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Abstract. The phenomenon of hydrogen spillover (interphase
diffusion of adsorbed hydrogen), the methods for its detection,
and the factors influencing it are examined. The common occur-
rence of the spillover and its role in various adsorption and
catalytic processes, particularly in reactions involving hydrogen
on multiphase catalysts, are demonstrated. The possible mecha-
nisms of the spillover are analysed. The bibliography includes 189
references.

1. Introduction

In heterogeneous catalysis, the term spillover is applied to the
transport of active species sorbed or formed on one phase to
another phase which does not sorb or generate these species under
the given conditions.! =7 The term ‘spillover’ (from spill over in
English) was introduced by Boudart ef al.! The phase generating
the active species is called the initiator (or activator), while the
phase providing sites for the adsorption of active species is known
as the acceptor. If these phases are in direct contact, then the
spillover is said to be primary, but when they are separated by an
additional inert carrier, it is said to be secondary.

The first direct evidence for spillover was apparently obtained
by Khoobiar.? WO; is known to be reduced by hydrogen at
temperatures above 200 °C with formation of the blue oxide
W40;;. On the other hand, when pure H» is passed over the
0.5% Pt/A1,03 + WO3 mechanical mixture, the colour changes
already at room temperature. This effect is not observed on the
A1,03 + WO3 mechanical mixture. This is explained by the fact
that hydrogen dissociates on platinum and migrates via Al,O3
onto WOj3 in the form of atoms or H ions.

Pt
Hz —> 2H,

AlLO3

2H 2H* + 2e,
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2H + 4WO; — W,0,, + H»O0,

H+H — H..

Measurement of the amount of adsorbed hydrogen showed
that the Pt/SiO; + WO3 mixture adsorbs several times more H;
than Pt/SiO, without WO3.3 The blue colour of the tungsten oxide
is due to the formation of the so called tungsten bronze under the
influence of the hydrogen which has passed from Pt onto WOs3 via
Si02 (OI‘ A1203).

The so called structural sensitivity, i.e. the dependence of the
specific catalytic activity (calculated per unit surface or per active
centre) on the particle size, is often observed in heterogeneous
catalysis.” This leads to differences between the specific activities
of supported and massive catalysts. One of the causes of this
difference may be the involvement in the reaction of the initially
inactive support surface as a result of the transfer onto it of active
adsorbed species via spillover.

The spillover phenomenon is common in catalysis by sup-
ported metals and mixed oxides. The atoms of not only hydrogen
but also of oxygen, as well as the N, CO, NCO, and certain other
species may participate in spillover. The vast majority of the
communications published hitherto on this topic have been
devoted to hydrogen spillover. Since 1983, international confer-
ences on spillover are being held regularly. The present review is
devoted to studies on hydrogen spillover carried out mainly
during the last 10— 15 years.

I1. Methods for the observation of hydrogen
spillover

1. Chemisorption of hydrogen

The most common method for the determination of the surface
area of a metal in supported catalysts, namely from the chem-
isorption of hydrogen, may be used for the observation of the
spillover phenomenon.> H, 1is wusually chemisorbed at
200-300 C°. Analysis of extensive experimental data showed
that the number of metal atoms on the surface (Nwm) usually
corresponds to the number of hydrogen atoms adsorbed on this
surface (Ny). The review of Sermon and Bond ° contains tables for
different supported metals (Pt, Pd, Rh, Re, Ru, Ni), from which it
is seen that the ratio Ny/Nm varies in the range 0.5—2.0. With
decrease in the metal particle size, the ratio becomes less than
unity in most cases, although the opposite effects are also
encountered. The deviations from unity are caused by the follow-
ing factors: (1) the dissolution of hydrogen in the bulk of the
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metal; (2) a change in the crystal system in small particles; (3) the
presence of a relatively large number of low-coordinated atoms in
small particles; (4) a change in the degree of oxidation of the metal;
(5) the spillover phenomenon.

In order to elucidate the causes of the deviation of the ratio
Nu/Nwm from unity, hydrogen adsorption data are compared with
results obtained by other methods: from the adsorption of CO,
from the broadening of X-ray diffractograms, by electron micro-
scopy, efc. If all the methods other than H, adsorption yield
identical results, the possible cause of the discrepancy may be the
flow of hydrogen onto the carrier. Thus the ratios Ng/Nm = 5-10
on the Pt/Al,O3 and Pd/Al,O5 catalysts® and 75 on the Pt/C
catalyst,” found by the H, adsorption method, have actually been
explained by hydrogen spillover.

The additional chemisorption of hydrogen on platinum
deposited on an activated charcoal, occurring with increase in
the duration of exposure of the catalyst to a H, atmosphere, is also
associated with the spillover of hydrogen from platinum to the
charcoal.!®

Spillover may also promote an increase in the rate of adsorp-
tion of hydrogen. This phenomenon has been observed, for
example, in the adsorption of H, on a mixture of Co/C with
activated charcoal.!! On the other hand, the amount of adsorbed
hydrogen is determined by the capacity of the acceptor and is
independent of the concentration of Co or of another initiator (Ni,
Cu, Fe).

The observation of spillover by the adsorption method is
favoured by a high H; pressure and a high temperature.> Methods
involving the measurement not of the amount but of the rate of
adsorption of hydrogen on the support and oxygen —hydrogen
titration are varieties of the adsorption method:?

Pt—O; + (x + $)H> = Pt—H, + xH:0

(water remains sorbed on the carrier). In the presence of hydrogen
spillover, the number of adsorbed oxygen atoms No remains
constant and Ny/No exceeds 2.

The surface hydrogen can also be titrated with olefins, which
results in the formation of paraffins. It has been shown that at
100 C° the hydrogenation of pent-1-ene to pentane by the hydro-
gen adsorbed on Pt/SiO; is very fast in the initial period, after
which the rate of reaction falls.'? It has been suggested that in the
first stage the hydrogenation is effected by the hydrogen adsorbed
on Pt, whilst in the second stage it is effected by the spillover
hydrogen adsorbed on SiO».

A gravimetric study of the adsorption of hydrogen and
deuterium on the HNaY zeolite and on Pt/HNaY at room
temperature showed that in the latter case hydrogen spillover
from platinum to the zeolite takes place.!*> The amount of hydro-
gen adsorbed on the platinum-containing zeolite exceeds by more
than an order of magnitude the amount of H, capable of being
adsorbed on the supported Pt. As expected, the increment in the
mass of the specimen in the adsorption of deuterium was twice as
great as in the adsorption of protium.

2. Reduction of oxides

In a mechanical mixture of a supported or unsupported metal with
a reducible oxide (WO3, M0O3, FexO3, V205, Co3z04, CuO), the
degree and rate of reduction may increase by virtue of hydrogen
spillover:*-¢

M"* + 0?2~ + H—>=MO-D* + OH~ .

As a result of spillover, the reduction temperature falls in certain
cases by 200—400 °C. The studies have been carried out by
gravimetric, differential thermal analysis, temperature-pro-
grammed reduction, microcalorimetric, efc. methods. Metals (Pt,
Pd, Ni, etc.) are thus catalysts of the reduction of oxides. The
degree of reduction can be determined from the amount of reacted
hydrogen and also from the changes in certain parameters
characterising the solid. In the reduction of, for example, V,Os

to V2Ou, it is possible to measure the EPR signal due to V4 * or the
area of the bands in the phase XRD spectra of the V>O4 phase.

In the presence of ruthenium or iridium carbonyls, the
reduction of the Co/SiO; catalyst, obtained from cobalt acetate,
Le.
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is accelerated by hydrogen spillover.'* This results in the forma-
tion of a highly disperse catalyst which accelerates the hydro-
genation of CO to oxygenates.

The carbide WC, the properties of which are similar to those
of Group VIII metals, can also serve as the source of spillover
hydrogen for the reduction of M0O3.!3

Sulfides can also be reduced by means of the spillover. When
Ni or Co is added to WS,, Ho osWS: is formed. !¢

The adsorption of hydrogen on the Pt/WOs catalyst has been
investigated.? It was found that WOs5 is reduced by virtue of the
adsorption and activation of hydrogen on Pt and its subsequent
diffusion to WOs3. On the other hand, on pure WOj3 the adsorption
of hydrogen is not observed.

On platinum deposited on the CeY zeolite, Ce** was reduced
to Ce 3™ in the presence of adsorbed perylene, perylene serving as
the bridge for the transport of active hydrogen from Pt to the
zeolite.!”

