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The thermodynamics of hydrogen adsorption on palladium catalyst supported on silica is determined by isosteric analysis of ser-
ies of isochores measured by the volumetric method. The variations of this thermodynamics (�H, �S) with adsorbed amount
allows the discrimination between the different hydrogen species present on such a catalyst (hydrogen strongly and weakly chemi-
sorbed on the palladium, absorbed in the palladium particles and molecularly adsorbed on the support). Namely, the variations of
only the heat of adsorption with adsorbed amount allow the determination of hydride and weakly adsorbed hydrogen species. It is
shown that these amounts can even be determined fromone single isochore.
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1. Introduction

Chemisorption of the reactants is an essential step in
heterogeneous catalysis. Consequently, the bond
strength between adsorbate and catalyst is an important
parameter in surface reactions. The strength of chem-
isorption bonds can affect both the activation energy of
a surface reaction and the surface concentration of
active intermediates. Furthermore, the heat of adsorp-
tion also reflects surface properties of the adsorbent.

In this frame, chemisorption of H2 as a probe mole-
cule is often used (see, for example, refs. [1^3]). On the
other hand, it is well known that a metal like palladium,
besides its capacity to adsorb hydrogen on the metal sur-
face, is also able to absorb it and form hydrides in two
distinct solid solutions: � and � phase [1,4,5]. Moreover,
Boudart and Hwang [1], and Fagherazzi et al. [6] have
shown that the absorption capacity of palladium parti-
cles strongly depends on the dispersion of the catalyst
since the amount of bulk palladium atoms decreases as
dispersion increases.

Several methods are proposed in the literature to dis-
tinguish between adsorbed and absorbed hydrogen spe-
cies for palladium-based catalysts, and thus to measure
the active surface area and the dispersion of these cat-
alysts. For example, one method is based on the differ-
ence of two isotherms performed at room temperature
[1,2,4], separated by a pumping step in order to evacuate
the hydrides. Another method is based on the extrapola-
tion to zero pressure [3] of an isotherm performed at
100�C (temperature at which hydrides are decomposed).
The H2^O2 titration proposed by Boudart and co-
workers [1,4,7] is also used. Some of these methods are
criticized in detail by Hubert and Frennet [8], who have
recently proposed a newmethod based on the determina-

tion of the thermodynamics of hydrogen chemisorption
and its variations with the coverage. In this work, the
authors have shown that the isochore measurements, in
contrast to isothermalmeasurements, allow the determi-
nation of variations of the isosteric heat of adsorption
Qiso over a large coverage range and up to themonolayer
saturation. The variation of Qiso with the adsorbed
amount is an interesting way of determining the value of
themonolayer capacity.

2. Experimental

2.1. Sample

The support used in this study is SiO2 (Degussa
Aerosil 200, 220 m2 gÿ1). This support was compacted,
ground and sieved. The 125^250 �m fraction is used for
impregnation by the precursor salts. It is calcined at
673 K in flowing O2/Ar 10% for 4 h prior to any precur-
sor salt deposition.

Palladium precursor is Pd(NH3)4(NO3)2 (Johnson
Matthey) in distilled water. The deposition was per-
formed using impregnation by ion adsorption on the
support. For this, a large excess (100 times the pore vol-
ume of the silica) of impregnating solution with concen-
tration of 2:3� 10ÿ3 mol `ÿ1 is in contact with the
support during 4 h under continuous stirring. Then the
excess of impregnating solution is separated by filtering
and the catalyst is dried in air at 393 K during one
night.

The palladium weight loading is determined by
plasma emission spectroscopy and corresponds to
2.5 wt%Pd/SiO2.

Prior to any use, this catalyst is calcined in a flow of
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20 cm3 minÿ1 10% O2/Ar at atmospheric pressure from
room temperature to 673 K with a linear increase of the
temperature of 6Kminÿ1.

The reduction is conducted in situ prior to any
adsorption measurement under a flow of 20 cm3 minÿ1

5%H2/Ar from 150 to 650K at a rate of 5Kminÿ1.

2.2. TP reduction

The TP reduction is performed for 0.5 g of the pre-
viously calcined supported precursor. The catalyst is
cooled until 150 K under 20 cm3 minÿ1 Ar flow. At this
temperature, a 20 cm3 minÿ1 2.5% H2/Ar flow is
admitted in the reactor and a linear increase of the tem-
perature of 6Kminÿ1 is applied up to 650K.

