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Abstract The reduction of oxygen on brass type Cu77Z-
n21AI2 in contact with 0.1 mol L™ borax at pH 9.2 with
and without chlorides was investigated and compared with
the results on spectroscopic Cu. The surface film was
characterized in situ by means of reflectance spectroscopy
and by electrochemical impedance in the potential range
negative to the open circuit potential. The main parameters
associated to the kinetics of the oxygen reduction reaction
were analyzed with a rotating disc electrode. The results
show that within the potentials studied, a porous film was
formed on brass while no significant spectral features were
observed, except at —1.2 V where zinc oxo-hydroxides
grow in chloride-free solutions and dissolve when chlorides
are present in the system. The number of electrons
exchanged for brass was close to 4 in both solutions,
showing that oxygen is predominantly reduced to hydroxyl
ions, with a reaction order equal to one. The residual
presence of oxides on the surface results in Koutecky—
Levich plots with slopes dependent on the applied potential
and interfere with the calculation of the Tafel slope.

Keywords Surface films - Oxygen reduction -
Copper alloys
1 Introduction

The impact of the oxygen reduction on fuel cells and mate-
rials degradation guarantees permanent interest in studying
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the mechanistic features. However, oxygen reduction on
non-noble metals has not been extensively investigated. The
various oxidation states typical of these elements can enter
into catalytic cycles for the reduction of the important per-
oxide intermediate, as has been shown before for the
reduction of H,O, on copper and copper—nickel alloys [1]. In
these cases, the presence of Cu(I) on the metal surface
appears to be essential in the reduction mechanism. Thus, the
passive film plays a key role in the mechanism of oxygen
reduction reaction (ORR).

Many industrial types of equipment, particularly those
related to aqueous solutions transport and heat exchange,
are built from copper and copper-alloys. In these cases,
where the metallic material is in contact with aqueous
aerated electrolytes, the ORR constitutes the cathodic
hemireaction of the corrosion process [2].

Within this framework, the effect of Zn as alloying
element in brass was investigated, with emphasis on its
incorporation to the surface film formed and the influence
on the reaction kinetics.

The key parameters characterizing the kinetics of the
oxygen reduction reaction were investigated. Also,
the detrimental effect of the presence of chloride ions in the
electrolyte was evaluated.

2 Experimental setup

The electrodes were constructed from spectroscopic grade
copper (99.99%) and from aluminum-brass rods (77% Cu,
21% Zn, 2% Al; UNS 68700) provided by LCL Pty Ltd™,
Australia. For the steady-state experiments, metal disks
were conveniently mounted on PVC holders, including
an electrical connection welded at the rear side. The
rotating-disk electrodes were built embedding rods of Cu
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and Cu—Zn alloys in Teflon™ cylindrical holders. The

electrodes were abraded with a sequence of emery papers
and finally mirror polished with 0.05 pm alumina powder.

A conventional three-electrode cell was used to carry out
the electrochemical measurements. A Pt wire of large-
enough area was used as auxiliary electrode. Two different
electrodes were used as reference: Hg/Hg,SO4/K,SO,
0.6 mol L™! (0.616 V vs. NHE, labeled MME) for the
electrochemical experiments and Ag/AgCl/NaCl 3 mol L™!
(0.208 V vs. NHE) when recording reflectance spectra.
However, to simplify comparisons, all the potential values
were indicated taking MME as reference. To control current
and potential a Voltalab PGP 201 potentiostat was used.

Borax 0.1 mol L™' (pH =9.2) and borax 0.1 +
0.01 mol L~! NaCl were used as electrolytes, as indicated.
Both were deaerated for 15 min with high-purity N, prior to
each measurement, except for the oxygen reduction polari-
zation curves, where the electrolyte was saturated with O,
during 15 min. The oxygen concentration in oxygen-satu-
rated electrolytes was taken as 1.15 x 107> mol L™" in
borax solutions and 1.08 x 107> mol L™" in borax con-
taining 0.01 mol L™" of CI~ ions. These measurements were
carried out using an oxygen meter PST3 attached to an
optical fiber sensor. All the experiments were carried out at
room temperature (20 £ 2°C).

To record cyclic voltammograms the electrodes were
pretreated in both solutions by holding them at —1.6 V for
10 min to have a reproducible initial condition. Finally,
2.1 V were scanned, using a sweep rate of 0.01 V s,

To investigate the kinetics of the oxygen reduction
reaction, polarization curves were registered at 0.02 V s~
using five different rotation rates between 225 and
1,600 rpm. The rotating disk experiments were carried out
using a Radiometer™ controller (CTV101). The electrodes
were pretreated by holding them at —1.6 V in the deaerated
electrolyte during 15 min. Then, the electrolyte was satu-
rated with oxygen, bubbling the gas for at least 15 min
prior to recording the polarization curves.

