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Abstract: In this study, we prepared Ti/IrO—ZrO, electrodes with different ZrO, contents using zirconium-n-butoxide (CisH3¢04Zr) and
chloroiridic acid (H,IrClg) via a sol-gel route. To explore the effect of ZrO, content on the surface properties and electrochemical behavior of elec-
trodes, we performed physical characterizations and electrochemical measurements. The obtained results revealed that the binary oxide coating
was composed of rutile IrO,, amorphous ZrO,, and an IrO,—ZrO, solid solution. The IrO,—ZrO, binary oxide coatings exhibited cracked structures
with flat regions. A slight incorporation of ZrO, promoted the crystallization of the active component IrO,. However, the crystallization of IrO,
was hindered when the added ZrO, content was greater than 30at%. The appropriate incorporation of ZrO, enhanced the electrocatalytic perform-
ance of the pure IrO, coating. The Ti/70at%IrO,-30at%ZrO, electrode, with its large active surface area, improved electrocatalytic activity, long

service lifetime, and especially, lower cost, is the most effective for promoting oxygen evolution in sulfuric acid solution.
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1. Introduction

Titanium plates coated with metal oxides have been used
as anodes in various electrochemical processes, e.g., water
splitting, metal electrowinning, and chlorine production
[1-8]. However, the efficiency of the anode is limited by the
sluggish kinetics of the oxygen evolution reaction (OER).
RuO, and IrO,, which exhibit high conductivity and activity,
are considered to be the best catalysts for OER [9-10].
However, the application of RuO, as a catalyst for OER is
limited by its low corrosion resistance in sulfuric acid solu-
tion [11-12]. IrO, is more stable than RuO, in sulfuric acid
solution, but its utilization is limited by its low elemental
availability and high cost [13]. Accordingly, finding an effi-
cient, long-term stable and low-cost anode for OER has at-
tracted much attention.

To enhance electrocatalytic performance and reduce cost,
active noble metal oxides like IrO, and RuO, are mixed with
other non-active stabilizers to generate mixed-metal-oxide
anodes. Various types of these mixed-metal-oxide anodes for

Corresponding authors: Cheng-yan Wang  E-mail: chywang@yeah.net;

Bao-zhong Ma  E-mail: bzhma@126.com

OER have been developed, e.g., RuO,~TiO,, IrO,~Ta,0s,
[rO,-Si0,, RuO,—Sn0,, and IrO,—SnO, [14-19]. Zhang et al.
[16] reported that the electrochemical properties of IrO,-
based electrodes are improved by doping with SiO,. Thus
far, the Ti/70at%IrO,—30at%Ta,Os electrode has been the
best electrocatalyst for OER in sulfuric acid solution due to
its high activity and stability [19-20]. It is generally recog-
nized that the use of proper stabilizers, and even the lack of
electrocatalytic activity, can enhance the total activity of a
mixed system.

Zirconia (ZrQ,) is an inert oxide that has high corrosion
resistance and good thermal stability. ZrO, can disperse ho-
mogeneously when mixed with other components [21] and
can be used as a stabilizer for RuO,- and IrO,-based coatings
due to its high stability in sulfuric acid solution. Burke and
Mccarthy [22] reported that the lifetime of Ti/RuO, anodes is
prolonged by the incorporation of ZrO,. In addition, doping
with ZrO, can promote the dispersion of active components,
thereby increasing the number of active sites [23]. Shao et al.
[24] investigated the effect of ZrO, on the crystallization of
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IrO,-based coating and found that ZrO, has an inhibitory ef-
fect on the growth of IrO, crystal. As such, ZrO, is a good
modifier for the preparation of mixed-metal-oxide anodes.

