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ABSTRACT: Degradation and dissolution of transparent semiconducting
oxides is central to various areas, including design of catalysts and catalysis
conditions, as well as passivation of metal surfaces. In particular,
photocorrosion can be significant and plays a central role during
photoelectrochemical activity of transparent semiconducting oxides. Here,
we utilize an electrochemical flow cell combined with an inductively coupled
plasma mass spectrometer (ICP-MS) to enable the in situ study of the time- electric m
resolved release of zinc into solution under simultaneous radiation of UV- currenty

light. With this system we study the dissolution of zinc oxide single crystals Zn0O Electrochemistry
with (0001) and (1010) orientations. At acidic and alkaline pH, we
characterized potential dependent dissolution rates into both the oxygen and
the hydrogen evolving conditions. A significant influence of the UV radiation and the pH of the electrolyte was observed. The
observed dissolution behavior agrees well with the surface chemistry and stabilization mechanism of ZnO surfaces. In particular,
polar ZnO(0001) shows ideal stability at low potentials and under hydrogen evolution conditions. Whereas ZnO(1010) sustains
higher dissolution rates, while it is inactive for water splitting. Our data demonstrates that surface design and fundamental
understanding of surface chemistry provides an effective path to rendering electroactive surfaces stable under operating conditions.

KEYWORDS: ZnO, photocorrosion, photoelectrochemistry, water splitting

H INTRODUCTION Sacrificial metallic zinc coatings are typically used as cathodic
protection, and the topmost layer is passivated, that is,
rendered stable by a ZnO layer.'>"

Consequently, stability of ZnO has been studied in great
detail under various conditions and for various surface

Degradation and dissolution of oxide materials plays a central
role in the kinetics of degradation of structural, as well as
functional, materials. For instance, in photoelectrochemical
cells transparent semiconducting oxides create electron—hole

. . 14-21 19,22 :
pairs, which can trigger electrocatalytic processes, such as water orientations, such as the polar and nonpolar, that is,
splitting. Zinc oxide (ZnO) is considered as a promising stoichiometric, surfaces.
material carrier, as well as reactive material for water splitting The polar surfaces of ZnO are particularly interesting in
and other catalytic processes.l_?’ With a bandgap of 3.3 eVi— terms of their stabilization mechanisms. Several experimental
close to the wavelength of visible light—ZnO can also and theoretical studies showed that polar surfaces can stabilize
effectively harvest energy from sunlight.l’s_m Specifically, by adsorption of OH and oxygen adatoms,'*">'” as well as by
photon absorption can generate electron (e”)/hole (h*) formation of triangular reconstructions'®*' that realize a
pairs as follows: stabilizing coverage by oxygen step-atoms.
The stability of nonpolar ZnO (e.g, 1010) has not been
ZnO + hv — ZnO + k' + ¢ 1 studied in great detail so far. High-resolved atomic force

microscopy imaging showed that dissolution of nonpolar
surfaces results in dissolution topographies that favor again the
formation of polar surfaces.'” Specifically, ZnO (1010) has
been found to reconstruct under formation of stable ZnO

These electron/hole pairs function as driving force for
photocatalytic processes; however, they also render ZnO
prone to photocorrosion according to the following equation:

1
ZnO + 2h" — Zn** + —0,

2 ) Received: August 28, 2020
Accepted: October 26, 2020

Yet, stability under -catalytic/reactive conditions is of
Published: November 9, 2020

enormous importance for efficient catalytic action. Degrada-
tion of catalysts can render them useless within a few cycles
during operation. In addition to photocatalytic stability, ZnO is
a central protective oxide in the field of corrosion protection."'
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(0001) and (1010) surfaces.'”*® Further, some calculations
identified point defects and oxygen vacancies as stabilizing
features of these surfaces.”"*

In recent years, there has been growing interest in stability of
ZnO during photocatalysis. Here, indirect effects, such as
reduced photocatalytic activity’®™® as an indicator for
photocorrosion rather than dissolution were studied.

The aim of our work is to directly trace down the potential
dependent stability of zinc oxide for various surface
orientations particularly also during photocatalytic water
splitting conditions by quantifying dissolving zinc in the
electrolyte in real time.

