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ABSTRACT: Aqueous electrochemical systems suffer from a low energy density due
to a small voltage window of water (1.23 V). Using thicker electrodes to increase the
energy density and highly concentrated “water-in-salt” (WIS) electrolytes to extend
the voltage range can be a promising solution. However, thicker electrodes produce
longer diffusion pathways across the electrode. The highly concentrated salts in WIS
electrolytes alter the physicochemical properties which determine the transport
behaviors of electrolytes. Understanding how these factors interplay to drive complex
transport phenomena in WIS batteries with thick electrodes via deterministic analysis
on the rate-limiting factors and kinetics is critical to enhance the rate-performance in
these batteries. In this work, a multimodal approachRaman tomography, operando
X-ray diffraction refinement, and synchrotron X-ray 3D spectroscopic imagingwas
used to investigate the chemical heterogeneity in LiV3O8−LiMn2O4 WIS batteries
with thick porous electrodes cycled under different rates. The multimodal results
indicate that the ionic diffusion in the electrolyte is the primary rate-limiting factor.
This study highlights the importance of fundamentally understanding the electrochemically coupled transport phenomena in
determining the rate-limiting factor of thick porous WIS batteries, thus leading to a design strategy for 3D morphology of thick
electrodes for high-rate-performance aqueous batteries.

■ INTRODUCTION

Extending applications of energy storage from electronic devices
to electrical vehicles and grid storage pushes battery
technologies, such as Li-ion and beyond-Li systems, to demand
higher energy density, better safety, lower environmental
impact, and lower cost.1,2 Concerns of safety and environmental
impacts mainly come from the usage of organic solvents as
electrolytes which demonstrate an outstanding electrochemical
performance in current Li-ion batteries but are highly
flammable.3−5 Li-ion batteries and beyond-Li systems based
on aqueous electrolytes could be a solution to resolve these
concerns by reducing the risk of fire, toxicity, and the cost to
maintain a rigorous manufacturing environment.5−7 Despite the
benefits of aqueous Li-ion batteries, aqueous electrolytes exhibit
lower electrolyte stability because of the limited voltage window
of water (∼1.23 V), leading to unsatisfactory energy density and
capacity retention.8−10 Research efforts have been dedicated to
increasing the operating voltage, energy density, and capacity
retention; aqueous batteries with stable cycling at ∼1.5 V
through arranging electrode materials and tuning the pH values
of electrolytes have been reported.10−12 In the family of aqueous
electrolytes, water-in-salt (WIS) electrolytes, through dissolving
ultrahigh concentrations of salts in water, effectively increase the

voltage window of electrolyte (>3.0 V which depends on salt
components and concentrations) and thus hold a promising
direction for future aqueous batteries.13−17

However, due to the ultrahigh concentration, the phys-
icochemical properties of WIS electrolytes, such as density,
viscosity, diffusivity, and ionic conductivity, exhibit an apparent
deviation from conventional dilute electrolytes, as summarized
in Table S1.15,17−21 This deviation alters the transport
phenomena in electrochemistry and leads to complex transport
behaviors. Some recent works simulating the transport proper-
ties in WIS electrolytes showed that the anions in a WIS system
can form a percolating network resulting in a larger Li+ transport
or transference number than conventional electrolytes, while the
overall diffusivities of all species decreased as electrolyte
concentration increased.19,21−23 Despite the contribution of
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the simulations, the transport kinetics becomes further
convoluted, while another solution to increase the energy
density from the engineering aspect is introduced to build a thick
architecture electrode.24 The increased thickness in thick
electrodes significantly elongates the conductive pathway
required of electrons across the electrode and the ionic diffusion
length in the electrolyte within the electrodes’ pores.25−27 These
longer transport pathways result in increased cell polarization
and lower active material utilization in nonaqueous batteries,28

as well as compromised rate performance.25,29−31

Furthermore, for the same active materials (thus the same
ionic diffusivity in the solid phase), the electron and ionic
transport properties of the porous electrode are directly
impacted by the 3D morphology of electrode as well as the
intrinsic ionic diffusivity (in the electrolyte) and the electron
conductivity (in the electrode). For instance, when considering
the ionic diffusion in porous battery electrodes, this leads to a
reduction of the effective diffusion coefficient by = ε

