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Water oxidation is the bottleneck reaction for overall water splitting as a direct and
promising strategy toward clean fuels. However, the development of robust and
affordable heterogeneous water oxidation catalysts remains challenging, especially with
respect to the wide parameter space of synthesis and resulting material properties.
Oxide catalysts performance in particular has been shown to depend on both synthetic
routes and applied catalytic test methods. We here focus on spinel-type Coz0O4 as
a representative case for an in-depth study of the influence of rather subtle synthetic
parameter variations on the catalytic performance. To this end, a series of CozO4 samples
was prepared via time-saving and tunable microwave-hydrothermal synthesis, while
systematically varying a single parameter at a time. The resulting spinel-type catalysts
were characterized with respect to key materials properties, including crystallinity,
oxidation state and surface area using a wide range of analytical methods, such as PXRD,
Raman/IR, XAS and XPS spectroscopy. Their water oxidation activity in electrocatalytic
and chemical oxidation setups was then compared and correlated with the obtained
catalyst properties. Both water oxidation methods displayed related trends concerning
favorable synthetic parameters, namely higher activity for lower synthesis temperatures,
lower precursor concentrations, addition of hydrogen peroxide and shorter ramping and
reaction times, respectively. In addition to the surface area, structural features such as
disorder were found to be influential for the water oxidation activity. The results prove
that synthetic parameter screening is essential for optimal catalytic performance, given
the complexity of the underlying performance-properties relationships.

Keywords: Co3z04 spinel, microwave-hydrothermal synthesis, water oxidation, electrocatalysis, synthesis
parameters

INTRODUCTION

Water splitting is a promising renewable energy approach due to the superior storage options of
fuels compared to electricity generated by solar cells. After decades of research into water splitting,
the optimal catalytic systems are yet to be found, not only in terms of efficiency but also considering
stability and applicability (Chu et al., 2017). To this end, the water oxidation half reaction with its
four electron transfer steps remains the bottleneck of the process. Heterogeneous water oxidation
catalysts (WOC:s) are the most obvious choice for future technical applications due to their superior
stability and scale-up possibilities compared to molecular catalysts (Najafpour et al., 2016; Li et al,,
2017). A widely used heterogeneous catalyst is spinel-type Co3O4 due to its several advantages, such
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as long time durability and lower costs compared to noble
metal materials (Artero et al., 2011; Wang et al., 2016a; Zhao
et al., 2017). Furthermore, Co30y4 is promising for many other
applications, such as data storage, sensor applications or battery
electrodes as well as for other heterogeneous catalysis processes
(Wang et al., 2004, 2015; Li et al., 2005; Luo et al., 2014; Iosub and
Stahl, 2015; Zhou et al,, 2015; Gao et al., 2018). Heterogeneous
WOCs optimization is a complex process that does not only focus
on the type of catalyst, but also on other influential parameters,
including crystallinity, morphology, size, exposed facets, surface
vs. bulk oxidation states and other material properties (Najafpour
et al.,, 2012; Zhao et al,, 2017). In order to derive clear design
guidelines for heterogeneous WOCs, the investigation of their
reaction mechanisms is indispensable. However, this remains a
challenging task and requires sophisticated in situ analyses. In
a recent representative study on Co304 WOCs by Zhang et al.
(2014a), the HO-Co,(v-O/OH),-OH edge site cobalt motif, i.e.,
two adjacent Co ions coupled via an oxygen bridge, was shown to
be essential for efficient catalysis.

In search of empirical guidelines for catalyst optimization,
a number of different synthesis methods have been applied in
previous studies to obtain Co3zOy in various particle sizes and
morphologies (Grzelczak et al., 2013; Rosen et al., 2014; Zhang
et al., 2014a,b, 2017, 2018; Bergmann et al., 2015; Chua et al,,
2016; Wang et al., 2016b; Cordeiro and Carvalho, 2018; Liu
et al., 2018; Wei et al,, 2018; Zhou et al., 2018). We recently
conducted a screening investigation where we compared spinel-
type Co304 samples prepared by a broad spectrum of different
synthesis methods with respect to their characteristics and their
photo-, electro-, and chemical water oxidation activity (Reith
et al,, 2019). Indeed we found that the applied synthetic method
exerted a major influence on the catalytic water oxidation.
Furthermore, considerable deviations between the activity trends
for the three applied water oxidation methods were observed.
Whereas a strong correlation between the activity and the surface
area, crystallinity and disorder, respectively, of the corresponding
materials was found for chemical oxidation, electrocatalytic water
oxidation was barely influenced by these parameters. This finding
agrees with the previously observed in situ formation of cobalt
oxyhydroxide in electrocatalytic water oxidation as a general
intermediate observed in previous works (Bergmann et al., 2015;
Tung et al., 2015).

