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Abstract

Alloy ad metallc ytem hae how may adatage  heterogeeou cataly, ut the detal of ther
catalytc fucto are ot alway kow. For tace, the atomc detal aout urface recotructo uder
catalytc reacto codto, or whch phae that are hgh-acte or low-acte. Furthermore, the model catalyt
tuded  laoratore ofte der a lot from the dutral catalyt regardg workg codto ad materal.
Surface recotructo deped o urface cece of oth phycal ad chemcal ature. Sce catalytc reacto

occur o the urface of catalyt, t  derale to udertad what happe at the atomc cale o the catalyt urface
uder reacto codto. Tere are deret techque to tudy urface at the atomc leel, regardg elemetal
compoto a well a urface tructure.
I th the, I hae tuded the urface of two alloy ytem, PtRh ad PdAu, uder reacto codto. CO

oxdato oer a Pt25Rh75(100) gle crytal wa tuded at a commog eamtme a a model ytem ug
HESXRD (Paper i ad Paper ii). T lm of PdAu o a apphre utrate, wth aryg Pd:Au rato, ha ee
oxded, ad the oxde formato ad alloyg proce ha ee tuded wth HESXRD (Paper iv). Oxdato
wth uequet reducto  methae ha alo ee tuded wth APXPS (Paper v). I hae alo aalyed the reult
from LEED, PD, ad SD of CO oxdato oer a Pd(100) gle crytal (Paper iii).
wo well-kow oxyge tructure were oered o the PtRh crytal: a (3 × 1) recotructo wth

chemored O ad a c(8 × 2) urface oxde. Furthermore, a uexpected c(2 × 2) tructure wa oered
uder reducg codto ad eleated temperature. Te quattate aaly of thee tructure  preeted 
th the.
Te PdAu oxdato expermet wa a cotuato of a methae oxdato tudy o a Pd(100) gle crytal,

howg that the catalytc actty decreae f the oxde grow too thck, ut creae aga upo oxde decom-
poto. It  eleed that the thck oxde expoe the low-acte (100) urface oretato whle the th oxde
expoe the hgh-acte (101) urface oretato. Te dea wth PdAu wa to lmt the amout of Pd that ca e
oxded  order to keep the oxde th ad hgh-acte. Te chaged lattce cotat of PdAu compared to Pd,
howeer, eem to tale the low-acte PdO urface. We elee th ca e helped y tead alloyg Pd wth
Pt, or ue PdAu ample wth lower Au cocetrato.
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CR Crytal rucato Rod
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HESXRD Hgh Eergy Surface X-Ray Dracto
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o you who roke me dow whe you hould hae ult me up. You who, wth a total
lack of repoee, clamed to e rght ad made me feel I wa ot good eough, I who
could ot le up to your tadard. If I had oly kow aout the deep woud you hd
de, the woud you feared would feter  me, I would hae ee you  a deret lght.
I thought you wated to ll me wth hame, whe you oly tred to help me  the oly
way you could. We were oth too youg to udertad, ut we hae oth grow wer
ce the. I am glad that we hae orted thg out etwee u. You kow who you are.

o ”lttle Hele”. It wa ot your fault. You could ot poly udertad the log-term
coequece of a uproceed trauma. You were o youg, ee though you thought
yourelf o mature. You oly tred to protect yourelf y ecomg hard ad ufeelg.
Itead you ecame hard ad rttle. Gla tead of toe, ot realg the crack efore
you hattered. It  a great orrow you dd ot get the help you eeded, the perhap you
could hae aoded what le ahead of you. It wll take may year, ut oo you wll
udertad how log the path to depreo ca e, how dou th malady . At
rt, you do ot reale how your mood darke, how much more dcult t ecome to
cocetrate ad rememer, how exhauted you ecome ee from mall actte. You
wll e tred  a way that ha othg to do wth lack of leep. Te mparmet of your
cogte alte wll make you queto your ow tellgece. Whe you thk that your
elf-eteem caot get ay lower, your elf-eteem jut ”watch me”. You wll jut thk t
 a ormal agg thg, ut oe day, you wll wake up ad reale you caot go o lke
th. You wll d the courage to tell the truth aout your metal almet, ad you wll get
help. You wll hae to go deep to yourelf to ole your prolem. You wll face ghot
from your pat, ad t wll hurt, ut t wll e worth t. Rememer, you are ot aloe.

o my er demo. You told me t wa futle. You told me I could jut a well ge up.
You told me my glory day were log pat. You told me I wa uworthy. You told me I
dd ot deere elf-eteem. You told me I would eer e happy aga. You told me o
oe would care. You told me I wa too troert, too competet, too adequate to eer
accomplh aythg. You were wrog.





Popular Scentc Summary

A catalyt  a utace that eale a chemcal reacto wthout eg ued up  the
proce. For example, a catalyt  a car ege eale the proce of traformg caro
mooxde to caro doxde. T proce ha a much hgher chace of happeg whe
performed o a urface, compared to  ar, a the oxyge molecule mut plt to atom,
whch  much eaer o a catalyt urface tha  ar. Deret urface wll aect the
proce deretly, ad udertadg the tructure of the urface prode ght to
uldg etter catalyt urface.

Ee though catalyt are ofte utled  the dutry, there are large gap  the kow-
ledge aout what actually happe o the urface at the atomc leel whe catalytc reacto
occur. Catalyt deelopmet ha motly ee doe y tral-ad-error, .e. deret com-
ato of materal, temperature, preure etc. are teted for ealuato. T method
take a lot of tme, ad t  alo ery cotly. Terefore, t  derale to kow what happe
o the atomc cale, to etter predct how ueful a certa catalyt .

Oe way to mproe catalyt  to ue alloy, .e. mxture of two or more metal. Al-
loy cotag oe catalytcally acte metal ad oe more ert metal ofte how etter
catalytc properte compared to the pure elemet. Whe a metal  part of a alloy, t
dg properte chage, ad atomc egregato ca lead to urface tructure that aect
the catalytc fucto of the urface.

I th the, I hae tuded the urface of two alloy, amely platum-rhodum ad
palladum-gold, ug a techque called surface X-ray diraction. Hgh-eergetc X-ray
ht the atom  the ample urface ad catter toward a detector, producg a mage of
the X-ray catterg. Such dracto mage ca tell u what the urface tructure look
lke, ad how t chage durg the catalytc proce.

We performed caro mooxde oxdato o the platum-rhodum ample  order to
ealuate a ew eamle. We choe th alloy ample ecaue t well-tuded ad we kew
what to expect, ut hopefully we could lear omethg ew a well. We expoed the ample
to a cotat ow of caro mooxde ad a aryg ow of oxyge. At termedate ad
hgh oxyge ow, we foud two oxyge tructure that were expected. At low oxyge ow,
howeer, we expected a dordered urface ut foud a well-ordered tructure reemlg a
checkeroard patter. Tee three tructure were compared wth theoretcal mulato
of how the urface of the platum-rhodum ample mght look lke at the atomc cale.

Palladum-gold ample wth aryg palladum-gold-rato were oxded a a cotuato
of a preou tudy ofmethae oxdato oer a palladum ample. Whe the oxde grew too
thck, the catalytc actty decreaed, ut whe the oxde decompoed, the catalytc actty
creaed aga. Oe theory  that the thck palladum oxde expoe a low-acte urface
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oretato, whle the th oxde expoe a hgh-acte urface oretato. Te dea ehd
the palladum-gold project  that the gold hould lmt the amout of palladum that could
e oxded, o that the oxde would rema th eough ad expoe the hgh-acte urface
oretato. Te reult of the oxdato expermet wa that we otaed a mx of deret
urface oretato, motly the low-acte oe. Howeer, t eem lke the ample wth
lower gold cocetrato howed more of the hgh-acte urface oretato. Terefore, t
would e worth to redo the expermet wth ample cotag more palladum ad le
gold.

We alo ued a techque called ambient-pressure X-ray photoelectron spectroscopy o the th
lm ample wth the hghet palladum-gold-rato whle oxdg the ample ad the
reducg the oxde wth methae. T expermet upported preou tude howg
that ome urface are more catalytcally acte tha other. We alo foud that the ample
could e oxded at lower oxyge preure tha we had oered  our urface X-ray
dracto tudy. Te preece of gold  the utrate eemed to make the palladum
oxde le tale.
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Populäretenskaplg Sammanfattnng

E katalyator är ett äme om möjlggör e kemk reakto uta att förruka uder
procee. ll exempel möjlggör e katalyator  e lmotor procee att omadla kol-
mooxd tll koldoxd. Dea proce har mycket högre cha att häda är de gör på e
yta jämfört med  lufte, då yremolekyle måte dela  atomer, lket är mycket lättare på
e katalyatoryta ä  luft. Olka ytor påerkar procee olka och förtåele a yttrukture
ger kt  hur ma ygger ättre katalyatorytor.

rot att katalyatorer ofta aäd  dutr å är det mycket om te är kät om ad
om faktkt häder på yta på atomå är katalytka reaktoer ker. Katalyatoruteck-
lge har metadel kett geom att proa g fram med olka komatoer a materal,
temperatur, tryck etc. om teta för utärderg. Dea metod tar mycket td, och de är
deutom mycket kotam. Därför är det ökärt att eta ad om häder på atomkala
för att ättre kua förute hur aädar e  katalyator är.

Ett ätt att förättra katalyatorer är att aäda legergar, d... ladgar mella tå
eller era metaller. Legergar om ehåller e katalytkt akt metall och e mer ert
metall uppar ofta ättre katalytka egekaper jämfört med de rea grudämea. När
e metall är del a e legerg å ädra de dgegekaper och atomegregerg ka
leda tll yttrukturer om påerkar yta katalytka fukto.

I de här ahadlge har jag tuderat ytora ho tå legergar, ämlge plata-rodum
och palladum-guld med e tekk om kalla ytröntgendiraktion. Högeergetka röt-
getrålar träar atomera  proyta och prd mot e detektor, lket kapar e ld a
rötgeprdge. Sådaa draktolder ka erätta för o hur yttrukture er ut
och hur de förädra uder de katalytka procee.

V utförde kolmooxdoxderg på plata-rodumproet för att utärdera ett ytt trålrör.
V alde detta ytem för att det är ältuderat och  te ad  kulle äta o, me för-
hoppg kude  lära o ågot ytt ockå. V expoerade proet för ett kotat öde
a kolmooxd och ett arerade öde a yre. Vd måttlga och höga yreöde fa 
tå oxdtrukturer om ar ätade. Vd lågt yreöde, däremot, förätade  o e oord-
ad yta me fa e älordad truktur om lkar ett chackmöter. Dea tre trukturer
jämförde med teoretka mulergar a hur yta på plata-rodumproet kude e ut på
atomå.

Palladum-guldproermed arerade palladum-guld-förhållade oxderade om e fort-
ättg på e tdgare tude a metaoxderg öer ett palladumpro. När oxde äxte
g för tjock å mkade de katalytka akttete, me är oxde röt er å ökade
de katalytka akttete ge. E teor är att de tjocka palladumoxde expoerar e
lågakt ytoreterg, meda de tua oxde expoerar e högakt ytoreterg. Idé
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akom palladum-guld-projektet är att guldet orde egräa mägde palladum om ka
oxdera å att oxde kulle l tu og att expoera de högakta ytoreterge. Re-
ultate a oxdergexpermetet ar att  ck e ladg a olka ytoretergar,
metadel de lågakta. Dock erkar det om att proe med lägre guldkocetrato -
ade mer a de högakta ytoreterge. Därför kulle det ara ärt att göra om exper-
mete med proer om ehåller mer palladum och mdre guld.

