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Effects of surface impurities on surface diffusion of CO on Ni„110…
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A small amount of coadsorbed impurity species could significantly alter the surface diffusion of CO on
Ni~110!. Three impurity species, sulfur, oxygen, and potassium are studied here. The former two are known as
‘‘poisons’’ and the latter as a ‘‘promoter’’ for CO hydrogenation on Ni. All three are found to impede CO
diffusion drastically. The apparent diffusion activation energyED increases from the clean-surface value of
2–3 kcal/mol, to a saturation value of 7–8 kcal/mol at sufficiently high impurity coverages. The impeding
effect decreases from S to O to K. Mechanisms responsible for the effect are discussed in detail. With S and
O, the impurity-covered step-controlled diffusion appears to be the dominant mechanism. With K, the nearest-
neighbor attractive interaction between CO and K seems to be most important.@S0163-1829~97!01944-9#
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I. INTRODUCTION

Surface diffusion is one of the most important subjects
surface science due to its relevance to crystal growth
surface catalysis. It has been studied extensively.1 Surface
impurities or surfactants may have strong influences on
face diffusion. Oxygen, for example, was found to reduce
Schwoebel energy barrier at step sites for Pt self-diffusion
Pt~111!, and therefore to improve the epitaxial growth of t
crystal.2 Small amounts of sulfur and oxygen were found
poison, and potassium to promote, surface-catalyzed CO
drogenation reactions.3 Surface diffusion as an intermedia
step in catalysis may bear the impurity effect, and must
investigated.

The impurity effect may also have contributed to the
consistent experimental results of nominally the same s
tems obtained by different groups. For example, CO dif
sion on Pt~111! was measured by five groups with differe
methods, and the reported diffusion coefficients at a gi
temperature differed by as much as four orders
magnitude.4 A similar situation exists for H/Ni~100! and for
other systems.5 Both the deduced activation energy and p
exponential factor are very different.4,5 Although suggestions
based on the difference in measurement methods and o
effects were made to explain the inconsistency qualitative6

the effect of impurity on the samples was never examine
For surface self-diffusion, earlier studies found both e

hancement and impediment effects from differe
impurities.7–9 For W self-diffusion studied with field-
emission technique,7,8 a monolayer of metallic Pd or N
could reduce the activation energy by as much as 30 k
mol ~from 74 to 44 kcal/mol!, and enhance the diffusivity by
about two orders of magnitude, while half of a monolayer
C or O could raise the activation energy barrier by as m
as 126 kcal/mol~from 74 to 200 kcal/mol!, and decrease th
diffusivity by more than one order of magnitude at the r
evant measurement temperatures. Similar studies were
ducted for Cu and Ag self-diffusion, with similar results9
560163-1829/97/56~19!/12529~10!/$10.00
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While most of these studies involved a large amount of i
purity, a few with low coverages were found not to alter t
self-diffusivities. For instance,;0.1-ML C was found not to
affect the W self-diffusion at all.8 One might expect that the
same could be true for heterogeneous surface diffus
However, measurements have indicated a fairly strong im
rity effect in this case. A few percent of a monolayer of
were found to increase the Pb diffusion coefficient on
stepped surface around W~100! by as much as ten orders o
magnitude.10 In the case of C and S impurities on Ru~100!,11

0.1 ML was found to impede H diffusion by a factor of;6.
Clearly, a small amount of impurities could not be neglec
in the case of heterogeneous surface diffusion.

Although experimental data were limited, usually to 1–
temperatures only,10,11two types of models were proposed
the past to explain the observed impurity effect for hetero
neous surface diffusion. The first one suggested that imp
ties modify special surface sites, namely, step sites,
therefore change the measured overall diffusion coefficien10

The second one assumed ‘‘long-range’’ interaction betw
impurities and diffusing species, such as a ‘‘long-rang
blocking effect, on the normal terraces in order to explain
observed strong impurity coverage dependence—a n
negligible effect even at very low coverages~;0.01 ML!.11

We recently reported on the effect of S impurities on s
face diffusion of CO on Ni~110!, and identified S-modified
step-controlling diffusion as responsible for o
observation.12 In this paper, we will first present our exper
mental results of the impurity effect to include impurities
and K, in addition to S. The CO coverages investigated
uCO;uSatanduCO;0.5 ML. The results clearly show that a
three elements impede CO diffusion strongly, with a decre
ing strength from S to O to K. The S effect is so strong th
0.02 ML of S on a high-temperature-annealed surface
increase the diffusion activation energyED along @11̄0#
from its clean surface value of 2.2 kcal/mol to 7.4 kcal/m
for example. To reach a similar effect, more oxygen or p
tassium is required. Although all three elements impede
12 529 © 1997 The American Physical Society
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12 530 56XIAO, XIE, JAKOBSEN, AND SHEN
diffusion by increasing the apparent activation energyED ,
the mechanisms are different. Sulfur and oxygen seem
affect CO diffusion through their modification of steps on t
Ni~110! surface, leading to step-controlling surface diffusi
for CO, but potassium seems to affect CO diffusion throu
a CO-K interaction. For a CO coverageuCO;0.5 ML, the
saturation ofED begins at a smaller impurity coverage th
the case ofuCO;uSat. This can be explained by the effect o
a CO-CO interaction on surface diffusion.