In the present study, we conduct an in-depth investigation of
the influence of microwave-hydrothermal synthesis parameters
on the WOC activity of Co304 nanocubes, thereby narrowing
the parameter range further down in search of optimization
guidelines. Microwave synthesis, which is already well-
established as a versatile option in organic synthesis, attracts
increasing interest in inorganic synthesis, especially for different
oxide materials (Bilecka et al., 2009; Bilecka and Niederberger,
2010; Hilaire et al., 2014; Kuzmanoski et al, 2015; Dong
et al, 2016; Wang et al., 2016b). Microwaves as non-ionizing
and long-wavelength electromagnetic radiation enable high
penetration depths and fast heating, thus rendering syntheses
economically attractive by decreasing reaction times and
temperatures. Due to optimization of the microwave reactor
conditions, such as shape, constant motion of the reactor vessels

and stirring, thermal gradients and “hot spots” can be largely
prevented leading to uniform growth and dimensions of the
oxide particles (Niichter et al., 2004). This renders microwave
synthesis a crucial option for well-defined particle fabrication
in nanoscience and technology (Hilaire et al., 2014). However,
little is still known about the growth mechanisms of metal oxides
under the influence of microwaves (Moura et al., 2010; Koziej
et al., 2013; Zeng et al., 2013). Therefore, we here provide a
broader insight into the crucial influence of a set of different
synthesis parameters.

In the case of Co304 we recently demonstrated that the
growth mechanism can play a key role in the resulting water
oxidation activity (Reith et al., 2018). Therefore, we here started
from a well-defined microwave protocol for microwave-assisted
spinel-type Co3O4 and systematically studied the influence of the
synthetic parameters on the properties and catalytic performance
of the emerging materials to demonstrate the importance of these
parameters in microwave-hydrothermal WOC synthesis (Conrad
et al,, 2010, 2012, 2013). To this end, the Co3O4 spinel samples
were characterized with a wide range of analytical methods
and subsequently compared with respect to their chemical and
electrocatalytic water oxidation activity. The results of this
study shed detailed and practical light on our recent work
by illustrating that a given Co3O4 catalyst cannot be simply
compared to another specimen without taking the preparative
history into account (Reith et al., 2019).

RESULTS AND DISCUSSIONS

In order to screen their influence on the WOC activity of
cobalt oxide nanoparticles, the selected standard microwave
hydrothermal method was varied with respect to the following
parameters: temperature, precursor concentration, amount of
hydrogen peroxide added to the synthesis mixture, the ramping
and holding times of the synthesis and the stirring speed (see
Table 1, cf. experimental section and Table 2 for details). Samples
were labeled with respect to the single varied parameter.

Powder X-ray diffraction (PXRD) patterns show the
formation of a phase pure spinel structure [space group Fd3m
(No.: 227)] for all samples (Figure 1A). Co30y4 crystallizes in the
normal spinel structure, i.e., the Co>" ions occupy one eighth
of the tetrahedral voids of cubic close packed oxygen anions
while Co®* ions occupy half of the octahedral voids. The general
structural model is in accordance with the obtained Raman
spectra shown in Figure 1B, where five phonon excitations can
be observed: the Ajg, Eg, and the three F»; modes are Raman
active (Hadjiev et al., 1988). The symmetric Co-O stretching
vibration of the octahedrally coordinated cobalt centers
appearing at 693-685 cm ™ is assigned to the Aj; mode (Gawali
et al, 2018). The Co-O stretching vibration of tetrahedrally
coordinated cobalt centers is attributed to the Fgg mode at

196-193 cm™'. The two remaining F2, modes and the Eg mode
are located at 621-618 cm ™!, 523-519 cm ™!, and 484-480 cm ™!,
respectively. The relative shifts of the Raman peaks as well as the
different peak broadening indicate a difference in the short-range
order of the synthesized Co3O4 spinel samples, analogous to
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the peak broadening observed in the PXRD patterns. Only very
small shifts of the Raman peak centers of Ajg and Fgg modes are
observed for the investigated samples (Figure S1), indicating the
presence of very similar sample structures.

Even though the Co0304 spinel oxides basically show the
same structure, the Bragg reflections of the different samples
(Figure 1A) exhibit slightly different full width half maxima
(FWHM), from which the crystallite domain size was calculated
by means of the Scherrer equation (Scherrer, 1918; Patterson,
1939). The so calculated crystallite sizes txgp are compared in
Table 1. Broader reflections than obtained from the standard
synthesis procedure were observed for the materials synthesized
with the lowest precursor concentration, with addition of H,O,
and with more rapid heating. These parameter variations resulted
in a lower crystallite size for lower concentrations (txgp <

TABLE 1 | Surface area measured by No-sorption and determined by BET
analysis together with crystallite sizes determined from FWHM values of PXRD
peaks using the Scherrer equation.

