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Abstract: The low cell voltage during electrolytic Mn from the MnCl, system can effectively reduce the power consumption. In this work, the
Ti/Sn—Ru—Co—Zr modified anodes were obtained by using thermal decomposition oxidation. The physical parameters of coatings were ob-
served by SEM (scanning electron microscope). Based on the electrochemical performance and SEM/XRD (X-ray diffraction) of the coatings,
the influence of Zr on electrode performance was studied and analyzed. When the mole ratio of Sn—Ru—Co—Zr is 6:1:0.8:0.3, the cracks on the
surface of coatings were the smallest, and the compactness was the best due to the excellent filling effect of ZrO, nanoparticles. Moreover, the
electrode prepared under this condition had the lowest mass transfer resistance and high chloride evolution activity in the 1mol% NH4CI and
1.5mol% HCI system. The service life of 3102 h was achieved according to the empirical formula of accelerated-life-test of the new type

anode.

Keywords: Ti/Sn—Ru—Co—Zr anode; electrochemical; Mn electrowinning; manganese chloride system,; service life

1. Introduction

In the recent industrial electrodeposition of Mn, the sulfate
and chloride systems were commonly used. Oxygen evolu-
tion reaction (OER), and chlorine evolution reaction (CER)
mainly occur at the anode in the sulfuric acid system and the
chlorination system, respectively.

Pb-based alloy anodes [1] have long been used for elec-
trolytic extraction of Mn in a sulfate system. The corrosion
resistance of the Pb—1wt%Ag anodes with railing structure
[2] was 4.3 times that of ordinary boards in an acid solution.
The excellent corrosion resistance benefits from the forma-
tion of a PbO, protective film with good conductivity on the
Pb surface in the acidic solution. Pb—Sn—1wt%Ag—Sb an-
odes [3] were beneficial to the precipitation of metallic Mn
because of the low output of MnO,. Compared with the
Pb—Sn—1wt%Ag—Sb anodes, the new Pb—Ag—Ca alloy [4]
greatly reduced the amount of Ag consumption and early
corrosion, the current efficiency was increased by 3.3% also.
Although the new Pb-based alloys were more environment-
ally friendly, especially in energy consumption, the powdery
MnO, with high electrochemical activity is generated in the
solution during electrolysis when using Pb-based alloys.
MnO, products would be contaminated by dissolved Pb
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impurities, which was not conducive for a long-term applica-
tion.

There were many shortcomings during producing Mn by
electrolysis in the sulfate system (MnSO,—(NH,),SO,—H,0),
such as low current efficiency, high energy consumption, and
serious pollution [5]. However, in the chloride (MnCl,—
NH,CI-H,0) electrolysis system, although there are Cl, re-
leasing and the corrosion of the anode by the overflow Cl,,
the high electrolyte conductivity and high manganese depos-
ition efficiency still kept. The above advantages and the low
energy consumption had attracted the attention of many re-
searchers [6]. Compared with the sulfate system, high purity
Mn was obtained by the diaphragm electrolysis in the chlor-
ide system with low cell voltage and high current efficiency
[7-8]. The strong adsorption of MnCI" on the cathode inhib-
ited H, evolution in the chloride solution and was conducive
to the rapid nucleation of metals and the deposition of fine
crystals, mainly generating a large-scale y-Mn crystal system
[9]. The Ti/PbO, electrodes [10] were successfully used in-
stead of graphite anodes to prepare high-quality electrolytic
Mn from the MnCl, system. This allows high Mn*" concen-
tration and high current density to be used, and the amount of
Cl, escape is greatly reduced. The anodes usually working in
a strong acidic and high current density environment [11] by
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using IrO,, RuO, [12] to maintain high activity. The stability
of the electrodes was improved by other inert elements, such
as TiO,, Ta,Os [13]. It was found that Ti/IrO, (70mol%)—
Ta,05 (30mol%) coated anode has high electrocatalytic
activity and stability in an acidic environment. Meanwhile, to
improve the stability of the Ti-based coating, other metal ox-
ides were doped in the intermediate layer, such as Co/Sb
doped Ti/SnO, electrode [14]. This oxide intermediate layer
prevented the oxygen precipitated in the reaction from dif-
fusing into the Ti substrate and the generation of non-con-
ductive TiO, or other Ti oxides, so the service life of the elec-
trode was increased [15—18]. Thus, the replacement of tradi-
tional Pb—Ag anodes by Ti-based rare metal oxide coating
anodes is very valuable.

