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Abstract

Crosstalk between the cathode and the anode in Li-ion batteries has a great impact on
performance, safety and cycle lifetime. However, a systematic investigation of crosstalk behavior
in silicon (Si)-based cells with various cathode materials has not been reported. We investigated
the crosstalk behavior of a Si anode coupled with one of the following cathodes—LiCoO, (LCO),
LiNip sMng3Cog, (NMC532), and LiFePO,4 (LFP)—in a full cell. For each electrochemical couple,
we compared electrolyte decomposition products, solid electrolyte interphase (SEI) chemistry, and
degradation mechanisms during cycling. From a very early stage of cycling, each couple showed
different crosstalk behavior; different electrolyte decomposition products and SEI chemistry on
the Si anodes were seen. Specifically, the formation and growth mechanism of Si SEI differ
depending on cathode materials. For the LFP system, the Si SEI rich in LiF and inorganic species,
which is stable and robust. It forms at an early stage of cycle. As a result, the SEI of Si from the
LFP system well tolerates SEI breakage due to mechanical changes of Si and suppresses Li loss,

resulting in stable cycle life.

1. Introduction
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Lithium-ion batteries (LIBs) have been widely used as power sources for various portable
devices. Recently, their use has been extended to larger applications, such as electric vehicles
(EVs).! As the demand for pure EVs with longer driving range increases, LIBs with high
gravimetric/volumetric energy density become necessary. Therefore, many efforts have been

devoted to the development of new energy-dense electrode materials.!-

Silicon (Si) is being explored to answer the demand for a high-energy-density battery,
since it has a very high gravimetric/volumetric energy density of 3579 mAh/g or 2194 Ah/L (to
Li;sSis).> Therefore, Si-based anodes have a greater potential to meet the energy demands for
transportation applications than the conventional graphite anode (cf. 372 mAh/g or 719 Ah/L to
LiCs).* However, the Si anode faces many critical challenges in reaching a long cycle life.#® So
understanding the degradation mechanism of the Si anode is very important for fully exploiting its

potential.

Recently, crosstalk between cathode and anode in full cells has been increasingly
recognized as an issue in LIBs because it has a significant impact on performance, safety and cycle
life.”-!8 In the broadest sense, crosstalk can be defined as chemical or electrochemical side reactions
at one electrode that affect the properties of the other electrode. One of the most widely observed
manifestations of crosstalk is transition metal dissolution and migration. Transition metal ions in
the cathode, such as Ni, Co or Mn, can dissolve, migrate and deposit on the graphite anode during
the cycling of a LIB.7-% 13-14. 19 Though there are debates on the exact mechanism of transition
metal dissolution, it is widely understood that transition metal dissolution can lead to rapid Li loss
and/or changes in the solid electrolyte interphase (SEI) layer chemistry on the anode.!'% 1213
Crosstalk can also affect the electrolyte decomposition mechanism. Sahore et al.!® recently
identified some crosstalk species, which are generated at one electrode, diffuse to the other, and
react there. These species likely contain C=C or C-F bonds, which have rarely been observed in
electrolyte decomposition species. '8 18 Since the degradation of a Si anode is highly dependent on
the properties of the SEI layer,?->4 understanding the crosstalk phenomenon in Si-based LIBs is
very important. However, systematic investigations of crosstalk and its effect on performance of

the full cell have not been widely reported.

Here, for the first time, we systematically investigated crosstalk and its effect on Si anode

properties, such as electrochemistry and SEI chemistry, in Si-based full cells with various cathode
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materials. For this purpose, we paired Si-based anodes with one of the following cathode materials:
LiCoO, (LCO system), LiNiy sMng3Coq, (NMC532 system), or LiFePO, (LFP system). Each full-
cell system was aged for 50 cycles, and the electrochemistry of each cell system was then
compared. Post-test analysis was performed in each system after 2 cycles and after 50 cycles of
cycle life test. The aged electrolyte was analyzed by high-performance liquid chromatography
coupled with electrospray ionization mass spectroscopy (HPLC/ESI-MS). The SEI chemistry on
each harvested Si anode was characterized by X-ray photoelectron spectroscopy (XPS). The
harvested cathodes and anodes from these systems were re-assembled in half cells, and the
resulting electrochemical behavior was compared to understand how crosstalk affected the

degradation of each electrode material.

2. Results and Discussion
2.1. Si anode degradation

Since Si anode degradation is highly dependent on the lower cutoff potential®4, it is very
important to compare the electrochemical performance with the same lower cutoff potential of Si
coupled with each cathode system. We set the upper cutoff potential at 4.1V for LCO & NMC532
systems, and at 3.7V for LFP system. We confirmed that in the three-electrode cells the initial
cycle of lower cutoff potential of Si anode was set at ~0.1V: 0.107V for Si in LCO system, 0.103V
for Si in NMC532 system, 0.099V in LFP system (Fig. S1). Fig. 1a shows cycle life performance
of the three different types of full cells using a coin-type cell. The absolute initial charge capacities
of the systems were similar, supporting that the depth of initial lithiation into Si anode is also very
similar, 148.14 mAh/gico (3.14 + 0.025 mAh) for the LCO system, 177.42 mAh/gnmvcssz (2.87 +
0.046 mAh) for the NMC532 system, and 148.81 mAh/g gp (2.76 + 0.12 mAh) for the LFP system.

