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The energy density presents the core competitiveness of lithium (Li)-ion batteries. In
conventional Li-ion batteries, the utilization of the gravimetric/volumetric energy density at the
eIectrodMnsatisfactory (<84wt.% and <62vol.%, respectively) due to the existence of non-
eIectrochemparts among the three-dimensional porous electrodes, including electrolytes,
binders,-arEn additives. These are regarded as indispensable and irreducible components of
the electronj

and ionic transport network. Here, we propose a dense all-electrochem-active (AEA)

electrode f id-state Li batteries, which is entirely constructed from a family of superior mixed

electronic cdnducting cathodes, to minimize the energy density gap between the accessible

S

and theor ergy density at the electrode level. Furthermore, with the ionic—electronic

U

conductiv rk self-supported from the AEA cathode, the dense hybrid sulfur-based AEA

electrode exhibits a high compacted filling rate of 91.8%, which indicates a high energy density of

i

777 W h kgg 45 W h L™ at the electrode level based on the total cathodes and anodes.

d

1. Introductio

\

The pursuit of high energy density and a safe working process remains a topic of interest in the

field of enaggy storage devices. Following a lengthy competition, lithium (Li)-ion batteries have come

I

to domina t all the critical applications, including consumer electronic devices, electric

transportatio | electric grid energy storage. ™ 2 Compared with the early Li-ion batteries

B8Ry in the 1990s (80 W h kg™, 200 W h L™ [LiCo0,/C]),” the energy densities of the
state-of-thgrart Li-ion batteries have increased more than threefold (~300 W h kg'1 [NCM811/Si-C],

~700 ,/C1)." > However, it is alarming that the energy density of the current type Li-ion

|

t 18]

batteries iIsWery close to the limit.” The energy density at the electrode level is not only determined

by the theoretical®nergy density of the electrochemical couples (energy density = average voltage x

7.8 1

Ul

specific ca t is also highly sensitive to the weight fraction of the inactive components.

additio der and any conductive additives, especially the filling electrolyte, not only limit the

A
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energy density but also involve various security issues. As such, a number of research studies and

technologies have been aimed at reducing the fraction of the inactive mass or volume; however, the

attendaWs, at best, borderline.

bne case overcomes this barrier, that is, the Li metal anode. The absence of

3 he high energy density (Li° > Li*+ €7, 3,860 mAh g*, 2,061 mAh L™) ensure it
' N ' 5,10] ,
is a prominent representative electrode.”™ = In fact, the Li metal anode can be regarded as an all-
eIectrocheH— (AEA) anode. However, on the cathode side, the realization of an AEA is primarily

limited byfits insUffficient electronic conductivity (10-107°S cm™), which is over five orders of

C

1y (11,12
),[ 1

magnitude lowegthan the conductive carbon black (~¥10 S cm’ and its sluggish Li-ion diffusion

coefficien ) @07°~10" cm® s) that is much smaller than the liquid 1M LiPFs in dimethyl

S

carbonate carbonate electrolytes (~2 x 10° cm? s%)."* ™ To guarantee a well

interconnected elgétronic—ionic network, the porous 3D electrode structure of the traditional Li-ion

3

cathode m niformly filled with the conductive additive (carbon black), the polymer binder,

E

and the liguid electrolytes, the total weight and volume fractions of which are >10wt.% and

>30vol.%, r; ely!™ ™ (Figure 1, see the detailed information in Supplementary Tables S1 and

d

S2).

Th valent specific capacity (ESC = C/Meectroqe, C: the capacity of the cathode, Meecrode:
Meathode * me/ectrolyte in the electrode TMconductive additive) is dEﬂned to assess the CapaCity Of the
electrod€, ng for the overall impacts of the active cathode and the non-active parts,

including the binder, carbon black, and electrolyte filling in the electrode. Based on the ESC, we can

obtain the ensity of the electrode (EGejectrode = ESC * V, V: discharge voltage). This indicates

with the liquid-electrolyte-based electrode, the solid-state electrolyte (SSE)-based electrodes

that the a promises dilute the electrode-level energy density by at least 16%. Compared

perform better in terms of security; however, perhaps unsurprisingly, they exhibit a lower ESCeectrode

due to tiir higber densities (oxide-based electrolyte: 2.93~5.07 5.06 g cm?, sulfide-based
electrolyteS: 1.87~1.97 g cm™, PEO-based: 1.2~1.25 g cm™) and far more SSEs are required to ensure

physical contact.[:sw] According to the existing data,”®?? the weight fraction of cathode materials in
all-solid-state Li bagteries (ASSLBs) is less than 80wt.% (Figure 1d and e, see the detailed information

