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The high reactivity of anodized gold for the     condensation of 

[Ir(OH)6]
2- provides a simple procedure for the electroless 

deposition of catalytically active IrOx nanoparticles supported 

on a gold electrode (IrOx/Au). With a very low overpotential (ηηηη) 

of only about 370 mV (0.1 M NaOH) required to give a current 

density of 10 mAcm-2, an average value for turn over frequency 

(TOF1.56V) of 6.2 s
-1, and high stability under long term catalytic 

turn-over, the IrOx/Au composite provides the simplest method 

yet developed for highly efficient iridium oxide-based 

electrocatalysis of the water oxidation reaction. 

There is a growing interest in oxygen electrochemistry as conversion 

reactions between H2O and O2 play an important role in renewable 

energy technologies based on splitting of water into H2 and O2. One 

of the main requirements for oxide-based electrocatalysts used for 

the oxygen evolution reaction (OER) used as the anode in water 

splitting is the stabilization of a high metal oxidation state in the 

oxide catalyst1. IrOx continues to be a benchmark oxide catalyst2. 

The electrochemical characteristics of IrOx are shown to be strongly 

dependent on the method of film preparation2 with the catalytically 

relevant properties being established by in situ APXPS3 and 

XANES4, 5 measurements. Electrodeposition provides one of the 

easiest ways to immobilize metals or their oxides.  However, iridium 

metal electrodeposition is restricted by the fact that to date it has 

required use of surfaces that are covered by surface-adsorbed 

hydrogen atoms that reduce IrIII.  
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Hence, surfaces devoid of adsorbed surface hydrogen atoms such as 

carbon and gold require alternative indirect methods of deposition. 

In this context, new chemistries have been developed that facilitate 

the electroless deposition of IrOx. Important examples include the 

deposition of IrOx nanoparticles on glassy carbon electrodes using 

controlled potential electro-flocculation from pH~13 nanoparticle 

solutions6 and electrogeneration of IrOx nanoparticles for use as 

redox catalysts7. However, the poor stability of hydrous IrOx films, 

especially when used in alkaline conditions, limit their utility8 and 

leads to complications in the implementation of OER. The method 

reported recently by Zhao et al9 addresses this issue by performing 

anodic deposition of colloidal IrOx thin films onto gold from 

hexahydroxyiridate(IV), [Ir(OH)6]
2-, solutions at high anodic 

potentials. However, in addition to gold oxidation during the anodic 

deposition oxygen gas evolution also occurs leading to 

destabilization of the IrOx nanoparticle film. In the present work, we 

now take advantage of the unique reactivity of  anodized gold to 

develop a new method  for the electroless deposition of IrOx films 

that  avoids mechanical disturbance due to gas bubble formation 

during the course of film deposition while is also less energy-

consuming. Anodized gold has been employed to form nanoporous 

gold10 for use in sensor applications11 and to construct high surface 

area materials12.  For the first time, we now make use of the high 

open-circuit potential of the anodized gold to spontaneously form 

films of IrOx on a gold substrate which is acknowledged as an ideal 

support for OER catalysts13.  

The gold surface was anodized in 0.5 M H2SO4 at 2.68 V vs. RHE 

for a period of 100 seconds whose current-time data is shown in 

Figure 1A. Consistent with this hypothesis, cyclic voltammograms 

of the anodized gold surface show increased current magnitudes 

resulting from enhancement in the electrochemical surface area 

(Figure 1B).  The orange film formed on the surface indicates gold 

oxidation (Figure S1). Electrochemical reduction of the anodized 

gold electrode yields morphological features consistent with the 

formation of nanoporous gold, as reported by Nishio and Masuda10.  
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In an attempt to establish the form of Au in the orange colored film, 

reference was made to the Pourbaix diagram14, 15 which suggests the 

film is based on hydrated Au(OH)3.   

When the anodized gold (without re-reduction, cyclic 

voltammogram shown in Figure 1C-a, black) was immersed in a 

dilute solution of IrCl3.3H2O (0.01M) in 0.1M NaOH (pH 13), a 

stable thin blue-colored film developed over a period of 5 hours. At 

the same time, the yellow-colored IrCl3 solution adjacent to the 

anodized gold surface also turned deep blue. The implication of this 

observation is that the formation of IrOx nanoparticles has occurred 

on the surface (Figure 1C-b, red) as well as in solution (Figure 2A). 

