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The development of nanostructured electrode materials is a cornerstone of emerging
electrochemical technologies that provides clean and sustainable solutions to address the
global energy demand and the rapid depletion of fossil fuels, as well as environmental
pollution issues such as global warming, climate change, and air/water pollution resulting
from the overexploitation of carbon-based energy resources. The unique and outstanding
features of these materials, arising from the ability to suitably tailor their structural and func-
tional properties, are key to optimizing performance, durability, and efficiency. However,
the design, synthesis, and characterization of nanostructured electrodes remain a current
area of research, facing challenges such as scalable fabrication and structural stability.

The Special Issue of Nanomaterials “ Advances in Nanostructured Electrode Materials:
Design and Applications” provides an overview of the current state of the art in the field of
nanostructured electrode materials, including their synthesis, properties, characterization,
and applications in electrocatalysis, energy conversion, energy storage, and environmental
protection. It especially promotes the interdisciplinary aspects of materials science and the
interactions between fundamental research and technology. This Special Issue collects eight
original research papers, summarized below, covering a wide range of electrode materials
and their technological applications.

Cai et al. investigated the effects of introducing elemental tungsten (W) into GeTe-
based materials on the material structure and electrical and thermal transport properties [1].
Experimental data indicated that the increase in electrical conductivity of the sample was
due to the presence of high-valence state W atoms, additional charge carriers, thus improv-
ing the Seebeck coefficient. Furthermore, appropriate W doping concentrations reduced
the lattice thermal conductivity by optimizing the material structure, thus comprehensively
tuning the thermoelectric transport properties of GeTe systems.

Conti et al. synthesized a self-standing electrode for sodium-ion batteries (SiBs), based
on a NagMnTi(POy); active material loaded into carbon nanofibers (CNFs), by electro-
spinning [2]. The active material was homogeneously spread into CNFs and displayed a
NASICON-type crystal structure, but the high sintering temperature (750 °C) used to obtain
conductive CNFs induced cell shrinkage, thus implying a sluggish redox activity. This
study highlighted the promising electrochemical performances of this electrode compared
to its conventional tape-casted counterpart, thanks to the easy electrolyte diffusion and
contact with the active material afforded by the porous nature of non-woven nanofibers.

The work of Beitia et al. focused on the synthesis, characterization, and electrochemical
performance of zinc-doped manganese hexacyanoferrate systems, used as cathodes for
aqueous Zn-ion batteries [3]. Zinc doping was a useful strategy to improve the weak
structural stability of manganese hexacyanoferrate (MnHCEF) in an aqueous environment
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and reduce manganese dissolution. Despite a decrease in the specific capacity of the system,
Mn;_Zn,HCF (x =0, 0.25, 0.5, 0.75 and 1) Prussian Blue analogues, prepared through a
simple and easy-to-implement approach, improved the stability and capacity retention of
the cathode. Furthermore, the amount of zinc introduced into the MnHCEF played a critical
role in achieving higher reversibility and stable performance for the MnHCF phase without
a drastic loss in capacity.

A novel design concept, where paper can act as both a separator and a substrate for
coating the anode material for lithium-ion batteries, is reported in the work of Blomquist
et al. [4]. A fully disposable and resource-efficient paper-based electrode was successfully
fabricated via large-scale roll-to-roll coating technology, where the conductive material
is a nanographite and microcrystalline cellulose mixture coated on a paper separator.
The produced electrode material, tested in a typical lithium ion half-cell coin cell setup,
exhibited a specific capacity of 147 mAh/g and a good long-term stability of the battery
capacity over extended cycling.

Gasparotto et al. developed the chemical vapor infiltration (CVI) method for the
one-step synthesis of polymeric carbon nitride (PCN) films on porous Ni foam substrates,
starting from melamine as a precursor compound [5]. By varying the reaction tempera-
ture and the precursor amount, PCN deposits with a tunable condensation degree (from
melem/melon hybrids to melon-like materials) and different morphological features are
obtained. PCN-based electrodes with different polymerization degrees showed promising
catalytic performances in the oxygen evolution reaction (OER), considered a bottleneck of
the water splitting process.

A new type of Metal-Organic Framework (MOF) material (metal-triazolates) on
nickel foam (NF) substrates, synthesized by a solvothermal method, was directly used
as a self-supporting electrode for the OER, enabling performances that outperform most
of the reported OER catalysts [6]. Among various metal-triazolates, the Fe-based one
on (MET-Fe/NF) exhibited the best OER performance, achieving a low overpotential of
122 mV at a current density of 10 mAcm~2 and maintaining good stability over 15 h. The
experimental results showed that MET-Fe/NF underwent structural reconstruction during
the OER process, resulting in a hybrid catalyst with several active components (iron/nickel
(oxy)hydroxides) with high OER activity. Furthermore, in a two-electrode water splitting
setup, this electrocatalyst, used as an anode, displayed a good performance, allowing for
continuous hydrogen and oxygen generation at a low voltage of 1.46 V.

Sako et al. fabricated Ni nanowire array electrodes with an extremely large surface area
by a potentiostatic electrodeposition technique into anodized alumina nanochannels [7].
The electrodeposited Ni nanowire arrays had a textured structure with a preferential
orientation in the fcc-Ni (111) plane, regardless of the electrodeposition potential and
exhibited uniaxial magnetic anisotropy, with easy magnetization in the axial direction. The
electrocatalysts exhibited a lower overpotential and a higher current density towards the
hydrogen evolution reaction compared to electrodeposited Ni films.

Campagna Zignani et al. proposed a very simple and scalable process for the synthesis
of low cost and efficient bimetallic oxide-based electrocatalysts for “green hydrogen”
production from water electrolysis [8]. Nanostructured NiCo- and NiFe-based electrode
materials with different Ni molar fractions were prepared by the sol-gel method and
subsequent calcination in air at different temperatures, and then evaluated as anode
materials in a zero-gap anion exchange membrane water electrolysis (AEMWE) full cell.
The cell cathodes were fabricated using the same materials after reduction in a Hy/Ar
atmosphere. The electrochemical results revealed that the nanomaterial phase purity and
the average crystal size were critical in determining cell performance. Highly pure and
finely grained electrocatalysts yielded higher current densities at lower overpotentials,
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paving the way for scalable and cost-effective green hydrogen production from water
electrolysis.

In conclusion, the research presented in this Special Issue underscores the immense
potential of nanostructured electrode materials in wide range of applications. Each paper
provides valuable insights into the synthesis, characterization, and application of these
materials, showcasing their versatility. Although this Special Issue cannot fully cover
the topic of electrode materials, I firmly believe that its contributions will open new
perspectives in the field of materials and technologies, promoting the development of
advanced nanomaterials as electrodes, combining low-cost, sustainable materials with
simple manufacturing processes, in line with future clean energy goals.
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Abstract: A recyclability perspective is essential in the sustainable development of energy
storage devices, such as lithium-ion batteries (LIBs), but the development of LIBs prioritizes
battery capacity and energy density over recyclability, and hence, the recycling methods
are complex and the recycling rate is low compared to other technologies. To improve
this situation, the underlying battery design must be changed and the material choices
need to be made with a sustainable mindset. A suitable and effective approach is to
utilize bio-materials, such as paper and electrode composites made from graphite and
cellulose, and adopt already existing recycling methods connected to the paper industry.
To address this, we have developed a concept for fabricating fully disposable and resource-
efficient paper-based electrodes with a large-scale roll-to-roll coating operation in which the
conductive material is a nanographite and microcrystalline cellulose mixture coated on a
paper separator. The overall best result was achieved with coated roll 08 with a coat weight
of 12.83(22) g/m? and after calendering, the highest density of 1.117(97) g/cm?, as well as
the highest electrical conductivity with a resistivity of 0.1293(17) mQ)-m. We also verified
the use of this concept as an anode in LIB half-cell coin cells, showing a specific capacity of
147 mAh/g, i.e., 40% of graphite’s theoretical performance, and a good long-term stability
of battery capacity over extended cycling. This concept highlights the potential of using
paper as a separator and strengthens the outlook of a new design concept wherein paper
can both act as a separator and a substrate for coating the anode material.

Keywords: paper electrodes; sustainable; recyclable; resource efficient; graphene;
nanographite; nanoplatelets; cellulose binder; energy storage; lithium ion

1. Introduction

The rapid growth of electric vehicles (EVs) and growing concern over global warming,
reducing the carbon emissions associated with the entire life cycle of lithium-ion batteries
(LIBs) have become a central focus for various entities including research institutions across
the globe [1]. Developing LIBs with a recyclability perspective is essential for reducing
carbon dioxide emissions. However, today’s lithium-ion batteries prioritize battery capacity
and energy density over recyclability, and hence, lithium batteries are currently being
recycled at rates less than 50%, as compared with lead—acid batteries that have a recycling
rate of 99.5% [2]. When it comes to recycling, the emphasis should be on developing
recycling methods that allow the entire battery to be recycled. However, most of efforts
are being made to improve recycling methods associated with cathode materials, while

Nanomaterials 2025, 15,113 https://doi.org/10.3390/nan015020113
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other critical components such as electrolytes that are often toxic to the environment do
not receive any major attention, unfortunately [3]. Step utilization and recovery separation
reproduction are the two approaches used to increase sustainability; in short, the former
makes more efficient use of existing batteries, and the latter is a cluster of different types
of recycling methods, i.e., pyro-, hydro-, and biometallurgy, and direct regeneration [3].
Neither of these methods is ideal and all have some major drawbacks; pyrometallurgical
processes are simpler but suffer from not being able to recover the lithium metal and
releasing hazardous gases [4]. Hydrometallurgical treatment, which is the most popular
one today with more than half of all processes sorted under this category, also allows for
lithium recovery but is more complex than the pyrometallurgical process [4]. To achieve
good efficiency in recovering the metals, it has been proposed that hydrometallurgy should
be combined with biometallurgy, followed by a second step of bioleaching with bacteria
or funguses to recover the metals and boost the efficiency of the recovery process [3]. The
drawback of the bioleaching process is that as the concentrations of minerals in the waste
material go up, the bacteria’s efficiency decreases due to the toxic effects [4]. The direct
regeneration method implies that materials are not first recycled but, in some way, directly
reused, i.e., the cells are repacked with old electrode materials, and although it is a simple
and resource-effective approach, the drawbacks are contamination and performance issues
of the regenerated cells [5]. The issues being mentioned are caused by design flaws in
batteries where the focus has been on developing cells with high performance and high
economical return. However, from a sustainable perspective, the development lacks the
two remaining factors of high environmental benefit and high safety [6]. A sustainable-
perspective overview of the components of a regular lithium-ion battery presents several
issues. The current collectors, made from aluminum and copper foils, are produced via high-
energy-consuming processes, and the cathode materials are high in cost, non-renewable,
and contain toxic elements. The binders used are fluorinated versions, and electrolytes
such as LiPF6 are toxic and unsafe in decomposition scenarios. The anode materials are
graphite versions from non-renewable sources that contribute to either pollution or high
energy consumption in their production. Lastly, the separator is made from plastic, is not
thermally stable, i.e., a safety issue, and is produced via mineral oils [7].

As the quote says, if the shoe fits, so it is the underlying battery design that must be
changed to more efficiently improve the situation. A new shoe, or rather a sustainable
battery design, is to a high degree dominated by material choices. These materials must
be able to fulfill these high environmental benefit and high safety criteria and do so at
their core level and all the way throughout the value chain. A new and more effective
approach is to utilize bio-materials in battery design more frequently, and there are many
publications on electrodes where the fossil or synthetic graphite is replaced by biocarbon
products. These are much more resource-efficient and can be generated from biomass or
biowaste materials; lignin and cellulose are two sources for biocarbon generation [8]. These
biomass materials also contain other biomolecules that in the long run can function as the
active components in the redox reactions of the battery instead of relying on metals, making
a completely metal-free battery [9]. The metallic current collector itself can also be replaced
with carbon alternatives, eliminating the energy consumption of metal foil production;
one way of achieving this is by the direct carbonization of a cellulose paper substrate
in a furnace, or one can use laser processing tools to carbonize the top layer of a paper
directly [10,11]. Using biobased recycling methods such as fungi or bacteria for recycling
is an overall good and sustainable approach, as long as the environment the organisms
operate in is suitable; this leads to less toxicity as well as good organism penetration and
accessibility into the battery during decomposition due to the reduced usage of metals,
foils, and plastics, which is needed to improve their overall slow performance [12]. This
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concept can be extended further by allowing the organisms to construct the new electrode
material as well; this is referred to as biofabrication [13]. Hence, many of the components
in a battery can be built around different types of paper substrates, and this gives us
the concept of paper-based batteries, or paper-based energy storage devices in general,
and these have potential to provide many solutions to the sustainability problems of
existing battery technology. As described above, a cellulose-based material is renewable,
resource-efficient, and non-toxic, has a fully developed recycling platform in its value
chain, and lastly, it also has an existing industry capable of producing the large volumes of
materials needed for a green societal transition via battery technology implementation [14].
Paper can serve as a separator instead of plastic, and it can be converted into electrodes
by different coating techniques. It can achieve current collector functionality through
carbonization methods, and since the material is flexible, new types of packaging and
encapsulating techniques can also be introduced, such as folding [15]. LIB polypropylene
(PP) or polyethene (PE) separators are usually less than 25 um thick sheets with 40%
porosity and sub-micrometer pore sizes. Using paper as a separator has been shown to be
advantageous even in terms of performance, as these have proven MacMullin numbers
(ratio of ion conductivity between a wetted separator and the ion conductivity of the
free electrolyte) of 3—-6 [16], compared to the typical 20 for a PE separator [17], where a
lower ratio corresponds to better ion conductivity. To make a paper-based electrode, the
paper itself can be converted into an electrode, and this has already been demonstrated
in pilot-scale operations in which paper was fabricated containing active carbon and
PEEDOT:PSS ingredients [18,19]. However, most often, regular coating techniques or
methods are used, such as printing, casting/filtration, or thermal evaporation to deposit an
electrically conductive material on top of the paper to serve as the electrode. Commonly,
different types of nanomaterial composites with carbon nanotubes, graphene, or similar are
used, and in this scenario, paper obtains additional functionality to serve as a separator as
well [20]. Adding conductive materials such as carbon nanotubes on top of the paper via
Meyer rod coating has already demonstrated excellent results, such as achieving a surface
resistivity of 1 ohm per square, and realized devices such as supercapacitors with specific
capacitance of 200 F/g [21]. Another reported method is the spray deposition of graphite
and microfibrillated cellulose onto bleached softwood pulp prior to pressing and drying
in a pilot paper machine. This method achieves an LIB anode capacity of 95 mAh/g at
1 C with an electrode thickness of 27.5 pum, specific weight of 11.6 g/m?, and electrical
resistivity of about 500 (2/sq (about 14 )-m) [22]. Besides paper electrodes being used for
supercapacitor purposes, lithium-ion paper batteries have already been demonstrated with
cellulose binders in a LiFePO, cathode and graphite anode [14,23]. Even more complex
electronic devices can be realized with paper; for example, printing allows us to print
a battery on a local area of the paper, which can be integrated with other surrounding
components [24]. In addition to energy storage applications, our own studies have shown
that paper with conductive coatings can also be used for energy harvesting in triboelectric
nanogenerators with power densities exceeding 14 kWm—2 [25].

Here, we report the results of fabricating a fully disposable and resource-efficient
paper-based electrode with a large-scale roll-to-roll coating operation in a paper pilot facility
at speeds of up to 25 m/min in which the conductive material is a graphene/graphite mix-
ture (nanographite) with microcrystalline cellulose (MCC) as the binder. The nanographite
was fabricated in-house by our earlier-developed water-based large-scale compatible exfo-
liation technique [26,27]. The produced electrode material was then verified in a typical
lithium-ion half-cell coin cell setup in which the electrode paper acted as both an anode
and separator, together with standard lithium foil as the cathode, and default LP40 was
used as the electrolyte.
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2. Materials and Methods
2.1. Electrode Material Preparation

In this study, two different coating colors (electrode material suspensions) were used,
called Slurry A and Slurry B. Both coating colors had the same amount of MCC addition
as the binder but different nanographite sources. For Slurry A, a 1000 L nanographite
suspension (GS14, SN:1013-1052) with 40 gL’1 solids content was purchased from 2Dfab
in Sundsvall, Sweden. This nanographite was based on graphite raw material from Imerys
and a Pluronic dispersion agent. The nanographite suspension was de-watered to 95 gL.~!
solids content by removing the clear water phase above the sedimented nanographite. For
Slurry B, a 400 L nanographite suspension was fabricated in-house by our own water-based
large-scale compatible exfoliation technique, described earlier by Blomquist et al. [27].
The shear zone used was a 2 mm helical coil tube, referred to as S2 in the original method.
The solids content of graphite in the suspension was increased to 75 gL ! and the flow rate
was held constant at 5 Lmin~? for 10 full passes through the shear zone. The graphite used
was thermally expanded natural crystalline graphite (EXG 9840) from Graphit Kropfmiihl
in Passau, Germany with an addition of 2 wt% polyacrylic acid (Sigma-Aldrich, St. Louis,
MO, USA), in relation to the graphite mass, as the dispersant. For additional details, see
Supplementary Figure SIA-C. The MCC used as the binder was Refined MCC (White
MCC) from Fibenol in Tallinn, Estonia. The MCC was delivered as a paste with 18.5%
solids content and was used as is without further modifications. In both Slurry A and
Slurry B, 10 wt% MCC was added to the nanographite suspensions, recalculated as dry
weight in relation to the dry content of nanographite. The nanographite suspensions with
MCC were mixed using a Cowles mixer to achieve uniform coating colors. The volume
and solids contents of the final coating colors were 440 L at 10 wt% for Slurry A and 412 L
at 8 wt% for Slurry B.

2.2. Electrode Coating

Two different substrate papers were used in this study: Advantage Kraft Plus 70 g
(Plus), with a measured grammage of 68.54(22) g/m? and a thickness of 96.60(50) pm,
and Advantage Boost HP 80 g (Boost), with a measured grammage of 78.87(19) g/m?
and a thickness of 124.83(45) um, both Kraft papers and both from Mondi Dynés in
Kramfors, Sweden. The substrates were selected based on their high dry and wet tensile
strength and porosity. The main difference in properties, except the grammage, between the
substrates is air permeability; for Advantage Boost HP, no hydrophobing agent is added
in production, leading to higher permeability. The substrate papers were delivered as
500 kg rolls with a diameter of 1200 mm and a width of 520 mm. The rolls were used as
is, and the coating was applied on the outer slightly rougher paper side of the rolls. The
coating was performed at the UMV Coating Systems Pilot plant in Siffle, Sweden, using
the UMV Liquid Application System (LAS). In short, this coating applicator transferred
the coating color with an applicator roll from a pan to a metering nip. The metered film
of coating color was then applied onto the substrate paper by a hydrophilic transfer roll.
The variable coating parameters were machine speed, transfer roll speed, and metering nip,
as well as individual control of a series of IR dryers and hot air dryers. See Supplementary
Figure S2A-D for images of the coating operation.

2.3. Sample Preparation and Characterization

Samples from the coated rolls were cut both across the width of the roll and lengthwise
according to Figure 1.
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Figure 1. Schematic sketch of how sample strips were cut from rolls of coated paper, with examples
of how the samples were named.

For each roll, the following samples were taken: Three sample strips with a width of
2-3 cm were cut across the full width of the roll; the two first strips were cut 10 cm apart
from each other, and the third strip was cut 1 m away from the first strip; these are referred
to as wl, w2, and w3. Another set of three sample strips, 1 m long and also about 2-3 cm
wide, were cut in the lengthwise direction of the roll from three different sections of the roll
width. The first of these sample strips was positioned 5.5 cm from the edge (edge-facing
operator), the second was positioned 29 cm from the edge (the middle section), and the
third sample strip was positioned 49 cm from the edge. These sample strips are referred
to as 155, 129, and 149. Prefixes to notation correspond to the roll or sheet sample and roll
number; for example, roll-03B-155 refers to roll sample 03B, a lengthwise section 5.5 cm
from the edge.

2.3.1. Electrical and Physical Measurements

For each sample strip, the electrical resistance was measured between the edge and
multiple points along the length of the strip. The measurements were made in stepwise
length increases of 1 cm with a Tillquist TQ711 multimeter (Kista, Sweden), and the
resistance dependency as a function of length was determined with linear regression.
The electrical bulk resistivity (o) of the coating was then calculated from the slope factor of
the regression, as given by Equation (1):

[
R= WH L, 1)
in which R is the measured electrical resistance, W is the width of the strip, H is the
coating thickness, and L is the length of the strip. To measure the coating thickness and
calculate coat weight, sets of 100 coins with a diameter of 16 mm were punched out
from the sample strips including one strip of uncoated substrate paper as a reference.
The thickness was measured with a Mitutoyo N0.2046 (0.01-10 mm, Kawasaki, Japan)
analog micrometer gauge fitted with a spring-loaded elephant foot, and the mass measure-
ments were performed with a Mettler Toledo XS204 Analytical Balance (Columbus, OH,
USA) with a readability of 0.1 mg and a repeatability of 0.07 mg. Further details are shown
in Supplementary Figure S2E-H. The electron microscopy imaging was performed with a
field emission scanning electron microscope (TESCAN MAIA3-2016, Brno, Czech Republic)
at 1 kV=-3 kV with an SE detector. The top-view images are oriented so the lengthwise
paper direction is upwards in the image. Simple light transmission tests were performed
by placing the sample strips on a light table and studying the variance of transmitted light
across the surface. Tape tests were used to study nanographite flake adhesion in the coating
by placing and pulling Scotch tape strips on the top of the coating for each roll.
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2.3.2. Lithium-Ion Anode Application

LIB half-cells were assembled as CR2025 coin cells under an argon atmosphere in
a glove box. Discs of the coated paper with a 16 mm diameter were used as the anode
and separator, wherein the paper side acted as a separator and the coating as an anode.
Another 16 mm disc of copper foil was added as a current collector on the nanographite
(anode) side, to allow comparison with traditional reference cells without influence from
different electrode—contact interface materials. Three cells B3-1, B3-2, and B4-2 were
fabricated with the Advantage Plus paper and from roll 03B. Two cells, B5-2, and Bé-
2, were made with Advantage Boost paper from roll 11. A 0.2 mm thick and 13 mm
diameter disc of lithium metal foil from Goodfellow in England was used as a reference
and counter-electrode (cathode). LP40 was used as an electrolyte (1M LiPF6 in a mixture
of ethylene carbonate and diethyl carbonate in a 1:1 weight ratio). Cyclic voltammetry
(CV) tests of the cells were performed between 0.01 and 1.5 V at a scan rate of 0.1 mVs~ 1,
Galvanostatic charge-discharge (GCD) tests of the cells were performed at a current density
of 100 mAg ! in a voltage range between 1 mV and 1.0 V. The specific capacities and current
densities were calculated based on the weight of the active materials of the electrode. All
of the electrochemical measurements were conducted at room temperature. To study the
ionic conductivity effects of the paper separator, an additional set of four coin cells, 4:1,
4:2, 4:3, and 4:4, were fabricated in a similar way but with additional uncoated papers
inserted as extra separator materials, i.e., 4:1 contained one extra paper, 4:2 two and so on.
The thickness of the uncoated paper sheets was 96.60(50) pm. These four cells were all made
with Advantage Plus and roll 03B, and were then characterized for electric series resistance
(ESR) performance with an Ametek Parstat potentiostat at both 1 mV DC (discharged state)
and 1.5 V DC (charged state) during a traditional frequency sweep from 1 MHz to 100 mHz
ata 10 mV AC amplitude. The resistivity of the paper separator was then calculated from
the linear regression of ESR values from low-end frequency vs. total separator thickness.
For comparison with the paper-based cells, a traditional reference cell was fabricated, cell
R1, in which Slurry A was cast onto copper foil instead of paper at lab-scale. As a separator,
a commercial Cellgard 2325 plastic membrane was used, and besides this, the rest of the
assembly sequence as well as the electrolyte and lithium was the same as for the other
paper-based cells.

3. Results

Table 1 shows a summary of the paper electrode rolls and their respective slurry, paper
substrate, coat speed, transfer roll (TR) speed, metering nip, final coat weight, coating
thickness, and calculated coating density.

The maximum coating thickness obtained during the stable coating operation with
Slurry A was from roll 03B with a coat weight of 4.39(31) g/m? and a coating thickness of
16.4(1.0) pm. With higher coat weight, the coating operation became unstable, resulting in
frequent paper failure, starting with wrinkling followed by paper breakage. Repeated coating
on the same substrate paper (Plus) with Slurry B resulted in roll 06 and roll 07, differentiated
by adjustment of the transfer roll speed. Roll 07 obtained a coating thickness of 46.8(2.1) um at
a coat weight of 11.42(31) g/m? during the stable coating operation. With identical settings as
in roll 07, coating Slurry B on the Boost paper substrate resulted in roll 08 with a coat weight
of 12.83(22) g/m? and a corresponding coating thickness of 25.9(1.1) um. Roll 08 indicates
that increased coat weight generates a higher density coating, suggesting a calendering effect
of the increasing paper web tension when the coating faces a steel roll prior to winding.
Further attempts were made to increase coat weight with maintained density by lowering
the machine speed and transfer roll speed and thus allowing for decreased web tension; this
resulted in roll 10 to roll 12. Roll 10 had insufficient drying and was still wet during winding.
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The maximum coat weight achieved was 17.65(29) g/m? with Slurry B and Boost substrate
paper for roll 11; the corresponding coating thickness was 47.7(1.4) pm. Roll 12 was made by
repeating the setting of roll 06 but on the Boost substrate paper, generating a coat weight of
10.79(24) g/m? and a coating thickness of 56.1(2.5) um. Rolls missing from the chronological
numbering were either uncoated rolls used for paper samples or rolls made only to adjust
the coating parameters to achieve stable coating operation. To obtain an indication of the
influence of density on the physical and electrical properties, sheets cut from rolls with Slurry
B were calendered without heat and included in the following results.

Table 1. Summary of the paper electrode rolls and main coating parameters. Values in brackets are
the standard deviation error of the last two significant digits of the measurement values. Coating
density is a calculated value based on measured thickness and weight.

Roll Coating  Substrate Machine TR Mete:ring C9at Cf)ating Coati‘ng

Number Slurry Paper Spee.d Spee.d Nip Weight  Thickness  Density

[m/min] [m/min] [mm] [g/m?] [wm] [g/cm®]
UM A Plus 25 —700 35 4.07(28) 8.41(66) 0.48
03B A Plus 25 —900 38 4.39(31) 16.4(1.0) 0.27
06 B Plus 25 —400 38 8.39(33) 25.4(1.1) 0.33
07 B Plus 25 —800 38 11.42(31) 46.8(2.1) 0.24
08 B Boost 25 —800 38 12.83(22) 25.9(1.1) 0.50
10 B Boost 15 —500 28 13.19(75) 38.3(2.8) 0.34
11 B Boost 20 —400 35 17.65(29)  47.7(1.4) 0.37
12 B Boost 25 —400 38 10.79(24) 56.1(2.5) 0.19

3.1. Physical Properties

Figure 2 shows the coat weight as a function of coating thickness for Slurry A, Slurry
B, and calendered samples from Slurry B, and the density of solid graphite as a reference.

Figure 3 shows a transmission light test for strips from each roll. A and C show the
coating in ambient light conditions for strips in lengthwise and widthwise directions, re-
spectively. B and C show the coating in transmitted light conditions for strips in lengthwise
and widthwise directions, respectively. Samples 03A, 03B, 06, and 07 are on the Advantage
Kraft Plus paper and 08, 10, 11 and 12 are on the Advantage Boost HP paper. In ambient
light conditions, all lengthwise (A) samples, except roll 10, show a fairly even coating.
Roll 10 has a spotted surface caused by insufficient drying and thus wet winding. In the
widthwise samples, in ambient light conditions (C), a paper distortion feature can be seen.
This feature is referred to as cockling and appears as ripples or wrinkles in areas with
relatively high coat weight. Roll 08 and roll 11 have the least of this paper distortion.
In transmitted light conditions, the quality of the coating can be seen. Roll 03B and UM
in the lengthwise direction in transmitted light (B) conditions show clear strip patterns,
while roll 08 and roll 11, with the thickest coatings, show a uniform coverage with almost
no transmitted light passing through the coating.

10
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Figure 2. Coat weight as a function of coating thickness for Slurry A, Slurry B and calendered samples

from Slurry B. The solid line represents the boundary when the density of coating becomes the same

as that of solid graphite.

Figure 4A shows a tape test of the adhesion of the coating nanographite flakes. The top
part of the image shows the pulled-off tape with a white background, and the lower part
of the image shows the resulting mark on the strips from the tape for each roll. The tape
tests show that only the top nanographite layer peels off with the tape and the adhesion
appears to be similar for all samples. Figure 4B shows an SEM image on a cross-section
of roll 11 where the red line marks the boundary between the coating (upper part) and
the paper substrate (lower part). Roll 11 had the highest coat weight of all rolls, and the
cross-section image shows a quite dense and mostly uniform coating. Figure 4C,D show
SEM images of the surface of the uncoated Boost HP paper and the surface of the coated
paper in roll 11, respectively. The uncoated Boost paper is a machine-finished paper, which
is confirmed by the surface image (C) showing a smooth surface with compressed fibers;
the image shown is the outside of the paper roll, i.e., the side that later was coated. From the
surface image (D) of the coated paper, the coating appears thick with a smooth compressed
surface and visual imprints caused by fibers on the paper backside during winding.

11
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Figure 3. Transmission light test for strips from each roll. (A) shows the coating in ambient light
conditions for strips in the lengthwise direction and in (B), the same strips are shown under transmitted
light conditions. (C) shows the coating in ambient light conditions for strips in the widthwise direction,
and in (D), the same strips are shown under transmitted light conditions. Scale bars are 10 cm.

Figure 4. (A) Adhesive test by tape pulling method. The top part shows that the electrode remains stuck
to the tape, and the bottom part shows the location where the tape was placed and pulled; the scale bar

12
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is 10 cm. (B) SEM (SE) image of a cross-section from roll 11; the red line marks the boundary between
the coating at the top and the paper substrate at the bottom; the scale bar is 50 um. (C) SEM (SE)
top-view image of uncoated Boost HP paper, and (D) top-view image of the coated roll 11; the scale
bars are 100 um in (C,D).

3.2. Electrical Properties

Figure 5 shows coating resistivity as a function of coating density for all samples made
from Slurry A and Slurry B. Calendered samples of Slurry B are also included together
with a graphite model representing the theoretical resistivity for solid graphite at different
densities, assuming matching homogeneous porosity. From the diagram, it can be seen
that the samples follow the same trend as the graphite model, where resistivity decreases
with increasing coating density. The samples from Slurry A have relatively large variation,
while the samples from Slurry B more clearly follow this trend.

Resistivity in all samples vs coating density
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Figure 5. Coating resistivity as a function of coating density for all samples made from Slurry A and
Slurry B. Calendering refers to sheets taken from coated rolls that were calendered without heat.
The graphite model represents the theoretical resistivity for solid graphite at different porosities
(densities). Error bars are standard deviation errors.

Figure 6 shows coating resistance as a function of distance from the paper edge in
both lengthwise and widthwise directions from roll 06 and roll 11. Three strips were
measured for each roll in the widthwise direction and one in the lengthwise direction.
For both roll 06 and roll 11, each sample strip shows a linear increase in resistance with
distance, indicating a uniform coating in both lengthwise and widthwise directions for
both rolls. Resistivity was calculated via linear regression, and for roll 06, the resistivity
in the lengthwise direction was L1 = 2.42(14) m()-m, and in the widthwise direction, it
was W1 = 3.88(25) mQ-m, W2 =4.52(29) m()-m, and W3 = 3.81(17) mQ-m. For roll 11,
the resistivity in the lengthwise direction was L1 = 0.958(38) m(2-m, and in the widthwise
direction, it was W1 = 1.062(37) mQ-m, W2 = 1.004(35) mQ-m, and W3 = 0.999(37) mQ-m.
Roll 06 shows anisotropic behavior with a higher resistivity in the widthwise direction

13
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compared to the lengthwise direction, while roll 11 shows near-excellent isotropic behavior
and also overall lower resistivity.

Resistance measurement from paper edge widthwise as well as lengthwise
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Figure 6. Resistance as a function of length from the edge on three strips cut in the width-
wise direction and one strip in the lengthwise direction from roll 06 and roll 11. For roll 06:
L1=2.42(14) mQ-m, W1 = 3.88(25) mQ-m, W2 =4.52(29) mQ)-m, and W3 = 3.81(17) mQ-m. For roll 11:
L1 =0.958(38) mQ)-m, W1 = 1.062(37) mQ2-m, W2 = 1.004(35) mQ)-m, and W3 = 0.999(37) mQ)-m.

