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Synthesis and Properties of Novel Ruthenium Thin-Film
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The synthesis and characterization of stable ruthenium thin films via low-temperature, aqueous solution
techniques where self-assembled monolayers are employed to enhance adhesion are described. A monolayer
of N-[3-(trimethoxysilyl)propyl]ethylenediaminetriacetate (TMPEDTA) was first introduced onto the surface
of fused-silica by a self-assembling scheme followed by nonelectrolytic deposition of a ruthenium thin film
using Ru(H,0)¢?". The metallic Ru thin films have been characterized by Rutherford backscattering (RBS),
electron microprobe analysis (EMPA), scanning electron microscopy (SEM), and scanning tunneling
microscopy (STM). RBS suggests a typical thickness of 1500 A for these Ru mirror samples, and STM
indicates that the surface morphology has 10-25-nm structural domains. In addition, X-ray photoelectron
spectroscopy (XPS), secondary ions mass spectroscopy (SIMS), and Auger photoelectron spectroscopy (AES)
were carried out to elucidate the chemical compositions of these Ru mirror thin films. XPS, SIMS, and
AES indicate that the Ru mirror films mainly contain ruthenium metal with 10-20% concentration of

oxygen as the sub-oxide RuO.

Introduction

The design, construction, and molecular architecture of
artificial, supermolecular, self-assembled lattices with
planned structures and physical properties has attracted
recent interest.!® Covalently bound self-assembled
monolayers® or multilayers,” such as alkylsilanes on glass
or alkylthiols on gold, offer a potential starting point for
fabricating highly ordered multifunctional thin films.
Applications include covalently bound multilayers for
nonlinear optical materials.®° The central advantage of
using covalently bound self-assembly schemes is that the
weak physical interactions between interfaces, as in the
case of Langmuir-Blodgett films, are replaced with cova-
lent bonds. Moreover, the film thickness and coverage is
extremely uniform since the surface functional groups are
uniformly distributed and, as soon as the surface functional
groups are consumed, the surface reaction stops, elimi-
nating excess deposition. Novel metal complexes can be
constructed on the surface of various oxides by first in-
troducing/incorporating covalently bound, self-assembled
monolayers or multilayers of multidentate ligands as an-
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chors for transition-metal ions. This strategy offers the
capability of studying the novel properties of inorganic
metal complexes in the environment of self-assembled
arrays of monolayers or multilayers. We have now used
covalently bound, self-assembled monolayers at the in-
terface between an oxide substrate and a metal thin film
to enhance adhesion properties.

There has been great interest in generating ruthenium
and ruthenium oxide or sub-oxide thin films. The mixed
RuQ, and TiO, system as a catalyst for chlorine evolution
has been successfully employed for more than two dec-
ades.!! The success of this catalyst is due to the excellent
electrocatalytic properties of RuO, and its strong coupling
to TiO,. In addition, semiconducting TiO, materials are
considered as candidates for photoelectrochemical energy
conversion. Unfortunately, the large bandgap and low
conductivity of TiO, make solar energy conversion effi-
ciency too small for commercial usage.’? RuQ,-modified
TiO, materials, however, show increased photocurrents as
a result of the shift of the photoresponse toward the vis-
ible.¥ More recently, new chemical sensors utilizing
magnetic semiconductive thick-film containing ruthenium
sub-oxides (RuO) have been reported.* These chemical
sensors, which are based on a linear change in resistance,
are sensitive to alcohol, acetone, and ammonia., The re-
lationship between the resistivity and the chemical vapor
concentration is linear from a few ppm up to approxi-
mately 5000 ppm.

Combining self-assembly chemistry and a thermally
induced deposition technique, we report the preparation
and properties of covalently bonded, self-assembled
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monolayers of N-[3-(trimethoxysilyl)propyl]ethylenedi-
aminetriacetate (TMPEDTA) and the formation of a ru-
thenium mirror multilayer thin film on top of this mul-
tidentate ligand monolayer.

Experimental Section

All procedures are carried out under an argon atmosphere.
Solvents were degassed by pumping under vacuum 1 h before use.
All solutions are aqueous unless otherwise noted. The fused quartz
substrates were ultrasonically cleaned in 10% detergent solution
for 10 minutes and then refluxed in 1% tetrasodium ethylene-
diamine tetraacetate solution for 10 min followed by another
10-min sonication at ambient temperature. Finally, the substrates
were thoroughly rinsed with deionized water and acetone and then
exposed to argon plasma at 0.5 Torr for more than 0.5 h. Polished
Si wafers were cleaned by sonicating in 10% detergent solution
for 10 min and then exposed to argon plasma for 30 min. All
substrates were used immediately after cleaning.

