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Xiaoting Lin, Ruying Li, Yongfeng Hu, Tsun-Kong Sham, Huan Huang, Li Zhang,

Rong Yang, Shigang Lu, and Xueliang Sun*

All-solid-state lithium-ion batteries (ASSLIBs) have gained substantial
attention worldwide due to their intrinsic safety and high energy density.
However, the large interfacial resistance of ASSLIBs, which originates from
the interfacial reactions and inferior electrode—electrolyte contact between
electrodes and solid electrolytes, dramatically constrains their electrochemical
performance. Here a dual shell interfacial nanostructure is rationally designed
to enable high-performance ASSLIBs, in which the inner shell LINbO;
suppresses the interfacial reactions while the outer shell Li;oGeP,S;, enables
intimate electrode—electrolyte contact. As a result, the dual shell structured
Li;oGeP,S;, @ LiINbO; @ LiCoO, exhibits a high initial specific capacity of
125.8 mAh g™' (1.35 mAh cm~?) with an initial Coulombic efficiency of

90.4% at 0.1 C and 87.7 mAh g™' at 1 C. More importantly, in situ X-ray
absorption near edge spectroscopy was performed for the first time to reveal

1. Introduction

Safe and high-energy-density recharge-
able lithium-ion batteries are in great
demand for large-scale energy storage
systems and long-range electric vehi-
cles. Conventional lithium-ion batteries
(LIBs), which employ organic liquid elec-
trolytes (LEs), have difficulty in achieving
the desired safety standards due to the
flammable nature of the organic LEs.
Additionally, the limited electrochemical
window of the organic LEs restricts the
further improvement of the energy den-
sity of conventional LIBs,! especially
when coupled with high-voltage cath-

the interfacial reactions between Li;;GeP,S;, and LiCoO,. This dual shell
nanostructure demonstrates an ideal interfacial configuration for realizing

high-performance ASSLIBs.
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odes and lithium metal anodes. Under
intensive investigation for over two dec-
ades, all-solid-state lithium ion batteries
(ASSLIBs) are now regarded as one of the
most promising energy storage systems
because of their superior safety and great
potential to meet the target of high energy density.!l As an
indispensable component of the ASSLIBs, solid-state electro-
lytes with high ionic conductivity and wide electrochemical
windows are indispensable. Over the past years, significant
advances have been made in solid-state electrolytes, such as
oxide electrolytes,?3] polymer electrolytes,”l and sulfide elec-
trolytes (SEs).’! Among them, SEs possess high ionic conduc-
tivity (1073 to 1072 S cm™), particularly Lig 54Si; 74P1.44S11.7Clo 3
(25 mS cm™),12 Li,P;S;; (17 mS cm™), Liy(GeP,S;, (LGPS)
(12 mS cm™),%) and Liyg35[Sng 27511 08]P1.65512 (11 S cm™)Bl
possess ionic conductivities rivalling that of liquid electro-
lytes (10.2 mS cm™).! However, the electrochemical per-
formance of SE-based ASSLIBs is constrained by the large
interfacial resistance, which is originated from the interfacial
reactions and lithium deficient space-charge layer as well as
the inferior solid-solid contact between electrode materials
and SEs.?471 With tremendous efforts, various strategies
have been proposed to suppress the interfacial resistance,
including i) developing interfacial layers (LiNbO; (LNO) and
Li4TisOy,) to suppress the interfacial reactions,® ii) synthe-
sizing soluble solid electrolytes to improve the interfacial
contact between electrode materials and SEs,! iii) designing
homogeneous and compatible interface,l'! and iv) using novel
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solid electrolytes.'!l However, the electrochemical perfor-

mance of ASSLIBs is still far behind the standard for practical
application.

