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bstract

In this paper, we report (a) the development of ZnO thin films prepared by pulsed laser deposition and partially covered with nano-particles Pd or
u and (b) their physicochemical study, in order to investigate their catalytic and/or adsorptive properties. It is the first time where two different and
opular methods, namely pulsed laser deposition and reversed flow-inverse gas chromatography, are combined. The inverse gas chromatographic
echnique with the corresponding time-resolved analysis is used for the first time in order to characterise compounds in the nano-scale domain.

e focus on the determination of physicochemical quantities mainly concerning the adsorption in thin films, with (Pd/ZnO) or without (Au/ZnO)

atalytic behaviour. Thus, entropy and other important physicochemical quantities are calculated which reveal the mechanism of adsorption as
ell as of isomerization–hydrogenation of 1-butene and contribute to the study of heterogeneity of thin film surfaces. The programs used have
een written in Fortran. An important achievement is also the determination of the standard deviations of the kinetic constants.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

Metal oxides thin film structures have attracted the atten-
ion of many users and scientists interested in catalytic activity
nd especially in gas sensing applications. In particular, ZnO
as been extensively studied during the last years because of its
arge variety of applications. Many techniques like sputtering
1], chemical vapor deposition (CVD) [2] and other evaporation
ethods [3] were applied to grow the ZnO thin films. Pulsed

aser deposition (PLD) provides a unique means of deposition
elying on its simplicity, versatility, and stoichiometry transfer
f the target to the film and low processing temperature, without
corrosive gas presence, crucible and evaporation cell. Espe-

ially, the laser ablated species possess relatively high kinetic

nergy (10–100 eV), forming epitaxial or textured growth at low
emperatures [4].

∗ Corresponding author. Tel.: +30 210 7723277; fax: +30 210 2027691.
E-mail address: roubanif@central.ntua.gr (F. Roubani-Kalantzopoulou).
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Promoters in the form of metal clusters on the top [5] or
nside [6] ZnO thin films were also deposited and investigated
o improve their structural, optical and electrical characteristics.
ot many works involve real time analysis of the interactions
etween the surface and the surrounding gases [7,8]. Pure the-
retical approaches made for the determination of quantities as
ractional coverage or adsorption sites [9,10] exist, as well as in
ombination with experimental measurements [11–14].

On the other hand, adsorption isotherms and surface energy
istribution functions on heterogeneous surfaces have been the
ubject of many efforts during the last two decades for charac-
erizing heterogeneous solids by calculating adsorption energy
istribution functions from retention volume data. All these
orks offer approximate functions or values through approx-

mate solutions without any determination of the actual values
f adsorption parameters.

Of all the classical methods for measuring adsorption ener-

ies, isotherms, etc. none has led to local values. Difficulties like
hese led scientists to turn to numerical solutions [15,16].

Reversed flow-inverse gas chromatography (RF-IGC) offers
any possibilities for physicochemical measurements, as rate
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pure carrier gas passes through the sampling column, nothing
happens on reversing the flow. If a solute comes out of the diffu-
sion column at z = 0 (cf. Fig. 2) as the result of its diffusion into
the carrier gas, filling the column z and also running along the
A. Giannoudakos et al. / J. Ch

nd distribution constants, experimental isotherms, deposition
elocities and reaction probabilities, mass transfer coefficients,
ll pertaining to the mechanism of homogeneous and/or het-
rogeneous reactions [17–20]. In the mean time, the RF-IGC
ethod has been expanded and is adequate for adsorption param-

ter calculations, as local adsorption isotherms, local monolayer
apacities, probability density functions for adsorption energies
nd energies from lateral interactions [21]. Thus, the RF-IGC
ethod is applied to create and provide a new pathway for solids

haracterization [22–24].
RF-IGC is also a dynamic method useful for measur-

ng adsorption isotherms at low concentrations. This method,
ased on the mass-balance equations, is useful for evaluating
he adsorption isotherms because it gives model-independent
esults. Thus, one can conclude safely and accurately concerning
hemical reactivity and kinetics and give correct explanations for
he systems examined. The reason is that kinetic parameters are
losely related to the existing adsorption isotherm, depending
trongly on the adsorption–desorption phenomena.

