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Abstract

The effect of surface Mo on the water—gas-shift (WGS) activity of Pd/ceria was studied. A series of 1 wt% Pd catalysts, with varying Mo
content, were prepared from supports obtained by aqueous impregnation H WO, onto ceria. Rates were found to decrease linearly
with Mo coverage up to 1.8 Mmn? and were 10% of that on Pd/ceria after the addition of this amount of Mo. TPD studies with 2-propanol
on the Mo-containing ceria demonstrate a relationship between the loss of WGS activity and the ceria sites that decompose the alcohol to
propene and water. FTIR measurements suggest that Mo ions exchange with surface hydroxyls on ceria and that carbonates are not forme
on ceria surfaces that have 1.8 Jfion?. The results from CO—&pulse measurements suggest that the Mo-containing surface is much harder
to reduce than pure ceria. Raman spectra of the Mo-containing ceria show features associated with molybdena only for Mo coverages greate
than 1.8 Mgnm?. The implications of these results for understanding WGS activity on Pd/ceria are discussed.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction transfer of oxygen from ceria to the metal [8,9]. The oxi-
dation of Pd films by an underlying ceria—zirconia support

Ceria-supported, precious metals have been getting in-was also observed spectroscopically to occur at moderate
creased attention as water—gas-shift catalysts for fuel celltemperatures [10]. However, when pure ceria is calcined to
fuel processors [1-3]. In addition to showing significantly higher temperatures, it becomes more difficult to reduce,
higher reaction rates than traditional Cu/ZnO catalysts underresulting in a significant decrease in the activity of ceria-
some conditions relevant to fuel processors, the ceria-basedupported metals [11,12]. Consistent with this, Gesih-
catalysts are much less sensitive toward start-up/shut-downgle crystals, which by definition have been heated to high
cycles and are not pyrrophoric. While questions about their temperatures during their preparation, are difficult to re-
long-term stability remain [4], it is not clear how large this duce except by very harsh treatments such as ion sputter-
problem really is [3] and there is indication that it can be ing [12,13]. (Note that ordered ceria films-grown-stabilized
resolved in any case [5]. Finally, the reaction is almost ze- zirconia crystals are highly reducible and should not be con-
roth order in CO on ceria-supported precious metals, due tosidered in this category [14].) Deactivation of the oxygen
the redox mechanism in which the metal remains saturatedstorage capacity of ceria by high temperatures in automotive
in CO to low CO pressures [6,7]. This low reaction order is gpplications is well known, and it is necessary to stabilize
favorable for fuel cell applications since it allows for high  the reducibility of ceria for that application by mixing it with
rates at low CO pressures. zirconia [15].

One of the most intriguing scientific aspects of ceria  |n a recent study of water—gas-shift (WGS) catalysis over
catalysis is that its properties depend strongly on pretreat-pqjceria [16], it was shown that the addition of only 5 mol%
ment conditions and on doping with other oxides. For ex- of MoO, to the surface of ceria decreased the reaction rates
ample, when precious metals are supported on ceria filmsat 473 K by an order of magnitude without changing the acti-
that have been calcined at temperatures below 1073 K, theyation energy for the reaction. This result is interesting for a
catalytic properties of the material are consistent with facile nymper of reasons. First, given that molybdena has interest-

ing redox properties, one might expect that it would promote
~* Corresponding author. the WGS reaction rather than poison it. Second, the small
E-mail address: gorte@seas.upenn.edu (R.J. Gorte). guantities required to significantly reduce the reaction rate
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suggest that Mo is very efficient at poisoning the reaction
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itoring the sample weight and the partial pressures above the

and that determining how the Mo poisons the reaction might sample with an Inficon residual-gas analyzer.
provide insights into the reaction mechanism and the nature The FTIR spectra were recorded using a Mattson Galaxy

of the active sites.

