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Vapour phase decomposition of formic acid has been studied systematically over a range of catalysts: 1.0
and 10 wt.% Pd/C, 0.8 wt.% Au/C and 1.0 wt.% Au/TiO2. The mean metal particle size of these materials was
estimated by HRTEM and turnover frequencies were calculated using these data. The Au/C catalyst was
old
atalytic transfer hydrogenation
ater–gas shift reaction

the least active and the Pd/C catalysts were the most active for the formic acid decomposition reaction. At
about 400 K, these Pd catalysts gave up to 0.04 moles of H2 per minute per gram of Pd, with a selectivity
of 95–99%. The H2 selectivity for these catalysts was found to be only weakly dependent on the reaction
temperature and the formic acid conversion. The Au/TiO2 catalyst showed only a moderate selectivity
to H2 formation (<70%). The selectivity of this catalyst was improved considerably by the introduction
of water vapour. This improvement derived from the high activity of the catalyst for the water–gas shift

reaction.

. Introduction

The decomposition of formic acid has long been used as a test
eaction to distinguish between catalysts favouring dehydrogena-
ion (Eq. (1)) and those favouring dehydration (Eq. (2)):

COOH → CO2 + H2 (1)

COOH → CO + H2O (2)

he first reaction is slightly exothermic while the second is slightly
ndothermic. The selectivity to H2 and CO2 can be determined
ither kinetically or thermodynamically; in the latter case, the
ater–gas shift (WGS) reaction:

O + H2O ↔ CO2 + H2 (3)

s in equilibrium and increased H2 selectivity is favoured by lower
emperatures.

Fahrenfort et al. [1] examined the decomposition of formic acid
ver different metal catalysts and correlated the data with the heats
f formation of the corresponding bulk metal formates. A volcano
haped dependence was obtained, with Pt and Ir as the most active

atalysts, these being followed by Pd, Ru and Ir. They found that gold
as only weakly active in the decomposition reaction. It is now

lear that catalysts containing finely dispersed gold can be much
ore active in a variety of different catalytic reactions than can

ulk metallic gold [2–4]. Ojeda and Iglesia [5] have very recently

∗ Corresponding author. Tel.: +353 61202641; fax: +353 61202734.
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© 2010 Elsevier B.V. All rights reserved.

shown that the turnover frequencies for the decomposition of
formic acid over catalysts supported on alumina and containing
gold nanoparticles with mean sizes in the range 3–5 nm could be
significantly higher than those containing platinum nanoparticles;
in both cases, the selectivity for hydrogen production was close to
unity.

Iglesia and Boudart [6,7] studied the decomposition of formic
acid using Cu, Ni and Ni/Cu catalysts and found that the selec-
tivities for hydrogen production were 0.75–0.83 for the Ni and
Ni-rich catalysts and 0.95–0.98 for the Cu and Cu-rich catalysts.
They reported for the Cu catalysts that the turnover frequency for
formic acid decomposition was independent of the concentrations
of the decomposition products (CO, CO2, H2), the metal loading, the
metal dispersion and the nature of the support (Al2O3, SiO2). Soly-
mosi and Erdohelyi have performed a detailed study of the same
reaction over Rh catalysts on different supports [8]. They found that
the selectivities were high, 0.86, 0.9 and 0.95 for Rh on Al2O3, MgO
and SiO2, respectively, and moderate, 0.63–0.7, for Rh on TiO2. They
reported that the reaction order was equal to one and suggested
that the adsorption of formic acid was the rate determining step
for the Rh catalysts.

There are several reasons for a renewal of interest in the catalytic
decomposition of formic acid:

(i) formic acid is obtained in high concentrations as a by-product

(until now, undesirable and of no significant value) in some
second generation biorefinery processes [9];

(ii) formic acid can be used effectively as a fuel in fuel cells [10–13];
(iii) formic acid can be used as a hydrogen donor in catalytic trans-

fer hydrogenation reactions [14,15].

dx.doi.org/10.1016/j.cattod.2010.03.050
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Fig. 1. Temperature dependences of (a) the steady-state conversions and (b) H2
D.A. Bulushev et al. / Cat

