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HIGHLIGHTS

All-solid-state sodium batteries

with record cycling stability are

demonstrated

Moderate potentials of organic

cathodes render electrolyte

decomposition reversible

Soft organic cathodes overcome

mechanical contact failures with

solid electrolytes
Forming compatible interfaces between cathode active materials and solid

electrolytes is important for high-performance all-solid-state batteries. The

organic cathode demonstrated here is (electro)chemically and mechanically

compatible with a sulfide electrolyte. Its moderate redox potential enables the

reversible formation of a resistive active material-electrolyte interface. It also

maintains intimate contact with the electrolyte during cycling because of favorable

mechanical properties. These features have contributed to the record cycling

stability for all-solid-state sodium batteries.
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Context & Scale

All-solid-state sodium batteries

(ASSSBs) have been attracting

considerable attention as safe and

low-cost alternatives to Li-ion

batteries. However, the

performance of ASSSBs falls short

of the requirements for

commercial applications because

of challenges concerning the

electrode-electrolyte interface.

Despite high Na-ion conductivity

having been reported for solid-

state sulfide electrolytes, most

ASSSBs suffer a short cycle life. In
SUMMARY

Attaining stable active material-solid electrolyte interfaces is a great challenge

in sulfide-based all-solid-state sodium batteries (ASSSBs). A resistive layer forms

at the interface upon charging above the anodic stability potential of sulfide

electrolytes. In addition, contact failure at the interface during cycling is long

known, but a fundamental solution is not yet available. Herein, we use an

organic cathode material, pyrene-4,5,9,10-tetraone (PTO), to enable high-

performance ASSSBs. We report, for the first time, a reversible active mate-

rial-electrolyte interfacial resistance evolution during cycling. We further show

for the first time that a low-modulus cathodematerial such as PTOmaintains inti-

mate interfacial contact with solid electrolytes during cycling, thus improving

cycle life. The PTO-based cells exhibit a high specific energy (587 Wh kg�1)

and a record cycling stability (500 cycles) among ASSSBs. This work reveals an

effective cathode material design strategy toward compatibility with solid elec-

trolytes and thus high-performance ASSSBs.
this work, we show that an organic

cathode material with a moderate

redox potential enables an

(electro)chemically reversible

cathode-electrolyte interface. The

unique elastic properties of

organic cathode materials also

ensure intimate contact during

cycling. The benefits of organic

cathode material are reflected in

the excellent cell performance,

providing insights to the

electrode-electrolyte interface

design in ASSSBs.
INTRODUCTION

All-solid-state sodium batteries (ASSSBs) with inorganic solid electrolytes feature

higher safety and lower cost than non-aqueous liquid Li-ion batteries and are attract-

ing worldwide attention for their potential use in large-scale energy storage applica-

tions.1–3 Among all currently known Na+-conducting solid electrolytes, sulfide-based

electrolytes offer the necessary formability and conductivity.4–7 Despite these encour-

aging advantages, the development and application of sulfide-based ASSSBs have

been advancing slowly because of serious issues concerning the interface between

oxide cathode materials and sulfide electrolytes, as highlighted in Figure 1A. First,

the redox potentials of oxide cathodes are far above the anodic decomposition poten-

tial of Na3PS4 (Figure 1C),
8–10 which can result in the irreversible formation of a resistive

layer at the interface, causing increased interfacial resistance and decreased capac-

ity.11,12 Such detrimental reactions are accelerated in the presence of conductive car-

bon.13,14 Second, the chemical potential difference between oxide cathodes and

Na3PS4 is large enough, leading to the formation of a highly resistive space-charge

layer.15 Accordingly, electron-insulating coatings on the oxide cathodes by spray

coating16 or atomic layer deposition,17 which are expensive to scale up, are commonly

required to solve the abovementioned (electro)chemical issues. Third, oxide cathodes

with high Youngmoduli (Figure 1D) are prone to induce high mechanical stress during

cell cycling and lose interparticle mechanical contact with the electrolyte.18–20 There-

fore, forming stable interfaces between cathode material and sulfide electrolyte is a

critical task for the successful development of high-performance ASSSBs.21
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Figure 1. Interfacial Compatibility between Cathode Materials and Sulfide Electrolytes

(A) Unfavorable electrode-electrolyte interface between oxide cathode and Na3PS4 electrolyte leads to irreversible resistive layer formation, chemical

reaction, and contact loss during cell cycling.

