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A novel electrochemical method for the extraction of pure oxygen from air is described. The system
consists of an undivided cell with a nickel anode, a carbon—polytetrafluoroethylene (CP) air-fed
cathode and a KOH+HO; solution as electrolyte. In such a Ni—CP cell, oxygen from the air is
reduced in the cathode to form HQO, via a two-electron process, whereas anodic generation of
oxygen gas can take place by the two-electron oxidation of HOQy and/or the four-electron oxidation

of OH™ of the medium. Gas chromatography confirmed that the oxygen produced from cells operat-
ing up to 190 mA cm™2 does not contain hydrogen, as expected if cathodic reduction of HhO does not

take place. The presence of HO, causes a decrease in energy consumption of the cell, since it is easier
to oxidize than OH ™. Ni—CP cells containing solutions with concentrations of OH™ to 2.4 moldm>

and HO5 from 0.1 to 0.5 mol dm > are stable at 25 °C for voltages to about 1.0 V. These cells work in a
steady state in which the same number of moles of HO, ions electrogenerated at the cathode are also
anodically decomposed at the anode, without OH™ oxidation. In this state, the oxygen consumed in
the cathode is anodically generated and extraction of oxygen from air occurs by a two-electron pro-
cess. Energy consumptions between 1.710kWhkg ' O, and 1.224kWhkg ' O, are obtained for

bielectronic stable cells operating at 100mA cnm > and at temperatures between 25°C and 45°C,

which are significantly lower than those reported for previous electrochemical oxygen generators
based on the anodic decomposition of OH .

suitable membrane to the anode chamber where they
are oxidized to oxygen in an oxygen-evolving anode
via a four-electron process:

40H ™ —— Oy(pure) +2H,0+4¢e”  (2)

1. Introduction

The most common method for electrochemical
oxygen generation is by water electrolysis. The theor-
etical voltage for the electrolytic decomposition of

water to hydrogen and oxygen gas is 1.23V at 25°C,
but the overvoltages, mainly at the anode, increase
the working voltage to about 2.2 V at a current density
(j) of 100mA cm 2 [1, 2]. The simultaneous produc-
tion of evolved hydrogen as byproduct, along with
high power requirements, are the main disadvantages
for oxygen production from electrolysis of water. A
more efficient electrolytic procedure consisting of the
separation of oxygen from air via electrogeneration
and electrooxidation of OH™ ions by a four-electron
way has been reported by several authors [1-5]. In
this method, air is injected to the cathode chamber
of the cell where either a catalyst—polyethylene or a
catalyst—polytetrafluoroethylene (PTFE) gas per-
meable electrode, usually a platinum black—PTFE
cathode, is able to reduce oxygen to form OH ions
by the following four-electron reaction:

O, (from air)+2H,0+4e¢” —— 40H (1)
The electrogenerated OH™ ions diffuse through a
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This procedure has allowed lower working voltages
than those of electrolysis of water. Thus, Tseung
and Jasem [2] found /R-corrected voltages of 1.3V
at 25°C and 1.0V at 40°C at 100mA cm ™2 in a two-
compartment cell fed with air and which contained
Pt—PTFE electrodes and 5.0moldm > KOH as elec-
trolyte. A minimum energy consumption of 438 x
103kWhdm™ of oxygen at 40°C which corre-
sponds to 3.354kW hkg ! O, was obtained.

The two-electron reduction of oxygen to hydrogen
peroxide has been extensively studied in acidic and
basic aqueous solutions using graphite electrodes
and carbon-PTFE oxygen-fed electrodes [1, 6—14].
The highest current efficiencies for H,O, generation
(>90%) have been reported for bipolar cells [7] and
two-compartment H-cells [6, 10] containing OH ™ con-
centrations higher or equal to 0.1 mol dm . Since the
pK, for H,O, is 11.64 at 25°C, its conjugated base,
the hydroperoxide ion (HOy ), is the species generated
from oxygen electroreduction in such basic media,
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according to the process:
O,(from air)+ H,O+2e~ —— HO; + OH™ (3)

The HO; decays during its electrogeneration mainly
due to its homogeneous chemical degradation to
form O, and OH™ [1, 10, 13, 14] from the reaction:

2HO; —— O, +20H" (4)

which is favoured in strong alkaline media and is cata-
lysed by metallic ions. Reaction 4 can also take place
on the surface of metals, alloys and/or metal oxides
(heterogeneous decomposition) in the cell.

Tseung and Jasem [2] have applied the self-
degradation of HO, to design an integrated electro-
chemical—-chemical method for separation of oxygen
from air in a three-chamber cell with 5.0 moldn>
KOH. In the cathode chamber, a floating graphite—
PTFE cathode fed with air is used to reduce oxygen,
producing HO; from Reaction 3. The electrogene-
rated HO; diffuses through a membrane to reach an
intermediate chamber where it is chemically decom-
posed to oxygen on a nickel mesh coated with
NiCo,0,4, whereas in the anode chamber, OH is
simultaneously oxidized to oxygen on a NiCo,O,—
PTFE anode via Reaction 2. Energy consumptions
of 2.645kWhkg ' O, at 25°C and 2.058kWhkg!
O, at 40 °C were obtained for such a system working
at 100mA cm > with /R-free voltages of 1.34V and
1.04V, respectively.

