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Dynamic Concentration of Alloying Element on Anode
Surface Enabling Cycle-Stable Li Metal Batteries

Xiancheng Wang, Yufang He, Shiyu Liu, Yuanjian Li, Shuibin Tu, Renming Zhan,
Zihe Chen, Junjie Fu, Zhao Cai, Li Wang, and Yongming Sun*

The pursuit of high energy density Li-based rechargeable batteries has
intrigued numerous research interest on Li metal anode. However, several
significant challenges, including severe parasitic reactions and growth of Li
dendrites, lead to fast electrode failure and impede its practical implantation.
Herein, it is revealed that the dynamic concentration of alloying element in Li
solid solution can significantly improve the cycling stability. It is demonstrated
that the alloying element of Li solid solution continuously evolved in the
reaction layer on cycling. Alloying element got enriched on anode surface after
Li stripping, and re-dispersed into the deposited Li during Li plating
processes. The alloying element-rich surface can reduce the Li nucleation
barrier and promote the uniform Li plating behavior. Ultrathin Li solid solution
foils are fabricated, and the dynamic alloying element concentration
mechanism is further verified, and the cycling lifespan of pure Li is doubled.
Consequently, a 1.4 Ah laminated pouch cell with ultrathin Li solid solution
anode (30 pm) exhibits high energy density of 836 Wh L~" and stable cycling

for achieving higher energy density than
the existing energy storage systems.['*] Li
metal anode exhibits the high specific ca-
pacity (3860 mAh g~!) and the lowest elec-
trode potential (—3.04 V vs standard hydro-
gen electrode) among all the anode candi-
dates of Li-based rechargeable batteries, and
receives great research attention in the past
years.[*%1 However, metallic Li possesses
intrinsic high chemical reactivity and rela-
tively infinite volume change, which cause
the continuous parasitic reactions between
active Li and electrolyte, leading to fast elec-
trochemical performance degradation.”!
Besides, metallic Li dendrites would be pro-
duced during the electrochemical plating
processes due to the high Li nucleation bar-
rier and the slow Li ion diffusion at the
electrode/electrolyte interface, giving rise to

performance under the harsh conditions with low negative/positive capacity
(N/P) ratio of 2 and electrolyte/capacity (E/C) ratio of 2.6 g Ah~".

1. Introduction

The development of battery chemistry beyond the state-of-the-
art Li-ion intercalation mechanism provides great opportunities
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the safety concerns of rechargeable Li metal
batteries.[1011]

Till now, numerous studies have been
conducted to address the above-mentioned
issues of metallic Li anode and improve
its electrochemical performance. Electrolyte component regu-
lation (e.g., using fluoride, nitride, and oxide additives)!!*-14l
and electrode interface engineering (e.g., construction of lig-
uid alloy interphase, alloy/fluoride hybrid interphase, and salt-
philic/solvent-phobic polymer layer)[*>7] could enable a stable
and robust shield for metallic Li against corrosive electrolyte,
and thus suppress parasitic reaction and prolong the cycling
life of Li metal anode. Besides, dendritic Li depositions could
be alleviated due to the homogenized charge transfer at the
electrode interface.'®1%] Host design for Li metal could pro-
vide a mechanical support and buffer the volume change, and
thus restrain the anode pulverization during Li stripping/plating
processes.!?021] The lithiophilic property of a host could further
improve the homogeneity for Li plating and enhance the cy-
cling stability of Li metal anode.??] Specifically, the bonus of
fast charge transfer could be achieved for Li metal composite
with a Li* conductive alloy host.[>*?] Despite of these great re-
search achievements, the electrochemical performance of the
state-of-the-art Li metal anode still cannot satisfy the demand
for practical rechargeable Li metal batteries. Advanced mate-
rial/electrode designs based on novel mechanism are highly
desirable for realizing stable Li metal anode with high Li uti-
lization and long cycle lifespan for practical harsh application
conditions.

© 2023 Wiley-VCH GmbH
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Figure 1. Schematic of dynamical concentration of alloying element at electrode interphase during Li stripping/plating processes.