3.3. LIB Anode Application

Roll 03B and roll 11 were further used as anodes for LIB coin cells in a half-cell
configuration. Galvanostatic charge—discharge measurements of these cells were made
to test the storage capacity of the electrode, whereas cyclic voltammetry measurements
were made to study the reaction kinetics of the electrodes. Figure 7A shows a cyclic
voltammogram for 100 cycles on a cell from roll 03B, and specific capacity from GCD as
a function of cycle number is shown in Figure 7B. Cells B3-1, B3-2, B4-0, and B4-2 are
identical, made with anodes from roll 03B, and have an electrode mass of 0.882(62) mg,
while cells B5-2 and B6-2 are made from roll 11 with an electrode mass of 0.882(62) mg.
From the cyclic voltammograms, it can be seen that both peak heights and area enclosed
by the graph increase with the number of cycles. From GCD measurements, it can be seen
that the specific capacity of the best-performing cell B3-2 increases linearly up to 100 cycles,
reaching 147 mAh/g, and then remains stable until 300 cycles; this corresponds to 40%
of the theoretical limit of 372 mAh/g of graphite electrode materials. After 300 cycles,
the capacity slightly decreases with further cycling, and at 500 cycles, the capacity has
decreased by 8.8%, corresponding to 134 mAh/g. Overall, the capacity for this cell remains
fairly stable for extended cycling; the rest of the cells show unstable behavior. Figure 7C
shows the corresponding cyclic voltammogram for the reference cell R1; the major anodic
peak at 0.18 V is seen to be positioned to the left of the corresponding peak in the B4-0 cell
at 0.24 V, a difference of 60 mV; a similar offset towards lower voltages is also seen for the
other signatures on the cathodic side of the diagram as well. Figure 7D shows the results
of the paper separator’s influence and for the fully charged cell at 1.5 V; the resistivity of
241 Om is similar to the 237 (Om found for an uncharged cell.
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Figure 7. Cyclic voltammetry (A) on a half-cell configuration made from roll 03B and run for
100 cycles (35-day run time) at a rate of 0.1 mV/s. Galvanostatic charge-discharge cycling (B) for
five half-cells; the total run time for cell B3-2 is 50 days for 500 cycles. Cells B3-1, B3-2, B4-0, and
B4-2 are all identical and made with electrodes from roll 03B, corresponding to an electrode mass of
0.882(62) mg, while cells B5-2 and B6-2 are made from roll 11, mass 0.882(62) mg. Cyclic voltammetry
(C) on reference cell R1, a graphite-coated copper foil instead of paper. Comparison (D) of electric
series resistance (ESR) conducted by inserting additional sheets of paper as extra separator material,
each 96.60(50) um, showing that the resistivity of the Advantage Kraft Plus paper is 241 Om for a cell
in a fully charged state.

4. Discussion
4.1. Physical Properties

The stability of operations was improved with the Boost paper substrate, and rolls
08 and 11 show no obvious wrinkling or “cockling”; see Supplementary Figure S2C,D.
The physical appearance of the coated surfaces was also different between Slurries A
and B when observed by SEM; this can be linked to the two different graphite sources as
well as the exfoliation procedures used. It was found that Slurry A has smaller flake size
dimensions compared to Slurry B, by about ten times; see Supplementary Figure S6 for
further details. Regarding the evenness of coating, striping is seen in Slurry A samples,
i.e., roll 03B and UM,; visually, it is a line pattern in the traveling direction of the paper
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during coating, which is an artifact from the LAS coating technology. With better parameter
settings and increased coating thickness, these lines disappear and coating becomes more
uniform overall, and this is seen for the other rolls of Slurry B; see Figure 3D. In the same
figure, one can also see that the coating thickness of roll 06 is not sufficient and the coating
looks largely uneven; this is caused by the coating technology in that the valleys of the
paper surface are filled first, while the high mountain point, i.e., on top of the outmost
positioned fibers in the paper, remains exposed if the coating thickness is too thin. This LAS
coating method gives the option of large variations in thickness; an order of magnitude
span was achieved during these trials, and when complemented with an extra calendering
post-processing step, the density of the coating was increased to 1.12 g/cm3 and was
very close to solid graphite levels, i.e., 2.25 g/cm?, as seen in Figure 2. For comparison,
standard LIB 18,650 cells have a coating thickness typically between 30 um and 90 um
and an electrode density around 1 g/cm?® [28]. In roll 11, the highest achieved coating
thickness was 47.7(1.4) um with a coat weight of 17.65(29) g/ cm?, indicating that the coating
technique allows for sufficient coating thicknesses. Considering that coat weight is strongly
dependent on the slurry’s solids content, it is likely possible to also achieve equivalent
sufficient coat weights with an improved slurry and further optimized coating operations.
Besides the slurry itself, the combination of coating parameters together with the substrate
properties is crucial to reach a specific electrode thickness or density. The amount of
wet material (slurry) that is applied to the paper substrate can be varied by adjusting
the machine speed, transfer roll speed, and metering nip, but the paper properties (e.g.,
absorption rate and wet expansion) affect the web tension in the coating process, which
affects the calendering effect (compression) on the electrode from the rolls before winding.
The drying conditions are not assumed to have the same effect on electrode density but still
need to be adjusted according to the wet coat weight to ensure that sufficient drying occurs
without overheating the paper or slurry. Electrode density is important for electrodes used
in battery applications, where a compact electrode for small ions is preferred. Hence, this
coating method allows for tailoring the electrode density for different types of application.
The LAS coating technology used is directly scalable to industrial levels. LAS can be scaled
up to paper widths exceeding 6 m for large-scale production, and the maximum machine
speed is above 2000 m/min. In a possible maximum scale-up for roll 11, the machine speed
could be increased by a factor of 7.5 (limited by the speed of the transfer roll), and with a
6 m coating width, the production rate would reach 900 m?/min in a single production
line. In the traditional industrial LIB cell production process, the coat speed is in the
range of 35 m/min to 80 m/min with a coating width of up to 1.5 m [29]. To the best of
our knowledge, no study has been published on the large pilot-scale coating of paper for
electrode applications. However, for comparison of the achieved scale-up performances
of our work and to visualize the advantages in the speed of area production by utilizing
coating methods on top of existing substrates, it can be clearly seen that the small pilot
trial that demonstrated a paper conversion approach and was conducted at a web width of
20 cm and a speed of 1 m/min is slower [19]. For a more proper comparison with similar
materials, the spray-coating approach in a paper fabrication process at a large pilot scale
achieves results in the same range but somewhat slower with 15 m/min, a similar web
width, and a lower electrode/spray weight of 11.6 g m?, although how a further scale-up
of this spray method from pilot to industry with a preserved consistent quality over web
widths is supposed to be carried out is uncertain [22].

4.2. Electrical Properties

Anisotropic behavior of resistivity is favorable in some applications, for example,
in thermal applications of conduction of heat since heat transfer is linked to electrical
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transport phenomena; however, in this study, the focus was on achieving isotropic behavior,
which was also demonstrated for the thicker coatings like roll 11, as shown in Figure 6.
The threshold for isotropic behavior is roll 07, i.e., a coat weight of 11.42 g/m?; all samples
with a lower coat weight than that showed anisotropic behavior. This anisotropic behavior
can be explained by two things: First, the LAS coating technique can influence it, as seen
in the Slurry A trials, and if not adjusted properly, when coatings are thin, it forms strip
patterns across the width of the roll, leading to very high anisotropic behavior in resistivity.
Secondly, the anisotropy of the paper favors the fibers aligning in the lengthwise direction
during paper manufacturing, leading to a smoother surface and hence, for a thin coating,
keeping an electrical connection between the nanographite flakes is easier compared to
going across fibers in the widthwise direction. For more details on this, see Supplementary
Figures S7 and S8.

It is worth mentioning that the method used for measuring the resistivity also provides
an excellent way to characterize the overall coating quality; thus, when making resistance
vs. length measurements, one can clearly see if there is a coating defect and, for example, if
the coat weight changes across the width of the paper, which can happen with improper
setting of the LAS system,; this is seen in roll 06 in the left graph of Figure 6 for the W1 strip,
showing a nonlinear trend with a decreased slope in the data curve towards the edge of
paper, indicating that coat weight increased by about 1/3.

In Figure 5, two results can be observed. Firstly, the best performance was found in
the calendered sheets, giving values close (50%) to the theoretical limit of porous graphite
structures with similar densities to the coating. This indicates that the connections between
the nanographite flakes are overall good and are not hampered by the added dispersive
agent during slurry mixing. Secondly, Slurry B outperforms Slurry A in that the former is in
all coating trials closer to the theoretical limit of graphite. This could perhaps be explained
by the difference in nanographite flake size and the fact that Slurry A has smaller sizes
compared to Slurry B, and hence, hypothetically, if the same coating density is achieved in
two coatings but different slurries are used, then Slurry A will have more interconnected
electrical resistance points between the flakes since the number of flakes becomes larger to
compensates for their smaller sizes; see Supplementary Figure S6A,B for detailed images of
flake morphology. Overall, a correlation study like Figure 5 is a good method to characterize
the material. Since the resistivity dependency of density says something about the internal
structure of the material and since we have two flake size distributions in our experiments,
we can see that this is also observed as a feature in that same figure; a future investigation
could be to correlate this resistivity change with the different dispersive agents used.

4.3. LIB Anode Application

The cyclic voltammograms (Figure 7A) show an increase in the peak height of the
CV curve during the cycling. A higher peak indicates more lithium ions being inserted
into the anode. Higher peaks suggest that a larger portion of the anode material actively
participates in the electrochemical reaction overall. However, it is observed that for the
paper electrode, this process of activating the electrode is rather slow compared to more
standard cells, and we do not see a stabilization in its performance until 100 cycles.

The paper electrode has all its peaks offset to higher voltage values compared to
the reference cell R1’s CV data (Figure 7C). For the highest peak on the anodic side, this
offset is about 60 mV; this is comparable to the influence of the paper separator’s voltage
contribution due to added series resistance. Measured (Figure 7D) with a resistivity of
241 Om, a single paper layer as used for cell B4-0 will correspond to an added series resis-
tance of 116 (), and at the peak current of 165 pA, this will add a voltage offset of 19.1 mV.
If compared with R1, one has to also take into account the voltage contribution of the
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Celgard membrane as well, but this has a much lower value than the paper’s contribution,
an estimate since the membrane is 25 pm in thickness, which is four times thinner than the
paper, and with the approximation and all else being equal, this contribution is about 4 mV
and the offset between the two cells caused by separator influences will be 15 mV. Hence,
the observed offset could be explained as being at least partly caused by the paper’s higher
electrical resistance.

The long-term stability of battery capacity over extended cycling highlights the po-
tential of using paper as a separator. Furthermore, this also strengthens the potential
of a new design concept wherein paper can act as both a separator and a substrate for
coating the anode material. A unique advantage of this approach is that the electrode is
electrochemically accessible from both of its sides since the graphite in this case is not
coated onto a metallic foil, which is the more traditional approach.

Other Applications of the Coated Paper Electrode

The early coating experiments prior to the content of this study have shown that
triboelectric nanogenerators utilizing coated electrode paper from another batch of Slurry
B on Kraft Plus paper can generate a peak power density of 14 kW /m?, driven by the
electrostatic discharge effect on the material’s surface [25]. The same study also showed
that the coated paper could be used for wall- or floor-mounted smart sensors to detect
movement as well as smart sheets that monitor body movements and physiological ac-
tivities during sleep. Furthermore, lab-scale coating experiments prior to this study have
shown that other slurry batches made with the same equipment coated on paper can also
be used as electrodes in aqueous, metal-free, and low-cost supercapacitors generating a
specific capacitance of 48 F/g [30].

5. Conclusions

This study revealed the following two conclusions. First, it was demonstrated that a
functional electrically conducting material coated onto a paper substrate could be produced
at a pilot scale (TRL6) with roll-to-roll methods and that this material shows promising per-
formance for further electrode applications, especially since it is environmentally friendly,
resource-efficient, and low-cost. The best values achieved in this study were a coat weight
of 17.65(29) g/m? (roll 11), a max coating thickness of 56.1(2.5) um (roll 12), the highest den-
sity of 1.117(97) g/cm?3 (roll 08), and the highest electrical conductivity of 0.1293(17) mQ-m
(roll 08), making roll 08 the best-performing coating on average. Secondly, the two char-
acterization methods used to measure resistance as a function of a dimensional distance
and study resistivity as a function of density are both good tools for further materials
science investigations when characterizing fundamental properties of new materials at
the nanoscale.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/nano15020113/s1, Figure S1: (A) shows the high pressure piston
pump connected to the helical coil tube shear zone. (B) shows the two processing containers, one
feeding the the exfoliation process with suspension and one retreving exfoliated material. (C) shows
the shear zone outlet in container 2 during the second full pass; Figure S2: (A,B) shows the coated
paper substrate exiting the coater applicator and entering the IR-drying section from two different
angles. (C) shows sample cut-outs from Roll 08 and (D) from Roll 11. (E) shows 3 cm sample
strips cut across the full with from one of the rolls, (F) the procedure och punching 16 mm coins
from each sample strip, (G) shows weight measurement of punched out sample disks, (H) shows
thickness measurement of the sample discs and (I) a schematic sketch of the LIB half-cell assembly;
Figure S3: Humidity dependency tested for coated sheets 02B (top) and 02C (bottom). Both sheets
02B and 02C was made with Slurry A on Plus paper substrate. Precut A4 sample sheets from
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coating trials 02B and 02C was cut into five stripes 10 mm wide, 30 cm long and with guillotine.
Room humidity was measured to be 22%RH followed by electrical resistance measurement with
multimeter and this by placing the stripes on a plastic ruler with the electric connector-clamps at
its ends. Each stripe were thereafter put into desiccator boxes with salt-humidifiers giving a fixed
humidity of 65%RH, 69%RH, 72%RH, 75%RH, and 84%RH for 24 h periods with followup resistance
measurements. All samples were then in 24 h intervals rotated between all the humidity options
giving five data sets for each 02B and 02C sample. Experiment ended with a final treatment of all
samples in oven to be dried over night at 69C. Results shows very small trend of increasing resistance
with humidity but is insignificant if compared to the error estimates of data, (error bars only shown
for top row of dataset for better clarity in graph); Figure S4: Electrical resistance was measured with
multimeter in centimeter intervals over the length of stripes that were cut into lengthwise sections
taken from roll 03B and UM. The measurement was repeated after 7-8 mounts passed. For roll 03B
the resistivity increased by a minor 22% and for roll 11 no change was observed; Table S1: Two sheets
of A4 size were cut from each of the coated rolls, one sheet was calendered without heat, while the
second sheet was left for comparison. Stripes about one inch width was cut out from the sheets in
lengthwise direction of paper followed by thickness-, width-, and electrical-resistance measurements
in similar way as described in method section. Calculation of coating compression was done as well
as comparison of coating thickness reduction, density increase, and electrical resistivity decrease due
to the calendering. Calendering effects were not studied on roll 03B and UM. * referees to uncoated
papers hence weight, thickness, density, and compression ratio is for the full paper. * for roll 10 the
coating was too uneven and when two samples were compared the individual variation between
samples was larger than the effect of the calendering leading to a results in which the calendering
sample appeared thicker than the uncalender version; Figure S5: Comparison of resistivity decrease
as function of compression of the coating due to calendering. Sheet 06 to 11 follows a linear behavior
as expected for different compression ratios. However the change is not 1:1, i.e., if the compression is
60% as for sheet 06 a change in resistivity should also be 60% since resistivity depends linearly on
thickness of coating but this is not observed, instead only 40% resistivity decrease is found and the
ratio becomes 1.37 between resistivity decrease and compression. The regression gives an intercept of
y-axis at —41.7 with is unrealistic. Sheet 12 was excluded from the regression calculations and is seen
far of from the trend line, this can be explained by the achieved lower coating density of Sheet 12
is not caused by a uniform porosity increase but rather of uneven coating which is also confirmed
in SEM imaging; Figure S6: A sample, B machine-speed (m/min), C transferroll speed (m(min), D
coating thickness (um), De thickness error (um), E coat weight (g/ m?), Ee coat weight error (g/ m?),
F p widthwise (m(Qm), Fe p w.error (mQm), G p lengthwise (mQm), Ge p l.error (mQOm), H ratio p
width/length, He ratio p error, I measured sheet resistance (k(2/sq), Ie measured sheet resistance
error (kQ)/sq), J calculated sheet resistance (k{2/sq), Je calculated sheet resistance error (k(2/sq), K
measured capacitance (F/g), Ke measured capacitance error (F/g). For sheet resistance two methods
was used, either (column I) direct measurement by four point probe pushed against coating surface
at one hundred locations for each sample or calculated from the bulk resistivity p (column J). All
errors are std. dev. errors; Figure S6: Top row: SEM images from roll 03B (A) detailed top view, (B)
lower magnification of top view. Bottom row in similar way but for roll 11, (C) detailed top view, (D)
lower magification of top view. Scalebars from left to right both rows: 100 um and 500 pm. Except
for the thinner coating on roll 03B compared to roll 11 the other observations seen are differences in
flake size where approximately 10 times smaller flakes are present in slurry A, as seen in the detailed
image (A) of roll 03B, compared to (C) made from Slurry B. Another observation is that paper fibers
can be seen through the coating at some places (B) compared to (D); Figure S7: SEM crossectional
image in paper lengthwise direction, (A) from roll 03B and (B) from roll 11, scalebars 200 um. For
03B the coating looks thinner in that the top fibers of the paper are not coated and only the valleys of
the paper surface are filled with the nanographite. It also looks somewhat more porous compared
to roll 11. Since there is a natural fiber anisotropy of a paper in the favoring alignment of fibers in
paper length direction a thin coating that only fills the voids of the paper therefore tends to connect
lengthwise at first hand and secondly orthogonal across the fibers, hence leading to anisotropy effects
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of electrical resistivity with higher resistivity in the width direction of the paper rolls; Figure S8: SEM
crossectional image in sheets from 02C roll. Image (A) corresponds to crossection taken in the width
direction of the roll and (B) the length direction. Scalebars 200 pm. As seen in (A) the surface of
the paper is more rough in the horizontal direction of the image compared to image (B) indicating
the expected anisotropy of the paper; Figure S9: High resolution SEM crossectional image, scalebar
20 um, from roll 07 showing the nanographite coating layer on top of the paper. Here thickness of
coating is measured to be 32.8 um and the nanographite flakes tend to aggregate into bundles and
these are about 3.1 um in thickness. The thinnest nanographite sections seen in this image is 100 nm.
The big solid region at the bottom of image is the top fiber of the paper substrate; Figure S10: SEM
images of crossection as well as the top of coating in perspective, scalebars 500 um. Image (A) shows
roll 12 and the dark regions shows regions with little and in top left of image no coating and with
exposed fibers, indicated by the observed charging artifacts in the SEM image. This is seen as one
cause of the different behavior of roll 12 in the resistivity measurements in that the lower density
coating is not homogenies but rather caused by these larger variations in the coating. Image (B)
shows the other end of the spectra the smoothest surface achieved during the pilot trials and is from
roll 11 after calendering.
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Abstract: Self-standing NazMnTi(POy)3 /carbon nanofiber (CNF) electrodes are successfully synthe-
sized by electrospinning. A pre-synthesized NazMnTi(PO,); is dispersed in a polymeric solution,
and the electrospun product is heat-treated at 750 °C in nitrogen flow to obtain active material/CNF
electrodes. The active material loading is 10 wt%. SEM, TEM, and EDS analyses demonstrate
that the NagMnTi(POy)3 particles are homogeneously spread into and within CNFs. The loaded
NagMnTi(POy)3 displays the NASICON structure; compared to the pre-synthesized material, the
higher sintering temperature (750 °C) used to obtain conductive CNFs leads to cell shrinkage along
the a axis. The electrochemical performances are appealing compared to a tape-casted electrode ap-
positely prepared. The self-standing electrode displays an initial discharge capacity of 124.38 mAh/g
at 0.05C, completely recovered after cycling at an increasing C-rate and a coulombic efficiency >98%.
The capacity value at 20C is 77.60 mAh/g, and the self-standing electrode exhibits good cycling
performance and a capacity retention of 59.6% after 1000 cycles at 1C. Specific capacities of 33.6,
22.6, and 17.3 mAh/g are obtained by further cycling at 5C, 10C, and 20C, and the initial capacity
is completely recovered after 1350 cycles. The promising capacity values and cycling performance
are due to the easy electrolyte diffusion and contact with the active material, offered by the porous
nature of non-woven nanofibers.

Keywords: Na-ion batteries; NagMnTi(POy)3; NASICON-type electrode; self-standing electrode;
carbon nanofibers

1. Introduction

The increasing world energy demand and the need to face global climate changes and
environmental pollution concerns urgently call for the development of renewable energy
sources such as solar, water, and wind [1-3]. Rechargeable batteries play a relevant role
in large-scale renewable and clean energy storage [4-6]. Despite the fact that lithium-ion
batteries (LIBs) exhibit a high operating voltage, high energy density, and improved specific
capacity and lifespan [7-11] and represent a mature and performant technology in energy
storage systems, the scarce and uneven distribution of lithium resources, as well as the
rising cost, make them not suitable to fulfil large-scale applications [5,12-14]. Sodium-ion
batteries (SIBs) represent a fascinating candidate for next-generation large-scale grid energy
systems: SIBs” working mechanism is comparable to LIBs’. Sodium is abundant on the
Earth’s crust and seawater, and it is inexpensive [15-17]. Compared to lithium, sodium
displays similar chemical, electrochemical, and physical properties, but its larger cation
size (1.02 A) and slower diffusion rate cause huge volume expansions during its insertion
into the electrode material. This feature poses concerns on the SIBs’ requisites such as

1

4

Nanomaterials 2024, 14, 804. https:/ /doi.org/10.3390/nano14090804 22

https:/ /www.mdpi.com/journal /nanomaterials



Nanomaterials 2024, 14, 804

adequate values of specific capacities, a sufficient coulombic efficiency, and long lifespan.
The cathode materials play a relevant role in SIBs, and numerous compounds displaying
open framework structures and suitable tunnels for Na-ion diffusion have been investi-
gated, such as Prussian blue analogues [18-23], O3- and P2-type transition metal layered
oxides [24-28], and polyanionic compounds [29-34]. Among the polyanionic phosphates,
Na superionic conductor (NASICON)-structured compounds are appealing candidates
as cathodes for SIBs. NazV;(POy); is considered the most representative: the Na ions
partially occupy two crystallographic sites, and cation transport is assured by the open
three-dimensional structure based on corner-sharing VOg octahedra and POy tetrahedra
to form V,(POy)3 repeating units [35]. More recently, research has focused on NASICON-
structured mixed transition metal phosphates, suitable to access high voltages. Among
them, NasMnTi(POy); seems very promising. Gao and co-workers [36,37] detected two
high-voltage plateaus at about 3.6 and 4.1 V, attributed to the Mn3* /Mn?* and Mn** /Mn3*
redox processes (the extraction of two sodium ions). After cycling and repeated inter-
calation/deintercalation processes, small volume changes and structural stability were
detected. The Zhu research group [38] synthesized, through the spray-drying-assisted
route, NagMnTi(PO4)3/C hollow microsphere cathodes, which exhibited a fully reversible
three-sodium-ion extraction/insertion. The peaks at about 2.1, 3.5 and 4.0 V vs. Na*/Na
correspond to the Ti** /Ti**, Mn?* /Mn3*, and Mn®**/Mn** redox reactions. A high specific
capacity of 160 mAh/g at 0.2 C is achieved, comparable to the theoretical one (176 mAh/g).
Despite the intriguing electrochemical properties of the NagMnTi(POy)3 cathode, its poor
electronic conductivity and the presence of intrinsic anti-site defects involving the Mn
occupation of vacancies on Na(2) site cause voltage hysteresis and inhibit good cycling
stability and rate performance [39]. Several strategies were investigated to overcome these
problems: carbon coating, the synthesis of tailored morphologies/nanostructures [40,41],
and the doping/partial substitution of transition metal ions [39,42-45].

In the last decade, carbon nanofibers (CNFs) proved to be appealing materials for
electrochemical applications. The good electronic conductivity and mechanical prop-
erties make them suitable conductive fillers or conductive supports of electrode active
materials [46-51]. Noteworthy, the CNFs themselves are promising anodes [52]: CNFs dis-
play a high surface area and electronic conduction thanks to their unique 1D morphology.
They can be obtained by electrospinning, a simple and scalable technology: a polymeric
solution is electrospun, stabilized at about 250 °C in air, and carbonized at 800-900 °C in
an inert atmosphere. The obtained non-woven CNFs display good electronic conductivity
and desirable porosity to allow electrolyte permeation and to buffer the volume changes
occurring with sodiation/desodiation. Notably, the mechanical properties of CNFs make
them suitable to fabricate self-standing electrodes, avoiding the use of the metal current col-
lector. Two approaches are mainly used to synthesize active materials/CNFs self-standing
electrodes, both viable and flexible. In the first method [46—48], a solution containing active
material precursors and a polymer is electrospun and thermal-treated at temperatures suit-
able to carbonize nanofibers and synthesize the active material. Via the second route [50,51],
the solution containing active material precursors is dip-/drop-coated on CNFs obtained
by electrospinning, and the fibers are thermal-treated at the synthesis temperature of the
active material. In both approaches the active material is synthesized in situ, but some
limits can be envisaged: (i) the temperature/atmosphere of the active materials synthesis
and nanofibers carbonization mismatching and (ii) the non-homogeneous distribution of
the active material along the fibers’ thickness by dip /drop-coating.

In this paper, we propose a different approach to synthesize NasMnTi(POy);/CNF
composites by electrospinning. The active material, synthesized ex situ by the sol-gel route,
is added in proper amounts (10 and 30 wt%) to a polyacrylonitrile in N, N-dimethylacetamide
solution; the dispersion is electrospun, and the sheets are stabilized and carbonized to
obtain self-standing electrodes. The composites are characterized by different techniques
(X-ray powder diffraction and Rietveld structural and profile refinement, scanning elec-
tron microscopy, energy dispersive spectroscopy, transmission electron microscopy, Ra-
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man spectroscopy, and thermogravimetry) to investigate the structure and morphology
of and active material distribution in CNFs. The electrochemical performances of the
NasMnTi(POy4)3/CNF electrodes are tested and discussed, compared to a NazMnTi(POy)3
tape-casted electrode (70 wt% active material). An improved capacity at high C-rates and
cell lifespan are achieved, thanks to the benefits of CNFs: good electronic conductivity, easy
electrolyte permeation into the self-standing electrode, and porous fibers’ ability to buffer
the active material volume change during sodiation/desodiation.

2. Materials and Methods
2.1. Materials

Sodium acetate (CH3;COONa; Aldrich, Milan, Italy, 99%), manganese (II) acetate tetrahy-
drate (CH3COO),Mn-4H,0; Aldrich, Milan, Italy, 99%), ammonium phosphate monobasic
(NH4H;POy; Aldrich, Milan, Italy, 99%), titanium (IV) isopropoxide (C1oH304Ti; Aldrich,
Milan, Italy, 99%), absolute ethanol (C;HsOH, Aldrich, Milan, Italy), citric acid (C¢HgO7;
Aldrich, Milan, Italy, 99%), polyacrylonitrile (PAN: (C3H3N),; Aldrich, Milan, Italy, parti-
cle size 50 pm, 99.5% AN/0.5% MA), N,N-dimethylacetamide (DMAc: CH3CON(CH3),;
Aldrich, Milan, Italy, 99%), Super P carbon, polyvinylidene fluoride (PVdF Kynar), N-
methyl-2-pyrrolidone (NMP: Aldrich, Milan, Italy, 99%), 1M sodium perchlorate (NaClOj)
in propylene carbonate (PC) 1:1 v:v (Aldrich, Milan, Italy, 98%), and 4-Fluoro-1,3-diocolan-
2-one (FEC; Aldrich, Milan, Italy, 99.5%) were employed to synthesize the active material
and the self-standing electrodes and to prepare the slurry of the tape-casted electrode and
the electrolyte.

2.2. Synthesis of Electrode Materials

The NagMnTi(POy); active material is synthesized via sol-gel [53]. An aqueous solu-
tion of CH3COONa, (CH3COO),Mn-4H,0, NH4H, POy, and citric acid is added dropwise
to a solution of titanium (IV) isopropoxide in absolute ethanol. The reagents are taken in
a stoichiometric amount, and citric acid equals the transition metal moles. The solution
is stirred at 80 °C until a gel forms. The gel is dried at 100 °C, ground in an agate mortar,
and heat-treated at 650 °C under nitrogen atmosphere for 12 h. From now on, the powder
sample is indicated by the code MnTi.

The self-standing electrodes are synthesized by electrospinning. The electrospun
dispersion is prepared by adding MnTi active material (10 and 30 wt%) to a solution of
PAN (8 wt%) in DMACc [49,51]. Hereafter, we report the detailed synthesis of the two
self-standing electrodes (codes: 10%MnTi/CNF and 30%MnTi/CNF). The MnTi powder
is ball-milled at 100 rpm for two cycles (20 min each), then 10 wt% of MnTi (0.376 g)
or 30 wt% of MnTi (1.128 g) is added to DMAc (50 mL). The suspension is sonicated
for 1 h, after which 3.760 g PAN is added, and the suspension is stirred overnight at
60 °C. The solution is electrospun by using the EF050 Starter Kit Electrospinning system of
SKE Research Equipment (C/O Leonardino S.r.1, Bollate, M, Italy), setting the following
conditions: 10.5 mL dispersion, 3.5 mL/h flow, 16 gauge needle, applied voltage 16 kV,
needle—collector distance 18 cm, and deposition time 3 h. The setting parameters had
been previously optimized. Finally, a homemade humidity sensor-included box is built for
humidity control: a value lower than 20% is detected during all depositions.

The same electrospinning procedure is applied to a solution of PAN (8 wt%) in DMAc
to prepare a pure CNF sample: it is used for comparison with the self-standing electrode’s
characterization.

The electrospun sheets are removed from the support (aluminum foil) and stabilized
in air for 30 min at 100 °C, 30 min at 200 °C, and finally 2 h at 260 °C (heating ramp:
5°C min~!). They are further heat-treated at 750 °C for 2 h (heating ramp: 10 °C min ') in
nitrogen atmosphere for the carbonization process.
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2.3. Materials Characterization

X-ray powder diffraction (XRPD) measurements are performed by using a Bruker
D5005 diffractometer with the Cu K« radiation (40 kV, 40 mA) and a scintillation detector.
The patterns are collected in the 18-80° 26 range with a step size of 0.03° and 22 s/step
counting time. The Rietveld structural refinement is applied to the diffraction data. The
NASICON-type structure model (S.G. R3c) is used to determine the main structural param-
eters. The TOPAS V3.0 software is used [54].

SEM micrographs are collected by a Zeiss EVO MAH10 (Carl Zeiss, Oberkochen, Ger-
many) scanning electron microscope on Au-sputtered samples (20 kV, secondary electron
images, working distance 8.5 mm). The microscope is equipped with an energy dispersive
detector (X-max 50 mm?, Oxford Instruments, Oxford, UK) for the EDS analysis.

TEM images are collected on JEOL JEM-1200EXIII equipped with a TEM CCD camera
Mega View III transmission electron microscope to highlight the presence of MnTi powder
in the CNFs.

The TGA data collection is performed with a TA Q5000 instrument in air in the
20-725 °C temperature range (heating rate: 10 Kmin~!). The technique is used to determine
the effective weight percentage of MnTi powder in CNFs.

The Raman measurements are performed employing a microRaman spectrometer,
XploRA Plus HORIBA Scientific (Kyoto, Japan), equipped with an Olympus BX43 micro-
scope. Laser red light at 638 nm (90 mW) is used as the excitation source. The incident laser
power is tuned by a set of neutral filters with different optical densities. The investigated
samples are placed on a motorized xy stage. The spectral resolution is about 2 cm~!. An
open electrode CCD camera, with a multistage Peltier air-cooling system, is used as a
detector. The measurements are performed using a 50x objective with a long working
distance, which leads to a spatial resolution of the order of 4 pum. The spectra have been
collected with a mean integration time of about 10 s and a number of accumulations equal
to 10. All the reported data are the result of the average of different spectra collected at
different points in each sample.

2.4. Electrochemical Characterization

A Swagelok cell is used for the electrochemical investigation. The cells are assembled
in an argon-filled dry box (M. Braun H,O < 0.1 ppm; O, < 0.1 ppm) by using the self-
standing electrodes (see Section 2.2), 1 M NaClOy in PC and 5% FEC as the electrolyte, and
sodium foil as the counter-electrode.

