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Previous DFT computations have shown that there should be a correlation between the calculated heat of
adsorption of gases such as hydrogen, carbon monoxide, and ethylene and the energy of the center of the
d-band. This paper considers whether the trends expected from the calculations agree with the available data.
It is found that experimental heats of adsorption of CO on platinum single crystals increase linearly with
increases in the energy of the center of the d-band as expected theoretically, but the slope is about one-third
of that expected theoretically. Experimental heats of adsorption of hydrogen on platinum showdesnealse

as the energy of the center of the d-band becomes less negative. By comparison, recent DFT calculations
suggest a substantiaicrease Experimental heats of adsorption of ethylene on platinum also show a small
decreaseas the energy of the center of the d-band becomes less negative. By comparison, recent DFT
calculations suggest a substaniiarease Interestingly, the heat of adsorption of oxygen, and the heat of
dissociative adsorption of ethylene, do follow the trends expected from the model, although no quantitative
comparison is possible. Overall, calculated and experimental heats of adsorption differ by as much as 90
kJ/mol. Ours is the fifth recent paper that shows significant differences between careful experiments and
careful DFT calculations. We suggest, therefore, that the functionals used to model adsorption need
improvement.

Introduction ment to see if the trends expected theoretically are observed

Over the years, there have been many attempts to correlateeXpe”menta”y' ) .
catalytic properties to easily calculated properties. Years ago Data Sources.This paper will use only data that have been
people developed correlations. For example, Sachler andpubllshed prewously._ The calorimetric data for he_ats of adsorp-
Farhenfort and Tanaka and Tamdrghowed that there was a  tion are from the reviews of Brown, Kose, and Kin@erny?
relationship between catalytic properties and heats of formation Brennan and Hayesand Kyser and Maséf:*!Vibrational data
of bulk compounds. Sinféltdeveloped correlations between are from Yagasaki and Mas&land Masef. TPD data are from
catalytic properties and the percentage d-character. More Thomas et al} Lee et al3* Benziger}® Ford et al:® and
recently, Masélnoted that the jellium model implied that there  Ruggiero and Hollind! All of the data show variations in the
is a correlation between heats of adsorption and the interstitial heat .Of adsorption with coverage. In the comparison hgre, we
electron density of the metals. Recent investigators have usedconsidered the zero coverage limit of the calorimetric and
DFT calculations to understand adsorption. For example, vibrational data. The TPD data often show some anom_alle_s at
Hammer and NerskéV suggested that heats of adsorption of Coverages below 0.02 monolayers (ML), so we arbitrarily
molecules such as CO and ethylene could be understood basegonsidered the heat of adsorption at a coverage of 0.1 ML. The
on two parameters: the energy of the center of the d-band €Nergy of 'Fhe center of the d-band and the strength qf the Pauli
relative to the Fermi level and the strength of the Pauli 'ePulsion is from Hammer and Ngrskbwjammer, Nielsen,
repulsions. At this point, all of the correlations have been and N@rskov,or Pallassandra and Neurotlor Watwe et al?

proposed on theoretical grounds and have not been tested®ll other metal properties were from Papaconstantopotflos.

experimentally, so we do not know whether the correlations

work in practice. In a larger way, we do not know whether the Results: Carbon Monoxide
current generation of DFT calculations is adequately represent- . .
ing adsgrption. q yrep As a start of our effort, it is useful to consider whether there

The objective of this paper is to determine whether the trends 'S @ correlation betwe_en the b_mdmg of carb_on m_onox@e and
expected theoretically are observed experimentally. In recent any of the bulk properties considered by previous investigators.

years, calorimetric methods have allowed accurate heats of 10 put this work in perspective, Masetoted that the binding

adsorption to be measured. Vibrational and TPD data exist for ©f €O i particularly difficult to model. The molecule is held

many of the molecules. Therefore, there exists the opportunity via ﬁ m|xturg offpolanza;uon fohrces,éjce)zltadbongs, a’{:d nor;llolcal
to ask whether there is any correlation between theory and exchange. surfaces relax when adsorbs. Nevertheless,

experiment. In this paper, we will compare theory and experi- Hammer .and N;arskévproposed a simple que] of bondlng
process, in which they assumed that the main interaction was

