Journal of Materials Chemistry A

&
4

Journal of

Materials Chemistry A

Modulating Reactivity and Stability of Metallic Lithium via
Atomic Doping

Journal: | Journal of Materials Chemistry A

Manuscript ID | TA-ART-02-2020-002176.R1

Article Type: | Paper

Date Submitted by the

Athor. | 26-APr-2020

Complete List of Authors: | Lu, Ke; Northern Illinois University, Chemistry

Xu, Haiping ; Northern Illinois University, Chemistry & Biochemistry
He, Haiying; Valparaiso University, Department of Physics and
Astronomy

Gao, Siyuan; Northern Illinois University, Chemistry

Li, Xun; Northern Illinois University, Chemistry and Biochemistry
Chong, Zheng; Northern Illinois University, Chemistry and Biochemistry
Xu, Tao; Northern Illinois University, Department of Chemistry and
Biochemistry

Cheng, Yingwen; Northern Illinois University College of Liberal Arts and
Sciences, Chemistry and Biochemistry

o

SCHOLARONE™
Manuscripts




Page 1 of 19 Journal of Materials Chemistry A

Modulating Reactivity and Stability of Metallic Lithium via Atomic

Doping

Ke Lu,® Haiping Xu,[?l Haiying He,®! Siyuan Gao,® Xun Li,[?] Chong Zheng,® Tao Xu™2] and
Yingwen Cheng™[al

[a] Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb, Illinois,
60115, United States.

[b] Department of Physics and Astronomy, Valparaiso University, Valparaiso, Indiana, 46383,
United States.

*E-mails: ycheng@niu.edu (Y.C.) and txu@niu.edu (T.X.)



Journal of Materials Chemistry A Page 2 of 19

TOC

270 "
o +0.1eV electrplyte]].

1

work function
Atomic Doped Li

-
o]
o

3.0 mAh per cell

Specific capacity (mAh g™
8
o /

L] Li/NMC811
W Doped Li (30 um, 7 pL electrolyte)
@ Li (30 um, 7 pL electrolyte)

o i 1 i
0 20 40 60 80 100

Cycle number




Page 3 of 19

Journal of Materials Chemistry A

Abstract:

Many approaches have been described to address challenges in metallic Li anodes but
they rarely modulate its inherent chemical reactivities. Here we describe a general approach for
modulating Li metal properties and enabling stable metal batteries by doping with ~ 0.1 at.% Ag
or Al. The dopants were atomically dispersed in the vacant face-centered sites of the body-
centered cubic Li crystals and pull electrons strongly due to higher electronegativity (Ag: 1.98;
Al: 1.61 vs. Li: 0.98). As a result, the doped Li have increased work function with reduced
chemical reactivity and remained shiny in dry air for months. They also exhibited enhanced
Li*/Li redox kinetics and generated thinner but stronger solid-electrolyte interphases in carbonate
electrolytes. The dopant atoms are lithophilic and have stronger bindings with Li adatoms, which
guide uniform Li deposition and ensures dendrite-free Li interface during battery cycling.
Overall, the doped anodes enabled stable operations of not only high current symmetric cells but
also practical full cells in which Ni-rich layered cathodes were paired with 30 pm anodes and 7
uL electrolytes. The doping approach is facile and scalable, and opens up new and promising

opportunities for designing practical high energy density metal batteries.

Keywords: Doped Li metal; metal batteries; air stable Li; Li protection; directed deposition
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Introduction

Lithium ion batteries designed with intercalation-type electrodes store electricity
efficiently as chemical energy, and are extensively used in many areas including portable
electronics, robotics and electric vehicles.!»> However, they have limited energy densities (~ 150
Wh kg!) and are unable to cope with the growing cost and performance demands especially for
the large-scale applications.’-> There are hence urgent needs for higher energy alternatives, and
Li metal batteries that pair metallic Li anodes with high capacity cathodes such as sulfur, oxygen
or Ni-rich oxides are among the most promising candidates.® The advantages of metallic Li
anodes are now widely recognized, including ten times higher specific energy than graphite
(3860 vs. 370 mAh g!), the lowest electrochemical potential (-3.040 V vs. SHE) and very low
gravimetric density (0.59 g cm).° The success of these candidates relies critically on the design
of truly reversible lithium electrodes with stable electrode-electrolyte interfaces, as they are
required for long lasting practical batteries with energy densities beyond 350 Wh kg! (lean
electrolytes, low N/P ratio, no swelling, etc.).!0-13