Generally, Ni and Cu catalysts have been studied in formic acid
ecomposition in more detail than have Pd and Au catalysts. We
ave reported previously that a series of supported metal alloy cat-
lysts containing 5 wt.% Pd gave good conversions of formic acid
apour together with high selectivities towards hydrogen and CO2
n the temperature range 473–573 K [16]. Zhou et al. have recently
hown that Pd/Au and Pd/Ag alloys supported on activated carbon
re effective for the decomposition of aqueous solutions of formic
cid containing sodium formate at low temperature (ca. 365 K)
11]. The objective of the present work was to examine the fac-
ors determining the activity of Pd and Au catalysts in the vapour
hase decomposition of formic acid and to determine the suitabil-

ty of these materials for hydrogen production; the catalysts used
ere in almost all cases supported on carbon but one gold catalyst

upported on titania was also examined for comparative purposes.

. Experimental

The Pd catalysts used in these studies, samples of 10 wt.% Pd/C
Degussa type, E101 NE/W) and 1 wt.% Pd/C, were provided by
igma–Aldrich. Two samples of gold catalysts, 1 wt.% Au/TiO2 and
.8 wt.% Au/C, were supplied by the World Gold Council. Full char-
cterisation of these Au-containing catalysts and information about
heir preparation can be found elsewhere [17,18].

TEM measurements were carried out on a JEM-2011 (JEOL)
lectron microscope operated at 200 kV. The dispersion of the Pd
articles was calculated from the number-averaged mean particle
izes; the sizes of more than a hundred particles were measured
or each sample.

For the catalytic experiments reported here, 6.8 mg (dry weight)
f a 10 wt.% Pd/C sample was diluted with quartz grains to give a
otal bed weight of 0.26 g, this being placed in a quartz tubular reac-
or of 4 mm internal diameter. For the 1 wt.% Pd/C, 1 wt.% Au/TiO2
nd 0.8 wt.% Au/C samples, the weights used were 60, 69 and 85 mg,
espectively. The samples were reduced in a 1 vol.% H2/Ar mixture
t 573 K for 1 h and cooled in He to the reaction temperature. An
quivalent reductive pretreatment of the catalysts was performed
efore their transfer in air to the transmission electron microscope.

The catalytic experiments were carried out in a flow reactor
ystem which was constructed in such a way that it was possible
o bring about a rapid change of the composition of the reaction

ixtures flowing over the catalyst without there being any change
n the total gas flow rate or the initial formic acid concentration.
ormic acid (Riedel-de Haan, 98–100% purity) was introduced into
n evaporation volume using a syringe-pump (Sage); the system
ines through which it flowed were heated to 340 K to prevent
ondensation. Helium was used as a carrier gas for all the experi-
ents with formic acid. Enrichment of the gas mixture with water

apour could be achieved if necessary by passing He through a ves-
el containing liquid water. A standard hydrogen–argon mixture
1 vol.% H2/Ar) and the individual components of various experi-

ental mixtures (He, H2, CO2) were supplied by BOC Gases and
ere introduced to the system via mass-flow controllers. The WGS

eaction (Eq. (3)) was tested with a gas mixture of the following
omposition: 2.3 vol.% CO, 2.3 vol.% H2O, balance He. The majority
f the experiments (except those examining the dependence of the
onversion on contact time or the reaction orders) were performed
ith a total flow rate of 51 cm3 (STP) min−1. The reactants and prod-
cts were analysed by a gas chromatograph (HP-5890) fitted with
Porapak-Q column and a TCD detector. No methanol or methane
ormation was observed in any of the experiments carried out.
The formic acid conversions reported here are given as the ratios

f the sum of CO and CO2 concentrations in the products to the ini-
ial concentration of formic acid. The CO2 selectivity is given as the
atio of the CO2 concentration to the sum of the CO and CO2 con-
selectivity obtained during the HCOOH decomposition (2.4 vol.% HCOOH/He) over
the 1 wt.% Pd/C, 10 wt.% Pd/C, 1 wt.% Au/TiO2 and 0.8 wt.% Au/C catalysts taken with
charges of 60, 6.8, 69 and 85 mg, respectively. The WGS reaction equilibrium values
are shown for comparison.

centrations. For the reactions (1) and (2), the selectivity to CO2 also
corresponds to the hydrogen selectivity. The hydrogen yield for any
set of conditions was calculated by multiplying the selectivity by
the conversion. The turnover frequency values (TOF) were deter-
mined as the ratio of the rate of hydrogen formation from formic
acid to the number of surface metal sites, determined from TEM
data.

