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Abstract

Lithium (Li) metal batteries are regarded as the “holy grail” of next-
generation rechargeable batteries, but the poor redox reversibility of Li
anode hinders its practical applications. While extensive studies have been
carried out to design lithiophilic substrates for facile Li plating, their effects
on Li stripping are often neglected. In this study, by homogeneously
loading indium (In) single atoms on N-doped graphene via In-N bonds, the
affinity between Li and hosting substrates is regulated. In situ observation
of Li deposition/stripping processes shows that compared with the N-doped
graphene substrate, the introduction of In effectively promotes its
reversibility of Li redox, achieving a dendrite-free Li anode with much-
improved coulombic efficiency. Interestingly, theoretical calculations
demonstrate that In atoms have actually made the substrate less lithophilic
via passivating the N sites to avoid the formation of irreversible Li-N
bonding. Therefore, a “volcano curve” for reversible Li redox processes is
proposed: the affinity of substrates toward Li should be optimized to a
moderate value, where the balance for both Li plating and Li stripping
processes could be reached. By demonstrating a crucial design principle for
Li metal hosting substrates, our finding could trigger the rapid development
of related research.
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1 | INTRODUCTION

The ever-increasing requirements for high energy
density batteries urge researchers to develop energy
storage systems beyond traditional Li-ion batteries.
Therefore, electrode materials with higher theoretical
capacity are proposed to replace the commercially
used ones.'™! Among various candidates, Li metal is
regarded as the most promising alternative to traditional
graphite anode because of its ultrahigh capacity and low
redox potential of —3.04V (vs. standard hydrogen
electrode).!°®! Especially, when combined with sulfur!®’
or oxygen-based!'®! cathode, the energy density of full Li
metal batteries could theoretically reach 650 and
950 Wh kg™?, respectively.l'''*! However, the practical
application of Li has been long impeded by dendrite
growth, which could potentially trigger a series of
undesirable effects on batteries, including electrolyte
consumption, accumulation of dead Li, and short-
circuit of batteries. Generally, it is believed that the
formation of the dendrite results from uneven nuclea-
tion and subsequent nonuniform deposition.* !
Numerous efforts based on electrolyte optimiza-
tion,"7*¥! artificial solid-state interface (SEI),!*°~2!!
and regulation of Li deposition**?*! have been demon-
strated to suppress or eliminate dendrite growth.

Compared with approaches that form a thin
passivating/protective layer to suppress dendrite
growth, which might eventually fail after prolonged
cycles,!2*2%! the regulation of Li deposition is considered
a more effective way to achieve a dendrite-free Li anode
via directing the Li deposition and homogenizing
Li-ion flux on the electrode surface. Recently, Ag, Au,
and some other noble metal-based nanoparticles
have been employed as lithiophilic sites for homoge-
neous Li deposition.['*?®! According to the characters of
Li* nucleation and deposition, smaller nucleation sites
would be more advantageous for uniform Li* deposi-
tion. In this way, lithiophilic metal atoms with isolated
spatial distribution will be ideal for Li* deposition.
Besides, compared with nanoparticles, single atoms
have higher electrochemical activity as well as complete
atomic utilization.!?”2*!

Referring to the “volcano plot” in the catalysis
process,>”! it should be noted that reversible Li redox
requires not only lithiophilic sites but also a desirable
energy barrier for facile Li stripping.*°~* Therefore, to
realize both homogeneous Li plating and reversible Li
striping, the affinity between the hosting substrate and

3

lithium should be optimized. Zhang et al. previously
applied the nitrogen-doped carbon (NC) as the Li
plating matrix to regulate Li metal nucleation and
suppress dendrite growth.[zz] Herein, we introduce the
single atom dispersion of indium (In) on NC substrates
(SAIn-NC) to further optimize Li deposition and
stripping behaviors. By combining in situ atomic force
microscope (AFM) observation with density functional
theory (DFT) calculation, the mechanism of reversible
Li redox is revealed. Although the high binding energy
of nitrogen-doped graphene with Li atoms is conducive
to homogeneous Li deposition, excessive binding
energy will impede the stripping process with the
formation of Li-N bonds, which is detrimental to
reversibility. By introducing single atoms dispersed on
the graphene substrate, the binding energy is adjusted
to a moderate level, balancing both the deposition and
stripping processes. Owing to the optimized Li strip-
ping pathway, improved average coulombic efficiency
can be achieved in LillCu cells. Through shedding light
on some key aspects of reversible Li plating and
stripping, this work will be of guiding significance in
substrate design for Li metal anodes.