2.3.Chemisorption

The chemisorption uptakes are measured in a conven-
tional volumetric adsorption system equipped with two
Baratron pressure gauges (MKS Baratron type 127A).
This apparatus has already been described in detail else-
where [8].

Isochore measurements: After in situ reduction of
about 0.5 g of catalyst, the sample is outgassed for 1 h at
623 K, a temperature 50 K higher than that at which the
gas is introduced to perform chemisorption measure-
ments. The residual pressure at this temperature is lower
than 10ÿ5 Torr. Then a given amount of H2 (nt), meas-
ured in a side volume, is admitted to the reactor at 573K.
Thereafter the reactor is cooled until liquid nitrogen
temperature and a linear increase of the temperature is
applied from 77 up to 573K. Themeasurements are con-
ducted in a closed volume under temperature-pro-

grammed variations. Further details concerning this
method have been extensively described elsewhere [8].

Isotherm measurements: The same activation
sequence as mentioned above is performed. The proce-
dure for isotherm measurement is based on successive
expansions of the gas phase in known volumes at con-
stant temperature.

3. Results

3.1. TPR

The TP reduction spectrum of the catalyst is presented
in figure 1, where the partial pressures of hydrogen and
water are plotted versus the temperature. One can see
that the hydrogen consumption, corresponding to the
reduction of the catalyst, appears at low temperature
(200^300 K). For higher temperature (320 K), a peak of
``production'' of hydrogen is observed which is asso-
ciated to the hydride phase and weakly adsorbed hydro-
gen evacuation. The low temperature at which the
evacuation of these hydrogen species appears, as com-
pared to that often found in the literature, is explained
by the low hydrogen partial pressure in the gas phase
used during the treatment. This temperature is in agree-
ment with that observed by Zhang et al. [9]. Let us notice
that the amount of hydrogen produced corresponds to
0.22 times the quantity of the palladium amount in the
catalyst. The production of water appears at higher tem-
perature than that of hydrogen consumption. This can
be explained by the low temperature at which the hydro-
gen is consumed and by the presence of silica that
retained the water at temperature lower than 250K.

Figure 1. TPR results: hydrogen andwater signals for a 2.5wt%Pd/SiO2 catalyst.
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3.2. Isochores

Let us first emphasise the complete reversibility of
hydrogen adsorption^desorption which is confirmed by
the perfect superposition of the isochore in adsorption
and desorption mode. The so determined values thus
correspond to equilibrium values.

A typical isochore measured on Pd/SiO2 is presented
in figure 2. H2 is introduced at 573K. Then the reactor is
cooled to � 80 K, followed by heating to 573 K at 6 K
minÿ1. Figure 2 represents the variations of hydrogen
pressure during an increase of the temperature from 77
to 573 K at a rate of 6 K minÿ1. At low temperature
(< 173 K) an increase of the pressure can be observed.
Then a linear relation between the temperature and the
pressure seems to be reached until a temperature of
273 K. At this last temperature, a large pressure step is
observed up to 323 K. The following linear increase of
the pressure is maintained up to the temperature corre-
sponding to the end of the experiment.

One can easily transform this pressure variation into
the number of hydrogen atoms adsorbed for
nt � ng � na, where nt is the total amount of hydrogen
introduced in the system, ng is the remaining hydrogen in
the gas phase after the adsorption, and na is the total
amount of hydrogen retained by the catalyst. One must
also take into account the temperature variation in a
closed system, for the amount of hydrogen retained by
the catalyst is calculated from a difference of two pres-
sures (initial pressure and equilibrium pressure) in a
closed system during a variation of the temperature.

The representation of the number of hydrogen atoms
adsorbed and absorbed on/in this palladium catalyst
(figure 3) shows an interesting behavior. For values of

the ratio na/metal atoms greater than 1, we observe an
important decrease of the number of hydrogen adsorbed
at a temperature of about 100 K. A small plateau seems
to be reached at na/metal � 1 but at higher temperature
(300 K) this ratio decreases suddenly until a value of 0.6
is reached, after which a quasi-linear decrease of the
value of the ratio na/metal is observed.

