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ABSTRACT: Nanocasting or hard-templating is a versatile method to produce ;

ordered mesoporous mixed transition metal oxides (MTMOs) with promising B0 Mn oxice

potential for both oxygen evolution reaction (OER) and oxygen reduction @

reaction (ORR). Herein, a comprehensive investigation was conducted on < 30

various Ni,Co,Mn_O, replicated from large pore KIT-6 silica. The materials were o m:ts'::::f: :

calcined at different temperatures to study the influence of the oxide formation ‘g

and the resulting pore structure ordering, as well as surface properties, on the 3

electrochemical activity and stability of the catalysts. After a comprehensive 5 :

characterization, electrocatalytic performances of the materials were investigated &) J ¥ :

in detail for OER to find a structure—activity relationship. In OER, a correlation § 3
éq' ) ‘}S‘

was established between calcination temperature, pore and surface properties,
and the overall efficiency and stability. The best sample, Ni,Co,Mn,O, calcined
at 300 °C, provided a reasonable current density (25 mA/cm? at 1.7 V vs RHE)

and an overpotential of 400 mV at 10 mA/cm? and demonstrated increased current density (above 200 mA/cm” at 1.7 V vs RHE)
once loaded into a Ni foam compared to the bare foam. This sample also remained stable over 15 h. Our results indicate that the

calcination temperature greatly affects the porosity, crystalline structure, phase composition, and the activity of the catalysts toward
OER.

KEYWORDS: electrocatalysts, OER, mesoporous materials, nanocasting, non-noble metals, mixed metal oxides, spinel

B INTRODUCTION The main problem of the reaction mechanism lies in the fact
that single-electron transfers are energetically favorable during
the OER compared to multi-electron reactions. This leads to
inefficient kinetics and excessive overpotential values due to a
buildup of energy at each step.” To overcome these issues, it is
customary to use electrocatalysts based on noble metals.
However, while being highly active, these catalysts are

With the increased worldwide concerns surrounding human
activities over carbon footprints, the need for readily available
chemical power sources, such as fuel cells,' metal—air batteries
(MABs),” and photoelectrochemical (PEC) water splitting
devices,” has been a focus of major interest. Electrochemical

water splitting is a promising way to convert electrical energy expensive and scarce. Moreover, for some of them, i.e., the
into chemical energy (hydrogen), and it is attractive as an highly active ruthenium (Ru), a nonstable oxide layer may
alternative green technology for the storage of energy. Water grow at the interface during the electrochemical reaction,
splitting consists of two half reactions: hydrogen evolution leadin§ to the corrosion and progressive dissolution of the
reaction (HER) at the cathode and oxygen evolution reaction metal.” Therefore, considerable research efforts have recently
(OER) at the anode.* The HER has a relatively simple reaction been devoted to the development of cheaper, earth-abundant,
mechanism which follows a two-electron pathway.4 In contrast, stable, and more efficient catalysts.
OER includes four-electron transfer and an oxygen—oxygen In this way, the utilization of ﬁrst—rovx; El;ansition metals (e.g,
(0-0) bond formation™ which usually result in sluggish Mn, Co, and Ni) i? of great interesF. The advantages f’f
reaction kinetics. In alkaline media OER, water (H,0) and these metals are their low cost and high abundance and their
oxygen (O,) are generated by the oxidation of the hydroxide
(OH"). At equilibrium, 1 atm, and at 25 °C, the half-cell Received: March 13, 2020
potential (E°,) for the OER reaction in alkaline electrolyte (pH Accepted:  May 14, 2020
~ 14) is expressed by the following eq 1:° Published: May 14, 2020

40H « ZHZO(I) + Oz(g) + 4e” E°, = 0404V

(1)

H . © 2020 American Chemical Societ https://dx.doi.org/10.1021/acsaem.0c00544
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multiple valent state possibilities in their mixed transition metal
oxide (MTMOs) forms.” Among these, the spinel structures
are the most appealing and spinel-type transition metal oxides
have been shown to be effective electrocatalysts for the
OER.>”' Indeed, the spinel structure can accommodate
multiple transition metal cations resulting in a variety of
valence state possibilities, which is an advantage for OER/
ORR. In particular, cobalt-based materials are very promising
for energy application with respect to the onset potentials and
reaction rates in the OER, even if their performances in ORR
are limited.”>® Unfortunately, due to unreliable supplies and
potential toxicity hazards, nowadays cobalt is difficult to import
into the European Union (EU) and is classified as an
economically unstable and critical raw material.'' Therefore,
combining cobalt with more earth-abundant, cheap, and eco-
friendly transition metals is a highly attractive strategy to
develop the next generation of materials for storage and
conversion of energy.

To do so, various metals appear as interesting options. One
of them is manganese (Mn). It is one of the earth’s most
abundant metals, and some of its oxide forms have been shown
to have good catalytic activities toward ORR in alkaline
media.'>"” However, the activity of Mn alone toward OER is
still unsatisfactory, preventing its use as a bifunctional
catalyst.”® Another cheap non-noble transition metal, nickel
(N1i), is a promising OER catalyst, surpassing both cobalt- and
platinum-based ones and exhibiting a hi7gh stability in alkaline
media over prolonged periods of time.”'*'> Combination of
two or more of these metals in mixed transition metal oxides
could thus be of interest for the design of improved
electrocatalysts. To date, most research has focused on binary
and ternary oxides, such as Co;0,, MnCo,0,, NiCo,0,, and
NiMn,0,, with the cobaltites attracting particular attention
due to their high OER activity."*™"’ The combination of these
metals results in noticeable synergistic effects, increasing the
bifunctional activity toward the redox reactions of interest. On
the other hand, less studies were dedicated to the investigation
of quaternary MTMOs despite their potential regarding the
catalytic activity for OER and/or ORR.” Yu and Manthiram™’
found that (Ni,Mn,Co);0, nanoparticles supported on
nitrogen-doped multiwall carbon nanotubes exhibited excellent
bifunctional catalytic activity for both ORR and OER.
Recently, Sivakumar et al.>' synthesized (Ni,Mn,Co);0, spinel
oxide nanoparticles with different compositions and inves-
tigated their bifunctional catalytic activity toward ORR and
OER, the NiCoMnO, electrocatalysts showing promising
results. Similar azpproaches and results were reported by
Pendashteh et al.”> In particular, the (Ni,Mn,Co0);0, nano-
particles anchored on graphene resulted in an efficient non-
precious-metal-based bifunctional catalyst for ORR and OER,
with superior durability compared to a commercial platinum/
carbon (Pt/C) catalyst.”” Similarly, the spinel oxide nano-
particles demonstrated good ORR and OER performances
with catalytic activity comparable to the one of IrO, in the
latter reaction.”””” These works demonstrated that the
(Ni,Mn,Co);0, system might be a promising catalyst toward
OER.

