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Monometallic Ru/SiO, and Cu/SiO, catalysts and a series of Ru—Cu/SiO, bimetallic catalysts
were investigated in detail by hydrogen chemisorption and nuclear magnetic resonance (NMR) of
adsorbed hydrogen. NMR indicates that adsorption of hydrogen on pure Cu/SiO, at room tempera-
ture results in formation of a mobile, atom-like adsorbed species. Hydrogen spillover from Ru to
Cu in the Ru—Cu/Si0, bimetallic catalysts was clearly shown by the two techniques. Two distinct
adsorbed states of hydrogen were observed on surfaces of the Ru—-Cu bimetallic particles. One
state is reversibly adsorbed at room temperature while the other is irreversibly adsorbed. The
reversible hydrogen exhibits rapid motion at the surface; the irreversible hydrogen is less mobile.
Surface compositions for all the Ru—Cu/SiO, bimetallic catalysts were obtained from the NMR
resonance lineshifts of the reversible hydrogen. The results show a preferential segregation of Cu to
surfaces of Ru particles and indicate formation of large Cu islands on ruthenium and separate pure

Cu particles at very high copper loadings.

INTRODUCTION

Supported Ru-Cu bimetallic catalysts
(I-14), Ru-Cu aggregates (15, 16), and sin-
gle-crystal Ru surfaces dosed with Cu
(17-29) have been the frequent subjects of
fundamental investigations of catalytic phe-
nomena. Most previous investigations
searched for evidence of the ensemble (or
geometric) effect and electronic (or ligand)
effect, suggested to be the two most impor-
tant factors in interpretation of the catalytic
behavior of the supported Ru—Cu bimetallic
catalysts (2).

Ruthenium and copper are known to be
immiscible in the bulk (30). Therefore, if
there is any direct interaction between the
two metals on a microscopic level, it is
likely to occur at the interface. On silica-
supported Ru—~Cu bimetallic catalysts, Sin-
felt et al. (I15) proposed a microscopic
model of ‘*bimetallic clusters’ with copper
atoms covering the surfaces of ruthenium
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particles in a manner analogous to chemi-
sorption. This model was supported later
by results from extended X-ray absorption
fine structure (EXAFS) (31). To account
for the observed drop in ethane hydrogen-
olysis activity with increasing copper con-
tent of these supported metal catalysts, Sin-
felt (2, 4) suggested the ensemble effect as
one possible explanation.

The most studied Ru—Cu model system is
the single-crystal Ru(001) surface with
varying degrees of copper coverage. No
convincing evidence of the ensemble effect
was observed for this system catalyzing the
ethane hydrogenolysis reaction (32). Two
recent studies (28, 33) showed that copper
forms large two-dimensional islands before
completion of a monolayer. Kim et al. (33)
have concluded that the model Cu/Ru(001)
system could not be applied directly to the
Ru-Cu aggregates and supported Ru/Cu bi-
metallic system because of the highly de-
fected nature of aggregates and small parti-
cles.

Electronic interaction between ruthe-
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nium and copper may also influence cata-
lytic behavior. An XPS study on Ru/Cu ag-
gregates (16) showed no evidence of core
level electronic interactions between the
two metals. A number of studies by UPS
(24, 34) and thermal desorption of CO (21,
24, 25, 27) on the Cu/Ru(001) model system
indicated the existence of a small electronic
perturbation around the Ru-Cu interface
region, probably via the valence electrons
of the metals. Thermal desorption of ad-
sorbed hydrogen from the same model
systems (26) seemed not to be sensitive
enough to show variations in binding ener-
gies associated with an electronic effect. If
this electronic perturbation is significant,
then the activation energies for various re-
actions on Ru could be altered by incorpo-
ration of Cu.

Sinfelt reported seeing no variation in ac-
tivation energy for the ethane hydrogenoly-
sis reaction when copper is added to silica-
supported ruthenium (2). Similarly, Bond
and Turnham (11), studying CO hydrogena-
tion, found the activation energy to be in-
variant with copper content. On the other
hand, Lai and Vickerman (/3) did see a
variation in activation energy for the CO
hydrogenation reaction. Recent work in our
laboratories that used chlorine-free Ru—Cu/
Si0, catalysts also indicated variations in
activation energies for the ethane hydroge-
nolysis reaction (35).

To clearly distinguish between ensemble
and electronic effects (if they exist) and to
interpret catalytic results properly, one
must know the amount of active metal (in
this case ruthenium) available at the sur-
face. Hydrogen chemisorption has been
used to titrate the amount of Ru at the sur-
face in the Ru—Cu bimetallic system. The
method is based on the assumption that
copper does not dissociatively adsorb mo-
lecular hydrogen, and it seems to be true
for single-crystal Cu surfaces where ad-
sorption of molecular hydrogen is an acti-
vated process with an activation energy of
about 5 kcal/mol (36, 37). However, con-
flicting results on the influence of Cu in hy-
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drogen chemisorption capacity of Ru have
been reported on silica-supported Ru—-Cu
catalysts. Sinfelt ez al. (2, 4, 15) reported a
suppression of hydrogen chemisorption by
Cu while Haller and co-workers (5, 6)
found no significant influence of Cu on the
hydrogen chemisorption capacity of ruthe-
nium. This latter finding was attributed to
spillover of atomically adsorbed hydrogen
from ruthenium sites to adjacent copper
sites after dissociative adsorption of molec-
ular hydrogen on ruthenium. Recent stud-
ies (38, 39) on the Cu/Ru(001) model sys-
tem also revealed such a hydrogen spillover
phenomenon at temperatures above 230 K.
This view was later supported by an NMR
study on hydrogen chemisorbed on Ru-Cu/
SiO, catalysts at room temperature (40).
These results confirmed the spillover of hy-
drogen from ruthenium to copper on sup-
ported Ru—~Cu bimetallic catalysts.

With only a few exceptions (5-7) the ru-
thenium salt RuCl, - #H,0 has been used as
a precursor in preparing Ru—Cu/Si0O, cata-
lysts in previous investigations. The effect
of chlorine contamination on the hydrogen
chemisorption capacity of Ru has been
overlooked until recently. A number of
studies (4/-43) indicated that a substantial
amount of chlorine remains on the surfaces
of ruthenium particles after reduction at
normal reduction temperatures (573-773
K), and the residual chlorine inhibits ad-
sorption of hydrogen on ruthenium. Recent
results in the authors’ laboratory have sup-
ported this picture (44). If the incorporation
of Cu further inhibits the reducibility of
RuCl;, then one may observe an apparent
suppression of hydrogen chemisorption ca-
pacity upon addition of copper. The intro-
duction of chlorine complicates the charac-
terization of Ru/Si0O; and Ru-Cu/SiO,
catalysts by hydrogen chemisorption. The
inability to characterize these catalysts cast
doubt upon the interpretations of reaction
data obtained from these catalysts in the
previous investigations.

