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The controlled cation substitution is an effective strategy for optimizing the density of states and enhancing the
electrocatalytic activity of transition metal oxide catalysts for water splitting. However, achieving tailored
mesoporosity while maintaining elemental homogeneity and phase purity remains a significant challenge,
especially when aiming for complex multi-metal oxides. In this study, we utilized a one-step impregnation
nanocasting method for synthesizing mesoporous Mn-, Fe-, and Ni-substituted cobalt spinel oxide (Mng 1Feq 1.
Nig.3C02,504, MFNCO) and demonstrate the benefits of low-temperature calcination within a semi-sealed
container at 150-200 °C. The comprehensive discussion of calcination temperature effects on porosity,
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particle size, surface chemistry and catalytic performance for the alkaline oxygen evolution reaction (OER)
highlights the importance of humidity, which was modulated by a pre-drying step. The catalyst calcined at 170
°C exhibited the lowest overpotential (335 mV at 10 mA cm’z), highest current density (433 mA em2atl.7V
vs. RHE, reversible hydrogen electrode) and further displayed excellent stability over 22 h (at 10 mA cm™2).
Furthermore, we successfully adapted this method to utilize cheap, commercially available silica gel as a hard
template, yielding comparable OER performance. Our results represent a significant progress in the cost-efficient
large-scale preparation of complex multi-metal oxides for catalytic applications.

1. Introduction

Recent reports from the International Energy Agency (IEA) and the
International Renewable Energy Agency (IRENA) emphasize the critical
importance of reducing global greenhouse gas emissions quickly and
efficiently to limit global warming to 1.5 °C. Renewable energy sources
are key to achieving this goal, with hydrogen being one of the most
promising energy carriers.[1,2] However, despite its potential as a clean
and eco-friendly fuel and base chemical, 95 % of hydrogen production in
2020 (87 Mt) was generated through the COy-intensive steam reforming
process, which is not sustainable. The IEA predicts that hydrogen de-
mand will rapidly increase to 528 Mt in 2050. They also anticipate that
until then, the share of environmentally friendly green hydrogen,
generated by electrochemical water splitting using renewable energy
sources, is expected to grow to 62 %.[1] To reach this goal, the efficiency
of electrolyzers needs to be improved, specifically regarding the anodic
oxygen evolution reaction (OER), which is sluggish due to a slow four-
electron process. In addition, the state-of-the-art OER catalysts IrOy
and RuOj, which are currently considered the gold standard, have
certain drawbacks such as being expensive, rare, and having limited
durability under the demanding conditions required by practical elec-
trolyzers.[3-7] To overcome these challenges, researchers have focused
on studying non-noble first-row transition metal oxides, such as those
based on Co, Ni, Fe, and Mn. These materials are abundant, affordable,
and exhibit high stability for the alkaline OER.[8-11] Among them, the
spinel cobaltites (Co304 and NiCo204) are especially versatile due to the
ease of cation substitution with other first-row transition metals.
[10,12-15] Such substitutions, for example with Ni, Fe, Mn, Zn, Li, Cu, V
or W, can greatly improve the material’s ability to catalyze the oxygen
evolution reaction (OER) by changing the density of states, conductivity,
and ad- and desorption free energies.[10,13,15-22] By introducing two
or more substituting cations, even more flexibility is gained in the design
of new electrocatalysts, allowing for further optimization of their per-
formance.[20-24] Although such substitutions are a viable option, their
complexity is often limited due to the challenges in synthesizing ho-
mogeneous, phase-pure mixed metal oxides through traditional methods
such as sol-gel and co-precipitation. Besides the chemical composition,
high specific surface area and good accessibility of the catalytically
active sites are imperative for good heterogeneous catalysts.[11,25,26]
Nanocasting, a well-established synthesis technique, produces ordered
mesoporous transition metal oxides with high specific surface area and
allows for precise control over pore size and geometry. This control can
be achieved by using an appropriate ordered mesoporous silica template
such as MCM-48, SBA-15, or KIT-6.[11,12,20,24,27] To synthesize
multi-metal oxides using nanocasting, usually a high calcination tem-
perature is required to obtain phase-pure materials.[20,28] Although
promoting crystallinity, increased pore size, and phase purity, high
calcination temperatures typically lead to decreased specific surface
area (SSA) and worse mesoporous ordering, which results in overall
poorer OER performance due to slower kinetics, higher overpotential, as
charge transfer resistance.[20] To overcome this limitation, semi-sealed
calcination containers can be used. These containers allow for the
accumulation of humidity and NOy gases during the decomposition of
transition metal nitrate salts within silica pores. This leads to a reduction
in calcination temperature, improves template replication, and provides
some control over particle size.[29] In a previous study, we were able to
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create well-ordered mesoporous mixed metal oxides at only 200 °C by
using the container effect concept. By incorporating Fe and Mn cations
into Nip 5C02,504, we observed synergistic effects and obtained phase-
pure catalysts with excellent OER performance. The Mng Feq 1Nig 3.
Co.504 (MFNCO) catalyst exhibited lower overpotential, Tafel slope,
and charge-transfer resistance compared to MFNCO calcined in an open
container at 200 °C or 300 °C. We concluded that the difference in
performance between the chemically indistinguishable samples was due
to the mesostructure, which was influenced by the calcination condi-
tions.[23] However, no detailed investigation regarding calcination
conditions was performed and we anticipate, that there is much room for
further improvement by fine-tuning of synthesis parameters, leading to
more active, stable and economic catalysts. Therefore, our current study
aims to elaborate appropriate conditions for the synthesis of mesoporous
mixed metal oxide electrocatalysts by optimizing the semi-sealed low-
temperature calcination approach. Using MFNCO as a model for com-
plex mixed metal oxides, we screened calcination temperatures ranging
from 150 — 200 °C and conducted extensive materials analysis to study
the resulting surface characteristics and OER performance. By compar-
ison of pre-drying temperatures, we assessed the influence of humidity
during calcination. Additionally, we utilized high surface-sensitive low
energy ion scattering spectroscopy (LEIS), to determine how the calci-
nation temperatures impacted the mixed metal oxide’s surface compo-
sition. To the best of our knowledge, this is the first time LEIS was
applied to study nanocast materials. We used inductively coupled
plasma mass spectrometry (ICP-MS) to evaluate the nanocast catalyst’s
electrochemical stability and potential dissolution during chro-
nopotentiometry. Finally, we investigated the possibility of preparing
these complex multi-metal oxides using a cheaper template to render the
overall preparation more economical. In this regard, soft-templated
synthesis approaches are sometimes favored due to their use of
comparably cheap and commercially available pore-generating agents
in the form of block-copolymers or surfactants. Although there are some
inherent advantages with the direct soft-templating strategies, calcina-
tion temperatures above 350 °C, that are typically applied to achieve
complete removal of the organic template, may also limit greatly the
flexibility in terms of thermal treatment conditions for a controlled
framework crystallization process at low-temperature.[30-33] There-
fore, the synthesis procedure was successfully applied to a low-cost
commercial silica gel as a hard template. This resulted in a significant
cost reduction for producing mixed metal oxide catalysts through
nanocasting, while retaining excellent electrocatalytic activity.

