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Interfacial “Single-Atom-in-Defects” Catalysts Accelerating
Li* Desolvation Kinetics for Long-Lifespan Lithium-Metal

Batteries

Jian Wang,* Jing Zhang, Jian Wu, Min Huang, Lujie Jia, Linge Li, Yongzheng Zhang,
Hongfei Hu, Fangqi Liu, Qinghua Guan, Meinan Liu, Henry Adenusi, Hongzhen Lin,*

and Stefano Passerini*

The lithium-metal anode is a promising candidate for realizing
high-energy-density batteries owing to its high capacity and low potential.
However, several rate-limiting kinetic obstacles, such as the desolvation of Li*
solvation structure to liberate Lit, Li® nucleation, and atom diffusion, cause
heterogeneous spatial Li-ion distribution and fractal plating morphology with
dendrite formation, leading to low Coulombic efficiency and depressive
electrochemical stability. Herein, differing from pore sieving effect or
electrolyte engineering, atomic iron anchors to cation vacancy-rich Co,_,S
embedded in 3D porous carbon (SAFe/CVRCS@3DPC) is proposed and
demonstrated as catalytic kinetic promoters. Numerous free Li ions are
electrocatalytically dissociated from the Li* solvation complex structure for
uniform lateral diffusion by reducing desolvation and diffusion barriers via
SAFe/CVRCS @3DPC, realizing smooth dendrite-free Li morphologies, as
comprehensively understood by combined in situ/ex situ characterizations.
Encouraged by SAFe/CVRCS @3DPC catalytic promotor, the modified Li-metal
anodes achieve smooth plating with a long lifespan (1600 h) and high
Coulombic efficiency without any dendrite formation. Paired with the LiFePO,
cathode, the full cell (10.7 mg cm~2) stabilizes a capacity retention of 90.3%
after 300 cycles at 0.5 C, signifying the feasibility of using interfacial catalysts
for modulating Li behaviors toward practical applications.

1. Introduction

The elevated demand for sustainable en-
ergy applications, such as electric vehicles,
consumer electronics, and grid-energy stor-
age systems, raises the necessity to de-
velop superior high-energy-density lithium
(Li) Datteries.'! Compared to commer-
cial graphite anode in Li-ion batteries,
Li-metal anode displays unrivaled proper-
ties, specifically a high theoretical capac-
ity (3860 mA h g7!) and the most nega-
tive redox potential (—3.04 V vs standard hy-
drogen electrode).[?! In spite of these fea-
tures, the ultrahigh reactivity of Li-metal
increases its propensity to react with sol-
vent species or electrolyte salts in the solva-
tion sheath, promoting unstable and loose
solid electrolyte interphase (SEI) genera-
tion, severe Li-dendrite formation, and dead
Li morphology, leading to low Coulombic
efficiencies (CEs).[?#3] Meanwhile, the vol-
umetric changes, breakage, and reforma-
tion of the unstable SEI consume the lim-
ited electrolyte, further shortening the cycle
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life.l] The uncontrollable dendrite growth during Li deposi-
tion would lead to internal short-circuit, overheating, or even
fire.l’]

To address these issues, current efforts are devoted to the pro-
tection of Li electrode surfaces by tuning SEI components and
structures via electrolyte additives or artificial pre-treatments, or
construction of 3D metal/carbon conductive skeletons to host
Li.[?b326] These strategies are aimed at either, changing the de-
position morphology through the passivating interphase for-
mation to separate Li from the electrolyte, or decreasing the
current density of local deposition to eliminate large aggrega-
tion and dendrite generation.”] It is widely accepted that the
Li plating processes involve a series of interfacial Li transport
steps such as Li* transfer across the SEI, diffusion/migration
of Li* or Li® along the electrode surface or inside the hosts,
and nucleation and growth of Li® deposits.l'*#] However, the dis-
sociation of the Li* solvation structure for releasing free Li*
at the interface plays a decisive role in the subsequent solid-
state diffusion and redistribution of Li* and Li°. Previous stud-
ies have demonstrated that dissociating Li* by removing the
bound solvents from the primary solvation sheath was benefi-
cial for the formation of free Li*.[°®] Common strategies to reg-
ulate the Li* solvation environment mainly focus on electrolyte
tuning, that is, adopting high-concentration electrolytes (HCEs)
to modulate the solvation structure, or sieving appropriate sol-
vated Li ions through the pores of metal-organic frameworks
(MOFs).[1% However, the high cost and electrochemical stabil-
ity of HCEs and MOFs in the organic electrolyte prevent wide
application. Furthermore, the optimizations of the Li* solvation
structure by tuning the electrolyte concentration or components
do not guarantee the rapid dissociation of the complex to re-
lease free Li* at the electrode/electrolyte interface, since the com-
plex is generally formed by replacing a part of the coordinated
solvent molecules with anions or other more strongly bound
species.>>1% Actually, the desolvation of the Li* solvation struc-
ture can be regarded as a decomposition reaction with a specific
energy barrier, which is often so large that the interfacial desol-
vation becomes the rate-limiting step during the interfacial Li*
transfer and diffusion.'!) Therefore, the Li* solvation behavior
might be modulated by introducing active catalysts into the sys-
tems.