Electrochemical impedance spectroscopy (EIS) tests were
performed at pre-reduced electrodes held at —1.6 V and then
pre-oxidized at —0.9 V for 15 min. The solution was used
without stirring and saturated with oxygen. The AC voltage
signal amplitude is 0.01 Vs and the frequency was varied
between 100 kHz and 1 mHz. The results were analyzed
using equivalent circuits. The experimental data were fitted to
the proposed equivalent circuit using ZView [3].

The composition of the surface films was evaluated by
means of reflectance spectroscopy [4]. The absorption
spectra were recorded in-situ. The baseline was corrected by
polarizing two identical polished surfaces at —1.4 V. The
spectrum of each surface was recorded after holding the
electrodes at a potential range between —1.4 and —0.5 V for
a certain period of time in oxygen saturated electrolyte. The
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spectroelectrochemical measurements were carried out
using a commercial double-beam spectrophotometer (Shi-
madzu UV 160 A), conveniently modified as described
elsewhere [5].

3 Results and discussion

3.1 Characterization of the surfaces by cyclic
voltammetry

The cyclic voltammograms of copper in deaerated borax pH
9.2 with and without chloride ions are presented in Fig. 1.
Without chloride ions presents, two broad anodic peaks
appeared at —0.4 V (Cu,O formation) and at 0.15 V (CuO
formation), while the two cathodic peaks were located at
—0.75 V (CuO reduction to Cu,0O) and —1.0 V (Cu,O
reduction). When the electrolyte contained 0.01 mol L™" of
Cl™, a new anodic peak at —0.55 V is probably due to a
copper—chloride species and three reduction peaks were
now registered. The most positive of them, at —0.62 V, may
correspond to CuO reduction, the next at —0.68 V can be
attributed to a copper—chloride species (probably “ataca-
mite”: Cu,(OH);Cl1 [6]), and the most negative CV peak at
—1.0 V can be assigned to Cu,O reduction.

For the sake of comparison, the cyclic voltammogram of
brass is presented in Fig. 2, recorded in the same conditions
as those shown for copper in Fig. 1. In borax, a broad anodic
peak appeared at —1.2 V (most likely due to a Zn containing
specie), another one at —0.4 V (Cu,O formation), while a
plateau started at —0.2 V (CuO formation). The cathodic
peaks can be seen at —0.7 V (CuO reduction to Cu,0) and
—1.1 V (Cu,0 reduction). A third cathodic peak at —1.35 V

j/ mA cm®
s

—— without CI' -
-------- with 0.01 M CI' |

0,4 . ! . I . I . L . L
-2,0 -1,5 -1,0 -0,5 0,0 0,5

E (vs MME) / V

Fig. 1 Voltammograms of Cu electrodes in contact with deaerated
0.1 mol L™' borax, with and without 0.01 mol L™' NaCl (v =
0.01 Vs
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Fig. 2 Voltammograms of brass electrodes in contact with deaerated
0.1 mol L™" borax, with and without 0.01 mol L™" NaCl (v =
0.01 Vs

110 .
100 =
X
8 oliv e
e 90 e .
© Lo
g 80 P 4
© /S —-1.4V (baseline)q
* 70 ;S -1.3V il

60

200 300 400 500 600 700 800
wavelength / nm

Fig. 3 Differential reflectance spectra for brass in oxygen saturated
borax solution, after holding the electrode at —1.3, —1.2, —0.9 and
—0.5 V for 10 min

was probably due to HCuO, ™ reduction [7, 8]. When chlo-
ride ions were incorporated to the solution, the same anodic
peaks as for brass in borax could be observed but there is a
negative shift in the position of the peaks.

