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Adsorption and desorption kinetics of CO on Cu110 studied by optical differential reflectance
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Optical differential reflectance was shown to be a viable technique to study surface adsorption and desorp-
tion kinetics. Its application to CO on CLL0) leads to clearly improved results and better understanding of the
system in comparison with earlier thermal desorption measurenj&ts63-182006)06932-9

Molecular adsorption, desorption, and diffusion are gen-and s polarizations, respectively, ana;l=|rp(0)/rs(0)|2 o)
erally considered to be the three most important surface prahat, for §=0, we havel(2w,)=0. How the quantity
cesses in modern surface scienddany techniques have (ro(0)]?=7Irs(6)|? varies with 6 can be experimentally
been developed for their study, but few are capable of probealibrated using, for example, thermal desorption spectros-
ing all three. The linear optical differential reflectance copy (TDS). In the case of CO/Qa10, we found that
method(which has a number of variations an exception. It (|rp(g)|2_ ylrs( 9)|2) was linearly proportional t@ with the
is known to have a submonolayer sensitivitgnd, recently, maximum corresponding to the saturation coverégeThis
has been employed to study surface diffusion with a viabilitytechnique measures the surface coveragsitu. Therefore,
that can hardly be matched by other techniqu&de now  in contrast to TDS, the measurement is free from possible
show that it can also be used to study adsorption and desorgomplications due to unwanted background arising from

tion with many advantages over existing techniqtié§e  various sources and has a better time resolution due to the
take CO on C(110) as an example. This system has alreadyfaster response of the detection.

been investigated by a number of researchéisecause CO Our experiment was performed with a single crystal of
plays a major role in the catalytical synthesis of alcohol overcy(110) situated in an ultrahigh-vacuum chamber with a
Cu® The results of our linear optical study indicate that, pase pressure of 20L0 ° torr. The Cu crystal was cut and
contrary to what has been suggested in the literature, C@olished to within 0.2° of th¢110) plane, and was mounted
adsorption on C{110 follows the Langmuir adsorption ki- with its [001] axes in the horizontal plane. Anbeam heater,
netics at low coveragé¢<0.4) and the precursor mediated controlled by a thermal controller, was located at the back
adsorption kinetics at higher coverage>0.4), and that the  side of the sample. To clean the sample surface, repeated
earlier desorption measurements of COMD) were 500-eV Ar" sputtering at room temperature was used, fol-
deficient?"s Ieading to incorrect values of the desorption pa-lowed by annea"ng at 860 K for 10 min and a slow Coo”ng
rameters. back to room temperature. The cleaned surface showed no
The differential reflectancédR) method we have adopted traces of C, O, and S as checked by Auger spectroscopy. A
exploits the different reflectance changes fer and  sharp(1x1) low-energy electron diffractiolLEED) pattern
p-polarized beams affected by adsorbates on a substrate. Itygas observed, indicating that the surface was well ordered. A
well known that adsorbates on a metal can change the refleghermocouple attached to the surface of the sample was used
tance of ap-polarized light from the metal much more ap- to monitor the sample temperature during the measurements.
preciably than that of as-polarized light. The difference in CO on C{110) has been studied by various techniques.
the reflectance changes for the two polarizations is a measume following properties are knowtt!® CO molecules
of the amount of adsorbates appearing on the surface. Thaisorb on the surface with the carbon atom facing the sur-
optical arrangement is basically the same as that described face. Deposited at 110 K, they presumably appear around the
Ref. 9. A 10-mW He-Ne laser beam, after passing through &op sites at low surface coverages #t0.4—0.5, leading to
photoelastic modulator to produce a 50-kHB-p  a somewhat diffusg1x1) LEED pattern with additional
polarization-modulated beam, was directed onto the samplétreaks at half spacings along tf&1] direction. Annealing
with an incident angle of 10°. The reflected beam from theat 170 K for a few minutes and cooling back to 110 K con-
sample was detected by a photodiode with a lock-in amplifiegert it to a(2x 1) pattern. At higher coverages, a new pattern
tuned to the second harmonics of the modulated frequenc;gtarts to deve|0p as adsorbed CO molecules rearrange to
To null out the background signal in the absence of adsorform locally a more compressed structure. At the saturation
bates, an analyzer was inserted in front of the photodiode angbverage 4.=0.77, the annealed sample gives a diffuse
properly adjusted. The observed signal could then be dez($x2) LEED pattern. The adsorption and desorption kinet-
scribed by ics of CO on C(110 are, however, less well understood.
For adsorption, the TDS work of Harendt al. led to the
[(2wm) =lo(|r () ]2=¥Irs(6)]?), (1)  conclusion that the adsorption is dominated by a precursor-
mediated mechanism from the very beginnings we shall
where o, is the modulation frequency,, is a constant, see later, this conclusion was incorrect because their experi-
|rp(¢9)|2 and|r(6)|* are the reflectances at coveragéor p  mental result had suffered from insufficient accuracy and
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FIG. 1. (9 Surface coveragé of CO/CU110) versus tempera- FIG. 2. Coverage dependence(af the desorption energi,,

