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Abstract

The steps of Zn corrosion and ZnO formation using dry O2 or O2/water atmosphere were investigated in situ using an experimenta
theoretical approach. The adsorption equilibrium and kinetics of O2/H2O on Zn have been measured at different temperatures and re
humidities using a Cahn1000 vacuum recording electrobalance. The amounts adsorbed on Zn are different in the presence or absence2.
SEM–EDAX, XPS, and XRD studies have been performed at the surface for different times of reaction. A theoretical study using the
Hückel method has been done for the adsorption/reaction of H2O/O2 on Zn and on ZnO. A coherent explanation is presented for the in
steps of ZnO formation on Zn, for the steady state found for the ZnO growth, and for the experimental findings of the methods cite
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Although the reaction of water with Zn to give hydrat
zinc oxide is well known in the corrosion of Zn in conta
with humid atmospheres, few systematic studies have d
with the influence of water vapor pressure or relative
midity on this process of ZnO formation[1]. Several studie
about ZnO structures using modern analysis techniques
as LEED and ab initio HF and LDA methods have be
published[2–4]. The unrelaxed bulk Zn and O-terminat
surfaces of ZnO have been compared by Overbury[5]. The
process by which ZnO is formed at the Zn surface is
precisely known and the majority of the published pap
about this topic are focused on the electrochemical beha
of Zn/ZnO in aqueous solution.

Zn reacts with O2 and H2O and has energy densities sim
lar to common fuels. The energy density of Zn in the reac
with O2 is 9677 Wh/kg, compared with 9741 Wh/kg for de-
cane (comparable to gasoline). The reactive metals ma
used only because of the formation of reaction product
ers (passive films) on the surface. These layers protec

* Corresponding author. Fax: +54-291-4861600.
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0021-9797/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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metal from further corrosion. It was not until the develo
ment of electron microscopy and in situ techniques suc
ellipsometry and STM or AFM that researchers were abl
construct physical/morphological models. The general
ture is that the passive film forms a bilayer structure comp
ing a defective oxide layer (the primary passive film) fro
the metal and an outer layer via hydrolysis of cation ejec
from the inner layer[6]. But this layer is complete when a
aqueous medium is surrounding the metal. When the in
phase is gaseous and no liquid is present this outer lay
incomplete. Steady states in oxide thickness have bee
served and demonstrated in the passive films’ layer thick
for Ni, Zn, and W[7,8].

Metals with low oxidation states in the barrier layer, su
as Zn, form cations of the interstitial conductingn-type[8].
Irreversible water dissociation takes place on metal
semiconductor surfaces producing H2, such as Zn, wherea
reversible adsorption occurs on oxides such as ZnO. F
different models considered, only the point defect mo
(PDM) in its modified form accounts for the observatio
summarized for the Zn/ZnO interphase. The Verwey, C
era, and Mott and Sato and Cohen models do not pre
steady states and hence these models must be disc
[7,8]. The basis of PDM is that the barrier layer is a hig

http://www.elsevier.com/locate/jcis
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defective defect semiconductor in which vacancies ac
electronic dopants. Fluxesof cation and anion vacancie
are opposite. Using this model the barrier layer of Zn w
demonstrated to be an interstitial cation conductor. A co
plete treatment of the kinetics of growth of bilayer o
ide/hydroxide structures has yet to be reported[9].

Passivity breakdown occurs as a result of cation vaca
condensation at the metal/bilayer interfaces at sites cha
terized by a fast cation-vacancy flux. Two processes h
been postulated as being responsible for passivity br
down. They are Schottky pair generation and cation ext
tion. Therefore a pit begins to grow when passivity bre
down takes place. Cation vacancy diffusivities and thickn
of the barrier layer are especially important in understand
the mechanism of pit creation[6].

The open literature presents few experimental and
oretical reports on the adsorption from the gas phas
O2+H2O on metal surfaces. Although some interesting d
on metal characterization have been published[10], there are
no reports on theoretical analysis of the first steps of ox
growth on Zn by reaction with O2/H2O or even clear mech
anisms for how this growth takes place. Recent works
ZnO thin film preparation using chemical vapor deposit
(CVD) from dialkyl Zn and an oxygen source (water, p
oxide, or alcohols) or spray pyrolysis have been publish
from diethyl Zn [11], Zn acetate[12], Zn acetylacetonat
[13], and Zn amides[14]. Also, theoretical studies usin
DFT (density functional theory) on ZnO obtained from
ethyl Zn and water reaction has been published[15]. The
hydrolysis reaction to produce Zn(OH)2 is easy, but the for
mation of ZnO is very endothermic.

Dissociation of water on ideal surfaces of Zn (0001)
been controversial. Norton and co-workers reported di
ciation on ideal surfaces[16], whereas Sen and Rao[17]
reported that dissociation of water did not take place on
ideal surface. Dissociation of water induced by submo
layer coverage of atomic oxygen has been reported by
and co-workers[18], Thomas and co-workers[19], and Nor-
ton and co-workers[16]. Other authors reported FTIR an
XPS studies of water adsorbed onto clean Zn and ZnO
faces, with evidence against and for dissociative or non
sociative adsorption of water[20–25]. There is evidence o
nondissociative adsorption of water onto O-terminated Z
and of dissociative adsorption of water on Zn-terminate
ZnO. There is some experimentalevidence for dissociativ
and nondissociative adsorption of CO on these surface
ZnO[26].

