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Carsten Walter,? Holger Dau,*¢ Peter Strasser*® and Matthias Driess*?

The fabrication and design of earth-abundant and high-performance catalysts for the oxygen evolution
reaction (OER) are very crucial for the development and commercialization of sustainable energy
conversion technologies. Although spinel catalysts have been widely explored for the electrochemical
oxygen evolution reaction (OER), the role of two geometrical sites that influence their activities has not
been well established so far. Here, we present more effective cobalt—zinc oxide catalysts for the OER
than ‘classical’ CosOy4. Interestingly, the significantly higher catalytic activity of ZnCo,0O4 than that of
Coz04 is somewhat surprising since both crystallize in the spinel-type structure. The reasons for the
latter remarkable difference of ZnCo,04 and Coz0O4 could be deduced from structure—activity
relationships of the bulk and near-surface of the catalysts using comprehensive electrochemical,
microscopic and spectroscopic techniques with a special emphasis on the different roles of the
coordination environment of metal ions (octahedral vs. tetrahedral sites) in the spinel lattice. The vital
factors influencing the catalytic activity of ZnCo,0, over CozO,4 could be directly attributed to the

higher amount of accessible octahedral Co®* sites induced by the preferential loss of zinc ions from the
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Accepted 2nd June 2016 surface of the ZnCo,0, catalyst. The enhanced catalytic activity is accompanied by a larger density of

metal vacancies, defective sites and hydroxylation. The results obtained here clearly demonstrate how
DOI: 10.1039/c6ta03644a a surface structural modification and generation of defects of catalysts can enhance their OER
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efficiently.”® Inspired by the natural photosystem (PS II),
extensive investigations have been carried out in recent years to
Water-splitting is an attractive alternative for renewable energy establish the most efficient catalytic systems.'** The efforts

Introduction

conversion and storage and plays a key role as a sustainable
substitute for fossil fuels. In water splitting, hydrogen serving as
a chemical storage molecule for renewable energy sources is
generated in a clean way; however, the anodic oxygen evolution
reaction (OER) requires multielectron transfer which leads to
significant overpotential.""® Therefore, presently, one of the
main focuses is to prepare catalysts that can drive the OER very
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have already been substantiated by various researchers, by
synthesizing promising OER catalysts towards conversion of
electrical energy into chemical energy.***”

Noble metal based oxide materials such as RuO, and IrO,
have been considered highly effective for the OER with lower
overpotentials (the difference between the acquired potentials
during the OER and the theoretical potential of the OER) and
lower Tafel slopes (the slope of the linear part of the potential vs.
the log of the current density)**** while their scarcity and high
cost are major drawbacks with respect to large-scale synthesis
and practical applications.*”** In the meantime, several non-
noble metal oxide OER catalysts have been discovered that are
inexpensive and earth abundant. Special interest has been
devoted to the first-row transition metals, particularly, spinel-
type cobalt oxide based materials, as they not only show an
efficient OER but are also applicable in oxygen reduction reac-
tions (ORRs), and as anode materials in Li-ion batteries.***
Although, over the years, numerous crystalline and amorphous
cobalt oxides (Co) and substituted metal oxides based on cobalt
(Co-Mn, Co-Fe, Co-Ni, and Co-Cu) have been widely
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investigated for efficient OER electrocatalysis,****° the combi-
nation of cobalt and zinc oxide is still very limited and unex-
plored. Li et al. deposited ZnCo,0, on a nickel substrate by
electrophoretic deposition (EPD) as an electrocatalyst for the
OER’* while Sun et al. fabricated Zn,Co;_,O, nanoarrays on
titanium foils for the same purpose.®> In addition to this, we
designed a self-supported cobalt doped zinc oxide catalyst
(Co : ZnO) utilizing a molecular approach for unifying oxidant-
driven OER and electrochemical OER, whereas Yang et al. re-
ported cobalt zinc oxides for oxidant-driven water oxidation.>
Similarly, Li et al. explored ZnCo-layered double hydroxide
nanowalls toward efficient electrochemical water oxidation and
recently, Choi et al. prepared plate-like ZnCo,0, and CoCo0,0,
via an electrochemical route and compared their OER activity,
suggesting that tetrahedral sites are probably noncritical for the
OER.* Even though the activity comparison between ZnCo,0,
and Coz0, has been made, no surface structural investigations
and structure-activity relationships have been derived so far. In
this context, we directed ourselves to explore the cobalt zinc
oxide system for OER catalysis and thoroughly investigate the
impact of chemical surface characteristics, the role of metal
ions in the spinels and structural influence on the activity.