3. Results and discussion

3.1. Catalytic properties

Fig. 1(a) shows the steady-state conversions of formic acid found
in the decomposition reaction over the different catalysts using
approximately the same active metal charge for each sample. It was
found that the Pd/C catalysts were the most active of the samples
studied. Complete conversion was reached at about 390 K with the
1 wt.% Pd/C sample. The rate of hydrogen formation for this sample
was as high as 0.04 moles of H2 per minute per gram of Pd under
the conditions used. The catalyst sample containing 1 wt.% of Pd
was found to be more active in terms of rate per unit weight of
metal than was that with 10 wt.%. This was a result of the higher
dispersion of Pd in the sample with the lower Pd content. Table 1
shows the mean Pd particle sizes and dispersions of the different
Pd/C catalysts, these having been calculated from the particles size
distributions shown in Fig. 2. The dispersion of Pd in the 1 wt.% Pd/C
sample was 1.5 times higher than that in the 10 wt.% Pd/C sample
and the particles size distribution was much narrower. Generally,

the Pd particles were spherical in shape. The concentrations of sur-
face Pd atoms in the samples were calculated from the TEM particle
size data (Table 1) using the equation presented in reference [19]
and these values were used to calculate the values of the turnover
frequency (TOF) for each sample.
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of the pre-reduced 10 wt.% Pd/C and 1 wt.% Pd/C catalysts.
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Fig. 2. TEM pictures and particles size distributions

The activities of the Au/C catalyst at various temperatures
ere low (Fig. 1(a)) compared with those of the Au/TiO2 sample;
owever, both samples were significantly less active than the Pd
atalysts. It is known that a synergism occurs between Au nanopar-
icles and titania that this gives rise to samples with significant
ctivities for various different reactions [2,20]. This synergism also
ppears to apply to the formic acid decomposition reaction studied
ere.

The selectivity to hydrogen was very high for all the Pd catalysts,
ith values in the range 0.97–0.99 at low reaction temperatures

Fig. 1(b)). The value of the selectivity for each of the samples
as only weakly dependent on the temperature used, decreasing

lightly to a value of 0.95 at about 473 K. Fig. 3 demonstrates a
ependence of the conversion and selectivity on the contact time
t 403 K. The conversion behaviour (Fig. 3(a)) is determined by
he reaction kinetics, these involving inhibition by products as dis-
ussed later. The selectivity was found to be almost independent of
he contact time and of the conversion of the formic acid (Fig. 3(b)).
his could indicate that the dehydration and dehydrogenation reac-
ions of formic acid take place in parallel. The contribution of the

GS reaction under these conditions seems to be negligible. Never-
heless, making the assumption that the WGS reaction equilibrium
Eq. (3)) occurred, equilibrium values of the selectivity, S, were

alculated for different temperatures using Eq. (4) to make com-
arisons:

= 1

(1 + 1/
√

K)
(4)

able 1
ET surface areas, mean particle sizes determined by TEM, dispersion, concentrations of
ctivation energies (Ea) and pre-exponential factors (A).

Catalysts BET surface
area (m2 g−1)

Mean particle
size (nm)

Dispersion Concentrat
(×10−21 pe

1 wt.% Pd/C 760 3.6 0.31 1.8
10 wt.% Pd/C 950 5.4 0.21 1.2
1 wt.% Au/TiO2 50 [18] 3.5 [17] 0.33 1.0
0.8 wt.% Au/C 1200 [18] 10.5 [17] 0.11 0.34
Fig. 3. Dependence of (a) HCOOH conversion and (b) H2 selectivity on contact time
obtained for HCOOH decomposition over the 10 wt.% Pd/C catalyst (6.8 mg) at 403 K
(2.4 vol.% HCOOH/He). W, catalyst weight; F, HCOOH flow rate.

where K is the equilibrium constant of the WGS reaction. Eq. (4)
can easily be derived by using the equations for the selectivity and

the equilibrium constant, taking into account the fact that during
formic acid decomposition the concentration of hydrogen is equal
to the concentration of carbon dioxide and that the concentration of
water is equal to the concentration of carbon monoxide. The value

surface metal sites, turnover frequencies for H2 production from HCOOH (TOFH2 )

ion of surface metal sites
r gram of metal)

