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A B S T R A C T

LiCoO2 (LCO) possess a high theoretical specific capacity of 274 mAh g�1, and currently LCO charged to 4.48 V
with a capacity of ~190–195 mAh g�1 is penetrating the commercial markets. Scalable strategies to further
enhance the performance of LCO are highly attractive. Here, we develop a scalable ball-milling and sintering
method to tackle this long-standing challenge by modifying LCO surface with only 1.5–3.5% ceramic solid
electrolyte nanoparticles, specifically Li1.5Al0.5Ge1.5(PO4)3 (LAGP) as an example. Consequently, the atomic-to-
meso multiscale structural stabilities have been significantly improved, even with a high cut-off voltage of 4.5
V vs. Li/Liþ, leading to excellent electrochemical stabilities. The nano-LAGP modified Li|LCO cell exhibits high
discharge capacity of 196 mAh g�1 at 0.1 C, capacity retention of 88% over 400 cycles, and remarkably enhanced
rate capability (163 mAh g�1 at 6 C). These results show significant improvement compared to the Li|LCO cells.
The as-prepared graphite|LAGP-LCO full cells also show steady cycling with 80.4% capacity retention after 200
cycles with a voltage cut-off of 4.45 V. This work provides a simple and scalable approach to achieve stable
cycling of LCO at high voltage with high energy density.
1. Introduction

Lithium-ion batteries (LIBs) have dominated the market of consumer
electronics, such as cell phones and laptops, since their first commer-
cialization in 1991 [1,2]. Recently they have been actively developed for
electric vehicles and grid-scale energy storage. These rapidly developing
markets demand better batteries with both high energy density and long
cycle life [3–8]. Among different components in batteries, the cathode
capacity is a major limiting factor for energy density since its value
(~140–200 mAh g�1) is much less than the anode (e.g. 372 for graphite
and 4200 mAh g�1 for silicon) [9–11].

Among various cathode materials, LCO possesses a share of ~31% in
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the LIB market, since its well-ordered layered structure enables facile fast
and reversible lithium intercalation [12]. LCO has a high theoretical
specific capacity of 274 mAh g�1. Conventionally it is thought that the
practical discharge capacity is only slightly more than half of the theo-
retical capacity, ~140 mAh g�1 (Li1�xCoO2, x ~ 0.5, up to ~4.2 V vs.
Li/Liþ). Such limited capacity originates from two main factors: harmful
phase transition in LCO and unstable electrode/electrolyte interface
[13–15]. First, when x reaches 0.5 (~4.2 V), the LCO experiences an
order–disorder transition from the hexagonal structure (O3 phase) to a
monoclinic structure (C2/m phase). When x reaches 0.3 (~4.5 V),
another phase transition from O3 to H1-3 occurs [16]. These phase
transitions deteriorate electrochemical performance. For example, the
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order–disorder transition substantially lowers the Liþ diffusivity, and the
transition from O3 to H1-3 phase severely stresses the structure, inducing
internal strains and micro-cracks within the particles [17]. The second
challenge is the instability at the electrode/electrolyte interface. Specif-
ically, Co4þ ions are prone to dissolve in the electrolyte at high voltage,
which accelerates the electrolyte decomposition and leads to undesired
interfacial side reactions [18,19]. All factors mentioned above degrade
the electrochemical performance of LCO at high voltage, impeding its
practical application in high-energy-density lithium-based batteries.

To improve the cycling stability at high voltage, various strategies
have been explored to modify LCO, including heat treatment [20],
elemental doping (e.g. Mg [21], Zr [22], Ti [23]), and surface coating
(e.g. metal oxide [24], polymers [25]). Solid electrolyte coating has been
explored too. Kobayashi applied LAGP coating, but the capacity de-
creases rapidly from 186 to 105 mAh g�1 in the voltage of 3.0–4.4 V at
C/8 (0.1 mA cm�2) [26]. Currently LCO charged to 4.48 V with capacity
of ~190–195 mAh g�1 is penetrating commercial markets.

To push to higher voltage, recently La–Al co-doping was applied to
suppress the phase transition during cycling at cut-off voltage of 4.5 V vs.
Li/Liþ, however, only 50 cycles was reported with a capacity retention of
96% [27]. Morimoto et al. applied LATP coating, and the capacity
retention is 89% after 50 cycles between 3.0 and 4.5 V [28]. Ti–Mg–Al
co-doping was also employed to suppress the phase transition and pro-
mote the cycling stability up to 4.6 V vs. Li/Liþ [29]. Moreover, Li–Al–F
modified LCO was reported to improve the cycling stability at 4.6 V vs.
Li/Liþ [12], but the multi-step hydrothermal preparing process may not
be convenient for mass production.

