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The development of sulfide solid electrolyte is limited by the interface instability with
lithium metal and low ionic conductivity. In this work, the effects of doping SiS,, SnS,
ZnS and MnS on the ionic conductivity and interfacial stability of sulfide electrolytes are
systematically investigated. The conductivity of Li;P,¢Sny;S;o-Bro; solid electrolyte was
as high as 1.67 mS cm’'. Furthermore, it is found that the critical current density was
proportional to the resistivity of the doping element. The critical current density of the
electrolyte was significantly increased by electronically insulating Si doping, reaching
0.858 mA cm™.
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1. Introduction

Among various solid-state electrolyte materials, sulfide solid electrolytes have received
extensive attention due to their high ionic conductivity, cold compaction, and high safety [1].
Meanwhile, lithium metal is considered as the most promising anode due to its abundant reserves,
large capacity and low density [2]. Therefore, sulfide solid-state electrolyte lithium-ion batteries
are promising candidates for future secondary battery development. However, the sulfide solid
electrolytes are unstable with Li metal, and their inevitable side reactions induce the growth of
lithium dendrites, thus resulting in internal short circuit, which limits their further application [3-5].

A viable solid electrolyte must meet the following requirements: (i) high ionic
conductivity [6]; (ii) wide and stable electrochemical window [7]; and (iii) good interfacial
compatibility with Li metal [8]. Element doping is a practical way to improve electrolyte
performance on the basis of these requirements. For instance, doping Cl, Br, and I halogen
elements into electrolyte can effectively improve the conductivity of Li ions while optimizing the
chemical stability of the electrolyte [9-12]. In terms of interfacial stability, Li;P;S;; (LPS)
electrolyte has been shown to have good interfacial compatibility with Li metal. Although a
passivation layer is formed at the electrolyte/electrode interface through redox reactions to prevent
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the continuous occurrence of side reactions, it also produces higher interfacial resistance, which
reduces its ionic conductivity [13]. Ion transport channels in LPS sulfide solid electrolytes can be
widened through doping. This effect can improve the Li ion transport rate of the electrolytes.
Moreover, the composition of the electrolytes can be adjusted to enhance interfacial compatibility
with the Li metal anode. The doping of elements such as Si, Sn, Zn and Mn also ameliorates the
ionic conductivity and adjusts the composition of SEI film to reduce the impedance at the interface
[14-17]. The component part of SEI usually includes LisP, Li,S and other polysulfides [18, 19].
The composition of the electrolyte greatly influences the content of the SEI layer, which affects
the deposition behavior of Li metal during charging and discharging. Given that lithium dendrites
must pass through the SEI layer when penetrating the electrolyte, the SEI passivation layer plays a
key role in suppressing the growth of lithium dendrites. Hence, Han et al. doped Lil into the
75Li1,S-25P,S; sulfide electrolyte to form a Lil-containing SEI layer. The best inhibitory effect on
Li dendrites was obtained at the I content of 30% [20]. Some works used Li-In alloy instead of
metallic Li to alleviate side reactions between the electrolyte and lithium anode [21]. There are
several methods to establish a protective layer of lithium to reduce the side reactions between the
electrolyte and Li metal interface [22]. Nevertheless, these methods usually increase the overall
resistance of the batteries, and the interface protection layer is hard to cover uniformly. Therefore,
promoting the uniform deposition of Li" by adjusting the components that constitute the SEI film
is a wise strategy for suppressing the growth of Li dendrites. However, the current works have not
systematically investigated the effect of metal cation-doped sulfide electrolytes on Li metal
diffusion.

In this work, we focused on doping Si, Sn, Zn and Mn into sulfide electrolytes to form
Li;P56X(.1S107B1o3 (X= Mn, Si, Sn and Zn) solid electrolytes and explored the effects of different
heat treatment temperatures on electrolyte ionic conductivity and cycling stability. The
Li;P,4Sng 1S107Bro3 solid electrolyte obtained the highest ionic conductivity of 1.67 mS cm’ after
heat-treated at 220 °C. However, the Li;P,¢Siy1S107Br3 solid electrolyte obtained the highest
critical current density of 0.858 mA cm™ and could be stably cycled for 1000 h at a current density
of 0.2 mA cm™.