2 | RESULTS AND DISCUSSIONS

SAIn-NC was synthesized via the pyrolysis of dicyan-
diamide (DCDA), glucose (GC), and In(III) chloride
(InCl;) under the Ar atmosphere (Figure 1A). NC was
obtained through a similar method in the absence of
InCl,. As shown in Figure 1B, there is no distinct
difference in X-ray powder diffraction patterns between
SAIn-NC and NC, indicating that both the substrates are
amorphous structures and the In element is non-
crystalline. The peak at 43.25° can be attributed to the
(100) of graphene.!**3*#! This result is further confirmed
by the TEM images (Supporting Information SI1:
Figure S1) of SAIn-NC, where no obvious In cluster
can be observed. The atomic ratios of In and N are about
0.14 and 20.96 at%, respectively (Supporting Informa-
tion S1: Figure S2). The chemical state of the In element
in SAIn-NC can be verified by X-ray photoelectron
spectroscopy (XPS). As presented in Figure 1C, the In
3ds,, peak is at 444.7eV, located between the In°
(443.08 eV) and In’** (445.7 eV), indicating the existence
of the In—N bond located at about 445 eV.**! According
to the scanning transmission electron microscopy
(STEM) image and the corresponding energy dispersive
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FIGURE 1 Material fabrication and characterizations. (A) Schematic of the single atom dispersion of indium (In) on nitrogen-doped
carbon (SAIn-NC) synthesis process. (B) X-ray diffraction results of the SAIn-NC (red) and NC (blue). (C) X-ray photoelectron spectroscopy
(XPS) of In 3d for SAIn-NC. (D) Elemental mapping of In, C, and N based on the scanning transmission electron microscopy (STEM) image
(scale bar: 20 nm). (E) High-angle annular dark-field-STEM images of the SAIn-NC. (F, G) XPS of N 1s for NC (F) and SAIn-NC (G). (H) The
percentage of various N species in NC and SAIn-NC, respectively, obtained according to XPS results. DCDA, cyanoguanidine; GC, glucose.

spectra (Figure 1D), the synthesized SAIn-NC exhibits a
graphene-like structure evenly dispersed with In, N, O,
and C elements, directly revealing the uniform distribu-
tion of In atom in the NC matrix without nanoparticle
or large cluster. Furthermore, the position of In atoms
of SAIn-NC are also identified via high-angle annular
dark-field scanning transmission electron microscopy
(Figure 1E and Supporting Information S1: Figure S3),
where the brighter spots represent heavier atoms (i.e.,
In for this study). In atoms are well dispersed and
evenly distributed within the graphene substrate,
further confirming their monodispersion.

In the Raman spectra of both NC-based substrates
(Supporting Information S1: Figure S5), a new peak was
detected at around 1140cm™ in SAIn-NC, which can be
attributed to the introduction of In atoms to the substrate
forming the In-N bonds, proved via theoretical calculation
(Supporting Information S1: Figure S6). The N 1s XPS
spectra of both substrates (Figure 1F,G) exhibited the
coexistence of four types of nitrogen species, including
oxidized nitrogen (402.25 eV), graphitic nitrogen (401.3 eV),
pyrrolic nitrogen (400.05eV), and pyridinic nitrogen
(399.7¢V).2®! Interestingly, the introduction of SAIn into
the NC also modified the ratios of various N species by
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lowering the ratio of pyridinic nitrogen, with the increase of
pyrrolic nitrogen and oxidized nitrogen (Figure 1H).
Next, in situ AFMP7! was applied for real-time
observation of the nucleation as well as the subsequent
Li deposition and stripping on bare Cu, NC, and SAIn-
NC substrates. The setup shows (Supporting Informa-
tion S1: Figure S7) that Cu is sputtered on the surface
of the ultrasmooth silicon wafer to simulate the Cu
current collector. NC and SAIn-NC materials are coated
on the Cu-coated silicon wafer to serve as a working
electrode, and a lithium ring serves as the counter and
reference electrode. For the pristine Cu substrate, a flat
and smooth surface at open-circuit potential (OCP) can
be observed (Figure 2A). Upon applying a constant
reduction current, Li deposition begins and scattered
Li nucleation sites can be observed when depositing
time reaches 15 min (Figure 2B). With more Li metal
getting continuously deposited at the previous nuclea-
tion sites, they grow into much larger aggregates
(Figure 2C). The ex situ SEM image (Supporting
Information S1: Figure S8a) also confirms large