2. Experimental section
2.1. Reagents and materials

Pluronic P123, EOPO70EOy (Sigma-Aldrich, Germany), HCI (37
%, Sigma-Aldrich, Germany), n-butanol (99 %, Thermo Fisher Scientific,
Germany), tetraethyl orthosilicate (TEOS, 98 %, Thermo Fischer Sci-
entific, Germany), ethanol (96 %, Brenntag, Austria), Co(NOs), - 6 HoO
(98.0-102.0 %, Thermo Fischer Scientific, Germany), Mn(NOs)2 - 6 H2O
(98+ %, Thermo Fisher Scientific, Germany), Ni(NOs)2 - 6 H20, 98 %
(Thermo Fisher Scientific, Germany), Fe(NO3)3 - 9 Ho0 (98+ %, metals
basis, Thermo Fisher Scientific, Germany), n-hexane (>99 %, Sigma-
Aldrich, Germany), NaOH pellets (>98 %, puriss. p.a., ACS reagent,
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Sigma-Aldrich, Germany), Nafion®-117, (around 5 % in a mixture of
water and lower aliphatic alcohols, Sigma-Aldrich, Germany), KOH
pellets (85 %, VWR Chemicals, Germany), 2-propanol (>99.8 % (GC),
puriss. p.a., ACS reagent, Sigma-Aldrich, Germany), Al,O3 suspension (1
and 0.05 pm, MicroPolish suspension, Buehler Ltd., Germany), Rhodium
internal standard (1000 mg L' (NH4),RhCls, 5 % HC, Labkings,
Netherlands), Multi element standard solution (#23, Sb, As, Be, Cd, Ca,
Cr, Co, Cu, Fe, Pb, Li, Mg, Mn, Mo, Ni, P, Se, Sr, T, Sn, Ti, V, Zn, 100 pg
mL ! each in 5 % HNO; + Tr HF, LabKings, Netherlands), HNO3 (69 %,
ROTIPURAN® Supra, Roth, Germany) and Toray Carbon Paper (TGP-H-
60, Thermo Fisher Scientific, Germany) were used as purchased.

2.2. Synthesis of ordered mesoporous silica

The KIT-6 silica template aged at 40 °C (denoted as KIT-6-40)
exhibiting 3-D cubic la3d ordered mesoporous structure was synthesized
according to the procedure described by Kleitz et al.[34] Briefly, Plur-
onic P123 (5.13 g) triblock-copolymer, which is acting as a structure-
directing agent, was weighted into a 250 mL PP-bottle and completely
dissolved in a mixture of concentrated HCI (9.92 g, 37 %) and distilled
water (185.33 g) by stirring in an incubator overnight at 35 °C. The next
day, n-butanol (5.13 g) was added as a co-surfactant. After another hour
of stirring, TEOS was added at once and the mixture was continuously
stirred at 35 °C for 24 h. Aging of the silica product was performed under
static conditions at 40 °C for 48 h in a convection oven. The precipitate
was isolated by filtration and dried first at 100 °C for 2 h and then at 140
°C overnight. Template removal was performed by suspending the white
powder in a mixture of 200 mL of ethanol and two drops of concentrated
HCI (37 %). The solvent was removed by filtration and the silica material
was dried in an air atmosphere for two hours and calcined in a muffle
oven in air at 550 °C for 3 h.

2.3. Synthesis of ordered mesoporous MFNCO using KIT-6-40 as a hard
template

The one-step impregnation nanocasting synthesis was adapted from
our previous work.[23] Briefly, multimetallic oxides of the stoichio-
metric composition Mng ;Feg 1Nig 3C02504 were obtained by mixing a
total amount of 1.75 g of transition metal nitrate salts (1.442 g / 4.9
mmol Co(NO3)2 " 6 H20, 0.166 g / 0.6 mmol Ni(NOs) - 6 H20, 0.080 g /
0.2 mmol Fe(NO3)3 - 9 H20, and 0.058 g / 0.2 mmol Mn(NOs3); * 6 Hy0))
with 1.0 g of KIT-6-40 (vacuum died at 150 °C overnight) and 10 mL of
n-hexane. The suspension was ground using an agate mortar until the
solvent was evaporated. Subsequently, the powdery mixture was
transferred into a 50 mL round bottom glass flask, n-hexane (30 mL) was
added, and the suspension was refluxed under constant vigorous stirring
at 80 °C overnight. The impregnated powders were obtained by filtra-
tion using a Biichner funnel and dried at room temperature (22 °C)
overnight or in a convection oven at 70 °C for 4 h. After the drying step,
0.8 — 1.0 g of the transition metal nitrate salt-impregnated KIT-6 were
weighted into ceramic calcination crucibles (LLG-Porcelain crucible tall,
15 mL outer diameter 30 mm, height 38 mm), which were equipped
with a porcelain lid and thus served as semi-sealed containers for
calcination in air atmosphere. The calcination was performed in a muffle
oven (Nabertherm, model L9/11/C450, Germany) employing a heating
rate of 1 °C min~! and maintaining the indicated temperature (150, 160,
170, 180, 190, or 200 °C) for 6 h. The sample notation follows the
(drying temperature/calcination temperature) scheme accordingly (e.g.,
22/170). Removal of the KIT-6-40 silica template was achieved by two
subsequent treatments with 30 mL of 2 M NaOH at 80 °C for 24 h, fol-
lowed by two deionized water and one ethanol washing step. The black
powders were air-dried at 70 °C overnight.
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2.4. Synthesis of mesoporous MFNCO using commercial silica gel as a
hard template

Following the nanocasting procedure described above, a commercial
silica gel with broader pore size distribution and absence of mesopore
ordering, but comparable pore size range, pore volume, and BET specific
surface area was used as a cheap alternative to the KIT-6 template
(Fig. S1.; Tab. S1). 2.44 g of transition metal nitrate salts (2.008 g / 6.9
mmol Co(NOs)3 * 6 H30, 0.2408 g / 0.8 mmol Ni(NO3); * 6 H20, 0.1115
g / 0.3 mmol Fe(NO3)3 - 9 Hy0, and 0.0792 g / 0.3 mmol Mn(NO3)5 " 6
H»0)) were mixed with 1.5 g of silica gel. After the impregnation, the
batches were isolated by filtration and then split into two 1.9 g fractions
which were calcined in separate crucibles. One synthesis batch was
dried at 70 °C for 4 h and calcined in a semi-sealed crucible at 200 °C for
6 h (sample denoted as 70/200 SG) and another one, based on the
synthesis conditions of the most active MFNCO OER catalyst from KIT-6,
dried at 22 °C overnight and calcined in a semi-sealed crucible at 170 °C
for 6 h (sample denoted as 22/170 SG). The silica template was removed
by agitating the powders twice in 2 M NaOH at 80 °C for one day, fol-
lowed by washing twice with deionized water and once with ethanol and
then drying overnight at 70 °C.

2.5. Materials characterization

A Netzsch STA 449 F3 Jupiter (Selb, Germany) was employed to
perform thermogravimetric analysis coupled with differential thermal
analysis (TGA/DTA). The decomposition and conversion of transition
metal nitrates impregnated into MFNCO within the pore framework of
KIT-6-40 silica (after drying at 70 °C for at least 4 h) was measured using
an Al;O3 crucible equipped with an Al;O3 lid (small pinhole in the
middle) and were conducted from 25 °C to 600 °C, including a 30 min
isothermal segment, in a constant synthetic air flow (20 mL min~'; 20 %
03, 80 % Ny) and a heating rate of 10 °C min~'. The isothermal seg-
ments, which were set at 170, 180, and 190 °C, respectively, were used
to acquire information on the decomposition of the nitrate salts in the
semi-sealed container.

