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A lithium metal battery (LMBs) is an excellent battery system for advanced electrochemical energy storage.
However, the growth of lithium dendrites, the accumulation of inactive lithium, and the side reactions between
lithium metal and electrolytes limit the cycling stability of LMBs. Herein, we introduce KI additive into lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)/ether-based electrolyte and lithium hexafluorophosphate (LiPF¢)/
ester-based electrolyte for cycling stability improvement of LMBs. Cu-mesh@Ag||Li half-cell with 0.01 M KI
additive exhibits a Coulombic efficiency as high as 98.8 % over 200 cycles. The improved performance due to the
electrostatic shielding effect formed by K' at low concentration and the rapid recovery of inactive lithium by
iodine redox. The corresponding Li||Li symmetrical cell shows an outstanding lifespan of 1400 h at 1.0 mA cm 2
with 1.0 mAh em~2. Meanwhile, in the 1 M LiTFSI + 0.01 M KI electrolyte, the Cu-mesh@Ag-Li| |LiFePO4 (LFP)
full cell holds capacity retention of 91.7 % over 800cycles at 2.0 C, the Li||LiNip gCop.1Mng 102 (NCM811) full
cell possesses much better capacity retention of 54 % after 500 cycles at 1.0 C. This work offers a cost-effective

Inactive lithium
K" shielding effect
Iodine redox

proposal to improve application potential with the electrolyte engineering of rechargeable Li metal batteries.

1. Introduction

As the development and application of new energy cars, new energy
ships, and portable electronics are blooming, the market for advanced
battery systems with high energy density, long cruising range, and
enhanced safety performance has grown ever larger [1-3]. However,
traditional lithium-ion batteries can hardly fulfill these high demands
for battery systems [4]. On the other hand, lithium metal has a high
theoretical specific capacity (3860 mAh g 1) and low electrode potential
(—3.04 V vs SHE), which is a promising anode material for next-
generation batteries [5-7]. However, the high reactivity of Li results
in severe interfacial side reactions, electrolyte consumption, and un-
stable solid electrolyte interphases (SEI) [8-10]. Besides, uneven Li
deposition leads to dendrite growth and inactive lithium accumulation,
resulting the rapid capacity fading and safety hazards [11]. Various

strategies, including constructing artificial solid electrolyte interphases
[12,13], designing lithiophilic 3D network frameworks as “hosts”
[14-16], using high-concentration electrolytes [17] or localized high-
concentration electrolytes [18] and developing novel electrolytes [19]
for Li metal anode, have been proposed to address these issues.
Electrolyte engineering is a promising approach that reduces inter-
facial side reactions, suppresses Li dendrite growth, and improves the
cycling performance of Li metal batteries [20-23]. Novel electrolyte
formulations change the solvation environment of Li-ion and enable
uniform Li deposition [24]. Many design strategies have been reported,
such as electrolyte additives, new lithium salts, and new solvents
[25-27]. Ma and his co-workers used tris (4-fluorophenyl) phosphine
(TFPP) as the electrolyte additive to construct a Li;COs/LiF-rich heter-
ostructured SEI, which can realize uniform and stable Li deposition [28].
Cui and his team created inorganic-rich SEI on Li metal by changing the
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* solvation environment. This strategy improved the Coulombic effi-
ciency and achieved extended cycle life of the anode-free cell [29].
Although these strategies endue Li metal batteries with long cycle life,
electrolyte additives are continuously consumed during cycling and
eventually lose their effect [30]. In addition, the accumulation of inac-
tive lithium is inevitable during the cycling process. Modifications are
required further to improve cyclability and cost efficiency [31].

In this work, we reported the positive effect of KI as an electrolyte
additive on the uniform Li plating/stripping on a Cu-mesh@Ag sub-
strate. An iodine redox can effectively recover inactive Li in dendrites,
and Li fragments from electrochemically uneven lithium deposition
[31]. Simultaneously, reversible I /I3 redox can be achieved when the
discharge voltage of the cathode exceeds 2.89 V, enabling the recovery
of inactive lithium back to the cathode [32]. In addition, it was
demonstrated that during the Li plating process, K™ ions are electro-
statically adsorbed on the anode surface, which could regulate Li
deposition behavior and inhibit the dendrite growth (Fig. 1). The
resultant Cu-mesh@Ag||Li half-cell achieves a high Coulombic effi-
ciency (98.8 % over 200 cycles), and the symmetrical cell exhibits an
ultralong lifespan (~1400 h). When coupled with cathodes like LiFePO4
and LiNig gCog.1Mng 102, the cells showed considerable cyclability and
excellent rate performance.