Li deposition

200 nm 200 nm

Discharging 15 min

Discharging 15 mins
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toroid-shaped Li deposition on Cu. Moreover, the
highly clustered Li metal with random distribution
exhibits poor reversibility (Figure 2D,E); after the same
amount of charging time, the main bulk of Li metal still
remained on the Cu substrate, indicating low coulom-
bic efficiency, which coincided with the SEM image
(Supporting Information S1: Figure S9).

In comparison, the Li redox behaviors are much
different on NC- and SAIn-NC-coated Cu current collectors.
As presented in Figure 2F K, graphene nanosheets with
diameters ~100 nm are evenly distributed on Cu at OCP. As
the deposition process begins, Li metal is homogeneously
nucleated on the graphene nanosheets (Figure 2G,L), rather
than arbitrarily depositing on bare Cu substrate. By
comparing the deposition morphology after 30 min, SAln-
NC (Figure 2M) exhibits more homogeneous Li deposition
than NC (Figure 2H). This in situ observed difference is
supported by the ex situ SEM images (Supporting
Information S1: Figure S8b,c), where Li deposited on
SAIn-NC is much more compact than that on NC despite
the similar crystalline sizes.

Li stripping

Charging 30 min

Discharging 30 (N )

FIGURE 2 In situ AFM observation of lithium deposition and stripping processes at different discharging and charging times on bare
(A-E) Cu, (F-J) nitrogen-doped carbon (NC), and (K-O) single atom dispersion of indium-NC (SAIn-NC). A constant current density of
0.05mA cm ™2 was applied for all tests. AFM, atomic force microscope; OCP, open-circuit potential.
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Moreover, SAIn-NC also exhibits higher Li stripping
reversibility than NC. Upon oxidation, deposited Li metal
gradually stripped away from NC, as shown in Figure 2I.
However, after 30min, there is still a small part of
the deposited Li metal that remains on the substrate
(Figure 2J), demonstrating a distinctly different morphol-
ogy compared with pristine NC (Figure 2F) and suggesting
a compromised coulombic efficiency. By contrast, a more
rapid response of Li stripping can be observed on
SAIn-NC (Figure 2N). After 30 min of charging, a fresh
graphene surface can be obtained (Figure 20), which
exhibits a similar morphology to the pristine SAIn-NC
(Figure 2K), indicating a drastically enhanced Li stripping
reversibility.

