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Fabricating an artificial solid electrolyte interface (SEI) is a promising approach to improve cycling stability of
lithium metal batteries. In this work, a new category of artificial SEI based on oxygen vacancy-rich hybrid
nanoparticles was prepared by covalently grafting polymers from yttria—stabilized zirconia (YSZ) nanoparticles
via surface-initiated atom transfer radical polymerization (SI-ATRP). The hairy nanoparticles had high dis-
persibility in dimethylsulfoxide, and were solution casted into uniform thin films with high inorganic content,
high ionic conductivity (>1 x 10~% $/cm at r.t.), and good mechanical properties (Young’s modulus 7.56 GPa).

No dendrite formation was observed by in-situ optical microscopy on a lithium metal protected by such artificial
SEL Protected anodes were stably cycled at 3 mA/cm? and 3 mA h/cm? with low overpotentials (20 mV) for
>2500 h. LiNiggCo0¢.15Alp.0s02 (NCA)|Li full cells with protected Li anode showed much higher specific
discharge capacity at various rates and improved capacity retention compared to unprotected Li anode.

1. Introduction

Despite the huge market success of lithium ion batteries (LIB), the
research community continues to seek a battery technology that is
“beyond LIB” with higher energy densities and at least comparable
cycling stability [1,2]. Encouraging advancements have been made in
anode, cathode and electrolyte components [3-10]. Yet the fundamental
part of this quest is widely recognized as enabling the use of lithium
metal anode, which has the lowest redox potential (—3.040 V vs. the
standard hydrogen electrode) and highest theoretical capacity (3860
mA h/g) among possible anode materials [11]. In a typical LIB, a stable
solid electrolyte interface (SEI) layer is spontaneously formed between
the graphite anode and organic electrolyte. A stable SEI can prevent the
reduction of electrolytes and facilitate the flux and de-solvation of

lithium ions, therefore greatly increasing the cycling stability of the
anode [12]. Although a lithium metal anode shares the same principle of
redox chemistries as a graphite anode, a SEI formed over a lithium metal
anode is intrinsically unstable [13]. The compositional inhomogeneity
of such SEI layer leads to poor transport of lithium ions, repeated
exposure of fresh lithium and consequent electrolyte depletion and
formation of detrimental lithium dendrites [14,15]. Therefore, it is
critical to create a conformal SEI layer that can regulate the lithium ion
flux on the lithium metal anode surface while being mechanically robust
and ionically conductive.

Previously, two types of artificial SEI for lithium metal have been
extensively explored — polymer and inorganic coatings [14,16]. Polymer
coatings could be easily formed by solution casting or formed in situ,
exhibiting a certain extent of flexibility/flowability [17]. However,
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typical polymer coatings have low ionic conductivity (<10~> S/cm at
room temperature) and poor mechanical strength, especially when
swollen by organic electrolyte. Moreover, due to the low transference
number of most polymer materials [18,19], they are inefficient at
regulating the flux of lithium ions at the anode/electrolyte interface.
Conversely, inorganic coatings, such as SiO5, AloO3, ZnO, etc., have been
proposed as an alternative, because of their high shear modulus, func-
tionality, and lithiophilicity [20-24]. Nevertheless, vague and incon-
sistent coating preparation procedures limit the applicability of
inorganic SEL. Moreover, typical brittle inorganic layers cannot with-
stand the anode volume fluctuation during lithium plating/stripping
[20]. Therefore, it is compelling to fabricate an inorganic/polymer
hybrid SEI that combines advantages of both types of artificial SEI (i.e.
facile preparation, high flexibility, ductility, transference number, and
ionic conductivity) and overcomes their respective weaknesses.

