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A B S T R A C T

Sulfide solid electrolytes offer great opportunities to construct solid-state Li metal batteries with high energy
density. The high ionic conductivity of well-developed sulfide electrolytes enables solid-state battery to operate at
high current rates. However, sulfide electrolytes exhibit severe decomposition in working cells, constituting a
significant obstacle for the practical applications of sulfide solid-state electrolytes. The decomposition behaviors
of sulfides are complicated and strongly depend on the electrochemical windows, some of which are even
regarded reversible during battery cycling. Herein, we investigate the redox behaviors of Li7P3S11 sulfide solid
electrolyte under different voltage windows, and their effects on interfacial transport and battery cycle lifetime.
Moreover, Li metal | Li4Ti5O12 (LTO) batteries are introduced to further probe the role of multiphase redox re-
actions on interfacial ion conduction. By regulating the redox behaviors of electrolytes through varying working
voltage window, Li | LTO metal batteries enable a rapid charge/discharge process in 10 min (6 C) and lifespan of
600 cycles at 1 C with 85% capacity retention. An all-solid-state Li | LTO metal pouch cell is also assembled and
exhibits a stable cycling performance with a capacity of 120 mAh g�1. This work provides understandings about
interfacial redox behaviors of sulfide electrolyte, presenting novel insights in the rational design of future solid-
state lithium batteries with high-energy/power-density.
All-solid-state lithium metal batteries (ASSLMBs) are strongly
considered as next-generation energy-storage devices because of their
exceptional advantages in safety and high energy density [1–9]. The
continuous process on the development of solid-state fast ionic conduc-
tors enables the battery operation at high rates under room temperature
[10–13]. Among these, sulfide-based solid electrolytes have attracted
extensive attentions due to their extremely high ionic conductivity (up to
10�2 S cm�1 at room temperature), excellent deformability, and a mild
low-temperature processability [10,14–18]. However, the full demon-
stration of practical batteries is a great challenge owing to the slow
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lithium-ion transport kinetics at working solid–solid interfaces [2,
19–26]. The sluggish interfacial transport kinetics mainly result from the
poor solid–solid contacts [19,27,28], poor chemical [29,30]/electro-
chemical [31–33] instability at electrode/electrolyte interface, and
complex redox behaviors of solid electrolytes in composite electrodes
[34–38], thus resulting in a rapid capacity degradation and poor rate
performance.

Various strategies aim to improve the interfacial transportation and
chemical/electrochemical stability of electrode/electrolyte interfaces,
including introducing a soft ionically conductive but electronically
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Fig. 1. (a) Cycle stability of Li | LPS | LPS cells at various electrochemical windows, (b) schematic of interfacial ion transport between LPS and active materials at
various electrochemical windows.

G.-L. Zhu et al. Energy Storage Materials 31 (2020) 267–273
insulative layer between electrode/electrolyte interface [39–43], elec-
trode or electrolyte surface coating [35,44–47], and engineering upgra-
dation to construct conformal contact interfaces [42,46,48–55].
Fig. 2. (a) Rint of Li | LPS | LPS cells at various cycles and electrochemical windows.
Charge/discharge profiles for reference XPS. OCV represents the open circuit voltage
cathode under different discharge and charge states. AC represents the peak area of
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However, the redox behavior of sulfide solid electrolyte in a composite
electrode is ubiquitous for ASSLMBs during charge–discharge process,
which has been proved by many calculations [56–58] and experiments
(b) XPS obtained from LPS-CNT cathode at various charge/discharge states. (c)
. (d) The peak area ratio of Li2S/AC and S/AC in the LPS of LPS-CNT composite
active P–S–P and P–S–Li species.
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[37]. The sulfide solid electrolytes endure severe reactions during char-
ge–discharge process and influence lithium-ion transport channels,
where the reversible capacity contribution comes from the redox reaction
of sulfide electrolytes contacting conductive materials [36–38,59,60].
Furthermore, the passivating nature of redox products, especially the
oxidation products contribute to high interfacial impedances [61–63].
However, how the redox reactions of the sulfide electrolytes affect the
battery performances and which reaction depth is acceptable for prac-
tical batteries are unclear. Therefore, towards rational design of
ASSLMBs, it is rewarding to probe the electrochemical redox behaviors of
sulfide electrolytes under different electrochemical windows and its
corresponding influence on battery performances.

