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HIGHLIGHTS

e Nanocapsules made from metal-organic frameworks were designed for sustained release of additive (LiNO;) to passivate Li anode in

commercial carbonate-based electrolyte.

® The nanocapsules with continuous supply of LiNO; formed a nitride-rich solid electrolyte interphase layer on Li anode and persistently

remedied the interphase during prolonged cycling.

e The practical Li-metal full cell delivered a prolonged lifespan with 90% capacity retention after 240 cycles which has been hardly

achieved in commercial electrolyte.

ABSTRACT A robust solid-electrolyte
interphase (SEI) enabled by electrolyte addi-
tive is a promising approach to stabilize Li
anode and improve Li cycling efficiency.
However, the self-sacrificial nature of SEI
forming additives limits their capability to
stabilize Li anode for long-term cycling.
Herein, we demonstrate nanocapsules made
from metal-organic frameworks for sus-
tained release of LiNO; as surface passiva-
tion additive in commercial carbonate-based
electrolyte. The nanocapsules can offer over
10 times more LiNOj; than the solubility of

LiNOs;. Continuous supply of LiNO; by nano-
capsules forms a nitride-rich SEI layer on Li
anode and persistently remedies SEI during prolonged cycling. As a result, lifespan of thin Li anode in 50 pm, which experiences drastic
volume change and repeated SEI formation during cycling, has been notably improved. By pairing with an industry-level thick LiCoO,
cathode, practical Li-metal full cell demonstrates a remarkable capacity retention of 90% after 240 cycles, in contrast to fast capacity drop

after 60 cycles in LiNO; saturated electrolyte.
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1 Introduction

Li-metal batteries (LMBs) have attracted great attention
in recent years due to the much improved energy density
enabled by the use of Li-metal anode (LMA). However,
Li dendrites growth and low Li cycling efficiency result
in quick failure of the electrode and safety hazards [1-4].
Moreover, a prerequisite of high-energy-density LMBs
is the successful adaptation of thin LMA with limited Li,
which requires effective methods to improve the Colum-
bic efficiency (CE) of LMA [3, 5, 6]. Solid-electrolyte
interphase (SEI) layer is undoubtedly the key for dura-
ble LMA. A mechanically and chemically robust SEI
layer with high ionic conductivity promotes homogene-
ous ion flux and uniform Li deposition/dissolution, thus
minimizing dendrites formation and improving the CE of
LMA [7-11]. Incorporating additives in electrolyte that
are preferentially reduced on LMA (e.g., fluoroethylene
carbonate (FEC) [12], lithium difluoro(oxalato)borate
(LiDFOB) [13], and LiNO; [14]) represents a feasible
and efficient approach to manipulate the SEI [15-17].
In particular, LiINO; has been demonstrated as an effective
additive or co-salt in ether-based electrolytes for Li—S and
Li-O, batteries, forming stable SEI on LMA enriched with
inorganic compounds of LiN,O, and Li;N [18-20]. Such
highly ionic conductive SEI facilitates Li* transport and
regulates the deposited Li into granular structure, which
enhances Li cycling efficiency and prohibits dendrite-
induced short circuits. Nevertheless, adaptation of LiNO;
in carbonate-based electrolytes, which are mature and
compatible with high-voltage cathodes (e.g., LiCoO, and
LiNi,Co,Mn O,), has been limited by its extremely low
solubility in carbonate solvents (about 0.8 mg mL™!) [21].
CuF, has been found to increase the solubility of LiNO; to
1.0 wt % (10 mg mL™") in carbonate electrolyte by forming
Cu?*-NO,~ complex [22], yet the possible reduction of Cu**
might compromise the stability of this system. Alternatively,
solid LiNO; has been incorporated in LMBs by pre-
impregnating on porous separator [23], intercalating between
bilayer separators [24], or encapsulating in polymer gel [21,
25] to overcome the solubility limit of LiNO;, however, at the
cost of extra weight gain and possibly blocked ionic transport.
To this end, efficient method to continuously stabilize LMAs
with high-ionic conductivity nitride-rich SEI in carbonate-
based electrolyte for practical LMBs has not been achieved.

© The authors

Inspired by drug delivery systems for disease treatment
[26, 27], we demonstrate sustained-release nanocapsules
made from nanoparticles of metal-organic frameworks
(MOFs) to continuously stabilize LMA with LiNO; additive
in carbonate-based electrolyte. While MOFs have been
used to immobilize ionic species as electrolytes for battery
applications [28-31], there is no attempt to manipulate the
SEI-forming components in commercial electrolytes with the
assistance of MOFs. In this study, MOF nanoparticles can
uptake a substantial amount of LiNO; (denoted as LNO@
MOF) and well disperse in liquid electrolyte. More than ten
times of the solubility limit of LiNO; can be introduced into
electrolyte. During battery operation, LiNO; is continuously
consumed to remedy the SEI layer and replenished by the
nanocapsules. Here we show that thin LMA of 50 pm can
be effectively stabilized in commercial carbonate-based
electrolyte containing LNO@MOF nanocapsules. When
coupled with a thick LiCoO, cathode (21 mg cm™?),
the as-assembled practical LMB full cell demonstrates
outstanding cycle stability with a capacity retention of 90%
after 240 cycles.

2 Experimental Section
2.1 Synthesis of MOF-808 Nanoparticles

MOF-808 nanoparticles were prepared according to a previ-
ous report [32]. Briefly, ZrOCl,-8H,0 (0.97 mg, 3.0 mmol)
and 1,3,5-benzenetricarboxylate (H;BTC) (0.21 mg,
1 mmol) were dissolved in N,N-dimethylformamide (DMF)/
formic acid (30 mL/30 mL) and loaded into a 100-mL
Teflon-lined autoclave and heated at 130 °C for two days.
After cooling to room temperature, the MOF-808 power
was collected by filtration and washed by DMF for three
times. Afterward, the sample was immersed in methanol for
solvent exchange for 3 days, during each time methanol was
replaced three times per day. Finally, MOF-808 was vacuum-
dried at room temperature and then at 150 °C for 10 h to
yield MOF-808 nanoparticles.

