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ABSTRACT: The incompatibility of lithium intercalation electro-
des with water has impeded the development of aqueous Li-ion
batteries. The key challenge is protons which are generated by
water dissociation and deform the electrode structures through
intercalation. Distinct from previous approaches utilizing large
amounts of electrolyte salts or artificial solid-protective films, we
developed liquid-phase protective layers on LiCoO2 (LCO) using a
moderate concentration of 0.5∼3 mol kg−1 lithium sulfate. Sulfate
ion strengthened the hydrogen-bond network and easily formed ion pairs with Li+, showing strong kosmotropic and hard base
characteristics. Our quantum mechanics/molecular mechanics (QM/MM) simulations revealed that sulfate ion paired with Li+
helped stabilize the LCO surface and reduced the density of free water in the interface region below the point of zero charge (PZC)
potential. In addition, in situ electrochemical surface-enhanced infrared absorption spectroscopy (SEIRAS) proved the appearance of
inner-sphere sulfate complexes above the PZC potential, serving as the protective layers of LCO. The role of anions in stabilizing
LCO was correlated with kosmotropic strength (sulfate > nitrate > perchlorate > bistriflimide (TFSI−)) and explained better
galvanostatic cyclability in LCO cells.
KEYWORDS: aqueous lithium-ion batteries, in situ electrochemical surface-enhanced infrared absorption spectroscopy, kosmotropic anion,
lithium cobalt oxide, QM/MM simulation, sulfate

Rechargeable aqueous batteries have received much
attention as replacements for non-aqueous-based lith-

ium-ion batteries (LIBs) and to utilize future grid-scale energy
storage systems (ESSs).1−3 Aqueous LIBs can improve safety
and reduce costs using non-flammable water. In addition, mass
production can be implemented promptly by adapting the
infrastructure, which has been used for commercialized non-
aqueous LIBs. However, they also should overcome the
chemical instability of Li-intercalated electrodes in water and
the low energy density for practical use. Recent studies have
focused on using huge amounts of electrolyte salts,
representatively 21 m (molal concentration, mol kg−1) lithium
bistriflimide (LiTFSI).4−7 These electrolytes, called water-in-
salt electrolytes (WiSEs), have suppressed the hydrogen
evolution reaction (HER) and widened the potential window
by forming the aggregated ion pairs and reducing the water
activity. By introducing an additional artificial solid-protective
layer, the WiSE systems have achieved ∼400 W h kg−1 at the
cell level.6,8,9 However, the large quantities of electrolytes in
these systems have led to high cost and salt precipitation.8,10,11

For economical applications, the use of a moderate
concentration of the electrolyte salt, i.e., salt-in-water level, is
required. However, one of the big hurdles is the vulnerable Li-
intercalated electrodes to water. A water molecule can be easily
adsorbed on the bare electrode surface and dissociate into the

proton (H+).12−16 Subsequently, H+ diffuses into the electro-
des and becomes trapped in the vacancies, which degrades the
electrode and impedes Li+ insertion.17−21 In the absence of
artificial solid-state layers or tremendously concentrated ions
(e.g., WiSEs) at the electrode surface, the reversible Li+
extraction and intercalation processes are highly challenging.
Herein, we introduced a new concept of a liquid-phase

anionic protective layer to prevent H+ insertion. We
investigated interfacial reactions of lithium cobalt oxide
(LiCoO2, denoted as LCO) with 0.5∼3 m electrolyte salts.
A 0.5 m lithium sulfate (Li2SO4) solution retarded the
electrode degradation in contrast to the 1 m LiTFSI solution
that significantly deformed the LCO electrode. It was
attributed to the SO4

2− characteristics. SO4
2− strengthened

the hydrogen-bond network and was easily paired with Li+.
This strong kosmotropic and hard-base characteristic was
compared to nitrate (NO3

−), perchlorate (ClO4
−), and TFSI−

as the weaker kosmotropic and soft-based anions. Our mean-
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field Quantum mechanics/molecular mechanics (QM/MM)
simulations revealed that SO4

2− tied with Li+ stayed at the
LCO interface below the point of zero charge (PZC) potential,
which diminished the density of free water. In addition, in situ
electrochemical surface-enhanced infrared absorption spectros-
copy (SEIRAS) demonstrated the presence of inner-sphere
SO4

2− complexes on LCO, serving as the liquid-phase
protective layer above the PZC potential. Our study elucidated
the superior cyclability of the LCO cells with SO4

2− and better
performance with stronger kosmotropic anions.
The motivation of this study was different galvanostatic

cyclabilities in two electrolyte solutions, 0.5 m Li2SO4 and 1 m
LiTFSI in water, where the Li+ concentrations were constant at
1 m. Galvanostatic tests in half-cells were conducted using
LCO on a Ti substrate, Pt coil, and Ag/AgCl as the working
electrode (WE), counter electrode (CE), and reference
electrode (RE), respectively. There was negligible contami-
nation issue from the Pt CE, confirmed by replacing Pt with an
activated carbon (AC) electrode (Figure S1 and Table S1). All
examinations were carried out in an argon-purged glovebox to
mitigate Co ion diffusion in LCO and stabilize Li+-intercalation
chemistry.14,22 For 30 cycles, the LCO cells with 0.5 m Li2SO4
showed excellent capacity retention with 97% average
Coulombic efficiency (CE) (Figure 1a,c). The main plateaus
at 0.6−0.8 V (vs Ag/AgCl unless otherwise stated) indicate Li+
extraction and intercalation during the charge and discharge,
respectively, and approached a capacity of 120 mA h g−1. The
poor CE for the first cycle (∼92%) affected the low average CE
(97%) for 30 cycles, which was presumably attributed to the
oxygen evolution reaction or water-induced surface activation.
We note that the gradual capacity increase was presumably due
to improved electrode wettability during cycling.13 In addition,
a minute plateau at 0.25 V often appeared at the end of the
discharge, possibly caused by Co3+ reduction at the LCO
surface. This phenomenon was also observed from non-
aqueous electrolyte solutions.12,23 However, a little Co3+