Regarding the physicochemical parameters of these electro-
catalysts, different reports emphasized the importance of the
porosity and morphology in the activity and stability of the
catalyst.””> Mesoporous cobalt oxide Co;0, had superior
activities in comparison to its nanoparticle-based counterparts,
especially considering its activity and stability toward water
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oxidation. Moreover, the mesoporous network was also

shown to better retain the Co;O, nanostructure, avoiding
catalytic degenerative processes, i.e., aggregation and sinter-
ing.26 Nanocasting, or hard-templating, is one of the most
straightforward approaches to synthesize mesoporous metal-
based materials with tunable pore size, pore volume, specific
surface area (SSA), and morphology.”>”’~*" This technique
allows for the synthesis of replicas with ordered and/or three-
dimensional (3D) pore networks, crystalline structures, and
good thermal stability.’>*" For instance, Ren et al.*” reported
the first synthesis of ordered mesoporous (Ni,Mn,Co);0,,
with spinel crystalline structure via the hard-templating route.
This material was investigated for energy storage and catalytic
decomposition of N,O. This mesoporous (NiMn,Co);0,
showed greater catalytic activities as compared to the
nonporous -MnO, and y-MnO,. This result was rationalized
considering the critical role played by the surface area and
accessibility of the active sites of the mesoporous (Ni,Mn,-
Co);0,. Moreover, due to the presence of Ni and Co, the
activities in both OER and ORR were higher than the ones
observed for other bimetallic compositions, i.e., LiMn,O, and
CuMn,0,, with similar BET surface areas, highlighting the
importance of the synergy between the transition metals.*
This is in agreement with the work of Sivakumar et al.>' where
(Ni,Mn,Co0);0, spinel nanoparticles also outperformed
MnCo,0,, NiCo,0,, and NiO oxides. However, while
chemical composition, stoichiometry, and surface area effects
are typically studied, there are much less data available so far
on the effects of the oxide formation and pore structure of
mesoporous quaternary MTMOs on their resulting electro-
catalytic activity and stability. To get more insights into such
effects, we propose a systematic study of mesoporous
trimetallic MTMOs obtained via nanocasting. In this work,
the highly ordered 3D mesoporous silica KIT-6 was chosen as
the template since it is well-known to yield mesoporous
transition metal oxide replicas of excellent quality.”**~° The
resulting 3D ordered mesoporous oxides were characterized by
N, physisorption at —196 °C (77 K), powder X-ray diffraction
(PXRD), electron microscopy, and X-ray photoelectron
spectroscopy (XPS). Electrocatalytic performances and
stability of the mesoporous MTMO catalysts were studied in
detail, and the correlation between calcination temperature,
porosity, and surface properties onto overall efficiency was
established. As such, our results provide perspectives for the
successful preparation of efficient electrocatalysts and highlight
the potential of mesoporous MTMOs as catalysts for OER.

B MATERIALS AND METHODS

Synthesis of Ordered Mesoporous Silica. The 3D cubic
ordered mesoporous KIT-6 was synthesized according to Kleitz et
al*” The copolymer poly(ethylene oxide)-block-poly(propylene
oxide)-block poly(ethylene oxide) (Pluronic P123, EO,,PO,oEO,,,
Sigma-Aldrich, Germany) was used as the structure-directing agent. In
a typical synthesis, 5.13 g of Pluronic P123 was first dissolved in a
solution of concentrated HCI (9.92 g, 37%, Sigma-Aldrich, Germany)
and distilled water (185.33 g). This mixture was stirred at 35 °C until
complete dissolution of the polymer. Then, n-butanol (5.13 g, 99%,
Thermo Fisher Scientific, Germany) was added at once under the
stirring as a co-structure-directing agent, and the mixture was stirred
overnight at 35 °C. An 11.03 g amount of TEOS (tetraethyl
orthosilicate, Sigma—Aldrich, Germany) was added to the solution in
one shot, followed by stirring at 35 °C for 24 h. Afterward, the
mixture was heated at 100 °C for 48 h in a convection oven (Binder,
Germany). The resulting white solid product was filtered hot without

https://dx.doi.org/10.1021/acsaem.0c00544
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washing and dried for 2 h at 100 °C and then overnight at 140 °C.
Subsequently, the powder was extracted in a solution of 200 mL of
ethanol (96%, Brenntag, Austria) in which 2 drops of concentrated
HCI (37%) were added. Finally, the silica material was calcined in air
at 550 °C (heating ramp &~ 1.5 °C/min) for 3 h.

Synthesis of Ordered Mixed Metal Oxides. Three-dimensional
ordered mesoporous oxides were synthesized using the incipient
wetness nanocasting method.*® Metal nitrates (Co(NO;),-6H,0,
Mn(NO;),-4H,0, and Ni(NO,),-6H,0) were used as metal
precursors as purchased (Thermo Fisher Scientific, Germany). The
amount of the saturated solution of the nitrate salts was calculated as
80% of the total pore volume of the silica template. For the synthesis
of trimetallic Ni,Co,Mn,O, samples, the nitrates were taken in the
stoichiometric proportion of 1:1:1. The precursor solution was mixed
with 1 g of degassed (150 °C in a vacuum oven overnight) KIT-6
silica via multiple impregnation steps. The resulting mixture was dried
overnight at 70 °C and then calcined at 500 °C (for NiO, Mn,O,, and
Co0;0,) and at 300, 500, and 700 °C for Ni,Co,Mn,O, in order to
distinguish the effect of the calcination temperature. These samples
are named Ni,Co Mn,0,-300, -500, and -700, respectively. The
heating ramp was 1 °C/min in every case. The silica template was
then selectively removed by treating the powders 3 times with
concentrated NaOH (2 M, 24 h at room temperature). Finally, the
samples were washed 3 times with distilled water and 3 times with
ethanol and dried at 70 °C overnight under air.

