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Chemisorption properties of thin films of Pd evaporated onto Nb recrystallized-foil surface have been
studied by temperature-programmed desorption (TPD) and by measurement of the work function
changes (WFC) at room temperature. TPD results indicate two states of CO adsorbed in dependence
on the thickness of the palladium layer. The low temperature state (330 K) occurs at low Pd cover-
ages (about one monolayer). Second state, occurring at slightly higher temperature (370 K), is at-
tributed to bulk Pd. WFC data show negligible change of the work function after deposition of small
amounts of Pd onto a clean Nb surface. With increasing amount of Pd, A rises and reaches a satu-
ration value. Adsorption of CO onto Pd/Nb surface caused the work function increase at all cover-
ages of Pd deposited.

During the last decade large attention has been focused on ultrathin metal overlayers on
metal substrate. Deposition of one metal onto a surface of a second one can dramati-
cally change physical, chemical and catalytic properties of both constituents. Up to
about one monolayer coverage the properties of the deposited metal differ from those
of its bulk. A large effect has been found in the case of Pd overlayers on refractory
metals Nb (refs'19), Ta (refs*18), W (refs®18-28) and Mo (refsl®2%-33),

In general, but not always, the first monolayer of the admetal adopts a lattice con-
stant which differs from its bulk crystal structure and matches coherently the lattice of
underlying substrate (pseudomorphic growth). Subsequent layers tend to form the lat-
tice that is closer to the crystal structure of the admetal. This behaviour was also found
in the case of the Pd-layer growth on Nb(110). Two phases of Pd deposited onto Nb
were observed by LEED technique®. First, commensurate (1 x 1) Pd(110) phase oc-
curred up to about a monolayer (84 = 1). Second phase, incommensurate one, charac-
teristic of bulk (111) Pd was found above 1 monolayer Pd coverage. The commensurate
(1 x 1) monolayer of Pd on a Nb(110) surface undergoes a first order structural phase
transition to an incommensurate layer Pd(111) structure when the Pd coverage is in-
creased at 6py = 1 by ABpy = 0.18 only?,

Electronic properties of the admetal are perturbed in submonolayer region too. It is
generally believed that formation of heteronuclear metal-metal bond induces large
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changes in the electron density of both metals. These modifications in electronic struc-
ture affect the cohesive energy of the metal-metal bond and the chemical properties of
the metal. El-Batanouny et al.® found discrepancy between photoemission energy-dis-
tribution curves of two phases of Pd overlayers on (110) Nb surface. In the commensurate
(110) phase the Pd 4d band has the high energy edge at about 1.5 eV bellow the Fermi
level Ep similarly as observed with noble metals. In the incommensurate Pd(111) phase
the Pd 4d band broadens and its edge shifts to the Fermi level. It can be expected that
the perturbation of the electronic structure would modify the chemical properties of the
metal overlayers. On transition metals the CO molecule desorbs at temperatures in the
range between 300 and 600 K (ref.19). In contrast, molecular desorption of CO from
noble metals occurs at much lower temperatures: for Cu Ty = 200 K, for Ag and
Au T4 < 100 K. Therefore in the case of bimetallic systems with the electronic struc-
ture similar to that of the noble metals, the desorption temperature is expected to be
lower than on transition metals. Several studies have shown that it is indeed so.
Weakening of CO adsorption bond has been found on Pd layers deposited onto Mo, W
and Ta substrates. TPD data show the decrease of the desorption temperature at mono-
layer coverage of Pd layers on Mo(100) Ty = 180 K (ref.39), W(110) Ty = 155 K
(ref.2%) and on Ta(110) Ty = 200 K (ref.1t), = 210 K (ref.23),

Our paper deals with CO adsorption on Pd/Nb system with different thicknesses of
deposited Pd layers. The amount of the desorbed CO and the desorption temperature
have been followed by TPD technique. Work function measurements have been applied
to monitor Pd deposition, CO adsorption and thermal desorption.