The regulation of Li deposition with enhanced
reversibility plays an important role in the performance
of Li anodes. To further evaluate the long-term revers-
ibility and dendrite-inhibiting ability of SAIn, half cells
with different working electrodes (Cu, NC, and SAIn-
NC) and Li counter electrodes were assembled and
tested. As is shown in Figure 3A, the SAIn-NC anode
shows stable coulombic efficiency as high as 97.66% at
the current density of 1 mAcm >areal capacity™' of
1mAh cm™ after operating for 500 cycles. By contrast,
the coulombic efficiency of the NC anode begins to
fluctuate after 150 cycles, followed by a rapid decrease to
70%. As for the bare Cu anode, the coulombic efficiency
declines sharply at only 60 cycles. When the content
of In further increased, the In-based cluster formed. The
agglomerated In nanoparticle is unfavorable for homog-
enous Li deposition and results in the attenuation of
electrochemical performance (Supporting Information
S1: Figure S10). Under an elevated current density
(2mAcm™) and areal capacity (2mAhcm™?), respec-
tively, the coulombic efficiency of SAIn-NC anode
remains over 98% after 100 cycles (Figure 3B), which
outperforms both NC anode (44% over 70 cycles) and
bare Cu anode (7% over 50 cycles). Combining the
cycling results with in situ AFM results, it is rational to
speculate that the drastic contrast in cycling performance
is attributed to the different Li deposition and stripping
behaviors. The voltage profiles of half cells with different
substrates are presented in Figure 3C. The magnified
voltage profile clearly shows that during the Li deposition
process, the voltage hysteresis for SAIn-NC (15 mV) and
NC (17 mV) is much lower than that of Cu (26 mV) at
the current density of 1 mA cm 2 The low Li plating
overpotential on NC-based anodes indicates the forma-
tion of a stable and uniform interface, thus reducing the
mass-transfer-controlled overpotential. During Li strip-
ping, SAIn-NC delivers a lower overpotential (14 mV)
compared with NC (20 mV) and bare Cu (30 mV). The
above results are in good accordance with in situ AFM
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results that SAIn-NC exhibits the highest reversibility. In
addition, as shown in Figure 3D, during the long cycling
in SAIn-NC, both depositing and stripping potentials
remain unchanged for 300 cycles with fluctuations less
than 5 mV, exhibiting high interfacial stability. However,
based on the initial depositing and stripping curves of the
three substrates (Supporting Information S1: Figure S11),
due to the increased specific surface area in contact with
the electrolytes, NC exhibits lower reversibility than Cu
in the initial cycles. This can be attributed to additional
side reactions involving the decomposition of electrolytes
before the deposition of Li metal (above 0V).[*"
Furthermore, the coulombic efficiency becomes even
lower upon introducing In into NC, suggesting that the
single atoms of In may catalyze electrolyte side reactions
during initial cycles. However, this catalysis can be
inhibited after the stabilization of the SEI layer*>*°! in
subsequent cycles (Figure 3A,B). Thus, while SAIn-NC
itself may not be suitable for assembling anode-free
batteries, it holds significant potential for application as
Li-hosting substrates through predeposition of a Li anode
onto the substrate or introducing sacrificial prelithiating
agents to the cathode.!*!]

To evaluate the practical application prospect of
SAIn-NC, full cells were assembled using different
substrates (with 2 mAh of electrochemically predeposited
Li) as anodes and LiFePO, as the cathode material.
The SAIn-NC-based anode delivers the highest capacity
retention of 75% after 200 cycles, which is much higher
than NC and bare Cu (37.5% and 18.8%) (Figure 3E).
The electrochemical curves (Supporting Information S1:
Figure S12) show that the SAIn-NC-based anode also
delivers the lowest overpotential in full cells. The
improved full-cell performance obtained from SAIn-NC
is attributed to its higher average coulombic efficiency,
which suppresses the consumption of active Li. Further-
more, benefiting from the lower depositing and stripping
overpotential, SAIn-NC also exhibits drastically im-
proved rate performance of LiFePO, full cells up to 5C
(Figure 3F).

The above results have demonstrated that, although
both NC and the SAIn-NC could facilitate uniform Li
nucleation during the Li deposition process, it is easier
for Li to be stripped away from SAIn-NC than NC, hence
the higher reversibility. To reveal the intrinsic mecha-
nisms, we applied DFT calculations to simulate the
interatomic interaction between Li and both substrates.
As presented in Figure 4A,B, upon the introduction of
In single atoms, the binding energies of Li with the
pyridinic-/pyrrolic-N decrease from —5.28/—5.95 to
—1.64/—-2.55eV, respectively. According to previous
studies, the main contributing factor of N-doped gra-
phene to promoted Li deposition is the high binding
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FIGURE 3 Electrochemical performances. (A) Coulombic efficiency of single atom dispersion of indium (In) on nitrogen-doped carbon

(SAIn-NC), NC, and Cu foil at the current density of 1 mA cm™2, with

the cycling capacity of 1 mAh cm™2. (B) Coulombic efficiency of SAIn-

NC, NC, and Cu foil at the current density of 2 mA cm™2, with the cycling capacity of 2 mAh cm™2. (C) Voltage profiles of SAIn-NC, NC, and
Cu foil at the 30th cycle with a cycling capacity of 1 mAh cm™ at 1 mA cm™2 (D) Voltage profiles of the 50th, 100th, 200th, and 300th cycle
of SAIn-NC electrode with a cycling capacity of 1 mAh cm™ at 1 mA cm ™2 (E) Cycling performance of LiFePO, full cells with SAIn-NC,
NC, and Cu foil. (F) Rate performance of LiFePO, full cells with SAIn-NC, NC, and Cu foil.

energy between pyrrolic- or pyridinic-N species with Li
atoms,[42] which induces preferential Li nucleation on
such lithiophilic sites. Therefore, the lowered binding
energies in the presence of In should have resulted in
inferior electrochemical performance compared with NC,
whereas the experimental results suggest otherwise.
We speculate that the excessive binding energy amplifies
the uneven distribution of nitrogen in NC, causing
the inhomogeneous deposition process of Li metal as
presented in Figure 2F-O.