Hydroperoxide ions electrogenerated by reduction
of oxygen in basic medium could also be anodically
oxidized to produce gaseous oxygen via the following
two-electron process [13, 15]:

HO; + OH™ —— O,(pure) + H,O0+2¢  (5)

However, electrochemical oxygen generators involv-
ing Reaction 5 have not been previously described in
the literature.

The aim of the present work is to present a novel
procedure for the electrochemical extraction of
oxygen from ambient air by a two-electron process
via electrogeneration and electrooxidation of HG; .
The electrochemical oxygen generator consists of an
undivided cell with a nickel anode, a carbon—PTFE
(CP) air-fed cathode and a KOH+ HO; solution as
electrolyte. Nickel has been chosen as anode due to
its poor catalytic activity for self-degradation of
HO; and its relatively low oxygen overvoltage. In
the Ni—CP cell tested, oxygen from air is cathodically
reduced to HO, following Reaction 3. When HO,
content in the medium is low, oxygen is produced
simultaneously by anodic oxidation of HO, from
Reaction 5 and of OH™ by Reaction 2, taking place
a gradual accumulation of HO; ions. A steady-state
is reached in which only HO; is oxidized at
the anode and the extraction process O,(air) —
O, (pure) takes place by a two-electron process involv-
ing Reactions 3 and 5. The effect of OH™ and HO,
concentrations and of temperature on such a steady
behaviour of the cell has been studied to establish its
operative conditions as function of current density

and voltage applied. Theoretical expressions to calcu-
late the energy consumption of the system and to
describe the amount of HO, accumulated in it and
of OH™ consumed from solution have also been
derived.

2. Theoretical considerations
2.1. Energy consumption

Consider an electrochemical oxygen generator with a
medium containing OH™ and HO; ions, which ope-
rates at constant voltage V' (in volts) and constant
current / (in amperes) for a time ¢ (in seconds). The
electrical power (in kW h) supplied to this system
can be written as follows:

Vit

Power = 3 e T0° (6)
If the oxygen generation in the anode can occur via
the four-electron oxidation of OH (Equation 2)
and/or the two-electron oxidation of HO, (Equation
5), the moles of oxygen gas obtained will depend on
the relative proportion between oxidized OH and
HO; ions. In such a case, the moles of electrons
Manod transferred to the anode per mole of oxygen pro-
duced will be between 4 and 2. Under steady-state
conditions (at constant 7 and V'), the n,,,q value
remains constant and hence, the oxygen weight
obtained (m(0O,) in kg) can be determined from the
expression:

M(0y) 1t -3
m(0,) ( nF ) x 10 (7)
where M (O,) is the molecular weight of oxygen and F
is the faraday constant. The theoretical energy
consumption e of the cell (in kWhkg™' O,) is then
given from the ratio between Equation 6 and Equa-
tion 7, namely:

€ = 0.838 1,04V (8)

Equation 8 predicts that the energy consumption for
an electrochemical oxygen generator under steady-
state conditions is directly proportional to n,,,q and
to the applied voltage. When only OH™ is oxidized
at the anode and n,,,q = 4, this equation is reduced
to the following expression:

€=3355V 9)

Note that setting V=1V in Equation 9, e¢=
3.355kWhkg ' O,, as experimentally reported for a
cell fed with air working at 100mAcm™> and at
40 °C [2]. This confirms the applicability of Equation
9 to systems without HO, present in the medium.
By contrast, if only HO; is anodically decomposed
in the cell and n,,,q = 2, Equation 8 can be expressed
as follows:

e=1677V (10)

Comparison of Equations 9 and 10 indicates that an
electrochemical oxygen generator with n,,,q = 4 has
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two times the energy consumption than another with
Nanod = 2 Operating at the same voltage under steady-
state conditions, although both cells are expected to
work at different current densities. In practice, it
seems better to compare the energy consumptions
for different systems from Equation 8 by applying
the same j, then determining n,,,q and V.

2.2. Accumulation of HO;

Consider an electrochemical oxygen generator con-
taining a basic solution and a cathode fed with
oxygen from air which only produces HO, from
Equation 3. When the system works at constant cur-
rent / for a time ¢, the number of moles of hydroper-
oxide ions (n(HO5)) obtained from the two-electron
reduction of oxygen is given by the equation:

n(HOY) = 2L

=57 (11)
If the self-decomposition of electrogenerated HO,
ions is negligible, they can be accumulated in solution
depending on n,,.q value. For n,,,q = 2 all these ions
are anodically decomposed to oxygen, for n,,,q4 = 4
they remain in the medium since only OH™ is oxidized
at the anode. However, when 2 < n,,,4 < 4, a part of
HO; is oxidized and then, the moles of the remainder
ions accumulated in the medium (i.e., moles of HO,
generated by Reaction 3 less the moles of HO, oxi-
dized by Reaction 5) is equal to the moles of OH"
consumed from solution (i.e., moles of OH con-
sumed by Reactions 2 and 5 less the moles of OH™
produced by Reaction 3). These amounts for both
species can be determined assuming that the cell
works under steady-state conditions for a time large
enough to produce 1mol of O, at constant n,,,q. If
x mol O, proceed from the four-electron oxidation
of OH™ and the remaining (1 — x) moles of O, are
obtained from the two-electron oxidation of HO,,
the overall n,,,q electrons transferred to the anode
must be equal to the sum of 4x electrons from Reac-
tion 2 plus 2(1 — x) electrons from Reaction 5. In
other words,

Hanod = 4x +2(1 — x) (12)