For comparison, a Swagelok cell is assembled by using a tape-casted electrode: to
prepare the NasMnTi(PO,); slurry, the MnTi powder is ball-milled at 100 rpm for two
cycles (20 min each). A mixture of 70 wt% active material, 20 wt% Super P carbon and
10 wt% PVdF is stirred in NMP for 2 h, cast on aluminum foil, and dried at 70 °C for 3 h.

The electrochemical properties are investigated at ambient temperature by cyclic
voltammetry (CV) and galvanostatic charge/discharge cycles. The CV is performed with
an Autolab potentiostat. All cells are cycled in the 1.5-4.5 V potential range. Galvanos-
tatic charge/discharge cycles are obtained with a Neware-4000BTS apparatus at different
current rates in the abovementioned potential range. The electrochemical impedance spec-
troscopy (EIS) measurements were performed on an Autolab PGSTAT30 potentiostat (Eco
Chemie). The EIS spectra were acquired at OCV in the 10°~10~2 Hz frequency range with
an amplitude potential of 1 mV.

3. Results and Discussion
3.1. Structural Characterization

In Figure 1, the diffraction patterns of all samples are shown. The MnTi sample
displays the diffraction peaks of the NASICON-type crystal structure and well compares to
the literature data [53]; no impurity phases are detected. The pure CNF sample displays
a broad band at about 25°/26, typical of amorphous components. In the MnTi/CNF
samples, the peaks of the NASICON structure and the amorphous CNF phase are detected.
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Rietveld refinement is applied to the MnTi, 10%MnTi/CNF and 30%MnTi/CNF diffraction
patterns. The structural model reported by Zhou and co-workers [53] is used (R3¢ S.G. and
lattice parameters a = 8.73352 A and c = 21.84703 A). The lattice parameters, crystallite
size, and degree of crystallinity obtained by Rietveld refinement are reported in Table S1
(Supporting Information). Figure S1 (Supporting Information) compares the experimental
and calculated patterns.
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Figure 1. X-ray diffraction patterns of the MnTi, MnTi/CNEF, and pure CNF samples. The
NagMnTi(POy); simulated pattern is also shown.

The discrepancy factor values (Table S1) and the graphical comparison (Figure S1)
demonstrate that the refined model properly fits the experimental XRPD data. The refined
lattice parameters of the MnTi sample well compare to the literature ones [53]. However, for
both MnTi/CNF samples, the a lattice parameter and cell volume decrease, giving rise to a
c/a ratio increase (Table S1). The cell volume shrinkage may depend on the sintering temper-
ature of 750 °C used for the carbonization process and not on the NagMnTi(POy)3 inclusion
in carbon nanofibers. In fact, the same shrinkage was detected for NasMnTi(PO4)3 samples
synthesized at the same temperature by Liu and coworkers [55]. Moreover, the temperature
higher than that usually chosen in the sol-gel synthesis (650 °C) may increase intrinsic
anti-sites defects, responsible for the charge/discharge voltage hysteresis [39]. The cell
shrinkage inhibits the Na(2) reversible insertion/extraction and impacts the electrochemi-
cal performances, as discussed in 3.5. However, we chose the carbonization temperature
of 750 °C based on the increased conductivity of pure CNFs: 1.56 x 1073 S/cm and
1.76 x 107 S/cm for carbonization at 750 °C and 650 °C, respectively. The NazsMnTi(PO4)3
active material in both MnTi and MnTi/CNF samples is nanocrystalline (Table S1), and the
crystallite size does not depend on the sintering temperature. The degree of crystallinity
gives an idea of the amount of crystalline phase (active material) loaded in the self-standing
electrodes. The degree of crystallinity is about 9% for the MnTi/CNF samples (Table S1).
The value matches the synthesis content of the 10%MnTi/CNF but not the 30%MnTi/CNF
one. It may depend on the possible decantation of MnTi powder into the tube during the
electrospinning deposition. The quantitative amount of the active material loaded into
CNFs will be evaluated by TGA and discussed in 3.3.

3.2. Samples Morphology

Figure 2a,b shows the SEM images of the MnTi sample. Large aggregates (10-30 um),
composed of sub-particles smaller than 1 um, are observed. The grain’s surfaces are rough
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but well defined. The TEM micrographs in Figure 2c,d confirm the presence of the particles’
aggregates. Noteworthy, the particulate is surrounded by homogeneously spread carbon
coating due to the carbon source (citric acid) used in the sol-gel synthesis.

Figure 2. SEM (a,b) and TEM (c,d) images of the MnTi sample.

The SEM surface and cross-section images of the 10%MnTi/CNF sheets (Figure 3a—)
demonstrate that the NasMnTi(POy)3 is dispersed into nanofibers and forms agglomerates
with a widely varying size distribution. The 10%MnTi/CNF sheet thickness is about 50 pm.
As in the case of the 10%MnTi/CNF, the SEM surface and cross-section images of the
30%MnTi/CNF sample (Figure 3d—f) display agglomerates with an uneven size spread
in the CNF matrix. The sheet thickness is about 300 pm. The carbonization process does
not influence the homogeneous distribution of the active material, as demonstrated by the
SEM images taken on the electrospun and graphitized 10%MnTi/CNF sample (Figure S2).
As expected, the carbonization process causes a slight decrease in CNFs’ diameter.

2 285KX e T M 27

Figure 3. SEM images of surface (a,b) and cross-section (c) of the 10%MnTi/CNF sample. SEM
images of surface (d,e) and cross-section (f) of the 30%MnTi/CNF sample.

The morphology, particle size, and distribution of the active material in self-standing
electrodes are deeply investigated by TEM analysis. The TEM images of the 10%MnTi/CNF
sample (Figure 4a—c) display NazMnTi(PO4); nanoparticles of about 20-30 nm, consistent
with the crystallite size reported in Table S1; they form aggregates of variable size and
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segregate between and into nanofibers (CNFs diameter: 120-170 nm). The 30%MnTi/CNF
sample displays comparable morphology (Figure 4d—f), and the NazMnTi(POy)3 aggregates
are spread both between and embedded into nanofibers. The CNFs’ diameter ranges
between 90 and 120 nm. In the MnTi/CNF samples, the agglomerates display widely
varying sizes, as also suggested by the granulometric study based on the SEM data (mean
particle size: 0.57(0.54) um).

Figure 4. TEM images of 10%MnTi/CNF (a—c) and 30%MnTi/CNF (d—f) samples taken at different
magnifications.

The surface and bulk distribution of MnTi powder in the MnTi/CNF self-standing
electrodes is investigated by EDS. The Na, Mn, Ti, and P distribution maps on the surface of
the 10%MnTi/CNF sample (Figure 5a—e) confirm that the active material aggregates within
and between CNFs and that it is homogeneously spread in CNFs. What is noteworthy is
that the particles of the active material are spread along the sheet thickness, as demonstrated
by the cross-section element distribution maps (Figure 5f-1); this is beneficial to obtain
enhanced electrochemical performances, and it is not easily achieved by the dip- and
drop-coating loading approach. Comparable EDS results are obtained for 30%MnTi/CNE,
as demonstrated by the element distribution maps on the surface (Figure 6a—e) and cross-
section (Figure 6f-1).

90um P T 50um | P

50um

Figure 5. On the left surface: portion of 10%MnTi/CNF sample (a) and distribution maps of Na
(b), Mn (c), Ti (d), and P (e). On the right: cross-section portion of 10%MnTi/CNF sample (f) and
distribution maps of Na (g), Mn (h), Ti (i), and P (j).
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Figure 6. On the left: surface portion of 30%MnTi/CNF sample (a) and distribution maps of Na
(b), Mn (c), Ti (d), and P (e). On the right: cross-section portion of 30%MnTi/CNF sample (f) and
distribution maps of Na (g), Mn (h), Ti (i), and P (j).

3.3. Thermogravimetric Analysis

The carbon content and the NagMnTi(PO,); amount loaded into CNFs is evaluated by
thermogravimetric analysis on the samples after the carbonization process. The thermo-
gravimetric curves of MnTi, 10%MnTi/CNF, and 30%MnTi/CNF samples are shown in

Figure 7.
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Figure 7. TGA curves of MnTi (blue), 10%MnTi/CNF (red), and 30%MnTi/CNF (green) samples.
The analysis is performed in air between 25 and 730 °C.

The MnTi TGA curve displays three weight losses: 1.43 wt% at 100 °C, 13.88 wt%
at 400-500 °C, and 0.89 wt% at 600 °C. The first loss is due to the release of adsorbed
water, and the second and third account for the carbon coating content in the MnTi sample:
14.77 wt%. Finally, the small weight increase at 500 °C is explained by the oxidation of
the low-valence state of metal species induced by carbon combustion, as reported in the
literature [40,53].

The TGA curves of the 10%MnTi/CNF (red) and 30%MnTi/CNF (green) samples
also show two mass losses: (i) below 100 °C due to the adsorbed water release (about
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7.7 wt% for both samples); (ii) in the 500-650 °C temperature range, involving the car-
bonaceous component combustion of both the NagMnTi(POy)3 carbon coating and the
carbon nanofibers. The latter mass loss corresponds to the carbon content in the samples:
80.57 wt% for 10%MnTi/CNF and 82.71 wt% for 30%MnTi/CNE. The 10%MnTi/CNF and
30%MnTi/CNF samples give a residual mass of 11.73 wt% at 650 °C and 9.59 wt% at 700 °C,
respectively, which corresponds to the active material amount in the samples. The result
matches the synthesis value of the 10%MnTi/CNF self-standing electrode. In the case of
the 30%MnTi/CNF sample, the NazMnTi(PO4); amount is much lower than the synthesis
value (30 wt%). The TGA results match the values of the degree of crystallinity obtained by
XRPD analysis (Table S1). We repeated the synthesis of the 30%MnTi/CNF sample, and we
noticed that some sedimentation of the active material occurred along the tube connecting
the pump and the needle of the horizontal spinneret. We believed this may have been due
to the possible poor dispersibility of the pre-synthesized active material aggregates in the
PAN-based polymer solution. We also tried to prepare the self-standing electrode using ver-
tical equipment, but again, the NazMnTi(PO4)3 30 wt% amount was not achieved. Based on
the above-mentioned results, we decided to investigate the electrochemical performances
of the MnTi (tape-casted) and 10%MnTi/CNF (self-standing) electrodes.

3.4. Raman Analysis

The Raman analysis is performed to obtain insights on the structural compositions of
the investigated materials. In particular, the aim is to study the Raman activity of carbon
modes in both carbon coatings and CNFs, thus determining the order degree of the carbon
component itself.

The room temperature spectra of the 10%MnTi/CNF and 30%MnTi/CNF self-standing
samples together with the ones of the MnTi powder and the only CNFs are reported in
Figure 8.
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Figure 8. Room temperature Raman spectra of pure CNFs, 10%MnTi/CNE, 30%MnTi/CNEF, and
MnTi powder (from bottom to top).

The MnTi spectrum displays some broad signals in the low-frequency region (see
inset). According to [56], the most prominent features at about 565 and 680 cm ! could
be ascribed to P-O and P-O-Na vibrations together with possible contribution by Ti-O
ones, while less intense modes are visible below 300 cm ™! and they could arise from the
vibrations involving Mn ions.

Apart from the MnTi sample that shows low-energy modes, each spectrum is domi-
nated only by two intense modes that fall at about 1340 and 1585 cm ™. These features are
a characteristic signature of carbonaceous materials, through which it is possible to obtain
information about the order/disorder as well as the crystalline quality of the structure.
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Indeed, as it is well known, the mode occurring at about 1585 cm ! is the G band and it is
characteristic of an ordered graphitic network, while the one at ~1340 cm ! is known as
the D band and it is generally ascribed to defectiveness [57].

The presence of the D and G bands also in the MnTi spectrum confirms the presence
of a carbon coating on the MnTi particles, as evidenced by the morphological analysis and
TGA data. The D mode seems to be broader than in the other samples, pointing towards a
more disordered structure, consistent with an external citric carbon coating.

In Figure 9, the value of the Ig/Ip ratio is reported for each sample. In general,
the Ig and Ip values correspond to the intensities of the modes. However, to better
account for the broadening of the peak, especially in the case of the MnTi sample, we
have used the integrated intensity of the two Gaussian functions used to perform the best
fitting procedure.
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Figure 9. I /Ip values reported for each investigated sample.

The smallest I /Ip value (0.26) is obtained for the MnTi sample as expected: CNFs are
the main source of ordered carbon, beneficial for the electronic conductivity enhancement
of the electrodes. What is noteworthy is that a higher Ig/Ip value is detected in the
10%MnTi/CNF sample, which will be electrochemically evaluated. This fact could be due
to a beneficial effect of the native carbon coating of MnTi particles which favors an ordered
carbon nanofiber adhesion. This effect should be more evident for low amounts of MnTi
aggregates due to the weight of different Raman yields in the whole Raman spectrum of
the sampled volumes.

3.5. Electrochemical Characterization

The NazMnTi(POy)3 shows three redox peaks of Ti** /Ti**, Mn?* /Mn?*, and Mn®*/
Mn** at2.1V,3.5V, and 4.0 V, respectively. The presence of three different redox reactions
makes the material suitable for different applications that require different applied voltages:
as an anode for the Ti** /Ti** redox couple and as a cathode thanks to Mn?*/Mn>* and
Mn3* /Mn** ones [53].

The redox mechanism involves a multielectron process during the Na* extraction/
insertion. It includes a two-electron transfer for Mn>*/Mn>** and Mn3* /Mn** and one
electron process in the case of Ti** /Ti**; an ex situ X-ray diffraction investigation demon-
strates the sodiation/desodiation process involves both solid—solution and two-phase
reactions [41,53]. Equations (1) and (2) summarize the charge/discharge process [41,53]:

discharge : NajMnTi(POy), o NapMnTi(POy), s NazMnTi(POy),

: )
Ti(P
ST NagMnTi(POy),
charge : NayMnTi(POy4); — NagMnTi(POy4); — NapMnTi(POy),
21V 35V @)
.o, NaiMnTi(PO,);
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The NapMnTi(PO4)3,NaijMnTi(POy)3 process is kinetically favored with the fastest
Na* diffusion, as also supported by density functional theory calculations [53].

3.5.1. Cyclic Voltammetry

The MnTi CV curve is shown in Figure 10a. The tape-casted electrode displays the three
redox peaks of Ti** /Ti**, Mn?* /Mn>*, and Mn3* /Mn** at 2.20 V/2.06 V, 3.67 V/3.41V,
and 4.08 V/3.95 V, respectively. The AV of Ti** /Ti** peak is 139 mV and progressively
diminishes for Mn?*/Mn3* (26 mV) and Mn** /Mn** (13 mV). It indicates a quite small
polarization phenomenon. The current intensity is higher than 0.04 A/g and lower than
—0.06 A/g for anodic and cathodic peaks, respectively. The three redox couples are
also consistent with the three plateaus detected in the Galvanostatic charge-discharge
profiles shown in Figure 10b. In the first charge process, the plateau of the Ti**/Ti** redox
couple is not observed due to the initial open-circuit voltage (2.5-2.7 V). The CV curves
and charge/discharge profiles of the 10%MnTi/CNF sample are reported in Figure 10c
and Figure 10d, respectively. In this case, only the Ti**/Ti** redox peaks at 2.12 V/2.06
V are detected, while the Mn?*/Mn3" and Mn>"/Mn** ones become very faint. The
sluggish redox activity may be attributed to the cell shrinkage at a sintering temperature
of 750 °C [55] and to the intrinsic anti-site defect: Mn occupies the Na(2) vacancy and
hampers the sodium ion diffusion and the manganese redox processes [39]. However,
a temperature of 750 °C is necessary to obtain a successful carbonization. Secondly, we
underline that the 10%MnTi/CNF electrode contains only 10 wt% of active material against
the 70 wt% present in the MnTi tape-casted electrode, and this can influence the CV. The
Ti®* /Ti** redox reaction is also confirmed by the evident plateau in Figure 10d. In the CV
curves (Figure 10c), the weak peak at 2.4 V is explained by the disproportion reaction of
Mn3* dissolved in the electrolyte [41]. Finally, the cycles are overlapped to demonstrate a
strong redox reversibility.
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Figure 10. Cyclic voltammetry curves and first three charge/discharge profiles of MnTi tape-casted (a,b)
and 10%MnTi/CNF (c,d) electrodes. The analysis is performed at 0.1 mV /s in the 1.5-4.5 V range.

Figure 11a,d show the CV curves at different scan rates for MnTi and 10%MnTi/CNF
samples, respectively. The data were analyzed to evaluate the sodium ion diffusion coefti-
cient, the alkali metal-ion faradaic contribution (diffusion control), and the non-faradaic one
(pseudo-capacitance control) caused by the formation of the double layer at the material
surface [41,53,55]. The pseudo-capacitance contributions are shown in Figure 11b,c,e,f for
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the MnTi and 10%MnTi/CNF samples, respectively. The relationship between the redox
current i, (A) and scan rate v (mV/s) is given by the following:

ip = kv + ko /v 3)

where iy, is the peak current, v is the scan rate, and k; and k; are adjustable parameters [41,53].
The diffusion contribution is driven by the square root term thanks to the derivation of the i, by
the Randles-Sevick equation:

ip = 2.69 x 10°n2 ACVDv 4)

where n is the number of electrons transferred, A is the electrode area, C is the Na*
concentration and D is the diffusion coefficient. The quantities are given in the CGS unit
system and at standard conditions. From Equations (3) and (4), the diffusion coefficient D
can be evaluated by calculating the k; term for both MnTi and 10%MnTi/CNF samples.
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Figure 11. Cyclic voltammetry at different scan rates for MnTi tape-casted (a) and 10%MnTi/CNF (d)
electrodes. Capacitive and diffusive contributions at 1 mV /s for MnTi tape-casted (capacitive: red;
diffusive: green; both contributions: light brown) (b) and 10%MnTi/CNF (capacitive: blue; diffusive:
orange; both contributions: violet) (e) electrodes. Capacitance and diffusion histogram for MnTi
tape-casted (c) and 10%MnTi/CNF (f).

The tape-casted electrode (A = 0.78 cm?) exhibits diffusion coefficients values for
anodic peaks of DTi(IH)/Ti(IV) =13 x 107 cm2/s, DMn(II)/Mn(IH) =84 x 1077 sz/S, and
Dwmnimy/Mnav) = 1.6 X 10719 ¢cm?/s. In the case of the cathodic peak, the D values are
D /i) = 2-2 X 107% em? /s, Dyt /mnq = 7:6 % 1072 cm? /s, and Dygn(un/Mn(v) =
1.4 x 1072 cm?/s. The results compare to the literature ones [53,55].
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An equivalent analysis can be conducted for the self-standing electrode as well. Con-
trary to the MnTi, the 10%MnTi/CNEF electrode features a three-dimensional structure,
whose main advantage is the substantial increase in the active material surface. Indeed,
10%MnTi/CNF area A cannot be estimated from the electrode section. Therefore, we
evaluate an equivalent anodic diffusion coefficient Deq = 2.6 X 10712 cm?/s and cathodic
Deq = 1.0 x 10~ em? /s for Tid* /Ti** redox couple, where we assume electrode area A is
equal to its section. The result is consistent with the fact that the Tid* /Tit* self-standing
electrode shows a lower current intensity than its tape-casted counterpart (see Figure 11a,d),
and this depends on the NasMnTi(PO,); amount in the 10%MnTi/CNF and MnTi elec-
trodes (10 and 70 wt%, respectively). The low amount of the active material leads to a low
electrochemical active area.

To compare the performance of tape-casted and self-standing electrodes, the capacity
contribution of diffusion and reaction (capacitive contribution) control as a function of
CV sweep rates were calculated. As shown in Figure 11e,f, the 10%MnTi/CNF sample
exhibits a higher contribution of diffusion control at each scan rate than its tape-casted
counterpart (Figure 11b,c), thanks to the presence of the very porous CNF sheets. Indeed,
the porosity of non-woven nanofibers guarantees an easier electrolyte diffusion which
easily makes contact with active material particles, as reported in the literature [58,59]. This
is also confirmed by the complete electrolyte permeation of the 10%MnTi/CNF sheet after
carbonization, as shown in Figure S3 (Supporting Information). Finally, the tape-casted
anodic and cathodic peaks tend to move to the right and left, respectively as the scan rate
increases (Figure 11a), while this behavior is less pronounced for the self-standing sample
(Figure 11d). For example, the Ti** /Ti** redox peak overpotentials of the MnTi sample
are 139 mV, 280 mV, 503 mV, and 768 mV as the scan rate increases against 63 mV, 58 mV,
119 mV, and 154 mV for the 10%MnTi/CNF. The results suggest more irreversible redox
processes in the tape-casted electrode than in the self-standing one.

3.5.2. Charge/Discharge Cycles

Figure 12 shows the charge/discharge analysis for both MnTi and 10%MnTi/
CNF samples.
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Figure 12. Charge/discharge cycling at different C-rate of MnTi tape-casted (a) and 10%MnTi/CNF (c)
electrodes. Long charge/discharge cycles for MnTi tape-casted (b) and 10%MnTi/CNF (d) electrodes.

The MnTi displays an initial charge and discharge capacity of 75.02 and 119.08 mAh/g,
respectively (Figure 12a). The initial charge capacity is lower than the following cycles
because the OCV (between 2.5-2.8 V) is higher than the Ti** /Ti** redox potential. We
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obtain average discharge capacities of 117.76, 109.80, 102.69, 93.67, 85.09, 71.83, 42.03, 5.70,
and 4.12 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C, and 20C, respectively. The cell
exhibits a good capacity recovery at the end of the measurement and a coulombic efficiency
>98%. In Figure 12b, the long charge/discharge cycles are shown. After the first five cycles
at 0.05C, the cell is tested at 0.2C, 1C, and 5C for 240, 50, and 20 cycles, respectively. The
initial discharge capacity is 106.48 mAh/g, and the cell exhibits a coulombic efficiency
>99%. The specific capacity decreases, increasing both the cycle index and C-rate. For the
first 190 cycles at 0.2C, the average capacity value is 84.24 mAh/g, while it diminishes to
71.63 mAh/g in the following 50 ones at the same C-rate with a capacity retention of 73.97%
at the 240th cycle. By increasing the C-rate from 0.2C to 1C, the capacity value decreases to
16.18 mAh/g, while at 5C, the cell does not work. So, it can be concluded that the MnTi
sample does not support C-rates higher than 1C after 290 cycles.

The 10%MnTi/CNF shows an initial charge and discharge capacity of 109.9 and
160.04 mAh/g, respectively (see Figure 12c). We obtain average discharge capacities of
124.38, 115.68, 111.04, 100.68, 93.6, 91.42, 89.15, 88.30, and 77.60 mAh/g at 0.05C, 0.1C,
0.2C, 0.5C, 1C, 2C, 5C, 10C, and 20C, respectively. At the end of the measurement, the cell
completely recovers the initial capacity with a coulombic efficiency >98%. Contrary to
the tape-casted MnTi electrode, the self-standing 10%MnTi/CNF one exhibits (i) a very
moderate capacity loss by increasing the C-rate, (i) good stability and reversibility of
sodium storage, and (iii) promising performances also at C-rates higher than 5C. The
10%MnTi/CNF ability to cycle at high C-rates is guaranteed by the CNFs 3D network that
gives high porosity and an easier diffusion of Na-ion. This implies a high power density, as
reported by Vu and co-workers [58]. The capacity values of the 10%MnTi/CNF electrode
shown in Figure 12c are comparable to the literature ones [40,41]. Notably, these promising
electrochemical performances are obtained on an electrode synthesized by a simple and
feasible approach with an active material amount of 10 wt%, against the 70-80 wt% of the
conventional tape-casted electrodes. We underline some drawbacks can be envisaged in
the sintering temperature of 750 °C necessary for the CNFs’ graphitization as this implies
cell shrinkage and the sluggishness of the redox process. Nevertheless, they are overcome
thanks to the advantages of the CNFs: they provide conducive carbon, a porous matrix
beneficial for electrolyte—active material contact, easy sodium ions diffusion, and a light
and self-standing electrode.

The very promising electrochemical performances of the 10%MnTi/CNF sample are
also confirmed by the long-term charge/discharge cycling shown in Figure 12d: the cell
lifespan is tested at 0,05C, 0.2C, 1C, 5C, 10C, and 20C for 5, 50, 1000, 100, 100, and 100 cycles,
respectively. At 0.05C, the discharge capacity of 173.4 mAh/g in the first cycle approaches
the theoretical one, and then values of about 120 mAh/g are achieved. The specific capacity
decreases, increasing the cycle index and at the C-rate change. The specific capacity ranges
between 67.3 mAh/g and 110.1 mAh/g for 1000 cycles at 1C. Notably, after 1000 cycles
at 1C, the cell can be further cycled at higher C-rates with a final capacity retention of
59.6%. Contrary to the tape-casted electrode for which the capacity dramatically decreases
at 1C (16.18 mAh/g) after 250 cycles at 0.2C (Figure 12b), the self-standing 10%MnTi/CNF
electrode shows a longer lifespan, and its capacity is completely recovered in the last ten
cycles at 0.05C after 1350 cycles. The good long-term cycling is another advantage of
using CNFs for the electrode. As reported by the Vu group [58], the porosity facilitates
the diffusion of the ions in bulk electrodes and also buffers the volume change during the
charge and discharge cycle, providing a longer cell lifespan. The coulombic efficiency is
>93% which implies a lower redox reversibility, especially in the first 50 cycles. Upon
increasing the C-rate, the specific capacity is 33.6, 22.6, and 17.3 mAh/g at 5C, 10C, and 20C,
respectively. Finally, we performed electrochemical impedance spectroscopy measurements
on the cycled tape-casted and 10%MnTi/CNF self-standing electrodes. The Nyquist plot
is shown in Figure S4. The impedance spectra compare to the literature ones for the
NazMnTi(POy)3 active material with different carbon coatings (with and without graphene
oxide) [40]. The smaller diameter of the semicircle in the high-frequency region for the
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10%MnTi/CNF electrode confirms smaller charge transfer resistance (585.7 (2 vs. 803.8 (O
of the tape-casted cathode) and a faster charge transfer at the electrode-electrolyte interface.
The larger slope of the Warburg impedance of the 10%MnTi/CNF indicates more favorable
Na ion transport in the self-standing electrode compared to the tape-casted one.

4. Conclusions

In this study, a simple and viable approach is used to synthesize self-standing elec-
trodes for SIBs based on NagMnTi(POy)3 active material loaded into carbon nanofibers by
electrospinning. The CNFs demonstrate to be a suitable matrix to host NazMnTi(POy)3
particles. The active material is detected both in and within CNFs and it is homoge-
neously distributed along the sheet thickness. The loaded NasMnTi(PO,); maintains its
NASICON-type crystal structure, but the sintering temperature of 750 °C used for the
carbonization process induces cell shrinkage. While this implies a sluggish redox activity,
the presence of the very porous non-woven nanofibers guarantees an easier electrolyte
diffusion and an increased alkali metal-ion faradaic contribution. The charge/discharge
cycling tests at different C-rates and long-term cycling investigations confirm the promising
electrochemical performances of the self-standing electrode compared to its conventional
tape-casted counterpart. The 10%MnTi/CNF electrode displays an initial discharge capac-
ity of 124.38 mAh/g at 0.05C, which is completely recovered at the end of the measurement
with a coulombic efficiency >98%. The capacity value at 20C is 77.60 mAh/g. The self-
standing electrode gives an improved lifespan compared to the tape-casted one: it exhibits
capacities in the 67.2-110.1 mAh/g range at 1C and can further be cycled at 5C, 10C, and
20C after 1000 cycles at 1C (total cycles: 1350), contrary to the tape-casted one working only
for 300 cycles and up to 5C. Notably, the enhanced capacity and cycling performances are
obtained by only 10 wt% of active material loading into CNFs compared to 70 wt% of its
tape-casted counterpart.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano14090804/s1, Figure S1: Rietveld refinement of the X-ray diffraction
data of the Na3MnTi(PO4)3 pristine material and CNF-loaded Na3MnTi(PO4)3 samples; Figure
S2: SEM images of the electrospun and graphitized 10%MnTi/CNF sample; Figure S3: electrolyte
permeation in 10%MnTi/CNF sample; Figure S4: Nyquist plot of the 10%MnTi/CNF and MnTi
electrodes; Table S1: Lattice parameters, cell volume, ¢/a ratio, crystallite size, crystallinity percentage,
and discrepancy factors obtained by the Rietveld refinement of the diffraction data of the pristine
and NazMnTi(POy)3 /CNF samples.
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Abstract: Aqueous zinc-ion batteries (AZiBs) have emerged as a promising alternative to lithium-ion
batteries as energy storage systems from renewable sources. Manganese hexacyanoferrate (MnHCF)
is a Prussian Blue analogue that exhibits the ability to insert divalent ions such as Zn?*. However, in
an aqueous environment, MnHCF presents weak structural stability and suffers from manganese
dissolution. In this work, zinc doping is explored as a strategy to provide the structure with higher
stability. Thus, through a simple and easy-to-implement approach, it has been possible to improve
the stability and capacity retention of the cathode, although at the expense of reducing the specific
capacity of the system. By correctly balancing the amount of zinc introduced into the MnHCF it
is possible to reach a compromise in which the loss of capacity is not critical, while better cycling
stability is obtained.

Keywords: zinc; Prussian Blue analogue; cathode; aqueous battery

1. Introduction

Nowadays, one of the most critical challenges in our society is to enhance the use of
natural and renewable energy sources that are almost inexhaustible and do not generate
any environmental degradation. The most important renewable energies are solar, wind,
marine, and geothermal. As an advantage, these alternative energy forms allow society to
obtain substantial amounts of energy without polluting the environment with greenhouse
gas emissions among others. However, these sources depend on geography, climate, and
time of day, so it is important to be able to store energy surpluses in an efficient way that
allows their use later when the production goes down [1-3]. To overcome the problem
related to their intermittent nature, research efforts should also focus on the development
of new energy storage systems that help managing the demand/supply dynamics.

Among the various energy storage systems, batteries are particularly important. These
systems can store energy in the form of a chemical reaction and later convert it back into
electric current. Lithium ion batteries (LIBs) were successfully marketed by SONY in 1991,
and ever since then, this battery technology has stood out for its remarkable gravimetric
and volumetric energy densities and excellent cycle life compared to other rechargeable
batteries. However, this technology has a number of significant drawbacks such as the
limited access to lithium reserves, the high cost of the components, and safety concerns
related to the flammable nature of organic electrolytes [4]. Moreover, the massive and
rapid growth of the electric vehicle market is incentivising the development of alternative
technologies to LIBs, not only to meet the needs of the portable energy storage market but
also those of stationary applications.

In recent years research has focused on aqueous systems as an alternative to lithium-
based systems due to the need for environmentally friendly, safe, and cost-effective de-
vices [5,6]. Therefore, battery systems operating in an aqueous electrolyte are preferable to
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those working in organic ones. Aqueous electrolytes exhibit interesting advantages such as
high ionic conductivity, in addition to being easier to assemble since the need of a controlled
atmosphere is eliminated. Among the different aqueous systems, aqueous zinc-ion batteries
(AZiBs) stand out for their unique properties linked to the high abundance of metallic zinc,
eco-friendliness, intrinsic safety, and cost-effectiveness, making them a promising choice
for large-scale renewable energy storage applications [7,8].

AZiBs use metallic zinc in the form of a foil or as powder forming composite electrode,
which will oxidize throughout the discharge releasing Zn?* ions. These ions will pass
through the near-neutral (or mildly acidic) aqueous electrolyte reaching the cathode where
the Zn?* ions will be reversibly inserted into the active material, thanks to the reduction of
some electroactive elements that make it up. Throughout the charge, the reverse process
occurs, with zinc being electrodeposited on the surface of the anode. During cycling, some
issues can occur which are due to inhomogeneous deposition, which can form metallic Zn
dendrites and short-circuit the system by the perforation of the separator or the release
of hydrogen in the anode (Hydrogen Evolution Reaction, HER) which is formed in the
potentials where Zn is electrodeposited. It should be noted that the formation of this
gaseous hydrogen is one of the most important issues in the development of AZiBs and
needs to be studied in more detail. Recent studies have shown that the control of gas release
is possible through control of the pH of the electrolyte or using additives in solution [9,10].