V aäde ockå e tekk om kalla högtrycksfotoemission på tulmproet med det
högta palladum-guld-förhålladet meda  oxderade proet och eda reducerade ox-
de med meta. Detta expermet tödde tdgare tuder om at att a ytor är mer
katalytkt akta ä adra. V fa äe att proet kude oxdera d lägre yretryck ä
 hade oererat  år ytrötgedraktotude. Näraro a guld  utratet erkade
göra palladumoxde mdre tal.
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Introducton

Why do we wat to tudy the urface of catalyt? Well, for the mple reao that catalytc
reacto are occurrg o the urface of catalytc materal, ad thu, the urface tructure
of the acte phae ad the ga-old teracto are mportat for the dered reult [1].
Alo, a Ktch et al. wrote  a paper from 2008 [2]:

”It  dcult to udertad the catalytc ehaor of a urface f the actual
compoto ad tructure of that urface  ukow.”

Ee though cataly  a well-kow pheomeo, the detal of the catalytc reacto o
the atomc leel are ot fully udertood [3]. Sce the ue of catalyt tarted, the method
of deelopg ew catalyt ha motly ee the tral-ad-error mode, whch  oth tme-
coumg ad expee [4, 5, 6]. Real catalyt are, howeer, ery complex ytem ad
dcult to tudy o a fudametal leel. I urface cece, we tudy model ytem, whch
are much mpler, ad we uually expoe them to cotrolled ga ow at low preure, whle
the operatg codto for real catalyt are cloer to amet codto [3]. But f we
ca udertad what happe at the urface o the atomc leel durg catalytc reacto,
ad d out what make a urface hgh-acte or low-acte, we ca make more educated
guee whle deelopg ew catalyt ad what ext tep to take  cataly reearch.

Catalytc alloy ad metallc ytem ofte hae the adatage of eg etter catalyt
compared to ther pure compoet [7, 8]. Te urface compoto of a alloy or a -
metallc ytem der from the ulk compoto, ad there  ofte tra  the crytal
lattce due to aryg ze of the atom [9]. Alloy are alo adatageou for tudyg the
egregato of deret atom [10]. Whe two or more metal are alloyed, the chemcal
ad phycal properte of the metallc cottuet are chaged [11].

I th the, I hae etgated the urface of model alloy catalyt  the hape of gle
crytal ad th lm ample. I hae tuded the urface uder reacto codto wth
maly SXRD, ad alo ome APXPS. It tarted wth pure Pd, a I tuded how the low-
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acte PdO(100) [3] form o a Pd(100) gle crytal (Paper iii), to later cotue wth
metallc ytem uch a PtRh (Paper i ad Paper ii) ad PdAu (Paper iv ad Paper v).

Te PtRh ytem decred  Paper i ad Paper ii  a Pt25Rh75(100) gle crytal tuded
at the Swedh Materal Scece Beamle (P212) [12] at PERA iii, DESY  Hamurg,
Germay. It wa a commog eamtme (.e. a eamtme for tetg a ew eamle)
ad the metallc crytal wa tuded wth HESXRD uder reacto codto, ad the
model reacto wa CO oxdato, due to t mplcty [13]. Te PtRh ytem wa choe
ecaue t  well-tuded [7, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] ad we kew what to
expect, ut we alo eleed we mght d omethg ew (whch we dd, more aout that
 Paper i ad Paper ii).

Mot expermet  Paper iii were doe at the Uerty of Florda, Gaelle  Florda,
USA (LEED ad PD) ad at the Hgh-Eergy Beamle for Bured Iterface Structure
ad Materal Proceg (ID31) [24] at ESRF  Greole, Frace (SD) efore I tarted
my PhD. Howeer, I hae worked wth the aaly of the dracto data.

Te oxdato expermet o PdAu th lm ample – performed at P212 – decred 
Paper iv uld o a tudy y Hellma et al. from 2012 [4], where they etgated whch
wa the acte Pd phae durg methae oxdato. Tey foud that whe the PdO lm
thcke creaed, the catalytc actty creaed up to a certa pot ad the tarted
decreag ee a the oxde lm cotued to grow ad the temperature creaed. Whe
the oxde wa decompoed, the catalytc actty creaed aga. By exchagg Pd for
PdAu, the dea wa to lmt the amout of Pd that ca e oxded ad thu keep the PdO
lm th eough to tay acte. Furthermore, PdAu ha how le etty to oxyge
poog [25, 26]. Te APXPS expermet o the PdAu th lm ample  Paper v
were performed at the Amet-Preure Soft X-ray Photoelectro Spectrocopy (Beamle
932) [27, 28, 29] at ALS (Adaced Lght Source)  Berkeley, Sa Fracco  Calfora,
USA.

T the wll cotrute to creaed udertadg of the phyc ad chemtry of ur-
face ad how they relate to cataly, a well a dcug alloy  a catalytc cotext. Te
method that hae ee ued  my PhD project – ether y me or y ome of my colleague
– wll e decred. Fally, the paper cluded  th the wll e ummared, ad I
wll dcu my reult ad ght gathered durg my PhD, a well a draw cocluo
ad peculate aout the future.
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Surface Scence and Catalyss

Whe etgatg urface ad terface at the atomc leel, a lot of teretg pheom-
ea ca e oered. Te tudy of uch pheomea, whch may e of phycal or chemcal
ature,  called surface science. [30] May deret reearch area are cluded  urface
cece, ad oe of them  catalysis, the promotg eect ome utace (called catalysts)
hae o certa chemcal reacto [31]. Catalytc reacto occur o urface, ut ot ay
urface. Te tructure of the catalyt urface  mportat for t catalytc fucto. Te
phyc ad chemtry of the urface dctate whether reactat are ale to ador ad react
wth each other, ad f the product ca deor from the urface. T chapter wll decre
the ac of how crytalle materal are ult up ad how upertructure are deoted,
a well a how cataly work. Fally, the alloy ytem tuded  th the, PtRh ad
PdAu, wll e decred  a catalytc cotext.

Unt Cells, Planes, and Lattces

Te tructure of a crytalle materal ca e decred a a perodc lattce where the atom
t  the lattce pot, the o-called Bravias lattice¹. Te mallet ut of a lattce  called
a unit cell, deed  a way that f eeral ut cell are cocateated, they form the crystal
lattice. Tu, the lattce repeat telf. Te ut cell ca hae deret hape, uch a cuc,
tetragoal, hexagoal, orthorhomc, rhomohedral, mooclc, ad trclc. [32]

Fgure 1 how a cuc ut cell, where the de-legth are deoted a, b, ad c. Te agle
are deoted α (etwee b ad c), β (etwee a ad c), ad γ (etwee a ad b). Sce the
ut cell  cuc, all de are equal, .e. a = b = c = a0, ad all agle are orthogoal, .e.
α = β = γ = 90◦. Here, a0  called the lattice constant. [32]

Te mplet ut cell  called simple cubic (SC), ee Fgure 2a. It ha oe atom  each
lattce pot. If oe atom  added  the ceter of the ut cell, a body centered cubic
(BCC)  otaed, ee Fgure 2. Addg oe atom to each face of the SC ut cell ge a

¹Named after the Frech phyct Augute Braa (1811− 1863).

3



Figure 1: The sides in the unit cell are denoted a, b, and c. The angles (green) are denoted α, β, and γ. Recreation of
Figures 3-6 and 3-11 in [32].

face centered cubic (FCC), ee Fgure 2c. [32] May metal, cludg Pd, Pt, Rh, ad Au,
whch are tuded  th the, are FCC [31].

Figure 2: There are different types of unit cells. The most common ones are the simple cubic (SC) unit cell (a), the body
centered cubic (BCC) unit cell (b), and the face centered cubic (FCC) unit cell (c). The black discs indicate the
SC unit cell and the red discs indicate the atoms that need to be added to get the BCC and FCC unit cells,
respectively. Recreation of Figure 3-5 in [32].

Ay two pot  the Braa lattce are coected y the ector RRR, ee Equato 1. Oe
ca decre the whole crytal y tralatg RRR.

RRR = 1aaa+ 2+ 3ccc, 1, 2, 3 ∈ Z (1)

o create a urface, a crytal  cut alog a certa plae. Te oretato of th plae 
ge y the o-called Miller indices², whch are foud y the recprocal of the tercept
of the plae wth the a, b, ad c axe, ee Fgure 3. o decde what plae the crytal 
cut alog, oe ha to take the recprocal of the tercept at the a, b, ad c axe. I cae

²Named after the Welh meralogt Wllam Hallowe Mller (1801− 1880).
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the plae doe ot tercept a ax, t  ad to tercept the ax  ty (thu, the
recprocal  0). I Fgure 3a, the tercept are (1,∞,∞) ad thu the Mller dce of
th plae are (100). Te ame method ge Mller dce of (110)  Fgure 3 ad (111)
 Fgure 3c. [33] Te atom  the urface are decred y a 2D urface lattce ge y

RRR = 1aaa + 2, 1, 2 ∈ Z (2)

Figure 3: Three different planes (light blue) are shown here in the FCC unit cell (a-c), as well as the 2D projections
(black dashed parallelograms), where the different colours indicate different layers (d-f). The planes are the
(100) plane (a,d), the (110) plane (b,e), and the (111) plane (c,f). Recreation of Figures 1.14 − 1.15 in [33].

Depedg o the oretato of the urface plae, the urface atom wll hae deret
arragemet. T wll, for tace, aect how cloe the atom are to each other, whch
wll  tur aect ther reactty. Te (100) urface  more ope tha the (111), ad
coequetly, O2 ador more ealy o Pd(100) tha o Pd(111) [34]. If the urface ha
the ame oretato a the ulk, the crytal  ad to e bulk terminated.

Superstructures

Te perodcty at the urface  ofte deret a compared to the ulk termato. T
ca e the reult of chage  atomc od, whe the crytal  cut, or caued y adorpto
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of other molecule. Such a oerlayer tructure, alo kow a a superstructure,  mot ofte
decred yWood’s notation³ [35]. Wood’ otato  ge y

N(
|aaao|
|aaa|

× |o|
||

)RΘ (3)

where N deote the type of tructure (.e. p for primitive (ofte omtted) ad c for
centered ), |aaao| ad |o| are the magtude of the oerlayer et ector, |aaa| ad || are
the magtude of the utrate et ector, ad Θ  the agle of rotato (RΘ  omtted
f Θ = 0◦). [33]

I Fgure 4, a clea urface (Fgure 4a) ad a urface wth a upertructure (Fgure 4) are
how. T pecc upertructure ca e deoted ether c(2× 2) or (

√
2×

√
2)R45◦.

Figure 4: Clean FCC(100) surface with (1 × 1) structure (a) and c(2 × 2) superstructure (b). This superstructure is the
same as (

√
2 ×

√
2)R45◦. Recreation of Figure 1.35 in [33].

Samples

Sngle Crystals

A single crystal  a ulk crytal wth uroke perodcty, gg t a urface of oe gle
oretato. Howeer, gle crytal are uually ot perfect; they ofte cota lot of
mall doma of deret oretato (to calculate ther aerage ze, ee Equato 31).
Te crytal we etgated  Paper i ad Paper ii wa a PtRh gle crytal wth the urface
oretato (100) ad a Pt:Rh rato of 1:3.

³Named after the Amerca crytallographer ad geologt Elzaeth Armtrog Wood (1912− 2006).
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Tn Flm Samples

Fgure 5 how a chematc drawg of the th lm ample we etgated  Paper iv ad
Paper v. T metallc lm of Pd ad Au were depoted oto the utrate y electro-
eam phycal apour depoto (EBPVD).

Figure 5: Schematic drawing of our PdAu thin film samples. Thin films of Pd and Au where deposited on a sapphire
substrate. Note that the film and substrate thicknesses are not made to scale.

A ca e ee  the gure aoe, the thcke of the Pd ad Au lm ared, ut the
total metallc lm wa ( mot cae) 20 m. We ued ample wth the followg Pd:Au
rato: 20:0, 15:5, 10:10, 5:15, ad 5:5 (ote that th ample had a total metallc lm
thcke of 10 m tead of 20 m). We alo tred reerg the depoto order, hag
Pd o top (Pd:Au = 10:10). Fgure 5 how the Pd ad Au metal a eparated lm,
whch  the tate of the prte (a prepared) ample. Tu, we tarted wth a metallc
ytem whch ecame a alloy after aealg. Our method of etgatg the alloyg
ad oxde formato wa GIXRD, at the ame eamle a the PtRh expermet. Te
reult of oxdg PdAu th lm ample ca e read  Paper iv, ad the APXPS reult
 Paper v.