(B) Favorable electrode-electrolyte interface between organic cathode and Na3PS4 electrolyte leads to reversible resistive layer formation, no chemical

reaction, and intimate contact during cell cycling.

(C) Redox potential versus theoretical specific capacity plot of reported intercalation-type cathode materials (TiS2,
6,40–43 Na3V2(PO4)3,

44,45 NaFePO4,
46

Na2+2dFe2-d(SO4)3,
47 NaCrO2,

11,12,34, and Na4C6O6
26) and PTO in this work. Theoretical specific capacities in this plot are calculated on the basis of

cathode materials in the sodiated form. Solid squares and open bars represent the average redox potential and electrochemical window, respectively.

(D) Hardness-modulus plot of electrode (LiNi0.5Mn0.3Co0.2O2,
18 PTO) and electrolyte (ceramic, sulfide, and polymer) materials. The properties of PTO

and Na3PS4 were measured in this work.
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Cathode materials with moderate redox potentials and low Young moduli will thus

be ideal candidates for overcoming the fundamental interfacial issues described

above. Organic electrode materials represent one class of materials that is able to

form a favorable electrode-electrolyte interface (Figure 1B) because of their unique

tunable redox potentials22–25 and mechanical compliance. We have recently pre-

sented a tailored organic cathode Na4C6O6 that is (electro)chemically compatible

with Na3PS4, thereby delivering a specific energy of 395 Wh kg�1 at the active-

material level and a 70% capacity retention after 400 cycles, among the highest

energy and longest cycle life for ASSSBs.26 To further improve the specific energy,

cathode candidates with even higher capacity and voltage are desirable but will

also introduce new interfacial challenges. Here, we report another quinone,

pyrene-4,5,9,10-tetraone (PTO),27,28 with a theoretical specific capacity of 409

mAh g�1 (or 303 mAh g�1 for the sodiated form Na4PTO) and a higher working po-

tential of 2.2 V (versus Na+/Na). A notable difference of PTO fromNa4C6O6 is that its

end-of-charge potential (3.1 V versus Na+/Na) exceeds the anodic decomposition

potential of electrolyte, resulting in partial oxidation of Na3PS4. To address this

challenge, we tweaked the carbon ratio in the composite cathode to achieve revers-

ible Na3PS4 oxidation and reduction as revealed by in-situ electrochemical imped-

ance spectroscopy (EIS), ex-situ X-ray photoelectron spectroscopy (XPS), and

time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements. In addi-

tion, the Young modulus of PTO (4.2 G 0.2 GPa; Figure S1) is approximately two

orders of magnitude lower than that of oxide cathodes (100–200 GPa),29 which
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Figure 2. Electrochemical Reaction and Voltage

Profile of PTO as a Cathode

(A) Molecular structure of PTO and its

electrochemical reaction.

(B) First-cycle galvanostatic voltage profile of a

PTO-Na3PS4/Na3PS4/Na15Sn4 half cell at 0.01 C

at 60�C.
promises effective accommodation of interfacial stress and consistently intimate

interfacial contact for solid-state batteries. These properties enable PTO-based cells

to deliver a high specific energy (587 Wh kg�1) and a record cycling stability (89%

retention over 500 cycles) for ASSSBs reported to date (Table S1). The understand-

ings obtained and the generalizable strategies established via the success of PTO

make this work significant for energy storage.