Despite certain issues that still need to be solved, the commercialization of these
Zn-ion-based batteries becomes feasible as a suitable, cheap, and environmentally friendly
system having high capacity and stability in the long term [11,12]. The selection of a cathode
with a high working voltage and a large specific capacity is a critical parameter to increase
the gravimetric energy density of AZiBs and to be competitive with the LIBs [13]. In fact,
the design and development of cathode materials with high storage capacity, high discharge
potential, and a robust crystalline structure with easy insertion and removal pathways
has been a great challenge in the development of high-performance AZiBs. Among the
most studied materials, oxides such as MnO, or V,05 and Prussian Blue analogues (PBAs)
are found. Concerning the oxides, MnO, presents a good cycle life, but the low ionic and
electronic conductivities limit its use, and in the case of vanadium-based oxides, promising
capacities and good cycle life are reached but their low operating potential leads to low
energy density of the final system [14-16]. The mixed-valence hexacyanoferrate family
(Prussian Blue and its analogues) is another group of materials that is of special interest as
cathodes in AZiBs. Their open structure, combined with the wide variety of metals that
can be part of the structure, allows the electrochemical properties of the material to be
tuned [17,18]. These phases have high working potentials, although their specific capacity
is limited and they present poor cycling stability [13].

PBAs have attracted attention in the last few years in the field of energy storage due
to their easy and inexpensive synthesis procedure by coprecipitation, high specific capacity
for the reversible insertion of metallic ions, their high safety and nontoxicity, and the
electrochemical properties that can be tuned through the variation of the material composi-
tion [19,20]. These materials came from the ancient discovered blue pigment Prussian Blue
(PB; Fe4[Fe(CN)gl3) which is one of the oldest synthetic coordination polymers. Over the
last century, PB has been modified by doping the iron sites with other transition metals
such as Mn, Ni, Co, or Zn among others, to obtain analogues (PBAs) and meet different
application and research requirements [19,21]. The general chemical formula of PBAs is
AZTMA[TME(CN)gln - xH,O where A is the alkali metal ion that can be sodium (Na*) or
potassium ions (K*), while TM and TMp are the transition metal ions which replace iron in
PB. In the structure of PBAs (see Figure 1), TM, is coordinated to the nitrogen atom of the
cyanide ion and TMg is surrounded by the carbon atom of the cyanide ion. This coordina-
tion of the cyanide group makes PBAs compounds exhibit a 3D open structure with many
interstitial sites where zinc ions can be reversely inserted in the battery cycling process.
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Figure 1. Structure model of a Prussian Blue analogue (PBA).

Among the wide variety of possible PBAs, one of the most studied families is the
manganese-based hexacyanoferrates (MnHCF) since it benefits from the existence of two
redox couples (Fe3* /Fe?* and Mn3*/Mn2*) delivering large specific capacities [17,18,22].
The charge storage mechanism through Zn?* insertion/extraction in AZiBs using MnHCF
as cathodes follows the reaction (1):

x Zn** + MnHCF + 2x e~ = Zn,MnHCF (1)

During the discharge, the Zn?* ions produced in the oxidation of the zinc anode are
inserted into the MnHCF structure through the reduction of the two active redox couples.
During charging, the reverse process occurs, returning the Zn?* ions extracted from the
cathode to the anode where they will be reduced to metallic zinc. The amount of zinc that
can be reversibly inserted depends on many factors such as water content or particle size,
among others. The main problem that MnHCEF faces is related to its structural instability
in aqueous medium. Although in the first cycles, MnHCEF is capable of providing specific
capacities as high as 140 mAh g~ ! (at current densities of 100 mA g~!) [23], the material suf-
fers from structural instability upon cycling, forming new zinc-rich phases and, ultimately,
dissolving the cathode material [24]. To avoid these disadvantages, different approaches
have been investigated such as the preparation of MnHCFs anchoring MnO, [25], the
design of hybrid systems such as MnHCF/polymer [23,26], the nanostructuring of the
MnHCF through the use of surfactants during the synthesis [27], or adjusting the elec-
trolyte formulation [28,29]. In this work, a different strategy is explored that is based on
doping the MnHCF phase with zinc in the manganese position. In this way, the aim is to
provide higher structural stability to the material that allows its implementation in AZiBs.
This approach allows the preparation of materials through a simple and environmentally
friendly synthetic route.

In this work, electrochemical behaviour in Zn chemistry of K(Mn;_Zny)[Fe(CN)¢]
(x=0,0.25,0.5,0.75, and 1) PBAs is studied. This new family of zinc-doped manganese-
based PBAs was obtained by coprecipitation through controlling the dropping speed and
the reactants’ concentration. The structure and morphology of the obtained materials were
studied in order to examine the effect of zinc doping. Also, one of the most important
goals of this work is to be able to optimize the performance of each of the systems that are
used, and testing and finding the most suitable material to achieve greater electrochemical
performance. The new family of zinc-doped manganese-based PBAs will be obtained
by the coprecipitation method through controlling the dropping speed and the reactants’
concentration. The structure and morphology of the obtained materials will be studied in
order to examine the effect of zinc doping. Finally, the electrochemical performance of the
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materials will be examined delving into the role of zinc on the behavior of MnHCF and its
structural stability.

2. Materials and Methods
2.1. Synthesis of the PBA Compounds

The synthesis of K(Mn; _Zny)[Fe(CN)s] (x =0, 0.25,0.5,0.75, and 1), or Mn; _Zn,HCE,
compounds was carried out by coprecipitation method. For the synthesis, stoichiometric
quantities of the reagents were mixed as detailed in Table 1. In this regard, ZnSOy (Sigma-
Aldrich, St. Louis, MO, USA) and Mn(NOj3); (Sigma-Aldrich, St. Louis, MO, USA) were
separately dissolved in distilled water (100 mL) at room temperature. On the other hand,
another solution was simultaneously prepared dissolving KzFe(CN)g (0.002 mol, Sigma-
Aldrich, St. Louis, MO, USA) in distilled water (100 mL) at room temperature too. Once all
the reagents were completely dissolved, PBAs were synthesized by mixing dropwise the
solutions (Figure S1), which gave a white-coloured solid in suspension in a solution with a
pH of 5-6.

Table 1. Syntheses that were carried out in the work.

Sample ZnSO4 (mol) Mn(NOj3);, (mol) K3Fe(CN)g (mol) Theoretical Ratio (Zn/Mn)

Zn100 0.002 - 0.002 100:0
Zn75Mn25 0.0015 0.0005 0.002 75:25
Zn50Mn50 0.001 0.001 0.002 50:50
Zn25Mn75 0.0005 0.0015 0.002 25:75

Mn100 - 0.002 0.002 0:100

2.2. Physico-Chemical Characterization of the PBAs

The identification and the structural characterization of the compounds were carried
out by X-ray diffraction (XRD, Panalytical X'Pert PRO) between 5 and 70° (20) using Cu
radiation (Cu-Kya A = 0.15418 nm). Also, attenuated total reflection infrared spectroscopy
(FTIR) was performed using Shimadzu FTIR-8400S (Kyoto, Japan) equipment to analyse
directly the pre-cycling materials without any pre-treatment. The morphology of the initial
samples was studied by scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan).

2.3. Preparation of Electrodes

The positive electrode composition was 70 wt.% PBA, 20 wt.% conductive Ketjen
black carbon, and 10 wt.% polytetrafluoroethylene; PTFE, from a 60 wt.% dispersion in
H,O (Sigma-Aldrich, St. Louis, MO, USA). Negative electrode composition was 99.9 wt.%
trace zinc (thickness 0.25 mm, Sigma-Aldrich, St. Louis, MO, USA). This mixture was
drenched in ethanol and blended until the plasticity was good enough to obtain a thin black
film (150 pm) on carbon paper (H23C6; Quintech Brennstoffzellen Technolgie, Goppingen,
Germany). This thin film was left to dry in a vacuum oven at 80 °C for 24 h, and after
drying the laminates were cut into 11 mm diameter circular electrodes and finally, weighed
and labelled.

2.4. Electrochemical Characterization

The different samples were electrochemically tested using a multichannel potentio-
stat/galvanostat VMP3 (BioLogic, Seyssinet-Pariset, France) performing cyclic voltam-
metry measurements at scan rates of 0.1, 0.2, 0.3, 0.5, 0.8, and 1 mV s~1. Galvanostatic
charge/discharge measurements using different current densities of 0.1, 0.2, 0.3, 0.5, 1, and
2A g’l were performed between 0.005-2.0 V vs. 7n?t /7n.

In the case of the cyclic voltammetry measurements, the assembly of the electrochemi-
cal cells was carried out in three-electrode Swagelok® cell systems (Swagelok®, Solon, OH,
USA) using stainless steel current collectors, Mn;_,Zn,HCF-based electrodes as working
electrodes, metallic zinc disc as the counter, a Ag/AgCl in saturated KCI as the reference

43



Nanomaterials 2024, 14, 1092
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electrode, and a porous glass fibre (Whatman GF/A, Maidstone, UK) membrane as the
separator with a 3 M zinc trifluoromethanesulfonate (Zn(OTf),) (Sigma-Aldrich, St. Louis,
MO, USA) in distilled water as the electrolyte.

For galvanostatic measurements, Mn;_,Zn,HCF compounds were tested in two-
electrode Swagelok® cell systems (Swagelok®, Solon, OH, USA) using stainless steel current
collectors, a metallic zinc disc as both the counter and the reference electrode and a porous
glass fibre (Whatman GF/A, Maidstone, UK) membrane as the separator. In all cases, 3 M
zinc trifluoromethanesulfonate (Zn(OTf),) (Sigma-Aldrich, St. Louis, MO, USA) dissolved
in distilled water was used as the electrolyte.

3. Results and Discussion

A new family of PBAs with different Zn and Mn contents, Mn;_,Zn,HCF (x = 0,
0.25, 0.5, 0.75, and 1), has been synthesised and characterised. PBAs can crystallise in
different crystal structures depending on factors such as the synthesis process, the type
of transition metal, or the degree of zinc insertion. Among the most common structures
in the literature cubic, orthorhombic, rhombohedral, and monoclinic are found [30-32].
Figure 2a shows the diffractograms obtained for the synthesised samples together with the
theoretical positions of the main diffraction peaks for the cubic (space group: Fm-3m) and
rhombohedral (space group: R-3c) structures. Using the coprecipitation synthesis route, in
the case of the manganese sample (Mn100), the diffraction peaks are well-defined and sharp
and the diffraction pattern matches with the cubic structure, in good agreement with the
structure reported by other authors in the literature [33-37]. The diffraction pattern of the
Zn100 sample fits a rhombohedral /hexagonal structure (R-3c), as has been described in the
bibliography [35,38,39], and no impurities are observable. The samples doped with Zn in
the Mn site present a diffraction pattern corresponding to a cubic structure, although as the
Zn content increases, the presence of a small peak around 16.2° (20), accompanied by other
weak signals at higher angles can be detected. This new peak appears at an angle very close
to the 100% intensity peak of the rhombohedral phase corresponding to the Zn100 sample.
The presence of this peak can be explained based on the presence of a small concentration
of a secondary phase with a rhombohedral structure together with a preferential phase
with a cubic structure.
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Figure 2. (a) XRD patterns and (b) infrared spectra of Mn;_,Zn,HCF (x = 0, 0.25, 0.5, 0.75, and 1)
samples.
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In this way, the effect of zinc is evident, distorting the cubic structure that these
types of compounds usually exhibit, although zinc-based PBAs with cubic structure have
also been reported [40]. The type of structure exhibited by these types of compounds is
highly dependent on the synthesis conditions [40,41]. A slight change in the preparation
temperature or the pH of the medium can easily cause a change in the structure. In order
to avoid this type of effect, all the samples in this work have been synthesised under the
same conditions, trying to avoid producing structural or morphological changes beyond
those imposed by the change in phase composition.

Going on with the structural study, the analysis and interpretation of the FTIR spectra
presented in Figure 2b have been carried out [42—44]. The recorded spectra show one
major signal in the 3700-3000 cm™! range related to the HyO bands (H-O tensile vibration
peaks), typical of these compounds [34]. This indicates the presence of water molecules,
surely on the surface and even in the open sites of the structure of the compounds. In the
central part of the infrared spectrum, between 2300 and 1200 cm ™!, four signals can be
distinguished. The peaks around 2100 cm~! correspond to the cyanide group (C=N) and
the peak around 1600 cm ! is the H-O-H bond bending vibrations of water molecules [43].
Finally, in the region between 1400 and 1000 cm !, the bands related to inorganic com-
pounds are observed, and in some cases, in the zone between 1000 and 500 cm !, the bands
corresponding to functional groups bond to the metal can be detected. In this case, two
signals that correspond to the bonding of the metal with the cyanide group are observed.
From the analysis of the spectra, two important features are highlighted. On the one hand,
the existence of signals clearly assignable to water molecules makes clear the presence of
water in the compounds. On the other hand, the change in the intensity ratio of the bands
attributed to the stretching vibration peak of the bridging cyano group (—-CN), suggests
a change in the coordination environment of this group depending on the Zn/Mn ratio.
In the Zn100 sample, a single peak can be seen that, as the amount of Mn increases, loses
intensity, and a new peak appears at slightly higher wavenumber values (blue shift). The
positions of the bands corresponding to the cyano group assigned to the Fe' —CN—M!
and Fe!' —.CN—M chains are around 2160 and 2080 cm ™!, respectively, for the samples
that have manganese in their composition. In the case of the Zn100 phase, a single band
relative to the Fell-C=N-M! bonds is observed, located at 2100 cm ! [45,46]. The shift
appreciated in the bands is due to the change in the electronic state of the cations linked to
the N, which undergo a transition from high-spin (MII) to low-spin (MIII) [47].

The effect of Zn doping at the Mn site on the morphology of the materials was analyzed
by SEM and the recorded images are shown in Figure 3. The Mn100 sample exhibits a
cubic shape with particles of different sizes, between 50 nm and 3 pm, as has been widely
reported in the literature [26,33,48,49]. The solubility constant of the KoMn[Fe(CN)¢]
phase (Ksp = 107121) is very low [50], which causes this compound to precipitate very
easily and quickly in solution, giving rise to particles without a defined shape. When the
precipitation process is controlled by adding, for example, chelating agents or slowing
down the formation of the product, it is possible to obtain cubic-shaped particles with
few defects [51]. In the synthesis process of the PBAs presented in this work, special
care has been taken to control the reaction time, adding the reagents simultaneously and
slowly, drop by drop, in order to control the nucleation and growth of the particles in
an efficient and simple way. In this case, it is critical to control the synthesis conditions
since they have a great impact both on the structure of the compound and on the size
and morphology of the particles. Lee and Huh already demonstrated that by increasing
the concentration of HNOj3 in the synthesis of KFe!'[Fe!l(CN)g, the particle morphology
evolved from cubes to star-like hexapods [41]. This morphological change allowed them
to determine that the oxidation processes began in the corners of the cubes, which act as
active sites. Zhang et al. carried out a similar study on zinc hexacyanoferrate, and by
adjusting the concentration of reagents and controlling the dropping speed, particles with
different polyhedral shapes were prepared: cuboctahedrons, truncated octahedron, and
octahedron zinc hexacyanoferrates [40]. In fact, it has been reported that in the case of
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certain zinc-based PBAs, the cubic structure is not stable, since water molecules can leave
the structure relatively easily, giving rise to a transformation towards a rhombohedral
phase [52,53]. In our case, Zn100 particles show a cuboctahedral shape, very different
from that of Mn100 particles. Furthermore, the particles appear to be covered with small
fragments, presenting rough surfaces, unlike the Mn100 sample in which the surfaces of the
sides of the cubes are quite smooth. As the zinc ratio of the samples increases, the shape of
the particles evolves from cubes to cuboctahedrons. As determined in the structural study,
the samples tend to maintain the structure and shape imposed by manganese in the PBAs,
but at high Zn contents, the compound is forced to readapt, taking on more importance the
characteristics of the Zn100 compound. Thus, while the Zn25Mn75 sample is made up of
cubic particles with an edge of around 100 nm, the particles of the Zn75Mn25 sample show
a clearly cuboctahedral shape, with smooth and clean surfaces.
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Figure 3. SEM images of Mn;_,Zn,HCF (x = 0, 0.25, 0.5, 0.75 and 1) samples.

Indeed, the composition of the phases is vital to determine the electrochemical prop-
erties of the material, but it has been shown that the morphology of the particles also has
an important impact on the performance of the cathode. Specifically, the cuboctahedral
shape of the Zn-based PBAs provides larger discharge capacities at high rates, in addition
to exhibiting greater stability in cycling [40]. This fact has been related to the high surface
area that this shape of the particles presents. In the case of the compounds in this study, a
change in the morphology of the particles is observed, although there does not seem to be
an effect on the particle size with the zinc content.

Before integrating the prepared materials into AZiBs, the reaction kinetics of each
compound were studied by means of cyclic voltammetry (CV) measurements at different
scan rates from 0.1 to 1.0 mV s~ 1. It should be noted that in the case of Zn100 sample,
the CV obtained does not show any peak (Figure S2) and therefore its electrochemical
activity is practically zero, in good agreement with results reported by other authors [54,55].
Also, as can be seen in Figure 4, in the case samples with high amounts of Mn (Mn100
and Zn25Mn75), CV curves show two major peaks, which maintain the shape during the
experiment at different rates. The peaks that appear at 0.95/0.98 V vs. Ag/AgCl during
oxidation and at ca. 0.90 V during reduction correspond to the Mn3*/Mn?* redox pair and,
as expected, as the scan rate increases the intensity of the peak increases, perceiving a slight
shift towards higher potentials in the oxidation branch and towards lower values in the
reduction branch. By increasing the zinc content (and therefore decreasing the amount of
Mn in the sample), the appearance of another signal at 0.9/0.87 V vs. Ag/AgCl (oxidation)

46



Nanomaterials 2024, 14, 1092

and ca. 0.75 V (reduction) is distinguished for the Zn50Mn50 phase that is assigned to the
Fe3t /Fe?* redox pair [39,56]. The intensity ratio of the redox pairs corresponding to Mn
and Fe is further balanced when examining the sample Zn75Mn25. Taking into account
the maximum intensities reached by the different samples, the superiority in terms of
electrochemical activity of the Mn100 sample is clear.
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Figure 4. CV curves of the Mn;_,Zn,HCF (x =0, 0.25, 0.5 and 0.75) samples at different scan rates:
0.1,0.2,0.3,0.5,0.8and 1 mV s~ 1.

In Figure S3 the relationship between the peak current (Ip; mA g~!) and the square

root of the used scan rates (v/V; v'mVs—1) is represented [57]. This relationship is almost
linear in all the samples, which indicates that all systems are compatible with and ideal
diffusion-controlled faradaic process. Furthermore, the anodic and cathodic lines present
great symmetry, which is indicative of the high reversibility of the redox process. Moreover,
the peak separation at 0.1 mV s~ ! is about 20 mV and increases just up to 35 mV at 1 mV s,
which is also indicative of the reversibility of the reaction.

Galvanostatic charge/discharge measurements were performed between 0.005-2.0
V vs. Zn?* /Zn using a current density of 0.1 A g~ !. Figure S4 shows the evolution of the
charge/discharge curves over 10 cycles for each sample. Again, it is possible to distinguish
two different behaviours depending on the Zn content in the sample. On the one hand, the
samples rich in manganese, Mn100 and Zn25Mn75, show 2-3 plateaus, being more defined
in the case of the Mn100 sample. These small plateaus have been also reported in previous
works using PBAs, specifically in works in which manganese has been used in this type
of structure [58-60]. In the first discharge curves of the two samples with the highest Mn
content, a small plateau is distinguished around 1.8 V vs. Zn?* /Zn that progressively dis-
appears, being imperceptible from the seventh cycle onwards. Likewise, two other plateaus
are distinguished between 0.8 and 1.5 V, the one with the highest potential being assigned
to the Mn**/2* redox couple, while the one at lower potentials corresponds to the Fe>*/2*
redox couple, as was established in the analysis of CVs. The contribution to the capacity
of both processes decreases upon cycling, with the plateau due to Fe>*/?* disappearing
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in the last cycles. This change in the profiles, which ultimately become sloppy, may be
related to structural changes that are usually related to the dissolution of Mn, leading to
the formation of low crystalline MnO; [61], and changes in the coordination environment
of the transition metals in the structure [60]. When a higher amount of Zn is introduced
into the structure (Zn50Mn50 and Zn75Mn25 samples), it is barely possible to distinguish
the presence of well-defined plateaus; instead, a progressive drop is perceived. This type
of profile differs from those reported by other authors analyzing zinc hexacyanoferrates
in which only iron acts as an electrochemically active transition metal, distinguishing a
plateau corresponding to the transference of one electron in sodium-based batteries [35].
Here, the presence of iron accompanied by manganese, which also presents electrochemical
activity, produces a clear change in the profile. In any case, similar discharge profiles have
been reported for zinc-doped hexacyanoferrates [26]. The profiles in-the-form slope in
AZiBs have been justified based on the (in)stability of the PBAs, especially in the first cycles
in which a structural readjustment occurs due to the deintercalation of the K* cations [56].
Kim et al. analyzed the effect of the introduction of Zn in cobalt hexacyanoferrates, observ-
ing a similar transition from a cubic structure of the Co phase to a rhombohedral one as the
Zn content increased [62]. The coexistence of both phases with different structures in the
samples doped with Zn (mixture of cubic and rhombohedral phases observed in the study
using XRD), together with the decrease in the content of electrochemically active metals
causes a decrease in capacity, leading to a loss of activity observed in the case of the Zn100
phase. The presence of the rhombohedral phase in the samples with Zn facilitates higher
stability in these compounds since the structural changes due to the (de)intercalation of
Zn?* jons in the cyclability are less severe [62]. This way, the stability of the material is
higher, allowing for superior capacity retention.

In terms of electrochemical properties, the higher the Mn content is, the higher the
capacity values are, as shown in Figure 5. In contrast, at high Mn contents, capacity values
decrease significantly by the tenth cycle. For instance, for Mn100 sample capacity retention
is 39% (130 mA h g~ ! vs. 51 mA h g~!) while for Zn25Mn75 sample this retention is 53%
(98 mA hg~! vs. 52 mA h g~!). For Zn-enriched samples, instead, the capacity retention is
much higher: 61% for Zn50Mn50 (64 mA h g_1 vs. 39 mA h g_l) and 94.5% for Zn75Mn25
(73mAh g~ !vs. 69 mA h g~!). Atlow current intensities, the active material has enough
time to fully charge and discharge, i.e., Zn2* jons can intercalate and deintercalate into
the PBA structure. As the current increases, diffusion processes and even charge transfer
processes are hindered and the reaction yield is much lower. On the other hand, the
decrease in capacity with increasing zinc content is related to the lack of electroactivity
of Zn. The higher the concentration of Zn in the PBA structure, the lower the amount of
Mn?+/2* redox couple, which has a direct impact on the capacity of the compound.

140

Capacity (mAh g'1)

20 =

Mn100 Zn25Mn75 Zn50Mn50 Zn75Mn25
Sample

Figure 5. Capacity values at different currents for Mn;_,Zn,HCF (x = 0, 0.25, 0.5, and 0.75) samples.
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Galvanostatic discharge and charge profiles at different current densities, i.e., 0.1, 0.2,
0.3,0.5,1.0,and 2.0 A g~ ! are shown in Figure S5. As has been pointed out, at high current
densities the capacity of the system decays, due to the limitations imposed in diffusion and
charge transfer processes [63]. These limitations also cause the polarization to grow. This
increase in polarization is more evident in samples with higher Mn content, which can be
attributed to a higher difficulty of the cubic structure to facilitate the diffusion of Zn?* ions.
The comparison of the rate performance for the different materials analyzed in this work is
shown in Figure 6.
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Figure 6. Rate performance and Coulombic efficiencies (open dots) of Mn;_,Zn,HCF (x = 0, 0.25, 0.5
and 0.75) samples.

In terms of capacity, the values delivered by the Mn100 sample are higher than
in the case of the Zn-doped phases, again, which is related to the higher amount of
electrochemically active metals in Mn-rich phases. An increase in capacity is observed
in the first cycles at 0.1 A g~ !, being more critical for samples with higher Mn content.
This effect in PBAs applied to AZiBs has already been reported in the literature [27,56]
and is related to the structural readjustment of this type of compounds due to the need
to deintercalate K* cations. This process occurs in the first cycles, facilitating higher
intercalation of Zn?* ions as K* leaves the structure. This structural conditioning process
requires a series of cycles to occur, reaching maximum a capacity around the tenth cycle.
Instead, in the case of Zn-enriched PBAs (Zn50Mn50 and Zn75Mn25 samples), the variation
in the capacity values in the first cycles is less notable, due to the stability conferred on the
structure by the presence of high amounts of zinc. The mechanism associated with this
electrode activation process involves the release of K* ions from the initial PBA that will
be replaced by Zn?* ions throughout the cycles. As has been demonstrated by theoretical
calculations [64], in the initial phase due to de presence of K*, the MnNg octahedra presents
a moderate distortion of the structure due to the Jahn-Teller effect of trivalent manganese.
The introduction of Zn?* ions into the structure during the first cycles induces a much more
intense Jahn-Teller effect that causes uncontrolled phase transitions in the material. This
effect is more obvious the greater the amount of manganese present in the compound, so as
the position of manganese is doped with zinc, the consequences of the structural distortion
induced by the Jahn-Teller effect become less intense (since a smaller amount of Mn(III)
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exists in the compound) until it practically disappears for the Zn75Mn25 phase. Regarding
the impact of the current intensity, the loss of capacity experienced by the samples when
increasing the current is smaller when increasing the zinc content. In the case of Mn100
and Zn25Mn75, in the first cycles at 0.1 A g~?, the capacity increases considerably, reaching
a maximum, that is comparable or even higher to other PBA families [23,25,64,65].

In order to corroborate the effect of zinc doping of the MnHCEF phase on structural
stability, cycling tests for 200 cycles have been carried out applying a current intensity of
50 mA g~! (Figure 7).
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Figure 7. Long-term cycling of Mn;_,ZnyHCF (x = 0, 0.25, 0.5 and 0.75) samples at 50 mA g!. The
open dots refer to the Coulombic efficiency.

The low initial efficiencies are related to the irreversible insertion of Zn2* ions, as
has been reported by other authors [64]. The Mn100 sample presents the highest capacity
but by cycle 20 it has already been reduced practically by half (184.7 mAh g~ !) and
continues to decay steadily until the end of the experiment (21 mAh g~! in cycle 200, which
represents only 6.5% of the initial capacity of 323 mAh g~!). As zinc replaces manganese
in the MnHCF phase, a lower initial capacity is obtained related to a lower concentration
of electrochemically active metals (Mn and Fe), as has been mentioned previously and
described by other authors in similar studies [64,66]. In the case of zinc-rich phases, a
lower effect of the electrode activation process and greater stability in terms of capacity
can be seen. For the Zn50Mn50 sample, the capacity stabilizes at 70 mAh g~! (82.6%
retention of initial capacity of 84.7 mAh g~!) starting from cycle 10. This capacity value
is maintained until cycles 6065, where an abrupt drop occurs, up to 48 mAh g~! which
represents 56.7% of the initial capacity. The Zn75Mn25 sample suffers a drastic drop in
capacity in the first 5 cycles, stabilizing around 23 mAh g~ (55.3% initial capacity retention
of 41.6 mAh g~ 1) throughout the entire cycling test. The manganese-rich samples, Mn100
and Zn25Mn75, exhibit a severe loss of capacity in the first 60-70 cycles, reaching capacities
of 21 and 23 mAh g~ in cycle 200, respectively (6.5% and 13.14% initial capacity retention).
This significant loss of capacity is related to the dissolution of manganese in the aqueous
medium of the electrolyte. Although the MnHCF phase presents great stability in an organic
medium, it tends to undergo dissolution reactions of manganese ions in the electrolyte [24].
As a consequence of these processes, J-MnOj is formed, which is capable of reacting in the
presence of protons, reducing to MnOOH, which in turn can be reduced in the aqueous
medium to produce Mn?* ions [13,67], through the following reactions:

MnO, + H" + e~ — MnOOH (2)
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MnOOH + 3 H + e~ — Mn** + 2 H,0O (3)

The loss of manganese ions in the PBA produces the formation of a zinc-rich phase
that has a structure similar to that of the K,Zn3[Fe(CN)s], phase. In order to delve deeper
into the stability of the compounds, a study using X-ray diffraction and scanning elec-
tron microscopy has been carried out on the electrodes once cycled. The SEM images
and the diffractograms recorded after the long-term cycling experiment are shown in
Figures 56 and 57. SEM analysis has been carried out to identify changes in morphology in
the active material. In the images in Figure S6 it can be seen that the morphology of the
materials is similar for all the electrodes, showing the presence of fibres that are remains
of the glass fibre separator. Regarding the structural study, the manganese-rich samples
(Mn100 and Zn25Mn75) undergo a clear structural change after cycling (Figure S7). The
most characteristic peak of the cubic phase disappears and a peak at 24.33° (26) emerges
with maximum intensity. The new diffraction profile fits with manganese oxohydroxide
(MnOOH, JCPDS#41-1379) along with traces of the cubic phase (see Figure S8), which
corroborates the dissolution process of manganese throughout the cycling. In this way,
the degradation of performance is associated with the loss of active material. This disso-
lution reaction is less evident as zinc is introduced in the manganese position of the PBA,
where the peaks corresponding to the initial compound are more visible. The post-mortem
analysis corroborates that the introduction of zinc in the manganese sites of the MnHCF
provides greater stability to the structure, preventing the insertion and extraction of Zn?*
ions in the battery cycle from inducing a phase transformation in the active material.

The analysis of the electrochemical response of the different materials presented in
this work shows that zinc doping of manganese hexacyanoferrate provides greater stability
to the material, causing, in turn, a loss in specific capacity. These results indicate that
these compounds allow the reversible insertion/extraction of Zn?* ions, without observing
degradation upon cycling. Zinc doping is an easy strategy to implement to produce more
stable cathode materials, although it is necessary to balance the amount of zinc to avoid a
drastic loss of AZiB capacity.

4. Conclusions

In this study, the synthesis, physico-chemical characterisation and electrochemical
study of the Mn; _,Zn,HCF (x =0, 0.25, 0.5, 0.75 and 1) Prussian Blue analogues as cathodes
for rechargeable aqueous Zn-ion batteries has been carried out. Substituting manganese
with zinc induces a change in the structure, and a secondary rhombohedral phase appears
accompanying the predominant cubic structure. This distortion in the phases has also been
corroborated by infrared spectroscopy. The introduction of zinc into the MnHCF structure
produces a change in morphology from a cubic to a cuboctahedral shape, which could
translate into a larger specific area. This structural and morphological change has a direct
impact on the electrochemical response of the compounds. Pristine MnHCF compound
provides a high capacity of 130 mAh g~! at 0.1 A g}, but upon cycling this capacity is
quickly lost due to the inherent weak structural stability of the compound. The instability
of the Mn-rich phases has been corroborated through post-cycling studies, which demon-
strate that manganese is susceptible to dissolving throughout the charge/discharge cycles,
giving rise to the formation of the MnOOH compound. The impact of zinc substitution in
manganese-based PBAs causes a decrease in the electrochemical activity, which is mainly
due to the Mn®** /Mn?* redox couple. Despite decreasing the specific capacity of the system,
increasing the amount of zinc improves capacity retention and Coulombic efficiency. This
way, it is proven that through a simple approach, by zinc doping, it is possible to obtain
higher reversibility and stable performance for the MnHCF phase.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/nano14131092/s1, Figure S1: Schematic representation of the experimental
setup for the synthesis of materials by the co-precipitation method; Figure S2: CV curves of the
Zn100 sample at different scan rates: 1, 2, 5 and 10 mV s~ L. Figure S3: Randles-Sevcik Plot for the
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Mn;_Zn,HCEF (x =0, 0.25, 0.5, 0.75) samples; Figure S4: Discharge/charge profiles of the Mn; _Zn,HCF
(x =0, 0.25, 0.5, 0.75) materials at a current density of 0.1 A g_1 in the 0.005-2.0 V vs. Zn%*/Zn
range; Figure S5: Galvanostatic charge—discharge voltage profiles at different applied currents of the
Mn;_Zn,HCF (x = 0, 0.25, 0.5, 0.75) materials; Figure S6. SEM images of the Mn;_,Zn,HCF (x =0,
0.25, 0.5, 0.75) electrodes after cyclability tests: (a,b) Zn75Mn25, (c,d) Zn50Mn50, (e,f) Zn25Mn75, and
(g,h) Mn100; Figure S7. XRD patterns of the Mn;_,Zn,HCF (x = 0, 0.25, 0.5, 0.75) samples recorded
after the synthesis (raw material), of the electrode before the electrochemical study (pristine) and of the
post-mortem electrode after the cyclability study (post-cycling); Figure S8. Le Bail profile fitting of the
powder X-ray diffraction pattern corresponding to the Zn25Mn75 electrode after cycling test.
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Abstract: Compared to SnTe and PbTe base materials, the GeTe matrix exhibits a relatively high
Seebeck coefficient and power factor but has garnered significant attention due to its poor thermal
transport performance and environmental characteristics. As a typical p-type IV-VI group ther-
moelectric material, W-doped GeTe material can bring additional enhancement to thermoelectric
performance. In this study, the introduction of W, Ge;_,W,Te (x = 0, 0.002, 0.005, 0.007, 0.01, 0.03)
resulted in the presence of high-valence state atoms, providing additional charge carriers, thereby
elevating the material’s power factor to a maximum PFp,¢.y of approximately 43 pW em ™! K2, while
slightly optimizing the Seebeck coefficient of the solid solution. Moreover, W doping can induce
defects and promote slight rhombohedral distortion in the crystal structure of GeTe, further reducing
the lattice thermal conductivity x;,;; to as low as approximately 0.14 W m~ 1K1 (x =0.002 at 673 K),
optimizing it to approximately 85% compared to the GeTe matrix. This led to the formation of a p-type
multicomponent composite thermoelectric material with ultra-low thermal conductivity. Ultimately,
W doping achieves the comprehensive enhancement of the thermoelectric performance of GeTe base
materials, with the peak ZT value of sample Ge( 995 Wy op5Te reaching approximately 0.99 at 673 K,
and the average ZT optimized to 0.76 in the high-temperature range of 573-723 K, representing an
increase of approximately 17% compared to pristine GeTe within the same temperature range.

