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Abstract 

The reactions of HCOOH and CH,COOH on CeO,(lll) and CeO,(lOO) were studied using temperature programmed 
desorption (TPD) and high resolution electron energy loss spectroscopy (HREELS). The carboxylic acids were found to 
dissociate on both surfaces to form carboxylates. Adsorbed formates and acetates decomposed near 600 K to produce 
primarily the dehydration products CO and CH,CO, respectively. This result is consistent with previous studies which have 
indicated that the ease of reduction of the oxide is the primary factor in determining the selectivity for dehydration versus 
dehydrogenation during carboxylate decomposition. In addition to CO and CO,, small amounts of formaldehyde were 

produced during formate decomposition on both CeO,( Ill) and CeO,(lOO). I n contrast, acetone was observed as a product 

during acetate decomposition only on the CeO,(l 11) surface. 

1. Introduction 

The selectivity for carboxylate dehydration 
versus dehydrogenation has long been used as a 
probe of the acid-base properties of metal oxide 
surfaces [l-4]. The conventional wisdom is that 
basic oxides exhibit a high selectivity for dehy- 
drogenation, while acidic oxides favor dehydra- 
tion. In recent years, however, studies of the 
decomposition of carboxylates on single crystal 
rnetal oxide surfaces suggest that this descrip- 
tion may be somewhat oversimplified. For ex- 
ample, on MgO( 100) formates decompose ex- 
clusively to CO in spite of the fact that MgO is 

considered to be highly basic [3]. On SnO,( 110) 
two separate formate decomposition pathways 
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have been observed, one which preferentially 
produces CO and one which preferentially pro- 
duces CO, [5]. A similar result has also been 
reported for formate decomposition on 
ZrO,(lOO) [6]. In both of these cases, surface 
oxygen vacancies are thought to play an impor- 
tant role in determining reactivity. Based on 
these results as well as those obtained from 
TiO, surfaces, Barteau has suggested that the 
ease of reduction of the oxide is the principal 
factor in determining the relative amounts of 
CO and CO, produced during for-mate decom- 
position [3,7]. 

In addition to dehydration and dehydrogena- 
tion, bimolecular coupling of carboxylates has 
also been found to occur on metal oxide sur- 
faces [7-91. For example, on the {114}-faceted 
surface of TiO,(OOl) formates undergo a bi- 
molecular reaction to produce formaldehyde, 
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while acetates react to form acetone [S]. Based 
on the fact that bimolecular coupling occurred 
only on surfaces that contained Ti cations with 
multiple coordination vacancies, it has been 
proposed that this reaction involves two carbox- 
ylates coordinated to a common surface Ti cation 
[7-91. In addition to bimolecular coupling, it 
has also been reported that formaldehyde can be 
produced via a unimolecular reduction pathway. 
This appears to be the case for the reaction of 

formates on SnO,(l 10) [5]. 
In order to provide additional insight into the 

reaction pathways for carboxylates on metal 
oxide surfaces, in the present investigation we 
have studied the reaction of both formic and 
acetic acids on the (111) and (100) surfaces of 
CeO,. Cerium dioxide has a fluorite crystal 
lattice. Schematic diagrams showing the ideal 
terminations for the (111) and (100) surfaces of 
this lattice are displayed in Fig. 1. The 
CeO,( 111) surface has hexagonal symmetry and 
is formally composed of an outer layer of 0e2 
anions. The second layer of Ce+4 cations are 
also exposed on this surface. Both the cations 
and anions each have one vacancy in their 
respective coordination spheres relative to that 
in the bulk (i.e. they each have a single dangling 
bond). The CeO,(lOO) surface has fourfold 
symmetry and also has both cations and anions 

exposed. On this surface, however, the O-’ 
anions are fully coordinated, while the Ce+” 
cations have four coordination vacancies. 