RESULTS AND DISCUSSION

PTO molecule theoretically undergoes a four-electron transfer reaction that corre-

sponds to a specific capacity of 409 mAh g�1 (Figure 2A). To experimentally verify

the capacity of PTO but to minimize possible oxidation of Na3PS4 when charging

above 2.7 V versus Na+/Na, we first adopted a carbon-free composite cathode.

We found that a half cell with the configuration of PTO-Na3PS4/Na3PS4/Na15Sn4
can deliver a reversible capacity of 376 mAh g�1 and a near-unity first-cycle

Coulombic efficiency at a low rate (0.01 C) (Figure 2B). Next, to test at more practical

current densities, composite cathodes with different carbon ratios (0, 5, 10, 20, 27,

and 33 wt %) were prepared. Figures 3A and S2A show the first-cycle galvanostatic

voltage profiles of the corresponding cells tested at 0.1 C. When no carbon was pre-

sent, the cell only delivered 49% of its theoretical capacity, or 53% of that observed

at 0.01 C, and a low Coulombic efficiency of 75%. When carbon was added, the

charge capacity increased and reached a maximum of 314 mAh g�1 at 10 wt % car-

bon (Figure 3C). The first-cycle Coulombic efficiency increased as the carbon ratio

increased from 0 to 5 wt % but then decreased as the carbon ratio increased further

(Figure 3C). To elucidate the reasons for the low first-cycle Coulombic efficiencies,

we have performed in-situ EIS (Figure S3A). The Warburg coefficient (Aw) was

obtained from the slope of the Re (Z) versus u�1/2 relation and reflects the ionic diffu-

sion resistance at the cathode-electrolyte interface.30,31 The Aw value of carbon-

containing electrodes at the fully charged state (3.1 V versus Na+/Na) monotonously

went up as more carbon was present, along with the continuous decrease in

Coulombic efficiency. We hypothesize that this phenomenon is due to the electro-

lyte oxidation in the presence of conductive carbon. To understand the carbon effect

on overall cell performance, we used XPS to study the degree of electrolyte oxida-

tion at different carbon ratios (Figure 3B). All samples showed two S 2p doublets

at 160.7 (blue) and 161.9 eV (orange), corresponding to the P–S–Na and P=S bonds
Joule 3, 1349–1359, May 15, 2019 1351



Figure 3. Effect of Carbon Ratio on the Electrochemical Performance of PTO-Based Half Cells at 0.1 C at 60�C
(A) First-cycle galvanostatic voltage profiles with various cathode composition (0, 5, 10, and 20 wt % C65 carbon [C]).

(B) XPS spectra (S 2p) of the composite cathodes at fully charged state after first cycle. Higher carbon ratio leads to more severe electrolyte oxidation.

(C) Plot of capacity and first cycle Coulombic efficiency dependence of carbon ratio.

(D) Charging capacity and Coulombic efficiency versus cycle number for the initial 20 cycles.
in Na3PS4 (Figure S4), respectively.26,32 When the carbon ratio was higher than 5 wt

%, new peaks (green) appeared at a higher binding energy of 162.7 eV. According to

a similar study on Li3PS4 from Janek’s group,33 we assigned these peaks to the

P–[S]n–P (n = 1, 2) bond in Na4P2S8, Na4P2S7, and Na2P2S6, which are oxidation prod-

ucts of Na3PS4. When the carbon ratio increased to 10 and 20 wt %, we saw that the

intensity of the new peaks increased, indicating that more ionically resistive phases

were produced. Therefore, the low efficiency for carbon-containing composite cath-

odes results from inefficient ionic conduction at the interface due to oxidation of

Na3PS4. On the other hand, the carbon-free electrode had the lowest Aw value of

1611U s�1/2 but still low efficiency. As shown in Figure S3B, an additional semi-circle

corresponding to a considerable charge-transfer resistance was observed at middle

frequency, which likely associated with the electronically insulating nature of PTO