Solving Equation 12, one obtains x = (1,,04/2) — 1.
Taking also into account that the fraction of current
used to oxidize HO; is 2(1 — x)/n,,04, the fraction
of these ions remaining in solution is:

C2(1=x) _ 2nap0a —4

Nanod

1 (13)
By multiplying the second member of Equation 13 by
the total moles of HO; generated in time ¢ given by
Equation 11, the moles of HO, accumulated in the
medium and of OH™ consumed from solution can
be calculated in the form:

NManod

n(HO; ) accumulated = n(OH™) consumed

_ i (nanod B 2)[ (14)
F Nanod

Equation 14 can be applied when n,,,4 has a constant
value. If this parameter varies with electrolysis time
and (Mu004 — 2)/Manog 18 given as an analytical function
of time, the third member of Equation 14 can be
applied to an infinitesimal time d¢ and integrated for
the total process to obtain

n(HO; ) accumulated = n(OH ™) consumed

t _
— £J (nanod 2) dr
FJo Nanod

(15)

Equation 15 provides a general theoretical expression
to calculate the moles of HO, accumulated and of
OH™ consumed in the electrochemical oxygen gene-
rator as a function of the overall electrolysis time ¢
when the change in n,,,4 value during the experiment
is known and no significant self-degradation of HOy
takes place.

3. Experimental details
3.1. Reagents

A concentrated hydrogen peroxide solution of 33%
w/w from Probus, analytical grade, was used to
obtain standardized HO, solutions in different
KOH media. Potassium hydroxide, potassium per-
manganate and other chemicals (all AR) employed
were Merck. Solutions were prepared with water
obtained from a Millipore Milli-Q system. The con-
ductivity of the water used was always lower than
6x10°%Q "em™",

3.2. Instruments

Electrolyses were performed with a Thurlby—Thandar
PL330 power source. Linear sweep voltammetric
measurements were carried out with a PAR 273A
potentiostat—galvanostat connected to a PS-486DX
microcomputer and controlled through a PAR
M270 program. The content of hydrogen in oxygen
gas evolved from cell was determined by gas chroma-
tography (GC) using a Hewlett Packard 5890 series
IT gas chromatograph with a thermic conductivity
detector and fitted with a 60/80 Carboxen 1000
column at 35°C. GC data were collected on a HP
3395 integrator.

3.3. Electrochemical cell

A scheme of the Ni—CP cell used to produce oxygen
from air is shown in Fig. 1. It was a one-compartment
glass cylindric cell with an upper outlet tube to collect
the evolved gases and a double-wall to permit circula-
tion of water for controlling the system temperature.
The nickel anode and the carbon-PTFE cathode
were placed at the bottom of two cylindric holders
of polypropylene and introduced face-to-face into it.
The electrode distance was adjusted by regulating
the separation between the extremes of both holders.
In most of experiments, an interelectrode gap of
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Fig. 1. Schematic representation of the Ni—CP cell used for the

bielectronic electrochemical production of oxygen from air. The
carbon—PTFE cathode was fed with an air flow of 140 mlmir ',

Smm was chosen. A pump was used to feed an air
flow of 140mlmin~! to the cathode through a glass
tube inside its holder, the top of which was open to
the atmosphere. Nichrome (Ni—Cr) wires were used
as electrical contacts.

Once assembled, the cell was filled with 50 ml solu-
tion through its upper tube. In galvanostatic experi-
ments, a gas burette was attached to the top of this
tube to measure the oxygen generated. The carbon—
PTFE cathode fed with an air flow of 140 mlmin™'
was steady during all electrolyses. No gas bubbles
were observed under the experimental conditions
tested, indicating that air flowing over its inner face
did not pass into the solution, the major part being
rejected to the atmosphere through the top of the
holder. This was confirmed by the fact that no gas
was collected in the gas burette when the cell was in
open circuit. During electrolyses, only a fraction of
the oxygen diffused through the cathode to reach its
outer face, where it was reduced to HO, following
Equation 3.

3.4. Preparation of electrodes

A nickel disc of 99.997% purity and 15mm dia-
meter x 0.10mm thickness supplied by Johnson
Matthey was used as anode.

The oxygen-diffusion cathode was composed of a
reactive carbon—PTFE layer stacked onto a nickel
screen of 200 mesh and 0.11 mm thick as current col-
lector. The outer face of the electrode was the carbon—
PTFE layer and its inner face was the nickel screen
which was in contact with the Ni—Cr wire. This
layer was prepared with carbon black Printex L (sur-
face area 136 m*> g~ ') supplied by Degussa, which was
bonded with 25% w/w PTFE dispersion of type 30-N
from Du Pont de Nemours by means of the following
method [16]: the carbon black was suspended in water
with 3% w/w n-butanol as dispersant. PTFE disper-
sion was added and mixed. The resulting suspension
was heated at 240°C to remove water, n-butanol
and all dispersants contained in PTFE. The obtained
carbon—PTFE cake was milled into fine powder. A
powder mass of 45mg was cold-pressed onto a
nickel screen of 15mm diameter, and hot-pressed
between two laminated steel cylinders at a pressure
of 160kgem™ and at 390°C for 30min. The

carbon—PTFE cathode thus prepared was 0.40 mm
thick.

Once the electrodes were mounted in the corre-
sponding holders, the apparent area of the anode
and the cathode in contact with solution was
0.785 cm’.

