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ABSTRACT: Ion transport in nanoconfined electrolytes exhibits ic charging dance shape
nonlinear effects caused by large driving forces and pronounced — 60 Es=-05V L=5nm

boundary effects. An improved understanding of these impacts is {L 30

urgently needed to guide the design of key components of the 40| , E

electrochemical energy systems. Herein, we employ a nonlinear & |/ —_ Noniinear f\lzo orc
Poisson—Nernst—Planck theory to describe ion transport in nano- 20|/ Hipesr Y 10 Non-PZC
confined electrolytes coupled with two sets of boundary conditions to i

mimic different cell configurations in experiments. A peculiar % 5 10 15 20 10 0 10 20 30 40

nonmonotonic charging behavior is discovered when the electrolyte

Charging time 1/ Ay%/D, Zy /! Qem?

is placed between a blocking electrode and an electrolyte reservoir,

while normal monotonic behaviors are seen when the electrolyte is placed between two blocking electrodes. We reveal that
impedance shapes depend on the definition of surface charge and the electrode potential. Particularly, an additional arc can emerge
in the intermediate-frequency range at potentials away from the potential of zero charge. The obtained insights are instrumental to
experimental characterization of ion transport in nanoconfined electrolytes.
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Ion transport is a fundamental process and sometimes the
rate-determining step in electrochemical energy technolo-
gies, such as lithium-ion batteries. In the bulk phase, ion
transport is often described using Fick’s law with the ion flux
being proportional to the concentration gradient.' " Near a
charged interface, ion flux driven by the spatially varying
electrical field cannot be neglected, and Poisson—Nernst—
Planck (PNP) theory is often used in this context.”™* Modified
PNP theories have been developed for ion transport in
concentrated solutions where the finite size of ions and short-
range correlations between ions are important.”~ "> In addition,
dynamic density functional theory provides a unified frame-
work to describe ion transport in complex fluids."*™"® In spite
of the formal differences, these theories assume that the ion
flux is linear with respect to the driving force, viz., the gradient
of the electrochemical potential; different treatments lead to
different expressions of the driving force and diffusion
coeflicient.

In general, the reaction flux is an exponential function of the
driving force. One example is the Butler—Volmer equation for
charge transfer at the interface between two phases. Ion
transport could be viewed as a chain of ion-vacancy coupled
charge transfer reactions.'””’ This view leads to a Butler—
Volmer-type equation for ion transport in which the ion flux is
an exponential function of the electrochemical potential
gradient of the examined ion, which was earlier developed by
Riess and Maier.”’ When the gradient of the electrochemical
potential is small, the exponential function can be linearized,
and a PNP-type equation is retrieved.”” This linear
approximation is valid for ion transport in the bulk phase as
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well as in thick electric double layers (EDL). However, one
would expect it to become increasingly problematic when the
length scale reduces to the order of Debye length, namely,
when ion transport occurs in the presence of large electric
fields (above 100 kV/cm).”>~*’

In this paper, we study ion transport in an electrolyte, be it
solid or liquid, under nanoconfinement where the character-
istic length is comparable to the Debye length. Under these
conditions, nonlinear ion transport kinetics has been
observed.”** A nonlinear PNP theory is employed for this
purpose. To treat different boundary conditions found in
practical systems, two types of cells, including single-blocking
open cells (SBOC) and double-blocking closed cells (DBCC),
are analyzed in detail in both time and frequency space.
Though the models are simple and not new, several
unexpected behaviors are observed, including nonmonotonic
EDL charging behaviors in the time space for the SBOC, the
dependency of impedance shape on the definition of the EDL
charge, and an additional impedance arc at potentials deviating
from the potential of zero charge (PZC) for the SBOC. The
model for the DBCC case is further employed to interpret
experimental impedance data of ion transport in solid
electrolytes. We also briefly discuss the influence of charge
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transfer reactions on the results, leaving a detailed analysis for a
future study.

We start with a 1D model with an ideally blocking electrode
and an electrolyte solution consisting of a binary symmetric
electrolyte with ions of the same size. Within a primitive
picture, the solvent is treated as a dielectric continuum with a
constant permittivity €. Considering the finite size of ions, we
introduce a finite space between the electrode surface and the
edge of the electrolyte phase, denoted the Helmholtz plane
(HP), of which the permittivity &y is much lower than &'
Nanoconfined electrolytes can have various boundary con-
ditions in electrochemical energy devices. In metal-ion
batteries, the solid—electrolyte interphase (SEI) can be
mimicked as a nanoconfined solid electrolyte sandwiched
between an electrode and a bulk electrolyte solution.****
Because the EDL can exchange particles with the electrolyte
solution, we refer to it as a single-blocking open cell (SBOC),
as illustrated in Figure 1. In measurements of the ion
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Figure 1. Schematic diagram of the two types of models. (a) Single-
blocking open cell with one side in contact with a blocking electrode
and the other side connected to a reservoir of electrolyte solution. (b)
Double-blocking closed cell with an electrolyte solution confined
between two blocking electrodes. The solution consists of a binary
symmetric electrolyte with ions of the same size.

conductivity of solid electrolytes for solid-state batteries,” >’

the solid electrolyte is sandwiched between two blocking
metals, and this case corresponds to a double-blocking closed
cell (DBCC).