reduction did not significantly disturb 30-times cycled
performances (see Figure 1a−c). In sharp contrast, the LCO
cells with 1 m LiTFSI exhibited considerable capacity fading
from 110 to 30 mA h g−1 for 30 cycles and afforded an inferior
average CE of 94% (Figure 1b−c).
As expected, there was no cathode electrolyte interphase

(CEI), which was a solid-state protective layer arising from the
electrolyte decomposition.24,25 X-ray photoelectron spectra
(XPS) exhibited neither SO4

2−- nor TFSI−-related species on
the LCO after 30 cycles (Figures 1d and S2). In addition,
transmission electron microscopy (TEM) images also revealed
no passivation layer on the LCO surface (Figure S3). The bare
LCO surface formed defects and surface oxidation by water, as
evidenced by the O−2+δ/OH signal at 530.8 eV in XPS (Figure
1e)21,26 and the partial surface oxidation of the lattice LCO in
the oxygen K-edge region of surface-sensitive soft X-ray
absorption fine structure (XAFS) spectra (partial electron yield
mode, <10 nm depth, Figure S4a).15,27−29 Although the water-
induced defects emerged for both LCOs with 0.5 m Li2SO4
and 1 m LiTFSI, the latter showed more intense peaks.
In the case of 1 m LiTFSI, the bulk LCO structure was also

significantly deformed. The powder X-ray diffraction (XRD)
pattern displayed the split 003 reflection of LCO after 30
cycles (Figures 1f and S5). It was attributed to vacant Li+ sites
in LCO and the resulting repulsion of CoO2 layers that faced
each other.12,15,29,30 Deficient Li+ was compensated by the
Co3+ oxidation in LCO. The XAFS spectra in the partial
fluorescence yield (PFY) mode (>100 nm depth) validated the
pronounced Co4+ 3d (t2g5eg0)-O 2p hybridization band (528
eV), while the original Co3+ 3d hybridization with the O 2p
orbital (529.8 eV) weakened (Figure 1g).27−29 The blue-shift
of the Co3+ signal in the Co L2 and L3 edge spectra also
supported the existence of Co4+ (Figure S4b). By contrast,
these characteristics were not observed from LCO with 0.5 m
Li2SO4; no splitting 003 reflection appeared in the XRD
pattern, and the XAFS signal corresponding to Co4+ 3d−O 2p

Figure 1. Galvanostatic examinations in LCO half-cells and structural analyses of LCO electrodes with 0.5 m Li2SO4 (orange) and 1 m LiTFSI
(green). The LCO half-cells comprised LCO, Pt wire, and Ag/AgCl as the working electrode (WE), counter electrode (CE), and reference
electrode (RE), respectively. (a−c) Galvanostatic potential profiles of (a) 0.5 m Li2SO4 and (b) 1 m LiTFSI for the 1st (dark color) and the 30th
cycle (light color) at 0.5 C, and (c) their comparative capacity retention (Q) and Coulombic efficiency (CE). (d,e) XPS of (d) S 2p and (e) O 1s
binding energy (B.E.) regions, (f) XRD, and (g) XAFS in the O K-edge region with bulk-sensitive PFY mode for pristine LCO (black) and 30
cycled LCO electrodes with 0.5 m Li2SO4 (orange) and 1 m LiTFSI (green).
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hybridization was weaker (Figure 1f,g). Less structural
deformation of the bulk LCO indicated the gentle surface
oxidation only, thus providing better reversibility of Li+
extraction/intercalation processes with 0.5 m Li2SO4.
The deficient Li+ can be originated from the H+ insertion in

LCO.17−20 Electrochemical impedance spectroscopy (EIS)
decouples the Li+ charge-transfer resistance from the H+

insertion one.19 Figure 2a shows galvanostatic profiles at the
1st and 10th cycles with 0.5 m Li2SO4 (top panel) and EIS at
the open-circuit potential (OCP), galvanostatic charging
(0.66−0.8 Vcharge), and discharging processes (0.8−0.66 (or
0.63) Vdischarge) during the 10th cycle (bottom panel). These
Nyquist plots were acquired after potential holding for 10 min
(Figure S6). Compared to the sole capacitance characteristic at
OCP (Figure S7), a single semicircle appeared in the mid-
frequency region by the Li+ extraction in 0.5 m Li2SO4 (Figure
S8). The size of the semicircle was reduced during the charging
process since the LCO became a semi-metal,31 whereas it was

