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Abstract 

There is an urgent global need for electrochemical energy storage that includes materials that can 

provide simultaneous high power and high energy density. One strategy to achieve this goal is 

with pseudocapacitive materials that take advantage of reversible surface or near-surface 

Faradaic reactions to store charge, surpassing the capacity limitations of electrical double-layer 

capacitors and mass transfer limitations of batteries. The past decade has seen tremendous 

growth in the understanding of pseudocapacitance as well as materials that exhibit this 

phenomenon. The purpose of this Review is to examine the fundamental development of the 

concept of pseudocapacitance and how it came to prominence in electrochemical energy storage 

as well as to describe new classes of materials whose electrochemical energy storage behavior 

can be described as pseudocapacitive. 
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1. Introduction 

The need to power a growing variety of portable electronics and electric vehicles is increasing 

demand for energy distribution and storage in our daily lives. At the same time, the large-scale 

implementation of intermittent, renewable energy conversion devices like wind turbines and 

photovoltaics requires energy storage technologies to balance temporal fluctuations that range 

from seconds to hours. Of the many ways by which to store energy, electrochemical energy 

storage (EES) has been highly successful due to the high theoretical efficiency of converting 

chemical to electrical energy and the high energy densities and power densities afforded by solid-

state electrodes. However, further technological innovation requires improvements to all 

relevant performance metrics and drives the global search for new materials and mechanisms. 

For example, the 2017 U.S. Department of Energy’s Basic Research Needs report prioritizes, 

among several other directions, the need to attain simultaneous high power and high energy. This 

has been called the holy grail for EES.1 Similar priorities have been outlined in the European Union 

Strategic Energy Technology Plan2 and by China’s Ministry of Science and Technology.3   

There are several processes by which EES occurs at solid-state electrodes: (i) via the 

formation of an electrical double-layer (EDL), (ii) via surface redox reactions, (iii) via insertion of 

ions as in electrochemical intercalation, and (iv) via alloying, decomposition, or conversion 

reactions. The latter three processes are Faradaic in origin, that is, they obey Faraday’s law and 

involve charge transfer reactions across the electrochemical interface.4 Of these, surface redox 

and some ion-insertion reactions have been termed pseudocapacitive because their 

thermodynamic and kinetic behavior can be described with the same mathematical models as 

those for surface adsorption/desorption. 
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The focus of this review is on this electrochemical mechanism of pseudocapacitance: its 

historical development since the early 1960s, initial theory from both kinetic and thermodynamic 

arguments, and the current focus of gaining an atomistic understanding to guide the development 

of entirely new materials. The prefix pseudo originates from the Greek “ψευδής/pseudes” and 

translates to “false” or “lying.” Therefore, pseudo-capacitive describes an electrochemical 

mechanism that appears to be capacitive, but in fact originates from charge transfer processes 

across the electrode/electrolyte interface. The past decade has brought tremendous interest into 

this mechanism due to the significant increase in synthesis routes that yield nanostructured or 

highly disordered redox-active materials, many of which can exhibit a pseudocapacitive response, 

as well as the potential technological importance of pseudocapacitance in achieving the 

possibility of energy storage with simultaneous high power and high energy density. This review 

will give special attention to mechanistic studies of pseudocapacitive behavior. 

To date, the predominant EES technology for high-end mobile applications is the lithium-

ion battery (LIB).5,6 It was conceptualized in the 1970s5 and 1980s6 and commercially introduced 

by the Sony Corporation in 1991. Three of its inventors (Goodenough, Whittingham, and Yoshino) 

were honored with the 2019 Nobel Prize in Chemistry. In a LIB cell,7,8 energy storage is 

accomplished by electrochemical intercalation reactions occurring at host anode and cathode 

electrodes composed of, typically, crystalline and micron-sized particles of the electrochemically 

active materials. The achievable charge/discharge rates in conventional LIBs consisting of graphite 

anodes and lithium metal oxide-based cathodes are limited by the diffusion of lithium ions within 

the host lattices and/or phase transformations.9 This leads to the relatively low specific power of 

LIBs (around 500-2000 W/kg)10,11 and prohibits a complete uptake or release of their charge in a 
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timeframe below tens of minutes, which would be desirable for many applications. The volume 

changes associated with electrode phase transformations during ion insertion further induce 

stresses to the crystalline lattices and limit the cycle life of batteries.12 

The technological motivation for the search for pseudocapacitive electrode materials is to 

overcome the kinetic limitations plaguing LIBs while achieving higher energy density than 

electrical double-layer capacitors (EDLCs). Pseudocapacitance is not limited to a particular type 

of anion or cation, and is thus perfectly aligned with the search for beyond Li+ materials and 

mechanisms for energy storage. The concept of pseudocapacitance emerged in the early 1960s 

to describe surface Faradaic processes such as underpotential deposition and hydrogen 

adsorption. It was extended to energy storage in the early 1970s with the observation that thin 

films of hydrous RuO2 cycled in an acidic electrolyte exhibited cyclic voltammograms that 

resembled those of capacitors, while single-crystal RuO2 did not.13 Subsequent work, especially 

by Conway,14 attempted to connect the observed capacitive electrochemical response with the 

electrochemical mechanism. Materials whose energy storage processes can be described by 

pseudocapacitance (termed pseudocapacitive materials here) undergo reversible 

electrochemical reactions within significantly shorter timeframes, even comparable to electrical 

double-layer capacitors in some cases,15 while still exhibiting a high charge storage capacity 

comparable to that displayed by batteries. The exact atomistic mechanism is often unknown but 

is typically ascribed to highly reversible surface or intercalation charge transfer reactions that are 

not limited by solid-state diffusion (Fig. 1). In these cases, as will be described subsequently, the 

electrochemical behavior can be considered pseudocapacitive. 



7 

 

Figure 1: Classification of electrochemical energy storage mechanisms as a function of their 

characteristic capacity and the associated degree of structural changes of the electrodes, reaction 

overpotential, and kinetic limitations. We identify the main opportunities for pseudocapacitive 

materials for short cycling times of about 10 s to 10 min while exhibiting capacities associated 

with intercalation mechanisms.  
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Materials that exhibit pseudocapacitive behavior bridge the gap between materials used 

in EDLCs and those used in batteries (Fig. 2). Increasingly, the distinction between these three 

types of materials is blurred, particularly with the use of nanostructured materials whose particle 

sizes are much smaller than the diffusion length, or carbons with redox-active functional groups. 

In general, a material that exhibits pseudocapacitive electrochemical features is one that is not 

limited by solid-state diffusion at timescales of minutes and whose electrochemical response is 

highly reversible, leading to high efficiency at high current densities. Further development of 

pseudocapacitive materials requires an atomistic understanding of the thermodynamic and 

kinetic mechanisms responsible for the specific electrochemical behavior. 

 

Figure 2: Characteristic electrochemical signature of the potential-charge curve for capacitor-like 

processes (ideal EDLC) and battery-like processes (ideal LIB). The potential hysteresis between 

the charge and discharge potential plateaus of battery-like processes upon application of a 

sufficient current density is called the overpotential and results in significantly reduced energy 

efficiency at short timescales of minutes to seconds. Adapted from Ref. 16, with the permission of 

the American Institute of Physics. 
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The past decade has seen a dramatic increase in synthetic capability to yield 

nanostructured, highly defective, and metastable materials, and we will describe how these 

structural features give rise to pseudocapacitive behavior. We will also discuss new structural 

features that lead to a pseudocapacitive response in materials, such as the presence of confined 

interlayer fluids in two-dimensional materials. The purpose of this review is to provide a 

comprehensive report and analysis of the historical development, proposed mechanisms, and 

discovery of new pseudocapacitive materials from the past decade. A particular focus will be to 

discuss those studies that probe the electrochemical behavior with in situ or operando methods 

to develop a fundamental understanding of the mechanisms. We will also discuss recent efforts 

to develop fundamental theories of pseudocapacitance, particularly ab initio efforts. 

 

2. Historical Development of Pseudocapacitance 

The word pseudocapacitance originates from pseudo-capacity, a term used by David C. 

Grahame in 1941 to describe excess capacity that was not associated with the formation of the 

electrical double-layer.17 Pseudocapacitance was then used in the work of Conway and Gileadi in 

the early 1960s to understand electrochemical charge transfer reactions associated with surface 

adsorption.18,19 Pseudocapacitance was initially defined in terms of the fractional surface 

coverage ( 𝜃 ) of adsorbed species following the Langmuir adsorption model.19 Since the 

capacitance arose from Faradaic reactions that involved monolayers of electrochemically active 

species, it was distinguished from both double-layer capacitance, which was strictly electrostatic, 

as well as the typical behavior of battery materials, which (at that time, before the emergence of 

lithium-ion chemistries) involved significant phase and structural transformations of the 
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reactants. Theoretically, Langmuir-type adsorption would lead to a charge transfer peak that 

corresponds to a capacitance maximum when 𝜃  = 0.5 over a narrow potential range. Peak 

broadening was attributed to increased lateral interaction between the surface adsorbates, 

modeled as a lateral interaction energy. 

The theoretical framework for pseudocapacitance proposed by Conway and Gileadi 

occurred around the same time that experimental observations revealed the signatures of rapid 

electrochemical charge transfer processes of surface-bound species, such as in underpotential 

deposition (UPD), adsorbed intermediates to electrolysis, and modified (thin-film) electrodes.20 

UPD is the electrodeposition of metal monolayers onto a different metal substrate at potentials 

that are less negative than for the electrodeposition of the same metal as the substrate.21 In this 

process, there is partial charge transfer between the electrodeposited metal monolayers and the 

underlying metal substrate. The cyclic voltammograms exhibit pronounced and highly reversible 

peaks associated with the formation of different structures of the electrodeposited monolayers. 

Up to intermediate cycling rates (ca. 5 mV/s), this process tends to exhibit a linear dependence 

of the peak current with the sweep rate. These fundamental studies led to the development of 

the concept of pseudocapacitance, but it was not until the discovery of highly reversible charge 

transfer reactions in thin films of metal oxides that the mechanism was considered of use for EES. 

This is because, in the above-described cases, charge transfer linked to UPD occurs within a 

limited potential range and exhibits low overall charge.14 In this review, we report mostly capacity 

(unit: mAh) values instead of capacitance (unit: F) of materials because numerous 

pseudocapacitive materials do not exhibit an ideally constant capacitance over the selected 
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potential range, and capacity provides a more compatible metric to compare with other 

materials.22   

The discovery of pseudocapacitance in transition metal oxides dates back to 1971 when the 

charge storage behavior of a ruthenium oxide thin film in sulfuric acid was first reported by 

Trasatti and co-workers.13 Unlike a single crystal RuO2 electrode, the thin film electrode exhibited 

a highly symmetric and reversible cyclic voltammogram, which was later attributed to reversible 

redox reactions at the surface of the RuO2 electrode.23 Subsequent studies found that hydrated 

or nanostructured forms of RuO2 exhibit significantly higher specific capacitance.24 It was 

hypothesized that the structural water in hydrated RuO2 (RuO2·0.5H2O) facilitates proton 

transport. Nanostructuring increased the interfacial area between RuO2 and the electrolyte and 

made more reactive sites accessible for charge transfer reactions.23,25 The specific capacitance 

can reach about 720 F/g in a voltage window of 1 V (equivalent to a specific capacity of 

200 mAh/g) at a scan rate of 2 mV/s (t = ~8 min),24 much higher than what has been attained with 

carbon materials that exhibit only EDL capacitance. This electrode was kinetically limited by the 

increase in ionic resistance of the electrolyte due to ion starvation in the porous electrode in the 

fully charged state. However, the authors noted that the reaction rate could be improved to 

decrease the charging/discharging times to about 10 s by absorbing a higher volume of electrolyte 

into the porous electrode.24 The attractive performance relied on the metallic conductivity and 

high charge transfer activity of hydrated RuO2 in acidic electrolytes. However, the high cost of 

ruthenium (about 8000 USD/kg in 2020) prohibits widespread commercialization of RuO2 as an 

electrode material in electrochemical energy storage devices. 
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The high capacitance, wide voltage range, and fast kinetics of hydrous RuO2 sparked interest 

in the search for low-cost and abundant metal oxides that could exhibit similar pseudocapacitive 

behavior. In 1999, the Goodenough group reported that an amorphous, hydrated MnO2·xH2O 

showed capacitor-like behavior in pH-neutral aqueous electrolytes.26 The material was prepared 

by dissolution of potassium permanganate and manganese acetate in water, yielding manganese 

oxide as a brown precipitate. The specific capacitance reached about 200 F/g in a potential 

window of 1.2 V in aqueous KCl electrolyte (ca. 67 mAh/g), and reportedly originated from surface 

redox reactions of MnO2 with potassium cations. Despite the poor electrical conductivity of MnO2, 

the material showed promise due to its economic and ecological viability and is to date one of the 

most studied pseudocapacitive materials. 

The pseudocapacitive charge storage properties of conducting polymers, a class of materials 

established by Shirakawa et al.,27 were studied since the late 1980s.28–31 Conductive polymers 

store charge via the mechanism of reversible electrochemical doping, which is characterized by a 

somewhat rectangular cyclic voltammogram that may exhibit a set of highly reversible redox 

peaks. This process involves either the oxidation of the conductive polymer backbone with the 

concurrent insertion of an anion from the electrolyte (p-doping) or the reduction of the 

conductive polymer with concurrent cation insertion (n-doping), yielding delocalized charge 

carriers along the polymer chains.32 Many conductive polymers exhibit alternating single- and 

double-bonds between the carbon atoms in the polymer chain, and the most commonly used 

conductive polymers are polyaniline (PANI), polypyrrole (PPY), and derivatives of polythiophenes 

like poly(3,4-ethylenedioxythiophene) (PEDOT).30,33 Theoretical capacities of conductive 

polymers are mainly governed by their reversibly accessible doping level (γ), that is, the number 
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of dopants per monomer unit. γ is typically 0.3-0.5, determined by the closest proximity of charge 

carriers that can be accommodated along the polymer chain.30 This leads to theoretical capacities 

of 146 mAh/g for PANI (γ = 0.5), 132 mAh/g for PPY (γ = 0.33), and 62 mAh/g for PEDOT (γ = 0.33). 

The power of conductive polymer electrodes is mainly limited by the diffusion of counter-ions to 

the doping sites in the bulk polymer.30 Carbonaceous supports are often used to increase the 

accessibility of the bulk polymer to the electrolyte, improve the charge transfer rate at low doping 

levels, and limit volumetric changes during cycling, all of which can lead to better electrochemical 

rate handling and cycling stability.34–38 The mechanical flexibility of conducting polymers makes 

them of interest as electrodes for wearable energy storage.29,39 However, further research is 

necessary to improve their relatively poor cycling stability, high dependence on carbonaceous 

supports for electrical conductivity, and low volumetric capacities. 

The 1980s saw the emergence of pseudocapacitive charge storage in Li+ intercalation 

materials using organic electrolytes. The characterization of such processes in terms of 

pseudocapacitance was proposed by Conway in the early 1990s who considered Li+ intercalation 

as a 2D ion sorption process in between layers of transition metal oxides and sulfides.40,41 A similar 

treatment was proposed by Levi and Aurbach, who modeled Li+ intercalation in terms of a 

Frumkin intercalation isotherm.42 In certain transition metal oxide materials, there are 

crystallographic directions along which Li+ can diffuse very rapidly, leading to no solid-state 

diffusion limitations over a wide range of timescales and no first-order phase transformations. 

Zukalová et al. reported that Li+ storage in the monoclinic bronze-structure of titanium oxide 

TiO2(B) is not limited by solid-state diffusion at rates up to 2 mV/s (t = ~10 min), and labeled the 

charge storage mechanism as pseudocapacitive.43 The authors speculated that the rate-limiting 
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step was either Li+ transport through the electrode/electrolyte interface or trapping of Li+ in the 

channels. Similarly, Augustyn et al. found that Li+ intercalation in T-Nb2O5 exhibits capacitor-like 

kinetics with charging times as low as 1 min.44 This was attributed to rapid transport along two-

dimensional planes and no intercalation-induced phase changes over a wide extent of Li+ storage. 

The discovery of two-dimensional transition metal carbides, nitrides, and carbonitrides 

(MXenes)45 added a new class of materials to the family of pseudocapacitive materials, with 

Ti3C2Tx MXene showing pseudocapacitive H+ intercalation in acidic electrolytes at rates up to 

10 V/s (t = ~0.1 sec),15 rivaling the kinetics of EDLCs. These results ushered in a new era for 

intercalation pseudocapacitance materials, where the strategy shifted from increasing the 

material surface area to designing structural features that led to rapid ion transport in the bulk of 

a material, such as the presence of interlayer-confined fluids. 



15 

 

Figure 3: Timeline of major developments in the field of pseudocapacitance: New 

pseudocapacitive materials, mechanisms, and theoretical concepts. 
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The past decade has also seen the tremendous rise of nanostructured and defect-rich 

materials for EES, many of which exhibit pseudocapacitive features. When the pseudocapacitive 

behavior emerges due to nanostructuring, this has been termed extrinsic pseudocapacitance46 

and is in contrast to those materials that appear to exhibit capacitive behavior over a wide range 

of particle size and dimensions (called intrinsic pseudocapacitance). Nanostructuring increases 

the specific surface area and, in turn, the interfacial contact area between electrode and 

electrolyte. A significant portion of the reactive sites is near the fluid/solid interface, which 

drastically reduces the solid-state diffusion distances for ions from the electrolyte and can lead 

to dispersion in the redox site energy.25 Nanostructured materials also increase the effects of 

surface defects such as anion or cation vacancies that can have a critical influence on the 

electrochemical energy storage mechanism.47–49 

In concert with these materials developments, there have been significant efforts to 

understand the fundamental physicochemical mechanisms that give rise to pseudocapacitance. 

A timeline of major developments in the field of pseudocapacitance is given in Fig. 3. The new 

materials and fundamental understanding of pseudocapacitance have led to the development of 

a variety of energy storage devices, most prominently hybrid electrochemical capacitors, which 

have been the topics of recent reviews.50,51 Taken together, these developments have enabled 

significant strides for the development of EES with simultaneous high power, energy density, and 

reliability.  
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3. Fundamental Understanding 

3.1 Definition and Types of Pseudocapacitance 

The concept of pseudocapacitance was first used by Conway and Gileadi in 1962 to describe the 

capacitance associated with the electrochemical adsorption of species on electrode surfaces (e.g., 

O or OH on nickel oxide and H on Pt).19 The proposed kinetic theory assumed a linear dependence 

of the heat of adsorption on the surface coverage of the electrodeposited species and led to a 

capacitance defined in terms of the surface coverage. Conway later extended the concept of 

pseudocapacitance to monolayer adsorption (adsorption pseudocapacitance, Fig. 4A,D),52 

Faradaic reactions of hydrous RuO2 in H2SO4 (redox pseudocapacitance, Fig. 4B,E),53,54 and solid-

solution electrochemical intercalation (intercalation pseudocapacitance, Fig. 4C,F).41 In each of 

these, the extent of reaction (based on the surface coverage, surface redox, or intercalation; ξ) 

depends linearly or almost linearly on the potential (V), leading to the thermodynamic definition 

of pseudocapacitance as simply ∆𝜉/∆𝑉. It should be noted that for the hydrous RuO2 in Fig. 4E, 

and certain other materials, the electrochemical response lacks obvious features of surface 

Faradaic reactions. The nature of capacitive storage in such materials has long been a topic of 

discussion, as will be noted below. 
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Figure 4: (A-C) Illustration of the three types of mechanisms that give rise to pseudocapacitance 

as defined by Conway and (D-F) their corresponding cyclic voltammograms. (A) Adsorption 

pseudocapacitance, (B) redox pseudocapacitance, and (C) intercalation pseudocapacitance. 

