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Low-Temperature Lithium Metal Batteries Achieved by
Synergistically Enhanced Screening Li* Desolvation Kinetics

Fengyi Zhu, Jian Wang,* Yongzheng Zhang, Haifeng Tu, Xueqing Xia, Jing Zhang,

Haiyan He, Hongzhen Lin, and Meinan Liu*

Lithium metal anode is desired by high capacity and low potential toward
higher energy density than commercial graphite anode. However, the
low-temperature Li metal batteries suffer from dendrite formation and dead Li
resulting from uneven Li behaviors of flux with huge desolvation/diffusion
barriers, thus leading to short lifespan and safety concern. Herein, differing
from electrolyte engineering, a strategy of delocalizing electrons with
generating rich active sites to regulate Li* desolvation/diffusion behaviors are
demonstrated via decorating polar chemical groups on porous metal-organic
frameworks (MOFs). As comprehensively indicated by theoretical simulations,
electrochemical analysis, in situ spectroscopies, electron microscope, and
time-of-flight secondary-ion mass spectrometry, the sieving kinetics of
desolvation is not merely relied on pore size morphology but also significantly
affected by the —NH, polar chemical groups, reducing energy barriers for
realizing non-dendritic and smooth Li metal plating. Consequently, the
optimal cells stabilize for long lifespan of 2000 h and higher average
Coulombic efficiency, much better than the-state-of-art reports. Under a lower
negative/positive ratio of 3.3, the full cells with NH,-MIL-125 deliver a high
capacity-retention of 97.0% at 0.33 C even under —20 °C, showing the great
potential of this kind of polar groups on boosting Li* desolvation kinetics at
room- and low-temperatures.

since rapid developments of electric vehi-
cles and green electric grids.[!l Compared to
commercial graphite anode in LIBs, metal-
lic Li anode with higher theoretical spe-
cific capacity (3860 vs 372 mAh g!) and
the lowest electrochemical redox potential
(—3.04 V vs SHE) is considered to be the
most promising candidate for future Li
metal batteries (LMBs).[2l However, the Li
metal anode also suffers from uncontrol-
lable Li plating behaviors with dendrite for-
mation and the crack of solid electrolyte
interphase (SEI).}] Generally, Li deposi-
tion morphology basically depends on the
kinetics of Li(solvents),* dissociation and
Li*/Li® transport/diffusion processes from
bulk electrolyte to anode surface.*! Reduc-
ing the environmental temperature down
to low temperature above or around the
freezing point, the electrolyte remains lig-
uid and the corresponding solvation shell
of Li(solvents),* is inevitably getting larger
and larger, and the diffusion kinetics be-
comes much harder, thus the Li* diffu-
sion in the electrolyte phase is only slightly
retarded by the decreased temperature.!
Meanwhile, the uneven spatial distribution

1. Introduction

The daily-increasing demands on sustainable high-energy-
density lithium-ion batteries (LIBs) have aroused great interests

of dendrite growth and the formation of dead Li resulted from
the sluggish Li*/Li® kinetics under low temperatures are used to
inducing internal short-circuits (Figure 1A), shortening cycling
lifespan and degrading capacities of LMBs.
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In order to address Li dendrite, tremendous efforts of tun-
ing SEI architectures or modulating electrolyte ingredients with
different additives in room or low-temperature conditions have
been devoted.[®l As known, dendrite growth can kinetically be
regarded as the local aggregation of Li atom on the metallic Li
surface, where interfacial desolvation for achieving free Li* plays
the requisite role before getting electron to form Li atoms under
low temperature. Although the popular electrolyte engineering
does modulate the solvation shell structure for lower desolvation
barriers in the bulk electrolytes, this methodology seems to sacri-
fice the Li-ion transport in the low temperature with the presence
of co-solvents.I”] Alternatively, metal-organic frameworks (MOFs)
with ordered pore structures and wettability properties provide
the chances for sieving large Li(solvents),* clusters and regulat-
ing Li* transport, which have attracted increasing attentions.!®!
However, current designs of reported MOFs in the batteries are
random, and there lacks systematic investigation of pore size dis-
tribution and chemical groups on the effect of modulating the
desolvation kinetics.[’l Nobody knows whether it is absolutely
correct that smaller pore sizes are benefit for the Li(solvents),*
since the Li* is too small (Figure S1, Supporting Information).
Meanwhile, in most reported cases, the efficiency of Li*-solvents
breaking is strongly dependent on the strength of built-in phys-
ical electric field in the battery, which is the main driving force
to propel dissociation.['”] How to efficiently accelerate the desol-
vation kinetics remains to be answered in the low-temperature
surroundings.