τ
D Deff 2 ,

where D is the intrinsic diffusion coefficient in a nontortuous
path, ε is the porosity, and τ is the tortuosity of the structure;32,33

the conductivity also follows a similar relationship.34 Note that
the tortuosity and porosity are not independent and can often be
correlated by the Bruggeman relation (τ2 = ε1‑α, where α is the
Bruggeman coefficient)35 or its derivations, depending on the
geometry. Here, the intrinsic diffusion coefficientD is a function
of the electrolyte concentration. In general, the ionic diffusivity
in the concentrated electrolyte can be correlated with the
viscosity by the Stokes−Einstein relation: D·η = kT/6πr, or μ·η

= q/6πr, whereD is the diffusivity, and μ is the mobility of an ion
and can be expressed in terms of diffusivity (μ = Dq

kT
), k is the

Boltzmann constant, T is the absolute temperature, η is the
viscosity of the electrolyte, r is the radius of the solute molecule,
and q is the charge of an ion.36 Note that the Stokes−Einstein
relation applies to ideal solutions, while a revised form (D·ηβ/T
= constant) needs to be considered in highly concentrated
solutions due to the diffusion−viscosity decoupling effect, where
β is the decoupling factor and smaller than 1.15,19,21 These
relations show that the effective diffusion coefficient strongly
depends on the electrolyte properties and electrode geometry.
As a result, unveiling the kinetic limitations is required, while the
transport phenomena in WIS electrolyte and thick electrodes
with different 3D morphological factors are convoluted. In
particular, kinetically suppressing hydrogen evolution and
formation of a stable solid electrolyte interface (SEI) layer in
WIS batteries are more efficient at high rates.37−40 Such
knowledge is necessary to design an aqueous battery for fast
charge−discharge and high energy density applications.
In this work, the rate-limiting factor in a WIS battery with

thick porous electrodes is revealed through a multimodal
analysisRaman tomography, operando X-ray diffraction
refinement, and synchrotron X-ray 3D spectroscopic imaging.
An electrode couple with LiV3O8 (LVO) as the anode and
LiMn2O4 (LMO) as the cathode was selected to be studied in a
bisalt WIS electrolyte with various electrode thicknesses and
porosities. The bisalt WIS electrolyte is composed of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium bis-

Figure 1. Research concept and experimental setup for the kinetics study of thick porous LiV3O8−LiMn2O4 aqueous Li-ion batteries. (A) Raman
mapping of MWCNTs,WIS electrolyte, and LMO to identify the electrolyte pathway in thick porous LMO electrodes. (B)Operando X-ray diffraction
to quantify the phase evolution by peak profile fitting and Rietveld refinement. (C) 3D XANES tomography to map the spatial chemical heterogeneity.
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(pentafluoroethanesulfonyl)imide (LiBETI) in a formula of
Li(TFSI)0.7(BETI)0.3·2H2O.

15 The LVO−LMO couple pro-
vides a high capacity, moderate voltage range, and good X-ray
imaging contrast.41 Prior studies with dilute organic electrolyte
indicated that the ionic diffusion in the porous electrode matrix,
instead of the solid-phase diffusion in the active material, is the
primary limitation in the spinel LiMn2O4 cycled under the
higher rate;42−44 samples showed higher degrees of delithiation
toward the surface of the electrode, leading to a gradient of
delithiation into the depth of the electrode.44 However, our prior

work using spectroscopic imaging to map the chemical gradient
in a thin LMO electrode in a LVO−LMO battery with WIS
electrolyte did not exhibit such chemical gradients.41 It is thus of
particular interest to investigate the chemical homogeneity of
LMO within thick porous electrodes (TPEs) in ultrahighly
concentrated aqueous electrolytes. By probing the spatial
chemical heterogeneity, the multimodal results indicate that
the ionic diffusion in the electrolyte is the primary rate-limiting
factor.

