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Popular Scentc Summary

A catalyt  a utace that eale a chemcal reacto wthout eg ued up  the
proce. For example, a catalyt  a car ege eale the proce of traformg caro
mooxde to caro doxde. T proce ha a much hgher chace of happeg whe
performed o a urface, compared to  ar, a the oxyge molecule mut plt to atom,
whch  much eaer o a catalyt urface tha  ar. Deret urface wll aect the
proce deretly, ad udertadg the tructure of the urface prode ght to
uldg etter catalyt urface.

Ee though catalyt are ofte utled  the dutry, there are large gap  the kow-
ledge aout what actually happe o the urface at the atomc leel whe catalytc reacto
occur. Catalyt deelopmet ha motly ee doe y tral-ad-error, .e. deret com-
ato of materal, temperature, preure etc. are teted for ealuato. T method
take a lot of tme, ad t  alo ery cotly. Terefore, t  derale to kow what happe
o the atomc cale, to etter predct how ueful a certa catalyt .

Oe way to mproe catalyt  to ue alloy, .e. mxture of two or more metal. Al-
loy cotag oe catalytcally acte metal ad oe more ert metal ofte how etter
catalytc properte compared to the pure elemet. Whe a metal  part of a alloy, t
dg properte chage, ad atomc egregato ca lead to urface tructure that aect
the catalytc fucto of the urface.

I th the, I hae tuded the urface of two alloy, amely platum-rhodum ad
palladum-gold, ug a techque called surface X-ray diraction. Hgh-eergetc X-ray
ht the atom  the ample urface ad catter toward a detector, producg a mage of
the X-ray catterg. Such dracto mage ca tell u what the urface tructure look
lke, ad how t chage durg the catalytc proce.

We performed caro mooxde oxdato o the platum-rhodum ample  order to
ealuate a ew eamle. We choe th alloy ample ecaue t well-tuded ad we kew
what to expect, ut hopefully we could lear omethg ew a well. We expoed the ample
to a cotat ow of caro mooxde ad a aryg ow of oxyge. At termedate ad
hgh oxyge ow, we foud two oxyge tructure that were expected. At low oxyge ow,
howeer, we expected a dordered urface ut foud a well-ordered tructure reemlg a
checkeroard patter. Tee three tructure were compared wth theoretcal mulato
of how the urface of the platum-rhodum ample mght look lke at the atomc cale.

Palladum-gold ample wth aryg palladum-gold-rato were oxded a a cotuato
of a preou tudy ofmethae oxdato oer a palladum ample. Whe the oxde grew too
thck, the catalytc actty decreaed, ut whe the oxde decompoed, the catalytc actty
creaed aga. Oe theory  that the thck palladum oxde expoe a low-acte urface
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oretato, whle the th oxde expoe a hgh-acte urface oretato. Te dea ehd
the palladum-gold project  that the gold hould lmt the amout of palladum that could
e oxded, o that the oxde would rema th eough ad expoe the hgh-acte urface
oretato. Te reult of the oxdato expermet wa that we otaed a mx of deret
urface oretato, motly the low-acte oe. Howeer, t eem lke the ample wth
lower gold cocetrato howed more of the hgh-acte urface oretato. Terefore, t
would e worth to redo the expermet wth ample cotag more palladum ad le
gold.

We alo ued a techque called ambient-pressure X-ray photoelectron spectroscopy o the th
lm ample wth the hghet palladum-gold-rato whle oxdg the ample ad the
reducg the oxde wth methae. T expermet upported preou tude howg
that ome urface are more catalytcally acte tha other. We alo foud that the ample
could e oxded at lower oxyge preure tha we had oered  our urface X-ray
dracto tudy. Te preece of gold  the utrate eemed to make the palladum
oxde le tale.

x



Populäretenskaplg Sammanfattnng

E katalyator är ett äme om möjlggör e kemk reakto uta att förruka uder
procee. ll exempel möjlggör e katalyator  e lmotor procee att omadla kol-
mooxd tll koldoxd. Dea proce har mycket högre cha att häda är de gör på e
yta jämfört med  lufte, då yremolekyle måte dela  atomer, lket är mycket lättare på
e katalyatoryta ä  luft. Olka ytor påerkar procee olka och förtåele a yttrukture
ger kt  hur ma ygger ättre katalyatorytor.

rot att katalyatorer ofta aäd  dutr å är det mycket om te är kät om ad
om faktkt häder på yta på atomå är katalytka reaktoer ker. Katalyatoruteck-
lge har metadel kett geom att proa g fram med olka komatoer a materal,
temperatur, tryck etc. om teta för utärderg. Dea metod tar mycket td, och de är
deutom mycket kotam. Därför är det ökärt att eta ad om häder på atomkala
för att ättre kua förute hur aädar e  katalyator är.

Ett ätt att förättra katalyatorer är att aäda legergar, d... ladgar mella tå
eller era metaller. Legergar om ehåller e katalytkt akt metall och e mer ert
metall uppar ofta ättre katalytka egekaper jämfört med de rea grudämea. När
e metall är del a e legerg å ädra de dgegekaper och atomegregerg ka
leda tll yttrukturer om påerkar yta katalytka fukto.

I de här ahadlge har jag tuderat ytora ho tå legergar, ämlge plata-rodum
och palladum-guld med e tekk om kalla ytröntgendiraktion. Högeergetka röt-
getrålar träar atomera  proyta och prd mot e detektor, lket kapar e ld a
rötgeprdge. Sådaa draktolder ka erätta för o hur yttrukture er ut
och hur de förädra uder de katalytka procee.

V utförde kolmooxdoxderg på plata-rodumproet för att utärdera ett ytt trålrör.
V alde detta ytem för att det är ältuderat och  te ad  kulle äta o, me för-
hoppg kude  lära o ågot ytt ockå. V expoerade proet för ett kotat öde
a kolmooxd och ett arerade öde a yre. Vd måttlga och höga yreöde fa 
tå oxdtrukturer om ar ätade. Vd lågt yreöde, däremot, förätade  o e oord-
ad yta me fa e älordad truktur om lkar ett chackmöter. Dea tre trukturer
jämförde med teoretka mulergar a hur yta på plata-rodumproet kude e ut på
atomå.

Palladum-guldproermed arerade palladum-guld-förhållade oxderade om e fort-
ättg på e tdgare tude a metaoxderg öer ett palladumpro. När oxde äxte
g för tjock å mkade de katalytka akttete, me är oxde röt er å ökade
de katalytka akttete ge. E teor är att de tjocka palladumoxde expoerar e
lågakt ytoreterg, meda de tua oxde expoerar e högakt ytoreterg. Idé
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akom palladum-guld-projektet är att guldet orde egräa mägde palladum om ka
oxdera å att oxde kulle l tu og att expoera de högakta ytoreterge. Re-
ultate a oxdergexpermetet ar att  ck e ladg a olka ytoretergar,
metadel de lågakta. Dock erkar det om att proe med lägre guldkocetrato -
ade mer a de högakta ytoreterge. Därför kulle det ara ärt att göra om exper-
mete med proer om ehåller mer palladum och mdre guld.

V aäde ockå e tekk om kalla högtrycksfotoemission på tulmproet med det
högta palladum-guld-förhålladet meda  oxderade proet och eda reducerade ox-
de med meta. Detta expermet tödde tdgare tuder om at att a ytor är mer
katalytkt akta ä adra. V fa äe att proet kude oxdera d lägre yretryck ä
 hade oererat  år ytrötgedraktotude. Näraro a guld  utratet erkade
göra palladumoxde mdre tal.

x



Introducton

Why do we wat to tudy the urface of catalyt? Well, for the mple reao that catalytc
reacto are occurrg o the urface of catalytc materal, ad thu, the urface tructure
of the acte phae ad the ga-old teracto are mportat for the dered reult [1].
Alo, a Ktch et al. wrote  a paper from 2008 [2]:

”It  dcult to udertad the catalytc ehaor of a urface f the actual
compoto ad tructure of that urface  ukow.”

Ee though cataly  a well-kow pheomeo, the detal of the catalytc reacto o
the atomc leel are ot fully udertood [3]. Sce the ue of catalyt tarted, the method
of deelopg ew catalyt ha motly ee the tral-ad-error mode, whch  oth tme-
coumg ad expee [4, 5, 6]. Real catalyt are, howeer, ery complex ytem ad
dcult to tudy o a fudametal leel. I urface cece, we tudy model ytem, whch
are much mpler, ad we uually expoe them to cotrolled ga ow at low preure, whle
the operatg codto for real catalyt are cloer to amet codto [3]. But f we
ca udertad what happe at the urface o the atomc leel durg catalytc reacto,
ad d out what make a urface hgh-acte or low-acte, we ca make more educated
guee whle deelopg ew catalyt ad what ext tep to take  cataly reearch.

Catalytc alloy ad metallc ytem ofte hae the adatage of eg etter catalyt
compared to ther pure compoet [7, 8]. Te urface compoto of a alloy or a -
metallc ytem der from the ulk compoto, ad there  ofte tra  the crytal
lattce due to aryg ze of the atom [9]. Alloy are alo adatageou for tudyg the
egregato of deret atom [10]. Whe two or more metal are alloyed, the chemcal
ad phycal properte of the metallc cottuet are chaged [11].

I th the, I hae etgated the urface of model alloy catalyt  the hape of gle
crytal ad th lm ample. I hae tuded the urface uder reacto codto wth
maly SXRD, ad alo ome APXPS. It tarted wth pure Pd, a I tuded how the low-
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acte PdO(100) [3] form o a Pd(100) gle crytal (Paper iii), to later cotue wth
metallc ytem uch a PtRh (Paper i ad Paper ii) ad PdAu (Paper iv ad Paper v).

Te PtRh ytem decred  Paper i ad Paper ii  a Pt25Rh75(100) gle crytal tuded
at the Swedh Materal Scece Beamle (P212) [12] at PERA iii, DESY  Hamurg,
Germay. It wa a commog eamtme (.e. a eamtme for tetg a ew eamle)
ad the metallc crytal wa tuded wth HESXRD uder reacto codto, ad the
model reacto wa CO oxdato, due to t mplcty [13]. Te PtRh ytem wa choe
ecaue t  well-tuded [7, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] ad we kew what to
expect, ut we alo eleed we mght d omethg ew (whch we dd, more aout that
 Paper i ad Paper ii).

