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Pseudocapacitive oxide materials for high-rate
electrochemical energy storage
Veronica Augustyn,†a Patrice Simonbc and Bruce Dunn*a
Electrochemical energy storage technology is based on devices capable of exhibiting high energy density
(batteries) or high power density (electrochemical capacitors). There is a growing need, for current and
near-future applications, where both high energy and high power densities are required in the same
material. Pseudocapacitance, a faradaic process involving surface or near surface redox reactions, oﬀers
a means of achieving high energy density at high charge–discharge rates. Here, we focus on the
pseudocapacitive properties of transition metal oxides. First, we introduce pseudocapacitance and
describe its electrochemical features. Then, we review the most relevant pseudocapacitive materials in
DOI: 10.1039/c3ee44164d

aqueous and non-aqueous electrolytes. The major challenges for pseudocapacitive materials along with
a future outlook are detailed at the end.

Broader context
The importance of electrical energy storage will continue to grow as markets for consumer electronics and electrication of transportation expand and energy
storage systems for renewable energy sources begin to emerge. There is a need, particularly with transportation and grid storage applications, where large
amounts of energy need to be delivered or accepted quickly, within seconds or minutes. Although carbon based electrochemical capacitors possess the required
power density, their relatively low energy density limits their usefulness for these applications. Instead, transition metal oxides that exhibit pseudocapacitance
are very attractive. Pseudocapacitance occurs when reversible redox reactions occur at or near the surface of an electrode material and are fast enough so that the
device's electrochemical features are those of a carbon-based capacitor, but with signicantly higher capacitances. It is important to recognize that pseudocapacitance in materials is a relatively new property, with the rst materials identied in the 1970's. Thus, both materials systems and electrochemical characteristics which lead to high energy density at high charge–discharge rates are still being identied. To date, transition metal oxides exhibit the widest range of
materials with pseudocapacitive behavior. By selecting the proper transition metal oxide, utilizing the most eﬀective electrode architecture, and analyzing the
electrochemical behavior for pseudocapacitive behavior, such materials are expected to become the basis for electrochemical energy storage devices which oﬀer
high energy density at high rates.

1. Introduction
Electrochemical energy storage (EES) in the form of batteries
and electrochemical capacitors is widely used for powering the
now-ubiquitous portable electronics in our society and for the
electrication of the transportation sector. The emerging need
to overhaul the power grid in many developed countries
combined with the expected rise in global energy needs (arising
at least partly from the need to electrify developing countries)
over the coming decades have brought another application for
EES, the coupling of these technologies with renewable energy
sources like solar and wind for powering the electrical grid.
While opportunities for EES abound, there are several
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challenges for these devices that are rooted primarily in nding
materials that are better at both storing and delivering large
amounts of energy. These functions would ideally be performed
by abundant, non-toxic materials in order to also lower the cost
and increase the safety of EES devices in consumer products as
well as in stationary power.
The current success of EES is in large part due to the use of
transition metal oxides in one or both electrodes. This review
is concerned with transition metal oxide materials that exhibit
pseudocapacitance, which arises when reversible redox reactions occur at or near the surface of a material in contact with
an electrolyte, or when these reactions are not limited by
solid-state ion diﬀusion. The behavior can exist in both
aqueous and non-aqueous electrolytes and can be intrinsic to
the material, or extrinsic. The signicant diﬀerence between
battery and pseudocapacitive materials is that the charging
and discharging behavior of pseudocapacitive materials occurs
on the order of seconds and minutes. Thus a strong motivation for studying and developing pseudocapacitance is that it
leads to both high energy and high power densities in the
same material.

Fig. 1 shows the specic energy vs. charging time plot for an
electric double layer capacitor (EDLC) and a high-rate lithiumion battery.1 This plot clearly demonstrates that a lithium-ion
battery optimized for high-power exhibits constant energy
density for discharge times >10 minutes. At shorter timescales,
this energy decreases due to the various resistive losses within a
battery cell, mainly stemming from sluggish electron and ion
transport. These resistive losses, particularly at high rates, give
rise to heat generation which can lead to serious safety problems such as thermal runaway.2 On the other hand, commercially-available EDLCs exhibit constant energy densities for all
timescales but their total stored energy is low. In between the
regimes where EDLCs and lithium-ion batteries exhibit their
best performance is a time domain (!10 s to 10 minutes) that
appears well-suited for the pseudocapacitive materials
described in this review.

Energy vs. charging time for an EDLC and a lithium-ion battery.1
The region between !10 s and 10 minutes represents the time domain
where high-rate pseudocapacitive materials could oﬀer higher energy
and power densities than lithium-ion batteries and EDLCs. Reproduced by permission of The Electrochemical Society.
Fig. 1
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Such high-rate EES is desirable for numerous applications
where a large amount of energy needs to be either stored or
delivered quickly. These include kinetic energy harvesting in
seaports3 or with regenerative braking;4 pulse power in communication devices;5 and power quality applications in the power
grid.6 In addition, shorter charging times would be very convenient for portable devices and especially for electric vehicles.
This review is organized into three sections: (a) the background, which details the historical development of pseudocapacitance, the mechanisms that give rise to pseudocapacitance,
and the electrochemical features of this behavior; (b) materials
that exhibit pseudocapacitance in aqueous electrolytes; and (c)
materials that exhibit pseudocapacitance in non-aqueous electrolytes. In order to aid in the comparison of the diﬀerent
materials, capacity and capacitance values as well as the time of
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Materials Science at the Université Paul Sabatier in Toulouse, France. His research
interests are in the synthesis and
electrochemical characterization
of materials for supercapacitors
and batteries. An important part
of his work focuses on the
development of porous carbon
structures and the study of ion
connement and dynamics in
carbon micropores. Professor
Simon has received several awards for his work including an
Advanced Grant from the European Research Council (ERC) in
2011 and the Tajima Prize of the International Electrochemical
Society (2009). Together with Prof. Jean-Marie Tarascon, he leads
the French network on Electrochemical Energy Storage (RS2E).

Bruce Dunn is the Nippon Sheet
Glass Professor of Materials
Science and Engineering at
UCLA. Prior to joining UCLA in
1981, he was a staﬀ scientist at
the General Electric Research
Laboratory. His research interests are in the synthesis of inorganic and organic/inorganic
materials, and the design of
their electrochemical, optical
and biochemical properties. His
current programs in electrochemistry include creating pseudocapacitive materials and the
fabrication of three-dimensional batteries. Professor Dunn has
received a number of honors including a Fulbright research
fellowship, invited professorships at the University of Paris, the
University of Bordeaux and two awards from the Department of
Energy for Outstanding Research in Materials Science. He is a
Fellow of the American Ceramic Society and the Materials
Research Society.

the experiment are reported as oen as possible. The incorporation of pseudocapacitive materials in electrode structures can
result in dramatic diﬀerences for certain materials, and this is
highlighted when appropriate. While it has been known for some
time what electrochemical features are indicative of pseudocapacitance, a clear understanding of the mechanisms and the
manner in which these depend upon the redox chemistry and
structure of the material is an area of active investigation.

2.

Background

While the idea that charges could accumulate on solids was
known since ancient times, (dating back to the Greek word for
amber – electron)7 the rst patent for an electrochemical
capacitor was not led until 1957 by General Electric.8 This was a
relatively late entry into the energy storage eld because, with
the exception of the lithium-ion battery, most energy storage
devices were invented by the end of the 19th–early 20th century.
The patent contains an interesting statement: “it is not positively
known exactly what takes place when the devices [.] are used as
energy storing devices”. It should be noted that the need for a
high surface area electrode was identied. Today it is known that
such devices store charge through the adsorption of electrolyte
ions onto the surfaces of electried materials, and that carbons
are ideal materials due to the combination of high conductivity,
large surface areas, and low density. This type of charge storage
is electrostatic and no redox reactions are involved. Such devices
are called electric double-layer capacitors (EDLCs) and
commercial devices can store between 3 and 6 W h kg"1.9
The eld of EDLCs has been the subject of numerous reviews
over the past few years.10–12 A major research objective in the eld
of EDLCs is to understand the dependence of electrode area,
including pore structure, on the capacitance.13 Currently, the best
carbon materials achieve double-layer capacitances of approximately 150 F g"1 for optimum carbon pore sizes in ionic liquid
electrolytes.14 Strategies for improving the energy densities of
EDLCs include functionalizing the surface with nitrogen and
oxygen groups,15 utilizing pore sizes that match the electrolyte
ion size,16 using redox-active species in the electrolyte,17 or
designing ionic liquid mixtures for improving the cell voltage and
temperature range.18 The prospect of using graphene for EDLCs
has generated considerable interest in the community. The high
surface area of graphene has led to specic capacitances in the
range of 100–250 F g"1.19,20 However, because of the nanoscale
sheet-like morphology of these materials, there is a concern that
the gravimetric-normalized capacitance may not be a useful
metric.21 Nonetheless, graphene has been particularly eﬀective in
the development of exible device architectures for EDLCs.
2.1. Development of pseudocapacitance in RuO2
In 1971, a new type of electrochemical capacitance was discovered in RuO2, termed pseudocapacitance because it involved
faradaic charge-transfer reactions.22 The storage of protons from
the electrolyte resulted in a faradaic charge-transfer reaction on
the RuO2 thin lm electrode. Despite the faradaic nature of the
charge storage process, the cyclic voltammogram (CV) was that of