Single-atom catalysts (SACs) uniformly dispersed in a nanos-
tructured matrix, exhibiting ideal atom exposure of 100%, are ca-
pable of serving as kinetic promoters to impel conversion reac-
tions with high utilization efficiency and activity.?l Compared
with the widely-adopted nitrogen-doped nanocarbon as an SAC
supporter via metal-N, bonding, defect-rich metal compounds
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(DMC) with tunable electronic state structures can also serve
as supporters by mounting single atoms of the desired metal
onto the defect sites (SAC-in-Defects).[**! In our previous works,
we successfully demonstrated the application of nanocarbon-
or DMC-supported SACs in improving the Li exchanging and
diffusion kinetics to achieve high-performance sulfur cathodes
and dendrite-free Li-metal anodes.#?<12214] The local defect sites
could regulate the intrinsic electronic density distribution and
liberate strong atomic metal-defect interactions, which is bene-
ficial not only for stabilizing the SACs and improving their dis-
tribution homogeneity but also for improving the activity of each
SAC site.

Herein, differing from the widely adopted solvation sheath
tuning strategy, Li* desolvation and Li® atom diffusion kinet-
ics against dendrite growth are boosted catalytically by employ-
ing an interfacial catalyst layer composed of SAC-in-Defects on
metallic Li. As a prototype of the SAC-in-Defects material, sin-
gle iron atoms are anchored onto cation vacancy-rich cobalt sul-
fide (Co,_,S) nanoparticles distributed within the 3D architec-
ture of porous carbon (SAFe/CVRCS@3DPC), acting as kinetic
promoters. The impacts of rapid desolvation on interfacial Li*
and Li°® transport kinetics for achieving dendrite-free and high-
performance Li-metal anodes are characterized through compre-
hensive electrochemical analysis, in situ sum frequency gener-
ation (SFG) and Raman spectroscopies, together with theoreti-
cal calculations. Consequently, the modified Li-metal electrode
(SAFe/CVRCS@3DPC-Li) displays the rapid ability to generate
free Li* from complex desolvation and atom diffusion, achiev-
ing smooth, dendrite-free, and long-term Li plating with a cy-
cle life of 1600 h. Paired with the high-loading LiFePO, cath-
ode (10.67 mg cm~2), the fabricated full cell delivers an ultrahigh
capacity of 131 mA h g after 300 cycles at 0.5 C, demonstrat-
ing the viability of SAFe/CVRCS@3DPC for practical applica-
tion.