FTIR instrument with a diffuse-reflectance attachment, Col-

In the present study, we have examined the poisoning of lector Il, provided by Spectra-Tech Inc. This system allowed

ceria by Mo more carefully to try to understand how the
two oxides interact. We will show that Mo ions react with
surface hydroxyls on ceria and that the reducibility of the

spectroscopic measurements to be performed between room
temperature and 773 K, with flowing gases of any desired
composition. The samples were placed inside the chamber

ceria surface is effectively poisoned by coverages less thanwithout packing or dilution. Spectra were taken in He after

2.0 Mo/nn?.

2. Experimental

The catalysts used in this study were prepared from
ceria powder that was synthesized by decomposition o
Ce(NQ;)3 - 6H20 (Alfa Aesar, 99.5%) in air at 873 K. This
support was then modified by agueous impregnation wit
varying amounts of (Nib)2MoO4 (Alfa Aesar, 99.997%),
dried at 383 K overnight, and finally calcined in air at 873 K
for 4 h. After preparing the support, Pd was added by wet
impregnation using aqueous solutions of Pd@NNO3)2
(Aldrich, 99.99%). Following impregnation of the Pd salt,

h

the catalysts were dried at 383 K and calcined at 873 K. The

Pd content was maintained at 1 wt% in all the Pd-containing
catalysts used in this study. A complete list of the Mo—ceria
supportsis given in Table 1. All of the Mo loadings are listed
as weight percent Mo.

A wide range of techniques was used to characterize the
samples. First, surface areas were determined from BET

isotherms with N on each of the supports after outgassing

at 623 K. Next, the nature of the surface sites on each of the
supports was probed using simultaneous temperature-prog
rammed-desorption (TPD) and thermogravimetric-analysis
(TGA) measurements of isopropanol, as has been described

elsewhere [17]. Briefly, approximately 70 mg of sample was
placed in the sample pan of a Cahn 2000 microbalance
heated in vacuum 10~ Torr), and then exposed to 5 Torr
of isopropanol at room temperature. After evacuation for 1 h,
the sample temperature was ramped at 261k while mon-

Table 1

BET surface area of supports used in this study

Catalyst BET surface Mo surface Mo surface

area site density site density

(m2/g) (umoym?) (Mo atomgnm?)

Ceria 61(63) 0 0

0.25 wt% Mo—ceria 59 aa 026

0.5 wt% Mo—ceria 58 ®0 054

0.75 wt% Mo—ceria 5655) 141 085

1 wt% Mo—ceria 54 03 116

1.25 wt% Mo—ceria 4442 297 179

1.5 wt% Mo—ceria 37 22 264

2 wt% Mo—ceria 34 64 370

4 wt% Mo—ceria 32 13 7.84

MoO3 9

oxidizing the samples at 673 K for 30 min in flowingpO
and after exposure to 25 Torr CO at 673 K for 30 min. A to-
tal of 256 scans were accumulated in each measurement at
a resolution 2 cm!. Raman spectra were recorded using a
Renishaw Raman microspectrometer Ramascope 1000 and a
diode laser (780-nm excitation wavelength, 128M?). The

¢ samples were examined in air at room temperature, with no

additional treatment beyond the calcination used in the sam-
ple preparation.

The WGS rates were measured iéwzianch, Pyrex tubular
reactor operating at atmospheric pressure, usirid0 mg
of sample. Water was introduced by saturation of a He carrier
gas flowing through deionized water. The partial pressures of
CO, K0, and He were controlled by adjusting the relative
flow rates of each component. In this study, all of the reaction
measurements were collected with partial pressures for CO
and HO of 25 Torr. All the reaction rates were measured
under differential conditions, with less than 10% conver-
sion of the limiting reagent. Before analyzing the products,
we always allowed the reaction to run for at least 30 min
to avoid potential transients associated with catalyst con-
ditioning. Under the reaction conditions used in this study,
rates were completely stable with time. The reaction prod-
ucts were measured using a gas chromatograph (SRI8610C)
equipped with a Hayesep Q column and a TCD detector.
The transient-pulse experiments were performed on a
system that has been described previously [18]. Computer-
controlled switching valves allowed the composition of reac-
"tants admitted to a tubular reactor to undergo step changes.
The product gases leaving the reactor could be analyzed by
an on-line quadruple mass spectrometer. Integration of the
partial pressures as a function of time allowed accurate de-
termination of the amounts of oxygen that could be added or
removed at different temperatures. The carrier gas was pure
He, with relatively dilute amounts of CO (5% in He)O
(7% in He), and HO (2% in He) added in the pulses. The
amount of catalyst used in the pulse studies was 1.0 g.