In this work, we created inorganic/polymer hybrid hairy nano-
particles by covalently grafting polyacrylonitrile (PAN) from oxygen
vacancy (V,)-rich yttria-stabilized zirconia nanoparticles (YSZ NPs) via
surface-initiated atom transfer radical polymerization (SI-ATRP). The
obtained YSZ-g-PAN hybrids (Fig. 1a) perform as effective artificial SEL
PAN was chosen due to its wide electrochemical stability window, high
ionic conductivity, and good membrane forming ability [25]. PAN has
low swellability in typical liquid electrolytes. YSZ is an oxide-ion
conductor with good conductivity and chemical/mechanical stability,
frequently used in solid oxide fuel cells. By doping ZrO, with Y503, Zr**
ions are partially replaced by Y3 ions in the crystal lattice, resulting in
the generation of positively charged oxygen vacancies V, [26,27]. When
coating Li metal with the hybrid materials, the positive surface charges
of YSZ NPs can selectively trap the anions, reducing the ion gradient
near the anode, and increasing the lithium transference number and
conductivity, while homogenizing the ion flux during lithium plating
[28]. Furthermore, compared to non-covalent YSZ/PAN blends, cova-
lently grafted hairy NPs further improve the efficiency of the artificial
SEI (Fig. 1b&c), due to the following rational: (a) YSZ-g-PAN is better
dispersed in organic solvents than non-covalent blends, resulting in
higher membrane homogeneity and higher mechanical integrity by
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avoiding particle aggregation and phase separation; (b) the reduced
crystallinity and hindered entanglement of polymer chains provided by
the star-like conformation of YSZ-g-PAN further increase the ionic con-
ductivity of the artificial SEL; (c) the YSZ-g-PAN based artificial SEI
promotes more uniform ion transport paths, avoiding uneven lithium
deposition typically caused by compositional inhomogeneity. In general,
the YSZ NPs contributed to accelerate and uniformly distribute the Li*
flux, while the grafted PAN polymer chains maintained good structural
integrity. Therefore, the SEI layer could enable uniform Li deposition
with suppressed dendrite growth and regular morphology [29,30].

2. Results and discussion
2.1. Preparation of YSZ-g-PAN hairy NPs

Key to the creation of inorganic/polymer hairy NPs is the availability
of a chemical process that allows for tethering of polymer chains onto
inorganic components. This process may involve non-covalent coordi-
nation, thus being sensitive to minor differences in surface chemical
composition and charge. As a result, it remains a challenge to effectively
graft polymers onto inorganic substrates. Alternatively, controlled
radical polymerization is a suitable tool for grafting various polymers
from the surface of inorganic particles, due to the chain-growth nature
and the modifiability of initiating sites [31-34].

Recently, our group reported fatty-acid derived initiators to graft
polymers from metals and metal oxides nanoparticles by surface-
initiated atom transfer radical polymerization (SI-ATRP) [35-37]. YSZ
nanoparticles are a metal oxide, and therefore are suitable for
surface-functionalization by these tetherable ATRP initiators due to the
abundance of surface charges and hence could be used to polymerize
acrylonitrile (AN) by ATRP [37]. However, a typical initiator,
12-(2-bromoisobutyramido)dodecanoic acid (BiBADA), contains a
2-bromoisobutyramide initiating group, which is far less reactive in
ATRP than the polyacrylonitrile chain end (PAN-Br) [38]. To overcome
this reactivity mismatch, we designed and synthesized a new
fatty-acid-derived initiator, 12-(2-bromo-2-phenylacetamido)

e ——
SI-ATRP

(d)

Fig. 1. (a) Synthetic route to YSZ-g-PAN hairy nanoparticles. (b) Non-uniform coating prepared from a non-covalent blend of YSZ NPs and PAN/LiClO4 leads to
uneven lithium deposition. (¢) Uniform hybrid coating using YSZ-g-PAN/LiClO4 leads to dendrite-free lithium deposition. (d) Transparent solution (3 wt%) of YSZ-g-
PAN hairy NPs with 24.6 wt% inorganic content dispersed in DMF (left) and opaque dispersion in DMF of non-covalent blend of YSZ NPs and PAN with identical

composition (right).
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dodecanoic acid (BPADA), that is more compatible with growing
well-defined PAN chains (Scheme S1). 2-Bromo-2-phenylacetic acid
(BPAA) was first activated with N-hydroxysuccinimide (NHS) to differ-
entiate its reactivity from the carboxylic group of 12-aminolauric acid.
This step was followed by the amidation reaction. To immobilize ATRP
initiators onto the surface of YSZ NPs, BPADA and YSZ NPs were soni-
cated together in the presence of triethylamine (TEA). The material
obtained upon sonication could not be fully precipitated from tetrahy-
drofuran (THF), even at a rotational centrifugal force (RCF) of 4000 G,
indicating successful anchoring of organic moieties onto the inorganic
surface, thus yielding initiator-functionalized YSZ NPs. Thermogravi-
metric analysis (TGA) and Fourier transform infrared spectroscopy
(FTIR) further confirmed the attachment of initiator molecules on YSZ
NPs (Figs. S1 and S2). SI-ATRP of AN was performed via initiator for
continuous activator regeneration (ICAR) ATRP, using 50-200 ppm of a
Cu catalyst [39]. Upon polymerization, the solution was purified by
dialysis against dimethylformamide (DMF).