Figure 2. Electrochemical cycling profiles of LiV3O8−LiMn2O4 coupled electrode with various thicknesses inWIS (Li(TFSI)0.7(BETI)0.3·2H2O) cells.
(A) Representative charging−discharging curves of thin electrodes (40 μm) cycled under 0.1C and 0.5C rates. (B) Charging behaviors of thin
electrodes (10−60 μm) cycled under 0.5C rate, and electrodes with two boundary conditions: 10 μm thickness at 0.1C rate, and 60 μm thickness at 1C
rate. (C−F) Rate-dependent performance of thick porous LiV3O8−LiMn2O4 coupled electrodes in WIS (Li(TFSI)0.7(BETI)0.3·2H2O) cells with
different porosities [(C, E): high porosity (75%); (D, F): low porosity (60%)].
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■ RESULTS AND DISCUSSIONS
To characterize the electrochemistry in WIS batteries, Raman
tomography, operando X-ray powder diffraction (XPD), and
three-dimensional (3D) X-ray absorption near-edge structure
(XANES) were conducted to address this issue by visualizing
chemical heterogeneities. Their experimental setups are
illustrated in Figure 1. 3D Raman spectroscopy maps the
distribution of active material, conductive additive, and
electrolyte in the electrodes to characterize the electrolyte
pathway in thick electrodes.45 Operando XPD refinement and
Pseudo-Voigt profile fitting provide the information on phase
transformation during cycling.46 3D XANES spectroscopic
imaging, also known as XANES tomography, enables spatially
resolved quantification of the chemical states of electrodes.47−49

The LVO−LMOWIS cells with thick porous electrodes (150−
230 μm) of different porosities and conventional casted thin
electrodes (10−60 μm) were compared under different cycling
rates. For the thick electrode, freestanding electrodes with
multiwalled carbon nanotubes (MWCNTs) are utilized to
enable high electrical conductivity as well as provide the
structure integrity throughout the electrode, hence mitigating
the consideration on the electrical conductivity altered by
creating thicker electrodes; the discussion can thus focus on the
ionic transport, as the electron transport is expected to be
sufficiently fast compared to the ionic transport. This work
focuses on studying the Li+ extraction from the LMO cathode
and the Li+ intercalation into the LVO anode. The reaction
equations for the cathode and anode are shown below:

→ + +−
+ −x xCathode: LiMn O Li Mn O Li ex2 4 1 2 4

+ + →+ −
+x xAnode: Li e LiV O Li V Ox3 8 1 3 8

The x range is 0 ≤ x ≤ 1 according to the voltage range of the
cycling and the cathode-to-anode mass ratio. Note that LVO
during an intercalation reaction can accommodate up to∼1.5 Li
equiv.50 The electrochemical cycling profiles of LVO−LMO
WIS batteries with various thicknesses, porosities, and rate-
dependent behaviors are shown in Figure 2. Figure 2A shows the
representative first full-cycle curves of the thin electrodes (40
μm) cycled under 0.1C and 0.5C rates, which are consistent with
the previous report.41 Figure 2B shows the initial charging
capacity of thin electrodes a range of varying thickness (10−60
μm) cycled under a 0.5C rate, as well as two boundary
conditions of electrodes with the smallest thickness cycled at the
slowest rate (10 μm at 0.1C) and with the largest thickness
cycled at the fastest rate (60 μm at 1C). Figure 2 C,E and D,F
show the rate-dependent cycling performance of high-porosity
(HP) TPEs and low-porosity (LP) TPEs, respectively. As shown
in Figure 2, although the cells with thin electrodes deliver more
capacity at 0.1C rate than 0.5C or 1C rates, the charging
capacities under 0.5C and 1C rate are close, ∼80% of LMO
theoretical capacity (148 mAh g−1).51 However, the charging
capacities of TPEs (>150 μm) are highly rate-dependent in
Figure 2C−F. Note that the HP TPEs also exhibit better rate
performance than the LP TPEs. The rate-dependent behavior in
the thick electrodes implies that there are kinetic limiting factors
in the system, which could be solid-state diffusion of Li ions
within the electrodes, interfacial reactions of the lithiation/
delithiation processes, and liquid-phase diffusion of ions in the
WIS electrolyte. Some studies already reported that the solid-
phase diffusion of Li ions is not the rate-limiting step of LMO
electrodes in the nonaqueous, dilute electrolytes,42 and the ion

transport in the electrolyte plays a key role in thick electrodes.31

In addition, the rates of solid-state diffusion of Li ions and
interfacial reactions do not vary between thin and thick
electrodes. As a result, the rate-dependent behavior of TPEs
indicates the ionic diffusion in the electrolyte remains as the
primary rate-determining step. To support this inference, the
bulk phase transformation and local chemical evolution were
carried out to map the chemical heterogeneity of LixMn2O4 (0≤
x ≤ 1) during delithiation in both thin and thick electrodes. The
3D Raman mapping was applied to TPEs for understanding the
pathways of WIS electrolyte in the thick electrodes.
Figure S2A shows the operando XPD patterns of a thin (60

