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ABSTRACT

The adsorption and desorption of water on the surfaces of ruthenium catalysts have been
studied using the technigues of uptake, thermal desorption spectroscopy(TDS), Auger electron
spectroscopy (AES), and low-energy electron diffraction(LEED) under ultrahigh vacuum condi-
tions. Water adsorbs molecularly at rcom temperature giving a desorption peak at 330K and a
saturation coverage of less than a thousandth of a monolayer. At higher temperatures water
dissociates leaving oxygen adatom, O(a), and the maximum dissociation rate is observed at
430 K. The dissociated surafce oxygen is evidenced to penetrate into the subsurface and/or

ithe bulk.
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1. Introduction

Ruthenium is one of the platinum group
metals which are composed of the elements in
group VIII of the fifth and sixth transition
periods of the periodic talile.

Recently, energy shortages are being seri-
ously experienced in many parts of the world;
consequently methanation processes are being
studied vigorously in many laboratories. Early
in the 1920’s Fischer, Tropsch, and Delthey?
compared the methanation properties of vari-
ous mectals at temperatures up to S00°C, and
figured that the decreasing order of metha-
nation activity was Ru, Ir, Rh, Ni, Co, Os,
Pt, Fe, Mo, Pd, Ag. That is, ruthenium is
recognized as a very active methanation cata-
Iyst; however, the high cost of this metal
mitigated against its wide use. But when we
consider long catalytic life, high activity and
selectivity for the precious metal, ruthenium

may be the best catalyst for methanation

73}

from oxides of carbon. There are only four
metals which show a significant activity in
the Fischer Tropsch synthesis. They are:
iron, cobalt, nickel and ruthenium(nickel
being somewhat less efficient than the other
three). Ruthenium is the only one of these
four metals which is used in the pure state,
that is, unpromoted and unsupported. Iron
requires promotion but not supporting, while
cobalt and nickel are normally used with
both promotors and supports, although unpro-
moted cobalt is highly active.

Problems of emission control from automo-
bile exhaust are becoming serious for environ-
mental conservation. Simultaneous catalytic
control of three major pollutants in automobile
exhaust, nitrogen oxides(NO.), hydrocarbons

(C:H,), and carbon monoxide(CO), requires

both reduction of nitrogen oxides and oxida--
tion of hydrocarbons and carbon monoxide.
Most manufacturers of automobiles have used
catalytic converters in their products sirce:
1975. The term “three-way catalyst” is used
to denote an ideal emission control catalyst
which can eliminate the three major pollutant
classes in automobile exhaust simultaneous-
ly. Ruthenium is known as the most effec--
tive catalyst(both very active and selective),

in the absence of oxygen, for reducing NO to-
N: rather than NH; which is less environmen-
tally desirable than N,.2°® However, a major-
problem is the volatility of the higher ruthe

nium oxides. 9 The Ru-containing catalysts
have poor stability under oxidizing conditions.

Analysis of spent catalysts revealed severe
losses of the active component, which were
readily explained by the formation and remo-
val of the volatile tetroxide. ? Various studies
were performed to minimize the tendency of
the Ru to volatilize under oxidizing conditions
while still preserving its high catalytic activi-
ty and selectivity. The incorporation of the
basic oxide of barium made Ru(or its oxide)
catalysts much more stable without losing
high catalytic activity and selectivity.” Ru--
thenium is most effective as a three-way-
emission control catalyst when the air/fuek
Such.
ratios make for lower fuel economy, though.

ratio is at near-stoichiometric values.

A fair number of studies of small molecule-
chemistry at well-define surfaces of ruthe
nium have been reported. In this study we-
will not discuss supported catalysts nor will
we discuss high pressure studies. Rather, we
will focus on low pressure studies on single-
crystal basal plane surfaces(001). As a part
of a continuing series of surface studies in--
volving Ru(001) and various adsorbates, we-

report here a study of the adsorption and:
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Fig. 1. Schematic diagram of the ultra-high vacuum
system used in the TDS studies
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Fig. 2. Schematic diagram of the ultra-high vac-
uum system used in the AES/LEED studies

desorption of H:0 whose behaviors on the
surface might affect strongly most of the
reactions involving small molecules such as
CO and H,. That is, even though small in
terms of species, energetics and concentrations
(in the usual background pressures), water
may give profound effetcs on catalytic rates
and products. Qur experiments rely on ther-
mal desorption spectroscopy (TDS), low-energy
electron diffraction(LEED) and Auger electron
spectroscopy (AES).