Synthesis of [Rull(H,0)¢]-2tos. The hexaaquaruthenium(II)
complex was synthesized according to a slightly modified literature
procedure.’®® To RuQ, (2.5 g) in an argon-purged system, NalO,
(12.5 g) and ice-cold H,SO, (50 mL, 50%) were added. The
volatile product, RuO,, was then swept into two consecutive 1
M H,SiF; baths with a total volume of 200 mL containing ac-
tivated Pb of 17.5 and 5 g, respectively. After 2 days, the aqueous
H,SiF; baths turned purple, indicating formation of
[Ru?*(H,0)¢):[SiFs]. The Pb?* was removed by addition of 2 M
H,S0, (50 mL) followed by filtration. The resulting purple so-
lution was diluted and loaded onto a Dowex W50X8 column which
was thoroughly washed with 1 M HC], H,0, and 0.1 M Htos (Htos
= p-toluenesulfonic acid) sequentially. The product eluted with
1.8 M Htos solution. The red-purple solution was concentrated
under vacuum at ~30 °C. Upon cooling, the [Ru?*(H,0)4]-2tos
was obtained and rinsed with excess ethylacetate to remove the
Htos residue.

Caution: All operations were carried out in a well ventilated
hood because of the toxicity and volatility of RuO,.

Formation of TMPEDTA Monolayer on the Surface of
Fused-Quartz Substrates. A cleaned Si0O, substrate was in-
cubated at pH = 2-3 (adjusted with concentrated HCl, a catalyst
for Si~OMe bond hydrolysis) with a 5.0 X 10* M N-[3-(tri-
methoxysilyl)propyllethylenediaminetriacetate (TMPEDTA)
solution at 70 °C for 3 days. The reaction vessel was designed
in such a way so that sufficient open space is available at the
surface of the substrates to allow smooth and continuous diffusion
of the solution species onto the surface. After 3 days, the system
was allowed to slowly cool to room temperature. After thoroughly
rinsing with deionized water, the fused-quartz substrate was
immersed in 2 0.1 M pH = 5.5 HAc/KAc buffer for 2-3 h with
10 min of gentle sonication every 30 min. The multidentate ligand
TMPEDTA modified substrates were then sonicated (1 min) in
water three times and thoroughly rinsed with water and acetone.
The coated substrates were allowed to dry in air.

Formation of TMPEDTA Monolayer on the Surface of
Silicon Substrates. A cleaned Si wafer was heated at pH = 2-3
with a 5.0 X 10" M N-[3-(trimethoxysilyl)propyl]ethylenedi-
aminetriacetate (TMPEDTA) solution at 70 °C for 3 days. After
3 days, the Si wafer coated with monolayer of multidentate ligand
TMPEDTA was then cleaned by sonication (1 min) in water three
times and finally rinsed with water thoroughly, followed by acetone
for quick drying in air.

Low-Temperature (<50 °C) Ru Mirror Formation. The
covalently modified TMPEDTA fused-quartz substrate was im-
mersed in a 10-mL degassed solution of Ru(H,0)4** (3.6 X 1072
M) in a water bath. It is necessary to have sufficient radial volume
of solution to allow continuous/smooth diffusion of Ru(H;0)¢2*
to the substrate surfaces in order to form uniform shiny films.
The temperature of the purple Ru(H,0)¢** solution was slowly
increased to 40 °C and allowed to slowly cool to 35 °C before the
next cycle of heating was started. The cyclic heating process was
maintained overnight. After the completion of the above steps,

(15) Bernhard, P.; Biner, M.; Ludi, A. Polyhedron 1990, 9, 1095-1097.
(16) Bernhard, P.; Burgi, H.; Hauser, J.; Lehman, H.; Ludi, A. Inorg.
Chem. 1982, 21, 3936-3941.

Li et al.

& shiny, smooth, metallic-looking mirror was formed on the quartz
substrate.