* To whom correspondence should be addressed. Phone: 217-333-68410ack-donation of electrons into the antibonding orbitals of the
Fax: 217-333-5052. E-mail: r-masel@uiuc.edu. adsorbed CO. Hammer and Ngrskov then used perturbation
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Figure 1. Plot of the heat of adsorption of CO on several faces of 100" _2‘ 8 T _2‘ 4 ‘ 2
platinum (a) measured by our grodipt®using TPD andM) calculated . )
by Hammer, Nielsen, and Ngrskoagainst the energy of the center of Ed, eV
he d- f th f H Niel . . .
:\lﬂergkt())?lgd of the surface atoms as reported by Hammer, Nielsen, andFlgure 2. Plot of the heat of adsorption of CO on Pt, Pd, Ni, and Rh
' measured calorimetrically against the energy of the center of the surface
TABLE 1: Heat of Adsorption of CO on Pt(111) Measured d-band as reported by Hammer and Ngrska) Qur measurements
by a Variety of Techniques of the heat of adsorption of CO on a Pt(111) cry$ta() King's
measurements of the heat of adsorption of CO on oriented metalfilms.
_ measured heat of (¥) Calculations of Hammer, Nielsen, and Ngrskov for CO on several
technique adsorption kJ/mol reference faces of platinuns.
TPD-3 Plot 122 13 , ,
TPD-Arrhenius plot 130 14 differences between the heat of adsorption on one face and on
single crystal calorimetry 13% 12 10, 11 another are independent of how the data are analyzed. For
'SESTIGWI? h?a_t 11§§ ‘(153 example, the heat of adsorption of CO on Pt(111) measured by
calculations ; ; ; ;
film calorimetry 187 - varying the heating rate, and constructing-plot, gives a value

of 122 kJ/mol2 If we instead construct an Arrhenius plot using
the initial rate methotiwe estimate a heat of adsorption of 130
kJ/mol1* Calorimetry gives 135 kJ/mdf,1! as does isosteric
heat measurement. Importantly though, the heat of adsorption

anetaI_sl: thF ergjetrr?y Otf thetﬁer}tﬁ: Olfjth?. d-balnql rela'fll_\;]e toththe of CO on Pt(111) is always about 15 kJ/mol lower than that on
ermi level and tne strength of the Faull repuisions. They then Pt(410), independent of whether we constrytplots or

showed that the heat of adsorption of gases on transition metals rrhenius plots. Physically, at low coverages, the peak shapes

should linearly increase as the energy of the center of the d-ban are similar in all of the TPD data. Consequently, the differences
increases, while the hea_lt of adsorption decreases linearly Withbetween the measured heat of .adsorption anoi different crystal
the .strength of the Pauli repulsions. . faces are the same, no matter how we analyze the data.
Figure 1 shows a plot of the heat of adsorption of CO ona  There is one data set, however, that is different from the rest,
number of single-crystal surfaces that we have measured by TPDgg we want to consider it, too. King and co-worKersed
p-plots'® as a function of the position of the center of the d-band  calorimetry to measure the heat of adsorption of CO on a series
on the adsorption site as reported by Hammer, Nielsen, andof platinumfilms that were roughly oriented in the (111), (100),
Ngrskov? In the plots we assumed that the d-band position on and (110) directions. Table 1 shows that these measurements
a step was the same as in Pt(211) and a kink was the same agjve higher heats of adsorption than all of the other techniques,
in Pt(11 8 5). Hammer, Nielsen, and Ngrskévmlculations  probably because the evaporated films contain more adatom
for the binding energy of CO on platinum are also shown on (efects than well annealed single crystals. Figure 2 is a plot of
the ﬁgure. Notice that the eXpeI’imentS ShOW the trendS eXpeCtedKing’S data versus the energy of the center Of the We” annealed
from the theory in that heat of adsorption measured by TPD surfaced-band as reported by Hammer and Ngrsk@ur own
increases approximately linearly with the position of the center §at40.11 for the calorimetric heat of adsorption on a well
of the d-band. In previous work;**we noted that it was hard  annealed Pt(111) single crystal is included for comparison, as
to find any variable that correlated to our data. The results in gre the calculations of Hammer, Nielson and Nar§Kov the
Figure 1 show that the energy of the center of the d-band is aheat of adsorption of CO on platinum as a function of the
good correlating variable. Still, the slope of the data is about position of thesurfaced-band.
1/3 of that expected theoretically. We only observe a 17 kJ/ ' King also finds some evidence that the heat of adsorption of
mol variation in the heat of adsorption of CO with changing CO on various platinum surfaces increases as the center of the
face, whereas the theory predicts a 100 kJ/mol variation. d-band increases, but again the shift is much smaller than that
Therefore, it appears that there is a significant difference expected theoretically. King obses/a 6 kJ/mol variation in
between theory and experiment. the heat of adsorption with crystal face compared to the 100
We have also analyzed our data by a variety of different kJ/mol variation expected theoretically. One does not want to
methods. Table 1 summarizes our findings for Pt(111). We find push this comparison too far, because King is measuring data
that the absolute value of the measured heat of adsorption variegor a film, not a well annealed single crystal. King finds a heat
by +£10 kJ/mol according to how we analyze the data, but the of adsorption of CO on Pt(111) oriented film of 187 kJ/mol

