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The two main types of charge storage devices — batteries and double layer charging capacitors — can be
unambiguously distinguished from one another by the shape and scan rate dependence of their cyclic
voltammetric current—potential (CV) responses. This is not the case with “pseudocapacitors” and with
the notion of "pseudocapacitance”, as originally put forward by Conway et al. After insisting on the
necessity of precisely defining “pseudocapacitance” as involving faradaic processes and having, at the
same time, a capacitive signature, we discuss the modelling of "pseudocapacitive” responses, revisiting
Conway's derivations and analysing critically the other contributions to the subject, leading unmistakably
to the conclusion that “pseudocapacitors” are actually true capacitors and that “pseudocapacitance” is
a basically incorrect notion. Taking cobalt oxide films as a tutorial example, we describe the way in
which a (true) electrical double layer is built upon oxidation of the film in its insulating state up to an
ohmic conducting state. The lessons drawn at this occasion are used to re-examine the classical oxides,
RuO,, MnO,, TiO,, Nb,Os and other examples of putative “pseudocapacitive” materials. Addressing the
dynamics of charge storage—a key issue in the practice of power of the energy storage device—it is
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1. Introduction

Batteries and double layer capacitors are representative of the
two main electrochemical means to store electrical energy.
Faradaic processes are involved in the first case, i.e. electron
transfer occurs across the electrode surface, and thus across the
potential drop at the interface, to or from reactants present in
solution or adsorbed at the electrode surface.> In the second
case, no faradaic process occurs, i.e., no charge transfer across
the surface takes place. Charge storage is then simply the result
of charging the electrochemical double layer at the interface
between the base electrode and the surrounding solution.?
Cyclic voltammetry (CV) offers a simple and eye-catching way
of distinguishing between these cases (Fig. 1). This is the reason
that this technique is referred to throughout the present
discussion, noting that it has the same capabilities in terms of
quantitative characterization as other electrochemical tech-
niques such as galvanostatic and impedance techniques within
equivalent time ranges. Double layer* charging and discharging
give rise to the classical capacitance charging CV-current-

Université Paris Diderot, Sorbonne Paris Cité, Laboratoire d'Electrochimie
Moléculaire, Unité Mixte de Recherche Université — CNRS No. 7591, Batiment
Lavoisier, 15 rue Jean de Baif, 75205 Paris Cedex 13, France. E-mail: cyrille.
costentin@univ-paris-diderot.fr; saveant@univ-paris-diderot.fr

T Electronic  supplementary information (ESI) available. See DOI:
10.1039/c95c01662g

1 Present address: Department of Chemistry and Chemical Biology, Harvard

University, 12 Oxford Street, Cambridge, Massachusetts 02138, USA.

5656 | Chem. Sci., 2019, 10, 5656-5666

often asserted, based on incorrect diagnosis by means of scan rate variations in CV studies.

potential responses (ref. 5, pp. 14-16 and 353-357) as repre-
sented in Fig. 1a in a case where the double layer capacitance is
approximately constant within the potential excursion range.
The charging curve shows a quasi-rectangular shape and the
whole curve is proportional to the scan rate.

Surface faradaic CV-current-potential responses, obtained
with adsorbed reactants, are quite different in that they show
peaks as represented in Fig. 1b.® The peak current, like the
capacitive plateau current, is proportional to the scan rate, but
the difference in shape makes them readily distinguishable.
However, the proportionality to the scan rate makes it possible
to derive from the current response a formal capacitance ob-
tained by simple division by the scan rate.

Solution faradaic CV-current-potential responses also
display peak shapes (Fig. 1c) but the current is now under the
dependence of reactant diffusion.” Peak currents are then
proportional to the square root of the scan rate. Distinguishing
faradaic and double layer charging processes by means of their
CV signatures thus raises no problem. This is not what happens
with “pseudocapacitors” and with the notion of “pseudocapa-
citance”, as originally put forward by Conway et al.® and defined
as involving faradaic processes having, at the same time,
a capacitive signature. Given the confusion that prevails
regarding the notion of “pseudocapacitance”, we will start by
setting up a precise definition of this notion. On this basis, we
will then discuss the modelling of “pseudocapacitive”
responses, first revisiting Conway's derivations and analysing
critically the other contributions to the subject. We will then
switch to an experimental example provided by the CV and

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Cyclic voltammetric current—potential responses. i: current, E:
electrode potential, E°: standard potential of the surface or solution
redox couple, v: scan rate, S: electrode surface area, F: Faraday, T:
absolute temperature. (a) Double layer charging current (C4: double
layer differential capacitance). (b) Faradaic response of a surface redox
couple (I'm; surface concentration, E°: standard potential of the
surface redox couple). (c) Faradaic response of a solution redox couple
(C°: solution concentration, E°: standard potential of the surface redox
couple, D: reactant diffusion coefficient).

