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Highlights

Operando XRD reveals structural

changes in Ag-C interlayer during

cycling

Ag nanoparticles do not increase

critical current of graphite-based

interlayer

The role of Ag nanoparticles is to

facilitate homogeneous Li and Li-

Ag deposition
Anodeless solid-state batteries have the potential to increase the energy density

and safety of batteries, but they face challenges, including inhomogeneous plating

of Li metal on the current collector and penetration of Li metal dendrites into the

solid electrolyte. Introduction of an Ag-C composite interlayer between the solid

electrolyte and current collector mitigates these problems. Here, we study the

structural changes within the composite interlayer, the critical current density, and

the morphology of the deposited Li/Ag.
Spencer-Jolly et al., Joule 7, 503–514

March 15, 2023ª 2023 The Author(s). Published

by Elsevier Inc.

https://doi.org/10.1016/j.joule.2023.02.001

mailto:peter.bruce@materials.ox.ac.uk
https://doi.org/10.1016/j.joule.2023.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2023.02.001&domain=pdf


ll
OPEN ACCESS
Article
Structural changes in the silver-carbon composite
anode interlayer of solid-state batteries

Dominic Spencer-Jolly,1,3 Varnika Agarwal,1,3 Christopher Doerrer,1 Bingkun Hu,1 Shengming Zhang,1

Dominic L.R. Melvin,1 Hui Gao,1 Xiangwen Gao,1 Paul Adamson,1 Oxana V. Magdysyuk,2

Patrick S. Grant,1 Robert A. House,1 and Peter G. Bruce1,4,*
CONTEXT & SCALE

Enabling all-solid-state batteries

based on ceramic electrolytes and

a Li anode could lead to increased

energy storage and safer

batteries. Dendrites (filaments) of

Li penetrate the ceramic on

charging at practical rates.

Furthermore, plating Li where

none is already present

(anodeless cells) is desirable but

difficult. Interlayers at the anode

have been proposed to address

these problems. Recently,

promising performance was
SUMMARY

Ag-carbon composite interlayers have been reported to enable Li-
free (anodeless) cycling of solid-state batteries. Here, we report
structural changes in the Ag-graphite interlayer, showing that on
charge, Li intercalates electrochemically into graphite, subse-
quently reacting chemically with Ag to form Li-Ag alloys. Discharge
is not the reverse of charge but rather passes through Li-deficient Li-
Ag phases. At higher charging rates, Li intercalation into graphite
outpaces the chemical reactions with Ag, delaying the formation
of the Li-Ag phases and resulting in more Li metal deposition at
the current collector. At and above 2.5 mA$cm�2, Li dendrites are
not suppressed. Ag nanoparticles do not suppress dendrites more
effectively than does an interlayer of graphite alone. Instead, Ag
in the carbon interlayer results in more homogeneous Li and Li-Ag
formation on the current collector during charge.
reported by Samsung Advanced

Institute of Technology for a

composite layer of carbon with Ag

nanoparticles. Here, we explore

the structural changes that occur

in an Ag-graphite composite

interlayer. Charging involves

electrochemical Li intercalation

into the graphite, then lithiated

graphite reacts with Ag to form a

series of Li-Ag alloys. Li-Ag and Li

deposit between the interlayer

and the current collector. Ag does

not increase the maximum

charging current before Li

dendrites form, but it does lead to

a more homogeneous Li-rich layer

at the current collector.
INTRODUCTION

Solid-state batteries containing a Li anode and a ceramic electrolyte offer a

possible route to higher energy density and increased safety, compared with liquid

electrolyte Li-ion batteries.1,2 Charging at practical rates can lead to the formation

of Li dendrites (filaments) at the anode that penetrate the ceramic electrolyte,

leading to short circuit and cell failures.3,4 Furthermore, forming solid-state cells

free from Li metal initially (so-called anodeless cells) are attractive but come with

problems, including inhomogeneous Li distribution, which can compromise

cycling.5

In an effort to circumvent the problem of Li dendrites, thin layers of a wide range of

materials have been deposited on the solid electrolyte surface at the anode.6–10 On

charging, the layer forms an alloy with Li, rather than nucleating Li metal. Examples

of layers include Mg, Al, Ge, In, Si, Sb, Sn, Au, and Ag.11–22 Unfortunately, formation

of such alloys often involves considerable volume change, leading to strain and

detachment at the interface with the solid electrolyte.23–25 Graphite, and related car-

bons, can intercalate Li with a relatively small volume change, typically �10%; such

layers have been studied in solid-state cells.26–31 Recently, Lee and co-workers at