The extremely high reactivity of Li metal poses several critical challenges that are
currently roadblocking its commercialization.!4 15 Li spontaneously react with almost all liquid
electrolytes and form fragile solid-electrolyte interfaces (SEI), which irreversibly consume both
Li metal and electrolytes during battery cycling.'® 7 In addition, these SEI layers induce
turbulences in local Li-ion flux and accelerate growth of unsafe dendrite.!® 1 Many approaches
have been demonstrated to stabilize Li metal during battery cycling. Specifically, a variety of
integrated Li anodes were fabricated by infusing Li in 3D structural hosts such as porous carbon,
graphene, metallic and polymeric foams and exhibited improved stability, largely due to

significantly reduced effective current densities.?’-2> These hosts can be further modified via
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heteroatoms or lithophilic nanoparticles, which improve Li wetting and smooth Li surface during
dynamic cycling.?*2¢ The coating of Li metal with artificial protection films, using materials
such as Li-alloys, graphene, metal fluorides and nitrides, is another approach for improving Li
stability. These films shielded reactive Li metal from liquid electrolytes, and extended electrode
life by reducing detrimental side reactions.?’-3! Additionally, more stable Li cycling was
described using novel electrolytes and additives that promote formation of stronger SEI layers,
such as concentrated ether electrolytes, fluorinated electrolytes and dual salts electrolytes.!? 3237
In general, although these approaches assist fabrication of Li metal electrodes with improved
stability, they are unable to modulate the inherent physicochemical properties of metallic Li and
therefore the performance improvements are fundamentally limited. It is therefore of great
interests and practical significance to explore approaches specifically designed to manipulate the
fundamental behavior of Li metal.

Li-rich intermetallic alloys with the general formula of Li,M (M = Si, Sn, Al or Mg) have
attracted significant interests as alternative anodes for Li metal batteries.38-40 Lithium in these
alloys generally have lower chemical activity and modified surface properties, which reduce
formation of dendritic structures and improve high-current performance. However, almost all of
these alloys contained large amounts of alloying elements (> 10%) and therefore their energy
density is smaller than pure Li. In addition, these alloys can only survive limited cycles due to
the large volume changes during cycling and formation of unstable nanoporous sponge structures
during Li stripping.?®-30-41.42 On the other hand, the application of trace level dopant is a
powerful approach to alter the electrical or optical properties of a substrate and provides
materials that revolutionized fields such as solid-state electronics and lasers.** 4 We examined

this approach to Li metal and report herein that the doping with 0.1 at. % Ag or Al produced Li
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electrodes with significantly reduced chemical reactivity and very stable cycling. The dopant
atoms are atomically dispersed and reside at the otherwise vacant face-centered sites within the
body-centered cubic (BCC) structure of Li crystal. The dopants have higher electronegativity
than Li atoms and strongly attract electrons in their vicinity, which increases the work function
and reduces the reactivity of Li metal, leading to doped electrodes that are surprisingly stable in
dry air for months. Importantly, the doped electrode exhibited higher Li*/Li redox kinetics and
significantly improved the fast charging capability of Li metal batteries. We further show that the
dopant atoms have stronger binding with Li adatoms and guide uniform Li plating, which
fundamentally mitigate growth of notorious unsafe dendrites. The combination of these benefits
promoted generation of much thinner but stronger SEI layers during cycling in carbonate
electrolytes, and enabled high-capacity and dendrite free battery cycling both in symmetric cells
and in realistic full cells.

