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� A facile method for preparing a mesh-
type dimensionally stable anode is
proposed.

� Electrodeposition conditions were
examined to attain uniform electrode.

� In acidic media, RuO2/Ti electrode
exhibited the highest performance.

� In alkaline media, DSA obtained with
Ru:Ir ratio of 8:2 showed the highest
activity.
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A mesh-type dimensionally stable anode (DSA) consisting of ruthenium and iridium with low catalyst
loading was prepared as an oxygen evolution reaction catalyst in acidic and alkaline media. The elec-
trodeposition (ED) conditions, i.e., applied current density and total cycle number, and ED solutions with
different precursor ratios of ruthenium to iridium are examined to fabricate various DSAs with a uniform
thickness, and the effect of the iridium content on the catalytic activity is investigated. Among various
DSA electrodes, the DSA electrode without iridium exhibits the highest activity and stability in the acidic
medium owing to the high ratio of ruthenium. Conversely, the DSA electrode obtained using the ED solu-
tion with the ratio of 8:2 exhibits the highest performance in the alkaline medium. This is because the
DSA electrode without iridium showed low stability, which is attributed to the dissolution of ruthenium
oxide in the alkaline medium. In addition, two large-scale DSA electrodes optimized in the acidic and
alkaline electrolytes show excellent performance, indicating the feasibility of the application of this elec-
trode in practical electrolysis.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon emission from carbon-based fuels causes environmental
problems. As a result, the interest in alternative energy sources has
increased to solve these problems (Turner, 2004; Benson et al.,
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2009; Cook et al., 2010; Suen et al., 2017). Currently, hydrogen is
regarded as a new energy source to replace existing fossil fuels.
Therefore, production and storage of hydrogen have become
important technologies. Electrolysis of water using electricity or
sunlight is the method that is being used for the environmentally
benign production of hydrogen. However, hydrogen production
through electrolysis is hindered by the kinetically slow oxygen
evolution reaction (OER) at the anode (Suen et al., 2017; Gorlin
and Jaramillo, 2010; Gong et al., 2013; Xia, 2016; Tahir et al.,
2017). The hydrogen evolution reaction (HER) at the cathode is a
two-electron reaction; however, the OER at the anode is a four-
electron reaction with several steps, requiring higher energy to
overcome the kinetic barrier. Therefore, it is important to develop
an OER catalyst for the electrolysis with high efficiency. Ruthenium
(Ru) oxide and iridium (Ir) oxide are considered highly efficient as
OER catalysts (Suen et al., 2017; Tahir et al., 2017; Vuković, 1987;
Fang and Liu, 2010; Tilley et al. 2010; Lee et al., 2012; Antolini,
2014; McCrory et al., 2015). However, these catalysts have some
drawbacks, such as high cost owing to the use of platinum-group
metal (PGM) and low stability in acidic and basic media. Thus,
there arises a great need for the OER catalyst that contains low
metal loading and also exhibits moderate catalytic activity and
stability.

A dimensionally stable anode (DSA�) has been widely applied
as an OER catalyst (Cipris and Pouli, 1976; Hu et al., 2004;
Godwin and Lyons, 2013). The DSA consists of Ru, Ir, or their oxide
coated on Ti or Ti oxide substrate (Godwin and Lyons, 2013). Var-
ious types of DSA with mixed oxides, such as RuO2-TiO2 (Takasu
et al., 2010) and IrO2-RuO2-TiO2 (Takasu et al., 2010; Yi et al.,
2007), have been developed to improve the catalytic activity or sta-
bility toward water oxidation. In addition, diverse substrates, such
as a rod, coil, and mesh, have been used to increase the utilization
of the catalyst, thereby decreasing the catalyst loading. Choe et al.,
2018 proposed iridium oxide (IrO2)-coated Ti mesh as an oxygen
evolution electrode for polymer electrolyte membrane water elec-
trolysis (PEMWE). This mesh-type electrode exhibited high perfor-
mance despite its low catalyst loading (0.4 mg cm�2). This study
demonstrated that the mesh-type electrode increased the utiliza-
tion of the catalyst owing to the large surface area. Overall, the
mesh-type DSA with mixed metal oxide is a good candidate to
overcome the drawback of the Ru- or Ir-based OER catalyst.

