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Temperature-programmed desorption (TPD) of CO and HZ from nickel surfaces containing vary- 
ing amounts of titania showed that the effects of titania adspecies are predominantly short-ranged. 
Titania surface species block CO adsorption at strongly bound sites (believed to be sites atop 
individual Ni atoms) corresponding to heats of adsorption in the range 134-139 kJ . mol-‘; in 
addition, titania enhances adsorption into more weakly bound sites (believed to be bridging and 
hollow sites between Ni atoms) with heats of adsorption from 91 to 107 kJ * mol-r. For hydrogen 
adsorption, overall adsorption strength was increased with increasing concentration of surface 
titania. In addition, a new, activated adsorption state was created and is believed to be associated 
with hydrogen at sites on titania. The variations of the initial sticking coefficients of CO and Hz as a 
function of titania precoverages show that at low titania coverage each TiO, moiety influences 
approximately 4-10 Ni surface atoms. The long-range electronic influence of titania at a concentra- 
tion of 0.1 monolayer was estimated to be responsible for only a 6-M * mol-r decrease in the CO 
heat of adsorption. Qualitatively, similar results were found for an alumina-containing Ni surface, 
although alumina appears to be more poorly dispersed than titania on Ni. This suggests that the 
effects of metal oxide species on metal surfaces may be generalized to include irreducible support 
materials. 0 19S5 Academic Press, Inc. 

INTRODUCTION 

In a previous study of temperature-pro- 
grammed desorption of CO and HZ from a 
titania-containing polycrystalline nickel 
surface (I), we showed that the presence of 
titania species on metal surfaces may be re- 
sponsible for CO and HZ chemisorption be- 
havior typically observed for catalysts ex- 
hibiting so-called strong metal-support 
interactions. Specifically, titania adspecies 
on a polycrystalline nickel foil blocked CO 
adsorption sites and weakened CO adsorp- 
tion strength. Hydrogen adsorption into 
sites typical of clean nickel was suppressed 
in favor of a more strongly bound, activated 
adsorption state. These results strongly 
suggested that titania moieties migrate onto 
the surfaces of supported metal particles 
during high-temperature reduction. In addi- 
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tion, Kugler and Garten (2) patented an un- 
supported nickel catalyst promoted with 
titania and demonstrated that it exhibits 
CO hydrogen behavior typical of tita- 
nia-supported nickel catalysts. Analogous 
results were reported by Sudhakar and 
Vannice (3) for titania-promoted Pt. Chung 
et al. (4) have further demonstrated the 
promotional properties of submonolayer 
amounts of titania on Ni( 111) for methana- 
tion. In this paper we present an inpestigal 
tion of the effects of titania surface cover- 
age on the chemisorptive behavior of CO 
and HZ on nickel. Varying the titania cover- 
age not only allowed a determination of the 
extent of long-range versus short-range in- 
fluences of the titania, but also provided an 
estimate of the titania coverage required to 
observe significant alterations of the chemi- 
sorptive properties of nickel surfaces. 

The effects of oxygen and carbon as well 
as alumina surface additives are presented. 
The purpose of the experiments with oxy- 
gen and carbon was twofold. First, the 
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results allowed us to rule out the presence 
of carbon and/or oxygen contamination as 
a cause of the chemical effects attributed to 
titania which were inferred from the CO 
and Hz thermal desorption measurements. 
Second, the effects of these adatoms could 
be directly compared to the effect of titania 
surface species to provide additional infor- 
mation about the nature of the adlayer-sub- 
strate interactions. The effects of alumina 
adspecies on nickel were studied to address 
the question of how general are the effects 
of metal oxide species on metal surfaces 
for support materials other than transition 
metal oxides such as titania. Alumina was 
chosen as the test material because it is a 
common commercial support, and because 
it is much less reducible than titania. 

EXPERIMENTAL 

Temperature-programmed desorption 
(TPD) experiments were performed in the 
UHV chamber as described previously (1). 
Titanium powder (Alfa, 99.98%) was evap- 
orated in situ from a boron nitride crucible 
held at 1773 K as measured with a tung- 
sten-rhenium thermocouple with the evap- 
orator in direct line of sight with the sam- 
ple. Typical deposition rates were 0.025 nm 
* s-i. A rotary feedthrough shutter and cali- 
brated quartz crystal thickness monitor 
were used to achieve controlled amounts of 
titanium on the nickel surface. The thick- 
ness monitor was calibrated assuming a 
nominal density for the evaporated titanium 
layer of 4.5 g * cmA3. Assuming a contigu- 
ous overlayer of Ti, the thickness of the 
evaporated layer was independently esti- 
mated from the attenuation of the Ni 2p3,2 
XPS peak intensity, assuming the emitted 
photoelectron mean free path to be 1.28 
nm. This calculation agreed to within 20% 
of the value estimated with the thickness 
monitor. 

The sample was held at 300 K during de- 
position, during which time the background 
pressure increased to 8 x lo-’ Pa and con- 
sisted principally of HZ, CO, and H20. Fol- 
lowing deposition the surface was exposed 

to isO2 at 300 K to oxidize the titanium and 
nickel, followed by H2 exposure from 300 to 
150 K (while cooling the sample) and subse- 
quent flashing to 620 K to reduce the nickel. 
Alternatively, the titanium was oxidized 
through exposure to D20 at room tempera- 
ture or below, followed by flashing to 620 
K. It was found that D20 dissociates on 
reduced titania (D2 is desorbed) leaving ox- 
ygen atoms on the surface which oxidize 
the titanium (5). Deuterated water was 
dosed and the surface flashed in succession 
until Dz desorption could not be detected 
(this never required more than 3 dose/flash 
cycles). Surfaces prepared by either isO2 or 
D20 oxidation behaved identically with re- 
gard to subsequent CO and Hz desorption. 

