Journal of Energy Chemistry 65 (2022) 439-447

Contents lists available at ScienceDirect

JeC

JOURNAL OF ENERGY CHEMISTRY
—_—

Journal of Energy Chemistry

http://www.journals.elsevier.com/
journal-of-energy-chemistry/

journal homepage: www.elsevier.com/locate/jechem

Synergistic effect of lithiophilic Zn nanoparticles and N-doping for stable
Li metal anodes

Lei You®", Shunlong Ju?, Jianwen Liu®, Guanglin Xia**, Zaiping Guo “*, Xuebin Yu**

2 Department of Materials Science, Fudan University, Shanghai 200433, China

b Hubei Collaborative Innovation Center for Advanced Organic Chemical Materials, Ministry-of-Education Key Laboratory for Synthesis and Applications of Organic
Functional Molecules, College of Chemistry and Chemical Engineering, Hubei University, Wuhan 430062, Hubei, China

€School of Chemical Engineering & Advanced Materials, The University of Adelaide, Adelaide, SA 5005, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 27 December 2020
Revised 2 June 2021
Accepted 3 June 2021
Available online 8 June 2021

Li metal is the most ideal anode material for next-generation high energy lithium-ion batteries. The
uncontrollable growth of Li dendrites, however, hinders its practical application. Herein, we propose
the adoption of Zn nanoparticles uniformly embedded in N-doped carbon polyhedra homogeneously
built on carbon cloth (Zn@NC@CC) to prevent the formation of Li dendrites. Based on theoretical calcu-
lation and experimental observation, lithiophilic Zn nanoparticles and N-doping inside of the as-
synthesized Zn@NC play a synergistic role in enhancing the adsorption capacity with Li, thus resulting
in uniform Li deposition and complete suppression of Li dendrites. Moreover, the porous N-doped carbon
polyhedras uniformly distributed on carbon cloth effectively relieves the volume change of Li upon
repeated Li stripping/plating process, which contributes to preserving the structural integrity of the
whole electrode and hence enhancing its long-term cycling stability. Benefiting from these synergistic
effects, the Li-Zn@NC@CC electrode delivers a prolonged lifespan of over 1200 h at 1 mA cm 2 with an
areal capacity of 1 mA h cm~2 in symmetric cells and high Coulombic efficiencies of 95.4% under an ultra-
high capacity of 12 mA h cm~2. Remarkably, Li-Zn@NC@CC//LiFePO, full cells deliver a high reversible
capacity of 110.2 mA h g~! at 1C over 200 cycles.
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1. Introduction

With the rapid development of electronic devices, the tradi-
tional graphite anode of lithium-ion batteries can hardly meet
the high-energy-density demand due to its limitation in specific
capacity, so it is urgent to research and develop novel anodes with
high capacity to replace them [1]. Li metal has been widely
regarded as the most promising candidate for anode materials
due to its high theoretical capacity of 3860 mA h g~! and the ultra-
low electrochemical anode potential (—3.04 V versus the standard
hydrogen electrode) [2-4]. Despite these appealing advantages, the
practical application of Li metal anode is severely hindered by the
inevitable growth of dendritic and dead Li metal due to the uneven
Li nucleation and the formation of unstable solid electrolyte inter-
phase (SEI) layers. It leads to not only a low Coulombic efficiency
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and the quick decay of the capacity, but also, more importantly,
serious safety hazards [5,6].

Accordingly, stabilizing the solid electrolyte interphase (SEI)
layers by introducing electrolyte additives and/or solid-state elec-
trolytes and building an artificial interfacial layer have been widely
investigated to inhibit the growth of Li dendrites [7-12]. Although
these methods could alleviate the growth of Li dendrites to some
extent, the infinite relative volume change of Li during the
charge-discharge process could inevitably result in large internal
stress fluctuation and hence break the SEI layers, leading to unsat-
isfied cycling performance [13].