μm) electrode cycled under a 0.5C rate during the first charging
half-cycle which delivered∼80% capacity. The peak evolution of
LixMn2O4 (111) and (311) in Figure S2B shows a continuous
phase change along the charging process. The Pseudo-Voigt
fitting LixMn2O4 (111) and (311) peak profiles at the fully
charge state shown in Figure S2C can both be deconvoluted into
two peaks at the fully charged state, demonstrating that two
phases coexist in the end product of thin LMO electrode in WIS
cells. The results of phase evolution and Bragg peak separation
are consistent with the previous reports conducted in non-
aqueous electrolytes.52−54 According to the phase diagram, the
delithiation of LMO changes from a solid-solution phase (α-
phase) into a two-phase reaction where one phase is
Li0.4−0.6Mn2O4(β-phase) and the other is λ-Mn2O4 (λ-
phase).52−55 As a result, one of the deconvoluted peaks in
Figure S2C is attributed to the β-phase, which is located at a
lower 2θ angle and has a longer lattice parameter due to less
delithiation. The other peak corresponds to λ-phase, which is
completely delithiated with a shorter lattice parameter at a
higher diffraction angle. The fitting parameters of Figure S2C
summarized in Table S2 show that one of the two phases is β-
phase with a larger lattice parameter, while the other one is λ-
phase with a smaller lattice parameter. The local chemical
evolution investigated by XANES tomography provides
information that is complementary to bulk diffraction. Through
mapping the white line position of each pixel in the sample, the
3D chemical distribution in the post-charged LiMn2O4 thin
electrode (60 μm, fully charged under 0.5C in Figure 2B) is
visualized in Figure S3. The white line position as represented by
the color scale ranging from 6560 to 6562 eV directly
corresponds to the chemical states of LMO electrode: ∼6560
eV corresponds to a pristine state (Mn3.5+) and ∼6562 eV
corresponds to a fully delithiated state (Mn4+).56,57 From the 3D
visualization (Figure S3A) and histogram (Figure S3B) of
chemical states, the thin LMO electrode exhibits some chemical
heterogeneities during the delithiation process. The histogram
of the chemical distribution in Figure S3B could be decomposed
into two peak profiles. Each peak represents an oxidation state of
Mn in LixMn2O4 (0 ≤ x ≤ 1), so the presence of two peaks here
is consistent with the two phases identified in the XPD fitting
results of Figure S2C. Although the incomplete reaction, i.e., the
chemical heterogeneity of LixMn2O4, is found in the histogram
(Figure S3B), the chemical mapping (Figure S3A) shows a
similar spatial distribution of chemical states from the surface
near the separator to the bottom near the current collector,
which indicates that this chemical heterogeneity occurred
consistently across the thickness of the electrode. This is
consistent with the fact that the cells with thin electrodes do not
show rate-dependent behaviors.
To ensure the wettability of highly concentrated electrolyte in

the TPEs, Raman mapping was used to visualize the percolation
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of WIS electrolyte in the electrodes. Raman spectroscopy allows
for interrogation of materials with both high and low crystallinity

and is sensitive to various metal oxides, carbonaceous materials,
and aqueous electrolytes, which render the capability of probing

Figure 3. Raman spectra of the LMO, the WIS electrolyte (Li(TFSI)0.7(BETI)0.3·2H2O), and the MWCNTs. (A) Confocal 3D Raman of merged
signals and individual components within the mapped electrode volume: HP TPE (B and D), LP TPE (C and E). Red: LMO, green: WIS electrolyte,
and blue: MWCNTs. 2D Raman maps of HP TPE (B) and LP TPE (C) at different electrode depths. Top left: electrode surface, bottom right: 12 μm
below electrode surface. Maps (B) and (C) were generated using CLS component mapping, while maps (D) and (E) were obtained using the NMF
component mapping procedure. Animated versions of (D) and (E) are available as Supporting Information.