The polycrystalline Ni foil (Alfa, 
99.998%; 2 cm diam. and 0.127 mm thick) 
was initially cleaned prior to titania deposi- 
tion by repeated cycles of low-pressure oxi- 
dation (ca. 10m4 Pa * s at 300 K) followed by 
high-temperature annealing (973 K, 30 min) 
and argon ion sputtering (3 kV, 25 mA, 
30 min). A final high-temperature vacuum 
treatment of 40 min duration was necessary 
to remove surface defects caused by the ion 
bombardment. This procedure has been 
shown to remove all surface contaminants 
except ca. 2% of a monolayer of C from Ni 
single crystals (6). 

Fractional titania coverages, in terms of 
monolayer equivalents, are quoted as the 
number of titanium atoms deposited di- 
vided by the assumed monolayer site den- 
sity of the nickel foil (mean of (111) and 
(100) planes = 1.74 x lOi atoms Ni - m-* = 
I monolayer = 1 ML). The oxidation state 
of the titania adlayer is unknown due to the 
lack of in situ surface analysis. It is be- 
lieved that the titania is not fully oxidized; 
accordingly, titania is denoted as TiO,, 
with x < 2. Chung et al. (4) have prepared 
titania adlayers on Ni(l11) and determined 
that x ranged from 1.0 to 1.5 based on Au- 
ger electron spectroscopy measurements. 
Prior to each deposition of titanium the sur- 
face was cleaned with 3-4 extended cycles 
of argon ion bombardment and high-tem- 
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perature annealing. Reattainment of sur- 
face cleanliness was verified through the 
CO desorption measurements. 

The precleaned Ni polycrystalline foil 
was carburized by cracking ethylene 
(Matheson, 99.5%). Ethylene adsorbed at 
150 K decomposed upon flashing to 600 K, 
liberating hydrogen and leaving C on the 
surface. LEED and Auger analyses of simi- 
larly treated Ni single-crystal surfaces have 
shown that surface carbides are formed that 
are stable,under UHV conditions below 600 
K (7, 8),~,Above 600 K a fraction of C may 
diffuse into the bulk; above 700 K the car- 
bide is transformed to graphitic carbon. The 
amount of surface carbide was estimated 
from the absolute amount of hydrogen lib- 
erated upon flashing the ethylene-exposed 
surface, with correction made for back- 
ground hydrogen adsorption. 

Aluminum rod (99.999%, Alfa) was evap- 
orated in situ onto the precleaned nickel foil 
maintained at ca. 250 K from an alumina 
crucible held at 1320 K. The deposition rate 
was ca. 0.05 nm * s-l as measured with the 
calibrated quartz crystal thickness monitor. 
During deposition the chamber background 
pressure increased to 2 x 10m7 Pa. The sam- 
ple was subsequently exposed to 180r at 300 
K to oxidize Al metal, then exposed to Hr 
at 150 K and flashed to reduce the Ni. In 
this study only one alumina coverage (ca. 
1.2 x lOI atoms Al . rnm2, 0~1 = 0.7 ML 
equivalent) was investigated. 

RESULTS 

Carbon Monoxide Desorption from 
TiOJNi 

The influence of different coverages of 
predeposited TiO, on CO thermal desorp- 
tion is shown in Fig. 1. The TPD traces 
represent desorption from saturated CO 
surfaces; this required larger CO exposures 
with increasing TiO, coverage since titania 
decreased the sticking coefficient for CO 
adsorption. For the clean Ni surface, CO 
desorbs in first-order fashion near 460 K; 
this adsorption state is denoted as ai( 

qlki) 

A f 

FIG. 1. Effect of varying TiOx precoverage on CO 
thermal desorption from Ni. CO coverage at satura- 
tion. 

The low-temperature shoulder at ca. 250- 
350 K is indicative of weaker adsorption 
sites, denoted as or(Ni), which filled only 
after the cri(Ni) states neared saturation. 

The desorption activation energy for the 
cyi peak was estimated to be 134 kJ . mol-1 
at saturation coverage, assuming first-order 
desorption kinetics and a preexponential 
factor of 1016 s-l, a value typically mea- 
sured for Ni single crystals (6, 9, 10). Simi- 
lar values were estimated using the heating 
rate variation method (9), in which no as- 
sumptions concerning desorption order or 
preexponential need be made. 

A smalI amount of TiO, (& - 0.1 mono- 
layer equivalent) significantly decreases the 
saturation CO coverage of the (rl state. In- 
hibition of CO desorption characteristic of 
clean Ni is accompanied by filling of states 
at lower temperatures (i.e., enhanced de- 
sorption in the range 300-400 K), charac- 
teristic of TiO,-perturbed Ni sites. These 
states are denoted as ai(TiO,/Ni). It is im- 
portant to note that this behavior is indica- 
tive of a relatively short-ranged effect of 
tiania on CO adsorption, as opposed to the 
continuous gradual downward shift in peak 
temperature which would only be observed 
with increasing TiO, coverages for long- 
range interactions. 

New states are also observed at 200 K. 
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Experiments on an oxidized titanium foil 
showed that the low-temperature peak is 
due to CO adsorption directly on the titania 
(II), and these are denoted as cr2(TiOX/Ni). 
Saturation coverages for CO on titania 
were found to be low, and were estimated 
to be in the range of 0.01-0.08 of a mono- 
layer, consistent with the small peaks pres- 
ently observed for the titania-containing 
surfaces. 

A small but significant shift equal to 20 K 
for the Ni (pi state is evident upon the first 
addition of a small amount of titania. Such 
shifts have not been observed for Cl and P 
overlayers on single-crystal Ni (12) but 
have been observed for small precoverages 
of sulfur (12, 13). 

No second-order CO desorption peaks 
were observed, suggesting that adsorbed 
CO does not readily dissociate on the tita- 
nia-containing Ni surfaces under UHV con- 
ditions. It cannot be discounted, however, 
that a fraction of adsorbed CO dissociates 
and does not desorb below the maximum 
temperature of the TPD experiments. 

