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Abstract: Porous electrochemical supercapacitive materials, as an important
type of new-generation energy storage devices, require detailed analysis and
knowledge of their capacitive performances under different charging/discharg-
ing regimes. An investigation of the responses to dynamic perturbations of
typical representatives, noble metal oxides, carbonaceous materials and RuO,-
impregnated carbon blacks, by electrochemical impedance spectroscopy (EIS)
is presented. This presentation follows a brief description of supercapacitive
behavior and origin of pseudo-capacitive response of noble metal oxides. For
all the investigated materials, the electrical charging/discharging equivalent of
the EIS response was found to obey the transmission line model envisaged as a
so-called “resistor/capacitor (RC) ladder”. The ladder features are correlated to
material physicochemical properties, its composition and the composition of
the electrolyte. Fitting of the EIS data of different supercapacitive materials to
appropriate RC ladders enables in-depth profiling of the capacitance and pore
resistance of their porous thin-layers and finally the complete revelation of
capacitive energy storage issues.
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1. INTRODUCTION

Supercapacitive materials have attracted the most intense attention in con-
temporary technologies of electrochemical energy conversion and storage since
they were found to fit almost completely the rather wide gap in power—energy
characteristics between classic electrical capacitors (CEC) and batteries and fuel
cells.] Table I shows that special constructions of electrochemical capacitors
(EC) are able to release energy in times as short as classic capacitors do, and to
store the amount of energy that is comparable to that stored by batteries. These
extraordinary characteristics of EC lay in the intrinsic origin of their capacitive
behavior — the physicochemical properties of the double layer and electrochemi-
cal processes at the supercapacitor sheath/electrolyte interphase. In comparison to
CEC, whose characteristics are dictated by the dieletric constant and the thick-
ness of the medium between the sheaths as current connectors, the electrode sur-
face and outer Helmholtz plane play the role of the sheaths in EC, whereas the
constituents of the double layer (ions and water molecules) determine its
behavior as a dieletric medium. The large capacitance of an EC is hence mainly
due to the nm size of the Debye length. However, in case of EC, there is an addi-
tional possibility to increase the capacitance by increasing the surface area of the
sheaths by the application of nano-structured porous materials. Finally, some
noble metal oxides, carbons and polymers are known for their ability to exchange
considerable quantity of charge due to fast reversible redox transitions. Since
there are no net faradaic manifestations, this ability is recognized as pseudo-capa-
citance.! These three specific features enable the overlapping of energy—power
characteristics of EC, the so-called supercapacitors and even ultra-capacitors,
with CEC and batteries, as presented in Table 1. These features form two cate-
gories of EC: the double layer- and pseudo-capacitors.

1.1. The types of electrochemical capacitors

Depending on the process for capacitive energy storage in the charging/dis-
charging cycle, two types of EC are recognized: those based on double layer
capacitance, which store the energy electrostatically by rearrangement of the
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SUPERCAPACITIVE PERFORMANCES OF POROUS MATERIALS 2 1 43

species constituting the double layer upon imposition of an external electric field,
and those mainly based on pseudo-capacitance as a consequence of charge
exchange across the electrode/electrolyte interphase due to redox transitions. The
second group can involve to some extent the contribution of double layer charg-
ing/discharging, especially if the active material is of high surface area.

TABLE 1. Energy—power characteristics of energy conversion and storage devices, given per
unit mass of active material'

Device Active material Specific energy, kW kg'! Specific power, W h kg'!
Classic electrical ~ Dielectric medium 3-10* 0.01-0.06
capacitors

Electrochemical ~ Sheath (electrode) 8x103-103 0.06-12
capacitors material

Batteries Electrode material 6x103-0.5 8-200

Fuel cells 5x103-0.2 100-103

The main representatives of the first type of EC are different forms of pow-
dered carbons! (carbon blacks,2-¢ their single- and multi-walled nanotube forms’-?
and graphene sheets!0-12), although some contribution of carbon functional groups
at the surface of activated carbons could cause the pseudocapacitive behavior.!3

The diverse group of pseudo-capacitors can be subdivided according to the
processes from which the pseudo-capacitance originates. Three main processes
are involved: redox transitions of the electrode material itself, electrosorption and
intercalation.! As already mentioned, redox pseudo-capacitors are noble metal oxi-
des (RuO; and IrO3) and some non-noble oxides and hydroxides (MnO,, Co304,
NiO/Ni(OH),, V7205, SnO;, etc.),!4:15 as well as electroconductive polymers.

This review focuses on carbon powder materials and noble metal oxides,
RuO; and IrO,, as well as on carbon-supported RuO, composite materials. The
supercapacitive properties of noble metal oxides appear superior in comparison
to other types of EC. Depending on the preparation procedure and, consequently,
the physicochemical properties, literature reports the specific capacitance of
RuO; in the range 100-750 F g1.16-19 However, the limiting factor for their
widespread use is the enormously high cost and relatively hardly-accessible
porous structure of nanostructured oxides. For these reasons, these oxides are
combined with other cheap materials, such as carbonaceous materials,!1,12,20-24
PbO,25 and NiO,2° of high surface area able to distribute uniformly and preserve
the fine distribution of oxide particles, thus increasing their efficiency.