Figure 4. Operando XPD patterns of high-porosity thick electrode cycled under 0.1C, 0.5C, and 1C rates, which delivered 91.4%, 82.2%, and 77.4%
LiMn2O4 theoretical capacity, respectively. (A−C) Operando evolutions of the LixMn2O4 (111) and (311) diffraction peaks cycled under 0.1C, 0.5C,
and 1C rates, respectively. The inset figures in (A−C) show the fitting profiles of (111) and (311) peaks at fully charged state via Pseudo-Voigt method.
(D) Electrochemical profiles of operando WIS (Li(TFSI)0.7(BETI)0.3·2H2O) cells presenting in (A−C).
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the wetting and distribution of WIS electrolyte within the LMO
HP and LP TPEs. 3D confocal Raman mapping of WIS
electrolyte containing TPEs has been conducted to offer a true
chemical view of mesoscale electrode structures and the internal
Li-ion transport pathways. The Raman spectra of LMO, WIS
electrolyte, and MWCNTs are displayed in Figure 3A. The
classical least-squares (CLS) rendered merged 3D maps are
depicted in Figure 3B,C for the HP and LP TPEs, where the red,
green, and blue signals represent LMO, WIS electrolyte, and
MWCNTs, respectively. The same set of spectra were processed
using non-negative matrix factorization (NMF), which has been
well-described elsewhere.58,59 The spectra were normalized to
account for the loss of Raman signal intensity with increasing
sampling depth and further preprocessed to estimate and
subtract the signal baseline. The NMF rendered 3D distribution
of individual components are displayed in Figure 3D,E,
respectively, for the HP and LP TPEs.
To further investigate the pathways of WIS electrolyte within

the TPEs, CLS-rendered 2D Raman maps of the HP and LP
TPEs at each electrode depth are summarized in Figure 3B,C. In
general, the WIS electrolyte tends to flow through the pores
between LMO aggregates and MWCNTs, especially in the low

porosity electrodes, as indicated by the green map following the
contour of red map in Figure 3C,E. This can be possibly
attributed to the gap/pores between MWCNTs and LMO (>5
μm) being much larger than those within MWCNTs or LMO
itself (<2 μm), which facilitate the flow of viscous WIS
electrolyte. Due to the limited large and accessible pores
available in the LP TPE, the percolation of WIS electrolyte (Li-
ion) is drastically reduced (Figure 3E), which can potentially
lead to impedance in ion transport and poor rate performance of
the cell.
The operando XPD results of thick porous LiV3O8−LiMn2O4

WIS cell cycled under 0.1C, 0.5C, and 1C rates are shown in
Figure S4 (LP, 60% porosity) and Figure S5 (HP, 75% porosity).
Since the thick electrodes are a free-standing porous structure,
there are no diffraction peaks from the current collectors, e.g.,
aluminum. To evaluate the LMO phase transformation, the
operando evolution of LixMn2O4 (111) and (311) peak profiles
and analysis results through pseudo-Voigt fitting are shown in
Figure S6 (LP, 60% porosity) and Figure 4 (HP, 75%). The LP
cells deliver 90.2%, 75%, and 78% LiMn2O4 theoretical capacity
under 0.1C, 0.5C, and 1C, respectively. From the fitting results
in Figure S6A−C and Table S2, only the 0.1C rate in LP cells

Figure 5. X-ray diffraction refinement analysis for the operando study of HP LMO evolution in a WIS electrolyte (Li(TFSI)0.7(BETI)0.3·2H2O). (A)
Evolution of the lattice parameter and Li atomic occupancy (x in LixMn2O4) of HP electrodes charged under 0.1C, 0.5C, and 1C rates. (B) Crystal
structures of the phases from the XPD refinement.
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leads to the coexistence of two phases in the end product of
LiMn2O4 electrode. In contrast, only β-phase, which is less
delithiated, is identified at the fully charged state under 0.5C and
1C rates in the LP LMO electrode. The delivered capacity does
not follow a specific trend as a function of the cycling rate.
Therefore, it implies that there are other limiting factors in the
LP WIS cell under the high C rates (0.5C vs 1C). More
morphological analysis not covered in this work, such as the pore
size distribution or the spatial distribution of the pores, may
need to be carried out to fully understand the 3D structure of the
LP TPEs and its impact on the performance.
In contrast, the operando LixMn2O4 peaks and the two-phase