However, after three formation cycles (Fig. S2a—c), each cell system displays different
capacity fade rates (see Fig. 1a). For the LFP system, the capacity fade is a linear function of cycle
number. On the other hand, for the LCO system, capacity fade follows a linear-with-cycle-count
rate law until ~15 cycles have been accrued. At ~15 cycles, the fading rate suddenly displayed an
exponential increase. The coulombic efficiencies, shown in Fig. 1b, also display a similar change

at ~15 cycles. The efficiency of the LCO system becomes a very unstable after ~30 cycles, possibly
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because of reactions of the electrolyte with the surface of the electrode material. The coulombic
efficiency of the LFP system is the most stable, and higher than the other two during all 50 cycles
of cycle life test. The change in the capacity fade rate in the LCO cycling experiments indicates a

change in fade mechanism.

To better understand the different capacity-fading behaviors of each system, we further
conducted a three-electrode test to demonstrate the different degradation of the Si anodes. Fig.
1d—f shows differential capacity vs. voltage curves (dQ/dV) of Si vs. the Li reference electrode
during lithiation/delithation of formation process (C/20) and cycle life test (C/3). During formation
process, the curves from all systems show two lithiation peaks, L1(a-Si to a-Li,(Si) and L2 (a-
Li, (Si to a-Li; 5S1), and two delithiation peaks, D1 (a-Li, (Si to a-Si) and D2 (a-Lis 5Si to a-Li; (Si).
The L2 peak is more clearly observed in the LFP system, and this would imply that less
polarization is applied on Si in the LFP system. During cycle life test, electrochemistry of Si more
clearly differs from one another. For Si in the NMC532 or LFP system, the intensities of L2 and
D2 peaks decrease as a function of cycle number due to gradual Li loss, while L1 and D1 peaks
are relatively stable. On the other hand, for Si in the LCO system, all lithiation/delithiation peaks
rapidly degrade. This implies that not only Li loss but also loss of active Si occurs in the LCO
system. The optical images of the Si anodes harvested from each system after 50 cycles (Fig. 1f)

support this idea that severe loss of Si (delamination) occurred in the LCO systems.

Page 4 of 27



Page 5 of 27

Journal of Materials Chemistry A

a ) b ) 102
[ —=—LCO (Charge) & ¢ - Lo
160, - LCO (Discharge) £ .. NMCs32 .
=) ‘ = NMC532 (Charge) &100- = LFP E
£ 120; © NMC532 (Discharge) 5 . -
= i « LFP (Charge) S yomng ety
< 80 ';__'\. LFP (Discharge) E 98 gt T M,
%‘ ""rﬁ_“_—-w_}%:_r\_ N 2 e et
% 40 \'\:\.*-h,__\_\_ﬁ;? il E 96
a e 3
0 ‘ e O g4t
0 20 40 60 0 10 20 30 40 50
Cycle number Cycle number
C) Si/Li (LCO) d) Si/Li (NMC532) e) Si/Li (LFP)
D1
D1 o1 B
D2 ¢ ¢
&5 g% D2 g
Hodr [ty G 2|
- R e 2
5 &5 s E _% 4 S
. —— B —
g o g g 5
50 ! bl
O R i
-
o 2]
¥ % N
?‘ 0 2nd (Formation at G/20) s © 2nd (Formation at G/20) 5 © 2nd {Formation at C/20)
j ® st (Cycle life at C/3) ® 15t (Cycle life at C/3) ® 1st(Cycle life at Gi3)
] ® 5th (Cycle life at C/3) ﬁ s 5th (Cyele life at C/3) e ¥ 5ih (Cycle life at C/3)
& cle life af 10th (Cycle life at C/3)
28 20 Gyel e ot &) L2 oyl e ot 09 L2 L1 aoneimeacs
0 02 04 06 08 00 02 04 06 08 00 02 04 06 08
Voltage (V) Voltage (V) Voltage (V)

i ZSl.fromELCO. B Si fr.o.nﬁ NMCS32 Si from LFP. ;

Figure 1. Electrochemical properties of the LCO, NMC532, and LFP systems. a) Plot of
charge/discharge capacity (mAh/gcamoge) VS. cycle number and b) Coulombic efficiency of each
system. c—d) Differential capacity vs. voltage curves of Si vs. Li reference from three-electrode
cells, during lithiation/delithiation of formation (C/20) and cycle life test (C/3): ¢) LCO system, d)

NMC532 system, ) LFP system. f) Optical images of harvested Si anodes from each system (coin
cell) after cycle life test.

\2.2. The effect of crosstalk on the degradation mechanism of the Si anode during cycling
2.2.1. The effect on the formation mechanism of Si SEI in each system

Since the only difference among the systems studied is in the cathode materials, we
compared the crosstalk behavior in each one to understand the impact of the cathode material on
the degradation of the Si anode. We compared the mechanisms of electrolyte decomposition by

using linear sweep voltammetry (LSV), as shown in Fig. 2a. The voltage vs. current plots show
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one large peak, which corresponds to a main electrolyte decomposition reaction in each system
(enlarged in blue dashed box in Fig. 2a). Interestingly, the corresponding potentials of these peaks
in each system differ: 3.42 V for LCO, 3.23 V for NM(C532, and 3.12 V for LFP. In addition to
the main current peaks, several minor ones can also be observed in the lower-potential region
(enlarged in red dashed box in Fig. 2a), and the corresponding potentials for these peaks are also
different. These observations support the idea that electrolytes in the three systems decompose in
different ways. Given that the cathode materials used in this study have different transition metal
ions, metal oxidation states, and surface chemistry (layered for LCO and NMC532 vs. olivine for
LFP), these properties can affect interphase reactions between cathodes and electrolytes and can
affect electrolyte decomposition reactions.?>33 For example, transition metal ions in each cathode
have different oxidizing ability, which could affect the mechanism and kinetics of electrolyte

decomposition; the expected trend would be N1 (IV) > Co (IV) > Fe (III).

