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A novel design for vater electrolysis using a
solid polymer electrolyte is being developed by
Ceneral Electric. Ruthenium is one of the best
electrocatalysts for the oxygen evolution reaction.
There are problems connected with the significant
loss in electrocatalytic activity with time. This
performance deagradaticn is presumably due to the
gradual formation of an Rul; film.

We have performed electrochemical measurements
on (100) , [11C] and [111] oriented single crystals
cf Rul» in order to elucidate the mechanism cf the
electrocatalytic process. Large single crystals
were grown by the vapor transport method., Our in-
vestigation has revealed several interesting dif-
terences {or the various orientations. This agudy
indicatres that Ry03 may be an important inter-
medlate species prior to oxygen evolution and that
the formation of the RuOy iz the rate limiting
process. Similar results were previously obtained
for IrQ,.

1. Intrcduction

At the present time there is considerable in-
terest in developing high efficiency and low cosat
wvater elecrrolyzers to meet the demands of hydrogen
required by the chemical industry and as a fuel in
fuel cells and gas turbines, The development of
advanced technology for water electrolysis is essen-
tial to minimize the cost of hydrogen. The effi-
ciency of water electrolysis systems depends crit-
f{cally on the behavior of the oxygen electrode.

For oxygen evalurian reaction (OER) on metals or
alloys at constant potentials, the continuous de-
crease of current densities with time iz one of the
more difficult problens in wvater electrolysis. The
time variation of current density has been pointed
out by Schultze+ in the anodic evolution of oxygen
cn platinua. More recently, similar behavior has
been observed on iridium® and cn nickel” anodes.

It has been suggested that the current decay with
time {83 connected with the continuous growth of a
poorly conducting cxide film, which retards the
electron transfer or {nhibits the radical on the
fils surfaces“»“+*, Based on electrochemical and
ellipsometric methods Srinivasan et al have con-
cluded that the performance degradation for oxygen
evolution on RuO, catalyst is presuzmably due to the
gradual accumulacion of a Ru0; film on the surface
of the RuQ, particles by a dissolution/precipita-
tion process.
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The OER always takes place om slectrodes which
are covered with an oxide layer. Little is under-
stood sbout the properties of the oxide phase and,
especially, about the properties of the ocxide-
electrolyte interface which are required to achieve
improved performance in the OER, Evaluation of &
number of metals and alloys as electrocatalysts for
the oxygen evolution reaction, leads to nickel as a
preferred anode materfial for the OER in alkaline
solurions and to noble metals and their alloys as
electrocatalysts for the OEZR in acid solutions.
Among the noble metals, the performance of Ru, Ir
and their alloys was found to be much superior to
that of a pure Pt anode. Thus, the potential at
which 2 ateady .5-:: oxygen evelution current den=-
sity of 1 mA cm™“ (real) is cbtained on Pt at rocm
temperature is about 1.8 V vs. RHE, while at a Ru
or an Ir anode this Eotential is only about 1.4V
(Ru) or 1.5V (Ir).2»% 1t 1s obvivus, thercfore,
that analysis of the surface layer formed om Ru or
Ir prior and during the evolution of oxygen, re-
vealing the relationship between properties of this
layer and the performance of the Ru (Ir)/ aqueous
solution interface in the OER, may be an important
key to the role of oxide layers in elecrrocatalysis.
In addition the work of Srinivasan et al“ has shown
the significance of our understanding the proper=
ties of RuOy and Ir0;.

A novel design for water electrolysis is being
developed by the Ceneral Els:ttic Company using
solid polymer electrolytes. In this type of water
electrolysis cell a solid sheet of perfluorinated
polymer (Nafion) serves as the electrolyte. The
electrocatalysts are platinum on the cathode side
and iridi{um, ructhenium or binary and ternary alloys
uf these metals with rransirion metals on the ancde
side. Hence thers is considerable interest from a
practical point of view in gaining a berter under-
standing of nature of electrocatalyst/electrolyte
interface for these particular materials.

II. "Experimental Results

We have performed cyclic voltazmmetry and
steady state measurements on oriented single cry-
stals of Ru0O3. For comparison we have also studied
unaoriented single crystals of this materfal and as
well as Ru metal. In the single crystal case [10@
[110] and Q.Il] crystallographic faces were investi~
gated. This work on oriented single crystal ma-
terial offers the advantage of a more clesrly de-
fined electronic mechanisa compared to prior studies
on multicrystalline material.® Fipe grained ma-
terial bas many grain boundaries and in some cases
inclusions containing impurities. It is also an
important continuation of the work on aingle
crystal IrO; reported at last year's ueetin;.lo
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- Figure 1. Cyclic voltarmerTy of single cryscal

Ru02 with a {}0@] surface in a N7 sat-
urated solution of 1 N HS04 for sever-
al different scan rates.

