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CHARGE SEPARATION IN CO OXIDATION INVOLVINGSUPPORTED GOLD CLUSTERSR. S. Berry a, B. M. Smirnov b*aDepartment of Chemistry, University of Chiago60637 IL, Chiago, USAbJoint Institute for High Temperatures, Russian Aademy of Sienes125412, Mosow, RussiaReeived Marh 29, 2011The harater of the atalyti oxidation of CO by supported gold luster atalysts is analyzed with emphasis onthe unique harateristis of this proess. The sheme of this proess used here has the reagent CO moleuleaptured in the interfae between the luster and support, with oxygen moleules or atoms loated on the sup-port surfae to reat with the CO. (Other models have also been presented.) The experimental data indiatethat, together with on�gurational transitions that lead to the CO moleule joining an oxygen atom to formthe CO2 moleule, the harge separation due to apture of the CO moleule by the supported gold luster isimportant. The proess of release of the CO2 moleule results in harge exhange; the time for this proess isrelatively long beause of the large distane separating positive and negative harges, a distane exeeding theluster radius. This provides a high e�ieny of the oxidation of CO with this atalyst despite the relativelyhigh ativation energy for the on�gurational transition.1. INTRODUCTIONThe gold luster is a partiularly interesting physi-al objet. Due to ompetition of interation between5d and 6s shells of valene eletrons and relativistie�ets, this luster admits an unusual variety of stru-tures [1℄. Clusters of small sizes exhibit linear, zigzag,planar, and 3D strutures; the transition between theplanar and 3D groundstate strutures of the nega-tively harged luster Au�n ours for n = 12; 13; 14, asshown by both experimental studies [2, 3℄ and alula-tions [4, 5℄. For positively harged gold lusters Au+n ,this transition ours at n = 7 (see [4, 5℄). Larger lus-ters, in addition to the iosahedral struture, an havetetrahedral, agelike, and tubular strutures [3, 6, 7℄.Next, in ontrast to other metal lusters with the iosa-hedral struture, the gold luster onsisting of 55 atomsdoes not have suh a struture [8℄. The same rih be-havior appears in the melting of gold lusters. Theenergy gap separating the solid and liquid aggregatestates is signi�antly smaller for 13-atom gold lustersthan for suh lusters of other metals [9�13℄, if we ex-press these parameters in redued units where the mea-*E-mail: bmsmirnov�gmail.om

sure is the binding energy of luster atoms. Moreover,the melting points of gold lusters are anomalously low.These properties of gold lusters make them espe-ially good atalysts. To funtion, the atalyst mustform bonds with substrate reagent moleules, and themoleules so attahed may reat with a lower ativa-tion energy than the unatalyzed substrate, whih ofourse leads to aeleration of the hemial proess. Inaddition, reation of the attahed moleules may in-volve fewer intermediate stages than the unatalyzedproess. These general atalyti properties are har-ateristi of almost any atalyst; the atalyti proessinvolves transitions between di�erent binding states ofthe atalyst with reating moleules. Hene, severallowest on�gurational states of the ombined system ofthe atalyst and reagent moleules must have energiessimilar enough, and barriers low enough, for e�etivetransitions to our between these states in the ourseof the hemial proess. Beause lowest on�gurationalstates of gold lusters are similar in energy, these formsan be expeted to play important roles in the boundstates of gold lusters with reagent moleules.A spei� gold-based atalyti system that has at-trated attention onsists of lusters from 10 to 20 gold1043



R. S. Berry, B. M. Smirnov ÆÝÒÔ, òîì 140, âûï. 6 (12), 2011atoms attahed to the surfae of a metal oxide semi-ondutor. The number of suitable metal oxides forthis purpose is restrited and inludes Fe2O3, MgO,TiO2, and CeO2; other ompounds as supports showonly weak atalyti e�ets. These supports may be inthe form of miron-size partiles, marosopi solids, or�lms. It is interesting that bulk gold is an ine�etiveatalyst, and it was perhaps surprising that only goldlusters (and some gold lusters with a foreign metalatom) indue oxidation of CO in atmospheri air atroom temperature and moderate temperatures. Thise�et was disovered in 1987 by Japanese sientists [14�16℄, who extrated gold lusters or partiles from solu-tions of their ompounds on surfaes. This atalytie�et is strong for gold partiles 1 nm in diameter (theWigner�Seitz radius of gold is 0.17 nm); for a gold par-tile 5 nm in diameter or larger, the atalyti