The Ti/lrO,—ZrO, electrode is typically prepared by
thermal decomposition using ZrCl, or ZrOCl, [24-25]. This
method is simple, although some problems have occurred
during the electrode preparation process, €.g., the contamina-
tion of the oxide lattice by the residue of chloride ions, which
leads to rapid loss of electrode activity [26]. In our previous
study, we investigated the effect of calcination temperature
on the electrocatalytic performance of the Ti/IrO,—ZrO, elec-
trode prepared using a sol-gel method [27]. The effect of the
ZrO, content on the surface properties and electrochemical
behavior of the Ti/IrO,—ZrO, electrode is not yet fully under-
stood. In this study, we prepared ZrO,—chemically modified
IrO, coatings using zirconium-n-butoxide (C,sH;60,Zr) and
chloroiridic acid (H,IrClg) via a sol-gel route. We performed
microstructural analyses and electrochemical measurements
to explore the effect of the ZrO, content on the surface prop-
erties and electrochemical behavior of IrO,~ZrO, binary ox-
ide coatings.

2. Experimental
2.1. Electrode preparation

The Ti/IrO,~ZrO, electrodes were prepared using zir-
conium-n-butoxide (C;¢H3c0,Zr) and chloroiridic acid
(H,IrClg) via a sol-gel route. Details of the electrode prepar-
ation procedure were reported in our previous paper [27]. To
explore the effect of the ZrO, content on the surface proper-
ties and electrochemical behavior of Ti/IrO,—ZrO, electrodes,
we used Zr contents in the precursor solutions of 10at%,
30at%, 50at%, and 70at%, respectively. We set the calcina-
tion temperature to 450°C, and the total oxide loading of the
IrO,~ZrO, binary oxide coating was 1.5 mg/cm”. We pre-
pared the Ti/IrO, electrode by the thermal decomposition of
chloroiridic acid.

2.2. Characterizations

We performed X-ray diffraction (XRD) measurements to
determine the phases of the pure IrO, and IrO,—ZrO, binary
oxide coatings and identified the XRD patterns using an X-
ray diffractometer (Smartlab, Rigaku) with the Cu K, radi-
ation at 40 kV and 100 mA. We analyzed the surface mor-
phologies using field emission scanning electron microscopy
(FESEM, SUPRASS, Zeiss) and determined chemical com-
positions using energy dispersive spectroscopy (EDS,
Thermo-NS7).

We analyzed the electrochemical behaviors of the binary

oxide coatings in a three-electrode cell at an electrochemical
workstation (CHI660e). We performed the electrochemical
measurements in a 0.5-mol/L sulfuric acid solution. The
counter electrode was a platinum plate and the reference
electrode was a saturated calomel electrode (SCE). To ex-
plore the voltammetric behavior and assess the active sur-
face area of the coatings, we performed multiple cyclic
voltammetry (CV) measurements ranging from 0 V to 1.2 V
at sweep rates ranging from 5 mV/s to 100 mV/s. To assess
the electrocatalytic activity, we performed anodic polariza-
tion experiments at a sweep rate of 5 mV/s. To correct the IR
drop, we performed electrochemical impedance spectro-
scopy (EIS) analysis. We measured the electrochemical im-
pedance spectra at 1.25 V at frequencies ranging from
10 Hz to 10° Hz. The AC amplitude for the EIS measure-
ment was 5 mV. To determine the service lifetime, we per-
formed accelerated lifetime tests (ALT), for which the ap-
plied current density (j) was 2 A/cm”. We considered the
electrode to be deactivated when the cell voltage increased by
S5V.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the XRD patterns of the electrodes with dif-
ferent ZrO, contents when calcined at 450°C. The peaks ob-
served at 34.64°, 38.48°, 40.24°, 53.00°, and 70.72° are re-
lated to the Ti substrate. We found no diffraction peaks re-
lated to ZrO, in any of the patterns, which implies that at this
calcination temperature, the existing ZrO, had an amorphous
structure. The diffraction peaks corresponding to the (110),
(101), and (211) planes are related to the rutile IrO,. The lat-
tice constant a values of the rutile IrO, in the pure IrO, coat-
ing, the 90at%IrO,—10at%ZrO, coating, and the 70at%IrO,—
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Fig. 1. XRD patterns of the Ti/IrO,—ZrO, electrodes with dif-

ferent molar ratios of IrO, to ZrO, (Ir : Zr): (a) IrO,, (b) Ir : Zr =

9: 1) Ir:Zr=7:3;(d)Ir: Zr=5:5;(e)Ir: Zr=3 : 7.
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30at%ZrO, coating were 0.4504 nm, 0.4507 nm and 0.4511
nm, respectively, whereas lattice constant ¢ values were
0.3159 nm, 0.3163 nm and 0.3167 nm, respectively. The val-
ues of lattice constants ¢ and ¢ increased with the increase in
ZrO, content. This indicates that some Zr* ionsare dis-
solved into the rutile IrO, and form a solid solution phase of
IrO,—ZrO,. Similar results were obtained by Shao et al. [24].

