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The basics

Electric energy cannot be stored directly in amounts large enough to gain commercial viability. Systems employ-
ing e.g., superconductors or dielectric capacitors are either too large or too expensive in order to be of any wide
importance (for examples and a brief review see [1]). Thus, basically two modes of rather direct storage employ-
ing chemical, more specifically physico-chemical, and electrochemical principles remain: Storage based on
charge separation in the electrochemical double layer (i.e., capacitors) or storage based on the reversible con-
version of electrical into chemical energy and vice versa A+ B<C + D: the accumulator (see Fig. 1).

For various reasons the former mode has for a long time been associated with high power mostly because
of the inherently fast processes leaving out any interfacial electrochemical reaction limited by the inherent
constraints of interfacial processes and the latter with high energy because of the much larger amounts of
energy which could be stored based on associated chemical conversion reactions. This is also the inherent
reason of the lower power of the latter devices, interfacial reactions mostly associated with phase transforma-
tions and extended transport of matter tend to be slow. The energy density of the former devices tends to be
low because of the limited amount of interfacial surface area available in any given device. This is illustrated
in a Ragone plot showing some examples of storage devices (see Fig. 2).

As indicated devices based on traditional electrolytic capacitor technologies (as in aluminum foil- or
tantalum-pentoxide-based ones) show highest power density. Although these devices are based only on the
movement and separation of electric charges without any chemical reaction being involved a short char-
acterization of salient features may be helpful to settle the current confusion about these various devices.
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Fig.1 Distinguishing a capacitor from an accumulator.

Basically a capacitor is simply composed of two electronically conducting plates of e.g., metal separated by
an insulating (dielectric) material (see Fig. 1). The capacitance C defined as

C= Q 1)
U
with the stored charge Q at a voltage U of this two-plate condenser is given by the surface area of the two
plates, their distance and the properties of the matter in between according to
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with e = relative electrolyte dielectric constant, ¢, = dielectric constant of the vacuum, d = distance between
the plates and A = surface area of the plates. In an electrolytic capacitor the distance shrinks to the thickness
of the insulating aluminum or tantalum oxide whereas the surface area may reach large values because of the
highly porous surface area of the participating electron-conducting electrodes. Actually already this electroyltic
capacitor is composed of two capacitances connected in series: The capacitance C,  already described given
by the metal foil or porous body with the thin film of metal oxide on it as the dielectric and the liquid or gelled
electrolyte solution soaked into the separator acting as the “counterelectrode.” The second aluminum foil (in
case of tantalum condensers it may also be a porous layer of carbon powder) is in contact with this electrolyte,
thus an electrochemical double layer is established. Its capacitance C, is so large that the actual and resulting
value of the series connection is controlled by the smaller capacitance of the former contribution (see Fig. 3).

Thus the resulting capacitance C is given by

L
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The basically huge double layer capacitance can be employed even more effectively by putting two elec-
trodes in contact with an electrolyte solution between them. Now two electrochemical double layers are “con-
nected in series.”
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Fig. 2 Ragone plot for selected electrochemical storage and conversion systems [1].
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Fig. 3 Schematic of an electrolytic capacitor (top left) and its equivalent circuit (bottom left) and of a double layer capacitor
(top right) and its equivalent circuit (bottom right).

The actual capacitance depends on the surface areas of both electrodes and the dielectric properties of
the electrolyte solution, in particular the solvent. The previous scheme is modified as shown above. Devices
thus employing only double layer charging (in EDLC) show already substantially higher energy density
than electrolytic capacitors, easily several Farad as compared to micro- or milli-Farad — albeit at a limited
power density because of the lower operating voltage. Different from the electrolytic capacitor, where the
voltage drop is found across the highly insulating dielectric with the voltage drop across the double layer also
present being of only minor importance the EDLC is basically an electrochemical cell with the electric energy
stored as spacially separated charges. Given a sufficiently large voltage applied to the cell the electrolyte
solution inside it will be electrolyzed, i.e., decomposed. In case of water the thermodynamic value amounts
to U =1.229 V [2], and even though this completely undesirable process depends not only on thermodynam-
ics (i.e., energetics) but also on Kinetics the rather low voltages possible under practical conditions cause a
serious limitation even when species are added to the electrode materials somewhat impeding anodic and
cathodic reactions. This can be overcome to some extent by using nonaqueous solvents with substantially
larger decomposition voltages or with ionic liquids composed entirely of ions (i.e., molten salts with melting
points around room temperature). Unfortunately these solvents and solution yield lower conductance values
(for an overview see [3], for a thorough discussion and a listing of values see [4]). The claim, that aqueous
solutions can be prepared and utilized without stringent control is erroneous [5], traces of dioxygen have
frequently resulted in decreased capacitance values, losses and severe corrosion (for examples see below).
This lower conductance in turn increases the electrical or equivalent series resistance ESR! of the capacitor,
i.e., the sum of the Ohmic components of the capacitors impedance due to limited electronic conductance
of the active masses, the wire leads, the current collector and mostly the ionic conductance of the electro-
lytic medium between the active masses. Low ESR values are of outmost importance in applications with
voltage fluctuations of high frequency as e.g., in switching power supplies and voltage converters. Never-
theless capacitors of the EDLC-type have gained significant market share in particular for applications with
low operating voltage and small power demand like for memory devices (SRAMs) (for an overview see e.g.,
[6-8]). Given the somewhat fuzzy history of the term supercapacitor? these devices have apparently been the
first ones (A bibliometric study implies, that supercapacitor is the most popular term so far [9]). As compared

1 The symbol R_should not be used instead of ESR [5] because it will be confused with the generally accepted use of R_for serial
resistance component in impedance data display and handling as well as with the solution R_ in electrochemistry.

2 The terms supercap or supercapacitor™ (as well as ultracap/ultracapacitor) appear to lack a proper and generally accepted
definition. At first glance it appears sufficient to assume, that capacitors based on the capacitive properties of the electrochemi-
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to electrolytic capacitors they are getting closer to the energy density of accumulators at improved power
densities (for a detailed discussion of the underlying phenomena see e.g., [10-12]). In case of an EDLC the
surface area may be much larger than in an electrolytic capacitor because of the large surface areas of the
most frequently employed carbon-based materials (easily more than 2000 m? per gram of carbon material,
for a thorough discussion see e.g., [13], this concept was discovered more coincidentally during research on
high-surface area for fuel cells and subsequently patented [14], because of the impracticality of this approach
employing flooded electrodes later patents starting with Rightmire’s [15] may be considered as a more appro-
priate starting point) and because there is no dielectric insulating material of a certain thickness like said
metal oxides in the electrolytic capacitor as discussed above. Instead the charges — actually ions on the elec-
trolyte solution side and the electrons in the carbon (represented frequently in the jellium model [16]) —
are only separated by the metal/solution interface. Nevertheless actually obtained capacities are lower
than expected from surface area data as determined for carbon-based materials using e.g., the BET-method.
Instead data follow the experimentally determined pore volume for at least a selection of carbons [17]. This
has been ascribed to space constraints for accommodation of charged species (for a discussion see e.g., [18]).
This comes as no surprise: Ever larger surface areas come associated with ever smaller pores only, and for
charge storage ions have to move into these pores to the electrochemical interface located there. Below a
critical pore size this is simply impossible, the actual value of this pore size depends on the ion size, degree
of solvation, size of solvation shell etc.

Further increased capacities have become available only by going beyond charge storage in the double
layer and by utilizing Faradaic processes in surface and subsurface layers of the electrochemically active elec-
trode materials. These processes show up frequently in cyclic voltamograms CVs with an almost capacitor-
like response as illustrated following with a CV (see Fig. 4).

