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The reactions of ethanol over M/CgQatalysts
Evidence of carbon—carbon bond dissociation at low
temperatures over Rh/CgO
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Abstract

The reactions of ethanol over Rh/Cglave been investigated using the techniques of temperature programmed desorption
(TPD) and FT-IR spectroscopy, in addition to steady state catalytic tests. A comparison with previous studies of ethanol
adsorption over Pd/CeJ. Catal. 186 (1999) 279] and Pt/Cg{J. Catal. 191 (2000) 30] catalysts is presented. The apparent
activation energy for the reaction was 49, 40, and 43 kJtnfdr Rh/CeQ, Pd/CeQ and Pt/Ce@ respectively, while the
turnover number (TON) at 400 K was 5.9, 8.6 and 2.6, respectively. Surface compositions of catalysts were characterised by
XPS. A decrease of the atomic O(1s)/Ce(3d) ratio of theCrPport indicates its partial reduction upon addition of the noble
metal. The extent of reduction per metal atom was in the following ordes: Pd > Rh. FT-IR and TPD studies have shown
that dehydrogenation of ethanol to acetaldehyde occurred over Pg/B#OeQ and Rh/Ce®@. Moreover, Rh/Ce@readily
dissociated the C—C bond of ethanol at room temperature to form adsorbed CO (IR bands at 1904=3p9Mhisrwas
corroborated by the low desorption temperature of,@wer Rh/CeQ@ (450 K) when compared to that of Pd/Ce(®50 K)
or Pt/CeQ@ (585 K). © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction activity [6] and dispersion of the active noble metal
phase [7,8]. In reductive atmospheres*Céns on
In the last three decades, three-way catalysts (TWC) a stoichiometric surface are readily reduced té*Ce
have been successfully employed in the treatment of This enables the reversible addition and removal of
toxic automobile exhaust emissions. The composition oxygen, thus allowing CefXo act as an oxygen stor-
of these catalysts typically comprise of an active phase age material in oxidation reactions. The’Cdo Ce**
of noble metal (Pd, Pt and/or Rh) dispersed over an reduction is accompanied by the formation of oxygen
alumina support containing a number of additional vacancies leading to the formation of a Qg phase
components, including ceria (CeD Apart from its  at high temperatures. Surface reduction of gé@s
role as an oxygen storage component [3,4], £86s been reported to occur at 473K undes, Hvith re-
also been associated with the thermal stabilisation of duction temperatures above 923K required for bulk
the alumina support [5], promotion of water-gas shift reduction [9].
In recent years, ever increasingly stringent vehi-
"+ Corresponding author. Tek:64-9-3737599: c_Ie gmission_ regulations have necessitated the modi-
fax: +64-9-3737422. fication and improvement of TWCs to accommodate
E-mail addressh.idriss@auckland.ac.nz (H. Idriss). developments in fuel formulations and alternative-fuel
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vehicle technology. As such, oxygenated compounds, acetaldehyde) [17], and butenes (formed by reduc-
such as alcohols and ethers, have been increasinglytive coupling of two molecules of acetaldehyde over
used as fuel additives and alternative fuels. Although defected sites) [25].
alcohols are considered to be clean burning fuels, their In an effort to elucidate the reaction pathways and
partial oxidation to aldehydes poses a greater threat asmechanisms involved in the reaction of ethanol over
potential carcinogens. The problem of effectively con- M/CeQ;, catalysts, where M= Pd, Pt or Rh, a se-
trolling the emissions caused by burning these oxy- ries of investigations were performed using tempera-
genated compounds requires a better understandingture programmed desorption (TPD) and FT-IR spec-
of the fundamental reaction pathways along which troscopy. The adsorption, and subsequent reaction, of
the desired conversions occur on current commercial ethanol over the surfaces of Pd/Ge@nd Pt/CeQ,
catalyst systems. along with bare Ce@) have been discussed in greater
The reactions of ethanol have been investigated over detail elsewhere [1,2]. In this work, results from the
the surfaces of metals [10-15], oxides [16—20], and adsorption and reaction of ethanol over Rh/Gede
metal-oxides interface [1,2,21-23]. Over clean metals presented and discussed with comparison to those ob-
such as Ni [10], Pt [11] and Pd [12], ethanol is dis- tained previously over Pd/Ced1] and Pt/CeQ [2]
sociated to ethoxides and adsorbed hydrogen. Ethox-catalysts.
ides are subsequently dehydrogenated to acetaldehyde.
Over Rh (111), the reaction sequence appears dif-
ferent. Ethanol first dissociates to ethoxides (as in 2. Experimental
the case of Pd, Pt, or Ni) but ethoxides do not give
acetaldehyde they dehydrogenate to give an oxam-2.1. Catalyst preparation and characterisation
etallacycle ((a)-OCHCH,—(a)) intermediate, where
(a) for adsorbed [13]. This latter decomposes to CO CeQ, was prepared by precipitating a solution of
upon further annealing. Ethanol may also react via cerium(lll) nitrate at pH 9 with ammonia; the re-
a carbon—-carbon bond dissociation pathway on the sulting precipitate was filtered, dried at 373K and
surface of some metals. For example, ethanol gives calcined at 723K for 5h. The Pd/CeQOPt/CeQ
methane over Pt (111) at 310K [15] and ove(2) and Rh/CeQ catalysts were prepared, with 1wt.%
Pt (110) at 240 K[14]. A review of the reaction mech- metal loadings, by impregnating the Ce®upport
anism of ethanol over metal single crystals can be with solutions of the appropriate chloride precursor
found in [15]. Over oxides, both dehydrogenation to dissolved in 1M HCI. Specific surface area mea-
acetaldehyde and dehydration to ethylene occur de-surements were determined by the multi-point BET
pending on the nature of the oxide [16]. The reasons method [26]. Surface compositions were analysed by
for this are numerous. Basic site density [17], bond X-ray photoelectron spectroscopy (XPS); experimen-
energy [18], electronegativity difference [18], change tal details have been described in a previous work
in the Madelung potential [19], and the oxygen elec- [1].
tronic polarisability of the oxides [20] have been pro-
posed to influence the reaction selectivity. In general, 2.2. Steady state reactions
a high basic site number, a small metal cation—oxygen
anion bond energy, a small Madelung potential of O  Kinetic analysis was conducted with a fixed-bed re-
anion, and a high oxygen electronic polarisability will actor fitted in a programmable oven with an operating
favour dehydrogenation rather than dehydration. £eO range of up to 673K and linked to a gas chromato-
in that regard fits this requirement. graph (GC) via a six-way valve (containing a 1 ml
Other secondary products mostly resulting from ac- loop). Ethanol, in a saturator at 273 K (vapour pres-
etaldehyde, were also observed for the reaction of sure 15 x 10° Pa), is sent in a dry air carrier gas giv-
ethanol over oxides. These include: crotonaldehyde ing the following molar ratio: 1.5:21:77.5 for ethanol,
(formed byp-aldolisation of acetaldehyde) [24], ethyl oxygen and M, respectively. Total pressure in the re-
acetate (formed by dimerisation of two acetaldehyde actor was maintained at 1 atm. The mass of catalysts
molecules), acetates (formed by direct oxidation of in milligram, were 98, 100, and 101 for Rh/CgO
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Pd/CeQ and Pt/CeQ, respectively. Total flow rate- 2.3. Temperature programmed desorption