Compared to the XRD pattern of the Ti/IrO, electrode,
the intensities of the rutile IrO, diffraction peaks of the
Ti/IrO,—ZrO, electrodes with ZrO, contents of 10at% and
30at% were higher (Figs. 1(a)-1(c)). This suggests that a
slight doping of ZrO, promotes the crystallization of the act-
ive component IrO,. When the added ZrO, content was high-
er than 30at%, the diffraction peaks of the rutile IrO, disap-
peared, which suggests that the active component IrO, was
present as an amorphous structure in the binary oxide coat-
ing (Figs. 1(d) and 1(e)). We can conclude that the crystal-
lization of the active component IrO, can be controlled by
the ZrO, content of the coating.
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3.2. Surface morphology

Fig. 2 shows FESEM images of the electrodes obtained
at low (%3000) and high (x30000) magnifications. In Figs.
2(a) and 2(b), we can observe a compact structure with a
small dispersion of needle-like crystals from the Ti/IrO, elec-
trode. The lengths of these needle-like crystals range between
80 nm and 100 nm. The results listed in Table 1 suggest that
the needle-like crystals are the active component IrO,.

Compared to the compact IrO, coating, all the IrO,—ZrO,
coatings exhibited cracked structures combined with flat re-
gions (Figs. 2(c)-2(k)), and the cracks and flat regions had
different morphologies. For electrodes with ZrO, contents of

Table 1. Elemental composition of the generated needle-like
crystal
wt%
Sample Ti Ir Zr O
IrO, 1.13 84.46 — 14.41
Ir:Zr=9:1 0.58 75.33 4.74 19.35
Ir:Zr=7:3 1.24 63.01 15.26 20.49

Fig. 2. FESEM images of the Ti/IrO,—ZrO, electrodes with different molar ratios of IrO, to ZrO, (Ir : Zr): (a, b) IrO,; (¢, d) Ir : Zr =
9:1;(egIr:Zr=7:3; (h—i)Ir: Zr=5:5; -k) Ir: Zr=3: 7.
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10at% and 30at%, dense needle-like nanoscale crystals can
form inside cracks and on the flat regions. The length of the
needle-like crystals formed inside cracks (40-50 nm) was
shorter than those on the flat areas (70-80 nm). The EDS
analysis results show that the observed needle-like crystals
were enriched with iridium and zirconium, which suggests
the generation of an IrO,—ZrO, solid solution phase. When
the doped ZrO, content increased to 50at% and 70at%, the
obtained coatings exhibited an amorphous structure, and we
found no needle-like nanoscale crystals either inside the
cracks or on the flat regions. This suggests that the crystal-
lization of the active component IrO, is inhibited when the
added ZrO, content is greater than 30at%.

3.3. Electrochemical surface structures

Fig. 3 shows the CV curves of the electrodes with differ-
ent ZrO, contents. We assigned the peaks observed at about
0.6 V vs. SCE to the conversion of Ir(IV)/Ir(IIl) [28-29]. The
peak current of the coatings with ZrO, contents of 10at% and
30at% moved to that of the onset potential of OER at about
0.9 V vs. SCE, which is associated with the solid-state redox
transaction of Ir(IV)/Ir(V) [16]. Since the active components
are the same, the apparent change in the voltammetric re-
sponse may be correlated with the surface properties [30].