theory to suggested that there are two key factors which
determine the strength of the binding of molecules with
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Figure 3. Plot of the heat of adsorption of CO on several faces of Adsorption

metals measured via TPES17(l); Hammers and Ngrskov's resdlts
for the energy of the center of the d-band of the bulk metal (attractive
interactions,a) and Pauli repulsionsw) are also shown.

Attractive
Interations

150 |-

compared to a calculated value of 138 kJ/mol for Pt(3 &ty

our own calorimetric measurements on well annealed single
crystald® of 1354 12 kJ/mol. Consequently, one would not
want to draw strong conclusions from King’s results. Still,
King’'s measurements verify the findings in Figure 1 that 100
measured variations in heat of adsorption follow the trends

expected theoretcally, in that the heat of adsorption varies L b, F 0 e A al metle, Hammer and Narskov's
SPl?arﬁ)(;?alzeolzvg\?ee?rli/hgltla:ig?ioir;er\?v%;hOfcr’lhaengciigtefrag; tg?e resultg _for _the energy (F))f the center of the d-band of the bulk metal
considerably smallér than those expected theoretically. (attractive interactions) and Pauli repulsions are also shown.

In a larger way, the heat of adsorption of CO has also been heat of adsorption on Pt(111) is unusually small, and the

measured on several faces of palladium, nickel, and other metal%/ariations between the metals shown are as large as 80 kJ/mol.

by TPD and Isosteric heats.n all cases one flnd_s atmosta - po experiments show much smaller variations with changing
20 kJ/mol variation in the heat of adsorption with changing metal, and, importantly, platinum binds CO more strongly than
crystal face. The data generally follow the trend that rough ither ruthenium of rhodium. Care is needed because the

tshuégarZZE ;;IlndH%?veTg:etﬁ;rang:Z g:(ig S&?g%%weogxesér?;;ﬁg?de ifferences in the experiment are comparable to the uncertainties
Y- ’ P P in Table 1. Still, the experiments show that CO desorbs from

variations are alwa_ys ”.‘”Ch smaller than those expected theoren'rhodium and ruthenium at lower temperatures than it does from
cally. Our conclusion is that the heat of adsorption measured

in careful experiments varies much less with changing face than platinum or palladium, so there is no doubt that, experimentally,
P . ging CO binds more strongly to platinum and palladium than it does
that expected from careful DFT calculations.

Next, we wish to consider whether the variation in the heat to rhodium or ruthenium even though the calculations predict

of adsorption of CO with changing metal correlates with the the opposite behawor_. ) .
energy of the center of the d-band and the strength of the Pauli We have also considered Brenndncslorimetric measure-
repulsion, as was suggested by Hammer and Ngrskov. Figurem_ems of the heat of adsorption of CO on extended metal films.
3 shows a plot of the heat of adsorption of CO on several metals Figure 4, shows a plot of Brennan’s measurements of the heat
measured via TP versus the energy center of the d-band for ©f @dsorption of CO adsorption on platinum, palladium, nickel,
bulk metals and the strength of the Pauli repulsions as reported'hodium, cobalt, and iron, and the energy of the center of the
by Hammer and NerskovWe have ordered the points so that d-band of the bulk metal, and the strength of the Pauli repulsions
the experimental heats of adsorption increase. We find that the@S reported by Hammers and Ngrskov. Brennan's data show
model of Hammer and Ngrskov reproduces the trends on theVery small changes in the heat of adsorption with changing
left side of the plot, but not those on the right side of the plot. Metal. Again, the data and the theory show opposite trends in
According to Hammer and Narskov, the attractive interactions Moving from iron to platinum.
due to the interaction with the d-bands are largest at iron, while  Finally, we have also considered King's calorimetric mea-
the Pauli repulsions are smallest there. Consequently, accordingsurements of the heat of adsorption of CO on extended metal
to eq 1 in Hammer, Morika, and Norskov, one would expect films.” Figure 5 shows a plot of Kings’ measurements of the
the heat of adsorption of CO to be larger on iron, than, for heat of adsorption of CO adsorption on several faces of
example, on platinum or iridium. Unfortunately, the experiments platinum, palladium, and nickel, the energy of the center of the
show the opposite trend, which suggests a difficulty with the d-band of the bulk metal, and the strength of the Pauli repulsions
model. as reported by Hammers and Ngrskov. Kings’ data show very
Table 2 gives a quantitative comparison between computationsmall changes in the heat of adsorption with changing metal.
and experiment. Generally, the computations predict that the Again, the data and the theory show opposite trends on the right
heat of adsorption of CO on Rh(111) is unusually large, the side of the figure.