Carbon Monoxide Desorption from 
Carbided Ni 

Figure 2 shows the effect of varying car- 
bidic carbon coverage from 0 to 0.75 ML on 
the CO TPD traces from near saturation 
(ca. 90%) coverage. This CO coverage was 
obtained by exposure of the sample to 5 L 
(Langmuirs) of CO at 150 K (1 L = 1.3 x 
10e4 Pa . s). As for TiO,, addition of C 
adatoms results in a monotonic conversion 
of CO desorption from sites characteristic 
of clean Ni to desorption from sites charac- 
teristic of surface-carbided Ni. The effect 
of carbidic carbon on the binding energy of 
CO is similar to the effect of titania. Indeed, 
the desorption activation energy for the CY 
NiC state was estimated to be 91 kJ . mol-r 
(assuming first-order desorption and a pre- 
exponential of lOi s-i), the same estimate 
for the average energy for the cq(TiO,/Ni) 
state. This value is in the range of energies 
reported for carbided nickel single crystals 
(7, 8). 
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FIG. 2. Effect of varying C coverage on CO thermal 
desorption from Ni. CO exposure was 5 L (Langmuirs) 
at 150 K. 

Carbon monoxide adsorption behavior 
on carbided Ni differs significantly in sev- 
eral ways from that on titania-containing 
Ni. First, no measurable shift in the Ni o1 
peak temperature was detected at low C 
coverages. Second, titania surface species 
cause a noticeably broader distribution of 
adsorption sites than does C as seen by the 
respective desorption peak half-widths of 
200 and 90 K. Finally, saturation CO cover- 
ages are dramatically different. Figure 3 
compares the dependence of total CO cov- 
erage and the amount of CO adsorbed in the 
Ni (~1 state versus adlayer precoverages for 
the two types of surfaces. The amount of 
CO adsorbed in the Ni (Y~ state was esti- 
mated by resolving the TPD curve assum- 
ing first-order desorption kinetics. Note 
that CO exposure for the series of carbided 
Ni desorptions was constant at 5 L. This 
was sufficient to achieve ca. 90% of total 
saturation coverage and complete satura- 
tion of the Ni (~1 state. The upper plot 
shows that carbidic carbon does not block 
total CO adsorption, in contrast to TiO, 
which blocks a significant number of CO 
adsorption sites. The effect of TiO, on the 
Ni al state population is somewhat more 
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FIG. 3. Dependence of total CO coverage, &c, and 
al-state coverage, I%$, on additive coverage. 

pronounced than C, the latter causing an 
approximately one-to-one decrease in CO 
molecules adsorbed in this state per surface 
C atom. 

From a series of TPD runs of varying CO 
exposure, plots were constructed of CO 
coverage versus CO exposure for each of 
the TiO, and C precoverages under investi- 
gation. Initial sticking coefficients (So) were 
estimated from the initial slopes of these 
plots, assuming a value of @o = 0.67 ML at 
saturation for the clean Ni surface (14, 25). 
As shown in Fig. 4, the initial sticking coef- 
ficient for CO strongly depends on the TiO, 
coverage but is nearly independent of the C 
coverage. 

.Bo I 

FIG. 4. Variation of the initial sticking coefficient of 
CO, So, as a function of additive coverage. So evalu- 
ated at 150 K. Long dashed line represents the theoret- 
ical dependence according to the relationship So pro- 
portional to (1 - 4&J; short dashed line represents SO 
proportional t0 (1 - 10&i). 

Carbon Monoxide Desorption from 
Oxidized Nickel 

The effect of extent of nickel oxidation 
on CO adsorption/desorption behavior is 
shown in Fig. 5. For low oxygen preexpo- 
sures at 300 K the Ni q state population 
decreases while population in weaker states 
desorbing from 150 to 350 K increases. Un- 
like C or TiO, , the presence of nickel oxide 

TEMPERATURE (K) 

FIG. 5. Effect of varying oxygen preexposure on CO 
thermal desorption from Ni. CO exposure was 3 L at 
150 K. 
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does not give new adsorption states of con- 
stant peak temperature, or average desorp- 
tion energy, with increasing oxygen cover- 
age. Instead, a continuous decrease in 
average adsorption strength is observed as 
the surface becomes more oxidized. In 
large part this behavior can be attributed to 
oxidic layer formation at larger oxygen ex- 
posures; note that, unlike oxygen, the car- 
bon and titania “adlayers” are restricted to 
the surface. 

Carbon Monoxide Desorp tion from 
AlzOJNi 

The effect of a high coverage of surface 
alumina (i.e., 13a - 0.7 monolayer equiva- 
lent) on nickel with respect to carbon mon- 
oxide thermal desorption can be seen 
graphically in Fig. 6. In the upper portion of 
the figure (labeled A), it is evident that the 
majority of the adsorbed carbon monoxide 
desorbs via a first-order process (indicative 
of molecular adsorption) in a manner not 
significantly different than desorption from 
clean nickel. The lower portion of the figure 
(labeled B) compares desorption from satu- 
ration CO coverages on clean Ni and the 

I I 
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FIG. 6. (A) CO desorption from A&OJNi following 
different CO exposures at 150 K; (a) 0.1, (b) 0.4, (c) 
1 .O, (d) 1.8, (e) 3.2, (0 8.0, and (g) 20 L. (B) CO desorp- 
tion from saturation coverage at 150 K on (h) clean Ni 
and (i) A1203/Ni. Alumina coverage was 0.7 ML. 

alumina-containing surface. The effect of 
surface alumina is twofold. First, alumina 
blocks a small number of the most strongly 
bound, or (Y], states as shown by the de- 
crease in peak intensity at the highest de- 
sorption temperatures. Site blocking is ac- 
companied by chemical modification. This 
is evident in comparing the (Y] peak temper- 
atures at saturation of 450 and 435 K for the 
clean and alumina-containing surfaces, re- 
spectively. New sites are also apparently 
created corresponding to enhanced desorp- 
tion in the range 300-400 K from the AlzOs/ 
nickel surface. 