2.2 Preparation of LNO @ MOF Nanocapsules

The MOF-808 nanoparticles were immersed into 2 mol L™!
LiNO; methanol solution and stirred for 24 h to enable full
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impregnation of LiNO; into the pores of MOF-808. Then,
the composites were washed by methanol for three times to
remove residual LiNO; outside MOF-808 particles. Finally,
LNO@MOF was vacuum-dried at 100 °C for 10 h to remove
methanol solvent.

2.3 Preparation of LNO @MOF Electrolyte

In an argon-filled glovebox, LNO@MOF nanocapsules were
added into blank electrolyte in which 1 M LiPFy was dis-
solved in ethylene carbonate (EC)/diethyl carbonate (DEC)
(1/1, by volume) to reach certain concentrations (25, 50 and
100 mg mL™1). The obtained electrolyte was stirred for 2 h
to ensure uniform dispersion. LNO@MOF electrolyte con-
taining 50 mg mL~! of LNO@MOF is used unless specified.

2.4 Materials Characterizations

The structure of MOF-808 and LNO@MOF was
characterized by powder X-ray diffractometer (XRD, Lab
XRD-6000). Thermogravimetric analysis (TGA, SDT Q600)
was performed in the temperature range in N, atmosphere
between 30 and 800 °C by a ramping rate of 5 °C min~".
The N, adsorption—desorption isotherms of MOF-808
and LNO@MOF were measured by Autosorb-IQ-MP
(Quantachrome Instruments) at 77 K. The Li/Zr molar ratio
of LNO@MOF was measured using the inductive coupled
plasma optical emission spectrometer (ICP-OES, Varian
730-ES). The sample was prepared by dissolving LNO @
MOF into nitric acid (HNO;) and diluted to a certain
volume. The UV-Vis absorption spectra of the LNO@
MOF in electrolyte were recorded by MAPADA P4 system
at 25 °C. Specifically, the LNO@MOF or MOF electrolyte
was first centrifuged and the supernatant electrolyte was
acquired. The sample was prepared by dissolving a certain
amount of supernatant electrolyte (10 pL) into deionized
water (10 mL) and then transferred into 10-mm quartz cells.
Afterward, the supernatant electrolyte was removed and
refreshed with blank electrolyte. The refreshed electrolyte
was uniformly dispersed by ultrasonic and rested for 2 h
to ensure the release of LiNO; from nanocapsules. Again,
the LNO@MOF electrolyte was centrifuged, and the
supernatant electrolyte was acquired for UV measurement.
MOF-808 electrolyte (MOF-808 dispersed in electrolyte)

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

was used as reference sample for LNO @MOF electrolyte
and blank electrolyte for LiNO; saturated electrolyte.
The data were measured in the range of 300-190 nm.
Scanning electron microscopy (SEM) images and X-ray
energy-dispersive spectroscopy (EDS) were performed
using Phenom LE. X-ray photoelectron spectroscopy
(XPS) analysis was performed on Thermo Fisher Scientific
Escalab 250Xi. For SEM and XPS analyses, the electrode
disassembled in the argon filled glovebox was washed by
dimethyl carbonate (DMC) for three time and vacuum-dried.
A sealed container was used before transferring for further
postmortem analysis. Electrolyte ionic conductivity was
measured by electrochemical impedance spectroscopy with
a two-electrode stainless steel cell with the cell constant of
0.637 cm™! at 25 °C. Viscosity of electrolytes was measured
using HAAKE Rotational Rheometer (RS6000) with the
parallel plate at a shear rate of 100 s~! at 25 °C.

2.5 Electrochemical Measurements

LilCu, LilLi and LilLiCoO, cells were prepared using
CR2032 coin cells with 40 pL electrolyte in each cell and
polypropylene membranes as the separator. The coin cells
were monitored by a battery testing system (Neware, CT-
4008-5V10 mA) at 27 °C. The average Coulombic effi-
ciency of LilCu coin cell was calculated based on a method
developed by Zhang et al. [33]. Specifically, 5 mAh cm™>
of Li was first plated on the Cu substrate and stripped to
1 V before depositing the Li reservoir (Qy=5 mAh cm™)
at 0.5 mA cm™, then cycling (Q-=0.5 mAh cm™2) for 20
cycles (n=20), and finally dissolving all the remaining Li
(Qg) to 1 V. The average CE over n cycles is calculated as
follows:

CEave = (QS + nQC)/(QT + nQC) (1)

Electrochemical impedance spectroscopy (EIS) test was
measured on a Bio-Logic SAS (MPG2) with a frequency
range of 20 kHz—10 mHz and an applied voltage of 10 mV
at 27 °C. LiCoO, cathode was prepared by mixing active
material, super P and poly(vinylidene fluoride) (PVDF) with
weight ratios of 96:2:2 in N-methyl-2-pyrrolidone (NMP)
and blade coated on Al foil and vacuum-dried at 80 °C.
Areal loading of LiCoO, cathode was around 21 mg cm™>.
The cycled LCOILi full cell was dissembled, and the Li

anode was reassembled with stainless steel (SS) in blank

@ Springer
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Fig.1 a Schematic illustration of LiNO; encapsulated into MOF-808 and its sustained release in electrolyte. b XRD patterns, ¢ N, adsorp-
tion—desorption isotherms, and d TGA of MOF-808 and LNO@MOF. e SEM image and elemental mappings of LNO@MOF. f UV absorption

spectra of NO;™ in electrolyte released from LNO@MOF

electrolyte to measure the remaining capacity of the cycled
lithium anode. The LilSS cell was charged to 1.0 V at a cur-
rent density of 0.2 mA cm™.