Ion transport in nanoconfined electrolytes is described by a
modified PNP theory,””*® which in the dimensionless form is
given by

oc, ]

or  oX (1)
0* C, - C_

_[2] + 7+ = 0

X 2 )

where C, is the ion concentration referenced to the bulk
concentration ¢, the subscript i representing cations (+) or
anions (—), X is the spatial coordinate normalized by the

Debye length Ay = «/&'SRT/(ZFZCO), T = tD,/Apy" is the

dimensionless time, D; is the diffusion coefficient of species i,
and U = F¢p/RT is the dimensionless potential; other symbols
have their usual meaning,

The flux term is given by19

_ D2

J. (G(1 = yC))
=7 D a
aC
« sinh L(L_r y__oc, v
2’1D Ci 1.4 (1 - ]/C) X 1):¢ (3)

with y = a’c,N, being the volume fraction of all ion in the bulk
and C = C, + C_ the total ion concentration. This nonlinear
PNP equation can be reduced back to the linear PNP when the

system remains in near-equilibrium because sinh { = { for { <
19,20
1.7

D, 1 0C oC  oU
J, = =(Q0 -0 =+ L
D, G 0X 1-yCoX ~ oX
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At the left boundary, designated at the HP, X = 0, the flux
vanishes for both SBOC and DBCC cases:

J.(0,7) =0 (s)

As there is no extra charge in the space between the metal
electrode surface and the HP, the potential distribution is
linear in this region,smo

U0, 7) = Uy, + 2.5
( M Ap &yp 0X (6)

where Uy, is the surface potential applied on the left metal
electrode.

The right boundary condition is contingent on the type of
cell. For the SBOC, the nanoconfined electrolyte is connected
with a constant-potential reservoir of electrolyte at X = L,
namely

G, 7=1 C(L,7)=1 UL, 7)=0 (7)

meaning that ion concentrations assume their bulk values and
the electric potential there serves as the reference.

For the DBCC, the right boundary at X = 2L has a zero ion
flux

J,2L,7) =0 (8)
and the electrode potential satisfies
Oyp & 0
UQL, 7) = —Uy, — ﬂ—S—U(zL, 7)
Ap &gp 0X 9)

with —U) being the applied potential on the right metal.

Before applying the potential perturbation, we find the
electrolyte solution in uniform concentrations and zero electric
potential for both SBOC and DBCC, namely

C+(X) O) =1, C_(X, 0) =1, U(Xl O) =0 (10)

We employ the present model to explore the charging
dynamics of nanoconfined electrolytes, described in terms of
the EDL charge density as a function of time. Two definitions
of EDL charge exist in the literature,'®*""** as shown in Figure
S1, including the total diffuse charge
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Q@) = [ (G, D) - Cx, 1) ax

(11)
and the electrode surface charge
_0u(0, 7)
Q™) = =% (12

These two charges are equivalent, if the electric field vanishes
at X = L. Note that Qy(7) does not start from zero because the
initial electric field at X = 0 has a nonzero value, as shown in
Figure S2. In the following, we use consistently the total diffuse
charge Qgpr(7) to describe the charging dynamics of the
SBOC in Figure 2, and we provide results in terms of Qy(7) in
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Figure 2. Charging dynamics of nanoconfined electrolytes in terms of
the total diffuse charge Qpp (7) for the nonlinear (solid line) and
linear PNP theory (dashed line) at (a) different applied voltages and
(b) electrolyte thicknesses for the single-blocking open cells. (c)
Regime of nonlinearity of the PNP theory. (d) Regime of
nonmonotonic EDL charging dynamics. Model parameters are ¢, =
1x 102 mol L™, D, = 1 X 107" m? 57!, and &yp = 0.3 nm, and the
corresponding references values are A, ~ 9.63 nm, t, = Ap*/D, =
927 x 107 s, and U, = RT/F = 25 mV.

Figure S3. The charging dynamics of EDL has been widely
studied. ™" Conventionally, it can be divided into a fast
process with a time constant of 7pc = ApL/D, and a slow
process with a time constant of 7, = L*/D ,.04104047 guch two-
stage charging behaviors are observed for “thick”, namely, L >
Ap, electrolyte films, which are well described by the linear
PNP theory. The charging dynamics of the DBCC given in
Figure S4a show a similar charging behavior.

The nonlinear PNP theory differs from the linear PNP in
two aspects. On the one hand, the nanoconfined electrolyte
described using the nonlinear PNP theory charges faster, as
shown in Figure 2a, because the ion flux is larger under the
same driving force since sinh { > {. On the other hand, the
QgpL(7) exhibits more pronounced nonmonotonic charging
behaviors when nonlinear PNP theory is used. In addition, the
nonmonotonicity is more pronounced when the EDL is driven
further away from equilibrium, namely, when Uy is more
negative, for the SBOC (see Figure 2a). The same
phenomenon exists for Qy(7) in Figure S3.

Is this nonmonotonic charging dynamics unique for the
nonlinear PNP theory? No, we observe nonmonotonic
charging dynamics when L is reduced below 0.521; (5 nm
for the present case) even for the linear PNP theory, as shown
in Figure 2b. This indicates that the nonmonotonic charging
dynamics is caused not by nonlinearity but by nanoconfine-
ment. To interpret the nonmonotonic charging curves, we
track the time evolution of the net charge density (p = C, —
C_) for the linear PNP theory at L = 0.524;, and Uy = —20 in
Figure S5. We notice that when 7 < 3.8, the curve of p ~ X is
elevated with increasing time, indicating that counterions are
attracted to the electrode surface to form the diffuse layer.**
When 7 > 3.8, the curve of p ~ X gradually decays because the
surface charge is already overscreened by the counterions;
thus, the excess amount of counterions need to be balanced by
co-ions in the diffuse layer. Therefore, the net charge density
decreases until equilibrium is reached.'' In summary, the
proposed model reveals an overscreening phenomenon in
SBOCs induced by nanoconfinement.

