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Abstract A novel IrO2 anode on titanium substrate with

iridium–titanium oxide interlayer (Ti/IrOx–TiO2/IrO2) was

prepared and investigated for oxygen evolution. IrOx–TiO2

interlayer was coated on titanium substrate by impregna-

tion-thermal decomposition method from a mixture of TiN

nanoparticles and H2IrCl6 solution at 500 �C. The results

showed that the service life of Ti/IrOx–TiO2/IrO2 was a

factor of six times longer than that of Ti/IrO2, which was

attributed to the IrOx–TiO2 interlayer, it could form a

metastable solid solution between IrOx and thin titanium

oxide layer on titanium substrate during calcination. The

interlayer contributed to the decrease in migration rate of

oxygen atom or molecule toward substrate and the increase

in bonding force among IrO2 layer, interlayer, and sub-

strate. Therefore, besides keeping high electrocatalytic

activity, the service life of Ti/IrOx–TiO2/IrO2 electrode was

greatly improved, and its overall electrocatalytic perfor-

mance for oxygen evolution was increased as well.

Keywords Titanium nitride � Iridium oxide �
Titanium oxide � Interlayer �
Dimensional stable anode (DSA) � Service life

1 Introduction

Rutile IrO2 behaves like a metal material, which has a high

electronic conductivity at room temperature, thereby it is

widely used as O2 and Cl2 evolution electrode, oxidation

resistance coating and pH sensor material [1–6]. In the past

decades, IrO2-based metallic oxide catalysts for oxygen

evolution have attracted much attention. Normally, IrO2 is

regarded as a very stable and excellent metallic oxide in

acidic solutions with high electrocatalytic activity and

corrosion resistance for oxygen evolution [7–9]. Used as an

electrode, IrO2 is generally coated on titanium substrate,

forming a traditional dimensional stable anode (DSA).

However, except the advantage of low oxygen-evolution

overpotential, the stability of Ti/IrO2 electrode is not sat-

isfying. The deterioration of titanium substrate easily

occurs at high current density in corrosive electrolytes,

such as in H2SO4 solution, shortening the service life of

electrode. Moreover, oxygen-evolution overpotential and

corrosion rate of Ti/IrO2 electrode can be unfavorably

increased in electrolytes containing organic species [10].

In order to increase the lifetime and decrease the cost of

coating, some non-conductive stabilizing agents are nec-

essarily added. In general, Ta2O5, TiO2, ZrO2, and SnO2

are used as stabilizing or dispersing components in IrO2-

coated DSA [11–18]. A Ti/IrO2–Ta2O5 electrode (7:3

molar ratio of Ir/Ta) has been reported to present the

highest electrocatalytic activity and the longest service life

in acidic media [19].

In addition, the service life of Ti/IrO2 can also be

improved by adding interlayers, such as tantalum, tin, and

titanium metallic oxide or nitride, etc. [20–22]. The inter-

layer can prevent or delay the oxygen atom or molecule

penetrating into the titanium substrate, and consequently

protect the substrate from corrosion. However, there are

still some disadvantages. On the one hand, the different

preparation methods for interlayer and IrO2 coating lead to

a very complicated preparation process; on the other hand,

the interfaces among titanium substrate, interlayer and IrO2
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coating are probably lack of gradient changes in compo-

sition and structure, resulting in a limited bonding force.

In our previous work [23], a nano-scale IrOx–TiO2

powder with a 1:6.5 atomic ratio of Ir/Ti had been syn-

thesized from TiN nanoparticle precursors via impregna-

tion-thermal decomposition method. In this binary oxide,

TiO2 served as a dispersing agent, and IrOx as an active

material; its good conductivity and high homogeneous

dispersion with metastable solid solution characteristic

made IrOx–TiO2 superior to IrO2 for oxygen-evolution

process [23]. On the base of nano-scale IrOx–TiO2 catalyst,

we prepared a new Ti/IrOx–TiO2/IrO2 electrode with IrOx–

TiO2 as interlayer, using the same preparation method for

interlayer and surface layer to avoid the complicated

preparation process. Here, interlayer acted as a gradient

layer in composition and structure, to expect the compa-

rable catalytic activity and longer durability for new elec-

trode in H2SO4 solution. In this article, compared with the

traditional Ti/IrO2 electrode, electrochemical performance

and physical characterization of novel Ti/IrOx–TiO2/IrO2

electrode were investigated, and the possible reasons were

tried to be explained.