Hydrogen spillover has also been observed in the Pt/ZrO»,
Pt/Si0,, and Pt/TiO, systems. In certain cases, spillover is
promoted by the presence of water, the molecules of which may
also serve as bridges for hydrogen.

When MnO, deposited on a SnO; film is heated, reduction
does not occur in a H, atmosphere at 500 °C. According to EPR
data,!8 the addition of Pd leads to the appearance of Mn2™" as a
consequence of hydrogen spillover and the reduction of MnOx.
However, the effect of hydrogen spillover is not easy to estimate
quantitatively for the examples quoted not only because of
technical difficulties but also by virtue of the characteristic
features of the topochemical process. Hydrogen spillover may
prove to be an essential condition for reduction only in the
nucleation stage, whilst in the phase growth process the reaction
may be propagated by the hydrogen interacting directly with the
oxide. The degree of reduction depends also on the extent of the
interface between the metal catalyst and the oxide being reduced.
The reduction of oxides can therefore be regarded as confirmation
of the occurrence of spillover, but it does not allow quantitative
estimates.

The apparent activation energy (F,) for the reduction of
oxides under spillover conditions does not differ from E, in
noncatalytic reduction. The presence of a metal apparently
promotes an increase in the amount of reactive hydrogen or an
increase in the rate of nucleation (in the pre-exponential factor).®

One of the products of the reduction of oxides is water.
According to different data, it either accelerates or retards both
hydrogen spillover and the reduction process itself. This also
complicates the use of the oxide reduction process for the
observation of spillover.
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3. The influence of spillover on catalysis

Multiphase catalysts frequently possess an enhanced activity and
selectivity. This can be explained by the fact that one of the stages
of a complex process occurs on one phase whilst another occurs on
another phase, spillover taking place between the phases (some-
times with participation of a third phase).'® In the case of hydro-
genation, the supported metal may adsorb and activate hydrogen,
the support may adsorb the substance to be hydrogenated, and the
reaction itself proceeds on the support surface as a result of
hydrogen spillover.

For example, it has been found?° that the specific rate of
hydrogenation of benzene per unit mass of Pd increases by a factor
of 3 when the Pd/Al,Os catalyst is diluted with pure AlLOs.
Hydrogen diffuses over distances up to 0.5 mm. At —52 °C, the
degree of coverage of the Al,Os surface by hydrogen may reach
3x 102

In estimating effects of this kind, one should bear in mind that
they may be accounted for by the ‘trapping’ by the diluent of the
coke which poisons the catalyst.> This is also a kind of spillover
but of the organic substance and not hydrogen. It has been
shown?! that the addition of Pt to the Ni—Mo/SiO>—Al,O3
system ensures an appreciable decrease in the temperature corre-
sponding to the removal of coke after the hydrocracking of heavy
oils. When Pt was added to H— Ga silicate, an increase in the rate
of aromatisation of propane and a sharp decrease in coke
formation were observed.’> A similar phenomenon has been
noted in the alkylation of 1,2,4-trimethylbenzene and its dispro-
portionation to durene after the addition of Pt to montmorillon-
ite. It has been shown by IR spectroscopy that the Lewis acid
centres are then converted into Bronsted acid centres.?3~23

The increase in the rate of hydrogenation of ethene on the
Pt/SiO, catalyst diluted with SiO, or Al,O3; has also been
attributed to hydrogen spillover.2% The use of Al,O3 as a diluent
afforded a greater increment in the rate of hydrogenation than
dilution with SiO».

As the Pt/C catalyst was diluted with pure carbon up to a ratio
of 1:50, its activity in the hydrogenation of benzene initially rose
and then became constant.?’

The Pt/Al,O3 catalyst diluted with Al,Os up to ratios ranging
from 1:3 to 1:100 has been tested in the hydrogenation of
benzene.?® It was found that the specific activity of the catalyst
per gram of Pt increases with increase in dilution up to 1:50. The
activation energy for the reaction, which is 38.5 kJ mol~!, did not
change on dilution. The authors ?® assumed that the rate-limiting
stage is not spillover but the interaction of benzene with atomic
hydrogen. The rate of hydrogenation of benzene on the Pt/Al,O3
catalyst diluted with Al,O3; was equal to the sum of the rates of
reaction on Pt/Al,O3 and Al,O3, but the reaction does not occur
on pure Al>,Oj3 in the absence of platinum.

The isomerisation of n-pentane to isopentane on the Pt/SiO,
or H-ZSM-5 catalytic systems proceeds at a low rate, but when
they are mixed an active and selective catalyst of the isomerisation
reaction in the presence of hydrogen is obtained.?® Oligomerisa-
tion predominates in the absence of H». It has been suggested that
hydrogen spillover is necessary for the occurrence of hydro-
isomerisation.

The Pt/KA + NaY mixed catalyst exhibited a much higher
activity in the hydrogenation of isobutene to isobutane than
Pt/KA and NaY separately.3? In this case too, hydrogen spillover
accelerates the catalysis.

An appreciable increase in catalytic activity in the hydro-
desulfurisation of thiophene was noted when MoS, (or WS,) was
mixed with PtS/y-Al,O3, PdS/y-Al,O3, or RhyS3/y-Al,O5.3! It has
been suggested that noble metals activate hydrogen, which then
migrates via the spillover mechanism onto MoS; or WS,, where it
participates in the hydrogenation. The addition of Ru to the
Co—Mo/Al,033? or M0oO3/Al,03 33 catalyst has the same effect.

The rate of hydrocracking of diphenylmethane also increases
after the addition of sulfided Co—Mo/SiO> to an silica—alumina
by virtue of hydrogen spillover.3*

The mechanism of the cracking of n-hexane on the Pt/H-
erionite bifunctional catalyst involves hydrogen spillover.333¢
The hydrogen dissociated on platinum migrates onto the carrier,
where a dynamic equilibrium is established between the atomic
and protonated forms of hydrogen.

Organic deposits on the metal surface may also serve as a
suitable ‘phase’ for the occurrence of spillover. It has been shown
by LEED (low energy electron diffraction) that the hydrogenation
of C,H4 on Pt and Rh single crystals takes place on top of an
ethylidyne layer, which remains ordered under the reaction con-
ditions.?”

The hydrogen participating in spillover can also interact with
organic deposits and can ensure the removal of coke.’® The
isomerisation of paraffins and aromatic alkyl-substituted com-
pounds takes place on acid catalysts and the reaction stoichio-
metry does not require that hydrogen participates in it. However,
the introduction of small amounts of Pt and H» into the system
accelerates the process as a result of the hydrogenation of the coke
which poisons the catalyst.

In a mechanical mixture of coke-saturated Al,Oz with
Pt—Re/Al>Os3, the hydrogenation of coke via the spillover mech-
anism begins at a Re concentration of 50%.3°

4. Isotope methods

One of the commonest methods for the observation of hydrogen
spillover is isotope exchange between D> and the OH groups of the
carrier. An increase in the rate of isotope exchange between the
OH and OD groups on Pt/Al,O3 compared with the rate of this
process on Al,O3 was first observed by Carter et al.*° Conner et
al*! studied hydrogen spillover on Pt/SiO, with the aid of D, by
FTIR (fourier-transform infrared) spectroscopy. Platinum was
placed at the centre of pressed Pt/Al>03/SiO; and Pt/SiO; discs in
order to measure the concentration gradient during spillover.
Experiments were carried out also in which the spillover initiator
(Pt/Si0,) was isolated from Al,O3.4%43

The isotope exchange between deuterium and the OH groups
of a Y zeolite has been investigated by FTIR spectroscopy.** A
two-component Pt/NaY—-HNaY specimen was used for this
purpose. The H—D isotope exchange on the surface of the
HNaY zeolite was observed only when the latter was in direct
contact with the platinum-containing component of the Pt/NaY
specimen. At room temperature, the process was limited by the
diffusion of deuterium and by the H—D exchange proper.

Tritium has also been used in the study of spillover.*> Inves-
tigation of the interaction of *C,H4 and '“CsHg with T, on Pt/
SiO, and Pt/Al>O3 showed that the OH groups of the support
exchange with tritium under the hydrogenation conditions and
that the degree of involvement of Al,Os in this process is greater
than that of SiO,.

