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Solid-state silicon anode with extremely high
initial coulombic efficiencyf

Yonglin Huang,® Bowen Shao,? Yan Wang*® and Fudong Han (2 *?

Silicon is considered an important anode material for solid-state batteries (SSBs) because of its unique
properties in addressing key challenges associated with Li metal anodes such as dendrite formation and
morphological instability. Despite many exciting results from previous reports on solid-state Si anodes,
the initial Coulombic efficiency (ICE), a critical parameter that characterizes the electrochemical
reversibility for the first cycle and directly influences the energy density of the battery, has not been well
considered. Here we study the electrochemical stability between Si and three representative solid
electrolytes (SEs), including a typical sulfide (75Li,S-25P,Ss, LPS), an iodide-substituted sulfide
(70(0.75Li,S-0.25P,S5)-60Lil, LPSI), and a hydride-based SE (3LiBH4-Lil, LBHI), to improve the ICE of
solid-state Si anodes. Combining first-principles computations, electrochemical measurements, ex situ
XPS characterizations, and mechanical measurements, we report that LBHI demonstrates superior
electrochemical and chemical stability with Si anodes compared with sulfide-based SEs, enabling a high-
performance solid-state Si anode with a record high ICE of 96.2% among all Si anodes reported to date.
The excellent stability of LBHI with Si anode was also demonstrated in solid-state full cells with nickel-
rich layered oxide cathodes. The research provides novel insights into developing high-performance Si
anodes for practical applications.

Due to several outstanding advantages, such as high capacity, low potential, low price, natural abundance, and environmental friendliness, silicon shows great

potential as an alternative anode for next-generation batteries. Solidifying Si anodes with inorganic solid electrolytes has been reported as a promising direction

for the development of high-performance Si anodes. However, the key challenge of low initial Coulombic efficiency has not been well considered for solid-state

Si anode. Here, we study the (electro)chemical stability between various solid electrolytes and Si anode. Compared with commonly used sulfide-based solid

electrolytes, theoretical and experimental characterizations demonstrate the excellent (electro)chemical stability of 3LiBH,-Lil against Si. We also reveal the

reaction mechanism between sulfide solid electrolytes and Si anode and discuss its implications on electrochemical performances. An extremely high initial
Coulombic efficiency of 96.2% can be achieved for Si with 3LiBH,-LiI solid electrolyte. The unique advantages of solid-state Si anodes with 3LiBH,-LiI solid

electrolyte are also demonstrated in solid-state full cells. This work provides new insights into the development of high-performance Si anodes.

Introduction

in the energy density, the utilization of Li metal with solid
electrolytes (SEs) still faces key fundamental challenges includ-

Solid-state batteries (SSBs) have attracted widespread attention
due to their safety and potentially high energy density." Anodes
play an important role in the energy density of SSBs. Although
the application of Li metal in SSBs can lead to a sharp increase
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ing interfacial instability with SEs,”™ Li dendrite formation
during plating,” and Li morphological instability during
stripping.®’ As a result, alternative anode materials including
intercalation, alloying, and conversion-type electrodes are
being explored for SSBs.®*° Among all the anode materials,
Si is considered one of the most promising alternatives to Li
metal, because it exhibits a similarly high theoretical capacity
(3579 mA h g~ ' based on Li;5Si,) and relatively low electrode
potential (0.4 V vs. Li*/Li)."* While the cell-level energy density
of SSBs made of Si anodes is expected to be lower than that of Li
metal-based SSBs, the energy density at the pack and system
levels can still be quite competitive in comparison with
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conventional lithium-ion batteries (LIBs) by enabling the bi-
polar design and lowering the requirements for thermal
management.'” Besides, Si has several other advantages: low
price, natural abundance, and environmental friendliness."?
Although Si has been explored as an anode material in
conventional LIBs for several decades,'*'® its full-scale com-
mercialization has proven difficult mainly due to side reactions
between Si (and/or lithiated Si) and liquid electrolytes. These
unwanted side reactions lead to fast capacity decay and limited
calendar life of <20 months.'®® The huge volume change (up
to 300%) during lithiation also leads to pulverization that can
further promote the degradation of Si anodes. Extensive
research has been done in microstructure engineering,™ bin-
der development,'®™>* and electrolyte/additive optimization®***
to address these challenges but the performance of Si anodes
remains limited for practical applications. ‘“Solidifying” Si
anodes with inorganic SEs has been considered a promising
approach to mitigate side reactions at the electrode/electrolyte
interface because the solid electrolyte interphase (SEI) for-
mation in SSBs is expected to be less dynamic than in LIBs,
i.e., SEI was “frozen” at the interface once it was formed. The
non-flowable and non-infiltrative features of SEs can eliminate
the need to re-form part of SEI on newly exposed electrode
surfaces due to pulverization. While the large volume change of
Si may seem to be a significant challenge for its use in the
mechanically hard environment of SSBs, recent reports indicate
that this may not be an issue in SSBs due to the excellent
mechanical property of lithiated Si, i.e., the lithiated Si can
easily deform to ensure good interfacial contact with SEs,>>?°
although detailed studies are still needed to (i) clarify whether
these favourable deformations can occur under low stack
pressure and (ii) understand the effect of stack pressure on
the thermodynamics and kinetics of the lithiation/delithiation
of $i.>” The unique properties of SEs have enabled solid-state Si
anodes with superior cycling performance compared with LIBs.
While a variety of SEs has been used with Si anode, sulfide-
based SEs are considered the most promising due to their
excellent mechanical property and high ionic conductivity.**>°
Even if the less dynamic SEI formation can mitigate the
repeated growth of interphases and improve the cycle life of Si
anodes, the utilization of SEs cannot prevent the Li inventory
loss in the first cycle, characterized by the initial Coulombic
efficiency (ICE), due to the irreversible electrochemical decom-
position of SEs. It is commonly believed that for practical
application ICEs of anodes should reach above 95% to mini-
mize the amount of excessive cathode used to compensate for
the Li loss.>® Nevertheless, to the best of our knowledge, a solid-
state Si anode that exhibits an ICE of >95% has not been
reported. No Si anodes in the literature can deliver such high
ICEs except for the pre-lithiated ones, regardless of the electro-
lyte state (liquid or solid). The low ICEs of Si anodes with
sulfide SEs (78-86%) can be rationalized by the limited electro-
chemical stability windows of sulfide-based SEs (1.7 to 2.1 V vs.
Li*/Li),*" ie., sulfide SEs will be reduced during Si lithiation
and not all the decomposition reactions are reversible upon
delithiation. Recent works have shown very promising results
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using two-dimensional (2D) pure Si as the anode with sulfide-
based SEs.'™*® The utilization of pure Si not only enables a
long-cycling SSB due to the excellent mechanical property of
lithiated Si but also leads to the formation of a 2D SEI that can
cause less decomposition of SEs and reduce irreversible Li
loss.”® While high-performance 2D-type Si anodes certainly
have important applications (e.g., in thin film-type SSBs),
utilizing 2D Si anodes for high-energy batteries with a high
areal capacity can be quite challenging due to the insufficient
electron and ion transports in pure Si. Given the limited
electronic conductivity of pure Si (3 x 107> S cm ™ for pressed
micro Si),>>* an electronic conductive additive is necessary for
Si anode thicker than 1 pm to achieve high active material
utilization.™® For practical application, the areal capacity of Si
anodes should reach 4 mA h cm™? (corresponding to Si thick-
ness >10 um)."> Additional challenges for 2D Si include the
mechanical instability of 2D SEI and the morphological
instability of Si at the interface during long-term cycles. There-
fore, a 3D anode composite consisting of Si, SE, and carbon to
build a large number of three-phase contacts is necessary for
the development of thick Si anodes. Unfortunately, the increase
in the interfacial contacts in 3D anodes not only provides more
electrochemical active sites for charge-transfer reactions of Si
but also promotes the unwanted side reactions between SE and
Si and between SE and carbon that can lead to low ICEs.

