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An electrolyte regulation strategy via in situ coupling of CF3SO3 ™~ and hydrophobic
silica colloidal nanoparticles through electrostatic interaction is achieved. The
seed crystal effect as well as anion-fixed and solid-like rheological properties can
effectively prevent dendrites. The lower diffusion coefficient and hydrophobic
property of nanosilica can lead to nearly 980-fold anticorrosion results.
Consequently, the symmetrical batteries display 700 h of life with 30 mV
overpotential and 45-fold lower Rsgj. Moreover, a 550-cycle anodic life is achieved
in Li-O, batteries with 10 wt % HSCE.
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SUMMARY

Lithium-oxygen (Li-O,) batteries are promising next-generation batteries owing
to their ultrahigh theoretical energy density. However, Li metal anodes in Li-O,
batteries are still plagued by uncontrollable dendrite growth and serious para-
sitic reactions. Herein, we report an electrolyte regulation strategy via in situ
coupling of CF3SO3~ and hydrophobic silica colloidal nanoparticle through
electrostatic interaction. With the assistance of the seed crystal effect and the
solid-like rheological properties, 10 wt % hydrophobic silica colloid electrolyte
(HSCE) enables the dendrite-free morphology of Li deposition and helps form a
stable solid-electrolyte interface, which can reduce the impedance by about
45-fold after long-term cycling. Moreover, 10 wt % HSCE with a lower diffusion
coefficient can achieve a 980-fold better anticorrosion effect than 0 wt % HSCE.
Consequently, the 10 wt % HSCE batteries exhibit a stable plating/stripping
process (30 mV in overpotential up to 700 h) and a good anodic cycle life in
Li-O, batteries (550 cycles).

INTRODUCTION

With the rapid development and expanding demand of novel electric transportation
and grid-scale power storage, traditional lithium-ion (Li-ion) batteries cannot satisfy
the demand of such large-scale electricity consumption.'™ Rechargeable aprotic
lithium-oxygen (Li-O,) batteries have become burgeoning candidates because of
their ultrahigh theoretical energy density of 3,500 Wh kg™, which is about 10-fold
higher than that of Li-ion batteries.>” Lithium metal as anode is one of the key
factors in obtaining such high specific capacity thanks to its lowest electrochemical
potential (—3.040 V versus standard hydrogen electrode) and high theoretical ca-
pacity (3,860 mAh g~").2'% However, the use of Li metal anode inevitably triggers
serious safety issues because the dendrite growth of Li will pierce the separator
and give rise to a short-circuit fire."""13 Furthermore, in sharp contrast to other Li
metal-based batteries such as Li metal-ion battery and Li-S battery, the semi-open
nature as well as the oxidizing environment of Li-O, batteries would result in more
severe parasitic side reactions between Li anode and O; (dissolved in electrolyte),
H,O (generated from the decomposition of electrolyte), and other contaminants
(e.g., discharge intermediate), which significantly hinders the development of
Li-O, batteries.'*"® Therefore, it is vital and urgent to open up a path to effectively
protect the Li metal anode of Li-O; batteries.

Among many approaches proposed to protect the Li metal anode, electrolyte
regulation is an effective approach to prevent dendrite growth and stabilize the
electrode/electrolyte interface. Tuning of electrolyte composition (solvent, salt,