To solve this issue, loading Li metal into flexible three-
dimensional (3D) conductive scaffolds with high surface area and
high mechanical strength has been proposed, which could not only
alleviate the volume change of Li but also reduce the current den-
sity, leading to the suppressed formation of Li dendrites. Particu-
larly, owing to their light-weight nature and tunable surface
chemistry, various carbon materials, e.g., carbon cloth (CC)
[14,15], carbon nanofibers [16], carbon nanotubes [17], and graphi-
tic carbon foam [18], have been adopted to host Li metal anode.
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However, the poor affinity between carbon and Li during initial
nucleation process attributed to the large lattice mismatch
between hexagonal carbon and the body-centered cubic structured
lithium leads to inhomogeneous deposition of Li metal and finally
the formation of dendrites. In order to enhance the lithiophilicity of
carbon frameworks, two strategies have been mainly adopted. The
first one is the modification with nucleation seeds, including met-
als (e.g., Ag, Ay, Zn, Mg) [19-22] or their relative oxides (e.g., ZnO,
TiO,), [23,24] to guide the homogeneous deposition of Li metal.
Among them, Zn is capable of enhancing the lithiophilicity of
carbon-based substrate attributed to its spontaneous reaction with
lithium (ie, Li + Zn — LiZn) and more importantly, the in-situ
formed LiZn alloys exhibit strong interaction with lithium, which
enables LiZn alloys to subsequently regulate the uniform Li depo-
sition behavior [24]. The alloying reactions or the conversion reac-
tions occurred during Li plating process, however, generally
involves large volume change, which renders the interface
between electrolyte and electrode structurally unstable [25].
Hence, the cycling performance of Li metal anodes modified solely
by carbon frameworks decorated with nucleation seeds is still
unsatisfied. Alternatively, heteroatom doping has been introduced
to regulate the adsorption capability of Li on carbon scaffolds
towards the favorable Li deposition [26,27]. Unfortunately, the reg-
ulation of Li adsorption on the region away from the doped sites
remains weak. Therefore, the precise nucleation and orientated
growth of lithium, especially under deep stripping and plating, is
still a big challenge.

In this work, the synergistic effect of heteroatom doping and
nucleation seeds in further enhancing the cycling performance of
Li metal anodes is proposed via building a novel hierarchical struc-
ture, i.e., Zn nanoparticles embedded in N-doped carbon polyhedra
uniformly decorated on carbon cloth. First, the freestanding CC
frameworks could not only provide a 3D interconnected skeleton
with sufficient voids for rapid electron and ion transport but also
preserve the integrality of Li metal anodes upon repeated Li strip-
ping/plating process, thus contributing to the improved cycling
performance. More importantly, it is experimentally and theoreti-
cally demonstrated that the lithiophilic Zn nanoparticles (NPs) uni-
formly distributed inside the N-doped carbon networks in Zn@NC
derived from the carbonization of ZIF-8 plays a synergistic role in
enhancing the lithophilic ability of CC frameworks, which could
effectively reduce Li deposition overpotential, guide the uniform
Li deposition, and eventually eliminate the growth of lithium den-
drites. Furthermore, the porous N-doped carbon polyhedras help to
not only relieve the volume change of Li but also maintain the
structural stability of Zn NPs as the nucleation seeds during plating
and striping, leading to a well-preserved cycling stability. As a
result, the Li-Zn@NC@CC electrode exhibited stable cycling perfor-
mance at a current density of 1 mA cm~2 for over 1200 h and main-
tained a high CE of 95.4% after 40 cycles under a deep areal
capacity of 12 mA h cm™2, which is much superior than Li metal
anodes modified by carbon cloth decorated with Zn NPs or N-
doped carbon polyhedra. Moreover, the full cells coupled with a
LiFePO, cathode delivered a large reversible capacity of
110.2 mA h g~! with a capacity retention of 78% after over 200
cycles.

2. Experimental
2.1. Preparation of Zn@NC@CC and NC@CC

The commercial carbon cloth (CC, WOS1002, CeTech) was first
cleaned by concentrated hydrochloric acid at 80 °C for 2 h and then

washed with distilled water. Subsequently, the treated CC dried at
60 °C was cut into pieces (3 x 5 cm) and immersed in PVP solution
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(2 mg mL~1) with ultrasonic treatment for 40 min, which was then
mixed with 2-methylimidazole (2.62 g, 98%, Adamas-beta) dis-
solved in methanol (50 mL). Meanwhile, 1.19 g zinc nitrate hex-
ahydrate (Zn(NOs),-6H,0, 99%, Aladdin) dissolved in methanol
(50 ml) was slowly added to the former solution under stirring
for 30 min. After aged at room temperature for 24 h, the ZIF-
8@CC was obtained after washing with distilled water and drying.
Afterwards, the obtained ZIF-8@CC was heated to 600 °C with a
heating rate of 5 °C min~! in Ar/H,, followed by thermal annealing
at this temperature for 4 h to synthesize Zn@NC@CC. The NC@CC
composite was prepared by soaking the Zn@NC@CC composite in
HCI solution for a whole night to remove Zn NPs.

2.2. The preparation of Zn@CC

Specifically, 0.734 g (CH3COO0),Zn and 0.320 g NaOH were dis-
solved in 60 mL deionized water and a piece of carbon cloth (CC)
was immersed in this solution and stirred for 30 min, which was
subsequently transferred into a 100 mL Teflon-lined stainless auto-
clave for reaction at 160 °C for 20 h. After the autoclave cooled
down to room temperature, the as-obtained product was washed
with distilled water and dried in an oven at 80 °C for several times,
yielding the product of ZnO@CC. Afterwards, the as-synthesized
ZnO@CC was heated to 600 °C for 4 h with a heating rate of 5 °C
min~! in Ar/H, to obtain Zn@CC.

