Contents

Anders Nilsson, Lars G. M. Pettersson and Jens K. Ngrskov

1

Surface Structure .. ... ... . 1
D. P. Woodruff
I Why surface structure? ....... ... ... i 1
2 Methods of surface adsorbate structure determination ......................... 2
2.1 General COMMBNTS s rams v semmame smEes 1060560 Hos i as a3 e § THas 2
22 'Electron SCAEHIINE: | siss smoumes 5o Sod e e 's e s 5 Sl amias s st i s 3
2.3 X-ray SCAEIING . ..o ottt ettt e e 6
2% NOTIISCATTETITIE! 1 s s s e onsisronsie 5165 5 s 2 SN v B S S S M -3 8
2.5 Spectroscopic methods and scanning probe microscopy.................. 9
3 Adsorbate-induced surface reconstruction .................. ..., 11
4 Molecular adsorbates — local sites, orientations and
intramolecular bondlengths. ........ ... .. . 19
4.1 General issues and. the case of CO. Of MELAS) s o« vws svmes sm samswme wonss 19
4.2, Simple hydrocarbons O HETALS! « . com e emsmas o s s amssmn § o s e s o 21
4.3 Carboxylates O METALS. ; wws e as e mmas Sosms s R e b o e 2o s & 26
4.4 Other substrates: molecules on Si............. ... ... ... 33
S EChermsorption, BONAIEHTING ..o s wmwmms s macn s smnne s s s o oem £ews § 5556 38
Syl IMEIAlSTERACES! 5 sows vimiins s oustass o vemine 2ommems sma- B FE8 DEEE LM SO EOHE & 38
52 OXIAE SUITACEN: « o s s s3mn 5 romsbi s St s i i S S S8 i) o § 6 e 3 44
0 (CONCIUSTONS EEE i1 575 500 0% & 0 S & s 05 0 ST 310 e s, 7 et 48
Adsorbate Electronic Structure and Bonding on Metal Surfaces ............ 57
Anders Nilsson and Lars G. M. Pettersson
1. TAGEGAUCTT v srevsisis v s srnm s o 0e i e s o5 506755 0 8 05 & B R B R S B 57
2, Probing:the electionic SUICHITSL wa s wias s s w5 ok i a5 6. o 55064 & bsmas 58
3 Adsorbate electronic structure and chemical bonding .......................... 63
4 NASOTDALESTSTETINS ¢ s aeins e sws 55usrsy e 16 5568 55 8 508D 30 5 -7 6 e oy S B e 68
I 04 i ek 1 00) 031 (G216 170) 0] 511 G N 69
5.1 ‘The glecironic stracture Of N ©fl COCL00). s s smaemmis s ioss sos g s s ams 70
5.2 Chemical bonding of atomic adsorbates ................................ 75
6 Diatomic molecules .. ... ... 79



vi Contents

6.1 N, adsorbed ot INUTOOY e s s s s s sws s wumrs s we s wem o 5 st s wwre v 570 5 0 550 5 ovsn 5 sme 80
6.2 CO adsorbed on NI(LOD) 555 ssmesam s o sums s ue s am 556 25 wws Ses s 91
6.3 (€O adsorbed on:Cu(100) and other metals «.: ; v s smessmss s smas vws s vas 97
6.4 CO adsorbed. i AIEFErent SIES . . o coo s w2 8 ims 200 5 2 s 505 00 & s 2 it § s 99
6.5 Coadsorption of CO and K on Ni(100). ...t 101
7  Unsaturated RYdroCatbons: « s v sme s s s sws s s s om s wms s o s 5 o v s somos si s 103
7.1 Ethylene (C,H,) adsorbed on Ni(110) and Cu(110) .................... 104
7.2 ‘Benzene on Ni and Cu SUTACES . « wus s i« 0505 5006 5 oo » 60 5 0058 s it & s 3 2455 111
7.3 Bond energetics and rehybridization from spin-uncoupling ............. 113
8  .Saturated DYArOCATDONS ; sy o s s s s s 2 ma s wmw v e s w6 mrw s i 5 8 ko 9w § o ¢ 3 650 6 i 119
8.1 n-Octane adsorbed /on Cu{LTO) s s wm s s s v om s s me s wmes wn s omg s 609 5508 v 5 58 s 120
8.2 Difference between octane on Ni and Cu surfaces ..................... 126
9 Lone pair interactions ... ...........oueiuiinuineoneaneoneaneanoneaieanans. 127
9.1 Water adsorption on Pt and Cu surfaces............................... 127