reaction analyzed through Pseudo-Voigt fitting shown in Figure
4 for the HP TPEs are consistent with the trend shown in the
electrochemical results. To further validate the evolutionary
trend of the LMO phase in HP electrodes, operando Rietveld
refinement was conducted. Figure S7 shows the individual
refined diffraction profile of the pristine state and fully charged
state under 0.1C, 0.5C, and 1C rates. Each component of the
initial and final states is well-resolved and labeled accordingly in
Figure S7. A discrepancy between the refinement and the data
can be found at ∼3 deg in Figure S7 (0.1C fully charged). The
peak corresponds to the LVO (103), and the deviation is due to
a strong preferred orientation of the LVO. The diffraction
patterns of LMO and LVO are overlapped because the operando
measurements were conducted in a transmission geometry. The
relative concentration of the LMO phases is thus independent of
the LVO phases. The refined parameters including the lattice
parameter, Li atomic occupancy (x in LixMn2O4), and relative
concentration (in wt % normalized to the LMO phases) are
summarized in Figure 5 and Figure S8. The capacities deriving
from the amount of phase transformation in Figure S8 and Table
S3 are consistent with the electrochemical performance under

0.1C and 0.5C rates. The deviation of capacities under the 1C
rate implies an inhomogeneous distribution of the local
oxidation state. Nevertheless, the reaction with a faster rate
(1C) still reflects a greater chemical heterogeneity than the
slower rates (0.1C or 0.5C). The operando evolution of the
lattice parameter and Li atomic occupancy in Figure 5 also agree
with the previous reports.53,55 The refinement also shows that,
when the delivered capacity is larger than ∼60 mAh g−1, the
delithiation of LMO changes from a solid-solution reaction (α-
phase) into a two-phase reaction where one phase is
Li0.5−0.6Mn2O4 (β-phase) and the other is λ-Mn2O4 (λ-phase).
These observations strengthen the reliability of the operando
refinement results. Therefore, in Figure 4A−C, Figure S8, and
Table S2, the dominant phase in the 0.1C fully charged HP
LMO is λ-phase. While the C rate increases, the ratio of the λ-
phase decreases, and the ratio of β-phase increases. In the 1C
fully charged case, the β-phase becomes the dominated phase.
Overall, the ratios between β- and λ-phase are consistent with
the delivered capacities in HP electrodes and also reflect the
average structural/chemical inhomogeneity under different C
rates.
More specifically, Figure 5 shows the rate effects in the LMO

phase. At the 0.1C rate, the delithiation manifests first in the
decrease of lithium occupancy in the solid-solution phase (α-
phase) (Stage I, solid-solution region) and at about 60 mAh g−1,
the Li occupancy holds at ∼0.6 (β-phase), while the Li-poor
phase (λ-phase) starts to appear, further decreasing the overall
Li contents in the LMO structure (Stage II). At about 100 mAh
g−1, the Li occupancy in the solid-solution phase (β-phase) starts
to decrease again, contributing to the capacity of the cell (Stage
III). At the 0.5C rate, the delithiation stops at the end of Stage II,
and at the 1C rate, it stops at approximately halfway of Stage II.
Therefore, the phase evolution detected by the operando XPD

Figure 6.Chemical distribution of high-porosity thick porous LiMn2O4 electrode cycled under different C rates inWIS (Li(TFSI)0.7(BETI)0.3·2H2O)
cells (A,B) 0.1C; (C,D) 1C and at different positions [near separator (A,C) vs near casing (B,D)]. (E) Electrochemical profiles of the charging process
under different C rates and measurements. (F) Histogram of chemical distribution with different rates and positions. Movies of (A−D) are available in
Supporting Information.
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with refinement analysis supports that the rate limit is on the
LMO side. Combined with the XANES tomography (Figure 6,
discussed in the next section), which shows the spatial
inhomogeneity in the Mn valence state, the results further
confirmed that the kinetic limitation is from the electrolyte in the
porous space in LMO.
Since theHPTPEs hold a good percolation ofWIS electrolyte