Using the heating rate variation method, 
the CO adsorption strength (desorption ac- 
tivation energy) was found to be decreased 
by the presence of A1203 adspecies from 
135 kJ . mol-’ (V = 8 x 10” s-r) on the clean 
surface to 128 kJ . mol-’ (V = 3 X 10ls s-l). 
Since the new states created by alumina 
were only present as a shoulder in the TPD 
spectra, the heating rate method could 
not be employed to estimate adsorption 
strengths of these new weaker states. As- 
suming first-order desorption kinetics, 
these states can be estimated to be in the 
range 80-93 kJ * molt (for a preexponential 
of 10’3 s-1). 

Saturation CO coverage including all ad- 
sorbed states was 86% of saturation cover- 
age on the clean nickel surface. The initial 
sticking coefficient for the (Y] state re- 
mained high in spite of the presence of sur- 
face alumina, and was estimated to be ca. 
0.9. 

Hydrogen Desorption from TiOJNi 

Adsorption-desorption behavior of HZ 
was also studied on the nickel surface with 
varying TiO, coverage. For adsorption at 
150 K, hydrogen thermal desorption spec- 
tra from the respective saturation cover- 
ages are compared in Fig. 7. The TPD 
traces reveal a continuous decrease in the 
population of the pi and PZ adsorption 
states characteristic of clean Ni as titania 
coverage increases. New states are appar- 
ently simultaneously created, giving rise to 
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TEWERATURE (K) 

FIG. 7. Effect of varying TiOX coverage an HI. ther- 
mal desorption from Ni following saturation H2 expo- 
sure at 150 K. 

desorption peaks at ca. 360 and 480 K. The 
population of the strongest state (desorp- 
tion temperature ca. 480 K) appears to go 
through a maximum at a TiO, coverage of 
4.2 x lo’* Ti atoms/m2 (& = 0.28 mono- 
layer equivalent). Because desorption of 
each observed state is described by recom- 
bination of hydrogen atoms, second-order 
desorption kinetics apply and cause upward 
shifts in peak temperatures with decreasing 
initial adsorbate coverage. A portion of the 
observed upward shift in peak tempera- 
tures is due, therefore, to initial hydrogen 
coverage differences; the remainder is due 
to an increase in hydrogen adsorption 
strength. Assuming a preexponential of 
lo+ m* - molecules-l - s-l a value typical 
for second-order desorptioh, estimated de- 
sorption activation energies increased from 
86 and 66 kJ * mol-i for the 81 and /32 states, 
respectively, on the clean surface to 108 
and 75 kJ . mol-l for the high- and low- 
temperature states, respectively, on the 
0.6PML TiOJNi surface. 

Figure 8 graphically illustrates the varia- 
tion in total HZ uptake and initial H2 stick- 
ing coefficient evaluated at 150 K as a func- 
tion of TiO, coverage. Through comparison 

with Figs. 3 and 4, it can be seen that the 
effect of TiO, is more severe for Hz than 
CO in terms of the observed reduction in 
total saturation coverage and initial sticking 
coefficient for a given titania surface con- 
centration. For example, titania coverage 
&, = 0.28 monolayer equivalent reduces 
the total hydrogen coverage, t9u, by a factor 
of 3 and SO (H2) by nearly two orders of 
magnitude, compared to reduction of @o 
by only ca. 35% and So (CO) by a factor 
of3. 

As observed previously (I), increasing 
the surface temperature during hydrogen 
exposure to 300 K allowed more hydrogen 
to be adsorbed into a -higher temperature, 
activated state, which desorbed above 500 
K. Inclusion of the population of this state 
into the total hydrogen coverage revealed 
that &., remained invariant (to within 
-20%) as increasing amounts of titania 
were deposited on the .nickel surface. 

Hydrogen Desorption from AlzOJNi 

Following hydrogen exposure at 150 K, 
HZ desorbs from the alumina-containing 
nickel surface from at least two adsorption 

Tdou= 300 K 

@Ii 

, , ,:, ( 
0 0.2 0.6 

Ti o&RPGE 
0.6 1.0 

FIG. 8. Variatkn of total H2 coverage, &, and initial 
sticking coefficient of H2 as a function of titania cover- 
age. S0 evaluated at 150 K. Short dashed line repre- 
sents the dependence S,, proportional to (1 - 4@#; 
long &shed line represents SO proportional to (1 - 
10&i)‘. 
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states as shown in Fig. 9A. These partially 
overlapping desorption peaks are due to re- 
combination of atomic hydrogen as con- 
firmed by isotopic mixing experiments. 

Figure 9B compares desorption following 
saturation H2 coverage for the Ni and 
A1203/Ni surfaces. It can be seen that the 
two major adsorption states observed on 
Al*OJNi following exposure at 150 K ap- 
parently correspond to the pi and p2 states 
desorbed from clean nickel; the presence of 
surface A&O3 preferentially blocks the most 
strongly bound, or pi, state. In addition, 
a third adsorption state, or distribution of 
states, is created as evidenced by increased 
desorption in the 400-500 K range. This 
third state with a higher desorption activa- 
tion energy than the pi or /32 states became 
more apparent following large exposures 
(ca. 10,000 L) at 300 K (see curve (i) in the 
figure). This increase in adsorption extent 
as the surface temperature during Hz expo- 
sure is increased is evidence for an activa- 
tion energy barrier for adsorption into the 
strongest adsorption state. 

200 303 LOO 5w 6m 700 6~) 

TEMPERATURE (K) 

FIG. 9. (A) Hz desorption from A&OJNi following 
diierent H2 exposures at 150 K: (a) 0.3, (b) 1 .O, (c) 3.0, 
(d) 5.0, (e) 13, and (f) 30 L. Alumina coverage was 0.7 
ML. (B) Hz desorption from saturation coverage on (g) 
clean Ni dosed at 150 K, (h) A120JNi dosed at 150 K, 
and (i) A120JNi dosed at 300 K. 

