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Effect of cathodic reduction on catalytic activity of
amorphous alloy electrodes for electrooxidation of sulfite
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Active electrode materials for a new zinc electrowinning process, in which the thermodynamic cell vol-
tage is about half that of the conventional process by replacing oxygen evolution by anodic oxidation
of SO, produced in the zinc smelting process have been studied. Immersion in HF solution and sub-
sequent cyclic voltammetry (CV) in sulfuric acid are known to be effective surface activation treat-
ments of the amorphous alloy electrodes. The galvanostatic cathodic reduction (CR) treatment was
applied to obtain further activation for sulfite oxidation for HF- and CV-treated electrodes prepared
from amorphous nickel-valve metal-platinum group metal alloys. This treatment has been found to be
effective in enhancing the activity. Among the amorphous Ni—40Nb alloys containing platinum group
elements, the platinum-containing electrode showed the highest catalytic activity, which was higher
than that of platinized platinum. Furthermore, the electrocatalytic activities of CR-treated electrodes
prepared from amorphous alloys containing platinum and rhodium, and platinum and ruthenium
were higher than that of the electrode containing only platinum. According to XPS analysis of the
amorphous Ni-40Nb—1Pt—1Ru alloy specimen the enrichment of platinum and ruthenium occurred
by CV treatment, and a small amount of oxidized platinum and ruthenium species remained on the
electrode surfaces, but most of them were cathodically reduced to the metallic state by CR treatment.
High catalytic activities for sulfite oxidation can be attributed to the metallic state of platinum and
ruthenium contained in the alloy electrodes, even though the activity of these electrocatalysts is higher

than that of pure Pt or Ru.

1. Introduction

A substantial part of world zinc production is based
on the electrowinning process, since a product of
high purity is obtained. For conventional zinc electro-
winning, the thermodynamic cell voltage is approxi-
mately 2.0V and oxygen evolved in the cell is an
unnecessary byproduct. In addition oxygen gas evolu-
tion is responsible for a large part of the practical cell
voltage. Insoluble lead—silver alloys have been used as
anodes. A new process to reduce the electrical energy
consumption involves replacing oxygen evolution by
the anodic oxidation of SO, [1] produced in the zinc
smelting process or by the anodic oxidation of H,
[2, 3]. In the case of the oxidation of hydrogen, it is
necessary to change the electrowinning process and
to consider the high cost of the hydrogen gas. When
SO, dissolves in acid solution, the sulfurous acid
(H,S0;) is formed and an oxidation reaction of
H,S0; occurs on the anode. The thermodynamic
cell voltage for zinc winning combined with H,SO4
oxidation is about 0.9V, which is 1.1V lower than
that of the conventional process. To realize the above
mentioned new process for the electrowinning of zinc,
the anode needs to have high electrocatalytic activity
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for oxidation of H,S0Q;. Molecular SO,, and SO3~
and HSOj3 ions are present in the aqueous H,SO;
solution. A similar environment can be obtained
when sodium sulfite is dissolved in aqueous solution.
Since sulfite is known to decompose to SO, in acidic
media and the concentration of SO, decreases during
nitrogen gas bubbling, a neutral sodium sulfite solution
was used.

It was reported previously [4] that ribbon-shaped
amorphous nickel-valve metal alloys containing one
atomic percent of platinum group elements and other
elements showed enhanced activity for anodic sulfite
oxidation in a neutral borate buffer solution after
activation in HF solution and treatment by cyclic
voltammetry (CV) in H,SO, solution. Among them,
the amorphous alloys containing platinum showed
the highest catalytic activity, which was higher than
that of the platinized platinum (pt-Pt) electrode.
Furthermore, the combined addition of platinum
and ruthenium to amorphous Ni—40(Zr or Nb) alloy
led to a very high activity which was higher than those of
electrodes prepared from Ni—40(Zr or Nb)—1Pt alloy.
However, a quite different anodic oxidation behaviour
between Ni—40Zr—1Pt—1Ru and Ni-40Nb-1Pt—1Ru
alloy electrodes was observed. Figure 1 shows the polar-
ization curves for HF + CV-treated alloy electrodes
measured in 0.075M Na,B,0; +0.3Mm H3BO, + 1M
Na,SO; at 30°C. It is clear that the Zr-containing
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Fig. 1. Potentiodynamic polarization curves of the CV-treated
electrodes prepared from the amorphous Ni-40Zr—1Pt—1Ru and
Ni—40Nb-1Pt—-1Ru alloys for sulfite oxidation measured in a
deaerated 0.075M Na,B,0; + 0.3M H3BO; + 1 M Na,SO; solution
(pH 8.4) at 30°C and IR free. Key: (——) Zr and (- - - -) Nb.