3.2 Characterization by reflectance spectroscopy

Figure 3 presents reflectance spectra recorded while per-
forming a cathodic scan on brass in borax 0.1 mol L' at
—1.3, —1.2, —0.9 and —0.5 V (holding the potential for
10 min at each value). At potentials negative to —0.6 V no
significant spectral characteristics were observed, except at

110

100

90

80

transmittance / %

o e 13V

70 ) Py

200 300 400 500 600 700 800
wavelength / nm

Fig. 4 Differential reflectance spectra for brass in oxygen saturated
borax solution containing 0.01 mol L™" NaCl, after holding the
electrode at —1.3, —1.2, —0.9 and —0.5 V for 10 min

—1.2 'V when zinc oxo-hydroxides grow in agreement with
the results of the cyclic voltammetry (Fig. 2). The main
spectral characteristic for zinc is a peak located at
230-250 nm. When the potential scan moved towards
values more positive than —0.6 V, the main spectral fea-
tures corresponded to those for Cu,O: a broad peak at
462 nm, a lower one at 240 and 360-380 nm, and a
shoulder at 237 nm [4, 5, 9]. The presence of CuO in the
film was evidenced by a featureless absorption band,
increasing in intensity at wavelengths shorten than 280 nm.
For this reason, CuO identification just from reflectance
spectra tends to be difficult. All these same results were
found for copper in borax 0.1 mol L™".

When chloride ions were added to the electrolyte, some
changes in the spectra were observed, as shown in Fig. 4.
When chloride ions were present, mainly copper features
were observed as the potential scan moved towards
—0.6 V. However, at —1.2 V an increase in transmittance
at short wavelengths could be observed, which was
attributed to zinc oxo-hydroxides dissolution. This was in
agreement with previous results published by Kim and col.
[9] where they had observed dezincification following the
decrease in absorbance at about 320 nm (correlated to an
increase in transmittance, in our case). This was also
confirmed by independent experiments, where a decrease
in the charge of a cathodic peak at —1.2 V was registered
during voltammograms performed under rotation.

3.3 Characterization by electrochemical impedance
spectroscopy

The results of the impedance spectra recorded on brass are
shown in Fig. 5. The effect of the presence of chloride is
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Fig. 5 Impedance spectra recorded on brass electrodes held at —0.9 V in oxygen saturated borax solution. The symbols represent the data and
the lines the fitting results. The equivalent circuit employed is also shown
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Fig. 6 Impedance spectra recorded on brass electrodes held at —0.9 V in oxygen saturated borax solution containing 0.01 mol L™" NaCl. The
symbols represent the data and the lines the fitting results. The equivalent circuit employed is also shown

presented in Fig. 6. Both groups of experiments were
carried out at —0.9 V after pre-reducing the electrodes at
—1.6 V during 15 min.

EIS data fit results are also shown in Figs. 5 and 6,
together with the respective equivalent circuits used. The
experimental data are considered to be sufficiently well
fitted by the proposed circuits. Table 1 presents the opti-
mised values for the various parameters involved. For
copper, the impedance results were different from those
obtained for brass, and Table 1 shows data fit results for
comparison. A conventional Randles circuit, where a
constant phase element (CPE) was used instead of the
capacitor, gave satisfactory fits for experiments carried out
at —0.9 V for copper. Surface roughness, insufficient pol-
ishing, grain boundaries and surface impurities have been
mentioned among the main reasons allowing the use of
CPEs in equivalent circuits of corroding electrodes [10].
The impedance of CPEs can be written as:
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Zere = Q)" (1)

where Q is the frequency-independent constant or pseudo-
capacitance and n a constant power, with —1 <n < 1. A
rough or porous surface can cause a double layer capaci-
tance to appear as a constant phase element with n between
0.5 and 1.

On the other hand, for brass, a more complex circuit
with two time constants was used. This is in agreement
with the anodic peak observed between —1.4 and —0.8 V
for brass (Fig. 2) and the reflectance spectra for brass at
—0.9 V (Figs. 3 and 4). This circuit is typical of a duplex
film composed of mostly porous oxides and has been used
before in similar systems [11-13]. In contrast, the data
recorded on copper can be interpreted by means of a simple
Randles-type circuit.

