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Abstract

In this paper, basic electrochemical processes (such as oxide film growth, anodic dissolution and oxygen liberation) on an aluminium
anode in a model alkaline solution are considered under conditions of galvanostatic DC plasma electrolytic oxidation (PEO). The experiments
performed include: (i) recording and analysis of the main electrical characteristics of the process; (ii) determination of the oxide layer thickness;
(iii) anodic gas collection and composition analysis and (iv) electrolyte analysis to determine dissolved aluminium. Four different stages of
the PEO process have been identified, characterised by various rate proportions of the partial anodic processes. Overall current efficiency
of the oxide film formation has been estimated to be in the 10–30% range. The film growth rate decreases significantly with increasing
electrolyte concentration from 0.5 to 2 g l−1 KOH, since the rate of anodic dissolution increases. Oxygen evolution is shown to be the main
electrochemical process at the potentials corresponding to the plasma stages of the electrolysis. The overall rate of oxygen liberation at the
anode exceeds the Faraday yield, which is probably due to the radiolytic effect of the plasma discharge on the adjacent electrolyte volume.
© 2003 Published by Elsevier Ltd.
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1. Introduction

Plasma electrolytic oxidation (PEO) of metals is a com-
plex process combining concurrent partial processes of
oxide film formation, dissolution and dielectric breakdown.
The probability of dominance for any of these partial pro-
cesses in the overall process depends on the nature of both
the metal and the electrolyte, as well as on the current
regime employed. The ultimate stage of the PEO treatment
is a quasi-stationary state of persistent anodic microdis-
charges, which exhibit a progressive change in characteris-
tics during the electrolysis. At high discharge temperatures
and pressures (reaching about 2× 103 to 3 × 103 ◦C and
∼102 MPa, respectively), solid products of electrolysis and
adsorbed gel layers are deposited on the metal surface in the
form of high-temperature oxide phases or glassy ceramic
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coatings[1]. Depending on the purpose, the PEO treatment
is typically carried out for between 5 and 180 min at current
densities of 500–2000 A m−2 and voltages of up to 1000 V.
The electrolysis is always accompanied by intensive gas
evolution and localised metal evaporation due to the plasma
thermochemical reactions in the microdischarges[2–11].
PEO is thus an energy-intensive process, and under these
circumstances the issue of process efficiency becomes very
important. Existing data in the literature on the energy effi-
ciency of PEO are quite controversial (Table 1). Such a wide
scatter in the data suggests that certain side processes take
place on the oxidising surface, the role of which in plasma
electrolysis is yet to be understood. Careful determination
of the material balance at the metal electrode, is therefore,
required to evaluate the efficiency of the PEO process.

To produce PEO coatings on aluminium, alkaline elec-
trolytes are widely used, containing silicates, aluminates,
polyphosphates, etc.[2–5,10,11], which can passivate the
metal surface due to the formation of near-surface gels[12]
or insoluble compounds[13]. However, such electrolytes are
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Table 1
Comparative data of current efficiency in plasma electrolytic oxidation

Anode material Electrolyte Electrolysis parameters Oxide yield
ηMexOy (%)

Reference

t (◦C) i (A m−2) τ (s)

Al H2SO4 (concentrated) 10–24 1350 1400 57 [9]
Na2O·3SiO3 (40 g l−1) 25 250 360 9.1 [2]

Ti H2SO4 (1 mol l−1) 25 100 1000–5000 11–21 [8]
Na3PO4·12H2O 20 536 180 74 [4]

not ideally suited to material balance evaluations for the fol-
lowing reasons:

• passivating anions inhibit the process of aluminium dis-
solution, masking mechanism changes in anodic reactions
during plasma electrolysis;

• chemical analysis of such complex electrolytes and coat-
ings produced is quite difficult;

• the oxidation kinetics are affected by the electrolyte com-
ponents incorporated into the oxide film[13,16–18].

It is reasonable, therefore, to reduce the electrochemical
system under consideration to a simple model situation, in
which aluminium is oxidised in a dilute alkaline electrolyte
without any passivating anions. The primary objective of
this study was to evaluate the oxide film growth efficiency
during different stages of PEO treatment of aluminium in
0.5–2.0 g l−1 solutions of KOH. For this purpose, a series of
experiments on plasma electrolytic oxidation has been per-
formed, which included time-resolved determination of the
following characteristics: (i) evolution rate and composition
of anodic gaseous products; (ii) rates of aluminium chemi-

Fig. 1. Layout of the experimental set-up.

cal and anodic dissolution in the electrolyte and (iii) oxide
coating growth rate, structure and phase composition.