2 Experimental

2.1 Powder preparation

To compare the function of TiN nanoparticle in precursor

solution, sample A was prepared by heating 1 g TiN

nanoparticles (99%, 20 nm, HFKILN China) at 500 �C in

air atmosphere for 2 h. At the same time, sample B was

prepared with the following procedure: impregnating 1 g

TiN nanoparticles into a mixture of 16 mL n-butanol and

2 mL hydrochloric acid (37 wt%) (here it was called TiN

nanoparticle precursor solution without H2IrCl6), dried at

120 �C for 3 h to allow solvent vaporize, then calcining at

500 �C in air atmosphere for 2 h, finally TiO2 nanoparti-

cles were obtained.

2.2 Electrode preparation

Prior to an experiment, a commercial TA2 titanium plate

(25 9 25 9 2 mm), used as the substrate of oxide coating,

was degreased and etched in a 10 wt% oxalic acid solution

at 98 �C for 3 h, and then cleaned in deionized water.

Sample C was prepared with the following procedure:

obtaining the same TiN nanoparticle precursor solution

without H2IrCl6 as sample B, brushing this solution on a

titanium plate, drying at 120 �C for 10 min, then calcining

at 500 �C in air atmosphere for 15 min. The processes of

brushing, drying, and calcinating were repeated again to

obtain the Ti/TiO2 electrode coated two times (sample C).

H2IrCl6 solution was prepared by dissolving 2 mL

H2IrCl6�6H2O (35 wt% Ir, from PGMCHINA) into a

mixture of 13.9 mL n-butanol and 2 mL hydrochloric acid

(37 wt%), which was used as the coating solution. TiN

nanoparticle precursor solution with H2IrCl6 was prepared

by mixing 32 mg TiN nanoparticles into 2 mL H2IrCl6
solution described above. Prior to coating, the precursor

solution was ultrasonically dispersed for 1 h.

Thermal decomposition method was employed to pre-

pare the oxide interlayer and coating. Titanium plate was

brushed with TiN nanoparticle precursor solution with

H2IrCl6 at room temperature, dried at 120 �C for 10 min,

and then calcined at 500 �C for 15 min; repeating brush-

ing–drying–calcinating procedure with required times to

obtain the IrOx–TiO2 interlayer.

Comparing electrocatalytic and stable performance of

IrOx–TiO2 interlayer coated twice with that coated more

times, the former was better. This could be attributed to

more TiO2 in IrOx–TiO2 interlayer coated more times,

leading to less conductivity of interlayer, hence all inter-

layers were prepared by coating twice later. This Ti/IrOx–

TiO2 electrode was used as sample D.

Following that, on IrOx–TiO2 interlayer, a brushing

H2IrCl6 solution–drying–calcinating procedure was repe-

ated three times to obtain Ti/IrOx–TiO2/IrO2 coating elec-

trode (sample E-1, totally coated five times). Sample E-2

was prepared by the same procedure as E-1 until total oxide

loading was about 10 g m-2, generally repeating 18 times

(totally coated 20 times). For comparison, two Ti/IrO2

electrodes (samples F-1 and F-2) were prepared by the

same procedure as samples E-1 and E-2 except no inter-

layer, i.e., brushing H2IrCl6 solution five times and 20

times, respectively, directly on titanium plate.

Finally, all samples were annealed at 500 �C for 1 h.

2.3 Electrochemical measurement

Anodic polarization curve was measured by using a con-

ventional three-electrode cell in 0.5 mol dm-3 H2SO4

solution at room temperature. Ti/IrOx–TiO2/IrO2 coating

electrode (sample E-2) and Ti/IrO2 electrode (sample F-2)

were used as anode, respectively, both with a 1 cm2

working area. A 4 cm2 platinum sheet and a saturated

calomel electrode (SCE) were used as cathode and refer-

ence electrode. All potentials reported here were referred to

SCE.

