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ABSTRACT 

Ruthenium oxide (RuOx) is of co nsiderable intere st 
for the development of solid polymer electrolyte (SPE) 
water electrolyzers because of its high catalytic a c tivity 
for the oxygen evolution reaction. As a first appro ach 
toward the unde rstanding of the kinetics of this reation, 
ellipsome tric i nvestigation of o xide films on: Ru anodes 
was c a rried out in a 25% trifluorometha ne s ulfonic acid. 
The formation of Ru(OH) 3 film comme nces at~ 0.73 v. At 
potentials above 0.94 V, Ru(OH) 3 is further oxidized to 
RuO?·YH? O film. In situ optir.~l analysis of Ru clec 
trades ~onfirms tha~oxide films formed anodically can 
be r emoved by electroreducti on. The critical potential 
at which Ru corrodes rapidly to H2Ruo5 is ~ 1.45 V. A 
dissolution-precipitation mechanism is proposed to ex­
plain the observed performanc e degradation with time 
during oxygen e volution on RuOx anodes. 

INTRODUCTION 

In the Ge ne r a l Electric solid polymer (Na fio n) e l ectr oly te wa t e r 
electrolyze rs, a prop rieta ry Ir-based mi x e d oxid e is nor mal l y 
used a s the e lec troca talyst for the oxygen evo lut ion r e acti o n (OER). 
This c a talyst e xhibits a relatively high oxygen overpoten tial, whi c h 
is about 380 mV at a current density of 2 A/cm2 and at 80°C (1). 
Fu~ther, it will be most uneconomical to use iridium in large scale 
electrolyzers. With a vie\v of improving the energy efficiency a nd 
minimizing capital cost of solid polymer elec tro.lyte (SPE) water el e c­
trolysis cells, investigation auu developme nt of highly active a nd 
less e xpensive catalysts to substitute Ir-bas ed mixed oxides as oxy­
gen electrodes are ne eded. 
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Of the noble metais, ruthenium is most active for the OER in 
acidic ~edia (2,3)". The kinetics of the OER has been extensively in­
vestigated on support RuOx electrodes (4)., on crystallites of Ru02 (5) 
and on Ru (6). r·t was proposed _(6) that, under the Langmuir con-
ditions of intermediate adsorption, the mechanism of the OER on Ru 
electrodes is 

-+ + 
S + H20 +-S-OH + H + e. (1) 

2 S-OH -+ S-0 + S + H
2

0 (2) 

q 
2 s-o + 2s + o

2 
(3) 

where S represents an active site on which the OER takes place. 

The high catalytic activity of Ru for the OER.is marred by its 
rapid corrosion at highly anodic potentials (2,7). The anodic corro­
sion of Ru (or more specifically RuOx) has been investigated by use of 

,of charging curves (2,7), a radiochemical technique (8), cyclic vol­
tammetry (9) and atomic absorption spectroscopy (6). It is generally 
accepted (6,10,11) that, in acidic and neutral solutions, the corrosion 
of Ru may lead to the formation of a soluble species, H

2
Ruo

5
. 

More recently, it has been identified (12) that RuO , prepared by 
the thermal decomposition of Rucl

3
, is-more active than ~r-based2mixed 

oxides for the OER in SPE cells. At a current density of 1 A/em , for 
example, RuOx exhibits an oxygen overpotential of ~100 mV less than 
that on Ir-based mixed oxides. Although the therma1ly decomposed RuOx 
has higher corrosion resistance than the anodized ruthenium oxide (4), 
the performance for oxygen evolution on this catalyst turns out to de­
cay significantly with time. As a first approach toward the under­
standing of the mechanism of performance degradation, the nature of 
oxide films formed on Ru anodes was investigated using ellipsometry. 
In situ optical analysis of oxide films was conducted in 25% trifluoro­
methane sulfonic acid, an electrolyte of approximately the same compo­
sition as in the Nafion membrane. Further, it has been pointed out 
that pretreatment on Pt (13) and Ir (14) electrodes using electro­
chemical techniques results in a significant enhancement in the electro­
catalytic activities for the OER. In the present work, effects of pre­
anodization on the kinetic parameters for this reaction were also 
studied. 

EXPERIMENTAL 

Electrodes and Electrolyte 

A ruthenium :r.-od of purity 99.999%, prepared using the zone refi"n­
ing method, Has supplied by Inorganic/Organic Research Inc. The·working 



electrode was fabricated by pressing a Ru rod of ~1 ern length into a 
Teflon holder so that only a singl.e face of ~a. 25 cm

2 
in geometric 

area was exposed to the electrolyte. This electrode was then mechani­
cally polished as described elsewhere (15) until a mirror-~ike face 
was attained. Each freshly polished electrode was ~leaned with dilute 
HCl solution and finally rinsed with triply distilled water. 

