
Supported-metal catalysts are among
the most important materials in hetero-
geneous catalysis. In such large-volume
applications as gasoline octane improve-
ment, manufacture of edible fats and
oils, and automotive exhaust purifica-
tion, the catalyst consists of small parti-
cles of metal dispersed on the internal

particles inhibits their agglomeration.
Clearly the primary function of the

support is physical in nature, and ef-
fective dispersion is not dependent on
any degree of metal-support interaction.
Nevertheless, the potential for such in-
teraction, in view of the close associa-
tion of these phases, has long been rec-
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Derivation from Solid-State Chemistry

Heterogeneous catalysis often draws
on ideas and findings that originate in
more specialized disciplines, such as sol-
id-state chemistry. Several years ago the
late Roland Ward and colleagues (5) at
the University of Connecticut found that
a number of base metal and noble metal
cations can be incorporated into the lat-
tice of BaTiO3 to form strong bonds with
the host titanium cations. This .finding
was unusual because metal-metal bond-
ing (which involves the overlap'-of the d
orbital electrons of adjacent transition
metal cations) usually involves like
atoms. The finding of heteroatomic met-
al-metal bonding suggested that titanium
cations at surfaces (and perhaps other
transition metal cations as well) might be
capa-ble of bonding to metal cations or
metal atoms in a supported phase.
Our real interest, in fact, concerned

supported-metal atoms, because most
petroleum-related processes take place
in highly reducing environments. Ward
had found the oxidation state of the
''guest" cation to be flexible, ranging
from 2+ and 4+, as indicated by magnet-
ic measurements. Of course, an atom
with a valence of 0 cannot be incorporat-
ed as such into an ionic lattice. At the
surface of an oxide, requirements are
much more relaxed due to the added spa-
tial degree of freedom. There seemed to
be no reason to exclude the possibility of
an interaction between the d orbital elec-
trons of the surface cations and those of
the supported metal atoms. Beyond this
concept we had no idea of the details of
such an electron transfer at the interface
or of the effect it might have on catalytic
behavior. We initiated an empirical in-
vestigation in the hope of demonstrating
significantly different properties for
those systems in which SMSI's might oc-
cur.

Chemisorption of Hydrogen

Our first tests, involving Ru/BaTiO3,
showed a strong support-induced change
in the catalytic properties of the metal. A
greater surprise, however, came when
we examined the hydrogen chemisorp-
tion properties of these catalysts. This

Summary. Many commercially important catalysts consist of small metal particles
dispersed on inorganic oxide surfaces. Although in most cases there is no significant
interaction between the metal and the support, strong bonding can be demonstrated
in a recently discovered class of supported-metal catalysts. These cases typically
involve group Vil metals dispersed on transition metal oxides whose surfaces can be
reduced to form cations with lower valences. Spectroscopic measurements indicate
that an electron is transferred from the cation (such as Ti3+ or Nb4+) to the metal
particle. This, in turn, leads to profound changes in the catalytic and chemisorption
properties and the morphology of the metal particles.

surface of a porous inorganic oxide such
as alumina. Support oxides typically
have surface areas of 200 square meters
per gram or more. Thus, if a precursor
salt of the metal can be effectively dis-
tributed over this area (say, by solution
impregnation) and then decomposed,
metallic particles as small as 10 ang-
stroms will result. In the case of costly
materials, such as noble metals, small
particles are economic necessities since
they represent a larger surface-to-vol-
ume ratio and thus greater catalytic utili-
zation of the metal. Maintenance of this
dispersion under severe processing con-
ditions is another function of the sup-
port, since the separation of the metal

ognized. Schwab and colleagues (1) in
particular demonstrated that in certain
cases the catalytic activities and activa-
tion energies associated with supported
metals could indeed be influenced by the
substrate.

In this article we discuss a newly dis-
covered class of metal-support inter-
actions. The interactions appear to differ
significantly in type and degree from
those previously reported. In addition,
the sizes and shapes of the metal parti-
cles in these systems indicate the exis-
tence of strong bonding. These "strong
metal-support interaction" (SMSI) cata-
lysts are under investigation for possible
use in CO-H2 (Fischer-Tropsch) syn-
thesis (2-4). Their superior activity and
selectivity for this reaction appear to be
related to their unusual CO and H2 chem-
isorption properties.
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technique is ubiquitous in catalysis labo-
ratories working with supported metals.
It gives a precise measure of the dis-
persion of the metal since each surface
atom chemisorbs (in most cases) a single
hydrogen atom. The routine use of hy-
drogen chemisorption, starting in the
early 1960's, represented a major ad-
vance since it allows rate constants to be
normalized on the basis of surface metal
atoms instead of total metal atoms. As a
result, differences in dispersion of the
supported metal could be factored out,
and interlaboratory results were brought
into much closer agreement.