Materials Characterization. The porosity and textural properties
of the samples were analyzed using N, physisorption isotherms
measured at —196 °C on a Anton Paar Quantatech Inc. iQ2
instrument (Boynton Beach, FL, USA). The samples were outgassed
under vacuum at 150 °C for 12 h prior to measurement. The specific
surface area (SSA) was calculated using the Brunauer—Emmett—
Teller (BET) equation applied to data points measured in the relative
pressure range 0.0S < P/Py, < 0.3. Relevant pore size distributions
were calculated from both desorption and adsorption branches of the
isotherms by applying the nonlocal density functional theory
(NLDFT) kernels of equilibrium and metastable adsorption,
respectively, considering an amorphous SiO, surface and a cylindrical
pore model. Total pore volume (for the pores smaller than 40 nm)
was determined using the Gurvich rule.®® The calculations were
carried out using the ASiQwin 5.2 software provided by Anton Paar
Quantatech Inc.. The X-ray diffractograms were recorded on a
PANalytical EMPYREAN powder diffractometer equipped with the
PIXcel®® detector (Malvern PANalytical, United Kingdom) in
reflection geometry (Bragg—Brentano HD) using Cu Ka, /, radiation,
operated at a voltage of 45 kV and a tube current of 40 mA, with a
fixed divergence slit of 0.05 mm. Low-angle diffraction data were also
collected in transmission geometry (Focusing Mirror). Measurements
were performed in continuous mode with a step size 26 of 0.013° and
a data time per step of 300 s (reflection) or 50 s (transmission). In
situ PXRD measurements were performed during the heating of KIT-
6 template impregnated with the metal precursor solution in order to
follow the formation of the spinel structures. PXRD patterns were
collected every 25 °C; the material was heated to 900 °C under air
with a heating rate of 1 °C/min using a Bruker D8-Advance powder
X-ray diffractometer with a reaction chamber XRK900, Anton Paar. A
linear position sensitive detector LynxEye was used with the following
parameters: opening of 2° 26 and resolution ~ 0.01° of 26. A
MACOR sample holder was used. High-resolution TEM (HR-TEM)
and scanning electron microscopy (SEM) images were taken on HF-
2000 and Hitachi S-5500 microscopes, respectively. Energy dispersive
X-ray spectroscopy (EDX) measurements were conducted using two
different instruments. A Hitachi S-3500N was used for high-quality
elemental mapping of Ni,Co,Mn,0,-300, whereas the elemental
mapping of all other samples was performed using an EDX detector
(Oxford Instruments) as additional equipment for a Zeiss Supra 55
VP scanning electron microscope (Faculty Center for Nano Structure
Research, University of Vienna, Vienna, Austria). The Hitachi S-
3500N microscope is equipped with a Si(Li) Pentafet Plus-Detector
from Texas Instruments. X-ray photoelectron spectroscopy (XPS)
measurements were carried out with a SPECS GmbH spectrometer
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with a hemispherical analyzer (PHOIBOS 150 1D-DLD). The
monochromatized Al Ka X-ray source (E = 1486.6 eV) was operated
at 100 W. An analyzer pass energy of 20 eV was applied for the
narrow scans. The medium area mode was used as lens mode. The
base pressure during the experiment in the analysis chamber was 5 X
107'° mbar. The binding energy scale was corrected for surface
charging by use of the C 1s peak of contaminant carbon as reference
at 284.5 eV.

Electrochemical Measurements. Electrochemical water oxida-
tion measurements were carried out in a typical three-electrode
configuration using a rotating disc electrode (RDE, model
AFMSRCE, PINE Research Instrumentation), a hydrogen reference
electrode (RE, HydroFlex, Gaskatel), and Pt wire as a counter
electrode. A 1 M KOH solution purged with argon was used as the
electrolyte. The temperature of the cell was kept at 25 °C by using a
water circulation system. Modified glassy carbon (GC) electrodes
(PINE, 5 mm diameter, 0.19625 cm?® area) were used as working
electrodes. Before use, the surfaces of the GC electrodes were
polished with AlL,O; suspension (S and 0.25 um, Allied High Tech
Products, Inc.), followed by sonication in deonized pure water (18.2
MQ-cm) for S min. Then, 4.8 mg of the catalyst was dispersed in a
solution containing 0.7S mL of 18.2 MQ-cm H,0, 0.25 mL of 2-
propanol, and 50 uL of Nafion (around 5% in a mixture of water and
lower aliphatic alcohols). The suspension was sonicated for 30 min to
form a homogeneous ink. A 5.25 uL aliquot of the catalyst ink was
dropped onto the GC electrode and dried under light irradiation. The
catalyst loading was calculated to be 0.12 mg/cm2 in all cases. The
Ni,Co,Mn,0,-300/Ni foam electrode was fabricated by drop-casting
the catalyst ink on the surface of pretreated Ni foam and was dried at
room temperature. The loading was around 0.5 mg/ cm?.