In addition to the modification of cathode materials, electrolytes
engineering can also enhance cycle life. The lithium bis-(tri-
fluoromethanesulfonyl) imide (LiTFSI) þ lithium bis-(oxalato) borate
(LiBOB) þ lithium hexafluorophosphate (LiPF6) tri-salt in carbonate
electrolytes, which was first introduced in lithium metal batteries by
Zheng et al., could lead to a robust and conductive solid electrolyte
interphase [30]. The Li|NCM442 cell with the tri-salt in carbonate elec-
trolyte showed capacity retention as 97.1% after 500 cycles under a high
current density of 1.75 mA cm�2 between 2.7 and 4.3 V.

In order to be compatible with the potential scalable production, we
developed a simple and scalable ball milling and sintering process to
modify LCO with trace amount of Li1.5Al0.5Ge1.5(PO4)3 (LAGP) (1.5–3.5
wt%) nanoparticles. With the protection of nano-LAGP, the structural
and cycling stabilities of LCO have been significantly improved in con-
ventional LiPF6-based carbonate electrolyte, even with a high cut-off
voltage of 4.5 V vs. Li/Liþ. Just a trace amount of nano-LAGP endows
an impressively high capacity of 196 mAh g�1 at 0.1 C, and capacity
retention of 88% over 400 cycles at 1 C discharge. Excellent rate capa-
bility (163 mAh g�1 at 6 C) is also achieved in Li|LAGP-LCO cells. By
utilizing an electrolyte with low flammability, 0.6 M lithium bis-(tri-
fluoromethanesulfonyl) imide (LiTFSI) þ 0.4 M lithium bis-(oxalato)
borate (LiBOB) þ 0.05 M LiPF6 in ethylene carbonate (EC)/propylene
carbonate (PC) (EC: PC ¼ 3: 7, v/v) [31], the Li|LAGP-LCO cell delivers
steady capacity over 1000 cycles with a capacity retention of 81.0%.
Moreover, graphite/LAGP-LCO full cells with N/P ratio of 1.1–1.2 are
also demonstrated with a high capacity retention of 80.4%/200 cycles in
the range of 2.5–4.45 V. These results are significantly better than their
bare LCO counterpart. This work offers an effective method to realize
stable and high voltage operation of LCO for high-energy-density
rechargeable lithium batteries.

2. Experimental

Synthesis of nano-LAGP modified LCO powder. LiCoO2 (LCO) and
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) powder were purchased from MTI Corpo-
ration and used as received. The nano-LAGP modified LCO powder was
prepared in a scalable and facile method, in which different weight
percentage of nano-LAGP (0.5–10%) was ball-milled with LCO powder in
isopropanol. The composite was then dried at 80 �C for 6 h and sintered
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at 650 �C for 4 h with temperature-increasing and temperature-
decreasing rates of both 2.5 �C min�1. The obtained sample was deno-
ted as y% LAGP-LCO, where y represents the ratio of nano-LAGP. The
LCO was also sintered under the same condition for comparison.

Preparation of electrolytes. Commercial electrolytes, 1 M LiPF6 in
EC/DEC (EC: DEC ¼ 1: 1, w/w) and 1.2 M LiPF6 in EC/EMC (EC: EMC ¼
3: 7, v/v) were kindly provided by Gotion Inc. EC, DEC and EMC are short
for ethylene carbonate, diethyl carbonate and ethyl methyl carbonate,
respectively. The tri-salt electrolyte was prepared by mixing 0.6 M LiTFSI
(Gotion Inc.), 0.4M LiBOB (Gotion Inc.) and 0.05M LiPF6 (Gotion Inc.) in
EC (Sigma-Aldrich, 99%)/PC (Sigma Aldrich, 99.7%), where EC/PCwere
mixed with 7: 3 by volume. For the electrolyte used in graphite|LCO full
cells, 1.5 wt% vinylene carbonate (VC, Gotion Inc.) was added in 1.2 M
LiPF6 in EC/EMC (EC: EMC ¼ 3: 7, v/v).