Cyclic voltammetry at 40 mV s"1 of a RuO2 thin ﬁlm (top) and
single crystal (bottom) in 1 M HClO4. This ﬁrst investigation of the
unique behavior of RuO2 ﬁlms demonstrated how redox reactions at
the surface can give rise to electrochemical features of capacitors.
Reprinted from ref. 22, with permission from Elsevier.
Fig. 2

a capacitor – i.e. rectangular in shape (Fig. 2). While this rst
report resulted in low gravimetric capacitance values (only 4–7%
of the Ru4+ atoms participated in the redox reaction), it demonstrated the unique electrochemical features of pseudocapacitive
processes. This study also demonstrated the need for a porous
and hydrous oxide as the bulk, single-crystal material did not
exhibit a rectangular CV. Subsequent studies improved the
capacitance to over 700 F g"1 (700 C g"1, !8.3 min) by identifying
the importance of structural water (specically, RuO2$nH2O
where x ¼ 0.5)23 and a porous, nanoscale architecture.24 The
storage of protons by hydrated RuO2 can be expressed as:25
RuOx(OH)y + dH+ + de" 4 RuOx"d(OH)y+d

(1)

and when d ¼ 2 this results in a maximum theoretical capacitance of 1450 F g"1 of RuO2 (1360 F g"1 of RuO2$0.5H2O) over a
1 V window.
RuO2$0.5H2O exhibits four unique features that enable rapid
faradaic reactions with high capacitance: (1) the redox behavior
of the Ru4+ cation that allows for faradaic energy storage; (2) the
metallic conductivity of RuO2 that allows for rapid electron
transport; (3) the presence of structural water that enables rapid
proton transport within the so-called “inner surface”; and (4) a
large “outer” surface area that decreases diﬀusion distances.
Unfortunately, the high cost of ruthenium (currently at !2000
USD per kg) makes devices based on RuO2 impractical for
widespread application, except in small-size devices such as

microsupercapacitors. Nevertheless, the behavior of hydrous
RuO2 rst demonstrated that in certain systems, reversible
faradaic reactions can result in similar electrochemical features
as those of a capacitor. The study of RuO2 also led to the
understanding of what constitutes an ideal pseudocapacitive
material in aqueous electrolytes.
2.2. Types of pseudocapacitive mechanisms
Conway identied several faradaic mechanisms that can result
in capacitive electrochemical features:7 (1) underpotential
deposition, (2) redox pseudocapacitance (as in RuO2$nH2O),
and (3) intercalation pseudocapacitance. These processes are
illustrated in Fig. 3. Underpotential deposition occurs when
metal ions form an adsorbed monolayer at a diﬀerent metal's
surface well above their redox potential. One classic example of
underpotential deposition is that of lead on the surface of a gold
electrode.26 Redox pseudocapacitance occurs when ions are
electrochemically adsorbed onto the surface or near surface of a
material with a concomitant faradaic charge-transfer. Intercalation pseudocapacitance occurs when ions intercalate into the
tunnels or layers of a redox-active material accompanied by a
faradaic charge-transfer with no crystallographic phase change.
These three mechanisms occur due to diﬀerent physical
processes and with diﬀerent types of materials; the similarity in
the electrochemical signatures occurs due to the relationship
between potential and the extent of charge that develops as a
result of adsorption/desorption processes at the electrode/
electrolyte interface or within the inner surface of a material:27
!
"
RT
X
E ! E0 "
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here, E is the potential (V), R is the ideal gas constant (8.314 J
mol"1 K"1), T is the temperature (K), n is the number of electrons, F is the Faraday constant (96 485 C mol"1), and X is the
extent of fractional coverage of the surface or inner structure. In
eqn (2), a capacitance (C; F g"1) may be dened in regions where
the plot of E vs. X is linear:
! "
nF X
C¼
(3)
m E
where m is the molecular weight of the active material. Since the
plot of E vs. X is not entirely linear as in a capacitor,

the capacitance is not always constant and so it is termed
pseudocapacitance.
While the above relationship describes the thermodynamic
basis for pseudocapacitance, the utility of such materials for
energy storage is in their kinetic behavior. This stems from the
fact that reactions that occur at the surface, or are limited by the
surface, are not limited by solid-state diﬀusion and therefore
exhibit high rate capability. This is an important diﬀerence
between transition metal oxides that exhibit pseudocapacitive
behavior and those that do not. The latter are materials that are
utilized in rechargeable batteries, where the use of the bulk solid
state to store charge results in high energy densities. However, in
these devices the power capability is limited by the solid-state
diﬀusion within the cathode and anode active materials.2
2.3.

Electrochemical features of pseudocapacitance

Pseudocapacitance can result from various processes as
mentioned previously. Electrochemically, pseudocapacitance
gives rise to specic features as presented in this section. We
describe pseudocapacitive energy storage on the basis of its
response to (a) a voltage sweep, as in cyclic voltammetry; (b)
constant current, as in galvanostatic cycling, and (c) alternating
current, as in impedance spectroscopy.
In a cyclic voltammetry experiment, the timescale of the
experiment is controlled by the sweep rate (v, mV s"1). The
current response to an applied sweep rate will vary depending
on whether the redox reaction is diﬀusion-controlled or surfacecontrolled (capacitive). For a redox reaction limited by semiinnite linear diﬀusion, the current response varies with v1/2;
for a capacitive process, the current varies directly with v.
Therefore, for any material the following general relationship
may be written for the current at a particular potential:28
i(V) ¼ k1v1/2 + k2v

Solving for the values of k1 and k2 at each potential allows for
the separation of the diﬀusion and capacitive currents. Care
should be taken in utilizing this mathematical treatment as the
current relationships do not establish the mechanism: this should
be corroborated with other characterization techniques. The
technique has been utilized to evaluate the performance of novel
nanostructured materials,29–32 as shown in the example in Fig. 4.
A related analysis rst suggested by Trasatti, et al.34 describes
the relationship between the capacity and the sweep rate. Capacity
that is occurring due to surface processes will be constant with the
sweep rate and thus will always be present, even at high sweep
rates. Capacity that occurs due to processes limited by semiinnite linear diﬀusion will vary with v"1/2. In the following
equation, the capacitive contribution is represented by Qv¼N,
which is the innite-sweep rate capacity; the diﬀusion-controlled
capacity is the remaining contribution, and is limited by v"1/2:
Q ¼ Qv¼N + constant (v"1/2)

Fig. 3 Diﬀerent types of reversible redox mechanisms that give rise to
pseudocapacitance: (a) underpotential deposition, (b) redox pseudocapacitance, and (c) intercalation pseudocapacitance.

(4)

(5)

An example of this analysis applied to a coating of NiCo2O4 is
shown in Fig. 5. In this plot of capacity vs. v"1/2, the extrapolation of the linear t to the data to the y-intercept (v"1/2 ¼ 0) gives

Fig. 4 CV at 100 mV s"1 of Au/MnO2 core–shell nanowires separated

into capacitive (varying with v) and diﬀusion (varying with v1/2)
contributions utilizing the analysis based on eqn (4). Reprinted with
permission from ref. 33. Copyright 2012 American Chemical Society.

