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The inhibition of the electrochemical oxygen reduction reaction (ORR) by zinc cor-
rosion products plays an important role in the corrosion protection of galvanized
steel. Hence, the electrocatalytic mechanism of the ORR on electrodeposited zinc
hydroxide based model corrosion products was investigated by in situ and operando
attenuated total reflection infrared (ATR-IR) spectroscopy, supplemented by density
functional theory (DFT) calculations. Model corrosion products containing flake-like
crystalline Zns(NO3)o(OH)s were cathodically electrodeposited on germanium(100)
electrodes from a zinc nitrate precursor electrolyte. Substantial amounts of the films
are non-crystalline, and its surface predominantly consists of zinc oxide and hydrox-
ide species, as evidenced by x-ray photoelectron spectroscopy (XPS). ATR-IR spectra
show a peak at 1180 cm ™! during cathodic currents in Og-saturated NaClO, solution.
This peak is assigned to a surface-bound superoxide, the only ORR intermediate de-
tected. Absorbance from the intermediate increases with increasing cathodic current,
indicating an increase in surface concentration of superoxide intermediates at larger
ORR current densities. The zinc hydroxide ages in the experiments, most likely by a
transformation into zinc oxide, consistent with the observed decrease of absorbance

over time of the OH bending mode of zinc hydroxide at 1380 cm™!.

This aging is
a time-dependent chemical process, implying that pure chemical aging is important
in actual corrosion products also. DFT calculations of adsorbed superoxide yield
a Zn-O bond length similar to the bond length in Zn-O, thus enhanced superoxide
interaction with undercoordinated tetrahedral Zn?" sites on the surface. Thus, such

active sites catalyze the first reduction step in the ORR.



I. INTRODUCTION

The electrochemical oxygen reduction reaction (ORR), Oy + 4H" +4e” —— 2H,0,
is an important electron transfer reaction. Amongst others, it is often rate determining
in corrosion processes, metal air batteries, or fuel cells.! While the ORR on noble metals
has been extensively studied, its mechanism on practically important oxides is much less
investigated. The practical importance stems from the fact that many metals are covered
with an oxide layer under ORR-relevant conditions. For example, on chromium oxide, elec-
trocatalytic activity towards ORR has been suggested in a computational study to depend
strongly on doping with other metals.? The presence of Zn*" and especially Mg*" modifies
significantly the ORR activity on iron oxides, which is important for corrosion inhibition
at cut edges.®> Because of the tremendous importance of zinc and zinc alloys in corrosion
protection as galvanizing coatings,* this work shall look deeper into the mechanism of the
ORR on (hydr)oxide based model corrosion products of zinc. To that end, we shall use

electrodeposited zinc (hydr)oxide experimentally to mimic (hydr)oxide layers on zinc.

Zinc passivated by zinc oxide shows a significantly slower ORR compared to actively
corroding zinc.® In general, the ORR activity of an oxide-covered zinc surface strongly

t,6’7

depends on the nature of the formed oxidation produc also for zinc alloy based metallic

coatings.® Differences can be related to the band structure and defect density of the oxide,”!°
which for zinc oxide strongly depends on preparation history.'! '3 Special inhibitors modify
the defect structure in the zinc oxide on metallic zinc such that the oxide becomes similar to
an intrinsic semiconductor.!* The deposition of nanocrystalline ZnO on hot-dip galvanized
steel decreased the ORR activity of the surface.'® ORR on oxide covered zinc is enhanced by
illumination,'® which may also be related to convection effects.!” Additional alloy elements
in the metallic coatings generate oxides with decreased ORR activity compared to pure
zinc."18 A well studied example is Mg in Zn-(Al)-Mg."®192! The alkalisation accompanying
ORR has been hypothesized to lead to the growth of ZnO nanostructures on zinc, which in

turn affect corrosion and ORR kinetics.?? For TiO, it is known that even single atom doping

can significantly enhance ORR activity.??

ORR kinetics plays a special role in underpaint corrosion, where the cathodic delamina-
tion is usually the fastest mechanism on zinc based surfaces, including galvanized steel.?42¢

On pure zinc, the confinement in combination with the relatively fast ORR rate can lead



to a depletion of water and an effective stop of ORR.2"?® Also for polymer coated sur-
faces, ORR rates strongly depend on the nature of the oxides on the surfaces;?® the same
is true for uncoated zinc.> " Ton release from ion exchange pigments can also inhibit ORR
and thus delamination.?® Thus, appropriate pretreatment will inhibit ORR activity on the

31235 Conductive polymer coat-

surfaces at the same time as it enhances coating adhesion.
ings can lead to the formation of highly insulating ZnO at the interface, inhibiting cathodic
delamination.?¢*” ORR intermediates are discussed to play a crucial role in the deadhesion of
organic coatings.?®333% Ag an alternative, OH ™ as final ORR product can participate in inter-
facial degradation.?'3 The fact that corrosion inhibitors released from polymer coatings,3’
or built into the oxide layer,*® can stop delamination may also be related to the inhibition
of ORR kinetics.