2. Results and Discussion

2.1. DFT Calculations of Li* Desolvation Behavior Catalyzed
by SAC

First, the stability of atomic iron in the defect sites of CVRCS
was identified by density functional theory (DFT) calculations
(Figure 1A,B).[3*%] The Fe single atoms located at Co atom va-
cancies possess much lower free energy than those anchored to
other sites in the CoS crystal lattice (Figure 1B), strongly suggest-
ing the feasibility of constructing the “SAC-in-Defects” structure.
In the practical systems, both Li(1,3-dioxolane),* (Li(DOL),™)
and Li(1,2-dimethoxyethane),* (Li(DME),*) may exist in the
bulk or electrolyte interface. To reveal how the SAFe/CVRCS
propels dissociation of Li* from its solvation structure and
Li® diffusion on the surface, the reduction potentials of dif-
fering solvated Li ions in the formation of Li(DME),* and
Li(DOL),* (n = 1, 2, 3, and 4) were calculated (Figure 1C-K;
Figures S1-S7, Supporting Information).I'"!l The greater the co-
ordination number of Li*, the higher the desolvation barrier that
must be overcome (Figure 1D; Figure S2, Supporting Informa-
tion), ranging from 0.65 to 3.33 eV for n in Li(DME),* com-
plex from 1 to 4 (Figure 1D). Li(DME),*, a primary symmet-
ric species at the electrode/electrolyte interface, was found to
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Figure 1. Stability of SAC-in-Defects and its propensity to rapidly propel Li* desolvation and atom diffusion using theoretical calculations. A) Schematic
illustration of replacing Co atom by Fe atom in the vacancy site and B) the corresponding free energy of Fe atom in different sites. C) Compar-
ison of lithium atom diffusion barrier on the surface of metallic Li or SAFe/CVRCS, respectively. D) Reduction energy of Li solvation complex,
that is, Li(DME),* calculated by DFT. E,F) Desolvation barrier of Li(DME),* into Li(DME);* and DME in liquid electrolyte (E) or on SAFe/CVRCS
(F), respectively. G-I) The corresponding differential electron density transfer of Li(DME),* (G), SAFe/CVRCS substrate (H), and Li(DME),* (1)
on SAFe/CVRCS, respectively. J,K) Electron localization function states of solvated Li(DME)," species in the electrolyte (J) or SAFe/CVRCS (K),
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respectively.

require a higher reduction potential to drive its decomposition
into Li(DME),;* and free DME molecule (Figure 1E), correspond-
ing to a dissociation energy barrier of ~36.84 k] mol~!. In the
presence of SAFe/CVRCS, both the DME molecule and DOL
molecule coordinated to the central Li* in the Li(DME),* or
Li(DOL),* complex tend to move to the SAFe/CVRCS surface
and suggest these desolvations proceed spontaneously (AG < 0)
to release Li ions without costing additional energy (Figure 1F;
Figure S3, Supporting Information). To further understand
SAFe/CVRCS behavior during the desolvation process, the dif-
ferential electron density and the electron localization func-
tion of the two systems with/without SAFe/CVRCS substrate
were investigated (Figure 1G-K; Figures S4 and S5, Support-
ing Information).’! In the pristine Li(DME),* or Li(DOL),*
molecular system, the electronic states are mainly concentrated
around the Li* center (Figure 1G), while the electrons are trans-
ferred to the catalyst surface after introducing SAFe/CVRCS
into the system in comparison with the SAFe/CVRCS substrate
(Figure 1H,I; Figures S4 and S5, Supporting Information), lead-
ing to the solvents dissociation from the Li* solvation sheath.
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On the other hand, as shown in the electron localization func-
tion of Figure 1],K, the binding environment of Li(DME),* has
changed from strongly to weakly coordinating upon the introduc-
tion of SAFe/CVRCS, implying the decreased desolvation barri-
ers of bonded Li(solvents)*. A similar phenomenon is also found
in the Li(DOL),,* system. Once coupled with electrons at the elec-
trode surface, the free Li ion converts into atomic Li, that is, the
Li° atom. To understand how the Li® atom diffuses, the atom dif-
fusion capability on the pristine metallic Li surface and on the
SAFe/CVRCS surface were also compared (Figure 1C).[816] Ac.
cording to a similar approach described in our previous study,
the dimer model was used and the adsorbed structures were op-
timized (Figure S7, Supporting Information).® The Li® atom on
the pristine Li surface is hard to diffuse because of the high bar-
rier of 0.82 eV. In contrast, the Li atom is easy to diffuse around
the SAFe localized site with barriers of 0.14 eV, ~6 times lower
than that on metallic Li surface, confirming the significant con-
tributions of the SAFe/CVRCS@3DPC in promoting Li® atom
diffusion for further lateral electroplating without any vertical
dendrite growth.
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Figure 2. Morphology and characterizations of SAFe/CVRCS@3DPC catalyst. A) Schematic synthesis of the SAFe/CVRCS@3DPC. B) SEM image,
C) TEM images, and D) EDX elemental mappings of the SAFe/CVRCS@3DPC; E) HAADF-ACTEM image of SAFe/CVRCS@3DPC and F) the corre-
sponding Fe atom mapping (the bright dots in 2E represent the Fe atom). G,H) Electronic energy loss spectroscopy comparison of Co (G) and Fe (H)
in the selected areas in 2E. 1) Comparisons of Raman spectra of SAFe/CVRCS@3DPC and CVRCS@3DPC nanocomposites, respectively. |) XPS spectra
of Co 2p in the composite with/without SAFe. K) High-resolution Fe 2p in the SAFe/CVRCS@3DPC nanocomposite.