The 25% trifluoromethane sulfonic acid (TFMSA) solution was pre­
pared from the monohydrate specimen (3M Company) and triply distilled 
water. In general, a freshly prepared solution had a pale straw color, 
which gradually became clear after leaving it overnight. A pre-
cipitate (black)was found in the container. The measuring solution 

2 
was purified by anodic pre-electrolysis at a current density of 1 rnA/em 
for ~48 hours. A reversible hydrogen electrode (RHE) in the same solu~ 
tion (i.e., 25% TFHSA) was employed as the reference electrode. The 
counter electrode was made of platinum gauze. 

Electrochemical Measurements 

.A Teflon-sleeved cell, which has been described in detail in the 
previous work on Ni (16), was 
electrochemical-ellipsometric 
trochemical measurements were 
173 potentiogtat coupled with 
model 376 "log ~onverter." 

used to carry out the combined 
study of oxide films on Ru anodes. Elec­

o conducted at 23 C by use of a PAR model 
a PAR model 175 programmer· and a PAR 

Tafel relations for oxygen evolution on Ru electrodes were deter­
mined using slow (0.1 mV/sec) potentiodynamic techniques.· Cyclic vol­
tammetric study on the working electrode was carried out at 10 mV/se~. 
Prior to each run, the measuring solution in the c~ll was deaerated 
with purified N

2
. The dissolution rate of Ru anodes at constant po­

tentials in the range of 0.9-1.46 V was determi~ed using atomic ab­
sorption spectroscopy. An interrupter method was used to measure the 
ohmic overpotP.nt.i.als (i.e., IR drops) bet•..,een the working electrode 
and the reference electrode (17). 

Ellipsometric Measurements 

An automatic ellipsometer (Rudolph Research Model RR2000) was 
employed to conduct in situ optical analysis of oxide films. In order 
to remove the oxide films formed during the polishing process, each 
freshly prepared A1Ac:tr.one w<1s pretreated at -0 .l v vs. RHE for "··20 
minutes. Ellipsometric and reflectometric data were measured at an 
angle of ·incidence 65°, using a monochromatic light of wavelength 5461 
~ . The optical readings taken at 0 .l V serve as a· reference. state. 
Prior to the measurement of each set of ellipsometric and reflectome­
tric parameters, a stream of purified N

2 
was passed through the surface 

of working electrode to eliminate adher~ng. gas bubbles. 
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RESULTS AND DISCUSSIONS 

Formation and Transformatio~ of Oxide Films on Ru Electrodes 

The variations of ellipsometric and reflectometric parameters 
[i.e., o6, o~ and (oR/R) ], with respect to the optical readings at 
0.1 V, are shown as a fuNction of the polarization potential in Figure 
1. Starting at 0.4 V, the electrode potential was increased step-wise 
to 1.4 v. By holding the electrode at each potential until a stable 
current was obtained, the ellipsometric and reflectometric parameters 
were recorded. As illustrated in Figure 1, four distinct regions are 
well defined in each of the plots of o6, o~ or (oR/R) vs. the elec­
trode potential. Three break points are observed·app?oximately ·at 0.7, 
0.9 and 1.1 V. 

According to thermodynamic data (18), the reversible potential 
corresponding to the Ru/Ru(OH) 3 couple, that is, 

+ + 
+ Ru (OH) 

3 
+ 3H + 3e (4) 

is 0.738 v. Further oxidation of Ru(OH)
3 

film to Ruo
2

, that is, 

Ru(OH)
3 

(5) 

commences at 0.937 V. Since oxide film3 formed ~re p~~bably hydrated, 
the reversible potentials for the Ru/Ru + and Ru +/Ru couples may be 
slightly different from the thermodynamic values ... Therefore, regions 
II and III in Figure 1 can be attributed to the formation of Ru(OH) 3 
film and the conversion of Ru(OH)

3 
to Ru0

2
·YH2o film .occurs probably 

at "' 1.1 V. The continuous growth of Rub ·YH2o at potentials .J.bove 
1.1 V (i.e., region IV in Figure 1) exhib~ts a different pattern in 
the variations of ellipsometric and reflectometric parameters. 

Voltammetric Study on Ru Electrode 

Figure 2 shows cyclic voltammograms on Ru electrode in a N
2

-
saturated 25% TFMSA. These potentiodynamic i-V profiles are sl~ghtly 
different from those in sulfuric acid (9 19), 'vhere broad peaks are 
usually observed in the potential range of 1. 0-1.2 V. . The oxide film, 
formed in the anodic sweep up to 1.2 V, is reduced at "'0.3 V. The 
higher oxide (possibly, the hydrated Ruo2 ), produced in the potential 
range of 1.2-1.4 V, is reducible only at potentials below 0.2 V. In a 
separate cyclic voltammetric study at a slowf'!r sweep rate of 1 mV/sec, 
it 'vas found that the onset potential for oxygen evolution on Ru 
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electrode is ~1.35 V in· TFMSA. In HCl0
4 

solution, Galizzioli et al. 
(4) have noted that the OER on Ruo

2 
film starts at ~1.35 V. 