Kinetic analysis of the capacity suggested by Trasatti et al. The
example here is of NiCo2O4 deposited on Ti with an interlayer of RuO2.
In the plot of capacity (q*) vs. v"1/2, the y-intercept corresponds to the
inﬁnite sweep rate capacity, Qv¼N. Reprinted from ref. 35, with
permission from Elsevier.
Fig. 5

Qv¼N. Here, Qv¼N is !10.5 mC cm"2 which represents the
contribution of the so-called outer surface of NiCo2O4 to the
charge storage. At 5 mV s"1, the outer surface of NiCo2O4
contributes !62% of the total capacity.
Another feature of rapid energy storage is the relationship
between peak potential and sweep rate.36 In a capacitive system,
there is very little potential hysteresis between the charging and
discharging steps particularly for slow charge–discharge times.
In a cyclic voltammetry experiment, this translates into a small or
no potential diﬀerence between the anodic and cathodic peak
currents at slow sweep rates, as shown in Fig. 6 for a lm of 30 nm
Nb2O5 nanocrystals. A small potential diﬀerence in a Nernstian
process also indicates that the reaction is reversible and in such a
reaction, the peak voltage diﬀerence is 59 mV n"1, where n is the

CV of Nb2O5 nanocrystals at 0.1 mV s"1 in a non-aqueous
lithium ion electrolyte. At this rate, the peak voltages for lithium
insertion/de-insertion overlap, a characteristic of materials which
exhibit rapid energy storage kinetics.38
Fig. 6

number of electrons involved.37 This behavior in transition metal
oxides is indicative of there being rapid energy storage with no
phase change, or, in rare cases, that the phase change occurs
with a very small volume change between the charged and discharged phases. It should be noted that polarization processes
will lead to peak voltage separation in all electrochemical
systems; eqn (4) and (5) above are utilized in regions where the
polarization is not signicant. For thin lms of transition metal
oxides, this means that the experiment is performed at sweep
rates of <100 mV s"1, and usually between 1 and 10 mV s"1.
In a constant current experiment, pseudocapacitance is
indicated by a small voltage hysteresis between the charging
and discharging steps. Since these materials do not undergo a
phase transformation, the prole of potential vs. capacity will be
almost linear in shape as described by eqn (2) and shown
schematically in Fig. 8b as well as in the discharge curve for 6
nm LiCoO2 nanocrystals in Fig. 9.
AC impedance can also be used to determine whether pseudocapacitive behavior is taking place, although the interpretation
of the impedance results is dependent upon the best equivalent
circuit for the system. Furthermore, double-layer capacitance and
pseudocapacitance may give similar impedance results. The
Nyquist representation (real vs. imaginary impedance, Z) for an
ideal capacitor is a vertical line, indicating a 90$ phase angle.
Deviation from a vertical line to phase angles of <90$ oen occurs
and can indicate pseudocapacitive behavior, which is oen represented by a constant-phase element in the equivalent circuit:39
Z¼

1
BðiuÞp

(6)

here, Z is the impedance, B is a constant, u is the frequency, and
p is an adjustable constant. When p is 1, this corresponds to an
ideal capacitor and when p is 0.5, this indicates semi-innite
diﬀusion. The impedance behavior of hydrous RuO2 is shown in

Fig. 7 The utilization of AC impedance in analyzing pseudocapacitive behavior: (a) CVs of RuO2$0.5H2O in 0.5 M H2SO4 and (b) Nyquist (complex
impedance) plot at diﬀerent potentials during the charging of RuO2$0.5H2O. The impedance results demonstrate that this material has relatively
small deviations from ideal capacitor behavior. (c) Results of the equivalent circuit ﬁtting of impedance data for mesoporous CeO2 in 1 M LiClO4
in propylene carbonate. Reprinted with permission from (a & b) ref. 41 and (c) ref. 40. Copyright 2005 & 2010 American Chemical Society.

Fig. 8 The general electrochemical features of pseudocapacitive
materials. (a) In a cyclic voltammetry experiment, the shape is rectangular and if peaks are present, they are broad and exhibit a small
peak-to-peak voltage separation. (b) In a galvanostatic experiment, the
shape is sloping so that a capacitance value, DQ/DE, may be assigned
at each point, and the voltage hysteresis is small. Here, Q is the
capacity and E is the potential window. (c) In an AC impedance
experiment, the Nyquist representation will contain a vertical line with
a phase angle of 90$ or less. A semi-circle at high frequencies, associated with charge-transfer resistance, may also be present.

Fig. 7b. Analysis of impedance behavior has also been used to
separate the double layer and pseudocapacitive contributions to
charge storage in a mesoporous CeO2 electrode at diﬀerent
potentials in a non-aqueous lithium-ion electrolyte.40 It is
interesting to compare the impedance behavior of the mesoporous CeO2 with that of hydrous RuO2. In the case of RuO2, the
Nyquist plots (Fig. 7b) are similar for a broad range of potentials, from 0.2 to 1.2 V. On the other hand, for mesoporous CeO2
(Fig. 7c), the impedance is potential-dependent due to the fact
that in this material, the charge storage is due to potentialdependent Li+ intercalation.
Materials that do not exhibit any of these electrochemical
features are not pseudocapacitive, and it is questionable
whether capacitance values should be used to characterize their
electrochemical charge storage behavior. The electrochemical
behavior of materials believed to be pseudocapacitive should be
carefully analyzed to determine if pseudocapacitance is present.
Fig. 8 summarizes the general electrochemical features of
pseudocapacitive materials. In the following sections, the electrochemical behavior of various pseudocapacitive materials will
be revisited and discussed in light of the key features presented
above.
2.4.

Intrinsic vs. extrinsic pseudocapacitance

Pseudocapacitance can be intrinsic to a material or extrinsic, in
that the property can emerge through appropriate material

engineering. Regardless of whether a material is considered to
be an intrinsic or extrinsic pseudocapacitor, it exhibits the
features described in the prior section. Intrinsic pseudocapacitive materials display the characteristics of capacitive charge
storage for a wide range of particle sizes and morphologies.
These are materials such as RuO2$nH2O,23 MnO2,42 and Nb2O5.38
On the other hand, extrinsic materials do not exhibit pseudocapacitance in the bulk state due to phase transformations
during ion storage. With these materials, increasing the surface
area through nanostructuring leads to improved high-rate
behavior due to a decrease in diﬀusion distances and in some
cases, the suppression of a phase transformation. These two
factors are exhibited by a number of transition metal oxides. For
example, bulk LiCoO2 exhibits a voltage plateau during lithium
insertion with an average voltage of about 3.9 V. Reducing the
particle dimension to 17 nm or less reduces the voltage plateau
in favor of a continuously sloping voltage prole over the entire
intercalation range, with nanocrystals of 6 nm exhibiting an
almost linear discharge curve (Fig. 9).43

Fig. 9 The eﬀect of crystallite size on the lithiation (discharge) curve of
LiCoO2 measured for a 1 hour charge–discharge. For small crystallite
sizes the plateau region decreases and is replaced by a completely
sloping voltage proﬁle. For 6 nm crystallites, the voltage proﬁle is
almost linear in shape; this is due to the increased contribution of
surface lithium ion storage sites. Reprinted with permission from ref.
43. Copyright 2007 American Chemical Society.

3. Aqueous pseudocapacitor
materials

Fig. 10 Charge–discharge curve of nanocrystalline (5–20 nm)
Li4Ti5O12 attached to carbon nanoﬁbers cycled at a 1 hour charge–
discharge time. Unlike in LiCoO2, nanostructuring does not lead to a
sloping voltage proﬁle. Reprinted from ref. 47, with permission from
Elsevier.

The change in behavior from a at discharge curve, as
expected for a bulk material undergoing a phase transformation
during a redox reaction, to a sloping one was attributed to the
increased contribution of surface lithium ion storage sites in
nanostructured LiCoO2. The site energy for an intercalated
lithium ion is expected to take on a range of values due to the
structural disorder for the layers near the surface, and this
translates to a discharge curve that is similar to the type
described by eqn (2). As a result of the increased number of
lithium storage sites near the surface, the rate capability of 17 nm
nanocrystals was superior to that of bulk (!200 nm) LiCoO2. This
example demonstrates how pseudocapacitance can emerge
when a material is engineered so that a large percentage of the
lithium ion storage sites are limited to the surface by nanostructuring the material. In addition to LiCoO2, battery materials
that exhibit signicant pseudocapacitance when nanostructured
include V2O5 and nickel and cobalt hydroxides.
Materials that undergo crystallographic phase transformations during electrochemical cycling usually do not
exhibit high rate behavior and there is a signicant voltage
hysteresis between the charge and discharge steps. An example
of this behavior is LiMn2O4, where the de-insertion/insertion of
lithium occurs between two distinct phases, the spinel LiMn2O4
and the metastable spinel l-MnO2, with an overall unit cell
volume change of 7.6%.44 The intercalation of lithium ions
within the spinel Li4Ti5O12 is an exception to this trend because
here, the phase transformation occurs with zero strain.45 This
unique behavior occurs due to the very close structural relationship between the two diﬀerent phases, Li4Ti5O12 and
Li7Ti5O12, the latter being the fully lithiated phase, that results
in a volume change of less than 0.2%.46 Electrodes of Li4Ti5O12
nanocrystals with a diameter of 8 nm do not exhibit a sloping
voltage plateau, suggesting that nanostructuring has little
inuence on the lithium ion storage site energy, as can be
expected from a two-phase system (Fig. 10). Thus far, it appears
that Li4Ti5O12 is the only material to exhibit the phenomenon of
zero-strain intercalation in a material that undergoes a phase
change during lithiation. It is not a pseudocapacitive material
as a capacitance cannot be dened at a voltage plateau.