2. PSEUDO-CAPACITANCE OF NOBLE METAL OXIDES

Upon exposure of the noble metal oxide electrode to potentiodynamic
changes, an almost symmetric cyclovoltammetric (CV) response is registered,
with nearly constant currents in a potential window as wide as 1.4 V in the case
of RuO,.! Typical CV responses of RuO, and IrO,, mixed with stabilizing TiO»,
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coatings on titanium are presented in Fig. 1.27-28 Iridium oxide introduces supe-
rior currents at the potentials above 0.40 Vgcg, while rather poor response is
registered below 0.40 Vgcg. Two well-separated peaks for IrO, at around 0.70
and 1.0 Vgcg are seen, whereas only a weakly-pronounced broad peak around
0.60 Vgcg could be resolved for RuO;. However, the increase in cathodic cur-
rents below 0.10 Vgcg is reserved for this oxide. These manifestations are believed
to be the origin of pseudo-capacitance, since the currents are considerably larger
than those corresponding to classic double layer charging/discharging. Appa-
rently, there are some faradaic transitions, but no steady-state currents were
registered in the presented potential window. The capacitance, /d¢/dE = dg/dE,
with g being the charge spent, is nearly constant. Thermodynamics allow for the
appearance of pseudo-capacitance if the molar ratio between the reduced (Megreq)
and oxidized (Mepy) state of a metal (Me = Ru or Ir), xXMep 4/Meo, » depends on
E as follows:!

1—x E
MeRreqd/Meox _ Kexp(_j (1)
XMegred/Meox RT

where K is a proportionality constant and the other thermodynamic quantities
have their usual meanings. Accordingly, it is believed that mechanism of pseu-
docapacitive charging/discharging within an MeO; structure involves mixed
electron—proton transition across the electrode/electrolyte interphase.293! The
metal-like conductivity of non-stoichiometric RuO, facilitates the transport of
electrons within the oxide matrix, whereas that of protons is faster and more
pronounced if the oxide is more hydrous.!® The proton-assisted, solid-state sur-
face redox transitions are usually presented in summary as:
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RuO, (H20) = RuO(y—s)(H20)(x—s5) +20HT +25¢~, 0<5<x (2)

If the redox transitions (2) would be similar in energy demands, the sum of
charge spent for charging could be almost constant over a wide potential range.32
A possible Gaussian deconvolution of the anodic CV part for an RuO;-based
material, with up to six highly overlapped transitions is shown in Fig. 2. Some of
them could cause the appearance of the very weak, but distinguishable, peaks at
around 0.35 and 0.50 VgcE.

The highest capacitance of RuO, was achieved upon optimization of its
crystallinity and degree of hydration. In case of hydrous Ru05,16 750 F g1 was
registered upon heating at 150 °C, whereas sol-gel processed oxide supported in
a low amount on high surface area carbon black reached 700 F g~ with calci-
nations at 300 °C.2! It was supposed that the ordering of the RuOg¢ octahedra, the
content of crystalline water and the particle size were optimally balanced at this
temperature, enabling the best pseudocapacitive properties to be obtained.

2.1. Three types of capacitive contributions for RuQO;

Detailed potentiodynamic investigations33-35 of the capacitive behavior of
crystalline RuO; revealed at least three types of capacitive processes distin-
guishable by the potential region over which each of them dominates. The double
layer charging is the fastest, and contributes with up to 35 % to the overall capa-
citance even at a very low discharging rate.33 The cathodic increase in currents is
assigned to diffusion-limited incorporation of protons into the oxide matrix. The
release of the appropriate charge spreads over the whole anodic branch with
simultaneous redox transitions according to Eq. (2) and Fig. 2. The valuable
development of this pseudocapacitive process requires slow discharge in crys-

Anodic current

Fig. 2. An illustration of possible
. . T : T : T . — overlapping of at least six redox
transitions during the charging
Potential, V vs. SCE of RuO,-based supercapacitors.
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talline RuO,, but it is believed that it is dominant (65 % contribution3¢) and
much faster for the hydrous state of the oxide. Finally, the pseudo-capacitance
appears additionally increased by a contribution of the third type of capacitive
processes — electrosorption of ions from the solution, which can contribute by 20 %
to the overall capacitance.

If the considered mechanism of pseudo-capacitive behavior of noble metal
oxides would be applied to the IrO, response shown in Fig. 1, it follows that
either the proton intercalation process is suppressed or it manifests itself at more
positive potentials with respect to RuO;. The later implies its pronounced over-
lapping with redox transitions of Ir and, consequently, a much harder determi-
nation of capacitive performances. On the other hand, the consideration presented
in Section 2.1 does not analyze the distribution of the capacitance throughout the
porous layer, which depends on the charging/discharging rate.37 Bearing in mind
these particularities, the analysis of an in-depth pore resistance and capacitance
profile through the porous layers of oxides, carbon blacks and their composites
will be presented in the following sections. This analysis was performed by
applying the methodology of a transmission line equivalent to the dynamic res-
ponse of porous capacitive materials!s!5 to the charging/discharging data gained
from electrochemical impedance spectroscopy.

3. DYNAMIC RESPONSE OF POROUS SUPERCAPACITIVE MATERIALS

The electrical equivalent of an idealized uniform porous supercapacitive
material exchanging the charge with the electrolyte can be presented by an RC
ladder,37 schematically shown in Fig. 3. The RC ladder is a transmission line
electrical circuit consisting of n parallel branches with a resistor and capacitor in
series. The parameter n depends on the thickness of the porous layer (pore
length) and electrolyte composition.6:15:23.38 In real systems, the tortuous pores
are not ideally cylindrical, their diameter can vary along the length and pore size
distribution exists, which should also affect the number of the required branches.