Single crystals of RuOs wvere grown in our lab-
oratory by the method of chemical transport reac-
tions in a floving system., This technique ia sim-
{lar to that used by Reazes 1o produce the large
single crystals of Ir0; that were used {n our in-
vestigation reported a2t last vear's meeting. In
the presences of axygen at 800-1500°C gaseocus oxides
(Ru0j, Ir03) exist. The reaction takea place by
the following mechanism:

M(s) + %02—0 M03(g)
vhere M = Ru or lr. The volatile MO gas disso-
ciates to MOy in the cooler region. In our pro-
cedure several grazs of Ru seral powder were con-
tained in an alunina source bast. This bost was
placed inside s Mullite tube at the center of fur-
nace vhich vas raised to a temperature of 1400°C,
Qxygen at atmoaspheric pressure vas passed through
the Mullice tube st a flov rate of about 15 cmd/min.
A second boat, vhich acted as a substTace, vas
placed 210 ca f{rca the source boac in a cooler por-
tion of che furnaca., After several days crystals

of dizensions up to bz x 4=m x 2m» had formed in
the substrate boat. Recently Shafer et al have al-
30 reported the growth of comparsble sized single

crystals of RuO:.12

A number of crystals vere examined by X-ray
Laue bgck::i::erinz vhich indicated that they vers
of relatively good quality. Using the X-ray or-

RuOz L110) b

~P

OF 1IN HpSO4 o
o

Dol

Y

S

Do

St ekt
3 T |

* b

.

CURRENT DENSITY (mA/cm?)
(o)
L

I
[
'
e
e
"
[

-l

M
_SPII-'. TN 2:' Scon Rotes
¥ PR —005V/min
£ - .o -=~-0.5 V/min
. 5 Lo seee2 V/min
-of b ¢
gy . 5
e 1 - 1 *
[¢] 0.5 1.0 1.5 20
E (V vs. RHE)

Figure 2. Cyclic voltamsetry of single crystal
RuOy vith a Lll(ﬂ surface in a N, sat-
urated solution of 1 N H,50, for sever-
al different scan rates.

iencation technique natural GOO] R [110) and [ux]
faces were found for the electrochemical investiga-

tion.

Shown in Pigures 1, 2 and 1 _are cyclic vole-
tarmograns for DOO], 610] and Ellﬂ surfaces of
RuO;, respectively in a 1 N solution of Ry504 sat-
urated with Ny at different scan rates. Figure 4
shous the results of 3 similar investigation on an
unoriented single crystal. Measurements were ac-
tually prtformed at scan rates of 0.05, 0.1, 0.2,
0.5, 1.0 and 2.0 V/atn. but for convenience only
three rates (0.05, 0.5 and 2.0 V/ain,) are displayed.
Belov asbout 1.5 V vs RHE the four curves are quali-
tatively similar with major features st 0.4 and 0.7
V ve RHE on the anodic portion and st about 0.5 and
0.2 V vs RHE in the cathodic region. The potentisls
of these features are independent of sweep Tate.

Por the [}OQ) case {see Figure 1) the first
anodic peak (0.4 V ve RHE) consists of a vell-de-
fined doublet and there {s some structureon the
cathodic peak at 0.2 V vs RHE, Por the T}.IO] cryo-
tallographic face (see Figure 2) the second aoodic
pask (0.75 V vs RHE) {s a doublet and there is struc-
turs on both cathodic pesks. The [1113 face (see
Figure 3) shows no structure on either the ancdic
or cathodic peaks at voltages below ~ 1.5 V vs RHE.
Is is of {nterest to note that the twvo anodic peaks
are at the same voltage for the three orientations
vhile there are small differences (~ 0.1 V vs RHE)
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for the cathodic features (sveraging out the struc-
ture in each case), For the unoriented sample
(Figure &) no structure is seen on either the an-
odic or cathodic peaks. In addition, the voltage
difference between corresponding anodic and ca-
thodic peaks is less than for the oriented samples.
We attribute the observed structure in the cyclic
voltazmograms below 1.5 V vs RHE to the Ruj05/Ru
{lowest voltage anodic-cathodic pair) and cthe
Ruy03/Ru0s couple.