The different decomposition reactions of the electrolyte affect the SEI formation
mechanism on the Si anode (Fig. 2b—d, Figures. S3—S5). Fig. 2b shows the concentration of what
could be organic carbonate species (C-O, C=0, O-C=0) in C 1s spectra on the harvested Si anodes,
as a function of potential. Since organic carbonate species form because of solvent decomposition,
the concentration would imply the extent of solvent decomposition in each system. The samples
from the LFP system show that the concentration decreases as a function of potential, which means
that the Si SEI formed at lower potential (<2.5V) well passivates the surface of the Si anode,
suppressing the further decomposition reaction of organic solvents in the higher potential range
(>2.5V). While the samples from both LCO and NMC532 systems show the opposite trend from
the LFP system. The concentrations gradually increase as a function of potential. The samples
from LCO system show the highest value of an average concentration (~23%) in an entire potential
range, compared with the others (NMC532 system: 18%, LFP system: 15.6%). This implies that

organic solvent decomposition would be the most prevalent in the LCO system.

The reactions related to salt (LiPFs) decomposition are also different in each system,
forming different inorganic decomposition species on the SEI of Si anodes (Fig. 2c and 2d). For
all systems, the decomposition of LiPFs forms Li,PO, and Li,POF,-based species in the low
potential range. However, the main decomposition species in each system differently change as

potential increases. For the LCO system, the concentration of Li,PO,F, -based species suddenly
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drops at 3.0V, making, LiF and Li,PO, species the main decomposition compounds at >3.0V.
While in the NMC532 system, LiF and Li,POF,-based compounds are the main decomposition
species on the SEI of Si anodes. Interestingly, for the LFP system, the concentration of LiF
suddenly increases at 2.5V and the concentration of the others drops to 0% at 3.2V, making LiF
the only observed decomposition compounds. These results support the idea that the different
formation mechanism of SEI on each Si anode is not simply because of cell potential, but, rather,

it is a result of the effect of cathode crosstalk.
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Figure 2. a) Current vs. voltage from linear sweep voltammetry of the LCO, NMC532, and LFP
systems. XPS analysis of harvested Si anodes from each system, as a function of potential. b) The
concentration of what could be organic carbonate species (C-O, C=0, O-C=0) in C 1s, observed
in Fig. S4. The concentration of the species observed in the c) P 2p spectra (Fig. S5) and d) F 1s
spectra (Fig. S6). Color code: green in Fig. 2¢: Li,POy, red in Fig. 2¢: L1,POF,, purple in Fig. 2d:
LiF, blue in Fig. 2d: Li,POF,
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2.2.2. The effect of crosstalk in the early stages of performance degradation

To understand how the crosstalk behavior manifests itself as a function of cycle number,
we performed post-mortem analysis on aged electrolytes and Si electrodes. Fig. 3a shows HPLC
results, showing total-ion chromatograms (TICs) of the aged electrolytes extracted from the three
full-cell systems, after 2 cycles of cycle life test at the C/3 rate. Compared to the fresh electrolyte
(Gen2 electrolyte, details are in experimental section), multiple new peaks can be observed in the
TICs of the aged electrolytes (Fig. 3a), indicating the formation of new organic compounds during
cycling. The new peaks were assigned to several compounds, designated by their molecular weight
(M.W.), given as 200, 228, 256, 236, 242, 250, 256, 288, 270, and 294 g/mol, respectively, in
Table 1. Overall, the TICs look similar and contain most of the same characteristic peaks. However,
their intensities are quite different. The proposed chemical structures for each compound are given
in Fig. 4, and their single-ion chromatograms (SICs) are displayed in Fig. S6. The method used to
propose the chemical structures is explained in a previous publication.!® Interestingly, these

species likely contain C=C or C-F bonds, which were observed before as crosstalk species.!®

Since peak intensity in mass spectrometry is linear with concentration, the relative areas of
the peaks in the SICs were used as surrogates for the species’ concentration. Table 1 and Fig. 3c—
e show that the relative areas of electrolyte decomposition products are sensitive to the nature of
the cathode material. The fact that some of the compounds are seen in the uncycled Gen2
electrolyte, and their concentrations decrease differently with aging, which may indicate that these
products are consumed in different ways. The LCO system shows the most significant decrease
after 2 cycles. This implies that electrolyte decomposition in the LCO system occurred extensively
in the early stages of cycling, as we expected in the previous results about a significant

decomposition reaction of solvent in the LCO system (Fig. 2b).
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Table 1. Most intense peaks in the aged electrolyte after 2 cycles of cycle life test at the C/3 rate.