3 Results and Discussion

3.1 Synthesis and Characterizations of LNO@MOF
Nanocapsules

Schematic illustration of the synthesis and working princi-
ple of the LNO@MOF nanocapsules is shown in Fig. la.
MOF-808 was chosen as the host of nanocapsules due to its
high surface area, large pore volume, high (electro-)chemical
stability in organic electrolyte, easy synthesis and relatively
low cost. The large adamantane cage in MOF-808 with an
internal diameter of 18.4 A and a pore window of 14 A ena-
bles efficient encapsulation and diffusion of LiNO; [34]. The

© The authors

LNO@MOF nanocapsules were prepared by impregnating
MOF-808 with LiNO5; methanol solution, followed by cen-
trifugation and vacuum drying. The as-synthesized LNO@
MOF nanocapsules can be easily dispersed in carbonate-
based electrolyte, which release LiNOj; into electrolyte until
saturation. Consumption of LiNOj; to form SEI on fresh Li
would be rapidly compensated by the LNO @MOF nano-
capsules, which keep the electrolyte in a LiNO;-saturated
quasi-equilibrium state.

The as-prepared LNO@MOF was characterized by
XRD as shown in Fig. 1b. The XRD pattern of the LNO@
MOF is closely matched with that of MOF-808, confirm-
ing that the crystal structure of MOF-808 remains intact
after loading LiNO;. The absence of diffraction peaks
from LiNO; confirms its encapsulation in the micropo-
res of MOF-808 without long-range order. As shown by
the N, adsorption—desorption isotherms of MOF-808

https://doi.org/10.1007/s40820-020-00514-1
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(Figs. lc and S1), the specific surface area and pore
volume of LNO@MOF are substantially reduced from
765.4 m? g~ and 0.638 cm® g~! (MOF-808) to 19.6 m? g~!
and 0.02 cm?® g~!, respectively, after incorporation of
LiNO;. The reduced porosity verifies the hypothesis that
LiNOj; is mainly encapsulated into the pores of MOF-
808 rather than precipitates alongside the MOF parti-
cles. Thermogravimetric analysis (TGA) of LNO@MOF
further verifies the successful incorporation of LiNOj; as
shown in Fig. 1d. A much higher weight loss of about
50 wt% between 400 and 800 °C is observed for LNO@
MOF compared to 28 wt% for pristine MOF-808, which
could be attributed to the decomposition of LiNO; into
Li,O. Scanning electron microscopy (SEM) shows similar
morphology of MOF-808 and LNO@MOF consisting of
octahedral particles of ~500 nm (Fig. S2). Uniform dis-
tribution of N and Zr elements in LNO@MOF is revealed
by X-ray energy-dispersive spectroscopy (EDS) elemen-
tal mapping (Fig. le). The loading amount of LiNO; in
LNO@MOF is estimated at ~21 wt% based on inductively
coupled plasma-optical emission spectrometry (ICP-OES)
and EDS analysis (Table S1).

LNO@MOF nanocapsules can be easily dispersed in
commercial carbonate-based electrolyte (1 M LiPFq in
ethylene carbonate (EC)/diethyl carbonate (DEC) of 1/1
by volume) with a concentration of 50 mg mL™~! to form
a colloidal electrolyte (denoted as LNO@MOF electro-
lyte, Fig. S3a), corresponding to a NO;™ concentration of
11 mg mL™" (0.16 mol L™!). LNO@MOF electrolyte exhib-
its slightly increased viscosity and reduced ionic conduc-
tivity compared with pristine electrolyte (Table S2), and
maintains good wettability with separators (Fig. S3b). The
sustained release of LiNO; from nanocapsules into electro-
lyte was monitored by ultraviolet light absorption (Fig. 1f)
according to the strong absorption peak of NO;™ ion at
around 205 nm [35, 36]. Surprisingly, the absorbance of
NO;™ in LNO@MOF electrolyte is notably higher than that
of LiNOj; saturated electrolyte, implying a supersaturated
NO;™ solution. A possible explanation is the absorption of
PF,~ by MOF-808 [28], which reduces the PF,~ concen-
tration and in turn increases NO;~ solubility [21]. After
refreshing electrolyte, LiNO; concentration remains a high
value until the third recycled electrolyte, revealing that
nanocapsules help to maintain the LiNO;-saturated state
of electrolyte, ensuring its long-term effect as a consumed
additive during cycling.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

3.2 Electrochemical Performance of LMA in LNO@
MOF Electrolyte

The interfacial stability of LMA in LNO@MOF electrolyte
is studied by LilLi symmetric cells. As shown in Fig. 2a,
the cycling stability of the cell with LiNO; saturated elec-
trolyte is improved compared with that of blank electrolyte,
however still fails after 530 h. Thus, LiNO; indeed enables
a more stable interphase on LMA, yet the interphase would
fail upon prolonged cycling. When using LNO@MOF elec-
trolyte, the cell can be cycled for more than 1000 h with
a low overpotential below 100 mV and no sign of short
circuit. The extended lifespan of the LMA in LNO@MOF
electrolyte could be attributed to the continuous release of
LiNOj;, which immediately repairs the damaged SEI during
cycling. The charge transport characteristic of interfacial
layer formed on lithium anode is studied by EIS as shown in
Figs. 2b and S3. The interfacial resistance (R;,) represented
by the semicircle at high-frequency region in Nyquist plots
decreases during cycling for the LilLi cell using LNO@MOF
electrolyte, suggesting that the SEI is gradually stabilized
and enriched with high ion-conductive species. This notably
differs from the R,

nt

of the cell with blank electrolyte, which
decreases after the first 50 cycles and then increases after-
ward due to unstable SEI formation. The reaction kinetics of
lithium plating/stripping was further examined by cyclic vol-
tammetry (CV) tests of CulLi cells. As shown in Fig. 2c, the
current response of initial Li plating/stripping is significantly
enhanced in LNO @MOF electrolyte, corresponding to lower
Li* transfer barriers through SEI and fast reaction kinetics.
This signifies the contribution of interface layer formed by
LiNO; decomposition that improves electrochemical kinet-
ics of lithium deposition/dissolution.