2.2. Morphology/Structural Characterizations of
“SAC-in-Defects” Catalyst

Figure 2A depicts the schematic synthesis illustration of
SAFe/CVRCS@3DPC via hydrothermal and heating reactions.
Then, the presence and states of atomic iron in defected Co,_,S
are further comprehensively verified by experimental charac-
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terization techniques including elemental mapping, atomic
resolution high-angle annular dark-field spherical-aberration-
corrected transmission electron microscopy (HAADF-STEM)
and electronic energy loss spectroscopy (EELS). The scanning
electron microscopy (SEM) image of SAFe/CVRCS@3DPC in
Figure 2B displays that the synthesized nanoparticles are placed
on the cross-linked porous network. As revealed by transmission
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electron microscopy (TEM), the SAFe/CVRCS@3DPC
nanocomposite presents the aggregated Co,_,S nanoparticles
with a size of ~100 nm (Figure 2C).®"] The energy-dispersive
X-ray (EDX) spectrum and mappings of SAFe/CVRCS@3DPC
in Figure 2D and Figure S8 (Supporting Information) confirm
that the distribution of Fe element coincides with that of the
Co and S elements. Further, atomic resolution HAADF-STEM
was performed to visualize the atom presence of elemental
Fe in the SAFe/CVRCS@3DPC (Figure 2E,F).2*7] Consistent
with the atom mapping in Figure 2F, isolated bright spots
highlighted with red circles are observed in the HAADF-STEM
image (Figure 2E), suggesting uniform atom dispersion with-
out any aggregation. As expected, the characteristic signals
of Co and Fe corresponding to the selected area in Figure 2E
are well recorded in Figure 2G,H by EELS. In comparison
to Site 2, the signals of Fe and corresponding Co elements
in Site 1 indicate that the single iron atoms are mainly an-
chored separately in the CVRCS rather than in the carbon
matrix. These results of HAADF-STEM, atomic mapping, and
EELS depict the successful fabrication of the “SAC-in-Defects”
structure.

Apart from the diffraction peaks of the Co;_,S (JCPDS card
No0.42-0826), no Fe—Fe cluster or iron—cobalt binary compounds
were detected in the SAFe/CVRCS@3DPC (Figure S9, Sup-
porting Information), consistent with the HAADF-STEM and
EELS results. The three Raman peaks centered ~463, 512, and
668 cm™! in the two samples match with the stretching modes
of Co,_,S (Figure 21)."® With the loading of SAFe, the peaks at-
tributed to the asymmetric vibration of CVRCS shift to a higher
wavenumber. Also, a slight increase of the I,/I; ratio from
0.93 to 0.99 is revealed, indicating more defects in nanocar-
bon induced by the redistribution of localized electronic dis-
tribution of carbon atom in the surrounding delocalized elec-
tronic density in SAFe/CVRCS@3DPC (Figure S10, Supporting
Information).*) In the high-resolution X-ray photoelectron spec-
troscopy (XPS) of Co 2p spectra in the SAFe/CVRCS@3DPC
(Figure 2J), the first pair of peaks located at 778.68 and 781.88 eV
are related to Co** 2p,, and Co®* 2p,, while the other pair
of peaks at 793.98 and 797.98 eV are assigned to Co’* 2p,,
and Co™* 2p,,, respectively.'?*!”"l The dominant intensity of
Co** implies the significant variation of bonding coordination
of Co centers with the implantation of SAFe. Meanwhile, an-
other two peaks positioned at 161.2 and 163.8 eV are assigned
to metal-sulfur bonds (Figure S11, Supporting Information).2!
The anchored SAFe is also inspected by XPS with the typi-
cal Fe’* 2p;, and Fe’* 2p,, species at 711.5 and 723.18 eV
(Figure 2K),2!l evidently showcasing the presence of SAFe
in the CVRCS.