Transmission IR spectroscopy has been employed to inves-
tigate the exchange of the OH and OD groups of the Rh/A1,O3
catalyst in a stream of D,.#¢ The exchange of methoxylated OH
groups with hydrogen on SiO, was observed when SiO» was mixed
with Pt/Si0,.47-4% The formation of methane as a result of the
interaction of the methoxy-groups with hydrogen (demethoxyla-
tion) via a mechanism involving spillover has been noted:

H,, + OCH; —> H-OCHs,
H-OCH; + Hy, —» OH + CH,4

(Hsp = spillover hydrogen).

5. The scavenger method

By adding to the system substances which interact quantitatively
with hydrogen and by using sensitive methods such as, for
example, EPR as indicators, it is possible to reduce greatly the
threshhold in the observation of the spillover effect. This has been
confirmed by the results of a study on the CeY zeolite + Pt black
system,*” where Ce4™ was reduced to Ce3" in the presence of
hydrogen. The adsorption of perylene or anthracene led to the
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appearance of radicals, readily detectable by EPR. When spillover
occurs, the radicals are hydrogenated and the EPR signal van-
ishes.

Weakly bound H atoms, participating in the hydrogenation of
benzene, have been detected by depositing N-fert-butyl-a-phenyl-
nitrone or 2,4,6-tri-zert-butylnitrobenzene, which served as ‘traps’
for H atoms, on Pd/AI203.%°

6. Thermodesorption methods

The temperature-programmed desorption (TPD) and temper-
ature-programmed reaction (TPR) methods can also be used to
observe the spillover of adsorbed species.’! The nonstationary
temperature regime employed in these methods makes it possible
to separate in time processes occurring on the surface at different
rates, including processes involving the desorption of the initial
substances, adsorbed in one form or another, and their conversion
into other products via different pathways. In contrast to unsup-
ported catalysts, on supported catalysts there is a possibility of the
spillover of adsorbed species. This is manifested either by a simple
increase in the areas of the TPD peaks due to the substances
adsorbed beforehand or by the appearance of new additional
peaks.

The TPD -TPR methods yield direct information about the
amount of the substance which has diffused onto other phases and
make it possible to calculate the coefficients of surface diffusion
and the activation energy for the process.

The use of stable isotopes significantly expands the possibil-
ities of the TPD and TPR methods in the study of the mechanism
of the spillover of adsorbed species. These methods have been used
to investigate hydrogen spillover on a wide range of supported
catalysts: platinum,2~>7 palladium,>® nickel,>>~>7 and rhodium *2
on aluminium, titanium, and silicon oxides, cobalt and molybde-
num on aluminium oxide > and activated charcoal,® and plati-
num on zirconium oxide.°!

7. Reverse hydrogen spillover
This term is frequently used to designate the reverse migration of
hydrogen from the support to the metal.

In the adsorption of an olefin on 0.03% Pt/H,WOs3at 100 °C,
hydrogen is removed from the catalyst, its amount corresponding
to the ratio Ng/Np, = 277.5 Since H,WOj is incapable of hydro-
genating the olefin at this temperature, the participation of
hydrogen in the hydrogenation can be accounted for by its reverse
spillover from H,WO; onto Pt. In H,WOs3 + Pt/SiO, mixtures,
where there is little contact between Pt and H,WOs3, the reverse
spillover was not observed.

The desorption of hydrogen from carbon !1-2-63 or from the
H-ZSM-5 zeolite ®* is accelerated when platinum or a metal
sulfide are deposited on them. The dehydrogenation of cyclo-
hexane under these conditions (at 450 °C) is associated with the
reverse spillover of hydrogen from the support to the metal. The
catalytic activity increases with increase in the initiator concen-
tration and reaches a certain limit, which is independent of either
the amount or nature of the initiator. The reverse spillover may be
the rate-limiting stage in the dehydrogenation reaction proceeding
via the mechanism

C,Hy, + 2+ 2X —> C,H,, + 2X—H,
2X—H +2M — 2M —H + 2X,
2M—H —2M + H,

(X is the carbon surface and M is the metal).

Ga3* and Zn 2" ions may play the same role of accelerators in
the recombination of H atoms, because the rate of aromatisation
increases on mixing Ga>Oj; or ZnO/Al,O3 with ZSM-5.93-70 This
entails the reverse hydrogen spillover from the aromatic com-
pound, adsorbed on the zeolite, to Zn?" and Ga3*, which
accelerate the recombination of H atoms.

I11. The influence of various factors on hydrogen
spillover

1. The influence of water, oxygen, CO, and other compounds
Many investigators noted a significant influence of water on
hydrogen spillover.!- 357! Tungsten trioxide is reduced by hydro-
gen to the blue oxide at temperatures above 400 °C. If WO; is
mixed with platinum black, the reduction temperature falls to
100 °C and, when water is adsorbed in addition, reduction begins
already at room temperature. This effect can be naturally attrib-
uted to the positive influence of H»O if, as stated above, hydrogen
spillover occurs with participation of the OH groups of the
support . In practice, both positive”! and negative 7> effects of
water have been observed. According to Cevallos-Candau and
Conner,”3 water accelerates the exchange between the OH and OD
groups on the support but not spillover as such.

Oxygen and CO inhibit spillover.”75 Oxygen interacts with
hydrogen to form water, which lowers the rate of spillover.®
However, the reduction of WOs was not observed in the
WO; + Pt black mixture at room temperature in the presence of
H>.7¢ On the other hand, the addition of oxygen to hydrogen or
the adsorption of oxygen before the admission of H» alter the
colour of WOs3, to blue, which may indicate the reduction of the
oxide.

It has been shown”’ that mobile oxygen, adsorbed on the
Pt/TiO, catalyst under the conditions of the oxidation of the
latter, increases hydrogen spillover in this system.

The accelerating effect of water on the OH—OD exchange in
the Pt/Al,O3 system in the presence of D, at 150 °C has been
observed with the aid of chromatographic methods.”® In the
absence of platinum, no exchange was observed.

An increase in the rate of hydrogen spillover on the Pt/MoO3
catalyst, obtained by impregnating MoO; with a solution of
chloroplatinic acid,”~3! promoted a decrease in the concentra-
tion of residual chlorine on heat treatment.

2. Spillover initiators

Hydrogenation catalysts are as a rule hydrogen spillover initia-
tors: Pt, Pd, Ni, Rh, CuCr,Oy4, etc. The presence of even very small
amounts (of the order of 10~4%) of a metal (Ni, Pd, Pt, W) in SiO;
may induce an appreciable absorption of H, at 1000 °C (the
number of atoms of the absorbed hydrogen exceeds by a factor of
100 the number of metal atoms).32

The bond between hydrogen and the initiator metal should
not be unduly strong and the catalyst must be sufficiently
dispersed to ensure good contact between the metal and the
accepting or transport phases. The activity of metals in the
exchange between D, and the OH groups of pentasil varies in the
sequence Pt > Pd > Ni, which is consistent with the greater
strength of the Ni—-H bond compared with the Pt—H and
Pd—H bonds.$3

In the mixed Co—Mo—S and Ni—W -8 catalysts, the hydro-
desulfurising initiators of hydrogen spillover are apparently Co
and Ni sulfide phases. Rh,S3, PdS, and PtS, mixed with MoS; or
WS, can also serve as spillover initiators.3*

The spillover initiators (donors of spillover species) do not
necessarily have to be mixed with the acceptor; they can also be
separated in space from the latter after the initial activation.

Special experiments have been carried out with separation in
space of the source and acceptor of the spillover species.® 8586 The
Pt/AlxOs3 catalyst was placed in a bulb separated from the SiO»
acceptor by a porous partition. After activation by heating in a
hydrogen atmosphere at 430 °C, the bulb with the catalyst was
removed from the activation zone and ethene, ethyne, heptane,
benzene, or cyclohexadiene were hydrogenated on SiO; at a lower
temperature (200—270 °C) with participation of spillover hydro-
gen. The amount of the latter was 10'> H atoms per gram of SiO».
Such an activated SiO, specimen retained its activity in the
C,H,, + H» reaction for a long time, whereas on nonactivated
SiO, the above mixture did not react. Hence it follows that
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hydrogenation proceeds mainly with participation of hydrogen
from the gas phase on centres created by virtue of spillover.
Careful analysis demonstrated the absence of the Pt impurity in
SiO; after spillover.

Cumene was cracked similarly on SiO; after its initial activa-
tion by the spillover hydrogen generated by the Pt/Al,O3 system.”

