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Nucleation and Growth Mechanism of Anion-Derived Solid

Electrolyte Interphase

Chong Yan, Li-Li Jiang, Yu-Xing Yao, Yang Lu, Jia-Qi Huang, Qiang Zhang*

Abstract: Solid electrolyte interphase (SEI) has been widely
employed to describe the new phase formed between anode and
electrolyte in working batteries. Significant advances have been
achieved on the structure and composition of SEI as well as on the
possible ion transport mechanism. However, the nucleation and
growth mechanism of SEI catches little attention, which requires the
establishment of isothermal electrochemical crystallization theory.
Herein we explore the virgin territory of electrochemically crystallized
SEI. By using potentiostatic method to regulate the decomposition of
anions, an anion-derived SEI forms on graphite surface at atomic
scale. After fitting the cur-rent-time transients with Laviron theory and
Avrami formula, we conclude that the formation of anion-derived
interface is surface reaction controlled and obeys the two-dimensional
(2D) progressive nucleation and growth model. Atomic force
microscope (AFM) images emphasize the conclusion, which reveals
the mystery of isothermal electrochemical crystallization of SEI.

The development of rechargeable batteries facilitates our
mobile life and efficiently assists to become global carbon-
neutral.l' Among all components of batteries, electrode materials
and electrode/electrolyte interfaces are always mentioned in the
same breath, inseparable like shadows.? 3 When an electrode
operates beyond the stability window of electrolytes, which is
widely accepted that a solid electrolyte interphase (SEI) forms at
the electrode/electrolyte interface and dictates the performance of
the working devices. % The investigation of SEI is still a
challenging topic till today,®! and fortunately significant advances
have been made on the structure [ and composition of SEI ®las
well as on the ion transport mechanism.? 9

However, as a first-order phase transition that produces
nanoscale crystalline products at the electrode/electrolyte
interface, the nucleation and growth mechanism of SEI has
always been a mystery. The scenario focuses on the formation
theory is an un-cultivated land that has not been reported yet. In
addition, the SEI is difficult to characterize because of its rapid
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manner of formation, air sensitivity and fragility against high-
energy  photon/electron  beam.'> ' Therefore, the
crystallographic mechanism of SEI needs to be carefully studied,
which may guide the design of SEI with desired properties.

Note that the solvation structure of electrolyte dominates the
interface properties of a battery.> 5 Different electrolyte systems
with distinct solvation structures are chosen as model systems in
this work (Figure 1a), including routine concentration electrolyte
(RCE),'”> ™ high concentration electrolyte (HCE),!'*"€! |ocalized
high concentration electrolyte (LHCE) ['”- "®land weakly-solvating
electrolyte (WSE).["¥! Ethylene carbonate (EC) or other strongly-
solvating solvents completely occupy the inner solvation sheath
in RCE,["3l while anions can replace parts of solvents to appear in
the inner solvation sheath of HCE, LHCE, and WSE by
electrostatic ion-pairing interactions.['® 7. 9 |n general, the
species that participate in the inner solvation sheath will be
preferentially reduced to form SEI. It has been reported that EC
solvent occupies the inner solvation layer and preferentially gets
reduced, the decomposition potential of EC solvent in RCE is
around 0.8 V versus Li/Li*.?® Compared with organic solvents,
anions involved in the solvation structure are electrochemically
reduced at higher potentials to form anion-derived SEI.I'"! The
mechanism of polycrystalline SEI induced by solvents or anions
needs to be explored in-depth.l']

In this contribution, an anion-derived SEI layer was generated
on electrode surface through a potentiostatic method. By
controlling the decomposition of anions and inhibiting the
decomposition of solvents at atomic scale, an inorganic-rich
polycrystalline of SEI was identified. After fitting the as-obtained
current-time transients with the Laviron theory @' 22 and the
Avrami formula,’?® 21 we find that surface reduction reaction
concerns exclusively the adsorbed species, and the formation
mechanism of anion-derived interface obeys two-dimensional (2D)
progressive nucleation and growth model. These results reveal
the mystery of isothermal electrochemical crystallization model of
SEL