In this contribution, the electrochemical redox behaviors of Li7P3S11
(LPS) are investigated comprehensively. The reaction depth of sulfide
solid electrolyte depends on the electrochemical window during charge
and discharge processes. The reaction products under different voltages
are detected and proved to be responsible for the interfacial resistance.
The Li | LPS | LTO metal cell is used as a model system to evaluate the
effect of redox behaviors of sulfide solid electrolyte on battery perfor-
mances, where the capacity contribution of LTO and LPS can be easily
distinguished according to the stable plateau capacity of LTO at 1.55 V.
Finally, a practical Li | LPS | LTO battery is fully charge/discharged at 6 C
and exhibits a long lifespan.

The redox reactions of sulfide solid electrolyte in composite cathodes
have a significant effect on the interfacial electrical or ionic trans-
portation at the triple-phase interface among activematerials, conductive
additives, and solid electrolytes. To probe the reversible decomposition
redox reaction of sulfide electrolyte, a composite cathode was con-
structed with LPS as both active materials and ionic conductors, and
carbon nanotubes (CNTs) as electrical conductors. The electrochemical
redox depth and capacity contribution of LPS increase with the extension
of the charge and discharge cut-off voltages (Fig. 1, Fig. S1). The
discharge capacities of LPS increase from 3 to 156 mAh g�1 when the
electrochemical window extends from 1.0 V (1.4–2.4 V) to 3.0 V
(0.5–3.5 V), where it serves as active materials in initial cycles. However,
the cycle stability of LPS as active materials deteriorates rapidly at an
extended voltage window of 0.5–3.5 V with a capacity loss of ~59% after
100 cycles, indicating the severe irreversible decomposition of LPS
(Fig. 1a). In comparison, a capacity retention of ~100% is remained after
100 cycles at a voltage range of 1.4–2.4 V. Theoretical calculation reveals
that sulfide electrolytes can be oxidized to sulfurous components such as
S, P2S5, and reduced to Li3P, Li2S [56], most of which affords poor ionic
conductivity and leads to retarded interfacial charge transportation.
Moreover, the continuous accumulation of low reversible products at
LPS/conductive carbon interfaces forms an irreversibly insulated layer,
eventually leading to the obstructed interfacial charge transport
(Fig. 1b).

