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In this work, we for the first time developed a novel lithium-containing crosslinked polymeric material, a lithicone that enables
excellent protection effects over lithium (Li) metal anodes. This new lithicone was synthesized via an accurately controllable
molecular layer deposition (MLD) process, in which lithium tert-butoxide (LTB) and glycerol (GL) were used as precursors. The
resultant LiGL lithicone was analyzed using a suite of characterizations. Furthermore, we found that the LiGL thichicone could
serve as an exceptional polymeric protection film over Li metal anodes. Our experimental data revealed that the Li electrodes
coated by this LiGL lithicone can achieve a superior cycling stability, accounting for an extremely long cyclability of >13,600 Li-
stripping/plating cycles and having no failures so far in Li/Li symmetric cells at a current density of 5mA/cm2 and an areal
capacity of 1 mAh/cm2. We found that, with a sufficient protection by this LiGL coating, Li electrodes could realize long-term
stable cyclability with little formation of Li dendrites and solid electrolyte interphase. This novel LiGL represents a facile and
effective solution to the existing issues of Li anodes and potentially paves a technically feasible route for lithium metal batteries.

1. Introduction

Lithium (Li) metal is among the most attractive anodes of
rechargeable batteries, ascribed to its extremely high capacity
of 3860mAh/g and the lowest negative electrochemical
potential (-3.04V versus the standard hydrogen electrode)
[1]. The first practice of Li anode has been witnessed 40 years
ago [2]. Due to its dendritic growth and continuous forma-
tion of solid electrolyte interphase (SEI), however, Li metal
has been prohibited from commercialization. Along with an
ever-increasing interest in high-energy lithium metal batte-
ries (LMBs) such as lithium-sulfur (Li-S) and lithium-
oxygen (Li-O2) batteries in recent years, stable Li metal
anodes now are undergoing intensive investigation. A variety
of technical strategies have been reported to date, such as
three-dimensional (3D) Li-hosting frameworks [3], electro-
lyte additives [4], solid-state electrolytes [5], and surface
coatings [6, 7]. Among these efforts, surface coating remains
as an facile and effective route, and there have been different

inorganic and polymeric coatings developed via wet chemis-
try and vapor-phase processes [6–11]. In this regard, molec-
ular layer deposition (MLD) recently has emerged as a new
research thrust, featuring its accurately controllable growth
of polymeric films with unparalleled conformality and uni-
formity at moderate deposition temperatures of ≤300°C [6,
12, 13]. The first practice of MLD on Li anodes was exposed
in 2018 and so far, only a few polymeric MLD coatings have
been reported, including polyurea [14], AlEG (EG: ethylene
glycol) [15, 16], and ZrEG [17]. These polymeric films gener-
ally are electrically insulating and have better flexibility over
inorganic films, contributing to better protection effects and
thereby better performance of Li metal anodes. Stimulated
by these compelling polymeric films via MLD, in this study,
we attempted to develop three new processes of lithicones
through coupling lithium tert-butoxide (LTB, LiOtBu) with
one of three organic precursors, glycerol (GL), EG, and
hydroquinone (HQ). Similar to other metalcones [12],
lithicones are polymeric lithium alkoxides with carbon-
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containing backbones, i.e., -Li-O-R-O-Li-. Among these
three resultant lithicones (LiGL, LiEG, and LiHQ), we partic-
ularly investigated the protective effects of LiGL on Li metal
anodes as well as its MLD growth. Very encouragingly, the
LiGL films, compared to the other MLD coatings [14–17]
reported to date, enable a much longer cyclability in Li/Li
cells, accounting for over 13,600 Li-stripping/plating cycles
(>5,440 hrs) at an areal current density of 5mA/cm2 and
around 5,500 Li-stripping/plating cycles (~5,500 hrs) at an
areal current density of 2mA/cm2 both at an areal capacity
of 1 mAh/cm2 without any signs to failure so far. Compared
to previous surface-modified Li anodes as summarized in lit-
erature [8], to the best of our knowledge, these LiGL-coated
Li electrodes in this work have exhibited the best perfor-
mance to date. In Figure S1 in Supporting Information, the
cyclability of our LiGL-coated Li electrodes is compared
to those Li electrodes coated by other MLD films and by
other coatings reported in literature. Our LiGL-coated Li
electrodes showed a remarkable improvement in cyclability.

2. Experimental

2.1. MLD Processes. Using a commercial MLD system
(Savannah 200, Ultratech Inc., MA) with argon (Ar) as the
carrier gas, three MLD processes of lithicones have been
investigated in this study, i.e., LiGL, LiEG, and LiHQ. LTB
(Sigma-Aldrich, USA) was preheated in a bubbler at 150°C
for a sufficient vapor supply, while EG (Sigma-Aldrich,
USA), GL (Sigma-Aldrich, USA), and HQ (Sigma-Aldrich,
USA) were maintained in stainless steel cylinders at 40,
150, and 150°C, respectively. This MLD system was inte-
grated with an Ar-filled glove box (having an oxygen and
water concentration lower than 1ppm), and this integration
has greatly expanded the fabrication capability of the MLD
system to many air-sensitive materials. In these three pro-
cesses, LTB as the Li source was commonly used to couple
with GL, EG (Sigma-Aldrich, USA), and HQ at 150°C,
respectively. The timing sequence of a single MLD cycle
was typically in a sequence of tl − t2 − t3 − t4, corresponding
to the LTB dose, the first Ar purge, the GL/EG/HQ dose,
and the second Ar purge, respectively. The precursor dosing
time t1 was optimized as 3 s, while t3 was optimized as 0.15 s
for EG, 2 s for GL, and 2 s for HQ. The purge time of t2 and t4
was optimized as 60 s for all these lithicones. During the
MLD processes, the Ar gas flow was remained at 20 sccm.