Inspired by the pioneering success in addressing the chal-
lenges of silicon anodes,['?l sulfur cathodes,!'* and Li metal
anodes!' via rational nanostructure design, here we ration-
ally designed a dual shell interfacial nanostructure to enable
high-performance ASSLIBs. The inner shell is devised to
suppress the interfacial reactions and lithium-deficient
space-charge layer (SCL) between electrode materials and
SEs. The outer shell is constructed to ensure the intimate
solid—solid contact between electrode materials and SEs. As a
result, the dual shell structured LGPS@LNO@LCO cathode
exhibits a high initial specific capacity of 125.8 mAh g!
(1.35 mAh cm™) with an initial coulombic efficiency of
90.4% at 0.1 C and 87.7 mAh g! at 1 C. Moreover, the charge
and discharge curves of the dual shell structured LGPS@
LNO@LCO exactly match those in liquid electrolytes, sug-
gesting the negligible polarization and complete utilization
of LCO in ASSLIBs. Additionally, in-situ XANES was per-
formed to reveal the interfacial reactions between LCO and
LGPS for the first time. This demonstration shed light on the
interfacial nanostructure design to achieve high-performance
SE-based ASSLIBs.
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2. Results and Discussion

As a proof-of-concept study, the typical active material LiCoO,
(LCO), the most well-known solid-state sulfide electrolyte
Li;(GeP,S1,, and the high ionically conductive interfacial layer
LiNbOj; are chosen, although the concept is not limited to these
materials. In general, when directly mixing LCO with LGPS
without any interfacial coating, a highly resistive layer will form
at the interface between LCO and LGPS during the initial charge
process, which intrinsically blocks the Li* transfer.®! Further-
more, a lithium-deficient space-charge layer will form at the
interface,” under this scenario, ASSLIBs can be barely charged
due to the significant interfacial resistance in the ASSLIBs
(Figure 1A). With one shell (LNO) isolating the direct contact
between LCO and LGPS, the interfacial reactions and lithium-
deficient SCL can be suppressed.l'® Atomic layer deposition is
employed to conformally construct the inner layer LNO.2417] In
this case, ASSLIBs can be operated at low current, because the
interfacial Li* flux is limited by insufficient ionic contact between
LCO and LGPS (Figure 1B). In addition, the aggregation of LCO
and LGPS particles could lead to the incomplete utilization and
serious polarization of LCO in ASSLIBs.'¥l The remedy to this
case is to construct a dual shell interfacial configuration. As
shown in Figure 1C, when LGPS with a high ionic conductivity
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stable interface

Li+ Li+ Li+

{ |
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—
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Li+ Li+ Li+Li+Li+Li+
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Figure 1. Schematic diagram of ASSLIBs with various interfacial nanostructure. A) LiCoO, directly mixed with Li;oGeP,S;, without interfacial design
for ASSLIBs. B) A one-shell LINbO; @ LiCoO, cathode for ASSLIBs. C) A dual shell LGPS@LNO@LCO for ASSLIBs.
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is further dispersed on the one-shell LNO@LCO particle via a
wet-chemistry dispersion process, intimate solid-solid contact
between LGPS and LNO@LCO can be achieved, thus enabling
an abundant Li* flux across the interface. It should be men-
tioned that the dispersion process is different from the previous
soluble sulfide electrolyte coating, in which a post-annealing
process is required to crystallize SEs.**"! In addition, the wet-
chemistry dispersion process can be easily developed with other
SEs without the post-annealing process. The detailed experi-
mental procedure can be found in the Supporting Information.

The particle size of the pristine commercial LCO was found
to be around 6-15 um by scanning electron microscopy (SEM)
(Figure S1, Supporting Information). 5 nm LNO was uniformly
and conformably coated on the LCO surface by atomic layer
deposition (ALD), as confirmed by the transmission electron
microscopy (TEM) images in Figure 2A,B. The energy dis-
persive X-ray spectroscopic (EDX) mapping of Co, Nb, and O

www.small-methods.com

were detected by high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) (Figure 2C),
explicitly confirming the uniform coating of LNO on the LCO
surface. It should be mentioned that the interfacial coating in
previous works is mainly realized by the sol-gel method,/®!’]
which cannot guarantee the uniformity and conformality of
ALD coatings.?” Figure 2D shows an SEM image of LNO@
LCO/LGPS composite synthesized by conventional dry mixing,
which clearly shows the aggregation of LCO and LGPS particles
and inferior solid-solid contact between LNO@LCO and LGPS.
Compared to the LNO@LCO/LGPS composites, the uniform
coverage of LGPS on LNO@LCO particles can be seen in the
LGPS@LNO@LCO composites (Figure 2E), implying the dual
shell structure was successfully realized by the wet-chemistry
dispersion process. Furthermore, the cross-section image of
LGPS@LNO@LCO composites milled by focused ion beam
(FIB) is presented in Figure 2F. In addition, the corresponding

