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ABSTRACT

Density functional theory studies were performed to understand the early
stage of graphene like structures nucleation and growth on Pd. The
adsorption of C atoms on four Pd(111) surface models was examined. We
found adsorption energies ranging from -479 kdmol, for atop site on a
Pd(111) surface, to -804 kJmol2, for a hollow-hcp site for Pdaep_ edg8(111)
surfaces. Local density of state curves analysis showed significant car-
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bon/palladium bond hybridization. When incorporating new C atoms, these
were attracted by the adatoms simulating a hexagonal ring. The calcula-
tions using a surface model containing steps, terrace and clusters sug-

gested that the nucleation of atomic C is promoted.
© 2011 TradeSciencelnc. - INDIA

INTRODUCTION

The generd nucl eation and growth mechanism of
carbon nanomaterid, inaCV D (Chemica Vapor Depo-
Sition) process assumesthe hydrocarbon moleculedis-
sociation (catayzed by thetransition metal) and disso-
[ution, aswel| assaturation of carbon atomsinthemeta
nanoparticle. Withinthisschemewe can seetwo differ-
ent growth patterns, the “tip-growth” and the “base-
growth™™. Themetal—support interactions are found to
play adefining rolefor the growth mechanism@. Wesk
interactionsyield tip-growth mode whereas strong in-
teractions|ead to base-growth mode.

Thetip-growth mode involvesthecarbon diffuson
through the metallic nanoparticle and the subsequent

detachment of the particlefrom the substrate, beingthe
driving forceof thisprocessattributed to either thetem-
perature gradient or the carbon concentration gradient
between the gas-metal and particle-substrate inter-
faced®9. On the other hand, the base-growth model
impliestheformation of agraphiticlayer onthecurved
metal surface with the addition of carbon atoms or
dimersfromthe particle basd® .

By meansof timeresolved HRTEM (high resolu-
tionin situ transmission € ectron microscope) observa
tions, Helverg et al. visualized the dynamics of solid-
gasinteraction at atomiclevel inthe CNFformation by
methane decompasition over supported nickd cataysttel.
Their results, supported by density functional theory
(DFT) cdlculations, are cond stent with agrowth model
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involving surfacetransport of carbonand nickel atoms.
Thenucleation and growth of carbon structureslayers
are associated with thedynamic formation and restruc-
turing of monatomic step-edges on the nickd surface.
Theauthorsindicatethat, whilein somegrowth condi-
tionsthecarbon diffusion could proceed through the Ni
particle, itisnot necessary to consider abulk diffusion
modd to achieveacoherentimage. The specificroleof
the nanocluster surface has al so been considered by
other authorswho proposed different growth models
based on surface carbon transport!®3,

Recent studiesof Esconjauregui et al . ontherea:
sonswhy metd s catal yze the nucl eation and growth of
carbon nanomorphologies proposethat metal swithfew
d-vacancies such as Ni, Co, or Fe are the best cata-
lyststo nucleate and grow carbon nanotubes (CNTs)
asthey can both form metastable carbidesand release
carbon atomsunder typica CNT synthesisconditions.
Metalswith alarge number of d-vacanciesare active
catalystsonly if their stable carbides can decompose
carbon sourceswhereas meta swith full d-orbitalsare
active cataystsonly at the nanoscale (nanoparticles 1
nmor smaller).

In a previous paper we investigated the carbon
nanofiber formation over duminasupported Pd cata-
lyst inthe reforming reaction of methanewith carbon
dioxide™. Our characterization by HRTEM showed
theformation of nanofiberswith diametersranging be-
tween 8 and 18 nm and different orientation of thegra-
phiticlayers(but mainly hollow fishbonetype). Wehave
determined that thegrowth of thefiber isrelated to the
formation of afew graphitic layersthat surround the
metal particle.