The displayed selection (right) shows only weak waves superimposed on a rather constant current when
changing the potential into the positive going (top) as well as the negative going (bottom) direction. The complete
CV (left) shows further processes with well pronounced peaks, in particular of the reduction of the previously
formed surface oxides proceeding in two stages because of shifting pH-values at the interface in the presence of
an unbuffered, almost neutral electrolyte solution. Because the appearance of the current—potential relationship
closely resemble that of a simple capacitor (for further examples see e.g., [19]) the current as well as the underly-
ing phenomena have been called “pseudocapacitive” (for a thorough discussion see [20]). In the present case —
with gold being fundamentally similar in behavior to ruthenium - the Faradic process involves surface redox
processes associated here with the formation of gold hydroxide, oxide and its hydrous forms [21], consequently
it has been called a redox pseudocapacitance (this term being attributed to Conway and Gileadi [22]). The capac-
itive-like behavior is initially due to the surface confinement of the redox reaction with the amount of converted
species closely tracking surface coverage, current and electrode potential. Similar observations have been made
with e.g., intrinsically conducting polymers ICPs [23] although the mechanism is completely different. With ICPs
the wide distribution of actual length of oligo- and polymers, more precisely the length of conjugated segments
(not to be confused with the effective conjugation length) varies widely, and accordingly oxidation (and subse-
quently reduction) potentials vary providing an almost continuum of redox peaks merged into the observed flat

cal double layer instead of a dielectric material like ALO, or Ta,0, showing huge capacities are correctly called supercapacitors.
Temporarily the latter term was trademarked (from August 1978 on) to NEC Corporation, currently this protection has apparently
expired. The acronym SC seems to be too short to enable immediate identification. Acronyms like ES for electrochemical super-
capacitor or FS for Faradaic supercapacitor do nothing beyond enlarging the confusion. Recently this device wherein purely elec-
trostatic charge storage in the double layer is operative has been frequently called EDLC (electrochemical double layer capacitor).
Thus it appears to be reasonable to call devices, wherein charge storage is based both on electrostatic charge separation (like in
an EDLC) and on Faradaic redox processes (pseudocapacity) supercapacitors. Because of the combination of these fundamentally
different charge storage mechanisms these devices are also sometimes called hybrids — adding further to the confusion. In the
present report supercapacitors are such hybrid devices, the term ultracapacitor is not used at all. Its use to designated only those
devices employing pseudocapacitances seems to be a loosing proposition [6]. The statement, that B. Conway coined the term
supercapacitor in 1991 is apparently erroneous. The rich collection of terms — some of them presumably protected by trademarks —
does not help really: APowerCap, BestCap, BoostCap, CAP-XX, DLCAP, EneCapTen, EVerCAP, DynaCap, Faradcap, GreenCap,
Goldcap, HY-CAP, Kapton capacitor, Super capacitor, SuperCap, PAS Capacitor, PowerStor, PseudoCap etc.
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Fig. 4 CVofa polycristalline gold electrode in an aqueous electroyte solution of 0.1 M KCIO,, d£/dt = 0.1V-s?, nitrogen purged.

CV curves. As already pointed out early by Conway et al. [24] the pseudocapacitance with respect to surface area
may be 10 .. 100 times that of the corresponding double layer capacity — but at a cost in terms of stability and
lifetime expectance because now again (electro)chemical conversions are involved.

The resulting devices are frequently also called supercapacitors. Because both principles of charge and
energy storage outlined above are mixed they are more specifically called hybrid supercapacitors, actually
they are one more step towards the merger of batteries and capacitors reviewed in detail elsewhere [25], for
early observations see [26]. Even the carbon-based materials employed in the EDLCs may already show both
features because of numerous functional groups on the carbon surface being possibly redox-reactive [27] thus
bridging the gap between purely capacitive and pseudocapactive materials. Materials operating simultane-
ously as capacitive and pseudocapacitive storage media have sometimes also been called hybrids [25], this
combination has been called parallel hybrid whereas the use in different electrodes described above has
been called serial hybrid. When a pseudocapacitive electrode is combined with a double-layer type one the
device is sometimes also called asymmetric. Different from the electrostatic storage mode electrochemical
reactions, i.e., charge transfer and associated processes, will be involved. These interfacial reactions proceed
at limited rates only (for overviews see [28-32]), the total amount of species converted (oxidized/reduced) is
equivalent to the specific rate of reaction expressed as charge transfer current density j = I/A (with I being the
overall current and A the participating surface area) multiplied with the surface area A. Materials to be con-
sidered for application should obviously have large values of j (which in turn reflects the exchange current
density j,, for details see e.g., [33]) and/or large surface areas A. The electrode reaction actually proceeding
should be a well-defined and reversible® like A B involving preferably only a redox process and no further
chemical reaction possibly associated with volume and shape change. Beyond redox processes of the type

MnO, + H,0 +e” = MnOOH + OH™ (4)

intercalation reactions of the type

Li* +C +e sLiC, (5)

may proceed (for a recent example see [34]). Deposition processes of species like

3 This term causes frequent confusion and is particularly ambiguous in electrochemistry. A reversible electrode reaction may be
called this way because — as indicated above — conversion of the starting material A into B yields in the backward reaction exactly
A. It may also be called reversible because if is very fast, actually fast enough to establish the ratio of reduced and oxidized species
at the electrochemical interface according to the Nernst equation at any time, even during fast changes of the electrode potential
externally impressed by e.g., a potentiostat in a cyclic voltammetry experiment. And finally it may be called reversible because it
proceeds at equilibrium following the thermodynamic requirements for a reversible system.
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H'+e SH,  orMe' +e < Me,, (6)
are also conceivable, their designation as electrosorption is somewhat misleading because of the easy con-
fusion with adsorption of e.g., organic molecules [35] involving partial charge transfer [36-39] also called
electrosorption.

There are further requirements active materials have to meet. They should be chemically stable in the
given environment of an electrolyte solution and — a fact at least until today frequently overlooked — at ele-
vated temperatures. This applies in particular to the chemical state the active masses reach upon charging.
No chemical reaction between the “charged” material and the environment inside the cell should proceed,
this would be noticed first by the user as “self-discharge” [40] and subsequently as capacity loss. This mode
of self-discharge is added to those already observed in EDLCs: Redistribution of ions (charges) and leakage
currents through imperfect insulations between electric leads etc. (self-discharge as a major challenge has
been addressed much earlier [41], for recent work see e.g. [42-44]). First studies employing blocking layers
of e.g., poly-p-phenyleneoxide applied to carbon surfaces have been reported, unfortunately this concept
cannot be applied to pseudocapacitive electrodes [45]. Neither dissolution nor change of morphology should
proceed, this includes volume change and swelling (for examples see below) which might result in cracking
and poor long-term performance. The materials should be good electronic conductors because their con-
tribution to the ESR may be substantial otherwise — and obviously not welcome. They should be cheap,
abundantly available, easy to prepare and environmentally acceptable. The number of compounds meeting
all these requirements appears to be limited so far. For a capacitor device always two electrodes are needed.
Whereas in EDLCs the same material may be used on both sides application of redox—active materials requires
a different approach. Considering the case of a metal oxide MeO, this becomes obvious. Assuming no higher
state of oxidation than +4 is available only the reaction

MeO, + H,0 +e” < MeOOH +OH™ 7)

is possible, for the sake of simplicity mixtures of oxides are omitted. The reduction may suggest use as a posi-
tive mass in a discharging cell. The negative mass to be combined with this electrode must show an oxidation,
and assuming that the same metal should be used its reaction would be

MeOOH +OH™ <= MeO, +H,0 +e” (8)

The voltage of this device would be equivalent to the difference in electrode potential of both masses,
with the actual potential of each electrode given by the ratio of the oxidized to the reduced (or less highly
oxidized) species according to the Nernst equation. Obviously this ratio would be 1 in both electrodes when
the device is completely discharged. And also quite obviously only 50 % of the active mass of each electrode
will actually be utilized (actually in symmetric supercapacitors employing pseudocapacitive storage the uti-
lization of the active mass is even lower). This situation has already been faced before with ICPs applied in
capacitive devices with the same polymer employed in both electrodes, a device called class I (for a detailed
discussion see [46]). Two solutions of this problem have emerged: Combining two different materials yields
a hybrid device when one mass is based on redox processes, the other one on double layer charging (the
asymmetric supercapacitor), or to combine two compounds of the the same chemical parent (element, e.g.,
manganese oxides) with widely different states of oxidation (the symmetric case). Another terminological
approach calls all devices employing charge storage beyond the double layer hybrid devices (with the term
hybrid itself being the subject of a discussion) with devices employing in addition to pseudocapacitive

4 Hybrid appears to lack a proper and generally accepted definition still despite its daily use. Actually some attempts at defini-
tion consider it equal or very similar to composite. Within this text a composite will be a mixture of two components wherein the
components do not interact with each other associated with any induced change of surface/interface or volume property. A hybrid
will be a material where especially at the interface such interactions cause changes in properties and behavior. In this sense most
examples in the published literature deal merely with composites and not with hybrids.



DE GRUYTER D.P. Dubal and R. Holze: Metal oxides for supercapacitors =—— 617

storage processes also double layer ones asymmetric, with the same material in both electrodes symmetric
ones and with lithium-ion capacitors a third category.