expanded during the discharging process due to the Li+
intercalation (Figures 2a and S8a,b). At 0.63 Vdischarge (dark
green), the Li+ filling in the topmost surface enlarged the
semicircles.32 Therefore, the mid-frequency semicircle was
attributed to the Li+ charge-transfer resistance (RctLi+, Figure
S9a).19,20,33 This characteristic was repeated over 10 cycles
without a notable change in 0.5 m Li2SO4 (Figures S8b and
2a), and after 30 cycles, the RctLi+ was estimated as 27.8 Ω
based on an equivalent circuit (Figures 2e, S8c, and Table S2).
The LCO electrodes with 1 m LiTFSI (pH 8.5) also showed

identical mid-frequency semicircles (Figures 2b and S8d,e).
However, a low-frequency semicircle additionally emerged at
0.66 Vdischarge and disappeared in the following 0.66 Vcharge (the
gray box in the bottom panel of Figures 2b, S8d,e, and S9b).
This signal gradually expanded and became irreversible during
cycling. After 30 cycles, the Rct for the low-frequency cell was
147 Ω, which was distinct from RctLi+ at 27.6 Ω, appearing at
the mid-frequency (Figure S8f and Table S2). We attribute this

Figure 2. EIS analyses of Li+ and H+ extraction and insertion in LCO half-cells during the 10th cycle and correlation between the solution pH and
galvanostatic cyclability. (a−d) (Top) galvanostatic profiles of (a) 0.5 m Li2SO4 (pH 9.6), (b−d) 1 m LiTFSI at (b) pH 8.5, (c) pH 7, and (d) pH
10 at the 1st (dark color) and the 10th cycle (pale color) at 0.5 C and (bottom) corresponding Nyquist plots during the 10th cycle. The arrows in
the galvanostatic curves indicate the directions from the 1st to the 10th cycle. Nyquist plots were acquired after potential holding for 10 min at 0.66
Vcharge (red), 0.7 Vcharge (orange), and 0.8 Vcharge (yellow) and subsequent discharge at 0.7 Vdischarge (pale green), 0.66 Vdischarge (green), and 0.63
Vdischarge (dark green, Li2SO4 only). The low-frequency semicircles appearing in 1 m LiTFSI solutions are indicated by the gray box in Nyquist plots,
and the y-axis scales indicate 5 Ω. (e−f) Equivalent circuits with (e) 0.5 m Li2SO4 and (f) 1 m LiTFSI (regardless of pH). (g) pH dependency of
Li+ (blue triangle) and H+ insertion (green circle)-related resistances and capacity retention after 10 cycles (red square). Resistances were
calculated from the Nyquist plot at 0.66 Vcharge during the 10th cycle and using equivalent circuits in (e−f). The data at pH 9.6 were with 0.5 m
Li2SO4 (the open symbols, orange guideline), and others (the closed symbols) were with 1 m LiTFSI.
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resistance to the H+ charge transfer (RctH+) (Figure 2f),
19,20

and this assignment was validated by its pH dependence; a
low-frequency semicircle was larger at pH ∼7 than those at pH
8.5 and 10, and this RctH+ existed irreversibly at pH ∼7 and 8.5
throughout the 10th cycle (Figure 2b−d). Note that a large
mid-frequency RctLi+ at pH 10 might be due to the amorphized
surface,34 while a minute H+ in the electrolyte solution resulted
in a small low-frequency RctH+. The increased low-frequency
semicircle below 0.66 Vdischarge indicated the typical H+

insertion period to the end of the Li+ intercalation. Besides,
as shown in sequential EIS (Figure S10), the low-frequency
semicircle appeared more significantly in the next charging
process (0.66 Vcharge), revealing the continuity of H+ insertion
until the end of discharge (−0.2 Vdischarge). Such an undesired
H+ intercalation affected the cycling performance; LCO cells
did not operate reliably at pH < 7, whereas little H+ insertion
at high pH provided better cyclability (top panel in Figure 2b−
d).
These results seemingly suggested that different cyclability

between 0.5 m Li2SO4 and 1 m LiTFSI solutions was
attributed to different solution pH. Indeed, the pH of 1 m
LiTFSI solution was 8.5, which was lower than that of 0.5 m
Li2SO4 solution at pH 9.6, measured in the Ar-filled glovebox
(Table S1 and Figure S1). However, when similar pH
solutions, 0.5 m Li2SO4 (pH 9.6) and 1 m LiTFSI (pH 10
by adding LiOH), were compared, the former still showed
better cyclability and less H+ insertion after 10 cycles (Figure
2g). The difference in capacity retention was more significant
for elongated cycles. The 0.5 m Li2SO4 solution provided
insignificant capacity fading after 30 cycles and ∼84% retention
after 70 cycles, whereas the 1 m LiTFSI solution at pH 10
retained only ∼34% capacity after 30 cycles (Figure S11),
engendering the appearance of RctH+ from the third cycle
(Figure S12). Consequently, the pH effect is not the critical
factor determining cyclability under mildly alkaline conditions.