Here, we present the large-scale synthesis of cobalt-zinc
oxides that were further examined for the electrochemical OER
in alkaline solution. The performance of spinel ZnCo,0, was
significantly higher than that of Co;0, while (C030,4)/(Zn0O)s
showed limited activity and ZnO was proved to be inactive. All
catalysts were investigated in depth using microscopic and
spectroscopic techniques before and after the OER to identify
structural and morphological changes induced by the electro-
catalytic reaction. The pivotal factors associated with the higher
activity of ZnCo,0, over CozO, can be ascribed to the higher
amount of accessible Co sites and formation of cationic
vacancies due to the preferential loss of zinc ions from the near-
surface of the ZnCo,0, catalyst during the OER. The results
obtained here not only demonstrate the synthesis of high
performance catalysts by a scalable route but also evidence the
influence of the near-surface structure on the activity, which
could be very useful in designing economic and active OER
catalysts.

Results and discussion

ZnCo0,0y4, (C0304)/(Zn0)s, ZnO, and Coz0, were synthesized by
annealing their respective hydroxide carbonate precursors (see
ESIf) and comprehensively characterized (Fig. S1-S5, and
Tables S1 and S27). The oxide phases were first examined by
Powder X-Ray Diffraction (PXRD) that indeed suggested the
phase purity of the as-synthesized products (Fig. S6f). The
reflections obtained by PXRD could be well assigned to the
crystalline ZnCo,0, (JCPDS 23-1390), (C030,)/(Zn0)s (JCPDS 42-
1467 and 75-576), ZnO (JCPDS 75-576), and Coz;0, (JCPDS
42-1467). ZnCo,0, and Co30, crystallize in the cubic system
with space group Fd3m (Nr 227) and have a spinel structure
(A**B,*"0,4, where A is the tetrahedral site and B is the octahe-
dral site).>>** ZnO belongs to the hexagonal wurtzite system with
space group P6zmc (No. 186) where both zinc and oxygen are in
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tetrahedral coordination (Fig. S71).*” The chemical composition
(Co/Zn ratio) of ZnCo,0, and (Co030,)/(Zn0O)s was also deter-
mined by Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) that was in accordance with the ratio
obtained from the precursor and derived chemical formulae
(Table S1t). The morphology and the detailed structure of the
as-synthesized oxides were provided by Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy
(TEM). Both SEM (Fig. S81) and TEM (Fig. S9t) images displayed
that ZnCo,0, forms nanochains, whereas nanofibrous type
morphology built of nanoparticles was procured for (Co;0,)/(ZnO)s.
In contrast, ZnO was comprised of nanonets while spherical sha-
ped particles were accessible for Co;0, (Fig. 1). The difference
in the morphology of ZnCo,0, and Co;0, could be explained by
the difference in the nucleation and growth mechanism due to
two different ions involved in the process. Further, the reflec-
tions from the Selected-Area Electron Diffraction (SAED)
pattern, extracted from High-Resolution TEM (HR-TEM)
images, additionally confirmed the phase identification
(Fig. S107). In addition, it could distinctly be seen that CozO,
was well embedded dispersed in the ZnO matrix to form
(C0304)/(Zn0O)s (Fig. S10%1). Interestingly, the Brunauer-
Emmett-Teller (BET) surface area of ZnCo,0, was found to be
higher (57 m® g~') than that of (C03;04)/(Zn0)s (42.9 m> g™ ),
ZnO (30.3 m* g ') and Co;0, (38.1 m* g™ ).

The detailed chemical bonding states of Co(ur), Co(u,ur) and
Zn(u) for the as-synthesized oxides were further analyzed by X-
ray Photoelectron Spectroscopy (XPS). From the literature, it is
already known that for Co2p XPS, the Co(u) and Co(m) have
almost similar 2p binding energies (BE) but they can be
differentiated by the Co2p;,-2p;,, spin-orbit level energy
spacing, which is 16.0 eV for high-spin Co(u) and 15.0 eV for
low-spin Co(m).*® The BEs of Co in ZnCo,0, were found to be