(Figure S5), leading to a large total resistance despite the lowest Aw value. As a

result, an increased charging overpotential was observed compared with that for

charging at 0.01 C (Figure 2B), causing a premature end of charge and thus low

Coulombic efficiency. The composite cathode with 10 wt % carbon showed the

best combination of high initial charge capacity (314mAh g�1), first-cycle Coulombic

efficiency (82%), and capacity retention (93% after 20 cycles) among the composi-

tions investigated (Figures 3D and S2B). These observations suggest that (1) incor-

poration of carbon into the composite cathode is indispensable for providing

sufficient electron transport and (2) too much carbon in the composite cathode

causes significant accumulation of resistive products at the interface, thus leading

to large capacity loss in the first cycle and the decreased discharge potential in first

few cycles as shown in Figure S6. Therefore, composite cathodes with a mass ratio of
1352 Joule 3, 1349–1359, May 15, 2019



PTO:Na3PS4:carbon 2:7:1 and active material loading �1 mg cm�2 were used in the

following experiments. The mass loading of Na15Sn4 is 100 mg cm�2. All cells were

tested under 60�C and 0.5 MPa during cycling.

To probe the evolution of the cathode-electrolyte interface, we performed in-situ

EIS measurements for PTO-based cells in the first three cycles. Each EIS measure-

ment was preceded by a rest period of 30 min to allow for reaching equilibrium.

Figure 4A shows the galvanostatic voltage profiles and the Aw extracted from the

low-frequency EIS spectra (1.0–0.1 Hz) at each selected potential (Figures 4B, 4C,

and S7; Table S2). During the first cycle, Aw decreased from 225U s�1/2 (correspond-

ing to a Na-diffusion coefficient DNa+ of 1.46 3 10�11 cm2 s�1) at open circuit to

47 U s�1/2 at 1.1 V versus Na+/Na during discharge and then gradually increased

to 154 U s�1/2 at 2.5 V versus Na+/Na during charge. Once it reached 2.8 V versus

Na+/Na, above the decomposition potential of Na3PS4, we saw a significant increase

of Aw to 550 and further to 1897 ^ s�1/2 (DNa+ of 1.733 10�12 cm2 s�1) at 3.1 V versus

Na+/Na. Interestingly, Aw reverted to 45 U s�1/2 at 2.0 V versus Na+/Na during the

second discharge and remains low until the next charging process. The same imped-

ance evolution was observed during the second and third cycles. It is noteworthy

that even though PTO’s end-of-discharge potential of 1.1 V versus Na+/Na

exceeds the thermodynamic cathodic decomposition potential of Na3PS4 (1.55 V

versus Na+/Na),8 Aw values stayed low at 1.5 V, 1.3 V, and 1.1 V versus Na+/Na, indi-

cating that the probable cathodic instability at PTO-Na3PS4 interface does not

produce a resistive passivation layer and further degrading the performance.

Therefore, we observed for the first time a reversible interfacial resistance evolution

during cell cycling. Such a reversible behavior is the consequence of reversible con-

version between conductive Na3PS4 phase and resistive phases, which occurs within

the operation potential range of PTO (1.1–3.1 V versus Na+/Na). In contrast, oxide

cathode materials with higher operation potentials, e.g., NaCrO2 (up to 4.0 V versus

Na+/Na), result in the irreversible formation of low conductivity species such as S0 at

higher voltages,33 which is responsible for capacity fading.

As the Na3PS4 decomposition also contributes to the cathode capacity, a control cell

with a composite cathode containing only Na3PS4 and carbon was fabricated to

quantify the contribution. As shown in Figure 4D, Na3PS4 alone showed a specific

capacity of less than 20 mAh g�1. Therefore, we can conclude that the high specific

capacities of PTO-based composite cathodes were mainly contributed by PTO. To

provide direct evidence of the identity and reversibility of oxidation products of