Adsorpton, Desorpton, and Oxde Formaton

For a catalytc reacto to occur, the odg tregth etwee the reactat ad the catalyt
ad etwee the product ad the catalyt mut e ether too weak or too trog  order
to hae a reacto. Coder a reacto where reactat A ad B form product AB. If the
reactat-catalyt od  too weak, the reactat wll deor efore ay reacto ca take
place. If the od etwee A ad the catalyt  too trog, o the other had, the acte
te wll e occuped wth A o that B caot ador to react wth A.T  called poisoning,
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ad the catalyt could alo ecome pooed y the product, AB, f t od to the catalyt
 too trog. [31] T  called Sabatier’s principle⁴.

Ofte, there are pecc o-called active sites o the catalyt, where the catalytc reacto
occur, ad the tructure, chemcal properte, ad dtruto of thee te determe
the catalytc actty [2]. Tee are ofte o-called coordinatively unsaturated (CUS) te,
whch, due to ther daglg od, are more reacte ad ca more ealy ador ad
docate the reactat. O metal urface, thee ca for tace e at tep or kk. I
a alloy, thee te ca alo e aected y eghourg atom of a deret metal. I a
oxde, there mght e CUS metal atom at the urface. Tee all deped o the atomc
tructure of the catalyt urface. [3, 36, 37, 38, 39, 40, 41, 42, 43]

Tere are maly two type of adorpto: phyorpto ad chemorpto. Te derece
le  the odg teracto. I phyopto, the adorate od weakly to the utrate
ad teract through log rage a der Waal force⁵. I chemorpto, there  a
exchage of electro etwee the adorate ad the utrate. [33]

Whe a ga molecule ador o the urface of the utrate, t ca do o wth or wthout
fragmetato. Te former  called dissociative adsorption, e.g. whe a O2 molecule
ador ad reak to two O atom. Te latter  called associative adsorption, e.g. whe
a CO molecule ador ad tay tact.

Whe a atom or a molecule ador o a utrate, there are deret te where t ca
ador, ee Fgure 6. O a (100) urface, t ca ador o top of a utrate atom (atop site),
 the hollow etwee four utrate atom (four-fold hollow site), or t ca form a rdge
etwee two utrate atom (bridge site), ee Fgure 6a. O a (110) urface, atop te ad
rdge te are pole, ee Fgure 6. O a (111) urface, the adorate ca ador o a
atop te, a rdge te, or a three-fold hollow site, ether FCC or HCP, ee Fgure 6c. [44]

Whe adored oxyge doe ot tay at the urface, ut mxe wth the metal to form a
ew compoud, we call th compoud a oxide. Durg the oxde formato, the oxyge
atom hae to peetrate the urface ad the atom are rearraged. Hece, th requre a
gcat amout of molty ad typcally occur oly at eleated temperature. It alo
occur eaer o ope urface or at tep, where the metal atom do ot eed to e dplaced
a much to allow for O to peetrate. [45]

⁴Named after the Frech chemt Paul Saater (1854− 1941).
⁵Named after the Dutch theoretcal phyct ad thermodyamct Johae Dderk a der Waal

(1837− 1923).
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Figure 6: An adsorbate can adsorb on different sites. On (100) surfaces, it can adsorb on bridge sites, atop sites,
and four-fold hollow sites (a). On (110) surfaces, it can adsorb on bridge sites and atop sites (b). On (111)
surfaces, it can adsorb on bridge sites, atop sites, and three-fold hollow sites (FCC and HCP) (c). Colours:
black – substrate, cyan – adatoms on bridge sites, red – adatoms on atop sites, magenta – adatoms on
hollow sites. Recreation of Figure 5.6 in [31].

Reacton Mechansms

Heterogeeou cataly ca occur through deret reactomecham [31]. Tree com-
mo mecham wll e decred elow. Te Langmuir-Hinshelwood mechanism⁶ (LH)
[46, 47] occur whe two reactat, A ad B, oth ador o the catalyt urface, react
wth each other  adored tate, ad ally the product, A-B, deor ack to ga-phae.
Te Eley-Rideal mechanism⁷ (ER) [48] reemle the LH mecham, wth the derece
that oly reactat A ador whle reactat B rema  the ga-phae. After reacto, A-B
deor form the urface. Te Mars-van Krevelen mechanism⁸ (MK) [49] requre a metal
oxde to occur. Te reactat  the ga-phae ador o a O atom  the oxde ad the
oxded product the deor, leag a acacy  the oxde. Te, O from the ga-phae
ll the acacy.

Carbon Monoxde Oxdaton

I heterogeeou cataly, the CO oxdato reacto,

2CO+O2 → 2CO2 (4)

 oe of the mot tuded reacto [50]. It  ofte ued a a model ytem for oxdato

⁶Named after the Amerca chemt, phyct, ad egeer Irg Lagmur (1881 − 1957) ad the
Brth phycal chemt Cyrl Norma Hhelwood (1897− 1967).

⁷Named after the chemt Dael Dougla Eley (1914 − 2015) ad the phycal chemt Erc Keghtley
Rdeal (1890− 1974), oth Brth.

⁸Named after the cett Peter Mar (1921 − 2009) ad the chemcal egeer ad coal ad polymer
cett Drk Wllem a Kreele (1914− 2001), oth Dutch.
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cataly due to t mplcty; the oly product that ca e formed  CO2, ad the rate-
determg tep (RDS)  the docato of O2 (whch  potaeou upo adorpto
[3, 51]). Howeer, f the catalyt urface  CO pooed, a t ofte  at low temperature,
the RDS  rather the deorpto of CO  order to make place for O2 adorpto. [13]
CO oxdato  alo drectly releat to dutry, whch alo lead to may tude of CO
oxdato [51].

O a metallc urface, CO oxdato proceed through the LH mecham. Fgure 7 how
th reacto mecham oer PdAu. Startg  ga-phae (a), oth CO ad O2 ador
o the Pd atom (), ad the latter eed to docate to atomc O (whch happe
potaeouly a the O2 molecule ador [3, 51]) to eale the reacto (c). After reacto
(d), the CO2 molecule deor ack to ga-phae (e).

Figure 7: The CO oxidation often proceeds through the LH mechanism. CO and O2 in the gas-phase (a) adsorb on
the surface of the catalyst (b). Then O2 dissociates into atomic O (c), which reacts with CO to form CO2 (d).
Finally, CO2 desorbs from the surface (e). For each O2 molecule, two CO molecules are required to form two
CO2 molecules, see Equation 4. Colours: red – O, black – C, cyan – Pd, flame-coloured – Au.

If CO oxdato take place o the urface of a oxde, the reacto mecham wll e
MK. A example of th ca e ee  Fgure 10d, where CO ad O2 form CO2 oer a
th PdO lm.

Te major eergy arrer  the O2 docato, e.g. the plttg of th molecule to
two O atom [3]. I the O2 molecule, the two O atom are attached to each other wth a
doule od, ad the od docato eergy  498 kJ⁹/mol [52]. T eergy arrer 
remoed y the catalyt, ce t requre much lower eergy to docate the O2 molecule
o the catalyt urface.

⁹Named after the Eglh phyct ad mathematca Jame Precott Joule (1818− 1889).
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Methane Oxdaton

Aother oxdato proce  that of methae. It ca e completely oxded (Equato 5),
e.g. o Pd, or partally oxded (Equato 6), e.g. o Pt [53]. Te aumed RSD of
methae oxdato  the docato of the rt H atom [4, 36].

Complete oxdato: CH4 + 2O2 → CO2 + 2H2O (5)

Partal oxdato: 2CH4 +O2 → 2CO+ 4H2 (6)

Compared to CO2, methae ha horter logety ut hgher heat trappg capacty. T
make the tme-frame mportat. Say that we releae the ame amout of CO2 ad meth-
ae today ad compare ther heat trappg capacte  20 year ad aga  100 year.
I the horter tme-frame, methae how 84 − 86 tme a hgh potecy a CO2, ut 
the loger tme-frame, methae  ”oly” 28− 34 tme a potet a CO2. [54]

Catalyss

A catalyt  a utace that alter the reacto rate of a chemcal reacto wthout e-
g coumed. Te word catalysis  dered from the Greek word kata (dow) ad lyein
(looe), ad t wa coed  1835 y the Swedh chemt Jö Jako Berzelu (1779−
1848). He deed cataly a [55]:

”Te property of exertg o other ode a acto whch  ery deret
from chemcal aty. By mea of th acto, they produce decompoto
 ode, ad form ew compoud to the compoto of whch they do
ot eter”.

Some decade later, the Baltc Germa chemt ad phloopher FredrchWlhelmOtwald
(1853−1932) tuded a umer of chemcal reacto, ome wth a acd or a ae preet,
to d out the reacto peed. He proded a explaato  1894 whch lead to the Noel
Prze¹⁰  Chemtry 15 year later: the peed of a chemcal reacto ca e creaed y a
utace that  excluded from the ed-product, ad uch a utace  called a catalyst.
Tu, Berzelu gae ame to the acto – catalysis – adOtwald gae ame to the utace

¹⁰Named after the Swedh chemt, egeer, etor, uema, ad phlathropt Alfred Berhard
Noel (1833− 1896).
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caug th acto – catalyst. Howeer, the pheomeo of cataly ha ee kow ce
log efore the 19th cetury, although the udertadg of th pheomeo wa or at
th tme. [55]

Nowaday, catalyt are mportat compoet  the chemcal dutry, for tace 
ol reere, polluto preeto, ad producto of ulk ad e chemcal. A much
a 85 − 90% of the chemcal dutry product are maufactured a catalytc procee.
What the catalyt doe  to oer a eergetcally more faourale route for the reacto to
occur, ee Fgure 8. It chage the ketc, ut the thermodyamc rema uchaged.
Tu, f the reacto  thermodyamcally ufaourale, o catalyt wll help. [31]

Figure 8: Potential energy diagram of heterogeneous catalysis. The catalyst lowers the energy barrier that the reac-
tion has to overcome, and thereby provides an easier route for the reaction to occur. Colours: black – first
reactant, red – second reactant, cyan – catalyst (often a transition metal). Recreation of Figure 1.2 in [31].

If the reactat ad the catalyt are  deret phae, the proce  called heterogeneous
catalysis. Mot commoly, the catalyt  a old ad the reactat are  the ga-phae.
Te oppote  called homogeneous catalysis, .e. the reactat ad the catalyt are  the
ame phae (gaeou or lqud). [31] Oly heterogeeou cataly wll e codered 
th the.

12



Model Catalysts

Te model catalyt ued for expermetal etgato are qute deret from real cata-
lyt ued , for tace, a automote ege. A model catalyt uually cot of a
gle crytal, .e. a crytal wth oly oe doma. Idutral heterogeeou catalyt, o
the other had, are more complex [3]. For tace, the catalytc coerter ued  a auto-
mote ege  uually ult up y a hoeycom moolth  a cotaer of tale teel.
Te moolth ca e ceramc or metallc ad ha a hgh cell dety  order to ota a
hgh urface area for the wahcoat, a porou aluma layer wth added cera ad zrcoa
mxed oxde to promote the oxyge torage capacty. Naopartcle of ole metal are
dpered o the wahcoat, uually Pt ad Rh, ad ometme Pd. [31] Furthermore, a
elemet that exht catalytc ehaour  certa codto doe ot ecearly how
the ame ehaour f the codto chage. Oe example of th  Ru, whch work ery
well a a catalyt at hgh preure, whle t catalytc alte are ot partcularly good uder
UHV compatle codto [51].

Tere are maly two gap etwee cataly ad tradtoal urface cece [56]:

• Te materals gap – Model catalyt are uually well-ordered gle crytal whle
real catalyt cot of aopartcle emedded  a wahcoated upport. Tu, real
catalyt are more complex tha gle crytal.

