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ABSTRACT

Density functional theory with 6-31G basis set has been carried out in
order to determine the geometric and electric structure of small ZnO
nanostructures at room temperature. The cal culations were done on ZnO
nanowires and single-walled nanotubes with n atoms per periodic unit,
where one periodic unit is made up of two hexagonal ZnO layers. The
calculations show that, for small n, a single walled nanotube has lower
energy than a nanowire but when the larger wire, have lower energy than
SWNT. Also for large size of nanostructure the growth of nanowiresin the
zdirection is more favorable than other x direction or x-y plane. Charge
distributions of ZnO nanowire with 48 atoms are calcul ated, whiletop site
adsorptions of Cuatomson Zn or O atoms on the ZnO surface are consid-
ered. Optimized distances, charge transfers and binding energies associ-
ated with both types of adsorption processes are calculated. The interac-
tion energies corrected by basis set super position error (BSSE) with the
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same level of calculation.

INTRODUCTION

Zinc oxide (Zn0O), asan important functional ox-
ide, isadirect wideband gap (3.37 V) semi conduct-
ing and piezod ectric materid having many useful prop-
erties, such asoptical absorption and emission, con-
ductivity, piezoel ectricity, photo catdys's, and sengitiv-
ity to gases’ 3. Therefore, alarge number of publica
tions have been reported for the synthesizing of ZnO
nanostructures with various shapes (nanowires,
nanobelts, nanorings, nanotubes, nanodonuts,
nanopropellers, etc.)*7. Among these various ZnO
nanostructure, inthe past few yearshavewitnessed nu-
merousreportsof thesynthesisof onedimension (1D)
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ZnO nanomateria's; much current activity isdirected
toward achieving further decreasein nano crystal size,
controllableand sdectiveareagrowth, and theforma:
tion of aligned, high aspect ratio arrays of such
nanostructures®,

Inrecent years, the combinati onsof increased com-
puter power and improvements on the computational
methodshaveal lowed researchersto address, fromfirst
principles, very complex problems. Theoretica descrip-
tion of the non polar ZnO surface*® and adsorption
of different moleculesonthissurfacehave been reported
intheliteraturé®%l, Cu/ZnO based catalystshavere-
ceived much attention duetointerestinindustrialy im-
portant processes. A preliminary condition for amore
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extensive understanding of catalytic reactionsonthis
surfaceisto unrave thedetailsat an atomic scale. Tak-
ing advantage of these new devel opmentswe have car-
ried out thistheoretical work in order toinvestigatethe
following aspects: (i) determination of the structural
propertiesand energy stability of some nanostructures
of zincoxideat theB3LY P/6-31G calculation level,
and (i) exploration modes of the Cu atom to smulate
the Cu/ZnO surface. Thisprovidesanew guiddinefor
making new one dimension nanostructure.

THEORETICAL SECTION

Computational details
(@) Abinitiomolecular orbital calculation

All cdculationswereperformed usngthe Gaussan
200314, The energies and geometries of all
nanostructureswere cal cul ated and optimized by per-
forming DFT calculationsusing the Beckes’s three-pa-
rameter hybrid non-local exchangefunctional®! com-
bined with the Lee-Yang-Parr gradient corrected cor-
relation functional?®, B3LY P, of which the most suc-
cessful oneisbased onthe hybrid functiona method?”,
The 6-31G basis set was empl oyed for geometry opti-
mization and energy cal culation. Full optimizations of
all the compounds studied without any symmetry con-
graint. Theinteraction energieswere ca cul ated at the
samelevel and corrected with zero-point vibrational
energies (ZPEs) and the basi s set superposition error
(BSSE) using the Boys-Bernardi counterpoise tech-
nique?, The POP = NBO key word isused for afull
natural bond orbital analysisspin density and atomic
charge assignments?,

RESULTSAND DISCUSSION

Optimization of nanotubesand nanowiers

The studied nanowires are fragments of wurtzite
ZnO, cut aong the (001) axiswith period c. Theopti-
mized model of ZnO nanowires and single walled
nanotubeswith n atoms per periodic unit, where one
periodic unitismadeup of two hexagona ZnO layers,
Figure 1. Thefirst nanowirewith 12 atomsper unit cell
and C,, point groupisalso thefirst nanotube. The sec-
ond nanowire (two honeycomb units, 20 atoms per cdll)
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withtheC, point groupisthestarting point for thethird
nanowire and so on. To making the nanctube, we near
two unit cellsto each other inthe zdirection and opti-
mizethistwolayerssystem. There eased energy isabout
11 kea/moal that related to el ectrostati cinteraction be-
tween Oxygen and Zn atoms. Thismethod is continu-
ing until 48 atoms. Theresult of the our calculations
indicatethat the nanowirewith 48 atomsand C,, point
group is about 15 Kcal/mol more stable than the
nanotubewith thesame number of atom and same point
group. Thereativeenergiesof relaxed nanowiresand
nanotubes are plottedin Figure2. AsthisFigure shows
for ZnO nanostructures (< 36 atoms), the SWNT is
energeticaly morestablethan nanowireform. But large
sizeof nanowireis more stablethan nanotubes. This
can beunderstood if weview ZnO bondsas coval ent.
Thewurtzite ZnO crystal has ¢ bonds made from sp?
hybrid orbitals. Small nanowireshave dangling bonds
onthesurfacethat increasetheenergy. Inthenanotube,
7 bondsresulting from sp? hybridizationwill form, low-
ering theenergy. Asthewiregrowslarger, thefraction
of surface dangling bonds decrease and thefraction of
saturated sp* o bondsincreases, sothewirewill even-
tualy havelower energy thanthe SWNT. Theseresults
areinagreement with Shen et d. DFT calculationg®.