II. EXPERIMENT

A. Measurement technique

The experimental technique we used to study surface
fusion is a linear optical diffraction method that has be
described in detail elsewhere.13,14 We summarize the key
points here. First, a monolayer or prescribed submonola
of CO was deposited on the Ni~110! surface. Then a one
dimensional grating of adsorbates was created by interfe
two laser beams@Nd:YAG ~yttrium aluminum garnet! laser
at 1.06mm# at the surface via-laser induced thermal deso
tion ~LITD !. To avoid complication in data analysis due
the coverage dependence of the diffusion coefficient,
grating depth was made as shallow as possible, usually
ited by the detection signal-to-noise ratio. In the present c
it was typically ;0.03 ML. This was obtained by properl
adjusting the intensities of the two interfering laser bea
such that;0.03 ML CO was desorbed from the maximu
laser intensity regions, and no CO desorbed from the m
mum intensity regions.13 As determined by the laser interfe
ence pattern, the grating spacing was 3mm in the present
experiment.

The adsorbate grating could be detected by linear diffr
tion of a He-Ne laser beam. If the grating is smeared out
surface diffusion, the diffraction signal should exhibit an e
ponential decay in time:13,14

S~ t !5S~0!exp~2t/t! with t5s2/8p2D, ~1!

where D is the chemical diffusion coefficient ands is the
grating period. In the present study,D was measured as
function of substrate temperature and surface impurity c
erage.

We note that simple linear diffraction off a monolay
grating normally would result in a very small signal buried
a strong background arising from light scattering from t
substrate. With a polarization modulation technique, ho
ever, the background could be greatly suppressed, allow
the weak diffraction signal to be detected.14 This modulation
method utilized the fact that the adsorbed CO molecules
spond more strongly top-polarized light than tos-polarized
light, while the scattering background does not have suc
polarization dependence. An improvement of five orders
magnitude in the signal-to-background ratio can be rea
achieved.

B. Sample preparation

The experiment was performed with the sample situa
in an ultrahigh-vacuum~UHV! chamber that had a base pre
sure of 2.0310210 torr. A single crystal of Ni~110!, cut and
mechanically polished to within 0.2° of the~110! plane~the
to
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miscut steps are in the direction about 25° from@11̄0#!, was
used in our measurements. Extensive cycles of Ar1 sputter-
ing and high-temperature annealing of the crystal were fi
carried out to obtain a well-ordered surface. The rout
cleaning procedure of the Ni surface was to Ar1 sputter the
surface at room temperature for 30 min, followed by anne
ing at 1120 K for 10 min, a slow cooling of;0.5 K/s to 800
K, and then a more rapid cooling of;2 K/s to room tem-
perature. Auger spectra of the clean surface showed no
tectable impurities~,0.5% S and C, and,1% O!. Observa-
tion of a sharp 131 low-energy electron diffraction~LEED!
pattern from a clean Ni~110! surface and a 231 pattern from
a full CO monolayer on Ni~110! ensured that the surface wa
well ordered. The sample temperature was monitored b
thermocouple and controlled to within61 K.

To deposit sulfur on Ni~110!, H2S gas was leaked into th
UHV chamber, followed by adsorption and dissociation
H2S on Ni~110!. Flashing the sample to 570 K desorbed t
hydrogen, leaving only S on the surface.15 A second method
to prepare S on the Ni~110! surface was by heating th
sample at 1120 K for an extended period, usually on
order of hours, to segregate S from the bulk to the surfa
The amount of sulfur appearing on the surface could be m
sured by Auger-electron spectroscopy~AES! calibrated
against the saturation coverage 0.67 ML of sulfur that ha
p(332) LEED structure at room temperature.15,16

Deposition of oxygen on Ni~110! was by leaking O2 gas
into the UHV chamber. The O2 molecules adsorbed and dis
sociated on Ni~110! at room temperature. Flashing the su
strate to.400 K was necessary in order to make the ads
bates thermally equilibrated with the surface, beca
oxygen adsorbed at room temperature was kinetically limi
to nonequilibrium states.17 Oxygen coverage was determine
from AES and LEED measurements. The brightest 331,
231, and 331 reconstructions observed in sequence
LEED corresponded to13,

1
2, and 2

3 ML of oxygen coverages,
respectively.16,18 With the calibrations by LEED, the AES
ratio of O~512!/Ni~848! was used as a measure of the oxyg
coverage. Possible loss of oxygen due to formation of C2
by reaction with CO was less than 1% of the predosed o
gen ~with uO,0.20 ML!, consistent with those reported b
others.19

