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Effects of surface impurities on surface diffusion of CO on N{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 eneEjy 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 imp¢8a&63-182@07)01944-9

I. INTRODUCTION While most of these studies involved a large amount of im-
purity, a few with low coverages were found not to alter the
Surface diffusion is one of the most important subjects inself-diffusivities. For instance;-0.1-ML C was found not to
surface science due to its relevance to crystal growth andffect the W self-diffusion at all.One might expect that the
surface catalysis. It has been studied extensiVé&urface same could be true for heterogeneous surface diffusion.
impurities or surfactants may have strong influences on sutHowever, measurements have indicated a fairly strong impu-
face diffusion. Oxygen, for example, was found to reduce thdity effect in this case. A few percent of a monolayer of C
Schwoebel energy barrier at step sites for Pt self-diffusion ofvere found to increase the Pb diffusion coefficient on a
Pt(111), and therefore to improve the epitaxial growth of the stepped surface around (200 by as much as ten orders of
crystal? Small amounts of sulfur and oxygen were found tomagnitude’® In the case of C and S impurities on ®00),"*
poison, and potassium to promote, surface-catalyzed CO h{-1 ML was found to impede H diffusion by a factor of.
drogenation reactionsSurface diffusion as an intermediate Clearly, a small amount of impurities could not be neglected
step in catalysis may bear the impurity effect, and must bén the case of heterogeneous surface diffusion.
investigated. Although experimental data were limited, usually to 1-2
The impurity effect may also have contributed to the in-temperatures onl§**two types of models were proposed in
consistent experimental results of nominally the same syshe past to explain the observed impurity effect for heteroge-
tems obtained by different groups. For example, CO diffu-neous surface diffusion. The first one suggested that impuri-
sion on Pt111) was measured by five groups with different ties modify special surface sites, namely, step sites, and
methods, and the reported diffusion coefficients at a givertherefore change the measured overall diffusion coeffidfent.
temperature differed by as much as four orders offhe second one assumed “long-range” interaction between
magnitude! A similar situation exists for H/NILOO) and for ~ impurities and diffusing species, such as a “long-range”
other systems8.Both the deduced activation energy and pre-blocking effect, on the normal terraces in order to explain the
exponential factor are very differefif. Although suggestions Observed strong impurity coverage dependence—a non-
based on the difference in measurement methods and otheegligible effect even at very low coverages0.01 ML).**
effects were made to explain the inconsistency qualitati¢ely, ~We recently reported on the effect of S impurities on sur-
the effect of impurity on the samples was never examined.face diffusion of CO on Ni110), and identified S-modified
For surface self-diffusion, earlier studies found both en-step-controlling  diffusion as responsible for our
hancement and impediment effects from differentobservatiort? In this paper, we will first present our experi-
impurities’™® For W self-diffusion studied with field- mental results of the impurity effect to include impurities O
emission techniqué® a monolayer of metallic Pd or Ni and K, in addition to S. The CO coverages investigated are
could reduce the activation energy by as much as 30 kcalco™ fsar@ndfco~0.5 ML. The results clearly show that all
mol (from 74 to 44 kcal/mal and enhance the diffusivity by three elements impede CO diffusion strongly, with a decreas-
about two orders of magnitude, while half of a monolayer ofing strength from S to O to K. The S effect is so strong that
C or O could raise the activation energy barrier by as muct®-02 ML of S on a high-temperature-annealed surface can
as 126 kcal/molfrom 74 to 200 kcal/mg| and decrease the increase the diffusion activation enerdsy along [110]
diffusivity by more than one order of magnitude at the rel-from its clean surface value of 2.2 kcal/mol to 7.4 kcal/mol,
evant measurement temperatures. Similar studies were cofer example. To reach a similar effect, more oxygen or po-
ducted for Cu and Ag self-diffusion, with similar resufts. tassium is required. Although all three elements impede CO
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diffusion by increasing the apparent activation enekgy, miscut steps are in the direction about 25° frphi0]), was
the mechanisms are different. Sulfur and oxygen seem t@sed in our measurements. Extensive cycles of #putter-
affect CO diffusion through their modification of steps on thejng and high-temperature annealing of the crystal were first
Ni(110 surface, leading to step-controlling surface diffusioncarried out to obtain a well-ordered surface. The routine
for CO, put pota;sium seems to affect CO diffusion througr}:leaning procedure of the Ni surface was to" Asputter the
a CO-K interaction. For a CO coverageo~0.5ML, the  gyrface at room temperature for 30 min, followed by anneal-
saturation ofEp begins at a smaller impurity coverage thaning at 1120 K for 10 min, a slow cooling 6£0.5 K/s to 800
the case obco~ s This can be explained by the effect of K “and then a more rapid cooling ef2 K/s to room tem-

a CO-CO interaction on surface diffusion. perature. Auger spectra of the clean surface showed no de-
tectable impuritie$<0.5% S and C, anek1% O). Observa-
Il. EXPERIMENT tion of a sharp X1 low-energy electron diffractiofLEED)