In this paper, we report the study of ZnO thin films, prepared
y PLD and partially covered with Pd or Au, in respect to the
ydrogenation of 1-butene in order to investigate their adsorp-
ive and catalytic properties. We focus on the determination
f physicochemical quantities mainly concerning the adsorp-
ion in thin films, with (Pd/ZnO) or without (Au/ZnO) catalytic
ehaviour.

Such a study was conducted for the first time, to our knowl-
dge, using RF-IGC, by inserting the thin film deposited on a
lass rod substrate directly into the GC column. In particular,
e investigated the adsorption occurring on gas–solid interfaces,
here the solids are heterogeneous in nature with dimensions in

he nano-scale domain, as well as the catalytic behaviour in the
somerization–hydrogenation reactions of 1-butene.

. Experimental

.1. Development of thin films by PLD

.1.1. Materials
The materials which have been used for the development of

hin films are ZnO (99.998%), O2 (99,998%), metals Pd, Au
Alfa Aesar, 99.9%).

.1.2. Procedure
The thin film deposition was performed inside a stainless steel

acuum chamber evacuated down to a residual pressure of about
0−4 Pa prior to each irradiation (cf. Fig. 1). ZnO thin films were
rst deposited from a 99.998% pure ZnO target using an ArF*
193 nm) excimer laser. The target for the host material was at
oom temperature and the pressure inside the chamber was kept
t 20 Pa, under flow of pure oxygen (99.998%). Subsequently,
Pd or Au target was ablated under vacuum (2 × 10−4 Pa) and
ifferent ZnO surface coverage resulted by changing the depo-

ition time. To avoid fast drilling, all targets were placed on
vacuum compatible, computer-controlled XY stage synchro-
ized with the pulsed laser. The deposition time was 120 min for
he ZnO thin film and 8 and 2 min for the metal clusters Pd and
Fig. 1. Experimental set-up for PLD.

u, respectively. The laser fluence and the frequency (3 J/cm2

t 10 Hz) were kept constant during the ablation of all targets.
he substrates were glass rods, 50 mm long and 3 mm thick,
elected to fit into the GC column and were kept at room tem-
erature during each deposition. Special developed holders were
ositioned 50 mm parallel to the target’s surface and rotated by
acuum compatible motors to achieve a homogeneous thin film
rea. For comparison reasons, two identical ZnO thin films were
eposited simultaneously. Then one of them was removed and
he other subsequently partially covered by the Au or Pd clusters.

.2. Physicochemical study

.2.1. Materials
The materials which have been used for the determination of

atalytic and/or adsorptive properties of thin films are 1-butene
99,999%), H2 (99,999%), thin films of ZnO, Au/ZnO, Pd/ZnO.
he gases have been supplied from Air Liquide, Greece.

.2.2. Procedure
The RF-IGC method involves a flow-rate perturbation of the

arrier gas which is achieved experimentally simply by using a
our- or six-port gas sampling valve and reversing the direction
f flow of the carrier gas, usually for a short time interval. If
Fig. 2. Experimental set-up for RF-IGC.
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Fig. 3. Part of a typical chromatogram obtained by RF-IGC for the system
1-C4H8/H2/thin film ZnO, at 100 ◦C, concerning only adsorption.
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ig. 4. Part of a typical chromatogram obtained by RF-IGC for the system
-C4H8/H2/thin film Pd/ZnO, at 100 ◦C, concerning isomerization reaction.

ampling column, the flow reversal records the concentration of
he solute at the junction of the sampling column with that of
he diffusion one, at the moment of the reversal. This concen-
ration recording has the form of extra chromatographic peaks
uperimposed on the otherwise continuous detector signal (cf.
igs. 3–5).
The chromatograph used was a Shimadzu GC-8A, slightly
odified, with a flame ionization detection (FID) system.
he experimental arrangement (cf. Fig. 2) was analogous to

hat used in catalytic studies [18,20,21]. Here the L1 section

ig. 5. Part of a typical chromatogram obtained by RF-IGC for the system
-C4H8/H2/thin film Pd/ZnO, at 100 ◦C, concerning both isomerization and
ydrogenation reactions.
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20.5–23.4 cm) did not contain of any solid material, while the
2 (4.0–5.0 cm) contained the solid bed. Both sections, L1 and
2, were of Pyrex glass of an I.D. 3.5 mm. The sampling column

′ + l (40 cm + 40 cm) was of stainless steel chromatographic tube
f 4.0 mm I.D.

