N

N

Cyclic Voltammetry to Study Dynamics of Ion Insertion in
Porous Materials
Cyrille Costentin

» To cite this version:

Cyrille Costentin. Cyclic Voltammetry to Study Dynamics of Ion Insertion in Porous Materials. Advanced
Energy and Sustainability Research, 2023, 5 (5), {10.1002/aesr.202300242). <hal-04682367)

HAL Id: hal-04682367
https://hal.science/hal-04682367v1

Submitted on 30 Aug 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

PUBLIC
DOMAIN

Distributed under a Creative Commons CCO0 1.0 - Universal - International License


https://hal.science/hal-04682367v1
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://hal.archives-ouvertes.fr

RESEARCH ARTICLE

ADVANCED
ENERGY & SUSTAINABILITY
RESEARCH

en Access

www.advenergysustres.com

Cyclic Voltammetry to Study Dynamics of lon Insertion

in Porous Materials

Cyrille Costentin

Electrochemical charge storage in porous materials is associated with ion
adsorption at the meso/nanopores surface (physical insertion) and/or insertion
in the bulk material (chemical insertion). The first process is capacitive whereas
the second is Faradaic. A model is brought about for describing the cyclic vol-
tammetry responses of these systems and their dependence upon the various
intrinsic and operational governing parameters. These responses may be con-
sidered as illustrating the behaviors expected in working conditions in terms of
diagnosis of the main phenomena at work and of their mutual interactions,
namely, dynamics of double-layer charging, transport in solution, transport in the
pores, interfacial transfer kinetics, and transport in the material bulk. Several
limiting cases are examined in details and discussed, focusing on the effect of

scan rate as a widely used diagnostic tool.

1. Introduction

The current large demand for energy storage makes the develop-
ment of batteries and double-layer charging devices an active
contemporary research area. New meso- or nanostructured elec-
trode systems are almost daily proposed, thus calling for efforts
to identify the phenomena at work and analyze their performan-
ces. Analytical methods offer the opportunity for a rapid screen-
ing of the electrochemical behavior of interesting new material
for energy storage. Among these methods, cyclic voltammetry
(CV) is one of the most popular. It consists of applying to a work-
ing electrode of small dimensions (disk of mm s diameters)
a triangular potential while recording the ensuing current.
This working electrode is part of a three-electrode setup, which
allows, by means of a potentiostat, the precise definition of its
potential versus a reference electrode, while the current flows
through the counter electrode. The electrodes are immersed
in a solution containing a concentrated electrolyte, which
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minimizes, albeit not suppresses, Ohmic
drop within the mesostructure and in the
bathing solution as discussed in the follow-
ing sections. The advantage of CV is that
the timescale of the experiment can be
easily changed by varying the rate at which
the working electrode potential is scanned.
Herein, we discuss the application of CV
to the investigation of electrochemical
energy storage systems, either character-
ized by a double-layer charging response,
or a Faradaic response, or both. Systems
of practical interest do not involve a planar
disk working electrode but rather a com-
posite electrode tens of micrometers in
thickness containing the material, activated
carbon, and binder, flooded with electrolyte
and having meso- and nanostructures.
Their behavior in CV is considered as representative of the main
phenomena at work in real conditions.

There are many reviews in the literature on the modeling of
porous materials for energy storage!! but we focus here on the
use of CV to characterize ion insertion during charge storage
in porous material. In that endeavor, CV analysis may involve
a discouragingly large number of factors preventing the estab-
lishment of diagnostic criteria and derivation values of the perti-
nent governing parameters.' This situation can be improved in
two ways. The first is to recourse to dimensionless parameters
that allow grouping together several operational factors. The sec-
ond is a reasonable simplification of the starting assumptions
that would however uphold the mechanistic ingredients that
ensure the analysis to handle most cases of practical interest.
This strategy is illustrated in the following by application of these
simplified approaches to emblematic experimental examples.

We discuss successively the capacitive and Faradaic compo-
nents of the CV response considering situations where both com-
ponents can be separated due to the presence of a blocking
electrolyte or a large concentration of the inserting ion in the
electrolyte.

2. Results and Discussion

The electrodes considered here are porous solid materials pene-
trated by the solvent and the electrolyte present in the bathing
solution. Ions are able to insert in the porous structure upon var-
iation of the electrode potential. The solid part of the electrode is
an electronic conductor in contact with the base electrode onto
which the porous material is deposited.”! This may be the case
only in a restricted range of potential if we are dealing with a
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Figure 1. Schematic view of a porous insertion electrode. 4h: average size
of mesopores. 1p: Debye screening distance. Adapted with permission.
Copyright 2019, American Chemical Society.

semiconductor such as metal oxide electrodeposited films.!’!
Macropores (size > 50 nm), mesopores (2-50nm), and nano-
pores (size: few nm) are filled with the electrolyte (Figure 1).