9.2 Adsorption of ammonia and the amino group in glycine
ONCU(LTOY s 5o s sus s e s so v 3 e s 5398 50870 5 50 6508 5 46 ¥ 5 508 3 90 5 3 900 ¥ 8 0 8 e 3 131
1O ISUIMIAT o o oo o oem 5 oionss o 560585 5 65 5 8455 5 5o & 5005 5 Guln 56 553 3 o0l § 08 § B D6 550 5.3 609 Bea 134
3 The Dynamics of Making and Breaking Bonds at Surfaces ............... 143

A. C. Luntz

L TOtCOTAUGEHON s o o e s 5 o nd 7 550 4 5 i 5 85 08 5 & 580 58 i s gt = & 64 5 il § 5 546 BRI 3 BAE 50 25 143
2 Theoretical background. ........ ... ... 146
2.1 Adiabatic dynamics (Born-Oppenheimer approximation) ............... 146
22 @eneric PES tOPOIOTIES: « s wus s mm o5 s s mmen s 5 5p v 5 w08 5 5w 3 oss o s 3 e 5.5 500 3.7 149
23 Dynamics VS KINETCS: s o oo« a2 55 599 5 5505 8548 5 5 508 5650 £ 5 000 5 6008 5 390 5 3 00815 4 152
28.1 Ditect diSSOCTAMOI o« oes ¢ s0us s v 5 wishd & oo 5855 5 5 55 058 4 s ¢ 605 56 505 £ 4 153
2.3.2  Precursor-mediated dissociation ............... ...l 156
24, Detailed DAIGRES. ; sun s nes v mevss sra s siss s w1 wwek § 9060 s 509w § 806t v 5 v § GV E 5 00 0 B spa ¥ s 157
2:5 Laftice COUPLING: : . s s ems e o s s b s 5o 5 500 6 56505 6§ 6 60 £006 § 5 0983 88 1 5 158
2.5.1 Energy transfer in adsorption/scattering ........................ 159
2.5.2 Lattice coupling in direct molecular dissociation ................ 163
2:6 Non=ad1abatic; AVOATIIGE « s s sven s s e s mw s s s 5 ve s w009 s 50 ¥ 5rsers w0051 < st o5 650 v o 164
26,1 Hot electrons from ChemMiSTIY s « s swes o ssmesssasameswss swses 165
2.6.2 '‘Chemistry from hot €leGtrons: i s« s s ssm s 5w s s s mm ps w8 spima v s 169
3 Experimental background............ ... .. i 172
3.l BXpenmental tECHITEUES « ves s surs s i 55 msn o e 6 e 6 st v x 2050w s 53 o v 5 s e 0 173
3.2, Typical TEaSUTEIIRINS wes » s vy mos 3w 5 5 w5 w0 56 5 8 5095 § 558 5 5061 8 559 & Wi s sbha 1 175
32.1 Rate measuremnentsi. . « e s s some s s s s 565 55 065 5 5073 0§ s s s 175
3.2.2  Adsorption-trapping and sticking ............... .. ... 176
3.2.3  DESOIPHON. . ..ottt ettt e et 179
B2 SCAUCTING s s v s s vwms s 5 s s oo 5 50 3 8 0§ 008 5 59 8 6 16 ¥ W01 © g & 180
325 Initial state PrEParation. o su « s e s s o s s o s nimm ¢ siw o s o 55 wms s 2 o 3 181
3.2.6 Photochemistry/femtochemistry................................ 181