Material Characterizations. Inductively coupled plasma mass
spectrometry (ICP-MS) test of samples were tested by Robertson Microlit
Laboratories using PerkinElmer NexIon 300D. X-Ray diffraction (XRD)
patterns of the samples were tested by a PANalytical XPert3 Powder XRD
with Cu Kα radiation run at 45mA and 40 V. Two-dimensional (2D) X-ray
fluorescence (XRF) elemental imaging was collected by X-ray Fluores-
cenceMicroprobe at FXI (8-BM) in the National Synchrotron Light Source
II. Scanning electron microscopy (SEM) was characterized on SIGMA VP
Zeiss equipped with energy dispersion spectrum (EDS) at 15.0 kV. To
unveil the morphology of cycled LCO and LAGP-LCO cathodes, they were
washed with pure EC/DEC three times to eliminate electrolyte residue,
and then fully dried under vacuum before SEM testing. Transmission
electron microscopy (TEM) images of LAGP-LCO particle was conducted
on FEI TALOS F200X. X-ray absorption near edge spectroscopy (XANES)
[32] was measured at FXI (18-ID) beamline in the National Synchrotron
Light Source II. The full-field two-dimensional (2D) XANES with 30 nm
spatial resolution across Co K-edge was conducted with TXM.

Battery Assembly. The cathodes were prepared by mixing LAGP-
LCO or bare LCO powder, SUPER C65 conductive carbon (Timcal) and
poly (vinylidene fluoride) (Kynar 761, Arkema) with a mass ratio of
85:8:7 in N-methyl-2-pyrrolidone (99%, Sigma Aldrich). The mixture
was then stirred for 12 h to form a homogeneous slurry and coated on an
aluminum foil, followed by drying overnight at 110 �C and cutting into
cathodes with a diameter of 15 mm. The graphite anode was prepared by
mixing natural graphite (MSE Supplies LLC.), SUPER C65 conductive
carbon and poly (vinylidene fluoride) with a mass ratio of 92:3:5 in N-
methyl-2-pyrrolidone, then followed the steps of making cathode but the
anode was coated on a copper foil and punched into electrode with a
diameter of 16 mm. CR2032-type coin cells were assembled in both Li|
LCO, Li|LAGP-LCO half cells and graphite|LCO, graphite|LAGP-LCO full
cells. The half cells were constructed with bare LCO or LAGP-LCO elec-
trode (active material ~9 mg cm�2), lithium metal anode chip (250 μm
thick, 1.56 cm diameter), one piece of polyethylene (PE) separator
(Celgard 2325, 25 μm) and liquid electrolytes. The full cells were
assembled with bare LCO or LAGP-LCO cathode, natural graphite anode,
one piece of PE separator (Celgard 2325, 25 μm), and 1.2 M LiPF6 in EC/
EMC with 1.5 wt% VC as additive. The N/P ratio of full cells was fixed to
1.1–1.2. All of the cells were assembled in an argon-filled glove box with
moisture and oxygen levels below 0.1 and 1 ppm, respectively.

Electrochemical Measurements. The cycling performance and rate
capability of half cells and full cells were conducted on Wuhan LAND
battery testers. The cells were carried out with constant current and
constant voltage mode, when the cells reached the charge cut-off voltage,
a constant voltage charge process was applied until current decreased to
0.05 C. Charge and discharge current rates of 0.3–6 C were utilized to
investigate the power rate of cathodes with different electrolytes. Elec-
trochemical impedance spectroscopy (EIS) was measured on a VMP3
multichannel potentiostat from Bio-Logic in a frequency range of 1 MHz
to 0.1 Hz with a 10 mV amplitude. All of the cells were tested at room
temperature.

DFT calculation details. All the quantum mechanical calculations
based on density functional theory (DFT) were implemented in the



Fig. 1. Synthesis and characterizations of LAGP-LCO particles. (a) The preparation process to modify LCO particle by nano-LAGP. (b) SEM images of bare LCO and
LAGP-LCO particles. (c) EDS maps of Co, Ge and Al in LAGP-LCO particle. (d) A TEM image of an as-prepared LAGP-LCO particle. (e, f) Diffraction patterns of (e) LAGP
and (f) bulk LCO, which correspond to region 1 and 2 in (d), respectively.