As an example of the second category Mn,O, (Hausmannite Mn*Mn>**Mn>*O 4), actually MnO,, has been
examined [47]. The reaction Mn,0, — MnO, performed electrochemically (see e.g., [48, 49]) is claimed to be
irreversible (in the chemical sense), thus — although no electrode reactions are given — it appears likely, that
during charging of the negative electrode a reduction simplified written as

MnO, +e” +C"—([MnO,] C") 9)

proceeds. This may either occur only on the surface or also inside the solid, and the cations C* may be protons
or metal ions from the electrolyte solution. In neutral electrolyte solutions composed of e.g., 1 M Na SO, in
water the concentration of protons is more than eight orders of magnitude smaller than that of sodium ions,
thus protons may justly be omitted. Somewhat confusingly attention has been mostly focussed on the adsorp-
tion (and/or insertion) of the ions on the surface in case of a truly superficial pseudocapacitive redox reac-
tion, whereas the associated transfer of negative charge to some Mn*"-ions has hardly been mentioned [50]. In
this particular case the reaction may progress into the range of electrode potentials were Mn*-ions are formed
irreversibly with associated losses of capacity [51].

The reaction at the positive electrode (during charging the anode) where an oxidation shall proceed
during charging is harder. Most likely it is

([MnO,] C*) - MnO, +e” +C" (10)

On discharging the supercapacitor the directions are reversed. Since both electrodes change electro-
chemically only slightly around basically a very similar state of oxidation the actually observed capacities
tend to be small like with class I capacitors employing ICPs [46]. Instead asymmetric devices have been sug-
gested as preferred option [52, 53]. As a minor advantage of symmetric designs simplified recycling proce-
dures because of the less complex inventory of a cell should be kept in mind.

The most prominent and popular example is RuO, [54]. The redox reaction of the hydrated form (which is
present when brought into contact with an acidic aqueous electrolyte solution) is

RuO, + 0H" +de = RuO, ,(OH), with 0 <9 <2 (11)

involving protons from a slightly acidic electrolyte solution or water from a neutral one [55].

RuO, + 0H,0+ de” = RuO, ,(OH), +60H " with 0 <9<2 (12)

The material has a high theoretical charge density of 1358 F-g* assuming Ru0,-0.5H,0, a sufficient electronic
conductivity of 3-10S-cm?, electrochemical reversibility at several well defined redox steps, chemical stability
etc. — and thus fulfills almost all requirements — except for price at 2.35 €-g* (8/2013), availability (it is one of
the very rare elements) and toxicity®. Hydrated forms show significantly better performance than anhydrous
ones, a feature also noteworthy with other oxides already implying the role of a solvent for the ions involved
in the surface chemistry and electrochemistry. Contrary to sometimes published opinions it does not neces-
sarily imply a major role for protons — which are present in the frequently neutral electrolyte concentrations
in extremely low concentrations only. Consequently other metal oxides have been studied. Most popular is
manganese dioxide, but also cobalt, copper, iron, tin, iridium and nickel oxides have been investigated. All
these oxides show redox processes of the type already discussed above. Unfortunately almost no kinetic data
on the redox processes of these metal oxides brought into contact with aqueous electrolyte solutions have
been reported [2]. Nevertheless the subject has been addressed in a comparative study of positive masses

5 RuQ, is particularly dangerous because it is significantly volatile.
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of Ni(OH), and Co(OH), [56]. Although the former had a larger specific capacitance (2217 and 549 F-g") the
latter showed higher stability of the specific capacitance and better charge/discharge efficiencies. This was
attributed to the higher reversibility of the cobalt-based electrode, i.e., the faster redox kinetics. The electrode
processes are generally reversible in both the chemical and presumably the electrochemical sense outlined
above, the resulting compounds in various states of oxidation appear to be sufficiently stable, otherwise
self discharge would be observed. Despite the dim prospects for a wide-spread use of RuO, itself numerous
attempts to prepare composites with other metal oxides have been reported (for overviews see [5, 57]).
Further aspects require consideration. Even when assuming that intercalation or a similar reaction
involving the bulk of the active mass is involved basically surface electrochemistry proceeds [58]. A rough
estimate of the extent of penetration of the pseudocapacitive reaction into the volume may be gleaned from
the diffusion length of participating ions derived from electrochemical impedance measurements. Horng
et al. [59] have used polyaniline nanowires deposited on carbon cloth, the estimated diffusion length was
60 nm. Because the electrode performance was not limited by electrode thickness (actual diameter of the
nanofibers was about 60 .. 80 nm) it has been suggested elsewhere, that the electrode reaction penetrates
only a few tens of nanometers into the active mass [60]. Thus for higher rates of reaction (i.e., high currents
at acceptably low current densities, i.e., high power capability of the final device) large surface areas are
desirable. Attempting this by deposition in particles as fine as possible is most likely counterproductive and
counterintuitive: The very fine particles may provide large surface areas, but for the reasons already outlined
above a substantial fraction of this surface may simply be not accessible for electrolyte solution and ions. In
addition electronic conductance of the solid phase may be too low. The stability of such deposits may also be
insufficient, in addition agglomeration may proceed. There are nevertheless results obtained with electrodes
prepared by simple precipitation methods, but mostly some follow-up treatment is applied. This treatment
aims at a generally pursued improvement of surface distribution and sample morphology. At first glance
amorphous materials may look particularly attractive because the absence of possibly large crystals prevent
detrimental effects of slow solid state transport processes. There may even be a gain in cell voltage because
of changes in Gibbs energy of formation when going from crystalline to amorphous materials [61]. Too small
particle sizes and possibly insufficient mechanical stability have limited the success of such materials so far.
Practically all metal oxides investigated so far are wide band gap semiconductors, their electric conduct-
ance is too low for applications especially when high currents (i.e., high power) are required. Voltage losses
across particles of this material may in addition cause further detrimental effects by Joule heating up to the
point of serious safety concerns. Another source of increased Ohmic resistance may become more significant
with decreasing particle size: The contact resistance between particles. In case of materials showing volume
change and showing passivation-like surface changes this contribution may become a major one.
Various strategies have been reported to overcome or remedy the shortcomings outlined above:
— Nanostructuring with morphology controlled with respect to particle shape, particle size, pore size, par-
ticle and pore size distribution (for an overview on nanostructuring see [62])
— Deposition of thin layers (for a specific overview see [63]) on suitable structured supports fulfilling the
requirements indicated in the preceding entry
— Formation of composites or hybrids* with materials controlling and/or maintaing advantageous proper-
ties (see again first entry) of active material during operation

Most of these strategies can be applied to materials including oxidic ones both for supercapacitor and lithium

ion battery electrodes, in a review dealing with both classes of materials this has been done elsewhere [60].

Composites of metal oxides with ICPs have been reviewed elsewhere with particular attention to the role of the

ICP [46]. Nanodimensional structures can be grouped as follows (with the dimensionality given in brackets):

— Nanosized columnar or wire-like arrays (nanorods, nanowires, nanofibers, nanoribbons) (1D, for a spe-
cific overview see [64], a detailed one on 1D metal oxide nanostructures see [65])

— Coated nanosized columnar or wire-like arrays (core-shell structures) with coating either protecting the
active material inside or the coating being the active material on the structured support acting as current
collector also
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- Nanoplatelets (2D)
- Specific arrangements as nanoflowers, nanoarrays, foams (2D, 3D)

Depositing metal oxides on spherical particles or particles with an aspect ratio close to 1 would be considered
0D, use of foams or other porous structures would be 3D [66]. With respect to improved electronic conduc-
tion 2D structures show smaller contact resistance contributions than 0D particular systems, especially when
prepared with their longer dimension perpendicular to the suport they are more effective. Both deposition
on the outer surface of wires and deposition inside tubes may be applied. For a desired capacitance in a
given volume means of preparing suitable superstructures will be required. 3D-structures may provide this
means, but even their total thickness may be limited. Various routes to these products have been proposed
and evaluated: Chemical formation by precipitation, sol-gel procedures, hydrothermal procedures and elec-
trochemical deposition. Some actual procedures may incorporate steps and aspects of more than one of these
basic approaches. When appraising methods and their respective products in particular of those approaches
not yielding ready electrodes already effects of further preparation steps should be kept in mind. Very fine
powders obtained by whatever method even when showing promising porosities etc. may behave poorly
when mixed with conducting additives and binders and may pack poorly yielding finally too dense electrodes
lacking the necessary meso- and even macroporosity needed for good access of electrolyte solution and ions
better achieved with slightly larger, mesoporous [67] and possibly spherical particles (see examples in [68,
69]). Wire- and rod-like materials may simply fragment when exposed to mechanical pressure loosing part of
the advantageous morphology.