)
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Progress and Potential

10 wt % hydrophobic silica colloid
electrolyte (HSCE) is proposed to
protect the Li metal anode from
severe corrosion and irregular
dendrite growth in Li-O battery.
This strategy simply couples the
anion with nanosilica via
electrostatic interaction to avoid
the formation of a strong electrical
field during the Li deposition
process. The higher Li*
transference number, uniform
heterogeneous nucleation sites,
and solid-like rheological
properties can synergistically lead
to uniform Li deposition. The
symmetrical batteries with 10 wt %
HSCE exhibit 30 mV overpotential
until 700 h and nearly 45-fold
lower resistance of SEI film (Rsg).
Furthermore, the low diffusion
coefficient and hydrophobic
property of silica lead to a 980-
fold better anticorrosion effect in
Li-O, batteries and 550 cycles of
anodic life. It is worth noting that
this comprehensive and effective
protection strategy can spark
more inspiration in alkali metal-
Oy/air batteries, which is of great
importance in promoting future
energy development.
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and additive) is a usual method to protect Li metal anode, whereas achieving
good compatibility between the new electrolyte and electrodes is always
challenging.'®"® Very recently, the superconcentrated electrolyte has become
a very important research subject due to its good dendrite-prevention
effect.”” " However, more efforts should be devoted to further improve the
wettability and decrease the cost of Li salt.”” Nanostructured electrolyte with
immobile anion can also effectively stabilize the Li/electrolyte interface and
thus achieve a satisfactory electrochemical performance, but the current prepara-
tion process of such electrolyte is complex for practical application.?*?* There-
fore, it is paramount, while significantly challenging, to develop a facile and
low-cost electrolyte regulation strategy to achieve a stable Li anode and Li/elec-
trolyte interface.

Herein, as a proof-of-concept experiment, we propose and demonstrate an electro-
lyte regulation strategy by in situ coupling of CF3SO3™ on the hydrophobic silica
colloidal particles via electrostatic interactions. Unexpectedly, thanks to the seed
crystal effect of the silica colloid particle and the solid-like rheological properties,
the resultant hydrophobic silica colloid electrolyte (HSCE) results in a much
smoother dendrite-free morphology and also behaves at greatly reduced imped-
ance (about 45-fold lower after long cycling) due to a stable solid-electrolyte
interface (SEl) film. Furthermore, the serious corrosion from O,, H,O, and other
contaminants in Li-O, batteries can be effectively alleviated by 980-fold due to
the low diffusion coefficient and the hydrophobic property of silica. More impor-
tantly, the 10 wt % HSCE endows the symmetrical batteries with a very low overpo-
tential (30 mV) for up to 700 h and, especially, a stable anodic cycling of Li-O,
batteries for up to 550 cycles.

RESULTS AND DISCUSSION

The commercial silica nanoparticles used here display a diameter of between 7
and 40 nm according to transmission electron microscopy images (Figure S1)
and an excellent hydrophobic property verified by the contact angle test (Fig-
ure TA). 10 wt % HSCE was obtained by homogeneously dispersing the hydro-
phobic nanosilica into the electrolyte (1 M LICF3SO3 in tetraethylene glycol
dimethyl ether) via a facial ultrasonic dispersion method. As the optical images
in Figures 1B and S2 show, the as-obtained translucent electrolyte exhibits a clear
Tyndall effect even after storing for 6 months, verifying a satisfactory thermody-
namic stability of 10 wt % HSCE. Rheological measurement of 10 wt % HSCE dis-
plays a higher value of G’ (storage modulus) than G” (loss modulus) (Figure 1C),
indicating solid-like rheological properties for the potential ability to suppress
dendrite growth.?>?¢

The viscosity tests results are displayed in Figure 1D to assist in illustrating the
contaminant prevention effect according to the Stokes-Einstein equation
(Equation 1), where D is the diffusion constant, ris the radius of the particle, 7 is
the viscosity of electrolyte, kg is the Boltzmann constant, and T is the absolute

temperature.”’

Tomr’

(Equation 1)

The diffusion coefficient of the corrosion (H,O, O, and discharge intermediates)
from the cathode side is inversely proportional to the viscosity of electrolyte. As
Figure 1E shows, the viscosity of 10 wt % HSCE is about 980-fold higher than that
of 0 wt % HSCE. In other words, the amount of corrosiveness in 10 wt % HSCE
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Figure 1. Characterization of 10 wt % HSCE

(A) H,O contact angle image of hydrophobic silica nanoparticles.

(B) Tyndall effect images of 10 wt % HSCE before and after storing for 6 months.