pattern from a clean 110 surface and a:21 pattern from
a full CO monolayer on NiL10 ensured that the surface was
The experimental technique we used to study surface difwell ordered. The sample temperature was monitored by a
fusion is a linear optical diffraction method that has beenthermocouple and controlled to withinl K.
described in detail elsewhet®!* We summarize the key  To deposit sulfur on NiL10), H,S gas was leaked into the
points here. First, a monolayer or prescribed submonolayeyHV chamber, followed by adsorption and dissociation of
of CO was deposited on the (4110 surface. Then a one- H,S on Ni(110). Flashing the sample to 570 K desorbed the
dimensional grating of adsorbates was created by interferingydrogen, leaving only S on the surfaeA second method
two laser beam§Nd:YAG (yttrium aluminum garngtlaser to prepare S on the Kil0 surface was by heating the
at 1.06um] at the surface via-laser induced thermal desorpsample at 1120 K for an extended period, usually on the
tion (LITD). To avoid complication in data analysis due to order of hours, to segregate S from the bulk to the surface.
the coverage dependence of the diffusion coefficient, th@'he amount of sulfur appearing on the surface could be mea-
grating depth was made as shallow as possible, usually limsured by Auger-electron spectroscogpES) calibrated
ited by the detection signal-to-noise ratio. In the present cas@gainst the saturation coverage 0.67 ML of sulfur that has a
it was typically ~0.03 ML. This was obtained by properly p(3x2) LEED structure at room temperaturet®
adjusting the intensities of the two interfering laser beams Deposition of oxygen on N110) was by leaking @ gas
such that~0.03 ML CO was desorbed from the maximum into the UHV chamber. The Omolecules adsorbed and dis-
laser intensity regions, and no CO desorbed from the minisociated on Nil10) at room temperature. Flashing the sub-
mum intensity region$? As determined by the laser interfer- strate to>400 K was necessary in order to make the adsor-
ence pattern, the grating spacing wag/® in the present bates thermally equilibrated with the surface, because
experiment. oxygen adsorbed at room temperature was kinetically limited
The adsorbate grating could be detected by linear diffracto nonequilibrium state¥” Oxygen coverage was determined
tion of a He-Ne laser beam. If the grating is smeared out bfrom AES and LEED measurements. The brightest13
surface diffusion, the diffraction signal should exhibit an ex-2x1, and 3<1 reconstructions observed in sequence by
ponential decay in timé*** LEED corresponded tg, 1, and2 ML of oxygen coverages,
B o respectively:®8 with the calibrations by LEED, the AES
S(t)=S(0)exp(—t/7) with 7=s*/87°D, (1) ratio of O(512/Ni(848 was used as a measure of the oxygen
coverage. Possible loss of oxygen due to formation of CO

where D is the chemical diffusion coefficient arglis the ; ;
grating period. In the present studp, was measured as a by reaction with CO was less than 1% of the predosed oxy-
with 85<<0.20 ML), consistent with those reported by
9

function of substrate temperature and surface impurity covgfhn( 1
r

erst
erage. _ : .
We note that simple linear diffraction off a monolayer ~otassium was deposited on(NL0) by heating a surface

grating normally would result in a very small signal buried in 2ctivated emission sourdSAES getter(a commercial dis-

a strong background arising from light scattering from theP€nsey in the UHV chamber with an electrical current of
about 7-9 A, depending on the remaining amount of K in the

substrate. With a polarization modulation technique, how-" .
ever, the background could be greatly suppressed, allowinjiSPenser. The K coverage was measured by the AES ratio of
(252/Ni(848), calibrated by the saturation coverage of

the weak diffraction signal to be detect¥drhis modulation 20,21 ;
method utilized the fact that the adsorbed CO molecules re2-50 ML In order to ensure that only 1 ML of potassium
spond more strongly tp-polarized light than te-polarized could adsorb on the surface at saturation, the substrate was
light, while the scattering background does not have such K€Pt &t aé}emperaturev30 K higher than the room
polarization dependence. An improvement of five orders of€MPerature.

magnitude in the signal-to-background ratio can be readily . With the chosen impurity, S, O, or K, preadsorbed on the
achieved. Ni(110 surface at a known coverage, we then dosed the

surface with CO at 160 K to a half or full monolayer cover-
age. The sample temperature was subsequently raised or
lowered to the diffusion temperature before creating the CO
The experiment was performed with the sample situatedrating by laser desorption. Since CO would be thermally
in an ultrahigh-vacuunfUHV) chamber that had a base pres- desorbed at a much lower temperature than any of the above
sure of 2.0< 10 % torr. A single crystal of Ni110), cut and  three impurities, LITD would have little effect in desorbing
mechanically polished to within 0.2° of tH&10 plane(the  the impurities. Once the grating was formed, the first-order