Na3PS4, we conducted ex-situ XPS and ToF-SIMS on two cycled cells as shown in Fig-

ures 4E and 4F. The S 2p XPS spectra of the composite cathode after the third charge

showed new peaks (green) that corresponded to the P–[S]n–P bond, indicating

partial oxidation of Na3PS4. After the following discharge, these peaks disappeared

and the S 2p spectra became similar to that of pristine Na3PS4 (Figure S4). The

ToF-SIMS spectra of the fully charged electrode showed peaks at 277, 387, and

399 m/z corresponding to NaP2S6
�, Na3P2S8

�, and CNa3P2S8
�, respectively, indi-

cating the formation of Na2P2S6 and Na4P2S8. None of these peaks retained after

the fourth discharge, indicating a reversible transformation of the oxidized products

back to Na3PS4. Overall, Na3PS4 oxidation and Na4P2S8/Na2P2S6 reduction are

highly reversible between 1.1 and 3.1 V versus Na+/Na, guaranteeing a reversible

interface that is beneficial for cycling stability of cells.

Because of the suitable deformability of sulfide electrolytes,7 intimate interparticle

contact can be achieved for most composite cathodes containing sulfide
Joule 3, 1349–1359, May 15, 2019 1353



Figure 4. Investigation of Reversible PTO-Na3PS4 Interface Using EIS, XPS, and ToF-SIMS Analysis

The composite cathode has 10 wt % carbon and cycling at 0.1 C at 60�C.
(A) Intermittent galvanostatic voltage profile for first three cycles. Warburg coefficient is extracted from the low-frequency impedance spectra shown in

(B) and (C).

(B and C) Impedance spectra recorded during (B) first discharge and (C) first charge.

(D) Galvanostatic voltage profile without PTO in the composite cathode.

(E) XPS spectra (S 2p) of the composite cathodes at fully discharged and charged states. The observed P–[S]n–P bond at charged state disappeared at

the following discharged state.

(F) ToF-SIMS spectra of the composite cathodes at fully discharged and charged states. The NaP2S6
�, Na3P2S8

�, and CNa3P2S8
� signals at fully charged

state disappeared at the following discharged state.
electrolytes by simple cold pressing. Additionally, solution-processed solid electro-

lyte can create a uniform coating around the cathode particles to achieve intimate

interparticle contact.34 However, maintaining such an intimate contact upon cycling

is challenging for oxide cathodes, which have high Young moduli. Stress-induced
1354 Joule 3, 1349–1359, May 15, 2019



Figure 5. Cross-Sectional SEM Images and Elemental Mapping of FIB-Milled Composite Cathodes

(A) Before cycling.

(B) After 200 cycles. The intimate interparticle contact is maintained well after cycling. No obvious

cracks are found in the cycled cathode.
cracks were observed in cycled cathodes at the active material particle-electrolyte

interface.19 In contrast, PTO shows intimate contact with Na3PS4 before (Figure 5A)

and after 200 cycles (Figure 5B), which is attributed to the small Young modulus of

PTO that helps the particles readily accommodate the mechanical stress generated

at the interface upon cycling. The cell therefore shows 304 mAh g�1 specific capacity

at 0.1 C with 97% capacity retention after 100 cycles (Figure S8). To the best of our

knowledge, this consistently intimate interfacial contact is revealed for the first time

for solid-state batteries. Low-modulus electrode materials should receive more

attention as an effective approach to mitigate capacity fading originated from

mechanically induced contact loss.

Size effect of electrode materials on the battery kinetics is well known.35,36 Smaller

electrode particles lead to shorter ionic and electronic pathways. Therefore, we pre-

pared PTO micropellets (PTO-MPs) and PTO nanorods (PTO-NRs) by mechanical

milling and a chemical antisolvent precipitation method, respectively. Scanning

electron microscopy (SEM) images in Figures 6A–6C show a significant particle

size reduction: bulk PTO (PTO-B) particles are 50–100 mm in diameter, while PTO-MP