Care should be taken with the data analysis when different
models are applied. Still, it is important to note that the total
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Table 1 Optimized values for the parameters employed in fitting the 0 — T T T T T T T T T
data in Figs. 5 and 6 to the equivalent circuit proposed borax 0.1 mol/l without CI
Electrode/solution Element Value % Error AL e borax 0.1 mol/l + 0.01 M CI 7
Cu without CI~ Rs/Q-cm? 15.94 0.57 2 oo |
QdI/Q~"em™*s" 443 x 107° 1.75 o L
. 092 032 g B ]
Ret/Q-cm? 987 1.07 <
Cu 0.01 M CI~ Rs/Q-cm® 15 1.32 E a8 225 rpm+
QdVQ 'em™2s" 459 x 107° 476 - 400 rpm |
n 0.88 0.82 5L g;g rpm |
2 rpm
Ret/Q-cm 462.9 1.55 1225 rpm 1
Brass without CI~  Rs/Q-cm? 12.51 0.36 6L 1600 rpm -
QdIVQ 'em™*s"  9.72 x 1077 1.26 P T U T S S S SR
n 0.86 0.24 17 146 15 14 13 12 141 1,0 -09 -0,8 -0,7
Ro/Q-cm? 716 0.96 E (vs MME) /V
Qa/Q 'em™2s"  1.014 x 1072 9.85
Fig. 7 RDE polarization curves for brass electrodes pre-reduced at
n 0.73 6.23 . .. . .
) —1.4 V during 15 min in oxygen saturated borax solution with and
Ret/Q-cm 568.7 7.89 without chloride ions. Scan rate: 0.01 mV s~
Brass 0.0 M CI~  Rs/Qcm? 11.79 0.47
d/Q~'em*s"  8.81 x 1077 5.12 .
Q 0.88 077 showed). Similar results were found by Vazquez et al.
n . . . . .
) [1, 2] for oxygen and peroxide reduction on copper in
Ro/Q-cm 270.6 10.5 L. . .
o . presence of chloride ions. This was attributed to the pres-
Qa/Q™ ":cm™ ~s 6.89 x 10 7.21 e el . .
ence of CuO inhibiting oxygen reduction, which can be
n 0.58 6.52 . . L.
) dissolved in the presence of chloride ions.
Ret/Q-cm 535.7 8.27

resistance for brass was always higher than that for copper.
This showed the effect of the film formed on the surface and
justified the higher corrosion resistance for brass in both
electrolytes when compared with copper. It could be also
observed that Ro for brass, associated to the resistance within
the pores, presented a lower value when chlorides were
present in the electrolyte, showing a less protective film.

3.4 Cathodic polarization curves

Cathodic polarization curves were registered on previously
reduced surfaces using rotating disk electrodes, as descri-
bed above. The potential scan started at —1.6 V and was
interrupted at least 0.2 V negative to the open circuit
potential in order to prevent undesired oxide formation. A
typical result for brass in borax 0.1 mol L™' with and
without chloride ions is presented in Fig. 7. Two distinc-
tive regions could be distinguished: a potential range of
mixed control (activated and diffusional), where current
and potential were interdependent and a diffusional range
at more negative potentials, where a limiting current was
achieved. On copper, the current density decreased in the
mixed control region when CI™ ions were present (not

The number of electrons exchanged in the cathodic
hemireaction could be calculated from the slope of the
appropriated representation of the Levich equation [14]:

ji = 0.20nFD*3v=1eCy!/? 2

where j; was the limiting current density in A cm™2, D the
diffusion coefficient of the electroactive species (1.9 x
107> cm? s_l), v was the kinematic viscosity (0.01 cm? s_l),
Cp represented the oxygen concentration in the bulk solution
(1.15 x 1073 mol L™! in borax solutions and 1.08 x
1073 mol L~ 'inborax containing 0.01 mol L~ 'ofCl™ ions),
and w was the rotation rate in rpm.

Levich representations are shown in Figs. 8 and 9 for
brass without and with chloride ions present, respectively.
The data calculated from these plots are shown in Table 2.
The linear dependence of the current density on »'?* was
indicative of a diffusion-limited process according to the
Levich equation. For both brass and copper, the overall
number of electrons exchanged in the oxygen reduction
reaction on pre-reduced surfaces was slightly lower than 4
[1, 15] Table 3.

Two possible routes exist for the electrochemical
reduction of oxygen, a sequential and a direct pathway
[16, 17]. The difference lays is in the generation of peroxide
as intermediate, which occurs in the first case. The general
mechanism can be schematically represented as [18]
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0 T T T T T T T T T Table 3 Tafel slopes for brass in borax 0.1 mol L~! solution. (I), (II)
1 and (IIT) corresponds to plots showed in Fig. 13
A _ __ Experiment Tafel ope/V dec™
2 . Brass without C1™ ions (higher potentials) 0.069 + 0.007 (I)
o i \' Brass without C1™ ions (lower potentials) 0.228 + 0.027 (II)
z 3r ", | Brass with 0.01 M Cl~ ions 0.206 + 0.0 18 (III)
E i n 160V . 1
P i i 1 0,0 g T T T T T T ¥ T
-~ gl > -155V F ) i
|« 150V N | r = .
® -145V 0.5 s
S v -140v 1 e r o v i
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T e -130V 7 o~ v
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<
(1)‘“J2 / rpmm E A5 Y .
Fig. 8 Levich plots of brass electrodes in contact with 0.1 mol L™ =
borax solution 20 : :é:ggx -
A 090V
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9 '2.5 . Il . 1 . 1 N 1 . 1 . | .
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4 (0-1!2; rpm-h‘?
2tk - 4
o 1 Fig. 10 Koutecky—Levich plots of brass electrodes in contact with
g a3l & 4 0.1 mol L™! borax solution
‘h
E il B N Less than four electrons being exchanged clearly show
~, 4r » s0v % T that there is a bifurcati ot 1n the reducti
-t L 4 145V ] that there 1s a bifurcation point in the reduction sequence
5L ¢ -140V @ | (I) with a subsequent loss of peroxide into the solution. A
v -135V . i “direct” reduction mechanism must involve a breakage of
sl o 1223 ' i the O-O bond at the rate determining step. It could be
o0 120V i proposed that the competing reactions responsible for the
5 8 R Y Y T U SN TS Y SR S bifurcation was the p-peroxo bridge adsorption of O, in
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mma'rpm"2