Asymmetric cells were assembled using limited Li (50 pm
Li corresponds to about 10 mAh cm™?) as the working
electrode to evaluated the durability of practical LMA. The
cutoff voltage of 1.0 V was set as the complete consumption
of active Li in the 50 pm Li foil. Figure 2d shows that the
cell using LNO@MOF electrolyte exhibits an extended
cycle life of 250 h, which is much longer than that of LiINO,
saturated electrolyte (150 h) and blank electrolyte (112 h).
Note that the concentration of LNO@MOF would be
directly related to the maximal amount of released LiNO;,
and a lower LNO@MOF concentration of 25 mg mL ™! leads
to inferior cycling performance of the LilLi cell. However,
further increasing the concentration of LNO@MOF to

@ Springer
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Fig. 2 a Voltage profiles of LilLi symmetric cells at 1.0 mA cm™2 to a capacity depth of 1.0 mAh cm=2 and b R, of LilLi symmetric cells dur-

ing cycling obtained from Nyquist plot. ¢ CVs of CulLi cells with blank and LNO@MOF electrolytes at a scan rate of 10 mV s~. d Voltage pro-
files of asymmetric 50 pm-LilLi cells at 1.0 mA cm™2 with a cycled capacity of 1.0 mAh cm™2. e Voltage—time profiles to calculate the average
Coulombic efficiency of LMA at 0.5 mA cm ™2

100 mg mL~! leads to increased cell polarization (Fig.  impedes the ionic transport. Our previous studies indicate
S5a), possibly due to the aggregation of nanocapsules that ~ that MOFs with abundant open-metal sites (OMSs) to
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immobilize anions would increase the Li* ion transference
number of liquid electrolyte and improve the stability of
LMA [37, 38]. However, due to the few OMSs in low-
temperature-treated MOF-808 and its relative low content,
pristine MOF-808 in electrolyte only marginally improves
the cycle life of LMA (Fig. S5b). The improvement of LMA
in LNO@MOF electrolyte would be mainly attributed to the
released LiNO; from nanocapsules.

The average Coulombic efficiency (CE) of Li strip-
ping/plating was determined by CulLi cells. Figure 2e
shows that the average CE of the cell with LNO@MOF
is 98.8%, which is much higher than that of blank elec-
trolyte (82.4%). The voltage polarization is also reduced
in LNO@MOF electrolyte, which is in line with the
observation in EIS measurement. The CE of CulLi cells
during cycling in Fig. S6 also shows that the high CE
with LNO@MOF electrolyte could be maintained for 100
cycles without obvious decay. The results confirm that
the sustained release of LiNO; from nanocapsules guar-
antees high lithium cycling efficiency with small voltage
hysteresis.

3.3 Li Deposition Morphologies and Characterization
of SEI

The morphology of Li deposited on limited Li (50 pm) dur-
ing cycling was examined by SEM. Figure 3a, b shows the
morphology evolution of deposited Li with increased capacity
at 1 mA cm™2. With blank electrolyte (Fig. 3a), Li grows into
dendritic structures along longitudinal with increased capac-
ity, which easily cause excessive SEI formation, isolated Li
and short circuit. In contrast, with the LNO@MOF electrolyte
(Fig. 3b), Li prefers to grow laterally into granular structures
with good uniformity instead of dendritic or whisker growth.
As the cycle number increases, the morphology of the depos-
ited Li could be generally maintained even after 100 cycles
as show in Fig. 3c—e. In contrast, the deposited Li presents a
porous and loose structure with random inactive Li dendrites
during cycling in blank electrolyte (Fig. S7). The cross sec-
tion views (inset of Fig. 3c—e) present that the top layer con-
taining deposited Li and passivation layer is relatively dense
and smooth. The thickness increases slowly during cycling,
indicating less severe Li pulverization during repeated plating
and stripping. The intact active Li on the Li foil remains about
60% of the initial capacity of pristine Li foil after 100 cycles.

© The authors

The morphology of deposited Li during cycling signifies the
LiNO;-induced stable SEI in reducing Li dendrite growth and
“dead Li” for practical LMA.

XPS analysis and EDS were carried out to study the chemi-
cal composition of SEI layer on Li surface (Figs. S8 and S9),
consisting of various inorganic and organic moieties. N 1s XPS
spectrum in Fig. 3f demonstrates that the main decomposition
products of LiNO; on Li are L3N, LiN,O, and LiNO,. Moreo-
ver, SEI is enriched with various inorganic Li compounds,
especially with abundant N-containing species as revealed by
Li 1s XPS spectrum in Fig. 3g. This inorganic-rich SEI facili-
tates the de-solvation process and ion diffusion through SEI,
thus ensuring a stable and efficient lithium plating/stripping
during cycling [39]. In addition, such nitride-enriched SEI is
rather dense to prevent the decomposition of LiPF, even after
prolonged cycling, as revealed by the XPS spectra and EDS
(Figs. S8 and S9).