For an adsorption temperature of 150 K, 
the “saturation” coverage of hydrogen was 
74% of the clean nickel saturation cover- 
age. Taking into account the additional ad- 
sorption capacity in the high-temperature 
range achieved through exposures at higher 
temperatures, saturation coverage was 78% 
of the clean nickel value. 

DISCUSSION 

The Role of Titania Adspecies 

The effect of electronegative or electro- 
positive surface additives on CO and HZ 
chemisorption on Ni has previously been 
attributed to changes in the electron density 
of the surface Ni layer (12, 16-18). In con- 
trast, Madix and co-workers (13, 19, 20) 
have reported that the interference of CO 
adsorption on Ni(100) by sulfur adatoms 
can be explained by simple site blocking. In 
order to understand these interpretations, it 
is useful to review the commonly accepted 
model for CO and Hz bonding to a Group 
VIII metal surface. 

Carbon monoxide-Group VIII metal 
bonding is described with the Blyholder 
model (22, 22). The chemisorptive bond is 
formed through the C atom in a donor-ac- 
ceptor mechanism as follows: occupied 5~ 
CO orbitals donate electrons to the metal d- 
electron orbitals which, in turn, back-donate 
charge to the antibonding 2~* CO orbitals, 
effectively weakening the C-O r bond. The 
reduced CO adsorption bond strength and 
adsorption rate on Ni(lOO) in the presence 
of electronegative adatoms S, Cl, and P has 
been attributed to reduced Ni 3d electron 
density and a corresponding decrease in the 
extent of electron back-donation (12-18) or 
to physical site blocking (23, 19, 20). In 
contrast, the presence of electropositive 
adatoms, K, Na, and Cs was observed to 
increase CO adsorption strength and disso- 
ciation rate; this was attributed to increased 
Ni 3d electron density (17). 

The adsorption character of hydrogen 
on Ni is less well-defined. Terminal and 
bridge-bonded forms may exist on single 
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crystal surfaces, with bridge-bonded forms 
favored in the presence of coadsorbates 
(23). In attempting to predict the effects of 
adatoms on hydrogen chemisorption rela- 
tive to CO adsorption, it is important to 
note both that the charge transfer from Ni 
to H required to form the Ni-H bond is less 
than that required from Ni to CO (24), and 
that two neighboring surface sites are nec- 
essary for dissociative Hz adsorption. 

The present results confirm that the influ- 
ence of titania surface species on the chem- 
ical nature of nickel CO and Hz adsorption 
sites is relatively short-ranged. Consider 
first carbon monoxide chemisorption. The 
presence of TiO, weakens the CO-nickel 
bond strength to a degree similar to chlo- 
rine (22), carbidic carbon, and surface oxy- 
gen. This observation is consistent with the 
conclusion of Santos et al. (23, who sug- 
gested alteration of the kinetic behavior of 
Fe/TiOz ammonia synthesis catalysts was 
due to the presence of efectronegatiue TiO, 
species on the surface of the iron particles. 
Unlike carbidic carbon, but similar to chlo- 
rine, sulfur, and phosphorous, TiO, was 
also observed to block a fraction of the Ni 
adsorption sites. Of importance for the 
present discussion is how many Ni surface 
atoms each TiO, moiety modifies or blocks. 

Examination of the modification of CO- 
Ni bonding as a function of TiO, concentra- 
tion allows differentiation between short- 
and long-range interactions. In the ex- 
treme, if only local interactions are impor- 
tant, new binding states will be observed 
near the modifier only, while the remainder 
of the surface sites are unperturbed. Iflong- 
range interactions dominate, incremental 
addition of adspecies will atfect all adsorp- 
tion sites. 

It is clear that an individual TiO, moiety 
modifies a limited number of Ni adsorption 
sites. As TiO, concentration was increased, 
a smooth replacement of clean surface 
states characteristic of the modified surface 
was observed. The plots in Figs. 3 and 4 
provide a measure of the effective interac- 
tion range. The intluence of titania is most 

pronounced with respect to the decrease in 
the clean Ni al state population. The lower 
plot in Fig. 3 shows the range of this effect 
to be of the order or slightly greater than 
the nearest-neighbor nickel atoms. From 
the initial slope of the plot of initial CO 
sticking coefficient versus titania coverage 
in Fig. 4, it appears that at low coverage 1 
TiO, affects approximately 6 Ni adsorption 
sites. Allowing for an error in absolute TiO, 
coverage of +40%, this value can be brack- 
eted such that each TiO, affects not less 
than 4 and not more than approximately 10 
Ni surface atoms (note that theoretical 
curves So proportional to [ 1 - 4&i] and [ 1 - 
IO&J are included in the figure). At higher 
cover-ages increased tendency toward clus- 
tering of the adlayer species probably takes 
place and results in a smaller number of Ni 
sites being perturbed per incremental TiO, 
surface coverage; similar behavior has been 
observed by Kiskinova and Goodman for 
phosphorus overlayers on Ni( 100) (17). 
Note that the relatively short interaction 
range estimated above coupled with the ob- 
servation that the Ni (Y~ site is completely 
blocked at a titania coverage of 1.0 x lOI 
atoms Ti * rnP2 (&u = 0.69) allows us to 
conclude that the titania is relatively well 
dispersed over the Ni surface. 

Because of the errors inherent in deter- 
mining absolute surface coverages, the ex- 
act nature of the mode by which TiO, lo- 
cally alters CO adsorption sites on Ni 
cannot be deduced. In general, the surface 
structure of the overlayer, in addition to 
atomic size, electronegativity, and “ad- 
sorption” site of the adlayer species, must 
be considered to make such deductions. 
For example, on the basis of LEED pat- 
terns, it was determined that S and Cl adat- 
oms have four nearest-neighbor nickel at- 
oms on a Ni(100) surface (12). Since the 
initial sticking coefficient for CO adsorption 
into the most strongly bound clean Ni state 
at low S and Cl decreased at a rate faster 
than that predicted by the simple site block- 
ing model, or sticking coefficient propor- 
tional to (1 - 48s ,,r a), it was concluded that 
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S and Cl adatoms exhibit long-range 
(greater than first nearest neighbor) elec- 
tronic interaction with the Ni surface. At 
low adatom coverage, a small shift in the 
high-temperature CO desorption state was 
also taken as evidence of electronic interac- 
tion. 