The nonlinear and nonmonotonic effects depend on two key
parameters: L and Uy. Herein, we introduce two related

descriptors, A, and A
A _ inin B Q-]jn
nlin —
Qi (13)

which is the relative difference of Qgp; between nonlinear PNP
and linear PNP and

Qmax - Qeq
Al'lI'l’lOI'l S —
Qg (14)

which is the relative difference of Qgp; between maximum and
equilibrium values. Both ratios are functions of Uy and L, as
shown in Figure 2¢,d. In Figure 2¢, we calculate Ay, at a
dimensionless time 7 = 2 because the nonlinear effect is most
pronounced in this range. A, is larger at small L and large
Uy, and Ay, is greater than 1 when L < 8.4, (52 nm) and
Uyl > 6.1 (0.15 V), namely, when the electric field E > 30 kV/
cm. The electric field in the SEI has been estimated to be
about >50 kV/cm, using nonlinear conductivity spectrosco-
py.”>*’ Therefore, the nonlinear PNP theory is more accurate
to describe ion transport in this case. In Figure 2d, A, is
greater than 0.2 when L < 1.44p (13 nm) and Uyl > 12.5
(0.31 V), suggesting that nonmonotonic dynamic charging is
more pronounced under such conditions. In other words,
nonmonotonic charging behavior is enhanced in nanoconfine-
ment with a higher electric field.

Electrochemical impedance spectroscopy (EIS) allows
analysis of ion transport in a wide frequency range. The EIS
responses for SBOC and DBCC are solved analytically at
PZC>**" (see technical details in Supplementary Note 5) and
numerically at other potentials following the method of refs 52
and S53. There is no difference between the linear and
nonlinear PNP theory in the EIS response because the
sinusoidal potential is a small perturbation signal (see Figure
S7). Contrary to the time-domain results, EIS calculated from
two definitions of EDL charge are nontrivially different. In this
section, we describe the EIS response of the SBOC, and we
provide the results of the DBCC in Figure S8.

At the PZC, namely, Usf = 0, the impedance based on Qgpy.
is analytically expressed as
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1 A
Zo =
FDL joCy 1 — sech(\//l_lL//lD)
tanh( \M—IL / Ap) L
1 & Tah b
+ . 0
joCde 1 — sech({/4,L/Ap) (15)

where Cy is the Helmholtz capacitance, Cy; = %, C2c the
HP

Gouy—Chapman capacitance at PZC, CQc = j—s, and

D

2
A=1+ jw%. With asymptotical analysis provided in

Supplementary Note S, in the low-frequency range, eq 15 is
asymptotic to

S ( 1,1 ]
EDL — | - T To

jo\Cy  Cdc (16)
a capacitive behavior corresponding to the equilibrium EDL

capacitance. In the high-frequency range, eq 15 is asymptotic
to

;o A’ N AL L L
LT euD, D, | 2eb
by ech == G
RT (17)
. . 2F%,D, . .
a pure resistance behavior, where o, = == is the electrical

conductivity of the bulk electrolyte.
The impedance response from Qy at the PZC is analytically
obtained as

tanh(\//l—lL//lD)
1 1 A
= - —+ - 0 \/—1
joCy  jwCqc A (18)

+ (= 1)
D

In the low-frequency range, eq 18 asymptotically approaches

, 1 [ L1 ]
M~ |~ o0

jol Cy Cgc (19)
which is the same as Zgp; in the low-frequency range. In the
high-frequency range, eq 18 approaches

_ 1 _ 1
2= &b, | o6 Loy jwC
—lDL + ]a)f RE® geo (20)
pre _ ApL L. .
where R, = = — is the electrolyte resistance at the
ele CchJr o,

PZC and C, = % the geometric capacitance of the electro-
Iyte.

In contrast to a pure resistor given by Zyp;, a semicircle is
expected in the high-frequency range for Zy;. Consistent with
the above theoretical analysis, the EIS calculated based on
Qgpr, shows a nearly vertical line, the EIS calculated based on
Qut shows a semicircle in high-frequency range followed by a
vertical line in low-frequency range (see Figure 3a). The
agreement between analytical and numerical results at oyp = 0
confirms the accuracy of the numerical method when HP is
not considered. In Figure 3b, the influence of the HP on
analytical and numerical solutions at the PZC is examined. The
existence of the HP brings about an anomalous semicircle in
the second quadrant for the numerical results in the dashed
lines. This anomalous feature is a numerical artifact because it
disappears in the analytical results in the solid lines. Neglecting

(@) =0 (b)
[ 35 I
" With HP
20 [———Analyfical 30 (Byp=0.3nm
===: Numerical S_ ’
25 -
o k- 7
£ 5 20 /
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N 315
n ol \
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Figure 3. EIS of ion transport in the single-blocking open cells. (a)
Comparison between the EIS calculated from the total diffuse charge,
denoted as Zgp;, and that from the electrode surface charge, Z, at
the potential of zero charge, U = 0 and 8yp = 0 nm. Analytical and
numerical results are displayed as solid and dashed lines, respectively.
(b) Influence of the Helmholtz plane (HP) on analytical (solid lines)
and numerical (dashed lines) solutions of Z. Z, at different
electrode potentials Uy for the (c) SBOC and (d) the DBCC at L =
100 nm and yp = 0 nm. (e, f) Distribution of the net charge density
at different USs for the SBOC and the DBCC, respectively. Model
parameters are ¢, = 1 X 10 mol L™, D, = 1 X 107" m?*s™}, Ey; = 2.5
X 1072 sin wt V, and E, = E,,. = 0. The frequency range is 1 X 105-1
x 107" Hz.

the HP, we find the numerical results are converged to the
analytical results, and the mere difference is in the length of the
low-frequency vertical line, due to the change of the EDL
capacitance (cf. eq 19). Hence, we neglect the HP in
subsequent analysis because our focus is put on the high-
frequency semicircle.