2. Experimental

(1) Apparatus
The experiments were carried out in two
different UHV systems. One was a small volu-

82128 ®i202 M 53 19824 10%

me(1.35 /) system designed specifically for-
thermal desorption measurements and is shown
schematically in Fig. 1. This ionpumpsd
conductance-limited(S/V = 4 sec™!, where S
and V represent the system pumping speed
and volume, respectively) system had a base
pressure in the 1071¢ torr region but an oper-
ational base pressure of about 2 X 10°? torr
mainly CO and H, was characteristic during
a series of measurements. The secend system
was a large turbomolecular-pumgped chamber
designed for AES and LEED measurements.
in this-
1.5 X 10°i% torr which consisted
CO and H,0. A schematic
diagram of this system is shown in Fig. 2.

A typical operational base pressure
system was
mainly of H,,

(2) Substrate

The two substrates used in this project.
(one for each system) were cut from the same
single crystal ruthenium rod supplied by the
Materials Research Corporation, Orangeburg,
New York. The nominal purity of this rod was
99.99%. The crystal was oriented using the
Laue X-ray back scattering technique and cut
by a standard electro-discharge spark cutting
machine. The cut crystal discs were polished
mechanically by the following step: (1) polish.
with a coarse emory cloth, (2) polish with a.
finer emory cloth, (8) polish with Q.3 micron.
alumina on a felt cloth adding ethanol to-
make suspension, (4) etch in boiling aqua.
(5) take a Laue X-ray
back scattering picture to identify a surface-
orientation desired. The Laue back scattering

regia for 2 hours,

pattern indicated an orientation to within:
1°of the (001) face, and the final thickness
of the samples was (. 2 mm. The sample was.
mounted on three small tantalum leads 0. 25
mm dia.) which were in turn connected to

massive tungsten rods(2.5 mm dia.) covered:



358 o} T 3l

Ru target
tungsten

4~ feedthiu

77
.

Point

Ta wire \ spot-welded

SAIFRC—__ Ta wire
727 spot-welded

_<\ Ta foil
. spot-welded

—
glass-covered
feedlihru

o~
therniocouzle

Fig. 3. Detailed diagram of the Ru-target

with uranium glass to reduce tungsten side
effects especially when the target was heated
to relatively high temperatures. The tungsten
rods passed through the vacuum wall and
The target holder
had two small nickel feedthrus for a thermo-

served as heater leads.

couple which was spot-welded on the back
side of the target. Figure 3 shows a detailed
diagram of the target. The ten filled hexa-
gonal points represent spot-welds of the target
to the three tantalum leads. The ends of the
tungsten rods were covered with a 0. (025 mm-
thick tantalum sheet, and the latter was spot-
welded to the three small tantalum leads.

(3) Reagents
Water (H.O D:2)
liquid nitrogen temperatures ten times(allow-

and was degassed at

ing the water to room temperature in each
cycle). Water was introduced tc the stainless
storage tank as vapcr at rocm temperature.
All the reagents were introduced into the
UHV chamber thrcugh variable leak valves
from high pressure gas tank. The gas tank
was refilled each day to minimize accumu-
dated

baked out.

impurities. Occasionally the tank was

(4) Measuremenrts

Temperatures of both the targets were

DI

measured with W-W 262, Re thermocouples
with a diameter of (.13mm, which were
spot-welded on the back-sides of the targets

(=)

as shown in Fig. 3. The thermocouple wire
was purchased from Omega Engineering, Inc.,
Stamferd, Connecticut. Both the targets were
heated resistively by using accurately reset-
table low-voltage, high-current ac supplies.
Heating rates were changed slightly from one
set of experiments to another but were typic-
ally 20-35Ks-L. In both systems, thermocou-
ples were connected to 0°C reference junctions.
The target temperatures could be controlled
within -+1 K in the range of 320 to 500 K as
indicated by 6-digited voltmeters which could
be read to the nearest microvolt. The uniform-
ity of the target temperatures was checked
in the range of 1000 to 1500 K by an optical
and the
across the target was not detectable(+20K).

pyrometer, temperature gradient

The total pressure was measured by an
inverted ionization gauge, developed Lv 3a-

yard and Alpert,¥ which measures cver the

range from 10°1° to 1075 torr.