Compound/empirical | Adduct | m/z, Da | M.W, | Uncycled Gen2 | LCO: NMCS532: | LFP:
formula g/mol | electrolyte: Relative | Relative Relative
Relative SIC | SIC peak | SIC peak | SIC peak
peak area (%) area (%) | area (%) area (%)
EC(Ethylene H* 35.03
carbonate) 89 88
[CsHgO4PF,H * H* 201 200 3.73 3.10 6.89
[CsHoOsPFIH * H* 215 214 23.75 8.11 14.87 13.59
[CsH 404]Na* Na* 229 206 31.11 13.82 28.35 20.53
[CeH30,P]Na* Na* 251 228 0.90 0.26 0.30
[C;H,,0,PF]H* H* 257 256 3.32 6.21 5.45
[CsH,0OsPF]Na* Na* 259 236 1.30 1.27 2.95
[C;H,0¢PF]Na* Na* 265 242 3.04 3.90 1.68
[C8H;,0,P]Na* Na* 273 250 3.12 2.99 2.87
[C;H;304P]Na* Na* 279 256 11.75 9.30 4.90
[CsH ,O,PF,JH” H* 289 288 6.22 1.63 7.35
[CsH,0,PF]Na* Na™ 293 270 16.09 8.33 3.40
[C;H306PF;]H*/Na* | H¥/Na* | 281/303 | 280 10.12 12.88 8.04 15.05
[CsH,OsPF4JH*/Na* | H*/Na" | 295/317 | 294 15.73 11.74 15.03

With these crosstalk behaviors, the SEI layers in each system grow in a different way. The
XPS results from the three harvested Si anodes after 2 cycles (Sico 2, Sinmess2 2, Sicrp 2) show
that the atomic concentrations vary in each sample, as shown in Fig. 5a-b. Comparing the results
from Sirco 2 and Sinmcssz 2 with those from Sipgp > shows that the concentrations of fluorine are
higher and the concentrations of carbon and oxygen are lower in the Siggp , than in the Si; o » and
Sinmessz 2. This finding supports the idea that Sipgp » has an SEI rich in inorganic species, which
is more robust and stable. Also, analysis of F 1s and P 2p spectra (Fig. 5c-d) shows that the SEI
layer on Si from both the LCO and NMC532 systems consists of high concentrations of Li,PO,
(Sipco ») or Li,POJF,-based species (Sinmcssz 2), whereas, SEI of Sijgp » has a very high

concentration of LiF, which has been widely understood as an SEI stabilizer.?? 34

Different crosstalk behaviors have an impact on state of health of Si in each system, even
after 2 cycles of cycle life test at C/3. To demonstrate this point, we assembled half-cells with the
harvested Si anodes, which are hereafter called Sijco > half-cell, Sinmcessz » half-cell, and Siggp >
half-cell. Fig. 6a shows the capacity vs. voltage curves of each harvested Si half-cell during the

first and second cycle at the C/20 rate between 0.01 V and 1.5 V. All the half-cells have similar
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first lithiation capacities (Fig. 6a, Table S1). This means that there was no significant difference
among the systems in the loss of active Si during 2vcycles of cycle life test at C/3, in the full-cells.
In contrast, the half-cells differ greatly in delithiation behavior. For the Siico » half-cell, the
voltages rapidly increase, and the delithiation capacity is only 1554 mAh/gg; this half-cell exhibits
a coulombic efficiency of only 67%. Afterwards, the cell shows a huge decrease in the second
lithiation capacity (1359 mAbh/gs;), suggesting that a large loss of active Si occurred during the
first delithiation. While the Sijgp » half-cell shows a coulombic efficiency of 93%. The dQ/dV
curves also clearly reveal the differences in the electrochemistry of each Si anode is a result of
different phase evolution in late stage of delithiation (Fig. 6b). All cells show clear D2 peak,
corresponding to the phase transformation from a-Li; 5Si to a-Li, (Si, while there is a noticeable
difference in peaks at later stage of delithiation. For the Siy o » half-cell, the D1 delithiation peak,
which corresponds to the phase transformation from a-Li, (Si to a-Si, is rarely observed. In contrast,
its intensity is very strong in the Sizgp , half-cell. Also, another sharp peak (D3), which corresponds
to the delithiation of the c-Li;5Si4 phase, can only be observed in the Si;rp , half-cell. In general,
large mechanical changes, such as stress and fractures, develop at the late stage of delithiation, and
they could result in SEI breakage and rapid degradation of Si.> 33-37 Therefore, the mechanical
stability of SEI, which can compensate and/or tolerate the large mechanical changes, is very
important factor for reversible phase transformation of the Si anode. In this regard, only Siirp >
half-cell clearly displays reversible phase transformations showing both D1 and D3 peaks, which
means that SEI of Sirp , is mechanically stable. This would be because that SEI layer on the
Siprp » mainly consisting of inorganic species and LiF, which have been widely understood as
mechanical more stable components.?> 3* While it appears that the SEI of Si;co » and Sinmcss2 2
are rich in organic species, Li,PO, and/or Li,POJF, and, therefore, not stable, the phase

transformation is not reversible in both Sijco > — and Sinmcssz 2 half cells.

