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Thin films of iridium oxide are deposited by reactive magnetron sputtering. The influence of oxygen 
partial pressure in the sputtering plasma on the composition, surface structure and morphology of the films 
has been studied by XRD, SEM, AFM and XPS analysis. An optimal combination of sputtering parameters 
yields stable microporous amorphous films with highly extended fractal surface. The electrochemical 
properties of these films are investigated in view of their application as catalysts for PEM water splitting, 
using the electrochemical techniques of cyclovoltammetry and steady state polarization. A morphology 
factor assessing the catalyst active surface for a series of sputtered samples with varying thickness/loading 
is determined and correlated to the catalytic efficiency. It has been proven that iridium oxide is a very 
efficient catalyst for oxygen evolution reaction (OER). The best performance with anodic current density 
of 0.3 A cm–2 at potential of 1.55 V (vs. RHE) shows the 500 nm thick film containing 0.2 mg cm-2 catalyst. 
These results combined with the established long-term mechanical stability of the sputtered iridium oxide 
films (SIROFs) prove the advantages of the reactive magnetron sputtering as simple and reliable method for 
preparation of catalysts with precisely controlled composition, loading, and surface characteristics. 

Keywords: iridium oxide catalysts; reactive magnetron sputtering; thin films; composition, surface 
structure and morphology; anodic process; PEM hydrogen generation

ИРИДИУМ‒ОКСИД НАНЕСЕН СО МАГНЕТРОНСКО 
РАСПРСКУВАЊЕ КАКО АНОДЕН КАТАЛИЗАТОР ЗА ДОБИВАЊЕ 

ВОДОРОД ВО ЌЕЛИИ СО ПЕМ

Нанесувани се тенки филмови од иридиум‒оксид со помош на реактивен магнетронски 
распрснувач. Следено е влијанието на парцијалниот притисок на кислородот во распрснувачката 
плазма врз составот, површинската структура и морфологијата на филмовите со помош на анализите 
XRD, SEM, AFM и XPS анализа. При оптимална комбинација на параметрите на распрскувањето се 
постига формирање на стабилни микропорозни аморфни филмови, со високо развиена фрактална 
површина. Електрохемиското однесување на овие филмови е проучувано од аспект на нивна примена 
како катализатори за електролиза на вода во ќелии со протоноизменувачки мембрани (ПЕМ), 
користејќи циклична волтаметрија и стационарен галваностатски метод. За проценка на вредноста 
на активната површина на катализаторот е определен морфолошки фактор за серија примероци 
формирани со магнетронско распрснување, со варирање на дебелината/количеството катализатор, 
а потоа е воспоставена корелација меѓу овој фактор и каталитичката активност.  Беше покажано 
дека иридум‒оксидот е многу ефикасен катализатор за реакцијата на развивање на кислород (OER). 

1 * Dedicated to Professor Svetomir Hadži Jordanov on the occasion of his 70th birthday. 
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1. INTRODUCTION

Hydrogen generation via polymer elec-
trolyte membrane electrolysis is a comparative-
ly new technology inspired and imposed by the 
intensive development of polymer electrolyte 
fuel cells (PEMFCs). The main advantages of 
PEM electrolysis over the conventional alkaline 
one are the lack of circulating liquid electrolyte, 
the substantially higher current densities (1−3 A 
cm−2 compared to 0.2 A cm−2), the wide range of 
power loads, the lower parasitic energy losses, 
the very rapid power-up/power-down rates and 
the substantially higher purity of the produced 
hydrogen [1−3]. In addition, the PEM water 
electrolysers (PEMWEs) can work at higher 
pressures thus, avoiding the compression of the 
hydrogen required for its transport. They allow 
variation of the input energy and are compat-
ible with the renewable energy sources, which 
are variable by nature. The PEMWEs are ideal 
decision for small and remote plants and house-
holds with low and erratic energy consumption. 
Nevertheless the achieved essential progress in 
the field the PEMWEs are still not broadly used 
since the efficiency, service life, and especially 
the cost are still unsatisfactory. The main draw-
back of proton conducting PEM electrolysis is 
the relatively high anodic overpotential during 
the oxygen evolution reaction (OER) with re-
spect to alkaline process. This partial electrode 
reaction is the major source of energy consump-
tion during the electrolytic generation of hydro-
gen. Beside the required high catalytic activity, 
the anodic catalysts should possess excellent 
mechanical and chemical stability including 

