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Determining the adsorptive and catalytic properties of strained metal
surfaces using adsorption-induced stress
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We demonstrate a model for determining the adsorptive and catalytic properties of strained metal
surfaces based on linear elastic theory, using first-principles calculations of CO adsorption on Au
and K surfaces and CO dissociation on Ru surface. The model involves a single calculation of the
adsorption-induced surface stress on the unstrained metal surface, which determines quantitatively
how adsorption energy changes with external strain. The model is generally applicable to both
transition- and non-transition-metal surfaces, as well as to different adsorption sites on the same
surface. Extending the model to both the reactant and transition state of surface reactions should
allow determination of the effect of strain on surface reactivity. 2@04 American Institute of
Physics. [DOI: 10.1063/1.1688317

I. INTRODUCTION sign of AIS controls the qualitative effect of strain on chemi-
sorption, while the quantitative change is determined by the
Surface properties play an important role in controlling magnitude of AIS. This AIS model is generally applicable to
the materials catalytic behavibf.A central theme in surface chemisorption on any surface within the regime of linear
catalysis has been to tune the chemical properties of Surfac%‘Pasticity, not only for transition metals of amystate con-
to enhance their catalytic activity. One effective method tofigyrations, but also for non transition metals. It is also ap-
do so is by applying external strain. For example, surfacgyjicaple to different sites on the same surface. We show that
adsorption has been observed to change noticeably when thiRe response of chemisorption to external strain is site depen-
films are strained by either pseudomorphic growth on latticeyent and different sites may even behave in a qualitatively
mismatched substrafesor by implantation of inert gas gifferent manner. Furthermore, we illustrate the possibility of
bubble$® and also in strained metal particles on oxide gxtending the model beyond surface adsorption to surface

surfaces. First-principles calculations also show changes inreaction pathways, which will allow us to determine the cata-

Although it has become clear that the adsorptive and

catalytic properties of metal surfaces depend strongly on ex-

Fernal strain, our understanding on such an important _effect I8 THEORETICAL MODEL

incomplete. A model has been proposed suggesting that

strain changes adsorption by shifting the cented sfates of We consider a general case of chemisorption on a solid
transition-metal surface because molecules bond to surfacesrface, with the adsorbates arranged in a square lattice with
mainly through the hybridization between frontier moleculara coverage oh=1/d?, as shown in Fig. 1. This configura-
orbitals of adsorbate and surface states of the Métlle  tion simplifies the calculation of lattice summation for
model has been used to explain observations in quite sonmsisorbate—adsorbate interactions and comparison to first-
systems;* but it has some limitations and has been showrprinciples calculations, which use the supercell technique of
not to work in some instancés? First, the model is insen- periodic boundary conditions with a square surface unit cell
sitive to adsorption sites and different sites on the same suof dimension (xd), representing the same configuration
face may respond to external strain differently. Second, it imnd coverage.

based orargumentghat do not to apply to transition metals Stress and strain are two conjugate physical quantities,
with half-filled or fully filled d bands and such systems show and hence the way that external strain changes surface en-
important catalytic behavidr.** Last but not least, the model ergy must be mediated by surface stress. The surface energy
is not applicable to non-transition-metal surfaces, some ofer unit area of a strained clean surface is expressed, by
them exhibiting important surface chemistfy*and also in  definition, as

systems where the band may play an important role in

chemical activity:® Y=ot TapEap, @

In the present work, we take an alternate view to eluci-where o is the intrinsic surface stress amds the external
date the effect of strain on the adsorptive and catalytic propstrain. Upon adsorption, the surface energy changes to
erties of metal surfaces, based on linear elastic theory. We . a
show that the change of chemisorption energy under external Y= vo(M+oap(Neas, @
strain can be determined by a single calculation ofwheren=d 2 is the densitycoveraggof adsorbates. So the
adsorption-induced surface stre@dS). We show that the adsorption energy per unit ared’is
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becomes constafi. This is practically very useful, because
the low-coverage calculations require large supercells and
are computational demanding.

IIl. COMPUTATIONAL RESULTS AND DISCUSSION

d

To validate our model, we have performed first-
principles calculations of CO chemisorption on unstrained
and strained A(001) and K(001) surfaces. Both systems
g nnot be handleih principle by the previous modéhs the
model is not applicable for completely filledtband transi-
tion metals(based orargumentsof the previous model, the
d-band center should not change on application of external
strain for completely filledd-band metals and for non-
Ay(n)=7y2=y=Ayy(N)+A0,5(N)e,p5. (3)  transition metals. We choose CO chemisorption on metal sur-
: . faces as the model systems, partly because they have been