structural characteristics of cobalt oxide films (CoP;). It will be
the occasion to illustrate the way in which a (true) electrical
double layer is built upon oxidation of the film in its insulating
state up to an ohmic conducting state. The concentration of the
buffer and the scan rate will be the two main operating
parameters helping deciphering of the various phenomena at
work. The lessons drawn at this occasion will then be used to re-
examine the metal oxides, RuO,, MnO,, TiO,, Nb,Os... as
classical putative examples of “pseudocapacitive” materials,
taking into account their CV behavior and what can pertinently
be said of their characteristics. More recently appearing prom-
ising materials like ‘MXenes’ will also be on the list. Study and
application of these materials raise the interesting question of
the dynamics of charge storage. Is it governed by counter-ion
diffusion or rather the result of ohmic potential drop in the
pores? This is the object of the last section together with the use
of scan rate as a diagnostic tool in the attending CV studies.

2. The need of a precise definition of
“pseudocapacitance”

In their Shakespearian-tone article, the authors of ref. 9 make
two important remarks. (i) The term pseudocapacitive “should
only be used for a given electrode investigated individually”. (ii)

This journal is © The Royal Society of Chemistry 2019
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They also strongly emphasized that “the term “pseudocapaci-
tance” is used to designate electrode materials (such as RuO,,
MnO,) that have the electrochemical signature of a capacitive
electrode (such as observed with activated carbons), i.e., exhib-
iting a linear dependence of the charge stored with the width of
the potential window, but where charge storage originates from
different reaction mechanisms”, leading to the quasi-rectan-
gular form of the CV responses as shown in Fig. 1a. They
particularly insist that systems like Ni(OH), and cobalt oxides in
KOH electrolyte, which show battery type faradaic peaks, should
not be considered to display a true pseudocapacitive behavior.

3. Models attempting to account for
a purely capacitive behavior that would
be based on faradaic reactions

We fully adopt the above precise definition of “pseudocapaci-
tance” in the following and discuss the models that attempt to
account for a purely capacitive behavior that would be based on
faradaic reactions. Honor to whom honor is due, we start with
the work of Conway et al., as detailed in ref. 10, which provides
a clear synthesis of their preceding contributions to the
question.

“From a thermodynamic point of view, pseudocapacitance
originates whenever some property, y, proportional to charge
passed, is related to potential by an equation of the form:

yI(1 — y) = Kexp(VFIRT) (1)

The quantity y can be an extent of fractional coverage of an
electrode surface (generated by the charge required for depo-
sition of adatoms e.g., H at Pt, or metal adatoms in “under-
potential deposition” reactions), an extent of fractional
absorption, X, into some intercalation host (e.g., TiS, or CoO,
accommodating Li), or third, some extent of conversion of an
oxidized species to a reduced species (or vice versa) in a redox
system in solution [e.g., aq. Fe(CN)s* /Fe(CN)¢>"] or one in
a hydrous oxide, e.g., RuO,, IrO,, Co;0,. Each of the above types
of examples corresponds in a formal general way to an electron
transfer process between an oxidized species Ox (e.g., H' or H,0,
Li’, metal ion redox reagent) and a reduced species, Red (e.g.,
adsorbed H, Li* in a host cathode lattice, metal ion in the
reduced state in the redox reagent); thus Ox + ze ~ Red. Pseu-
docapacitance arises when the extent of reaction, Q, is some
continuous function of potential, V, so that a derivative, dQ/dV,
arises that has the properties of a capacitance”.*

We may note that if y is a mere surface fractional coverage,
with no special interaction of the adsorbed species with their
neighbors, eqn (1) is just an expression of the Nernst law, whose
application leads to the CV response shown in Fig. 1b. As seen
before, this is a case where one can speak of formal capacitance
(derived from a peaked curve) but certainly not of pseudoca-
pacitance in the precise sense recalled earlier (quasi rectangular
CV response as in Fig. 1a).

It would be tedious to examine successively all situations
listed above that may complement this simple picture. For the
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moment, let's limit ourselves to the first and last examples of
the list. We will come back to metal oxide examples later on.

The first example is an “electrochemical surface process
such as the so-called underpotential deposition of H [here “Ox”
is H;0" (or H,0) and “Red” is MH,]:

K
1‘130Jr +M +e ‘__)MHads + H20

T A

If adsorption obeys the simple Langmuir isotherm

m = KCH+ exp(VF/RT)

g — Key+ exp(VF/RT)
1+ Key+ exp(VF/RT)

Then, a capacitance, qualified as “pseudocapacitance” in ref.
10 (pp. 222 and 223) can be obtained from:
do @ F _ qiF  Key exp(VF/RT)
RT [1 + Key+ exp(VF/RT))

C¢_

—%W— o(1 —0)

RT
(g4 is a constant depending on the metal of the electrode). It is
represented by the blue curve in Fig. 2, which is very similar to
curve (b) in Fig. 1 far from the quasi-rectangular response ex-
pected from a “pseudocapacitance”.