tureT for different temperature ramping rat@s(K/seg in thermal  and(b) the preexponential factar.

desorption(b) In(d6/dt) versus 1T calculated from(a) at several

fixed values off as labeled. The straight lines are least-squares fitg; straight line. A careful analysis shows that the desorption

of the data points using Eq2), from whichEq andv are derived.  can be well described by the first-order kinetics with the
equation

poor resolution. For desorption, the result of Christiansen B
et al® seems to be not so reproduciBliélarendtet al. de- do/dt=—v0 exp(—Eq/kT), 2
duced the coverage-dependent desorption energy and preexhereE, is the desorption energy andthe preexponential
ponential factor from their TDS measuremenm,t the tem-  factor. The values oE4 and v versusé deduced from the fit
perature ramping rate used in the experiment was too higm Fig. 1(b) are presented in Fig. 2. It is seen tlg=75+5
for their analysis to be valid. We shall show below that thekd/mol and log, »=18.6+1.1 are independent ob for
improved experimental data obtained with our linear optical#<0.4, but decrease with for 6=0.4. This result indicates
technique leads us to a better understanding of the adsorptidhat repulsive interactions among adsorbed CO molecules
and desorption kinetics of CO on (i0. must have set in arouné~0.4. Presumably, these are the
Consider first desorption of CO/CLL0. We used the CO molecules packed to form tlg3x2) structure; because
usual schemes adopted for thermal desorption spectroscopy the close distance between neighboring CO molecules in
TDS, one with the initial CO coverag® kept constant and the structure, the CO-CO repulsion becomes significant.
the linear temperature ramping rgBevaried, and the other The above results are consistent with those obtained in the
with B constant and), varied. Unlike TDS, we measured the measurement of versusT with 6, varied andg fixed. We
CO coverage left on Q@10 using DR. It is known that the found in the latter measurement that, f@=0.4-0.5, the
first scheme often provides a more accurate determination af6/dt versus T curve begins to broaden at the low-
the kinetic parameters. We show in Fig. 1a) a set of¢  temperature side and eventually exhibits a clear shoulder,
versusT curves obtained with9,=0.77 andp varied from  suggesting that a significant part of the adsorbed CO must
0.2 to 1.5 K/sec. From these curves, we find for edehset  have appeared at sites with lower desorption energies.
of data points of In 6/dt) versus 1T. A few representative Harendtet al® have reported a TDS study of CO/@.0)
cases are given in Fig(l). For eachy, the data can be fit by showing smaller values of4 and v than oursi? a slight
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FIG. 3. StICklng probablllt}S as a function of surface .CO\./erage FIG. 4. Equ|||br|um surface coverage of CO/@[][O) as a func-
of CO/CU110 at several different temperatures. The solid lines arétion of CO gas pressure. The solid curve is a prediction of the
theoretical fits. Langmuir isotherm described by E().

increase o, and v for #>0.3 which has been disputed by with §.=0.6. Because of the usual difficulty in calibratiRg
Christiansenet al.® and a rapid decrease &, and v for accurately, we simply s&,=1 (with the scale of adjusted
6>0.3. In their experiment, they also found that f@=2.75  accordingly so thatS=1 at¢=0. The linear dependence éh
K/sec, the peak ofl¢/dt versusT shifts to lower tempera- indicates that the isothermal adsorption follows the simple
ture with increasings, contrary to what Eq(2) would pre-  Langmuir kinetics. The parameté; has no real physical
dict. They proposed that this could be due to CO diffusionmeaning here, but is determined by the relative magnitude of
from the c(3X2) region to the(2x1) region during desorp- S at #=0 and #=0.4. Knowing that the desorption of CO
tion. Although Eq.(2) no longer properly describes the de- from Cu110) for #<0.4 obeys Eq(2) with E4 and v inde-
sorption process, they still used it to deduggand». We  pendent ofg, we expect that for Q10 exposed to a CO
must therefore consider their results tentative. We have obambient gas oP and Ty, the equilibrium CO coverage on
served the same anomaly described by Harenhdt. at both ~ Cu follows the Langmuir adsorption isotherm
6<0.4 and#=0.4 with hardly anyé dependence. Since for
0<0.4, the adsorbed CO form a single phase, the mechanism o(T) =
proposed by Harendit al. cannot be operative. It seems that
for all §, CO desorption at low3 must have gone through a
precursor state that can be by-passed at lfighut we can-
not offer any concrete suggestion.