These three MLD processes have been monitored using
an in situ quartz crystal microbalance (QCM). The QCM
studies were conducted using a gold sensor crystal (Inficon,
USA). The crystal was sealed at the center of the MLD reactor
lid. The doses of the different MLD precursors cause surface
reactions with the growth of the targeted lithicones on the
crystal surface. The growth of these three lithicones was
monitored by the QCM to acquire time-resolved mass
changes in ng/cm2 and was recorded in digital data. To estab-
lish a uniform starting surface for these three MLD processes,
we deposited an Al2O3 layer on the QCM surface via atomic
layer deposition (ALD, an analogous technique of MLD
exclusively for inorganics [12]) using trimethylaluminum

(TMA) and water as precursors with the timing sequence
0.05-10-0.025-10 s.

2.2. Material Characterization. We grew LiGL films over
nitrogen-doped graphene nanosheets (N-GNS, ACS Mate-
rial, USA), Si wafers (UniversityWafer, USA), steel plates,
and Li chips (MTI, USA). The as-grown LiGL films were
characterized using a suite of techniques. We observed the
deposition of LiGL films over N-GNS using a scanning elec-
tron microscopy (SEM, XL30, Philips FEI) to determine the
film thickness and thereby the growth per cycle (GPC). The
SEM is equipped with an energy-dispersive X-ray spectros-
copy (EDX), which was used to detect the composition of
the LiGL films. Synchrotron-based X-ray diffraction (XRD)
was used to determine the crystallinity of the LiGL films
and performed at the beamline 12-ID-D at Advanced Photon
Source (APS) at Argonne National Laboratory (ANL, IL,
USA). The X-ray wavelength was 0.5165833Å. The scatter-
ing pattern was collected by two-dimensional photon count-
ing area detector (Pilatus 100K). Two X-ray photoelectron
spectroscopies (XPS) were used for analyzing sample compo-
sitions and element contents. LiGL films on Si wafers were
analyzed using a Thermofisher Scientific K-Alpha XPS
system having an Al Kα source (1486.7 eV) at 12 kV and
3mA (36W) with a beam spot size of 400 micron. XPS depth
profiling measurements were conducted using Ar+ sputtering
on Li and LiGL samples with a Versa Probe III XPS having a
mono Al Kα source (1486.6 eV).

The surface topography, Young’s modulus, and adhesion
force of the LiGL coatings on steel plates were measured
using the PeakForce quantitative nanomechanical (PFQNM)
module of an atomic force microscope (AFM, Dimension
Icon, Bruker USA). A RTESPA-300-30 AFM probe (Bruker,
USA) with an end radius of 31 nm and a spring constant of
41.28N/m was used for the PFQNM mapping. An average
of 3 different measurements, along with the property maps,
is presented in this article.

2.3. Computational Simulations. Based on the XPS data of
depth profiling on the LiGL film (Figure S4), the atomic
distribution of C, H, O, and Li is not homogeneous along
the depth. Therefore, a range of C, H, O, and Li
stoichiometry is possible. To simulate the basic properties
of this amorphous LiGL bulk, a predefined C, H, O, and Li
concentration in the simulation cell is needed as an
approximation. Assuming (CH2CHCH2) (O3Li2) as the
basic stoichiometric unit, the initial configuration of the
amorphous LiGL bulk was constructed through random
insertion of lithium and depletion of hydrogen from the
hydroxy group in randomly packed twelve glycerol
(C3H8O3 or CH2OH-CHOH-CH2OH) molecules in a cubic
simulation cell with length 11.50Å. The (CH2CHCH2)
(O3Li2) stoichiometry is likely on the top layer of LiGL
films, according to the XPS data of depth profiling
(Figure S4). In this work, all the electronic structure
calculations were performed in the framework of density
functional theory (DFT) based on the generalized gradient
approximation (GGA) with Perdew-Burk-Ernzerhof (PBE)
[18] functional under the projector augmented wave
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(PAW) method [19]. To account for the van der Waals
interactions, Grimme’s D2 method [20] was included in
all calculations (i.e., PBE-D2). The plane wave energy cut-
off was set to 400 eV, and the energy convergence criteria
were set to 10-4 eV/atom for all the ab initio molecular
dynamic (AIMD) simulations. To accommodate a large
simulation cell size (156 atoms), all the AIMD simulations
have been conducted within a (1 × 1 × 1) k-mesh at Γ −
point using the first-principle DFT program package
VASP [21, 22]. Additionally, to obtain thermodynamically
stable configuration of the amorphous LiGL bulk structure
at room temperature, the structures obtained from DFT
optimizations were then thermally equilibrated at T = 300K,
using AIMD simulations based on an Nose-Hoover NVT-
ensemble with a total simulation time~50ps and a time step
of 1 fs.

2.4. Electrochemical Testing. The protective effects of the
LiGL films were mainly investigated in Li/Li symmetric cells
using CR2032 coin cells. 500-μm thick Li chips were first
punched into 7/16'' disks and fixed on stainless steel spacers.
Then, LiGL films of different thicknesses were deposited on
these Li chips through controlling MLD cycles at 150°C.
The LiGL-coated Li chips were assembled into symmetric
Li/Li coin cells directly in the integrated MLD-glove box sys-
tem. As controls, bare Li chips were also assembled into sym-
metric Li/Li cells in the glove box. The Celgard 2325
membrane was used as the separator, and the electrolyte
was 1M bis(trifluoromethane)sulfonamide lithium salt
(LiTFSI, Sigma Aldrich) dissolved in 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME) (1 : 1, v/v) (Sigma Aldrich).
The electrolyte has no other additives (e.g., LiNO3) in order
to highlight the exceptional protection effects of the LiGL
films. Each cell used 20μL of the electrolyte. Before electro-
chemical testing, all the symmetric cells were rested for 20
hours to stabilize their impedance [23]. At room temperature
(~25°C), then, the symmetric cells were tested for Li-
stripping/plating cyclability under different current densities
(2, 5, and 7.5mA/cm2) while the stripping/plating capacity
was fixed as 1mAh/cm2. The battery cycler was a Neware
BTS4000 Battery Testing System (Shenzhen, China). Mea-
surements of electrochemical impedance spectroscopy (EIS)
were conducted on Li/Li symmetric cells in the range of
10mHz to 100 kHz with an amplitude voltage of 5mV using
a BioLogic SP-200 potentiostat.