3.5. Electrochemical experiments

Solutions of KOH concentration between 0.8 mol dmi >
and 10.4 mol dm > were studied in electrolysis experi-
ments. The effect of hydroperoxide ions on the behav-
iour of the cell was investigated in KOH solutions
containing HO5 concentrations to 0.5moldm . At
higher HO, concentrations, the fast self-decomposi-
tion of this species to O, and OH™ prevented from
achieving operative steady-state conditions. The tem-
perature was usually maintained at 25°C, although
several electrolyses at 35°C and 45°C were also per-
formed to study the effect of solution temperature
upon the efficiency of the cell. Prior to being used,
the cathode was activated in situ by applying a voltage
of 1.60—1.80 V for a minimum of 5 min.

Linear sweep voltammograms for the oxidation of
OH™ and/or HO, to form O, on the nickel anode,
as well as for reduction of O, to yield HO; in the
carbon—PTFE cathode, were recorded in 0.8 mol
dm™ KOH at a scan rate of 5mVs ' and at 25°C.
A SSCE (NaCl-saturated calomel electrode) was
used as reference electrode, which was introduced
into the cell through its upper tube to be in contact
with the solution.

3.6. Analysis procedure

The HO; concentration present in the medium before
and during electrolyses was obtained by standard
titration of 1ml aliquots with potassium perman-
ganate. The change in OH™ concentration was deter-
mined by titration of 2ml aliquots with standardized
0.1 moldm > HCI. To know the content of hydrogen
gas in the oxygen produced, gases evolved in several
galvanostatic experiments were periodically collected
in inverted test tubes, initially filled with water. A
volume of 300l of samples was directly injected to
gas chromatograph and detection of hydrogen was
performed using a nitrogen flow of 50mlmin ' as
carrier gas. Under these conditions, a well-defined
sharp peak of hydrogen was found for a standard
sample of air with 0.96% v/v H,.

3.7. Determination of n,,,; in galvanostatic
experiments

The n,,,4 value for a cell working at constant / during
a given ¢ was determined experimentally from the
volume of oxygen V'(O,) collected in the gas burette.
This volume (in dm’ ) was measured at ambient tem-
perature (T,;,) between 293 K and 297 K, at an ave-
rage atmospheric pressure (P,.,) of 0.984 atm. Having
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Naoq @ constant value during this electrolysis, the
number of moles of O, (n(0,)) produced by the cell
can be calculated as follows:

It
O =
n( 2) nanodF

(16)

Assuming that oxygen behaves as an ideal gas, these
moles of oxygen can also be calculated from its state
equation. Combining both expressions, the 7,,.4
value can be obtained by the following equation:

8.65x 107" Ty lt
V(0,)

(17)

Nanod =

4. Results and discussion

4.1. Behaviour of the Ni—CP cell containing a KOH
solution

The oxygen from air injected to the cathode of a Ni—
CP cell containing a KOH solution is expected to be
reduced to form HO; (Reaction 3) when the applied
voltage is small enough to avoid other cathodic reac-
tions, such as reduction of H,O to H, and OH™
and/or HO; to OH™ [12, 13]. However, oxygen can
be produced at the nickel anode by the simultaneous
oxidation of OH™ (Reaction 2) and electrogenerated
HO; (Reaction 5). At the beginning of the electro-
lysis, the HO; content in solution is negligible and
only decomposition of OH™ occurs with n,,,q = 4,
whereas as long as HO, is competitively oxidized by
increasing electrolysis time, a variation of n,,4
value between 4 and 2 is expected.

To confirm whether the cell behaves as stated
above, several electrolyses with 50ml of 2.4mol
dm™ KOH as initial solution were performed at a
constant current density of 100mA cm ™2 for 10h. In
these experiments, the electrode distance was adjusted
to Smm. The volume of oxygen produced and the
applied voltage were measured every 20min. The
change in HO, and OH™ concentrations were deter-
mined in different runs to avoid large losses of solu-
tion volume. Under these conditions, no hydrogen
gas was detected by GC in the evolved oxygen, thus
indicating that cathodic reduction of H,O to H, and
OH™ does not occur.

Typical variations of n,,,,4 and e found with electro-
lysis time are given in Fig. 2. A progressive decrease
from n,,,q = 4 at the beginning of the electrolysis to
Nanod = 2.16 after 10h of it can be observed in Fig.
2(a), as expected if the system evolves slowly to a
steady-state with n,,,q = 2. This indicates a gradual
increase in the electrodecomposition rate of HO,,
associated with the presence of a higher content of
this species in the medium, as will be discussed
below from results of Fig. 3. In addition, the working
voltage also decays gradually from an initial value of
1.29V to a final value of 1.08 V. The simultaneous
decrease of n,,,q and applied voltage explains the
progressive decay in e during electrolysis, as shown

4.50
—13.95
—3.40 T
4
=
z
—2.85 =
@) ®
by 2.30
1.5 | ‘ | 4 1.75
0 2 4 6 8 10

Time /h

Fig. 2. (a) Change of the moles of electrons transferred to the anode
per mole of oxygen produced (1,,,4) calculated from Equation 17
with electrolysis time for a Ni—~CP cell with 2.4 moldm> KOH
operating at 100mA cm™> for 10h at 25°C. (b) Variation of
energy consumption e of the cell determined from Equation 8
with electrolysis time.
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Fig. 3. (O) Millimoles of HO; accumulated in a Ni—CP cell for the
same electrolysis as in Fig. 2. The solid line corresponds to the
theoretically expected curve from Equation 15 using the 7,,4
values given in Fig. 2(a). (A) Millimoles of OH™ consumed from
solution for a different run of the cell. The dashed line is the theor-
etical curve obtained from Equation 15.

in Fig. 2(b). This trend of e indicates that cells with
KOH + HO5 solutions have lower energy consump-
tions as HO, concentration increases.