60 ml/min. Product analyses were conducted by a

GC equipped with a flame ionisation detector (FID). A detailed account of the experimental procedures
The GC is coupled to a PC running PEAKSIMPLE and equipment used in the TPD studies can be found in
Il software for data acquisition. A Chromosorb 102 a previous work [1]. Relative yields of all desorption
column ( = 2m, d = 0.318cm), with nitrogen as  products were determined following the work of Ko
the carrier gas, was used for separation of organic et al. [27] and other workers [24].

compounds at 373 K. The main reaction product is

acetaldehyde at relatively low temperatures (up t0 2 4. Infrared spectroscopy

about 523 K, depending on the catalyst) with traces of

methane and ethane. Up to these temperatures there |R spectra were recorded using a Digilab FTS-60
is a perfect mass balance between ethanol inlet andFourier transform spectrometer at a resolution of
acetaldehyde- ethanol outlet. No CO nor COwere  4cmr! and 100 scans per spectrum. Experimental
observed in this temperature domain (at higher temper- details [1,2], including cell design [28], have been
atures, above 600K considerable amounts of CO andreported previously. To obtain a relatively clean sur-
CO, were formed,; their concentration depended onthe face, catalyst samples were pretreated under oxygen
oxygen to ethanol ratio; this point is beyond the scope (1.50 Torr) at 755K for 1 h, with fresh oxygen intro-
of this work and is currently under investigation). The duced after 30 min. Ethanol (1.50 Torr), degassed by

rate several freeze-pump-thaw cycles, was dosed at room
_ temperature for 3min. The ethanol-dosed samples
. {[ethanol]out— [ethanol]in} were sequentially heated from 373 to 673K, with
T spectra recorded at 50 K increments. All spectra were
_ _ [acetaldehyde]out collected at room temperature. The spectra presented
T in this work are obtained by subtraction of the spec-

trum of the catalyst sample prior to adsorption from

in the 373-523 K temperature domain, wheris the that of the adsorbed sample.