The next step consists of replacing the Langmuir isotherm
using a Frumkin isotherm:

% = K exp(—gf)cy+ exp(VF/RT)
which accounts for the interactions between the adsorbed H
atoms, through the factor g. The result is:

_@F  0(1-0)
7 RT 1+g6(1—0)

where 6§ is given by the above equation.

g > 0 corresponds to the expected repulsive interactions at
the adsorbed state giving rise to the red capacitance vs. poten-
tial curve shown in Fig. 2. Although the peak is more spread out
than when g = 0, we are still facing a peak-shaped curve, far

473

Formal Capacitance C¢

Ny

Electrode Potential

Fig. 2 C, vs. electrode potential profiles for an electrosorption
process involving a zero (blue) and a positive (red) g value, i.e., for
lateral repulsion. Adapted from Fig. 10.1 in ref. 10 p. 228, with
permission.
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from the quasi-rectangular response expected from a precisely
defined “pseudocapacitance” curve (Fig. 1a).

For the second example, quote of the original work says:
“Capacitors based on inorganic redox reagents also have
a capacitance that is electrochemical rather than electrostatic in
origin. Consider the following example:

[Fe(CN)e]>~ + ¢~ 2 [Fe(CN)g* ™

Applying the Nernst law to this Ox + e~ &2 Red couple,
Conway et al. derived the “pseudocapacitances” represented in
Fig. 3a and illustrated by the experimental CV curves shown in
Fig. 3b. It clearly appears that these alleged “pseudocapaci-
tances” have nothing to do with the actual “pseudocapaci-
tances” precisely defined earlier and giving rise to the quasi
rectangular CV responses of Fig. 1a.

Coming back to the first example described above, the
derivation developed for proton electrochemical reduction was
recently revisited so as to obtain a general analysis applicable to
any type of Ox(P) + e~ 2 Red(Q) reaction.” In the application of
the Nernst law to the adsorbed P and Q species, taking into
account, besides their surfaces concentrations, I'p and I'q, their
activity coefficients, yp and vq:

E:EO+EIH(EE)7
F vq Lo

a first order approximation consists in regarding activity coef-
ficients as linear functions of the surface concentrations with
interaction coefficients, ap, aq and apq. This leads to the formal
capacitance/electrode potential profiles shown in Fig. 4a, as
a function of the interaction parameter 2(aq + ap — 2apg) with
an apparent standard potential Ey, = E° + (RT/F)In(ap — ag)).
Positive values of the interaction parameters entail broad-
ening of the capacitive responses as was very similarly the case
in the first Conway et al. example. This shows again, but in

a more general manner, that such putative

Current function

-0.6

Potential /V

Fig. 3 Cyclic voltammograms for the redox couple giving rise to
pseudocapacitance: (a) free in solution (diffusion controlled)
compared with surface bound; (b) experimental example of ferrocy-
anide bound on poly(vinylpyridine) (from Conway and Duic, unpub-
lished). Adapted from Fig. 10.14 in ref. 10 pp. 250 and 251, with
permission.
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Fig. 4 Formal capacitance C, vs. electrode potential as a function of
the parameter 2(agq + ap — 2apg) = FAE®/RT = 0.1 (blue), 1 (red), 2
(green), 3 (yellow), 4 (gray), and 5 (magenta). (a) Calculated from
interaction coefficients, ap, aq and apq linearly varying with the surface
concentrations. (b) Calculated from the square standard potential
distribution.

“pseudocapacitances” are not compatible with the precise
definition given earlier, which corresponds to the quasi rect-
angular CV responses of Fig. 1a.

It is also possible to show that a closely equivalent behaviour
is found upon considering the superposition of several over-
lapping redox couples early “believed”®® to be at the origin of
“pseudocapacitances”. This is defined as an equally distributed
set of standard potentials, ranging from —AE° to AE° and
centred at Ejp, the probability of each being (2FAE°/RT) — 1,
with FAE®/RT = 2(aq + ap — 2apq) (only considering positive
values of FAE®/RT = 2(aq + ap — 2apq)). The apparent “pseu-
docapacitances” derived in this way (Fig. 4b) are very similar to
those obtained from the first method, leading to the same
conclusion.