• Te pressure gap – Expermet are uually coducted uder UHV or cotrolled
ga ow whle real cataly occur uder amet codto.

Tee gap are whed to e oer-rdged,  order to ota a etter coformty etwee
what we ee durg expermet ad the real world.

Alloys and Bmetallc Systems n Catalyss

Mxg at leat two chemcal elemet, of whch at leat oe  a metal, reult  a alloy.
If the metal are eparated, t  uually called a bimetallic system. [11] Heatg a metallc
ample wll creae the molty of the atom, whch lead to mxg ad alloy formato.
Alloy catalyt are ofte etter tha pure-metal catalyt due to the fact that the chemcal
properte of the atom are chaged y the deret urroudg compared to pure metal
[2, 7, 8]. Te more ert metal atom egregate to the urface  acuum ad the mot
reacte metal atom are pulled toward the urface  ga, gg the alloy a urface com-
poto deret from t ulk compoto [9]. Beeath the urface of the alloy, atom
may egregate to form ordered tructure, aectg the properte of the urface atom (ee
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Paper ii). Workg wth alloy, t  good to rememer Vegard’ law¹¹, whch ay that the
lattce cotat of a alloy  a lear comato of the lattce cotat of t cottuet
[57].

Te reao the urface of the alloy ha aother compoto tha t ulk  that atom
egregate. I geeral, ulk termato  ot the mot faourale cogurato from a
eergetc perpecte, o atom from the ulk wll egregate to the urface f th ca lower
the urface eergy. [2]

Lookg at the atomc cale, there are three prmary mecham aectg the catalytc
properte of the alloy urface. Tee mecham are llutrated  Fgure 9. Strain eects
occur due to chage  the lattce cotat of the alloy. Depedg o the cocetrato
of the deret cottuet, the alloy wll hae a lattce cotat omewhere etwee thoe
of the pure metal. T may reult  a chage  whch urface oretato that wll e
taled. Ensemble eects refer to the preece of multfuctoal adorpto te that
eale multaeou odg to deret metal. Ligand eects are caued y the hetero-
metallc od formato occurrg  alloy. Te od tregth may e deret for A-B
tha for A-A, caug the od tregth etwee A ad a adorate to chage. Further-
more, coerage eect may alo aect the catalytc fucto of the alloy urface, ce the
acte te may e occuped o that other adorate caot od to the catalyt urface.
All thee eect are ot depedet; the chage  catalytc properte are the reult of
deret eect coextg ad aectg each other, ad t mght e dcult to dtguh
whch chage are due to whch eect. [2]

Figure 9: There are mainly three mechanisms that affect the catalytic properties of alloys: strain, ensembles, and
ligands. Recreation of Figure 2 in [2].

¹¹Named after the Norwega phyct Lar Vegard (1880− 1963).
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Systems n Ts Tess

Alloy may e more dcult to oxde compared to ther pure metal compoet. T
ha ee ee for e.g. Pt25Rh75(100) [58], a ample we hae worked wth too (Paper i
ad Paper ii). Our tude o PdAu (Paper iv) alo howed that th metallc ytem 
gcatly more dcult to oxde tha pure Pd. I ale 1, the metal cottutg
”our” metallc ytem are compled, together wth ome ueful data.

Table 1: The elements constituting the alloys I have studied in this thesis: PtRh and PdAu. Their atomic number (Z),
atomic radii, lattice constants, crystal structure, and surface energies at room temperature are given.

Element Atomc radus (Å) Lattce constants (Å) [31] Surface energy
(Z) [31] (emprcal [59]/calculated [60]) (crystal structure) [44] at 222999888 K (J/m2) [61]

Rhodum (45) 1.35/1.73 3.80 (FCC) 2.828
Palladum (46) 1.40/1.69 3.89 (FCC) 2.043
Platum (78) 1.35/1.77 3.92 (FCC) 2.691
Gold (79) 1.35/1.74 4.08 (FCC) 1.626

Lookg at th tale, we ee that Pt ad Rh hae almot the ame radu. Tee metal
alo hae the ame electroegatty, 228 [62], o they are lkely to form a alloy. Wth the
Pt25Rh75(100) gle crytal that we etgated  Paper i ad Paper ii, the lattce cotat
of the alloy would e 383 Å¹² accordg to Vegard’ law [58, 63]. Te electroegatty of
Pd  22, whle th alue  254 for Au [62]. Ter rad are alo mlar (ee ale 1). Te
ze derece  ot o large, o thee metal ca alloy wth each other. Tu, oth PtRh
ad PdAu ca form alloy f they are heated at ucetly hgh temperature to caue atom
mgrato. I the ext ecto, I wll expla the ature of PtRh ad PdAu, ad what
type of tude I hae doe o them.

Platnum-Rhodum

Pt adRh are thema compoet  the catalytc aopartcle ued  automote ege
catalyt [7, 14, 18, 19, 20, 31, 34, 64], ad a a metallc ytem, PtRh  exteely
tuded [7, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 58, 63, 65]. We tuded CO oxdato
oer a Pt25Rh75(100) gle crytal ug HESXRD durg a commog eamtme at
the Swedh Materal Scece Beamle (P212) [12] at PERA iii, DESY  Hamurg,
Germay. Te purpoe of a commog eamtme  to tet a ew eamle, ad thu,
we wated to tudy a ample where we kew what to expect, ut tll mght lear omethg
ew.

I acuum, the Pt atom  the PtRh metallc ytem wll egregate toward the urface

¹²Named after the Swedh phyct ad atroomer Ader Joa Ågtröm (1814− 1874).
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[14, 20, 21, 23] due to lower urface eergy compared to Rh (ee ale 1). Expoure to O2,
o the other had, ted to caue Rh egregato toward the urface [21, 58], ad mlar
oxyge tructure may form a o pure Rh urface. wo oxyge tructure that hae ee
oered o oth Rh(100) ad PtRh(100)  eeral tude are a (3 × 1) recotructo
wth chemored O uder mldly oxdg codto [16, 19, 58, 65, 66, 67] ad a
c(8 × 2) urface oxde uder trogly oxdg codto [15, 51, 58, 66]. Rh  more
reacte tha Pt, o O rather od to the former tha the latter [63]. Due to chaged
chemcal ad phycal properte of the atom  a metallc urface compared to a pure-
elemet urface, CO adorpto o PtRh(100)  ot the ame a o Pt(100) or Rh(100).
Te urface compoto aect the CO adorpto te. For tace, f there  a Pt
oerlayer o a Rh utrate, the CO adorpto wll e weaker due to the lgad eect (ee
the rghtmot part of Fgure 9). [14]

Pure Palladum and Palladum-Gold

Whether t  the metallc phae of Pd or t oxde phae that  the acte oe durg the
oxdato of CO ad hydrocaro (e.g. methae) ha ee deated [3, 34, 68]. Howeer,
t ha ee how that a gle PdO layer  hgh-acte for CO oxdato ad low-acte
for methae oxdato (Fgure 10a-), whle a few layer of PdO make the urface hgh-
acte for oth CO oxdato ad methae oxdato (Fgure 10c-d). A thck PdO lm
 low-acte for oth of them (Fgure 10e-f ) [3, 4, 37]. A pole explaato  that
whe the PdO lm grow thck eough, t loe regtry wth the utrate ad expoe
the (100) facet tead of the (101) facet. PdO(101) ha CUS Pd te – .e. Pd atom
wth a daglg od that  free to adorate – where the reactat ca ador, wherea
PdO(100)  aturated ad ha o CUS te [3]. Oe theoretcal tudy [69] ay that the
PdO(100)-PdO termato ha ery low urface eergy, makg t a tale PdO phae.
T could expla the expoure of the (100) urface o thck PdO lm. Howeer, aother
theoretcal tudy [70] ay that PdO(101) o Pd(100)  the mot tale oretato at ay
lm thcke. You ca read more aout the formato of eptaxal PdO(100) durg
oxdato of Pd(100)  Paper iii. I 2012, Hellma et al. [4] tuded methae oxdato
oer a Pd(100) gle crytal ad foud that the CO2 producto at rt creaed wth
the growg oxde lm, ut the tarted to decreae a the oxde cotued to grow. Whe
the oxde decompoed, the CO2 producto creaed aga. T work  the foudato
for our expermet wth PdAu decred  Paper iv ad Paper v. If we ca top the oxde
growth at a utale thcke, we could – at leat  theory – keep the oxde lm th
eough to expoe the (101) urface ad rema catalytcally acte for CO oxdato ad
methae oxdato. Te dea  to alloy Pd wth Au  order to create a otructe Au top
layer that make t more dcult for Pd atom to egregate to the urface ad e oxded.
Tu we could lmt the amout of Pd that ca e oxded ad get a oxde lm th
eough to expoe the (101) urface (Fgure 10g-h).
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Figure 10: A single PdO layer is inactive for methane oxidation (a) but active for CO oxidation (b). If the PdO film
grows to a few layers, it becomes active for both methane oxidation (c) and CO oxidation (d). If the PdO
film grows too thick, however, it becomes inactive for both methane oxidation (e) and CO oxidation (f). A
PdO film grown on Au could limit the thickness and keep the oxide catalytically active for both methane
oxidation (g) and CO oxidation (h). Colours: blue – saturated Pd, cyan – unsaturated Pd, red – O, black –
C, off white – H, yellow – Au. Reconstruction of Figure 4 in [3] and Figure 1 in Paper iv.

Au  more ert tha Pd ad ha lower urface eergy (a ee  ale 1), meag t wll
egregate toward the urface  acuum [71]. Expoure to a reacte ga, uch a O2 or
CO, caue the more reacte Pd to egregate toward the urface [72].
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Expermental Methods

I th chapter, the deret expermetal method that hae ee ued for th the wll
e decred. I hae ot doe all of them myelf, ut they hae all ee utled for the
paper cluded (I wll e clear o whch thee techque are a they are decred). Sce
my ma expermetal techque ha ee SXRD, the empha wll e o th techque.

Surface X-Ray Dracton

Myma expermetal method ha ee surface X-ray diraction (SXRD), to whch I alo -
clude grazing incidence X-ray diraction (GIXRD). T urface-ete techque  com-
moly ued to prode formato aout the urface tructure of may deret type of
ample, for tace gle crytal, aopartcle, ad th lm ample. Before we go
to the detal of the trumetato, we wll take a cloer look at the ature of X-ray
ad how they dract.

X-Ray Dracton

I 1895, the Germa phyct Wlhelm Corad Rötge (1845 − 1923) dcoered X-
ray, whch had the power to peetrate matter ad prode t teral tructure. T
og electromagetc radato ha a eergy  the rage of 100 eV¹³ to 100 keV. Te
X-ray eergy, E,  ge y

E =
hc
λ

(7)

where h  Plack’ cotat¹⁴, c  the peed of lght  acuum, ad λ  the waelegth of

¹³Named after the Itala phyct ad chemt Aleadro Volta (1745− 1827).
¹⁴Named after the Germa phyct Max Plack (1858− 1947).
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the X-ray. Tu, the X-ray eergy rage correpod to waelegth  the rage of 10 m
dow to 001 m, whch make t ueful for tudyg atom. Te ze of a atom  aout
1 Å, .e.  the ame order of magtude a X-ray. [73] T dcoery redered Rötge
the rt Noel Prze  Phyc x year after th dcoery [74].