3.4 Electrochemical Performance of Practical LMB

To demonstrate the implementation of LNO @MOF elec-
trolyte in high-energy LMBs, we fabricate full cells using
LiCoO, (LCO) as cathode and thin LMA. Notably, a low
negative-to-positive-capacity (N/P) ratio is imperative for
high-energy density LMB [3, 6]. Hence, a commercial-level
LCO cathode of around 3.0 mAh cm™2, a limited Li (50 pm,
10 mAh cm~2) with a N/P ratio of around 3.3 and lean elec-
trolyte of 13 pL mAh~! were employed. Figure 4a shows that
LCOILi full cells with blank and LiNOj; saturated electro-
lyte could operate stably for 21 and 62 cycles, respectively,
followed by rapid decline in capacity and CE that is likely
due to the fast consumption of the limited Li [7]. Notably,
the full cell with LNO@MOF electrolyte demonstrates an
extraordinary cycle stability with a capacity retention of 90%
after 240 cycles. Voltage profiles (Fig. S10) also present
low polarization for the cell with LNO @MOF electrolyte in
comparison with control cells with blank and LiNO; satu-
rated electrolytes.

To quantify the exact Li loss during cycling, cycled Li
anode was reassembled against a stainless steel (SS) elec-
trode to measure the remaining active Li. Figure 4b shows
8.5 mAh of Li remains on the cycled LMA in LiNOj satu-
rated electrolyte, which is consistent with original Li from
the extra area of anode compared to cathode (0.87 cm™ cor-
responds to 8.7 mAh). Therefore, there is actually no active

https://doi.org/10.1007/s40820-020-00514-1
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Fig. 4 a Long-term cycling performance of a practical LCOILI full cell with a N/P ratio of 3.3, cycled at 0.2 C charge/0.5 C discharge. b Quan-
tification of remaining active Li after cycling. Inset: optical images of the Li anode disassembled from the cycled LCOILi cell in (a). ¢ Rate
performance of LCOILi full cell in different electrolytes. d Long-term cycling performance of LCOILi full cell with a N/P ratio of 2.5, cycled at
0.2 C charge/0.5 C discharge with 5% FEC additive. e Summary of capacity retention of practical high-voltage LMBs shown in Table S2. The
normalized cycle number refers to the total cycle number divided by the equivalents of total active Li with respect to cathode (i.e., N/P ratio plus
one). The shadow region indicates a capacity retention higher than 80% after 200 cycles with a N/P ratio below 3

Li remains in the cycled area. In contrast, 14.9 mAh of Li
remains in LNO@MOF electrolyte, which corresponds to
5.5 mAh cm™2 (~55% of the initial capacity) of active Li
remains in the cycled area. Optical image of the cycled LMA
(inset in Fig. 4b) confirms the less corroded appearance in
LNO@MOF electrolyte compared with pulverized black

SHANGHAI JIAO TONG UNIVERSITY PRESS

powders detached from current collector in LiNO; saturated
electrolyte. The SEM morphology of cycled lithium in Fig.
S11 shows similar results. For LNO@MOF electrolyte, the
cycled Li surface is smoother and more compact, in con-
trast to an uneven surface with cracks and lithium dendrites
in LiNO; saturated electrolyte. Cross section image of the
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cycled Li foil shows around 30 pm active Li (60% of initial
capacity, Fig. S11) remains after 240 cycles in LNO@MOF
electrolyte, while no active Li remains in LiNOj; saturated
electrolyte, which agrees well with the residual lithium
from the reassemble LilSS cell (Fig. 4b). Moreover, the
passivation layer (16 pm) is much thinner than that (40 pm)
of the cycled Li in LiNO; saturated electrolyte. LCOIL1
cell with thick Li anode (400 pm) and thin LCO cathode
(1.5 mg cm™2) was also tested (Fig. S12). Cycling stabil-
ity of the cell with LNO@MOF electrolyte outperforms the
cell with blank electrolyte, indicating reduced electrolyte
consumption and Li pulverization during cycling due to the
stable SEI formed in LNO@MOF electrolyte.

The rate capability of LCOILi cells with LNO@MOF
electrolyte was evaluated. As shown in Fig. 4c, for the cell
with blank electrolyte, a rapid capacity decline occurs from
1 C and little capacity remains at 2 C. In comparison, the
cell with LNO@MOF performs better capacity at high
charge rates with the stable specific capacities of 128, 116
and 75 mAh g_1 at 0.5, 1 and 2 C, respectively, present-
ing rapid electrochemical kinetics at high rates for practical
LMBs. The LCOILi full cell in LNO@MOF electrolyte at
higher cutoff voltage (4.5 V) was also studied. As shown in
Fig. 4d, LCOILi full cell with blank electrolyte displays a
sharp decrease in capacity with only 69% capacity retention
at the 100" cycle. In contrast, with LNO@MOF electrolyte,
the cycling performance greatly improves, retaining 80% of
the capacity after 160 cycles. Voltage profiles shown in Fig.
S13 reveal gradually increased polarization possibly related
to cathode degradation at high potential, to which the infe-
rior cycling stability could be attributed.

Capacity retentions of practical LMBs with high-voltage
cathodes in recent studies are summarized in Fig. 4e and
Table S3. Considering that durability of practical LMBs is
strongly correlated with available active Li and different N/P
ratios in previous studies prevent direct comparison of the
cycle life, a normalized cycle number is adopted here (see
caption of Fig. 4 for details). The cycling performance of
LCOILi cells with LNO@MOF electrolyte outperforms most
of the reported results. In particular, the LCOILi cell cycling
between 3.0 and 4.2 V is in the long-cycle-life region (above
80% capacity retention for 200 cycles with a low N/P ratio
below 3), where very few works have been achieved. The
LNO@MOF nanocapsules in this work provide a promising
solution to extend the cycle life of practical LMBs.

© The authors

4 Conclusions

In summary, we have demonstrated LNO@MOF nanocap-
sules by absorbing LiNO; into pores of MOF-808 nanoparti-
cles to stabilize LMA. The nanocapsules provide continuous
release of LiNO; into electrolyte and overcome the solu-
bility limitation of LiNO; in carbonate-based electrolyte.
The dissolved LiNO; preferentially reduced on LMA, form-
ing robust and highly ionic conductive SEI that guarantees
uniform Li deposition. As a result, the cycle life of thin Li
anode in 50 pm increases from 112 to 250 h and a higher
average Li cycling efficiency of 98.8% is obtained. Outstand-
ing cycling performance is achieved in LCOILi full cell with
a low N/P ratio of 3.3, showing a high capacity retention of
90% after 240 cycles. This work demonstrates an effective
strategy to utilize SEI-forming additives with low solubility
for practical LMB.