Fig. 1 TEM images of (a) nanochains of ZnCo,0,4, (b) nanofibrous
structures of (Co304)/(ZnO)e, (c) nanonets of ZnO and (d) spherical
shaped Coz0,4 particles (see additional images in Fig. S9 and S107).
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794.7 eV for Co2p,,, and 779.7 eV for Co2p;,, with a difference of
15 eV, and are consistent with values of Co(ui), whereas BEs of
Co in (C030,)/(Zn0)s and Co;0, (Fig. 2) were very similar and
close to ~795.8 eV for Co2p,,, and ~780.2 eV for Co2p;/, con-
firming Co(u,m).*® The Zn2p spectra (Fig. S111) display two
peaks with BE values of ~1022.6 and ~1044.9 eV, which are
ascribed to Zn2p;, and Zn2p,,,, indicating the oxidation state
of Zn(u).*>** In addition, the Zn : Co ratio was also consistent
with 1:2 and 2 : 1 for ZnCo,0, and (C030,4)/(ZnO)s. The O1s
spectrum (Fig. S127), in each case, was deconvoluted into three
peaks (01, O2 and 03) corresponding to metal-oxygen bonds of
metal oxide (O1), -OH groups (02) and absorbed water mole-
cules (03) on the materials. The values obtained in all cases
could also be well matched with the other literature reported
oxide materials.®***

Electrocatalytic OER activity was examined using a rotating
disk electrode (RDE) experiment. Fig. S131 shows the linear
sweep voltammograms of ZnCo,0,4, (C030,4)/(Zn0)s, ZnO and
Co30, recorded in N,-saturated 0.1 M KOH solution. ZnCo,0,
and Co;0, show a similar onset potential but at a current
density of 21 mA cm™?; ZnCo,0, exhibits a lower electrode
potential of 1.66 V compared to 1.70 V for the Co;0,. The
(C0304)/(Zn0O)s electrode was less active than Co;0, exhibiting
a current density of 17.5 mA cm™ > at 1.88 V while ZnO was
inactive for the OER. This shows that the ZnCo,0, shows an
enhanced OER mass-activity at technologically feasible current
densities compared to Co;0, and (C0;0,)/(Zn0O)s. Remarkably,
at 20 mA cm 2, the overpotential displayed here was only
420 mV for ZnCo,0,4 and 460 mV for Co;0, that surpasses that
of many of the active cobalt catalysts.*>***%® Interestingly, the
results displayed here for ZnCo,0, not only show the impor-
tance of zinc in the spinel structure (see the discussion later on)
but also show that this catalyst could enter as a potential non-
precious candidate for benchmarking of systems, recently
published by Jaramillo et al.**7”°

ZnCo,0,

== (C0,0 )/(ZnO),
—Co0,0,
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Fig.2 The Co2p XPS spectra of ZnCo,04, (Co304)/(ZnO)s and Coz0,.
The Co(i) and Cof(il) have almost similar 2p binding energies but they
can be differentiated by the Co2pi/,—2pz/> spin—orbit level energy
spacing, which is 16.0 eV for high-spin Cof(il) and 15.0 eV for low-spin
Cof(m), and are consistent with literature reported spinel oxides.
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To investigate differences in the electrochemical surface area
and the metal oxide redox chemistry, cyclic voltammograms
(CVs) were recorded in 0.1 M KOH (Fig. 3).>>”* The first pair of
redox peaks (I/II) between 1.2 and 1.3 V corresponds to
Co>'/Co*", and was similar for both ZnCo,0, and Co0;0,.
Although the first redox peaks were not clearly visible, they were
described in accordance to the known Co-Zn oxides.*> However,
the next pair of redox peaks (III/IV) in the range of 1.3 to 1.6 V,
associated with Co**/Co*', displayed a notable variation.”>”*
The ZnCo,0, exhibited a substantially larger redox charge
compared to Co;0,. This illustrates that a higher number of
redox active Co®* ions were available for ZnCo,0,. Further, for
(C0304)/(ZnO)e, the redox charge was significantly lower which
can be explained by a potential blocking of Co sites in the ZnO
matrix.

