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Stable solid electrolyte interphase (SEI) has been well established to be critical for the reversible
operation of Li (ion) batteries, yet our understanding of its mechanical properties currently remains
incomplete. Here, we used an electrochemical quartz crystal microbalance combined with dissipation
monitoring (EQCM-D) to investigate SEI formation. By quantitatively estimating in-situ, the change in
mass, shear modulus, and viscosity of the SEI, we show that the SEI formation in propylene carbonate
(PC)- and ethylene carbonate/diethyl carbonate (EC/DEC)-based electrolytes involves the growth of a
rigid layer followed by a viscoelastic layer, whereas a distinct “one-layer” rigid model is applicable to the
SEI formulated in tetraethylene glycol dimethyl ether (TEGDME)-based electrolyte. With the continuous
formation of the SEI, its shear modulus decreases accompanied by an increase in viscosity. In TEGDME,
the lightest/thinnest SEI (mass lower than in PC by a factor of nine) yet having the greatest stiffness (more
than five times that in PC) is obtained. We attribute this behavior to differences in the chemical
composition of the SEIs, which have been revealed by tracking the mass-change-per-mole-of-electron-
transferred using EQCM-D and further confirmed by X-ray photoelectron spectroscopy.
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The solid-electrolyte interphase (SEI) is a passivation layer
formed on the surface of a Li (ion) battery anode generated by the
decomposition of the electrolyte at low reductive potentials of the
anode [1]. An ideal SEI should be mechanically robust and
electrically insulating while being ionically conductive, to inhibit
further electrolyte decomposition and loss of anode capacity. The
presence of a stable SEI is thus indispensable to the reversible and
stable cycling performance of a battery [2]. For Li metal anodes, a
stable SEl is even more critical due to the extremely low reductive
potential of Li (-3.045V versus the standard hydrogen electrode),
which makes it highly reactive towards electrolytes. Moreover, the
very high theoretical capacity of the Li metal anode (3860 mAh/g)
is invariably associated with significant volume change, which can
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break the SEI and expose fresh Li to the electrolyte triggering the
formation of a new SEI and dead Li, causing dendritic Li growth and
rapid capacity decay. Considerable efforts have been made in
recent times to achieve an optimal SEI. For example, it was noted
that the introduction of some inorganic salts as additives to the
electrolyte increased the chemical stability of the SEI by changing
its composition and inhibiting side reactions to significantly
improve the cycling performance of Li metal anodes [3,4]. Recently,
more approaches have been proposed to obtain a thinner and more
stable SEI layer, such as the employment of special anions and
highly concentrated electrolyte [5-7]. Moreover, artificial SEIs
composed of carbon materials, polymers, inorganic conductive
compounds, and electrochemically active metals have been
reported to suppress parasitic reactions of Li metal in liquid
electrolytes [8-11].

To obtain a stable SEI, it is vital to understand how its structure,
composition, and more importantly, its mechanical properties
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evolve on an active anode surface. In this context, significant efforts
have been made over the last few decades to elucidate the role of
solvents and additives in the formation and evolution of SEI on
different anode materials [12,13]. However, understanding the SEI
is very challenging due to its complexity in structure and
composition, which are not fixed but evolve over time and during
cycling. Although a variety of methods have been used to
characterize the nature of the SEI [14,15], much less is known
about how its mechanical properties change during battery cycles,
which is extremely important for its stability and consequently for
the cycling stability of the electrode.

Electrochemical quartz-crystal microbalance with dissipation
monitoring (EQCM-D) is a powerful tool for the in-situ measure-
ment of interfacial behavior. This technique, although used initially
for the quantitative characterization of the viscoelastic properties
of polymeric coatings, has great potential for interface analysis in Li
(ion) batteries [16]. When adsorbates begin to form on a test
substrate (a Cu coated quartz plate in this case), the mass change
(Am) of the adsorbates on the substrate surface can be converted to
change in resonant frequency (Af) of the quartz crystal through the
piezoelectric effect. The change in mass can be measured with an
accuracy as high as nanogram per square centimeter [17]. This
technique can thus be used to monitor the change in mass of a thin
film without damaging it. In addition, by monitoring the energy
dissipation (AD), which is essentially a physical quantity related to
the rate of decay of the oscillation amplitude of the wafer once the
applied electric field is turned off, a series of viscoelastic properties
(including shear modulus and viscosity) can be measured [18].
Previous studies have demonstrated the efficacy of EQCM-D as an
effective and reliable tool to detect changes in mechanical
properties of battery electrodes [19-21].