Before polarization tests, solution ohmic resistance (Rs)

was measured by electrochemical impedance spectrum

(EIS) at open circuit potential, which was the value of the

real part of impedance measured at the highest frequency.

Polarization curves were corrected by subtracting the

solution ohmic drop. An EG&G PAR Model 2263 Poten-

tiostat/Galvanostat controlled by PowerSuite software was
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used for polarization and EIS measurements. Polarization

tests were carried out from open circuit potential in a

positive-going sweep at the scan rate of 1 mV s-1.

2.4 Physical characterization

Surface morphology of electrodes was observed with a

scanning electron microscope (SEM; XL30, Philips),

including titanium substrate etched by a 10 wt% oxalic

acid solution, samples C, D, E-1, F-1, E-2, and F-2 before

deterioration, as well as samples E-2 and F-2 after deteri-

oration, respectively. Surface composition of samples E-2

and F-2 after deterioration was examined by energy-dis-

persive spectrometry (EDS; PHOEN IX, Edax). X-ray

diffraction (XRD) patterns of electrodes were measured

using a Cu Ka radiation system (40 kV, 100 mA, 6�min-1,

D8 ADVANCE, BRUKER), including titanium substrate

etched by a 10 wt% oxalic acid solution, titanium substrate

etched and then heated at 500 �C in air atmosphere, sam-

ples A, B, C, D, E-2, and F-2.

2.5 Accelerated life test

Electrochemical durability of coatings, on a laboratory

scale, was evaluated by accelerated life test [24]. A

10 9 10 9 2 mm test sample cutting from a large area

coating used as a working electrode was installed on a

titanium clamp. A titanium plate with large area was used

as a counter electrode. Cell voltages of samples E-1 and

F-1 were detected as a function of time for galvanostatic

electrolysis at 2.0 A cm-2 in 2.0 mol dm-3 H2SO4 solu-

tion at 30 �C, whereas cell voltages of samples E-2 and F-2

were detected at 3.0 A cm-2 in 4.0 mol dm-3 H2SO4

solution at 30 �C in order to reduce the test time. A dc

power supply was used to provide a constant current. Here,

the service life of an electrode was defined as the total

electrolysis time before cell voltage was below 5.0 V under

above operating conditions.

In order to compare the corrosion resistance, electrolysis

process was interrupted for 12 h every time, once for

sample F-2 at ca. 190 h, twice for sample E-2 at ca. 190 h

and 440 h. Electrodes were still immerged in H2SO4

solution during interrupted power.

3 Results and discussion

3.1 SEM images

Figure 1a showed typical scanning electron micrographs

for freshly etched titanium substrate. It was characterized

by the presence of pockmarks, which could increase

bonding force between active material and substrate metal

[25]. Figure 1b (sample C) showed a porous titanium

substrate with a number of granulated agglomerates settled

in pockmarks, which were TiO2 coming from TiN oxida-

tion. It was a pity that a part of pockmarks could not be

filled with TiN nanoparticles due to the ununiformity by

manual brushing. After loading iridium oxide catalyst,

Fig. 1c (sample D) indicated that the granulated agglom-

erates connected together into a smooth layer with some

mud-cracks and small catalyst particles dispersing on sur-

face, which was in agreement with previous report for IrO2

electrode [26, 27].

Typical mud-cracks were also observed in Fig. 2a, b

(sample F-1, sample E-1), which generally provide the

space for smooth release of oxygen bubbles. Compared

Fig. 2a with Fig. 2b, the cracks on surface of sample E-1

not only became relatively narrow and shallow, but also

increased in number, with well-grown crystallites dispers-

ing more uniformly.

After brushing more times, the mud-cracks on Ti/IrOx–

TiO2/IrO2 coating became inconspicuous, and its surface

morphology was very similar to that of Ti/IrO2 coating,

with a granular-like morphology consisting of innumerable

small crystallites and micropores, as shown in Fig. 3a, b.

This structure could effectively block oxygen atom or

molecule penetrating into the titanium substrate, and was in

favor of a larger surface area as electrode material.