This article is protected by copyright. All rights reserved.
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in Supplementary Tables. S1~S3), which results in low ESC,iqroqe (0.8 x specific capacity) for this type
of battery. In ASSLBs, it is theoretically possible to achieve an AEA electrode if the Li-containing
cathodeWough ionic and electronic conductivity, where the electrode is 100% occupied by
active cathmls and the Li-ion and electron transportation is self-actuating (Figure 1c).
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Figure 1. TEe concept of all-electrochem-active electrodes: a). Commercial liquid Li-ion batteries
(74.6~83.6wt% Cathode, Anode: Graphite); b). conventional ASSLBs (80wt% Cathode, Anode: Li

metal); c). MOsed AEA—ASSLBs (100wt% AEA Cathode, Anode: Li metal), d) and e). summaries

of the weigfmdolume percentages of various components.

The concept of allselectrochem-active electrodes

In cormal Li-ion cathodes, the Li-ions reach the cathode through the electrolyte and
e

electrons external circuit to the cathode and react at the three-phase interface

(carbonq/electroactive mass).?> 2" However, it is significant that the Li-ion and electron

This article is protected by copyright. All rights reserved.
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transportation self-relies on the all-in-one active electrode in our proposed AEA electrodes, the
weight and volume percentages of which can increase to 100% and 89% (porosity 11 %),
respectiM electrode. To realize our idea, the ideal AEA candidates should have fast Li-ion
transportabhidi Iternative to electrolyte), high electronic conductivity (alternative to the
conductivem and abundant lithium storage sites (electrochemical active capacity).
Furthermonemthesigeal candidate would have a stable fixing structure with a low fluctuation of ionic

and electr uctivity that varies according to Li-ion concentration.

1

Followling cafeful screening, a series of conductive transition metal sulfides caught our

[25-

C

attention. revious works, pure amorphous transition metal sulfide cathodes were used as

the electrafle AR allfsolid-state batteries.”>" However, their electronic conductivity (~10> S cm™) is

S

four order nitude lower than carbon (~10 S cm™),%? and their ionic conductivity is not

particularly stabled@uring the charge-discharge process. In our work, we selected crystal transition

3

metal sulfi ely, layer-structured TiS, and chevrel-phase MogSg which not only have a very

[l

stable host&tructure but also high electronic conductivity.?® MogSg and TiS, have a high electronic
conductivit is over 3-6 orders of magnitude higher than that of the typical cathode materials
(NMC532 and n-coated LiFePQ,), and comparable to the commercial conductive carbon (Super
P) (Fig

electronically

d

the detailed information in Supplementary Table S4). These super-high

cting TiS, and Mo¢Sg materials allow for eliminating the conductive carbon in the

n, MogeSs and TiS, have a high Li-ion diffusion coefficient of 1.8~9.8 x 107 cm? s™

electro

iVl

and8 x 107~ 9 x 10™cm? s (see the detailed information in Supplementary Figure S1),2> 3% 3°!

which is cdffiparable to that of SSEs (LiigGeP;S15, 8.8¥9 x 108 cm? s, Li1oSiP,S12, 7°7.2 x 10 cm?®s™,

[

Lis2sAlg25La3Z0Q42, 1~1.1 x 107° cm® s™) and far higher than that of the conventional commercial

cathodes (BiFePO,#6.8 x 107'°~1.8 x 10 cm” s, NMC: 2.8~8 x 10 cm? s, LiCo0,: 10"*~107"* cm?

O

s™) (Figure 2b he detailed information in Supplementary Table S5).°¢*! As such, they can serve

as solid eléctrolytes rather than filling electrolytes in the electrodes. Meanwhile, the intercalation

compoundg of MagSs and TiS, enable Li-ion storage in their host with the high stability of the host

{

framework_structure and the low fluctuation of ionic and electronic conductivity. Based on the

above merits of e physicochemical properties, we decided to use full electrochemical active

LI

electrodes (100%M0sSs or TiS, cathode and Li metal anode) to construct an ASSLB.