EXPERIMENTAL

Apparatus

Experiments were performed in an UHV stainless steel apparatus with a background pressure of
about 5. 107° Torr (1 Torr = 133.32 Pa). Its block scheme is shown in Fig. 1. The vacuum chamber
of the volume = 65 | has been pumped down by a mechanical pump (pumping speed 2 m® h™%) with
liquid nitrogen cooling trap, by a sorption pump and an ion getter pump. The chamber has been
baked for 8 — 10 h. Cooling procedure to the room temperature (after baking) took about 12 — 14 h.
Total pressure was measured in individual ranges by means of a Pirani gauge (10— 760 Torr) and
by a nude Bayard-Alpert gauge (10™ — 1071 Torr). Partial pressures were monitored by a quadrupole
mass spectrometer Finnigan 400 equipped with a tungsten cathode. The method of diode charac-
teristics has been used to measure the WFCs after modification of the sample surface due to Pd de-
position, carbon monoxide adsorption and thermal desorption. Tungsten wire (diameter 0.11 mm) has
been used as a cathode (working temperature = 1 500 K) and the sample represented an anode. Their
mutual distance was about 2 mm. A schematic top view of the experimental chamber is shown in
Fig. 2. X-Y-Z manipulator, enabling also the rotation, makes possible to move the sample to different
positions: facing gas dosing system, QMS head for thermal desorption measurement, Pd evaporation
source and the tungsten cathode for WFCs measurements.
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Sample Preparation

Nb ribbon (12.7 x 3.15 mm), having the thickness of 0.115 mm, has been used as a sample. It was
mounted to the holder by means of two leads at each end of the ribbon. The leads consisted of three
Ta wires (each one having diameter of 0.2 mm) spot-welded to the back of the sample (Fig. 2). This
allowed resistive heating of the sample to 2 500 K. W-Ta thermocouple®*3> has been used to
measure the sample temperature in the range of 300 — 2 500 K. The thermocouple was spot-welded
to one side of the sample and was calibrated by means of an optical pyrometer. Initially the sample
was annealed in vacuum at 2 000 K for 8 h. This procedure had to lower the bulk contamination. A
series of short flashes up to 2 500 K has followed to obtain a clean sample surface. The sample was
then exposed to oxygen for half an hour at 1 200 K (oxygen pressure of 1 . 1077 Torr) to lower the
content of carbon dissolved in the bulk of the sample. After the oxygen treatment the sample was
repeatedly flashed to 2 500 K again. Such a procedure is described in literature®6-836-40 to result in
clean niobium surface. Before each experiment the sample was heated twice to 2 400 K for 1 min in
order to remove Pd from the previous experiment and to prepare the clean surface. We found that
two flashes to 2 400 K after Pd deposition or carbon monoxide dosing are necessary. Subsequent
flashing exhibited within the experimenta error no further change in the work function of the
sample. Recrystallization of Nb foil of thickness 0.025 — 0.127 mm with (110) orientation has been
achieved after heating of sample to the temperature 2 200 — 2 500 K (refs.»26-9%7), Sagurton et al.3
have prepared 5 mm-wide-region on a 0.025 mm thick foil even at temperature 1 900 K. It can be
assumed on the basis of these experiments that the (110) planes represent the prevailing part of our
sample surface. Domains of sizes between 2 and 3 mm were readily observed on the surface by the
authors when the sample was removed from the apparatus.

Fic. 1

Block scheme of the apparatus (BAG-g all-glass Bay-
ard-Alpert gauge, BAG-n nude Bayard-Alpert gauge,
GB gas bottle, IGP ion getter pump 400 | s, LV
leak valve, MP mechanical pump (2 m® h™}) with
liquid nitrogen trap, PG Pirani gauge, PM precision
manometer 0 — 2 000 mbar, QMS quadrupole mass
spectrometer, SP sorption pump, VC vacuum cham-
ber of volume 65 I)
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Deposition of Pd and CO Dosing