The difference in Si SEI layer stability in the harvested Si samples is also reflected in the
extent of Li loss in the cathode. In Si-based batteries, SEI breakage due to mechanical failure of
Si anode easily occurs, leading to consistent consumption of Li for re-construction of SEI, and this
is one of the most important issues in Si-based Li ion batteries. To check this point, we assembled
half-cells with the fresh cathodes (Cathoderco fesn half-cell, Cathodenmcssz fresn half-cell, and
Cathoderrp gesn half-cell, respectively), and half-cells with harvested cathodes extracted from each

system after 2 cycles (Cathodey co > half-cell, Cathodenmcss: » half-cell, and Cathodeyp , half-cell,
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respectively). Fig. S7a-c shows the capacity vs. voltage curves of these six half-cells at C/20. Since
the data were obtained at the very slow, C/20 rate, we could neglect the impedance effect but focus
on Li inventory of each cathode. The first charge capacities of all cells with the harvested cathodes
are very small compared to those with fresh cathodes, which means that there was a large loss of
active Li, most likely due to reconstruction of the SEI. The LFP system shows the most moderate
Li loss than the LCO or NMC532 systems (LCO: 1.695 mAh, NMC532: 1.215 mAh, LFP: 1.025
mAbh in Fig. 7a), and this would be because that the stable SEI of Si;rp » would well prevent SEI
breakage during repeated charge/discharge processes. After the first cycle, all harvested cathodes

(red solid line in Fig. S7a-c) from the three systems work as if they were fresh cathodes (red dashed
line in Fig. S7a-c).
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Figure 3. a) Total-ion chromatograms of uncycled Gen2 electrolyte and the aged electrolytes,
extracted from each system after the initial 2 cycles at the C/3 rate. b) Total-ion chromatograms of
the aged electrolytes extracted from each system after 50 cycles at the C/3 rate. c—e) Comparisons
of the concentrations of specific compounds (EC, M.W.=206, 214, 280) in the fresh Gen2
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Figure 6. Electrochemical properties of the harvested Si from each system, after the 2 cycles
of cycle life test at the C/3 rate. a) Voltage profiles and b) differential capacity vs. voltage curves
of the harvested Si anode/Li half-cells. Solid lines represent the first cycle; dashed lines represent
the second cycle. Color code for figures 6a and 6b: red, Siico » half-cell; blue, SiNycs3, » half-
cell; green, Sipgp , half-cell. Electrochemical properties of the harvested Si from each system,
after 50 cycles of cycle life test at the C/3 rate. c) Voltage profiles and d) differential capacity
vs. voltage curves of the harvested Si anode/Li half-cells. Color code for figures 6¢ and 6d: red,

Sirco so half-cell; blue, SiNycs32 so half-cell; green, Sipgp 50 half-cell.
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Figure 7. The amount of Li loss, a) after 2cycles of cycle life test at C/3, b) after 50 cycles of
cycle life test at C/3. Capacity loss is defined as the difference in the 2" charge capacity
between fresh and harvested cathode half-cells in Fig. S7.
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2.2.3. The effect of crosstalk on the later stages of performance degradation

The crosstalk behaviors become more apparent after 50 cycles. Fig. 3b shows the TICs of
the aged electrolyte extracted from the three systems, after 50 cycles of cycle life test at the C/3
rate. The most intense compounds in each aged electrolyte are summarized in Table 2, and the
SICs of the compounds are shown in Fig. S8. As shown in Fig. 3c—e, the compounds observed in
the fresh Gen2 electrolyte (M.W.=214, 206, 280) decreased further in all samples. However, for
the LCO system, the relative amounts of decomposition products did not change between cycle 2
and cycle 50 because most of the decomposition reactions had already occurred in the early stages
of cycle life. In contrast, the relative amounts of decomposition products gradually change in the

LFP system. These differences are shown in Table 2.

The differences in SEI growth mechanism of each Si anode becomes more apparent after
50 cycles. Fig. 8 shows SEI chemistry in the harvested Si anodes from each system (Sirco so,
Sinmes32 s0. Sicep s0). Even after 50cycles, SEI of Sipco 5o and Sinmcss2 so does not change much.
Both Si anodes still have SEIs rich in organic species with high concentrations in oxygen, and low
concentration in fluorine. The concentration of Li,PO, species is the highest in Sijco 50 and the
concentration of Li,PO,F,-based species is the highest in Sinwmcssz so. Whereas, Si SEI of Siggp 5o
changes to a SEI rich in organic species after 50 cycles; oxygen concentration significantly
increases (Oxygen: 25.3% to 44.5%) but the fluorine concentration decreases (19.6% to 4.1%). By
combining the XPS results of each Si SEI chemistry as a function of cycle numbers, we summarize
a SEI formation and growth mechanism of Si anodes in each system (Fig. 8d). For Si anodes in
the LCO or NMC532 systems, Si SEI layers rich in organic species with high concentration of
Li,POy (LCO system) or Li,PO/F, -based species (NMC532 system) form and grow throughout
the whole cycle life test. While, for the Si anode in the LFP system, Si SEI rich in inorganics with
a high concentration of LiF, which is robust and stable form at the early stage of cycling, and then
SEI layers rich in organic species grow as cycle number increases. Therefore, Si SEI in the LFP

system consists of two different layers; bottom: inorganic/LiF-rich layer, top: organic-rich layer.

Also, since the LFP system was cycled between voltage limits that were different from the
other two systems, we investigated the effect of voltage limits on the Si SEI layer of each system
(Fig. S9). Here, we tested the LCO and NMC532 systems between the voltage limits of 2.7 and
3.7 V for 50 cycles, and performed XPS on the harvested Si anodes from both systems
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(SiLco 3.7v 50, Sinmcss2 3.7v s0)- The results show that the concentrations of Li,POy- or Li,POF,-
based species in both samples are significantly larger than those seen in Sijfp 50, supporting the
idea that the different decomposition reaction of LiPFg still occurs significantly in both LCO and
NMC532 systems within the narrower voltage limits. Therefore, the effect of voltage limits on Si

SEI chemistry appears to be insignificant.