Alternatively, we may cglculate the adsorption energyextensively studied before and the adsorption of CO on un-
per adsorbateas the interaction energy between the ads:or-Strained metal surfaces is well understddd®® For sim-
bate and surface: plicity, we use the unreconstructed ®01) and K001 sur-

cu? faces with a CO coverage adsorbed in C<(1l) geometry. It
E(n)=E,+ ?G(S) T hapEap- (4)  has also been shown that the fcc mé@l1) surfaces remain
unreconstructed with small addition of adsorbafesiow-
E,, is the “chemical” binding energy between a single adsor-ever, we emphasize that the principle concepts of our pro-
bate and surface. The second term is the elastic adsorbat@esed model established by the model calculation will not
adsorbate interaction enerdy/c is a constant related to the depend on the surface reconstruction and molecular cover-
modulus and Poisson ratio of the substraids the elastic age used
force dipole induced by adsorbate, aBds) is a geometric The first-principles total-energy calculations within the
factor, which equals 9 for the square lattice of adsorbates weensity functional theoryDFT) formalisnf® and generalized
consider. The last term is the additional strain energy of adgradient approximatiofGGA) functionaf! are performed
sorption representing the work done by the elastic force diusing the ultrasoft pseudopotential plane-wave méetheih-
pole of adsorbate under external strain. In general, there mgyloying the Nielsen—Martin scheme for calculating stress
be also a direct electrical dipole—dipole interaction betweenensors?® A supercell of a five-layer slab was used for mod-
adsorbate$’ which is neglected in this elastic model for sim- eling the metal surface, with a cell dimension of (5.27 A
plicity. From Eq.(4), the adsorption energy per unit area canx5.27 Ax42.5A) and (4.18 &4.18 Ax425A) for

FIG. 1. Schematics of surface adsorption, assuming a square pattern
adsorbates of densitgoverage n=1/d2.

be readily calculated as K(001) and Au001), respectively. A cutoff of 420 eV was
cnu? used for the plane-wave expansion and Idfoints for
Ay(n)=nEy+ d_';’“G(S)jLnMaﬁsaﬁ' (5)  Brillouin-zone sampling. All atoms were relaxed using the

conjugate-gradient technique for energy minimization, with
an electronic energy convergence up to 4@V per super-

Comparing Egs(3) and (5), we have ;
cell in most cases. Convergence for energy and stress was

cnu? tested with respect to the thickness of the vacuum layer, the

Ayo(n)=nEp+ — 3= G(s) (6 humber ofk points, and the energy and force convergence
criteria. Typically, for the convergence of surface stress,

and forces should be determined more accurately and are to be

Ac(n)=Np.g. @) converged to a smaller value, compared to the convergence
“ of the total energy. To avoid computational artifacts it is
Clearly, Egs(3)—(7) show that the effect of straiz) on  important to converge the surface stress such that the stress
adsorption is completely determined by the nature of thegerpendicular to the surface is negligible.
elastic force dipole introduced by the adsorbate and AIS, We have considered CO adsorption on (B81) surface
Aca(n)=0?(n)—o. For any given coverage of adsorbates,of Au (fcc) and K (bco at both the hollow sit¢HS) and top
the adsorption energy will increase or decrelasearly with  site (TS), to investigate the possible site dependence on ap-
external strain, depending on the sign and magnitude of thplication of strain. We have also considered two possible
AIS. Thus we derive a simple model to determine the effecmodes of CO adsorption, one with C and the other with O
of strain on adsorption, for a given coverage, by a singlecoordinating to the surface. In all cases, the mode of C co-
calculation of the AIS on thaunstrainedsurface. Further- ordinating to the metal surface is more stable, consistent with
more, if the force dipoleu remains a constar(a good ap- previous studiel.We first calculate the adsorption energy
proximation at low coveraggsEg. (7) indicates that the AIS and AIS on unstrained surfaces, from which we predict ad-
is proportional to coverage. Thus, for complete coverage desorption energies on strained surfaces using(Bq.In Table
pendence, one needs only to perform first-principles calculal, we list the calculated CO adsorption eneréfesd the AIS
tions of the AIS down to the lowest coverage, below which on the unstrained A001) and K(001) surfaces at both the
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TABLE |. Adsorption-induced stres@AIS) and adsorption energy on un- 2 -1 0 1 2
strained surface. Positive and negative signs of AIS indicate tensile and -0.280 ———r——Tr -0.68
compressive stress, respectively. I 4
4-0.70
Metal Adsorption AIS Adsorption energy 0.284 | I
surface site [eV per (X 1) cell] (eV) r _-" J4072
S 0288 = ca_
Au(100 Hollow site (HS) -0.10 —0.019 ) P 074
Au(100  Top site(TS) +1.40 —0.058 2 I _-" Y-
K(100  Hollow site (HS) +1.58 —0.743 wi*-0.292- »- 1 076
K(100  Top site(TS) —-0.06 —-0.283 v g ™
-0.296 4078
o300b— 111080
-2 -1 0 1 2