resistance toward oxidation at the high anodic 
potentials where the oxygen evolution takes 
place. During the last years, high performance 
has been reported for catalysts such as Ir, Pt–Ir, 
Ir–Ru and Ir–Ta oxides, while Ir–Ru has been 
proven to be the most active OER composition 
[3–6]. However, issues such as the reduction of 
catalyst loading and lifetime are still of continu-
ous research interest. Essential cost reduction 
can be achieved by development of cheaper 
catalysts with enhanced activity, as well as by 
improvement of the utilization and decreasing 
of the catalyst loadings. 

The method of magnetron sputtering is 
a well known and broadly used technique for 
preparation of variety of thin films with specific 
applications, mainly in the field of silicon 
microtechnology. In the last decade it has been 
introduced as an alternative to the classical 
methods for PEM catalysts preparation [7–
9] offering several advantages. Contrary to 
the conventional methods such as thermal 
decomposition of metal precursors, the sol 
gel method, the wet chemical reduction, etc. 
[10–13] which produce catalytic powders, the 
catalysts prepared by magnetron sputtering are 
deposited as thin compact mono, bi- or poly-
metallic and/or oxide films upon a selected 
substrate material or even directly onto the 
polymer proton conductive membrane. Thus, 
the numerous processes necessary to assemble 
the major component of the electrochemical 
processor, such as the preparation of catalyst 
ink, the following spreading of the ink on the 
substrate at several consecutive steps, etc. 
can be essentially reduced and simplified. 

Најдобри резултати со анодна густина на струјата од 0.3 A·cm–2 при потенцијал од 1.55V (во однос на 
RHE‒референтна водородна електрода) покажа филмот со дебелина од 500 nm кој содржи 0.2 mg·cm-2 
катализатор. Овие резултати комбинирани со утврдената механичка стабилност на филмовите од 
иридиум‒оксид формирани со распрскување (SIROFs) ги докажуваат  предностите на реактивното 
магнетронско распрскување како едноставен и сигурен метод за подготовка на катализатори со 
прецизно контролиран состав, количество катализатор и површински карактеристики. 

Клучни зборови: иридиум‒оксидни катализатори; реактивно распрскување со магнетрон; 
тенки филмови; состав, површинска структура и морфологија; аноден процес; генерирање водород 
во ќелии со протоноизменувачки мембрани (ПЕМ).
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The parameters of the sputtering process 
(temperature, partial pressure of the inert and 
reactive gases, dc power, distance target – 
substrate) have a decisive effect on the properties 
of the deposited films such as density, surface 
morphology, porosity, mechanical stability. 
Other important characteristics of the catalysts 
prepared by this technique are the excellent 
homogeneous distribution of the metal particles 
on the support and the extremely low metal 
loadings (down to 10 μg·cm‒2) which can be 
achieved [8]. 

Iridium oxide is a material of increased 
interest in the modern material science due to 
its interesting properties and variety of techni-
cal applications. It has enhanced electrochemi-
cal activity, excellent electrical conductivity, 
electrochromatic properties, and biocompat-
ibility [14–16]. The method of reactive mag-
netron sputtering allows preparation of homo-
geneous thin iridium oxide films with precisely 
controlled surface structure, morphology and 
thickness on various substrates [17–19]. These 
films known as sputtered iridium oxide films 
(SIROF) are well known for their improved 
chemical and mechanical stability in compari-
son to IrO2 obtained by other methods. This 
paper summarises our work on development of 
optimised process for SIROF deposition, dem-
onstrates the decisive role of the sputter regime 
on the film properties, and presents the applica-
tion of SIROFs as anode catalysts for hydrogen 
generation via PEM water electrolysis.