Similar results were obtained with the aid of Al,O3 activated
by the spillover hydrogen flowing from the Pt/Al,O3 catalyst.® 88
A similar activation but at a lower temperature may be ensured by
Ni/ALOs.

3. Hydrogen acceptors

In many cases, the final result of hydrogen spillover is the
formation of new hydroxy-groups. Consequently oxygen ions
may serve as acceptors of hydrogen atoms or ions:

0%~ + H* —> OH~
or

O~ +H —> OH-
or

O~ +H* —> OH.

On oxides coated with a hydroxyl layer, structural defects
serve as acceptor centres. Carbon is also a good acceptor.

It was already stated above that adsorbed unsaturated com-
pounds and the metal oxides themselves may function as acceptors
of H atoms. If protons participate in the spillover, then the
effectiveness of the acceptors is determined by their proton
affinity,8° which varies in the sequence water = methyl alco-
hol > n-butyl alcohol > tert-butyl alcohol > dibutylamine.

4. Promoting agents

Transport bridges or phases may serve as mediators for the
transfer of H atoms from the donor to the acceptor. In one of
the first studies on spillover,® it was found that the transport of
hydrogen on the Pt/C catalyst is accelerated by carbon contami-
nations, which are produced after the isomerisation or hydro-
genolysis of neopentane. The carbon contaminations act as bridge
between Pt and C. Their combustion inhibits the spillover. Above
it was already stated that perylene also serves as a bridge for the
transport of H atoms between Pt and the CeY zeolite.!%17 Such
bridges may be water and the OH groups of the support. There are
data showing that SiO, plays more effectively the role of a bridge
for the transport of H atoms than Al,Os. In the hydrogenation of
ethene on the Pt/SiO, + H,WOs; system, the WOj3 phase transfers
hydrogen to C,H4. Carbon functions as a bridge in the Pt/C
catalyst.

IV. Kinetics of hydrogen spillover

1. The number of hydrogen spillover adsorption centres
Measurement of the excess amount of adsorbed hydrogen com-
pared with the amount necessary for monolayer coverage of the
metal surface makes it possible to determine the number of
support centres participating in spillover. The study of the
adsorption of H» on Pt/Al,O3 at 250—300°C by a volumetric
method showed ?° that the number of spillover centres Ny is
10'2 cm—2. Data for the TPD of hydrogen on a similar catalyst
yielded Ny ~ 2 x 10'>cm—2.57 A similar value (1.5 x 10'? cm) was
obtained by NMR in experiments on the adsorption of H, on
Pt/SiO, at room temperature.®! Thus the number of centres Ny on
oxides corresponds to ~1% of the total number of surface
centres, which is much less than the number of OH groups on
the surface.®

On Pt/C, Ny is much greater — from 10'3 to 10'® cm—2 (or
from 0.01 to 10 formal monolayers).? 1!

In experiments where the Pt/SiO, source of spillover was
isolated from Al,Os, it was shown that, under the conditions of
the OH — D, exchange, hydrogen is transferred over a distance of

1 cm in several minutes.*? In the hydrogenation of C,Hy4 on the
Pt/SiO> + SiO, system, the induction of activity on the SiO»
surface requires prolonged exposure in H» (more than 17 h at
400—460 °C) and is characterised by an activation energy of
117 kJ mol—1.43

2. Kinetics of catalytic reactions occurring under the
conditions of hydrogen spillover

The kinetics of the chemisorption of hydrogen on Pt/Al,O3 have
been investigated.>”-°! It was found that the amount of absorbed
hydrogen is proportional to the square root of the adsorption time
and that surface diffusion is apparently the rate-limiting stage.

When the hydrogenation reaction proceeds under stationary
conditions, the overall activity of the supported metal greatly
exceeds (by 1 -2 orders of magnitude) the activity of the acceptor-
diluent. Spillover should not therefore influence significantly the
rate of hydrogenation. The situation is different when hydrogen
and the substance hydrogenated are adsorbed on different phases.
Spillover exerts a major influence on the kinetics also when the
surface is reduced and the active centres are formed with partic-
ipation of hydrogen arriving from another phase. Delmon 7’
called this phenomenon ‘remote control’.

It was found °? that two kinds of spillover hydrogen exist on
Pt/Al,O3 at 450 °C — irreversible and reversible. The rate of
aromatisation of n-hexane is proportional to the surface concen-
tration of irreversible spillover hydrogen, while the rate of hydro-
cracking and isomerisation is proportional to that of reversible
spillover hydrogen.

A mathematical model of spillover has been examined by
Edvinsson er al.®3 1t was postulated that the reaction proceeds on
the metal serving as the source of spillover species and that the
carrier stores these species and interacts with the metal via the
spillover and reverse spillover mechanisms. The application of the
cyclic modulation method made it possible to discriminate
between processes occurring with and without the participation
of spillover.

According to a similar model proposed by Nam and
Silverston,®* there are two regions in the catalysts: active (metal)
and inactive (carrier). Dissociative adsorption, the reaction, and
recombination desorption take place in the active region. The
dissociated species migrate to the inactive part, which serves as a
reservoir for the latter, and conversely. The model predicts that, in
the absence of spillover, the yield should monotonically decrease
with increase in modulation frequency, whilst in the presence of
spillover it should pass through a maximum.

Mathematical analysis of the overall kinetic model of a two-
stage reaction at a surface incorporating sites of two types with
different heats of adsorption showed that the spillover of the
adsorbed species between these sites may lead to both an increase
and a decrease in the rate of the chemical reaction.®> In the
oxidation of carbon monoxide on such a heterophase surface,
the kinetic coupling of the reaction, induced by CO spillover, leads
to an appreciable alteration of the temperature dependence of the
reaction rate and also to the appearance of superadditive activity
at low temperatures.®®

3. Determination of diffusion coefficients
The TPD,>7 adsorption,®” electron microscope,’® and NMR °1.99
methods have been used to determine the diffusion coefficients of
hydrogen. A table of the diffusion coefficients Dy for a series of
oxides has been published in a review>. At room temperature,
Dy =10"19¢cm2 s~ ! on CeY.!7” At 50 °C, Dy = 10~ 16 cm?2 s—!
on WO; and 103 cm?s—! on Mo0s3%” At 100 °C,
Dy = 10" cm? s~ ! on carbon and SiO», while the activation
energy is Ep = 65 kJ mol—1.%% At 400 °C, Dy= 10—1 cm? s~!
and Ep = 119 kJ mol~! on Al,O3 and diffusion takes place over
a distance up to 200 nm from the Pt particles.®®

According to NMR data, 10'2 hydrogen atoms participate in
the spillover on Pt/SiO» over each square centimetre of the SiO»
surface °! and, since the average distance between the Pt particles
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on the catalyst is 180 nm, the spillover extends over a distance of
at least 90 nm.

Data on the kinetics of the exchange between the OH groups
of the support and D» are usually employed for the determination
of Du. For this purpose, it is necessary that the direct exchange
without the participation of the metal should be negligible, that
the migration on the support should be the rate-limiting stage, and
that the surface diffusion should differ from the bulk-phase
diffusion.!%0

If the surface concentration of H atoms on the initiator metals
cn is constant, then Dy can be calculated by the equation 57

0 = cyly/nDyt ,

where QO (atoms g—!)is the number of species which have diffused
onto the support during the time ¢ and I, (cm g—!) is the perimeter
of the metal particles. At 400 °C, Dy = 9.3x 10~ cm?s—! on
Rh/Si0,, 1.7 x 10~ 1% cm? s~ ! on Rh/A,O3,2.2 x 1019 ¢cm? s~ !
on Rh/ZrO; and 8.0 x 10— 1° cm? s—! on Rh/CeQ,.1%°

Significantly higher hydrogen diffusion coefficients are also
encountered. For example, it has been found”® that
Dy =103 cm? s~ on Pt/SiO, at 200 °C. Such appreciable
differences between the diffusion coefficients are most probably
associated with differences not taken into account under the
experimental conditions.

V. The mechanism of hydrogen spillover

1. The surface and gas-phase pathways to spillover

The question of the possible transfer of hydrogen atoms during
spillover not along the surface but through the gas phase arose
already in the first studies. According to the data of Dmitriev et
al.,'%" in the isotope exchange between deuterium and surface OH
groups of the HNaY zeolite the activated deuterium is transported
not through the gas phase but along the surface of the support
separating the spillover initiator (Pt) and the zeolite.