151 CO

*arbitracy units

PLG
—

—

1 L 1
320 460 £CO 550

TEMPERATURE / K

Fig. 4. Thermal desorption spectrum following
adsorption of 15L CO on a clean Ru

(001) at 320K. Heating rate: 30 K/s
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Fig. 5. Auger electron spectrum of clean Ru(001)
following O, pretreatment for cleaning.
Primary beam: 5 microamperes at 3.5keV,
and modulation signal: 3eV (p-p)

3. Results and Discussion

(1) Cleaning samples

The samples were cleaned by heating for
extended periods in 5 X 107 torr of O; at about
1500 K followed by periodic cooling and heat-
ing cycles at 1600-1700 K in vacuo. This oxy-
gen treatment, vacuum heating-cooling cycle,
had to be repeated many times in order to
give a clean surface as judged either by the
character of the CO desorption spectrum(usu-
ally by a saturated CO TDS spectrum) or by
the AES spectrum. A 15 L CO TDS spectrum
and an AFES spectrum from a clean surface
after the above oxygen pretreatment are shown
in Figs 4 and 5, respectively. Typical
impurities included O, C and S, and a tiny of Si
was sometimes detected. Following this clean-
up, the sample was annealed for a few hours
in vacuo at 1300K. Such a sample could
ustally be restored to a clean condition after
a series of experiments by flashing briefly

to 1700 K. Occasionally, however, the oxygen

stat-Zat ®20A XI55 1982 10H
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pretreatment, vacuum heating-cooling cycle,.
had tc be repeated. The high temperature
oxygen behavier was so complex and some-
times variakle amcunts(usually less than 5%
of & monolayer) appeared which proved very
difficult to remove. Along with this phenom-
enon, the penetration of surface oxygen into
the subsurface c¢r the bulk region made very
slowly the surface catalytic behavior changed
with a long, long-term use. The detailed resul-
ts and discussion were published separately. 1

(2) Chemisorption of water
A typical transient water mass spectrum:
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Fig. 6. A typical water desorption spectrum after
a 10 L water exposure at 320 K. Region(a)
(b), and (c) correspond to the regions of
(a) desorption, (b) dissociation of water
and interaction between H.0Q and CO, and
(c) side effects
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Fig. 7. H:0 TDS spectra under a constant leak of
1 % 1078 torr of H:O with (curve (b)) and
without (curve (a)) a predosed 15L CO at
320K
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sure at three different tempsratures: (a)
320K, (b) 420 K, and {c¢) 490K

produced by heating(30Ks™!) a surface ex-
posed to 10 L H»O(with 2 X 1077 torr of pres-
sure) at 320 K is shown in Fig. 6. At the
beginning of the flash most of the back
ground was water at about 1 X 107® torr due
to its low pumping speed. This figure looks
rather like a combined spectrum of desorption
and uptake.

Although no room temperature adsorption
data of H,O on ruthenium surface are avail-
able, McCarty and Madix!” have studied the
.adsorption of H,O at 175K on a clean Ni(110)
-surface and observed three different thermal
desorption peaks, the highest temperature
‘peak coming at 370 K. They are suggested
that H,O is molecularly adsorbed on this sur-
face.