Next, we focused on anion characteristics. SO4
2− has a

smaller size and a higher charge density than TFSI−. Such a
hard-base anion intimately interacts with water and forms a
rigid solvation structure, called strong kosmotropic properties
according to the Hofmeister series.35−38 More importantly, the
interaction between SO4

2− and water is similar to that between
water and water molecules.45 Thus, SO4

2− does not change the
hydrogen-bond network structure but gradually reinforces this
bonding strength with increasing concentrations. The strong
kosmotropic anion, therefore, serves as a water-structure
maker. In contrast, weak kosmotropic anion (i.e., strong
chaotropic properties) TFSI− interacts with water feebly and
weakens the overall hydrogen-bond strength of water, which
acts as a water-structure breaker. It is noted that the effective
range of anions determining the water structures has been
debated, from the first solvation shell range to the mid/long-
range hydrogen-bonding network.39−41 Nonetheless, it is
generally agreed that the anions profoundly influence the
nearby water interactions, and the strength of the anion−water
interaction determines the macroscopic solution properties.40

To demonstrate a correlation of kosmotropic property to
galvanostatic cyclability, we additionally examined NO3

− and
ClO4

−. Kosmotropic property strengthens in the order of
TFSI− < ClO4

− < NO3
− < SO4

2− according to the Hofmeister
series. First, the hydrogen-bond strength of the water was
observed by the O−H stretching bands [ν(O−H)] in the bulk
aqueous electrolyte solutions. Using attenuated total reflection-
infrared (ATR-IR) spectrum of pure water, four ν(O−H)
bands are assigned to an ice-like ordered structure (S1, ∼3230
cm−1), ice-like liquid structure (S2, ∼3420 cm−1), liquid-like
amorphous structure (S3, 3540 cm−1), and disordered water
structure where monomeric water molecules are randomly
positioned (S4, ∼3620 cm−1) (Figure 3a).42−45 In the range of
0.5 ∼ 1 m, ν(O−H) intensities belonging to the ice-like water
structures (S1 and S2) were attenuated with the weaker
kosmotropic anions.46−49 Furthermore, a change of S1−S4

Figure 3. Kosmotropic characters of anions in bulk electrolyte solutions and the correlated galvanostatic cyclability. (a) Comparative ATR-FTIR
spectra of pure water (black) and with Li2SO4 (orange), LiNO3 (blue), LiClO4 (purple), and LiTFSI (green) electrolytes. The vertically dashed
lines indicate O−H stretching bands [ν(O−H)], designated as the ice-like water structure (S1 and S2), liquid-like water structure (S3), and
disordered free water molecules (S4). The right panel schemes represent the corresponding water structures. (b) Difference ATR-FTIR spectra of
the ν(O−H) from the pure water (baseline) with increasing salt concentrations. The kosmotropic strength of the anion is indicated on the top. The
vertical dashed lines indicate S1 to S4 from the right to the left direction. (c) Raman band shifts of anions with increasing electrolyte concentrations.
The inset image displays an ion pairing of SO4

2− and Li+, causing the blueshift of anion vibrations. (d) Comparative cycling profiles of LCO half-
cells for 100 cycles with 0.5 m Li2SO4, 1 m LiNO3, 1 m LiClO4, and 1 m LiTFSI. The current rate was 0.5 C, and the potential range was −0.2∼0.8
V vs Ag/AgCl.
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signals was profound with increasing electrolyte concentra-
tions. From the pure water spectrum as a baseline, the
deviation of the ν(O−H) band appeared in Figures 3b and
S13. The S1 and S2 bands were enhanced with the increased
Li2SO4 concentration, verifying the strengthened hydrogen
bond. In sharp contrast, the intensities of S1 and S2 declined
with increasing LiNO3, LiClO4, and LiTFSI amounts,

45 while
the disorderness of the water structures (S3 and S4 bands) was
intense, assuming that the Li+ effect was constant for all
samples. This trend was more significant with the weaker
kosmotropic property, validating the role of a water-structure
breaker. Similar behaviors were also observed from the Raman
spectra (Figure S14).
Along with the anion−water interaction, the ion−ion

interaction should also be considered. The hard-base anion
(i.e., strong kosmotropic anion) favorably forms an ion pair
with the hard-acid Li+ according to the hard and soft acid and
base (HSAB) concept.50,51 The appearance of an IR-inactive
stretching band and the red-shift of the anti-symmetric SO4

2−

vibration evidenced the growing number of ion associations
(Figure S15).48 Blue-shifting anion bands in the Raman
spectrum also signified the formation of ion pairs and showed
dependency on the kosmotropic strength; Li2SO4 exhibited the
apparent blue-shift even at 0.5 m, and the shift was more
significant with increasing concentrations, whereas there was
no shift with LiClO4 and LiTFSI below 3 m (Figures 3c and
S16).6,7,43,51−53 Taken together, strong kosmotropic anions
retained the ice-like water structure through the strong
hydrogen-bond network and also tended to form ion pairs
with Li+ ions.
Notably, such a kosmotropic propensity was correlated with

galvanostatic cell performances. The 0.5 m Li2SO4 solution
exhibited 73% capacity retention after 100 cycles (Figures 3d
and S17). In comparison, 1 m LiNO3 (pH 9.2) and 1 m
LiClO4 (pH 8.9) provided 33 and 13% capacity retention,
respectively (Figures S11 and S17). These cyclability results
corresponded to a smaller RctH+ with 1 m LiNO3 than that with