(C) Storage modulus G’ and loss modulus G” of 10 wt % HSCE.

(D) Viscosity of different kinds of electrolytes under the same shear rate.

(E) Schematic of the anticorrosion effect of different kinds of electrolytes.

(F) Optical images of the Li metal soaking in 0 wt % HSCE and 10 wt % HSCE exposed to air after 0 min, 5 min, and 30 min.

passing through per unit area in per unit time is about 980-fold lower than that in
0 wt % HSCE. Despite high viscosity, 10 wt % HSCE can also achieve satisfactory
conductivity (Figure S4) and a good wettability (Figure S5), which is prerequisite
to obtaining good electrochemical performance. To confirm the anticorrosion ef-
fect, we soaked two groups of Li sheets in 0 wt % and 10 wt % HSCE respectively
and then exposed them to ambient air (relative humidity = 45%-50%). As Fig-
ure 1F presents, after being placed in ambient air just for 5 min, the color of Li
sheet soaked in 0 wt % HSCE turns silver to black due to the uncontrollable
side reactions with the contaminant in air. After 30 min, multiple bubbles derived
from the drastic parasitic reactions between Li and water in air can be observed.
In sharp contrast, the surface of the Li sheet soaked in 10 wt % HSCE still remains
smooth and shiny even after 30 min, proving the excellent anticorrosion protec-
tion effect of this colloid electrolyte.
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According to the Fajans rule, the silica colloid particles are prone to adsorbing the
ions which have the same properties as SiO,.”? Also, the weak solvation of anion
can also assist CF3SO5~ adsorption because the Li* ion, which is coordinated to
four oxygen atoms within G4 molecules, is difficult to adsorb on the surface of colloid
nucleus.?” We conjectured that CF3SO3 is adsorbed on the SiO, surface as Fig-
ure 2A demonstrates. This conjecture is also consistent with the experimental results
of Li* transference number test. As Figures S7 and S8 show, higher Li* transport
number of 10 wt % HSCE (i, = 0.78) than that of 0 wt % HSCE (t;;, = 0.61) indicates
the fixation effect of the CF3SO3 ™~ caused by the adsorption of colloidal particles.*®
As Equation 2 shows, 7 (Sand'’s time) is the time corresponding to the drop in the

anion concentration at Li/electrode interface to zero,>'%?
7D (nF)?C2 .
752%7 (Equation 2)
a

where D is the ambipolar diffusivity, n is the valence of the salt, Fis Faraday’s con-
stant, Cp is the bulk concentration, Jis the applied current density, and t, is the anion
transference number. According to the space-charge theory proposed by Chazal-
viel, the higher t, can effectively restrain the large electric field caused by the anion
depletion, which can alleviate the ramified dendrite growth.?*** Besides, equally
distributed silica colloid particles can be the seed crystal to lead to stable Li depo-
sition due to the heterogeneous nucleation mechanism, thus finally enabling
dendrite-free Li deposition.(Figure S9)*°> The dendrite-prevention effect of 10
wt % HSCE is clearly summarized in Figure 2B.

In situ optical microscopy was used to intuitionally verify the dendrite-suppression
effect of 10 wt % HSCE. Figures 2C-2H show the cross-section of Li metal anodes
running in 0 and 10 wt % HSCE. It can be observed that the serious uneven dendrites
grow continuously on the surface of the Li in the 0 wt % HSCE during the tests (Fig-
ures 2C-2E). In comparison, the Li morphology in 10 wt % HSCE maintains smooth
during the deposition process, which clearly reveals the dendrite-prevention effect
of 10 wt % HSCE electrolyte (Figures 2F-2H). To reveal the role of different electro-
lytes on Li deposition behavior in more detail, the scanning electron microscopy
(SEM) images of Li plating morphology using 0 wt % and 10 wt % HSCE are displayed
in Figures 2l and 2J. The Li deposition shows an obvious irregular dendrite growth in
0 wt % HSCE (Figure 2I), while that in 10 wt % HSCE exhibits a relatively much
smoother surface (Figure 2J), indicating the 10 wt % HSCE has a good dendrite-sup-
pression effect.