It was soon realized, however, that
hydrogen chemisorption could not be
used to determine metal dispersion in
SMSI catalysts because these catalysts
did not chemisorb hydrogen. In fact,
suppression of hydrogen chemisorption
was soon adopted as a simple test for the
SMSI state. Data showing this effect for
the group VIII noble metals supported
on TiO2 (6) are given in Table 1. Chem-
isorption was measured at ambient tem-
perature after reduction at 2000 and
500°C. This treatment was applied in situ
to the metal salt-impregnated TiO2 and
followed by evacuation at the reduction
temperature or slightly below to remove
any hydrogen that might have been ad-
sorbed on the metal. The values obtained
after reduction at 200°C vary widely.
This variation is consistent with the tend-
ency of the group VIII noble metals to
disperse on any carrier. Even the appar-
ently anomalous uptake by Ir/TiO2 has
been found for iridium on another sub-
strate (7).

In contrast, following reduction at
500'C the titania support induced a dras-
tic alteration of the chemisorption prop-
erties of the metals. For three of these,
hydrogen adsorption was virtually unde-
tectable. The two highest values are as-
sociated with low dispersion of the met-
als, which mitigates the influence of the
substrate. It can be concluded that the
metal-support interaction reduces the
uptake of hydrogen on the metal essen-
tially to zero when measured by conven-
tional methods.

X-ray diffraction and electron micros-
copy have demonstrated that metal dis-
persion in SMSI systems is high (6). The
possibility that low chemisorption of hy-
drogen results from encapsulation of the
metal due to structural collapse of the
support was ruled out by measurements
of total surface area, which showed an
absence of such collapse (6). Another ex-
planation for the observed suppression
of hydrogen chemisorption was that
SMSI strengthens rather than weakens
the adsorption of hydrogen on the metal
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Table 1. Hydrogen chemisorption on TiO2-
supported group VIII noble metals.

Ratio of hydrogen atoms ad-
Metal sorbed to total metal atoms

(2 percent
by weight) Reduction Reduction

at 200°C at 500°C

Ruthenium 0.23 0.06
Rhodium 0.71 0.01
Palladium 0.93 0.05
Osmium 0.21 0.11
Iridium 1.60 0.00
Platinum 0.88 0.00

surface. Thus, if hydrogen present on the
metal surface after reduction of the cata-
lyst were bonded with such tenacity that
it could not be removed by evacuation,
no further hydrogen adsorption could
take place. To probe this possibility, Ir/
TiO2 in the SMSI state was treated in 02

at 500°C, a procedure that destroys the
SMSI state and thus restores normal
properties to the metal. Any hydrogen
present on the iridium surface should
have been converted to water, and, since
water adsorption by the support is mini-
mal at 500°C, H20 should have been de-
tected in the gas phase. None was found,
despite the fact that subsequent ex-

posure to hydrogen did lead to measur-

able H20 production, since oxygen ad-
sorbed on iridium was titrated by hydro-
gen.

These experiments lead to the con-

clusion that the group VIII metals, when
supported on titania by conventional
procedures and reduced at low temper-
ature, exhibit hydrogen chemisorption
properties typical of corresponding well-
reduced metals on familiar supports such
as alumina or silica. Hydrogen activation
at 500°C converts these materials to a

strongly altered state in which the met-
als, although well dispersed, have a

greatly weakened interaction with hy-
drogen.

Chemisorption of Carbon Monoxide

Studies of supported-metal catalysts
also commonly include measurements of
CO chemisorption. Although these can

be used to estimate the dispersion of the
supported metal, their chief value comes
from the "chemical" information that
can be gained from studies of the CO
stretching frequency. This can, for ex-

ample, reveal the presence of alloying in
supported bimetallic catalysts (8). Al-
though we had hoped to use CO chem-
isorption to study metal-support inter-
actions in SMSI systems, this proved im-
possible because the metals in the SMSI

state did not chemisorb CO (6). As
shown in Table 2, low-temperature re-
duction of TiO2-supported metals led to
results that are similar to those routinely
obtained with conventional supports
such as A1203 and SiO2, whereas reduc-
tion at 500°C brought about a striking
suppression of chemisorption.