2. Experimental section
2.1. Materials

The Li foil was purchased from China Energy Lithium Co., 1td. The
lithium salts lithium bis(trifluoromethyl)sulfonamide (LiTFSI), lithium
hexafluorophosphate (LiPFg) and the solvents 1,3-dioxolane (DOL), 1,2-
dimethoxyethane (DME), ethylene carbonate (EC), dimethyl carbonate
(DMC) were purchased from Macklin (Shanghai, China). The additive,
potassium iodide (KI), was purchased from Aladdin (Shanghai, China).
All the reagents were stored and prepared inside an argon-filled glove
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box with monitored H,O and O, concentrations.

2.2. Preparation of Cu-mesh@Ag

The commercial Cu-mesh was cut into 12 mm diameter discs, then
washed with a degreasing solution at 60 °C for 20 min. The residual
liquid was cleaned with deionized water. The Cu-mesh was sensitized
with 10 wt% HCI for 5 min, then washed and dried at 80 °C for 24 h to
obtain a pretreated Cu-mesh. An electroless deposition solution con-
sisting of AgNOs, sodium potassium tartrate, and disodium ethyl-
enediaminetetraacetic acid was used. The Cu-mesh was electroless
plated in the solution for 30 s and then washed and dried at 80 °C for 24
h to obtain Cu-mesh@Ag.

2.3. Preparation of electrolyte

1 M LiTFSI dissolved in DOL and DME (1:1 by volume) without any
additive was selected as the fundamental electrolyte, denoted as 1 M
LiTFSI. Specifically, 1 M LiTFSI electrolyte was prepared by 2.87 g
LiTFSI dissolving in 5 mL DME + 5 mL DOL.

The KlI-containing electrolyte was prepared by adding 0.005 M
(0.0083 g), 0.01 M (0.0166 g), and 0.02 M KI (0.0332 g) additives into
the fundamental electrolyte, marked as 1 M LiTFSI + 0.005 M KI, 1 M
LiTFSI + 0.01 M KI, 1 M LiTFSI + 0.02 M KI, respectively. A digital
image of the color evolution (Fig. S1) shows that with the introduction of
KI additives, the color of the electrolyte changes to yellow, indicating
that KI can dissolve in the electrolyte. In the Li|[NCM811 full cells, 1 M
LiPFg dissolved in EC and DMC (1:1 by volume) without any additive
was selected as the fundamental electrolyte, named 1 M LiPFg. 1 M LiPFg
electrolyte was prepared by 1.52 g LiPFg dissolving in 5 mL EC 4+ 5 mL
DMC.The Kl-containing electrolyte was prepared by adding 0.005 M
(0.0083 g) and 0.01 M KI (0.0166 g) into the fundamental electrolyte,
designated as 1 M LiPFs + 0.005 M KI, 1 M LiPF¢ + 0.01 M KI,
respectively.
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Fig. 1. Schematics of the Li deposition behavior in 1 M LiTFSI with and without 0.01 M KI electrolytes.
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2.4. Characterization

The morphology was obtained with a scanning electron microscope
(SEM, FEI Quanta 200 FEG), the field voltage was 30 kV, and the reso-
lution was 3.0 nm. The X-ray photoelectron spectroscopy (XPS,
ESCALab220i-XL) with 300 W Al Ka radiations was carried out to detect
the chemical composition of the SEI layer. In-situ Raman spectra spec-
troscopy (Renishaw in Via Quotation) was used to explore the Li
plating/stripping behavior. The Raman tests were carried out at room
temperature using a 785 nm laser, with the cells plating/stripping at a
current density of 0.25 mA cm ™2 with a capacity of 0.5 mAh cm ™2,

2.5. DFT calculation method

The DFT calculation was applied to calculate the HOMO and LUMO
energy of LiPFe, LiTFSI, EC, DMC, DME, DOL, and I3 using B3LYP in
Gaussian 09, molecular geometry optimized by basis sets for 6-31+g (d,
p).

