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In the development of 3D conductive frameworks for lithium metal anode (LMA), two models have been
proposed: top growth model and bottom-up growth model. However, Li tends to accumulate on the top
of these 3D frameworks with homogenous lithiophilicity (top growth) and Li dendrite still forms. To
address this issue, some researchers have focused on developing 3D frameworks with gradient lithio-
philicity, which realized bottom-up growth of Li. Nevertheless, partial Li nucleation sites on the top of
these frameworks were missed. Inspired by the two models talked above, this work firstly proposed a
novel intermittent lithiophilic model for lithium deposition. To demonstrate the feasibility of this model,
a bimetallic metal-organic frameworks derived ZnMn,0,4-MnO nanoparticles were grown on carbon cloth
for LMA. It can cycle stably under ultra-high current and areal capacity (10 mA/cm?2, 10 mAh/cm?). The
in-situ optical microscopy (OM) was conducted to observe the Li deposition behavior, no dendrite was
found during 80h in ester-based electrolyte while the pure Li only cycled for 2 h. What is more, it can
also be well-coupled with LiNiggCog;Mng;0, (NCM811) cathode and solid-state electrolyte, which further
prove the advantages of the intermittent model for the development of LMAs with high safety and high

energy density.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since Sony Co. made lithium (Li)-ion batteries (LIBs) available
to the public in 1991, it has exerted great influence on modern so-
ciety [1-5]. Nevertheless, the energy density of graphite-based an-
ode is getting close to its limit, thus new electrode materials and
battery systems need to be developed [6-9]. For a long time, the
Li metal anode (LMA) has been considered as the “holy grail” in
Li secondary batteries owing to the ultrahigh theoretical capacity
(3860 mAh/g) and the lowest electrochemical potential (—3.04V vs.
H*/H,), which provides a prospective solution for new-generation
rechargeable batteries [10-15]. Unfortunately, the practical applica-
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tions of LMAs still remain grand challenges due to the continuous
growth of Li dendrites and unlimited volume change [16,17].

In 2016, Cui et al. [18-20] have put the pioneering works
by constructing a novel composite anode for LMA by allowing
molten Li seep into lithiophilic 3D frameworks. From then on,
3D conductive frameworks (Ni foam (NF) [21-24], Cu foam (CF)
[25-28] and 3D carbon-based hosts [29-32]) have been devel-
oped and show their enormous potential to restrain the dendritic
growth and volume expansion owing to their high conductivities
and porous structures. For example, our previous work uniformly
coated a ZIF-67 derived Co304 layer on NF frameworks by one pot
method, and then infused molten Li into Co304-NF framework to
obtain Li-Co304-NF composite anode [33]. It showed a relative uni-
form Li deposition behavior in ether-based electrolyte (stabilized
at 3mA/cm?2, 1.5 mAh/cm?), but there were still some Li dendrites
could be observed through the in-situ OM. According to previous
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Fig. 1. (a) Mechanism diagram of Li component deposition on conductive frameworks with different interfacial activities: (i) homogenous interfaces (top growth); (ii) gra-
dient interfaces (bottom-up growth); (iii) intermittent interfaces. (b) Schematic illustration of the preparation processes of the Li-(CC@ZnMn,04-MnO) composite anode.
Characterizations of the CC@ZnMn,04-MnO electrodes. (c) TEM image; (d) SAED pattern; (e, f) HRTEM images. The tested particles were scraped off from CC@ZnMn,04-MnO

electrodes.

studies [34-35], this might be attributed to the fact that Li tends
to accumulate on the top of these 3D frameworks with homoge-
nous lithiophilicity (Fig. 1a(i)).

To address this issue of the accumulation of Li, more and more
researchers have focused on developing 3D frameworks with gra-
dient lithiophilicity [36-43], i.e., the top region of the framework is
lithiophobic or the lithiophilicity is reduced, thus suppressing the
Li* reduction reaction on the top. By contrast, the bottom is lithio-
philic, which realized bottom-up growth of Li. Nevertheless, for the
reason of the top region is lithiophobic, partial Li nucleation sites
on the top of these frameworks were missed (Fig. 1a(ii)). Thus,
most of the gradient frameworks cannot exhibit higher capacities
(Table S1 in Supporting information).