In all measurements, the iR drop (voltage drop) was automatically
compensated for 85% using the potentiostat software (EC-Lab
V10.44). All linear scanning voltammetry (LSV) curves were collected
by sweeping the potential from 0.7 to 1.7 V vs RHE with a rate of 10
mV/s. Cyclic voltammetry (CV) measurements were carried out in
the potential range between 0.7 and 1.6 V vs RHE with a scan rate of
50 mV/s. The activation of catalysts was achieved by conducting
continuous scanning of 200 CVs on each sample, and LSV curves
were collected before and after the CVs. The reproducibility of the
electrochemical data was checked on multiple electrodes. The GC
electrodes were kept rotating at a speed of 2000 rpm when LSV and
CV curves were being measured. The electrochemical impedance
spectroscopy (EIS) was carried out in the same configuration with
application of an anodic polarization potential of 1.6 V vs RHE on the
working electrode. The spectra were collected from 10° to 0.1 Hz with
an amplitude of S mV. The electrocatalytic active surface area (ECSA)
was determined by measuring the non-Faradaic capacitance current
associated with double-layer charging from the scan-rate dependence
of CVs. CV scans with different scan rates, ranging from 20 to 180 mV
s~!, were carried out in a narrow potential window from 1 to 1.1 V vs
RHE. By plotting the capacitive current (Aj = juuode — jeathode) agAinst
the scan rate and fitting it with a linear fit, the double-layer
capacitance (Cy) can be estimated as half of the value of the slope.
The ECSA of each sample was calculated from its Cy according to this
equation: ECSA = Cy/C,, where C; is the specific capacitance. In this
work, 0.04 mF/cm? was chosen as the reference value of the catalysts
for OER in 1 M KOH solution.” Stability tests were carried out on a
Ni-foam electrode. The potential was recorded at a constant current
density of 10 mA/cm? over a period of 15 h.

B RESULTS

Structure, Porosity, and Composition Analysis. The
synthesis of high-quality MTMOs following the nanocasting
method requires the production of initial templates with
controlled and adequate properties.40 In this work, we used a
3D-ordered mesoporous KIT-6 hydrothermally treated at 100
°C as the mold, synthesized via a method known to yield
reproducible and high-grade samples.”” The mesoporous
ordering and overall quality of the starting material was

https://dx.doi.org/10.1021/acsaem.0c00544
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verified by low-angle XRD measurements and N, at —196 °C
physisorption analysis (Supporting Information Figure SI).
The KIT-6 exhibits the expected cubic Ia3d pore symmetry
and a typical type IVa isotherm with a sharp HI hysteresis
loop,” being characteristic of mesoporous materials with a
well-defined mesostructure and pores larger than 4 nm. The
NLDFT pore size distribution (PSD) indicates a narrow
distribution, centered at 8.8 nm (Table 1, Figure Slc). The

Table 1. Specific Surface Area, Pore Size, and Pore Volume
of the Materials

BET total
specific pore NLDFT NLDFT
surface vol, (desorption)  (adsorption)
sample area, m’/g  cm’/g pore size, nm pore size, nm

KIT-6-100 845 13 8.8 8.5
Co;0, (-500) 111 02 49 49
NiO (-500) 99 02 49 49
Mn,O, (=500) 160 05 8.2 29
Ni,Co,Mn.0,-300 194 0.6 8.1 73
Ni,Co,Mn,0,,-500 170 0.5 9.1 8.5
Ni,Co,Mn.0,-700 143 0.4 9.4 9.4

specific surface area of the KIT-6 powder is 845 m?®/g, and it
has a total pore volume of 1.3 cm?®/g (Table 1).*® The
nanocasting method includes two main synthesis steps, these
being the infiltration of the template pore network with the
precursor of interest, followed then by solidification/oxidation
and phase transition, in some cases. The impregnation step was
performed using the incipient wetness technique, which allows
the successful confinement of high metal precursor loadings.
After calcination and silica removal, the physicochemical
properties of the resulting replicas were investigated. Figure la
shows N, at —196 °C physisorption isotherms of
Ni,Co,Mn_0,-300, -500, and -700. The materials all exhibit
type IVa isotherms, as expected for mesoporous materials, with
complex hysteresis loops that resemble H3 type, although
these cannot be fully assigned to this type and may rather be
hybrid ones. Indeed, in our case the lower limit of the
desorption branch is not closing at the cavitation-induced
relative pressure”” and no significant pore blocking effect was
found by comparing the very similar NLDFT pore size

distribution curves obtained from the desorption and
adsorption branches (Figure 1b and Figure S2). The slightly
larger mode pore sizes obtained systematically from the
desorption branches might be correlated with the intercon-
nected pore architecture of these replicas, even if one has to
remain cautious in the data interpretation since these materials
are complex and far from the calibrated models used for
calculations. Nevertheless, the pore network of all of the
replicas does not exhibit any constricted pores with openings
below 4—5 nm that could strongly limit diffusion and mass
transport phenomena.”®*' NLDFT pore size analysis revealed
a relatively narrow PSD for Ni,Co,Mn,0,-300 and slightly
broader ones for the two other samples. Trimetallic samples
also have a larger mode pore size as compared to the single
oxides, i.e,, Co;0,4 and NiO (Table 1 and Figure S3b), which
are known to be easily replicated via nanocasting.”>**** These
latter two materials have very similar textural properties
(Figure S3) which are in agreement with previously published
reports.””*”** However, the Mn,O, replica showed different
parameters. In addition to a larger SSA and total pore volume,
the NLDFT PSD indicated a bigger amount of the larger pores
as compared to the other oxides. This behavior can be
correlated with the lower quality of the replica, as indicated by
the low-angle XRD data (Figure 2a).

The calcination temperature of the confined metal salt
precursors is a critical parameter during the nanocasting; i.e.,
despite the potential negative effects of high temperatures that
may impair mesopore ordering and phase composition of the
replica, they are often required to obtain the desired oxide
structure, with given phase and stoichiometry. Therefore,
Ni,Co,Mn_ O, trimetallic oxides were calcined at different
temperatures to rationalize the effect of the calcination
temperature on the material and its subsequent electrocatalytic
behavior. As it can be seen from Table 1, increasing the
calcination temperature during the nanocasting process leads
to replicas with lower SSA and total pore volume and larger
mode pore size. This effect may be attributed to the formation
and growth of bigger crystal domains as well as a more
pronounced shrinkage of the oxide mesostructure. To gain
more insights into the crystalline characteristics, phase
composition, and mesoporous structure of the trimetallic
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Figure 1. N, physisorption isotherms measured at —196 °C (a) and NLDFT pore size distributions (b) of Ni,Co,Mn,0,-300, -500, and -700.
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Figure 2. Wide-angle (a) and low-angle (b) XRD patterns of Ni,Co,Mn,0,-300, -500, and -700.

replicas, powder X-ray diffraction experiments were conducted
and are presented in Figure 2.