Nitrogen adsorption-desorption isotherms were recorded at — 196
°C using an Anton Paar QuantaTech Inc. iQ3 instrument (Boynton
Beach, FL, USA). Outgassing was performed at 80 °C for 12 h. Data
evaluation was conducted using the Anton Paar QuantaTech Inc.
ASiQWin 5.2 software. The Brunauer-Emmet-Teller (BET) equation was
applied to calculate the specific surface area (SSA) in the relative pres-
sure range of 0.05 — 0.25 P/P,. To calculate the pore size distribution,
the non-local density functional theory (NLDFT) kernel for oxide sur-
faces and cylindrical pore geometry was applied to the (metastable)
adsorption branch of the isotherm in line with previous reports on
similar oxide materials [12,20,27] (in the absence of pore blocking/
cavitation effects on the hysteresis loop at P/Py around 0.45, using the
desorption branch essentially leads to similar pore size distribution).
Based on the Gurvich rule, the total pore volume was evaluated at the
plateau region of the isotherm at P/Py = 0.975.[35]

Dynamic light scattering (DLS) measurements were conducted in
triplicates with a Malvern DTS Nano Zetasizer. Before the measure-
ments, the samples were suspended in deionized nanopure water (0.5
mg mL 1) using an ultrasonic bath. The intensity particle size distribu-
tion was used for particle size analysis.

A PANalytical EMPYREAN equipped with a PIXcel® detector (Mal-
vern PANalytical, United Kingdom) was used to record low- (LA-PXRD)
and wide-angle powder X-ray diffractograms (WA-PXRD) with Cu K142
radiation generated at a voltage of 45 kV and a tube current of 40 mA. A
Bragg-Brentano HD reflection geometry or a Focusing Mirror geometry
setup was mounted for the WA-PXRD and LA-PXRD, respectively. The
data was recorded in the continuous mode, employing a step size 2-theta
of 0.013°. For the reflection and transmission measurements, data
acquisition times per step were set at 150 s and 50 s, respectively. For the
determination and refinement of crystal structures, a Bruker D8
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ADVANCE powder diffractometer was operated in Bragg-Brentano
pseudo focusing mode with theta/2-theta geometry. A zero-
background silicon single-crystal sample holder was covered with a
thin layer of grease to fix the powder. A one-dimensional silicon strip
detector (Lynxeye) was used for all measurements. Every powder was
measured in the 13° to 120° 2-theta range for three hours with an ac-
celeration voltage of 40 kV and a beam current of 40 mA. Qualitative
phase identification as well as Rietveld refinements were accomplished
using the Topas 4.2 software.

Small Angle X-Ray Scattering (SAXS) measurements were performed
using a Nano-inXider (Xenocs, France) with a Cu K, radiation source (A
= 0.154 nm). Data acquisition was performed at medium resolution
mode and an exposure time of 600 s. The measurements were repeated
10 times and averaged using the XSACT (X-ray Scattering Analysis and
Calculation Tool) software.

Scanning electron microscopic (SEM) images were taken using a
Verios 460 field emission scanning electron microscope (FEI) at an
accelerating voltage of 5 kV and a decelerating voltage of 4 kV, to have a
landing voltage of 1 kV. The sample for SEM imaging was dispersed on
carbon tape and kept under vacuum for 1 h before the imaging. Trans-
mission electron microscopic (TEM) images were obtained using a Titan
G2 ETEM (FEI) at an accelerating voltage of 300 kV. The sample for TEM
imaging was prepared by dropping a small amount of ethanol containing
a suspended powder sample on a holey carbon film-coated 300 mesh
copper grid.

Surface characterization was performed using X-ray photoelectron
spectroscopy (XPS, Nexsa, Thermo-Scientific, Massachusetts, USA)
employing an Al-Ka radiation source operating at 72 W and an inte-
grated flood gun. The survey spectra were recorded with a pass energy of
200 eV, using the “Standard Lens Mode”, and CAE Analyzer Mode, and
an energy step size of 1 eV. The diameter of the X-ray beam was 400 um.
High-resolution spectra of C1s, O 1 s, Co 2p, Ni 2p, Mn 2p, and Fe 2p
were acquired with 50 passes at a pass energy of 50 eV and an energy
step size of 0.1 eV. The XPS analysis was performed on the Avantage
software (Thermo Avantage v5.9922), where the binding energy was
calibrated using the C 1 s peak (284.8 eV).

A WITec alpha 300A equipped with a 100 x objective, a grating of
1200 g em !, and a 531 nm laser with a beam power of 2 mW was used
to record the Raman spectra. 40 measurements were accumulated with
an acquisition time of 5 s each.

Low energy ion scattering (LEIS) measurements were performed on
pressed powder samples using a Ne" primary ion beam accelerated at 5
keV. For each sample 15 spectra were recorded in the energy range 1000
- 1500 eV, analyzing two spots of 2.5 x 2.5 mm. Ar" sputtering (500 eV
for 25 s) was applied in between measurements. Charge compensation
was turned on to avoid charging effects. Reference measurements of
pure nanocast single metal oxide powders with identical surface
morphology were acquired and used for data evaluation. The evaluation
was performed using the SurfaceLab 7.x software to fit the sample
measurements with the reference measurement data and converted into
oxide surface coverage (at%). The elemental ratios were derived from
the respective stoichiometry of the oxides and their relative ratios.

For the determination of Fe content in the plain 1 M KOH electrolyte
and the quantification of dissolved metal species (Mn, Fe, Ni, and Co)
during the OER stability tests, inductively coupled plasma mass spec-
trometry (ICP-MS) was performed on an Agilent 7800 ICP-MS (Agilent
Technologies, Tokyo, Japan). The instrument was equipped with an
Agilent SPS 4 autosampler (Agilent Technologies, Tokyo, Japan), and
the samples were analyzed in the gas flow mode (4 mL min~') and
operated in He collision mode. For the quantification of Fe in the plain 1
M KOH electrolyte, a seven-point calibration was performed, using
103Rh as internal standard and a multi-element standard with given
concentrations of °®Mn, *®Fe, >°Co, and ®°Ni. For the stability tests, a six-
point calibration curve was obtained using the same internal and multi-
element standards, but also an aliquot of 1 M KOH, matching the volume
of electrolyte sampling, to compensate for the electrolyte contribution.
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The samples were prepared by mixing 1 mL of sampled electrolyte with
1 mL of internal standard and 8 mL of 3 wt% HNO3 solution. The
sampled electrolyte volume was always replaced by fresh 1 M KOH
electrolyte and the resulting dilution factor was taken into account
during the evaluation.