Keywords: GeTe; ultra-low thermal conductivity; synergistic effects; multiscale materials; electronic
engineering

1. Introduction

Thermoelectric (TE) materials have attracted considerable attention as environmentally
friendly and green energy materials due to their ability to directly convert thermal energy
into electrical energy. The performance of TE materials is typically assessed using the
dimensionless figure of merit ZT, defined as ZT = S20T /%o, Wwhere S represents the Seebeck
coefficient, ¢ is the electrical conductivity, T is the temperature in Kelvin, and ¢, denotes
the total thermal conductivity (the sum of the lattice thermal conductivity and electronic
thermal conductivity, i.e., kot = &}, + ke). The optimization of TE material performance
primarily involves tuning the carrier concentration to enhance the electrical transport
properties and improving the phonon transport characteristics to reduce the lattice thermal
conductivity [1-3], thereby increasing the power factor and ultimately enhancing the
thermoelectric performance of the material [4,5].

In recent years, GeTe has emerged as a typical IV-VI group semiconductor thermoelec-
tric material [6]. Benefiting from its crystal structure closely resembling that of SnTe [7-9]
and PbTe [10-12], GeTe exhibits a relatively high intrinsic Seebeck coefficient. However,
due to the environmental toxicity of PbTe, poor mechanical and thermoelectric properties
of SnTe, and the fact that the peak ZT value of GeTe-based materials can exceed 0.8 in
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the temperature range of 300-750 K, GeTe has become a hot topic in thermoelectric re-
search. Nevertheless, the intrinsic electrical properties of GeTe are generally suboptimal, its
thermal stability is inadequate, and its thermal transport performance is poor, limiting its
widespread application. GeTe possesses a narrow bandgap structure and exhibits different
crystal structures at different temperatures: it adopts a rhombohedral crystal structure
(r-GeTe) at room temperature and a cubic crystal structure (c-GeTe) at high temperatures,
with a phase transition from r- to c-GeTe occurring around ~700 K [3,13]. We also realized
that a slight rhombohedral distortion occurs along the [1 1 1] crystal axis direction [14],
which results in the convergence of the valence band [8,12,15]. Nevertheless, the phase
transition is detrimental to the thermoelectric properties of GeTe materials as it likely
results in the additional loss of electron energy due to extensive lattice deformation. This,
in turn, negatively impacts carrier mobility, affecting the figure of merit (ZT). Essentially,
the primary goal of thermoelectric material optimization is to increase the ZT value, which
can be achieved by reasonably regulating the coupling relationship between the three ther-
moelectric performance parameters: S, o, and x;. When the electrical conductivity of the
sample is increased, its electronic thermal conductivity also increases. However, excessively
high electrical conductivity has a detrimental impact on carrier mobility, resulting in a
decreasing Seebeck coefficient and affecting the thermoelectric properties of the material.
Therefore, the key to improving the ZT value of materials lies in synergistically regulating
the electrical and thermal transport properties. In order to optimize the thermoelectric
properties of GeTe-based materials, researchers typically employ doping or alloying tech-
niques. In doping engineering, the carrier concentration and energy band structure of the
material can be optimized by applying donor doping, which results in a larger Seebeck
coefficient and a higher power factor. Furthermore, doping engineering can result in the
introduction of point defects, dislocations, and grain boundary defects, which lead to lattice
distortions in GeTe material. This intensifies phonon scattering within the material and
reduces the lattice’s thermal conductivity, thereby further increasing the ZT value.

In our previous work, it was demonstrated that tungsten (W) doping can effectively
enhance the electrical conductivity of the material, resulting in the optimization of a higher
power factor and the capacity to elevate the Seebeck coefficient [16]. Regarding thermal
transport properties, previous research has demonstrated that W doping can also introduce
a multitude of grain boundary and dislocation defects, a considerable number of which
can enhance phonon scattering in the material, resulting in a significant reduction in the
lattice thermal conductivity and, ultimately, a dramatic optimization of the ZT value.

Consequently, the present study aims to achieve the same optimization via the el-
emental tungsten (W) doping of a GeTe system [17]. It is noteworthy that the electrical
and thermal transport properties of GeTe-based materials can be modulated by designing
W substitution (donor doping). Firstly, the intervention of W substitution introduced
high-valence atoms, resulting in an increase in the power factor of the samples across
the entire temperature range due to the introduction of additional carriers. Secondly, W
also exists in the solid solution of Ge;.,W,Te (x = 0, 0.002, 0.005, 0.007, 0.01, 0.03) in the
form of W atoms [18-20], forming defects to replace some of the Ge vacancies [21-23]. On
the other hand, the formation of defects further strengthens the scattering of phonons in
the material [24-26], significantly reducing the lattice thermal conductivity. Ultimately,
we achieved a significant improvement in the peak power factor (PFpeak) at 673 K up to
~43 uW ecm~! K2 and the optimization of the ultra-low lattice thermal conductivity of
0.14 Wm~! K~ at 673 K for a W doping concentration of x = 0.002. This contributes to
a remarkable enhancement in the average ZT value up to ~0.76 within the temperature
range of 573-723 K and represents a 17% increase compared to the GeTe matrix, thereby
improving the thermoelectric performance of GeTe-based materials overall [7,9,27].
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2. Materials and Methods
2.1. Materials and Synthesis

This study involved the preparation of Ge;_,WyTe (x =0, 0.002, 0.005, 0.007, 0.01, 0.03)
compounds in an inert gas (Ar) atmosphere within a glovebox. High-purity elements Ge
(99.999%, Aladdin, Shanghai, China), W (99.99%, Aladdin), and Te (99.99%, Aladdin) were
accurately weighed and transferred into graphite crucibles, thoroughly mixed, and then
packed into quartz glass tubes. Subsequently, the tubes were sealed under high vacuum
conditions (below 10~ Torr). The loaded quartz tubes were then placed in a box furnace
and slowly heated to 1373 K, maintained for 12 h, followed by quenching with water to
room temperature. Subsequently, the temperature was raised again to 923 K for annealing
over 3 days, and finally slowly cooled to room temperature. The resulting alloy ingots
were carefully removed and manually ground into fine powders using an agate mortar
and pestle. Appropriate amounts of the ground powders were weighed and loaded into
prepared graphite molds, which were then placed into a spark plasma sintering furnace
(SPS, KCE-FCT HPD10, Sachsenheim, Germany) for vacuum hot-pressing sintering. During
the sintering process, the samples were subjected to a uniaxial pressure of 60 MPa in a high
vacuum, heated to 573 K in 5 min, and then heated to 823 K in 3 min. Finally, they were
held for 5 min before being removed and allowed to cool naturally.

2.2. Measurement and Characterizations

After SPS sintering and subsequent cooling, the samples were subjected to wire
cutting to produce rectangular prismatic specimens measuring 12 x 3 x 3 mm. These
specimens were then lightly polished and placed into a four-probe thermoelectric mea-
surement system (CTA, CRYOALL CTA-3S, Beijing, China) to simultaneously measure
the temperature-dependent electrical conductivity o and Seebeck coefficient S. Addition-
ally, the thin discs obtained from SPS sintering underwent thermal diffusivity testing
using the Laser-Flash Thermal Conductivity Instrument (LFA 467 HT NETZSCH, Tan-
nesstein, Germany) to determine the thermal diffusivity coefficient D of the samples. Subse-
quently, the density p of each sample was determined using the Archimedes’ displacement
method. The total thermal conductivity x of the samples was calculated using the formula
Ktot = DpCp, where C,, represents the theoretical specific heat capacity of the GeTe material.
Furthermore, the electronic thermal conductivity «, of the samples was calculated according
to the Wiedemann—Franz law and the formula x, = LoT. Finally, the lattice thermal con-
ductivity x,; of the samples was obtained by subtracting x, from ;. Subsequently, X-ray
diffraction (XRD) analysis was conducted at room temperature using a Rigaku Smartlab
9 KW (Tokyo, Japan) instrument to perform the compositional analysis of the samples. To
further understand the influence of the microstructural composition of the samples on the
thermoelectric properties of the GeTe materials, a transmission electron microscopy (TEM,
FEI HELIOS 5CX, Hillsboro, OR, USA) characterization test was performed to observe and
analyze the mechanism.

3. Results and Discussion

The room temperature powder X-ray diffraction (XRD) results of the Ge;_,W,Te
samples (x = 0, 0.002, 0.005, 0.007, 0.01, 0.03) are depicted in Figure 1a. It can be observed
that upon W doping into GeTe, most of the diffraction peaks match well with the rhom-
bohedral phase single-phase structure of r-GeTe (space group: R3m, PDF: 47-1079). In
Figure 2a,b, the slight precipitation of Ge can be observed at low angles of 25~26° and
42~44°, respectively. This phenomenon is commonly observed throughout the entire GeTe
system and is attributed to the presence of large Ge vacancies in the GeTe system, consistent
with previous reports [3,28,29], which do not significantly affect the ultimate thermoelectric
performance of GeTe-based materials [2,24,30]. The appearance of dual peaks of GeTe
at this angle further confirms its rhombohedral structure at room temperature. More-
over, the sample Geg 97 Wy g3 Te exhibits a distinct second-phase diffraction peak at ~40° in
Figure 1b. Through XRD spectrum analysis and data comparison, the main component
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of the diffraction peak at this angle is identified as W (space group: Im3m, PDF: 04-0806),
indicating a solubility of W in the GeTe system of approximately 0.5 mol%. Additionally,
GeTe undergoes a phase transition from the r- to the c-GeTe (c-GeTe, space group: Fm-3m)
at ~700 K, transforming its crystal structure along the [1 1 1] direction into a cubic structure,
which is similar to that of PbTe [31] and SnTe [1,20]. This cubic structure is also similar
to the crystal structure of the precipitated W phase in this study, suggesting structural
similarity with GeTe [32].
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Figure 1. (a) Room temperature powder XRD patterns of the Ge;_,W,Te (x =0, 0.002, 0.005, 0.007,
0.01, 0.03) samples; (b) enlarged view of the W phase at 40~41°.
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Figure 2. Room temperature powder XRD patterns enlarged view of the Ge phase of the Ge;_, W, Te
(x=0,0.002,0.005, 0.007, 0.01, 0.03) samples (a) at 25~27°; (b) enlarged view at 42~44°.

Upon W doping in GeTe, the electrical transport properties of the material undergo
subtle changes. In Figure 3a, as the proportion of W doping increases, the electrical
conductivity (0) exhibits a trend of initially decreasing and then increasing. Compared
to the GeTe matrix, when x = 0.002, the o of the sample GepgosWy gopTe decreases to
~1.8 x 10°S cm 1 at 723 K. When x > 0.005, the ¢ of the sample Ge;_,W,Te increases with
the amount of W doping, and at x = 0.03, the o of the sample Geg 9y Wy g3 Te is higher than
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that of other samples and higher than the GeTe matrix overall. This may be attributed to the
introduction of the high-valence state W into GeTe, providing additional charge carriers and
resulting in an increase in the carrier concentration. In Figure 3c, a schematic diagram of
the Seebeck coefficient (S) of the sample Ge;_,W,Te (x = 0, 0.002, 0.005, 0.007, 0.01, 0.03) as
a function of temperature is presented. In the mid-low temperature range (300-573 K), the S
of the sample Geg 995W 005 Te shows a certain improvement, reaching ~154 uV K1 at 723 K.
When x > 0.005, S begins to decline, especially when x = 0.03, the sample Geg 97 Wq o3 Te
exhibits a significant reduction in S in the high-temperature range (600-750 K). This may
be because W has reached its solubility limit in the GeTe system, existing in the material
structure in the form of W. Additionally, as W belongs to heavy atoms, it affects carrier
mobility. In Figure 3d, the power factor PF of the sample Gej g9 W go2Te is lower than that
of the undoped sample GeTe, and when the doping level rises to x = 0.005, the PF of the
sample Geg 995 Wo go5Te is higher than that of the undoped GeTe matrix, with a peak value
reaching ~43 pW cm~! K=2. When the W doping ratio is greater than x = 0.005, the PF
of the sample Ge;_,W,Te decreases with the increase in the doping concentration. This
phenomenon occurs because W doping introduces additional heavy atoms into the GeTe
material, significantly affecting the electrical transport properties of the sample [5,33,34].
Despite the weak increase in the Seebeck coefficient of the sample GepggsWp gosTe, W
doping leads to a higher peak PF in the material compared to the GeTe matrix.
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Figure 3. Temperature-dependent electrical performance of the Ge;_,W,Te (x = 0, 0.002, 0.005,
0.007, 0.01, 0.03) solid solution; (a) electrical conductivity o; (b) resistivity p; (c) Seebeck coefficient S;
(d) power factor PE.

In Figure 4a, for the Ge;_,W,Te samples (x = 0, 0.002, 0.005, 0.007, 0.01, 0.03), at
x =0.002, the total thermal conductivity x, exhibits a slight decrease compared to the
undoped sample, while at x = 0.005, the change in «;; of the sample GegggsWy go5Te is
minimal, differing only marginally from the sample at x = 0.002. As the doping ratio
continues to increase, the overall trend of x;,; continues to decrease. At x = 0.03, the &
of the sample Gey 97W g3Te remains relatively flat, and thermal performance deteriorates.
This phenomenon is consistent with the earlier XRD findings, where the degradation is at-
tributed to the different forms of W presence in the GeTe system, which significantly affects
the carriers, ultimately influencing the thermal transport properties. Additionally, due to
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the higher valence state of W compared to Ge?", it may introduce additional carriers into
the system, further increasing the carrier concentration of the GeTe base material, resulting
in a higher electronic thermal conductivity «, compared to undoped GeTe, with higher
proportions of W leading to higher x, and a flattening trend. In Figure 4b, the slope of the %,
curve for the sample Gej gy W o3Te decreases, becoming flatter overall. When the W doping
ratio reaches x = 0.005, the «, of the sample Gegg95W o5 Te reaches ~5.8 Wm~1 K~! at
temperatures near room temperature to 323 K, 29% higher than other samples with differ-
ent W doping compositions. In Figure 4c, due to the generally higher electronic thermal
conductivity x, of the Ge;_,W,Te samples compared to the undoped GeTe base material,
the lattice thermal conductivity «x;,; of the samples decreases significantly. For instance, the
K1t Of the sample Gep g9sWy gop Te reaches a minimum value of ~0.14 W m~ K lat673K,
while the i, of the sample Geg 995 W oo5Te decreases to ~0.44 W m~! K ! at673 K. The
effective reduction of «j,; in the material is achieved via appropriate W doping into the
GeTe system.In Figure 4d, the extremely low &, of the sample Gegg9gWy 002 Te reduces
by approximately 85%, 81%, 79%, 77%, 74%, and 39% compared to the works of Yang
et al. on GeTe: Bi, In [35], Liu et al. on GeTe: Mn, Bi [13], Li et al. on GeTe: Cd, Bi [36],
Srinivasan et al. on GeTe: Ag [37], Xu et al. on GeTe: Se, Bi [38], and Shuai et al. on GeTe:
Ti, Bi [39], respectively.
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Figure 4. Thermal transport properties of the Ge;_,W,Te (x = 0, 0.002, 0.005, 0.007, 0.01, 0.03)
samples; (a) total thermal conductivity «.; (b) electronic thermal conductivity «.; (c) lattice thermal
conductivity «,; (d) lattice thermal conductivity of this work compared to the GeTe matrix; GeTe: Bi,
In [35]; GeTe: Mn, Bi [13]; GeTe: Cd, Bi [36]; GeTe: Ag [37]; GeTe: Se, Bi [38]; and GeTe: Ti, Bi [39].

In order to further investigate the mechanism of the influence of W doping on the
thermoelectric transport properties of the GeTe system and the microstructural morphology
of the material, we performed a transmission electron microscopy (TEM) characterization
test on the Gegg95Wo go5Te sample. As shown in Figure 5a, a low magnification TEM
image of the sample Geg 995 Wy oo5Te is demonstrated, and the typical herringbone fishbone
structure of the GeTe material can be clearly observed [40], which is uniformly interlaced
throughout the sample. The magnified image of the orange dashed box area in Figure 5a
corresponds to that shown in Figure 5b, and the high-resolution image can better illustrate
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the herringbone fishbone structure, from which it can be seen that the W doping of GeTe
does not produce a second phase to the microstructure of the material. It also improves
the orderliness of the atomic arrangement of the GeTe material. Subsequently, selected
area electron diffraction (SAED) was performed on the same sample by choosing the
appropriate region. The SAED image of the Ge( 995 Wy 095 Te sample at high magnification
along the direction of the [2 1 1] crystal axis is demonstrated in Figure 5¢, from which the
diffractograms show that the synthesized sample has a single-crystalline structure and is
consistent with the r-GeTe crystalline phase. The angle between the (1,1,1), (2,2,2), and
(1,0,2) crystal planes is ~110.7°, which is slightly smaller than the 120° angle of the GeTe
rhombic phase structure, which precisely indicates that the W doping is introduced to more
likely substitute the Ge sites and bring about slight nanoscale lattice distortions [41], which
agrees with the results of the sample’s electrical conductivity test in Figure 3d.

.

NERENN .(-2,2,2) :

Zone axis: [211]

Figure 5. Transmission scanning microscopy (TEM) images of the Ge 995 W g5 Te solid solution:
(a) low magnification TEM image; (b) enlarged TEM image of the area surrounded by dashed lines
in (a); (c) selected area electron diffraction (SAED) pattern of the GeTe matrix with the [2 1 1] zone axis.

The blue dashed box area in Figure 5b of the Gej 995 Wy oo5Te sample was selected
to be photographed at high magnification to obtain a high-resolution magnified image,
as shown in Figure 6a. It clearly demonstrates that the Geg 995 Wy gg5 Te sample exhibits
a pronounced dislocation structure in Figure 6a, resulting from the disparate mass and
size of the Ge and W atoms. This leads to the typical lattice distortions observed in W
doping at the Ge sites, which introduces defects, optimizes the electron-phonon transport
properties of the material, and further enhances the phonon scattering. This is consistent
with the findings of our previous work [16], which demonstrated that W is capable of
introducing a significant number of defects, thereby greatly reducing the lattice thermal
conductivity of the material. In the high-resolution image of Figure 6b, the area within the
yellow dashed box represents the interplanar spacing measured for sample Geg 995 W o5 Te,
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as indicated by the yellow arrows corresponding to Figure 6c,d, which represent the
d spacing values of d(0)~0.3012 nm and d(02)~0.3018 nm, respectively. They are both
very close to the standard value of the d spacing of the r-GeTe (202) planar of 2.991 A.
This implies that W doping does not bring about a significant second phase but rather
modulates the microstructure of the GeTe material by introducing defects. It is noteworthy
that these results are in agreement with the previously mentioned XRD and electrical-
thermal performance tests, which significantly enhance the electrical conductivity of the
GeTe material.

Figure 6. (a) High magnification TEM image of the blue dashed box area (area I) correspond-
ing to Figure 5b of the Geg 995 Wy gg5Te solid solution; (b) HRTEM image of the same solid solu-
tion; (c,d) enlarged HRTEM images corresponding to the area surrounded by yellow dashed lines
in (a), respectively.

Figure 7 depicts the temperature-dependent curves of the sample Ge;_,W,Te
(x=0,0.002, 0.005, 0.007, 0.01, 0.03). When the W doping concentration reaches x = 0.005,
the ZT value of the sample Ge 995 W g5 Te reaches its maximum, approximately 0.99 at
673 K, 10% higher than the undoped sample. Due to the high melting point of W, in the
high-temperature range (573-723 K), the average ZT value of the Ge;_,W,Te sample is
approximately 0.76, 17% higher than the undoped GeTe matrix at the same temperature
range. However, a high dopant concentration (x > 0.007) causes an excess of W in the sam-
ple, which leads to a decrease in the carrier mobility due to increased carrier scattering; at
the same time, the electronic thermal conductivity x, increases (as well as the total thermal
conductivity xy), leading to a negative optimization in the figure of merit. Therefore, the
sample Ge;_,W,Te achieves the highest ZT value for the x = 0.005 doping concentration.
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Figure 7. Temperature-dependent trend of the figure of merit (ZT) value of the Ge;_,W,Te (x =0,
0.002, 0.005, 0.007, 0.01, 0.03) samples.

4. Conclusions

In summary, this study elucidates the advantages and disadvantages of W-doped
GeTe materials, analyzing the influence of W on the material structure, electrical transport
properties, and thermal transport properties. The higher valence state of W allows for the
introduction of additional charge carriers, thereby enhancing the electrical conductivity
of the material while simultaneously increasing the power factor, thereby improving the
Seebeck coefficient. With a higher melting point than GeTe, W stabilizes the rock-salt cubic
structure of GeTe (achieved through the phase transition from r-GeTe) near 700 K. It is
noteworthy that W doping can also substitute the Ge atoms in the GeTe material system,
introducing dislocation defects to optimize the thermal transport performance. W doping
can also induce lattice distortions in the GeTe structure [15], enhancing phonon scattering
and effectively reducing the lattice thermal conductivity of the material at suitable W
doping concentrations, resulting in GeTe-based materials with ultra-low lattice thermal
conductivity as low as approximately 0.14 W m~! K~ ! at 673 K [16,27,42]. Compared to
the previous work [35], this study demonstrates a maximum reduction of approximately
85% in lattice thermal conductivity. The experimental results confirmed that W doping not
only introduces high-valence state W atoms to enhance the power factor of the sample but
also simultaneously reduces the lattice thermal conductivity by optimizing the material
structure [32], thereby comprehensively regulating the thermoelectric transport properties
of GeTe-based materials. Ultimately, the average ZT value of the sample Ge 995 W oo5Te
reached ~0.76 in the temperature range of 573-723 K, approximately 17% higher than
undoped GeTe. Furthermore, the peak ZT value of sample Geg 995 W o5 Te reached ~0.99
across the entire temperature range, representing a ~10% improvement over the GeTe
base material.
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Abstract

Over the last decade, polymeric carbon nitrides (PCNs) have received exponentially grow-
ing attention as metal-free photocatalytic platforms for green energy generation and envi-
ronmental remediation. Although PCNs can be easily synthesized from abundant precur-
sors in a powdered form, progress in the field of photoelectrochemical applications requires
effective methods for the fabrication of PCN films endowed with suitable mechanical
stability and modular chemico-physical properties. In this context, as a proof-of-concept,
we report herein on a simple and versatile chemical vapor infiltration (CVI) strategy for
one-step PCN growth on porous Ni foam substrates, starting from melamine as a precur-
sor compound. Interestingly, tailoring the reaction temperature enabled to control the
condensation degree of PCN films from melem/melon hybrids to melon-like materials,
whereas the use of different precursor amounts directly affected the mass and morphology
of the obtained deposits. Altogether, such features had a remarkable influence on PCN
electrochemical performances towards the oxygen evolution reaction (OER), yielding, for
the best performing systems, Tafel slopes as low as ~65 mV/dec and photocurrent density
values of ~1 mA/cm? at 1.6 V vs. the reversible hydrogen electrode (RHE).

Keywords: polymeric carbon nitride films; in situ synthesis; chemical vapor infiltration; Ni
foam; oxygen evolution reaction; water splitting

1. Introduction

Polymeric carbon nitrides (PCNs), featuring a pseudo-graphitic structure and com-
prising C, N, and H (due to residual amino-groups) are a class of attractive and extremely
versatile multi-functional materials for a variety of end-uses [1-3]. Among them, melon or
melon-like systems, formed by variously condensed 1D chains of amine-linked heptazine
units forming H-bonded layers, are the subject of numerous on-going research activi-
ties [2,4-6]. These poly-heptazines, often identified with the misnomer ‘graphitic carbon
nitride’ [5-7], are formed by nontoxic abundant elements, can be synthesized from inexpen-
sive precursors, and exhibit a high chemical/thermal stability and appealing characteristics.
More specifically, melon-like PCN has a band-gap of ~2.7 eV, suitable for Vis light absorp-
tion, and possesses band edge positions capable of promoting various reactions, such as
O, and H; evolution, CO, reduction, and the degradation of organic pollutants [7-11].
Interestingly, PCN reactivity and optoelectronic properties can be tailored by modulating
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its condensation degree and type/content of defects [2,11,12]. The control of such features,
as well as of particle size and morphology [13,14], also allows to circumvent the intrinsic
shortcomings of PCNs, including the limited surface area, low electric conductivity, and
rapid recombination of photogenerated charge carriers [3,5,8,9].

PCNss are typically synthesized in a powdered form through the thermal polymeriza-
tion of C,N-containing precursors, such as melamine, urea, or dicyandiamide [3,5,7,15].
Upon annealing in air or inert atmosphere, such compounds undergo a cascade of
condensation/de-amination reactions yielding the initial formation of melam, and the
subsequent generation of melem (and its oligomers, see below), that then evolves to melon-
like PCN [4,5,16]. The modulation of polymerization degree [4,9,17] and amino groups
concentration [1,7,18] provides a versatile toolbox for the molecular-level engineering of
material reactivity and functional behavior. In this regard, recent works have reported
that the photocatalytic performances of melem, its oligomers, and melem/melon hybrids
might be superior to melon itself (the archetype PCN material), due to enhanced reactivity
and lower electron/hole recombination [4,8-10,17]. Nonetheless, tailoring of PCN sur-
face chemistry and defect content might also favorably impact on wetting properties, a
remarkable issue for various (photo)catalytic/(photo)electrochemical reactions [19-22].

Although the synthesis of PCN powders is quite straightforward, the fabrication of
films featuring good adhesion to conductive substrates, as required for photoelectrochemi-
cal applications, is more challenging and still in the early stages of development due to the
difficulties in achieving adequate chemical, physical, and catalytic properties [22-26]. The
most common approach to prepare PCN-based films involves the preliminary synthesis of
PCN powders and, subsequently, their immobilization on substrates using methods such
as spin-coating, dip/drop-casting, doctor-blade, or electrophoretic deposition [15,17,27,28].
Nevertheless, such approaches generally lead to weakly crystalline, inhomogeneous, and
scarcely adherent deposits, featuring poor mechanical stability and modest electron trans-
port capacity [12,18,23,27,29,30]. A direct, in situ polymerization route for the one-step
growth of PCN films could overcome the above-mentioned problems, also avoiding the
drawbacks related to powder processing methods [22,24,30-32]. Approaches for the direct
synthesis of PCN films, much less investigated than the two-step routes employed for
immobilizing PCN powders, include thermal vapor condensation, microcontact print-
ing, solvothermal routes, electrochemical methods, and chemical vapor deposition (CVD).
Up to date, such approaches have been mainly employed for PCN growth on 2D pla-
nar substrates, such as fluorine-doped tin oxide (FTO) or indium tin oxide (ITO)-coated
glass [11,12,18,22,23,27,29,31,33-35], whereas reports on non-conventional porous supports
are almost absent [14,30].

As a step forward in this general context, the present proof-of-concept investigation
focuses on the in situ synthesis of PCN films on Ni foam supports through a chemical vapor
infiltration (CVI) route. The developed strategy benefits from the molecular-level flexibility
and infiltration power of CVD-related techniques to achieve the efficient dispersion of
PCN into the porous substrate [12,14,18,36]. Modulation of preparative conditions enabled
to tailor PCN loading and morphology, as well as its composition from melem/melon
hybrids to melon-like systems. The resulting electrode architectures benefit from the
optimal PCN/substrate mechanical adhesion and intimate interfacial contact [15,37], as
well as from the high porosity and electrical conductivity of the Ni foam substrate [13,38,39],
yielding promising catalytic performances towards the oxygen evolution reaction (OER),
the bottleneck of water splitting [28,40]. To the best of our knowledge, no literature works
have been reported to date on the OER performances of PCN-based photoelectrodes with
different polymerization degrees.
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2. Materials and Methods
2.1. Synthesis of Electrode Materials

In the present work, PCN was grown on Ni foam substrates (lateral size ~1 x 2 cm?;
thickness = 1.7 mm; Ni-4753, RECEMAT BV, Dodewaard, The Netherlands). For comple-
mentary chemico-physical and electrochemical characterization, depositions were also
carried out on FTO-coated glass supports (lateral size ~1 x 2 cm?; overall and FTO layer
thickness = 2.2 mm and ~600 nm, respectively; ~7 ()/sq; 735167-1EA, Sigma-Aldrich,
Darmstadt, Germany), revealing the facile transferability of the proposed method to di-
verse support materials. Prior to each deposition, the substrates were subjected to an
optimized cleaning procedure [32,41] and fixed on the top of a V-shaped alumina cru-
cible, whose bottom had been previously filled with 100, 200, or 300 mg of pre-grinded
melamine powders (99%, Sigma-Aldrich, Darmstadt, Germany). The crucible was hence
positioned on a stainless steel susceptor, covered with a second larger alumina vessel,
and introduced into a tubular furnace (Carbolite, HST 12/200, Derbyshire, UK) equipped
with a quartz tube (inner diameter ~ 9.5 cm; length of the heated region ~ 20 cm). PCN
deposition (duration = 2.5 h) was carried out at atmospheric pressure under flowing Ar
(rate = 3 L/min) in the absence of additional co-reactants, at 500, 550, or 600 °C (heating
rate = 5 °C/min). At the end of each experiment, samples were cooled down to room
temperature under flowing Ar. The mass of each deposit was measured using a Mettler
Toledo (Greifensee, Switzerland) XS105 DualRange microbalance.

2.2. Characterization of Electrode Materials

X-ray diffraction (XRD) measurements were performed in a glancing incidence con-
figuration (0; = 1.0°) using a Bruker (Karlsruhe, Germany) AXS D8 Advance Plus diffrac-
tometer, equipped with a CuKa X-ray source (A = 1.54051 A). The average crystal size
was estimated using the Scherrer equation. Optical absorption spectra were collected on
a Cary 5E (Varian, Palo Alto, CA, USA) spectrophotometer (spectral bandwidth = 1 nm),
operating in transmittance mode on FTO-supported materials. Band-gap (Eg) values were
estimated from the corresponding Tauc plots [(«hv)!/2 vs. hv], assuming indirect allowed
transitions [28,42,43]. Field emission-scanning electron microscopy (FE-SEM) analyses
were performed by collecting secondary (SE) and backscattered electron (BSE) signals using
a Zeiss (Oberkochen, Germany) SUPRA 40VP instrument, at primary beam acceleration
voltages of 10-20 kV. X-ray photoelectron spectroscopy (XPS) analyses were performed
using a ThermoFisher (Waltham, MA, USA) ESCALAB 250XI+ apparatus, with a monochro-
matized AlK« X-ray source (hv = 1486.6 eV). Binding energy (BE) values were corrected for
charging by setting the adventitious Cls component at 284.8 eV [44]. After a Shirley-type
background subtraction, curve fitting was carried out using the XPSpeak 4.1 software [45],
using Gaussian-Lorentzian sum functions. Atomic percentages (at.%) were calculated
through peak area integration.