as shown in Figure 3D, the rate-limiting factor of delithiation in
HP LMO electrodes could be determined by observing the
spatial distribution of the Li ion concentration in electrodes.
Thus, the local chemical distributions of TPEs were analyzed by
ex situ 3D XANES tomography via selecting two regions of
interest: one near the separator and one near the casing. 3D
XANES enables spatially quantifying the distribution of
chemical states within the electrode at the two most distinct
locations relative to the ionic diffusion distance from the anode.
To alleviate the concern of chemical state redistribution, the ex
situ samples were dried under vacuum once the cells reached the
cutoff voltage. The redistribution within individual particles may
still exist but does not impact the chemical mapping across the
entire electrode. As shown in Figure 6, the chemical state
distributions of HP LMO electrodes fully charged to 1.8 V at
0.1C and 1C rates are mapped in 3D by XANES tomography at
both regions: near the separator as shown in Figure 6A,C and
near the casing as shown in Figure 6B,D. Figure 6E shows the
capacity profiles of all the tested cells from the first-charging half
cycle, which deliver 91.4% and 77.4% of LMO theoretical
capacity for 0.1C and 1C rates, respectively. The histogram in
Figure 6F presents the statistical distribution of the chemical
states in Figure 6A−D. The chemical mapping in Figure 6A−D
shows that the HP LMO electrode cycled under a 0.1C rate has
an overall more complete reaction than that cycled under a 1C
rate. The two closer peaks in the blue curves in Figure 6F
represent the major λ-phase with some minor β-phase which
distributes uniformly in the electrode under the 0.1C rate. On
the other hand, the less complete reaction at the 1C rate is
expected according to the electrochemical data and is consistent
with the XPD results shown in Figure 4 and Figure 5, where the
dominant phase in the fully charged product at the 1C rate
remains the β-phase. At the 1C rate, the region near the casing
has a lower extent of delithiation and a higher degree of chemical
homogeneity than the near-separator region. In Figure 6F, the
peak with higher white line energy in the green solid curves
represents the λ-phase concentrates in the region near separator
under a 1C rate. The one with a lower white line energy in the
green curves represents the β-phase dominating in the region
near casing.
The different extents of heterogeneity (d2 = 0.35 > d1 = 0.15

eV) shown in Figure 6 F for the different regions under the same
rate also shows that there is more chemical heterogeneity under
1C than under 0.1C. Figure 6F also shows that the regions near
separator (shorter Li-ion diffusion distance) at both 0.1C and
1C rates have a similar level of delithiation (within XANES
energy fitting resolution). In contrast, the region near casing at
0.1C rate has a closer level of delithiation to the regions near the
separator than at 1C, but the region near casing at the 1C rate
shows the least complete delithiation in Figure 6. The
inhomogeneous chemical distribution from the near-separator
region to the near-casing region at the 1C rate indicates that the
ion transport limitation leads to a gradient of Li ion along the
voltage bias direction in the thick porous LiMn2O4 electrode,
causing a less complete delithiation reaction near the casing. By
combining the rate-dependent behaviors, Raman mapping, bulk

diffraction, and local chemical mapping, ionic diffusion in the
electrolyte is suggested as the primary rate-limiting factor in the
thick porous LiV3O8−LiMn2O4 electrode couple reacted inWIS
electrolyte. If the reaction is limited by other factors rather than
by the long-range ionic diffusion in the electrolyte, such as solid-
state diffusion in LMO or LVO, interfacial diffusion through
SEI, or other interfacial reactions, the concentration of Li ions in
the electrolyte should be homogeneous and thus lead to no
chemical heterogeneity in LMO. Note that according to our
previous study,41 the Mn dissolution can be significantly
suppressed when cycling in WIS electrolyte. Therefore, the
inhomogeneity of the Mn valence state is primarily attributed to
the reaction heterogeneity. The spatial chemical heterogeneity
along the bias direction in LMO is a direct indication that the
kinetics is limited by the long-range ionic diffusion in the
electrolyte.
Figure 7 shows a schematic summary of the rate-limiting

behavior for the thicker porous electrode of LMO in the WIS

electrolyte, in which Li ion diffusivity is lower than that of
conventional dilute electrolytes, although the Li ion concen-
tration is significantly higher. As the reaction rate increases, less
time is allowed for the Li-ion to diffuse, leading to a chemical
heterogeneity and reaction-state gradient in LMO along the
thickness direction. This effect is further enhanced when the
porosity is reduced, which leads to a decreased effective
diffusivity, Deff, as discussed in the Introduction, causing further
chemical heterogeneity and incomplete reactions. Such behavior
can be mitigated by designing electrodes with lower tortuosity
and enhancing the Li-ion diffusivity in the electrolyte; further
modeling and theoretical work could also be essential to
quantitatively understand the complex behavior concerning the
electrochemical reaction kinetics, electrolyte−electrode inter-
faces, and transport phenomena in porous electrodes. Future
work may also consider testing the systems with different
separators, such as glass fiber separators, to study the effect of
varying wettability in the transport phenomena.