Graphite electrode was employed as the substrate for studying
nucleation and growth behavior of SEI due to the low chemical
reactivity and few side reactions. Two types of voltage curves are
obtained in typical electrolyte systems (Figure 1b). The potential
of graphite abnormally rebounds to a higher value in HCE, LHCE,
and WSE under galvanostatic discharge condition, forming a
voltage pit. However, it does not happen in RCE (Figure 1c). The
formation of such a voltage pit is a typical sign of nucleation
overpotential. That is, an additional driving force for anion-derived
SEI formation is needed to deposit nanoscale nuclei on the
working electrode in HCE, LHCE, and WSE, leading to the
sudden increase of working potential. It is still a mystery whether
the nuclei will occur when EC is reduced on the electrode,
because the responding signal can not be detected effectively.
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Figure 1. The diagram of solvation structure and the electrochemical

performance. (a)The ion-solvents solvation sheaths of RCE, HCE, LHCE and
WSE. (b) The capacity-potential plots of the 1%t cycle in Li | graphite batteries.
(c) is the enlarged drawing of the dashed box in (b), the dashed cycle in (c)
exhibits the abnormal potential-rebounded phenomenon.

The compositions of raw graphite electrode (Figure S1) and
anion-derived SEl on graphite were characterized by X-ray
photoelectron spectroscopy (XPS). By comparing the SEI formed
in HCE (Figure S2), LHCE (Figure S3 and S4), and WSE (Figure
$5), we conclude that the chemical components of SEl in different
electrolyte systems remain similar. The spectra of C 1s is from the
graphite electrode, and the spectra of F 1s is generated from the
LiF (684.8 eV) and PVDF binder (688.3 eV). Li,O (528.0 eV), LisN
(397.5 eV), and Li»S (161.1 eV) are all confirmed in the spectra of
O 1s, N 1s and S 2p (Figure S1-5). The inorganic products
originate from the decomposition of FSI-, which has been
reported in previous studies.l' 2 The results identify that the
interface covering graphite is dominated by the reduction of
anions in HCE, LHCE, and WSE. In order to clearly investigate
the formation mechanism of SEI, this work employs WSE as the
key object of research.

The abnormal phenomenon indicates a special electrochemical
reaction has taken place at the three-phase boundary of graphite
electrode, SEI, and electrolyte. Cyclic voltammetry was employed
to investigate whether the feedback is surface reaction controlled
or interface diffusion controlled. A positive linear relation between
the reduction peak current and scanning rate is established,
confirming that the surface adsorbed species dominate the
reaction on graphite surface (Figure S6).2° Therefore, Laviron
theory (1)?? is obeyed and the number of transfer electrons (n) is
calculated to be 1.84, evidencing a two-electron reduction path of
FSI=. The analysis above is based on the following equation:

ip=n?F2ATv/ART=nF QV/4RT (1)
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where i is the current peak, F is the Faraday constant, A is the
reaction area of electrode, Q is the charges, T is the experimental
temperature, n is the transfer electrons and v is the scan rate.
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Figure 2. The PITT measurements of Li | graphite batteries. (a) The response
current with the gradient decreased potential near the reduced potential of EC
and (b) FSI~ in RCE and WSE.

Potentiostatic intermittent titration technique (PITT) with a 0.05
V interval was further used to study the details of the abnormal
voltage-rebounding phenomenon. This technique allows us to
determine the overpotential needed to trigger the nucleation
process. For RCE, there is no additional signal from 1.0 to 0.6 V
(Figure 2a), but it is easy to observe the rising current in WSE
from 1.2 to 1.1 V (Figure 2b). The rising current is attributed to
the nucleation and growth of crystals occurred at the three-phase
boundaries on graphite electrodes. Moreover, the generated
nanocrystals possess poor affinity with the organic electrolytes,
presenting a high surface energy barrier that must be overcome.
The results are well consistent with the potential-rebounding
phenomenon. It is worth mentioning that the responding current
peak has not been detected in RCE, which does not represent the
absence of nucleation and growth for solvent-derived SEI. It may
be a result of to the strong affinity between SEI and electrolytes.