TOFH2 at 373 K (s−1) Ea (kJ mol−1) A (×10−7 s−1)

0.071 65 9.7
0.050 67 12.8
0.016 63 1.3
0.006 55 0.014
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ig. 4. Dependence of H2 production rate on the concentration of HCOOH;
nd (inset) reaction order determination for HCOOH decomposition (2.4 vol.%
COOH/He) over the 10 wt.% Pd/C catalyst (6.8 mg) at 358 K.

f K was determined using Eq. (5) [21]:

= exp
(

4577.8
T

− 4.33
)

(5)

he resultant values of the selectivity are shown in Fig. 1(b) where
hey are compared with the experimental data. It can be seen that
he experimental selectivities are equal to, or slightly greater than,
he equilibrium values for both carbon-supported Pd catalysts and
he Au/C catalyst; the values of the selectivity were slightly lower
or the Au/C catalyst than for the Pd/C catalysts. In contrast, the
electivities for the Au/TiO2 catalyst were much lower (<0.70). As
as reported earlier [15], the hydrogen yield for this catalyst did
ot exceed 0.6 while the hydrogen yields for all carbon-supported
atalysts could be higher than 0.9. Solymosi and Erdohelyi have
lso found lower H2 selectivities in the formic acid decomposi-
ion reaction for Rh/TiO2 catalysts than with Rh/Al2O3, Rh/MgO
nd Rh/SiO2 catalysts [8]. It is known that pure titania leads to
ormic acid decomposition with a selectivity only in the direction of
O and H2O formation (dehydration) [8,22]. The lower selectivities
bserved for the catalysts supported on titania compared with the
ther catalysts examined may be related to the participation of the
itania support in the reaction.

The rates of hydrogen production as a function of the con-
entration of formic acid in the range from 1.7 to 7.6 vol.% were
etermined at low conversions and the results are shown in Fig. 4.
nder these conditions, the concentrations of the products in the

eaction mixture were approximately constant. This was achieved
y varying the He flow rate while keeping a constant formic acid
ow. As CO and H2 may inhibit formic acid decomposition over
he Pd/C catalysts at low temperatures (see later), the inhibiting
ffect of products is an important constraint. The dependence of
he rate on the formic acid concentration shown in Fig. 4 was very
eak and the apparent reaction order was found to be very low,

.14 (Fig. 4, inset). A zero order dependence was reported earlier
y other authors for Cu [6], Ni [1] and Au [5] catalysts. Such depen-
ence is consistent with the decomposition of the surface formate
pecies probably being rate determining. Solymosi et al. suggested
hat formate species are unstable intermediates in the formic acid
ecomposition reaction on a Pd surface [23]. Davis and Barteau
howed that surface formate species decomposed in vacuum on Pd
onocrystals at low temperatures (280 K) giving mainly CO2 and

dsorbed hydrogen [24]. We suggest that under the conditions of
he experiments reported here, high concentrations of formic acid

nd temperatures about 373 K, the Pd sites are covered by formate
pecies which then decompose to give the products.

TOFs for hydrogen production were calculated from the catalytic
esults of Fig. 1(a) and (b) using the TEM data to give an estimate
f the concentration of surface metal sites. The results are shown
Fig. 5. Arrhenius plots of turnover frequencies for H2 production from HCOOH
(2.4 vol.% HCOOH/He).

in Table 1 and are plotted in Fig. 5 as Arrhenius plots. All the Pd
catalysts had quite similar TOFs in spite of a factor of 1.5 times
difference in the dispersion. The TOFs obtained for the Pd cata-
lysts were 1–2 orders of magnitude higher than those which have
been reported for Cu [6], Ni [7] and Rh [8] catalysts for experiments
under quite similar conditions. However, the values were lower
than those reported by Ojeda and Iglesia [5] for dispersed Au/Al2O3
catalysts. The TOFs were also lower than those found for the liquid
phase decomposition of formic acid over Ru complexes containing
phosphine ligands [12].

All the values for the activation energies found for hydrogen
production from formic acid were in the range 55–67 kJ mol−1

(Table 1). Similar activation energies have been reported for well
dispersed Au/Al2O3 catalysts [5]. However, the values were much
lower than those reported for Cu and Ni catalysts (100 kJ mol−1)
[6,7] and were only slightly lower than those reported for Rh cata-
lysts (69–84 kJ mol−1) [8].