Figure 2. Structural and elemental analysis of one-shell LNO@LCO and dual shell LGPS@LNO@LCO. A) A TEM image of one-shell LNO@LCO
particles. B) A high-resolution TEM image of one-shell LNO@LCO particles. C) Energy dispersive X-ray spectroscopic (EDS) mapping of Co, Nb, and
O by HAADF-STEM. D) SEM image of the one-shell LNO@LCO/LGPS electrode. E) SEM image of the mixture of the dual shell structured LGPS@
LNO@LCO electrode. F) FIB cross-section image of LGPS@LNO@LCO. G) Co mapping. H) P mapping. ) S mapping.
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Figure 3. Electrochemical performance of ASSLIBs with pristine LCO, one-shell LNO@LCO, and dual-shell structured LGPS@LNO@LCO. A) Charge—
discharge curves. B) Cycling stability and coulombic efficiency. C) CV curves of dual shell structured LGPS@LNO@LCO. D) CV curves of one-shell
LNO@LCO/LGPS electrodes. E) Galvanostatic Intermittent Titration Technique (GITT). F) Rate performance. G) Discharge curves at various current

densities. H) Ragone plot.

EDX mapping of Co, P, and S are shown in Figures 2G,H,]I,
respectively, further confirming that the outer LGPS layer
is uniformly and conformally coated on LNO@LCO sur-
faces. Further EDX mapping images (including Ge mapping
and Nb mapping) of LGPS@LNO@LCO can be found in
Figure S2 (Supporting Information), which also confirms the
LNO shell on the LCO surface. To be the best of our knowl-
edge, this is the first time to demonstrate the LGPS coating
on the electrode materials via a wet-chemistry dispersion
process.

Small Methods 2019, 1900261 1900261

The electrochemical performances of ASSLIBs with various
interfacial structures were evaluated thoroughly. Figure 3A
exhibits the typical charge-discharge curves of pristine
LCO, one-shell INO@LCO, dual shell structured LGPS@
LNO@LCO, and LCO in liquid electrolytes (LE), respec-
tively. The pristine LCO exhibits an initial charge capacity of
40.1 mAh g! and discharge capacity of 8.8 mAh g! at 0.1 C
(1 C=1.3 mA cm™ = 140 mA g). The initial coulombic effi-
ciency is only 21.9%. The low coulombic efficiency and signifi-
cant polarization indicate serious interfacial reactions during

(4 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the initial charging process. In addition, the slope at the very
beginning of the charge curve is an indicator of a lithium-
deficient SCL between LCO and LGPS.['>21] The one-shell LNO@
LCO exhibits an initial discharge capacity of 92.2 mAh g™! with
the coulombic efficiency of 89.1%. Interestingly, the slope
before Li* delithiation is totally disappeared, suggesting that
the one-shell LNO@LCO can suppress the interfacial reactions
and SCL between LCO and LGPS. However, the polarization
between charge and discharge curves is still obvious, which
is caused by the poor ionic contact between LNO@LCO and
LGPS. The dual shell structured LGPS@LNO@LCO presents
an initial capacity of 125.8 mAh g! with an initial coulombic
efficiency of 90.4%. it is worthwhile to mention that the charge-
discharge curves of the dual shell LGPS@LNO@LCO exactly
match those of LCO in liquid electrolytes under the same
current density (Figure S3, Supporting Information), demon-
strating that the dual shell structured LGPS@LNO@LCO can
achieve the full utilization of LCO with a negligible polarization
in ASSLIBs. The electrochemical impedance spectroscopy (EIS)
was performed to analyze the interfacial resistance of pristine
LCO, one-shell LNO@LCO, and dual shell structured LGPS@
LNO@LCO after the initial charge process (Figure S4, Sup-
porting Information). The interfacial resistance of the pristine
LCO after the first charge process is over 3000 ohms, which is
reduced to 150 ohms with LNO inner shell protection, and fur-
ther reduced to 68 ohms when LGPS is coated on the LNO@
LCO particles. The reduction in resistance suggests that the
inner shell LNO can suppress the interfacial reactions and the
outer shell LGPS can improve the interfacial contact between
LNO@LCO and LGPS.