2.3. Li* Desolvation Behaviors Probed by in situ SFG and Raman
Spectroscopies

The net desolvation process takes place at the elec-
trode/electrolyte interface instead of the bulk electrolyte
interior.'? Thanks to the interface-sensitive SFG spectroscopy,
the desolvation behaviors of the solvated Li* were dynamically
observed with/without plating bias voltage (Figure 3).*2) As
illustrated in Figure 3A, the in situ SFG spectroelectrochem-
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ical cell was configured so that the pulse lights can reach
the electrode/electrolyte interface accurately.!”)! Figure 3B,C
schematically depict the status of the Li* solvation structure
at the electrode/electrolyte interface under the conditions of
open-circuit voltage state or bias voltage. Generally, the in-
terfacial solvent behavior in the solvation shell has a close
relationship with the electrode surface state at the interface.
Apparent solvent peaks of C=0 bond assigned to solvents are
observed at ~1592, 1720, and 1790 cm™! either in/out of the
SAC modulation layer (Figure 3D).[6?324] Meanwhile, the typical
C-H bond vibrations in the region between 2750 and 3050 cm™"
were also detected in the systems with/without SAC (Figure 3E),
indicating the presence of solvents at the electrode/electrolyte
interface.[?! Upon applying a bias voltage of 20 mV onto the
systems (Figure 3C), the dynamic process of dissociating the
Li*-solvents is initially proceeding at the interface with different
reaction kinetics. Compared with the initial states on 3DPC or
SAFe/CVRCS@3DPC, the solvent peak position in the SFG
spectroscopy remains similar, (unchanged before and after
applying bias voltage), thus the behaviors of Li*-solvent complex
are not altered (Figure 3F,G). In sharp contrast, both the SFG
intensities of the C=0 and C-H vibrations were substantially
reduced at the SAFe/CVRCS@3DPC//electrolyte interface
(Figure 3F,G). In the case of SAFe/CVRCS@3DPC, the intensity
decrease of the peaks driven by the bias voltage is undoubt-
edly attributed to the dissociation of the Li* solvation complex
catalyzed by SAFe/CVRCS@3DPC, since the controlled 3DPC
sample with similar surface morphology did not show obvious
intensity decrease under the same condition. Owing to the same
signal contributions of free solvents in the systems before and
after applying voltage bias, the reduction of SFG intensity is
assigned to the catalytic functions of SAFe/CVRCS@3DPC
in dissociating Li*-solvents. In the ex situ Raman spectra, the
higher intensity ratio of contact ion pairs (CIP) and aggregates
(AGG) in the electrolyte interior indicates the depth of desolva-
tion for a high concentration of free Li* anions (Figure 3H).%!
The sum intensities of AGG and CIP exhibit higher than pris-
tine electrolyte upon contacting with the SAFe/CVRCS@3DPC
catalytic layer (Figure 3I), similar to the desolvation behaviors
in the HCE, forming many free Li* ions after fast desolvation
catalyzed by SAFe/CVRCS@3DPC (Figure 3]). Above all, the
SFG and Raman spectroscopy results have demonstrated the
SAFe/CVRCS@3DPC to be beneficial for propelling desolva-
tion kinetics at the electrode/electrolyte interface by lowering
desolvation barriers to free a greater proportion of Li* ions.

2.4. Dendrite-Free Li Electroplating Performance on
SAFe/CVRCS@3DPC-Li Anodes

A thin SAFe/CVRCS@3DPC catalytic layer was filtered on com-
mercial separators with a thickness of &5 pm for stimulating
Li plating kinetics (Figure S12, Supporting Information).
Figure 4A displays that the symmetric cell with
SAFe/CVRCS@3DPC  catalytic layer shows  reduced
charge transfer resistance and enhanced mass transfer
kinetics.[?] Meanwhile, according to the reported formula,
the SAFe/CVRCS@3DPC modified Li (SAFe/CVRCS@3DPC-
Li) displays a dramatically lower diffusion resistance with a
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Figure 3. In situ and ex situ spectroelectrochemical characterizations showcasing accelerated interfacial Li* dissociation catalyzed by SAFe. A) Schematic
illustration of the in situ SFG probing the electrolyte/catalyst interface. B,C) The molecular states of the Li* solvation structure in the electrode/electrolyte
interface before (B) and after (C) turning the bias voltage on. D,E) The SFG spectra of different adsorption states of Li* solvation structure under the
C-O region (D) and C—H region (E), respectively. The decreased SFG intensities in F) the C-O region and G) C—H region with/without introducing SAFe
under the bias of 20 mV, respectively. H,I) Schematic illustration of further depleting solvent molecules in the HCE (H) and on the catalytic surface (I).
J) Comparison of the corresponding Raman spectra of the interface and electrolyte.