Adapted from Ref. 25 with permission from The Royal Society of Chemistry. (D) Cyclic 

voltammogram of a Pt (110) surface in aqueous 0.1 M HClO4 solution cycled at 50 mV/s. RHE 

stands for the reversible hydrogen electrode, ip for peak current, and ν for sweep rate. The dotted 

lines indicate the high reversibility of the Faradaic adsorption processes. Adapted from Ref. 55. 

Copyright 2004 American Chemical Society. (E) Cyclic voltammogram of a RuO2·0.5H2O electrode 

in aqueous 0.5 M H2SO4 solution cycled at 2 mV/s. SCE stands for the standard calomel electrode. 

Adapted with permission from Ref. 24. Copyright 1995 IOP Publishing. (F) Cyclic voltammogram of 

T-Nb2O5 nanocrystalline film in a non-aqueous Li+ electrolyte cycled at 0.1 mV/s. The dashed line 

indicates the high reversibility of the Faradaic intercalation process. Adapted from Ref. 25 with 

permission from The Royal Society of Chemistry.  
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It is useful to revisit the theory developed by Conway for the first type of pseudocapacitance 

(“adsorption pseudocapacitance”), illustrated here for the electrosorption of cation A+ onto the 

surface of a conductive substrate M:52 

𝐴+ + 𝑀 + e− ↔  𝑀𝐴ads (1) 

It is assumed that the adsorbing species follow a Langmuir-type electrosorption isotherm:  

𝜃

1−𝜃
= 𝐾𝐶𝐴𝑒

𝑉𝐹

𝑅𝑇 (2) 

where the concentration of the cation in solution is CA, the surface coverage of MAads is 𝜃, the 

surface coverage of M is 1-𝜃, the ratio of the forward and reverse reaction rate constant is K, F is 

the Faraday constant, R is the ideal gas constant, V is the electrode potential, and T is the 

temperature. Rearrangement of Equation 2 leads to the following, which has the form of the 

Nernst equation except now the ratio of the reduced to oxidized species has been replaced by 

the extent of adsorbate surface coverage, 𝜃: 

𝐸 = 𝐸0 +
𝑅𝑇

𝐹
𝑙𝑛 [

1

𝐾𝐶𝐴

𝜃

1−𝜃
] (3) 

where, E is the equilibrium potential of the redox couple and E0 is the standard potential of the 

redox couple. Assuming the charge required to complete a monolayer coverage of Aads is q, the 

pseudocapacitance CΦ can be defined as:52 

𝐶𝛷 = 𝑞
𝑑𝜃

𝑑𝑉
=

𝑞𝐹

𝑅𝑇
∙

𝐾𝐶𝐴𝑒
𝑉𝐹
𝑅𝑇

(1+𝐾𝐶𝐴𝑒
𝑉𝐹
𝑅𝑇)

2 =
𝑞𝐹

𝑅𝑇
𝜃(1 − 𝜃) (4) 

Equation 4 indicates that the maximum pseudocapacitance is reached when 𝜃 = 0.5. As a result, 

for a purely Langmuir-type electrosorption process, the pseudocapacitance will be a function of 

the applied potential and surface coverage, as shown in the solid curves of Fig. 5A. Two factors 

can substantially reduce the steepness of the isotherm, leading to a broadly distributed 
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dependence of CΦ on potential: (i) deposition of adsorbates at distinguishable successive states 

of electrochemical adsorption with increasing coverage, giving rise to multiple peaks as illustrated 

in Fig. 5B;56,57 and/or (ii) a lateral repulsive interaction between adsorbates as 𝜃  increases, 

increasing the dependence of CΦ on potential. The latter can be described by introducing a lateral 

interaction parameter (g) as a function of 𝜃 (Frumkin-type isotherm): 

𝜃

1−𝜃
= 𝐾𝐶𝐴𝑒(

𝑉𝐹

𝑅𝑇
−𝑔𝜃) (5) 

𝐶𝛷 =
𝑞𝐹

𝑅𝑇

𝜃(1−𝜃)

1+𝑔𝜃(1−𝜃)
 (6) 

The lateral interaction parameter g represents either attractive (g > 0) or repulsive (g < 0) 

interactions between the adsorbed species.58 When g is > 0 (the dashed curves in Fig. 5A), the 

resultant pseudocapacitance has a broader peak shape and a lower maximum as compared to 

the Langmuir case.  

It should be highlighted again that the formalism developed by Conway leads to a 

potential-dependent pseudocapacitance, even when accounting for the presence of successive 

Faradaic reactions and the interactions between species. However, the electrochemical response 

of certain pseudocapacitive materials lacks obvious Faradaic peaks. To explain this, Costentin and 

Savéant59 proposed the combination of double-layer and Faradaic processes (Fig. 5C). In this case, 

the double-layer charging current is equal to, or greater than, the faradaic current contribution. 

In order to account for such a large double-layer capacitance, the electrochemically active surface 

area of the material must be much larger than what is typically measured using electrochemical 

or physical adsorption methods. The interplay between Faradaic and double-layer processes in 

pseudocapacitive materials, particularly those that confine fluids such as hydrous ruthenium 

oxide, deserves further attention. 
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Figure 5: (A) The variation of pseudocapacitance, CΦ, and surface coverage, 𝜃, for ideal Langmuir 

electrosorption (g = 0, solid curves) and Frumkin-type electrosorption that involves lateral 

interactions between surface adsorbates (g > 0, dashed curves). The outcome of this is that 

pseudocapacitance, as originally defined, is strongly potential dependent. The addition of the 

lateral interaction parameter broadens the peak but does not eliminate the potential 

dependence. Adapted with permission from Ref. 40. Copyright 1991 IOP Publishing. (B) Illustration 

of how three redox processes (CΦ,1, CΦ,2, and CΦ,3) could overlap to form an almost-constant 

overall capacitance over an appreciable potential range in electrochemically formed RuO2 thin 

films. Q (dashed curve) is the charge accumulated over the potential range and ∑CΦ (short dashed 

curve) are the summed capacitance of the three redox processes. Adapted with permission from 

Ref. 57. Copyright 1999, Springer Science Business Media New York. (C) Calculated CV of the linear 

combination of double layer charging and surface faradaic reactions that could give rise to an 

almost-constant overall capacitance. Adapted from Ref. 59. Copyright 2017 American Chemical 

Society. 
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Conway generalized his approach to two other redox mechanisms by replacing the surface 

coverage, 𝜃 , with the lattice occupancy, X, for intercalation pseudocapacitance, and 

concentration of the oxidant, [Ox]/[Red], for surface redox pseudocapacitance.14 This 

thermodynamic approach to pseudocapacitance only focuses on its relationship to the applied 

potential. However, as argued by Conway in his seminal 1991 paper in the Journal of the 

Electrochemical Society,40 the critical feature of pseudocapacitive redox processes as compared 

to batteries (in this argument, battery processes were those charge storage processes that involve 

significant phase transformations like conversion and alloying) was that pseudocapacitive 

processes were highly electrochemically reversible over an extended time domain. In this way, 

Conway established that pseudocapacitive mechanisms exhibit kinetic electrochemical signatures 

indicative of high reversibility, which include a mirror image cyclic voltammogram (Fig. 6A) and 

little-to-no hysteresis during galvanostatic cycling (Fig. 6B). Such behavior is desirable for 

technological applications because it will result in efficient energy storage at high power 

densities.60  
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Figure 6: Examples of high electrochemical reversibility in materials that exhibit pseudocapacitive 

charge storage: (A) “Mirror image” cyclic voltammograms of a RuO2 thin film electrode cycled in 

an acidic electrolyte at 200 mV/s and with various potential windows. Adapted with permission 

from Ref. 53. Copyright 1978 IOP Publishing. (B) Reversible and almost linear galvanostatic charge-

discharge curve of orthorhombic T-Nb2O5 at a 10C rate in a non-aqueous Li+ electrolyte. Adapted 

with permission from Ref. 44. Copyright 2013 Springer Nature. 

 

3.2 Current Interpretations of Pseudocapacitance 

The kinetic and thermodynamic description for pseudocapacitance developed by Conway 

occurred approximately a decade before the discovery of the highly capacitor-like 

electrochemical response of hydrous RuO2 thin films by Trasatti and Buzzanca in 1971. Since then, 

there has been significant growth in the number of materials exhibiting pseudocapacitive 

behavior. As a result, it is natural for the understanding of pseudocapacitance to evolve, 

particularly since Conway’s formalism was not based on an atomistic description and thus could 

not anticipate the variety of materials and processes. For example, Brousse, Bélanger, and Long 
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proposed a stricter definition of pseudocapacitance as applying only to those materials whose 

capacitance was nearly constant over a broad potential range.22 One purpose of this definition 

was to discourage the growing trend of reporting very high gravimetric capacitance values for 

materials that did not exhibit the electrochemical features indicative of pseudocapacitive 

materials, such as the redox of Ni(OH)2 in alkaline electrolytes. Also, to account for the growing 

number of reports of nanostructured materials exhibiting the electrochemical features of 

pseudocapacitance defined by Conway, Simon, and others proposed the concept of extrinsic 

pseudocapacitance as presented in Fig. 7. The argument for this nomenclature was that in 

nanostructured materials that undergo, for example, intercalation reactions which do not require 

a significant mass transfer, the diffusion length, l, is much smaller than the square root of the 

product of diffusion time (td) and diffusion coefficient (D): 

𝑙 ≪ √𝐷𝑡𝑑  (7) 

Also important is that in nanostructured materials, a large fraction of the redox sites lie at the 

interface between the electrode and electrolyte. Near the interface, the geometry of these sites 

is expected to be more dispersed than in the bulk. This leads to an increasingly capacitor-like 

electrochemical response.61,62  
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Figure 7: Schematic representation and corresponding cyclic voltammograms of extrinsic and 

intrinsic pseudocapacitive materials. Electrochemical responses that appear to be 

pseudocapacitive in a thin film or with nanostructuring but become diffusion-controlled in bulk 

particle electrodes are classified as (A) extrinsic pseudocapacitance. On the other hand, (B) 

intrinsic pseudocapacitance shows no diffusion limitation in both thin-film and bulk particle 

electrodes due to fast ion diffusion. Adapted with permission from Ref. 46. Copyright 2014 IOP 

Publishing. 

 

Costentin and Savéant used an electrochemical approach to understand the atomistic origin 

for the nearly rectangular cyclic voltammogram behavior of certain pseudocapacitive materials 

such as MnO2 and hydrous RuO2.59,63 As noted above, they argue that such an electrochemical 

response could not arise from a series of overlapping redox reactions proposed by Conway and 

others (Fig. 5B). Instead, it is proposed that in such materials, the electrochemical response is due 
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to EDL formation at metallically conductive electrodes, or that it is a combination of surface 

Faradaic and EDL processes (Fig. 5C). In the case of MnO2 and hydrous RuO2, a large number of in 

situ and operando studies show structural and chemical changes occurring in the materials during 

electrochemical cycling.64–66  This behavior cannot be explained entirely by EDL formation and is 

more in-line with the concept that both double layer and Faradaic processes contribute to the 

overall pseudocapacitance of the materials.  

 The formalism developed by Conway and used prominently in electrochemistry has 

similarities, and in some cases, is the same, as concepts and nomenclature developed in related 

research areas. For example, “intercalation capacitance”42,67 is analogous to “intercalation 

pseudocapacitance.” It is possible that both of these terms came into use in the scientific 

literature because ion intercalation materials for EES were discovered nearly a decade after the 

development of the pseudocapacitance concept by Conway.5 The distinction between 

pseudocapacitive and “battery-type” processes becomes blurred when discussing intercalation-

type EES, particularly for nanostructured materials and those that exhibit solid-solution 

intercalation (i.e., intercalation that does not cause a phase transition of the host). This is because 

intercalation continues to be a unique mechanism where the host lattice undergoes very minimal 

structural transformations (as compared to other common rechargeable battery chemistries that 

utilize electrode conversion or alloying). Levi and Aurbach recognized the mechanistic similarity 

between surface adsorption and ion intercalation (or “sorption”) into a host material. They 

utilized the Frumkin adsorption isotherm to model Li+ intercalation into a host material,42 

essentially analogous to Conway’s definition of pseudocapacitance applied to intercalation.41 The 

concept of shallow vs. deep “adsorption” sites was later used to explain the capacitive response 
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of certain ion inserting materials.68 Shallow sites were those that could be easily accessed by 

electrolyte cations, and resided near the surface, whereas deep adsorption sites were those that 

had higher activation barriers in the interior of materials. Several recent studies have also 

challenged the distinctions between double-layer capacitance and pseudocapacitance.63,69,70 For 

example, in one density functional theory (DFT) study, the difference between double-layer 

capacitance and pseudocapacitance was whether the cation was inserting with or without a 

hydration shell into an already-hydrated interlayer.71 The need to understand pseudocapacitance 

from a mechanistic standpoint, and the interplay between faradaic and non-faradaic processes, 

is indeed at the frontiers of understanding the nature of electrochemical charge transfer at 

surfaces.  

3.3 Electrochemical Features of Pseudocapacitance 

Electrochemical characterization continues to be a critical tool even as fundamental 

understanding of pseudocapacitance evolves. In today’s context, the hallmarks of the 

electrochemical signature of pseudocapacitance are (i) a linear or pseudo-linear relationship 

between the applied potential and state of charge (which allows for the calculation of a 

capacitance, dQ/dV), (ii) nearly ideal electrochemical reversibility, and (iii) surface-controlled 

kinetics. Such electrochemical features are indicative of mechanisms that involve no significant 

structural transformations, for example, mass transfer of heavy atoms and/or phase 

transformations, including between two solid phases. Usually, the mechanisms that give rise to 

pseudocapacitive features are due to reversible charge transfer reactions occurring at or near the 

surface, as often observed in nanoscale materials. The electrochemical process should be 

associated with a charge transfer mechanism via a growing number of operando characterization 
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techniques. The electrochemical behavior should also be probed at timescales of < 10 min, the 

regime where pseudocapacitive materials exhibit higher capacities and efficiencies than typical 

battery materials. 

 

 

Figure 8: Examples of how electrochemical characterization can be utilized to identify charge 

storage mechanisms. Schematic cyclic voltammograms (A, B, D, E, G, H) and corresponding 

galvanostatic profiles (C, F, I) representing various types of charge storage. The pseudocapacitive 

types presented here include (B) surface redox pseudocapacitance (e.g., hydrated RuO2 in acidic 

aqueous electrolytes), (D) intercalation pseudocapacitance (e.g., T-Nb2O5 in a Li+ non-aqueous 

electrolyte), and (E) combination of intercalation and surface redox pseudocapacitance (e.g., 

Ti3C2Tx MXene in an acidic aqueous electrolyte). Reprinted from Ref. 72. Copyright 2018 American 

Chemical Society.  
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The electrochemical features of pseudocapacitive materials are usually examined by cyclic 

voltammetry, galvanostatic charge/discharge tests, or electrochemical impedance spectroscopy 

(EIS). Cyclic voltammograms and galvanostatic discharge curves of various representative 

materials are presented in Fig. 8. In this categorization, Type B pseudocapacitive is Faradaic in 

nature, while Type C Faradaic is not capacitive in nature. Cyclic voltammetry is a common 

characterization technique for the study of pseudocapacitive materials because of the ease in 

identifying the “mirror image” criterion and relationship between current and sweep rate. The 

pseudo-linearity and hysteresis of galvanostatic discharge curves can also be used to assess 

pseudocapacitance. EIS can be used to evaluate pseudocapacitive behavior by analyzing the 

real/imaginary impedance, real/imaginary capacitance, and phase angle. More detailed 

discussions of techniques based on cyclic voltammetry and EIS are presented next. 

In a cyclic voltammogram, a pseudocapacitive material would be characterized by very 

broad/distributed charge transfer peaks that are mirror images of each other during the cathodic 

and anodic scans with a rapid turnover from the cathodic to anodic current. The mirror image 

criterion is particularly important and can be used to separate a pseudocapacitive material from 

nearly all battery-type materials. One way to quantify this is to track the peak potential as a 

function of sweep rate:40 pseudocapacitive materials will have a region where there is almost no 

change of the peak position with a variation of the sweep rate. The energy storage efficiency of 

such materials will be high even at short charge/discharge times (less than a few minutes). It 

should be emphasized that Ohmic losses at high rates can lead to peak separation in 

pseudocapacitive materials.40 
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Lindström et al. proposed a simple relationship between the applied sweep rate and 

observed electrochemical current, and used it to study Li+ insertion into nanoporous anatase TiO2 

films. This relationship can be used as a first-line tool (referred to as b-value analysis) to determine 

the presence of surface-controlled/capacitive (vs. semi-infinite diffusion-controlled) kinetics: 

𝑖(𝑉) = 𝑎𝜈𝑏  (8) 

where i(V) is the current at a specific potential, a and b are adjustable parameters, and b can be 

determined as the slope of log(i) vs. log(ν) for various sweep rates, ν. Kinetic limitations can be 

estimated from the limiting cases of the b-value, b = 1 and 0.5. When the current is directly 

proportional to the sweep rate, b = 1, the process is surface-controlled. There are two possibilities 

for the mechanism behind such a response: the current is due to the formation of the electrical 

double-layer: 

𝑖 = 𝐶𝐷𝐿𝐴𝜈 (9) 

where 𝐶𝐷𝐿  is the double-layer capacitance per surface area, and A is the electrochemically active 

surface area of the electrode. The other option is that the current is due to redox processes not 

limited by diffusion, what some electrochemical literature terms “modified [thin film] 

electrodes”:73 

𝑖 =
𝑛𝐹2

4𝑅𝑇
𝐴𝛤∗𝜈 (10) 

where n is the number of transferred electrons, and 𝛤∗ is the amount of redox-active adsorbed 

species at the surface (mol/cm2). Whether the mechanism is ascribed to double-layer capacitance 

or redox processes not limited by diffusion, the relationship between current and sweep rate is 

the same, with b = 1. Therefore, to distinguish between those two processes, other techniques 

need to be utilized. One of the most common approaches has been to determine the 
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electrochemically active surface area and then calculate the double-layer capacitance assuming 

a constant value of 10-40 µF/cm2.74,75 While this approach may provide a good estimate, 

determining the electrochemical surface area is often challenging, and the double-layer 

capacitance of most materials is not clearly established.76 This is particularly problematic for 

pseudocapacitive materials, such as hydrous RuO2, that exhibit hydrated grain boundaries or 

interlayers. The electrochemically active surface area of such materials may be much larger than 

what is typically measured with, for example, physical adsorption of gas molecules. Therefore, 

distinguishing between Faradaic and non-Faradaic processes often requires the combination of 

electrochemical characterization with techniques that can detect a charge transfer event, such as 

changes in the optical and electronic properties or bond length, ideally in an operando setting. 