Figure 2a shows the data obtained from low-angle XRD
measurements. A general decrease in the mesoscopic order is
observed with increasing calcination temperatures. Indeed, for
Ni,Co,Mn,0,-300 one can note the clear presence of the 211
and 220 reflections which are characteristic of the 3D KIT-6
body-centered cubic Ia3d space group. However, for
Ni,Co,Mn,0,-500 and -700, the 220 peak, while being
present, is not well resolved, indicating a less defined ordered
structure. The intensity of the 211 reflection is also lowered for
both materials as compared to Ni,Co,Mn,0,-300. Single
oxides showed reduced intensities of the 211 and 220
reflections. TEM investigations, presented in Figure 3a—c

Figure 3. TEM and HR-TEM images of Ni,Co,Mn,0,-300 (a, d),
Ni,Co,Mn_0,-500 (b, e), and Ni,Co,Mn,0,-700 (¢, f). HR-TEM
scale bar: 2 nm.

and Figure S4, further confirmed the XRD analyses. For
Ni,Co,Mn_0,-300 and -500, the pores are well-ordered over
relatively large domains, while the sample aged at 700 °C
showed a less ordered structure even though it remained highly
porous. Figure 2b presents the wide-angle XRD patterns of
Ni,Co,Mn_0,-300, -500, and -700. In principle, the diffraction
patterns match with the spinel structure. No impurities such as
NiO or Mn,O, are visible (Figure S5a). With increasing
calcination temperature, the reflection positions shift to lower
angles, indicating an increase of the unit cell parameters.
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Depending on the calcination temperature, crystal domains of
different sizes are formed (Figure 2b). Increasing the
temperature leads to narrower reflections, being in line with
larger crystal domains. To gain additional insight into these
phase evolutions occurring during thermal treatment of the
material, we performed high-temperature in situ powder XRD
measurements (Figure SSb). In addition, under these
conditions, sample preparation effects and possible shift of
the reflections caused by sample displacement are limited.
From these data, it is seen that at the early stages (300—500
°C) of the formation of the Ni,Co,Mn_O, spinel-type
structure, the PXRD patterns demonstrate broad reflections.
We assume that the samples calcined at lower temperatures
consist of a mixture of Co-rich spinel phases, such as Co;0,
and NiCo,0,, and NiMn,O, spinel, which also exhibit cubic
Fd3m space g1‘oup.18’24’43’44 Increasing the temperature leads
to the increased intensities of the reflections and their positions
shifted to lower angles, which correlates well with the reference
patterns of the NiCoMnQ, spinel phase.*”*° It was observed
that the actual NiCoMnO, spinel phase can be formed onlzr at
>700 °C, which is in agreement with the previous results.””

Subsequently, Rietveld refinements of the powder XRD
patterns of the individual materials calcined at the different
temperatures were performed to determine phase composition
more accurately. The results of the Rietveld refinement
performed for Ni,Co,Mn_0O,-300, -500, and -700 are presented
in Figure S6a—-c and Table S1. The Rietveld refinements
reveal for Ni,Co,Mn,04-300 that the sample is not composed
of a single phase. The Rietveld refinement plot shows a
significant mismatch between experimental and theoretical
data (Figure S6a). The addition of a second spinel phase (i.e.,
Co;0,) improves the refinement. However, there are still
discrepancies which may be caused by structural disorder and/
or defects.

The largest lattice parameter (8.2843(2) A) was found for
Ni,Co,Mn,0,-700, and the data demonstrate the expansion of
the lattice cell with increasing calcination temperature. The
lattice parameter is in good correlation with the published
work of Ren et al.*> These authors assumed that annealing at
higher temperatures leads to the expansion of the unit cell,
which is caused by more intensive incorporation of the larger
cations, such as Ni* and Mn?', into the spinel structure.
However, in our case, although the lattice parameter increase is
observed and its value is in line with the published refinement,
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Figure 4. SEM image (a), STEM image (b), and elemental mapping (c—f) of Ni,Co,Mn_0,-300.

not all positions are occupied by the same metal cations as it is
described by Ren and co-authors.”* This might indicate the
defective structure of the material. Even though this sample
demonstrates the closest to NiCoMnO, structure, the
determined lattice parameter does not reach the value of the
pure NiCoMnO, spinel (8.3—8.4 A).**

The difference in the lattice parameters was further
confirmed using HR-TEM where selected areas were used to
calculate the d-spacing of the crystals and identify the facets
(Figure 3d—f). However, considering that Ni,Co,Mn,0,-300
and -500 consist of the mixtures of several phases and have
smaller d-spacing, it remains difficult to clearly identify the
facets from the HR-TEM images. For these samples, some of
the facets could be identified and ascribed to NiCo,0, (Figure
3d) and NiMn,O, (Figure 3e). Differently, in the case of
Ni,Co,Mn,0,-700, facets can be unambiguously identified and
calculated values of d-spacing are in line with the reference
crystallographic data (Figure 3f).

