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The compound semiconductor Zn;.,CoxO (x= 0.42; ZnO:Co) has
recently gained interest as a highly active electrocatalyst
material for water oxidation (WOCs). We report on the
significant structural and electronic transformations under
anodic oxygen evolution reaction conditions of a novel, large
area scalable sputtered ZnO:Co electrocatalyst. ZnO:Co
sputtered films showed the transition of the polycrystalline
Zn0:Co electrocatalyst material to a partially amorphous
nanocomposite (Zn0O:Co/Co(OH),/CoOOH). A high reactivity of
the electrocatalyst material compensates effectively the low
specific surface area of sputtered electrocatalyst thin films.
The aim of this work is to examine the polycystral morphology
of sputtered electrocatalyst thin film material, which can be
also produced industrially on large areas and has a high WOC
performance.

Water splitting is considered to be the key reaction in regard to
storing solar energy as solar fuel.! There are many recent
publications on hydrogen evolution reaction (HER) by solar
water splitting using heterogeneous photocatalysts based on
earth-rich transition metals with good performance.? The
anodic oxygen evolution reaction (OER) is a kinetically
unfavorable four electron process which contributes to a high
overpotential above the thermodynamic limit (1.23V wvs.
reversible hydrogen Electrode (RHE)) of the OER.3 A great
number of water oxidation catalysts (WOC) based on earth
abundant early transition metals were described over the last
years.* They were wusually prepared in the form of
nanoparticulate powders with a large specific surface area.*” It
is possible to fabricate small electrodes for lab scale
electrochemical experiments with the use of binders (e.g.
Nafion™)* or other methods (e.g. sintering, pressing, dip
coating®, screen printing’). These methods can have a profound
influence on the catalyst (reaction with binder, change of grain
boundaries, and reaction with solvents) and these electrodes
cannot be considered of any applicability in larger scale setups.
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This is due to the often-complex preparation methods of the
WOC particles and due to the error prone fabrication of the
electrodes. There are several reports of electroplated WOCs,
the coating of large arrays is challenging with this method and
substrates must be compatible with the plating conditions (i.e.
conductive, resistant to plating bath).® Methods for large scale
coating with metal oxides such as chemical vapor deposition
(CVD), plasma enhanced vapor deposition (PE-CVD) and sputter
processes are well established for industrial scale thin film
fabrication processes.® Examples for OER active thin films
fabricated with these methods are scarce.!® This is due to the
low specific surface area of the resulting, densely packed two
dimensional (2D) layers, which lack sufficient
electrocatalytically active surface area.''?13 |n this work, we
present a novel sputtered ZnO:Co electrocatalyst material that
can circumvent this problem by undergoing significant
structural and electronic transformations under anodic OER
conditions, forming a partially amorphous nanocomposite as
the active WOC in operando.

Zn0:Co compounds have been studied initially because they can
be used as green pigment.}* Most of the recent literature is
concerned with the magnetic properties of the material (diluted
magnetic semiconductor for spintronic).®> Previous work on
solvolytically prepared ZnO:Co nanoparticles showed them to
be a suitable electrocatalyst for highly active OER catalyst
composites. At anodic potentials, Zn was found to dissolve into
the electrolyte and in a self-limiting process, a stable
nanocomposite of crystalline ZnO:Co particles and amorphous
Co(OH),/CoOO0OH was formed.16:17

It has already been shown that ZnO:Co (Zn1xCoxO x = 0.2) thin
films can be prepared by pulsed DC sputtering from a single
target. Based on our positive experience with RF sputtering of
Zn(0,S)*® we have chosen this method as a possible alternative
to the solvolytical preparation of highly Co substituted ZnO:Co
materials in regard to reproducibility and purity of the resulting
electrocatalyst films.'® Direct growth of sputtered layers on
conductive substrates also eliminates the error prone step of
electrode fabrication from a suspension of catalyst particles.