One promising approach to solve this well-known dilemma
is to develop more stable electrolytes. SEs provide a unique
advantage to address this challenge because different SEs can
be used in the cathode and the anode depending on their
electrochemical stability within certain voltages, while for con-
ventional LIBs, the stability of liquid electrolytes with both the
cathode and the anode will need to be considered due to the
difficulties in separating two liquid electrolytes in a single cell.
The development of a stable SE is also important to fully take
advantage of this unique property of SEs to enable high
Coulombic efficiencies (CEs) for the first cycle and subsequent
cycles for high-energy-density and long-cycle-life Si anodes.

In this work, we aim to study the (electro)chemical stability
of various SEs with Si anodes. Three representative SEs con-
sisting of a typical sulfide SE (75Li,S-25P,Ss, LPS), a halide-
substituted sulfide (70(0.75Li,S-0.25P,S5)-60Lil, LPSI), and a
hydride-based SE (3LiBH,-Lil, LBHI) were studied for their
application with Si anodes. LPSI was selected as one SE because
of its better stability than LPS to enable graphite anodes,**™”
and LBHI was selected as another SE due to its excellent
cathodic stability.*® Combining first-principles computations,
electrochemical and mechanical measurements, and ex situ
characterizations, we reveal that side reactions between
sulfide-based SEs (LPS and LPSI) and Si anodes are mainly
associated with the interactions between Si and P, and show
that LBHI demonstrates excellent electrochemical stability with
Si anodes that can enable a record high ICE of 96.2%. The
excellent performance of Si anodes with LBHI was also demon-
strated in the cycling-stable solid-state full cell with the single-
crystalline LiNig gC0g 15Alp.0,0, (NCA) cathode. Our work is one
of the first studies to investigate the effect of SEs on the
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electrochemistry of Si anodes and provides a viable approach by
using electrochemically stable hydride-based SEs to address the
challenges for developing high-performance 3D Si anodes for
future SSBs.

Results and discussion
Computed (electro)chemical stability between Si and SEs

First-principles computation has proven to be a very powerful
tool to predict the electrochemical and chemical stability of SEs
and their interfaces with electrodes,***°*° and therefore we use
this approach to understand the thermodynamic stability of
SEs with Si anodes. Fig. 1 shows the computed electrochemical
stability of Si with SEs in the voltage range of 0.0-1.5 V vs.
Li‘/Li. A more negative reaction energy means a higher thermo-
dynamic driving force; thus, the reaction is more likely to occur.
In practical application, it would be more desirable to have a
high content of Si in the anode, so the reaction energy was
calculated at different molar fractions of Si to fully understand
the intrinsic stability between Si and SEs. Detailed information
on predicted reaction processes including reaction voltages,
reactant molar ratios, and reaction products is shown in
Tables S1-S3 (ESIf). Data points at a molar fraction of 1.0
represent solely the reaction energy for the lithiation of Si and it
does not depend on the compositions of SEs. The lithiation of
Si starts to occur below 0.40 V vs. Li'/Li for all Si composites.
The computed results predict the formation of Li,;Sis at
voltages below 0.12 V vs. Li'/Li, while experimentally the
composition of the most lithiated phase of Si is reported to
be Li;5Si, possibly due to kinetics of lithiation,*’™* and there-
fore dashed lines are used to represent the reaction energy
below 0.12 V vs. Li*/Li. The results at a molar fraction of 0.0
indicate the reaction energy for the electrochemical decompo-
sition of SE itself. As shown in the left side of Fig. 1, at a molar
fraction of 0.0, the reaction energy for the electrochemical
decomposition of LPS, LPSI, and LBHI at 0 V vs. Li*/Li is 2.27,
1.93, and 0.30 eV per atom, respectively. The results are con-
sistent with previous reports that iodide-substituted sulfide has
slightly better cathodic stability than pure LPS and hydride-
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based SEs demonstrate very good electrochemical stability at
low voltages.**”*® Based on the voltages of the corresponding
electrochemical reactions (Tables S1-S3, ESIY), the intrinsic
reduction of LPS and LPSI already starts at voltages around
1.5 Vvs. Li*/Li, while the reduction of LBHI itself cannot occur
until 0.52 V vs. Li'/Li. Moreover, the decomposition of sulfide-
based SEs at 1.7 V vs. Li*/Li has been observed experimentally.**
Li,S, Lil, and P-containing materials, such as P, LiP;, LizP;, LiP,
and LizP, are predicted to form under different voltages for
sulfide-based SEs. On the other hand, no experimental results
have been reported on the reduction of LBHI at low voltages. As
the reduction of LBHI generates a highly stable, hydrogen-
deficient, and complex polyhydro-closo-polyborate Li(BH)s with
excellent redox stability,"” it is likely that LBHI can be kineti-
cally stabilized at low voltages. Even if slight decomposition
occurs, the decomposition products LiH*® and LiI**?” have
been reported to be electronically insulating and electrochemi-
cally stable at 0 V vs. Li*/Li, so these insulating phases can help
passivate interfaces.