HS and TS for the stable mode of adsorption. On the (%

Au(00]) surface, the TS adsorption was preferred over the °

HS, while the opposite is true on thg®01) surface. FIG. 3. Comparison between predicted and computed adsorption energies
Using the calculated adsorption energy and AlS on un{E,q) on K(001) surface under external strais). Notations are the same as

strained surface@lata in Table ), we make quantitative pre- N Fig- 2.

dictions of CO adsorption energies on (@01) and K(001)

surfaces under external strajs) using Eq.(3). These are

shown by the straight lines plotted in Figs. 2 and 3 for

Au(001) and K001 surfaces, respectively. The valuesaat . " : ,
(00 K003 P Y jnduces a positivétensilg AlS, while at the other less stable

=0 is given by the adsorption energy on the unstrained sur-, "~~~ . . ;
face, and the slope of the line is given by the AIS. We ther>t© 1t induces a negativieompressiveAlS. A possible ex-

compare the predictions with a series of direct calculations oplanatlo_?_s \I/yhen the; fi(itsorbtgte” ;ndgé:is ta tenstlrl]e Sl(erface
adsorption energies on strained surfaces by manually straiﬁ—rebsst’ : "T(‘jp |esfa neth ? lra(ijwe or ﬁween 1€ a f h
ing the surface up to a maximum biaxial strain 62%. sorbaté and surtace that leads an overall eéxpansion or the

These results are also plotted in Figs. 2 and 3 as solid do%urface, while the other case implies a net *repulsive

6
and squares, in comparison with the model predictions. EX_orcel between the adsorbate and the surface. However, at-

cellent agreement has been obtained between the model p}g_mpts to generalize this feature using first-principles chemi-

diction and the direct calculation in all cases. We have als&orpt'oﬂ caIcuI?téons on tmhtehr surfaces Fpe;fhormed |n.tohur
done some direct calculations at even larger strain beyon roup have not been met with success. Furthermore, it has

296 where the strain dependence becomes increasingly no een shown that the adsorption energy decreases with lattice

linear, exceeding the linear regime of the current model. cal$Xpansion in certain casé§;” implying that AIS can be

culations of the AIS for different coverages also confirm thecompressive. We al_so note that in all calculations, the bond
relation of Eq.(7) that the force dipole of the adsorbafe, lengths of CO remain roughly constant when metal surfaces

becomes a constant at low coveragétere we can just use are strained. This possibly indicates that the change of

results at one coverage to validate our model, because tﬁzgemical bonding within the adsorbate is small and contrib-

model is applicable independently of any given COVerageutes little to the strain-induced change of adsorption energy
in the range of strain applied.

h . -0t
The results of the coverage dependence, in particular varyin! i . .
9 b P y E Therefore, we establish a simple model to determine the

w at high coverages, will be presented elsewhere. adsorption energies of molecules on strained metal surfaces
by a single calculation of the AIS on an unstrained surface.
The effect of strain on adsorption is completely contained in
the AIS within the regime of linear elasticity. If the sign of

There exists a common trend on both surfaces that at the
more stable adsorption siteither TS or H$the CO always

-0.015 A i 003 the AIS is positive—i.e., the adsorption induces a tensile
-0.016 4004 stress in the surface, such as the case of CO at the TS on
0.017 [ ] Au(001) and at the HS on K01)—then the adsorption en-
- I 1005 ergy will increase(decreasewhen a tensilelcompressive
5'0-018 [ ] 0.06 strain is applied to the surface, as shown in Figs. 2 and 3.
8-0.019 1 The reverse will be true if the sign of the AIS is negative.
. 0020 | - -0.07 Also, the larger the magnitud@bsolute valugeof AlIS, the
’ | 1 stronger is the strain effecthese principles apply generally
-0.021 -1 -0.08 to any adsorbate on any surface at any adsorption. site
0.022 [C oo ] 0.09 It is particularly interesting that on the same surface ad-
2 -1 0 1 2 sorption at different sites can respond to external strain in a
(%o)e qualitatively different manner if the AIS has opposite signs at

G 2. C <on b dicted and 4 ad _ _different sites. This is shown by adsorption at the TS vs HS
. 2. Comparison between predicted and computed adsorption energi

(Eag9 ON Au(001) surface under external strain). The solid and dashed %sh bOth. AU(OO]') and K00 surfaces. We have performed
lines are model predictions for TS and HS, respectively. Solid dots and@lculations on other surfaces and have found that such a

squares are computed data. feature exists on other metal surfaces too. It indicates that the
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£t nario, as illustrated in Fig. 4, has indeed been confirmed by
our model calculation of CO dissociation on a(B@0J) sur-
face.