A series of hybrid hairy nanoparticles was prepared with inorganic
contents ranging from 7.9 wt% to 71.1 wt% (Table S1). Fig. 1d shows the
enhanced solvent dispersibility of YSZ NPs with covalently grafted PAN
vs. a non-covalent blend of the same composition. The left picture is a
DMF solution of 3 wt% YSZ-g-PAN with 24.6 wt% inorganic content
after 6 months. The sample formed a transparent solution proving the
excellent dispersibility of the grafted system. In comparison, the right
picture of Fig. 1d illustrates a just prepared opaque dispersion of a non-
covalent blend of a similar weight fraction of YSZ NPs and PAN. The
uniform size distribution of covalently grafted hybrid nanoparticles was
further confirmed by dynamic light scattering (DLS) analysis, as shown
in Fig. 2a. YSZ-g-PAN samples with different inorganic content all
showed narrow size distribution in DMF. Specifically, samples with
inorganic contents of 7.9 wt%, 13.5 wt%, 24.6 wt%, and 71.1 wt%,
respectively, had an average size of 377.9 nm, 325.7 nm, 228.7 nm, and
204.6 nm (Table S1). The grafted PAN chains were isolated by etching
NPs with HF. Molecular weights (MWs) of the PAN polymers were
measured by gel permeation chromatography (GPC). As shown in
Fig. 2b and Table S1, samples with inorganic contents of 7.9 wt%, 13.5
wt%, 24.6 wt%, and 71.1 wt% had a M, of 253,500, 136,300, 79,410,
and 18,920, respectively, indicating that the size of the YSZ-g-PAN hy-
brids is correlated to the length of the grafted polymer chains. Trans-
mission electron microscopy (TEM) images of YSZ-g-PAN with inorganic
contents of 13.5 wt% (Fig. S3), 24.6 wt% (Figs. 2¢), and 71.1 wt%
(Fig. S4) showed uniformly distributed YSZ NPs with little noticeable
aggregations. In comparison, a blend of YSZ NPs (24.6 wt%) and PAN
showed high extent of particle aggregation (Fig. S5). These results
confirm the advantage of the covalent grafting-from approach that
provides uniform NPs distribution in a polymer matrix. The YSZ-g-PAN
hybrids showed excellent dispersibility also in dimethylsulfoxide
(DMSO), which was subsequently used as a solvent for the sample
coating due to its stability against Li metal. Noticeably, during the early
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stage of polymerization, the functionalized nanoparticles exhibited
relatively low dispersibility. Thus, to reproducibly prepare samples with
good uniformity at high inorganic content remains a challenge, and it
will be the focus of our future work.

2.2. Characterizations of artificial SEI

The artificial SEI was prepared by drop casting a DMSO solution
containing YSZ-g-PAN hairy NPs and LiClO4 onto the surface of fresh
lithium chips (Fig. S6). For comparison, a non-covalent blend of YSZ NPs
and PAN with LiClO4 was also prepared and drop casted onto Li metal.
The thickness of different artificial SEI layers was revealed by cross-
sectional scanning electron microscope (SEM). In Fig. S7, artificial
layer consisted of YSZ-g-PAN/LiClO4 hairy NPs and YSZ NPs/PAN/
LiClO4 non-covalent blends both showed thickness ~10 pm, which
corresponded to the amount of the casting solution on lithium chip.

Focused ion beam scanning electron microscope (FIB-SEM) was used
to study the particle distribution of the artificial SEI (Fig. 3a and
Figs. S8-10). Uniform distributions of YSZ NPs were observed for sam-
ples prepared from YSZ-g-PAN hairy NPs with inorganic content of 13.5
wt% (Fig. S8) and 24.6 wt% (Fig. 3a), indicating the homogeneity of the
artificial SEL In comparison, the coating made of YSZ/PAN non-covalent
blend (inorganic content = 24.6 wt%) showed high extent of particle
aggregation (Figs. S7 and S9). Interestingly, the artificial SEI prepared
from YSZ-g-PAN NPs with 71.1 wt% inorganic content showed aggre-
gations and gyroid-phase-like morphology (Fig. S10).