Therefore, and as shown in Figure 1, we use a photo-
electrochemical flow cell with a subsequent downstream
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continuous
electrolyte
flow
HCIO.
ionic strength
10 mM
—
7
=
2
=
=
i F
1]
© "
E time

Figure 1. Schematic of the flow cell used. A quartz rod allows
transmission of UV light. Overpressure pumping is used for
establishing laminar flow across the working electrode. The reference
electrode (AglAgCl) is placed upstream and the counter electrode
(Pt) is placed downstream to avoid contamination of platinum at the
WE. Standard HPLC fittings are used for all tubings.

electrolyte analysis to determine the rate of degradation by
inductively coupled plasma mass spectrometry (ICP-MS).

With its very low (essentially monolayer sensitive) limit of
detection ICP-MS is a powerful technique for time-resolved
analysis of degeneration products. Hence, a number of
electrochemical ICP-MS flow cells have been developed for
studying general metallic corrosion.””*® Recently, this
technique was adapted and tested for quantifying the
photocorrosion of BiVO,”" and WO,,** as well as iridium
oxide.*

As such electrochemical ICP-MS flow cells are well
established for characterizing the stability of materials that
are prone to corrosion under various conditions.

Here, we use this technique to tune reaction parameters as
pH-value and applied potential regarding their influence on
ZnO degradation rates. For the first time, we use this
technique with oxide single crystals, and we are able to
connect ZnO surface orientation chemistry with observed
stability and water splitting rates. Specifically, we study the
photocatalytic stability of low-index ZnO surfaces (0001) and
(1010) in aqueous perchlorate solutions for both the oxygen
evolution reaction (OER) and the hydrogen evolution reaction
(HER). We show which surface is catalytically more active
(higher water splitting current) and how stable the surfaces are
under these conditions. The approach and the specific results
offer a strategy for making ZnO most stable and reactive or
vice versa.

B RESULTS

The key question we want to address in this work is at which
potential does ZnO degrade and how is this influenced by the
surface chemistry, that is, termination of the surface? In this
work, we, hence, focus on the nonpolar (1010) and the polar
zinc-terminated (0001)-Zn surfaces of ZnO, for which we
already studied stabilization mechanism and surface chemistry
extensively in our previous work.'*~"”

We designed a home-built UV-sensitized electrochemical
flow-cell (see again Figure 1) and combine this flow cell with a
subsequent quantitative analysis of dissolved zinc in the
electrolyte in an ICP-MS. Briefly, electrolyte solution is
constantly fed through a standard three electrode electro-
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Figure 2. Dissolution rates of ZnO 0001 and 1010 face in 10 mM ClOj solutions during linear sweep voltammetry (1 mV/s). Please note that all
panels are similarly scaled, but some of the data is multiplied by a constant to be visible in the plotted range, as indicated. Arrows indicate scan
directions. Significantly higher dissolution rates can be observed with lower pH (a and b). Illumination results in higher dissolution rates (c.f,, text

for details).
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Figure 3. (A) Ideal nonpolar ZnO (IOTO_ surface). (B) Half coverage by hydroxide. (C) Triangular reconstruction on ZnO(0001). (D)
Stabilization by formation of triangles of 1010 orientation and additional coverage with a hydrogen layer. Oxygen: Red. Zinc: Black. Hydrogen:

Beige.

chemical cell, where a ZnO single crystal acts as working
electrode. UV light illuminates the surface from the top. Any
dissolved zinc species are carried with the electrolyte flow
toward detection in the ICP-MS. A detailed description of the
cell is given in the experimental section and in previous
work.>' 7%

Two different pH values, acidic at pH S and weakly alkaline
at pH 8, were chosen as operating conditions. Given the
experimental and calculated Pourbaix diagram of zinc,’**
these conditions suggest Zn** and Zn(OH), as dissolving/
stable species. At pH 8, the surfaces are considered stabilized,
while higher dissolution rates are expected for lower pH values.
Experiments always started at a potential of 0.0 V versus Agl
AgCl, where no water splitting and stable surfaces are expected.
We vary the potentials with a scan rate of 1 mV/s from (1) 0
to +3.0 V, that is, into the OER region, and (2) from 0 to —1.5
V, which is into the region of the HER, respectively.