2.3. Material characterizations

The crystalline structure of all samples was identified by X-ray
diffraction (XRD; D8 advance, Bruker AXS) with Cu Ko radiation at
a scanning rate of 5° min~!. Scanning electron microscopy (SEM,
Shimadzu JEOL 7500FA) was conducted to determine the morphol-
ogy and particle sizes of the samples. Elemental analyses of the
materials were tested by energy-dispersive X-ray spectroscopy
(EDS) on SEM. All samples that are easily oxidized in the air were
pretreated by sealing on sample stage in the Ar-filled glovebox
with scotch tapes before testing. X-ray photoelectron spectroscopy
(XPS, Escalab 250Xi Thermo Fisher Scientific) test was performed
by using Al Ko radiation (E photon = 1486.6 eV) to characterize
the surface composition. The surface areas were calculated by
the nitrogen adsorption and desorption isotherms via the
Brunauer-Emmett-Teller (BET) method.

2.4. Electrochemical measurements

The Zn@NC@CC, NC@CC, Zn@CC and CC composites were cut
into disks with a diameter of 11 mm and then adopted as the work-
ing electrode to assemble coin cells in an argon filled glove box for
electrochemical testing. The thickness of these disks were con-
trolled to be approximately 250 pm.

For symmetric cell testing, Li was firstly deposited with a capac-
ity of 12 mA h cm~2 on Zn@NC@CC, NC@CC, and CC disks, respec-
tively, at a current density of 0.5 mA cm~2 to form Li-Zn@NC@CC,
Li-NC@CC, and Li-CC electrodes. The thickness of these electrodes
was approximately 270 pm. The cycling performance of these sym-
metric cells was tested at various current densities of 0.5, 1.0, and
3.0 mA cm~2, respectively. Celgard 2400 was used as the separator
and the electrolyte was lithium bis(trifluoromethanesulfonyl)imi
de (LiTFSI, 1 M, 99.95%, Sigma-Aldrich) in a mixture solvent of
1,3-dioxolane (DOL, 99%, Sigma-Aldrich) and dimethoxyethane
(DME, 99.5%, Sigma-Aldrich) (1:1, volumetric ratio) with 2 wt%
LiNOs. Full cells were assembled using LiFePO,4 cathode prepared
by mixing LiFePO, powder (Shenzhen Dynanonic Co., Ltd), Super
P (Sigma-Aldrich), and polyvinylidene difluoride (PVDF, Shanxi Liz-
hiyuan Battery Material Co. Ltd) with a weight ratio of 8:1:1. The
low and high mass loading of the LFP cathodes was controlled to
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be about 2.5 mg cm~2 and 13.5 mg cm?, respectively. The as-
prepared Li-Zn@NC@CC, Li-CC, and bare Li electrodes were used
as anodes. (the capacity of Li loading was controlled to be
12 mA h cm™2). The negative/positive electrode capacity ratio
was controlled to be approximately 28 (the mass loading of LFP
is about 2.5 mg cm~2) and 5.2 (the mass loading of LFP is about
13.5 mg cm~2), respectively. The thickness of bare Li anode
adopted in the half cell and symmetric cells was approximately
510 wm and this value was approximately 100 pm in the full cells.
All full cells were tested in the voltage window between 2.5 and
4.0 V at various current densities, and electrochemical impedance
spectroscopy (EIS) was tested in a frequency range from 100 KHz to
0.01 Hz.

2.5. Computational method

Density functional theory (DFT) calculations were carried out
using projector-augmented wave (PAW) method as implemented
in Vienna ab initio simulation package (VASP) [28-30]. A general-
ized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) functional was employed to describe the exchange-correla-
tion interaction [31]. An energy cutoff of 500 eV and Gamma cen-
tered 5 x 5 x 1 k-points mesh were applied to all calculations. The
structures were relaxed until the forces and total energy on all
atoms were converged to less than 0.05 eV A ~'and 1 x 10
eV. The Zn (0001) and Li (001) slab models were the cleaved sur-
face of each metal with the lowest surface energy, and a four-
layer 4 x 4 x 1 super cell with 20A vacuum was adopted. To eval-
uate the interaction between Li and electrode, the binding energy
(Ep) was calculated as follows,

Ey = Erotal — Evi — Esuwp

where Egyp and Eroga are the total energy of compound before and
after Li adsorption, respectively. Ey; is the energy of a single Li atom.