LiClO4 (Figure S18). The 1 m LiTFSI solution underwent a
rapid capacity drop during the initial 30 cycles. The CE was
∼94% with 1 m LiTFSI solution, which was the lowest among
those obtained with the other solutions. Thus, stronger
kosmotropic anions in the LCO cells showed better cyclability,
suggesting that the ice-like water structure and favorable ion
association stabilized the LCO.
Interestingly, when the discharging cut-off potential shifted

from −0.2 Vdischarge to 0.3 Vdischarge, the cyclability was
ameliorated for all electrolyte salts. The capacity retention
ranged from <35 to 56% with 1 m LiNO3, 65% with 1 m
LiClO4, and 21% with 1 m LiTFSI over 200 cycles, and the
cells with 0.5 m Li2SO4 still exhibited superior performance
(67%) (Figures S19 and S20 and Table S3). It indicated the
significant capacity loss at 0.3∼−0.2 Vdischarge as H+ was
inserted.
To elucidate the different degrees of the H+ insertion, the

anion and water interactions at the LCO/electrolyte solution
interface were investigated. We measured the electric double-
layer (EDL) capacitance (Cdl) by the staircase-potential EIS in
this non-faradaic potential region (Figures S21 and S22) and
estimated the surface charge density (σ) of LCO (eq 1)

C U U( )d
U

U

PZC
dl=

(1)

where U is the electrode potential and UPZC is the PZC
potential at the minimum Cdl. The surface charge density−
potential curves in Figure 4a indicate the UPZC (σ = 0) at 0 V
in 0.5 m Li2SO4, 0.07 V in 1 m LiNO3 and LiTFSI, and 0.15 V
in 1 m LiClO4 solution. Apparently, the LCO surfaces are
negatively charged below 0 V for all electrolyte cases, where Li+
and H+ are attracted to LCO, while the anions are repelled
through electrostatic interactions.
Comparing the Cdl, the LCO with 1 m LiTFSI had 1.5−3

times higher value than that with the other electrolytes, as
shown in staircase EIS and cyclic voltammogram (Figures S22
and S23), which should be addressed first. Above the UPZC, the

Figure 4. Electric double-layer capacitance (Cdl) and mean-field QM/MM simulations of the ion concentrations at the interfacial region. (a) Areal
surface charge density (σ) estimated from areal Cdl in LCO half-cells. The yellow and blue region indicates the above and below PZC potential,
respectively. (b) Representative structural details at σ = −11.5 μC cm−2. Color codes are; purple for Li+, red for O, yellow for S, gray for C, cyan for
F, blue for N, and light green for Cl. Li+ and SO4

2− are displayed using spheres, while water and LCO are displayed using sticks. (c−e) Mean-field
QM/MM simulation results of (c) local Li+ population, (d) local anion population (pop), and (e) free water density (ρf reeH2O) for various
electrolyte salts in the interfacial region.
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higher Cdl is explained by the higher TFSI− population in the
EDL because of the large van der Waals (vdW) volume, high
polarizability, and mild hydrophilicity of TFSI−.54−56 Below
the UPZC, where the polarity of the electrode charge is reversed,
the Li+ ions are accumulated on the LCO surface. Ion pairing
is an important phenomenon in determining the Cdl value.
Because TFSI− ions have a low association with the
accumulated Li+ ions through the HSAB concept, the
population of anions is lowered, and the amount of net ionic
charge from Li+ ions is maximized, enabling the highest Cdl
(Figure S22). Conversely, stronger kosmotropic anions than
TFSI− tend to favorably pair with Li+ below the UPZC and
nullify the net ionic charge, explaining the lower Cdl.
Our recently developed mean-field QM/MM simulation

(Figures S24 and S25 and 4b)57 provides atom-resolved
information about ion and water distributions at the interfacial
and EDL regions. We particularly compare two different
surface charge densities of σ = 0 (at UPZC) and −11.5 μC cm−2

(below the UPZC) since the negatively charged LCO, where the
anions depleted and the electrode tended to be exposed to the
water, yields a significant H+ insertion and a capacity fading, as
shown in Figure S8 and Table S3. The local ion and water
density profiles show a layering tendency near the electrode
surface and converge to the bulk value at z > ∼6 Å (Figure
S24). Thus, we analyzed the region at z < 6 Å to understand
the structure of the EDL in direct contact with the solid
electrode.
At the PZC (σ = 0), stronger kosmotropic anions are

concentrated in the interfacial region (Figure S24). When the
LCO is negatively charged with σ = −11.5 μC cm−2, Li+ ions

are attracted to the LCO surface due to the electrostatic
interaction (Figure 4c). Interestingly, although the anions
experience electrostatic repulsion from the negatively polarized
electrode, the local anion concentration is still maintained to
be high for SO4

2− compared to other anions (Figure 4d). This
is attributed to the high local concentration of Li+, which forms
a contact ion pair (CIP) with the strong kosmotropic anion
(Figure S26). Thus, the local ion concentration in the EDL
becomes the largest for the Li2SO4, maximizing the number of
ion-coordinating water species in the interfacial region (Figure
4e), which stabilizes the interfacial water. Thus, the density of
free water, which is not coordinated by the ion and thereby is
preferable to form either water−water or water-LCO
interactions,7 is reduced (Figure 4e). It reasons that the
Li2SO4 electrolyte solution stabilizes LCO below the UPZC. In
contrast, the weak kosmotropic anion has a negligible
association with Li+. Besides, the electrostatic repulsion
among Li+ ions lowers the local Li+ population and increases
the free-water density (Figure 4c−e). Therefore, the
kosmotropic strength is inversely related to the density of
free water below the UPZC, which accounts for better cyclability
using the stronger kosmotropic anion.
Experimentally, the interfacial region was observed by in situ

electrochemical SEIRAS.58 The LCO film (∼100 nm thick
including 10−15 nm size of nanoparticles, Figure S27) was
deposited on a gold-coated ZnSe prism using ion sputtering. At
the OCP, the SEIRAS graph of 0.5 m Li2SO4 solution
exhibited similar characteristics of the bulk electrolyte (Figure
5a); the ν(O−H) and H2O bending mode [δ(H−O−H)]
appeared at 3200−3620 cm−1 and 1648 cm−1, respectively, and