To illustrate the role of In atoms in the different Li
deposition and stripping behaviors, the charge density
difference of NC (Figure 4C) and SAIn-NC (Figure 4D) is
demonstrated, where the yellow and light blue surfaces
correspond to the charge gain and lost regions, respec-
tively. Through comparison, it is clear that the charge
gain regions of Li with NC concentrate on the substrate,
while the charge gain regions of Li with SAIn-NC
concentrate near In atoms. This result suggests that on
NC, Li* tends to bond with N and forms Li-N bonds on
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FIGURE 4 Binding energy of Li atom to the pyridinic-N and pyrrolic-N on N-doped graphene before (A) and after (B) doping with In
single atom. Differential charge density of the most stable configurations adsorbed to the pyridinic-N and pyrrolic-N on N-doped graphene
before (C) and after (D) doping with In single atom (isosurface value: 0.01 e A~3). The Li, C, N, and In are marked with green, brown, silver,
and purple, respectively. (E) The proposed “volcano curve” describes the Li affinity-reversibility correlation. (F) Schematic illustration of

different Li depositing and stripping on different substrates.

NC, whereas on SAIn-NC, through forming In-N bonds,
the introduced In atoms “passivate” N atoms and
become the deposition site for Li instead. To verify this
speculation, Raman spectra of cycled NC and SAIn-NC
are compared (Supporting Information S1: Figure S13).
The cycled NC electrode also exhibits a strong Raman
peak of Li;N,**! which is much weaker on the cycled
SAIn-NC. Combining the Raman spectra with the
theoretical calculation results, it can be concluded that
the introduction of In single atoms effectively inhibits the
formation of Li-N ionic bonds, which are difficult to

break during the Li stripping process. Instead, Li ions
tend to form Li-In metallic bonds with In atoms,
facilitating a more reversible stripping process. Owing
to the single-atom distribution of the In element, the Li
atom can only bond with the In single atom at the
surface of NC, rather than forming a homogeneous alloy
phase. Similar to “volcano curves” in heterogeneous
catalysis'*®! (Figure 4E), the high binding energy between
Li and the substrate is generally favorable for Li plating;
however, as the binding energy becomes excessive, the
energy barrier for Li desorption could be too high and Li
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stripping process could become the rate-determining
step for reversible Li redox, leading to unreacted Li on
the substrate. Therefore, via introducing atomically
dispersed In into NC, the binding energy is optimized
to a moderate value, which is sufficient for facile
and homogeneous Li deposition without impeding Li
desorption. By balancing the reaction kinetics for both Li
plating and stripping processes, reversible Li redox can
be achieved (Figure 4F).

3 | CONCLUSIONS

In conclusion, the deposition and stripping behaviors of
Li* on bare Cu, NC, and SAIn-NC are systematically
investigated via in situ AFM and theoretical calcula-
tions. Although increasing the binding energy of Li ions
to the substrate can effectively regulate the deposition
behavior, excessive value in N-doped graphene may also
cause the formation of Li-N ionic bonds, which are too
strong for reversible Li stripping. Herein, the affinity
between Li- and N-doped graphene is regulated by
uniformly loading indium single atoms to “passivate” N
sites so that Li-In metallic bonds can be formed instead
of Li-N ionic bonds, which facilitate the Li stripping
process and drastically enhance the reversibility. Hence,
we propose a “volcano curve” for reversible Li redox
processes in which the affinity of substrates toward Li
should be optimized to a moderate value to balance both
Li plating and Li stripping processes. Such a principle
can also provide a fresh perspective on the design and
optimization of the matrix for other metal anodes
beyond Li, including Na metal, K metal, Zn metal,
and so forth.
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