To fabricate ZnO:Co thin films, a mixed target with a diameter
of 75 mm and a nominal composition of Co/(Co+Zn) = 0.4
(atomic ratio) was procured from a commercial supplier. Films
were sputtered in pure Ar using 13.56 MHz (RF) plasma
excitation onto fluorine doped tin oxide (FTO; SnO,:F) glass
substrates, polycrystalline Si wafers and Mo sheets to show the
substrate flexibility of this method. The base pressure in this
UHV system was better than 5 x 10°mbar. The substrate was
not moving during deposition. All depositions were performed
at a constant power of 60 W resulting in a deposition rate of
40 nm min? and the deposition time was adjusted for a film
thickness of 300 nm. To investigate the influence of the
the
changed between room temperature and 200°C and the Ar flow

deposition parameters, substrate temperature was
was varied in the range of 25 to 100 sccm (See S| Table S1).
Regardless of the substrate, the deposited films were uniform
2D nanolayers without any porosity or additional structural
features (see SEM Fig. S1)

The film composition was examined by powder x-ray diffraction
(P-XRD, Fig S2) and UV-VIS spectroscopy (Fig S3). Both methods
confirmed the formation of ZnO:Co on the substrates. The
grazing-incidence (GI)-XRD (Fig. S4) showed the sputtered film
to have a hexagonal wurtzite lattice (P6smc). In the UV-VIS,
distinct absorption features (575 nm, 620 nm, 665 nm) were
observed in the VIS region of the spectrum. This triple
absorption band is indicative of Co? in T4 coordination.?®
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) and energy dispersive X-ray spectroscopy (EDX) revealed a
Co content within the deposited films close to that of the
Zn0O/CoO0 sputter target (xco= 0.4).

To gain further insight into the sputtered ZnO:Co films, electron
transparent samples were prepared from ZnO:Co films
sputtered on polycrystalline silicon substrates (polycrystalline
silicon allows better processing for electron transparent
samples). Transmission electron microscopy (TEM) analysis of
cross sections prepared from a nominally 300 nm ZnO:Co film
shows an actual thickness of 250 nm and a columnar growth of
crystalline ZnO:Co aggregates mostly perpendicular to the
surface of the Si-substrate (Fig. S5). Dark field (DF) TEM images
hinted at a columnar growth of ZnO:Co. High resolution TEM
(HR-TEM) images of the sputtered ZnO:Co film on Si illustrate
the existence of extensive dislocations and other growth
defects. Different lattice distances of the hexagonal wurtzite-
type ZnO structure (P6smc) could be identified (d= 0.247nm
(1011), d= 0.263nm (0002), d= 0.282nm (1010)). The calculated
lattice distance of 0.263 nm corresponds to the distance of the
(0002) plane, thus indicating a preferred c-axis orientation of
the layer. A conclusion on the relative orientation of the basal
planes of the columns to each other is not possible. From the
position of the reflexes in the selected area electron diffraction
(SAED) pattern, an orientation of ZnO:Co columns to Si-
substrate with [002]si.iayer || [0002]2n0:co-substrate Can be deduced.
TEM-EDX confirmed the elemental composition determined
with SEM EDX and ICP-OES (Fig. S6)

The sputtered ZnO:Co films sputtered on FTO substrates were
contacted in a custom made electrochemical cell (glassy carbon
(GC) counter electrode, Ag|AgCl reference electrode, 1N KOH

electrolyte) and used as working electrodes in cyclovoltametry
(CV) experiments (Fig. 1a). Upon applying a potential, the
Zn0O:Co film changed its colour form green to brown and
increasing catalytic currents were observed from cycle to cycle.
The overpotential (n) to facilitate a current density (j) of
10 mAcm™ was determined to be 451.3 mV vs RHE in this setup.
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Figure. 1 a) Cyclovoltametry of ZnO:Co sputtered film onto FTO substrates. b) Enlarged
oxidation and reduction waves of the sputtered ZnO:Co film c) CV of a ZnO:Co EPD film
of comparable mass d) Chronoamperometric experiment of sputtered ZnO:Co film at n
=400 mV.

The catalyst film showed two characteristic reversible oxidation
waves at lower potentials, which were attributed to the
oxidation of Co(OH); to CoOOOH (A= 1.06 Vox A’ 1.04 Veg) and the
further oxidation to Co(1V) species (C=1.44 Vo, C'=1.42 V,q; s€€
Fig. 1b).2%2! The initial scan did not feature these characteristic
oxidation and reduction waves but showed a prominent
irreversible oxidation wave at 1.35V (B). The observed
activation and activity were in good agreement with the
observations made on particulate films of Zn0:Co.®* When
testing a ZnO:Co film grafted onto FTO by electrophoretic
deposition (EPD) under comparable conditions, we observed
pronounced oxidation waves as well, but much lower current
densities were attained at the vertex potential and n=
10 mA cm? was significantly higher for this working electrode.
To examine the stability of the in-situ formed WOC, an extended
chronoamperometric experiment was performed with an
sputtered ZnO:Co film (thickness = 300 nm). The electrode was
contacted in the custom made electrochemical cell and 1N KOH
was electrolyzed for 72 hours. (Fig. 1d) Here the catalyst
activation commences gradually over 6 h, with j further
increasing from 6 to 9 mAcm™ over the course of 72 h.