2.6. Electrochemical OER measurements in three electrode RDE setup

The electrocatalysts were benchmarked for the OER utilizing a
PGSTAT302N Autolab electrochemical workstation (Metrohm), using a
glassy carbon rotating disc electrode (GC-RDE, 5 mm in diameter /
geometric area of 0.196 em?, Metrohm) as a working electrode, a
graphite rod as a counter electrode, and a HydroFlex reversible
hydrogen electrode (RHE, Gaskatel) as a reference electrode. The mea-
surements were conducted in a three-electrode cell which was filled with
200 mL of 1.0 M KOH (VWR pellets dissolved in deionized pure water
(18.2 MQ - cm), 69.4 ppb Fe determined by ICP-MS, Tab. S2). 30 min
prior and during the measurements, the cell was purged with Ny gas, and
a thermostat connected to the three-electrode cell’s water jacket was
used to maintain the temperature at 25 °C. Before the measurements, the
GC-RDE was polished on the polishing cloth with Al;O3 suspension (1
and 0.05 pm, Buehler Ltd) to give a mirror finish, followed by sonication
in deionized pure water (18.2 MQ - cm) for 5 min. The catalyst ink was
prepared by suspending 4.8 mg of the catalyst in a mixture of 0.75 mL of
18.2 MQ - cm deionized water, 0.25 mL of 2-propanol, and 50 pL of
Nafion®-117 solution. A homogeneous ink was obtained after 30 min of
sonication. 5.25 pL of the freshly prepared catalyst ink were dropped
onto the GC-RDE (yielding a catalyst loading of 0.12 mg cm™2) with an
Eppendorf micropipette and dried under light irradiation. To ensure
reproducibility, the measurements were repeated in triplicates. During
the measurements, the RDE was rotated at 2000 RPM. For the cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) measurements,
90 % of the iR-drop was corrected using the potentiostat software (Nova
2.1.5, Metrohm). First, three cycles of cyclic voltammetry were recorded
with a sweep rate of 50 mV s ! in a potential range between 0.7 V and
1.6 V vs. RHE. Then, three consecutive LSV curves were recorded with a
scanning rate of 10 mV s~ in anodic direction starting at 0.7 V up to a
final potential of 1.7 V vs. RHE. The third LSV curve was used for data
evaluation. The catalysts’ reaction kinetics were further characterized
by performing potentiostatic electrochemical impedance spectroscopy
(EIS) measurements in the range from 100 kHz to 100 mHz and an
amplitude of 5mV at an applied potential of 1.6 V vs. RHE. To assess the
electrochemical active surface area (ECSA), cyclic voltammograms were
recorded with ascending scan rates (20 to 180 mV s}, 5 cycles per scan
speed) in the non-Faradaic current region (1.0 — 1.1 V vs. RHE). By
plotting the difference between anodic and cathodic capacitive current
(Aj = janode — jcathode) @t 1.05 V vs. RHE at the respective scan rates
against the applied scan rate, a linear plot was obtained. The double-
layer capacitance (Cq)) was obtained by halving the slope of this plot.
[36] The reference value of 0.04 mF cm ™2, which was reported to be a
suitable approximation for oxidic OER catalysts in 1 M KOH, was used to
estimate the ECSA.[20,37,38]

For the stability measurements of the 22/170 and 70/200 MFNCO
samples, Toray carbon paper (TGP-H-60) was coated with catalyst ink
via drop casting and dried at room temperature. The MFNCO loading on
the carbon paper electrode was 0.5 mg cm 2. Chronopotentiometry was
performed for 22 h, applying a constant anodic current density of 10 mA
cm 2. During the OER stability measurements, electrolyte sample ali-
quots were collected in regular intervals to monitor the dissolution of
metal species in the 1 M KOH electrolyte with ICP-MS. Before and after
the stability tests, the catalyst-coated carbon paper was characterized
with WA-PXRD and XPS to monitor changes to the bulk and surface
chemistry of the catalysts.
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3. Results and discussion
3.1. Thermal analysis

The thermal decomposition of the mixture of transition metal nitrate
salts impregnated into KIT-6 silica was investigated by thermogravi-
metric analysis coupled with differential thermal analysis (TGA/DTA).
For this purpose, an Al;O3 crucible with a lid was used to simulate semi-
sealed calcination conditions. As depicted in Figure S2, three separate
measurements with 30 min isothermal temperature (T;) segments
at 190, 180, and 170 °C were performed to investigate the decomposi-
tion behavior. The weight loss/transition metal salt decomposition in
the first segment of the measurement up to the respective T; was affected
by increasing T; (Tab. S3). The decomposition during the isothermal step
was significantly influenced by Tj, indicating much slower decomposi-
tion kinetics at lower temperatures. At T; of 170 °C and 180 °C, the
conversion into MFNCO was not completed and was still progressing at a
slow rate at the end of the isothermal segment (30 min), as displayed by
the continuous weight loss throughout the isothermal segment and
abrupt weight loss in the first minutes of the final segment. These results
indicate that at roughly 190 °C, a tipping point is reached, where the
dehydration/decomposition becomes a fast process. It should be noted
that this small-scale TGA study does not directly translate to our actual
synthesis conditions. However, it indicates a clear delay in the salt
conversion rate at temperatures of 180 °C and below, hinting at an
extended timeframe for the rearrangement of highly mobile molten
precursors and intermediate salt species within the silica pore network.

3.2. Elemental composition, material structure and particle size

The elemental composition of the MENCO materials synthesized via
one-step impregnation nanocasting approach was analyzed using X-ray
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fluorescence spectroscopy (XRF). The results summarized in Table S4
indicate a very low residual SiO; amount (Si < 1 at%), good match
between targeted and achieved composition, and consistent metal ratios
across the various MFNCO catalysts.

LA-PXRD and SAXS measurements (Fig. 1) revealed distinct meso-
pore ordering evidenced by 211 and 220 diffraction peaks, which can be
correlated to the inverse replication of the initial 3-D cubic la3d sym-
metry of the parent KIT-6 gyroid framework. The observed 110 reflec-
tion results from lower symmetry due to the use of KIT-6-40 as a
template. KIT-6-40 exhibits two isolated pore-frameworks, which may
lead to either shifted oxide subframeworks (as it was observed for some
ordered mesoporous carbon materials) or domains of single subframe-
work due to heterogeneous filling.[39-41] The SAXS measurements
serve as a complementary technique, which offers a higher diffraction
peak resolution. With both techniques, the materials that were pre-dried
at 22 °C overnight and subsequently calcined at 150 — 180 °C for 6 h (22/
150, 22/160, 22/170, and 22/180) as well as for the samples which
were pre-dried at 70 °C and calcined at 190 and 200 °C (70/190, 70/
200; Fig. 1a, b) showed well-resolved diffraction peaks. In contrast, the
batches that were pre-dried at 22 °C overnight but calcined at higher
temperatures (22/190 and 22/200), as well as the samples pre-dried at
70 °C and calcined below 190 °C (70/180, 70/170, 70/160) all
exhibited clearly decreased peak intensities (Fig. 1c, d). This may arise
due to smaller coherent scattering domain sizes in these samples.
However, in the following sections covering transmission electron mi-
croscopy (TEM), high-resolution scanning electron microscopy (HR-
SEM), and Ny physisorption, we could demonstrate, that it reflects a
decrease in mesopore ordering and an increase in irregularity within the
KIT-6 replicated transition metal oxide (TMO) framework. Due to the
appearance of two clearly distinguishable families of samples, we cate-
gorized the MFNCO samples into ordered (22/150, 22/160, 22/170, 22/
180, 70/190, and 70/200) and semi-ordered samples (70/160, 70/170,
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Fig. 1. LA-XRD and SAXS of ordered (a. and b.) and semi-ordered (c. and d.) MFNCO materials.
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70/180, 22/190, 22/200), based on the drying (T4) and calcination (T.)
temperatures (Tq/To).

The diffraction patterns obtained by wide angle powder X-ray
diffraction (WA-PXRD) depict pure spinel structure for all samples
without any additional reflections, even at low calcination temperature
of 150 °C (Fig. S3). This suggests a complete conversion of nitrates and
the absence of other phases. Crystallite size domains, determined using
the Scherrer equation, ranged from 10.3 to 12.7 nm and increased with
higher calcination temperatures, which is consistent with prior research
(Tab. S5).[42-44] The crystallite sizes calculated from diffraction peak
line broadening appear to somewhat ‘outgrow’ the KIT-6 template pore
size. However, anisotropic crystal growth is a common feature of
nanocast materials. The 3D gyroid KIT-6 structure leads to the formation
of a network of slightly curved crystalline rods instead of perfectly
spherical crystallites, which explains the observed differences. The HR-
TEM images (Fig. 2b, e) display the pore size and wall thickness of the
nanocasts and the non-spherical shape of the crystallites and further
prove the inverse replication of the KIT-6 pore structure.

HR-EDX elemental mapping was conducted on samples 22/150 and
70/200, representing the lowest and highest synthesis temperatures,
respectively. The mapping results confirmed uniform elemental distri-
bution in these samples and indicated that the other samples will likely
exhibit uniform elemental distributions as well (Fig. S4-5).