Inspired by the previous works talked above, this work firstly
proposed a novel model for Li deposition, which was denoted as
an intermittent lithiophilic model (Fig. 1a(iii)). It is constructed by
two lithiophilic materials (A and B) intermittently arranged on the
3D conductive skeletons in the micro or nano scale. In this model,
the lithiophilicity of A is better than that of B, thus the nucleation
barrier of Li on A is smaller than that on B, so that Li* prefer-
entially nucleates on component A and start to grow. Meanwhile,
the concentration of Li* in electrolyte around A decreases, and the
remaining Li* starts to nucleate and grow on component B under
the synergist effect of lithiophilicity of B and higher concentration
of Li*. This way can not only effectively avoid Li accumulation in
local areas of the skeletons, but also make full use of the entire
3D conductive frameworks as the nucleation sites of Li. A flat and
compact Li layer was formed by the intergranular fusion between

the Li embryos deposited in the early stage, which further pro-
moted the stable deposition of the subsequent Li instead of the
formation of dendrites [44].

To demonstrate the feasibility of this model, a bimetallic metal-
organic frameworks (MOFs) (Mn/Zn-MOFs) derived ZnMn;Oy4-
MnO nanoparticles were grown on carbon cloth (CC) substrates
(CC@ZnMn,04-MnO) as a 3D host for LMA. As MOFs are a kind
of nano materials with unique intermittent arrangement because
their adjacent metal atoms are separated by ligands (Fig. Sla
in Supporting information) [45-48]. Compared with monometal-
lic MOFs, bimetallic MOFs offer enhanced electrochemical perfor-
mance, which can be ascribed to the synergistic effect between
different metals and the adjustable metal node engineering. Metal
substitution on the metal nodes in bimetallic MOFs can have ad-
vantages in tuning the stability, flexibility, and electronic struc-
tures of the material [49]. Moreover, carbonized MOFs derivatives
can also inherit the main structure of MOFs [50,51]. These char-
acteristics facilitate for a 200-h lifespan in the symmetrical cell
with an ultrahigh areal capacity (10 mAh/cm?) and current den-
sity (10mA/cm?) and a steady cycle performance at 20 C for 1000
cycles in ester-based electrolyte. Moreover, it can also be matched
well with LiNiggCog;Mng;0, (NCM811) cathode and solid elec-
trolyte, which further prove the advantages of the intermittent
model for the development of LMA with safety and high energy
density.

Fig. 1b vividly describes the preparation processes of Li-
(CC@ZnMn,04-Mn0O) composite anode by a thermal infusing
method. Briefly, Mn/Zn-MOFs were in-situ grown onto the CC
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via a facile solvothermal method by mixing a given amount of
Mn2+t/Zn%* and terephthalic acid (H,BDC) to obtain CC@Mn/Zn-
MOFs, which is possible for scalable production. After heat treat-
ment in N, atmosphere, the nano Mn/Zn-MOFs were transformed
into ZnMn,04-MnO (Fig. S1 in Supporting information). Experi-
mental details can be seen in Supporting information. The lithio-
philicity of CC can be efficiently improved by these coated nano-
sized lithiophilic ZnMn;04-MnO materials, allowing molten Li to
be introduced into the frameworks rapidly in only 7s (Fig. S2 in
Supporting information) [52]. For comparison, the molten Li can-
not infiltrate into pure CC even after 60 s at the same temperature.

To analyze the crystal structure of the Mn/Zn-MOFs and their
derivatives, they were both characterized via powder X-ray diffrac-
tion (XRD). The appeared main peaks of Mn/Zn-MOFs (Fig. S1b) is
consistent with the simulated results. After the carbonization pro-
cess (Fig. S1c), all the major diffraction peaks can be well-indexed
with the ZnMn,04 (PDF#24-1133) and MnO (PDF#07-0230), indi-
cating the co-existence of ZnMn,04 and MnO by the direct pyrol-
ysis of the Mn/Zn-MOFs.