When b = 0.5, the reaction is semi-infinite diffusion-controlled, and the current follows 

the Randles-Ševčík equation: 

𝑖 = 0.4958𝑛 ∙ 𝐹𝐴𝐶∗ ∙ 𝐷1/2 (
𝛼𝑛𝐹

𝑅𝑇
)

1

2
𝜈1/2 (11) 

where C* is the maximum concentration of the reduced species in the structure, and α is the 

transfer coefficient. The Randles-Ševčík equation was developed to determine the diffusion 

coefficient of a redox-active species in the electrolyte and adapted for the case of redox-active 

electrodes for semi-infinite diffusion control, for example, when the diffusion distance is much 

larger than √𝐷𝑡𝑑.  

When the b-value falls between 0.5 and 1, the mechanism is attributed to either mixed 

control (a linear combination of diffusion and capacitive contributions)77 or finite-length diffusion 

(where the diffusion distance is smaller than √𝐷𝑡𝑑).78,79 Under the mixed control assumption, Liu 

et al. proposed the following linear combination of surface- and diffusion-controlled currents:77 
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𝑖(𝑉, 𝜈) = 𝑘1(𝑉)𝜈 + 𝑘2(𝑉)𝜈1/2 (12) 

Dunn et al. utilized this concept to deconvolute capacitive vs. diffusive contributions to the total 

current for many types of nanostructured transition metal oxides.80–82 To do this, Equation 12 is 

rearranged to obtain: 

𝑖(𝑉, 𝜈)/𝜈1/2 = 𝑘1(𝑉)𝜈1/2 + 𝑘2(𝑉)  (13) 

Solving for k1 and k2 at specific potentials across multiple sweep rates gives the quantitative 

fraction of the current due to surface- and diffusion-controlled processes. The method allows for 

the separation of the cyclic voltammograms into surface-controlled and diffusion-controlled 

regions, as shown in Fig. 9A. The charge stored due to surface- and diffusion-controlled current 

contributions can then be quantified at different sweep rates, such as in Fig. 9B. One major 

limitation of this approach is that it does not account for the shift of potential with higher sweep 

rates due to increased Ohmic losses.83,84 While Equation 12 is simplistic, it has provided a critical 

and quantifiable understanding of how nanoscale materials develop pseudocapacitive features. 
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Figure 9: (A) Cyclic voltammograms of nanostructured anatase TiO2 films at 0.5 mV/s in a non-

aqueous Li+ electrolyte. The surface-controlled currents (shaded regions) are determined with the 

k1, k2 analysis using Equation 12. (B) Charge storage of the same three TiO2 thin films at 0.5 mV/s 

contributed from surface-controlled (“capacitance”) and diffusion-controlled current 

(“intercalation capacity”). Adapted from Ref. 85. Copyright 2007 American Chemical Society. 

 

The k1, k2 analyses described above do not account for redox peak potential shifts due to 

polarization processes, which become significant at fast sweep rates (typically, > 10 mV/s). To 

mitigate the impact of the Ohmic drop, multiple-step chronoamperometry (MUSCA) was 

developed by Shao et al. based on the potentiostatic intermittent titration technique (PITT).83 In 

cyclic voltammetry, a short residence time is held at each potential, and the recorded current is 

averaged over a portion of the step duration. In PITT, each potential step is held until equilibrium, 

and the current is recorded at short time steps resembling chronoamperometry. A typical 

potential waveform and its current response are shown in Fig. 10A. PITT minimizes Ohmic 

contributions as the steady-state current is reached at each step. Dupont and Donne found that 
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by averaging current over a selected period of time for each potential step, current vs. potential 

profiles can be reconstructed at various sweep rates.86 As an example, the voltammograms 

reconstructed by MUSCA for Ti3C2Tx MXene in aqueous 3 M H2SO4 showed less significant peak 

shifts as compared to those obtained from cyclic voltammetry (Fig. 10B-C). Using the 

reconstructed voltammograms, the k1, k2 analysis can be used to separate surface and diffusion-

controlled contributions to the current at different potentials. 

 

 

Figure 10: Demonstration of the multiple-step chronoamperometry (MUSCA) technique: (A) The 

potential waveform and current response of a Ti3C2Tx MXene electrode in aqueous 3 M H2SO4. (B) 

Experimental cyclic voltammograms and (C) reconstructed cyclic voltammograms at sweep rates 

from 2-100 mV/s. Adapted from Ref. 83, Copyright 2019, with permission from Elsevier.   
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Donne et al. developed the voltammogram reconstruction method as part of step 

potential electrochemical spectroscopy (SPECS),86–89 which aims to deconvolute electrochemical 

mechanisms by fitting the current response (ioverall) with linear combinations of capacitive (iC), 

diffusion-controlled (iD), and residual (iR) currents: 

𝑖𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑖𝐶 + 𝑖𝐷 + 𝑖𝑅  (14) 

The Donne group used SPECS to study the relative contributions of different charge storage 

processes in electrodeposited MnO2.87,89,90 Fig. 11A shows an example of the linear combination 

of the capacitive current, diffusion-controlled current, residual current, and the fitted overall 

current for a selected potential step. Reconstructing all the current contributions over a selected 

Δt at each potential step lead to the voltammograms as shown in Fig. 11B. 

It is important to carefully choose appropriate assumptions and the sets of equations to 

describe the current response based on the electrochemical system as well as using knowledge 

of the system to ensure that the model makes physical sense. Forghani and Donne compared the 

deconvolution of capacitive and diffusion-controlled current via SPECS to Conway’s k1, k2 analysis, 

and “Trasatti’s method” (to be introduced next), and found that SPECS can provide analysis over 

the full range of sweep rates as well as information on the residual current and electrode 

stability.89 Both SPECS and MUSCA techniques were recently validated theoretically by the Pilon 

group using the continuum modified Poisson-Nernst-Planck model coupled with the Frumkin-

Butler-Volmer theory for pseudocapacitive electrodes.91 
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Figure 11: Demonstration of step potential electrochemical spectroscopy (SPECS): (A) Fitting of 

current vs. time data of a single potential step with the SPECS technique showing the 

contributions from diffusion-controlled current, capacitive currents, and residual current. The 

dataset was collected on anodically electrodeposited thin films of MnO2 in aqueous 0.5 M K2SO4. 

Adapted from Ref. 87, Copyright 2017, with permission from Elsevier. (B) Reconstructed 

voltammograms of electrolytic manganese dioxide in aqueous 0.5 M K2SO4 at 125 mV/s with the 

SPECS technique. SCE stands for the saturated calomel electrode. Adapted with permission from 

Ref. 89. Copyright 2018 IOP Publishing.  
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 The b-value analysis, k1, k2 analysis, MUSCA, and SPECS discussed above are methods to 

interpret current responses measured directly from electrochemical characterization techniques. 

Trasatti et al. developed a method based on voltammetric charge to deconvolute the “inner” (less 

accessible) and “outer” (more accessible) surface contributions.23 In this method, it is assumed 

that the voltammetric charge (Q) can be divided into surface-controlled and diffusion-controlled 

contributions so that: 

𝑄 = 𝑄𝑠 + 𝑄𝑑  (15) 

where Qs and Qd are the surface-controlled and diffusion-controlled contributions to charge, 

respectively. Then, the surface-controlled component can be further divided into the “inner” 

surface contribution, Qs,in, and “outer” surface contribution, Qs,out:  

𝑄𝑠 = 𝑄𝑠,𝑖𝑛 + 𝑄𝑠,𝑜𝑢𝑡  (16) 

It is assumed that the “inner” surface contribution is sweep rate dependent (due to lower 

accessibility of redox sites) and that the “outer” surface contribution is invariant of sweep rate, 

which yields: 

 𝑄𝑠 = {
𝑄𝑠,𝑜𝑢𝑡 when 𝜈 = ∞

𝑄𝑠,𝑖𝑛 + 𝑄𝑠,𝑜𝑢𝑡 when 𝜈 = 0
  (17)  

With these boundary conditions, the values of Qs,out and Qs,in can be extrapolated by plotting the 

charge as a function of sweep rate. Assuming semi-infinite linear diffusion and a linear 

relationship between Qd and ν-1/2, Equation 15 can be rearranged to determine Qs,out when ν = ∞, 

𝑄 = 𝑄𝑠,𝑜𝑢𝑡 + 𝐴1𝜈−1/2  (18) 

where A1 is a constant. In a plot of Q vs. ν-1/2, the y-intercept (ν-1/2 = 0; or ν = ∞) determines Qs,out, 

as shown in Fig. 12A. On the other hand, Qs,in is determined when ν = 0. Assuming Q-1 decreases 

linearly with ν1/2, Equation 15 is rewritten as  
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𝑄−1 = 𝑄𝑠
−1 + 𝐴2𝜈1/2  (19) 

where A2 is another constant. As shown in Fig. 12B, 𝑄𝑠
−1 can be obtained from the y-intercept 

(ν1/2 = 0) in a plot of Q-1 vs. ν1/2. Qs,in is then obtained with Equation 17. 

 This technique has drawn criticism92 due to its inability to represent the entire range of Q 

vs. ν behavior. Similarly to k1, k2 analysis, the “Trasatti” method does not account for Ohmic losses 

or irreversible side reactions but is assumed to be valid in a certain reliability range, which 

minimizes the contribution of such factors.93 

 

 

Figure 12: Demonstration of the Trasatti method: (A) A typical voltammetric charge Q vs. ν-1/2 plot 

for RuO2·nH2O in aqueous 1 M HClO4. The y-axis intercept gives the capacity due to the “outer” 

surface-controlled process. (B) A typical inverse voltammetric charge Q-1 vs. ν1/2 plot for 

RuO2·nH2O in aqueous 1 M HClO4. The y-axis intercept gives the inverse capacity due to both 

“inner” and “outer” surface-controlled processes. Adapted from Ref. 23, Copyright 1990, with 

permission from Elsevier.  
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Another method to discriminate charge storage mechanisms is via electrochemical 

impedance spectroscopy coupled with PITT. Modeling of impedance data is a common method 

to interpret the electrochemical behavior of materials, and the use of equivalent circuit models 

aims to distinguish pseudocapacitance from double-layer capacitance.81 Brezesinski et al. carried 

out EIS on polymer-templated CeO2 in a non-aqueous Li+ electrolyte at various potentials and 

interpreted the data with the model in Fig. 13A, where Rel, RF, CPEdl, and CPEpseudo are the 

resistance of the electrolyte, the Faradaic charge transfer resistance, a constant phase element 

for double-layer capacitance, and a constant phase element for pseudocapacitance, respectively. 

The impedance (Z) of porous pseudocapacitive electrodes is frequently expressed as a constant 

phase element (CPE) to model a distribution of capacitance values:94–97 

𝑍𝐶𝑃𝐸 = [𝐵(𝑗𝜔)𝑝]−1  (20) 

where j is the imaginary unit, ω is the angular frequency, and B and p are frequency-independent 

adjustable constants. When p = 1.0, ideal capacitor behavior is observed, and B is the capacitance 

of the electrode; when p = 0.5, ZCPE describes the Warburg diffusion impedance of a semi-infinite 

medium.97 Fitting the impedance data with this model can give an estimate of double-layer 

capacitance and pseudocapacitance contributions at various potentials, as shown in Fig. 13B. 

Fig. 13C shows an example of the measured impedance data and model fit data presented as a 

Nyquist plot (negative imaginary impedance, -Z’’, as a function of real impedance, Z’). 
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Figure 13: Demonstration of impedance data modeling to determine capacitive contributions: (A) 

An equivalent circuit model to describe the impedance behavior of polymer-templated CeO2 in a 

non-aqueous Li+ electrolyte. (B) Contributions from double-layer capacitance and 

pseudocapacitance at various potentials. The specific capacitance was distinguished from 

diffusion-controlled contributions using k1, k2 analysis of cyclic voltammetry data. (C) Nyquist plot 

of the impedance data collected at 2.0 V vs. Li/Li+, comparing the measured and model fit data. 

The inset shows an expanded view of the low Z’ region. Adapted from Ref. 81. Copyright 2010 

American Chemical Society. 

 

Bode plot analysis is an alternative to equivalent circuit modeling of EIS data that can also 

be useful for understanding pseudocapacitance. Typically, in 2D Bode plots, the dependent 

variables are capacitance, C, and phase angle, 𝜑, as a function of angular frequency, ω, and 3D 

Bode diagrams are plots of the capacitance (both real and imaginary) and phase angle as a 

function of potential (obtained from PITT) and frequency (obtained from EIS).78,98–101 The term 

“capacitance” here describes the response of an electrode to the applied perturbation, assuming 

that its impedance can be modeled as a frequency-dependent resistor and capacitor in series. 
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Using such an equivalent circuit, the capacitance can be separated into real, C’, and imaginary, 

C’’, components:102 

𝐶′(𝜔) =
−𝑍′′

𝜔|𝑍|2 (21) 

𝐶′′(𝜔) =
−𝑍′

𝜔|𝑍|2 (22) 

C’ measures the charge reversibly stored at a given frequency, and at a low frequency, it 

corresponds to the capacitance of the electrode calculated from cyclic voltammograms. C’’ 

correlates with energy dissipation by kinetically irreversible processes or diffusion limitations. The 

maximum of C’’ vs. frequency defines a dielectric relaxation time constant, τ,103 as the reciprocal 

of the characteristic frequency, where the circuit transits from purely resistive to purely capacitive 

behavior. The phase angle 𝜑 contains information on the relative contributions of capacitive and 

resistive elements with φ = -90° for ideal capacitors, φ = 45° for diffusion-controlled processes, 

and φ = 0° for resistors.73 Shown in Fig. 14A-C are the 3D Bode plot representations of the area-

normalized real capacitance vs. frequency vs. the potential for capacitive, pseudocapacitive, and 

battery-like electrodes. The capacitive and pseudocapacitive plots feature nearly constant C’ 

values across a wide range of potentials at low frequencies in contrast to the battery-like one. 

Comparison of the capacitive and pseudocapacitive plots indicate a stronger frequency 

dependence in the latter, and a longer τ (1 s vs. 10 s).  
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Figure 14: Demonstration of 3D Bode plots for three types of electrodes cycled in aqueous 

electrolytes: C’ vs. frequency vs. potential for (A) capacitive carbon nanofoam (CNF) paper, (B) 

pseudocapacitive MnOx on CNF, and (C) battery-like MnOx on CNF. Panel A is adapted from Ref. 

78, Copyright 2018, with permission from Elsevier. Panels B and C are adapted from Ref. 100 with 

permission of The Royal Society of Chemistry; permission conveyed through Copyright Clearance 

Center, Inc. 

 

3.4 Fundamental Understanding of Pseudocapacitance in Hydrous Transition Metal Oxides 

Hydrous RuO2 (RuO2·nH2O), iridium oxide (IrOx), and MnO2 (typically birnessite δ-MnO2, of the 

type KxMnO2·nH2O) are among the best-studied materials exhibiting pseudocapacitive properties 

and continue to serve as model materials for the fundamental understanding of 

pseudocapacitance. The surface area-normalized capacitance for hydrous RuO2 ranges from 150 

– 1200 𝜇F/cm2, depending on the preparation method, with an almost ideally capacitive CV 

response for the optimum water content of 0.5 H2O per RuO2.24,104 This capacitance is at least an 

order of magnitude greater than what is typically measured for carbon materials including 

graphene (~ 4 - 16 𝜇F/cm2).75 One of the most comprehensive mechanistic studies of hydrous 

RuO2 was performed by Dmowski et al., who combined electrochemical analysis with structural 
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characterization via X-ray diffraction (XRD) and pair distribution function (PDF).64 In line with 

other reports,24 they found that the magnitude of the capacitance in acidic electrolytes varied 

with the water content of RuO2·nH2O, with a maximum at n = 0.58. This led to a gravimetric 

capacitance of 850 F/g over a 0.6 V window (142 mAh/g, corresponding to 0.76 e- transferred per 

Ru) while exhibiting an ideally capacitive voltammetric response (Fig. 15A). Moreover, the PDF 

results indicated no amorphous features or mixtures of crystalline and amorphous grains. The 

proposed structural model (Fig. 15B) of the hydrous RuO2 consisted of nanocrystalline, anhydrous 

RuO2 grains exhibiting metallic conductivity separated by chemisorbed or physisorbed water 

and/or protons. In this way, the material exhibited high electronic conductivity (from the 

anhydrous RuO2) and proton conductivity (from the hydrous grain boundaries). 

Yoshida et al. utilized small-angle X-ray scattering (SAXS) to investigate the effects of water 

content on charge storage in RuO2·nH2O.65 These measurements revealed that the observed 

capacitance values were directly correlated with the accessible surface area of RuO2 aggregates 

(related to the annealing temperature and water content (Fig. 15C)), indicating that the charge 

storage mechanism occurred directly on the surface of the aggregates and not in the bulk of the 

nanocrystalline grains. Assuming an oxidation state change of Ru from +4 to +3 upon 

electrochemical reduction (experimentally confirmed via shifts in the Ru L-edge using in situ X-

ray absorption near-edge structure, XANES (Fig. 15D)),105,106 the SAXS results estimate the 

reactive layer to be on the order of one unit cell, suggesting that the outermost layer of RuO2 

aggregates is responsible for the pseudocapacitive charge storage. A recent first-principles DFT 

study supported this structural model.107 However, DFT results also suggested that due to the 

metallic conductivity of hydrous RuO2, the electronic charge associated with the reaction of one 
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proton is distributed between the newly formed O-H bonds and Ru 4d states, with only a partial 

electron transfer (0.3) to the ruthenium metal centers, leading to charge delocalization. Overall, 

these fundamental studies reveal that the pseudocapacitive charge storage observed in hydrous 

ruthenium oxide electrodes is afforded by the excellent electronic and ionic transport through 

combined metallic conductivity and facile ion transport pathways between grain boundaries. The 

reduction of Ru upon negative polarization is indicative of a Faradaic process that cannot be 

explained solely by non-Faradaic double-layer formation.  
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Figure 15: (A) Representative cyclic voltammogram of RuO2·0.58H2O measured in an acidic 

electrolyte at a sweep rate of 2 mV/s. Adapted from Ref. 64. Copyright 2002 American Chemical 

Society. (B) Structural model of RuO2·nH2O, depicting clusters of rutile RuO2 formed into loose 

aggregates separated by hydrous grain boundaries. (C) Specific capacitance as a function of 

annealing temperature for RuO2·nH2O electrodes. As the annealing temperature increases, the 

average water content decreases, and the aggregate size increases, leading to a decrease in ionic 

conduction pathways and lowered specific capacitance. Adapted from Ref. 65. Copyright 2013 

American Chemical Society. (D) Linear correlation between the amount of Ru4+ (determined via 

deconvolution of the Ru LII and LIII edges via in situ XANES) and anodic charge. Adapted from Ref. 