A small quantity (1 cm3) of 1-butene gas was injected into the
nd of column L2, and after the appearance of the continuously
ising concentration–time curve, the reversing procedure for the
ydrogen carrier gas flow started, each reversal lasting 3 s. This
s shorter than the gas hold-up time in sections l and l′ of the
ampling column.

The narrow fairly symmetrical sample peaks created by the
ow reversals were recorded and their height was printed as a
unction of time t.

. Calculations

The calculation of all physicochemical quantities has been
ased on the already published programs by Katsanos and
oubani-Kalantzopoulou [18–21]. The programs have been re-
ritten in the Fortran language, including some modifications

o that the standard deviations of the kinetic constants can be
etermined. These are available by the authors.

The main equation remains Eq. (1)

1/M = gc(l′, t) =
4∑

i=1

Ai exp(Bit) (1)

here H (cm) is the height of sample peaks resulting from
he flow reversals, M (dimensionless) is the response factor
f the detector, g (cm/mol cm−3) is the calibration factor of
he detector, and c(l′,t) (mol cm−3) is the measured sampling
oncentration of the injected gas at x = l′.

The explicit calculation of the adsorption parameters for the
ydrocarbon studied can be carried out in an analogous way to
he one described earlier. All parameters refer to the values of
y(0,t), i.e. the concentration of the gaseous analyte at y = 0:

y(0, t) = vL1

Dz

c(l′, t) = vL1

gDz

4∑
i=1

Ai exp(Bit) (2)

here v (cm s−1) is the linear velocity of the carrier gas in the
ampling column, L1 (cm) is the length of the diffusion column
nd Dz (cm2 s−1) is the diffusion coefficient of the 1-butene into
he hydrogen, which is used both as carrier gas and as the second
eactant at the same time. From this, the value of the adsorbed
oncentration c∗

s is calculated

∗
s = αy

αs
k1

υL1

gDz

4∑
i=1

Ai

Bi

[exp(Bit) − 1] (3)

here the first fraction corresponds to the ratio of the cross-

ectional area of the void diffusion column (cm2) to the amount
f solid adsorbent per unit length of the same column (g cm−1),
1 (s−1) is the local adsorption coefficient, and the rest of the
ymbols have been explained after Eq. (2). The local adsorption
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Table 1
Kinetic constants for hydrogenation, k2 and adsorption, kR for the examined thin films in various temperatures

T (◦C) 104 k2 (s−1) 103 kR (s−1)

Pd/ZnO Au/ZnO ZnO Pd/ZnO Au/ZnO ZnO

70 6.27 ± 0.39 – – 3.20 ± 0.11 – –
80 – 2.46 ± 0.74 2.90 ± 0.08 – 1.15 ± 0.02 1.55 ± 0.03
90 8.28 ± 3.18 2.85 ± 0.09 3.03 ± 0.12 2.64 ± 0.09 1.55 ± 0.03 2.07 ± 0.05

1 0.21
1 0.14
1 0.10
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θ(p, T, ε) = 1 − exp(−Kp) (13)
00 10.6 ± 0.30 2.29 ± 0.08 3.04 ±
10 11.3 ± 0.40 2.79 ± 0.07 3.06 ±
20 14.2 ± 0.20 3.12 ± 0.25 3.01 ±

sotherm is given by

t = c∗
s

c∗
max

(4)

here c∗
max is the local monolayer capacity, and c∗

s is given by
q. (3).