Heat of Adsorption, kJ/mole

Repulisions

T T T T
Pd Ni Fe Co Rh Pt
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Figure 5. Plot of King’'s measurement®f the heat of adsorption of
CO adsorption on several metals. Hammer and Ngrskov’s results for
the energy of the center of the d-band of the bulk metal (attractive
interactions,a) and Pauli repulsionsw) are also shown.

though the model does not correctly predict the trends in the

heat of adsorption of the adsorbed CO.

2100

(111) W Ni(111)-linear

Results: Hydrogen

Py111) 111)

W Rh(111) Next, we wish to consider whether there is a correlation
between the heat of adsorption of hydrogen and the energy of
the center of the d-band as suggested by Nordlander, Holloway,
and Norsko¥® and Pallassana et &l.Figure 7 shows our
measurement$1416of the heat of adsorption of hydrogen at
low temperature on several faces of platinum versus the energy

2050

2000+
Pd(110)-finear H Ru(co1)

1950

Expected m Ng11ivridges of the center of the d-band on each surface estimated as
19004 Trend ‘ described above. Watwe et at’scalculations for hydrogen
S0 adsorption on Pt(111) and Pt(211) slabs are included for

W Paybridges comparison. The data show that the heat of adsorption slightly

1850 w T T T ‘ ! decreases as the energy of center of the d-band increases. By
| 25 2 5 050 comparison, the calculations show a substantial increase. The
Ed, eV experiments show that hydrogen binds more strongly to Pt(111)
Figure 6. Plot of the vibrational frequency of adsorbed CO on several than to surfaces with (111) steps and (111) terraces (e.g.,
transition metatsagainst the energy of the center of the d-band of the Pt(110)). However, the computations show the opposite behav-
bulk metal as reported by Hammer and Ngrskov. ior.
We have included only our own data in the figure, but
The implication of Figures 1 through 5 and Table 1 is that \jcCabe and Schmigthave also measured the variation in the
there are important trends in the experimental data that are notheats of adsorption of hydrogen with crystal face. McCabe and
reproduced with careful DFT calculations. Schmidt confirm the trends in Figure 7: a lower heat of
To try to understand why the models failed, we also adsorption of hydrogen on Pt(110) than on Pt(111).
considered how the vibrational frequency of adsorbed CO varies
over the d-band metals. Recall that the vibrational frequency Results: Ethylene
of adsorbed CO is sensitive to minute alternations in the degree Next, we wish to consider whether there is a correlation

of pi-back-donation. between the heat of adsorption of ethylene measured at about
Figure 6 is a plot of the vibrational frequency of adsorbed 100 K and bulk properties. Recall that ethylene is another
CO reported by Masélersus the energy of the d-band of the molecule that shows complex binding on surfa&Ehe nature
metal as reported by Hammer and NersRdvotice that there  of the adsorbed intermediates varies strongly with surface
is a reasonable correlation between the vibrational frequency structure. Stepped surfaces show behavior very different from
of adsorbed CO and the energy of the center of the d-band. Inthat of closed packed planes. Nevertheless, Pallassana and
many cases, two different bands are seen with the same metalNeurock® proposed that the trends in the binding could be
We included a few of those cases where the theory reflected understood via Hammer and Ngrskov’'s modéh. particular,
the wrong preferred binding site. However, the trend is that there they proposed that there would be a simple correlation between
is a good correlation between the energy of the center of the the calculated heat of adsorption of ethylene and ethylidyne on
d-band and the vibration frequency of the adsorbed CO. The transition metal surfaces and the position of the center of the
implication of Figure 6 therefore, is that Hammer and Ngrskov's d-band.
model is correctly predicting the trends in the degree of pi-  Figure 8 shows our measurements of the heat of adsorption
back-binding of the adsorbed CO with changing metal, even of ethylene at low temperature on several faces of platinum

