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Abstract

Electrochemical energy storage devices are built upon the foundations of batteries and
supercapacitors. In the past decade, new types of electrode materials, such as pseudocapacitor-
like species, have been intensively developed to obtain superior performance in terms of energy
density and powder. Pseudocapacitive materials store charge through Faradaic redox processes,
while their electrochemical signature remains mystically similar to that of electrochemical
double-layer capacitors, even though it is caused by redox processes. To address this
controversy, we introduce an all-inclusive analytical model for evaluating the voltammograms
of electrode materials. In view of this, the present article focuses on understanding the origin
of the pseudocapacitive phenomena in the electrochemical signal (such as cyclic voltammetry,
CV). Based on the self-exchange electron transfer mechanism and tunneling effect within the
atomic structure of solid electrode materials, pseudocapacitive materials possess a high degree
of electron delocalization possibility related to the number of redox centers. This process
initiates the electrochemical potential distribution among the neighboring redox sites, which is
consequently observed in electrochemical signal as the plateau feature in CV like in EDLC.
We proposed for the first time the determination of capacitive tendency of various faradaic
electrode materials, which turned out to be relative to the number of redox center (n) and total
charge (z) as presented in this work as a functional type of electrode material classification
plot. Here, we proposed the theoretical link of electron hopping, likely occurring when the
number of redox centers are large. The developed all-inclusive model is versatile to predict
rate/potential regimes for the maximum faradaic storage, and then well differentiates the

pseudocapacitor- materials from battery- materials.
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Introduction

The ever-growing global demand for energy underwent a sharp and sudden increase, leading
to the expansion of energy storage technologies. Many of these storage technologies, most
notably electrochemical energy storage, rely on redox processes®. The chemical composition
of electrodes has been the topic of many studies to improve the performance of electrode
materials in terms of energy and power densities 2 . Within this multiplicity of compositions,
nanostructures and properties, electrode materials are classified into two categories: non-
Faradaic and Faradaic electrode materials. A non-Faradaic reaction points to one in which there
is an absence of electron exchange across the electrode-electrolyte interface. In this case,
charge storage occurs as a consequence of charging the electrochemical double layer at the
electrode-solution interface. When Faradaic processes are engaged, however, electrons are
transferred across the current collector to or from redox centers contained inside the electrode.
Redox centers are buried in a solid phase, and the charging process thus involves the motion
of counterions. The difference between these electrode materials is electrochemically
detectable and is analyzed according to their physicochemical traits. Numerous characteristics
are determined using a variety of methods, including electrochemical impedance spectroscopy
and cyclic voltammetry (CV) *°. The CV technique has the advantage of varying the cell
voltage (or potential, in a 3-electrode system) and observing the impact of these fluctuations
on the cell dynamics (i.e., electron and ion transfer), while modulating the scan rate, i.e., the
time scale of the material studied.® While non-Faradaic electrode materials produce a box-
shaped signal during CV measurements, Faradaic electrode materials present current peaks,
indicating the potential value of their redox center.” However, Faradaic electrode materials are
only seldom amenable to analysis through a perfect Gaussian peak signal, as idealized by the

notion of immobilized redox centers (Fig. S2a). Similarly, a thorough examination of the
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i=f(E) curves reveals that Gaussian peaks are not perfectly symmetrical (see Fig. S2b for the

ideal electrochemical response).