2. Experimental 

Experiments were conducted in two ultra- 
high-vacuum surface analysis systems. One sys- 
tem was primarily used for TPD experiments 
and contained a quadrupole mass spectrometer 
(UTI), a retarding field electron energy analyzer 
(Omicron), and an ion gun. The other chamber 
contained a high resolution electron energy loss 
spectrometer (McAllister), a cylindrical mirror 
analyzer (Omicron), and an ion gun. The base 
pressure in both chambers was maintained be- 
low 2 x lo-” Torr. 

The CeO,(l 11) single crystal wafer used in 
this investigation was approximately 7 mm X 4 
mm X 1 mm in size and was cut from a larger 
crystal obtained from Commercial Crystal Lab- 
oratories. Prior to cutting, the crystal was ori- 
ented to expose the ( 111) surface using Laue 
x-ray diffraction. The (111) surface was pol- 
ished until optically smooth by Commercial 
Crystal Laboratories using a proprietary method. 
The CeO,(lOO) substrate consisted of an epitax- 
ial film of CeO, deposited on r-plane sapphire. 

Ce02(111) CeO,(lOO) 

Fig. 1. Schematic diagrams of the ideal terminations of the CeO,(lll) and CeO,(lOO) surfaces. The large shaded balls represent O-’ 
anions, while smaller unshaded balls represent Ce+4 cations. 
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The film was grown using 90” off axis RF 
magnetron sputtering with a gas phase consist- 
ing of 60% Ar and 40% 0, at a total pressure 
of 4 x 10h2 Torr. The average thickness of the 
film was 100 ,& and the orientation was verified 
using x-ray diffraction. AFM analysis of the 
surface of the film indicated that it was com- 
posed of crystalline domains v$th lateralOdimen- 
sions of approximately 1000 A X 1000 A. 

The CeO,( 111) and CeO,( 100) samples were 
mounted in tantalum holders which were at- 
tached to an UHV sample manipulator. The 
samples could be heated in excess of 950 K and 
cooled to 150 K via conduction from the sample 
holder. The temperature was monitored using a 
chromel-alumel thermocouple which was at- 
tached to the back face of the sample using a 
ceramic adhesive (Aremco #5 16). 

Once in vacuum, the CeO,( 111) sample was 
cleaned by sputtering with 500 eV Ar+ ions for 
30 min followed by annealing at 800 K in 
1 X lo-’ Torr of O2 for one hour. This sput- 
ter/anneal cycle was repeated until a clean, 
well ordered CeO,(l 11) surface was obtained as 
determined by AES and LEED. The CeO,(l 11) 

surface prepared in this manner exhibited a 
sharp hexagonal LEED pattern. Hexagonal sym- 
metry is consistent with that expected for the 
ideal termination of this surface. The CeO,(lOO) 
epitaxial film was cleaned by annealing in 1 X 
lo-’ Torr of 0, for one hour. The cleanliness 
of this surface was also monitored using AES. 
The insulating nature of the sapphire substrate 
precluded LEED analysis of this surface. 

Formic acid (96% purity, Aldrich) and acetic 
acid (97% purity, Fisher Scientific) were vac- 
uum distilled prior to use. Saturation exposures 
of the carboxylic acids were used in all experi- 
ments. TPD runs were performed with a heating 
rate of 3 K/s. 

HREEL spectra were collected in the specu- 
lar direction with an angle of incidence and 
reflection of 60” and an electron beam energy of 
3.5 eV. The surface of the CeO,( 100) film was 
apparently rather rough compared to that of the 
single crystal CeO,( 111) surface and it was not 

possible to obtain high quality HREEL spectra 
from this sample. Therefore, HREELS results 
are reported only for CeO,( 111). The CeO,( 111) 
sample was maintained near 150 K during col- 
lection of HREEL spectra. For experiments in 
which the vibrational spectrum of an adsorbate 
was examined as a function of temperature, the 
sample was first heated to the desired tempera- 
ture and then rapidly quenched to 150 K at 
which point an HREEL spectrum was collected. 