The objectives of this work are

(1) To analyze with a semiempirical method of the exten
Hückel type (EHMO) the O2 and H2O adsorption on
a bare Zn hexagonal metal surface (0001) and the
steps of ZnO formation, with up to four O2 molecules
taken up.

(2) Assuming the resulting surface from calculation,
study the O2 and H2O adsorption on the model of Zn
-

on Zn. The adsorption was studied using methods
sample/saturated solution preparation to set relative
midities (RH) published in Refs.[27] and[28].

Experimental results on the interaction between sam
of metallic zinc and water vapor at different temperatu
and RH, both in the absence and in the presence of oxy
have been published by some of us in a previous ma
script. No theoretical or kinetic interpretation of the fi
steps of oxide formation was presented[29]. The products
were identified as hydrated zinc oxides. In the runs c
ducted without oxygen the first portion of the kinetics
oxide formation and O2/H2O adsorption do not match. Th
fact implies that two processes are taking place: ZnO
mation and reversible H2O adsorption onto the oxide. Whe
oxygen is present, no water adsorption takes place in the
hours, although oxygen and water participate in the ZnO
mation with irreversible decomposition.

The results of this calculation are compared with the
perimental results from Ref.[29] to present a picture of th
damage at the metal surface, the initial step of growth of Z
onto Zn, and the Zn/ZnO behavior in the presence of H2O or
H2O/O2 in the gas phase.

The nature of the reaction product was establis
by means of both ESCA–XPS (electron spectroscopy fo
chemical analysis–X-ray photoelectron spectroscopy)
GI-XRD (grazing incidence X-ray diffraction). The mo
phology of the surface was studied using SEM–ED
(scanning electron microscopy–energy dispersive X-ra
These experimental facts are discussed with consider
of the modeling results, especially that the reaction invo
the evolution of molecular hydrogen, as determined by
chromatography. These data were not reported in Ref.[29],
where only experimental adsorption data were presente

2. Models and methodologies

2.1. Experimental

2.1.1. Description of the equipment and experimental
procedure

A Cahn 1000 vacuum recording electrobalance in a t
mostatically controlled room at 21◦C was used with contin
uous registration (registration speed: 2 cm/h and 10 mV=
1 mg). Saturated solutions (using high-purity salts) w
used to obtain a known relative humidity (RH) followin
data published in Ref.[27]. The RHs were set at 0.3, 0.
0.60, and 0.94 and the temperatures at 21, 33, 42, and 5◦C.
Once temperature and RH were fixed, blanks and sam
were analyzed. The blanks were analyzed without a sam
with the registration of fluctuations due to buoyancy, es
cially at temperatures higher than room temperature. S
ples were cleaned under vacuum of ca. 0.01 mmHg (1.33
using a mechanical pump. The blank and the sample
24 h each to achieve constant weight. The tare was obta
in the absence of humidity. After this, the recipient with t
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saturated solution was put in contact with the sample
opening a valve, and the variation of weight with time w
registered until a constant weight was obtained.

To determine the amount of solid retained on the s
face further evacuation was done after constant weight
reached. To desorb chemically bonded water, the temp
ture must be set to 200◦C in the case of ZnO[28].

When no O2 is present, the balance was purged for
using N2 before measurements. The remaining oxygen
checked using a Varian 3700 with TCD and silica gel c
umn and it was lower than 0.01% v/v. The same equipm
was used when hydrogen evolution was analyzed. W
out oxygen, hydrogen production from water decomposi
achieves 0.05%, whereas with oxygen it is only 0.025%

2.1.2. Preparation of bare Zn samples
Using 99.99% purity Zn (Carlo Erba) a procedure w

performed to further purify the samples. Samples were fu
in vacuum (0.01 mmHg) in a furnace at optimal conditio
found after a careful test. Temperature was set to 430–44◦C
for 15 h. The main objective is to segregate impurities
discontinuities in the metal. These imperfections mus
eliminated before use. The samples were cooled slowly,
lowing the reverse of the temperature–time sequence
for heating. Discs of width 0.9 mm and diameter 1 cm w
cut from the samples. A mechanism for polishing was
cluded, based on published reports using an aqueou
lution of chromic oxide and sodium sulfate for chemi
attack. The procedure of polishing includes several st
cleaning with paper, chemical etching for 3.5 min, cleaning
with leather cloth and high-purity alumina, Buehler grad
(5 µm), chemical etching for 1 min, cleaning with a billiar
cloth and alumina grade 2 (1 µm), chemical etching for 3
cleaning with a leather cloth and alumina grade 3 (0.3 µm
and finally chemical etching for 10 s[27]. This procedure
was able to produce reproducible samples. Sample dis
tinuities at the surface were avoided. This fact was chec
using an optical microscope. It was observed that distor
is reduced after the first polishing with the leather cloth. T
macrostructure of the surface is revealed after this.

2.1.3. The measurements of weight gain with and
without O2

Other details of the experimental data of thermogravim
ric measurements can be found in Ref.[29]. The thermo-
gravimetric measurements show for two different steps
RH conditions: a step of oxide formation on Zn (charac
ized bykox) and later a step of adsorption (characterized
kads). These steps are clearly shown in the kinetic curves
the thermogravimetric measurement[29].