Withtheaim of GGA-DFT calculus, L. Graciaet
al.[*9 studied the diffusion of Cin palladium surface
and subsurface, finding that the insertion of C is
energetically favourable, being the subsurface C
preferentialy trappedin octahedrd steswithaganin
energy of 690 kJmol* and the horizonta migrationtakes
place between octahedral and tetrahedral sitesbelow
thefirst Pd surfacelayer and themost favourable path
involvesabarrier of 71 kdmol. Diffusiontothebulk
wasfound to bean energetically costly process.

Meanwhile, inarecent work L. Nykénen et al.[*
by meansof RPBE-DFT calculus, havefound that the
C adsorptioninthe bulk ismore stablethan onthe Pd
surface. Ontheother hand, Hu et al [*® performed DFT
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studies of transition metal adatoms adsorbed on
graphene and mentioned the specia caseof Pdthat is
different from other trangtionsmetds. Whilethe Pd atom
adsorption on grapheneisachemisorption, graphene
adsorption on Pd substrateisaphysisorption. However,
P. A Khomyakov et al.[*¥ by using LDA-DFT and
analizing band structures, found that graphene is
chemisorbed on the Ni, Co or Pd (111), or on the Ti
(0001) surface.

Themaindiscussion canbesummarized asfollows:
(1) there may exist differences between the chemical
behaviour of a single C atom and graphene-like
structures over Pd surface; (ii) the obtained results
mostly depends upon the choice of the exchange-
correlaionfunctiond.

Inthiswork, we present density functiond theory
(DFT) caculationsto understand theorigin of theinter-
face processthat takes place during the early stage of
the nucleation and growth of graphene-like structures
on Pd surfaces. The paper isorganized asfollows: sec-
tion 2 describesthetheoretical framework and section
3thedab modelsused. In section 4, divided into two
subsections, wepresent our resultsand discussion. Fi-
nally, our conclusonsaregiveninsection5.

COMPUTATIONAL DETAILS

Density Functional calcul ationswere performed
with the Vienna Ab Initio Smulation Package
(VASP)222 The Kohn-Sham one-electron wave
functionswere expanded on a basis of plane waves
with cutoff value of 500 eV for thekinetic energy. The
exchange-correlation functional wastreated accord-
ingtothe Generdized Gradient Approximation (GGA)
in the parameterization of Perdew—Wang (PW91),
Previous studies?! and present tests do not reveal
any noticeable spin polarization effect for neither the
substrate Pd model snor the adsorption atomson them.
Thus, dl calculations (except for thefree carbon atom)
were spin-restricted.

Theinteraction between atomic coresand valence
el ectrons was described by the projector augmented
wave (PAW) method®24, For the PAWswe consid-
ered ten valencee ectronsfor Pd (3d°4s) and four for
C (25°2p?) The blocked Davidson approach was ap-
plied asthed ectronic minimization agorithm. Weused
Monkhorst-Pack kpoint mesh? and the M ethfessel -
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Paxton technique®! with asmearing factor of 0.2 for
the electroniclevels. The convergency of thek-point
mesh was checked by increasing the k-point mesh until
theenergy has converged with aprecision better than 1
meV/atom. Inthisway the size of thekpoint mesh con-
sidered was 5x5x1.

Structureswereoptimised until themaximum forces
acting on each atom becamelessthan 10 meV/A. The
electronic structure for C adsorbed was analyzed in
termsof Density of States(DOS).

SLABMODELS

An FCC stacking layered structure was assumed
for theca culations. Thereference Pd(111) surfacewas
represented by four-layer dabs. Preliminary testswith
dab models containing up to fiveatomic layershave
shownthat adab with four layersprovides converged
results; the differencein the surface energy between
four and fivelayer-dabswasabout 0.005eV. There-
peated atom slabswere separated in zdirection by a
vacuum region equivaent to fiveinterl ayer spaces opti-
mized to avoid theinteraction between them. Atom
positionsin thebottom threelayerswerekept frozen as
optimized for Pd bulk, whereasthe other layer (closer
to adsorbate) wasalowed to relax completely, withina
maximum forcecriterion of 0.01 eV/A providing an in-
teratomic distancerelaxation of 1.4 %. Thecdll param-
eter was calculated to be 2.79 A. As it could be ex-
pected, calculated GGA bond distancesarelonger than
the respectiveexperimental value(2.75 A).