The possible self-degradation of HO, was studied
by filling up the cell with different KOH media con-
taining HO; concentrations of 0.1 and 0.5mol dm™>
during 10h without passing current, conditions
under which this species can only be destroyed by
Reaction 4. The percentage of remaining HO, was
found to be 97-99% in 0.8moldm* KOH, 92—
94% in 2.4moldm’ KOH and 78-82% in 5.2mol
dm™ KOH, for both HO; concentrations con-
sidered. These results confirm a faster chemical
decomposition rate for HO; as long as OH™ concen-
tration increases. According to this, Equation 15
which assumes no self-degradation of this species
can be applied to explain its accumulation in Ni-CP
cells with KOH concentrations lower or equal to
2.4moldm™>, that is, when the rate of Reaction 4 is
so slow that it can be assumed to be negligible.

Figure 3 shows the gradual increase found experi-
mentally for the millimoles of HO, accumulated in
solution during the same electrolysis as in Fig. 2.
The solid line in Fig. 3 corresponds to the theoretical
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curve calculated from Equation 15 by fitting the
experimental function (7,,0q — 2)/Manoq Obtained from
values of Fig. 2(a) against electrolysis time to an
eight-order polynomial with a regression coefficient
r =0.9992. The progressive increase in the OH ™ con-
sumed from solution is also presented in Fig. 3 for
another run of the cell, along with the corresponding
theoretical line (dashed curve) calculated from Equa-
tion 15, also considering an eight-order polynomial
function between (13,04 — 2)/Manog and ¢ with r =
0.9990. As can be seen, the experimental change of
HO; accumulated and OH™ consumed with electro-
lysis time is well-described by Equation 15 for each
electrolysis, although slightly different experimental
points and theoretical curves were obtained for differ-
ent runs. The shape of these curves indicates a pro-
gressive decrease in accumulation rate of HO, as
electrolysis time increases, due to the gradual increase
of its anodic decomposition rate, in agreement with
the parallel decrease found for n,,,q (see Fig. 2(a)).
The fact that the theoretical curve obtained from
Equation 15 can describe the change in HO, during
electrolysis, suggests that most of these ions are
either anodically oxidized from Reaction 5 or
remain in solution. Data reported in Fig. 3 show
that after 10h of electrolysis at 100mA cm 2, an
average value of 6.9 £ 0.5mmol HO, or OH™ were
either accumulated or consumed in the cell. Since in
each electrolysis 18.7 mmol HO, were generated con-
sidering that only Reaction 3 occurs in the cathode, it
can be concluded that 634+ 3% of this species is
decomposed to oxygen gas.

4.2. Addition of H,O, to the cell

As Ni—CP cells initially containing a KOH solution
evolved slowly with electrolysis time to a steady-
state with accumulation of HO,, the behaviour of
cells with KOH + HO; solutions was studied by
determining the steady current densities reached
when constant voltages from 0.1 to 1.5V were
applied. Electrolyses were performed for electrode
distances between Smm and 14mm and for KOH
concentrations between 0.8 moldm™> and 10.4mol
dm™>, both in the presence and in the absence of
added H,O,. For HO; concentrations higher than
0.8moldm™>, the solutions released large amounts
of oxygen due to its fast chemical degradation. To
avoid this process as much as possible, the maximum
HO; concentration tested in experiments was limited
to 0.5moldm™>.

In all media and for a given voltage, the steady
current density increased by shortening the electrode
distance, as expected by the simultaneous decay in
ohmic drop between electrodes. However, no steady
j values could be measured for electrode distances
shorter than Smm by perturbations of the oxygen
bubbles released from the anode. For this reason, an
optimum interelectrode gap of Smm was used to
study the behaviour of Ni—CP cells.

Figures 4, 5 and 6 show the steadyj/V relationships
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0.0 0.4 0.8 1.2 1.6
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Fig. 4. Current density-voltage plots for a Ni—CP cell containing

5.6moldm™— KOH with HO; concentrations of: (a) 0.475, (b)

0.292, (c) 0.200, (d) 0.042 mol dm™>. Curve (e) was obtained without
addition of H,O, to the medium. Temperature 25°C.
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Fig. 5. Current density—voltage plots for a Ni—CP cell with
2.4moldm™ KOH and HO; concentrations of: (a) 0.510, (b)
0.204, (c) 0.085moldm™>. Curve (d) was determined without addi-
tion of H,O, to the medium. Temperature 25°C.
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Fig. 6. Current density—voltage relationships for a Ni—CP cell with
0.8moldm™ KOH and HO5; concentrations of: (a) 0.450, (b)
0.202, () 0.115, (d) 0.066 mol dm™>. Curve (¢) was obtained without
addition of H,O, to the medium. Temperature 25°C.

obtained for 5.6, 2.4 and 0.8 moldm* KOH solu-
tions, respectively, without HO, and with different
concentrations of this species. Comparison of curves
measured in the absence of this ion allows us to con-
clude that at a given voltage the corresponding j
value for 2.4moldm—> KOH (Fig. 5(d)) is much
higher than for 0.8 mol dm® KOH (Fig. 6(e)) and
only slightly lower than for 5.6 mol dm® KOH (Fig.
4(e)). Similar j/V plots to those given in Figs 4(c)
and 5(d) were also found for 6.3, 8.8 and 10.4mol
dm™ KOH. This behaviour can be ascribed to a
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gradual increase in conductivity of KOH solution
from 0.8 to 2.4 moldm >, which causes a progressive
decrease of ohmic drop between electrodes. However,
for KOH concentrations higher than 2.4 mol dni 3,
the IR product between electrodes reaches a mini-
mum value, having little influence upon the cell
voltage.