Sample name BET surface area [m?/g] xpp [NM]
0.18 mmol 169 16
0.6 mmol 33 22
0.9 mmol 44 17
1.2 mmol 25 22
Standard 30 23
1.5ml HoO2 67 12
3ml HyO2 75 14
160 °C 22 18
140 °C 39 25
20 min ramping 75 14
10 min ramping 35 15
30 min holding 16 23
Fast stirring 18 32

22 nm), higher amount of H,O, (txgp < 14nm), and shorter
ramping (txrp < 15nm), compared to the standard procedure
with txgp = 23 nm. Interestingly, the temperature, the stirring
speed and the reaction time (holding time) did not exert a
significant impact on the FWHM of the Bragg reflections. The
values of the surface area obtained from Brunauer-Emmet-Teller
(BET) analyses (Table 1) moderately correlate with the crystallite
sizes obtained from Scherrer analysis, but appear generally
quite low taking the crystallite sizes into account. This may
indicate that the obtained Co3Oy4 particles were agglomerated to
a large extent.

TEM images (Figure 2) show only moderately aggregated
particles, but this might be due to the different sample
preparation for TEM and BET analysis. Whereas for BET
measurements, the pestled powder is heated under vacuum
to remove adsorbed gases, TEM samples are crushed in
a mortar, followed by homogeneous dispersion in ethanol.
Furthermore, it is obvious from TEM images that variation of the
synthesis parameters exerts a notable influence on the resulting
morphologies. Especially shorter ramping times (Figures 2D,G)
and the addition of hydrogen peroxide (Figures2J,K) result
in much smaller particles with diameters around 10-20nm,
whereas particle sizes of 30-40nm were obtained from the
standard synthesis. HR-TEM and SEM images are provided in
(Figures S2, S3).

Deeper insight into the atomic short-range order of the
different synthesized Co3O4 oxides was obtained through
extended X-ray absorption fine structure (EXAFS) analyses.
Figure 3 shows the fitting of the Fourier-Transform FT|kx (k)|
of the experimental Co K-edge EXAFS spectra k’x(k), for
oxides synthesized at different H,O, concentrations of 3 mL and
1.5mL, low temperatures of 140 °C and 160 °C and at a lower
Co(OAc); concentration of 1.2 mmol. Calculated main values
for interatomic distances, atomic coordination numbers (N), and
Debye-Waller factors (62) are given in Table S1. The first peak in
the FT|k> x (k)| spectra at r &~ 1.55 A, arising from backscattering

TABLE 2 | Microwave synthesis parameters of the investigated spinel-type CozO4 samples.

Sample name Co(OAc), H,0, Synthesis temp Ramping time Holding time Stirring
[mmol] [mL] [°C] [min] [min] speed
0.18 mmol 0.18 0 180 30 45 Slow
0.6 mmol 0.6 0 180 30 45 Slow
0.9 mmol 0.9 0 180 30 45 Slow
1.2 mmol 1.2 0 180 30 45 Slow
Standard 1.8 0 180 30 45 Slow
1.5ml H205 1.8 1.5 180 30 45 Slow
3ml Hy 02 1.8 3 180 30 45 Slow
160°C 1.8 0 160 30 45 Slow
140°C 1.8 0 140 30 45 Slow
20 min ramping 1.8 0 180 20 45 Slow
10 min ramping 1.8 0 180 10 45 Slow
30 min holding 1.8 0 180 30 30 Slow
Fast stirring 1.8 0 180 30 45 Fast

Color changes indicate the variation of a single parameter (shown in bold).
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FIGURE 1 | (A) PXRD patterns and (B) Raman spectra of the different
spinel-type CozO4 samples obtained from parameter variations of the
standard microwave protocol.