contact time, was calculated in a differential mode
(conversion <10%). Errors involved in GC analy-

sis were in the order of 3-5%. The gas, containing 3. Results
ethanol, was allowed to flow over the catalyst for
10 min at room temperature before samples were in-

jected in the GC via the six-way valve. The turnover  Taple 1 presents relevant data obtained from XPS
numbers are reported per surface and near surfaceang steady state analysis. The three M/ge@talysts

3.1. Characterisation and steady state kinetics

metal as determined from XPS analyses. contained similar amounts of metal cations and were
Table 1

Summary of data obtained from XPS, BET surface area determination and steady state reactions (M: Pd, Pt, or Rh)

Catalyst CeQ[1] Rh/CeQ Pd/CeQ [1] Pt/CeQ [2]
Surface area (fg~1) 57 49 55 63

XPS M(3ds2, 4f72) - 309.5 (RhQ) [24] 336.5 (PdO) [25] 74.0 (PtO) [26]
XPS O(1s)/Ce(3d) 2.44 1.91 1.76 1.59

XPS AO/at.% M - 0.53 0.96 1.58

XPS at.% - 0.17 0.25 0.26

Ea (kJmolt1) 75 49 40 43
A(mlgls? 38 x 10° 2.6 x 10° 47 x 10° 5.6 x 10°

TONP at 400K - 5.9 8.6 2.6

als a measure of the degree of reduction of ga®@rmalised per M.AO = 2 — x, wherex = O(19/Ce3d). The value of 2 is
preferred because of stoichiometry.
b Number of ethanol molecules converted per surface metal atom (Pd, Pt or Rh) per second.
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of comparable surface areas. The unreduced catalysts

contained Rh, Pd, and Pt cations, as RhPdO, and
PtO, respectively. It appears that addition of these met-
als to CeQ resulted in a partial reduction of surface
CeQ. This is consistent with findings by other work-
ers [29]. The effect of each metal on reduction of the
support was however different. Rh exhibited a mini-
mal reduction effect while Pt was the most active. The
effect is even clearer if normalised per metal cation
(seeAO/at.% M, as defined in Table 1).

Steady state reactions of ethanol were conducted
on all catalysts in order to calculate the apparent ac-
tivation energy and turnover number (TON) values.
Pd/CeQ was the most active catalyst followed by
Rh/CeQ (see TON in Table 1). The reaction was first
order with respect to ethanol at the conditions de-
scribed in the experimental section. All M/CgQata-
lysts exhibited lower activation energids, than bare
CeO. The addition of the noble metal to Ce®@e-
duced the activation energy of the catalyst by up to
35 kJ mot L. Although the pre-exponential factors, A,
decreased upon the addition of metals to gdfe de-
crease of, was large enough to enhance the overall
reaction rate when compared to Ceéone.

3.2. Adsorption of ethanol on Rh/CgO

3.2.1. Temperature programmed desorption
Temperature programmed desorption profiles of
ethanol over unreduced ang{teduced Pd/Cefand
Pt/CeQ catalysts have been previously published
[1,2]. Both catalysts were active towards ethanol de-
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Fig. 1. Product desorption profiles from TPD after ethanol adsorp-
tion on unreduced 1wt.% Rh/CeGt 300K.

[2], the highest temperature domain was dominated
by desorptions of C& CO and CH. Two main dif-
ferences were noticed however, over Rh/Ge()

no evidence of benzene formation was observed; (2)
an important desorption of CHat 450 K was clearly
seen. The latter point indicates that Rh/Gé®more
active towards carbon—carbon bond dissociation than
Pd/CeQ or Pt/CeQ. This observation is consistent
with the ability of this catalyst to dissociate the C—C

hydrogenation to acetaldehyde, the latter desorbed atbond to form adsorbed CO as shown in IR studies

ca. 400K over Pd/Cefand at 475K over Pt/CeD
Evidence of benzene was clearly observed by the
desorption of the characteristizve 77 and 78 at
580K over Pd/Ce@and at 610K over Pt/CeQTo-

tal decomposition also occurred, evidenced by the
formation of CO, CQ and CH, at ca. 600K over
both catalysts.