Recently, electron delocalization engineering is capable of re-
distributing electron density, providing more active sites in pro-
pelling and dissociating interfacial desolvation for uniformizing
free Li* and Li%.[""] For example, the functionality of the electron-
assisted defect-rich and/or atomic catalysts have been developed
for regulating Li kinetic behaviors.['2) Thus, employing electron-
donor polar sites into MOFs is desirable to regulate pore size
screening and electronic density of MOFs for highly effective
sieving and modulating plating behaviors.['*] For the practical ap-
plication, current studies of metallic Li anodes are based on the
presence of excessive Li, which is not suitable for pursuing high
energy density.'¥l Additionally, whether the proposed strategies
working efficiently under low temperatures is also uncertain or
failed at very low negative/positive (N/P) ratio since the presence
of larger-size solvation sheath structure and slow Li* mobility.
Therefore, it is imperative to effectively screen the solvation struc-
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ture of Liion atlow temperature for Li metal batteries with higher
energy density.!%)

In this work, a detailed combined investigation of pore sieving
and electronic density rearrangement of polar chemical groups
is pioneered to enhance the desolvation efficiency and interfa-
cial transport kinetics of Li* to promote smooth Li plating at low
temperatures. Specifically, a serials of pore size distributions de-
rived from different MOFs and their optimizations with electron-
donor chemical groups are screened and coated on the copper
(Figure 1B). As revealed by electrochemical analysis, in situ spec-
troscopies, electron microscope and time-of-flight secondary-ion
mass spectrometry (TOF-SIMS) as well as theoretical simula-
tions, the effects of synergistic sieving resulting from delocaliz-
ing electrons have been comprehensively investigated for gener-
ating rapid migration kinetics of Li* and Li® at the interface, real-
izing non-dendritic and smooth Li metal plating. Consequently,
with limited pre-plating capacity of 5 mAh cm™ on the MOF-
decorated Cu electrodes (denoted as MOF/Cu@Li), the excellent
Li plating/stripping behaviors and extremely lower nucleation
overpotentials are achieved, which is attributed to the decreased
dissociation barrier of the complex and atomic diffusion to pro-
duce free Li*. Especially under severe conditions of high mass-
loading or low-temperature environment, the as-prepared full
cell with NH,-decorated MOFs exhibits superior electrochemical
performance with 90.5% capacity retention for 300 cycles under
0 °C and low N/P ratio of 3.3. Even decreasing the temperature
down to —20 °C, the capacity-retention of 97% is maintained after
130 cycles at 0.33 C, paving the way for the practical application
of the low-temperature Li metal battery.

2. Results and Discussion

The porous structure of MOF itself, as an effective ionic sieve, can
selectively extract Li* and provide uniform Li* flux. To well eluci-
date the functions of polar group in NH,-MIL-125, MIL-125, and
other two MOFs (ZIF-67, ZIF-8) with smaller pore size distribu-
tion were selected here (Figure 1C). Terminal functional groups
of polar —NH, sites may have great influences on electronic prop-
erties when absorbing other molecules, and thus changing the
kinetics of electron transfer. Initially, the density functional the-
ory (DFT) simulations were used to imitate the changes of elec-
tron density with the introduction of electron-donor groups of
—NH, on MIL-125 (Figure 1D; Figure S2, Supporting Informa-
tion). Obviously, the abundant electron density overlaps in NH,-
MIL-125 case in comparison to that of MIL-125, which will dra-
matically reduce the desolvation energy barrier. Moreover, the de-
localized electron will also bring about the disturbance of neigh-
boring Ti—C bond. As depicted in total density of states (TDOS)
of Figure 1E,F, both the Ti 3d and C 2p show the separated and
broad peaks near the Fermi-level, implying the presence of elec-
tron delocalization for generating more active sites. Owing to the
presence of large number of so-called solvent-separated ion pair
(SSIP) in the moderate electrolyte system, the Li(DME),™ is se-
lected to simplify the simulation. As depicted in Figure 1G,H,
the charge transfer interaction and capability on grabbing Li*
from Li(DME),* was observed when introducing polar —NH,
chemical groups. Figure 1I and Figure S3 (Supporting Informa-
tion) show the binding energies of solvated Li(DME),* on differ-
ent MOFs, and the MOFs with smaller size display the higher
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Figure 1. The schematic illustration of plated Li behaviors on A) Cu foil and B) dense MOF layer decorated Cu foil surface. C) Different crystal structures
of ZIF-67, ZIF-8, MIL-125, and NH,-MIL-125. D) The changes of electron density with the introduction of electron-donor group of NH, ™ in MIL-125. E,F)
The TDOS evolution of Ti 3d and C 2p in MIL-125 and NH,-MIL-125. G,H) ZIF-67, ZIF-8, MIL-125 and NH,-MIL-125 interact with Li(DME),*. I) The

