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ABSTRACT: A ternary mixed metal oxide coating of Sn—Ru—CoO, was prepared by
ultrasonic treatment. The effect of ultrasound on the electrochemical performance and
corrosion resistance of the electrode was investigated in this paper. Results showed that the
electrode prepared by ultrasonic pretreatment demonstrated more uniform oxide dispersion
on the surface of the coating, smaller grain growth, and more compact surface morphology
compared with the anode prepared without ultrasonic pretreatment. At the same time, the
best electrocatalytic performance was obtained by the ultrasonically treated coating. The
chlorine evolution potential was reduced by 15 mV. The anode prepared by ultrasonic
pretreatment had a service life of 160 h, which was 46 h longer than the anode prepared

without ultrasonic pretreatment.

1. INTRODUCTION

In the electrolytic manganese production industry, the choice
of anode materials is critical. Graphite electrodes are used in
the conventional electrolytic manganese industry,’ but lead-
based alloy electrode” and titanium-based coated electrodes’
are emerging and gaining popularity. However, the graphite
anode has high energy consumption. The simple graphite
electrode has a short service life in electrolytic manganese and
dissolves into the solution, causing contamination of the
cathode product and the electrolyte.” Lead-based alloy anodes
may have a powdery shape in solution during electrolysis. It
has high electrochemical activity of MnO, formation, and
MnO, particles contain lead impurities, which can lead to the
consumption of a large amount of electric energy and
complicated lead removal.” However, the titanium-based
coating anode is dimensionally stable. It ensures that the
electrolysis operation is carried out under stable tank voltage,
low power consumption, and long life.” It can overcome the
dissolution of graphite electrodes and lead-based alloy
electrodes and avoid contamination of the electrolyte, thereby
improving product quality. It can increase current density and
increase production efficiency.

Oxide coatings on titanium substrates are also used in the
chlor-alkali industry as anodes for electrochemical processes.’
The oxide coating (RuO,,” MnO,,* TiO,,” and Sn0,')
consists of a highly corrosion resistant material. The RuO,-
based anode has extremely high stability against chlorine
evolution, but its cost is high and its chlorine evolution
overpotential is low.""'” The SnO,-based anode is inexpensive
and non-toxic, and it is considered the most promising anode
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that has been studied in depth."”> However, the most deadly
disadvantage of SnO,-based anodes is their short life."*
Therefore, the two oxides of SnO, and RuO, are mixed
together. They both have a rutile structure, and a solid solution
can be obtained.”™*" The electrode simultaneously possesses
the properties of a single oxide, which is more advantageous for
the electrochemical reaction in chlorine evolution. The Co-
based titanium-based ruthenium metal coating is also used in
the chloride system. The titanium-based Co—Zn—Zr oxide
chlorination electrode studied by Harrison et al.** is
comparable with the titanium ruthenium anode.

The morphology and microstructure uniformity of the oxide
coating have an important influence on the service life and
electrochemical performance of the electrode. In this work, the
electrocatalytic activity of the mixed oxide was systematically
studied to clarify the effect of ultrasonic treatment and non-
precursor on the mixed oxide electrode. The effect of
ultrasonic treatment on the electrocatalytic activity and
stability of SnO,—Ru0,—CoO,, oxide coatings in the HCI—
NH,CI medium was also investigated. The prepared mixed
oxide coating was subjected to cyclic voltammetry (CV) to
examine its electrochemically active surface area.”””* The
change in electrocatalytic activity due to compositional
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changes (i.e., the release rate of Cl,) was investigated by the
anodic polarization measurement. The life of the anode and
the stability of the coating were evaluated by an accelerated life
test.