Li intermetallic compound with good Li affinity and high Li
ion diffusion coefficient could reduce the Li nucleation barrier,
facilitate surficial Li migration, and hinder the Li dendrite for-
mation, enabling superior electrochemical cycling stability of
Li/Li intermetallic compound composite anodes (e.g., Li/Li,, Sns,
Li/Li,In and Li/ZnF,).1228] However, there exists the trade-off
between the high content requirement of Li intermetallic com-
pound and the regulation effect of Li plating/stripping behav-
ior. A high mass ratio of Li intermetallic compound is often de-
manded to construct an effective interface for regulating Li plat-
ing processes,[?3% which leads to low overall Li specific capac-
ity of hybrid anode and significantly reduces the energy density
of the batteries.?'*?] In principle, dynamic evolution of alloying
element content on the surface of Li composite anode is ideal
for balancing active Li capacity and cycle life. Alloying element
gets enriched on the surface of composite anode during the Li
stripping processes, and such the formed interface layer could
regulate the subsequent Li plating processes. Thus, high specific
capacity, dendrite-free Li plating, and good cycling stability with
high Li utilization could be synchronously achieved for Li metal
anode by such a mechanism of dynamical concentration of alloy-
ing element at anode surface.

In this study, we investigated the component evolution of Li
solid solution anode during electrochemical Li stripping/plating
cycling, as well as its special effect on improving the electrochem-
ical performance. The introduction of Ag and Mg spices would
help the formation of the signal-phase Li solid solution (Figure
S1, Supporting Information).[**34] Li extraction takes place from
the solid-solution electrochemical reaction layer during Li strip-
ping processes, which enables the dynamic concentration of al-
loying element on the anode surface.l*>3% The high concentra-
tion of alloying element on electrode surface thus reduces the Li
nucleation barrier, and regulates the subsequent Li plating pro-
cesses. It is worth noted that such a dynamic regulation mech-
anism for electrochemical Li stripping/plating behavior signif-
icantly differs from that for Li intermetallic compound-based
composites, for which the component and structure of Li inter-
metallic compound remain constant during cycling.*”%8 To re-
veal the great merits of such a novel mechanism, ultrathin Li
solid solution (Li-Ag and Li-Mg) anodes with high active Li ca-
pacity of #3400 mAh g~! were explored (Figure S3, Supporting
Information), and they showed doubled cycle lifespan in compar-
ison to pure Li metal anode in both symmetric and full cell con-
figurations under the same test condition. The assembled 1.4 Ah
laminated LiNi, ,Co,,Mn,,0, (NCM622)||Li-Ag (30 um in thick-
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ness) pouch cell displayed a high energy density of 836 Wh L1, as
well as stable cycling performance under harsh conditions with
alow N/P ratio of 2 and E/C ratio of 2.6 g Ah~'.

2. Results and Discussions

2.1. Mechanism of the Dynamic Concentration of Alloying
Element at Anode Interface

Figure 1 schematically illustrated the component evolutions of
the Li-A (A represents alloying element, Ag or Mg in this work)
solid solution anode during the Li stripping/plating processes.
Alloying element A gradually gets enriched accompanied by the
electrochemical Li extraction on the electrode surface during Li
stripping process. Afterward, such an alloying element A-rich
electrode surface would reduce the Li nucleation barrier and help
to achieve planar Li deposition during the subsequent Li plating
process.?#% In the inverse process, alloying element A would
be dissolved into the deposited Li, leading to the effect regulation
for continuous Li deposition. Such mechanism of dynamical con-
centration of alloying element on electrode surface could enable
the dendrite-free, stable electrochemical cycling performance of
Li solid solution anodes.