alloy electrode exhibits a considerably higher catalytic
activity for sulfite oxidation than that for the Nb-
containing electrode. This suggests that for the Nb-
containing alloy electrode, the surface activation by
HF + CV treatments is not sufficient to improve the
activity.

For further activation of the electrode, a cathodic
reduction treatment was applied. The objective of
the present work is to evaluate the effect of cathodic
reduction on the catalytic activity for anodic oxida-
tion of sulfite on the electrodes prepared from amor-
phous alloys. XPS measurements have been carried
out for these electrodes before and after the cathodic
reduction to elucidate the mechanism of the enhanced
activity for the sulfite oxidation.

Table 1. Nominal composition of amorphous alloys (at %)

2. Experimental details

Crystalline nickel-valve metal-platinum group metal
alloy ingots were prepared by argon arc melting of
99.95% nickel, 99% niobium or zirconium and 99%
ruthenium, rhodium, iridium and/or platinum. Amor-
phous alloys were prepared by a single-roller quenching
technique under an argon atmosphere after remelting
these alloy ingots. The amorphous alloys were in the
form of ribbons of 1-2mm width and 10-30 um
thickness. The amorphous nature of the alloys was
confirmed by X-ray diffraction at 6—20 mode with
CuK, radiation. The nominal composition of the
alloys is given in Table 1.

The surface activation treatment of the alloys was
carried out for all the alloys tested by immersion in
0.46—-46% HF at room temperature for several minutes
to several tens of minutes (HF treatment). With this
treatment, a black, porous surface layer about 1 um
thick was formed on the ribbon-shaped electrodes.
Cyclic voltammetry (CV) ranging from —-200 to
800—1300mV vs SCE was then carried out with a
potential sweep rate of 50mVs™' in a deacrated
0.5m H,S0, at 30°C after HF treatment. The term
‘CV-treated’ used in the text and figures means that
the specimen was treated by HF and CV. For further
activation of the CV-treated electrode, a cathodic
reduction treatment was performed galvanostatically
at 100 A cm ™2 for 60 min in deacrated 0.5M H,S50,
at 30°C.

The electrode characteristics for sulfite oxidation
were evaluated by potentiodynamic polarization
with a potential sweep rate of 50 mV min~'. Correc-
tion for ohmic drop was made using a Hokuto IR
Compensation Instrument. Since sulfite is known to
decompose to SO, in acidic media, the electrolyte
used was a deaerated 0.075m Na,B,0;+4+0.3m
H;BO; + 1M Na,SO; solution (pH8.4) at 30°C.
The electrochemical surface area was determined
using the same method as described previously [5].

X-ray photoelectron spectroscopy (XPS) was
applied to five types of specimen including those