3. Results

Table 1 gives the surface areas of the ceria and Mo-
modified ceria supports used in this study, as determined
by BET analysis. (The surface areas given in parentheses
in the table are values that were measured a second time to
demonstrate the reproducibility of the values.) The surface
areas decrease slowly with Mo content up to approximately
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Table 2
Differential reaction rates and activation energies for the water—gas-shift
S reaction on Mo-modified Pd/ceria catalysts
% Catalyst Rate at 553 K Relative  Activation
7
Feel w 20em 0 A
2 1E+18 -: - <> ‘ -
5 @‘ Ao A 1 wi% Pdceria 4452 1 47
£ w A g | O A 1 wt% Pg0.5 wt% Mo—ceria 2478 0.56 57
g g A i_. 4 1 Wt% P¢/’1 wt% Mo—ceria &2 020 55
= @ u 1 wt% Pd'1.25 wt% Mo—ceria 33 012 53
S 1 wit% Pd/'1.5 wt% Mo—ceria a1 009 64
1 wt% Pg'2 wt% Mo—ceria 207 0.05 63
15”71 X s - o o v 25 1 wit% Pd/4 wit% Mo—ceria 0667 0.01 58
: : ' : : ’ : 1 wt% P¢/MoOs 0.66% 0.01 58
1000/T (1/K)

@ These values are extrapolated to 553 K from the Arrhenius plots in

Fig. 1. Differential rates for the WGS reaction on 1 wt%/Peria @), Fig. 1.
1 wt% PJ0.5 wt% Mo—ceria (), 1 wt% Pd1 wt% Mo—ceria W),

1 wt% Pd/1.25 wt% Mo—ceria ©), 1 wt% Pd'1.5 wt% Mo—ceria @), . . . . o
1 wit% Pd/2 wt% Mo—ceria ), 1 wt% Pd'4 wt% Mo—ceria (J), 1 wt% also interesting to consider that the addition of 1.25 wt% Mo

Pd/MoO3 (). decreased the WGS rate by almost a factor of 10. This cov-
erage of Mo corresponds ta8lx 10 Mo/m?, a specific

1 wt%, but then appear to decrease much more rapidly with COVeérage that is less than one would normally associate with

additional Mo. The decrease in surface area is approximately® Monolayer capable of blocking the surface of ceria.

12% after the addition of 1 wt% Mo but 44% after addition Because alcohols should interact in a very different man-
of 2 wt% Mo. To determine whether the Mo addition de- "€’ With MoGs and ceria, TPD-TGA measurements were
creases surface area by blocking access to micropores or byperformed with 2-propanol adsorption to provide informa-
causing a growth in the ceria crystallite size, X-ray diffrac- ton on how Mo modifies the surface properties of ceria.
tion (XRD) measurements were performed on samples with Fi9- 2 shows TPD-TGA curves obtained after a brief expo-
0, 1.0, and 2.0 wt% Mo. The average Ge@ystallite size ~ Sure to 2-propar!ol vapor for pure ceria and fo.r ceria yvith
was calculated to be 6.0, 6.8, and 9.0 nm on these three saml Wt% Mo. In Fig. 2a, the result for pure ceria, the ini-
ples based on Scherrer analysis. While the specific surfacelia! alcohol coverage after evacuation was210 pmofg,
areas for these crystallite sizes should be much higher than?-1 x 10*® moleculegm?. A significant fraction of this de-
we observe (spherical particles, 6.0 nm in diameter, should SOrbs as 2-propandlz/e = 45) and a smaller amount as
result in a specific surface areafl40 n?/g), the increase ~ acetone(m/e = 43) below 500 K. Most of the remaining

in crystallite size clearly follows the decrease in surface area, 2-Propanol reacts to properie:/e = 41) and water, with
indicating that the addition of Mogto the surface proba-  Propene leaving the sample between 500 and 625 K. (Wa-
bly assists in the sintering of ceria crystallites. One should ter desorbs over a wide temperature range, making it diffi-
expect that the additional processing steps required to addcult to monitor.) By using the TGA results, the amount of
Mo to the ceria could increase the crystallite size and this Propene leaving the pure ceria sample was calculated to be
could account for the increase to 6.8 nm upon addition of 9.3 x 10*” moleculegm?. Following the addition of 1 wt%