Although the intrinsic electrochemical stability of the SE
itself has been studied experimentally and theoretically in the
past,’"?>? the electrochemical stability between Si and SEs has
never been studied to our knowledge. The reactions in the
middle range (0.0 < molar ratio of Si < 1.0) of Fig. 1 show that
the SEs possess distinct behaviors regarding the electrochemi-
cal stability with Si anodes. Multiple electrochemical reactions
between Si and sulfide-based SEs (LPS and LPSI) with different
Si/(Si + SE) ratios could occur starting at 1.5 V vs. Li'/Li, as
reflected by the red color, while the reaction between Si and
LBHI only occurs in a very small voltage range (0.38-0.36 V vs.
Li'/Li, light blue color). The computation results in Table S3
(ESIT) show no electrochemical reactions occur between Si and
LBHI at voltages higher than 0.38 V and lower than 0.36 V vs.
Li'/Li, supporting the excellent electrochemical stability
between Si and LBHI. The superior stability between Si and
LBHI is also supported by much lower reaction energy (0.06-
0.07 eV per atom), which can be easily suppressed by kinetics
such as nucleation, growth, and solid-state diffusion, while the
reaction energy for sulfide-based SEs is as high as 0.98 eV per
atom. The calculated results shown in Tables S1 and S2 (ESIf)
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Fig. 1 Calculated electrochemical reaction energies between Si and (a) LPS, (b) LPSI, and (c) LBHI SEs. At a molar fraction of O, the reaction energy for
the electrochemical decomposition of SE itself is reflected; at a molar fraction of 1, only the reaction energy for Si lithiation is calculated. The dashed lines
indicate the reaction energy below 0.12 V vs. Li*/Li, where Li,;Sis (at molar fraction of 1) is only available in calculations. The voltage interval used for
calculations is 0.01 V vs. Li*/Li. The color bar represents a voltage range of 0.0-1.5 V vs. Li*/Li.
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indicate the reactions between Si and sulfide-based SEs are
mainly caused by the interactions between Si and P, forming
SiP,, SiP, and Li;SiP; which will then be further reduced to Li—
Si and Li-P alloys at lower voltages. SiP, with the pyrite-type
cubic structure (space group Pa3, lattice parameter a = 5.70 A)
has been proposed as an electrode candidate for LIBs,*®*
although the exact electrode reaction mechanisms still need
to be studied.”®*>* While the reduction of P certainly increases
the capacity for the first discharge process, the electrode
potentials of these intermediate phases SiP, and SiP (1.5-
0.97 V vs. Li'/Li) and LisSiP; (0.96-0.76 V vs. Li'/Li) are much
higher than Si, leading to the increase of the anode potential
and the decrease of ICEs due to the limited reversibility of these
phases within the cut-off voltages of Si.

While three processes co-exist during the charge/discharge
of anode composites: the lithiation and delithiation of Si, the
electrochemical decomposition of SE itself at the interfaces
with carbon, and electrochemical reactions between Si and SEs,
their relative contributions are quite different for different SEs.
For sulfide-based SEs, the reaction energy of the electrochemi-
cal decomposition of SEs is higher than that of the lithiation of
Si. Considering that Li,;Ss cannot be formed experimentally,
the reaction energy of the electrochemical reactions between Si
and sulfide-based SEs is also generally higher than that of the
lithiation of Si to Li-Si with the highest possible lithium
content experimentally, as shown in the magnified version of
Fig. 1 (Fig. S1, ESIT). On the other hand, for LBHI, the reaction
energy of the lithiation of Si is the highest, suggesting excellent
electrochemical stability between LBHI and Si. In addition to
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electrochemical stability, the chemical stability between Si/
Li;5Si, and SEs was also calculated based on the reaction energy
(Fig. S2, ESIf) with more detailed reaction information in
Tables S4 and S5 (ESIt). LBHI shows much better chemical
stability with Si and Li;5Si, than sulfide-based SEs. The reaction
energy between LBHI and Si is zero, indicative of no chemical
reactions will occur, but the highest reaction energy between
sulfide-based SEs and Si is > 0.1 eV per atom. For Li;5Siy, the
largest reaction energy with LBHI (0.06 eV per atom) is also
much lower than that with sulfide-based SEs (~0.5 eV
per atom).

Electrochemical characteristics of Si anodes with different SEs

To validate the computed results of the electrochemical and
chemical stability between Si and SEs, the electrochemical
performance of Si anodes with different SEs was first evaluated
in solid-state half cells with Li-In alloy as counter and reference
electrodes at 210 mA gsi_1 at 60 °C. Micro-sized Si was mixed
with SEs and VGCF through ball milling with a mass ratio of
6:4:1. No apparent reactions between the components after
ball milling can be observed from the XRD results (Fig. S3,
ESIT) and the SEM/EDS results of the as-prepared anode
composites show the similar distribution and morphology of
the components (Fig. S4, ESIT). Fig. 2(a-c) show the charge/
discharge profiles of Si anodes with different SEs. For sulfide-
based SEs, as also reflected from the broad peak at around 0.6 V
vs. Li'/Li on the dQ/dV curves (Fig. S5(a and b), ESI), a slope
can be observed before entering the voltage plateau during the
first discharge due to the electrochemical instability of sulfide-
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Fig. 2

(a—c) Charge/discharge curves of Si anodes using (a) LPS, (b) LPSI, and (c) LBHI SEs. The anode composites are denoted as Si-LPS-VGCF, Si-LPSI-

VGCF, and Si-LBHI-VGCF based on the SE used. The current is 210 mA gs; * and the voltage range is 0.05-1.5 V vs. Li*/Li (or —0.55-0.9 V vs. Li-In) at
60 °C. The Si composites were prepared by ball milling micro-sized Si, SE, and VGCF in a mass ratio of 6:4: 1. (d) Comparison of the ICEs of Si electrodes
reported in LIBs and SSBs. The references for the listed ICEs are included in Table S6 (ESIT).