Potassium was deposited on Ni~110! by heating a surface
activated emission source~SAES! getter~a commercial dis-
penser! in the UHV chamber with an electrical current o
about 7–9 A, depending on the remaining amount of K in
dispenser. The K coverage was measured by the AES rat
K~252!/Ni~848!, calibrated by the saturation coverage
0.50 ML.20,21 In order to ensure that only 1 ML of potassiu
could adsorb on the surface at saturation, the substrate
kept at a temperature;30 K higher than the room
temperature.21

With the chosen impurity, S, O, or K, preadsorbed on
Ni~110! surface at a known coverage, we then dosed
surface with CO at 160 K to a half or full monolayer cove
age. The sample temperature was subsequently raise
lowered to the diffusion temperature before creating the
grating by laser desorption. Since CO would be therma
desorbed at a much lower temperature than any of the ab
three impurities, LITD would have little effect in desorbin
the impurities. Once the grating was formed, the first-or
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56 12 531EFFECTS OF SURFACE IMPURITIES ON SURFACE . . .
diffraction signal from the grating would be measured a
function of time, as we discussed earlier.

III. EXPERIMENTAL RESULTS

Here we present experimental results on how S, O, an
as surface impurities affect CO diffusion on Ni~110!. In a
previous short communication,12 the effect of S on CO dif-
fusion at saturation CO coverage was described. These
sults will be included here for completeness. They are p
sented in Figs. 1~a! and 1~b!, showingD versus 1/T for CO
diffusion along@11̄0# and @001#, respectively, for several S
impurity coverages prepared by H2S dosing. It is obvious
from Fig. 1 that CO diffusion is strongly impeded by th
presence of sulfur, and is more so in the low-temperat
regime. The effect is already significant at an S coverage
uS50.01 ML. Fitting the data to the Arrhenius form,D
5D0 exp(2ED /kT), yields the diffusion activation energ
ED and the preexponential factorD0 . The deducedED and
D0 versusuS is depicted in Fig. 2 for CO diffusion along
@11̄0# @Figs. 2~a! and 2~b!# and along@001# @Fig. 2~c!#, re-
spectively. Note thatED increases monotonically from th
clean surface value of 2.260.3 kcal/mol to a saturation valu
of 7.460.5 kcal/mol atuS;0.10 ML for CO diffusion along

FIG. 1. CO diffusion coefficientD vs reciprocal temperature
1/T along ~a! @11̄0# and ~b! @001# for a number of preadsorbed
coverages as labeled. The solid lines are theoretical fits, and
dashed lines at higher S coverages are a guide for the eye. Th
coverage corresponds to a saturation monolayer.
a

K

re-
-

re
of

@11̄0#, and from 2.860.3 kcal/mol to 7.860.5 kcal/mol at
uS;0.05 ML along @001#. Further decrease ofD observed
with increasinguS comes from a decrease ofD0 only.

When the S impurity coverage on Ni~110! was prepared

he
CO

FIG. 2. Apparent diffusion activation energyED and preexpo-
nential factorD0 for CO diffusion along@11̄0# @~a! and ~b!# and
@001# ~c! as a function of sulfur impurity coverage. The solid line
are a guide for the eye. The open and filled triangles in~a! and~b!
are obtained from samples without and with annealing at 112
for 12 min, respectively, after H2S dosing. The open circles ar
obtained from samples with S segregated from the bulk. The
coverage corresponds to a saturation monolayer.
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12 532 56XIAO, XIE, JAKOBSEN, AND SHEN
by bulk segregation through heating, its effect on CO dif
sion along@11̄0# was found to be much stronger. As di
played in Fig. 2~a!, ED already reaches 6.2 kcal/mol a
uS;0.01 ML, as compared to 2.8 kcal/mol in the previo
case, and approaches the saturation value of 7.5 kcal/m
uS;0.02 ML. The difference between this and the previo
case came from high-temperature annealing of the sam
The same strong impurity effect was observed if the sam
with S coverage prepared by H2S deposition was annealed
1120 K for 2–12 min. This is also presented in Fig. 2~a!.
Auger electron spectroscopy indicated that the S cover
was not affected by annealing. For CO diffusion along@001#,
however, no significant difference between different ways
sample preparation was found. Thus high-temperature
nealing must have changed the surface structure of Ni~110!
in such a way that it mainly modifies CO diffusion alon
@11̄0#.

Measurement of the effect of sulfur impurity was al
carried out at a half-monolayer CO coverage:uCO;0.5 ML.
The activation energy and preexponential factor,ED andD0 ,
deduced from the measuredD versus 1/T, are presented in
Figs. 3~a! and 3~b! for CO diffusion along@11̄0# and@001#,
respectively. The same behavior as in the case of satura

FIG. 3. Apparent diffusion activation energyED and preexpo-
nential factorD0 for CO diffusion along~a! @11̄0# and~b! @001# as
a function of sulfur impurity coverage. The solid lines are a gu
for the eye. The CO coverage corresponds touCO;0.5 ML.
-
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CO coverage is found except that the saturation ofED now
appears at an even lower S coverage: atuS;0.05 ML for CO
diffusion along@11̄0#, and uS;0.02 ML along @001#. The
saturation value ofED is somewhat smaller along@11̄0# ~6.5
60.5 kcal/mol instead of 7.460.5 kcal/mol! but remains the
same along@001#.