1 wt% Mo. However, the significant increase observed for Mo, the TPD-TGA curves appear very different. The quan-
the 2 wt% Mo sample suggests that Mo also enhances sin-tity of 2-propanol remaining on the surface decreases sig-
tering of ceria. nificantly, to 140 pmolg (1.6 x 108 moleculegm?, 76%

The effect of added Mo on the water—gas-shift rates are Of that adsorbed on pure ceria). Even more important, the
shown in Fig. 1 and Table 2 for differential conversions with amount of propene leaving the sample between 500 and
25 Torr of CO and 25 Torr of bD. In each case, the rates 625 K decreases ta3x 10" moleculegm?, a quantity that
were measured after adding 1 wt% Pd to the supports listedis only 16% of that formed on pure ceria. Re-exposure of 2-
in Table 1. Since we were only able to maintain differential propanol to both ceria and Mo-modified ceria to 2-propanol
reaction conditions over a limited range of rates, the most resulted in essentially identical TPD-TGA results, without
active samples were those that achieved these rates at ththe need for oxidation of the samples, demonstrating that
lowest temperatures. To compare rates at a common temperthe samples were not modified by the experiment and that
ature in Table 2, it was necessary to extrapolate the rates omo residue remained on the surface from the previous expo-
some samples using the activation energies determined fronmsure to 2-propanol.

a linear regression of the data in Fig. 1. Clearly, the Pd/ceria  TPD-TGA experiments with 2-propanol were performed
catalyst without adding Mo showed the highest rates, with on the other samples listed in Table 1, and the major change
Mo-containing samples exhibiting rates that decreased with observed with Mo loading was in the amount of propene
increasing Mo content. Rates on the Pd/4 wt% Mo—ceria formed between 500 and 625 K. The amounts of propene
sample were indistinguishable from rates on Pd/M.dOis formed during TPD-TGA of 2-propanol are given in Table 3
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Fig. 2. TPD-TGA curves for 2-propanol from (a) pure ceria and (b) 1 wt% Mo on ceria.
Table 3 12 50
2-Propanol uptake at room temperature and propene production in the tem- 45
perature range 500-625 K
Catalyst 2-Propanol Propene production from 500 to 625 K NE Z
= 7]
(umolg)  (x10'8 mole- (<107 mole- 3 %
cules/g) culegm?) g 2
Ceria 208 50 9.3 g £
0.25 wt% Mo—ceria 193 40 8.0 © <
0.5 wt% Mo—ceria 177 30 6.4 3 <
0.75 wt% Mo—ceria 155 20 5.2 2 2
0.85 wt% Mo—ceria 147 9 - 2 ®
1 wt% Mo—ceria 137 .| 1.5 o &
1.25wi% Mo—ceria 118 <01 - «
1.5 wt% Mo—ceria 82 <01 -
2 wt% Mo—ceria 65 <01 -
4 wt% Mo—ceria 56 <01 - 0 : i - o : ; 25"
MoO3 0 <01 - ' ’ ' ’

Mo loading wt%

and plotted along with the WGS activity of the Pd-loaded Fig. 3. WGS reaction rates and propene production from TPD-TGA shown
catalysts in Fig. 3. The plot in Fig. 3 shows that the amount as a function of Mo loading. The WGS reaction rates at 553 K for different

. samples are shown as the circles, and the propene production in the temper-
of propene formed by desorption of 2-propanol decreasesature range 500 to 625 K from the 2-propanol TPD are shown as squares.
almost linearly with the Mo content to a coverage of approx-
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Fig. 4. Pulse measurements on (a) 1 wt% Pd/ceria and (b) 1 wt% Pd/1 wt%
Mo—ceria at 473 K. The data are for two pulses of Gy = 28), fol-
lowed by two pulses of @(m/e = 32) and another CO. Formation of GO
(m/e =44 and 28) is observed in all of the pulses.