1572 | Energy Environ. Sci., 2023, 16, 1569-1580

This journal is © The Royal Society of Chemistry 2023



Published on 20 February 2023. Downloaded by Rensselaer Polytechnic Institute on 6/28/2023 8:45:45 PM.

Energy & Environmental Science

based SEs. More importantly, this redox behavior is not rever-
sible during the subsequent charge process. For LBHI, the
voltage quickly decreases to below 0.4 V vs. Li*/Li during the
first discharge, followed by a small voltage slope between 0.29-
0.17 Vvs. Li'/Li and a very long voltage plateau until the cut-off
voltage of 0.05 V vs. Li'/Li. The dQ/dV curve of the Si-LBHI-
VGCF anode (Fig. S5(c), ESIt) also shows that no peaks can be
observed before 0.29 Vvs. Li*/Li and a prominent peak (0.1 V vs.
Li'/Li) represents the long voltage plateau of the first discharge.
The charge/discharge curves are similar to those of Si in liquid
electrolytes,'**** where the small slope between 0.29-0.17 V
vs. Li'/Li is influenced by the irreversible lithiation of surficial
silicon oxides.”**® The voltage plateau indicates the lithiation
of the crystalline Si in the first discharge. Since the cut-off
voltage for discharge was not set to —0.6 V vs. Li-In (i.e., 0 V vs.
Li'/Li), Li-Si alloys formed in the first discharge would main-
tain an amorphous state without forming crystalline Li;5Si4, as
proved by Fig. S5(c) (ESIt), which is consistent with previous
reports.*>**>% The discharge curves from the second cycle
show a different shape, which is highlighted by a voltage slope
starting at about 0.36 V vs. Li'/Li, indicating the lithiation of
amorphous Si. Moreover, all charge curves retain the sloping
feature. The contribution of the electrochemical instability of SEs
to the capacity for the first discharge process is supported by the
large irreversible capacities that can be observed for LPS-VGCF and
LPSI-VGCF electrodes (without Si) while the capacity for LBHI-
VGCF is negligible (Fig. S6, ESIt). The distinct electrochemical
behaviors also lead to sharp differences in the reversibility during
the first cycle. From Fig. 2(a—c), the charge/discharge capacities for
the first cycle are 1739/2289, 1997/2573, and 2030/2111 mA h g%,
leading to an ICE of 75.9%, 77.6%, and 96.2% for Si-LPS-VGCF, Si-
LPSI-VGCF, and Si-LBHI-VGCF, respectively. The slightly higher
capacities and ICE of LPSI than LPS are mainly caused by the
higher ionic conductivity (Fig. S7, ESIt) and cathodic stability of
LPSI, respectively. Even though LBHI possesses the lowest ionic
conductivity among the three SEs (Fig. S7, ESIY), it can enable the
highest reversible capacity. In addition, Si-LBHI-VGCF exhibits very
similar CEs and voltage profiles at lower contents of SE which is
desired for increasing the energy density (Fig. S8, ESIT).

To the best of our knowledge, 96.2% is one of the highest
ICE that has been reported for Si anodes regardless of the
electrolytes used (liquid or solid), as shown in Fig. 2(d), high-
lighting the excellent stability of LBHI with Si. By optimizing
the relative ratio of micro-sized Si, LBHI, and VGCF, the ICE can
be further increased to 98.7% (Fig. S8(c), ESIT). The excellent
electrochemical stability of LBHI can also be reflected by the
CEs of the following cycles, i.e., the CEs for Si anodes with
sulfide-based SEs are still <97% after 10 cycles while the CE for
Si-LBHI-VGCF reaches 99.7% in the 3rd cycle and 100% in the
5th cycle. By comparing the CEs of the first and second cycles of
Si-LBHI-VGCEF, we believe that the less than 4% capacity loss of
the first cycle is induced primarily by the reduction of silicon
oxides rather than the electrochemical instability of LBHI. In
addition to low CEs, a quicker capacity decay can be observed
for sulfide-based Si anodes, as supported by the cycling perfor-
mance of Si anodes (Fig. S9, ESIT).

This journal is © The Royal Society of Chemistry 2023
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GITT and ex situ XPS study of reaction mechanisms of Si
anodes with different SEs

To understand the effect of SEs on the electrochemistry of Si
anodes for the following cycles, we measured the equilibrium
potentials of Si anodes using the galvanostatic intermittent
titration technique (GITT) for the second cycle (Fig. 3). The
voltage profiles during GITT measurements (pulse time 0.5 h,
relaxation time 3 h) were provided in Fig. S10 (ESIf). The
measured potential after each titration can be considered as
the thermodynamic equilibrium potential at each depth of
charge/discharge without any kinetic effects. As shown in
Fig. 3, Si anodes with sulfide-based SEs exhibit a much higher
equilibrium potential than the theoretical potential of Si (0.4 V
vs. Li'/Li) at a low normalized capacity. The result indicates that
the electrochemical instability of sulfide-based SEs is partially
reversible, affecting the potential and capacity during the
following cycles. While it has been normally believed, especially
in LIBs, that the effect of electrolyte decomposition on the
electrochemistry of active material occurs mainly during the
first cycle, the results here show that the effect of SEs on
the redox behavior of Si can extend to the subsequent cycles.
The increase in the potential of the Si anode will have a
negative influence on the energy density of the cell when paired
with a cathode. Moreover, the involvement of the partially
reversible electrolyte instability in redox reactions of the anode
also limits the utilization of Si due to the comprised electronic/
ionic transport in the anode composite. The effect of SE
instability on the electrode kinetics can be reflected from the
similar apparent chemical diffusion coefficients of lithium for
all three electrodes (Fig. S11, ESIt), despite that LBHI has a
much lower ionic conductivity (Fig. S7, ESIt).