Surface Analysis. Auger electron spectroscopy (AES) and
X-ray photoelectron spectroscopy (XPS) were performed with
commercial cylindrical mirror electron energy analyzers. Electron
beam conditions for AES were typically 3 keV and 1 nA total beam
current in a spot size 0.1 mm?, X-ray irradiation for XPS was
performed using an achromatic Mg source (hv = 1253.6 eV).
Narrow scans were performed with a band pass of 50 eV, and
satellite and inelastic background were removed from spectra using
established procedures.!” AES depth profiling was performed
using 3-keV Ar ions with a nominal sputter removal rate of ~100
A min for Ru. Secondary ion mass spectroscopy (SIMS) was
performed in both static and dynamic modes using either 5-keV
Ar or Xe mass-filtered ion beams of appropriate beam current
density. Mass analysis of the sputtered material was performed
using a quadruple instrument with provision for detection of
positive, negative, and sputtered neutral species. Insulating
surfaces (e.g., quartz substrates) were examined using appropriate
application of a low-energy (E; < 100 eV) electron source for both
SIMS and XPS.

Scanning electron micrographs (SEM) were obtained in a
Hitachi S520-LB scanning electron microscope. A Microspec
WDX-2A wavelength spectrometer was used to quantitatively
measure both Ru and C. An accelerating voltage of 10 kV and
a takeoff angle of 70° were used to minimize corrections to the
raw data. The beam was rastered over an area of roughly 200-400
um? to further reduce the current density and minimize carbon
deposition. The total current to the sample was generally less
than 30 nA. Variations in electron beam intensity were corrected
for by use of Faraday cup measurements. Pure element standards
were used to provide reference intensity measurements for Ru
and C. A local version of the program CITPTC was used to
provide quantitative corrections. This program integrates the
X-ray depth distribution function (¢(pz)) to determine the com-
position of films whose thickness is less than the electron range.

The STM constant-current images were taken under ambient
conditions with a Nanoscope II using cold worked PtIr scanning
probes. No special preparation to the films surface was required
to obtain the pictures presented in this paper. Electrical con-
nection to the samples was made with Ag colloidal paint and the
average bias voltage applied to the sample was about 700-800 mV
at typical set point current settings of 0.07-0.10 nA. To minimize
image distortion, scan speeds were generally kept below 2 Hz.

Rutherford backscattering (RBS) analyses were obtained with
the 3MV tandem accelerator at the Ion Beam Materials Labo-
ratory at Los Alamos National Laboratory using a beam of He*
of energy of 2.2 MeV.

The infrared of both TMPEDTA monolayer and Ru mirror
films was performed on Bio-Rad FTS-40 with Harrick Seagull
variable-angle reflection attachment. The TMPEDTA monolayer
was studied using the internal total reflection mode in which the
Si wafer functionalized with a monolayer TMPEDTA was pressed
against a ZnSe hemisphere crystal with a miniature pressure device
to assure optical contact. A single attenuated total reflection from
the interface of ZnSe crystal and TMPEDTA/Si was collected
with 64 scans and 2-cm™ resolution. Details of the experimental
setup will be discussed elsewhere.’® The metallic Ru mirror films
were studied using the external reflection mode at 45° of incident
because the films reflect infrared radiation perfectly.

Results and Discussion

The synthetic approach is summarized in Scheme I. A
monolayer of TMPEDTA, a multidentate ligand, was in-
troduced onto a cleaned fused quartz/silicone wafer sur-
face via a siloxane bond linkage. This procedure was ac-
complished by incubating the freshly cleaned fused-quartz
substrate in a slightly acidic 5.0 X 10 M TMPEDTA
aqueous solution at 70 °C for a few days. In acidic aqueous
solution, covalent binding!® of monofunctional silanols to

(17) Storer, R. A. In ASTM Standards on Surface Analysis; American
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oxide surfaces competes with dimerization to form the
corresponding (unreactive) siloxane, and it has been sug-
gested that a reasonably compact monolayer of silane is
formed under these conditions.2’ The absorptions at 213
and 277 nm are consistent with monolayer coverage on
fused quartz. A single attenuated internal total reflection
(ATR) from Si wafer surface shows a C=0 stretch at 1730
cm™ and two CH, bands at 2848 and 2924 ¢cm™ (shoulder
at 2957 cm™) corresponding to the »,(CH,) and »,(CH,)
vibrations, respectively. The TMPEDTA layer was
functionalized with Ru by reaction with Ru?*(H,0)42tos
at room temperature. Throughout this reaction, the
monolayer surface was maintained at pH =~ 5.5 by preim-
mersing the ligand-functionalized substrate in an HAc/
KAc (0.1 M) buffer solution for 2-3 h; this helps to avoid
degradation reactions of the Ru?*(H,0); reagent. The
compound Ru2*(H,0), is most stable in a slightly acidic
medium and readily decomposes in alkaline solution.