To quantify the mechanical properties, nanoindentation was per-
formed on films made of YSZ-g-PAN hairy NPs (inorganic content 24.6
wt%) and LiClO4 and membranes made of the non-covalent blend with
the same composition, respectively. Characteristic force-displacement
curves for the two samples are presented in Fig. 3b. No pile-up or
sink-in were observed, allowing for the standard Oliver and Pharr
analysis to be applied to calculate Young’s modulus and hardness [40].
The results indicated that the artificial SEI based on YSZ-g-PAN hairy
NPs showed both higher Young’s modulus (E ~ 7.56 GPa) and higher
hardness (H ~ 0.34 GPa) than that of the non-covalent blend (E ~ 4.65
GPa and H ~ 0.22 GPa) and pure PAN (E ~ 4.00 GPa and H ~ 0.19 GPa).
Such superiority of the mechanical properties should be attributed to the
higher uniformity of membranes prepared from YSZ-g-PAN hairy NPs.

Electrochemical impedance spectroscopy (EIS) was used to measure
the ionic conductivity of membranes. Encouragingly, all YSZ-g-PAN/
LiClO4 with different inorganic contents showed greatly improved ionic
conductivity compared to pure PAN/LiClO4 or non-covalent blend of
YSZ/PAN and LiClO4 (Fig. 3c). Samples with inorganic contents of 7.9
wt%, 13.5 wt%, 24.6 wt% and 71.1 wt% showed room-temperature
ionic conductivity of 0.33 x 10~* S/cm, 1.35 x 10™* S/cm 1.49 x
10~* S/cm and 0.65 x 10~* S/cm respectively, which are about two
orders of magnitude higher than the ionic conductivity of the non-
covalent YSZ/PAN/LiClO4 blend (inorganic content 24.6 wt%). Even
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Fig. 2. (a) DLS traces of YSZ-g-PAN with different inorganic content. (b) GPC traces of cleaved PAN chains. (c) TEM image of YSZ-g-PAN with 24.6 wt% inorganic

content (Scale bar = 200 nm), inset: zoomed-in image (Scale bar = 50 nm).
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Fig. 3. (a) FIB-SEM image of cross-section of the artificial SEI formed using YSZ-g-PAN with inorganic content of 24.6 wt%. (b) Characteristic load—displacement
curves of artificial SEI using YSZ-g-PAN with inorganic content of 24.6 wt%, artificial SEI using the non-covalent YSZ/PAN blends of the same composition and pure
PAN. (c) Arrhenius plots of ionic conductivity of artificial SEI prepared by mixing LiClO4 and YSZ-g-PAN hairy NPs of different inorganic content or YSZ/PAN blend

(inorganic content 24.6 wt%) or pure PAN.

distribution of YSZ NPs and greater homogeneity are responsible for the
enhanced ionic conductivity of the hairy NPs membranes. At 90 °C, the
ionic conductivities increased to 6.4 x 10~* S/cm, 9.16 x 10~* S/cm,
1.15 x 103 S/cm and 1.20 x 10~2 S/cm respectively, suggesting that
inorganic content of 24.6 wt% gave the best overall lithium ion transport
properties.