ZnO on zinc is also an attractive system for generating “reactive oxygen species” (ROS)
that can be used for degradation of pollutants, either through photocatalysis,*! or by what
is likely a corrosion process.*> ROS generation can be enhanced by plasmonic structures,*
or carbon structures,* in contact with ZnO.

Mechanistically, ORR on electrodeposited ZnO showed much less peroxide production in
alkaline KCI than Pt.*> On the other hand, a number of earlier studies showed the presence
of peroxide in the ORR on zinc by rotating ring disc electrode (RRDE) experiments under
many conditions.?®647 The corrosion product layer in alkaline solution, which participates in
the ORR, was found to be semi-metallic;'!® defects in the solid participate in the reduction
reaction.*® The ORR mechanism on zinc is potential dependent; at potentials near the
open circuit potential, where the zinc is hydroxide covered, peroxide is the dominating
product.*™*® A coupling of ORR with perchlorate adsorption was found at neutral pH.*’

While the kinetics has been well characterized, and products have been detected by
RRDE, there is no in situ and operando study of the ORR mechanism on the electrode
surfaces, which serves as the main motivation for this work. Model corrosion products of
zinc hydroxide and zinc oxide containing layers have been electrodeposited on germanium
Ge(100) internal reflection elements for use in multipe internal reflection attenuated total
reflection (ATR) infrared (IR) spectroscopy. This work extends previous studies of the ORR

50,51 and on nanoparticles on germanium.?® The detection of

intermediates on germanium,
reaction intermediates, which are present potentially only in trace level concentrations is

facilitated by the use of multiple reflections in ATR-IR spectroscopy. The electrodeposited
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layers have been characterized by scanning electron microscopy (SEM) with energy dispersive
x-ray microanalysis (EDX), atomic force microscopy (AFM) and grazing incidence x-ray
diffraction (GI-XRD); their surfaces were analyzed by x-ray photoelectron spectroscopy
(XPS). As the core aspect of this work, Ge(100) substrates with model corrosion products
were used to trace intermediates of the oxygen reduction by in situ and operando ATR-IR
spectroscopy coupled to electrochemical experiments. Similar approaches have recently been
used for model studies of the metal/polymer interface.?®>* To complement the experimental
work, density functional theory (DFT) calculations of important ORR intermediates bound
to ZnO surfaces have been carried out using a cluster model including solvation effects. For
the computations, ZnO was selected as substrate because of the known atomistic structure
and well studied interface with aqueous solutions. The ZnO/water interface was represented
by ZnO/(1010) or (0001) crystal facets covered with water molecules. The non-polar (1010)
facet is the most abundant ZnO crystal facet in humid environment.? 7 The zinc-terminated

polar facet (0001) was included to assess the impact of different adsorption environments.

II. MATERIALS AND METHODS
A. Chemicals

All chemicals used in this work are reagent grade and used without further purification.

Deionized ultrapure water (ELGA 1L.C134, PURELAB Plus) with specific conductivity 18 1S

! was used for all the experiments. The PTFE ATR-IR cells and other glasswares were

cleaned in piranha solution (3:1 mixture of 96% H2SO, and 30% H,0O,) and with deionized

cm

ultrapure water before each experiment. For deposition of zinc model corrosion products,
electrochemical deposition from 1 M aqueous Zn(NOj3), precursor electrolyte (pH 4.4) was

chosen. For the ORR study, 0.1 M NaClO,4 at pH 10.5 was chosen as the electrolyte.

B. Preparation of internal reflection elements for ATR-IR spectroscopy

N-doped Ge(100) crystals (Universitywafers.com) with a specific resistivity of 10-40 2 cm
and roughness <10 A were used for the deposition of zinc hydroxide based corrosion prod-
ucts. ATR crystals were cut from respective double sided polished wafers of a size 52 mm

x 20 mm x 0.5 mm. A special homemade set-up, made up of PTFE, was used to polish
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the short edges of the crystals at an angle of 30° (resulting in an angle of incidence of 60°)
with different polishing grade sandpapers, 400, 600 and 1000 followed by 6 pm, 3 pm and
1 pm of diamond polishing on MD-Mol polishing cloths (Struers). Scotch tapes were used
on both sides of the crystal before polishing to prevent scratching during polishing. The
chosen crystal geometry with a thin, long crystal leads to an intense interaction of the light
with the species close to the surface. The polished crystals were cleaned with neutral Extran
lab detergent (VWR) for 1 h followed by rinsing with ultrapure water several times, and
leaving them in 2-propanol for 1 h. The crystals were subsequently rinsed with excessive
amounts of ultrapure water and dried under an Ny stream prior to each experiments. Fur-
ther electrochemical experiments were carried out in the spectroelectrochemicall cell. The
absence of ~CH stretching modes during the IR spectra was used as an indication of clean

ATR substrates.