When the TMPEDTA monolayer, buffered at pH ~ 5.5,
was heated to 35-40 °C (see Experimental Section) in a
Ru?*(H,0), solution, a shiny, conductive (p = 57.5 @/cm)
film was formed on the TMPEDTA covalently attached
adhesion layer. The conductivity data were obtained by
two-point measurements. The relatively low conductivity
may be a result of probe contact resistances. Excluding
surface contamination, there are only two elements present
in the conductive film as suggested by XPS, AES, and
SIMS, i.e., 80-90% ruthenium and minor amount of ox-
ygen (10-20 atomic wt %). The source of oxygen is not
clear and can be probably explained by the ruthenium film
absorbing oxygen or water from air or solution and hence
forming ruthenium surface contaminant. No evidence has
been found for the existence of RuQ, in the metallic film
from XPS, AES, and SIMS measurements, but sub-oxide
RuO mass was detected by SIMS technique. Both ru-
thenium and ruthenium oxides are good conductors;
therefore, one cannot distinguish between the two chemical
compositions by conductivity measurements.

The formation of metallic thin films containing both
ruthenium and oxygen can be explained by either one of
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Figure 1. X-ray diffraction pattern of a metallic ruthenium thin
film on a fused-quartz substrate.

the following Ru?* thermal induced disproportionation
reactions, i.e. (1) and (2).

3Ru(H20)62+ - RU(Surf.) + 2Ru(H20)63+ + 6H20 (1)
or
2Ru(H,0)¢2* — Ru(surf.) + RuO, + 4H* + 10H,0 (2)

Thermodynamically, the standard reduction potential
change for reaction 1 is AE = —0.043 V based on the data
given by Greenwood and Earnshaw.?! Similarly, the
change of standard reduction potential for reaction 2 is AE
= —0.665 V. From the above analyses, the reverse reaction
of eq 2 is thermodynamically favorable whereas reaction
1 is extremely close to equilibrium under standard con-
ditions (i.e., AG® = 0) and very likely to proceed in the
forward direction given the slightly different conditions
such as the elevated temperature, proper pH, and con-
centration. We conclude, therefore, that the Ru mirror
film formation is driven primarily by reaction 1 as this
would also account for the low oxygen concentration found
in these metallic films. In addition, the ruthenium to
oxygen ratio would be exactly 1 if reaction 2 occurred on
the surface of covalently bound multidentate TMP-
(EDTA)Ru?* self-assembled metal complex monolayer.
Moreover, the oxygen content should be uniform
throughout the metallic films, which is to the contrary of
AES and SIMS profile results which show a decreasing
oxygen concentration as the outer layers are sputtered
away.

X-ray powder diffraction was performed on these ru-
thenium thin films and it shows the metallic films are
weakly crystalline (see Figure 1). Most of the diffraction
peaks match well with the theoretical prediction of pure
ruthenium (26 = 38.4, 42.0, 44.0, 77.8, and 82.4°). There
are three additional diffraction lines, however, at 26 values
of 44,7, 65.1, and 78.1° which do not match the diffraction
pattern of pure ruthenium metal. None of the above ob-
served peaks matches the values reported for RuO,. There
is no reported X-ray powder diffraction data for RuO. The
fused-silica substrates used are completely amorphous in
this region (20 = 30-90°). These diffraction results
suppport the above analysis: i.e., Ru?* disproportionation
into Ru metal and Ru’* followed by absorption of oxy-
gen/water by the ruthenium metallic film from exposure
to aqueous solution and ambient air to form surface con-
taminants possibly including sub-oxide RuO or/and Ru
aqua complex Ru(H,0),. Furthermore, the resulting so-
lution from the ruthenium film formation is yellow and
subsequently turns black upon standing in air; this be-

(20) Lee, H.; Kepley, L. J.; Hong, H. G.; Akhter, S.; Mallouk, T\ E. J.
Phys. Chem. 1988, 92, 2597-2601.
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Figure 2. Top view STM constant-current image of a 1 um X 1 um area of Ru thin film measured in air showing relatively smooth
surface on the micrometer scale. Sample bias of 750 mV and set point current of 100 pA were used.

havior is also observed for Ru®* species, Ru(H,0)¢**-3tos,
under the same conditions.