Samsung reported excellent performance of an anodeless solid-state battery, using

a carbon layer containing Ag nanoparticles, which results in the formation of a Li-

alloy between the carbon layer and current collector on charge, the cell exhibiting

in excess of 1,000 cycles at 3.2 mA$cm�2.32 In order to understand how Ag-C com-

posite layers function, it is important to determine the structural changes that occur

during cell operation.
Joule 7, 503–514, March 15, 2023 ª 2023 The Author(s). Published by Elsevier Inc.
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Here, we employ operando powder X-ray diffraction (PXRD), scanning electron mi-

croscopy (SEM), and energy dispersive X-ray spectroscopy (EDX) to follow the struc-

tural changes in an Ag-graphite composite interlayer as a Li-free (anodeless) cell is

charged then discharged. Graphite is chosen because diffraction can follow the

structural changes upon lithiation, because graphite alone has been used as an inter-

layer, and because the Ag-graphite composite can facilitate Li-Ag alloy and Li metal

formation on the current collector.29 On charging, Li is intercalated electrochemi-

cally into graphite. The lithiated graphite then reacts chemically with Ag to form a

series of increasingly Li-rich Li-Ag alloy phases. At higher charging rates, Li interca-

lation into graphite is faster than the chemical reaction with Ag, resulting in more Li-

deficient Ag alloys persisting to higher states of charge (higher charge capacities).

Discharge is not the reverse of charge, with other Li-Ag phases forming that are

not apparent on charge. Discharge commences with electrochemical deintercala-

tion of LiC6, which then induces chemical dealloying with the Li chemically interca-

lating into LiCx. The Ag-graphite interlayer is little or no better at suppressing

dendrites than graphite alone. Dendrite resistance is determined by the rate of Li

intercalation into the graphite. Carbons with higher Li diffusivity are expected to

enable higher charging rates in carbon-based composite interlayers. The benefit

of the composite interlayer lies in the more homogeneous deposition of Li (with

no detectable Ag alloying) and Li-Ag between the interlayer and the current collec-

tor, which is more effectively stripped on discharge. This fundamental understand-

ing of the Ag-graphite composite layer provides a path toward the design of inter-

layers that enable improved solid-state battery performance, with implications not

only for the Ag-graphite composite layer but also for carbon-based interlayers

more widely.
RESULTS AND DISCUSSION

The operando PXRD anodeless cell is composed of an Ag-graphite interlayer and

Li6PS5Cl electrolyte, which was chosen as it is a strong candidate electrolyte for

solid-state batteries, with a high ionic conductivity.33,34 The composite layer is

5.7% by volume Ag, similar to that used by Lee et al.32 The second electrode is Li

metal. The Ag-graphite layer is adjacent to an Al-coated Be window, from which it

is separated from the Ag-graphite layer by a thin Cu foil. The PXRD data were

collected in reflection through the Be window. Details of the cell construction and

operando experiment are given in the experimental procedures. The capacity

passed on charge exceeds the capacity that can be accommodated by lithiation

of the 5-mm-thick interlayer throughout this work.
1University of Oxford, Oxford OX1 3PH, UK

2Diamond Light Source, Didcot OX11 0DE, UK
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Low-rate charging

