CATALYSIS
TODAY

AVAOL

G

www.elsevier.com/locate/cattod

S <
ELSEVIER Catalysis Today 63 (2000) 283-289

The influence of surface defects on ethanol dehydrogenation
versus dehydration on the YQ 1 1) surface

S.V. Chong, M.A. Barteal?, H. Idriss®*

a Department of Chemistry, Materials Chemistry, University of Auckland, Private Bag 92019, Auckland, New Zealand
b Department of Chemical Engineering, University of Delaware, Newark, DE 19716, USA

Abstract

The decomposition of ethanol has been investigated onshuttered surfaces of a Y@ 11) single crystal. X-ray
photoelectron spectroscopy (XPS) of the U 4f peaks after sputtering for 1 h showed the presence of two distinct oxidation
states: Ut (U 4f7/, at 380.2eV) and O (U 4f7/, at 377.4eV). Upon ethanol exposure at room temperature, the peak at
377.4 eV was attenuated, indicating th&tdites were oxidized to " (x < 4). The presence of a mixture of oxidation states
on the surface influenced the reaction products observed during temperature programmed desorption (TPD). While ethylene
and acetaldehyde desorbed in one temperature domain (at 560 K) from stoichiomeiticlli) an additional desorption
domain (at 475K) was observed over the substoichiometric surface. The ratio of acetaldehyde to ethylene produced was
different in the two temperature domains. While this ratio was near unity for the 560 K domain, it decreased to ca. 0.5 for
the 475K peaks on the substoichiometric surface. The lower temperature reaction channel is likely associated with surface
oxygen vacancies, as it leads to greater oxygen abstraction, forming ethylene from surface ethoxide species. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction portant insights into surface structure-reactivity re-
lationships. Methods of surface modification may
The use of well-defined single crystal surfaces to include predosing the surface with various atoms or
study reactions of relevance to heterogeneous catalysismolecules (e.g., reaction of ethanol on HXO§00 1)
has been carried out for more than three decades. By[1], H2O/TiO2(110) [2], and Pd/Sng{1 1 0) [3] sur-
examination of such systems with powerful surface faces). Surface composition and structural changes
spectroscopic techniques, such as LEED, AES, XPS, may be created, e.g., electron beam sputtering [4],
HREELS and STM, to name a few, the properties of Ar*-bombardment [2], and most recently electron
the substrate and/or adsorbed species which govern abeam lithography [5] have also been employed in
particular reaction can often be elucidated. While the studies of surface reactivity.
usual procedure, as a first step, is to carry out reac- Previously, the reactions of ethanol on stoichiomet-
tions on stoichiometric, clean and ideally defect-free ric and oxygen-predosed Y@ 1 1) single crystal sur-
surfaces, modified surfaces may also provide im- faces have been reported [6]. Two reaction pathways
were observed on the stoichiometric surface — dehy-
" Corresponding author. Tekt64-9-3737599: dration to gthylene_and dehydrogenation to acetalde-
fax: +64-9-3737422. hyde — with a ratio of these two products of near
E-mail addressh.idriss@auckland.ac.nz (H. Idriss). unity. Predosing the surface with oxygen was found to
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alter neither the selectivity nor the yield of the dehy- [6]. After system bake-out (408K for 8h), surface

drogenation/dehydration reactions. The absence of ancontaminants were removed by repeated vacuum an-

effect of predosing the surface with oxygen (>100L) nealing and argon ion bombardment until XPS did

at room temperature was attributed to the fact that not show any significant amount of carbon-containing

the surface of UQ(111) is oxygen terminated [7,8]. species. Reagent grade ethanol used for temperature

Furthermore, STM studies by other workers [9] have dependent XPS and TPD experiments was subject to

indicated that additional adsorbed oxygen atoms are several freeze-pump-thaw cycles to remove volatile

positioned at the interstitial sites of the surface. Tak- contaminants. All dosing was carried out at room

ing into account these two factors, we have postulated temperature through a dosing needle connected to a

that adsorbed oxygen is easily displaced from the sur- variable leak valve. A heating rate ofd0+ 0.05K/s

face by ethanol, and thus is not present to influence was employed in all temperature programmed experi-

the reaction pathways for ethanol in TPD experiments ments. Quantitative TPD analyses were performed as

[6]. previously described in [6]. All XPS measurements

In this paper, we report a study of the reaction of were conducted at room temperature with the sample

ethanol on the Af-bombarded surface of UL 11) ato = 9(° from the analyser.

single crystal, employing X-ray photoelectron spec-

troscopy (XPS) and temperature programmed desorp-

tion (TPD). TPD results show that, in addition to prod- 3. Results

ucts obtained via dehydrogenation and dehydration

pathways, products formed via reductive coupling and 3.1. Surface characterisation

ketonisation are also observed. The operation of these

reaction pathways is supported by the presence of sur- The UQy(11 1) single crystal used in these exper-

face acetate, acetaldehyde and ethoxide species, ideniments has been previously characterised via LEED

tified via XPS measurements on this reduced surface.and AES [6]. LEED has shown a (1) surface termi-
nation, while AES indicated the presence of five major
uranium peaks at 73, 84, 94, 106 and 294 eV, as well as

2. Experimental an O peak at 514 eV. Similar LEED patterns were also
obtained after several cycles of isbombardment and

The experiments were carried out in a VG Sci- annealing in I 10~" mbar of oxygen prior to the fol-

entific surface analysis system at the University of lowing experiments.