Mot expermet  Paper iii were doe at the Uerty of Florda, Gaelle  Florda,
USA (LEED ad PD) ad at the Hgh-Eergy Beamle for Bured Iterface Structure
ad Materal Proceg (ID31) [24] at ESRF  Greole, Frace (SD) efore I tarted
my PhD. Howeer, I hae worked wth the aaly of the dracto data.

Te oxdato expermet o PdAu th lm ample – performed at P212 – decred 
Paper iv uld o a tudy y Hellma et al. from 2012 [4], where they etgated whch
wa the acte Pd phae durg methae oxdato. Tey foud that whe the PdO lm
thcke creaed, the catalytc actty creaed up to a certa pot ad the tarted
decreag ee a the oxde lm cotued to grow ad the temperature creaed. Whe
the oxde wa decompoed, the catalytc actty creaed aga. By exchagg Pd for
PdAu, the dea wa to lmt the amout of Pd that ca e oxded ad thu keep the PdO
lm th eough to tay acte. Furthermore, PdAu ha how le etty to oxyge
poog [25, 26]. Te APXPS expermet o the PdAu th lm ample  Paper v
were performed at the Amet-Preure Soft X-ray Photoelectro Spectrocopy (Beamle
932) [27, 28, 29] at ALS (Adaced Lght Source)  Berkeley, Sa Fracco  Calfora,
USA.

T the wll cotrute to creaed udertadg of the phyc ad chemtry of ur-
face ad how they relate to cataly, a well a dcug alloy  a catalytc cotext. Te
method that hae ee ued  my PhD project – ether y me or y ome of my colleague
– wll e decred. Fally, the paper cluded  th the wll e ummared, ad I
wll dcu my reult ad ght gathered durg my PhD, a well a draw cocluo
ad peculate aout the future.
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Surface Scence and Catalyss

Whe etgatg urface ad terface at the atomc leel, a lot of teretg pheom-
ea ca e oered. Te tudy of uch pheomea, whch may e of phycal or chemcal
ature,  called surface science. [30] May deret reearch area are cluded  urface
cece, ad oe of them  catalysis, the promotg eect ome utace (called catalysts)
hae o certa chemcal reacto [31]. Catalytc reacto occur o urface, ut ot ay
urface. Te tructure of the catalyt urface  mportat for t catalytc fucto. Te
phyc ad chemtry of the urface dctate whether reactat are ale to ador ad react
wth each other, ad f the product ca deor from the urface. T chapter wll decre
the ac of how crytalle materal are ult up ad how upertructure are deoted,
a well a how cataly work. Fally, the alloy ytem tuded  th the, PtRh ad
PdAu, wll e decred  a catalytc cotext.

Unt Cells, Planes, and Lattces

Te tructure of a crytalle materal ca e decred a a perodc lattce where the atom
t  the lattce pot, the o-called Bravias lattice¹. Te mallet ut of a lattce  called
a unit cell, deed  a way that f eeral ut cell are cocateated, they form the crystal
lattice. Tu, the lattce repeat telf. Te ut cell ca hae deret hape, uch a cuc,
tetragoal, hexagoal, orthorhomc, rhomohedral, mooclc, ad trclc. [32]

Fgure 1 how a cuc ut cell, where the de-legth are deoted a, b, ad c. Te agle
are deoted α (etwee b ad c), β (etwee a ad c), ad γ (etwee a ad b). Sce the
ut cell  cuc, all de are equal, .e. a = b = c = a0, ad all agle are orthogoal, .e.
α = β = γ = 90◦. Here, a0  called the lattice constant. [32]

Te mplet ut cell  called simple cubic (SC), ee Fgure 2a. It ha oe atom  each
lattce pot. If oe atom  added  the ceter of the ut cell, a body centered cubic
(BCC)  otaed, ee Fgure 2. Addg oe atom to each face of the SC ut cell ge a

¹Named after the Frech phyct Augute Braa (1811− 1863).
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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 Fgure 2c. [32] May metal, cludg Pd, Pt, Rh, ad Au,
whch are tuded  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].

Ay two pot  the Braa lattce are coected y the ector RRR, ee Equato 1. Oe
ca decre the whole crytal y tralatg RRR.

RRR = 1aaa+ 2+ 3ccc, 1, 2, 3 ∈ Z (1)

o create a urface, a crytal  cut alog a certa plae. Te oretato of th plae 
ge y the o-called Miller indices², whch are foud y the recprocal of the tercept
of the plae wth the a, b, ad c axe, ee Fgure 3. o decde what plae the crytal 
cut alog, oe ha to take the recprocal of the tercept at the a, b, ad c axe. I cae

²Named after the Welh meralogt Wllam Hallowe Mller (1801− 1880).
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the plae doe ot tercept a ax, t  ad to tercept the ax  ty (thu, the
recprocal  0). I Fgure 3a, the tercept are (1,∞,∞) ad thu the Mller dce of
th plae are (100). Te ame method ge Mller dce of (110)  Fgure 3 ad (111)
 Fgure 3c. [33] Te atom  the urface are decred y a 2D urface lattce ge 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].

Depedg o the oretato of the urface plae, the urface atom wll hae deret
arragemet. T wll, for tace, aect how cloe the atom are to each other, whch
wll  tur aect ther reactty. Te (100) urface  more ope tha the (111), ad
coequetly, O2 ador more ealy o Pd(100) tha o Pd(111) [34]. If the urface ha
the ame oretato a the ulk, the crytal  ad to e bulk terminated.

Superstructures

Te perodcty at the urface  ofte deret a compared to the ulk termato. T
ca e the reult of chage  atomc od, whe the crytal  cut, or caued y adorpto
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of other molecule. Such a oerlayer tructure, alo kow a a superstructure,  mot ofte
decred yWood’s notation³ [35]. Wood’ otato  ge y

N(
|aaao|
|aaa|

× |o|
||

)RΘ (3)

where N deote the type of tructure (.e. p for primitive (ofte omtted) ad c for
centered ), |aaao| ad |o| are the magtude of the oerlayer et ector, |aaa| ad || are
the magtude of the utrate et ector, ad Θ  the agle of rotato (RΘ  omtted
f Θ = 0◦). [33]

I Fgure 4, a clea urface (Fgure 4a) ad a urface wth a upertructure (Fgure 4) are
how. T pecc upertructure ca e deoted ether 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

Sngle Crystals

A single crystal  a ulk crytal wth uroke perodcty, gg t a urface of oe gle
oretato. Howeer, gle crytal are uually ot perfect; they ofte cota lot of
mall doma of deret oretato (to calculate ther aerage ze, ee Equato 31).
Te crytal we etgated  Paper i ad Paper ii wa a PtRh gle crytal wth the urface
oretato (100) ad a Pt:Rh rato of 1:3.

³Named after the Amerca crytallographer ad geologt Elzaeth Armtrog Wood (1912− 2006).
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Tn Flm Samples

Fgure 5 how a chematc drawg of the th lm ample we etgated  Paper iv ad
Paper v. T metallc lm of Pd ad Au were depoted oto the utrate y electro-
eam phycal apour depoto (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 aoe, the thcke of the Pd ad Au lm ared, ut the
total metallc lm wa ( mot cae) 20 m. We ued ample wth the followg Pd:Au
rato: 20:0, 15:5, 10:10, 5:15, ad 5:5 (ote that th ample had a total metallc lm
thcke of 10 m tead of 20 m). We alo tred reerg the depoto order, hag
Pd o top (Pd:Au = 10:10). Fgure 5 how the Pd ad Au metal a eparated lm,
whch  the tate of the prte (a prepared) ample. Tu, we tarted wth a metallc
ytem whch ecame a alloy after aealg. Our method of etgatg the alloyg
ad oxde formato wa GIXRD, at the ame eamle a the PtRh expermet. Te
reult of oxdg PdAu th lm ample ca e read  Paper iv, ad the APXPS reult
 Paper v.

Adsorpton, Desorpton, and Oxde Formaton

For a catalytc reacto to occur, the odg tregth etwee the reactat ad the catalyt
ad etwee the product ad the catalyt mut e ether too weak or too trog  order
to hae a reacto. Coder a reacto where reactat A ad B form product AB. If the
reactat-catalyt od  too weak, the reactat wll deor efore ay reacto ca take
place. If the od etwee A ad the catalyt  too trog, o the other had, the acte
te wll e occuped wth A o that B caot ador to react wth A.T  called poisoning,
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ad the catalyt could alo ecome pooed y the product, AB, f t od to the catalyt
 too trog. [31] T  called Sabatier’s principle⁴.

Ofte, there are pecc o-called active sites o the catalyt, where the catalytc reacto
occur, ad the tructure, chemcal properte, ad dtruto of thee te determe
the catalytc actty [2]. Tee are ofte o-called coordinatively unsaturated (CUS) te,
whch, due to ther daglg od, are more reacte ad ca more ealy ador ad
docate the reactat. O metal urface, thee ca for tace e at tep or kk. I
a alloy, thee te ca alo e aected y eghourg atom of a deret metal. I a
oxde, there mght e CUS metal atom at the urface. Tee all deped o the atomc
tructure of the catalyt urface. [3, 36, 37, 38, 39, 40, 41, 42, 43]

Tere are maly two type of adorpto: phyorpto ad chemorpto. Te derece
le  the odg teracto. I phyopto, the adorate od weakly to the utrate
ad teract through log rage a der Waal force⁵. I chemorpto, there  a
exchage of electro etwee the adorate ad the utrate. [33]

Whe a ga molecule ador o the urface of the utrate, t ca do o wth or wthout
fragmetato. Te former  called dissociative adsorption, e.g. whe a O2 molecule
ador ad reak to two O atom. Te latter  called associative adsorption, e.g. whe
a CO molecule ador ad tay tact.

Whe a atom or a molecule ador o a utrate, there are deret te where t ca
ador, ee Fgure 6. O a (100) urface, t ca ador o top of a utrate atom (atop site),
 the hollow etwee four utrate atom (four-fold hollow site), or t ca form a rdge
etwee two utrate atom (bridge site), ee Fgure 6a. O a (110) urface, atop te ad
rdge te are pole, ee Fgure 6. O a (111) urface, the adorate ca ador o a
atop te, a rdge te, or a three-fold hollow site, ether FCC or HCP, ee Fgure 6c. [44]

Whe adored oxyge doe ot tay at the urface, ut mxe wth the metal to form a
ew compoud, we call th compoud a oxide. Durg the oxde formato, the oxyge
atom hae to peetrate the urface ad the atom are rearraged. Hece, th requre a
gcat amout of molty ad typcally occur oly at eleated temperature. It alo
occur eaer o ope urface or at tep, where the metal atom do ot eed to e dplaced
a much to allow for O to peetrate. [45]

⁴Named after the Frech chemt Paul Saater (1854− 1941).
⁵Named after the Dutch theoretcal phyct ad thermodyamct Johae Dderk 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].