The electrocatalytic properties of OER processes are attain-
able by approximating Tafel slopes and were extracted from
quasi-stationary conditions in the potential range of 1.45-1.75V
(Fig. 4). A Tafel slope of 58.6 mV dec™ " was determined for
(C0304)/(Zn0O)g, whereas a value of 40.5 mV dec™ ' was identified
for Co30,. The Tafel slope is even lower for ZnCo,0,
(38.5 mV dec™ ') demonstrating more efficient reaction kinetics
for oxygen evolution.”*”*’® The Tafel values displayed for
ZnCo,0, are among the lowest values reported in the literature
for the transition metal oxide based catalysts and the best
among the cobalt-zinc based catalysts.>*>*¢7%77-7

We performed the normalization of the catalytic current to
the total redox charge as cyclic voltammograms were recorded
at increased sweep rates between 1.0 V and ~1.58 V. Under
these conditions, the capacitive current and the current from
the redox transitions are significantly higher than the catalytic
current. We chose this method because we could use the same
electrode for surface determination and -catalytic testing
without using metal additives that could have secondary effects
such as Fe-incorporation and could have severe influence on the
electrochemical and electrocatalytic properties. Interestingly,
the catalytic activity normalized to the electrochemically
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Fig. 3 Cyclic voltammograms of ZnCo,04, (Co304)/(Zn0)e, ZnO, and
Cos0, electrodes recorded at a potential sweep rate of 50 mV s~ at
1600 rpm in Nx-saturated 0.1 M KOH solution.
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Fig. 4 Tafel plot of ZnCo,04, (Co304)/(Zn0O)e and CozO,4 extracted
from quasi-stationary potential-step conditions (5 min/Egep) in 0.1 M
KOH solution. Current was normalized to the number of redox active
Coions N as determined from the total reductive charge g of the CV
recorded with 50 mV s! (see Fig. 3) by using N = g/F with
F = 96 485 C mol™t. The quasi-stationary potential step experiments
were performed after initial activation by two CV (6 mV s%) covering
the OER range (see Fig. S137).

accessible Co ions differed between the ZnCo,0, and the bare
Co030,. Thus, it is possible that the structural and compositional
differences in the near-surface induced by Zn incorporation led
to a higher specific OER activity.

One of the remarkable structural features of ZnCo,0, is that
it forms a regular spinel structure where Zn>* sites are only
occupied by tetrahedral (Ty) sites leaving Co®" in octahedral (Oy)
sites. In contrast, the substituted (Mn, Fe, Ni, Cu etc.) cobalt
oxide spinels have variable oxidation states and could occupy in
both T4 and Oy, sites. Due to the invariable coordination spheres
and oxidation state of Zn, it is possible to compare ZnCo,0, to
Co30, and establish a structure-activity relationship. Previ-
ously, it has been discovered that in Co;0, (spinel type), the
surface Oy, Co®" sites are the actual active sites for the OER and
the Ty Co®>* sites are not catalytically active, and in fact, the
trend has also been extended for the substituted cobalt oxides.*”
In addition to this, X-ray absorption analysis has also suggested
that 0, Co®" sites are indeed the real active sites for the
OER.*#%# Nocera, Bell, Sun, and others delineated that, in
cobalt based materials, prior to the OER, the Oy, Co®" forms Co**
species and enhances the electrophilicity of the adsorbed O and
hence assists the formation of O-OH by nucleophilic attack and
facilitates the deprotonation of -OOH through the electron-
withdrawing inductive effect by forming oxygen.**-** Interest-
ingly, in the crystal structure of ZnCo,0,, the Ty position is
occupied only by Zn**, which in particular increases the Co**-O
distance.**** As described before, the greater the number of
electrochemically accessible O, Co®** sites, the higher the
chances of ~OH adsorption onto the Co®" and therefore, a larger
number of Co*" species formed prior to the OER (see Fig. 3).

It is not sufficient to deduce a structure-activity relationship
based only on the crystal structure and OER activity but rather
should be concluded with surface structure phenomena that

This journal is © The Royal Society of Chemistry 2016
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transpire during the OER. To uncover this, chronoamperometry
responses (Fig. S141) of ZnCo,0,, (C030,)/(Zn0)s, ZnO, and
Co;0, were also recorded at 1.8 Vvs. RHE in 0.1 M KOH solution
with 1600 rpm for the first 30 min and successive surface
structure changes occurring during the OER were systematically
studied. Although the current values for ZnCo,0, and Co030,
were maintained, a slight decrease in current was unveiled for
(C0304)/(ZnO)s and as expected, ZnO was found to be inactive.

To identify the structural and compositional changes of the
bulk and near-surface, all electrodes were further characterized
by TEM, HRTEM, SAED, FT-IR and XPS before and after elec-
trocatalysis. The TEM images and SAED pattern of all electrodes
showed that the morphology and the crystallinity of the mate-
rials are well preserved after electrocatalysis (Fig. S157). HRTEM
images of ZnCo,0,, (C030,)/(Zn0)s and ZnO revealed that the
surfaces of the catalysts were slightly affected and appeared to
be corroded (Fig. 5).