imately 1.25 wt% Mo. Fig. 3 also shows that decreases in
the WGS activity follow the TPD-TGA results almost ex-
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Table 4
Oxygen atom transferred in the CO>-Pulse

Catalyst Oxygen transferred under different temperature ((ghol

323K 373K 433K 473K 523K 573K
1% Pd/ceria 86 135 215 250 340 435
1% Pd/ 83 97 97 160 255 385

1 wt% Mo—ceria

sition of a surface carbonate that is stable only witA"Cen
assignment that was confirmed by FTIR measurements [7].
The data for Pd on 1 wt% Mo—ceria, shown in Fig. 4b, have
a similar appearance to that for Pd/ceria, with the exception
that much less C®(38 pmolg) is formed during the ®
pulse. As we will demonstrate shortly when the FTIR re-
sults are presented, the surface carbonate is not formed on
the Mo-containing sample and most of this £8 likely
formed by reaction of @with CO adsorbed on Pd.

Data like that in Fig. 4 allow the quantification of oxygen
transfer on the two catalysts and this information is given in
Table 4 as a function of temperature. We interpret the data as
showing that Mo prevents oxidation and reduction of the ce-
ria surface. At 323 K, the total oxygen transfer (i.e., the sum
of CO, formed in the CO and @pulses) was approximately
85 umo) g on both samples, with roughly the same amounts
of CO, formed during the CO and Opulses. This value
can be explained by adsorption and reaction gfadd CO
on Pd. A 1 wt% Pd corresponds to 100 ppgpl Assuming
a Pd dispersion of 40%, it is reasonable that approximately
40 umolg of CQ;, is formed by reduction of adsorbed oxy-
gen with CO and that 40 uma of CO would remain on
the surface after the CO pulse, to be oxidized in the sub-
sequent @ pulse. On the Pd/ceria catalyst, the amount of
transferred oxygen increases dramatically with temperature,
to 135 umofg at 373 K and 215 pmgdy at 423 K. The max-
imum amount of oxygen that can be transferred by the Pd,

actly, implying that there is a correspondence between theeven assuming 100% dispersion and complete oxidation of
two measurements. Based on the initial slopes of the linesthe metal, is 200 umgy, implying that the ceria is also be-

for the WGS rates and the TPD-TGA results, 1.25 wt% Mo
completely modifies the ceria surface.

To understand how Mo modifies the properties of ce-
ria, CO—-Q pulse studies were performed on catalysts with
1 wt% Pd on the ceria and 1 wt% Mo—ceria samples. Typ-
ical data for these two catalysts are shown in Fig. 4 for
measurements at 473 K. For Pd/ceria (Fig. 4a), the initial
CO pulse(m /e = 28) partially reduces the catalyst, forming
135 umo)g CO;, (m/e = 44 and 28). A subsequent pulse of
CO on this reduced catalyst forms only negligible amounts
of additional CQ. Similar to what was reported in previous
studies [7,18], more C&is formed (115 umolg) in a sharp
peak when the reduced sample is exposedt@i)e = 32).

A fraction of the CQ formed during the @ pulse is likely
due to reaction of oxygen with CO adsorbed on the Pd; how-
ever, the amount of CPthat is formed is too large to be
explained by this reaction. In a previous study, it was shown
that the CQ formed during the @pulse is due to decompo-

ing oxidized and reduced. The amount of transferred oxygen
increases with temperature as more of the oxygen from the
bulk is available. With Pd on 1 wt% Mo—ceria, the amount of
oxygen transfer is constant until 473 K, implying that oxy-
gen transfer from the supportis negligible below this temper-
ature. At the highest temperatures, where oxygen from bulk
ceria is accessible, the differences between the two catalysts
do not appear as dramatic.