A rate of 30 mA$cm�2 was employed to explore the structural changes at low rates of Li

intercalation. Results at high rates are discussed later. The operando PXRD on slow

charging are shown along with the load curve in Figure 1. The behavior is divided into

two regions.On initial intercalation there is no change in the powder diffraction patterns,

during which the potential drops to around 0.4 V. These observations are in accord with

the reductionof sulfideelectrolytes, ashasbeen reportedpreviously forgraphite-only an-

odes.35,36 In the second region of the load curve, the graphite peaks shift to lower two

theta (e.g., the 003 peak at 26.6�) as the graphite expands during Li intercalation. At

the same time, the Ag peaks at, for example, 38.3� and 44.1� shift to lower two theta,

indicativeof anexpansion as Li forms a solid solution alloywithAg, LixAg.AsAgoccupies

only 5.7% of the interlayer volume, there is very little direct contact between Ag and the

Li6PS5Cl electrolyte, and direct electrochemical alloying of Ag is not expected to any sig-

nificant extent. The loadcurve resembles thatof graphitebutwith the capacity stretched,
504 Joule 7, 503–514, March 15, 2023
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Figure 1. Operando powder X-ray diffraction patterns collected on charging an Ag-graphite composite layer at the anode of a cell with Li6PS5Cl

electrolyte at a current density of 30 mA$cm�2

Regions of PXRD where peaks occur are shown on the left, with yellow indicating intensity. Diffraction peaks corresponding to the cell body and Li6PS5Cl

are indicated with red marks. The center-right panel shows the corresponding charging profile vs. a Li+/Li counter electrode. The pink background

indicates the region of interphase formation, and the blue background indicates the region of Li intercalation into graphite and chemical reactivity with

Ag to form Li-Ag alloys, accompanied by Li metal deposition. The far right shows a visual key indicating the phase behavior of Li-graphite (gold), Li-Ag

(green), and Li metal (gray).
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as discussed below. There are no voltage features indicative of electrochemical alloying

of Ag (Figure S1). This is consistent with the electrochemical intercalation of Li into

graphite, and the LiCx reacting chemically with Ag, and not with the direct electrochem-

ical alloying of Ag with Li. The net effect is that the graphite load curve is stretched in ca-

pacity due to reaction of the LiCx with Ag. As Li is electrochemically intercalated into

graphite, the chemical potential of LiCx increases and drives the chemical reaction with

LixAg. These observations are supported by the chemical reactivity between various Li-

intercalatedgraphites andAg, as discussed later.On further charging, the voltage drops

to a plateau at around 105mV and peaks appear, for example, at 25.5� two theta, corre-

sponding to the formationofLiC12. The lithiatedgraphitecontinues to reactwithAg, seen

by shifts in theAgpeaks. Further charging results in the formationof the fully lithiatedLiC6

phase, at which point the LixAg solid solution gives way to LiAg. At yet higher states of

charge, LiAg transforms to Li9Ag4 and then finally to Li10Ag3, with phases coexisting

over a significant portion of the charging curve. At the end of charge, only Li10Ag3 and

LiC6 are observed in Figure 1.37 However, the quantity of charge passed exceeds the ca-

pacity of graphite and the Ag alloys, implying the formation of Limetal. Li is a weak X-ray

scatterer, and the operando PXRDs are collected through a Be window. Careful analysis

of the powder patterns in the capacity rangewhere Li is expecteddoes showevidenceof

Li metal (Figure S2A). Furthermore, SEM/EDX analysis indicates the presence of two

types of particles emerging from the interlayer in the space between it and the current

collector: those containing significant Ag are attributed to Li-Ag alloy and those with

nodetectable evidence ofAg indicative of Limetal. It is of coursepossible that these par-

ticlescontainavery small amountofAg,butgiven thatAgcannotbedetected,we refer to

them as Li metal throughout (Figure S2B).
Chemical reactivity between LiCx and Ag

Li-intercalated graphite phases with the compositions LiC24, LiC18, LiC12, and LiC6

were prepared in liquid electrolyte cells, from which they were removed, washed,

dried, mixed with Ag nanoparticles, pressed into disks, and the reactions monitored
Joule 7, 503–514, March 15, 2023 505



Figure 2. Powder X-ray diffraction patterns showing chemical reaction between lithiated

graphite phases and Ag

Darker colors show the lithiated graphite phases before reaction with Ag; LiC24 (dark teal), LiC18