2. Experimental

2.1. Electrolysis

A schematic of the experimental set-up used in this work is
shown inFig. 1. Samples made from a 6082 aluminium alloy
(contained 0.6% Mg; 1% Si; 0.7% Mn, as basic alloying
elements) were used having a total surface area of 1.23×
10−3 m2. A preliminary mechanical polishing was given to
the sample surfaces to achieve aRa of ∼0.1�m, followed
by a degreasing in methyl alcohol. The oxidation process
was carried out in a 2-l glass vessel equipped with a coil
heat exchanger and a magnetic stirrer. The samples were
suspended in the electrolyte using a rigid threaded contact
insulated from the electrolyte by a plastic jacket and covered
with an inverted glass funnel which served to collect anodic
gases during the plasma electrolysis. A stainless steel ring
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cathode with surface area of 5.75×10−2 m2 was positioned
above the funnel to prevent cathodic gases from entering
the anolyte area. The galvanostatic regime of DC PEO was
employed with current densityi set in the 467 to 1407 A m−2

range.
Aqueous solutions of KOH with 0.5–2.0 g l−1 concen-

tration were chosen as electrolytes. The concentrations
employed in this work were verified during pre-experi-
mentation, which showed that beyond them, the breakdown
voltage either exceeds 1000 V due to reduced conductivity
of more diluted solutions, or cannot be achieved at all due
to intensive dissolution of the anode in more concentrated
electrolytes. Electrolyte temperature, as monitored prior to
and after the electrolysis, was always kept within the range
15–45◦C.

2.2. Anodic gas analysis

During the electrolysis, anodic gas was collected into the
glass vessel filled with water (Fig. 1). The vessel was ini-
tially sealed, i.e. air pressure in the neck pipe was equalised
by atmospheric pressure from the open bottom tap side, pre-
venting water from leaking out of the vessel. Anodic gas
evolved during the electrolysis was accumulated in the top
section of the vessel, displacing a correspondent volume of
water via the bottom tap; this volume was measured to eval-
uate the gas evolution rate. To minimise the possibility of
gas dissolution in both the electrolyte and the water, the en-
tire system was purged with oxygen for about 30 min prior
to each experiment. The volumeVt of the collected humid
gas was reduced to the normal (STP) conditions according
to the following formula[8]:

V = (P − pt)Vt × 273

1.01325× 105(273+ t)
(1)

Here P and t are laboratory pressure and temperature, re-
spectively;pt is saturated vapour pressure at the given tem-
perature[19].

The composition of the collected gas was studied using a
Spectramass Data Quad Type DAQ 3.2 quadrupole residual
gas analyser operated at 0.4 Pa. The mass channels corre-
sponding to H2, N, O, H2O, N2, O2, Ar and O3 were moni-
tored and the data from five parallel measurements for each
channel were averaged to obtain the percentage of the cor-
responding substance in the gas mixture.

2.3. Electrolyte analysis

After the oxidation, electrolyte solutions were analysed
for the presence of dissolved aluminium using a Perkin
Elmer Plasma 40 emission ICP OES instrument. Three
replicate measurements from each solution were taken at
the emission wavelength of 396.152 nm, with uptake and
washout times being 60 s each. The results were quantified
with respect to a calibration line, which has been obtained
using 0, 1, 5 and 10 ppm standard solutions prepared from

a certified 1000 ppm solution. Some samples containing
more than 20 ppm of dissolved Al were diluted as appro-
priate, then the results were corrected for the dilution. An-
other correction was performed for the blank sample value
(0.076 ppm), which was subtracted from the initial results.

2.4. Chemical dissolution of aluminium

The chemical dissolution rate of the substrates immersed
in the electrolyte solutions was evaluated by the sample
weight loss, with time and temperature conditions kept sim-
ilar to those used for the plasma electrolysis experiments.
The weight loss was measured with±0.1 mg accuracy using
a Mettler H31AR analytical balance. These data were taken
into account prior to calculation of the rate of Al anodic
dissolution due to electrochemical processes during PEO.