binding energies of solvated Li(DME) 4+ on different MOFs.

binding capability, while it works oppositely when the polar sites
introduced in the MIL-125. That is to say, the pore size is not the
only index that evaluates the desolvation degree. The NH,-MIL-
125 one exhibits 1.31 times higher than the original one, which
is also better than the ZIF systems. Meanwhile, the adsorption
behaviors of TFSI™ anion on the various MOFs are also investi-
gated in Figure S4 (Supporting Information), and the NH,-MIL-
125 still exhibits the highest adsorption energy of 1.02 eV than
others, indicating most TFSI~ anions are also adsorbed by the
NH,-MIL-125, accelerating Li ion transference number and ion
transport.

The synthesis of MOFs with polar —NH, electron modulated
groups was displayed in Supporting Information. The transmis-
sion electron microscope (TEM) image and corresponding en-
ergy dispersive X-ray spectra (EDX) suggest the sheet-like struc-
ture with uniform distribution of Ti, O, N, and C elements in
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the as-obtained NH,-MIL-125 (Figure 2A,B).'% The X-ray diffrac-
tion (XRD) patterns demonstrate the similar crystal structure
of NH,-MIL-125 and MIL-125 (Figure S5, Supporting Informa-
tion); while the characteristic peaks at 3363 and 3448 cm™! in the
Fourier transform infrared (FTIR) spectra, assignable to symmet-
ric and asymmetric stretching, suggest the presence of —NH,
polar groups in the NH,-MIL-125 (Figure 2C).['"] After coating
on the copper foil, the NH,-MIL-125 keeps the plate morphol-
ogy with a size of ~242 nm (Figure 2D; Figure S6, Supporting
Information), which is similar to other MOF-decorated Cu foils
(Figures S7 and S8, Supporting Information). However, it should
be noted that the color of these MOF layer is quite different from
each other and the coating thickness of MOFs layer is ~10 um
(Figure 2E). As shown in Figure 2F, the contact angles of Cu foil
and MIL-125 layer are 46° and 11°, respectively. In contrast, the
NH,-MIL-125 layer possesses better affinity and wettability with
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Figure 2. A) TEM image of single NH,-MIL-125 particle and B) corresponding EDX elemental mappings of Ti, O, N, and C. C) FTIR spectra of NH,-
MIL-125 and MIL-125. D) Top-view SEM image of NH,-MIL-125/Cu. Inset shows the particle size distribution of bending NH,-MIL-125/Cu. E) The
cross-sectional SEM image of NH,-MIL-125/Cu with the thickness of 10 um. F) Contact angles of ether-based electrolytes on Cu foil, MIL-125/Cu, and

NH,-MIL-125/Cu electrodes, respectively.

a contact angle of almost 0°, showcasing the wettability toward
electrolyte after considerable polar chemical groups.!8]