Compared with Ti/IrO2 coating, micropores on surface of

Ti/IrOx–TiO2/IrO2 coating were smaller, IrO2 crystallite

grains were more uniformly dispersed, and its average

crystal size was finer.

3.2 XRD analysis

Figure 4a showed the XRD pattern of titanium substrate

etched in 10 wt% oxalic acid. In addition to titanium metal

peaks from the substrate, titanium hydride peaks were also

present. After heated in air atmosphere at 500 �C, titanium

hydride was decomposed, and rutile TiO2 was formed on

titanium substrate, as shown in Fig. 4b.

Figure 4c showed the XRD pattern of TiO2 powder

made from TiN nanoparticle heated in air atmosphere at

500 �C (sample A). XRD analysis indicated that the pow-

der was mainly composed of anatase TiO2 with a small

quantity of rutile TiO2 present. However, after impreg-

nating TiN nanoparticles with a mixture of n-butanol and

hydrochloric acid and heated at 500 �C (sample B), rutile

TiO2 was predominantly formed (see Fig. 4d), revealing

that alcoholic solvent benefited the phase transformation of

TiO2. Moreover, after coating the same TiN nanoparticle

precursor solution as sample B on etched titanium plate to

obtain Ti/TiO2 electrode (sample C), its XRD result (see

Fig. 4e) was similar to Fig. 4d, indicating that TiN could

be converted into rutile TiO2.
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Figure 4f showed XRD pattern of sample D with IrOx–

TiO2 coated on etched titanium substrate. In addition to

titanium metal peak from substrate, other two broad and

symmetric IrO2 peaks were found. Judging from peak

positions, they corresponded with the rutile structure,

indicating that TiO2 and IrO2 formed a binary solid solu-

tion in a rutile phase [26].

Similar XRD patterns of Ti/IrO2 (samples F-2) and Ti/

IrOx–TiO2/IrO2 (sample E-2) were shown in Fig. 5a, b.

Compared with Fig. 5a, b revealed that the addition of

Fig. 1 Scanning electron micrographs of coating surfaces. a Tita-

nium substrate etched by a 10 wt% oxalic acid solution, b Ti/TiO2

electrode coated two times (sample C), and c Ti/IrOx–TiO2 electrode

coated two times (sample D). Magnification: 95,000

Fig. 2 Scanning electron micrographs of coating surfaces. a Ti/IrO2

electrode coated five times (sample F-1), b Ti/IrOx–TiO2/IrO2 coating

electrode coated five times (sample E-1). Magnification: 95,000
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IrOx–TiO2 interlayer did not change the phase structure of

IrO2 coating. Therefore, addition of IrOx–TiO2 interlayer

was probably prone to forming a metastable solid solution

between titanium oxide layer on etched titanium substrate

and IrO2 active surface during calcination.

Average crystal size of rutile grains in Ti/IrOx–TiO2/

IrO2 coating (sample E-2) was 14.9 nm (see Fig. 5b) and

17.5 nm (see Fig. 5a) in Ti/IrO2 coating (sample F-2),

calculated by means of the Scherrer equation [28], agreeing

with the surface micrographs of coatings (see Fig. 3a, b).

3.3 Polarization behavior

Figure 6 showed the anodic polarization curves of Ti/IrO2

(sample F-2) and Ti/IrOx–TiO2/IrO2 (sample E-2) elec-

trodes in 0.5 mol dm-3 H2SO4 at room temperature.

Electrocatalytic characteristic of Ti/IrOx–TiO2/IrO2 elec-

trode was nearly the same as that of Ti/IrO2, but its oxygen-

evolution potential was apparently lower than that of

Ti/IrO2 over examined current densities range. Therefore,

overall electrocatalytic activity of Ti/IrOx–TiO2/IrO2 elec-

trode was improved after adding interlayer.

Considering surface morphology and polarization

behavior of Ti/IrOx–TiO2/IrO2 electrode, its high electro-

catalytic activity could be correlated with slightly finer

crystals and more uniform dispersion of IrO2 particles on

coating surface [29].