Series of isochore measurements have been per-
formed in different pressure ranges between liquid nitro-
gen temperature and 573 K. These isochores, as well as
the two isotherms corresponding to the beginning and
the end of the temperature range for isochores, are repre-
sented in figure 4. This figure represents the variation of
the amount of hydrogen retained by the solid versus the
hydrogen pressure. One can see that these isochores
cover a domain of hydrogen pressure of two orders of
magnitude and that they are comprised between the two
isotherms over this whole range of pressure. Such a con-
trol is necessary to establish the validity of interpreta-
tions wewill propose hereafter.

All the isochores are plotted in figure 5, where na/
metal atom is represented versus the temperature. After
an important decrease of the amount of adsorbed hydro-
gen at about 100 K down to na/metal atom � 1, all the
isochores have a plateau corresponding to na=metal � 1.
A step is present in all curves at � 300 K, and is com-
pleted for the same value of na=metal � 0:60.

As the isochores are measured at adsorption^desorp-
tion or at quasi-adsorption^desorption there is a relation
between na, P, and T . The use of the Clapeyron^
Clausius equation allows the determination of the iso-
steric heat of hydrogen adsorption^absorption, Qiso,
and of �S and �G. These values are plotted versus na in
figure 6.

Figure 2. Typical isochore in desorption mode on 2.5 wt% Pd/SiO2 where the variation of the pressure in the system (Torr) is plotted versus the
temperature inK.
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Figure 6 shows that the value of Qiso decreases con-
tinuously from � 20 to 4 kcal molÿ1 for a ratio H/metal
smaller than 0.6. But for values larger than 0.6 the varia-
tion of Qiso goes through a maximum corresponding to
� 8 kcal molÿ1 at a ratio H/metal atom of 0.8. Let us
notice that these values of Qiso correspond approxi-
mately to a pressure range of H2 of 2^50 Torr and a tem-
perature range of 250^300 K observed in the isochores.
For a value of the ratio na/metal atom larger than 1, that
ofQiso decreases to� 3 kcalmolÿ1.

Each value of Qiso corresponds to a value of �S, the
variation of which is represented in figure 7 versus na.

This diagram shows that the value of �S increases
continuously from � ÿ35 to ÿ10 cal molÿ1 Kÿ1 for a
ratio H/metal atom smaller than 0.6. For larger values
of na/metal atom (0.8)�S goes through aminimum cor-
responding to � ÿ25 cal molÿ1 Kÿ1. For a value of the
ratio na/metal atom larger than 1, that of �S increases
to� ÿ10 calmolÿ1 Kÿ1.

All along the isochore, one can easily calculate the

Figure 3. Typical isochore on 2.5 wt% Pd/SiO2 with an increase rate of the temperature of 6 K minÿ1 where na/Pd atom is represented versus the
temperature.

Figure 4. Isochores (iso 1^5), conducted for different amounts of hydrogen in contact with the catalyst for temperatures comprised between 573
and 77K, and isotherms (77K, 573K).
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value of �G at each point since �G � RT ln P. These
values of �G are represented as a function of na/metal
atomon figure 8.

Figure 8 shows the variation of the different �G
curves corresponding to each isochore versus the
amount of hydrogen retained by the solid. Let us notice
that�Gmust increase with the coverage for such experi-
ments. Indeed, one can observe that �G continuously
increases from small values of na/metal atom to values
of that ratio larger than one. At the middle of the �G
curves, a small plateau between na/metal atom values of
0.65 and 0.90 is observed. For values larger than 0.9,�G
increases again and reaches the same equilibrium value

(ÿ1000 cal molÿ1) for each isochore at a value of na/
metal atom � 1:2.

Boudart's titration has been performed on our cat-
alyst according to the procedure presented in the litera-
ture [1,4] and gives a value of the dispersion close to 55%.
In order to calculate the size of the particles from the dis-
persion, several authors [6,10,11] employ the following
simple equation valid for a population of spheroidal or
equiassic palladiumparticles:

D � 11:2=L ;

where L is expressed in angstrom. Using this equation,
an average particle size close to 20Ð is calculated.

Figure 5. Same isochores as on figure 4 plotted as a function ofT .

Figure 6. Variation of the isosteric heat of hydrogen adsorption versusH/Pd atoms (surf :� bulk).
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4.Discussion

Hubert and Frennet [8] have shown that the isochore
method applied to the chemisorption of hydrogen as a
probe molecule is a powerful tool to provide, through
the isosteric heat of adsorption as a function of the cov-
erage, the value of the active surface area and thus the
dispersion of a supportedmetal.