SMSI Properties of Other Oxides

These initial chemisorption studies
demonstrated that there are strong inter-
actions between the titania surface and
the supported metals, provided the sys-
tems are activated in hydrogen at suffi-
ciently high temperature. Such treatment
reduces the surface of TiO2, removing
oxygen through H20 formation and
creating Ti' ions.
Another study (9) further delineated

the relation between surface reduction
and SMSI behavior. This involved sup-
porting iridium on a number of sub-
strates. The purpose was to determine
how widespread SMSI behavior is
among the binary oxides, the study being
confined to the nonlanthanide and non-
actinide groups. Strong metal-support in-
teraction was inferred from the ability of
the oxide to suppress the chemisorption
of hydrogen onto the metal. Hydrogen
activation requirements of the various
supports were studied by testing each
catalyst several times, each measure-
ment (at 25°C) corresponding to activa-
tion at a different (increasing) temper-
ature.
The oxide supports tested were those

of magnesium, scandium, yttrium, tita-
nium, zirconium, hafnium, vanadium,
niobium, tantalum, chromium, and man-
aganese (sufficient data for Ir/A1203 and
Ir/SiO2 were already available). Oxides
that are prone to the formation of stable
superficial carbonate, such as BaO or
La203, were rejected, as were oxides
considered thermodynamically suscep-
tible to reduction to the metallic state un-
der the planned experimental conditions,
such as MoO3 or Fe203. Where neces-
sary, the supports were pre-sintered in
hydrogen to avoid any structural
changes in the presence of iridium, since
this might have caused the latter to ag-
glomerate.
The results, shown in Fig. 1, are in-

formative in several respects. Titania is
obviously not unique in possessing SMSI
properties, nor is activation at 500°C
necessary for this. Oxides of titanium,
vanadium, manganese, and niobium are
able to suppress the adsorption of hydro-
gen onto iridium by an order of magni-
tude when activated in hydrogen for 1
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Table 2. Carbon monoxide chemisorption on
TiO2-supported group VIII noble metals.

Ratio of carbon monoxide
Metal molecules adsorbed to

(2 percent total metal atoms
by weight) Reduction Reduction

at 200°C at 500°C

Ruthenium 0.64 0.11
Rhodium 1.15 0.02
Palladium 0.53 0.02
I4dium 1.19 0.00
Platinum 0.65 0.03

hour at only 3500C. The adsorption of
hydrogen continues to decline steeply
when the activation temperature is
raised to 500°C, although in the case of
vanadia a low surface area (7 m2/g) ap-
parently results in a small fraction of
poorly dispersed iridium: less than 5 per-
cent would account for the observed val-
ue. In the case of Ir/Ta2O5, the response
of the system is noticeably more slug-
gish. The formulas in Fig. I do not identi-
fy the actual surface valences of these
materials. They simply represent the
phases revealed by x-ray diffraction
analysis at the conclusion of the experi-
ments. (Surface reduction would not be
indicated by this.) The x-ray investiga-
tions also ruled out the possibility of irid-
ium agglomeration accounting for the
profound changes in hydrogen chem-
isorption, since such agglomeration
would lead to distinct iridium peaks,
which were not found.
As shown in Fig. 1, no SMSI proper-

ties are evident for alumina, silica, mag-
nesia, scandia, hafnia, zirconia, or yttria.
Hydrogen chemisorption continues at a
high level for activations ' 500°C, then
drops somewhat when the temperature is
raised to 700°C. Some agglomeration of
iridium is to be expected following such
severe treatment, and, in fact, electron
microscopy of the Ir/ZrO2 catalyst re-
vealed an average iridium particle size
that agreed well with the observed up-
take. In the case of Ir/Cr2O3, a similar
analysis revealed the possibility of weak
suppression of hydrogen chemisorption,
but by no more than a factor of 2.