of neighboring O atoms, relates to Co?* and Co>* cations in
tetrahedral {CoOy4} and octahedral {CoOg} coordination with
oxygen atoms at interatomic distances r ~ 1.914 A and r ~ 1.899
A, respectively. Those two shells, however, are too close to be
resolved in the FT|k> x (k)| spectra, and hence they convolute to a
main Co-O shell with a main interatomic distance Co-O &~ 1.913
A and main atomic coordination number N = 5.333. The second
and third peaks at r ~2.49 A and r ~ 2.95 A due to backscattering
of neighboring Co atoms, relate to the Copc-Cooct ~ 2.856 AN
= 4] and Corer-Cooct = 3.365 A [N = 8] coordination shells,
respectively. The fourth peak at r & 4.70 A relates to higher-
order Co-O(-Co) coordination shells (Figure 3A and Table S1).
The position of the coordination peaks in the FT|k> x (k)| spectra
and of their corresponding Wavelet-Transform (WT) spectra
shown in Figure 3B does not change among the different Co304
oxides. However, both the FT|k>x (k)| and WT spectra exhibit
a decrease in the magnitude of the Co-O, Cooct-Cooct, COTet-
Cooct and higher Co-Co(-O) coordination peaks. The relative
amplitude decay in the FT|k®x (k)| and WT spectra is correlated
with a decrease in the coordination number (N), or an increase in

the mean-square disorder parameter -2, which arises from static
structural disorder from crystal defects due to slightly different
interatomic distances in the same coordination shell. Therefore,
the weakened relative amplitudes of high coordination peaks
in the FT|k®>x (k)| and WT spectra offer an indication of the
extent of crystalline short-to-medium-range order around the
cobalt centers.

The Co304 oxides obtained from the standard synthesis, and
those synthetized at 30 min holding and at 10 min ramping time,
respectively, display FT|k® x (k)| spectra similar to those of Co3O4
synthesized at lower Co(OAc), concentrations of 0.9 and 1.2
mmol (Figure S4). As shown in Figures 3A,B, Figure S4 and
Table S1, the interatomic distances and the atomic coordination
numbers N of those oxides remain the same, showing that
their atomic short-range order is very similar regardless of the
variations in the synthetic parameters, and that they exhibit
higher crystallinity among the series of as-synthesized Co304
oxides. While the main interatomic distances and N-values for
Co0304 oxides synthesized at lower temperatures of 160 and
140 °C remain quite the same, those oxides show an increase in
the mean-square static disorder o2 (Table S1). This suggests that
these oxides have slightly increased local disorder, pointing to the
synthesis temperature as a crucial parameter for controlling the
local order and the degree of crystallization of the bulk spinel
structure. The static local-disorder o' increases more remarkably
for Co3Oy4 oxides synthesized at HyO, concentrations of 1.5 and
3mL (Figures 3A,B, Figure S4 and Table S1), which indicates
increased local disorder and lower degrees of crystallinity in
those oxides. The latter may arise from their formation process:
when adding H,O, to the initial suspension (Co(OAc),-4H,0
+ 1.5mL H,O + 25% NHj3), some divalent Co?T cations are
replaced by trivalent Co®" species. The anions in suspension
are then intercalated into the interlayer space to compensate the
extra positional charge inferred by Co** cations, thus leading
to the formation of a hydrotalcite-type cobalt compound (Yang
et al.,, 2007). Thereafter, upon hydrothermal treatment at 180 °C,
this intermediate hydrotalcite-cobalt compound is converted
into spinel-type Co3O4 (Amiri et al, 2011). This structural
transformation could induce increased local disorder in the
oxides synthesized in the presence of H,O, as oxidant. This
observation agrees with the results from PXRD and Raman
spectra, where Co3Oy4 oxides synthesized at H,O, concentrations
of 1.5 and 3 mL show broadened diffraction and Raman peaks
due to the local structural dispersion of the Co and O atoms in
the spinel structure (Figure 1).

X-ray absorption near edge structure (XANES) spectra were
recorded to obtain further insight into the electronic properties
and main oxidation states of Co in the synthesized oxides.
Figure 4A shows the XANES spectra for oxides synthesized at
H,0; quantities of 3 and 1.5mL, low temperatures of 140 and
160 °C and Co(OAc), concentrations of 1.2 mmol vs. those of
the reference compounds Co''O and LiCo0,. Co304 oxides
obtained from standard synthesis, and those synthesized at
30 min holding and at 10 min ramping time displayed XANES
spectra similar to those of Co3O4 synthesized at lower Co(OAc);
concentrations of 0.9 and 1.2 mmol (Figure S5). The Co K-
edge absorption edge energy of the different Co304 oxides
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FIGURE 2 | TEM images of the spinel samples emerging from parameter variations of the standard microwave protocol (F): (A) and (B) synthesis at 140 and 160 °C,
(C) 30 min holding time, (D) and (G) 10 and 20 min ramping time, (E) and (H) 0.9 and 0.18 mmol cobalt precursor, (l) faster stirring speed, (J) and (K) with addition of
1.5 and 3mL HxO» (30 wt%). For all images, the same magnification of 50k was applied (scale bar = 100 nm).