Recently several inv:s(igatot:a'g have atudled
the electrochemical properties of Ru0; including
some vosk on oriented single crystals by Shafer
et a1l They also report scructure in the same
general voltage range where ve have seen features
(although there sre some differences in values) and
also attribute thes to the above mentioned couples.
Hovever, our cyclic volta=metry peaks are much
sharper and reveal more structure than those ob-
served by other wvorkers.

Stafer et al report that no obvious differences
vere seen between ige six different crystal faces
that they studied. Also their cyclic voltam-
metTy curves taken or individual faces were similar
to those on therzally oxfdized Ru-metal. In con-
trast ve have ceen scme interesting differences for
the different cryscallographic orientations (Figs.
1, 2 and ). -
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Figure 4. Cyclic voltammetry of an unoriented

single crystal of RuO, in a N; saturated
solution of 1 N HySO0; for several differ-
ent scan rTates.

At voltages above 1.5 7V vs RHE there are also
scme interesting relations between the four situa-
tions ve have studied. TFor all cases, including
the unoriented sample, there is a well-defined
anodic structure (~ 1.7 V vs RHE) preceeding the
onget of the OER. There is _a corresponding ca-
thodic peak for the [110), [111] and unoriented
cages dut nmone is observed for the [lod] face.
These anodde festuras occur at the same voltage for
the four samples but for the cathodic peak there s
a small difference for the unoriented sample.

A similar anodic process has been observed {o
the case of single crystal Ir0; (lsbelled A in
Figure 2 of Ref. 10) and has been associated with
the oxidacion of Ir0; to the higher state Ir05.
Therefore, we attribute the feature at abour 1.7 V
vs RHE in our case to the oxidation of Ru0Oy to
RUOJ.

In terms of the OER potential the Elli] face
shows no dependence on swveep rate (see Fig.”3)
while for the other cases there are shifts to high-
er voltages with decreasing scan speed. We have
also investigated cyclic voltammetry for Ru metal
in & 1 N H350, solution saturated vith Ny for the
same scan speeds used in the Ru0y cases. In the
case of the Ru metal the OER potential does not
depend on scan rate, similar to our observations
for the [111] face. Although we do not completely
understand these differences it is interesting to




note thet Tor ihc\_}i!) otivntation of rutile (the
5ry|t|1 structure of PuG:) 1t {9 possible to have
. & cryscal face free of oxygens, i.e. only ametsl

- atoms. Thus the 11{) caoe may be closer to the
metallic situation.

In addition to the cyclic voltammetry ve have
also studied the steady-state electrochemical be-
havior of the various oriented Rul; samples. The
log current density vs potential curves, obtained
by the steady state measurements .in the anodic Te-
gion, were linear between 1.55 and 1.8 V vs RHE,
All samples showed a slight decrease in slope at
about 1.8 V vs RHE. 1t 1s interesting to note
that this {s the voltage of the feature that ve
have sttributed to the oxidation of Ru0; to Ru0j.
Our messured Tafel slopes wvere A~ 100 mV/dec with
saall differences between the orientations. It
appears that the [100) Tafel slope is somevhat
larger than those for the other two orientations
although this i3 not conclusive. Shafer et al have
also evaluated Tafel slopes for various orjenta-
tions, Although their general values are in
sgreesent with ours they appear to find more of a
difference for the various faces.

II11. Summarv of Results

Ve have grown large single crystals of RuC,
by the vapor transport method. Electrochemical
investigations have been carried out on various
oriented surfaces of the gingle ¢rystal material
as well as on a sample of unoriented single crystal-
Bateflal. A nuober of significant similarities
and differences have been observed between the
various faces thst have been studied. Our results
have revealed considerably more structure in the
cyclic voltammetry curves than reported by other
investigators. Thus our work on oriented single
crystal RuO> containg important information con-
cerning the electrocatalytic process.

IV, Future Work

We plan to grow single crystals of Ir0; in
order to further develop the work reported at last
year's meeting.

Addicional electrochemical studies will be
performed on oriented single crystals of 1r0; and
Ru03. This includes messurements using the rota-
ring disc electrode methed to bLe done lu vollabar-
ation with Brookhsven National Laboratory.

Prel{minary opticsl investigations (reflec-
tivity and photoesission) have already been per-~
formed on single crystal Ir0,. We propose a much
nore detailed study of this ares on both Ir0y and
RuQs in order to gain tnformation ioncetntng thetr
fundamental electronic structure.l The photo-
eaission work is being done in collaboration with
the University of Mons, Mons, Belgium.

Our ultimate goal is to relate the observed
electrochemical behavior of single crystal Ir0,
and Ru0, with the fundamental electronic structure.
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