Electron transparent cross sections were prepared after
anodizing ZnO:Co films that had been sputtered on Si Wafers for



1h (Fig.2, see Fig. S7 for high resolution images). The
electrocatalyst film after 1h exposure to electrolyte and voltage
demonstrates the disorganization/dissolution of the upper part
of the sputtered ZnO:Co film that has direct contact to the
electrolyte  solution during the chronoamperometric
experiment. HR-TEM images reveal the formation of crystalline
Zn0:Co nanoparticles with approx. 2 nm in size embedded in an
amorphous matrix. Only a few large columnar crystallites from
the electrocatalyst could be observed. Selected area electron
diffraction (SAED) shows diffuse diffraction rings indicating that
the Zn0O:Co phase has a short-range-orientation and is only
poorly crystalline. An exception, the relative intensity of (200)
reflection (d= 0.213 nm) is remarkable strong. This observation
was confirmed by performing a Fast Fourier Transformation
(FFT) of the image data in regions 1 and 2. This is also supported
by additional comparison with the EDX spectra of the sputtered
layer before and after electrochemistry. Thereby, a strong
enrichment of Co in contrast to a degradation of Zn could be
observed.
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Figure 2. TEM analysis of a cross section from a partially anodized sputtered ZnO:Co film.
a) TEM micrographs show a partial transformation to an amorphous material (1) form
the polycrystalline electrocatalyst (2) b) DF-TEM shows monocrystalline components in
the anodized and as prepared areas. c) HR-TEM micrographs of the amorphous region,
d) FFT (1 & 3) and SAED (2 & 4) data from areas 1 and 2 seen in a).

As pointed out already, the formation of small crystalline Co
enriched ZnO:Co particles in an amorphous matrix or an
amorphous hull around these crystallites was also observed for
the EPD-process after electrocatalysis.'® In contrast, the lower
part of the sputtered ZnO:Co remains unchanged in the
columnar microstructure (and chemical composition). No
changes were found at the interface of the sputtered layer to
the Si substrate before and after electrochemistry. The
sputtered ZnO:Co film shows a nearly complete dissolution
after 10 hours of chronoamperometry (Fig. S8). As already
shown in Fig. 2), the disaggregation of the original crystalline
Zn0:Co columns and the formation of small particles with

approx. 2 nm in size could be observed in the transformed layer
partially consisting of nanoparticles. Thus, the mechanical
instability of the sputtered ZnO:Co film increases. The dark-field
pattern of the layer after electrochemistry imaged by the (1OT1)
reflection of ZnO:Co clearly reveals that only a small amount of
crystalline fragments are elongated and arranged parallel in
direction perpendicular to the surface of the substrate layer
surrounded by a strong amorphous matrix. On the basis of Fig.
2, we try to explain the change of the ZnO:Co columns during
the electrochemistry experiments in the following. Small
particles of 10 nm in size interspersed with holes of 2 nm in
dimension and form a framework with columnar ZnO:Co
aggregates that survived the electrochemical treatment. These
particles could be regarded as a transitional state from the
crystalline phase to the amorphous one. Only (1010), (1011)
and (1012) reflexes could be measured. The in- situ formed
amorphous phase is Zn depleted or, in other words, Co
enriched, indicating the formation of new Co containing phases
under OER conditions (Fig S5).

To gain further insight in the oxidation state of the amorphous
portion of the in situ formed nanocomposite, the Zn0O:Co sputtered
films on FTO coated glass substrates were characterized before (as
prepared) and after the electrochemical performance by near edge
X-ray absorption fine structure (NEXAFS) spectroscopy at the Co K-
edge as shown in Fig. 3.
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Figure 3 NEXAFS Co K-Edge data on sputtered ZnO:Co films (center) and ZnO:Co EPD films
(bottom) as reference before and after electrochemical performance (EC). For
comparison the NEXAFS spectra of CoO and Co30, are given as well.