2.5. Oxide film growth rate

The oxide layer growth rate was determined from the
layer thickness measurements performed on polished cross-
sections using conventional optical microscopy techniques.
Several parallel measurements (typically 15–20) were taken
across the sample cross-section perimeter in order to pro-
vide statistically significant data of the film thickness. Based
on these data, mass yield of aluminium oxide formed dur-
ing plasma electrolysis was calculated, assuming that oxide
densityρ = 3100 kg m−3 [1].

3. Results

3.1. (U; τ) dependencies

The galvanostatic dependencies of anode voltage (U) on
PEO treatment time (τ) obtained at different chosen cur-
rent densities and electrolyte concentrations are shown in
Fig. 2a and b. In the general case, four characteristic areas
can be resolved in the dependencies, evidencing changes
in the mechanisms of the anodic process. Inset inFig. 2a
shows a typical example of linear approximations of the (U;
τ) curves in the above regions, which can be characterised
as follows. Region (I) exhibits maximum gradient on the
voltage curve, corresponding to a conventional aluminium
anodising process. In region (II), the rate of voltage increase
slackens, indicating a decrease in the oxide film growth rate;
oxygen bubbles first appear on the sample surface in this re-
gion. With increasing current density, the temporal duration
of region (II) diminishes and becomes practically indistin-
guishable ati = 1407 A m−2 (Fig. 2a). In region (III), the
rate of voltage increase rises again; this usually corresponds
to oxide recrystallisation and defect appearance in the film
structure[14].

Region (IV) begins with intensive oxygen evolution,
which creates a background for the onset of plasma mi-
crodischarge phenomena at the sample surface. The process
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Fig. 2. Voltage vs. time plots under different conditions of PEO, illustrating
(a) effect of current density. The inset shows a typical pattern of linear
approximation for (U; τ) dependencies with four stages of the process
resolved; (b) effect of electrolyte concentration.

becomes more steady-state, with only changes in the dis-
charge appearance observed, which progresses gradually
from a dense population of small and frequent microdis-
charges towards smaller populations of larger and longer-
lived discharge events. The threshold voltage at which the
plateau in region (IV) is entered decreases with increasing
electrolyte concentration (Fig. 2b) and ultimately cannot be
achieved at 2 g l−1 KOH, due (probably) to the prevailing
rapid dissolution of the oxide film.

3.2. Anodic gas evolution

The anodic gas composition was found to consist pre-
dominantly of oxygen (>93%) with minor amounts of
hydrogen (about 2%) and some residual nitrogen (<4%),
which probably remained in pipelines of the experimental
rig (particularly in the part shown in grey inFig. 1). Never-
theless, nitrogen content reduced substantially with increase
in total volume of the anodic gas and was not affected by the
process parameters, i.e. current density or electrolyte con-
centration. The effect of these parameters on the kinetics of
gas evolution is shown inFig. 3a and b. Commencement of
intensive gas evolution always coincides with the onset of a
plasma discharge on the electrode surface. It can be seen that
all the dependencies are linear, with gradients defined by
the electrolysis parameters. The gas evolution rate increases
substantially with increasing current density, whereas it
is almost independent of electrolyte concentration in the
range of 0.5–1.5 g l−1 but decreases sharply in 2 g l−1 KOH
solution.

Fig. 3. Kinetics of gas evolution during PEO. (a) Effect of current density;
(b) effect of electrolyte concentration.

The charge density passed through the electrolyser be-
fore the onset of discharge activity at the oxide surface is
shown inFig. 4a and b, illustrating effects of current den-
sity and electrolyte concentration, respectively. The charge
consumed in the pre-discharge stages increases with higher
electrolyte concentration and decreases with increased cur-
rent density. Indeed, the more extended are regions (II)

Fig. 4. Effect of process parameters, e.g. (a) current density and (b)
electrolyte concentration on the value of charge densityQin required to
onset the conditions of plasma discharge at the anode surface.
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and (III), the more difficult the breakdown voltage is to
achieve and the more significant is the contribution of the
aluminium dissolution partial process to the net oxidation
kinetics.