C. Deposition of zinc (hydr)oxide containing model corrosion products

Model corrosion products were deposited via electrodeposition from 1 M aqueous Zn(NOj),
precursor electrolyte (pH 4.4), based on a procedure reported in the literature.”® The elec-
trodeposition is based on cathodic currents leading to pH changes near the surface, which
initiate precipitation of the model corrosion products. Deposition was attempted at two
different pH values, at pH 4.4 and pH 2. At pH = 2 (zinc nitrate acidified with nitric
acid), no deposition was observed on the Ge(100) surface. At pH = 4.4, the original pH of
the Zn(NOj)s solution, deposition was carried out in potentiostatic mode at £ = —1.19 V
vs. standard hydrogen electrode (SHE) under Ar atmosphere and continuous stirring for
10 s , 5 min, 10 min and 20 min. The surface was covered completely (as judged visually
and by SEM) for the samples coated for 10 min and 20 min. The procedure was optimised
in the in situ ATR-IR cell; ex situ characterization was performed on ATR prisms that
were not used in in situ experiments with the exception of the SEM imaging after one full

experimental cycle.
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FIG. 1: Schematic view of the optical configuration in the ATR-IR experiments used here.
Light from the source S is directed via different mirrors (M) into the the germanium
internal reflection element onto which model corrosion products have been deposited. An
evanescent wave is generated into the electrolyte (not shown), probing changes near the
surface. After exiting the internal reflection element, the light is directed via a fourth

mirror through a polarizer P onto the detector D.

D. In situ electrochemical ATR-IR measurements

Fig. 1 shows the optical configuration of the setup used here. ATR-IR spectra were mea-
sured using a Biorad FTS 3000 Fourier transform IR spectrometer equipped with a middle
band mercury cadmium telluride (MCT) detector. The in situ electrochemical cell has been

50,51

described in detail in previous works. Spectra were recorded in s- and p-polarization co-

adding 500 scans with a spectral resolution of 4 cm~!. IR spectra are displayed as absorbance

defined as
I
A=— logy ([_> (1)
0

where I and I represent the light intensity of the sample- and reference spectrum, respec-
tively. In this study, two IR spectra of the Ge(100) substrates with air as background were
measured first, which were later used for the water vapor subtraction. At pH = 4.4, the pH of
1 M aqueous Zn(NO3), solution, deposition of zinc hydroxide layers was carried out in poten-
tiostatic mode at £ = —1.19 V vs. SHE under Ar atmosphere in the spectro-electrochemical
cell. After deposition, the electrolyte was changed to 0.1 M NaClO,4 at pH 10.5 for the ORR
study. All spectra were recorded under potentiostatic polarization in chronoamperometry
mode in potential steps of 100 mV. Voltammograms are dominated by cathodic currents
(interpreted as ORR; see Results) in the region —0.3 V to —0.8 V. Accordingly, the poten-
tial window for ATR-IR measurements was chosen from —0.09 V to —0.79 V. Based on the
experiences with germanium electrochemistry in similar electrolytes,?®® there is a very low

germanium dissolution rate at the starting potentials, from which polarisation proceeded
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in negative direction. Absorbance spectra were obtained by using the spectra measured at
the initial potential of 40.01 V as reference. All electrode potentials reported in this work
are reported with reference to SHE. Residual contributions from atmospheric water vapor to
the ATR-IR spectra were subtracted initially to exclude misinterpretations. All the ATR-IR

spectra were baseline corrected. Spectra are included in the associated dataset.®

E. Characterization of deposited layers

For the morphological characterization of deposited layers on Ge(100), a scanning elec-
tron microscope of type Leo 1550 VP Gemini (Carl Zeiss) was used. An EDX spectrometer,
Oxford Instruments Model 7426, was used to determine the elemental composition of the
deposited layer on the Ge surface. An atomic force microscope (Digital Instruments DI-
MENSION 3100 Model D3100S-1) was used to obtain the topographic information of model
corrosion products. For the analysis of the AFM images the WSxM software was used.5!
CGI-XRD was performed using a Bruker-AXS D8 with a Cu-K, source (A=1.54 A). For the
analysis of the XRD data, the Diffrac Plus database JCPDE was used. XPS was performed
on a Physical Electronics PHI small spot scanning ESCA Quantum 2000 system with a

Mg-K,, source. Important characterisation data is included in the associated dataset.®

F. Computations

For the calculation of vibrational modes of adsorbed ORR intermediates, small model
structures of ZnO were constructed representing the essential features at the electrochem-
ical interface. These features include the adsorption site on the solid/liquid interface and
solvation effects by the surrounding water. ZnO was chosen because of (i) the abundance
of literature, (ii) the fact that data on well characterized surfaces is available in the liter-
ature, and (iii) the presence of the essential chemical features perceived important for this
study. For realistic models of the prepared model corrosion products in this work, a much
more comprehensive background study would have been necessary. As substrate, the ZnO
surface was represented by a small prismatic ZnO crystal with Wurzite structure. The tri-
angular polar facets were passivated by a half monolayer of hydrogen atoms on the oxygen

terminated facet and by a half monolayer of OH-groups on the zinc terminated facet.%? This



atomic structure yields a closed shell electronic structure of the crystal without partially
filled surface bands.