Palladium evaporation source (a Pd spiral prepared from a rope, consisting of 4 Pd wires, each one
having the diameter of 0.2 mm) has been used for deposition of Pd onto Nb. A glass cone around Pd
spiral served as a shield against the evaporation of the metal into the undesired directions. Deposition
of Pd has been carried out at the temperature of the sample 320 — 360 K. Total pressure never ex-
ceeded 8 . 107 Torr during the Pd deposition. Palladium has been resistively heated for 5 h, using
the current 0.6 lg4, (Where lq,4 Was the electrical current needed for evaporation). Then the current
was step by step increased up to deposition value lg4, = 5.5 A. During oxygen exposure, used for
cleaning the surface of the Nb sample, Pd has been kept at room temperature. Carbon monoxide
(LINDE, Germany; purity 99.97 %) was introduced into the vacuum chamber through a metal leak
valve and the gas was focused onto the sample by a stainless steel capillary (internal diameter = 3 mm)
the end of which was at about 20 mm above the sample surface. Saturation exposures 30 L (1 L =
1 langmuir = 1 . 1078 Torr s) were used in al our experiments. During carbon monoxide dosing the
chamber was filled by CO for 1 min to a pressure of 5. 10~ Torr at the sample temperature of 310 K.
Our experiments were performed under dynamic conditions, i.e. ion getter pump has worked continu-
ously. A memory effect of the ion getter pump have been observed during carbon monoxide dosing
when the pressure in the chamber rose to 5 . 1077 Torr. Main contributions to the total pressure were
in this case besides CO the inert gases He and Ne. Both these gases do not influence the results of
room temperature experiments described in this paper.

TPD Experiments

After initial flashing the sample was cooled down and Pd was deposited. The deposition time at
standardized conditions is used as a measure of the thickness of palladium layers throughout this
paper. The temperature of the sample at the end of the Pd deposition has been always 320 K. Sub-
sequently the sample has been exposed to carbon monoxide for 1 min at a pressure of 5. 10~ Torr

W cathode

heating
current

Fic. 2
Viewport Schematic view of the vacuum chamber
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what corresponds to the exposure of about 30 L. After few minutes, when the pressure returned to
the level before the CO dosing, TPD has been carried out. Linear heating rate 6 K s™* has been used
in al experiments. The sample has been moved to the position for the work function measurement
before and after each step described and the diode characteristics has been recorded.

RESULTS AND DISCUSSION

Temperature-Programmed Desorption

TPD spectra of carbon monoxide obtained on Pd/Nb system as a function of Pd cover-
age are shown in Fig. 3. Pd has been deposited at a sample temperature of 320 — 360 K and
CO has been adsorbed at the sample temperature 310 K. Subsequently, TPD has been
carried out. Single desorption state, characterized by the desorption maximum at 335 K,
appears when small amounts of Pd are deposited. Its temperature slightly decreases to
= 330 K for the deposition time 1.5 min and it is constant for layers obtained after 1.5
and 3.5 min of deposition. The height and the area of the desorption peak increase with
increasing amount of deposited Pd. A high temperature shoulder appears at deposition
time longer than 6 min. It rises with the increasing thickness of the palladium layer and
becomes dominant at long deposition times, when the initial state appears as a shoulder
on the low temperature side of the desorption peak. The dependence of the position of
the TPD maximum on deposited amount of Pd is shown in detail in Fig. 4 where the
above mentioned two features can be seen.

Adsorption of CO on Pd(111) has been extensively studied by various methods*-*.
TPD data show that CO desorbs in range 450 — 500 K with a low temperature shoulder

Acy)a-u
Fic. 3 m 12

CO TPD spectra (mass 28) as a function of Pd

amount deposited on Nb. Pd deposited a 320 — 360 K, /
without annealing. CO adsorbed at 310 K (expo- - g
sure 30 L). Rate of TPD was 6 K s™. Time of Pd AVM67

deposition: 1 20's, 2 40 s, 3 1 min, 4 1 min 40 s, M;
52min20s,63min20s, 7 5min, 86mn40s, T3
98mn20s 1011 mn40s 11 16 min 40 s, 12 . ) !
25 min 300 400 K 500
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at high CO coverages*>*. When Pd is deposited on refractory metals two types of
behaviour appear in dependence on thickness of Pd adlayer. At monolayer Pd coverage
have been observed properties different from Pd(111). At 8y = 1 TPD maximum was
shifted to lower temperatures on Ta(110), W(110) and Mo(110) (see Table |) with re-
spect to the value on bulk sample of Pd(111). Electronic properties of Nb(110) re-
semble those®® of Ta(110). Consequently lower desorption temperatures at 64 = 1 on
Nb as well as on Ta and on other refractory metals can be expected.