The monolayer of TMPEDTA functions as an adhesion
layer to enhance the formation of robust metallic ruthe-
nium mirror films. Ruthenium also deposits on substrates
which do not have the monolayer of TMPEDTA, but the
metallic thin films fall off from the substrate readily.
Metallic mirrors formed on top of TMPEDTA show strong
adhesion to the substrates and can tolerate short period
of plasma radiation and sonication.

Infrared studies of matrix-isolated ruthenium oxides
(RuO; and RuOQ;) and sub-oxide (RuO) have been re-
ported?? and the ruthenium oxides have characteristic
vibration bands at 834 cm™ for Ru0, 902 cm™ for RuO,,
and 893 cm™ for RuO;. FTIR external reflection spec-
troscopy was carried out on these ruthenium mirror thin
films with a variable-angle reflection Seagull attachment
and no detectable amount of ruthenium oxides, RuO,
RuO,, or RuO;, was observed. The infrared result agrees
well with the reported ruthenium properties, which indi-
cates that ruthenium metal is stable to atmospheric attack
and is virtually unaffected by non-oxidizing acids or even
aqua regia. The infrared suggests that the metallic films
consist mainly of Ru metal and the amount of oxygen is
under the detection limit (i.e., <10-20%) of the infrared
instrument if any oxygen is present as the suboxide. This
observation was also confirmed by the XPS, SIMS, and
AES results.

Scanning electron micrographs (X5.0K) reveal these
films to be quite smooth with only a few agglomerate
structures on the surface. At higher magnifications (X

(22) Kay, J. G.; Green, D. W.; Duca, K.; Zimmerman, G. L. J. Mol.
Spectrosc. 1989, 138, 49-61.

20.0K) some surface grain structure is observed with a few
pits and pin holes.

Scanning tunneling microscope images of the ruthenium
film were taken at a series of progressively increasing
resolutions. The STM data reveal a relatively smooth
surface with a typical standard deviation roughness of
about 10 nm for a 1 X 1 um? scan as illustrated in Figure
2. It is clear from this figure that the surface roughness
is due to a granularity of the film which consists of several
orders of hierarchical structure. At the lowest resolution
100-150-nm circular rounded domains are observed. At
an intermediate resolution, these domains are seen to
consist of 10-25-nm-diameter subunits as shown in Figure
3. A software generated 30° profile rendering of a 50 X
50 nm? scan is presented in Figure 4. Finer substructure
is clearly resolved within each subunit with dimensions of
the order of 20 A. Though the film is certainly not 100%
“crystalline”, i.e., well-oriented subunits, there does exist
some short-range order which can be seen in the micro-
graphs presented in Figures 3 and 4. This result is in good
agreement with the X-ray diffraction pattern which also
suggests a weakly crystalline ruthenium thin film. The
surface of the ruthenium film was sufficiently conductive
to easily obtain good-quality moderate resolution STM
data, but attempts at near atomic resolution were unsuc-
cessful. It is likely that, since the imaging was carried out
in air, the presence of surface contaminants, oxides, and
adsorbates determined the final resolution limitation.

A typical RBS spectrum of the ruthenium metallic thin
film is given in Figure 5 indicating the presence of mainly
Ru in the film along with Si and O from the fused quartz.
Film thicknesses of ~1500 A were measured by RBS.
Depth profiles for Ru and O were measured by RBS. The
spectrum shows that the oxygen is uniformly distributed
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Figure 3. A 800 nm X 800 nm top view STM image of a Ru thin film in air. Domains of approximately 100-150 nm are clearly resolved
and consist of smaller subunits of about 10-25 nm in size.