To investigate the stability of Li/electrolyte interface, we tested the Li/Li symmetrical
cells in 0 wt % and 10 wt % HSCE. In Figures 3A-3D, at the beginning of the plating
and stripping process both of the cells show similar overpotential because the side
reaction production and broken SEI film do not accumulate sufficiently on the Li sur-
face to obviously affect the overpotential. With the batteries running, the cells with
0 wt % HSCE exhibit an ultrahigh overpotential that reaches up to 5V after 90 cycles.
On the contrary, the cells with 10 wt % HSCE display a much lower hysteresis (30 mV)
and more stable cycles even until 700 h. The voltage hysteresis evolution compari-
son between the two groups of batteries at different cycles also clearly demonstrates
the improvement of overpotential and cycle life with 10 wt % HSCE (Figure 3E). Even
at a higher current density, the symmetrical batteries with 10 wt % HSCE still exhibit
longer, more stable, and lower overpotential cycling as shown in Figure S11.

The stability of Li/electrolyte interface was further illustrated by the electrochemical
impedance spectroscopy (EIS). First, EIS analysis was performed before and after
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Figure 2. Deposition Behavior of Lithium in Different Electrolytes

(A) Schematic of the ion-adsorption condition of micelle in 10 wt % HSCE.

(B) Schematic of the dendrite-suppression effect during Li deposition process in 0 wt % and 10 wt % HSCE.

(C-H) In situ optical microscopy images of Li deposition in 0 wt % HSCE for (C) 0 min, (D) 30 min, and (E) 60 min. In situ optical microscopy images of
Li deposition in 10 wt % HSCE for (F) O min, (G) 30 min, and (H) 60 min.

(I-J) Low-magnification SEM images of Li deposition morphology in 0 wt % HSCE (I) and 10 wt % HSCE (J); insets are the high-magnification images of

Li deposition morphology in corresponding electrolyte.
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Figure 3. Electrochemical Performance of Symmetrical Batteries with Different Electrolytes

(A-D) Electrochemical performance of Li/Li symmetrical batteries with 0 wt % and 10 wt % HSCE at a current density of 0.1 mA cm~? (each plating and
stripping time is 1 h) (A), and zoomed segments of the voltage profiles (B) between 0 and 10 h, (C) between 170 and 180 h, and (D) between 450 and 460 h.

(E) Corresponding voltage hysteresis curves of Li/Li symmetrical batteries.

(F and G) Nyquist plot of the impedance spectra of symmetrical batteries with 0 wt % and 10 wt % HSCE before and after long-term cycles (F) and

corresponding Rsg value bar graph with 0 wt % HSCE and 10 wt % HSCE (G).

long-term storage, as Figure S13 displays. After storing for around 20 days,
much less impedance increase can be observed in 10 wt % HSCE batteries
than that in O wt % HSCE, indicating that the 10 wt % HSCE can minimize the
resistance of SEI film (Rsg) between Li metal anode and electrolyte.***” It can
be reasoned that this SEI film can be strong enough to effectively isolate Li metal
anode from the electrolyte corrosion. Without the protection of colloid electro-
lyte, the side reaction products will accumulate sufficiently on the Li surface to in-
crease the Rsg. We further tested the EIS of batteries after different cycles. In Fig-
ures 3F and 3G, after long-time cycling the Rsg in O wt % HSCE considerably
increase by 52-fold while that in 10 wt % HSCE only changed a little, consistent
with the overpotential change of symmetrical curves. The ultrahigh impedance
indicated that the unstable SEI film repeatedly breaks and reforms, thus finally
becoming too thick to conduct ions and killing the batteries.”*® These results suf-
ficiently illustrate that the 10 wt % HSCE can build a stable Li/electrolyte interface
and restrain the nonlimiting SEI formation and breaking process as well as the
continuous side reactions.
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Figure 4. Electrochemical Performance of Li-O, Batteries with Different Electrolytes

(A) LSV curves of 0 wt % HSCE and 10 wt % HSCE.