Region(a) of Fig. 6 is suggested to be
:the region of an ordinary desorption of H.0O
with a desorption peak at about 380 K. The
area of this peak gives a saturation water
.coverage of less than 0.001 ML. We attribute
this peak to the desorption of molecularly
held water with reasons as follows: (1) Its
area is dependent on the number of available
adsorption sites at a constant temperature,
i.e., the more available sites permit the bigger
desorption area as seen in Fig. 7. (2) It

also depends upon the adsorption temperature
for a given exposure, i.e., lower temperature
gives a bigger area as shown in Fzg. S. And
(3) A large area occurs under a higher con-
stant leak of H,O at a constant temperature.
This is also evidenced by an experiment which
shows the same area regardless of the waiting
intervals longer than one for saturation cove-
rage under the same pressure of 1 X 1073
torr H:O,

Figure 7 shows two different H.O TDS
spectra under a constant leak of 1 » 10°® torr
of H;0. Curves (a) and (b) correspond to the
spectrum from a clean surface and from a
surface predosed 15L CO at 320K,
tively. A decrease of the area of convex part
of curve (b) and the shift of the peak position
to lower temperature are observed. The rela-

tively big differences of the concave parts

reepec-

between two spectra suggest a significant
interaction between CO(a) and H.O(a). The
convex peak of curve (b) shifts to lower tem-
perature presumably because of a repulsive
interaction between the major CO(a) and the
minor H,O(a), and decreases peak height due
to fewer available sites for adsorption because
of the saturation of CO. A possible alternate
explanation of the above is the adsorption of
H.0 on the top of CO(a) molecules. The chan-
ge of depth and shape of the concave peaks
in Fig. 7 will be discussed in more detail in
terms of dissociation of water and interaction
between CO and H.O in a separate paper.!?

In Fig. 8 curves (a), (b), and (c) corres-
pond to the H,O TDS spectra following a
5L H.O exposure at 320 K, 400K, and 490K
respectively. The results show that the area
of the convex peak is strongly related to the
adsorption temperature. Curves (a), (b), and
(c) were flashed from 320K, 345K, and 370
K, respectively because the same cooling and

HAWAHAK KONGHAX Vol. 20, No, 5, October 198 :
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Fig. 9. Variations of the Ho/Hr, as a function of
D20 exposure at six different fixed temper-
atures(where Hp is the p-p height of oxy-
gen Auger transition at 515eV and Hg, is
that of ruthenium Auger transition at 273
eV). The inset shows the values of Ho/Hgu
at a fixed exposure of 108 L D,O

.evacuating times(5 min.) were used for com-
parison.

Region (b) of Fig. 6 issuggested to be the
dissociaticn of H.O into hydrogen and oxygen
on the surface. The maximum rate of disso-
ciation and interaction with background CO
occurs at about 470 K and results in a signif-
icant production of CO. and H.. The reaction
of H,O with CO on the surface is proposed
asfollows:

H:0(@) —= 2H(a) +0(a)

2H(a) /= Hu(®)

CO(a) + O(a) —— CO0:(g)
therefore, the overall reaction,

H.0(a) + CO(a) —— Ha(g) + CO:(g)
is proposed. Figure 9 shows that the maxi-
mum forward rate of the above first reaction
-occurs around 500 K which agrees well with the
position of the concave peak of the region (b)
in Fig. 6. This supports the idea that re-
gion (b) is properly designated as dissociative,
The inset of Fig. 9 further supports this
proposal since it mirrors the shape of the (b)
region of Fig. 6. Separate TDS experiments

stepZe} H203 H 5% 1982 103

show the same result: For a 1L H;O exposure,
the oxygen desorption is larger by a factor
of 4 if the water is exposed at 490 K rather
than 400 K.

