chemically stable Li3PS4 layer on the Li metal surface leads to dendrite-

free Li plating at currents up to 8 mA cm�2. The function of the self-repairable

Li3PS4 layer is twofold. The significantly reduced parasitic reaction of Li with the elec-

trolyte allows an ion-conducting and uniform SEI, thus suppressing local enhanced
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current and nucleation. More importantly, the Li+ single-ion-conducting Li3PS4 layer

intrinsically eliminates anion depletion and electric field buildup at the Li plating

surface. Stable long-term plating/stripping of symmetric cells over 2,500 hr without

short-circuit was demonstrated. This concept represents a viable avenue for gener-

ating a controlled solid electrolyte layer to stabilize an Li anode. Further optimization

of the chemical stability and ionic conductivity by exploring other related

approaches to in vivo surface protective layer formation is promising.

EXPERIMENTAL PROCEDURES

Materials Synthesis

The Li2S6 powder was synthesized by reacting elemental sulfur (Sigma-Aldrich) and

lithium superhydride (LiEt3BH; Sigma-Aldrich) in the desired ratio in anhydrous tetra-

hydrofuran (THF) at room temperature for 1 hr inside an Ar-filled glovebox.46 The

THF was removed in vacuo and the precipitate was washed with toluene and vacuum

dried to obtain powder with a nominal stoichiometry of Li2S6. The LSPS complex was

prepared by mixing Li2S6 and P2S5 (Sigma-Aldrich) with a molar ratio of 1:2 in the

mixture solvent of DME and DOL (1:1, v/v) at varied concentrations (0.0125 M,

0.025 M, 0.1 M, based on Li2S6). Solutions of other Li2S6/P2S5 ratios ranging from

0.25:2 to 3:2 were also prepared for Raman spectroscopic studies. Complete disso-

lution of the additives occurs after 15 min of stirring at room temperature. The

solutions were dried in vacuo at room temperature to obtain the dry powder for

Raman studies. The LSPS electrolytes were prepared by adding 1 M bis(trifluorome-

thanesulfonyl)imide (LiTFSI) to the LSPS solutions obtained above. The

LSPS-0.0125 M electrolyte is colorless and the LSPS-0.1 M is pale yellow. The blank

electrolyte was prepared using 1M LiTFSI in DME/DOL without LSPS. All procedures

were carried out in an Ar-filled glovebox. For preparation of LSPS-treated Li foil (or Li

powder), Li metal foil (99.9%, Aldrich) was polished until shiny before use. The Li foil

was soaked in the LSPS-0.1 M solution (without LiTFSI) under mild pressure for 24 hr

followed by thorough washing with DME three times and drying in vacuo at room

temperature. Stoichiometric reaction of the LSPS-0.1 M solution with Li powder

(SLMP; FMC Lithium) was carried out in the same way, except that the mixture was

stirred.

Electrochemical Measurements

The LijLi symmetric cells for impedance and plating/stripping tests were assembled

with polished Li foil (Ø11 mm) as both electrodes in the LSPS or blank electrolytes

(40 mL) in 2,032 coin cells. Currents of 1, 4, and 8 mA cm�2 with a capacity of

1–2 mA h cm�2 were used to alternatively plate/strip the lithium between two elec-

trodes. The cells were dissembled inside the glovebox after a certain number of

cycles, and the Li electrodes were retrieved for characterization after thorough

washing with DME three times and drying in vacuo at room temperature. The 3-elec-

trode symmetric Swagelok-type cells were assembled using Li metal as the reference

electrode. The LTO electrodes were prepared by casting a slurry of Li4Ti5O12

(Sigma-Aldrich), Super P, and polyvinylidene fluoride (PVDF) in a weight ratio of

8:1:1 in dimethylformamide onto Al foil. Electrodes (Ø11 mm) with an areal LTO

loading of �2.5 and �7.0 mg cm�2 were dried at 60�C and 120�C before use. The

LTOjLi full cells using Li foil (Ø11 mm) as the anode were cycled at 5 C or 1 C

(1 C = 175 mA g�1) in the voltage window 1–2.5 V or 1–2.3 V. All cells were galvanos-

tatically cycled using a BT2000 battery cycler (Arbin Instruments). Electrochemical

impedance spectroscopy measurements were carried out on a VMP3 potentiostat/

galvanostat station with EIS/Z capabilities (Bio-Logic Science Instruments). The DC

voltage was kept at open-circuit voltage, and an AC voltage of 5 mV in amplitude

was applied with a frequency of 200 kHz to 20 MHz. For the optical microscopy
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studies of transparent cells, two identical Li foils with a cross-section area of

0.038 3 2.3 cm were placed shoulder to shoulder with a distance of about 1 mm

on a glass slide substrate. A strip of porous PVDF membrane (Millipore) soaked

with the electrolyte (�20 mL) was placed between them, and thus the cross-section

of the Li foils is the active surface for Li plating/stripping. Another glass slide was

placed on the top of Li foils and the cell was sealed using epoxy glue around the

slides. A current of 4 mA cm�2 (based on the cross-section area) for a plating/strip-

ping capacity of 2 mA hr cm�2 was used. See Figure S8 for the schematic setup.

Materials Characterization

XRD patterns were collected on a Bruker D8-Avance X-ray diffractometer, operating

at 40 kV/30mAwith Cu-Ka radiation. Scanning EM imaging and EDX elemental map-

ping were performed using an LEO 1530 field-emission scanning electron micro-

scope equippedwith anEDXattachment (Zeiss) or Zeiss Ultra field-emission scanning

electron microscope. The cross-section of Li was prepared by cutting it with a non-

sticky ceramic knife to ensure there was as little mechanical deformation as possible.

Li electrodes were transferred from the glovebox to the microscope in an airtight vial

and loaded anaerobically in seconds. We note that the glass Li3PS4 material is rela-

tively stable to air, producing a marginal amount of H2S upon exposure, as reported

elsewhere47; therefore, there is no significant change on the chemical composition

upon such a short time exposure, which is confirmed by the EDX spectrum in Fig-

ure S3. The dry LSPS powders and treated electrodes were pressed into thin pellets,

which were sandwiched between microscopy slides and sealed by epoxy glue for

Raman spectroscopy. The spectra were collected on SENTERRA II Compact Raman

microscope using a 532-nm laser. The XPS analysis was performed on a Thermo

ESCALAB 250 instrument, using a monochromatic Al-Ka source. The samples were

transported to the spectrometer under an Ar atmosphere and transferred into the

chamber anaerobically. All spectra were fitted with Gaussian-Lorentzian functions

and a Shirley-type background. For S 2p (P 2p) spectra with 2p3/2 and 2p1/2 doublets,

a splitting of 1.2 eV (0.9 eV), a peak area ratio of 2:1, and equal full-width half-

maximum was applied. The binding energy values were all calibrated using the

C 1s peak at 284.8 eV. The in situ light microscopy images were recorded on a Leica

DM 2700M microscope equipped with a CCD camera. NMR experiments were con-

ducted with neat liquids on a Bruker Avance 300-MHz instrument at ambient temper-

ature. 1HNMRspectrawere recordedat 300MHzand 31PNMRat 121MHz. 31P values

reported (ppm) are relative to the peak of 85% H3PO4 (0 ppm).
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