Based on the preparation of the prescriptive Ti/Sn—Ru—Co
oxide electrodes, a new type of Ti/Sn—Ru—Co—Zr oxide elec-
trode was prepared by multiple thermal decomposition oxid-
ation with different content of Zr. The new Ti/Sn—Ru—Co—Zr
anodes were investigated, and their stability of surface mor-
phology and phase performance were compared with no Zr
added electrodes. In addition, the performance of the elec-
trode was studied by the electrochemical station.

2. Experimental
2.1. Sample preparation

2.1.1. Pretreatment of Ti matrix

This process was three steps in the pre-treated titanium
substrate [19]. First, the Ti sheets (1 cm x 3 cm x 0.1 cm)
were dipped into 10wt% NaOH solution at 70°C for 30 min
and then rinsed with deionized water to remove grease.
Secondly, the Ti sheets were etched in mixed acid solution
(HF : HNO; : H,0 = 1:4:5 in volume ratio) for 3 min to re-
move the oxide layer, and repeated the rinsing work in the
previous step. Next, etching the Ti sheets in 20wt% HCl
solution at 90°C for 2 h to shape into a rough surface. Partic-
ularly, the pretreated Ti substrates were stored in ethanol
solution at 25°C before use.
2.1.2. Preparation of oxide coating

A mixture of SnCl,-5H,0, RuCl;-3H,0, CoCl,-6H,0, and
Zr (NOs), was dissolved in 20wt% HCI and n-butanol at mol-
ar ratio 6:1:0.8: x (Sn = 0.006 mol; x = 0, 0.1, 0.3, 0.5, 0.7)
was used as the precursor. The mixtures were completely and
uniformly dissolved under an ultrasonic wave. Then, the pre-
cursor solution is painted to the pre-treated Ti substrates by
using a brush. The Ti sheets were heated at a stable temperat-
ure of 500°C for 10 min after drying at 100°C. The sheets
were brushed again after air-cooled to room temperature. The
whole procedure was repeated 13 times and the last was
heated for 1 h. After the above processes, 12—14 g/m? oxide
was loaded on the surface of the Ti sheets.

2.2. Characterization and electrochemical analysis

The surface morphology of the coatings and crystal struc-
ture were examined by scanning electron microscopy (SEM,
SU8010, HITACHI, Japan). The phase composition of the
coating was surveyed by XRD (X-ray diffraction) (RIGAKU
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D / MAX 2550, Japan) with Cu K, radiation. The electro-
chemical tests were performed on an electrochemical work-
station (RST-5200, China) with three-clectrode systems. In
an electrolyte solution of 1.5mol% HCI and 1mol% NH,CI,
the temperature was kept at 40°C. The working area is a
single-sided insulated 1.0 cm” electrode. The reference elec-
trode was the saturated calomel electrode (SCE), and a Pt
sheet of 6.0 cm” was used as the auxiliary electrode. The cor-
responding potential range for linear sweep voltammetry
(LSV) testing was 0.4—1.4 V with a scanning rate of 10 mV/s.
The cyclic voltammetry (CV) testing was 0.5-0.9 V with a
scanning rate of 1 mV/s, and EIS (electrochemical imped-
ance spectroscopy) examination was conducted with an AC
(alternating current) amplitude at 5 mV in the frequency
range of 10° to 10> Hz. The additional anode potential was
1.2 V. The impedance data were converted into Nyquist data
and fitted with expedient analog circuits. As shown in Fig. 1,
the model was connected to the electrochemical workstation.

Electrochemical
analysis system l

[ 11
Reference

T — " electrode
1 — Saturated KCl

Working

Auxili
electrode oy

/ electrode

Fig. 1. Schematic of electrochemical measurements.

To shorten the experimental period, the accelerated life
test of this anode coatings was evaluated using a solution
containing 10wt%H,SO,, at 40°C with 1070-Al as the cath-
ode. The distance between the electrodes was 2 c¢cm, and the
current density was 2 A/cm’. The empirical relationship
between accelerated life # and actual service life #, was as
follows [19].

= (é)nh (D

where 7 is a constant, usually taken as 2, J; means the actual
current density, and J, denotes the accelerated current density.