The elemental distribution in the trimetallic oxides was
probed using both bulk and spot EDX-STEM elemental
mapping. Tables S2—S4 present bulk EDX data for the samples
Ni,Co,Mn,0,-300, -500, and -700, respectively. The ratio
between the metals is close to 1:1:1 throughout the whole
probed area for each sample, which means that the mixture of
the different spinel phases in the samples obtained at 300 and
500 °C is very homogeneous. Negligible amounts (less than 1
at. %) of Na and Si are still present in Ni,Co,Mn,0,-300 and
-500 due to the removal of the silica template with a
concentrated NaOH solution during the last step of the
nanocasting procedure. Higher amounts of Si (~2 at. %)
remain in Ni,Co,Mn,0,-700 due to the higher calcination
temperature and its possible effect onto the template—
precursor interactions; i.e., stronger bonds might occur and
less soluble metal silicates might be formed locally making the
silica removal process more difficult.”"*” Similar results were
observed with spot EDX analysis, as shown in Figure S7a—c
and corresponding Tables S5—S7. Moreover, as shown in
Figure 4 for Ni,Co,Mn_,0,-300, the metals are indeed evenly
distributed through the particles and there is no variation in
the elemental ratio, pointing to the chemical homogeneity of
all of the samples regardless of the calcination temperature.
Figures S8 and S9 show SEM and STEM images of
Ni,Co,Mn,0,-300 and -500 and overall elemental mapping
of Ni,Co,Mn_,0,-300, -500, and -700. For all samples under
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investigation, the distribution of the metals does not appear to
change, confirming the results of spot and bulk EDX.
Morphology studies, including SEM characterization, of the
reference materials, i.e., single metal oxides and the parent
KIT-6 silica template, can be found in the literature.**
Surface information regarding the different chemical
oxidation states of the metals was extracted from high-
resolution XPS as shown in Figure 5. Ni 2p spectra are almost
identical for the three samples. They reveal two characteristic
peaks centered around 855.0—855.2 and 872.6—873.1 eV,
assigned to the Ni 2p;, and Ni 2p;,, spin—orbit levels,
respectively, which are attributed to Ni** species.””*’ The
spectra are similar to the spectrum of Ni(OH),, which might
indicate the existence of surface OH groups originating from
the conditions used for the removal of the template, as already
mentioned above. Spectra of the Co 2p core level present two
clear spin—orbit doublets assigned to Co 2p;/, and Co 2p,,
(Figure Sb), correlating with previous data in the liter-
ature.'°™>* The shakeup peaks of Co 2p can be used for
identification of the oxidation state of cobalt. Increasing the
calcination temperature changes the Co®"/Co®" surface ratio of
the Ni,Co,Mn,O, samples. For the material calcined at 300
°C, both Co*" and Co** species are present on the surface with
a slightly increased amount of Co®' as compared to the
reference spinel Co0;0,.>""> These results correlate with the
assumption that calcination at 300 °C might have led to the
formation of a mixture of Co-rich spinel phases, e.g., Co;0,,
NiCo,0,, and so on, where Co has an oxidation state 3+.
Ni,Co,Mn,O, calcined at 500 °C show less surface Co**
species compared to Ni,Co Mn,0,-300, making Co® species
predominant. Increasing the temperature up to 700 °C might
lead to the self-reduction of Co®" to Co** species on the
surface of the oxide.’>** O 1s spectra (Figure Sc) consist of
two peaks centered around 529.6—529.8 and 531.2—531.4 eV
for each sample that are attributed to M—O—M (M = Nj, Co,
or Mn) and OH groups, respectively.”> The oxidation state of
Mn can be distinguished using the Mn 3s peak. As can be seen
in the Figure Sd, this peak has two components arising from
the multiple splitting induced by the coupling of non-ionized
3s electrons with 3d valence-band ones.”> The distance
between these two peaks is an indication of the oxidation
state of Mn. Here, all samples show a AE value close to 4.8 eV,

which is attributed to Mn**.>>%®
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Figure S. XPS analysis of Ni,Co,Mn,O,: high-resolution spectra of Ni 2p (a), Co 2p (b), O 1s (c), and Mn 3d (d).

Electrocatalytic Performance. OER performances of the
materials were investigated following a protocol previously
published.*® To assess electrocatalytic activity, the catalyst was
loaded on a glassy carbon electrode (GCE), as described in
Materials and Methods, and subjected to cyclic voltammetry
measurements in Ar-saturated 1 M KOH solution followed by
LSV measurements after intervals of 50 CV cycles. For
comparison purposes, a loading of 0.12 mg/cm” was kept for
all oxide catalysts. Figure S10a—c shows CV curves for
Ni,Co,Mn,0,-300, -500, and -700, respectively.
Ni,Co,Mn,0,-300 shows two oxidation peaks (Figure S10a).
The first one is sharp and narrow and might be attributed to
the oxidation of metal species with +2 oxidation state located

in the tetrahedral sites. The second peak, being relatively weak
and broader, could represent the oxidation of Mn** or Co®*
located in the octahedral sites of the spinel structure.”** The
component of each single oxidation peak coming from the
different single oxide becomes clearer when compared with the
CV profiles of single oxides (Figure S10d—f). Ni,Co,Mn,O,-
500 and -700 only exhibit one broad peak, which can be mainly
ascribed to the oxidation of Ni** rather than the oxidation of
Co’". This assumption is in line with the smaller amount of
Co’" species on the surface of Ni,Co,Mn,0,-500, and -700
detected via XPS. Clearly, the calcination temperature has a
direct effect on the characteristics of the voltammogram.
Noticeably, the center of the oxidation peaks is shifted to
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Figure 6. Initial and activated (after 200 CV cycles) LSV curves (a), initial and activated Tafel slopes (b), the Nyquist plots (c), and capacitive
current difference at 1.05 V (vs RHE) against scan rates (d) for Ni,Co,Mn_O, samples; initial and activated LSV curves (e), and
chronopotentiometric test (f) of Ni,Co,Mn,0,-300 loaded on Ni foam at a current density of 10 mA/ cm?.

higher potentials for the samples calcined at higher temper-
atures, which gives a hint for alteration of the surface structure
of the materials. In addition, several works®’ " have pointed
out that the structurally strained and unstable Co** species on
the surface can act as intermediate species for OER. Therefore,
among the Ni,Co,Mn,O, samples, Ni,Co,Mn,0,-300 appears
as the most promising catalyst.

