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Pseudocapacitive behaviour of cobalt oxide films on 
nano-fibre and magnetron-sputtered substrates
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Pseudocapacitance of cobalt (hydro)oxides was studied on parent substrates with different 
structural properties: nano-fibre structure, magnetron-sputtered and mechanically treated. 
The nano-fibred structure was formed electrochemically from an alkaline plating solution. The 
pseudocapacitive behaviour of the samples was studied by cyclic voltammetry in conjunction 
with the electrochemical quartz crystal nano-balance technique. (Hydro)oxide layers were 
formed on the substrates by anodic polarization. The layers exhibited a reversible reduction-re-
oxidation behaviour with the corresponding pseudocapacitive behaviour. The nano-gravimetric 
measurements indicated a distinct electrode mass growth during the first anodic polarization 
scan, while the mass actually did not change during the reversible potential scan. The oxide layer 
stability was demonstrated by applying polarization cycles in the order of several thousand. 
The charge capacity for the nano-fibre sample was found to be up to 5 times higher as com-
pared to a conventional cobalt surface (mechanically abraded). EQCM data have shown that 
the electrochemical charge transfer reactions Co(II) ↔ Co(III) ↔ Co(IV) are not associated 
with a remarkable electrode mass change. A novel in-situ approach was proposed to evaluate 
pseudocapacitive performance by measuring the charge value per one mass unit of oxygen (O2–) 
within the oxide structure.
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IntroduCtIon

Electrochemical capacitors (or supercapacitors, ultracapacitors) 
are of increasing importance as a high power energy source, 
which could be an alternative to pulse batteries. Application of 
electrochemical capacitors becomes promising in such tech-
nological fields as telecommunication devices, electric and hy-
brid vehicles, etc. It is reasonable for many technical subjects 
to consider separating energy and power individually enabling 
to provide a peak (pulse) power at a short time. As traditional 
capacitors used in electronics cannot store the required energy 
quantity, high energy density capacitors (electrochemical ca-
pacitors) are being developed [1, 2]. The electrochemical capa-
citors, as compared to batteries (both pulse and conventional), 
are expected to have at least one order of magnitude higher 
power and a longer shelf and cycle life [2].

The mechanism of storage of energy by a supercapac-
itor involves double-layer capacitance (physical) and elec-
trochemical pseudo-capacitance, which is due to Faradaic 
(charge transfer) reactions between the solids and the elec-
trolyte. There are three main types of materials – carbon, con-
ducting polymers and metal oxides – used to produce elec-
trochemical capacitors. Pseudocapacitance studies of metal 
oxide films are of increasing importance; research groups 

around the world are attempting to find the performance- 
and cost-competitive oxides for commercial development of 
supercapacitors.

Ruthenium oxide has been shown to be probably the best 
electrode material in terms of a high specific capacitance, wide 
potential window and a long shelf and cycle life [2–4]. Especially 
the amorphous hydrated RuO2 exhibited a high specific capaci-
tance (over 800 F g–1) [5, 6]. However, a critical issue in com-
mercialization of the electrodes made of ruthenium oxide is 
the high cost of the material. For this reason, attempts to find 
cheaper substitutes have been undertaken. So, manganese ox-
ide films were formed by sol-gel or electrochemical deposition 
with the pseudocapacitance values in the range of 50–700 F g–1 
[7–12]. NiOx thin films were prepared by electrochemical pre-
cipitation of Ni(OH)2 and subsequent heat-treatment with the 
maximum specific capacitance of 277 F g–1 [13]. The authors ex-
tended their study to the carbon nanotube substrate on which 
the nickel oxide film showed a superior specific capacitance 
around 1000 F g–1 [14].

The first studies to examine cobalt oxides as an electrode 
material for a supercapacitor have been launched around a dec-
ade ago [15]. The authors used the electrochemical precipita-
tion technique which yielded a rather low specific capacitance 
(about 40 F g–1). One year later, a much higher capacitance of 
ca. 290 F g–1 was reported for cobalt oxide xerogel powders pre-
pared by the sol–gel process by Lin et al. [16].
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Electrochemical charge transfer in cobalt oxides has been 
studied by Liu, Pell and Conway [17]. The authors came to a 
conclusion that the Co oxide film, though behaving analogously 
to RuO2, has several unfavourable performance features such 
as limited capacitance density, rather short operable potential 
window and quite non-constant capacitance within the window. 
Nevertheless, other authors attempted to find Co oxide systems 
of superior performance.