Delaware. This system is equipped with a twin-anode

X-ray source, a hemispherical energy analyser, a 3.2. TPD

guadrupole mass spectrometer, LEED optics, and an

argon ion sputter gun; the typical base pressure is Ethanol TPD following an 11L exposure of the

~ 2 x 107mbar. The UQ(111) single crystal was  sputtered U®111) surface (Fig. 1) shows reac-

mounted onto the sample manipulator via tantalum tant/products desorbing in four temperature regions.

clips holding the edges of the crystal. Two tanta- Unreacted ethanolnfz 31, 45) desorbed in a small

lum wires were spot welded onto the back of the peak that appears as a shoulder at ca. 375-390K.

tantalum holder to provide resistance heating, and The second desorption regime at ca. 475K involved

the temperature of the sample was monitored with a acetaldehydenyz 29, 43, 44), ethylenenf/z 28, 27,

chromel-alumel thermocouple glued onto the side of 26), and a G product that we identify as butene

the crystal with high temperature cement. Mg Ka- (m/z 56, 55; ca. 460K), in addition to ethanol. At ca.

diation (zv = 12482 eV) was used as the excitation 530-560K, two additional products were observed:

source during all XPS experiments. The X-ray source ketene (/z 42, 14; ca. 530K) and acetonavg 58,

was operated with a 20mA emission current and a 15; ca. 535K), together with ethanol, ethylene, and

15keV acceleration voltage. All XP spectra were ref- acetaldehyde. The signal for carbon dioxide increased

erenced to the & 1s binding energy of 530.1eV. throughout the temperature ramp with a noticeable

The sample was prepared as described previouslypeak at ca. 715K.
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dioxide could not be accurately measured but repre-
sents a product yield of the order of few per cent.

3.3. XPS

3.3.1. Sputtered and non-sputtered surfaces of the
UO2(1 1 1) single crystal
XPS of the U 4f region before and after 1-h

Art-sputtering are shown in Fig. 2. On the non-

sputtered surface the binding energies of U, Af

and U 4§/, are positioned at 380.2 and 390.0eV,
respectively, and both peaks are accompanied by
satellites at higher binding energies (ca. 7.1eV). The
full-width-half-maximum (FWHM) for both peaks
was 2.0eV. The U 4f peak positions are compara-
ble to those obtained by Allen et al. [10] on a clean

UO2(111) surface with the exception of the FWHM

which was 0.2eV lower compared to their results.

Fig. 1. Products/reactant desorption profile for ethanol TPD from They were also very similar to those reported for pow-

a UOy(111) single crystal that had been Asputtered for 1h. der UQ (formed by B-reduction ofa-U3Og) [11].

The surface was exposed to ca. 11L of ethanol vapour. After the surface was sputtered for an hour, the base
of both peaks was observed to have broadened con-
siderably towards the lower binding energy side. This

Product yield analysis indicated that 83% of the and the increase in FWHM (2.5 eV) indicated the pres-
ethanol molecules initially adsorbed were converted ence of lower oxidation state uranium. Deconvolution
to other products (Table 1). The main products were of the U 4f;,> peak shows the presence of a peak at
ethylene and acetaldehyde, accounting for 92% of the ca. 377.4 eV, which can be assigned as either (ih

total product distribution. The ratios of acetaldehyde the form of UO) or metallic uranium. We assign the

to ethylene were 0.53 for the reaction channel at 475K peak to U as it is close to the pure uraniumz4f

and 0.96 for that at 560 K. Acetone and butene ac- values of 377.0 [12] and 377.3 eV [13]. No reference

counted for 3.9 and 2.7%, respectively of the carbon data for the U 4f lines of &+ are available, and we do

content of the initially adsorbed ethanol layer. Carbon not observe any evidence for the O 1s line at 535.7 eV

Desorption Rate (Arbitrary Units)

300 400 500 600 700 800
Temperature (K)

Table 1
Product distribution from ethanol-TPD after ca. 11L ethanol exposure at room temperature on'tispuétered (Lh) surface of a
UO2(111) single crystal

Products/reactant Peak temperature (K) Carbon yield (%) Carbon selectivity (%)
Ethanol (Wz 31) 375 3.2 -
Ethanol (vz 31) 475 5.4 -
Acetaldehyde rtvz 29) 475 7.5 9
Ethylene vz 27) 475 14 16.9
Butene (n/z 56) 460 2.2 2.7
Ketene (Wz 42) 530 1 1.2
Acetone (/z 58) 535 3.2 3.9
Ethylene Wz 27) 540 28 33.8
Ethanol Wz 31) 560 8.6 -
Acetaldehyde rtvz 29) 560 26.9 325
Carbon dioxide 1fVz 44) 715 n.@ n.c.