Traditionally, the DSA electrode is made by thermal decomposi-
tion. However, the thermal decomposition method has several
problems. The DSA electrode made by thermal decomposition
always has some defects such as composition segregation and
coarse particles, which are difficult to control (Xu et al., 2009). Also,
it is difficult to make a precise composition coating and high heat is
required. Therefore, in order to overcome these disadvantages, DSA
electrodes in this study were fabricated by electrodeposition (ED)
Fig. 1. (a) Schematic diagram of the fabrication method of th
method. ED, the fabrication method that applies current or voltage
to deposit metal onto a substrate by reducing the metal ions in the
ED solution, has been used to prepare a uniform film on a mesh
substrate.

The DSA has been prepared using ED method (Mussy et al.,
2003; Devilliers and Mahe, 2010). Mussy et al. (2003) prepared
Ti/TiO2/Ir electrode as DSA electrode with iridium precursor solu-
tion. Also, Devilliers and Mahe (2010) synthesized lead dioxide
(PbO2) layer on Ti/TiO2 substrate using lead precursor solution.
These studies have been reported that the DSA electrodes prepared
with ED method comprises one kind of metal or metal oxide. How-
ever, few studies regarding co-electrodeposition method, which is
the electrodeposition using solution including two metal precur-
sors (Jovic et al. 2006; Gui et al. 2015), have been conducted to fab-
ricate the DSA electrode with two kinds of metal oxides. In this
study, the DSA electrodes with different Ru to Ir ratios were fabri-
cated by co-electrodeposition, which is easy to control the element
ratio in DSA electrode. To the best of our knowledge, this is the first
study applying the co-electrodeposition on DSA electrodes consist-
ing of two metal oxides.

During ED, two conditions are required to develop a uniform
deposit. First, cycling the on and off time of the applied current
or voltage during ED (pulse ED) created a deposit with a uniform
thickness. This was because the metal ions on the surface of the
substrate could be replenished during the off time. In this study,
pulse ED method was adopted for uniform coating instead of the
general ED method. Additionally, a constant resistance in the entire
electrode area is important to improve reproducibility. Thus, the
distance between the working and counter electrodes should be
maintained constant.

Here, the mesh-type DSAs; RuO2/Ti and (RuO2-IrO2)/Ti elec-
trodes were prepared as an oxygen evolution electrode in acidic
and alkaline medium. The ED conditions, such as the applied cur-
rent density and total cycle numbers, were optimized to obtain
the RuO2/Ti electrode with high film uniformity. In addition, the
effect of catalyst composition in RuO2-IrO2/Ti on OER performance
was investigated by varying the concentration of precursor solu-
tion. The catalytic activity of the prepared DSA was evaluated to
achieve the optimal ratio of Ru to Ir in the electrode. Moreover, a
large-scale DSA electrode was fabricated and evaluated as an oxy-
gen evolution electrode.

2. Experimental

2.1. Fabrication of the DSA

To fabricate the RuO2/Ti electrode, the pulse ED method was
used on the Ti mesh substrate (100 mesh, Madelab Co., Republic
of Korea) as shown in Fig. 1a. The precursor solution included
e DSA electrode and (b) the template used in this study.
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10 mM Ru chloride hydrate (RuCl3�xH2O, Sigma aldrich Co., USA),
100 mM potassium chloride (KCl, Samchun Chemicals Co., Repub-
lic of Korea), and distilled water. The three-electrode cell consisted
of a working electrode (Ti mesh), counter electrode (Pt mesh, Alfa
Aesar, USA), and reference electrode (Ag/AgCl electrode). To main-
tain the distance between the working and counter electrodes, a
home-made Teflon template was used as shown in Fig. 2b. The
applied current densities were 10, 20, 30, 40, and 80 mA cm�2 with
an on/off time of 50/300 ms. The total cycle numbers varied with a
constant charge applied to the electrode (80 k, 40 k, 26 k, 20 k, and
10 k for the applied current density of 10, 20, 30, 40, and
80 mA cm�2, respectively). The exposed area to the electrolyte in
the Teflon cell was 1 cm2.

(RuO2-IrO2)/Ti electrodes were also prepared using a pulse co-
electrodeposition method. The precursor solutions used in co-
electrodeposition were composed of 100-mM potassium chloride,
distilled water, and different ratios (8:2, 7:3, 6:4, 5:5, and 4:6) of
Ru and Ir chloride hydrate (IrCl3�xH2O, Sigma aldrich Co., USA) with
a constant total concentration of 10 mM. The applied current den-
sity was 20 mA cm�2, and the on/off time was 50/300 ms. The total
cycle number was 40 k cycles. The area of the DSA electrode was
1 cm2.