The effect of oxygen impurity on CO diffusion o
Ni~110! is shown in Figs. 4 and 5 foruCO;uSat and
uCO;0.5 ML, respectively. In the figures,ED and D0 de-
duced from measuredD versus 1/T for diffusion along both
@11̄0# and @001# directions are plotted against the oxyge
coverage. Qualitatively, the behavior is similar to the S i
purity case. There is, however, a quantitative difference
the impurity coverage dependence and saturation value
ED . ForuCO;uSat, ED reaches a saturation value of 8.560.5
kcal/mol for CO diffusion along@11̄0#, and 7.960.5 kcal/
mol along @001# at an oxygen coverageuO;0.15 ML. For
uCO;0.5 ML, the saturation occurs at a smaller oxygen co
erage,uO;0.10 ML, which is again similar to the S impurit
case, with a saturation value ofED of 7.860.5 kcal/mol
along @11̄0#, and 7.460.5 kcal/mol along@001#.

FIG. 4. Apparent diffusion activation energyED and preexpo-
nential factorD0 for CO diffusion along~a! @11̄0# and~b! @001# as
a function of oxygen impurity coverage. The solid lines are a gu
for the eye. The CO coverage corresponds to a saturation m
layer.
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56 12 533EFFECTS OF SURFACE IMPURITIES ON SURFACE . . .
Potassium has the least effect on CO diffusion on Ni~110!
among the three impurities. Figures 6~a! and 6~b! show ED
andD0 versus potassium coverageuK for CO diffusion along
@11̄0# and @001#, respectively, at saturation CO coverag
Again, a behavior similar to that found with S and O imp
rities is observed, with a difference only in the quantitati
aspect of the impurity coverage dependence. The activa
energyED now saturates atuK;0.20 ML, with saturation
values of 7.760.5 and 8.560.5 kcal/mol for CO diffusion
along @11̄0# and @001#, respectively.

The preexponential factorD0 for all cases first increase
with the impurity coverage. This seems to be the result o
compensation effect to the increase ofED with impurity cov-
erage. It then reaches a maximum asED approaches satura
tion. Further increase of impurity coverage results in a
crease ofD0 .

IV. DISCUSSION

A. CO diffusion on S-preadsorbed Ni„110…

We have found that the results of CO diffusion on
S-preadsorbed Ni~110! surface can be understood by
S-modified step-controlled diffusion model.12 Any other
models inevitably lead to disagreement with the experim
tal data. Here we discuss how we reached this conclusio

FIG. 5. Same as Fig. 4, except the CO coverage correspon
uCO;0.5 ML.
.

on

a

-

-
.

Consider first an ideal Ni~110! surface with no step de
fects. For low S coverage, the S atoms are adsorbed a
twofold hollow sites of the Ni~110! surface, forming a full
c(232) overlayer at 0.50-ML coverage.16 Higher S cover-
age can result in compression of the S overlayer top(3
32) at saturation coverage at room temperature.15,16No sur-
face reconstruction induced by S has been observed.
binding between S and Ni is so strong that the S atoms
not desorb from the surface even at 1200 K.22 However, they
diffuse readily on the surface at sufficiently high tempe
tures. For example, under our sample preparation conditi
with the sample finally flash annealed at 570 K, S ato
should reach their thermal equilibrium positions on the s
face and then remain stationary when the sample is coole
240 K or lower for CO diffusion measurements. This is se
from the known activation energy barrier of 15–28 kcal/m
and diffusivity of;10212 cm2/s at 500 K for S diffusion on
Ni field emitters.22 The maximum diffusivity is less than
10219 cm2/s at 240 K. The above picture is confirmed b
scanning tunneling microscopy STM studies showing tha
at low coverages diffuses readily on Ni~110! even at room
temperature and tends to end up at step sites.23

Coadsorption of S and CO would have S adsorbed at
twofold hollow sites, and CO at the short-bridge sites. Ho
ever, although no direct quantitative study of CO and S co

to FIG. 6. Same as Fig. 4, with the horizontal axis replaced
potassium coverages.
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12 534 56XIAO, XIE, JAKOBSEN, AND SHEN
sorption on a Ni~110! surface has been reported, studies
Ni~100! ~Ref. 24! and Ni~111! ~Ref. 25! allow us to conclude
that preadsorbed S has two effects on CO adsorption: on
that each S on a twofold hollow site sterically blocks tw
neighboring short-bridge CO sites. This reduces the sat
tion CO coverage. The other is that the CO molecules
sorbed at the next-nearest-neighbor sites of an adsorbed
pushed away from their normal binding positions to so
extent, and accordingly their CO-Ni binding strength
weakened. The STM images of coadsorbed S and CO
Ni~110! at low S coverages actually showed segregation
the two adsorbates with a S island size of;50 Å.23 This
confirms the repulsive interaction between S and CO, an
consistent with results of our thermal-desorption spectr
copy measurement. As a consequence, the numbe
S-affected CO molecules in the next-nearest-neighbor site
also reduced.