In this work, we employed EQCM-D to in-situ monitor SEI
formation when the electrode potential was decreased from open-
circuit voltage (OCV) to OV (versus Li/Li*). The mass, shear
modulus, and viscosity of the SEI were recorded in a time-resolved
manner in three electrolytes and the results were compared. The
masses of the SEIs formed in propylene carbonate (PC)-, ethylene
carbonate/diethyl carbonate (EC/DEC)-, and tetraethylene glycol
dimethyl ether (TEGDME)-based electrolytes were quantitatively
measured to be 20.9, 4.7 and 2.4 p.g/cm?, respectively, indicating
the highly reactive nature of PC and the much more inert nature of
TEGDME. The calculated values of the mass-change-per-mole-of-
electron-transferred (mpe) point to the deposition of lithium
carbonate and long-chain organic carbonates in PC- and EC/DEC-
based electrolytes, while lithium oxide, lithium formate, and short-
chain polyethers with -OLi edge groups are the major components
in the TEGDME-based electrolytes; these results are in accordance
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with X-ray photoelectron spectroscopy (XPS) analysis. In PC- and
EC/DEC-based electrolytes, SEI formation involves the initial
deposition of a rigid layer followed by the growth of a viscoelastic
layer on top. This is considerably different from the SEI formed in a
TEGDME-based electrolyte, which remains rigid during the entire
process. The estimated shear moduli of the SEIs formed in PC-,
EC/DEC- and TEGDME-based electrolytes are 20, 26 and >100 GPa,
respectively. The thin yet much stiffer SEI formed in TEGDME or
other ether-based electrolytes should be responsible for the
improved electrochemical performance of Li metal anodes in
these media.

To study the effect of solvent on the SEI, EQCM-Danalyses were
performed in a two-electrode cell with copper coated quartz plate
(Cu/quartz) as the working electrode and a Li coated stainless steel
plate functioned as the counter electrode (Fig. S1 in Supporting
Information). The Af and AD signals were generated due to the
piezoelectric effect of the quartz substrate during the generation of
the SEI at the Cu surface. EC/DEC mixture (1:1, v/v) is a widely used
solvent in commercial Li-ion batteries as it can form a nearly ideal
SEI on a graphite anode, while PC, though differing by only one
methyl group from EC, does not form a protective SEI [22].
TEGDME, being relatively non-flammable, is a promising ether-
based solvent for high-energy Li metal batteries to ensure safe
long-term operation [23]. All the three solvents containing 1.0
mol/L LiClO4 were tested to study the effect of solvent on the
formation of SEI. LiClO4 is applied instead of the LiPFg, a salt more
widely used in commercial electrolytes, to avoid the formation of
HF, which can etch away the 100 nm-thick Cu coating from the
quartz substrate, leading to the electrode failure in about tens of
minutes. Electrochemical measurements were performed in the
voltage range from the open-circuit voltage (OCV) of the cell,
which was then discharged to 0 V at a low current density (0.1 mA/
cm?) to generate an initial SEI layer on the Cu/quartz substrate. The
SEI formed in the initial discharge plays a key role in the electrode
performance [24]. Fig. 1 presents the time dependence of the
change in dissipation (AD,) and the normalized frequency shift
(Afyn/n) of the Cu/quartz electrode forvariousharmonics (n=5, 7, 9)
along with the potential of the Cu/quartz electrode. AD,, and Af,/n
are closely related to the elasticity and viscosity of the film
deposited at the Cu/quartz substrate and are key parameters in the
analysis of the physical properties of the SEI on the electrode
surface. It is worth noting that the AD, and Af,/n values measured
at lower overtones (n=1, 3) were not selected for analysis due to
their testing ranges being close to the boundary of the quartz plate,
which may introduce uncertainties in the measured values. In
Fig. 1, it is observed that Af,/n curves traced in different
electrolytes show a downward trend with discharge time,
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Fig. 1. Plots showing the shift in energy dissipation AD, and the normalized frequency shift Af,/n acquired by EQCM-D, and the working electrode potential during the first
discharge process at 0.1 mA/cm? from OCV to 0V in electrolytes containing (a) PC, (b) EC/DEC and (c) TEGDME as solvent and 1.0 mol/L LiClO, as salt.
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indicating a monotonous increase in the mass deposited on the
Cu/quartz surface. The AD, values measured in carbonate-based
electrolytes (PC and EC/DEC) increase considerably to AD, >
10 x 106, while that measured in the ether-based electrolyte
(TEGDME) shows only a very small variation. Combing AD,,, Af,/n,
and the discharge potential (V), we can further analyze the
mechanical properties of the SEI formed on the Cu/quartz
electrodes.