106. Copyright 2002 American Chemical Society.  
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IrOx is another hydrous noble metal oxide that exhibits pseudocapacitive behavior. The CV 

typically exhibits two sets of broad, reversible peaks in the same potential regime as hydrous 

RuO2 (~ 0 – 1.2 V vs. SCE).108 Operando energy dispersive X-ray absorption spectroscopy (EDXAS) 

revealed that these peaks are due to the reversible oxidation of Ir3+ to Ir4+, and Ir4+ to Ir5+.109,110 

Since IrOx is an electrochromic oxide, Chen et al. utilized an optical technique, operando 

differential reflectance spectroscopy, to track the dynamics of the charge storage process.108 The 

normalized change in optical reflectance was found to be proportional to the charge. Further 

analysis revealed differences between the rate of electrochemical charge injection/release and 

the rate of optical change. This was explained on the basis of two types of energy storage 

processes: fast EDL charging due to the intrinsic electronic conductivity of IrOx, and slower 

pseudocapacitive charging associated with the redox of Ir that gave rise to the optical change. 

This study is important because it highlights the coupling between non-Faradaic and Faradaic 

charging in metallically conductive materials with redox activity. It also delineated 

pseudocapacitive processes as those that would give rise to electrochemically-induced optical 

changes as well as changes in the local environment (e.g. bonding distances) of the redox site. 

Manganese oxides are more abundant and less expensive than hydrous noble metal 

oxides, and exhibit highly symmetric, capacitive cyclic voltammograms in neutral aqueous 

electrolytes (Fig. 16A). They exhibit rich polymorphism, which leads to tunable electrochemical 

behavior,111 but have an intrinsically low electronic conductivity compared to the metallically 

conductive hydrous ruthenium and iridium oxides.112 Increasing the surface area of various 

allotropes of crystalline MnO2 electrodes up to 200 m2/g led to a maximum in specific capacitance, 

but the further increase did not enhance the charge storage.113 This has been attributed to the 
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strong dependence of the ionic conductivity on the microstructure rather than the specific surface 

area.111 While many polymorphs of manganese oxide contain structural water, they lack the 

hydrous grain boundaries found in RuO2·nH2O. Electrodes which utilize large particles or thick 

films of manganese oxides (above few hundred nm) obtain only a fraction (~ 20 %) of the 

theoretical capacitance for a one-electron redox.111,114–116 It is hypothesized that the limited 

electronic conduction and inter-granular ionic transport in manganese oxides limit bulk 

intercalation and hence the specific capacity, as indicated by results that suggest Mn surface 

atoms are responsible for the majority of the pseudocapacitive charge storage.115,116 A 

comparison between LiCl, NaCl, and KCl as electrolyte salts showed that K+ provided the most 

attractive rate performance, evidenced by the rapid current response at the vertex potential.26 It 

was hypothesized that the kinetics of the surface redox process were limited by cation (de-

)solvation. The hydrous solvation shell is larger for smaller cations (Li+ > Na+ > K+), which was 

hypothesized to increase the time for (de-)solvation process at the electrochemical interface.26 

In a further study, manganese oxide was prepared by a sol-gel process with subsequent 

dip-coating and calcination.117 The obtained thin film electrodes exhibited a capacitance of up to 

700 F/g (175 mAh/g) in aqueous Na2SO4. The authors claimed that the intercalation of protons 

from the aqueous electrolyte contributed to the increased capacitance.117 Toupin et al. conducted 

ex situ XPS to compare the change of manganese oxidation state in thin film and thick composite 

electrodes of hydrated MnO2.116 They concluded that only a thin layer of MnO2 participates in the 

pseudocapacitive reaction because no change in manganese oxidation state was observed in 

composite MnO2 electrodes. In the case of thin film electrodes, the Mn oxidation state changed 

from +3.6/3.7 in the as-prepared sample, to +4 during oxidation to 0.9 V, to +2.9 during reduction 
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to 0 V (vs. Ag/AgCl).  Further, the amount of chemisorbed Na+ measured by XPS was not enough 

to account for the complete reduction of Mn4+ to Mn3+, which implied the involvement of protons 

in the charge storage mechanism. 

In situ and operando characterization continue to advance the understanding of 

pseudocapacitive charge storage mechanisms in manganese oxides. In situ XANES results 

revealed a direct correlation between the applied potential and electronic structure of Mn in 

birnessite (K0.15MnO2·nH2O)118 and amorphous electrodeposited manganese oxide electrodes.66 

Both studies observed an increase in the Mn K-edge binding energy as a function of increasing 

electrode potential, indicating increased oxidation of the Mn metal center, as shown in Fig. 16B.66 

Raman spectroscopy of birnessite MnO2
119–121 and spinel Mn3O4

122 also revealed changes in the 

spectral features as a function of applied potential. Chen et al. observed reversible spectroscopic 

changes in the Raman spectrum upon charge / discharge in pH-neutral aqueous electrolytes, with 

the evolution of both inter- and intra-layer Mn-O stretching bands during electrochemical cycling 

(Fig. 16C).119 Additionally, XRD techniques indicate a solid-solution intercalation 

pseudocapacitance mechanism in various MnO2 allotropes due to changes in the interplanar 

distances as a function of state-of-charge in pH-neutral aqueous electrolytes (Fig. 16D).112,123 

These findings indicate two major insights into the charge storage mechanisms of manganese 

oxides in pH-neutral aqueous electrolytes: (i) the interior of manganese oxides can accommodate 

cations, and (ii) the Mn metal centers are undergoing Faradaic charge transfer, leading to changes 

in the electronic structure and binding environments of the Mn metal centers. However, the 

limited capacity of thick manganese oxide electrodes caused by the low electronic and ionic 

conductivity remains a practical issue for energy storage applications.  
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Figure 16: (A) Cyclic voltammograms of an electrodeposited amorphous manganese oxide at 

10 mV/s in aqueous 2 M KCl depicting the ideally capacitive response, which is commonly 

observed in various allotropes. (B) In situ XANES of the manganese oxide electrodes cycled in (A), 

correlating the Mn K-edge binding energy to its valence by calibration with several MnxOy 

reference standards. Panels A & B adapted from Ref. 66. Copyright 2007 American Chemical 

Society. (C) Evolution of the Raman spectra of δ-MnO2 during electrochemical charge / discharge 

in 2 M LiNO3. Panel adapted from Ref. 119. Copyright 2015 American Chemical Society. (D) 

Evolution of the (001)-diffraction peak of a β-MnO2 electrode during reversible electrochemical 

cycling in 1 M LiCl. Panel adapted from Ref. 123, Copyright 2012, with permission from Elsevier.  
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Hydrous transition metal oxides are model oxide materials for understanding the 

fundamental nature of pseudocapacitance. The changes observed by in situ and operando studies 

cited above strongly suggest that Faradaic reactions contribute to the nearly ideal capacitive 

voltammetric response common to the materials in aqueous electrolytes. It is likely that in these 

high surface area and hydrated materials, the distinction between double-layer and 

pseudocapacitive mechanisms becomes blurred, and further understanding, particularly at the 

atomistic level, is necessary. Nevertheless, most experimental studies indicate that the materials 

undergo measurable changes in their physicochemical properties upon electrochemical cycling. 

This is a strong indication that the charge storage process is at least in part Faradaic in origin. 

 

3.5 Understanding of Pseudocapacitive Mechanisms from Theory and Computation  

Modeling of pseudocapacitive materials is particularly challenging because of the intricacy of their 

electrochemical interface, where a multitude of physical and chemical processes have to be 

considered, including ion diffusion, double-layer formation, charge transfer, and intercalation 

reactions.124 Depending on the length and time scales of interest, different computational 

methods are required (Fig. 17). The continuum model is usually applied to simulate realistic 

devices by solving electro-kinetics equations, such as the Butler-Volmer equation and the Poisson-

Nernst-Planck equation, to understand the electrochemical behavior governed by the electrode 

potential, scan rate, and ion diffusion. First-principles simulation captures the effects of the 

electronic structure of the electrode materials, such as dopants, defects, and functional groups, 

but is limited by the accessible length and time scales due to the high cost of quantum mechanical 

computations. In recent years, several newly developed tools,125–128 such as machine learning, 
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have exhibited promising capability in solving the complexity of the electrochemical interface. 

Here, we review several theoretical and computational studies on the mechanistic understanding 

of pseudocapacitance, from continuum to first principles. 

 

 

Figure 17: Classification of simulation methods in the field of electrochemical energy storage. MC: 

Monte-Carlo; PSO: Particle swarm optimization; ML: Machine learning; HTC: High-throughput 

computation; GCDFT: Grand-canonical density functional theory. 

 

Girard et al. used a generalized modified Poisson-Nernst-Planck model to simulate the 

charge storage mechanism of T-Nb2O5 in a non-aqueous Li+ electrolyte.129,130 Based on a simple 

cell structure (Fig. 18A), numerically generated cyclic voltammograms matched the experimental 

ones. The simulated cyclic voltammograms were divided into two regimes (Fig. 18B): a capacitive 

regime, dominated by electrical double-layer formation at higher potentials, and a Faradaic 
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regime, dominated by Li+ intercalation at lower potentials. Their simulation revealed that Li+ ions 

are electrostatically repelled from the electrochemical interface in the capacitive regime, causing 

a reduced Faradaic current due to Li+ starvation.130 The experimentally observed dip in the b-

value that signifies a kinetically slow process was proposed to be due to a transition from the 

capacitive to the Faradaic regime.129,130 In order to improve the device performance, the effect of 

electrode thickness, Li+ diffusion coefficient, and reaction rate were systematically explored via 

the continuum model,131 which offers possible strategies to enhance the capacitive performance 

in further experimental work (Fig. 18C-D).  
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Figure 18: (A) Schematic of a 1D model for a hybrid cell consisting of a pseudocapacitive electrode 

and a carbon electrode in a non-aqueous Li+ electrolyte. The dashed line encloses the simulation 

domain. Reprinted from Ref. 129. Copyright 2015 American Chemical Society. (B) Simulated 

capacitive jC(t), Faradaic jF(t), and total jT(t) current densities at the electrode/electrolyte interface 

at a scan rate v = 1 V/s, electrode thickness LP = 50 nm, and Li+ diffusion coefficient in the 

electrode D1,P = 10-14 m2/s. Simulated total current density at different (C) electrode thickness, (D) 

Li+ diffusion coefficient. Adapted from Ref. 131, Copyright 2015, with permission from Elsevier.  
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First-principles simulation can directly capture the thermodynamic potentials as well as 

the electronic structure of the electrochemical interface in contrast to the continuum model, 

which requires the reaction free energy and transport barrier as input parameters. For instance, 

Kang et al. employed first-principles DFT calculations to reveal a similar capacitive-to-Faradaic 

transition for anatase TiO2 nanosheets (1.7 nm thickness along the [101] direction).132 Their 

results show an energetic favorability for EDL formation of solvated Li+ at the TiO2 surface at 

potentials above 2.2 V vs. Li/Li+.132 Only at more negative potentials, subsurface lithiation is 

predicted to be energetically more favorable.132 The authors hypothesized that this behavior is 

transferrable to other electrochemical systems.132 Tompsett et al. used DFT to analyze the energy 

barriers associated with Li+ intercalation in β-MnO2 to explain the large differences in capacity 

between mesoporous and bulk electrodes via the generalized gradient approximation with 

Hubbard U correction (DFT+U).133 They found a very small Li+ migration barrier of 0.17 eV in bulk 

β-MnO2. However, a high energy barrier of more than 0.6 eV is identified for surface to bulk 

migration for Li+ at the (101) surface, which dominates the bulk equilibrium morphology of β-

MnO2.133 The authors proposed that the increased Li+ migration barrier from surface to bulk is the 

reason for the effectiveness of nanostructuring in enhancing rate capability because different 

facets are exposed at the surface.133 Similar effects may apply to other electrode materials, and 

the authors proposed the screening of new energy storage materials for such a surface migration 

barrier.133 

First-principles approaches were employed to simulate the RuO2/water interface to 

understand the mechanism of the pseudocapacitance of RuO2 in an acidic electrolyte. Watanabe 

et al. introduced explicit water layers on the RuO2(110) surface to include the effect of solvation 
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in their DFT modeling and found that the orientation of interfacial water molecules has a 

significant impact on the Fermi energy of RuO2 (Fig. 19A).134,135 Conversely, the interfacial 

structure changes with the applied potential (Fig. 19B). The calculated Pourbaix diagram 

(Fig. 19C) and Bader charges (Fig. 19D) showed that the oxidation state of Ru changes with pH 

and electrode potential, shedding light on the charge storage mechanism at the RuO2/water 

interface. 

 

 

Figure 19: DFT studies of the RuO2(110)/water interface. (A) Top, change in total energy (relative 

to the final state), work function, and water orientation (surface dipole) during geometry 

optimization (from top to bottom); bottom, initial and final structures. Adapted from Ref. 134. 

Copyright 2016 American Chemical Society. (B) Potential-dependent RuO2(110)/water interfacial 

structures. (C) Pourbaix diagram of RuO2(110)/water. (D) Bader charges of surface Ru and O atoms 

as a function of electrode potential. Reprinted from Ref. 135. Copyright 2017 American Chemical 

Society.  
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To go beyond the ideal termination from the bulk structure, Zakaryan et al. applied a 

global minimization algorithm with DFT to study the surface reconstruction of RuO2(110) under 

ambient conditions.136 They found two stable reconstructions, RuO4-(2 × 1) and RuO2-(1 × 1), and 

further studied the adsorption of hydrogen atoms on the reconstructed surfaces. Their potential 

profiles with increasing hydrogen coverage are quite different from that of the ideal RuO2(110) 

surface, indicating the need for incorporating different surface structures in simulating proton 

redox on RuO2(110). 

To predict the capacitance of proton reduction at the RuO2/water interface, Zhan et al. 

used an implicit solvation model with DFT to directly simulate the proton adsorption on the 

RuO2(110) surface.137 The calculated pseudocapacitance based on the Fermi-level shifts (voltage 

change) for different hydrogen coverages (charge change) showed good agreement with the 

experimental values. Keilbart et al. devised a more advanced approach by combining constant-

potential Monte-Carlo optimization and first-principles DFT with a self-consistent implicit 

(continuum) solvation model.138 The voltage vs. charge profile (Fig. 20A) was obtained by 

optimizing the surface configuration and hydrogen coverage (Fig. 20B) and net charge (EDL 

formation) at a specified electrode potential via a Monte-Carlo algorithm. The comparison 

between simulation and experiment (Fig. 20A) revealed the importance of including the EDL 

contribution in modeling a pseudocapacitor: the optimal model (including EDL contribution) 

shows a much better agreement with the experiment than the neutral model (without the EDL 

contribution). The insertion of protons into the sublayer of RuO2(110) was found to have a 

significant impact on the charge-voltage relation.139 They further simulated and compared the 
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charging process of different RuO2 facets, including (110), (101), and (100).139 This model can be 

extended to other transition metal oxides. 

 

 

Figure 20: Simulation of the charging of a RuO2 electrode in an acidic electrolyte. (A) Simulated 

charge-voltage response of RuO2(110) in comparison with the experiment: including the 

computationally determined double-layer capacitance (9.5 μF/cm2) maximizes the overall 

pseudocapacitance of the electrode (Optimal: red curve) as compared to the charge without 

surface electrification (Neutral: blue curve, corresponding to a double-layer capacitance of 

0 μF/cm2). The shaded area determines the energy of the electrode. (B) Voltage-dependent 

evolution of the surface structure under the predicted optimal capacitance. Adapted with 

permission from Ref. 138. Copyright 2017 by the American Physical Society. 
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4. Emerging Pseudocapacitive Materials and Design Strategies 

Progress in emerging pseudocapacitive materials can be divided into three categories: (i) the 

search for new materials and mechanisms with structural moieties and compositions that enable 

intrinsic pseudocapacitance, (ii) the design of nanoscale materials to increase surface-controlled 

contributions, primarily of intercalation-based energy storage materials to enable extrinsic 

pseudocapacitance, and (iii) the addition of pseudocapacitive functionalities to carbon materials. 

While transition metal oxides (TMOs) are the most well-known pseudocapacitive materials,25 

there is rapid development in perovskite oxides, chalcogenides, MXenes, and metal-organic 

frameworks (MOFs) that exhibit pseudocapacitive behavior. Finally, carbon materials constitute 

most electrodes for commercialized electrochemical capacitors, and one strategy to boost the 

energy density of these devices is to introduce pseudocapacitance. 

 

4.1 Pseudocapacitive Intercalation in Transition Metal Oxides 

The electrochemical intercalation of small cations such as Li+ into transition metal oxides is 

typically a diffusion-controlled process at timescales of just a few minutes.140 There is a significant 

interest in finding classes of materials with high diffusion coefficients and minimum structural 

change such that the intercalation is surface-controlled, and thus (intrinsically) pseudocapacitive, 

at these timescales. Furthermore, new mechanisms such as anion intercalation are currently 

explored in the search for new, high power energy storage materials. 
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4.1.1 TiO2(B) 

Monoclinic bronze titanium dioxide (TiO2(B)), first described by Marchand et al. in 1980,141 is a 

metastable polymorph of titanium dioxide, which can be synthesized by hydrolysis and 

subsequent dehydration of alkali titanates.142,143 The TiO2(B) phase has the highest theoretical Li+ 

intercalation capacity of all titania polymorphs (LixTiO2(B), with x<1.25, which has a theoretical 

capacity of 419 mAh/g).144 However, a maximum of one Li+ (335 mAh/g) can be intercalated in a 

desirable potential range above 1 V vs. Li/Li+, which mostly avoids the formation of the solid-

electrolyte interphase (SEI) in non-aqueous electrolytes.144 Experimentally, maximum lithiation 

capacities of up to 338 mAh/g (Li1.01TiO2(B)) were reported in nanowires at low galvanostatic rates 

of 10 mA/g.145,146 An irreversible capacity loss after the first lithiation was mainly attributed to 

side reactions of the electrolyte on TiO2(B) surfaces, which typically exhibit a large amount of -OH 

groups and surface water, leading to low first cycle Coulombic efficiencies even above 1 V vs. 