We calculated the voltammetric charge (¢') by integrat-
ing the CV curves. The obtained ¢* values can act as a para-
meter to reflect the active surface area. Considering the act-
ive sites for proton exchange, we split the total voltammetric
charge (Gwm) into an “outer” charge (Gou) and an “inner”
charge (¢ime), Whereby the “outer” charge represents active
sites that are directly exposed to the electrolyte and the “in-
ner” charge is related to sites that are hidden in cracks and
pores. We calculated the values of gouers Ginner, AN Giop USING
the following equations [16,31]:
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Fig. 3. CV curves of the Ti/IrO,—ZrQ, electrodes with differ-

ent ZrO, contents measured in 0.5 mol/LL H,SO, solution at a
scan rate of 20 mV/s.

1/4* = 1/(‘]inner+Qonter)+C1V1/2 (D
9" = Gouter + CZV_1/2 2
Gtotal = Ginner T Gouter 3)

where C, and C, are constants and v is the sweep rate. Based
on the above equations, the values of gqy; and Ginner can be ob-

tained by extrapolating the plots of 1/g" vs. v'?

tov=0and v= o<,

Fig. 4 shows the calculated g1, Gouer A0d Ginner Values of
the electrodes with different ZrO, contents. The g, values
of the IrO,—ZrO, coatings were all higher than that of the
pure IrO, coating, which indicates that doping with ZrO, ex-
panded the active surface area of the Ti/IrO, anode. The en-
hanced active surface area of the electrode with ZrO, con-
tents of 10at% and 30at% is related to the high crystallinity
and small size of the active component. For the coatings with
ZrO, contents of 50at% and 70at%, the enhanced active sur-
face area is related to the amorphous structure. The g val-
ues of the amorphous coatings were higher than those of the
crystalline coating. Xu et al. [30] reported that amorphous
IrO, contributes more to the active surface area than crystal-
lized IrO, due to the disorder of the amorphous structure. The
Gouer Value of the crystalline IrO,—ZrO, coatings was higher
thantheg;,-value.FortheamorphouslrO,—ZrO,coatings,theq;,ne:
value was higher, which suggests that the active surface area
of the crystalline IrO,—ZrO, coatings was dominated by the
“outer” surface, whereas that of the amorphous IrO,—ZrO,
coating was dominated by the “inner” surface.
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Fig. 4. Voltammetric charges of the coatings calculated by in-
tegration of CV curves.

3.4. Electrocatalytic activity and Tafel lines

We determined the apparent electrocatalytic activity of
the electrodes by their anodic polarization curves. Fig. 5(a)
shows that the apparent electrocatalytic activity of the
IrO,—ZrO, coatings increased with increases in the ZrO, con-

tent, and then decreased when the added ZrO, content was

and ¢" vs. v
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higher than 50at%. The electrode with a ZrO, content of
50at% exhibited the most obvious electrocatalytic activity
with respect to OER. This was due to the amorphous and
porous structure of IrO,, which contributes more active sites
for OER. We observed a reduction in the electrocatalytic
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activity when the added ZrO, content increased to 70at%.
Also, ZrO, is an oxide with inert properties, so the conduct-
ivity and electrochemical performance of the electrode may
be reduced by a large incorporation of ZrO, into the active
oxide coating.
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IR-corrected anodic polarization curves (a) and charge-normalized polarization curves (b) of electrodes with different ZrQO,

contents measured in 0.5 mol/L. H,SO, solution at a scan rate of 5 mV/s (iis the current).