With these different cathode effects on crosstalk, each cell systems displayed different
aging behaviors after 50 cycles. The electrochemical performances of the half-cells with the
harvested Si extracted after 50 cycles in full cells, Sijco 50 half-cell, Siycssz so half-cell, and
Sippp 50 half-cell are presented in Figs. 6¢-d and Table S3. There is a significant loss of active Si
in both the LCO and the NMC532 system after 50 cycles of cycle life test. For example, the
Sipco so half-cell (1315 mAh/gg;) and Sinmcss2 so half-cell (1554 mAh/gs;) show a significant
capacity loss in their first lithiation, compared to that of the Sirco » or Sinmcssz 2 half-cell. In
contrast, the Sip gp half-cell shows a first lithiation capacity of 2420 mAh/gs;, meaning that the loss
of active Si in this case was not as severe as in the other cases. In addition, the Si co 50 and
Sinmessz so half-cells also show very low coulombic efficiency (24% and 38.5%, respectively) and
very weak D1 and D2 peaks (Fig. 6d), whereas the Siyrp 50 half-cell shows relatively strong D1
and D2 peaks (Fig. 6d), and its coulombic efficiency is the highest (75%, Table S3).

As the cycle count increased, Li loss also increased. However, it was greater in the LCO
and NMC532 systems as compared to the LFP system (Fig. 7b, Fig S7d-f and Table S4). For the
LCO system, the capacity loss (cyclable Li) is 2.209 mAh, but it is 1.579 mAh in the LFP system.
Interestingly, all harvested cathodes from the three systems work as if they were fresh cathode.
This finding supports the idea that the degradation of the cathode is not the main source of the

performance decline observed in the Si full cells even after 50 cycles.

Table 2. Most intense peaks in the aged electrolyte after 50 cycles of cycle life test at the C/3 rate.

Adduct | m/z M.W. | LCO: NMC532: LFP:

Relative Relative Relative

SIC peak | SIC peak | SIC peak

area (%) area (%) area (%)
EC H* 89 88 1.09 0.00 1.78
[CsHgO4PF,JH* H* 201 200 4.54 3.12 4.74
[CsHoO6PFH * H* 215 214 9.67 7.96 8.36
[CsH404]Na* Na* 229 206 14.77 12.87 13.35
[CeH30,P]Na* Na* 251 228 2.29 0.94 0.83
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[C;H;;O,PFH" H* 257 256 7.38 7.48 8.31
[CsH;(OsPF]Na* Na* 259 236 4.46 7.57 8.67
[C;H;,O4PF]Na* Na* 265 242 7.25 7.56 497
[CsH;;O,P]Na* Na* 273 250 4.62 8.56 8.08
[C;H;304P]Na* Na* 279 256 12.36 14.35 9.00
[CsH,O,PF,JH* H* 289 288 3.08 1.67 341
[CsH,O,PF]Na* Na* 293 270 7.74 11.39 5.72
[C;H304PF;]JH"/Na* H*/Na* | 281/303 | 280 8.35 5.99 9.59
[CsH,OsPF,JH"/Na* H*/Na* | 295/317 | 294 12.40 10.52 13.19
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Figure 8. XPS analysis of the harvested Si anodes from each system after 50 cycles at C/3. a)

atomic concentrations of O and F on the surfaces of the harvested electrodes. b) Fls and c) P 2p

spectra of the harvested Si anodes. d) Schematic of the SEI growth mechanism on Si anodes from

each system.

2.3  Correlations between the XPS and HPLC data

Many electrolyte decomposition reactions have been reported in the literature.3%43 Most
involve the reduction of one or more of the components in the electrolyte, forming lithium-bearing
species. However, the connection between some of these products and the composition of the SEI
layer on the negative electrode has only been inferred. If the electrolyte decomposition reaction
were to occur, for example, as shown schematically in Eq. 1, then there should be a strong

correlation between the soluble organophosphorus and the insoluble inorganic species.
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R-OLi + PF; — R-OPF,; + LiF Eq. 1

Analogous reasoning can be used to understand the relationship between soluble species and XPS
organic environments seen on the surface of the negative electrode material. Table 3 shows the
calculated correlations between the relative amounts of species detected in the HPLC and those
observed by XPS where the absolute value of the correlation coefficient was 0.95 or greater. Some
of the correlation coefficients in Table 3 are negative. Statistically speaking, a negative correlation
coefficient suggests that the two data sets being compared are inversely related. That is, in one set,
v increases with x, while in the other, y decreases as x increases. In a chemical process, an inverse
relationship is usually found in a system of competing reactions, such as that that may lead to the
relationship given in the sixth line of Table 3. We propose the organophosphate shown in Eq. 2 to
represent the empirical formula shown in the table. For the scenario shown in Eq. 2, two reactions
are competing for the same starting material, ethyl methyl carbonate. One reaction is the reduction
by lithium from the negative electrode to form alkoxide anions from ethyl methyl carbonate (EMC),
the LiO-C group of which could be detected by the XPS. A large, negative correlation coefficient,
such as that between LiF and [CgH,,0;,PF]Na* (see Table 3), may indicate that the reactions
leading to LiF and to CsH;,0O;PF may be competing for the same material, such as the LiPFg salt
in the electrolyte. The other pathway, occurring somewhere else in the cell, is transesterification
with an organophosphate, forming a new compound that may be the species detected in the HPLC

experiment.