Studies were carried out in the preparation of binary 
manganese–cobalt oxides. The oxide mixture was prepared by 
anodic deposition, which exhibited specific capacitance of ca. 
125 F g–1 [18]. It was shown that Co addition to Mn oxide in 
small concentrations (0.05–0.1 M) slightly decreased the spe-
cific capacitance and inhibited the anodic dissolution of Mn 
[19]. Higher Co contents, however, reduced the specific capaci-
tance significantly.

Mixtures of RhOx with Co3O4 were deposited by thermal de-
composition of mixtures of nitrate precursors [20]. The mixtures 
have been found to be good materials in terms of electrochemi-
cal capacitance (500–800 F g–1 at 20–60 mol. % of RhOx).

A few research groups have recently focused on studies of 
the electrochemical capacitance properties of cobalt (hydro)
oxides applied to nano-sized composite structures. A compos-
ite material consisting of Co(OH)2 on ultra-stable Y zeolyte 
molecular sieves was prepared by Cao and co-workers [21]. 
The maximum specific capacitance 1492 F g–1 was obtained, 
which, according to the authors, was the highest one reported 
for supercapacitors. A mesoporous nanocrystalline Co3O4 was 
deposited from a gel–floccules system, mixing the oxide with 
conducting graphite and forming the composite layer onto 
the nickel substrate [22]. The material exhibited a specific ca-
pacitance of ca. 400 F g–1. The CoOOH nano-flake films were 
formed on nickel by immersing the substrate into a metha-
nol / water mixed solution of cobalt acetate with the subse-
quent drying at 60 °C [23]. The capacitance around 200 F g–1 
was determined for the system. Cathodic electrodeposition of 
cobalt films with flower-like nanostructure was reported by 
Nguyen et al. [24]. The authors report a redoxable behaviour 
of the film during cyclic voltammetry measurements. No data, 
however, were given concerning the pseudocapacitive per-
formance of the system.

Our investigation addresses an influence of the nano-
structuring effect of substrate on the pseudocapacitance of 
electrochemically formed oxide films. Three types of materials 
were investigated: conventional, sputtered and of nano-fibred 
structure. The research focuses on searching for a relatively 
simple and cost-competitive method to improve the electro-
chemical capacitive performance of metal oxides on a parent 
metal.

ExPErIMEntAL

The cobalt coatings with the nano-fibre structure were de-
posited from the electrolyte for Zn–Co alloy electroplating 
as described in the patent [25], with the only difference that 
zinc ions were excluded from the plating bath. The elec-
trolyte was prepared using analytical class purity reagents 
CoSO4 · 7H2O (20 g l–1), NaOH (100 g l–1), a complexing agent 

(40 g l–1) and triply distilled water. The coatings were depos-
ited on carbon steel plates (S = 1 cm2) pre-treated with emery 
paper (grade 2500) and MgO powder, rinsed with 5% HCl and 
finally with distilled water.

A Parstat 2273 potentiostat from Princeton Applied Re-
search Instruments (USA) was used to carry out cyclic voltam-
metry measurements. A three-electrode cell with platinum foil 
as a counter electrode and silver / silver chloride as a reference 
one were used. The solution in these measurements was 1 M 
NaOH, which was deoxygenated prior to measurements with 
Ar gas.

Electrochemical quartz crystal microbalance (EQCM) mea-
surements were performed using the above potentiostat in con-
junction with a PAR 922 microgravimetric unit from Princeton 
Applied Research Instruments (USA). Quartz discs with funda-
mental frequencies fo = 5 MHz were used in the measurements. 
The oscillator is characteristic of the coefficient between the fre-
quency and mass change K = 18 ng Hz–1 cm–2.

A sub-layer of iron was sputtered onto quartz discs by the 
magnetron sputtering technique employing a magnetron sput-
tering system from Leybold Vacuum (Germany). 

The surface structure of the deposits was studied by scan-
ning electron microscopy (SEM) (EVO 50 EP, Carl Zeiss SMT 
AG, Germany) with energy dispersive and wave dispersion X-ray 
spectrometers (Oxford, UK). 

rESuLtS And dISCuSSIon

The Co electrochemical deposition characteristics were studied 
in situ by depositing the coating under EQCM control. One side 
of the quartz oscillator was coated with iron by the magnetron 
sputtering technique. Figure 1 provides data on mass and po-
tential change during galvanostatic deposition of cobalt. The 
rectilinear mass growth from the very beginning till ca. 1.5 h 
indica ted a constant deposition rate, while during a longer 
electrolysis time the rate tended slightly to decrease. The cur-
rent efficiency derived from the mass change rate according to 
Faraday’s law was approximately 50%. 