Results and Discussion
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Figure 1: Synthesis and structural characterization of doped Li metals: a) Li-Ag phase diagram that
rationalizes uniform dispersion of Ag atoms upon cooling the molten mixtures when Ag molar
concentrations are < 1%; b) illustration of the synthesis process; ¢) XRD patterns of pristine and doped Li
with different molar ratios. The doping noticeably enhanced the intensity of (200) peak; d) XANES and e)
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EXAFS spectra of Ag K-edge in doped Li electrodes. The spectra from Ag foils are included for
comparison; f) the structural characterizations identify dopant atoms reside the face-centered sites in BCC
Li crystal structure.

We focused on Ag as the dopant since it has similar atomic radius as Li (1.65 vs. 1.67 A
for Li). Its atomic concentration was varied from 0.02% to 1% to ensure complete solvation
without formation of crystalline compounds, which was determined from the Li-Ag phase
diagrams (Figure 1a).*> The doped Li metal samples were prepared inside an Ar-filled glovebox.
Typically, 2.0 g Li was loaded in a crucible and was melted at 220°C. A piece of silver wire was
then introduced and it usually dissolve in molten Li within a few seconds (Figure 1b).#¢ The
mixture was kept at 220°C for 2 hours to ensure complete homogenization, and was cooled
afterward naturally. A piece of solidified Li lump was obtained (Figure S1), which was pressed
to foils after cutting off the surface layers with a razor blade for battery assembly and testing.
The undoped Li electrodes were prepared using the same melting-cooling procedure to ensure
appropriate comparison. In addition to Ag, Li metals doped with Al were also prepared and
studied. All the produced Li electrodes had grain sizes ~ 45 nm and likely had similar
microstructure. No measurable differences in electrochemical properties were observed for Li
electrodes with and without the melting-quenching procedure.

The X-ray diffraction (XRD) patterns of the doped Li metals exhibited peaks that can be
indexed exclusively to the BCC structure of metallic Li (Im-3m, Figure 1c) and no crystalline
intermetallic compounds were identified. Notably, the doped samples exhibited dramatically
enhanced intensity for the (200) diffraction peak. Figure 1d-e compare the K-edge X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)
spectra of Ag in doped Li and pure Ag foils. The XANES spectra of Ag in doped Li are

distinctly different from Ag foils and confirm the complete solvation in metallic Li. In addition,
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the Ag energy in Ag-doped Li appears more negative than Ag foil, suggesting shift of electron
density due to the greater electronegativity (Ag: 1.98 vs. Li: 0.98). Meanwhile, the FT k3-
weighted oscillation curves in EXAFS suggest the average bonding distance between Ag and Li
in R space was ~ 2.1 A, which corresponds to 2.5 A after phase shift, and no signatures
corresponding to Ag-Ag bonding were observed. Importantly, the correlation of enhanced (200)
peak in XRD and the 2.5 A Ag-Li bonding distance reveals that the Ag dopants occupied the
otherwise vacant face-centered sites in Li crystals as shown schematically in Figure 1f.
Furthermore, this assignment is also supported by density functional theory (DFT) calculations
and the formation energy of positioning Ag atoms at interstitial face-centered site is favored
compared with substitutional sites (-2.27 vs. -1.47 eV, Figure S2). The rationales for such
assignment and how this enhance the (200) peak are detailed in the supplemental information.
On the other hand, preferred crystallographic orientation could also contribute to the
enhancement in (200) peak. We note that this does not seems as a major contributing factor as
similar results were obtained regardless how the Li lumps were rolled and preferred orientation

alone unlikely generate such pronounced increases in diffraction peaks.
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Figure 2: The doped Li metal has reduced chemical reactivity and enhanced electrochemical activity: a)
UPS spectra and estimated work functions of Li doped with various level of Ag, the results of Li foil and
Ag foil are included for comparison; b) Comparison of LSV polarization curves acquired from coin cells
assembled with either Ag-doped Li or undoped Li as the cathode and undoped Li as the anode; c) rate
capability of full cells assembled with NMC 811 cathode and either Ag-doped or undoped Li anodes; d)

surface tarnishing of pristine and doped Li electrodes in dry air; ) XRD/SEM results and f) Nyquist plots
of Ag-doped Li electrodes before and after 90 days of exposure in dry air.