TPD properties of thick Pd layer deposited on refractory metals, approach those of
the bulk Pd(111). This occurs on individual substrates (Ta, Mo, W) at different thick-
nesses of the Pd adlayer (Table 1). Berlowitz and Goodman?* have found on Pd/W(110)
annealed surface that a shoulder (375 K) appears above one monolayer. It grows slowly
with Pd coverage and shifts gradually toward higher temperatures. Bulk Pd properties
are not fully established even at 6y = 19.5 at their case. They attribute this shoulder to
desorption from the three-dimensional Pd islands. Our results resembles these data. We
found a shift of TPD maximum at low Pd coverages (about monolayer) and a shoulder
of = 370 K started to appear when Pd layer became thicker.

Figure 5 shows the area of CO desorption peak as a function of Pd amount deposited
onto a clean Nb surface. The area increases nearly linearly with the deposition time and
saturates above = 18 min. We assume that a monolayer coverage is reached at the
evaporation time of about 1.5 — 3 min and that (110) orientation prevails on the Nb
substrate. Comparison of deposition times at the saturation value of TPD maxima with
that corresponding to one-monolayer region shows that 6 — 10 monolayers are needed
to reach the saturation of the temperature maximum. When these data are analyzed, the
annealing process has to be considered as well. At room temperature and bellow it
Pd layers are growing on (110) planes of the refractory metals according to the
Frank—van der Merve (FM) growth mode i.e. layer-by-layer (Pd/Ta(110) (ref.1?),
Pd/W(110) (ref.?8) and Pd/Mo(110) (ref.%?)). Pseudomorphic monolayers are stable to
very high temperatures 1 350 — 1 600 K (refst21319.2428) On the other hand, agglomer-

Fic. 4
Temperature maximum (T,,) of CO TPD peak
(mass 28) as a function of Pd amount deposited on
Nb (expressed in deposition time, tpy). Pd de-
posited at 320 — 360 K, without annealing. CO ad-
sorbed at 310 K (exposure 30 L). Rate of TPD
320 . ‘ was 6 K s%. The data are taken from curves in

o] 10 . 20 Fia. 3

tpg> MiN g
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ation of Pd into 3D crystallites occurs upon mild heating of the thicker Pd layers (al-
ready at 370 — 700 K). Annealing causes the agglomeration of Pd layersinto 3D idands
on top of the first layer. The first-pseudomorphic layer is partially shielded by thus
created palladium 3D clusters and the patches of the first-Pd layer are till accessible
for gas CO molecules. It can be seen in Fig. 5 that the area under the desorption peak
increases linearly up to about 6 — 10 monolayers. This fact gives evidence that the
surface of deposited Pd layer is rough and that its growth does not follow exactly the
FM mode. Two factors can influence this departure from FM mode: (i) the exposed
surface of the sample does not consist of solely (110) planes and (ii) Stranski—Krasta-
nov (SK) growth mode occurs on this substrate rather then FM mode.

The first factor will be discussed in the following paragraph. Concerning the second
factor, agglomeration of thicker Pd layer (B4 > 1) has been observed at very low tem-
perature 370 K (ref.1?). This value is comparable with the temperature of our sample
during the Pd deposition. Therefore the SK growth mode can be expected particularly
at longer time of deposition. On the basis of these results we suggest that both de-
scribed phenomena contribute to the surface roughness at longer deposition time of Pd.
We can conclude that high temperature state of adsorbed CO strongly resembles that on
bulk Pd samples.