SEM images in Fig. 2 (a, b, c) show the surface topography 
of the deposits on a sub-micrometre scale. The pristine elec-
trochemically deposited structure (a) consists of randomly 
distributed nano-fibres with the thickness in the order of 
tens of nanometres and the length in the order of hundreds 
of nanometres. A similar structure was obtained both on the 
carbon steel substrate and on the sputtered iron (Figs. 2 and 
3). The sputtered specimen, both pristine (Fig. 4a) and oxi-
dized (Fig. 4b), differed markedly in their surface morphology. 
During a prolonged cycling, the fibre structure is transformed 
into flower-like one (Fig. 2b), whereas oblong pits are observed 
for the sputtered specimen (Fig. 4b). Figure 5 gives the micro-
topography of mechanically treated sample for comparison.

EQCM data obtained for an electrochemically deposited 
cobalt sample during a prolonged exposure at the open circuit 
potential (Eocp) in 1 M NaOH are shown in Fig. 6. (Similar re-
sults were obtained for a sputtered sample as well; the data are 
not provided in the paper.) The electrode mass rapidly increased 
after immersion during some 15 min at the rate dm/dt ≈ 0.25 µg 
cm–2 s–1. The mass increase was accompanied by a negative shift 
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Fig. 1. Potential and mass change during galvanostatic deposition of cobalt at 
ic = mA cm–2 determined by EQCM

Fig. 2. SEM images of electrochemically formed nano-fibre structure of Co on carbon 
steel substrate: a – pristine surface; b and c – after 1820 polarization cycles in 1 M 
NaOH at different magnifications

of Eocp. The process may be attributed to cobalt (hydro)oxide for-
mation on the electrode surface [26]:

 (1)

 (2)

with standard potentials at pH 14 Eo = –0.918 VAg/AgCl and 
Eo = –0.892 VAg/AgCl, respectively. After some time, the oxide layer 
reached its maximum thickness, and its slight dissolution became 
prevailing over the deposition process. The dissolution may be as-
sumed according to Pourbaix diagrams to proceed as follows:

 (3)

The dissolution process is clearly indicated by the presence 
of maximum on the mass curve in Fig. 3. Some instabilities in 
mass change observed at final stages of exposure indicate a com-
petition between the processes of deposition and dissolution.
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Fig. 3. SEM images of electrochemically formed nano-fibre structure of Co on mag-
netron sputtered iron coating: a – pristine surface; b and c – after 110 polarization 
cycles in 1 M NaOH at different magnifications

Fig. 4. SEM images of magnetron sputtered Co on quartz (a) and the oxide surfaces 
after 100 polarization cycles (b, c) in 1 M NaOH at different magnifications
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Cyclic voltammetry experiments (Fig. 7) revealed a highly 
irreversible anodic-cathodic behaviour of the electrode during 
the first several cycles. A large anodic peak was observed during 
the first cycle, which gradually decreased during the subsequent 
cycling. The system was getting increasingly reversible with the 
cycling, as is evident from the curves for cycles 7–10 in Fig. 7 
and prolonged cycling in Fig. 8. 

The magnitude of the first current peak clearly depends on 
the structural-morphological properties of the surfaces (Fig. 9). 
The quantity of the electricity increases markedly in the follow-
ing sequence: conventional cobalt, sputtered sample, nano-fibre 
structure. The peak is attributed to surface oxidizing according 
to reactions 1 and 2. Data in Fig. 9 clearly imply that the greatest 
amount of the oxide is formed on the nano-fibred structure. 

Figure 8 compares the cathodic and anodic branches of 
the voltammograms after a prolonged cycling. The current re-
sponses increase during the cycling as indicated by the curves 
for the 11th and the 330th cycle. The coincidence of the curves 
during prolonged cycling (e. g. those for the 330 and 1000 cy-
cles) indicates a high cycle life of the oxide layer. This property 
is important for the practical application of the system in super-
capacitors.