A. Measurement technique

B. Sample preparation



diffusion along[110] and[001], respectively, for several S

12 531

56 EFFECTS OF SURFACE IMPURITIES ON SURFAC ..
107 10
X // [110]
-10 = 81 o ©9 o
_ 10-19§ eco~95at . - A
: g
2 ]
NE 1071 E 6
N 3
=} < -
1012) &4 x // [110]
Y 0009 sut
1013 . T (a)
4.0 5.0 6.0 7.0 8.0 0 . . .
1000/T (K'Y 000 005 010 015 020
10-10 Sulfur Coverage (ML)
6..=6 1
2 10, CcO™ Y Sat 1071 . o
& 1024 ° o
E o)
= g 107
Q 1012 t‘a 10 \
S 108
N - —
®) N x // [110]
1013 20% S 109 10
' ' - ' 9. =6
40 45 50 55 60 65 1074 S
1000/T (K1) 3 ®)
1084 . . .

FIG. 1. CO diffusion coefficienD vs reciprocal temperature 0.00 0.05 0.10 0.15 0.20
1/T along(a) [110] and (b) [001] for a number of preadsorbed S Sulfur Coverage (ML)
coverages as labeled. The solid lines are theoretical fits, and the
dashed lines at higher S coverages are a guide for the eye. The CO 8 5 > 102
coverage corresponds to a saturation monolayer.
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diffraction signal from the grating would be measured as a = 6 “
function of time, as we discussed earlier. g 1 F 10 £)
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Here we present experimental results on how S, O, and K
as surface impurities affect CO diffusion on(MO). In a 3, 000= O ga L 107
previous short communicatidi,the effect of S on CO dif- ©
fusion at saturation CO coverage was described. These re- 2 : : : 10°®
sults wi_II be_ included here for co_mpleteness. They are pre- 0.00 0.05 0.10 0.15 0.20
sented in Figs. () and 1b), showingD versus 1T for CO Sulfur Coverage (ML)

FIG. 2. Apparent diffusion activation enerdy, and preexpo-

impurity coverages prepared by,8l dosing. It is obvious . o
nential factorD, for CO diffusion along[110] [(a) and (b)] and

from Fig. 1 that CO diffusion is strongly impeded by the _ ; _ an
presence of sulfur, and is more so in the Iow—temperaturéooﬂ (© as a function of sulfur impurity coverage. Thg solid lines
regime. The effect is already significant at an S coverage of ¢ & 9uide for the eye. The open and filled triangle&jrand (b)
6s=0.01 ML. Fitting the data to the Arrhenius fornD are obtal_ned from s_amples without aqd with anneahng at 1120 K
. . . o for 12 min, respectively, after $$ dosing. The open circles are
EDgnedXE)r(];iDré I;-I)z;,)oyrllzllfljt?altrgcggfus'lﬁhne ?j(;t(ljvféfcg egﬁ(rjgy obtained from samples with S segregated from the bulk. The CO
D 0- D i
Do versusds is depicted in Fig. 2 for CO diffusion along coverage corresponds to a saturation monolayer.
[110] [Figs. 4a) and Zb)] and along[001] [Fig. 2(c)], re-
spectively. Note thaEp increases monotonically from the
clean surface value of 2¢20.3 kcal/mol to a saturation value
of 7.4+0.5 kcal/mol atds~0.10 ML for CO diffusion along

[110], and from 2.8&0.3 kcal/mol to 7.80.5 kcal/mol at

0#s~0.05 ML along[001]. Further decrease dd observed

with increasingfs comes from a decrease Bfy only.
When the S impurity coverage on (L0) was prepared
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FIG. 3. Apparent diffusion activation enerdy, and preexpo- FIG. 4. Apparent diffusion activation enerds, and preexpo-

nential factorD, for CO diffusion along(@ [110] and(b) [001] as  nential factoD, for CO diffusion along(@) [110] and(b) [001] as

a function of sulfur impurity coverage. The solid lines are a guidea function of oxygen impurity coverage. The solid lines are a guide

for the eye. The CO coverage correspondg¢g~0.5 ML. for the eye. The CO coverage corresponds to a saturation mono-
. . . .. layer.

by bulk segregation through heating, its effect on CO diffu- y

sion along[110] was found to be much stronger. As dis-

played in Fig. 2a), Ep already reaches 6.2 kcal/mol at
0s~0.01 ML, as compared to 2.8 kcal/mol in the previous"’lppear"s atan even lower S coverage?st0.05 ML for CO