Li/Li+.147,148 Zukalóva et al. found that electrochemical intercalation of Li+ into TiO2(B) nanofibers 

was a pseudocapacitive, surface-controlled process with a pair of reversible redox peaks at 1.5-

1.6 V vs. Li/Li+, and a maximum intercalation capacity of 228 mAh/g (Li0.68TiO2(B)).43 Kinetic 

analysis showed a linear sweep rate dependence of the cyclic voltammetry peak current at scan 

rates from 0.1 mV/s to 2 mV/s, whereas diffusion-controlled kinetics were found for anatase TiO2 

under comparable conditions (Fig. 21A-B).43 The pseudocapacitive behavior of TiO2(B) was 

attributed to its open structure with ion intercalation channels parallel to the b-axis.43 

Morphology has a large impact on the electrochemical properties of TiO2(B). There are 

three different Li+ sites in TiO2(B), namely, C, A2, and A1 (Fig. 21C) which exhibit different site 

energies and diffusion barriers.149–151 Okumura et al. found that the Li+ insertion sites in 
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submicron LixTiO2(B) are dependent upon the Li+ content, x. X-ray absorption fine structure 

spectroscopy (XAFS) showed that C- and/or A2-sites are initially filled up to a Li+ content of x = 

0.5, and A1 sites are filled when x > 0.5.152 Dylla et al. combined experiments with modeling and 

found that the lithiation behavior of TiO2(B) nanoparticles and nanosheets is different, with a 

more pseudocapacitive response in nanosheets (Fig. 21D).153 First-principles DFT showed that 

nanosheets with an elongated geometry along the a-axis had a preferential filling of C-sites due 

to reduced repulsions between Li+ in A2-sites and C-sites.153 It was hypothesized that this 

repulsion prevents the lithiation of the C-site in nanoparticles, which have a decreased a-axis unit 

cell parameter.153  

Hua et al. performed a comprehensive experimental study on the lithiation mechanism of 

TiO2(B) nanoparticles by combining in situ X-ray PDF and galvanostatic intermittent titration 

technique (GITT).154 The nanoparticles exhibited up to six different lithiation regions (a-f), each 

with distinct kinetic behavior (Fig. 21E-F).154 At low Li+ content up to Li0.25TiO2(B), the mechanism 

involves mostly pseudocapacitive lithiation of the surface sites and the A2-sites via a solid-

solution reaction, with fast diffusion along the b-axis channels. Intercalation up to Li0.5TiO2(B) was 

diffusion-controlled, attributed to Li+ transport along the c-axis, which is associated with a slower, 

two-step A2-site filling process.154 The change in diffusion path at intermediate Li+ content may 

be attributed to increasing repulsion from Li+ sitting in A2-sites.151,154 Subsequent lithiation up to 

Li0.75TiO2(B) was via the C'-sites, which are located in the b-axis channel.144,154 This two-phase 

reaction was a kinetically rapid process with large pseudocapacitive currents. The final lithiation 

step inside A1-sites via a solid-solution reaction was diffusion-controlled.154 These results indicate 

that the C'-sites and about half of the A2-sites could be accessible for fast charging with surface-
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controlled kinetics even in bulk TiO2(B), while filling of the remaining A2 sites and A1 sites would 

require nanostructured morphologies and/or low charging currents. It underlines the necessity 

of advanced characterization tools to reveal the relation between materials structure and 

electrochemical properties in order to develop high power energy storage materials.  
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Figure 21: (A) Transmission electron micrograph and (B) cyclic voltammograms of TiO2(B) at rates 

of 0.1-1.2 mV/s in a non-aqueous Li+ electrolyte (inset: normalized peak current versus scan rate). 

Adapted from Ref. 43. Copyright 2005 American Chemical Society. (C-D) DFT+U calculated Li+ 

insertion sites in TiO2(B) nanoparticles (NP) and nanosheets (NS) at different potentials, and 

corresponding cyclic voltammograms indicating Li+ insertion potentials and relative Li+ site filling. 

Adapted from Ref. 153. Copyright 2012 American Chemical Society. (E) First two galvanostatic 

discharge cycles of TiO2(B) with calculated lithium diffusion coefficient DLi from GITT. (F) 

Voltammetric response indicating surface-controlled (capacitive) contributions. The six distinct 

intercalation regions are labelled a-f. Reproduced from Ref. 154. Copyright 2017 American 

Chemical Society. 
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4.1.2 T-Nb2O5 

Niobium pentoxide (Nb2O5) has been investigated as a Li+ intercalation host since the 1980s.155–

158 It can exist as several polymorphs, forming a pseudo-hexagonal structure around 500 °C (TT-

Nb2O5), an orthorhombic structure around 800 °C (T-Nb2O5), a tetragonal structure around 

1000 °C (B-Nb2O5), and a monoclinic structure above 1100 °C (H-Nb2O5).159 Kumagai et al. 

discovered that lithiation of T-Nb2O5 occurs via a solid-solution process below 2 V vs. Li/Li+, 

forming LixNb2O5 up to x ≤ 2,156 with a theoretical capacity of 202 mAh/g. Kodama et al. used in 

situ synchrotron XRD to demonstrate that the original crystal structure of both orthorhombic and 

tetragonal Nb2O5 is maintained during Li+ intercalation with small changes in unit cell volume and 

no phase transformations.159 Using in situ XAFS, the authors further showed that lithiation up to 

Li2Nb2O5 leads to a continuous reduction of Nb5+ to Nb4+.159 In 2010, Brezesinski et al. first 

reported on the pseudocapacitive Li+ intercalation kinetics of high surface area, mesoporous, and 

iso-oriented films of T-Nb2O5, but it was hypothesized that the largely surface-controlled kinetics 

were due to nanostructuring of the material.82 In a subsequent study, Kim et al. found that Li+ 

intercalation in nanoparticle thin-films of orthorhombic and pseudo-hexagonal Nb2O5 features 

pseudocapacitive characteristics that are an intrinsic property of Nb2O5.160 It was hypothesized 

that lithium diffusion along preferred crystallographic pathways was responsible for the surface-

controlled kinetics.160 

An analysis of the lithiation kinetics and the associated structural response of T-Nb2O5 was 

carried out by Augustyn et al.44 Cyclic voltammograms of T-Nb2O5 in 1 M LiClO4 in propylene 

carbonate electrolyte at rates between 0.1-500 mV/s, and logarithmic plotting of the peak current 

versus sweep rate revealed the presence of two kinetic regimes (Fig. 22A-B): (i) fully surface-
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controlled kinetics up to 20 mV/s (b = 1) with no solid-state diffusion limitations, reaching a 

specific capacity of about 130 mAh/g within 60 s of charging; and (ii) mainly diffusion-controlled 

kinetics above 50 mV/s (0.7 < b < 0.8).44 In situ X-ray absorption spectroscopy (XAS) confirmed 

the continuous change in oxidation state from Nb5+ to Nb4+ (Fig. 22C), and Fourier-transformed 

extended X-ray absorption fine structure (EXAFS) showed a two-stage intercalation process 

(Fig. 22D): first, various Nb-O bond lengths (1.40-1.80 Å) merged to an intermediate bond length 

(1.75 Å), followed by an increase of Nb-O distances to 1.85 Å because of increased Li-O interaction 

with increasing lithiation of the structure.44 This behavior underlined the need for an intercalation 

host with an open yet interconnected layered crystal structure to enable fast lithium diffusion 

with no phase transformation.44 
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Figure 22: (A) Cyclic voltammograms and (B) b-value determination of T-Nb2O5 in a non-aqueous 

Li+ electrolyte. (C) Derivative of Nb K-edge from electrochemical in situ XAS and (D) k2-weighted 

Fourier-transformed K-edge from EXAFS at specific potentials vs. Li/Li+. Reprinted with permission 

from Ref. 44. Copyright 2013 Springer Nature. (E) Electrochemical in situ XRD patterns and (F) 

corresponding galvanostatic profile and c-lattice parameter change of LixNb2O5 at different 

lithiation stages. Reprinted with permission from Ref. 46. Copyright 2014 IOP Publishing.  
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Griffith et al. confirmed the high lithium mobility in T-Nb2O5 via variable-temperature 

nuclear magnetic resonance (NMR) to reveal very low activation energies of ca. 60-100 meV for 

Li+ diffusion, which explained the high rate capability of the material even in micron-sized 

particles.161 A study by Come et al. used in situ XRD measurements to confirm the solid-solution 

lithiation process of LixNb2O5, first demonstrated by Kumagai, up to a Li+ content of x = 1.8, with 

an increase of the c-axis parameter from 3.91 Å to 4.02 Å (Fig. 22E-F).46 These results, in 

combination with theoretical work from Liu et al. and Lubimtsev et al., suggested energetically 

favorable Li+ diffusion pathways along the (001) planes.46,162,163 These loosely packed (001) planes, 

termed 4g layers, contain only bridging oxygen atoms, and are arranged alternatingly between 

densely packed 4h layers (Fig. 23A).164  
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Figure 23: (A) Structural model of T-Nb2O5, highlighting densely packed 4h layers and loosely 

packed 4g layers. (B) Electrochemical operando Raman spectroscopy of a T-Nb2O5 thin film 

electrode between 3 V and 1.2 V vs. Li/Li+, with Raman spectra in potential intervals of 0.1 V. (C) 

Proposed low-hindrance Li+ diffusion paths between bridging sites. Panels adapted and reprinted 

from Ref. 164. Copyright 2016 American Chemical Society. 

 

Chen et al. employed electrochemical operando Raman spectroscopy and computed 

vibrational density of states (VDOS) for the proposed Li+ transport path in T-Nb2O5 (Fig. 23B).164 

First, it was found that the intercalated Li+ ions are located in bridging sites in between oxygens 

of the two neighboring 4h layers (O4h) (Fig. 23C).164 Depending on whether the O4h is six- or 

sevenfold coordinated, Li+ diffusion paths are categorized as path A or path B, respectively. The 

authors identified the structural features of the diffusion paths that led to the kinetically rapid, 

pseudocapacitive response of T-Nb2O5: both diffusion paths offer (i) direct, low-hindrance 
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diffusion between the bridging sites, (ii) show a large void size of 4 Å providing ample space for 

Li+ transport, and (iii) exhibit no steric hindrance for Li+ migration.164 

These intrinsic structural features of T-Nb2O5 give rise to pseudocapacitive Li+ storage at 

charging times up to about 60 seconds. The main kinetic limitation of T-Nb2O5 based electrodes 

is posed by its low electrical conductivity in the non-lithiated state. Strategies to provide sufficient 

electron transport at high rates include nanostructuring, integration into a conductive carbon 

network,165–167 or the introduction of oxygen vacancies.168 

 

4.1.3 Perovskite Oxides 

Perovskites are mixed metal oxides with the structural formula ABO3, where A is usually a 

lanthanide or an alkali earth metal and B is a transition metal (Fig. 24A). They have been primarily 

employed in energy conversion applications such as electrocatalysis169 and solid oxide fuel 

cells.170 The electrochemical energy storage properties of perovskites were first explored by Kudo 

et al. who reported the reduction of Nd1-xSrxCoO3 to the oxygen-deficient Nd1-xSrxCoO3-δ, which 

was reversible in the range 0 ≤ δ ≤ x/2.171 The authors hypothesized that charge storage was 

accomplished by oxygen intercalation from the alkaline electrolyte.171 

 Subsequent studies of the SrRuO3 system in alkaline electrolyte gave an alternative 

explanation for the charge storage mechanism. It was hypothesized that protons migrated along 

the lattice oxygens via the Grotthuss mechanism, while redox was attributed to changes in the Ru 

valence, leading to the formation of SrRuO2OH, SrRuO3, and SrRuO3OH.172,173 The authors found 

capacitive behavior with a mostly rectangular cyclic voltammogram, yielding a maximum 
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capacitance of 160 F/g (53 mAh/g) for the A- and B-site doped La0.2Sr0.8Mn0.2Ru0.8O3 at 

20 mV/s.172,173 

 Many perovskites possess a wide range between oxygen-deficiencies and oxygen-excess. 

For example, SrCoO3-δ can form ordered perovskite phases with different symmetries in a range 

between 2.29 < 3-δ < 3,174 and LaMnO3+δ accommodates both sub- and super-stoichiometric 

oxygen content, with -0.25 < δ < 0.25.175 This gave rise to a detailed study of the impact of oxygen 

vacancies in LaMnO3+δ on the electrochemical charge storage properties in aqueous 1 M KOH.175 

Cyclic voltammograms showed a rectangular shape with a small, reversible peak around -0.4 V vs. 

Hg/HgO (Fig. 24B). The proposed reaction mechanism was the direct intercalation of oxygen 

anions from the electrolyte, oxidizing the Mn centers of the perovskite:175 

𝐿𝑎[𝑀𝑛2𝛿
2+; 𝑀𝑛1−2𝛿

3+ ]𝑂3−𝛿 + 2𝛿𝑂𝐻− ↔ 𝐿𝑎𝑀𝑛3+𝑂3 + 2𝛿𝑒− + 𝛿𝐻2𝑂 (23) 

𝐿𝑎𝑀𝑛3+𝑂3 + 2𝛿𝑂𝐻− ↔ 𝐿𝑎[𝑀𝑛2𝛿
4+; 𝑀𝑛1−2𝛿

3+ ]𝑂3+𝛿 + 2𝛿𝑒− + 𝛿𝐻2𝑂 (24) 

The change of oxidation state of the Mn centers was confirmed by ex situ XPS, and accumulation 

of Mn4+ was found toward the surface of the particles during prolonged cycling due to the 

addition of oxygen anions from the electrolyte.175 This was proposed to enhance the diffusion 

rate of oxygen along the surface and grain boundaries, causing the pseudocapacitive oxygen 

intercalation kinetics.175 Assuming the accessible oxygen deficiency/excess range δ = 0.25, the 

theoretical specific capacity of ca. 110 mAh/g can be calculated for the redox couple LaMnO2.75 / 

LaMnO3.25, which is below the maximum value of 610 F/g (203 mAh/g) reported in the study. 

Possible reasons for this discrepancy could be a wider accessible oxygen vacancy range and 

additional redox reactions beyond oxygen intercalation. 
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 Oxygen intercalation was also hypothesized to be the charge storage mechanism in 

SrCo0.9Nb0.1O3-δ, with the subsequent oxidation of Co2+ to Co3+ and Co4+,176 according to the same 

mechanism as in LaMnO3. A capacitance of 400 F/g (78 mAh/g) was reported at 10 mV/s in 

aqueous KOH, and according to b-value analysis, the process was found to be kinetically surface 

controlled up to a scan rate of ca. 5 mV/s.176 The same group also investigated the charge storage 

mechanism in reduced PrBaMn2O6-δ, a layered double perovskite structure, in KOH electrolyte.177 

Using XANES, it was found that O2- intercalation led to partial oxidation of Mn2+ to Mn4+ in the 

charged electrode (Fig. 24C-D).177 The authors reported a capacitance of 1035 F/g (173 mAh/g) in 

aqueous 6 M KOH at a specific current of 1 A/g.177 The introduction of oxygen vacancies in the 

structure led to the development of a pseudocapacitive response, with surface-controlled kinetics 

up to a scan rate of ca. 20 mV/s.177 DFT calculations predicted that the layered double perovskite 

structure benefited both the oxygen vacancy concentration and O2- diffusion rate, which could 

guide further materials design strategies for pseudocapacitive perovskite electrodes.177 From a 

fundamental point of view, the mechanism of pseudocapacitive anion intercalation in perovskite 

oxides is very intriguing and warrants further exploration. Widening the accessible oxygen 

deficiency/excess range will be crucial to further expand the capacity of the materials. 
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Figure 24: (A) Crystal structure of perovskite LaMnO3, and (B) cyclic voltammograms of oxygen-

deficient LaMnO2.91 in 1 M KOH electrolyte. Reproduced with permission from Ref. 175. Copyright 

2014 Springer Nature. (C) XANES of charged and discharged PrBaMn2O6-δ showing a shift in the 

Mn oxidation state. (D) Proposed intercalation mechanism of O2- anions in the PrBaMn2O6-δ 

structure: the occupation of oxygen vacancy sites and diffusion along edges of tetrahedra. 

Reproduced with permission from Ref. 177. Copyright 2018 John Wiley and Sons. 
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4.2 Two-Dimensional Transition Metal Carbides/Nitrides/Carbonitrides (MXenes) 

In 2011, MXenes were introduced as a new class of two-dimensional transition metal carbides, 

carbonitrides, or nitrides with the general structural formula Mn+1XnTx where M is an early 

transition metal, X is carbon and/or nitrogen, Tx is the surface termination (mostly -OH, -O, or -F), 

and n is usually an integer between one and three (the first structure with n = 4 was recently 

reported).45,178–181 They are most commonly synthesized by etching of MAX phases, a family of 

ternary carbides and/or nitrides, where layers of A atoms (group 13 or 14 elements) are 

selectively removed either in hydrofluoric acid or in hydrochloric acid with LiF (Fig. 25A).182,183 A 

new approach was recently introduced by Li et al. to synthesize MXenes via immersion of the 

MAX precursor in a Lewis acid molten salt at elevated temperatures.184 MXenes exhibit a 

hexagonal close-packed structure: M atoms are stacked in either ABABAB ordering in M2X, or in 

ABCABC ordering in M3X2 and M4X3 phases, while X atoms occupy the octahedral interstitial 

sites.179 By far, the most studied MXene phase is Ti3C2Tx, which has been used for many 

electrochemical applications such as Li-ion batteries,185 electrical double-layer capacitors,186 

asymmetric hybrid supercapacitors,187 capacitive deionization,188 and electrocatalysis189. 

MXenes exhibit strong covalent bonds between M and X atoms and weaker hydrogen 

bonding or Van der Waals interactions between the two-dimensional sheets (dependent on the 

interlayer chemistry).190 They can be easily delaminated using a variety of methods, such as 

sonication.191 The electrochemical properties of MXenes are governed by the insertion behavior 

of ions between the sheets, which is why it is critical to understand the impact of surface 

terminations or interlayer molecules like water. The unique structural features of MXenes 

relevant for EES include (i) abundant interlayer ion diffusion paths, (ii) interlayer ion storage sites, 



73 

and (iii) an electronically conductive carbide/nitride core. These make MXenes important 

candidates for intrinsically pseudocapacitive energy storage materials. Owing to the structurally 

flexible interlayer, a large variety of ions can potentially be inserted between MXene sheets, and 

different charge storage capacities and dynamics can be observed depending on the interactions 

of electrolyte components and MXene interlayer chemistry. An essential question that needs to 

be answered is the charge storage mechanism of MXenes, which could be of electrostatic or 

Faradaic nature, or a combination of both (Fig. 25B).192 

 

 

Figure 25: (A) Schematic illustration of MXene synthesis and delamination. Adapted with 

permission from Ref. 45. Copyright 2011 John Wiley and Sons. (B) Scanning and transmission 

electron micrographs of delaminated Ti3C2Tx MXene, indicating possible ion adsorption or ion 

intercalation as charge storage mechanisms. Adapted from Refs. 192. Copyright 2018 American 

Chemical Society.  
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In aqueous electrolytes, MXenes show mostly rectangular, capacitor-like cyclic 

voltammograms, but different charge storage mechanisms have been observed in neutral, basic, 

and acidic electrolytes. Upon immersion in neutral and basic electrolytes, without applying a 

potential, a large number of solvated cations of various charges and sizes can be inserted between 

the Ti3C2Tx MXene layers (such as Li+, Na+, K+, NH4
+, Mg2+, or Al3+), as shown by Lukatskaya et al. 

using in situ XRD.193 Electrochemical cycling led to capacitances around 80 F/g in 1 M K2SO4 (ca. 