3.2.7 Single molecule chemistry (STM) ............................. 182



Contents vii

O E S SO et o R e e T e A S G TR 182
4.1 Atomic adsorption/desorption/scattering ... ............................. 183
Al AT PRI, oin o nams s o i S A L G S T 183
AS1LP, G T s s s e R T B S e 1 R 186
4.2 Molecular adsorption/desorption/scattering ............................. 188
A0l INEAS s it b B s St e B s ey s 188
402 INOPULILY v snmitnasvnsmuisansimendsst gt e s i s s 195
4.3 Direct dissociation/associative desorption .............................. 198
4.3.1 Activated dissociation ... 198
4.3.2 Weakly activated dissociation .................................. 214
4.3.3 Non-detivated disSOCIAtON. « : sus ssw s sins s ws s smm v ns s sains s snsmns 216
4.4 Precursor-mediated dissociation/associative desorption .................. 219
BA ORI erqorarsceserasenssnm o5 a5 M e 5 T e o Pl 219
4.5 Direct and precursor-mediated dissociation ............................. 223
AL INGIWLOOD 5ot it ot sbun Mol bl TS nagmsh Sl 223
4552 NHYRUOOOD o vt smmms smsmnisstanses shenmisssiamiin g aisdais 226
4.6 Langmuir-Hinschelwood chemistry .................................... 227
4.6.1 (O4+CO)PULLL) « oo e 227
47 Eley-Rideal/Hot atoi cHEMiSH: : « awws aumson m oo s s s sumi o mase s 5663 230
7 [ = 8 13 (11 1 L ) TR e N 230
4.8, HotEleCtion: CHEMISTIN -« s i aiin s sums alsh s a0y 5 S e 54 235
4.8.1 Photochemistry/femtochemistry................................. 235
4.8.2 Single molecule chemistry ..................................... 240
S Sumiihary/and OUOOK e s rusiseabdmien amrs s s s m bl 6556 242
4:  HeterogBneous CatalyRis : e suam s supasane s s o o i s i 255
T. Bligaard and J. K. Ngrskov

I IEOdUCHION 5w 22 dutvme iivmiinmsimmns sl St nmd slaam s 4 o s e d e s s 255
2 Factors determining the reactivity of a transition metal surface ................ 256
3 Trends in adsorption energies on transition metal surfaces .................... 257
4 The d-band model. ... ... ... i 259
4.1 One-electron energies and bond energy trends .......................... 259
4.2] ‘The:Newns-AnderSon MOl « cus s smpam smenis som e s s i Vs 262
5 “TitendSiin; ehemiSorption SETEIEE. o mamms s oo sm s s 5oa b s § o belsko i 267
5.1 Variations in adsorption energies from one metal to the next............. 267
5.2 Ligand effects in adsorption — changing the d band center ............... 269
5.2.1 Variations due to changes in surface structure ................... 270
3:2.2 Variations due o allOYING:. .o s a s e o 4o miis s o s aisiod somsiosar s 273
5.3 Ensemble effects in adsorption — the interpolation principle.............. 279
6 Trends in activation energies for surface reactions ........................... 278
6.1 Electronic effects in SUTACE TRACHVIEY = s mawss v 5w sins s s bisn s 58 s 510 279
6.2, Geometrical effects in SUITAce TEACHVILY « . cuvvosmwmemme vms wonssvsssnson 281

7 Brgnsted-Evans-Polanyi relationships in heterogeneous

CATAlY SISt ey R T S S S TS B e e oS s R e SR e e o 283



viii

Contents

7.1  Correlations from DFT calculations ..............cccoeiieeennnnnnn.. 283
7.2 Universal relationships ............ ... i i 285
8  Activation barriers and rates .. ...ttt 287
8.1 Transition State thEOEY su: - e s wm o smes s 5w s mo s s s s yisn 3 s s wmwrs 3 w2 288
8.2  Variational transition state theory and recrossings .................... 291
8.3  Harmonic transition state theory (HTST)............. .. .. ... ... 292
9  Variations in catalytic rates — volcano relations ............................. 297
9.1 Dissociation rate-determined model .............. ... .. ... L. 298
9.2 A Le Chatelier-like principle for heterogeneous catalysis .............. 302
9.3 Including molecular precursor adsorption ............................ 303
9.4  Sabatier analysiS. ... ........ouuuoiiiii 305
9.5 A realistic: desorptiof TOAEL .« s o se s wum o s s s s s ¢ w0 v s v wne svsne s wor oo i o 307
9.6 Database of chemiSorption ENEFTIES . v sx s s s ws s mms s was wneswinseons 311
10 The optimization and design of catalyst through modeling ................... 312
10.1 The low-temperature water gas shift (WGS) reaction ................. 313
10.2  Methanation . . ... vvut ettt e e e e e et e e e e e 313
11 Conclusions Anid OULOOK s« s s wwrs s mw s w s s mwe s wmrs s wm 5 5015 2 w00 5 wmevn s wies 0 070 s 316
Semiconductor Sutface ICheMISHEY : s:wsasmsosmemsmimsgssbsmsssmrmsnsm s 323