The objectives of the present study were
to reexamine the phenomenon of hydrogen
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spillover from Ru to Cu and to determine
the overall surface compositions of the Ru~
Cu bimetallic particles on clean Ru—-Cu/
SiO, catalysts by means of hydrogen chemi-
sorption and nuclear magnetic resonance of
adsorbed hydrogen.

EXPERIMENTAL
Catalysts Preparation

The Ru/Si0, and Cu/SiO, catalysts were
prepared by incipient wetness impregnation
of a ruthenium or copper impregnating so-
lution with a dried Cab-0-Sil HS5 (300 m?/g
BET surface area) silica support. The Ru—
Cu/SiO, catalysts were prepared by coim-
pregnation of a ruthenium-copper impreg-
nating solution in the same manner. The
impregnating solutions were prepared
by dissolving either Ru(NO)(NQO;); salt
(AESAR) or Cu(NO,), - 6H,0 (AESAR,
99.999%) or both in distilled water. About
2.2 ml of impregnating solution per gram of
Si0, was sufficient to bring about incipient
wetness. The slurries obtained after im-
pregnation and mixing were dried for 24 h
at room temperature and 4 h in air at 383 K.
The ruthenium loading for all ruthenium-
containing catalysts was kept at 4% by total
weight of the support and metals. The cop-
per loading for the Cu/SiO, catalyst was
5%. A total of 10 different Ru—Cu/SiO; cat-
alysts was prepared to give a wide range of
copper loading. The amount of copper in
each Ru-Cu/SiO, catalyst and the Cu/SiO,
catalyst was determined by atomic absorp-
tion spectroscopy.

Volumetric Adsorption Apparatus

The adsorption apparatus was a multi-
port Pyrex glass manifold 127.3 cm? in vol-
ume connected to a high-vacuum system,
which included a turbo-molecular pump
(Balzers, Model TPHO050), a fore-pump
trap, and a two-stage mechanical pump.
The apparatus was designed to have a flow-
through capability for reduction of catalyst
samples. High-vacuum greaseless, bake-
able stopcocks (Ace Glass) with Teflon
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plugs and FETFE o-ring seals were em-
ployed to manipulate gas storage, dosage,
or both and to eliminate hydrocarbon con-
tamination in the manifold. The manifold
was capable of a vacuum better than 1077
Torr (1 Torr = 133.3 Pa) after bakeout.
Pressures below 102 Torr were monitored
by a cold cathode vacuum gauge (Varian,
Model 860A). Pressures from 0.01 to 1000
Torr were measured by two absolute Bara-
tron pressure gauges (MKS).

A flow-through Pyrex cell mounted with
a coarse glass frit (35 wm in average pore
diameter) was used to contain catalyst sam-
ples for the volumetric adsorption experi-
ments. A small furnace was used to provide
uniform heating to the cell. The tempera-
ture inside the furnace was controlled
by a proportional temperature controller
(Omega) to within =1 K.

Catalyst Reduction and Volumetric
Adsorption

Approximately 1 g of a catalyst sample
was loaded into the flowthrough cell, which
was then attached to one of the sample
ports of the manifold. The temperature
around the cell was raised to 423 K while
helium gas flowed through the sample bed
in the cell. Then helium was switched off
and replaced by hydrogen gas at a flow rate
of 50 cm3/min. A prereduction period of 1 h
proceeded at that temperature. The temper-
ature was then raised at 10 K/min to 723 K.
Further reduction was carried out for 2 ad-
ditional h at 723 K. Helium (99.999%) and
hydrogen (99.8%) gases (Liquid Air Co.)
were used as received. The sample was
then evacuated for 2 h at 723 K to remove
traces of water and surface hydrogen. The
reduction temperatures used for the 5% Cu/
Si0, catalyst was 623 K.

Hydrogen for volumetric adsorption and
dosage on NMR samples was purified by
passing it through a catalytic hydrogen pu-
rifier (Engelhard Deoxo) in series with a gas
purifier with Drierite and a 5-A molecular
sieve (Alltech) to remove traces of oxygen
and moisture. Hydrogen adsorption experi-
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ments were performed at ambient tempera-
ture (294 K). The total hydrogen adsorption
isotherm was measured in the pressure
range of 0-60 Torr. The reversible hydro-
gen adsorption isotherm was measured un-
der the same conditions after a 10-min
evacuation to a pressure of 10~¢ Torr fol-
lowing the total adsorption. The irrevers-
ible hydrogen uptake was obtained by tak-
ing the difference between the extrapolated
values of the total and the reversible iso-
therms at zero pressure. Equilibration
times used were 4 h for the first dose and 1
h for subsequent doses.

NMR Sample Treatment

A specially designed stainless-steel nee-
dle and bellows assembly was used for di-
rect reduction of a catalyst sample in flow-
ing hydrogen inside a 5-mm NMR tube. The
syringe needle (18 gauge) was capable of
moving vertically by more than 6 cm
through adjustable compression and exten-
sion of the bellows. Vacuum-tight connec-
tions were made between the NMR tube
and the needle and bellows assembly and
also between the assembly and the manifold
described above. In addition, a small cylin-
drical furnace provided uniform heating
around the NMR tube, and the temperature
of the furnace was controlled to within 1 K.

With helium gas flowing through the nee-
dle, the needle was lowered to the bottom
of the NMR tube containing approximately
60 mg of catalyst sample. The reduction
procedure was the same as that previously
described for the volumetric adsorption ex-
periment, with a hydrogen flow rate of 15
cm?/min. After reduction, the needle was
elevated out of the sample, and evacuation
proceeded for 2 at the reduction tempera-
ture before the sample was allowed to cool
to ambient temperature. Up to four samples
could be reduced simultaneously. Purified
hydrogen was then dosed through the nee-
dle to each sample separately, and the sys-
tem was allowed to equilibrate for 4 h. The
NMR tube containing the sample was then
immersed in a water bath and was sealed
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off with a microtorch. The sample weight
was measured after the NMR tube was
sealed, For the deuterium exchange experi-
ment, deuterium gas (Linde, 99.5%) instead
of hydrogen was used as the adsorbate.

NMR EXPERIMENTS

The home-built NMR spectrometer (45)
used for the present study was operated at
220 MHz for proton resonance. A proton-
free probe with a doubly wound coil (46)
was used for all the NMR measurements.
The probe quality factor Q was set at about
100 to obtain the optimal values of sensitiv-
ity and ringdown time for a fixed pulse
power (47). A detailed description of the
spectrometer’s rapid-recovery receiving
system has been published elsewhere (48).