2.1.4. SEM–EDAX
A JEOL 35CF, operated between 15 and 21 kV, with

EDAX of Si–Li was used (resolution 140 eV).
-

-

-

2.1.5. XPS
For the XPS measurements a Perkin–Elmer PHI

X-ray photoelectron spectrometer was used, with an Al
ode and a concentric analyzer. The analyzer had a windo
of 50 eV, with a tension of 1500 V, a scan rate of 1.8 eV/s,
a sensitivity of 3 K, and a range of scanning of 20 eV.

2.1.6. GI-XRD
The methods presented above were complemented

grazing incidence X-ray diffraction (GI-XRD), employing
PW 3710 diffractometer with a PW 1830 generator. M
surements were carried out using x-APD software linke
a file TADD (total access diffraction database).

2.2. The method

Details of the EHMO procedure can be found in Re
[30,31]. The parameters used in the calculation (Hii (eV),
or ionization potential, andξi1, or Slater exponents) wer
the following: for Zn4s, ξi1 = 2.01,Hii (eV) = −12.41; for
Zn4p, ξi1 = 1.70,Hii (eV) = −6.53; for O2s, ξi1 = 2.1630,
Hii (eV) = −31.60; for O2p, ξi1 = 12.7500,Hii (eV) =
−16.78; for H1s, ξi1 = 1.0000,Hii (eV) = −13.60. The
energies reported were calculated as the energy differ
between the adsorbate at finite distances from the su
and the adsorbate and surface atinfinite distance in the cas
of adsorption. When the reaction is analyzed, the ener
are calculated considering the minimum found by calc
tion and an initial situation. The intention is not to mod
all the possible situations of ZnO growth and all the p
sible sites on the surface. Considering the experimental
and published reports about the most probable plane for
growth, the theoretical calculation was performed on clus
ter/mechanisms for which experimental evidence exists
support the proposals presented in Ref.[29] and here as
speculation. The size of the cluster needed for this ca
lation makes the application of DFT (density functional t
ory) difficult because of the importance of relativistic pro
lems in the convergence criteria.

2.3. The models

2.3.1. Zn surface
The Zn (0001) was modeled with an hcp structure. As

ported by several authors[28,31–34], water interacts mos
strongly with the zinc sites available on the (001) and (1
faces and more weakly with the oxygen sites on the (0
and (100) faces, forming Zn oxyhydroxides. A few stu
ies on the effect of crystallographic orientation on corros
resistance of Zn have previously been reported[35,36]. In
those studies single crystals or electrogalvanized coating
with well-defined surface orientation (0001), (1010), a
(1120) were used. In these works, little effort has been de
voted to investigating the influence of crystallographic o
entation on passivity of Zn. From the results of Ref.[37],
the oxide formation seems to be greater on grains of
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with a mainly exposed basal plane (0001). The grains h
high packing density closer tothat of the basal plane. Be
sides, this work showed a strong dependence of the c
voltagrams and capacities on the crystallographic grain
entation. Oxide formation was greater on low-index gra
than on high-index ones. The growth is supposed to
place at the metal/film interface, thus inducing the stro
dependence on the crystallographic surface structure o
interface. Some evidence of hexagonal cell structure in
ide films with a cell size of 3000 Å has been reported[38].
The excellent review of Henderson[38] was used to selec
the Zn surface and the main adsorption sites for O2 and wa-
ter on the surface of Zn (0001). Several theoretical stu
on water dissociation have been published (seeSection 1).
Defects have long believed to be the most active sites
water dissociation. Two of the most studied oxide surf
cases TiO2 (110) and MgO (100) also represents the m
controversial cases with regards to molecular vs dissocia
desorption. The main point is how to achieve experiment
an ideal, well-characterized structure. The ambiguity regard
ing water dissociation on these surfaces posses a chal
to experimentalists and theorists[39]. The first step in the
theoretical characterization is to simplify the problem: viz
an ideal structure and no interaction between adsorbates,
this case water and oxygen. We selected this approac
two reasons. First, the surface-defect concentration in Z
difficult to characterize and to quantify (kind of site, en
ronments, etc.). Moreover, there now exist many studies
propose water dissociation on zero-defect surfaces. Sec
in the case of water–oxygen interaction, oxygen is said
catalyze water decomposition[39]; therefore we have th
same products, but the reaction presents slightly diffe
stoichiometry. Formation of ZnO by reaction of water w
Zn is exothermic, with a reaction enthalpy of 120 kJ/mol.
Trace levels of O2 either dosed or as impurity catalyzes w
ter dissociation. In the case of Zn (0001) there have b
controversial results, being dissociation as a minor or
jor pathway or no dissociation detected. In the case of Zn
(0001), ZnO (0001), ZnO (1010), or ZnO2 (111), no dissoci-
e

r

,

Fig. 1. Cluster for EHMO calculation.

ation of water is detected[6]. Some authors reported nond
sociative adsorption of water on Zn (0001). Bulk pha
thermodynamic properties cannot be used to predict sur
processes on single crystal surfaces (see Ref.[39, p. 93]).

Adsorption occurs preferentially at surface cation site
in metal and semiconductor surfaces, where the adso
species are stable even at room temperature[33]. The space
group wasP63/mmc (space group 194) and the cell pa
meters selected werea = b = 266.49 pm,c = 494.68 pm,
α = β = 90.0◦ and γ = 120.0◦. A cluster with a total
amount of 114 atoms for Zn plus border H (to prevent d
gling bonds and border problems) was used: 46 H and 6
atoms.Fig. 1shows the complete cluster with three compl
planes. O–O bond length in O2 was set initially to 1.21 Å,
whereas for the water molecule H–O was 0.96 Å.