e�etdisappears. Moreover, the optimal size of gold lustersfor CO oxidation is believed to be 10 atoms [17�20℄;the 8-atom luster is also quite e�etive [21℄.As we indiated, the atalyti e�etiveness of sup-ported gold lusters is sensitive to the type of the sup-port and to the luster size; it is also sensitive to otheronditions, for example, to the degree of overing of thesupport by oxygen moleules [22, 23℄. This testi�es tothe seletive harater of the hemial proess. Conse-quently, we annot expet to �nd universal interpreta-tions of the nature of this proess, and our analysis ofthe harater of the oxidation proess of CO in air istherefore guided largely by experimental results.2. USING THE POTENTIAL ENERGYSURFACE FOR ANALYSIS OFCONFIGURATIONAL TRANSITIONSWe now turn to the potential energy surfae (PES)of the ombined system, whih is a onvenient tool forthe interpretation and analysis of on�gurational tran-sitions. For this, we onstrut the potential energy ofa system of bound atoms at eah �xed position of thenulei, in aord with the Born�Oppenheimer approxi-mation, and vary the on�guration of the nulei. In thisway, we obtain PES of this system in a 3N � 6-dimen-sional spae of atomi oordinates forN atoms with theoordinates of the enter of mass and the orientationeliminated. The internal energy is the dependent vari-able. Then a on�gurational transition an our eitheras evolution of this atom system from one loal mini-mum to another on one PES or to a transition from onePES to another, orresponding to a different eletronistate, with an assoiated hange of the atomi on-

�guration. The seond hannel is irrelevant for mostdisussions of dieletri lusters beause of the largeenergy gap that separates the ground and �rst exitedstate of suh systems. In ontrast, for metal systemsand metal lusters, the seond type of transition is oftenfavorable. Nevertheless, in spite of this basi di�erenebetween dieletri and metal systems, our experienein the analysis of dieletri lusters is useful for metallusters beause dieletri lusters are simpler [24�26℄.An important property of the PESs for dieletri lus-ters is the large number of loal energy minima; theseare separated by energy barriers [27�30℄. This is impor-tant for the phase transitions in lusters [25, 26℄. Eahloal minimum of a PES orresponds to a loally stableluster state beause the on�gurational and osillatorydegrees of freedom are separable [31℄.From the standpoint of the properties of the PES,the di�erene between a metal luster and a dieletrione lies in the larger number of isomers for metal lus-ters, eah isomer orresponding to a spei� loally sta-ble atomi on�guration. Correspondingly, the liquidstate of a metal luster di�ers from that of a typialdieletri luster by its muh larger number of loallystable on�gurations. This number of ourse inreaseswith inreasing luster exitation [32℄. Suessive ou-pation of many luster on�gurations leads, in e�et, totheir mixing as a result of e�etive transitions betweenthem. Hene, as we onsider the hemial reation ofa bound system onsisting of a metal luster and re-atant moleules and interpret it as a on�gurationaltransition on a single PES or between PESs of di�er-ent eletroni states, we �nd the atalyti proess to bea sort of an analog of the phase transition in a metalluster. Indeed, in both ases the transition inludesseveral or many on�gurational states that may orre-spond to di�erent PESs.One more important property in the phase tran-sitions of small lusters is the dynami oexistene ofphases near the melting point [33�38℄. This means, inthe simplest ases, that part of the time the luster isfound in the solid state that orresponds to the globalminimum of the PES, and rest of the time, it is loatedin the liquid aggregate state1). This property marksthe fat that near the melting point, luster evolutionleads to many transitions between di�erent PESs or be-tween di�erent loal minima of the same luster PES.Beause the gold lusters under onsideration here on-1) The real situation may be more omplex. For example, theremay be a temperature regime in whih the luster moves among asmall number of solid-like isomers. Alternatively, there may evenbe more than two phases oexisting in dynami, thermodynamiequilibrium.1044