Z. Li et al. Energy Storage Materials 29 (2020) 71–77
Vienna ab initio Simulation Package (VASP 5.4.4) [33]. The projector
augmented wave (PAW) method [34] with a kinetic energy cutoff of 520
eV is employed. The spin-polarized generalized gradient approximation
(GGA) with PBE function [35] was used to treat the electron exchan-
ge–correlation interactions. The GGA þ U method was used with a U
values of 4.91 eV for Co 3d states, according to Ref. [36]. Furthermore,
we considered the van der Waals interaction throughout the calculations.
The Monkhorst–Pack scheme [37], with a 2 � 3 � 1 k-point mesh, was
used for the integration in the irreducible Brillouin zone. The lattice
parameters and ionic position were fully relaxed, and the final forces on
all atoms were less than 0.01 eV Å�1. Density of states calculations were
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smeared using the Gaussian smearing method with a smearing width of
0.05 eV. The LiCoO2 (104) surface was simulated using the symmetric
periodic slab model containing 42 Li atoms, 84 O atoms and 42 Co atoms,
with consecutive slabs separated by an 18 Å vacuum layer. The Ge
modified slab systems were modelled by substituting 1 out of 42 Co ions
with a Ge ion.

3. Results and discussion

Synthesis and Characterizations of LAGP-modified LCO cathode.
Nano-LAGP modification was realized by a scalable and facile ball
Fig. 2. Electrochemical performance of Li|LCO and
Li|LAGP-LCO cells in the voltage range of 3.0–4.5 V.
(a) Discharge capacity and (b) Coulombic efficiency
vs. cycle number with 1 M LiPF6 in EC/DEC (EC:
DEC ¼ 1: 1, w/w)). (c–e) voltage profiles of (c) Li|
LCO, (d) 1.5 wt% Li|LAGP-LCO and (e) 3.5 wt% Li|
LAGP-LCO cells. (f) Cycling performance of 3.5 wt%
Li|AGP-LCO cell and Li|LCO cell with tri-salt elec-
trolyte (0.6 M LiTFSI þ 0.4 M LiBOB þ 0.05 M LiPF6
in EC/PC (EC: PC ¼ 3: 7, v/v)). All these cells were
charged at 0.49 mA cm�2 (0.3 C) and discharged at
1.62 mA cm�2 (1 C), before which the cells were pre-
cycled at 0.1 C for one cycle. (g) Rate performance of
3.5 wt% Li|LAGP-LCO and Li|LCO cells with 1 M
LiPF6 in EC/DEC. The charging and discharging
currents are the same for each C-rate.



Fig. 3. Electrochemical performance of full cells based on LCO and nature
graphite. (a) Cycling performance of full-cells with 3.5% LAGP-LCO and bare
LCO cathodes at room temperature in the voltage range of 2.5–4.45 V. The
current density is 0.32 mA cm�2 (0.2 C). (b–c) Voltage profiles of full-cells with
(b) bare LCO and (c) 3.5% LAGP-LCO electrodes.
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milling and sintering process, as shown in Fig. 1a. First, LiCoO2 particles
were ball milled with different amount of LAGP nanoparticles (0.5–10 wt
%) at a grinding speed of 750 rpm in isopropanol. The mixture was then
dried at 80 �C for 6 h and sintered at 650 �C for 4 h to obtain nano-LAGP
modified LCO powders. After the modification, no structural change was
observed in X-ray diffraction (XRD) (Fig. S1), indicating the perseverance
of the LCO structure. Scanning electron microscopy (SEM) shows that the
surface of LCO becomes rough and is decorated with LAGP nanoparticles
(Fig. 1b). Two-dimensional (2D) X-ray fluorescence (XRF) chemical map
display a nearly conformal Ge signal on Co (Fig. S2). EDS mapping
equipped with SEM also unveils that Ge and Al signals cover the entire
particle with nearly uniform distribution (Fig. 1c and Fig. S3). Based on
XRF and EDS imaging, we estimate that 80–90% of surface is covered by
LAGP. Although 10–20% is still exposed, such reduced exposure can
reduce electrolyte oxidation. Moreover, we suspect that Al and Ge can
diffuse around to exposed surface, which help passivate the interface and
will be discussed below.

The existence of LAGP is further verified by transmission electron
microscopy (TEM) (Fig. 1d). For example, the electron diffraction pattern
(DP) of region 1 displays rings which match well with the (110) and
(211) planes of LAGP (Fig. 1e, JCPDS No. 80–1924). The DP of region 2
shows spots corresponding to (120), (006) and (126) planes in layered
LCO (R-3m space group) (Fig. 1f). All characterizations above indicate
the modification of LCO by LAGP nanoparticles has been successfully
realized by this simple and scalable process without changing the crystal
structure of LCO. At lab scale, dry ball milling is difficult to achieve ul-
trahigh uniformity compared to sol-gel method. However, as it is widely
used in industry for its low cost and efficiency, we expect better homo-
geneity to be achieved at larger scale after more optimization.