While the replication of the KIT-6 framework was successful in all
cases and the 3-D gyroid-like replica structure became visible in the HR-
SEM, a clear change in catalyst particle size and shape is evident, when
comparing the ordered materials with the semi-ordered materials (as
judged from LA-PXRD and SAXS). HR-SEM images of ordered materials
(Fig. 3) show that large domains of the KIT-6 pore network were repli-
cated and that the resulting particles inherited a mostly spherical shape
and a size of roughly 300 — 500 nm. Dynamic light scattering (DLS)
(shown in Fig. S6-8; Tab. S6) was used to measure the hydrodynamic
diameters (Z-average) of the ordered MFNCO materials, which were
found to be in the range of 308-564 nm. HR-SEM revealed that in semi-
ordered materials (Fig. S9), comparably small KIT-6 domains were
successfully replicated, resulting in smaller particles which were
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unevenly shaped and ranged from 50 to 100 nm in size. DLS results
confirmed these findings, showing a narrow hydrodynamic diameter
range (136 — 162 nm) for the semi-ordered materials, except for the 70/
160 sample, which had a diameter of 266 nm. We used high resolution
transmission electron microscopy (HR-TEM) to examine the 22/150 and
70/200 samples in more detail, and confirmed that the mesopores were
highly ordered, with pore diameters of approximately 6.5 nm and a
gyroid pore structure (Fig. 2). The particles of the 22/150 sample ranged
from approximately 300 — 500 nm, while those of the 70/200 sample
were in a broader range of 150 — 600 nm. Furthermore, the crystal plane
spacings highlighted in Fig. 2b and e, matched very well with the spinel
oxide lattice planes determined by PXRD and the crystalline domain
sizes are comparable to the calculated values obtained using the
Scherrer equation (Tab. S5).

3.3. Porosity

The nitrogen adsorption—desorption isotherms measured at — 196 °C
show type IV isotherms with two distinct H2b hysteresis loops, resulting
in a well-defined bimodal NLDFT pore size distribution for the ordered
MFNCO materials (Fig. 4a, b). The formation of the secondary pore size
can be corroborated with the previously mentioned 110 reflections
observed in SAXS and LA-XRD measurements (Fig. 1). We tentatively
assign this feature mainly to the replication of only one of the two KIT-6
subframeworks in some domains of the nanocasts (i.e., heterogeneous
filling), leading to the formation of such large secondary mesopores.
Additionally, the formation of large mesopores in the metal oxides due
to a shift/displacement of the gyroid (non-intersecting) sublattices is
also possible.[39] In contrast, the semi-ordered samples exhibit a Ny
physisorption isotherm with a broad hysteresis loop at high relative
pressures, indicating a relatively non-uniform, broad pore size distri-
bution with a shift towards bigger pores (Fig. 4c, d). As DLS measure-
ments revealed, the particle size of the semi-ordered samples was
distinctively smaller, and we conclude that this led to the increased total
pore volume due to a higher interparticle gas condensation contribution.
Nevertheless, the SSA resides in a narrow range of 121 — 153 m? g~ for

Fig. 2. HR-Transmission electron microscopy (HR-TEM) images of 22/150 (a and b) and 70/200 (d and e) depicting the characteristic spinel crystal planes, and

scanning TEM (STEM) images (c and f).
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Fig. 3. HR-SEM images of ordered MFNCO catalysts.

all samples, only slightly increasing with decreasing calcination tem-
perature (Tab. S1).

For the sake of comparison and as a potentially cheaper alternative,
commercially available silica gel was also utilized as a hard template for
the one-step impregnation nanocasting synthesis of MFNCO. Even
though lacking the 3D-ordered mesopore geometry and the narrow pore
size distribution offered by KIT-6, the plain silica gel yielded a compa-
rable porosity (BET SSA of 493 m? g™}, NLDFT pore size of 7.0 nm, and
total pore volume of 0.80 cm® g%, (Fig. S1; Tab. S1). Here, pre-drying at
22 and 70 °C was followed by calcination at 170 and 200 °C, respectively
(22/170 SG and 70/200 SG). Nitrogen physisorption isotherms and the
corresponding NLDFT pore size distributions of the silica gel-templated
MFENCO samples reveal similar porosity for both samples. They exhibit a
dominant pore size centered at 5.7 nm, but the pore size distribution is
rather broad, which was likely inherited from the disordered silica gel
template but could also be caused by additional interparticle gas
condensation. (Fig. S10a, b). For both samples, the SSA was in the same
range as that of the nanocasts obtained from KIT-6 templating and the
materials also exhibited similar pore volumes as the ordered MFNCO
materials (Tab. S1). As expected, LA-PXRD and SAXS confirmed the
absence of mesopore ordering, whilst the HR-SEM micrograph of 70/
200 SG depicts agglomerated, highly porous particles exhibiting irreg-
ular shapes and sizes (Fig. S10c, d; Fig. 5). DLS measurements of the non-
ordered, silica gel-templated MFNCO samples yielded an average hy-
drodynamic diameter of 130 nm for both samples (Fig. S6; S8; Tab. S6).

Overall, pre-drying and calcination temperatures in the nanocasting
synthesis seem to determine the morphology of the replicas. Depending
on these conditions, either spherical particles with roughly 200 — 600
nm in diameter, highly ordered mesopores, and bimodal pore size dis-
tribution or rather small (roughly 50 — 100 nm), irregularly shaped,
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catalysts with semi-ordered mesopores can be obtained. Furthermore,
using a mesoporous silica gel as a hard template resulted in non-ordered,
small particles of around 130 nm in hydrodynamic diameter with SSAs,
pore sizes, and pore volumes comparable to KIT-6 templated nanocasts.
Based on the results from TEM, HR-SEM, N, physisorption, LA-PXRD,
and SAXS, the following sample classification is possible: the ordered
(22/150, 22/160, 22/170, 22/180, 70/190, and 70/200), semi-ordered
(70/160, 70/170, 70/180, 22/190, and 22/200), and non-ordered (22/
170 SG, 70/200 SG) MFNCO materials.

These findings highlight the drastic influence of the pre-drying/
calcination temperature couple on the replication process. We expect
that the energetically favored decrease in surface free energy caused by
the accumulation in large spherical domains within the KIT-6 pore
network, rather than filling small nanodomains, is the reason why the
slight variations in the synthesis had such an apparent effect on the
textural properties of the materials as observed in the case of the ordered
vs. semi-ordered MFNCO samples. Stucky et al. reported that the calci-
nation in the semi-sealed crucibles leads to a humid and highly corrosive
(NOy) atmosphere, allowing melting and rearrangement of precursors
and reaction intermediates. This might result in a temporary semi-
equilibrium of deposition, dissolution, rearrangement, and redeposi-
tion until the volatile gasses eventually escape from the semi-sealed
containers and the metal oxide is formed.[29] In our case, the differ-
ences between the ordered and semi-ordered materials might be linked
to whether or not the suitable conditions for the formation of such a
temporal equilibrium are met. It was shown by De Jongh et al. for LiBH4,
that an appropriate stabilizing environment can enable the infiltration
of SBA-15 silica mesopores and lead to long range ordered materials.
[45] This ‘stabilization’ could be transposed to the corrosive environ-
ment inside our calcination crucibles which kept reactants in a liquid
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Fig. 4. Nitrogen physisorption isotherms recorded at — 196 °C of ordered (a) and semi-ordered (c) MFNCO materials and respective NLDFT pore size distributions (b
and d). Symbols (empty / filled) represent the pre-drying temperature (22 °C / 70 °C).