To produce a large-scale electrode with the area of 5 cm2, the
total cycle number was increased because the total charge applied
to the electrode is proportional to the electrode area. The total
cycle numbers were 160 k, 240 k, and 400 k cycles. The applied
current density was 20 mA cm�2. Two types of DSA electrodes
(the RuO2/Ti and optimized (RuO2-IrO2)/Ti electrodes) were pre-
pared to compare the catalytic activity.
2.2. Physical characterizations of the DSA

To investigate the morphology of the DSA, field-emission scan-
ning electron microscope (FE-SEM; SUPRA 55VP, Carl Zeiss, Ger-
many) was utilized. A focused-ion beam (FIB; Carl Zeiss,
Germany) instrument was used to measure the uniformity and
the thickness of the catalyst layer in the electrode. The elemental
distribution was characterized using an energy dispersive X-ray
spectrometer (EDS; Carl Zeiss, Germany). X-ray diffraction (XRD)
spectra of the electrodes were obtained using an X-ray diffrac-
tometer (D/MAX-2500/PC, Rigaku Co., Japan). The surface composi-
tion of the DSA was measured using X-ray photoelectron
Fig. 2. FE-SEM images of the (a) pristine mesh and (b–f) DSA electrodes prepared using a
(b) 10, (c) 20, (c) 30, (d) 40, and (e) 80 mA cm�2. The scale bar was 20 lm.
spectroscopy (XPS; Sigma probe, Thermo, UK). The ratios of Ru to
Ir in the DSA were obtained by inductively coupled plasma-mass
spectroscopy (ICP-MS, NexION 350D, Perkin-Elmer, USA).

2.3. Electrochemical characterizations of the DSA

Electrochemical measurements were carried out using a poten-
tiostat (PGSTAT302N; AUTOLAB) with a three-electrode electro-
chemical cell configuration at 25 �C in an electrolyte solution
(0.1 M KOH or 0.1 M HClO4) saturated with Ar. A Pt sheet electrode
and a saturated calomel electrode (SCE) were used as the counter
electrode and reference electrode, respectively. All SCE potentials
in the acid and base were corrected to the reversible hydrogen
electrode (RHE). The DSAs were used as the working electrodes.
Cyclic voltammetry (CV) for the OER was conducted at a scan rate
of 10 mV s�1. The scan range of the CV was 1.2–1.65 V (vs. RHE).
The potentials from the CV experiment were corrected with iR
compensation. Also, stability test was conducted using chroamper-
ometry conducted at 10 mA cm�2 for 7200 s. To compare the sta-
bility, commercial RuO2 (Alfa Aesar Co., USA) was used as a
standard material.
3. Results and discussion

3.1. Preparation and characterizations of the RuO2/Ti electrode

The ED conditions, i.e., the applied current density and total
cycle number, can affect the morphology of the deposited elec-
trode. Therefore, the optimum deposition condition was derived
by attaining the RuO2 only; RuO2/Ti electrode. Fig. 2 shows the
SEM images of the pristine Ti mesh (Fig. 2a) and RuO2/Ti electrodes
(Fig. 2b–f), which were electrodeposited on the Ti mesh with dif-
ferent applied current densities of 10, 20, 30, 40, and 80 mA cm�2.
It was clearly seen that electrodeposited RuO2 film covered the Ti
mesh in all RuO2/Ti electrodes. However, these electrodes exhib-
ited different morphology based on their applied current density
during ED. As shown in Fig. S1, the different voltage profiles were
applied in the Ti mesh when the mesh was applied with a different
current density. This is attributed to the different nucleation and
growth rate according to current density during ED. When the cur-
rent density was 10 mA cm�2, low overpotential (Fig. S1a) and
nucleation rate were observed, leading to insufficient amount of
precursor solution with a 10 mM Ru precursor. The applied current densities were
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nuclei to develop a uniform thin film (Fig. 2b) (Bicelli et al., 2008).
The electrode obtained at the current density of 20 mA cm�2

exhibited an uniform RuO2 thin film on the Ti mesh owing to the
higher nucleation rate. However, much higher current density of
30, 40, and 80 mA cm�2 resulted in the formation of large particle,
or dendrites. Therefore, the applied current density of 20 mA cm�2