2.6. Electrochemical measurements

CR2032-type coin cells were assembled in a glove box filled with
argon using Cu-mesh@Ag, lithium foil, and Celgard 2400 diaphragm as
the working electrode, counter electrode, and membrane, respectively.
The amount of electrolyte is 60 mL. The coin cells were tested with a
LAND battery testing system. To evaluate the Coulombic efficiency, 1.0
mAh em 2 of Li was first deposited on the Cu-mesh@Ag current col-
lector and then stripped to a cutoff voltage of 3.0 V at 1.0 mA cm 2,
Coulombic efficiency equals the quotient of stripping capacity and
plating capacity for each cycle. To evaluate the surface morphology of
lithium deposition, the Cu-mesh@Ag current collector was first plated
with 1.0, 3.0, 5.0, and 8.0 mAh cm 2 of Li at 0.1 mA cm 2, respectively.
The micromorphology of the samples were analyzed by SEM. The Li foil
was assembled into a symmetrical cell to evaluate the cycling stability of
different electrolytes. These symmetrical cells were cycled at 1 mAh
cm 2 and 1 mA cm 2 The electrochemical impedance spectroscopy
(EIS) tests were carried out using an IM6 electrochemical workstation
with a frequency range of 100 kHz to 0.01 Hz and an amplitude of 5 mV.
The Cu-mesh@Ag current collector plated with 3.0 mAh cm ™2 of Li was
paired with LiFePO,4 (LFP) cathode to assemble a full battery, denoted as
Cu-mesh@Ag-Li||LFP, which was measured between 2.5 ~ 4 V and Li| |
NCM was measured between 2.7 ~ 4.3 V at different current densities,
respectively.

3. Results and discussion
3.1. Choice of lithium deposition substrate

The cyclic stability of Cu foil, Cu-mesh, and Cu-mesh@Ag during Li
plating/stripping was firstly investigated to find the best substrate for
later tests. As shown in Fig. S2, the Coulombic efficiency of Cu and Cu-
mesh substrates show a significant decrease after 100 cycles, while the
Coulombic efficiency of Cu-mesh@Ag substrate still exceeds 98 % after
150 cycles. Therefore, the Cu-mesh@Ag is a more suitable substrate, and
all subsequent studies are carried out using the Cu-mesh@Ag host.

3.2. Electrochemical properties

To evaluate the reversibility of Li plating/stripping process, the
Coulombic efficiency of Cu-mesh@Ag||Li half cells with various elec-
trolytes was monitored. For the fundamental electrolyte (1 M LiTFSI),
the Coulombic efficiency is around 98.5 % in the first 100 cycles and
gradually decreases to 69.4 % after 165 cycles (Fig. 2a). The rapid ca-
pacity fading may be due to the dendrite growth and inactive lithium
accumulation. For the 1 M LiTFSI + 0.005 M KI electrolyte, the
Coulombic efficiency is around 98.5 % in the first 120 cycles, which then
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Fig. 2. (a) Coulombic efficiency and of Cu-mesh@Ag||Li half cells at 1.0 mA
em ™2 and 1.0 mAh em 2 in different electrolytes, (b) Cycling stability of Li||Li
symmetrical cells in different electrolytes at 1.0 mA cm™2 and 1.0 mAh ecm ™2

moves between 87 and 97 % in the subsequent 80 cycles and exhibits
88.6 % capacity retention after 200 cycles. This result reveals that the
introduction of KI contributes to the improvement of cycle life. Inspir-
ingly, it can be observed that the cell with the 1 M LiTFSI + 0.01 M KI
electrolyte maintains a stable Coulombic efficiency of 98.5 % over 200
cycles. These results validate that the KI additive can effectively sup-
press the dendrite growth and eliminate inactive lithium. But for the 1 M
LiTFSI + 0.02 M KI electrolyte, the Coulombic efficiency fluctuates be-
tween 86 and 94 % in the initial 160 cycles, and the capacity retention
reduced to 34.6 % after 200 cycles. It may be ascribed to the excessive I~
content that eliminates active lithium and results in lower Coulombic
efficiency.