ÆÝÒÔ, òîì 140, âûï. 6 (12), 2011 Charge separation in CO oxidation : : :tain only a few atoms, this property is important foratalyti proesses involving these lusters.3. CO OXIDATION WITH SUPPORTED GOLDCLUSTERS AS A CATALYSTWe now onsider oxidation of the CO moleule inreation with the oxygen moleule O2 that proeedsaording to the sheme2CO+O2 ! 2CO2: (3.1)Beause the energy to break the CO�O bond is 5.45 eVand the binding energy of the O�O bond is 5.12 eV,even the hemial reationCO+O2 ! CO2 +O (3.2)is energetially favorable and orresponds to an energyrelease of 0.33 eV if moleules before and after the pro-ess are in their ground vibrational states. Therefore,from the standpoint of the PES, a low rate for the to-tal proess in (3.1) at low temperatures may be theresult of energeti or entropi barriers on the PES inthe ourse of this hemial proess in the gaseous phase.Catalysts may redue or even remove these barriers.Aording to the general priniple of heterogeneousatalysis [39�42℄, a atalyti hemial proess involvingtwo moleules proeeds on a surfae with whih themoleules are bonded and whih in our ase is a lustersurfae. If bound moleules are in rapid equilibriumwith free gaseous moleules, the proess proeeds in amanner similar to that in the gaseous phase. But theparameters of individual stages of the hemial pro-ess are di�erent, depending on whether it proeedswith free or bound moleules. The objet of our anal-ysis is proess (3.1) with supported gold lusters as aatalyst. As shown in [14�16; 43℄, gold lusters sup-ported by ertain semiondutors, metal oxides, pro-vide a high rate of this proess. Moreover, a subsequentstudy of proess (3.1) with supported gold lusters asatalysts demonstrated that the number of metal ox-ides e�etive as a support is restrited and inludesonly Fe2O3, MgO, TiO2, and CeO2. Furthermore, goldlusters funtion e�etively as atalysts only if theirsize does not exeed 1 nm, approximately six timesthe Wigner�Seitz radius for gold. If the diameter ofthe gold partile exeeds 5 nm, the atalyti e�et forsupported gold partiles disappears entirely. For thisreason, less than 1% of the deposited gold ontributesto the atalyti oxidation proess if gold partiles andlusters are prepared by traditional hemial methods[20℄. One more onlusion from experimental researh

is that the CO moleules being oxidized are apturedeither in the boundary between a luster and the sup-port �on top� of a su�iently small gold luster [21℄.Meanwhile, oxygen moleules are fastened to the sup-port surfae or oxygen atoms are taken for CO oxida-tion from the support [17, 44, 45℄. (Clusters as smallas Au4 may bind O2 �on top� of the luster [46℄.) Weuse these peuliarities of gold lusters as atalysts inthe subsequent analysis.4. PECULIARITIES IN THE STUDY OFCATALYSIS BY CLUSTERSIn the simplest version of a model of the atalytiproess, the rate is determined by the Arrhenius for-mula [47℄ kh = A exp��EaT � ; (4.1)where the temperature T is expressed in energy unitsand Ea is the ativation energy of this proess. In thisase, we an assume that the atalyst dereases the a-tivation energy Ea of the proess. We see that this asedoes not suitably desribe proess (3.1) under onsider-ation here. Indeed, in this ase, the rate of the atalytiproess as a funtion of temperature has the so-alled�volano� form [39, 41, 42, 48℄, i. e., it has a maximumat a de�nite temperature that re�ets the ompetitionbetween the attahment proess of moleules to the at-alyst surfae and the hemial proess. Indeed, at lowtemperatures, the rate of the atalyti proess is lowbeause of the low rate of the hemial proess, butthe overall rate beomes low again at high tempera-tures beause the probability of moleular attahmentto the atalyst surfae is small. Hene, the rate of theatalyti proess has a maximum at midrange temper-atures. The simple Arrhenius version is not adequateto desribe proess (3.1) with supported gold lustersas a atalyst, as indiated by the experimental rate ofthis proess given in Fig. 1.Considerable progress in understanding atalytihemial proesses with supported lusters as atalystshas been ahieved by omputer simulations based onthe density funtional theory (DFT). However, it maybe dangerous to overestimate the power of omputersimulations for this problem. Beause this omputersimulation is meant to desribe omplex atomi sys-tems, its auray is restrited. In partiular, whilethe auray indiated in alulations [49℄ is 1% forthe bond lengths, the auray of the barrier heights isestimated as only 25�30%. Although these auraies1045