3. Results and discussion

The synthetic process of Li-Zn@NC@CC electrode is schemati-
cally illustrated in Fig. 1a. First, the CC substrates treated with
the acid and polyvinyl pyrrolidone (PVP) dissolved in methanol
were mixed with Zn metal ions (Zn?*) and N-containing 2-
methylimidazole solution to form ZIF-8 on the surface of CC sub-
strates (denoted as ZIF-8@CC) by a solution deposition route at
room temperature. After the solution deposition process, XRD pat-
tern illustrates the characteristic peaks of ZIF-8 (Fig. S1a), indicat-
ing the successful formation of ZIF-8 with high purity [32]. More
interestingly, induced by the presence of PVP, which serves as
the structure-directing agent for the nucleation and growth of
ZIF-8, the thus-formed ZIF-8 are uniformly distributed on the CC
substrates as evidenced by the SEM images (Fig. 1g), which turns
the color of CC substrates from black into white (Fig. 1c). Subse-
quently, the as-obtained ZIF-8@CC was thermally annealed in an
Ar/H, atmosphere to reduce the Zn?* into metallic Zn NPs and
transform the imidazolate linkers into N-doped carbon frame-
works, leading to the formation of Zn NPs embedded in N-doped
carbon polyhedra uniformly decorated on carbon cloth (denoted
as Zn@NC@CC). After the carbonization process, the color of the
CC substrate transforms into black again (Fig. 1d) and the uniform
distribution of Zn@NC with an average size of 250 nm is well pre-
served due to the structural support role of CC substrate (Fig. 1h).
The energy dispersive X-ray (EDX) spectrum reveals the presence
of C, N, and Zn in the as-synthesized Zn@NC@CC (Fig. 1i), which
agrees well with the XPS results. Meanwhile, the corresponding
elemental mapping demonstrates the uniform distribution of the
elemental Zn, N, and C element is comparable with the map of
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Zn@NC@CC, indicating the homogeneous distribution of Zn, N,
and C in the as-prepared Zn@NC@CC. In order to further character-
ize the structure of the as-prepared Zn@NC in detail, transmission
electron microscopy (TEM) measurement was conducted (Fig. S2),
which validates the typical porous structure of Zn@NC. The corre-
sponding elemental mapping results demonstrate that the Zn, N,
and C elements are uniformly distributed across the whole Zn@NC
polyhedra, which provides additional evidence to the homoge-
neous distribution of Zn NPs inside of the as-prepared Zn@NC poly-
hedra. Based on the thermogravimetric analysis (TGA) results
under air atmosphere (Fig. S3), the amount of Zn NPs in the as-
synthesized Zn@NC@CC was calculated to be approximately 3.9%.
No characteristic peaks, however, could be observed in the XRD
results in the resulting Zn@NC@CC (Fig. S1b), coinciding well with
previous reports [22,33], which could be attributed to the amor-
phous nature of Zn NPs and/or the ultralow content of Zn NPs in
the as-prepared Zn@NC@CC. The formation of Zn could be clearly
validated by the high-resolution XPS results, which exhibits typical
peaks at 1021.8 and 1044.7 eV that are indexed to metallic Zn
(Fig. S4a) [22,33]. In addition, the spectra of C 1 s exhibits two
major peaks at 285.5 and 287.1 eV (Fig. S4b), which could be
indexed to C-C/C = C and C-N, respectively. Three peaks, which
could be assigned to pyridinic N at 397.5 eV, pyrrolic N at
399.4 eV, and graphitic N at 402.3 eV, respectively, are observed
in the spectrum of N 1 s, demonstrating the abundant of N inside
of carbon frameworks (Fig. S4c) [34]. N, adsorption/desorption
measurements were further used to assess the Brunauer-Emmet
t-Teller (BET) surface area of Zn@NC@CC. It is interesting to note
that compared to the pure CC with a specific surface area of only
19.6 m? g~ ! (Fig. S5b), the BET surface area was increased to
117.9 m? g~! for the Zn@NC@CC owing to the vast introduction
of porous structure of Zn@NC (Fig. S5a). It could not only provide
more spaces for accommodating the volume change of Li deposi-
tion, but also reduce the local current density towards uniform Li
deposition [16]. Finally, Li metal was electroplated at a current
density of 0.5 mA cm 2 into Zn@NC@CC hosts to obtain a Li loading
capacity of 12 mA h cm™2, denoted as Li-Zn@NC@CC, which pre-
sents a uniform metallic appearance (Fig. 1e).