Alloy Ni Zr Nb Ta Ru Rh Ir Pt
Ni-40Zr—1Pt 59 40 1
Ni-40Nb—1Ru 59 40 1

Ni—40Nb—1Rh 59 40 1

Ni—40Nb-1Ir 59 40 1

Ni—40Nb-1Pt 59 40 1
Ni—40Nb—-2Pt 58 40 2
Ni—-40Nb-3Pt 57 40 3
Ni—40Ta-1Pt 59 40 1
Ni—40Zr-1Pt—-1Ru 58 40 1 1
Ni—40Nb—0.5Pt—-0.5Ru 59 40 0.5 0.5
Ni—40Nb—-0.8Pt—0.2Ru 59 40 0.2 0.8
Ni—40Nb—1Pt-1Ru 58 40 1 1
Ni—40Nb-0.5Pt—0.5Rh 59 40 0.5 0.5
Ni—40Nb-0.5Pt—0.5Ir 59 40 0.5 0.5
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used for sulfite oxidation at 50 mV vs SCE; (a) as-HF-
treated, (b) CV-treated in 0.5M H,SO,, (c) polarized
at 50mV for 30min in the borate buffer solution
containing 1 M Na,SOj; after treatment (b), (d) catho-
dically polarized at 100 zA cm™2 for 30 min in 0.5M
H,S0, after treatment (b) (CR-treated), and (e) polar-
ized at 50 mV for 30 min in the borate buffer solution
containing 1M Na,SO; after treatment (d). After
being thus treated, the specimens were rinsed with
deaerated distilled water and transferred to the XPS
chamber without air exposure. A Shimadzu ESCA
850 electron spectrometer was used to measure X-
ray photoelectron spectra excited by the Mgk, line
(1253.6eV). The binding energies of the electrons
were determined by a calibration method described
elsewhere [6, 7]. A method described by some of the
present authors [8, 9] was applied to the quantitative
evaluation of the composition of the surface region
of the specimen. The composition was calculated
without distinguishing the metallic and oxidic states
because some of the atoms in metallic states might
have been oxidized during the specimen transfer from
the solution to the XPS chamber although care was
taken to minimize the oxidation as mentioned above.
The effect of the contaminant carbon was corrected
assuming the carbon layer covers the top of the speci-
men surface [8, 9]. The photoionization cross section
of the Ni 2])3/2, Nb 3d5/2, Zr 3d3/2, Ru 3d3/2 and Pt
4f7,, were 2.32 [9], 2.981 [10], 2.561 [11], 4.449 [11]
and 5.01 [12], respectively.

3. Results and discussion

HF-treated amorphous alloys used in this study were
passivated spontaneously in the borate buffer solution
at pH 8.4 without sodium sulfite and their anodic
current densities were less than 4 x 107" Am™ up to
800mV vs SCE. Furthermore, the amorphous alloys
without HF-treatment were also passivated spon-
taneously even in 1.5M H,SO,; at 40°C and the
anodic current densities were less than 107 Am™2 up
to 1600mV vs SCE [13]. Therefore, the amorphous
Ni—40NDb alloys possess very high corrosion resistance
in acidic and neutral solution.

The electrocatalytic activity for the oxidation of
sulfite was greatly improved by applying the cathodic
reduction treatment to CV-treated Nb-containing elec-
trodes. The IR-corrected polarization curves for the
oxidation of sulfite on the amorphous Ni—40Nb-
1Pt—1Ru alloy electrode after the CV treatment and
after CR treatment were measured in deaerated
0.075m Na,B,O7 + 0.3M H3BO; + 1 M Na,SO; solu-
tion (pH 8.4) at 30°C as shown in Fig. 2. It is clear
that the cathodically reduced Nb-containing alloy elec-
trode can sustain greater currents at potentials between
—50 and 200mV vs SCE and the polarization beha-
viour is almost the same as that of the CV-treated Zr-
containing alloy electrode shown in Fig. 1. The CR
treatment also improved the activity for the Ni—
40Zr—1Pt—1Ru alloy electrode, which is not shown in
this Figure, although it gave only a slight enhancement.
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Fig. 2. Potentiodynamic polarization curves of the (- - - -) CV-

and (——) CR-treated electrodes prepared from the amorphous
Ni—40Nb-1Pt—1Ru alloys for sulfite oxidation measured in a
deaerated 0.075M Na,B,O; + 0.3 M H3BO; + 1 M Na,SO; solution
(pH 8.4) at 30°C and IR free.