To elucidate the changes in the chemistry and composition of
the near-surface, we carried out XPS on all catalysts after elec-
trocatalysis. In Co2p XPS of ZnCo,0,, (C030,)/(Zn0)s and Coz0y,
the BEs were ~794.5 eV for Co2p,,, and ~779.5 eV for Co2pz,
with a spin-orbit level energy spacing difference of 15 eV, indi-
cating that the higher fraction of Co(w) is available in the near-
surface of the materials (Fig. 6).® Additionally, by deconvoluting
and integrating the areas of Co®* and Co”, taking out their
Co0**/Co®" ratios, and comparing them with those of the as-
prepared oxides, it was certain that the ratios of Co®**/Co®" were
significantly increased (0.21 to 0.38 for (Co;0,4)/(ZnO)s and 0.19 to
0.22 for Coz0,). However, in the case of ZnCo,0,, ~30% of Zn
was lost from the near-surface. As anticipated, Zn2p XPS dis-
played two peaks (Fig. S161) with BE values of ~1020.6 and
~1043.5 eV, which correspond to Zn2p;, and Zn2p,, and are

Fig.5 HRTEM images of (a) ZnCo0,04, (b) (Coz04)/(Zn0)s, (c) ZnO, and
(d) Cosz04 after chronoamperometry experiments. The red arrow
indicates that the surface of the catalysts was affected but preserving
their morphology and crystallinity (see also Fig. S151).
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Fig. 6 The Co2p XPS spectra of ZnCo,04, (Co304)/(ZnO)g and CozO4
after chronoamperometry (CA) experiments. In all cases, the Co2p;,,—
Co2ps/» spin—orbit level energy spacing difference was found to be
15 eV and is consistent with values of Co().

consistent with the presence of Zn(u).**** The O1s spectra showed
dramatic changes between ~530.8 and 532.5 eV in the O2 region
(Fig. S171). A higher fraction of -OH groups in the O2 region
indicates that the near-surface of the material is largely hydrox-
ylated.>*® The FT-IR spectra of the ZnCo,0, also showed a higher
amount of hydroxylation when compared to the as-prepared
catalyst (Fig. S187). In addition to this, plotting catalytic activity
vs. the percentage of hydroxylation clearly showed that the
increasing hydroxylation is indeed beneficial for lowering the
Tafel slopes (Fig. S197).

As it was evident that T4 Zn*" in ZnCo,0, leaches into the
solution during the OER, the structural changes at the atomic
scale were further studied by X-ray Absorption Spectroscopy
(XAS) at the Co and Zn K-edge. First of all, the oxidation state
and site symmetry were acquired from the X-ray Absorption
Near Edge Structure (XANES), whereas the local structural
details were deduced from the Extended X-ray Absorption Fine
Structure (EXAFS) regions above the edge originating from the
interference of the outgoing and backscattered photoelectron
waves (see ESIT for details). The insets of Fig. 7 display the Co
edge and Zn edge XANES spectra of ZnCo,0, before and after
the OER (after chronoamperometry).

The mean oxidation state of the cobalt was estimated by the
edge positions exhibited in the Co edge XANES spectrum. From
the edge rise at 7721.4 eV, the average oxidation state of cobalt
was estimated to be +3 (before and after the OER)*****” and the
shape of the spectrum also clearly indicated the existence of
a spinel type structure.’® Although a slight change in the Zn
edge XANES was visible (due to the loss of Zn from the near-
surface), the edge at 9661.2 eV signified the presence of zinc in
the mean oxidation state of +2.%** On the other hand, the X-Ray
Fluorescence Emission Spectra (XRF) showed a lower Zn fluo-
rescence intensity for the sample after the OER, in comparison
to the as-prepared ZnCo,0, (Fig. S207). The difference in the
intensity further evidences that around 25% of the zinc leaches
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Fig. 7 The X-ray absorption spectra of ZnCo,0,4 deposited on elec-
trodes. The insets show the Co and Zn edge regions of the spectra
(XANES) before (black) and after (red) catalysis. Each peak in the
Fourier-transformed EXAFS spectra relates to a specific structural
motif and corresponding reduced distances are shown. The spectra
obtained by EXAFS simulations for a perfect Co in octahedral sites of
a spinel structure and Zn in tetrahedral sites are shown as green lines
(simulation parameters are given in Table S4+ and the structural
fragments are shown in Fig. S227}), whereas the spectra of ZnCo,04
before and after catalysis are shown in black and red lines, respectively.

into the basic solution (as evidenced by ICP-AES, HRTEM, and
XPS) under OER conditions.