We now consider adsorption of CO on @a0). The ki-
netic equation governing the isothermal adsorption can b
written as

C

T+(oBimp =09 ©
with A=(27mkT,) **N¢*, andB=v exp(- E4/kT). We
have measured as a function ofP at T=200 K. As shown
in Fig. 4, the experimental result can be fit very well by Eq.
85) using E4q=75.8 kJ/mol and log, v=18.4. These values
agree to within 2% of those deduced earlier from the desorp-
tion experiment. This proves unequivocally the consistency
and reliability of our measurements using DR.
(d6/dt) ggst=P(27mKTy) ~Y2NS 'S(6,T) —|(d6/d1) gesr] For 6=0.4, the sticking probabilitys in Fig. 3 deviates

(3  from the linear dependence withexcept forT=200 K. The

result must have reflected the fact that the adsorbed CO mol-

where S is the sticking probability N;=1.09x10"/cn? is  ecules now begin to rearrange themselves and partly form
the surface density of Cli10), P=2.1x10 ' torr is the pres-  the c(3X2) structure. The experimental data fb=100 and
sure, andl ;=300 K the temperature of the ambient CO gas,140 K can be fit by the equation
m is the mass of CO, andi@/dt) 4.1 is the CO desorption
rate at the substrate temperatireUsing DR, we measured
6(t) in adsorption and desorption at constanseparately to
obtain [d#/dt) gt and @d6é/dt)4esr. The sticking probabil-
ity S(6,T), could then be deduced from E(B). We note
that (d6/dt) 4est iS Negligible forT<140 K in our case. The
results ofS versusé for a set of different temperatures are
depicted in Fig. 3. We find that within experimental uncer-
tainty, S is temperature independent fé=0.4 and can be
described by

K(o—6y)\ 1

(6-6)

for 0.4<6<0.77, with §,=0.77, 6,=0.4, andK=0.5. This
equation was derived by Kislilﬁyﬁ assuming a precursor-
mediated adsorption mechanism. In the moHeis a param-
eter describing the surface mobility of the adsorbed CO, with
largerK corresponding to weaker mobility and=1 in the
simple Langmuir limit. The result therefore suggests that for
6>0.4, CO would first adsorb to the surface and then rear-
range themselves and neighboring CO to form a more stable
S=Sy(1-6/6;) (4)  structure. At highefT, simultaneous CO desorption during

(6)

5(0)/3(9x)=(1+



7704 BRIEF REPORTS 54

adsorption becomes more important. Fast desorption coulshethod, and allows much-improved experimental results. Its
effectively reduce the precursor movement. In the limit, de-application to CO/C(1.10) provides us with a better under-
sorption might occur before the adsorbed CO could movetanding of the system. Fa#<0.4, the adsorbed CO are
and the kinetics would become Langmuir-like. This seems tqoninteracting and in a single phase, and the corresponding
be the case af =200 K shown in Fig. 3. adsorption and desorption follow simple kinetics. Ber0.4
Harendtet al° used TDS to study adsorption of CO on ynjl saturation, adsorption and desorption kinetics reflect the
Cu(110. They deduced from their data a sticking probability 53¢t that the adsorbed CO begin to form a more compressed

which was nearly independent éffor 0<6<<0.6 and sug-  gtrycture in which the CO-CO repulsive interaction becomes
gested that the adsorption process must be precursor me%‘rgniﬁcant.

ated. We believe that their result is erroneous because of

insufficient data points at smadl Our technique allows ain This work was supported by the Director, Office of En-
situ continuous measurement @ft) and is a clear improve- ergy Research, Office of Basic Energy Sciences, Materials
ment over the TDS method. Sciences Division of the US Department of Energy under

In summary, we have shown that optical DR is a powerfulContract No. DE-ACO3-76SF00098. We would like to thank
technique for studies of adsorption and desorption kinetics. IProfessor John T. Yates for providing us with the(TL0
avoids a number of difficulties inherent in the usual TDSsample.
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