2Not calculated.
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XPS U4t XPS of the O 1s region showed no significant
changes before and after sputtering. However, the
7 3900;8‘1’“" ©" C 1s spectra showed the existence of traces of
' : carbon-containing species around 282.3-282.7eV
| s on both the sputtered and non-sputtered surfaces,
_ . I which might be attributed to UC. The forma-
3 .l W § 377 4eV W) tion of uranium carbide has been reported on
i’; i ‘u-*l After the surface of U metal after vacuum annealing
= L e Tpuerne [12,14], as well as after the reaction of methanol
g [15].
= : ;
w..m"l "«.\j Before 3.3.2. Temperature dependent XPS
3 Sputtering
3.3.2.1. C 1s. After dosing 10L of ethanol on
: . . . . the sputtered surface at room temperature, the C 1s
410 400 390 380 370 360 spectrum shows peaks at 285.6eV and a shoulder
Binding Energy (eV) at 286.5eV, which can be assigned to the 3EH

and —CHO groups, respectively, of surface ethoxide
Fig. 2. XPS of U 4f peaks after 1h of Arbombardment. The species. These peaks are not assigned to molecularly
oy vl v oo s onr i rasysge 20501020 elhanol.as tis species should give a peak
of S4f7/2 ()3l,77.4 eV) has been assigned to the zero gxidatigﬁ state separation close to 1.4eV (gaseous ethano_l)' For ex-
of uranium. ample, molecularly absorbed ethanol on a @0 1)
single crystal surface [16] gave rise to peaks at 286.1
and 287.5eV (a separation of 1.4eV), and that on
that has been reported for UO [12]. Upon dosing of ZNO(0001)single crystal [17] gave a separation of
ethanol, Fig. 3, XPS U 4f analysis showed a decrease 1-9€V.
of the peak assigned to®UThis may indicate that Upon heating the sample to 424K, the peak posi-
part of ethanol adsorption was achieved via oxygen tions remained unchanged, although C 1s peak area
donation to f||| Surface Oxygen VacancieS, resu'ting in Calculations ShOWed tha.t around 28% Of the |n|t|al ad'
oxidation of U’ to U+ (x < 4). sorbates had been removed from the surface. After
heating to 497 K, the peak at 286.5 eV shifted by 0.7 to
higher binding energy, and a slightrise in the signal de-
veloped at 290.2 eV. The shift to higher binding energy
of the peak at 286.5-287.2 eV may be indicative of the
presence of an aldehyde species. The peak at 290.2 eV
A may be due to surface carboxylates, as the temperature
% at which it is most prominent coincides with leading
&3 edge of ketene desorption in TPD experiments. Ac-
etate species were previously observed on the surfaces
of faceted TiQ(00 1) [18] and MgO(1 0 0) [19] single
. i crystals; in both cases the C 1s peak for the carboxylate
395 385 375 365 group was located at 290.0 eV. However, the peak at
Binding Energy (eV) 285.6 eV remained unchanged below 600K in Fig. 4.
The intensity of the peak at 287.2 attenuated slightly
Fig. 3. Comparison between the XPS U 4f peaks befdr ( after heating the sample to 598 K. At this temperature,
:”f after @) ethanol dosing (2L) at room temperature on the - +pp g\ us the desorption of the remaining ketene, ac-
rT-sputtered surface of a Y@L 1 1) single crystal. Note the base .
of both U 4f,, and U 4§, peaks became narrower after ethanol etaldehyde and acetone. After heatmg to 722K, an ap-
exposure. preciable level of carbon-containing species remained

XPS U 4f
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Fig. 4. C 1s spectra for a UQL11) single crystal surface, Fig. 5. Temperature dependent O 1s XPS after 10L ethanol ex-
Art-bombarded for 1 h, exposed to 10L of ethanol at room tem- posure on Ar-sputtered U@(1 1 1) single crystal surface.
perature, and heated sequentially to the temperatures indicated.

to decrease and at 722K the FWHM was restored
to 1.8eV. No clear transition from surface ethoxide
to surface acetate species could be resolved in the O
1s spectra, although it has previously been observed
that alkoxide and carboxylate species exhibit very
similar O 1s binding energies on other oxide
surfaces [20].

on the surface, ca. 23% of the ethanol originally ad-
sorbed, part of which was oxidised to g@s shown
in Fig. 1.