Upon sinusoidal perturbation of the input potential, the charging/discharging
current response at the pore orifice is:37

1(0,1) = Ifa (sin @t + cos ot) ’ﬁ 3)
.0 ORp 0C30

where E, is the input amplitude and  is the angular frequency. Eq. (3) implies
that the output current is phase-shifted with respect to the input by —45° at any .
The frequency required to reach the bottom of a pore of the length ¢ has to fulfill
the condition:37

w=—"04 4)

Rp’gCZ,Mz
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Fig. 3. A schematic diagram of the electrical equivalent of a porous supercapacitive material

with uniform size distribution of semi-infinite cylindrical pores of length /. R¢, presents bulk

electrolyte resistance, while R, , and Cy,, is the pore resistance and sum of the capacitances of
different origin (see Section 2) at position z, respectively.

The RC ladder model indicates generally (irrespective of whether the system
is ideal or not) that the frequency of the output signal does not change through
the porous layer, whereas its amplitude weakens, reaching asymptotically zero
for given w at a certain distance z, according to Eq. (4). Consequently, the signal
penetration depth, z,, can be defined as:37

zp =" 2 (5)
a)Rp,Zp CZ,zp

Eq. (5) makes no physical sense if @ < (2/ Ry ¢ Cs ), i.e., the bottom of the
pore is already reached at frequencies as low as 2/ R, Cs ¢. For thin-layer,
porous supercapacitive materials usually having the capacitance of several hund-
reds of F g-! and pore resistances not above several thousands of Q, a reliable
analysis of the in-depth capacitance profile should be obtained at reasonable fre-
quencies down to the order of mHz. Eqgs. (3)—(5) imply that the capacitive res-
ponse of the most outer parts of a porous layer is obtained at @w—o0, since the inner
surface defined by pores can hardly follow the fast changes of the periodic input.

3.1. The number of required branches in the RC ladder equivalent electrical circuit

In order to analyze the capacitive response upon sinusoidal perturbation by
an input potential using the electrochemical impedance spectroscopy (EIS)
method, suitable software, able to fit the measured data into a freely chosen
equivalent electrical circuit (EEC), is applied. The EEC that gives the best fitting
results, which are evaluated according to the overall relative fitting error, &,
calculated as the square root of y2 — the error parameter usually used in EIS and
directly obtained by the fitting software, defines the required number of RC
branches.3? Additionally, the fitting quality is to be judged with respect to the
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values of obtained fitting parameters, which were taken as reliable if the relative
dissipation of the gained values was less than 20 %. Finally, the plots of fitting
data should agree with those registered experimentally as far as possible.

3.1.1. RC ladders for RuO;- and IrO,-based coatings on titanium

Detailed analysis of the in-depth capacitance profile of RuO, was investi-
gated in the cases of thick and thin coatings (different pore lengths) on Ti pre-
pared by an alkoxide ink procedure.38:40 In order to alter the capacitive characte-
ristics, the EIS spectra of the coatings were registered in two different solutions,
1.0 mol dm—3 H»SO4 and 5.0 mol dm—3 NaCl, pH 2. The & values as a function
of the required branches in the RC ladder EEC are shown in Fig. 4. The EECs
with highest number of branches are those that gave the best fittings of the EIS
data (if this number is further increased, the fitting does not return reasonable and
reliable values of the EEC parameters). It follows generally that thicker coatings
and electrolytes of higher concentrations with less movable ions require more
branches. According to Eq. (2), an additional influence of different proton con-
centrations in the applied electrolytes (pH 0 and 2) on the coating in-depth dis-
tribution of the pseudo-capacitance, and consequently, on the number of required
branches, is to be expected. It is usual to assume that the fitting quality is satis-
factorily good if & is below 3 %. Fig. 4 shows that & steeply decreases in
solutions of higher ionic strength, the decrease being more pronounced for
thicker coatings. On the other hand, it appears that a good fitting quality in
H,SO4 solution was already achieved with no branching (RoCy 1 in Fig. 3).
However, the plots of this EEC and the data did not agree well (not shown),
unless at least 2 and 4 branches were applied for the data in HySO4 and NaCl
solutions, respectively.

The requirement for the introduction of more branches is already indicated at
first glance of the measured data shown in Fig. 5, which shows the capacitance
complex plane plots of thick coating in the two investigated solutions. Appa-
rently, several overlapping capacitive loops appear in NaCl solution, which is not
the case in HpSOy4 solution. Full development of the branching in NaCl solution
required two orders of magnitude lower frequencies (2.5 mHz) in comparison to
corresponding features registered in HySO4 solution (0.2 Hz). In the spectrum of
thin coating (not shown), two well-separated loops were distinguishable only in
NaCl solution, whereas the lowest required frequency appeared insensitive to the
coating thickness in both HySO4 and NacCl solution.

The considered differences in the EIS spectra and the EECs for coatings of
different thickness in different solutions appear not to be due to the expected
differences in pore resistance. Although the ionic strengths of HpSO4 and NaCl
solution differ considerably, their ohmic resistances as well as pore resistances up
to the last branch in HySO4 solution are similar, irrespective of the coating thick-
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ness.38 It follows that the lower ionic strength of the H,SOy4 solution is compen-
sated for by the much larger ion mobility. On the other hand, well-separated
capacitive loops, and consequently the requirement for more branched RC lad-
ders, are the most pronounced in EIS spectra registered at the potential of the
appearance of reversible CV peaks related to Eq. (2). A detailed investigation of
the EIS behavior along the potential window from Fig. 1, of both RuO,-28 and
IrO,-based?! coatings on Ti, revealed the following. The separation of capacitive
loops is clearly visible at 0.74 Vgcg, and even more pronounced in HySOy4 solu-
tion for RuO, and IrO, mixed with TiO, in a binary coating, as TiO, is known
for its coating stabilizing and surface area-developing influence.*2

18 4 fo)
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Fig. 4. The relative fitting error, &, of RC ladder type of equivalent circuits with different
number of RC branches used to fit the impedance spectra of RuO, coatings of different
thickness on Ti, registered in H,SO, and NaCl solution.38