case, and approaches the saturation value of 7.5 kcal/mol gfffusion along[110], and 6s~0.02 ML along[001]. The
0s~0.02 ML. The difference between this and the previoussaturation value oy, is somewhat smaller alorid. 10] (6.5
case came from high-temperature annea”ng of the Samp|é_'_05 kcal/mol instead of 740.5 kcallmO] but remains the
The same strong impurity effect was observed if the sampléame along001].
with S coverage prepared by8 deposition was annealed at  The effect of oxygen impurity on CO diffusion on
1120 K for 2-12 min. This is also presented in Figa)2 Ni(110 is shown in Figs. 4 and 5 fofco~6s, and
Auger electron spectroscopy indicated that the S coveragéco~0.5 ML, respectively. In the figure€, and D, de-
was not affected by annealing. For CO diffusion alpag1], ~ duced from measuref versus IT for diffusion along both
however, no significant difference between different ways of 110] and [001] directions are plotted against the oxygen
sample preparation was found. Thus high-temperature arsoverage. Qualitatively, the behavior is similar to the S im-
nealing must have changed the surface structure (f19i  purity case. There is, however, a quantitative difference in
in_such a way that it mainly modifies CO diffusion along the impurity coverage dependence and saturation values of
[110]. Ep . For6co~60s Ep reaches a saturation value of 86.5
Measurement of the effect of sulfur impurity was alsokcal/mol for CO diffusion alond 110], and 7.9-0.5 kcal/
carried out at a half-monolayer CO coveraggo~0.5 ML. mol along[001] at an oxygen coveragé,~0.15 ML. For
The activation energy and preexponential facky,andD, 0c0~0.5 ML, the saturation occurs at a smaller oxygen cov-
deduced from the measur&l versus 1T, are presented in erage,fo~0.10 ML, which is again similar to the S impurity
Figs. 3a) and 3b) for CO diffusion along 110] and[001], case, with a saturation value &p of 7.8+0.5 kcal/mol
respectively. The same behavior as in the case of saturatialong[110], and 7.4:0.5 kcal/mol alond001].

CO coverage is found except that the saturatiotk gfnow
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FIG. 5. Same as Fig. 4, except the CO coverage corresponds t0 Fig 6. Same as Fig. 4, with the horizontal axis replaced by
6co~0.5 ML. potassium coverages.
amiﬁ??ﬁg”t?]rhe?itmh;e)ll?iztiiztsefll;?gltjroeréa(}:s(a)n(:jlﬁ;t?)losnhggll};m) Consider first an ideal NL10) surface with no step de-

: ’ e D fects. For low S coverage, the S atoms are adsorbed at the
andD, versus potassium coveragg for CO diffusion along twofold hollow sites of the NiL10 surface, forming a full
[110] and[001], respectively, at saturation CO coverage. o 2y overlayer at 0.50-ML coveraglé.H’igher S cover-
Again, a behavior similar to that found with S and O impu-age can result in compression of the S overlayep(8
rities is observed, with a difference only in the quantitativexz) at saturation coverage at room temperat&*&No sur-
aspect of the impurity coverage dependenqe. The ac_tivatio&ce reconstruction induced by S has been observed. The
energyEp now saturates abg~0.20 ML, with saturation  pining petween S and Ni is so strong that the S atoms do
values of 7.20.5 and 8.5:0.5 kcal/mol for CO diffusion ot gesorh from the surface even at 1208Klowever, they
along[110] and[001], respectively. o diffuse readily on the surface at sufficiently high tempera-

The preexponential factdD, for all cases first increases tyres. For example, under our sample preparation conditions,
with the impurity coverage. This seems to be the result of &yith the sample finally flash annealed at 570 K, S atoms
compensation effect to the increasepf with impurity cov-  should reach their thermal equilibrium positions on the sur-
erage. It then reaches a maximumEgs approaches satura- face and then remain stationary when the sample is cooled to
tion. Further increase of impurity coverage results in a de240 K or lower for CO diffusion measurements. This is seen
crease oD,. from the known activation energy barrier of 15-28 kcal/mol
and diffusivity of ~10 2 cé/s at 500 K for S diffusion on
Ni field emitters?> The maximum diffusivity is less than
o 10 ® cné/s at 240 K. The above picture is confirmed by

A. CO diffusion on S-preadsorbed N{110 scanning tunneling microscopy STM studies showing that S

We have found that the results of CO diffusion on aat low coverages diffuses readily on(Ni0) even at room
S-preadsorbed IL10) surface can be understood by atemperature and tends to end up at step $ites.

S-modified step-controlled diffusion modél.Any other Coadsorption of S and CO would have S adsorbed at the
models inevitably lead to disagreement with the experimentwofold hollow sites, and CO at the short-bridge sites. How-
tal data. Here we discuss how we reached this conclusion.ever, although no direct quantitative study of CO and S coad-

IV. DISCUSSION
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sorption on a Ni110 surface has been reported, studies on
Ni(100 (Ref. 24 and Ni111) (Ref. 25 allow us to conclude
that preadsorbed S has two effects on CO adsorption: one
that each S on a twofold hollow site sterically blocks two
neighboring short-bridge CO sites. This reduces the sature
tion CO coverage. The other is that the CO molecules ad
sorbed at the next-nearest-neighbor sites of an adsorbed S ¢
pushed away from their normal binding positions to some
extent, and accordingly their CO-Ni binding strength is
weakened. The STM images of coadsorbed S and CO o
Ni(110 at low S coverages actually showed segregation o
the two adsorbates wita S island size of~50 A2® This
confirms the repulsive interaction between S and CO, and is FIG. 7. Schematic showing CO diffusion on a stepped surface,
consistent with results of our thermal-desorption spectroswith the steps partially covered by impurities.
copy measurement. As a consequence, the number of ) _
S-affected CO molecules in the next-nearest-neighbor sites &on. Our STM images showed no other peculiar structures
also reduced. on the N{110 surface in the range of S coverage we inves-