2. Experiment

2.1. Preparation of electrolyte

The powders of Li,S (99.9%, Aladdin), P,Ss (99.9%, Aladdin), LiBr (99.9%, Alfa Aesar)
and SnS (99.9%, Aladdin) were mixed at the molar ratio of 3.35:1.45:0.3:0.1 and ground into a
fine powder by using a mortar and pestle in a glove box with Ar protection. Then, the powders
were transferred into an Ar-filled zirconia pot with 14 zirconia balls (10 mm in diameter). The
samples were mechanically milled by using a planetary ball mill at 510 rpm for 24 h. The resulting
powders were then placed into a quartz tube and heated at 220 °C in an Ar atmosphere for 3 h to
obtain the glass-ceramic electrolyte Li;P,oSng;S107Bro3 (LPSSnBr). We prepared solid electrolytes
doped with different metals, namely, Li;P;9Zno;S107Bro3 (LPSZnBr), Li;P>oMng;S;07Bros
(LPSMnBYr), Li;P,4Si4.1S10.7B1o3 (LPSSiBr), and Li;P3S0,Bry; (LPSBr), as the control group.
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2.2. Material characterization

The X-ray diffraction (XRD) measurement of electrolytes were obtained with a Bruker D2
phase analyzer (10 mA, 30 kV) and CuKa radiation from 10° to 70° (2 °/min). We performed
Raman spectroscopy (Renishaw In Via, Gloucestershire, UK) to observe the structural units of the
electrolyte by using a Raman spectrometer with an excitation wavelength of 488 nm. The EIS
measurements were performed at frequencies from 0.1 Hz to 1 MHz by utilizing an
electrochemistry workstation (Zahner IM6). Electrolyte morphology and microstructure were
observed by using scanning electron microscopy (SEM, JSM-7610F).

2.3. Electrochemical properties

Solid electrolyte samples were electrochemically measured by using a NEWARE-CT4008
cell test instrument. A total of 150 mg of electrolyte powder was cold pressed at 380 MPa to
prepare electrolyte pellets with the diameter of 10 mm and thickness of 0.8 mm. Li metal was
installed at both ends of the electrolyte as blocking electrodes and cold-pressed at 120 MPa. The
critical current density test was performed over the range of 0.1-1 mA cm 2, and the time for each
charge and discharge was 30 min with the step length of 0.05 mA cm°. The current density of the
cyclic stability test was 0.2 mA cm™, and the charge-discharge time was 30 min.

3. Result and discussion

3.1 Structural analysis

The phase analysis was performed by XRD. Fig. 1a shows the XRD patterns of the as-
prepared electrolytes under heat treatment at 190 °C. All samples exhibited amorphous
morphology. When the heat treatment temperature is 220 °C, the electrolytes exhibit obvious
diffraction peaks, which are consistent with the diffraction peak characteristics of the LPS fast ion
conductor phase (Fig. 1b). All samples showed the same crystal phase, indicating that the doping
of different metal elements did not change the crystal structure of the final product, and all
electrolytes belonged to the LPS system. Fig. 1¢ demonstrates the XRD pattern of the electrolyte
heat-treated at 250 °C, besides the characteristic peaks of LPS were observed, the diffraction peak
of Li,P,S¢ was observed at 33°. This is due to the fact that the LPS structure is a metastable phase,
which will transform into stable phase structure LisP,S¢ at higher temperature. According to
previous reports, LPS was a highly ionic conducting phase with a triclinic structure, whereas
Li4P,Sg was a low ionic conducting phase [23, 24]. The addition of metal elements and halides into
the prepared electrolyte increases vacancies and lithium ions concentration, which is beneficial to
the propagation of lithium ions [25, 26].
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Fig. 1. X-ray diffraction pattern of the LPSSiBr, LPSSnBr, LPSZnBr, LPSMnBr and LPSBr
solid electrolytes under (a) 190 °C, (b) 220 °C, (c) 250 °C heat treatment.