Many transition metal oxides have been investigated for pseudocapacitive charge storage in aqueous electrolytes. The
behavior of these materials depends upon the structure of the
material, hydration properties, and the electrolyte. The eﬀect of
structural and surface-bound water is one major diﬀerence
between aqueous and non-aqueous pseudocapacitive materials,
as such structural water can result in a large “inner surface” that
is available for ion adsorption, as in RuO2$nH2O. The structural
water may also aid in ion diﬀusion into the inner surface. Here,
we will review the most important pseudocapacitive materials
in aqueous electrolytes: MnO2, RuO2$nH2O, oxides with the
spinel structure such as Mn3O4, and transition metal hydroxides. MnO2 exists in a number of polymorphs and most have
been investigated for pseudocapacitive behavior. Spinel oxides
share a common structure but exhibit very diﬀerent behavior
based on the transition metal(s) involved. Finally, the hydroxides exhibit extrinsic pseudocapacitance, as their battery-type
behavior becomes increasingly pseudocapacitive with nanostructuring. MnO2, the most widely studied pseudocapacitor
material, is reviewed rst.
3.1.

MnO2

The pseudocapacitive behavior of MnO2 was rst investigated in
1999 by Lee and Goodenough as they studied the properties of
amorphous MnO2$nH2O in a KCl aqueous electrolyte.48 The
presence of a rectangular voltammogram and the storage of
approximately 200 F g"1 (240 C g"1, 4 min) indicated that rapid
faradaic reactions were responsible for charge storage in this
material, as shown in Fig. 11a. In general, pseudocapacitive
charge storage of MnO2 in an aqueous electrolyte occurs
through the redox of Mn between the +4 and +3 oxidation states
at the surface or in the bulk:49
MnO2 + xA+ + xe" 4 AxMnO2

(7)

here, A represents an alkali metal cation. Theoretically, the 1electron redox reaction (x ¼ 1) corresponds to 1233 F g"1 (1110
C g"1) assuming a 0.9 V potential window. MnO2 is abundant
and low cost, which makes it particularly appealing when
compared to RuO2. However, MnO2 does not possess the high
electronic conductivity of RuO2 (104 S cm"1 for bulk single
crystal): depending on the crystal structure, the conductivity of
MnO2 ranges from 10"7 to 10"3 S cm"1.50 As a result, charge
storage in MnO2 occurs within a thin layer of the surface.49 This
translates into capacitance values that are signicantly lower
from the theoretical value for thick composite electrodes, where
typical specic capacitances range between 200 and 250 F g"1,
while still exhibiting the pseudocapacitive electrochemical
signature in cyclic voltammetry or galvanostatic experiments.
On the other hand, it has been shown that ultrathin lms of
MnO2 can achieve specic capacitances of >1000 F g"1,33,49
demonstrating that nanostructuring is a highly eﬀective
method for accessing all of the MnO2 storage sites. The various

Fig. 11 (a) CV at 5 mV s"1 of a thick composite electrode of amorphous MnO2$nH2O in 2 M KCl electrolyte. At this sweep rate, the capacitance

was !200 F g"1. Reprinted from ref. 48, with permission from Elsevier. (b) The speciﬁc capacitance and cyclability of diﬀerent MnO2 allotropes
under investigation for high-rate energy storage as tested in a composite electrode architecture in 0.5 M K2SO4 electrolyte at 5 mV s"1. Reprinted
with permission from ref. 50. Copyright 2009 American Chemical Society.

strategies being developed for MnO2 electrodes for electrochemical capacitors have been reviewed.51
Both amorphous and crystalline forms of MnO2 have been
investigated for high-rate energy storage in aqueous electrolytes. It has been suggested that charge storage in amorphous
MnO2 takes place mainly on the surface, while crystalline MnO2
has an additional capacitive contribution from bulk ion intercalation.52 However, experimental results demonstrate that in
both amorphous and crystalline materials, a high BET surface
area does not necessarily lead to high capacitance suggesting
that in both types of materials, ions insert into sub-surface sites.
Brousse et al.42 plotted the specic capacitance for a number of
crystalline and amorphous MnO2 compounds as a function of
surface area. In the case of amorphous materials, the average
capacitance was around 160 F g"1. Crystalline materials exhibit
capacitance values up to !250 F g"1, a bit higher than the
amorphous materials, and the fact these are achieved with
lower surface areas is indicative of a greater contribution of
faradaic reactions to these materials.
The structural chemistry of crystalline MnO2 is very rich, and
there are many allotropes. Two diﬀerent studies50,53 reported the
eﬀects of crystal structure on the capacitance of MnO2 in
aqueous electrolytes (using thick composite electrodes). Both
concluded that a wide intercalation tunnel contributes to high
capacitance values and that a high BET surface area does not
necessarily lead to the best performance. The capacitance as a
function of cycle number for diﬀerent MnO2 allotropes is shown
in Fig. 11b. Ghodbane, et al. found the highest capacitance with
the spinel form (l-MnO2; 245 F g"1; 196 C g"1, !2.67 min) while
Devaraj et al. found the highest capacitance with hollandite
MnO2 (a-MnO2; 297 F g"1; 297 C g"1; !5 min). The diﬀerent
ndings are likely due to the use of diﬀerent synthesis and
electrochemical characterization methods.54
It is well-known that Mn3+ formed during the redox process
disproportionates under acidic, and even near-neutral, conditions.51 This can limit the lifetime of devices that utilize MnO2
electrodes. The loss of capacity can be partially mitigated by
appropriate electrode and/or cell engineering. For example, by
increasing the binder content, thick composite electrodes
exhibited only a 5.8% capacity fade over 1000 cycles at a specic
current of 2 A g"1 (!7.5 s).55 Removing dissolved oxygen from

the electrolyte also leads to a marked improvement in the MnO2
cycling stability.56
MnO2 exhibits electrochemical features representative of
intrinsic pseudocapacitive charge storage. The low cost, abundance, and high theoretical capacitance makes it a very attractive material for aqueous-based electrochemical capacitors. The
main challenge for this material is to improve its poor electronic conductivity in order to access the full theoretical
capacitance in thick lms and at high rates.
3.2.

RuO2$nH2O

As mentioned previously, hydrous RuO2 was the rst material to
demonstrate pseudocapacitance. While its scarcity and high
cost are prohibitive for large-scale applications, there have been
signicant eﬀorts in fabricating advanced electrodes due to its
excellent properties. The motivation for these studies has been
to utilize the RuO2 as eﬃciently as possible by achieving the
maximum theoretical capacitance and using as little of the
RuO2 as possible. For example, the traditional slurry method
with a high RuO2$nH2O mass loading of !30 mg cm"2 results in
a capacitance of 720 F g"1 for a charge–discharge time of !8
minutes.23 This is approximately 50% of the theoretical capacitance of RuO2$nH2O. Utilizing RuO2 nanoparticles dispersed
onto activated carbon (10 wt% RuO2$nH2O/90 wt% activated
carbon) leads to capacitances of 1340 F g"1 for charge–
discharge times of !1 minute,57 which is much closer to the
expected theoretical value. This increase in the capacitance and
rate occurs due to the very eﬀective exposure of the RuO2$nH2O
to the electrolyte. The drawback to this type of electrode architecture is of course that the total mass loading of RuO2$nH2O
per footprint area is low, leading to low areal capacitance values.
3.3.