QSEDTARU.U

Figure 4. Higher resolution (50 nm X 50 nm) side view (30°) STM constant-current image of the same film as in Figures 2 and 3.
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Figure 5. RBS spectrum of a metallic ruthenium mirror thin
film on a fused-quartz substrate.
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Figure 6. XPS spectrum of the C(1s) and Ru(3d) region for (A)
the metallic Ru mirror thin film, (B) the [TMPEDTA]Ru!'Pz
powder, and (C) the covalently attached [TMPEDTA]Ru'Pz
complex, where Pz = pyrazine.

in the films. Carbon and nitrogen peaks are not observed
in the 2.2 MeV RBS spectra due to the large oxygen
background from the fused silica substrates and the low
scattering cross section at a He* beam energy of 2.2 MeV,
indicating that the amount of these elements present are
less tha 2-3%, the detection limit of RBS. Because of low
scattering cross sections for light elements, RBS is ap-
propriate only for quantitative determination of elements
of Z > 10 and has limited use for light elements in
heavy-element matrix.? Direct measurement of the ox-
ygen content of these materials is also complicated by the
large oxygen background.

Electron microprobe analysis (EMPA) of these materials
is complicated by the SiO, substrate. Therefore, direct
quantitative measurements are not possible. Film thick-
nesses determined by EMPA agree well with those mea-
sured by RBS.

XPS data taken from the lightly sputtered cleaned
“metallic” film indicated that the Ru was predominantly
present in a metallic state (3d%/2 transition at 279.7 eV).
Figure 6 presents the XPS spectrum of the ruthenium
metallic thin film in comparison with the monolayer of
ruthenium TMPEDTA complex. The metallic Ru shows
its characteristic binding energy at 279.7 eV and 283.8 eV

(23) Briggs, D.; Seah, M. P. In Practical Surface Analysis by Auger
and X-ray Photoelectron Spectroscopy; Wiley: New York, 1983; Chapter
4, pp 141-179.
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Figure 7. Representative differential AES spectrum, dN/dE
versus electron energy, recorded in the interior of the metallic
Ru mirror film. Inset: depth profiles of the same surface.
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Figure 8. Positive SIMS spectra of pure Ru metal (top) and
solution grown Ru mirror thin film from thermal disproportion-
ation reaction of Ru(H,0)4%*.

corresponding to Ru®? and Ru®/?, respectively. The in-
tensity ratio of Ru%? and Ru®? is roughly 3:2, which
matches well with pure ruthenium, and this further in-
dicates that the chemical composition of this thin film is
mainly ruthenium. A significant concentration of O
(0.08-0.18 a/0) was observed in the film from AES and
SIMS depth profiles. In the positive ion SIMS depth
profiles, high carbon contaminant and relatively low ru-
thenium yield on the very outer surface was observed. The
carbon ions decreased rapidly and reached a steady state
after about 200 s of sputtering time. A representative
carbon signal increase at the interface of ruthenium mirror
film and fused quartz was found after sputtering the
metallic film for approximately 1200 s while the intensity
of Si and SiO ions began to increase and Ru ions started
falling. This carbon signal is due to the TMPEDTA ad-
hesion monolayer first introduced onto the silica surfaces.
The SIMS profile results confirm that the TMPEDTA
ligand is still present at the interface of the Ru film and
the quartz substrate (i.e., increase in C and N positive ion
yield seen when sputtering with deliberately high O, gas
pressure (Pg, = 3.3 X 107" mbar)).

A representative differential AES spectrum recorded in
the interior of the film is shown in Figure 7, along with the
depth profile (inset). As illustrated in Figure 7, the
metallic Ru feature in the region of 130~255 eV is pre-
dominant. Furthermore, the Auger differential spectrum
suggests a low concentration of oxygen (see O Auger
electron at 500 eV in Figure 7) in these ruthenium thin
films. The inset Auger depth profiles (see Figure 7) have
the same features as those of the positive ion SIMS pro-
files, e.g., low Ru concentration and high contaminant at
the very metallic outer surface. The oxygen content also
manifests itself in higher ion counts from the static SIMS
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spectra recorded in the interior of the solution grown ru-
thenium film when compared to a static SIMS positive ion
spectrum recorded from sputtered cleaned metallic Ru as
illustrated in Figure 8. The two major features in Figure
8 are the species corresponding to the mass of Ru and RuO.
Ruthenium has seven natural isotopes and their natural
abundances in percent are as follows: %Ru, 5.5; ®Ru, 1.9;
%Ry, 12.7; 1%Ru, 12.6; 'Ry, 17.1; 2Ry, 31.6; 1“Ru, 18.6.
The observed ion intensity distribution shown in Figure
8 for both Ru ions and RuO ions matches perfectly with
the ruthenium natural abundance pattern. The ruthenium
in the metallic thin film appears to be much purer than
commercially available ruthenium metal as is indicated in
Figure 7 by the fact that the SIMS spectrum of the Ru thin
film lacks a feature at m = 137 which was assigned to
barium. The observation of suboxide RuO fragments in-
dicates the presence of Ru—-0 bonds in the Ru mirror films.
Masses corresponding to ruthenium dioxide and trioxide

were not found in these metallic mirror thin films.