The Li plating performance of Zn@NC@CC was subsequently
investigated using coin cells. According to the voltage-capacity pro-
file (Fig. 2b and Fig. S6a), an obvious overpotential of over 11 mV
could be observed for Li-CC electrode. After modification of CC with
N-doped carbon frameworks to form NC@CC, which was prepared
via the etching of Zn NPs from Zn@NC@CC, the overpotential could
be decreased to 9.6 mV for Li-NC@CC, indicating the positive role
of N-doping in improving the lithiophilic ability of carbon frame-
works. In strong contrast, almost no nucleation overpotential could
be observed in the Li plating process of Li-Zn@NC@CC anode, which
directly demonstrates the synergistic role of lithiophilic Zn NPs and
N-doping of Zn@NC@CC in enhancing the lithiophilicity of carbon
frameworks. The discharging capacity over 0 V could be mainly
attributed to the insertion of Li* into C with the formation of Li,Cg
and the alloying reaction between Li and Zn [35-37]. Upon decreas-
ing the voltage to below 0 V, metallic Li via the reduction of Li ions
began to grow on the Zn@NC@CC. When the deposition capacity of
Li reaches 8 mA h cm ™2, the top surface (the side near the separator)
of Zn@NC@CC electrode is covered with a thin lithium layer, while
the bottom surface (the side away from the separator) remains
black, indicating the uniform plating of the metallic Li on the top
layer of Zn@NC@CC at this stage. Upon increasing the deposition
capacity of Li to 12 mA h cm™2, the thin lithium layer covered on
the top surface becomes denser with the appearance of a few pock-
ets of Li metal appears on the bottom surface of Li-Zn@NC@CC elec-
trode (Fig. S6b). More interestingly, continuous growth of Li was
observed on the bottom surface of Zn@NC@CC with the further
increase of Li deposition capacity to 16 and 20 mA h cm 2 (equaling
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Fig. 1. (a) Schematic synthesis process of Li-Zn@NC@CC electrode. Digital images of the as-prepared CC (b), ZIF-8@CC (c), Zn@NC@CC (d), and Li-Zn@NC@CC (e), respectively.
SEM images of CC (f), ZIF-8@CC (g), and Zn@NC@CC (h). (i) SEM image and the corresponding elemental mapping of Zn@NC@CC.
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Fig. 2. (a) Digital images of Li-Zn@NC@CC electrode after Li plating with various area capacities. (b) Voltage-capacity profile of Li deposition process of Li-Zn@NC@CC. Cross-
sectional SEM images of Li-Zn@NC@CC electrode after Li plating for 8 mA h cm~2 (c), 12 mA h cm~2 (d), and 16 mA h cm 2 (e).

to a specific capacity of 990 mA h g~') while maintaining the com-
pact and smooth structure of Li on top surface, suggesting that
metallic Li could be uniformly deposited on Zn@NC@CC from top
to bottom layers along the carbon fibers (Fig. 2a). Cross-sectional
SEM images provide further evidence to the uniform Li deposition
on the top layer of Zn@NC@CC host at the initial plating process.
Upon the increase of Li plating capacity, metallic Li would continue

to deposit inside the space between carbon fibers and grow along
carbon fibers towards the direction of the bottom layer of
Zn@NC@CC host under the guidance of Zn NPs and N-containing car-
bon network without the observation of any Li dendrites (Fig. 2c-2e).
These results confirm that the modification of CC with Zn@NC could
effectively alleviate the volume change of Li and prevent the growth
of Li dendrite during Li stripping/plating process. In strong contrast,
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under a Li plating of only 12 mA h cm~2 using the identical condition,
the formation of metallic Li could be randomly observed on both the
top and the bottom surface of CC electrode in disorder (Fig. S6¢). This
phenomenon is further verified by SEM images, which validates the
uneven distribution of Li inside the gaps between carbon fibers and
on the surface of CC substrate for Li-CC electrode with the rough sur-
face (Fig. S10b and S10d), indicating the uncontrollable Li plating
behavior due to the lithiophobic nature of carbon. After the etching
of Zn NPs from Zn@NC@CC, metallic Li was densely plated on top
surface of CC with the observation of few Li metals on the bottom
side (Fig. S6¢). It directly demonstrates that both the doping of N
and the modification of lithiophilic Zn seeds play a synergistic role
in improving the uniform Li deposition behavior on CC. It is well
known that the electrochemical deposition of Li metal is controlled
by the competition between the speed of electron transfer and the Li
ion diffusion [38]. At the beginning of Li plating process, the elec-
tronic conductivity of the whole Zn@NC@CC is relatively uniform
due to the high electronic conduction of CC as the structural support,
while Liions from the counter electrode are initially concentrated on
the top surface of Zn@NC@CC electrode. Hence, the plating of Li
metal could be initially observed on the top surface of Zn@NC@CC
electrode. Upon the proceeding of the deposition, the accumulation
of plated Li on the surface of Zn@NC@CC could slow down the elec-
tron transfer kinetics in the top surface of the whole electrode due to
the relatively low electronic conductivity of Li and more impor-
tantly, it would also weaken the binding capability of Zn and N-
doped carbon towards Li ions. As a result, the deposition of Li metal
would occur along the carbon fibers towards the bottom layer of the
Zn@NC@CC hosts upon the continuous increase of the Li deposition
capacity as evidenced by SEM images (Fig. 2c-2e).