The mentioned findings indicate that the separation of the capacitive loops is
more due to the onset of pseudo-capacitance according to Eq. (2), which is limited
by diffusion of protons into and out of the noble metal oxide matrix, than due to
the distribution of the pore resistance. In case of pure coatings, the separation is
better pronounced in solutions of lower proton concentration (NaCl, pH 2). How-
ever, binary MeO,—Ti0O; coatings require a minimal proton concentration (1 M
H»SO4) for the development of the separation since the noble metal oxide is
finely distributed within the semiconductive TiO; matrix (RuO,/TiO, particles
diameter ratio ~8 nm/100 nm27). It appears that pH 2 is not enough for the signal
of moderate frequencies (down to few mHz) to penetrate the binary coating con-
siderably and evolve full pseudocapacitive behavior. Hence, the separation of
capacitive loops, and in-depth capacitance profile, could not be clearly developed.
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Fig. 5. The capacitance complex plane plots (symbols) for a thick RuO, coating on Ti
registered in H,SO,4 and NaCl solution. The data of corresponding RC ladders are presented
by the lines.3®

3.1.2. The RC ladders of carbon blacks and carbon black/RuO; composites

Carbon blacks of high surface area are known as double-layer capacitors,
although the pseudocapacitive contribution of carbon functional groups (CFGs),
which can be created by chemical or electrochemical activation of carbonaceous
materials, 134345 can be significant. Electrochemical oxidation of even smooth
glassy carbon surfaces (low surface area)!345 considerably increases the capa-
citance due to the formation of CFGs and surface roughening. Abundant creation
of CFGs was achieved by modest oxidation, which caused the largest separation
of capacitive loops in proton-rich solution, as shown in Fig. 6. Hence, the sepa-
ration appears to have an origin similar to the case of noble metal oxides — the
development of pseudocapacitive behavior. However, thorough oxidation condi-
tions were found to cause a “cutoff” of the CFGs from the surface, and conse-
quently the separation diminished (Fig. 6). Irrespective of the content of CFGs,
the capacitance increases from non-oxidized to the thoroughly oxidized state by
more than two orders of magnitude.

A thin layer of the two commercial carbon black (CB) supercapacitors of
considerably different real surface area, Sggr of 1475 (HSC) and 248 m? g!
(LSC), were found to obey 5- and 3-branch RC ladder, respectively.® These have
been fully correlated with the layer morphology (cross section geometry, equi-
valent pore diameter, pore length and pore tortuosity). The structures of the applied
EECs, as well as capacitance and resistance values obtained by fitting the expe-
rimental EIS data to the circuits, which are supported by the results obtained by
scanning electron microscopy (SEM) and cyclic voltammetry (CV) measure-
ments, enabled an estimation of the capacitance and resistance profile throughout
the porous carbon black electrodes.

Capacitance complex plane plots of HSC-supported ruthenium oxide of
increasing particle size and low oxide loading are shown in Fig. 7.23 For com-
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parison, a plot for HSC is also shown. The plots consist of capacitive loops of
decreasing radius with increasing particle size. Although the capacitance plot of
HSC consists of at least two overlapped capacitive loops, only one loop could be
clearly seen for the composites, which suggests a decrease in the required num-
ber of branches. The lowest capacitance values (both the imaginary and the real
part) were registered for HSC at frequencies down to 2.0 Hz. This indicates that a
part of the composite surface that was easily accessible to the electrolyte is of
larger capacitive ability than corresponding part of the HSC surface, due to the
presence oxide particles. However, at the frequencies below 2.0 Hz, the admit-
tance of HSC is much larger than that of composites with larger particles. These
results are in accordance with those obtained by cyclic voltammetry.23
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Impregnation of CBs with hydrated ruthenium oxide always causes a
decrease in the BET real surface.#0:47 This decrease in real surface becomes
more pronounced with increasing oxide mass fraction.*8 However, the decrease
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in real surface area is accompanied by an increase in the composite capacitance
caused by the pseudo-capacitance of the oxide, which could prevail over the
reduction in CB double layer capacitance due to the decrease in the real surface
area.2! These effects of impregnation are more pronounced if the real surface
area of the CB substrate is larger. However, if the oxide fraction in the composite
is rather small, and if the oxide particles are large enough, the pseudocapacitive
contribution of the oxide could not be sufficient to prevail, or at least to com-
pensate, the decrease in the double layer capacitance caused by the decrease in
the real surface area of CB substrate (Fig. 7). Hence, under certain impregnation
conditions (leading to small oxide fraction and/or large oxide particles) and under
rather high charging/discharging rates, the capacitive properties of the composite
may be even worse than those of the carbon substrate.23 These considerations are
clearly reflected in the number of required branches in the EEC for the CB/RuO,
composites. Instead of the five branches required for HSC, only three returned
satisfactory good fitting of the EIS data of the HSC/RuO; composite. The num-
ber of required branches appeared insensitive to oxide loading and particle size.23
On the other hand, RuO; supported on LSC required one branch more than bare
LSC, which reflect mostly the capacitive response of the oxide.

Fig. 7. Capacitance complex plane plots of high surface area carbon and high surface area
carbon-supported ruthenium oxide of increasing particle size and low oxide loading.??
(Reprinted with permission from Elsevier).