All NMR spectra collected were under a
repetitive 90° single-pulse sequence. The
recycle time between rf pulses was set at
0.2 s to selectively suppress the strong
intensity of the peak corresponding to
protons in the silanol group in the silica
support, which has a relatively long spin—
lattice relaxation time 7T, (on the order of
seconds). This repetition rate avoids 7 sat-
uration on all peaks corresponding to hy-
drogen adsorbed on ruthenium and copper.
The total number of scans for data acquisi-
tion on each sample was 10,000. The inver-
sion recovery pulse sequence (180°-7-90°)
was applied to measure the spin-lattice re-
laxation times of both the silanol protons
(in the time domain) and the hydrogen ad-
sorbed on metals (in the frequency do-
main). A pure water sample was used as
the reference standard for the observed
lineshifts.

For spin counting, the water reference
was doped with FeCl, to yield a resonance
of a comparable linewidth with the ob-
served resonances. The doped water was
sealed in a capillary tube that had the same
length as the catalyst sample in the NMR
tube to offset errors due to B; inhomoge-
neity in the coil. All NMR measurements
were taken at ambient temperature (294 x
1 K).
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F1G. 1. Hydrogen adsorption isotherms (294 K) measured by the volumetric technique on a pure

Si0, sample and a 5% Cu/SiO, catalyst.

RESULTS

The amount of hydrogen adsorbed on a
pure SiO, sample treated in the same way
as a silica-supported catalyst was mea-
sured. The results shown in Fig. 1 indicate
there is a very small amount of adsorbed
hydrogen on pure SiO, in the hydrogen
pressure range of 5 to 30 Torr. However, a
linear extrapolation of the adsorption iso-
therm to zero hydrogen pressure yields no
hydrogen uptake. Consequently, hydrogen
adsorption by the support has no contribu-
tion in similar measurements on silica-sup-
ported metal catalysts.

The volumetric technique applied to the
5% Cu/SiO, catalyst indicated that there
was hydrogen adsorption by copper, as
shown also in Fig. 1. By linear extrapola-
tion of either the total or the reversible iso-
therm to zero pressure, it is clear that a
small amount of chemisorbed hydrogen ex-
ists on copper. On the same basis, this hy-
drogen uptake was less than 3% of that for a

4% Ru/Si0, catalyst (shown later). The dis-
persion of the 5% Cu/SiO, catalyst was
about 0.06 as measured by nitrous oxide ad-
sorption (49).

NMR of adsorbed hydrogen on the 5%
Cu/SiO, catalyst yielded similar results. As
shown in Fig. 2, NMR spectra of hydrogen
adsorbed on a 5% Cu/SiO, sample display
two distinct resonance lines. The resonance
line near the reference shift position (4 = 1
ppm) was identified as the proton in the si-
lanol group (Si—-OH) in the silica support.
Only this resonance line appeared for sam-
ples of pure SiO, either under vacuum or
under 30 Torr hydrogen gas. The resonance
line downfield to that of the silanol proton
was assigned to hydrogen adsorbed on pure
copper surfaces. For the Cu/SiO, sampie
under 30 Torr hydrogen gas, the position of
the downfield peak is at —93 ppm, and the
peak displays a sharp feature with a line-
width (full width at half maximum) of about
730 Hz. A similar shift value for hydrogen
adsorbed on a copper powder relative to an
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Fi1G. 2. NMR spectra of adsorbed hydrogen on a 5% Cu/SiO, catalyst. Hydrogen pressures are as
indicated. ‘0 Torr’’ denotes an evacuation condition of 10-¢ Torr for 10 min at 294 K after adsorption
under 30 Torr hydrogen. Water is used as a reference for the lineshift.

unknown reference has been reported (50).
When the Cu/SiO, sample is evacuated to
10~¢ Torr for 10 min after dosage of 30 Torr
hydrogen gas, the downfield peak is dimin-
ished in intensity but still observable. Its
position has moved from —93 to —88 ppm.
The amount of adsorbed hydrogen deter-
mined by proton spin counting via NMR
agrees roughly with volumetric adsorption
measurements.

The H/Cu ratio is about 10% of what
would be expected from a complete cover-
age of hydrogen at the measured copper
dispersion. In other words, only 10% of the
surface copper atoms are capable of ad-
sorbing hydrogen. This result agrees with
results from studies on bulk Cu surfaces
(50-52) which also show low coverages by
hydrogen.

In Fig. 3 is shown a single NMR spec-
trum of a mixture of Cu/Si0O, and Ru/SiO,
under 30 Torr hydrogen gas. The physical
mixture was prepared by mechanically mix-
ing an approximately equal amount of the
reduced 4% Ru/SiO, and 5% Cu/SiO, cata-
lysts. The mixture was then reduced again
at 623 K for 1 h. The sample prepared in
this manner should contain only separate
Ru and Cu metal particles. As shown in
Fig. 3, two well-separated resonance lines
other than the silanol proton resonance line
were observed. The upfield peak relative to
the silanol proton peak was located at +62
ppm and had a relatively intense resonance
signal. This upfield peak is identified as the
resonance of hydrogen adsorbed on pure
ruthenium surfaces (53). The intensity of
the downfield peak (—~93 ppm), associated
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F1G. 3. An NMR spectrum on a Ru/Si0, + Cu/SiO, physical mixture under 30 Torr hydrogen. The
mixture contains approximately equal amounts of a 4% Ru/SiO, and a 5% Cu/SiO, catalyst.

with hydrogen adsorbed on copper, was
relatively weak. The spectrum clearly con-
firmed the existence of only separate pure
Ru and Cu particles in the Ru/Cu physical
mixture.

A set of NMR spectra for the 4% Ru/SiO,
catalyst and the 4% Ru-Cu/SiO, catalysts
with a wide range of copper loading is
shown in Fig. 4. The copper content is
given as an atomic percent of the total
metal present in a given catalyst. NMR of
'H on all catalyst samples was obtained
with the sample under 60 Torr hydrogen
gas. As expected for the Ru/SiO, catalyst, a
distinct resonance line corresponding to hy-
drogen adsorbed on ruthenium appeared at
+61 ppm upfield of the reference (53).
Three interesting features developed as the
copper loading was increased: (1) the posi-
tion of the upfield peak moved downfield

toward the silanol proton peak with an in-
crease in the copper loading; (2) the line-
width of the upfield peak became broad-
ened and its intensity lowered as the copper
loading was increased, and the combined
effect of these two trends resulted in a re-
duced spectral resolution due to increased
overlap between the upfield peak and the
silanol proton peak; and (3) a peak became
visible downfield of the silanol proton peak,
at copper bulk compositions of about 45
at.% and higher. The downfield peak inten-
sity was increased with an increase in the
copper loading. Also, there was a small up-
field shift of the downfield peak with an in-
crease in the copper loading.

The silanol proton peak has a symmetric
lineshape. The upfield peak is asymmetric.
The upfield peak can be deconvoluted by
subtracting the silanol proton peak from the
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F1G. 4. NMR spectra of adsorbed hydrogen on a series of Ru~Cu/SiO, bimetallic catalysts under 60
Torr hydrogen. The copper bulk compositions expressed as atomic percent are as indicated.

spectrum. The intensity of the upfield peak
can then be obtained by integrating the area
under the deconvoluted upfield peak. The
location of the upfield peak is taken to be
the first moment of the deconvoluted reso-
nance line.