is suitable for the preparation of thin RuO2 film.
In addition, the RuO2/Ti electrodes with different total cycle

numbers were prepared to determine the effect of the total cycle
number on the morphology of the electrode. The morphologies of
the pristine Ti mesh and three RuO2/Ti electrodes obtained using
the total cycle numbers of 20 k, 40 k, and 160 k cycles are shown
in Fig. S2. As these electrodes were fabricated at the optimal cur-
rent density of 20 mA cm�2, as discussed above, their morpholo-
gies showed the RuO2 film covered the Ti mesh. For 20 k cycles,
the electrode exhibited an uncovered RuO2 film due to an insuffi-
cient amount of applied charge. With an increase from 20 k to
40 k, the thin RuO2 film completely covered the Ti mesh, resulting
in the fabrication of the RuO2/Ti electrode. However, the total cycle
number of 160 k cycles created an uneven RuO2 film, which was
attributed to an excessive charge. Thus, 40 k cycles is determined
to be the optimal cycle number.

Fig. 3 shows the SEM images and EDS elemental mapping of the
optimized RuO2/Ti electrode obtained with the ED current density
of 20 mA cm�2 and the total cycle number of 40 k cycles. This elec-
trode exhibited an uniform RuO2 film with a thickness of approxi-
mately 160 ± 30 nm (Fig. 3b). Also, EDS mapping showed that Ru
and O were well distributed on the Ti mesh (Fig. 3c–e), which
ensured the successful deposition of RuO2 on Ti. In addition, the
Ru 3d5/2 in XPS spectra showed that the peak position was approx-
imately 280.7 eV (Fig. S3), which was consistent with the peak of
RuO2 (Han et al., 2010). In the XRD pattern (Fig. S4), diffraction
peaks indexed to RuO2 were not observed, and the intensity of
the peaks of the Ti mesh was reduced, indicating that the prepared
RuO2 film covered the Ti mesh and had an amorphous phase.

3.2. Preparation and characterizations of the (RuO2-IrO2)/Ti electrodes

The (RuO2-IrO2)/Ti electrodes were fabricated using co-
electrodeposition, which is ED using a precursor solution with
two types of precursors (Ru and Ir). In co-electrodeposition, the
Fig. 3. (a) FE-SEM image of the RuO2/Ti electrode. Image (b) shows the FIB-SEM cross-sec
of the large-scale RuO2/Ti electrode: (c) Ru, (d) Ir, (e) O, and (f) Ti. The applied current d
ratio of the Ru to Ir precursors in the ED solution can influence
the composition of the (RuO2-IrO2)/Ti electrodes. Thus, various
uniform (RuO2-IrO2)/Ti electrodes with different compositions
were prepared by modifying the ratio of Ru to Ir in the precursor
solution (8:2, 7:3, 6:4, 5:5, and 4:6). The applied current density
and total cycle number were 20 mA cm�2 and 40 k cycles, respec-
tively, as previously optimized. The DSAs were denoted as A_B,
where A_B represents the ratio of the Ru to Ir precursors in the
ED solution.

Fig. 4 shows the FE-SEM images of the prepared (RuO2-IrO2)/Ti
electrodes obtained with different ED solutions (8_2, 7_3, 6_4, 5_5,
and 4_6). When prepared at the optimized current density of
20 mA cm�2, all electrodes exhibited a similar morphology to that
of the RuO2/Ti electrode (10_0) that had a uniform thin film on the
Ti mesh. Despite the different ED solution, the five different elec-
trodes showed a similar voltage profile during ED, which is due
to same nucleation and growth rate with constant current density
of 20 mA cm�2 (Fig. S5). Fig. S6 shows the cross-sectional images of
the (RuO2-IrO2)/Ti electrodes using an FIB-SEM analysis. All elec-
trodes contained a RuO2-IrO2 film with a uniform thickness rang-
ing from 160 ± 50 nm. EDS mapping (Fig. S7) showed that the
materials covering the Ti mesh consisted of Ru, Ir, and O. Table 1
lists the composition (ratio of Ru to Ir) in the (RuO2-IrO2)/Ti elec-
trodes measured using ICP-MS. The ratio of Ru to Ir increased with
the increased ratio of the Ru precursor in the precursor solution.
Therefore, the 8_2 electrode consisted of the highest RuO2 ratio
in the electrode.