Surprisingly, there are no contemporary theories or formalist frameworks that make clear
the story of faradaic materials well. To compound the issue, many more questions arise when
addressing pseudocapacitive materials, which are characterized as Faradaic electrode materials
that exhibit a box-shaped signature during a current-potential measurement (CV) 8. Two
unsolved questions today are: firstly, how might it be possible to sign a Faradic phenomenon
with a curve comparable to that of an electric double-layer capacitor (EDLC) material when
the established signature must be Gaussian; secondly, which similarities and differences are
present when comparing a Gaussian ideal material to a material with pseudocapacitive
properties? The pseudocapacitor's box-shaped CV has been observed in a wide variety of
transition metal oxides °, conducting polymers °, and other semiconducting redox materials.
The mechanisms by which Faradaic reactions may exhibit quasi-rectangular capacitive
electrochemical behavior remain unknown, and no cohesive model explaining the peculiarities
of Faradaic electrode materials exists in the literature. Numerous studies, however, serve to
demonstrate this pseudocapacitive behavior (Fig. S1) 24 144 This thus leads one to consider
the possible reasons for a redox reaction, which is essentially a Faradaic occurrence, deviating

so far from the ideal peak response (as illustrated in Figure 1).
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Fig. 1 | (a) Conventional electrochemistry signals in ideal CVs with the conventional equation
are limited to describe only simple CVs. (b) Potential distribution model within the electrode
material structure based on electron transfer between redox centers (Mo, My, ..., My) with the
redox potentials respectively to each redox site. And our new extended equation for the total

current leads to the first-time complex CV fitting.

Fig. S3a illustrates the many and varied Faradaic electrode materials (i.e., those
concerned with electron transfer), including both those used in pseudocapacitors as well as
those used in batteries. Regardless of which technical device is concerned, the electrode
component, including its active material, stays constant. The active material stores charges
through redox reactions involving the crystalline structure's redox center (as illustrated in
Figure 1). As a result, this active material may be regarded as a matrix, with redox centers
being connected by covalent bridges (Fig. S3b, e.g., oxygens) that lead these redox centers to
interact. Naturally, the true nature of materials remains multifaceted, including hierarchical
porosity, multicrystalline structures, the presence of binders, conductive additives, and the

percolation of highly conductive carbons near oxide particles.
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In order to comprehend and rationalize the wide range of electrochemical reactions
observed in Faradaic electrode materials (including pseudocapacitive materials), a three-step
strategy is provided herein. The first step involves categorizing the relevant materials according
to their n (number of redox centers per nm®) and Z (electron included in crystalline structure)
values. These parameters bring the effect of the n and Z values on the electrochemical signature
to light. In the second step, the influence of n and Z is then rationalized using a certain
microscopic approach centered on electron transfer (i.e., the transition-state model). The third
and final step, enabled by the first two in terms of creating a collection of parameters, makes
use of these to simulate and compare theoretical and experimental electrochemical signal

responses.
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Results and discussion

As stated before, there is no available model that combines the behavior of a battery with that
of a pseudocapacitor currently. To complicate matters, these concepts are often separated into
two distinct categories. This means that researchers find themselves without a coherent,
universal method for analyzing and decoding electrochemical behavior (i.e., the shape of the
cyclic voltammogram). A unified technique could be considered a significant step towards the
future development of innovative, high-power batteries. We thus propose an integrated model,
demonstrating that pseudocapacitive contributions indeed also exist in battery materials (Li-
ion, Na-ion, Mg-ion). CVs of batteries demonstrating their cell dynamics (electron and ion

transport) are also shown to deviate significantly from the ideal signals published in the 1980s.