To further understand the reaction mechanism of Si anodes
with different SEs, ex situ X-ray Photoelectron Spectroscopy
(XPS) spectra of pristine, discharged, and one-cycled anodes
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Fig. 3 GITT-derived equilibrium potential curves of Si anodes for the
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current value is 210 mA gg . The cut-off voltage range is 0.05-1.5 V vs.
Li*/Li.
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were measured. The XPS spectra of pristine Si anode in
Fig. 4(a), (c), and (e) show two peaks: one major peak at
~99.8 eV for Si and one shoulder peak at ~101.6 eV corres-
ponding to the Si-O species on the surface. Comparing the
binding energy of the shoulder peak with $i0,>**° and Si0,%"%*
the oxidation state of Si in the surface oxide is close to +2. The
existence of Si-O species is also widely reported in the
literatures.>®* After discharging to 0.05 V vs. Li*/Li, only one
peak corresponding to the formation of Li-Si alloy can be
observed at a lower binding energy of ~99.0 eV for all three
anodes (Fig. 4(a), (c), and (e)). The results suggest the surface
oxide layer on Si will be reduced to Li-Si alloy, and this
reduction of the oxide layer is also consistent with the small
slope between 0.29-0.17 V vs. Li'/Li observed during the first
discharge of Si-LBHI-VGCF anode (Fig. 2(c)). After charging to
1.5 Vvs. Li*/Li, the main peak shifts to a higher binding energy
(~99.8 eV), corresponding to the oxidization of Li-Si alloy back
to Si for all three anodes. Nevertheless, another small peak at a
high binding energy of ~102.0 eV appears for Si anodes with
sulfide-based SEs (Fig. 4(a) and (c)) but not for Si-LBHI-VGCF
(Fig. 4(e)). This binding energy is higher than that of the Si-O
species on the Si surface (~101.6 eV) but is lower than that of
SiO, (~103.5 eV). It should be noted that the binding energy of
Si will increase to a higher value when the oxidation state of Si
increases and for Si with the same oxidization state, the
binding energy increases as the electronegativity of the anions
increases. The binding energy (~102.0 eV) higher than that of
the Si-O species on the surface but lower than that of SiO, can
exclude the possibility of assigning the small peak to Li-Si-O
because the reduction of the surface Si-O species to Li-Si-O
would lead to a shift to the lower binding energy.”®*> The
computed results in Fig. 2(a and b) show the formation of SiP,,
SiP, and Li5SiP; compounds during the lithiation and delithia-
tion of Si anodes with LPS and LPSI SEs. Due to the lower
electronegativity of P (2.19) than O (3.44), at the same oxidation
state of +4, the Si in Si-P will show a lower binding energy than
SiO,. Therefore, we assign the side peak at ~102.0 eV to the
formation of Si-P or Li-Si-P phases due to the electrochemical
reactions between Si and sulfide-based SEs.

The electrochemical instability of sulfide-based SEs during
charge/discharge can also be observed from the reduction and
oxidation of P shown in the P 2p spectra (Fig. 4(b) and (d)),
while no apparent change can be observed for LBHI after
discharge and charge based on the XPS spectra of B 1s
(Fig. 4(f)). B-O species detected from the B 1s spectra of LBHI
are caused by the oxidation of LBHI during the sample transfer
process. The reduction and oxidation of Si and P in the sulfide-
based SEs are also expected to remain in the subsequent cycles,
leading to an increase in the equilibrium potential, especially at
a small normalized capacity (Fig. 3). The absence of PS;*~
signals after discharge (Fig. 4(b) and (d)) can be explained by
the reduction of the entire surfaces of LPS and LPSI particles,
considering that XPS only analyzes substances within 5 nm of
the surface, and VGCF will accelerate this reduction process.
Overall, the XPS results demonstrate the much better electro-
chemical stability of LBHI than sulfide-based SEs with Si
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anodes. The XPS results are also supported by the XRD results
(Fig. S12, ESIT) of the anodes after the first discharge and after
the first cycle where the formation of Li,S and other crystalline
phases can be observed for Si-LPS-VGCF (Fig. S12(a), ESIT) and
Si-LPSI-VGCF (Fig. S12(b), ESIt) due to the decomposition of
the sulfide-based SEs and no new phases can be observed in the
Si-LBHI-VGCF anode (Fig. S12(c), ESIt). Both the XPS and XRD
results agree very well with the computational and electroche-
mical results (Fig. 1 and 2).

Electrochemical performance of Si||NCA full cells

Si anodes with different SEs were paired with single-crystalline
NCA cathodes to make solid-state full cells to validate the
excellent electrochemical stability of LBHI for Si anodes. LPSCI
was used as the SE in the NCA cathode. A bilayer SE was used to
make the full cell with LPSCI near the cathode and LPS, LPSI, or
LBHI near the anode depending on the SE used in the Si
composite. As mentioned above, the non-flowable and non-
mixing features of SEs enable the utilization of different SEs in
each electrode based on their distinct electrochemical stability.
The negative to positive capacity ratio (NP ratio) is set at 2.74
based on the theoretical capacity of Si (3579 mA h ¢ ') and NCA
(180 mA h g ). It should be noted that a high NP ratio poses a
greater challenge for cell balancing if the ICE of the anode is
low. Fig. 5(a—c) show the charge/discharge curves of the full
cells. Due to the electrochemical instability of sulfide-based SEs
in Si anodes, a large sloping plateau from about 2.5 to 3.5 V vs.
Li'/Li can be observed in Fig. 5(a and b) during the first charge.
This low-voltage slope is not present in the Si anode with LBHI
SE (Fig. 5(c)). Besides the passivating interphases formed by
LPSCI oxidation at the cathode side,* the large capacity of this
low-voltage slope also leads to a large irreversible capacity. The
first-cycle charge/discharge capacities are 190.8/127.4, 198.9/
136.9, and 203/152 mA h g~ ', leading to an ICE of 66.8%,
68.8%, and 74.7% for the full cells with Si-LPS-VGCF, Si-LPSI-
VGCF, and Si-LBHI-VGCF anodes, respectively. Although the CE
of the homemade NCA cathode still needs to be optimized, the
results clearly show that utilization of LBHI can largely increase
the reversible capacity and ICE for the full cells. The excellent
electrochemical stability of LBHI also leads to a quick increase
in the CE for the following cycles and the average CE of Si-LBHI-
VGCF anode (99.34%) is much higher than that of sulfide-based
Si anodes (98.56% for Si-LPS-VGCF and 98.70% for Si-LPSI-
VGCF). Moreover, the voltage hysteresis in Fig. 5(a and b)
becomes much larger with cycling. These overall lead to an
improved cycling performance (Fig. 5(d)) for the full cell with Si-
LBHI-VGCF anode. The excellent performances of the full cell
with Si-LBHI-VGCF anode can also be achieved when the areal
capacity of the cathode increases to 3 and 4 mA h cm™?
(Fig. S13, EST}).