3. Results and discussion
3.1. XRD analysis of oxide coating

The effect of coating phase with different Zr content
measured by XRD is displayed in Fig. 2. The coating is
mainly composed of oxides, including the crystalline phases
of SnO,, RuO,, and ZrO,. The diffraction peaks of ZrO, and
RuO, were overlapped together, indicating that solid solu-
tion probably formed between them. Through card analysis
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(JCPDS: Ru0O,-N0.40-1290; SnO,-No.41-1445; ZrO,-No.37-
1484; Ti-No.44-1294), it was observed that the crystal spa-
cing d of diffraction peaks was close to that of RuO,, which is
attributed to the main ruthenium-based solid solution. Fur-
thermore, with the increase of Zr content according to XRD,
the oxidation peak of the electrode coating first weakened
and then enhanced. When the molar ratio of Sn : Ru: Co : Zr
is 6:1:0.8:0.3, each diffraction peak was the weakest. In addi-
tion, with the increase of Zr content, the RuO, of the (211)
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Fig. 2. XRD patterns of electrodes prepared with different Zr
contents.
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crystal plane increases significantly than that of SnO,. The
solid solution of RuO, and ZrO, was turned into the crystal
by strengthening and help form more stable structure. Other-
wise, the intensity of Ti diffraction peak on the (101) crystal
plane decreased with the increase of Zr content. However,
when Sn : Ru : Co : Zr is 6:1:0.8:0.3, only trace amounts of
titanium were found in the coating, indicating that the grains
were refined and the Ti matrix was protected from corrosion
by the addition of Zr.

3.2. SEM analysis of oxide coating

The SEM images of the different Zr content electrodes
were given in Fig. 3. The surface morphology of the elec-
trodes changed with the content of Zr. The electrochemical
activity for the electrodes was related to the roughness of the
electrode’s surface certainly [20]. It can be obtained from
Fig. 3 that with the increase of Zr content, the surface cracks
first decreased and then increased. When the molar ratio of
Sn : Ru : Co : Zr is 6:1:0.8:0.3, the surface morphology
cracks were the least. The substrate was well protected from
the corrosion of the solution during electrolysis due to the
dense surface. As shown in Fig. 3(c), an amount of rough
morphology appeared upon the electrode surface, and the
rough morphology was able to protect the matrix from solu-
tion erosion [20]. The X-ray dot-mapping test was per-
formed on the Zr-0.3 added electrode, focusing on the distri-
bution of Zr element and the protective effect on the Ti mat-
rix. The results showed that the distribution of Zr element on
the coating particles was uniform, the coating had a good
protective effect on the titanium substrate, and only a small
amount of Ti element was exposed.

3.3. Chlorine evolution activity of oxide coated electrode

The anodic polarization curve testing results were shown
in Fig. 4. At 500 A/m? the chlorine evolution potential of

5.0 um

Fig. 3. SEM images of the electrodes prepared with different Zr contents: (a) Zr-0; (b) Zr-0.1; (c) Zr-0.3; (d) Zr-0.5; (e) Zr-0.7. (f-h)

Mapping of Zr-0.3 anode.



2184

Ti/Sn—Ru—Co—Zr oxide coated anode with different Zr con-
tent was 1.238 V (Zr-0), 1.221 V (Zr-0.1), 1.210 V (Zr-0.3),
1.259 V (Zr-0.5), and 1.311 V (Zr-0.7), respectively. By
comparing the above data, it is easy to calculate the potential
difference of chlorine evolution, which was 101 mV. These
potentials related to the level of chlorine evolution activity in-
dicating that the Zr-0.3 electrode had the strongest chlorine
evolution activity.

022+ —7r01 —7Zr-03
020+ —7Zr-05 —Zr-0.7
= 0.18 + Zr-0
‘g 0.16 F «
: | E0.080
< 0.14 < 0.075
} 0.12 |- 3,0.070
Z 0.10  Z 0.065
§ 0.08 | < 0.060
= 006 200
g v £ 0.050
5 0.04 - R RN
0.02 - E/Vvs.SCE
0f =
-0.02F | , , .