Acknowledgments HBW acknowledges the funding support from
“Hundred Talents Program” of Zhejiang University and Interna-
tional Joint Laboratory of Chinese Education Ministry on Resource
Chemistry at Shanghai Normal University. The authors thank Jing
He in the State Key Laboratory of Chemical Engineering at Zheji-
ang University for assistance in viscosity measurements.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40820-020-00514-1)  contains
supplementary material, which is available to authorized users.

References

1. W. Xu, J.L. Wang, F. Ding, X.L. Chen, E. Nasybutin, Y.H.
Zhang, J.G. Zhang, Lithium metal anodes for rechargeable
batteries. Energ. Environ. Sci. 7(2), 513-537 (2014). https://
doi.org/10.1039/c3ee40795k

https://doi.org/10.1007/s40820-020-00514-1


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-020-00514-1
https://doi.org/10.1039/c3ee40795k
https://doi.org/10.1039/c3ee40795k

Nano-Micro Lett.

(2020) 12:176

Page 11 0of 12 176

2.

10.

11.

12.

13.

14.

D. Wang, W. Zhang, W.T. Zheng, X.Q. Cui, T. Rojo, Q. Zhang,
Towards high-safe lithium metal anodes: suppressing lithium
dendrites via tuning surface energy. Adv. Sci. 4(1), 1600168
(2017). https://doi.org/10.1002/advs.201600168

J. Liu, Z.N. Bao, Y. Cui, E.J. Dufek, J.B. Goodenough et al.,
Pathways for practical high-energy long-cycling lithium
metal batteries. Nat. Energy 4(3), 180-186 (2019). https://
doi.org/10.1038/s41560-019-0338-x

Y.P. Guo, H.Q. Li, T.Y. Zhai, Reviving lithium-metal anodes
for next-generation high-energy batteries. Adv. Mater. 29(29),
1700007 (2017). https://doi.org/10.1021/acsmaterialslet
t.0c00152

X.B. Cheng, R. Zhang, C.Z. Zhao, Q. Zhang, Toward safe
lithium metal anode in rechargeable batteries: a review. Chem.
Rev. 117(15), 10403-10473 (2017). https://doi.org/10.1021/
acs.chemrev.7b00115

J.X. Zheng, M..S. Kim, Z.Y. Tu, S. Choudhury, T. Tang,
L.A. Archer, Regulating electrodeposition morphology of
lithium: towards commercially relevant secondary Li metal
batteries. Chem. Soc. Rev. 49, 2701-2750 (2020). https://doi.
org/10.1039/c9¢cs00883 g

. X.Cao, X.D. Ren, L.F. Zou, M.H. Engelhard, W. Huang et al.,

Monolithic solid-electrolyte interphases formed in fluorinated
orthoformate-based electrolytes minimize Li depletion and
pulverization. Nat. Energy 4(9), 796-805 (2019). https://doi.
org/10.1038/541560-019-0464-5

Y.D. Liu, Q. Liu, L. Xin, Y.Z. Liu, F. Yang, E.A. Stach, J. Xie,
Making Li-metal electrodes rechargeable by controlling the
dendrite growth direction. Nat. Energy 2(7), 17083 (2017).
https://doi.org/10.1038/nenergy.2017.83

. T.Li, X.Q. Zhang, P. Shi, Q. Zhang, Fluorinated solid-electro-

lyte interphase in high-voltage lithium metal batteries. Joule
3(11), 2647-2661 (2019). https://doi.org/10.1016/j.joule
.2019.09.022

Z.A. Ghazi, Z.H. Sun, C.G. Sun, F.L. Qi, B.G. An, F. Li,
H.M. Cheng, Key aspects of lithium metal anodes for lithium
metal batteries. Small 15(32), 1900687 (2019). https://doi.
org/10.1002/sml1.201900687

C.C. Fang, J.X. Li, M.H. Zhang, Y.H. Zhang, F. Yang et al.,
Quantifying inactive lithium in lithium metal batteries. Nature
572(7770), 511-515 (2019). https://doi.org/10.1038/s4158
6-019-1481-z

X.Q. Zhang, X.B. Cheng, X. Chen, C. Yan, Q. Zhang,
Fluoroethylene carbonate additives to render uniform Li
deposits in lithium metal batteries. Adv. Funct. Mater.
27(10), 1605989 (2017). https://doi.org/10.1002/adfm.20160
5989

L. Yu, S.R. Chen, H. Lee, L.C. Zhang, M.H. Engelhard et al.,
A localized high-concentration electrolyte with optimized sol-
vents and lithium difluoro(oxalate)borate additive for stable
lithium metal batteries. ACS Energy Lett. 3(9), 2059-2067
(2018). https://doi.org/10.1021/acsenergylett.8b00935

J. Guo, Z.Y. Wen, M.F. Wu, J. Jin, Y. Liu, Vinylene carbonate-
lino3: a hybrid additive in carbonic ester electrolytes for SEI
modification on Li metal anode. Electrochem. Commun. 51,
59-63 (2015). https://doi.org/10.1016/j.elecom.2014.12.008

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

H. Zhang, G.G. Eshetu, X. Judez, C.M. Li, L.M. Rodriguez-
Martinez, M. Armand, Electrolyte additives for lithium metal
anodes and rechargeable lithium metal batteries: progress and
perspectives. Angew. Chem. Int. Ed. 57(46), 15002-15027
(2018). https://doi.org/10.1002/anie.201712702