Stretching Frequency, cm-
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Our data for the heat of molecular adsorption of ethylene on platinum 3 ‘ 2‘ 8 ‘ _2‘6 ‘ _2‘4 _2‘2 o

as measured by TPB.(#®) Calculations of Watwe et al. for ethylene
on platinum!® (a) Calculations of Pallassana and Neurdékr ethylene Ed, eV

on palladium monolayers on various substrates.

Figure 9. Plot of the heat of dissociative adsorption of ethylene against
measured near 100 K with TPD versus the energy of the centerthe energy of the center of th(_e d-,band of the bulk metal as reported by
of the d-band on each surface estimated as described abovejammer and Narskoy.(W) King's data for the heat of molecular
Pallassana and Neurock's calculations for palladfumnd adsorption of ethylene at 300 K, as measured by calorinfet)

, . . Calculations of Watwe et al. for ethylene on platintth{a) Calori-
Watwe'’s calculations for hydrogen adsorption on Pt(111) and metric measurements of Kyser and Masel.

Pt(211) slab¥ are included for comparison. The data show that

the heat of adsorption slightly decreases as the energy of centeHowever, he observes the opposite trend on other metals. There
of the d-band increases. By comparison, the calculations showis 4 subtle problem with Figure 9 in that the form of ethylene

a substantial increase. The data and calculations are not directlys gifferent on the various surfaces. Ethylene adsorbs molecularly
comparable. During the TPD experiment, only a fraction of the 4t 300 K on Pd(100), whereas ethylidyne forms on Pt(111), hex-
ethylene desorbs from the surface. Other ethylene moleculespt(100), Pt(110), or Ni(110), and vinylidene or vinyl species
react. The TPD experiment sees only the molecules that desortyxgrm on Ni(100), Pt(100)(1x 1) or Rh(100)'? If we examine

and not those that react. Also, Pallassanca and Neurock'sonly the surfaces where ethylidyne forms, we find that the data
calculations are for metal overlayers, and not extended singleshow an effect opposite of that which is expected from the
crystals. Still, the experiments do not show the trends expectedca|culations of Watwe et al? in that the bond energy goes

from the theory. o down as the d-bands shift to lower energy.
We have also measured the vibrational frequency of the

adsorbed ethylene at 100 K using EELS. Generally, two forms Results: Oxygen
of adsorbed ethylene are observed spectroscopically at 100 K:

di-sigma ethylene and a more weakly pi-bound ethyfér@n Next, we consider whether there is a correlation between the

Pt(111) and Pt(100), only di-sigma ethylene is observed at 100 heat of dissociatiye gdsorption ‘.)f oxygen ?‘”d the bulk properties.
K.2% In contrast, a mixture of di-sigma and pi-bound ethylene R_ecall that the b'”d'_”g .Of atomic oxygen is thought to be m_uch
is seen on Pt(118j and Pt(311) at 100 RS whereas only pi- simpler than the binding of ethylene or carbon monoxide.
bound ethylene is seen on Pt(210) at 1067Khe EELS Chakraborty, HoIIov_vay, and N_ﬂrsk%i_\/showgd that electrons
measurements show that at 100 K, ethylene is interacting moreﬂOW f_rom_ the metal into the antibonding orbitals of the oxygen.
weakly with close-packed surfaces than with stepped surfaces,F)Olar'zat'On forges and local bonds play ,a much smallerfole.
in agreement with the results in Figure 8, and in disagreementConsequen,tly’ if Hammer and Nerskov's model would work
with the calculations of Watwe et &.and the trends expected anyyvhere, it should work for oxygen. .
from the calculations of Pallassana and Neurbck. _Figure 10 shows a plot of the heat adsorption of oxygen on
To see if the trends above carry over to other systems, we single crystal surfaces measured calorimetrically by King and
have also examined the heats disociatie adsorption of co-workers versus the energy of the center of the d-band as