0.4 0.6 0.8 1.0 1.2 1.4
E/Vvs.SCE

Fig. 4. Anodic polarization curves of electrodes prepared with
different Zr contents and partial enlarged view around 500
A/m’,

The value of the polarization curve and chlorine release
activity can be determined by comparing the overpotential of
evolution [20]. The potential value was corrected by using
Eq. (2) to describe the overpotential of chlorine evolution re-
action (CER, 1) of electrode material [21]:
n=E+0.241-1.260—iR, 2)

where E denotes the CER measured by the anode polariza-
tion curve in the experiment [22], and 1.260 V was the stand-
ard potential in the measurement system (1.5mol% HCI and
1mol% NH,CI, 40°C). i is the current density measured at the
relative potential. R, is the electrolyte resistance between the
reference electrode and the working electrode. The equilibri-
um potential of chlorine release was calculated by the Nernst
equation. The potential of SCE was 0.241 V compared with
the standard hydrogen electrode.

The chlorine evolution overpotential 1 has a semi-logar-
ithmic relationship with the current density J, as shown in Eq.
3):
n=a+blgJ 3)
where a is a constant for the anodic process, V; b is the Tafel
slope, V-dec .
a=-2.3(RT/BnF)lgJ, “)
b=2.3RT/BnF %)

where R is the constant of gas; T is the temperature; 3 is the
transfer coefficient, which represents the influence of the
electrode potential on the anodic reaction; n represents the
number of transferred electron; F'is the Faraday’s constant; J,
is the exchange current density.

According to Fig. 5 and the data in Table 1, under the fol-
lowing conditions about 500 and 1000 A/m?, when the molar
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ratio of Sn : Zr is 6:0.3, the chlorine evolution overpotential
was the lowest, about 0.143 V and 0.218 V, respectively. The
small value indicated that the evolution of chlorine was easi-
er. The value of “a” was positively correlated with the size of
cell voltage. The depolarization phenomenon was related to a
large amount of oxide with electrocatalytic activity in the
coating, and the nanoparticles formed by adding an appropri-
ate amount of Zr in the coating were very helpful, so the Zr-
0.3 electrode had the lowest voltage. Scilicet, the above-men-
tioned oxide electrode coating had high catalytic activity.

0.40
—Zr-0.1
—7r-0.3
035+ — Zr-0.5
—7Zr-0.7
Zr-0
0.30
>
=025
0.20
0.15+

22 20 -18 -1.6 —14 -12 -1.0 0.8 —0.6
Ig[i / (A-cm™)]
Fig. 5. Fitted Tafel lines of coatings prepared with different
Zr contents.

Table 1. Overpotential and fitted value for chlorine evolu-
tion with different Zr contents

Name =00 A~m’2n / \1000 am? ¢ /V b/ (V-dec™)
Zr-0.1 0.178 0.267 0.563 0.296
Zr-0.3 0.143 0.218 0.473 0.254
Zr-0.5 0.253 0.333 0.597 0.264
Zr-0.7 0.306 0.368 0.575 0.207
Zr-0 0.226 0.302 0.554 0.252

Fig. 6 showed the EIS curves of the different samples. A
half-circle could be observed of all curves present with basic-
ally the same shape. The capacitive properties of the elec-
trode impedance radius first decrease and then increase.

4

—a— 7r-0.1
—o— 7r-0.3
—A— 7r-0.5
r—v— Zr-0.7
—8—Zr-0

w

—7" [ (Q-cnm?)

0 2 4 6 8 10 12 14
7' (Q-cm?)

Fig. 6. EIS curves of film-forming anode sample with differ-
ent Zr contents.
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Moreover, the capacitive reactance arc radius prepared under
the molar ratio of Sn : Zr = 6:0.3 was the smallest, which in-
dicated that the resistance to electron transfer was the lowest
and the number of electron transfer per unit time was the
most. ZrO, particles accumulated on an anode surface influ-
ence the electric double layer structure and decrease the ef-
fective area of other metal oxides on the dimentionally stable
anode surface [21]. The accumulation of ZrO, particles res-
ults in the increment of impedance value from the RuO, sys-
tem with ZrO, particles.
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In Fig. 7, (Rs (QaR«) (O:Ry)) was regarded as the equival-
ent model used to fit the pseudo data [22]. Among them, Rg
means solution resistance; Q; signifies internal crack of coat-
ing and grain boundary pore structure; R; indicates the resist-
ance of the electrode itself; Oy is often used to characterize
the number of active points, and the higher the value of Oy,
the more active points are loaded on the surface; R repres-
ents the activity of chlorine released from the electrode, and
the lower the value of R, the better the electrocatalytic activ-
ity of chlorine evolution of the electrode.

GRE?