It should be noted that the cycling performance of Si||NCA
full cells (Fig. 5(d)) is overall better than that of Si||Li-In half
cells (Fig. S9, ESIT). In Si||Li-In half cells, the capacity of Li-In
is overly excessive and in Si||NCA full cells, the capacity of Si is
excessive to fully utilize the NCA cathode. Due to the large
difference in Li inventory (i.e., “infinite”” Li inventory in the half

This journal is © The Royal Society of Chemistry 2023



Published on 20 February 2023. Downloaded by Rensselaer Polytechnic Institute on 6/28/2023 8:45:45 PM.

View Article Online

Energy & Environmental Science Paper
(@) [sitpsvacF g sizp| (b) [siLPsvacra P 2p
Pristine Si Pristine g psp

Si-LPS-VGCF
Discharged

Intensity
Intensity

Si-LPS-VGCF 8 o Si-LPS-VGCF
Charged [

%, (Li-)Si-P or
’ ) ) reduced Li-P

Charged

106 104 102 100 98 96 94 138 136 134 132 130 128 126
Binding energy (eV) Binding energy (eV)

() [siLPsiveeF g, sizp | (d)
Pristine ‘

Si-LPSI-VGCF
Discharged

Si-LPSI-VGCF
Discharged (Li-)Si-P or

Intensity
Intensity

Si-LPSI-VGCF
Charged
)%, “"c

Si-LPSI-VGCF
Charged

(Li-)Si-P or
reduced Li-P

106 104 102 100 98 96 94 138 136 134 132 130 128 126
Binding energy (eV) Binding energy (eV)
() [sitBHvGeF . _ sizp| (f) [siLBHIVGCF B1s
Pristine Y Si Pristine
st
> | SiLBHI-VGCF Li-si > | SiLBHI-VGCF
D Discharged B Discharged
C C
2 L
£ =
Si-LBHI-VGCF b g Si-LBHI-VGCF
Charged & Charged
‘ R
106 104 102 100 98 96 94 194 192 190 188 186 184
Binding energy (eV) Binding energy (eV)

Fig. 4 Ex situ XPS spectra of (a) Si 2p and (b) P 2p from Si-LPS-VGCEF, (c) Si 2p and (d) P 2p from Si-LPSI-VGCF, and (e) Si 2p and (f) B 1s from Si-LBHI-
VGCF in the pristine state (top), after discharge (middle), and after one cycle (bottom). The mass ratio of micro-sized Si, SE, and VGCF is 4:6:1.

cells and limited Li inventory in the full cells), the degree of show better cycling stability than that in the half cells. The
utilization of Si in the full cells is much lower than that in the larger volume change of an alloying-type Li-In than an
half cells, and therefore the Si anodes in the full cells should intercalation-type NCA also contributes to the improved cycling
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active materials is 2 mA h cm™2.

performance of the full cells. A larger impedance rise can also
be observed in the half cells than in the full cells (Fig. S14,
ESIt).

Pressure evolution during charge/discharge of Si||NCA full cells

While significant improvements in the ICE, average CE, and
cycling performance of the full cells can be achieved with Si-
LBHI-VGCF anodes, capacity decay can still be observed for the
first 100 cycles. Given the excellent chemical and electroche-
mical stability between LBHI and Si, we believe the capacity
decay is heavily related to the large stress/strain generated
during charge and discharge. Fig. 6 compares the pressure
change of the full cells with the three Si anodes. Solid-state
Si||NCA full cells were tested at a stack pressure of 70 MPa, and
the deviation of the pressure from 70 MPa is shown in Fig. 6(a—
c). The pressure of the cells increases during charge and
decreases during discharge, suggesting that the pressure evolu-
tion is mainly dominated by the lithiation/delithiation of Si
anodes based on the much smaller volume change of the
cathode compared with the anode. This is also the reason
why we studied the mechanics of solid-state Si anodes in
Si||NCA full cells instead of Si||Li-In half cells because the
pressure evolution of a full cell is dominated by the Si anode.
Compared with the full cells with sulfide-based Si anodes, the
cell with Si-LBHI-VGCF exhibits the largest pressure change
during charge and discharge, although the discharge capacity
is similar. Since the lithiation/delithiation of Si has a much
larger volume change than the reduction and oxidation of SEs
(Tables S7-S9, ESIt), the volume change of sulfide-based SEs
(Tables S7 and S8, ESIt) due to electrochemical instability

1576 | Energy Environ. Sci., 2023, 16, 1569-1580

would alleviate the cell-level pressure change, and the largest
pressure change for Si-LBHI-VGCF anode means that the anode
capacity is mainly provided by the lithiation/delithiation of Si.
This is also supported by a more quantitative comparison of the
normalized pressure per capacity (Fig. 6(d)), i.e., Si-LBHI-VGCF
anode demonstrates a higher stress/capacity ratio because it
has a higher partial molar volume of Li (almost only contrib-
uted by Si) than the redox of sulfide-based SEs. The mechanical
measurement confirms that the utilization of LBHI can lead to
higher utilization of Si in the anodes.

To study the effect of the stack pressure on the performance
of Si||NCA full cells, we evaluated the electrochemical perfor-
mances of Si-LBHI-VGCF||NCA full cells at lower stack pres-
sures (Fig. S15, ESIf). It can be observed that the capacity
decreases as the stack pressure decreases. A quick capacity
decay can also be observed from the cell tested under 10 MPa.
The results call for a further detailed study of the mechanisms
of capacity degradation under low stack pressures for practical
applications. The evolution of cell impedance when cycling at
different stack pressures (Fig. S16, ESI{) suggests that at
10 MPa the pressure is insufficient to maintain the interfacial
contact between the electrode and electrolyte, while at 70 MPa
the large strain/stress due to the volume change of the electrode
can lead to degradations in the SE itself such as cracking,
causing increases in the resistances of the SE. Nonetheless, the
almost constant interfacial resistances when the cell is tested
under 70 MPa suggest no apparent (electro)chemical instabilities
between the electrode and electrolyte, supporting the excellent
stability of LBHI against Si anodes. The stack pressure-dependent
degradation mechanism also indicates that future work should be

This journal is © The Royal Society of Chemistry 2023
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focused on improving interfacial contact between the electrode
and SE at low stack pressure, e.g., by designing a 3D host for the
Si anode.