Fig. 5. SEM images of mechanically treated Co surface (a) and the oxide surfaces after 
100 polarization cycles (b, c) in 1 M NaOH at different magnifications

Fig. 6. Change of open circuit potential and electrode mass during prolonged  
exposure of cobalt electrode to 1 M NaOH
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Three distinctive peaks in Fig. 8 (A, B and C) indicate the main 
electrochemical transformations of the oxide layer during poten-
tial scan. According to the Pourbaix diagrams, the cobalt oxidation 
states are Co2+, Co3+ and Co4+, which may form Co(OH)2, HCoO2–, 
Co3O4, Co(OH)3 and CoO2. The location of the three peaks in the 
diagram may be attributed to the following reactions:

(A) 3Co(OH)2 + 2OH– → Co3O4 + H2O + 2e–, (E0 = 
 = –0.292 VAg/AgCl) (4)

 CoO + OH– → CoOOH + e– (Eo = –0.272 VAg/AgCl), (5)

(B) Co3O4 + OH– + H2O → 3CoOOH + e– (Eo = 0.122 VAg/AgCl), (6)

(C) CoOOH +OH– → CoO2 + H2O + e– (Eo = 0.462 VAg/AgCl). (7)

The anodic and cathodic charge quantities that passed du-
ring the polarization cycles are summarized in Table. The ob-
tained values for the nano-structured sample are up to five times 
higher than those determined for a conventional (mechani-
cally abraded) cobalt surface. For instance, the charge value for 
conventional cobalt was Qa = 7.1 mC cm–2 at the cycle number 
120, whereas the analogous value for the nanostructure is about 

Fig. 7. Cyclic voltammetry curves (ten cycles) for electrochemically deposited cobalt 
on steel substrate in 1 M NaOH at potential scan rate 20 mV s–1

Fig. 8. Subsequent cycling of the electrode up to 1000 cycles following the mea-
surements shown in Fig. 7

Fig. 9. First polarization cycle (a) and after 100 cycles (b) for conventional Co – 1, 
sputtered sample – 2 and nano-fibre structure – 3
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five times higher (Qa = 34 mC cm–2). Also, the analogous data 
for cobalt referred to in the literature [17] are about four times 
lower as compared to the nano-fibre structure. The data clearly 
show the enhancing effect of surface nanostructuring on elec-
trochemical capacity.

EQCM measurements indicate the distinctive mass effects 
which occur during the cyclic polarization of the cobalt elec-
trode (Figs. 10 and 11). A large anodic current response ob-
served during the first polarization scan yields an exponential 
mass growth with a subsequent wide potential range of con-
stant mass beha viour (ca. –0.3 V–0.6 V). When reversing the 
potential scan, an irreversible current is observed with no re-
markable mass effects over a wide potential range (some mass 
growth is observed only below ca. 0.7 V). The total mass gain 

Ta b l e .  Anodic and cathodic charges passed during the potential scan cycles 
for Co in 1 M NaOH and the difference between the anodic and cathodic charge 
values. Potential scan rate – 20 mV s–1

Cycle 
number

Qa, mC cm–2 Qc, mC cm–2 Qa–Qc, mC cm–2

11 33.8 36.2 –2.4
330 34.9 31.0 3.9
530 34.4 31.7 2.7
730 37.0 33.2 4.2
930 38.5 35.7 2.8
1620 42.2 45.8 3.6
1800 43.4 52.4 9.0

Fig. 10. EQCM and cyclic voltammetry data for electrochemically deposited cobalt in 
1 M NaOH. Potential scan rate 20 mV s–1

Fig. 11. EQCM and cyclic voltammetry data for magnetron sputtered cobalt in 1 M 
NaOH. Potential scan rate 20 mV s–1
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decreases gradually during the subsequent potential scans 
approaching some limiting value, which was determined to 
be Δm ≈ 75 µg cm–2 for electrochemically deposited specimen 
and Δm ≈ 44 µg cm–2 for the sputtered sample (after 100 po-
larization cycles).

The EQCM data confirm that the oxide is produced only 
around the first large current peak (Fig. 7). The subsequent peaks 
(A, B and C, Fig. 8) do not impose significant mass effects. The 
currents are associated with charge transfer phenomena within 
the oxide structure without changing its total mass, as predicted 
by equations 4–7. 

The entire increase in the electrode mass after the 10th cycle is 
Δm ≈ 69 µg cm–2 (Fig. 10). The mass growth can be supposed to be 
caused predominantly by oxygen (O2–) attachment to the surface 
when assuming the anodic CoO or Co(OH)2 generation. From the 
oxygen mass we can calculate the mass of the produced oxide to 
be mCoO = 323 µg cm–2. The anodic charge that passed during the 
10th polarization cycle was determined to be Qa = 0.033 C cm–2 
and the potential window ΔE ≈ – 0.83 V, which gives the capacity 
value C = 123 F g–1. The analogous calculation assuming Co(OH)2 
gives C = 218 F g–1. These values approximate the lower and upper 
limits of the capacitance to be expected per one gram of the (hy-
dro)oxide weighed in situ. It should be stressed that the provided 
values are not straightforwardly comparable with the numerous 
super-capacitance values in the literature [2–24], which relates to 
the oxides weighed under ex-situ conditions.