2.3. Functional Tests

OER electrochemical tests were carried out both in the dark and under irradiation,
using an Autolab PGSTAT204 potentiostat/galvanostat workstation. The prepared sam-
ples, a Pt coil, and a Hg/HgO (MMO) electrode were used as working, counter-, and
reference electrodes, respectively. The electrolyte was a 0.1 M KOH (Sigma-Aldrich, Darm-
stadt, Germany) aqueous solution (pH = 12.9). For measurements under irradiation,
the working electrode was exposed to a white light LED source (Philips LUMILEDS
LXML-PWNT1 0120; intensity ~100 mW / cm?). Potential values vs. MMO (Eymvio) were
converted into the reversible hydrogen electrode (RHE) scale using the following equa-
tion: Erpg(V) = Ewg(V) + EMMmo(V) + 0.0592 x pH, where Ewg indicates the bias applied
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to the working electrode. Linear sweep voltammetry (LSV) curves were recorded with a
scan rate of 1 mV/s, after activating the samples with cyclic voltammetry (CV) measure-
ments until constant behavior. To assess the material stability, chronoamperometric (CA)
analyses were performed at a fixed potential value of 1.5 V vs. RHE under visible light
irradiation. Experimentally measured currents were normalized to the electrode geometric
area (~2 cm?) [46], obtaining current densities in the dark (jgari), under irradiation (jtight),
and the corresponding photocurrent density values (jight — jdark) [47]. Tafel slopes were
determined by analyzing the plots of potential vs. log(current density). Electrochemical
impedance spectroscopy (EIS) measurements were collected between 50 kHz and 0.5 Hz,
with 5 mV sine perturbation.

During the execution of electrochemical experiments, Ni foam-supported specimens
featured a marked capillary effect, evidenced by the rise of the electrolytic solution well
above the sample immersion level. Because of this phenomenon, likely arising from both
the substrate porous structure and the presence of polar groups in the obtained PCN
deposits (see below), careful sealing of the electrode contact with epoxy resin turned out to
be necessary to ensure a reproducible and accurate measurement setup [19,20,48].

The “coumarin test”, a simple and highly sensitive method to assess the relative
activity of different catalysts [49], was used to probe the eventual production of «OH
radicals by monitoring the formation of the highly photoluminescent species 7-hydroxy-
coumarin [49-51]. To this aim, electrochemical experiments were carried out under illumi-
nation and constant stirring in a 0.1 M phosphate buffer solution (PBS, pH = 6.9) containing
1 mM coumarin (Sigma-Aldrich, Darmstadt, Germany), using the above-described setup
and a saturated calomel reference electrode. Then, Ni foam-supported samples were
tested at a fixed bias of 1.6 V vs. RHE, withdrawing, at regular time intervals, aliquots
of the solution. The latter were analyzed by collecting fluorescence spectra in the range
340-700 nm using a FLS 1000 fluorimeter (Edinburgh Instruments, Livingston, UK) and
adopting the following settings: excitation wavelength/bandwidth = 330/1.5 nm; emission
bandwidth = 2.5 nm; optical path =1 cm.

3. Results and Discussion

A sketch of the setup employed for the one-step growth of PCN deposits on Ni foam
supports, along with the main synthesis parameters, is reported in Figure la. In a typical
experiment, weighted amounts of finely grinded melamine powders (100, 200, or 300 mg)
were uniformly spread on the bottom of a V-shaped alumina crucible. Subsequently, pre-
cleaned Ni foam and FTO substrates of a suitable size were fit in the upper part of the
crucible, ca. 1 cm above the precursor. A second larger crucible was hence positioned
face-down on the former one to set up a semi-closed vessel, an important issue to minimize
undesired precursor losses and ensure an adequate melamine delivery to the growth
surface during the heating stage [52,53]. In this regard, the proper positioning of the top
crucible over the bottom one also turned out to be critical to obtain PCN deposits with
a reproducible mass. Finally, the double crucible system was positioned on a stainless
steel susceptor, introduced into a tubular oven, and heated at the desired temperature in
an Ar atmosphere. Under these conditions, precursor vapors infiltrate into the porous Ni
foam, and the process is accompanied by de-amination and condensation reactions that
yield different products depending on the adopted operating conditions. In this regard,
Figure 1b provides a simplified scheme [4,12], reporting approximate temperatures for the
progressive conversion of melamine into melam, melem, and melon-based species.
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Figure 1. (a) Schematic representation of the setup and main process parameters used for PCN
deposition on Ni foam and FTO substrates. (b) General sketch of melamine main condensation
products as a function of temperature. Full condensation should lead to the idealized graphitic
carbon nitride (g-C3Ny) structure [4,54].

Nevertheless, it is worthwhile noticing that different compounds might coexist un-
der certain conditions (e.g., melamine/melem or melem/melon adducts), and various
oligomeric species (such as melem dimer, trimer, etc.) can also be formed depending on
reaction temperature, time, and atmosphere. In this regard, a more detailed reaction path
based on recent literature reports [4,54] is provided in Figure S1.

The composition of precursor residues at the end of the thermal treatment procedure
was investigated via Fourier transform infrared (FI-IR) analyses. The corresponding
spectra (Figure S2) revealed a broad band between 3000 and 3400 cm ™! resulting from
the presence of uncondensed amino groups (NHy, x = 1,2) on PCN ring edges [55,56],
beside adsorbed water arising from atmospheric exposure [56,57]. In the 1100-1800 cm ~*
region, powders resulting from treatments at 550 and 600 °C revealed very similar spectral
features, with peaks at 1638, 1568, 1416, 1316, and 1242 cm ! well-matching the stretching
modes of C=N/C-N heterocycles of a melon-type PCN material [55,58,59]. The signals
at 886 cm~! and 808 cm ! are due to N-H deformation modes and to the breathing of
triazine /heptazine units, respectively [13,55,56].

Regarding powders calcined at 500 °C, although the spectrum between 1100 and
1800 cm~! resembled those collected on the 550 and 600 °C samples, the appearance
of peaks at 1616, 1466, and 1330 cm~! was consistent with the formation of melem
oligomers [4,6,17,59]. Such findings suggest the formation of a melem/melon hybrid
material, consistently with a lower melamine condensation degree at 500 °C.

A similar evolution as a function of temperature was also observed for Ni foam-
and FTO-supported samples (vide infra). Additionally, tailoring of melamine amount
in the reaction vessel (100, 200, or 300 mg) yielded deposits whose mass increased from
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(1.0 = 0.2) mg to (4.0 & 0.3) mg, a variation accompanied by an appreciable evolution of
the corresponding material morphology (see below).

Figure 2a reports the XRD patterns of PCN films grown on FTO at different tempera-
tures. In addition to peaks due to the substrate, the sample obtained at 500 °C exhibited
reflections at 29 ~ 11.0, 12.5, 13.3, 19.7, 22.1, 25.3, 27.1, and 30.4°, which could be assigned
to melem oligomers [4,9,60,61]. Nevertheless, the broad bands in the 10-15° and 25-30°
regions suggested the co-presence of melon [5,6,53,62], as further supported by XPS results

(see below).
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Figure 2. (a) XRD patterns of PCN films grown on FTO at different temperatures. Reflections labeled
with * are due to the substrate. (b) Optical absorption spectra and (c) corresponding Tauc plots for

the same specimens.

At reaction temperatures of 550 and 600 °C, XRD patterns (relatively similar but
markedly different from the 500 °C one) revealed two broad reflections at ~12.0 and ~27.0°
that, together with the disappearance of several features detected for the 500 °C-grown
sample, supported the occurrence of a melon-type material, in tune with a more extensive
melamine condensation under harsher temperature conditions [3,5,62]. In particular, peaks
at 29 ~ 12.0 and ~27.0° can be attributed to melon periodicity along (100) crystallographic
planes and (002) interplanar stacking, respectively [5,62,63]. The average crystallite sizes

71



Nanomaterials 2025, 15, 960

were estimated to be ~3 nm, for samples grown at 550 and 600 °C, and ~10 nm, for the
specimen synthesized at 500 °C.

The above findings were consistent with the outcomes of optical absorption analysis
(Figure 2b). Whereas the 500 °C sample presented an absorption onset at A ~ 440 nm, the
other two systems featured a blue shift of ~20 nm. Band-gap determination from Tauc
plots (Figure 2c) yielded Eg ~ 2.65 eV at 500 °C and ~2.75-2.80 eV at 550 and 600 °C.
Whereas for melon-like materials, Eg values lower than the ones for less-condensed PCN
species are typically reported [4,17,53,59], the opposite trend was detected in the present
case. Such a finding was traced back to the low nanocrystal size of samples fabricated at
the higher temperatures, likely resulting in quantum confinement effects [14,28,30,63].

FE-SEM analyses for Ni foam-supported samples are reported in Figures 3, S3 and S4.
The bare Ni foam (Figure 3a) was characterized by a highly porous 3D structure consisting
of interconnected branches with a diameter of ~100 um. Upon CVI at 500 °C, the Ni
foam presented dark regions ascribed to the presence of PCN particles, as revealed by SE
micrographs in Figure 3b,c. In this regard, the atomic mass-sensitive BSE image in Figure S3
provides more effective evidence for PCN distribution (revealed by dark-contrast regions)
over the Ni foam (bright-contrast). In particular, BSE imaging revealed that even areas
where PCN was apparently absent according to the corresponding SE micrograph could
be covered by PCN. In this regard, it is worth highlighting that the characterization of Ni
foam-supported materials via electron microscopy and spectroscopic techniques might be
challenging due to the system multi-scale morphological complexity and tortuous internal

structure, limiting collection of emitted electrons to a narrow range of takeoff angles [39,64].

Figure 3. FE-SEM micrographs obtained from secondary electron (SE) signal for: (a) bare Ni foam;
two representative samples grown at 500 °C from (b) 100 mg and (c) 300 mg of melamine. In the
insets, some island-like PCN particles are highlighted by red circles; (d—f) different magnification
images pertaining to a specimen grown at 550 °C from 300 mg of precursor. In panels (d,e), selected
regions where island- and flake-like PCN structures appear well-evident are enclosed by blue circles
and rectangles, respectively.
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Basing on the obtained data, specimens synthesized at 500 °C were characterized by
PCN particles with an island-like morphology, well-adherent to the underlying Ni foam,
an important goal for electrochemical applications [22,23]. A similar morphology has been
reported for CVD-grown carbon nitride films on conventional planar substrates [33]. The
extent of substrate coverage by PCN islands increased with the precursor amount used
during the CVI process (compare Figure 3b,c). Such a result was in line with the different
masses of the corresponding deposits (see above).

PCN “islands” were revealed by FE-SEM measurements even for samples fabricated
at 550 and 600 °C. Nevertheless, whereas such particles were the only detectable when the
synthesis was carried out from 100 mg of precursor, the presence of agglomerated lamellar
structures (typical thickness and length ~ 1-2 and ~20 pum, respectively) was also noticed
when melamine amount was increased, in particular, to 300 mg (see Figure 3d—f). The for-
mation of such “aggregates” (see also Figure S4) at higher reaction temperatures suggested
the occurrence of a different growth mechanism under harsher processing conditions.
Although the high surface-to-volume ratio of flake-like PCN might appear favorable for the
target application, preliminary OER experiments evidenced that such lamellar structures
yielded unstable electrochemical performances upon prolonged utilization. Based on the
comparison of FE-SEM micrographs collected prior and after functional tests (compare
Figure 3d—f with Figure S12a), this effect was traced back to a partial detachment of PCN
flakes from the Ni foam substrate. Such a phenomenon, also responsible for the clouding
of the electrolytic solution, was particularly critical for specimens synthesized at 600 °C.

The composition of representative samples grown at 500 and 550 °C was investigated
by XPS. Survey spectra and surface atomic percentages (see Figure S5 and Table S1) revealed
the presence of photoelectron and Auger signals from nitrogen and carbon, along with
oxygen and nickel in lower amounts [44,65]. Detection of the latter suggested partial
exposure of the Ni foam substrate, in line with FE-SEM results.

Important information was gained from the analysis of Cls and N1s photopeaks
in Figure 4, revealing a broadening of both signals on the high BE side for the sample
synthesized at 500 °C in comparison to the homologous one obtained at 550 °C. Concerning
the latter sample, the Cls peak could be deconvoluted into three components (Figure 4a).
Band (i), centered at 284.8 eV, was traced back to adventitious carbon contamination [44,65].
A second relatively weak contribution [(ii); BE = 286.3 eV] was attributed to carbon atoms
bonded to uncondensed amino groups (C-NH,, with x = 1, 2) on heptazine ring edges.
The third major band (iii) at 288.1 eV was ascribed to N-C=N carbon atoms in the PCN
network [6,14,28,53,66]. For the N1s signal of the 550 °C-grown sample, four contributing
components were identified (Figure 4b). The main one [(iv); BE = 398.8 eV] was traced back
to bi-coordinated N atoms of PCN moieties (C=N-C, Nj.), whereas band (v) at 399.9 eV was
attributed to tertiary N centers [N-(C)3, N3] [6,28,40,53,66,67]. Peak (vi) at 401.0 eV was
consistent with -NHy presence, and peak (vii), at 404.9 eV, was attributed to the excitation
of 7t electrons [28,40,66,68,69].

The C1s and N1s peaks for the sample synthesized at 500 °C are reported in Figure 4c
and Figure 4d, respectively. For the former signal, the assignment of components (i), (ii),
and (iii) is the same reported above. The additional band (iii*) at 289.3 eV was ascribed
to oxidized carbon species involving C-O/C=0 moieties on PCN surface [8,70,71]. The
N1s peak (Figure 4d), deconvoluted as the one plotted in Figure 4b, revealed a larger
relative contribution of band (vi) to the overall signal, in tune with a higher content of
uncondensed amino groups at 500 °C. Accordingly, the N/C ratio, calculated excluding the
adventitious carbon contribution and based on peak fitting results in Table S2, was ~1.5
for the specimen grown at 550 °C, in good agreement with the nominal value expected
for a melon-like material [59]. Nonetheless, as far as the sample synthesized at 500 °C is
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concerned, an N/C ratio of ~1.6 was obtained, supporting the formation of a less condensed
melem/melon hybrid system [59]. Although subject of ongoing investigations, several
theoretical and experimental studies attribute to edge amine nitrogen atoms a beneficial role
in promoting several catalytic reactions, behaving as active centers and improving charge
carriers separation, with amino groups acting as hole-stabilizers [60,72-75]. Additionally,
together with -OH groups, -NH moieties also produce a more hydrophilic surface that
facilitates electrolyte penetration into the foam porous structure, accelerates diffusion of
hydroxyl-based reactants, and favors the removal of O, bubbles, beneficially impacting on
OER activity [19,20,22,72].
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Figure 4. C1s and N1s XPS signals pertaining to two PCN samples grown on Ni foam at (a,b) 550
and (c,d) 500 °C.

The electrochemical performances of Ni foam-supported PCN samples were hence
tested in 0.1 M aqueous KOH. Results pertaining to the characterization of samples grown
at 500, 550, or 600 °C from different melamine amounts are provided in the Supporting
Material (see Figures S7-59 and pertaining discussion), while selected data for the best-
performing specimens synthesized at 500 and 550 °C are reported in Figure 5. As a
general rule, the samples featured an appreciable current density increase at potentials
higher than ~1.50 V vs. RHE (see LSV curves in Figure 5a and S7a—c), underscoring their
OER activity. For each specimen, current densities under irradiation were found to be
higher than the corresponding values in the dark, confirming the photoactive nature of
PCN deposits [13,15,35]. Analysis of onset potentials (Figure S8) revealed more favorable
values for specimens synthesized at 550 and 600 °C, along with a moderate improvement
under irradiation. Nonetheless, whereas samples grown at 500 °C were characterized by a
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retarded onset potential, as well as lower jqak and jight values compared to the systems
synthesized at 550 and 600 °C (Figure S9a), they yielded the highest photocurrent density at
sufficiently high bias values (see Figure 5b and S9b), provided that an optimal PCN amount
was loaded into the Ni foam. Overall, the above functional results are well placed among
those reported for various PCN films fabricated either via powder immobilization or direct
in situ growth [15,18,27,31,35,76], also taking into account that neither co-catalysts nor
sacrificial agents were used in the present case (see also Table S3). The higher photocurrent
produced around ~1.50 V by the 550 °C-grown sample (Figure 5b) can be traced back to an
enhanced thermal condensation degree [15,23,76]. Nonetheless, above ~1.55 V vs. RHE,
the sample deposited at 500 °C likely benefits from its superior light-harvesting properties
(see above) [10,27].
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Figure 5. (a) LSV anodic scans in 0.1 M KOH collected in the dark (jqa,k, dotted lines) and under
irradiation (jlight, continuous lines) on two Ni foam-supported PCN samples grown at 500 °C and
550 °C from 100 and 200 mg of melamine, respectively. The weak anodic peak at ~1.35 V vs.
RHE is due to the NiO — NiO(OH) reaction involving the uncovered Ni foam surface [13,32,64].
(b) Photocurrent density values and (c) Tafel plots for the same specimens. In the latter case,
continuous black lines mark the fitting of experimental curves. (d) Chronoamperometric curves
collected under irradiation at 1.5 V vs. RHE.

Tafel slope values for the best-performing samples (=65 mV/dec, Figure 5c), indicat-
ing promising reaction kinetics at the electrode surface, compared favorably with other
PCN-based systems reported in the literature [24,40,70]. Under optimized deposition con-
ditions, the proposed CVI approach yielded Ni foam-supported PCN samples with good
operational stability, as revealed by the chronoamperometric measurements in Figure 5d. In
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this regard, FE-SEM analysis after OER experiments revealed that the island-like PCN struc-
tures detected prior to functional tests were still clearly evident, without any appreciable
alteration (compare Figure 3c and Figure S12b), thus supporting the good morphological
and electrochemical stability of PCN deposits and their effective adhesion to the Ni foam.

Overall, for the best-performing systems synthesized at 500 and 550 °C, current density
values of 10 mA /cm? were achieved under irradiation with an overpotential of ~395 and
~370 mV, respectively, whereas the corresponding photocurrents at 1.6 V vs. RHE were
~1.2 and ~0.6 mA /cm? (Figure 5a,b). As a term of comparison, we have recently reported
a two-step method involving: (i) the synthesis of PCN powders by thermal condensation
of melamine in Ar atmosphere; (ii) the electrophoretic deposition of the resulting powders
on Ni foam [13]. Although experimental conditions for melamine condensation were very
similar to the ones adopted herein for the one-step PCN growth, OER performances were
appreciably lower, with a photocurrent of ~0.1 mA/cm? at 1.6 V vs. RHE. Additionally,
the NiO — NiO(OH) oxidation peak at 1.35-1.40 V vs. RHE was appreciably more
evident, revealing an uneven PCN distribution on the substrate that negatively affected the
system conductivity and produced a modest light response [13]. Conversely, the improved
functional behavior of the present samples is likely due to the more uniform and effective
dispersion of PCN particles into the substrate pores, resulting in an intimate PCN/Ni
foam interfacial contact. Nonetheless, considering that PCN has shown an n-type behavior
(see also Figure S11) and that appreciable current densities are observed only above the
potential required for NiO(OH) formation, a co-operative mechanism between the Ni
foam and PCN can be hypothesized under illumination, with holes being injected into the
electrolyte through NiO(OH) sites, as well as through PCN. In fact, the oxidation potential
for Ni%* /Ni** falls within the PCN energy gap. The ratio between these two paths should
depend on the degree of coverage of the Ni foam.

Ni foam-supported samples were also investigated by EIS, both in the dark and under
irradiation (see Figure S10a), revealing decreased charge transfer resistance in the latter
case, in agreement with LSV curves in Figure 5a. As can be observed, EIS spectra were
quite noisy. Such an effect is likely due to the strong O, bubbling at high bias values
and difficult charge redistribution due to shadowing effects arising from the substrate
morphology, also resulting in a relatively modest light response. Mott-Schottky analysis
(Figure S10b) revealed that the flat band potential was positioned at ~1.4 V, in agreement
with Figure 5a results.

To supplement (photo)electrochemical data, additional characterization experiments
were carried out also on FTO-supported specimens, featuring a much faster light response.
To this regard, LSV curves (under dark, light, and chopped conditions), as well as chopped
light chronoamperometry and open circuit potential (OCP) scans, were collected (Figure
S11). Overall, such data revealed an n-type behavior, instead of the amphoteric one often
reported for polymeric carbon nitride [28,77]. Additionally, both chronoamperometric
and OCP measurements supported the good material electrochemical stability. The slight
photocurrent decrease observed in Figure S11b is due to hole accumulation on PCN surface
(OCP shifts to higher values after application of a high anodic bias).

As far as the issue of mechanical stability is concerned, on these specimens, allow-
ing to qualitatively assess PCN adhesion by visual inspection, no appreciable detach-
ment/delamination was observed after performing the scotch tape test. As a matter of
fact, the deposit could be removed from the substrate only by energy-intensive mechanical
scratching.

Ni foam-supported specimens were finally investigated using the “coumarin test”,
a benchmarked procedure to evaluate a catalyst’s ability to produce hydroxyl radicals
(eOH) under irradiation. Whereas the formation of such species is highly desired for the
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degradation of organic aqueous pollutants, we have recently reported that the two-electron
mechanism responsible for ¢OH generation might be competitive with the four-electron
process involved in OER [13]. In this regard, results reported in Figure 6 clearly revealed a
negligible formation of hydroxyl radicals by the present PCN-based materials, suggesting
that such electrocatalysts feature a high selectivity towards water oxidation. In fact, the
peak at ~390 nm is due to coumarin emission, whereas the shoulder at ~450 nm is due to
7-hydroxy-coumarin (7-OHC), whose formation takes place in the presence of photogener-
ated eOH [13,49]. Taking into account the much higher photoluminescence quantum yield
of 7-OHC, the weak intensity of the corresponding signal reveals a negligible production
of hydroxyl radicals.

(a) (b)

500°C 550°C

—— mother solution —— mother solution
after 1h after 1h
—— after 2h —— after 2h

Normalized intensity (a.u.)
Normalized intensity (a.u.)
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Wavelength (nm) Wavelength (hnm)

Figure 6. Luminescence spectra obtained from a 1 mM coumarin solution in 0.1 M phosphate buffer
after 1 and 2 h of photoelectrochemical work under illumination at a fixed bias of 1.6 V vs. RHE.
Panels (a,b) refer to results obtained on Nifoam-supported PCN samples grown at 500 °C and 550 °C
from 100 and 200 mg of melamine, respectively.

4. Conclusions

In this work, we have proposed a cheap and versatile one-step fabrication route to
PCN films with tunable compositional, structural, and optical properties. The proposed
synthetic approach was optimized on Ni foam substrates yielding n-type PCN materials
with good adhesion to the substrate, but can also be conveniently extended to other
supports. The results of a multi-technique characterization by means of complementary
analytical tools indicated that the simple tailoring of preparative conditions, such as
reaction temperature and precursor amount, afforded the obtainment of PCN deposits with
diversified morphological features and a tunable condensation degree (from melem/melon
hybrids to melon-like materials). The modulation of such properties significantly impacted
on the OER activity of the corresponding materials yielding, for the best-performing
systems, photocurrent density values close to ~1 mA/cm? at 1.6 V vs. RHE and Tafel
slopes as low as ~65 mV /dec. Such results candidate the present materials as potentially
promising catalysts for different electrochemical applications. In this regard, additional
room for improvement can be provided by performance enhancement strategies, such as
co-catalyst deposition, doping, or heterojunction engineering. Efforts in this direction are
already under way.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/1nano015130960/s1, Figure S1: additional details on the reaction mechanism; Figure S2: FT-IR
spectra of powders obtained from melamine calcination; Figures S3 and S4: FE-SEM micrographs for
representative samples grown at 500 and 550 °C, respectively; Figure S5: XPS survey spectra pertain-
ing two PCN samples grown at 500 and 550 °C; Tables S1 and S2: XPS surface atomic percentages
and breakdown of Cls and N1s atomic percentages according to peak fitting deconvolution for the
same specimens; Figure S6: Ni2p and O1s XPS signals pertaining two samples grown at 550 and 500
°C; Figure S7: LSV anodic scans collected on Ni foam-supported PCN samples grown at 500 °C, 550
°C, and 600 °C, from different melamine amounts; Figure S8: onset potential under dark and light
conditions for PCN samples in Figure S7; Figure S9: current density values in the dark and under
irradiation, and photocurrent density values for Figure S7 specimens; Table S3: OER electrochemical
performances of selected carbon nitride electrocatalysts reported in the literature; Figure S10: Nyquist
plots for Ni foam-supported samples grown at 500 °C and 550 °C and representative Mott-Schottky
plot; Figure S11: LSV curves in the dark and under illumination for a FTO-supported sample grown
at 550 °C along with chronoamperometric and OCP scans under chopped light for the same material;
Figure S12: FE-SEM micrographs recorded after electrochemical tests on Ni foam-supported samples
grown at 550 °C and 500 °C. The authors have cited additional references in the Supplementary
Materials [78-85].
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Abstract: Ni nanowire array electrodes with an extremely large surface area were made through
an electrochemical reduction process utilizing an anodized alumina template with a pore length of
320 pum, pore diameter of 100 nm, and pore aspect ratio of 3200. The electrodeposited Ni nanowire
arrays were preferentially oriented in the (111) plane regardless of the deposition potential and
exhibited uniaxial magnetic anisotropy with easy magnetization in the axial direction. With respect
to the magnetic properties, the squareness and coercivity of the electrodeposited Ni nanowire arrays
improved up to 0.8 and 550 Oe, respectively. It was also confirmed that the magnetization reversal
was suppressed by increasing the aspect ratio and the hard magnetic performance was improved.
The electrocatalytic performance for hydrogen evolution on the electrodeposited Ni nanowire arrays
was also investigated and the hydrogen overvoltage was reduced down to ~0.1 V, which was
almost 0.2 V lower than that on the electrodeposited Ni films. Additionally, the current density for
hydrogen evolution at —1.0 V and —1.5 V vs. Ag/AgCl increased up to approximately —580 A /m?
and —891 A/m?, respectively, due to the extremely large surface area of the electrodeposited Ni
nanowire arrays.

Keywords: anodization; aluminum; nanochannel; electrodeposition; nickel; nanowire; magnetization;
electrocatalyst; hydrogen

1. Introduction

Metal nanowires with a high aspect ratio (length/diameter) exhibit shape anisotropy
and have a large specific surface area; therefore, they are expected to be used as magnetic
and electrocatalytic materials [1-7]. Ferromagnetic metal nanowires such as Fe, Co, and Ni
have large magnetic anisotropy based on their shape; therefore, these metals are considered
for new hard magnetic materials that can be used in high-density magnetic recording
devices. In comparison to non-ferromagnetic metals such as Cu [8], ferromagnetic metals
also exhibit excellent electrocatalytic activity for hydrogen evolution in acidic and alkaline
baths [9-13]. For example, Shi et al. reported that the Tafel slope for hydrogen evolution
on a copper cathode was 160.6 mV dec ! in an aqueous solution containing 1 M NaySOy
and H,SOy [8]. Meanwhile, Mohammadi et al. reported that the Tafel slope for hydrogen
evolution on a NiCoP cathode was 49 mV dec™! in an aqueous solution containing 1 M
KOH, which was an almost identical value to that of the Pt cathode [10]. Among the
ferromagnetic metals, Ni nanowires have been extensively investigated because they are
relatively inexpensive and exhibit corrosion resistance [1,4,14].

Metallic nanowires can be synthesized by using an electrodeposition technique from
an aqueous solution using a nanochannel template [15], a solvothermal method [16],
and a molecular beam epitaxy method [17]. Among them, it is well known that the
electrodeposition technique using a nanochannel template has an advantage in terms of
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cost performance because it enables us to produce numerous metallic nanowires at room
temperature under atmospheric pressure [18-22]. As a nanochannel template material for
the electrodeposition of metals, anodized aluminum oxide (AAO) templates [23,24] and
ion track etched polycarbonate templates [25,26] can be utilized. Zhang et al. discovered
that Co nanowires were able to be electrodeposited by utilizing an AC electrodeposition
technique into AAO nanochannels with pore diameters of 25 nm, 50 nm, and 75 nm. They
revealed that the magnetic squareness of the electrodeposited Co nanowires decreased
from 0.924 to 0.525 with increasing the pore diameter up to 75 nm [27].

Some researchers have investigated how nickel and nickel alloy nanowires could be
synthesized into nanochannels. For example, Thiem et al. reported that CoNiP nanowire
arrays could be fabricated into a polycarbonate nanochannel template by utilizing a po-
tentiostatic deposition technique [28]. They discovered that the squareness of the elec-
trodeposited CoNiP nanowires with a diameter of 100 nm and a length of 3 pm was
approximately 0.25. Additionally, Vazquez et al. discovered that Ni nanowires could be
produced into alumina nanochannel templates by utilizing a pulsed current electrolysis
technique [29]. They revealed that the squareness of the electrodeposited Ni nanowires that
were 85 nm in diameter and 4 pm in length was around 0.3. Escrig et al. also discovered
that Ni nanowires could be synthesized into alumina nanochannel templates by utilizing a
potentiostatic electrodeposition technique [30]. They found that the squareness of the elec-
trodeposited Ni nanowires with a diameter of 100 nm and length of 12 um was around 0.6.
They also discovered that the squareness was improved with increasing the aspect ratio.

Most researchers have attempted to refine the pore diameter of AAO templates to ob-
tain ferromagnetic nanowires with a small diameter, which can improve the hard magnetic
performance [31-36]. If the pore diameter of AAO templates is smaller than several tens of
nanometers, it will be quite difficult to realize a uniform pore-filling with electrodeposited
metallic crystals due to the limitation of metal ion transportation inside the narrow chan-
nels. Hence, we attempted to increase the pore length to realize an extremely large aspect
ratio in the present study. However, if the anodic oxidation time is longer than several tens
of hours at room temperature, the AAO films will be redissolved in the acidic aqueous
solution [37]. Therefore, it is quite difficult to make an AAO template with an extremely
large pore length. If we can keep the solution temperature lower than 10 degrees Celsius by
utilizing a cool incubator system, the redissolution of the AAO film will be prevented and
an AAO template with an extremely large pore length could be synthesized. By utilizing
an AAO template with a large aspect ratio, the specific surface area of electrodeposited
Ni nanowire arrays will be significantly increased. Hence, the electrocatalytic activity for
hydrogen evolution on the electrodeposited Ni nanowire arrays will be also improved.

Therefore, in the present study, we developed AAO templates with a pore length (L)
of 320 um, pore diameter (D) of 100 nm, and pore aspect ratio (L/D) of 3200 by keeping the
solution temperature lower than ten degrees Celsius by utilizing a cool incubator system
during the anodic oxidation process. Subsequently, Ni nanowire arrays with an ultra-high
aspect ratio were electrochemically synthesized using the developed AAO templates. The
preferential crystal orientation, uniaxial magnetization performance, and electrocatalytic
activity for hydrogen evolution were also investigated.

2. Materials and Methods

A commercially available aluminum rod (The Nilaco Corporation, Tokyo, Japan, item
number: AL-012659, purity: 99%) with a diameter of 10 mm was mechanically polished
in the cross-section area using sandpaper (#1500). Subsequently, to achieve a mirror-like
surface finish, electrochemical polishing was applied to the cross-section of the aluminum
rod in an ethanol solvent with 20 vol.% perchloric acid (Wako Pure Chemical Industries,
Ltd., Osaka, Japan, 60-62 mass%). During the mirror-like surface finishing process, the
cell voltage was maintained at 50 V for 2 min. Anodic oxidation was then performed in an
aqueous solution containing 0.6 mol/L oxalic acid. During the anodic oxidation process, the
cell voltage was kept at 90 V for 24 h to generate an anodic oxide layer with a nanochannel

84



Nanomaterials 2024, 14, 755

structure. After the anodic oxidation process, the thin disc layer of aluminum oxide was
exfoliated from the cross-section of the metallic aluminum rod in an ethanol solvent with
50 vol.% perchloric acid to produce an anodized aluminum oxide (AAQO) nanochannel
template. Subsequently, the AAO nanochannel template was chemically etched in an
aqueous solution containing 8 wt.% phosphoric acid at room temperature (25 °C) to remove
the barrier layer [33]. After the chemical etching process, a conductive metallic copper layer
was sputtered on one side of the AAO nanochannel template to apply as a working electrode
for growing Ni nanowire arrays. The nanochannel diameter and length were determined by
using a field-emission scanning electron microscope (FE-SEM, JSM-7500FA, JEOL, Tokyo,
Japan) and a digital micrometer (MDC-25MX, Mitsutoyo, Yokohama, Japan), respectively.

The nanowires were electrochemically synthesized into the AAO nanochannel tem-
plate in an aqueous solution containing 0.5 M nickel sulfate and 0.4 M boric acid. The
solution pH and temperature were kept at 4.0 and 40 °C, respectively. Before the electro-
chemical growing process, the AAO nanochannel templates were immersed in an aqueous
solution containing 0.5 M nickel sulfate and 0.4 M boric acid under reduced pressure to fill
the solution into the nanochannels. A metallic nickel plate was used as a soluble anode
while a Ag/AgCl electrode was used as a reference electrode. During the potentiostatic
electrochemical reduction, the growing process of Ni nanowires was monitored by mea-
suring the time dependence of the cathodic current. After the electrochemical growing
process, the AAO nanochannel templates were removed by dissolving in an aqueous
solvent with 5 M NaOH to separate the Ni nanowire arrays from the AAO templates.
Subsequently, the morphology of the recovered Ni nanowires was investigated by utilizing
a field-emission scanning electron microscope (FE-SEM, JSM-7500FA, JEOL, Tokyo, Japan)
and a transmission electron microscope (TEM, JEM-2010-UHR, JEOL Ltd., Tokyo, Japan).