The ionic conductivities of all prepared sulfide electrolytes were calculated by
electrochemical impedance spectroscopy (EIS) analysis. Fig. 2a—2c present the Nyquist plot of
these metal doped solid electrolytes after heat treatment at different temperatures. The Nyquist
plots for all electrolytes heat-treated at 190 °C and 250 °C (Figs. 2a and 2c¢) exhibit semicircular
curves in the high frequency region, indicating high grain boundary resistance between the
electrolyte particles. When heat-treated at 220 °C (Fig. 2b), the samples only present a tail at the
medium and low frequency regions, indicating the existence of good interfacial contact with very
low grain boundary/charge transfer resistance at the junction. In other words, as the heat treatment
temperature was increased, the ionic conductivity of the samples first increased and then decreased
(Fig. 2d). This behavior demonstrated that the heat treatment temperature had a significant effect
on the ionic conductivity of the electrolyte. The optimal heat temperature is 220 °C for good grain
boundary contact and ion transport between electrolyte particles. In particular, the Sn-doped
LPSSnBr solid electrolyte reached the highest ionic conductivity of 1.67 mS cm™ after heat
treatment at 220 °C. In addition, the metal-doped electrolytes have higher ionic conductivity than
that of the initial electrolytes after different heat treatment. This may be due to the replacement of
P sites by metal elements, which broadened the ion transport channels and thus increasing the
ionic conductivity. Xu et al. doped LPS electrolyte with MoS, and found that Mo ions replaced P
to generate point defects, which expanded the ion transport channel. Not only that, Xu et al. also
used Mn and I co-doping to obtain Li;P,oMngS1971o3 glass-ceramic electrolytes and discovered
that the large-sized metal cations effectively widened the ion transport path [15, 27].
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Fig. 2. EIS patterns of the LPSSiBr, LPSSnBr, LPSZnBr, LPSMnBr and LPSBr solid electrolytes at (a)
190 °C, (b) 220 °C, (c) 250 °C heat treatment. (d) conductivity of all the above electrolytes at different

temperatures.

All the solid electrolytes prepared under heat treatment at 220 °C were tested. The
wavelength range tested was between 300 and 500 cm™, as shown in Fig. 3. All samples exhibited
two main peaks at 405 and 420 cm’ that corresponded to the stretching of P,S,* and PS,>. The
highly ionic conductive phase LPS also possessed P,S;* and PS,> functional groups [28, 29]. This
result showed that the substitution of P by metal ions resulted in no change with the intensity ratio
of the P,S;* and PS,> bands. It revealed that the main framework of metal-doped electrolyte was
as the same as that of LPS, which is compatible with the XRD results.
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Fig. 3. Raman spectra of the LPSSiBr, LPSSnBr, LPSZnBr, LPSMnBr and LPSBr solid electrolytes
after heat treatment at 220 °C.

Symmetric Li/electrolyte/Li cells were assembled to evaluate the ability to inhibit Li
dendrite growth and the interfacial stability of metal-doped electrolytes against Li metal. Figs. 4a-
4e¢ provide the voltage versus current curves for metal-doped solid electrolytes. Initially, as the
current density was increased, the voltage of the electrolyte increased. When the current was
increased to a certain value, the voltage dropped suddenly. This voltage drop was considered to be
the result of the penetration of lithium dendrites into the solid electrolyte, and the corresponding
current density at the time of the voltage drop was regarded as the critical current density of the
lithium dendrites piercing the electrolyte. Therefore, the ability to inhibit dendrite growth was
evaluated on the basis of the critical current density [30, 31]. Fig. 4f compares the critical current
densities of different metal-doped solid electrolytes. The critical current density of LPSSiBr,
LPSSnBr, LPSZnBr, LPSMnBr, and LPSBr were 0.858, 0.468, 0.429, 0.546, and 0.624 mA cm?,
respectively. The Si-doped electrolyte possessed lower ionic conductivity but had the highest
critical current density, indicating that the doping of Si can suppress the penetration of lithium
dendrites into the electrolyte. However, the critical current densities of Sn, Zn, and Mn doped
electrolytes are lower than those of undoped electrolytes. Therefore, it can be known that the level
of the ionic conductivity does not affect the critical current density.
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Fig. 4. Galvanostatic charge-discharge voltage profiles of (a) LPSSiBr, (b) LPSSnBr, (c) LPSZnBr, (d)
LPSMnBr; (e) LPSBr. The time for each charge and discharge is 30 min, and the step size for the current

increase is 0.05 mA cm™. (f) Critical current densities versus the composition of the sulfide electrolytes.