The doped Li metals have reduced chemical reactivity and significantly improved dry air
stability. The Ag dopants modulate charge distribution in Li metals due to higher electron
negativity as revealed by DFT studies of Li (100) model surface (Figure S3). DFT also suggests
that the work function of Ag-doped surface (Ag:Li = 1:128) increased to 3.11 eV from the 3.05
eV of undoped Li, which was also quantified by Ultraviolet Photoelectron Spectroscopy (UPS)
as by 0.1~0.2 eV after Ag doping (Figure 2a)and confirming reduced reactivity of surface
electrons. On the other hand, the impacts of dopants on interfacial charge transport and the Li*/Li
redox couple was examined in the 1.0 M LiPF¢ in EC/DEC electrolyte using coin cells
assembled with an either Ag-doped Li or undoped Li as the cathode and an undoped Li electrode

with twice surface area as the anode. The cell with the doped electrodes exhibited linear
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polarization curves without abnormal redox peaks but with notably higher slopes (Figure 2b),
suggesting enhanced interfacial redox kinetics. The Li*/LiAg, couple exhibited a slightly higher
redox potential and positively shifted ~ 0.64 mV compared with Li*/Li as a result of increases in
work function. Furthermore, the electrochemical impedance spectroscopy (EIS) analysis
revealed that all of the doped electrodes have lower charge-transfer resistance (R,,) and higher
Li* ions diffusion coefficient (D;;+) compared with undoped Li not only in carbonate but also in
ether electrolytes (Figure S4), suggesting intrinsically promoted redox kinetics. The 0.1 at.% Ag
doped Li metal has the best combination of properties and was therefore studied in more detail
(referred as Ag-Li hereafter). As expected, the fast charging Ag-Li electrodes enabled Li metal
batteries with notably improved high rate performance. Figure 2¢ presents that full cells
assembled with NMC 811 cathodes and Ag-Li anode delivered a high capacity retention of 65%
as the rate was increased from 0.1C to 10C, as opposed to the 42% for the undoped Li based full
cells.

We then compared the dry air stability of Ag-Li and undoped Li electrodes under relative
humidity <5%. The undoped Li exhibited typical aggressive reactivity and formed characteristic
tarnishing layers composed of Li;N and Li,O almost immediately (Figure 2d, S5).#’ The doped
Li, in strong contrast, had outstanding stability and remained shiny for months without
generating noticeable tarnishing layers. The surface of doped Li remained flat and dense whereas
pristine Li become very porous with abundant corrosion pits (Figure 2e). Further surface analysis
using XPS revealed that the doped electrodes developed thin surface layers with notably less
amounts of Li,O and Li,CO3, and almost no Li;N was observed. The Ag 3d XPS spectrum
suggests a portion of the Ag dopant was oxidized, which likely played key roles in stabilizing the

surface (Figure S6). In addition, we studied the impacts of surface tarnishing on the

10
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electrochemical activity by performing EIS analysis of symmetric coin cells assembled with
doped Li electrodes after different days of exposure (Figure 2f). The results suggest that the R,
of Ag doped Li electrodes only increased slightly after 90 days of exposure (26 to 37 Q cm?),
which is dramatically better than the more than 20 increases of pristine Li electrodes within only
two days (Figure S5). These results imply intrinsic dry-air stability of Li metal as a result of Ag
doping, which can enable their direct integrations in the dry room based industrial manufacturing

facilities without costly surface protection treatments.
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Figure 3: Ag doped Li metal electrodes have improved stability and dendrite-free Li plating in carbonate
electrolytes: comparisons of a) Ag doped Li and b) pristine Li electrodes for Li plating, including DFT
calculation that shows favorable binding energies (£,) for positioning Li adatoms near Ag dopants on Li
(100) surface (charge density isosurface value set to = 0.0080 e/A3%) and photographs/SEM images that
visualize smooth electrolyte-electrode interface during dynamic Li deposition; ¢) Voltage profiles of coin
cells of symmetric pristine or Ag doped Li electrodes cycled at 5 mA c¢cm for a capacity of 10 mAh cm?
per cycle; d) Nyquist plot of symmetric cells after different cycles;