The repulsive interaction between S and CO has a terfigated. . o
dency to make the CO molecules diffuse away from S. We now dlscuss_ the §tep—controlled surface diffusion
Therefore, in the S-infected neighborhood CO moleculegnodel in some detail. In this model, we assume the follow-
would have a lower diffusion energy barrier. Thus a decreas#d- (i) Only S atoms at the step sites are effective in block-
of effective activation energf, versus S coverage would N9 CO diffusion, which is certainly true for low S cover-
be expected®?” This is in contradiction to our observation. @ges.(ii) The diffusion energy barrier on terraces is not

It is possible that, to avoid the S-affected sites, CO takedffected by S impurities, but at the S-modified steps, it has a
a detour path in diffusion. If the detour is too long, then coconstant valueEs. (i) CO molecules can diffuse over an
may rather diffuse directly through the S-affected areas. Thi$-covered step site either directly by crossing the high-
is likely to happen only at high S coverages. Such a modefnergy barrier or indirectly by taking a detour around the
can qualitatively explain the observed increas&gfversus ~ S-covered part of the stepThe unoccupied step site is as-
fs, but quantitative agreement cannot be obtained. A Simus_umezzd tc_> have the same barrier height around it as the terrace
lation by Brand and co-worketsshowed that, for H diffu- sites?) (iv) The S atoms aggregate along the steps and form
sion on R001), 0.10 ML of S slows down the diffusion S€gments. W'th these assumptions, th? macroscopic diffu-
only by a factor of 6, even with the assumptions of a “long- S|on_coeff|C|entD can bg derived following Fig. 7 and the
range interaction” that each S can block ten neighboring€lation(x?)=2Dt. We find
adsorption sites of H, and that the energy barrier at the 1 [L(69—a]? 22
blocked sites is infinite. Their result is applicable to our case. —_ S )
If the energy barrier in the S-affected areas is not infinite, the D L%69D; L*%6s)Dy’
reduction of the CO diffusion coefficient is even smaller, an
is certainly too small to explain our observation. For e
ample, we observed that the CO diffusionTat-180 K is
slowed down by a factor of~50 by 0.10 ML of S on

dWherea is the lattice constant along the diffusion direction,
X'Dt andDg are the diffusion coefficients for diffusion on ter-
races and over S-controlled steps, respectively. The first term
) . ] here accounts for diffusion between two adjacent S-modified
Ni(110. At lower temperatures, the redu_ctlon IS even steps and the second term for diffusion across a S-modified
greater. A much larger influence circle of S, i.e., much MOM&ten The average spacing between two neighboring S-
than ten neighboring CO adsorption sites, would be neede overed steps is given Hy(6<) =Lo/v6s, whereL, is the

to explain the observed result using this model. This is Conéverage terrace width angds is tﬁe fr:l;:tion of s%ep sites
tradictory to all theoretical predictions that the effect of S oN.overed by S abls. Since the?e are two parallel channels for
a substrate surface cannot extend beyond its next-neareg fusing over asé-modified step, one directly crossing the

neighbors( .10 CO sites™ One may suggest that a mobile step and the other making a detour around the step, the cor-
S can effectively affect more CO molecules on a surface thapesponding diffusion coefficient is given by

a stationary one, but as mentioned earlier, at our measure-
ment temperatures the S atoms are basically stationa_ry. Even D.=D,+(1-y6)?2D,, 3)
if S is mobile, the temperature dependence of CO diffusion
would be wrong since the higher mobility of S at higher with D;=D, exp(—Es/KT) describing diffusion through the
temperatures would lead to a stronger reduction of the Cdirst channel and (% y8s)?D,; through the second channel.
diffusion coefficient, opposite to what we observed. The heuristic argument for choosing the latter expression is
We now consider a N110) surface with steps. Even on a as follows: At coverag@s of S, the probability for a step site
sample with a surface misorientation €f0.2°, as was the occupied by S isyfs, and that for a step site unoccupied is
case with our sample, steps are expected to have a density bf- yfs. The average length of a S-covered step is then
~1 step/500 A. The S impurities at thermal equilibrium pref-given by a/(1— y6s). The average time for CO to diffuse
erentially occupy the step sité$.They line up along the over the step by detour ia?/(1— y6g)?2D, following the
steps and create a higher-energy barrier for CO to cross thiffusion relation(x?)=2Dt. Considering thaa is the ef-
steps. This then results in the step-controlled surface diffufective diffusion length in the process, we would find the
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effective diffusion coefficient to be (2y6s)?D,. However, the two on CO diffusion on N110). Similar to the S case,
such a model neglects possible changes of CO coveragBough not as strong, the effect of oxygen on CO diffusion
along the step from the average one. We then simply replacéan only be understood by an O-modified step-controlled
D, by D,,, which has the same activation energyDasut a  diffusion model assuming O preferentially adsorbs at step
different preexponential factor that can be used as an adjustites. The observed increase of the apparent diffusion activa-
able parameter in our data fitting. tion energyEp versusfg for CO on Ni110 cannot be ex-