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Fig. 1. The temperature dependene of the frationP of the CO moleules � that are oxidized to CO2moleules in an air �ow with an admixture CO and theatalyst Au/TiO2 [17, 45℄estimates seem optimisti, the auray of these param-eters of the PES may be gauged by omparing di�erentalulations. But there is one more reason why we anonsider evaluation of parameters of the stati PES asonly indiative model alulations. The fat is thatthermal motion and rearrangements of atoms in thisomplex atomi system may hange the parameters ofthe barriers to transition, beause the alulations de-sribe only the stati system, whereas we have to dealhere with a dynami one.Therefore, the prinipal unique quality of the at-alyti proess by lusters lies in its dynamis, ratherthan simply in the strutures formed in intermediatestages of the proess. This has been alled �dynamial�utionality� [5, 50℄), a property that haraterizes theadaptability of a omplex atomi system to �nd an op-timal on�guration or suession of on�gurations fore�etive transitions at eah intermediate stage. Sine ametal luster may hange the on�guration of its atomsfar more readily than an a marosopi metal surfae,lusters may be better atalysts in priniple [51℄. Thispossibility is espeially important for metal lustersthat have a large number of on�gurational states withlow exitation energies [52�55℄. One treatment of goldnanolusters did take rearrangements into aount [46℄;this work addresses the attahment of O2 moleules tothe supported lusters, but does not onsider binding oroxidation of CO. We an estimate the transition froma statistial desription of the system to the dynamione for the phase transition in the 13-atom Lennard�Jones luster (i. e., with the Lennard�Jones interation

of atoms). The omputer simulation of this luster bymoleular dynamis with fous on separation of its ag-gregate states in the ourse of luster evolution [33, 34℄allows desribing luster dynamis. These simulationsdemonstrate that the ontribution to the entropy ofthe phase transition due to thermal motion of atoms is30�40% near the melting point [26, 56℄. This meansthat the transition from the stati desription to thedynami one in this ase orresponds to taking ther-mal motion (osillations and large-amplitude displae-ments) of atoms in the luster into aount. This leadsto a derease of the alulated melting point for thisluster by 30�40%. This analysis shows that omputersimulation of omplex atomi systems based only onevaluation of the PES parameters with the assumptionof motionless atoms, i. e., stati alulations, are unre-alisti, may be misleading, and must be ombined withexperimental results to determine the extent of theirvalidity.Therefore, in the analysis of proess (3.1), we areguided primarily by experimental measurements, al-though omputer simulation by the DFT method givesus some understanding of the harater of this proess.There are many measurements of the rate of the hem-ial proess, summarized in [45℄. These measurementsare based on a reator with a atalyst through whiha �ow of air goes, with an admixture of CO (usuallyabout 1%). The fration of CO moleules that aretransformed in CO2 is measured. Measurements fromdi�erent experiments are made under di�erent ondi-tions; these may be redued to orrespond to identi-al onditions for di�erent air pressures, CO onentra-tions, and the time of residene inside the reator, butthe results annot be ompared if the atalyst proper-ties are varied [45℄. Nevertheless, if we restrit ourselvesto ertain onditions as is done in Fig. 1, we an ob-tain a qualitative understanding of the harater of thisproess if we invoke also some results of DFT omputeralulations.5. CHARACTER OF CO OXIDATION WITHSUPPORTED GOLD CLUSTERSWe now base our disussion on the rate of pro-ess (3.1) aording to Fig. 1 and infer the parametersof the main stages of this proess when supported goldlusters are used as the atalyst. The dependene inFig. 1 an be obtained from the volano urve by ut-ting o� the upper part of the urve, as it is shown inFig. 2. This means that the time of residene of COmoleules inside the reator exeeds the time required1046
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TFig. 2. The temperature dependene of the frationof transformed moleules as follows from the �volano�form for the rate of a atalyti proess1 20Fig. 3. A sheme of proess (3.1) as transitions be-tween on�gurational states of a omplex system on-sisting of a atalyst and reatant moleules. The rosssetion is taken for eah transition along a line thatjoins loal minima of the PES for this transition. TheCO moleule from the initial free state 0 is apturedin state 1 in whih DFT alulations [21℄ indiate thatit beomes positively harged, and hene the reversibletransition with release of the Co moleule requires atunnelling eletron transition to neutralize the CO.Subsequent on�gurational transitions in diretion 2lead to formation of the CO2 moleulefor the hemial proess under the given onditions; un-der these onditions, the probability of attahment ofthe CO moleule to the atalyst surfae is one.We analyze the harater of the proess under on-sideration. In the framework of the PES onept,the transition is a sum of transitions between di�erentPESs, as shown in Fig. 3. We note that the transitionbetween neighboring PESs is e�ient if the Massey pa-rameter [57℄ for this transition is small:� = a�E~v � 1: (5.1)Here, a is a typial distane that haraterizes a reog-nizable hange of the system energy, �E is the energy