Similar results were obtained for Nb-containing
clectrodes with a single platinum group element.
Figure 3 shows the typical performance of CV- and
CR-treated amorphous Ni—40Nb-1Pt alloy specimens
for sulfite oxidation. The CR treatment for the Ni—
40Nb-1Pt alloy specimen also gives remarkable
improvement of the catalytic activity. The gradual
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Fig. 3. Potentiodynamic polarization curves of the (- - - -) CV-
and ( ) CR-treated electrodes prepared from the amorphous

Ni—40Nb-1Pt alloys for sulfite oxidation measured in a deaerated
0.075m NayB40; +0.3M H3BOs + 1M NaySO; solution (pH 8.4)
at 30°C and IR free.
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current increase from open circuit potential to about
—100mV vs SCE is probably due to the dissolution
of soluble elements remaining on the electrode after
various pretreatments, such as HF, CV or CR treat-
ments. This fact has been confirmed by decrease in
the current during reverse sweep. The apparent Tafel
slope observed from the linear portion of the polariza-
tion curve for the CR-treated electrode is about 50 mV
(decade)"l. Similar results concerning the anodic
polarization curves and Tafel slopes were obtained
for CR-treated amorphous Ni—40Nb alloy electrodes
containing a different single platinum group element
and pt-Pt electrode. This suggests that the mechanism
of sulfite oxidation on CR-treated electrodes prepared
from the amorphous alloys and pt-Pt electrode is not
greatly different, although the oxidation mechanism is
not clear at the present stage of our work.

Figure 4 summarizes the relation between the activity
for sulfite oxidation, expressed in terms of the current
density at 50mV vs SCE, and the alloy platinum-
group content. The amorphous alloy electrodes, except
for the electrode containing rhodium, have almost the
same, or higher, activities for sulfite oxidation than
that of the pt-Pt electrode. Among the amorphous
Ni—40ND alloys with a different single platinum group
element, the platinum-containing electrode shows the
highest catalytic activity, similar to the results for CV-
treated electrodes [4]. The value in parentheses in the
figure indicates the roughness factor of the electrode.
The roughness factor corresponds to the number of
catalytically active platinum atoms on the electrode
surface, since it is obtained by integrating the hydro-
gen desorption area in the cyclic voltammogram
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Fig. 4. Current density for the oxidation of sulfite on the CR-treated
electrodes prepared from the amorphous Ni-40Nb—x(Ru, Rh, Ir,
Pt) alloys polarized at 0.05V vs SCE, plotted as a function of the
alloy platinum group metal content. Measurements were made in
the deaerated 0.075M NayB407 + 0.3m H3BO; + 1M Na,SO; sol-
ution (pH 8.4) at 30°C.
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Fig. 5. Potentiodynamic polarization curves of the CR-treated elec-
trodes prepared from the amorphous Ni-40Nb—xPt alloys contain-
ing 1-3 at %Pt for sulfite oxidation measured in a deaerated 0.075 M
Na;B,0; +0.3Mm H3BO; + 1 M Na,SO; solution (pH 8.4) at 30°C
and IR free. Key: (——)x=1,(----)x=2and (— - — ) x = 3.

measured in sulfuric acid. Although the pt-Pt electrode
has a high roughness factor of 149, the oxidation rate is
slightly lower than the platinum containing amor-
phous alloy electrodes with the roughness factor of
25. This means that the activity of the sulfite oxidation
for platinum containing amorphous alloy electrodes is
significantly higher than that of the pt-Pt electrode.

The difference in the valve metals, such as Zr, Nb
and Ta, in the CR-treated amorphous alloys led to
almost no difference in the polarization curves and
had no effect on the activity for sulfite oxidation.

To obtain a more active electrode, an attempt was
made to increase the alloy platinum content from 1
to 3at%, since platinum has the highest activity
among platinum group metals. Figure 5 compares
the polarization curves for CR-treated amorphous
Ni—40Nb-xPt alloy electrodes containing 1-3at %
platinum. The activity for the oxidation of sulfite
tends to increase with increase in alloy platinum con-
tent. The catalytically effective surface area for these
alloy electrodes also changes with platinum content.

Figure 6 shows the change in roughness factor (RF)
with platinum content. The RF for the CR-treated
electrodes increases with increasing platinum content,
although it is lower than the corresponding RF of the
CV-treated electrodes, possibly due to sintering of
nanocrystalline platinum-base alloy particles [14] dur-
ing CR treatment. This suggests that for Nb-contain-
ing amorphous alloys tested in this study the sulfite
oxidation activity per number of surface platinum
atoms for CR-treated electrodes is essentially higher
than that for CV-treated electrodes.