For adsorption on the ZnO(1010) facet, the model crystal consisted of four double layers
of 10 Zn and O atoms each. For the (0001) facet two double layers of 10 Zn and O atoms
were used. The ORR intermediates were adsorbed on one of the three ZnO(1010) side facets
or the (0001) facet, binding to a zinc atom close to the centre of the respective facet. The
remaining zinc atoms of this facet adsorb one water molecule each in case of the ZnO(1010)
or either one of the passivating OH groups or a water molecule in case of the (0001) facet,
simulating a ZnO /water interface.?*06%63

The adsorbed water molecules form a network of hydrogen bonds with oxygen atoms of the
surface, neighboring water molecules and the ORR intermediates. In our previous work,"!
it was found that a two-layer solvation model is required to compute frequencies of species
in water. This solvation model includes one explicit water molecule for each H-bonding
site to include hydrogen bonding effects and embedding in a dielectric environment for the
polarizing long-range electrostatics. Therefore, additional water molecules were added for
each hydrogen bonding site on the ORR intermediates that is not coordinated by one of
the water molecules adsorbed on neighboring surface sites. For each lone pair, a H-bond
donating water molecule was added, and for each OH-group an accepting water molecule.
The additional water molecules, not adsorbed on the surface, were held in a position ap-
proximating a tetrahedral coordination of the oxygen atoms of the intermediates by angle
and dihedral constraints. The length of the hydrogen bond and all O-H distances and the
bond angle of the water molecule were optimized. The entire atomistic model complex was
embedded in a polarisable continuum to simulate the dielectric shielding and polarization
by the surrounding water.

In view of the relatively large model structures, the computationally efficient generalized
gradient approximation density functional BP86545% was selected and the def2-TZVP basis

d,57%® with parameters for water:

set.% The COSMO continuum solvation model was use
epsilon = 78.36, rsolv = 1.30 and refind = 1.333. The calculations were carried out using
the Turbomole program Version 6.6.%° The structures were fully optimized with the exception
of constraints on the bond angle and dihedral angle imposing the approximately tetrahedral
position of the additional solvating water molecules that are not adsorbed on the ZnO cluster.

For the vibrational frequencies of the adsorbed oxygen reduction intermediates, numerical



central second derivatives were calculated. Only displacements of the ORR intermediate and
of the zinc and oxygen atoms at the adsorption sites were considered. No frequency scaling
was applied. Optimized structures, vibrational spectra, and visualization of characteristic

vibrational modes are included in the associated dataset.®?

III. RESULTS

A. Surface characterization of deposited layers

FIG. 2: SEM images of deposited films on a Ge(100) substrate; (a) bare Ge(100) substrate,
(b) deposited for t = 5 min, (¢) and (d) for ¢ = 10 min, (e) and (f) for ¢ = 20 min.

Fig. 2 shows examples of SEM images for deposited films obtained after different de-
position times. SEM images show that some elongated features start to grow on the Ge

substrate after 5 min of electrodeposition (Fig. 2b). The whole Ge surface was covered by
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these elongated structures after 10 min. The potential was applied for 20 min in order to

fill possible remaining gaps on the Ge substrate. EDX analysis after 20 min deposition time

shows the presence of Zn, O and Ge (Fig. 3).

Intensity /a.u.

Energy / keV

FIG. 3: EDX analysis (10 keV incidence energy) of deposited films on Ge substrate. The
inset shows the SEM image for the 20 min deposited ZnO sample as shown in Fig. 2f.

As the deposition has resulted in a thin, flake-like film on the substrate, pores in the film
will likely exist, which could reach the substrate. Such pores would also likely be present in
real corrosion products. AFM measurements were carried out to measure the roughness of
the deposited ZnO thin film (Fig. 4). The deposited film is not smooth and the root-mean-

square roughness was found to be around 550 nm.

FIG. 4: AFM images of the deposited films with two different magnifications.

GI-XRD analysis was carried out for the film with 20 min deposition time in order to
characterize the phases present in the sample. Fig. 5 shows the XRD pattern of the model
corrosion product film. All the crystalline peaks observed matched Zns(NO3)o(OH)s.™ Thus,
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FIG. 5: GI-XRD analysis of deposited thin film on Ge substrate. All peaks can be
assigned to Zns(NOj3)2(OH)s; the assignment of the diffraction peaks is given in the figure.

this crystalline phase has formed during the electrochemically triggered deposition. No
diffraction peaks were detected originating from crystalline ZnO or Zn(OH), in the XRD
measurement. The sample was not annealed at elevated temperatures after deposition, and
hydroxide corrosion products may be strongly disordered. Disorder explains the relatively
broad peaks. Deposited oxide and hydroxide is likely mostly amorphous in nature.*!1:7!
XPS analysis was carried out for films deposited for 20 min on Ge. Fig. 6 shows the XPS
scans for O, Zn and C core level peaks of the deposited film. The high resolution XPS scan of
the C 1s region shows two peaks. The first peak at 285.2 eV is assigned to aliphatic carbon,
and the second at 289.1 eV to carbonate species.”t Both of these peaks could originate
from typical contaminants due to atmospheric exposure. The O 1s region shows a peak at
531.5 eV. A peak at 532 eV has been assigned to chemisorbed oxygen, dissociated oxygen
or hydroxide.” A peak at 530.9 eV was assigned to the presence of ZnO and at 532.3 eV
of Zn(OH),.™ Thus, the peak at 531.5 eV could potentially originate from the hydroxide in
Zn5(NO3)2(OH)s or Zn(OH),.™ The Zn 2p;/, region shows a peak at 1022 eV, which can
be attributed to Zn™.”™ While it is quite difficult to distinguish between Zn° with a binding
energy of 1021.8 eV,™ and Zn'! with a binding energy of 1022.5,” or 1021.8 eV,™ there is
no reason to consider reduction to substantial amounts of metallic zinc under the conditions
used here, as the optical properties in the IR exclude the presence of metallic species on the
surface. The Zn 2p,/, peak was not measured here; because of the large spin-orbit-splitting