XRD and XPS analyses were carried out to investigate the struc-
tural properties of the (RuO2-IrO2)/Ti electrodes and the oxidation
state of Ru and Ir in the (RuO2-IrO2)/Ti electrodes. Fig. 5a shows the
XRD spectra of the (RuO2-IrO2)/Ti electrodes (8_2, 7_3, 6_4, 5_5,
and 4_6). However, in the XRD spectra, it was difficult to find a
peak corresponding to Ru, RuO2, Ir, or IrO2. The XRD spectra of
the (RuO2-IrO2)/Ti are almost same with the XRD spectrum of pris-
tine Ti mesh. These results were similar to the XRD results of the
RuO2/Ti electrode shown in Fig. S4, indicating that prepared DSA
has amorphous phase. Amorphous RuO2 has been reported to exhi-
bit improved OER performance compared to crystalline RuO2

owing to its structural flexibility (Tsuji et al., 2011; Reier et al.,
2012). While the crystalline RuO2 can be deposited when using
general ED method, the pulse ED method with longer off time
tional view of the RuO2/Ti electrode. Images (c–e) show the EDS elemental mapping
ensity and total cycles were 20 mA cm�2 and 160 k cycles, respectively.



Fig. 4. FE-SEM images of the (a) pristine mesh and (b–f) DSA electrodes prepared with different ratios of Ru:Ir precursor solution: (b) 8_2, (c) 7_3, (d) 6_4, (e) 5_5, and (f) 4_6.
The scale bar was 20 lm.
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resulted in the fabrication of amorphous RuO2. Therefore, the DSA
prepared in this study were expected to have a higher activity than
the OER electrode having crystallinity. The tiny peaks at around 42�
in the XRD spectra of (RuO2-IrO2)/Ti indicate that the Ti mesh may
be slightly oxidized due to ED. Fig. 5b–c shows the Ru 3d and Ir 4f
XPS spectra of the (RuO2-IrO2)/Ti electrodes (8_2, 7_3, 6_4, 5_5,
and 4_6). Each Ru 3d peak of the (RuO2-IrO2)/Ti electrodes
appeared at approximately the same position, indicating that the
Ru oxidation state of each electrode was the same. The position
of each Ru 3d5/2 peak was approximately 280.7 eV, indicating that
Ru was present as RuO2, not as Ru metal. Each Ir 4f peak of the DSA
also appeared at approximately the same position; thus, the Ir oxi-
dation states of each electrode were the same. The position of each
Ir 4f7/2 peak was shown at approximately 61.6 eV, which means
that Ir was also present as IrO2. It was confirmed that the (RuO2-
IrO2)/Ti electrodes with the same oxidation state could be synthe-
sized regardless of the ratio of Ru to Ir when they were fabricated
using this ED method with the amorphous phase of RuO2 and IrO2.
The surface composition of the (RuO2-IrO2)/Ti electrodes (8_2, 7_3,
6_4, 5_5, and 4_6) obtained from XPS is summarized in Table 2. The
surface composition of the (RuO2-IrO2)/Ti electrodes was almost
the same as the Ru and Ir ratios of the ED solution. As the Ru pre-
cursor ratio increased, the atomic percent of Ru increased, which is
consistent with the ICP-MS result. Therefore, it was confirmed that
the ED method proposed in this study can control the surface com-
position by controlling the ratios of Ru and Ir precursor.

3.3. Electrochemical characterizations of the DSA

The CV experiment results of the RuO2/Ti electrode (10_0) and
(RuO2-IrO2)/Ti electrodes with different Ru to Ir ratios in the alka-
line and acidic electrolytes are shown in Fig. 6. To compare the per-
formance of each electrode, the overpotential was calculated from
the voltage at 10 mA cm�2. In the acidic electrolyte (Fig. 6a), the
overpotentials of 10_0, 8_2, 7_3, 6_4, 5_5, and 4_6 were 216 mV,
248 mV, 258 mV, 266 mV, 268 mV, and 277 mV, respectively. The
Table 1
Ratios of Ru to Ir in the DSA electrodes measured using ICP-MS.