Figure 7 exhibits the change in the anodic current
density at 50 mV vs SCE per RF as a function of alloy
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Fig. 6. Change in roughness factor of the electrodes prepared from
the amorphous Ni-40Nb—xPt alloys as a function of alloy platinum
content measured in 0.5M H,S0O, at 30°C. Key (- - - -) CV-treated
and (——) CR-treated.

platinum content. It is clear that the catalytic activity
for sulfite oxidation per number of surface platinum
atoms does not change with alloy platinum content
up to 3at%. This indicates that 1at% platinum
addition to amorphous Ni-valve metal alloys is suf-
ficient to confer the catalytic activity.

When two kinds of platinum group elements were
contained in the amorphous nickel-valve metal alloy
electrodes, the CV-treated electrodes had higher activ-
ities for the oxidation of sulfite than those containing
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Fig. 7. Change in current density per roughness factor of the electrodes
prepared from the amorphous Ni-40Nb—xPt alloys for the oxidation
of sulfite as a function of alloy platinum content measured in the
deaerated 0.075m Na,B,O; + 0.3 M H;BO; + 1M Na,SO; solution
(pH 8.4) at 30°C. CR-treated. E = 0.05V vs SCE.
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Fig. 8. Current density for the oxidation of sulfite on the CR-treated
electrodes prepared from the amorphous Ni—40Nb—xPt—(1 — x)
(Ru, Rh, Ir) alloys polarized at 0.05V vs SCE, plotted as a function
of the alloy platinum group metal content. Measurements were
made in the deaerated 0.075Mm Na,B,0; +0.3M H3BO; + 1m
Na,SO; solution (pH 8.4) at 30°C. E = 0.05V vs SCE.

a single platinum group element [4]. Therefore, the
CR treatment was applied to the electrodes prepared
from the amorphous alloys containing two kinds of
platinum group elements and the catalytic activities
were examined. Figure 8 summarizes the change in
the current density of sulfite oxidation as a function of
alloy platinum content for the amorphous Ni—40Nb
alloy electrodes containing different sets of two kinds
of platinum group elements. Included in this Figure,
for comparison, are the current densities for Ni—
40ND alloy electrodes containing a single platinum
group element. It is noted that the electrodes prepared
from the amorphous Ni-40Nb-0.5Pt-0.5Rh, Ni-
40Nb-0.5Pt—0.5Ir and Ni—40Nb-0.8Pt—0.2Ru alloy
electrodes have higher activities than those of the elec-
trode prepared from the Ni—40Nb-1Pt alloy electrode,
and pt-Pt electrode (refer to Fig. 4). It can, therefore,
be said that rhodium, iridium or ruthenium is an
effective promotor of sulfite oxidation.

For a better understanding of such an enhanced
activity by the addition of ruthenium, XPS analysis
was applied to the amorphous Ni—40(Zr, Nb)—1Pt—
1Ru alloys. In general, the kinetics of the reaction
depends on surface phenomena. The results of XPS
spectra do not necessarily represent the state of the
metal surface in the solution during the reaction;
that is, the surface in the solution is not exactly the
same as that after removal from the solution and
transfer into vacuo. At the same time, it is well known
that there are many cases where the results of the ex situ
surface analysis give good clues for the kinetics of the
reaction [12]. The spectra over the wide binding
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energy region showed peaks of oxygen, sulfur and
carbon in addition to those of alloy constituents.
The XPS spectrum of boron arising from the solution
species was weaker than the detection level. Judging
from the peak position of the C 1s spectrum, it comes
from so-called contaminant carbon, which mainly
consists of hydrocarbons. Its origin cannot be speci-
fied clearly. In the present case, it might be contami-
nated during specimen handling, since the XPS
intensity of the contaminant carbon changed from
specimen to specimen. Carbon contamination cannot
easily be avoided even by very careful specimen hand-
ling, The S 2p spectrum, which was observed in CV- or
CR-treated or polarized specimens, showed two or
three peaks with binding energies of ~ 162, and
169¢eV for CV- or CR-treated specimens, and ~ 167
and 169eV for the polarized specimens. The peaks
at about 162, 167 and 169eV correspond to $*~
[15-17],SO3™ [16, 18] and SOZ" [16, 17] states, respec-
tively. The Ni 2ps/, spectrum consisted of two peaks
of Ni** and metallic state (Ni”) whose binding ener-
gies were about 865 and 853 eV, respectively. The oxi-
dized nickel species in the surface film formed on these
amorphous alloys was mostly removed by CV treat-
ment. The peak at about 207eV was assigned to
Nb>* 3ds, electrons. Nb™ gave a Nb 3d; /2 peak at
~203eV. The Zr 3ds;, spectrum in the air-formed
film was composed of two peaks; a Zr*" state peak
at 182.4eV and a Zr™ state peak at 178.7¢V. After
CV and CR treatment, no metallic Zr was detected,
but Nb oxide was reduced slightly after CR treatment,