As we mentioned before, LSV measurements were
performed after every 50 cycles to follow the activation
process. As expected, among all Ni,Co,Mn O, samples,
Ni,Co,Mn,0,-300 demonstrated the highest activity before
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and after 200 cycles (Figure 6a and Figure S1la—c). It can be
seen from the associated CV results that the activated materials
achieved increased current densities. This increased activity
seemed to be a direct consequence of (1) conversion of metal
oxides to their oxyhydroxide counterparts that possess much
higher OER activity or (2) the incorporation of Fe impurities
from the KOH electrolyte into the Ni-containing catalyst
surface that results in the formation of an active metal
coordination environment.””®" Lower overpotentials (Table
S8) were also found after activation, being in line with
previously published results.””** However, the activity of the
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Ni,Co,Mn,0,-500 catalyst after 200 CVs, considering the
current density at 1.7 V, is still lower than that of
Ni,Co,Mn,0,-300 (Figure 6a). Figure 6b shows the Tafel
plots, which were extracted from the LSV curves before and
after activation, for the Ni,Co,Mn,O, samples. The Tafel
slopes of the single oxides are presented for comparison in
Figure S12a. The final values are listed in Table S8. The values
of the initial Tafel slopes are in the range of 79—97 mV/dec for
the Ni,Co,Mn,O, materials. After 200 CVs scanning,
decreased Tafel slope values (74—84 mV/dec) are shown,
demonstrating the activation process resulted in better reaction
kinetics on the oxide catalysts (Table S8). The values before
and after activation are comparable to state-of-the-art Tafel
slope values obtained for various transition metal oxides."’

A complementary method to probe the kinetics of the
reactions is electrochemical impedance spectroscopy. Figures
6¢c and S12b represent the Nyquist plots of the activated
oxides. A general model of the equivalent circuit for the metal
oxides catalyzing OER was proposed by Lyons and co-
workers.®”®® This model, which was modified and applied in
the work of Yu et al,*” is presented in Figure S13 and
described in details in the Supporting Information (SI). The
resistance response of the system consists of several
parameters, including the solution resistance Rg, which has a
value of ~5 Q for all oxides (Table S9). The polarization
resistance (Rp) grows as the calcination temperature increases.
Ni,Co,Mn_0,-300 has the lowest value of R, which is related
to the overall kinetics of OER. This is in line with the LSV
results, which show that this sample is the most active.
Moreover, Ni,Co,Mn,04-300 has the lowest value of R, while
Ni,Co,Mn_0,-500 has the highest one, being close to the value
of Ni,Co,Mn,0,-700 (Table S9). These results correlate with
the change in the activity of the Ni,Co,Mn,0,-500; i.e., after
the activation process this sample almost did not show a
decrease of the Tafel slope as compared to Ni,Co,Mn,0,-300
(Figure 6a). Enhanced R, values indicate issues occurring
during the formation of the intermediate species for the OER.
This could be related to the decrease of ordered mesoporosity
and alteration of crystal and surface structures of the material
obtained at a higher calcination temperature. The changed
porosity of the initial materials might slow down diffusion
processes making the rate of the intermediate species
production slower. Another reason for the high R values for
Ni,Co,Mn,0,-500 might be that it is not favored to form
active intermediate species for the OER from the mixture of
the spinel phases formed at the temperature of 500 °C.
However, this assumption requires further in-depth studies.

An important way to evaluate the intrinsic activity of the
catalysts is to normalize the obtained current density by the
ECSA and/or by BET SSA of the samples, as displayed in
Figure S14a,b, respectively. Electrochemical double-layer
capacitance (EDLC) and the corresponding ECSA values
were extracted from cyclic voltammograms that were collected
in the non-Faradaic region at different scan rates (20—180
mV/s) for every catalyst (Figure S1S5 and Table S10). A
capacitive current difference at 1.05 V (vs RHE) is linearly
related to the scan rate (Figures 6d and S16). An increase in
the calcination temperature causes a general decrease trend in
the ECSA value even if samples Ni,Co,Mn,0,-300 and
Ni,Co,Mn_0,-500 have almost a similar one. However, once
the current density was normalized by ECSA (Figure Sl4a),
the activity trend changed. Indeed, Ni,Co,Mn,0,-700 became
the most active catalyst while Ni,Co,Mn,0,-500 became the
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least active one. These results indicate that among the mixed
oxides Ni,Co,Mn,O,-700 provides the most active sites for
OER catalysis. Differently, if the catalytic activity is normalized
by SSA (Figure S14b), the trend remains similar to the initial
one; ie, Ni,Co,Mn,0,-300 is the most active among all
Ni,Co,Mn,O,. These results indicate that there seem to be a
higher number of active sites formed during the reaction using
Ni,Co,Mn,0,-300 as a catalyst, as compared to other samples.
Moreover, the higher activity of Ni,Co,Mn,0,-300 in LSV and
SSA-normalized LSV might originate from better charge
transfer, which is confirmed by EIS. In addition,
Ni,Co,Mn,0,-300 also exhibits the highest SSA (Table 1).
The trend observed here is also in line with the assumption we
made on the activity of the species of Ni,Co,Mn_,O,-500.

Stability of the catalyst was tested for the most active sample,
Ni,Co,Mn,0,-300, which was loaded on a Ni foam as a thin
film. The Ni foam is a porous and highly conductive support,
and loading a catalyst on its surface significantly improves the
electrocatalytic performance due to enhanced mass and
electron transfer.”* As shown in Figure Ge, the activity of the
Ni,Co,Mn_0,-300 catalyst on Ni foam is higher than a pure Ni
foam before and after 200 CVs, with the highest activity
obtained after activation, being in line with results obtained
with pure catalysts. The stability test was carried out over time
at an applied current density of 10 mA/cm” The potential
starts at 1.57 V and remains stable with a slight increase for
over 15 h, demonstrating an appreciable stability of the catalyst
(Figure 6f). Moreover, TEM images recorded after the stability
test (Figure S17) confirm, despite the blurring effect of the
KOH layer, the preservation of the 3D mesoporous structure
with no major alteration and/or sintering. In the same way,
spot EDX analysis (Table S11) showed the presence of Fe
impurities on the surface of Ni,Co,Mn. 0,300 after cycling,
thus strengthening the idea of the activation process
mentioned above,*”°" whereby Fe impurities in KOH solution
affect the activity of the Ni-containing materials.