3.2. In-depth capacitance profiling of porous supercapacitors

The application of transmission line EEC as presented in Section 3.1 enables
a detailed analysis of the capacitance distribution through the thin layers of the
mentioned porous supercapacitive materials in correlation to the pore resistance
distribution. In the following sections, this analysis is presented.
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3.2.1. Ruthenium oxide coatings on titanium

The fitting data obtained according to methodology presented in Section
3.1.1 can be used to calculate the values of the total, Cio, outer, Cyyt, and inner,
Cin, capacitances of the thick and thin RuO; coatings in the two electrolytes. The
Cout relates to the coating surface directly exposed to the electrolyte, i.e., its
capacitive response is not affected by the pore resistance. The Cj, is the sum of
the capacitances each associated to certain signal penetration depth, z, (Eq. (5)),
thus representing the response of coating of the internal surface. Bearing in mind
the physical meaning of Eq. (5) and Fig. 3, mentioned capacitances can be
calculated using the following equation:

n
Ctot = Cout +Cin = CZ,] + Z CE,n (6)

i=2
The values calculated according to Eq. (6) are summarized in Fig. 8, in
which the values of the so-called electrochemical morphology factor, &, were
calculated as the ratio of Cy, to Cyo,® are also given. The values of total capa-
citance appear insensitive to the electrolyte composition for both thick and thin
coating. This indicates that the applied frequencies were sufficiently low to take
into account the diffusion limitations to Eq. (2). On the other hand, the values of
the outer and inner capacitance, as well as of morphology factor, differed con-
siderably in the different solutions. The & values were higher for the thick coat-
ing in both the HySO4 and NaCl solution, due to the more pronounced contri-

Fig. 8. The total, C,y, outer, Cy, and inner, C;,, capacitances of the thick and thin RuO,
coatings on Ti in the two electrolytes; the electrochemical morphology factor, &g, is
calculated as the ratio of Cy,, to Cy...38
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bution of the internal surface. The lower values of Cgyy¢ in the NaCl solution for
both the thick and thin coating are the consequence of the less pronounced con-
tribution of the pseudo-capacitance to the capacitive characteristics of the coat-
ing, since the H* concentration was lower in this solution. For the same reason,
Cin was greater in the NaCl solution, although the higher ion concentration and
different mechanism of cation movement in comparison to the HySO4 solution
could be also involved in the response of internal surface. Da Silva et al.*° found
that the morphology factor was lower in sulfate-containing electrolytes than in
those that contained Cl~. Apparently, the more pronounced contribution of the
hardly accessible inner surface to the capacitive characteristics of the thin coating
in the NaCl solution considerably exceeded the decreased contribution of the
pseudo-capacitance to the value of the outer capacitance with respect to the
H»SOy4 solution.

3.2.2. Poorly conductive and active state of Ir in IrO;-based coatings on Ti

Since the regions of low CV and high pseudocapacitive currents are clearly
separated in the CV response of IrO;-based coatings (the border is around 0.20
VscE, Fig. 1), the RC ladder has a slightly different construction with respect to
IrO,-based coatings.*! It required 2- and 3-branch ladders in parallel, whereas
the data at low frequencies were found to be governed by a resistor in parallel to
these ladders. The additional resistor was assigned to the poorly conductive state
of Ir within the oxide matrix. The data registered above 0.20 Vgcg did not require
the inclusion of a diffusion element in the EEC, which indicates that mass trans-
port limitations to Eq. (2) were operative at potentials below 0.20 Vgcg. It fol-
lows that the crucial changes in the Ir oxidation state required for the develop-
ment of a pronounced pseudocapacitive response above 0.20 Vgcg occurred in the
potential range below this potential (in the region of the poorly conductive state).

The potential-dependent in-depth capacitance profile of IrO,-based coating
in HySO4 solution is shown in Fig. 9. Generally, the highest values of the capa-
citances were obtained around 0.75 Vgcg, which corresponds to the most pro-
nounced transition currents in Fig. 1. The exception is the value of the last branch
at 0.35 Vgcg. It follows these values mainly present the pseudo-capacitance caused
by the transition of the poorly active state to the more conductive active one.
Indeed, if the potential was only slightly shifted anodically to 0.40 Vgcg, the
mentioned capacitance considerably decreased, while the values in preceding
branches increased by an order of magnitude. All these changes concern the
capacitors situated “deeper” down the transmission line, which reflect the perfor-
mances of the internal parts of the coating. However, the corresponding resis-
tances were found negligibly dependent on potential, which suggest their prevail-
ing pore resistance nature.4! On the other hand, the resistances of outer parts of
the coating (the first two branches) decreased considerably, and hence they are to
be assigned rather to charge transfer resistance (Eq. (2)). These findings strongly
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support the suggestion that the lower, poorly conductive oxidation states of Ir are
mainly situated in the internal parts of the coating. The transition from low to
high Ir oxidation states, as well as its distribution through the porous coating,
appears as crucial for the full development of the capacitive performance of the
IrO,-based coatings.

Fig. 9. In-depth capacitance profile at different potentials of IrO,-based coatings on
titanium.*!

3.2.3. Carbon blacks

The structures of applied EECs used to fit the data of the low and high
surface area carbons (LSC and HSC, respectively),® as well as the capacitance
and resistance values are shown in Fig. 10.