Withtheaim of standing for the surface roughness,
four different Pd model surfaceswereinvestigated. A
plane surface, modeled by the close-packed Pd(111)
surface with ap(2x2) unit cell (Figure 1a); astepped
surfacewith two atomicrowsmissing (Pd, .o ) repre-
sented with a(3x2) unit cell (Figure 1b); aterrace sur-
face(Pd___) modeledwitha(4x2) unitcell (Figure1c);
andafour Pdatomsduster surface (Pd, ) onaPd(111)
surfacemode ed witha(5x5) unit cdl (Figure 1d). Both
stepped model surfaces(Figure 1b and 1¢) haveadab
thickness comparableto the Pd(111) surfaces.

RESULTSAND DISCUSSION

The current section was divided into two parts.
Section 4.1, presentsthe cal cul ated adsorption ener-
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giesat different sitesfor low coverages (6 <0.25ML)
and two transport pathsfor carbon areexamined. In
section 4.2, we describe the growth of graphenelike
structuresand finally we analize the carbon adsorption
energiesat high coverages(6 > 0.25 ML).

C monoatomic adsor ption and diffusion on Pd(111)
surfaces

Here, weexamined the carbon stability at different
sites. The C monatomic adsorption on Pd(111) corre-
sponding to acoverageof 0.25ML (oneC per four Pd
atoms exposed on the surface) was cal cul ated at four
possiblesites: top (T), bridge (B) and two hollow sites,
tetrahedral (H,,) and octahedral (H_,) asindicatedin
Figure 1a To study the C adsorptionon Pd,, e [(111)
surface corresponding to coverageof 0.17 ML 2one C
per six Pd atoms exposed on the surface) we added
threemoresites: oneadatom aboveasingle Pd atom of
the monoatomic step-edge, denoted as T, abridge
site between two Pd atoms of the monoatomic step-
edge (By) and a third one corresponding to a C
adsorbed on the corner between the terrace and the
step-edge (B,) (Figure 1b). Similar sites considered
for thestudy of C adsorbedonPd, _ _andPd, . are
schematizedin Figures1cand 1d.
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Figurel: Four different Pd model surfacesused inthecalcu-
lations. () plane Pd(111) surface; (b) Pdaepi wge (stepped sur-
facewith two atomic rowsmissing); () Pd,,... (d)Pd, ..
(cluster of four Pd atomsdeposited on the Pd(111) surface).
Thesitescorrespondto: T (red), B (turquoise), H ,andH_,
(yellow); for PdSlede .surfaceweincludethesites: T (vio-
let), B (green) and B (blue).

The C adsorption energy by atom (E_,) was cal-
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E,..=(Eg, py—Ep—nE)N )
whereE_, , isthetotal energy of theadsorption sys-
tem; E,, isthetotal energy of the clean Pd(111) sur-
face, E_ isthetotal energy of anisolated C atomandn
isthe number of C atomsadsorbed; inthissectionwe
discussthesituationfor n=1. Theadsorption energies
and geometry information are summarizedin TABLE
1. Wefoundthat the hollow siteswere more energeti-
cally favorable than the bridge and top onesin both
analized casesin good agreement with that reportedin
reference?. Asmentioned in Section 2, the physical
consequencesof the magnetic nature of thiseffect for
C adsorption was not noticeable as suggested by a
margin of 0.5 % between the adsorption energy vaues
obtained for non-spin polarized (NSP) and spin polar-
ized (SP) cal culations. Comparing both surfaces, the
adsorption of C onthe step wasslightly favored by 8
% in contrast to theflat surface.