K. Xu, Electrolytes and interphases in Li-ion batteries and
beyond. Chem. Rev. 114(23), 11503-11618 (2014). https://
doi.org/10.1021/cr500003w

M.D. Tikekar, S. Choudhury, Z.Y. Tu, L.A. Archer, Design
principles for electrolytes and interfaces for stable lithium-
metal batteries. Nat. Energy 1, 1-7 (2016). https://doi.
org/10.1038/nenergy.2016.114

W.Y. Li, H.B. Yao, K. Yan, G.Y. Zheng, Z. Liang, Y.M. Chi-
ang, Y. Cui, The synergetic effect of lithium polysulfide and
lithium nitrate to prevent lithium dendrite growth. Nat. Com-
mun. 6, 7436 (2015). https://doi.org/10.1038/ncomms8436

D. Aurbach, E. Pollak, R. Elazari, G. Salitra, C.S. Kelley, J.
Affinito, On the surface chemical aspects of very high energy
density, rechargeable Li-Sulfur batteries. J. Electrochem. Soc.
156(8), A694—A702 (2009). https://doi.org/10.1149/1.31487
21

V. Giordani, D. Tozier, J. Uddin, H.J. Tan, B.M. Gallant et al.,
Rechargeable-battery chemistry based on lithium oxide growth
through nitrate anion redox. Nat. Chem. 11(12), 1133-1138
(2019). https://doi.org/10.1038/s41557-019-0342-6

Y.Y. Liu, D.C. Lin, Y.Z. Li, G.X. Chen, A. Pei et al., Sol-
ubility-mediated sustained release enabling nitrate additive
in carbonate electrolytes for stable lithium metal anode. Nat.
Commun. 9, 3656 (2018). https://doi.org/10.1038/s4146
7-018-06077-5

C. Yan, Y.X. Yao, X. Chen, X.B. Cheng, X.Q. Zhang, J.Q.
Huang, Q. Zhang, Lithium nitrate solvation chemistry in car-
bonate electrolyte sustains high-voltage lithium metal batter-
ies. Angew. Chem. Int. Ed. 57(43), 14055-14059 (2018). https
://doi.org/10.1002/anie.201807034

Q.W. Shi, Y.R. Zhong, M. Wu, H.Z. Wang, H.L. Wang, High-
capacity rechargeable batteries based on deeply cyclable lith-
ium metal anodes. Proc. Natl. Acad. Sci. 115(22), 5676-5680
(2018). https://doi.org/10.1073/pnas.1803634115

Y.M. Liu, X.Y. Qin, D. Zhou, H.Y. Xia, S.Q. Zhang et al., A
biscuit-like separator enabling high performance lithium bat-
teries by continuous and protected releasing of NO;™ in car-
bonate electrolyte. Energy Storage Mater. 24, 229-236 (2020).
https://doi.org/10.1016/j.ensm.2019.08.016

Z.L. Hu, S. Zhang, S.M. Dong, W.J. Li, H. Li et al., Poly(ethyl
alpha-cyanoacrylate)-based artificial solid electrolyte
interphase layer for enhanced interface stability of 1i metal
anodes. Chem. Mater. 29(11), 4682—4689 (2017). https://doi.
org/10.1021/acs.chemmater.7600091

M.X. Wu, Y.W. Yang, Metal-organic framework (MOF)-based
drug/cargo delivery and cancer therapy. Adv. Mater. 29(23),
1606134 (2017). https://doi.org/10.1002/adma.201606134
Y.J. Sun, L.W. Zheng, Y. Yang, X. Qian, T. Fu et al., Metal—
organic framework nanocarriers for drug delivery in biomedi-
cal applications. Nano-Micro Lett. 12(1), 103 (2020). https://
doi.org/10.1007/s40820-020-00423-3

@ Springer


https://doi.org/10.1002/advs.201600168
https://doi.org/10.1038/s41560-019-0338-x
https://doi.org/10.1038/s41560-019-0338-x
https://doi.org/10.1021/acsmaterialslett.0c00152
https://doi.org/10.1021/acsmaterialslett.0c00152
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1039/c9cs00883g
https://doi.org/10.1039/c9cs00883g
https://doi.org/10.1038/s41560-019-0464-5
https://doi.org/10.1038/s41560-019-0464-5
https://doi.org/10.1038/nenergy.2017.83
https://doi.org/10.1016/j.joule.2019.09.022
https://doi.org/10.1016/j.joule.2019.09.022
https://doi.org/10.1002/smll.201900687
https://doi.org/10.1002/smll.201900687
https://doi.org/10.1038/s41586-019-1481-z
https://doi.org/10.1038/s41586-019-1481-z
https://doi.org/10.1002/adfm.201605989
https://doi.org/10.1002/adfm.201605989
https://doi.org/10.1021/acsenergylett.8b00935
https://doi.org/10.1016/j.elecom.2014.12.008
https://doi.org/10.1002/anie.201712702
https://doi.org/10.1021/cr500003w
https://doi.org/10.1021/cr500003w
https://doi.org/10.1038/nenergy.2016.114
https://doi.org/10.1038/nenergy.2016.114
https://doi.org/10.1038/ncomms8436
https://doi.org/10.1149/1.3148721
https://doi.org/10.1149/1.3148721
https://doi.org/10.1038/s41557-019-0342-6
https://doi.org/10.1038/s41467-018-06077-5
https://doi.org/10.1038/s41467-018-06077-5
https://doi.org/10.1002/anie.201807034
https://doi.org/10.1002/anie.201807034
https://doi.org/10.1073/pnas.1803634115
https://doi.org/10.1016/j.ensm.2019.08.016
https://doi.org/10.1021/acs.chemmater.7b00091
https://doi.org/10.1021/acs.chemmater.7b00091
https://doi.org/10.1002/adma.201606134
https://doi.org/10.1007/s40820-020-00423-3
https://doi.org/10.1007/s40820-020-00423-3

176

Page 12 of 12

Nano-Micro Lett. (2020) 12:176

28.