Formation of whatever polymorph in a given particle shape (wire, tube, rod etc.) and distribution via
thermal, hydrothermal or other procedures appears to be — at least initially — a trial-and-error approach.
Only in some cases template-like actions of additives like the tubular growth of o-MnO, induced by fluoride
ions (for similar cases with other metals see e.g., [70, 71]) have been identified, but even in this case only the
preferred growth of certain polymorphs could be explained with different surface energies. The reasons for
the growth of a particular shape were not explained. Presumably the rate of growth at different crystal planes
differs substantially with the templating ions inhibiting or (less likely) accelerating at specific ones.

A combination of two materials prepared by depositing the second compound on the first one yield-
ing a particularly intimate and effective connection between both like MnO, deposited onto graphene may
come closest to the meaning of hybrid as indicated above, this approach has been studied most thoroughly
by Wang and Die, the products are considered as strongly coupled inorganic-nano-carbon hybrids [72]. The
materials obtained this way will be discussed below at the respective metal, for a review of graphene/metal
oxide materials in energy storage see [73].

The materials

Following the metal oxides will be inspected more closely. Mixed oxides and metallates will be treated
together with one of their constituting metals. Theoretical data are given as reported with assumed electrode
reaction equation, differences and variations are mostly due to different electrode potential limits put into
he calculations. Specific data, in particular those pertaining to charge, energy and power density are quoted
as given by the authors. As already remarked elsewhere [52] these values tend to be of only limited meaning.
Energy densities E and power densities P are sometimes calculated based on the behavior of the investigated
electrode according to

(AE)’
4ESR

E:%CS(AE)zanszéorP: (13)

with the specific capacitance C, the electrode potential variation AE, the discharge time ¢ taken from CVs and
discharge experiments and the value of ESR derived from e.g., discharge experiments (the immediate voltage
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or potential drop when switching from charge to discharge and the respective currents provide the value).
Authors frequently state, that their numbers are related only to the active mass, sometimes they even dis-
tinguish between contribution of metal oxide and added carbon (for examples see [66]). Even in binder-free
systems working with added conductive substances (obtained e.g., by depositing thin layers on metallic sub-
strates) data may change dramatially when a complete device is prepared. This has been stressed before [74]
taking an example with extraordinary claims regarding high energy density [75] brought back into the not-so-
brilliant reality. This need for more unified reporting in particular of coulometric data has been stressed in
an overview on nanomorphology control of electrode materials [62]. Reviews covering parts of the selection
presented here are available [5, 76], further oxides not covered here — mostly because of very poor data —
may be found elsewhere [72, 77, 78]. Because of the limitations pertaining to ruthenium this material is not
considered further except for compound materials, because supplies of indium are already low this material
will not be considered here (for available data see [63]).

Cobalt

Although ressources of cobalt are smaller than those of the other metals considered here attempts to prepare
cobalt-based active masses have been reported. CoO, is not among them, because it tends to decompose
releasing dioxygen - a safety issue with lithium ion batteries employing LiCoO, as positive mass during
charging [79]. On selective synthesis of a- and 3-Co(OH), see [80]. Theoretical charge density has been calcu-
lated at 3560 F-g'[66] for the storage reactions

Co,0,+0H +H,0=3Co00H +e" and COOOH+0H" = Co0, +H,0+e’ (14)

Also suggested has been [81]
Co(OH), +OH = CoOOH + H,0 + e (15)

Chou et al. [82] prepared flexible porous Co(OH), nanoflake film deposits suitable for supercapacitor
applications by a electrodeposition® method on lightweight and inexpensive stainless steel mesh and found
it to be amorphous according to X-ray diffraction results. The maximum specific capacitance of 609.4 F-g!
decreases by <5 % as the mass loading of Co(OH), increases by more than 340 % from 0.14 to 0.62 mg-cm?
assuming the redox reaction above right. The specific capacitance decreases only by <15 % when the current
densities increase up to 10 times from 714 to 7143 mA-g?, indicating the good high-rate performance. Addition-
ally, there is only 19 % specific capacitance loss after 3000 cycles, which shows the long-term electrochemical
stability. After 3000 cycles, the specific capacitance of the porous Co(OH), nanoflake electrode is 364 F-g',
which was still higher than that of carbon-based materials. Jagadale et al. [83] prepared Co(OH), by electro-
deposition during cyclic voltammetry from a 0.1 M Co(NO,),-6H,0 solution. Presumably the same interfacial
redox chemistry as observed by Chou et al. [82] prevailed. A symmetric capacitor employing two electrodes
of stainless steel foil coated with Co(OH)2 was assembled and tested. X-ray diffractograms taken after 5000
charge/discharge cycles indicated a higher crystallinity of the B-Co(OH), deposit based on sharper and more
intense diffraction peaks. The authors assign the redox reaction Co(OH )2 +0H = CoOOH + H,0 +e€’ to the
positive electrode, whereas at the negative electrode only adsorption of potassium ions during charging/
their release during discharging is claimed. The performance data for the complete cell were 44 F-g', 3.96
Wh-kg' and 42 kW-kg. In a study of the effect of the scan rate in potentiodynamic deposition of 3-Co(OH),

6 Deposition proceeded from an aqueous solution of 0.025 M Co(NO,),. Reduction of nitrate to nitrite according to NO,+ H,0 +
2e"—NO, +2 OH" and alternatively a more complete reduction according to NO,"+7 H,0+8 e — NH,* + 10 OH" both yield hy-
droxyl ions. In the neutral, unbuffered solution the local concentration of these ions may be large enough for the precipitation
reaction to occur: Co* + 20H — Co(OH)2~J/.
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on flexible stainless steel sheets Jagadale et al. [84] observed declining particle size and increasing porosity
with growing scan rate as would be expected from metal deposition theory [85]. The material deposited at
the highest scan rate of 200 mV-s* showed 890 F-g’ in 1 M KOH electrolyte at dE/dt = 5 mV-s? with a capacity
loss of 16 % after 10000 cycles. A non-thermal chemical synthesis of amorphous thin films of CoO has been
reported [86], the films have not been studied for supercapacitor applications. The inherent limitations set by
the low conductivity have been illustrated by a comparison between a symmetric (CNT/CNT) and an asym-
metric miniature capacitor [87] employing a positive o-Co(OH),/CNT and a negative CNT electrode. At 20 A-g?
and a voltage window of 1.8 V the asymmetric device showed 62.6 F-g?, the symmetric only 8.7 F-g'. Because
of the slightly lower ESR of the symmetric device at 30 A-g! its power density was 20.6 kW-kg! and energy
density 2.2 Wh-kg?, whereas the asymmetric device showed only 11.4 kW-kg' and 7.8 Wh-kg'. Hierarchically
structured Co,0, has shown 781 F-g" at 0.5 A-g" and 611 F-g" at 8 A-g" with 97.8 % capacitance retention after
1000 cycles at 8 A-g' F [88].

The advantageous properties of hybrid materials [89] already addressed above have been employed by
Liang et al. in a hybrid of Co,0, with a 1D nanoporous carbon material prepared via pyrolysis of a polymeric
precursor [90]. A specific capacitance of 1066 F-g' was reported. Mesoporous nanowires of Co,0, showed sub-
strate (e.g., carbon fiber paper or graphitized carbon paper) dependent self-organozation yielding materials
with 1525 F-g* and 1199 F-g?, respectively, at 1 A-g* [91]. A 3D material was prepared from graphene foam with
Co,0, nanowires deposited hydrothermally [92]. A specific capacitance of 1871 F-g* was recorded at dE/dt =
2 mV-s?, the capacity dropped by 20 % at dE/dt = 100 mV-s*. Graphene-Co(OH), nanocomposites prepared
by Chen et al. [93] showed a specific capacitance of 972.5 F-g* at 0.5 A-g* (for comparison: Co(OH), 137.6 F-g).

Although cobalt has been added to the nickel oxide-based electrode in alkaline secondary batteries of the
Ni-MH-type [94] for quite some time providing various improvement features its redox (electro)chemistry, in
particular the oxidation from Co(OH)2 to CoOOH, has been understood only incompletely [95]. The reaction
is a two-step process starting with a dissolution reaction of Co(OH), followed by a solid-state step of COOOH
deposition with results sensitively depending on chemical environment and reaction conditions. -CoOOH is
the product, but varied conditions may result in formation of Co,0,. These findings may be helpful in under-
standing both formation and redox electrochemistry of cobalt-based supercapacitor electrodes.