To understand the mechanism behind the synergistic effect of
Zn NPs and N-doping in guiding uniform Li deposition, the binding
energies between Li and Zn NPs and N-rich carbon were evaluated
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by calculating their binding energies based on density functional
theory (DFT) calculations. The binding energy between Li atom
and Li (001) surface is first calculated to be —1.44 eV as a critical
value, and all the calculated binding energies, as well as the opti-
mized adsorption configurations of a Li atom on various substrates,
are summarized in Fig. 3a. Among them, the defect-free (-1.34 eV)
and graphitic-N-doped carbon (-0.93 eV) exhibit a relatively larger
binding energy than that of Li (001) plane, which demonstrates
their lithiopholic nature and thus favors the formation of Li den-
drites on their surfaces [39]. In contrast, the binding energy
between Li atom and Zn (0001) plane could reach a low value of
—2.34 eV and this value is further reduced to be as low as
—4.31 eV and —4.95 eV for pyridinic-N and pyrrolic-N doped car-
bon, respectively, which have been verified to be main components
of Zn@NC@CC. These results directly confirm that Zn NPs and N-
rich carbon of Zn@NC could serve as effective lithiophilic sites for
the uniform nucleation and growth of plated Li. Subsequently,
the models composed of Zn distributed on N-doped carbon were
built to evaluate their synergistic effect in enhancing the lithio-
philic capability of carbons (Fig. 3h-3k). It is interesting to note
that, under a stable structural configuration, the binding energies
of Zn distributed on N-doped carbons exhibit a much lower bind-
ing energy than that of both Zn and N-doped carbon under a stable
structural configuration. It verified the synergistic effect of Zn and
N-doping in Zn@NC in enhancing lithiophilicity of CC, which could
hence induce the uniform deposition of Li on the surface of CC.
Therefore, combined with the porous structure of Zn@NC@CC,
which plays an important role in accommodating the volume
change of Li plating and reducing the local current density, the
as-prepared Zn@NC@CC could effectively suppress the formation
of Li dendrites.

The electrochemical performance of Li-Zn@NC@CC was subse-
quently evaluated in symmetric cells with a fixed capacity of

Fig. 3. (a) The summary of calculated binding energies between Li and various substrates. The optimized adsorption configurations of Li on (b) Zn (0001) surface, (c) Li (001)
surface, and (d) defect-free (Gr), (e) graphitic-N (gN-Gr), (f) pyridinic-N (pyN-Gr), and (g) pyrrolic-N (prN-Gr) doped carbon sheet. The optimized adsorption configurations of
Li on Zn under the support of carbon sheets, i.e., (h) Gr/Zn, (i) gN-Gr/Zn, (j) pyN-Gr/Zn, and (k) prN-Gr/Zn composites. The grey, yellow, green, blue, and brown balls represent

Zn, Li, adsorbed Li, N, and C atoms, respectively.
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1 mA h cm2, with Li-NC@CC, Li-CC, and bare Li electrodes included
for comparison. As expected, a continuous increase of overpoten-
tial to 38 mV could be observed for bare Li after only 400 h due
to the severe reaction between electrolyte and Li metal upon
cycling process. Owing to the presence of CC as the structural sup-
port, the increase of overpotential could be alleviated for Li-CC
with an overpotential of 20 mV after 550 h. Interestingly, in the
term of Li-NC@CC, a stable cycling life of over 800 h was achieved,
which further demonstrates that N-doping could enhance the
cycling stability of Li plating/stripping process due to the improved
adsorption capability of nanostructured carbon with Li. By compar-
ison, induced by the synergistic role of Zn NPs and N-doping, Li-
Zn@NC@CC anode displays an ultralow overpotential of ~ 9 mV
for over 1300 h (Fig. 4a). When the current density increases to
1 mA cm 2, Li-Zn@NC@CC anode can also maintain a small overpo-
tential of 14 mV for 1200 h (Fig. 4b), much superior than that of Li-
NC@CC, Li-CC, and bare Li electrodes. Upon increasing the current

density to 3 mA cm™2 the voltage hysteresis of Li-CC

Journal of Energy Chemistry 65 (2022) 439-447

reaches ~ 400 mV after only 176 h. It is interesting to note that,
upon decorating CC with Zn NPs (denoted as Zn@CC), the cycling
life of the as-prepared Li-Zn@CC electrode could be extended to
270 h with a low voltage hysteresis of 39 mV (Fig. S8) and a stable
cycling performance of over 220 h with a voltage hysteresis of
36 mV could also be observed for the Li-NC@CC anode. It directly
demonstrates the positive role of both Zn and N-doped carbon in
improving the stability of Li metal anodes. More impressively, Li-
Zn@NC@CC remains stable for nearly 400 h with smooth voltage
plateaus and a low voltage hysteresis of ~ 38 mV (Fig. 4c). These
results provide direct evidence to the synergistic effect of Zn and
N-doped carbon in promoting uniform Li deposition into carbon
cloth.