Due to their limited conductivity, the CeO, 
samples used in this investigation became elec- 
trostaticly charged during irradiation with the 
low energy electrons. Thus, it was necessary to 
neutralize sample charging in order to collect 
HREEL spectra. This was done by irradiating 
the sample with a low flux of high energy 
electrons. Charge neutralization was achieved 
by balancing the flux of the incident high and 
low energy electrons with that of the emitted 
secondary electrons. This charge neutralization 
technique has been previously described in de- 
tail [ 10,l I]. The high energy electron gun was 
operated with a beam energy of 400 eV and an 
emission current of approximately 10 uA. 

The analysis of adsorbate features in the 
HREEL spectra of metal oxide surfaces is com- 
plicated by the presence of a series of intense 
losses due to multiple excitation of the dipole- 
active optical phonon modes of the oxide lattice 
[6,12-211. In order to overcome this problem, 
the HREEL spectra were subjected to a Fourier 
deconvolution procedure which removed peaks 
due to multiple scattering events. This proce- 
dure has previously been described in detail 
[ 14,16,17] and applied in HREELS studies of 
adsorbates on ZnO(0001) [17,22], NiO(100) 
[21,23,24], MgO(100) [18], and ZrO,(lOO) [6]. 
An example of the application of this deconvo- 
lution procedure to the HREEL spectrum of 
clean CeO,(l 11) is displayed in Fig. 2. After 
deconvolution the phonon combination peaks 
which result from sequential scattering events 
are no longer present in the spectrum. Note that 
due to the limited signal-to-noise ratio in the 
raw data, small Fourier ripples were occasion- 
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Fig. 2. HREEL spectrum of clean CeO,(lll) before (lower 

portion) and after (upper portion) deconvolution. 

ally evident in the deconvoluted 
order to assure that small adsorbate 
correctly identified each HREEL 
was repeated several times. 

3. Results 

spectra. In 
losses were 
experiment 

3.1. Reaction of HCOOH and CH,COOH on 

CeOJlll) 

Temperature programmed desorption spectra 
for the decomposition products obtained from 
HCOOH- and CH,COOH-dosed CeO,( 111) are 
displayed in Figs. 3 and 4, respectively. For the 
HCOOH-dosed surface, in addition to a small 
amount of molecular HCOOH which desorbed 
in a broad peak centered at 200 K, the only 
other products detected were CO (m/e = 28), 
CO, (m/e = 44), H,O (m/e = 181, and CH,O 
(m/e = 30), all of which desorbed at 610 K. 
The peak temperature for the decomposition 
products is similar to that which has been re- 
ported previously for reaction of formates on 
several other metal oxide surfaces, including 

HCOOH/CeO,(lll) 

400 600 800 1000 
TEMPERATURE(K) 

Fig. 3. TPD spectra obtained following exposure of CeO,(l 11) to 

1 L of HCOOH. The m/e values of 30, 44, 28, and 18 

correspond to H,CO, CO,, CO, and H,O, respectively. 

k CH,COOWCeO,(lll) 

I I I 1 I I I 

400 600 a00 1000 
TEMPERATURE (K) 

Fig. 4. TPD spectra obtained following exposure of CeO,(l 11) to 

1 L of CH,COOH. The m/e values of 58, 44, 14, and 18 

correspond to (CH,),CO, CO,, CH,CO, and H,O, respectively. 
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Table 1 
Product yields for formate decomposition 
- 
Desorption product CeO,(l 11) CeO,(lOO) 

Yield Peak Yield Peak 

fraction temp (K) fraction temp (K) 

Carbon monoxide 1 610 1 650 

Carbon dioxide 0.22 610 0.17 670 

Water 0.32 610 0.40 650 

Formaldehyde 0.05 610 0.04 650 
- 

ZrO,(lOO) [6], SnO,(llO) [5], ZnO(0001) [25], 
and TiO,(OOl) [7]. Thus, for CeO,(l 11) these 
peaks can also be assigned to formate decompo- 
sition. The HREELS results presented below are 
consistent with this conclusion. As shown in 
Table 1, dehydration was highly favored over 
dehydrogenation during formate decomposition 
with the ratio of CO to CO, produced being 
4.5. Formaldehyde accounted for less than 4% 
of the carbon-containing products. 