pt™
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k
c
Sty J/lZlbev WL T
}95 ....... SN 4" Arion-etched
= ’ \ ! )
> oo ,’l :
frn K N ; v CV + 50mV
g Il , l\_ // b

] Y e N
= / \ Taaey
£ ] / \\ I\ IRt i PEOY

g \ /
o= ] Iy
/ N / N
J o/ N CR-treated

/\ '\\vVh_ NP
\ / \\\CR + 50 mV

/ N

AR N TR NN WA T N NS M NUU MR
70 75 80
(a) Binding energy / eV

since Zr oxide is thermodynamically more stable than
Nb oxide. The standard free energies of formation for
ZrO, and Nb,Os are —245.28 and —137.46 kcal at
30 °C, respectively [19].

The platinum 4f spectrum consisted of a doublet
appearing at 71.6 and 74.9e¢V, which was assigned
to the metallic state, Pt", although the binding ener-
gies of Pt 4/;/, electrons is higher than that for pure
platinum metal (71.2-71.4¢eV [12, 20-22)). This differ-
ence in the Pt” 4f;/, spectrum can be interpreted in
terms of alloying effects. Figure 9 compares the
platinum 4f spectra obtained from the surfaces of (a)
the amorphous Ni—40Zr—1Pt—1Ru and (b) Ni-40Nb-
1Pt—1Ru alloy specimens with various treatments;
CV treatment, CV treatment followed by anodic
polarization at 50mV vs SCE for 30 min (designated
‘CV +50mV’), CR treatment and CR treatment fol-
lowed by anodic polarization at 50mV vs SCE for
30min ("CR + 50mV’). Included in this figure is the
Pt" 4f spectrum shown by a dotted curve, which is
obtained from the argon ion etched amorphous Ni—
40Nb—1Pt—1Ru alloy for comparison. It is apparent
that the Pt spectra obtained from the Ni—-40Zr—1Pt—
1Ru alloy specimen consist mostly of metallic state
peaks and are not greatly changed by CR treatment.
This indicates that reduction of platinum for the Zr-
containing alloy has been substantially achieved in
the process of CV treatment. On the other hand, the
Pt 4f spectra for Ni-40Nb—1Pt~1Ru is changed by
CR treatment. The change is shown in detail in Fig.
10. It can be seen that the CR treatment effectively

CV-treated
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Fig. 9. Pt 4/;/5 5,» photoelectron spectra obtained from (a) the amorphous Ni—40Zr—1Pt~1Ru alloy and (b) Ni-40Nb—1Pt—1Ru alloy specimens

after various treatments.



AMORPHOUS ALLOY ELECTRODES FOR ELECTROREDUCTION OF SULFITE

959

Intensity / arb. unit

(1) CV-treated

(2) Ar ion-etched

(b)