Fig. 5. HR-SEM image of silica gel templated MFNCO (70/200 SG).

state for an extended time and decelerated solidification. The H,O and
NOy nitrate salt decomposition products were attributed to lead to the
agglomeration of supported Ni and Co3O4 catalyst particles.[46,47] As
we elaborated in the previous sections, we observed that the pre-drying,
which affects the crystal water content in the nitrate salt precursors, had
a significant effect on the texture of the final materials. Hence, we as-
sume that during the calcination, the additional crystal water retention
for the samples dried at room temperature results in high humidity in-
side the semi-sealed calcination crucible, essentially extending the
timeframe where the MFNCO precursors exist in a liquid state. The
importance of humidity was studied by De Jong et al. who investigated
the melt infiltration of Co(NO3)3 - 6 H20 into SBA-15 mesoporous silica
in open and closed Teflon containers, and pointed out, that dehydration
of the transition metal salt inhibits homogeneous pore-filling.[48] Based
on our findings from the TGA measurements we presume that the
samples calcined in mild conditions between 150 and 180 °C, and hence
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in a temperature range of slow nitrate salt decomposition kinetics,
additionally maintained a semi-equilibrium of precipitation and redis-
solution for a longer time. As a consequence, the facilitated mobility of
precursors and intermediates and the extended duration of the semi-
equilibrium eventually led to the energetically favored rearrangement
and merging of filled nanodomains into larger spherical domains. This
might explain the formation of comparably large and spherical mixed
metal oxide particles with highly-ordered mesopores when performing
the pre-drying at room temperature and the calcination in a range be-
tween 150 and 180 °C (samples 22/150 — 22/180). We suspect that the
higher calcination temperatures (22/190 — 22/200 °C), as demonstrated
with the TGA experiments, result in increased nitrate salt dehydration
and decomposition rates. This induces a fast rise of water and NOy vapor
pressure inside the semi-sealed container which leads to a faster release
of water and NOy gasses out of the semi-sealed container. Compared to
the lower temperatures, the semi-equilibrium time window might be



P. Guggenberger et al.

significantly shorter at the higher temperatures (190 and 200 °C) and
again lead to premature solidification of the intermediates. For the
materials pre-dried at 70 °C, exhibiting a substantially reduced crystal
water content, the slow decomposition at low temperatures (samples
70/160 to 70/180) might lead to almost complete dehydration before
the bulk nitrate decomposition sets in and hence limits the rearrange-
ment inside the KIT-6 pores due to the slow but steady escape rate of the
remaining water out of the semi-sealed container. Higher calcination
temperatures, as shown for samples 70/190 and 70/200, accelerate the
nitrate salt decomposition, which in the presence of humidity, can
facilitate the rearrangement due to the temporal deposition-dissolution
equilibrium. Retention of humidity up to the decomposition tempera-
ture of nitrate salts was also attributed to facilitating the hydrolysis re-
action of metal nitrate salts as shown in the simplified and generalized
Equation (1).

M — NO; + H,0—-M — OH + HNO» (€D)]

2M - OH—-M -0 —-M+H,0 2)

It was reported, that humidity causes increased decomposition ki-
netics, improved crystallinity, as well as a smoother and less defective
surface for the final oxides.[49-52] At some point of the reaction, the
formation of a water-HNO3 azeotrope (32:68 %) with a boiling tem-
perature of 120 °C is likely. This would facilitate the nitrate removal to
further shift the hydrolysis reaction to the product side. With the
decreasing humidity level inside the semi-sealed calcination crucible,
the equilibrium of the subsequent condensation reaction, as indicated in
Equation (2), would then continuously shift towards the metal oxide
product side. In reality, those conversions were demonstrated to consist
of complex multi-step reactions including several hydroxy- and oxy-
nitrate intermediates for single metal systems.[52,53] A further dis-
cussion of the formation mechanism for the present nanocast multi-
metal system is, however, beyond the scope of this work.

3.4. Spectroscopic characterization of the materials and surfaces

The five characteristic Raman-active vibrational modes as shown by
the Raman spectra recorded for all ordered MFNCO materials (Fig. S11;
Tab. S7) are characteristic for Co304 based materials.[15,54-57] For the
70/200 sample, the three Fog modes are located at around 185, 507, and
604 cm™!, and the peaks centered at roughly 464 and 657 cm™! were
identified as E; and Ajg vibrational modes. There are peak shifts be-
tween the samples, but no linear temperature-induced trend could be
observed. According to literature, crystal defects, -size, and -strain,
which can be introduced by element doping or calcination temperature,
are amongst the parameters which can influence the vibrational
behavior of the metal oxide lattice and often shows in a shift in the A
band position.[15,54-57] The complex metal matrix, with hardly
assignable oxidation states (see XPS section), makes it impossible to
clarify the occupation of octahedral or tetrahedral sites within the spinel
unit cell with the employed set of materials characterization techniques.
This uncertainty, and the inhomogeneous crystallite size make it diffi-
cult to draw conclusions on the meaning of the observed peak shifts.
[15,18,58]

X-ray photoelectron spectroscopy (XPS) spectra were recorded for
the ordered materials (150 — 200 °C) and 22/170 SG. The XPS spectra
are displayed in Figures S12 and S13, and the results obtained from
quantitative XPS analysis and the evaluation of Co?*/Co®" and oxide/
hydroxide ratios are summarized in Table S8-10 and discussed in detail
in the Supplementary Material. In short, the high-resolution XPS profiles
are in good agreement with literature describing XPS spectra of transi-
tion metal doped Co304. They further indicate only minor effects of
calcination temperature upon the surface chemistry of the samples. This
aligns with our previous study where no major differences were
observed between MFNCO prepared at 300 °C with open container and
200 °C with semi-sealed container.[23]
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In XPS, X-rays probe the outer few nanometers of a material and only
an averaged elemental composition is obtained, while for low energy ion
scattering (LEIS) the chemical surface composition of the outmost
atomic layer of a material can be determined. In LEIS scattered noble gas
ions generate the measured signal. As those detected, scattered Ne™ ions
effectively show no penetration into the measured substrate, the ob-
tained information concerns only the outmost material surface. LEIS
offers valuable and more accurate information on the surface chemistry
interacting with the electrolyte in heterogeneous electrocatalytic re-
actions.[59] The determined chemical surface composition for the ma-
terials is given in Fig. 6b and Table S11. Generally, the materials
exhibited a higher Fe and Ni surface coverage than expected from
nominal composition (83.3 % Co, 10 % Ni, 3.3 % Fe and Mn, respec-
tively) and XRF-quantification (Tab. S4), while Mn levels were compa-
rable to the bulk composition. This might be caused by the SiO, template
removal procedure with NaOH, which commonly contains contaminants
of Fe and Ni that could, to some extent, be deposited on the surface of the
catalysts. However, due to the usage of highly pure NaOH we expect this
contribution to be small. The low calcination temperature samples 22/
150 and 22/160 exhibit a drastically reduced amount of surface Co,
whilst Ni and Fe surface coverages were enhanced more than two and
fourfold, respectively. For these samples, the high concentrations of Ni
and Fe can be explained by residues of nanosized or amorphous oxides
and an incomplete formation of the spinel structure. Due to the excellent
surface sensitivity of LEIS, they can be detected, even though they do not
make up a substantial share of the whole material. Fig. 6a displays that
the single peaks for Fe, Ni, Mn, and Co are lying close to each other and
are overlapping. To quantify each element reliably, single metal (Fe, Ni,
Mn, and Co) oxide standards were measured. To attribute for the special
mesoporous surface morphology of the MFNCO samples, the single
metal oxide samples were prepared by the same nanocasting process and
therefore exhibited a comparable surface morphology. These standards
were then used to determine the precise position of each elemental peak,
so the contribution of each element could be fitted in the overlapped
spectra of the MFNCO samples (fits can be found in Fig. S14). At tem-
peratures above 160 °C, as shown for the 22/170 sample, the surface
composition is richer in Co, and closer to the nominal composition,
meaning that the spinel formation is completed, and no residual oxide
species are left. An alternative explanation would be that the low-
temperature samples have a different elemental distribution in the
spinel structure. As was shown previously, the surface sensitivity of LEIS
allows the determination of the surface termination layer of spinels,
which were shown to be terminated by the octahedral site ions for spinel
ferrites or ZnCro04. A certain enrichment of elements in the LEIS spectra
could indicate preferential occupation of the octahedral sites.[60,61]
Finally, no Si was found by the LEIS measurements, confirming the high
efficiency of the Si leaching step, although Na could be detected,
remaining from the NaOH leaching agent (Fig. 6a).