of Zn, this peak is significantly shifted compared to the Zn 2ps/; peak. No peak for N 1s
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FIG. 6: XPS of deposited film, (a) O 1s region, (b) Zn 2ps/, peak, (c) C 1s peak. ---:

experimental result; —: fit.
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is detected during survey scans, indicating the absence of NO3  or any other impurities
containing N on the surface.
XRD shows that the only crystalline phase in the region near the surface is Zn;(NOj3)2(OH)s,

a nitrate-containing zinc hydroxide phase. N is not detected in EDX or XPS. Absence in
EDX may be caused by limited energy resolution of the EDX detector and the proximity of
the small N signal to the large O signal. A substantial non-crystalline fraction of the film
may also contribute, as it would not contribute to crystal diffraction in XRD. The absence
of N in XPS shows that the surface of the films consist predominantly of zinc oxide and
hydroxide species. We employ these films here as models for the complex corrosion products

of zinc.*

B. In situ electrochemical results and ATR-IR spectra

Fig. 7a shows typical cyclic voltammograms (CVs) at scan speeds of 50 mV /s on deposited
model corrosion products in Ar and O, saturated 0.1 M NaClOy4 at pH 10.5. In Ar saturated
solution, Hs evolution was observed below —0.4 V. In O, saturated solution, an oxidation
peak at —0.2 V was observed, which could be caused by re-oxidation of Hy, though the
absence of this peak in the absence of Oy points to other effects. An alternative explanation
could be reoxidation of defects in the oxide that form as part of the catalytic cycle during
ORR. At negative potentials (—0.3 V to —0.8 V), ORR was observed, where it dominates
over the Hy evolution — assuming that the increased current in O, is caused by a pure
ORR current. Fig. 7b and ¢ show series of ATR-IR spectra recorded in p-polarization in
the ORR potential window in the presence and absence of O,, respectively. For comparison
with the CVs, the average current densities recorded during the ATR measurement are
shown as circles in Fig. 7a. Compared to the current densities observed on pure Ge(100)
substrates reported before,’° the current densities on the zinc (hydr)oxide covered surface are
approximately twice as high. Consequently, the results from this study can be interpreted
as related to the ORR on the model corrosion products, not on the substrate.

! was observed in presence of O,. Its absorbance is

An absorption peak at 1180 cm™
increasing while stepping the potential negative and decreasing in the subsequent positive
potential steps. Absence of the peak in the Ar purged solution clearly indicate a relation

to the ORR. On the other hand, a broad absorption peak was observed at 970-980 cm™! in
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FIG. 7: (a) Lines: CV (50 mV/s) in 0.1 M NaClO,4 at pH 10.5 on zinc hydroxide model
corrosion products in Oz (—) and Ar () atmosphere. Arrows indicate the scan direction.
Circles: Average currents during ATR-IR experiments in O, (o) and Ar (e) atmosphere.
ATR-IR spectra in 0.1 M NaClOy4 at pH 10.5 on zinc hydroxide model corrosion products
in (b) Oy and (c) Ar atmosphere for p-polarization in the direction of decreasing potentials

(left) and increasing potentials (right). Background spectrum: initial spectrum at +0.01 V.

15



O, saturated as well as in Ar purged solution. Its absorbance increases while stepping the
potential negative and keeps increasing in the subsequent positive potential steps. Therefore,
its growth is most likely related to aging processes in the surfaces, not to ORR. Two more

L and

peaks with absorbance continuously increasing with time were observed at 1050 cm™
1025 cm~! in the presence and absence of O,. Furthermore, a negative sharp peak was
observed at 1380 cm™! in both Ar and O, saturated solution (Fig. 8). In addition, 3 shoulder
peaks were observed at 1325 cm™!, 1396 cm™! and 1440 cm™'. The (negative) absorbance
of these peaks was found to increase with time (rather than potential) as shown in Fig. 8.
Surface morphology changes in the course of the experiment are obvious when compar-
ing an SEM image recorded after negative polarisation in the presence of O, (Fig. 9) to

those before experiments (Fig. 2). Larger agglomerates have formed, while the flakes of the

continuous film became smaller.

C. DFT calculations

For assignment of the observed vibrational modes and to characterize the corresponding
ORR intermediates, selected model structures were computed using DFT. To analyze shifts
in the vibrational frequencies of ORR intermediates bound to zinc corrosion products relative
to solution species like dissolved oxygen, superoxide and hydrogen peroxide, the focus was
on ORR intermediates adsorbed on ZnO. The model structures include two examples of
adsorbed oxygen molecules in their triplet ground state, *O,, and three examples of adsorbed
superoxide anions, 205, in the doublet ground state. The superoxide anion is an oxygen
molecule after the first reduction step by transfer of one electron. For calculations of solution
species and species adsorbed on germanium see the Supplementary Material and Nayak et
al., 2013.5¢

Fig. 10 visualizes the optimized structures and transition dipole moments of the ¥(O—0)
(O—-O0 stretching) modes. Tab. I summarizes important bond lengths and vibrational fre-
quencies.