(B) Discharge curves of Li-O, batteries with 0 wt % HSCE and 10 wt % HSCE under different current densities.
(C) Rate performance at different cycles of Li-O; batteries with 0 wt % HSCE.
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Figure 4. Continued

(D) Rate performance at different cycles of Li-O; batteries with 10 wt % HSCE.

(E) Cycle performance of Li-O; batteries with 0 wt % HSCE and 10 wt % HSCE with a specific capacity of 1,000 mAh 9714
(F) Anodic cycle life of Li-O; batteries with 0 wt % HSCE and 10 wt % HSCE.

Encouraged by the dendrite-free deposition and the stabilized Li/electrolyte inter-
face obtained from the 10 wt % HSCE, the Li-O, batteries using 10 wt % HSCE
were assembled. The electrochemical stability of the 10 wt % HSCE, the electro-
chemical stability window is demonstrated and verified in Figure 4A. With the
increasing content of the silica, the 10 wt % HSCE behaves in a much wider electro-
lyte window, indicating that the addition of silica can enhance the electrochemical
stability of electrolyte. The redox reactions of Li-O, batteries with 10 wt % HSCE
are demonstrated by the cyclic voltammetry tests in Figure S16. The curves exhibit
the typical oxidation and reduction peaks of the Li-O, batteries reported in previous
literature, which indicates that the 10 wt % HSCE does not affect the main reactions
in the Li-O, batteries.*”*° Figure 4B displays the full discharge-charge curves of
Li-O, batteries with different kinds of electrolytes at various current densities. The
Li-O; batteries with 10 wt % HSCE always exhibit a higher capacity than those
with O wt % HSCE at different current densities, especially at a high current density
of 1,000 mA g~'. Furthermore, the rate performance of the Li-O, batteries was
tested, the results of which are shown in Figures 4C and 4D. Although the discharge
voltage of the batteries with 0 wt % HSCE is a little higher than that with 10 wt %
HSCE at the beginning of the cycling process, in the following cycles a much lower
and more unstable voltage plateau is observed at each current density, especially at
high current density of 1,000 mA g~', while that of 10 wt % HSCE is very stable.
Another improvement of the Li-O, batteries with 10 wt % HSCE is its cycling life.
As seen in Figure 4E, the Li-O; batteries with 10 wt % HSCE can run for 168 cycles
before the voltage drops to 2.0 V. By contrast, the batteries with 0 wt % HSCE can
only operate over 77 cycles under the same circumstances. Anodic cycle life of
Li-O, batteries also benefits from the excellent protection effect of the Li metal
anodes. As shown in Figure 4F, rebuilt batteries were assembled by replacing the
cathode after every 50 cycles to check the reversibility of anodes. Li-O, batteries
with 0 wt % HSCE can only cycle for 250 cycles at a current density of 500 mA g~
before the anode fails. In the opposite case, Li-O, batteries with 10 wt % HSCE
display a longer cycle life up to 550 cycles, which is attributed to the effective anti-
corrosion effect resulting from the 10 wt % HSCE.

In Li-O; batteries, the more important and challenging anode anticorrosion effect
of 10 wt % HSCE is demonstrated as follows. X-ray diffraction (XRD) was chosen
as a direct tool to reveal the degree of corrosion of Li because the intensity of the
LiOH peaks can indicate the corrosion extent.*' In Figures 5B and 5C, the Li
metal anodes in Li-O, batteries with 0 wt % HSCE after 50 cycles exhibit much
higher LiOH peak intensity than that of 10 wt % HSCE, which confirms a much
more serious corrosion of the Li metal anodes without protection. The corre-
sponding morphology corrosion evolution is illustrated in Figures 5D-5G. After
20 cycles, the surface morphology of Li metal anode with 0 wt % HSCE is
much rougher than that with 10 wt % HSCE. After 50 cycles, deep crevices
form on the surface of the Li metal anode in 0 wt % HSCE while the Li anode
in 10 wt % HSCE displays a much flatter surface, verifying the significant anticor-
rosion effect of 10 wt % HSCE.