2.3. Cycling performance of artificial SEI

Finally, three types of YSZ-g-PAN hybrid hairy NPs with inorganic
content of 13.5 wt%, 24.6 wt%, and 71.1 wt% were tested as artificial
SEI and were compared to artificial SEIs made of pure PAN/LiClO4 and
non-covalent blend of YSZ/PAN/LiClO4. To demonstrate the effective
dendrite suppression of the artificial SEI, an optical microscope was used
to detect the surface roughness of the lithium anode. A home-made
visualization cell was designed for the experiment (Fig. S11). Under a
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current density of 5 mA/cm?, formation of mossy lithium dendrites on
unprotected lithium was observed after less than 2 min (Fig. 4a). In
contrast, the surface of lithium anode coated with the YSZ-g-PAN/LiClO4
artificial SEI remained smooth for over 10 min, indicating non-existence
of dendrite formation (Fig. 4b). To demonstrate the coating benefits on
lithium plating/stripping, symmetric cells made of two equivalent
lithium anodes with or without protection of artificial SEI were assem-
bled and run at a current density of 3 mA/cm? with 1 h for each half step.
The cell with unprotected lithium started to polarize immediately and
reached about 300 mV overpotential within 200 h before shortage
(Fig. 4c). The cell with lithium protected with a non-covalent blend of
YSZ NPs/PAN/LiClO4 (24.6 wt%) showed a reduced overpotential,
slightly above 100 mV, and longer cycle life, indicating the effectiveness
of coating lithium with YSZ NPs added into the polymer matrix. Finally,
lithium protected with artificial SEI made from YSZ-g-PAN hairy NPs
was tested. The artificial SEI with 13.5 wt% inorganic content provided

3 mA/cm’, 3 mAh/cm®

—— Unprotected bare lithium anode
—— Protected with PAN/YSZ blends
—— Protected with PAN-g-YSZ

1700 170117021703 1704

500 1000 1500 2000 2500
Time (h)

Fig. 4. (a) Optical microscope image of the surface of unprotected lithium during lithium deposition at a current density of 5 mA/cm? (scale bar = 100 pm). (b)
Optical microscope image of the surface of lithium protected with artificial SEI using YSZ-g-PAN hairy NPs with 24.6 wt% inorganic content during lithium
deposition at a current density of 5 mA/cm? (scale bar = 100 pm). (¢) Symmetric cycling of protected lithium using YSZ-g-PAN hairy NPs with 24.6 wt% inorganic
content (blue), YSZ/PAN non-covalent blend (red) and unprotected lithium anode (black) at a current density of 3 mA/cm?, 1 h each half step. Inset, detailed voltage
profile. (d) Cell resistance measured by EIS during the symmetric cycling of lithium protected with artificial SEI using YSZ-g-PAN hairy NPs with 24.6 wt% inorganic
content. (e)&(f) SEM images of bare lithium anode before and after 500 h cycling at 3 mA/cm?. Scale bar = 300 pm. (g)&(h) SEM images of lithium anode protected
with artificial SEI using YSZ-g-PAN hairy NPs with 24.6 wt% inorganic content before and after 2000 h cycling at 3 mA/cm? Scale bar = 300 pm.



S. Lietal

an initial overpotential of about 100 mV. As the cycling proceeded, the
voltage decreased and stabilized at about 25 mV for over 350 h, then the
cell eventually shorted (Fig. S12). With increasing the inorganic content,
the symmetric cycling showed even more improved cycling stability.
The symmetric cell with electrodes coated with artificial SEI having
71.1 wt% inorganic content lasted for over 2300 h at 3 mA/cm?
However, the initial voltage showed certain degree of instability after
250-300 h (Fig. S13). This was possibly due to the relatively high
brittleness of the membrane with such high inorganic content, as well as
its reduced ionic conductivity. Noticeably, higher inorganic content
resulted in larger fraction of oxygen vacancies, which could enhance the
transference, moreover narrower channels for ion transport could be
formed improving the dendrite blocking ability [41,42]. Therefore, even
if the sample with 71.1 wt% inorganic content had lower uniformity, it
enabled better cycling performance than the sample with 13.5 wt%
inorganic content. The electrodes protected with artificial SEI made of
YSZ-g-PAN NPs with 24.6 wt% inorganic content, which has higher
inorganic content than 13.5 wt% as well as high uniformity, showed the
best cycling performance, lasting for over 2500 h with overpotential of
about 20 mV (Fig. 4c). This cell also achieved the highest Coulombic
efficiency of 99.23% (Table S2), which was measured using a
well-established approach [43].

The DC resistance of cells made of protected or unprotected lithium
was measured by EIS before and after cycling for 50 h. In Fig. 4d, the cell
with lithium protected by YSZ-g-PAN artificial SEI having 24.6 wt%
inorganic content showed resistance of 300 Ohm before cycling, which
was reasonable for a typical symmetrical lithium metal cell in liquid
electrolyte system, after cycling for 10 h, the activation and consolida-
tion of the artificial SEI reduced the cell resistance to 40 Ohm. As the
operation duration extends, the gradual stabilization of the coating layer
resulted in the continuous decrease of the cell resistance. (Fig. S15). In
comparison, the cell with bare lithium (Fig. S14) exhibited higher and
unstable resistance both before and after cycling.