Fig. 1 presents ethanol-TPD over unreduced
Rh/CeQ. Three different temperature domains of
desorption were observed. Unreacted ethanol was
desorbed at a peak temperature of 465K and ac-
counted for 49% of the total products desorbed. Ac-

etaldehyde was desorbed at the lowest temperaturec©

domain of 450K, with a yield of 21%. Similar to
the TPD of ethanol from Pd/Ced1] and Pt/CeQ

(see below). Table 2 presents the carbon yield during
ethanol-TPD. Unreacted ethanol contributed by up to
50% of the total desorption. Acetaldehyde was how-
ever the major reaction product (41%) followed by
CO, (32%) while methane represented 9.5%.

Table 2
Products desorption during ethanol-TPD over 1wt.% Rh/eO
Reactant/products Peak Carbon  Carbon
temperature (K) yield selectivity (%)
Acetaldehyde 450 0.21 41
CO, 650 0.16 32
650 0.09 18
Ethanol 465 0.49 -
CHgy 450, 650 0.02,0.03 45,5
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3.2.2. Infrared spectroscopy

Fig. 2A and B present the IR spectra obtained from
the adsorption of ethanol over Rh/Cg@t room tem-
perature, and heated to various temperatures. The ad-
sorption of ethanol on Rh/CeCat room temperature
occurred dissociatively to produce adsorbed ethoxides
species; an assignment of these bands is presented in
Table 3. In addition, bands attributed #3-adsorbed
acetaldehydep(C=0) at 1704cm?, linear CO at
2007 and bridged CO at 1899 cthwere also ob-
served. Upon heating, a general decrease in the inten-
sity of the ethoxide bands was observed. Concomi-
tantly, an increase in the intensity of théCO) band
of acetaldehyde was noticed, reaching a maximum
intensity at 423 K and declining thereafter. At 473K
the decline of the band attributed to acetaldehyde co-
incided with the development of bands at 2097, 2060
and 2012 cm?. An increase in temperature to 523K
resulted in a clear two CO bands 2072 and 2014tm
IR bands attributed to Rh-gem dicarbonyl species were
previously observed by several workers at 2100-2070
and 2030-2010 cm [23,30-32]. The large difference
in their relative intensity may indicate the presence of
an additional linear CO at ca. 2010 cf The forma-
tion of carbonate species was detected at 423K by a
weak band at ca. 1500 cth. At 473K, this band had
increased considerably together with the development
of two further bands at 1429 and 1349ch The
intensity of these three bands increased at elevated
temperatures. Like the case of Pd/Geidd Pt/CeQ,

Table 3
Assignments for ethoxide species on Gefhd M/CeQ (M: Pd,
Pt, Rh) from ethanol adsorption at 309 K

Assignment  Frequency (cm)

CeQ [1] Pd/CeQ [1] PUCeQ [2] RhiCeG

W(C-O)b® 1057 1037 1037 1038
V(C-O)mP 1107 1078 1081 1080
85(CHa) 1383 1397 1399 1399
saCHg)  nr° 1451 1451 1450
8(CHy) 1473 1477 1480 1478
vs(CHa) nre 2880 2878 2878
vs(CHz) 2866 2909 2912 2911
vaCHz)  nr¢ 2934 2933 2934
vaCHs) 2960 2982 2977 2981

2m: monodentate.
bb: bidentate.
¢ Not resolved.
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but in contrast to that of CefQno evidence of acetate  to the O end of the molecule may effect a weakening

species was observed. This provides further evidenceof the bonds in the Ckt group, hence, increasing the

of the partial reduction of the support; the more re- corresponding vibrational frequency.

duced the surface, the less likely it contains oxygen

anions of sufficient mobility to oxidise acetaldehyde 4.2. Acetaldehyde and crotonaldehyde formation

to acetate species at low temperatures. Bands corre-

sponding to CQ were also observed. The increase in  The differences in acetaldehyde desorption temper-

intensity of these bands as a function of reaction tem- ature during TPD over the three catalysts may be ex-

perature may indicate that it is resulting from an ad- plained as follows. Upon dehydrogenation of ethanol,

sorbed CQ species rather than from the background acetaldehyde molecules instantaneously desorb be-

(all spectra were collected at ca. f0rorr). cause the energy required to dehydrogenate ethanol
is higher than the desorption-energy of acetaldehyde
over CeQ or M/CeG [37]. Fig. 3 presents the des-