Larger ZnO nanostructure

The reaction pathways for the construction of
nanostructurewith 144 atomsfrom nanowirewith 48
atomshave been shown in Figure 3. Comparisons be-
tween the stability energy of different nanostructures
have been presented in TABLE 1. Astheresultsindi-
catethe“a path” is the most favorable pathway to form
ananostructurewith 144 atoms. Since the growth of
ZnO nanowireinthezdirection lead to nanostructure
with seven paralel nanotubes, A structure, that is20
kcal/mol and 28 kcal/mol more stable than C and B
nanostructures respectively with the same of atoms,
Figure3.

Cu/ZnO

Two modelsof Cu/ZnO surfaces, depictedin Fig-
ure4, have been considered at the B3LY P/6-31G com-
putational level. In“1” and “2” at full coverage, Cu at-
omsarelocated on top of Znand O atomsbelongingto
one of the two sides of the nanowire with 48 atoms,
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Figure 2 : Relative energy for SWZONTs and nanowires
from DFT results.

respectively. In these processes, the ZnO surfacere-
mainsunchanged a the previousrelaxed geometry. This
procedure has been employed by Person and
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Figutrel: Optimized structureof nanowires, A-E, and nanotube, F, The pur pleballsrepresent Zn atoms, and red balls
represent O atoms.

OjamieY, Minot et al.*2 and Beltran et al.®® onre-
lated systems with acceptabl e results. The optimized
Cu-Zn distanceis 2.26 A in the system a while the
distance Cu-O of thesystem bis 1.98 A, “2” being
energeticaly favorable, by 9.81 kCa/mol, with respect
to““1”. The binding energy, BE, has been estimated by

thefollowing equation:
BE=-[E(Cu/znO . )-(E@ZnO,_ . )+E(Cu))]
Here, E(Cu/ZnO,_, ...), (E(ZnO___ . ) and E(Cu)
represent thetotal optimized energy (heat of forma-
tion) of the Cu/ZnO ZnO and Cu atom,
respectively.

Thecomputed binding energy havebeen corrected
for basis-sat superposition error (BSSE) usingthecoun-

nanowire’ nanowire’
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Figure3: Theoptimized structuresof different nanostructuresof ZnO with 144 atomsfrom threepaths.

TABLE 1: Sability ener gy between different nanostructures
of ZnO fromA, B and C paths.

AE (Kcal/mal) A path Bpath C path
AE = Efn-g6) — 2E (n=sg) 21.65 7.23
AE = En=144) — 3E (n=2g) 43.72 15.21 23.70

terpoi se method.

Both systems 1 and 2 render exothermic adsorp-
tion energiesand the corresponding val ues are: -46.30
and -47.75 kCal/mol, respectively. Now the binding
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energiesdiffer by only 1.45kCa/mal.

The result of NBO charge caculation of ZnO
nanowirewith48 atomsshowsthelocd averagecharges
on Zn and O atomsis +0.65 and -0.65 respectively.
Alsotheanalysisof NBO chargedistributionsindicates
achargetransfer from Cuto surface, withsimilar va-
uesof chargetransfer for both typesof interactions, -
0.265and -0.232 for system 1 and 2 respectively. This
excess of charge ismainly gathered by Zn atoms of
asurface Thisresultiscondstent withtheMulikenanaysis
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Figure4: Schematic view of thetwo modelsfor smulating
theadsor ption of Cu ontheZnO surface. Model1, Cuon Zn
center and model 2, Cu on O atom of ZnO surface.

previously reported®4,
COCLUSION

In contrast to the large body of the experimental
work in resent years on the different ZnO
nanostructures, littleattention hasbeen paidto thetheo-
retical investigation of this important field in
nanotechnol ogy. Inthisstudy an abinitio density func-
tional theory method was empl oyed to study the non
polar Zno nanowires and nanotubes. The results of
present cal cul ations show that, for 1D ZnO structures
(d” 36 atoms), the SWZONT is energetically more fa-
vorablethan nanowireform, but asthewiregrowslarger,
the nanowireswill havelower energy thanthe SWNT.
For thelarge size of nanostructure until 144 atomsthe
growth of nanowiresin the Z direction to form seven
pardle nanotubesisabout 20-28 K ca/mol morestable
than theother nanostructures. Also full coverageof Cu
atom on O positions, system 2, issightly more ener-
geticaly favorablethan thefull coverage over Zn at-
oms, system 1, of theZnO surface, and thechargetrans-
fer processfrom Cu atomsto the ZnO surfaceis cen-
tered ontheZn atoms.
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