3. Results and Discussion

3.1. The Growth of LiGL Films. In this study, we attempted
three precursor couples for growing lithicones, i.e., LTB-
GL, LTB-EG, and LTB-HQ. Figure 1(a) illustrates the growth
principle of these lithicones, exemplified by the MLD LiGL
process using LTB and GL as precursors. One LiGL MLD
cycle consists of four repeatable steps: LTB dose/1st purge/GL
dose/2nd purge. We controlled the MLD cycles to achieve a
desirable film thickness. We measured the growth of these
MLD processes using an in situ QCM [24, 25]. To establish
a repeatable uniform starting surface, we predeposited an
Al2O3 surface on the QCM crystals using ALD (inset of

Figure 1(b)), prior to performing the QCM measurements
of the three MLD processes. The QCM measurements veri-
fied that all these precursor couples are feasible for growing
lithicones, i.e., LiGL (Figures 1(b)–1(d)), LiEG (Figure S2a
and 2b), and LiHQ (Figure S2c and 2d). We were
particularly interested in LiGL, for GL has three hydroxyl
groups and is likely to form a crosslinked polymeric
structure [26]. Our QCM measurements also revealed that
the LiGL MLD process enables a much faster growth per
cycle (GPC) (Figure 1(b)) than those of LiEG and LiHQ
MLD processes. Consequently, we devoted to investigating
the MLD process of LiGL and its effects on Li anodes. MLD
QCM measurements in Figure 1(b) disclose that the LiGL
growth on Al2O3 is nearly linear but can be divided into two
regions: initiation and stable growth regions. Figures 1(c)
and 1(d) reveal more details in a single MLD cycle during
the initiation and stable growth region, respectively, in
which the doses of LTB and GL are signified by two different
colored bars. Each dose of these two precursors caused some
mass gain (m1 or m2 as shown in Figure 1(d)) on QCM. The
average mass gain (Δm =m1 +m2) is ~200ng/cm2/cycle in
the initiation region (~30 cycles starting on an Al2O3 film,
Figure S3) while ~320ng/cm2/cycle in the stable growth
region (Figure S3). The stable region exhibits a highly
repeatable GPC. We deposited the LiGL films over one type
of N-GNS (Figure 2(a)) to determine its GPC at 150°C. The
N-GNS features its high surface area and thin wrinkles of
<3nm [27]. Observing the thickness changes of the wrinkle
of the N-GNS after 20 cycles (Figure 2(b)) of the LiGL
deposition using an SEM, we could conclude that the
average GPC of the MLD LiGL is ~2.7 nm/cycle, which is
among the highest GPCs of all the MLD processes reported
to date. In addition to the SEM images, we conducted
elemental mapping over the 20-cycle LiGL-coated NGS
using an EDX (Figure 2(c)), which shows the distributions
of N, C, and O. N is from N-GNS, C is from N-GNS and
LiGL, and O is from LiGL. Consequently, EDX mapping
revealed that the MLD LiGL coating over the N-GNS is very
conformal and uniform.

According to our experience in MLD, we postulated the
overall reaction of the MLD LiGL in Equation (1) as follows:

3LiOtBu + CH2CHCH2ð Þ OHð Þ3 ⟶ CH2CHCH2ð Þ OLið Þ3
+ 3HOtBu:

ð1Þ

Thus, the LiGL is supposed to have a unit structure of
(CH2CHCH2) (OLi)3 in its ideal MLD condition. The overall
reactions of the MLD LiEG and LiHQ are described in Equa-
tion S1 and S2 in Supporting Information, respectively. To
verify our postulation, we employed an XPS to determine
the composition of the deposited LiGL films on Si wafers.
In Figure 2(d), the O 1 s spectra show a strong peak at
529.6 eV and a weak peak at 531.4 eV, assigned to O2- in Li-
O bonds [28–30] and C-O-Li [31, 32],, respectively. The C
1 s spectra show two evident peaks at 284.8 and 283.6 eV,
which are related to C-C/C-H [32–33] and Li-O-C groups
[32, 34], respectively. The two weak peaks at 288.7 and
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287.1 eV are related to O=C-OH [35] and C-O bonds [30],
respectively. The Li 1 s XPS spectra show only one peak at
53.3 eV, and this should be attributed to Li-O [29, 36].
According to the XPS analyses, the deposited LiGL contains
31.69 at.% of Li, 28.73 at.% of C, and 39.59 at.% of O (more
details are in Table S1). The element contents of Li, C, and
O are basically consistent to our postulation on the LiGL
unit structure, (CH2CHCH2) (OLi)3. However, we also
noticed that there are less C and more O than those of our
postulation. This might be due to some side reactions and
incomplete surface reactions. Such cases have been widely
reported in previous ALD and MLD studies [12, 37]. To
further gain some insight on the evolution of the LiGL films
with film thickness, we utilized XPS to conduct depth
profiling over a 75-MLD-cycle LiGL film on an Si wafer
(Figure S4). It was revealed that the composition of the
LiGL film varies with film thickness. For example, the Li
content changes from ~20 at.% at the top film surface to
~50 at.% at the interface between the LiGL film and the Si
wafer. Two reasons might have contributed to this
phenomenon: (i) the influence of substrates (e.g., Si wafers)
and (ii) the influence of the successor MLD cycles on the
predecessor MLD cycles. The former has been widely

noticed while the latter was also reported previously [38].
We will invest some special effort on these topics in our
future research. Additionally, we did some preliminary
study on the air stability of the as-deposited LiGL and
measured the XPS spectra of an LiGL film exposed in air
for 1 h (more details are in Table S2). The effects of 1 h air
exposure were compared in Figure S5 and discussed in
Supporting Information. The information revealed that the
as-deposited LiGL is sensitive to air to some extent, such as
water. In addition, synchrotron-based XRD has been
conducted on the LiGL films grown on N-GNS and
revealed no pronounced crystallinity with the LiGL films
(very broad diffuse scattering peak shown in Figure S6).
Thus, the LiGL films are amorphous. Moreover, we
computed the amorphous LiGL bulk structures using
AIMD simulation, and the calculated radial distribution
function (RDF) confirmed the dominance of Li-O, C-O, C-
H, and C-C bonds in the LiGL films (Figure S7).