2. EXPERIMENTAL

The iridium oxide films are fabricated 
by reactive dc magnetron sputtering from an 
Ir target in Ar/O2 plasma using commercial 
equipment Nordiko 2550. The sputtering 
chamber is connected to gas lines delivering Ar 
and O2 to the reactor. The inlet gas flow rates 
(FAr and Fox) are measured in standard cubic 
centimetres per minute [sccm]. The outlet gas 
flow rate depends on the effective pumping 
power of the cryogenic pump which determines 
the partial pressure of both gases and the 

total pressure in the chamber. The effective 
pumping power is regulated by the opening of 
a throttle valve, S, measured in percents. The 
sputtering process is performed in a dc mode 
applying a power of 100 W without heating. 
SIROFs are deposited on hydrophobic carbon 
paper substrates upon 50 nm thick adhesive Ti 
sublayer. The thickness of the films is used to 
calculate the deposition rate Rd. It is measured 
with a surface profiler Tencorr P-10 using a 
control sample deposited on glass substrate via 
a lift off process. The structure of the films is 
analyzed by X-ray diffraction technique with 
a Philips X-ray diffractometer PW 3010. The 
surface morphology is examined by scanning 
electron microscopy using a Zeiss Gemini 982 
microscope and the surface roughness is studied 
by atomic force microscopy with Quesant 
Instrument Q Scope 250. The electrochemical 
properties of the SIROF samples are tested in 
acid aqueous solution (0.5 M H2SO4) and in a 
polymer proton conductive electrolyte. In the 
latter case they are integrated in membrane 
electrode assemblies consisting of SIROF 
anode and a Pt cathode (both having loading 
of 0.2 mgcat·cm‒2) attached on both sides of a 
polymer membrane Nafion 117 via hot pressing 
following a procedure described in details 
elsewhere [20]. The investigation is carried out 
using the electrochemical methods of the cyclic 
voltammetry (CV) and steady state polarisation 
measurements. The details about the specific 
polarization measurements are given in the 
captions under the figures. All electrochemical 
tests are performed using an EG&G PAR 
283 potentiostat controlled by a commercial 
software.

3. RESULTS AND DISCUSSION

3.1. Optimisation of the sputtering process 

The optimisation procedure includes 
varying of several parameters of the sputter 
process which influence essentially the chemical 
composition, structure, morphology, and 
electrochemical characteristics of SIROFs. The 
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power of the applied electric field, P, is fixed 
to 100 W, while the flow rate of the argon gas, 
FAr, feeding the reactor is varied in the range 
0–80 sccm; the valve opening of the pump, 
S, evacuating the gases from the chamber is 
changed in the range 15–80% and the substrates 
are positioned at two different distances, L, 
from Ir target (78 mm and 85 mm). For each 
combination FAr – S – L the flow of the reactive 
oxygen gas, Fox, is increased from 0 to 40 sccm 
in order to obtained the so called generic curves 
of the process, representing the influence of Fox 
on the reactive gas partial pressure, pox, and the 
deposition rate, Rd. Among all 16 combinations 
of sputtering parameters tested, the characteristic 
point of the process, indicating an abrupt 
change in the trend of pox was unambiguously 
seen only on the generic curves recorded at the 
parameter set FAr = 40 sccm – S= 40 % (Figure 
1). For this sputter regime the initial increase 
of Fox up to 10 sccm does not influence the 
partial pressure in the chamber, while at Fox 
= 10 sccm the pox value increases abruptly 
indicating deviation of the system from steady 
state. This characteristic point of the curve is 
known as ‘‘transition point’’ of the sputtering 
process. The further increase in Fox affects 
only slightly pox. Accordingly, after the initial 
rapid increase in the vicinity of the transition 
point Rd reaches a maximal value of 9.5 nm 
min‒1 and further on does not change essentially. 
This set of process parameters (FAr = 40 sccm; 

S = 40 %; L = 78 mm; P = 100 W; Fox= 8–12 sccm) 
is considered as an optimal sputter regime. It is 
used to deposit a series of test samples varying 
the oxygen flow in the range 0–40 sccm and to 
investigate the influence of Fox on the SIROF 
composition, surface structure and morphology.

