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Abstract

The interaction of C@with a polycrystalline molybdenum-foil (Mo-foil) was previously studied at 77 K through mass-
resolved flash thermal desorption spectroscopy (FTDS). From the results, a statistical model was developed with two kinds of
sites (bridge and hollow type), G@an adsorb on both but dissociates only on hollow ones. The proposed model reproduces
the evolution of desorption peak areas as a function of €posure without using any fitting parameter. Because of the
sample polycrystallinity, all desorption peaks were fitted assuming a Gaussian distribution of desorption energies with a
pre-exponential factor of 18, Values 0f~60.6,~126.9 and~158.7 kJ/mol were obtained for the desorption energies of
CO, from a1, B1 andwy; states, respectively, while 73.1 and 110.6 kJ/mol correspond to the,@&0d 3, desorption peaks.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction molybdenum-foil (Mo-foil) at 77 and 130K, studied
through Auger electron spectroscopy (AES), mass
The study of CQ interaction with metal surfaces resolved flash thermal desorption (FTD) and work
has awakened a great experimental [1-7] and theo- function (WF).
retical [8] interest, mainly because of the possibility ~ The present paper deals with the statistical mode-
of its use as an inexpensive reactant in methanation ling of the FTD results, under the principal assump-
reactions [9,10]. In contrast with CO [11], little work ~ tion of two types of adsorption sites: the bridge and
has been devoted to the adsorption of Céh Mo the hollow ones. C@can adsorb on both but it can
[7]. In a previous paper [12] we reported on the inter- decompose only on hollow sites. The model accounts
action of CQ molecules with a thin polycrystalline  notonly for the relation between the intensity of fhe
to they; CO, desorption peaks but also for the depen-
_— dence of the CO peaks intensity on £éxposure. A
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proposal, based on the broad peak widths, can be jus-
tified considering the Mo-foil polycrystallinity which
implies different environments for the adsorption sites.

2. Experimental details

The experimental UHV system has been explained
in detail elsewhere [12,13]. The sample, a poly-
crystalline Mo-foil (Goodfellow Metals 99.9% pure,
10mm x 10mm x 0.05mm) was characterized by
photoelectric absolute WF measurements and X-ray
diffraction (XRD) procedures in a vertical goniometer
device (XRD).

The photoelectric WF is a surface property suitable
to follow not only contamination but also surface
structure changes upon annealing [14]. The WF of
the clean Mo surface was 4.61 eV in good agreement
with published results for polycrystalline sheet sur-
faces [15], while that of the surface contaminated
with C and O was 5.09 eV. The first value was used to
check that the adsorption—desorption cleaning cycles
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Fig. 1. XRD pattern of the Mo-foil sample compared to that
of a standard random oriented powder. The leading (200) peak
indicates a rolling texture.

caused no change in the surface structure. In separate

experiments in which surface purity was controlled
with Auger spectroscopy [12], it was stated that a WF
value of 4.61 eV indicates an extremely clean surface.
XRD was used to control lattice parameters, texture
effects and the average crystallite size. The lattice
parameteiag obtained with the least squares method
of Cohen was 314.71pm, in good agreement with
published resultsap=314.72 pm, [16]). Fig. 1 shows
in part (a) the experimental diffraction pattern of the
Mo-foil and in part (b) the pattern of the standard ran-
dom oriented powder [17]. Evidently, the second order
reflection of the (100) planes (first order not appear-

D = 60 nm. Accordingly, the mean number of hollow
sites per (1 00) oriented crystallitedis3 x 10%, while

for crystallite border sites it amounts 6 x 107, This
last type of sites will show a higher coordination num-
ber than that offered by the Mo(100) hollow sites,
possibly equal to or higher than the number of hollow
sites provided by the Mo(111) planes, whose small
contribution is represented in Fig. 1 by the second
order peak (222). It is expected that they both will
contribute to high temperature tails in the desorption
spectra. From what has been said above, it follows
that the ratio between the bridge:hollow:border type

ing because of systematic absences in bbc-structures)f sites offered by the polycrystalline Mo-foil used is

is the leading peak, in contrast with the random ori-
ented crystallites of the standard powder. This fact
clearly indicates a preferential orientation of the crys-
tallites in the Mo-foil, which undoubtedly can be

approximately given by 100:50:1 (including a rough

estimation of the contribution of the (11 1) planes).
FTD spectra were obtained at heating rates

~100K/s following adsorption of high purity CO

ascribed to the rolling process. Actually, in bbc met- (4.5N, Messer-Griesheim, Germany) with the sample
als like Mo, the rolling direction is [11 0] causing the at 77 K. The exposures, between 2-20L, were per-
(100) planes to orientate parallel to the resulting sheet formed at a constant GQpressure of & 10-8 mbar.
surface [18]. The (200) reflection was also used to The evolution of the desorption peaks was monitored
determineD, the average crystallite diameter parallel mass spectrometrically at the mass chanegis =

to the foil surface, according to the Scherrer equation, 16, 28, 32 and 44, data were automatically acquired
and using a Mo(100) single crystal to determine the at 10kHz. Desorption of ®was not detected, even
pure diffraction peak width. The value obtained was at ~1100K. The electron-impact dissociation of the
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CO, molecules produced within the mass spectrome-
ter was taken into account.