To verify the dynamic concentration of alloying element on
anode surface, we conducted back-scattered electron (BSE) im-
ages with element mappings by electron probe microanalysis
(EPMA) for the Li-Ag solid solution anode under different Li
stripping/plating states. The results demonstrated the increased
intensity of Ag element signal after Li stripping (5 mAh cm™2)
and the decreased intensity of Ag element signal after subsequent
Li plating (3 mAh cm~2) (Figure 2a—c), revealing that an alloy-
ing element Ag-rich interface dynamically formed during the Li
stripping/plating processes. Also, the Ag element would be dis-
persed into as-deposited Li metal, regulating the subsequent Li
plating processes. A similar phenomenon could be observed on
the Li-Mg solid solution anode (Figure S4, Supporting Informa-
tion), indicating the universality of dynamical concentration of
alloying element on the electrode surface in Li solid solution an-
odes. Auger electron spectroscopy (AES) was further employed to
probe the dynamic content change of Ag element on the electrode
surface under different Li stripping/plating states. As shown in
Figure 2d, the highest intensity of Ag peak was shown at the Li
stripping state of the Li-Ag foil, which became weaker after Li
plating (the corresponding kinetic energies of Li and Ag were
shown in Table S1, Supporting Information). The atomic ratios of
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Figure 2. BSE images of Li-Ag solid solution anode and the corresponding Ag element mapping images a) at the initial state, b) after Li stripping
(5 mAh cm™2), and c) after Li re-plating (3 mAh cm~2 Li) detected by EPMA. d) AES spectra of Li-Ag foil electrode at different Li stripping/plating states.
e) AES spectra for Li-Ag solid solution anode after Li stripping (5 mAh cm~2) with different Ar* etching depth and f) the corresponding Ag atomic
content-depth plot (The atomic content was calculated by the ratio of Ag/(Li+Ag)). The etching depth was referred with the standard sample of SiO, for

different etching time.

Li/Ag for the initial Li-Ag foil, and the foils after Li stripping and
re-Li plating were evaluated to be 92.7:7.3, 41.1:58.9, and 83:17,
respectively, which again supported the dynamic concentration
of Ag element on electrode surface. We further examined the Ag
content change along the depth of the Li-Ag anode using AES.
The signal intensity gradually got weaker with the increase of
etching depth (Figure 2e, Figure S5, Supporting Information).
The measured value of Ag atomic content was around 50 at%
from the etching depth from 0 to 120 nm, and it decreased to
30 at% at 160 nm, and then to 10 at% at 200 nm (Figure 2f). It
remained constant when further increasing the etching depth,
which is close to the value for the pristine Li-Ag foil. These re-
sults verified that a thin Ag-rich surface layer was formed on the
electrode surface during the electrochemical Li plating process.
High Ag content at Li stripping state could help to reduce Li nu-
cleation barrier and facilitate Li diffusion on electrode surface,
thus enable planar electrochemical Li plating behavior and pro-
long cycling lifespan.[#142]

2.2. The Electrochemical Performance and Characterization of Li
Solid Solution Anode

We further evaluated the electrochemical performance of the Li
solid solution anodes. Figure 3a shows the voltage-time plots for
the Li||Li, Li-Mg||Li-Mg (10 wt% Mg), and Li-Ag||Li-Ag (10 wt%
Ag) cells with controlled thin electrode thickness of 50 pm in
carbonate electrolyte at 1 mA ¢cm™? and 1 mAh cm~2. Both the
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Li-Mg and Li-Ag solid solution anodes exhibited significantly ex-
tended cycle life of >240 cycles (480 h) in comparison to <140
cycles (280 h) for pure Li foil electrode. The corresponding volt-
age hysteresis for these anodes we compared in Figure 3b. The
values of voltage hysteresis for the pure Li anode continuously in-
creased from 25 mV for the 1st cycle, to 50 mV for the 100th cycle
and 100 mV for the 120th cycle. In contrast, the Li-Mg and Li-
Ag solid solution anodes displayed stable voltage hysteresis dur-
ing cycling. Typically, the value of voltage hysteresis for the Li-Ag
solid solution anode remained ~25 mV for 200 cycles. Figure 3c,
d showed voltage-time profiles of the initial and selected cycles
(the 1st, 75th, and 100th cycle) for pure Li and Li-Ag solid solu-
tion foil electrodes. The overpotential of the pure Li foil electrode
showed a significant spike at the initial charge process, indicating
its large nucleation barrier, while the Li-Ag electrode exhibited
lower overpotential and more smooth voltage curves. The above
findings supported that the formation of alloying element-rich
interphase could facilitate the electrochemical reaction kinetics
and suppress the parasitic reactions between active Li and elec-
trolyte. The Li-Ag foil electrode showed higher current response
than the pure Li foil electrode in the cyclic voltammetry (CV)
curves, again verifying the fast electrochemical reaction kinetics
(Figure S6, Supporting Information). As depicted in Figure S7,
Supporting Information, the measured average Coulombic effi-
ciency (ACE) values for Li-Ag and pure Li electrodes were 98.5%
and 96.2%, respectively, indicating the significantly improved Li
utilization of the thin Li-Ag solid solution electrode. Thus, a long
cyclic lifespan of Li metal anodes with high Li utilization can be