Figure 5. In situ electrochemical SEIRAS analyses of LCO electrodes with 0.5 m Li2SO4 and 1 m LiTFSI during the second cycle. The LCO film
(∼100 nm of thickness) was deposited on Au/ZnSe, and CE and RE were Pt wire and Ag/AgCl, respectively. (a) SEIRAS spectra of LCO with 0.5
m Li2SO4 (orange, top) and 1 m LiTFSI (dark green bottom) at OCP after the first cycle, showing ν(O−H), H2O bending mode [δ(H−O−H)],
and anion vibration. (b, d) Difference SEIRAS spectra during the potential sweep from 0.2 Vcharge to 0.8 Vcharge, followed by 0.8 Vdischarge to −0.2
Vdischarge. The baseline was obtained from OCP, and other potential-dependent spectra deviated from OCP. The IR spectra were collected during 3
min potential holding. The dashed lines of S1−S4 indicate ν(O−H) corresponding to the water structures. The anion bands are assigned below
1500 cm−1. (c) Schematic illustration of liquid-phase protective layers comprising inner-sphere SO4

2− complexes, Li+ (purple), and water.
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the tetrahedral (Td) geometry of SO4
2− band emerged at 1110

cm−1. Using this spectrum as a baseline, the deviation of the
spectrum was collected through potential steps and holding the
desired potential for 3 min (Figure 5b). During the charging
process from 0.6 Vcharge, the S3 of the ν(O−H) band
intensified, reflecting the existing partially disordered water
structure. Below 0 Vdischarge, i.e., below the UPZC, the S1 and S2
bands were pronounced as the bulk water structure with
Li2SO4 was recovered. A similar tendency was also observed on
the LCO-free gold film on Si prism (Figure S28), suggesting
that these water behaviors were associated with the ion-
charging process at the interface.
More importantly, the Td geometry of the SO4

2− was
transformed to the C2v point group at the LCO surface during
the charging and discharging processes. At 0.4 Vcharge−0.3
Vdischarge, the C2v geometry vibrations newly appeared at 951,
1136, and 1200 cm−1 (Figure 5b). LCO (the central Co ion)
was coordinated by the bidentate SO4

2− ligand, forming the
inner-sphere SO4

2− surface complexes (Figure 5c).59,60 These
C2v bands of SO4

2− were attenuated below 0 Vdischarge, while the
Td band of SO4

2− re-appeared with the increased S1 and S2
bands, verifying the disappearance of the inner-sphere SO4

2−

protective layer below the UPZC. Thus, the SO4
2− adlayer can

protect the LCO above the UPZC and improve the LCO
stability.
In comparison, the LCO with 1 m LiTFSI was also observed

from the OCP, showing the bulk electrolyte solution
characteristics (Figure 5a). The CF3 stretching band of
TFSI− at 1204 cm−1 was intensified during the charging
process and remained for the discharging process (Figure
5d).58 Below 0 Vdischarge, the CF3 stretching band was
attenuated as the LCO surface was negatively electrified.
Although this behavior was similar to the one with Li2SO4
solution, there was no evidence for forming inner-sphere
TFSI− complexes. The absence of the protective layer also
caused poor cell cyclability (Figure 3d).
In all, the key concept of the protective layer is the inner-

sphere SO4
2− complexes above the UPZC. In addition, detached

SO4
2− below the UPZC forms the ion pairs close to the LCO

surface, lowering the density of free water and suppressing the
H+ insertion. Using LiNO3, LiClO4, and LiTFSI, the ability of
the protective layer was examined by extending the electro-
chemical potential window. Positive potential windows were
widened with increasing electrolyte concentrations (0.5∼6 m)
on Ti electrodes (Figure 6a and Figure S29) because the
amount of free water was reduced at the interface. In addition,
the positive-potential window was extended with stronger
kosmotropic anions; 3 m Li2SO4 exhibited the widest
expansion among the 3 m of the all electrolytes and even
better than 5−6 m of the weaker kosmotropic ones (Figure
6b,c). Thus, we anticipate stronger anion interaction with the
LCO surface, in particular for the effective inner-sphere SO4

2−

complex layer. In comparison, the negative-potential range
(<−0.2 V, far away from the UPZC) was not considerably
elongated on the LCO (Figure S29). In this condition, the
water molecules approach the electrode surface intensely, and
the EDL structure at the LCO/electrolyte solution is changed.
The full-cell performances of aqueous cells were then

examined using Li9/7−xNb2/7Mo3/7O2 (LNMO) negative
electrodes61,62 and LCO positive electrodes. LNMO showed
poor performances in the 0.5∼1 m electrolyte solutions due to
the severe HER (Figure S30a,b), reasoning the rapid capacity
fading in the full cells (Figure 6d). In comparison, LNMO

exhibited better capacity retention at 3 m of the electrolyte
concentration (Figure S30c−e). The 3 m Li2SO4 delivered
74% capacity retention in full cells over 500 cycles, which was
superior to that achieved with 3 m LiTFSI (38%) and 9 m
LiNO3 (34%) (Figures 6d, S31,32, and Table S4). Under the
assumption that all LNMO electrodes were comparably stable,
the outstanding cyclability of 3 m Li2SO4 was attributed to the
LCO stability. Therefore, SO4