Insertion of ions into these pores is referred to as physical inser-
tion in the electrode as it is driven by a capacitive process, that is,
corresponds to accumulation of charge at the electrolyte/solid
interface upon polarization of the solid (vs. the solution) as
shown in Figure 1.1 It is worth making a distinction between
ion physical insertion in the pores (including nanosized pores
as shown in Figure 1) and ion insertion into the solid conductive
material (chemical insertion) as summarized in Figure 2.

The density of nanopores may be very large with porous car-
bon materials, giving rise to what is usually named “supercapa-
citors”.®) This is also what happens with amorphous
electrodeposited metal oxides made of nanoparticles or of
stacked nanocrystallites,’! hence leading to very large volumic
capacitances. In the potential range where they are used for
energy storage, these systems are of capacitive nature.”® 1t is
the result of a preliminary Faradaic oxidation, which changes
the initial insulator nature of the oxide material into that of
an electric conductor. This true capacitive behavior contrasts
the popular but unclear notion of “pseudocapacitance” that
has long prevailed to qualify these materials.””’ Similar behaviors
are observed with flaky structured material such as MXenes.”!

Figure 2. Schematic representation of the main phenomena taking place
upon charge storage in a porous material: diffusion of the inserting ion in
solution (Ds,), in the pores (Dp), in the solid conductive material (Dg);
resistance of the solution (Rs,), of the pores (Rp), of the material (Rg);
double-layer charging capacitance (Cy); interfacial charge transfer

(EO, ks, ).
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Examples of capacitive CV responses observed with these
three types of materials are shown in Figure 3. The term of
ion “intercalation” is more commonly used than ion insertion
in the case of flaky structures such as those in MXenes matching
the idea that the ions get into the space in between two flake
planes. In sake of generality, we go on with the “insertion”
terminology.

While physical insertion refers to double-layer capacitive
charging, chemical insertion is a Faradaic process. Indeed,
charged particles—here the inserting ions—are crossing the
solid/electrolyte interface through a potential difference defined
by the value of the electrode potential at the corresponding posi-
tion in the porous electrode. The process is thermodynamically
characterized by a standard potential corresponding to localiza-
tion of electrons and ions at defined positions in the conductive
structure, noting that many of these redox sites may be sited at
the surface of the solid. We view the transport of ions in the solid
structure as occurring through a series of electron coupled/ion
self-exchange processes between redox sites. This chemical
insertion is thus equivalent to a diffusion process. It may be asso-
ciated with a phase transition/change of the solid that we do not
consider explicitly in the present description, but which could be
characterized by an empirical average diffusion coefficient.

In CV responses, physical and chemical insertion thus appear
as charge storage processes associated with a capacitive current
and a Faradaic current respectively, paralleling the distinction
between capacitors and batteries. In this framework, it should
be emphasized that the inserting ion may be involved in both
the Faradaic process (insertion in the solid conductive material)
and the capacitive process (in the formation of the double layer in
mesopores and of a compact layer in nanopores). This mutual
dependence of the capacitive and Faradaic processes makes a
completely general description difficult and of little practical use-
fulness. It thus appears more productive to restrict analysis to the
following simpler situations. One involves the presence in large
excess of a “blocking supporting electrolyte”,!'""*? whose ions are
not able to chemically insert in the solid structure. Its role is thus
to set up the double layer (or the compact layer in nanopores) at
the bulk material/pores interface. A second, commonly encoun-
tered situation is when the inserting ion C* is in large concen-
tration in the electrolyte so that its concentration at the solid
material/pores interface can be considered to be constant and
practically the same as that in the bulk of the solution. Within
this framework, Figure 2 summarizes the various physicochem-
ical events that require consideration, namely: electrolyte trans-
port in solution, electrolyte transport in the mesopores, electron
transport in the solid, solid/electrolyte interface charging, kinet-
ics of electron coupled ion in/out process at the pores’ solid/elec-
trolyte interface, ion transport in the solid. Transport of the
inserting ion in solution and in the pores is described as diffu-
sional because the additional blocking electrolyte is responsible
for Ohmic transport in both the solution and the pores.
Differential capacitance at the solid material/electrolyte interface
is assumed to be constant and also set by the blocking electrolyte.
The following parameters therefore need to be introduced: resis-
tance of the solution (R,), global resistance of the pores (Rp),
total resistance of the solid conducting material (Rg), total differ-
ential capacitance (Cg) of the interface between the pore walls,
and the conducting material. The main electrochemical event
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Figure 3. Examples of typical CV capacitive response of the three categories of porous electrode material. a) porous carbon electrode. Adapted with
permission.’! Copyright 2016, Elsevier. b) amorphous MnO, in the potential range of electronic conduction. Adapted with permission.”! Copyright 2016,
Elsevier. c) a MYxene electrode. Adapted with permission.['® Copyright 2016, Elsevier. The capacitance plateaus reached at the ends of the potential scan
reflect the proportionality of the current to the scan rate as expected for CV capacitive charging.?* The preceding portion of the CV response reflects the
effect of ohmic drop in the electrode and solution, whose increase parallels the increase in current resulting from raising the scan rate.