The preferential crystal orientation of the Ni nanowire arrays was analyzed by using
X-ray diffraction (XRD, MiniFlex 600-DX, Rigaku Corp., Tokyo, Japan) patterns and electron
diffraction (ED) patterns. The uniaxial magnetization performance of the Ni nanowires was
evaluated using a vibrating sample magnetometer (VSM, TM-VSM1014-CRO, Tamakawa
Co. Ltd., Sendai, Japan) by increasing the magnetic field up to 10 kOe at room temperature.
Electrocatalytic activity for hydrogen evolution on the Ni nanowire array electrodes was
investigated using a linear sweep voltammogram (LSV, Electrochemical Measurement
System, HZ-7000, Hokuto Denko Corp., Tokyo, Japan) in an aqueous solvent with 0.025 M
sulfuric acid at 40 °C. During the LSV measurement, a gold wire was used as an insoluble
anode while a Ag/AgCl electrode was used as a reference electrode. The cathode potential
was linearly swept in the range from —0.5 V to —1.5 V vs. Ag/AgCL

3. Results and Discussion
3.1. Fabrication of Anodized Aluminum Oxide (AAQ) Template

Figure 1 shows SEM images of the bottom surface (a), cross-section (b), and top
surface (c) of an AAO nanochannel template that was anodically oxidized at 90 V for
24 h. During the anodic oxidation process, the bath temperature was kept at 10 °C to
prevent the redissolution of the AAO film in the aqueous solution containing oxalic acid.
According to these SEM images, it was confirmed that the AAO nanochannel template
had a through-hole structure. Therefore, in the present study, the nanochannel length was
assumed to be the same as the AAO film thickness. The film thickness was determined by
using a digital micrometer as described in the experimental section. The exfoliated AAO
template had a nanochannel diameter (D) of ~100 nm and a nanochannel length (L) of
~320 um. Hence, the aspect ratio (L/D) of the nanochannels was estimated to be ~3200.
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Figure 1. SEM images of an anodic oxidation coating exfoliated from a metallic aluminum surface:
(a) top view of the film, (b) cross-section view of the film, and (c) bottom view of the film. The
anodization cell voltage was kept at 90 V for 24 h.

3.2. Electrochemical Growth of Ni Nanowires in the AAO Nanochannels

Figure 2 shows the cathodic polarization behavior for Ni electrochemical growing
from an acidic aqueous solvent with nickel sulfate and boric acid. During the measurement,
a copper foil was used as a cathode while a nickel plate was used as a soluble anode. In
addition, a Ag/AgCl electrode was also used as a reference electrode. The potential sweep
rate was fixed at 50 mV s~!. The equilibrium potential for Ni/Ni?* can be estimated by the
following Nernst Equation (1):

2+
RT Ni

oF W )

where E;?i, E(I)\]i, F, and R represent the equilibrium potential for Ni/ NiZ*, the standard
electrode potential for Ni/ Ni2*, the Faraday constant (96,485 C mol 1), and the gas constant
(8.31J K mol™ 1), respectively, and T, [M"*], and [MO] denote the absolute temperature, the

activity of metal ions, and the activity of electrodeposited metal, respectively.
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Figure 2. Cathode polarization curve for the electrodeposition of Ni from an acidic aqueous solution.

According to the above Nernst equation, Ey; can be determined to be —0.436 V vs.
Ag/AgCl at 40 °C bath temperature. As depicted in the cathodic polarization behav-
ior (Figure 2), however, the cathodic current rises up at a potential of around —0.80 V
vs. Ag/AgCl. Usually, the electrochemical reduction of iron group metal ions such
as Fe?*, Co?*, and Ni?* proceeds accompanying a kinetic overpotential based on the
multi-step electrochemical reduction mechanism via hydroxide ions as per the following
Equations (2)-(4) [38]:

Ni?* + OH™ = NiOH* 2)

NiOH" + e~ = [NiOH],4 €)
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[NiOH], g + e~ = Ni + OH"™ (4)

Therefore, this increase in the cathodic current (Figure 2) seems to correspond to
the electrodeposition current of Ni?* ions. According to Figure 2, the following Tafel
Equation (5) can be applied in the cathode current density range from 1 A/m? to 100 A/m?.

e =a+ blog ic 5)

where ¥, ic, a, and b represent the cathodic overpotential, cathode current density, Tafel
constant, and Tafel slope, respectively. The Tafel slope, b, can be also described by the
following Equation (6):

_ 2.303RT

b
wzF

(6)

Here, a and z correspond to the charge transfer coefficient and number of electrons
exchanged, respectively. If the electrodeposition process of Ni is dominated by the above
Equation (4), « and z can be assumed as 0.5 and 1, respectively. Hence, the Tafel slope, b,
can be estimated as 0.124. This theoretical value corresponds well with the experimental
value (b = 0.13) which was determined from the Tafel plot in Figure 2 in the cathode current
density range from 1 A/m? to 100 A /m?.

Moreover, with increasing the cathode current density to more than 200 A /m?, the
cathode potential polarized significantly because the rate-determining stage shifted from
the charge-transfer stage (Equation (4)) to the mass-transfer stage of Ni** ion migration
and diffusion. In this cathode current density range, the cathode current efficiency will
be decreased due to hydrogen evolution which is caused by the decomposition of water
solvent. This side reaction will result in the formation of powder-like or dendrite-like Ni
deposits. Furthermore, the Ni?* ion diffusion coefficient in AAO nanochannels will be
smaller than that on a flat cathode. Therefore, in the present study, the cathode potential
for the electrochemical growth of Ni nanowire arrays was fixed to the range from —0.85 V
to —1.05 Vvs. Ag/AgCL

Figure 3a depicts the time dependence of the cathode current during the Ni nanowires
growth utilizing a potentiostatic electrodeposition technique. At the first stage, the observed
current value was almost constant due to the Ni nanowires” homogeneous growth in the
AAOQO nanochannels. After the first stage, the cathode current value increased rapidly at the
electrodeposition time of several thousand seconds. Usually, the cathodic current will be
in proportion to the cathode surface area. Hence, this drastic enhancement in the cathode
current seemed to be induced by the formation of film-like Ni deposits on the outside of
the nanochannels. Furthermore, with an increase in the electrochemical reduction time,
the cathode current asymptotically reached a stable value. At this final stage, the AAO
template surface seemed to be completely covered with the electrodeposited Ni film and
the cathode surface area seemed to reach a maximum value. However, in the final stage
at —1.05 V (red line in Figure 3a), the cathode current slightly decreased. This seems to
be owing to the formation of cracks, which can be induced from the internal stress of the
electrodeposited Ni film. According to the duration of the first stage in Figure 3a, the
crystal growth rate of electrodeposited Ni nanowires was determined by dividing the
length of the AAO nanochannels by the growth time of the Ni nanowires in the AAO
nanochannels. Figure 3b depicts the cathode potential dependence on the growth rate of
Ni nanowires. With increasing the cathodic overvoltage, the growth rate of Ni nanowires
decreased exponentially. Ni nanowires were electrodeposited at a growth rate ranging
from 20 to 70 nm/s, which was significantly faster than that achieved by a conventional
sputtering process (approximately 1 nm/s) [39].
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Figure 3. (a) Time dependence of cathode current during the electrodeposition of Ni nanowires from
the sulfuric acid bath. (b) Effect of cathode potential on the deposition rate of Ni nanowires.

3.3. Crystal Texture of Electrodeposited Ni Nanowires

Figure 4a depicts an SEM image of an electrochemically grown Ni nanowire array
that was recovered from a dissolved AAO template. According to the SEM image, the
numerous Ni nanowires aggregated each other due to their ultra-high aspect ratio of more
than 3000.

022)
(200) *(111)

.
« (111)

(200)

* a1

Figure 4. (a) SEM image of electrodeposited Ni nanowire array. (b) TEM image (brightfield image) of
electrodeposited Ni nanowires. (c) Electron diffraction patterns of electrodeposited Ni nanowires.

Figure 4b,c show a TEM brightfield image and an ED pattern of the electrochemically
grown Ninanowires. The TEM image reveals that the diameter of the electrodeposited Ni
nanowires is around 100 nm, which is almost identical to the pore diameter of the AAO
template. It was also confirmed that the Ni nanowires that were grown at the potential of
—0.90 V vs. Ag/AgCl consisted of an fcc-Ni phase due to the ED spot pattern arrangement.
In particular, spots deriving from fcc-Ni (111) were clearly observed.

Figure 5a depicts the XRD profiles of Ni thin films that were electrochemically grown at
cathode potentials of —0.85V, —0.90V, —0.95V, —1.00 V, and —1.05 V. The electrodeposition
conditions such as bath composition and film thickness for the Ni thin films were the same
as those for the Ni nanowires. In these XRD patterns, the peak (20 = 44.5°) that was
derived from fcc-Ni (111) was observed clearly when the sample was electrodeposited
at a noble potential range, while the peak (26 = 51.8°) that was derived from fcc-Ni (200)
was also observed apparently as the sample was grown at a less noble potential range [40].
In contrast, according to the XRD pattern that was obtained from the electrodeposited
Ni nanowire arrays, the fcc-Ni (111) was strongly oriented as shown in Figure 5b. This
tendency corresponds well to the result which was obtained from the electron diffraction
pattern during the TEM observation (Figure 4c).

On the basis of the above XRD patterns, the crystal texture coefficients TC ;) of
the electrodeposited Ni nanowire arrays were calculated using the following Harris
equation [41,42]:

I;tkl

Ihkl (7)

TCwmy = —— 77~
Loy N
N =1\ I
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where I denotes the intensity of each peak in the XRD profile that was obtained from
a standard Ni powder, I' denotes the intensity of each peak in the XRD profile that was
obtained from the electrodeposited Ni sample, (/ k [) corresponds to each lattice plane of
the Ni crystal, and N is the number of observed diffraction profiles.
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Figure 5. X-ray diffraction patterns of Ni thin films (a) and Ni nanowire arrays (b) that were
electrodeposited at —0.85V, —0.90 V, —=0.95V, —1.00 V, and —1.05 V.

Figure 6 depicts the cathode potential dependence on the texture coefficients TC 11y
of electrodeposited Ni thin films (a) and electrodeposited Ni nanowire arrays (b). The
TC(q11) of the Ni thin films decreased down to 0.046 with shifting the potential to —1.05V
vs. Ag/AgCl. This is because the overvoltage was increased by shifting the potential to a
less noble direction during the electrodeposition. This result is consistent with Pangarov’s
theory [43-45]. In contrast, the TCy11) of the Ni nanowires kept a stable value higher than
1.4 over the wide cathode potential range.
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Figure 6. Effect of cathode potential on the texture coefficients TC(111) of Ni thin films and Ni
nanowire arrays.

3.4. Magnetic Properties of Electrochemically Grown Ni Nanowires

Figure 7 depicts the magnetic hysteresis loops of Ni thin films and Ni nanowire arrays
that were electrodeposited in the nanochannels of AAO films. The magnetic hysteresis
loops were obtained when an external magnetic field was applied in an in-plane direction
(dashed line) and perpendicular direction (solid line) to the thin film and AAO film plane.
The perpendicular direction corresponds to the axial direction of Ni nanowires. As shown
in the blue solid lines in Figure 7b—f, Ni nanowires were magnetized spontaneously in
the axial direction and exhibited uniaxial magnetic anisotropy. Thus, the shape magnetic
anisotropy which is based on the high aspect ratio of the Ni nanowires was confirmed.
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Figure 7. Magnetic hysteresis loops of Ni thin films and Ni nanowire arrays that were electrodeposited
at each cathode potential. Magnetic field was applied in the in-plane direction and perpendicular to
the film plane.

Figure 8 shows the cathode potential dependence on the coercivity (a), squareness
(b), and pore filling ratio (c) of the electrodeposited Ni nanowire arrays. As shown in
Figure 8a, the coercivity of the electrodeposited Ni thin films was only 45 Oe [46]. On the
contrary, the coercivity of the electrodeposited Ni nanowire arrays increased up to 502 Oe.
On the basis of the XRD patterns in Figure 5b, the electrodeposited Ni nanowire arrays
exhibited a preferential crystal growth direction in fcc-Ni [111] which corresponds to the
easy magnetization direction of fcc-Ni crystal. Therefore, the enhancement in the coercivity
of electrochemically grown Ni nanowires with the preferential crystal growth direction in
[111] seems to be caused by the consistency between the magneto-crystalline anisotropy
and shape magnetic anisotropy of Ni nanowires. As shown in Figure 8b, the squareness of
electrochemically grown Ni nanowires increased with decreasing the cathodic overpotential
and reached up to 0.84 at the potential of —0.85 V vs. Ag/AgCl. Escrig et al. revealed
that the squareness of electrodeposited Ni nanowires increased with increasing the aspect
ratio and reached around 0.7 in a sample with an aspect ratio of 240 (50 nm in diameter
and 12 um in length) [30]. Neetzel et al. synthesized electrochemically grown Fe nanowire
arrays with a diameter (D) of 85 nm, average length (L) of 60 um, and average aspect ratio
(L/D) of approximately 706 [36]. They revealed that the electrodeposited Fe nanowire arrays
exhibited squareness (Mr/Ms) and coercivity (Hc) values of approximately 0.59 and 550 Oe,
respectively. Fan et al. reported that they electrodeposited Co/Cu multilayered nanowires
with an average diameter (D) of 60 nm, a length (L) of 7 pm, and an aspect ratio (L/D) of
approximately 117 [47]. They discovered that the coercivity (Hc) and squareness (Mr/Ms)
of the multilayered nanowires were approximately 570 Oe and 0.15, respectively. Usually,
electrodeposited iron group metal films are strongly affected by a demagnetizing field
when an external magnetic field is applied in the perpendicular direction to the film surface.
On the contrary, for cylindrical iron group metal nanowires with a large aspect ratio, the
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demagnetization factor becomes small when an external magnetic field is applied in the
axial direction. The demagnetizing field, Hg, can be given by the following Equation (8):

Hd: <Z\Id> x M
Ho

where Ny represents the demagnetization factor, 1 corresponds to the magnetic permeabil-
ity (47 x 10~7[H/m]), and M means the magnetization. Additionally, N4 can be expressed
by Equation (9) as a function of the aspect ratio, k =L/D (L: length of nanowire; D: diameter
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Figure 8. Effect of cathode potential on coercivity (a), squareness (b), and pore filling ratio (c) of
electrodeposited Ni nanowire arrays.

According to the above Equation (9), the demagnetization factor Ng will decrease
down to 1.7 x 107° from 4.3 x 10~* when the aspect ratio k increases up to 600 from
100. Furthermore, Ny will decrease down to 8.6 x 10~7 when k increases up to 3000.
Thus, the demagnetization factor decreases as the aspect ratio increases. On the basis of
Equation (8), the demagnetizing field will decrease with a decrease in the demagnetization
factor. Therefore, the nanowires will be magnetized easily in the axial direction when the
aspect ratio increases. This uniaxial magnetization performance will enhance the hard
magnetic properties such as squareness and coercivity. As depicted in Figure 8b, the
squareness improved as the potential shifted to the electrochemical noble region. This
improvement in the squareness seems to be attributed to the increase in the pore filling ratio
as shown in Figure 8c. If the cathodic overvoltage is decreased, the throwing power will be
improved because the rate-limiting process during the electrodeposition will become the
charge transfer process from the mass transfer process, such as the migration of metal ions.
Therefore, the average aspect ratio of electrodeposited Ni nanowires seems to be enhanced
by decreasing the cathodic overvoltage.

3.5. Electrocatalytic Performance for Hydrogen Evolution on the Electrodeposited Ni
Nanowire Arrays

Figure 9 depicts the polarization curves for hydrogen evolution reaction on the elec-
trodeposited Ni thin films and Ni nanowire arrays in an aqueous solvent with sulfuric
acid. According to Figure 9, the hydrogen evolution reaction occurred at the potential
of approximately —0.5 V vs. Ag/AgCl on the Ni thin film electrode whereas it occurred
at the potential of approximately —0.3 V vs. Ag/AgCl on the Ni nanowire array elec-
trodes. Hence, the minimum hydrogen overvoltage is estimated to be around 0.3 V on
the electrodeposited Ni thin films whereas it is estimated to be around 0.1 V on the Ni
nanowire array electrodes. This reduction in the minimum hydrogen overvoltage seems
to be caused by the enhancement of the specific surface area on the electrodeposited Ni
nanowire array electrodes.
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Figure 9. Cathodic polarization curves for hydrogen evolution on the electrodeposited Ni nanowire
arrays to investigate the electrocatalytic performance.

The cathode current density for hydrogen evolution reaction on the Ni nanowire
array electrode with a pore filling ratio of 23.9% was approximately —580 A/m? at the
potential of —1.0 V vs. Ag/AgCl, whereas that on the Ni thin film electrode was around
—170 A/m?. Lee et al. discovered that they could fabricate Ni nanowire arrays of 20 um
in average diameter (D), 200 um in length (L), and approximately 100 in aspect ratio
(L/D) [4]. They revealed that the cathode current density at the potential of —1.0 V vs.
Ag/AgCl was approximately —50 A/m?. Furthermore, Nie et al. reported that they could
synthesize Co-Ni nanowire arrays of 60 nm in average diameter (D), 60 um in length (L),
and approximately 1000 in aspect ratio (L/D) [7]. They found that the cathode current
density at the potential of —1.0 V vs. Ag/AgCl was around —145 A/m?.

In the present study, the cathode current density at —1.5 V was approximately
—891 A/m?, which was superior to the above-mentioned previous studies due to the
increased aspect ratio of the Ni nanowire arrays. If the Ni nanowires which were obtained
in the present study had an ideal array structure, the specific surface area would be around
1965 times larger than that of a Ni thin film. However, as shown in Figure 4a, the bundle
structure which was caused by the aggregation between the nanowires seemed to inhibit
the enhancement in the specific surface area. Further improvements in the electrocatalytic
performance will be realized if we can precisely optimize the nanowire array structure,
such as the diameter, length, and inter-wire distance.

4. Conclusions

Ni nanowire arrays with an ultra-high density were synthesized by utilizing a po-
tentiostatic electrodeposition technique into AAO nanochannels with a length of 320 um,
diameter of 100 nm, and aspect ratio of 3200. The Ni nanowire arrays had a textured
structure with a strong orientation of fcc-Ni [111] in the axial direction regardless of the
electrodeposition potential. The uniaxial magnetization behavior was confirmed in the
axial direction of the electrodeposited Ni nanowire arrays. Additionally, the magnetic
performance of the Ni nanowires improved by increasing the aspect ratio. The squareness
and coercivity increased up to 0.8 and 550 Oe, respectively. Furthermore, regarding the
electrocatalytic reaction for hydrogen evolution on the Ni nanowire array cathode, the
minimum hydrogen overvoltage decreased down to 0.1 V by applying the nanowire array
electrode. The cathode current density for the catalytic reaction during hydrogen evolution
increased up to around —580 A/m? at —1.0 V and —891 A/m? at —1.5 V vs. Ag/AgCl
The improvement could be derived from the enhancement in the specific surface area of
the electrodeposited Ni nanowire arrays that had an ultra-large aspect ratio.
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Abstract

Green hydrogen production from water electrolysis (WE) is one of the most promising
technologies to realize a decarbonized future and efficiently utilize intermittent renewable
energy. Among the various WE technologies, the emerging anion exchange membrane
(AEMWE) technology shows the greatest potential for producing green hydrogen at a com-
petitive price. To achieve this goal, simple methods for the large-scale synthesis of efficient
and low-cost electrocatalysts are needed. This paper proposes a very simple and scalable
process for the synthesis of nanostructured NiCo- and NiFe-based electrode materials for
a zero-gap AEMWE full cell. For the preparation of the cell anode, oxides with different Ni
molar fractions (0.50 or 0.85) are synthesized by the sol-gel method, followed by calcination
in air at different temperatures (400 or 800 °C). To fabricate the cell cathode, the oxides
are reduced in a Hy/Ar atmosphere. Electrochemical testing reveals that phase purity
and average crystal size significantly influence cell performance. Highly pure and finely
grained electrocatalysts yield higher current densities at lower overpotentials. The best
performing membrane electrode assembly exhibits a current density of 1 A cm =2 at 2.15V
during a steady-state 150 h long stability test with 1 M KOH recirculating through the
cell, the lowest series resistance at any cell potential (1.8 or 2.0 V), and the highest current
density at the cut-off voltage (2.2 V) both at the beginning (1 A cm~2) and end of tests
(1.78 A cm~2). The presented results pave the way to obtain, via simple and scalable
techniques, cost-effective catalysts for the production of green hydrogen aimed at a wider
market penetration by AEMWE.

Keywords: bimetallic electrocatalysts; green hydrogen; nanostructured electrodes; anion
exchange membrane water electrolysis; alkaline electrolyzer

1. Introduction

In sustainable energy societies, the development and use of clean, renewable and
environmentally friendly energy is a necessary solution to address global energy demand
and the rapid depletion of fossil fuels, as well as to solve the associated environmental
pollution issues, such as environmental degradation and climate change [1-3]. Thanks to
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its pollution-free with only water and heat as combustion products, the high abundance
and high energy density, hydrogen as an energy carrier is widely regarded as the most
promising alternative to fossil fuels in the 21st century and will play a key role in the
energy transition to achieve the goal of net zero CO, emissions [4-6]. Among the various
sustainable technologies for H, production, electrochemical water splitting is one of the
most efficient, feasible and clean options for generating high-purity hydrogen on a large
scale, especially when it is powered by renewable energy sources [7-9].

Alkaline water electrolysis (AWE) and proton exchange membrane water electrolysis
(PEMWE) are the most widely used technologies for low-temperature hydrogen produc-
tion [7,10]. AWE, which works with a highly concentrated alkaline liquid electrolyte
(typically an aqueous solution of 20-30 wt% KOH), a cheaper and porous diaphragm
separator, and non-noble metals as electrocatalysts, represents a cost-effective and industry-
proven technology [11]. However, AWE suffers from some drawbacks, such as handling
a highly caustic electrolyte and low current densities. In addition, the diaphragm, failing
to completely prevent the cross-over of the produced gases from one half-cell to the other,
leads to lower energy efficiency and safety issues [10,12]. PEMWE technology, which
uses an ultrathin polymer membrane as a solid electrolyte with high proton conductivity
and a pure water feed, features a compact device design, higher current density, higher
efficiency, and higher hydrogen purity than AWE [13]. Nonetheless, the presence of a harsh
and acidic environment, due to the proton exchange membrane, requires the use of spe-
cific and expensive corrosion-resistant materials for electrolyzer components. Platinum
group metals (PGMs)-based catalysts, like Pt for the cathode and IrO, /RuO; for the anode,
Nafion-type membrane, titanium-based current collectors, and bipolar plates are commonly
used [14,15]. Therefore, high investment costs continue to be a major bottleneck for the
large-scale application of PEMWE technology.

Recently, anion exchange membrane water electrolysis (AEMWE) has emerged as an
appealing process for green hydrogen production and a potential solution to the short-
comings of both AWE and PEMWE technologies [10,16-18]. AEMWE combines the cost-
effectiveness of AWE with the advantages of PEMWE, such as hydrogen purity and high
current density. Similar to PEMWE, this technology employs a thin anion exchange mem-
brane (AEM) as the solid polymer electrolyte and a zero-gap cell configuration, enabling
a compact cell design with lower ohmic resistance, higher operating current densities,
and, by efficiently separating hydrogen, high-purity hydrogen production. Furthermore,
since the AEM conducts hydroxide ions, an alkaline working environment is present as in
the AWE, which allows the use of non-precious transition metals and their derivatives as
electrocatalysts and inexpensive materials for membranes and bipolar plates, improving
economic feasibility [10,16-21].

Overall electrochemical water splitting process occurs through two half-cell reactions:
hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction (OER)
at the anode. Under standard conditions, a theoretical thermodynamic potential of 1.23 V
is required to drive the water splitting process, corresponding to an energy consumption
of AG =237.1 k] mol~! [19,22]. However, a higher cell voltage (overpotential) is neces-
sary to overcome the intrinsic energy barriers due to the sluggish kinetics of the HER
and OER reactions, especially for the OER involving a 4-electron transfer and more inter-
mediates, and the ohmic resistance of the electrolyte and cell components [10,18,23,24].
Overpotentials result in high energy consumption and low energy conversion efficiency.
Therefore, the development of highly active, low-cost, sustainable, and durable catalysts is
crucial to simultaneously accelerate the kinetics of HER and OER and efficiently reduce the
overpotentials, improving the performance of electrochemical water splitting.
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Over the past decade, first-row transition metal-based compounds and, in particu-
lar, Ni-based materials, including alloys [25,26], oxides [27,28], layered double hydrox-
ide [29,30], chalcogenides [31,32], phosphides [33,34], and nitrides [29,35], have been
developed as promising OER and HER catalysts for the AEMWE, due to their stability
and corrosion resistance in an alkaline environment. However, most of the reported works
are limited to half-cell studies. Furthermore, catalysts with outstanding activity towards
OER often show poor HER activity, due to the different mechanisms. As a result, Pt-
based benchmark catalysts continue to be the primary cathodic material in an AEMWE
single-cell configuration to achieve low overpotentials and high current densities. Thus,
the design of effective and stable non-PGM bifunctional catalysts for both OER and HER
reactions in an alkaline environment remains an urgent challenge. The use of the same
material as a catalyst at both the anode and the cathode leads to a simplification of the
electrolysis process and a significant reduction in the overall cost, because, for example,
different equipment and methodologies are not required to produce different electrocat-
alysts. Although some progress has been made, very few studies that meet the above
requirements and show long-term operational lifetime are reported on the overall water
splitting in AEMWE [18,22].

Considering the above context, the focus of this work is to develop electrocatalysts
through a very simple and scalable synthesis method and to study their electrocatalytic
activity and long-term stability towards water electrolysis in an AEMWE single-cell con-
figuration. It is widely recognized that the combination of non-precious metals, such as
nickel/cobalt and nickel /iron, in oxides/hydroxides/oxyhydroxides leads to sustainable
electrocatalysts with interesting OER properties. This is often understood as the effect of the
synergistic interaction between the two metals, potentially resulting in enhanced conductiv-
ity and the formation of more active sites. Furthermore, the structure and catalytic activity
of bimetallic catalysts can be influenced by the ratio of the two metals [36,37]. Here, nanos-
tructured NiCo- and NiFe-oxides, with different concentrations of the two metals (50:50 or
85:15), are produced by the sol-gel method followed by calcination in air at two different
temperatures (400 or 800 °C) to investigate the effect of crystal size and crystallization
degree. The as-prepared and H,/Ar-reduced binary oxides are used as electrocatalysts
to fabricate the anode and cathode, respectively. The electrodes are then assembled in
a zero-gap AEMWE full cell, in combination with a commercial polymeric anion exchange
membrane (Fumatech® FAA3-50) and a commercial ionomer (ION FAA-3-SOLUTION).
Reference monometallic (nickel) oxide and hydroxide are also prepared and tested. Electro-
catalysts are thoroughly characterized by complementary analysis techniques to investigate
the structural factors playing a key role in their electrocatalytic performance.

2. Materials and Methods
2.1. Synthesis of OER Electrocatalysts

Nanostructured bimetallic oxides to be used as OER electrocatalysts at the cell anode
were prepared via the sol-gel (SG) method and subsequent calcination, following the
procedure described in detail in a previous paper [38]. Nickel (II) acetate tetrahydrate
(purity > 98%, CAS No. 6018-89-9, Merck), cobalt (II) acetate tetrahydrate (purity > 98%,
CAS No. 6147-53-1, Merck), and iron acetate (purity > 95%, CAS No. 3094-87-9, Merck)
were used as Ni, Co, and Fe sources, respectively. Stoichiometric amounts of these salts
(Table 1) were dissolved in 60 g of water, one at a time (Figure S1a). After magnetic stirring
at 250 rpm for 30 min, 6 g of monohydrate citric acid (purity 98%; CAS No. 5949-29-1,
Merck) was added as a complexing agent, and the resulting mixture was further stirred at
350 rpm for 2 h at 70 °C to form a gel. The as-obtained gel was dried at 80 °C overnight
and, subsequently, calcined in static air in a muffle furnace (Figure S1b). Temperature
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was increased at a rate of 10 °C min~! and kept constant for 2 h at the selected value (T¢,
Table 1). Calcination was followed by rapid cooling down to room temperature (RT) out
of the furnace to generate defects on the oxide surface [38-40] and enhance porosity and
oxygen deficiency [41].

Table 1. Codes, composition, and calcination temperature (T¢) of the nanostructured oxides prepared
via the sol-gel (SG) method.

Metal Molar Concentrations

Code Tcl°C
Ni Co Fe
Ni100 1.00 400
Ni85Co015_400 0.85 0.15 400
Ni85Co015_800 0.85 0.15 800
Ni50Co050_400 0.50 0.50 400
Ni50Co050_800 0.50 0.50 800
Ni85Fe15_400 0.85 0.15 400
Ni85Fel5_800 0.85 0.15 800

A reference monometallic (nickel) oxide was further prepared via the same procedure
(Table 1). In addition, a reference nickel hydroxide sample (coded as NiH100) was synthe-
sized from nickel (II) nitrate hexahydrate (purity > 99%, CAS No. 13138-45-9, Aldrich) via
the co-precipitation (CP) method. Nickel nitrate hexahydrate was dissolved in ultrapure
distilled water at 60 °C to form a suspension that was neutralized at pH 9 with a 1 M
NaOH solution. The suspension was stirred and kept at 60 °C and pH 9 for 4 h to promote
the precipitation of the compound. The precipitate was then filtered, washed with heated
ultrapure water, and dried at 80 °C overnight. The scheme of electrocatalyst preparation is
provided in Figure S2.

2.2. Synthesis of HER Electrocatalysts

A portion of the as-prepared oxides was utilized to produce HER electrocatalysts for
the cell cathode (Figure S3a). Oxide powders were reduced in 5% H,/Ar atmosphere for
30 min (Figure S3b) to form reduced bimetallic compounds (Figure S3c). The reduction
temperatures (TR) of each material, reported in Table S1, were determined by means of
the temperature programmed reduction (TPR) analysis (Figure S4), carried out on an AMI-
300 instrument.

2.3. Electrocatalysts Characterization

All electrocatalysts were characterized through scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) analysis using an SEM-FEG-UHR microscope (Thermo
Fisher) equipped with a FIB (focused ion beam) column and STEM (scanning transmission
electron microscopy) detectors. The instrument was operated in the range 2-15 kV, and the
EDX probe was used to determine the bulk elemental composition of the samples.

The oxide phases formed under calcination in OER catalysts and the metallic species
obtained by reduction in HER catalysts were identified by X-ray diffraction (XRD). The
analysis was carried out with a Bruker D2 diffractometer using Ni p-filtered Cu-K ra-
diation source (A = 0.1541 nm). As usual [42], to determine the phase composition of
the electrocatalysts, diffractograms were analyzed by the Rietveld method using Maud
2.992 software and the isotropic model for all samples except for NiH100. For the latter
sample, the Popa model was used [43] in order to more accurately describe the anisotropic
behavior of the crystallites, which is well documented in the literature [44,45].

The spatial homogeneity of the oxides was assessed by measuring Raman scattering
from various random positions on each specimen. For this purpose, an NTEGRA—Spectra
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SPM NT-MDT confocal microscope coupled to a solid-state laser operating at 532 nm was
used. Measurements were carried out in air at RT by using a low laser power (250 uW at the
sample surface) to prevent local heating. The scattered light from the sample was collected
by a 100X Mitutoyo objective (NA = 0.75), dispersed by an 1800 lines mm~! grating, and
detected by a cooled ANDOR iDus CCD Camera. Since the surface area of the region
probed by micro-Raman spectroscopy (MRS, <0.6 tm?) is smaller than that probed by XRD,
to assess spatial homogeneity of the oxides, spectra were recorded from random positions
on each specimen and then averaged to infer reliable information on the entire sample.

The surface chemical composition of the samples and chemical environment were
evaluated by X-ray photoelectron spectroscopy (XPS). Spectra were recorded using a Phys-
ical Electronics GMBH PHI 5800-01 spectrometer (Physical Electronics GmbH, Munich,
Germany), equipped with a monochromatic Al-K source (1486.6 eV) with a power beam of
300 W. XPS data were interpreted using the online library of oxidation states implemented
in PHI MultiPak 6.1 software (Chanhassen, MN, USA, 1999) and the PHI Handbook of
X-ray photoelectron spectroscopy.