The number of redox centers per nm3 and the Z value as simple markers for

distinguishing between pseudocapacitive and battery materials

The primary goal is to be able to compare Faradaic electrode materials using three simple
markers: (i) n, the number of redox centers per nm?® calculated as described in the Supporting
Information (Section 5), (ii) Z, the number of electrons included in the crystalline structure,
and (iii) capacitive tendency, the ratio of peak current to plateau current is named
pseudocapacitive percentage. The number of redox centers per cubic nanometer and the
number of electrons per crystalline structure were determined for a series of lithium-ion
batteries and pseudocapacitive materials. We compiled a list of fifty materials that are the most
often used in electrochemical energy storage devices. Furthermore, we established a new
parameter, the capacitive tendency. Capacitive tendency is the parameter to describe the
electrochemical behavior of materials. This predictive model was published by some of us.1?®,
using deep learning to classify electrochemical signals. The specific research involves using
image classification to distinguish different curve shapes (rectangular shape and peak shape)
that act on electrochemical signals, such as cyclic voltammetry, to connect electrochemical
information (pseudocapacitor and batterie). When the capacitive tendency is close to 100%,
the curve is more rectangular, and the material is more like a supercapacitor. When the
capacitive tendency is close to 0%, the curve is more like a peak shape and the material is more
like a battery. The capacitive tendency analyzes the shape of the voltammogram.
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The capacitive tendency and capacitive contribution are not the same concept. Bruce Dunn
et al.!*® proposed a model in 2007 that is proportional to current and scan rate, and used this
model to describe the capacitive contribution and diffusion contribution in materials. The
capacitive contribution is different from capacitive tendency proposed by some of us, because
the capacitive tendency is a metric to describe the shape of the material's signal curve and
classify the material, rather than to calculate the proportion of capacitive contribution inside

the material or provide the percentage of EDLC, pseudocapacitor or battery.

Alternatively, there is an another simple way to calculate and express rectangular shape,
which is called capacitive percentage, or simply %capa (see ESI section 5 and Fig. S5).
Equation 1 defines this pseudocapacitive percentage, but this result is just an approximate
result. This one can only explain the general trend, and capacitive tendency is the result more

accurate.

Ycapa = 100 — L=min . 100 Eq. 1
Where i,,,,, 1S the maximum current and i,,,;,, is the relative minimum current taken after the
faradaic contribution. Figure 2 shows a heatmap of capacitive tendency of all materials

researched in the work.
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159  Figure 2. State-of-the-Art in Faradaic electrode materials for batteries and
160  pseudocapacitors. (a) represents a list of materials classified according to capacitive tendency
161  (ascribed to the color bar). The Y-axis represents the number of redox centers per nm?® and the
162  X-axis represents the total number of electrons in the crystal structure. (b) the qualitative color
163  bar representing capacitive tendency. (c) represent typical voltammograms of the
164  corresponding electrode material.
165 This computation makes it possible to account for the nuances inherent in the
166  voltammogram shapes as measured in the CV experiments. The %capa is a useful indicator
167  when it comes to anticipating the degree of charge delocalization. On the one hand, if the local
168  minimum current is close to the maximum current, then the current is identical and the behavior
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displayed is rectangular (noting that the global resistance of the device is not taken into account
in the calculation). This rectangular voltammogram represents the signature of so-called
supercapacitive substances, be they EDLCs or pseudocapacitors. On the other hand, if the
difference is significant, i.e., the redox peak is highly prominent, then the behavior displayed
is battery-like. Indeed, in order to accurately depict the electrochemical behavior of the real-
world voltammograms, calculating the %pseudo thus allows for a simple categorization of the
voltammogram shape, regardless of the material composition or lack thereof. The capacitive
tendency is a graphical descriptor of a curve i=f(E) that is independent of the usual material

classification (battery, EDLC, pseudocapacitor).

The result of combining the redox center number per nm? with the electron number Z of
the crystalline structure is shown in Fig. 2. The cell count is based on the volume of each cell
(see the CIF file, in ESI), and the cell unit’s Z' value indicates the number of material crystalline
units repeated in one cell volume. In addition, capacitive tendency is used for over forty
materials involved in the manuscript and compared it with the %pseudo results calculated from

Equation 1, the complete result table is Table S4 in ESI.