smaller fitting slope than pristine Li (0.72 vs 5.48) (Figure 4B),
indicating the fast transportation of the generated free Li*.[0¢f]
The nucleation barrier was then evaluated on asymmetric Li-Cu
cells, and the SAFe/CVRCS@3DPC-Cu electrode significantly
decreases the nucleation barrier to as low as 29 mV in contrast
to that of the pristine Cu electrode (102 mV) at 0.5 mA cm™2
(Figure 4C), which also coincides with the expectation of fast
dissociation of the Li* solvation structure under the catalysis of
SAFe/CVRCS@3DPC. The nucleation rate is roughly estimated
to be increased by ~34 times, implying the boosted catalytic

Adv. Mater. 2023, 2302828 2302828 (6 of 11)

capability of the SAC-in-Defects structure. In the successive
plating/stripping, the SAFe/CVRCS@3DPC-Cu electrode dis-
plays remarkably more stable CEs for 120 cycles (Figure 4D),
whereas the pristine Cu undergoes an up-and-down tendency
after 60 cycles and then decays to a failure state in the later cycles.
Enlarging the current density to 1.0 mA cm™2, a reduced bar-
rier and enhanced CEs recur under the SAFe/CVRCS@3DPC
modulation (Figure S13, Supporting Information). The rapid
desolvation of Li* and fast Li® atom diffusion are also reflected in
the Li-Li symmetric cells. Figure 4E depicts the voltage curves of
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Figure 4. Dendrite-free Li plating performance with SAFe/CVRCS@3DPC.

PSS

A,B) Comparisons of EIS (A) and Li-ion transport (B) with/without SAFe.

C) Comparison of Li nucleation on the pristine Cu or SAFe/CVRCS@3DPC-modified Cu at 0.5 mA cm™2. D) Comparison of successive CE for the two

asymmetric cells at 0.5 mA cm~2. E) Galvanostatic plating/stripping stabili
(inset: the enlarged specific voltage from 400 to 410 and 1000 to 1010 h,

ty of the SAFe/CVRCS@3DPC-Li and pristine Li electrodes at 0.5 mA cm~2
respectively). F) Lifespan comparison between our study and the recently

reported literature. G) Comparisons of rate performance and H) corresponding voltage gaps of the two electrodes at specific current densities.

the SAFe/CVRCS@3DPC-Li cell, and it is capable of enduring
cyclic stability over 1600 h without any short-circuiting. In
sharp contrast, the pristine Li only survives for ~700 h before
forming “dead Li” and/or growing Li dendrites. As highlighted
in the inset, the overpotentials of SAFe/CVRCS@3DPC-Li
electrode maintain as low as 18 mV constantly, while the over-
potentials of the pristine Li electrode reach two times higher
at 400 h and rapidly increase more than 220 mV after 1000 h
(Figure 4E). During the stripping/plating process, the Co,_,S
matrix may react with Li to generate a partially lithiated state
with the formula of Li,Co,_,S,. Such a partially lithiated state
is expected to be beneficial for Lit transport due to the in-
creased number of Li-ion transport pathways. As the defect sites

Adv. Mater. 2023, 2302828 2302828 (7 of 11)

in partially lithiated Li,Co,_,S, are similar to that in Co,_,S,
the atomic state of the SAFe and its catalytic activity are ex-
pected to be maintained after the partial lithiation. Cycled at
2 mA cm~2, the SAFe/CVRCS@3DPC-Li electrode also mani-
fests stable overpotentials and long lifespans for 450 h (Figure
S14, Supporting Information), respectively, implying that the
SAFe/CVRCS@3DPC catalytic layer makes significant catalytic
contributions in improving the Li-metal anode performances.
In comparison to the state-of-the-art electrode reports (Table S1,
Supporting Information), the SAFe/CVRCS@3DPC-Li elec-
trode presents a competitively longer lifespan (Figure 4F).
It is worth noting that the SAFe/CVRCS@3DPC-Li can still
maintain a relatively small overpotential ~#73 mV, even when
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deposition.

the current density reaches as high as 5 mA cm™2, much lower
than that of the pristine Li (334 mV) under the same condi-
tion (Figure 4G,H). Decreasing the current density back to
0.5 mA cm2, the plating/stripping potential returns to only
~20 mV (Figure 4G). Such excellent reversibility and robustness
should be attributed to the functions of single iron atoms in accel-
erating the desolvation of Li* and promoting Li° atom horizontal
diffusion toward smooth plating instead of vertical Li-dendrite
growth.