(dark pink), LiC12 (dark blue), and LiC6 (dark purple). Lighter colors show the result of mixing

lithiated graphite phases with Ag nanoparticles; LiC24 + Ag (light teal), LiC18 + Ag (light pink),

LiC12 + Ag (light blue), and LiC6 + Ag (light purple).
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by PXRD. The results are shown in Figure 2. In each of the cases of LiC24, LiC18, and

LiC12, the lithiated graphite reacts with Ag, as indicated by the shift in the LiCx peaks

toward higher angles and therefore lower Li content. In the case of LiC6, it reacts with

Ag to form the LiAg phase, with LiC6 delithiating as it does so. The LiCx:Ag ratio was

chosen in all cases such that there was sufficient (excess of) Li to react all the way to

LiAg should the thermodynamic driving force of LiCx be sufficient to do so. Only LiC6

has a sufficiently high chemical potential (low voltage) to form LiAg. The variation of

voltage with Li content for graphite and Ag is known from electrochemical cells with

liquid electrolytes. Results here are in accord with these load curves, which show that

only the fully lithiated LiC6 has a voltage sufficiently low to react with Ag to form

LiAg.38–40
Low-rate discharge

The structural changes on discharge are not simply the reverse of those on charge

(Figure 3). Initially, there is relatively little change in either of the two phases

Li10Ag3 or LiC6. As discharging proceeds, the peaks for Li10Ag3, at 27.4� and

39.1� in two theta, move to higher angles consistent with volume contraction, indi-

cating that the Li10Ag3 is exhibiting Li deficiency, Li10-xAg3. These changes, coupled

with no change in the peaks for LiC6, suggest that as Li is electrochemically extracted

from LiC6, it reacts sufficiently rapidly with the Li and Li10Ag3 at the current collector

to retain LiC6. Further discharge involves disappearance of the Li10-xAg3 phase as it

gives way to Li9Ag4, while LiC6 diminishes to be replaced by LiC12 as Li is deinterca-

lated from LiC6. At this point, the LiAg phase appears. As discharge proceeds

further, Li deintercalates from LiC12 reforming graphite, while LiAg undergoes a

phase transition from the CsCl to the UPb structure.41 The latter is more stable

than the former when it is Li deficient, and it is likely that this explains why this struc-

tural form only appears on discharge.41 Finally, at the end of discharge, only

graphite and Ag are observed.
506 Joule 7, 503–514, March 15, 2023



Figure 3. Operando powder X-ray diffraction patterns during discharge of an Ag-graphite composite layer cell carried out at a current density of

30 mA$cm�2

Regions of PXRD where peaks occur are shown on the left, with yellow indicating intensity. Diffraction peaks corresponding to the cell body and Li6PS5Cl

are indicated with red marks. The center-right panel shows the corresponding charging profile vs. a Li+/Li counter electrode. The far right shows a visual

key indicating the phase behavior of Li-graphite (gold), Li-Ag (green), and Li metal (gray).
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Higher-rate charging

While data at low rates are useful in exploring the range of Li-Ag alloys that can form,

it is instructive to examine the structural changes at more practical rates of 2 and 4

mA$cm�2 (Figure 4). As in previous work by Lee et al., cells were cycled at 60�C at

these higher rates, otherwise polarization becomes severe.32 On charging, Li inter-

calates into graphite, resulting in a shift of the graphite peaks to lower two theta as

the lattice expands. No change is evident in the Ag peaks, indicating that the rapid

insertion of Li into graphite at these rates is significantly faster than the reaction of

lithiated graphite with the Ag nanoparticles. As charging proceeds, LiC6 forms. In

the case of the high rate 4 mA$cm�2, LiCx x < 6 persists for a higher capacity before

LiC6 forms. In the case of the data at 2 mA$cm�2, once LiC6 has been formed, Ag is

replaced increasingly by LiAg and then later by Li10Ag3. There is also some evidence

for the formation of Li9Ag4 peak at 39.8�, although it is heavily overlapped, as are the

other Li9Ag4 peaks with the peaks form the cell body. At the high rate of 4 mA$cm�2,

there is some evidence for the formation of LiAg, although there is clear evidence of

Ag persisting throughout charging. At both rates, Li metal forms.