A
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Demonstration of all-electrochem-active all-solid-state lithium batteries

To proui proof-of-concept, AEA—ASSLBs were constructed using a configuration of AEA
cathode ‘w‘ or MogSg)/SSEs (LiGeP,S1,-LsPS,)/AEA anode (100% Li metal anode).*® As
shown im Figunes2esand Figure 2d, the TiS,-based AEA—-ASSLBs had an initial discharge capacity of 213

mAh g* atw the characteristic smooth slope in the voltage profile demonstrating the solid-

solution rweanwhile, the MogSg-based AEA-ASSLBs delivered a capacity of 130 mAh g™,

with two istic well-defined plateaus in the voltage profile corresponding with the two-

phase reamv, MogSg = LiM0gSg and 2.05 V, LiM0gSg = LisM0gSg/LisMo0gSs) (Figure 2d). Since

both pristi iS9%and MogSg are lithium-free, a partial pre-lithiation was required to provide the
function of a Li- conductor on the initial discharge. Specifically, the observed capacity gap
between t nd second discharge roughly correlates with the lithium consumption of the pre-

lithiation cess corresponding with Lio;TiS, (LTS) (25 mAh g*) and LiMogSs (LMS) (35 mA h g?).
Starting wi ery partially pre-lithiated materials (LTS and LMS), the batteries had a reversible

capacity oan 180 mA h g™ for LTS and 90 mA h g™ for LMS, demonstrating that our AEA—

ASSLBs can W vell based on both solid-solution (LTS) and two-phase reaction (LMS) mechanisms.

o
rast, the AEA electrode constructed using the typical LiFePO, and Li;Ts0,, materials

In shar
failed (see iled information in Supplementary Figure S2). Compared with the LTS, the LMS
exhibit cling stability with a high capacity retention of 89% after 50 cycles (compared

with the 2nchleﬁ.
O
L
r—
3
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of-concept of the AEA-ASSLBs: a). Electronic conductivities of our AEA materials
the available conductive carbon additives and traditional cathodes, obtained via

owder electronic conductivity test, b). Li-ion diffusion coefficients of our AEA
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materials obtained via the potentiostatic intermittent titration technique method in comparison
with the available traditional cathodes and typical SSEs, c) and d). the galvanostatic discharge—
charge profiles of the LiyTiS,- and LiMogSs-based AEA cathodes, e). their corresponding cycling
stabilitie i °C.

Q.

ThElafer@m@ntioned distinctions could be attributed to the materials’ intrinsic physicochemical

properties, structure, and different Li storage mechanisms. LTS presents a solid-solution
reaction i vingQki-vacancy disorder, the Li-ion diffusion coefficient of which largely depends on
the vacanc tration and is susceptible to the Li concentration.””! Upon cycling, any trapping Li
for the irm capacity loss could potentially gradually lower the kinetic of the LTS—-AEA
electrode, resultifig in capacity fade (Figure 2e). In contrast, LMS maintains a high D;; with a very low

quctuationm x 10 t0 1.7 x 10~ cm?* s™* (Figure 3a). The C-rate performance also verified the
fast kinetic -lon transportation, and the LMS—AEA electrode with a high cathode mass loading of
13.91 mg dih * (compacting density is 4.5 g cm™ and the thickness of electrode is 30.9 um) eliminates
the possiblility the capacity only originates from the interfacial electrochemical reaction

between t@nd the SSE (see the detailed information in Supplementary Figures S3 and S4).
r

Furthermore, o MS—AEA electrode exhibited superior plasticity, which enabled elastic recovery

the pressure. As the apparent gap in porosity marked by the shadowed area in Figure
3b indicat orosity of MogSgdecreased to 11% under 360 MPa (the applied pressure of ASSLBs
in real operating conditions) and rebounded to 24% after the pressure was released (see the
detailed information in Supplementary Tables S6 and S7). The excellent deformability of the LMS—
AEA eIectrh

solid interf} @

during cycling is, in the following section, LMS is selected as our priority material.