The use of temperature-programmed variationmakes
it easy to cover a temperature range from 77 up to 673K.
This allows one to cover a range of � of about 80% in one
experiment and to obtain results in the monolayer con-
tent range.

It was concluded in that work that the variation of
Qiso with na could allow one to differentiate the adsorbed
amount characteristic of the monolayer coverage on the
metal surface from molecularly adsorbed hydrogen on

the support. One has to expect on a supported palladium
catalyst, besides these two types of hydrogen species
present on a supported platinum catalyst, the presence
of bulk hydride atoms (� and � phase), strongly
adsorbed hydrogen atoms and weakly adsorbed hydro-
gen atoms, the latter allowing rapid exchange between
the hydride and gas phase [12,13].

Our results show that the analysis of series of iso-
chores measured on the Pd/SiO2 supported catalyst
allows the discrimination among these different hydro-
gen species retained by such a catalyst.

Indeed, one can observe in figure 6 that for values of
the na/metal atom ratio greater than 1, the isosteric heat
of adsorption remains constant at a value of
Qiso � 3 kcal molÿ1. The value of the entropy change
(ÿ10 cal molÿ1 Kÿ1, figure 7) remains also constant and
the value of �G is quite small (ÿ1 kcal molÿ1, figure 8).

Figure 7. Variation of�S of hydrogen adsorption versusH/Pd atoms (surf :� bulk).

Figure 8. Variation of�G of hydrogen adsorption versusH/Pd atom (surf :� bulk).
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The small value of �S can be interpreted in terms of a
small loss of the degree of freedom due to the adsorption
[15,16]. It is shown in the literature [8,14] that hydrogen
molecularly adsorbs on silica with a value of Qiso � 3
kcal molÿ1. This allows us to consider that in figure 6 the
value ofQiso for na/Pd atom ratios larger than 1 is char-
acteristic of adsorption on the SiO2.

The presence of this type of hydrogen could only be
put in evidence owing to the opportunity given by the use
of temperature-programmed variations allowing one to
conduct measurements in the 77 to 150 K temperature
range.

For values of adsorbed amounts na/metal atom
around 0.8, values of Qiso are at first sight surprisingly
going through a maximum. Anyway in the range of the
ratio na/metal atom extending from 0.65 to 0.95 the
value of �G (figure 6) as a function of na/metal atom
along an experimental isochore curve needs to exhibit a
monotonic variation. In fact, this is the case as presented
in figure 8 and is due to the compensating values of �S
with na/metal (figure 7) exhibiting a symmetrical varia-
tion to that ofQiso with na/metal.Moreover, let us notice
that these values of�S look very consistent with the four
proposed criteria in the works of Boudart et al. and
Vannice et al. [15,16].

The calculated values of Qiso around the maximum
at na/metal atom � 0:8 are about 8 kcal molÿ1. The lit-
erature provides a value for the heat of formation of pal-
ladium hydrides close to 8 kcal molÿ1. Nevertheless, it
must be taken into account that for small palladium par-
ticles it is very difficult to distinguish and separate bulk
hydride from weak chemisorption as they are both rapid
and reversible processes [12,13,17].Moreover, the end of
the shoulder in the isochore curves corresponds to a
temperature of � 350 K, temperature at which the
hydrides are decomposed for low hydrogen pressures
[1,4,9,12,13]. Figure 5 shows that, in reality, all the iso-
chores performed on this catalyst have the same shape
and that the lower the hydrogen pressure, the lower the
temperature of complete hydride decomposition is. This
is characterized in this figure by a shift of the isochores,
performed at low hydrogen pressure, to the left.

This diagram also reveals that all the isochores
include a shoulder for the same value of the ratio na/
metal atom (0.95^0.65) which corresponds to the width
of the shoulder in the Qiso diagram (figure 6) and the
�S diagram (figure 7). Let us also notice that along
this shoulder, the value of �G remains constant and
begins to decrease for lower value of the ratio na/metal
atom.