To further study the discharge products of Li-O, batteries with 10 wt % HSCE, we
conducted SEM to investigate the morphology of air cathode after discharging
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Figure 5. Surface Corrosion Condition of Lithium after Cycling in Li-O, Batteries with Different Electrolytes

(A) Schematic of the mechanism of the anticorrosion effect of 10 wt % HSCE in Li-O, batteries.

(B and C) XRD patterns of the Li metal that operated in Li-O; batteries with 0 wt % HSCE (B) and 10 wt % HSCE (C) after different cycles.
(D-G) SEM images of Li metal anode surface morphology operated in Li-O; batteries with 0 wt % HSCE after (D) 20 cycles and (E) 50 cycles. SEM images
of Li metal anode surface morphology operated in Li-O, batteries with 10 wt % HSCE after (F) 20 cycles and (G) 50 cycles.

and charging. As Figures S20 and S21 show, the discharge products in Li-O; bat-
teries display an increased diameter of toroid-shape Li;O, with increasing silica
content. We speculate that the silica, which has a high specific surface area
(Figure S22), may adsorb the polar molecular LiO,™ to promote the solution-
growth process and assist greater Li,O, formation.®*? Cathode reversibility was
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also tested in the Li-O, batteries with 10 wt % HSCE electrolyte (Figures S23 and
S24). The SEM images reveal that the toroid-shape Li,O, formed after the
discharge process can be decomposed after the charge process. The aforemen-
tioned results of electrochemical performances and properties of the cathode indi-
cate that the 10 wt % HSCE has good compatibility between electrolyte and
electrode.

Conclusion

In summary, a facile and low-cost 10 wt % HSCE is prepared to effectively protect
the Li metal anodes from severe corrosion and irregular dendrite growth in Li-O,
batteries. Three aspects make 10 wt % HSCE an innovative and effective method.
(1) Compared with complex preparation steps applied in the nanostructured elec-
trolyte to fix the anion, 10 wt % HSCE instinctively facilitates the adsorption of the
CF3SO3~ on the surface of the colloid nucleus and avoids the formation of a
strong electrical field caused by anion depletion. Additionally, the low-cost raw
materials of 10 wt % HSCE solve the exorbitant price challenge of superconcen-
trated electrolyte without sacrificing performance, while 10 wt % HSCE over-
comes the incompatibility between electrode and electrolyte, which always
disturbs batteries using electrolyte regulation methods. (2) The higher Li-ion
transference number, the uniform heterogeneous nucleation sites, and solid-like
rheological properties can synergistically lead to a dendrite-free Li deposition.
Moreover, 10 wt % HSCE can effectively stabilize the Li/electrolyte interface
and prevent the SEI film from repeated damage and formation. The symmetrical
batteries with 10 wt % HSCE exhibit a more stable and longer cycle life (30 mV in
overpotential up to 700 h) as well as a nearly 45-fold lower Rsg,. (3) With the help
of low diffusion coefficient and the hydrophobic property of silica, 10 wt % HSCE
produces a 980-fold better anticorrosion effect to defend O,, H,O, and other
contaminants in Li-O, batteries. The Li metal anode in Li-O; batteries displays
much less corrosion morphology and a much longer anodic cycle life (550 cycles).
Thus, this strategy can effectively reduce the dendrite growth and serious side re-
actions, thus leading to a satisfactory electrochemical performance. Gazing to the
future, this comprehensive and effective protection strategy can spark more inspi-
ration in Li-air battery and Na-air battery research.

EXPERIMENTAL PROCEDURES

Full details of experimental procedures are provided in Supplemental Information.
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