hange or the barrier energy height for a given on�gu-rational transition, and v is a typial veloity of atomsin this transition. If the Massey riterion is small forall the on�gurational transitions of this proess, ane�etive equilibrium is established in this system, andthe populations of the initial and �nal states are deter-mined by the statistis. Correspondingly, in this ase,an equilibrium between on�gurational and vibrationalstates, for both free and bound reagent moleules, issubjeted to the thermodynami laws, rather than thedynamis of evolution of this system.In this ase, we have the ompetition of two over-all proesses; in the �rst, the state of CO bound withthe atalyst results in release of the unreated COmoleule. The other hannel is the formation of CO2.The probability of CO2 formation is given byP = �1�1 + �2 ; (5.2)where �1 and �2 are typial times orresponded to evo-lution of the system in a given hannel. Assuming thetransition in a given on�gurational state to be deter-mined by the barrier energies "1 and "2, we have thetypial times of realization of a given hannel�1 = a exp�"1T � ; �2 = b exp�"2T � :From this, we �nd the temperature dependene of theprobability P1 of a given hannel of the proess. Hene,the yield for the �nal produt of the hemial proessmay depend strongly on the temperature.This sheme of the atalyti proess as a result ofsequential transitions between on�gurational states ofthis system allows understanding some features of thisproess. In partiular, on a su�iently long time sale,this proess is reversible, and the rates of the diretand inverse proesses are onneted by the prinipleof detailed balane. But the dynamis of this proessare important for shorter time sales, and the rate ofa atalyti proess is determined mostly by the slow-est stage, whose rate is expressed through the barrierheight separating the orresponding loal minima of thePES.Then the probability P of realization of hannel 1is given by P = 11 +A exp (Ea=T ) ; (5.3)where the temperature T is expressed in energy units,the ativation energy isEa = "1 � "2 = 0:50 eV;1047



R. S. Berry, B. M. Smirnov ÆÝÒÔ, òîì 140, âûï. 6 (12), 2011and A = ba = 6:4 � 10�11under standard onditions of the experiment given inFig. 1.Based on these data, we an ompose the followingpiture of the proess (3.1), represented in Fig. 3. Theon�gurational transitions inlude both variation of thePES as a result of hanges of the atomi on�gurationand a hange of the harge distribution in this system.We assume, as alulations have indiated, that ap-ture of the CO moleule by the supported gold lusterproeeds through formation of the CO+ ion, in whihthe valene eletron eventually transfers to an oxygenatom loated at some distane from this ion. Thenthe reversible proess of release of the CO moleuleonsists in a tunnelling eletron transition that reneu-tralizes the CO, while formation of the moleule CO2results in transport of O� toward CO+ up to the pointof their joining. That may inlude many subsequenttransitions between neighboring PESs with the totalativation energy Ea of all these transitions.Our analysis is based on the ited experimental re-sults and some results of alulations. In partiular,a supported gold luster may be better as a atalystthan a free gold luster beause it beomes harged onthe support surfae, and this opens additional possi-bilities for a hemial proess, adding harge exhangeproesses to it. Indeed, a small gold luster on a sup-port surfae of the type under onsideration may bepositively harged [1; 58�60℄, whih supports our on-lusion. But we must also note that atomi gold has avery large eletron a�nity, omparable to that of halo-gen atoms, and hene we might presume that smallgold lusters would behave similarly. Nevertheless, aonlusion that the bilayer luster struture leads toits optimal e�ieny as a atalyst [17, 20, 44℄ annotbe inferred from this onsideration.We now base our disussion on the sheme given inFig. 3, with parameters of the experiment in Fig. 1. Inthis ase, there is ompetition between the proessesof harge exhange and the ativation transition. Ifwe assume that the harge exhange proess is withoutbarrier, we obtain A = 6:4 � 10�11 for the probabilityof the tunnelling transition. We alulate a typial dis-tane between an eletron and ion that provides thisprobability. Assuming the potential energy to be on-stant, we obtain the probability A for the tunnellingeletron transition as [61℄A = exp(�2S); S = p2me" l~ ; (5.4)