8_2 7_3

Ru:Ir 3.4:1 2.3:1
results showed that the OER performance increased with an
increasing RuO2 ratio in acidic medium. Many researchers have
concluded that RuO2 is considered superior to IrO2 in terms of
the OER performance in both acidic and alkaline electrolyte
because theoretical overpotential of RuO2 for OER is lower than
that of IrO2 (Suen et al., 2017; Fabbri et al., 2014). Hence, as the
ratio of RuO2 increases, the OER performance increases and it has
been reported that RuIrOx electrodes have a higher OER perfor-
mance as the ratio of RuO2 is higher (Audichon et al., 2014;
Pham et al., 2015). For the alkaline electrolyte (Fig. 6b), this ten-
dency is the same as that in the acidic electrolyte. These results
are also due to the fact that RuO2 is more active than IrO2 in alka-
line electrolyte (Suen et al., 2017; Cherevko et al., 2016). However,
it was confirmed that 10_0 showed a poor performance. The over-
potentials of the other electrodes were 303 mV, 310 mV, 358 mV,
398 mV, and 430 mV for 8_2, 7_3, 6_4, 5_5 and 4_6, respectively.
These results were because the stability of 10_0 was degraded in
the alkaline electrolyte. The RuO2 has been reported to dissolve
more rapidly in the alkaline electrolytes than the IrO2 because,
under anodic potential, the RuO2 is more easily oxidized to the
RuO4 than the IrO2 (Cherevko et al., 2016). In Fig. S8, 10_0 showed
a stable performance in the acidic electrolyte; however, the perfor-
mance decreased rapidly in only 3 cycles in the alkaline electrolyte.
Conversely, 8_2 showed a stable OER performance in both acidic
and alkaline electrolytes because the IrO2 which is more stable
than RuO2 was mixed in the electrode. Ru and RuO2 have a low sta-
bility despite the high OER performance. Therefore, to improve the
stability of RuO2, a mixture of RuO2 and IrO2 was proposed and the
durability could be improved only by mixing a small amount of
IrO2 (Audichon et al., 2014). As a result of optimization, the
RuO2/Ti electrode (10_0) and (RuO2-IrO2)/Ti electrode (8_2)
showed the highest performance in the acidic and alkaline elec-
trolytes, respectively. For an objective performance evaluation,
the OER performances of 10_0 in the acidic electrolyte and 8_2 in
the alkaline electrolyte were compared to that of the Ru or Ir-
based electrodes reported in other studies (McCrory et al., 2013,
6_4 5_5 4_6

1.9:1 1.4:1 0.5:1



Table 2
Atomic percent of the (RuO2-IrO2)/Ti electrodes measured using XPS.

8_2 7_3 6_4 5_5 4_6

Ru Atomic percent (%) 82.5 77.8 56.8 53.8 37.0
Ir Atomic percent (%) 17.5 22.2 43.2 46.2 63.0

Fig. 6. Polarization curves of the RuO2/Ti electrode (10_0) and (RuO2-IrO2)/Ti electrodes (8_2, 7_3, 6_4, 5_5, and 4_6) for the OER in (a) acidic and (b) alkaline electrolytes.

Fig. 5. (a) XRD patterns of the (RuO2-IrO2)/Ti electrodes and Ti mesh, and XPS spectra of (b) Ru 3d and (c) Ir 4f of the (RuO2-IrO2)/Ti electrodes.
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2015; Mattos-Costa et al., 1998; Zhao et al., 2013; Song and Hu,
2014; Ma et al., 2015; Salvatore et al., 2017; Browne et al., 2016).
The results are listed in Table S1. The 10_0 and 8_2 electrodes
showed excellent performance in spite of the small amount of
metal loading (0.01 mg cm�2), and the DSA electrode manufac-
tured by this method was suitable as the OER electrode. Therefore,
the DSA electrode fabricated in this study could be used in practical
applications of electrolysis in the future.
3.4. Preparation and characterizations of large-scale DSA in acidic
medium