Fig. 10a represents an oxygen molecule interacting with a undercoordinated Zn site on
the non-polar ZnO(1010) surface: >0, @ ZnO(1010). The calculated Zn—O distance of >3 A
is very large, indicating a weak interaction. It is much longer than the calculated Zn—-O

bond lengths, e.g., in bulk ZnO of 1.9-2.0 A. Also the interactions with the water molecules
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FIG. 8: ATR-IR spectra in region 1550-1250 cm™! in 0.1 M NaClO, at pH 10.5 on zinc
hydroxide model corrosion products in (a) Oy and (b) Ar atmosphere. The color changes
with time over the course of experiment. Start: () at £ = —0.19 V (initial spectrum;
initial polarization in the direction of decreasing potential till -0.79 V). End: (—) at
E = —0.19 V (last spectrum; after returning from polarization to —0.79 V).

are very weak. There are no hydrogen bonds formed between the oxygen molecule and
surrounding water molecules. Therefore, the oxygen molecule is hardly perturbed and its

! close to the calculated frequency of an oxygen

vibrational frequency v(0-0) is 1518 cm™
molecule in vacuum, 1544 cm~!. Nevertheless, the transition dipole moment is substantial,

because of symmetry breaking by the environment. We can thus expect peaks in the IR
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FIG. 9: SEM image of the model corrosion products after ATR-IR electrochemical

experiment.

TABLE I: Summary of results obtained by DFT calculations for different adsorbed oxygen

species at ZnO surfaces.

# Species @ Surface® Zn-0O (A)® O0-0 (A)* Wavenumber (cm~!)?
(a) 30, @ Zn0O(1010) 3.002 1.220 1518
(b) 302 + HT @ ZnO(1010) 2.513 1.246 1322
(c) 205~ @ ZnO(1010) 2.096 1.337 1157
(d) 20, + H* @ ZnO(1010)  2.119 1.341 1145
(e) 20, @ ZnO(0001) 2.187 1.342 1142

a See Supplementary Material for a visual representation of the complete structure models.
b Zn—-O0 bond lengths of the adsorbing oxygen.
¢ O-0 bond length of the adsorbing species.

d Vibrational frequency of ¥(O—0) mode.

spectrum even though the ¥(O—0) mode of O, is IR inactive in gas phase.

Fig. 10b corresponds to an oxygen molecule co-adsorbed with a proton on the ZnO(1010)
surface: *0y + HT @ ZnO(1010). In this case, the calculated Zn—O distance of ca. 2.5 A
indicates a substantial interaction, although still weaker than a full bond. Furthermore,

hydrogen bonds of 2.2-2.6 A are formed. These interactions result in a substantial shift of
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(a) 1518 cm™! (b) 1322 cm™!

30, @ Zn0O(1010) 30, + HT @ ZnO(1010)

g BT “?;'

— . q &
-
“ae.. 0%
(c) 1157 cm™! (d) 1145 cm™1 (e) 1142 cm™?
20,” @ ZnO(1010) 20, + H™ @ Zn0O(1010) 20,~ @ ZnO(0001)

FIG. 10: Structures, atomic displacement during O —O stretching vibration, and transition
dipole moment (cyan arrow) for ORR species adsorbed on ZnO: e - O, e - Zn, - H. The
black arrow indicates the surface normal. For images of the full clusters,

c.f. Supplementary Material.

the OO stretching mode [¢(0-O) = 1322 cm™!] by ca. 200 cm™! relative to Oy in the gas
phase.

The structure shown in Fig. 10c consists of a superoxide anion adsorbed on a free Zn
surface site: Oy~ @ ZnO(1010). Here, the Zn—O distance of ca. 2.1 A is close to the bond
length in ZnO indicating a strong adsorption. The hydrogen bonds with neighboring water
molecules are short, 1.7-1.9 A, and strong. The O—O bond is 1.3 A, compared to ca. 1.2 A in
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the oxygen molecule. The wavenumber of the v(O—0) is 1157 cm™! in this model structure,
shifted by 12 em™! compared to a superoxide anion in aqueous solution (1145 cm™1).

Fig. 10d shows the structure of a superoxide anion co-adsorbed with a proton on on the
Zn0(1010) facet: 2Oy + H' @ ZnO(1010). This structure may also be interpreted as the
precursor for the formation of an adsorbed peroxy radical, 200H. This calculation was
started from an adsorbed peroxy radical, however, during the geometry optimization, the
proton transferred to the lone-pair of a close-by surface oxygen, indicating that the surface
oxygen is substantially more basic than the superoxide anion. In the optimized structure,
the OO bond length is ca. 1.3 A. The Zn—O distance is ca. 2.1 A, close to a bond in ZnO
bulk. The distance of the other oxygen to the now surface-bound hydrogen is ca. 2.2 A and
the O—H bond length to the surface oxygen is ca. 1.0 A. The hydrogen bonds to neighboring
water molecules are 1.7-1.9 A. The wavenumber of the #(0O—0) is 1145 ecm™!, 12 cm ™! shifted
relative to the structural model (c), and basically identical to the wavenumber of a dissolved
superoxide anion.