3.2. The Superior Performance of the LiGL-Coated Li/Li
Symmetric Cells. To investigate the protective effects of the
MLD LiGL films on Li metal anodes, we conducted a series
of comparative studies on bare (uncoated) and LiGL-coated
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Figure 1: Growth of MLD LiGL lithicone. (a) Illustration of the LiGL MLD process. (b) QCM measurements of MLD LiGL in 100 cycles at
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Li metal electrodes in Li/Li symmetric cells. With a fixed areal
capacity of 1 mAh/cm2, these Li/Li cells were tested and com-
pared for Li-stripping/plating cyclability under different cur-
rent densities, i.e., 2, 5, and 7.5mA/cm2. These tests showed
that the LiGL coatings were extremely effective and exhibited
exceptional protective effects on Li metal electrodes (as illus-
trated in Figure 3). The Li metal electrodes were coated with
LiGL of different MLD cycles and thereby named as LiGL-X
(X =MLD cycles) for simplification. Specially, LiGL-0 indi-
cates the bare Li electrode. Under 2mA/cm2 (Figure 3(a)),
our tests revealed that a LiGL coating of >10 MLD cycles is
necessary to achieve a desirable protection. The LiGL-
0/LiGL-0 cell (i.e., the cell with two bare Li electrodes sym-
metrically) could only sustain for less than 600 cycles. In
comparison, the LiGL-10/LiGL-10 cell improved the
cyclability to over 1,000 cycles but did not survive longer.
In contrast, the LiGL-15/LiGL-15 cell could realize an
exceptional cyclability up to 4,800 Li-stripping/plating
cycles without any failure (Figure 3(a)). The overpotential of
the LiGL-15/LiGL15 cell evolved slowly with Li-stripping/-
plating cycles. In the first 1400 cycles, the cell overpotential
has been gradually increasing from 50 to 250mV. Thereafter,
the cell overpotential was relatively stable in the range of 250–
300mV.When the LiGL coating thickness was increased to 20
MLD cycles, more impressively, the LiGL-20/LiGL-20 cell
(Figure 3(a) and Figure S8) also have achieved over 4,800 Li-
stripping/plating cycles without any failure but had a much
lower overpotential, which evolved from ~100 to 125mV in

the first 500 cycles and then remained in the range of ~125-
140mV. Even more intriguingly, we further investigated the
performance of LiGL-60 and LiGL-90. The LiGL-60/LiGL-
60 and LiGL90/LiGL-90 cells have accomplished a
cyclability of ~5,500 cycles without any failure (Figure 3(a)
and Figure S8). Particularly, thicker coatings contributed
to lower overpotentials. The overpotential of the LiGL-
60/LiGL-60 cell evolved from ~75mV in the first 200 cycles
and then gradually increased and stabilized at ~140mV in
the subsequent cycles. In comparison, the LiGL90/LiGL-90
cell started with an overpotential of ~55mV in the first 100
cycle, gradually dropped the overpotential to ~35mV in the
subsequent 100 cycles, and then slowly increased to
~60mV in the following cycling of over 5,000 cycles. All
these intriguing results clearly demonstrated that the MLD
LiGL coatings are exceptional in helping achieve superior Li
metal anodes. Insets of Figure 3(a) and Figure S8 have
shown the stripping/plating profiles of some cycles during
different cycling periods.

To further verify the protective effects of the MLD LiGL
coatings, we applied a much higher current density of
5mA/cm2 (Figure 3(b)). Our tests revealed that a bare Li/Li
cell (i.e., LiGL-0) sustained a low overpotential of <130mV
in the first ~350 cycles, but then exhibited a constant increase
of cell overpotential and failed after ~1,300 Li-stripping/plat-
ing cycles. In comparison, the LiGL-15/LiGL-15 cell has
remained a low overpotential of <130mV in the first 500
cycles, but then had a continuously evident increase in cell

300 nm

112 nm

300 nm

2 μm 
N

OC

534 533 532 531

531.4 529.6 283.6 53.3284.8287.1288.7

Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

Binding energy (eV) Binding energy (eV)

530 529 528 527

O 1s C 1s Li 1s

526 290 289 288 287 286 285 284 283 282 281 280 56 55 54 53 52 51

(a) (b) (c)

(d)

Figure 2: (a) SEM image of pristine N-GNS. (b) 20-MLD-cycle LiGL over N-GNS. (c) EDX mapping on 20-MLD-cycle LiGL supported
by N-GNS. (d) High-resolution XPS analyses of LiGL films: O 1 s, C 1 s, and Li 1 s spectra.
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overpotential and failed after ~2,000 cycles. The results indi-
cated that both the LiGL-0/LiGL-0 and LiGL15/LiGL-15 cells
probably suffered from uncontrollable formation of SEI
or/and Li dendritic growth. In contrast, the LiGL-20/LiGL-
20 cell sustained a stable overpotential of <130mV in
~1,000 cycles and then exhibited a gradually increasing over-
potential from ~130mV at ~1,000th cycle to ~370mV after
5,000 cycles. More details have been shown in Figure S9.
Very impressively, the LiGL-60/LiGL-60 cell has
accomplished over 13,600 Li-stripping/plating cycles with a
much smaller overpotential from ~130mV at ≤1,000 cycles
to ~220mV after 13,600 cycles. Very encouragingly, the
LiGL-60/LiGL60 cell has not shown any failure and is still
under testing. The excellent performance of the LiGL-
coated Li/Li cells was compared with the results reported in
literature [8]. To the best of our knowledge, our LiGL/LiGL
cells have set a record on the best cyclability reported so
far. We even further investigated the effects of LiGL
coatings at a much higher current density to 7.5mA/cm2 at
an areal capacity of 1 mAh/cm2. Our results (Figure S10)

show that the LiGL-90/LiGL-90 cell performed the best.
These results seem to suggest that a thicker coating is more
favorable for achieving stable cyclability at a higher current
density. As for the underlying mechanism for the better
effects of thicker LiGL coatings, we will discuss in the
following parts in this study.