Figure 7. Schematics of rate-limiting behavior for the faster cycling rate
in the thick porous electrode of LMO, inWIS electrolyte. While there is
a significant amount of Li ions, the slower Li ion diffusion rate in the
WIS electrolyte leads to a rate-limiting behavior and chemical
heterogeneity, which is also more prominent in the lower porosity
electrode. Future work in theoretically modeling the transport
phenomena in the WIS electrolyte, tuning the electrode design to
mitigate the slower Li-ion diffusion in WIS electrolyte, as well as
designing the WIS electrolyte with enhanced ionic diffusivity will hold
crucial keys to enhance the rate performance of aqueous Li-ion batteries
with high voltage and high loading.
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■ CONCLUSION

Aqueous batteries with high mass-loading electrodes (thick
porous electrodes) were successfully fabricated and demon-
strated promising performance in a WIS electrolyte. The
electrochemistry of a WIS battery based on LiV3O8 as the
anode and LiMn2O4 as the cathode was investigated to
understand the transport phenomena with various thick-
nessesin thin electrodes (10−60 μm) and thick porous
electrodes (150−230 μm)cycled under 0.1C to 1C rates. In
the first charging cycles, the thick electrodes show a rate
dependency, while thin electrodes do not exhibit rate depend-
ency. This result implies the ionic diffusion in the electrolyte as
the primary rate-limiting factor for thick porous electrodes in
LiV3O8−LiMn2O4 WIS systems.
The observation of the electrochemical behaviors was further

verified by characterizing the percolation, phase transformation,
and chemical heterogeneity in the LiMn2O4 electrodes through
Raman mapping, operando XPD, and ex situ XANES
tomography. The Raman mapping shows a better percolation
of the WIS electrolyte in the high-porosity thick electrode than
the low-porosity one. The excellent wettability of the WIS
electrolyte within the high-porosity structure facilitates the ion
transportation. The operando XPD reveals the bulk phase
transformation of LiMn2O4 through pseudo-Voigt profile fitting.
For high-porosity thick electrodes, the formation of the λ-phase
(complete delithiation) is observed under all tested rates,
whereas the λ-phase is only found under a 0.1C rate in a low-
porosity thick electrode. The existence of the λ-phase indicates
that the rate capability is promoted because of the increased
porosity, thus enhancing the ionic diffusion. The varying ratio
between β- vs λ-phase under various C rates is also consistent
with the kinetics limitation in the high-porosity thick electrode.
The local distribution of the chemical state in post-cycled

LiMn2O4 electrodes was visualized and quantified in 3D by
XANES tomography. In chemical mapping and histogram of 3D
XANES, the thin LiMn2O4 electrode (60 μm) shows a
homogeneous chemical distribution. However, the chemical
state distribution in the high-porosity thick LiMn2O4 electrode
(∼230 μm) under the 1C rate has spatial heterogeneities from
the surface near separator to the region near casing. By
comparing the chemical distribution spatially under 0.1C vs
1C, the results consistently show that the ionic diffusion in the
electrolyte may be the rate-limiting factor in this system. By
determining the rate-limiting factor via probing the electrolyte
pathway and chemical heterogeneities, our study enhances the
understanding of the transport phenomena of the WIS
electrolyte in LiMn2O4 electrodes. A clear insight of the kinetic
limitations in highly concentrated electrolytes and thick porous
structures sheds light on high energy density applications. This
work also provides a framework for studying the kinetics in an
electrochemically driven system toward the strategies to design
advanced batteries. Future work in theoretically modeling the
transport phenomena in the WIS electrolyte, tuning the
electrode design to mitigate the slower Li-ion diffusion in the
WIS electrolyte, as well as designing the WIS electrolyte with
enhanced ionic diffusivity will hold crucial keys to enhance the
rate performance of aqueous Li-ion batteries with high voltage
and high loading.
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