17 mAh/g) at a rate of 2 mV/s.193 Similarly, Levi et al. showed the uptake of solvated ions in 

neutral electrolytes using in situ electrochemical quartz-crystal admittance.68 They further 

proposed the concept of shallow and deep adsorption sites in multilayered Ti3C2Tx MXenes. 

Shallow adsorption sites were proposed to exist at the edges of multilayered MXene particles, 

accessible for cation insertion over a wide range of charging rates that led to a capacitive 

electrochemical response.68 Cation insertion into deep adsorption sites in the particle interior was 

diffusion-controlled with low reversibility.68 Okubo et al. analyzed the charge storage mechanism 

of Ti2CTx MXene in aqueous 1 M Li2SO4 by ex situ XAS.192 This showed a small shift of the Ti 

oxidation state in the potential range of -0.05 V and -0.45 V vs. Ag/AgCl, in agreement with the 

electrochemically determined charge of 20 mAh/g (0.05 electrons per Ti).192 In neutral 

electrolytes, MXenes show competing EDL and pseudocapacitive charge storage contributions 

due to the strong interaction between the inserted cations and water solvent molecules under 

confinement, as supported by recent DFT work and discussed later in this chapter.71 

In acidic electrolytes, significantly higher capacities have been reported. Ghidiu et al. 

demonstrated that 5 µm thick, free-standing Ti3C2Tx clay electrodes with mixed -F and -O 

terminations could exhibit up to 245 F/g (37 mAh/g) at 2 mV/s.182 Dall'Agnese et al. reported a 
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strong dependency of the observed capacity in 1 M H2SO4 on the surface termination of Ti3C2Tx 

MXenes, with oxygen terminations showing 4-fold increased capacity compared to fluorine 

terminations.194 The authors hypothesized that redox reactions of protons with oxygen-

containing surface terminations cause a pseudocapacitive current, as further indicated by a pair 

of broad redox peaks at -0.2 V and -0.1 V vs. Ag/AgCl.194 

This hypothesis was confirmed in studies by Lukatskaya et al.195 and Hu et al.,196 who 

demonstrated that (i) charge storage was accomplished by redox reactions and (ii) protons 

reacted with oxygen terminations. In situ XANES was used to measure the change of the Ti 

oxidation state in Ti3C2Tx MXene cycled in aqueous 1 M H2SO4 (Fig. 26A).195 The average Ti 

oxidation state decreased from 2.43 (at +0.35 V vs. Ag/AgCl) to 2.33 (at -0.35 V vs. Ag/AgCl).195 

This corresponds to 0.3 electron transfers per Ti3C2Tx (40 mAh/g), in agreement with the 

experimental capacity of ca. 45 mAh/g, and confirmed that charge storage was predominantly 

caused by pseudocapacitive proton intercalation.195 The reaction mechanism was revealed by in 

situ Raman spectroscopy (Fig. 26B).196 In Ti3C2Tx MXene, intercalated protons bind to the terminal 

Ti=O bond to form Ti-OH, resulting in a shift of the Raman mode originally at 726 cm-1.196 No 

changes in the Raman spectrum were found for neutral aqueous MgSO4 and (NH4)2SO4 

electrolytes, suggesting solely double-layer contribution.196 

In an effort to close the gap of the measured capacity to the theoretical capacity of ca. 

170 mAh/g (assuming full protonation of all available oxygen terminations) for Ti3C2Tx MXenes, 

Lukatskaya et al. prepared 90 nm thin films and hydrogel electrodes and expanded the probed 

potential window to 1 V.15 Cyclic voltammograms in aqueous 3 M H2SO4 showed a 

pseudocapacitive response, with a rectangular background and a highly reversible pair of redox 
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peaks that only exhibited a peak separation of about 50 mV at a high rate of 1 V/s with a maximum 

capacity of 106 mAh/g (Fig. 26C).15 The high rate capability, challenging those of double-layer 

capacitors, underlines the suitability of the MXene structure to accommodate high rate 

pseudocapacitive proton intercalation, which is aided by interlayer water providing proton 

diffusion paths and the carbide core ensuring sufficient electron transport (Fig. 26D).15 
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Figure 26: (A) Ti K-edge XANES spectra for Ti3C2Tx MXene at different potentials and 

corresponding average Ti oxidation state determined from the Ti K-edge energy shift. Reproduced 

with permission from Ref. 195. Copyright 2015 John Wiley and Sons (B) In situ Raman spectra of 

Ti3C2Tx at 0 V, -0.2 V, and -0.4 V vs. Ag/AgCl in aqueous 1 M H2SO4 and proposed reaction 

mechanism. Reproduced from Ref. 196. Copyright 2016 American Chemical Society. (C) Cyclic 

voltammograms of 90 nm-thick Ti3C2Tx film in 3 M H2SO4 electrolyte at sweep rates between 

10 mV/s and 10 V/s. (D) Schematic illustration of the MXene structure, proton transport paths 

due to intercalated water, and abundant electron supply due to the conductive carbide core. 

Adapted with permission from Ref. 15. Copyright 2017 Springer Nature.  
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Recent theoretical work from Sun et al. analyzed the proton mobility in hydrated Ti3C2O2 

MXene via first-principles molecular dynamics.197 They confirmed redox reactions between 

protons from interlayer water with -O terminations and found frequent in-water proton transport 

events. With an increasing number of interlayer water layers, the proton mobility increased, but 

the redox rate decreased. The authors concluded that proton diffusion within the MXene 

interlayer was not the likely rate-limiting step for proton storage in MXenes, instead it was the 

transfer of protons from the bulk electrolyte to the interlayer.197 

Despite significant advances in increasing the specific capacity of MXenes in acidic 

electrolytes, the small potential window of aqueous electrolytes severely limits the energy 

density of resulting devices. Furthermore, acidic electrolytes present challenges with self-

discharge and the hydrogen evolution reaction. Research on proton intercalation brings forward 

significant fundamental insights into the structure and electrochemical properties of MXenes and 

proton transport under nanoconfinement. At the same time, many research efforts are now 

directed towards the use of organic electrolytes that enable larger operating voltage. 

In non-aqueous alkali-ion containing electrolytes, MXenes derived from traditional 

etching methods generally show distorted rectangular cyclic voltammograms over a wide 

potential range that can contain small pairs of redox peaks, and the current response is largely 

attributed to pseudocapacitive intercalation reactions.198–200 For Li+ intercalation from organic 

electrolytes, Xie et al. found that -O terminated MXenes exhibit the highest lithiation capacity and 

mobility.201 The measured lithiation capacity of Ti3C2O2 MXene up to a potential of 0.51 V vs. Li/Li+ 

was 262 mAh/g, corresponding to the formation of Ti3C2O2Li2.201 In situ XANES showed that the 

lithiation was accompanied by reduction of Ti.201 At potentials below 0.5 V vs. Li/Li+, additional 
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charge storage did not affect the titanium oxidation state but was hypothesized to be 

accomplished via the adsorption of an additional layer of Li,201 or, alternatively, by decomposition 

of the electrolyte. Wang et al. demonstrated that electrolyte composition has a large impact on 

the lithiation capacity.202 The authors found that carbonate-based electrolyte solvents enable 

complete desolvation of Li+ before intercalation, which, in turn, increased the number of 

intercalated Li+ (0.93 Li+ per Ti3C2), leading to a higher capacity as compared to nitrile- (0.37 Li+ 

per Ti3C2) or sulfoxide-based (0.46 Li+ per Ti3C2) solvents (Fig. 27A).202 In a propylene carbonate 

electrolyte, Ti3C2 MXene electrodes showed pseudocapacitive Li+ intercalation with surface-

controlled kinetics (b ≈ 1) for sweep rates between 2 mV/s and 1 V/s in a 2.4 V potential 

window.202 

Ti3C2Tx MXenes synthesized via the Lewis acid molten salt approach from a Ti3SiC2 MAX 

precursor show predominantly -O terminations, in absence of -OH and -F terminations.184 Cyclic 

voltammograms measured in organic 1 M LiPF6 in EC/DMC electrolyte exhibit a rectangular shape 

between 0.2 – 3.0 V vs. Li/Li+, attributed to pseudocapacitive lithium intercalation behavior in a 

large potential window (Fig. 27B).184 During cycling, the interlayer spacing did not expand 

significantly as shown by in situ XRD measurements (Fig. 27C).184 The lack of interlayer spacing 

change as a function of potential was attributed to the de/intercalation of desolvated Li. The 

specific capacity reached up to 205 mAh/g (1.29 Li+ per Ti3C2), which is among the highest 

capacities of any MXene showing pseudocapacitive intercalation behavior to date.184 The study 

highlights the importance of MXene surface terminations on the electrochemical performance 

and the concept of the Lewis acid molten salt synthesis of MXenes. 
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Na+ intercalation in Ti2CTx MXene nanosheets was evaluated by Wang et al. in organic 1 M 

NaPF6 in ethylene carbonate (EC) / diethyl carbonate (DEC) electrolyte.203 They reported 

pseudocapacitive sodiation with a mostly rectangular cyclic voltammogram between 3.0 V and 

0.1 V vs. Na/Na+ after the first cycle that also contained a small pair of redox peaks at around 2 V, 

yielding a specific capacity up to 175 mAh/g.203 In the first cycle, ex situ XRD showed that the 

interlayer expands from 0.8 nm to 1.0 nm, and during subsequent cycling, the interlayer distance 

stays relatively constant around 1.0 nm, indicating that some Na+ likely remains in the interlayer, 

functioning as pillars (Fig. 27D).203 Ex situ XPS showed a concomitant reduction of Ti, suggesting 

that charge storage was accomplished by Faradaic intercalation.203 At higher rates, however, 

significant drops in the capacity indicated kinetic limitations. In a follow-up study by Kajiyama et 

al., 23Na magic-angle spinning NMR and DFT were used to confirm the pillaring effect during the 

first sodiation cycle of Ti3C2Tx.199 The authors observed that both Na+, as well as some solvent 

molecules, were inserted into the interlayer space, which led to swelling of the interlayer and 

aided subsequent (de-)intercalation of desolvated Na+.199 

Ion intercalation from non-aqueous electrolytes into MXenes shows unique 

electrochemical characteristics. The intercalation process appears to span a wide potential range, 

up to 3V. This is in contrast to many transition metal oxides, where ion insertion occurs within a 

narrow window, typically 1 - 2 V. This makes the designation of MXenes as anodes or cathodes 

less straightforward, and influences the selection of counter electrodes in devices. 
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Figure 27: (A) Cyclic voltammograms of macroporous Ti3C2Tx electrodes in 1 M LiTFSI in different 

organic solvents. Reproduced with permission from Ref. 202. Copyright 2019 Springer Nature. (B) 

Cyclic voltammograms at 0.5 mV/s of molten salt synthesized Ti3C2Tx in 1 M LiPF6 in EC/DMC 

electrolyte and (C) corresponding interlayer spacing obtained by in situ XRD. Reproduced with 

permission from Ref. 184. Copyright 2020 Springer Nature. (D) Cyclic voltammograms of the first 

five (de-)sodiation cycles of Ti3C2Tx in 1 M NaPF6 in EC/DEC electrolyte and corresponding ex situ 

XRD. Reproduced with permission from Ref. 203. 
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Charge storage in MXenes is closely related to their electronic structure and electronic 

density of states (DOS) at the Fermi level, so DFT is a powerful tool to study their pseudocapacitive 

behavior. For example, Ji et al. determined the pseudocapacitance of Ti2CT2 (T = O, F) MXene for 

sodium-ion storage from the DOS and work function at different Na+ concentrations on the 

surface: 292 F/g for O-termination and 252 F/g for F-termination (Fig. 28A).204 Using a similar 

approach, Wang et al. predicted the pseudocapacitance of Ti3C2T2 (T = O, S) MXenes in an acidic 

electrolyte: 213 F/g and 288 F/g for Ti3C2O2 and Ti3C2S2, respectively.205 This suggests that the S 

termination can enhance the energy storage of Ti3C2T2 MXene (Fig. 28B). Furthermore, Yang et 

al. used a combination of XAS and DFT with a variety of Ti-containing MXenes to find a reduced 

Bader charge of surface Ti-atoms of 2.35 e- compared to 2.5-2.6 e- for sub-surface Ti-atoms. This 

implies that the electronic impact of the surface terminations Tx is fully compensated by the 

surface metal atom and has little impact on sub-surface metal atoms.206 

To include the effect of a realistic electrochemical environment, Zhan et al. proposed a 

model based on ensemble-average free energy and DFT-continuum simulation at a constant 

potential (Fig. 28C), to capture the contribution of EDL formation during the surface redox process 

on a MXene surface.207 A voltage-dependent redox/EDL co-charging process was found for Ti3C2Tx 

(T = O, OH) in aqueous H2SO4 electrolyte (Fig. 28D). The calculated capacitance (~231 F/g) and Ti 

oxidation state showed good agreement with experimental results. Computational screening of 

over 30 MXenes was conducted based on this model of pseudocapacitance in aqueous H2SO4. The 

reliability of this model was confirmed by comparing the predicted capacitance of several MXenes 

with earlier reported experimental data. Nitride-based MXenes were predicted to have higher 

capacitance than carbide ones. In addition, the hydrogen adsorption energy (ΔGH) and the shift 



83 

in the potential of zero charge (ΔVpzc) were found to be good descriptors to determine the 

pseudocapacitance of MXene in aqueous H2SO4 (Fig. 28E): a MXene with larger ΔGH and lower 

ΔVpzc was predicted to show promising pseudocapacitive behavior in aqueous H2SO4.208 

MXenes also exhibit pseudocapacitance in neutral aqueous electrolyte. However, the 

conventional EDL model failed to explain the decreasing capacitance with increasing cation size 

from Li+ to Rb+. Recently, this phenomenon was successfully explained by Sugahara et al. 

(Fig. 28F), using a newly developed hybrid quantum-continuum simulation method based on the 

reference-interaction-site-model (RISM).209 The capacitance from Li+ insertion into MXene (> 100 

F/g) was attributed to the negative dielectric constant of water and the strong hydration of Li+ 

under nanoconfinement. This finding suggested the importance of careful treatment of the 

solvent effect when modeling intercalation pseudocapacitance. Relying on the advantage of DFT-

RISM, a recent study by Ando et al. studied cation insertion in MXene in the presence of water 

solvent and proposed a physical interpretation of MXene pseudocapacitance in neutral aqueous 

electrolytes. It was found that the co-insertion of a full hydration shell can inhibit orbital coupling 

between the MXene and the inserted cation.71 For a solvated cation adsorption on a MXene 

surface, the resulting complete charge separation leads to the formation of an electrical double 

layer in the MXene interlayer space. In the case of partially desolvated cations, however, it is 

found that charge redistribution and orbital coupling can significantly enhance the 

pseudocapacitive contribution in MXene electrodes due to the close contact of MXene-cation.71 
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Figure 28: (A) Simulated specific capacitance of Ti2CO2 and Ti2CF2 nanosheets (insets shows the 

theoretical scheme). Reprinted from Ref. 204 with permission of The Royal Society of Chemistry; 

permission conveyed through Copyright Clearance Center, Inc. (B) Total capacitance vs. H binding 

energy for different systems: circles and blue represent varying H coverages; triangle represents 

Ti3C2S2 with two Ti(1) vacancies and full H coverage. Reprinted from Ref. 205 with permission of 

The Royal Society of Chemistry; permission conveyed through Copyright Clearance Center, Inc. 

(C) Gibbs free energy of Ti3C2Tx (T = O, OH) in an acidic electrolyte as a function of H coverage at 
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different electrode potentials, φ, relative to SHE. The average minimum on each curve is indicated 

by a dot. (D) Faradaic charge (blue, due to proton transfer), EDL charge (black, due to surface net 

charge), and total charge (red, net electron transfer number) stored at different electrode 

potentials. Reprinted from Ref. 207. Copyright 2018 American Chemical Society. (E) Charge storage 

per formula unit (contour line values) vs. the shift in the potential at the point of zero charge 

(ΔVPZC) and hydrogen adsorption free energy (ΔGH). Reprinted from Ref. 208. Copyright 2019 

American Chemical Society. (F) Dependence of the capacitance on the ion-MXene distance (b − 

a0): Comparison of the 3D-RISM model and the continuum model with the experiment. Reprinted 

with permission from Ref. 209. 

 

Fundamental understanding of charge storage in MXenes will continue as a promising 

research direction in the near future. MXenes provide a materials chemistry playground for 

understanding energy storage under confinement. Development of new synthesis routes, as 

exemplified by the molten salt technique184, highlight the great opportunity to tune MXene 

surface terminations which play a significant role in determining the charge storage mechanism. 

The interactions between solvated or partially solvated cations and the MXene host under 

confinement will provide deep physical insight into the nature of electrochemical energy storage. 

From an application standpoint, it would lead to the prediction of promising cation and solvent 

combinations for maximizing the pseudocapacitive response. For instance, the solvent could be 

used to modulate cation adsorption onto MXene via the strength of the orbital coupling (MXene-

cation distance). In addition, modulation of the interlayer space is another way to enhance the 

electronic coupling between the intercalated cation and MXene surface.  
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4.3 Transition Metal Dichalcogenides 

Recent studies of nanostructured and exfoliated transition metal dichalcogenides have 

shown the possibility of extrinsic pseudocapacitance in this class of materials.210 MoS2 is one 

sulfide material of great interest for EES due to its layered structure and the change in electronic 

properties from the semi-conductive 2H-phase to the metallic 1T phase after electrochemical ion 

intercalation.210 Mesoporous MoS2 displayed pseudocapacitive charge storage behavior during 

Li+ intercalation, with a specific capacity of 140 mAh/g for 20 s charge / discharge times (80 % of 

theoretical capacity).210 Operando XRD studies revealed that the pseudocapacitive nature of the 

nanocrystalline MoS2 was due to the suppression of a phase transition from 1T MoS2 to triclinic 

LixMoS2.211 Mesoporous films are assemblies of nanostructured materials that provide short solid-

state diffusion distances as well as electronic conduction through interconnected grains and high 

porosity for electrolyte accessibility.82,212,213 Suppression of the phase transition was also 

observed for Li+ intercalation into nanostructured TiS2 using in situ synchrotron XRD.214 The 2D 

morphology of the nanostructured TiS2 led to highly reversible cyclic voltammograms with limited 

separation between the redox peaks upon fast charging / discharging and largely surface-

controlled current contributions. 