Fig. 9 Levich plots of brass electrodes in contact with 0.1 mol L™!
borax solution containing 0.01 mol L™"' NaCl

Table 2 Levich plots for brass in borax 0.1 mol L™" solution

Expriment e~ number
Levich
Brass without CI™ ions 3.75 £ 0.05
Brass with 0.01 M C1™ ions 3.88 £ 0.05
0, — 50, —~2 5H,0] — 00

D

lkM

H,0;
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vicinal Cu(0) sites, in competition with an end-on super-
oxide adsorption, the latter leading to the loss of some
peroxide in the solution.

In the mixed controlled range of the polarization curves,
the Koutecky—Levich equation (Eq. 3) can be used [11]:

l. 1+ 1 3)

J o Ja 020nFDYv1/6Chem!1 2

where the symbols have the same meaning as those used in
Eq. 2.

The number of electrons exchanged as a function of the
applied potential, could be calculated from the slope of the
j=' vs @~ representation. This equation should be used
carefully, because it is written assuming that reaction order
is 1 for the studied species. In this case, plotting log ljl vs
log [1 — (j /jv)] the reaction order for oxygen was con-
firmed (not shown). Figures 10 and 11 show the Koutecky—
Levich plots obtained for brass with and without chloride
ions, where it could be seen that the slope of the lines
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Fig. 11 Koutecky—Levich plots of brass electrodes in contact with
0.1 mol L™" borax solution containing 0.01 mol L™"' NaCl
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Fig. 12 Electrons exchanged plotted against potential for brass in
borax 0.1 mol L™! solution, with and without 0.01 mol L™! NaCl

changed with potential. The number of electrons, calcu-
lated from Eq. 3 at each potential value is represented in
Fig. 12. In the case of brass, the maximum in the curves
(with n > 4) could be explained by the simultaneous
reduction of residual oxides.

The Tafel slopes could be calculated extrapolating the
kinetic current density from the measured currents to infi-
nite rotation rate from the plots in Figs. 10 and 11. A
representation of log iy as a function of potential for brass
in both solutions is shown in Fig. 13. When no chlorides
were present in the solution, the data seemed to adjust to
two different slopes, probably reflecting how the compo-
sition of the surface films depended on potential. In the
presence of chlorides this situation was partially attenuated

183
0,75 : , , . : , :
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080 - e N i
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\ .
. 085} o o 4
w h \
= LN \
% 0,90 | . \ |
2 h e
—
> 095| 0 ]
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41,00 | .
I @ brass without CI' .
4,05 © brasswith0.01MCI |
1 1 1 1 1 n 1

-3,0 2,5 2,0 1,5 1,0

log (i, / A em™)

Fig. 13 Tafel plots for brass in borax 0.1 mol L™" solution, with and
without 0.01 mol L™ NaCl

by chemical dissolution and a slope of —206 mV dec ™'

could be calculated. Large values as this one were reported
before and attributed to O, reduction occurring on a surface
which is never oxide-free. The composition of the surface
layer depended on the electrode pre-treatment, the presence
of oxygen as chemical oxidant and the presence of chlo-
rides as complexing agents for Cu(I) and Cu(Il) species
[19-21].

4 Conclusions

Within the potential range studied a porous film was
formed onto brass which contained some zinc oxo-
hydroxides. These species were not present when chlorides
were incorporated to the system due to the solubility of the
Zn species.

The maximum number of electrons exchanged during
the oxygen reduction reaction on brass was close to 4 in
both solutions, meaning that oxygen is predominantly
reduced to hydroxide, while the oxygen reduction reaction
order was one. Residual surface oxides were surely
involved in a complex mechanism and were also respon-
sible for Tafel slope values that deviated from the expected
0.12 V/dec
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