TPD spectra for the decomposition products 
obtained from the CH ,COOH-dosed CeO,(l 11) 

are displayed in Fig. 4. The primary reaction 
pathway was again dehydration resulting in the 
production of ketene (CH,CO, m/e = 14) at 
635 K. Small amounts of acetone ((CH,),CO, 
m/e = 58) and H 2O (m/e = 18) were also pro- 
duced at this temperature, while CO, (m/e = 
44) desorbed in two peaks centered at 860 and 
680 K. The relative product yields, based on the 
TPD peak areas and measured cracking pat- 
terns, are listed in Table 2. In addition to the 
decomposition products shown in Fig. 4, molec- 
ular CH,COOH was found to desorb in a broad 
peak between 180 and 300 K. 

Table 2 

Product yields for acetate decomposition 

Desorption product CeO,(ll 1) CeO,(lOO) 

Yield Peak Yield Peak 

fraction temp (K) fraction temp (K) 

Ketene 1 635 1 680 
Carbon dioxide 0.19 680 0.15 700 

0.16 860 0.05 780 

Water 0.27 635 0.56 680 
Acetone 0.06 635 0 _ 

The reactions of carboxylic acids on 
CeO,(lll) were also studied using HREELS. 
Before presenting this data, the spectrum of the 
clean CeO,(ll 1) surface will be briefly dis- 
cussed. As shown in Fig. 2, the HREEL spec- 
trum of CeO,(l 11) contains a series of intense 
losses which result from the excitation of the 
surface optical phonons (i.e. Fuchs-Kliewer 
phonons) of the lattice. The most prominent of 
these occurs at 550 cm- ‘. This energy is consis- 
tent with that expected for the surface phonon 
mode based on the infrared optical constants of 
CeO, [26,27]. As noted above, multiple scatter- 
ing events give rise to phonon-phonon combi- 
nation peaks which occur at integer multiples of 
the phonon fundamental loss. The intensity of 
these combination losses follow that of a Pois- 
son distribution. In addition to the surface 
phonon at 550 cm-’ a smaller loss is evident at 
280 cm-‘. Peaks resulting from multiple excita- 
tions of this vibrational mode also appear 
throughout the spectrum. Although the intensity 
of this peak suggests that it is an additional 
phonon mode, a loss at this energy is not ex- 
pected based on the bulk optical properties of 
CeO, [26,27]. Vibrational features in addition to 
those related to the bulk dielectric properties 
have also been observed in previous HREELS 
studies of ZnO(OOOT) [28] and LiFtlOO) [29]. In 
both of these cases it was postulated that the 
extra peaks resulted from excitation of vibra- 
tional modes localized at surface crystallo- 
graphic defects. This explanation is reasonable 
in the case of CeO,( 111) as well. Cerium cations 
are stable in both + 3 and + 4 oxidation states. 
As a result, CeO, can accommodate a high 
number of oxygen vacancies [30-331. Thus, it 
would not be surprising if the surface contained 
a significant number of oxygen defects. 

The HREEL spectrum of CeO,(l 11) dosed 
with 5 L of HCOOH at 180 K before and after 
deconvolution of the combination peaks is dis- 
played in Fig. 5a. The deconvoluted spectrum 
contains adsorbate related features centered at 
961, 1150, 1363, and 2885 cm-‘. Based on 
comparisons to the IR spectra of gaseous 
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Fig. 5. HREEL spectrum of HCOOH-dosed CeO,(ll 1): (a) fol- 

lowing HCOOH adsorption at 180 K and (b) after heating the 

surface in (a) to 300 K. 