To further study the effect of mechanics on the electroche-
mical performance of solid-state Si anodes under stack pres-
sure, we did a preliminary compression measurement on the
cold-pressed SEs (Fig. S17, ESIf). The results show that the
trend of elastic modulus is LPS > LPSI > LBHI. It has been
reported that the slightly lower elastic modulus of LPSI than
LPS helps to improve the cycling performance of solid-state Si
anodes,”*® and therefore the improvement in the cycling perfor-
mance of Si-LBHI-VGCF is not only caused by the minimal
decomposition of LBHI but also related to the excellent
mechanical property of LBHI. Nevertheless, simply replacing
sulfide SEs with LBHI seems to be insufficient to address the
capacity degradations of the micro-sized Si in SSBs. We suspect
that one of the reasons for the capacity degradation of the Si-
LBHI-VGCF anode is SE cracking. The ultimate compression
strength of LBHI (81 MPa) is measured to be much lower than
that of LPSI (119 MPa) and LPS (243 MPa). During the compres-
sion measurement, we also observe brittle facture of LBHI,
while sulfide-based SEs are more ductile. Under a high stack
pressure, due to the rection heterogeneity, local stress in the Si-
LBHI-VGCF can easily exceed the ultimate compression
strength of LBHI, leading to fractures and affecting the ionic
percolation in the anode composite. We believe that utilizing
LBHI with Si anode at lower stack pressure may improve the
cycling performance, but challenges remain to maintain good

This journal is © The Royal Society of Chemistry 2023

interfacial contact between the SE and Si during long-term cycles.
Introducing polymeric binder that is chemically and electrochemi-
cally stable with both SE and Si is important. Another direction to
improve the cycling performance of Si-LBHI-VGCF anode is engineer-
ing the microstructure, for example, using nanosized Si, to achieve a
more uniform reaction and stress/strain distribution in the anode
composite. The excellent electrochemical and chemical stability of
LBHI is a very important advantage for enabling nanosized Si because
the increased surface area will lead to even stronger side reactions
with sulfide-based SEs. Our preliminary data (Fig. S18, ESIT) shows
dramatic improvements in the cycling performance of Si-LBHI'VGCF
after using nanosized Si as the active material in Si||Li-In half cell.

Moreover, VGCF is essential for Si composites by providing
the electronic conduction pathway and additional volume to
accommodate the strain/stress generated during charge and
discharge. Solid-state Si anodes without VGCF such as Si-LPS
(Fig. S19(a), ESIt) and Si-LPSI (Fig. S19(b), ESIt) have very low
ICE (<26%) in the first cycle. Introducing VGCF improves the
first discharge capacity as well as the ICE for Si-LPS-VGCF
(2660 mA h g~', 54.2%, Fig. S19(d), ESI{) and Si-LPSI-VGCF
(2910 mA h g, 70.1%, Fig. S19(e), ESIt). The slight improve-
ment in the first discharge capacity and ICE of Si-LBHI-VGCF
(2170 mA h g7, 97.7%, Fig. S19(f), ESIt) is also attributed to
VGCF (Si-LBHI: 2099 mA h g~ ', 92.0%, Fig. S19(c), ESIY).
Fig. S19(f) (ESIt) exhibits voltage profiles similar to Fig. 2(c),
and the improved first discharge capacities in Fig. S19(d) and
(e) (ESIT) are caused by the higher proportion of SEs in sulfide-
based composites.
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It should also be noted that the synthesis and processing of
hydride-based SEs are quite similar to typical sulfide-based SEs.
Hydride-based SEs can be synthesized by ball-milling and solid-
state synthesis methods, and cold-pressing at room tempera-
ture is sufficient to achieve a high ionic conductivity for typical
hydride-based SEs for their integration into SSBs. The excellent
solubility of hydrides in some solvents such as tetrahydrofuran
(THF)®*** and their low melting points®® also provide opportu-
nities for liquid (or molten) phase approaches to fabricate thin
electrolyte films and electrode composites.

Conclusions

In summary, using a combined computational and experi-
mental approach, we systemically investigated the chemical
and electrochemical stability between Si and different SEs.
Apparent electrochemical decomposition of sulfide-based SEs,
LPS and LPSI, can be observed during the charge/discharge of
Si anodes. The decomposition of SEs not only leads to a limited
ICE (75.9% for LPS and 77.6% for LPSI) but also increases the
electrode potential for subsequent cycles. The results from
computation, GITT, and ex situ XPS have confirmed the elec-
trochemical reactions between Si and P contained in sulfide-
based SEs. On the other hand, no apparent electrochemical
decomposition of LBHI can be observed from the Si anode with
LBHI SE. The excellent electrochemical and chemical stability
of LBHI leads to a Si anode with one of the highest ICE of 96.2%
reported to date, regardless of the electrolyte used (liquid or
solid). The electrochemical performance of Si-LBHI-VGCF
anodes is also demonstrated in solid-state full cells. Si||[NCA
full cell using LBHI delivers a high discharge capacity of
152 mA h g~" at 0.5C with better cycling stability than LPSI
and LPS full cells. Finally, based on the mechanical measure-
ments, several approaches to mitigating the mechanical degra-
dations are proposed to further improve the cycling
performance of LBHI-based Si anodes. Our research provides
novel insights for the future development of Si anodes for SSBs.