Table 3. Correlations between the HPLC and XPS data.

Cycle XPS HPLC species XPS chemical Correlation
count spectrum environment coefficient
2 Fls [CsH1,0,PF]Na* LiF -0.99

2 Fls [C7H,304PF;]JH"/Na* LiF -0.99

2 P2p [CsH1,0,PF]Na* Li,PO, 0.97

2 P2p [C;H30¢PF;]JH"/Na* Li,POF, -0.99

2 Cls [C;H,O¢PF]Na* C-0, C-0-C -0.99
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2 Cls [CsHsOLPF,JH" 0-C=0 >0.99
2 Cls [C-H,,0.PF]Na" 0-C=0 0.98
50 Cls [C;H,304P]Na* O-C=0 0.96
50 Cls [CgH,,0,P]Na* 0-C(=0)0 >0.99
O O~

o) H O,Ilé(g/\/o\n/ov

L ° Eq.2

n_F
LIOCH,, o \o/\/O\ﬂ/ov
LIOCH,CHj 0o

3. Conclusion

We systemically investigated the crosstalk behavior in Si-based full cells using three
different cathode materials, LCO, NMC532, and LFP. The decomposition reaction of electrolyte
in the LCO or NMC532 system mainly occurred at the early stage of cycle life, whereas it occurred
gradually in the LFP system. Because of this difference, the formation and growth mechanism of
the SEI layer was found to be very sensitive to the nature of the cathode material. Noteworthy, for
the LFP system, Si SEI rich in LiF and inorganic species, which is stable and robust forms at the
early stage of cycle. As a result of this behavior, mechanical failure of the Si electrode and lithium
loss are well suppressed in the LFP system, preventing rapid capacity fading. Therefore, the results

show that crosstalk can have a great impact on performance degradation in Si full cells.

4. Experimental

Materials. All electrodes used in this study were made at the Cell Analysis, Modeling, and
Prototyping (CAMP) Facility at Argonne National Laboratory. Their compositions are given in
Table 4.



Table 4. Composition and characteristics of electrodes.
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Si LCO NMC532 LFP
Active 80 wt% Si 90 wt% NMC532 | 90 wt% NMC532 | 90 wt% LFP
material (Paraclete (BTR) (Toda) (Jonson Matthey)
Energy)
Binder 10 wt% lithium 5 wt% 5 wt% PVDF 5 wt% PVDF
polyacrylate Polyvinylidene
fluoride (PVDF,
Solvay 5130)
Conducting | 10 wt% Timcal 5 wt% Timcal 5 wt% Timcal 5 wt% Timcal
agent C45 carbon C45 carbon C45 carbon C45 carbon
Loading 0.96 14.5 11.4 13.4
density
(mg/cm?)

Cell (dis)assembly and testing. The data in Fig 1c-e and Fig S1 were obtained from three-
electrode Swagelok® ‘T’-cells. The other cycling data were obtained from coin cells (CR2032).
The Si anodes were cut into 15-mm-diameter disks, and cathode electrodes were cut into 14-mm
diameter disks. The Si anodes were dried at 140°C for 12 h, and cathodes were dried at 110°C for
12h. All electrodes were dried in vacuo. The composition of the electrolyte was 1.2 M lithium
hexafluorophosphate in ethylene carbonate:ethyl methyl carbonate (3:7 by wt, Gen2 electrolyte).
The Gen2 electrolyte was purchased from Tomiyama Pure Chemical Industries. Celgard® 2325
was used as the separator, and it was cut into 16-mm-diameter disks. The cells were assembled in
an argon-filled glovebox. A MACCOR Series 4000 Battery Tester was used to perform the cell
cycling. The voltage window for the LCO and NMC532 systems was 3.0 V4.1 V, and for the
LFP it was 2.7 V=-3.7 V. The cells were formed using three charge-and-discharge cycles at the
C/20 rate. After formation, the cells were cycled at the C/3 rate for 50 cycles. The hybrid pulse
power characterization tests were conducted after formation; after 10 cycles; after 30 cycles; and

at the end of the cycling test. All results are averages of three cells for each system. For the linear
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sweep voltammetry (LSV) test in Fig. 2a, we prepared the same coin cell described in the previous
paragraph, and the test was performed using an AMETEK® Solartron® 8-channel cell test system
(Model 1470E) that was operated by the vendor-provided MultiStat® software. The scan rate was
1 mV/s.

For the three-electrode tests (Fig. 1c-e and Fig. S1), the cathodes and Si electrodes were
cut into 11-mm-dia (7/16-in.) disks. The Si anodes were dried under 140°C for 12 h, and cathodes
were dried under 110°C for 12 h. Inside an Ar-atmosphere glovebox, they were assembled into
three-electrode, Swagelok® ‘T’-cells, as shown schematically in Fig. S10. Two layers of 30-um-
thick non-woven glass mats were used as a separator between cathodes and Si anodes, and an
additional two layers of 420-pm-thick, 12.5-mm-dia (Whatman GF/F) disks were used as a
separator between active electrodes and the Li reference electrode. The glass mats were then dried
in vacuo for 4 h at 120°C before cell assembly. Compression springs (Gardner Spring GC360-032-
0500-S) were used to maintain pressure on the electrochemical components. Gen2 electrolyte was
also used for this study. The electrochemical measurements were again performed using an
AMETEK® Solartron® 8-channel cell test system (Model 1470E) that was controlled by the
vendor-provided MultiStat® software. The voltage window was 3.0 V-4.1 V for the LCO and
NMC532 systems and 2.7 V=-3.7 V for the LFP system. Formation consisted of three charge-and-
discharge cycles at the C/20 rate. The cells were cycled at the C/3 rate for 20 cycles.