When the potential deviates from the PZC, namely, Uk £o,
a newly tilted line can be observed in the intermediate
frequency of Zy in Figure 3c. This can be attributed to the
finite-rate ion transport in the inhomogeneous electrolyte
featuring a time scale of 7, = (wp)™' = L*/D,, leading to
frequency dispersion of the double-layer capacitance. This
frequency-dispersion phenomenon is observed only in the
SBOC, not in the DBCC of which the EIS is given in Figure
3d. The reason is that the diffuse layer is more pronounced in
the SBOC than in the DBCC when UL # 0, as shown in
Figure 3ef. Ion transport in the whole of the electrolyte
features a time constant of 7pc = (wrc)™ = ApL/D,.

Katayama et al. measured the EIS of Ni/LiPON/Li at
several electrode potentials.”* The Nyquist plots show a
semicircle in the high-frequency range, followed by a nearly
vertical line; they found that the diameter of the semicircle
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derived from the LiPON thin film increases with increasing the
electrode potential, consistent with the trend of Zy; of DBCC
in Figure 3d. The potential dependence of the impedance of
Ni/LiPON/Li is reproduced in Figure 4a. Figure 4b shows the

(a) Experiment (b) Model
30r T 8 30 -
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Figure 4. EIS of ion transport in the double-blocking closed cells. (a,
b) Comparison between model and experimental results of the EIS
response at different potentials. Experimental data were reported by
Katayama et al. in Ni/LiPON/ Li>* The model-based result is
calculated using ¢y = 0.25 M, D, =2 X 1072 m* s™), ¢, = €1pon =
16.6&o, and 2L = 760 nm. (c) shows the steady-state distribution of
cation concentration at different applied voltages, and (d) the steady-
state cation concentration at the middle plane as a function of applied
voltage. Analytical and numerical results are displayed as solid and
dashed lines, respectively. Model parameters are ¢, = 1 X 107> mol
L™, D, =1x 107" m*s™", 2L = 200 nm, and dyp = 0 nm.

dependence of the electrolyte resistance, R, defined as R, =
Zis (@ — 0), of the DBCC on electric potential Us;. The
model-based result in Figure 4b is calculated using the
parameters from refs 37, 54, and S5 where ¢, = 025 M, D,
=2 X 1072 m?s7Y, €, = e pon = 16.6¢¢, and 2L = 760 nm.
Increasing the applied potential, the electrolyte resistance
Rpjpon increases gradually due to the decreasing ion
concentration at the middle plane, C{} 4, as shown in Figure
4¢,d. To save the calculation time, we calculate Ci1 ;4 using 2L
= 200 nm. Because Cil 4 is uniformly distributed, increasing
the electrolyte thickness to 760 nm will not affect the results.
The steady-state cation concentration Ci4 is decreased at a
more negative U3, The relationship between Ct34 and Uss can
be described by an approximate analytical expression originally
given in ref 56.

Cli=A—-A -1 (21)

where

) 0
A=1+ 8(—D) sinh| =4
L 4 (22)

Figure 4 indicates that the analytical solution captures
numerical results. Experimental values are overall larger than
model-based values, which could be attributed to the surface

32,33,57
roughness of the metal electrode.

So far, our analysis has been focused on blocking electrodes.
As practical situations usually involve reactive, nonblocking
electrodes, one may wonder if the insights collected on the
blocking electrodes also apply for nonblocking electrodes. This
question is briefly touched upon below.

Specifically, two more cases involving nonblocking electro-
des are considered, including a single reactive open cell with
the left side in contact with a nonblocking electrode and the
right side connected to a reservoir of electrolyte solution, and a
single blocking closed cell with the left side in contact with a
blocking electrode and the right side connected to a
nonblocking electrode (see Supplementary Notes S and 9).

For the case of single reactive open cell, the nonlinear and
nonmonotonic effects are also observed, and the quantitative
difference is that Qgpy (7) decreases at larger rate constant k.
This is because the metal deposition reaction consumes
cations, thus lowering Qgp;. The regimes of nonlinearity of the
PNP theory and nonmonotonic EDL charging dynamics are
basically the same as for the case of SBOC. Therefore, we
conclude that the main conclusions previously drawn for the
single blocking open cell are also applicable to a reactive
electrode. For the case of single blocking closed cell, we notice
that the EIS consists of two semicircles in high- and
intermediate-frequency range and a vertical line in the low-
frequency range. With an increasing rate constant k., the
intermediate-frequency semicircle associated with the charging
transfer decreases. The high-frequency semicircle corresponds
to the electrolyte resistance in parallel with the geometric
capacitance, and a vertical line in low-frequency range
corresponds to the equilibrium EDL capacitance. Therefore,
a nonblocking metal on the right side will bring forth a new
semicircle attributed to the charging transfer reaction in the
intermediate-frequency range.