Mai et al. [96] have prepared a hierarchical nanowire-shaped material based on a backbone of MnMoO,
coated with CoMoO, showing a cycling efficiency as a high as 98 % after 1000 cycles. A composite of zeolite
Y with Co(OH), and Ni(OH), showed a specific capacitance of 479 F-g* (or 1710 F-g with respect to the metal
content) [81]. A layered double hydroxide LDH Co,_Ni . .LDH had a specific capacitance of 2104 F-g*at 1 A-g*
[97].

Copper

CuO nanosheets have been doped with silver by Huang et al. [98] and tested in an aqueous electrolyte solu-
tion of 6 M KOH yielding 689 F-g' at 1 A-g' and 299 F-g' at 10 A-g! with 61 % of the initial capacity after 2000
cycles. A composite of with porous CuO nanobelts with SWCNT in an organic solvent-based electrolyte solu-
tion showed 150 F-g'at 1 A-g* (1.25 kW-kg' and 130.2 Wh-kg", for comparison: with carbon black 127 F-g', even
less than plain CuO with 130 F-g'), at 24 F-g' at 40 A-g’, at 5 A-g' it dropped from 75.7 F-g' to 62.4 F-g' (with
support) [99].

Iron

o-Fe,0, is an obvious candidate because of good availability, low price and lack of negative environmen-
tal impact. Low electronic conductivity is the first hurdle for application. Use of thin films may overcome
this hindrance. Magnetite Fe,O, shows pseudocapacitive behavior in an electrolyte solution of alkali sulfites.
A film with regular octadecahydral morphology prepared hydrothermally showed a specific capacitance of
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118.2 F-g* and a capacity retention of 88.8 % after 500 cycles [100]. With an electrolyte of Na, SO, an even
lower capacity of 5.3 F-g' was reported [101], it was assigned to the space-charge capacitance of the semicon-
ducting oxide. With hydroxide- and phosphate-based electrolytes slightly larger values around 7 F-g! were
recorded implying a small pseudocapacitive contribution. With Na SO, capacities ranging from 30 .. 510 F-g’
were observed. Present data imply still insufficient electronic conductance even of composite materials with
either Fe,0, or Fe O,, low stability and inattractive specific capacitance. Addition of MWCNT may also allevi-
ate the effects of low conductance. An asymmetric device with at MWCNT negative and a MWCNT/a-Fe,0,
composite positive electrode showed energy/power densities of 50 Wh-kg! and 1 kW-kg? [102]. Presumably
due to the still poor conductance and slow kinetics of the electrode reaction the capacitance dropped by 90 %
from 100 to 8 F-g! when the scan rate was increased from 2 to 200 mV-s'. In a microwave-assisted proce-
dure Du et al. [103] prepared nanoparticles of Fe O,. Subsequently mixed with AC symmetric and asymmetric
supercapacitors were built with the asymmetric device yielding best performance in terms of cell voltage
1.2 V and energy density 9.25 Wh-kg! at 0.2 mA-cm?, 53.4 % heigher than the energy density of the AC/AC-
device. Hollow-sphere and colloidal MnFe,0, have been synthesized [104], improved performance (albeit at
a low level) was observed after addition of surfactants. This was attributed to lower interfacial tension and
enhanced diffusion of electrolyte cations (Li*).

A rather different picture emerges with hybrids of FeO_and graphene. These materials show redox poten-
tials associated with the pseudocapacitive processes at rather negative values, thus the materals may be
utilized as negative masses. Qu et al. [105] prepared nanorods of FeOOH on graphene yielding a reversible
Fe O,-graphene electrode with a capacitance of ~320 F-g' stable over 1000 galvanostatic cycles in aqueous
1M LiOH solution. Nanoparticles of Fe,0, attached to reduced graphene oxide [106] yielded a capacitance of
480 F-g' at 5 A-g' with a corresponding energy density of 67 Wh-kg?! at a power density of 5.5 kW-kg!in 1 M
KOH solution without any decrease of capacitance after 1000 cycles.

The FeO -graphene hybrid reported by Wang et al. [107] combined with a Ni(OH)-graphene to a superior
system is discussed below in the section on nickel. Thus the generalized statement in [5] regarding the dim
prospects Fe,0, or Fe,O, may be somewhat precipitously.

Manganese

Manganese is abundant in nature, its compounds — especially those considered following — are environmen-
tally acceptable and of low - if at all - toxicity. Manganese dioxide MnO, occurs in many forms in nature
(for details see e.g., [108]). Among them are hollandite o-MnO,, pyrolusite 3-MnO, (rutile structure), birnes-
site (Na,,Ca K ,)(Mn*,Mn*"),0,-1.5 H,O forming together with many other layered manganese dioxides the
group of 5-MnO, with a layered structure [109] particularly useful for ion intercalation, akhtenskite (s—MnOZ),
ramsdellite or nsutite y-MnO, or R-MnO, (this assignment seems to be under dispute, see e.g., [110-113]). Of
interest as a precursor is also hausmannite Mn*Mn**Mn’*0,, although it is itself electrochemically inactive.
A-MnO, is a spinel phase, a-MnO, is an amorphous product. Lithiated forms also considered have spinel
(LiMn,0,), orthorhombic or layered form (LiMnO,). In numerous reports observed X-ray diffraction data taken
from natural minerals are used to assign synthetic products to any of the names of naturally accuring forms,
causing sometimes minor confusion. o-, -, and R-MnO, show hexagonal closest packing with tunnel struc-
tures possibly useful for ion ingress/egress. y-MnO, has been claimed to the electrochemically most active one
[112, 114] for alkaline battery applications. It shows a thickness change of a film prepared by electrodeposition
of up to 150 um thickness by about 10 % upon reduction as measured by ellipsometry [112]. An early review
of MnO, in supercapacitors is available [115], the state of development of asymmetric supercapacitors utiliz-
ing MnO, has been reported before [116, 117], and for an overview on this class of materials see also [118].
As already implied by the Pourbaix diagram of manganese [119-121] several redox transitions are possible
within the stability window of water: Mn(II)/Mn(III), Mn(III)/Mn(IV), Mn(IV)/Mn(VI). Because of the numer-
ous structural and compositional variations as well as possible redox transitions numbers of theoretical
charge density vary from 1100 .. 1300 F-g' [5] up to 1370 F-g' [52] and 1380 F-g' [66]. In the absence of kinetic
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data for the conceivable redox reactions (see above) any general statement claiming a too low reversibility
seems to be unfounded [63]. This also applies to electronic conductance: Although basically a wide band gap
semiconductor conductivities of up to 10 S-cm™ have been quoted [52].