To well study the sieving effect of MOF layers coming from
pore sizes or polar groups, these MOF-modified Cu were com-
pared in Li-Li and Li-Cu cells. Figure 3A depicts that the nucle-
ation barrier for NH,-MIL-125 is 109 mV, which is much lower
than that of ZIF-8 (123 mV), ZIF-67 (127 mV), MIL-125 (178 mV),
and bare Cu (178 mV) systems, suggesting the best desolvation
and diffusion kinetics in NH,-MIL-125 system. Furthermore, the
Coulombic efficiencies (CEs) of Li-Cu cells with/without MOF
layers were also compared under 1 or 3 mA cm~? (Figure S9A,B,
Supporting Information). As summarized in Figure 3B, the NH,-
MIL-125 system displays the longest lifespan of ~380 cycles with
stable CE (CE >95%), much longer than ZIF-67 (330 cycles),
ZIF-8 (260 cycles), MIL-125 (170 cycles), and bare Cu (100 cy-
cles) under 1 mA cm~2. Correspondingly, the lowest overpotential
in NH,-MIL-125 system is ~60.2 mV at 100" cycle (Figure S10,
Supporting Information), suggesting the function of this —NH,
polar groups on accelerating the charge transfer kinetics. In-
creasing the plating/stripping current density to 3 mA cm~2, this
NH,-MIL-125 system still behaves the best among all MOF sys-
tems and bare Cu, as evidenced by the high CEs after 150 cy-
cles (Figure 3C). Compared with recently impressive results, the
NH,-MIL-125/Cu electrode shows superior performance in lifes-
pan (Figure 3D), demonstrating the high potential of NH,-MIL-
125/Cu electrode for practical LMB systems (Table S1, Support-
ing Information).

As discussed above, the solvation shell also contains the larger
TFSI™ anion, that is to say, there exists two different forms of
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TFSI™ anion in the electrolyte, namely, free TFSI~ and coordi-
nated TFSI™ in the solvation shell of Li*, where only the free
TFSI- contributes to the mobility of total transference (t,;,,+
t 1, = 1). The Li* transference number (t;,) can well reflect Li*
diffusion kinetics and the t;;, of NH,-MIL-125 system is calcu-
lated to be 0.71, much higher than ZIF-67 (0.64), ZIF-8 (0.55),
MIL-125 (0.46) and bare Cu system (0.37) (Figure 3E; Figure S11,
Supporting Information), verifying the fast desolvation behav-
ior of Li(DME),* on the polar —NH, decorated MOF. For plat-
ing/stripping capability test, the 5 mAh cm=2 of Li is electro-
chemically pre-plated on the Cu foil or MOFs@Cu. Figure 3F
shows bare Cu@Li cell can only survive ~600 h. In sharp con-
trast, this NH,-MIL-125/Cu@Li cell exhibits remarkable cycling
stability at 0.5 mA cm™2, as evidenced by lasting over 2000 h
without any short-circuit. As highlighted, the polarization gap
is decreased from ~41.2 mV to ~15.7 mV, only one-third of the
bare Cu@Li case. Increasing the current density to 1 or 5 mA
cm~? (Figures S12 and S13, Supporting Information), the NH,-
MIL-125/Cu@Li can stabilize for 1000 or 500 h with lower over-
potentials, respectively. Unfortunately, the bare Cu@Li goes up
from the beginning cycles and fails suddenly, indicating the se-
rious dendrite formation. To further evaluate the sieving func-
tions of NH,-MIL-125, a bunch of reported state-of-the-art Li an-
odes have been summarized in Figure 3G and Table S2 (Sup-
porting Information), the NH,-MIL-125/Cu@Li anode presents
impressive cycling lifespan among various strategies modulated
Li metal anodes. The voltage polarizations of symmetric cells un-
der different current densities (0.5-5 mA cm~2) are compared in
Figure 3H and Figure S14 (Supporting Information). The lower
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Figure 3. A) Comparison of Li nucleation barriers on the bare Cu, MIL-125/Cu, NH,-MIL-125/Cu, ZIF-67/Cu, and ZIF-8/Cu electrodes at T mA cm~2
Comparisons of cycle stability and CEs at B) 1 mA cm~2 and C) 3 mA cm™2. D) Comparison of cycling stability in half-cells at 1 mA cm~2 for NH,-MIL-
125/Cu with literature reports. E) Comparison of Li ion transference number with different MOFs. F) Cycling performance of bare Cu@Li and NH,-MIL-
125/Cu@Li symmetric cells at 0.5 mA cm~2. G) Lifespan comparison between our study and the recently reported literature. H) The comparisons of rate

performance of the two symmetric cells at specific current densities. 1) Cycling performance of two symmetric cells at TmA cm™

environment of —10 °C.

polarization resistances were exhibited in NH,-MIL-125/Cu@Li
especially under high current density, suggesting fast charge and
ion transfer across the interphase.