3.3.2.2. O 1s. O 1s spectra were also collected to
probe the surface species present with increasing tem-
perature after ethanol exposure (Fig. 5). Prior to dos-
ing (after sputtering for 1 h), the O 1s spectrum shows
a lattice oxygen peak at 530.1 eV with a FWHM of ca. 4. Discussion
1.8eV. After ethanol exposure at room temperature,
an asymmetric peak was produced with a shoulder at The reactions of ethanol on a stoichiometric
higher binding energy and a FWHM of ca. 2.2eV. The UO»(111) single crystal surface were previously in-
increase in the FWHM value indicates the presence vestigated [6]. Ethanol was converted to ethylene by
of an oxygen-containing adsorbate, most probably the dehydration and to acetaldehyde by dehydrogenation.
ethoxide, as the binding energy difference between the Both products desorbed at 575K with an acetalde-
lattice oxygen peak and the shoulder at higher binding hyde to ethylene ratio 0f0.8. In the present work it
energy was 1.2-1.4eV. was found that ethanol reacts over substoichiometric
The ratio of the intensity of the shoulder at higher UO»(11 1) also to give mainly acetaldehyde and ethy-
binding energy to that of lattice oxygen might be lene. However, both products desorbed in two differ-
of help in probing the reaction, and complement the ent temperature domains: at 475 and 540-560K. As
C 1s and TPD studies. After heating the sample to shown in Fig. 3, the U 4f peaks in XPS become nar-
424 K, the ratio of the intensity of the shoulder to that rower upon dosing of ethanol, clearly indicating the
of lattice oxygen at 530.1 eV decreased from 0.57:1 contribution of surface defects (and their depletion by
(at room temperature) to 0.49:1. Subsequent heatingthe reaction). Thus, from the results of this work and
caused the intensity of the shoulder and the FWHM those of Ref. [6], one may conclude the following:
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e non-defected UQ(111) single crystal surfaces Overall, the chemistry of ethanol on this #r
exhibit a single channel for ethoxide decompo- sputtered surface is essentially governed by the pres-
sition which produces nearly equimolar amounts ence or absence of oxygen anions.
of dehydration and dehydrogenation products:

CH3CHO/CH,CH, = 0.96, Ty ~ 575K;

e on oxygen deficient U@ ,(111) surfaces, a sec- 5. Conclusions
ond pathway for ethoxide decomposition is opened
that produces greater amounts of dehydration than The reactions of ethanol have been studied on the
dehydrogenation products: GAHO/CH,CH,; = Art-sputtered surface of a Ul 11) single crystal
0.53, Tp ~ 460-480 K. using TPD, supplemented by XPS, under UHV condi-

The shift in the reaction selectivity is most likely tions. Two dehydrogenation (to acetaldehyde) and de-

due to the creation of oxygen vacancies (during hydration (to ethylene) channels were observed, one

ArT-sputtering) that are restored by breaking the C-O at 575K with a ratio of 0.96 (similar to that previ-

bonds of ethoxide species as follows: ously observed over stoichiometric Y@ 11) [6]),
while the other was attributed to U suboxide sites, and
O() + CH3CHO-U"* + V, — OHgg yielded twice as much ethylene as acetaldehyde. The
+ CHCHy + O driving force for the latter reaction channel appears to

be the restoration of oxygen anion sites. In addition to

where (s) and (I) denote surface and lattice species,the dehydrogenation and dehydration pathways, sev-
respectively, while ¥ represents a surface oxygen eral minor reactions were observed. These were: (1)
vacancy. oxidation to acetates followed by dehydration (ketene)

The production of butene can be explained by the and ketonisation (acetone), and (2) reduction to ac-
reductive coupling of two acetaldehyde molecules. etaldehyde followed by coupling to butene.
Butene was observed from acetaldehyde over
ArT-sputtered TiQ(001) [21], as well as from the
reaction of acetic acid over arm esputtered surface of ~ Acknowledgements
a UQy(111) single crystal [4]. It is also worth noting
that organometallic complexes of U are active for the  The authors, especially SVC, would like to thank
reductive coupling reaction [22]. The formation of Adrian Sherrill (University of Delaware) for his assis-
ketene coincided with the development of traces of ac- tance in all the data acquisition on the VG Scientific
etate species in the C 1s spectrum, indicative of some surface analysis system, and also the financial sup-
oxidation of ethoxide species (the oxygen required to port from The University of Auckland and The New
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the reductive coupling route). The formation of ketene
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surface. The proposed reason for the ketonisation of __ 869
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T+ ( — ; . .
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