Before concluding this section, we mention in the ESIf two
picturesque albeit perfectly fanciful descriptions of the
construction of a “pseudocapacitance” from faradaic reac-
tions."”* It seems also worth discussing (still in the ESIY)
another problematic modelling of quasi-rectangular capacitive-
looking CV responses by summation of the successive faradaic
contributions.™

4. A tutorial experimental example:
cobalt oxide films in the presence of
phosphate

Besides being valuable catalysts for water oxidation, cobalt
oxide films (CoP;) deposited on electrodes*™” show interesting
properties related to the “pseudocapacitance issue”.'* The
typical cyclic voltammetry (CV) response shown in Fig. 5 allows
the delineation of several successive potential domains,
namely in the negative-to-positive direction, an insulator zone,
followed by a transition to a conductor zone before reaching
the water oxidation catalytic wave.'® In the conductor zone,
small peaks appear on top of the capacitive response. They
represent surface proton-coupled faradaic waves, whose height
can be modulated by the amount of buffer present in the
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Fig. 5 Cyclic voltammetry current—potential responses (potential:
129 — 059 — 1.59 — 1.29 V vs. SHE) at 8 V s~ of a 39 nm cobalt
oxide deposited (CoP;) film in the presence of 0.2 M potassium
phosphate (KP;) at pH = 7. Adapted from Fig. 2 in ref. 18 with
permission.

solution. Fig. 6 shows the capacitive responses obtained when
the amount of buffer has been decreased to a minimum, just
required to maintain the bulk pH. The quasi-rectangular
response thus obtained fits the idea that we are dealing with
a true capacitance involving the double layer built at the
interface between the solution and the oxide film, which
behaves as an ohmic conductor in this potential range. The
observed variation of the capacitance with the film thickness
points to the idea that the film possesses a meso-to-nano
structure responsible for the expansion of the actual surface
area of the interface leading to respectable values of the
capacitance here and for other metal oxides.

A further interesting question is the way in which this
ohmic conductor status of the film is built up when the
potential is moved positively from the isolator zone, entailing
the faradaic oxidation of the material, most likely coupled
with proton transfer. Fig. 7 shows various CV responses in the
aforementioned transition zone (more data can be found in
ref. 19).

Starting from the structural description of electrodeposited
amorphous cobalt oxide films obtained from AFM images and
X-ray atomic pair distributions schematically displayed in
Fig. 8, we focus attention on the nanoclusters shown in Fig. 8b,

60 — — 60
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40 — — 40

20 - 20
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Fig. 6 Cyclic voltammetry current—potential responses at various
scan rates (v) of CoP; films at pH 7 in the presence of 1 mM Pi and 100
mM KNOsz. » (V s7%): 1 (red), 2 (orange), 3 (black), 4 (green), 5 (cyan), 6
(gray), 7 (magenta), and 8 (blue). The numbers on each diagram are the
values of film thickness in nm and, between parentheses, the value of
the plateau capacitance in puF cm™2. Adapted from ref. 18, with
permission.
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Fig. 7 (a) CV of a 39 nm CoP; film in 1 mM KP;, pH = 7, and 100 mM
KNO-=. Scans are initiated at 1.29 V vs. SHE in the cathodic direction and
inversion potential is varying. » = 2 V s %, (b) CV of a 39 nm CoP; film in
the presence of 100 mM KNOz and 1 mM KP;, pH 7. Scans are initiated
at 1.29 V vs. SHE in the cathodic direction. » = 2 V s~ Films were
deposited from different buffers: 100 mM KP;, pH 7 (black), 100 mM
KHCOs3, pH 10.3 (red), 100 mM KB; (blue), pH 9.2 (dots).
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Fig. 8 (a) Structural sketch of cobalt oxide electrodeposited films. (b)
Scheme of the various phases considered in the electrochemical
description of a cobalt oxide electrodeposited. Adapted from Fig. 4 in
ref. 18 with permission.

and inside them, on the cobaltate phase, whose internal (Gal-
vani) potential is denoted as ¢ whereas the Galvani potential of
the bathing solution is denoted as ¢s.

Noting p the density of holes and N the density of electronic
states in the cobaltate phase, the electrode potential, at equi-
librium may be expressed as:

B = B+ (6 g5) + 50 ()

N-p
L RT m( A )
F aC(erm surf) TN-p

0 0 0 0
Ry + 'U'Mmm T Her) T B

with: E®2P — (sol) (film,surf)

where the u%'s are the staI;ldard chemical potentials, the a's
the activities and the v's the activity coefficients (C" represents
a formal cation leaving the surface of the conductive phase
surface to compensate the charge generated by oxidation of this
phase). Considering activity coefficients as linear functions of
the surface concentrations amounts to considering a simple
square distribution of electronic states in agreement with what
has been described earlier in the text and represented by Fig. 4b.
The above equation may thus be recast as:
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I*EXP( RT N)

AE" RT
Eeq :Eo’ap+¢_¢s+7— T In

exp(—%) -1

As the electrode potential E is raised starting from a situation
where the “cobaltate phase” is not electronically conductive (p
— 0 and ¢ = ¢s), the faradaic current flowing entails an
increase of the density of free charge carriers (p) in the cobaltate
phase. This process is usually referred to as charging the
chemical capacitance of the film.*® ¢s remains equal to the
constant solution Galvani potential while ¢ is changing. Via
charge compensation upon film oxidation, the charge distri-
bution has been altered so that a gradient of electrical potential
is created at the cobaltate phase/solution interface which now
behaves as a double-layer capacitance and the corresponding
charge transfer is a capacitive current. This phenomenon is
usually referred to as band unpinning.** Upon variation of the
electrode potential E, the Galvani potential ¢ and the density of
charge p are changing according to:

1 —exp(—=
RT p(—y)
E= —-dl ith =
A4E = db + T dnlfp)] with 1) = — FSE D)
RT N

Thus, noting the capacitance Cy:

i v

S 1 RT 1 d[f(p)

Cs F2f(p) dp

The system appears as equivalent to charging two series
capacitances.” Fig. 9 thus shows a typical forward CV scan
starting in the insulator region and the corresponding change
of the film inner potential ¢. The current initially increases
exponentially reflecting the fact that it is essentially governed by
the chemical capacitance charging, viz., a faradaic-type process,
with the inner potential of the cobaltate phase remaining close
to ¢s. Then, as the chemical capacitance increases, the current

a b
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Fig. 9 (a) Forward CV scan for with C4 = 2.55 mF cm™2 (j.e. capaci-

tance of a 40 nm CoP; film), FN/RT = 20 mF cm 2 (ie. N = 8 x 10%°
cm~3 for a 40 nm film), E%2° — AE®/2 + ¢s = 0.5V (dashed vertical line),
T =298 K. (b) Evolution of the film inner potential. Adapted from Fig. 5
in ref. 19 with permission.
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plateaus out, being then controlled by the capacitance charging
while the inner potential rises accordingly. The film then
behaves as an ohmic conductor.

5. Other metal oxide materials and
analogous films

Ruthenium dioxide is an emblematic example of a “pseudoca-
pacitive” metal oxide material and the first to be reported as
such.” It is shown that films thermally prepared or obtained
from single crystal RuO, behave differently in cyclic voltam-
metry. The first ones show a rectangular response while the
others show an ill-defined wave. A few years later, it was
observed that, in the anodic region, a rectangular CV response
is obtained after completion of several cycles of ruthenized Pt
electrodes.” It was thus inferred that, in the range of potentials
where Ru is covered by an oxide film, a continuous change of
the Ru standard potential due to interactions between redox
centres may be responsible for such a behaviour thus grounding
qualitatively the notion of transition metal oxide “pseudoca-
pacitance”. Decades later, it was confirmed that RuO, films
exhibit different CV responses depending on the preparation
method, thus pointing to the idea that the film structure is
likely to be a crucial factor.”*** For example, electrodeposited
films show a broad reversible wave attributed to a faradaic Ru**/
Ru’" redox process as confirmed by in situ X-ray spectroscopic
studies probing the local structure.”® However, acknowledging
that RuO, is a metallic conductor®” and that hydrous RuO, films
exhibit a capacitive-like CV response, it was pointed out*® that
understanding this behavior requires a description of the
structure below the sub-nanometer range, which was not
reachable with previously used X-ray techniques (EXAFS or
XAFS).”® A further atomic pair-density function (PDF) analysis®®
demonstrated that the medium-range structure of hydrated
ruthenium oxide (RuO,-xH,0) can be described as a network of
nanocrystals or clusters (1.2-2 nm) with water chemisorbed and
physisorbed on the surface of the grains. Percolation paths
between nanocrystals must be present for long range electronic
conductivity. Such a picture matches our description of pseu-
docapacitors as true capacitors. Furthermore, the same study
showed that capacitive properties vary upon changing hydration
and hence the RuO,-xH,O0 local structure, as water is added or
removed. Still, this new structural description of hydrous RuO,,
in agreement with a capacitive CV behaviour, had to be recon-
ciled with the faradaic behaviour of electrodeposited RuO,
films.?* It was then reported that annealing RuO, films leads to
an evolution of the CV response from a broad faradaic-type CV
wave to an ideal capacitive rectangular type CV.* The effect of
such a temperature treatment was later confirmed (Fig. 10a)*
and assigned to the removal of bound water upon increasing
temperature, thus promoting electronic conduction between
RuO, particles, which initially gives rise to a broad faradaic
reversible wave. This is consonant with our model as descrip-
tion of the transition between a distribution of standard
potentials and an electronic conduction band.
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Fig. 10 0(a) CV curves of (1) pristine RuO,-nH,O and RuO,-nH,O
annealed in air for 2 h at (2) 150, (3) 200, (5) 350 and (6) 400 °C. CV
curves were measured in 0.1 M H,SO, at 25 mV s~ from ref. 29 with
permission. (b) Schematic diagram of the hierarchical nanostructure in
RuO,-nH,O changing with the annealing temperature from ref. 32
with permission.