HCOOH monomers and dimers [34], and to the 
HREEL spectra of HCOOH condensed on other 
metal oxides [6,17,20], these peaks can be as- 
signed to the 6(0-H), v(C-01, 6(C-H), and 
u(C-H) modes of adsorbed formic acid, respec- 
tively. One would expect to observe the n(C=O) 

mode of formic acid near 1700 cm-‘. Although 
the HREEL spectrum does not contain a well- 
resolved peak at this location, there does appear 
to be a shoulder on the high-energy side of the 
S(C-H) peak, which may be due to this mode. 
The presence of hydrogen bonding causes the 
O-H stretching mode of adsorbed HCOOH to 
be quite broad and difficult to detect in the 
HREEL spectrum of molecular HCOOH on 
metal oxide surfaces [6,20]. In the case of 
CeO,(l 11) this mode most likely overlaps with 
that of the C-H stretch. The position of the 
&(0-H) peak, 961 cm- I, is close to that re- 
ported for formic acid dimers in the gas phase 
[34]. This mode appears near 635 cm-’ in 
isolated formic acid molecules [34]. This sug- 
gests that at low temperature, HCOOH forms 
dimers on the CeO,(l 11) surface. A similar 
result has been reported for HCOOH adsorbed 
on ZrO,(lOO) [6] and NiO(100) [20]. 

Heating the HCOOH-dosed CeO,( 111) sur- 
face to 300 K resulted in several changes in the 
HREEL spectrum relative to that obtained at 
low temperature. As shown in Fig. 5b, the 
spectrum at 300 K contains peaks due to adsor- 
bates centered at 1040, 1370, 1590, 2880, and 
3450 cm-‘. The peak at 3450 cm-’ is at an 
energy near that typically observed for the O-H 
stretching mode of hydroxyl groups on metal 
oxide surfaces [6,17,20,23,24]. The formation of 
surface hydroxyl groups indicates that the O-H 
group in adsorbed formic acid dissociates upon 
heating. The remaining peaks are in positions 
consistent with that of adsorbed formate species. 
The specific assignments for these peaks are 

Table 3 

Formate vibrational frequencies a 

Vibrational mode CeO,(lll) HREELS 

n(C-H) 1055 
v&O-C-0) 1370 
v,(O-C-0) 1590 
v(C-H) 2880 

a All values are in cm-’ 

h From Ref. [35] 
’ From Ref. [17] 

d From Ref. [6] 

HCOONa IR b 

1079 

1366 

1567 

2841 

ZnO(000 1) HREELS ’ ZrO,(lOO) HREELS d 

1079 1025 
1387 I357 
1612 1566 
2939 2880 
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listed in Table 3. The peak positions for for- 
mates adsorbed on ZnO(0001) [ 171 and 
ZrO,(lOO) [6] as well as those for HCOONa 
[35] are also listed in this table for comparison. 

The HREELS results for CH,COOH-dosed 
CeO,(l 11) were analogous to those obtained for 
HCOOH. At 150 K, the HREEL spectrum was 
consistent with that of molecular acetic acid. An 
HREEL spectrum obtained after dosing 

CH,COOH at 150 K is displayed in Fig. 6a. By 
comparison to the IR spectrum of gaseous 
CH,COOH [36] and the HREEL spectrum of 
CH ,COOH adsorbed on MgO(l00) [ 181, the 
peaks centered at 913, 1030, 1390, 1700, and 
2950 cm-’ can be assigned to $0-H), u(C-C), 
v(C-0) along with &(CH,), v(C=O), and v(C- 
H) modes, respectively. Once again the u(O-H) 
mode is not resolvable and most likely con- 
tributes intensity to the v(C-H) peak at 2950 
cm-‘. 

L , I I I I 

0 1000 2000 3000 4000 

ENERGY LOSS (cm-t) 

The most noticeable change in the HREEL 
spectrum of the CH,COOH-dosed surface upon 
heating (see Fig. 6b) was the emergence of an 
O-H stretching mode at 3480 cm-‘, indicating 
dissociation of the adsorbed acetic acid to form 
acetate. The assignment of the acetate vibra- 
tional modes are listed in Table 4 as well as the 
peak positions for CH,COONa and acetates 
adsorbed on NiO( 100) [24] and MgO( 100) [ 181. 

I 
I I I I 

0 1000 2000 3000 4000 

ENERGY LOSS (cm-l) 

Fig. 6. HREEL spectrum of CH,COOH-dosed CeO,(lll): (a) 

following CH,COOH adsorption at 150 K and (b) after heating 
the surface in (a) to 300 K. 