∗
max = c∗

s + ∂c∗
s /∂cy

KRT
(5)

Thus, for the c∗
max determination the derivative ∂c∗

s /∂cy and
RT from Eqs. (6) and (7), respectively, are needed:

∂c∗
s

∂cy

= αy

αs
k1

∑4
i=1Ai exp(Bit)∑4

i=1AiBi exp(Bit)
(6)

RT = gDz

υL1

⎧⎪⎨
⎪⎩

∑4
i=1AiB

2
i exp(Bit)[∑4

i=1AiBi exp(Bit)
]2 − 1∑4

i=1Ai exp(Bit)

⎫⎪⎬
⎪⎭

(7)

n all equations above Ai and Bi are the pre-exponential factors
nd the exponential coefficients of Eq. (1). The relations for
alculating the adsorption energy ε (kJ/mol) and the modified
robability density function ϕ(ε;t) from experimental data are
iven by the following equations:

= RT [ln (KRT ) − ln (RT ) − ln K0] (8)

(ε; t) = θf (ε)

c∗
max

(9)

here f (ε) = (∂c∗
max/∂ε) = (∂c∗

max/∂t)/(∂ε/∂t) is the density
robability function for the adsorption energies.

Finally, the adsorption entropy �S◦ is calculated from the
ollowing equations [25,26]:

S◦
ads
local

= −R ln

(
θt

1 − θt

)
− S

◦,g
trans (10)

◦,g
trans = R ln(T 5/2MB3/2) − 2.30 (11)
∂(�S)

∂t
= −R

∂

∂t
[ln θt − ln (1 − θt)] = − R

θt(1 − θt)
(∂θt/∂t)

(12) F
4.90 ± 0.04 1.13 ± 0.03 1.81 ± 0.07
5.29 ± 0.05 1.09 ± 0.02 1.60 ± 0.05
9.03 ± 0.07 1.36 ± 0.06 1.52 ± 0.03

here �S◦
ads
local

(J/mol/K) local adsorption entropy, MB (kg/mol)

olar mass of gas.
All the necessary relations for calculating the values of all the

bove adsorption parameters from Eq. (1), for the adsorption of
ases on heterogeneous surfaces as a function of time, have been
erived with the Jovanovic isotherm model:
ig. 6. Diffusion bands for thin film (a) ZnO, (b) Au/ZnO and (c) Pd/ZnO.
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ig. 7. Local adsorption isotherm for thin film (a) ZnO, (b) Au/ZnO and (c)
d/ZnO.

here

= K0(T ) exp(ε/RT ) (14)

being the gas constant, and

0 = h3

(2πm)3/2(kT )5/2

υS(T )

bg(T )
(15)

here m is the molecular mass of the adsorbate; k is the
oltzmann’s constant; h is the Planck’s constant; and the

atio us(T)/bg(T) of two partition functions, namely that of the
dsorbed molecule, us(T), and that for rotations–vibrations in
he gas phase bg(T). This ratio is taken as a unity as usual.

. Results and discussion

It is the first time, where two different and popular meth-

ds namely PLD (for thin films development) and RF-IGC (for
hysicochemical characterization of films) are combined.

As regards the nano-particles presence, our previous results
5] showed that the cluster formation on the top follows the

a

a
c

ig. 8. Local adsorption energy for thin film (a) ZnO, (b) Au/ZnO and (c)
d/ZnO.

olmer–Weber nucleation mode [27], that is, the small clusters,
nitially formed on the surface, grow then into larger islands.
ndeed, atomic force microscopy (AFM) observations in [5]
roved that the Au cluster distribution with an initially 30 nm
verage diameter flattens and shifts to larger diameters when
ncreasing the deposition time up to 15 min. To be able to extrap-
late the results of [5] to the present work about the cluster
ormation, we notice that we used here a different wavelength.

e estimated therefore the absorption coefficients α(λ) of Au
or the two wavelengths 193 nm (this work) and 355 nm [5] and
ound that α(193 nm) is slightly (8%) larger than α(355 nm).
he fact that we used half the laser fluence (3 J/cm2) in this
ork speaks for a cluster formation of similar or even smaller
u nano-particles. As the Pd clusters are concerned, α(193 nm)

s by a factor of 3 lower than that for Au and from the present
eposition conditions (laser fluence and deposition time) and the
esults of Fig. 1 in [5], we estimate a cluster distribution with an

verage diameter around 40 nm.