In Fig. 2, S7-S8, a scatter plot with a gradient of different colors denoting the capacitive
tendency is used to position the 50 different materials > 41, Each of these materials is
accompanied by voltammograms which were extracted from scientific publications. They were
selected due to the fact that they are the most frequently applied materials in batteries and
pseudocapacitors. For decades, these materials have been in constant evolution with the
synthesis of new materials, the design of new structures, adjustments to their inner nature, and
modifications to their morphology, all of which were geared towards maximizing the
capacitance/capacity to build advanced energy storage devices. As far as pseudocapacitive
materials are concerned, RuO: stands out as one that underwent years of trials before finally

shedding light on the mechanism of redox reactions in aqueous acidic electrolytes. This had to

10
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do with the valence change from Ru** to Ru®*/Ru?*, associated with proton insertion 92,
Another prominent one is MnOz , which possesses a smooth ionic diffusion but displays limited
electronic conductivity °. These two laid the groundwork for further research involving metal
oxide-based Faradaic electrode materials, such as TiO2, Nb2Os, C0o304, Mn304, Fe30s, etc. In
the case of Co30q, it was found that morphological changes and size could lead to distinctive
electrochemical behavior, since when nanosized it triggers a high-rate redox reaction.'® Aside
from metal oxides, carbides and nitrides (e.g., vanadium nitride) also become the subject of
research relating to redox reactions in pseudocapacitive materials. Among them, 2D MXenes,
such as TizCo, Ti2C, V2C, prevail due to their intriguing electronic conductivity and high-rate
capability 1% 197 Numerous battery materials have been studied for use as anodes and cathodes
in various battery cells. Current cathode materials that have already been commercialized
include the well-known LiCoO, and LiFePO4 "f9), On the anode side, the most notable are
LiTisOs and TiO, 7%, It has been ascertained that battery materials exert redox reactions
following phase changes after intercalating 111!, The materials selected for this study all serve

to contribute to an overall picture of Faradaic electrode materials.

We observe an unmistakable trend whereby pseudocapacitive materials display a redox
center density of between 20 and 60 per nm® and a Z value of between 0 and 120. In other
words, a pseudocapacitive material has a large number of redox centers with a low number of
electrons inside its crystalline structure. For battery materials, the number of redox centers are

never greater than 30 per nm?3, while Z values can reach up to 140.

More specifically, MnO, and RuO: both show a capacitive tendency of close to 100%
with a large number of redox centers per nm® and low Z values. Mn-based materials can be
battery-type ones such as LixMnOsz (¢f 8 LipMnSiO, f 9 and LiMnPO, f 59 or
pseudocapacitor-type ones such as MnO, 713, The same goes for Ti, with battery-type ones

such as LiTiS, (¢f 80), Na TiSiOs (ref 54), NaTi2(POa)3 (ref 78), LisTisO12 €% and Na,TigO13 e 81),

11
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and pseudocapacitor-type ones such as Ti2C (2% and TisC, 'V, Some materials are not a
good fit for this simple classification, such as MoS; %) and MoOj3 that show around 17 redox
centers per nm? and a Z value of around 70, all the while displaying pseudocapacitive behavior.
Co0304, Mn304 and FezO4 exhibit large densities of redox centers together with high Z values,
with capacitive tendency values of around 50%. 2D MXene materials, including TizC> and
V,C, are pseudocapacitive materials with high redox center densities and low Z values. It
should be noted that the choice of electrolyte probably has an impact on the capacitive tendency
value. For example, for TisC2Tx-MXene (®29) the capacitive tendency value decreases from
80 to 50% (in KOH and H2SOa, respectively). V2C-MXene ¢ 72 shows similar results.
Concerning MnOz in an aqueous medium, the electrochemical reversibility can be highly
impacted depending on the pH. This can be explained by a confinement phenomenon, where a
transition occurs from double-layer to Faradaic charge storage.!* The electrochemical
interface actually involves porous or layered cases instead of an ideal planar model. With
increasing interface complexity, charge transfer improves between an electrolyte ion and the
host regarding the extent of ion desolvation and confinement. When K* intercalates in
birnessite metal oxide, the K* is still hydrated without desolvation between interlayers, which

offers a weak ion-host interaction and reduced charge transfer.