in the system is the interfacial cation insertion—coupled—electron
transfer taking place at this interface. It is characterized, within a
Butler-Volmer framework, by a standard potential, £, a standard
rate constant, kg and a transfer coefficient, a. Diffusion in the
various parts of the system is characterized by a series of diffu-
sion coefficients, namely, D), and Dp for the inserting ion in the
solution and in the pores, respectively. Dy is a diffusion coeffi-
cient pertaining to the solid electrode material, noting that the
process is actually a series of ion self-exchange reactions between
redox sites coupled with electron exchange with the electronic
conductive structure, which is formally equivalent to a diffusion
process.!'?]

In the following sections, modeling of both capacitive and
Faradaic processes is developed within the above framework
and geometries of the porous electrode in which structural
details have been simplified and averaged so as to get a minimal
number of parameters governing the CV responses.

2.1. Capacitive Current

The capacitive current can be analyzed by means of a transmis-
sion line model (Figure 4).'* The transient regime preceding the
capacitance plateau is worth a close examination as it may be eas-
ily confused with a reflection of ion diffusion.” Under usual con-
ditions of concentrations and scan rate, diffusion of the ions
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engaged in the double layer is in fact much too rapid to disturb
its equilibrium status.**1¢!

The nanopores contribute to the overall capacitance but only
through the charge imprisoned in compact double layers.
Indeed, since the nanopores have a thickness comparable to
the Debye screening length (4p), a classical double-layer structure
cannot develop and the electrostatic potential in the nanopore
space can be regarded as constant.!"”) In the mesopores, the effect
of ion diffusion may be neglected as in the case of planar electro-
des. The capacitive CV responses are thus governed by potential
Ohmic drop in the pores (and to a lesser extent in the solution),
which can be analyzed according to the transmission line model
represented in Figure 4a. The linear scan voltammogram
response in Figure 4b is represented as a function of the dimen-
sionless time variable ¢/t;, where tr= R¢Cris the time constant of
the cell, Rr and Cr= S, x Cq4 being the total resistance and total
capacitance of the film respectively (S, is the total porous electrode
surface area and Cy the differential capacitance). As time elapses,
the capacitive current tends asymptotically to Cgy, corresponding
to the full charging of the capacitance. To reach this value, the
charging curve in the present porous film case is clearly different
from the charging of a planar electrode having the same time
response (dotted black line), i./(Cpv) = 1 — exp—t/t;. What is
particularly striking is the short-time behavior (red curve).
It indeed obeys the following equation.

© 2023 The Authors. Advanced Energy and Sustainability Research
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Figure 4. Schematic representation of a porous film. a) transmission line model. b) CV response (see text).

io/(Cv) = (2/v/m) x \/t/t; (1)

This is strongly reminiscent of a diffusion phenomenon. Indeed,
the Galvani potential in each pore, ¢p(x), does obey the same
Fick’s law.

Opp _ de? 0%¢p
ot o Rfo ax2

)

as matter diffusion and also as heat transfer, even though these
are phenomena of different physical nature. It should be particu-
larly emphasized that, in spite of a formal resemblance, it has
nothing to do with the diffusion of ions toward diffuse double
layers that has been evoked and dismissed earlier.!

Figure 5a illustrates how increasing the scan rate makes it
more difficult for the full charging of the capacitance and pro-
vides a description of the kinetics of charging. Another way of
representing this effect consists of plotting the charged capaci-
tance relative to the maximal capacitance against the scan rate,
as shown in Figure 5b. This analysis has been applied to ratio-
nalize experimental data corresponding to capacitive charge
storage in porous carbon, as well as in MnO, electrodes
which were first analyzed by means of the “pseudocapacitance”
notion,”) before it has been shown that they can be treated as real
capacitances.[*!