Due to the ambiguity in the chemical composition of the sur-
face layer, it seems reasonable to express the pseudocapacitance 
value per oxygen unit whose determination by EQCM does not 
seem problematic. So, for the 10th cycle discussed above, the 
oxygen mass on the electrode is Δm ≈ 69 µg cm–2, and the cor-
responding capacitance value will be 576 F per one gram of the 
attached oxygen.

As a concluding remark, it should be noted that, although 
the surface nano-structuring enhances the cobalt oxide capacity 
several times, its performance in the view of the best examples 
reported in the literature looks moderate. From the practical 
point of view, however, the system under study is rather interes-
ting, because the proposed electrochemical method of electrode 
preparation looks commercially attractive because of its cost-
effectiveness and technical simplicity.

ConCLuSIonS

The pseudocapacitance of cobalt (hydro)oxides was studied on 
nano-fibre structure which was formed electrochemically from 
an alkaline plating solution. The (hydro)oxide structure formed 
on the substrate by anodic polarization exhibited reversible re-
duction-reoxidation with the corresponding pseudocapacitive 
behaviour. The layer stability has been demonstrated by apply-
ing polarization cycles in the order of several thousands.

The charges passed in the polarization cycles for the nano-fi-
bre sample were found to be up to five times higher as compared 
to those determined for a conventional (mechanically abraded) 
cobalt surface and up to four times versus those reported in the 
literature.

A distinct electrode mass growth was identified by nano-
gravimetric measurements during the first anodic polarization 

scan, while the mass actually did not change during the rever-
sible potential scan. The data have confirmed that oxide forma-
tion occurs mainly during the initial polarization.

The electrochemical capacity was due to electrochemical 
charge transfer reactions Co(II) ↔ Co(III) ↔ Co(IV) which ac-
cording to EQCM data are not associated with remarkable elec-
trode mass changes.

A novel approach has been proposed to evaluate pseudoca-
pacitance performance in situ by measuring the charge value per 
oxygen mass unit within the oxide structure.
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PSEudotALPuMInė KobALto oKSIdo PLėvELIų, 
SuforMuotų Ant KobALto nAnoSIūLELIų Ir 
užduLKIntų MAgnEtronIšKAI, ELgSEnA

S a n t r a u k a
Ištirta pseudotalpa kobalto (hidro)oksidų, suformuotų ant skirtingų 
struk tūrų substrato: nanosiūlelių, magnetroniškai uždulkinto ir me-
chaniškai apdoroto. Co nanosiūleliai buvo suformuoti elektrochemiškai 
šarminiame tirpale. Pseudotalpuminė kobalto oksidų elgsena buvo iš-
tirta ciklinės voltamperometrijos metodu panaudojant elektrochemi-
nes kvarco kristalo svarstykles (EKKM). Anodinės poliarizacijos būdu 
ant įvairių substratų buvo suformuoti kobalto (hidro)oksido sluoksniai. 
Oksidiniai sluoksniai parodė grįžtamą redukcijos–reoksidacijos ir ati-
tin kamą pseudotalpuminę elgseną. Nanogravimetriniai matavimai pa-
rodė būdingą elektrodo masės augimą per pirmąjį anodinį poten cialo 
skleidimą ir praktiškai nekintančią masę per grįžtamąjį poten cialo 
skleidimą. Per kelis tūkstančius anodinių ciklų buvo parodyta, kad ok-
sidinis sluoksnis išliko stabilus. Nustatyta, kad oksidų, suformuotų ant 
elektrodo su nanosiūlelių struktūra talpa maždaug 5 kartus didesnė nei 
oksidų ant mechaniškai poliruoto Co. EKKM duomenys parodė, kad 
elektrocheminės Co(II) ↔ Co(III) ↔ Co(IV) reakcijos nėra susijusios 
su žymiais elektrodo masės pokyčiais. Buvo pasiūlytas naujas būdas 
įvertinti pseudotalpuminę elgseną – krūvis, tenkantis vienam deguo-
nies (O2–) masės vienetui oksido struktūroje.