Adv. Mater. 2023, 2302828 2302828 (8 of 11)

2.5. Mechanisms of SAFe/CVRCS@3DPC in Modulating
Li-lon/Atom Diffusion

To directly observe the enhanced Li® atom diffusion morphology
by the SAFe/CVRCS @3DPC promoter, ex situ SEM images were
recorded (Figure 5A-D; Figure S15, Supporting Information).
Mossy lithium growth and characteristic cracking are evident in
Figure 5A and the formation of sharp Li dendrites is observed
as circled in the high-resolution SEM image (Figure 5B).>4 On

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB0| 7 SUOWIOD) 3ATeR.ID 3|geotidde U3 Ag pausenof a1e sap1e VO '8N JOS3INJ J0j A%q 178Ul UO 481/ UO (SUORIPUOD-PUR-SWLISYLIOD" A3 | 1M AReq 1 U |Uo//SdRL) SUORIPUOD Pue SWS L 83 885 *[£202/80/€2] UO ARiqi auliuO 48| ‘@1Bojouyos L 4 uonniisul unspe s Aq 828206202 Bwpe/z00T 0T/I0p/wod A8 imAteiq1feut|uo//sdiy woiy pepeojumoq ‘0 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Ao B 400 200
p Pristine Li || LFP N———
= =52:;;‘gvr135@wpc-u IILFP g - B 2 . 100;\3
< . 8
E150 E il s 80 3
2 2120 ]
‘c o 60 5
(] '] 1
. 2 g 5
5100/ i 4 ,
% o= Pristing Li [ LFP 2 40 ° SAFelADCS@3DPC-Li || LFP 2 "E
g —— SAFe/CVRCS@3DPC-Li || LFP § —o— Pristine Li || LFP @2¢ %
@ 50 0 w 0 : : : 0 °
0 20 40 02 05 1 2 3 4 5 0 100 200 300 400 ©
D Cycle number Current rate (C) Cycle number
‘-'m200 ——— - )
< S —— —
§1 50
S 100-
o
«
o
o 504
2=
S @1c
% o T T T T
0 200 400 600 800 10
G Cycle number
— 200
> _
< 150
E mew“ 80 §
o
100 | £
© @
o o
8 50 )
o N High loading: ~10.7 mg cm? g
5 @0.5C S
g_ o i T Y I 4 I L T T ¥ 8
(7] 0 50 100 150 200 250 300

Cycle number

Figure 6. Electrochemical performance of full batteries based on the SAFe/CVRCS@3DPC-Li promotor. A-C) Comparisons of rate performance (A),
corresponding potential gaps (B), and cycling stability at 2 C (C) of the two full cells with/without SAFe/CVRCS@3DPC promotors. D) Cycling perfor-
mance of SAFe/CVRCS@3DPC-Li || LFP cell at T C for 1000 cycles. E,F) High-resolution SEM images of pristine Li (E) and modified Li (F) in the cycled
full battery. G) The stability investigation of the high-loading full cell up to 10.7 mg cm~2 with the modulation of SAFe/CVRCS@3DPC promotor in the

Li anode.

the contrary, the SAFe/CVRCS@3DPC modulated Li electrode
presents a relatively smooth plating surface without any dendrite
in the low or high-resolution SEM image (Figure 5C,D). Com-
pared with the pristine catalytic layer, the thickness increases
very little and remains ~7 pm, this is also indicative that the Li
atom is hard to plate within the SAFe/CVRCS@3DPC modu-
lation layer (Figure S15, Supporting Information). Further, the
3D morphology and species distributions are examined by time-
of-flight secondary-ion mass spectrometry (TOF-SIMS).1/82] The
Co* species ascribed to CVRCS is well-distributed without large
aggregation in the bulk of the SAFe/CVRCS@3DPC (Figure 5E).
Meanwhile, the Fe* species are correspondingly located on the
CVRCS, strongly demonstrating the defect-site anchored atomic
structure of Fe after plating/stripping. Much higher intensities
of the Li-related species are achieved on the surface along with
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the increase of sputter time (Figure 5F,G), representing more Li-
related resources on the modulated Li surface. In contrast to the
obvious crack and dendrite in the pristine Li, smooth and uni-
form Li surface, and a bulk layer of well-distributed plated Li are
observed for the SAFe/CVRCS@3DPC modulated Li electrode,
as displayed in Figure SH.