Starting from the external surface, directly exposed to the electrolyte (15t
branch, 0.32 F g-!) towards interior of the HSC layer, an increase in the capa-
citance by two orders of magnitude was registered, which is associated with neg-
ligible increase in the pore resistance (down to the 3™ branch, Fig. 10a). Con-
sidering the morphology of the HSC layer (Fig. 11), it could be envisaged that
the capacitance increases due to the increasing contribution of the parts of the
internal surface available to the electrolyte through about 30-um wide macro-
pores, as the frequency decreases. In a certain frequency range, which corres-
ponds to the time constants of the 3'd and 4t transmission branches (Fig. 10a),
the capacitance values are similar, but pore resistance starts to increase noti-
ceably. Since capacitors are connected in parallel, the layer capacitance in this
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frequency range can be calculated as the sum of capacitances in all the preceding
circuit branches using Eq. (6). This summation down to fourth branch gives a
value of 48 F g7, which agrees with the value for outer capacitance obtained by
cyclic voltammetry. It appears that electrolyte easily reaches those parts of the
internal surface that are available through macro-pores, i.e., spaces between the
large agglomerates observed in Fig. 11. Near five-fold increase in capacitance as
well as pore-resistance is registered at sufficiently low frequencies, which corres-
pond to the time constant of the 5t transmission branch. This branch can be
associated to the parts of internal surface comprising micro-pores, i.e., the micro-
porous structure of the agglomerates (Fig. 11). Total capacitance of the layer
equals 175 F g~1, which is a value nearly two times than that obtained by cyclic
voltammetry. Hearing in mind that total CV capacitance is obtained under hypo-
thetical condition at zero CV charging/discharging rate, which is close to the value
according to BET surface area of HSC, it follows from CV and EIS analysis that
almost half of the HFC thin layer is virtually inaccessible to the electrolyte.

(a)
Ro 1.7
| 11'0 0.34 Fig. 10. The RC ladders for thin
| layers of high (a) and low (b) sur-
390 28 face area carbon blacks, with the
— values of capacitances (F g'!) and
(b) pore resistances (Q).0

Contrary to the HSC capacitive in-depth profile, the LSC capacitance was
found to decrease at moderate frequencies (down to n = 2, Fig. 10b) going from
the external surface towards the bulk of the layer, with a corresponding increase
in the pore resistance of two orders of magnitude. A remarkable increase in the
capacitance was registered at very low frequencies, associated with the relaxed
increase in the pore resistance. It appears that the capacitive response of the LSC
internal surface, available through constricted and branched pores of a loose LSC
layer,® is expressed in this low-frequency domain. The remarkably higher pore
resistance, as well as the decrease in capacitance, on going from the external
towards the interior of the layer (20d branch) of the LSC in comparison to the
HSC could be explained by visually observed poor wetting of the LSC layer by
the electrolyte.2# A similar capacitance distribution of the external and internal
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surface was also obtained by CV analysis.® The capacitance of external surface is
larger than internal, similarly to the EIS data for the 1t and 20d branch (Fig.
10b). The total capacitance of the LSC, immediately after electrode immersion,
was calculated by Eq. (6) to be 32.6 F g1, a value that is in agreement with that
obtained by CV. However, after successive charging/discharging cycles, total
capacitance of the layer increases to 39.9 F g~1. This can be explained by the
continuous decrease in hydrophobicity of the XC layer,24 as a consequence of
carbon activation by formation of surface oxygen-containing groups during pro-
longed charging/discharging.#7 The similarity of CV and EIS data for the obtained
LSC capacitance profile indicates that this LSC could be nearly completely uti-
lized during slow charging/discharging processes.

(@) (b)

Fig. 11. Surface appearance of a thin layer of high surface area carbon black. a) Non-uniform
microscopic distribution of large agglomerates separated by ca. 30 um-wide pores;
b) compact texture of the agglomerates.® (Reprinted with permission from Elsevier).

3.2.4. Ruthenium oxide/carbon black composites

As mentioned in Section 3.2.1, the impregnation of carbon blacks with
supercapacitive hydrous ruthenium oxide can cause a reduction or extension of
the required branches in EEC, depending on the real surface area of the CB.
Consequently, this alters the total capacitance, and, in some cases, can even result
in its reduction with respect to the CB support.23:50.51 The alteration of the
capacitance profile for thin layer ruthenium oxide/CB composites was also found
to be dependent on the particle size and loading of the oxide.23 Since there is
qualitative difference between composite and carbon substrate due to the pre-
sence of the oxide phase, a more complex morphology for the composite layer
could be expected. From the standpoint of the EIS capacitive characteristics pre-
sented in Fig. 7, this is not the case. The specific capacitances and pore resis-
tances, obtained by fitting the BP/R composite impedance data from Fig. 7 to a
3-branch EEC, are presented in Fig. 12.

The outer capacitance of the composites, given as the value of the 15t branch,
is by two orders of magnitude larger than the outer capacitance of HSC (0.32 F g1,
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Fig. 10a), and decreases with oxide particle size. The much larger outer capa-
citance of the composite in contrast to the carbon substrate is a consequence of
presence of oxide particles impregnated into the outer surface of the carbon
grains (Fig. 11), represented by the sum of the pseudo-capacitance and the double
layer capacitance at electrolyte/oxide interface. There is also a decrease in the
values of inner capacitances (2°d branch) as the particle size increases. However,
the value obtained for smallest oxide particle size is comparable to the sum of
inner capacitances of the carbon substrate from the 21d to 4th branch (47 F g1,
Fig. 10a), while the inner capacitance of the composites of larger particle size are
lower with respect to HSC. These findings indicate that small oxide particles are
distributed over the surface of carbon grains, with the morphology of the com-
posite resembling that of the carbon support and hindering electrolyte access to
the bare carbon surface with the porous grains. On the other hand, larger oxide
particles tend to form a physical mixture with the carbon grains, causing only a
partial sealing of the pores between the carbon grains, and leaving considerable
part of the internal surface of carbon grains uncovered.