Therefore, potentiostatic method was selected to control the
specific decomposition of anions (FSIY) and inhibit the
decomposition of solvents, which expects to harvest an anion-
derived SEI on graphite surface.

The corresponding current and potential plots versus time are
presented in Figure 3a. An obvious nucleation and growth peak
was detected. We plot (I/l,)? against t/t, and fit it with the
theoretical formulae (Equation (2), (3), (4), (5)) of progressive (P)
/ instantaneous (1) nucleation by 2D (BFT model) ¢ or 3D (SH
model) growth mechanisms:?" Herein, BFT represents Beweick,
M. Fleischman, and H.R. Thirsk; SH represents Scharifker-Hills.

Him=(t/tm) €xp{1/2 [(1=(ttm)2]} (2,2D1)
Hlim=(Utm)? exp{2/3 [1=(t/tm)°]} (3,2DP)
Jlim=(1.9542 t/t)"2{1-exp[1.2564t/t,]} (4,3DI)
Jlim=(1.2254 t/t)"%{1-exp[2.3367 (t/tm)?]} (5,3DP)
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where jm is the maximal peak and t. is derived from the maximum
at time t=ty.
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Figure 3. The 2D progressive nucleation and growth of the anion-derived SEI.
(a) the potential and current plot versus time for a Li | graphite battery with WSE.
(b) The t/tm and (I/Im)? plots (solid line) in comparison with theoretical 2D and 3D
models. (c) The fraction transformation of the SEI versus time after
normalization. (d) Avrami plot after fitting the enclosed part in (c). (e) The
schematic diagram of the 2D progressive nucleation and growth at the three-
phase boundary between graphite, SEI and electrolyte.

The obtained results are well-consistent with progressive
nucleation and 2D growth (Figure 3b). The (I/I)? increases
rapidly at the beginning and finally approaches zero, representing
a self-limiting growth regime.

In addition, a normalized sigmoidal cumulative function and the
fitting data were exhibited in Figure 3c according to the Avrami
formula (Equation (6)):24

Y=1-exp(-Bt") (6)

where Y is the fraction of the materials has been transformed, B
is a kinetic constant, n is the Avrami exponent.

An Avrami exponent of 1.0 at the beginning and 3.0 at the
middle-posterior segment are observed (Figure 3d), further
evidencing the progressive nucleation and 2D growth.?8l
Therefore, the nucleation and growth model of anion-induced SEI
can be described as the scenario (Figure 3e): the SEI formation
is dominated by surface reaction (reduction of FSI~ here), and the
electron transfer number is 2. The number of nucleation sites
increases progressively, and each nucleus undergoes 2D growth
before overlapping with others. Only when the whole electrode
surface is completely covered by reduced products, an ion-
conducting but electron-insulating polycrystalline film forms,
which marks the end of SEI growth.

When the electro-crystallization was finished, subsequent
intercalation of Li ions into graphite can follow (Figure S7a).
Expectedly, the potential-rebounded phenomenon disappears
(Figure S7b) due to the existence of an SEI. The post-
galvanostatic curve perfectly overlaps with the original one below
0.8 V (Figure S7c). The result emphasizes that the anion-induced
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SEI has been completely formed at 1.10 V and there is no extra
electrodeposition of SEI below 0.8 V. Moreover, the nucleation
and growth process of SEI will contribute about 5% capacity of
the battery (Figure S7b), which helps to quantitatively explain
why the intercalation capacity of graphite always exceeds the
theoretical specific capacity (372 mAh g™") in the first cycle.