Oxides with the spinel structure

The spinel crystal structure, with a general formula AB2O4, is
very important for EES. It oﬀers a robust crystalline architecture
with three dimensional diﬀusion pathways. A number of spinel
compounds have been investigated for electrochemical capacitors, including Mn3O4,58 Fe3O4,59 and Co3O4,60 along with mixed
transition metal spinels such as MnFe2O4,61 and NiCo2O4.62 Of
these, Mn3O4, Fe3O4, and MnFe2O4 exhibit the characteristic

Table 1

Capacitance values of spinel oxides where an oxyhydroxide phase participates in the charge storage mechanism

Material
Co3O4
NiCo2O4
MnCo2O4

Capacitance
(F g"1)

Capacity
(C g"1)

Charge–discharge
time (s)

Active material mass
loading (mg cm"2)

Reference

382
1400
678
346

229
672
339
173

115
19
339
173

0.5
0.4
8
1

60
71
67
68

pseudocapacitive features presented in Fig. 8, including mostly
rectangular CVs.
As with MnO2, the poor electronic conductivity of Mn3O4
leads to low capacitance values for thick electrodes and large
particle sizes. For a 1.2 mm-thick electrode of Mn3O4 particles
(120–140 nm), the cyclic voltammogram is rectangular with a
maximum capacitance of 314 F g"1 (314 C g"1; 3.3 min).63 The
addition of an eﬀective electronically conductive scaﬀold
material such as graphene improves the rate capability at the
expense of the specic capacitance, which decreases to 120 F
g"1 when the mass of the scaﬀold is included.58 The mechanism
of pseudocapacitive charge storage in Mn3O4 is not fully
established. Recent in situ X-ray absorption near-edge spectra
(XANES) experiments have shown that, in a Na2SO4 electrolyte,
the mechanism involves the reversible redox of Mn3+ to Mn2+.64
In that study, the highest observed capacitance was 261 F g"1
(235 C g"1; 15 min) for Mn3O4 nanocrystal-lm electrodes. A
larger capacitance value for Mn3O4 was found to occur by using
a carbon nanotube conductive architecture with KCl electrolyte.
In this case, the specic capacitance was 420 F g"1 (294 C g"1;
2.33 min).65
Only a few reports describe the pseudocapacitive behavior of
MnFe2O4 and Fe3O4 as the capacitance values of these materials
are modest. Crystalline MnFe2O4 contained in a thick
composite electrode architecture exhibits capacitance values of
approximately 105 F g"1 (94.5 C g"1, 45 s) in a NaCl electrolyte.61,66 Its pseudocapacitive mechanism is not clear but is
believed to involve redox reactions occurring with both Mn and
Fe, according to in situ XANES of Mn and Fe K-edges.61 In Fe3O4,
the redox process has been ascribed to the adsorption of anions
and the capacitance has been found to be approximately 170 F
g"1 (119 C g"1, 5.8 min) for thin lms in Na2SO3 electrolyte.59
Co3O4,60 NiCo2O4,67 and MnCo2O4 68 diﬀer from the behavior
of the spinel materials described above since they can exhibit
battery-type behavior due to the formation of oxyhydroxides
during the charge storage process. As shown in Table 1, the
reported capacitance values for these materials are signicantly
larger. This is due to the formation of transition metal oxyhydroxides during the charging process in an alkaline electrolyte, where M indicates Ni, Co, or a combination of these:67
M3O4 + OH" + H2O 4 3MOOH + e"

However, when M ¼ Co, the electrochemically formed oxyhydroxide participates in a second reversible redox process:
CoOOH + OH" 4 CoO2 + H2O + e"

(9)

Fig. 12 demonstrates the presence of several sets of broad
redox peaks that have been ascribed to such reactions in Co3O4.
Thus, the electrochemical signature of these materials
combines pseudocapacitive (eqn (9)) and battery (eqn (8))
contributions.
NiCo2O4 exhibits particularly high capacitance values even at
short charge–discharge times. This appears to be due to the
combination of good electronic conductivity in the discharged
material, !62 S cm"1, and utilizing the redox behavior of both
nickel and cobalt.67 The energy storage properties for NiCo2O4
have been ascribed to the reversible transformation of the
parent spinel compound into nickel and cobalt oxyhydroxides.
The cobalt oxyhydroxide is then believed to undergo a second
reversible redox reaction, as shown in eqn (9). The theoretical
capacity for this overall 3-electron process (per NiCo2O4),
including both the pseudocapacitive and the battery-like faradaic contributions, is 1203 C g"1 or 2005 F g"1 assuming a
typical 0.6 V potential window in an aqueous alkaline electrolyte. Values close to the theoretical capacitance can be achieved

(8)

This two-phase reaction (eqn (8)) involves one phase transformation, which results in a constant potential during galvanostatic charge–discharge and also limits the rate capability.

Fig. 12 CVs for a composite electrode consisting of Co3O4 nanowires
in 1 M KOH from 5 to 50 mV s"1. The inset shows the linear dependence of the anodic peak on the sweep rate, indicative of pseudocapacitive behavior. Reprinted with permission from ref. 69. Copyright
2011 American Chemical Society.

Comparison of the charge–discharge proﬁles of Ni(OH)2 in (a) bulk (reproduced from ref. 77 by permission of The Electrochemical
Society) and (b) nanostructured forms. The nanostructured electrode contains both the ﬂat battery-type potential region along with sloping
pseudocapacitive regions. Reproduced from ref. 78 with permission from The Royal Society of Chemistry.

Fig. 13

by using electrode architectures in which NiCo2O4 nanosheets
are electrodeposited onto carbon nanobers.70
The spinel materials described above exhibit both capacitive
and battery-type behavior due to the phase changes involved in the
cycling process. The preparation of these materials in nanoscale
form is expected to emphasize the pseudocapacitive contribution.
Thus, in order to improve our understanding of charge storage in
these materials, it is important to use the various analyses of
kinetics to separate capacitive and diﬀusion contributions.

3.4.

Nanostructured layered metal hydroxides

The hydroxides of divalent transition metal oxides, M2+(OH)2,
tend to form lamellar structures that generally consist of MO6
octahedra separated by hydrogen atoms.72 When some of the
transition metals are present in the +3 state, the additional
positive charge of the slabs can be compensated by the intercalation of anion species into the interlayer spacing, forming a
layered double hydroxide.73 In the hydroxides, the interlayer
spacing is several nm74 and allows for the reversible intercalation of ions. The nickel and cobalt transition metal hydroxides
are an important class of materials that have found commercial
application as electrodes in rechargeable aqueous batteries.75
Charge storage in these materials involves at least one phase
transformation, which results in a constant potential during
galvanostatic charge–discharge and also limits the rate capability. Section 2.4 described how pseudocapacitive behavior can
emerge when battery materials are nanostructured and energy
storage takes place at or near the surface. As a result, nanostructured hydroxides have been investigated as pseudocapacitive electrodes for electrochemical capacitors. These
hydroxides can be considered as extrinsic pseudocapacitors as
the bulk materials exhibit battery-type behavior.
Charge storage in Ni(OH)2 occurs via reversible redox of the
Ni2+/Ni3+ couple in an alkaline electrolyte, typically KOH:
Ni(OH)2 + OH" 4 NiOOH + H2O + e"

possible. In bulk form, the reaction gives rise to a single pair of
redox peaks, which occur at approximately 0.36 V (vs. Ag/AgCl)
for the oxidation and 0.26 V for the reduction.76 Fig. 13 shows a
qualitative comparison between the charge–discharge proles of
a bulk Ni(OH)2 electrode (Fig. 13a) that exhibits a battery-type
potential plateau and a nanostructured electrode (Fig. 13b)
which has both a potential plateau and sloping potential
regions. The sloping regions at potentials above and below !0.35
V likely correspond to pseudocapacitive contributions from
surface or near-surface charge storage. The capacitance of the
nanostructured Ni(OH)2 was found to be as high as 1750 F g"1,
although this value was calculated over the entire potential
region, including the battery-type plateau. While the specic
capacitance of Ni(OH)2 can be larger than that of RuO2 or MnO2,
it occurs over a smaller potential window.
Co(OH)2 can also be cycled in an alkaline electrolyte where
the charge storage takes place via reversible redox between Co2+/
Co3+ states. The pseudocapacitive properties of cobalt
hydroxide in nanostructured form are not as well explored but
appear similar to Ni(OH)2. As with Ni(OH)2, there is a single pair

(10)

This reaction corresponds to a theoretical capacity of 1040 C
g"1 within a 0.5 V potential window. In a suitably nanostructured
material, a maximum specic capacitance of 2080 F g"1 would be

Fig. 14 CVs at various sweep rates for electrodeposited Co(OH)2 on
graphene nanosheets. The electrochemical behavior was performed
using three-electrode cells in 1 M KOH electrolyte. Reproduced from
ref. 79 with permission from Elsevier.

of redox peaks over a 0.5 V potential window.79 Fig. 14 demonstrates that when nanostructured, Co(OH)2 exhibits good peak
overlap and thus high rate capability. Very high specic
capacitances have been reported, up to 2646 F g"1 (1455 C g"1 in
!3 min).80 However, as with Ni(OH)2, this capacitance value
oen includes contributions from battery-type behavior.