In the pristine Li, the solvents in partially desolvated Li* tend
to deposit and form random nucleation owing to the high affinity.
In the continuous plating, the loose turbulent sites give rise to the
formation of Li dendrites, inducing dead Li formation and caus-
ing limited electrolytes (Figure 5I). Upon reaching the catalytic
modulation layer, the Li* solvation shell is immediately disso-
ciated to generate free Li* and free solvent species, as revealed
by in situ/ex situ spectroscopical measurements and DFT cal-
culations (Figure 5]). Afterward, the free Li ion flux diffusion is
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further regulated by the SAFe/CVRCS and preferentially diffuses
horizontally along the SAFe/CVRCS@3DPC modulation layer
after coupling with electrons. Therefore, the Li ions/atoms are
uniformly plated on the surface instead of growing vertically to
form a rugged surface or even dendrites analogous to the pristine
Li surface, leading to a superior lifespan and high utilization.

2.6. Electrochemical Performance of Full Batteries Based on
SAFe/CVRCS@3DPC-Li

The functions of the SAFe/CVRCS@3DPC are further eval-
uated in Li-LiFePO, full cells. The fresh full cell based on
SAFe/CVRCS@3DPC-Li possesses the lower charge-transfer re-
sistance (6.5 vs 47.5 Q) and higher lithium ions diffusion kinet-
ics (Figure S16, Supporting Information).[?’”! The modified full
cell delivers reversible rate capacities of 140 and 123 mA h g!
at 2 C and 5 C, respectively (Figure 6A). Meanwhile, much
lower overpotentials are realized in the SAFe/CVRCS@3DPC-
modified full cells, especially under high current density
(Figure 6B; Figure S17, Supporting Information). Additionally,
the modified cell retains the capacity of 137 mA h g™' after
400 cycles at 2 C (Figure 6C). In the long-term cycling, the
SAFe/CVRCS @3DPC-modulated full cell maintains for 1000 cy-
cles with a fading rate of 0.030% per cycle at 1 C (Figure 6D). After
cycling, in comparison to the dendrite analogs and ruptured dead
lithium on the pristine Li surface (Figure 6E; Figure S18A, Sup-
porting Information), a smooth and dense Li-metal surface high-
lights the effectiveness of the SAFe/CVRCS@3DPC in promot-
ing desolvation and atom diffusion (Figure 6F; Figure S18B, Sup-
porting Information). In the high-mass-loading LiFePO, cathode
up to ~#10.7 mg cm~2, the modified cell stabilizes the capacity of
131 mA h g1, corresponding to a capacity retention of 90.3%
after 300 cycles (Figure 6G), which is superior to most reports
(Table S2, Supporting Information). Meanwhile, the high-loading
full cell also exhibits stable voltage potential gaps during the en-
tire discharging/charging process (Figure S19, Supporting Infor-
mation). For potential commercialization, the high-capacity full
cell with a thin Li foil electrode was also investigated. Even de-
creasing the Li foil thickness down to 50 pum, the high-loading
cell still stabilizes the capacity of 139 mA h g=! after 100 cycles
(Figure S20, Supporting Information), highlighting the advan-
tages of SAC in dissociating Li*-solvents and lateral atom diffu-
sion for smooth plating.

3. Conclusion

To promote the dissociation of the Li* solvation structure to re-
lease free Li ions and the diffusion of the Li° atom, a catalytic
strategy of “SAC-in-Defects” is implemented to reduce the des-
olvation and diffusion barriers. This facilitates homogeneous Li
seeding and successive uniform Li plating, as comprehensively
elucidated by in situ/operando characterizations and theoretical
calculations. Consequently, the prototype SAFe/CVRCS@3DPC
catalytic layer significantly increases the nucleation rate up to
~34 times higher, contributing to dendrite-free lithium deposi-
tion with a lifespan of up to 1600 h and high CE without any short-
circuit. The paired high-loading cell (%10.7 mg cm~2) maintains
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a capacity retention of 90.5% after 300 cycles. This work provides
new insights into adopting active catalysts to accelerate desolva-
tion, nucleation, and atom diffusion for practical lithium-metal
batteries.

Supporting Information

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