As already discussed in detail in Ref. 12, andD, in  Plained by repulsive CO-O interaction on terraces, which
Egs. (2) and (3) can be determined from measurements ateads to an opposite dependenceEgfon 6o.?%*" Diffusion
6s=0 and yfs=1 (with 6s=0.10 ML), and L, can be ©Of CO into the O-infected areas can explain qualitatively the
deduced from the STM measureméhtFor our sample, increase ofEp versuséo, but it fails in quantitative agree-
we find D,=4.4x10 8exp(-2.2 kcal mol /kT) cné/s  ment. At oxygen coverage ®=0.15 ML, for example, the
and (Lo/a)?D,=2.4x 10 3exp(-~7.4 kcal mol /kT) cnf/s  CO diffusion coefficient was observed to have reduced by a
along[110] andD, = 2.2x 10 8 exp (— 2.8 kcal mol Y/kT) factor of ~50 at ~180 K as compared to that on a clean
cm?/s and (,/a)2D,=1.7X 10 *exp(7.4 kcal mol ¥/kT) Ni(110)l surface. Simulation by Brand, Deckert, and
cm?/s along[001]. We can then use Eq&2) and(3) to fit the George™ for H diffusion on RY001), assuming that each
data in Fig. 1 by takingD, =D, cexp(—E/KT) with E, surface impurity atom can block its ten nearest-neighbor and
—2.5 keallmol being an average &(110) and E,(001) next-nearest-neighbor adsorption sites of H, predicts only a
and treatingd, , as ?he onl ad'?Jstat;le arametert n Fi' 1 reduction of 11 in the diffusion coefficient at an impurity
the solid curUgs that fit tyhe Jdata arepobtained'mmn 9- L coverage of 0.15 ML. This reduction is already overesti-
—7.0x10°15 cnls. The agreement between theory an(zi ex mated knowing that the oxygen poisoning range should not

periment appears quite satisfactory. 0.10 ML, we reach the next-nearest-neighbor sf&g§he effect on CO

; ; diffusion due to diffusion of oxygen on terraces also would
have not attempted to fit the data with our model because th|’?ot explain our observation, since it can hardly occur in the

high de_nsity of S impurities on the terraces may n?lvv have art‘emperature range of our measurement. Again, the oxygen-

ape\r/emabtle ?:]fetCt Olt’ a?] stlFl]ggets)ted by_l\:ladxt al% : it occupied step-controlled surface diffusion model appears
€ note that, aithough the above picture ot Impurty- ;. plausible. Such a model can explain quantitatively the

affected step-controlled diffusion includes all the necessanyhserved experimental results presented in Fig. 4. Because it

fhvolves only some detailed changes of the fitting parameters

very correct because of the assumptions involved in derivin%1S compared to the S case, we omit such a fit here. The fact
Eq. (2). For example, as suggested by Ying, the correct €qUgnat it requires a higher C(;verage of O than S to reach a
tion should have a weaker dependence on the terrace wid milar effect on CO diffusion could be due to a smaller

than the square dependence we chdbse. adsorption energy difference for oxygen on terraces and at

nﬁétep sites than that for S, making oxygen adsorption at step

blulk tc))r Withl higfgtsmpr)]erzgure O??ngaling of thelf%mpz%cﬁnsites less favorable than S. This could be due to the fact that
also be explained by the S-modified step-controlled model. oxygen adsorbed on terraces can actually induce surface re-

Our STM measurgment_shovv_s_ that steps on thel 1 construction, resulting in a lower energy difference between
sample surface with S impurities undergo a morphologyoxygen adsorption on terraces and at step sites.

change after high-te_mpera.ture_anngaling. The original steps It is known that, in contrast to the S case, adsorption of
along the surface-miscut dlreptlon d|sqppe§req, and were "Sufficient O impurities on terraces of (4iL0) can induce a
placed by~5 stepsum along diagonal directionge.,[111]  gyrface reconstruction. STM and other studies have found
and[111]) of the surface unit cell, plus additional on€)  that the reconstruction is in the form of added Ni rows along
stepsium) along[110]. The observed saturation B along  [001] via mass transportation of Ni from steps and adsorbed
[110] at a lower S coverage dfs~0.02 ML, as compared Oxygen occupying the bridge sites of the added r&wé?®

to As~0.10 ML before annealing, indicates that S must have-or 65<<0.20 ML, although CO molecules could also adsorb
adsorbed at these diagonal steps more readily to ensure &xt to the added rows, most of them still occupy the short-
these step sites covered by Séat-0.02 ML. With the ef-  bridge sites on the unreconstructed terrdCekhe major ef-
fective terrace width along110] basically unchanged fgct of preadsorbed O is .then in elimination of CO adsorp—
(within our statistical error of 15% from step countjngpg ~ tion sites by the added Ni rows. Because of the low density

spite of the step morphology change, CO diffusion anngOf the O atoms that are away from the step sites, the density