Schemes 1 and 2present a flow diagram of how the ca
culations presented in the following paragraphs were car
out for O2/H2O adsorption/dissociation on Zn and ZnO.

2.3.2. Adsorption of water monomer and dimer on Zn
The structure of surface-adsorbed water monomers

dimers was selected by considering reported data on th
field [39]. Water was considered to adsorb in two ways: o
water molecule per Zn atom or two water molecules per
Zn (0001) surface
+O2

+H2O

ZnO//Zn–2 Zn–O at ideal surface

ZnO//Zn–1 Zn–O at ideal surface+ H2(g)

Growth of ZnO

ZnO//Zn–2 Zn–O at ideal surface-Zn2O2/Zn

Migration of Zn from surface to ZnO on Zn

Zn3O2/Zn
+O2 Zn3O4/Zn

Migration of subsurface Zn to surface Migration of Zn from surface to Zn3O4

Lateral damage to ZnO growth Zn4O4/Zn

Scheme 1. Flow diagram of first O2 adsorption on bare Zn and first steps of ZnO growth on Zn.
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Zn4O4/Zn

+O2

Zn4O6/Zn

Increase of Zn- - -Zn distance at interface

Creation of anionic vacancies at interface

+O2

Diffusion of O2 to Zn/ZnO

···
Growth of ZnO

Dissociative adsorption at Zn-terminated ZnO ZnO/Zn
+O2

+O2 +H2O
Associative adsorption of water O-terminated ZnO

Growth of ZnO if anionic vacancies at interface Zn/ZnO available

+H2O

Dissociative adsorption of water Zn-terminated ZnO

Scheme 2. Growth of ZnO on Zn—adsorption of O2/H2O onto ZnO.
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atom, on top and in the middle of a complete hexagon. In
case of one H2O, irreversible decomposition was modeled
three steps: adsorption of water, reaction to give H2 with hy-
drogen from the same water molecule, and desorption o2.
Finally, a Zn–O bond remains at the surface and a H2 mole-
cule is desorbed. This reaction produces a ZnO monol
(seeFig. 2). When two H2O are adsorbed onto the same Z
the H2 formation was modeled by reaction of hydrogen fr
different water molecules.

The final structure at the surface is Zn(OH)2. It is im-
portant to address this reaction with a model of water di
reaction on metal surfaces. Reaction of this structure to
orb water (reversible decomposition) was also modeled
the case of the first layer of O, the final structure is Zn
again (seeFig. 3).

2.3.3. Adsorption of O2 on Zn–ZnO formation
The adsorption–reaction of O2 was modeled, includin

O2 adsorption on one on-top Zn atom and dissociation
O2 by the increase of the O–O length. Twenty-eight st
were analyzed for the reaction of O2 dissociation. The fina
structure is two near Zn–O bonds. In this sense, this rea
is very efficient, producing two Zn–O bonds in two steps
this case ZnO was considered to have the wurtzite struc
with C4–6v symmetry, with the oxygen atoms placed in
the vertices of a slightly distorted tetrahedron (with nea
atomic distances Zn–O 1.992 and 1.973 Å). At the sur
these distances are minor (seeFig. 2).

2.3.4. Building of the ZnO structure
Once two Zn–O bonds are present at the surface,

vacancy is created on the ZnO monolayer. The occupan
this vacancy was modeled in two ways:
-

f

(a) By diffusion of a surface Zn to the place between
oxygens of ZnO (seeFigs. 4a and 4b).

(b) By interstitial diffusion of a subsurface Zn from the se
ond layer (seeFig. 5).

Both movements lead to Zn occupying almost the sa
place on the oxide, but the defect location on the meta
different. In the case of (a), ametal vacancy is created at t
surface. In the case of (b), a metal vacancy at the sub
face is created. The final structure is very oxygen defici
because Zn is tetracoordinated to O in the most stable
common structure of ZnO. The Zn-terminated growing Z
is oxygen-deficient.

After this, a second O2 molecule was placed on the su
face metal vacancy following route (a) of Zn migration.
subsurface diffusion to the oxygen atoms of this second
sociated molecule was considered. Finally, the structure o
oxide is placed at longer Zn–Zn distances because of
formation in the Zn–ZnO interface and these are sites fo2
adsorption and reaction. In this case two more O2 molecules
were considered in the calculation.

In the case of interstitial Zn migration, a second2
molecule was adsorbed onto oxygen vacancies in the
ide. Zn subsurface migration to occupy the Zn vacancie
the Zn/ZnO interface was modeled. Migration of Zn at s
face to occupy the Zn vacancieswas also considered. In th
sense, only reaction of O2 with Zn-terminated oxide is im
portant, and after occupancy of the anion vacancies on
Zn-terminated oxide, the O2 dissociative adsorption on th
oxide stops.

2.3.5. ZnO surface
The used ZnO surface was that resulting from the EH

calculation. We performed oxygen and water adsorp



G.A. Alimenti et al. / Journal of Colloid and Interface Science 276 (2004) 24–38 29
Fig. 2. Portion of cluster where O2 and H2O adsorption take place. Mechanism for O2 adsorption and dissociation. Mechanism for one H2O adsorption and
dissociation.
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Fig. 3. Mechanism for two H2O adsorption and dissociation on Zn–H2 evo-
lution.

on Zn from a local ZnO monolayer. This monolayer h
strongly relaxed Zn–O bond (shorter than Zn–O bond
ZnO bulk). Water adsorption was modeled because O2 up-
take is known to take place on anionic vacancies of the ox
Reviews on oxide surfaces were also carefully analyze
choose the selected theoretical study we used[39].