© 2023 Wiley-VCH GmbH
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Figure 3. a) Voltage profiles of the Li||Li, Li-Mg||Li-Mg and Li-Ag||Li-Ag cells (electrode thickness of 50 um and alloying element content of 10 wt%),
and b) the corresponding voltage hysteresis at different cycles. ¢,d) Enlarged charge/discharge curves of the Li||Li and Li-Ag||Li-Ag cells at different
cycles. Top-view and cross-section SEM images of e) the Li-Ag and f) pure Li foil electrodes after 50 cycles at 1 mA cm™2 and 1 mAh cm~2 and g,h) the

corresponding LSCM images of the cycled Li-Ag and Li foil electrodes.

expected by the mechanism of dynamic concentration of alloying
element at anode interface due to its effect on enhancing reaction
kinetics and stability.

We further analyzed the structures and components for the
pure Li and Li solid solution electrodes after electrochemical cy-
cles. The scanning electron microscope (SEM) images of Li-Ag
foil electrode exhibited a planar surface after 50 cycles (Figure 3e),
demonstrating a thin and dense reaction layer with a thickness
of ~8 um. In sharp contrast, the pure Li anode showed a porous,
loose electrode structure with a 39 um-thick reaction layer under
the same test condition (Figure 3f). The comparison in roughness
for both cycled electrodes was further conducted using laser con-
focal microscope (LSCM). The results revealed a planar surface
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for the cycled Li-Ag foil anode (Figure 3g), significantly differ-
ent from a rough and rugged surface for the pure Li foil anode
(Figure 3h).[*¥] Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) method was further conducted on the Li-Ag foil elec-
trode after 50 cycles. The result showed the uniform distribution
of the Li and Ag elements on the electrode surface (Figure S8,
Supporting Information), indicating that the Ag element could be
effective on regulating Li stripping/plating processes over long-
term cycling. It is noted that a planar surface was also main-
tained for the Li-Ag foil electrode after further extending the cy-
cle times (Figure S9, Supporting Information), and the thickness
of the reaction layer was only ~21 um after 100 cycles, outper-
forming the pure Li foil electrode with a loose electrode structure

© 2023 Wiley-VCH GmbH
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and a ~70 pm-thick reaction layer after 100 cycles.**] The elec-
trochemical impedance spectroscopy (EIS) of the cycled pure Li
and Li-Ag foil anodes was also measured after 100 cycles, which
demonstrated a lower interface impedance for the Li-Ag foil elec-
trode than the pure Li electrode (Figure S10, Supporting Infor-
mation). Maintaining thin and dense reaction layer with low in-
terface resistance supported high Li utilization and suppressed
side reactions for the Li-Ag electrode.[**®l Therefore, long cycle
life could be expected in practical high energy density recharge-
able Li metal batteries with (ultra)thin Li-Ag foil anode based on
the mechanism of dynamic concentration of alloying element on
anode surface.

The surficial composite of the cycled electrodes was further
analyzed. To compare the Ag element content on electrode sur-
face after different cycles, we provided BSE images of Li-Ag foil
electrodes after 10, 30, and 50 cycles at the Li stripping state at
1 mA cm™ and 1 mAh cm~2 and the corresponding Ag element
mapping images (Figure S11, Supporting Information). The re-
sults showed that the signals for Ag element remained roughly
unchanged for different electrodes. We performed X-ray photo-
electron spectroscopy (XPS) measurement on the Li-Ag electrode
after 50 cycles at 1 mA cm~2 and 1 mAh cm~=2 (Figure S12, Sup-
porting Information). The high-resolution Ag 3d spectrum ex-
hibited prominent peaks at #369.6 and 375.6 eV, suggesting the
consistent presence of Ag on electrode surface on cycling and af-
ford the long-term effect for the regulation of Li plating/stripping
during cycling. We then applied higher cycling capacity to show
the surfacial composite evelutions. Ag element was concentrated
on the Li-Ag foil electrode surface after initial electrochemical Li
stripping (3 mA cm™? and 3 mAh cm™2). The cells before and
after resting (72 hours) were disassembled and the electrodes
were investigated by AES spectra (Figure S13, Supporting Infor-
mation). The surficial atom ratios of Li and Ag before and after
resting were 80.1:19.9 and 80.5:19.5, respectively, indicating the
good stability of the Ag-rich interface. We then performed BSE
imaging and element mapping on the Li-Ag electrode at Li strip-
ping state after 100 cycles at 3 mA cm™ and 3 mAh cm™. The
results showed the clear signal of Ag over the measured area of
the electrode (Figure S14, Supporting Information), supporting
that the concentrated Ag existed on the electrode surface upon
long-term cycling.