is located at &~ 7719.64-7719.82 eV (Figures 4A,B), suggesting
that the oxidation state of Co is quite the same for all the
synthesized Co304 oxides. From the linear dependence of the
Co K-edge position at the energy corresponding to u(E) ~ 0.5
of the normalized XANES spectra of Co304 and reference oxides
Co'l0, LiCo™O,, the main oxidation state of Co was calculated
as 2.65 (Figure 4C). This agrees with the main cobalt oxidation
state of a normal Co3Oy spinel structure with 8 Co?t cations
located in tetrahedral and 16 Co®* cations located in octahedral
sites, respectively. The slight changes in the white line intensity
at & 7729.57 eV (Figure 4A), further indicates the existence of
local disorder and a slightly different density of unoccupied Co
d-states for Co3Oy4 oxides synthesized with H,O, concentrations
of 1.5 and 3 mL. This, as previously discussed, could be due to the
structural transformations induced when using H, O, as oxidant,
and to some extent be caused by a charge imbalance due to the
interaction of Co?t-Co** species (Dau et al., 2003).

X-ray photoelectron spectroscopy was conducted on the
standard, 3 mL H,0,, 140 °C and 0.18 mmol samples, the latter
corresponding to the three synthesis conditions deviating most
widely from the standard protocol. The Co 2p spectra are shown
in Figure 5B with similar binding energies for all samples of
~ 780eV for the Co 2p3;; and ~ 795eV for the Co 2pi,»
peak, which corresponds to literature values (Linstrom, 1997).

The spectra of the reference compounds Co!O and LiCo"O,
are shown in the same graph, indicating an increase in surface
oxidation state in the order 0.18 mmol < standard ~ 3mL
H,0, < 140 °C, which is in accordance with the XANES data
shown in Figures 4A-C. The oxidation states were determined
from the intensity of the shake-up satellite at 785-786 eV (inset
in Figure 5B), which originates exclusively from Co?*, since
the binding energies of Co?* and Co®" are too close to be
distinguished (Yang et al., 2010). For this reason, a Wagner plot
containing the kinetic energies of the Co L3VV Auger electrons
vs. the corresponding binding energies of the Co 2p3/, core level
photoelectrons is shown in Figure 5A. Wagner plots facilitate
chemical state analysis, by illustrating shifts in photoelectron
lines and X-ray excited Auger electron lines as well as the
modified Auger parameter (AP) which is defined as the sum of
the Auger electron kinetic energy and the corresponding core-
level photoelectron binding energy (Wagner, 1972). Due to its
insensitivity to static charging and variations in the energy scale
calibration the AP is particularly useful to compare spectra of
insulating samples with literature data and spectra acquired with
different instruments. Reference values for the modified AP for
CoO, Co and Co30y4 are indicated in Figure 5A as diagonal blue
lines (Linstrom, 1997). The APs of the as-synthesized Co304
samples are in agreement with previous values reported in
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FIGURE 3 | (A) Fitting (red) of the FT|k® x (k)| spectra (gray) for CogQ4 oxides synthesized in the presence of different H,O, amounts (3 and 1.5mL), low temperatures
of 140 and 160 °C, and a lower Co(OAc), concentration of 1.2 mmol (phase uncorrected). The 2D contour plots in (B) are the WT of the k® x (k) spectra and their
shaded regions highlight the decrease of the peak intensity due to increases in the local disorder o2 of the Co-O, Coogt-Cooet, Cotet-Cooet @and higher Co-Co(-O)

coordination shells.

literature, while only the parameter of the sample synthesized at
low temperature (140 °C) is somewhat lower but still within the
error range.

The obtained materials were further compared with respect
to their water oxidation activity. Water oxidation tests were
performed using two different methods, namely chemical and
electrocatalytic water oxidation. In the first method, the water
oxidation activity was assessed using cerium ammonium nitrate
(CAN) which is a standard oxidant for water oxidation with
a redox potential of 1.75V vs. NHE (Patterson, 1939). The
amount of formed oxygen was quantified with a luminescent
dissolved oxygen electrode (Figure S6) and is shown as a function
of the catalyst amount in Figure 6. The dark red bar at the
beginning of each group represents the reference yield obtained
from Co304 synthesized with standard parameters. Obviously,
any change of synthesis parameters in the standard protocol leads
to a better oxygen evolution. For the first three parameters, i.e.,
temperature, H,O; amount and Co-precursor concentration, the
oxygen concentration shows an upward trend whereas for the
ramping time an optimum was obtained for 20 min. With shorter
reaction (holding) time and faster stirring speed the activity was
only marginally increased.