The changes of the upfield peak position
and resonance linewidth with variation in

the copper loading are clearly an effect
solely due to incorporation of copper be-
cause the Ru loading and the hydrogen
pressure are kept constant for all the cata-
lyst samples. As shown earlier in Fig. 3, the
resonance position and linewidth of the up-
field peak corresponding to hydrogen ad-
sorbed on pure Ru surfaces is not affected
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by physically mixing Cu/SiO, with Ru/
SiO,. This result indicates that copper and
ruthenium do come together to form Ru-
Cu bimetallic particles upon reduction of
the coimpregnated Ru-Cu/SiO, materials.
The positions of the downfield peak for
Ru-Cu/Si0O, catalysts with a copper com-
position greater than 45 at.% were in the
range of —93 to —97 ppm. The assignment
of this downfield peak to hydrogen ad-
sorbed on pure copper surfaces was reason-
able because we observed a similar lineshift
on a pure Cu/SiO, catalyst sample (Fig. 2).
The emergence of this peak may indicate
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the formation of large Cu islands on the
Ru-Cu bimetallic particles or buildup of
separate copper particles.

Figure 5 shows a set of NMR spectra for
the 4% Ru/SiO, catalyst and six 4% Ru-
Cu/SiO, catalysts having various copper
loadings. All catalyst samples were evacu-
ated to 1079 Torr for 10 min after adsorption
with 60 Torr hydrogen. Obviously, the up-
field peak corresponding to the irreversibly
adsorbed hydrogen on surfaces of pure Ru
or Ru-Cu bimetallic particles exhibits an
asymmetric resonance line that is consider-
ably broader than the upfield peak under 60

-
-100 0

[ I
100

SHIFT (PPM)

Fic. 5. NMR spectra of the irreversibly adsorbed hydrogen on a series of Ru-Cu/8i0, bimetallic
catalysts. The copper bulk compositions expressed as atomic percent are as indicated.
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Torr hydrogen (see Fig. 4). While the inten-
sity of this peak decreases with an increase
in the copper loading, its linewidth in-
creases from 10.9 kHz for the pure Ru/SiO,
sample to 22.6 kHz for the Ru~Cu bimetal-
lic sample having a bulk copper composi-
tion of 55.3 at.%. No resonance signals
downfield from the silanol proton peak
were observed for all the catalysts shown in
this figure. However, we did observe a very
weak resonance signal downfield of the si-
lanol proton peak for a Ru-Cu/SiO, bime-
tallic catalyst sample with a bulk copper
composition of 78.8 at.% (not shown in Fig.
5). This NMR spectrum will be shown later
along with other spectra of the same cata-
lyst under various hydrogen pressures.

The asymmetry of the upfield peaks
shown in Fig. 4 was caused by the asym-
metric feature of the upfield peaks corre-
sponding to the irreversible hydrogen as
shown in Fig. 5. As indicated in previous
investigations on a number of pure Ru/SiO,
catalysts, the spectral asymmetry for sam-
ples under 5 Torr hydrogen may be re-
moved simply by subtracting the corre-
sponding resonance line for the irreversible
adsorption from the observed spectra (53).
The result is a near-symmetric resonance
resembling a Lorentzian line that corre-
sponds to the reversibly adsorbed hydrogen
on ruthenium. The same approach was ap-
plied here for all the Ru-Cu/SiO, bimetallic
catalysts by subtracting the resonance line
for the irreversibly adsorbed hydrogen from
that corresponding to the same catalyst un-
der 60 Torr hydrogen. The resulting differ-
ence spectra were indeed nearly symmetric
and were much narrower. The linewidth
was in the range of 3.6 to 8.9 kHz compared
to 10.9 to 24.0 kHz for the irreversible hy-
drogen, with the pure Ru/SiO, catalyst hav-
ing the narrowest linewidth. This spectral
narrowing is an indication of a higher de-
gree of mobility for the reversibly adsorbed
than for the irreversibly adsorbed hydro-
gen,

In both Figs. 4 and 5, the upfield peak-
integrated intensity decreased with an in-
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crease in copper content. The apparent de-
crease in the upfield peak intensity in both
cases was associated with line broadening
of the irreversibly adsorbed hydrogen with
addition of copper. The loss of intensity is
caused by the increased loss of initial inten-
sity due to receiver ring-down in the time
domain. The relative intensity of the upfield
peak corresponding to the reversible hydro-
gen as measured from the difference spec-
trum remains roughly the same for all the
Ru/Si0, and Ru-Cu/SiO, samples.

The intensity measurements for the up-
field peak were performed on all the Ru/
Si0, and Ru—Cu/SiO; catalysts under vari-
ous hydrogen pressures ranging from 5 to
60 Torr. Similar to what was observed on
numerous pure Ru/SiO, catalysts (53), iso-
therms obtained in this manner exhibit
nearly straight lines over this hydrogen
pressure range. The slopes of these iso-
therms match closely those obtained by the
volumetric method of hydrogen chemisorp-
tion. All isotherms were extrapolated to
zero hydrogen pressure to obtain values of
the H/Ru ratio. The dependence of the up-
field peak intensity with the hydrogen pres-
sure indicates that more reversibly ad-
sorbed hydrogen is present on surfaces of
Ru and Ru-Cu particles under higher hy-
drogen pressure.

The values of the H/Ru ratio (extrapo-
lated to zero pressure) for the total and the
irreversible hydrogen adsorption as mea-
sured by both hydrogen chemisorption and
NMR of adsorbed hydrogen are shown in
Fig. 6 as functions of atomic percent cop-
per. Contrary to that reported by Sinfelt
(2), perhaps due to different catalyst pre-
cursors used, addition of copper to ruthe-
nium does not suppress the hydrogen che-
misorption capacity in cases of both the
total and the irreversible adsorption as
measured by the volumetric technique.
Rather, it slightly enhances the capacity for
hydrogen chemisorption. This observation
agrees with the results reported by Haller
and co-workers (5). The apparent hydrogen
chemisorption capacity measured by the
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F1G. 6. The H/Ru ratios for both the total and the irreversible adsorption of hydrogen on a series of
Ru-Cu/Si0, bimetallic catalysts. Results from measurements by both the volumetric technique and 'H

NMR are shown for comparison.

upfield peak intensity from the NMR spec-
trum decreases with the addition of copper.
This apparent loss of intensity is due to the
increasingly broad spectral features as
shown in Figs. 4 and 5. However, the che-
misorption capacity for the reversible hy-
drogen (taken as the difference between the
total and the irreversible adsorption) re-
mains almost unchanged for all the Ru/SiO,
and Ru-Cu/SiO, catalysts as measured by
both volumetric technique and NMR of ad-
sorbed hydrogen.