Many studies on exfoliated MoS2 flakes show capacitive electrochemical responses, such as 

rectangular cyclic voltammograms, in various aqueous electrolytes.215–219 However, the charge 

storage mechanism in these materials remains a subject of debate. It is often argued that 

pseudocapacitive intercalation of cations between the MoS2 sheets is accompanied by redox 

reactions. However, with 1T phase nanosheets of MoS2 exhibiting metallic conductivity, an 

alternative explanation for the large capacitances observed in many studies could be electrical 
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double-layer formation on the surface and within the MoS2 interlayer space, a mechanism 

recently proposed by Costentin, et al.63 Further studies employing in situ or operando methods 

to analyze the chemical signature of MoS2 during cycling are necessary to determine the 

mechanism of charge storage of exfoliated MoS2 in aqueous electrolytes. 
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4.4 Pseudocapacitive Carbon-Based Materials 

Carbon-based materials that store electrical charge via the formation of the electrical double-

layer are to-date the most commercially relevant materials for electrochemical capacitors. A 

critical research direction for these materials is to enhance their capacitance in order to increase 

the energy density of electrochemical capacitors.220 This can be achieved by introducing redox-

active centers such as functional groups,221 or via chemical doping222 and addition of aromatics.223 

 Redox-active functional groups can be added to porous carbon scaffolds through various 

chemical activation methods.224 Chen et al. used an H3PO4 chemical activation method of the 

biomaterial waste, cicada slough, to produce a porous carbon with a large specific surface area 

(1945 m2/g) and high oxygen / phosphorus co-doping ratio of 18 mass%.224 The co-doping led to 

the development of broad redox peaks assigned to a pseudocapacitive charge storage mechanism 

and capacity of 83 mAh/g in both 1 M H2SO4 and 6 M KOH aqueous electrolytes. Yang et al. 

investigated a low-temperature pyrolysis method to achieve high nitrogen contents of 22 %,225 

which led to a capacitance of 776 F/g at 1 A/g. 

 A separate strategy to enhance the capacity of carbon-based materials is to introduce 

redox-active aromatic molecules. Aromatic molecules containing conjugated π-electrons can 

adsorb onto the surface of graphitic carbon through π-π interactions.223 Le Comte et al. 

investigated porous carbon with added phenanthrenequinone, an aromatic organic compound 

containing redox-active ketone moieties.226 While the adsorbed quinone led to reversible redox 

peaks, the increased capacity faded within a few hundred cycles, likely due to poor adhesion of 

the organic molecules. They tested this hypothesis by grafting the quinone to the porous carbon 

scaffold via covalent bonding. The capacity retention of the grafted materials was much higher. 
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Other redox-active organic compounds such as catechols227 and phenyldiamines228 can also be 

grafted onto porous carbon scaffolds, highlighting the large composition space possible to 

increase charge storage in porous carbons. 

Zhao et al. used a combined computational and experimental approach to understand the 

pseudocapacitive mechanism of three types of aromatics adsorbed onto the surface of 

graphene.223 As shown in Fig. 29A, two different aminophenol (AP) isomers give different 

electrochemical responses, with 4-AP yielding ~ 30% increase in capacitance compared to the 2-

AP. Energy level diagrams (Fig. 29B) were calculated to elucidate these electrochemical 

differences. They showed that 4-AP has a shift in the highest occupied molecular orbital (HOMO) 

energy level of +0.4 eV compared to 2-AP. The energy of the HOMO reflects the ability for the 

molecule to oxidize and donate an electron to the graphene surface, and a higher EHOMO reflects 

a tendency to more easily donate an electron.223 Interestingly, this correlation between high 

EHOMO and higher capacitance was confirmed with both naphthalene diamine and dianiline 

isomers. A higher EHOMO leads to higher pseudocapacitance because it reduced the energy barrier 

for electron transfer to graphene, promoting the Faradaic reaction of the amino-functional 

groups. Overall, this experimental and computational approach is necessary to guide the field of 

pseudocapacitive charge storage in carbon-based materials. 
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Figure 29: (A) Cyclic voltammograms of nitrogen-doped graphene (NG), 4-aminophenol (4-

AP)/NG, and 2-aminophenol (2-AP/NG) electrodes at 10 mV/s. The addition of adsorbed aromatic 

organics leads to redox peaks and increased capacity. (B) Energy levels of the HOMO / LUMO. 

Adapted from Ref. 223. Copyright 2019 American Chemical Society. 

 

4.5 Metal-Organic Frameworks and Related Materials 

Metal-organic frameworks (MOFs) are highly porous materials comprised of inorganic metal 

centers connected via organic linkers.229 These materials are significant for intrinsically 

pseudocapacitive charge storage because they are highly tunable, can contain redox-active 

moieties, and can exhibit good electronic and fast ionic conduction.230 To introduce 

pseudocapacitive charge storage into MOFs, recent work has focused on tuning the composition 

to introduce redox-active centers and improve the electrical conductivity.231–233  

The use of hexaaminobenzene as the organic linker (Fig. 30A) led to a robust, conductive 

two-dimensional copper-based MOF that could be pressed into pellet electrodes with minimal 

conductive additive (5 mass%) and exhibited high areal and volumetric capacities.232 The 

combination of electronic and ionic conductivity in this material is highlighted by its rate 

capability, retaining about 70 % of its capacity and a symmetrical voltammetric response after 
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increasing the scan rate from 1 mV/s to 100 mV/s (Fig. 30B). Meanwhile, the open, two-

dimensional framework led to stable cycling in the aqueous KOH electrolyte, with ca. 90 % 

retention after 12,000 cycles at 10 A/g. 

 

 

Figure 30: (A) Schematic of the synthesis of metal hexaaminobenzene metal-organic frameworks 

(M-HAB MOF, where M = Ni2+, Cu2+). (B) Cyclic voltammograms of Cu-HAB MOF in 1 M KOH 

electrolyte. Reproduced with permission from Ref. 232. Copyright 2018 Springer Nature. 

 

 Prussian blues, with typical formula AxPR(CN)6·nH2O (A = alkali cation, P = transition metal, 

RCN6 = hexacyanometallate) are related framework materials with large channels available for 

ion insertion.234 Recently, a defective Prussian blue analog showed fast proton insertion with 

mirror-image CVs, surface-controlled kinetics up to 10 mV/s, and a maximum capacity of 65 

mAh/g. Operando XRD revealed a solid solution insertion mechanism with a 2% volume change. 

These features are indicative of an intercalation pseudocapacitance mechanism. The fast energy 

storage kinetics were attributed to a Grotthuss proton transport mechanism involving lattice 

water.235 The results highlight the great potential for designing fluid-like transport in 3D 

frameworks.  

A B
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The advantage of MOFs and related materials is that they are in effect “materials by 

design,” and tuning their composition to introduce redox-active sites offers a method to increase 

their capacity. MOFs can also serve as synthetic templates to produce highly porous transition 

metal compounds such as CoS2,236 leading to pseudocapacitive charge storage. Overall, MOFs are 

a new class of materials with open frameworks and compositional freedom to enable 

pseudocapacitive charge storage.  
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4.6 Nanostructuring to Achieve Pseudocapacitance 

Extrinsic pseudocapacitance describes materials that exhibit pseudocapacitive 

electrochemical features when in nanoscale form.25 These are typically those materials that can 

undergo Faradaic charge storage via ion insertion. A prominent example of this phenomenon is 

the electrochemical behavior of the LIB cathode material, LiCoO2, when its particle size decreases 

below 20 nm.61 While the lithiation reaction occurs with a relatively flat potential at about 3.9 V 

vs. Li/Li+ in micron-size LiCoO2, an increasingly linear profile was observed for particle sizes below 

17 nm, with pseudocapacitive behavior for 6 nm particles (Fig. 31A) and improved rate capability. 

The emergence of pseudocapacitive electrochemical features upon nanostructuring was 

hypothesized to be due to the increased contribution of near-surface Li+ storage sites, which had 

more variation in site energy than those in the bulk (Fig. 31B).61 Similarly, nanostructuring of 

other materials such as V2O5,47,237,238 VO2,239 TiO2,240 or Li3VO4
241 led to a transition to 

pseudocapacitive lithium intercalation behavior. The introduction of defects has also been shown 

to induce more capacitive electrochemical behavior, as in olivine LiFePO4 powders of several 

hundreds of nanometers.242   
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Figure 31: (A) Galvanostatic curves for Li+ intercalation into LiCoO2 with different particle sizes in 

a non-aqueous Li+ electrolyte. (B) Expected galvanostatic profiles for Li+ intercalation into bulk vs. 

near-surface sites, where surface disorder leads to the dispersion of site energies and thus a 

sloping Li+ intercalation profile. Adapted from Ref. 61. Copyright 2007 American Chemical Society. 

Ex situ XRD patterns for Li+ intercalation into (C) micron-sized MoO2 and (D) nano-sized MoO2 at 

potentials between 3.0 V and 1.1 V vs. Li/Li+, demonstrating the absence of a lithiation-induced 

phase transformation in the nanosized MoO2. Reprinted with permission from Ref. 243. Copyright 

2015 IOP Publishing.  
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Kim et al. compared electrochemical Li+ intercalation into micro- and nanosized MoO2 and 

showed that nanostructuring could eliminate intercalation-induced phase transformations and 

thus increase charge storage rate capability.243 The nanosized MoO2 displayed a highly reversible 

voltammetric response, a sloping voltage profile in galvanostatic experiments, and much higher 

rate capability when compared to the micron-sized MoO2. Ex situ XRD showed that the reversible 

monoclinic-to-orthorhombic phase transition observed upon lithiation / delithiation of micron-

sized MoO2 (Fig. 31C-D) was suppressed in the nanosized MoO2. 

Nanostructuring of a variety of electrode materials such as TMOs and transition metal 

dichalcogenides (TMDs) was shown to be a viable strategy to introduce a transition from 

diffusion-controlled to surface-controlled, pseudocapacitive intercalation. The underlying 

thermodynamic reason for the change from a constant intercalation potential to a sloping 

potential in nanostructured materials is that a large part of the reaction sites is in the disordered 

near-surface region, which results in a dispersion of site energies.61 Furthermore, the suppression 

of phase transitions and the reduction of diffusion length significantly reduce the kinetic 

limitations for charge storage in nanostructured materials. One concern with extrinsic 

pseudocapacitive materials for commercial devices is whether the nanoscale material properties 

can be translated to commercially viable thick electrodes.244 The need to maintain sufficient 

electronic and ionic transport throughout a thick electrode consisting of nanomaterials requires 

their incorporation into a carefully designed electrode architecture.245–248 
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4.7 Atomic-Scale Tuning to Achieve Pseudocapacitance 

More recently, strategies besides nanostructuring have emerged to either induce or increase the 

pseudocapacitive response of EES materials. Below we highlight several methods to tune the 

structure or composition of materials to increase the kinetics of coupled electron-ion transport 

while maintaining a similar density of redox-active sites. 

 

4.7.1 Increasing Electron Transport 

One design strategy to increase the EES kinetics of insulating or semiconducting redox-active 

transition metal oxides, chalcogenides, and carbides is to increase their electronic conductivity.249 

This can be accomplished by engineering the material’s electronic band structure by introducing 

point defects such as oxygen vacancies,49,250, transition metal vacancies,251 and substitutional or 

interstitial doping.252–254 

 Oxygen vacancy formation in transition metal oxides is a common method to enhance the 

electrical conductivity through intervalence electron charge transfer.255 Kim et al. investigated the 

role of oxygen vacancies in nanostructured MoO3-x during Li+ intercalation (Fig. 32A).49 The 

presence of oxygen vacancies not only increased the pseudocapacitive charge storage 

contribution, but also the rate capability and cycling stability, leading to lithiation kinetics not 

limited by solid-state diffusion (Fig. 32A). This was attributed to both an increase in the electronic 

conductivity as well as the suppression of irreversible Li+ trapping in the widened intralayers of 

MoO3-x. 

A similar approach was used to enhance pseudocapacitive charge storage in CeO2-x.250 An 

electrodeposition method led to high oxygen vacancy concentrations (4-15 at%) in thin films (< 
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100 nm) that enhanced electrical conductivity, leading to high volumetric capacities in pH-neutral 

aqueous electrolytes (415 mAh/cm3 at 5 mV/s). Oxygen vacancies led to a decrease in the 

bandgap from 3.2 eV to 1.9 eV, enhancing the electronic transport in reduced CeO2-x. Using DFT, 

the researchers illustrated increased charge density around Ce ions in non-stoichiometric CeO1.5 

compared to CeO2. 

 Another method to increase electronic conductivity is via the formation of transition metal 

vacancies. This was demonstrated by selective etching of aluminum and scandium from a 

(Mo2/3Sc1/3)2AlC MAX phase to form Mo1.33C MXene. Compared to the equivalent Mo2C MXene, 

Mo1.33C exhibits vacancies at every third Mo atom (ordered divacancies, Fig. 32B). Using four-

point probe resistivity measurements, the authors demonstrated improved electrical 

conductivities of the Mo1.33C MXene compared to the pristine Mo2C without metal vacancies, 

which resulted in improved volumetric capacity in acidic electrolyte.251 The highly conductive 

Mo1.33C films exhibited capacities of about 100 mAh/cm3 in 3-µm thick films at charge/discharge 

times of 650 ms. These results highlight the future possibilities for various MXene compositions 

containing metal vacancies for high power, high energy density pseudocapacitive storage. 
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Figure 32: (A) Effects of oxygen vacancies in MoO3-x via cyclic voltammetry (left) and k1-k2-

analyses (right) in non-aqueous lithium electrolyte. The presence of oxygen vacancies enhances 

charge storage and increases the contribution of surface-controlled (capacitive) charge storage. 

Adapted with permission from Ref. 49. Copyright 2017 Springer Nature. (B) High-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) image of Mo1.33C MXene 

flake with ideal atomic structure and cyclic voltammograms of 3 µm thick electrodes in acidic 

aqueous electrolyte. Adapted with permission from Ref. 251. 

 

 Free electron atomic doping is the concept of introducing metallic conductors into 

semiconducting redox-active materials. For example, the introduction of gold into porous MnO2 

layers enhanced the pseudocapacitive charge storage by 65 % in 1.4 µm thick electrodes, from 

380 F/g (95 mAh/g) in the pristine oxide to a value of 626 F/g (157 mAh/g) in the Au-doped film 

Oxygen vacancy formation: MoO3-x

Transition metal vacancy formation: Mo1.33C

A

B
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(ca. 10 at%) with 3 min charge/discharge times.252 The electronic structure of the Au-doped films 

was investigated via XPS, which revealed a decrease in the mean valence of the Mn from 3.3 to 

2.8 after Au-doping, indicating increased electron density at the Mn metal centers (Fig. 33). The 

design of multifunctional bimetallic materials on the atomic level has been proposed as a means 

to in situ form electronically conductive percolation networks with one metal while the other 

undergoes electrochemical redox,256 and can also serve as a design strategy for new 

pseudocapacitive materials. It should be noted that in these materials, an alternate explanation 

for the mechanism of free-electron doping is to enhance EDL charging.  
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Figure 33: (A) First-principles calculation of the differential charge densities in Au-substituted 

MnO2 (left) and Au-interstitial MnO2 (right), with green depicting a loss and pink a gain of 

electrons, indicating an increased electron density at Mn metal centers. (B) Cyclic voltammograms 

of 9.9 at.% Au-doped MnO2 in an aqueous Li+ electrolyte. Adapted with permission from Ref. 252. 

Copyright 2013 John Wiley and Sons.  
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4.7.2 Enhancing Ion Transport by Tuning the Interlayer  

Two-dimensional and layered materials are some of the most successful materials for 

electrochemical energy storage due to their ability to reversibly intercalate ions with minimal 

structural changes, enabling excellent volumetric energy densities with the use of micron-scale 

particles.257 It is hypothesized that modifying the interlayer of these materials could result in 

enhanced interfacial charge transfer and solid-state ion transport,257,258 both of which are 

necessary for highly reversible, pseudocapacitive charge storage. Methods to tune the interlayer 

include nanoconfined fluids,15,259 conductive polymers,260–262 and interlayer pillaring via organic 

intercalants263,264 and metal cations.265 

The presence of confined fluids such as structural water in redox-active layered materials 

has led to high-rate, reversible charge storage. Nanostructured, hydrated transition metal oxides 

such as those of ruthenium, iridium, and manganese are some of the earliest and most studied 

pseudocapacitive materials as discussed in Section 3.4. More recently, several studies found that 

the presence of structural water in crystalline oxides leads to intercalation pseudocapacitance - 

non-diffusion controlled proton insertion into the interior of bulk-like oxides. For example, 

structural water in layered, hydrated tungsten oxide (WO3∙2H2O) was found to induce a transition 

from battery-like to pseudocapacitive electrochemical behavior for proton intercalation as 

compared to anhydrous WO3.259 Operando XRD266 and AFM267 showed that the pseudocapacitive 

response emerged due to enhanced structural stability from the presence of highly confined 

structural water despite the presence of a phase transition (Fig. 34A-C). The pseudocapacitive 

response led to excellent electrochemical reversibility that enabled higher efficiency at fast rates 

as compared to the anhydrous WO3.  
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Perez et al. found that acid leaching of Li3IrO4 led to the formation of a protonated iridate, 

H3+xIrO4, and that the majority of the current in the highly reversible CVs was due to non-diffusion 

controlled Faradaic processes.268 In situ XRD showed that protonation led to reversible and 

continuous lattice spacing changes without a first-order phase transition, indicative of an 

intercalation pseudocapacitance mechanism. Follow-on work utilizing EQCM and EIS revealed 

that the Faradaic processes involve the transport of both protons and water molecules.269 This 

work highlights that acid leaching of transition-metal containing oxides (similar to selective ion-

etching of transition metal carbides to form MXenes) could lead to new high-power materials. 

WO3∙2H2O and other hydrated transition metal oxides may also undergo solvent exchange 

under certain conditions that could lead to the confinement of non-aqueous electrolytes. 

Understanding the relationship between confined solvent chemistry, electrolyte composition, 

and electrochemical response is a promising avenue for future research as noted above for 

MXenes. The move to non-aqueous electrolytes can be beneficial from a device energy density 

standpoint, although the high conductivity of acidic electrolytes and unique transport of protons 

could be more beneficial for high power. There can be a tradeoff between power and energy in 

materials that incorporate confined fluids. For example, the presence of structural water in 

WO3∙2H2O leads to lower gravimetric and specific capacity at slow rates compared to anhydrous 

WO3, presumably because the interlayer water molecules decrease proton intercalation sites and 

increase volume. 