Gadgil and Gonzales '9? investigated the adsorption of the
hydrogen atoms obtained in the high-temperature heating of
tungsten in a H, atmosphere. It was found that the rate of
adsorption is low and independent of the type of carrier, which
most probably constitutes evidence against the transfer of H
atoms through the gas phase. The study of the adsorption of
hydrogen atoms generated in a microwave discharge!®3 on
Pt/TiO, showed that F centres, capable of effecting the hydro-
genation of ethene, are formed in TiO, under the influence of these
atoms. The low rate of adsorption of H atoms on the Pt/zeolite
system is due to the fact that only the outer surface of the catalyst
interacts with these atoms.!%4

The conversion of CO into methane in a two-bed reactor, the
lower section of which contained the Pt/zeolite X catalyst in a
stream of H in a stationary bed while the upper section contained
the Ni/zeolite X in a stream of CO + H», occurred at a much
higher rate than in the absence of platinum.'% The authors did not
reach a definite conclusion about the transfer of hydrogen atoms
through the gas phase, noting the possibility of their diffusion
through the glass lattice separating the two beds.

If SiO, is treated with hydrogen at a temperature above 800 °C
in the presence of various metals but without being in contact with
them, then the siloxane bridges Si—O —Si are converted into
S—H groups.'% This phenomenon has been explained by the
transport of the metal on SiO, with participation of water vapour.
In terms of their activities, the metals can be arranged in the
sequence Ta > Ni > Pt > W.

Hypotheses concerning the gas-phase transport of H atoms at
relatively low temperatures have been put forward in only a few
investigations. In the study of Baumgartner et al,'%” these
hypotheses were based on experiments involving the reduction of
anthracene and anthraquinone adsorbed on SiO, separated in
space from the source of hydrogen — Pd/SiO,. Rodriguez and
Baker 1% concluded that at room temperature and a pressure of
0.2 mm Hg atomic hydrogen is transferred from metal sulfides

(MoS,, FeS,, or FeS) through the gas phase onto a graphite
surface separated from them. However, since the desorption of
hydrogen atoms at low temperatures is thermodynamically unfav-
ourable, one cannot rule out that hydrogen is transferred from the
source to the acceptor not directly but in the form of other species
(OH, H:O0, etc.) in these cases too.

2. The mechanism of the diffusion of hydrogen on an oxide
surface

One of the first studies on the spillover mechanism was under-
taken by Conner et al.,Y who used for this purpose FTIR
spectroscopy in situ. The diffusion of the deuterium adsorbed on
Pt/SiO> from Pt to the carrier was followed from the exchange
between D atoms and the OH groups of SiO,. It was postulated
that the process proceeds in accordance with the scheme

D (gas) D DHDDHH

HHDDHDH

1919111

DDDDD (spillover) & ¢ g sisisisi
PLPL Pt Pt Pt

The heat of adsorption of H, on Pt was 115 kJ mol—! and the
activation energy was 67 kJ mol~!. The heat of adsorption of H;
on SiO, was smaller — 12.5 kJ mol—!. Thus the transfer of
deuterium from platinum to the support is an endothermic process
and spillover occurs by virtue of the existence of a high deuterium
concentration gradient at the interface between Pt and the
support. However, it is possible that the heats of adsorption of
H, on the real spillover centres greatly exceed 12.5 kJ mol—.
Under the experimental conditions, the ratio of different forms of
deuterium was

PtD: Dy, : OD = 1:5:600 (Dsp = spillover deuterium).

It has been postulated that the spillover on SiO» takes place via the
formation of associative complexes with participation of pairs of
OH groups (vicinal or geminal).*3

Analysis of diffuse scattering IR spectra showed '%° that the
adsorption of H, (D) on 10% Pt/TiO, at a low temperature
results in the appearance of a new broad absorption band at
~ 3000 (2300) cm—!. The authors assigned it to the OH (OD)
groups at the metal—support interface. This band is thermally
unstable and at room temperature the OH and OD groups are
readily involved in exchange with D, and H» respectively.

The involvement of the OH groups of the HNaY zeolite in the
spillover of deuterium in the HNaY + PtNaY system has been
demonstrated by FTIR spectroscopy in situ.110-111

Under the conditions of the hydrogenation of ethene on
Pt/AlxOs3, the ethene reversibly adsorbed on the support reacts
with the hydrogen arriving from platinum via the spillover
mechanism.!'? Methylation of the support hydroxyls with diazo-
methane greatly reduces the rate of the reaction. The Pt/A-
1,05—-OCH3; system formed after modification is at least ten
times less active than Pt/Al,O3 and the hydrogenation reaction is
propagated only by the metal on which ethene is strongly
adsorbed. This demonstrates the need, in principle, for the spill-
over of hydrogen in order that the given reaction may be
catalysed.

The majority of investigators hold to the view nowadays that
hydrogen atoms participate in spillover.!7-191.113 Tt has been
found 7 that the rate of disappearance of the EPR signal of
perylene corresponds to the rate of adsorption of H, by the
Pt/CeY system. We may note that the direct detection by EPR of
H atoms on the majority of supports is possible only at temper-
atures below — 170 °C. Careful analysis of the form and magni-
tude of the shift in the '"H NMR spectra made it possible to
establish '3 that hydrogen migrates on the SiO, surface in the
form of the H' radical species. The hydrogen radical species
adsorption centres may be either F centres or the (SiO)- or Si-
groups.
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It has also been postulated that spillover proceeds via a proton
mechanism.”!-8% 114 This is indicated by the correlation between
the rate of spillover and the proton affinity of the promoting
agent,”’-# which may solvate the diffusing proton: H,O >
CH;0H > C,HsOH > n-C3H;0H > n-C4HoOH. In the pres-
ence of all these promoting agents, the rate of spillover was
independent of the specific surface of the supported Pt, while in
the presence of CH3COOH, which has a low proton affinity, such
dependence was observed. In the latter case, the rate of reaction
may be determined by the rate of solvation of the proton.

Bianchi er al.,*” who investigated the hydrogen transfer from
the Pt/Al,Os5 catalyst to a methoxylated silica gel (Aerogel), even
postulated the involvement of Hy species in spillover on the basis
of kinetic data.

The adsorption of hydrogen on Rh/TiO> has been investigated
by NMR.7+115.116 Hydrogen was adsorbed in two forms: the
reversible form bound to the support and the irreversible form
bound to the metal. According to NMR data, hydrogen bound
covalently to Pt is present at the Pt/SiO, surface.’! Paramagnetic
hydrogen, which reduces the relaxation time of the Si— OH bonds,
participates in spillover. On Pt/SiO, two hydrogen NMR signals
were also found: one corresponded to the Pt—H bond and the
other to the spillover hydrogen located at the same sites as the
hydrogen of the OH groups.'!”

The study of the exchange between D, and the OH groups of
conducting supports on which platinum had been deposited failed
to reveal appreciable differences between n- and p-semiconduc-
tors,!!8 which permitted the conclusion that uncharged species are
involved in spillover.

The rate of the H, + D, exchange on Pt or Pd, deposited on a
zeolite with a modulus of 30, exceeded by several orders of
magnitude the rate of exchange between D, and OH groups.®3
Thus the activation of D> does not limit the gas-phase exchange.
Spillover of hydrogen should include the interphase transfer of the
activated D3, the migration of D on the surface, and recombina-
tion.

According to the data of Parera et al.,?® the H— D exchange on
Rh/Al1,O5 proceeds in two stages: rapid spillover from Rh to
Al,Os5 takes place in the first stage, while the second involves a
slow exchange between the spillover hydrogen and the OH groups
of AL,Os.

Information about the number of spillover centres may be
obtained from data !''° on the adsorption of H, on Pt/Al,O3—Cl,
Al,Os, and their mixtures at 500 °C. The presence of chlorine
alters the rate of spillover. For a certain chlorine content,
maximum spillover is observed:
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The rate-limiting stage is the surface migration of H atoms.
The above scheme shows that, in the presence of a low chlorine
content, the number of spillover centres increases, diminishing in
the presence of a high chlorine content. When all the OH groups
have been replaced by Cl, the protons lose their mobility owing to
the absence of surface OH groups.

According to NMR date, the hydrogen adsorbed on the
CuO + Cry0s3 system is capable of hydrogenating isoprene to
isobutene. This hydrogen does not enter into the composition of
the OH groups and does not exist on pure Cr,Os. It apparently
arises from the metallic copper formed under the reaction con-
ditions.!20

It is generally believed that the first stage of the process is the
homolytic rupture of the H—H bond on the metal regardless of
the involvement of hydrogen atoms or H* ions in the spillover.