We have demonstrated that identifying the density of redox centers, n, and the
corresponding Z values is enough to accurately predict the material type and the global shape
of the cyclic voltammogram and vice versa. For the greater part of the researchers working in
the field of electrochemical energy storage materials, determining the n and Z parameters will
thus be quite straightforward. However, it is worth noting that the type of salt and nature of the
solvent used in the electrolyte may sometimes affect the electrochemical behavior, and

therefore the shape of the voltammogram.
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To summarize, the capacitive tendency , and consequently the shape of the voltammogram,
is chiefly governed by: (1) the number of redox centers per nm?, and (2) the Z value of the
crystalline structure, bearing in mind that (3) the nature of the electrolyte may have a certain
effect on the result. It is then necessary to correlate these pieces of information within a model
that explains why these three parameters affect the voltammogram signal. To this end, it is
necessary to understand the impact that the proximity of the density of redox centers, n, has on

the electron moving through the Faradaic electrode material.

Electron movement as a cause of redox potential distribution

The initial Faradaic oxidative reactions that generate charges in the material are likely
connected to ionic mobility, independently of the pseudocapacitive or battery-like behavior of
the considered material. Therefore, the fundamental process of electron injection into a redox
center remains a redox reaction, which is a Faradaic phenomenon. However, the spatial
organization and density of the redox centers in battery and pseudocapacitive materials can
produce quite a different outcome. The density of redox centers has a direct impact on the
probability of an electron jumping from one redox center to another. Pseudocapacitive
materials exhibit a large number of redox centers per nm?, with a total exceeding 30. Following
a charge injection (or extraction), the charge distribution then creates a distribution of redox
potentials (as demonstrated in the following section). To explore this effect, we will first
demonstrate that the probability of transferring an electron between two redox centers is greater
when n is large and Z is small. In a subsequent step, we will show that an electron exchanged

between two redox centers has an effect on the potential of neighboring centers.
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Figure 3. Electron transfer between 2 redox centers. (a) represent the atomic changes

associated with electron transfer for a solid structure. (b) represents the electron transfer

probability as a function of the number of redox centers (Y-axis). The background color is

respected to the transmission coefficient of electron transfer according to tunnelling effect.

To understand the possibility of an electron exchange between two redox centers, the

probability of an electron hopping from one redox center to another may be expressed as the

product of three separate probabilities. The first probability is equivalent to the chances of the

electron encountering a neighboring redox center (noting that a defect in the crystalline

structure will reduce this probability). The second probability is that a phonon (the vibration of

a crystal lattice) causes the local distortion necessary for the temporary equalization of donor

14
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and acceptor levels (Fig 3a). The third probability is that tunneling occurs (Fig.3b), which is

exponentially dependent upon the distance between the two considered redox centers.

According to this formalism, the greater the density of redox centers, the greater the
probability of the electron being delocalized. This is consistent with the fact that a
pseudocapacitive material has a large number of redox centers per nm?, so the probability of
charge delocalization is non-zero. It is worth noting that in the preliminary reports about the
redox behavior of RuO., Trasatti et al.®® emphasized this fact from the very start, stating, with
respect to the metal cores, that the *"Me-Me distance and the radius of the cation in these oxides
are such that overlap of the inner d orbitals is possible, and the d electrons in the d bands are
responsible for the metallic conduction”, referring to Marcus studies on electron transfer to

substantiate this remark ©7),

One particular “chemical” description of the proximity of the redox center may be
investigated as a reaction comprising electron hopping. There are two alternatives when an
electron is injected into a redox center: (1) The injected electron is restricted to the vicinity of
the redox center (i.e., it is localized), or (2) the electron jumps to the nearest neighbor. After
that, the charge is partially delocalized. This viewpoint is comparable to that of adiabatic vs.

diabatic electron transfer %8,

Now, the electron transfers or hops from one redox center to the neighboring one in the
electrode material structure. The redox reaction can be transcribed, along with the associated

ionic transfer (where A is the anion) with equilibrium constant with the equilibrium (K,pping)

as follows:
ky
A - M+ + M(a—1)+ 2 M@+ + M@+ Eq. 2
N— —
k_q A

where a is the reaction activity of a certain state.
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If k1 > k_1 (Knopping > 1) then the probability of an electron exchange between 2 redox
centers is high. And inversely, if k; < k_; (Knopping < 1), then the probability of an electron
exchange is low. According to this equation, the way in which the redox charge is shared is
based on an equilibrium constant, Kj,,,ing. This equilibrium constant can then be expressed as
the difference in redox potential required in order to oxidize both redox sites. Eg is the potential
to oxidize the first one, the so-called standard redox center, and E; is the redox potential of the

closest neighbor.