Reacton Mechansms

Heterogeeou cataly ca occur through deret reactomecham [31]. Tree com-
mo mecham wll e decred elow. Te Langmuir-Hinshelwood mechanism⁶ (LH)
[46, 47] occur whe two reactat, A ad B, oth ador o the catalyt urface, react
wth each other  adored tate, ad ally the product, A-B, deor ack to ga-phae.
Te Eley-Rideal mechanism⁷ (ER) [48] reemle the LH mecham, wth the derece
that oly reactat A ador whle reactat B rema  the ga-phae. After reacto, A-B
deor form the urface. Te Mars-van Krevelen mechanism⁸ (MK) [49] requre a metal
oxde to occur. Te reactat  the ga-phae ador o a O atom  the oxde ad the
oxded product the deor, leag a acacy  the oxde. Te, O from the ga-phae
ll the acacy.

Carbon Monoxde Oxdaton

I heterogeeou cataly, the CO oxdato reacto,

2CO+O2 → 2CO2 (4)

 oe of the mot tuded reacto [50]. It  ofte ued a a model ytem for oxdato

⁶Named after the Amerca chemt, phyct, ad egeer Irg Lagmur (1881 − 1957) ad the
Brth phycal chemt Cyrl Norma Hhelwood (1897− 1967).

⁷Named after the chemt Dael Dougla Eley (1914 − 2015) ad the phycal chemt Erc Keghtley
Rdeal (1890− 1974), oth Brth.

⁸Named after the cett Peter Mar (1921 − 2009) ad the chemcal egeer ad coal ad polymer
cett Drk Wllem a Kreele (1914− 2001), oth Dutch.
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cataly due to t mplcty; the oly product that ca e formed  CO2, ad the rate-
determg tep (RDS)  the docato of O2 (whch  potaeou upo adorpto
[3, 51]). Howeer, f the catalyt urface  CO pooed, a t ofte  at low temperature,
the RDS  rather the deorpto of CO  order to make place for O2 adorpto. [13]
CO oxdato  alo drectly releat to dutry, whch alo lead to may tude of CO
oxdato [51].

O a metallc urface, CO oxdato proceed through the LH mecham. Fgure 7 how
th reacto mecham oer PdAu. Startg  ga-phae (a), oth CO ad O2 ador
o the Pd atom (), ad the latter eed to docate to atomc O (whch happe
potaeouly a the O2 molecule ador [3, 51]) to eale the reacto (c). After reacto
(d), the CO2 molecule deor ack to ga-phae (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 oxdato take place o the urface of a oxde, the reacto mecham wll e
MK. A example of th ca e ee  Fgure 10d, where CO ad O2 form CO2 oer a
th PdO lm.

Te major eergy arrer  the O2 docato, e.g. the plttg of th molecule to
two O atom [3]. I the O2 molecule, the two O atom are attached to each other wth a
doule od, ad the od docato eergy  498 kJ⁹/mol [52]. T eergy arrer 
remoed y the catalyt, ce t requre much lower eergy to docate the O2 molecule
o the catalyt urface.

⁹Named after the Eglh phyct ad mathematca Jame Precott Joule (1818− 1889).
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Methane Oxdaton

Aother oxdato proce  that of methae. It ca e completely oxded (Equato 5),
e.g. o Pd, or partally oxded (Equato 6), e.g. o Pt [53]. Te aumed RSD of
methae oxdato  the docato of the rt H atom [4, 36].

Complete oxdato: CH4 + 2O2 → CO2 + 2H2O (5)

Partal oxdato: 2CH4 +O2 → 2CO+ 4H2 (6)

Compared to CO2, methae ha horter logety ut hgher heat trappg capacty. T
make the tme-frame mportat. Say that we releae the ame amout of CO2 ad meth-
ae today ad compare ther heat trappg capacte  20 year ad aga  100 year.
I the horter tme-frame, methae how 84 − 86 tme a hgh potecy a CO2, ut 
the loger tme-frame, methae  ”oly” 28− 34 tme a potet a CO2. [54]

Catalyss

A catalyt  a utace that alter the reacto rate of a chemcal reacto wthout e-
g coumed. Te word catalysis  dered from the Greek word kata (dow) ad lyein
(looe), ad t wa coed  1835 y the Swedh chemt Jö Jako Berzelu (1779−
1848). He deed cataly a [55]:

”Te property of exertg o other ode a acto whch  ery deret
from chemcal aty. By mea of th acto, they produce decompoto
 ode, ad form ew compoud to the compoto of whch they do
ot eter”.

Some decade later, the Baltc Germa chemt ad phloopher FredrchWlhelmOtwald
(1853−1932) tuded a umer of chemcal reacto, ome wth a acd or a ae preet,
to d out the reacto peed. He proded a explaato  1894 whch lead to the Noel
Prze¹⁰  Chemtry 15 year later: the peed of a chemcal reacto ca e creaed y a
utace that  excluded from the ed-product, ad uch a utace  called a catalyst.
Tu, Berzelu gae ame to the acto – catalysis – adOtwald gae ame to the utace

¹⁰Named after the Swedh chemt, egeer, etor, uema, ad phlathropt Alfred Berhard
Noel (1833− 1896).
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caug th acto – catalyst. Howeer, the pheomeo of cataly ha ee kow ce
log efore the 19th cetury, although the udertadg of th pheomeo wa or at
th tme. [55]

Nowaday, catalyt are mportat compoet  the chemcal dutry, for tace 
ol reere, polluto preeto, ad producto of ulk ad e chemcal. A much
a 85 − 90% of the chemcal dutry product are maufactured a catalytc procee.
What the catalyt doe  to oer a eergetcally more faourale route for the reacto to
occur, ee Fgure 8. It chage the ketc, ut the thermodyamc rema uchaged.
Tu, f the reacto  thermodyamcally ufaourale, o catalyt wll 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 reactat ad the catalyt are  deret phae, the proce  called heterogeneous
catalysis. Mot commoly, the catalyt  a old ad the reactat are  the ga-phae.
Te oppote  called homogeneous catalysis, .e. the reactat ad the catalyt are  the
ame phae (gaeou or lqud). [31] Oly heterogeeou cataly wll e codered 
th the.
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Model Catalysts

Te model catalyt ued for expermetal etgato are qute deret from real cata-
lyt ued , for tace, a automote ege. A model catalyt uually cot of a
gle crytal, .e. a crytal wth oly oe doma. Idutral heterogeeou catalyt, o
the other had, are more complex [3]. For tace, the catalytc coerter ued  a auto-
mote ege  uually ult up y a hoeycom moolth  a cotaer of tale teel.
Te moolth ca e ceramc or metallc ad ha a hgh cell dety  order to ota a
hgh urface area for the wahcoat, a porou aluma layer wth added cera ad zrcoa
mxed oxde to promote the oxyge torage capacty. Naopartcle of ole metal are
dpered o the wahcoat, uually Pt ad Rh, ad ometme Pd. [31] Furthermore, a
elemet that exht catalytc ehaour  certa codto doe ot ecearly how
the ame ehaour f the codto chage. Oe example of th  Ru, whch work ery
well a a catalyt at hgh preure, whle t catalytc alte are ot partcularly good uder
UHV compatle codto [51].

Tere are maly two gap etwee cataly ad tradtoal urface cece [56]:

• Te materals gap – Model catalyt are uually well-ordered gle crytal whle
real catalyt cot of aopartcle emedded  a wahcoated upport. Tu, real
catalyt are more complex tha gle crytal.

• Te pressure gap – Expermet are uually coducted uder UHV or cotrolled
ga ow whle real cataly occur uder amet codto.

Tee gap are whed to e oer-rdged,  order to ota a etter coformty etwee
what we ee durg expermet ad the real world.

Alloys and Bmetallc Systems n Catalyss

Mxg at leat two chemcal elemet, of whch at leat oe  a metal, reult  a alloy.
If the metal are eparated, t  uually called a bimetallic system. [11] Heatg a metallc
ample wll creae the molty of the atom, whch lead to mxg ad alloy formato.
Alloy catalyt are ofte etter tha pure-metal catalyt due to the fact that the chemcal
properte of the atom are chaged y the deret urroudg compared to pure metal
[2, 7, 8]. Te more ert metal atom egregate to the urface  acuum ad the mot
reacte metal atom are pulled toward the urface  ga, gg the alloy a urface com-
poto deret from t ulk compoto [9]. Beeath the urface of the alloy, atom
may egregate to form ordered tructure, aectg the properte of the urface atom (ee
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Paper ii). Workg wth alloy, t  good to rememer Vegard’ law¹¹, whch ay that the
lattce cotat of a alloy  a lear comato of the lattce cotat of t cottuet
[57].