Different investigators postulate that one of two stages may
limit the spillover: either the surface diffusion on the acceptor or
the transfer of species from the initiator to the acceptor. Since the
activation energies for these elementary stages may be different,
the variation of temperature may entail also a change in the rate-
limiting stage of the spillover.®> The cause of the change in the
rate-limiting stage may be also the presence at the surface of
spillover promoting or inhibiting agents. A more common view is
that spillover is limited by the diffusion at the support surface.®

3. The mechanism of the diffusion of hydrogen into the bulk
phase of oxides

When small amounts of Pt or Pd are added to the oxides WO3,
MoOs, or V,0s, in the presence of hydrogen, tungsten
(H\WO,),>¢ 12! molybdenum (H;M003),% 122~ 127 and vanadium
(H.V,0s5) 128 bronzes are formed. They exhibit a catalytic activity
in the hydrogenation of ethene, the rate-limiting stage of which
may be the reverse spillover of hydrogen on Pt, where the hydro-
genation reaction actually occurs.®

According to X-ray diffraction data, the initial monoclinic
structure of WO3 is converted into the cubic structure of Ho 4WO3
as a result of hydrogen spillover. Hydrogen atoms occupy the
hexagonal vacancies in WOs. The diffusion coefficient of hydro-
gen in the tungsten bronze is 1 x10=7-7.9x 10=% cm? s~ ! at
room temperature.”®- 122

The study of the interaction of H, with the (100) face of MoOs3
at a very low pressure (107°—10—% mm Hg) showed 23 that the
monoclinic bronze H;¢MoOs3 is formed in three stages: (1)
initiation, (2) a stage characterised by a constant rate of absorp-
tion of H», and (3) the concluding stage of the formation of the
new phase in which the rate of absorption of hydrogen diminishes.
The spillover of H, from Pt is observed only in the first stage.
Under these conditions, hydrogen permeates into the near-surface
layers of the oxide. It then reacts with the oxide without the
participation of Pt. The diffusion coefficient of H atoms in the
second stage is 7—10 orders of magnitude higher than the
coefficient usually observed in spillover.

The rate of hydrogenation of ethene on Pt/H,MoOs3 increases
with increase in the Pt concentration.!?* According to other data,
the H; ¢MoOj3 bronze may catalyse the hydrogenation of C;Ha4
also in the absence of Pt.!?* The initial rate of reaction at 160 °C
on H; ¢MoOj is approximately the same as on Pt/H,Mo0O3. In the
course of the hydrogenation of CoHy4 by the hydrogen entering
into the composition of the H; MoOs bronze, the latter is
converted into Hgp9oMoO3, which has a different structure. In the
presence of hydrogen in the gas phase, the bronze did not undergo
structural changes. The activation energy for hydrogenation was
54 kJ mol—! and was close to the activation energy for the
diffusion of H atoms in the bronze.!?*

On Pt/H,VMo0Os s with 2.85 < y < 3.31, the spillover hydro-
gen forms with the surface a very weak, apparently physical, bond
with AH < 12.5 kJ mol~! or is occluded between the oxide
layers.!?® When y = 5.85, the heat of adsorption of hydrogen is
127.6 kJ mol—1.
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The vanadium bronze H3_33V»0s is X-ray-amorphous and,
in contrast to the tungsten and molybdenum bronzes having
metallic conductivity, exhibits a semiconductor conductivity.'?’

The reversible adsorption and removal of hydrogen occur also
on heteropolyacids (HPA) and heteropolysalts formed from
molybdenum and tungsten oxides. This process has been inves-
tigated by the temperature-programmed reduction (TPR) and
IR spectroscopic methods in relation to the system
H;3;PMoi>_ W, Oy + Pd/C.BO

It was found that H» is absorbed already at room temperature,
while water is evolved at a higher temperature. At 300 °C, the
absorption of H, and the exchange between H, and D, take place
also in the absence of Pt. The process includes two stages: (1) rapid
dissociation of H, with the initial formation of atoms and then H ™"
ions, diffusing into the bulk of the HPA, and (2) slow interaction
of H* with the O atoms in the bulk phase . The rate of oxidation of
H> depends little on the specific surface of the HPA.

The salt AgsPW,049 exhibits an appreciably higher catalytic
activity in the isomerisation of but-l1-ene in the presence of
hydrogen than the heteropolyacid H3PW 2040.!3! It was also
found that the reactivity of the salt increases with increasing H»
pressure, whereas that of the acid is independent of this parameter.
Protons of two types have been detected in the system by NMR:
some of them are manifested only in the presence of H» in the gas
phase, whilst others are present at the surface of the salt also when
the system is evacuated. The reversibly bound hydrogen is
evidently formed on silver and then diffuses to the organic
molecule and participates in catalysis.

The oxidation of methane to CO, and H>O on the Pt/V,0s
catalyst with a very low Pt content (0.15%) has been investigated
by scanning calorimetry in situ.'3% 133 When Pt/V,Os is heated to
550 °C, the stable V.04 phase is formed, which can be detected
from the heat of the reversible phase transition between the
monoclinic and tetragonal forms of V,04, occurring at 68 °C.
The stable phase proved to be completely inactive in catalysis at
275 °C.

On the other hand, the reduction of the catalyst with methane
at 275 °C leads to the formation of a metastable reduced vana-
dium oxide phase. Under these conditions, 20% —25% of oxygen
is removed from the specimen and the effective stoichiometric
formula of the oxide becomes close to V,0O4. However, the heat of
the reversible transition from the monoclinic to the tetragonal
form is not then observed. The stable catalytic activity of the
metastable phase is retained when the specimen is cooled to
185 °C. The temperature of its reoxidation with oxygen is higher
by almost 200 °C than for the stable phase. The low-temperature
(50—350 °C) stage of the oxidation of the metastable phase is then
characterised by an anomalously high heat of reaction
(AH = 335-502 kJ mol—"). On heating, the metastable phase is
converted into the stable phase with evolution of a large amount
of heat.

The study of the Pt/V20s surface by the XPS method showed
that vanadium atoms in the V, IV, and lower valence states are
present after catalysis at the surfaces of both the stable (weakly
active) and metastable (highly active) V,Os phases. The surfaces
of the active and inactive phases differ little in composition. As
regards the state of Pt, according to XPS data the appearance of
catalytic activity in Pt/V,Os after heating in methane coincides in
time with the disappearance of the oxidised forms of Pt (the
binding energy is 4ds» = 317.1 eV) and the appearance of metallic
Pt (binding energy 314.1 eV).

Thus CHg4 dissociates on platinum particles in the course of its
oxidation on the Pt/V,Os catalyst.

2Pt + CH4 —> Pt—H + Pt—CH3.

Hydrogen atoms diffuse via the spillover mechanism to the
V,0s phase and reduce it to the nonequilibrium form V,04.

Pt—H + V,05 — Pt + V5,04 + OH(—> H20) .

The nonequilibrium V,04 phase facilitates the transport of
oxygen to the Pt/V,Os interface, in the vicinity of which methane
is oxidised. The O, and CHy4 adsorption centres are probably
separated.

Similar processes occur in the oxidation of hydrocarbons on
the Pt/CeO,/Al,03 catalyst used in automobile catalytic convert-
ers.'3 Hydrogen is split off from the hydrocarbon being oxidised,
diffuses into the bulk of CeO,, and reduces it to a lower oxide
form. The reduction of CeO- in the Ni/CeO, system has been
investigated in detail by the TPR, NMR, EPR, and IR spectro-
scopic methods.!3% At 400 °C, each gramme of CeO, is capable of
absorbing up to 3.4 x 10?° hydrogen atoms (H/Ce = 0.1). This
hydrogen hydrogenates isoprene at room temperature. Pure CeO,
is inactive in hydrogenation, but the amount of hydrogen
extracted by isoprene from the Ni/CeO, system is greater than
would have been the case for the ratio H/Ni = 1. It is also possible
that Ni2* diffuses within the CeOs.