CO dissociation on a RQ00J) surface has attracted con-
siderable experimental and theoretical intef@st?®The cal-
culation methodology is the same as described above for CO
adsorption on Au and K surfaces. For the “surface reaction”
of CO dissociation, using the same procedure as in previous
\/ works?” we first determine that the reactant state of CO
(the stable configuration of adsorptjowith C coordinating

Reaction coordinate to the top site with its molecular axis perpendicular to the

FIG. 4. Schematics illustrating the effect of strain on reaction pathway orﬁurface' while in the transition state, the molecular axis is
surface. The solid line is the path without strain. The positive and negativdilted with the C—O bond greatly stretched, in which C is at
signs indicate the tensile and compressive AIS at the reactant and transitigiye hollow site binding to three Ru atoms, but O moves close
states, respeptively. The dottgd and dashed' lines shoyv the reaction patta the bridge site binding to two Ru atoms. These are in good
under a tensile and compressive surface strain, respectively. ) . i

agreement with previous calculatioh® We then calculate

the generalizedAIS (surface stress in the present case of

molecular dissociation on the surfacg both the transition
change of adsorption energy can be site sensitive; it is govand reactant states, which are found to-hke62 and+11.88
erned by docal property like the AIS, which is related to the eV per (2x<2) supercell, respectively, as qualitatively shown
adsorbate-induced elastic force dipole at a particular sitein Fig. 4.
rather than aylobal property like the center af bands sug- With validation of the AlIS model by direct computations
gested in a previous modelSuch site sensitivity is espe- for both adsorption and surface reactions in the above-
cially important in surfaces where more than one site of commentioned systems, it is tempting to search for qualitative
parable adsorption energy is present and in experimentguidelines to rationalize and predict the sign of the AIS on
where tensile and compressive strain regions are created siny surface as this might be useful in tuning the chemical
multaneously in the same surfate. activity on surfaces using strain. Many insightful pointers

Next, we illustrate the possibility of extending the AIS have been proposed in the earlier studies to rationalize the
model beyond surface adsorption to determine the effect ofign of the AIS on both the metal and semiconductor
strain on surface catalytic properties. We may generalize theurfaces*16282°Though the origins behind the tensile na-
AIS model to reactantgnot necessarily to just one adsor- ture of the clean metallic surface are fairly clear in most
benl) that interact with the surface as a whole, residing incaseg'g the genera| factors under|ying the Sign of AIS are
different energy stategreactant versus transition staté  unclear and hence a qualitative rationalization and prediction

similar idea has been applied to study the effect of strain oRyithout performing a calculation or an experiment is not
surface diffusior> The “generalized\IS” (which is the sur-  possible presently.

face stress along the reaction coordinate in the case of mo-
lecular dissociation on the surfacés then expected to
change along the pathway of surface reaction and, in particu-
lar, to be different at the reactant and transition states. Con-
sequently, the energies at these two states will respond difyy,. CONCLUSIONS
ferently to the applied external strain, leading to a change in
the activation energy, the energy difference between the two  We derive a model to determine quantitatively changes
states. Applying Eq(3) to both reactant and transition states, in adsorption energy and reaction barrier on any metal sur-
we have face when the surface is strained in the elastic regime. The
model involves a single calculation of adsorption-induced
stress on the unstrained surface. The predictions of the model
whereE, is the activation barrier, and" ando™ are the AIS ~ are in excellent agreement with the results computed from
at the transition and reactant states, respectively. Apparentl§irst-principles calculations. The model predictions are quan-
the effect of strain will be most pronounced when the AlStitative for small strain within the linear regime and are ex-
has opposite signs at the transition and reactant states.  pected to be qualitatively correct at larger strains beyond the
Figure 4 shows schematically the case whenghrer- linear region. Although the microscopic origins underlying
alizedAlIS (surface stress in this casis negative(compres-  the AIS can be complex and anpriori prediction of the AIS
sive) at the transition state and posititensile at the reac-  without a first-principles calculation may not be possible, the
tant state(solid line in Fig. 4. When a tensile strain is AIS model provides us with an unambiguous parameter to
applied to surface, the energy at the transition state will dedetermine changes in adsorption energy for a given molecule
crease, while the energy at the reactant state will increaségr activation energy for a given reactjoon strained metal
leading to a decrease of activation bariiéotted line in Fig.  surfaces and a rather general scheme for interpreting and
4). The reverse will be true when a compressive strain isanalyzing changes in the adsorpti@activation) energy un-
applied to the surfacédashed line in Fig. ¥ Such a sce- der the application of external strain.

v

Ep=Ep+(0rs— 0hg)ag, (8)
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