2.3. Application in Full Cell and Pouch Cell

The improved Li utilization of the Li solid solution anodes en-
courages us to explore its practical feasibility toward high en-
ergy density rechargeable Li metal batteries with low N/P and
E/C ratios. Ultrathin Li-Ag solid solution foil electrodes were fur-
ther evaluated in full cells paired with two different cathodes
(NCM622 and sulfide polyacrylonitrile, SPAN). A high reversible
capacity of ~#160 mAh g=! and high capacity retention of ~95%
for 100 cycles were achieved for the NCM622||Li-Ag cell with
a 40 um-thick anode and a low N/P ratio of 2.6. Although the
NCM622||Li cell displayed similar initial capacity (~170 mAh g=')
under the same test condition, its capacity quickly decayed after
60 cycles and the capacity retention was only ~80% for 70 cycles
(Figure 4a,b). The corresponding voltage curves for the 1st and
50th cycle are shown in Figure 4c,d. The NCM622||Li cell demon-
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strated a “bump” shape curve during the initial charge process in
comparison to smooth curve for that of the NCM622||Li-Ag cell,
indicating the decreased Li nucleation barrier after introducing
alloying element Ag (Figure 4c).[*”*8] Besides, the NCM622||Li-
Ag cell displayed reduced voltage hysteresis in the charge and
discharge curves for the 50" cycle in comparison to that of the
NCM622||Li cell, which indicated the employment of Li-Ag an-
ode could reduce cell polarization and enhance electrochemical
stability (Figure 4d). Postanalysis of the anodes was further con-
ducted to reveal the origins of the improved cell performance
for NCM622||Li-Ag cell. Although cathodes from both cells ex-
hibited well-maintained structure after 100 cycles (Figure S15,
Supporting Information), Li-Ag anode exhibited a planar surface
and good structural integrity after 100 cycles, in sharp compar-
ison with porous and rugged morphology of the cycled Li an-
ode (Figure 4e,f), revealing that the dynamic concentration of
alloying element on anode surface significantly facilitated elec-
trochemical stability of full batteries. To further show the advan-
tages of our dynamic concentration of alloying element on an-
ode surface in prolonging the battery cycle life, full cells with
high-areal-capacity SPAN cathode (~3.3 mAh cm™2) and ultra-
thin Li-Ag anode (40 um) were assembled, which delivered sta-
ble cycling performance with a high capacity retention of 98% for
80 cycles, far outperforming the counterpart with pure Li anode
(Figure 4g).