3.3. Aluminium dissolution

In Fig. 5, typical dependencies for the rate of anodic
dissolution of aluminium(dmAl /dτ)an on the PEO process
parameters, such as charge passed through the electrolyser
(Fig. 5a) and electrolyte concentration (Fig. 5b) are shown,
along with data for Al chemical dissolution in KOH solu-
tion (Fig. 5c). It should be pointed out that although metal
dissolution occurs in all studied cases, the effect of current

Fig. 5. Effect of PEO parameters on aluminium content in KOH solutions: (a) effect of current density; (b) and (c) effects of electrolyte concentration
on anodic and chemical dissolution of Al, respectively (time of electrolysis is 40 min).

density is more pronounced in the earlier stages of the pro-
cess. Additionally, the rates of both chemical and electro-
chemical dissolution reactions are affected by the alkaline
electrolyte concentration.

Changes in the electrolyte pH observed during the PEO
experiments indicate electrolyte acidification proportional
to the charge passed through the system, which is more
noticeable at higher current densities (Fig. 6a). Surpris-
ingly, it appears that the electrolyte acidification devel-
ops only at the plasma electrolytic stage, since in 2 g l−1

KOH solution, where discharge conditions could not be
achieved, the electrolyte pH remains unchanged—despite
the substantial duration of the oxidation process, i.e. 40 min
(Fig. 6b).
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Fig. 6. Effect of PEO parameters on the electrolyte pH: (a) effect of
charge density; (b) effect of electrolyte concentration (time of electrolysis
is 40 min).

3.4. Oxide layer thickness

Typical relationships between oxide layer thickness and
PEO process parameters are shown inFig. 7a and b. Gen-
erally, the layer thickness increases with charge passed
through the sample surface, although the character of
this trend is different for lower (≤699 A m−2) and higher
(≥935 A m−2) current densities (Fig. 7a). In the case of
the former, the layer grows almost linearly throughout the
process whereas in the latter, almost no thickness increase
is observed in the 700–1800 kC m−2 charge density range
but in the final stages the increase is substantial. Depen-
dence of thickness on the electrolyte concentration displays
a maximum growth rate at 1 g l−1 KOH (Fig. 7b). At
lower concentrations, the electrolytic oxidation process is
probably less efficient and at higher ones the effect of the
partial process of oxide dissolution becomes increasingly
significant.

4. Discussion

4.1. Oxidation kinetics in different stages of the PEO
process: classical approach

In the general case, the current densityi passed through the
oxide film during anodising can be represented as the sum
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Fig. 7. Oxide layer thickness produced under different parameters of PEO,
showing the effects of (a) charge density and (b) electrolyte concentration
(time of electrolysis is 40 min).

of the partial processes of oxide film formation, dissolution
and oxygen evolution at the anode surface:

i = ii + ie + id (2)

whereii is ionic current of the layer growth,ie is the electron
current caused particularly by the oxygen evolution andid is
the anodic dissolution current. If the current yield of oxide
formation is 100%, which is usually the case for conven-
tional low-voltage anodising, then the total current is equal
to the ionic one, i.e.i = ii and oxide film growth rate obeys
the following equation[1]:

rAl2O3 = dU

dτ
= E

M

ρnF
i = 5.68× 10−11Ei (3)

Here M is alumina molar mass,n = 6, F, Faraday’s con-
stant andE, electric field intensity in the oxide film. Thus,
when approximating galvanostatic (U) curves with linear
dependencies, as shown inFig. 2a, the oxide film growth
rate can be evaluated in the framework of a conventional
electrochemical approach. Values of dU/dτ for different
stages of the PEO process are collated inTable 2 along
with percentages of total charge density ((Qj/QΣ)100%)
passed through the surface during each stagesj = I–IV. As
follows from Table 2, the major fraction of charge con-
sumption in all experiments was during stage IV, where a
plasma discharge is observed.

Data of field intensityE for each region of the galvano-
static curve calculated using data ofTable 2 and Eq. (3)
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Table 2
Characteristics of various stages of PEO process in 1 g l−1 KOH solution

Current densityi (A m−2)

467 700

Stage Stage

I II III IV I II III IV

dU/dτ (V s−1) 2.54 0.21 0.75 0.04 8.66 0.38 2.13 0.04
Qj /QΣ (%) 1.1 13.3 17.2 68.4 0.7 4.7 5.9 88.6