The evolution of interfacial charge transport is probed through elec-
trochemical impedance spectroscopy (EIS). As shown in Fig. S2 and
Table S1, the high frequency semicircles of the Nyquist plots represent
the interfacial resistance, which reflects a combined contribution from
both anode–electrolyte interface impedance and interparticle interface
impedance in cathode. The cathode–electrolyte interfaces impedance is
generally ingnored due to compact interface formed under high pressure
in battery assembly process. Owing to the relatively high chemical/
electrochemical staibility of LPS countered to metallic Li, the change in
impedance is mainly attributed to the fluctuation of interparticle in-
terfaces impedance in cathode (Table S1). Fig. 2a shows that similar
charge transport impedance for three batteries are observed before
cycling. After first discharging to different cut-off voltage, the Rint of
batteries reduces except from the battery discharging to a high reduction
depth of 0.5 V, which may be ascribed to the interfacial reconstruction at
interfaces between LPS and CNTs and thus promote the interfacial con-
tact during redox reaction. Neverthless, the Rint value increases from 1.2
to 17.2 Ω for the cell after first discharging to 0.5 V. In spite of the
interfacial reconstruction after first reduction, the passivation layer with
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a low ionic/electrical conduction formed due to the generation of insu-
lative Li2S and Li3P side products when deeply reducion of LPS, which
compensates the superiority in charge transport originated from the
interfacial reconstruction and thus results in the enhancement of inter-
facial resistance. It can be seen that the Rint values increase to 10.2 and
28.4 Ω after 100 cycles at the voltage window of 1.4–2.4 and 1.0–3.0 V,
respectively, implying that the existence of decomposition products has
no obvious influence on the interfacial ionic/electrical transport at these
circumstance. The redox behaviors of LPS are electrochemically revers-
ible at a relatively moderate electrochemical windows. However, Rint
grows up to 572.7 Ω after 100 cycles at the voltage window of 0.5–3.5 V
(Fig. 2a). The redox reaction of LPS converts to be low electrochemically
reversible or absolutely irreversible after widening the electrochemical
window. The generation and accumulation of low conductive Li2S and S
and finally the formation of insulative layers at LPS/carbon interfaces
during cycling impede the interfacial ion transport in composite cathode.
Therefore, it is very important for the selection of an appropriate elec-
trochemical window to achieve highly reversible redox reaction of sul-
fides and to finally maintain stable interfacial charge transport.

In order to further investigate the effets of redox behavior of sulfide
solid electrolytes on interfacial lithium-ion transport, the redox products
of LPS at various discharge/charge states were characterized by XPS
(Fig. 2b) based on three charge-discharge processes under different
voltage windows (Fig. 2c). The decomposition products of LPS at
different charge/discharge cut-off voltages were investigated and their S
2p XPS spectra were fitted with spin-orbit coupled 2p3/2 and 2p1/2

doublets. There are two pairs of characteristic peaks for pristine LPS
electrolyte at fresh electrode, which are related to the bridging sulfur
P–S–P (163.3 eV) and non-bridging sulfur P–S–Li (162.1 eV), respectively
[36]. Notably, one pair of peaks appear at the binding energy of ~161.2
eV with the reduction of LPS, which is attributed to electron-rich S2�

species in Li2S [36]. Moreover, the peak intensity increases as the pro-
ceeding of discharging, indicating the increase of low conductive Li2S
reduction products (Fig. 2b). Meanwhile, the content of active P–S–P and
P–S–Li species that contribute to the Li ion conduction decreased. When
this decomposition products are converted to be oxidation states
(charged to 2.4, 3.0, and 3.5 V, respectively), it is interesting that
oxidized elemental sulfur presents and its content increases with the rise
of oxidation degree. The XPS peaks area ratios of Li2S/active species (AC)
of P–S–P and P–S–Li and S/AC are shown in Fig. 2d. In the discharging
process, the ratio of Li2S/AC increases from 0.04 to 2.9, and the ratio of
S/AC increases from 0.04 to 0.93 in charging process. These indicating
that the main components of the reduction products should be Li3P, Li2S
and the oxidation products should be S, P2S5. Moreover, the reduction
and oxidation products enable to circulate reversibly during charging and
discharging. However, elemental sulfur is an ionic/electrical insulator,
which can also deteriorate charge conduction and lead to high interfacial
resistance. Additionally, the intrinsic insulative nature of Li2S and S
decomposition products also enhances the electrochemical redox over-
potential for LPS redox reaction and thus, resulting in irreversible con-
version between insulative Li2S and S and eventually leading their
accumulation at the LPS/carbon interface during cycling at widening
electrochemical window [36,57].