In summary, nonlinear-PNP theory has been employed to
describe ion transport in nanoconfined electrolytes in single-
blocking open cell (SBOC) and double-blocking closed cell
(DBCC) configurations. The SBOC shows a surprising
nonmonotonic double-layer charging behavior. When the
EDL charge refers to the total ionic charge in the diffuse
layer, the EIS shows a nearly vertical line. When the EDL
charge refers to the electrode surface charge, the EIS shows a
semicircle in the high-frequency range and a vertical line in the
low-frequency range. An additional impedance arc in the
moderate to low frequency range is observed only for the
SBOC at potentials deviating from the potential of zero charge.
The high-frequency semicircle represents the electrolyte
resistance in parallel with the geometric capacitance of the
electrolyte. The tilted line at intermediate frequencies
represents the ion transport in the inhomogeneous electrolyte,
leading to the frequency dispersion of the double-layer
capacitance. The low-frequency vertical line is associated
with the equilibrium double-layer capacitance. Experimental
data of ion transport in a solid electrolyte are interpreted using
the DBCC model. We also briefly discussed the influence of
charge transfer reactions on the results. For the case of a single
reactive open cell, the time-domain charging dynamic
behaviors are qualitatively the same as in the SBOC case. In
frequency space, a nonblocking metal on the right side will
bring forth a new semicircle attributed to the charging transfer
reaction in the intermediate-frequency range. A more detailed
analysis of reactive, nonblocking electrodes will be reported in
the future.

https://doi.org/10.1021/acs.nanolett.3c02560
Nano Lett. 2023, 23, 10703-10709


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02560/suppl_file/nl3c02560_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560.

Comparison between Qgp; and Qy in time space;
double layer charging dynamics in terms of Qy for the
SBOC; comparison of Qgpy, between the DBCC and the
SBOC; time evolution of net charge density distribution
in the SBOC; double layer charging dynamics in terms
of Qgpy for the single reactive open cell; analytical
solution of EIS at PZC; comparison of EIS between
linear PNP and nonlinear PNP theory for the SBOC;
EIS response of the DBCC; EIS response of the single
blocking closed cell (PDF)

B AUTHOR INFORMATION

Corresponding Author
Jun Huang — IEK-13, Institute of Energy and Climate
Research, Forschungszentrum Julich GmbH, 52425 Jilich,
Germany; Theory of Electrocatalytic Interfaces, Faculty of
Georesources and Materials Engineeringg RWTH Aachen
University, 52062 Aachen, Germany; © orcid.org/0000-
0002-1668-5361; Email: juhuang@fz-juelich.de

Authors

Zengming Zhang — IEK-13, Institute of Energy and Climate
Research, Forschungszentrum Julich GmbH, 52425 Julich,
Germany

Chenkun Li — IEK-13, Institute of Energy and Climate
Research, Forschungszentrum Julich GmbH, 52425 Jilich,
Germany; © orcid.org/0000-0001-5574-0805

Jianbo Zhang — School of Vehicle and Mobility, State Key
Laboratory of Automotive Safety and Energy, Tsinghua
University, Beijing 100084, China; ® orcid.org/0000-0002-
2964-8084

Michael Eikerling — IEK-13, Institute of Energy and Climate
Research, Forschungszentrum Julich GmbH, 5242§ Jilich,
Germany; Chair of Theory and Computation of Energy
Materials, Faculty of Georesources and Materials Engineering,
RWTH Aachen University, 52062 Aachen, Germany;

orcid.org/0000-0002-0764-8948

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c02560

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Initiative and Networking
Fund of the Helmholtz Association (No. VH-NG-1709).

B REFERENCES

(1) Schmidt, G.; Suermann, M.; Bensmann, B.; Hanke-
Rauschenbach, R.; Neuweiler, I. Modeling Overpotentials Related
to Mass Transport Through Porous Transport Layers of PEM Water
Electrolysis Cells. J. Electrochem. Soc. 2020, 167, 114511.

(2) Zhang, M. K;; et al. Bell shape vs volcano shape pH dependent
kinetics of the electrochemical oxidation of formic acid and formate,
intrinsic kinetics or local pH shift? Electrochim. Acta 2020, 363,
137160.

(3) Zhang, M. K; et al. How Buffers Resist Electrochemical
Reaction-Induced pH Shift under a Rotating Disk Electrode
Configuration. Anal. Chem. 2021, 93, 1976—1983.

(4) Gonzalez, J.; Guillen, E.; Laborda, E.; Molina, A. Quantitative
analysis of the electrochemical performance of multi-redox molecular
electrocatalysts. A mechanistic study of chlorate electrocatalytic
reduction in the presence ofa molybdenium polyoxometalate. J.
Catal. 2022, 413, 467—477.

(5) Bard, A. J.; Faulkner, L. R.; White, H. S. Electrochemical Methods:
Fundamentals and Applications; John Wiley & Sons: 2002; Vol. 38.

(6) Bazant, M. Z.; Thornton, K.; Ajdari, A. Diffuse-charge dynamics
in electrochemical systems. Phys. Rev. E 2004, 70, 021506.

(7) Yan, D; Bazant, M. Z.; Biesheuvel, P. M.; Pugh, M. C.; Dawson,
F. P. Theory of linear sweep voltammetry with diffuse charge:
Unsupported electrolytes, thin films, and leaky membranes. Phys. Rev.
E 2017, 95, 033303.

(8) Lin, C; Compton, R. G. Understanding mass transport
influenced electrocatalysis at the nanoscale via numerical simulation.
Current Opinion in Electrochemistry 2019, 14, 186—199.

(9) Bazant, M. Z.; Kilic, M. S.; Storey, B. D.; Ajdari, A. Towards an
understanding of induced-charge electrokinetics at large applied
voltages in concentrated solutions. Advances in colloid and interface
science 2009, 152, 48—88.

(10) Fedorov, M. V.; Kornyshev, A. A. Towards understanding the
structure and capacitance of electrical double layer in ionic liquids.
Electrochim. Acta 2008, 53, 6835—6840.

(11) Bazant, M. Z.; Storey, B. D.; Kornyshev, A. A. Double layer in
ionic liquids: overscreening versus crowding. Phys. Rev. Lett. 2011,
106, 046102.

(12) Jiang, J.; Cao, D.; Jiang, D.-e.; W, J. Kinetic charging inversion
in ionic liquid electric double layers. journal of physical chemistry letters
2014, 5, 2195—-2200.