935 1407

dU/dτ (V s−1) 14.4 0.4 2.01 0.04 16.7 1.67 4.41 0.06
Qj /QΣ (%) 0.8 2.9 3.6 92.6 1.4 2.3 5.8 90.5

are presented inTable 3. For stage I, the value ofEI =
4.04×108 V m−1 is comparable with that given by Morlidge
et al.[1] for 100% anodising efficiency (7.22×108 V m−1).
Assuming that in our case voltage gradient in region I cor-
responds to the oxide film growth with about 100% current
yield, the process efficiency of anodic oxidation in other re-
gions can be found from the following equation:

ηan
II ,III ,IV = (dU/dτ)II ,III ,IV

(dU/dτ)I
= EII ,III ,IV

EI
(4)

Examples of calculations preformed according toEq. (4)
are also given inTable 3, from which it follows that in re-
gions II and III, both field intensity and oxide growth effi-
ciency substantially decrease due to the collateral processes
of metal dissolution and oxygen evolution. For the plasma
discharge stage (region IV), this conventional approach ulti-
mately leads to very low values ofηan

IV = 0.15%, indicating
that almost no anodic oxidation should take place on the
electrode surface. This makes the net current efficiency of
anodic oxidation in PEO also very low (ηan = 2.2–7.2%),
which is obviously underestimated, particularly taking into
account data ofFig. 7.

4.2. Mechanisms underlying the oxidation
kinetics during PEO

Dynamic equilibrium of partial processes of oxide forma-
tion, dissolution and oxygen evolution is quite common for
aluminium anodising in alkaline solutions[13], where the
following general reactions normally occur:

Table 3
Current efficiency of anodic oxidation process for various stages of PEO
in 1 g l−1 KOH solution

Part of galvanostatic
curve

drAl2O3/di (×10−4,
V m2 s−1 A−1)

E (V m−1) ηan
j (%)

I 140 2.46× 108 100
II 15 2.64 × 107 10.7
III 37 6.5 × 107 26.4
IV 0.2 3.5 × 105 0.15

• Metal–oxide interface:
(i) anodic processes:

2Al + 3O2−
solid → Al2O3 + 6e− (5)

Al → Al3+
solid + 3e− (6)

• Oxide–electrolyte interface
(i) anodic process:

4OH− → O2 ↑ +2H2O + 4e− (7)

(ii) alumina chemical dissolution and oxidation of ejected
Al:

Al 2O3 + 2(x − 3)OH− + 3H2O → 2[Al (OH)x]n−
gel (8)

Al3+
ejected+ xOH− → [Al (OH)x]n−

gel (9)

[Al (OH)x]n−
gel → Al (OH)3 ↓ +(x − 3)OH− (10)

In non-agitated solutions the limiting stages are diffusion
of OH− anions to the electrode surface and chemical pro-
cesses (8)–(10). When the solution is agitated (which is the
case for the present study), the diffusion resistance can be
disregarded and the process is (in the earlier stages) con-
trolled, together with the chemical stages, by electrochemi-
cal ones, e.g. by reaction (5) atCKOH < 2 g l−1 or by (6) at
CKOH ≥ 2 g l−1 [15].

During the plasma stages of electrolysis (region VI), di-
rect injection of Al into the electrolyte can occur through
plasma discharge channels. The ejected Al is then imme-
diately hydrolysed followed by hydroxide precipitation on
the anode surface according to reactions (9) and (10). Acid-
ification of the electrolyte solution discussed inSection 3.3.
provides sufficient pH conditions in the vicinity of the
anode for reaction (10) to occur. Subsequent plasma dis-
charges dehydrate and re-crystallise the deposit, forming
the oxide ceramic layer. The presence of such a plasma
chemical route, involving reactions (9) and (10) in the net
oxidation process, can thus provide an explanation of under-
estimated oxide growth efficiency, when the conventional
electrochemical approach is applied alone.
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Table 4
Kinetics of gas evolution during plasma electrolytic oxidation

PEO conditions i (A m−2 at CKOH = 1 g l−1) CKOH (g l−1 at i = 935 A m−2)

467 700 935 1407 0.5 1.0 1.5 2.0

rO2 (ml s−1) 0.21 0.51 0.74 1.94 0.8 0.74 0.8 0.05a

a No plasma discharge observed.