[110] could now be controlled by the S-covered steps af'ind average length of these added rows are small. Conse-

0<~0.02 ML. For diffusion alond001], however, the aver- quently, their effect on CO diffusion is expected to be weak.
age terrace width is significantly larger so that the S-covered NiS is shown by the observation thp along[110] and
diagonal steps were not yet sufficient to dominate the c@001] reach saturation at roughly the same oxygen coverage,
diffusion. In order to reach the step-controlled diffusion although the added rows are alof@)1].

- : We also note that the saturation values€gfin the cases
limit, st I 110 talso b d by S, but th i
cir;lljldshzzi):noggly aﬁ]sinéjioalvfl(_) © covered by ut s of preadsorbed S and O are nearly the same. Whether this is

a coincidence or not is difficult to answer.

B. CO/O on Ni(110 C. CO/K on Ni(110

Because oxygen and sulfur belong to the same column in Opposite to S and O, K is known as a promoter for Ni
the Periodic Table, it is interesting to compare the effects otatalysis of CO hydrogenatichit is therefore interesting to
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know how differently K affects CO diffusion. At our flash being repelled, to the K-induced reconstructed areas. This
annealing temperatures, adsorption of Kgat~0.50 ML on  may have a significant effect. Third, how K-covered steps
Ni(110) can induce a surface reconstruction, transforming itffect CO diffusion across the steps is not known. It is also
to p(1x 2) with missing Ni rows?2 The missing Ni rows are not clear whether part of K impurities may have left on ter-

along[110], perpendicular to the direction of the added Nj "aces to affect CO diffusion.
rows in the oxygen-induced reconstruction case. The K at-
oms are believed to adsorb in the troughs left by the missing D. Comparison of the three surface impurities
Ni rows with no definite registrf;.2 With partial K coverages, CO diffusion on N{110) is sensitive to all three surface
the K atoms presumably aggregate in local areas where stimpurities, S, O, and K, although the situations are very dif-
face reconstruction occurs. Because of strong attraction béerent. The diffusion activation enerdyy in all cases in-
tween CO and K133the subsequently dosed CO moleculescreases with the impurity coverage, and approaches a satura-
will first adsorb near K in the reconstructed areas. The adtion value of ~7-8 kcal/mol, relatively insensitive to the
sorption site of CO near K is proposed to be the top site okind of impurities. Forfco=6s, the diffusion preexponen-
the underlying second Ni laydthe first layer is formed by tial factorDy first increases with impurity coverage by about
the remaining Ni rows*>3* A previous study suggests that five orders of magnitude a&p approaches saturation, but
each K atom can strongly interact with two nearest-neighbothen decreases at higher impurity coverages. For
CO molecules but relatively weakly with next-nearest- fco=0.50 ML, the behavior is similar; the increaseldf to
neighbor CO?* Thus at a potassium coveragq, 26, of  its maximum is about two orders of magnitude.
CO are strongly affected by K. The saturation CO coverage he difference between the three impurity cases appears
should also be reduced approximately By.?*%? For ex- iq the qetailed im.purity-coverage dgpendence of CO diffu-
ample, atf~0.2 ML, ~0.4 ML of CO should be strongly Sion. With saturation CO coverage, it takg@.lo ML of S,
affected, which is half of the CO saturation covergag®.8  ~0.15 ML of O, and~0.20 ML of K to increaseEp to
ML) at this 6. Therefore, unlike the S and O cases, cosaturation. In the S case, high-temperature annealing further
molecules under direct influence of K are expected to conenhances the impurity effect for CO diffusing alojiyl0];
tribute significantly to the observed CO diffusion. only ~0.02 ML of S is needed to maKke, reach saturation.
Assuming that the K-CO attractive interaction only af- As discussed earlier, both S and O may have a higher prob-
fects the adsorption sites but not the saddle points in tha&bility to adsorb at step sites than on terraces, resulting in
diffusion path, the energy barrier for CO diffusion near K is step-controlled diffusion of CO at sufficiently high impurity
expected to increase ©,+sx.co, WhereE, is the barrier ~coverages. The stronger effect observed with S than O is
energy on a clean surface ang.co is the K-CO interaction presumably because S has a higher adsorption energy at step
energy, which is~5.8 kcal/mol as deduced from thermal- sites than O. However, the weaker effect from K is due to a
desorption spectroscopy measuremarf. we assume that different mechanism. It is the nearest-neighbor K-CO attrac-
CO diffusion is determined by the K-attracted CO, then thefive interaction that seems to be responsible for slowing
effective energy barriers for CO diffusion alopg10] and  down the CO diffusion. o
[001] should beE,=8.0 and 8.6 kcal/mol, respectively, ~ From our results, it is not surprising that S and O tend to
knowing that E,=2.2 kcal/mol along [15] and Poisonthe CO methangtlon reaction on Ni, since diffusion is
E,=2.8 kcal/mol along001]. These values o, appear to a necessary step to bring CO and H together for CO to react