In the present study, a titania coverage of 
&r = 0.1 shifted the al-CO peak ca. 20 K 
relative to the clean Ni surface. This small 
shift shows the long-range electronic effect 
of titania at this coverage on the binding 
energy of CO on Ni is no greater than about 
6 kJ * mol-I. A similar upper limit has been 
estimated for sulfur adatoms (20). The new 
adsorption states created upon the addition 
of titania must, therefore, be due to local 
effects of the adspecies. 

As demonstrated in recent HREELS and 
TPD studies of CO adsorbed on sulfided 
Ni(lOO), much of this local interaction may 
be explained by geometry or simple site 
blocking (13, 20). A schematic diagram of a 
clean Ni(lOO) surface and Ni(lOO) surfaces 
containing p(2 x 2)s and c(2 x 2)s overlay- 
ers are shown in Fig. 10. Carbon monoxide 
adsorption on clean Ni (Fig. IOA) occurs 
linearly on a single Ni (or atop site) up to a 
coverage of 8co = 0.5 (20, 26). Above this 

(A) NtlOO) 

@‘O 
a=atop 
b = bridging 

b = bridging 

h, = hollow 

I-Q = hollow 

FIG. 10. Schematic of adsorption sites on (A) clean 
and (B, C) sulfur-covered Ni(100) (adapted from (20)). 

coverage so-called “compression” (14) or 
“domain” structures (27, 28) form, with 
further CO adsorption occurring at bridging 
sites. The presence of 0.25 ML S com- 
pletely blocks all atop sites, and subsequent 
adsorption occurs at bridging or fourfold 
hollow sites (Fig. 10B). Half-monolayer S 
precoverage (Fig. 1OC) allows CO adsorp- 
tion into a fourfold hollow site surrounded 
by four sulfur atoms. Note that the pres- 
ence of S adatoms causes CO to adsorb at 
sites that would not otherwise be occupied 
at high coverage due to CO-CO repulsive 
interactions. 

HREELS combined with temperature- 
interrupted thermal desorption allowed 
Gland et .al. (20) to assign each of these 
sites to characteristic CO desorption peak 
temperatures, as reproduced in Table 1. 
The similarity of the present CO TPD 
results with those of Gland et al. suggests 
that dispersed titania adspecies block CO 
adsorption on strongly held, linear atop 
sites and allow adsorption onto less 
strongly bound hollow or bridging sites. 
Moreover, this interpretation is supported 
by the recent work of Takatani and Chung 
(29) on a nickel film deposited on titania. 
Following extended high-temperature re- 
duction during which time titania migrated 
onto the nickel surface, HREELS measure- 
ments showed no CO stretching bands near 
2050 cm-l (atop sites) nor near 1920 cm-’ 
(bridging sites). Instead, only a band at 1850 
cm-r was observed, which was assigned to 
“a site near the surface titanium oxide on 
nickel.” This stretching frequency is simi- 
lar to the peak at 1815-1845 cm-r observed 
on Ni( 111) attributed to a threefold site (30) 
(note that there are no fourfold hollow sites 
on Ni( 111)). The lack of precise structural 
characterization of the surface studied 
presently precludes unambiguous site as- 
signment. Nonetheless, on the basis of the 
literature discussed above-, we suggest that 
the effect of surface titania with respect to 
CO adsorption is relatively short-ranged, 
and can largely be explained in geometric 
terms. Electronic effects, although present, 
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TABLE 1 

Assignment of CO Adsorption Sites to CO Desorption Temperatures for Ni( 100) and 
Ni(100) Sulfur-Moditied Surfaces’ 

Binding site Designation Lksorption CO stretching 
temperature frequency 

(W (cm-l) 

Onefold atop terminal site on clean Ni(lO0) 
Twofold Ni bridge on clean Ni(100) 
Twofold Ni bridge site on Ni(100) p(2 x 2)s 
Fourfold Ni hollow on Ni(100) p(2 x 2)s 
Fourfold Ni hollow on Ni(100) c(2 x 2)s 

425 2050 
290 1964l 
290 1910-1960 
370 1740 

140-150 2115 

a Results hm Gland et al. (20). 

are apparently of secondary importance. 
This means that for large supported Ni 
crystallites, TiO, surface species must be 
present for these crystal&es to exhibit the 
chemisorption behavior indicative of so- 
called strong metal-support interactions. 

The differences observed between CO 
desorption from the oxygen-exposed Ni 
surface and the TiO,-containing or carbided 
Ni surfaces can largely be attributed to ox- 
idic layer formation at higher oxygen expo- 
sures. The sticking probability of oxygen on 
nickel surfaces is high (ca. 0.8) up to one- 
half monolayer coverage but falls by at least 
an order of magnitude after this point as 
oxide layer formation begins (32 ). Thus, for 
appropriate comparisons of the effects of 
surface oxygen, TPD traces following O2 
preexposures less than about 1 L will give a 
surface containing oxygen adatoms without 
subsurface oxygen influences or nickel lat- 
tice distortions (32,33). A low levels of ox- 
ygen surface coverage the weakening of the 
CO-Ni chemisorption bond strength ‘is in 
the same range as the weakening due to 
TiO, or carbidic carbon. Carbon monoxide 
adsorption strength is further weakened as 
subsurface oxygen is incorporated into the 
distorted metallic nickel lattice. 