Moreover, Boudart's titration reveals a dispersion of
our catalyst close to 55%. As mentioned in the literature
[2,6,9], such a dispersed catalyst seems to be able to
absorb � 0:3 H/Pdtot atom. Regarding to the width of
the shoulder in the isochores (figures 2, 3 and 5), we can
see that it corresponds approximately for each one to 0.3
H/Pdtot atom. Furthermore, the widths of the shoulders

in the Qiso and the �S diagrams are also of the same
order.

All these results allow us to consider that these
shoulders are qualitatively and quantitatively related to
the hydride decomposition added to the weakly adsorbed
hydrogen species.

One can see in figure 6 that a minimum in the Qiso
curve appears for a value of the ratio na/metal
atoms � 0:6, which corresponds to a maximum in the
�S curve (figure 7) and to an inflection point in the slope
of the curve representing �G (figure 8) as a function of
na/Pdtot. This is to be compared with the isochore curves
(figures 2, 3 and 5) which show that this value of the ratio
na/Pdtot corresponds exactly to the end of the hydride
decomposition and weakly adsorbed hydrogen elimina-
tion. Let us recall that Boudart's titration has given a
value of the dispersion of 55%. The comparison between
these two values, in addition to the fact that the mini-
mum in the Qiso curve appears when hydride are com-
pletely decomposed, suggests one associate the value of
the ratio na/Pdtot at the minimum in the Qiso curve and at
themaximumof the�S curve to themonolayer content.

The part of the Qiso curve, at values of the ratio na/
Pdtot < 0:6, shows a continuous increase of the heat of
hydrogen adsorption to which corresponds a continuous
decrease of the value of �S (figure 7). That amount of
hydrogen retained by the solid corresponds to the linear
part in the isochore curves (figures 2, 3 and 5) for tem-
peratures higher than 350 K. This behavior corresponds
to the so-called variation of the isosteric heat of adsorp-
tion with coverage for neither hydride nor hydrogen
molecularly adsorbed on the support remains at this
temperature and for low hydrogen pressures.

Similar comparable studies have been made by Leon
y Leon et al. [17], in which isobare formalisms have been
treated. This interesting work shows that using this
formalism, derived from isotherm measurements, it is
possible to distinguish between ``reversible'' and
``irreversible'' hydrogen species. Nevertheless, these
results have to be taken with care since figure 3 of their
work presents the increase of the amount of ``reversible''
hydrogen species with increasing temperature. We can-
not accept a scientific analysis related to the concept of
distinguishing ``reversible'' and ``irreversible'' based on
the difference between two isotherms. Indeed, it has been
extensively shown that the amount of hydrogen evacu-
ated after the first isotherm measurement strongly
depends on the evacuating system used [8,18]. As shown
in these papers, evacuation of hydrogen is controlled by
the transport in the gas phase and thus conducted at
quasi-equilibrium of adsorption^desorption. The
amount of hydrogen evacuated (reversible) is thus a
function of the ratio of the pumping speed at the catalyst
level and the total amount of adsorbed hydrogen (size of
catalyst sample). Considering our experience and the
work of these authors, the only curve representing the
total hydrogen includes valuable information. Yet, it is
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in good agreement with the one presented in figure 3 of
our article. Finally, let us stress the fact that in their
work, the authors needed to perform series of isotherms
to be able to calculate the corresponding isobars.
Everyone knows the time needed to measure isotherms
added to the fact that it is very difficult to use a thermo-
static bath in the temperature range lower than room
temperature.We believe that the isochoremeasurements
are a useful tool for such studies.

As a conclusion, the isosteric analysis of only a few
isochore adsorption measurements of hydrogen con-
ducted on Pd/SiO2 catalyst, using temperature-pro-
grammed variations between 77 and 623 K, provides
values of the thermodynamic potentials (Qiso and �S)
characteristic of that adsorption and their variations
with the adsorbed amount.

The values of these thermodynamic potentials and
the shape of their variations allow to differentiate quali-
tatively and quantitatively the different hydrogen spe-
cies present in/on the catalyst:

^molecularly adsorbed hydrogen on the support,
^ absorbed hydrogen species (hydrides) associated

with the eventual weakly chemisorbed hydrogen,
^ strongly chemisorbed hydrogen species at the metal

surface.
Furthermore, the association of shoulders in the iso-

chore curves with the variations of the thermodynamic
potentials with na/metal atom show that the amounts of
these different species of hydrogen on the catalyst can be
evaluated from one single isochore and thus allow the
determination of the dispersion of the catalyst.
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