The effect of copper content on the loca-
tion of the upfield resonance line has been
illustrated earlier in Fig. 4. The numerical
values of this lineshift as calculated by the
first moment as a function of copper con-
tent are shown in Fig. 7. Also shown in the
figure are the shifts in first moment for the
reversibly adsorbed hydrogen obtained

from the difference spectra between the
NMR spectra under 60 Torr hydrogen and
the corresponding NMR spectra for the ir-
reversible hydrogen. The results in Fig. 7
indicate that the first moment of the reso-
nance for the reversibly adsorbed hydrogen
is slightly upfield relative to the peak corre-
sponding to all the hydrogen adsorbed at 60
Torr on the Ru/Si0O, and Ru-Cu/SiO, cata-
lysts. For both the reversible and the total
hydrogen, a similar trend for the lineshift as
a function of copper content was observed.
A relatively large change in the upfield peak
lineshift occurred at copper bulk composi-
tions between 0 and 20 at.%. Further in-
crease in the copper content resulted in
only a small decrease in the lineshift. Al-
though the shifts in resonance for the irre-
versible hydrogen are not shown, they are
slightly further downfield than those under
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FiG. 7. Variations of both upfield and downfield lineshifts under 60 Torr hydrogen with the copper
composition for Ru-Cu/SiO, bimetallic catalysts. Upfield lineshifts for the reversible hydrogen are

also shown.

60 Torr hydrogen and exhibit the same
trend as a function of the copper content.
The shift associated with the irreversibly
adsorbed hydrogen is not shown because
the line broadening due to addition of cop-
per makes the exact location of the reso-
nance line for the irreversible hydrogen
difficult to determine, especially at high
copper content.

The shifts of downfield peak (assigned to
hydrogen adsorbed on copper) are also
plotted in Fig. 7 as a function of the copper
content. A small change in the shift was
observed over the range of copper bulk
compositions from 45 to 79 at.%. The trend
of this peak’s shift toward upfield with in-
crease in the copper content may be an in-
dication of subtle changes in adsorption
properties of surface copper sites due to
variations in copper particle size. The in-
crease in copper particle number and size
with increase in the copper content was in-

dicated by the increase in the signal inten-
sity of the hydrogen adsorbed on copper as
shown earlier in Fig. 4.

Over 95% of the total hydrogen popula-
tion in all catalyst samples investigated in
the present study comes from protons in
the silanol group. Therefore, measurements
on the spin—lattice relaxation time 7; of the
silanol proton can be performed in the time
domain with the inversion recovery pulse
sequence, and the influence by the proton
population on the metal(s) can be ne-
glected. Exponential profiles were obtained
in plots of the measured magnetization ver-
sus the delay time, 7, for samples of a pure
SiO, and a reduced 4% Ru/SiO; in the ab-
sence of dosed hydrogen. The measured
T,’s for these two samples were 31.6 and
16.9 s, respectively. Small deviations from
the exponential were observed for all Ru/
Si0, and Ru-Cu/SiO, catalyst samples in
the presence of dosed hydrogen due to the
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relaxation effect from hydrogen spillover to
the silica support, as discussed in the case
of Ru/SiO, (53). Nevertheless, the same
method was applied to obtain a single 7
value for each of these samples.

Figure 8 shows variation with the copper
content of the T, for the silanol protons.
The results for samples under 60 Torr hy-
drogen and for samples evacuated to 1076
Torr for 10 min after equilibrium with 60
Torr hydrogen are shown. For all samples
under 60 Torr hydrogen, the spin-lattice
relaxation time remains essentially un-
changed at about 2.5 s. For the evacuated
samples, there was a moderate decrease in
T, as the copper content was increased.

The spin-lattice relaxation time for hy-
drogen adsorbed on the metals was mea-
sured in the frequency domain by us-
ing inversion recovery. The initial magneti-
zations were obtained indirectly by inte-
grating the area of the resonance line corre-
sponding to hydrogen adsorbed on Ru, Cu,
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or Ru—Cu. A linear regression of the log of
this area versus delay time for each sample
yielded the values of T;.

The value of T, of hydrogen chemisorbed
on Ru/SiO, and Ru-Cu/SiO, (the peak far-
thest upfield) was determined under two
conditions: under 60 Torr hydrogen and af-
ter evacuation to 10~¢ Torr for 10 min fol-
lowing exposure to 60 Torr hydrogen (irre-
versibly adsorbed hydrogen). The results
are shown in Fig. 9. Note that the irrevers-
ibly adsorbed hydrogen has a longer T than
that of the hydrogen corresponding to the
irreversibly plus reversibly adsorbed hy-
drogen. The addition of copper tends to
increase the 7, value. Because of the
above-mentioned line-broadening effect by
copper, the exact values of T; for the irre-
versibly adsorbed hydrogen at bulk compo-
sitions greater than 35 at.% Cu were diffi-
cult to determine. However, they seemed
to follow the same trend as those under 60
Torr hydrogen.
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F1G. 8. Variations of spin—lattice relaxation times of the silanol proton with the copper composition
for Ru-Cu/SiO, bimetallic catalysts. Results for both 60 Torr hydrogen and the irreversible hydrogen

are shown.
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F1G. 9. Variations of spin-lattice relaxation times of the upfield peak with the copper bulk composi-
tion for Ru~Cu/SiO, bimetallic catalysts. Results for both 60 Torr hydrogen and the irreversible

hydrogen are shown.

The proton NMR spectra of hydrogen on
Ru-Cu/SiO, with the highest copper load-
ing (78.8 at.% Cu) under various hydrogen
pressures are shown in Fig. 10. The spec-
trum denoted as ‘0 Torr’ represents a cat-
alyst sample evacuated to 1076 Torr for 10
min after exposure to 60 Torr hydrogen.
Some obvious spectral features can be
readily seen. First, the signal intensities of
both the upfield peak and the downfield
peak relative to the silanol proton peak in-
crease with increasing hydrogen pressure.
Secondly, both upfield and downfield peaks
exhibit some degree of line narrowing as
the hydrogen pressure is increased. The
linewidths for the upfield peak are compa-
rable to those reported earlier, namely
about 8 kHz under 120 Torr hydrogen and
about 24 kHz under the evacuation condi-
tion. The linewidths for the downfield peak
decrease from 3.9 kHz under 5 Torr hydro-
gen to 2.3 kHz under 120 Torr hydrogen.
The third feature is a notable downfield

shift of the downfield peak as the hydrogen
pressure is increased. These observations
indicate a buildup of the highly mobile, re-
versibly adsorbed hydrogen on the surfaces
of the metal particles as the hydrogen pres-
sure is increased.