The diffuse—reflectance, FTIR measurements shown in
Fig. 5 provide insights into how Mo reacts with the ceria sur-
face. The spectrain this figure were measured after oxidation
in pure @ at 673 K to remove a majority of carbonates, after

which the samples were cooled in flowing He. For pure ceria,

the peaks observed at 3740, 3700, and 3635'dmave been
assigned to stretches of unidentate, bidentate, and tridentate
hydroxyls [19], while the broad band centered at 3510tm

is believed to correspond to adsorbed water. The unidentate
and bidentate hydroxyls are almost completely removed by



N
[u
(o]

S Zhao et al. / Journal of Catalysis 221 (2004) 413-420

2

™\

3737
3702
3634
3510
1294

AN

1028

N
<
n
-~

SR
S

3800 3600 3400 3200 3000 2200 2000 1800 1600 1400 1200 1000 800

T T T T T T T T T

3600 3400 3200 3000 2200 2000 1800 1600 1400 1200 1000 800

w
0
(=3
o

-1
Wavenumber (cm™) Wavenumber(cm'1)
Fig. 5. FTIR data for Mo-containing samples after oxidation ip &
673 K: (a) ceria, (b) 0.5 wt% Mo—ceria, (c) 0.75 wt% Mo—ceria, (d) 1 wt%
Mo—ceria, (e) 1.25 wt% Mo—ceria, (f) 1.5 wt% Mo—ceria, (g) 2 wt%
Mo—ceria, (h) 4 wt% Mo—ceria, and (i) MaQ

Fig. 6. FTIR data for Mo-containing samples after exposure to 25 Torr CO
at673 K: (a) ceria, (b) 0.5 wt% Mo—ceria, (c) 0.75 wt% Mo—ceria, (d) 1 wt%
Mo—ceria, (e) 1.25 wt% Mo—ceria, (f) 1.5 wt% Mo—ceria, (g) 2 wit%
Mo—ceria, (h) 4 wt% Mo—ceria, and (i) MaQ

the addition of 1.25 wt% Mo (spectrum e), suggesting that
the Mo ions react with hydroxyl sites on the ceria surface.

Molecular water is found on all of the Mo-containing sur- - . : yevE
we suggest that the Mo species associated with poisoning

faces, with the exception of pure MgO 4 , .
Fig. 6 shows the FTIR spectra obtained on the same sam-the ceria surface is not observed and that it is only the excess

ples after they had been heated in CO at 673 K. The peaksMOOx thatis observable, and only at higher coverages.

in the range from 1200 to 1600 crh on pure ceria are

an indication of carbonate formation. The intensities of the

carbonate bands decrease with the addition of Mo and are4. Discussion

essentially completely removed by the addition of 1.25 wt%

Mo (spectrum e). It is also interesting to note that the hy- It appears that Mo affects ceria by preventing the reduc-

droxyl bands appear unchanged by the formation of the car-tion of the ceria surface. This conclusion is consistent with

bonates. the CO-Q pulse data, which indicated that higher temper-
Finally, Raman spectra were measured on selected Mo-atures were required to add and remove oxygen from the

containing samples, with the results shown in Fig. 7. It is Mo-poisoned surface. This conclusion is also consistent with

noteworthy that no new features were observed on the sam-the observation that there is no carbonate formation on the

ple containing 1 wt% Mo (spectrum b), over that observed poisoned surface. Like L&®3, CeOj3 is capable of forming

on pure ceria (spectrum a). One observes new bands at 632a stable carbonate by adsorption of £@hile no carbonate

818, and 975 cm! on the sample with 1.25 wt% Mo (spec- is formed on Ce@[7]. Assuming that the redox mechanism

trum c); and these grow in intensity on the sample with proposed for the WGS reaction on Pd/ceria is valid [6,7,21],

4 wt% Mo (spectrum d). The new bands are almost certainly one should expect a change in the reducibility of the ceria

associated with a surface form of Mg@Gshifted from the surface to severely affect the reaction rate. A key step in the

analogous bands on the bulk species (spectrum e), in agree-
ment with published spectra for this system [20]. However,
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Fig. 7. Raman spectra of (a) ceria, (b) 1 wt% Mo—ceria, (c) 1.25 wt% Mo—
ceria, (d) 4 wt% Mo—ceria, and (e) MaO
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to the Mo loading in that experiment, 100 pumgl There-
fore, if special redox sites exist on the ceria surface, there is
sufficient Mo present to block those sites.