Figure 3B shows the cycle stability of pristine LCO,
one-shell LNO@LCO, and dual shell structured LGPS@LNO@
LCO and the corresponding coulombic efficiencies (Figure S5,
Supporting Information). Pristine LCO shows no capacity after
several cycles, which is due to the serious interfacial reactions
between pristine LCO and LGPS. Comparatively, the one-shell
LNO@LCO shows higher capacity and longer cycle stability.
However, the capacity decays rapidly and is still far behind
theoretical capacity of LCO. The reason was believed to be the
detachment of LCO from LGPS induced by the volume change
upon cycling (Figure S6, Supporting Information). The dual
shell structured LGPS@LNO@LCO shows a higher capacity of
125.8 mAh g}, which can still retain a capacity of 90.3 mAh g
after 100 cycles. Figures 3C presents the cyclic voltammogram
(CV) profiles of the dual shell structured LGPS@LNO@LCO
and one-shell LNO@LCO, respectively. The three pairs of redox
peaks of LGPS@LNO@LCO can be clearly seen. The A-A’
redox peaks are related to the insulator-metal transition with
the coexistence of two distinct hexagonal phases.['*22l The B-B’,
and C-C’ redox peaks are associated with the phase transition
from the hexagonal structure (O3) to the monoclinic structure
of LCO.22l Comparatively, the CV of LNO@LCO shows obvious
polarization and smaller peak currents (Figure 3D), suggesting
the limited Li* flux across the interface between LCO and LGPS.
The Galvanostatic Intermittent Titration Technique (GITT) was
further utilized to analyze the polarization and lithium ion
(Li*) diffusion efficiency of LNO@LCO and LGPS@LNO@
LCO. Figure 3E shows the GITT curves and polarization
curves of LNO@LCO and LGPS@LNO@LCO. Obviously,
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the polarization of LGPS@LNO@LCO is smaller than that
of LNO@LCO. Based on the GITT theoretical analysis, the
Li* diffusion efficiency of the dual shell LGPS@LNO@LCO
electrode is almost 4 orders of magnitude higher than that of
one-shell LNO@LCO electrodes (Figure S7 and Table S1, Sup-
porting Information), indicating that the contact area between
LNO@LCO and LGPS in dramatically enhanced by designing
dual shell interfacial structure.

When tested at various current densities, the one-shell
LNO@LCO shows limited capacity and large polarization at a
high current density (Figure 3F). Specifically, one-shell LNO@
LCO exhibit a specific capacity of 20.0 mAh g! with a large
polarization at 1 C, while the dual shell structured LGPS@
LNO@LCO presents a capacity of 87.7 mAh g™! with a negli-
gible polarization at 1 C (Figure 3G). The reason behind the
increased capacity and negligible polarization could be due
to the high ionic conductivity (1.2 x 10 S cm™!, Figure S8,
Supporting Information) of the outer shell LGPS. Figure 3H
compares the electrochemical performance with all previously
reported results in the Ragone plot. The sources of the data are
listed in Table S2 (Supporting Information). It is apparent that
the electrochemical performance of the dual shell structured
LGPS@LNO@LCO overtakes previous results, especially the
power density.[6382.21]

To unveil the interfacial reactions between LCO and
LGPS and functionality of the inner shell LNO, in situ X-ray
absorption near edge spectroscopy (XANES) was performed.
Figure 4A,C present the in-operando sulfur K-edge XANES
and the discharge-charge profiles of pristine LCO and one-shell
LNO@LCO, respectively. The electrochemical phenomena are
completely consistent with the results in Figure 3A. Comparing
the S K-edge XANES, the edge jump of the LGPS before the
electrochemical reaction is at 2470 eV, which is corresponding
to the one level excitation of an electron from the K shell.?*]
Due to the weak signal to noise ratio, the first-order derivation
spectra was subtracted in Figure 4B,D. Pristine LCO/LGPS
presents a lot of shoulder peaks at 2470 eV (red bar) and
2472 eV (green bar) during the charge-discharge process, while
LNO@LCO/LGPS does not, implying that the inner shell LNO
can suppress the interfacial reactions between LCO and LGPS.
However, the changes on other elements are not clarified, such
as phosphorus and germanium. As a remedy, surface-sensitive
X-ray photoelectron spectroscopy (XPS) was performed to
further examine the chemical information on P, Ge, and S.