In the Fourier transform (FT) Co EXAFS (Fig. 7) of ZnCo,0,,
films both as-prepared and after the OER showed peaks at the
lowest interatomic distance of 1.90 A (additional EXAFS data
and simulations are shown in Fig. S21 and Table S47) and could
be assigned to the Co-O bonds of 0y, motif (Co®"0g).*>** The
next prominent FT peak corresponds to 6 Co-Co interactions at
a distance of 2.85 A and is typical for di-p-oxido bridges (cobalt
oxido cubanes and incomplete cubanes of the layer, see
Fig. S227). The FT peak at ~3 A is assigned to 6 Co-Zn, i.e.,
linking between Oy, Co*" and T4 Zn>" with a distance of 3.36 A.
The assignments of the first three FT peaks can be directly
corroborated by EXAFS spectra of other cobalt oxide materials
and, together with the peaks at higher distances, are consistent
with cobalt in Oy, sites of a spinel structure.®***

This journal is © The Royal Society of Chemistry 2016
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Similarly, in the FT Zn EXAFS of ZnCo,0,, the first distance
at 1.95 A is consistent for Zn-O bonds for T; Zn>" while the
distances at 3.36 A, 3.40 A, and 3.50 A could be well matched
with 12 Zn-Co, 12 Zn-0O and 4 Zn-Zn interatomic distances,
respectively.” Furthermore, the FT peak corresponding to
a distance of 5.25 A is also representative for 16 Zn—-Co distances
in a material containing T4 Zn*" sites of a spinel. Interestingly,
in the as-prepared sample, all FT peaks except the first Zn-O
peak have lower amplitudes, which might be explained by the
higher proportion of Zn in the as-prepared sample which is lost
from the near-surface during OER treatment, leaving only well-
ordered Zn in Tq sites in the particle core. From the XANES, XRF
and EXAFS, it was certain that the O, Co®" was not irreversibly
affected during the OER process but the T4 Zn>" was lost from
the near-surface most likely creating vacancies or defective sites
at Ty or possible near-surface restructuring leading to hydrox-
ylation. As known in the literature, for cobalt oxides, the O}, Co®*
sites are the responsible active sites for the OER and our
investigation further reveals that along with the O, Co®" there
could be additional vacancies or hydroxylation present in the
near-surface due to the loss of Ty Zn** during the OER.

The EXAFS data collected for the ZnCo,O,-type materials
indicate the presence of a well-ordered spinel-type structure
both before and after exposure to catalytic potentials. The
agreement between the EXAFS spectra calculated for perfect
crystallographic order and the experimentally detected spectra
excludes any sizeable amorphization as a reason for superior
activity in the Zn-Co spinel catalyst. The XPS data and the
decreased Zn : Co stoichiometry — as clearly visible in the X-ray
emission spectra (Fig. S207) - evidence a clear loss of Zn ions
from Ty sites. The O1s XPS data suggest that the loss of Zn ions
is associated with the charge-compensating protonation of
bridging oxides (u-OH formation). The vacancies resulting from
Zn loss in conjunction with p-OH formation and likely also
binding of terminally coordinated water species allow for redox-
state changes by charge-neutral proton-coupled electron trans-
fer as evidenced by the cyclic voltammograms in Fig. 3, where
the magnitude of the redox features appears to correlate with
OER activity. In conclusion, vacancy formation at the tetrahe-
dral spinel sites facilitates redox-state changes and formation of
active sites which comprise Co(wv) ions as well as coordination
sites for the ‘substrate water’ of the OER in the ZnCo,0,4-spinel
material. Similarly also in the Co;0,-spinel material, the OER
activity may result from a more limited release of cobalt ions
from tetrahedral coordination sites.