A major challenge in the use of MnO, is obviously the low (or almost absent) conductivity. This is con-
firmed by observations of very large specific capacitance values reaching 700 to 1380 F-g' [116] with ultrathin
films (for a typical example see 698 F-g' at dE/dt = 50 mV-s” reported by Pang et al. [122], for an overview
see [63]) implying both the large gain available when drastically shortening the pathway for electrons and
also indicating, that slow solid state diffusion may be a problem alleviated this way. A specific capacitance
of 256 F-g' at dE/dt = 50 mV-s? [123], results obtained via deposition of a metallic film of manganese sub-
sequently oxidized yielding 214 F-g' at dE/dt = 5 mV-s* [124] or a capacitance of 279 F-g' at dE/dt = 2 mV-s?
[125] do not suggest real progress. Thus nanostructuring without or with employing a support or scaffold of
highly conducting material providing also a large surface area in contact with the electrolyte solution is the
approach. Mesoporous MnO, prepared by a chemical deposition routine showed a specific capacitance of
173 F-g* at 0.25 A-g' and 123 F-g' at 4 A-g' with 93.8 % capacitance retention after 10 000 cycles [126], for a
sol-gel synthesis of mesoporous MnO, see [127]. Wang et al. [128] obtained a highly ordered nanowire array
of 0-MnO, with a specific capacitance of 165 F-g*. Li et al. [129] used vertically aligned carbon nanofibers in
a brush-like array coated in core-shell fashion with MnO,. The measured specific pseudocapacitance of 313
F-g' added to the double layer capacitance of 36 F-g* at dE/dt = 50 mV-s?, these values kept constant up to
2 V-s'. A maximum total specific capacitance of 365 F-g! was observed at a thickness of the film of ~7.5 nm.
Performance data of 32.5 Wh-kg! and 6.216 kW-kg* at a drop in capacitance of 11 % after 500 cycles were
derived from CV and galvanostatic cycling experiments. Wu et al. employed a slightly different approach
when depositing needle-like o-MnO, on a carbon fiber fabric [130]. In an aqueous electrolyte solution of 1
M Na,SO, a specific capacitance 432 F-g" at 5 A-g’ was observed. From CV data it was tentatively deduced,
that sodium ions may penetrate only into the topmost layers whereas protons — despite the fact, that they
are present in a concentration many orders of magnitude lower — may also reach the interior of the film.
Given the typical dimension of 5 nm derived from X-ray diffraction this question may need further elabora-
tion. Nanorods of 0-MnO, prepared by Qu et al. [131] yielded a material of superior electrochemical cycling
stability showing the influence of alkali metal ions of the employed neutral electrolyte solution on capaci-
tance and power performance. The largest ions (K*) resulted in highest power density, the smallest ions
(Li*) provided additional capacitance due to ion intercalation beyond surface processes. CNT nanotubes
were used both as scaffold and reductand in preparation of a CNT-MnO, composite by Jin et al. [132]. The
product showed a very high surface specific capacitance of 5.07 F-cm?. Carbon-coated CNTs further loaded
with MnO, by Wang et al. [133] showed a maximum 227 F-g* at 0.2 A-g* at 94 % capacity retention after 1000
cycles. With super-aligned CNT arrays proposed by Zhou et al. [134] (further details see below) at a loading
of 60 %wt. of Mn,0, a specific capacitance of 508 F-g' being equivalent to 370 F-cm?® at dE/dt = 10 mV-s’
was reported. Estimated energy density was 30 Wh-kg?, power density 60 kW-kg'. Core-shell nanowires of
Co0,0,@MnO, showed in 1 M LiOH solution a specific capacitance of 480 F-g* at 2.67 A-g* with only 2.7 %
capacitance loss after 5000 cycles and 56 % capacitance retention at 44.7 mA-cm? compared to 4 mA-cm?
[135]. SnO, nanowires coated with amorphous MnO, showed 637 F-g* at dE/dt = 50 mV-s* (800 F-g*at 1 A-g?)
in a solution of 1 M Na,SO, at 1.2 % capacity loss after 2000 cycles [136]. In a presumably less expensive
approach porous MnO, was synthesized by an interfacial reaction and yielded (with added acetylene black)
specific capacitances ranging from 8 .. 261 F-g" in a solution of 0.5 M K,SO, with only 3 % loss after 1300
cycles. A mixture of very thin flowerlike 6-MnO, with AC yielded an electrode with a specific capacitance of
85.8 F-g!, an energy density of 47.4 Wh-kg! at a power density of 200 kW-kg! and a capacity retention of 90 %
after 1000 cycles in 1 M Na SO, solution [137]. Nanospheres of birnessite-typ MnO, showed 210 F-g*at 0.2
A-g'in 1 M Na,SO, solution [138]. Nanotubes of 3-MnO, prepared by a hydrothermal route [139] yielded with
added graphite a material showing a specific capacitance of 350 F-g! at very low discharge currents. Hydro-
thermally prepared o-MnO, nanotubes showed 220 F-g* at dE/dt = 5 mV-s [140]. MnO, prepared by reduc-
tion with AC and grown on AC [141] showed in an asymmetric supercapacitor with an AC negative electrode
28.1 Wh-kg' at 100 W-kg" and 4.3 W-kg*at 5 kW-kg™. A hybrid of nanowire o-MnO, and MWCNT mounted with
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an AC negative electrode into a capacitor showed 17.8 Wh-kg* at 400 W-kg* almost unchanged at 3340 W-kg*
in a solution of 0.5 M Li,SO, [142]. Carbon nanotubes with MnO, inside as well as outside have been prepared
as 2D materials by Chen et al. [143]. The specific capacitance was 225 F-g* at dE/dt = 2 mV-s?, the material
with MnO, deposited outside the nanotube showed only 144 F-g'. Related to the manganese dioxide content
the values are 1250 F-g' and 790 F-g?, this was in part attributed to the fact, that inside the tubes both MnO,
and Mn 0, coexist as evidenced from Raman spectra. A further contribution arises from the higher utiliza-
tion of the material caused be the particular dimensions of pores and channels in the material causing an
ion desolvation or sieving effect [144, 145] enabling ion penetration into very small spaces. Metal oxides
deposited directly onto functionalized surfaces of materials like graphene or MWCNT may result in hybrids
with strong coupling [72], this also applies to reduced graphene oxide RGO because it contains frequently
residual oxygen functionalities. RGO with urchin-like MnO, yielded a specific capacitance of 263 F-g* at
5 mA-cm?and 138 F-g' at 40 mA-cm? with 99 % capacity retention after 500 cycles [146].

OD-materials have been used as host and template for MnO,. Dong et al. have deposited MnO, into the wall
of mesoporous carbon CMK-3 [147] without noticeable blockage of the mesopores. The amorphous product
provided a specific capacitance of 220 F-g' at dE/dt = 5 mV-s' and 156 F-g' at dE/dt = 50 mV-s? in an electrolyte
solution of 2 M KCl. When considering the carbon content and its calculated double layer capacitance the con-
tribution which could be assigned to the manganese fraction approached 60 % of the theoretical value cal-
culated for the MnO, in an alkaline battery. Xu et al. prepared mesoporous amorphous MnO, using CNTs and
mesoporous carbon as sacrifical reductands and templates [148]. The material prepared with the mesoporous
carbon showed a superior specific capacitance 232 F-g' at 2.5 mA-cm? and 202 F-g' at 10 mA-cm? (87.4 %
capacity retention) in a solution of 1 M Na,SO,, whereas the respective results for the CNT-based materials
were 98 F-g' at 2.5 mA-cm? with only 72.7 % capacity retention at 10 mA-cm?.

Materials prepared by depositing MnO, on a scaffold acting as current collector and as mechanical
support providing a large surface area material frequently need a template. In case of hard templates their
use requires additional processing steps when removing them; this may be associated with the risk of nega-
tively affecting final properties. A template-free one-step method to obtain a scaffold of PEDOT nanowires
coated with MnO, has been reported by Liu and Lee [149]. At constant electrode potential Mn*-ions from
the electrolyte solution are anodically oxized, the hydrolysis of the ions in their higher state of oxidation
yields MnO,. It forms the core of the coaxial wire, whereas PEDOT is deposited as a shell. This is directed
by ring-shaped sputtered gold electrodes used as support [150]. The PEDOT-coating supports an excellent
electrochemical performance with a specific capacitance of 210 F-g* at 5 mA-cm? and 185 F-g! at 25 mA-cm™.
Using nickel foam as a 3D scaffold Zhao et al. [151] have prepared a CNT-MnO, material with a high specific
capacitance of 462 F-g" at 5 A-g" in a solution of 0.5 M Na SO, with only 3.68 % loss of capacitance after 500
cycles. Using commercial sponge coated with reduced graphene oxide and MnO, a material with a specific
capacitance of 450 F-g' at dE/dt = 2 mV-s* was obtained [152]; it worked up to dE/dt = 200 V-s* with 90 %
capacity retention after 10 000 cycles.

Because pseudocapacitive processes going beyond purely superficial ones imply ingress of ions into solid
phases of the metal oxide both the structure of the crystal and size (and other properties) of the participating
ions may be important. In a comparative study of sodium-doped 8-MnO, and commercial cryptomelane-type
MnO, Boisset et al. [153] have concluded, that lithium salts with small anions provide best performance and
stability. Sodium and potassium doped ranciéite-type MnO, has been synthesized with various morpholo-
gies, specific capacitances ranged from 17 .. 112 F-g' at dE/dt = 2 mV-s* [154]. The influence of conditions in
hydrothermal synthesis of o-MnO, has been examined [155].