Lee et al.270 observed a broadened, capacitive voltammetric response and increased 

capacity in electrodeposited V2O5∙nH2O as compared to annealed orthorhombic V2O5 when both 

were cycled in a 1 M LiClO4 non-aqueous electrolyte. The lower capacity of the anhydrous phase, 
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even at slow charge/discharge times of about 30 min, was attributed to contraction of the 

interlayer spacing upon removal of interlayer water, which was hypothesized to limit Li+ storage 

sites. Confined water within the interlayer of MXenes is hypothesized to enable their extremely 

fast proton intercalation.15 Confinement of hydrazine in the interlayers of Ti3C2Tx MXene led to 

an expanded interlayer from 20.2 Å to 25.4 Å and resulted in an increased capacity as compared 

to the pristine phase, with <10 s charge/discharge times in aqueous 1 M H2SO4 (Fig. 34D-F).264 The 

confinement of fluids in the interlayer of 2D and layered materials has shown to be a promising 

emerging strategy for pseudocapacitive charge storage because it can expand interlayer galleries 

for facile ion diffusion or enable enhanced structural stability.266 
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Figure 34: (A) The crystallographic structure of monoclinic WO3∙2H2O consists of 2D layers of 

corner-sharing WO5(OH2) octahedra separated by a layer of structural water weakly bound 

through hydrogen bonding. (B) Operando synchrotron XRD patterns of a WO3∙2H2O electrode as 

a function of time at a 100 mV/s sweep rate depicting smooth, continuous phase transformations 

while the interlayer (010) reflection at ca. 7.5° 2θ remains constant. (C) Cyclic voltammograms of 

an electrodeposited WO3∙2H2O electrode in acidic aqueous electrolyte from 100 mV/s to 2 V/s. 

Panels A-C adapted from Ref. 266. Copyright 2019 American Chemical Society. (D) Structural model 

of Ti3C2OH with intercalated hydrazine (N2H4) confined in the interlayer. (E) XRD patterns of 

pristine and hydrazine-intercalated Ti3C2Tx showing increased interlayer spacing after the 

incorporation of hydrazine. (F) Electrochemical performance of pristine and hydrazine-

intercalated Ti3C2Tx electrodes in various electrolytes. Panels D-F adapted from Ref. 264 with 

permission of The Royal Society of Chemistry; permission conveyed through Copyright Clearance 

Center, Inc. 
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The introduction of electronically conductive polymers into the interlayers of oxides, 

sulfides, and MXenes can lead to increased electronic and ionic transport. For example, vanadate 

nanofibers synthesized with poly(3,4-ethylene dioxythiophene) (PEDOT) in the interlayers had an 

increased interlayer spacing (from 8.9 Å to 10.2 Å) and electronic conductivity (from 2.2 mS/cm 

to 41 mS/cm).260 Both likely contributed to the enhanced capacity (ca. 4x larger than pristine V2O5 

with 9 s charge/discharge) and highly reversible cyclic voltammograms from 3 - 100 mV/s when 

cycled in a pH-neutral aqueous electrolyte. This design strategy was also used to increase the 

kinetics of charge storage in MoS2 by electropolymerizing polypyrrole (PPy) onto hydrothermally 

synthesized MoS2 nanosheets.261 The PPy not only covered the surface of the nanosheet 

assemblies but was also found to intercalate within the interlayers of the MoS2 sheets, causing 

an interlayer spacing increase from 0.6 nm to 0.9 nm. This composite material showed pseudo-

rectangular voltammetric responses in an aqueous 1 M KCl electrolyte at charge / discharge rates 

as quick as 5 s, with improvements in the capacity (125 mAh/g vs. 28 mAh/g) and rate capability 

(ca. 70 % retention vs. 35 % with increase in current density from 1 - 10 A/g) compared to the 

pristine sulfide. A heterostructure formed by the polymerization of PANI on Ti3C2Tx MXene layers 

led to decreased Ohmic losses in thick electrode films (Fig. 35).262 A 90 µm-thick electrode of the 

composite with 25 mg/cm2 loading had a gravimetric capacity of ~ 83 mAh/g for 15 min 

charge/discharge times in aqueous 1 M KCl. These results highlight the advantages of forming 

heterostructure interfaces between conductive polymers and layered oxides, chalcogenides, and 

MXenes. 
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Figure 35: (A) Schematic of the heterostructure formed by the polymerization of aniline on the 

surface of 2D Ti3C2Tx MXene sheets. (B) Cyclic voltammograms of pristine Ti3C2Tx and Ti3C2Tx/PANI 

electrodes as a function of electrode thickness. As the pristine Ti3C2Tx electrode thickness 

increased, the Ohmic losses lead to the tilting of the voltammogram and capacity fading. The 

Ti3C2Tx / PANI heterostructure electrode limited Ohmic losses and retained more capacity in thick 

electrodes. Panels adapted from Ref. 262 with permission of The Royal Society of Chemistry; 

permission conveyed through Copyright Clearance Center, Inc. 

  



107 

Another concept to tune ionic transport in layered materials is to pillar the interlayer with 

cations or other molecules. It is hypothesized that tuning the interlayer distance with pillars could 

inhibit lattice breathing during electrochemical cycling and increase cation transport, both of 

which could lead to better kinetics and cycling stability (Fig. 36).265,271–274 

 

 

Figure 36: Schematic showing the intercalation of large alkali metal ions into the interlayer of a 

layered compound, which can stabilize the structure and facilitate ion transport. Figure adapted 

from Ref. 265. Copyright 2015 American Chemical Society. 

 

The effect of alkali cation pre-intercalation into birnessite MnO2 was investigated in both 

aqueous and non-aqueous electrolytes. In an aqueous Na2SO4 electrolyte, Li+ pre-intercalation 

was beneficial for subsequent Na+ intercalation. It was hypothesized that the smaller Li+ pillars 

enhanced ionic transport during subsequent (de-)intercalation reactions.275 A different trend was 

observed in organic NaClO4 electrolyte, where the pre-intercalation of larger alkali cations 

resulted in higher capacity.274 

Pillaring by the use of divalent cations was investigated by pre-intercalating Mg2+ within titania 

nanosheets.273 The self-assembly process led to an increase in interlayer distance from 0.76 nm 

to 1.15 nm. The Mg-pillared material exhibited a disordered, turbostratic structure and was 
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hypothesized to have weakened layer-to-layer interactions which were beneficial for 

electrochemical ion (de-)intercalation. Compared to the more ordered parent titanate phase, the 

Mg-pillared materials exhibited higher capacity and cyclability in non-aqueous Na+ and K+ 

electrolytes. 

Transition metal cations can be utilized to pillar the interlayer. Fe3+ was pre-intercalated 

into the interlayer of a V2O5 xerogel to inhibit interlayer changes during electrochemical cycling 

.271 Ex situ XRD found that the presence of Fe3+ within the interlayer limited the lattice breathing 

during charge / discharge in a non-aqueous Na+ electrolyte, leading to enhanced cyclability as 

compared to the pristine V2O5 xerogel. The energy storage kinetics increased even though the 

Fe3+-pillared V2O5 had a smaller interlayer spacing than the pristine material. A comparison of the 

EIS measurements of the two materials showed a significant decrease in the charge transfer 

resistance due to the presence of Fe3+ pillars, indicating that the pre-intercalated cations may also 

lower the activation barriers for charge transfer. 

Organic molecules have been used to pillar the interlayer of layered materials, leading to 

the formation of electrochemically active organic/inorganic hybrid materials. Dong et al. 

incorporated pyridine to inhibit the electrochemically-induced distortion and subsequent 

capacity fading of V2O5.276 The neutral base behavior (proton acceptor) of pyridine was 

hypothesized to lead to hydrogen bonding with the V2O5 lattice, effectively stabilizing the 

interlayer. In situ XRD showed that the layered structure was stabilized by suppressing a phase 

transformation during electrochemical Na+ intercalation/deintercalation in a non-aqueous 

sodium-containing electrolyte. This led to an overall increased cyclability, and similarly to the 

cation-pillared materials, the pyridine-V2O5 material exhibited higher capacity and rate capability, 
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despite a decreased interlayer spacing as compared to the pristine V2O5. This indicates that the 

chemical environment of the interlayer, and not just the interlayer distance, is a factor in tuning 

the electrochemical energy storage kinetics of materials. 

The concept of tuning the interlayer opens a wide range of intercalants and chemistries to 

optimize the stability, ion-accessibility, and reactivity for high-rate, reversible pseudocapacitive 

charge storage. As indicated by the instability of structural water277 and pre-intercalated 

cations273,275 in the presence of chemical or electric potential gradients, it is important to consider 

the stability of the interlayer modifications during electrochemical cycling. Tuning the interlayer 

of 2D and layered materials should include a stable intercalant that can withstand thousands of 

charge / discharge cycles at high rates relevant for pseudocapacitive materials (<10 min). Other 

advancement opportunities include the potential coupling of experimental and computational 

studies to determine how interlayer intercalants can modify the chemical, mechanical, and 

electronic properties of layered materials to induce pseudocapacitive charge storage mechanisms 

and achieve combined high energy and high-power electrochemical energy storage.  
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5. Opportunities and Outlook 

Increased electrification is pushing for significant application opportunities for EES, and nearly all 

benefit from improved power. The past decade has seen the blurring of lines between different 

EES technologies. A new understanding of electrical double-layer phenomena under confinement 

by high surface area carbon materials indicates that high capacitance involves ion desolvation278 

or non-Coulombic ion ordering.279 Such mechanisms are not far from what may occur in redox-

active 2D and layered materials that confine electrolytes. Carbon materials used in EDLCs also 

gained redox functionalities. On the other end of the spectrum, rechargeable batteries became 

dominated by Li-ion intercalation, a unique mechanism since, until recently, the most dominant 

rechargeable battery (lead-acid) utilized conversion chemistry. The concept of 

pseudocapacitance, first proposed in the 1960s, connects the fields of intercalation-type batteries 

with electrochemical capacitors. While much of Li-ion battery research is concerned with bulk 

solid-state phenomena such as phase transformations and solid-state diffusion, 

pseudocapacitance places the focus for EES on the mechanisms of charge transfer at an 

electrochemical interface. In this way, pseudocapacitance connects fundamental 

electrochemistry and surface science with EES applications. Furthermore, the materials discussed 

in this review are versatile and can be used in a number of applications that require high power 

Faradaic storage – from electrochemical capacitors to high power batteries as well as capacitive 

deionization and neuromorphic computing. 

Recent discussions in the field of pseudocapacitance have included criticism of the 

misapplication of the term that leads to over-reporting of capacitance values22 as well as criticism 

of the existence of the concept itself.63 These criticisms works underscore the need for 
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fundamental understanding of electrochemical charge transfer from an atomistic perspective, 

including how it is affected by the EDL. This is increasingly enabled by close collaboration between 

theory/computation, the development of new materials, and new operando experimental tools 

with sub-minute sampling intervals. Such techniques are the most relevant for the highly non-

equilibrium conditions encountered in pseudocapacitive materials that operate on minute-to-

second timescales.  

At the application end of the spectrum, one can wonder about the practical utility of a 

quantitatively decoupling surface from diffusion-controlled current to the end-consumer of a high 

power energy storage device. Pseudocapacitance focuses on materials that exhibit surface-

controlled charge storage on minute-to-second timescales in a variety of electrolytes and, in 

doing so, proposes unique materials for EES. As an example, Nb2O5 was largely underexplored for 

EES prior to the 2013 report that its intercalation kinetics could be considered pseudocapacitive.44 

Before 2013, the number of papers investigating “Nb2O5 intercalation” was relatively flat, often 

with fewer than 5 papers per year. Since 2013, the number has increased steadily so that in 2019, 

40 reports were published on this topic, and several companies are pursuing the 

commercialization of a niobium oxide-based electrode. 

 

5.1 Mechanistic Understanding of Pseudocapacitance 

In an ideal battery, the electrochemical reaction occurs at a well-defined potential with the extent 

of charge due to a well-defined Gibbs free energy of the reaction, which can be obtained from 

thermodynamic data. A classic example is a lithium-iodine battery: lithium is oxidized to Li+ while 

iodine is reduced to lithium iodide at 3.1 V. As discussed above, a material that exhibits a 
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pseudocapacitive response has a sloping, or continuously varying, potential with the extent of 

charge and operates far from equilibrium at sub-minute timescales. In these cases, the nature of 

the redox reactions contributing to charge storage processes is not obvious from the 

electrochemical response, nor can it be readily calculated from thermodynamic data for bulk 

materials. Moreover, as discussed in this review, many pseudocapacitive materials confine fluids 

such as structural water in hydrous grain boundaries or interlayers. In such materials, the question 

arises over where to draw the electrochemical interface: at the outer surface of the particle, or 

within a solvated interlayer? There are many exciting opportunities for future studies on 

pseudocapacitive materials that utilize computation and theory combined with operando 

characterization techniques to determine the atomic-scale mechanism. This understanding would 

be beneficial not just for the field of energy storage, but for the myriad of electrochemical 

technologies that require understanding of interfacial redox processes. 

Developing predictive models for the atomistic simulation of the electrochemical 

interfaces is at the forefront of theoretical and computational efforts in understanding electric 

energy-storage mechanisms. Key to this development is the integration of electronic structure 

and surface chemistry of the electrode, the applied potential across the interface and the double-

layer formation, and the explicit solvation environment, in a self-consistent and dynamic manner. 

Ideally, one would like to know from such a model how the electrode material responds (via 

changes in oxidation states, lattice parameters, site occupancy, etc.) to the applied potential in a 

given electrolyte, which can be verified by operando characterization techniques. Once these 

predictive models are developed, computation would be able to guide materials synthesis and 
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design so that, for example, the effects of point defects or interlayer pillars could be determined 

computationally first.  

Characterization should be performed at timescales relevant to pseudocapacitive 

materials. Here, we highlight several operando techniques that have recently shed light on 

pseudocapacitive mechanisms. Electrochemical quartz crystal microbalance (EQCM) can help 

determine the nature of the adsorbed or intercalated species that gives rise to 

pseudocapacitance.68,280,281 Pseudocapacitive materials have been shown to exhibit structural 

changes during the charge storage process since charge transfer inevitably requires the 

accommodation of ions and charge distribution. Raman spectroscopy provides information on 

local structural changes.119,164,282 Synchrotron XRD can be performed at timescales relevant for 

pseudocapacitive processes to provide information on structural dynamics that occur due to 

adsorption or intercalation processes.266 Synchrotron XAS can be used to directly identify the 

redox couple in situations where the electrochemical response does not give rise to clear redox 

peaks, or multiple redox-active species are present.283 Atomic force microscopy (AFM) can be 

used to measure the mechanical deformation associated with pseudocapacitance and enables 

temporal and spatial resolution.267 For electrochromic materials, recent electro-optical imaging 

that utilizes the time-dependent equations used for SPECS can be applied to monitor cation 

concentration with the change of optical density. Evans et al. used this method to study the 

extrinsic pseudocapacitance of hexagonal WO3 nanoparticles.284 The emphasis is again placed on 

those techniques that can be performed operando to capture the far-from-equilibrium processes 

occurring at sub-minute timescales. 
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5.2 Pseudocapacitive Electrode Architectures 

Fundamental studies of pseudocapacitance are typically performed on electrodes that limit mass 

transfer limitations stemming from thickness effects (such as electrolyte starvation or low 

particle-to-particle electron transport) or that are designed for a particular type of operando 

characterization. Once a pseudocapacitive material has been shown to demonstrate attractive 

high power behavior, the next challenge is to preserve the thin-film response in an electrode 

architecture that provides meaningful areal or volumetric capacity, which typically require areal 

loadings of >10 mg/cm2.244 Simply increasing the electrode thickness is often not feasible because 

it is essential to have a continuous electrical and ionic network across the entire electrode 

thickness for high rates. 

There are two main strategies to introduce electrical conductivity to the electrode: (i) The 

use of a conductive additive, such as carbon black, which is homogeneously mixed with the active 

material; or (ii) a hybridization approach, where active material and carbon are linked on a 

nanoscale level. In both cases, the electrode must retain an interconnected and hierarchical 

porosity to enable efficient electrolyte access. When conductive additives are used, a careful 

mixing of both phases has to be ensured, which requires both the choice of suitable particle size 

and amount of conductive additive, as well as a well-adjusted mixing procedure.285 This is 

especially important for nanostructured active materials which constitute the vast majority of 

pseudocapacitive materials. It can be particularly challenging to maintain intimate contact 

between the nanoscopic active material and conductive additive over many cycles by simple 

physical mixing of the particles.286 In these cases, the hybridization of the active material with a 

conductive carbon network is desirable. There are many synthesis approaches for hybrid 
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materials, and comprehensive reviews on the topic can be found, for example, in Ref. 245. In short, 

one can differentiate between the coating of active materials on carbon substrates, the use of 

conductive carbon shells surrounding active material, or the co-synthesis of carbon and active 

material. 

Studies aiming to develop three-dimensional, conductive networks or scaffolds that can 

enable high areal performance at elevated rates are at the focus of applied research today.232,247 

Examples are the use of three-dimensional networks of holey graphene that incorporate Nb2O5 

as an active material or synthesizing interconnected gyroid structures that combine active 

material nanoparticles engulfed in a highly regular three-dimensional frame of porous 

carbon.287,288 

 

5.3 Devices that Incorporate Pseudocapacitive Materials 

Pseudocapacitive materials are promising for achieving simultaneously high rate, high energy 

density, and high-efficiency energy storage systems based on ion adsorption and/or intercalation. 

They can be incorporated as electrodes into rechargeable batteries or hybrid capacitors. 

However, two aspects of integrating pseudocapacitive materials into devices require further 

understanding: 1) the choice of electrolyte, which may be different for materials that operate at 

pseudocapacitive timescales and thus require fast interfacial charge transfer, and 2) the impact 

of electrode coupling or cross talk. As more pseudocapacitive materials are identified and 

integrated into devices, these aspects are likely to gain prominence. In a recent example, the 

choice of electrolyte solvent was shown to be highly important for pseudocapacitive MXenes. 

Wang et al. reported on the doubled charge storage capacity of Li+-containing, organic 
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electrolytes with Ti3C2 when propylene carbonate was used as the solvent instead of acetonitrile 

or dimethyl sulfoxide.202 The carbonate electrolyte enabled a complete desolvation of the Li+, 

leading to high rate pseudocapacitive intercalation reactions. Hence the matching of a suitable 

solvent, electrolyte salt, and electrode material can drastically increase the pseudocapacitive 

performance of the studied system. Matching of electrode materials is likely to lead to similar 

advancements in performance.  

The fast and reversible electrochemical charge transfer reactions of pseudocapacitive materials 

are attractive for fields beyond EES. One of the most prominent is capacitive deionization of 

water, which is typically accomplished by the potential-driven adsorption of aqueous ions onto 

carbon electrodes via the formation of the EDL. As in EES, the use of pseudocapacitive materials 

could lead to higher ion storage capacities while maintaining the fast storage timescales necessary 

for water purification.289,290 Pseudocapacitive materials have also been explored in applications 

beyond energy, such as for actuators, where their rapid ion intercalation kinetics could enable 

fast actuation.291,292 Looking forward, the combination of fast ion transport and physical property 

change in pseudocapacitive materials could also be of interest for neuromorphic computing 

applications.293           
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