Stacey F. Bent
1! TATOAUCHON, ;2 nxe s e ¢ ¢ v s 6500 2.5 555 5 54 £ 5 658 % B © BAPE S1600 BHUEFE % Ve § 57600 3 960 § B 5 § 0 w15 915 323
2 Structure of semiconductor SUTTACES .« v s s 55w s s 5w s ams o w5 ws ¥ 50 5 5 5 6 s 325
2.1  Silicon SUtFAce SUUCTUNE ; 5. . oims s o « i s v 658 5 dust 5 5 555 8 6 ¥ % 90 5 55508 % i 58 9985 3 326
2.2 Germanium surface StruCture ...............eeeeuuineeeeeennnnnnnnns 330
3 Surface oXidation . ... .....ooree i 22331
Bl STIHEOM i 5 i 5505 5 558 1 505 1 5 688 3 55 £ 5 595 5 598 B (68 3 B0 § 50905 3 G0 5 57503 3 560 B 5 69 BB000 & & 331
BD  GELTIAMAIIYE & o 5 5 s = i 5 6 0o 8 o 5 525 & s £.6 65 3 540 § 608 § B0 £ B0 & 08 4 5 v ¥ im ¥ 333
4 Passivation of semiconductor surfaces ............. ... 334
4.0 SiNCOD: PASSIVALION . « ws o s s i s mommn 5 0 5 w5 55 169 5 1o v 8 it o s o o o s o 334
4,11 Hydride terihination O SIHEON: s w s s e s s s 5 wn s w14 s v s 0w s wasew w 334
4% Germanium PaSSIVAMON « e sssem o5 mes s s w5 6w 500 § 56 E 5 568 5 Lk 3500 5 5 ODD
4.2.1 Sulfide passivation of germanium ............................336
4.2.2  Chloride passivation of germanium...........................337
4.2.3 Hydride termination of germanium ........................... 337
5 Reactions at passivated semiconductor surfaces....................... ... .. 339
5.1  Organic functionalization of semiconductor surface ................... 339
5.2 Reaction with passivated silicon (Si—H and Si—Cl) ..................339
5. 2] HYQEOSIUYIATON, « e 5 wmvo s mue s s o o s e s s s s s s ¢ s s g =y .3 339
5.2.2 Grignavd reACHONS O SIHEOM & suns s sws s avss 5w s s s« s s warn s wesr s s I
5.3  Reaction with passivated germanium (Ge—H and Ge—Cl).............346
5.3.1 Grignard reactions on germanium ............................ 347
5.3.2 HydrogerMylation . ... .c.ec.ems oo omes i s omiosodash 348
5.3.3 Alkanethiol reactions on germanium.......................... 349

5.4  Reaction with compound semiconductors ............................ 350



Contents ix

6 Adsorption of organic molecules under vacuum conditions ................... 351

6.1 SICORSUTFACE CHETMEITT wvomssmsrnmms s s s me st i s S s e 352

6.1.1 Cycloaddition reaction on Si(100)-2x 1 ........................ 352

6.1.2 HeterocyeloadAItIONS . « cuuson s ommion oo somise one s e s o oo o ois 361

6.1.3 Nucleophilic/electrophilic reactions ............................. 362

6.2 Germanium SUrface ChEMISIEY . . v... cuw s s on s comm e s s oss s 2o 558 on s 369

6.2.1 Cycloaddition reactions on Ge(100)-2 x 1 ....................... 370

6.22 HelcrooyeloadditioNS) .. cma s s e s wimins o s Sisssbionm s/ ms b s & st apaasoy 372

6.2.3 Nucleophilic/electrophilic reactions ............................. 374

624 Multiplelayet TEatiOnS. oo somsmms oo ssnpsarossis s s s sma s 376

6.3 Summary of concepts in organic functionalization ...................... 378

6 Surface Electrochemistry. ... 397

Peter Strasser and Hirohito Ogasawara

I} IDEOINCHIGTIL rouesr an st By s o ST e b il s s s s o s 397

2 Special features of electrochemical reactions ................................ 398

2.1 Electrochemical curtent and Potenitial . oo ey s s v s ammmiseainn amss s as s e 399

222 Electrochemical iNTETFACES « « ot s siua s s stione s s o abink i s hishos i 5 61w 404

2.3 Models of electrochemical electron transfer kinetics..................... 406

3 Electrochemistry at the molecular scale ..................................... 412

Bl SUTTHCE BTICTITE: 5.0 5. svenssoms s srage wosiss i sss o S B3 A0 S Ll s T 412