Fig. 1c shows the TEM images of the ZnMn,04-MnO after the
carbonization of Mn/Zn-MOFs. The SAED patterns of ZnMn,0,4 par-
ticles displayed the (112), (220), (404) planes (Fig. 1d), which
demonstrated the presence of ZnMn,04. As can be clearly ob-
served in the HRTEM images (Figs. 1e and f), two clear lattice
fringes about 0.272nm, 0.488 nm are corresponded to the (103),
(011) planes of ZnMn,04 with [311] zone axis. Additionally, to
confirm the chemical components of the CC@ZnMn,04-MnO host,
X-ray photoelectron spectroscopy (XPS) was conducted and the
corresponding results are depicted in Fig. S3 (Supporting infor-
mation). It could be clearly demonstrated that the existence of
C, Zn, O, and Mn elements. The C 1s spectra is shown in Fig.
S3a, with two distinct peaks at 284.8 eV (representing the normal
C-C sp2-hybridization bonding in graphitic carbon) and 287.9eV
(attributed to the functionalized O=C-O bond). Furthermore, two
peaks at 1022.6eV (Zn 2p3p;) and 1045.7 eV (Zn 2p;,) can be iden-
tified to the existence of Zn2* in the host (Fig. S3b). In the mean-
time, three significant peaks at 531.0eV, 531.5eV, and 531.8eV in
the high-resolution O 1s peak (Fig. S3c), which correspond to the
Mn-0O, Zn-0, and C-O bonds, respectively. Most importantly, the
peaks at 641.7eV and 653.0eV reveal the existence of the Mn3*,
and the peaks at 643.5eV and 654.8eV are relevant to the Mn%*+
in the product (Fig. S3d). These results indicate the formation of
ZnMn,04 and MnO after carbonization which in well agreement
with the XRD results.

The morphologies of the as-prepared CC, CC@Mn/Zn-MOFs,
CC@ZnMn;04-MnO, Li-(CC@ZnMn,;04-Mn0O) were determined by
digital photos and SEM (Fig. 2). Fig. 2a shows the digital photos of
different steps. It is clearly that the color of CC host changed from
white (CC@Mn/Zn-MOFs) to brown (CC@ZnMn;04-MnO) after the
carbonization process under high temperature. From the SEM re-
sults, the pure CC host has a smooth surface (Figs. 2b and c), after
the hydrothermal process, Mn/Zn-MOFs were tightly and uniformly
coated on the CC fibers (Figs. 2d and e). Then after the heat-
ing treatment, the Mn/Zn-MOFs were transformed to ZnMn,O4-
MnO and the CC structure was well maintained. The diameters of
the bimetallic MOFs-derived nanoparticles are approximately 600-
700 nm (Figs. 2f and g). After infusion of Li, it can be clearly seen
that Li was fully immersed into the 3D CC host observing from the
surface and cross-sectional view (Figs. 2h-k), which indicates that
the coated ZnMn,04-MnO particles effectively improve the Li affin-
ity of CC host. Moreover, it can be proved from the EDS elemental
mapping images that the Mn, Zn, O elements were uniformly dis-
tributed on the surface of CC (Fig. 21).

For the purpose of investigating the electrochemical reversibil-
ity of the 3D CC@ZnMn,04-MnO host, two different half cells
(CC@ZnMn,04-MnO and pure CC) were assembled and utilized to
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explore the cyclic stability of the Coulombic efficiency (CE) (Figs.
3a-c). The CC@ZnMn,04-MnO composite host showed a higher CE
of 99.45% than the pure CC host and could guarantee ~560 cy-
cles at 1mAj/cm?2, 1 mAh/cm? (Fig. 3a). Moreover, when the cur-
rent density increased to 3 mA/cm? and 5 mA/cm? (Figs. 3b and c),
the CC@ZnMn,04-MnO composite host still retain a high CE close
to 98% for ~360 and ~200 cycles, respectively. The superior stabil-
ity of CC@ZnMn,04-MnO composite host than that of pure CC host
should be ascribed to the full utilization of Li nucleation sites of 3D
CC substrates through lithiophilic ZnMn;04-MnO nanoparticles.