In all KOH media and in the presence of HO, (see
Figs 4-6), the current rises at a voltage of about 0.2V,
whereas in the absence of this species a minimum volt-
age of about 0.9 V must be applied to begin to produce
oxygen in the anode. This decrease of almost 0.7V in
working voltage can be ascribed to the anodic oxi-
dation of HO; instead of that of OH . The j/V
plots obtained in all KOH solutions with the lowest
HO,; concentrations showed a plateau, which can be
associated with a diffusive control in the anodic oxi-
dation process of HO;, since at higher potentials,
the simultaneous oxidation of OH™ caused a notable
increase in current density. For the highest HO, con-
centrations, the oxidation rate of this ion increased
gradually with cell voltage and j/V plots did not dis-
play any plateau (see Figs 4(a), 5(a) and 6(a)).

The above results allow us to establish that cells
containing KOH + HO;5 solutions can work to about
1.0V producing oxygen from the two-electron
anodic decomposition of HO,, with practically no
oxidation of OH . Under these conditions, operative
current densities between 100mA cm 2 and 150 mA
cm 2 can be easily reached for HO; concentrations
higher than 0.2moldm™>, as can be deduced from
results shown in Figs 4-6.

4.3. Study of the anodic and cathodic reactions by linear
sweep voltammetry

The fact that HO, is oxidized at less positive poten-
tials than OH™ was confirmed by linear sweep volt-
ammetry. Figure 7 shows different voltammograms
recorded for the anodic oxidation of both ions in

400 ,
300~ R
Jiod et
<, 200 -
£
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E\ 1001 —
~
o ]
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-0.6 -0.1 0.4 0.9 1.4

E /Vvs SSCE

Fig. 7. Linear sweep voltammograms recorded for the oxidation of
HO5 on the nickel anode of a Ni—CP cell containing a 0.8 mol dmi™

KOH solution with HO> concentrations of : (a) 0.468, (b) 0.230, (c)
0.105moldm™. The solid curve corresponds to the tetraelectronic
oxidation of OH™  to O, and was obtained without addition of
H,0, to the medium. Initial potential —0.4V and final potential
1.0V. Scan rate 5mVs™, temperature 25°C.

a cell containing a 0.8 moldm > KOH solution. The
solid line corresponds to the tetraelectronic decompo-
sition of OH™ on nickel to O, following Reaction 2,
which begins at 0.50 V vs SSCE. In the presence of
HO;, the oxidation curves (Fig. 7(a)—(c)) were shifted
at less anodic potentials due to the bielectronic anodic
decomposition of this species to oxygen from Reac-
tion 5. Figure 7(a)—(c) shows that HO, is oxidized
on nickel from —0.13V vs SSCE, independently of
its concentration. In addition, a plateau at potentials
between 0.2V and 0.6V vs SSCE can be observed
from the voltammogram recorded at 0.105 mol dm >
HO; (Fig. 7(c)), indicating that the oxidation process
of this ion is limited by its diffusive transport to the
anode limits. This kind of control was not found for
HO; concentrations higher than 0.2moldm ™ (Fig.
7(a)—(b)), due to the gradual increase in its oxidation
rate and overlapping with anodic decomposition of
OH™.

Voltammograms obtained for the two-electron
cathodic reduction of oxygen from air to HO, by
Reaction 3 in the above Ni—CP cell are shown in
Fig. 8, without HO; (solid curve) and with different
concentrations of this species. In all media, the reduc-
tion of oxygen on the carbon—PTFE cathode was
found to rise at —0.32 V vs SSCE and its rate increased
progressively as long as potentials shifted to more
negative values.

The above results can explain that addition of H,O,
to a KOH solution causes a strong decay of the initial
operative voltage of the cell, as Figs 4—6 show. This is
mainly due to the easier oxidation ability of HO, on
nickel, which starts to be decomposed at a potential
0.63V less anodic than for OH (see Fig. 7). Volt-
ammetric results also corroborate that the plateau
observed for j/V plots of Figs 4-6 in KOH+ HO;
media is due to the diffusive control of its decom-
position at the nickel anode (see Fig. 7(a)—(c)), since
no effect upon the reduction process of oxygen at
the cathode was observed in such conditions (see
Fig. 8).