J.2. Reaction of HCOOH and CH,COOH on 

CeOJ100) 

Temperature programmed desorption spectra 
for the decomposition products obtained follow- 

ing a saturation dose of HCOOH on the 
CeO,(lOOl surface are displayed in Fig. 7 and 
the relative product yields are listed in Table 1. 
With the exception of the peak temperatures, 
which are slightly higher, these spectra are 

Table 4 

Acetate vibrational frequencies a 

Vibrational mode CeO,(l 11) HREELS CH,COONa IR h NiO(lO0) HREELS ’ MgO(100) HREELS d 

v(C-C) 1020 924 - 1000 
p(C-CH,) 1125 1012,1043 _ - 

6(C-H) - 1333, 1440 1302 - 

v,(O-C-O) 1405 1421 1502 1449 

v&O-C-O) 1630 1583 1650 1579 

v(C-H) 2945 2955, 3000 3075 3066 

a All values are in cm-’ 

b From Ref. [35] 

’ From Ref. [24] 

d From Ref. [ 181 
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Fig. 7. TPD spectra obtained following exposure of CeO,(lOO) to 

1 L of HCOOH. The m/e values of 30, 44, 28, and 18 

correspond to H&O, CO,, CO, and H,O, respectively. 

nearly identical to those obtained from the 
CeO,( 111) surface. Thus, by comparison to the 
results obtained from the CeO,(l 11) surface the 

HCOOH/CeO,(lOO) 

I I I I 1 I I 

400 600 800 1000 
TEMPERATURE (K) 

CH,COOH/CeO,(lOO) 

1 I I I I 1 I 

400 600 800 1000 
TEMPERATURE (K) 

Fig. 8. TPD spectra obtained following exposure of CeO,(lOO) to 

1 Langmuir of CH,COOH. The mass-to-charge ratios of 44, 14, 

and 18 correspond to CO,, CH,CO, and H,O, respectively. 

products near 650 K can be assigned to decom- 
position of surface formate species. 

The TPD results for the reaction of 
CH,COOH on CeO,(lOO) were also similar to 
those obtained from CeO,(l 11). As shown in 
Fig. 8 and Table 2, the primary decomposition 
product was ketene which desorbed at 680 K. 
Water was also produced at this temperature. 
Carbon dioxide desorbed in two overlapping 
peaks centered at 700 and 780 K. The major 
difference between the TPD results obtained for 
the CH ,COOH-dosed CeO,(lOO) and 
CeO,( 111) was the lack of acetone production 
on CeO,(lOO). 

4. Discussion 

The TPD and HREELS results demonstrate 
that HCOOH and CH,COOH dissociate on 
CeO,(l 11) and CeO,(lOO) to form surface car- 
boxylates and hydroxyl groups. Adsorbed for- 
mates are stable up to 600 K at which point they 
decompose producing CO and CO,. The ratio 
of CO to CO, produced on CeO,(l 11) and 
CeO,( 100) during formate decomposition was 
4.5 and 5.9, respectively. Thus, on both surfaces 
dehydration was strongly favored over dehydro- 
genation. As noted above, it has been suggested 
that the ease of reduction of the oxide is related 
to the CO/CO, ratio during for-mate decompo- 
sition, with more easily reduced oxides produc- 
ing more CO, [3,7]. Table 5 lists the CO/CO, 
ratios reported for formate decomposition on 
single crystal surfaces of several reducible ox- 
ides as well as the heat of formation for each 
oxide at 298 K. Comparison of the values in the 
table indicate that while surface structure has a 
minor influence on the CO/CO, ratio, there is 
a correlation between this ratio and the heat of 
formation of the oxide. Oxides which have a 
larger heat of formation exhibit a higher selec- 
tivity for the production of CO. This result 
provides further evidence that the reducibility of 
the oxide is an important factor in determining 
the selectivity for dehydration versus dehydro- 
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Table 5 
CO/CO, for formate decomposition and - AH: for various 

metal oxide surfaces 
- 
Metal oxide surface co/co* - A HP (kcal/mol) ’ 