Electrochemical impedance spectroscopy (EIS) was obtained
to evaluate the trends in SEl resistance during formation process.
The results demonstrate that the resistance of electrode is
reduced during SEI nucleation and growth (Figure S8). By
employing the distribution of relaxation times (DRT) analysis,?%
we find the decrease of SEI resistance is the dominate factor
(Figure S89), which is attributed to the increase of SEI ionic
conductivity and compact feature. In addition, it is also found that
the reduction amplitude of resistance is synchronous with the
response current. The rapid increased current corresponding to
the sharp reduced resistance (Figure S8b,h) while the almost
constant current lead to the slight change of resistance (Figure
S8c,i). This confirms the electrochemical crystallization process
of electrode can be regulated by the potentiostatic deposition time.

The electrodeposition rate of SEI highly depends on the over-
potential of electrodes (Figure S10). Note that the high driving
force of the electrode can overcome the surface nucleation
energy barrier, accelerating the SEI formation and shorten the
maximal duration to reach current peak. The transformed data
(Figure S11) of t/t,, and (I/I,)? at 1.08 and 1.04 V also confirmed
2D progressive nucleation and growth after comparison with
theoretical models. When we raise the potential of the electrode
to 1.24 V, the nucleation and growth time of SEI has obviously
increased, and the number of responding peaks is 4 (Figure $12),
probably corresponding to the multilayer 2D growth of SEI.E% The
influence on the thickness and structure of polycrystalline SEI
formed under different over-potentials will be involved in the future
work.
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Figure 4. The AFM ex situ studies for the anion-derived SEI. (a) The schematic
diagram of the AFM measurement on HOPG and the SEI of mosaic structure in
WSE. (b) The AFM height and phase images of transient SEI formed on HOPG.

Furthermore, the nucleation and growth of anion-derived SEl is
investigated by atomic force microscopy (AFM) with highly
oriented pyrolytic graphite (HOPG) as the substrate (Figure 4a).
When control the fraction of the transformed crystals to about 55%
(Figure S13), so that both the nucleation sites, 2D growth flakes
and blank areas can be observed (Figure 4b). The thickness

This article is protected by copyright. All rights reserved.
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amplitude of the HOPG is about 1.6 nm, indicating there is
insufficient space to accommodate the 3D growth of products.
Therefore, the results of AFM enhanced the 2D progressive
nucleation and growth model of SEI. The SEl is mainly composed
of inorganic compounds (including Li2O, LiF, Li,S, LisN, etc.) and
exhibits a mosaic structure.

There are at least three design principles that need to be
considered when controlling the nucleation and growth of SEI on
electrodes. Firstly, the electrochemical reduction potential of
anions must be higher than that of solvents. The reduction
potential mentioned here takes into account the influence of
solvation. Secondly, the reduced products should have poor
solubility and weak affinity with electrolyte, which ensure that the
corresponding signal can be detected from the electrochemical
curves and facilitate to start, pause and terminate the nucleation
and growth process of SEI. Thirdly, the overpotential applies on
the electrode should not be high. The high over-potential hardly
ensures the complete decomposition of species, and the strong
driving force can cause the out-of-order stacking of crystals.

In summary, we report the electrochemical crystallization
behavior of SEI for the first time. The nucleation and growth
behavior of anion-derived SEI on graphite electrode is revealed
by classical crystallographic theories, demonstrating a 2D
progressive nucleation and growth regime. The results explore an
uncultivated land of SEI and the methodology here can be
extended to the investigation of SEI on other anode materials
(silicon, lithium metal, zinc, etc.). The conclusion of this
contribution takes a major step toward the understanding of
isothermal electrochemical crystallization theory of SEI, which
exhibits huge potential in designing controllable interfaces in
rechargeable batteries.
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The nucleation and growth behavior
of anion-derived SEI on graphite
electrode is revealed, the number of
nucleation sites increases progressive-
ly, and each nucleus undergoes 2D
growth before overlapping with others.
Only when the whole electrode surface
is completely covered by reduced
products, an ion-conducting but
electron-insulating polycrystalline film
forms, which marks the end of SEI
growth.
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