100 T

j /mA cm

-1.4 -1.0 0.6 -0.2 0.2
E /Vvs SSCE

Fig. 8. Linear sweep voltammograms obtained for the reduction of
O, to HO5 in the carbon—PTFE air-fed cathode of a Ni—CP cell
with 0.8 moldm™ KOH and HO3 concentrations of: (a) 0.468,
(b) 0.230, (c) 0.105 mol dm™>. The solid line was recorded without
addition of H,O, to the medium. Initial potential 0V and final
potential —1.2'V. Scan rate SmVs™', temperature 25°C.
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4.4. Stability of Ni—CP cells containing KOH + HO;
solutions

Cells with different KOH 4+ HO; media were electro-
lysed under several experimental conditions to study
their stability. A cell was considered stable when com-
position of its medium remained unchanged working
at constant j and V. A first series of experiments
were performed with standardized HO, concen-
trations from 0.1 to 0.5moldm™ in 5.6, 2.4 and
0.8moldm™ KOH, operating at 0.70V and at
25°C, conditions under which only the anodic oxi-
dation of HO; takes place (see Figs 4—6). Cells con-
taining 5.6 moldm™> KOH solutions were unsteady,
being observed a gradual decrease of j and HO; con-
tent with electrolysis time. This same behaviour was
found for cells with 2.4moldm> KOH and HO;
concentrations higher than 0.3moldm . Since the
decrease in HO, content can be due to its self-
degradation, electrolyses with 2.4moldm> KOH
were effected again in the presence of 1.5 mmol dni >
urea as stabilizer.

The current densities determined for stable cells
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Fig. 9. Change of current intensity of a Ni—CP cell containing
2.4moldm™ KOH with electrolysis time. The cell operated at a
constant voltage of 0.70 V and after 20 min from the beginning of
electrolysis, a HO, concentration of: (a) 0.518, (b) 0.275, (¢)
0.181, (d) 0.095moldm™> was added to the medium, which
remained constant during experiments. In the case (a) the solution
contained 1.5mmoldm3 urea. Temperature 25°C.
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Fig. 10. Dependence of current density on electrolysis time for a Ni—
CP cell containing 0.8 mol dm™ KOH and operating at a constant
voltage of 0.70 V. After 20 min from the beginning of electrolysis, a
HO5 concentration of:: (a) 0.510, (b) 0.201, (c) 0.113moldm ~ was
added to the medium. In all cases, no change in HO;, concentration
was detected during electrolysis. Temperature 25°C.

working at 0.70V and containing 2.4 and 0.8 mol
dm™ KOH are presented in Figs 9 and 10, respec-
tively. The concentration of HO, and OH™ remained
constant during all experiments. A progressive
increase in j with increasing HO, concentration can
be observed for each KOH solution, although higher
current densities were obtained for 2.4moldm >
KOH (Fig. 9) than for 0.8 moldm > KOH (Fig. 10).
The stability in 0.8 moldm™> KOH was confirmed
by electrolysing a solution with 0.440 moldm >
HO; at 0.70V for 22.5h. A steady current density
of 56 + 2mA cm > was found during electrolysis and
the final HO; concentration was 0.422 mol dm >.

A second series of experiments attempted to con-
firm if simultaneous anodic decomposition of OH"
occurs for working voltages higher than about 1.0 V.
Figure 11 shows the variation of volume of oxygen
released with electrolysis time when 38, 100 and
190mA cm ™ were applied to a cell with 2.4mol
dm® KOH and 0.182moldm™> HO;. GC analysis
corroborated the absence of hydrogen gas in oxygen
produced during these electrolyses, even operating at
190mA cm 2. Stationary voltages of 0.70 +0.02V
and 1.03 £0.02V were measured for 38 and 100 mA
cm 2, respectively, whereas at 190 mA cm ™ the work-
ing voltage decreased gradually from an initial value
of 1.61 to 1.46V after 9h of electrolysis. Straight
lines in Fig. 11 correspond to the volumes of oxygen
calculated from Equation 17 taking n,,,q = 2. As
can be seen, theoretical lines of Fig. 11(b) and (c)
agree with the respective experimental points obtained
for 100 and 38 mA cm 2. In both cases, the composi-
tion of medium did not vary and the cell was stable.
However, the theoretical line of Fig. 11(a) does not
fit the volumes of oxygen collected at 190 mA cm >.
A progressive decrease from 2.38 to 2.05 for n,,4
value calculated by Equation 17 was found during
this electrolysis, whereas 4.65 mmol HO, were accu-
mulated in solution and an equivalent amount of
OH™ was consumed. Then, at 190 mA cm > and at
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Fig. 11. Variation of volume of oxygen produced by a Ni—CP cell
containing 2.4 mol dm™ KOH and 0.182 moldm ™~ HO5 with elec-
trolysis time by applying a constant current density of : (a) 190, (b)
100, (c) 38 mA cm 2. The respective solid lines correspond to the
theoretical volumes of oxygen calculated from Equation 17 which
are expected to be generated by a cell with n,,,q =2 under the
same experimental conditions. In cases (b) and (¢), HO, concen-
tration remained constant, whereas in the case (a) it gradually
increased to 0.275moldm™ after 9h of electrolysis. Temperature
25°C.
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Table 1. Values of ny.q and energy consumptions determined for stable Ni—CP cells fed with an air flow of 140 mlmiit' and operating at con-

stant current density under different experimental conditions for 3 h

[KOH] . [HO5 ] . Solution j/mA cm™> Voltage/V Manod fkWhke ' 0,
/moldm™" /moldm " temperature/°C
0.8 0.121 25 38 0.89 1.99 1.492
0.216 25 38 0.57 2.01 0.955
0.381 25 38 0.52 1.96 0.872
25 100 1.02 2.05 1.710
35 100 0.90 2.00 1.509
45 100 0.86 1.95 1.442
0.498+ 25 100 1.01 1.98 1.693
24 0.124 25 38 0.76 1.97 1.275
0.185 25 38 0.68 1.99 1.140
0.246 25 38 0.60 1.99 1.006
0.185 25 100 1.02 2.00 1.710
35 100 0.90 1.97 1.509
45 100 0.82 1.97 1.375
0.266 25 100 0.98 2.03 1.643
35 100 0.85 1.96 1.425
45 100 0.77 1.98 1.291
0.46218 25 100 0.73 1.98 1.224

* Moles of electrons transferred to the anode per mole of oxygen gas produced by the cell calculated from Equation 17.
Energy consumption determined from Equation 8 consideringn,,,q = 2.