Figure 2 shows the dissolution of ZnO during linear sweep
voltammetry for nonpolar ZnO (1010) and polar ZnO (0001).
Blue lines indicate the dissolution during UV illumination,
whereas the black data shows dissolution under dark
conditions. The electric currents corresponding to the data
shown in Figure 2 can be found in the Supporting Information
(Figure S1). The figures indicate a number of interesting
details as follows.

First, the effect of pH is very evident. When performed at
pH S, both surface orientations show 1—2 orders of magnitude
higher dissolution rates compared to pH 8. This is consistent
with the expected dissolution tendencies derived from
Pourbaix diagrams. ZnO is considered stable from pH 8 to
pH 6 and around 0 V versus AglAgCl. Below pH 5
thermodynamic instability drives the dissolution. Further,
(Figure 2a, ¢, e, g) also show that nonpolar ZnO(1010)
surfaces exhibit very high dissolution rates at pH 5 at both,
HER and OER conditions, when compared to the polar ZnO
(0001) shown in (Figure 3b, d, f, h). As emphasized, the rates
for the nonpolar surface are in general about 1 order of
magnitude larger compared to the polar surface, while water
splitting currents are insignificant within the scanned regions
toward HER and OER (see again Figure S1).

Also, both surfaces show a rather constant or increasing
dissolution rate when polarizing toward OER at pH S.
Surprisingly, at pH 5, the polar surface shows a very significant
decrease of the dissolution rate toward HER conditions
(marked by arrow in Figure 2b). As soon as hydrogen
evolution starts the polar surface shows insignificant
dissolution rates (see Figure 2b) in acidic conditions. At pH
8, shown in Figure 2e and f, both surface orientations show low

dissolution rates toward the HER, which get even lower with
increasing negative polarization.

Interestingly, as soon as the OER initiates at pH 8 the polar
surface shows an approximately one order of magnitude higher
dissolution rate (Figure 2h) compared to the nonpolar surface
(Figure 2g). Again the nonpolar surface shows no significant
OER current at the applied potential, while the polar surface
can split water effectively, yet at a high corrosion rate (see
again Figure S1).

Second, illumination with UV light in general results in
higher amount of dissolved zinc for both surface orientations.
The relative increase of dissolution rates under illuminated
conditions varies strongly with the pH, applied potential and
surface orientation. In the acidic case in the HER direction, for
ZnO(1010) (Figure 2a) illumination almost doubles the
amount of dissolved ZnO. Also, under illumination degrada-
tion seems to be constant while decreasing the potential, while
it increases in the dark. Moreover, the same applies for the
OER (Figure 2c) at pH 5. Here, the dissolution reaches very
high rates. Also the difference between illuminated and dark
case is still about 10—50%, for each surface respectively, at an
already very high level.

For the OER scan at pH 8 (Figure 2d), a significant effect of
illumination was observed for both orientations. Specifically,
under illumination the ZnO dissolution rate is growing at a low
level for the ZnO(1010) as the potential rises(see Figure 2g),
while it is considerably higher for the polar surface. No
significant oxygen evolution accompanies the dissolution of the
nonpolar surface, while the polar surface evolves oxygen. In
contrast, under dark conditions at pH 8 dissolution remains
negligible over the whole potential window. As already pointed
out above, for the polar surface (Figure 2d and h), the
dissolution rate is considerably higher compared to the
nonpolar surface at positive polarization, also during
illumination.

At negative polarization at pH 8, the effect of illumination is
insignificant for both surface orientations (Figure 2e and f),
and the Zn dissolution drops below the limit of detection at
hydrogen evolution.

B DISCUSSION

The key to understanding the observed behavior of the
different ZnO facets is to consider the stabilization and
dissolution mechanism of the facets.