The IGC technique with the corresponding time-resolved
nalysis is also used for the first time in order to characterize
ompounds in the nano-scale domain.
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ig. 9. Probability density function for thin film (a) ZnO, (b) Au/ZnO and (c)
d/ZnO.

Hence the most important result is that the experimentally
bserved values of local isotherms and the other local adsorption
uantities are influenced by the presence and the kind of nano-
articles as well as by the working temperature. From Figs. 3–5
ne can conclude safely and accurately about chemical reac-
ivity. Thus, it is obvious that hydrogenation takes place in the
ase of Pd/ZnO thin films [28]. This fact is demonstrated by the
hromatograms obtained, where one or two new peaks, which
elong to the product(s) of this heterogeneous catalysis, appear.

Depending on the experimental conditions, the catalytic reac-
ion may stop at the isomerization or proceed to hydrogenation.
n any case, both isomerization and hydrogenation are catalytic
eactions were the catalyst is the thin film Pd/ZnO. A third
ase [28] corresponds to the direct appearance of butane (in the
resence of pure Pd) by overcoming the isomerization reaction.

More precisely, in Fig. 5, where three distinct peaks appear,
somerization of the double bond of 1-butene takes place before
ts hydrogenation. The first peak corresponds to butane, the sec-

nd one to 1-butene and the third to the isomerized by-product
28].

By the time resolved analysis, it is also obvious that the
ppearance of a product-peak is clearly a function of temper-

w
o
t
c

ig. 10. Concentration of non-adsorbed 1-butene for thin film (a) ZnO, (b)
u/ZnO and (c) Pd/ZnO.

ture. That is, the time of appearance of this new peak is higher
t 70 ◦C and lower at 140 ◦C.

The height H of the sample peaks, when plotted versus time t,
ives the so-called diffusion band. At first, a significant observa-
ion had taken place. We have checked the behaviour of the bulk
aterial (in powder form) regarding that of the monolayer (in

hin film form) and we have found exactly the same behaviour.
he diffusion bands, which result experimentally, are identical.
n important difference in the behaviour of the diffusion bands

s observed (cf. Fig. 6) concerning the thin films of ZnO, Au/ZnO
nd Pd/ZnO. As regards the ZnO and Au/ZnO films, the temper-
ture does not influence the diffusion bands at all, as the slope
s the same. On the contrary, the Pd/ZnO thin film differs signif-
cantly, as the temperature influences the slope of the diffusion
and strongly. More specifically, the slope of the descending part
f the curve becomes more abrupt as the temperature increases.
t is concluded that the rate of reactant consumption increases

ith the increase of temperature. From the time of 70 min and
n, the slope of all diffusion bands becomes identical at all
emperatures, except for the temperature of 70 ◦C. Taking into
onsideration the different slopes of the diffusion bands, the
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Fig. 11. Concentration of non-adsorbed 1-butene and correspond

etermination of kinetic quantities is achieved, according to Van
t Hoff method (method of initial rates).

From the comparison of the values (cf. Table 1) concerning
he rate coefficient of the surface reaction, k2 and the adsorp-
ion coefficient, kR (kadsorp./kdesorp.) an increase of k2 and kR is
ealised for the thin film Pd/ZnO with the parallel increase of
emperature. This fact implies that the active sites, which Pd
reates, strengthen the process of catalytic reaction to a large
xtent as regards the net ZnO film [29–31]. On the contrary, the
eposition of Au nano-particles on the ZnO does not help in the
articular catalysis, which is also argued bibliographically since

he hydrogen is not adsorbed by the Au. As a result, Au nano-
articles decrease the free sites, likely for reaction, on the ZnO
urface, something that was expected. It is important to report
hat Au had been chosen to be used, as the main interest of this

p
i
o
O

ffusion band for thin film (a) ZnO, (b) Au/ZnO and (c) Pd/ZnO.

ork was not only the catalytic and the adsorption efficiency
f thin films with or without different kinds of nano-particles
eposited on them but also to check the catalytic reactions.