Two large-scale DSA electrodes (10_0 and 8_2) were prepared
to determine the feasibility of their application in a practical
device. As the electrode area increased from 1 to 5 cm2, a longer
total cycle number was required to increase the applied charge.
First, longer total cycle numbers (160 k, 240 k, and 400 k cycles)
were examined to fabricate the 10_0 electrode with a uniform
RuO2-IrO2 film. For 160 k cycles, the large-scale 10_0 electrode
exhibited a uniform morphology. However, more cycles than
160 k resulted in the formation of dendrites on the electrode, as
shown in Fig. S9. These results indicated that the optimal cycle
number was 160 k. Figs. 7 and S10 show the morphology, EDS
mapping, and photograph of the optimized large-scale 10_0 elec-
trode. This electrode showed a similar morphology to that of the
10_0 electrode (Fig. 4) and a uniform RuO2 film thickness of
approximately 300 ± 50 nm. As shown Fig. S11, the entire area of
10_0 showed a uniform morphology. XRD showed a similar spec-
trum to that of the 10_0 electrode (Fig. S12a). Moreover, EDS map-
ping (Fig. 7c–e) and XPS spectra (Fig. S12b) also showed Ru, Ir, and
O atoms distributed on the film. In addition to the 10_0 electrode,
the large-scale 10_0 electrode exhibited an outstanding perfor-
mance and stability in the acidic medium (210 mV at 10 mA�cm�2),
as shown in Figs. S13 and S14. As a result, it was confirmed that the
large scale 10_0 has almost the same performance as the small
scale 10_0, and that it does not change even when the scale of
the DSA electrode is increased.
3.5. Preparation and characterizations of large-scale DSA in alkaline
medium

Fig. 8 shows the FE-SEM and FIB-SEM images and EDS mapping
of the large-scale 8_2 electrode. Large-scale 8_2 obtained using the
cycle number of 160 k also contained a RuO2-IrO2 filmwith a thick-
ness of approximately 320 ± 20 nm on the Ti mesh (Fig. S15), as the
investigation of the total cycle numbers showed (Fig. S16). The
peaks in the XRD results of the large-scale 8_2 electrode were
smaller than those of the 8_2 electrode, indicating that a thicker
RuO2-IrO2 film was formed on the Ti substrate (Fig. S17a). As
shown in the EDS mapping (Fig. 8c-f) and XPS spectra (Fig. S17b–
c), this electrode consisted of RuO2 and IrO2. The measured ratio
of Ru to Ir using ICP-MS analysis was 3.2:1. This 8_2 electrode



Fig. 7. (a) FE-SEM image of the large-scale 10_0 electrode. Image (b) shows the FIB-SEM cross-sectional view of the large-scale 10_0 electrode. Images (c–e) show the EDS
elemental mapping of the large-scale 10_0 electrode: (c) Ru, (d) O, and (e) Ti. The applied current density and total cycles were 20 mA cm�2 and 160 k cycles, respectively.

Fig. 8. (a) FE-SEM image of the large-scale 8_2 electrode. Image (b) shows the FIB-SEM cross-sectional view of the large-scale 8_2 electrode. Images (c–e) show the EDS
elemental mapping of the large-scale 8_2 electrode: (c) Ru, (d) Ir, (e) O, and (f) Ti. The applied current density and total cycles were 20 mA cm�2 and 160 k cycles, respectively.
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showed a high catalytic activity (303 mV at 10 mA�cm�2) and sta-
bility in the acidic medium (Figs. S18 and S19). In conclusion, the
performance of large scale 8_2 is almost the same as that of small
scale 8_2 and it was confirmed that the same DSA electrode could
be fabricated even when the scale of (RuO2-TiO2)/Ti electrode was
increased. Therefore, the large-scale DSA electrode is a good candi-
date for the practical oxygen evolution electrode in both acidic and
alkaline media.
4. Conclusions

DSA electrodes with a mesh substrate were synthesized as an
oxygen evolution electrode using ED. The investigation of the ED
conditions (applied current density and total cycle number) and
precursor ratio in the ED solution determined the optimal ratio
of Ru to Ir in the DSA electrode to investigate the effect of the Ir
content on the catalytic activity and stability. The 10_0 electrode
exhibited the highest activity in the acidic medium owing to the
high amount of RuO2. While the 10_0 electrode showed an unsta-
ble performance in the alkaline medium, which was attributed to
the dissolution of RuO2, the 8_2 electrode exhibited the highest
performance. Therefore, a high amount of RuO2 showed an
increased catalytic activity in both acidic and alkaline media. How-
ever, the presence of Ir led to stability in the alkaline medium, pre-
venting the dissolution of Ru. In addition, two large-scale DSA
electrodes (10_0 in the acidic medium and 8_2 in the alkaline med-
ium) showed outstanding performance. Therefore, this facile and
reproducible method could be used to prepare a large-scale oxygen
evolution electrode in acidic and alkaline electrolytes.
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