Te reao the urface of the alloy ha aother compoto tha t ulk  that atom
egregate. I geeral, ulk termato  ot the mot faourale cogurato from a
eergetc perpecte, o atom from the ulk wll egregate to the urface f th ca lower
the urface eergy. [2]

Lookg at the atomc cale, there are three prmary mecham aectg the catalytc
properte of the alloy urface. Tee mecham are llutrated  Fgure 9. Strain eects
occur due to chage  the lattce cotat of the alloy. Depedg o the cocetrato
of the deret cottuet, the alloy wll hae a lattce cotat omewhere etwee thoe
of the pure metal. T may reult  a chage  whch urface oretato that wll e
taled. Ensemble eects refer to the preece of multfuctoal adorpto te that
eale multaeou odg to deret metal. Ligand eects are caued y the hetero-
metallc od formato occurrg  alloy. Te od tregth may e deret for A-B
tha for A-A, caug the od tregth etwee A ad a adorate to chage. Further-
more, coerage eect may alo aect the catalytc fucto of the alloy urface, ce the
acte te may e occuped o that other adorate caot od to the catalyt urface.
All thee eect are ot depedet; the chage  catalytc properte are the reult of
deret eect coextg ad aectg each other, ad t mght e dcult to dtguh
whch chage are due to whch eect. [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 Norwega phyct Lar Vegard (1880− 1963).
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Systems n Ts Tess

Alloy may e more dcult to oxde compared to ther pure metal compoet. T
ha ee ee for e.g. Pt25Rh75(100) [58], a ample we hae worked wth too (Paper i
ad Paper ii). Our tude o PdAu (Paper iv) alo howed that th metallc ytem 
gcatly more dcult to oxde tha pure Pd. I ale 1, the metal cottutg
”our” metallc ytem are compled, together wth ome ueful 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 Atomc radus (Å) Lattce constants (Å) [31] Surface energy
(Z) [31] (emprcal [59]/calculated [60]) (crystal structure) [44] at 222999888 K (J/m2) [61]

Rhodum (45) 1.35/1.73 3.80 (FCC) 2.828
Palladum (46) 1.40/1.69 3.89 (FCC) 2.043
Platum (78) 1.35/1.77 3.92 (FCC) 2.691
Gold (79) 1.35/1.74 4.08 (FCC) 1.626

Lookg at th tale, we ee that Pt ad Rh hae almot the ame radu. Tee metal
alo hae the ame electroegatty, 228 [62], o they are lkely to form a alloy. Wth the
Pt25Rh75(100) gle crytal that we etgated  Paper i ad Paper ii, the lattce cotat
of the alloy would e 383 Å¹² accordg to Vegard’ law [58, 63]. Te electroegatty of
Pd  22, whle th alue  254 for Au [62]. Ter rad are alo mlar (ee ale 1). Te
ze derece  ot o large, o thee metal ca alloy wth each other. Tu, oth PtRh
ad PdAu ca form alloy f they are heated at ucetly hgh temperature to caue atom
mgrato. I the ext ecto, I wll expla the ature of PtRh ad PdAu, ad what
type of tude I hae doe o them.

Platnum-Rhodum

Pt adRh are thema compoet  the catalytc aopartcle ued  automote ege
catalyt [7, 14, 18, 19, 20, 31, 34, 64], ad a a metallc ytem, PtRh  exteely
tuded [7, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 58, 63, 65]. We tuded CO oxdato
oer a Pt25Rh75(100) gle crytal ug HESXRD durg a commog eamtme at
the Swedh Materal Scece Beamle (P212) [12] at PERA iii, DESY  Hamurg,
Germay. Te purpoe of a commog eamtme  to tet a ew eamle, ad thu,
we wated to tudy a ample where we kew what to expect, ut tll mght lear omethg
ew.

I acuum, the Pt atom  the PtRh metallc ytem wll egregate toward the urface

¹²Named after the Swedh phyct ad atroomer Ader Joa Ågtröm (1814− 1874).
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[14, 20, 21, 23] due to lower urface eergy compared to Rh (ee ale 1). Expoure to O2,
o the other had, ted to caue Rh egregato toward the urface [21, 58], ad mlar
oxyge tructure may form a o pure Rh urface. wo oxyge tructure that hae ee
oered o oth Rh(100) ad PtRh(100)  eeral tude are a (3 × 1) recotructo
wth chemored O uder mldly oxdg codto [16, 19, 58, 65, 66, 67] ad a
c(8 × 2) urface oxde uder trogly oxdg codto [15, 51, 58, 66]. Rh  more
reacte tha Pt, o O rather od to the former tha the latter [63]. Due to chaged
chemcal ad phycal properte of the atom  a metallc urface compared to a pure-
elemet urface, CO adorpto o PtRh(100)  ot the ame a o Pt(100) or Rh(100).
Te urface compoto aect the CO adorpto te. For tace, f there  a Pt
oerlayer o a Rh utrate, the CO adorpto wll e weaker due to the lgad eect (ee
the rghtmot part of Fgure 9). [14]

Pure Palladum and Palladum-Gold

Whether t  the metallc phae of Pd or t oxde phae that  the acte oe durg the
oxdato of CO ad hydrocaro (e.g. methae) ha ee deated [3, 34, 68]. Howeer,
t ha ee how that a gle PdO layer  hgh-acte for CO oxdato ad low-acte
for methae oxdato (Fgure 10a-), whle a few layer of PdO make the urface hgh-
acte for oth CO oxdato ad methae oxdato (Fgure 10c-d). A thck PdO lm
 low-acte for oth of them (Fgure 10e-f ) [3, 4, 37]. A pole explaato  that
whe the PdO lm grow thck eough, t loe regtry wth the utrate ad expoe
the (100) facet tead of the (101) facet. PdO(101) ha CUS Pd te – .e. Pd atom
wth a daglg od that  free to adorate – where the reactat ca ador, wherea
PdO(100)  aturated ad ha o CUS te [3]. Oe theoretcal tudy [69] ay that the
PdO(100)-PdO termato ha ery low urface eergy, makg t a tale PdO phae.
T could expla the expoure of the (100) urface o thck PdO lm. Howeer, aother
theoretcal tudy [70] ay that PdO(101) o Pd(100)  the mot tale oretato at ay
lm thcke. You ca read more aout the formato of eptaxal PdO(100) durg
oxdato of Pd(100)  Paper iii. I 2012, Hellma et al. [4] tuded methae oxdato
oer a Pd(100) gle crytal ad foud that the CO2 producto at rt creaed wth
the growg oxde lm, ut the tarted to decreae a the oxde cotued to grow. Whe
the oxde decompoed, the CO2 producto creaed aga. T work  the foudato
for our expermet wth PdAu decred  Paper iv ad Paper v. If we ca top the oxde
growth at a utale thcke, we could – at leat  theory – keep the oxde lm th
eough to expoe the (101) urface ad rema catalytcally acte for CO oxdato ad
methae oxdato. Te dea  to alloy Pd wth Au  order to create a otructe Au top
layer that make t more dcult for Pd atom to egregate to the urface ad e oxded.
Tu we could lmt the amout of Pd that ca e oxded ad get a oxde lm th
eough to expoe the (101) urface (Fgure 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 ad ha lower urface eergy (a ee  ale 1), meag t wll
egregate toward the urface  acuum [71]. Expoure to a reacte ga, uch a O2 or
CO, caue the more reacte Pd to egregate toward the urface [72].
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Expermental Methods

I th chapter, the deret expermetal method that hae ee ued for th the wll
e decred. I hae ot doe all of them myelf, ut they hae all ee utled for the
paper cluded (I wll e clear o whch thee techque are a they are decred). Sce
my ma expermetal techque ha ee SXRD, the empha wll e o th techque.

Surface X-Ray Dracton

Myma expermetal method ha ee surface X-ray diraction (SXRD), to whch I alo -
clude grazing incidence X-ray diraction (GIXRD). T urface-ete techque  com-
moly ued to prode formato aout the urface tructure of may deret type of
ample, for tace gle crytal, aopartcle, ad th lm ample. Before we go
to the detal of the trumetato, we wll take a cloer look at the ature of X-ray
ad how they dract.

X-Ray Dracton

I 1895, the Germa phyct Wlhelm Corad Rötge (1845 − 1923) dcoered X-
ray, whch had the power to peetrate matter ad prode t teral tructure. T
og electromagetc radato ha a eergy  the rage of 100 eV¹³ to 100 keV. Te
X-ray eergy, E,  ge y

E =
hc
λ

(7)

where h  Plack’ cotat¹⁴, c  the peed of lght  acuum, ad λ  the waelegth of

¹³Named after the Itala phyct ad chemt Aleadro Volta (1745− 1827).
¹⁴Named after the Germa phyct Max Plack (1858− 1947).
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the X-ray. Tu, the X-ray eergy rage correpod to waelegth  the rage of 10 m
dow to 001 m, whch make t ueful for tudyg atom. Te ze of a atom  aout
1 Å, .e.  the ame order of magtude a X-ray. [73] T dcoery redered Rötge
the rt Noel Prze  Phyc x year after th dcoery [74].

X-ray hae a waelegth o the ame magtude a the atomc pacg  the crytal.
Whe the ray ht the atom  the ample, they catter  all drecto. Mot of the
radato  cacelled out due to detructe terferece. If the X-ray cattered y deret
atom are  phae, howeer, they terfere cotructely ad eam of hgh tety are
ee. T  called diraction ad happe  crytalle materal, whe the X-ray ht the
crytallographc plae at certa agle. [32]

Te fact that crytal dract X-ray wa dcoered y the Germa phyct Max o Laue
(1879−1960), a dcoery that gae hm the Noel Prze  Phyc  1914. Te year after,
th prze wet to the Eglh phyct, chemt, ad mathematca Wllam Hery Bragg
(1862 − 1942) ad h o, the phyct ad X-ray crytallographer Wllam Lawrece
Bragg (1890− 1971), for ther cotruto to X-ray dracto. [32]

Dracto occur  the drecto where X-ray cattered y deret atom  the crytal
are  phae, whch  tur happe whe the path derece (PD) etwee correpodg
ray equal a teger umer of waelegth. Startg wth ray cattered y deret
atom  the ame plae, thee are,  aalogy wth the law of reecto,  phae (wth PD
= 0) whe the comg ad outgog agle, relate to the plae, are equal. Hece, y
oly tudyg reecto  crytallographc plae, we oly eed to coder the PD of ray
reected  deret plae. Accordg to the otato  Fgure 11, the PD etwee two
ray reected  two adjacet parallel plae  ge y PD = BC+ CD = AC sin (θ) =
d sin (θ). Hece, we get dracto  drecto 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 Descrpton of Dracton

Tere are two deret way to decre dracto; Bragg’ law, whch  ued for powder,
ad polycrytalle ample, ad the Laue formalism whch  typcally ued  SXRD. I
the Laue formalm we decre the catterg  term of the reciprocal lattice ad reciprocal
space (alo kow a K space).