4. Discussion orption temperatures during TPD, as well as the TON
_ _ at 400K for these catalysts. Acetaldehyde desorbs at
4.1. Ethoxide formation the lowest temperature on the most active catalyst,

Pd/CeQ, Rh/CeQ was next, followed by Pt/CeD
FT-IR studies have shown that, over all the M/GeO  The order is, thus in good agreement with the steady
surfaces investigated, ethanol adsorbs dissociatively state reaction results.
via scission of the O-H bond, as ethoxide species. FT-IR studies have shown that at elevated tempera-
An assignment of these bands is provided in Table 3. tures ethanol-adsorbed Rh/Ce€atalyst experienced
On CeQ, thev(C-0) bands are situated at 1057 and a general decrease in the intensity of the bands at-
1107 cnt* and in the presence of the noble metal are tributed to ethoxides with a concomitant appearance

shifted to ca. 1037 and 1(_)80(7H‘1 A more elabo-  of bands corresponding to the formation of different
rate discussion of the assignment of these bands isreaction and decomposition products (Fig. 2). The de-
given in [2]. The presence of two distine{C-O) gree of reaction and decomposition of ethanol differed

bands indicates that two kinds of adsorbed ethoxide greatly between this catalyst and the Pd/G¢0) and
species are formed on the catalyst surface. The higherpt/CeQ [2] catalysts. This is illustrated in Fig. 4 that
wavenumber band is ascribed to a monodentate ethOX-Compares the IR spectra, obtained from the adsorption
ide species while the lower wavenumber band to a of ethanol, over the surfaces of Ce@nd M/CeQ
bidentate species. Multiple adsorbed alkoxide species
have been observed previously on GelO et al. [33]
identified two types of methoxide species upon ad-
sorption of methanol on CeCat 300K, while three 470 1
types of methoxides have also been reported [34,35]. 450 - e RhICeO,
The presence of metals has resulted in decreasing
the IR frequency of the(C-O) for both the monoden-
tate and bidentate adsorbed ethoxide species. This de-
crease may indicate a stronger interaction with the sur- 290 4 ® PdiCeO,
face. Conversely, an increase in the IR frequencies of
the §(CH3) andv(CHz) of adsorbed ethoxide species

490

@ Pt/ICeO,

430 1

410 1

Tp /K (TPD)

370 1

was evidenced in the presence of the metals. Invari- 350 . . . .
ably, a change in the electronic distribution of a bond 2 4 6 8 10 12
. . - -1 .

in an adsorbate molecule will affect its force constant TON/s™ (catalytic tests)

and consequently its vibrational frequency [36]. In this _.
lectrons from the O atom of the ethoxide s eCiesFlg. 3. Turnover numbers (TON, at 400K), from steady state
case, e p catalytic tests, of Rh/CeQ Pd/CeQ [1] and Pt/Ce@ [2] plotted

contribute in bonding with the surface. Subsequent re- against peak desorption temperatures of acetaldehyde Z9)
distribution of electronic charge from the @Hgroup from TPD experiments.
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Fig. 4. FT-IR spectra after adsorption of ethanol at 309K on
unreduced Ce®[1], Pd/CeQ [1], Pt/CeQ [2] and Rh/CeQ and
heated to 473 K. Spectra collected at room temperature.

at room temperature, and heated to 473 K. Adsorbed
nt-acetaldehyde, from dehydrogenation of ethoxides
(Egs. (1) and (2)), was detected on all M/GeShr-
faces by itsy(C=0) mode at 1700-1709 cm.

CH3CH20H(Q) + O() — CH3CH20(ad3 + OH(ad37
(1) = lattice 0}

(2)

The formation of acetaldehyde is greatest in the pres-
ence of Pd (Fig. 4(b)) and smallest over Pt/GeO
This is in complete agreement with TPD and steady
state reaction data (Fig. 3). The pair of bands at 1659
and 1637 cm? have been previously ascribed, respec-
tively, to thev(C=0) andv(C=C) modes of adsorbed
crotonaldehyde [1,2]. The formation of crotonalde-
hyde results from th@-aldolisation of acetaldehyde
on the surface of Cef The aldolisation reaction re-
quires base sites to abstract @fydrogen atom and

CH3CH20(ady — CH3CHO(@ady + Hads

333

acetaldehyde adsorption, over other oxide surfaces,
such as TiQ [24], Al,03 [38] and UG [39] the re-
action mechanism has been presented and discussed
previously [24].