Although most reports deal with preparation, characterization and performance evaluation mecha-
nisms of capacitance loss and finally device failure have been inspected, albeit only infrequently. Hsieh et al.
have studied capacity fading of MnO, (prepared by precipitation from solutions of KMnO, and MnSO, and
structurally not characterized further) with an aqueous electroyte solution of 1 M NaCl [156]. Two different
mechanisms were deduced. At low binder content as well as at high currents growth of transmission resist-
ance assigned to deterioriating electric contact between MnO,-particles and added conducting carbon was
the culprit. The mechanical failure also observed and apparently closely related to the changes of electric
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properties was attributed to cyclic volume changes during charging/discharging. With high binder content
and/or low current the interfacial charge transfer resistance associated with the redox electrode reaction of
the MnO, increased. The frequently invoked dissolution of MnO, as the cause of failure was also observed,
but its extent could not explain the amount of fading. On a smaller dimension structural variations of -MnO,
during charge/discharge have been studied [157]. Results show an increase of interlayer spacing on oxidation
attributed to sodium ion deintercalation and subsequent replacement by water molecules associate with a
slow loss of crystallinity. The specific capacitance of 145 F-g! was nevertheless maintained over 1100 cycles.
The detrimental effect of oxygen was demonstrated with an asymmetric device (AC/MnO,): After its careful
removal stable performance in 195 000 cycles was found, lower corrosion in the absence of oxygen was iden-
tified as a major influence [158].

Lithiated manganese dioxide LiMn,0, has been prepared by Wang et al. in a nanoporous form via a
hydrothermal route starting with nanotubes of o-MnO, [159]. With a typical pore size of 40 .. 50 nm and a BET
surface area of 9.76 m?-g* a specific capacitance of 189 F-g* at 0.3 A-g! current density were reported for its
use as positive mass in a supercapacitor with an electrolyte solution of 0.5 M Li,SO,. At 12 A-g” the capacity
decreases to 166 F-g, after 1500 cycles no capacity fading could be observed. Nanoporous spinel-type mate-
rial of the same chemistry pepared by Wang et al. [160] showed 189 F-g' at 0.3 A-g', 166 F-g'at 12 A-g' and
stable cycling performance even at highest current densities. A nanohybrid of this composition obtained in
the same group [161] showed 415 F-g" at 0.5 A-g". A nanorod-like form of LiMn,0, has been prepared by Tang
et al. [162] from hydrothermally formed o-MnO, nanowires subsequently heat-treated, it has been identi-
fied as a positive mass with extremely fast response: The capacitance of 396 F-g? at a rate of 4.5 C was only
slightly diminished to 348 F-g! at 90C and a power density of up to 14.5 kW-kg! with 94 % capacity retention
after 1200 cycles. Microcubes of LiMn,O, prepared by a self-templating route have shown a discharge capac-
ity of 108 mAh-g! at rate 10 C, after 100 cycles this decreased to 88 mAh-g! [163]. With a nonaqueous elec-
trolyte solution an asymmetric supercapacitor with a negative LiMn,0, and a positive MnO,/CNT electrode
showed 56 Wh-kg' at 300 W-kg* [164]. A performance superior to lithium-ion containing masses was observed
with K, MnO,-0.6H,0 [165] showing 17.6 Wh-kg" at a power density of 2 kW-kg". The stability and the lack of
sensitivity against traces of dioxygen in the electrolyte solution was attributed to the lamellar morphology
of the material. Nanoflakes of MnO, with spontaneously intercalated sodium ions having the stoichiometry
Na, ,MnO, and Na ,MnO, have shown specific capacitances > 1000 F-g* and calculated energy densities up
to 110 Wh kg* with 99.9 % capacity retention after 1000 cycles [166]. The use of NaMnO, as active mass has
been proposed by Qu et al. [167].

Molybdenum

Molyhbdite (c-MoO,) may accommodate up to 1.5 lithium atoms per molybdenum [168] according to

MoO, + 1.5 Li* + 1.5 = Li, ,MoO, (16)

A mesoporous film of isooriented a:-MoO, showed higher lithium ion storage capacity than an amorphous
one, this was attributed to ion insertion into the van der Waals-gaps [169]. Nanoplates of o-MoO, as prepared
by Tang et al. [170] as negative electrode in an asymmetric supercapacitor (with a positive electrode of AC)
showing 280 F-g* at 1 dE/dt = 1 mV-s in aqueous 0.5 M Li,SO, (45 Wh-kg" at 450 W-kg*; 29 Wh-kg" at 2 kW-kg?).

A 3D heterostructured nanowire MnMoO,/CoMoO, was synthesized by Mai et al. [171] with a specific
capacitance of 187.1 F-g' and 26 Wh-kg"! at 1 A-g! in an aqueous solution of 2 M NaOH. Tubular and sheetlike
nanocomposites of MoO, with polyaniline intercalated between layers of the oxide were prepared [172]. After
about 100 cycles the sheet-like material showed a larger specific capacitance of 200 F-g! vs 170 F-g? for the
tubular one. A beneficial effect of coating (a-MoO,) with polypyrrole (see also [46]) has been attributed to
efficient inhibition of molybdenum ion dissolution and improved electronic conductance of the embedding
polymeric matrix [173].
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Nickel

Theoretical charge density has been calculated at 2584 F-g' [66] and 3750 F-g' 7 for the storage reaction

NiO + OH = NiOOH +e” 17)

which is equivalent to

Ni(OH), + OH = NiOOH+H_O+e’ (18)

This reaction is valid for all nickel oxides, hydroxides etc., its electrode potential is rather high and sug-
gests the use of these materials as positive electrode. Structural and mechanistic aspects of these transitions
have been studied by Wen et al. [174]. The influence of the hydrothermal deposition temperature on the mor-
phology of 3-Ni(OH), has been studied by Gund et al. [175]; the nanoplate material prepared at the lowest
temperature of 333 K provided the highest specific capacitance of 340 F-g* at 0.125 mA-cm?.

Jiang et al. prepared monodisperse peapod-like nickel particles of about 20 nm diameter inside meso-
porous carbon fibers [176]. The product showed superior data: 912 F-g* at 0.5 A-g* down to 468 F-g'at 10 A-g.
A 2D material with NiO on CNT has been reported by Lee et al. [177] with a specific capacitance of 160 F-g'
at 10 mA-g! dropping to 140 F-g! at 100 mA-g! stable over 100 cycles. An improved conductance caused by
entangling with MWCNTSs and better accessability of redox sites in nanoflakes of NiO were found by Zheng
et al. [178]. At an optimum content of 20 %wt. of MWCNT a specific capacitance of 210 F-g' at 0.1 A-g* drop-
ping to 185 F-g' at 4 A-g'with a capacity loss of 11 % after 200 cycles was found. Different morphologies of NiO
changing from 2D disks to 0D mesoporous spheres in composites with CNT were obtained by Lin et al. [179].
The latter material (with 23.91 %wt. of NiO in the composite) yielded the highest specific capacitance of 1329
F-g' (with respect to NiO fraction at) at 84 A-g' in an electrolyte solution of 1 M KOH hardly changed within
1000 cycles. Even more effective (in particular with frequently overlooked utilization of chemicals employed
in the preparation process) is the use of super-aligned CNT arrays proposed by Zhou et al. [180]. At a loading
of 60 %wt. on the CNTs a specific capacitance of 363 F-g' being equivalent to 110 F-cm? at dE/dt = 10 mV-s*
was reported. At a current density increased by a factor of 60 the capacitance dropped by 50 %. The weight
contribution of the support in an actual device would be very low, the sheets can be stacked easily. Micro-
wave-assisted synthesis yielded a material with a porous ball-shaped surface [181] with a specific capacitance
of 420 F-g'at 0.5 A-g'and 330 F-g' at 4 A-g! without noticeable capacity loss after 400 cycles. Better crystallin-
ity were attributed to the microwave heating causing accelerated kinetics and local overheating supporting
the observed favorable aggregation, which in turn yielded a surface better accessible for hydroxyl ions during
pseudocapacitive processes.