Ohmic drop in the solution (through the resistance named
Rso1 in Figure 2 and 4a) may add to the Ohmic drop in the porous
structure that we just analyzed. This is an issue that has been
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Figure 5. Charging characteristics of porous films. a) Dimensionless CV
responses as a function of the adimensionalized scan rate, R{Cp/
(Er— E) =0.1 (blue), 0.5 (red), 2 (green), 20 (magenta) (v: scan rate,
E, Eg initial and inversion values of the cyclic potential scan).
b) Charged capacitance versus the maximal capacitance as a function
of the scan rate.

discussed in detail in the past in the case of standard nonporous
electrodes."®'*! It may be either taken into account as a part of
processing the data or compensated by electronic devices such as
those based on positive feedback. The same strategies may be
applied in the present case taking into account the specific char-
acteristics of porous electrode!"*! or the precaution that it should
not interfere in the part of the CV response that is relevant to the
porous structure.?%
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2.2. Faradaic Current

The Faradaic current (if) corresponds to localization of electrons
at specific sites in the bulk electrode material, associated with
cation insertion, which thus maintains electroneutrality and
allows current flowing through the cell. Cation insertion occurs
at the solid/electrolyte interface through the potential difference
between the two phases. In sake of simplicity, the Faradaic event
is assumed to take place within a potential range where the bulk
material is electronically conductive and where the capacitive cur-
rent has reached the steady value, Cp. It is then considered that
the ohmic drop in the solution may be considered as negligible in
view of the large concentrations of the blocking electrolyte or of
the inserting ions.

From Figure 6, it is seen that, the underlying electrode having
a surface area, S= L x H, the apparent solid/electrolyte interface
surface area is S, & HL2d/(2d; + 4h) (the electrode is assumed to
be large and porous enough so that the edge surface area can be
neglected). As sketched in Figure 6, the inserting cation, C*, dif-
fuses in solution (in a linear semi-infinite way) with a diffusion
coefficient D, and in the pores (in a linear finite way) with a
diffusion coefficient Dp. We thus do not consider lateral diffu-
sion in the pores as well as no pore entrance diffusional effect.
Refinements including such effects should follow the develop-
ments in ref. [21].

A homogeneous distribution of immobile redox centers (vol-
umic concentration CP) is assumed within the solid material.
Hence chemical insertion of C* in the material structure occurs
at the material/electrolyte interface through an ion-coupled elec-
tron transfer process between three partners: an oxidized form

2d,

——) TI | 4h

P G —  —
: X
M) l :
= Y| 2 d
Cay)
d

Figure 6. Sketch of porous electrode modeling (see text).
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(Ox) of the immobile redox centers at the interface, an electron,
free to move in the conductive material, and the cation C* in the
pore so as to finally produce a reduced species Red, in which the
C moiety allowing to localize the electron on the redox site has
been integrated.

C*pore + € +Ox 2 Red (3)

The insertion kinetics is described by a Butler—Volmer-type equa-
tion characterized by a standard rate constant ks, a standard
potential E°, and a transfer coefficient o assumed to be equal
to 0.5. The electrode potential at the position x where C* inserts
into the structure is E(x) = ¢p(x) — ¢p(x) where ¢p(x) and ¢p(x)
are the Galvani potential of the material structure and the pores
respectively.

In order to account for possible nonideal behaviors of redox
insertion sites such as interactions between redox centers or dis-
tribution of local environment, we introduce activity coefficients
for the oxidized and reduced sites at the interface as previously
described.® Ton transport within the bulk film is assumed to
occur through a series of self-exchange ion-coupled electron
transfers equivalent to a diffusion process with a diffusion coef-
ficient Dy (note that the Galvani potential in the material struc-
ture is assumed to be uniform at a given x position, i.e., it does
not depend on y; hence there is no migration term for C* in the
material structure. We also assume that there is no hopping,
hence no diffusion, of C* along the x axis). The present descrip-
tion does not explicitly consider phase transition in the solid
material®? but the apparent diffusion coefficient Dy can be con-
sidered as an ad hoc parameter associating several phenomena.

We focus the analysis on the case where the resistance of the
solution can be neglected owing to the large concentration of
blocking electrolyte or inserting ions in the solution.
Nevertheless, the CV Faradaic current potential responses ig(E)
depend on a considerable number of experimental intrinsic
and operational parameters. The goal of the analysis is the deri-
vation of the CV responses that are predicted to be observed for
any set of values of all experimental intrinsic and operational
parameters. Comparison between the predicted and observed
CV responses, or at least remarkable features, such as peak cur-
rents and potentials, is the source from which the reaction mech-
anism can be ascertained and characterized thermodynamically
and kinetically, as well as the dimensionless expression of the
current and the potential scales of the CV responses.
Concerning the latter point, the current, ir, will be expressed
in three different manners according to the context. The first
of them refers to the diffusion of the inserting ion in the solution.

if
Vsl = —— (4)
FSCéi \ /R—;’. Dgo

(v: scan rate, S: geometric surface area of the base electrode, C3':
concentration of the inserting ion in the bulk of the solution, dif-
fusion coefficient of the inserting ion in the solution). The sec-
ond matches the diffusion-like ion-coupled electron hopping
between redox sites in the electrode material.

i (5)

l//f‘B :71:
FS,CB, /B Dy
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(Sa: surface area of the interface between the pores and the elec-
trode material. base electrode, CB: total concentration of the
redox centers in the bulk of the electrode material, Dg: coefficient
of the diffusion-equivalent ion-coupled electron hopping, in the
electrode material). The third aims comparison with responses of
the surface-wave type.

i
P = 5 (6)
FS,d,CP I

(di: half-thickness of the electrode material, see Figure 6).
The potential scale is conveniently expressed as.