As a star anode material for fast-charging Li-ion batteries, LTO can be
employed as a model electrode material to evaluate electrode interface
reaction process due to the exceedingly flat voltage plateau at 1.55 V
(LTO vs. Li), which can be easily distinguished from electrode reactions.
Herein, the LTO composite cathode was prepared to investigate the effect
of LPS redox behaviors on lithiation/delithiation process in a practical
working battery (in which Li metal as anode while LPS as solid electro-
lyte) through the blending of LTO active materials, LPS electrolytes and
conductive CNTs. Ion transportation capability in composite cathodes is
determined by sulfide electrolytes and their redox products during
charge/discharge process, consequently affecting the specific capacity
and voltage polarization of LTO active materials. The corresponding
capacity of LTO is calculated based on the capacity covers the plateau



Fig. 3. (a) Plateau capacity of LTO for Li | LPS | LTO cells at various electrochemical windows for different cycles, the legend labeled 20 mAh g�1 is the scale bar of
horizontal line and the legend labeled 240 mV is the scale bar of vertical line. (b) Capacity retention ratio of discharge plateau capacity of LTO. (c) Polarization voltage
of Li | LPS | LTO cells vs cycle number for 1 C at different electrochemical windows.
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voltage within�90mV range. As shown in Fig. 3a, unambiguous charge/
discharge plateaus are observed for all LTO batteries. The discharge ca-
pacity exceeds the theoretical capacity of LTO, which is ascribed to the
contribution of discharged LPS. This result demonstrates the occurrence
of LPS redox behaviors in a practical cathode. Deducting the capacity
contribution of LPS, LTO exhibits an equal plateau capacity of about 120
mAh g�1 at various electrochemical windows after two cycles. However,
the polarization of LTO-based batteries increases with the extension of
voltage window, indicating the internal resistance of battery increases
with the boost of LPS reaction depth. The difference in polarization
further validates that redox behaviors of LPS have a significant influence
on charge transport in LTO composite cathode.

In fact, the irreversibility of LPS redox results in the continuous
interface destruction owing to the accumulation of decomposition
products during repeated cycling. The specific capacity of LTO gradually
reduces with battery cycling at a widened electrochemical window
(Fig. 3b), which is attributed to the generation of plenty of irreversible
decomposition products and leads to enhanced interfacial resistance and
high redox overpotential. The characteristic discharge plateau of LTO
even disappears after 100 cycles and 35 cycles at an extended voltage
window of 1–3 and 0.5–3.5 V, respectively (Fig. 3b). Although the cells at
extended windows exhibit higher specific capacities due to the capacity
contribution of LPS,the Li | LPS | LTO metal cells finally fail in the 165th
and 35th cycle at voltage window of 1–3 and 0.5–3.5 V (Fig. S3) due to
the ion transport pathways are completely blocked by the accumulation
of redox products during repeated cycling. In contrast, the capacity of
LTO still remains 97% after 100 cycles at a voltage window of 1.4–2.4 V,
implying negligible interface destruction resulted from the mild
decomposition of LPS and their redox reversibility at a limited
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electrochemical window. These results also proved by the change in
voltage polarization (Fig. 3c). The polarization overpotential remains 75
mV after 100th cycles and there is no obvious voltage fluctuation during
cycling at a limited electrochemical window, demonstrating the accu-
mulation of irreversible and low conductive side products is negligible.
As aforementioned, detrimental decomposition products sharply
generate and accumulate with the increase of reaction degree when
widening electrochemical window. Consequently, the polarization
overpotential progressively increases from 75 to 115mV after 80th cycles
at a moderate electrochemcial window of 1.0–3.0 V. While, the polari-
zation voltage quickly increases from 93mV (first cycle) to 110 mV (20th
cycle) at a voltage window of 0.5–3.5 V and the battery finally failed after
35 cycles. In a working sulfide-based solid battery, sulfides served as
ionic conductors to ensure the fast ionic transport in a composite cath-
ode. Despite the possibility of LPS redox reaction contributes to enhanced
discharge capacity, the formation of irreversible side products induces
the rapid degradation of electrode/electrolyte interface and enhances the
resistance of interfacial charge conduction. Meanwhile, the constant
accumulation of detrimental decomposition products results in the for-
mation of insulative layer and finally passivates electrode/electrolyte
interface. Therefore, a suitable electrochemical window is imperative to
balance between discharge capacity and cycle stability.