We determined the apparent electrocatalytic activity of
the electrode based on both the active surface area and its in-
trinsic catalytic property. To assess the real electrocatalytic
effect of ZrO, in the coating, we analyzed the charge-nor-
malized polarization curves. Because the g, value repres-
ents the total number of active sites on the coating, the elec-
trocatalytic activity at each active site can be estimated by the
ratio of the current (i) to ¢y Value [32]. The charge-normal-
ized polarization curves shown in Fig. 5(b) indicate that the
normalized electrocatalytic activity of the IrO,—ZrO, coat-
ings was lower than that of the pure IrO, coating, which in-
dicates that doping ZrO, into the active coating could reduce
the intrinsic catalytic properties of each active site. We at-
tribute the enhanced apparent electrocatalytic activity of the
zirconia-modified electrodes to the expanded active surface
area. The normalized electrocatalytic activities of the coat-
ings with ZrO, contents of 50at% and 70at% were higher
than those of the coatings with ZrO, contents of 10at% and
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30at%. We found the enhanced normalized electrocatalytic
activity to be correlated with the amorphous structure of the
active component IrO,, which suggests better reactivity of the
coating for OER [30]. According to the results of Pfeifer
et al. [33], the higher reactivity of amorphous IrO, is attrib-
utable to the electronic defects in the near-surface region of
the anionic and cationic framework. We note that the nor-
malized electrocatalytic activity of the amorphous coating
with a ZrO, content of 70at% was lower than that of the
amorphous coating with a ZrO, content of 50at%. The re-
duction of the normalized electrocatalytic activity of the
amorphous coating with ZrO, content of 70at% can be at-
tributed to the large incorporation of inert ZrO,.

Next, we fitted IR-corrected Tafel lines to further ana-
lyze the electrochemical behavior of the prepared
Ti/IrO,—ZrO, electrodes. Fig. 6(a) shows Tafel lines with
double-slope behavior. The variation in the Tafel slope indic-
ates an alteration of the electrochemical reaction mechanism.
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Fig. 6. Tafel lines (a) and Tafel slopes (b) of the electrodes measured in low-overpotential and high-overpotential areas as a function
of ZrO, content (b, denotes the low-overpotential Tafel slope and b, is the high-overpotential Tafel slope).
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The reaction mechanism for OER is considered to be a three-
step process [34—-36], for which the first step is the formation
of an adsorbed hydroxyl species on the active site (S):

S + H,O » S—OH,4s + H" + ¢~ 4
S—OHygs — S—O,gs + HY + €~ (5)
28—04gs = 2S + Oy (6)

Of these three steps, the rate-determining step (RDS) for
OER is considered to be determined by the Tafel slope val-
ues. The first, second, and third steps can be considered to be
the RDS when the Tafel slope values are about 120 mV/dec,
40 mV/dec, and 15 mV/dec, respectively [37-38].

Fig. 6(b) shows the calculated Tafel slope values of the
electrodes with different ZrO, contents, where b, denotes the
low-overpotential Tafel slope and b, is the high-overpoten-
tial Tafel slope. In the Fig. 6(b), we can see that the Tafel
slope values in both the low-overpotential and high-overpo-
tential areas decrease with increases in ZrO, content, and
then increase when the added ZrO, content reaches 70at%.
The increased Tafel slope value of the electrode with ZrO,
content of 70at% can be attributed to the inert properties of
ZrO,, which reduce the electrocatalytic activity. The ob-
tained Tafel slope values of the Ti/IrO,—ZrO, electrodes were
all lower than those of the pure IrO, electrode, which reveals
that OER occurs more easily on IrO,—ZrO, binary oxide
coatings than on a pure IrO, coating.

In the low-overpotential area, the Tafel slope values
ranged between 73 mV/dec and 108 mV/dec, which are not
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correlated with the abovementioned reaction steps. The OER
mechanism is complex as there may be many intermediates
in the reaction steps. Considering the existence of the inter-
mediate rearrangement step, the first step can be split as step
(4a) and step (4b) [16].

S + H,0 - S-OH;, + H +e” (4a)

S—OH*, — S—OHaqs (4b)

ads

The S-OH* ads and S-OH,,, intermediates exhibit the
same chemical structure but different energy states. The ob-
tained Tafel slope values of 73—-108 mV/dec in the low-over-
potential area are consistent with the intermediate rearrange-
ment step (4b). In the high-overpotential area, the Tafel slope
values ranged from 151 mV/dec to 204 mV/dec. The first
step is considered the RDS for OER.