Considering the wurtzite structure of ZnO, along its c-axis
ZnO is made up of alternating layers of hexagonal close-packed
Zn** and O* resulting in a O-terminated surface on one and a
Zn-terminated on the opposing side. This generates a diverging
dipole across a crystal, and will render the polar ZnO(0001)—
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Figure 4. In-situ AFM topographies indicate preferential dissolution of 101 step edge surfaces on a (0001) surface (marked by arrows) upon
decrease of the pH values from (A/B) pH 8—6 and (C/D) pH 8 to pH 3. Panel E shows an ex-situ topography after immersion into a pH 3
solution, indicating stabilization by formation of triangles with step edges of (1010) orientation on (0001) surfaces (c.f,, text for details).

Zn prone stabilizing reconstructions.' Specifically, the

dipole through the crystal has to be eliminated by triangular
reconstruction or adsorption of adatoms on the surface.'>*"*°
In contrast other low index surface orientations have
stoichiometric ZnO terminations and do not exhibit complex
reconstructions.

The resulting surface structures for the polar and the
nonpolar surface are shown in Figure 3. As displayed in panel
A, the ideal nonpolar ZnO(1010) surface consists of rows of
ZnO vpairs, hence displaying both under-coordinated yet
stoichiometric Zn and O adatoms at the surface. Panel B
shows a possible (2 X 1) OH adsorption layer, that can
stabilize the polar Zn-terminated surface in alkaline'® and
water-rich media,'*'® and panel C shows an alternative
possibility to stabilize the polar surface.”’ Here, triangular
features are formed, which also offer oxygen atoms in a
stoichiometric concentration to stabilize the surface. Panel D
shows a similar surface reconstruction, but triangles and step-
edge oxygen atoms are covered with a hydrogen layer. The
latter structure is thermodynamically stable under hydrogen-
rich conditions."”

In our previous work'* and in Figure 4, we now show how a
Zn0O(0001) surface dissolves when lowering the pH from 8 to
acidic conditions. The in situ AFM series, recorded with two
different single crystals, in Figure 4A—D, shows persistence of
0001 terraces, where degradation/dissolution occurs along the
step edges, which are nonpolar surfaces. This confirms, that the
nonpolar step edge surfaces are considerably more unstable
compared to the stabilized polar surface. This is consistent
with the observed higher dissolution rate of the nonpolar
surface at low pH and all potentials.

Figure 4E shows the polar surface after extensive etching in
acidic conditions. Here, a surface reconstruction with
triangular features on the (0001) surface becomes visible.
This is what we previously observed and indicates a kinetic
stabilization of the surface by formation of triangular features,
which have no kink sites.'* This slows down dissolution rates
significantly.

These triangular features are, hence, the reason for the lower
dissolution rates at pH S of the polar surface when compared
to the nonpolar surface, as observed for the potential
dependent data above. The nonpolar surface is not stabilized
and indicates dissolution rates that are at least 1 order of
magnitude higher at pH S.

Interestingly, for the polar surface Figure 4D also shows that
lowering the pH results in holes (marked) before typical
triangular features appear. These holes indicate that the
stabilizing OH/O adlayer dissolves at lower pH, which
effectively forces the polar surface into a different stabilization
mechanism shown in Figure 4E.

Furthermore, the sudden drop of dissolution of the polar
surface during negative polarization in acidic conditions in
Figure 3b suggests a protecting adsorption of hydrogen on the
(0001) surface structure as indicated in Figure 3D. Here, under
active HER conditions, where hydrogen must adsorb on the
surface, the proposed 1H (1 X 1) adsorption layer'””” on
ZnO(0001)—Zn does lead to a stabilization of the surface
under active and hydrogen-rich conditions. Indeed, also our
previous theoretical investigations showed that (1 X 1)-H
coverage can be an effective surface stabilization at hydrogen-
rich conditions.'” Hence, correlation of phase diagrams and
experimentally observed stability with ICP-MS flow cells
proves to be beneficial for designing stable materials.