Figure 5 shows the ex situ XPS results of S 2p, P 2p, and
Ge 3d from pristine LGPS, bare LCO/LGPS after 100 cycles,
and one-shell LINO@LCO/LGPS after 100 cycles, respectively.
Assignment of each peak can be found in Table S3 (Supporting
Information). In S 2p spectra (Figure 5A), S of LGPS is highly
oxidized to —S—S— or CoS, in comparison with S spectra of
pristine LGPS. In addition, sulfite and sulfate species were also
detected, which is also caused by the oxidization of LGPS by
LCO during the charge-discharge process.l'>2!l Interestingly,
the intensity of oxidization peaks is reduced with the inner LNO
shell (Figure 5A, bottom), suggesting the inner shell LNO can
alleviate the oxidization of LCO during the charge—discharge
process. Figure 5B shows the comparison of P 2p spectra. P 2p
spectra of bare LCO/LGPS exhibit more intensive P,S¢>~ peaks,
suggesting P of bare LCO/LGSP is highly oxidized after cycling.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. In situ XANES of ASSLIBs during the initial charge—discharge process. A) S K-edge of the bare LCO/LGPS cathode. B) The first deviation
of the S K-edge spectra of the bare LCO/LGPS electrode. C) S K-edge of the one-shell LNO@LCO/LGPS electrode. D) The first deviation of S K-edge

spectra of one-shell LNO@LCO/LGPS electrodes.

In LNO@LCO/LGPS samples, the intensity of P,Ss%~ peaks
is strongly suppressed by the inner shell LNO protection.
Similarly, in terms of Ge 3d spectra (Figure 5C), the intensity
associated with the oxidized species, such as GeS, and/or GeO,,
is reduced in the one-shell LNO@LCO samples, implying that
the oxidization of Ge of LGPS is also suppressed by the inner
shell LNO. All the results explicitly demonstrate that the inner
shell can inhibit the oxidization reactions of LGPS but cannot
completely suppress the interfacial oxidization reactions due to
the intrinsically narrow electrochemical windows of LGPS.[?4
To check the internal microstructure of one-shell LNO@LCO
and dual shell LGPS@LNO@LCO, the cross-section of elec-
trodes was examined by SEM. The LNO@LCO electrodes show
a lot of pores between LGPS and LNO@LCO, which suggests
the contact between LNO@LCO and LGPS is inferior (point-
to-point contact, Figure 6A—C), limiting the Li* flux across the
interface. As a sharp contrast, the dual shell structured LGPS@
LNO@LCO shows favorable contact between LCO and LGPS.
All the LNO@LCO particles are well dispersed in the LGPS
matrix (Figure 6D-F), thus providing abundant Li* flux across
the interface and guaranteeing the high utilization of LCO.
Resultantly, the initial charge—discharge curves, active material
utilization, and coulombic efficiency of dual shell structured
LGPS@LNO@LCO exactly match those of LCO operated in
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LEs. All these results confirm that the dual shell interface could
overcome the large interfacial resistance originated from the
interfacial reactions and inferior interparticle contact between
electrode materials and SEs in ASSLIBs.

3. Conclusions

In summary, we rationally designed a dual shell structured
LGPS@LNO@LCO for high-performance SE-based ASSLIBs,
in which the inner shell LiNbO; suppresses the interfacial
reactions while the outer shell Li;;GeP,S;, enables intimate
electrode—electrolyte contact. The interfacial reactions between
LGPS and LCO characterized by the in situ XANES and ex situ
XPS highlight the necessity of inner shell LNO. The outer shell
LGPS coating realized by a universal wet-chemistry dispersion
process enables the full utilization and negligible polariza-
tion of LCO in SE-based ASSLIBs. As a result, the dual shell
structured LGPS@LNO@LCO exhibits a high initial specific
capacity of 125.8 mAh g™! (1.35 mAh cm™) with an initial cou-
lombic efficiency of 90.4% at 0.1 C and 87.7 mAh g' at 1 C.
This dual shell nanostructure demonstrates an ideal interfa-
cial configuration for achieving SE-based ASSLIBs with high-
energy density and high-power density.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Ex situ XPS characterizations on the pristine LGPS (top), bare LCO/LGPS electrodes after 100 cycles (middle), and one-shell LNO@LCO/
LGPS electrodes after 100 cycles (bottom). A) S 2p spectra, B) P 2p spectra, and C) Ge 3d spectra.

Figure 6. SEM images of cross-section. A—C) one-shell LNO@LCO/LGPS electrodes. D—F) dual shell structured LGPS@LNO@LCO electrodes.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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