29.

30.

31.

32.

33.

34.

L. Shen, H.B. Wu, F. Liu, J.L. Brosmer, G.R. Shen et al., Cre-
ating lithium-ion electrolytes with biomimetic ionic channels
in metal-organic frameworks. Adv. Mater. 30(23), 1707416
(2018). https://doi.org/10.1002/adma.201707476

Y.Y. Mao, G.R. Li, Y. Guo, Z.P. Li, C.D. Liang, X.S. Peng,
Z. Lin, Foldable interpenetrated metal-organic frameworks/
carbon nanotubes thin film for lithium-sulfur batteries. Nat.
Commun. 8, 14628 (2017). https://doi.org/10.1038/ncomm
s14628

S.L. Zhang, B.Y. Guan, H.B. Wu, X.W. David Lou, Metal—-
organic framework-assisted synthesis of compact Fe,O; nano-
tubes in Co;0, host with enhanced lithium storage properties.
Nano-Micro Lett. 10, 44 (2018). https://doi.org/10.1007/s4082
0-018-0197-1

S.Y. Bai, X.Z. Liu, K. Zhu, S.C. Wu, H.S. Zhou, Metal-
organic framework-based separator for lithium-sulfur bat-
teries. Nat. Energy 1, 16094 (2016). https://doi.org/10.1038/
nenergy.2016.94

J.C. Jiang, F. Gandara, Y.B. Zhang, K. Na, O.M. Yaghi, W.G.
Klemperer, Superacidity in sulfated metal-organic frame-
work-808. J. Am. Chem. Soc. 136(37), 12844-12847 (2014).
https://doi.org/10.1021/ja507119n

B.D. Adams, J.M. Zheng, X.D. Ren, W. Xu, J.G. Zhang, Accu-
rate determination of coulombic efficiency for lithium metal
anodes and lithium metal batteries. Adv. Energy Mater. 8(7),
1702097 (2018). https://doi.org/10.1002/aenm.201702097
H. Furukawa, F. Gandara, Y.B. Zhang, J.C. Jiang, W.L.
Queen, M.R. Hudson, O.M. Yaghi, Water adsorption in

© The authors

35.

36.

37.

38.

39.

porous metal-organic frameworks and related materials. J.
Am. Chem. Soc. 136(11), 4369-4381 (2014). https://doi.
org/10.1021/ja500330a

A.C. Edwards, P.S. Hooda, Y. Cook, Determination of nitrate
in water containing dissolved organic carbon by ultravio-
let spectroscopy. Int. J. Environ. Anal. Chem. 80(1), 49-59
(2001). https://doi.org/10.1080/03067310108044385

V. Tomisic, V. Simeon, lon association in aqueous solutions
of strong electrolytes: a UV—Vis spectrometric and factor-ana-
lytical study. Phys. Chem. Chem. Phys. 1(2), 299-302 (1999).
https://doi.org/10.1039/a806961a

L. Shen, H.B. Wu, F. Liu, C. Zhang, S.X. Ma, Z.Y. Le, Y.F.
Lu, Anchoring anions with metal-organic framework-func-
tionalized separators for advanced lithium batteries. Nanoscale
Horiz. 4(3), 705-711 (2019). https://doi.org/10.1039/c8nh0
0342d

L. Shen, H.B. Wu, F. Liu, J.Q. Shen, R.W. Mo et al., Par-
ticulate anion sorbents as electrolyte additives for lithium
batteries. Adv. Funct. Mater. (2020). https://doi.org/10.1002/
adfm.202003055

R. Xu, C. Yan, Y. Xiao, M. Zhao, H. Yuan, J.Q. Huang, The
reduction of interfacial transfer barrier of li ions enabled by
inorganics-rich solid-electrolyte interphase. Energy Stor-
age Mater. 28, 401-406 (2020). https://doi.org/10.1016/j.
ensm.2019.12.020

https://doi.org/10.1007/s40820-020-00514-1


https://doi.org/10.1002/adma.201707476
https://doi.org/10.1038/ncomms14628
https://doi.org/10.1038/ncomms14628
https://doi.org/10.1007/s40820-018-0197-1
https://doi.org/10.1007/s40820-018-0197-1
https://doi.org/10.1038/nenergy.2016.94
https://doi.org/10.1038/nenergy.2016.94
https://doi.org/10.1021/ja507119n
https://doi.org/10.1002/aenm.201702097
https://doi.org/10.1021/ja500330a
https://doi.org/10.1021/ja500330a
https://doi.org/10.1080/03067310108044385
https://doi.org/10.1039/a806961a
https://doi.org/10.1039/c8nh00342d
https://doi.org/10.1039/c8nh00342d
https://doi.org/10.1002/adfm.202003055
https://doi.org/10.1002/adfm.202003055
https://doi.org/10.1016/j.ensm.2019.12.020
https://doi.org/10.1016/j.ensm.2019.12.020

	Sustained-Release Nanocapsules Enable Long-Lasting Stabilization of Li Anode for Practical Li-Metal Batteries
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Synthesis of MOF-808 Nanoparticles
	2.2 Preparation of LNO@MOF Nanocapsules
	2.3 Preparation of LNO@MOF Electrolyte
	2.4 Materials Characterizations
	2.5 Electrochemical Measurements

	3 Results and Discussion
	3.1 Synthesis and Characterizations of LNO@MOF Nanocapsules
	3.2 Electrochemical Performance of LMA in LNO@MOF Electrolyte
	3.3 Li Deposition Morphologies and Characterization of SEI
	3.4 Electrochemical Performance of Practical LMB

	4 Conclusions
	Acknowledgments 
	References