£ =~ n (B~ B) +In(C2/C) Y
RT

(E=¢wE — dres E% standard potential of the Ox-+ C*/Red
couple). In view of the large number of intrinsic and operational
parameters governing the CV responses, it is worth bestowing
also a dimensionless formulation of the problem to reduce
the number of actual parameters to a minimum. The following
expressions of these various dimensionless parameters derive
from the mathematical analysis of the set of equations and con-
ditions that govern the physical chemistry at work as detailed in
the Supporting Information (SI) first section. A minimal set of
ten dimensionless governing parameters is required in this pur-
pose. They may be selected as done below, albeit they could be
replaced by any combination of these items provided a new set of
ten independent dimensionless parameters are generated.

_dit2h Dy d;
ah T Dy P /DoRT/Fv

4 S, C® |Dg Dy
DBRT/FV ~ scl\ Dy d+2hc Dy’

ks o\ F?
=) a pp=rps=\/DpDeC,
DBFV/RT < 0 Pr P RT PYsol ¢

FZ
PB =18 rRTV DPDsolcgj?rlv g

(with S./S~ dg/(d; + 2h)).

We note that ¢ is a geometrical factor that compares the
dimensions of the pores and of the electrode material. 5, relates
the diffusion coefficients of the inserting ion in the solution and
in the pores. Diffusions in the pores and equivalent “diffusion”
in the bulk material, in the x and y directions, respectively, are
governed by the two parameters Ip and Iz, which measure the
ratio between the dimensions of the pores, deepness and width,
and the lengths characterizing the diffusion or equivalent diffu-
sion layers in the pores and in the electrode material respectively.
7 is a mixed parameter that involves the ratio of the surface area
of the interface between the pores and the electrode material and
of the base electrode, the ratio of the total concentrations of the
redox couple in the electrode material and of the inserting ion in
the bulk of the solution, as well as the ratio of the diffusion coef-
ficients of these two species in the electrode material and bulk of
the solution respectively. The kinetics of reaction appears
through the parameters A and a. Ohmic drop in the pores
and in the electrode material gives rise to the parameters pp

Iy =
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and pg, respectively. Finally, g, which measures the interactions
between the inserting ions, governs the slimming and fattening
to the surface-type CV responses according to a Frumkin-type
isotherm.

We now successively discuss three limiting situations of most
practical interest.

2.2.1. Shallow Pores. Fast Transport in Pores

These limiting situations are achieved as soon as
Ip = d¢//DpRT/Fv — 0. To help focusing on the role played
in these conditions by transport through the electrode material
and the reaction taking place at the pore/ electrode material inter-
face, we assume that Ohmic drop is negligible (pp — 0 and
pp — 0) and that, owing to the large concentration of inserting
ion in solution, y — 0 as well as fast transport in solution:
8501 — 0. Lateral interactions are also neglected (g=0) in a first
stage, before being specifically addressed. Under these condi-
tions, the problem may be readily treated by means of close-form
expressions (see Supporting Information), similarly to previous
analysis of proton insertion in a planar electrode.”?! The system
is governed by two parameters I and A. As sketched in Figure 7a,
the ensuing zone diagram delineates four limiting zones with
peak currents being either proportional to /v or to v depending
on whether insertion in the electrode material is diffusion lim-
ited (lg — o) or governed by the interfacial reaction (I — 0). The
four limiting zones are those in which the CV response does not
dependent on any parameter.

Their acronyms were selected to recall the nature of the
responses (S for surface wave, D;, for ion-coupled electron hop-
ping equivalent diffusion inside the solid electrode material, the
superscript r or irr indicating the total reversibility of irreversibil-
ity of the interfacial reaction, respectively). The boundaries
between zones are based on a 5% relative uncertainty on peak
currents in favor of the limiting behavior.

Changing the scan rate amounts to move the system along
A x Iy = (diks/Dg)(C3! /C0)1=% = cst straight lines (in red) in
the zone diagram. Figure 7b shows typical CVs and Figure 7c,
the corresponding variation of the peak current as a function

.1y dF/RT P
f: 2= Wu The constancy of y; ; for large values of

the latter parameter indicates that the peak current is propor-
tional to /v in this range, thus matching a diffusion control
of the current-potential response. As the parameter decreases,
the response tends asymptotically toward the characteristics of
a surface reaction. This is in particular the trend expected upon
lowering the scan rate, while keeping constant the other ingre-
dients of the parameter Iz/A.