3.2. Physical characterisation of SIROF

The X-ray diffraction spectra of all 
SIROFs showed iridium reflections with very 
low intensity, indicating an amorphous state 
of the deposited oxide layers. The SEM im-
ages presented in Figure 2 demonstrate that the 
film morphology and surface structure depend 
essentially on the oxygen flow. The pure irid-
ium is composed of uniform, densely packed 
granular particles with a feature size of about 
70 nm, the SIROFs obtained near the transi-
tion point have microporous structure, while at 
much higher Fox the films become dendrite. The 
average roughness factor, Ra, calculated from 
the AFM data show that surface roughness in-
creases rapidly with the increase of Fox up to 12 
sccm, does not change much in the range 12–20 

Fig. 1. Generic curves of dc reactive magnetron 
sputtering of iridium oxide films (S = 40 %; L = 78 

mm; P = 100 W)

Fig. 2. SEM images of selected SIROFs obtained at 
optimized sputtering parameters 

(FAr = 40 sccm; S = 40 %; L = 78 mm; P = 100 W) 
and different oxygen flow
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sccm, while at higher oxygen flows the trend is 
back to smoother surfaces (Figure 3). To fol-
low the effect of Fox on the surface composi-
tion of the sputtered films they are studied by 
XPS (Figure 4). The position of the Ir 4f band 
is independent of the oxygen flow rate at which 
the films are sputtered. The binding energy 
of the 4f7/2 peak corresponds to the standard 
value for the pure iridium metal (60.9 eV) and 
the 4f5/2 peak is shifted in the positive direc-
tion, indicating a surface layer with Ir in higher 

oxidation state [21]. The calculated data of the 
surface composition showed that the ratio be-
tween the pure iridium atoms and the iridium 
oxide molecules in the sputtered films gradu-
ally decreases with the increase in Fox. At the 
same time, the ratio between the bound iridium 
and the oxygen atoms is nearly constant and 
very close to 1:2 suggesting that the deposited 
SIROFs consist predominantly of IrO2. How-
ever, a definite correlation of the experimen-
tal binding energy with the oxidation state of 
Ir cannot be made from the available data. The 
sputtered films, even at Fox = 40 sccm, still con-
tain an essential amount of pure unbound irid-
ium metal. The performed analysis showed that 
the oxygen flow has a decisive influence on the 
film morphology, respectively on the available 
active surface per unity geometric area which is 
an important factor affecting the optimal load-
ing and its utilisation in case of electrocatalytic 
applications. The samples deposited at: FAr = 40 
sccm; S = 40 %; L = 78 mm; P = 100 W; Fox= 
8–12 sccm possess homogeneous microporous 
structure combined with a highly developed 
surface and are expected to show superior per-
formance characteristics. Their electrochemical 
performance as OER catalysts is investigated 
both in aqueous acidic and in polymer proton 
conductive membrane electrolytes.

3.3. Electrochemical tests in 0.5M H2SO4

It is well known that the continuous potential 
cycling of iridium in aqueous electrolytes results 
in formation of hydrated iridium oxide films [22–
24]. The procedure is appropriately called “activa-
tion” because during this process the amount of 
charge transferred through the electrode/electro-
lyte interface gradually increases to reach a max-
imal value for the system under study [23, 25]. 
Therefore, all electrochemical data reported in this 
work are obtained after preliminary activation of 
the samples to a constant integral charge accord-
ing the procedure described in details elsewhere 
[26]. Repetitive potential cycling at scan rate of 
100 mVs−1 is applied in the “water window” of 
the system (e.g. between the potentials of hydro-

Fig. 3. Influence of oxygen flow on the roughness of 
SIROFs determined by AFM analysis.

Fig. 4. XPS spectra of Ir 4f level of selected SIROFs 
deposited at optimized sputtering parameters 

and different Fox values
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gen and oxygen evolution) until a stable shape of 
the CV is reached. The characteristic expansion 
of the voltammogram with the cycling is illus-
trated in Figure 5. The main feature of the CV 
curves is the symmetry along the potential axis 
and the equality of the integral anodic and ca-
thodic charges passing through the phase bound-
ary electrode/electrolyte. The observed increase 
in the total integral charge during the activation 
is attributed to hydration of the film and spread-
ing of the electrolyte to more surface regions of 
difficult accessibility [27–29]. The consequence 
is a high ratio active to geometric electrode sur-
face, allowing reduction of the catalyst loading 
without a sacrifice of efficiency and thus, result-
ing in lower cost of catalysis. The CV curve of 
the activated sample is dominated by current 
peaks located in the potential range above 0.7 V 
corresponding to hydration and oxidation/reduc-
tion reactions in the film. The peaks are broad 
and not very well depicted, suggesting an exist-
ence of variety of active surface sites with differ-
ent formal potentials which is consistent with the 
amorphous state of the iridium oxide.