Results for hydrogen adsorption, while 
being less definitive than the results for CO 
adsorption, are consistent with a short- 
range influence of titania on nickel. At low 
TiO, coverage the initial sticking coefficient 
for hydrogen adsorption decreases accord- 
ing to SO proportional to (1 - 4f&& or (1 - 
loo,)*; note that the effect of adspecies on 
hydrogen is greater than for CO since HZ 
requires two adjacent Ni sites for dissocia- 
tive adsorption. Of particular interest is the 
observation that TiO, increases the overall 
strength of hydrogen adsorption, in con- 
trast to electronegative adatoms such as C, 
S, Cl, or P which decrease HZ adsorption 
strength. It appears that the effects of tita- 
nia cannot be described in simple electronic 
terms; instead other factors must be con- 
trolling. On clean or titania-containing Ni 
surfaces, H adatoms most likely adsorb at 
bridging or hollow sites, and thus titania 
does not necessarily create new sites on the 
nickel. The observed increased binding en- 
ergy could be a consequence of direct bond- 
ing of hydrogen adatoms to the oxygens as- 
sociated with surface titania, or of a steric 
hindrance to hydrogen adatom migration 
and recombination, prerequisite steps for 
molecular Hz desorption. 

Quantitative differences between Ni sur- The impact of these changes in the 
faces containing C adatom and TiO, adspe- 
ties can most likely be explained in steric 

binding sites and adsorption strengths 

terms, as a carbidic carbon atom is smaller 
of surface reactants on CO hydrogen be- 
havior will be discussed in a later publica- 

than an oxidic moiety. tion. 



598 RAUPP AND DUMESIC 

The Role of Alumina Adspecies 

There exists considerable evidence in the 
literature that supports such as alumina and 
silica can exert measurable influences on 
the catalytic behavior of supported metal 
particles. For example, the CO hydrogena- 
tion activity of Group VIII metals is ap- 
proximately one order of magnitude higher 
when supported on alumina as compared to 
silica (34-36). High-temperature reduction 
significantly reduces n-pentane or n-hexane 
hydrogenolysis activity over Pt/Al,O, (37). 
Air oxidation restores catalytic activity and 
hydrogen chemisorption. Dautzenberg and 
co-workers (38, 39) have observed similar 
behavior for the same system. Platinum on 
silica also exhibits suppression of hydrogen 
chemisorption after reduction above 970 K, 
which again could be partially reversed by 
treatment in oxygen (40). For nickel sup- 
ported on silica, high-temperature reduc- 
tion resulted in a slight increase in CO 
hydrogenation activity but a one order of 
magnitude decrease in ethane hydrogenoly- 
sis or benzene hydrogenation activities 
(41). This behavior was attributed to Nisi 
alloy formation during high-temperature re- 
duction (42). 

Qualitatively, the present results show 
that an alumina-containing Ni surface ex- 
hibits many of the same features as a tita- 
nia-containing surface with respect to CO 
and HZ chemisorption. Both alumina and 
titania decrease the strength and extent of 
CO adsorption on nickel. The cq , or most 
strongly bound, molecular state is affected 
most severely. Site-blocking is accompa- 
nied by a measurable but small decrease in 
adsorption strength (desorption activation 
energy). The surface A&O3 and TiO, spe- 
cies also convert a portion of this high-tem- 
perature state (cq) to lower temperature 
states which desorb between 300 and 400 
K. Thus, in addition to expected site-block- 
ing, titania as well as alumina decrease 
the adsorption strength of CO on nickel. 

With regard to hydrogen chemisorption, 
results from alumina- and titania-contain- 

ing nickel surfaces were also similar. Low- 
temperature sites are blocked and a new 
high-temperature state is created. Adsorp- 
tion into this stronger state is an activated 
process. The total extent of H2 chemisorp- 
tion is not significantly decreased by the 
presence of titania or alumina when taking 
into account adsorption into the activated 
state. The population of the activated state 
increased with increasing titania adlayer 
concentration, suggesting that the adsorp- 
tion sites corresponding to this state are as- 
sociated with the oxide species. A more 
specific possibility is that adsorbed hydro- 
gen atoms, originally adsorbed on clean 
nickel or perturbed nickel sites, diffuse at 
higher temperatures and “spill over” onto 
the alumina or titania itself. White and co- 
workers (43, 44) have recently used TPD 
studies of titania-supported Pt to assign 
high-temperature adsorption states (de- 
sorption temperatures 500-700 K) to 
spilled-over hydrogen. The greater appar- 
ent adsorption strength of these sites may 
at least be partially due to steric hindrance 
present in the desorption process which de- 
ters surface diffusion and atomic hydrogen 
recombination. The presence of other ad- 
layer species such as carbon (8,45) or cop- 
per (46, 47) on nickel has been shown to 
induce activation energy barriers for hydro- 
gen adsorption. These adspecies also de- 
crease the strength of hydrogen adsorption. 
For high-surface-area titania-supported Rh 
(48) and alumina-supported Pt (27), high- 
temperature reduction created a strongly 
bound adsorption state as revealed by at- 
mospheric-pressure TPD. These observa- 
tions further support the contentions that, 
first, model nickel catalysts containing sur- 
face alumina or titania mimic the behavior 
of corresponding high-surface-area cata- 
lysts which have been reduced at high tem- 
peratures, and, second, surface alumina 
and titania modify nickel chemisorptive be- 
havior in a similar way. Thus, an underly- 
ing cause of “metal-support interaction” 
in conventional high-surface-area catalysts, 
either supported or reducible transition 
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metal oxides such as titania or on insulating, 
irreducible oxides such as alumina, may be 
due to contamination or decoration (49) of 
the surfaces of the metal crystallites by 
moieties of the support material. 