5.2, BONAITZIOLHOTS: s s s o @ i e s S e B sy e 413

39 BoNdiNG OF WATCE' sy e o s memisme: i o o5 s a1 w8 i s 415

3.4 Experimental aspects of current/voltage properties ...................... 416

4 Electrocatalytic reaction ProCeSSES .. .. .....ououtnterantar e, 418

4.1 The¢electrocatalytic teduction of OXVEEN ... uuess st ssmanimmsvonnnss 420

dol:lh  BackeToUNd: 4 veinslins donedmingss ous G Sod bodans ot arss Bs i 420

4.1.2 Mechanistic pathways ............. .. ..o, 422

4.1.3  Electroreduction of oxygen on Pt and Pt alloys .................. 423

4.1.4 Recent quantum chemical studies of the ORR mechanism ........ 425

4.1.5 State-of-the-art ORR electrocatalyst concepts .................... 431

4.2 The electrochemical oxidation of small organic molecules ............... 435

4.2.1 The electrooxidation of carbon monoxide ....................... 438

4.2.2 The electrooxidation of formic acid and methanol ................ o

3 SUMMATY AN OULIOONE & 605551 st onsin o e S o 58 ) e 8% G o 5 448

7 Geochemistry of Mineral Surfaces and Factors Affecting Their Chemical

BREBE TN 5005w 05 0 .05 7 A 85153 48 i B T B 457
Gordon E. Brown, Jr. Thomas P. Trainor and Anne M. Chaka

I TrfTOAUGEON! 5. mmmm st st <25 i 5160 505 a5 o s s i i s 1 457

2 Environmental interfaces ............ ... .. 461

2.1 Common minerals in Earth’s crust, soils, and atmosphere, weathering
mechanisms and products, and less common minerals that contain or
adserb: environmental cONtAMINANES - . . . o v vnvmnsvnninmeninsimoscsonnns 461



Contents

2.2 Solubilities of Al- and Fe(IIl)-oxides and Al and

Fe(IT1)~-(0xy )Y ArOXIAES : ¢ o5 oes s s sms s nims s o s ams s m s 4 i s 60ns 3 505 w0s 466

2.3 Dissolution mechanisms at feldspar—water interfaces .................... 469
2.4 The nature of metal oxide-aqueous solution interfaces —

SOTHE: DASICS) & oz o v 5 10075 2 s 5 0 & 400 & 5000 910 s s 0 i (s = ot » s 9 o & 472

3 Factors affecting the chemical reactivity of mineral surfaces .................. 478

3.1 The reaction of water vapor with metal oxide surfaces — surface

science and theoretical studies of simplified model systems

illustrating effects of defect density and adsorbate cooperative effects ....479
3.2 Grazing incidence EXAFS spectroscopic studies of Pb(II)aq

adsorption on metal oxide surfaces — effect of differences in

surface functional groups on reactivity ................ ... 484
3.3 The structure of hydrated metal oxide surfaces from X-ray
AT ICACEON, SUTATES 0 ¢ mrs 5 o 3 5o 3 1570 2w00s 5 1t & v 5 8 6 v 5 59 8 6 sy o - s 488

3.4 X-ray standing wave studies of the electrical double layer at
solid-aqueous solution interfaces and in situ measurements
OF SUITACE TEACEIVILY « v« o » o o eme ¢ wish o s 0 nain o s 5 i & i s s 5 il 8 s .8 o o 496
3.5 Effect of organic coatings and microbial biofilms on metal oxide
surface reactivity — X-ray standing wave studies of metal ion
partitioning between coating and surface ............... ... ...l 499
A COTCIISIOS . « o+ s os s o o owsons g fonsh Beens o0 § Bipact 5 65 5.6 g 5. B E § Bl 3 Y § B 2 B 3 504