Two different models were applied to analyze the mechanical
properties of the films deposited on the Cu/quartz surface in the
different electrolytes. For a dense thin film that is rigid, we can use
the Sauerbrey equation (Af = —C; Am), where Cyis the sensitivity
factor of the crystal (Cy=0.056 Hz ng~"' cm™2), to describe the linear
relationship between the frequency change (Af) and the mass
increase (Am) of the thin film from which, the specific mass change
can be estimated [25]. In contrast, a viscoelastic film on the quartz
substrate has to be modeled using the Kelvin-Voigt model which
combines viscous and elastic components in parallel using Af and
AD as input data. This analysis, after curve fitting, gives
information on the mass, shear elasticity, and viscosity of the
film [18]. There are various explanations for how to determine
whether the viscoelastic model fits to the film deposited on the
quartz surface in previous reports [19,26]. One of the accepted
methods is that a rigid film on a vibrating quartz substrate results
in Af,/n over AD,, (n=5) of < —40 x 10° Hz [19]. On the contrary, if
Afa/n over AD, (n=5)is > —40 x 10° Hz, the film can be analyzed
using the viscoelastic model (Fig. S2 in Supporting information).
For the SEIs formed in the two carbonate-based electrolytes
(Figs.1a and b), arigid layer is observed prior to the deposition of a
viscoelastic layer, which is in accordance with previous reports on
the two-layer structure of the SEI formed on a graphite anode in
carbonate-based electrolytes [27]. However, in the ether-based
electrolyte (Fig. 1c), a distinctly different process takes place with
the formation of only a rigid layer.

Fig. 2 shows the mass change of the Cu/quartz electrode with
discharge time in PC-, EC/DEC- and TEGDME-based electrolytes,
which are derived from the Sauerbrey equation and Kelvin-Voigt
model for the rigid and viscoelastic layer, respectively. The details
of the fitting parameters and results by Kelvin-Voigt model are
given in Table S1 and Fig. S3 (Supporting information) to get
optimized fitting results by minimizing the 4.
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In PC-based electrolytes (Fig. 2a), the electrode potential
decreases from OCV to 14V in 82s. During this stage, the
adsorbates on the electrode surface can be modeled as a rigid layer,
which has an areal mass density of 1.4 pg/cm? and mpe of 15 g/mol
calculated using the Sauerbrey equation. The detailed mpe
calculation methods are shown in Note 1 (Supporting informa-
tion). This low mpe detected by EQCM-D at potential >1.4V can be
ascribed to the formation of lithium oxides on the surface of the
copper substrate accompanied by the reduction of copper oxide
[28]. When the electrode potential is < 1.4V, the coating on the
electrode surface changes to a viscoelastic layer, indicating that a
“soft” SEI starts to be generated, the mass of which increases
rapidly with discharge time to reach 19.5 p.g/cm? at the electrode
potential of 0V; this behavior is consistent with a previously
reported conclusion that the SEI formation process starts from
1.4V in PC [29]. The viscoelastic layer formation in the PC-based
electrolyte (potential range of 1.4-0V) can be divided into two
regions according to the different mpe values (Fig. 2a). In the range
of 1.4-0.54V, the decomposition of PC generates high molecular
weight species with mpe of 74, which we attribute to the formation
of organic carbonates, e.g., (CH3),CHOCO,Li. In contrast, in the
voltage range of 0.54-0V, low molecular weight species (mpe of
40), for example, lithium carbonate (Li,CO3), are the main
reduction products [29]. Overall, the total mass of the rigid and
viscoelastic layers formed at the electrode surface in the PC-based
electrolyte is 20.9 pg/cm?.