Fig. 12. In-depth capacitance and pore resistance profiles for the composites of RuO,
supported on high surface area carbon as the functions of the oxide particle size.2

Decrease in composite inner capacitances with oxide particle size is accom-
panied by an increase in the pore resistance (Fig. 12). The resistance in the pores
of the composite with smallest oxide particle size corresponds to resistances in
the 15t and 204 branch of the HSC (Fig. 10a), while the resistances in the com-
posite pores with larger oxide particle size are larger than those for the HSC. This
is a consequence of volume shrinkage of the micro-pores (interparticle space
within the carbon grains), in which the oxide particles accumulated, thus hinder-
ing the approach of the electrolyte to the interior of the composite layer.
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Inner capacitance of the composite in the third branch (Fig. 12) is much
lower than the inner capacitance of the second branch and does not depend con-
siderably on the aging time. This capacitance value is by an order of magnitude
lower than corresponding value for the HSC (about 10 and 130 F g1, respecti-
vely). However, the associated pore resistance is similar to the corresponding
value for the HSC, which implies that the inner capacitance in the third circuit
branch is associated with morphologically similar parts of the porous composite
layer and the carbon substrate — to those corresponding to the internal surface of
the carbon grains. For these parts of the surface, impregnation failed, since oxide
particles on the top closed the pore orifices at the surface of carbon grains (Fig.
13). These oxide particles at the surface of the carbon grains block electrolyte
access to the porous interior of the carbon grains, thus leaving it even dry and
making it inactive. This should cause the values of inner capacitance of the com-
posites from the third branch to be much smaller than that of the carbon substrate.

Fig. 13. A sketch of the pro-
posed packing of hydrous ruthe-
nium oxide particles onto the
surface of a high surface area
carbon substrate.23 (Reprinted
with permission form Elsevier).

With a four-fold increase in the loading of the smallest particles, all capa-
citances down the RC ladder were found to increase, with the total capacitance of
the composite being more than doubled with respect to the HSC.23

It follows from above considerations that the combination of a HSC and
small oxide particles could hardly lead to superior capacitive performance of
RuO,/HSC composite. Since oxide particles block the pore orifices of the carbon
grains, the interior, i.e., most of the extended carbon surface area, is inaccessible,
and the HSC support (in a grained form) acts only as a pattern for the distribution
and carrier of the active oxide.

RuO,/LSC Composite. The in-depth capacitance and pore resistance profiles
for composites of increasing size of oxide particles supported on the low surface
area carbon at an optimal loading?3 are presented in Fig. 14.

The outer composite capacitance (15t branch) increased with particle size,
which is opposite to the case of the RuO,/HSC composites (Fig. 12). Although
the outer capacitance of the HSC-based composites was considerably larger than
that of the HSC, the outer capacitance of the LSC-based composite with the
smallest oxide particles (about 4 F g~1, Fig. 14) was only doubled that of the LSC
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(1.7 F g1, Fig. 10b). However, the outer capacitance of the composite of the
largest particle size (about 20 F g~!) was an order of magnitude larger than that
of the LSC. These findings clearly indicate that the impregnation of the outer
surface of the carbon was weak in the case of the smallest particle size, while it
became pronounced only with the XC/R 46 composite. The surface appearance
of the small-particle RuO,/LSC composite was found to be quite similar to the
loose structure of an LSC layer,23:51 while a more compact structure of the grains
pasted together was seen from the appearance of the surface of the large-particle
RuO,/LSC composite.23:51 The inner capacitances of the smallest-particle RuO,/
/LSC composite (274 and 374 branch, Fig. 14) was much larger than the outer,
while in the cases of the larger-particle RuO,/LSC composite, these two capaci-
tances had similar values. The associated pore resistances increased, whereas the
values obtained for the RuO,/LSC composite layers were considerably lower
than the corresponding values obtained for the LSC (110 €, Fig. 10b), but quite
similar to the values obtained for the RuO,/HSC composites, which was also the
case of the values of the inner capacitances (Fig. 12). This suggests that these
circuit parameters are to be assigned rather to the oxide than to the carbon sub-
strate. The inner capacitance of small-particle RuO,/LSC composite is much larger
than corresponding capacitances of composites of the larger oxide particles.
Therefore, the largest capacitance at rather slow charging/discharging rates is to
be expected for the composite of the small oxide particles. Inner capacitance of
the small-particle RuO,/LSC composite in the 4th branch is significantly smaller
than the values of the 21d and 3td branch. Taking into account the corresponding
resistance in the pores of about 170 Q (Fig. 14), this part of the inner capacitance
should be considered to correspond to the capacitive response of hardly acces-
sible parts of the inner oxide surface, located in the intergranular spaces of the
carbon substrate.

Fig. 14. In-depth capacitance and pore resistance profiles for the composites of RuO,
supported on the low surface area carbon as the functions of oxide particle size.2
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4. CONCLUSIONS

An analysis of the capacitive responses to dynamic perturbations of typical
supercapacitive materials, i.e., noble metal oxides (RuO, and IrO;), carbon-
aceous materials and RuO,-impregnated carbon blacks using the methodology of
electrochemical impedance spectroscopy (EIS) and transmission line equivalence
led to their comprehension. EIS responses of all the investigated materials in the
form of porous thin layer were found to obey RC ladder-type equivalent elec-
trical circuits, requiring different numbers of branches of R and C in series,
which depended on the type and composition of the material, as well as on the
electrolyte composition. This finding allows the profiling of the capacitance per-
formances through the porous supercapacitive materials.