The TOFs of the Pd/C catalysts were about one order of magni-
tude higher than those of the Au/C catalyst (Fig. 5 and Table 1).
However, the activation energy for this gold catalyst was even
lower (55 kJ mol−1) than that for Pd (65–67 kJ mol−1). Hence, the
difference comes largely from differences in the pre-exponential
factors (Table 1). This might be an indication that only a limited
proportion of the surface gold atoms are active in the decomposi-
tion of the formic acid. Gold atoms with low coordination on Au
nanoparticles are thought to be very active in catalytic reactions
such as CO oxidation [25]. It has also been suggested that very small
gold clusters which are invisible using TEM may be the active sites
[5]. A decrease in the mean particle size may lead to an increase of
the concentration of these active atoms. The higher TOFs for formic
acid decomposition to give hydrogen over the Au/TiO2 catalyst than
those for the Au/C catalyst are in accordance with this consideration
(Table 1).

3.2. Effects of products on catalytic activity

Catalytic biomass conversion processes give rise to products
containing significant quantities of water together with valuable
organic products. This water should not poison the catalysts used
in subsequent reactions. The effects of water vapour on the con-
version of formic acid and selectivity were studied in attempt to
increase hydrogen yields by encouraging the WGS reaction to take
place. As shown in Fig. 6, although water gave little change in formic

acid conversion over the Au/TiO2 catalyst, a significant improve-
ment in the selectivity to hydrogen was found after water addition
to the feed: the selectivity increased from 0.68 to 0.95. The latter
value is quite close to the value expected if the WGS reaction is in
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Fig. 6. The effect of added water vapour on (a) the HCOOH conversion and (b) the
H2 selectivity for HCOOH decomposition over the 1 wt.% Au/TiO2 catalyst (69 mg)
at 418 K. (Compositions: 2.4 vol.% HCOOH or 2.4 vol.% HCOOH/2.3 vol.% H2O balance
He.)
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Fig. 8. The effect of hydrogen on (a) the conversion of HCOOH and (b) the selectivity
to CO2. Catalyst 6.8 mg of 10 wt.% Pd/C; temperature 405 K; gaseous composition
2.4 vol.% HCOOH, balance He or H2.
ig. 7. Conversions of CO in the water–gas shift reaction over 1 wt.% Au/TiO2 (69 mg)
nd 1 wt.% Pd/C (60 mg) catalysts as a function of reaction temperature (2.3 vol.% CO,
.3 vol.% H2O balance He).

quilibrium (Fig. 1(b)). This improvement is related to the ability of
he Au/TiO2 catalyst to bring about the WGS reaction, as shown by
he results depicted in Fig. 7. It is seen that a measurable conver-
ion of CO in the WGS reaction over the Au/TiO2 catalyst could be
bserved even at quite low temperatures (<373 K) as compared to
he Pd/C catalyst for which it was only seen at temperatures 150 K
igher. This high activity was in accordance with the activity of
ther Au/TiO2 systems [20].

A limited effect of water on the decomposition of formic acid
ver the 10 wt.% Pd/C catalyst has previously been reported by us
15]. This effect was much less pronounced than for the Au/TiO2
ample (Fig. 6): the conversion increases by only 10% and the selec-
ivity seems to increase also, but negligibly. The lower effect with
he Pd/C sample could occur because of a lower rate for the reac-
ion of adsorbed CO with water vapour to give the WGS reaction
roducts, with the liberation of active sites for formic acid decom-
osition. This is consistent with the observation that the WGS
eaction was much slower over the Pd/C catalyst than over the
u/TiO2 catalyst (Fig. 7). However, the hydrogen selectivity for the
d catalyst was very high, even without water addition (Fig. 1(b)).