The growth of ZnO is possible if the interface Zn/ZnO h
anionic vacancies available to incoming O2 (seeScheme 2).
The main point to consider here is the importance of
migration from the metal bulk to surface planes for the
ide formation. Moreover, it is not a trivial task to mod
the availability of oxygen adsorption sites at the interfa
Zn/ZnO. Under the initial conditions of surface attac
metal vacancies at the metal, which develop oxygen
cancies for the oxide in the interface, are the main s
for O2/water adsorption. When the oxide grows the oxyg
vacancies become less available and finally become inac
cessible.Scheme 2shows how the adsorption on ZnO w
performed.
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(a)

(b)

Fig. 4. (a) Migration of Zn through cation vacancies from metal to a cation vacancyin the oxide, steps 1 to 8. (b) Relative energy for steps 1–8 in Zn migration
to a cation vacancy in ZnO.
s
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3. Results of experimental characterization

3.1. Adsorption of O2/H2O

The quantity of adsorbed mass of O2/H2O was obtained
by evacuation at each time (seeTable 1). Remaining mas
was considered the mass of oxide at each time.

Tables 2 and 3present the kinetic analyses of all expe
ments with and without O2.
Tables 4 and 5present the adsorbed mass in the sec
step at different conditions of RH and temperature, with
without O2.

3.2. XPS

The XPS spectroscopy determinations were also pe
formed on samples reacted at high relative humidity (R
and temperature. In this case, as Zn and ZnO have
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nterstit
(a)

(b)

Fig. 5. (a) Interstitial diffusion of Zn subsurface in metal to a cation vacancy in the ZnO, steps 1 to 7. (b) Relative energy for steps 1–7 in Zn iial
diffusion to a cation vacancy in ZnO.
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Table 1
Experimental data: total mass gained at equilibrium in thermogravimetric
experiments (in all cases×107 g/cm2): Ea is activation energy

21◦C 42◦C 50◦C

Without O2
Ea reaction= 34 kJ/mol, adsorption= 11 kJ/mol

RH33
M 56.4 211.6 –
Mox 10.6 70.5 –

RH59
M – 700 1100
Mox – 254 536.1

With O2
Ea reaction= 21 kJ/mol

RH33
M – 500 740
Mox – 150 300

RH94
M 300 2400 1700
Mox 100 1100 900

close binding energies that make their differentiation
ficult, the O/Zn atomic ratio was calculated and found
have a value higher than one. ZnO and ZnO·2H2O were
used as standards. As this is generally ascribed to the
ence of surface OH groups, it points to a residual laye
chemisorbed water. Thus, it is reasonable to conclude
the reaction product remaining after vacuum desorptio
zinc oxide with some chemisorbed water, ZnOnOH, as re-
ported in the literature[1–3]. This can be seen from the da
in Table 6.

3.3. SEM–EDAX

The surfaces were examined in a freshly state. The p
uct formed varies depending on experiment conditions (
temperature, presence or absence of O2) in terms of distrib-
ution, quantity, and severity of damage.

At high-humidity conditions, the increase of temperat
increases the amount of product (seeFigs. 6, 7, and 8). As
well, there is a modification of the distribution of damag
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Table 2
Parameters obtained from gravimetric measurements under different conditions without O2: kad, rate constant for adsorption;kox, rate constant for oxidation
without O2 (s−1)

HR T [◦C] kad× 104 kox × 104 kad/kox kox/(HR)n kad/(HR)n
′

k◦
ad/k◦

ox

0.94 21 3.1270 0.7485 4.18 0.81 3.58 4.42
0.90 33 3.6000 1.4980 2.40 1.72 4.54 2.64
0.88 42 4.3200 1.9412 2.23 2.29 5.10 2.23
0.85 50 4.9280 2.5896 1.90 3.20 6.09 1.90

0.59 21 1.2052 0.3867 3.12 0.77 3.85 5.01
0.52 42 2.6301 0.9466 2.78 2.21 6.15 2.78
0.50 50 2.8183 1.3000 2.17 3.20 6.94 2.17

0.33 21 0.3196 0.2039 1.57 0.86 3.66 4.25
0.33 33 0.4756 0.3214 1.48 1.36 5.45 4.01
0.32 42 1.1792 0.5050 2.34 2.22 5.19 2.34
0.32 50 1.3632 0.7189 2.78 3.16 6.00 1.90

n values between 1.3 and 1.4 obtained by correlation.
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Table 3
Parameters obtained from gravimetricmeasurements under different con
tions with O2: k′

ox, rate constant for oxidation with O2 (s−1)

RH T [◦C] k′
ox × 104

0.94 21 1.2589
0.88 42 2.2000
0.85 50 2.6000

0.59 21 0.8913
0.55 33 1.2162
0.52 42 1.4706
0.50 50 1.7000

0.33 21 0.5700
0.32 42 1.0000
0.32 50 1.1900

an effect whose causes can be attributed to RH and
perature. Under low-humidity conditions there is no h
variation with the increase of the temperature and the at
is very disperse. Comparing the SEM images of produc
equilibrium times (using high or low RH) at the same te
-

perature the quantity of product increases with the incre
of RH.