ethylene on several faces, as measured calorimetrically by Kingreported by Hamme.r and Nerskdun this case, there is .
and co-workerg.Figure 9 shows a plot of the hedissociatie considerable scatter in the data because the heat of adsorption

adsorption of ethylene measured calorimetrically at 300 K versus varies significantly with surface structure, but the trend in the
the energy of the center of the surface d-band as reported bydata follows the trend expected in the model.
Hammer and NgrskovOur own calorimetric measuremehts
are included for comparison. Again, there is about a 50 kJ/mol
difference between King's measurements and the theory for The results here did not come out as we had expected. In the
ethylene on Pt(111), whereas our own measurements are muclprevious literature, Hammer, Nielson and NgrsR®allassana
closer to the theory. King’'s measurements on platinum show and NeurocK? and Pallassana et # have done careful DFT
the trends expected in the theory, in that the heat of adsorptioncalculations showing that theoretically the heats of adsorption

increases as the energy of the center of the d-band increasesof carbon monoxide, hydrogen, and ethylene should increase

Discussion
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600 measurements using two different techniques, (ii) doing the same
measurements in two different laboratories, or (iii) both.
550 W Ni(100) Therefore, we believe that the experiments are reliable.

We also believe that the DFT calculations were done properly.
We are comparing our data to some of the best DFT calculations

o 500 Experiment in the literature. The calculations in refs 5, 6, 18, 28, 29, 34,
g 450- 45, z?lnd 46 were done properly: The _exchange/correlation
S | vgugi(ﬂs)ﬂ functionals are some of the best in the literature; the cutoffs
X~ were appropriate. In all cases, slabs, not clusters, were used to
é 4007 u Rh(100) represent the surface. Surface relations of the top layer of atoms
5 were considered. It is clear that the calculations were carefully
& 350 done, even though the calculations show trends that are not
— reproduced in the experiments.
S 300 Our conclusion, therefore, is that there is a real difference
8 between the heats of adsorption measured in careful experiments
250 and those predicted by careful DFT calculations. That was not
YAu(111) )
| the result we expected when we started this work.
200N We are not alone in making these observations. Several recent
0.8 1.6 24 3.2 4 papers have shown substantial differences between careful

V.., eV

experiments and careful DFT calculations. Recently, Feibelman

et al?® noted that all of the available DFT calculations predict
Figure 10. Plot of the heat of adsorption of oxygen on single crystal that CO should be bridge-bound on Pt(111) even though several
films measured calorimetrically by King and co-worke(®) versus different experimental techniques show linear bound CO instead.
the energy of the center of the d-band as reported by Hammer andI - foufRithat the electronic struct f
Ngrskov® (v) Calculations of Nordlander, Holloway, and Narskdv. N @ previous paper, we ou attne electronic structuré o
CO adsorbed on platinum measured by UV/HREELS differs
esubstantially from that in the best calculations. More recently,
Hoeft et al®® found that the geometry of CO and NO on NiO
differs substantially from that expected from careful DFT
calculations. Pichierri et & found that the binding site of
ethylene is incorrectly predicted. Our results, here, represent a
Sfifth case in which careful experiments give results that are
substantially different from those expected from careful DFT