3.5. EIS measurements

EIS is an effective tool for exploring the surface proper-
ties and electrochemical behavior of electrodes, and Fig. 7
shows the resulting Nyquist diagrams and Bode plots. We
can observe a small semicircle in the high frequency region
of the Nyquist diagram (Fig. 7(a)), which is because the film
process occurred in the cracks and pores of the coating. Also,
the large semicircle in the low frequency region indicates the
charge-transfer process at the electrode/electrolyte interface
[39]. In Fig. 7(b), we can see an inductive characteristic at
high frequency, which is related to the porous characteristics
of the coating [40].

80

(b) o IrO,
60

40

Phase angle / (°)

lg(Frequency / Hz)

Fig.7. EIS plots of the electrodes with different ZrO, contents: (a) Nyquist diagrams; (b) Bode plots. Z is impedance.

We adopted the equivalent electrical circuit (EEC),
LR(R,C,)(RCy), to fit the measured spectra using ZSimp-
Win software [41], where L denotes the inductance, R; is the
solution resistance, R, is the film resistance, C, is the film ca-
pacitance, R is the charge transfer resistance, Cy is the
double-layer capacitance, (R,C,) describes the physical re-
sponse of the porous coating, and the (R,Cy) combination is
related to the electrochemical process. Considering the

roughness and porous characteristic of the coating, we re-
placed C, and Cy with the constant phase elements (O, and
Qu), respectively [42]. Based on the obtained O, and Oy val-
ues, we can determine the C, and Cy values [16,43—44].

The results in Fig. 7 show that the measured impedance
data are fairly consistent with the simulated results. Table 2
lists the fitted results of the impedance spectra, in which we
can see that the R, values exhibit a rising trend with in-
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creases in the ZrO, content. The R, value can be attributed to
the film process at high frequency [45]. The increased R,
value indicates an increase in the degree of porosity of the
coating [41]. The Cy value, which represents the active sur-
face area, increased from 18.9 mF/cm’ to 81.6 mF/cm® with
increases in the ZrO, content. We see a decrease in the Cy
value to 51.2 mF/cm® when the ZrO, content increases to
70at%, which is still higher than that of the pure IrO, elec-

Int. J. Miner. Metall. Mater., Vol. 27, No. 2, Feb. 2020

trode. This reveals that doping with ZrO, can increase the
number of active sites of the IrO,-based coating. The R, val-
ues decrease with increases in the ZrO, content, and then in-
crease when the added ZrO, content reaches 70at%. All the
obtained R, values of the IrO,—ZrO, coatings are lower than
those of the pure IrO, coating, which indicates that the incor-
poration of ZrO, can improve the electrocatalytic activity of
the pure IrO, coating.

Table 2. Equivalent circuit parameters of the electrodes, as calculated from the EIS data
Anodes L /H R,/ (Q-cm?) G/ (mF-cm ™) R,/ (Q-cm?)  Cg/(mF-cm™) 14l Ry/ (Q-cm?)
IrO, 9.972 x 1077 1.361 12.1 0.846 0.147 18.9 0.863 26.351
Ir:Zr=9:1 9.063x107 1.455 20.6 0.855 0.791 342 0.838 20.163
Ir:Zr=7:3 8.620 % 107 1.584 29.3 0.849 1.012 37.5 0.841 9.624
Ir:Zr=5:5 9.453x107 1.417 42.7 0.800 1.083 81.6 0.844 3.005
Ir:Zr=3:7 1.026x10° 1.337 44.2 0.849 1.355 51.2 0.878 4.161

Note: 7, denotes the deviation of O, from C,,; ny stands for the deviation of Q4 from Cy.

3.6. Electrocatalytic stability

Fig. 8 shows the accelerated lifetime of the electrodes
with different ZrO, contents, in which we can see that the
lifetime of the pure IrO, electrode is enhanced by the appro-
priate incorporation of ZrO,. The electrode with a ZrO, con-
tent of 30at% obtained the longest lifetime of 306 h. The ac-
celerated lifetimes of the electrodes with ZrO, contents of
50at% and 70at% were 70 h and 4 h, respectively. The life-
times of the Ti/IrO,—ZrO, electrodes significantly decreased
when the doped ZrO, content was greater than 30at%. Al-
though the electrode with a ZrO, content of 50at% exhibited
the best electrocatalytic activity for OER, its lifetime was
much shorter than that with a ZrO, content of 30at%.
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Fig. 8. Accelerated lifetime of the Ti/IrO,—ZrO, electrodes as a
function of ZrO, content measured in 0.5 mol/L. H,SO, solution
at a current density of 2 A/em’.