Conclusions

Smooth, shiny, metallic Ru mirrors were successfully
fabricated via a TMPEDTA adhesion layer between the
interface of Ru and fused quartz. The chemical compo-
sition of these Ru mirrors was analyzed by AEP, XPS,
SIMS, and RBS, and these surface characterizations in-
dicate that the thin metallic film consists of mainly Ru
metal. Infrared spectroscopy reveals that the Ru mirrors
reflect infrared radiation perfectly; therefore, application
of these low-cost Ru mirrors in infrared instruments is
plausible. The smoothness suggested by STM and SEM
is far below the order of micrometers, which implies that
the Ru mirrors are extremely smooth to light waves in the
infrared region.

Registry No. TMPEDTA, 84127-79-7; Ru(H;0)¢**
Si0,, 60676-86-0; Ru, 7440-18-8; Si, 7440-21-3.
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Mixed-metal carbonates CuMny(COj)3, CuMn(COy);, CoMny(COs);, and CuCoMn(CO;); possessing the
rhodocrosite structure have been prepared by coprecipitation. Extended X-ray absorption fine structure
(EXAFS) analysis indicates that cobalt substitutes fully and without distortion into the rhodocrosite structure
in CoMn,(CO,);, whereas copper is present in CuMn,(CO;); in a distorted environment. Decomposition
at temperatures of ca. 600 K for CuCoMn(CO;); and ca. 690 K for the other carbonates yields amorphous
or (for the CoMn, system) very poorly crystalline oxides. EXAFS analyses of these solids reveals that
cobalt and manganese ions order to the second and higher coordination shells in proto-spinel structures
faster than do ions of copper. The majority of manganese and cobalt cations have 6-fold and most copper
4-fold coordination in the just-decomposed oxides, although in the poorly crystalline CoMn, oxide around
one-third of the cobalt ions are in tetrahedral sites. Heating the carbonates to 773 K in air produces spinels
that are phase pure by X-ray diffraction: whereas the copper-bearing spinels are cubic, CoMn,0, is tetragonal.
Copper occupies mainly tetrahedral sites in these spinels, although the presence of some octahedral copper
is clearly revealed by EXAFS. This increases in the order CuCoMnO, < CuMn,0, < Cu,sMn, ;0,.
Manganese is predominantly octahedral in all of the spinels (Jahn—Teller distortion in CoMn,0,) and cobalt
is octahedral in CuCoMnO, and occupies both sites in CoMn,0,, ordering on to the tetrahedral site upon
heating. On the basis of EXAFS and X-ray absorption near-edge spectral (XANES) analyses and assuming
the spinels are stoichiometric, we infer that copper is present in the spinels as a mixture of 1+ and 2+
ions. In CuMn,0, and CuCoMnO, the manganese is present as a mixture of 3+ and 4+ and in CoMn,0,
predominantly as 3+. Cobalt is 3+ in CuCoMnO, and a mixture of 2+ and 3+ in CoMn,0,. Many of the
oxides catalyze the complete reaction of an undiluted 2:1 CO/O, gas mixture at room temperature, so that
dilution of both the gas mixture and the catalyst itself was performed to give conversions less than 100%
between 60 and 160 °C. Amorphous oxides in the Cu/Mn and Co/Mn systems have slightly higher specific
activities than the corresponding spinels. Of all the mixed-metal oxides prepared, the CuCoMnO, spinel
has both the highest specific activity, probably due to the cobalt being largely trivalent, as well as the highest

surface area.

Introduction

The ability of amorphous manganese oxides promoted
by transition metals to catalyze the oxidation of carbon
monoxide and hydrocarbons, even at ambient temperature,

has long been known.! Amorphous manganese oxide with
added copper, known as hopcalite, has been studied to

(1) Jones, H. A.; Taylor, H. 8. J. Phys. Chem. 1923, 27, 623.
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