Desorption curves enable to evaluate desorption energies. In the case of the first-
order desorption, the relation between the activation energy of desorption E and tem-
perature T,,.,, corresponding to the maximum rate, is given by the following equa-
tion51,52

TaBLE |
TPD maxima of carbon monoxide on bimetallic systems

System? TPD maximum, K Ref.
Pdy.0/Ta(110) ~245 11, 13
Pd1.0/W(110) 300 22
285 24
Pd.0/M0(100) 319 30
Pds o/ Ta(110) 430 11
Pds o/ Ta(110) 458 13
Pdss/Ta(110) 458 13
Pdho 5/W(110) =410 24
Pds/M0(110) 435 33
Pd,,/M0(100) 483 30

& Subscript at palladium symbol denotes approximate value of the surface coverage by Pd.
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where R is the gas congtant (8.314 J K™ mol™?), v, is the preexponential factor (s
and B is the linear heating rate of the sample (K s™1). Second-order desorption is de-
scribed at maximum desorption rate in analogy®® % with Eq. (1)

0 2v,8 0
Eoran™2non E g )
Tmax D B RTmaxD

where 6, is the coverage of particular desorption state at the temperature T, It has
been empirically shown that the E/T,, ratio is nearly constant and independent of both
the metal substrate and the gas adsorbed™. If v, does not differ too much from v,, Eq. (2)
is practically identical with Eq. (1). As an acceptable approximation of the desorption
energy one can take E = cT,,,, (c = 241 JK 1 mol™). In view of these results the
activation energy of desorption can be estimated, namely E = 80 kJ mol~* and 89
kJmol~* for the low temperature state (T, = 330 K) and the high temperature
state (T, = 370 K), respectively. The latter value corresponds to data obtained on
a Pd(111) surface. Kok et al.*® have obtained activation energy of CO desorption from
Pd(111) E = 112 kJ mol~* at high CO coverages. This is sightly higher than the value
obtained on our polycrystalline samples.

Measurement of the Work Function Changes (WFC)

Figure 6 shows the work function changes (A¢g) plotted versus the amount of Pd de-
posited. Curve 1 represents A@ measured after the deposition of different amounts of Pd
onto a clean Nb surface. Small amounts (corresponding to evaporation times up to
about 2 min) cause negligible changes of the work function. WFC (Ag) rises with in-

800 T

Am,a.u. -

Fic. 5

400 | {1 Area of CO TPD peaks (mass 28) Acp in arbi-
trary units as a function of Pd amount deposited
on Nb (expressed in deposition time tpy). Pd de-
posited at 320 — 360 K, without annealing. CO
adsorbed at 310 K (exposure 30 L). Rate of TPD
L " was 6 K s*. The data are taken from curves in
0 10 . 20 Fig. 3

g Min
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creasing amount of Pd and reaches the limiting value of the evaporation time above
= 7 min. This course of A@ corresponds to the WF values of Nb(110) and Pd(111)
(Oup(110) = 4-87 €V and @oyir19) = 5.6 €V (refs>*%)). Shang-Li Weng and El-Batanouny’
have observed a similar behaviour of A after Pd deposition on Nb(110) foil. They
found a slightly negative A@ up to 0.9 monolayer (A@(Pd, o/Nb) = —0.2 eV). Above
Pdy.¢ A increased almost linearly and then reached a saturation value above 3 mono-
layers’.

The method of the WFC measurement used in our experiment yields an average
value of A over all surface planes exposed to the gas phase. If one assumes that the
WF value at the saturation limit corresponds to the value of Pd(111) plane®*%°, the WF
of our Nb sample can be estimated to be ¢ = 4.55 eV. The (110) plane of the bcc lattice
is the most densely packed plane and it exhibits the highest value of ¢ in the case of Nb
@ = 4.87 eV (refs*%®). The obtained WF of our Nb substrate ¢ = 4.55 eV suggests that
other planes with lower @ are also present there.

As it was already mentioned above, one monolayer Pd coverage on refractory metals
exhibits different properties from those of the thicker layers (it behaves as a noble
metal). Since the work function values of Ag, Cu and Au are al within the range
between WF values of Nb and Pd no further conclusions from our measured value of
o(Pd; yNb) can be made. However, A caused by CO adsorption on early transition
metals differs from that on the noble metals. Carbon monoxide increases ¢ on the for-
mer metals, whereas it decreases the WF values on the latter ones. Curve 2 in Fig. 6
shows the WF (compared to WF of clean Nb surface) after CO adsorption on the Nb
substrate covered by different Pd amounts. Difference between first and second curve
yields the WFCs induced by CO adsorption. Two rough features can be distinguished
when this pair of curves is considered. WFC up to about 5 min is about 0.15 eV
(difference between the curves) and for longer time of Pd deposition CO causes the
A@> 0.3 eV. It can be seen in Fig. 6 that at low Pd coverages the WFC is lower than

A¢, eV

Fic. 6 //f'
Work function changes Ag (reference level:
clean Nb surface Ag = 0.0) after Pd deposition
on a clean Nb (1), after CO dosing on Pd/Nb
(2), after CO TPD from Pd/Nb system (3) as a
function of Pd amount deposited (expressed in

deposition time tpy). Pd deposited at 320 — 360 00 . .