Electrochemical performance of Li|LCO half cells. To evaluate
how the nano-LAGP modification enhances the electrochemical stability
of LCO, the as-prepared LAGP-LCO cathode was first tested in Li|LAGP-
LCO half cells with commercial carbonate electrolytes. All LCO electrodes
have a capacity of ~1.6 mAh cm�2, and the cells are cycled between 3
and 4.5 V. Inductively coupled plasma mass spectrometry (ICP-MS)
shows that the actual content of LAGP is 4.7 wt% for the norminal 3.5%
LAGP-LCO sample, and other samples also show slightly higher actual
content than the nominal value. In following paragraphs, the specific
capacities have been corrected based on actual content.

As shown in Fig. 2a, when commercial electrolyte, 1 M LiPF6 in EC/
DEC is used, bare LCO shows an initial discharge capacity of 184mAh g�1

at 0.1 C, and the capacity drops fast from 168 to 54.3 mAh g�1 within 100
cycles at 0.3 C charging and 1 C discharging. After LCO is modified with
1.5 wt% and 3.5 wt% LAGP, the initial discharge capacity at 0.1 C remain
at 196 and 185 mAh g�1, respectively. Moreover, the capacity retention
significantly enhances to 91.8%/300 cycles (194–178 mAh g�1) for 1.5
wt% nano-LAGP, and 88.3%/400 cycles (179–158mAh g�1), for 3.5 wt%
nano-LAGP respectively. On the other side, nano-LAGP coating also re-
duces interfacial side reaction, as reflected by higher and more stable CE
(Fig. 2b). Meanwhile, the voltage hysteresis of Li|LCO cell increases
quickly from 0.04 to 1 V within 150 cycles (Fig. 2c), while the voltage
hysteresis is quite steady for Li|LAGP-LCO cells. It only increases slightly
from 0.04 to 0.09 V after 300 cycles for 1.5 wt% LAGP (Fig. 2d), and from
0.05 to 0.09 V after 400 cycles for 3.5 wt% LAGP (Fig. 2e). These results
no doubt show that LAGP nano-coating can significantly enhance the
cycling performance of LCO. More cycling results with different nano-
LAGP percentages and another carbonate electrolyte (1.2 M LiPF6 in
EC/EMC) are illustrated in Figs. S4 and S5, showing the versatility of this
approach.

In addition, the nano-LAGP percentage is surveyed from 0 to 10 wt%
to better understand its effect on the performance of LCO (Fig. S6). When
the nano-LAGP percentage increases from 0 to 10% in 1 M LiPF6 in EC/
DEC electrolyte, the initial specific capacity first increases slightly from
184 mAh/g at 0 wt% to 196 mAh/g at 1.5 wt%, and gradually decreases
to 165 mAh/g at 10 wt% (Fig. S6). Meanwhile, the capacity retention
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sharply increases from 33.6%/100 cycles at 0 wt% to 97.2%/100 cycles
at 1.5 wt%, and keeps at a nearly constant value with further increase of
capacity retention. Similar trend is also observed in other carbonate
electrolytes (Fig. S4).

The cycling performance can be further improved by using electro-
lytes that can form a passivation layer on the cathode surface through salt
decomposition [30]. For example, when the tri-salt electrolyte (0.6 M
LiTFSI þ 0.4 M LiBOB þ 0.05 M LiPF6 in EC/PC (EC: PC ¼ 3: 7, v/v)) is
used together with LAGP nano-coating, an ultra-stable cycling is ach-
ieved with a capacity retention of 82.1% over 1000 cycles (Fig. 2f).
Conversely, bare LCO even cannot endure 100 cycles with almost no
capacity remained. It is worth noticing that the capacity decay in Li|
LAGP-LCO cell is not ascribed to the failure of LCO itself, but to the
lithium anode and electrolytes. This is validated by the recovering of
capacity when the cycled lithium anode and electrolytes are renewed
(Fig. S7). A closer look of cycled lithium chip shows a loose and fragile
surface, which may arise from the non-uniform lithium deposition
(Fig. S8).