as the energy of the center of the d-band becomes less negativ:
We were expecting to observe a similar trend in the experiments.
The carbon monoxide TPD data in Figures 1 and 2 show that
the variation in the heat of adsorption with changing face shows
some correlation to the theory in that the heat of adsorption
increases as the energy of the center of the d-band increase
Still, the variations are much smaller than expected theoretically. .
The hydrogen data in Figure 7 show that the heats of adsorptioncalcmaﬂon& - ) )
of hydrogen on platinum show a smalecreaseas (111) We suggest that the_dlfflculty must be assomat_ed with an
oriented steps are added to the surface, whereas Watwe et al.’§inforeseen weakness in the calculations. Many independent
DFT slab calculations suggest a substaritiatease The data experiments are showmg §|gn|f|cant dlffergnces between cal-
in Figure 8 show that the heat of adsorption of ethylene on culation a_nd experiment. Different laboratories have reprod_uced
platinum shows a smatlecreasas the energy of the center of the experimental results. If th_ere were an experimental artifact,
the d-band becomes less negative. By comparison, Watwe'sthén one would not expect it to be reproduced by so many
DFT slab calculations suggest a substatialease The results different techm_ques, and in so many different Iabor_atones.
in Figures 3-5 and Table 2 show that the experimental trends Clearly, there is a real difference between calculation and
in the heats of adsorption with changing metal are not experiment that needs to be explained.
reproduced by the calculations. Clearly, there are substantial We suspect that there is something that we do not understand
differences between theory and experiment that need to bethat is causing the experiments to differ from the calculations.
explained. The current generation of DFT calculations use empirical
The oxygen data show the trends expected from the theory.approximations for the exchangeorrelation functional which
Unfortunately, there is no calculation to directly compare to might or might not be accurate. Also, the calculations ap-
experiments, so we do not know whether the magnitude of the proximate surfaces as thin slabs with incomplete relaxations.
variation is correct. Evidently, some combination of incorrect geometry and inad-
We believe that the measurements are reliable. We haveequate functionals are causing the DFT careful calculations to
examined several different data sets, including our own and predict trends that are different from those seen in careful
several others. The experiments have a consistent trend: oul€Xxperiments.
work,1314isosteric heat daté,and results from King's group Our previous spectroscopic resgfttgive clues as to the origin
show only small changes in the heat of adsorption of CO with of the failure. Recall that the binding of CO is thought to mainly
crystal face and somewhat larger variations between metals.be associated with (i) an interaction between theotbital in
Both our work31416and results from McCabe and Schmfdt  the CO and the s-band of the metal, (ii) an interaction between
see a decrease in the binding of hydrogen on stepped surfaceshe 5 orbital in the CO and the s- and d-bands in the metal,
Our observation of a weakening of the ethylene bond with and (iii) an interaction between ther2orbital in the CO and
increasing step density is confirmed spectroscopi@atif The the d-bands in the metal. Hammer, Neilsen, and Ngiskov
TPD data in Figures 1, 7, and 8 were analyzed by constructing examined the bonding of CO on platinum in some detail, and
S plots. However, we have also analyzed the data via the initial concluded that4 and % interactions were weak and the main
rate method, and by fixing the preexponentials at¥/s@c as bond was due to an interaction with the*2orbital. Experi-
summarized in Table 1 we observe the same trends. All of the mentally though, our UV/HREELS measureméftseem to
trends in the experiments have been confirmed by (i) doing the indicate that the main bond is associated with theafd 5
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interactions and the interaction with the*2orbital is weak. binding on a relaxed surfadé.In unpublished work, Neurock
Our measurements are on platinum, but similar data exist onfound that the heat of adsorption of ethylene changes substan-
copper and nickel32Therefore, it seems that the calculations tially as surfaces relax. The heat of adsorption increases as the
are overestimating the interaction of the d-electrons with the surface gets rougher on unrelaxed surfaces, but the effect is
27* orbital in the CO and underestimating the strength of the much smaller with relaxed surfaces. Clearly, the calculations
40, 50 interactions. CO on platinum is a special case, in that need to include surface relaxations, before the trends are reliable.
Feibelman et a? have noted that the binding site of CO is Relaxations cannot be the whole story, however, because the
incorrectly predicted. Clearly, there are significant differences calculations of data in Figure 3 and Table 1 were all taken on
between theory and experiment that need to be resolved. surfaces that do not relax substantially, and the data still show

In Figure 1 we find that both theory and experiment show a trends different from those that were expected theoretically.
correlation to the energy of the center of the d_band, but the Further, Hammer et élfound that relaxations reduce the blnd|ng

experimental variations are only about a third of those expectedenergies of CO on Pt(211) by only 10 kJ/mol, which is not
based on the work of Hammer, Nielson, and Ngrskov. €nough to account for the differences between calculation and
Therefore, in effect, the measurements suggest that the interacexperiment. Also, the binding site of CO on Pt(111) is not
tion between the d-electrons in platinum and the @rbital in properly predictet*?even though the Pt(111) surface does not
the CO are only about a third of those expected theoretically. relax substantially. Therefore, one also has to consider whether
We also observe significant differences in the heat adsorption there is a more fundamental problem in the current generation
of CO with changing metals, as indicated in Table 2. of surface DFT calculations. . .