Considering the seriously severe solvation structure under a
harsh environment of —10 °C, the symmetric cells were also
tested. Figure 31 and Figure S15 (Supporting Information) illus-
trate bare Cu@Li, ZIF-67/Cu@Li and MIL-125/Cu@Li cells be-
have irregular voltage oscillation due to the sluggish Li* diffu-
sion kinetics, especially the tough desolvation process at inter-
phase under harsh environment. Obviously, the ZIF-67/Cu@Li

Adv. Mater. 2025, 37, 2411601 2411601 (5 of 10)

2 under a low-temperature

system exhibited the barrier of 176 mV, which is lower than
that in MIL-125 system (241mV), indicating the better sieving ef-
fect of smaller pore morphology. In contrast, with the superior
charge transfer kinetics of sieving between polar —NH, sites and
Li(DME),*, NH,-MIL-125/Cu@Li presents excellent cycling sta-
bility over 350 h (Figure 3I). Based on the above results, it can
be found the significant influence of NH,-MIL-125 in acceler-
ating the desolvation of Li* and promoting Li® atom horizontal
diffusion toward smooth plating instead of vertical Li dendrite
growth. To observe this directly, the morphology evolutions of Li

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB0| SUOLULLIOD BA1IER1D 3|ceo!|ddde au Ag peusenob e sjone YO ‘88N Jo'S3|n1 1oy AXeiq 17 8UIIUO 8|1 UO (SUORIPUIOD-PLE-SLLB}/ 00" A3 | IM"A g1 Bu|uo//Sdiy) SUORIPUOD PUE SW L 33 885 *[5202/80/0T] Uo Areiqiauliuo As|im ‘21Bojouyoe L inH misu| eunsie Ad TO9TTZ0Z BwPe/z00T OT/I0pWod"A| M AReq U U0 peoURADe//Sa1Y WO papeojumoq 'S ‘S20Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

plating under low temperatures were tested by SEM. As shown in
Figure S16A (Supporting Information), the formation of Li den-
drites is observed as circled in the high-resolution SEM image on
the bare Cu@Li surface. Meanwhile, it can be clearly found that
lots of cracks as highlighted on the cycled MIL-125/Cu@Li sur-
face (Figure S16B, Supporting Information). In contrast, a dense
and uniform Li metal surface can be observed in NH,-MIL-125
system (Figure S16C, Supporting Information), highlighting the
effectiveness of the -NH, catalytic polar sites in promoting desol-
vation and atom diffusion. Meanwhile, the interfacial resistance
of optimized cell is further reduced along with cycle increase
under a low-temperature environment of —10 °C (Figure S17A,
Supporting Information). Due to the introduction of —NH, po-
lar groups, the Li desolvation and plating behaviors were reg-
ulated, and the charge transfer kinetics was modulated at low-
temperature conditions. Also, the Tafel curves in Figure S17B,C
(Supporting Information) display the exchange current densities
0f 0.13,0.23, 0.24, 0.25, and 0.35 mA cm™2 for the five electrodes
under a low-temperature environment of —10 °C, indicating that
the NH,-MIL-125 system has enhanced Li* transfer kinetics.
With the assistance of Raman, in situ interface-sensitive
sum frequency generation (SFG) spectroscopy, FTIR and nu-
clear magnetic resonance (NMR), the desolvation process of
Li(DME),* on the modified MOFs were well investigated. Indeed,
the MOF layer with abundant pores could well sieve coordinated
molecules with specific pore size, exhibiting high ratios of contact
ion pairs (CIPs) and aggregated ion pairs (AGGs) (Figure 4A,B;
Figure S18, Supporting Information). In sharp contrast, the ratio
of AGG and CIPs in NH,-MIL-125 system is much higher than
that in ZIF-67 or pristine electrolyte. In addition, as displayed in
Figure S19 (Supporting Information), the higher intensity of Li*-
DME is exhibited in the liquid electrolyte while it shows strong
intensity of free DME in the NH,-MIL-125 system. This can be
interpreted by the synergetic effect of pore size sieving and the
polar groups, accelerating the dissociation of Li*-solvent clusters.
Further, to directly witness the desolvation behaviors under the
help of polar chemical groups, the in situ SFG spectroscopy was
adopted. The schematic illustration of in situ SFG is depicted
in Figure 4C, and the characteristic peaks located at 2876 and
2944 cm™! are attributed to the solvents such as free DME and
coordinated DME in solvation shell, which is observed in all sys-
tems. With the application of bias potential and electric field, it
can be expected that more coordinated DME should be adsorbed
on the interface due to the electrically-moving toward to interface
(Figure 4D). That means the coordinated Li*-DME species are
more sensitive to the electric field than the free DME molecular.
Under this circumstance, the SFG peak intensity of DME should
be stronger rather than weaker, as shown in our cases of ZIF-67
and MIL-125 systems. However, the NH,-MIL-125 system case
does the opposite behavior, as evidenced by its peak density de-
creases from OCV (45) to 20 mV (~10). The main reason for this
reduced solvent signal in NH,-MIL-125 system is caused by effi-
cient active-acting desolvation process contributed by —NH, po-
lar groups. The sharp contrast between NH,-MIL-125 system and
MIL-125 system clearly reveals the big difference of active-acting
desolvation mainly affected by polar sites and passive-acting des-
olvation modes affected by electric field. The passive-acting des-
olvation needs higher energy, while the active-acting desolvation
mode can effectively complete solvation-depravation even under
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a lower electric field, such as 20 mV. As illustrated in Figure 4E,
with the sieving effect, the dissociation of Li*-solvents takes place
quickly on the polar MOF surface, generating more uniform Li*
flux across the MOF layer for lateral diffusion and plating. As
shown in Figure S20A (Supporting Information), the NH,-MIL-
125 in DME/DOL in FT-IR spectra show typical DME/DOL sol-
vent vibration, which is very different from LiTFSI in DME/DOL.
These results suggest weak interaction between NH,-MIL-125
and solvents; while strong interaction existing between Li* and
solvents. Moreover, when introducing NH,-MIL-125 and ZIF-67
into LiTFSI-DME/DOL electrolyte system, the absorption peaks
of NH,-MIL-125 system take some changes as indicated by pur-
ple band in Figure S20B (Supporting Information). These FT-IR
results demonstrate that —NH, group has some weak influence
on solvation behavior in the electrolyte. To further investigate the
effect coming from hydrogen bond or Li---N interaction, NMR
depicts a very slight shifts of the solvents exhibited in '"H NMR
(Figure S20C, Supporting Information), displays a very weak hy-
drogen bonding interaction. While, in comparison with the bare
electrolyte, the low-field shifted resonance (higher absolute value)
of NH,-MIL-125/electrolyte suggests that the shielding effect of
TFSI™ to Li* is reduced due to the coordination of Li* with the
—NH, group in the 7Li NMR (Figure S20D, Supporting Infor-
mation). Since both MIL-125 and NH,-MIL-125 contain carboxy-
lated groups, the high-field shifted peak of MIL-125/electrolyte
indicates that the carboxylated groups are not involved in the Li*
coordination, which well reveals the interactions between Li* and
NH, polar groups.