The electrostatic shielding effect of K™ and I"/I5 redox processes are
schematically illustrated in Fig. 1. In the initial stage of lithium depo-
sition, due to the fluctuation of the electric field, Li deposits on the
electrode and unavoidably forms some tips. The protruding tip shows a
stronger electric field, leading to the preferential deposition of Li" in the
tip [30,33,34]. The continuous amplification of the tips eventually leads
to the formation of Li dendrites. When the KI additive was introduced,
the K at an appropriate concentration can offer a self-healing charge
shielding effect that can effectively suppress the continuous deposition
of Li ions at the tip, thereby inhibiting the dendrite growth. On the other
hand, the reversible I" /I3 redox processes can effectively eliminate the
grown Li dendrites (dead Li). It is worth noting that in the same elec-
trolyte environment, a unique charge shielding effect occurs when the
actual reduction potential of K™ is lower than that of Li*. Therefore, the
actual reduction potentials of K" and Li™ at different concentrations
were calculated according to the Nernst equation [33,34]. As shown in
Table S1, the standard reduction potentials of K/K' and Li/Li™ were
—2.93 V and —3.04 V vs SHE, respectively. When the K* concentrations
were 0.005 M and 0.01 M, the effective reduction potentials were
—3.067 and —3.049 V vs SHE, respectively. The effective reduction
potential of K/K* at low concentration is lower than Li/Li". Therefore,
K* electrodeposition does not occur in 1 M LiTFSI 4 0.005 M KI and 1 M
LiTFSI 4+ 0.01 M KI electrolytes. When the K" concentration was
increased to 0.02 M, the effective reduction potential of K/K" (—3.032 V
vs SHE) was higher than that of Li/Li", which caused K™ to lose its self-
healing charge shielding effect and resulted in lower Coulombic effi-
ciency. At 2.0 mA cm~2 and 1.0 mAh cm™2, the Coulombic efficiency is
as high as 97.1 % over 125 cycles (Fig. S3) in 1 M LiTFSI + 0.01 M KI
electrolyte. In contrast, the Coulombic efficiency values show apparent
attenuation to 80.5 %, 89.7 %, and 84.9 % after 125 cycles in the 1 M
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LiTFSI, 1 M LiTFSI + 0.005 M KI, and 1 M LiTFSI + 0.02 M KI electro-
lytes, respectively. In addition, the voltage profiles of Li plating/strip-
ping process as shown in Fig. S4a and 4b, Cu-mesh@Ag||Li half cells
with 1 M LiTFSI + 0.01 M KI electrolyte exhibited a higher deposition
potential and lower polarization potential than 1 M LiTFSI electrolyte,
indicating a lower energy barrier for lithium deposition and its favorable
Li stripping/plating process. Therefore, with an appropriate amount of
KI additives, K electrostatic shield can be formed on the predeposited Li
tips, repelling subsequent Li* to the reach of the Li-free tip. As a result,
uniform Li deposition was achieved, and the cycle stability of Li metal
anodes were improved.

Furthermore, the cycling performance of symmetrical Li||Li cells in
various electrolytes was investigated. Fig. 2b shows the Li plating/
stripping profiles at 1.0 mA cm ™2 and 1.0 mAh cm ™2, We can see that the
cell with the 1 M LiTFSI + 0.01 M KI electrolyte exhibits stable cycling
with a hysteresis voltage of about 13 mV for over 1400 h. Note that the
overpotentials in the first 30 h were larger than in the regular cycles. It
was due to the noncomplete activation of the testing battery, resulting in
the polarization voltage exceeding regular cycling. Meanwhile, the
overpotential of cells with the 1 M LiTFSI and 1 M LiTFSI + 0.005 M KI
electrolytes show irregular fluctuations. The overpotential increase to
about 170 mV after 1100 h, implying the unstable electrode/electrolyte
interface, which results from dendrite growth and inactive Li accumu-
lation. Surprisingly, the cell with the 1 M LiTFSI + 0.02 M KI electrolyte
also exhibited stable cycling and an overpotential of about 30 mV for
over 1200 h. It may be ascribed to the abundant lithium content in Li| |Li
symmetrical cell. The excessive I” content can effectively eliminate
inactive lithium without negatively affecting active lithium, resulting in
better cycling performance than the cells with 1 M LiTFSI and 1 M
LiTFSI + 0.005 M KI electrolytes. Thus, the stable cycling performance
and low overpotential indicate that 0.01 M is the optimal amount for KI
addition, with which the Li plating/stripping process is effectively
enhanced.