X-ray hae a waelegth o the ame magtude a the atomc pacg  the crytal.
Whe the ray ht the atom  the ample, they catter  all drecto. Mot of the
radato  cacelled out due to detructe terferece. If the X-ray cattered y deret
atom are  phae, howeer, they terfere cotructely ad eam of hgh tety are
ee. T  called diraction ad happe  crytalle materal, whe the X-ray ht the
crytallographc plae at certa agle. [32]

Te fact that crytal dract X-ray wa dcoered y the Germa phyct Max o Laue
(1879−1960), a dcoery that gae hm the Noel Prze  Phyc  1914. Te year after,
th prze wet to the Eglh phyct, chemt, ad mathematca Wllam Hery Bragg
(1862 − 1942) ad h o, the phyct ad X-ray crytallographer Wllam Lawrece
Bragg (1890− 1971), for ther cotruto to X-ray dracto. [32]

Dracto occur  the drecto where X-ray cattered y deret atom  the crytal
are  phae, whch  tur happe whe the path derece (PD) etwee correpodg
ray equal a teger umer of waelegth. Startg wth ray cattered y deret
atom  the ame plae, thee are,  aalogy wth the law of reecto,  phae (wth PD
= 0) whe the comg ad outgog agle, relate to the plae, are equal. Hece, y
oly tudyg reecto  crytallographc plae, we oly eed to coder the PD of ray
reected  deret plae. Accordg to the otato  Fgure 11, the PD etwee two
ray reected  two adjacet parallel plae  ge y PD = BC+ CD = AC sin (θ) =
d sin (θ). Hece, we get dracto  drecto where d sin (θ) = mλ. T  called
Bragg’s law.

Figure 11: Schematic drawing of X-ray diffraction in a crystalline material. When the incoming X-rays scatter in phase
with each other, diffraction occurs and Bragg’s law is satisfied.
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Te Laue Descrpton of Dracton

Tere are two deret way to decre dracto; Bragg’ law, whch  ued for powder,
ad polycrytalle ample, ad the Laue formalism whch  typcally ued  SXRD. I
the Laue formalm we decre the catterg  term of the reciprocal lattice ad reciprocal
space (alo kow a K space).

A decred y Equato 1 aoe, the atomc poto  a crytal ca e decred y the
lattce pot, whch are coected y the lattce ector RRR = 1aaa+ 2+ 3ccc. o eery
uch lattce  real pace, there  a correpodg o-called recprocal lattce, whch  the
Fourer traform¹⁵ of the real lattce ad decred y GGG = p1aaa∗ + p2∗ + p3ccc∗, where
p are teger ad the a ector are deed y Equato 9. I the ame way that aaa, ,
ad ccc (Equato 1) pa real pace, aaa∗, ∗, ad ccc∗ (Equato 8) pa recprocal pace. [73]

GGG = p1aaa∗ + p2∗ + p3ccc∗, p1, p2, p3 ∈ Z (8)





aaa∗ = 2π ×ccc
aaa·(×ccc)

∗ = 2π ccc×aaa
aaa·(×ccc)

ccc∗ = 2π aaa×
aaa·(×ccc)

(9)

o udertad the relato etwee dracto ad the recprocal lattce we ue Fgure 12,
whch how two ray of a X-ray eam eg cattered y two atom. Te comg X-ray
ad the cattered X-ray are decred y the wave-vectors kkk ad kkk′, repectely. Tey hae
the ame legth, |kkk| = |kkk′| = k. It  ge y

k =
2π
λ

=
2πE
hc

=
E
ℏc

(10)

where λ  the waelegth of the X-ray. Te chage of the wae-ector QQQ = kkk′ − kkk 
Fgure 12  ge y

QQQ = haaa∗ + k∗ + lccc∗ (11)

¹⁵Named after the Frech mathematca Jea-Baptte Joeph Fourer (1768− 1830).
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Figure 12: Schematic drawing of diffraction from two atoms.

rgoometry ge u that

{
PD1 = R cos (ω1)

PD2 = R cos (ω2)
(12)

Te calar product etwee kkk ad RRR ad etwee kkk′ ad RRR are ge y

{
kkk · RRR = kR cos (180◦ − ω1) = −kR cos (ω1) = −kPD1 ⇒ PD1 = − kkk·RRR

k
kkk′ · RRR = kR cos (ω2) = kPD2 ⇒ PD2 = kkk′·RRR

k
(13)

Te PD etwee the two ray  Fgure 12 ecome

PD = PD1+ PD2 = −kkk · RRR
k

+
kkk′ · RRR
k

=
RRR
k
(kkk′ − kkk) =

RRR ·QQQ
k

(14)

Ametoed preouly, PDmut equal a teger multpled wth the waelegth  order
to hae cotructe terferece. Sce PD  alo ge y Equato 14, we get

PD = mλ =
RRR ·QQQ
k

⇒ m
2π
k

=
RRR ·QQQ
k

⇒ RRR ·QQQ = 2πm, m ∈ Z (15)

Aumg that Equato 15  ald, we ca how that QQQ = GGG, whch  called the Laue
condition. Comg Equato 1, 11, ad 15 ge

RRR ·QQQ = (1aaa+ 2+ 3ccc)(haaa∗ + k∗ + lccc∗) = 2πm, m, 1, 2, 3 ∈ Z (16)
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T ca e mpled to

1aaa · haaa∗ + 2 · k∗ + 3ccc · lccc∗ = 1h(aaa · aaa∗) + 2k( · ∗) + 3l(ccc · ccc∗) (17)

Sce aaa · aaa∗,  · ∗, ad ccc · ccc∗ all equal 2π, we get

2π(1h+ 2k+ 3l) = 2πm ⇒ 1h+ 2k+ 3l = m (18)

I Equato 16, we ee that m, n1, n2, ad n3 are teger, ad thu, (h,k,l) mut alo e
teger. I that cae, Equato 11 mut equal Equato 8: QQQ = GGG, Q.E.D.

We ca alo ”go the other drecto” ad aume that QQQ = GGG to how that RRR ·QQQ = 2πm.
Sce QQQ = GGG, we ca wrte

RRR·QQQ = RRR·GGG = (1aaa+2+3ccc)(p1aaa∗+p2∗+p3ccc∗) = 2π(1p1+2p2+3p3) (19)

Sce n1, n2, n3, p1, p2, ad p3 are all teger, the (1p1+2p2+3p3) equal a teger,
m, gg RRR ·QQQ = 2πm, Q.E.D.

Recprocal pace ca e ued for kowg what we ee o the detector durg SXRD. o
determe whch reecto that are le o the detector at a certa ample-detector
poto, the Ewald sphere construction¹⁶  ueful, ee Fgure 13.

I a 2D lattce, a crcle wth the radu k (the wae-ector, ge y Equato 10)  draw
o that the org, (0, 0),  o the permeter ad the cdet eam ector, kkk, tart  the
ceter of the crcle ad ed at (0, 0), gog  the cdet eam drecto. Te, the
catterg ector, kkk′,  draw from the ceter of the crcle to a lattce pot, (x,y), o the
permeter. Te recprocal lattce ector, QQQ,  draw from (0, 0) to (x,y), ad the catterg
agle etwee kkk ad kkk′  2θ. By tralatg kkk′ to tart at (0, 0), oe get the drecto
 whch the detector hould e placed to detect (x,y), ee Fgure 13. A ca e ee 
Equato 10, the radu of the Ewald phere  proportoal to the X-ray eergy, o the
eam eed to e moochromatc. [73]

Te cya axe  Fgure 13 dcate the aaa∗ ad ∗ ector  the recprocal lattce. Wth
ther help, we ca d out that the reecto oered o the detector  (−1, 2), ce

QQQ = −1 · aaa∗ + 2 · ∗ (20)

¹⁶Named after the Germa phyct Paul Peter Ewald (1888− 1985).
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Figure 13: The Ewald sphere construction in 2D. The radius of the Ewald sphere is the length of the wave-vector, and
it is proportional to the energy of the X-rays, see Equation 10. Here, the reflection at (−1, 2) is detected.
Recreation of Figure 1 in [75].

Te law of coe ge a expreo for Q2 (Equato 21) ad thu Q ( Fgure 13) 
ge y Equato 22. T ca e rephraed to a expreo for sin (θ), ee Equato 23.
[73]

Q2 = k2 + k2 − 2kk cos (2θ) = 2k2(1− cos (2θ)) = 2k22 sin2 (θ) (21)

Q = 2k sin (θ) =
4π sin (θ)

λ
(22)

sin (θ) =
Q
2k

=
1
2k

|haaa∗ + k∗ + lccc∗| = 1
2k


(ha∗)2 + (k∗)2 + (lc∗)2 (23)

For a cuc ut cell, Equato 23 ca e wrtte a

sin (θ) =
λ

2a0


h2 + k2 + l2 ⇒ θ = arcsin (

λ

2a0


h2 + k2 + l2) (24)
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Structure Factor

Te o-called structure factor, F,  ge y

Fcrytal(QQQ) =
∑

j

fj(QQQ)eQQQ·rrrj
∑


eQQQ·RRR , , j,  ∈ Z (25)

where the rt um  called the unit cell structure factor ad the ecod um  called the
lattice sum. Te tructure factor  proportoal to the quare root of the rod tety
(F ∝

√
I) ad t  uually plotted a a fucto of l. [73]

Not all reecto are allowed  BCC ad FCC tructure (ee Fgure 2). We ca ue
Equato 25 to d out whch reecto wll e allowed f we kow the ut cell of the
etgated materal. For the BCC ut cell, the Mller dce for the atom  the ceter
of the cell (the red atom  Fgure 2) are ( 12 ,

1
2 ,

1
2 ). For the FCC ut cell, the three lower

red atom  Fgure 2c hae the Mller dce (0, 12 ,
1
2 ), (

1
2 , 0,

1
2 ), ad (

1
2 ,

1
2 , 0). [73] Whe

calculatg the lattce um, t  good to rememer Euler’ detty¹⁷,

eπ·x =

{
0 f x  a odd teger
1 f x  a ee teger

(26)

Iertg the Mller dce to Equato 25 how the allowed reecto for BCC (Equa-
to 27) ad FCC (Equato 28), repectely. For BCC, the allowed reecto are the
oe where the um of h,k,l  ee. For FCC, h,k,l mut e ether all ee or all odd for
the reecto to e allowed. [73]

∑


eQQQ·RRR = eQQQ·0 + eQQQ·( 12 aaa+

1
2 +

1
2 ccc) = 1+ e(haaa

∗+k∗+lccc∗)·( 12 aaa+
1
2 +

1
2 ccc)

= 1+ e(
1
2 h+

1
2 k+

1
2 l)2π = 1+ eπ(h+k+l) =

{
2 f h+k+l  ee
0 f h+k+l  odd

(27)

∑


eQQQ·RRR = eQQQ·0 + eQQQ·( 12 aaa+

1
2 ) + eQQQ·( 12 aaa+

1
2 ccc) + eQQQ·( 12 +

1
2 ccc)

= 1+ e(
1
2 h+

1
2 k)2π + e(

1
2 h+

1
2 l)2π + e(

1
2 k+

1
2 l)2π

= 1+ eπ(h+k) + eπ(h+l) + eπ(k+l) =

{
4 f h,k,l are all ee or all odd
0 f h,k,l are mxed ee ad odd

(28)

¹⁷Named after the Sw mathematca Leohard Euler (1707− 1783).
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So, Equato 27-28 dcate that for a BCC lattce, the um of h,k,l mut e ee for a
allowed reecto, whle for a FCC lattce, h,k,l mut e ether all ee or all odd, ad ot
mxed, to hae a allowed reecto. BCC  real pace  FCC  recprocal pace ad ce
era (the crytal tructure  real pace  codered whe calculatg allowed reecto).
[73]

How aout SC, the? Well, ce the SC ut cell ha oe atomwthMller dce (0, 0, 0),
we get a tructure factor of 1 (Equato 29). Tu, all teger reecto are allowed for SC.

∑


eQQQ·RRR = eQQQ·0 = 1 (29)

Crystal runcaton Rods

I a te 3D crytal, catterg  otropc, producg dtct reecto. Te am
of SXRD, howeer,  to tudy urface, ad  order to maxme the urface gal, the
peetrato depth  lmted y lettg the eam ht the urface at grazg cdece. Due to
the roke perodcty at the urface, the catterg  o-otropc. T etal o-called
crystal truncation rods (CR) perpedcular to the urface. [73]

Why doe the trucated urface of the crytal caue treak tead of pot-lke tete?
o udertad th, we recall Equato 15, ut chagg RRR from a 3D ulk ector to a
2D urface ector, uch a  Equato 2. Howeer, QQQ  tll 3D due to catterg  all
drecto. T ge u that

RRR ·QQQ = (1aaa+ 2) · (haaa∗ + k∗ + lccc∗) = 2π(1h+ 2k) (30)

Now l doe ot hae to e a teger aymore, o tead of pot-lke reecto, we get
rod alog the whole l rage.