The cycled morphology was subjected to ex situ SEM. As
the increase of plating capacity from 2 to 10 mAh cm™2, se-
vere Li dendrites and cracks were formed on bare Cu surface
(Figure 4F; Figure S21A-C, Supporting Information). In con-
trast, no dendrites can be found in NH,-MIL-125/Cu surface
(Figure S21D,E, Supporting Information) even after platting 10
mAh cm™ (Figure 4F; Figure S21F, Supporting Information);
well suggesting the polar group of —NH, rapidly fastens the de-
solvation kinetics to achieve the uniform Li deposition behav-
ior. Furthermore, TOF-SIMS was performed to investigate the
3D structure and surface species. The strong signals of F~ and
LiF,” ion species can be detected in bare Cu system, which is
caused by the decomposition of excessive electrolyte. The pro-
longing sputter time up to 500 s also indicates the thickness
of the generated SEI layer is pretty thick, which causes larger
polarization resistance. In the 3D reconstruction (Figure 4G;
Figure S22A, Supporting Information), although LiF component
seems quite abundant, the obvious crack of Li deposition is found
without any well distribution. However, for the system of NH,-
MIL-125/Cu@Li, the decomposition fragment signals are de-
creased after 10 s, suggesting a thin SEI layer; which is also con-
firmed by 3D and 2D mappings, as evidenced by the thin layer of
LiF on top surface with strong intensity and uniform deposition
of Li on the bottom (Figure 4G; Figure S22B, Supporting Infor-
mation). At the same time, XPS analysis was performed after the
initial deposition or 50 cycles of the NH,-MIL-125/Cu@Li elec-
trode. Owing to the pre-deposition of 5 mAh cm=? (with very lim-
ited Li capacity) on substrates such as Cu or MOF/Cu in advance,
all Li anodes before cycling already have established the SEI via
electrochemical method, which is very different from commer-
cial fresh Li plate. The presence of NH, groups was confirmed
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Figure 4. A) Raman spectra of liquid electrolyte on the PP, MIL-125, ZIF-67, and NH,-MIL-125 electrolytes and B) corresponding quantification results of
the TFSI™ anion states at different interfaces. C) Schematic illustration of the in situ SFG in probing the electrolyte/catalyst interface. D) The SFG evolution
of Li* solvation structure under different MOFs with/without bias voltage. E) The illustration of the Li* solvation structure in the electrode/electrolyte
interface before and after turning bias voltage on. F) The morphology images of the bare Cu and NH,-MIL-125/Cu after plating 10 mAh cm~2 of Li.
G) TOF-SIMS 3D and 2D spectra of F~, LiF,~, and Li~ species of the cycled Cu@Li and NH,-MIL-125/Cu@Li. H) The schematic illustration of the
“capture-then-sieving” mechanism of NH,-MOFs on promoting the dissociation of Li(solvents),*