3. Results and discussion

3.1. Statistical model

We have stated previously [12] that above three
Langmuir (L) exposure to C§) three CQ desorption
peaks could be distinguished during FT&, ~ 210,

B1 ~ 500 andy; ~ 700K, assigned to physisorbed,
chemisorbed and rebuilt GO respectively. Fig. 2
shows the experimental results at 5, 10, 15 and 20L
exposures. Note that only thg-peak is fitted with a
Gaussian with an exponential modified tail (as given
by the commercial software). Possibly, this modifica-
tion is required by the presence of a number of sites
with high coordination number (crystallite border sites

and (111) planes). We shall address this issue later.

Additionally, as a result of C©decomposition above
~200K, two CO desorption peaks were detected:
a2 ~ 230K andB, ~ 310K, assigned to two differ-
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Fig. 2. Deconvolution of the Cfdesorption spectra at the selected
exposures indicated. The lower part of the figure has a wider
ordinate scale.

159

020 2LCo, If A 4L CO,]
015:

0.10
b

g
(=)
a

o
o
1=

Mass 28 signal [a.u.]

o
o

0.00

100 200 300 400 500
Temperature [K]

100 200 300 400 500

Fig. 3. Deconvolution of the CO desorption spectra after the Mo
sample has been exposed to the indicated amount efa€@7 K.

ent types of adsorption sites, as Fig. 3 shows. This
figure gathers the experimental CO desorption data
after the Mo sample has been exposed to 2, 4, 5 and
15L of CG,. In both figures the thick continuous line
represents the experimental data and the thin curves
the deconvolution using the Marquard-Levenberg
algorithm.

From the FTD spectra, the evolution of the inte-
grated intensity of each of the GGand CO peaks
(i.e. the area under each desorption peak) was calcu-
lated. This integrated intensity is proportional to the
coverage and is shown in Fig. 4 as a function of the
exposure to C@ In this figure the symbols represent
the experimental data while the full lines indicate
the predictions of the model to be developed later
on. At exposures above 12L the ratio between the
integrated intensity of the GOB1 and+y; desorption
peaks is 2:1. This fact suggests that the Mo surface
offers principally two types of adsorption sites for
the CQ molecule with a population of 2:1. Actually,
the ratio of the bridgeh) to the hollow ) sites of
the Mo(100) plane satisfies this requirement. Re-
markably, as explained above, XRD spectra of the
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Fig. 4. Evolution of the integrated intensity of each of the des-
orption peaks as the exposure to £i@creases. Upper part, GO
desorption, aj-peak ~210K); Bi-peak ~500K) and yi-peak
(~700K). Lower part, CO desorptiomyy-peak (~230K) and
B2-peak ~310K). Symbols, experimental data; continuous curves,
the fitting with the statistical model proposed. More details in text.

foil showed the characteristic rolling texture with the
(100) plane parallel to the surface. Taking all this
into account in order to develop the model, we addi-
tionally postulate: (i) the C® molecule can adsorb
on both site types but if it adsorbs onbesite hav-
ing neighboring emptyh-sites it will move to these
sites, where it decomposes; (ii) if when dissociation
proceeds there is an empty first neighlesite, the
formed CO molecule can jump and adsorb on it. Oth-
erwise, the CO molecule remains on thesite; (iii)
the three CQ desorption peaks are assigned as fol-
lows: thea1-peak, to desorption from multilayers, the
B1-peak, to desorption frorb-sites and they;-peak,

to desorption fromh-sites of rebuilt molecules after
recombination of COt+ O and (iv) of the two CO
desorption peaks, the corresponds tb-sites, while
the B2 to h-sites. Accordingly, the following differ-
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ential equations can be proposed, which represent the
change upon exposure of the integrated intensity
(coverage) of the; andB; desorption peaks of CO

C
dor>

de
1 2
k1 [§<l—9$°2)+§<1 — 651~ <9$°2>2)} @

CO
d@B
de

In Eq. (1) the term(1/3)(1 — 65%) is the probabi-
lity for a CO, molecule to impinge on an unoccupied
h-site and the term2/3)(1 — 65 %)(1 — (6S%)?)
is the probability for a C@ molecule to impinge on
a b-site which has an empty first neighbabrsite.
Consequently, Eq. (2) represents the probability for
a CO molecule to impinge on #&-site having the
two neighboring h-sites occupied. Parameteig
and kp are proportionality constantgy( = k). Ac-
cording to the proposed postulates, the functions
0E%(e), 6SO(e) andogO(e) can be evaluated through
the following set of equations:

)

2
— ko [5(1 - 9502)(9502)2]

0S%(e) = k3B 2 (£)]*[05%(e)]* 3)
059(e) = ka(6S% () — [1 — (05 2 (e))"] 4
05 () = ks[05%2(e)] (5)

The right side of Eq. (3) gives the probability that all
the b andh-sites are occupied, a necessary statement
for the multilayer adsorption of C£and consequen-
tly the evolving of theaj-peak. Eq. (4) establishes
that CQ molecules only dissociate olsites, and
that the integrated intensity of the,-peak of CO
desorption depends on the availability of empty neigh-
boring b-sites onto which the CO molecules jump
and remain adsorbed until desorption temperature is
reached. Finally, Eq. (5) indicates that the occupation
of h-sites with CQ molecules determines the inte-
grated intensity of thg,-CO peak. Parametelilg
to ks are proportionality constants. The differential
Egs. (1) and (2) were numerically solved by means
of the Runge-Kutta method (fourth order) in order to
obtaineéx)2 (e) and6$%2 (e). With these functions and
the aid of Egs. (3)-(5)9<%(e), 6S°(¢) andogO(e)
can be calculated.
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The results of the fitting procedures are shown by another with energy¥’ is extremely low due to the
the continuous lines in Fig. 4. Evidently, the model high heating rates used~{00K/s). Consequently,

fits the experimental data fairly well in both cases, each desorption process from a state characterized by

CO, and CO desorption. Especially interesting is the the adsorption energy; takes place independently
fact that the CO desorption is correctly described in of all other states and thiecal desorption rate will
spite of the presence of oxygen atoms on the surface,follow the Polanyi-Wigner equation [19]:

supporting in this way that the CQa-peak stems

do
from molecules which jumped to empty bridge sites —d—g ="0g exp(—ki_r) @)
surrounding the hollow site where the g@olecules !
had decomposed (Eq. (4)). or, in the case of the global desorption rate:
3.2. Desorption energies _40 _ agn _Eq 8
o= v exp ) (8)
In this section the most probable values for the o _
desorption energies and their standard deviation are TaKing into account that:
calculated. We have stated previously [12] that FTD 00 )
spectra can be deconvoluted with Gaussian functions Na = / ng d&; = Ns/ O, f (&) dE; 9)
0 0

using the Marquard-Levenberg algorithm (commer-

cial software) as Figs. 2 and 3 show. The width of the relation between global and local coverage is:
the Gaussians was set to a fixed value because it

depends only on the desorption energy distribution, ., _ /009 F(&)de (10)
e.g. it depends on the characteristics of the adsorbent 0 €

surface, which remained constant throughalltthe . ]

experiments (the same foil thoroughly annealed by and Eq. (8) can be writien as:

~1500K was used, checking a same starting surface g 00 £

structure by measuring the absolute photoelectric ——;~ =f0 V"0g f(E) eXP(—k—T> dé (11)

WF). Note that desorption peaks are broad, e.g. in

Fig. 2 (CQ desorption) the FWHM involve-200 K
(or more in peaky1). This fact prevents invoking

If the FTD is performed with a linear heating rate
the global desorption rate can be written:

adsorbate—adsorbate interactions in data interpretation

due to the small energies involved in this case. In other _de _
words, the width is a consequence of the substrate dT o B

polycrystallinity conferring a different environment to
each adsorption sitef the same typeConsequently, it
can be proposed thaach type of sitshows a contin-
uous normalized distribution function of desorption
energiesf (£). Let Ng be the total number of sites of
the same type and, the number of particles adsorbed
at the timer = 0, (i.e. previous to FTD) therefore a
global coverage can be defined@s= (Ny/Ny). Itis
also possible to define a local coverdige= na /ns,
where ng is the number of molecules adsorbed on
ng sites of the same type (which are a portion of the
total number of sited\s of the same type) defined by
ng = f(&)Ns. The molecules adsorbed in these sites
show desorption energies in the rarf@andé&; +dé&;.
The probability that a molecule prior to desorption
diffuses from a site with adsorption enerdy to

Ool nnn 5 d

—Vv"0g f () exp(—k—_l_> £ (12)

in which n is the reaction order and the strik-
ing frequency of the molecule against the potential
desorption barrier. Eq. (12) provides two different
types of results: (i) when from a specific distribution
function f (&), the global desorption rated®/dT is
calculated, or (ii) when from the global desorption
rate the energy distribution function is determined.
The former requires the integration of Eq. (12), and
the latter the solution given by Seebauer [20], who
proposed the following distribution function:

&) — 1 T
f“wi(%)

in which the initial coverage?o, as well as &/dT,
are obtained from the integrated intensity and the

de

a7 (13)
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Fig. 5. Fitting of CQ desorption peaks after 15L exposure, con-
sidering a Gaussian distribution of adsorption enerdi€y: (a)
assuming first order kinetics for the G@1-peak and (b) assum-
ing second order kinetics for the GQ1-peak. From the curves (a)
and (c), thef(€) distribution functions (b) and (d) are calculated,
according to Eqgs. (13) and (14). In turn, from these functions, the
global desorption rates given by the circles in (a) and (b) were
calculated. More details in text.

global desorption rate of the desorption peak. The en-
ergy&(T) can be obtained from the relation proposed
by Redhead [19]:

£ _ v 0\(n—1) £
e () & en()

From the deconvoluted desorption spectrad®/
dT versusT), the distribution function was obtained
solving Eqg. (14) for eacfT in Eqg. (13), assuming a
first order kinetic for thex andp-peaks of CQ or CO,
but a second order for the GQ1-peak. Fig. 5 shows
the results in the case of GOFrom the curves (a),
first order and (c), second order, ti{€) distribution
functions (b) and (d) are calculated. In turn, with the

(14)
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f(€) obtained, the FTD spectra were calculated, which
are represented by the circles in (a) and (c). Note that
the experimentally obtained high temperature tail in
Fig. 5c is not correctly reproduced only assuming a
Gaussiari(£) for a second order reaction. This fact can
be considered as an indication that the best fitting to
the experimental data which required an exponential
modified Gaussian, as shown in Fig. 2, is not due to
the second order reaction but stems from the presence
of other type of adsorption sites than those proposed in
the model, as explained in the experimental part. These
site types were not considerdidectlyin the model be-
cause of their low surface density, batlirectly when
postulating a continuous energy distribution function.
In other words, the model clearly suggests that the
high temperature tail in the COy; desorption peak
definitely cannot be interpreted as arising from a sec-
ond order reaction (the recombination of GQAD).

From the fitting of all the desorption spectra as
explained above and assumingg ~ 1013K~1, the
following desorption energies and standard deviations
were obtained. For the COaj-peak, Eqo ~ 60.6
kJd/mol @ ~ 16.3kJ/mol); B1-peak, Eqo ~ 1269 kJ/
mol (o ~ 23.1kJ/mol);y1-peak, Ego ~ 1587 kJ/mol
(0 ~ 337kJ/mol). For the COwp-peak, Eqo ~
73.1kJ/mol ¢ ~ 135kJ/mol); Bo-peak, Eqo ~
1106 kd/mol ¢ ~ 20.2 kd/mol). The authors have no
reference of CQ desorption energy data from Mo
but the magnitude of some values in other metals are
comparable to the present data [21].

4, Conclusions

Experimental data on FTD of COfrom poly-
crystalline Mo-foil can be quantitatively interpreted
postulating that the surface has, principally, two types
of adsorption sites to offer: bridge and hollow ones.
This assumption is justified by the rolling texture of
the foil established by XRD (crystal planes (100)
parallel to the surface). Moreover, because of poly-
crystallinity, which gives different environments to
sites even of the same type, wide distribution func-
tions of adsorption energies for both types of sites
can be proposed. The GQOnolecule can adsorb on
both site types but it is proposed that dissociates only
on the hollow ones. Based on these postulates, a set
of equations conform the model which allows the fol-
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lowing global interpretation of the desorption process:
(i) the a1-CO, desorption peak a' ~ 215K cor-
responds to those molecules adsorbed in multilayers
(cf. Eq. (3)). (ii) From the chemisorbed GQpecies,
those on bridge sites constitute fBgpeak desorbing

at T ~ 480 K without suffering dissociation. (iii) The
CO, molecules on hollow sites suffer dissociation in
CO+ O but those, which at the moment of dissoci-
ation were first neighbors of empty bridge sites, give
rise to the CQuy desorption peak (cf. Eq. (4)). From
the remaining CO molecules, a fraction desorbs in the
B2-peak while the rest rebuild GOn a second order
reaction, which desorbs in thg-peak atT ~ 700 K

(cf. Eq. (5)). (iv) The proposed model also interprets
the maximum amount of CO molecules desorption
occurring at CQ@ exposures of~5L (peak o in

Fig. 4b) and the dramatic decrease at higher expo-
sures. Also the dependence on £€verage of the
B2-peak of CO, desorbing & ~ 400K, is correctly
described by the model.
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