Correlation with Reducibility

The investigation of binary oxides thus
shows that some transition metal oxides
give rise to SMSI behavior and that some
do not. How is this difference accounted
for?
To pursue this, it is helpful to tempo-

rarily confine our attention to the satu-
rated transition metal oxides; that is,
those whose cations are in their maxi-
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mum oxidation state (d' electron config-
uration) before being activated in hydro-
gen. These materials are listed in Table 3
in order of increasing reducibility. This is
expressed in terms of the thermodynam-
ic equilibrium (PH20/PH2 at equilibrium at
1000 K; p denotes partial pressure) be-
tween the starting saturated oxide and an
oxide with a lower valence or, if none ex-
ists, the corresponding metal (10). Thus
in the cases of scandia, yttria, hafnia,
and zirconia, no oxides with lower va-
lences have been characterized, and in
the case of tantala, TaO2 has only been
reported as a metastable phase. How-
ever, NbO2 is well known and there are
many oxides with lower valences in the
Ti-O system; Ti305 has been arbitrarily
chosen. Our interest is not in these abso-
lute values but in their relative order,
which can also be expected to apply to
the surface reducibilities of these oxides.

Table 3 indicates that there is a direct
correlation between SMSI behavior and
reducibility. Transition metal oxides that
are highly refractory to reduction do not
exhibit SMSI properties; TiO2 and
Nb205, both easily reducible, do. The
sluggish behavior of Ta2O5 can be corre-
lated with its intermediate reducibility.
Three oxides tested for SMSI proper-

ties were nonsaturated: those of vanadi-
um, manganese, and chromium. The
need for surface reduction found for the
saturated oxides implies that the unsatu-
rated (hence, reduced) supports have
SMSI properties. This is true for vanadia
and manganous oxide but not chromia.
As mentioned above, activation of Ir/
chromia at 700°C brings about a reduc-
tion in hydrogen chemisorption which is
at most 50 percent greater than can be
attributed to iridium agglomeration.

0.5

Fig. 1. Hydrogen *
chemisorption on 0
iridium supported \
on various oxides as
a function of activa- -05°tion in hydrogen for -0.5
1 hour at each of
various temper-
atures (TA, activa- I
tion temperature; HI o
M, atomic ratio of
hydrogen adsorbed
to iridium in cata- -1.5
lyst). Iridium is I
percent (by weight)
for SiO2, Awih3,
V203, and HfO2 and <-2
2 percent for the
other supports. I

100

Table 3. Correlation of SMSI properties with
reducibility for saturated transition metal
oxides.

Metal X1000* SMSI activityoxide

Sc203 -18.1 (Sc) Negative
Y203 -18.0 (Y) Negative
HfO2 -14.0 (Hf) Negative
ZrO2 -13.6 (Zr) Negative
Ta2O5 - 6.8 (Ta) Positive (sluggish)
TiO2 - 3.9 (Ti3O5) Positive
Nb2O5 - 1.1 (NbO2) Positive

*X1000 = log (PHdPH,) at equilibrium between oxide
in column I and phase in column 2 at 1000 K.

Nevertheless, a correlation of the
SMSI state with the need for a reducible
transition metal oxide succeeds with 12
of the 13 oxides investigated; only
chromia is anomalous. Recent work,
both theoretical and spectroscopic, has
provided insight into this relation.

Electron Microscopy Studies

In view of the changes in the adsorp-
tive properties of metal particles affected
by SMSI, we wondered whether direct
observation of these particles would re-
veal changes in their size or shape. This
was studied by Baker et al. (11), who
prepared films of platinum on titania,
alumina, silica, and carbon and then an-
nealed the specimens in hydrogen at var-
ious temperatures before examining
them in an electron microscope. A clear
difference was found between Pt/titania
and the other systems. For the former a
much smaller mean particle diameter
was found after treatment at high tem-
perature (7000 to 800°C). The shape of
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the platinum particles in this system was
particularly revealing. Instead of the
usual hemispherical aggregates, they re-
sembled flat pillboxes a few atoms-pos-
sibly as little as one atom-thick. Figure
2 shows the morphological difference be-
tween platinum particles supported on
silica and those supported on titania.
Baker et al. (12) also examined the ef-

fects of high-temperature (600°C) oxida-
tion on the morphology of platinum par-
ticles in the Pt/titania system. This treat-
ment destroys the SMSI state, as
evidenced by a return to normal chem-
isorption properties. The electron mi-
croscopy results clearly confirmed this.
The pillbox structures were converted to
much larger and thicker hemispherical
aggregates. However, a return to high-
temperature reducing conditions once
again brought about the pillbox configu-