Smooth Li plating

by the N 1s and C 1s spectra in the XPS test results (Figure S23A,
Supporting Information), and the results were almost consistent
with those before cycling (Figure S23B, Supporting Information),
which means the chemical groups of —NH, are stable during
plating/stripping process. With the modulation of NH,-MIL-125
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on the Cu without any pre-plating Li (Figure S23C, Supporting
Information), more inorganic lithium-salt components such as
LiF and Li;N are formed than that in the other systems, which
can be explained by the TFSI™ trapping and concentrating effect
of the modulation layer.
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Figure 5. Comparisons of A) rate performance and B,C) corresponding voltage profiles of the two full cells with bare Cu@Li and NH,-MIL-125/Cu@Li
electrodes under N/P ratio of ~3.3. D) Cycling performance of full cells at 1 C (1 C = 170 mA g~). High-resolution SEM images of E) bare Cu@Li and
F) NH,-MIL-125/Cu@Li in the cycled full battery. G) Cyclic performance of the full cells with MIL-125/Cu@Li and NH,-MIL-125/Cu@Li electrodes at

0.5 C under a low-temperature environment of 0 °C.

From above electrochemical and spectroscopical analysis, the
MOF layer with functional group of —NH, is designed to fasten
Li* desolvation process via the properly regulated interaction be-
tween —NH, and Li(solvents), *, and the desolvation mechanism
can be interpreted in Figure 4H and Figure S24 (Supporting In-
formation): 1) The electron-donor nature of -NH, provides the
lone-pair electrons to capture the solvated Li*; 2) Consistent with
the simulations, the -NH, polar sites participate in the electronic
density redistribution over the whole MOF skeleton by forming
p—r conjugation between the —NH, group and the benzene ring,
realizing electron delocalization and generating more possible
sites for Li* to reside temporally and diffuse to the nearby sites
smoothly; 3) The formation of hydrogen bond between the —NH,
group and the solvent molecule may play a synergic role for the
dissociation of Li(solvents),*; 4) Both the chemical adsorbing in-
teraction and physical pore sieving interaction of NH,-MIL-125
help to dissociate the Li(solvents),* complex rapidly in the sys-
tem; 5) The generated isolated Li* flux is also sieved by the pores
of MOFs to uniformize the local distribution for smooth plating.
Above all, the smooth plating behaviors should be attributed to
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the fast desolvation kinetics enabled by the interactions between
—NH, polar sites and Li(solvents),* together with uniform ion
flux.