3.4 Accelerated life test

To compare the electrochemical stability, accelerated life

tests were performed for Ti/IrOx–TiO2/IrO2 (sample E-1)

and Ti/IrO2 (sample F-1) electrodes, shown in Fig. 7.

Ti/IrOx–TiO2/IrO2 electrode showed a six times longer

service life than that of Ti/IrO2, with the former lasting

about 135 h whereas the latter only 22 h. It indicated that

the electrochemical stability of Ti/IrOx–TiO2/IrO2 elec-

trode was far superior to that of Ti/IrO2 under the same

conditions.

In addition, the increment in coating thickness was also

an effective way to obtain a long service life for IrO2

electrode, and increasing coating times could do this and

decrease the surface cracks [24]. Figure 8 showed the

accelerated life tests for Ti/IrOx–TiO2/IrO2 (sample E-2)

Fig. 3 Scanning electron

micrographs of coating surfaces.

a Ti/IrO2 coated 20 times

(sample F-2), b Ti/IrOx–TiO2/

IrO2 coated 20 times

(sample E-2). Top two

(low magnification): 95,000,

bottom two (high magnifi-

cation): 920,000
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and Ti/IrO2 (sample F-2) electrodes. The service life of two

electrodes (coated 20 times) in Fig. 8 became obviously

longer than those (coated five times) in Fig. 7. In order to

compare the corrosion resistance, electrolysis process was

interrupted for 12 h, once at about 190 h for Ti/IrO2

electrode, twice at about 190 h, and 440 h for Ti/IrOx–

TiO2/IrO2 electrode, respectively. A sharp increase of cell

voltage was observed for Ti/IrO2 electrode after current
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powder from TiN nanoparticle heated at 500 �C (sample A), d TiO2

powder from TiN nanoparticle precursor solution without H2IrCl6
heated at 500 �C (sample B), e Ti/TiO2 coated two times (sample C),

and f Ti/IrOx–TiO2 coated two times (sample D)
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was interrupted, finally lasting 256 h. This revealed the

damage to titanium substrate by strong corrosive H2SO4

solution, so the deterioration process was accelerated.

Contrarily, the cell voltage of Ti/IrOx–TiO2/IrO2 electrode

was not obviously changed after interrupting power, i.e.,

titanium substrate was resistant to corrosion owing to the

presence of interlayer, finally lasting about 556 h. In a

word, though Ti/IrOx–TiO2/IrO2 electrode had a similar

surface morphology as Ti/IrO2 electrode, the presence of

an interlayer could greatly increas the substrate protection

from deterioration. However, considering the cost, coating

less times seemed more profitable than more times.

Therefore, it needed comprehensive evaluation between

low cost and long service life.

SEM images of Ti/IrO2 (sample F-2) and Ti/IrOx–TiO2/

IrO2 (sample E-2) electrodes after deterioration were

shown in Fig. 9a, b. Some surface coating fell off, and

titanium substrate was corroded for two electrodes. How-

ever, by comparison, coating of Ti/IrO2 electrode was more

easily lost than that of Ti/IrOx–TiO2/IrO2, indicating of a

good bonding force between coating and substrate for

Ti/IrOx–TiO2/IrO2. Moreover, at the end of the accelerated

life test, EDS results for coating surface revealed that
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iridium content was still high, nearly 70%; this indicated

that the degradation must be attributed to substrate pas-

sivation instead of coating detachment, conforming to SEM

results of Fig. 9a, b. Therefore, it was because the inter-

faces among titanium substrate, interlayer and surface IrO2

layer had gradient changes in composition and structure

that a strong bonding force between coating and substrate

was formed.

In general, DSA coating on titanium substrate may form

three kinds of different interfaces, that is, coherent inter-

face, semi-coherent interface, and noncoherent interface.