The relative signal intensities (normal-
ized to those under 120 Torr hydrogen) for
both the upfield and the downfield peak and
also the lineshift for the downfield peak are
plotted in Fig. 11 versus the hydrogen pres-
sure. The relative intensities for the two
peaks follow roughly the same trend as the
hydrogen pressure is increased. Note that
there is a strong dependence of the amount
of reversibly adsorbed hydrogen on hydro-
gen pressure. Also, the intensities over the
hydrogen pressure range of 5 to 60 Torr fall
approximately on a straight line in both
cases.

For the same Ru-Cu/SiO, catalyst (78.8
at.% Cu), the spin-lattice relaxation times
on the silanol peak, the upfield peak, and



NMR OF ADSORBED HYDROGEN ON Ru-Cu/Si0,

285

120 Torr

30 Torr

1 [
-100 0

100 200

SHIFT (PPM)

F1G. 10. NMR spectra of adsorbed hydrogen on a Ru~Cu/SiO, bimetallic catalyst with 78.8 at.% Cu
under various hydrogen pressures. The hydrogen pressures are as indicated. ‘0 Torr’’ denotes an
evacuation condition of 10~¢ Torr for 10 min at 294 K after adsorption under 60 Torr hydrogen.

the downfield peak were measured by the
methods mentioned earlier. The results are
shown in Fig. 12 as functions of the hydro-
gen pressure. As expected, the T of the
silanol proton exhibited a decrease from 4
to 1.8 s over the hydrogen pressure range of
0 to 120 Torr because of increased hydro-
gen spillover from the metals to SiO,. This
higher degree of hydrogen spillover is a di-
rect consequence of increased adsorption
of the reversible hydrogen on the metals.
The T,’s of hydrogen adsorbed on the
metals exhibited nearly identical numerical
values for both the upfield and the down-
field peak and the same decreasing trend
with increasing hydrogen pressure.

Hydrogen—-deuterium exchange experi-
ments were performed on the Ru-Cu/Si0O,
catalyst with the highest copper loading
(78.8 at.% Cu) and the 5% Cu/SiO, cata-
lyst. For the Ru~Cu/Si0O, catalyst, the ex-
change was monitored under two condi-
tions: under 60 Torr deuterium and after
evacuation to 107 Torr for 10 min following
exposure to 60 Torr deuterium. As clearly
shown in spectrum A in Fig. 13, deuterium
adsorbed on surfaces of the Ru—Cu bimetal-
lic and Cu particles does exchange with the
silanol protons in the silica support under
60 Torr deuterium. This is evident by the
growth of the upfield and the downfield in-
tensity with time. Although the progress of
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Fi1G. 13. NMR spectra of adsorbed hydrogen on (A) Ru—Cu/SiO, with 78.8 at.% Cu under 60 Torr
deuterium; (B) Ru-Cu/SiO, with 78.8 at.% Cu, evacuated to 10-% Torr for 10 min after exposure to 60
Torr deuterium; (C) 5% Cu/SiO, under 60 Torr deuterium. All measurements were taken after an

exchange period of 24 h at 294 K.

the exchange was not closely followed, the
exchange rate was comparable to that for
the 4% Ru/SiO, catalyst (53). On the other
hand, the irreversibly adsorbed deuterium
on surfaces of the Ru—~Cu bimetallic parti-
cles does not exchange with the silanol pro-
tons, as indicated by the absence of the up-
field or downfield peaks in Spectrum B in
Fig. 13. For a pure 5% Cu/SiO, catalyst
sample under 60 Torr deuterium, the proton
NMR spectrum (Spectrum C in Fig. 13)
seems to indicate a very weak downfield
peak located at about where hydrogen ad-
sorbed on pure copper should resonate.
This means that deuterium adsorbed on
pure copper does exchange with the silanol
proton in the silica support. This observa-
tion was confirmed on a Cu/SiO, catalyst
with much higher copper dispersion (44).

DISCUSSION

Hydrogen Spillover

Hydrogen is capable of dissociative ad-
sorption on ruthenium to produce revers-
ibly and irreversibly adsorbed hydrogen.
Once hydrogen is chemisorbed on the ru-
thenium surfaces it can freely migrate to
adjacent copper sites. This type of spillover
(from one metal site to an adjacent metal
site of a different type) allows the entire
surface, ruthenium and closely associated
copper, to become populated with irrevers-
ibly and reversibly adsorbed hydrogen. In
the present study, the Ru loading was kept
constant at 4 wt% and the sample prepara-
tion conditions were identical for all cata-
lysts. Therefore, it is reasonable to expect
to have roughly the same Ru particle size
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for all samples. If copper exists exclusively
on the surfaces of ruthenium particles, as is
often suggested for this bimetallic system
(15, 54), then we would expect to observe a
nearly constant amount of hydrogen uptake
except for very high Cu loadings (Cu at.%
> 50%) for which separate Cu particles are
very likely to form. This effect was ob-
served in the present work over the bulk
composition range of 0 to 45 at.% Cu with a
small enhancement for compositions
greater than 45 at.% Cu (Fig. 6). This
means that there are approximately the
same total number of metal adsorption sites
at surfaces of metallic and bimetallic parti-
cles to accommodate irreversibly and re-
versibly adsorbed hydrogen. The observa-
tion is consistent with the explanation of
hydrogen spillover from ruthenium to cop-
per. In addition, the NMR results (Fig. 4)
clearly demonstrate the ability of copper to
adsorb hydrogen.

It has been proposed from work on pure
Ru/SiO, catalysts (53) that the reversibly
adsorbed hydrogen on the surface of Ru
particles is responsible for hydrogen spill-
over from Ru to the silica support. This
concept applies directly to the Ru—-Cu/SiO,
system. Specifically, the reversibly ad-
sorbed hydrogen on both Ru and Cu can
spill over onto the silica support. The dis-
crepancy between the volumetric measure-
ments and the NMR measurements in the
case of the total adsorption (Fig. 6) appears
to be due partly to hydrogen spillover from
the metals to the silica support. However, a
major portion of this discrepancy was
caused by interaction between the adsorbed
hydrogen and surface Cu atoms, which in
turn caused excessive line broadening. This
effect will be discussed later.

The presence of copper in the bimetallic
catalysts does not appear to inhibit the
spillover of hydrogen from the metal parti-
cles to the silica support. The amount of
reversible hydrogen and the T of the silanol
protons both remaining constant (Figs. 6
and 8, respectively) indicate that the
amount of spiltover hydrogen on the sup-
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port is not affected by copper content.
However, the silanol spin-lattice relax-
ation time as well as hydrogen-on-metal
peak intensities are dependent on hydrogen
pressure because of variation in the amount
of reversible hydrogen on the metals. Also,
the relatively longer silanol T in the case of
evacuation indicates partial removal of
spiltover hydrogen from the silica support.
Similar to the case of pure Ru/SiO, (53),
the hydrogen—deuterium exchange on Ru-
Cu/SiO, occurs only in the presence of re-
versible deuterium (Fig. 13, spectrum A); it
does not occur in the presence of irrevers-
ible deuterium alone (Fig. 13, spectrum B).
This result indicates that reversible hydro-
gen is responsible for hydrogen spillover
from the metals to the silica support in the
Ru-Cu/SiO, bimetallic system.