3.5. High-rate performance of aqueous electrolyte
pseudocapacitive materials
In this section, the high-rate performance of diﬀerent aqueous
pseudocapacitive materials is examined. We focus on those
studies that demonstrate a charge–discharge time of !1
minute. This is relevant for practical device considerations: at
timescales greater than about 10 minutes, advanced lithium-ion
batteries may be able to provide higher energy densities. Mass
loading and electrode porosity greatly inuence the rate capability. Designing high-rate electrodes with high active material
mass loading and optimum porosity to allow electrolyte access
at high rates and suﬃcient electronic conductivity remains a
challenge for all pseudocapacitive materials.
High rate studies have been carried out on several polytypes
of MnO2. a-MnO2 (hollandite) powders in traditional composite
electrode architectures (200 mm electrode thickness; 80 wt%
active material mass loading) exhibit a capacitance value of 166
F g"1 at a sweep rate of 2 mV s"1, which corresponds to a
charge–discharge time of 7.5 minutes.81 At a sweep rate of
20 mV s"1 (t ¼ 45 s), the capacitance decreases by 40% to 100 F
g"1. Depositing MnO2 onto a conductive substrate such as
carbon nanotubes,82,83 graphene,84 and carbon foam85 or forming a thin lm49 allows for better exposure of the MnO2 surface
to the electrolyte and mitigates its poor electronic conductivity.
For example, when g-MnO2 (nsutite) was electrodeposited onto
carbon nanotubes with a mass loading of !0.05 mg cm"2, at a
sweep rate of 50 mV s"1 (t ¼ 20 s), the capacitance was !490 F
g"1 over a 1 V potential window.83 Moreover, the current density
as a function of the sweep rate was found to be linear from 10 to
150 mV s"1 conrming that the charge storage was pseudocapacitive over a wide timescale. However, 490 F g"1 is still less
than 50% of the expected theoretical capacitance of MnO2.
There are several studies reporting very good rate capabilities
for the high-capacitance spinel oxides, MnCo2O4 and NiCo2O4,
and the hydroxides Ni(OH)2 and Co(OH)2. For example, at a
high active material mass loading of 8 mg cm"2 and utilizing a
traditional composite electrode architecture, the capacitance of
NiCo2O4 was found to be 630 F g"1 for a charge–discharge time
of 1 minute.67 Amorphous Ni(OH)2 nanosheets electrodeposited
onto graphite, with a mass loading of 0.12 mg cm"2, give a very
high extrinsic capacitance of 1500 F g"1 at a charge–discharge
time of 1 minute.86 The challenge with these materials is not
only to achieve a high specic capacitance at a short timescale,
but also to broaden their typical 0.5 V potential window and
decrease the battery-type plateau regions that occur due to
phase transformations and thus limit kinetics.
Recent studies have shown good high-rate capability in
materials that have not been widely investigated for pseudocapacitive behavior in aqueous electrolytes. A composite of MoO3,

CNTs, and activated carbon (where MoO3 accounted for 10% of
the mass) exhibited a capacitance of 270 F g"1 for over 10 000
cycles at a 4 minute charge–discharge rate.87 The MoO3 mass
loading was selected so that the oxide was mostly encapsulated
within the carbon matrix in order to prevent degradation during
cycling. Tungsten oxide (WO3) is interesting for electrochemical
capacitors due to its good electronic conductivity when
synthesized in a partially reduced form and within a conductive
carbon network.88 However, the gravimetric capacitance is low
(!103 F g"1; 16 min) mostly due to the weight of tungsten.

4. Non-aqueous electrolyte
pseudocapacitor materials
Some materials exhibit pseudocapacitive behavior in nonaqueous lithium-ion and, occasionally, sodium-ion electrolytes.
Materials that exhibit pseudocapacitance do so because ion
insertion induces a redox reaction which maintains charge
neutrality. They may also have structures that support fast ion
insertion. Since the electrolytes are non-aqueous, structural
water no longer acts as a benecial ion-conducting pathway as
in aqueous pseudocapacitive materials; rather, it can lead to the
degradation of the electrochemical cell.89 One advantage for
using pseudocapacitive materials in non-aqueous electrolytes is
that they typically exhibit capacitance over wider potential
ranges than materials in aqueous electrolytes as:
1
E ¼ CV 2
2

(11)

here, E is energy density (J g"1), C is the capacitance (F g"1), and
V is the potential range (V). Thus, by widening the potential
range from 1 to 4 V, the energy density can increase by nearly an
order of magnitude. From a mechanistic standpoint, one is able
to separate pseudocapacitance and double-layer capacitance by
judiciously selecting electrolytes whose bulky ions will prevent
ion insertion.90 In the paragraphs below we review materials
systems in which ion insertion from non-aqueous electrolytes
gives rise to pseudocapacitive charge storage.
4.1.

Amorphous materials

Amorphous materials exhibit single-phase ion intercalation
behavior, and so their charge–discharge behavior may be represented by eqn (2). Some crystalline materials may become
amorphous with repeated electrochemical cycling or by the
intercalation of ions past a certain composition, as detailed for
V2O5 in the next section. The structural disorder of amorphous
materials can be benecial for EES,91 although sometimes these
materials will exhibit lower capacities than their crystalline
counterparts. Whether amorphous materials are benecial for
pseudocapacitive EES depends upon their high rate capability.
Amorphous MoO3 31 and Nb2O5, 92 for example, exhibit lower
capacitances than their crystalline counterparts even at short
charging times and in a thin lm conguration. These results
suggest that the crystalline materials possess better kinetics
and/or another charge storage mechanism which leads to
higher specic capacitance. On the other hand, amorphous

TiO2 nanotubes exhibit an interesting transformation to an
ordered cubic phase when cycled in a lithium-ion electrolyte.93
This material exhibits high rate capability and capacity, and the
charge–discharge curves appear like those expected for solidsolution type behavior.
4.2.

V2O 5

Vanadium oxides form layered structures which are very
advantageous for EES. There is a rich structural chemistry
associated with these materials due to the large number of
oxidation states of vanadium. A recent review describes a
number of these materials.94 V2O5 is very attractive for EES
because the high oxidation state of vanadium leads to the
possibility of storing more than 1 electron per formula unit (+5,
+4, +3, and +2 are electrochemically accessible) and the ability
to form layered compounds. When in the bulk, crystalline
(orthorhombic) form (Fig. 15a), V2O5 does not exhibit capacitive
behavior and there are several well-dened voltage plateaus
corresponding to diﬀerent lithiation phases.95 Bulk orthorhombic V2O5 is limited to the storage of one lithium per
formula unit before the onset of an irreversible phase transformation.94 Lithiation can proceed until the formation of the
rock-salt u-Li3V2O5 phase at approximately 1.8 V vs. Li/Li+.
Further lithiation of the bulk crystalline material at lower
potentials results in structural degradation.96,97
Both amorphous and nanocrystalline forms of V2O5 can
exhibit pseudocapacitive behavior as evidenced by sloping
charge–discharge curves during galvanostatic cycling and broad,
featureless CVs. One unique class of these materials is synthesized from a V2O5 gel99 into xerogels,100 ambigels,101 or aerogels90
depending on the solvent removal technique. The structure of
V2O5 xerogels (Fig. 15b) consists of V2O5 bilayers separated from
each other by a large van der Waals gap of !12 Å that contains
water molecules in the as-synthesized state.102 Locally, the
structure of the ambigels and aerogels is expected to be similar
to the xerogels; the large van der Waals gap is preserved in these
materials and its size ranges from 10–14 Å depending on the
amount of structural water present. This large van der Waals gap
allows for the insertion of a large variety of cations.103,104 The
galvanostatic cycling of xerogel and amorphous V2O5 is shown in
Fig. 16 and compared to that of bulk orthorhombic V2O5.
The pseudocapacitance of high surface area V2O5 is strongly
dependent upon exposure of the active material to the electrolyte.

Two types of layered sheet structures of V2O5: (a) the structure
of orthorhombic V2O5 (reproduced from ref. 95 with permission from
Elsevier) and (b) the layered structure of V2O5 xerogels. Reprinted by
permission from Macmillan Publishers Ltd: Nat. Mater., ref. 98, copyright 2003.