3.4. SIROFs as catalyst for PEM 
electrochemical water splitting

The selection of highly efficient electrode 
materials for production of clean hydrogen fuel 
requires detail knowledge on the electrochemical 

behaviour of the catalysts in the specific electro-
lyte and working conditions, as well as optimisa-
tion of the catalytic loading and electrode structure 
in order to achieve maximal efficiency at minimal 
costs. The catalytic properties of the SIROFs sput-
tered at the established optimal regime are inves-
tigated in electrolytic cell with proton conductive 
membrane Nafion 117, which is the most broadly 
used polymer electrolyte. The membrane elec-
trode assemblies with SIROF anode and sputtered 
Pt cathode catalysts are investigated after initial 
activation similar to that carried out in aqueous 
acidic solution. As it is shown in Figure 6, the in-
crease in the applied potential cycles leads to the 
characteristic symmetrical broadening of the area 
under the CVs, related to gradual hydration of 
SIROF and penetration of the reactant in the pores 
of the catalytic film. CVs are dominated by cur-
rent peaks in the potential range above 0.7 V, due 
to reversible redox processes and changes in the 
iridium oxidation state Ir3+/Ir4+. The SIROF cata-
lysts before and after activation are examined by 
XPS analysis. The results in Figure 7 show pres-
ence of Ir in several oxidation states. The peaks at 
60.7 and 62 eV are due to Ir0 и Ir4+, respectively 
[30, 31]. In accordance with the suggested activa-
tion hypothesis in the Ir 4f spectrum of the acti-
vated film, there are no peaks due to pure metal-
lic iridium. It consists mainly of Ir3+ and Ir4+ (the 
peaks at 61.9 and 63.7 eV, respectively) [30]. 

Fig. 5. Cyclic voltammograms of SIROF recorded 
after different number of activation cycles N in 0.5 M 

H2SO4 at 20 ºC; scan rate 100 mV·s‒1.

Fig. 6. Cyclic voltammograms of SIROFs integrated 
in MEA with Nafion 117 polymer electrolyte after dif-

ferent number of activation cycles N; 
scan rate 100 mV·S−1; 20 ºC.
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One of the approaches to reduce the cost 
of the hydrogen produced by PEM water elec-
trolysis is the reduction of the catalyst loading at 
preserved efficiency. For this purpose a series of 
SIROFs with different thickness/catalytic load-
ing in the range 100–1000 nm/0.04–0.4 mg·cm‒2 
were deposited. In order to optimise the catalysts 
loading it is necessary to access the real surface 
available for the reaction and to see how it is 
influenced by the film thickness. Following the 
method developed by Da Silva et al. [28], re-
petitive potential cycling in the water window 
potential range (−0.1 to 1.5 V) at varying scan 
rates (5–300 mVs−1) are applied and the anodic 
current density, ja, at potential just before the 
commence of intensive oxygen evolution reac-
tion (1.31 V) is determined. Figure 8 presents the 
dependence of ja on the scan rate. The slope of 
the liner section of the curves at low scan rates 
is a measure for the capacity of the total elec-
trode surface Ct, while the slope at high cycling 
rates represents the “external”, e.g. the easily ac-
cessible electrode surface, Cext. The difference 
between both values gives the “internal”, e.g. 
difficult to access part of the catalytic film. The 
morphology factor, f, determined by the ratio 
f = Cint/Ct is a measure for the unusable part of the 
catalyst. The higher the value of f is, the lower is 
the catalyst utilization. It is seen that for the thin-

ner films (300 и 500 nm or 0.12 и 0.2 mg.cm-2, 
respectively) ja increases linearly with v in the 
whole interval of scan rates tested, suggesting 
that for these films nearly the whole catalyst 
takes part in the electrochemical charge trans-
fer reaction. On the other hand, the ja/v curves 
of the thicker samples (750 and 1000 nm or 0.3 
и 0.4 mg.cm‒2, respectively) have two different 
linear sections, implying that at high scan rates 
part of the catalytic film is not accessible, e.g. 
it is inactive and does not contribute to the ef-
ficiency. According to the obtained values of the 
morphology factor (Table 1) the optimal SIROF 
thickness is 500 nm, which corresponds to a load 
0.2 mg·cm−2.