A decred y Equato 1 aoe, the atomc poto  a crytal ca e decred y the
lattce pot, whch are coected y the lattce ector RRR = 1aaa+ 2+ 3ccc. o eery
uch lattce  real pace, there  a correpodg o-called recprocal lattce, whch  the
Fourer traform¹⁵ of the real lattce ad decred y GGG = p1aaa∗ + p2∗ + p3ccc∗, where
p are teger ad the a ector are deed y Equato 9. I the ame way that aaa, ,
ad ccc (Equato 1) pa real pace, aaa∗, ∗, ad ccc∗ (Equato 8) pa recprocal 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 udertad the relato etwee dracto ad the recprocal lattce we ue Fgure 12,
whch how two ray of a X-ray eam eg cattered y two atom. Te comg X-ray
ad the cattered X-ray are decred y the wave-vectors kkk ad kkk′, repectely. Tey hae
the ame legth, |kkk| = |kkk′| = k. It  ge y

k =
2π
λ

=
2πE
hc

=
E
ℏc

(10)

where λ  the waelegth of the X-ray. Te chage of the wae-ector QQQ = kkk′ − kkk 
Fgure 12  ge y

QQQ = haaa∗ + k∗ + lccc∗ (11)

¹⁵Named after the Frech mathematca Jea-Baptte Joeph Fourer (1768− 1830).
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Figure 12: Schematic drawing of diffraction from two atoms.

rgoometry ge u that

{
PD1 = R cos (ω1)

PD2 = R cos (ω2)
(12)

Te calar product etwee kkk ad RRR ad etwee kkk′ ad RRR are ge 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  Fgure 12 ecome

PD = PD1+ PD2 = −kkk · RRR
k

+
kkk′ · RRR
k

=
RRR
k
(kkk′ − kkk) =

RRR ·QQQ
k

(14)

Ametoed preouly, PDmut equal a teger multpled wth the waelegth  order
to hae cotructe terferece. Sce PD  alo ge y Equato 14, we get

PD = mλ =
RRR ·QQQ
k

⇒ m
2π
k

=
RRR ·QQQ
k

⇒ RRR ·QQQ = 2πm, m ∈ Z (15)

Aumg that Equato 15  ald, we ca how that QQQ = GGG, whch  called the Laue
condition. Comg Equato 1, 11, ad 15 ge

RRR ·QQQ = (1aaa+ 2+ 3ccc)(haaa∗ + k∗ + lccc∗) = 2πm, m, 1, 2, 3 ∈ Z (16)
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T ca e mpled to

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

Sce aaa · aaa∗,  · ∗, ad ccc · ccc∗ all equal 2π, we get

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

I Equato 16, we ee that m, n1, n2, ad n3 are teger, ad thu, (h,k,l) mut alo e
teger. I that cae, Equato 11 mut equal Equato 8: QQQ = GGG, Q.E.D.

We ca alo ”go the other drecto” ad aume that QQQ = GGG to how that RRR ·QQQ = 2πm.
Sce QQQ = GGG, we ca wrte

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

Sce n1, n2, n3, p1, p2, ad p3 are all teger, the (1p1+2p2+3p3) equal a teger,
m, gg RRR ·QQQ = 2πm, Q.E.D.

Recprocal pace ca e ued for kowg what we ee o the detector durg SXRD. o
determe whch reecto that are le o the detector at a certa ample-detector
poto, the Ewald sphere construction¹⁶  ueful, ee Fgure 13.

I a 2D lattce, a crcle wth the radu k (the wae-ector, ge y Equato 10)  draw
o that the org, (0, 0),  o the permeter ad the cdet eam ector, kkk, tart  the
ceter of the crcle ad ed at (0, 0), gog  the cdet eam drecto. Te, the
catterg ector, kkk′,  draw from the ceter of the crcle to a lattce pot, (x,y), o the
permeter. Te recprocal lattce ector, QQQ,  draw from (0, 0) to (x,y), ad the catterg
agle etwee kkk ad kkk′  2θ. By tralatg kkk′ to tart at (0, 0), oe get the drecto
 whch the detector hould e placed to detect (x,y), ee Fgure 13. A ca e ee 
Equato 10, the radu of the Ewald phere  proportoal to the X-ray eergy, o the
eam eed to e moochromatc. [73]

Te cya axe  Fgure 13 dcate the aaa∗ ad ∗ ector  the recprocal lattce. Wth
ther help, we ca d out that the reecto oered o the detector  (−1, 2), ce

QQQ = −1 · aaa∗ + 2 · ∗ (20)

¹⁶Named after the Germa phyct 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 coe ge a expreo for Q2 (Equato 21) ad thu Q ( Fgure 13) 
ge y Equato 22. T ca e rephraed to a expreo for sin (θ), ee Equato 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 cuc ut cell, Equato 23 ca e wrtte 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,  ge y

Fcrytal(QQQ) =
∑

j

fj(QQQ)eQQQ·rrrj
∑


eQQQ·RRR , , j,  ∈ Z (25)

where the rt um  called the unit cell structure factor ad the ecod um  called the
lattice sum. Te tructure factor  proportoal to the quare root of the rod tety
(F ∝

√
I) ad t  uually plotted a a fucto of l. [73]

Not all reecto are allowed  BCC ad FCC tructure (ee Fgure 2). We ca ue
Equato 25 to d out whch reecto wll e allowed f we kow the ut cell of the
etgated materal. For the BCC ut cell, the Mller dce for the atom  the ceter
of the cell (the red atom  Fgure 2) are ( 12 ,

1
2 ,

1
2 ). For the FCC ut cell, the three lower

red atom  Fgure 2c hae the Mller dce (0, 12 ,
1
2 ), (

1
2 , 0,

1
2 ), ad (

1
2 ,

1
2 , 0). [73] Whe

calculatg the lattce um, t  good to rememer Euler’ detty¹⁷,

eπ·x =

{
0 f x  a odd teger
1 f x  a ee teger

(26)

Iertg the Mller dce to Equato 25 how the allowed reecto for BCC (Equa-
to 27) ad FCC (Equato 28), repectely. For BCC, the allowed reecto are the
oe where the um of h,k,l  ee. For FCC, h,k,l mut e ether all ee or all odd for
the reecto to e allowed. [73]

∑


eQQQ·RRR = eQQQ·0 + eQQQ·( 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+ eπ(h+k+l) =

{
2 f h+k+l  ee
0 f h+k+l  odd

(27)

∑


eQQQ·RRR = eQQQ·0 + eQQQ·( 12 aaa+

1
2 ) + eQQQ·( 12 aaa+

1
2 ccc) + eQQQ·( 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+ eπ(h+k) + eπ(h+l) + eπ(k+l) =

{
4 f h,k,l are all ee or all odd
0 f h,k,l are mxed ee ad odd

(28)

¹⁷Named after the Sw mathematca Leohard Euler (1707− 1783).
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So, Equato 27-28 dcate that for a BCC lattce, the um of h,k,l mut e ee for a
allowed reecto, whle for a FCC lattce, h,k,l mut e ether all ee or all odd, ad ot
mxed, to hae a allowed reecto. BCC  real pace  FCC  recprocal pace ad ce
era (the crytal tructure  real pace  codered whe calculatg allowed reecto).
[73]

How aout SC, the? Well, ce the SC ut cell ha oe atomwthMller dce (0, 0, 0),
we get a tructure factor of 1 (Equato 29). Tu, all teger reecto are allowed for SC.

∑


eQQQ·RRR = eQQQ·0 = 1 (29)

Crystal runcaton Rods

I a te 3D crytal, catterg  otropc, producg dtct reecto. Te am
of SXRD, howeer,  to tudy urface, ad  order to maxme the urface gal, the
peetrato depth  lmted y lettg the eam ht the urface at grazg cdece. Due to
the roke perodcty at the urface, the catterg  o-otropc. T etal o-called
crystal truncation rods (CR) perpedcular to the urface. [73]

Why doe the trucated urface of the crytal caue treak tead of pot-lke tete?
o udertad th, we recall Equato 15, ut chagg RRR from a 3D ulk ector to a
2D urface ector, uch a  Equato 2. Howeer, QQQ  tll 3D due to catterg  all
drecto. T ge u that

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

Now l doe ot hae to e a teger aymore, o tead of pot-lke reecto, we get
rod alog the whole l rage.

Fgure 14 how the deal rod otaed from SXRD. A 3D te crytal would ge
tety pke at teger Q, almot lke hfted Drac delta fucto¹⁸ (cya old le).
If we cut a at plae alog the crytal to create a 2D half-te crytal, the tety
pke ”leed toward” each other at low tety, creatg a wae-lke fucto (gree
old le). Bede CR – orgatg from the utrate ulk – there are alo surface
rods (SR), gg formato o whch urface tructure are aalale. A gle layer –
uch a a upertructure o the utrate – would ge re to a relately low, ee tety
pag all Q (mageta dahed le). [76]

¹⁸Named after the Eglh theoretcal phyct Paul Adre Maurce Drac (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].

Sce the od to urroudg atom chage at the urface, the top layer typcally relax
 the ertcal drecto. Te hape of the CR are ery ete to th. Geerally, f the
urface expad, the mma hft toward hgher Q, ad f the urface  compreed, the
mma hft toward lower Q. [76]

A example of real CR  how  Fgure 15. Te tructure factor of the CR extracted
from a clea Pt25Rh75(100) gle crytal (ued  Paper i ad Paper ii) are plotted a
fucto of l. Ee though the ulk  FCC, the urface  BC (compare to Fgure 4a,
where the rt ad ecod layer form the ae of BC). Accordg to Equato 27, h+k+l
mut e ee for the reecto to e allowed. Tu, (h,k) = (1, 0) (lack) ha a maxmum
at l = 1, whle (h,k) = (1, 1) (red) ha a mmum at the ame l. Cotug toward
hgher l, the (1, 0) wll hae maxma at l = 3, 5, 7 etc. ad the (1, 1) wll hae maxma at
l = 2, 4, 6 etc. Te dcotuty  the (1, 0)  caued y a tugte pece.

Fgure 16 llutrate chematcally the prcple for tralatg the crog of CR wth
the Ewald phere to detector mage. Fgure 16a how a catter plot wth reecto
allowed for the FCC lattce (ee Equato 28) dcated a red dc coected wth red
le. A mall part of the Ewald phere (aumg hgh X-ray eergy)  depcted a a lght
lue rectagle wth rouded edge. Whe the ample rotate, the Ewald phere rotate
wth t, cuttg the CR. A detector mage  created, ee Fgure 16, where the Bragg
reecto are ery rght (aout 107 tme rghter tha the CR). Terefore, ther
poto o the detector eed to e coered wth tugte pece,  order to ot detroy
the detector pxel. Wthout the protecto from the tugte pece, 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 urt out due to oer-aturated pxel (th  uually oly a prolem  HESXRD). Te
CR o the left de of Fgure 16 correpod to the CR crog the Ewald phere 
the left part of Fgure 16a, ad ce era. [77] CR ad SR ca alo e dplayed  a
-plae map, ee Fgure 16c. Te h,k plae  here ewed alog the l ax. Te ample 
a Pt25Rh75(100) gle crytal wth a upertructure. Bede the Bragg reecto for the
(1, 0) ad (1, 1) (lack crcle), a (3 × 1) tructure (whte crcle) ca e ee. Note that
ce th  a mage of recprocal pace, there are reecto at ( 13 , 1) ad ( 23 , 1).