To v!’f; the phase transformation during charging, in-situ X-ray diffraction (XRD) was

performedpfor a tailor-made all-solid-state battery (Figure 3c). The pristine electrode belongs to the

only favorable in terms of achieving a dense electrode and good physical solid—

tact but is also helpful for buffering the volume expansion of cathode materials

{

Lic phase (JCPDC: 89-5114) with three major peaks at 30.7°(121), 33.9°(212), and

3

34.8°(104) nitial stage of the discharge, a new Li; phase (LiMogSg) [JCPDC: 81-0858, 30.4°

(IZT) , 3373 , and 35.0°(104)] was generated along with a decrease in the intensity of the Liy,

A

This article is protected by copyright. All rights reserved.
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indicating the two-phase transformation between Li; and Li;. Subsequently, along with a second

discharge plateau (2.05 V), the Li; phase further transformed into a Li; phase [JCPDS81-0859, 32.7°
(212), Wnd 36.8°(220)] and finally converted into Li;MoeSs (L, phase) [JCPDS: 81-0860,
32.6'(212) 04) and 36.7 (220)]. To further quantify the relative content of the different

phases in - e coexistence region, the normalized intensity based on the (215) peak was

H I
obtained, }shown in Figure 3d (middle). This revealed clear multiple two-phase coexistences that
istent wi

were cons

only be reversibly@onverted into Li; with a trace of Ly phase remaining that corresponds with the

f f h the charge—discharge profiles (Figure 2d). The final discharge product of Li, can

electrode

very short plat at 2.45 V at the end of the charge stage (circled in Figure 3c, right). The LMS—AEA
0g€ssas a step-wise electrochemical reaction with the multiple phase transformations in

the first CEh can be divided into four stages in the order of stage |, stage Il, stage Ill, and
Fi

stage IV ( middle). During stage | and Il, the increase in Li concentration promotes Li-ion

diffusion c

transportatinmi e AEA electrode due to the formation of Li,MogSs (x = 1, 3, 4) with a high
icient D,;. The high Li concentration phases gradually transformed into low phases

during de-lijniatiem (stage Ill) (Lis-Lis-Li;). At the end of stage IV, an ionically blocking interphase layer
mainly conSisti Lio formed since this is a lithium-free and ionic-isolating phase, and its formation

onthei he electrode—electrolyte shut down the further phase transformation from Li; to

Lig in the bul ode, much like a specific “ionic switch.” At this time, the de-lithiation process is

blocke tained to a large extent. These results confirmed our hypothesis that the LMS—

AEA electrode requires an initial partial pre-lithiation such that its Li ionic and electronic

conductiviis are qualified.

This article is protected by copyright. All rights reserved.
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of the LM EA cathode (left). The normalized intensity of the peak at 33.9° (Liy), 33.7° (Liy),
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Based on the above results and discussion, we have successfully demonstrated the proof-of-
concept of the AEA electrode in ASSLBs. This AEA electrode can also work at room temperature (see
the detWtion in Supplementary Figures. S5). However, compared with conventional Li-ion
batteries, t ctrode Of the LMS—AEA cathode was only 90 mA h g'l, which means that it had not
yet reaIize&ntial in terms of energy density. To further display the advantages of the AEA
electrode, smimylamiglsulfur—MogSg (S-LMS)-based AEA cathode was attempted, since an S cathode has
a high theMpacity of 1,675 mA h g, with redox potentials ideally below the “ionic switch” of
2.45 V.“S’Sahat a Sg cathode is electronically insulating, the conductive LMS served as an

efficient el lly and ionically conducting network within the AEA electrode, with the weight

percentagm and MogSg 32.5wt% and 67.5wt%, respectively. The transmission electron

microscop image of the hybrid S-LMS—AEA cathode (Figure 4a) revealed the coexistence of

amorphous Eg imjked by the yellow-block) and crystalline MogSg (marked by the green lines), the

electron di patterns are shown in Figure S6 and the XRD patterms are shown in S7. Inside

the electrd@le, the small MogSg nano-sheets were mutually interconnected and thus constructed a

conductiv rk for electrons/ions transport. Furthermore, the amorphous Sg was
homogen ersed, which was reflected by the 10-30 nm nano-domain distributed in the
MogSs fram hat guarantees the desired electrons/ions transport in the insulating Ss. Unlike

conven all-solid-state Li-S cathodes with three single-function materials (carbon/SSE/S) for
forming th se reaction interfaces, our hybrid S-LMS—-AEA cathode had an all-in-one
ionicall lly transporting two-phase reaction interface (LMS/S), which allows for avoiding

the unbalanced transport between the electron (by carbon) and Li-ion (by the SSEs).