Galvanostatic cycling of (a) orthorhombic V2O5, (b) V2O5
xerogel, and (c) amorphous V2O5. Reprinted from ref. 105, with
permission from Elsevier.
Fig. 16

This behavior is one characteristic of an extrinsic pseudocapacitor material. For example, V2O5 aerogels exhibit almost
perfectly capacitive CVs when analyzed using the 'sticky carbon'
method in which a small amount of the aerogel (surface area of
280 m2 g"1) material is pressed into a conductive wax (Fig. 17).90
In such an electrode architecture, nearly all of the active material
surface area can be exposed to the electrolyte. The maximum
capacitance of V2O5 aerogels was determined to be 1300 F g"1
(1820 C g"1; 3.9 h).90 On the other hand, an aerogel electrode
made using the traditional composite electrode technique
exhibits a CV with prominent intercalation peaks. This has been
ascribed to the increased crystallization of the aerogel material
that occurs during the heat treatment required for fabricating a
composite electrode.
Nanocrystalline V2O5 can also exhibit signicant pseudocapacitive behavior. The poor electronic conductivity of V2O5 must
be overcome with the use of an appropriate conductive material

Fig. 15

Fig. 17 Cyclic voltammetry of a V2O5 aerogel electrode at 5 mV s"1

using the sticky carbon electrode. The dotted CV represents the sticky
carbon background current. Reproduced with permission from ref. 90.
Copyright 2000, The Electrochemical Society.

Fig. 18 Total charge storage of V2O5 (at 0.1 mV s"1) chemically
deposited onto CNTs, separated into contributions from intercalation
(diﬀusion-controlled current) and capacitance for diﬀerent V2O5
thicknesses, represented by diﬀerent loading %. Reprinted with
permission from ref. 32. Copyright 2011 American Chemical Society.

decrease in the capacitance value, as well as the transition from
capacitive to battery-like electrochemical features. This
behavior is illustrated in Fig. 18 for V2O5 that was deposited
during an in situ chemical hydrolysis of a vanadium precursor.
The separation of diﬀusion-controlled and capacitive currents
was performed using the current-separation technique
described by eqn (4).
Nanostructured V2O5 materials are promising for high-rate
EES storage. As an extrinsic pseudocapacitor, exposure of the
surface area to the electrolyte is critical. Moreover, increasing
the thickness of the material leads to a decrease in the pseudocapacitive behavior. To build high-rate electrodes, the poor
electrical conductivity of V2O5 must be overcome with appropriate conductive supports. In addition, vanadium dissolution
is possible and care should be taken to avoid the use of electrolytes that can have even trace amounts of acid as these have
been shown to severely limit the life cycle of V2O5 electrodes.109
4.3.

for fast kinetics. V2O5 nanowires entangled with CNTs, for
example, exhibit capacitive CVs in sodium-ion non-aqueous
electrolyte.106 Deposition of V2O5 layers onto CNTs has been
performed using atomic layer deposition (ALD),107 electrodeposition,108 and hydrolysis.32 These studies further demonstrated the importance of exposing as much of the material as
possible to the electrolyte for the highest capacitance values.
Moreover, the extrinsic pseudocapacitive nature of the V2O5 was
evident as increasing the V2O5 layer thickness resulted in a

Fig. 19 The structures of (a) H2Ti3O7 and (b) TiO2(B) as viewed
perpendicular to the (010) plane. Reproduced from ref. 112 by
permission of IOP Publishing.

TiO2(B) and hydrogen titanates

Hydrogen titanates, primarily H2Ti3O7, and TiO2(B) have been
investigated for pseudocapacitive EES. In these materials, as in
other titanium oxides, charge storage occurs due to the Ti +4/+3
redox couple, and lithium ion intercalation occurs below 2 V vs.
Li/Li+. The hydrogen titanates are layered structures consisting
of edge-sharing TiO6 octahedra separated by protons; heat
treatment of these materials leads to dehydration and the
formation of the TiO2(B) phase, which consists of two edgesharing TiO6 octahedra linked at corners110 (as shown in
Fig. 19). The resulting TiO2 material has a lower density111 and
therefore a more open structure than anatase or rutile phases of
TiO2, which makes it interesting for pseudocapacitive energy
storage.
Investigations of the electrochemical behavior of hydrogen
titanates in lithium ion non-aqueous electrolytes have shown
that the charge storage is pseudocapacitive in nature. These
investigations have been primarily carried out on nanostructured materials such as nanowires and nanotubes.113–117
The materials exhibit the electrochemical features of pseudocapacitance, as shown in Fig. 20 for H2Ti3O7 nanowires. A
reversible capacity of 597 C g"1 (!398 F g"1; !5 min) has been
obtained with a composite electrode composed of hydrogen

Fig. 20 (a) CVs of H2Ti3O7 nanowires in a non-aqueous lithium ion electrolyte; (b) the dependence of the peak current with sweep rate is linear
indicating a surface-controlled, capacitive response. Reprinted with permission from ref. 113. Copyright 2005 American Chemical Society.

titanate nanotubes in which the active material mass loading
was 3–4 mg cm"2.114 The pseudocapacitive behavior of hydrogen
titanates has been attributed to the increased surface area of the
nanostructured materials as well as the large interlayer spacing
of the titanates, !8 Å.113
The electrochemical behavior of TiO2(B) is also pseudocapacitive in nature, as rst reported by Zukalová, et al.111 Charge
storage in TiO2(B) occurs via the intercalation of lithium ions in
a non-aqueous electrolyte:
TiO2(B) + xLi+ + xe" 4 LixTiO2(B)

(12)

It is understood that some lithium remains in the material
aer the rst cycle so that TiO2(B) is not recovered.118 The
theoretical capacity for a full 1 electron redox reaction is 335 mA
h g"1 (1206 C g"1). In a CV, TiO2(B) exhibits two sets of cathodic
redox peaks, at !1.5 and 1.6 V, which are located at lower
potentials than for lithium ion intercalation into anatase TiO2

(!1.75 V). In bulk TiO2(B), these peaks exhibit a linear dependence on the sweep rate indicative of a pseudocapacitive
process.111 The material may also be synthesized in nanosheet
and nanowire forms, and their electrochemical behavior is
slightly diﬀerent;119 in both cases, however, the charge–
discharge proles are sloping as shown in Fig. 21. The pseudocapacitive behavior of TiO2(B), which is diﬀerent from other
forms of TiO2, has been ascribed to the low-density crystal
structure that contains channels for rapid lithium ion transport
from the surface to the sub-surface.111 Nanostructuring, in the
form of nanowires, nanosheets, and nanoparticles, decreases
the ion diﬀusion distance and thus increases the rate capability
even further.118 For example, TiO2(B) nanosheets exhibit
capacities of 777 C g"1 (518 F g"1) in !3.9 min.120
The hydrogen titanates and TiO2(B) are examples of intrinsic
pseudocapacitors. They exhibit broad, overlapping redox peaks
in CVs and continuously sloping charge–discharge curves, even
in bulk form. Further studies are needed to fully characterize
the rate-capability of these materials, particularly at timescales
of 1 minute or less. Unlike in V2O5, exposure of the surface to
the electrolyte is not critical as thick composite electrodes
exhibit pseudocapacitive behavior. A major concern with these
materials is that nanostructured forms, which show higher
capacity and rate capability than the bulk, exhibit irreversible
capacity loss during cycling.
4.4.

Fig. 21 Galvanostatic charge–discharge plots of TiO2(B) nanosheets
(NS) and nanoparticles (NP) at current density of 25 mA g"1. Reprinted
with permission from ref. 119. Copyright 2012 American Chemical
Society.