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Fig. 4. The shemati harge density distribution afterthe apture of the CO moleule in proess (3.1) thatprovides the probability A = 6:4 � 10�11 for the tun-nelling eletron transition for separated harges of thepositive and negative harges. Version �a� orrespondsto the barrier height " = 4 eV, and version �b� relatesto the ase " = 2 eVwhere " is the barrier height that orresponds to theeletron binding energy, l is the length of this barrier,and me is the eletron mass. Taking typial values for" = 2 eV and " = 4 eV, we obtain the respetive dis-tanes l = 1:6 nm and l = 1:1 nm between harges.Figure 4 gives the surfae harge distribution underthese onditions if we assume axial symmetry of thisdistribution and also assume that the positive hargeis distributed uniformly over the luster surfae. Wesee that a typial distane between the positive andnegative harges exeeds the radius of the Au10 lusterfor both examples.We onsider this proess from another standpoint.If the harges of CO+ and O� are separated in aor-dane with Fig. 4 and formation of CO2 from themproeeds in the optimal way, we �nd the optimal rateonstant for a typial time of this proess for boundpartiles at room temperature as� = lv exp�EaT � � 2 � 10�5 s;where v � 106 m/s is a typial veloity of a bound oxy-gen ion on the surfae, l � 1 nm is a typial distanebetween harges, Ea = 0:5 eV is the barrier height, andin this ase we have exp(Ea=T ) � 19. A typial life-time of the bound CO moleule on the surfae has thesame order of magnitude. We note that this is a roughestimate and gives only a sale of times. Here thesetimes are short ompared with a typial residene time1048



ÆÝÒÔ, òîì 140, âûï. 6 (12), 2011 Charge separation in CO oxidation : : :of free moleules inside the reator for these measure-ments, but in reality the lifetime of a bound moleulemay exeed the residene time for free moleules.6. CONCLUSIONIn the foregoing analysis, we have negleted manyaspets of the proess under onsideration, suh as thein�uene of water on this proess, the dependene ofits rate on the degree of support overing by oxygen,and so on. Various aspets of this are ontained inbook [45℄ and testify to the omplexity of this proess.Moreover, within the framework of the above sheme,we annot explain many fats of this problem, for ex-ample, why only the bilayer struture of the supportedgold luster provides an e�ient atalyst for this pro-ess and why only a restrited group of supports aresuitable for this. Nevertheless, this analysis exhibitsthe uniqueness of this proess, in partiular, how theseparation of harges for reating moleules exeeds theluster size.Fortunately, there is a large body information forthis problem that allows us to indiate appropriate di-retions for subsequent researh, as well as to bring it tothe present stage. This problem is important beauseof its potential appliations (see, e. g., [1; 45; 62�64℄).A partiularly fruitful diretion for development of ex-periments is likely to be hanging from the hemialproesses for preparation of gold lusters to physialproesses [20, 65℄. This allows inreasing the e�ienyof the use of gold. Moreover, we may also asertainways to hange the support surfae to inrease the yieldparameters of this atalyst, e. g., by introduing va-anies in the oxygen sites [21℄. As regards omputersimulations of the proess under onsideration here, inaddition to the mathematial hallenges for this om-plex system, there is also a lak of truly appropriateontemporary alulations beause those available dealwith a stati system, while in reality this atalyti pro-ess involves a dynami system, and the nature of thatdynami development of the system is important es-peially for atalyti properties related to transitionsbetween on�gurational states of the system. We notethat there have been some e�orts to inlude this inthe total problem, in partiular, the e�et of dynamistrutural �exibility [17℄ that has been introdued toaount for a hange of the struture of the system asa result of moleule absorption. Nevertheless, we wantto point out the importane of dynami e�ets, beausethe involvement of e�etive transitions between on�g-urational states appears to be a entral harateristi
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