Specifically, the data suggests that hydrogen effectively
stabilizes ZnO(0001) by a theoretically predicted (1 X 1)-H
adsorption on Zn and step edge atoms of the typical triangular
reconstructions. Direct evidence of 1 X 1H adsorption on polar
ZnO at solid/liquid interfaces is currently not feasible to
obtain; however, in future studies, we aim to utilize AFM/
STM imaging at the solid/liquid interface to provide a direct
experimental evidence. The applied overpotential in the
experiment suggests that the conditions in this work are
capable to achieve conditions, where ZnO(0001)—Zn is
indeed stabilized by this (1 X 1)-H adlayer, which is stable
in extended ab initio phase diagrams under reactive
conditions.'” Consequently, the sudden drop of the dissolution
rate may coincide with the theoretically predicted (1 X 1)-H
hydrogen adsorption. This suggests an operating condition on
the ZnO(0001) surface, where hydrogen evolution proceeeds
under conditions that thermodynamically stabilize the surface
by (1 X 1)-H coverage, while water is beyond its
thermodynamic stability. This effectively renders the surface
inert against degradation under reactive water splitting
conditions. This is an interesting mechanistic insight and
may prove useful for designing other stable surfaces under
operating conditions.

Conversely, in the alkaline case, the low dissolution rate
(seen in Figure 2f) correlates well with the expected OH
coverage of the ZnO(0001)—Zn surface (Figure 3B) and the
general thermodynamic stability of ZnO.

A very interesting aspect at pH 8 is that the polar
ZnO(0001) surface is less stable compared to the nonpolar
surface under oxygen evolving conditions. This is unexpected,
as one would expect that oxygen rich conditions stabilize
triangular reconstructions on the polar surfaces. This has two
reasons.

First, oxygen evolution on polar ZnO(0001) may proceed
via a direct reaction of water with step edge oxygen atoms or
stabilizing OH adatoms. As such, the stabilizing features will
dissolve during oxygen evolution, which makes the surface less
stable and prone to corrosion under reactive conditions. Why

https://dx.doi.org/10.1021/acsami.0c15508
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dissolution is less significant for the nonpolar surface is then
evident. On this surface, the oxygen evolution does not
proceed at a significant rate at all, the observed dissolution is
solely due to the applied potential for the intrinsically
thermodynamically stable nonpolar surface at pH 8.

Second, UV irradiation also triggers dissolution of the polar
ZnO surface at pH 8, under any condition above about 0 V,
while the nonpolar is significantly less prone to photo-
corrosion. For the polar surface, this is also well visible in
UV on/off experiments recorded at pH 8 at 1.5 V, which are
shown in Figure S. This is interesting, as ZnO is in principle

ZnO (0001)
0 5 10 15 20 25

N
[}

dissolved mass Zn

current

time (min)

1.5V vs Ag/AgCl

Figure S. Dissolution and electric current of a ZnO (0001) surface
held at 1.5 V versus AglAgCl in perchlorate solution at pH 8, while
UV light is switched on (yellow areas) and off. Dissolution and
current response on UV exposure is clearly visible.

thermodynamically stable at pH 8. Hence, holes, h*, can
apparently interact with the stabilizing electronic surface states
of the ZnO(0001) surface, forcing it into dissolution via eq 2.

UV irradiation was generally found to increase the rate of
dissolution. This is likely via amplification of eq 2. Generated
holes can oxidize the oxygen in the semiconductor to its
molecular form, while releasing zinc ions into solution. This
process competes with the desired water splitting reactions,
and drives the dissolution under all conditions, with the
exception of ZnO(0001) under hydrogen-rich conditions at
low potentials. This is again in line with the stabilization
mechanism of the polar surface via hydrogen adsorption on
terraces and step edges.'’

Interestingly, the stabilization of hydrogen on the polar
surface also results in the highest rate of hydrogen evolution
(see currents in the Supporting Information), yet at the lowest
dissolution rate under both illuminated and dark conditions.
As such, these results strongly support the idea that hydrogen
stabilized polar surface structures on semiconducting oxides can
effectively moderate hydrogen evolution under stable con-
ditions. As such, transition metal coverage, ZnO(0001), or
other polar surfaces may be an interesting candidate for a
stable hydrogen evolution catalyst.

In contrast oxygen evolving conditions render ZnO(0001)
unstable, with the ongoing OER the dissolution rate of ZnO
increases in concert at pH S and 8. This again indicates a
mechanism that proceeds via dissolution of oxygen step atoms.
Interestingly, at pH 8 under OER conditions the nonpolar
surface appears more stable, but oxygen evolution rates are
insignificant at the tested potentials, indicating a large
overpotential for the OER on the nonpolar surface.