(13) Lee, A. A;; Kondrat, S.; Vella, D.; Goriely, A. Dynamics of Ion
Transport in Ionic Liquids. Phys. Rev. Lett. 2015, 115, 106101.

(14) Lee, A. A; Vella, D; Perkin, S.; Goriely, A. Are Room-
Temperature Ionic Liquids Dilute Electrolytes? J. Phys. Chem. Lett.
2015, 6, 159—163.

(15) Yochelis, A. Spatial Structure of Electrical Diffuse Layers in
Highly Concentrated Electrolytes: A Modified Poisson-Nernst-Planck
Approach. J. Phys. Chem. C 2014, 118, 5716—5724.

(16) Ma, K.; Janssen, M.; Lian, C.; van Roij, R. Dynamic density
functional theory for the charging of electric double layer capacitors. J.
Chem. Phys. 2022, 156, 084101.

(17) te Vrugt, M.; Léwen, H.; Wittkowski, R. Classical dynamical
density functional theory: from fundamentals to applications. Adv.
Phys. 2020, 69, 121—247.

(18) Lian, C; Zhao, S.; Liu, H,; Wu, J. Time-dependent density
functional theory for the charging kinetics of electric double layer
containing room-temperature ionic liquids. J. Chem. Phys. 2016, 145,
204707.

(19) Zhang, Z; Gao, Y.; Chen, S; Huang, J. Understanding
Dynamics of Electrochemical Double Layers via a Modified
Concentrated Solution Theory. J. Electrochem. Soc. 2020, 167, 013519.

(20) Gao, Y.; et al. Ion-vacancy coupled charge transfer model for
ion transport in concentrated solutions. Science China Chemistry 2019,
62, 515-520.

(21) Riess, L; Maier, J. Symmetrized general hopping current
equation. Phys. Rev. Lett. 2008, 100, 205901.

(22) Zhang, L; Cai, J; Chen, Y.; Huang, J. Modelling electro-
catalytic reactions with a concerted treatment of multistep electron
transfer kinetics and local reaction conditions. J. Phys.: Condens.
Matter 2021, 33, 504002.

(23) Roling, B.; Patro, L. N.; Burghaus, O.; Grif, M. Nonlinear ion
transport in liquid and solid electrolytes. European Physical Journal
Special Topics 2017, 226, 3095—3112.

(24) Heuer, A; Murugavel, S.; Roling, B. Nonlinear ionic
conductivity of thin solid electrolyte samples: Comparison between
theory and experiment. Phys. Rev. B 2005, 72, 174304.

(25) Riess, L; Maier, J. Current Equation for Hopping Ions on a
Lattice under High Driving Force and Nondilute Concentration. J.
Electrochem. Soc. 2009, 156, P7.

https://doi.org/10.1021/acs.nanolett.3c02560
Nano Lett. 2023, 23, 10703-10709


https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02560/suppl_file/nl3c02560_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1668-5361
https://orcid.org/0000-0002-1668-5361
mailto:ju.huang@fz-juelich.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zengming+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenkun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5574-0805
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianbo+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2964-8084
https://orcid.org/0000-0002-2964-8084
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Eikerling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0764-8948
https://orcid.org/0000-0002-0764-8948
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02560?ref=pdf
https://doi.org/10.1149/1945-7111/aba5d4
https://doi.org/10.1149/1945-7111/aba5d4
https://doi.org/10.1149/1945-7111/aba5d4
https://doi.org/10.1016/j.electacta.2020.137160
https://doi.org/10.1016/j.electacta.2020.137160
https://doi.org/10.1016/j.electacta.2020.137160
https://doi.org/10.1021/acs.analchem.0c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2022.06.038
https://doi.org/10.1016/j.jcat.2022.06.038
https://doi.org/10.1016/j.jcat.2022.06.038
https://doi.org/10.1016/j.jcat.2022.06.038
https://doi.org/10.1103/PhysRevE.70.021506
https://doi.org/10.1103/PhysRevE.70.021506
https://doi.org/10.1103/PhysRevE.95.033303
https://doi.org/10.1103/PhysRevE.95.033303
https://doi.org/10.1016/j.coelec.2018.08.001
https://doi.org/10.1016/j.coelec.2018.08.001
https://doi.org/10.1016/j.cis.2009.10.001
https://doi.org/10.1016/j.cis.2009.10.001
https://doi.org/10.1016/j.cis.2009.10.001
https://doi.org/10.1016/j.electacta.2008.02.065
https://doi.org/10.1016/j.electacta.2008.02.065
https://doi.org/10.1103/PhysRevLett.106.046102
https://doi.org/10.1103/PhysRevLett.106.046102
https://doi.org/10.1021/jz5009533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5009533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.115.106101
https://doi.org/10.1103/PhysRevLett.115.106101
https://doi.org/10.1021/jz502250z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz502250z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp412616f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp412616f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp412616f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0081827
https://doi.org/10.1063/5.0081827
https://doi.org/10.1080/00018732.2020.1854965
https://doi.org/10.1080/00018732.2020.1854965
https://doi.org/10.1063/1.4968037
https://doi.org/10.1063/1.4968037
https://doi.org/10.1063/1.4968037
https://doi.org/10.1149/2.0192001JES
https://doi.org/10.1149/2.0192001JES
https://doi.org/10.1149/2.0192001JES
https://doi.org/10.1007/s11426-018-9423-8
https://doi.org/10.1007/s11426-018-9423-8
https://doi.org/10.1103/PhysRevLett.100.205901
https://doi.org/10.1103/PhysRevLett.100.205901
https://doi.org/10.1088/1361-648X/ac26fb
https://doi.org/10.1088/1361-648X/ac26fb
https://doi.org/10.1088/1361-648X/ac26fb
https://doi.org/10.1140/epjst/e2017-70073-9
https://doi.org/10.1140/epjst/e2017-70073-9
https://doi.org/10.1103/PhysRevB.72.174304
https://doi.org/10.1103/PhysRevB.72.174304
https://doi.org/10.1103/PhysRevB.72.174304
https://doi.org/10.1149/1.2990721
https://doi.org/10.1149/1.2990721
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(26) Asano, T.; Kaneko, Y.; Omote, A,; Adachi, H,; Fujii E.
Conductivity Modulation of Gold Thin Film at Room Temperature
via All-Solid-State Electric-Double-Layer Gating Accelerated by
Nonlinear Ionic Transport. ACS Appl. Mater. Interfaces 2017, 9,
5056—5061.