The sharp absorption feature at 313 nm confirms the presence of 

[Ir(OH)6]
2- and the absorption at 581 nm is attributed to the presence 

of IrIV-O-IrIV linkages9. Control experiments on the formation of 

iridium oxide simultaneously acquiring UV-visible spectra and pH 

data confirmed the formation of hexahydroxyiridate (IV) (Figures 

S1-S2). Anodized gold is converted to NaAu(OH)4 in strongly 

alkaline (0.1M NaOH) solutions.  The latter is a well-known 

condensation reagent16 and on this basis can be expected to cause 

condensation of [Ir(OH)6]
2-. As reported by Zhao et al9, IrOx.nH2O 

nanoparticle films can be grown anodically on various substrates by 

electrolyzing [Ir(OH)6]
2- solutions at 1.0 to 1.3 V vs Ag/AgCl.  The 

open circuit potential of anodized gold surface is 1.0 V vs. Ag/AgCl 

[Table S1] which is adequate to initiate iridium oxide deposition in 

the alkaline medium by condensation of [Ir(OH)6]
2- without applying 

any external energy. Iridium oxide deposition is confirmed by 

showing that reaction of the anodized gold surface with 

hexahydroxyiridate(IV) formed in 0.1M NaOH solution yields a 

deposit of iridium oxide. The reduction of Au3+ by Ir3+ in basic 

media was recently taken advantage of in the synthesis of a 

nanocomposite of dithiolate-appended iridium (IV) complex 

surrounding the AuNPs, during which Ir3+ is oxidized to Ir4+ 17.  

Similarly in the present case, Ir3+ to IrOx conversion takes place on 

the anodized gold surface with the surface Au3+ converting to AuOx. 

 

 

 

 

 

Figure 1. (A) Chronoamperometry response of gold during 

anodization; (B) Cyclic voltammetric responses (Scan rate: 0.05V/s) 

of (a) bare gold surface; and (b) Electrochemically reduced anodized 

gold surface; (C) Cyclic voltammetric responses (scan rate = 1 V/s) 

of anodized gold; and (b) As for but after iridium deposition.   

In contrast, when the same anodized gold surface is treated with 

iridium oxide nanoparticles deposition does not take place (treatment 

undertaken after violet color formation in the solution). In 

comparison with the bare gold surface (Figure S3a) the deposition of 

Ir-oxide particles on the anodized gold (Figure S3b) can clearly be 

seen from the FESEM images. A stable and reproducible zeta 

potential of -35 mV confirms the stability of the particles.  EDAX 

spectra show the presence of Ir (74.4%), oxygen (13.8%), the 

remainder being Au (11.8%) (Figure S4).   

Having verified that IrOx film deposition occurs on the anodized 

gold, we now turn our attention to its electrochemical characteristics.  

After IrOx nanoparticle deposition (Figure S1 B-C) and as shown in 

Figure 1C, well defined hydrogen absorption-desorption features can 

be seen along with the disappearance of voltammetric features 

associated with Au reduction and oxidation features. The broad 

reversible peak pair at 0.97 V vs RHE with a near-zero peak-to-peak 

separation (∆Ep) is indicative of a surface-confined iridium based 

process15. When a pH~7 solutions is employed for cycling the 

potential of the IrOx/Au over the range of 0.64 V to 1.5 V, two well 

defined peak pairs at 0.94 V and 1.42 V are discernible (Figure S5) 

which may be assigned to IrIII/IV and IrIV/V processes18. The 

proximity of IrIII/IrIVand IrV/IrVIpotentials to the onset of water 

oxidation suggests that these redox processes are involved in the 

electrocatalytic water oxidation mechanism. The linear plot of Ir 

peak currents vs. scan rate (Figure S4) confirms the presence of 

surface confined Ir on the Au surface. Figures S6 and S7 (potential 

vs. pH data) show that the potentials for IrIII/IV and IrIV/V processes, 

and the onset potential of O2 evolution (taken at a current density of 

0.5 mA.cm-2), all shift by approx. 0.059 V/pH unit. The pH 

dependence of the Ir based processes implies that they all involve 

reversible (Nernstian) coupled one-electron-proton steps that precede 

the kinetically limited O2 evolution.  