Lateral interactions induce broadening (g> 0) or slimming
(g<0) of the CV responses but do not significantly modify
the broad evolution of the peak current with scan rate (see
Figure S1, Supporting Information).

Several examples can be found in the literature where the lim-
iting cases described above can be identified, at least approxi-
mately. Porous transition metal oxides inserting Lit upon
reduction are probably the most studied porous electrodes as
they are components of Li-ion batteries.*! Experiments are usu-
ally performed in the presence of a large concentration of
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Figure 7. a) Schematic zone diagram for pp — 0, pg — 0, y — 0, 5501 — 0,
Ip—0, and g=0 with, for the four limiting zones (S, Dj,, s DI,

indication of the proportionality of the peak current to either v or \/v.
Red lines correspond to log(A x Ig) =—7, 0, 6. b) Dimensionless CV

responses for (from top to bottom): Iog[% CXl/CO1)=—7 and 1 <
Iog[% v] <9, Iog[d,’j—ksS c/cO1-*] =0and —4 < Iog[% v]
ct ct

< 4, Iog[%cggl/co)ka] =6 and -10< Iog[lg(céﬁ%v} < -2

c) Variation of the dimensionless peak current with the parameter I /A =

d;F/RT

Wv for log (A x Ig) =—7, 0, 6 (from top to bottom).
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electrolyte (typically 1 M) so that not only Ohmic drops in the
solution and electrode are small as already discussed but also
the diffusion in solution can be neglected. A typical example rep-
resentative of a transition between surface wave (S° zone) and
diffusion-like transport in the inserting material (D}, zone)
can be found in another study® where insertion/extraction of
Li* in LiFePO, was investigated. The CV response is diffusion
controlled when v > 10 mV s~ ! with interference of both electron
transfer kinetics (increase of peak separation) and probably some
Ohmic drop as well. Transition to a surface wave is observed as v
is decreased below 10 mV s~ . Similar results have been reported
for Li;_,CoO, material in which case electron transfer kinetics at
the material-electrolyte interface was well described by a Butler—
Volmer kinetics together with an interaction parameter
g=—4.2.2% A similar value was found for Li" insertion/extrac-
tion from Li, TisO;,.2") Ion-coupled electron transfer kinetics has
been scrutinized in detail in the case of carbon-coated LiFePO,
and it appears that the driving force-activation law follows
Marcus-Hush—-Chidsey model rather than the simplified linear-
ized Butler—Volmer law which remains valid over a small driving
force variation range.*®!

Very different CV shapes can be observed depending on the
amorphous or crystalline nature of the inserting material as
exemplified on LiFePO,/graphitic carbon electrodes.”
Crystalline domains lead to thin peaks with a transition (at
0.1Vs™!) between a surface wave at low scan rate and a
diffusion-controlled wave at high scan rate. Amorphous domain
leads to a broad surface wave over the full range of scan rate indi-
cating a faster Li* apparent diffusion and very different lateral
interactions at the material entrance. Li" insertion in other oxide
such as TiO, was also studied using CV.P% At large enough Li"
concentration in the electrolyte, insertion was shown to be con-
trolled by Li* diffusion with interference of ioncoupled interfa-
cial charge transfer. For thick films, the insertion process was
additionally limited by Ohmic drop in the electrode material.

2.2.2. Fast Insertion in Solid Electrode Material. Transport
in the Pores

We now turn to the situation where transport in the pores inter-
feres. In order to put the focus on this effect, we still consider the
case of a system where ohmic drop is negligible (pp — 0 and
pp — 0) with a fast transport in solution (85, — o0). It is also
assumed that the electrode material thickness is relatively small
and/or that transport through it is fast, corresponding overall to
Iz — 0. For each x, insertion of ions in the electrode material
along the y coordinate thus populates a fraction Oreq and
Oox = 1—0req of the reduced and oxidized forms of the Ox/Red
couple in the electrode material, respectively. The dimensionless
CV responses are then best expressed as

ir RT
_ = 9
(&) = Fs.a.07 Fv ©)
They are fully governed by four dimensionless parameters, namely,

) k(ST o g v
b= §=W(ﬁ) » Bp =110V = gicsr
and g (see SI).
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Ep represents the global charge storage capability of the elec-
trode solid material, whereas A/l relates to the charge storage
rate. The system is then equivalent to sequestration in 1D pores
as previously described.[?"]

The case of large storage rates (A/lg — o), meaning that reac-
tion (1) is at equilibrium at the pores/ electrode solid material
interface, is particularly worth addressing since it offers good
view on the effect of transport in the pores. If interactions
between inserted ions (g=0) are additionally neglected, the
dimensionless CV responses ¢(£) depend upon the two dimen-
sionless parameters lp and Ep characterizing transport in the
pore and global charge storage capability of the electrode mate-
rial, respectively. In these conditions, the zone diagram in
Figure 8a helps navigating between the various limiting situa-
tions that can be encountered according to the values of the
intrinsic and operational parameters.