In EC/DEC-based electrolyte (Fig. 2b), a rigid layer with an areal
mass of 2.1 wg/cm? and mpe of 17 is first formed (potential range of
0OCV-0.6V), followed by the generation of a viscoelastic layer
during the subsequent discharge process (potential < 0.6 V). The
formation of the viscoelastic SEI layer in EC/DEC starts at the
electrode potential of 0.6 V, which is much lower than the value
(1.4V) observed in the PC-based electrolyte, indicating delayed
electrolyte decomposition. Furthermore, in the potential range of
0.6-0V, the mpe value remains at about 28 g/mol, indicating that
the chemical reaction occurring on the electrode surface is
different from that in PC. Considering the conclusions from
previous research of other groups, this process should involve the
reduction of EC, and the formation of lithium ethylene dicarbonate
(LEDC) and Li,CO5 [29,30]. Note that the total mass of the rigid and
viscoelastic layers formed in the EC/DEC-based electrolyte is
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Fig. 2. Mass changes estimated from EQCM-D data modeling results during the first discharge process from OCV to 0V in (a) PC-, (b) EC/DEC- and (c) TEGDME-based
electrolytes. The first layer closest to the Cu electrode was fitted to the Sauerbrey equation and the second layer was fitted using the Kelvin-Voigt model; the values of mpe are
shown along with for clarity. SEM images of the SEI cross sections on the copper electrode in (d) PC-, (e) EC/DEC- and (f) TEGDME-based electrolytes when charged to 0 V and

held at 0V for 10 min. The discharge current density was 0.1 mA/cm? in all cases.
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4.7 wg/cm?, which is only 22.5% of that formed in the PC-based
electrolyte (20.9 pg/cm?), indicating a greatly reduced decompo-
sition of EC/DEC than PC. Moreover, monitoring the change in mpe,
we find that in PC, the principal component of the SEI is formed in
the potential range of 1.4-0.54 V with a large mpe (Fig. 2a), which is
absent in EC/DEC (Fig. 2b).

When the ether-based electrolyte TEGDME replaced the carbon-
ate-based electrolyte, a completely different profile is observed in the
mass-time curve (Fig. 2c). Dissipation (AD,) continuously
approached zero during the whole discharge process, showing a
rigid electrode surface throughout the SEl deposition process. When
the electrode potential is reduced to 0V, the overall increase in
electrode mass is only ~2.4 pg/cm?, which is much smaller than
those obtained in the PC- (20.9 pg/cm?) and EC/DEC- (4.7 p.g/cm?)
based electrolytes. Moreover, the lower average mpe in all the
regions as compared to PC and EC/DEC shows that the degree of
electrolyte decomposition is relatively low and the products are
mostly small molecular compounds with short chains. These
different SEI formation processes in ether and carbonate electro-
lytes resultin significant differencesin the final SEl composition and
mass. The mass ratio of the SEIs generated in PC-, EC/DEC-, and
TEGDME-based electrolytes is 9:2:1. Considering that these
predicted possible SEI products have similar density (around
2 g/cm?)[19,31], we infer that the SEI is the thickest in PC and the
thinnest in TEGDME. To obtain the cross sectional-thickness of the
SEI, the electrode potential was reduced from OCV to 0 V and held at
0V for 10 min to yield a thick SEI that is visible in SEM. The cross-
sectional thicknesses of the SElin PC-, EC/DEC- and TEGDME- based
electrolytesare ~870,~250and ~110 nm, respectively. This trend of
thickness variation is in accordance with the EQCM-D results.

About the viscoelastic properties, fitting parameters are
included only for PC and EC/DEC (Supporting Information
Table S1), because the film in TEGDME is rigid enough to be
characterized as a Sauerbrey layer. As shown in Fig. 3, in PC- and
EC/DEC-based electrolytes, with the formation of SEI, the shear
modulus (1) continues to decrease and the viscosity (1) continues
to increase, indicating the formation of a “soft material” at the
electrode/electrolyte interface [32]. The initial shear modulus
derived from the viscoelastic model is ~100 GPa, indicating that
prior to the deposition of the viscoelastic layer, the stiff SEI that
covered the electrode still behaves like a rigid structure. It also
means the shear modulus of SEI generated in TEGDME is larger
than 100 GPa. When the potential is down to 0V, the SEI in PC still
preserves a certain rigidity (i =20 GPa) and the shear modulus is
higher than the previously reported value, which could be due to
the non-uniform distribution of Li,CO3 [33]. Besides, in the
PC-based electrolyte, the viscosity increases to 11 x 10> kgm™' s
with SEI formation (Fig. 3a). In contrast, using an EC/DEC-based
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electrolyte results in an SEI with a slightly higher shear modulus
(;4=26 GPa) and much lower viscosity (n = 3.7 x 102 kg m™! s71)
than in a PC-based electrolyte, indicating the greater rigidity of the
SEI formed in this electrolyte (Fig. 3b). It is worth noting that the
mechanical properties as measured by QCM are averaged over the
whole electrode interface. The actual SEI may not be homogeneous
and the shear modulus in some regions may be relatively small.