Owing to pseudocapacitive behavior and characteristic coating texture, the
EIS response of RuO,-based coatings on Ti required more branches, i.e., was
caused by a more pronounced coating in-depth capacitance distribution, as the
coating thickness increased and the proton concentration in the solution decreased.
The former influenced the distribution of the pore resistance of the coatings,
whereas the later affects the pseudocapacitive response of the oxide. Similar
findings also held for IrO,-based coatings on Ti. The EIS measurements showed
that the transition from the poorly active to the pseudocapacitive active state of
IrO, was limited by proton diffusion, which negligibly depended on the proton
concentration in the electrolyte. This transition, as well as its distribution through
the porous coating, appeared cardinal for the full development of the capacitive
performance of the coating. The transition occurred much easier in a solution of
lower hydrogen ion content. This unexpected behavior is the consequence of
much closer potential positions of the transitions reactions.

The number of required branches in RC ladder increased with real surface
area of carbon blacks as typical representatives of double layer supercapacitors.
The capacitance of a layer of high-surface-area carbon (HSC) increased on going
from the external surface towards the bulk of the layer. This increase was asso-
ciated with a negligible increase in pore resistance of the layer. A considerably
larger part of the total capacitance of the HSC originated from its internal sur-
face, a considerable amount of which was inaccessible to the electrolyte. The
external capacitance reflected the capacitive characteristics of a macro-scale sur-
face consisting of relatively large agglomerates, while the internal capacitance
originated from the micro-porous inner surface. Contrary to HSC, the low-sur-
face-area carbon black (LSC) had a loose structure that produced the opposite
distribution of the total capacitance between the external and internal surfaces. In
this case, the internal surface was fully available for slow charging/discharging
processes.

The impregnation of the HSC by sol-gel processed supercapacitive RuO;
decreased the number of required branches with respect to carbon support, while
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impregnation of the LSC increased the required number. The capacitance of the
HSC-supported composites decreased with increasing oxide particle size, while
the capacitance of the LSC-supported composites increased. Increasing the oxide
loading led to an increase in capacitance of the HSC-supported composites. How-
ever, the inner surface of the HSC as substrate became even less accessible to the
electrolyte and rather inactive, because of pore blocking by the oxide particles at
the top of the carbon grains. The best energy storage performances at low charg-
ing/discharging rates are to be expected for composites prepared from small
oxide particles and LSC, while composites with HSC would suffer from the loss
of the energy storage ability of the carbon double layer capacitor part.
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H3BOJ

PACBET/BABAIGE CYTIEPKOHJEH3ATOPCKHX OJIMKA OKCHUIA IIJIEMEHUTHUX
METAJIA, [TIOPO3HUX YITbBEHMYHHUX MATEPHUJAJIA U BB UXOBUX KOMIIO3UTA

BJIAJIUMUP B. TAHUR!, ATEKCAHZIAP B. JEKAHCKH! 1 BPAHHCJIAB ). HUKOJIWR?

THXTM — Lentnap 3a enexwwipoxemujy, Ynueepsuiuewi y beoipagy, Fbetiowesa 12, 11000 Beoipag u
ZTCXHOJIOWKO—MCM_,laJIymeu Qaxynimewi, Ynusep3uiueii y beoipagy, Kapneiujesa 4, 11000 Beoipag

HcrpaxuBama MOPO3HUX EIEKTPOXEMHUJCKHUX CYNEPKOHICH3aTOPCKUX MaTepujaja, Kao BaKHe
BpcTe ypehaja 3a ckiagumiTer-e eHepruje HOBe T'eHepalyje, 3aXTeBajy NeTajbHy aHAM3y W T03-
HaBambe FHUXOBUX KOHIEH3aTOPCKUX OJUIMKA TIPH PAa3IHIUTHM PEXHMHMA ITyHEHE/TPAKBEHE.
[Mpuka3zanu cy pe3ynTaTH OBHX HCTPaKHBama, y (OPMHU OATrOBOpa Ha JUHAMHYKY ITOOYIy, THITNY-
HUX IPEJCTaBHMKA OBUX MaTepHjaja: OKCHJAa IUIEMEHHTHX MaTaua, YIrJbeHHWYHUX MaTepujaia u
YIJbEHUYHUX TIPaXxoBa UMITPETHUPAHUX OKCHIOM PYTEHHjyMa, KOjU Cy JOOMjeHH! CIIEKTPOCKOIHjOM
enexktpoxemujcke ummnenaniuje (CEM). OBoMm mpukasy Hpeaxoan CaXeT OMHC CYMepKOHIeH3a-
TOPCKOT TIOHAIIamka W MOPEeKIa ICeYAOKOHAECH3aTOPKOT OATOBOpa OKCHAA IIEMEHHTHX MeTaia.
EnexTpuuHN €KBHBAIEHT INPH IyHEHY/NMPAXKIBEHY CBUX HCIHTHBAHWX MaTepHjala OJrosapa
MOZIeTy TPAaHCMHCHOHE JIMHUjEe IPEACTaBJbeHe T3B. ,,0THOpHHK/KoHAe3aTop (RC) mecrBuom*.
Opnke JIECTBHLE Cy KopelicaHe ca PU3NYKO—XeMHjCKUM CBOjCTBHMA MaTepHjajia, lbUXOBUM cac-
TaBOM, Kao U ca cacTaBoM ejekTpoiuTa. Ycknahuamwe CEUN momaraka pasinuuTUX CyNEepKOHICH-
3aTOPCKUX MaTepujasa ca oxroapajyhom RC nectBuiiom omoryhasa aHann3y pacnojene Karaiu-
TUBHOCTH W OTIIOPHOCTH Y TIOpaMa Kpo3 TaHKH MOPO3HM CJIOj MaTepHjaja ¥ KOHAuYHO pPacBeT-
JbaBam-e OJUINKA CYNIEPKOHIEH3aTOPCKOT TUITA CKIAANIITEha CHEPTHje.

(ITpummseno 31. oktodpa 2013)
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