The results of experiments on the synthesis of methanol on a
mixture of Cu/SiO, with ZnO/SiO, suggested that hydrogen
diffuses from the Cu to the ZnO phase under the reaction
conditions.!3¢ It is postulated that H atoms are formed on
decomposition of the HCOO complex on Cu and migrate to
ZnO, which serves as a reservoir for the reverse hydrogen spill-
over. According to IR spectroscopic data, ZnO is partly reduced
in the course of the hydrogen spillover from Cu to ZnO.'37 The
electrical conductivity of ZnO in its mixture with Cu increases
under these conditions, which, according to Barett e al.,'3® is
associated with the intercalation of hydrogen and the formation of
ZnOH,. The diffusion of H atoms from the Cu to the ZnO phase
has been demonstrated also by the direct neutron diffraction
method.'? A ZnO superlattice with an ordered arrangement of
H atoms is then formed.

On the Cu/SiO; + ZnO/SiO; mixture, the yield of methanol
from CO + H; was higher than on the separate components.!4°
The authors explain such synergism by hydrogen spillover.

The study of the adsorption of hydrogen on the Cu/SiO»,
Ru/Si0,, and Cu—Ru/SiO, catalysts led to the conclusion '#! that
atomic-like hydrogen participates in the spillover from Ru to Cu
through SiO».

TiO» is an effective hydrogen transferring agent. Its addition
to the CuO-TiO; system greatly increases the activity and
selectivity of the catalyst in the synthesis of methanol.'4> The
addition of Pd has the same effect.!*3

Co?* ions present in the NaY zeolite are reduced by hydrogen
in the presence of Pd, provided that Co?>* and Pd?>* are in the
same sodalite cavity.!4

4. The strong metal — support interaction

The strong metal —support interaction (SMSI), inducing a change
in the adsorption and catalytic properties of the carrier and the
deposited metal, is as a rule observed in the reduction of an oxide
carrier. This effect was named by Tauster and Fung,!*> who
investigated the changes in the properties of TiO» on deposition
of Pt. Under these conditions, the catalytic activity of the system in
the Fischer—Tropsch synthesis is retained and even increases,
although its adsorption capacity in relation to H, and CO falls.

The SMSI effect has been noted in the interaction of Pt, Pd,
Ru, Rh, II‘, Ni Au, and Ag with TiOQ, TiO, Ti203, Vzos, V203
Ta>0s, Nb,Os, etc.’ The mechanism of the effect has been usually
investigated in relation to the Pt/TiO> system. It is generally
believed that the SMSI effect is induced by the reduction of the
carrier as a result of the spillover of hydrogen from the metal to the
carrier.

In certain cases, the SMSI is accompanied by the formation of
alloys or intermetallic compounds. Convincing evidence for the
formation of the Pt3Ti phase in the high-temperature reduction of
Pt/TiO has been obtained.!#® An electron microscope study of the
Pt/Ti0; system showed that the spillover of hydrogen entails the
partial coating of the deposited Pt with titanium oxide. At
temperatures above 550 °C, TiO, is reduced to Ti4sO7. At a lower
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temperature (300 °C), the formation of Ti3* was observed.!%” The
Ti*™ EPR signal vanishes on evacuation, but reappears after the
admission of H» even at room temperature.

L Pt
§H2 —> Hsp»

Ti** + 0>~ + Hyp —> Ti*" + OH~.

Thus at a low temperature the spillover results in the formation of
the Ti*>* + OH — pair, whilst at high temperatures it gives rise to
the bulk-phase reduction of the oxide.

In the spillover of hydrogen on Rh/TiO», the amount of
adsorbed hydrogen corresponded to the ratio Nu/Nrn = 3.
According to NMR data, Ti** centres participate in the diffusion
of H atoms.!*® The adsorption of H, on Rh/TiO; (rutile) has been
studied by the TPR, IR spectroscopic, EPR, and NMR meth-
ods,'# showing that hydrogen is adsorbed at room temperature in
two forms — strong and weak. The weak form participates in the
reverse spillover and in the reduction of the support surface:

IH, + Ti** —0?~ ==Ti3* —OH".

On anatase, such a process does not take place. The mecha-
nism of hydrogen spillover is described by the following scheme:

[Ti—H]3* + Ti4* =02~ ==Ti** —[ ] + Ti** —OH,
T3+ —OH~ ==Ti** — 0~ + He,

where [ ] is a vacancy and Hpe 1s metallised hydrogen. At 300 °C,
hydrogen diffuses into the bulk of TiO». Similar processes have
been observed also on Pt/TiO, and Pd/TiO,.15%- 151

The valence state not only of the carrier but also of the metal
may change as a result of the SMSI.'>2 In the Ni/TiO, system at
450 °C, large Ni particles interact with the carrier Ti3 " ions via
spillover and the catalytic activity of such a two-phase system
increases in the Fischer — Tropsch synthesis. However, at 650 °C a
proportion of Ni migrates to the near-surface TiO- layers in the
form of Ni”* ions.

The increase in the electrical conductivity of TiO; in a hydro-
gen atmosphere after the deposition of Pt, Rh, or Ni was also
accounted for by hydrogen spillover.'33~ 155 An increase in elec-
trical conductivity initially of the TiO, bound to Pt and then also
of TiO, without Pt was observed in the Pt/TiO, + TiO, mixture in
the presence of hydrogen. It is postulated that hydrogen diffuses
to TiO; in the form of protons.

After heat treatment in hydrogen, the RhNb,O4 phase is
formed in the Rh/SiO; + Nb,Os system.!>¢ Hydrogen dissociates
on Rh also after spillover to the Nb,Os phase , reducing the latter.

When TiO, or Cr,03 is added to the Rh/SiO; catalyst, the
oxides partly ‘creep’ onto the Rh surface. According to TPR data,
spillover hydrogen is adsorbed on the oxides and partly reduces
them. With increase in the coverage of the rhodium surface by the
oxides, the catalytic activity of the system in the hydrogenation of
CO also increases.'” It has been suggested that the dissociation of
CO with participation of hydrogen takes place on an active centre
incorporating Rh and a partly reduced titanium or chromium
cation.

Ni/Mo, catalysts, in which Ni is in the form of very small
clusters (less than 2 nm) and the Ti, Zr, and Nb oxides are partly
reduced, have been obtained by sputtering mixtures of a nickel salt
with titanium, zirconium, or niobium salts.!® The SMSI effect,
occurring with participation of spillover hydrogen, has been
observed in the formation of such catalysts. The catalysts
obtained exhibit a high activity in the hydrogenation of CO».

The SMSI effect has also been observed when Pt/TiO, was
acted upon by hydrogen at 500 °C.'3° It has been suggested that a
Pt—Ti alloy is formed in this system.

It has been demonstrated by the XPS method that heating of
Ni/Al,O3 in a H atmosphere leads to the SMSI, (AlO,),
aggregates ‘creeping’ onto the surface of the deposited Ni.!®0
Heating in O or CO returns the metal to the initial state.

The coating of the catalyst by the carrier, accompanying the
SMSI effect, has been noted in the interaction of methane with the
MoOs + SiO,, V,0s + SiOz, and Fe,Os + SiO, systems sub-
jected to a preliminary mechanochemical treatment.!¢! Electron
microscope and electron diffraction studies have shown that, as a
result of such treatment, the particles of the reduced oxides MoO,
and VO, and also of metallic Fe are enclosed within a SiO> shell. It
may be that the increased mobility of hydrogen in the mechano-
chemical treatment leads to the appearance of effects resembling
SMSI.

5. Synergism in catalysis

The phenomenon of synergism, i.e. of the non additive increase in
activity in mixtures of catalyst components, has been often
investigated in relation to the hydrodesulfurisation process on
the Co(Ni)—Mo(W) catalyst. Delmon !¢ gave the first explan-
ation of this phenomenon, postulating that the Co—Mo-S
catalyst consists of two phases. According to the model of contact
synergism which he proposed,!®3 194 hydrogen is activated on the
Co9Sg or NiS phase, while the sulfur compound being hydro-
genated (for example, thiophene) is activated on the MoS; phase,
hydrogen spillover occurring between the two phases. In a later
model,'® it was postulated that hydrogen spillover takes place
between the CoS, and CoMoS phases.

The view that, whilst present in the real catalyst, the CogSg and
NiS sulfide phases do not apparently play decisive roles in hydro-
treating has predominated recently.'®©~176¢ The formation of a
‘Co—Mo -9’ phase, in which the Co atoms are located on the side
faces or edges of MoS, microplates, has been observed by various
physical methods (EXAFS, NMR, XRD phase analysis, ezc.). The
coordination number of Co is IV or V according to EXAFS data.
Such an optimum ratio is attained when the Co atoms are located
on the edges of MoS, microcrystallites.