3.2nm 9.9nm

We note, en passant, that WO; films behave similarly.
Anhydrous WO; gives a peak-shaped faradaic CV response
whereas hydrous WO; exhibits a capacitive-type response
together with an insulator-conductor transition as described
earlier in the case of cobalt oxide films.**

A Small-Angle X-ray Scattering (SAXS) in situ study provided
additional structural support to the description of the transition
from a faradaic wave to a capacitive response upon annealing
hydrous RuO, (Fig. 10b).*> Indeed, prior to annealing, hydrous
RuO, is made of 0.7 nm clusters forming loose aggregates
dispersed in a large amount of confined water. It is thus akin to
an assembly of molecules characterized by a standard potential,
leading, as expected, to a faradaic type CV response. Annealing
densifies loose aggregates, inducing growth of RuO, particles so
as to generate a porous conductive network. At high tempera-
tures (300 °C) most of the confined water has been extracted.
Bare RuO, domains thus aggregate to form large particles
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inducing a decrease of the capacitance. Once the conductive
network is formed, the surface area of the aggregates governs
the double-layer capacitance. Additional contribution of fara-
daic processes originates from Ru’*/Ru*" redox conversion at
the outermost layer of RuO, aggregates. A similar picture is
given in ref. 33, which depicts three contributions to the CV
current, namely, a large charging current due to formation of
a double layer in the pores, a reversible faradaic-type contri-
bution due to ion specific electrosorption and an irreversible
faradaic contribution due to hydrogen evolution or oxygen
evolution occurring at grain-boundaries. Further theoretical
calculations support the above description of conduction in
RuO, as involving an electronic band structure rather than
localized redox states.?*

Although theoretically interesting, ruthenium dioxide is too
rare and expensive for practical applications. Manganese
dioxide consequently attracted a lot of interest when it was re-
ported to show a capacitive behavior.*® The case is, however, far
from being simple as it can also exhibit almost purely faradaic
CV responses as expected for a typical component of non-
rechargeable batteries.*® Over the past twenty years, variable CV
shapes have been reported (from faradaic to capacitive or a mix
of both) depending on crystallinity,*” microstructure,* electro-
lyte** or doping species.*’ It is however not obvious to draw
a direct correlation between these various factors and the CV
responses although it appears that charge storage in MnO,
possibly involves insertion/deintercalation of ions in the struc-
ture even in the absence of faradaic waves.** Such a process is
indicative of the lack of phase changing upon charging, owing
to the absence of strong energy interactions between the
intercalated ion and the bulk material. It would thus be equiv-
alent to the charging of a large surface compact double-layer in
the absence of a diffuse double layer.*” Nonetheless, two argu-
ments have been put forward to support the assertion that the
charging/discharging process is actually not capacitive but
rather faradaic despite a quasi-rectangular CV response: (i)
observation of ex situ XPS** and in situ XAS spectroscopic
changes associated with the Mn*"** transition upon charging/
discharging;** (ii) gas adsorption (Brunauer-Emmett-Teller,
BET) surface area too small to account for the observed capac-
itance, taking as intrinsic differential capacitance, 20 pF cm™>
(a typical value for conducting planar electrodes). It can
however be counter argued that XPS ex situ analysis does not
allow a sound correlation with the CV experiment since
measurements are performed after one hour drying out of the
film in air. In situ XAS analyses have led to variable results
ranging from a small variation of the manganese oxidation
number (3.71 to 3.98 over one volt polarization)* to a larger
variation (3.3 to 3.9).* Having in mind that 20 pF cm ™2 capac-
itance for a planar metallic electrode corresponds to ca. one
electron stored over one volt per 10 metal surface atoms, it is not
surprising to observe a variation of the average oxidation
number of Mn centers if the porosity of the structure is so large
that almost all Mn centers are to be considered as part of the
electronically conductive phase surface and ions and solvent
molecules intercalated in layers or in tunnels as an ionic
conductive phase.**** The presence of inserted solvent
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molecules has been argued to be responsible for the lack of
correlation between the BET surface area and the capacitance in
the case of RuO,.** This is also likely to be the case with MnO,.
We may finally note that a Mn*"/Mn*" faradaic description of
the MnO, charging process leads to a theoretical maximal
charge of 1110 C g~ * which corresponds to 1230 F g~ * capaci-
tance for a 0.9 V window. This value has been reached* or even
overpassed* without observing the tailing of the CV response at
the extreme potential limits (see Fig. 4), expected in the case of
a faradaic process. This observation completes the ruling out of
the faradaic description of quasi-rectangular CV responses and
hence the fundamental incorrectness of the notion of “pseu-
docapacitance” as precisely defined at the beginning of the
present perspective.

Nanoporous titanium dioxide (TiO,) based semiconductive
electrodes have been widely studied because of their electrical,
optical and chemical properties.”®* Their electrochemical
behavior is very similar to that of the cobalt oxide described
earlier with the difference that cobalt oxide is a p-type semi-
conductor whereas TiO, is an n-type semiconductor. TiO, films
are insulators when the Fermi level lies in the bandgap. Upon
cathodic polarization a transition to a conductive behavior is
observed, the charging process being ultimately controlled by
a capacitive process referred to as band unpinning.*“*
Conductivity measurements also support this description® as it
was also the case for cobalt oxide films.** Furthermore, it has
been recently evidenced that, once polarized in the conductive
domain, nanoporous TiO, can massively insert protons leading
to a large faradaic wave on top of the capacitive current,** again
showing the differences between both processes with no need of
the notion of “pseudocapacitance”.