(1) -(2)
I S TV NN A N |
75
Binding energy / eV

72.8 eV

Fig. 10. Pt 417/, 5> photoelectron spectra obtained from the CV- and
CR-treated amorphous Ni-40Nb-1Pt—1Ru alloy specimens; (a) over-
laying the spectra of CV-treated specimen with that of CR-treated
specimen, (b) separation of Pt™ and Pt>" spectra from the Pt 4 f spec-
trum measured from the CV-treated amorphous alloy specimens.
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reduces the oxidized species of platinum remaining on
the CV-treated specimen surface, as shown in Fig.
10(a). Figure 10(b) shows the Pt 41 spectrum of CV-
treated specimen and the Pt” 4f spectrum obtained
after argon ion etching of the specimen, together
with their differential spectra. The differential spec-
trum shows a Pt 4f;, peak at 72.8eV, which is
assigned to the Pt*" state since this value is situated
between 72.2¢V [12] and 73.4eV [20] obtained from
PtO. A very small amount of Pt** ions remained,
although Pt** ions were mostly reduced by CR treat-
ment, probably due to insufficient deaeration of the
solution and distilled water for rinsing the specimen.
Figure 11 shows Ru 3ds, 3/, spectra obtained from
both the amorphous Ni-40Zr—1Pt—1Ru and Ni-
40Nb—1Pt—1Ru alloy specimens with various treat-
ments. A dotted curve in this figure is a Ru™ 3d
spectrum obtained from the argon ion-etched amor-
phous Ni—-40Nb—-1Pt-1Ru alloy for comparison.
Since the Ru 3ds/, peak is overlapped with the con-
taminant C 1s peak, the integrated intensity of the C
ls area was estimated from the Ru 3ds, peak intensity
assuming the integrated intensity ratio of Rus /2 peak
to the Ru 3ds, peak is constant. Ru 3p signals were
too weak to be analysed. However, the Ru 3d signals
could offer some information about the presence of
metallic or oxidized ruthenium. For the Ni—40Zr—
1Pt—1Ru alloy specimen, the peaks at 280.0eV and
284.1eV correspond to the metallic Ru 3ds;, and
3ds)y, tespectively [23, 24]. The Ru 3d spectra for
this alloy specimen, before and after CR treatment,
exhibit virtually no change. In contrast, for the
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Fig. 11. Ru 3ds3 3, photoelectron spectra obtained from (a) the amorphous Ni—40Zr—1Pt—1Ru and (b) Ni-40Nb—1Pt—1Ru alloys during a

course of a sequence of the treatments.
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Ni-40Nb—-1Pt-1Ru alloy, the Ru 34 spectrum is con-
siderably changed by CR treatment. Before CR treat-
ment, the major ruthenium species is Ru™, but there
are broad peaks between 280eV and 282eV. This
might be due to the presence of a certain amount of
oxidized ruthenium species such as RuO, or RuO;,
since the binding energies for Ru*" and Ru®* 3d; 12
electrons are reported as 280.7 and 282.4 eV, respect-
ively [23, 24]. After CR treatment, virtually no signals
from the oxidized ruthenium are observed. Therefore,
from the photoelectron spectra for the amorphous
Ni—40Nb—1Pt-1Ru alloy electrode, it can be seen
that the oxidized platinum and ruthenium on the sur-
face after CV treatment are substantially reduced to
the metallic state of these elements by CR treatment.
It can be said that these metallic species have high
catalytic activities for the oxidation of sulfite. For the
amorphous Ni-40Zr—1Pt~1Ru alloy electrode, plati-
num and ruthenium are mostly in the metallic state,
even after CV treatment, resulting in high catalytic
activity. Hence, after CR treatment the electrode pre-
pared from the amorphous Ni—40Zr—1Pt—1Ru and
Ni—40Nb-1Pt—1Ru alloys show virtually no differ-
ence in activity.

The fact of relatively larger amounts of oxidized
species of Pt and Ru for the Nb-containing alloy
specimen compared with the Zr-containing alloy
specimen in the surface layer may be attributed to
different drying process after HF immersion. Even if
small amounts of platinum group metals are added
to amorphous Ni—40Zr and Ni—40Nb alloys, their cata-
lytic activity for sulfite oxidation is too low for use as
an anode for electrowinning of zinc and must be
increased by surface activation treatment. Immersion
in 46% HF solution and subsequent CV in sulfuric
acid are known to be effective surface activation treat-
ments of the electrodes prepared from the amorphous
alloys [5, 14, 25-30]. In this experiment, for the Nb-
containing alloy, HF treatment was performed by
immersion in 46% HF solution for several minutes,
followed by drying in air. On the other hand, for the
Zr-containing alloy, HF treatment was performed
by immersion in dilute HF (0.46%) solution for a rela-
tively long period of time (several tens of minutes).
After HF treatment the specimen was immersed in
distilled water for several tens of minutes so as not
to contact air, because the reactivity of the alloy is
very high and the alloy specimen is burned by direct
air exposure. Consequently, the extent of air oxida-
tion for the Nb-containing alloy is more severe than
that for the Zr-containing alloy; hence relatively large
amounts of oxidized Pt and Ru species were formed
on the Nb-containing alloy specimen.