agree well with the measured saturation valueggfat CO \Iivr:t]wﬁ :Snatgfos:g::f%r%% tE; dggz;ar;%?% i"f[‘lg?gg%?mﬁ;;
saturation coveragéesee Fig. 6, although this could be for- reduces CO diffusion on Ki10) at relatively high K cover-

tuitous consider_ing our starting assumption may not be valid, ges. If diffusion is a limiting step for CO reactions, then it
The above picture is also difficult to explain the observe X g step ’
q d & 0. sh in Fia. 6. Al 0101. CO should have reduced the reactivity. Indeed, as reported by
difper.‘ enﬁe tD on ok SIIO}Nn r']n Ig.l - Alond : 1, ide th Campbell and GoodmahK on Ni(100 does reduce the
fusion has two parallel channeis, one alongside ethane formation rate relative to clean™i0). The reason
K-m_d_uced tr(_)ughs and the other on terraces unaffected by or reduction of the methanation rate was speculated to be
Intuitively, this would not have led to an effective diffusion due to K poisoning the adsorption of the other reactant, i.e

energy barrier linearly dependent @y as observeq. The hydrogen. We now suspect that slowing down of CO diffu-
mean-field model proposed by Zhdarbway explain the sion by K is responsible for the decrease,
e

relation, but it assumes an even distribution of K on th

surface which is certainly not true in our case. Clearly a more

sophisticated theory is needed to understand the experimen-

tal results. For CO diffusion alonf§001], the situation is

even more complex, since the diffusion is now in the direc- For both S and O preadsorbed(NLO) surfaces, we found

tion perpendicular to the K-induced troughs. The observedhat the activation energp for CO diffusion reaches its

Ep versuséy is not linear as one would expect. saturation value at a higher impurity coverage 6~ sy
Several factors could have complicated the problem. Firstthan for6-.o~0.5 ML. The value of saturatioBp , however,

the CO molecules adsorbed near K are at $lteifferent  is about the same.

from those in the clean areas. They may have different val- On a clean Ni110 surface, it is known that CO-CO in-

ues of E,. Second, the K-induced reconstructed Ni rowsteraction is responsible for the coverage dependence of CO

may affect CO diffusion more drastically than we assumediffusion3® The same can be used to explain the above find-

Unlike S and O cases, CO molecules are attracted, instead wfg. In the impurity-modified step-controlled diffusion model

E. Dependence on CO coverage and directions
of diffusion
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for S and O, the CO molecules have two channels to crospreadsorbed S, O, and K can drastically reduce the CO dif-
over an impurity modified step: direct across an impurity-fusion rate in decreasing order from S to O to K. In the S
covered step site, or via a detour around the impurity-case, annealing of the sample at high temperature can make
covered part of the step. At a given impurity coverage, thehe impurity effect more pronounced, due to a step morphol-
latter channel contributes relatively morelq in Eq. (3) for ~ ogy change. With both S and O, impurity-covered steps ap-
Oco~ s than for 6:.5~0.5 ML, since the repulsive CO-CO pear to be responsible for impeding the CO diffusion. A
interaction can lower the diffusion barrier on terraces andnodel calculation based on the impurity-modified step-
speed up CO diffusion on terraces more ¥y~ 65, than  controlled diffusion mechanism can explain the experimental
for 6co~0.5 ML.%® This makes the detour diffusion around data well. In the case of K, the mechanism for impeding CO
impurity-occupied steps more important fégg~6s,; the  diffusion on Ni{110 seems to originate from nearest-
step-controlled diffusion becomes dominating only when theneighbor interaction between K and CO rather than from step
steps are almost all covered by impurities. Bgp~0.5 ML, control. Our findings here suggest that for intrinsic surface
the step-controlled diffusion is expected to set in at a lowediffusion studies to be reliable, it is important to keep the
impurity coverage. surface very clean. They also suggest that we must not un-
Anisotropy of CO diffusion on Nil10) was found to be derestimate the role of an impurity in discussing the incon-
greatly reduced by preadsorbed impurities. &¢o~6s,  SiStent results reported in the past on nominally identical
with preadsorbed S5 has a saturation value of 7.4 kcal/ systems. The observed impurity effect on CO diffusion may
mol for CO diffusing alond 110], and 7.8 kcal/mol for CO be dire_ctly connected to the impurity poisoning effect on CO
diffusing along[001]. For the case of preadsorbed O, the catalytic reactions.
saturated values &p are 8.5 and 7.9 kcal/mol for diffusion
along[110] and[001], respectively. The reduced anisotropy ACKNOWLEDGMENTS
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