3.3. Understanding the Protective Effects of LiGL Coatings. To
understand the protective effects of the LiGL coatings, we
investigated some cycled cells: LiGL-coated and uncoated
(bare). In Figure 4(a), we observed the morphologies of four
Li electrodes (bare (i.e., LiGL-0), LiGL-10, LiGL-20, and
LiGL-60) from cells after 700 Li-stripping/plating cycles at
2mA/cm2 and 1 mAh/cm2. Apparently, there were
dendrite-like structures formed on the bare Li electrode.
The dendrite-like structures were also observed on the
LiGL-10 and LiGL-20 electrodes. In sharp contrast, the sur-
face of the LiGL-60 electrode was featureless and smooth
but has some fractures. The smooth surface was deemed to
be the LiGL coating while the fractures were due to the

Figure 4: Analyses on cycled Li/Li cells. SEM images of (a) the surfaces and (b) the cross-sections of the cycled bare, LiGL-10, LiGL-20, and
LiGL-60 electrodes after 700 Li-stripping/plating cycles. XPS depth profiling on (c) bare and (d, e) LiGL-90 electrodes after (c, d) 10 and (e) 50
Li-stripping/plating cycles.

7Energy Material Advances



broken LiGL film. This indicates that the 60-MLD-cycle
LiGL film is sufficient to inhibit Li dendritic growth and pro-
tect the ether electrolyte from decomposition. More informa-
tion is shown in Figure S11 about the surface of the LiGL-60
after 700 Li stripping/platting. We observed that the LiGL-60
coating has broken into small pieces of 10–50μm but the
protected Li electrode surface is clean. In other words, there
has no Li corrosion observed on the LiGL-60 electrode.
This also has been further verified by our observations on
the cross-sections of the bare (LiGL-0), LiGL-10, LiGL-20,
and LiGL-60 electrodes using SEM after 700 Li-
stripping/plating cycles (Figure 4(b)). Results showed that,
compared to the Li metal before cycling (Figure S12), the
bare electrode has significantly corroded with the
remarkable formation of SEI. In comparison, the LiGL-10
and LiGL-20 electrodes both have been evidently mitigated
for their corrosions and have less formation of SEI. Thus,
we concluded that the thicker the LiGL coatings, the better
the protection effects. Very excitingly, the cross-section of
the LiGL-60 is nearly intact without evident SEI layers and
Li dendrites after cycling (Figure 4(b)).

Furthermore, we employed XPS depth profiling to inves-
tigate the composition evolution with film depth on three Li
electrodes, one bare Li after 10 Li-stripping/plating cycles
(Figure 4(c)), one LiGL-90 electrode after 10 Li-stripping/-
plating cycles (Figure 4(d)), and one LiGL-90 electrode after
50 Li-stripping/plating cycles (Figure 4(e)). In Figure 4(c),
the XPS depth profiling data of the bare Li electrode reveal
that, after 10 Li-stripping/plating cycles, the F and O signals
are considerable and relatively stable with film depth in the
30min sputter time. All the other signals of Li, C, and S are
much weaker. These results confirm that there has a very
thick SEI layer formed on the bare Li after 10 Li-stripping/-
plating cycles. The F and O elements are most probably from
the decomposed LiTFSI salt and the ether solvent. More
details are shown by the high-resolution XPS spectra of each
element of the cycled bare electrode (Figure S13a). In sharp
contrast, the F signal is detectable in the first 15min sputter
with a significantly reduced intensity on the LiGL-90
electrode after 10 Li-stripping/plating cycles (Figure 4(d)).
Along with the evolution of the F signal, on the other hand,
the O and C signals show similar evolutions, which drop
and then level off. These results indicate that there has
much less SEI formed on the LiGL-90 electrode. Some
similar data are verified on the LiGL-90 electrode after 50
cycles (Figure 4(e)). This again corroborates that the LiGL
films are chemically inert and can be used as an exceptional
protective film in the ether electrolyte. More details are
shown by the high-resolution XPS spectra of the cycled
LiGL-90 electrode (Figure S13b).

Intrigued by the results of the LiGL-60 electrode (Figure 4
and S11), we conducted an interesting study to further inves-
tigate the protective effects of the LiGL coatings. In the study,
a bare Li/Li cell and an LiGL-60/LiGL60 cell both were per-
formed one 24h stripping on one electrode at a current den-
sity of 2mA/cm2 (i.e., an areal capacity of 48 mAh/cm2),
which corresponded to one 24 h plating on the opposite elec-
trode. Then, the two bare Li electrodes and the two LiGL-60
electrodes were observed using SEM (Figure 5). The bare Li

electrode after the 24h stripping (Figures 5(a)(i)) was
covered by craters (as circled by dashed yellow lines)
and bumps (the areas other than the yellow circles). The
craters are smooth while the bumps are decorated with
numerous microwells (or microholes) mainly in the range
of 10–50μm. These microwells are further enlarged to
show more details (Figure 5(a)(ii)-(iv)). One can clearly
see from Figure 5(a)(iv) that these microwells contain
many dendritic structures (or micropillars). We postulated
that the craters were the areas that have stripped Li first
and then ceased while the bumps were the areas that did
not strip Li at the very beginning but became the new
areas for stripping after the craters ceased stripping. Thus,
the stripping process on bare Li electrodes is not uniform,
and the stripping areas change with time. On the other hand,
the opposite bare Li after a 24 h plating was also observed
(Figure 5(b)). Very strikingly, there is a large amount of den-
dritic Li deposited on the bare Li surface (Figure 5(b)(i)). It
could be seen from Figure 5(b)(ii) that the deposited Li was
separated from the originally bare Li while the originally bare
Li surface was intact (Figure 5(b)(iii)). The deposited Li
(Figure 5(b)(iv)) was in micron-sized dendritic structures
that were squeezed together with clear boundaries. We
believed that the bare Li surface and the dendritic structures
have been covered by one layer of SEI, and the SEI layers have
separated them from each other. The formation of this SEI
layer consumed Li and the electrolyte.