To demonstrate the effect of the dynamic concentration of al-
loying element at Li solid solution interface, we investigated the
Li nucleation overpotential with different initial Ag concentra-
tions on electrode surface. After electrochemically stripping of
different amounts of active Li (3 mAh cm™2, 5 mAh cm™2, and
7 mAh cm™2), Li-A electrodes with different alloying element A
concentrations were produced and electrochemical Li plating was
then conducted on these anodes at 1 mA cm™2. According to the
recorded potential curves, different Li nucleation overpotentials
were shown for Li-A electrodes after different amounts of active
Li stripping (0, 3, 5, and 7 mAh cm™?) (Figure 4h). The nucle-
ation overpotential for the initial Li-Ag electrode was ~86 mV, it
was reduced to =73 mV for that after 3 mAh cm™2 of Li strip-
ping capacity, and further reduced to ~54 and ~56 mV for that
after Li stripping for 5 and 7 mAh cm™2, respectively (Figure 4i).
We further conducted a comprehensive comparison on the Ag
element contents of Li-Ag foil electrodes after stripping different
amounts of Li by the results of EPMA and AES tests (Figures S16
and S17, Supporting Information). The EPMA results showed a
significant increase in the surficial Ag concentration for the sam-
ple after stripping 3 mAh cm~2 of Li in comparison to the sample
after stripping 5 mAh cm~2 of Li, and then slight increased for the
sample after stripping 7 mAh cm™ of Li. The AES results pro-
vided atom ratios of Li:Ag for the electrodes after stripping 3, 5,
and 7 mAh cm~2 of Li as 81.1:19.9, 45:55, and 43:57, respectively,
which were consistent with the EPMA results. These results ex-
plained why the Li nucleation overpotential did not vary on the
anode after stripping 5 and 7 mAh cm~2 of Li. Furthermore, we
conducted additional electrochemical Li deposition tests on pure
Ag foil electrode with a thickness of 1 ym, and the Li nucleation
overpotential was recorded as 47 mV (Figure S18, Supporting In-
formation), which was lower than that for Li-Ag foil anode with
different surficial Ag contents (Figure 4i). This finding is con-
sistent with our initial explanation that the Li nucleation barrier
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Figure 4. a) Capacity-cycle number plots of the NCM622||Li and NCM622||Li-Ag cells with anode thickness of 40 um and cathode mass loading of
15.2 mg cm™2, b) the corresponding capacity retention for selected cycles, c) the st cycle charge profile and d) the voltage-capacity curves for the 50th
cycle. e,f) SEM images of the Li-Ag and pure Li foil electrodes after 100 cycles. g) Capacity-cycle number plots of the SPAN||Li and SPAN||Li-Ag cells with
cathode areal capacity of ~#3.3 mAh cm~2 and anode thickness of 40 um. h,i) Nucleation overpotential curves for the Li deposition on Li-Ag electrode
after different amounts of active Li stripping (0, 3, 5, and 7 mAh cm~2). The current density for Li plating was 1 mA cm™2. j) The atomic structures of
Li-ion adsorption on the Li (100), Li;,;Ag (100), and Lis;Ag (100) surfaces.

decreases with an increase in Ag concentration. These Li-Agelec-  phenomenon was observed for Li-Mg electrode (Figure S21, Sup-
trodes showed planar Li deposition (Figures S19 and S20, Sup-  porting Information).

porting Information), while the pure Li electrode exhibited disor- Density function theory (DFT) calculation of the adsorption
dered Li dendrite deposits with loose structure. Besides, similar ~ energy between Li and Li-Ag with different Ag contents were
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Figure 5. a) Schematic of the Ah-level laminated pouch cell and b) details for the capacity and energy density of as-assembled cell. c¢) The calculated
energy density of the pouch cell with different cut-off voltages and anode thicknesses. d) Electrochemical cycling of the laminated pouch cell employing
30 um-thick Li-Ag foil anode and NCM622 cathode with a N/P ratio of 2 and a E/C ratio of 2.6 Ah~, and e) the corresponding voltage-capacity curves for
the 1st, 20th and 50th cycle. f) Digital image of the cycled Li-Ag foil electrode in the pouch cell, and g) the corresponding SEM images at different regions.

further conducted to further explain the effect of alloying element
enriched electrode surface on regulating the Li plating/stripping
property. In our study, a Li-Ag solid solution with a mass ratio of
10 wt% Ag and 90 wt% Li (an atom ratio of Li to Ag of ~127:1)
was used as typical example for demonstration. To support the
as-proposed mechanism, we calculated and compared the Li ion
adsorption energies on (100) face for Li-Ag electrodes with differ-
ent Ag content surfaces (pure Li, Li;,,Ag with Li/Ag atomic ratio
0f'127 and mass ratio of 90/10, and Li,; Ag with Li/Ag atomic ratio
of 31 and mass ratio of 70/30). The calculated values were 0.13,
—0.12, and —0.22 eV, respectively (Figure 4j), which indicated that
the Li nucleation barrier decreased as the Ag content increased.
However, a high mass ratio of Ag could result in a low capacity
(~2700 mAh g™, for Li-Ag foil electrode with 30 wt% Ag and 70
wt% Li). To address this issue, we initially introduced 10 wt% Ag
to pursuit a high anode capacity. We observed that the surficial
Ag concentration increased with Li stripping, thereby ensuring
long-term cycling stability that Li composites with high-content

Adv. Funct. Mater. 2023, 2307281
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intermetallic compounds could endure. The dynamical forma-
tion of the higher Ag concentration on the electrode surface could
further regulate the Li plating processes, ensuring its validity for
electrochemical cycling under high Li utilization and achieving
high energy density of batteries.