Figure 9 gives six curves for six different
water adsorption temperatures. Each curve
shows the variation of the H,/Hz.(where H,
is the peak-to-peak height of oxygen Auger
transition at 515 eV and Hgy is that of ruth-
enium Auger transition at 273 ¢V) as a func-
tion of DO exposure ata fixed temperature.
Clearly the value of Hy/Hz. is sensitive to
the adsorption temperature. The inset shows
the behavior at an exposure of 108L D.O.
The initial slope of Ho/Hru versus exposure
gives a maximum around 500K suggesting
that D,O is dissociated with a maximum rate
at about 500 K. Curve (f) gives the smallest
values of Ho/Hru throughout the exposure
range studied but shows no sign of saturating
like the curves at lower temperatures. That
is, it shows a steady increase of Ho/Hgru to
the largest exposure used (360 L), unlike the
other lower temperature curves. This suggests
the penetration of surface oxygen into the
bulk. This is supported by the results for O,
uptake as a function of adsorption tempera-
ture presented elsewhere.!® Comparing the
resuits of O, and H;O uptake obtained by
AES, we find the adsorption rate of D,0 is
smaller by a factor of about 100 than that
of O, at 700 K(if all D,O adsorbed is assumed
to dissociate leaving O(a) on the surface). In
a separate set of AES experiments where
Ho/Hru was followed as a function of temper-
ature for a 360L D;0 exposure at several
different adsorption temperatures, the same
features are observed as in O; uptake experi-
ments!® (except the big difference in rate as
(1) penetration of O(a)
into the subsurface and/or the bulk, and (2)

noted above) :ie.,
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Table 1. LEED Pattern as a Function of D;0 Exposure at Constant Temperatures

Po.o flowed = 6 X 1078 torr

Exposure Time(sec) 100 150
Exposure(L) 6 9

LEED Pattern
(w/ e~ bzam, at 420 K)

LEED Pattern
(w0 ¢~ beam, at 380K)

ax1D axDn

* (2 2)W : Weak(2 X 2) LEED Pattern
(2 % 2)G : Good(2 X 2) LEED Pattern
(2 % 2)E : Excellent(2 x 2) LEED Pattern

X

250 300 350 400 500
15 18 21 24 30

CEXDOW*C XDG*E < 2GE2 X DE*Q X 2)E ¢ X NE

X1y (IXD) AX1) Ex22W Cx2HWE2XxDGE2X DG (2 x2DE

Table 2. LEED Pattern as a Function of Temperature for Two Different Adsorption Temperatures and

Exposures of D,0

Taas = 460K, Exposure =28.8L

Temperature(K) 360 470
LEED Pattern 2 %X 2)E 2 x2)E

@2 x2H)w

570 690 830 1070
(2 x2)W @ x2)y axn

Tads = 500K, Exposure = 360 L

Temperature (K) 690 810
LEED Pattern @CX2E (@2X2)E

950 1080 1220 1350 1450
@X2DG 2(x2)G

ExDG @Ex2G A XD

shift of the desorption peak to lower temper-
ature with higher adsorption temperatures.
In Fiz. 2 the crcssing of curves (a), (d),
and {¢) are suggested to be due to the oxygen
penetratisn into the bulk.!'® That is, in the
initial stages, curve (a) grows more rapidly
than curves (d) and (e) suggesting that less
penetration occurs at 420 K than at 550 K and
at 509 K. However, with increasing D.O expo-
sure, curves (d) and (e) exceed curve (a)
suggesting that at higher temperatures the
concentration builds up more rapidly in the
near surface region sampled by AES. The
earlier crossing of curve (d) with curve (a)
than of curve (e) with curve (a) suggests
that the dissociation rate of H,O at 550K is
bigger than that at 590 K resulting in the
faster saturation of subsurface region at 550
K. This agrees well with Fig. 6 where the

maximum rate of dissociation of H,O occurs

around 470 K.

The results of low-energy electron diffrac-
tion(LEED) studies are given in Tables !
In Table 1 changes of LEED pattern
are shown as a function of D,0 exposure at
Tadle 2

shows LEED pattern changes as a function

and 2.

two different fixed temperatures.

of temperature after adsorption of a given
exposure cf D;O at a given temperature. Two-
very different exposures at about same tem-
perature(460 K and 500 K) were used.