In sharp contrast, the LiGL-60 electrode after 24 h strip-
ping (Figure 5(c)) was free of craters and bumps but was cov-
ered by a uniform LiGL coating with numerous fractures.
The fracturing gaps between the broken pieces of the LiGL
coating are ~1μm. Similarly, the opposite LiGL-60 electrode
after 24 h plating (Figure 5(d)) was generally clean and
smooth, but some areas have lost the LiGL coating with holes.
These holes indicate that Li has deposited underneath the
LiGL coating. Based on these observations in Figure 5, we
concluded that the LiGL coating is ionically conductive and
electronically insulating. This has been further verified and
will be discussed in a later part in this study.

We further examined the protective effects of the LiGL
coating after one 48h stripping-plating cycle (i.e., 24 hours
for stripping and then 24 hours plating). The bare Li after
48 h stripping-plating (Figure 6(a)) exhibited the similar
morphology as shown in Figure 5(b), covered with a thick
dendritic Li layer on the top of the bare Li electrode. The
opposite bare Li after 48 h plating-stripping (Figure 6(b))
has a similar appearance as shown in Figure 5(a), decorated
with numerous craters and bumps covered by many micro-
wells. During the stripping/plating processes, unavoidably,
the bare Li electrodes were exposed to the electrolyte with
uncontrollable formation of SEI and consumption of the
electrolyte and Li. Very differently, the LiGL-60 electrode
after 48 h stripping-plating (Figure 6(c)) was clean on its sur-
face and covered with numerous small pieces of LiGL coat-
ings mainly in the range of 10–50μm. The fractures
between the LiGL pieces are 1-2μm. Similarly, the LiGL-60
electrode after 48 h plating-stripping (Figure 6(d)) was clean
and covered with small pieces of the LiGL film. It needs to
particularly point out that, after one 48 h cycle of
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stripping/platting, the bare Li/Li cell was completely dried
after the cell was opened, and the separator was tightly
pinned on one electrode, while the LiGL-60/LiGL-60 cell
was wet with sufficient electrolyte when it was opened. Thus,
we are confident that the LiGL coatings with suitable thick-
nesses are very effective to protect Li electrodes from den-
dritic growth and SEI formation.

To further clarify the effect of the LiGL coating thickness,
we also observed the bare Li/Li and LiGL-20/LiGL-20 cells after
one stripping (or plating) at a current density 2mA/cm2 and a
capacity of 1 mAh/cm2 (Figure S14). No surprise, the bare Li
was covered by dendritic Li on the plating side (Figure S14a)
while the bare Li was decorated with craters and bumps on
the stripping side (Figure S14b). In contrast, the LiGL-20
electrodes were clean. Specifically, there were no dendritic
structures on the plating side (Figure S14c), and there had no
crates and bumps on the stripping side (Figure S14d).
Compared to the LiGL-60 coating, however, the LiGL-20
coating was prone to break into smaller pieces compared to
the LiGL-60 coating (Figures 5 and 6). Thus, thicker LiGL
coatings are beneficial to protect Li metal electrodes and
thereby realize better cyclability, as shown in Figures 3 and 4.

To achieve high energy LMBs, particularly, thin Li films
(50μm or thinner) are required [39, 40]. In this regard, we
have confirmed that our LiGL coatings could be scaled up
at ease and have been deposited on large-scale thin Li films

(~ 50μm) uniformly for making pouch cells. The results
from pouch cells will be reported somewhere else.

3.4. Understanding the Properties of LiGL Coatings. Evi-
dently, the LiGL coatings have exceptional protection effects
on Li metal electrodes. Therefore, their properties are of sig-
nificance, such as mechanical properties and conductivities.
In this regard, we employed AFM to determine the topogra-
phy and nanomechanical properties of the LiGL-100 and
-200 coatings using PFQNM (Figure 7). The LiGL-100 and
-200 coatings were deposited on the cell spacers (stainless
steel plates). The LiGL-100 coating exhibited a porous struc-
ture over the mapped area (Figure 7(a)(i)), and the average
roughness of the coating is 31:4 ± 4:1nm. Although Young’s
modulus map showed a uniform stiffness throughout the
coated area, the porous region of the coating exhibited a
higher Young’s modulus due to the less defined contact area
and the probable interaction between the AFM tips and the
steel substrate (Figure 7(a)(ii)). The average Young’s modu-
lus of the coating in the whole mapped area is 5:82 ± 0:89
GPa. Similar to Young’s modulus map, the adhesion maps
showed general uniformity but higher adhesion in the porous
area of the coating. The average adhesion of the LiGL coating
is 145:1 ± 21:40nN (Figure 7(a)(iii)). The boxed area with
the white dashed lines in Figure 7(a)(ii) and (iii) shows no
porosity, and there is a significant difference in the average
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Figure 5: SEM observations of the morphological changes of Li electrodes. (a, b) The bare Li electrode and (c, d) the LiGL-60 electrode after
one 24 h stripping (or plating) at 2mA/cm2.
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Young’s modulus (3.24GPa) and adhesion force (77 nN)
between this and the porous areas of the coating. We also
investigated the LiGL-200 coating which showed much
more uniform topography than the LiGL-100 coating
(Figure 7(b)(i)). Its nanomechanical properties are also
consistent throughout the mapped area. Figure 7(c) shows
the comparison of nanomechanical properties of the LiGL-
100 and LiGL-200 coatings. The LiGL-100 coating shows
higher average Young’s modulus and adhesion than those
of the LiGL-200 coating, due to the porosity and substrate
effect on the thinner coating.