The Li-Ag foil exhibited excellent processability. We fabricated
an ultrathin Li-Ag foil with a size of 50 X 4 cm and a thickness of
25 um, which demonstrated the operation capability for folding,
rolling, and restoring to its original state (Figure S22a, Support-
ing Information). Additionally, we produced foils with control-
lable thicknesses ranging from 25 to 5 um (Figure S22b, Support-
ing Information), which enabled the anode to be used in high-
energy-density batteries. To further reveal the advances of inter-
facial dynamical alloying element concentration in enabling high
energy density batteries, Ah-level laminated pouch cells were as-
sembled using ultrathin Li-Ag solid solution foil anode (30 um)
with low N/P ratio (2) and low E/C ratio (2.6 g Ah™!) (Figure 5a).
The parameter of the pouch cell was shown in Table S2,

© 2023 Wiley-VCH GmbH
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Supporting Information. With a reversible capacity of ~1.4 Ah at
0.2 C (1 C=1.4A), the cell demonstrated a high energy density
of 836 Wh L~ based on the total volume of the cell (Figure 5b).
The higher energy density of batteries can be achieved by increas-
ing the cut-off charge voltage (Figures S23-S25, Supporting In-
formation). For example, by increasing the cutoff voltage from 4.3
to 4.55 V, the discharge capacity and mid-value voltage increased
from 184.3t0211.4 mAh g~" and 3.77 to 3.81V, respectively, deliv-
ering a 16% increase in energy density. Also, the employment of
an anode with thinner thickness further reduced the cell volume
and increased the energy density (Figure 5c and S26, Supporting
Information). Impressively, the 1.4 Ah-laminated pouch cell de-
livered stable charge/discharge cycling performance with a high
capacity retention of 95.5% after 50 cycles (Figure 5d) and demon-
strated well-overlapped voltage-capacity curves with only slight
increase in voltage polarization on cycling (10 mV from 20 to 50
cycles) (Figure 5e), demonstrating the great potential in achiev-
ing high energy density batteries with long lifespan. Smooth and
dense surface over different test regions of the Li-Ag foil elec-
trode was shown for the cycled ultrathin Li-Ag foil anode, includ-
ing near tap, the central, and the edge regions (Figure 5f,g). Such
results confirmed that uniform, planar Li plating/stripping was
successfully realized over the entire Li-Ag foil anode in pouch
cell configuration, which suggested the practical implantation of
the ultrathin Li-Ag foil anode in high energy density batteries. To
achieve high energy density, LiNi, ;Co, ;Mn, ; O, (NCM811) cath-
ode with a high mass loading of ~21 mg cm™? was used as the
cathode to pair 30 pm-thick Li-Ag foil anode to assemble lami-
nated pouch cell. The cell delivered a total capacity of 5.2 Ah and
a high energy density of 483 Wh kg™! (Figure S27, Supporting
Information).

3. Conclusion

In summary, a dynamic concentration of alloying element at an-
ode interface was revealed for Li solid solution foil electrodes
upon Li stripping/plating cycling, which enabled a low nucle-
ation barrier with dense and planar Li deposition and superior
cycle life. Alloying element-rich interface would be formed dur-
ing the Li stripping processes, which enabled reduced Li nucle-
ation barrier and regulated the subsequent Li deposition with
dense and planar surface. The formation of inactive Li was sig-
nificantly suppressed, and the cycling lifespan was greatly im-
proved. The practical feasibility of the Li solid solution anode was
evidenced by its application in Ah-level laminated pouch cell un-
der harsh conditions. With an ultrathin Li-Ag solid solution an-
ode (30 um), 1.4 Ah laminated pouch cell demonstrated a high
energy density of 836 Wh L' and stable electrochemical cycling
performance with a low N/P ratio (2) and E/C ratio (2.6 g Ah™).
The mechanism of dynamic concentration of alloying element
at electrode interface revealed in this work provides new sights
into advanced Li metal anode design toward practical high en-
ergy density rechargeable batteries.