L

Figure 4b.shows the cross-sectional images and the elemental mapping of the hybrid S-LMS—

AEA cathode the Li;0GeP,S;, SSE. The local element distribution of the phosphorus (P) indicated
a pure AEA hode electrode without any SSE component (see the detailed information in
Supplemengary Figures S8 ~ $10), which was confirmed by the obtained energy-dispersive spectrum,

as shown iiFigurﬁlc. Furthermore, the volumetric density at the electrode level is highly dependent

LMS—AEA electrod@ had a very high compacted filling rate of 91.8% at 360 MPa, which was due to

the creep of thtoft MogSs and Sg (Figure 3b and Figure 4d, see the detailed information in

This article is protected by copyright. All rights reserved.
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Supplementary Tables S6 and S8), the 8.2% residual porosity of which allowed for accommodating
the volume expansion. Combining the advantages of AEA electrodes in terms of ESC, the theoretical

vqumve the S-LMS—AEA electrode was estimated to be above 3,565.3 W h L™ (in terms

of the volu e MogSs and Sg), which is more than double that of the conventional S-C-LGPS
(32.5wt%, wt%) electrode with the same fraction of sulfur.
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Figure 4. The structure and electrochemical mechanism of the hybrid S-LMS-AEA cathode
(32.5%S4—67.5%M0Sg). a). TEM image of the S-LMS—AEA cathode, b). the cross-sectional SEM
images of ihe AE? cathode/Li,;(GeP,S,, interface with the energy dispersive spectrometer (EDS)

mappin nd S elements, c). EDS point analysis of the P and S elements in the AEA cathode
(Point 1) a i,0GeP,S,, (Point 2). The black scale in a is 20 nm, and the white scales in b) and c)
are 50 um e). Comparison of the electronic conductivities, theoretical volumetric energy
density, and porosity of the S-LMS—AEA cathode and those of a typical S-C-LGPS cathode (32.5wt%,
17.5wt%, see the detailed information in Supplementary Figure S11), f). the electrochemical

f the S-LMS—AEA cathode.

O

As Fig ustrates, we proposed a possible electrochemical mechanism for a hybrid S-LMS—
AEA catho 2.45V, the AEA MogSselectrode was first pre-lithiated into LMS before it was

reversibly med into the following Li-rich phases (Li; ¢ Lis). Moreover, simultaneously, the Sg

cathode u a conversion of S <> Li,S, delivering a specific capacity of 1,290 mA h g™ (by the

initial elec ss, before discharge without Li). The ESC electrode was used instead of the
specific capaei the cathode to evaluate the energy density at the electrode level. In terms of
the hybrid —AEA cathode with the Li metal, a high ESC electrode of 483 mA h g (the
theoreticalNual 630 mA h g*, supplementary material) was achieved after three cycles, with

gravim metric energy densities of 905.5 W h kg’ and 2,778 W h L™, respectively, at the
electrode level ch was close to the theoretical energy density of 1,260 W h kg™ and 3,865 W h L
(Figure detailed information in the Supplementary calculation model). Meanwhile, in

terms of the discharge products, Li,S and LisMo¢Ss, the values were 777 W h kg™ and 1,945 W h L?,
which is stWthan those of the commercial high-density LiCoO, electrode (476 W h kg™, 1,698

W h LY b electrode mass) (see the detailed information in Supplementary Table S8).
Furthermomonstrate the cycling stability of our hybrid S-LMS—AEA cathode, a Li-In AEA
anode was ied to stabilize the interface between the Li metal anode and the SSE. This
demonﬁour AEA ASSLBs had excellent cycling stability with a capacity retention of 76%
after 12Wpared to the 30th cycle with the highest energy density, Figure 5c and d).
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Figure 5. The strategies for high energy density AEA-ASSLBs. a)-c). Typical charge—discharge

profiles of with hybrid S-LMS (32.5% Sg-67.5% Mo0gSs) vs. Li, LTO-LMS (40% LisTis04,-60%
MogSs) vs. Niga LMS vs. Li-In alloy anode. d). Cycling stabilities of the AEA battery with the S-LMS
cathod ity was calculated based on the ESC.jectrode-