ration, with considerable redispersion of
the metal particles. This ""melting" of
the thickened platinum aggregates into
pillbox structures provides graphic evi-
dence for the strength of the metal-sup-
port interaction in this system, which
must outweigh the cohesive forces in the
metal aggregates.
Along with these changes in platinum

morphology, the support itself was found
to transform. Surface reduction to form
Ti3+ ions was expected, but Baker et al.
(12), using electron diffraction, found
that reduction at 600°C or more led to
formation of a stoichiometric lower
oxide, Ti407. The fact that surface reduc-
tion was found to proceed to Ti407 and
no further is consistent with this being
the most reduced member of the crystal-
lographic shear oxides of the TinO2n- 1
compositional series. Further reduction

s. X 77~~~~is
*}. A '

Fig. 2. Electron micrographs of platinum on (a) silica and (b) titania after treatment in hydrogen
at 8000C.
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Fig. 3. Behavior of Pt/TiO2 under consecutive reduction-oxidation cycles. Both the thickness of
the platinum particles and the chemical composition ofthe substrate surface undergo change.
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to Ti30O requires a radical reorganization
of structure.

Just as high-temperature oxidation ag-
glomerated the platinum particles, it oxi-
dized the surface Ti407 phase to TiO2
(Fig. 3). Correspondingly, rereducing the
sample caused the reappearance of Ti407
and a return to the pillbox structure. This
close association of surface reduction of
the support and SMSI characteristics is
of course consistent with the pattern of
results described above for the various
transition metal oxides.

Molecular Orbital and

Spectroscopic Studies

The changes in chemisorptive, catalyt-
ic, and structural properties which char-
acterize the SMSI state strongly suggest
an electronic interaction at the metal-
oxide interface. Although the early hy-
pothesis envisaged surface cations and
supported metal atoms as the bonding
centers, the details were obscure.
Some clarification was suggested by

the finding that the distribution of SMSI
properties among saturated transition
metal oxides is correlated with their re-
ducibilities. This focused attention on re-
duced cations. A possible additional role
of surface reduction-that of promoting
the exposure of these cations (to the su-
prajacent metal) by removing oxygen
from the surface-was also considered.
A localized bonding model was preferred
to any involving collective properties of
the support, since the substrates includ-
ed an insulator (MnO) as well as a metal-
lic conductor (V203).
A theoretical study by Horsley (13),

who used the Xa molecular orbital meth-
od to study the Pt/TiO2 system, did much
to sharpen our understanding of SMSI
behavior. First, the calculations con-
firmed the need for removal of oxygen
anions from the surface in order that the
approach of the metal atom and the sur-
face cation be close enough for bonding.
Second, the calculations were able to
provide an electronic description of the
bond; there is a weak covalent contribu-
tion from the overlap of metal atom and
cation d orbital electrons. The dominant
interaction, however, was found to be an
ionic attraction as the result of a charge
transfer from the reduced cation to the
adjacent metal atom. Thus, the need for
surface reduction in the SMSI state is
twofold. The surface transition metal
cations must be reduced, thereby acquir-
ing d orbital electrons, and the con-
comitant loss of surface anions facilitates
approach between metal atom and re-
duced cation so that the electrons can be
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transferred to the metal. This is our pres-
ent conception of the nature of SMSI
systems.
Evidence for a charge transfer from re-

duced surface cations to the supported
metal has been provided by two spectro-
scopic studies of the Pt/TiO2 (14) and Pt/
SrTiO3 (15) systems. In both cases, the
chemical shift of the platinum 4f core
level indicated that the platinum atoms
had acquired a substantial negative
charge. Chung and Weissbard (16) used
electron energy-loss spectroscopy to
monitor the disappearance of the surface
Ti3+ ions on a reduced SrTiO3 surface
upon deposition of platinum. They si-
multaneously observed an increase of
about 0.8 electron volt in the work func-
tion, and on the basis of these two ob-
servations concluded that an electron
was being transferred from the Ti3+ ion
to the platinum atom, with the formation
of a Schottky barrier at the interface.