B CONCLUSIONS

In summary, stabilization of the ZnO(0001)—Zn surface in
both acidic and alkaline aqueous electrolytes was studied by
means of a photoelectrochemical flow cell with consecutive
detection of degradation products via ICP-MS. The well-
known polar surface stabilization mechanisms'*'*'®*! seem to
also apply for photoelectrochemical conditions. The time and
potential-resolved dissolution study on polar and nonpolar zinc
oxide revealed the following conclusions:

e ZnO is prone to photocorrosion by ultraviolet light to
different extents depending on their orientation.

e However, polar ZnO(0001) can stabilize during HER
via formation of protective (1 X 1)-H layer in acidic and
(2 X 1)-OH in alkaline electrolyte. This structure also
support highest measured hydrogen evolution currents,
yet under very stable conditions. In contrast, nonpolar
ZnO shows no significant hydrogen evolution, yet high
dissolution at HER potentials.

e Nonpolar ZnO is in general less stable compared to
polar ZnO for all pH values and potentials probed. The
exception to this is oxygen evolution at pH 8. Under
these conditions, the nonpolar surface is more stable but
also evolves no oxygen. This may make this surface
orientation interesting for a carrier material under these
conditions.

e Extended ab initio phase diagrams correlate well with
experimentally observed stabilities beyond the stability
of the water phase, suggesting that phase diagrams are an
ideal tool for screening stable candidate surfaces outside
the water stability window. This region is not typically
evaluated in this type of simulations.

Our approach for testing photocatalysts during operation on
photocorrosion might prove useful for further and more
complex systems. In addition, our results highlight that surface
design (facet preferences and stabilization mechanism of
oxides) can provide an effective path to making (photo)-
electrocatalytic (support) surfaces more stable during reactive
conditions. Stabilization mechanisms of polar surfaces may
provide an effective path to tuning stability of transition metal
oxides under electrochemical and photoelectrochemical
conditions.

B METHODS AND MATERIALS

Chemicals and Materials. A 10 mM solution was prepared from
sodium perchlorate (98+%, Alpha Aesar). pH was adjusted using
sodium hydroxide (technical, VWR) and perchloric acid (p.a. grade,
Carl Roth), while maintaining the concentration of the perchlorate
anion constant. Milli-Q water (resistivity >18 MQ-cm, total organic
carbon < 4 ppb) was used for making electrolyte solutions. ZnO
single crystals (MaTecK GmbH) of orientations (0001) and (1010)
were prepared by hand polishing using diamond paste down to 0.05
pum.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Measurements were performed using an Agilent 7900 ICP-MS. The
ICP-MS uses a collision cell with S mL/min flow of helium as cell gas.
External calibration was performed with multielement standard
solutions provided by Agilent and Inorganic Ventures. Downstream
of the electrochemical cell the analyte was mixed with internal
standard solutions containing cobalt having a similar mass as zinc.

A scheme of the setup is shown in Figure 1. The in-house built
electrochemical flow cell was made out of PTFE. The cell is
illuminated by a UV LED (UVSTZ-390-15, Bivar, Inc.) shining
through a quartz rod from the top on the active working electrode
area. The illuminated area is at least 3.14 mm?* (2 mm diameter rod)
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neglecting any scattering of UV light. Total electrode area is about 7
mm® (3 mm diameter O-ring). Pressurized air was used for pumping
the electrolyte with a stable and pulsation free laminar flow. Flow was
monitored by measuring with an in-flow pressure sensor and by
weighing the collected waste electrolyte. The flow is set to 6 & 0.4 mg
of solution per second. Before each experiment the electrolyte was
purged with compressed and filtered air for at least 30 min to
guarantee the same concentration of dissolved oxygen. All electro-
chemical experiments were done using a AglAgCl-electrode as
reference and presented data is referenced to that potential.

Atomic Force Microscopy (AFM). AFM topography (JPK)
experiments were perfomed using contact mode cantilevers (Budget
Sensor CONT). Using a custom-made cell for liquids of PEEK,
electrolyte was exchanged with a syringe pump.
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