Considering Ref.[29], the samples were analyzed at i
tial and equilibrium times and also at different times of
action. The analysis of the images in sequence permit u
conclude that initially the surface suffers a localized att
with the appearance of small and disperse particles (3–
in diameter). The pit increases in width for high RH. B
sides, the particles of product increase in size and qua
At low RH the behavior is different (seeFigs. 9 and 10).

The surface reaches equilibrium after 15–20 h expo
being the morphology close to that at 24 h. This fact ag
with the quantitative results from gravimetric measureme

In all cases the EDAX analysis demonstrated that
composition is that of ZnO, with an O/Zn atomic perce
age ratio of 1.11. SEM–EDAX shows that the lateral att
to the oxide is found at the Zn surface after experime
In all cases, the observations revealed that the reaction
not form pits, but proceeds laterally. The product appea
small conglomerates whose size and distribution on the
face depend on the working conditions.
Table 4
Adsorbed mass in the second step with O2: m, total adsorbed mass;mox, mass of hydrated oxide

RH T [◦C] m × 105 [g] mox × 105 [g] (m − mox) × 105 [g] (m − mox)/mox

0.33 21 2.0 0.38 1.62 4.30
0.33 33 4.0 1.29 2.71 2.10
0.32 42 7.0 2.35 4.65 1.90
0.32 50 10.5 4.20 6.30 1.50

0.59 21 3.6 1.60 2.00 1.30
0.55 33 8.6 4.10 4.50 1.10
0.52 42 17.8 9.50 8.30 0.87
0.50 50 28.5 15.90 12.60 0.79

0.68 21 4.7 2.48 2.20 0.89
0.61 42 24.0 14.00 10.0 0.71

0.94 21 8.3 2.83 5.47 1.93
0.90 33 28.0 13.80 14.20 1.03
0.88 42 32.6 16.10 16.50 1.02
0.85 50 51.0 28.65 22.35 0.78
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Table 5
Adsorbed mass in the second step without O2

RH T [◦C] m × 105 [g] mox × 105 [g] (m − mox) × 105 [g] (m − mox)/mox

0.33 21 0.8 0.15 0.65 4.30
0.33 33 1.7 0.44 1.26 2.80
0.32 42 3.3 1.00 2.00 2.30
0.32 50 6.5 2.00 4.50 2.20

0.59 21 1.8 0.63 1.20 1.85
0.52 42 9.5 3.80 5.70 1.50
0.50 50 16.0 7.60 8.40 0.90

0.94 21 4.1 1.20 2.90 2.40
0.90 33 8.0 3.00 5.00 1.60
0.88 42 15.0 7.60 7.40 0.97
0.85 50 24.0 13.80 10.20 0.74
Zn
oun

nes
m
e of

be
Table 6
XPS data

ZnO ZnO·2H2O Unknown this work

BE Zn (eV) 1021.6 1021.5 1021.3
BE O (eV) 531.6 531.6 531.6
O/Zn 1.40 3.5 1.45

Fig. 6. Stabilized Zn surface at RH 0.94% and 21◦C.

Fig. 7. Stabilized Zn surface at RH 0.94% and 40◦C.

3.4. XRD

The diffractograms of the experiments here shown and
or ZnO standards were coincident. These phases were f
as the only crystalline structures present (seeFig. 11). There
d

Fig. 8. Stabilized Zn surface at RH 0.94% and 60◦C.

Fig. 9. Stabilized Zn surface at RH 0.33% and 21◦C—time of reaction
3600 s.

are differences in the intensity of peaks at 35◦, 48◦, 63◦, and
70◦ when the ZnO is obtained with or without O2, but the
profiles are very similar. It seems that when O2 is absent,
some planes of ZnO are better defined.

The crystallographic domains belonging to these pla
have minor size when O2 is present. This can be found fro
the broadening of the XRD peaks. Because of the natur
the reaction of Zn with O2 (inactivated) and with H2O (ac-
tivated) it is clear that a more amorphous surface would
the result when O2 is present.
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Fig. 10. Stabilized Zn surface at RH 0.33% and 21◦C—time of reaction
9000 s.

Fig. 11. X-ray diffractograms of the surface at equilibrium—HR 94%
21◦C (a) in the presence of dry air, (b) in the presence of oxygen with w
vapor, and (c) without oxygen with water vapor. Peaks correspond to)
Zn, (×) ZnO.

4. Results of theoretical modeling

4.1. Adsorption of water on Zn

4.1.1. Monomer
Fig. 2 shows the steps of water adsorption–react

Twenty steps were analyzed for the total picture of the
action. The energetic minima were found at−11.8 eV for
monomer H2O adsorption. The change in energy for t
reaction of monomer H2O adsorption is−7.5 eV. The H2
desorption energy achieves+0.42 eV. All the steps of H2
formation were considered, from the elongation of the O
bond up to the decrease of the H–H bond (13 steps)
changes in 0.1 Å. The activation energy for H2 formation
found was near 0.3 eV or 30 kJ/mol.

4.1.2. Dimer
In this case two H2O molecules were adsorbed onto

in 14 steps.Fig. 3 shows the whole reaction. The energe
minima were found at−12.1 eV for dimer H2O adsorption
The change in energy for the reaction is−6.4 eV. In this case
H2 is lost easily, with−3.9 eV for the desorption reactio
The formation and release of water to leave a Zn–O bon
the surface involves a change of−0.9 eV in a nonredox reac
tion. The release of H2 to leave two Zn–O bonds, in contra
is strongly favored (−20 eV). This is a redox reaction.