K, without annealing. CO adsorbed at 310 K 0 10 ‘ 20
(exposure 30 L). Rate of TPD was 6 K s* fpg M

Collect. Czech. Chem. Commun. (Vol. 59) (1994)



1718 Jirsak, Nikolajenko, Knor:

on thicker layers. This qualitatively agrees with the Ag caused by CO adsorption on
bulk noble metals (the behaviour of a Pd monolayer corresponds to that of noble metals)
and on bulk Pd. However, the absolute value of A at saturation CO coverage on bulk
Pd(111) is higher (Ap = 1 eV) (refs*®>") than in our case.

Curve 3 in Fig. 6 shows the work function after TPD of CO from bimetallic system
Pd/Nb at different deposition times corresponding to different thicknesses of the Pd
layers. Difference between the second and the third curve gives the WFC induced by
the desorption of CO. Up to about 2.5 min of Pd deposition the desorption causes
positive change of the WF. At longer deposition times A@ becomes smaller and above
5 min deposition, the desorption causes a negative change of the WF. The value of the
work function ¢ returns to that measured before CO adsorption. This behaviour can be
explained in terms of different types of CO adsorption on Nb and Pd. Carbon monoxide
is dissociatively chemisorbed on Nb surfaces at room temperature and weakly bound on
Pd (without dissociation). In submonolayer Pd coverage on Nb (64 < 1) patches of the
bare Nb substrate are accessible to CO and dissociative chemisorption can occur. CO
species are not completely removed from the surface after TPD to 500 — 600 K. It has
been observed that repeated CO adsorption on this structure leads to lowering of CO
TPD peak and saturation value of TPD area has been achieved after 4 — 5 repetitions®.
CO adspecies increase the value of @ for aclean surface of Nb (ref.>%). Thus performing
TPD at submonolayer Pd coverage leads to the increase of the work function. As Pd
layer becomes thicker, bulk Pd properties prevail. Carbon monoxide is molecularly
bound at bulk Pd(111) surface and both adsorption and desorption of CO after TPD to
500 — 600 K cause reversible changes of the work function.

CONCLUSIONS

Carbon monoxide interaction with palladium layers deposited on a niobium foil has
been investigated. The low-temperature desorption state of CO, characterized by the
temperature T, = 330 K, has been observed already at low coverages of deposited Pd.
Therefore it is attributed to desorption from palladium in the region of its submonolayer
coverage (Bpy < 1). Second desorption state characterized by the temperature
Tmax = 370 K has appeared after longer deposition times of Pd and its behaviour
strongly resembles that of bulk palladium. Roughness of the surface and growth mode
of the palladium layer were discussed on the basis of measurements of CO peak area
and WF changes. It has been concluded that Stranski—Krastanov mode governs the
growth of palladium in our case. Rough estimation of the activation energy of desorp-
tion yields E; = 80 kJmol~tand E, = 89 kJ mol~ for a monolayer Pd coverage and for
athick (bulk-like) Pd layer, respectively.

Small amounts of palladium cause negligible changes of the work function. Layers
resulting from longer deposition times, i.e. thicker palladium layers, exhibit the satura-
tion value of work function. The changes of the work function induced by CO adsorp-
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tion on Pd/Nb qualitatively correspond to the literature data. Thermal desorption of
carbon monoxide from bimetallic surfaces causes different work function changes of
samples with Pd layers of different thicknesses, namely, the WF increases after the
desorption of CO from thin Pd layers whereas on thick Pd layers it decreases and at-
tains the initial value.

The support of this work by the Grant Agency of the Academy of Sciences of the Czech Republic
(grant No. 44012) and by the Grant Agency of the Czech Republic (grant No. 203/93/0245) is gratefully
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