Compared to the Young’s modulus of Li metal (7.82GPa)
[41], these results revealed that the LiGL coatings are moder-
ate in their mechanical properties. This underlies why the
LiGL coatings are vulnerable to mechanical forces and easy
to fracture. We conducted a comparative study through
assembling a bare Li/Li cell and a LiGL-20/LiGL-20 cell and
then opening them to observe their surface changes. We
found that the bare Li after the press in assembling changed
from a flat surface (Figure S15a) to a waved surface
(Figure S15b and S15c) locally covered with numerous
scaled patterns (Figure S15d-S15f). These patterns are
several microns in size. On the other hand, we observed
that the LiGL-20 electrode after the press in assembling has
broken from a smooth surface (Figure S16a) into scaled
patterns of several microns (Figure S16b-S16d). All these
results clearly evidenced that the LiGL coatings were
broken mainly during mechanical assembling but fairly
stable during Li-stripping/stripping cycles. These also
explained that thicker LiGL coatings could better protect Li.

In addition to the mechanical properties of the LiGL
coatings, their electrical and ionic conductivity are of par-
ticularly significance. In this regard, we conducted experi-
mental measurements and computational simulations.
From DFT calculation, the amorphous LiGL is found to
be electronically insulating with ~3.0 eV in band gap, as
shown in the electronic density of states close to the Fermi
level (Figure 8(a)). To explore the stability of electronic
properties of the amorphous LiGL bulk at room tempera-
ture, we investigated the evolution of the highest occupied
molecular orbital/band (HOMO), Fermi level, and the lowest
unoccupied orbital/band (LUMO) of the amorphous LiGL
bulk based on the structure changes in AIMD simulation
for 15 ps (Figure 8(b)). Our simulations revealed that, as
shown in Figure 8(b), the electronic gap (or band gap) stays
constant ~3 eV from 15ps AIMD simulation. In other words,
this suggests that LiGL is insulating with ~3 eV in band
gap at room temperature (T ~ 300K) (Figure 8(b)), which is
slightly smaller than the crystalline Li2O (~ 4.3 eV) and
Li2CO3 (~ 4.5 eV) (Figure S17). Interestingly, this insulating
merit can be persisted even at higher temperatures (e.g.,
~550K) with a slightly smaller band gap ~2.2 eV
(Figure S18). Thus, we believe that the electronically
insulating nature of the LiGL films must have helped
suppress the chemically reactive metallic Li dendrites even at
elevated temperatures. Our experimental measurements also
verified the computational results and further revealed that
the LiGL coating is ionically conductive. All these results
will be reported in a following systematic study.

We further studied the evolution of cell impedance with
cycles (Figure 8(c)) to verify the protective effects of the LiGL
coatings. Prior to Li-stripping/plating cycles, the uncycled
bare Li/Li cell has an impedance of ~176Ω while the
uncycled LiGL-60/LiGL-60 cell has an impedance of
~312Ω due to the LiGL coatings (Figure 8(c)). However,
after 1st stripping/platting cycle, two semicircles were
observed on the impedance profiles of both the bare Li/Li
and LiGL-60/LiGL-60 cells. The equivalent circuit is included
as inset with the impedance profiles of the bare Li/Li cell. Rb,
Rint, and Rct are the bulk resistor, the interfacial resistor, and
charge transference resistor, respectively [42, 43]. CPE repre-
sents a constant phase element. Apparently, the Rb, Rint, and
Rct of the LiGL-60/LiGL60 are much smaller than those of
the bare Li/Li after the same cycles. This again confirmed that
the LiGL coatings are very effective in stabilizing the Li inter-
face and thereby reducing cell impedance during the Li-strip-
ping/plating cycles.

3.5. The Proposed Mechanism of the LiGL Protection Effects
on Li Electrodes. Based on the aforediscussed experimental
and simulation results, we proposed the following mecha-
nisms of Li-stripping/plating for the bare Li/Li cell and the
LiGL/LiGL cell, as illustrated in Figures 9(a) and 9(b),
respectively.

As shown in Figure 9(a) for the evolution of the cross-
section of a bare Li electrode, an Li chip is initially smooth
(Figure 9(a1)) but becomes bumpy after the assembling press
(Figure 9(a2)). At the same time, the Li chip surface has been
formed with an SEI layer, due to its contact and reaction with
the electrolyte (Figure 9(a2)). The surface bumps of the Li
chip are prone to take the priority to start an Li-stripping ear-
lier (Figure 9(a3)). With the depletion of the Li bumps, the
surrounding areas become new bumps and take the priority
to continue the stripping while the former bumps become
craters covered a layer of SEI and some residuals of SEI from
the depleted bumps (Figure 9(a4)). Thus, there are more SEI
produced during the stripping, and the Li chip surface is not
even in composition and morphology after the stripping
(Figure 9(a5)). Due to the uneven surface property of the Li
chip surface, the Li deposition in a subsequent plating is
not uniform. Some areas of the Li chip surface are deposited
with more Li, and the deposited Li is prone to form dendritic
structures (Figure 9(a6)). The formed Li dendritic structures
further aggravate the uneven properties of the Li chip surface
and exacerbate the formation of the SEI layer on the top of
the Li chip in the following stripping (Figure 9(a7)). Some
SEI residuals and dead Li may be isolated and dispersed in
the electrolyte. After multiple cycles of such Li-stripping/-
plating process, the Li chip is significantly corroded and cov-
ered with a considerably thick SEI layer (Figure 9(a8)). At the
same time, there is a significant consumption of Li and elec-
trolyte. Eventually, the cell may be dried and have a signifi-
cant increase of cell impedance and cell overpotential.