R,

Electrochemical
reaction

Substrate

Fig. 7. Impedance fitting model.

According to Fig. 6 and Table 2, with the increase of Zr
content, R first decreases and then increases. The charge
mass transfer resistance of the electrode prepared under the
molar ratio of Sn : Zr = 6:0.3 was the smallest, suggested that
the electrode prepared under this condition was the most

prone to chlorine evolution reaction. Otherwise, with the in-
crease of Zr content, Oy first increases and then decreases.
The Qg4 under the condition of Sn : Zr = 6:0.3 was the largest,
indicated that the coating surface of the electrodes prepared
under this condition contains the most active sites.

Table 2. Fitting parameter of EIS curves

Sample R/ (Q-cem’)  Q¢/ (uF-em?) R/ (Q-em’)  Qg/(uF-em™®)  Calculated roughness factor ~ Rei/ (Q-cm’)
Zr-0.1 1.0x 107 2.01 1 1.270 8600 430 6.062
Zr-0.3 2.6x1077 2.70 1 0.892 68900 3445 3.501
Zr-0.5 2.7x1077 2.19 1 1.040 39700 1985 4.014
Zr-0.7 1.1x10° 1.83 1 1.371 4400 220 10.490
Zr-0 9.7x 1077 2.66 1 0.759 32400 1620 4.678

The cyclic voltammetry curve was integrated to obtain the
g*, which reflects the electrochemical activity of the elec-
trode, and was related to the practical working area and the
number of active points. A large value of ¢* illustrates great
electrode activity. Using this method by some previous re-
port [23-24] to calculate the g* value to estimate the elec-
trode activity, and the equation is:

()" =(gr)" +ho'? ©)
herein, g, means the real charge on the electrode surface, kv'”
delegates the reciprocal of the square of the charge and the
scanning rate [25].

The CV curves of Ti/Sn—Ru—Co-ZrO, samples in the
whole potential range of 0.5-0.9 V was shown in Fig. 8. ¢*
was measured in acidic NH,C1 solution to define the electro-
chemically active area of the Ti/Sn—Ru—Co—ZrO; electrodes.
Thus, the value of ¢* was defined as the electrochemically

active surface area of Ti/Sn—Ru—Co—ZrO; in chlorate electro-
lyte. Obviously, with the increase of Zr content, the active
area of the electrode first increased and then decreased, and
the area enclosed by the CV of the Ti/Sn—Ru—Co—ZrO, elec-
trodes prepared at the molar ratio of Sn : Zr = 6:0.3 was the
largest. The second was the Ti/Sn—Ru—Co-ZrO, electrode
prepared under the condition of Sn : Zr = 6:0.5. Too much Zr
leads to excessive inert oxides on the surface of the electrode,
which reduces the electrocatalytic activity of the electrode.
Therefore, the active area of the Zr-0.7 added electrode was
the smallest. It was also confirmed that the electrode with low
chlorine emission potential had more active sites and higher
chlorine emission activity. Owing to smaller grain size was
favored to the formation of the large active surface area [26].
The active surface areas of Zr-0.3 electrodes were optimal.
As known that larger specific area was beneficial to improve
the catalytic properties, so the Zr-0.3 electrodes owned high-
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er electrocatalysis activity than others. When Zr was added
into the precursor solution, ZrO, nanoparticles were formed
during thermal oxidation and effectively embedded in the
matrix. The pores were filled by a handful of ZrO, nano-
particles to reduce the grain size of the others dioxide matrix
[27-28], as shown in Fig. 3(c). The dense membrane preven-
ted the electrolyte from penetrating through cracks or pores.
Moreover, there was no high pressure inside the coating since
the generation of internal Cl, was reduced [29]. Hence, the
probability of perforation of the coating was minimal. The
above reasons were combined to make the Zr-0.3 electrode
has an excellent electrochemical performance.

0.0030
0.0025

| —Zr-0.1
—Z7r-0.5
I —Zr-0

—Z7Zr-0.3
—Zr-0.7

0.0020
0.0015
0.0010
0.0005
ol
—0.0005
—0.0010
—0.0015
—0.0020
—0.0025
—0.0030

Current density / (A-cm™?)

0.5 0.6 0.7 0.8 0.9
E/Vvs.SCE

Fig. 8. CV curves of coatings prepared with different Zr con-
tents.