Fast charging, as one of the core technologies of state-of-the-art
rechargeable batteries, has drawn extensive interests to mitigate the
range anxiety and exhibits a great market prospect. It is important to
realize fast charging in solid-state lithium batteries because of the
intrinsic stability and safety properties of ASSLMBs. However, the rate
performance of a battery is extraordinarily sensitive for charge conduc-
tion, which relies on not only the ability of electrode active materials to



Fig. 4. (a) Rate performances, (b) charge-discharge profiles and (c) cycle stability of Li | LPS | LTO cells at 1.4–2.4 V at 1 C. (d) Cycle stability of the cells at 1.4–2.4 V
at 6 C.
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rapidly respond to acceptance of Li ions but also the fast transport of Li
ions at electrode/electrolyte interface. To further validate the interface
stability, the rate performance of all-solid-state LTO-based cell was
investigated at a limited electrochemical window of 1.4–2.4 V (Fig. 4a).
With a LTO loading of 1.3 mg cm�2, the cell delivers an initial discharge
capacity of 172 mAh g�1 at 0.1 C (1 C ¼ 175 mAh g�1). While increasing
the current density to 0.5, 1.0, 2.0, 4.0, and 6.0 C, an unprecedented
reversible capacity of 169, 158, 134, 92, and 62 mAh g�1 is maintained,
respectively. After converting current density back to 0.5 C, a reversible
discharge capacity of 169 mAh g�1 is recovered after ultrahigh rate test,
further suggesting negligible interface destruction for ion transport.

Furthermore, the reversibility of LPS redox at a limited electro-
chemical window also regulates the long-term cycling stability of LTO-
based cells at high current density of 1.0 and 6.0 C (Fig. 4b and c). The
cell exhibits an excellent stability with 85% of initial capacity after 600
cycles at 1 C. Surprisingly, increasing current density to 6.0 C, a capacity
retention of 98% (59.5 mAh g�1) after 150 cycles is demonstrated. These
results indicated the possibility of achieving fast charging of LTO batte-
ries under the premise of stable interfacial capability in charge transfer.
In addition, a LTO-based all-solid-state pouch cell with a size of 30 � 30
mm was also assembled. The pouch cell exhibits excellent rate perfor-
mance and an outstanding cycle stability with a capacity retention of 120
mAh g�1 at 1 C after 20 cycles is also observed (Fig. S4), which illustrates
the practical application potential of sulfide-based LTO solid electrode in
the field of fast charging.

In summary, the electrochemical redox behaviors of sulfide solid
electrolyte and their influences on electrochemical performances at
271
various electrochemical windows were investigated comprehensively.
The redox decomposition of LPS and the irreversible side products (Li2S
and S) is responsible for the interface charge resistance. A serious redox
reaction of LPS occur at a wide electrochemical window and the amount
of side products increases with the redox reaction depth. Moreover, the
redox reaction of solid electrolyte is a continuous deterioration process.
The generation and accumulation of decomposition products result in the
increased interfacial resistance and enlarged polarization, finally forming
an insulative layer at the electrode/electrolyte interface and rendering a
fast capacity degradation. In all-solid-state Li | LTO metal batteries, the
operation at a limited electrochemical window of 1.4–2.4 V achieved
excellent rate performances at an elevated rate of 6 C with 98% capacity
retention after 150 cycles. Furthermore, a high capacity retention of 85%
was also maintained after 600 cycles at 1 C, which exhibits outstanding
fast-charging capability of sulfide-based all-solid-state battery without
obvious interfacial deterioration. This work not only promotes the un-
derstanding on redox behaviors of sulfide electrolytes at electrode/
electrolyte interface, also provides a fresh insight to the possibility of fast-
charging solid-state batteries through electrochemical regulation and
interfacial engineering.
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