The repulsive interaction between S and CO has a
dency to make the CO molecules diffuse away from
Therefore, in the S-infected neighborhood CO molecu
would have a lower diffusion energy barrier. Thus a decre
of effective activation energyED versus S coverage woul
be expected.26,27 This is in contradiction to our observation

It is possible that, to avoid the S-affected sites, CO ta
a detour path in diffusion. If the detour is too long, then C
may rather diffuse directly through the S-affected areas. T
is likely to happen only at high S coverages. Such a mo
can qualitatively explain the observed increase ofED versus
uS, but quantitative agreement cannot be obtained. A sim
lation by Brand and co-workers11 showed that, for H diffu-
sion on Ru~001!, 0.10 ML of S slows down the diffusion
only by a factor of 6, even with the assumptions of a ‘‘lon
range interaction’’ that each S can block ten neighbor
adsorption sites of H, and that the energy barrier at
blocked sites is infinite. Their result is applicable to our ca
If the energy barrier in the S-affected areas is not infinite,
reduction of the CO diffusion coefficient is even smaller, a
is certainly too small to explain our observation. For e
ample, we observed that the CO diffusion atT;180 K is
slowed down by a factor of;50 by 0.10 ML of S on
Ni~110!. At lower temperatures, the reduction is ev
greater. A much larger influence circle of S, i.e., much m
than ten neighboring CO adsorption sites, would be nee
to explain the observed result using this model. This is c
tradictory to all theoretical predictions that the effect of S
a substrate surface cannot extend beyond its next-ne
neighbors~;10 CO sites!.28 One may suggest that a mobi
S can effectively affect more CO molecules on a surface t
a stationary one, but as mentioned earlier, at our meas
ment temperatures the S atoms are basically stationary. E
if S is mobile, the temperature dependence of CO diffus
would be wrong since the higher mobility of S at high
temperatures would lead to a stronger reduction of the
diffusion coefficient, opposite to what we observed.

We now consider a Ni~110! surface with steps. Even on
sample with a surface misorientation of,0.2°, as was the
case with our sample, steps are expected to have a dens
;1 step/500 Å. The S impurities at thermal equilibrium pre
erentially occupy the step sites.23 They line up along the
steps and create a higher-energy barrier for CO to cross
steps. This then results in the step-controlled surface di
n
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sion. Our STM images showed no other peculiar structu
on the Ni~110! surface in the range of S coverage we inve
tigated.

We now discuss the step-controlled surface diffus
model in some detail. In this model, we assume the follo
ing. ~i! Only S atoms at the step sites are effective in blo
ing CO diffusion, which is certainly true for low S cover
ages. ~ii ! The diffusion energy barrier on terraces is n
affected by S impurities, but at the S-modified steps, it ha
constant valueEs . ~iii ! CO molecules can diffuse over a
S-covered step site either directly by crossing the hi
energy barrier or indirectly by taking a detour around t
S-covered part of the step.~The unoccupied step site is a
sumed to have the same barrier height around it as the ter
sites.29! ~iv! The S atoms aggregate along the steps and f
segments. With these assumptions, the macroscopic d
sion coefficientD can be derived following Fig. 7 and th
relation ^x2&52Dt. We find

1

D
5

@L~uS!2a#2

L2~uS!Dt
1

a2

L2~uS!Ds
, ~2!

wherea is the lattice constant along the diffusion directio
Dt andDs are the diffusion coefficients for diffusion on te
races and over S-controlled steps, respectively. The first t
here accounts for diffusion between two adjacent S-modi
steps and the second term for diffusion across a S-mod
step. The average spacing between two neighboring
covered steps is given byL(uS)5L0 /guS, whereL0 is the
average terrace width andguS is the fraction of step sites
covered by S atuS. Since there are two parallel channels f
diffusing over a S-modified step, one directly crossing t
step and the other making a detour around the step, the
responding diffusion coefficient is given by

Ds5DI1~12guS!2DII , ~3!

with DI5DI0 exp(2Es/kT) describing diffusion through the
first channel and (12guS)

2DII through the second channe
The heuristic argument for choosing the latter expressio
as follows: At coverageuS of S, the probability for a step site
occupied by S isguS, and that for a step site unoccupied
12guS. The average length of a S-covered step is th
given by a/(12guS). The average time for CO to diffus
over the step by detour isa2/(12guS)

22Dt following the
diffusion relation^x2&52Dt. Considering thata is the ef-
fective diffusion length in the process, we would find th

FIG. 7. Schematic showing CO diffusion on a stepped surfa
with the steps partially covered by impurities.
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56 12 535EFFECTS OF SURFACE IMPURITIES ON SURFACE . . .
effective diffusion coefficient to be (12guS)
2Dt . However,

such a model neglects possible changes of CO cove
along the step from the average one. We then simply rep
Dt by DII , which has the same activation energy asDt but a
different preexponential factor that can be used as an ad
able parameter in our data fitting.