To further evaluating the Li deposition behavior on the
CC@ZnMn;,04-MnO host during the repetitive charging/discharging
processes, two kinds of symmetric cells (Li||Li, Li-(CC@ZnMn,04-
MnO)||Li-(CC@ZnMn;04-MnO)) were then assembled with ether
liquid electrolyte (Figs. 3d-g). Fig. 3d depicted the voltage-time
curves of these two different cells at 3mA/cm2, 1 mAh/cm?2. Re-
markably, the Li-(CC@ZnMn,04-MnO) symmetric cell presented a
stable voltage plateau with a small overpotential of ~20 mV. Mean-
while, it could maintain more than 1000h. For comparison, the
pure Li foil counterpart exhibited a fluctuant voltage curve with
much larger overpotential. In addition, these two symmetric cells
were also conducted at 3mAj/cm2, 3 mAh/cm? (Fig. 3e). Obvi-
ously, the Li-(CC@ZnMn,;04-MnO) symmetric cells still depicted
flat charge-discharge profiles with a smaller overpotential (sta-
ble cycle for over 600h) than pure Li foil symmetric cells (short-
circuited after 300h) and the details were magnified to display
the differences of the voltage hysteresis. When they were cy-
cled at 10mA/cm?, 10 mAh/cm? (Fig. 3f), the Li-(CC@ZnMn,0,-
MnO) symmetric cells could still show a relatively low overpo-
tential of ~150mV for about 200h. By contrast, the pure Li||Li
symmetric cell was directly short-circuited under such a high
current density. To verify the superior electrochemical reversibil-
ity of Li-(CC@ZnMn,04-MnO) electrodes, the rate performances
were tested. The Li-(CC@ZnMn;04-MnO) symmetric cells revealed
a voltage polarization of 15, 90, and 144mV at a current den-
sity of 0.5, 5, 12mA/cm?, respectively (Fig. 3g). Nevertheless, the
pure Li||Li symmetric cell (Fig. S4 in Supporting information) could
only cycle at 5mA/cm? and the voltage polarization was unstable,
which might be attributed to the continuous growth of Li den-
drite [53-56]. From here we can clearly see that the improved
electrochemical performances of the Li-(CC@ZnMn,04-MnO) elec-
trode, which was benefited from the synergist effect of lithiophilic
ZnMn,04 and MnO on the intermittent lithiophilic model.

Electrochemical impedance spectroscopy (EIS) for both pure Li
and Li-(CC@ZnMn,04-Mn0O) symmetric cells (Fig. S5 and Table S2
in Supporting information) were performed before and after cy-
cling. It is apparent that the pure Li symmetric cell has a large in-
terfacial resistance (208 2), which was due to the passivation layer
on the surface of Li foil [57]. In comparison, the smaller interfacial
resistances were obtained for the Li-(CC@ZnMn;04-MnO) symmet-
ric cell, which was 44.9 Q at initial and 16.1 2 after 100 cycles.
This phenomenon was originated from the regulated Li deposition
brought by Li-(CC@ZnMn;,04-MnO) electrodes. These findings also
support the capability of the Li-(CC@ZnMn,04-MnO) electrode in
regulating the Li deposition behavior.