In order to improve the knowledge of the models
used, the respective formation energy for Pd,_ ..
Pd__ andPd, _werecaculated. Theobtainedval-
ueswere; -197 kdmol, -465 kJmol* and -436 kJmol 2,
respectively. Sarting fromtheseformation energieswe
can explain, for example, the observed spontaneous
palladium step-edges formation: the step-edgeforma:
tion energy islessthan the energy gained when carbon
atomsbind to the step-edges. Theseresultswere con-
cordant with thosereported by other authorsusing dif-
ferent model sand approximationg*32,

TABLE 1: Binding energies(kJmol™) and interatomicdis-
tances (A) of C adsorption on Pd(111) surfaces. The sites
correspond to: top (T), bridge (B) and two hollow sites(H
andH_); for PdStep Pd and Pd surfaceswein-

_edge’ terrace cluster

cludedthesites T, B and B (seetext and Figurel).

Pd Pdgep edge Pdierrace Pduger

Site 0=025ML 0=017ML 06=0125ML 6=0.04ML

Zcpd EBass Zopd Eass Zepd  EBass Zopd  Eads
T 1.80 -479 180 -594 180 -603 180 -481
Tse - - 180 -512 171 -568 171 -546
B 184 -671 184 -683 184 -669 184 -673
Bc - - 184 -112 183 -132 184 -211
Bse - - 144 -693 168 -690 182 -609
Hoe 190 -732 190 -786 190 -770 190 -732
He 190 -740 190 -804 190 -791 190 -738

The monoatomic C adsorption on Pd can beana-
lyzed interms of the electronic structure evauating
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thelocal density of states (LDOS) obtained by pro-
jection of thewave functionson an atomic basis. We
will do thisfor the hollow configuration asit isthe
most stable. For that purposethe partial LDOS (3d
band) for the surface Pd atom closer to C adsorbed
and the LDOS (s+p bands) of the C adatom are ex-
hibited in Figure 2. We can observe the contrast be-
tween clean Pd d-band and free C (s+p) bandswith
the corresponding one after interaction. The C ad-
sorptioninducesaloss of statesintheregion (0.5; -
2.5eV), again of statesintheregion (-2.5; -5eV)
and new statesintherange(-6; -5eV), aswell asone
centered around -11 eV (Figure 2a). Whereasfor a
free C atom (Figure 2b), there are two peaks cen-
tered around -8 and 0 eV. After the adsorption, the
first onewas shifted -3 eV and the second oneischar-
acterized by alarge splitting of (s+ p) stateswithtwo
main structuresaround -5and 1 eV. Thiscould repre-
sent bonding and anti-bonding states, respectively.

Therefore, the LDOS analysis accountsfor astrong
hybridization of adsorbate (s+ p) stateswith thelocal

states of surface Pd atoms. These areindications of

strong covalent C-Pd bonding. Likewise, the splitting
caused by hybridization reducesthe LDOS around
the Fermi level for Pd atoms, which havedirect cova-
lent bonds with the adsorbate. Theoretical calcula-
tions for C and S on Pd(533) and Pd(320)* also
showed alarge splitting of p statesof C and Swith
two main structures separated by 7-8 eV. Thediffer-
ences between thed ectroni c environment of step-edge
Pd atoms obtai ned from the density of state curves
werenot noteworthy, and therefore not presented here.