Fgure 14 how the deal rod otaed from SXRD. A 3D te crytal would ge
tety pke at teger Q, almot lke hfted Drac delta fucto¹⁸ (cya old le).
If we cut a at plae alog the crytal to create a 2D half-te crytal, the tety
pke ”leed toward” each other at low tety, creatg a wae-lke fucto (gree
old le). Bede CR – orgatg from the utrate ulk – there are alo surface
rods (SR), gg formato o whch urface tructure are aalale. A gle layer –
uch a a upertructure o the utrate – would ge re to a relately low, ee tety
pag all Q (mageta dahed le). [76]

¹⁸Named after the Eglh theoretcal phyct Paul Adre Maurce Drac (1902− 1984).
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Figure 14: Schematic drawing of the ideal CTRs from a 3D infinite crystal (cyan) and a 2D half-infinite crystal (green)
– i.e. basically a thick sample with a flat plane – and ideal SR from a 2D single layer (magenta). Recreation
of Figure 2 in [76].

Sce the od to urroudg atom chage at the urface, the top layer typcally relax
 the ertcal drecto. Te hape of the CR are ery ete to th. Geerally, f the
urface expad, the mma hft toward hgher Q, ad f the urface  compreed, the
mma hft toward lower Q. [76]

A example of real CR  how  Fgure 15. Te tructure factor of the CR extracted
from a clea Pt25Rh75(100) gle crytal (ued  Paper i ad Paper ii) are plotted a
fucto of l. Ee though the ulk  FCC, the urface  BC (compare to Fgure 4a,
where the rt ad ecod layer form the ae of BC). Accordg to Equato 27, h+k+l
mut e ee for the reecto to e allowed. Tu, (h,k) = (1, 0) (lack) ha a maxmum
at l = 1, whle (h,k) = (1, 1) (red) ha a mmum at the ame l. Cotug toward
hgher l, the (1, 0) wll hae maxma at l = 3, 5, 7 etc. ad the (1, 1) wll hae maxma at
l = 2, 4, 6 etc. Te dcotuty  the (1, 0)  caued y a tugte pece.

Fgure 16 llutrate chematcally the prcple for tralatg the crog of CR wth
the Ewald phere to detector mage. Fgure 16a how a catter plot wth reecto
allowed for the FCC lattce (ee Equato 28) dcated a red dc coected wth red
le. A mall part of the Ewald phere (aumg hgh X-ray eergy)  depcted a a lght
lue rectagle wth rouded edge. Whe the ample rotate, the Ewald phere rotate
wth t, cuttg the CR. A detector mage  created, ee Fgure 16, where the Bragg
reecto are ery rght (aout 107 tme rghter tha the CR). Terefore, ther
poto o the detector eed to e coered wth tugte pece,  order to ot detroy
the detector pxel. Wthout the protecto from the tugte pece, the detector could
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Figure 15: The (1, 0) (black) and (1, 1) (red) CTRs of a clean Pt25Rh75(100) single crystal. At l = 1, there is a maximum
for (1, 0) and a minimum for (1, 1). The discontinuity is caused by a tungsten piece protecting the detector
from the high-energy Bragg reflection.

e urt out due to oer-aturated pxel (th  uually oly a prolem  HESXRD). Te
CR o the left de of Fgure 16 correpod to the CR crog the Ewald phere 
the left part of Fgure 16a, ad ce era. [77] CR ad SR ca alo e dplayed  a
-plae map, ee Fgure 16c. Te h,k plae  here ewed alog the l ax. Te ample 
a Pt25Rh75(100) gle crytal wth a upertructure. Bede the Bragg reecto for the
(1, 0) ad (1, 1) (lack crcle), a (3 × 1) tructure (whte crcle) ca e ee. Note that
ce th  a mage of recprocal pace, there are reecto at ( 13 , 1) ad ( 23 , 1).

Aalyg CR prode formato aout the atomc tructure, ee for ery th lm
(< 10 m) [76]. Te rod tety  proportoal to the quare of the atomc umer, .e.
I ∝ Z2. T mea that heay elemet ge re to much more tee CR ad SR
tha lght elemet. Howeer, we may tll detect the preece of lght elemet o the
urface. For tace, ee though X-ray are ot ery ete to O atom compared to
heaer metal atom [72], tructure chage caued y oxyge duced egregato ca e
dcoered y SXRD.

If there  le roadeg  the rod, t  a g of doma o the crytal. It  pole
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Figure 16: (a) Schematic plot of CTRs crossing the Ewald sphere during rotation. Recreation of Figure 2d in [38]. (b)
Maximum intensity HESXRD image with CTRs of a clean Pt25Rh75(100) single crystal. Recreation of Figure 2a
in [38]. (c) In-plane map displaying the (3× 1) structure on Pt25Rh75(100). The black circles mark the Bragg
reflections and the white circles mark the superstructure.

to calculate the aerage ze of thee doma y ug the Scherrer equato¹⁹,

τ =
Kλ

β cos θ
(31)

where τ  the aerage doma ze, K  a dmeole hape factor ≈ 1, λ  the X-ray
waelegth, β  the le roadeg at the FWHM (full wdth at half maxmum) of the
rod after utractg the trumetal roadeg (ut: rad), ad θ  the Bragg agle.
[57]

¹⁹Named after the Sw phyct Paul Scherrer (1890− 1969).

29



SXRD Setup

Fgure 17 how the SXRD etup. X-ray ht the atom  the ample ad dract toward
a detector whle the ample  rotatg aroud t perpedcular ax. o maxme the
urface-to-ulk gal, the ample  tlted at a low grazg cdece agle maller tha
the crtcal agle of total reecto (for X-ray, the refracto dex  lower tha 1 ad
we ca get exteral total reecto tead of teral total reecto a we get for le
lght). Te cdece agle  alo how  Fgure 17, ad t  uually ery mall, aout
005− 02◦ depedg o the X-ray eergy (hgher eergy etal lower crtcal agle).

Figure 17: Schematic drawing of the SXRD setup.

Coetoal SXRD ue a X-ray eergy  the rage of 10 − 20 keV, whle HESXRD
ue X-ray wth much hgher eergy (>∼ 70 keV). A ca e ee  Equato 10, the
wae-ector  proportoal to the eergy (k ∝ E), ad thu hgher X-ray eergy etal a
larger ad ”atter” Ewald phere, dplayg a larger part of the recprocal pace. [75, 77]
For th the, mot HESXRD expermet hae ee coducted at the Swedh Materal
Scece Beamle (P212) [12] at PERA iii, DESY  Hamurg, Germay.

Whe X-ray dracto  made o polycrytalle th lm ample, a  Paper iv, t 
called grazing incidence X-ray diraction (GIXRD).Tema derece etwee SXRD ad
GIXRD  that the latter  ued for ample cotg of o may crytallte of deret
oretato that the CR geerally caot e oered, ce they wll go  all drecto.
Oe caot tudy the urface tructure  uch ample, ce CR are eeded for that
ad the urface gal  too wdely pread to e ee. Otherwe, SXRD ad GIXRD hae
the ame operatg prcple. [78]
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ransmsson Surface Dracton

ransmission surface diraction (SD)  a techque that remd of SXRD, ut tead
of httg the ample at a low grazg cdece agle, the X-ray eam  peetratg the
ample. Te tramo mode ha ome adatage compared to coetoal SXRD.
By lettg the X-ray trael traght through the ample, a larger part of the recprocal pace
ca e acceed  oe meauremet, wth le ulk catterg ad horter acquto tme
(though the tme apect  le of a prolem HESXRD).Te -plae atomc arragemet
ca e maged drectly ad the terface ca e etgated, e.g. the terface etwee Pd
ad PdO. Te ample  mouted orthogoally to the eam, ee Fgure 18. [79, 80] Te
meauremet were performed at the Hgh-Eergy Beamle for Bured Iterface Structure
ad Materal Proceg (ID31) [24] at ESRF  Greole, Frace, efore I tarted my
PhD.

Figure 18: A TSD sample holder with a Pd(001) single crystal inserted.

Fgure 4  Paper iii how a SD mage dplayg eptaxal PdO(100) o Pd(100). Frt,
a mage wa recorded at reducg codto. Te, the codto were gradually chaged
to e ery oxdg, ad a ew mage wa recorded. Te ”reduced” mage wa utracted
from the ”oxded” mage, to remoe ackgroud. Te reult of th mage utracto  a
patter where the dracto pot for eptaxal PdO(100) o Pd(100) are dcated wth
red crcle, whch hae larger rad for reecto wth hgher expected tety.
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Low Energy Electron Dracton

Low energy electron diraction (LEED)  a tadard techque for determg the urface
tructure of crytalle ample. Te rt LEED expermet wa performed  1927 y the
Amerca phyct Clto Dao (1881− 1958) ad Leter Germer (1896− 1971)
[81], where they cormed the de Broglie hypothesis²⁰,

λ =
h√
2meE

⇒ λ(Å) ≈
√

1506
E(eV)

(32)

that tell u that partcle are alo wae. Here, λ  the waelegth of the electro, h 
Plack’ cotat, me  the electro ma, ad E  the ketc eergy of the electro eam.
[33]

Te LEED etup  how  Fgure 19. A electro gu emt a moochromatc electro
eam wth a eergy omewhere  the rage of 0 − 1 keV. Te eam ht the ample
ad the electro are dracted ad elatcally ack cattered toward a phophor cree.
Te eergy rage where thee electro ca e aalyed  20 − 1000 eV (correpodg
to a waelegth of 2744− 0388 Å, accordg to the mplcato of Equato 32), ad
they hae a elatc mea free path (IMFP) of 5− 20 Å. Before reachg the cree, the
electro trael through four cocetrc grd. Grd 1 ad 4 are earthed  order to create
a eld free rego. Grd 2 ad 3 lter away elatcally cattered electro, o that oly
elatcally cattered electro reach the cree. [33]

Fgure 20 how LEEDmeauremet o a Pt25Rh75(100) gle crytal. Whe the crytal
 clea (Fgure 20a), a mple (1×1) tructure  ee. After oxdg the crytal, a (3×1)
upertructure form (Fgure 20). LEED ge a mage of the recprocal lattce. Com-
parg Fgure 20 to the HESXRD -plae map  Fgure 16c, oe ca ee the mlarty
 the dracto patter.

²⁰Named after the Frech phyct ad artocrat Lou-Vctor Perre Raymod de Brogle (1892− 1987).
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Figure 19: Schematic drawing of the LEED setup. Recreation of Figure 2.13 in [33].