4.3. Rate of gas evolution

Linear approximations of (V; τ) dependencies shown in
Fig. 3 allow estimation of the oxygen evolution raterO2

(ml s−1) during PEO. Calculation results obtained using
equationrO2 = dV/dτ, are shown inTable 4. Assuming
also a linear dependence in (rO2; i) coordinates, the follow-
ing empirical equation for calculation of oxygen evolution
rate has been obtained:

rO2 (ml s−1) = 1.8 × 10−3i (A m−2) − 0.7702 (11)

Both gas evolution observations andTable 4data analyses
have shown that the first gas bubbles begin to appear in stage
II. The rate of gas evolution there is constant, corresponding
approximately to 0.05 ml s−1. This rate should be considered
as the baseline rate of Faraday’s oxidation process accom-
panied by partial dissolution, which occurs in 2 g l−1 KOH
solution without plasma discharge. In 0.5–1.5 g l−1 KOH so-
lutions, where plasma electrolytic stages are developed, the
major gas volume evolves in stage IV. In this case,rO2 is
virtually independent of electrolyte concentration and can
be adequately described byEq. (11).

4.4. Current efficiency calculations for partial processes

Estimations of the process efficiency were carried out as-
suming that the partial processes of oxide film growth, dis-
solution and gas evolution on the surface are governed by
the Faraday’s law. Then, the balance equation for current
yields of partial electrode processes on the anodic surface
acquires the following form:

ηAl2O3 + ηAlsol + ηO2 = 100% (12)

where ηAl2O3, ηAlsol, ηO2 represent current yields of alu-
mina, dissolved metal and oxygen, correspondingly. Refer-

Table 5
Basic correlations used in current yield estimations for the main products of plasma electrolysisa

Reaction Electrochemical equivalent (q) Current yield (η) Equations

Anodic oxidation:
2Al + 3O2−

solid → Al2O3 + 6e− M/(6F) = 1.76 × 10−4 (g C−1) δSρ/QqAl2O3 (13)

Anodic dissolution:
Al → Al3+

solid + 3e− MAl /(3F) = 9.32642× 10−5 (g C−1) msol
Al /QqAl (14)

Oxygen evolution:
2H2O − 4e− → O2 + 4H+ V 0

O2
/(4F) = 0.058 (ml C−1) VO2/QqO2 (15)

a Here MAl is molar mass of aluminium;δ , oxide thickness;qAl , qAl2O3 and qO2, electrochemical equivalents of aluminium, alumina and oxygen,
correspondingly;S, sample surface area andV 0

O2
= 22, 400 ml, gas molar volume under normal conditions.

ence data used for the yield calculation of the electroly-
sis products are summarised by the set of Eqs. (13)–(15)
presented inTable 5. Comparison of the calculation results
with the experimental data of oxygen evolution rate (Fig. 3)
shows that oxygen yield in the stages without plasma dis-
charge corresponds to the rate of gas evolution according to
reaction (15) but substantially exceeds this Faraday yield in
the plasma stages of the process. For the latter stages, the
amount of oxygen evolved by Faraday’s law, was therefore,
estimated as follows:

ηO2 = 100%− (ηAl2O3 + ηAlsol) (16)

Fig. 8 illustrates effects of current and charge densities on
the PEO process efficiency in 1 g l−1 KOH solution and the
effect of electrolyte concentration can be traced inTable 6. It
can be seen that the fraction of total current which is actually
spent on the oxide film formation is always less than 1/3, in-
dicating a range of PEO process efficiency at 10–30%. With
increasing electrolyte concentration, alumina yield decreases
and the proportion of dissolved metal increases, reaching
eventually 1.1 and 30.9%, correspondingly, in 2 g l−1 KOH
solution. At this corner point of the experimental design,
where plasma discharge stages cannot be achieved through-
out the oxidation process, a material balance on the anodic
surface corresponds approximately to 100% even with the
value ofηO2 obtained using experimental data and equation
(15). Thus the excess oxygen cannot be formed on the anode
surface without a plasma discharge.

4.5. Formation of excess oxygen at the anode

The volume of excess oxygenV exc
O2

was found as the
difference between total gas volumeVO2 (Fig. 3) and the
calculated volume of oxygen produced via the Faraday
reaction (15). In the studied range of current densities,
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Fig. 8. Current efficiency diagram for partial anodic process in PEO of Al.

V exc
O2

is proportional to the charge passed through the cell
(Fig. 9).