This model of SMSI behavior does not
readily account for the observed sup-
pressions of H2 and CO chemisorption.
It is possible that the strong interactions
increase the distance between neighbor-
ing metal atoms and that this leads to a
weakened interaction with the gases. An
alternative interpretation is that the elec-
trostatic attraction between the sub-
jacent cations and the electrons of the
supported metal inhibits the transfer of
these electrons to substrate molecules
such as H2 and CO.
The ionic bonding between metals and

cations in SMSI systems may be con-
trasted with another type of metal-sup-
port interaction that has recently been
described. In the Ru/SiO2 system, a co-
valent interaction is indicated between
ruthenium atoms and surface anions (17,
18). The manifestations of this type of in-
teraction are quite different from those
described for ionic metal-support inter-
actions.

Fischer-Tropsch Reactions

In view of the close relation between
chemisorption and heterogeneous catal-
ysis, the strongly altered chemisorption
properties of metals in the SMSI state
should be reflected in their catalytic
properties. This is true in many in-
stances, but the changes are not always
in accordance with what one might ex-
pect. Thus, in the case of the CO-H2 syn-
thesis reaction, the chemisorption of
both reactants is, as we have seen,

strongly suppressed, and this might be
expected to apply to the catalytic activi-
ty as well. Instead, studies involving
supported nickel catalysts show tenfold
greater activity for Ni/TiO2 than for Ni/
A1203, Ni/SiO2, or Ni/C (2). These com-
parisons were made on a per gram basis
since chemisorption suppression on Ni/
TiO2 prevented an assessment of the rel-
ative nickel surface areas. Further ad-
vantages found for NilTiO2 were greater
selectivity for the formation of higher
molecular weight products and de-
creased formation of nickel carbonyl.
The chemisorption suppressions cited

thus far refer to measurements carried
out in the standard manner at ambient
temperature. Recent studies have gone
further, in confirming that suppression of
CO chemisorption is maintained under
Fischer-Tropsch reaction conditions as
well. This was done with the aid of a spe-
cially constructed cell that allowed in-
frared absorption measurements in situ
on catalysts actually carrying out CO-H2
synthesis. In a study involving supported
platinum (3), large quantities of CO were
found on the metal under reaction condi-
tions when the carrier was alumina, sili-
ca, or silica-alumina, while only a very
small amount was detected when the
platinum was supported on TiO2. Yet the
latter catalyst was the most active. Simi-
lar results were obtained in a corre-
sponding study in which the supported
metal was palladium (4).
This relation between chemisorption

and catalysis may appear to be para-
doxical. However, a very low measured
uptake of an adsorbate, implying a short
lifetime on the surface, does not neces-
sarily mean that this lifetime is in-
sufficient for the adsorbed species to re-
act. A weakened adsorbate-surface in-
teraction can be beneficial. For example,
the CO-H2 reaction is adversely affected
by an excessive heat of adsorption ofCO
(19). It seems that in many cases the
SMSI-induced alterations in the heats of
chemisorption ofCO and H2 result in im-
proved catalytic properties for this reac-
tion.

Summary

Strong metal-support interactions
have been shown to occur in a number of
systems comprising small metal particles
dispersed on the surface of an inorganic
oxide. The latter mnust be a transition
metal oxide, which, upon activation in

hydrogen, can undergo superficial reduc-
tion to form reduced cations that are ex-
posed to the suprajacent metal particles.
Manifestations of the ensuing interaction
include a profound change in chem-
isorption properties and an unusual
structure of the metal particles as shown
by electron microscopy. Catalytic prop-
erties are also altered.

Although the original hypothesis was
vague about the nature of the interaction
between surface cations and the support-
ed metal, molecular orbital (Xa) calcu-
lations have produced a precise model.
This involves the transfer (whole or par-
tial) of an electron from a subjacent cat-
ion to a supported metal atom, resulting
in a strong ionic bond between a nega-
tively charged "pillbox" of supported
metal atoms and the associated surface
cations. This model is consistent with re-
cent spectroscopic studies.
Among the many outstanding ques-

tions at the present time, it would be
important to learn approximately how
the cation-to-metal charge transfer varies
across the wide range of conceivable
systems. The response of catalytic and
chemisorption properties to this transfer
may be of considerable fundamental in-
terest in the study of heterogeneous
catalysis. In addition, studies of this
type will hopefully uncover new catalysts
with improved properties for CO-H2
synthesis or other reactions.
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