Figure 20: LEED images captured on a Pt25Rh75(100) single crystal in clean state (a), and with a (3× 1) superstructure
with O (b).
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Ambent-Pressure X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS)  a techque that allow chemcal aaly of urface.
It  ult upo the photoelectrc eect, .e. photo duced electro emo, ee Fg-
ure 21. T eect wa dcoered y the Germa phyct Herch Hertz (1857− 1894)
 1887 ad explaed y the Germa theoretcal phyct Alert Ete (1879− 1955)
 1905, rederg hm the Noel Prze  Phyc  1921. I 1954, the Swedh phyct
Ka Segah (1918− 2007) ad coworker ued a hgh-reoluto electro pectrometer
to ota pectra where the charactertc peak of X-ray photoelectro were clearly le.
T wa the reak-through of XPS, ad Segah receed the Noel Prze  Phyc 
1981 for deelopg the electro pectrocopy for chemcal aaly (ESCA). [82]

Figure 21: Schematic drawing of the principle of XPS. Recreation of Figure 2.3 in [33].
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Te prcple of XPS  how  Fgure 21. A electro wth the dg eergy EB 
old tate  excted y the photo eergy, hν. If th eergy  hgh eough to moe the
electro hgher tha the vacuum level, the electro  emtted from the atom ad get the
ketc eergy Ek. Te Fermi level²¹, EF,  the hghet occuped tate the electro ca
hae wthout leag the atom, ad the eergy derece etwee the acuum leel ad
the Ferm leel  called the work function, Φ. [33] Te EB of the emtted electro  ge
y

EB = hν − Ek − Φ (33)

EB  uually calrated to EF, ad t  pecc for deret elemet. EB  alo aected y
the urroudg, e.g. for oxyge, we get lghtly deret EB depedg o f the oxyge
ext a O2  the ga-phae, a part of a oxde, or a chemored o the urface. T
 called chemical shifts ad deped o chage  the dg tregth de the atom a
t react wth other atom  t urroudg. Smlarly, atom of the ame elemet hae
deret EB depedg o f they are  the ulk or  the urface. [33]

Te XPS pectrum how tety a a fucto of EB, ut tead of harp, well-deed
le, there are more or le road peak  the pectra. Tere are three roadeg cotr-
uto to a XPS peak: instrumental broadening, the excitation life time, ad asymmetry.
Te peak hape wll e a cooluto of thee cotruto.

Te trumetal roadeg  due to mperfecto  the expermetal etup, a well a
the ”huma factor”. It ge re to a Gaua hape²² of the peak. Te exctato lfe tme
 the tme etwee exctato ad deexctato of a electro. Accordg to Heisenberg’s
uncertainty principle²³,

ΔE · Δt ≥ ℏ (34)

we caot meaure oth eergy ad tme wth great preco. Due to a lmted lfe tme
(Δt), the meaured dg eergy (ΔE)  ot tely harp, rather the peak get a
Loretza hape²⁴. Te aymmetry of the XPS peak  caued y mall exctato aroud
the Ferm leel, ad together wth the Loretza, t caue the o-called Doniach-Šunjić
(D-S) line shape²⁵ [83].

²¹Named after the Itala phyct Erco Ferm (1901− 1954).
²²Named after the Germa mathematca, geodet, ad phyct Carl Fredrch Gau (1777− 1855).
²³Named after the Germa phyct Werer Heeerg (1901− 1976).
²⁴Named after the Dutch phyct Hedrk Loretz (1853− 1928).
²⁵Named after the Brth-Amerca phyct ad profeor Seata Doach (. 1934) ad the Croata

phyct, profeor, ad dplomat Marja Šujć (. 1940).
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TeXPS oftware eed the followg put: dg eergy, tety, trumetal road-
eg, lfe tme, aymmetry ad ackgroud. Te t calculate a theoretcal XPS pectrum
that the expermetal data ca e compared to.

Whe elemet traform to compoud, ther XPS peak may hft. For tace, the
Pd3d5/2 peak hft a lttle upward whe the Pd  oxded [84]. Some peak may oerlap,
e.g. the O1 ad Pd3p3/2 peak [64], ut that doe ot caue ay prolem to detect the
urface oxde.

XPS  ofte performed  acuum, ut t  alo pole to perform amet-preure XPS
(APXPS). Te preece of the may molecule  the urroudg ga-phae hder the
photo are from reachg the detector. o oercome th prolem, the dtace etwee
the ample ad the aalyer  kept a hort a pole. Ide the aalyer, there are eeral
acuum chamer wth pump, lowerg the preure more ad more utl the preure
at the detector  aout 10−8 mar. Te orce etwee the chamer ad at the muzzle
of the aalyer are ery mall, o electroc lee are eeded to focu the eam ad aod
catterg.

We hae performed APXPSmeauremet o PdAu/Al2O3(0001) at the Amet-Preure
Soft X-ray Photoelectro Spectrocopy (Beamle 932) [27, 28, 29] at ALS (Adaced
Lght Source)  Berkeley, Sa Fracco  Calfora, USA.

Densty Functonal Teory

Te electroc tructure of atom, molecule, ad old ca e calculated ug density
functional theory (DF). T computatoal method  ult o the fudametal law of
quatum mechac ad ca prode a quattate udertadg of materal properte.
[85] Te DF calculato  th the hae ot ee doe y me – they were performed
y Dr. Herk Gröeck at Chalmer Uerty  Gotheurg, Swede – ut a DF
ha ee ued  Paper i ad Paper ii  order to calculate the atomc poto  deret
urface cogurato o Pt25Rh75(100), a hort troducto to the ac of DF 
cluded  th the.

A the ame ugget, DF ue the electro dety  a ytem to calculate t total eergy.
Coder a ytem wthM ucle adN electro. Te eergy of the ytem  decred y
the electroc wae-fucto, Φ(RRR1, ,RRRM, rrr1, rrrN). Te ucle ad electro  the y-
tem hae ketc eergy (ucl ad el, repectely) ad the electrotatc eld of the ucle
ha potetal eergy from teractg wth each other ad wth the electro (Vucl−ucl
ad Vucl−el, repectely). Tere  alo potetal eergy from the teracto etwee the
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electro (Vel−el). Te um of thee cotruto dee the Hamiltonian operator²⁶ (H)
of the ytem, ee Equato 35. [86]

H = ucl + el + Vucl−ucl + Vucl−el + Vel−el (35)

Hag the Hamltoa, the total eergy  otaed y olg the Schrödinger equation²⁷.
We ca ole the Schrödger equato (Equato 36) f the wae-fucto Φ  kow.
[86]

HΦ(RRR, rrr) = EΦ(RRR, rrr) (36)

Howeer, ecaue of the Pauli principle²⁸, whch tate that each electro mut hae a
uque tate, ad the may-ody character of the Vel−el teracto, the Schrödger equa-
to ca e oled aalytcally oly for oe-electro ytem. Tu, method hae ee
deeloped to ole the Schrödger equato umercally. [86]

A rt tep to ole the Schrödger equato  to apply the Born-Oppenheimer approxima-
tion²⁹  whch ucle ad electro are treated eparately. T  a reaoale approxma-
to a the electro  much lghter ad much fater tha a atom (wth Z ≥ 3). Tu, the
rt tep  to aume xed poto for the atom ad to ole the Schrödger equato
for the electro  the exteral potetal of the ucle. [86]

Te three pero who lad the foudato to DF were the Frech-Amerca theoretcal
phyct Perre C. Hoheerg (1934−2017), the Autra-Amerca theoretcal phyct
ad theoretcal chemt Walter Koh (1923 − 2016), ad the Amerca phyct Lu Jeu
Sham (. 1938) [85]. Tey worked out the theoretcal framework durg the 1960’, whch
ha made DF a feale method for olg urface related prolem. Hoheerg ad
Koh howed that  a homogeeou electro ga, where the electro teract wth
each other  a exteral potetal, the potetal  determed y the groud tate electro
dety o that the eergy  the ytem  mmed [87]. Oe year later, Koh ad Sham
deeloped the theory ad uggeted that tead of tryg to calculate the electro dety
 a may-electro ytem, the electro dety ca e otaed y calculatg a et of
elf-cotet gle-electro equato [88].

Tere are eeral deret oftware, whch hae mplemeted DF for electroc tructure

²⁶Named after the Irhmathematca, atroomer, ad phyctWllamRowaHamlto (1805−1865).
²⁷Named after the Autra-Irh phyct Erw Schrödger (1887− 1961).
²⁸Named after the Autra theoretcal phyct Wolfgag Ert Paul (1900− 1958).
²⁹Named after the Germa-Brth phyct admathematcaMax Bor (1882−1970) ad the Amerca

theoretcal phyct Julu Roert Oppehemer (1904− 1967).

37



calculato of molecule, urface, ad ulk materal. Te oftware ued for the calcula-
to  th the  VASP (Vea Ab-initio Smulato Package) [89, 90, 91].
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Summary of Papers

Paper i: Te (3×1) and c(8×2) Oxygen Structures Formed on a
Pt25Rh75(100) Model Catalyst Durng CO Oxdaton

We performed CO oxdato a a model reacto o a Pt25Rh75(100) model catalyt dur-
g a commog eamtme. We foud three deret tructure, amely a (3 × 1)
recotructo wth chemored O uder mldly oxdg codto, a c(8× 2) urface
oxde uder trogly oxdg codto, ad a c(2× 2) urface tructure uder reducg
codto ad eleated temperature. T paper decre the oxyge tructure, whle the
c(2× 2) tructure  decred  Paper ii.

Te (3× 1) ad c(8×2) urface are preouly kow to form o oth Rh(100) [51, 58,
66, 67, 92] ad PtRh(100) [15, 16, 19, 63, 65]. Quattate aaly of SXRD ha ee
doe for the c(8×2) o oth pure Rh(100) [66] ad o Pt25Rh75(100) [58]. Quattate
LEED aaly ha ee doe o (3 × 1) o Pt25Rh75(100) [16], ut to our kowledge,
the (3× 1) rod otaed y SXRD hae ot ee aalyed quattately o PtRh(100).

DF calculato were ued to optme the atomc poto  the (3× 1) recotructo
wth chemored O ad a c(8× 2) urface oxde o PtRh(100). Te CR ad SR of
thee tructure were mulated ad compared to the expermetal data. We got well-ttg
rod for (3×1), the mulato how  Fgure 2  Paper i are ot optmed further. Te
(3×1)  a ”hfted row” recotructo, where Rh ha egregated to the urface, eery thrd
atomc row  the top Rh layer  hfted y half the urface lattce cotat ad oxyge
atom are adored  the reultg three-fold hollow te to a coerage of 23 ML, 
perfect agreemet wth preou tude [16, 66].

Howeer, the c(8 × 2) proed more dcult to t. Fgure 4  Paper i how that we
dd ot get a good t for the expected trlayer urface oxde. Howeer, we got reaoale
agreemet whe we mulated three deret tructure coextg at the urface. Tee
tructure were: () a metallc urface, () the trlayer urface oxde, ad () two trlayer
tacked o top of each other, eparated y a pare Rh layer. Whe optmed, thee three
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tructure occuped the urface to the followg extet: () 32%, () 46%, ad () 22%,
wth a 34% occupacy of the pare layer, whch well wth error marg match 13 a
Gutafo et al. [93] uggeted for a correpodg tructure. Tu, the et t for the
c(8× 2) tructure  a comato of the ormal trlayer urface oxde, a doule trlayer
eparated y a pare Rh layer, ad a metallc urface.

Te reult  Paper i how that the well-documeted oxyge tructure o PtRh(100) ca
e aalyed quattately.

Paper ii: A c(2×2) Reconstructon of Pt25Rh75(100)

T maucrpt  the ”ecod part” of Paper i, prodg a tatu report for the determa-
to of the uexpected c(2×2) tructure o Pt25Rh75(100) uder reducg codto ad
eleated temperature. We hae ot yet foud ay atfyg t for the CR ad SR  the
expermetal data, whch alo agree wth DF calculato. Howeer, for th the, we
decre what we hae doe o far ad what hypothee we hae tred, a well a commet
o the et t we hae otaed o far.

Itally, our terpretato wa that CO adored  atop te  a c(2 × 2), wth a pref-
erece for Rh atom, hece ducg orderg of the urface layer. Aaly of the SR,
howeer, made t clear that the tructure  ot a mple urface tructure, ut t exted
aout 3 layer to the ample.

Seeral deret urface cogurato were mulated, ad the et t, how  the ma-
ucrpt, look ery good. Te correpodg model cot of a top layer wth lghtly
erchmet  Pt. Te c(2 × 2) orderg  maly ee  the thrd layer, whch corre-
podgly ha a Pt:Rh rato ery cloe to 50:50. Te ecod layer  ery Pt rch, whle
layer 1, 4, ad 5 how maller erchmet  Pt. All thee e layer how a tedecy to
dplay c(2× 2), whle elow thee, the layer hae a radom ulk mxture. It  proaly
ot realtc to hae th much Pt  the ear-urface rego, a the alloy ha a Pt:Rh rato
of 1:3. Hece, the work  tll ogog.