Deposition of B-Ni(OH), platelets on graphene yielded a material with a specific capacitance of 1267 F-g?
at dE/dt = 5 mV-s' in an electrolyte solution of 1 M KOH [182], this value decreased to 877 F-g* (per active mass
only) at dE/dt = 40 mV-s™. The theoretical limit was estimated to be 1900 F-g'. During galvanostatic charging
at 2.8 A-g' a capacitance of 1335 F-g' was observed, this decreased to 935 F-g' at 45.7 A-g'. This performance
as well as the observed stability (no capacitance loss during 2000 cycles) was attributed to the close interac-
tions between the metal hydroxide and the graphene and a particularly suitable size and morphology of the
metal hydroxide particles. Platelets of Ni(OH), deposited on graphene were combined with RuO,-graphene
into a device operating with an electrolyte solution of 1 M KOH [183]. A power density of 48 Wh-kg' at a power
density of ~0.23 kW-kg* and of ~21 kW-kg* at ~14 Wh-kg* clearly outperformed a symmetric Ru(OH), superca-
pacitor. This is in part caused by the higher cell voltage of ~1.5 V again strongly advocating against symmetric
pseudocapacitive devices. The charge/discharge behavior seems to imply, that Ni(OH), acts as a battery elec-
trode and Ru(OH), as a pseudocapacitive electrode [72]. An apparently even more effective interaction was
observed when instead of graphene MWCNTs were used as a substrate [107]. The superior performance was in

7 This value quoted erroneously in [5] is unsupported.
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part attributed to the undisturbed interior of the MWCNTSs acting as electronic conductors, whereas the outer
surface could be most suitably be chemically modified for interaction with the nickel hydroxide deposit. When
combined with an FeO -graphene hybrid a battery-like device with 120 Wh-kg and 15 kW-kg' was obtained.
Lee et al. prepared nanoparticular o-Ni(OH), on graphene in an ethylene glycol solution without any template
[184] showing a specific capacitance of 1215 F-g* at dE/dt = 5 mV-s* and 521 F-g' at dE/dt = 50 mV-s'. A decay by
12.1 % after 1000 CV cycles was observed although the author claimed superior electrochemical properties of
0-Ni(OH), as compared to B-Ni(OH),. Elsewhere this has been attributed to structural instabilities of o-Ni(OH),
[72]. Nanosheets of a-Ni(OH), were assembled by Yang et al. [185] into spherical flowers on a graphene support
with a specific capacitance of 1761 F-g* at dE/dt = 5 mV-s?, of 1026 F-g* at 5.7 A-g' and a slight capacitance decay
after 1000 CV cycles in an electrolyte solution of 6 M KOH. NiO nanoparticles were prepared on graphene by
Wu et al. [186] yielding a material with a capacitance of 569 F-g' at 5 A-g' (for comparison: graphene oxide
electrode 13 F-g! and NiO electrode 45 F-g') and 339 F-g' at 30 A-g* for the redox reaction stated above. Zhao
et al. [187] synthesized two-dimensional nanosheets of NiO on graphene with a capacitance of 525 F-g* at 200
mA-g! and a capacity retention of 95.4 % after 1000 cycles in a solution of 6 M KOH.

Wang et al. reported a composite of reduced graphene oxide with nickel cobaltite NiCo,0, [188] with a
specific capacitance of 835 F-g' at 1 A-g’ and 615 F-g! at 20 A-g' in a solution of 6 M KOH. Surprisingly the
former value increased with cycling number to 1050 F-g? after 450 cycles staying at 908 F-g* after 4000 cycles.
NiCo,0, was deposited as rather uniform nanocrystals (average size 3 .. 5 nm) inside a carbon aerogel by
Chien et al. [189] yielding a material with 1700 F-g' at dE/dt = 25 mV-s* and 800 F-g' at dE/dt = 500 mV-s' in
an aqueous solution of 1 M NaOH. A decay of 2.4 % was found after 2000 cycles.

Tin

Amorphous tin dioxide has been synthesized on stainless steel electrodes by electrodeposition from a solu-
tion of Sn*-ions by Prasad and Miura [190]. Specific capacitances of 285 F-g' at a scan rate of 10 mV-s* and
101 F-g' at 200 mV-s* were observed. Somewhat surprisingly with growing amount of oxide deposited (by
growing number of potentiodynamic cycles applied during deposition) the specific capacitance increased,
usually the opposite effect is expected and observed because with growing amounts of deposit utilization
especially of material at the bottom of the deposit is poor. The author attribute this unexpected effect to their
mode of deposition by applying fast electrode potential scans. This could indeed be the cause since at fast
scan rates highly amorphous material at a high rate of nucleation resulting in a very open pore structure even
at substantial thickness may be formed. Nevertheless — this would explain only a constant specific capacity,
the reason for the growth may be more complicated. As no CVs have been reported it can only be speculated,
that during extended potential cycling dissolution/redeposition of active mass may contribute to an advanta-
geous change of morphology. In an electrolyte soution of 0.1 M NaCl a composite of SnO, with ALO, showed a
capacitance of 119 F-g*, much larger than the value fur plain SnO, in this solution [191]. A composite of Fe O, -
SnO, showed a capacitance of 33 F-g* (or ~130 F-cm?) at dE/dt = 50 mV-s* in 1 M Na SO, [192]. Channu et al.
prepared nanoparticles of a SnO,-RuO, composite [57] with specific capacitances approaching values found
for pure RuO, prepared and characterized under the same conditions.

Vanadium

The numerous vanadium oxides, their structures, temperature-depending metal-to-insulator transitions and
applications in energy technology (except supercapacitors) have been reviewed elsewhere [193]. Because of
its layered structure V,0, has attracted attention already in lithium ion battery research as a material with
small negative effects of volume change. In particular amorphous materials as compared to crystalline ones
have shown promising performance (see e.g., [194]). Theoretical charge density has been calculated at 2120
F-g' [66] for the storage reaction
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V0, +4M"4e’ =M, V.0, (19)

Amorphous V,0,was prepared by Chen et al. using a melt-quenching method [194]. In their hybrid (asym-
metric) supercapacitor employing V.0, as a positive electrode and activated carbon AC as a negative at a mass
ration of 1:3 the highest capacitance equal to that of a symmetric cell with both electrodes of V,0.. This is
presumably due to the fact, that AC operates with double layer storage only.

Nanoribbons of V,0_ have been investigated by Qu et al. [195]. The behavior in different neutral electro-
lyte solutions of 0.5 M Li,SO,, Na,SO,, and K SO, has been compared. Lowest charge transfer resistance, most
pronounced peak shape in CVs and relatively highest capacitance were observed with K,.SO, and attributed to
the best fit between cation size and behavior and interlayer spacing. Apparently the interactions between the
layers of V.0, and lithium ions were too strong, sodium ions show a behavior intermediate between lithium
and potassium ions. Nanorod H,V,0, has been synthesized and characterized by Channu et al. [196]. In an
aqueous electrolyte solution of 2 M H,SO, the material showed capacitances of 42.8 F-g* at dE/dt = 5 mV-s?
and 39.2 F-g* at dE/dt = 10 mV-s™. Interwoven CNT and nanofibres of V,0, were reported by Chen et al. [197]
with 440 F-g*at 0.25 A-g* and 200 F-g* at 10 A-g*. An asymmetric supercapacitor with a MnO,/carbon compos-
ite as positive electrode and an aqueous electrolyte solution of 1 M Na SO, a capacitance with respect to the
total weight of materials of both electrodes of 45 F-g, an energy density of 16 Wh-kg' and a power density of 75
W-kg! were found. At a current corresponding to a power density 3.75 kW-kg?! an energy density of 5.5 Wh-kg*
was measured, more than 90 % of the initial capacitance were retained after 100 cycles. Costs of active masses
were estimated to be comparable to those of materials currently employed in EDLCs. Nanorods and sol-gel
films of V,0, and nickel nanowires coated with V.0, have been prepared by Wang and Cao [198]. The high
intercalation capability and associated pseudocapacitance decrease rapidly with growing current density for
the nanorods and the films whereas the core-shell nanocables could retain it. Their lithium ion intercalation
capability at 1 A-g” is 10 times higher than the capacity of the nanorod and 20 times than of the sol-gel V,0, in
an electrolyte soution of 1 M LiClO, in propylene carbonate and decreases from 3.2 Li* per V,0, to 2.7 at 8 A-g".

Concluding remarks

Among the metal oxides and related composites containing either two or more oxides or containing conduc-
tive additives some compounds show particular promise, the most prominent example is MnO,. Because the
final performance depends on numerous parameters and properties of the metal oxide, the composite, the
cell and the mode of operation no simple and straightforward way to the ideal material exists. This chal-
lenging sitution is further complicated, when for a given material the pseudocapacitive and the double-layer
properties are considered with an eye on utilization of both. Further research at the materials level should
aim at simple, energetically attractive and highly reproducible procedures. Structural considerations of the
interplay between pore volume, surface area, their distribution, electrochemically accessible surface area,
electronic conductivity and the change as a function of time and operating conditions, possibly including
the use of molecular modelling, should help in finding optimum crystallinity and structure starting from
the lowest level. Self-discharge — a topic so far addressed only for double-layer capacitors — may merit more
attention because of the possibly more complicated processes inside a pseudocapacitive device. Although
most applications of supercapacitors seem to be in the very short — to short time range many possible uses
as replacement of secondary batteries require charge retention times more in the range of weeks and longer.
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