As already discussed in detail in Ref. 12,Dt and DI in
Eqs. ~2! and ~3! can be determined from measurements
uS50 and guS51 ~with uS50.10 ML!, and L0 can be
deduced from the STM measurement.30 For our sample,
we find Dt54.431028exp(22.2 kcal mol21/kT) cm2/s
and (L0 /a)2DI52.431023exp(27.4 kcal mol21/kT) cm2/s
along @11̄0# andDt 5 2.231028 exp(22.8 kcal mol21/kT)
cm2/s and (L0 /a)2DI51.731024exp(27.4 kcal mol21/kT)
cm2/s along@001#. We can then use Eqs.~2! and~3! to fit the
data in Fig. 1 by takingDII 5DII 0exp(2Et /kT) with Et

52.5 kcal/mol being an average ofEt(11̄0) and Et(001),
and treatingDII 0 as the only adjustable parameter. In Fig.
the solid curves that fit the data are obtained withDII 0
57.0310215 cm2/s. The agreement between theory and
periment appears quite satisfactory. ForuS.0.10 ML, we
have not attempted to fit the data with our model because
high density of S impurities on the terraces may now have
appreciable effect onDt , as suggested by Maket al.11

We note that, although the above picture of impuri
affected step-controlled diffusion includes all the necess
ingredients, the quantitative aspect of the theory may no
very correct because of the assumptions involved in deriv
Eq. ~2!. For example, as suggested by Ying, the correct eq
tion should have a weaker dependence on the terrace w
than the square dependence we choose.31

The stronger impurity effect seen with S segregated fr
bulk or with high-temperature annealing of the sample c
also be explained by the S-modified step-controlled mode12

Our STM measurement shows that steps on the Ni~110!
sample surface with S impurities undergo a morpholo
change after high-temperature annealing. The original s
along the surface-miscut direction disappeared, and were
placed by;5 steps/mm along diagonal directions~i.e., @11̄1#
and @ 1̄11#! of the surface unit cell, plus additional ones~10
steps/mm! along@11̄0#. The observed saturation ofED along
@11̄0# at a lower S coverage ofuS;0.02 ML, as compared
to uS;0.10 ML before annealing, indicates that S must ha
adsorbed at these diagonal steps more readily to ensur
these step sites covered by S atuS;0.02 ML. With the ef-
fective terrace width along@11̄0# basically unchanged
~within our statistical error of 15% from step counting! in
spite of the step morphology change, CO diffusion alo
@11̄0# could now be controlled by the S-covered steps
uS;0.02 ML. For diffusion along@001#, however, the aver-
age terrace width is significantly larger so that the S-cove
diagonal steps were not yet sufficient to dominate the
diffusion. In order to reach the step-controlled diffusio
limit, steps along@11̄0# must also be covered by S, but th
could happen only atuS;0.10 ML.

B. CO/O on Ni„110…

Because oxygen and sulfur belong to the same colum
the Periodic Table, it is interesting to compare the effects
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the two on CO diffusion on Ni~110!. Similar to the S case
though not as strong, the effect of oxygen on CO diffusi
can only be understood by an O-modified step-control
diffusion model assuming O preferentially adsorbs at s
sites. The observed increase of the apparent diffusion ac
tion energyED versusuO for CO on Ni~110! cannot be ex-
plained by repulsive CO-O interaction on terraces, wh
leads to an opposite dependence ofED on uO.26,27 Diffusion
of CO into the O-infected areas can explain qualitatively
increase ofED versusuO, but it fails in quantitative agree
ment. At oxygen coverage ofuO50.15 ML, for example, the
CO diffusion coefficient was observed to have reduced b
factor of ;50 at ;180 K as compared to that on a clea
Ni~110! surface. Simulation by Brand, Deckert, an
George11 for H diffusion on Ru~001!, assuming that each
surface impurity atom can block its ten nearest-neighbor
next-nearest-neighbor adsorption sites of H, predicts on
reduction of 11 in the diffusion coefficient at an impuri
coverage of 0.15 ML. This reduction is already overes
mated knowing that the oxygen poisoning range should
reach the next-nearest-neighbor sites.28 The effect on CO
diffusion due to diffusion of oxygen on terraces also wou
not explain our observation, since it can hardly occur in
temperature range of our measurement. Again, the oxyg
occupied step-controlled surface diffusion model appe
most plausible. Such a model can explain quantitatively
observed experimental results presented in Fig. 4. Becau
involves only some detailed changes of the fitting parame
as compared to the S case, we omit such a fit here. The
that it requires a higher coverage of O than S to reac
similar effect on CO diffusion could be due to a small
adsorption energy difference for oxygen on terraces an
step sites than that for S, making oxygen adsorption at s
sites less favorable than S. This could be due to the fact
oxygen adsorbed on terraces can actually induce surfac
construction, resulting in a lower energy difference betwe
oxygen adsorption on terraces and at step sites.