The Co K-edge NEXAFS data shown in Fig. 3 are due to transitions of
Cols electrons into unoccupied Co4dp states, Cols— Co4p. Hence,
NEXAFS is sensitive to the oxidation state of the Cobalt because of a
change in the partial density of unoccupied conduction band states
(UDOS) and, additionally, due to a shift in the Cols binding energy
comparable to X-ray excited photoemission (XPS).22 A change in the
binding energy can be clearly seen in Fig.3, where the spectral shapes
before and after the electrochemical performance are compared.
The spectra of sputtered ZnO:Co films and ZnO:Co EPD films before



electrochemical performance were identical to that given in the
report of Ney et al.?2 The distinct pre-edge feature at 7710 eV is
associated with transitions between the 1s and bound p-hybridized
d-states and is characteristic of Co?* in tetrahedral coordination.??
After the electrochemical performance, a shift of the absorption
edge of about 4 eV to higher photon energy is observed revealing a
change in oxidation state of the cobalt. The reference materials CoO
[Co**] and Co304 [Co*7*; Co®*" and Co3*] were also analysed in the
same set-up and confirm a shift to higher energy in the presence of
higher oxidized Co like Co3*. A quantitative analysis of the respective
concentrations remains difficult because of the coexistence of Co?*
and Co3" oxidation states in the sample. However, it is clearly
observed that the distinct pre-edge feature of pristine sputtered
Zn0:Co film is almost lost during activation as compared to the pre-
edge feature in the particulate EPD ZnO:Co film. This is suggesting a
more quantitative phase transformation of the ZnO:Co crystallites in
the sputtered films as compared to the crystallites in the EPD ZnO:Co
film sample. Indeed, when comparing HR-TEM micrographs of the
films after electrochemical performance (Fig S5), far less crystalline
Zn0:Co is observed in the sputtered film sample. GI-XRD of the
sputtered ZnO:Co films after electrochemical performance revealed
a new reflex at 20 = 19.8° (Fig. S7), which might indicate the
formation of partially crystalline CoOOH, the Co3* containing phase
that is observed by NEXAFS on the electrochemical treated
electrode. The Co?* phases detected by NEXAFS after electrochemical
performance are remnants of the ZnO:Co electrocatalyst, as well as
Co(OH), (see oxidation waves A, A’ and C, C’ in the CV, Fig.1).
Apparently, the columnar crystallites with their large exposed facets
are more susceptible to phase transformation induced by
electrochemistry than the plate like ZnO:Co particles in the EPD film.
This leads to a larger fraction of CoOOOH on the electrochemical
treated electrode, thus a more effective water oxidation system. Due
to these morphological (columnar crystallites) and chemical
(metastable ZnO:Co) properties of the sputtered electrocatalyst film,
this material system is one of very few examples with a higher
efficiency than a particulate electrocatalyst film with a high specific
surface area.'® The structural characterization of the sputtered
Zn0:Co electrocatalyst films showed the transition at the surface and
in the near-surface region of the polycrystalline ZnO:Co
electrocatalyst material into a partially amorphous nanocomposite
(Zn0:Co/Co(0OH),/CoO0H). This transformation can be explained
with the Pourbaix-diagrams for ZnO and Co0?%3, wherein under the
given pH and potential only Co" forms insoluble Co(OH); and CoOOH,
whereas ZnO is dissolved. In previous studies on particulate films it
was shown that Zn lons leave the electrocatalyst, whereas insoluble
Co(OH); remains on the electrode surface and is oxidized to
electrocatalytically active CoOOH. Once formed, the composite
material is resistant towards the alkaline electrolyte and the
anodization does not commence. This effect set in earlier in the
sputtered film, preventing a complete transformation of the
electrocatalyst in an electrocatalytically active phase. The columnar
crystallites of ZnO:Co in the sputtered film were far more readily

dissolved along the elongated c-axis, facilitating a more efficient
transition into mostly amorphous Co(OH),/CoOOH. This high
reactivity of the electrocatalyst material compensates effectively the
low specific surface area of sputtered electrocatalyst thin films.

In this study, sputtered ZnO:Co thin films were morphologically
examined as water oxidation catalyst before and after an
electrochemical treatment. Sputtered ZnO:Co electrocatalyst films
show the transition at the surface and in the near-surface region of
the polycrystalline ZnO:Co film into a partially amorphous
nanocomposite (Zn0:Co/Co(OH),/CoOO0H). The columnar crystallites
in the sputtered film with their large exposed facets are susceptible
to electrochemically induced phase transformation. This leads to a
larger amount of CoOOOH on the electrochemically treated electrode
surface, resulting in an effective water oxidation system. As a result
of these morphological and chemical properties of the sputtered
electrocatalyst film, this material system is one of the few examples
with a higher efficiency than a particulate electrocatalyst film with a
high specific surface area.
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