Initially studied for its electrochromic properties Nb,O5 was
later recognized as a material for Li" insertion.” It was also
reported that mesoporous Nb,Os with nanoscale order exhibits
a high charging capacity. CV reveals an increase of the cathodic
current at ca. 2 V vs. Li/Li" leading to a quasi-plateau shaped
wave (proportional to the scan rate at low scan rates). Crystal-
linity seems critical to achieve large charge storage, presumably
because the interlayer gaps are then accessible to cations.****
This behaviour is reminiscent of the insulator-to-conductor
transition described in Fig. 9 for cobalt oxide, the observed high
capacitance being the result of the porosity involving the
interlayer gaps. Available CV data®**” show a broad faradaic
wave mixed with a capacitive component. Procedures used at
this occasion to deconvolute the two contributions, based on
the variation of the CV responses with the scan rate, are grossly
incorrect as discussed in a further section, preventing any reli-
able conclusion to be drawn as to the mechanism of charge
storage. Recent in operando Raman spectroscopy experiments
associated with theoretical calculations® have shown that Li"
ions intercalate in T-Nb,Os within loosely packed layers and can
move without passing through cramped space. Furthermore,
the differences in adsorption energies of Li" at different sites
within the interspaces are small and thus incorporated lithium
ions are not trapped in fixed locations. This picture can explain
the capacitive response in cyclic voltammetry if combined with
an electronic conductive behavior of the Nb,Os quasi-2D

This journal is © The Royal Society of Chemistry 2019
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network, without recourse, once more to the notion of
“pseudocapacitance”.

Two-dimensional solids have attracted a lot of attention in
recent years as energy storage systems owing to their large
electrochemically active surface.* Among them, ‘MXenes’ are
a class of compounds of general formula M,,1X,,T, (n = 1-3),
where M represents an early transition metal, X is carbon or
nitrogen and T, corresponds to surface terminations such as
hydroxyl, oxygen or fluorine.®® “MXenes” can exhibit quasi-
rectangular CV responses®* or show peaks® depending on their
structure as well as on the electrolyte used. Electrochemical
quartz-crystal admittance studies combined with electronic
conductance measurements have led to the conclusion that
cation insertion in layers, similar to ion adsorption at the
solid-liquid interface is responsible for the large charge
storage on TizC,T, characterized by quasi-rectangular CV
responses.®® A double-layer charging mechanism was excluded
to rationalize these results because the specific surface area
was deemed too low, leading to the description of charge
storage as “pseudocapacitive”. While not following the clas-
sical Gouy-Chapman-Stern* model, the charging process may
nevertheless be of the capacitive type. In situ XAS experiments
indeed show that the Ti oxidation number is changing by only
0.1 unit over a 0.7 Vwindow in line with the absence of faradaic
peaks.®* In a non-aqueous electrolyte, counter ions hybridize
with the orbitals of the surface MXene termination groups and
faradaic peaks are accordingly observed.® It follows that, in the
case of MXenes also, the notion of “pseudocapacitance” does
not hold, noting that the capacitive process differs from the
classical Gouy-Chapman-Stern model, because of their
microstructure.®®®’

6. Charging time and power of the
energy storage device

Disclosing the factors that govern the charging time is the key to
understanding and improving power of the energy storage
device in the context of porous structures. Since, as discussed
earlier, “pseudocapacitive” materials behave just as genuine
capacitors, their dynamics may be analyzed on the same
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grounds as standard capacitors such as porous carbon films.
One central issue in this respect is the role of counter ion
diffusion as opposed to that of ohmic drop in pores. It is first
important to recall that the interface between an electronic
conductor and an ionic solution displays a compact and
a diffuse double layer as shown in Fig. 11.

Analysis of the time response in the case of a planar elec-
trode configuration shows that ion diffusion that may accom-
pany the formation or changes of the double layer is much too
rapid to influence the CV current-potential responses within
the range of scan rates accessible in practice.”® The response
thus follows a simple RC circuit representation. How is the
description modified upon passing to porous electrode mate-
rials? Fig. 12 gives a schematic representation of a bi-hierar-
chical structure of such materials. The nanopores, if any,
contribute to the overall capacitance but only through the
charge imprisoned in compact double layers.

As to the larger pores—the mesopores—the effect of ion
diffusion may be neglected for the same reason as given earlier
in the case of planar electrodes. The CV responses are thus
governed by potential ohmic drop in the pores (and to a lesser
extent in the solution), which can be modelled according to
a transmission line model, as summarized in bottom Fig. 12.