To evaluate the practical applications of Li-(CC@ZnMn;04-MnO)
electrodes, it was matched with LiFePO, (LFP) cathode to ob-
tain a full cell (Li-(CC@ZnMn,04-MnO)||LFP). Furthermore, two
full cells with LFP cathode (Li-CC@MnO||LFP, Li-CC@ZnMn;Oy4||LFP)
were also assembled and cycled at 5 C (Fig. S6 in Supporting in-
formation) for comparation. Comparing the results of Fig. S6 with
that of Fig. 3h, the Li-(CC@ZnMn;04-MnO)||LFP full cell has a more
remarkable cycling stability. In addition, no matter at any current
density (between 2 C and 20 C), the Li-(CC@ZnMn;04-MnO)||LFP
full cell can maintain about 1000 cycles nearly without capacity
loss. Simultaneously, the Li-(CC@ZnMn,04-MnO)||LEP full cell has a
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Fig. 2. The morphologies characterizations. (a) Digital photos of the different steps. SEM images of (b, c) CC, (d, e) CC@Mn/Zn-MOFs, (f, g) CC@ZnMn,04-MnO, Li-
(CC@ZnMn,04-MnO) ((h, i) Surface; (j, k) cross-section). (1) EDS elements distribution of the CC@ZnMn;04-MnO electrode (Mn, Zn, O, C).
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Fig. 3. Coulombic efficiency at various current densities of the CC and CC@ZnMn;0,4-MnO electrode with 1 mAh/cm?2. (a) 1mA/cm?, (b) 3mA/cm?, (c) 5mA/cm?. Elec-
trochemical performance comparisons of the Li-(CC@ZnMn,04-MnO) (red) and pure Li foil (black) symmetric cells. Cyclic stabilities with different Li capacities at various
current densities of (d) 3 mA/cm?, 1 mAh/cm?, (e) 3 mA/cm?, 3 mAh/cm?, (f) 10 mA/cm?, 10 mAh/cm?. (g) Rate performance of symmetric Li cells with Li-(CC@ZnMn,04-MnO)
electrodes (1 mAh/cm?) at various current densities. (h) Long-term cycling performances of Li-(CC®ZnMn,04-MnO)||LFP full cells from 2 C to 20 C (1 C = 170 mAh/g).

relative low potential for polarization during both charge and dis-
charge processes (Fig. S7 in Supporting information). Capacities of
~100 mAh/g and ~70 mAh/g were preserved even at a high cur-
rent rate of 5 C and 10 C (Fig. 3h). Additionally, the CE of the Li-
(CC@ZnMn,04-MnO) electrode maintained a steady value around
100% during cycling, which further prove the feasibility of the Li-
(CC@ZnMn,04-MnO) as the intermittent Li deposition model and
achieve superior electrochemical performances.

To further study the mechanism of suppressing the Li dendrite
in the Li-(CC@ZnMn,04-MnO) composite anode, the in situ optical
microscope (OM) was conducted to observe the Li plating/stripping
processes in ester-based electrolyte (Fig. 4) [58]. Fig. 4a shows the
performance of pure Li. During the first charging process, the Li
dendrite is formed at a fast speed in the local area of the exposed
Li surface (Fig. 4a, I-VI). Moreover, the growth of these dendrites
is relatively disordered, which means the Li deposition process is
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Fig. 4. In situ optical photographs of (a) pure Li and (b) Li-(CC@ZnMn;04-MnO)
electroplating process at different times at a current density of 1mA/cm? in the
Ester liquid electrolyte (LiPFs: Ester-based electrolyte). Electrochemical performance
of full cells. (c) Long-term cycling performance of Li-(CC@ZnMn;04-MnO)||[NCM811
full cells at 0.5 C (1 C=180 mAh/g). (d) Long-term cycling performance of
Li-(CC@ZnMn,04-MnO) in all-solid-state lithium-ion batteries (Li-(CC@ZnMn;04-
MnO||SCE(solid composite electrolyte)||LFP) at 2 C. Illuminated LED lights powered
by (e) Li||LFP and (f) Li-(CC@ZnMn,04-MnO)||LFP full cells. SEM images after cycling
in different full cells. (g) Li||LFP, (h) Li-(CC@ZnMn;04-MnO))||LFP full cells.

uneven. Even worse, it only cycled for 2 h and soon became short-
circuited, which not only results in the loss and the cracks of the
SEI layer, but also gives rise to the degradation of the Li electrode.
On the contrary, there were fewer changes and even no dendrite
growth until 80h on the Li-(CC@ZnMn,04-Mn0O) composite an-
ode (Fig. 4b), indicating that Li was uniformly deposited and the
Li dendrite was effectively suppressed [59,60]. Thus, the presence
of Li-(CC@ZnMn,04-MnO) and its 3D structure evolution during
the cycles played a crucial role in the Li plating/stripping behav-
ior and the electrochemical performance of Li electrodes. What is
more, the overpotential of Li-(CC@ZnMn,0,4-MnO) was obviously
decreased, and the polarization phenomenon appeared until cy-
cling for over 80h. Although in situ OM technology has its own
limitations [58], but the results can be taken into account.