In Figs. 7–13, the local adsorption quantities concerning ZnO,
u/ZnO, and Pd/ZnO thin films are presented.
From the diagrams θt − t, ε − t, ϕ(ε; t) − t, c∗

s max − t (cf. e.g.
ig. 7), a great difference of the system Pd/ZnO against the
ther two is obvious. This is due to the powerful effect of Pd
ano-particles on the catalytic surface reaction.

The local adsorption isotherm refers to the surface cover-
ge of thin film in respect to time. In other words it shows the

ercentage of the covered active surface sites in the correspond-
ng time. A standard behaviour, independent of temperature, is
bserved concerning thin films ZnO and Au/ZnO (cf. Fig. 7).
n the contrary, for the thin film Pd/ZnO an important change of
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Fig. 13. Local adsorption entropy for thin film (a) ZnO, (b) Au/ZnO and (c)
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ig. 12. Local monolayer capacity for thin film (a) ZnO, (b) Au/ZnO and (c)
d/ZnO.

ocal adsorption isotherm, θt, is noticed. In particular, the value
f the second maximum increases as the temperature increases
ith a parallel decrease of the corresponding time. This means

hat in the case of Pd nano-particles the adsorption of gases from
he catalytic rod is influenced not only by the kind and the struc-
ure of the thin film but also by the temperature. Especially, at
igh temperatures (100, 120 ◦C) the phenomena taking place are
ompleted faster.

As regards the local adsorption energy, ε, the experimental
esults are plotted in Fig. 8. The term “local” means the mean
alue of ε for the adsorption sites i being responsible for the
dsorption at time t. The adsorption energy change with respect
o time shows three different regions. Initially, it is maximised
nd then minimised (at the same time with that of the corre-
ponding adsorption isotherm). Is this due to the creation and
estruction of new adsorption sites with time? The answer is yes,
s different collections of adsorption sites are involved at differ-
nt times. The first one corresponds to the local sites active at
he beginning of the experimental time. In the second part some

ther energies appear lower than the first ones. These correspond
o the new active sites, which are owed to the lateral interac-
ions. The third one corresponds to higher experimental time
alues. The obvious conclusion is that, owing to the dynamic

o
v
P
t

d/ZnO.

rocedure, transition adsorption energies are observed experi-
entally leading to the final levelling off of their values. As

egards the influence of the temperature, a small shift to higher
alues is recorded at higher temperatures for all three thin films.
f course, the values of ε are much higher in the case of Pd/ZnO

han those for ZnO and Au/ZnO, at the same temperature. This
eans that the adsorption of the reactants is easier in the first
entioned thin film.
When the probability density function, ϕ(ε;t), is plotted

gainst the experimental time (cf. Fig. 9) the different regions
f active centres are very well separated in time and their rel-
tive population can easily be calculated by simply finding the
orresponding areas under the time curve of the different sepa-
ate peaks [32]. Again this plot gives three distinguished parts
orresponding to three different kinds of active sites produced
t different times. Thus, for small time spans the sites of higher
nergy, which correspond to the minima of adsorption potential,
re filled first, then, because of the lateral interactions, the sites
orresponding to the second curve appear. Finally, the third kind
f adsorption with smaller energy may be attributed to molecules

ery loosely bound to the substrate. Especially, regarding the
d/ZnO film, differences are observed at the various tempera-

ures. A descending part is noticed initially and then two peaks
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three peaks at 120 ◦C) are presented which appear at smaller
imes as the temperature increases. From this behaviour it can
e concluded that the adsorptive regions are activated earlier
t higher temperatures. On the contrary, in the cases of ZnO
nd Au/ZnO thin films the probability density function remains
oughly the same at all the temperatures.