When Ip — oo, meaning that the pores are deep or that, for this
reason or any other, transport of the inserting ions in the pores is
slow, the CV responses are a function of the single parameter Zg
and may be expressed by (see SI)

_1 [Bp + 1+ exp(—¢)] exp(—¢)
e ( o Vs +1+exp(=&)]> — 4EB> 2 (10)

=B

Two limiting subcases are reached for Zz — oo and Eg — 0, as
represented in Figure 8b,e, respectively (although the CV
responses have the same surface wave shape in both cases, they
differ both in current height and potential scale). They are noted
S"and Spe respectively in the zone diagram. They are typical of
the simplest behaviors of the system in the sense that its char-
acteristics do not depend then on any parameter. Surface waves
are obtained, corresponding to saturation of the charge storage
capacity by the large amount of ions present in the pores
(Ep — 0) or, alternatively to storage of all ions present in the
pores (Eg — o0) but without replenishment from the solution
due to the very slow transport of ions in the pores (lp — ).
Another zone in which the CV responses do not depend on
any dimensionless parameter value, noted D, in the diagram,
corresponds to both Bz — oo and Il — 0, with /Eg/lp — oo (the
converse condition brings back the system to the standard sur-
face wave response that belongs to an extremely extended zone of
the diagram). This Dy, response is shown in Figure 8c (see SI
for numerical computation). Since Eg — oo, the relatively small
number of ions initially present in the pores is quickly inserted
during the forward scan. The ions then replenish the pores via
diffusion from the solution leading to the appearance of a
diffusion-type wave. On the reverse scan, the ions are deinserted
from the bulk material, leading to a desorption type-wave shape.

Figure 8d features what happens in a one-parameter depend-
ing zone (noted d in the diagram) of particular interest since it
makes it clearly appear that the current is made of two potential-
separated contributions involving a surface-wave and a diffusion-
controlled contribution. The ratio of the two contributions is

governed by the magnitude of the parameter Ip/\/Ep =
df\/(4h/di)(Cé‘il/CB)/(DPRT/FV) as fully illustrated in the

details of Figure 8d. The first of these is a surface type wave cor-
responding to insertion of ions initially present in the pores. It
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becomes the only one as Iy //Eg — co. The second contribution
corresponds to insertion of ions replenishing the pores from
solution via diffusion. It is therefore a diffusion-type wave, which
becomes predominant as Iy /\/Eg — 0, leading back to the D},
response. Similar observations may be made on Figure 8e-g.
Still another view on the effect of pore diffusion is gained
when the system representative point in the zone diagram is
moved along one of three red horizontal segments in
Figure 8a, from log Ip =0 to 1.5, from three increasing values
of B, 0.1, 1, 10. The resulting dimensionless CV responses
are displayed successively in Figure 8h—j. While the first of these
values of By is clearly too small to foster any significant deviation
from the fast-pore-diffusion/surface wave behavior, with the two
next values, the system enters zones in which the competition
between the two behaviors definitely shows up, as shown in
the detail of Figure 8i,j. The variations of the corresponding peak
currents are summarized in Figure 8k for the same three values
of Eg. This was also the occasion to examine more closely the C*
concentration profiles and the red-form fractional coverage pro-
files in one of these cases (lp =31.2 and Eg = 10), as shown in
Figure 8l,m for four values of the potential variable ¢ along the
forward scan. There is first a depletion of ions at the bottom of
the pores with Oreq remaining small because Eg» 1. At the
entrance of the pore, ions are then diffusing from the solution
leading to an additional contribution to the current as these ions
insert quickly in the bulk material up to saturation of the sites.
This results in a step profile of fgeq at the entrance of the pores.
This ionic front then slowly progresses along the pore; with a
linear concentration profile as already described in ref. [21].

2.2.3. Role of Diffusion in Solution. Contrasting the Effects of
Diffusion in Solution and Diffusion-Like lon-Coupled Electron
Hopping in the Solid Electrode Material

So far, we have assumed that mass transport in solution is not
interfering in the Faradaic response. This condition is achieved if
8501 — o0 in the two preceding limiting cases. It more generally
applies if the inserting ion concentration is large in solution and
if diffusion in pores is slowed down due to small size and tortu-
osity. However, to elucidate to which extent the electrolyte in the
pores can be consumed, it might be useful to lower the inserting
ion concentration in the solution (so as to increase the pore stor-
age capability parameter Zg).*% In such a case, provided 6, is
not very large, mass transport in solution may interfere.
Decreasing the electrolyte concentration may also be useful to
identify the actual provider of the inserting ion as it is the case
for example with protons emanating from a buffer compo-
nent®?33! or from a water molecule in the solvation sphere
of a multivalent cation rather than insertion of the cation itself.*?