To study Si SEI layer chemistry as a function of potential (Fig. 2b—g, Figs. S3-S5), we
prepared several coin cells from each system, which were galvanostatically charged at the C/40
rate to the desired cutoff voltage. The cells were then held at the desired voltage for 2 h. The
voltages chosen for each cell were based on the corresponding potentials of the current peaks,
which were observed in the LSV results of each system in Fig. 2a. After that, XPS was performed

on the harvested Si anodes.

For post-mortem analysis, cells were dismantled in an argon-filled glovebox after the test.
The electrodes were harvested and swirled twice (for 1 min each) in excess dimethyl carbonate
(DMC) to remove electrolyte residue such as LiPF4s. However, for half-cell tests, the harvested

electrodes were not washed, because washing could lead to delamination of the Si electrode.
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XPS. XPS data were acquired using a PHI 5000 VersaProbe II system (Physical
Electronics) attached to an argon-atmosphere glovebox. The base pressure was ~ 1 x 1078 torr.
The samples were placed in the XPS chamber by moving them through the glovebox (with no air
exposure). The spectra were obtained under the following conditions: 100-pm beam (25 W) with
Al Ka radiation (hv = 1486.6 eV), Ar-ion and electron beam sample neutralization, fixed analyzer
transmission mode, and pass energy of 23.50 eV. All data were calibrated to the C-C binding

energy at 284.80 eV. The estimated uncertainty in the atomic concentrations is 10%.

HPLC/ESI-MS. Five coin cells from each cell system were used to make samples for
HPLC/ESI-MS characterization. The entire cell stacks (electrodes, spacers, spring, separator) were
combined in a vial containing 3 mL of pristine DMC solvent and soaked for 3—4 hr. The solvent
in the vial was then transferred to another vial containing 5 mL of dichloromethane. We took the
vial out of the Ar-filled glovebox and added 7 mL. HPLC-grade water and 0.1 g Na,COs. The
resulting mixture was thoroughly blended using a vortex mixer. The mixture was allowed to stand
for 4 h to separate into organic and aqueous layers. The organic layer was expected to contain only
the electrolyte decomposition products. It was also expected that the LiPFg salt would be in the
aqueous layer; the Na,CO; was present to neutralize any nascent HF. Then we pipetted the bottom
organic layer out into a clean vial, and left each vial open overnight to evaporate the solvents
(DMC and dichloromethane). We then added 0.2 ml of acetonitrile (VWR) and 0.4 ml of HPLC-
grade water to each vial and left it for at least 2 h to dissolve the soluble components of the residue.

Finally, the sample was characterized using HPLC/ESI-MS (Agilent Technologies 1260 Infinity

liquid chromatograph equipped with an Agilent 6120 Quadrupole ESI mass spectrometer detector).

For each sample, a 200-uL injection was made via the autosampler. The sample was pumped
through a ZORBAX® ODS column (5 pm; 4.6 x 250 mm) at 25°C at a flow rate of 1 mL/min.
The mobile phase consisted of 60% water and 40% acetonitrile, each containing 0.1 vol % formic
acid (HPLC grade, Sigma-Aldrich). The detector capillary voltage was set at 3000 V; the drying-
gas (N,) flow rate was 12 L/min; the nebulizer pressure was 35 psig; the drying gas temperature
was 350°C; and the fragmenter voltage was set at 70 V. The detection was done in the positive-

ion mode, and the data were collected in the “full” mode.
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Data reduction. The data from the galvanostatic cell tests other than the three-electrode
tests were taken directly from the cell cycler, and those from the three-electrode tests and LSV
tests were taken directly from the vendor-provided CorrWare® software conversion of the data.
Data plotting was performed using Origin®.

For the XPS analysis, the Shirly background data were subtracted from all spectra. The
spectra were fitted to multiple gaussian peaks by using CasaXPS®, and the fitted data were
extracted and plotted using Origin®. Relative atomic concentrations were calculated from the
gaussian fits.

The HPLC-TIC data were used to calculate SICs. The relative amount of a given species
in a sample was calculated by integrating the peaks in the chromatograms.

Correlations between the atomic concentrations on the negative electrode surface and the
relative amounts of species observed in the HPLC were calculated using the CORREL function in
Microsoft® Excel®. The value of the correlation coefficient could vary between -1 and 1,
corresponding to inverse and direct correlations, respectively. If the absolute value of the
correlation coefficient was 0.95 or greater, it indicated a strong relationship between the sets of
data. All pairs of data sets with a strong relationship were plotted, such as those shown in Figs. 9a
and 9b. The data in Fig. 9a were widely spaced and, thus, the correlation was not biased and was
included for further consideration. In Fig. 9b, on the other hand, two points were clustered, skewing
the relationship. In effect, the correlation was based on only two points. These data were not used

further.
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Figure 9. a) Plot of relative SIC area vs. concentration from the XPS, indicating what was
considered a valid relationship. The data were widely spaced. b) Plot of relative SIC area vs.
concentration from the XPS, indicating what was considered not a valid relationship. The data

were not widely spaced.
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