4.2. Adsorption of O2 on Zn

The adsorption–reaction of O2 onto Zn is not an activate
process. The energetic minimum is found at−36.3 eV when
assuming the O2 and Zn at infinite distance from each oth
as the initial situation and two Zn–O bonds of length n
1 Å at the surface as the final situation.

4.3. Building of the ZnO structure

4.3.1. Initial cation diffusion by vacancies
The energy found for the whole reaction of initial d

fusion of a surface Zn to a position between the o
gens of ZnO were−2.44 eV with an activation energy o
+144 kJ/mol (seeFig. 12). The second O2 molecule ad-
sorption was considered in thex-axis or they-axis and the
y-axis was preferred (−10.8 vs −3.3 eV). Dissociation of
this second O2 molecule was analyzed in eight steps to
both O’s finally placed on surface Zn. The change in ene
was−20.7 eV. The migration of subsurface Zn to the s
face was studied (from−2.43 Å to 0 inz). This nonactivated
process involves a change in energy of−2.9 eV. The migra-
tion of another subsurface Zn to occupy this vacancy
an inactivated process with almost no change in total en
(+0.1 eV). In this case the migration of the cation vacanc
considered. The additional migration of a surface Zn to
cupy the place of the second Zn was analyzed in 14 step
this case the Zn diffusion from the surface to occupy the
cancies at the subsurface has an activation energy of 1.0
(seeFig. 12).

4.3.2. Cation interstitial diffusion
The energies found for the whole reaction of inter

tial diffusion of subsurface Zn from the second layer w
−4.9 eV and nonactivated (seeFig. 5). After this a second
O2 molecule was placed on Zn terminated oxide at the s
distance that these obtained in the first O2 adsorption, with a
change in energy of−32 eV. The increase inz (+0.2 Å) for
the oxide produces an increase in energy (+0.8 eV). It seems
that the increase in energy forthis process can be compe
sated for by the decrease in energy when O2 is adsorbed an
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vacancy
Fig. 12. Steps of ZnO growth. O2 adsorption on a metal vacancy in the interface, migration of Zn subsurface to surface, migration of Zn subsurface to
subsurface, migration of Zn at surface to subsurface: lateral damage.
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O
is
for
reacted on metal vacancies that develops oxygen vaca
at the interface. When the surface Zn migrates to occupy th
vacancy of the subsurface Zn, there is a free space for fu
O2 adsorption. The adsorption of O2 and migration of one O
to inside the metal (−0.2 Å in z) is favored by−30.6 eV. O2

was considered to migrate in the metal when metal vacan
at the first and second row are found (seeFig. 13).

4.4. Adsorption of water on ZnO model

Considering the whole structure, adsorption of water w
analyzed in two ways: parallel or perpendicular to the s
face. The better geometry was perpendicular. In both ca
adsorption energies are low (−0.58 and−0.73 eV) (see
Fig. 13).
s

r

,

Using a simpler model from the first O2 reaction, reaction
of dissociation of H2O was considered to produce OH at t
oxide surface with−1.1 eV as the energy change. But fro
these results, it is clear that total dissociation is not favo
with an increase of+2.4 eV for dissociation. The best fina
situation is hydrogen onto O from the Zn–O and the rem
ing OH between 2 Zn. Dissociation of OH is not favored
seems that, more than dissociation, associative adsorption
favored. When the final structure is that depicted inFig. 14,
the change in total energy is−1.31 eV to achieve (c). The
geometry depicted inFigs. 14a–14dinvolves a change o
+2.4 eV.

In the case of migration of Zn for ZnO growth, the EHM
calculation gave evidence that Zn interstitial diffusion
the preferred way, as Macdonald and co-workers proved
electrochemical conditions in solution[6–9].
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Fig. 13. Growth of ZnO by vacancy occupancy at interface with O2/H2O from gas phase: adsorption of water on ZnO.

Fig. 14. Dissociation of water at ZnO surface.
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5. Discussion and conclusions

5.1. Theoretical findings

When O2 is not present, the oxide at the surface is p
vided by irreversible decomposition of water and H2 evo-
lution. This step is activated with an activation energy
0.30 eV when water monomer is considered, obtained
EHMO calculation. It seems that the strong exothermic
sorption and reaction of water onthe surface compensate f
the activation energies for Zn interstitial migration. The
tivation energy for H2 evolution is the same as the who
reaction activation energy. Dissociation of water at the
face seems to be the rate-limiting step. The water ads
tion/reaction catalyzes Zn interstitial migration and EHM
calculations show this fact.

When O2 is present, the oxide at the surface is provid
by irreversible decomposition of water, H2 evolution, and
irreversible O2 decomposition. This last step is almost no
activated. It seems that the strong exothermic adsorption
reaction of oxygen/water on surface compensates the
vation energies for Zn interstitial migration. In other wor
the O2/water adsorption catalyzes the Zn migration. The ac
tivation energy for H2 evolution from water, in this case ca
alyzed by O at surface and therefore lower than in the o
case, is that of the global reaction experimentally found.
final picture is this: once the ZnO is formed (by O2 dissoci-
ation or water decomposition with H2 evolution), the H2O is
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adsorbed reversibly, without H2 evolution on the oxide. Zn
(0001) has been reported to produce H2 without the H2O–O
intermediate, whereas Au (111), Ni (001), and Ru (00
form this intermediate[39]. This mechanistic fact seems
be related to the thermodynamics at surface. Dissocia
of H2O takes place on anionic vacancies in Zn-terminated
ZnO, leading to ZnOHOHZnOspecies at the ZnO surfac
as demonstrated (seeFigs. 14a–14d) by EHMO calculation