Our hybrid S-LMS—AEA cathode exhibited the following significant advantages: (1) the
electrodesgwere constructed using 100% electrochemically active substances without any inactive
materials,%wmaximizing the cathode capacities at the electrode level. (2) The all-in-one
electronic/| @ ductive network of the LMS cathode is favorable in terms of enhancing the

electrode kine hrough avoiding the unbalance and inhomogeneous reaction at the three-phase

reacting interfaces (carbon/electrolyte/S). (3) Both the AEA cathode and the SSEs belong to the

sulfur family, which allows for excellent mutual compatibility through their high affinity. (4) The

elastic nat#re of the AEA cathode alleviates the volume expansion of the Sg/Li,S during cycling. In

principle, the LM54EA cathode has strong universality, combined with other active materials with a
redox potential of Jess than 2.45V possible. For example, another type of hybrid AEA cathode with

This article is protected by copyright. All rights reserved.
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40% Li,sTisOq, and 60% MogSs (LTO-LMS) exhibited superior cycling stability, with an ESC,jectroqe Of 130

mA h g'1 at the electrode level (Figure 5b, c, and d).

T

Conclusio

H . . ) .
We preposed a new concept of all-electrochem-active all-solid-state electrodes with a superior

electronic/ ing conductor as an alternative to carbon black and the electrolyte in the
electrode. WVith cdhsideration of our AEA principle and the screening criteria, the LTS- and LMS-
based AEA electrodes were selected due to their high electronic conductivity, high ionic diffusion
coefficientmule Li-storage performance. In these AEA electrodes, the energy density gap at
the electr between the accessible and the theoretical value is bridged and minimized as far
as possible. Moresgnificantly, due to the ionically/electronically conductive network self-supported
by the AEA material, it can be combined with a high-capacity sulfur cathode to construct a
hybrid S-LMS-based AEA cathode with high energy densities of over 770 W h kg* and 1,900 W h L*

at the elec gvel. In the future, we believe that AEA electrodes will provide a new means of

increasing §&th ergy  densities of batteries, regardless of the discovery of new materials.
Further is the possibility of increasing the energy density by exploring new AEA material
candidates igher capacity and high voltage that effectively match the 4 V transition metal-
oxide c

treatment.*For hybrid S-LMS and LTO-LMS based AEA cathode, the Sg/ MogSg and LisTisO1,/ M0gSg

were mixed in 32.5867.5 by weight (162.5 mg, 337.5 mg,) and 40:60 by weight (200mg, 300mg). Then
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put them in an agate mortar for the ball-milling with 300r, 12h, and 300 r, 4 h to prepare the hybrid

AEA cathode, respectively.

Batteries lssemg!y: The AEA-ASSLBs batteries are assembled by the configuration of AEA
cathode/L¢ w +/Li(In). A mass of 100 mg LGPS and 50mg LisPS, solid-state electrolyte (SSE) was

uniaxially ed at about 216 MPa. Then the AEA cathode was added on top of the SSE and
H I
distributedghomogenously and compressed at 360 MPa. A thickness of 80 um Li foil was added
(accompanho pum In foil, depending on the experimental designing.) The photography and

schematic @lot are§hown in supplementary material Figure S12.

C

CharacterizZ@tigy: She morphologies of the samples were investigated by SEM and TEM. The in-situ

<

XRD patte offthe all-solid-state battery were measured using Cu Ka radiation on an X-ray

diffractometer from 29.8° to 37.5°(208), under 70°C The electrochemistry was conducted on a LAND

U

battery tes at 70°C. The electronic conductivities of the powder materials were measured by

the 4-prob@ method at room temperature and atmosphere, and the Li-ion diffusion coefficient was

£

measurem tentiostatic intermittent titration technique. More details of the materials, and

characterizati e provided in supplementary material.

d
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A new family of cathodes with superior ionic/electronic conductivities (AEA cathode) were
demonstrated for all-solid-state Li metal battery. No carbon and electrolyte additives are needed in

such AEA it e so the space and mass of the electrode are fully utilized, and high mass/volume

energy de ined.
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