A substantial surplus of gas products over the expected
Faraday yield has been reported in many other works deal-
ing with plasma assisted electrolytic processes. A detailed
overview of this issue has been presented by Bakovets et al.
[9], from which it follows that the excessive gas libera-
tion seems to be a generic feature of plasma electrolysis
caused by fluxes of charged particles from the discharge

Table 6
Current yield of partial anodic products in plasma electrolytic oxidation

CKOH (g l−1) Oxidation
ηAl2O3 (%)

Dissolution
ηAl (%)

Gas liberation
η2,F (%)

0.5 29.8 0.2 70.0
1 28.9 7.2 63.9
1.5 7.3 13.8 78.9
2 1.1 30.9 68.0a

a No plasma discharge observed.

into the electrolyte. Gas formation is likely to occur in
electrolyte areas adjacent to the discharge, particularly
due to the reactions of H and O quadratic recombina-
tion. In alkaline solutions, this typically leads to linear
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Fig. 9. Typical dependence of ‘excessive’ oxygen volume on charge
density passed through the cell during PEO.
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Table 7
Probable chemical reactions leading to occurrence of ‘excessive’ oxygen
[20]

Reaction Rate constant

(l mol−1 s−1) (kJ mol−1)

H2O2 + e−
aq → OH− + OH 1.2 × 1010 15.1

O2 + e−
aq → O2

− 1.8 × 1010 13.0
H+ + e−

aq → H 2.3 × 1010 12.2
2HO2 → H2O2 + O2 8.3 × 105 24.7
O2

− + HO2 → O2 + HO2
− 9.7 × 107 8.8

H+ + OH− → H2O 1.4 × 1011 12.6
H2O → H+ + OH− 2.52 × 10−5 45.4

dependencies of the gas evolution rate on total current
density[9].

When assuming, following the work in ref.[9], that pro-
cesses of electrolyte decomposition by plasma discharge in
PEO are similar in nature to water radiolysis, a set of prob-
able chemical reactions leading to the formation of excess
oxygen can be suggested as shown inTable 7. As can be
seen, one of the end products formed in the electrolyte under
the discharge conditions is hydrogen peroxide, which has
weakly acidic properties (pH≈ 6) and therefore, acidifies
the electrolyte, as was observed in our experiments (Fig. 6).
Direct determination of the peroxide in the electrolyte is im-
peded by its instability (and thus tendency to quickly disso-
ciate into water and oxygen):

2H2O2 → 2H2O + O2 + 46.2 kcal mol−1 (17)

and, was therefore, not performed in this work. However,
indirect evidence of H2O2 formation due to the plasma dis-
charge is the fact that the solution pH decreased only if
plasma stages of the process were achieved and remained
otherwise unchanged (Fig. 6b).

Plasma discharges are well known to promote disintegra-
tion of molecular oxygen into atomic species; this also has
been found during analysis of PEO gas products. However,
the common by-product of the disintegration process, ozone
could not be detected.

Another possible route for excess oxygen formation dur-
ing PEO is thermal decomposition of water, which occurs
via the following path:

2H2O → 1
2H2 + OH − 64 kcal mol−1 (18)

2HO → H2O + 1
2O2 (19)

However, due to the extremely strong bonds in the water
molecule, its thermal dissociation proceeds very slowly, with
5.6 and 4.5% products formed at 2500◦C in the first and
second steps, respectively. Dissociation of O2 at this tem-
perature is virtually insignificant but reaches 1.4 and 15%
at 2700 and 3700◦C, respectively[21].

5. Conclusions

Investigations of the kinetics involved in the plasma elec-
trolytic oxidation of Al in KOH solutions have revealed four
stages of the process, characterised by different mechanisms
of anodic reactions. Stage I corresponds to anodic oxidation
of Al with approximately 100% current efficiency. In stages
II and III, the oxide growth rate is substantially reduced due
to the prevailing processes of anodic dissolution and phase
recrystallisation of the oxide film. In stage IV, plasma chem-
ical reactions at the anode–electrolyte interface govern the
film growth.

Overall current efficiency of the oxide film growth lies
within the 10–30% range and reduces significantly with in-
creasing KOH concentration.

Oxygen evolution is the main electrochemical process at
the potentials corresponding to plasma stages in the elec-
trolysis. The total amount of oxygen liberated at the anode
substantially exceeds the Faraday yield. This anomalous gas
evolution is attributed to the radiolytic effect of plasma dis-
charge events on the adjacent electrolyte volume.
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