Hydrogen Adsorbed on Pure Cu and
Ru~Cu Bimetallics

Atomic hydrogen adsorbs readily on sin-
gle-crystal copper surfaces while molecular
hydrogen must overcome an energy barrier
of about 5 kcal/mol to achieve dissociative
chemisorption (36, 37). Therefore, it would
appear to be unlikely for molecular hydro-
gen to adsorb dissociatively on Cu at room
temperature. The lineshift for hydrogen ad-
sorbed on Cu/SiO, (—93 ppm) determined
here agrees with that for hydrogen ad-
sorbed on Cu powders (50). The state of
hydrogen adsorbed on pure, silica-sup-
ported copper may be atomic or, perhaps,
molecular. If an immobile, molecularly ad-
sorbed hydrogen existed on copper we
would expect that dipolar broadening
would result in a peak on the order of 200
kHz (900 ppm) in width. Two-dimensional,
random motion would reduce the apparent
width by about a factor of 2. Complete nar-
rowing of the peaks would require liquid-
like, three-dimensional random motion.
The observed linewidth of less than 1 kHz
suggests either a liquid-like motion for a
molecularly adsorbed species or a disso-
ciatively adsorbed hydrogen unaffected by
homonuclear dipole broadening.
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By means of exchange of deuterium ad-
sorbed on Cu with the silanol proton,
atomic hydrogen may be introduced onto
the copper surfaces. It appears that atomic
hydrogen adsorbed on Cu resonates at
about the same frequency (Fig. 13C) as that
of hydrogen directly adsorbed on the cop-
per surfaces. Thus the state of hydrogen
adsorbed on pure Cu resembles atomic hy-
drogen.

The sharp line feature in the NMR spec-
trum for Cu/SiQ, catalyst under 30 Torr hy-
drogen (Fig. 2) is a good indication of rapid
motion for the adsorbed hydrogen. The
same downfield peak with much broader
linewidths was observed when both Ru and
Cu were present (see Figs. 3, 4, and 10).
The adsorbed state of hydrogen on Cu is
obviously different when ruthenium is
present compared to that when ruthenium
is not present. In the case of pure Cu, the
signal intensity for the adsorbed hydrogen
was very weak and most of it was readily
removed by evacuation. In the case of Ru-
Cu bimetallics, the hydrogen adsorbed on
Cu is perhaps less mobile, as suggested by
the broader lines. Also, the signal intensi-
ties are stronger on the basis of the same
amount of copper, especially for the Ru-Cu
bimetallics with the highest copper load-
ings. The adsorbed hydrogen on Cu in the
Ru-Cu bimetallics is likely to be in the
atomic state since atomic hydrogen could
migrate from Ru or Ru—-Cu bimetallic parti-
cles to adjacent Cu particles. This same
mechanism may be possible on the Ru/Cu
physical mixture even though the migration
path is quite long. A substantial portion of
adsorbed hydrogen on copper is reversible;
a portion of the adsorbed hydrogen is irre-
versible and bound strongly on Cu surfaces.

The nature of strongly bound hydrogen
species on pure Cu (Figs. 1 and 2) is per-
haps due to dissociative adsorption of hy-
drogen on defect-like Cu sites. The hydro-
gen thus adsorbed may be unable to migrate
to Cu sites on low index planes because
of strong bonding. The nearly identical
lineshift for this hydrogen species (—88
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ppm) to that for the irreversible hydrogen
on pure Cu in the Ru-Cu bimetallics (—86
ppm) seems to support this postulation.
Results on Cu/SiO, catalysts with higher
copper dispersion also support this idea
44).

Similar to what was observed on pure
Ru/SiO, catalysts (53), there are two dis-
tinct adsorbed states of hydrogen on sur-
faces of Ru~Cu bimetallic catalysts as well,
namely, the irreversibly and the reversibly
adsorbed hydrogen. On the basis of evi-
dence from the NMR resonance linewidths,
the reversibly adsorbed hydrogen on sur-
faces of the bimetallic particles has a higher
degree of mobility than that of the irrevers-
ible hydrogen.

It was shown earlier in Fig. 5 that the
resonance line for the irreversible hydrogen
tended to become broader as the copper
content was increased. The increased line-
width is attributed to increasing heteronu-
clear dipolar interaction between hydrogen
and copper atoms. Both Cu and ®Cu are
quadruple nuclei having a gyromagnetic ra-
tio of 1.128 and 1.209 kHz G~!, respec-
tively, and a combined natural abundance
of 100%. On the other hand, the NMR ac-
tive Ru isotopes #Ru and *'Ru have much
smaller gryomagnetic ratios (0.144 and
0.210 kHz G~!, respectively) and are less
abundant (12.7 and 17.1%, respectively).
The heteronuclear dipole broadening is pro-
portional to the gyromagnetic ratio of the
two nuclei involved. Hence, the effective
copper—proton dipole interaction is about
seven times the effective ruthenium-proton
dipole interaction (for the same internu-
clear distance). As copper is added to the
surfaces of Ru particles, the concentration
of copper nuclei at the surface is increased,
and increasing heteronuclear dipolar broad-
ening is expected to occur. Assuming that
the observed increase in linewidth (13.1
kHz) is caused only by this heteronuclear
dipole interaction (because the homoge-
neous H-H dipole interaction is expected
to be the same on all Ru—Cu/SiO, samples),
and assuming that this irreversibly ad-
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sorbed hydrogen on copper is relatively im-
mobile, one can estimate the hydrogen-cop-
per internuclear distance to be 1.4 A. This
H-Cu internuclear distance is in good
agreement with the value 1.5 A, the sum of
the covalent radii for hydrogen and copper
atoms.

We ascribe a major portion of the dis-
crepancy in the amount of chemisorption
between the volumetric measurements and
the NMR measurements in the case of irre-
versible hydrogen (see Fig. 6) to shortening
of the spin-spin lattice relaxation time 7,
(from 35 to 16 us) due to increased H-Cu
heteronuclear dipole interaction as Cu con-
tent is increased. The limitation from the
pulse ringdown (10 us) of the NMR receiv-
ing system prevented us from measuring
the full signal intensities. As mentioned be-
fore, the amount of reversible hydrogen
measured by NMR remained roughly con-
stant. Therefore, a major portion of the dis-
crepancy between the two techniques in the
case of total adsorption was a direct conse-
quence of the errors introduced in measure-
ments on the irreversible hydrogen.