At first we thought that CO might be a special case, but in One possibility is that the functionals used in the DFT

fact we also find that the trends in ethylene adsorption on calculations are not adequatel_y_ representing the interactions
platinum and hydrogen adsorption on platinum are not repro- between adsorbates and transition metal surfaces. Recall that

duced in the calculations. Experimentally, the heat of adsorption practical DFT calculations use approximations to the exchange/

of ethylene decreases as the surface becomes rougher, but th%orrelation functiona$®3° Most modern calculations of adsor-

. : : : bate properties, including those in refs 5, 6, 18, 28, 29, 34, 45,
computations show a strongly increasing trend. Physically, heatz46’ and 47 use the local density approximations with gradient

corrections (i.e., GGA). GGA usually does a good job on metals.

acked planes because of two key effects: (i) the center of the =", i . ;
b P y () Still, the functional does not include any terms in the second

d-band shifts to lower energy as steps are cre i) the g )
4 b o] (i) derivative of the electron density,any exact exchange con-

average electron density and work function of a surface [ . ; - ;
9 y tributions’! or any connection for the self-interaction correc-

decreases when steps are credfedammer and Ngrskév fion 40 C iv. the functional d not b ted t
showed that the first effect produces an increase in the strengtho'l(c))n‘;;IS ggzegfuzno% oneeu(r:]ﬁallgng V\;guortnoonal etoe)t(r?eecsgcor? d
of the adsorbatesurface bond as steps are added to the surface.d ; tg £ th J lect Xd gt prop dl ita bondi Vet
Masef noted that the second effect produces a decrease in the erivative ‘ot the electron densily, 1.€., deita bonding. Tet,
strength of the adsorbatsurface bond as steps are added classically, delta bonding |s.qU|te |mpor£?nt to the bonding of
because there are fewer electrons available for bonding. Pal-CO a_nd ethylene on transition metéts! Fun(_:tlonal_s that
lassana et df3 suggest that during ethylene adsorption the qlescrlbeA(thZ key features of the delta bonding exist in the
first effect dominates, so the heat of adsorption should increase“terature’ but so fqr those fun.ctlonals h.ave not yet beerj
as steps are added. However, the experiments show a decreasgsed to model adsorption or reaction on solid surfaces. At this
Yagasaki and Mas@! have shown that the decrease in the point, it is unclear whether the functionals need improvement,
binding energy is proportional to the decrease in the electron ?k:esgggu?;rt]iiggﬁ af;rr:ﬁnﬁlCﬁﬁfgoennngﬁgsl\fggig\?Z?Igegénsatgl_'
density of the surface. In effect, the computations are OVETeS- sana and Neurock are somle of the'best in the literature, and
timating the effect of the change in the energy of the d-bands, ’

and/or underestimating the effect of the decrease in the Surfaceshow clear discrepancies with experimental trends that have been

electron density, again consistent with the idea that the o~ FEER L TR, Rl IR B,
bonding is overestimated in the current calculations. d P

. . ) between calculations and experiments.
The hydrogen results are similar. Again, the experiments show
a decrease in the binding energy of hydrogen when (111) stepsSummary

are added to the surface, but the computations show a strongly |n summary then, in this paper we examined the variation in
increasing trend. In effect, the computations are putting too much the heat of adsorption of CO,HO,, and ethylene with changing
bonding on stepped surfaces, again consistent with the idea thainetal and changing face. The results show a substantial
the d-bonding is overestimated in the current calculations. We gifference between careful experiments and careful calculations.
want to emphasize that these are the best calculations in therhe heat of adsorption of CO on platinum was found to increase
literature and so it is disappointing that the experimental trends as the center of the d-band shifts, but the variation was a factor
are not being reproduced by the calculations. of 3 less in the experiments than in the calculations. The heat

We do not know why the theory fails to reproduce the of adsorption of ethylene and hydrogen decrease as (111) steps
experimental trends, but one possibility is that the calculations are added to the surfaces, but the calculations show the opposite
have predicted the wrong trends with changing face becausetrends. All of the experimental trends have been reproduced by
many of the calculations have not properly considered surface at least two laboratories, supporting their validity. These results
relaxations. Some of the calculations in refs 5, 6, 18, 28, 29, suggest that there is something that we do not understand about
and 34 were done on unrelaxed surfaces. Others allowed onlyadsorption of gases on surfaces. Either, the effects of surface
the first layer to relax. Platinum relaxes by as much as 0.2 A, relaxations are much larger than previously supposed, or the
and the relaxations are significant down to the fifth layer. In functionals used to model adsorption need improvement. We
previous work, we have found that the electronic structure of favor the latter, because this is the fourth recent paper that has
platinum changes substantially during the relaxation process,found a substantial difference between careful experiments and
so binding on an unrelaxed surface is quite different from careful DFT calculations.
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