Besides remarkably enhanced cycling stability, nano-LAGP modifi-
cation also provides better power capability (Fig. 2g). When 3.5 wt%
nano-LAGP is applied, the reversible specific capacity reaches 185, 180,
179, 177, 168 and 163mAh g�1 at 0.3, 0.5, 1, 2, 4 and 6 C with 1M LiPF6
in EC/DEC, respectively. In contrast, bare LCO cell only exhibits specific
capacity of 183, 178, 171, 159, 133 and 109 mAh g�1 at 0.3, 0.5, 1, 2, 4
and 6 C, respectively, much lower than those with nano-LAGP modifi-
cation. Similar enhanced power capability is also observed with 1.2 M
LiPF6 in EC/EMC (Fig. S9a) and 1 M tri-salt in EC/PC (Fig. S9b), and
corresponding voltage profiles are exhibited in Fig. S10. The improved
power capability probably arises from faster interfacial ionic transport
and bulk ionic diffusion, especially after several cycles. This is consistent
with impedance results in Fig. 5a and Fig. 5b. This will be later discussed
in details together with other characterization results.

Electrochemical performance of LCO/graphite full cells. To
demonstrate imminent applicability, 3.5% LAGP-LCO is combined with a
nature graphite (NG) anode for full cell cycling. The negative/positive
(N/P) ratio is 1.1–1.2 and the full cell voltage range is 2.5–4.45 V. 1.2 M
LiPF6 in EC/EMC with 1.5 wt% vinylene carbonate (VC) addictive is
used. As shown in Fig. 3a, the initial specific capacity of the NG|LAGP-



Fig. 4. Characterizations of LAGP-LCO and bare LCO cathodes after 100 cycles. (a–b) High resolution TEM and (c–d) SEM images of cycled LAGP-LCO cathode. (e–f)
High resolution TEM and (g–h) SEM images of cycled bare LCO cathode. (b), (d), (f), and (h) are zoom in images of (a), (c), (e) and (g), respectively. The red arrows
indicate cracks in bare LCO particles after 100 cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 5. Characterizations of cycled bare LCO and
LAGP-LCO cathodes. (a–b) EIS results of (a) Li|LAGP-
LCO and (b) Li|LCO cells between 1 MHz and 0.1 Hz.
Both the 1st cycle and the 100th cycle were taken at
the charged state (4.5 V vs. Li/Liþ). (c) XRD of LAGP-
LCO and bare LCO after 50 cycles in the charged state
(4.5 V) and the discharged state (3 V). (d–e) Repre-
sentative 2D XANES chemical maps of Co on (d) a
bare LCO particle and (e) a 3.5 wt% LAGP-LCO par-
ticle after 50 cycles. Both electrodes were imaged at
the discharge state (3 V). (f) 2D simulation by
COMSOL for lithium concentration in bare LCO
cathode after lithiated.
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LCO cell is 177 mAh g�1 at 0.1 C, higher than that of NG|LCO cell (170
mAh g�1). The discrepancy with results in Li|LAGP-LCO cell is attributed
to un-optimized initial CE of the graphite anode. However, the initial CE
of the NG|LAGP-LCO cell (83.7%) is still higher than that of the NG|LCO
cell (80.7%). Upon cycling, the specific capacity in NG|LCO cell decays
quickly from 170 mAh g�1 to only 58.1 mAh g�1 (34.2% retention) after
200 cycles at 0.2 C (Fig. 3a and b). In contrast, the NG|LAGP-LCO cell
shows remarkably improved cycling stability. The specific capacity in-
creases from 175 mAh g�1 to 180 mAh g�1 in the 15th cycle at 0.2C and
remains at 141 mAh g�1 (80.6%) after 200 cycles (Fig. 3a and c). In
addition, NG|LAGP-LCO cell displays higher average CE of 99.4% than
99.0% in NG|LCO cell.

Moreover, excellent rate capability is also observed in full cell with
nano-LAGP modification, featuring reversible capacity of 178, 169,
158, and 144 mAh g�1 at 0.2, 1, 3, and 5 C, respectively. In contrast, the
NG|LCO cell only deliver specific capacity of 173, 137, 54.4, and 3.3
mAh g�1 at 0.2, 1, 3, and 5 C without nano-LAGP modification, respec-
tively (Fig. S11). All results above indicate the trace amount of nano-
LAGP enables stable cycling performance of LCO in the high-voltage
operation.

Mechanistic study of electrochemical stability. To understand
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why trace amount of nano-LAGP dramatically enhances electrochemical
performance of LCO charged to high voltage, multi-mode characteriza-
tions are utilized to unveil structural and chemical transformations in the
cathode, including TEM, XRD and full-field transmission X-ray micro-
scopy (TXM) with X-ray absorption near edge structure (XANES), SEM,
and electrochemical impedance spectroscopy (EIS).