In addition, the approximate actual life was estimated by
an accelerated life test. The current used in accelerated life
tests is much higher than that in actual use. According to the
above electrochemical test, the best performance was ob-
tained by the molar ratio of Sn : Zr = 6:0.3, so the accelerated
life test was taken to compare with that without Zr. The ac-
celerated life test results of the electrodes were shown in
Fig. 9, and the failure judged according to the voltage reachs
10 V. Absolutely the voltage of all samples quickly reached a
stable state in a short time (500 h) at the beginning of the test.
Hereafter, the electrode potential remained unchanged. The
voltage of the coating with Zr was slightly higher than that of
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the coating without Zr, which was consistent with the R; data
that was fitted in Table 2. At last, the potential rose sharply
and the electrode failed. The corresponding working times
were 3102 h (Zr-0.3) and 2773 h (Zr-0), respectively. The
electrode service life can be extended about 11.86% by
adding Zr-0.3.

10 - —=— Zr-0.1
—e— 7r-0.3
—A— 7r-0.5
91— 7r0.7

—— Zr-0

Voltage / V

0 500 1000 1500 2000 2500 3000 3500
Time /h

Fig. 9. Accelerated life test result of Zr added electrode.

Attributed to the appropriate ZrO, weight percentage in
electrodes, the ZrO, nanoparticles acted as an inert physical
barrier that initiates corrosion of the substrate [30], and pre-
vented the electrolyte from reaching the Ti surface effect-
ively [31]. As shown in Fig. 10, the SEM images of two elec-
trodes after the corrosion experiment were given, and the
protection mechanism of nano-ZrO, on the coating was pro-
posed. In Fig. 10(a), it can be seen that there was a deep col-
or different from that in Fig. 10(b). The corrosion pits on the
surface were deeper here because there was no protection
from Zr. The protection provided was positively related to the
amount of ZrO, nanoparticles when the Zr content was low,
and these appropriate amount of ZrO, particles (Sn : Zr =
6:0.3 in this work) would fill the gaps between the oxide
coatings and link the bulk coatings to each other to better pro-
tect the Ti substrate. Due to the large specific surface area on
the surface of the electrode, under the same apparent current
density, its actual current density is actually low, so its sur-

Magnified surface view Magnified surface view

—— Metal oxide layer —— Metal oxide layer
—— Titanium matrix —— Titanium matrix

Fig. 10.

The state of the coating
after corrosion

Metal oxide layer
Titanium matrix

<+— Metal oxide layer
— Titanium matrix

® (b

SEM images and mapping analysis of the anode samples after corrosion experiments: (a, ¢) Zr-0; (b, d) Zr-0.3. Protection

mechanism of the anode samples in corrosion experiments: (e, f) Zr-0 anode before and after corrosion; (g, h) Zr-0.3 anode before

and after corrosion.
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face corrosion is relatively low. Otherwise, the Cl, evolution
reaction mainly occurs on the surface of the electrode, and
the electrode with a larger specific surface area has better
electrochemical activity. However, the good protective effect
on the titanium matrix is the key to increasing the use time in-
stead of the surface. From the comprehensive performance
test results and accelerated life test results, a certain amount
of Zr addition is beneficial. Furthermore, after the addition of
Zr exceeded a certain amount (Sn : Zr = 6:0.5 in this work),
the coating bonded with the substrate loosely, thereby affect-
ing its performance. Therefore, the service life of Zr-0.3 elec-
trodes improved greatly.

4. Conclusions

To obtain a more corrosion-resistant and economical elec-
trolytic anode, based on the traditional Ti/Sn—Ru—CoO, coat-
ing, Zr was added to modify the electrode. A series of
Ti/Sn—Ru—Co-ZrO, electrodes with different Zr contents
were prepared by the thermal decomposition method.

(1) With the increase of Zr content, the densification of
electrode surface increased first and then decreased. The sur-
face of the Zr-0.3 electrode was the most compact.

(2) Under the condition of Sn : Ru : Co : Zr = 6:1:0.8:0.3
(in molar ratio), the electrode had the largest active area and
the best catalytic performance, as confirmed by the electro-
chemical testing results.

(3) The Zr modified electrode remained stable for up to
3102 h (empirical formula estimation) in a solution with
10wt% H,SO, at 40°C under 2 A/cm?®. This anode was more
stable than the no Zr added anode, the serves life expectancy
was increased about 11.86%.
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