SEM was used to study the surface morphology of electrodes before
and after cycling. Fig. 4e and f showed clear formation of lithium den-
drites for lithium without protection of the artificial SEI In comparison,
for lithium protected with the artificial SEI, no dendrite formation was
observed on the surface (Fig. 4g and h), confirming the efficient pro-
tection by YSZ-g-PAN artificial SEI.

Fig. S16 shows the cross-sectional and top-view SEM images of
coated and bare Li after cycling to reveal their morphology. The sym-
metric cells were disassembled after cycling for 200 h at 3 mA/cm?. The
Li metal protected with YSZ-g-PAN/LiClO4 showed a smooth coating
layer and a dense and uniform section of Li metal. In contrast, the Li
metal coated with YSZ/PAN/LiClO4 blend showed a less homogeneous
but preserved layer and a more porous Li metal. Notably, the unpro-
tected Li displayed a porous structure with moss-like Li dendrites.

Full cell tests were conducted to further evaluate the performance of
the artificial SEIs (see SI for detailed description). As shown in Fig. S20,
the effect of the artificial SEI was explored in LiNipgCog 15Alg,0502
(NCA)|Li full cells. It should be noted that NCA cathodes with high
commercial grade mass loadings (~28 mg/cm?) are extracted from
commercial 18650 cells and such thick cathode is not designed for
optimized rate capability but rather for high energy application. The
purpose of using such cathode is to create harsh conditions (amount of Li
that move through the SEI layer) to test the practicability of the SEI, as
well as to compare the anodes with and without the protection of the
artificial SEIL. The stability test was conducted at 1C rate between 2.5 V
and 4.2 V (Fig. S20a). The cell with Li metal protected by the YSZ-g-
PAN/LiClOy, artificial SEI (inorganic content 24.6 wt%) exhibited higher
capacity retention after 50 cycles than the cell with Li metal coated by
YSZ/PAN/LiClO4 non-covalent blend. Moreover, the capacity retention
was largely improved compared to unprotected Li. The enhanced sta-
bility is likely due to the greater uniformity of the coating which pro-
motes even Li deposition, as observed in symmetric cycling test. The rate
capability tests (Fig. S20b) showed that the YSZ-g-PAN/LiClOy artificial
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SEI enabled higher specific discharge capacity than the YSZ/PAN/
LiClO4 non-covalent blend artificial SEI and the unprotected Li at all
rates, 1C (140 mA h/g), 2C (90 mA h/g) and 4C (53 mA h/g). The
improvement relative to unprotected Li became more evident with
increasing the current density. This suggests that the YSZ-g-PAN/LiClO4
artificial SEI helps reducing the polarization by promoting uniform
current distribution and higher ionic conductivity.

3. Conclusion

We have developed a fatty-acid-based ATRP initiator for grafting
PAN from V,-rich YSZ NPs with high grafting density by SI-ATRP. The as
synthesized YSZ-g-PAN hairy NPs with different inorganic contents were
stably dispersed in organic solvents, without precipitation for several
months. The immobilization of PAN chains on the surface of YSZ NPs
reduced the polymer crystallinity, therefore increasing the ionic con-
ductivity of the polymer matrix, while improving its mechanical integ-
rity and membrane-forming ability. The positively charged oxygen
vacancies of the YSZ NPs further reduced the ion gradient near the anode
and increased the conductivity while homogenizing the ion flux during
lithium plating. The aforementioned benefits combined with the easi-
ness of solution drop-casting led to the facile creation of hybrid artificial
SEIs that enabled dendrite-free lithium plating/stripping with
Coulombic efficiency as high as 99.23%. Full cell tests with high mass
loadings of commercial grade NCA cathode materials showed that the
YSZ-g-PAN artificial SEI enabled to achieve higher specific discharge
capacities at different rates and improved capacity retention compared
to unprotected Li metal and Li coated with a non-covalent blends of YSZ
and PAN. The invention of YSZ-g-PAN hairy NPs enriches the field of
polymer-inorganic hybrid materials and provides new perspectives for
the rational design of dendrite-free lithium anodes.
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