has an average diameter of 5 mm and a thickness of 1 mm, and PTO-NR is �1 mm in

length and �300 nm in thickness. The Fourier transform infrared (FTIR) spectra (Fig-

ure S9) show an identical profile, indicating no change in molecular structure during

downsizing. The rate performance of differently sized PTO is shown in Figures

6D–6G. PTO-NR exhibited the best rate capability, with capacity of 322 mAh g�1

at 0.1 C and 200 mAh g�1 at 1 C. PTO-NR allows the cell to achieve a specific energy

of 587 Wh kg�1 at 0.1 C, a specific power of 335 W kg�1 at 1 C, (Figure 6H), and 89%

capacity retention after 500 cycles at 0.3 C (Figure 6I). It is noteworthy that forming

stable interfaces between anode materials and sulfide electrolyte is also impor-

tant.37 We observed gradually increasing overpotential in a Na15Sn4/Na3PS4/

Na15Sn4 symmetric cell (Figure S10A), which agreed with the unstable Na-Sn

alloy-Na3PS4 interface as reported by other groups.8 The degradation of the

Na3PS4-Na15Sn4 interface may be responsible for the gradual capacity fade (Fig-

ure S10B). Further improvement of the cycling stability would require simultaneous

progress in developing the stable anode-electrolyte interface.

In summary, we have demonstrated the capability of an organic cathode material

PTO to enable high-energy, high-power, and long-cycle-life ASSSBs. We tweaked

the carbon ratio in the composite cathode to achieve the best combination of high

initial charge capacity, first-cycle Coulombic efficiency, and capacity retention. We

also observed, for the first time, a reversible cathode-electrolyte interfacial resistance
Joule 3, 1349–1359, May 15, 2019 1355



Figure 6. Morphology of PTO in the Form of PTO-B, PTO-MP, and PTO-NR and their Corresponding Electrochemical Performance with 10 wt %

Carbon at 60�C
(A–C) SEM images of PTO-B (A), PTO-MP (B), and PTO-NR (C).

(D–F) Galvanostatic voltage profiles of cells with PTO-B (D), PTO-MP (E), and PTO-NR (F) at different current densities (1 C = 409 mA g�1).

(G) Rate capabilities with varying PTO particle size in the composite cathodes.

(H) Ragone plot comparing previously reported intercalation-type cathode materials (TiS2,
6,40–43 Na3V2(PO4)3,

44,45 Na2+2dFe2-d(SO4)3,
47 NaCrO2,

11,12,34

and Na4C6O6
26) and PTO-NR.

(I) Capacity and Coulombic efficiency versus cycle number for PTO-NR-based cell at 0.3 C.
evolution during the cell cycling. We have further shown that PTO with a Young

modulus two orders of magnitude smaller than that of oxide cathodes is capable

of overcoming mechanical failures and maintaining intimate interparticle contact

upon cycling. As a result, reversible resistance and intimate contact at the elec-

trode-electrolyte interface form the basis of achieving record specific capacity and

cycling stability of any ASSSBs reported to date. The improved performance and

deeper understanding of the electrode-electrolyte interface are shaping up a bright

future for ASSSBs and opening up new opportunities for other solid-state devices.
EXPERIMENTAL PROCEDURES

Synthesis

Na3PS4 glass-ceramic powders were prepared via mechanochemical reaction and

heat treatment. In brief, 1.02 g of Na2S (Alfa Aesar, 99.9%) and 0.98 g of P2S5
1356 Joule 3, 1349–1359, May 15, 2019



(Sigma-Aldrich, 99%) were ball milled in a 250 mL argon-protected stainless-steel jar

containing stainless-steel milling balls (2 3 F15 mm and 20 3 F10 mm) at 500 rpm

for 2 h to obtain amorphous powders, which was further treated under vacuum at

260�C for 2 h to obtain glass-ceramic Na3PS4. Na3PS4 has been shown unstable

with Na metal32; therefore, a Na15Sn4 alloy (�0.1 V versus Na+/Na) was prepared

following the literature.38 PTO-B was synthesized following the previous report.28