ZnO(000 1) 0.26 a 84 

Ti02(001)-(114) faceted 2.1 b 125 

TiO,(OOl)-(011) faceted 2.8 b 

SnOJllO) 2.5 c 142 

CeO,(ll 1) 4.5 d 245 

Ce02(100) 5.9 d 

ZrOJlOO) 5.3 r 262 
- 

a From Ref. 1251 

b From Ref. [7] 

’ From Ref. 151 

d From this study 

e From Ref. [6] 

r ,411 values from Ref. [39] 

genation during formate decomposition on metal 

oxides. 
In addition to the oxidation products, a small 

amount of formaldehyde was also produced dur- 
ing formate decomposition. In previous studies 
of the reaction of formic acid on single crystal 
metal oxide surfaces, formaldehyde has been 
attributed to either a bimolecular reaction in- 
volving two formates [7,8] or to the reaction of 
formate with surface hydrogen [5]. Studies on 
faceted TiO,(OOl) surfaces [7,8] indicate that 
the site requirement for the former pathway is a 
surface cation with at least two coordination 
vacancies. Multiple coordination vacancies are 
required in order to have two formate anions 
bound to a single surface cation. For CeO,( 1 OO>, 
the surface Ce cations meet this requirement 
and possess four coordination vacancies; how- 
ever, the cations on the CeO,(l 11) surface pos- 
sess only a single coordination vacancy. The 
lack of multiple cation coordination vacancies 
on CeO,( 111) coupled with the fact that H,CO 
is produced at the same temperature as the 
unimolecular decomposition products suggests 
that H,CO is also a product of the unimolecular 
pathway. Apparently a portion of the hydrogen 
produced during formate decomposition can hy- 
drogenate other formate species still on the 

surface. A similar pathway has been proposed 

to account for the production of H,CO during 
formate decomposition on SnO,( 110) [5]. 

The primary decomposition pathway for ac- 
etate species on both CeO,(l 11) and CeO,( 100) 
was also dehydration resulting in the production 
of ketene. In addition to ketene, small amounts 
of the complete oxidation product, CO,, were 
also detected. For both surfaces, CO, was pro- 
duced at two separate temperatures, the lower of 
which being close to the ketene desorption tem- 
perature. A similar two peak structure for CO, 
has been observed previously by Vohs and 
Barteau during acetate decomposition on 
ZnO(0001) [25]. In that study, based on XPS 
results, the low-temperature feature was as- 
signed to non-selective decomposition of sur- 
face acetates, while the high-temperature feature 
was attributed to oxidation of surface carbon 
which was produced during the non-selective 
decomposition reaction. Since CO2 was the only 
product produced at the higher temperature for 
the ceria surfaces, it is reasonable to also assign 
this feature to oxidation of surface carbon. 

For the CH ,COOH-dosed CeO,( 111) surface 
a small amount of acetone was also detected. As 
noted above, for the {114)-faceted reconstruc- 
tion of Ti02(001) the production of acetone 
from surface acetates has been attributed to a 
bimolecular ketonization reaction involving ac- 
etates adsorbed on a common surface Ti+4 
cation [8,9]. In the present case, however, ace- 
tone was produced only on the ( 1111 surface 
suggesting that this product is not formed by an 
analogous pathway. If such were the case, one 
would expect a higher yield of acetone from the 
(100) surface on which the Ce cations have 
multiple coordination vacancies. The fact that 
acetone is produced at the same temperature as 
the dehydration products on the CeO,(l 11) sur- 
face, suggests that it is simply a minor product 
of unimolecular decomposition. One possibility 
is that methyl groups, which are liberated dur- 
ing the non-selective acetate decomposition re- 
action, react with acetate species remaining on 
the surface to produce acetone. This pathway is 
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analogous to that proposed above for the pro- 
duction of formaldehyde from formates. 