4.3. C—C bond dissociation over Rh/CeO

The prominent feature of the reaction of ethanol
over Rh/CeQ@ is its ability to readily dissociate the
C-C bond of ethanol to produce adsorbed CO (Fig. 2).
This attribute is evidenced by the absence of croton-
aldehyde and benzene formation over this catalyst.
TPD studies showed that appreciable amounts of ben-
zene were desorbed from the surfaces of PdiCeO
and Pt/Ce@ at 580 and 610 K, respectively, as shown
in Fig. 5. The absence of benzene desorption from
Rh/CeQ is another consequence of its ability to dis-
sociate the C—C bond.

One may view the C—C bond dissociation reaction
of ethanol as a Cgt transfer to the surface in an initial
step (Eg. (3)) while the non-C—C bond dissociation

CsHg desorption

Rh/CeO,

Pt/Ce0,[2]
x5

CeO,

Uncorrected Desorption rate (A.U.)

400 500 600 700
Temperature / K

300 800

Lewis acid sites to bind the two molecules of acetalde- rig 5 pesorption profiles of benzene from the TPD of
hyde. Crotonaldehyde has also been observed, uporethanol-adsorbed CeQPd/CeQ [1], Pt/CeQ [2] and Rh/CeQ.
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reactions (dehydrogenation) as a H— transfer (Eq. (2)).
®)

Both the formation of methane in TPD and of CO in
IR experiments over Rh/CeCndicated that Eq. (3)
proceeded further to

CH3CH20(ady — CH3(adg + CH2O(adg

CHzo(adg — CO+ 2H(ad$ (4)

CHs(ads + H(ads — CHa (5)
The intrinsic barriers to the transfer of a molecular lig-
and (CH—) are much higher than those of the transfer
of an atom (H-) [40]. It is thus likely that the intrin-
sic barrier for the methyl ligand is lower for Rh than
for Pt or Pd (in the gas phase, the intrinsic barrier for
CHs- is between 80 and 90 kcal mdl [41] while it
has been calculated equal to 30 kcalmlobn a Ni
surface [42]). In order for a bond scission to occur,
electrons are required to flow into antibonding orbitals
of the adsorbate. In other words, ttielectrons of Rh
might be shared to a larger extent with the antibonding
orbitals of ethoxides than those of Pd and Pt.

4.4. Effect of the nature of the metal on the reduction
of CeQ

A. Yee et al./Catalysis Today 63 (2000) 327-335
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Fig. 6. CQ/CO desorption during ethanol-TPD over Pd/GeO
Pt/CeQ and Rh/CeQ as a function ofAO/at.% M (as defined in
Table 1).

5. Conclusions

It has been shown that the adsorption and subse-
guent reaction of ethanol over Pd/Ce®t/CeQ and
Rh/CeQ occurs through an ethoxide intermediate fol-
lowed predominantly by an oxidative dehydrogenation
reaction to yield acetaldehyde. Both the Pd/Ge@d
Pt/CeQ catalysts have exhibited the ability to initi-

XPS of the O(1s) and Ce(3d) regions have shown a ate C—C bond formation, evidenced by the production

change of the oxygen anions to cerium cations ratio,
see Table 1. A plot of this change as a function of,CO
to CO desorption during ethanol-TPD on the different
catalysts ([1,2]; Tables 1 and 2) is shown in Fig. 6.
The more reduced is the surface the less @@ be
formed. Indeed, Fig. 6 shows this trend, with Pt the
most active for the partial reduction of Ce@ess
amount of CQ desorbing during TPD and high values
of Ax) while Rh is the least. From Fig. 6 the following
empirical relationship, between the extent of reduc-
tion (as determined by XPS) and the ratio £C0

(as determined by TPD), for the three metals, is
obtained
CO, { [O(19/Ce(3d)] — 2

— =127 M]

Co

} +2.43

where [M] is in at.% and O(1s) and Ce(3d) are the
integrated and corrected XPS peak areas.

of crotonaldehyde and benzene. Unlike Pd/ga@d
Pt/CeQ, Rh/CeQ readily dissociates the C-C bond
of ethanol to produce adsorbed CO and,CHhe ab-
sence of benzene on Rh/Ce® consistent with its
capacity to dissociate the C—C bond of ethanol. This
work indicates that Rh lowers the intrinsic activation
barrier for C-C bond dissociation more than Pd or
Pt. A relationship between the extent of reduction of
the noble metal, as determined from the XPS O(1s)
to Ce(3d) lines, and the GQo CO desorption peaks
during ethanol-TPD is observed.
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