It is known that, in contrast to the S case, adsorption
sufficient O impurities on terraces of Ni~110! can induce a
surface reconstruction. STM and other studies have fo
that the reconstruction is in the form of added Ni rows alo
@001# via mass transportation of Ni from steps and adsorb
oxygen occupying the bridge sites of the added rows.16,17,23

For uO,0.20 ML, although CO molecules could also adso
next to the added rows, most of them still occupy the sho
bridge sites on the unreconstructed terraces.19 The major ef-
fect of preadsorbed O is then in elimination of CO adso
tion sites by the added Ni rows. Because of the low den
of the O atoms that are away from the step sites, the den
and average length of these added rows are small. Co
quently, their effect on CO diffusion is expected to be we
This is shown by the observation thatED along @11̄0# and
@001# reach saturation at roughly the same oxygen covera
although the added rows are along@001#.

We also note that the saturation values ofED in the cases
of preadsorbed S and O are nearly the same. Whether th
a coincidence or not is difficult to answer.

C. CO/K on Ni„110…

Opposite to S and O, K is known as a promoter for
catalysis of CO hydrogenation.3 It is therefore interesting to
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know how differently K affects CO diffusion. At our flas
annealing temperatures, adsorption of K atuK;0.50 ML on
Ni~110! can induce a surface reconstruction, transformin
to p(132) with missing Ni rows.32 The missing Ni rows are
along @11̄0#, perpendicular to the direction of the added
rows in the oxygen-induced reconstruction case. The K
oms are believed to adsorb in the troughs left by the miss
Ni rows with no definite registry.32 With partial K coverages,
the K atoms presumably aggregate in local areas where
face reconstruction occurs. Because of strong attraction
tween CO and K,21,33 the subsequently dosed CO molecu
will first adsorb near K in the reconstructed areas. The
sorption site of CO near K is proposed to be the top site
the underlying second Ni layer~the first layer is formed by
the remaining Ni rows!.32,34 A previous study suggests tha
each K atom can strongly interact with two nearest-neigh
CO molecules but relatively weakly with next-neare
neighbor CO.21 Thus at a potassium coverageuK , 2uK of
CO are strongly affected by K. The saturation CO covera
should also be reduced approximately byuK .21,32 For ex-
ample, atuK;0.2 ML, ;0.4 ML of CO should be strongly
affected, which is half of the CO saturation coverage~;0.8
ML ! at this uK . Therefore, unlike the S and O cases, C
molecules under direct influence of K are expected to c
tribute significantly to the observed CO diffusion.

Assuming that the K-CO attractive interaction only a
fects the adsorption sites but not the saddle points in
diffusion path, the energy barrier for CO diffusion near K
expected to increase toEa1«K-CO, whereEa is the barrier
energy on a clean surface and«K-CO is the K-CO interaction
energy, which is;5.8 kcal/mol as deduced from therma
desorption spectroscopy measurement.33 If we assume that
CO diffusion is determined by the K-attracted CO, then
effective energy barriers for CO diffusion along@11̄0# and
@001# should beED58.0 and 8.6 kcal/mol, respectively
knowing that Ea52.2 kcal/mol along @11̄0# and
Ea52.8 kcal/mol along@001#. These values ofED appear to
agree well with the measured saturation values ofED at CO
saturation coverage~see Fig. 6!, although this could be for-
tuitous considering our starting assumption may not be va

The above picture is also difficult to explain the observ
dependence ofED on uK shown in Fig. 6. Along@01̄0#, CO
diffusion has two parallel channels, one alongside
K-induced troughs and the other on terraces unaffected b
Intuitively, this would not have led to an effective diffusio
energy barrier linearly dependent onuK as observed. The
mean-field model proposed by Zhdanov27 may explain the
relation, but it assumes an even distribution of K on t
surface which is certainly not true in our case. Clearly a m
sophisticated theory is needed to understand the experim
tal results. For CO diffusion along@001#, the situation is
even more complex, since the diffusion is now in the dire
tion perpendicular to the K-induced troughs. The obser
ED versusuK is not linear as one would expect.

Several factors could have complicated the problem. F
the CO molecules adsorbed near K are at sites31 different
from those in the clean areas. They may have different
ues of Ea . Second, the K-induced reconstructed Ni ro
may affect CO diffusion more drastically than we assum
Unlike S and O cases, CO molecules are attracted, instea
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being repelled, to the K-induced reconstructed areas. T
may have a significant effect. Third, how K-covered ste
affect CO diffusion across the steps is not known. It is a
not clear whether part of K impurities may have left on te
races to affect CO diffusion.