2. RESULTS AND DISCUSSION
2.1. XRD Analysis of the Sn—Ru—CoO, Layer. Figure 1

shows that the crystal form of the sonicated and non-sonicated
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Figure 1. XRD patterns of Ti/Sn—Ru—CoO, electrodes prepared
under ultrasound and non-ultrasound.

coating surface did not change. The three main diffraction
peaks of the ultrasonic and non-ultrasonic crystals had crystal
spacings d of (3.247, 3.242 A), (2.576, 2.566 A), and (1.714,
1.713 A), with a distance d between RuO, (3.182, 2.557, and
1.691 A, respectively) of the rutile structure and SnO, (3.347,
2.663, and 1.764 A, respectively). It was mainly close to the
intercrystalline distance d of RuQO,. At the same time, the ionic
radii of Sn** and Ru*" were very close to 0.071 and 0.065 nm,
respectively. Given that both SnO, and RuO, have a rutile
structure, a solid solution could easily form. As shown in
Figure 1, the solid solution was a rutile solid solution, so the
solid solution structure was mainly a ruthenium-based solid
solution. By comparing the crystal spacing between the two,
the crystal surface density of the electrode prepared by
ultrasound was greater, which indicated that the electrode
coating prepared by ultrasonic treatment grew more densely
on the (110), (101), and (211) crystal planes in a solid
solution. The diffraction peak of Co did not appear in the X-
ray diffraction (XRD) pattern. It may be because the content
of cobalt was too small, and the oxides of tin, ruthenium, and
cobalt were mixed crystals, which inhibited the growth of
cobalt oxides and were amorphous in the coating. Moreover,
its oxide diffraction peak did not appear in the spectrum. The
diffraction peak of the Ti metal appeared in the XRD pattern.
At the same time, the intensity of each diffraction peak of
ultrasonic treatment was much weaker than the peak of non-
sonication, especially for Ti metal. Diffraction peaks indicated
that the ultrasonically treated coating exhibited better
dispersion properties’” and provided better protection than
the non-sonicated coating.”*™>"

2.2. Surface Morphology of Interlayer. As an active
layer of the electrodeposited manganese industry, a coarse 3D

dense structure is preferred to increase the electrocatalytic
activity and service life of the active layer. The addition of Co
completely changes the surface morphology of the coating.
Microscopic morphology revealed that Co addition converted
the coating into a 3D spherical shape. Given the addition of
Co, the coating demonstrated a spherical packing arrangement,
so it was effectively released, and there is no deeper crack of
the turtle than Sn—RuO, without Co addition. It could better
protect the substrate from corrosion by solution and provide
an active surface. A comparison of Figure 2a,c showed that the

Figure 2. SEM images of non-ultrasound- and ultrasound-treated Sn—
Ru—CoO, coatings and evolution of the crystal grain size: (a,b) non-
ultrasound, (c,d) ultrasound, and (e,f) Sn—RuO,.

latter had a denser surface than the former. As shown in Figure
2b,d, the coating prepared by ultrasonic pretreatment had finer
grains than that without ultrasonic treatment. Thus, the
coating prepared by ultrasonic pretreatment had a better
morphology than that without ultrasonic treatment (Figure 2).

2.3. Chlorine Evolution Activity of the Ti/Sn—Ru—
CoO, Electrode. Figure 3 shows the anodic polarization
curves for both ultrasonic and non-ultrasonic pretreatment.
Under the electrodeposited manganese current density of 500
A m™? the chlorine gas deposition potential on the electrode
prepared by ultrasonic pretreatment was lower than that
prepared without ultrasonic pretreatment. Given that the metal
particles on the surface of the electrode prepared by ultrasonic
pretreatment were more uniformly distributed and the crystal
grains were finer, more active sites could be provided for the
chlorine gas release reaction, thereby increasing the electro-
catalytic activity. The chlorine precipitation potential of the
electrode prepared by ultrasonic pretreatment was 15 mV
lower than that of the electrode prepared without ultrasonic
pretreatment, indicating that ultrasonic pretreatment could
effectively improve the surface shape and appearance of the
Ti/Sn—Ru—CoO, electrode, thereby increasing the electro-
catalytic activity.
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Figure 3. Anodic polarization curves of different Ti/Sn—Ru—CoO,
samples under a scan rate of S mV s~

The anodic polarization curve was converted into the Tafel
curve (n—lg i) and linearly fitted using Origin software to
obtain a and b values, and the results are displayed in Figure 3
and Table 1. Table 1 shows that the electrode prepared by

Table 1. Overpotential and Kinetic Parameters for Chlorine
Evolution on Various Ti/Sn—Ru—CoO, Samples

H (V)
anode sample 500 A/m* 1000 A/m* a/V b/V dec™!
ultrasound 0.163 0.246 0.520 0.274
non-ultrasound 0.187 0.265 0.524 0.259

ultrasonic pretreatment exhibited the lowest CER values
(0.163 and 0.246 V) under 500 and 1000 A m™? indicating
the high probability of the chlorine evolution reaction. Table 1
shows that a of the ultrasound electrode and non-ultrasound
electrode differed by 0.004.