In order to further understand the mechanism of the enhanced
electrochemical performance induced by Zn@NC@CC, SEM was
used to characterize the morphology change of electrodes upon
cycling. Compared to the pristine Li foils with smooth and flat sur-
face (Fig. S10a and S10c), a large amount of porous structures com-
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Fig. 4. Voltage profiles of Li plating/stripping in Li-Zn@NC@CC, Li-NC@CC, Li-CC, and bare Li symmetric cells with a fixed capacity of 1 mA h cm~2 at the current density of 0.5
(a), 1 (b), and 3 mA cm2 (c), respectively. Enlarged figures on the right are detailed voltage profiles of selected cycles. Top-view and cross-sectional SEM images of (d, g) bare
Li, (e, h) Li-CC, and (£, i) Li-Zn@NC@CC electrodes after 100 cycles in symmetrical cells at 1 mA cm~2 for 1 mA h cm™2.
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Fig. 5. Coulombic efficiencies of Li-Zn@NC@CC, Li-CC, and Li-Cu electrodes at a stripping/plating current density of 1 mA cm~2 for 3 mA h cm~2 (a), 6 mA h cm~2 (b), and
12 mA h cm 2 (c), respectively. (d) The corresponding voltage profiles of Li plating/stripping at the 32th cycle of Li-Zn@NC@CC and Li-CC electrodes. (e) Cycling performance
of Li-Zn@NC@CC//LFP, Li-CC//LFP, and Li//LFP full cells at 1C (1C = 170 mA g'). (f) Rate capability of Li-Zn@NC@CC//LFP, Li-CC//LFP, and Li//LFP full cells. (g) Voltage profiles
for Li-Zn@NC@CC//LFP, Li-CC//LFP, and Li//LFP full cells at the current density of 1C. (h) The electrochemical impedance spectra of Li-Zn@NC@CC//LFP, Li-CC//LFP, and Li//LFP

full cells after 200 cycles.

posed of Li dendrites and cracks (Fig. 4d and 4 g) are present on its
surface accompanied with the formation of “dead Li” after 100
cycles. Although CC in Li-CC electrode could effectively alleviate
the volume change of Li and reduce the current density, the growth
of Li dendrites could still be randomly observed after cycling due to
the lithiophobic nature of pure CC substrate (Fig. 4e and 4 h). By
comparison, after identical Li stripping/plating processes, the Li-
Zn@NC@CC electrode presents constant morphology without the
observation of any Li dendrites and pulverization (Fig. 4f and 4i),
which directly confirms that the Li-Zn@NC@CC electrode can effec-
tively suppress the formation of Li dendrites and “dead” Li over
long-term cycling. In addition to the surface investigation of the
Li-Zn@NC@CC electrode, SEM image validates the uniform plating
of Li along the surface of Zn@NC@CC in the interior space of Li-
Zn@NC@CC electrode after cycling without the observation of
any Li dendrites or dead Li (Fig. S12). Moreover, the corresponding
elemental mapping results demonstrate that the uniform distribu-
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tion of N and Zn elements inside of Li-Zn@NC@CC electrode could
be well preserved upon cycling, which contributes to enhancing
the cycling stability of the uniform Li plating and stripping process.

The reversible stability of Zn@NC@CC host was subsequently
evaluated in half cells at 1.0 mA cm™2 using Cu, CC, and Zn@NC@CC
as the working electrode and Li foil as the reference electrode. Due
to the significant side reaction between deposited Li and the elec-
trolyte, the coulombic efficiencies on bare Cu electrodes signifi-
cantly decreases upon cycling charge-discharge process with a
plating capacity of 3 mA h cm~2 after only 40 cycles and the cycling
life is further reduced to 20 cycles upon increasing the plating
capacity of 6 mA h cm™2. The coulombic efficiencies could be
slightly enhanced when using CC as the structural support, but still
unsatisfactory upon long-term cycling process. In strong contrast,
at a relatively low Li plating capacity of 3 mA h cm 2 and
6 mA h cm2, the CE of Zn@NC@CC half cells is maintained at
98.1% and 96.3% over 100 cycles, respectively (Fig. 5a and 5b).
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More impressively, as the Li plating capacity increases to
12 mA h cm™2, the Zn@NC@CC half-cells still exhibit a superior
electrochemical reversibility with the coulombic efficiencies over
95% after 40 cycles (Fig. 5¢c and 5d), which provides additional evi-
dence to the high reversibility of Li stripping/plating process on
Zn@NC@CC.