Fig. 8 shows the results of an experiment when helium in
he reaction mixture was substituted by hydrogen. Hydrogen was
ound to give a significant decrease of the activity as well as a
oticeable decrease of the selectivity. The effect was reversible:

ubstitution of the hydrogen by helium once more led to the ini-
ial values of conversion and selectivity. It is known that hydrogen
s adsorbed reversibly on Pd at the temperatures used here and it
eems that such adsorption blocks the surface sites active for the
Fig. 9. The effect of CO (2.3 vol.%) on the HCOOH conversion to hydrogen obtained
during HCOOH decomposition (2.4 vol.% HCOOH/He) over the 10 wt.% Pd/C catalyst
(6.8 mg) at 383 K.

formic acid decomposition. Earlier, we reported a similar hydro-
gen effect at much lower hydrogen concentrations [15]. A similar
effect of added hydrogen has previously been observed for Rh con-
taining catalysts [8]; however, Rh gave some methane formation,
in contrast to Pd with which no methane was observed under any
conditions. It is possible that methane and/or methanol may also be
formed on Pd catalysts at higher temperatures and pressures [26].

The effect of CO addition was also studied. In the experiments
presented in Fig. 9, the helium of the reaction mixture was rapidly
substituted by a 2.5 vol.% CO/He mixture and then this mixture was
in turn substituted by helium alone. The effect of CO was more sig-
nificant than the effect of hydrogen reported above (Fig. 8). The
formic acid decomposition was almost completely inhibited by CO
at 383 K. It is known that CO adsorption on a Pd surface is quite
strong and that the adsorption is almost irreversible at tempera-
tures lower than 323 K. In this case, the adsorption seems to block
the sites needed for formic acid decomposition. A similar effect of
CO has been observed in the decomposition of formic acid in the
liquid phase over Pd/C catalysts [11] as well as in the vapour phase
decomposition of formic acid over Ni [7] and Rh [8] catalysts. In con-
trast to the results for the Pd catalysts, we did not find any effect
of CO during the decomposition of formic acid over the Au/TiO2
catalyst at 418 K. A similar lack of inhibition has been reported
for Cu catalysts [6] and these results are consistent with the well-
established weaker adsorption of CO on gold and copper. In contrast
to the effect of CO, we found no effect of CO2 during formic acid

decomposition over the Pd/C catalyst. In these experiments helium
was substituted by a 4 vol.%/CO2/He mixture at 388 K. The absence
of an effect of CO2 on formic acid decomposition has also previously
been reported for Ni [7] and Rh [8] catalysts.
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[22] M.A. Henderson, J. Phys. Chem. B 101 (1997) 221.
[23] F. Solymosi, A. Erdohelyi, M. Lancz, J. Catal. 95 (1985) 567.
[24] L. Davis, M.A. Barteau, Surf. Sci. 256 (1991) 50.
ig. 10. Conversion–time dependence obtained during HCOOH decomposition
2.4 vol.% HCOOH/He) over the 1 wt.% Pd/C catalyst (60 mg) at 318 K.

As CO and H2 are formed during the formic acid decomposi-
ion, it could be expected that their accumulation on the surface
fter formic acid introduction may lead to a decrease of the formic
cid conversion with time. In accordance with this expectation, a
ubstantial deactivation with time was found during the decompo-
ition of formic acid over the 1 wt.% Pd/C catalyst at a relatively low
emperature (318 K, see Fig. 10). This behaviour was not observed
t temperatures higher than 373 K when the steady state equilibra-
ion between adsorbed and gaseous products was quickly installed.
hus, the inhibition effect at lower temperatures was assigned to
low formation of adsorbed CO and hydrogen from formic acid;
nce formed, they appear to compete with formic acid for the active
d sites.

. Conclusions

Pd/C catalysts were found to be quite active for the decomposi-
ion of formic acid at low temperatures (<400 K) giving hydrogen
ith selectivities of 0.95–0.99. The selectivities were only weakly
ependent on the reaction temperature and the formic acid con-
ersion. The formic acid decomposition rates were also only weakly
ependent on the formic acid concentration (1.7–7.6 vol.%). Inhibi-
ion by adsorbed CO and H2 could be extremely important if the

eaction was performed in a closed system at low temperatures.
dsorbed CO and hydrogen strongly affect the kinetics of formic
cid decomposition over Pd catalysts under these conditions.

The activity of the Au/C catalyst was very low. The Au/TiO2 cat-
lyst, in contrast to the Pd catalysts, was found to be resistant to CO

[

[

Today 154 (2010) 7–12

poisoning. However, the addition of water vapour was necessary to
achieve a high selectivity to hydrogen comparable with that of the
Pd catalysts. This gold catalyst was found very active in the WGS
reaction. The results obtained could be useful for the development
of fuel cells and of hydrogen transfer hydrogenation processes.
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