Electroreduction of Oxide Films 

Regarding the reduction of anodic oxide films on Ru electrode, 
there is a serious discrepancy in the literature. According to the 
work by Hadzi-Jordanov et al.(l9), the surface oxide films on Ru are 
removable by maintaining the potential in the range of 0.0-0.1 V. 
Burke and Mulcahyhave reported (20) that anodic films on Ru may be 
reduced by holding the electrode at potentials below 0.2 V. Further­
more, Kinoshita and Ross have noted (21) that RuO films, formed in an 
.anodic potential sweep can be reduced. in the subs~quent cathodic sweep 
to 0.0 V. On the other hand, Rand, i'_loods, and Hichell have pointed 
out (9) that anodic oxide films on cycled Ru electrodes cannot be 
reduced by potential cycling. All these conclusions are drawn simply 
from cyclic voltammetric studies (9,19-21). In the present work, 
ellipsometry is used to·monitor the surface oxide films in both anodic 
and cathodic potential sweeps. 

The variation of ellipsometric parameters during a complete cycle 
of potential sweep is shown in Figure 3. In the anodic sweep, the 
formation of oxide films commences at ~0.70 V, where both/). and 1jJ 

start to deviate from the reference state. At the upper limiting 
. . . . n 

potential 1.3 V, significant changes in[). and 1jJ (approximately -1.0· 
and -0.2°, respectively) were observed, indicating the presence of 
thick film on the electrode surface. In the. cathodic sw·eep, the 
electroreduction of oxide film commences at ~0.8 V. At the end of 
the cathodic sweep (i.e., at 0.0 V), the variations in/). and 1jJ were 
approximately zero, which means that the oxide film was completely 
removed. This result confirms that RuO film produced by an anodic 
sweep can be reduced in the subsequent ~athodic sweep (21). 

The ellipsometric data, measured under ste~dy-state potentiostatic 
conditions, are shown in Figure 4. 

3
At p~tentials below 0.937 V (i.e., 

the reversible potential for the Ru +/Ru +couple), the surface film 
formed on Ru is substantially composed of Ru(OH)

3
. Thus, if the upper 

limiting potential is 0. 92 V 1 the electroreduction. Of this film COm­
mences at.~0.6 V (see Figure 4). This Ru(OH)

3 
film is completely re­

moved at ~0.3 V. 

As the anodization potential is increased to 1.3·v, the surface 
film formed on Ru is further oxidized to Ru0

2
·YH

2
o. The electroreduc­

t-ion of Ru0
2

-YH
2

o film takes place only at potentials below 0.4 V. As_ 
demonstrated in Figure 4, this ox~de film is essentially removed by 
holding the electrode at 0.0 v for a long period of time (e.g., 2 hours). 
Therefore, ellipsometric data confirms that oxide films formed anodic­
ally on Ru electrodes can be removed by electroreduction. 



'Corrosion of Ru Anode. 

The degradation of catalytic activity is ·the most difficult prob­
lem in the development of RuO. for use as an oxygen· electrode in SPE 
water electrolyzers (12). Th~ time dependence .of current .density for 
oxygen evolution at constant potentials is illustrated in Figure 5. 
At first, a freshly prepared Ru electrode was polarized potentiosta­
tically at 1.44 V. The current density decayed significantly in the 
first few hours, and then reached a stable value in ~10 hours. This 
stable current density is only l/10 of the initial current density on 
Ru electrode. 

After 20 hours of polarization at 1.44 v, the electrode potential 
was stepped up instantly to 1.46 V. As shown ·in Figure 5, t2e current 
densi1y for the OER increased significantly from ~0 .17 rnA/em to ~10 
rnA/em in ~10 hours. By holding the electrode at 1.46 V for 20 hours, 
the electrolyte which was initially colorless transformed into a. gol­
den yellow color. From the atomic absorption spectroscopic analysis, 
it was found that ~lJe averag2 rate of Ru dissolution at·this potential 
was about 1.9 x 10 mole/em /hr. 

As demonstrated in Figure 5, the current density for oxygen evo­
lution decayed with time when the electrode potential was lowered to 
1.44 V. The final stable current density was about 16 times of the 
previous value at the same potential. The significant enhancement of 
current density is possibly due to (i) the surface roughening arising 
from the Ru dissolution at 1.46 V, or (ii) the presence of Ru-containing 
species in the electrolyte, which may activate the OER (22,23). 