B DISCUSSION

To rationalize the electrocatalytic activity and stability of the
Ni,Co,Mn_ O, nanocasts, it is necessary to understand and
correlate the effects of the synthesis parameters onto the
physicochemical features of the materials. In this study, the
influence of the calcination temperature of the metal
precursors after being confined within the KIT-6 silica
mesopores was investigated. Three different temperatures
were used, i.e., 300, 500, and 700 °C. In every case, a relatively
high specific surface area was obtained, confirming the
efficiency of the nanocasting procedure to produce nanoporous
electrocatalysts. Since all of the materials had fairly large
mesopores, around 8—9 nm, the variation of the mode pore
size induced by the calcination temperature did not seem to
influence much the electrocatalytic behavior. As discussed
above, no cavitation artifact was found in physisorption,
indicating the absence of mass transfer/diffusion limitations
connected with the presence of severe pore corrugations and/
or ink-bottle-like pores. This result is in good correlation with
recent works made on accessibility and diffusion within 3D
pore networks.'>***>°° Overall, a higher calcination temper-
ature yielded mesoporous MTMOs with lower surface areas
and total pore volumes but with larger NLDFT mode pore
size. It could be correlated with the growth of larger crystal
domains and a more pronounced shrinkage of the silica
template structure. In contrast to the materials calcined at 300
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and 500 °C, this effect is particularly noticeable at 700 °C due
to further collapse of the mesoporous order, in addition to the
growth of the metal oxide phase, of the KIT-6 silica structure
(initially calcined at 550 °C only). It is thus important to take
into account the potential alteration of the host material,
especially if high-temperature treatments are applied, as
confirmed by the low-angle XRD results. Higher temperatures
will result in materials with poorer mesoscopic ordering. While
the extent of the pore structuring importance is not yet fully
understood for electrocatalysts, it appears that a more defined
3D pore network leads to more efficient and stable materials.
This latter result is also related with the SSA as well as the
overall mechanical and chemical stability of the pore structure.
Using KIT-6 as a template, we were able to produce a
mesoporous quaternary MTMOs, i.e., Ni,Co Mn,0,-300, with
a BET SSA of about 200 m?/ g that exhibits interesting results
and good stability over time. Most important, it also retained
its mesostructure after electrocatalytic cycling for 15 h,
demonstrating that it is possible to combine high porosity
and appreciable durability.

Another important aspect is the crystallinity of the samples.
Our results indicate that a lower degree of crystallinity,
obtained using a moderate calcination temperature, is
beneficial for the electrocatalyst, in good agreement with
recent literature.”” It was observed that moderate calcination
temperatures lead to the formation of a mixture of the several
oxides with spinel phases. Along the same way, lower
calcination temperatures allow one to obtain samples with a
higher surface concentration of Co®" species. Such ions are
important since their oxidation products, i.e., Co*, are known
to facilitate the OER reaction.”®¢”%® Finally, as shown in
Figure 6b, higher calcination temperatures lead to mesoporous
MTMOs with higher Tafel slopes, indicating less favorable
kinetics probably linked to the diminution of both the SSA and
ECSA. It is thus not surprising for Ni,Co,Mn,0,-700 to
exhibit the lowest activity. Even if the electrocatalytic activity
of this sample is the best of the series when normalized per
ECSA, it was unlikely to synthesize a material with the pure
(Ni,Mn,Co);0, spinel phase together with a high, or at least a
comparable, ECSA to the other samples using such a high
calcination temperature. On the contrary, moderate calcination
temperatures (300 and 500 °C) vyielded materials with
statistically similar ECSA, with Ni,Co,Mn,0,-300 further
demonstrating the lowest electrochemical resistance, better
kinetics of the reaction and best activity overall. While, overall,
the performances of the quaternary oxides are not among the
highest reported so far, with respect to Co;0, and NiO
samples, they still exhibit an OER activity per unit cost that is
appealing. Highly active electrocatalysts for OER based on
cobalt become unreliable and economically hazardous because
of the rising issues with their supplies. Therefore, substitution
of cobalt by other earth-abundant, cheap, and less toxic
transition metals, such as Ni and Mn, appears as an attractive
strategy for the development of novel, economically rational-
ized, and resource-friendly catalysts for OER. Another
interesting aspect of the proposed electrocatalysts is their
synthesis: Ni,Co,Mn,04-300 requires lower calcination tem-
peratures in comparison to more active Co;0, and NiO and
may lead to substantial energy savings in the production stage.
Thus, since its activity is still high enough for the intended
purpose, this material can be seen as a promising model system
to further explore different mixed metal catalysts toward OER.
Indeed, synthesis strategies based on mixed transition metals

will lead to important synergy effects that may enhance or even
provide new properties to the resulting catalysts.”” This part of
the research toward the optimization of OER catalysts using
cheap and abundant source materials is now actively explored
and attracts large attention. In this way, extension of the
synthesis recipes and further testing of the MTMOs calcined at
lower temperatures as catalysts for oxygen reduction reaction
and metal—air batteries are ongoing to evaluate and define

their full potential.

B CONCLUSION

Electrocatalytic performances of various quaternary mesopo-
rous mixed metal oxide catalysts obtained via nanocasting were
investigated. The best sample, Ni,Co,Mn,O, calcined at 300
°C, provided relatively high current density and low onset
potential and overpotential, especially after activation, and
delivered high current density once loaded into a Ni foam.
This material also remained remarkably stable over 15 h of
applied bias. In addition, correlations between the calcination
temperature, pore and surface properties, phase and elemental
composition, and the overall efficiency and stability of the
electrocatalysts were established. The benefits of using a low
calcination temperature were demonstrated, highlighting the
potential of mixed metal oxides as catalysts for OER. Our
results provide deeper insights and novel perspectives for the
successful preparation of next generation cheap and eflicient
electrocatalysts.
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