To understand the difference in mechanical properties of the
SEIs formed in carbonate and ether-based electrolytes, the
chemical compositions of the SElIs were analyzed by XPS
(Fig. 4). The specimens for XPS analysis were transferred in an
argon-filled tube to avoid exposure to moisture or oxygen. The
atom ratios of the Li, C, O and Cl elements in the SEI formed in
different electrolytes are shown in Table S2. The atom ratios of CI
detected from the SEI are about two orders of magnitude lower
than Li, C and O, indicating that the SEI mass originated from the
decomposition of LiClO4 is very low. Note that the SEI films formed
in both PC- and EC/DEC-based electrolytes comprise a rigid layer
covered by a viscoelastic layer. Though the total areal mass
(thickness) of the SEI formed in PC is much larger than that in EC/
DEC, the shear modulus of the SEI formed in the carbonate-based
electrolytes are quite close (20 and 26 GPa for the SEIs formed in PC
and EC/DEC, respectively). The C 1s (Fig. 4a) and O 1s (Fig. 4b)
spectra of the SEIs formed in PC and EC/DEC are also very close,
both presenting pronounced signals that can be assigned to Li,CO3
(289.8 eVin C 1s and 531.5 eV in O 1s), Li,0 (528.1 eV in O 1s), and
lithium alkyl carbonate (ROCO,Li, 288.6 eV in C 1s and 533.5 eV in
O 1s spectra), which are commonly observed in carbonate-based
electrolytes [34,35]. Notably, a CuO peak (529.8 eV in O 1s) also
appears (Fig. 4b), probably due to the partial oxidation of the Cu
electrode. However, for the SEI formed in TEGDME-based
electrolyte, small molecular species, such as Li formate (HCO-Li,
289.1 eVin C1sand 531.3 eV in O 1s), short-chain polyethers with
-OLi edge groups (530.8 and 533.0eV in O 1s) and Li,O are the main
components [36,37]. These conclusions on the chemical composi-
tion of SEIs as revealed by XPS analysis are consistent with those
determined from mpe analysis using the EQCM-D technique. Thus,
the considerable difference in chemical composition between the
SEIs formed in the carbonate- and ether-based electrolytes should
be the reason for their different mechanical properties.

In conclusion, the mechanical properties of SEIs were monitored
in-situ using EQCM-D, which provides quantitative values of the
areal mass, shear modulus, and viscosity. The different trends in
frequency (Af) and dissipation changes (AD) as measured by EQCM-
Dindicate that SEIsin PC-and EC/DEC-based electrolytes are formed
initially by growing arigid layer followed by a viscoelastic overlayer.
In contrast, a distinct “one-layer” rigid model is found to be
applicable for the analysis of the SEI formed in the TEGDME-based
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Fig. 3. The change in viscoelastic properties, shear modulus (1) and viscosity (1) in
real-time during SEI formation in (a) PC- and (b) EC/DEC-based electrolytes
calculated using the Kelvin-Voigt model.

Fig. 4. XPS of the SEIs on Cu surface in different electrolytes. (a) C 1s, (b) O 1s XPS
spectra of the SEl at 0 V.
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electrolyte. This implies that the structure and composition of the
SEIs formed in the TEGDME-based electrolyte cannot be reliably
modeled using the widely accepted two-layer model. Moreover, SEI
masses reached 20.9 and 4.7 pg/cm? in PC- and EC/DEC-based
electrolytes, respectively, compared to 2.4 ug/cm? of SEI in
TEGDME-based electrolyte. However, the shear modulus of the
SElin TEGDME is more than five times that in PC- and EC/DEC-based
electrolytes and the shear modulus decreased and viscosity
increasedcontinuously during the formation of the SEI. This
in-situ technique will thus serve to advance our understanding of
the SEI formation and its stability in other types of Li (ion) batteries
and provide new ideas for SEI and electrolyte design in the future.
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