In the LEED study outlined in Table 1, if
we assure no e~ beam effects on the LEED
pattern, then it is evident that D.0 is more li-
kely to dissociate at 420 K than at 380 K since-
the(2 X 2) oxygen pattern appears at lower
This result is in good agreement
with that from the TDS study. The maximum
intensity of (2 X 2) O pattern appears at the

exposure,

exposure of about 1.5L O, !® so we can esti-

HWAHAK KONGHAK Vel. 20, No. 5, October 19582
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mate roughly the probability of D,O disscci-
ation at two temperatures, under the assump-
tion of a negligible contribution of D.C(a) to
the(2 X 2) LEED rattern. Althcugh the prob-
ability is exrpected to be lower when a dtect-
able oxygen impurity in D,0O is ccrsidered,
we get values c¢f aktout 0.5 ard akcnt 0.(CS
for the adscrpticn temperature of 42¢ K and
380 K, respectively. These values are uncer-
tain by a factoer of 2 due to the iraccurate
determination of the maximum intensity of
the LEED pattern.

ThLe area of concave peaks in Fig. & are
related to the adsorption temperature of H:O.
Curve (¢) with an adsorption temperature of
490 K has the smallest concave area suggest-
ing that the surface has the least number
of sites available for the disscciation of H,O.
This is apparently due to the occupation of
sites by oxygen from dissociated H.O during
the exposure of a 5L H:0 at 490K. This
strongly suggests that the dissociaticn of H.O
is maximized around 470 K. In addition, from
Fig. 8 we get two more features : (1) The
dissociation rate of H,O at 320K is almost
the same as that at 400 K which follows the
explanation mentioned above. And (2) The
temperature which gives a maximum disso-
ciation rate of H;O is independent of the H,O
adsorption temperature.

In another LEED study(Tabdle 2), in the
case of lower exposure(28.8L D.0), the
(2 X 2) pattern begins to disappear at about
700 K which is much a lower temperature
This
suggests the easy penetration of surface oxy-

than that required for O; desorption.

gen into the subsurface or the bulk resulting
in no detectable oxygen on the surface. On
the other hand, in the case of higher exposure
(360 L D.0O) we observe an excellent (2 X 2)
and a good (2 X 2) LEED till 810 K and 1350

2t 38 A203 X 52 19824 109

K, respectively. This suggests that oxygen
renetrates significantly during a 260 L expe-
sure at 500 K resulting in a high occupation
of oxygen in the subsurface region. Since a
relatively geed (2 X 2) LEED rersists even at
1350 K which is in the oxygen Cccsorption
regicn certain amocunt of segregaticn of gub-
surface oxygen to the surface is suggested
in crder tc cocmrersate the amcunt of de-
sorption.

Region (¢) of Fig. 6 is assigned to side
effects such as lead-wires by elevating tem-
perature. The extent of the rice from the
starting level increases with the firal temper-

ature of desoption or with holding time at a
fixed final temperature.

4. Conclusion

(1) H:0 adsorbs molecularly on ruthenium
at even room temperature giving a desorption
peak at about 380 K and a saturation conver-
age of less than a thousandth of a monolayer.

(2) The rate of dissociaiton of H,O on Ru
is very slow at rcom temperature and maxi-
mizes at about 470K. The
mainly O(a) and H.(g).

products are

(38) The surface oxygen come from the
dissociative adsorption of water is evidenced
to penetrate into the subsurface and/or the
bulk.

(4) Clean surface of the substrate is ob-
tained by oxygen pretreatment at high temper-
atures over 1560 K, and the surface behavior
of the substrate is very slowly changed due

to the penetration of surface oxygen into the
subsurface region.
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Nomenclature

S
V  system volume

JUHYV abbreviation for “ultra-high vacuum”
AES abbreviation for “Auger electron spectr-

pumping speed of the system

oscopy”

LEED abbreviation for “low-energy electron
diffraction”

T DS abbreviation for “thermal desorption
spectroscopy”

.L langmuir(as a unit of exposure, egual to
1 X 107° torr-sec)

K unit of Kelvin temperature

s second(as a unit of time)

ML monolayer

.H(CZ), Hzo((l), CO(G),
considered

H:(g), CO:(g) gas-phase species considered

(@) adsorbzd species

€~ electron

(2 X 2) one of LEED pattern proposed by
Wood

H,, Hro AES peak-to-peak height of strface
species considered

Ru(001), Ni(110) Miller index fer the plane
of a single crystal cernsidered
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