The application of layers to the surface of solid electrolytes at the anode is motivated

by the need to suppress Li metal dendrite formation and more generally to achieve

efficient Li cycling in anodeless cells.32,42 The load curve for charging at 4 mA$cm�2

shows a short circuit indicative of Li metal and dendrites forming electrochemically at

the solid electrolyte surface. In other words, at this rate of charging, intercalation into

graphite is not sufficiently fast, compared with Li metal dendrite formation, and the

layer plays no useful mitigating role at 4 mA$cm�2 (Figure S3). We have also

explored charging at 2.5 mA$cm�2, and this shows a short circuit, indicating that

the maximum current density that avoids Li dendrites is <2.5 mA$cm�2 (Figure 5A).

Graphite alone and Ag-graphite composite layers were observed to have the same

failure point (Figure 5), with each observed to charge stably at 2 mA$cm�2 but fail

due to dendrite penetration through the solid electrolyte at 2.5 mA$cm�2. Based
Joule 7, 503–514, March 15, 2023 507



Figure 4. Operando powder X-ray diffraction color maps with corresponding electrochemistry

(A and B) Phase changes within the Ag-graphite composite layer during charge at 60�C at (A) 2

mA$cm�2 and (B) 4 mA$cm�2. When charging at 4 mA$cm�2, a sudden drop in cell potential to

approximately 0 V is observed, indicating short circuit of the cell due to Li dendrite penetration of

the solid electrolyte. Diffraction peaks corresponding to the cell body and Li6PS5Cl electrolyte are

indicated with red marks.
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on this understanding, we predict that carbon-based interlayers using carbons with

higher Li diffusivity will enable higher rates of dendrite-free charge. It should be

noted that these performances relate only to the anode and do not encompass

the challenges of constructing a full all-solid-state anodeless battery with a compos-

ite cathode.43,44

Benefit of alloy interlayers

As Ag nanoparticles do not increase the critical current density for dendrite forma-

tion, what effect do they have on charging? Figure 6 shows a series of SEM images

and associated EDX maps collected at the surface of the composite layer in contact

with the current collector after passing 2 mA$h$cm�2 of charge at 0.1 mA$cm�2, fol-

lowed by careful removal of the current collector. Cross-sectional micrographs and

EDX maps are also shown as Figure S4. The comparison is between two graphite

layers that are identical, except that one contains Ag nanoparticles. In the absence
508 Joule 7, 503–514, March 15, 2023



Figure 5. Voltage profiles showing charge of graphite and Ag-graphite composite layers, moving

2.0 mA$h$cm�2 capacity at 60�C
(A–C) (A) Charge of the Ag-graphite layer at 2.5 mA$cm�2 showing failure due to dendrite growth

(magnified region); (B) charge of the graphite layer at 2.0 mA$cm�2 showing dendrite-free charge;

and (C) charge of the silver-graphite layer at 2.0 mA$cm�2 showing dendrite-free charge.
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of the Ag nanoparticles, on charging, Li metal forms in a highly heterogeneous (hon-

eycomb) fashion above the graphite layer (i.e., between it and the current collector)

(Figure 6B). In subsequent discharge, the Li metal remains above the graphite layer

in the secondary electron images as well as in the black regions of the carbon EDX

map (regions where carbon is not detected indicate the presence of low atomic num-

ber Li metal, Figure 6C). Compared with the corresponding data, in the presence of

Ag nanoparticles, on charging, the region above the graphite layer (between it and

the current collector) is more homogeneous and now contains Ag (Figure 6E). From

the PXRD results in Figure 1, we ascribe the presence of Ag to the Li10Ag3 phase.