4. Experimental Section

Materials Preparation: Li-Ag, Li-Mg, and Li-Ag/LiCl foils were synthe-
sized utilizing the reaction between the molten Li and the corresponding
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Ag, Mg, and AgCl at a temperature of 250 °C, respectively. The weight ratio
of the metal Ag, Mg, or AgCl to Li was 1:9. The as-prepared molten com-
posites were cooled down to room temperature and then calendared to
certain thickness using a roll squeezer. The pure Li was molten, cooled,
and calendared to prepare the pure Li electrode, accordingly. The above
processes were conducted in Ar-filled glove box.

The SPAN cathode with active mass loading of ~5 mg cm™2 was
prepared using a slurry process, which consisted of 85 wt% SPAN, 7.5
wt% carbon black, and 7.5 wt% lithium polyacrylate acid (LiPAA) binder.
NCM622 cathode with active material mass loading of ~15.2 mg cm™2
was fabricated with the same procedure. The mass ratio of active material,
carbon black, and poly(vinylidenefluoride) (PVDF) in the NCM622 cathode
was 92:4:4. NCM811 cathode with active material mass loading of 21 mg
cm™2 was fabricated through the same way. The mass ratio of active ma-
terial, carbon black, and PVDF in the NCM622 cathode was 98:1:1.

Materials Characterization: The morphologies of the samples were
characterized by SEM (Nova NanoSEM 450). BSE images and the cor-
responding elemental mapping images were collected by EPMA (8050G).
The composition information over different sample depths was detected
by AES (JAMP-9510F) and TOF-SIMS (IONTOF GmbH, Germany mea-
surements) with the Art etching method. X-ray photoelectron spec-
troscopy (XPS, AXIS-ULTRA DLD-600 W) was performed to analyze the
surfacial composite. The LSCM images were collected by the Keyence VK-
X200K microscope.

Electrochemical Test:  2032-type coin cell was used to evaluate the elec-
trochemical performance. 1 M LiPFg in ethylene carbonate (EC)/dimethyl
carbonate (DEC) (1:1 in volume) with 5 wt% fluoroethylene carbonate
(FEC) was used as electrolyte. CV for symmetric cells was performed in the
voltage range from —0.1t0 0.1V (vs Li/Li*) at the scan rate of 0.1TmV s™.
EIS was tested in the frequency range between 100 mHz and 100 kHz in
an open-circuit state. VMP3 electrochemical workstation (Bio-Logic) was
used for the CV and EIS tests. SPAN-based full cells were activated at 0.1
C (1 C =700 mA g~ for three activation cycles and then cycled at 0.5 C
with the voltage ranging from 1to 3 V (vs Li/Li*). NCM622-based full cells
were activated at 0.1 C (1 C =175 mA g~') and cycled at 0.5 C from 4.3 V
to 2.8V (vs Li/Li*). Ah-level laminated Li-Ag|[NCM622 pouch cell was ac-
tivated at 0.1 C and cycled at 0.2 C, and the energy density was calculated
based on the medium voltage of initial discharging process and the total
volume of the pouch cell.

Density Function Theory (DFT) Calculation: The Li-ion adsorption ener-
gies on the Li (100), Liy,;Ag (100), Liz;Ag (100), and Li;sAg (100) surfaces
were calculated (The atom ratios for Li-Ag were defined according to the
mass ratio of Li/Ag in 90:10, and 70:30). After the relaxation of slab struc-
tures, five different adsorption sites were checked and the site with the
lowest energy was selected for adsorption energy calculation. The adsorp-
tion energy E,4 was described as follows[“’l:

EadzEslab+Li_ (Eslab+ELi) (1)

Where d is the total energy of the slab structure bonding with one Li,
E,p is the total energy of the surface structure, and Ej; is the total energy
of one Li.

Supporting Information

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