11
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The Ag-Li electrodes have significantly improved stability and enabled dendrite-free Li
plating in carbonate electrolytes. DFT studies of the energetics of Li plating on the model Li
(100) surface suggest that the binding of Li adatoms on Ag-doped Li surface was notable
stronger (-1.53 vs. -1.28 eV of the undoped surface, Figure 3a-b). In addition, the binding of Li
adatom at sites closer to Ag dopants were always stronger, which implies Ag atoms are
lithiophilic and capable of direct Li deposition for maintaining smoother surface. This was
further verified by examinations of Li metal-electrolyte interfaces during Li plating using a
custom-built optical cell and a beaker cell (Figures 3a,b, and S7). The photographs captured
using an optical microscope suggest that Li deposited on Ag-doped Li electrodes remained
smooth and shiny whereas substantial dendrites were observed on pristine Li electrodes at the
early stages of deposition, similar results were obtained with ex-situ SEM images. Furthermore,
the stability was also evaluated using coin cells assembled with symmetric 2.0 cm? electrodes.
The Ag doped Li anodes have outstanding stability even an aggressive current density of 5 mA
cm? and a high capacity of 10 mAh ecm™ per cycle (Figure 3¢). The overpotentials associated
with Li stripping/stripping remained relatively flat throughout the 600 hours testing, suggesting

uniform Li plating without substantial perturbance in surface architectures. Although some

random abnormal voltage spikes were indeed observed, such phenomenon was mostly associated

with depletion of surface Li-ions under high currents and was generally disappeared shortly. The

undoped Li anodes, in strong contrast, exhibited substantial voltage fluctuations with large spikes

for almost all cycles, which are characteristic of growing both mossy dendrites and the unsafe
spike dendrites. In addition, the cell also exhibited failures due to consumption of electrolytes
after ~ 450 hrs, further confirming the unstable nature of pure Li-electrolyte interface.*® The

Nyquist plots acquired during cycling also confirm stable electrode-electrolyte interface for Ag-

12
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doped electrodes, as the increases in R, during cycling were substantially smaller (Figure 3d).
The testing at 4.0 mA cm reveal similar and consistent results (Figure S8). Additionally, the
doped electrodes exhibited consistently smaller overpotentials for all current densities examined
(1~5 mA cm?), which are consistent with improved high-current performance as discussed
above (Figure S9).

Figure 4 demonstrates Ag-doped Li anodes substantially extended the cycle life of full
cells paired with high loading NMC 811 cathodes (3.0 mAh per cell). These cells were primary
evaluated using thin Li foils (30 and 80 um) and lean electrolytes, as such conditions are required
for practical batteries with specific energies exceed 350 Wh kg!.21.4% As expected, the Ag-
Li||[NMC 811 cells equipped with 30 um Li foils (corresponds to a N/P ratio of 4.1 and 230%
excess Li) and 7 pL electrolyte exhibited stable cycling. The capacity retention was 74.5% for
100 cycles at 1.0 C and the Coulombic efficiency (CE) was maintained at nearly unity (Figure
4a, S10). Meanwhile, the voltage profiles were relatively stable and did not show significant
increase in overpotential during cycling (Figure 4b). Importantly, cells assembled with the
slightly thicker 80 um Ag-Li foils and the conventional 400 um foils exhibited stabilities that are
essentially identical, further highlighting the remarkable interfacial stability between doped
anode and carbonate electrolyte (Figure S11). These stabilities were in sharp contrast with thin
undoped Li electrodes under lean conditions, where premature failure was commonly observed

within only 20 cycles due to rapid Li degradation and electrolyte depletion.?!