As far as the concentration of non-adsorbed 1-butene cy, cor-
esponding to thin films ZnO and Au/ZnO is concerned (cf.
ig. 10), identical behaviour is observed, independent of tem-
erature. That means that 1-butene does not react to give product.
n the contrary, for the Pd/ZnO thin film an abrupt change of the

lope is noticed with the increase of temperature, which shows
he great dependence of catalytic reaction from the temperature.
hus, this fact strengthens the ascertainment that the deposition
f Pd favours the process of hydrogenation, since a significant
eduction of 1-butene concentration is observed up to 70 min.
rom the time of 70 min and on, the slope of all curves becomes

dentical at all temperatures, except for the temperature of 70 ◦C.
The same observation is valid for the diffusion bands (which

re mentioned above). The appearance of the functions cy = f(t) is
dentical to the so called diffusion bands of the RF-IGC method
i.e. it has a small increase initially, passes through a maximum
nd then declines with time, cf. Fig. 11). From Fig. 11 it is shown
hat the plot of local non-adsorbed 1-butene concentration versus
ime and the corresponding diffusion band are identical for each
ystem. It is admirable how a theoretically determined quantity
the local non-adsorbed reactant concentration), which comes
ut from the mathematical model, coincides with the diffusion
and, a clearly experimental finding (height of the chromato-
raphic peaks against time). This fact shows that the results
rom the experiment and the mathematical model are always in
otal agreement.

As results from Fig. 12, thin films of Au/ZnO display smaller
alues of local monolayer capacity c∗

s max, than ZnO films at the
ame temperature (referring to the part from the maximum until
he completion of the experiment). This can be explained by the
act that certain active sites of the film surface have been covered
y gold nano-particles that do not allow the adsorption of 1-
utene. That is to say that the deposition of nano-particles Au on
he solid surface ZnO does not favour this kind of catalysis. In the
ase of thin film Pd/ZnO, smaller values of c∗

s max are obtained,
ven though the hydrogenation is encouraged due to Pd nano-
articles and higher values would be expected. However, in this
ase, the continuously formed product occupies certain places
f surface. Thus, the free sites are decreased and therefore the
dsorbed reactant quantity is less.

There are two publications regarding entropy values determi-
ation with RF-IGC method [25,33], but results of adsorption
ntropy versus time concerning thin films (cf. Fig. 13) are pre-
ented for the first time. The change of the slope is due to
he phenomena taking place on the surface of thin films. The
escending part of the curve corresponds to adsorption. Dur-
ng this, decrease of entropy takes place, which is justified by

he fact, that some degrees of freedom owing to the transitional
nd rotational movements of 1-butene molecules are lost. The
scendant part corresponds to desorption and surface catalytic
eaction, that causes increase of the value of adsorption entropy
togr. A  1187 (2008) 216–225

s a consequence of the increase of disorder, up to a finally
e-establishment of equilibrium.

The superiority of RF-IGC becomes obvious as this method
an account for mass transfer and desorption phenomena under
on-steady state conditions. By using this technique, it is also
ossible for one to study the mechanism in detail, because of the
ossibility of kinetic constants determination concerning all the
tages (cf. Table 1). Thus, the adsorption/desorption phenomena
re studied in the presence of the main surface reaction. All these
ead to the conclusion that the RF-IGC method can offer a lot to
atalytic studies.

It is also obvious that the above method is capable of achiev-
ng the classification of the thin films Pd/ZnO, ZnO and Au/ZnO
egarding their catalytic activity. At the same time the physic-
chemical characterization of the surface of thin film catalysts
s also achieved. Consequently, it must also be stressed that the
uccess of RF-IGC to investigate the catalytic behaviour of thin
lms where the later are in nano-scale dimensions is obvious. It is

mportant to report that adsorption entropy values are calculated,
fact which constitutes an innovation of the RF-IGC.

. Conclusions

The object of this work was the study of fundamentals of
dsorption and heterogeneous catalysis in thin film structures,
benefit for the understanding of catalytic properties of thin

lms in the form of metal/metal oxide, prepared by PLD. More-
ver, the RF-IGC proved to be a powerful tool for studying
he topography of active sites of heterogeneous surfaces in the
ano-scale domain. Thus, some very important quantities for
he surface chemistry have been determined for all three thin
lms studied. These physicochemical local quantities have been
etermined from the experimental H, t pairs by a nonlinear least-
quares method, through personal computer programs written
n Fortran, which are available by the authors upon request.
hrough the time-resolved analysis a surface characterization
f the examined thin films took place without using retention
olume data. In addition, the kinetic constants responsible for
dsorption, desorption and surface chemical reactions have also
een calculated.
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