The long-term cycling stability of the Cu-mesh@Ag electrode in
different electrolytes was tested in Cu-mesh@Ag-Li||Cu-mesh@Ag-Li
symmetric cell. Firstly, 5.0 mAh cm™2 of Li were deposited on Cu-
mesh@Ag substrates at 0.1 mA cm ™2 to obtain a Cu-mesh@Ag-Li elec-
trode, assembled into a symmetric cell tested at 1.0 mA cm ™2 and 1.0
mAh cm ™2 for a constant-current long-cycle test. As shown in Fig. S5, the
Cu-mesh@Ag-Li||Cu-mesh@Ag-Li symmetrical cell exhibits severe
voltage fluctuations and high voltage hysteresis (even larger than 150
mV) in 1 M LiTFSI electrolyte, which due to uncontrollable dendrite
growth, unstable SEI, and the accumulation of inactive lithium. In
contrast, for the cell with 1 M LiTFSI + 0.01 M KI electrolyte, the
symmetrical cell exhibits a smaller and relatively stable polarization
potential for more than 700 h, and there is no noticeable voltage fluc-
tuation. This significant difference further indicates that stable Li
plating/stripping, low polarization, and excellent stability have been
achieved in electrolytes with 0.01 M KI additive. The superb stability is
attributed to the rapid recovery of inactive lithium by the I /I3 redox. At
the same time, the non-redox K™ can spontaneously adsorb on the
dendrite tip to form a charge shield, which effectively inhibits the
dendrite growth and the inactive lithium accumulation.

The Li metal plating behavior on the Cu-mesh@Ag substrate in
different electrolytes and deposition capacities were investigated. For
the cells at 0.1 mA cm~2 and 1.0 mAh cm™2 (Fig. 3a, €), no apparent
dendrite structure can be seen owing to the small Li deposition amount.
There has a similar dendrites structure (marked in red circle) on the
surface in 1 M LiTFSI electrolyte (Fig. 3a), and no apparent Li dendrite
was found on the surface in 1 M LiTFSI + 0.01 M KI electrolyte (Fig. 3e).
With the Li deposition capacity increased to 3.0 and 5.0 mAh cm™2,
abundant Li dendrites were formed on Cu-mesh@Ag substrate with 1 M
LiTFSI fundamental electrolyte (Fig. 3b, c). In contrast, the cell with the
1 M LiTFSI + 0.01 M KI electrolyte shows almost no Li dendrites under
the same deposition condition. Notably, the cell with 1 M LiTFSI + 0.01
M KI electrolyte exhibited a uniform and smooth deposition morphology
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in the substrate. No dendrite tips were seen, which proves the charge
shielding effect of K* effectively suppresses the growth of dendrites. As
the deposition capacity continues to increase to 8.0 mAh cm™2, larger
dendrites can be seen on the substrate surface in the 1 M LiTFSI elec-
trolyte. In contrast, dense Li deposition morphology is exhibited in the 1
M LiTFSI + 0.01 M KI electrolyte. It indicates that a small amount of KI
additive can effectively promote smooth Li deposition while signifi-
cantly inhibiting dendrite growth. At the same time, reducing I” can
effectively clean the inactive lithium, so it has a uniform and smooth
deposition morphology.

To in-depth understand the reaction, in operando Raman measure-
ments were performed. The in operando Raman spectra are shown in
Fig. 3i-l. There was no characteristic peak of I3 in the 1 M LiTFSI elec-
trolyte (Fig. 3k-1). The pronounced peaks at 289, 418, 743, and 1150
cm ! represent the stretching modes of TFSI™ [35]. At the same time,
other peaks at 880 and 950 cm ! represent the stretching modes of DME
and DOL, respectively [36]. In contrast, an obvious characteristic peak
appeared at about 118 cm ! and gradually intensified during the Li
plating in 1 M LiTFSI + 0.01 M KI electrolyte (Fig. 3i-j). This peak can be
attributed to the symmetric stretching mode of I3, corresponding to the
conversion of I" to I3 [32,37,38]. As the stripping process begins, the
disappearing peaks indicate the reaction transition from I3 to I". The
subsequent enhancement of the I3 peak suggests the migration of
lithium ions to the cathode. In addition, uniform lithium deposition can
be seen in 1 M LiTFSI and 1 M LiTFSI + 0.01 M KI electrolytes (Fig. S6).
It may be due to the presence of Ag particles in the Cu-mesh@Ag elec-
trode and can guide the homogeneous deposition of Li*. However, 1 M
LiTFSI 4 0.01 M KI electrolyte shows stronger anion and solvent peaks,
indicating a more stable electrolyte environment, which is more
conducive to the long cycle life of lithium metal batteries. Moreover, the
KI additives were introduced into the electrolyte, and the peaks of TFSI,
DME, and DOL did not shift significantly, indicating that KI did not have
obvious solvation effects with anions and solvents in the electrolyte.
These results suggest that the redox behaviors of iodine can effectively
enhance inactive lithium’s recovery.