Cells were unstable at 35°C and at 45°C.
3 Solution contained 1.5mmol dm™ urea.

voltages higher than 1.0V the cell was unsteady and a
part of electrogenerated HO, and OH™ were oxidized
at the anode.

4.5. Ni—CP cells operating at constant current density
under steady-state conditions

The above findings indicate that for givenj and V'
values the energy consumption of stable Ni—CP cells
must depend on the solution tested and on its tem-
perature. To know their operative conditions, cells
with different KOH + HO, solutions were electro-
lysed at 38 or 100 mA cm> and different temperatures
for 3 h. Table 1 summarizes the media used, the solu-
tion temperature, the current density applied, the cell
voltage and the n,,,4 value determined from Equation
17, and for all experiments tested. Since no change in
composition of media was found after all electrolyses
and the obtained n,,,q values were always close to 2,
energy consumptions given in the last column of
Table 1 have been calculated from Equation 8 con-
sidering n,,,q = 2. It is then apparent that all reported
cells were stable and operated in a steady-state in
which the same moles of HO, generated in the
carbon—PTFE cathode are also oxidized at the
nickel anode, making it possible that the same
amount of oxygen consumed at the cathode is anodi-
cally produced.

Results of Table 1 indicate that at givenj and tem-
perature the voltage and energy consumption of the
cell decreases gradually by increasing HO, concen-
tration for each KOH solution, in agreement with
results shown in Figs 5 and 6. In addition, an increase
of temperature in a given medium at constantj causes
a decrease in € due to the simultaneous fall of the
applied voltage, according to the expected /R decay

between electrodes. Cells containing HO, concen-
trations higher than 0.4moldm * were unsteady at
35°C and at 45°C, and showed a continuous loss of
HO5 content by self-degradation.

Bielectronic Ni—CP cells working under steady-
state conditions yield lower ¢ values (see Table 1)
than those given in the literature for previous electro-
chemical oxygen generators. Although the lowest
reported energy consumption for such devices at
100mA cm 2 is 2.058 kW hkg™' O, at 40°C [2], the
lowest ¢ obtained for a stable Ni—CP cell at
100 mA cm™2 is 1.224 kWhkg ! O, at 25°C. This is
achieved using a 2.4moldm> KOH solution with
0.462moldm™> HO; and 1.5mmoldm™ urea, as
shown in Table 1. At lower current densities, energy
consumptions lower than 1kWhkg' O, can be
easily obtained.

5. Conclusions

In a Ni—CP cell containing a KOH solution and fed
with air, HO, is generated at the cathode by the
two-electron reduction of oxygen from air following
Reaction 3 and is anodically decomposed to yield
oxygen gas via the two-electron Reaction 5. Under
all experimental conditions tested, no cathodic reduc-
tion of H,O to H, and OH™ occurs, as tested by GC.
When no HO, is present in solution, oxygen gas is
produced at the nickel anode by the four-electron oxi-
dation of OH™ from Reaction 2. As long as HO; is
electrogenerated, a part of this species is oxidized
and the remaining one is accumulated in the
medium due to the simultaneous oxidation of OH .
Accumulation of HO; and simultaneous consump-
tion of OH™ are well-described by Equation 15
when self-degradation of HO, is negligible. The
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anodic oxidation rate of HO, increases with increas-
ing its content in solution, causing a progressive
decay in energy consumption of the cell.

By increasing HO; concentration to 0.5moldm™>
in KOH solutions, Ni—CP cells showed a gradual
increase in their steady current densities at voltages
lower than 1.5V. The initial operative voltage for
cells with KOH + HO; solutions decreased almost
0.7V with respect to cells only containing KOH due
to the easier oxidation of HO, than that of OH™ at
the nickel anode, as confirmed by linear sweep volt-
ammetry. Several Ni—CP cells with OH concen-
trations to 2.4moldm > and HO; concentrations
from 0.1 to 0.5 mol dm™~> were stable by applying volt-
ages to about 1.0 V. These cells work in a steady-state
with n,,,qg = 2, in which the same moles of HO, gene-
rated in the carbon-PTFE cathode are oxidized at the
nickel anode. In these conditions, all oxygen con-
sumed at the cathode of the cell is anodically pro-
duced and hence, the extraction of oxygen from air
occurs by a two-electron process involving Reactions
3 and 5. Energy consumptions between 1.710 kW
hkg™' O, and 1.224kWhkg™' O, were obtained at
100mA cm ™2, which are significantly lower than
those previously reported for other electrochemical
oxygen generators.

The two-electron process which takes place in
stable Ni—CP cells with KOH-+ HO; solutions
seems more adequate to be applied for the electro-
chemical production of oxygen from air than previous
procedures based on the four-electron anodic oxi-
dation of OH . This novel method provides better
energy consumptions and can be applied to similar
cells containing the carbon—-PTFE cathode and
other anodes with ability to electrocatalyse the
bielectronic anodic oxidation of HO,. Experiments

attempting to improve the efficiency of this kind of
electrochemical oxygen generator are now in progress
in our laboratory.
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