The composition of the electrode surface film may be
related to the catalytic properties. As mentioned in
Section 2, each composition shown in Fig. 12 is the
sum of the metallic and oxidic states, and is expressed
as a fraction among the metallic elements. Figure 12
shows the change in surface composition for the amor-
phous Ni—40Zr—1Pt—1Ru and Ni—40Nb-1Pt-1Ru
alloys during a course of a series of sequential treat-
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Fig. 12. Change in the surface composition of the electrodes
prepared from the amorphous (a) Ni-40Zr—1Pt—1Ru and (b) Ni—
40Nb-1Pt—1Ru alloys during a course of a sequence of the treat-
ments. The abscissa corresponds to the sequence of the treatments.

ments. The abscissa corresponds to the sequence of
the treatments. For the amorphous Ni—40Zr—1Pt—
1Ru alloy electrode, HF immersion results in nickel
enrichment as a result of the preferential dissolution
of zirconium. CV treatment in sulfuric acid leads to
considerable enrichment of platinum and ruthenium
in the alloy surface. The ratio of platinum to ruthenium
is about 1:1. The platinum content and the ratio of
platinum to ruthenium, which may affect the activity,
does not change before and after CR treatment. On
the other hand, for the amorphous Ni—40Nb—1Pt—
1Ru alloy electrode, the platinum content increases
as a result of the decrease in ruthenium and niobium
contents by CR treatment. This suggests that niobium
transfers from the surface layer to the solution during
cathodic reduction, since niobium in the form of oxide
can not be removed by CR treatment. At the same
time some ruthenium also seems to transfer with the
niobium. In this manner, the catalytically active
platinum content increases during CR treatment,
resulting in high catalytic activity for sulfite oxidation.

Thus, the enrichment of catalytically active platinum
group metals in the surface layer of the electrodes
and those in the metallic state are responsible for the
high catalytic activity for sulfite oxidation.
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4. Conclusions

The following conclusions can be drawn from the
investigation of the effect of cathodic reduction on the
catalytic activity of sulfite oxidation for the amorphous
Ni—40at % valve-metal alloys containing different
platinum group clements:

(M

(1)

(iif)

(iv)

V)

Galvanostatic cathodic reduction after CV treat-
ment has been found to be effective for further
activation of the electrodes prepared from the
amorphous alloys.

Among platinum group elements contained in
the CR-treated amorphous alloy electrodes, the
increasing order of sulfite oxidation activity is
rhodium < ruthenium < iridium < platinum. The
activity of these alloy electrodes except the elec-
trode containing rhodium for sulfite oxidation
is the same or higher than that of the platinized
platinum electrode. The difference in the valve
metal, such as Zr, Nb or Ta, has almost no effect
on the activity.

The activity tends to increase with increasing
alloy platinum content in amorphous Ni—40Nb—
(1-3)Pt alloy electrodes, but there is virtually
no change in the activity per number of surface
platinum atoms.

Combined additions of platinum and other
platinum group elements to amorphous Ni-
40ND alloy improve the catalytic activity. In par-
ticular, substitution of ruthenium, rhodium or
iridium for a part of the platinum is very effective.
The enrichment of platinum and ruthenium
occurs by CV treatment and oxidized species of
platinum and ruthenium on the electrode pre-
pared from the Ni—40Nb-1Pt—1Ru is mostly
reduced to the metallic state by the CR ftreat-
ment. Platinum and ruthenium in the metallic
state are found to contribute to the catalytic
activities for sulfite oxidation for the electrodes
derived from amorphous Ni-valve metal alloys.
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