To further understand the effect of KI additives on the composition
and structure of SEI, XPS was used to monitor the elemental composition
of the SEI layer after 100 cycles. As shown in Fig. 4 and Fig. S7, the
elements on the traditional Li metal surface with LiTFSI electrolyte are
Li, C, O, N and F. In contrast, the major elements on the Li metal surface
with LiTFSI + 0.01 M KI electrolyte are Li, C, O, N, F, and L. In the Cls
spectra (Fig. 4a), the peaks at 284.8, 286.5, 288.6, 290, and 293 eV
correspond to the C—C, C—0, C=O0, Li»CO3 and C—F, respectively.
These functional groups mainly came from the decomposition products
of DME and DOL [39,40]. It is found that the KI additive can enhance the
C—F bond content (Fig. 4a), indicating that the introduction of the KI
additive can effectively limit the decomposition of LiTFSI. Even in the
fifth cycle, we can also see the enhanced C—F bond content (Figure S7a).
The C—F bond is beneficial to the formation of LiF, which can effectively
reduce the diffusion barrier of Li" in the SEI layer, thereby promoting Li
ion transport [11,41]. The peaks at 53.8, 54.5, and 55.6 eV in the Li 1s
spectra (Fig. 4b) are related to Li>O, LioCO3, and LiF, respectively. And
the peaks at 530.4, 530.8, and 531.9 eV in the O 1s spectra (Fig. 4c) are
related to Li;O, C=0, and C—O, respectively [42]. Compared with the a
few cycles (Fig. S7b and 7c), we can see the weakened Li;O species
content in 1 M LiTFSI + 0.01 M KI electrolyte after 100 cycles. It proves
that reductive iodine can effectively eliminate inactive lithium,
including Li;O, enabling the battery to have a longer cycle. The peaks for
C—F (688.9 eV) and LiF (684.8 eV) can be observed in spectra of F 1s
(Fig. 4d and Fig. S7d).

In contrast, the SEI film formed in the LiTFSI with KI electrolyte has
enhanced LiF peaks and a reduced F—C bond. Significantly improved
LiF peaks indicate that TFSI™ anions have participated in forming SEI,
and the weakened C—F peak suggests that electrolyte decomposition is
suppressed. At the same time, compared with 1 M LiTFSI electrolyte, the
SEI composition of 1 M LiTFSI + 0.01 M KI electrolyte also exhibits less



D. Huang et al.

Chemical Engineering Journal 454 (2023) 140395

Intensity (a.u.)

Intensity (a.u.)

DOL
TFSI TFSI- TFSI- DME
N
o e s
T X T N T i T T T L]
200 400 600 800 1000 1200
Raman shift (cm™)
DOL
I TFSI TFsI- TFSI pME

¥ S
e
1000

T ® T
600 800
Raman shift (cm™)

T T
200 400 1200

S

Intensity (a.u.)

Intensity (a.u.)

900.0
787.5
675.0
562.5
450.0
337.5
225.0
112.5

0.000

110 115 120 125 130
Raman shift (cm™)

620.0
541.3
462.5
383.8
305.0
226.3
147.5
68.75
-10.00

110 115 120 125 130
Raman shift (cm™)

Fig. 3. SEM images of Li deposition morphologies on Cu-mesh@Ag at 0.1 mA cm 2 and a capacity of 1.0 mAh cm~2, 3.0 mAh cm ™2, 5.0 mAh cm ™2, 8.0 mAh cm 2 in
LiTFSI electrolytes without (a-d) and with (e-h) KI, respectively; (i) Waterfall diagram of the in operando Raman spectra of Cu-mesh@Ag||Li half cells in 1 M LiTFSI
electrolyte, (j) The selected local Contour plot of I3 in 1 M LiTFSI electrolyte, (k) Waterfall diagram of the in operando Raman spectra of Cu-mesh@Ag||Li half cells in
1 M LiTFSI + 0.01 M KI electrolytes, (1) The selected local Contour plot of I3 in 1 M LiTFSI + 0.01 M KI electrolytes.
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Fig. 4. XPS spectra of (a) C 1s, (b) Li 1s, (c) O 1s, (d) F 1s, (e) I 3d, and (f) the content of the SEI composition after 100 cycles in Li||Cu-mesh@Ag cells in different
electrolytes, (g) LUMO-HOMO energy level diagram of the different solutes and solvents.