Fig. 13 shows some typical CV responses. The response time
of the porous electrode is ¢ = R¢Cf, where Ry and Cy are the total
resistance and capacitance of the porous electrode. In cases
where the resistance in the solution outside the pores is

porous
electrode

mesopore

nanopore

Working Reference
Electrode Electrode
i b
L L A
cdx cdx . cdx ) i
1 I i i h
_________ — W\ - ,
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Fig.12 Top: Schematic representation of a bi-hierarchical structure of
a porous electrode film with nanopores and mesopores; h = meso-
pores average size, Ap: Debye screening distance (of the order of 1-10
nm). Bottom: Transmission line model applied to mesopores. ¢ pscript:
potentials, i current flowing through the film, distributed resistance
and capacitance parameters of the equivalent transmission line: pp:
resistivity of the ionic solution, yp: fraction of the base electrode
covered by the pore ends, R,;: resistance of the solution, ¢: capacitance
per unit volume of the film, x: distance from the base electrode, d;:
thickness of the film.
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Fig. 13 Variation of the dimensionless current function with (a) the
dimensionless potential, (E — E)/(E; — E;) for several values of the
parameter t¢/t, = 0.1 (blue), 0.5 (green), 2 (grey), and 20 (red), with
negligible solution resistance R, = 0; (b) with the dimensionless time t/
t, with t/t, = 0.5 and R, = O (blue line). The green line is the limiting
behaviour observed at short times.

negligible, as in the cases represented in Fig. 13, the CV
responses depend on a single parameter, namely t/t, with ¢, =
(Er — E;)/v (Ef and E; being respectively the inversion and initial
potential of the CV scan), which is a means of expressing the
effect of scan rate in a dimensionless manner as in Fig. 14, and
notably the fact that reaching the plateau value is more and
more delayed as the scan rate is increased, with all other
experimental parameters remaining the same.

It is remarkable that the short time behaviour is a square
root dependence, reminiscent of diffusion. Actually, the
potential in the pore obeys the second Fick's law, which governs
matter diffusion as well, but also heat transfer. This is purely
coincidental and should not create confusion about the actual
mechanism of charging dynamics.®®

Provision has been made to treat the cases where resistance
in the solution outside the pores is not negligible.®® We also
note that Fig. 13 deals with first cycle CV responses. Upon
repeating the potential cycles, the responses tend asymptoti-
cally toward a limit. These multicycling responses are often
those that are available in literature data, as will be seen next.
Their theoretical derivation has also been treated.®®

Ref. 69 offers an interesting set of experimental CV capacitive
responses for three types of MnO, electrode coating, where the
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Fig. 14 Variations of the capacitance with scan rate from MnO,

electrodes in ref. 69 (from multicycle limiting CV responses). (a)
Amorphous, (b) birnessite, (c) spinel, in aqueous Li,SO, (red) and
(NMe4),SO4 (blue). Data points: closed circles. Full lines: fitting of data
by means of a transmission line model. Dotted lines: simulations with
a RC model (see ref. 68 for details).
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effect of scan rate was systematically investigated (Fig. 14). These
results were originally presented under the “pseudocapacitance”
flag and the observed variations of the capacitance with the scan
rate, thought to derive from coupled counter-ion diffusion.

As detailed in the present work, such “pseudocapacitive”
responses should instead be viewed as truly capacitive and
giving the opportunity to test the applicability of the pore ohmic
drop model developed earlier. It can indeed be seen in Fig. 14
that the fitting of the experimental data by the predictions of the
transmission line model is quite satisfactory.

This is also the occasion to mention analyses of such data in
the framework of counter-ion diffusion where the variations of
the current, I, with the scan rate, v, are based on the two
following equations,” or their equivalent in terms of
capacitance,*

I=av’ andlor I = ky + kov'"?

(where a, b, k; and k, are expected to be constants).

These two equations are incompatible with each other and
have no kind of justification. Their application has clearly no
bearings and should therefore be avoided.

7. Conclusions and prospects

In summary, if one sticks to the rigorous definition of “pseu-
docapacitive” materials as having the electrochemical signature
of a capacitance, while being derived from the superposition of
closely spaced faradaic couples, it must be concluded that such
items are fictional. In the potential domain where they show
a capacitive response, they simply behave as electronic
conductors forming an electrical double layer at the contact
with the bathing ionic solution. This implies that, starting from
an insulating state, faradaic reactions are at work in the
building of the conduction bands involved in the ohmic
conduction potential domains.

In these domains, the performances of the so called “pseu-
docapacitive” materials are to be judged on the same grounds as
for the classical double layer charging devices. Strategies to
improve them are based on a better comprehension of their
relationship with the material structure. This involved the
optimization of the capacitance but also the time response of
the charging process, so as to improve not only the stored
energy but also power of the energy storage device. This last
issue and notably its relationship with the structure of porous
materials certainly deserve a reinforced scrutiny.
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