Although the c(2×2) tructure  ot oled yet, th tudy emphae oe of the tregth
wth HESXRD, or rather the ue of a large 2D detector. If we had ued a coetoal
SXRD etup, we would proaly ot hae dcoered the c(2 × 2) SR, ce a much
maller part of the recprocal pace would hae ee maged o the detector.
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Paper iii: Formaton of Eptaxal PdO(100) Durng the Oxdaton
of Pd(100)

I th paper, the oxdato of Pd(100)wa tuded y PD, LEED, ad in situSD. It wa
foud that a eptaxal, multlayer PdO(101) tructure form at 500 K³⁰, ut f the oxd-
ato tart at a temperature aoe 600 K, a eptaxal PdO(100) tructure grow together
wth the PdO(101) tructure. Te lattce ector of PdO(101) are rotated 266◦ relate to
the lattce ector of the utrate to mme the tra eeded to t the utrate. Tu,
the th PdO(101) ha a (

√
5 ×

√
5)R27◦ ut cell wth repect to the Pd(100) lattce.

T rotato  ot oered for PdO(100) o Pd(100). Te oxde formg at hgher tem-
perature ecome thcker (15ML compared to 55ML), more rough, more heterogeeou,
ad le tale, ce t decompoe at lower temperature. Te explaato to the deret
oxdato ehaour at deret temperature  that the talty of mall PdO doma
chage wth temperature. Oly PdO doma that are large eough grow to a thck
PdO(100) lm uder meta-tale ucleato codto.

Paper iv: Alloyng and Oxdaton of PdAu Tn Flms

Te dea of th tudy  aed o a methae oxdato tudy o a Pd(100) gle crytal
from 2012 yHellma et al. [4]. Te catalytc actty wa foud to creae wth creag
temperature ad oxde thcke up to a certa pot, ad the the actty decreaed whle
the oxde cotued to grow thcker, ee though the temperature wa tll creag.
Whe the oxde decompoed, howeer, the catalytc actty creaed aga. A pole
explaato  that the th PdO lm expoe the catalytcally acte (101) oretato, ut
whe the oxde grow thck eough, t expoe the (100) oretato, whch  catalytcally
low-acte (compare to Paper iii).

By alloyg Pd wth a ert metal uch a Au,  t the pole to lmt the oxde growth
compared to pure Pd ad tale PdO(101) tead of PdO(100)? T wa the cope of
our paper. We tuded metallc th lm ample, cotg of a apphre utrate wth
a Pd lm ad a Au lm depoted o top, ug GIXRD at P212 [12] to d out whe
alloyg ad oxdato occurred.

A expected, PdAu more dcult to oxde compared to pure Pd. Howeer, the mparg
eect o PdO formato y Au wa urprgly large. Pure Pd wa oxded at a O2
preure of 15 mar, whle the O2 had to e creaed to 10 mar to oxde Pd15Au05 ad
Pd10Au10. Pd05Au15 could ot e oxded ee at 500 mar O2. Whe Pd wa depoted

³⁰Named after the Brth mathematca, mathematcal phyct, ad egeer Wllam Tomo, a.k.a.
Lord Kel, (1824− 1907).
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o top of Au, the ample ecame more ealy oxded.

Te degree of orderg wa etmated for oth the metallc phae ad the oxde phae, a
well a the degree of oxdato. PdAu wa foud to e more ordered tha pure Pd, ad
the preferetal order wa Pd(111). For the oxde to ecome well-ordered, aealg the
ample  acuum, pror to oxdato, wa a requremet;  the cae where the ample
had ot ee aealed pror to oxdato, the oxde dd ot how a preferetal order. Te
domatg oxde oretato o mot ample wa (100), .e. the urface oretato we
hoped to aod. Howeer, t wa foud that hgher Au cocetrato etal le oxde ad
more (100), whle lower Au cocetrato etal a th (101) oxde. Our et reult were
from the Pd15Au05 ample, where 95% of the metal ad 64% of the oxde were ordered.
Te ordered oxde dplayed 51% (101), 35% (100), ad 14% (110).

Oe peculato from our de  that the chaged lattce cotat of the PdAu alloy com-
pared to pure Pd caue talato of aother urface oretato, ad f Pd wa alloyed
wth aother metal wth a lattce cotat more mlar to that of Pd, perhap PdO(101)
would e taled. Pt ad Pd hae rather mlar lattce cotat, whle that of Au  lar-
ger. Furthermore, accordg to theoretcal calculato, Pt ha pote egregato eergy
 a PdPt alloy whle Au ha egate egregato eergy  a PdAu alloy, ad thu Pt would
egregate deeper to the ulk tead of toward the urface, a Au would [94]. Te the
urface would e Pd erched ad eaer to oxde.

Paper v: Oxdaton of PdAuTn Flms and the Subsequent Reduc-
ton by CH4 and Heat

T APXPS tudy  a cotuato of Paper iv. We oxded a Pd15Au05/Al2O3 th lm
ample ad reduced the oxde wth methae. We oth oxded the ample fully ad formed
a th oxde.

I Paper iv, a O2 preure of 10 mar wa requred to oxde Pd15Au05, ut  th tudy,
oxdato happeed at 1 mar O2. Te reao for th wa proaly that the preure
wa et efore rapdly creag the temperature. It wa pole to reduce the oxde wth
methae. Te reducto wa lowed dow a we reached a oxyge coerage correpodg
to urface oxde, ut a metallc patche were appearg, the ret of the oxde wa reduced
relately quckly.

Te th oxde wa detaled y the preece of Au  the utrate ad wa reduced 
acuum at 280◦C³¹. Te oxde decompoed dow to two layer.

³¹Named after the Swedh atroomer, phyct, ad mathematca Ader Celu (1701− 1744).
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Conclusons and Outlook

T the preet the reult of oxdato cataly o alloy model catalyt uch a a
Pt25Rh75(100) gle crytal (Paper i ad Paper ii) ad PdAu/Al2O3(0001) th lm (Pa-
per iv ad Paper v), a well a PdO(100) formato o Pd(100) (Paper iii). Paper i how
the mulato of twowell-kow oxyge tructure o the PtRh metallc ytem, amely
a (3× 1) recotructo wth chemored O (formed uder mldly oxdg codto)
ad a c(8×2) urface oxde (formed uder trogly oxdg codto). A thrd – uex-
pected – tructure formed o the Pt25Rh75(100) gle crytal uder reducg codto
ad eleated temperature, amely a c(2 × 2) tructure, whch we attempted to aalye 
Paper ii (t proed to e more dcult tha we expected). Paper iii preet a LEED, PD,
ad SD tudy o CO oxdato oer Pd(100). Paper iv uld o the tudy y Hellma
et al. [4] were they performed methae oxdato o Pd(100) ad realed that a thck
PdO lm lead to low catalytc actty. Te am of Paper iv wa to lmt the PdO thcke
y ug PdAu tead of pure Pd, ut t tured out that amog the arou urface oret-
ato we could oere, PdO(100) wa oe of them. Paper v  a complemet to Paper iv,
a APXPS tudy of the PdAu th lm ample wth the lowet Au cocetrato (25%).

Te tool we hae ued to aalye the rod  Paper i ad Paper ii hae ther lmtato. Te
oftware ANAROD [95] ad WROD [96] were ued for the quattate aaly of the
rod. ANARODca oly hadle two cocdg urface tructure plu the ulk termated
urface, whle WROD ca hadle up to three urface tructure multaeouly. Ug
aother oftware that ca hadle more urface tructure extg multaeouly could e
a alterate. I Paper ii, we decre our attempt to recreate the c(2×2) tructure, whch
were le ucceful. Howeer, f we would try wth the ame codto ad ary them a
lttle, we could hae the polty to creae the udertadg of whe the c(2 × 2)
tructure form o PtRh(100).

PdAu wa – ot urprgly – more dcult to oxde tha pure Pd. We had to ”go ack”
from tryg to oxde CO or methae to expoe the ample to oly O2,  order to form
PdO.Te PdO grow o the PdAu alloy wa to a larger degree oreted a PdO(100) tha
we expected. T mght e related to the lattce cotat whch creae wth the amout
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of Au  the alloy (PdAu follow Vegard’ law ery well [97]). Te orderg of the metallc
phae wa motly (111), whch  ot a ope a the (100) urface [34]. T may aect
adorpto ad catalytc ehaour, a t ha ee how that PdAu(100) exht etter
catalytc actty for O2 docato tha PdAu(111), due to the more otructg urface
cogurato of the latter, makg t more dcult for the O2 to ador ad docate [98].
We hae a dea of adjutg the alloy’ lattce cotat y ug PdPt tead of PdAu, ce
Pt ha a lattce cotat cloer to that of Pd. Te the lattce cotat of the PdPt hould
ot e too far from the Pd lattce cotat. We hae tred the ame HESXRD expermet
o PdPt/Al2O3(0001) a we dd o PdAu/Al2O3(0001), though the reult are ot yet
aalyed to the degree that we ca ay f we could aod PdO(100) or ot. Aother dea
for future tude of the PdAu alloy  ug lower Au cocetrato (< 25%), ce a low
Au cotet  the PdAu alloy eem to etal a ther PdO lm ad gger proalty of
expog the (101) urface oretato.

Oe thg I hae thought aout durg eamtme  a way to mproe the algmet
proce. Algg the crytal  the HESXRD chamer ca e qute dcult. Epecally
whe we are heatg or coolg the ample, ecaue of expao ad cotracto. Te
we may eed to realg the ample efore each meauremet, a the temperature chage.
I thk t would e practcal to hae ome kd of automatc algmet, uch a a crpt
you ca ru to let the computer do the algmet tead of the cett dog t maually.
Deelopg uch a crpt mght e trouleome, though. My programmg kll are, at
the tme of wrtg, too rudmetary for me to tell whether the programmg part would
e dcult for a more expereced programmer, ut tetg the code could caue eere
damage to the detector f ome error caue the drect eam to ur the detector. It could
e cotly to deelop a algmet crpt f t mea we hae to acrce detector for th
purpoe. Howeer, f we had a automatc algmet procedure, ad t wa trutworthy
ad ecure, we could aod ad meauremet caued y ad algmet ad get etter ad
more relale data out of our HESXRD meauremet.

How far  the tep from model catalyt to dutral catalyt? A decred  the ec-
to Model Catalysts  the chapter Surface Science and Catalysis, the catalyt we tudy 
the laoratory are ot qute the ame a the catalyt ued  dutry. Te derece 
materal, preure, ad complexty are qute large. Already  1977, Sfelt wrote the
followg [8]:

”For a metallc catalyt to e of teret for dutral applcato, t  e-
ceary that t e prepared  a hgh urface area form ad that t e retat
to lo of urface area durg ue.”

If 1‰ of the atom  the catalyt  a urface atom, the the urface area of that catalyt
would e∼ 1 m2/g [8]. o hae th, we would eed to hae a ely groud powder. If we
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take Pd a a example, wth t lattce cotat of 389 Å, ad aume phercal partcle,
thee partcle would eed a dameter of ∼ 23 µm. Tu, our gle crytal ad th
lm ample hae way too low urface-to-ulk rato. T  why aopartcle o the
meocopc cale are ued for dutral catalyt [31].

ryg to trato from ”la codto” to ”real codto” ad tudyg the catalytc-
reacto-duced urface chage would e ery demadg [15]. Tere are eeral order
of magtude more partcle at amet preure compared to UHV, ad the ample would
e gcatly more drty tha uder acuum codto. A  kow, the urface com-
poto der gcatly from the ulk compoto [9] ad od etwee the metal
atom ad urroudg atom, e.g. O, ca caue uteded egregato of atom where
they are ”ot uppoed” to e [2].

Ee f the materal ad preure gap etwee model catalyt ad dutral catalyt are
tll wde, eery tep to rdgg them cout. Hopefully, we hae maaged to cotrute
to the udertadg of urface recotructo ad how they ca e utled  cataly
reearch.
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