Aalyg CR prode formato aout the atomc tructure, ee for ery th lm
(< 10 m) [76]. Te rod tety  proportoal to the quare of the atomc umer, .e.
I ∝ Z2. T mea that heay elemet ge re to much more tee CR ad SR
tha lght elemet. Howeer, we may tll detect the preece of lght elemet o the
urface. For tace, ee though X-ray are ot ery ete to O atom compared to
heaer metal atom [72], tructure chage caued y oxyge duced egregato ca e
dcoered y SXRD.

If there  le roadeg  the rod, t  a g of doma o the crytal. It  pole
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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 aerage ze of thee doma y ug the Scherrer equato¹⁹,

τ =
Kλ

β cos θ
(31)

where τ  the aerage doma ze, K  a dmeole hape factor ≈ 1, λ  the X-ray
waelegth, β  the le roadeg at the FWHM (full wdth at half maxmum) of the
rod after utractg the trumetal roadeg (ut: rad), ad θ  the Bragg agle.
[57]

¹⁹Named after the Sw phyct Paul Scherrer (1890− 1969).
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SXRD Setup

Fgure 17 how the SXRD etup. X-ray ht the atom  the ample ad dract toward
a detector whle the ample  rotatg aroud t perpedcular ax. o maxme the
urface-to-ulk gal, the ample  tlted at a low grazg cdece agle maller tha
the crtcal agle of total reecto (for X-ray, the refracto dex  lower tha 1 ad
we ca get exteral total reecto tead of teral total reecto a we get for le
lght). Te cdece agle  alo how  Fgure 17, ad t  uually ery mall, aout
005− 02◦ depedg o the X-ray eergy (hgher eergy etal lower crtcal agle).

Figure 17: Schematic drawing of the SXRD setup.

Coetoal SXRD ue a X-ray eergy  the rage of 10 − 20 keV, whle HESXRD
ue X-ray wth much hgher eergy (>∼ 70 keV). A ca e ee  Equato 10, the
wae-ector  proportoal to the eergy (k ∝ E), ad thu hgher X-ray eergy etal a
larger ad ”atter” Ewald phere, dplayg a larger part of the recprocal pace. [75, 77]
For th the, mot HESXRD expermet hae ee coducted at the Swedh Materal
Scece Beamle (P212) [12] at PERA iii, DESY  Hamurg, Germay.

Whe X-ray dracto  made o polycrytalle th lm ample, a  Paper iv, t 
called grazing incidence X-ray diraction (GIXRD).Tema derece etwee SXRD ad
GIXRD  that the latter  ued for ample cotg of o may crytallte of deret
oretato that the CR geerally caot e oered, ce they wll go  all drecto.
Oe caot tudy the urface tructure  uch ample, ce CR are eeded for that
ad the urface gal  too wdely pread to e ee. Otherwe, SXRD ad GIXRD hae
the ame operatg prcple. [78]
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ransmsson Surface Dracton

ransmission surface diraction (SD)  a techque that remd of SXRD, ut tead
of httg the ample at a low grazg cdece agle, the X-ray eam  peetratg the
ample. Te tramo mode ha ome adatage compared to coetoal SXRD.
By lettg the X-ray trael traght through the ample, a larger part of the recprocal pace
ca e acceed  oe meauremet, wth le ulk catterg ad horter acquto tme
(though the tme apect  le of a prolem HESXRD).Te -plae atomc arragemet
ca e maged drectly ad the terface ca e etgated, e.g. the terface etwee Pd
ad PdO. Te ample  mouted orthogoally to the eam, ee Fgure 18. [79, 80] Te
meauremet were performed at the Hgh-Eergy Beamle for Bured Iterface Structure
ad Materal Proceg (ID31) [24] at ESRF  Greole, Frace, efore I tarted my
PhD.

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

Fgure 4  Paper iii how a SD mage dplayg eptaxal PdO(100) o Pd(100). Frt,
a mage wa recorded at reducg codto. Te, the codto were gradually chaged
to e ery oxdg, ad a ew mage wa recorded. Te ”reduced” mage wa utracted
from the ”oxded” mage, to remoe ackgroud. Te reult of th mage utracto  a
patter where the dracto pot for eptaxal PdO(100) o Pd(100) are dcated wth
red crcle, whch hae larger rad for reecto wth hgher expected tety.
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Low Energy Electron Dracton

Low energy electron diraction (LEED)  a tadard techque for determg the urface
tructure of crytalle ample. Te rt LEED expermet wa performed  1927 y the
Amerca phyct Clto Dao (1881− 1958) ad Leter Germer (1896− 1971)
[81], where they cormed the de Broglie hypothesis²⁰,

λ =
h√
2meE

⇒ λ(Å) ≈
√

1506
E(eV)

(32)

that tell u that partcle are alo wae. Here, λ  the waelegth of the electro, h 
Plack’ cotat, me  the electro ma, ad E  the ketc eergy of the electro eam.
[33]

Te LEED etup  how  Fgure 19. A electro gu emt a moochromatc electro
eam wth a eergy omewhere  the rage of 0 − 1 keV. Te eam ht the ample
ad the electro are dracted ad elatcally ack cattered toward a phophor cree.
Te eergy rage where thee electro ca e aalyed  20 − 1000 eV (correpodg
to a waelegth of 2744− 0388 Å, accordg to the mplcato of Equato 32), ad
they hae a elatc mea free path (IMFP) of 5− 20 Å. Before reachg the cree, the
electro trael through four cocetrc grd. Grd 1 ad 4 are earthed  order to create
a eld free rego. Grd 2 ad 3 lter away elatcally cattered electro, o that oly
elatcally cattered electro reach the cree. [33]

Fgure 20 how LEEDmeauremet o a Pt25Rh75(100) gle crytal. Whe the crytal
 clea (Fgure 20a), a mple (1×1) tructure  ee. After oxdg the crytal, a (3×1)
upertructure form (Fgure 20). LEED ge a mage of the recprocal lattce. Com-
parg Fgure 20 to the HESXRD -plae map  Fgure 16c, oe ca ee the mlarty
 the dracto patter.

²⁰Named after the Frech phyct ad artocrat Lou-Vctor Perre Raymod de Brogle (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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Ambent-Pressure X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS)  a techque that allow chemcal aaly of urface.
It  ult upo the photoelectrc eect, .e. photo duced electro emo, ee Fg-
ure 21. T eect wa dcoered y the Germa phyct Herch Hertz (1857− 1894)
 1887 ad explaed y the Germa theoretcal phyct Alert Ete (1879− 1955)
 1905, rederg hm the Noel Prze  Phyc  1921. I 1954, the Swedh phyct
Ka Segah (1918− 2007) ad coworker ued a hgh-reoluto electro pectrometer
to ota pectra where the charactertc peak of X-ray photoelectro were clearly le.
T wa the reak-through of XPS, ad Segah receed the Noel Prze  Phyc 
1981 for deelopg the electro pectrocopy for chemcal aaly (ESCA). [82]

Figure 21: Schematic drawing of the principle of XPS. Recreation of Figure 2.3 in [33].
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Te prcple of XPS  how  Fgure 21. A electro wth the dg eergy EB 
old tate  excted y the photo eergy, hν. If th eergy  hgh eough to moe the
electro hgher tha the vacuum level, the electro  emtted from the atom ad get the
ketc eergy Ek. Te Fermi level²¹, EF,  the hghet occuped tate the electro ca
hae wthout leag the atom, ad the eergy derece etwee the acuum leel ad
the Ferm leel  called the work function, Φ. [33] Te EB of the emtted electro  ge
y

EB = hν − Ek − Φ (33)

EB  uually calrated to EF, ad t  pecc for deret elemet. EB  alo aected y
the urroudg, e.g. for oxyge, we get lghtly deret EB depedg o f the oxyge
ext a O2  the ga-phae, a part of a oxde, or a chemored o the urface. T
 called chemical shifts ad deped o chage  the dg tregth de the atom a
t react wth other atom  t urroudg. Smlarly, atom of the ame elemet hae
deret EB depedg o f they are  the ulk or  the urface. [33]

Te XPS pectrum how tety a a fucto of EB, ut tead of harp, well-deed
le, there are more or le road peak  the pectra. Tere are three roadeg cotr-
uto to a XPS peak: instrumental broadening, the excitation life time, ad asymmetry.
Te peak hape wll e a cooluto of thee cotruto.

Te trumetal roadeg  due to mperfecto  the expermetal etup, a well a
the ”huma factor”. It ge re to a Gaua hape²² of the peak. Te exctato lfe tme
 the tme etwee exctato ad deexctato of a electro. Accordg to Heisenberg’s
uncertainty principle²³,

ΔE · Δt ≥ ℏ (34)

we caot meaure oth eergy ad tme wth great preco. Due to a lmted lfe tme
(Δt), the meaured dg eergy (ΔE)  ot tely harp, rather the peak get a
Loretza hape²⁴. Te aymmetry of the XPS peak  caued y mall exctato aroud
the Ferm leel, ad together wth the Loretza, t caue the o-called Doniach-Šunjić
(D-S) line shape²⁵ [83].

²¹Named after the Itala phyct Erco Ferm (1901− 1954).
²²Named after the Germa mathematca, geodet, ad phyct Carl Fredrch Gau (1777− 1855).
²³Named after the Germa phyct Werer Heeerg (1901− 1976).
²⁴Named after the Dutch phyct Hedrk Loretz (1853− 1928).
²⁵Named after the Brth-Amerca phyct ad profeor Seata Doach (. 1934) ad the Croata

phyct, profeor, ad dplomat Marja Šujć (. 1940).
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TeXPS oftware eed the followg put: dg eergy, tety, trumetal road-
eg, lfe tme, aymmetry ad ackgroud. Te t calculate a theoretcal XPS pectrum
that the expermetal data ca e compared to.

Whe elemet traform to compoud, ther XPS peak may hft. For tace, the
Pd3d5/2 peak hft a lttle upward whe the Pd  oxded [84]. Some peak may oerlap,
e.g. the O1 ad Pd3p3/2 peak [64], ut that doe ot caue ay prolem to detect the
urface oxde.