lithium content (Fig. 4f), indicating the elimination of inactive lithium
by I". Moreover, the I signal (Fig. 4e) is preserved after long-term
cycling. Hence, the LiTSFI with KI electrolyte can reduce the Li;O spe-
cies in the SEI film and promote the formation of LiF species. Robust and
stable SEI film reduces side reactions between metal anode and elec-
trolyte, resulting in improved battery electrochemical performance.
According to the frontier molecular orbital theory (Fig. 4g), the lower
the LUMO level of the molecule, the more likely it is to accept electrons
for reduction reactions during charge and discharge. The I3 species have
a relatively low LUMO energy level of —4.08 eV. This means a higher
electron affinity and easier reduction to I” during the Li plating process.
In other words, compared with other solutes and solvents, I3 is easier to
react with lithium metal, thereby effectively eliminating the inactive

lithium generated by dendrite accumulation.

To evaluate the electrolyte performance in practical application, we
used LFP as the cathode and Cu-mesh@Ag-Li as the anode to assemble
full cells and test their electrochemical performance. First, 3.0 mAh
em ™2 Li was deposited on the Cu-mesh@Ag substrates. Then the Cu-
mesh@Ag-Li was paired with LFP cathodes to obtain Cu-mesh@Ag-
Li|[LFP. The loading mass of LFP is 2.0-2.5 mg cm™2. Fig. 5a shows
the initial charge-discharge profiles of Cu-mesh@Ag-Li||LFP full cells at
0.1 Cin 1 M LiTFSI, 1 M LiTFSI + 0.005 M KI, and 1 M LiTFSI + 0.01 M
KI electrolytes. The initial discharge capacities are 155.4, 162.7, and
167.1 mAh/gin 1 M LiTFSI, 1 M LiTFSI + 0.005 M KI, and 1 M LiTFSI +
0.01 M KI electrolytes, respectively. Compared to the LFP full cell with
no KI additive, significantly improved specific capacities at first charge
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Fig. 5. (a) Initial charge and discharge curve at 0.1 C, (b) Rate performance, (c) Cycling performance and Coulombic efficiency of Cu-mesh@Ag-Li||LFP at 2.0 C in

different electrolytes.

and discharge are observed in cells with 1 M LiTFSI + 0.005 M KI and 1
M LiTFSI + 0.01 M KI electrolytes, indicating improved kinetics after KI
introduction. The enhanced electrochemical performance of Cu-
mesh@Ag-Li||LFP full cell in the 1 M LiTFSI + 0.01 M KI electrolyte
can be ascribed to the inhibition of Li dendrites by K and the rapid
reversible recovery of batteries by I". Fig. 5b shows the rate perfor-
mances of Cu-mesh@Ag-Li||LFP cells with different electrolytes. The
Cu-mesh@Ag-Li||LFP full cell with 0.01 M KI additive shows superior
rate performance compared with other cells. The discharge capacities of

Cu-mesh@Ag-Li||LFP full cell with 0.01 M KI at 0.2 and 10.0 C are 161.2
and 108.7 mAh/g, which are higher than the full cells with fundamental
electrolyte (discharge capacity of 152.8 mAh/g at 0.2 C and 86.4 mAh/g
at 10.0 C) and with 0.005 M KI additive (discharge capacity of 156.5
mAh/g at 0.2 C and 102.8 mAh/g at 10.0 C). Moreover, the cycle per-
formances of Cu-mesh@Ag-Li| |LFP full cells are shown in Fig. 5c. At 2.0
C, the initial discharge capacity of Cu-mesh@Ag-Li||LFP with 1 M
LiTFSI + 0.01 M KI electrolyte is 145.2 mAh/g, which only reduces to
133.2 mAh/g after 800 cycles (capacity retention 91.7 %), suggest good
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Fig. 6. (a) Initial charge and discharge curve at 0.1 C, (b) Rate performance, (c) Cycling performance and Coulombic efficiency of Li|[NCM811 at 1.0 C in different
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cycle performance. This is attributed to the redox behavior of iodine that
can effectively restore inactive lithium.