The mechanism of chlorine evolution on the Ti/Sn—Ru—

Co0, electrode in an acid solution may be as follows'
S+ CI" - S-Cly +e (1)
S-Cl4+ CI" =» S+ Cl, (2)
S-Cly + S-Cl 4, —» S + Cl, 3)

The larger the S value of the Ti/Sn—Ru—CoO, electrode,
the more favorable the precipitation of chlorine and the greater
the number of high electrochemical active sites on the surface
of the electrode (Figure 4).

The surface roughness of AC impedance is used to estimate
the specific surface area of the electrode.

Q= (Ca)'I(R ™ + (R “

Therefore, according to the model described in formula 4,
the double layer capacitance Cy value can be obtained by
calculating the Qg value. The Qg value is obtained by
nonlinear least squares (CNLS) fitting. Alves proposed a new
method to characterize the roughness/porosity of oxide
electrodes. According to the proposed method, C4 can be
used as a relative method to characterize electrode surface
roughness. The anode roughness (RF) can be calculated by
formula S.

Figure 4. Tafel curves of various Ti/Sn—Ru—CoO, samples.

pre Ca
c* (s)
In the formula, C* represents a capacitance reference ratio.
For a smooth mercury electrode, C* is 20 uF cm™ Roughness
values obtained from anodic oxide films are often used to
characterize the micro morphology of electrodes.*
The voltammetric charge (q*) was calculated by eq 6

@) =(q)" + w0 (6)

The voltammetric curves of 100 mV/s Ti/Sn—Ru—CoO,
samples over the entire potential range of 0.4—1.1 V under
different sweep speeds are exhibited in Figure S. Here, g* is
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Figure 5. CV of Ti/Sn—Ru—CoO, coatings prepared under
ultrasound and non-ultrasound.

measured in an acid NH,Cl solution to determine the
electrochemically active surface area of the Ti/Sn—Ru—CoO,
electrode. Therefore, the capacitance region g* of Ti/Sn—Ru—
CoO, can be defined as the electrochemically active surface
area of Ti/Sn—Ru—CoO, in the chlorate electrolyte. Through
the measurement of the active area, the effective surface area of
the ultrasound electrode was found to be higher than that of
the non-ultrasound electrode. Therefore, the electrode with a
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Figure 6. Nyquist diagrams (a) and Bode diagrams (b,c) for the Ti/Sn—Ru—CoO, anodes, and AC impedance fitting circuit diagram (d).

Table 2. Fitting Parameter of EIS Curves

anode sample L (uH) R, (Q cm?) Q: (Q7!' ecm™ §")
ultrasound 4226 0.01 2.454 X 107°
non-ultrasound 4.741 0.01 1.57 x 107¢

n R (Qem’)  Qq(Q'em™S") " R (Q cm’)
0.729 0.3296 0.1115 1 0.7162
0.821 0.3591 0.0754 1 0.9806

low chlorine evolution potential was confirmed to have more
active sites and higher chlorine evolution activity.

2.4. Electrochemical Impedance Spectroscopy. The
Bode plot and Nyquist plot are shown in Figure 6. The low-
frequency arc reflects the evolution of chlorine gas, whereas the
high-frequency arc is related to the performance of the oxide
film. In addition, the anodes with different surface treatments
have similar profiles and values; they have the same surface
condition and equivalent circuit model, which can be described
as LR(RQq) (R:Qy). Ry, R, and R represent the resistance of
the solution, the charge transfer resistance, and the oxide film
resistance for oxygen evolution, respectively. In general, Qg
and Qg are used instead of double-layer capacitors and thin-film
capacitors to produce the best results. Porosity and surface
non-uniformity of oxide electrodes lead to good fitting results.
The inductance of L may be the result of the porous nature of
oxide electrodes and test systems. Qg and R, shown in Table 2
can be used to express the ability of an electrochemical
reaction and the resistance of an obstacle. An anode with a