In spite of the apparent similarities be- 
tween the effects of alumina and titania, 
several important differences exist. The 
major difference is the degree to which a 
similar amount of surface oxidic material 
modifies the Hz and CO chemisorption be- 
havior. Surface TiO, species alter the HZ 
and CO adsorption characteristics on nickel 
to a much greater degree than does alumina 
at nominally identical concentrations of 
ca. 0.7 ML equivalent. Comparison of the 
results for 0.7 ML equivalent alumina with 
those for varying coverages of titania re- 
veals near equivalent H2 and CO desorption 
spectra for a titania coverage of only 0.1 
ML equivalent. A similar finding has been 
reported for S, Cl, and P adlayers on 
Ni(lOO), as the effect of P was much less 
pronounced than either S or Cl (12). Since 
no ordered structure was observed for the P 
overlayer, in contrast to Cl and S, it was 
assumed that both a Ni-P surface phase 
and free Ni coexisted such that a significant 
number of Ni surface atoms remained un- 
perturbed by P. By analogy, the alumina 
must exist in a configuration such that a 
large number of Ni surface atoms remain 
unperturbed. At a nominally identical tita- 
nia surface concentration, essentially all Ni 
surface sites were perturbed. This observa- 
tion, coupled with the estimate that each 
TiO, moiety modified between 4 and 10 Ni 
surface atoms, suggests that the titania 
must be relatively well dispersed over the 
metal surface. In contrast we conclude that 
alumina is not well dispersed over the Ni 
but instead exists as discrete, well-sepa- 
rated three-dimensional crystallites. Gorte 
has reached the same conclusion for alu- 
mina adlayers on Pt (50). In this configura- 
tion only Ni atoms at the periphery of an 
A1203 crystallite would be modified, and a 
large amount of A&O3 would block propor- 
tionally few total adsorption sites. 

The conclusion that, for equivalent 
amounts of surface oxidic material, titania 
exists in a more highly dispersed state than 
does alumina on a nickel surface may be 
related to rat? formation in nickel particles 
supported on titania. Electron microscopy 
studies have suggested that high-tempera- 
ture reduction can induce a spreading, or 
wetting, of three-dimensional hemispheri- 
cal nickel crystalhtes to form thin crystal- 
lites, or “rafts” (49,51). This behavior was 
first reported by workers at Exxon for tita- 
nia-supported platinum (52, 53). Partial re- 
duction of the support to T&O, was thought 
to be a prerequisite to raft formation. Pre- 
sumably, a strong driving force exists to 
maximize the titania-metal interfacial con- 
tact area, and thereby maximize support- 
metal bond formation. 

As concluded by Santos et al. (25), the 
energetics of reduced titanium species 
spreading over Group VIII metals are simi- 
lar to those of Group VIII metals spreading 
over reduced titania. Thus, due to the re- 
ducibility of transition-metal supports such 
as titania, reduced support species may ex- 
ist as thin, highly dispersed entities on me- 
tallic surfaces, whereas irreducible sup- 
ports such as alumina remain as large, 
discrete crystallites. This major structural 
difference is suggested to be a key reason 
why alumina-supported catalysts generally 
exhibit “weaker” metal-support interac- 
tions than corresponding titania-supported 
catalysts. A second reason may be re- 
lated to the relative mobilities of oxide 
species from these supports, as discussed 
below. 

In general, alumina-supported metals 
must be treated in hydrogen at tempera- 
tures 100-200 K higher than corresponding 
titania-supported metals to subsequently 
observe symptoms attributed to strong 
metal-support interactions (37-39). These 
temperatures are well above those normally 
employed in catalyst pretreatments and re- 
generation schemes. Thus, conventional 
supported materials like silica or alumina 
may not migrate for conditions under which 



RAUPP AND DUMESIC 

titania becomes mobile. This may be re- 
lated to the reducibility of titania supports. 

Overbury et al. (54) have reported that 
titania has a lower surface energy than sil- 
ica or alumina. Addition of potassium to a 
Pt/Ti02 catalyst has been shown to enhance 
the mobility of TiO, moieties (55). Using 
Rutherford ion backscattering spectrome- 
try (RIBS), Cairns et al. (56) investigated 
the diffusion of alumina and titania onto the 
surfaces of thin films of Rh or Pt. Both alu- 
mina and titania were found to diffuse onto 
the Pt metal surface, although alumina re- 
quired a hydrogen treatment temperature 
100 K higher than titania. Only titania dif- 
fused onto the Rh surface. 

CONCLUSIONS 

Study of the adsorption/desorption be- 
havior of hydrogen and carbon monoxide 
on nickel surfaces containing varying con- 
centrations of titania, from 0.1 to 0.7 mono- 
layer equivalents, showed that the effects 
of titania are short-ranged and can largely 
be explained in geometric terms. Titania 
adspecies block CO adsortion at strongly 
bound sites (believed to be sites atop indi- 
vidual Ni atoms) and enhance adsorption at 
more weakly bound sites (believed to be 
hollow or bridging sites between Ni atoms). 
Importantly, CO adsorption on titania-con- 
taining nickel occurs at sites that would not 
normally be occupied on clean nickel due to 
strong CO-CO repulsions. The long-range 
electronic effects of titania were estimated 
to be limited to a 6-kJ * mol-l decrease in 
CO adsorption strength at a coverage of 0.1 
monolayer titania. Because the effects of 
titania are predominantly short-ranged, it 
appears that titania adspecies must be 
present on large Group VIII metal crystal- 
lites to explain the effects attributed to so- 
called strong metal-support interactions. 

In contrast to CO adsorption, hydrogen 
adsorption is strengthened by the presence 
of titania adspecies. The relative shifts in 
CO and hydrogen adsorption strength 
should lead to more competitive hydrogen 

adsorption for titania-supported nickel cat- 
alysts under methanation conditions. 

Alumina adspecies modify the chemi- 
sorptive properties of a nickel surface in a 
manner qualitatively similar to titania. An 
identical amount of titania altered nickel to 
a greater degree than alumina, suggesting 
that the titania exists in a more highly dis- 
persed state on the Ni surface. Further- 
more, since alumina may be less mobile 
than reduced titania, alumina moieties may 
not migrate onto the surfaces of alumina- 
supported Group VIII metal particles under 
conditions for which titania migrates in tita- 
nia-supported catalysts. Nevertheless, the 
results of this study suggest that, given 
proper treatment conditions, the presence 
of metal oxide species on metal surface 
may be generalized to include not only re- 
ducible supports like titania but also irre- 
ducible supports like alumina. 
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