The center of gravity of the d-states, e, defined
asthe DOS centroid in an atomic spherecentered at a
surface atom, was evaluated in order to characterize
thesurface d-dectron ability of taking part inthe bond-
ing with the adsorbate. We observed that the C-sub-
strateinteraction shiftsthe pure Pd d-band centroid
towards higher binding energiesby approximately 1 V.
Additionally, whenthe Pd d-bandisplaced near atcomic
orbitalsthe chemisorption strength increases, verifying
the correl ation between d-band position and chemi-
sorption strength™,

Asdescribed above, the hollow sitesaremoreen-
ergetically favorable than the bridge and top ones.
Therefore, theCadsorptionat H_, siteandH,, siteis
chosen astheinitial and find state, respectively, toin-
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Figure2: LDOScorrespondingto C-Pd system. (a) Compari-
son of the Pd d-band befor e(dashed line) and after (solid line)
adsor ption of C on hollow site. (b) (stp) bandsfor Cinthefree
state (dashed line) and after adsor ption (solid ling). The Fermi
level liesat OeV.

vestigate the C horizontal diffusion on the surface.
The converged minimum energy paths (MEPSs) for C
diffusonwereevaluated dong two different pathsfor
both Pd(111) and Pd__ edge(111) surfaces. Inthefirst
Path, aC atom movesfrom theH o« t0themost stable
H,, viaatop site; whilein second Path it movesaong
an adjacent bridge sites.

Wefound that theactivation energy for the C diffu-
sion aong thefirst Path were 259 and 211 kJmol for
Pd(111) and Pd, ., (111), respectively. Nevertheless,
the cal culated energy barriersfor the second Path were
69 kdmol* and 122 kJmol?, lower than thosea ongthe
first Path. Thisshowsthat the C adatom preferentialy
diffuses between hollow sitesviabridgesite. There-
spective curves are presented in the Supplementary
Information (Figure S1).

Nucleation and growth of graphene-likestructures

Up to this point, we have presented the case of
monatomic C adsorption on Pd surfaces. What hap-
penswhen morethan one C reachesthe surface? We
proposed atentative carbon ring formation adsorbed
on Pd(111). With thisgoal inmind, weused asurface
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unit cell (v3xv3) by taking thegeometry-optimized con-
figuration of Pd(111) surface. First weplaced aC atom
on ahollow site (denoted as 1 in Figure 3). Then, a
second C (2) was approached keeping an interatomic
equilibrium distanceof 1.39 A. The representative unit
cell of agraphenelayer was obtained by adding con-
secutively C adatomsdenoted as 3, 4, ..., 8. For this
ideal situation, theincorporation energy involvedin
theformation of aC ringwasestimated by DFT calcu-
lationsusingtheformula

Einc cn= ECn Pd— ECn-l Pd Ec (2)
whereE_ . isthetotal energy of Pd surfacewithnC
atoms adsorbed (withn=1108); E_ , ,isthetota
energy of Pd surfacewith (n-1) C atomsadsorbed and
E.isthetotd energy of anisolated C atominabox. The
corresponding energy profileisaso showninFigure 3.

Q 1 2 3 4 5 6 7 8§ 9

n

=1

=
L

-1000

Einc Cn (kJ/mol

73
=}
=3

5]
[=1
=1
=]

Figure3: Energy profile obtained for the corresponding
carbon ringformation adsor bed on Pd(111) vs. thenumber
of C atomsincor por ated intothering (n). Thebottom of the
figur e showsa configur ation schemefollowed by theincor -
poration of C.

A negative energy vaue meansthat the C adatoms
were bound to the Pd surface. In spite of the C-C re-
pulsions, theformation of thering wasfavored. The
procedure included the optimization of the C coordi-
natesin addition to the rel axation of the two surface
layersof thedab. TheE _becomesmoreimportant as
the C ringisbeing completed. We notethat theinstabil-
ity, observed by the addition of the seventh C to the
ring, disappearsupon completion of thebonds. Inturn,
theringsmight bind together creatingagraphited layer.
Thereisadriving forcefor grapheneformation dueto
theenergy gain per incorporated C atom. Independently
of theinitia nucleation mechanism, thebarrier for the
incorporation of thefirst Cissmall (around 150 kJ/
mol) because no coval ent bonds are being broken.
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Inorder toimprovetheknowledge of thegrowth of
graphene-like structures, wecal cul ated the adsorption
energiesat highest coveragesfor themodelsdescribed
insection 3. TABLE 2 summarizesthe most represen-
tative casesand shows sketchesof thefina statesafter
relaxation. Therespective C coverage (expressedin ML)
and adsorption energiesare showninitalicsand bold,
respectively. The energy valuesinthistablewere ob-
tained by using equation (1) with n between 8 and 19
giving risetothedifferent coverages(seeTable S1in
Supplementary Information). Theresultsindicatethat
theenergy increasesdightly asthecoveragegrows. From
acoverage of 4 ML, the adsorption energy starts de-