En corresponds to the redox potential of the umpteenth neighbor, then the umpteenth neighbour,

Khopping,n IS

F(E,—E,)
Khopping,n = exp[ AT Eq. 3.

Where F is the Faraday constant (96485 in C - mol™1), R is the gas constant (8.3145 J -

mol~1- K1), and T is temperature (293.15 K).

The equation Eq. 3 highlights two critical points: (i) Firstly, when two redox centers easily
exchange electrons (Kyopping1 > 1), then the difference in potential between the two redox
centers is quite large (E,, — E,>>0). In other words, injecting a charge into one of the redox
centers has an effect on the amount of work required to inject a charge into the redox center
closest to it. (ii) Secondly, the further away a neighbor is from the standard redox center, the
less likely it is for them to share an electron. The potential distributes from the first redox center

(M,) to the nearest (M) and other neighboring redox centers (M,,) with hopping potential (¢).

n is the total number of potential hopping in the system, which corresponds to the number of
neighbors nearest to the area where tunneling is likely to occur. &,,,, and &,,;, are the
maximum and minimum potential difference between two redox centers as demonstrated in

Figure 4.
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The neighboring redox centers (M;, wheni =1,2,3,...,nand i is the neighbor according to
its position with respect to the standard redox center), the potential distributed is in descending

order:
E,>E,»E, >E,., =E,
Then, Khopping,1 = Knopping,2 = Knopping,3 > Knoppingn
Firstly, among n number of redox center, started from M.
Mo, M1,y oo, Myy—gy Myy_3, My, Myy_1, My,

At the farthest redox center (M,,), the lowest energy needed for the electron to jump, &€,,in. BY
recurrence sequence, the hopping potential from the farthest to the nearest neighboring redox

site is in ascending order:

N&mins - ngin» 4€minr 3€min’ 2‘c:minr Emin
So, En_i =Ey+ (i + Deépin Eq. 4
Wheni =1,2,3,...,n.

In this model of the redox potential distribution, there are three notable variables: &, 4y,
Emin @Nd N. SO, &, IS the work difference between the two nearest redox centers (E; — E).
When a charge is injected into the standard redox center, its nearest neighbour has the most
impacted electron affinity, so its redox potential is increased by a maximum jump (&:,4x)-
Whereas the minimum potential jump corresponds to the furthest redox center influenced by
the charge, noted by ¢,,;,,. Then n represents the number of neighbors influenced by the charge
injection. Note that Eq. 3 and Eq. 4 then become, for the general form:

Kgr = exp [-2nex] Eq. 5,

and, for the nearest neighbor (i = 1):
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Kgr, = exp [M] Eq. 6,

R'T

and, for the most distant neighbor (i = n):

Ky = exp |2 Eq. 7.

Fig. S3 illustrates the matrix model, including the redox potential distribution, using Eqg.
4. When redox centers are tightly packed together, the electron affinity decreases (i.e., it is
more difficult to inject the electron into the nearest neighbor). This model involves a large

redox potential distribution within the material.

A Faradaic electrode material is thus represented by the matrix, for which the continuous
phase represents the overall charge in the crystalline structure and where the color of the redox
centers is the distribution of redox potentials. Therefore, the proximity of the redox centers —
high-density n - results in a broad redox potential distribution, as illustrated by the matrix

model.