XPS  ofte performed  acuum, ut t  alo pole to perform amet-preure XPS
(APXPS). Te preece of the may molecule  the urroudg ga-phae hder the
photo are from reachg the detector. o oercome th prolem, the dtace etwee
the ample ad the aalyer  kept a hort a pole. Ide the aalyer, there are eeral
acuum chamer wth pump, lowerg the preure more ad more utl the preure
at the detector  aout 10−8 mar. Te orce etwee the chamer ad at the muzzle
of the aalyer are ery mall, o electroc lee are eeded to focu the eam ad aod
catterg.

We hae performed APXPSmeauremet o PdAu/Al2O3(0001) at the Amet-Preure
Soft X-ray Photoelectro Spectrocopy (Beamle 932) [27, 28, 29] at ALS (Adaced
Lght Source)  Berkeley, Sa Fracco  Calfora, USA.

Densty Functonal Teory

Te electroc tructure of atom, molecule, ad old ca e calculated ug density
functional theory (DF). T computatoal method  ult o the fudametal law of
quatum mechac ad ca prode a quattate udertadg of materal properte.
[85] Te DF calculato  th the hae ot ee doe y me – they were performed
y Dr. Herk Gröeck at Chalmer Uerty  Gotheurg, Swede – ut a DF
ha ee ued  Paper i ad Paper ii  order to calculate the atomc poto  deret
urface cogurato o Pt25Rh75(100), a hort troducto to the ac of DF 
cluded  th the.

A the ame ugget, DF ue the electro dety  a ytem to calculate t total eergy.
Coder a ytem wthM ucle adN electro. Te eergy of the ytem  decred y
the electroc wae-fucto, Φ(RRR1, ,RRRM, rrr1, rrrN). Te ucle ad electro  the y-
tem hae ketc eergy (ucl ad el, repectely) ad the electrotatc eld of the ucle
ha potetal eergy from teractg wth each other ad wth the electro (Vucl−ucl
ad Vucl−el, repectely). Tere  alo potetal eergy from the teracto etwee the
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electro (Vel−el). Te um of thee cotruto dee the Hamiltonian operator²⁶ (H)
of the ytem, ee Equato 35. [86]

H = ucl + el + Vucl−ucl + Vucl−el + Vel−el (35)

Hag the Hamltoa, the total eergy  otaed y olg the Schrödinger equation²⁷.
We ca ole the Schrödger equato (Equato 36) f the wae-fucto Φ  kow.
[86]

HΦ(RRR, rrr) = EΦ(RRR, rrr) (36)

Howeer, ecaue of the Pauli principle²⁸, whch tate that each electro mut hae a
uque tate, ad the may-ody character of the Vel−el teracto, the Schrödger equa-
to ca e oled aalytcally oly for oe-electro ytem. Tu, method hae ee
deeloped to ole the Schrödger equato umercally. [86]

A rt tep to ole the Schrödger equato  to apply the Born-Oppenheimer approxima-
tion²⁹  whch ucle ad electro are treated eparately. T  a reaoale approxma-
to a the electro  much lghter ad much fater tha a atom (wth Z ≥ 3). Tu, the
rt tep  to aume xed poto for the atom ad to ole the Schrödger equato
for the electro  the exteral potetal of the ucle. [86]

Te three pero who lad the foudato to DF were the Frech-Amerca theoretcal
phyct Perre C. Hoheerg (1934−2017), the Autra-Amerca theoretcal phyct
ad theoretcal chemt Walter Koh (1923 − 2016), ad the Amerca phyct Lu Jeu
Sham (. 1938) [85]. Tey worked out the theoretcal framework durg the 1960’, whch
ha made DF a feale method for olg urface related prolem. Hoheerg ad
Koh howed that  a homogeeou electro ga, where the electro teract wth
each other  a exteral potetal, the potetal  determed y the groud tate electro
dety o that the eergy  the ytem  mmed [87]. Oe year later, Koh ad Sham
deeloped the theory ad uggeted that tead of tryg to calculate the electro dety
 a may-electro ytem, the electro dety ca e otaed y calculatg a et of
elf-cotet gle-electro equato [88].

Tere are eeral deret oftware, whch hae mplemeted DF for electroc tructure

²⁶Named after the Irhmathematca, atroomer, ad phyctWllamRowaHamlto (1805−1865).
²⁷Named after the Autra-Irh phyct Erw Schrödger (1887− 1961).
²⁸Named after the Autra theoretcal phyct Wolfgag Ert Paul (1900− 1958).
²⁹Named after the Germa-Brth phyct admathematcaMax Bor (1882−1970) ad the Amerca

theoretcal phyct Julu Roert Oppehemer (1904− 1967).

37



calculato of molecule, urface, ad ulk materal. Te oftware ued for the calcula-
to  th the  VASP (Vea Ab-initio Smulato 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 Durng CO Oxdaton

We performed CO oxdato a a model reacto o a Pt25Rh75(100) model catalyt dur-
g a commog eamtme. We foud three deret tructure, amely a (3 × 1)
recotructo wth chemored O uder mldly oxdg codto, a c(8× 2) urface
oxde uder trogly oxdg codto, ad a c(2× 2) urface tructure uder reducg
codto ad eleated temperature. T paper decre the oxyge tructure, whle the
c(2× 2) tructure  decred  Paper ii.

Te (3× 1) ad c(8×2) urface are preouly kow to form o oth Rh(100) [51, 58,
66, 67, 92] ad PtRh(100) [15, 16, 19, 63, 65]. Quattate aaly of SXRD ha ee
doe for the c(8×2) o oth pure Rh(100) [66] ad o Pt25Rh75(100) [58]. Quattate
LEED aaly ha ee doe o (3 × 1) o Pt25Rh75(100) [16], ut to our kowledge,
the (3× 1) rod otaed y SXRD hae ot ee aalyed quattately o PtRh(100).

DF calculato were ued to optme the atomc poto  the (3× 1) recotructo
wth chemored O ad a c(8× 2) urface oxde o PtRh(100). Te CR ad SR of
thee tructure were mulated ad compared to the expermetal data. We got well-ttg
rod for (3×1), the mulato how  Fgure 2  Paper i are ot optmed further. Te
(3×1)  a ”hfted row” recotructo, where Rh ha egregated to the urface, eery thrd
atomc row  the top Rh layer  hfted y half the urface lattce cotat ad oxyge
atom are adored  the reultg three-fold hollow te to a coerage of 23 ML, 
perfect agreemet wth preou tude [16, 66].

Howeer, the c(8 × 2) proed more dcult to t. Fgure 4  Paper i how that we
dd ot get a good t for the expected trlayer urface oxde. Howeer, we got reaoale
agreemet whe we mulated three deret tructure coextg at the urface. Tee
tructure were: () a metallc urface, () the trlayer urface oxde, ad () two trlayer
tacked o top of each other, eparated y a pare Rh layer. Whe optmed, thee three
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tructure occuped the urface to the followg extet: () 32%, () 46%, ad () 22%,
wth a 34% occupacy of the pare layer, whch well wth error marg match 13 a
Gutafo et al. [93] uggeted for a correpodg tructure. Tu, the et t for the
c(8× 2) tructure  a comato of the ormal trlayer urface oxde, a doule trlayer
eparated y a pare Rh layer, ad a metallc urface.

Te reult  Paper i how that the well-documeted oxyge tructure o PtRh(100) ca
e aalyed quattately.

Paper ii: A c(2×2) Reconstructon of Pt25Rh75(100)

T maucrpt  the ”ecod part” of Paper i, prodg a tatu report for the determa-
to of the uexpected c(2×2) tructure o Pt25Rh75(100) uder reducg codto ad
eleated temperature. We hae ot yet foud ay atfyg t for the CR ad SR  the
expermetal data, whch alo agree wth DF calculato. Howeer, for th the, we
decre what we hae doe o far ad what hypothee we hae tred, a well a commet
o the et t we hae otaed o far.

Itally, our terpretato wa that CO adored  atop te  a c(2 × 2), wth a pref-
erece for Rh atom, hece ducg orderg of the urface layer. Aaly of the SR,
howeer, made t clear that the tructure  ot a mple urface tructure, ut t exted
aout 3 layer to the ample.

Seeral deret urface cogurato were mulated, ad the et t, how  the ma-
ucrpt, look ery good. Te correpodg model cot of a top layer wth lghtly
erchmet  Pt. Te c(2 × 2) orderg  maly ee  the thrd layer, whch corre-
podgly ha a Pt:Rh rato ery cloe to 50:50. Te ecod layer  ery Pt rch, whle
layer 1, 4, ad 5 how maller erchmet  Pt. All thee e layer how a tedecy to
dplay c(2× 2), whle elow thee, the layer hae a radom ulk mxture. It  proaly
ot realtc to hae th much Pt  the ear-urface rego, a the alloy ha a Pt:Rh rato
of 1:3. Hece, the work  tll ogog.

Although the c(2×2) tructure  ot oled yet, th tudy emphae oe of the tregth
wth HESXRD, or rather the ue of a large 2D detector. If we had ued a coetoal
SXRD etup, we would proaly ot hae dcoered the c(2 × 2) SR, ce a much
maller part of the recprocal pace would hae ee maged o the detector.
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Paper iii: Formaton of Eptaxal PdO(100) Durng the Oxdaton
of Pd(100)

I th paper, the oxdato of Pd(100)wa tuded y PD, LEED, ad in situSD. It wa
foud that a eptaxal, multlayer PdO(101) tructure form at 500 K³⁰, ut f the oxd-
ato tart at a temperature aoe 600 K, a eptaxal PdO(100) tructure grow together
wth the PdO(101) tructure. Te lattce ector of PdO(101) are rotated 266◦ relate to
the lattce ector of the utrate to mme the tra eeded to t the utrate. Tu,
the th PdO(101) ha a (

√
5 ×

√
5)R27◦ ut cell wth repect to the Pd(100) lattce.

T rotato  ot oered for PdO(100) o Pd(100). Te oxde formg at hgher tem-
perature ecome thcker (15ML compared to 55ML), more rough, more heterogeeou,
ad le tale, ce t decompoe at lower temperature. Te explaato to the deret
oxdato ehaour at deret temperature  that the talty of mall PdO doma
chage wth temperature. Oly PdO doma that are large eough grow to a thck
PdO(100) lm uder meta-tale ucleato codto.