creasing dueto asubstantial repulsiveinteraction be-
tween the C atoms. The step-edge site preference till
pers stswhen compared with thesmooth Pd surfacefor
the same coverage. Note the formation of C ringsfor
coverages greater than 2 ML. When theroughnessis
present onthe surface, the Cringslayer iscurvedtofit
the steps or the terraces. At higher coverages, the C
alomsarestabilized intheterracehollow sites.

Tofurther understand the effects of substrateinthe
formation of Crings, wehaveasorelaxed 19 C atoms
inacel without the presence of metal. After relaxation
different ringswere formed with 4, 6 and 7 carbons
(seeTABLE2last cdl).

TABLE 2: Calculated adsor ption energies(in bold) at different coverages(initalics) for themodelsdescribed in section 3
after relaxation. TherespectiveunitsarekJmol*/at and M L. Thefirst row correspondsto C adsor ption on the smooth Pd

surface. Thefifth, sixth and seventh cells, correspond to Pd

step_edge’

Pd and Pd

terrace

suser Inthelast cell wepresent thefor mation

of C ringswithout metal substrate. Color online: C areshown inyellow and Pdin gray.
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(s+p) stateswiththeloca states of surface Pd atoms.
CONCLUSIONS Thiswasevidenced by the shift of the Pd pure d-band

Inthiswork weused DFT calculationsto investi-
gatethe C chemisorption and diffusion on Pd surface
with theaim of understanding the early growth stage
mechanism of graphene like structures on Pd based
cataysis. For thispurpose, fivedifferent surface mod-
elswerestudied.

Wefound that C atomswould bind strongly to the
surface, preferably to thethreefold hep sites, with ad-
sorption energies of -740 kJmol for Pd(111) and -
804 kJmol* for Pdstep_ ge’ corresponding to 0.25 and
0.17 ML respectively.

The LDOS cal culations showed that C-substrate
interaction causes astrong hybridization of adsorbate
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centroid (~1 eV), and a Pd atoms LDOS reduction
around theFermi leve, which havedirect covaent bonds
with the adsorbate.

Theminimum energy path evaluationindicatesthat
thebridgesiteactsasatransition sitefor C diffusion
between hollow siteswith activation barriersof 69 and
122 kdmol*for 0.25and 0.17 ML, respectively.

In order to exploretheformation of carbon rings,
we cal cul ated the adsorption energiesat highest cover-
ages. Theresultsshow that theenergy increasesdightly
asthe coveragegrows. From acoverage of 4 ML the
adsorption energy starts decreasing dueto asubstan-
tid repulsveinteraction betweenthe C aloms. Thestep-
edgestepreferencedtill persists. Theformation of car-
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bon ringsisobserved for coveragesgreater than2 ML.
When theroughnessispresent at thesurface, therings
curvetofittothe stepsor theterraces. The Cringfor-
mation without substrate a so wasreported.

Thecdculationsshow that the surfaceirregularities
promotethe nucleation of C atoms. Pd step-edgescan
beinduced by adsorbed C atoms because the C bind-
ing energy tothe Pd step-edgeislarger than theenergy
gain of forming amonoatomic step-edge (197 kdmol-Y/
at). Theresultssuggest that the nucleation and growth
of graphenelike structures are associ ated with the dy-
namic formation and restructuring of monoatomic step-
edgesat the palladium surface.
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