The rate constant, ki, which is the kinetic constant of the electron transfer, is expressed by
considering two rate-limiting steps. The first step is to consider that the electron transfer is
sequential to the ion transfer. Therefore, ki will either be the electron transfer or the transfer of
the counter-ion to be split. However, an alternative to this could be that the electron transfer is
concomitant with the ion transfer, so that the rate constant ki will reflect a new mathematical
expression. Recently, Bazant et al. incorporated ion transfer effects into the kinetic theory of
electron transfer®®. The nature of the counterion can be varied: Such as Li*, Na™ Mg?*, Zn?*

etc.

Three phenomena influence the charge storage process in electrochemical energy storage
materials: (1) the tunneling effect, (2) the chemical environment of the redox center, and (3)
the effect of the counterion from the electrolyte. By analogy with the electron transfer in
solution, therefore, a link on charge processes exist. The crystalline structure, the counterions

and the distance between the redox centers all influence the ease with which charges can be
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delocalized. The effect of the counterion also deserves careful consideration, since the
kinetics of electron exchange will be influenced by its probability of being shared or not,
resulting in charge delocalization. Significantly, the charge delocalization induced by these
three phenomena results in a redox potential distribution within the Faradaic electrode
materials. This framework thus allows one to pinpoint the fundamental differences between a
wide range of Faradaic electrode materials. Unexpectedly, however, battery materials display
a partial charge distribution, implying that their charging mechanism must include a
pseudocapacitive contribution. This last point is crucial, as these two types of materials are
frequently pitted against each other in the scientific literature. Nonetheless, we demonstrate
herein, for the first time, that by using our inclusive model one sees a strong connection
between these two types of materials and can observe the source of this distinction. This is
achieved by associating the redox potential distribution model with an experimentally

exploitable electrochemical signal.

Using the quantification of redox potential distribution to determine the electrochemical

behavior of Faradaic electrode materials

Based on the probabilistic description of electron exchange through many redox centers,
it is then necessary to create a model that incorporates the redox potential distributions of the

electrochemical signals.

In this case, the signal would be the sum of the individual signals from n populations of
redox centers, n being the variable developed in the previous section, i.e., the number of
neighbors impacted by the redox reaction of the so-called standard redox center. In a similar
way to the EDLC current and the battery current, the current resulting from a pseudocapacitive

contribution is expressed as:

f i
E —-E
. seudo seudo
l:n:—p p

(ppseudo = Zl=0 y (péseudo Eq. 8.
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The contribution of the neighbor i would then be similar to the mathematical expression of the

pure battery current as follows:

F ) FG —-FG
. . i RT RT
@L — RT | eR.T'(Eapply_(Epseuda+n£)) erT _ e RT Eq 9
pseudo ~ S g FGpseudo (g (&t +ne) -r¢ L. (E (gL +ne) '
1+e RT eR'T apply pseudo 1+e RT 'eR'T apply pseudo

where n is the number of potential hopping between redox centers (per nm3), ¢ is the hopping

potential (in V), E},seudo is the standard redox potential of the pseudocapacitive current (in V),

gf

seudo 1S the final potential of the pseudocapacitive current (in V), and (pzi)seudo is the

neighboring pseudocapacitive current (dimensionless current). For the first time, herein we
thus propose a homogeneous and universal formalism for simulating a voltammogram,
irrespective of the origin of its redox dynamics, for all electrochemical energy storage
materials, be they electrochemical double layer, purely battery-type or pseudocapacitive in
nature. Moreover, via this formalism, we can show that all electrode materials possess a
combination of these three contributions. However, the contribution of each of the components

will then be more or less intense, depending on the value of the maximum current (is7c,

:max maxy ;i p -
"pseudm lbatt)f 1.e..

. _ smax ., max ‘max ,
itot = LEpLC " PEDLC T lpseudo * Ppseudo T lpatt * Phatt Eq.10.