3.5. Electrocatalytic OER performance

The alkaline OER performance of the MFNCO catalysts was bench-
marked in 1 M KOH following previously published measurement pro-
tocols.[23,36,62] Fig. 7 depicts the linear sweep voltammetry (LSV)
results of the ordered, semi-ordered, and non-ordered MFNCO materials.
Generally, all samples exhibit good OER performance, most of them
outperforming the mesoporous Co304 reference material, which was
synthesized under regular nanocasting conditions (KIT-6-40 template,
70° C pre-drying and 500 °C calcination for 5 h). In the context of our
study, mesoporous Co3O4 may be considered as viable reference mate-
rial, which was benchmarked against the state-of-the-art IrO, electro-
catalyst before.[12,63] In detail, although there are no major differences
in the LSV curves due to the chemical similarity of the samples, activity
trends induced by calcination temperature, particle size, porosity,
crystallite size and/or mesopore ordering, could be observed as sum-
marized in Table S12. The ordered MFNCO materials generally
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demonstrated a slightly higher activity towards the OER than the semi-
ordered analogs, which was manifested in lower overpotentials and
higher current densities at 1.7 V. The catalysts 22/150 and 22/170
exhibited the lowest OER overpotentials (336 and 335 mV, respec-
tively), whilst the ordered catalysts made at 180 — 200 °C (22/180, 70/
190, 70/200) exhibited slightly higher values, with 345 mV being the
highest (70/190 sample). At a potential of 1.7 V vs. RHE, the low-
temperature calcination samples, but most prominently 22/170,
exhibited the highest current densities of 433 (+10) mA cm~2. This
trend is supported by Nyquist plots (Fig. S15) obtained from EIS mea-
surements, which indicate decreased charge transfer resistance for the
materials calcined at low temperatures. As displayed in the Bode plots in
Figure S16, all MFNCO samples exhibit a single capacitance response in
the same low-frequency range between 10° and 10? Hz, hinting at
identical reaction mechanisms and active sites. The Z-shaped impedance
magnitude plot is typical of a charge-transfer controlled reaction.[64]
The OER kinetics, characterized by the Tafel slope depicted in
Figure S17 and Table S12, were in a narrow range between 39 and 43
mV dec’}, indicating improved OER kinetics in comparison to the Co3O4
reference (47 mV dec’!). Within the semi-ordered materials, the low-
temperature calcination seems to have the adversary effect, since the
materials exhibited the highest overpotentials, lowest current densities
at 1.7 V, and highest charge transfer resistances (70/160, 70/170, 70/
180). Compared to the rather smooth LSV curves recorded for the or-
dered MFNCO materials, the semi-ordered MFNCO materials are
becoming unsteady at current densities above 100 mA cm ™2 (Fig. 7b).
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An explanation for that behavior could be that the ordered mesoporous
structure of the MFNCO samples facilitate the diffusion of oxygen gas
molecules formed during OER through their highly open pore network.
Hence, Oy accumulation and bubble formation inside the pores, which
would block the surface for OER, is reduced. In contrast, the irregular
and rough structure of the semi-ordered catalysts might hamper the
diffusion of the oxygen molecules, effectively causing fluctuations of
accessible surface area due to more extensive bubble formation inside
the pores, thus leading to unsteady current measurements. Besides dis-
playing comparable physicochemical properties, the non-ordered 22/
170 SG material obtained from silica gel templating exhibited very
similar activity for OER to the ordered and best performing KIT-6-
templated counterpart 22/170 (Fig. 7c, Tab. S12). The 70/200 SG was
following the trend of decreased activity for OER and ranked amongst
the worst MFNCO catalysts. (Fig. 7c, Tab. S12). The silica gel-made
MFNCO samples did therefore not only confirm the electrocatalytic
OER activity trend observed for the samples prepared using a KIT-6 hard
template, but they also showed that nanocasting is not restricted to the
replication of expensive, highly ordered model materials, and could also
be applied on cheap commercially available silica gel. Cyclic voltam-
metry was performed for three cycles and Figures 8 and S18 depict the
1st and 3rd cycle. The anodic and cathodic peaks were assigned to Co?*/
Co®" (A1/C1), Co>"/Co*" (A2/C2), Ni*"/Ni*"and Ni*" (A3/C3) redox
reactions.? In the first CV cycle, the main redox reactions are expected
to originate from cobalt due to its prevalence, but contributions from the
doping elements Ni, Fe, and Mn are likely. Compared to plain Co304, a
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clear influence of doping elements on the redox peak positions is
obvious, as they shifted them to lower potentials for all MFNCO mate-
rials (Fig. 8). Furthermore, the increased peak areas indicate a higher
number of electroactive species. Such a significant change in the CV
shape suggests strong electronic interactions between the metals within
the spinel structure, as this technique is surface sensitive. Within the
ordered MFNCO materials (Fig. 8a), a decrease in calcination tempera-
ture led to two effects in the A1 and A2/A3 oxidation potentials: (1) the
oxidation peaks were shifted to higher potentials and (2) the peak areas
were affected. The Al low-intensity oxidation peak, which can be
attributed to the oxidation of Co?* to Co®*, was most pronounced for the
22/180 and 70/190 samples, indicating a higher amount of Co®" sites
on the surface of those materials.[55] Contrary to the trend observed by
XPS, the CV curves of the 22/150 and 22/170 samples indicate
comparably low oxidation of Co?" sites while at the same time also the
most pronounced Co®"/Co*" oxidation. For many years Co*' was
postulated as the main active site in alkaline OER.[55,65,66] However,
in recent years, Co%* species were also proposed to act as the active sites
for OER, as was the subsequential Co?" oxidation to an intermediate
Co>* and finally Co**.[67,68] Consequently, we can only presume that
the superior OER performance and the enhanced abundance of Co**
sites in our MFNCO 22/150 and 22/170 samples are linked. We further
observed an anodic shift in the A2/3 oxidation peak potential, which
occurred with decreasing calcination temperatures. Such a shift was
reported to originate from Fe incorporation (intentional or by contam-
inations) into Co and Ni oxide-based catalysts previously.[9,24,69,70]
Moreover, according to the LEIS results discussed above, the lower
calcination temperatures led to an increased amount of manganese,
nickel and iron in the catalysts’ surface layer. The accumulation of those
elements on the surface layer might also increase the number of suitable
sites for the Fe adsorption from the electrolyte, which could be another
reason the above-mentioned shift. Activation of nickel cobalt oxides by
iron substitution or electrolyte impurities was described before, and an
increased amount of Ni and Fe species in the surface layer of the samples
calcined at lower temperatures could therefore be one of the reasons for
their improved activity.[24,71,72] In the third CV cycle (Fig. S18), the
anodic and cathodic scans become increasingly similar in between the
MFNCO samples. A reversible peak was found at 1.2 V vs RHE, which
might be linked to the A1/C1 redox processes. Additionally, the A2/3-
C2/3 pair was similar to the one recorded in the first CV cycle. Within
the ordered samples (Fig. S18a), the low calcination temperature sam-
ples (150 — 180 °C) have a higher current response to the A1/C1 redox-
reaction, which could imply that those materials retain more Co2*
species than the MFNCO samples calcined at 190 and 200 °C.