(27) Wieland, F.; Sokolov, A. P.; Bohmer, R; Gainaru, C. Transient
Nonlinear Response of Dynamically Decoupled Ionic Conductors.
Phys. Rev. Lett. 2018, 121, 064503.

(28) Benitez, L.; Seminario, J. M. Ion Diffusivity through the Solid
Electrolyte Interphase in Lithium-Ion Batteries. J. Electrochem. Soc.
2017, 164, E3159—E3170.

(29) Guo, R; Gallant, B. M. Li2O Solid Electrolyte Interphase:
Probing Transport Properties at the Chemical Potential of Lithium.
Chem. Mater. 2020, 32, 5525—5533.

(30) Kaiser, N.; Bradler, S; Kénig, C; Roling, B. In Situ
Investigation of Mixed Ionic and Electronic Transport across Dense
Lithium Peroxide Films. J. Electrochem. Soc. 2017, 164, A744—A749.

(31) Gongadze, E.; van Rienen, U.; Kralj-Iglic, V.; Iglic, A. Spatial
variation of permittivity of an electrolyte solution in contact with a
charged metal surface: a mini review. Comput. Methods Biomech
Biomed. Engin 2013, 16, 463—480.

(32) Lu, P; Li, C; Schneider, E. W.; Harris, S. J. Chemistry,
Impedance, and Morphology Evolution in Solid Electrolyte
Interphase Films during Formation in Lithium Ion Batteries. J. Phys.
Chem. C 2014, 118, 896—903.

(33) Li, Y;; Leung, K;; Qi, Y. Computational Exploration of the Li-
ElectrodelElectrolyte Interface in the Presence of a Nanometer Thick
Solid-Electrolyte Interphase Layer. Acc. Chem. Res. 2016, 49, 2363—
2370.

(34) Wang, A.; Kadam, S.; Li, H.; Shi, S.; Qi, Y. Review on modeling
of the anode solid electrolyte interphase (SEI) for lithium-ion
batteries. npj Comput. Mater. 2018, 4, 15.

(35) Iriyama, Y.; Kako, T.; Yada, C; Abe, T.; Ogumi, Z. Charge
transfer reaction at the lithium phosphorus oxynitride glass electro-
lyte/lithium cobalt oxide thin film interface. Solid State Ionics 2005,
176, 2371-2376.

(36) Valéen, L. O.; Reimers, J. N. Transport Properties of LiPF-
Based Li-Ion Battery Electrolytes. J. Electrochem. Soc. 2008, 152, A882.

(37) Le Van-odin, L; Ducroquet, F; Sabary, F.; Chevalier, L
Dielectric properties, conductivity and Li+ ion motion in LiPON thin
films. Solid State Ionics 2013, 253, 151—156.

(38) Zhang, Z. M.; Gao, Y.; Chen, S. L.; Huang, J. Understanding
dynamics of electrochemical double layers via a modified concen-
trated solution theory. J. Electrochem. Soc. 2020, 167, 013519.

(39) Huang, J; Li, C.-K. Impedance response of electrochemical
adsorption. J. Phys.: Condens. Matter 2021, 33, 164003.

(40) Huang, J. On obtaining double-layer capacitance and potential
of zero charge from voltammetry. J. Electroanal. Chem. 2020, 870,
114243.

(41) Jiang, J; Cao, D; Jiang, D. E; Wu, J. Kinetic Charging
Inversion in Ionic Liquid Electric Double Layers. J. Phys. Chem. Lett.
2014, 5, 2195—2200.

(42) Duarte, A. R.; Batalioto, F.; Barbero, G.; Neto, A. M. Electric
impedance of a sample of dielectric liquid containing two groups of
ions limited by ohmic electrodes: a study with pure water. J. Phys.
Chem. B 2013, 117, 2985—2991.

(43) Guo, Z; Ren, X; Li, L.; He, R;; Gao, Y. Hierarchical Porous
Electrode Impedance Model Based on Diffusion Dynamics and the
Electrode Morphology and Prediction of Electric Double-Layer
Structures. ACS Appl. Energy Mater. 2023, 6, S08—518.

(44) Wu, J. Understanding the Electric Double-Layer Structure,
Capacitance, and Charging Dynamics. Chem. Rev. 2022, 122, 10821—
10859.

(45) Cheng, J; et al. A Theoretical Model for the Charging
Dynamics of Associating Ionic Liquids. Frontiers in Chemical
Engineering 2022, 4, 23.

(46) MaCdonald, J. R. Double Layer Capacitance and Relaxation in
Electrolytes. Trans. Faraday Soc. 1970, 66, 943—958.

10709

(47) Kornyshev, A. A.; Vorotyntsev, M. A. Conductivity and space
charge phenomena in solid electrolytes with one mobile charge carrier
species, a review with original material. Electrochim. Acta 1981, 26,
303-323.