Electrocatalytic measurements were performed with a
standard three electrode setup using Ag/AgCl as reference and
Pt as counter electrode in alkaline environment. The use of Pt

counter electrodes was recently under debate since it was shown
that metal traces may dissolve in the electrolyte and influence the
activity of water reduction catalysts (Cherevko et al., 2014; Chen
et al., 2017; Wei et al,, 2019). However, this is not applicable
for the present water oxidation system, because Pt does not
produce any Faradaic current in this region (see Figure S11)
and the measurements were performed at pH 14 where Pt
dissolution is minimized (Wei et al., 2019). Furthermore, the
goal of this study is an internal comparison between spinel-type
Co304 catalysts emerging from tuned synthetic protocols with
standard electrochemical measurement techniques, rather
than the discussion of absolute performance values. To this
end, stepwise chronoamperometry from 0.45V to 0.65V vs.
Ag/AgCl was performed. To obtain the bare Faradaic current
without diffusion current, the current density value after 5min
holding at the same potential was considered and plotted against
the applied potential (Figure S7). Electrochemical impedance
spectroscopy (EIS) measurements, showing lower resistivity for
Co304 synthesized at 140 °C compared to Co3zOy4 synthesized at
180 °C (standard synthesis) and long-term chronoamperometry
measurements are provided in Figures $12, S13 and Table S2.
To facilitate comparison between the samples, the potential
at 1 mA/cm? current density is shown at the left of each triad
in Figure 6 (dark blue bars). Compared to our abovementioned
study where the influence of substantially different synthetic
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FIGURE 4 | (A) XANES spectra of selected synthesized CozQ, oxides, and reference compounds Co"O and LiCo" Oy, (B) zoom of the Co absorption K-edge of the
normalized XANES spectra, and (C) the average Co valence state determined from the XANES spectra.

methods on the electrochemical activity was rather marginal,
the present variations in electrocatalytic performance after
changing a single synthetic parameter are somewhat higher and
display a trend. In contrast, parameter-dependent chemical water
oxidation activity differences were slightly smaller compared
to the previous study covering a wider range of methods
(Figure S8) (Reith et al., 2019). Notably, closely related trends for
water oxidation activity were obtained by the two different test
methods. Both chemical and electrochemical activity could be
increased by either shorter synthesis times, addition of hydrogen
peroxide or lower precursor concentrations. The optimal
ramping time was found to be 20 min. Shorter synthesis holding
times had a more productive influence on the electrocatalytic
performance than on the chemical oxidation activity, and stirring
speed was the least important parameter in both assays.

The observed water oxidation activities do not correlate
exclusively with the surface area or crystallite size of the Co3Oy4
samples, as seen from comparison with calculated crystallite
sizes and BET-determined surface areas (Figure 7). The errors in
BET and txgrp are in the range of 1-5 % (0.65 ng_1 for BET,
determined by fourfold measurement of commercial Co3O4 with
similar crystallite size to most of the here investigated samples
and 0.2-1nm for txpp, determined from error propagation
from PXRD peak FWHM determination). Furthermore, no

correlation to any determined material parameter could be found
for surface normalized activities (Figure S9). In light of the key
role of the HO-Co,(j.-O/OH),-OH edge site on Co3Oy4 assisted
water oxidation revealed by Zhang et al. (2014a), we tentatively
plotted non normalized chemical water oxidation activities vs.
the bond length and disorder of Copc-Cooct as determined
by EXAFS fitting (cf. Figure7 is below). Error estimations
for the disorder parameter o and bond lengths are given in
Table S1 as significant decimal digits. Other than for the other
structural parameters (Co-O and Cogct-Coret, see Table S1 and
Figure S10), a trend was about to emerge here, but more precise
data are required to establish a truly significant correlation. In
comparison, other materials characteristics such as oxidation
state and crystallinity did not display any clear correlations with
the water oxidation activity (Figure S10). As an overall trend,
however, smaller particles with larger surface area as well as lower
sample crystallinity with higher disorder result in higher water
oxidation activities.