The model structure in Fig. 10e explores the impact of adsorption on a different type of
ZnO surface. The superoxide anion is adsorbed on the zinc-terminated polar (0001) facet:
20, @ ZnO(0001). Nevertheless, the O—O bond length is ca. 1.3 A and the Zn—O distance
is ca. 2.1 A, as in the other adsorbed superoxide anion structures. The hydrogen bonds to
neighboring water molecules are 1.8-2.0 A, slightly longer than in the other structures. The
wavenumber of the v(O—0) is 1142 cm™!, very similar to model (d). Thus, the different
Zn0O facet has only minor effects on the adsorption structure and the wavenumber of the

adsorbed superoxide anion. The effect is comparable to a change in protonation state.

IV. DISCUSSION
A. Spectral interpretation

Only the peak at 1180 cm™? is assigned to an ORR-related species (Tab. IT), because it is
the only peak that is exclusively observed in O5 saturated solution and its intensity correlates
with the ORR current. All other bands are observed in both Ar as well as O, saturated solu-
tions and therefore not related to ORR. In previous works, the vibrational modes observed

around 1200-1230 cm~! were assigned to a Ge-bound superoxide ORR intermediate.?*!
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TABLE II: Summary of observed peaks and tentative assignment. sh - shoulder, v -

stretching, ¢ - deformation, sy - symmetric, as - antisymmetric

Wavenumber Mode assignment Species

-1

cm
970-980 v (C1-0)? surface-bound perchlorate

1025 Vas(Cl—0) surface-bound perchlorate

1050 Vas(Cl=0) surface-bound perchlorate

1180 v(0-0) superoxide bound to zinc hydroxide / oxide
1325sh  v(N-0O) nitrate

1380 0(0O—H) zinc hydroxide
1395sh  v(N-O) nitrate

1440 S(NH41)? ammonium?

50,51

Based on discussions in our previous works, and the computational results in this work,

lis assigned to a superoxide intermediate bound to the

the vibrational mode at 1180 cm™
zinc hydroxide model corrosion products. The previous experiments included ORR with
isotopically pure 18-oxygen, and showed a shift by ca. 75 cm™! to lower wavenumber of a
mode in this region.®® The SERS finding of superoxide at 1150 ecm™! as ORR intermediate
on rough Au films,”® and the v(O—0) wavenumbers calculated for superoxide on ZnO here
(Tab. I) also support this interpretation.

The peaks at 1050 cm™! and 1025 cm™! were observed in both Ar and O, saturated
solutions. These two peaks grow simultaneously in absorbance and thus their origin is
likely related to the same species. A peak at 1030 cm™!, observed on Ge(100) only in O,
saturated solution was assigned to a surface-bound perchlorate.®® Thus, based on previous
work, the two bands observed here are assigned to surface-bound perchlorate also.”! However,
perchlorate was found to be bound to the zinc model corrosion products not only during
ORR, but also in the Ar purged solution. Its absorbance is not purely related to the
potential, i.e. the perchlorate adsorption is not reversible.

The band observed at 1380 cm ™! shows a negative difference absorbance with respect to

the first potential in the difference spectra. During ORR on the Ge substrate, a positive
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peak observed at 1385 cm™! was assigned to surface-bound peroxide (Ge-OOH),3%5! which
in this work is not consistent with the observation of this peak in Ar-saturated solution, and
with the time-development of the peak. As the prepared model corrosion products contain

! may originate from the OH bending mode of

zinc hydroxide, the absorption at 1380 cm™
zinc hydroxide which changes during the experiment. This spectral feature will also cover
possible absorption of the OOH bending modes of peroxide.

The peak at 1440 cm~' may be assigned to a deformation mode of NH,",”" which is
a possible reduction product of the nitrate. The changes during the experiment and the
magnitude of the absorbance are not fully consistent with this assignment. Two more shoul-

ders were observed at 1325 cm ™!

and 1395 cm™!; these could originate from the stretching
vibration of NO;, based on a previous assignment of a mode at 1350 cm™.7" The peak at
1440 cm ™! may also have an origin in nitrate with a deviating symmetry.

The increase in absorbance in the region 970-980 cm™! with more negative potentials,
could be caused by the OO stretching mode of peroxide or the symmetric stretching mode of

Cl104 %' This mode was observed in both Ar and O, saturated solution; thus the perchlorate

is the more likely origin.