The failure of an electrode can be due to several mech-
anisms, e.g., erosion by gas bubbles, dissolution of the elec-
trocatalyst, or passivation of the Ti substrate [46—47]. Kozo
et al. [48] reported the deactivation mechanism of a pure IrO,

electrode, and found that the deactivation of the Ti/IrO, elec-
trode can be attributed to the dissolution of the active com-
ponent IrO,. Fig. 8 shows that the lifetimes of the electrodes
with ZrO, contents of 10at% and 30at% were much longer
than that of the electrodes with ZrO, contents of 50at% and
70at%. This can be attributed to the amorphous structure of
the coatings with a high ZrO, content. Amorphous IrO,
shows less electrocatalytic stability than crystallized IrO,,
which can be rapidly dissolved during the OER process [30].
The great dissolution of IrO, left a small amount of the ef-
fective active component on the coating, thereby leading to
the failure of the electrode.

The lifetime (SL) of an electrode is inversely proportion-
al to the applied current density (). The following equation is
often used to calculate the actual SL [49-50]:

1

where m (1.4-2.0) denotes an empirical parameter obtained
from industrial applications. In this study, we adopted an m
value of 1.4 to determine the actual SL and obtain the lowest
value. The results reveal that the actual SL of the
Ti/IrO,—ZrO, electrode with a Zr content of 30at% is about 5
years when the applied current density is 50 mA/cm? The ac-
tual SL of the Ti/70at%IrO,—30at%ZrO, electrode is about
twice as long as that of the Ti/IrO, electrode. Comninellis and
Vercesi [25] explored the electrocatalytic performance of
nine different binary oxide coatings and demonstrated that the
Ti/IrO,~Ta,0s electrode with an IrO, content of 70at% exhib-
its the best electrocatalytic activity for oxygen evolution.
Similar results were reported by Mazhari et al. [19] and
Zhang et al. [51]. The fabricated Ti/IrO,—ZrO, electrode with
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a ZrO, content of 30at% exhibits a comparable electrocata-
lytic performance with the Ti/70at%IrO,—30at%Ta,0Os elec-
trode. In addition, the metal component Ta,0Os is replaced by
Zr0,, which decreases the cost of the electrode preparation.
The Ti/70at%IrO,—30at%ZrO, anode, which is characterized
by a large active surface area, improved electrocatalytic
activity, long service lifetime, and especially, lower cost, is a
promising electrode for OER applications.

4. Conclusions

In this study, we prepared Ti/IrO,—ZrO, electrodes with
different ZrO, contents via a sol-gel route. To explore the
surface properties and electrochemical behaviors of the elec-
trodes, we performed physical measurements and electro-
chemical characterizations. The results of phase and morpho-
logy analyses demonstrate that the obtained IrO,—ZrO, bin-
ary oxide coating is composed of rutile IrO,, amorphous
Zr0,, and an IrO,—ZrO, solid solution. The IrO,—ZrO, bin-
ary oxide coatings exhibited cracked structures with flat re-
gions. The lengths of the needle-like crystals produced in-
side the cracks were shorter than those formed on the flat re-
gions. We found a slight incorporation of ZrO, to promote
the crystallization of the active component IrO,. However,
the crystallization of the rutile IrO, was hindered when the
added ZrO, content was higher than 30at%. The electrocata-
lytic properties of Ti/IrO, can be improved by the appropri-
ate incorporation of ZrO,. The improved electrocatalytic
activity is attributed to the expansion of the active surface
area. The anode with a ZrO, content of 50at% exhibited the
best electrocatalytic activity, although its lifetime was much
shorter than the electrode with a ZrO, content of 30at%.
Considering its  electrocatalytic ~ performance, the
Ti/70at%IrO,—30at%ZrO, electrode is most suitable for OER
application.
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