Paper iv: Alloyng and Oxdaton of PdAu Tn Flms

Te dea of th tudy  aed o a methae oxdato tudy o a Pd(100) gle crytal
from 2012 yHellma et al. [4]. Te catalytc actty wa foud to creae wth creag
temperature ad oxde thcke up to a certa pot, ad the the actty decreaed whle
the oxde cotued to grow thcker, ee though the temperature wa tll creag.
Whe the oxde decompoed, howeer, the catalytc actty creaed aga. A pole
explaato  that the th PdO lm expoe the catalytcally acte (101) oretato, ut
whe the oxde grow thck eough, t expoe the (100) oretato, whch  catalytcally
low-acte (compare to Paper iii).

By alloyg Pd wth a ert metal uch a Au,  t the pole to lmt the oxde growth
compared to pure Pd ad tale PdO(101) tead of PdO(100)? T wa the cope of
our paper. We tuded metallc th lm ample, cotg of a apphre utrate wth
a Pd lm ad a Au lm depoted o top, ug GIXRD at P212 [12] to d out whe
alloyg ad oxdato occurred.

A expected, PdAu more dcult to oxde compared to pure Pd. Howeer, the mparg
eect o PdO formato y Au wa urprgly large. Pure Pd wa oxded at a O2
preure of 15 mar, whle the O2 had to e creaed to 10 mar to oxde Pd15Au05 ad
Pd10Au10. Pd05Au15 could ot e oxded ee at 500 mar O2. Whe Pd wa depoted

³⁰Named after the Brth mathematca, mathematcal phyct, ad egeer Wllam Tomo, a.k.a.
Lord Kel, (1824− 1907).

41



o top of Au, the ample ecame more ealy oxded.

Te degree of orderg wa etmated for oth the metallc phae ad the oxde phae, a
well a the degree of oxdato. PdAu wa foud to e more ordered tha pure Pd, ad
the preferetal order wa Pd(111). For the oxde to ecome well-ordered, aealg the
ample  acuum, pror to oxdato, wa a requremet;  the cae where the ample
had ot ee aealed pror to oxdato, the oxde dd ot how a preferetal order. Te
domatg oxde oretato o mot ample wa (100), .e. the urface oretato we
hoped to aod. Howeer, t wa foud that hgher Au cocetrato etal le oxde ad
more (100), whle lower Au cocetrato etal a th (101) oxde. Our et reult were
from the Pd15Au05 ample, where 95% of the metal ad 64% of the oxde were ordered.
Te ordered oxde dplayed 51% (101), 35% (100), ad 14% (110).

Oe peculato from our de  that the chaged lattce cotat of the PdAu alloy com-
pared to pure Pd caue talato of aother urface oretato, ad f Pd wa alloyed
wth aother metal wth a lattce cotat more mlar to that of Pd, perhap PdO(101)
would e taled. Pt ad Pd hae rather mlar lattce cotat, whle that of Au  lar-
ger. Furthermore, accordg to theoretcal calculato, Pt ha pote egregato eergy
 a PdPt alloy whle Au ha egate egregato eergy  a PdAu alloy, ad thu Pt would
egregate deeper to the ulk tead of toward the urface, a Au would [94]. Te the
urface would e Pd erched ad eaer to oxde.

Paper v: Oxdaton of PdAuTn Flms and the Subsequent Reduc-
ton by CH4 and Heat

T APXPS tudy  a cotuato of Paper iv. We oxded a Pd15Au05/Al2O3 th lm
ample ad reduced the oxde wth methae. We oth oxded the ample fully ad formed
a th oxde.

I Paper iv, a O2 preure of 10 mar wa requred to oxde Pd15Au05, ut  th tudy,
oxdato happeed at 1 mar O2. Te reao for th wa proaly that the preure
wa et efore rapdly creag the temperature. It wa pole to reduce the oxde wth
methae. Te reducto wa lowed dow a we reached a oxyge coerage correpodg
to urface oxde, ut a metallc patche were appearg, the ret of the oxde wa reduced
relately quckly.

Te th oxde wa detaled y the preece of Au  the utrate ad wa reduced 
acuum at 280◦C³¹. Te oxde decompoed dow to two layer.

³¹Named after the Swedh atroomer, phyct, ad mathematca Ader Celu (1701− 1744).
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Conclusons and Outlook

T the preet the reult of oxdato cataly o alloy model catalyt uch a a
Pt25Rh75(100) gle crytal (Paper i ad Paper ii) ad PdAu/Al2O3(0001) th lm (Pa-
per iv ad Paper v), a well a PdO(100) formato o Pd(100) (Paper iii). Paper i how
the mulato of twowell-kow oxyge tructure o the PtRh metallc ytem, amely
a (3× 1) recotructo wth chemored O (formed uder mldly oxdg codto)
ad a c(8×2) urface oxde (formed uder trogly oxdg codto). A thrd – uex-
pected – tructure formed o the Pt25Rh75(100) gle crytal uder reducg codto
ad eleated temperature, amely a c(2 × 2) tructure, whch we attempted to aalye 
Paper ii (t proed to e more dcult tha we expected). Paper iii preet a LEED, PD,
ad SD tudy o CO oxdato oer Pd(100). Paper iv uld o the tudy y Hellma
et al. [4] were they performed methae oxdato o Pd(100) ad realed that a thck
PdO lm lead to low catalytc actty. Te am of Paper iv wa to lmt the PdO thcke
y ug PdAu tead of pure Pd, ut t tured out that amog the arou urface oret-
ato we could oere, PdO(100) wa oe of them. Paper v  a complemet to Paper iv,
a APXPS tudy of the PdAu th lm ample wth the lowet Au cocetrato (25%).

Te tool we hae ued to aalye the rod  Paper i ad Paper ii hae ther lmtato. Te
oftware ANAROD [95] ad WROD [96] were ued for the quattate aaly of the
rod. ANARODca oly hadle two cocdg urface tructure plu the ulk termated
urface, whle WROD ca hadle up to three urface tructure multaeouly. Ug
aother oftware that ca hadle more urface tructure extg multaeouly could e
a alterate. I Paper ii, we decre our attempt to recreate the c(2×2) tructure, whch
were le ucceful. Howeer, f we would try wth the ame codto ad ary them a
lttle, we could hae the polty to creae the udertadg of whe the c(2 × 2)
tructure form o PtRh(100).

PdAu wa – ot urprgly – more dcult to oxde tha pure Pd. We had to ”go ack”
from tryg to oxde CO or methae to expoe the ample to oly O2,  order to form
PdO.Te PdO grow o the PdAu alloy wa to a larger degree oreted a PdO(100) tha
we expected. T mght e related to the lattce cotat whch creae wth the amout
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of Au  the alloy (PdAu follow Vegard’ law ery well [97]). Te orderg of the metallc
phae wa motly (111), whch  ot a ope a the (100) urface [34]. T may aect
adorpto ad catalytc ehaour, a t ha ee how that PdAu(100) exht etter
catalytc actty for O2 docato tha PdAu(111), due to the more otructg urface
cogurato of the latter, makg t more dcult for the O2 to ador ad docate [98].
We hae a dea of adjutg the alloy’ lattce cotat y ug PdPt tead of PdAu, ce
Pt ha a lattce cotat cloer to that of Pd. Te the lattce cotat of the PdPt hould
ot e too far from the Pd lattce cotat. We hae tred the ame HESXRD expermet
o PdPt/Al2O3(0001) a we dd o PdAu/Al2O3(0001), though the reult are ot yet
aalyed to the degree that we ca ay f we could aod PdO(100) or ot. Aother dea
for future tude of the PdAu alloy  ug lower Au cocetrato (< 25%), ce a low
Au cotet  the PdAu alloy eem to etal a ther PdO lm ad gger proalty of
expog the (101) urface oretato.

Oe thg I hae thought aout durg eamtme  a way to mproe the algmet
proce. Algg the crytal  the HESXRD chamer ca e qute dcult. Epecally
whe we are heatg or coolg the ample, ecaue of expao ad cotracto. Te
we may eed to realg the ample efore each meauremet, a the temperature chage.
I thk t would e practcal to hae ome kd of automatc algmet, uch a a crpt
you ca ru to let the computer do the algmet tead of the cett dog t maually.
Deelopg uch a crpt mght e trouleome, though. My programmg kll are, at
the tme of wrtg, too rudmetary for me to tell whether the programmg part would
e dcult for a more expereced programmer, ut tetg the code could caue eere
damage to the detector f ome error caue the drect eam to ur the detector. It could
e cotly to deelop a algmet crpt f t mea we hae to acrce detector for th
purpoe. Howeer, f we had a automatc algmet procedure, ad t wa trutworthy
ad ecure, we could aod ad meauremet caued y ad algmet ad get etter ad
more relale data out of our HESXRD meauremet.

How far  the tep from model catalyt to dutral catalyt? A decred  the ec-
to Model Catalysts  the chapter Surface Science and Catalysis, the catalyt we tudy 
the laoratory are ot qute the ame a the catalyt ued  dutry. Te derece 
materal, preure, ad complexty are qute large. Already  1977, Sfelt wrote the
followg [8]:

”For a metallc catalyt to e of teret for dutral applcato, t  e-
ceary that t e prepared  a hgh urface area form ad that t e retat
to lo of urface area durg ue.”

If 1‰ of the atom  the catalyt  a urface atom, the the urface area of that catalyt
would e∼ 1 m2/g [8]. o hae th, we would eed to hae a ely groud powder. If we
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take Pd a a example, wth t lattce cotat of 389 Å, ad aume phercal partcle,
thee partcle would eed a dameter of ∼ 23 µm. Tu, our gle crytal ad th
lm ample hae way too low urface-to-ulk rato. T  why aopartcle o the
meocopc cale are ued for dutral catalyt [31].

ryg to trato from ”la codto” to ”real codto” ad tudyg the catalytc-
reacto-duced urface chage would e ery demadg [15]. Tere are eeral order
of magtude more partcle at amet preure compared to UHV, ad the ample would
e gcatly more drty tha uder acuum codto. A  kow, the urface com-
poto der gcatly from the ulk compoto [9] ad od etwee the metal
atom ad urroudg atom, e.g. O, ca caue uteded egregato of atom where
they are ”ot uppoed” to e [2].

Ee f the materal ad preure gap etwee model catalyt ad dutral catalyt are
tll wde, eery tep to rdgg them cout. Hopefully, we hae maaged to cotrute
to the udertadg of urface recotructo ad how they ca e utled  cataly
reearch.
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