Previous studies have shown that both the electronic conductivity of the electrolyte and the
interfacial reactions affect the critical current density of the assembled symmetric battery [32-34].
Fig. 5a demonstrates the direct current (DC) curves of the Li/electrolyte/Li cells at a bias voltage
of 100 mV. Electronic conductivity was calculated by 0.=DI/SE, D is the thickness of electrolyte, /
is the current, S is the electrode area, and E represents voltage. The o, values of the five cells were
5.77 x 107, 3.48 x 10, 6.15% 10, 1.37x 10® and 7.81x 10” S cm, respectively. By comparison,
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it is found that when the electrolyte has a higher electronic conductivity, the corresponding critical
current density is lower. As shown in Fig. 5b, as the resistivity of the dopant element increased, the
critical current density of the electrolyte increased. In particular, given that Si is nonconductive,
the LPSSiBr electrolyte had the best anti-lithium dendrite effect. If an electronic conductor is
present in the SEI layer, electrons preferentially accumulate at the electronic conductor position
during the battery charge-discharge cycle. This behavior results in uneven charge distribution and
lithium deposition. Therefore, the doping of high-resistivity elements is highly favorable for
restraining the growth of lithium dendrites in the electrolytes.
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Fig. 5. (a) Current-time curves of In/LPSSiBr/In, In/LPSSnBr/In, In/LPSZnBr/In, In/LPSMnBr/In and
In/LPSBr/In cells under DC polarization at 100 mV. (b) the critical current density of all prepared
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Fig. 6. Galvanostatic charge-discharge cycling profiles of (a) LPSSiBr, (b) LPSSnBr, (c) LPSZnBr, (d)
LPSMnBr; (e) LPSBr. (f) Schematic of the growth behavior of lithium dendrites in LPSSnBr electrolyte.

The long cycling performance of symmetric cells was then compared with that of different
metal cation doped electrolytes. Fig. 6a reveals the voltage curve of the Li/LPSSiBr/Li cell cycled
at 0.2 mA cm™. The battery could be charged and discharged stably for up to 1000 h. Its cycle
voltage stabilized at 0.03 V, indicating that a stable SEI layer had formed, which effectively
inhibited Li dendrites. Fig. 6b demonstrates the voltage curve of the Li/LPSSnBr/Li cell cycled at
0.2 mA cm™. As the galvanostatic cycling progressed, the polarization voltage of the symmetric
cell continuously increased, which was mainly due to the side reactions at the electrolyte/electrode
interface. The continuous growth of SEI layer was caused by the continuous consumption of
lithium by the side reactions, resulting in the increase in interfacial resistance. The battery died
when the interface resistance had increased to a certain extent. The long cycling of the
Li/LPSZnBr/Li cell at the current density of 0.2 mA cm™ is shown in Fig. 6¢c. After 38 h, the
polarization voltage dropped and the curve became unstable, which was due to the growth of
lithium dendrites penetrating the electrolyte. Under the constant current cycle, the polarization
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voltage of the Li/LPSMnBr/Li symmetrical battery increased continuously (Fig. 6d). The voltage
became unstable after 100 h due to the short circuit induced by the infiltration of Li dendrites into
the electrolyte. The non-zero voltage was indicative of the non-zero resistance of the dendrites.
However, the electrolyte without metal cation elements was stably cycled for 500 h at the current
density of 0.2 mA cm™. This result further proved that the doping of electronically conductive
metal element was detrimental to the stability of the interface. Clearly, the Sn element in the SEI
layer was formed after SnS was doped into the electrolyte as shown in Fig. 6f. Sn induced the
aggregation of electrons by acting as an electron conductor. As a result, a large amount of Li was
deposited on the Sn sites, resulting in non-uniform lithium accumulation. Therefore, the SEI layer
formed by the electronically conductive metal cation-doped electrolyte is not beneficial to the
diffusion and uniform deposition of Li".

4. Conclusion

In this work, the performance of sulfide solid-state electrolyte doped with SiS,, SnS, ZnS
and MnS was systematically studied. After 3 h of heat treatment at 220 °C, metal cation-doped
electrolytes maintained the highly conductive phase structure of LPS. Among them, the ionic
conductivity of the LPSSnBr electrolyte reached 1.67 mS cm™. However, this result did not imply
an improvement in the interfacial stability of the cell. Although LPSBr electrolyte had lower ionic
conductivity than the other electrolytes, its critical current density and long cycle performance
were only inferior to LPSSiBr. This is mainly because Sn, Zn and Mn, by acting as electronic
conductors, resulted in the non-uniform accumulation of Li ions, thus facilitating the growth of Li
dendrites. The doping of electronically insulated Si inhibits the growth of Li dendrites. This effect
was beneficial to cycling stability. This work provides a new route for the improvement of ionic
conductivity in sulfide electrolyte and the formation of electrolyte stable passivation layer.
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