To demonstrate the capability of Li-Zn@NC@CC electrode in
practical application, full cells were assembled with commercial-
ized LiFePO4 (LFP) as the cathode. The Li-Zn@NC@CC//LFP full cells
exhibit stable cycling performance with a reversible capacity of
110.2 mA h g~! at 1C (1C = 170 mA g 1) after 200 cycles, corre-
sponding to a capacity retention of 78%, whereas the reversible
capacity rapidly decreased to 80.7 mA h g~ ! and 46.7 mA h g™!
for Li-CC//LFP full cells and Li//LFP half cells, respectively
(Fig. 5e). The coulombic efficiencies of Li-Zn@NC@CC//LFP full cells
are as high as about 99.5% after 200 cycles at 1C, corresponding
well with its excellent cycling stability (Fig. S14). In addition, Li-
Zn@NC@CC//LFP full cells exhibit a stable charge/discharge plateau
with a voltage hysteresis (AV) of only 108 mV at 1C, much lower
than that of Li-CC//LFP full cells and Li//LFP half cells (Fig. 5g),
which agrees well with their results in Li plating/stripping process.
Besides, the rate performances demonstrate that the Li-
Zn@NC@CC/[LFP full cells exhibits highest reversible capacities at
all current densities. Specifically, the Li//LFP half cell presents a
noticeable capacity decay from 157.3 mA h g ' at 0.2C to
67.6 mA h g~! at 3C, and the reversible capacity also decreases
to 83.2 mA h g~! at 3C for Li-CC//LFP full cell. By comparison, Li-
Zn@NC@CC//LFP full cell could still maintain a reversible capacity
of 97.5 mA h g! even at a rate of 3C (Fig. 5f). The charge-
transfer resistance (Rct), which is a key indicator for evaluating
the kinetics of the electrode, was calculated based on the fitting
results of electrochemical impedance spectroscopy (EIS) results
according to the equivalent circuit model (Table S1). It is revealed
that the Rct at the interface between electrode and electrolyte of
Li-Zn@NC@CC//LFP full cell is only 210.7 Q, whereas this value is
increased to be 842.4 Q and 377 Q for Li//LFP and Li-CC//LFP full
cell, respectively (Fig. 5h), which suggests that the excellent rate
capability of Li-Zn@NC@CC//LFP full cell could be attributed the
low interfacial resistance and fast kinetics. The areal mass loading
of the LFP cathode was further increased to 13.5 mg cm™2 for
investigating the potential application of Li-Zn@NC@CC under
practical conditions. Impressively, the Li-Zn@NC@CC//LFP full cell
still remains a high reversible capacity of 109.3 mA h g~! over
160 cycles at 1C, which is comparable to that of full cells with a
low mass loading of the LFP cathode (112.1 mA h g~!). In addition,
rate performance validates that the Li-Zn@NC@CC//LFP full cell
could deliver a high reversible capacity of 82.7 mA h g ! at 2C,
and this value could return to 121.1 mA h g~! when the current
density was reduced back to 0.5C (Fig. S15), suggesting the stable
reversibility of Li stripping and plating process. The SEM images
also validate that the Li-Zn@NC@CC electrode exhibits more uni-
form and smooth surface than that of both pristine Li and Li-CC
electrode after cycling (Fig. S16), which provides further evidence
to the excellent stability of Li-Zn@NC@CC electrode upon charge-
discharge process, leading to superior cycling stability.

4. Conclusion

In this work, a novel Zn@NC@CC host has been synthesized for
designing dendrite-free Li metal anode. Owing to the synergistic
role of Zn NPs and N-doping inside of porous carbon polyhedra
in improving the adsorption capacity with Li, uniform Li deposition
along the carbon fibers of carbon cloth could be realized with the
complete suppression of Li dendrites. In addition, the uniform dis-
tribution of porous N-doped carbon polyhedra on carbon cloth
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with high mechanical strength could effectively accommodate
the volume change of the electrode upon repeated Li stripping|/-
plating process, leading to the well-preserved structural integrity
of the whole electrode and hence excellent long-term cycling sta-
bility. Consequently, the Li-Zn@NC@CC electrode exhibits a stable
cycling performance for over 1200 h at 1 mA cm ™2 without voltage
fluctuation. When coupled with LiFePO, cathode, a reversible
capacity of 110.2 mA h g~! with a capacity retention of over 78%
are achieved in Li-Zn@NC@CC//LFP full cells at 1C after 200 cycles.
This strategy opens up new strategies in the reasonable design of
stable Li metal anodes for high-energy-density Li metal batteries.
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