2− succeeded in protecting the
LCO surface in the full cells and demonstrated the effect of
strong kosmotropic anion in the aqueous electrolyte solutions.
In summary, we demonstrated the imperative role of anions

in retarding electrode deformation with salt-in-water electro-
lytes. Sulfate ion mitigated H+ insertion into LCO, providing a
capacity fading rate of 0.20% per cycle over 200 cycles with 0.5
m Li2SO4 in half-cells and 0.06% fading rate per cycle with 3 m
Li2SO4 for 500 cycles in full cells. At the interface, the sulfate
ions formed inner-sphere surface complexes and depleted the
water adsorption sites during the charging and discharging
processes. In addition, sulfate ions induced water molecules to
form strong hydrogen bonds. Atomic-scale multiscale simu-
lations illuminated the strong association of Li+ with sulfate
ions, which reduced the density of free water on the electrode
at the end of discharge. Thus, the performance of sulfate ions
was excellent in stabilizing LCO. In contrast, nitrate,
perchlorate, and TFSI− accelerated capacity fading, under-
pinning the critical anion characteristics. This fundamental
understanding sheds light on dynamic interfacial structures and
the associated LCO stability in aqueous LIBs.

■ METHODS

Chemicals
For electrolyte, LiN(SO2CF3)2 [lithium bis(trifluoromethanesulfonyl)
imide, LiTFSI, >99.7%, Kanto], HN(SO2CF3)2 [bis tri-
(fuloromethanesulfonly) imide, HTFSI, >99.0%, TCI], Li2SO4
(99.7% Alfa aesar), LiNO3 (reagent plus, Sigma-Aldrich), LiClO4,
(99.99%, Sigma-Aldrich), and LiOH (>98%, Sigma-Aldrich) were
used as received without any purification. For electrodes, LiCoO2
(99.8%), N-methylpyrrolidine (NMP), and H2O2 (30% in H2O) were
purchased from Sigma-Aldrich, and NH4OH was purchased from
Fluka (5.0 M).

Figure 6. Positive potential windows with different electrolyte
concentrations and galvanostatic cyclability in full cells. (a−c)
Comparative electrochemical potential windows toward positive
potential on Ti (WE) with (a) 0.5 and 3 m Li2SO4, (b) 3 m
electrolytes, and (c) 6 m LiNO3, 5 m LiClO4, and 6 m LiTFSI
compared to 3 m Li2SO4. All scan rates were 0.2 mV s−1. (d) Capacity
retention and CE in Li9/7−xNb2/7Mo3/7O2 (LNMO) ||LCO full cells at
0.5 C for a total of 500 cycles.
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Preparation of Electrodes

LiCoO2 (LCO) powders were mixed with Super P carbon (Timcal)
and polyvinyldene fluoride (PVDF, Kynar) binder with 8/1/1 wt %,
respectively, with NMP and blended using a planetary mixer (Thinky,
ARE-310). This slurry was cast on the titanium (Ti) foil (Wellcos,
99.5% thickness (t) = 20 μm) or carbon paper (Toray, TGP-H-120)
using the doctor blade method, followed by drying at 80 °C overnight
in the thermal oven. The weight of the active material was 2.5∼5 mg
cm−2. The active carbon (AC) electrode was also prepared by the
same method with 9/1 wt % of AC and PVDF binder. The Ti foil was
pre-treated using the piranha solution (7/3 v/v of NH4OH/H2O2,
respectively).
A Li-excess Mo-based cation-disordered rock salt oxide,

Li9/7−xNb2/7Mo3/7O2 (LNMO), was prepared according to the
previous report.61 The LNMO was cast on the carbon paper with
4∼8 mg cm−2 of mass loading. This negative electrode was completed
by soaking in H2O with stirring for 2 h for Li+ extraction.62

Electrochemical Measurements

All electrochemical tests were conducted in an argon (Ar)-filled
glovebox. Half-cell tests were examined through cyclic voltammetry
and galvanostatic cycles. The three-electrode cells were composed of
the WE of LCO on the Ti foil [diameter (d) = 6 mm], the CE of
platinum (Pt) coil, and the RE of Ag/AgCl (3 M NaCl). All tests were
conducted using an electrochemical tester (VMP-3, Biologic). The
de-gassing process was achieved through Ar gas purging in the
glovebox before tests.22

Full cells were prepared using 2032-type coin cells, and
galvanostatic electrochemical examinations were examined using a
battery cycler (PNE, PESC05-0.1). The LCO electrode on the carbon
paper (d = 12 mm) was assembled with the delithiated LNMO (d =
14 mm) on the carbon and a piece of GF/C separator (d = 19 mm,
Whatman) in an Ar-filled glovebox. The weight ratio of active
materials for LNMO/LCO was 1.5∼2.
EIS tests were carried out with an amplitude of 10 mA and a

frequency range of 100 kHz∼0.1 Hz by using an electrochemical
tester (VMP-3, Biologic). The EIS for the LCO electrode in the half-
cell was measured after holding a programmed potential for 10 min.
To measure the electrochemical double-layer capacitance (Cdl),
staircase-potential EIS was conducted for a potential range of 0.3 to
−0.3 V vs Ag/AgCl.63,64 Every potential step of −25 mV was moved,
and EIS was measured after holding a programmed potential for 30
min. All EIS data were fit using EC-lab software based on reasonable
equivalent circuit models.
In situ ATR-SEIRAS (iS50, Thermo Scientific) tests were