5.2. Experimental evidence from our own lab work

The experimental activation energy for ZnO formati
without O2 is near 30 kJ/mol (seeTable 1). Looking atTa-
ble 2, is clear thatkox andkadsincrease with temperature an
kads/kox decrease with the increase of temperature. AsTa-
ble 1shows the oxide formation becomes relatively more
vored with increasing temperature. Hence, both groups o
sults agree with the idea that a higher amount of oxide fo
at the surface with increasing temperature. Experiment
data from kinetic measurements and SEM micrographs h
shown this without doubt. XPS and XRD measureme
demonstrated that dissociation of H2O takes place on anioni
vacancies in Zn-terminated ZnO, leading to ZnOHOHZnO
species at ZnO surface. In case of ZnO or unknown sam
the O/Zn molar ratio is not 1 but 1.45, because at the
face a composition as presented above is expected (Z
OHZnO or 3O/2Zn= 1.5O/Zn). On O-terminated surface
water is adsorbed reversibly and no dissociation takes p
This picture arises whatever the condition of contact p
cedure. When O2 is not present, the reaction is slower a
the reaction rate increases with temperature at the same
The mass of oxide formed is doubled (with or without O2)
comparing 42 and 50◦C and 59 or 33% RH.Table 3shows
the kox obtained through a linear regression. It is clear t
higher temperature increaseskox. Therefore we expect mor
oxide formed at higher temperatures. The fact that at RH
94% and 50◦C the increase in mass is lower than at 42◦C
can be related to the exothermic character of the adsorp
reaction of water. When the RH is lower, the reactions
decomposition and H2 evolution predominate on adsorptio
but at high RH the strongly exothermic adsorption predo
inates. In this case, the different shape of adsorption cu
can be found: linear in the case of fixing at 42◦C the tem-
perature between 10,000 and 50,000 s (time of reaction)
S-shaped in the case of 50◦C between 10,000 and 60,000
(time of reaction) (seeFigs. 3 and 5or Ref.[29]).

5.3. General discussion of theoretical and
experimental data

Several facts must be considered taking into accoun
results of EHMO calculation: Interstitial Zn diffusion is th
favored process for ZnO formation. The key is the me
vacancies generation at the interface. These sites ar
points for O2/water adsorption and ZnO growth. If the thic
ness of ZnO barrier impedes the effective O2 diffusion to
,

.

.

e

achieve the vacancies at the interface, the ZnO formation
is stopped. This fact is supported by our previous wo
reported in[29]. After a period of growth, the oxide for
mation at the surface stopped. A barrier layer thickness
anionic vacancies elimination dependence of O2/water dif-
fusivity must be taken into account. This fact has not b
considered in the published Macdonald papers becaus
O2/H2O–metal gas phase reaction was analyzed[6–9]. The
proposal of the present work is the following. Adsorption
water onto bare Zn from the gas phase is from an activ
process. This fact has been proved experimentally (seeTa-
ble 1) and theoretically (see results section for the theore
calculation). On-top adsorption of water in metal surface
has been reported for Ru (0001). These kinds of sites
the most acidic and they favor electron transfer from O
metal. The prevailing long-range structure of adsorbate
cp structures is the (

√
3×√

3)R30 structure. Other adsorba
distributions includec(2× 2). The adsorption takes place
the O side of water in the case of the metal surfaces
no changes in bond length take place at this first step.
angle is slightly reduced upon adsorption but no conclu
experimental data are available because in the case of L
or photoelectron diffraction scattering, cross sections for
drogen are extremely small[39].

When oxygen is present, oxygen competes with w
for the same sites. In the case of water, hydrogen ev
tion takes place because of dissociative adsorption of w
on Zn, again proven theoretical and experimentally. The
migration of subsurface/surface Zn to subsurface vacan
produced by interstitial migration to metal vacancies in
Zn/ZnO interface generates lateral damage to the grow
oxide that can be seen by SEM–EDAX–XPS studies. T
is the mechanism for the ZnO growth and lateral dam
(through pit formation near ZnO) that constitutes the
pothesis of this study. The kinetic data can be explai
using this surface model. O2 or water dissociation at th
bare Zn surface produces the same Zn–O bonds, a fac
could prove by EHMO calculation, and it was demonstrate
by surface analysis of the ZnO samples obtained at di
ent experimental conditions. H2O coordinates reversibly t
the nondefective oxide on O-terminated ZnO or disso
tively on anionic vacancies onZn-terminated ZnO. Anionic
vacancies in the growing oxide are the sites for O2/H2O ad-
sorption. When O2 is present, both compete for the sites a
therefore a lower number of sites is available to H2O (see
Tables 4 and 5). The parameter defined as(m−mox)/mox is
the total mass (m) minus the mass of oxide (mox) divided the
mass of oxide. Experimentally, when O2 is present, themox
andm − mox parameters are higher and the(m − mox)/mox
is lower than without O2. Without O2, the absolute amoun
of adsorbed mass is lower. The mass of adsorbed subs
relative to oxide mass is lower with O2. Changes in kinetic
curves with time arise because, first, we are obtaining da
oxygen and/or water adsorption/dissociation on bare Zn,
afterward of oxygen and/or water adsorption/dissociation
ZnO.
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