The cyclic voltammetry curves of Cu-mesh@Ag-Li||LFP are pre-
sented in Fig. S6a. Cu-mesh@Ag-Li||LFP full cell exhibited the smallest
potential interval and most substantial redox peaks in 1 M LiTFSI + 0.01
M KI electrolyte, indicating the preeminent redox kinetics. Fig. S6b
shows the EIS of Cu-mesh@Ag-Li||LFP in different electrolytes. Ac-
cording to the Nyquist plots, the charge transfer resistance (R.¢) values of
Cu-mesh@Ag-Li||LFP are 102.2, 248.3, and 518.1 Q in 1 M LiTFSL, 1 M
LiTFSI + 0.005 M KI, and 1 M LiTFSI + 0.01 M KI electrolytes, respec-
tively. Meanwhile, Cu-mesh@Ag-Li||LFP full cell delivers the lowest
contact resistance of 2.95 Q in 1 M LiTFSI + 0.01 M KI electrolyte, lower
than 1 M LiTFSI electrolyte (8.16 Q) and 1 M LiTFSI + 0.005 M KI
electrolyte (5.06 ), indicating the improved kinetics. The Cu-
mesh@Ag-Li||LFP has the smallest impedance in 1 M LiTFSI + 0.01 M
KI electrolyte, which is attributed to the presence of K' on the current
collectors to guide the uniform Li deposition and suppress the lithium
dendrite growth. In contrast, the recovery of inactive lithium by
reducing iodine reduces the resistance to ion migration simultaneously,
so the battery has more excellent performance.

LMB full cells were assembled using NMC811 cathodes, using 1 M
LiPFg in EC/DMC with different KI additives. Fig. 6a shows the initial
discharge capacities of full cells in 1 M LiPFg, 1 M LiPFg 4+ 0.005 M KI,
and 1 M LiPFg + 0.01 M KI electrolytes are 206.7, 211.2, and 218.2
mAh/g, respectively, indicating the improved kinetics with 1 M LiPFg +
0.01 M KI electrolyte. In addition, the cell with 1 M LiPFg + 0.01 M KI
electrolyte displayed an excellent rate capability, with discharge specific
capacities of 170.3 mAh/g at 0.2 C, 124.9 mAh/g at 2.0 C, and 108.5
mAh/g at 5.0 C, thanks to the charge shielding effect of K™ on the
dendrite tip and the rapid recovery of inactive lithium by the I” redox.
More importantly, the discharge capacity recovered to 202.8 mAh/g
when the rate returned to 0.1 C. Moreover, it can be seen that the cell
with 1 M LiPFe¢ + 0.01 M KI electrolyte exhibited excellent cycling
performance with specific capacity retaining to 109.4 mAh/g, delivering
better capacity retention of 54 % after 500 cycles, with Coulombic ef-
ficiency >99.7 % at 1C (Fig. 6¢). And the cell of the 1 M LiPFg exhibited
wildly fluctuating Coulombic efficiency after 430 cycles, indicating an
unstable Li plating/stripping process. No extra oxidation peaks exist in
the CV curve for Li||NCM811 full cells with different electrolytes
(Fig. S7a). However, the larger peak area and stronger peak intensity
were exhibited in the 1 M LiPF¢ + 0.01 M KI electrolyte, indicating its
fast reaction kinetics in the full cell. At the same time, the smaller charge
transfer impedance and interfacial contact impedance (Fig. S7b) also
demonstrate the fast reaction kinetics in the Li||[NCM811full cell with 1
M LiPFg + 0.01 M KI electrolyte. Collectively, the electrochemical
Evaluation results suggest that KI can promote stable cycling of Li||
NMC811 full cell and contribute to the formation of stable interfacial
layers on both Li metal anode and NMC811 cathode during cycling.

4. Conclusions

The practical improvement in the electrochemical performances of Li
metal anode in Cu-mesh@Ag-Li||LFP and Li||[NCM811 full cells by
introducing optimized amounts (0.01 M) of the KI additives into the
LiTFSI/ether-based electrolyte is demonstrated. The electrostatic shield
of K can help adjust the electrochemical deposition of Li", improving
the cyclic performance of the Li metal anode. Meanwhile, the I” can
rapidly recover inactive lithium due to iodine redox. Uniform and dense
Li deposition have been achieved and exhibited a high Coulombic effi-
ciency of 98.8 % over 200 cycles in the 1 M LiTFSI + 0.01 M KI elec-
trolyte. Remarkably, the Cu-mesh@Ag-Li||LFP and Li||[NCM811 full cell
show superior rate and cycle performances, suggesting their excellent
potential in practical application.
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