The electrochemical active surface area (ECSA) was determined at
1.05 V vs. RHE after cycling at various sweep rates (20 — 180 mV s™!) in
the range between 1.0 and 1.1 V (Fig. S19-21, Table S13). In our case,
the CV scans exhibit an asymmetric shape which indicates a pseudoca-
pacitor behavior due to the presence of faradaic reactions. As a result,
the fit of capacitive current difference vs. applied scan rate shows
nonlinearity. The pseudocapacitive behavior for Co304, NiC0o204, and
other TMOs has already been reported.[74-76] The linearity of the
capacitive current vs. applied scan rate also did not improve when
performing the CV measurements in a lower potential range 0.5-0.8 V.
(Fig. S22). Therefore, we decided to use the allometric fit to compensate
for the non-ideality of our system.[73] The double layer capacitance
(Ca) and ECSA, which were calculated by applying linear and allometric
fits are summarized in Tables S13-14, and displayed in Figures S23-25.
Unless stated otherwise, we always refer to the ECSA determined by the
allometric fit. The highest ECSA was observed for the 70/200 sample,
and despite the uncertainty linked to the pseudocapacitive behavior, the
ECSA of the samples is clearly reduced with decreasing calcination
temperature. In Figure S26, we graphically correlated the ECSA values,
the position of the precatalytic A2/3 oxidation peak, and the OER
overpotential for the group of the ordered MFNCO samples. The
observed precatalytic anodic A2/3 peak shift is accompanied by a
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decrease in charge transfer resistance (Table S12), and thus faster
diffusion-controlled redox processes and a lower overpotential, which
supports the formation of more active sites when performing the calci-
nation at low temperatures (150 — 170 °C).

As a measure of the intrinsic catalyst activity, we normalized the LSV
plots and current densities at 1.7 V to the ECSA (Fig. S27; S28a). Due to
their lower ECSA, the intrinsic activities are clearly increased for the
low-temperature (150 — 170 °C) calcination samples. We could observe
this trend for ordered, semi- and non-ordered MFNCO samples. Inter-
estingly, the normalization to the specific surface area (SSA), attributed
the highest activity to the oxides calcined at 190 and 200 °C for the
ordered and semi-ordered MFNCO samples (Fig. S29; S28a). As the
ECSA and SSA values follow opposite trends, we suggest their ratio as
one of the parameters to evaluate the intrinsic activity of the catalysts’
surface as depicted in Figure S28b. Even though the samples calcined at
lower temperatures have a comparably low amount of accessible active
sites per cm? of their SSA, the initial activity of these sites is sufficient to
reach the highest current densities. On the contrary, Figure S28 displays
that, despite the higher ECSA, the activity of the surface sites of the 70/
190 and 70/200 samples is much lower. In summary, reducing the
calcination temperature to 150 — 170 °C appears to enable the formation
of a catalytically more active MFNCO surface. Further work can be
directed towards improving the accessibility and increasing the number
of these highly active surface sites of the mixed metal oxides.

Chronopotentiometry (CP) (Fig. 9a) performed for MFNCO 22/170
and 70/200 revealed excellent stability of both catalysts and even ac-
tivity enhancement during the first hours of operation. MFNCO 22/170
proved to be the more active and more stable catalyst, essentially dis-
playing almost no degradation during the 22 h of CP. ICP-MS was used to
monitor the metal ion concentration throughout the stability tests (Tab.
S2, Fig. 9c and d). We observed similar trends for both samples, but the
22/170 sample exhibited less initial Fe and Mn dissolution than the 70/
200 sample. In detail, the first electrolyte sample, taken directly after the
start of the CP measurement, displayed an increase in Mn, Fe, Co, and Ni
concentration in the electrolyte (with respect to the concentrations
present in the native 1 M KOH). This suggests an initial dissolution of the
catalyst once in contact with the electrolyte and/or at the beginning of
the electrochemical reaction. As the CP experiment progressed, the Mn
and Ni concentrations stayed relatively stable throughout the stability
tests, whilst Fe and Co concentrations gradually decreased, suggesting a
metal (re-)deposition within the system. For Fe, this decrease was
particularly pronounced, and we could observe that the Fe level dropped
by more than 60 % below the amount of Fe contaminations inside the
native 1 M KOH electrolyte. Activation of Ni in nickel cobalt oxides by
the presence of trace amounts of Fe in the electrolyte was described
before, and corroborates the observed activation of our catalysts which
manifests in a decrease of the potential to achieve 10 mA cm™2 during
the CP stability test.[24,37] XPS and powder XRD measurements were
performed before (pre) and after (post) the CP and the similarity of the
results in terms of surface and bulk compositions is another indication of
the excellent stability of the electrocatalysts (Fig. S30, Table S15,
Fig. 9b).

4. Conclusion

In this contribution, we investigated the influence of pre-drying (22
vs. 70 °C) and calcination temperature (150 — 200 °C) on the formation
of nanocast Mng 1Feg 1Nig.3C02 504 in semi-sealed calcination containers
and tested the obtained materials for the alkaline OER. We observed that
the employed pre-drying temperature, which is effectively influencing
the crystal water content, and the calcination temperature, which affects
the decomposition kinetics of the nitrate salts, had significant effects on
mesopore ordering, particle size, and shape of the nanocast replicas.
Through adjustments of the pre-drying temperature, highly ordered
mesoporous, spherical, mixed metal oxide particles ranging between
300 and 500 nm and exhibiting a well-defined bimodal pore size
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distribution, and high SSA could be obtained in the full calcination
temperature range. Interestingly, a mismatch of pre-drying and calci-
nation temperature led to semi-ordered, small, irregularly shaped par-
ticles. We conclude that the rearrangement of molten nitrate salts and
intermediates inside the pores of the template into bigger domains was
enabled by the interplay of humidity, nitrate salt decomposition kinetics
(as determined by the calcination temperature) and gas escape rates
(semi-sealed container). Even though we employed calcination tem-
peratures, which are far below the typically used ones for mixed metal
oxides, PXRD, Raman spectroscopy, elemental mapping, and XPS indi-
cated phase-pure spinel structure, homogeneous elemental distribution,
and comparable surface chemistry for all MFNCO samples. LEIS revealed
that calcination temperatures of only 150 — 160 °C led to a significant
increase in Fe-, and Ni- doping elements on the outmost surface layer.
The MFNCO electrocatalysts exhibited high activity for the alkaline OER
and even though chemically very similar, the highly ordered, spherical
catalysts outperformed the semi-ordered analogs. The best OER per-
formance and excellent stability over 22 h was achieved by the sample
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calcined at 170 °C. Cyclic voltammetry depicted an anodic shift of the
A2/3 oxidation peaks with decreasing calcination temperatures. We
interpret this trend as an additional indication of the accumulation of Fe,
Ni and Mn in the surface layer of the catalyst. Furthermore, the higher
intrinsic current densities highlighted the beneficial effects the low
temperature calcination had on the activity towards the OER. Addi-
tionally, we could demonstrate that a comparably cheap commercial
silica gel was well suited as a hard template for the synthesis of nanocast
mixed metal oxides and led to highly active electrocatalysts. Hereby we
open the possibility for an economic scaling-up of the synthesis of
mesoporous mixed metal oxides via low-temperature calcination.
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