Data obtained by Méssbauer spectroscopy 77178 have shown
that the same CoS species are formed under sulfiding conditions
on the CoMo/Al,O3 catalyst as on Co/Al>Os, while on the
CoMo/C catalyst the same CoS species are formed as on Co/C.
This fact throws doubt on the hypothesis of the important role of
the ‘Co—Mo—S’ phase. The MoS, phase is then regarded as a
simple diluent. At the same time, it has been justly suggested that
the CoMoS/C system may differ from CoMoS/A1,05.193 The
Co/C catalyst exhibits an activity which is only three times lower
than that of CoMoS/C.17° The activities of the Co/Al,O3 and
CoMoS/Al,Oj5 catalysts differ to a much greater extent.

As already mentioned, the Co atoms in the Co—Mo — S system
are located on the edges of the MoS, microcrystallites.!3¢ The
Co9Sg phase also exists, but its positive role is associated not with
hydrogen spillover but with its additional function as a support
for the Co—Mo—S phase.

The mechanism of the hydrodesulfurisation of thiophene on
the Co/AlLO3, Mo/AlLO3, and CoMo/Al,O3 catalysts has been
investigated by the TPD, TPR, and H—D exchange methods.!8!
On Mo/Al,O3 and CoMo/Al,Os, the TPR spectra of thiophene,
tetrahydrothiophene and butanethiol proved to very similar. At
the same time, on the last catalyst the peaks due to the reaction
products were displaced towards the region of low temperatures,
which indicates higher rates of their formation. The TPR spectra
of the same initial compounds on Co/Al,Os3 differed sharply: no
peaks corresponding to the majority of the main reaction products
were observed on them. In contrast to Mo/Al,Os, hydrogen was
present on the Co/Al>,O3 and CoMo/Al,O3 surfaces in a weakly
bound form.

The results obtained confirmed the view that thiophene (or its
derivatives) are adsorbed on the MoS, anionic vacancies while
hydrogen is activated on cobalt sulfide. Hydrogen may be trans-
ferred by means of spillover if the Mo and Co centres belong to
different phases or via migration if these centres form part of the
composition of a single phase. Presumably the hydrogenation —-
dehydrogenation reactions occur on centres of one type, whilst
desulfurisation takes place on centres of another type.
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Much interest has been shown recently in solid superacids of
the type of ZrO,—SO3~, capable of catalysing a series of most
important organic reactions of the acid type. The addition of Pt
may improve the catalytic properties of superacids and, in
particular, may increase their resistance to poisoning by coke,
since the latter is hydrogenated by the spillover hydrogen.!82- 184
Analysis of the IR spectra showed that new proton centres are
formed in place of the acid Lewis centres under these conditions.
Molecular hydrogen dissociates on Pt and the H atoms formed
migrate via spillover to ZrO>—SO3~. It has been suggested that
the H atom gives up an electron on Lewis centres, being converted
into a H™ ion, which is stabilised by the nearest surface O %~ ion.
The rate of the skeletal isomerisation of butane on such a catalyst
is much higher than on the ZrO,—SO3~ catalyst without Pt.

Th hydrogenation of CH3;0H, (CHj3),0, C;HsOH, CsH;,OH
and HCOOH on the Ni/Al,O3 catalyst has been investigated by
the TPR method.!®3 It was found that the rate of formation of
methane from all five compounds is the same and close to the rate
of hydrogenation of the CH,O fragment formed from the
adsorbed CO and H,. Thus in all cases hydrogenation has the
same rate-limiting stage, which may be the spillover of hydrogen
from Ni to the organic molecule adsorbed on Al>Os.

In the hydrogenation of CO on Ni/Al>O3 mixed with Pt/SiO»
(or Ru/Al,0O3), carbon monoxide is adsorbed on Pt, while hydro-
gen migrates via the spillover mechanism from Ni to Al,O5.!8¢
Data obtained by the TPD method have shown that the products
are desorbed from the HoCO complex. In the absence of the
second component, such a complex is not formed on Pt/SiO,. The
independence of the rate of its formation of the Ni concentration
indicates the formation of this complex on the support.

The H>,CO complex was also detected by the TPR method in
the conversion of CO into methane on the Ni/SiO, + Al,O3
mixture.'®” The rate of spillover increased with improvement of
the contact between the particles and with increase in the nickel
concentration.

VI. Conclusion

Thus the phenomenon of hydrogen spillover, common in hetero-
geneous catalysis, has been observed mainly in multiphase sys-
tems. Hydrogen is activated on one of the phases, frequently the
metallic phase (although this may occur also on certain transition
metal oxide or sulfide phases) and then diffuses to the other phase,
which in the absence of the activator phase is inactive or its activity
is low in relation to the adsorption of hydrogen. The spillover
hydrogen on the second phase may be detected by physical
methods (EPR, NMR, neutron diffraction, etc.) and also from
the change in the properties of the phase (for example, as a result
of the reduction of oxides) or by virtue of the manifestation of new
catalytic properties by the heterogeneous system.

The spillover phenomenon is not only of theoretical but also
of considerable practical importance. The elucidation of the
nature and rules governing spillover may promote a rational
solution of the problem of the construction of multiphase cata-
lysts. For this purpose, information is needed about the adsorp-
tion properties of each phase and also about the characteristic
features of the interphase diffusion of hydrogen and its diffusion
along individual phases. It appears that in catalysis different
reactants are frequently activated on different phases and the
catalytic reaction is effected as a result of interphase diffusion. It
has been shown %188 that the high activity and selectivity of
multiphase oxide catalysts in oxidation reactions can be explained
precisely by the occurrence of individual stages on different phases
and by the diffusion (spillover) of oxygen between the phases.

This claim is probably even more valid in relation to catalytic
reactions with participation of hydrogen. Hydrogen atoms or ions
are more mobile than oxygen and may diffuse more easily. The so
called ‘bifunctional’ catalyst, consisting of the supported metal,
on which hydrogen is activated, and an oxide (frequently with
distinct acid properties — for example Al,O3; and zeolites),

adsorbing or activating the component to be hydrogenated are
widely used in catalytic reactions involving hydrogen. The role of
interphase diffusion in such systems has been examined by
Weisz.'8 Hydrogen spillover plays an important role in catalytic
processes such as reforming, hydrogenation of unsaturated com-
pounds, synthesis of methanol, isomerisation of hydrocarbons,
and hydrodesulfurisation.

The mechanism of the hydrodesulfurisation reaction on the
CoMo, NiMo, or NiW sulfide catalysts has been vigorously
discussed in the literature. On the one hand, fairly numerous
data indicate that multiphase catalysts are needed for the occur-
rence of this reaction. On the other hand, the idea that this requires
not so much a multiphase system as the presence of centres with
nonidentical functions, which can in general enter into the
composition of the same phase, has been expressed recently with
increasing frequency. However, in any variant it is essential to
know the mechanism of the transport of hydrogen (or other
adsorbed species) between such centres.

There is as yet no unanimous view about the mechanism of
hydrogen spillover. The majority of investigators postulate that
the initial stage of the spillover is homolytic dissociation of
hydrogen on the metal phase (or an oxide or sulfide). However,
the question in what form and by what mechanism hydrogen
atoms pass from one phase to another remains controversial. It
has been suggested that surface diffusion of the adsorbed species
predominates, but in certain individual instances diffusion
through the gas phase is not ruled out. The considerable scatter
of hydrogen diffusion coefficients in spillover on various catalysts
apparently indicates the diversity of the nature of the diffusing
species and spillover mechanisms.

The nature of the hydrogen acceptor centres on the surfaces of
oxides has been little investigated. It was indicated above that the
number of hydrogen acceptor centres is as a rule small (usually less
than 1% of the total number of surface sites). In this case, the
question arises what role is played in spillover by the remaining
centres, such as O~ ions or OH groups. What is the ratio of the
heats of adsorption of spillover hydrogen on the activator and on
the acceptor centres? How do the kinetics of the reactions change
in the course of the migration or spillover of adsorbed species of
one or several types?

These and many other questions concerning the spillover
mechanism have so far not been analysed in depth either theoret-
ically or experimentally.

Further detailed investigations of spillover with quantitative
estimation of factors such as diffusion coefficients, the number of
spillover initiator and acceptor centres, and the bond energies
between hydrogen and these centres are needed.

This review has been written with support by the Russian
Fundamental Research Fund (Grant No. 95-03-08429a).
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