Since itis hard to imagine that Mo could influence surface
oxygen that was more than a few atomic distances away, the
Mo must be very evenly dispersed over the surface. It seems
unlikely that a random process could provide the high Mo
dispersion, so that Mo must react with specific sites on the
ceria surface during impregnation. Indeed, the selective re-
moval of cerium hydroxyls upon the addition of Mo would
also argue for the reaction of Mo ions with specific sites.
The selective removal of cerium hydroxyls could also ex-
plain the 2-propanol adsorption results. One would expect
the alcohol to form strong hydrogen bonds with the surface
hydroxyls and that the decreased reaction of 2-propanol sim-
ply follows the removal of these hydroxyls. The mechanism
for dehydration of the alcohol is associated with the Lewis
acidity of the ceria surface and is probably similar to that
observed in a previous study of ethanol on 7{@23].

An even bigger question regards how the presence of Mo
ions on the surface affects the surface reducibility. One obvi-
ous difference between Mb and Cé+ is the charge of the
ion. It is tempting to suggest that the more positive ion with-
draws charge from &, making the Ce—O bond stronger.
An alternative attempt to explain the effect of Mo is based
on the bulk heats of formation for MaCand CeQ. How-
ever, the standard heat of reaction for G&@® Ce metal is
487 k¥mol of oxygen atoms, while the enthalpy change for
reducing MoQ to Mo is 250 kJmol of oxygen atoms, im-
plying that &~ are bound less tightly to Mg than to Cé+.

Both cerium and molybdenum have suboxides that could
change this thermodynamic picture. However, standard en-
thalpy changes for reducing Ce@re typically larger. The

redox mechanism is the oxidation by ceria of CO adsorbed heat of oxidation for Cg03 to CeQ is 380 kJymol of oxy-

on Pd. Anything that blocks this step will poison the catalyst.

gen atoms and this number is reported to be similar for other

The two most interesting aspects of this study are that suboxides on an oxygen atom basis [24,25]. It should also be

Mo is such an effective poison for reduction of the ce-
ria surface and that only relatively small quantities of Mo,
< 2 Mo/nn?, are required to poison the surface. In order
to rationalize the low coverage of Mo that is required to
affect WGS activity, it is useful to compare the value we
have found in this study to concentrations of Mo in well-
defined systems. The surface concentration of Mior the
(100) surface of Mo@is 4.9 Mo/nn? based on crystallo-
graphic information. A similar value was obtained by Dong
and Chen for an Mo®monolayer on ceria [22]. They esti-
mated that the coverage is 4.8 Ronnm?, assuming prefer-
ential exposure of the (111) surface of GeBased on these
values, the Mo@in our study is probably not poisoning the

noted that the reducibility of high-temperature forms of ceria
may not accurately describe the reducibility of catalytically
active forms of ceria [26].

All of this discussion has assumed that one can treat the
properties of Pd and ceria separately. However, there is evi-
dence that specific interactions between the precious metal
and the ceria could be important in determining the ease
of oxygen transfer between these two components. For ex-
ample, in model studies of Rh and Pd particles on reduced
ceria [27], CO dissociation occurred rapidly on the Rh parti-
cles below 400 K, desorbing as CO at 650 K, but only after
exchange of oxygen with the ceria. No similar exchange was
observed with Pd. More recently, Wang and Gorte reported

ceria surface by a simple blocking mechanism that makes thelarge enhancements in the WGS activity of Pd/ceria catalysts

ceria surface inaccessible. However, 1.8/Mwo¥ is a suffi-
ciently high coverage that, if the Mb are evenly dispersed
over the ceria surface, most of the surface Gons could
be associated with a &€& that neighbors a M®". Further-

that had Fe incorporated into the surface [16]. Surprisingly,
we find that the addition of Fe causes no enhancement for
Pt-based catalysts [28]. Therefore, a complete understand-
ing of the effects of Mo in the present study may require an

more, the decrease in the amount of oxygen transferred inunderstanding of how Mo modifies the interactions between

the CO-Q pulse data at 473 K, 90 umyg, is very similar

Pd and ceria.
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