(48) Kornyshev, A. A. Double-layer in ionic liquids: paradigm
change? J. Phys. Chem. B 2007, 111, 5545—5557.

(49) Murugavel, S.; Roling, B. Application of nonlinear conductivity
spectroscopy to ion transport in solid electrolytes. J. Non-Cryst. Solids
2005, 351, 2819—2824.

(50) Li, C. K; Huang, ]J. Impedance Response of Electrochemical
Interfaces: Part I. Exact Analytical Expressions for Ideally Polarizable
Electrodes. J. Electrochem. Soc. 2020, 167, 166517.

(51) Li, C; Zhang, J.; Huang, J. Impedance response of
electrochemical interfaces. III. Fingerprints of couplings between
interfacial electron transfer reaction and electrolyte-phase ion
transport. J. Chem. Phys. 2022, 157, 18.

(52) Klotz, D.; Schonleber, M.; Schmidt, J. P.; Ivers-Tiffée, E. New
approach for the calculation of impedance spectra out of time domain
data. Electrochim. Acta 2011, 56, 8763—8769.

(53) Lu-Lu Zhang, C.-K. L; Huang, J. A Beginners’ Guide to
Modelling of Electric Double Layer under Equilibrium, Non-
equilibrium and AC Conditions. J. Electrochem. 2022, 28, 2108471.

(54) Furuya, R; Serizawa, N.; Katayama, Y. Potential Dependence of
the Impedance of Solid Electrolyte Interphase in Some Electrolytes.
Electrochemistry 2022, 90, 057002—057002.

(55) Furuya, R.; Tachikawa, N.; Yoshii, K.; Katayama, Y.; Miura, T.
Deposition and Dissolution of Lithium through Lithium Phosphorus
Oxynitride Thin Film in Some Ionic Liquids. J. Electrochem. Soc. 2018,
162, H634—H637.

(56) Lopez-Garcia, J. J.; Horno, J.; Grosse, C. Impedance-Frequency
Response of Closed Electrolytic Cells. Micromachines (Basel) 2023,
14, 368.

(57) Ekstrom, H.; Lindbergh, G. A Model for Predicting Capacity
Fade due to SEI Formation in a Commercial Graphite/LiFePO4Cell.
J. Electrochem. Soc. 2015, 162, A1003—A1007.

https://doi.org/10.1021/acs.nanolett.3c02560
Nano Lett. 2023, 23, 10703-10709


https://doi.org/10.1021/acsami.6b15662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.121.064503
https://doi.org/10.1103/PhysRevLett.121.064503
https://doi.org/10.1149/2.0181711jes
https://doi.org/10.1149/2.0181711jes
https://doi.org/10.1021/acs.chemmater.0c00333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c00333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2.1111704jes
https://doi.org/10.1149/2.1111704jes
https://doi.org/10.1149/2.1111704jes
https://doi.org/10.1080/10255842.2011.624769
https://doi.org/10.1080/10255842.2011.624769
https://doi.org/10.1080/10255842.2011.624769
https://doi.org/10.1021/jp4111019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4111019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4111019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41524-018-0064-0
https://doi.org/10.1038/s41524-018-0064-0
https://doi.org/10.1038/s41524-018-0064-0
https://doi.org/10.1016/j.ssi.2005.02.025
https://doi.org/10.1016/j.ssi.2005.02.025
https://doi.org/10.1016/j.ssi.2005.02.025
https://doi.org/10.1149/1.1872737
https://doi.org/10.1149/1.1872737
https://doi.org/10.1016/j.ssi.2013.09.031
https://doi.org/10.1016/j.ssi.2013.09.031
https://doi.org/10.1149/2.0192001JES
https://doi.org/10.1149/2.0192001JES
https://doi.org/10.1149/2.0192001JES
https://doi.org/10.1088/1361-648X/abef9d
https://doi.org/10.1088/1361-648X/abef9d
https://doi.org/10.1016/j.jelechem.2020.114243
https://doi.org/10.1016/j.jelechem.2020.114243
https://doi.org/10.1021/jz5009533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5009533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp312284a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp312284a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp312284a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c03523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c03523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c03523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c03523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fceng.2022.852070
https://doi.org/10.3389/fceng.2022.852070
https://doi.org/10.1039/tf9706600943
https://doi.org/10.1039/tf9706600943
https://doi.org/10.1016/0013-4686(81)85017-7
https://doi.org/10.1016/0013-4686(81)85017-7
https://doi.org/10.1016/0013-4686(81)85017-7
https://doi.org/10.1021/jp067857o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067857o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jnoncrysol.2005.03.074
https://doi.org/10.1016/j.jnoncrysol.2005.03.074
https://doi.org/10.1149/1945-7111/abd450
https://doi.org/10.1149/1945-7111/abd450
https://doi.org/10.1149/1945-7111/abd450
https://doi.org/10.1063/5.0119592
https://doi.org/10.1063/5.0119592
https://doi.org/10.1063/5.0119592
https://doi.org/10.1063/5.0119592
https://doi.org/10.1016/j.electacta.2011.07.096
https://doi.org/10.1016/j.electacta.2011.07.096
https://doi.org/10.1016/j.electacta.2011.07.096
https://doi.org/10.5796/electrochemistry.22-00031
https://doi.org/10.5796/electrochemistry.22-00031
https://doi.org/10.1149/2.0471509jes
https://doi.org/10.1149/2.0471509jes
https://doi.org/10.3390/mi14020368
https://doi.org/10.3390/mi14020368
https://doi.org/10.1149/2.0641506jes
https://doi.org/10.1149/2.0641506jes
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