From the SEM/EDX results in Figure S2B, collected at an earlier state of charge

when the particles are just emerging form the interlayer, we know that Li metal is

also formed (some of the particles show no detectable Ag in EDX). This is supported

by PXRD from the end of charge showing the presence of Li (Figure S2A). Therefore,

the layer in Figure 6E is composed of a combination of Li10Ag3 and Li. On subse-

quent discharge, much of the Li10Ag3 returns to the graphite layer. Although we

cannot map Li directly by EDX, note that regions in the carbon EDX of the discharged

sample devoid of carbon (the regions in black) are greater than the regions occupied

by remaining Ag (Figure 6F). This suggests that some Li or an alloy that is highly Li-

rich remains on the surface of the graphite layer. These results suggest that the main

effect of Ag nanoparticles is that a layer of Li metal and Li10Ag3 alloy emerges rela-

tively homogeneously from the graphite layer and then returns to the layer on

discharge.

Returning to compare these findings with the recent work on other carbon-based

composite layers, there are clear similarities in the way in which the carbon-based

layers protect against dendrite growth by enabling Li-Ag alloy and Li metal depo-

sition at the interface with the current collector, even though different types of

carbon are used in the layer.32 However, the type of carbon chosen will have a sig-

nificant impact on the way in which Li is stored within the composite layer and the

mechanism of Li transport through the layer on charge and discharge, and this will

affect the rate performance.45,46 It is anticipated that carbons that give high Li

diffusivity through the composite layer will sustain higher rates of dendrite-free

charge.
Joule 7, 503–514, March 15, 2023 509



Figure 6. Scanning electronmicrographs and energy dispersive X-ray spectroscopy color maps of

graphite and Ag-graphite layer surfaces after removal of the current collector

(A–F) In (A–C), graphite only and in (D–F), Ag-graphite. Graphite (A) when pristine, (B) after

charging, and (C) after discharging, showing the uneven deposition of Li against the current

collector on charge, and Li remaining at the interlayer/current collector interface after discharge.

Ag-graphite (D) when pristine, (E) after charging, and (F) after discharging, revealing homogeneous

Li-Ag alloy formation at the interlayer/current collector following charge, and a return to a near-

pristine state following discharge. The carbon energy dispersive X-ray spectroscopy color map is

shown in orange and that of silver is shown in teal. Cells were cycled at 0.1 mA$cm�2 current density

at 60�C, moving 2 mA$h$cm�2 capacity. (A) and (C–F) scale bars are 10 mm, (B) scale bar is 20 mm.
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Conclusions

The Ag-graphite composite interlayer anode functions at lower rates of charge by Li

intercalation into graphite, followed by chemical reaction with Ag to form Li-rich Li-

Ag alloy phases, as well as direct Li metal deposition at the current collector. At

higher rates of charge, more Li metal formation is observed as the rate of electro-

chemical intercalation of Li into graphite exceeds the rate of chemical reaction. How-

ever, at rates R2.5 mA$cm�2, the rate of Li intercalation into the graphite-based

interlayer is insufficient, and Li metal plates at the interface with the solid electrolyte,

leading to dendrite growth and cell failure. For this reason, carbons with higher Li

diffusivities will enable higher rates of dendrite-free charge. The Ag nanoparticles

do not suppress Li dendrites any more than a graphite layer, but they do result in

relatively homogeneous formation of Li10Ag3 and Li metal between the composite

layer and the current collector of the anodeless cell, whereas in the absence of

Ag, Li deposits heterogeneously between graphite and the current collector, and

there is significant evidence of Li remaining after discharge.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Peter Bruce (peter.bruce@materials.ox.ac.uk).
510 Joule 7, 503–514, March 15, 2023

mailto:peter.bruce@materials.ox.ac.uk


ll
OPEN ACCESSArticle
Materials availability

This study did not generate new unique materials.

Data and code availability

The data generated during this study have been deposited in the Oxford Research

archive and is available at DOI: 10.5287/bodleian:kKBPZ282m.