For the Ru—Cu/SiO, catalyst with 78.8
at.% Cu, the longitudinal relaxation of hy-
drogen adsorbed on sites corresponding to
the upfield peak is similar to that of hydro-
gen adsorbed on pure Cu surfaces (Fig. 12).
This indicates that the upfield peak repre-
sents an adsorbed hydrogen species in an
environment resembling the pure Cu sur-
faces. It is likely to be a Cu adsorption site
close to or on a Ru particle. In addition, the
asymptotic behavior of the 7, relaxation of
hydrogen adsorbed on sites corresponding
to the upfield peak with increasing copper
content (Fig. 9) indicates an increasing de-
position of copper on surfaces of ruthenium
particles, reaching a complete copper cov-
erage at very high (78.8 at.%) copper con-
tent.

The downfield shift for the hydrogen re-
versibly adsorbed on bimetallic particles
(from 62 to 49 ppm for Ru; see Fig. 7) was
an effect solely due to addition of copper.
Previous work has demonstrated that the
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variation of this peak is due to the fast ex-
change of adsorbed hydrogen to and from
copper and ruthenium environments (40).
The asymptotic behavior of this shift ex-
trapolates to a value of 49 ppm at 78.8 at.%
Cu corresponding to reversibly adsorbed
hydrogen on copper very close to or on the
ruthenium particles. From the difference in
these lineshifts, it is estimated that the fast-
exchange frequency for the reversible hy-
drogen between Ru and Cu-on-Ru sites is at
least 3 kHz at room temperature. Since no
fast exchange between hydrogen adsorbed
on pure Cu sites (downfield peak) and hy-
drogen adsorbed on Cu-on-Ru sites (upfield
peaks) was observed, the fast-exchange fre-
quency should be less than the frequency
difference between these two resonances,
or 31 kHz.

It is interesting to note that resonance
line for the hydrogen adsorbed on copper
close to or on ruthenium appears upfield
instead of downfield with respect to the ref-
erence shift. The downfield resonance line
for the hydrogen adsorbed on pure Cu sites
may be attributed to Knight shift interac-
tion by the 4s conduction electrons in cop-
per (50). On the other hand, the upfield res-
onance line for the hydrogen adsorbed on
pure Ru sites may be due to Knight shift
interaction by the 4d conduction electrons
via an opposite spin polarization. One pos-
sible explanation for the observed shift is
that the sublayer Ru atoms have a stronger
spin polarization effect on the adsorbed hy-
drogen than the overlayer Cu atoms. An-
other possible explanation invokes a minor
electronic perturbation on the Cu 3d elec-
trons by the Ru 4d conduction electrons,
and the perturbed Cu 3d electrons would
exert a stronger spin polarization on the ad-
sorbed hydrogen than the Cu 4s electrons.
The second explanation seems to agree
with a theoretical calculation (55) and ex-
perimental UPS results (24, 34).

Surface Composition

The influence of copper on the lineshift of
the reversibly adsorbed hydrogen may be
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used as a measure of surface composition
for the Ru-Cu bimetallic catalysts. In the
fast exchange limit, the observed lineshift is
the average lineshift of reversible hydrogen
on the two adsorption sites weighted by the
relative population of these two adsorption
sites. When all adsorption sites are filled, it
is expressed as

6obs = XRu 8Ru + XCu 8Cm

where 8., is the observed lineshift for the
reversible hydrogen on the Ru—~Cu bimetal-
lics; &g, and 8¢, are lineshifts for the revers-
ible hydrogen on Ru and Cu deposited on
Ru, respectively; Xg, and X¢, are surface
fractions of Ru and Cu, respectively. Since
the sum of Xg, and Xc, is unity, the surface
fraction of Ru may be expressed in terms of
lineshifts as follows:

Xgy = Bobs — Scu)/(Bru — Scu)-

Hence, the shift values shown in Fig. 7 can
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then be readily used to compute surface
compositions.

Figure 14 shows the trend for the surface
fraction of Ru as a function of the bulk cop-
per composition expressed in atomic per-
cent. As can be seen, Xg, falls quickly as
the overall composition is increased from 0
to 20 at.% Cu. It begins to level off at about
35 at.% Cu and approaches zero at 78.8
at.% Cu, where complete masking of the
surfaces of Ru particles by Cu was assumed
to occur.

Also shown in Fig. 14 is the surface com-
position of ruthenium in the bimetallic par-
ticles under the assumption that all the cop-
per resides at the surface in a single
monolayer. For the particles, all with a dis-
persion of about 29% (as determined from
the irreversible hydrogen uptake shown in
Fig. 6 assuming a stoichiometric ratio of
one for both H(irr)/ RU(S) and H(jn—)/ Cll(s)), a
monolayer of copper will completely cover
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F1G. 14. Plot of surface fraction of ruthenium as a function of the copper content for a series of Ru—
Cu/Si0, bimetallic catalysts. The Ru surface fraction is calculated from the observed upfield NMR
lineshift corresponding to the reversible hydrogen. The Ru surface fraction corresponding to a mono-
layer growth of Cu on Ru is also shown for comparison.
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the surface at an overall copper composi-
tion of 22.5 at.%. The monolayer assump-
tion and the surface composition deter-
mined from NMR agree very well up to a
copper content of about 18 at.%; this agree-
ment indicates the copper does tend to
cover the ruthenium particles in a thin layer
until a complete monolayer is nearly
formed. At an overall copper content of
18.5 at.% (surface coverage of 78.3 at.%
copper) copper islands, separate copper
particles, or both begin to form. A complete
coverage of the Ru surface by Cu can be
obtained only at very high Cu loadings.
This view was justified by the emergence of
the downfield peak (see Fig. 4), which rep-
resents hydrogen adsorbed on bulk copper.

Surface composition is the most impor-
tant parameter in characterization of Ru-
Cu bimetallic catalysts. The ability to mea-
sure surface composition allows caiculation
of turnover frequencies for various cata-
lytic reactions, which in turn provides valu-
able insight into the catalytic nature of
these bimetallic catalysts.

CONCLUSIONS

Both hydrogen chemisorption and NMR
of adsorbed hydrogen indicate hydrogen
spillover from Ru to Cu. From NMR mea-
surements, it is indicated that pure Cu is
capable of adsorbing hydrogen. There are
two adsorbed states of atomic hydrogen on
surfaces of bimetallic particles in the Ru-
Cu/Si0, catalysts: irreversibly and revers-
ibly adsorbed states. The reversible hydro-
gen is more mobile than the irreversible
hydrogen. The surface compositions of the
Ru—Cu bimetallic catalysts can be obtained
from the NMR resonance lineshifts associ-
ated with rapid exchange of the reversibly
adsorbed hydrogen at the surface. Copper
atoms preferentially segregate to the sur-
face of the bimetallic particles and in so
doing cover the ruthenium in nearly a
monolayer fashion. The formation of three-
dimensional Cu islands and pure Cu parti-
cles is possible at high Cu surface cover-
ages.
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