Experimental
Material synthesis

LPS, LPSI, and LBHI were prepared by solid-state synthesis. For
the synthesis of LPS, Li,S and P,S5 powders were weighed in the
molar ratio of 3:1. The reactants were ball-milled at 510 rpm
for 40 hours with a ball-to-material ratio of 30:1. For the
synthesis of LPSI, Li,S, P,Ss, and Lil powders were weighed in
the molar ratio of 21:7:12. The reactants were ball-milled at
500 rpm for 55 hours with a ball-to-material ratio of 30:1.
The ionic conductivity of LPS and LPSI is about 0.5 and
1.2 mS cm ', respectively. The ball-milling processes were
performed in ZrO, jars. For the synthesis of LBHI, LiBH, and
Lil powders were weighed in the molar ratio of 3:1. The
reactants were ball-milled at 400 rpm for 60 hours with a
ball-to-material ratio of 50:1. The ionic conductivity of LBHI
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is about 0.1 mS em ™" (Fig. S7, ESIt). The ball-milling process
was performed in a tungsten carbide jar.

The micro-sized Si powders (1-5 um, >99.9%, Alfa Aesar)
were ball milled with SEs and vapor-grown carbon fiber (VGCF)
in stainless-steel jars at 350 rpm for 5 hours. Li, sIn composite
electrodes (Li-In) were prepared by mixing the stoichiometric
amounts of stabilized Li metal powders (FMC) and indium
powders (99.99%, Sigma Aldrich) for 30 minutes, LigPS5Cl
(LPSCI, NEI Corporation) was then added to the metal powder
mixture and mixed for another 15 minutes. The weight ratio of
the metal powder mixture to LPSCl was 4 : 1. NCA cathodes were
prepared by a solid-state reaction method following a previous
publication.®” The mass ratio of NCA, LPSCl, and VGCF is
65:33:2.

Material characterization

SEs and Si composite anodes were characterized by X-ray
diffraction (XRD) with PANalytical X'Pert Diffractometer using
a copper irradiation source (Cu Ko = 0.15406 nm). The mor-
phology of Si composite anodes was analyzed by Zeiss Supra 55
field emission scanning electron microscope (FESEM) with a
Schottky thermal field emission source. The element distribu-
tion of Si composites was mapped out by Energy Dispersive
Spectrometry (EDS) equipped on FESEM. The ex situ surface
chemistry of Si composite anodes was provided by X-ray Photo-
electron Spectroscopy (XPS). The integrated ion sputtering can
continuously remove the surface. The spectral resolution is
<0.5 eV. The XPS signals are obtained from regions within
about 5 nm of the surface. The XPS system is maintained under
ultra-high vacuum conditions (~10~"° Torr).

First-principles computations

The calculations of the chemical and electrochemical reactivity
of SEs with Si electrodes used the relevant energies of all
relevant chemistries calculated by density functional theory in
the Materials Project (https://materialsproject.org) and fol-
lowed the methodology developed in the earlier works.**® For
chemical reactivity calculations, we assumed the reaction
between two solids (SE and Si electrode) at their interface
may consume an arbitrary amount of each phase, and the
reaction energy was determined by considering the mixing
ratio that yielded the largest reaction driving force for the
reaction energy calculations. For electrochemical reactivity
under an applied voltage, the reactions were predicted by
evaluating the grand potential under open-system conditions
for lithium. In these calculations, the energies of materials that
are not crystalline (e.g., LPSI and LPS) were placed exactly on
the convex hull of the computed phase diagram, assuming that
they were stable on the convex hull and ignoring the small
phase stability energies as compared to the large chemical and
electrochemical reaction energies.

Electrochemical measurement

The Si||Li-In half cells were prepared by sandwiching two
layers of SEs between electrodes. 80 mg LPSCl was firstly
cold-pressed in the PEEK tube with a 10 mm diameter at
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50 MPa. Then 20 mg LPS, 20 mg LPSI, or 10 mg LBHI were put
and pressed on one side of the compacted LPSCI, followed by
the addition of Si composites (mass ratio 6:4:1,2.0 mg; 6:3:1,
1.8 mg; and 6:2:1, 1.6 mg) with the same SE. 200 mg Li-In
composite was added to the other side of the LPSCI. Finally, the
whole structure was pressed at 250 MPa to make a half cell. The
electrochemical performance of half cells was tested within a
voltage range of —0.55-0.9 V vs. Li-In by using the Arbin BT
2000 Battery Tester. The current value was 210 mA gg; " for
cycling tests. Potentiostatic electrochemical impedance
spectroscopy (PEIS) was performed with the Gamry EIS unit
integrated into the Arbin BT 2000 Battery Tester. The PEIS data
were acquired with an amplitude of 10 mV and a frequency
range of 15 MHz-1 Hz. Half cells with the same structure but a
different Si composite ratio (4:6:1) and weight (5.0 mg) were
also applied for galvanostatic intermittent titration technique
(GITT) and XPS measurements. The GITT test was performed in
the second cycle, during which half cells were (dis)charged for
30 min, rested for 3 hours, and then proceeded to the next
(dis)charge step. The ex situ XPS test was carried out on Si
composites in pristine, discharged, and discharged and
charged states. These half cells were tested under a stack
pressure of 70 MPa at 60 °C.

To prepare Si||NCA full cells, the same two-layer structure
SEs were pressed in PEEK tubes. 13.4 mg NCA composite
cathode (theoretical areal capacity: 2 mA h cm 2, based on
180 mA h gyca ), and 2.2 mg Si composite anode (mass ratio
6:4:1, theoretical areal capacity: 5.47 mA h cm >, based on
3579 mA h g5~ ') were added and pressed at 250 MPa. The areal
capacity of NCA is further increased to 3 and 4 mA h cm™2 with
a fixed NP ratio of 2.74. The cycling performance was tested
within a voltage range of 2.4-4.2 V at a current of 0.5C (based on
180 mA h gnca ). These full batteries were also tested under a
stack pressure of 70 MPa at 60 °C.

Mechanical measurement

The stress change of Si||NCA full cells was evaluated by
integrated force sensors with an auxiliary voltage of 0.5-4.5 V,
linearly corresponding to 0-103 MPa. The entire structure was
rested at 60 °C for over 36 h until the stress variation is
negligible. The electrochemical tests and auxiliary voltage
measurements were initiated simultaneously.

SE powders were pressed into cylinders with a diameter of
10 mm and a height of 1-2 mm. The press pressure is 750 MPa.
The cylinders were sealed inside plastic bags and tested by the
Instron 4204 machine to obtain compressive stress-strain

curves. The compression rate is 0.1 mm min~ .
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