conducted with ZnSe prisms (incident angle: 54°, PIKE Technolo-
gies) or Si prisms and MCT/B detector (HgCdTe, PIKE
Technologies). A gold film was first deposited on a ZnSe prism
using an ion sputter (Korea vacuum tech, Intelsi-S Bench-Top sputter
coater) to form ∼50 nm thickness. Afterward, LCO was deposited
using the RF magnetron sputtering system (KVS-T4060, Daedong
high technologies) to be a thickness of 100 nm. Scanning electron
microscopy (Magellan400, FEI Co) at the KAIST Analysis Center for
Research Advancement (KARA) and atomic force microscopy (AFM,
Agilent 5500 SPM) were used for surface morphology observations of
LCO on gold films. The complete LCO/gold/ZnSe prism was used
for WE. Pt coil and Ag/AgCl (sat. KCl) were used for CE and RE,
respectively. Spectra were measured during a staircase-potential sweep
from OCP to 0.8 V, followed by 0.8 to −0.2 V vs Ag/AgCl with a 0.1
V potential step. The constant potential was held for 3 min at each
potential step to measure the IR spectrum. The IR spectrum at OCP
was used as the baseline. We noted that sputtered LCO had an
amorphous structure and was not fully involved in the Li+ extraction
and intercalation processes. Crystallization of LCO by annealing in air
at 550 °C for 5 h made ZnSe prism to ZnO that was not transparent
in the given wavenumber range. Nonetheless, this study was valuable
for observing anion interaction at the LCO surfaces and gave insights
into the interfacial structures.

Characterizations

The pH of electrolyte solutions was measured using a pH meter
(Mettler Toledo pH/Ion meter) after sufficient Ar-gas purging in an
Ar-filled glovebox and removed from the glovebox. It was noted that
pH was constant in the Ar-filled glovebox for several days, while the
pH decreased after air exposure. For post-mortem analyses, LCO
electrodes were washed with de-gassed distilled (DI) water and dried
under a vacuum at 60 °C overnight. Soft X-ray absorption near-edge
structure (XANES) was measured in the BL11, Synchrotron
Radiation (SR) center at Ritsumeikan University. The LCO
electrodes were not exposed to air and directly transferred to the
XANES chamber using a hermetic vessel. XRD (Cu Kα, Rigaku) was
used to analyze the long-range order of the crystal structure. XPS (Al
Kα, Thermo VG Scientific) was used for surface analysis. All spectra
were calibrated to the carbon 1s sp2 hybridization signal at 248.5 eV.
TEM (FEI Tecnai GE F30 S-Twin (300 kV)) images were attained to
observe the surface layer. All XRD, XPS, and TEM were used at
KARA. The OH stretching vibrations of aqueous electrolyte solutions
were attained from ATR-IR spectroscopy in the range of 400∼4000
cm−1 (iS50, diamond window, Thermo Scientific). Confocal Raman
spectroscopy (Andor, SR-750-A-R) was used with a laser of 532 nm
wavelength to acquire Raman spectra.

Mean-Field QM/MM Simulations

Mean-field QM/MM simulations were performed using the density
functional theory in classical Explicit Solvents (DFT-CES)57 method.
DFT-CES is implemented by combining the Quantum ESPRESSO65

DFT module and the large-scale atomic/molecular massively parallel
simulator (LAMMPS) molecular dynamics (MD) module.66 The
detailed simulation procedure of the DFT-CES can be found in our
previous publications.57,67−69

The LCO electrode was modeled as the (003) LiCoO2 surface of R
3̅ m space group at a QM level. Half of the outermost CoO2 layer was
terminated with hydrogen to block overestimating surface property,70

resulting in a stoichiometry of Li0.66CoO2H0.33. The projector-
augmented-wave71 method was used with the kinetic energy cutoff
of 60 Ry and the exchange−correlation using the Perdew−Burke−
Ernzerhof functional under the generalized gradient approximation
(GGA) scheme.72 The strongly localized 3d orbital of Co was
simulated using the GGA + U method with Ueff value to be 4.91 eV.

73

Gaussian smearing was used with a value of 0.02 Ry. The dipole
correction along the z-direction was applied to block the unphysical
interaction between the images of the cells. The Brillouin zone was
sampled by Γ-centered k points of 5 × 5 × 1.
The electrolyte phases of 0.5 m Li2SO4 and 1 m LiTFSI, LiNO3,

and LiClO4 were modeled using classical force-fields (FFs). 800
numbers of TIP3P74 water molecules were included along with eight
pairs of Li2SO4 or 16 pairs of LiTFSI, LiNO3, and LiClO4,
respectively. Ions were described using the previously developed
FFs,75−79 and the vdW parameter of the LCO was described using the
universal FF.80 Off-diagonal vdW interactions were modeled using the
Lorentz-Bertelot mixing rule. We performed canonical ensemble MD
simulations at 300 K using the Nose-́Hoover thermostat.81,82

To negatively charge the electrode−electrolyte interface, electrons
were inserted into the LCO electrode using DFT, while Li+ were
inserted in the electrolyte phase keeping the total charge of the DFT-
CES cell to zero.
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