Coherent bonding could enhance the adhesive strength of

the coatings [30]. Here, Ti/IrOx–TiO2/IrO2 electrode was

made up of a multilayered oxide coating, this might benefit

the coherent epitaxial growth in respect that two materials

had the same crystal structure and approximate lattice

constant. Furthermore, an alternating strain field was

formed in multilayers due to lattice mismatch between two

coherent layers. This strain field and the different dislo-

cation line energies of per unit length in two layers due to

modulus difference inhibited the movement of dislocation,

and thus strengthened the multilayers [31, 32]. Recently, it

was found that metastable phases could be formed in

multilayers owing to ‘‘template effect,’’ which meant that

the former deposited layer had a strong influence on crystal

structure of a newly deposited layer during the growth of

multilayers [33].

Next to titanium substrate, an electro-conductive thin

titanium oxide layer (20–50 nm) was formed during cal-

cination. It consisted of a mixture of TiO2, Ti2O3, and TiO

from substrate oxidation, even rutile TiO2 from TiH2 oxi-

dation, which could protect substrate from corrosion [21].

As for a traditional Ti/IrO2 anode, IrO2 and TiO2 had the

same rutile structure, and approximate lattice constant

(IrO2, a = b, 0.4498 nm; c, 0.3154 nm; TiO2, a = b,

0.4592 nm; c, 0.2958 nm); thus a coherent IrO2–TiO2

structure might be formed between thin titanium oxide

layer and IrO2 layer, and the multilayer was ultimately

strengthened. And what is more, when TiN nanoparticle

was added into the precursor solution for Ti/IrOx–TiO2/

IrO2 electrode, the oxidation of TiN, if it occurred, formed

rutile TiO2 and left behind a considerable structure vacancy

as a consequence of nitrogen-escaping [34], which helped

active material permeate mutually among titanium sub-

strate, interlayer and surface IrO2 layer.

It is well known that the fast migration rate of oxygen

atom or molecule can accelerate the formation of a TiO2

insulating layer between titanium substrate and coating,

leading to electrode easily passivated [35]. Therefore, for

Ti/IrO2 electrode, those wide and deep cracks, made oxy-

gen easily penetrate into titanium substrate, and its service

life was eventually shortened. On contrary, the service life

of Ti/IrOx–TiO2/IrO2 electrode was much longer than

Ti/IrO2 electrode. On the one hand, the oxidation of TiN

caused interlayer considerably expand [36], so that the

surface cracks became relatively narrow and shallow. On

the other hand, the formation of IrOx–TiO2 solid solution

and coherent interface among the thin titanium oxide layer,

IrOx–TiO2 interlayer and IrO2 layer prevented oxygen

migration.

When increasing coating times, coating thickness of

Ti/IrO2 increased, its surface morphology was gradually

changed from cracks into a granular-like structure with

innumerable small crystallites and micropores, which could

delay the penetration of oxygen to some degree. However,

Fig. 9 SEM images of electrodes after deterioration a Ti/IrO2 coated

20 times (sample F-2), b Ti/IrOx–TiO2/IrO2 coated 20 times (sample

E-2), Magnification: 9500
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it could not resist strong corrosion from H2SO4 solution in

accelerated life test. In contrast, Ti/IrOx–TiO2/IrO2 elec-

trode was found the excellent corrosion resistance in this

study in any case. Therefore, this interlayer from TiN

nanoparticle was eventually proved an effective way.

4 Conclusions

A novel titanium substrate IrO2 anode with iridium–tita-

nium oxide interlayer (Ti/IrOx–TiO2/IrO2) was prepared

and investigated for oxygen evolution by physical charac-

terization and electrochemical tests. Moreover, the elec-

trocatalytic activity and service life of Ti/IrOx–TiO2/IrO2

electrode was compared with traditional Ti/IrO2 electrode.

When TiN nanoparticle was introduced into the pre-

cursor solution for Ti/IrOx–TiO2/IrO2 electrode, active

material permeated mutually among titanium substrate,

interlayer and surface IrO2 layer; IrOx–TiO2 solid solution

and coherent interface were formed after calcination.

Therefore, compared with Ti/IrO2 electrode, besides

keeping high electrocatalytic activity, the service life of

Ti/IrOx–TiO2/IrO2 electrode was evidently longer. Finally,

it could be concluded that overall electrocatalytic perfor-

mance of Ti/IrOx–TiO2/IrO2 electrode for oxygen evolu-

tion was improved after adding interlayer.
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