The superior transport kinetics propelled by NH,-MIL-
125/Cu@Li are also evaluated in full cells employed with NH,-
MIL-125/Cu@Li with 5 mAh cm™ as the anode. The Li-LFP
full cell based on NH,-MIL-125/Cu@Li exhibits a lower charge-
transfer resistance (18.9 Q) compared to that of bare Cu@Li
(56.2 Q) (Figure S25, Supporting Information), and the corre-
sponding full cell delivers robust rate capability with a low neg-
ative/positive (N/P) ratio of 3.3 (Figure 5A). The related volt-
age/capacity profiles in Figure 5B,C well demonstrate the fast Li*
diffusion kinetics in NH,-MIL-125/Cu@Li system, as revealed
by the high capacity-retention of 68.9% and 52.2% at 1 and 2
C (in relation to the capacity of 183 mAh g=! at 0.1 C), respec-
tively, which are much higher than one in bare Cu@Li system
(56.3% and 33.9%). For the long-term cycling in Figure 5D, the
cell based on NH,-MIL-125/Cu@Li behaves outstandingly sta-
ble in both capacity and CE under 1 C and it stabilized 139 mAh
g~ ! with high CE of 99.8% after 200 cycles, corresponding to the
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capacity retention of 87.4%, better than state-of-the-art electrode
reports (Figure S26, Supporting Information). However, one can
observe that the full cell based on bare Cu@Li decreased to
49 mAh g~! along with the fluctuated CEs after 120 cycles. Fur-
ther, in comparison to the significant fragments and a consider-
able amount of randomly oriented Li dendrites on bare Cu@Li
surface (Figure 5E), a dense and uniform Li metal surface can
be observed in NH,-MIL-125 system, highlighting the effective-
ness of the NH,-MIL-125 in promoting desolvation and atom
diffusion (Figure 5F; Figure S27, Supporting Information). As
known, the electrochemical behaviors of Li-LFP cells under low-
temperature surroundings are still challenging at high charg-
ing/discharging rate. The cell based on NH,-MIL-125/Cu@Li
was assessed under 0 °C. As shown in Figure 5G, this cell with
a low N/P ratio of 3.3 can stabilize up to 300 cycles with a high
CE of 98.7% at 0.5 C, and it could keep the capacity retention of
90.5% after 300 cycles, much better than MIL-125/Cu@Li, well
suggesting the great potential of NH,-MIL-125/Cu@Li anode for
practical low-temperature application. Afterward, under 0 °C, in
comparison to the severe Li dendrites and cracks on the MIL-
125/Cu@Li surface (Figure S28A, Supporting Information) in
the full cell, a smooth and dense Li-metal surface highlights the
effectiveness of the —NH, in promoting desolvation and atom
diffusion (Figure S28B, Supporting Information) in the full cell.
These results demonstrate the effect of NH,-MIL-125 in inhibit-
ing lithium dendrites and dead lithium at both room temperature
and low temperature. An overview of the state-of-the-art LiFePO,-
based LMBs highlights the superiority of NH,-MIL-125/Cu@Li
electrode in the low temperature environment, which is consid-
erably competitive with these previously reported electrolyte en-
gineering (Figure S29, Supporting Information). Under low tem-
peratures of —20 °C, with the fastened sieving effect of NH,-
MIL-125, both Li-NCM811 full cells exhibit high performance
and electrochemical stability at 0.1, 0.2, and 0.33 C, respectively
(Figure S30, Supporting Information). As exhibited, the full cell
based on NH,-MIL-125/Cu@Li exhibited the initial capacity of
159 mAh g™' at 0.1 C. Even enhancing the current rate to 0.2
and 0.33 C, the full cell with NH,-MIL-125/Cu@Li remained the
capacity retention of 98.0% or 97.0% after 90 or 130 cycles, re-
spectively, which is much superior to the bare Cu@Li ones. Com-
pared with recent reports of low-temperature batteries in Table S3
(Supporting Information), we are delighted to find our results are
among the top ones and better than most ones when considering
the less N/P ratio.

3. Conclusion

In summary, with the synergistically sieving effect of polar —NH,
groups on MOF modified Cu current collector, a strategy of de-
localizing electrons with generating more active sites to regulate
Li behaviors of Li* desolvation and Li atom diffusion process has
been achieved. Comprehensive simulations and in situ/ex situ
characterizations reveal the diffusion and desolvation kinetics is
not merely relied on pore size morphology but also affected by the
polar sites on MOFs. Specifically, the critical roles of —NH, po-
lar groups in expelling solvent molecules from Li* to reduce the
desolvation energy barrier and in injecting electrons to anions
for interphase formation under room and low-temperature con-
ditions are revealed. Consequently, the optimized cells can last
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for 2000 h and high CEs without any dendrite formation, which
is four-fold extended lifespan of bare Cu system. Impressively,
under the lower N/P ratio of 3.3, the full cell with NH,-MIL-125
displays a high capacity-retention of 90.5% for 300 cycles under
0 °C. Even under —20 °C, the as-fabricated Li-NCM811 can sta-
bilize for 130 cycles with the capacity-retention of 97% at 0.33
C, indicating its great potential in future application. This facile
strategy can be extended to other metal battery systems by tai-
loring the molecular structures to boost the interfacial diffusion
kinetics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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