PTO-MPwas prepared by ball milling 200mg of PTO powders in a 100mL agatemill-

ing jar at 400 rpm for 10 h. PTO-NR was synthesized using a chemical antisolvent

precipitation method. Briefly, 50 mg of PTO-B was dissolved in 13 mL of tetrahydro-

furan (THF, anhydrous, R99.9%, Sigma-Aldrich) and quickly injected into 70 mL of

deionized water. After sonication for 10 min, yellow precipitates were collected by

centrifuging at 10,000 rpm for 15 min and subsequent vacuum drying overnight.

Materials Characterization

Nanoindentation measurements were performed on the surface of cold-pressed

Na3PS4 and PTO pellets using a nanoindenter (G200, Agilent Technologies) in an

argon-filled glove box. The modulus and hardness were extracted from the load-

displacement curves according to the standard Oliver and Pharr method.39 Indenta-

tions under displacement control at a maximum depth of 1,000 nm were conducted

at 10 different locations using a standard Berkovich tip. The loading, holding, and

unloading time is 10 s, 5 s, and 10 s, respectively. The cross sections of composite

cathodes utilized for SEM were observed in a focused ion beam (FIB)-SEM (FEI,

Helios NanoLab 660 DualBeam) using an argon-ion beam polisher. Chemical infor-

mation was obtained by FTIR spectroscopy (Nicolet iS5). The surface composition of

the cycled composite cathodes was investigated by XPS (Physical Electronics PHI

5700) and ToF-SIMS (ION-TOF). All reported binding energy values were calibrated

to the C 1s peak at 284.8 eV. A sputtering ion beam (Cs+ with 1 keV ion energy) was

used for depth profiling of ToF-SIMS in negative polarization mode. To minimize

air exposure, all samples were transferred from an argon-filled vessel to the analysis

chamber.

Fabrication of All-Solid-State Cells

The PTO-Na3PS4-C composite cathodes were mixed using an agate mortar and

pestle with weight ratios of 20:(80 � x):x, where the x values are 0, 5, 10, 20, 28,

and 33. The Na3PS4-C composite cathode was mixed with a weight ratio of 70:10.

To assemble the cell, 150 mg of electrolyte powder was filled into a polyether-

ether-ketone (PEEK) cell die with a diameter of 13 mm and pressed at a pressure

of 75 MPa to form a pellet. 5 mg of the composite cathode (active material loading

�1.0 mg) was uniformly distributed on one side of the Na3PS4 pellet, and Na15Sn4
powder (100 mg) was added to the other side of the pellet and then pressed

together at a pressure of 375 MPa. The over-dimensioned Na15Sn4 was necessary

for fabrication as the Na15Sn4 layer easily cracked after cold pressing at such high

pressure if less Na15Sn4 was used. During the cell testing, the cell was subjected

to a torque of 20-inch-pound on each of three screws, corresponding to an initial

pressure of �0.5 MPa applied on the cell.

ELECTROCHEMICAL MEASUREMENTS

All galvanostatic discharge-charge cycles were performed in the potential range of

1.1–3.1 V versus Na+/Na at 60�C using a battery tester (LAND CT-2001A). Specific

capacity is calculated based on themass of activematerial in the composite cathode.

EIS measurements were carried out using an electrochemical workstation (VMP3,

Bio-Logic Co.) during galvanostatic cycling at the following potentials: 2.0 V,

1.7 V, 1.5 V, 1.3 V, and 1.1 V versus Na+/Na during the discharge process; and
Joule 3, 1349–1359, May 15, 2019 1357



1.7 V, 2.0 V, 2.5 V, 2.8 V, and 3.1 V versus Na+/Na during the charge process. Each

measurement was preceded by a rest period of 30min for equilibrium. A bias of 5mV

was applied for the measurement in the frequency range of 1.0 MHz to 0.1 Hz.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.

2019.03.017.
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