Electron microscopies first unveil that the LAGP nano-coating well
preserves the structural integrity of LCO at both atomic and mesoscales,
while atomic re-arrangement and micro-cracks are frequently observed
in bare LCO. First, in LAGP-LCO after 100 cycles, clean layered structure
is observed at the edge of LAGP-modified LCO (Fig. 4a and b), which
indicates well-preserved crystal structures inside. The LAGP nano-
particles on surface remain intact after cycling (Fig. S12). Moreover, no
obvious micro cracks are observed in SEM images (Fig. 4c–d and
Figs. S13a–b). On the other side, TEM illustrates re-arrangement of atoms
at the surface of bare LCO after 100 cycles (Fig. 4e and f). The interplanar
spacing of 2.02 Å inside the particle can be ascribed to (114) plane of
LCO, however, the interplanar spacing of 2.86 Å does not belong to any
spacing in pristine LCO (JCPDS No. 75–0532), indicating the appearance
of a new phase. In addition, cracks with length of 0.5–5 μm and width of
20–150 nm are frequently observed in LCO (Fig. 4g and h). More



Fig. 6. DFT simulation of LCO and Ge on LCO. (a)
Optimized atomic structure of the (104) slab of
LiCoO2. (b) PDOS of surface O ions in LiCoO2,
Li0.29CoO2 and Ge-modified Li0.29CoO2 system. The
chosen O ions for PDOS in Ge-modified system are
around Ge ions. The Ef (Fermi level) is set to be 0 eV.
(c–d) Optimized atomic structures of the (104) slab
system of (c) Li0.29CoO2 and (d) Ge-modified
Li0.29CoO2. The insets on the right-hand side of (c)
and (d) are the corresponding surface structures (top)
and two-dimensional charge density distributions
(bottom) displayed in top views. The values beside
the charge density contours are the amount of elec-
tron loss of the corresponding O ion upon delithia-
tion from LiCoO2 to Li0.29CoO2 obtained from Bader
charge analysis.
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examples can be found in Figs. S13c–d. The cracks not only increase the
surface area of bulk LCO which promotes undesired cathode/electrolyte
side reactions, but also cause strain and damage in the LCO, leading to
deterioration in cycling performance [38,39].

Such enhanced structural integrity across multi-scale leads to stable
impedance and reversible ion intercalation in nano-LAGP modified LCO.
This is first validated by EIS measurements. In LAGP-LCO, the impedance
at 4.5 V even slightly decreases after 100 cycles (Fig. 5a), since the
lithium anode typically shows reduced impedance at the beginning of
cycling due to increased surface area [40,41]. In contrast, although the
electrolyte resistance and charge transfer resistance do not change
significantly after 100 cycles in bare LCO at 4.5 V, the diffusion tail be-
comes much longer after 100 cycles (Fig. 5b). This can be attributed to
structural deterioration observed in TEM and SEM (Fig. 4f, h). First, a
damaged surface layer of 2–5 nm (e.g. Fig. 4f) is enough to result in
obvious change in the so called “bulk” diffusion tail. For example, if the
ionic diffusivity is reduced to 10�14 cm2 s�1 in the damaged surface layer,
ions can only move ~3 nm in 10 s (for 0.1 Hz). Hence, the sluggish ion
diffusion is reflected as the diffusion tail, as supported by COMSOL
simulations (Fig. S14 and supplementary note 1). Second, the micro
cracks observed by SEM suggest large strain inside LCO, which can also
lead to poorer crystallinity and more sluggish ionic transport inside.

The structural stability and consequent stable impedance lead to more
reversible Liþ intercalation in nano-LAGP modified LCO, as validated by
XRD and TXM studies. The XRD pattern shows that the (003) peak in
LAGP-LCO in the discharged state after 50 cycles remain at 18.94� in 2θ
(Fig. 5c), which is the same as that in pristine LCO. This indicates that the
Liþ intercalation is fully reversible. In contrast, the (003) peak in bare
LCO after 50 cycles remains at 18.79� , corresponding to ~ Li0.6CoO2.
This suggests that Liþ is difficult to intercalate inside due to the inter-
facial structural deterioration observed in TEM, and thus the XRD peak
cannot be fully shifted to the discharged state.