Fig. 7. XPS spectra of SIROFs before (a) and after (b) activation in Nafion 117 polymer electrolyte 

Fig. 8. Dependence of current density ja at 1.31 V on 
the scan rate for catalytic films with different SIROF 

thickness/loading at test temperature of 20 ºC
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The steady state anodic polarisation curves 
of the samples under study are presented in Figure 
9. The oxygen evolution initiates at about 1.31 V 
and intensifies essentially with the increase of the 
potential. Two linear segments can be seen, cor-
responding to two Tafel slopes (b1, b2) for the low 
and the high current density domains, respective-
ly. These results are in good agreement with other 
literature data for pure and mixed IrO2 prepared 
by thermal decomposition [3, 32, 33]. The results 
from the polarisation tests are summarised in Ta-
ble 1. The process is most efficient and proceeds 
with lowest overpotential (current density of 0.5 
A·cm‒2 at 1.7 V) on the electrode with SIROF 
loading 0.2 mg·cm‒2 which has also the low-
est morphological factor and therefore, the most 
optimized structure. The usage of higher catalyst 
loadings would result only in increased cost of the 
electrolysis without improving its efficiency. 

To check the stability of the sputtered irid-
ium oxide films, the development of the elec-
trode potential with time is followed for a period 
of 24 h under galvanostatic conditions at current 
density of 0.3 A·cm−2. A stable potential value is 
established in the beginning of the test (1.55 to 
1.70 V depending on the thickness of the catalyt-
ic film). This value does not change essentially 
during the test duration (Figure 10), indicating a 
stable behaviour. In accordance with the steady 
state curves the electrode containing 500 nm 
SIROF shows a superior behaviour. This elec-
trode is tested for a longer period of 168 h. On 
completion of the polarisation experiment the 
CVs were re-measured. They were identical to 

Fig. 10. Long term performance of the SIROFs re-
corded in a galvanostatic mode at current density of  

0.3 A·cm−2 and temperature of 80 ºC

δ, μ’nm l, mg·cm‒2 QCDC, 
mC·cm‒2

morphology 
factor, f 

b1,
mV·dec‒1

b2,
mV·dec‒1

1000 0.4 768 0.43 55 222
750 0.3 694 0.37 49 167
500 0.2 377 0.08 39 116
300 0.12 304 0.1 44 110

T a b l e 1

Catalytic loading, charge capacity, morphology factor, and Tafel constants of SIROFs 
during PEM water electrolysis

Fig. 9. Anodic steady   state polarisation curves of 
SIROFs at temperature of 80 ºC
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those obtained before the long-term experiment 
suggesting a constancy of the catalytic properties 
combined with corrosion and mechanical stabil-
ity of the iridium oxide film. The stability in the 
electrochemical performance (despite the usage 
of carbon paper substrate) is due to the deposited 
thin Ti sublayer which excludes the substrate 
form the aggressive oxygen radicals formed dur-
ing the oxygen evolution. The measured current 
densities are comparable with those reported in 
the literature for IrO2 obtained by other methods 
at much higher catalysts loadings [5, 33]. The ex-
cellent catalytic activity of our SIROFs is better 
demonstrated when presented as catalytic mass 
activity, jm, and compared with the available lit-
erature data. The best mass activity of 0.5 А·g-1

cat 
at cell voltage of 1.56 V has been reported by 
Marshall et al. [5] for IrO2 obtained by thermal 
decomposition of iridium salts. In comparison, 
the developed SIROF has achieved 1.5 А·g‒1

cat at 
the same voltage [34].

4. CONCLUSIONS

The results presented in this work demon-
strate the possibilities offered by the method of 
dc magnetron sputtering for deposition of thin 
iridium oxide films with strictly controlled prop-
erties, including composition, morphology, sur-
face structure, density, electrochemical activity, 
etc. The advantages of the developed SIROFs as 
anodic catalysts for oxygen evolution in PEM wa-
ter electrolysis are unambiguously demonstrated. 
The reaction starts at 1.31 V (about 0.2 V earlier 
than on Pt) and proceeds with low overpotential. 
Although iridium is a noble and expensive metal, 
the determined optimal catalyst loading of only 
0.2 mg·cm‒2 is very low and guarantees high effi-
ciency, mass activity and catalyst utilisation, thus 
giving serious promises for cost reduction of the 
PEM water electrolysis. 
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