By maintaining the same cell configuration and replacing the· 
electrolyte, the electrode was· polarized again at .1.44 V. The dashed 
line in Figure 5 represents the.variation of current density with time 
in the fresh electrolyte. The final current density \vas still more 
than 20 times of the previous value. Therefore, the significant en­
hancement in current density is essentially due to the anodic di.ssolu­
tion of Ru electrode. The critical potential at \vhich Ru corrodes· 
vigorously is ~1.45 V. Similarly ellipsometric study on Ir electrode 
has revealed (14) that Ir oxide films formed by potential cycling 
corrode significantly at potentials above 1.56 V. · 

Effect of Preanodization on the OER 

The influcence of·preanodization on·the kinetic parameters for 
oxygen evolution is shown in Figure 6. Tafel plots were obtained by 
slow potentiodynamic technique.s at a S\veep rate of ·eLl mV(sec·. Curve 
1 represents the Tafel plot for oxygen evolution on an untreated Ru 
electrode. 



After polarizing at.l.44 V for 2 hours, the Tafel plot for the 
OER corresponds to a slightly low~9 exchange cur~9nt de2sity than on 
the untreated electrode (1..6 x 10 and 4. 5 x 10· A/em , respectively). 
Conversely, preanodization at 1.49 V causes Ru dissolution and conse­
quently, a parallel shift of Tafel plot to a higher current density 
region. 

Despite the pretreatment, all the electrodes·exhibit Tafel slopes 
of "-'30 mV/decade. This value (equivalent ·to "-'RT/2F) strongly supports 
that the chemical reaction following the discharge step, that is, 

2 (.2) 

is the rate determining for the OER on Ru electrode (6). 

1'-lechanism· of Performance Degradation 

The investigation of the mechanism of performance degradation for 
oxygen evolution on RuO catalyst is underway. Preliminary data from 
ellipsometric study rev~aled that the current density for the OER de­
creases exponentially with increasing thickness of Ruo

2 
film. Similar 

results were observed on Pt electrodes (24). Thus, the growth of RuO..., 
film GCCmG to inhibit th8 OER. .._ 

In experimental SPE water electrolyzers, RuO catalyst mixed with 
Teflon binder is generally pressed on the face ofxNafion membrane. 
Prior to the electrolysis, no inclusion was present in the membrane as 
indicated by the electron spectroscopic study of ~ne·membrane/electrode 
assembly (25). It was also found (25) that, after the electrolysis, 
the average size of RuO particles increased and Ru-containing parti­
cles were present in th~ membrane. Thus, it is assumed that·, during 
the electrolysis, small RuO particles with higher surface energy cor­
rode to fono the soluble sp:cies H2 Ruo5 . (see Figure 7). The species 
H2Ruo

5 
is not chemically stable anddecomposes, according to the fol­

lowing reaction : 

(61 

to produce stable Ru02 films coated on the surfaces of RuO particles. 
'rherefore, the performance degradation for oxygen evolutio~ ·on RuO 
catalyst is presumably due t·o. the_ gradual accumulation of Ruo

2 
·YH)~ on 

the surface of RuO particles by a dissolution-precipitation process 
as shmvn in Figurex7. Efforts are bei_ng made to obtain evidence to 
support the dissolution-precipitation model and to develop methods to 
stabilize RuO catalyst. 

X 



CONCLUSIONS 

1. Optical analysis o~ Ru anodes revealed that the to~ation o~ 
Ru (_0Hl

3 
film conunences at .'VO. 73 V. The Ru tOH.). 3 t:i.lm is fu:r;ther 

oxidized to Ruo
2

·YH
2

o at potential above 0.94 V. 

2. From the ellipsornetric investigation of Ru electrode, it is con­
firmed that oxide films formed anodically can be removed by 
electroreduction. 

3. The critical potential at which Ru corrodes rapidly in TFMSA is 

about l. 45 V. 

4. The performance degradation for oxygen evolution on RuO catalyst 
is presumably due to the gradual a"cctunulatio.n of Ruo2 fflrn on the 
surface of RuO particles by a dissolution-precipitation process. 

X . 
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constant potentials 1.44 and 1.46 V . 
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Figure 6. Effects of preanodization on the Tafel plots for oxygen 
evolution. 
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MECHANISM OF PERFORMANCE DEGRADATION WITH TIME FOR OXYGEN 
EVOLUTION ON RuOx ELECTRODES IN SPE WATER ELECTROLYZERS 
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Figure 7. Proposed mechanism of performance degradation with time 
for oxygen evolution on RuOx electrodes iri SPE water 
electrolyzers. 
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