T-Nb2O5

While the electrochemical energy storage capabilities of Nb2O5
have been known since 1980,121,122 only recently has the pseudocapacitive behavior of orthorhombic T-Nb2O5 been identied.38,92,123 In general, the charge storage of T-Nb2O5 occurs due
to the insertion of lithium ions in non-aqueous electrolytes at a
potential of <2 V vs. Li/Li+. Based on the redox of the Nb +5/+4
couple, charge storage occurs up to 2 Li+/Nb2O5 for a maximum
capacity of 720 C g"1.124 The pseudocapacitive behavior is highly
dependent upon the presence of a crystalline structure. Amorphous Nb2O5 exhibits lower specic capacitance values (262 F
g"1; 314 C g"1; 4 min) than T-Nb2O5 (555 F g"1; 666 C g"1; 4
min) despite the fact that the amorphous material has a much

(a) CVs of T-Nb2O5 from 100–500 mV s"1 exhibit broad, highly reversible redox peaks. (b) The peak cathodic and anodic currents scale
linearly with the sweep rate up to 50 mV s"1; beyond this rate, diﬀusion begins to limit the rate capability.38
Fig. 22

higher surface area.123 The structure of T-Nb2O5 consists of
sheets of corner- or edge-sharing Nb+5 polyhedra along the (001)
plane that are coordinated by 6 or 7 O2". Computations indicate
that the (001) plane exhibits low energy barriers for lithium ion
transport and gives rise to the pseudocapacitive behavior
observed in the material.125,126
The T-Nb2O5 material exhibits the features representative of
pseudocapacitive charge storage for sweep rates up to 50–60 mV
s"1 which corresponds to 1 minute charge–discharge times. The
CVs (Fig. 22a) exhibit broad redox peaks below 2 V and the galvanostatic charge–discharge characteristic is almost linear. The
peak current scales linearly with sweep rate over a broad range of
sweep rates as shown in Fig. 22b. Therefore, along with TiO2(B)
and the hydrogen titanates, T-Nb2O5 can be identied as a
material that exhibits intrinsic intercalation pseudocapacitance
in non-aqueous electrolytes. These types of intrinsic pseudocapacitors do not need high-surface areas as do those based on
V2O5, for example. Since exposure of the surface of T-Nb2O5 to
the electrolyte is not critical for high rate behavior, such pseudocapacitive materials should be benecial for practical devices
as traditional composite electrode architectures may be utilized.

4.5. High-rate performance of non-aqueous electrolyte
pseudocapacitive materials
As in aqueous electrolytes, the pseudocapacitive behavior of
non-aqueous electrolytes should be examined at fast charge–
discharge times, on the order of 1 minute. As there are fewer
materials overall that exhibit pseudocapacitance in nonaqueous electrolytes, there are also fewer studies of the highrate capability.
Since V2O5 is an extrinsic pseudocapacitor material, only
nanostructured forms have been considered for pseudocapacitor applications. Over a typical V2O5 potential window of 2.5 V,
cyclic voltammetry sweep rates between 20 and 50 mV s"1 are
the most relevant for high-rate application. Even with nanostructuring, composite electrodes with high mass loadings of
V2O5 exhibit low capacity at high rates. V2O5 nanowires intertwined with carbon nanotubes mixed in a traditional slurry
electrode exhibit a capacitance of 95 F g"1 (225 C g"1) at a
charge–discharge time of 2 minutes with a V2O5 mass loading of
4–5 mg cm"2.127 In a sodium-ion electrolyte, V2O5/carbon
nanotube composites with a mass loading of 1–3 mg cm"2 store
96 F g"1 (240 C g"1) in 50 seconds.106 Much higher values are
obtained with lower V2O5 mass loading, as in the case of electrochemically deposited V2O5 on carbon nanotubes.108 For a
V2O5 mass loading of 8.9 wt% (25 mg cm"2), the capacitance was
1000 F g"1 (2500 C g"1) for a charge–discharge time of
50 seconds. As the V2O5 mass loading increased to 51.3 wt%
(305 mg cm"2), the capacitance decreased signicantly to 150 F
g"1 (375 C g"1) for the same charge–discharge rate.
TiO2(B) and H2Ti3O7 exhibit intrinsic pseudocapacitive
behavior and most studies of these materials have utilized
traditional slurry composite electrodes. Hydrogen titanate
nanowire electrodes, with an active material mass loading of
2–3 mg cm"2 exhibit a capacitance of 317 F g"1 (476 C g"1) at a
charge–discharge time of 3 minutes.113 TiO2(B) nanowires, also

measured utilizing a traditional slurry electrode, give rise to
capacitances of 204 F g"1 (306 C g"1) at a charge–discharge time
of 1.7 minutes.128
Recent work on the lithium-ion storage properties of anatase
TiO2 nanosheets has shown that such materials exhibit significant broadening of the Li+ intercalation peaks and sloping
charge–discharge proles.129,130 Studies of the kinetics of the
nanosheet electrodes showed that most of the charge storage in
these materials is pseudocapacitive in origin.131 Thick
composite electrodes of TiO2 nanosheets exhibited very good
rate capability with 428 C g"1 (!214 F g"1) stored in 2 minutes
at an active mass loading of 1.5–1.7 mg cm"2. These studies
indicate that the synthesis of lithium-ion intercalation
compounds in nanosheet form may be a convenient route for
producing extrinsic, non-aqueous pseudocapacitive materials.
Although there are few studies on the pseudocapacitive
behavior of Nb2O5, recent results suggest that it is a promising
material in lithium-ion non-aqueous electrolytes. At a timescale
of 1 minute and utilizing a composite electrode with an active
material mass loading of 1–1.5 mg cm"2, the capacitance was
333 F g"1 (400 C g"1).38 This value represents 67% of the theoretical capacitance for the storage of lithium in Nb2O5 and
compares well with results obtained using low mass loading
which were !75% of the theoretical capacitance.123 This
comparison underscores another benet of intrinsic pseudocapacitors in that there is much less of a decrease in specic
capacitance when the materials are incorporated in composite
electrodes.

5.

Summary and future outlook

Pseudocapacitive transition metal oxides oﬀer the tantalizing
combination of high rate and high energy density EES. These
materials have the potential to overcome the low energy density
limitations of electrochemical capacitors. From an analytical
standpoint, pseudocapacitance is dened whenever the potential depends upon the state of charge. Pseudocapacitive
behavior manifests itself in several electrochemical features
that are easily identiable in a CV, a galvanostatic charge–
discharge plot, or with AC impedance. Some materials are
intrinsic pseudocapacitors, where the pseudocapacitive
behavior is apparent with low surface areas and composite
electrode architectures: these include RuO2$0.5H2O, MnO2,
TiO2(B), and Nb2O5. Other materials are extrinsic pseudocapacitors, where the pseudocapacitive behavior is apparent only
with very high surface areas and sophisticated electrode architectures whose function it is to expose as much of the material's
surface to the electrolyte as possible. Typically, these extrinsic
pseudocapacitor materials are traditional battery materials in
their bulk state, such as Ni(OH)2 and V2O5. With such materials,
it is particularly important to demonstrate pseudocapacitive
electrochemical features beyond just a high capacitance at a
short timescale.
If pseudocapacitor materials are to move forward towards
device applications, there are two signicant issues which need
to be addressed. One need is to have a consistent set of material/
electrode metrics which are relevant for devices. As mentioned

previously, it can be misleading to consider a material to be a
high energy density pseudocapacitor when low weight loadings
or thin lms are used and charge–discharge experiments are
carried out over tens of minutes. Some of the parameters discussed in this review provide the basis for pseudocapacitor
metrics: the need to demonstrate charge–discharge behavior of
1 minute or less, with capacitances higher than 300 F g"1 and
with active material mass loading of >1 mg cm"2. These
conditions emphasize the point that the electrochemical
behavior of materials considered as pseudocapacitive should be
examined at experimental timescales on the order of minutes
and seconds. This is critical as lithium-ion battery materials are
now routinely characterized at 10 C rates, or 6 minute charge–
discharge. This review shows that several pseudocapacitive
materials meet these criteria or are very close.
The second signicant issue is to dene devices which
incorporate pseudocapacitive materials. There are few reports
of devices utilizing two pseudocapacitive transition metal
oxides at both electrodes. This is due to the diﬃculty in nding
suitable pseudocapacitive material pairs to give high device
voltage and good rate capability. In aqueous electrolytes,
MnO2//MnO2 and MnO2//Fe3O4 devices have been investigated.9
In these cases, the energy density was less than 10 W h kg"1.
The problem of nding suitable pseudocapacitor cathode
materials seems particularly diﬃcult with non-aqueous electrolytes. As a result, most research has focused on fabricating
asymmetric devices where the pseudocapacitive electrode is
paired with a high surface area activated carbon. A closely
related issue which impacts devices directly is the nature of the
electrode architecture. In order to fabricate practical devices,
the material loading per footprint area needs to be >1 mg cm"2
and while several traditional electrode structures have been
useful in cases with intrinsic pseudocapacitors, this topic is
clearly one of considerable importance. Transitioning pseudocapacitive materials from three-electrode, low mass loading
experiments towards two-electrode cells with high mass loading
that retain high rate capability is a critical step which will
enable EES to achieve a goal of having both high energy and
high power densities in the same material.
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