CONCLUSIONS

The present study demonstrates new insights into the importance
of synthetic parameters in microwave-hydrothermal synthesis.
This synthetic approach is a tunable and rapid method for the
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production of nanoscale spinel-type Co3O4 water oxidation
catalysts, therefore holding great potential for industrial
applications. Starting from a standard microwave protocol,
the influence of six key synthetic parameters on the properties
of the resulting cobalt oxide samples was first screened. In
particular, shorter ramping times and addition of hydrogen
peroxide were shown to reduce the crystallite and particle
size. The crystallinity of the Co3O4 catalysts was decreased
most significantly by hydrogen peroxide addition and by lower
synthesis temperatures. Therefore, hydrogen peroxide addition
was found to be the most influential synthesis parameter, even
though the bulk cobalt oxidation state of the emerging spinels
was not notably influenced as shown by XANES investigations.
The obtained Co3O4 spinels were characterized with
respect to their synthesis parameters using a wide range of
analytical methods, including PXRD, BET, XAS, XPS, and
Raman spectroscopy as well as electron microscopy. Next,
they were compared with respect to their chemical and
electrocatalytic water oxidation activity. Significant changes
in the respective water oxidation activities were observed as
a result of the synthetic parameter variations. In particular,
H,0, addition during synthesis yielded much more active
catalysts. Furthermore, lower synthesis temperature, cobalt
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FIGURE 6 | Water oxidation activity (chemical: red, electrocatalytic: blue) of
the spinel samples synthesized by varying a single parameter of the standard
synthesis method (dark red bar at the left of each triad). Chemical oxidation
was assessed with 146 mM cerium(lV) ammonium nitrate (CAN) and the
electrocatalytic activity was compared by the potentials vs. RHE at 1 mA/cm?
in 1M KOH.

precursor concentrations and shorter ramping times exerted
a beneficial influence on the oxygen evolution performance.
Stirring speed and holding time were found to be the least
impactful parameters.

Correlations of the observed activity changes with the detailed
materials parameters of the Co3Oy4 spinels indicate that not
only the surface area and the crystallite size, but possibly also
structural parameters, such as disorder and Cooct-Coocr bond
distances as present in the surface edge-site motif determine
the water oxidation activity. These results illustrate the key
importance of synthetic parameter tuning in heterogeneous
catalyst production. Therefore, systematic explorations of the
synthetic parameter space along with insight into the underlying
mechanisms of catalyst formation and activity are indispensable
for informed and efficient design. Future strategies may thus
combine rapid machine learning parameter screening with well-
designed in situ monitoring experiments.

EXPERIMENTAL
Synthetic Procedure

All Co304 samples were obtained from microwave-hydrothermal
synthesis. Co(CH3COO),-4H,0 (Sigma-Aldrich, reagent grade)
was dissolved in 15mL water and the pH was adjusted to 11
by addition of aqueous ammonia (25% NH3, Merck, GR for
analysis). The dispersion was poured into a 95mL CEM Omni
Teflon vessel equipped with a stirring bar and sealed accordingly.
Always, two reactions were conducted simultaneously and
temperature and pressure were monitored for the reaction in the
reference vessel. The reaction was temperature controlled, i.e.,
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the microwave power was adjusted according to the reference
vessel temperature. The reaction mixture was heated to 180 °C
in 30min (referred to as ramping time) and kept at this
temperature for 45 min (referred to as holding time), followed
by a cooling period of ~30 min, followed by separation of the
product by centrifugation. The samples were air-dried at 80 °C
prior to further characterization. The parameters were varied as
summarized in Table 2 and the samples were labeled accordingly.
The standard precursor concentration of 1.8 mmol was adapted
from our previous studies in order to guarantee optimal salt
loads and filling degrees for the microwave-hydrothermal system
to ensure homogeneous and reproducible reaction conditions
which warrant comparability to preceding results.

Catalytic Measurements

Electrocatalytic measurements were carried out in a standard
three-electrode setup with an Ag/AgCl (Sigma-Aldrich glass
reference electrode Ag/AgCl with 3 M KCl) as reference- and a
Pt-foil as counter electrode. The working electrode was prepared
by first dispersing the WOC in water (2mg in 100 mL) and
40mL of this dispersion were drop casted on 1 cm? FTO
(Aldrich, ~7 §2/sq). After 30 min drying at 80 °C, Nafion solution
(10mL, 1wt-% diluted from 5 wt-%, Nafion™ perfluorinated
resin solution, Sigma-Aldrich) was drop-casted on the surface

to fix the WOC. For the measurements, 1 M KOH was used
as electrolyte. A Bio-Logic SAS SP-150 potentiostat was used.
The standard measurement protocol consisted of three steps:
(1) Cyclic voltammetry (CV) was measured from 0 to 0.7V
vs. Ag/AgCl with 0.005mV step size. For data evaluation, only
the second cycles were compared to each other. (2) Stepwise
chronoamperometry increasing the potential from 0.45V to
0.65V in 0.01V steps and holding for 5min. The stabilized
current at the end of each step was used for further evaluation to
eliminate diffusion currents. (3) Chronoamperometry in which
a potential of 0.6 V vs. Ag/AgCl was applied for 2 h for stability
testing. For EIS and long-term chronoamperometry studies in
1.0M KOH, 2mg of the obtained cobalt oxide powders were
dispersed in 100 pL of 2% Nafion (ethanol solution) and
sonicated for 15 min. A total of 40 L of the suspension was drop-
cast on the carbon cloth (Toray Carbon Paper, TGP-H-60, 1 cm?)
and kept at 60 °C for 15 min. Measurement details are provided
in the Supplementary Material.