11307

sonicated substrate had the highest Qg and the lowest R, value
among all anodes, which demonstrated that it was the
strongest support for electrochemical reactions among all
anodes. The trend of these two parameters was closely
consistent with the g* value of the CV integral. Figure 6b,c are
Bode diagrams, showing the relationship between frequency
and constant phase angle, frequency and resistance, respec-
tively. It can be seen from Figure 6b that the double line
segment results show that the system corresponds to two time
constants, that is, two constant phase components. As can be
seen in Figure 6c, the mass transfer resistance R, of low-
frequency ultrasound is lower than that of non-ultrasound.
This can be seen in ref 24.

2.5. Corrosion Resistance Evaluation. Service life is one
of the important factors in evaluating corrosion resistance in
practical applications of electrodes. As shown in Figure 6, the
electrode prepared by sonication had the longest life of 160 h
and exhibited good stability, which was 46 h longer than the
electrode life (114 h) of the electrode prepared without
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sonication. The results showed that the electrode prepared by
ultrasonic treatment could improve the electrochemical
stability of the Ti/Sn—Ru—CoO, film. A possible reason for
prolonging the service life is that the ultrasonic treatment
improved its morphological structure; scanning electron
microscopy (SEM) confirmed this conclusion. The corrosion
life of the ultrasonically prepared electrode was longer than
that of the non-ultrasonically prepared electrode. This result
could be attributed to the fact that the oxide coating grains of
the ultrasonic preparation electrode were fine, which reduced
the gap between the grain boundaries and made the electrode
surface dense (Figure 7).

11
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Figure 7. Accelerated life test of Ti/Sn—Ru—CoO,, coatings prepared
under ultrasound and non-ultrasound.

3. CONCLUSIONS

In summary, we investigated the role of the ultrasonic
pretreatment to prepare the Ti/Sn—Ru—CoO, electrode in
manganese electrowinning. XRD results showed no change in
the phase of the ultrasonically pretreated electrode and the
non-sonically pretreated electrode, but the ultrasonically
pretreated electrode oxide coating was more evenly dispersed
than its counterpart. The kinetics of chlorine evolution,
microscopic surface morphology, and corrosion results of the
anode layer indicated that the electrode prepared by ultrasonic
pretreatment was better than that prepared by non-sonication
pretreatment. Furthermore, the accelerated life of the electrode
subjected to ultrasonic pretreatment was 160 h, exhibiting
good stability. This value was 46 h more than that prepared
without ultrasonic pretreatment.

4. EXPERIMENTAL SECTION

First, the titanium base was pretreated as described in Li’s
research.” Pretreatment comprised four steps: alkali leaching
to remove oil, mixed acid (VHF/VHNO,/VH,0 = 1:4:5)
etching to remove oxides, HCI etching to form a rough surface,
and storing in ethanol solution and 2% oxalic acid. Second, the
precursor solutions of SnCl,-5H,0, RuCl;-3H,0, and CoCl,:
6H,0 prepared by Sn—Ru—CoO, were dissolved in the mixed
solvent at a molar ratio of 6:1:1. One was completely and
uniformly dissolved under ultrasound, and the other was
completely and uniformly dissolved under non-ultrasound
treatment to obtain a coating solution, which was evenly
brushed on the acid-etched titanium plate. The plates were

then placed in an oven at 100 °C, removed after S min, and left
at room temperature. The coating was subjected to high-
temperature calcination at 400 °C for 10 min. The brushing,
drying, and calcination steps were repeated 13 times. Finally,
the coating was placed in a muffle furnace for 1 h.

SEM was used to characterize the microstructure of the Sn—
Ru—CoO, electrode. XRD was used for phase composition
analysis. The electrochemical performance was determined on
an electrochemical workstation (CHI760E, Chenhua, China)
using a three-electrode system. The electrolyte solution was
composed of 1.5 M HCl and 1 M NH,C], and the temperature
was normal temperature.”® The prepared electrode was used as
the anode. In this work, 1.5 M HCl and 1 M NH,CI were used
as the electrolyte. The current density was maintained at 1 A
cm™2 The cell voltage (U) versus service time (t) was
simultaneously recorded.
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