Fig. S11 shows CV profiles of various electrochemical systems, including ipeqx +
Lgprcy PUIe ipseudos Ipseudo + Lprc, @nd the contour plots of % pseudo of these systems related
to the resistance and scan rate. These results were obtained by using the Wolfram Language
with its Mathematica tool to plot the functions according to the equation Eq. 10, where A, =
Agprc = Apseuao = 1 Was considered. Firstly, the different current profiles of the first two
models in Fig. S1lla and b, with different values for Rgand v, can be observed. These
characteristics relate to different %pseudo as indicated in the contour plot (Fig. S11c). One can

clearly see that, even when increasing the scan rate, the %pseudo still barely reaches 90% as a

20



418

419

420

421

422

423

424

425

426

427

428

429
430

431

432

433

result of the peak current contribution. This result agrees with experimental observations (see
the ESI). Secondly, the rectangular CV profile (Fig. S11d and e) is distorted by the presence
of igp.c current with a large R, = 500. Similarly, Fig. S11f demonstrates %pseudo as a
function of the R, and the scan rate for a pseudocapacitive current with the contribution of
izprc- It was found that the %pseudo is high, even when increasing the scan rate. This result

also agrees with experimental observations (Fig. S13-S60).

a Eni
N n=1 n=2 n=3 =1 o n n=1 - .large n
i
LI Qoo B o
' y v W/ v
- e S
b C Experimental CV fitting
100 26 T
. / X,
n ; number of electron hopping P £ \
0.5 N =
V) Ef -E! e N 2eenen e
i:ﬁ: pseudo pseudo € ; hopping potential 0.0 . e Ak (LU
& & i 5
_ E i . /
Ppseudo = Ppseudo =085 _~'/'/
" e PR 3
i=0 \4, 5 ,"/‘
B —
i W ;
1.5 2.0 2.5 3.0

Fig. 4| Formalism of the novel pseudocapacitor CV fitting method. (a) Pseudocapacitor CV
of various numbers of electron hopping (or the number of redox centers, n) and the potential
distribution (or hopping potential, €). (b) The equation of pseudocapacitor signal. (c)

Experimental CV fitted by our formalism.

Fig. 4a shows the proposed pseudocapacitor model where the redox peaks start to overlap with
the number of electron hopping. The extended formalism from Eq. 8 (as demonstrated in Fig.
4b) was finally introduced into the total current with other current components (Eq. 10). Using

this model, an experimental CV was well fitted, as shown in Fig. 4c. It was also found that,
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even in the battery materials, there is a certain pseudocapacitive contribution resulting from the
distribution of the potential to the nearby redox centers when the number of redox centers per
nm? is high, as presented in the corresponding matrix models with numerous redox centers

(Fig. S13-S60).

The conventional method is to use the peak current to determine whether a device is a
battery or a pseudocapacitor. While the peak current model is a good fit, the signal including
all potential ranges is incomplete. Moreover, the model proposed herein has shown a strong
correlation between state-of-the-art experience and reliable theory. Besides, this proposed
theory is based on equilibrium exchange between two redox centers, so it cannot be used to

analyse the reversibility of the charge-discharge process.
Conclusion

Batteries and supercapacitors are both widely used electrochemical energy storage
technologies. When it comes to batteries, redox processes display unusual electrochemical
behavior, for which there is no clear explanation to date. Complicating matters further, no
universal analytical formalism for assessing voltammograms has thus far been proposed. This
article began by discussing the electrochemical properties of batteries and pseudocapacitive
materials, as well as what sets them apart while focusing on electron transport pathways. We
have shown that battery and pseudocapacitor materials, called Faradaic electrode materials,
both exhibit strong electron delocalization resulting in large redox potential distributions due
to tunneling and the polaron effect. Perhaps more significantly, battery materials display the
same potential dispersion, albeit weaker. Faradaic electrode materials are very much in the
scientific limelight of late, and our research serves to provide a link between them all, thereby

culminating in a ground-breaking, all-inclusive model for assessing such materials.
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