To evaluate the chemical water oxidation activity of the
catalysts, the following standard CAN method was applied:
Prior to addition of WOC, CAN (2g) was dissolved in milli-
Q water (40mL) and the solution was degassed with argon.
After subsequent addition of WOC (2 mg) the oxygen evolution
was recorded for 45min while stirring the solution, using
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a luminescent dissolved oxygen sensor (LDO). For data
evaluation, only the peak concentration was used. A Hach
HQ40d multimeter with LDO 101 sensor was used for
these measurements.

Materials and Methods

The Co304 spinels were characterized by powder X-ray
diffraction (PXRD) using a STOE STADI P diffractometer in
transmission mode (Ge monochromator, Mo K,; radiation).
The surface area was measured using Brunauer-Emmett-Teller
(BET) on a Quadrasorb SI machine in Nj-adsorption mode.
Samples were degassed at 100 °C overnight under vacuum
prior to the measurements. Raman spectra were measured on
a Renishaw inVia Qontor confocal Raman microscope with
a diode laser (785nm). SEM images were taken with a Zeiss
SUPRA 50VP SEM equipped with a Schottky field emitter and
an in lens secondary electron (SE) detector. An acceleration
voltage of 10 kV and a working distance of 5.4-6 mm were
applied. TEM images were acquired using a JEOL JEM-1400
Plus microscope. The camera was a JEOL CCD Ruby (8 M pixel)
and the electron beam source a LaBg crystal operated at 120
kV. HR-TEM images were obtained from a FEI Tecnai F30 FEG
device, equipped with a CCD Gatan 794 MultiScan Camera and
a Schottky emitter (300 kV). X-ray photoelectron spectroscopy
(XPS) was conducted on a Physical Electronics (PHI) Quantum
2000 spectrometer. The monochromatic Al-K, radiation was
generated from an electron beam (15 kV, 35.8 W). For energy
scale calibration, Au and Cu reference samples were used. The
measurements were carried out at 10~ mbar, with an electron
take off angle of 45° and a pass-energy of 23.5eV. A low energy
electron source was used for charge compensation throughout
the measurements. The alignment of the acquired spectra was
performed using the main (CC) component of the Cls core
level emission. The modified Auger parameter was calculated
by adding the kinetic energy of the CoL3VV and Co 2p;3,,
binding energies.

X-ray absorption spectroscopy (XAS) spectra were recorded
at the Co K-edge on solid powder samples dispersed in cellulose.
Measurements of the synthesized Co30O4 samples and reference
oxides Co™O and LiCo™O, were carried out at the SuperXAS
beamline at the Swiss Light Source (SLS), Paul Scherrer Institute
(PSI) Villigen, Switzerland. Spectra were recorded using quick-
scanning (QEXAFS) acquisition data protocols using a three-
ionization chamber configuration in transmission mode and a
5-element Silicon Drift Detector. For energy calibration, the
spectrum of a metal Co foil was measured simultaneously at
the second ionization chamber. The X-ray beam was collimated
using a Si coated mirror and the energy was scanned using
a channel-cut Si[111] monochromator. A Rh coating toroidal
mirror was used after the monochromator to focus the incident
X-rays with a spot size of 400 x 200 wm? on the samples
and a photon flux of 5.0 x 10! photons/s. The measured
EXAFS spectra k* x (k) were extracted by standard data reduction,
absorption edge energy calibration and background subtraction
as implemented in ATHENA (Ravel and Newville, 2005). The
spectra were reduced into the range Ak ~ 3-14 A~! and Fourier

transform to FT|k®x (k)| into the real-space interval of AR ~
0-6 A. To calculate main values for the interatomic distances,
atomic coordination numbers (N), and Debye-Waller factors (0?)
non-linear least-squares fitting of the FT|k®x (k)| spectra was
carried out with ARTEMIS using atomic clusters of Co304 (ICSD
code 27498), generated with ATOMS as implemented in IFEFFIT
(Ravel and Newville, 2005). The amplitudes and phases shift for
single and multiple scattering paths were calculated using FEFF6
(Ankudinov et al., 1998).

Samples with low signal to noise ratio due to low theoretical
yields from downscaled precursor concentrations were not
included into the SI for the sake of clarity.
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