Materials preparation

The Ag-graphite composite interlayer was prepared by spray deposition, using an in-

house developed atomization and spray deposition instrument in an Ar-filled glove-

box.47,48 A solution of PVdF in a mixture of solvents (97% IPA, 3% NMP by volume) was

prepared. Ag nanoparticles and graphite were suspended in this solution in a ratio of

1:3 by weight, then mixed and sonicated, giving a PVdF:Ag:graphite ratio the same as

that described by Lee et al.32 The suspension was atomized with compressed Ar gas,

and spray-deposited onto a stainless-steel current collector which was heated at 110�C
during the deposition to evaporate the solvent. This yielded a 10 3 10 cm2 sheet of

Ag-graphite composite interlayer composed of 22.5 wt % Ag nanoparticles, 67.5 wt %

graphite and 10 wt % PVdF binder. Electrodes were cut from this sheet using a hollow

punch, driedunder vacuumat70�C,andwereuniaxiallypressedagainst Li6PS5Clpowder

(AMPCERA) under 400MPa tomake Li6PS5Cl disks with 5 mm (G1 mm) thick Ag-graphite

composite layers adhered to one face. Li foils (50 mm thickness) were pressed onto the

other face of the Li6PS5Cl disks to act as the counter electrode.

Standard LiCx samples were prepared in coin cells with a graphite working elec-

trode, Li foil counter electrode and 1 M LiPF6 in EC/DMC (50:50 by volume) (Sigma

Aldrich). Cells were charged at a rate of 10 mA$g�1, disassembled, washed in dry

dimethyl carbonate (Sigma Aldrich), and dried under vacuum. The LiCx phases

were confirmed by PXRD. LiCx samples were then mixed with Ag nanoparticles in

a ratio of 6:1 by weight and were uniaxially pressed into pellets. The pellets were

ground to powder in an agate pestle and mortar, and PXRD was performed.

Electrochemistry

Cycling was carried out using the Gamry 1010 E and Biologic VMP3 potentiostats.

Low-rate cycling (30 mA$cm�2) was carried out at room temperature, whereas

higher-rate cycling (2, 2.5 and 4 mA$cm�2) was carried out at 60�C. For higher-

rate cycling, a 5 mm diameter Li metal counter electrode was used to minimize

the contribution of voiding at the counter electrode interface to cell overpoten-

tial.49–51 All cycling was carried out under a stack-pressure of 2 MPa. The capacity

passed on charge was in excess of the capacity stored by Li intercalation into

graphite in the composite layer (approx. 0.28 mA$h$cm�2), and themaximum capac-

ity stored by alloying with Ag (approx. 0.60 mA$h$cm�2).

Powder X-ray diffraction

Operando PXRD, when cycling at the low rate of 30 mA$cm2, was carried out in reflec-

tion on a 3 kWRigaku SmartLab diffractometer, using Cu Ka radiation. PXRDwas car-

ried out using a Rigaku cell with an Al-coated Be window which was protected with a

1 mm thick Cu current collector (GoodFellow), against which the Ag-graphite com-

posite face of the cell was pressed. A conical spring was used to apply stack-pressure

throughout cycling. A schematic showing the set-up is included as Figure S5.

A synchrotron X-ray source was used for higher rate cycling to achieve higher time

resolution (Figure 4). Cell cycling was carried out on beamline I12 (JEEP) at the Dia-

mond Light Source.52 PXRD was carried out in transmission, with an X-ray spot-size
Joule 7, 503–514, March 15, 2023 511
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of 50 mm, in a custom-built tube cell.3 Note that an X-ray energy of 56 keV was used,

however two theta values have been converted to be comparable to data collected

with Cu Ka radiation.

Ex situ PXRDwas carried out on a RigakuMiniFlex diffractometer, in a nitrogen atmo-

sphere glovebox, using Cu Ka radiation. Samples were measured on low-back-

ground silicon sample holders.

Scanning electron microscopy and energy dispersive X-ray spectroscopy

Cells were disassembled in an Ar-filled glovebox, carefully removing the stainless-

steel current collectors using a method that has previously been used in the litera-

ture.53 Samples were mounted and transferred into the SEM (Zeiss Merlin) using

an air-tight transfer device (Gatan). EDX was carried out using an X-max 150 silicon

drift detector (Oxford Instruments) and analyzed using the Aztec software package.
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