Different from the bare Li chip as illustrated in
Figure 9(a), the LiGL MLD process can form a uniform coat-
ing over the Li chip surface (Figure 9(b1)). After the mechan-
ical assembling press, the LiGL-coated Li chip becomes
bumpy (Figure 9(b2)). During this press, the LiGL coating
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breaks into small pieces. The fractures contact the electrolyte
and form an SEI layer. In comparison, the majority of the Li
chip surface is still covered by the LiGL coating, and only a
very small part of the surface is covered by an SEI layer.
The LiGL coating is electronically insulating while ionically
conductive. As a result, the stripping starts from the bumpy
areas (Figure 9 (b3)) but the Li chip surface becomes even
quickly with the depleted bumps (Figure 9 (b4)). Owing to
the uniformity and the exceptional properties of the LiGL
coating, the following stripping is remarkably even over the
whole Li chip. Due to the uniform properties of the LiGL-
coated Li chip surface, the following plating is also even with-
out any further SEI formation (Figure 9(b5)). Consequently,
the LiGL-coated Li chip can realize long-term stable cyclabil-
ity without evident consumption of Li and electrolyte. Thus,
the cell overpotential can sustain stable with extended cycles.

4. Conclusion

In summary, we for the first time developed a novel lithicone,
LiGL, in this study, which can be deposited uniformly and

conformally with an accurately controllable GPC at a moder-
ate temperature of 150°C. Significantly, this LiGL MLD has a
decent average GPC of ~2.7 nm/cycle and shows exceptional
protection effects on Li electrodes, i.e., remarkably suppress-
ing Li dendrites and mitigating SEI formation. Furthermore,
we have clearly explored the protective mechanism of
the LiGL coatings experimentally and computationally. Our
computational simulations and experiments revealed that
the MLD LiGL films are electrically insulating and ionically
conductive. In addition, experimental results revealed a mod-
erate stiffness of the LiGL coating. All these properties of the
LiGL coatings underlie their excellent protective effects on Li
metal electrodes. This work represents a facile solution to
achieve high-performance Li metal anodes.

Data Availability

All data needed to evaluate the conclusions in the paper are
present in the paper and the Supplementary Materials. Addi-
tional data related to this paper may be requested from the
corresponding authors.
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Figure S1. Comparison of the Li-stripping/plating cyclability
of Li metal electrodes coated by our LiGL in this work and by
other MLD films and other promising coatings. Figure S2.
Growth of LiEG and LiHQ lithicones via MLD. (a) QCM
measurements of MLD LiEG at 150 °C and (b) repeatable
MLD cycles in stable growth region. (c) QCMmeasurements
of MLD LiHQ at 150 °C and (d) repeatable MLD cycles in
stable growth region. Figure S3. Growth of LiGL via MLD.
QCM measurements of MLD LiEG in 100 cycles at 150 °C,
which can be divided into two regions: the initiation and sta-
ble growth region. Table S1. Elements and Quantifications of
MLD LiGL Films. Figure S4. XPS depth profiling of a 75-
MLD-cycle LiGL film. The LiGL film can be divided into four
parts: (I) Li-deficient layer, (II) stoichiometrically stable
layer, (III) Li-rich layer, and (IV) interface layer. Table S2.
Elements and Quantifications of LiGL films exposed in air
for 1 h. Figure S5. XPS analyses on (a) pristine LiGL films
and (b) 1-h air-exposed LiGL films. Figure S6. XRD analyses

on GL, N-GNS, and 75-MLD-cycle LiGL-coated N-GNS.
The peak at 17° is from the background. Figure S7. Density-
functional theory (DFT) simulations on amorphous LiGL
films. (a) The RDF of Li-O bonds from amorphous LiGL
and crystalline Li2O obtained from DFT results. (b) The
RDF of C-O, C-H, and C-D bonds found in amorphous LiGL
bulk at T = 300 K obtained from AIMD. Figure S8. Evolu-
tions of overpotentials of LiGL-20, LiGL-60, and LiGL-90
electrodes with cycle number at a current density of
2mA/cm2 and an areal capacity of 1mAh/cm2. The overpo-
tential profiles are compared for three (A, B, and C) segments
of 50 cycles. Figure S9. Evolutions of overpotentials of LiGL-
20 and LiGL-60 electrodes with cycle number at a current
density of 5mA/cm2 and an areal capacity of 1mAh/cm2.
The overpotential profiles are compared for 4 (A, B, C, and
D) segments of 50 cycles. Figure S10. Electrochemical evalu-
ations of LiGL-coated Li electrodes in Li/Li symmetric cells.
Li/Li cells tested at 2mA/cm2 for the first 200 cycles and at
7.5mA/cm2 for the subsequent cycles with a fixed areal
capacity of 1mAh/cm2. Figure S11. Surface morphology of
the cycled LiGL-60 electrode after 700 Li-stripping/plating.
The LiGL-60/LiGL-60 cell was cycled at 2mA/cm2 and at a
fixed areal capacity of 1mAh/cm2. Figure S12. The SEM
image of the cross section of the bare Li electrode before
cycling. Figure S13. XPS analyses of the bare Li and LiGL-
90 electrodes. High-resolution XPS spectra of (a) the bare
Li and (b) LiGL-90 electrode after 10 Li-stripping/plating
cycles at 2mA/cm2 and 1mAh/cm2. Figure S14. SEM obser-
vations of the morphological changes of Li electrodes. (a,b)
the bare Li and (c,d) LiGL-20 electrode after one stripping
(or plating) at a current density of 2mA/cm2 and an areal
capacity of 1mAh/cm2. Figure S15. SEM observations of
the morphological changes of Li electrodes after the press
of an assembling. (a) Li chip before assembling (b-f) Li chip
after assembling. Figure S16. SEM observations of the mor-
phological changes of LiGL electrodes after the press of an
assembling. (a) LiGL-coated Li chip before assembling and
(b-d) LiGL-coated Li chip after assembling. Figure S17.
DFT simulations on the electronic density of states (DOS)
of Li2CO3 and Li2O. DOS of (a) crystalline Li2CO3 and (b)
crystalline Li2O shows finite band gap of ~4.5 and ~4.3 eV,
respectively. Figure S18. The time evolution of the highest
occupied molecular orbital/band (HOMO), fermi level, and
the lowest unoccupied orbital/band (LUMO) of LiGL films.
Results show that a smaller band gap ~2.2 eV from 15ps
AIMD trajectories at (a) T= 400K (b) T=550K.
(Supplementary Materials)
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