In addition to confirming the formation of 
surface formates and acetates, the HREELS re- 
sults also provide some insight into the bonding 
configuration of these species on the CeO,(l 11) 

surface. Possible bonding configurations include 
monodentate in which only one of the oxygens 
in the carboxylate is bonded to a surface Cef4 
cation, symmetric bidentate in which both oxy- 
gens in the carboxylate are bonded to a single 
surface Ce + 4 cation, and bridging in which each 
of the oxygens in the carboxylate are bonded to 

different surface Ce+4 cations. 
It has previously been shown that the fre- 

quencies of the symmetric and asymmetric O- 
C-O stretching modes are sensitive to the car- 
boxylate bonding configuration [23,37,38]. For 
example, based on comparisons between the IR 
spectra of a wide variety of acetate complexes 
of known structure, Deacon and Phillips have 
proposed a correlation between the difference in 
the frequencies of the v,(OCO) and v,(OCO) 
modes, D, and the acetate bonding configura- 
tion [38]. They report that values of D that are 
significantly greater than 200 cm-’ result ex- 
clusively from monodentate coordination, while 
values less than 100 cm-’ are usually due to 
bidentate bonding. Intermediate values of D (i.e. 
100 < 200) are more difficult to assign and can 
be due to either bidentate or bridging acetates. 
These general guidelines have been used previ- 
ously to assign the bonding configuration of 
acetates adsorbed on hydroxylated NiO( 111) 
thin films [23]. For acetates on CeO,(l 11) the 
value of D was 225 cm-‘, indicating a mon- 
odentate configuration for acetates on this sur- 
face. 

A monodentate bonding configuration is con- 
sistent with what would be predicted based on 
the structure of the CeO,(lll) surface. Since 
the cations on this surface have only a single 
coordination vacancy, bidentate bonding is un- 
likely. Moreover, the distance between cegum 
nearest neighbors on CeO,(lll) is 3.83 A, a 
value significantly greater than the oxygen- 

oxygen distance in sodium acetate (2.2 A). Thus, 
bonding in a bridging configuration also appears 
to be improbable. 

By analogy to the results for acetates, for- 
mates would also be expected to bond in a 
monodentate configuration on the CeO,( 111) 
surface. The HREELS results are consistent with 
this conclusion. The D value for formates on 
CeO,(ll l), 220 cm-‘, is close to that obtained 
for acetates. Monodentate formate species on 
ZnO(0001) [17] h ave a similar D value of 225 
cm-‘. 

Since HREEL spectra could not be obtained 
from the CeO,(lOO) sample, we can only specu- 
late about the bonding configuration for carbox- 
ylates on this surface. Assuming that CeO,(lOO) 
does not undergo any major reconstructions, the 
bridging configuration can again be excluded 
based on the large separation of the surface 
cations. Unlike CeO,( 11 l), however, the cations 
on CeO,(lOO) are likely to have multiple coor- 
dination vacancies. Thus, it may be possible to 
form either monodentate or bidentate species on 
this surface. Since both CeO, and ZrO, have 
the same fluorite structure, a recent study of the 
bonding of formates on ZrO,( 100) [6] may pro- 
vide some insight into the interaction of carbox- 
ylates with CeO,( 100). For ZrO,( 1 OO), HREELS 
results indicated a symmetric bidentate configu- 
ration for adsorbed formates. Thus, a similar 
configuration would be expected on CeO,(lOO). 

5. Conclusions 

Formic and acetic acids were found to disso- 
ciate on both the CeO,(l 11) and CeO,(lOO) 
surfaces to form formate and acetate intermedi- 
ates. At 610 K, formates decomposed to pro- 
duce primarily CO and H,O. Small amounts of 
CO, and H,CO were also produced at this 
temperature. The primary pathway for acetate 
decomposition was again dehydration to pro- 
duce CH,CO and H,O. Small amounts of CO, 
were detected during acetate decomposition on 
both CeO, surfaces, while (CH,),CO was pro- 
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duced only on the CeO,( 111) surface. The ratio 
of CO to CO, produced during formate decom- 
position on CeO, along with those reported for 
other single crystal oxide surfaces, indicates that 
this ratio correlates with the heat of formation 
of the oxide. The HREELS results obtained 
from CeO,( 111) indicate that both formates and 
acetates bond to this surface in a monodentate 
configuration. 
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