B. Chemical and electrochemical implications

Surface-bound superoxide is observed as the main observable ORR intermediate on zinc
hydroxide model corrosion products. The peak position of surface-bound superoxide shifts
to lower wavenumber (1180 cm™?) on zinc hydroxide compared to the Ge(100) surface (1200~
1230 cm™1).°® The shifting of the band is a clear indication that ORR occurs on the elec-
trodeposited model corrosion product film, and not on the Ge surface, which may be present,
e.g., in pinholes in the model corrosion product film. It is also an indirect proof of formation
of a closed zinc hydroxide based model corrosion product film on the Ge surface during
the electrochemically induced deposition process. The differences in vibrational frequencies
between germanium and zinc (hydr)oxide shows the significant effect of the substrate on the
bonding situation in the ORR intermediates. The vibrational frequency is still ca. 30 cm™?
higher than the calculated value (Tab. I), which is similar to superoxide in aqueous solution;

these differences may indicate slight differences in the O—O binding situation in the actual

ORR intermediate, possibly due to the much more complex surface situation in the experi-
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ments here. Differences may also be due to the approximations in the DFT calculations and
the simplifications made in the model structures.

The model corrosion products age with time in a purely chemical process, most likely by
condensation in the form Zn(OH); — ZnO + H,0O. The negative difference absorbance
of both the OH bending mode and the nitrate modes decrease in a very similar fashion
with progressing time. In particular, there is no relation to the flowing current, but rather,
changes are slightly larger at the start of the experiment. If the local alkalization related
to ORR was responsible for the observed changes, a stronger increase of negative difference
absorbance with current would be expected, as larger current implies faster production of
OH . However, the strong increase in current with negative polarization is not found in
a stronger change in these modes at lower potentials. By spectroscopic ellipsometry, our
group observed a time evolution consistent with the development of a zinc oxide electronic
structure over time for the electrochemically growing oxide layer on zinc.” Also for zinc
oxidation under atmospheric conditions, changes in the corrosion product over time were
observed.™ The fact that nitrate is also lost at similar rate as OH indicates that the forming
zinc oxide lattice cannot accommodate nitrate ions. The fact that aging processes similar to
those for real corrosion products are observed here in the absence of metallic zinc indicates
that such aging is a chemical process and does not require supply of Zn*' from oxidizing
zinc. The fact that the aging of the corrosion product is realistically mimicking the situation
on zinc also shows that the model corrosion products reproduce important aspects of real
corrosion products.

We do not see any evidence here for electrochemical nitrate reduction, even though such
a reduction cannot be ruled out. However, one would expect a different time-potential-
absorbance relationship between OH bending mode and NO stretching mode if the nitrate
concentration decreased because of electrochemical reduction; experimentally, however, the
related peaks change simultaneously.

The increasing perchlorate adsorption with time is likely also related to the changes
in the surface, and the increasing availability of adsorption sites. Increased perchlorate
adsorption is evidenced by the irreversible increase in absorbance of perchlorate-related
modes. Importantly, the related modes are also observed in Ar-purged solution, which also
shows the aging of the model corrosion products, but not the ORR intermediates. Thus,

perchlorate adsorption does here not occur as a consequence of ORR and relaxation of active
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sites.

The active site for the ORR on ZnO is most likely the undercoordinated, tetrahedral
Zn*T site in the zinc oxide surface, which shows a strong interaction in the DFT calculations
with the superoxide intermediate after the first electron transfer step. To probe the specific
vibration of this bond is challenging in an approach as used here. The respective under-
coordinated tetrahedral Zn®" sites are also expected to be present in the complex model
corrosion products, in Zn(OH)s, as well as in ZnO. However, a full study of the complete
energetics of all possible intermediates and all possible surface defects was beyond the scope
of this work.

The one-electron reduction from 0y to 204~ substantially increases the interaction with
both, the zinc oxide surface and the surrounding water as reflected by the shorter Zn—-0O
bonds and hydrogen bonds. The enhanced attractive interactions stabilize the reduction
product. Therefore, the strong interaction of the superoxide anion with the ZnO surface can
be interpreted as a catalytic effect of adsorption on an undercoordinated Zn*" surface site

facilitating the first reduction step of the ORR.

V. CONCLUSION

The approach used here, i.e. the deposition of zinc hydroxide model corrosion products on
a germanium surface, is successful for studying the ORR on these model corrosion products.
An ORR intermediate with an IR absorption at 1180 cm™! has been found on the surfaces
of the model corrosion products. The peak was assigned to the O—O stretching mode of
a surface-bound superoxide. The absorbance of the detected superoxide is proportional
to the cathodic current, indicating a larger surface coverage of the intermediate at higher
reaction rates. DF'T calculation point to a binding of the superoxide to a undercoordinated
tetrahedral Zn** site on the surface as active center for ORR. The decrease of the Zn—O
bond length upon reduction of an adsorbed oxygen molecule to the superoxide anion state
indicates an enhanced interaction energy. This state facilitates the reduction reaction and
hence corresponds to catalysis of the first reduction step by adsorption on undercoordinated
tetrahedral Zn?" surface sites. For the two stable surfaces explored here, the interaction
energy did not strongly depend on the surface. Peroxide, a known intermediate in the ORR

on zinc corrosion products, couldn’t be traced here, because of the overlap of its characteristic
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bending mode with the much stronger OH bending mode of the hydroxide in the corrosion
products. The DFT calculations give hints on design of successful corrosion inhibitors for
zinc: such inhibitors should interact with the active site more strongly than reported here

for the adsorbed superoxide.

SUPPLEMENTARY MATERIAL

Images of the complete cluster model structures. Vibrational frequencies of related species

in gas phase, solution, and adsorbed to a germanium surface.
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