13
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Figure 4: Doped Li anodes enable stable cycling of full cells incorporating NMC 811 cathode: a) cycling
profiles of cells equipped with doped or pristine Li electrodes and different amount of electrolyte as
specified (rate=1C). The cell with ~ 30 pum doped anode and 7 uL electrolyte exhibited outstanding
stability and its voltage profile at the 1%, 50t and 100%™ cycle is compared in b. Characterization of Li
metal anodes after 200 cycles: ¢) XRD patterns and d) EDS spectra of doped and pristine Li electrodes; e-
f) SEM images and g-i) high resolution XPS spectra for Ag-doped Li electrodes.

Figure 4c-i present a series of post-mortem analysis of deeply cycled Li metal electrodes.
The XRD patterns of Ag-Li anodes only exhibited diffraction peaks from crystalline Li (Figure
4c), as opposed to the strong Li,0O and LiF peaks from pristine Li electrode. Although in
principle the Ag dopants should progressively concentrate during cycling and convert to some
Ag-rich alloy phases, such phases were not detected perhaps due to small quantity and/or
amorphous crystallinity nature. The energy-dispersive X-ray spectroscopy (EDS) analysis

reveals that the contents of F and P in the SEI layers generated on Ag-Li electrodes were both

14
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much lower compared with pristine Li electrodes (Figure 4d). Furthermore, the Ag-Li electrodes
generated SEI layers that have flat morphology and much thinner (Figure 4e-f), suggesting
reduced electrolyte decomposition that is critical for stable operation under lean conditions. The
SEI layers appeared to be very dense without porous structure and adhere to the underlying
metallic Li strongly, which agrees with the stable R., and lower ESCA as discussed above. The
chemical composition and binding information of these SEI layers were further analyzed using
X-ray photoelectron spectroscopy (XPS, Figure 4g-I, S12-13). Both doped and pristine Li
electrodes show dominance of carbonyl groups (C=0) and ether oxygen (C-O) in O Is and C 1s
spectra, suggesting decomposition of carbonate solvents during cycling. The SEI generated on
pure Li contains significant quantity of lithium oxides, but such species were not detected in the
SEI generated on doped Li and the oxide species can be best attributed to the Ag-O groups. The
F 1s and P 2p spectra both reveal formation of AgF and AgP, compounds, respectively. The
formation of such silver compounds likely contributed to robust SEI in addition to the better
chemical stability as a result of Ag doping. Additionally, the Ag 3d spectra only show peaks
from ionic silver species and no Ag® signal was observed (Figure S13). The combination of these
beneficial effects reduced depletion of electrolyte and slows Li corrosion, leading to significantly
enhanced stability under thin Li foils and lean electrolytes.
Conclusion

In summary, we demonstrated that the application of atomic doping with Ag or Al
effectively modulates the chemical reactivities of metallic Li and lead to designable Li electrodes
with favorable properties for Li metal batteries. We identified that the dopant atoms selectively
occupy the vacant face centered sites in the body centered cubic structure of Li crystals. The

dopant has higher electronegativity compared with Li and strongly attract electrons in their

15
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vicinity, which increase the work function and makes Li metal more inert toward reacting with
air and electrolyte. The doped Li electrodes delivered higher Li*/Li redox kinetics with lower
charger transfer resistance that are desired for high-power Li metal batteries. As a result of
promoted redox activity and improved stability, these doped Li electrodes exhibited significantly
improved stability in both symmetric cells and Li metal batteries coupled with NMC 811
cathodes. Our approach is facile and could be readily scaled up, and provides a viable approach
to achieve practical Li metal anode especially when combined with the recent development in
advanced electrolytes. The doping fundamentally alters the electrochemical behavior of Li, and
allows the access of its physicochemical properties that are unlikely unattainable with traditional
approaches, which opens up new and promising opportunities for the design of practical Li metal
batteries.
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