We simplify the analysis by considering again shallow pores
and/or fast transport in the pores (lp — 0) and no significant
Ohmic drop (pp — 0, pg— 0). If attention is additionally focused
on fast interfacial reaction (1) (A — o0), the system is simply gov-
erned by two parameters Iz and y (for the sake of simplicity, we
also consider ideal behaviors, i.e., g=0). As described elsewhere
for the specific case of proton insertion from a buffer component
(see SI for adaptation to ion insertion),*®! it is conveniently
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Figure 8. Fast insertion in solid electrode material (lg — 0, see text). a) Zone diagram showing the various subcases. b—d) typical dimensionless
responses corresponding to the situations indicated by the corresponding letter on the zone diagram. In (d) log(lpE2) = 8.5 and log(lp/v/Zg) = 1
(blue), 0.375 (green), —0.25 (red); the representative point moves on the blue segment across the d zone. e,f,g) Dimensionless responses corresponding
to the parameters indicated by stars in the zone diagram. Blue full CV, Red: surface type contribution, Dotted green: diffusion contribution obtained by
subtraction of red CV from blue CV. h,i,j) Responses corresponding to the red segments in the zone diagram, for, successively h) Eg =0.1,i) 1, and j) 10
and, from bottom to top: [p = 0.936 (grey), 2.5 (magenta), 6.24 (green), 12.5 (blue), 31.2 (red). k) variation of the dimensionless peak current with the
scan rate through the parameter d¢2(F/RTDp)v for, from top to bottom, Eg=0.1, 1, 10. l) concentration profile of the inserting ion in pores and
m) fractional coverage in the R form of the redox couple over the pore/electrode material interface for [p =31.2 and Eg =10 at a series of successive
electrode potentials: —15 (red), —3.5 (blue), —0.7 (green), and 15 (magenta).
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Figure 8. Continued.

represented by a 2D zone diagram (Figure 9) where the effect of
scan rate corresponds to a vertical displacement.

In these systems, diffusion in the pores is fast and the only
rate-limiting factors are diffusion of the inserting ions in the
solution on the one hand and ion-coupled electron hopping in
the solid electrode material, on the other. The CV responses
expected in each of the zero-parameter zone are shown in

(a)
bulk material solution
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e
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Figure 9. Effect of diffusion of the inserting ion in solution and of the dif-
fusion-like ion-coupled electron hopping in the solid electrode material
(pp—0, pg—0, b —0, A— o0, and g=0). a) Scheme of diffusion in
solution (right) and ion-coupled electron hopping in the solid electrode
material (left). b) Zone diagram with indication of the proportionality
of the peak current to either v or /v and CV responses in the zero-
parameter zones.
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Figure 9D, together with indication of proportionality of the peak
current with the scan rate or square root of scan rate (see SI).
Diffusion in solution is prevailing in the right-hand part of
the diagram and vice versa for the left-hand part. The remarkable
shape exhibited in the SDL, case features a classical diffusion
control over the cathodic run followed by adsorptive anodic strip-
ping on the reverse.??! Alternatively, the left upper part of the
diagram allows to extract the apparent diffusion coefficient of
the inserting ion in the material as shown for Li* insertion in
TiO, with DE" ~10 "> cm?s 1.1’

3. Conclusion

The present contribution originated in the idea that CV of energy
storage systems may offer a shortcut toward their analysis and
optimization in real working conditions. This endeavor requires
the assessment of the relationships linking the CV responses to
the various intrinsic and operational parameters they depend
upon. A first step in tackling the problem consisted in establish-
ing the extended list of well-defined intrinsic and operational
parameters that govern the CV responses. As their number is
clearly very large a preliminary operation consists in formulating
the problem in dimensionless terms. This consequently entails
the grouping of the numerous intrinsic and operational param-
eters into a minimum set of dimensionless parameters, the var-
iations of each of which representing collectively and precisely
the variations of their ingredients. Even after this preliminary
simplification and rationalization, the number of such necessary
parameters remains much high to warrant the establishment of a
general kinetic modeling of the CV responses that would cover all
conceivable situations. A more pragmatic approach thus consists
in singling out simpler situations of particular importance from a
practical point of view. Along this view, a first distinction was
made between physical and chemical ion insertion matching
the occurrence of capacitive and Faradaic responses respectively.
Concerning the latter issue, three main situations of practical
interest were picked out and analyzed in details, namely the shal-
low pore limit, the thin solid material limit and the diffusion in
the solution limit. The pertinence of this choice was illustrated by
examples drawn from recent experimental reports. Two opera-
tional parameters play a major role in the functioning and diag-
nosis of these energy storage devices. One is the concentration of
inserting ion in the solution. The other is the variation of the CV
responses with the scan rate.
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