The cyclic voltammogram for the IrOx/Au obtained over the 

potential range of 0.4 to 1.3 V (vs. Ag/AgCl) as a function of pH 

(Figure S5) show a gradual shift in the onset of oxygen evolution 

(the potential values are again taken at a current density of 0.5 

mA.cm-2 for comparison with the literature19 towards less anodic 

potentials. Another significant feature is that the reversible potential 

for the IrIV/V process merges with the OER current onset region as 

the pH approaches 13. Figure 2B does not show evidence of gas 

evolution in the potential region below 1.475 V vs RHE and the 

electrode starts to evolve gas bubbles at potentials between 1.5 and 

1.55 V vs RHE.  The OER behaviour of IrOx/Au is compared with 

that of polycrystalline iridium (pc-Ir) in both acid and alkaline media 

in Figure S6. In acidic 0.5M H2SO4, there is a negative shift in the 

OER onset potential of ca. 0.040 V for a change from Ir to IrOx/Au, 

whereas in alkaline 0.1 M NaOH, a more significant difference is 

observed in the OER onset potentials (ca. 0.076 V) (Figure S8). The 

IrOx/Au also exhibits a higher water oxidation current at a lower 

onset potential for oxygen evolution than either the pc-Ir modified or 

a pc-IrOx modified electrode in both 0.5 M H2SO4 and 0.1 M 

NaOH5. The chemical nature of IrOx/Au surface was further 

confirmed by XPS analysis that reveals the presence of both Ir metal 

and IrOx, in a ratio of 59.6 : 40.4 (Figure 3). A ratio of 57.1 : 42.9 for 

Au : Au2O3 was also obtained, which suggests that part of the 

anodized Au surface has been reduced back to Au metal, probably 

by Ir3+ (Figure 3 and Figure S10). A plausible reaction mechanism is 

that Ir3+ is adsorbed onto the anodized Au surface when the latter is 

soaked in an alkaline IrCl3 solution. The adsorbed Ir3+ then 

undergoes condensation to form IrOx on the Au2O3 surface which 

gives the dark brown color, while the Ir3+cation in the solution form 

a layer close to the electrode surface which reduces Au2O3 to Au, 

with the IrIIIcation being oxidized to IrIV, to give both [Ir(OH)6]
2- and 

polymerized IrOx in 0.1 M NaOH (bluish purple in Figure. 2A).  The 

XPS results confirm the observations made in the UV-visible 

spectral studies presented above. Oxygen gas bubbles are clearly 
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seen by naked eye when the potential is more positive than ~1.5 V vs 

RHE (Figure 2B).  The anodized Au surface did not show the 

corresponding current rise and gas evolution in this potential 

window confirming that the IrOx-coated anodized Au surface is 

responsible for the electrocatalyzed OER.  As the surface coverage 

of IrOx on the anodized surface is approximately 0.65, one may 

speculate on the cooperative effect of the oxides of gold and iridium, 

in addition to the support role played by gold13 in OER 

electrocatalysis.  

 

Figure 2. (A) Photograph showing hexahydroxyiridate (IV) complex 

formation on the anodized gold electrode surface.  (B) Linear sweep 

voltammetric response obtained at an IrOx/Au in 0.1M NaOH with a 

scan rate of 0.01V/s.  Photographs of the electrode surface were 

taken at different applied potentials which show features of ‘no’ gas 

bubbles situation to fully formed bubbles. 

 

 

 

 

 

 

Figure 3. XPS spectra of Ir and IrOx deposited on anodized Au 

surface for (A) Au2O3 (rose line); Au (blue line) and (B)  IrO2 (rose 

line); Ir (blue line). 

The present electrocatalytic surface also possesses excellent stability 

with a sustained current density being maintained for over 120 

potential cycles at a scan rate of 0.01V/s (Figure S9). However, the 

presence of Ir particles revealed in XPS is surprising. It may be 

linked to the chemistry of Au nanoclusters (that are likely to arise 

during the process of AuNPs formation) showing unusual tendency 

to reduce metal ions20. In the present case, though experimental 

evidence is not available at the present time, it may be stated that the 

redox chemistry between IrOx and Au nanoclusters can lead to the 

formation of zero-valent iridium species.  

After establishing the role of anodized gold in facilitating the 

spontaneous deposition of IrOx and providing a synergistic support 

effect in OER electrocatalysis, the catalytic efficiency of this 

IrOx/Au electrode was quantified in terms of the  turn-over 

frequency (TOF) value  obtained by the analysis of rotating ring-disk 

electrode voltammetric data (Figure S11). The TOF is expressed as 

the number of moles of O2 produced per mole of Ir, and is calculated 

from the oxygen reduction current at the Pt-ring electrode, (iR), 

according to the equation  

TOF = iR/NclᴦnAF 

where n is the number of electrons transferred per oxygen molecule 

at the Pt-ring electrode (n = 4), F is Faraday’s constant, A is the area 

of the disk electrode, Γ is the surface concentration of the catalyst, 

and NCL is the collection efficiency (refer to SI for TOF calculation). 

The surface concentration of IrOx was determined from the 

calculation of the charge associated with the adsorbed hydrogen 

underpotential deposition process (Figure 1C) and the charge 

associated with the IrIV/V oxidation reaction (Figure S5). An average 

value of ~6.2 s-1 was obtained for TOF (at a potential as low as 1.56 

V vs RHE) in this study for a surface IrOx concentration of ca. 10-9 

moles cm-2. In Table S2, IrOx/Au is benchmarked against other 

iridium oxide catalysts.  For the sake of objective evaluation of the 

activity of IrOx-electrocatalysts for water oxidation reaction1, it is 

desirable to have (a) methods of catalyst preparation that are simple 

and can be standardized easily; and (b) TOF1.56V values on par with 

those benchmarked21 (Table S2). The advantage of the new method 

is the ease with which this catalytic electrode is prepared that still 

retains its high OER catalytic efficiency as found with the other 

more difficult-to-prepare nanoparticulate films.  A TOF1.56V value of 

~6.2 s-1 is close to those reported for other Ir oxide-based catalysts 

(Table S2) prepared using more complex methods. The method 

presented in this work is straightforward and reliable and can have 

other applications like fabrication of pH-sensitive microelectrodes22 

for example in scanning electrochemical microscopy. To our 

knowledge, this work provides the first application of anodized gold 

for the electroless deposition of iridium oxide catalyst.   
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