The XRD results are also echoed by ex-situ 2D TXM XANES images of
LCO after 50 cycles, which also unveils heterogeneity in ion intercala-
tion. In bare LCO, when discharged to 3.0 V, only the surface layer is fully
lithiated and stays at the LiCoO2 state, but the bulk remains at ~
76
Li0.5CoO2 state (Fig. 5d) and the peak of Co K-edge peak shifts to 7.729
keV (Fig. S15). This is consistent with observations above that the surface
of LCO is damaged so that Liþ are difficult to diffuse inside. Such core/
shell-like distribution is also confirmed by COMSOL simulations
(Fig. 5f and supplementary note 1). On the other side, 3.5 wt% LAGP-LCO
discharged to 3.0 V shows the correct oxidation state at 7.727 keV
(Fig. S15), which corresponds to Co3þ (see Fig. S16 for the reference) and
validates reversible Liþ intercalation inside.

By combining results frommulti-mode characterizations above, it can
be concluded the nano-LAGP plays an essential role in stabilizing the
structure of LCO from atomic to mesoscale, and facilitating interfacial
and bulk ion transport, which leads to reversible ion intercalation and
thus high power density and excellent cycling performance.

Besides surface coating, it is also expected that Al and Ge can be
incorporated into LiCoO2 lattice due to post-annealing at 650 �C after ball
milling, which could also enhance the stability. It should be noted that in
TEM we don’t see evidence that Al and Ge are indeed incorporated in-
side, but it may be due to the low concentration (<1%), so that they
cannot be detected by EDS. Here the following discussion is based on the
assumption that they are in LiCoO2 lattice, which provides a possible
mechanism for stabilization, but requires further confirmation.

While the stabilization effect of Al has been studied [27,42,43], Ge
substitution was rarely explored. Hence, density functional theory (DFT)
calculations were conducted to study the role of surface-Ge on the surface
stability of LiCoO2 cathode during charge/discharge process. (104) sur-
face of LiCoO2 is chosen due to its low energy compared to other surfaces
(see supplementary note 2 for more discussion). In DFT simulation, it is
first found that Ge prefers to stay at surface than the bulk due to lower
energy, and thus surface substitution of Ge is used (Fig. S17). As illus-
trated in Fig. 6b, PDOS (partial density of states) of O ions shows that
O-redox occurs during the delithiation process from LiCoO2 (green line)
to Li0.29CoO2 (shaded dot red line), as reflected by less states below Ef
and more states above and close to Ef. Regarding to the effect of Ge
doping, the PDOS of surface-O ion near Ge ion in Ge modified Li0.29CoO2
system (blue line) remains more occupied O-2p states (below Ef) whereas
less unoccupied states (above Ef) than that of the surface-O ion in pristine
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Li0.29CoO2 system, which indicates that the charge compensation pro-
vided by surface-O ions is mitigated by surface-Ge, and thus O becomes
more stable on the surface. The relaxed structures of delithiated state
(Li0.29CoO2) of pristine and modified cases are shown in Fig. 6c and d,
respectively. The Bader charge analysis is further conducted to verify the
charge compensation provided by surface-O-redox. The amount of elec-
tron loss of surface-O ions evaluated by Bader charge analysis is shown
on the right-hand side of Fig. 6c and d, which shows that the surface-O
ions around the Ge ions lose less charge compared with those without
Ge ions nearby. These results are consistent with PDOS of surface-O ions.
Hence, we conclude that the surface-O ions around Ge ions hold more
charge than pristine one in the delithiated state, as Ge ion on the surface
helps to resist the charge deficiency of the surface-O ions, thus stabilized
the surface-O ions. This can be another reason why LAGP-LCO exhibits
significantly better stability at high electrode potential.

In summary, we have demonstrated that a trace amount of nano-
LAGP can well modify the surface of LiCoO2, and significantly improve
themulti-scale structural stability and thus the cycling performance, even
at a high cut-off voltage of 4.5 V vs Li/Liþ. The LAGP nano-coating
preserves the layered structure of LCO at the atomic scale and the
integrity of the particle at mesoscale, as validated by electron micro-
scopic and Synchrotron-based characterizations. DFT simulation further
demonstrates that Ge ions can stabilize Oxygen ions on the surface of
LiCoO2. Hence, the electrochemical impedance is stabilized, leading to
remarkably enhanced cycling performance. Li|LAGP-LCO cells exhibit
ultrahigh discharge capacity of 194.4mAh g�1, capacity retention of 88%
over 400 cycles, together with remarkably enhanced rate capability (161
mAh g�1 at 6 C). Moreover, NG|LAGP-LCO full cells also show stable
cycling with capacity retention of 83.0% after 150 cycles. This work
presents a simple and scalable approach to realize stable, high-voltage
operation of LCO for lithium batteries with high energy density.
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