D. Comparison of the three surface impurities

CO diffusion on Ni~110! is sensitive to all three surfac
impurities, S, O, and K, although the situations are very d
ferent. The diffusion activation energyED in all cases in-
creases with the impurity coverage, and approaches a sa
tion value of ;7–8 kcal/mol, relatively insensitive to th
kind of impurities. ForuCO5uSat, the diffusion preexponen
tial factorD0 first increases with impurity coverage by abo
five orders of magnitude asED approaches saturation, bu
then decreases at higher impurity coverages.
uCO50.50 ML, the behavior is similar; the increase ofD0 to
its maximum is about two orders of magnitude.

The difference between the three impurity cases app
in the detailed impurity-coverage dependence of CO dif
sion. With saturation CO coverage, it takes;0.10 ML of S,
;0.15 ML of O, and;0.20 ML of K to increaseED to
saturation. In the S case, high-temperature annealing fur
enhances the impurity effect for CO diffusing along@11̄0#;
only ;0.02 ML of S is needed to makeED reach saturation.
As discussed earlier, both S and O may have a higher p
ability to adsorb at step sites than on terraces, resulting
step-controlled diffusion of CO at sufficiently high impurit
coverages. The stronger effect observed with S than O
presumably because S has a higher adsorption energy a
sites than O. However, the weaker effect from K is due t
different mechanism. It is the nearest-neighbor K-CO attr
tive interaction that seems to be responsible for slow
down the CO diffusion.

From our results, it is not surprising that S and O tend
poison the CO methanation reaction on Ni, since diffusion
a necessary step to bring CO and H together for CO to re
with H on the surface. On the other hand, although K
known as a promoter for CO hydrogenations, it also stron
reduces CO diffusion on Ni~110! at relatively high K cover-
ages. If diffusion is a limiting step for CO reactions, then
should have reduced the reactivity. Indeed, as reported
Campbell and Goodman,3 K on Ni~100! does reduce the
methane formation rate relative to clean Ni~100!. The reason
for reduction of the methanation rate was speculated to
due to K poisoning the adsorption of the other reactant,
hydrogen. We now suspect that slowing down of CO diff
sion by K is responsible for the decrease.

E. Dependence on CO coverage and directions
of diffusion

For both S and O preadsorbed Ni~110! surfaces, we found
that the activation energyED for CO diffusion reaches its
saturation value at a higher impurity coverage foruCO;uSat
than foruCO;0.5 ML. The value of saturationED , however,
is about the same.

On a clean Ni~110! surface, it is known that CO-CO in
teraction is responsible for the coverage dependence of
diffusion.35 The same can be used to explain the above fi
ing. In the impurity-modified step-controlled diffusion mod
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for S and O, the CO molecules have two channels to cr
over an impurity modified step: direct across an impuri
covered step site, or via a detour around the impur
covered part of the step. At a given impurity coverage,
latter channel contributes relatively more toDs in Eq. ~3! for
uCO;uSat than foruCO;0.5 ML, since the repulsive CO-CO
interaction can lower the diffusion barrier on terraces a
speed up CO diffusion on terraces more foruCO;uSat than
for uCO;0.5 ML.36 This makes the detour diffusion aroun
impurity-occupied steps more important foruCO;uSat; the
step-controlled diffusion becomes dominating only when
steps are almost all covered by impurities. ForuCO;0.5 ML,
the step-controlled diffusion is expected to set in at a low
impurity coverage.

Anisotropy of CO diffusion on Ni~110! was found to be
greatly reduced by preadsorbed impurities. AtuCO;uSat,
with preadsorbed S,ED has a saturation value of 7.4 kca
mol for CO diffusing along@11̄0#, and 7.8 kcal/mol for CO
diffusing along @001#. For the case of preadsorbed O, t
saturated values ofED are 8.5 and 7.9 kcal/mol for diffusion
along@11̄0# and@001#, respectively. The reduced anisotrop
is certainly a reflection of the impurity-controlled diffusio
process. That makes the apparent activation energy ba
nearly the same.

V. SUMMARY

We have studied experimentally the impurity effects
CO diffusion on Ni~110!. A few percent of a monolayer o
et
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preadsorbed S, O, and K can drastically reduce the CO
fusion rate in decreasing order from S to O to K. In the
case, annealing of the sample at high temperature can m
the impurity effect more pronounced, due to a step morph
ogy change. With both S and O, impurity-covered steps
pear to be responsible for impeding the CO diffusion.
model calculation based on the impurity-modified ste
controlled diffusion mechanism can explain the experimen
data well. In the case of K, the mechanism for impeding C
diffusion on Ni~110! seems to originate from neares
neighbor interaction between K and CO rather than from s
control. Our findings here suggest that for intrinsic surfa
diffusion studies to be reliable, it is important to keep t
surface very clean. They also suggest that we must not
derestimate the role of an impurity in discussing the inco
sistent results reported in the past on nominally identi
systems. The observed impurity effect on CO diffusion m
be directly connected to the impurity poisoning effect on C
catalytic reactions.
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