Evaluating our extended investigation, the higher catalytic
OER performance of ZnCo,0, in contrast to that of Coz;O, can
therefore be rationalized by the following aspects. First of all,
substituting Ty Zn>" into the lattice of cobalt oxide results in
nanochain morphology with a larger surface area (almost 1.5
times) thereby increasing accessible surfaces for the OER.
Secondly, dissolution of Zn ions under OER conditions forms
cationic vacancies at the surface which leads to a higher fraction
of hydroxylation and defects in the near-surface lead to changes
in the coordinative environment of the Co ions and are thought
to significantly enhance the OER catalysis. Additionally, an
additional activity-determining property of the electrocatalysts
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must be present. If the difference in catalytic activity is only due
to the (electrochemical) surface area then the normalization by
using the number of redox active Co ions would eliminate this
reason. However, it is not shown yet whether all redox active Co
ions are also catalytically active. Therefore, this normalization
does not necessarily lead to an identical specific OER activity.
The effect of different specific OER activities has been already
seen for other Ir-based catalysts.”»*®* Assuming that all redox
active Co ions are also catalytically active, it leads to the point
that the onset potential of the OER might differ. This difference
can be related to the thermodynamics of Co redox transition
and thus, to the strength of the Co-O bonds. Nevertheless, these
differences are all related to the Zn dissolution, which leads to
a structurally different and catalytically more active near-surface
region of the CoO, on the Co,Zn0O, compared to that of Co;0,. It
has recently been shown that at elevated OER, the near-surface
of crystalline Co30, transforms reversibly, and an amorphous,
sub-nanometer shell of CoO,(OH), consisting of predominantly
di-p-oxo bridged Co(m/wv) ions is formed.** Due to the electro-
catalytic reaction and the oxidization reaction conditions, T4 Co
ions change their coordination to octahedral leading to the
reaction zone in the near-surface.

Current-time chronoamperometry —measurements of
ZnCo,0, were also carried out for a period of 10 hours and
about 20% decrease in the catalytic activity was observed
(Fig. $231). The overpotential at 10 mA cm ™ obtained after the
stability tests was in fact only 40 mV higher than that of the as-
prepared ZnCo,0, catalyst (Fig. S24}). Moreover, ICP-AES and
EDX analyses revealed that ~30% of Zn was leached from the
surface.

It can be considered feasible that Zn leaching enhances the
amorphization of the near-surface and increases the specific
activity of the Co oxides. Furthermore, the beneficial influence
of the presence of hydroxylation in the near-surface and OER
activity was recently shown for IrNi oxide model catalysts.®
Apparently, the activity of (C030,)/(Zn0O)s is lower than that of
ZnCo,0, and Co30,, due to the presence of a higher amount of
inactive Zn and a lower amount of Co. The results obtained here
substantiate the role of metal ions in T4 and Oy, sites and their
structure-activity relationship. In addition to the superior
performance of the catalysts, the cost-effective synthetic route
as well as large-scale production of the catalysts in a robust way
makes this study very appealing.

Conclusions

A facile, environmentally friendly and cost-effective synthetic
route has been applied for the large-scale (multi-gram scale)
production of cobalt-zinc oxides as high-performance OER
catalysts. The electrochemical OER in alkaline solution dis-
played enhanced oxygen evolution for ZnCo,O, generating
lower overpotential at 10 mA cm™2 than that of Coz0, and
(Co50,)/(Zn0)e. Interestingly, at 20 mA cm ™2 the overpotentials
of both ZnCo,0, and Co;0, were barely increased, demon-
strating supreme activity of the catalysts. In addition to the
overpotentials, considerably smaller Tafel slopes were acquired
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for all materials uncovering the efficient reaction kinetics for
the OER.

Since ZnCo,0, and Coz0O, belong to the same structure
(spinel) type, insights on the structure-activity relationship and
the role of metal ions in T4 and Oy, sites on the surface could be
elucidated in detail by microscopic and spectroscopic tech-
niques. It was discovered that the factors influencing the higher
activity of ZnCo,0, over Co;0, could be directly attributed to
a higher fraction of available O, Co*" sites, and to the loss of
redox-innocent tetrahedral zinc from the surface of the
ZnCo,0, catalyst during the OER that virtually provides addi-
tional vacancies or defective Ty sites, or surface restructuring,
respectively. On the other hand, the Coz;0, catalyst is much
more stable under electrochemical conditions as the Ty Co*"
ions in contrast to Zn** change their coordination but remain
predominantly in the reaction zone of catalysts. With this
approach, not only one can design, modify and fabricate cata-
lysts structurally for the upscaling of the efficient OER but also
the catalysts could be used in other numerous fields of renew-
able energy conversion and storage.
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