To further demonstrate the feasibility of the intermittent Li
deposition model, similar running trend was observed in the Li-
NCM811 batteries. The Li-(CC@ZnMn;04-MnO)||[NCM811 cell pre-
sented a stable discharge capacity of 137.4 mAh/g after more
than 175 cycles at 0.5 C (Fig. 4c), which is significantly im-

Chinese Chemical Letters 35 (2024) 109122

proved compared with cycling performance of the pure Li||[NCM811
battery (Fig. S8 in Supporting information). Moreover, the Li-
(CC@ZnMn,04-MnO)|[NCM811 cells also exhibit a superior rate
performance. While cycling at different current densities of 0.1, 0.2,
0.5, 1 and 2 C, the Li-(CC@ZnMn;04-MnO)|[NCM811 cells can reach
178.1, 168.8, 149.7, 131.5 and 108.7 mAh/g, respectively (Fig. S9 in
Supporting information). Additionally, compared with the previous
reported MOF-derived modified CC hosts and gradient 3D frame-
works (Fig. S10 in Supporting information), the Li-(CC@ZnMn;04-
MnO) composite anode gives the most available choice in practical
application, which is benefited from a more stable cycling perfor-
mance in ester-based electrolyte even in a higher current density
and a larger areal capacity. What is more, the Li-(CC@ZnMn;04-
MnO) composite anode was applied in an all-solid-state Li bat-
tery (without liquid electrolyte) and showed an excellent cycling
performance of ~160 mAh/g in 100 cycles at 2 C (Fig. 4d), which
further implies that the possibility and feasibility of using the Li-
(CC@ZnMn,04-Mn0) anodes in practical Li batteries in the future.

Besides, the practical applications of pure Li and Li-
(CC@ZnMn,04-MnO) anodes were also evaluated via lighting
the light emitting diode (LED) by Li||[LFP and Li-(CC@ZnMn;Oy4-
MnO))||LFP coin cells. The evolution of LED brightness powered by
different full cells are consistent with their electrochemical results
(Figs. 4e and f). After cycling in full cells, the SEM images of the Li
and Li-(CC@ZnMn,04-MnO) electrodes were shown in Figs. 4g and
h. Obviously, the surface of the Li-(CC@ZnMn,04-MnO) composite
anode is flat without any visible cracks, which indicates that a
stable and uniform Li deposition behavior was performed during
the long-term cycles and there were no Li dendrites growing. In
contrast, the pure Li foil exhibited a worse performance, which is
corresponded to the electrochemical results. These results further
demonstrated the intermittent lithiophilic model obtained from
bimetallic MOFs derivatives is an effective way to achieve the safer
Li metal batteries.

To sum up, a novel intermittent lithiophilic model for Li de-
position was firstly proposed. Based on this model, a bimetallic
MOFs (Mn/Zn-MOFs) derived ZnMn,04 and MnO were grown on
CC substrates (CC@ZnMn,04-MnO) as a 3D host for LMA. It can af-
ford a prolonged lifespan of 200 h under an ultrahigh areal capacity
(10 mAh/cm?2) and current density (10mA/cm?2) and a stable cycle
performance at 20 C for 1000 cycles in ester-based electrolyte. The
Li-(CC@ZnMn;,04-MnO) symmetric cells exhibited a maximum cur-
rent density of 12mA/cm? at 1 mAh/cm?2. What is more, it can also
be well-coupled with LiNiggCog;Mng;0, cathode and solid-state
electrolyte, which further prove the advantages of the intermittent
model. We are firmly convinced that this work will provide us an
innovative pathway for the development of high safety and high
energy density LMAs, and give effective experimental and theoret-
ical supports.
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