2.4. Anionic Electrolyte

A commercial Fumatech® FAA3-50 membrane was used as a solid polymer electrolyte
in AEM electrolysis. The selected thickness of the membrane (50 pm) was chosen from
a compromise between low cross-over, low area-specific resistance, and suitable mechan-
ical stability requirements. FAA3-50 membranes contain ammonium functional groups,
allowing the exchange of hydroxyl ions, characterized by a lower mobility compared to
protons, from the cathode compartment to the anode, where the OER takes place. By doing
s0, the recombination of the reaction products can be avoided while ions can percolate in
the device as needed to complete the electrochemical process. Before use, the membrane
needs to be activated by treating it with a 3 M NaCl solution for 72 h in order to obtain the
membrane in CI~ form. This step is necessary to facilitate the exchange between C1~ and
OH™ ions before cell assembly. A commercial ionomer (ION FAA-3-SOLUTION) from
Fumatech® was utilized as a binding agent during ink preparation in order to improve the
adhesion of the electrocatalyst powder to the surface support.

2.5. Membrane Electrode Assembly and Electrochemical Studies

To prepare the membrane electrode assemblies (MEAs), the first step was to mix
together the anionic ionomer, electrocatalyst powder, and solvent to create the anode and
cathode inks for spray deposition onto specific supports. The ionomer, used to prepare the
inks, was a commercial ION FAA-3-SOLUTION (10 %wt) from Fumatech®. Spray coating
was used to deposit the catalysts on the support layers after dispersing them in ethanol and
sonicating them for 30 min (Figure S5). To facilitate ethanol evaporation, a heated plate was
used. A correct distance was maintained between the airbrush and the support to avoid
ink penetration. Figure S6 shows a typical anode and cathode, Fumatech® membrane, and
MEA with a 5 cm? active area used for the electrochemical test.

The anode inks, based on catalysts in their oxidized form (Table 1), were deposited
on a nickel felt (Bekaert). Gas diffusion layers (GDLs) based on carbon paper (39BB,
SIGRACET) were used as a support to deposit the cathodic inks, based on catalysts in their
reduced form (Table S1). The mass loads were about 2.5 mg cm 2 and 3 mg cm 2 for the
anode and cathode electrocatalysts, respectively.

The anode and cathode compartments were separated by a commercial Fumatech®
anionic exchange membrane (50 um thickness) in the OH™ form. Before the assembly,
the membrane and the electrodes, containing the ionomer, were exchanged for 24 h with
a solution containing hydroxide ions in order to activate the components.
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Figure S7 displays the operation scheme for the AEM electrolysis cell and its functional
components. A cold assembly procedure was followed to prepare the MEAs to avoid any
undesired degradation of the membrane, as observed during the conventional hot-pressing
lamination process. The MEAs were assembled in a single-cell housing made of nickel
plates characterized by a serpentine flow field channel that matches the active area of
5 cm?. Teflon® gaskets were used to seal the cell and avoid any leakage of the electrolyte
solution. Cell compression was 2.5 N m per tie rod, and this tightening for the cell can
ensure that the electrodes and the membrane are in direct contact like a real sandwich. The
single cell was tested at 50 °C and under atmospheric pressure. During all experiments, the

anode compartment was fed with 1 M KOH solution at a flow rate of 5 mL min~!

using
a peristaltic pump. The cell was maintained at the same temperature using heating mats

applied to the external plates of the cell.

2.6. Electrochemical Studies

The system was characterized electrochemically to study the performance of the MEAs
in terms of reaction rates at different cell potentials. To investigate the electrochemical be-
havior of each MEA, galvanostatic polarization curves (cell voltage versus current density)
were recorded, and galvanostatic durability tests (cell voltage versus time) and electro-
chemical impedance spectroscopy (EIS) analyses were performed. Polarization curves
and chrono-potentiometric curves were carried out with a Keithley power supply system
(Tektronic), a PGSTAT Autolab 302 Potentiostat/Galvanostat equipped with a booster of
20 A (Metrohm), and a Frequency Response Analyzer (FRA) was used for EIS analyses.
EIS measurements were performed under potentiostatic control in a frequency range be-
tween 1 MHz and 10 mHz by frequency sweeping in a single sine mode and acquiring ten
points per decade. The amplitude of the sinusoidal excitation signal was 0.01 V rm.s. The
series resistance was determined from the high frequency intercept on the real axis in the
Nyquist plot, while the polarization resistance was estimated as the difference between the
extrapolated low frequency intercept and the high frequency intercept on the real axis [30].

3. Results and Discussion

3.1. OER Electrocatalysts
3.1.1. Morphology

The morphology and composition of all electrocatalysts were investigated by SEM
and SEM/EDX. Figure 1 shows some representative SEM images of the OER electrocat-
alysts investigated. Lower magnification micrographs are shown in Figure S8a—c. The
results of elemental analysis by SEM/EDX are reported in Figure S8d—f. Regardless of the
synthesis method, large agglomerates of small particles are formed, as proven by higher
magnification images (Figure 1g). In the case of the sample (NiH100) prepared via the CP
method, the particle aggregates look more compact.

The results of SEM/EDX analysis demonstrate that the organic components of the
metal precursors are completely removed during calcination, with the formation of inor-
ganic oxides. The identification of their phase(s) was carried out via XRD analysis.

3.1.2. Phase(s) and Average Crystallite Size of the Oxides

Figure S9 displays the diffractograms of the reference monometallic samples; the
XRD patterns of bimetallic oxides are shown in Figure 2a—c. All diffraction peaks detected
in the reference NiH100 sample (top of Figure S9b) can be indexed to the (3-phase of
nickel hydroxide [46,47]. This evidences the formation of a single phase. Similarly, only
the reflections from the (111), (200), (220), (311), and (222) crystallographic planes of
cubic NiO with rock-salt (RS) structure at ca. 37.30°, 43.34°, 62.89°, 75.45°, and 79.40°
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20-angles, respectively, are detected in the monometallic oxide (Ni100) prepared by SG (top
of Figure S9a) [48-50].

Figure 1. Morphology of the oxides as resulting from SEM analysis. The shown micrographs refer to
samples (a,e) NiH100, (b) Ni100, (cf,g) Ni85Co15_400, and (d,h) Ni85Fel5_400.

In the case of bimetallic oxides (Figure 2a—c), XRD analysis reveals that the phase
purity of the oxide is influenced by the metal pair and their molar fractions and, in some
cases, also by the temperature at which the oxidative heat treatment is operated. A single
RS phase forms at any T in Ni85Co015 oxides (Figure 2a) [48-50]. Since the radius of the
Co?* ion is similar to that of the Ni** ion (58 pm against 55 pm for tetrahedral coordination,
respectively [51]), the substitution of a small amount (0.15 molar fraction) of Ni with Co in
the cubic RS lattice easily takes place and results a uniform dispersion of Co into the NiO
matrix [52] with no secondary phase formation.
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Figure 2. Results of (a—c) XRD and (d—f) MRS analyses on bimetallic oxides. The shown diffractograms
refer to (a) Ni85Co15, (b) Ni50C050, and (c) Ni85Fel5 electrocatalysts. Micro-Raman spectra refer to
(d) Ni85Co15, (e) Ni50C050, and (f) Ni85Fel5 electrocatalysts.

As the molar fraction of Co rises to 0.50, additional reflections appear in the XRD
patterns of NiCo-based oxides (Figure 2b). This finding suggests that the segregation
of a portion of Co/Ni in different phase(s) takes place. At higher T¢ (Ni50C050_800),
the reflections from the (220), (331), (511), and (440) crystallographic planes of a phase
with spinel (SP) structure are detected at ca. 31.38°, 37.60°, 59.55°, and 65.37° 26-angles,
along with the signals arising from the RS lattice (top of Figure 2b). Thus, the increase in
the Co molar fraction up to 0.50 promotes the formation of a biphasic oxide, in agreement
with other literature reports [53,54]. Besides NiO, cobalt (I, III) oxide (Co304) and/or
nickel cobaltite (NiC0,04) formed. In Ni50C050_400, the reflections from Ni/«-Co met-
als with cubic structure are further clearly visible in the diffraction pattern (bottom of
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Figure 2b) [49,50,55], revealing that the oxidation upon thermal treatment is incomplete,
and as a result, a three-phase material is formed.

NiFe-based oxides (Figure 2c) behave similarly to the equimolar NiCo-based oxides. In
the diffractogram of Ni85Fe15_800, in addition to the reflections from the cubic RS NiO lat-
tice, those originating from the crystallographic planes of a SP-structured phase appear (top
of Figure 2c), indicating the formation of a biphasic oxide, in line with literature reports [56].
Nickel ferrite (NiFe;O4) forms together with cubic NiO. At lower T (Ni85Fe15_400), the
reflections from Ni/Co metals are also visible (bottom of Figure 2¢) [49,50,55].

Additional information on the material structure and composition was inferred
by carrying out Rietveld refinements from XRD data (Figure S10). The main results
obtained are summarized in Table 2 and Figure S11; further details are reported in
Table S2. The formation of a pure single-phase RS structure is confirmed in the case
of monometallic Ni100 oxide and bimetallic Ni85Co015 oxides, regardless of their calcina-
tion conditions. In these materials, the average crystallite size (d) increases in the order

Ni100 < Ni85Co015_400 << Ni85C015_800 (Table 2).

Table 2. Main results of Rietveld analysis on the OER electrocatalysts. The relative abundance of each
phase is reported, together with the mean crystallite size (d). In the case of a multiphase material,
the d-value is calculated as a weighted average over the phases present. RS, CM, and SP stand for
rock-salt, cubic metal/alloy, and spinel structure, respectively.

Phase(s) Abundance/wt%

Code d/nm
3-Ni(OH)2 RS CM SpP

NiH100 100.0 24
Nil00 100.0 21
Ni85Co015_400 100.0 36
Ni85Co015_800 100.0 105
Ni50Co050_400 46.8 30.6 22.6 42
Ni50C050_800 72.2 27.8 105
Ni85Fel5_400 77.2 124 104 28
Ni85Fe15_800 81.4 18.6 55

In the remaining bimetallic oxides, two or three phases coexist, depending on T¢c. RS
is always the primary phase. Nonetheless, at 800 °C, its amount ranges between 72 wt%
(in Ni50C050_800) and 81 wt% (in Ni85Fe15_800); whereas, at lower T¢, it reduces to
77 wt% in Ni85Fe15_400 and drops down to 47 wt% in Ni50C050_400. The comparison
between oxides with the same nominal composition reveals that more oxidized species
are formed at higher T, as expected [41]. In fact, in Ni50C050_800, a larger amount of
C0304/NiCo0,0y is present compared to Ni50C050_400 (27.8 against 22.6 wt%); analogously,
in Ni85Fe15_800, NiFe,;O4 is more abundant than in Ni85Fe15_400 (18.6 against 10.4 wt%).
Furthermore, by comparing the composition of bimetallic materials calcined at 400 °C, it
emerges that the metal/alloy component, absent in Ni85Co015_400, increases from 12.4 wt%
in Ni85Fe15_400 up to 30.6 wt% in Ni50C050_400. Finally, larger d-values are obtained upon
calcination at 800 °C due to sintering effects (Table 2). At 400 °C, the presence of Co/a larger
molar fraction of Co seems to favor the development of larger crystallites (compare d-values
of Ni85Fel5_400 and Ni85Co 15_400, and of Ni85Co 15_400 and Ni50Co 50_400).

As a general behavior, some small shifts are observed when comparing the patterns
of the samples with the same nominal composition calcined at different temperatures
(Figure 2). Such shifts can be ascribed to different levels of microstrain affecting the
lattice [42]. As shown in Table S2, for each oxide phase, the local distortions of the crystal
structure and microstrain generally decrease in better crystallized samples (calcined at
higher temperatures).
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3.1.3. Spatial Uniformity and Crystallization Degree of the Oxides

Spatial uniformity of the OER electrocatalysts was assessed by measuring Raman
scattering from random positions on each specimen (Figures S12 and S13). Except for
sample Ni85Fel5_400 (Figure S13c), where even remarkable dissimilarities are observed
between spectral profiles recorded at different locations, no significant differences are visible
in the remaining samples, which proves the spatial uniformity of the oxide phase(s) formed.

Figure 2d-f displays the averaged micro-Raman spectra. Cubic RS structure belongs
to the Fm3m space group. Two one-phonon (1P) modes and three two-phonon (2P) modes
are predicted for this group [57,58]. The former modes comprise one transverse optical
(TO) and one longitudinal optical (LO) mode; the latter includes the overtones of TO and
LO modes and a combination band. 1P-TO and 1P-LO modes are symmetry-forbidden
in a perfect cubic lattice [57,59]. Their detection (at ~410 and ~540 em™, respectively)
in Ni100 (Figure S12) and Ni85Co15 oxides (Figure 2d) is indicative of the presence of
lattice distortion, defect-induced disorder, and surface effects [57,59]. Also, the 2P-TO (at
~730 em~ 1), 2P-TO+LO (at~905 cm 1), and 2P-LO (at ~1080 cm ™) are clearly visible in the
higher frequency region of the spectra. These findings confirm the indications provided
by XRD analysis. Moreover, in Ni85Co015_800 oxide, featured by larger-sized crystallites,
the relative (to 2P-LO) intensity of the disorder-activated 1P-LO mode is weaker than in
Ni85Co015_400, which indicates a reduced extent of structural disorder [57].

Spinel-structured phase belongs to the Fd3m space group. Based on the factor group
analysis, five normal Raman-active vibration modes (A1g + Eg + 3Fy) are predicted for
this space group [60-62]. Both their positions and their relative intensities remarkably vary
within the spinel family. In Ni50Co050 oxides (Figure 2e), at any T¢, the sharp A;g mode
at 691 cm~! dominates the spectra. The weaker Fg(1), Eg, F2g(2), and Fpg(3) modes
are detected at frequencies (195, 483, 525, and 620 cm™ 1, respectively) very close to those
reported for crystalline Co3Oy4 [62-65]. In the spectrum of Ni50C050_800, the narrow Eg and
Fag(2) peaks originating from the SP-structured component of the oxide are superimposed
to the broad band arising from the 1P-LO mode of the defective RS phase; in the high-
frequency region, the very weak 2P modes of this phase are observed, in agreement with
the evidences emerged from XRD analysis.

In the spectra of Ni85Fel5 oxides (Figure 2f), along with the sharp peaks associated
to the normal Raman vibration modes of the SP-structured NiFe;O4 phase at 214 (F24(1)),
335 (Eg), 486 (F2g(2)), 578 (F24(3)), and 704 cm~! (A1g) [60,66,67], two shoulders appear on
the higher-frequency side of the E; band (at 385 cm ') and on the lower-frequency side
of the Ajg band (at 674 cm™1). As known [66], nickel ferrite crystallizes in the inverse SP
structure, with the tetrahedral 8a sites fully occupied by Fe>* cations and the octahedral
16d sites occupied by both Ni?* and Fe* cations. Thus, the additional inversion-induced
spectral features (E’g at 385 cm ™! and A'rg at 674 cm 1) are due to distortions in the lattice
caused by a distribution of distances between Ni and Fe with oxygen [67]. In the lower-
frequency spectral region, the modes of the NiFe,O4 component of the Ni85Fel5 oxides are
superimposed on the weaker ones originating from the defective RS-structured component.

3.2. HER Electrocatalysts

HER electrocatalysts for the cell cathode were prepared via reduction of the as-
produced oxide powders at Tr (Table S1) in 5% Hj/ Ar atmosphere for 30 min. Figure S4
shows the TPR spectra. A single H, consumption peak dominates the spectra of reference
Ni100 and NiH100 samples (Figure S4a); the peak is located at 450 and 300 °C, respectively,
indicating that in NiH100, the reduction of Ni?* to Ni¥ is easier. As a general result, in the
bimetallic oxides calcined at higher temperatures (better crystallized) [41], the reduction
of metal cations takes place at higher temperatures (compare the highest H, consumption
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peaks in Figure S4b—d). In these materials, the lower-T H, consumption peaks can be as-
cribed to the reduction of Ni, while the higher-T ones can be associated with the multi-step
reduction of Co and Fe [68].

3.2.1. Morphology

SEM analysis (Figure 3 and Figure S14) reveals that the reduction process does not
produces substantial changes in the morphology of the electrocatalysts prepared by the SG
method (Figure 3b—d,f-i), while that prepared by via the CP method (Figure 3a,e) look less
compact after the exposure to the H, /Ar atmosphere. In any case, the macro-aggregates
are still made up of small particles, as clearly visible in Figure 3f-i.

10um g : S O 10 pm

500 nm

Figure 3. Morphology of the samples after reduction, as resulting from SEM analysis. The shown
images refer to samples (a,e) NiH100R, (b,f) Nil00R, (c¢,g,h) Ni85Co015_400R, and (d,i) Ni85Fe15_400R.
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Elemental analysis by SEM/EDX shows total or substantial removal of oxygen (com-
pare Figures S8 and S15), confirming the successful reduction of materials in the oxi-

dized form.

3.2.2. Crystalline Phase(s) and Average Crystallite Size

The phases formed from the pristine oxides upon reduction in H, /Ar atmosphere
at a proper temperature (Table S1) were investigated by XRD. Only the reflections at
ca. 44.38°,51.73°, and 76.26° 20-angles from the crystallographic planes of face-centered
cubic (fcc) nickel [49,50] are detected in the two reference samples Nil00R and NiH100R
(bottom of Figure S9a,b, respectively), confirming the full reduction of the pristine NiO and
3-Ni(OH); phases, respectively.

The diffraction patterns recorded on the materials obtained by reducing bimetallic
oxides are shown in Figure 4. XRD analysis demonstrates that obtaining a single bimetallic
phase (alloy) strongly depends not only on the composition of the pristine oxide but also
on its preparation conditions. Only the reflections from the (111), (200), and (220) crystallo-
graphic planes of Ni/«-Co metals with fcc structure [50,55] are detected in Ni85Co15_800R
(top of Figure 4a) and Ni50Co50_800R electrocatalysts (top of Figure 4b), indicating the
formation of a pure NiCo alloy.
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Figure 4. XRD patterns of HER electrocatalysts. The shown data refer to samples (a) Ni85C015R,
(b) Ni50C050R, and (c) Ni85Fe15R.
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Conversely, signals arising from the NiO component of the pristine oxides are still
visible in the diffractograms of Ni85C015_400R (bottom of Figure 4a) and Ni50C050_400R
(bottom of Figure 4b), indicating that the reduction is not complete, in agreement with
the indications provided by elemental analysis by SEM/EDX. Thus, these electrocatalysts
are biphasic in nature: Besides the NiCo alloy, they contain NiO as a secondary phase.
Moreover, the stronger relative intensity of the NiO diffraction peaks in Ni50C050_400R
indicates the lower phase purity of this catalyst.

In Ni85Fe15_400R (bottom of Figure 4c), reflections from crystallographic planes of
NiO and NiFe;Oy are detected, along with those from the fcc structure typical of Ni-rich
NiFe alloy [69]. Thus, the electrocatalyst consists of three phases and has poor phase
purity. A higher phase purity degree pertains to Ni50Co50_800R (top of Figure 4c), in
whose diffractogram signals from the unreduced pristine oxides are extremely weak and
hardly visible.

In order to get further information on the material structure and composition, Rietveld
refinements from XRD data were carried out (Figure S16). Table 3 summarizes the main
results obtained. Further details can be found in Table S3. Rietveld analysis confirms that
the highest phase purity degree pertains to reference Nil00R and NiH100R electrocatalysts
(containing Ni metal only) and to bimetallic Ni85Co015_800R and Ni50Co050_800R electro-
catalysts (consisting of a pure NiCo alloy). In the former, the average size of Ni metal
crystallites is around 61 nm. In Ni85Co015_800R and Ni50Co050_800R electrocatalysts, very
large NiCo alloy crystallites are obtained (89 and 139 nm, respectively).

Table 3. Main results of Rietveld analysis on the HER electrocatalysts. The relative abundance of
each phase is reported, together with the mean crystallite size (d). In the case of multiphase material,
the d-value is calculated as a weighted average over the phases present. RS, CM, and SP stand for
rock-salt, cubic metal/alloy, and spinel structure, respectively.

Phase(s) Abundance/wt%

Sample dinm
CM RS SP
NiH100R 100.0 61.3
Nil00R 100.0 61.0
Ni85Co15_400R 93.3 6.7 55.9
Ni85Co15_800R 100.0 1394
Ni50Co050_400R 81.8 18.2 39.4
Ni50Co050_800R 100.0 88.6
Ni85Fel5_400R 71.7 18.5 9.8 38.5
Ni85Fel5_800R 91.1 2.9 6.0 59.5

In all remaining HER electrocatalysts, the reduction of the pristine oxides is not
complete. The phase purity worsens in the order Ni85Co015_400R > Ni85Fel5_800R >
Ni50C050_400R > Ni85Fel5_400R, with the relative amount of residual oxide phase(s)
ranging from 6.7 wt% in Ni85Co015_400R to 28.3 wt% in Ni85Fel5_400R. The average size
of the crystallites is 39 nm in both Ni85Fe15_400R and N50C050_400R and larger in the
remaining impure alloys (Table 3).

3.2.3. Nanomaterial Selection

Figure S17a,b summarize the properties of the produced electrode materials in terms
of phase purity and mean crystal size. Crystal size seems to be particularly critical for the
anode electrocatalysts: Smaller-sized crystals, featured by larger exposed surface available
for reaction and greater amounts of grain boundaries, generally exhibit a higher density
of reactive surface defects [38,41,70], which is beneficial to OER [41]. Phase purity seems
to play a pivotal role, too. Actually, very recently, better electrochemical performance has
been reported for pure single-phase multi-component oxides [71]. Accordingly, further
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physicochemical characterization (XPS analysis) and electrochemical tests are performed on
a restricted set of five pairs of samples, selected by choosing the best compromise between
high phase purity and small average crystal size.

3.2.4. Species on the Surface of OER Electrocatalysts

The species present on the electrocatalyst surface were identified by XPS. XPS survey
spectra (Figure 518) confirm the presence of nickel, oxygen, and adventitious carbon in
all electrocatalysts. Cobalt is further present on the surface of Ni85Co015_400 oxide, while
iron is detected on the surface of Ni85Fe15_400 and Ni85Fe15_800. High-resolution X-ray
photoelectron (HRXPS) spectra of the core levels in bimetallic and reference monometallic
oxides are displayed in Figure 5 and Figure S19, respectively. They provide qualitative and
quantitative insights into the oxidation states of surface species in the electrocatalysts.
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Figure 5. High-resolution XPS curves and fitting in the regions of (a) Co 2p, (b,c) Fe 2p, (d—f) Ni 2p
and (g—i) O 1s core levels of (a,d,g) Ni85C015_400, (b,e,h) Ni85Fe15_400, and (c,f,i) Ni85Fe15_800

oxides.

In Ni85Co015_400, the strong satellite peaks appearing in the spectrum of Co 2p core
level (Figure 5a) at ca. 786 and 803 eV suggest that cobalt is mainly present as Co(II) [72].
Two different divalent cobalt species, in a 37:63 ratio, contribute to the Co 2p3/, region,
namely, Co(Il) in CoO environment (at ca. 779.6 eV), and Co(II) in Co(OH); environment (at
781.3 eV) [73,74]. Recent studies on OER electrocatalysts have reported that the presence of
hydroxide species on the defective catalyst surface is beneficial for the surface restructuring
process during activation [74]. In Ni85Fel5_400 and Ni85Fel5_800, two different iron
species contribute to the main 2p3/, spin-orbit component (Figure 5b,c), namely, Fe(Il) in
FeO environment (at ca. 711.3 eV) and Fe(IIl) in Fe,O3 environment (at 713.6 V) [75,76], in
agreement with the results of XRD and MRS analyses that indicate the co-presence of RS and
SP phases. The relative amount of Fe(Il) species decreases from 44% in Ni85Fe15_400 to 37%
Ni85Fel5_800, while the relative amount of Fe(Ill) species oppositely increases from 56% to
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63%, as expected due to the increase in the calcination temperature [41]. Regardless of the
details, in both samples, Fe(Ill) species are more abundant than Fe(II) ones. Furthermore,
the lack of any obvious contribution from metallic iron, in spite of the formation of a CM
phase revealed by Rietveld refinements to the XRD data, is in line with other literature
reports on the presence of more oxidized species on the surface of the oxides [41].

Indeed, the HRXPS spectrum in the region of Ni 2p core level (Figure 5d) closely re-
sembles that of defective NiO [77]. This finding also agrees with the detection of a pure RS
phase in Ni85Co015_400. The main Ni 2p3/, spin-orbit component clearly reveals two distinct
features at approximately 853.7 and 855.5 eV. They correspond to Ni(II) in NiO environ-
ment (32%) and Ni(OH), environment (68%), respectively [74,77,78]. In monometallic
Ni100 oxide (Figure S19a), the two peaks are located at slightly higher binding energies
(BEs, 854.0 and 855.9 eV) and are in comparable areal ratio (34:66). A similar situation is ob-
served in In Ni85Fe15_800 (Figure 5f) with 854.2 and 855.9 eV peaks in 29:71 areal ratio. In
Ni85Fel5_400 (Figure 5e), the areal ratio inverts (66:34) and the peaks shift further towards
higher BEs (856.0 and 857.9 eV), as in the case of nickel ferrite [79], again in agreement with
the results of XRD and MRS analyses.

In reference to NiH100 oxide (Figure S19b), the 2p3 /» and 2p; /» spin-orbit components
(855.4 and 873.0 eV, respectively) exhibit the spin-energy separation (17.6 eV) peculiar to
Ni(OH);, [80], with the shake-up satellites centered at 861.6 and 879.6 eV. In this sample,
the HRXPS spectrum in the region of O 1s core level (Figure S19d) consists of two features
that can be ascribed to the Ni-OH bond (530.6 €V) and adsorbed water (531.6 eV) [78,80].

The O 1s HRXPS spectra of the other monometallic reference oxide (Figure S19¢) and
of Ni85Co015_400 (Figure 5g) display three distinct features at 529.5, 531.3, and 532.2 eV.
They can be attributed to lattice oxygen (OL), surface oxygen vacancies (Oy), where surface
oxygen anions adjacent to lattice vacancies are passivated with hydrogen [41,74,81], and
adsorbed O species (Oy), respectively [41,74]. The concentration of surface Oys, which
can be beneficial to the OER as they act as OH™ adsorption sites [82,83], is slightly higher
in Ni85C015_400 (39.6%) and Ni85Fel5_800 (38.8%, Figure 5i) than in Nil00 (35.0%).
Finally, a weak additional contribution, ascribable to adsorbed or chemisorbed O-species
such as O, or HyO [41,74], is detected at higher BEs in the O 1s HRXPS spectrum of
Ni85Fel5_400 (Figure 5h). The very strong intensity of the peak at 531.5 eV reveals that the
surface of this sample is highly defective, with 62% Oys.

3.2.5. Species on the Surface of HER Electrocatalysts

Figure S20 displays the XPS survey spectra of the reduced oxides evaluated as HER
electrocatalysts. Nickel, oxygen, and adventitious carbon are still detected in all electro-
catalysts, but compared to the adventitious carbon peak, the intensity of the oxygen peak
becomes weaker (compare Figures 518 and S20), which confirms the successful reduction
of the oxide surface.

Figure 6 displays HRXPS spectra of Co 2p, Ni2p, and O 1s core levels in Ni85Co015_400R
reduced oxide. The intensity of satellite peaks in the spectrum of Co 2p core level (Figure 6a)
weakens, and a new peak at ca. 777.8 eV appears alongside those at ca. 786 and 803 eV,
proving the formation of metallic Co species on the sample surface [84]. Analogously, in
the spectrum of Ni 2p core level (Figure 6b), the detection of an additional contribution
at ca. 852.2 eV confirms the formation of metallic Ni species [85], in full agreement with
the indications provided by Rietveld refinements to the XRD data. Moreover, in the O 1s
HRXPS spectrum (Figure 6¢), the intensity of O, peak dramatically reduces (25.5%), while
that of Oy remarkably intensifies (61.0%), so as their intensity ratio changes from 1.45 to
0.42, confirming the occurrence of partial oxide reduction.
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Figure 6. High-resolution XPS curves and fitting in the regions of (a) Co 2p, (b) Ni 2p, and (c) O 1s
core levels of Ni85Co015_400R reduced oxide.

After reduction, the contribution of metallic Ni species is detected in all remaining
Ni-containing samples examined (Nil00R, NiH100R, Ni85Fe15_400R, and Ni85Fel5_800R),
even if with different intensities. In the O 1s spectra of samples Nil00R (Figure S21f) and
Ni85Fel5_800R (Figure S21t), a significant weakening of the lowest BE peaks signals the
diminishing of Of-species concentration, again confirming the partial reduction of the
sample surface. No similar change is observed in sample Ni85Fel5_400R (Figure S21r),
whose surface is probably reduced to a little extent, in agreement with the indications that
emerged from Rietveld refinements to XRD data (Table 3). No obvious change is observed
in the Fe 2p spectra (Figure S21m—p), indicating that iron is hardly reduced. Finally, in
the O 1s spectrum of sample NiH100R (Figure S21h), the peak undergoes a decrease in
intensity and a shift towards lower BEs.

3.3. Electrochemical Performance of the Catalysts

As mentioned above, electrochemical tests were performed on five selected pairs of
samples. Their choice was based on the search for the best compromise between high
phase purity and small average crystal size. Table 4 reports the codes of MEAs fabricated
using them.

Table 4. Codes and composition of the membrane-electrode assemblies (MEAs) electrochemically
tested. Percentage of ionomer: 20%, for both electrodes. Ionomer: Fumatech® ION FAA3 (10%).
Membrane: Fumatech®FAA3-50. Value of cell potential (V) and current density (J) achieved by all
MEAs at fixed ] (0.9 A cm~2) and V¢ (2.2 V), respectively.

MEA Code and Composition Cathode Anode Ve,V JIA cm—2
1 NiH100-based NiH100R NiH100 2.13 1.08
2 Nil00-based Nil00R Ni100 2.14 1.09
3 Ni85Co15_400-based Ni85Co15_400R Ni85Co015_400 2.03 1.78
4 Ni85Fel5_400-based Ni85Fel5_400R Ni85Fel5_400 2.20 0.90
5  Ni85Fel5_800-based Ni85Fel5_800R Ni85Fel5_800 2.20 0.90

After assembling the MEAs in a single cell, a short (two hours) conditioning was
carried out in galvanostatic mode at low current density (50 mA cm~2) and 50 °C in or-
der to promote their activation (Figure 522). After initial variation, the cell potential
remained quite stable for all MEAs. Only a slight increase over time was observed
for the MEAs (MEA 1 and MEA 2) based on reference monometallic oxides and for
(Ni85Fe15_800-based) MEA 5; on the contrary, the cell potential of (Ni85C015_400-based)
MEA 3 and (Ni85Fe15_400-based) MEA 4 slightly decreased. At the end of the conditioning,
(Ni100-based) MEA 2 and (Ni85Fe15_800-based) MEA 5 achieved the highest potential
(1.84 V), whereas (Ni85Co015_400-based) MEA 3 and (Ni85Fe15_400-based) MEA 4 exhib-
ited lower voltage (1.78 V). The best performance was observed for the MEA based on
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materials produced by the CP method (NiH100-based) MEA 1 that reached the lowest cell
potential (1.74 V) operating at the same current density.

Figure 7a,b compares the polarization curves of the cells investigated at the beginning
(BoT, Figure 7a) and end of tests (EoT, Figure 7b). The performance of the present MEAs
compares well with those reported in the literature for AEMWE cells (Table S4). At the
EoT, all MEAs show an improvement (i.e., higher current density at lower potential) with
respect to the BoT. The highest current density at the cut-off voltage (2.2 V) is always
achieved by MEA 3: 1 A cm~2 at the BoT and 1.78 A cm ™2 at the EoT. At 50 °C, there
are no significant differences in activation losses. The MEA performance at the EoT is
ranked (Table 4) by comparing the values of cell potential at a given current density (0.9 A
cm 2, i.e., the maximum value reached by MEA 4 and MEA 5 at the cut-off voltage) and
those of current density at a given cell potential (2.2 V). The lower the cell voltage for fixed
current density (Figure 7c) and the higher the current for fixed cell voltage (Figure 7d),
the better the cell electrochemical performance. Based on these criteria, the performance
improves in the order MEA 4 = MEA 5 < MEA 2 < MEA 1 < MEA 3.
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Figure 7. (a,b) AEMWE cell polarization curves. The shown data refer to the (a) beginning of test
(BoT) and (b) end of test (EoT); for an easier comparison, the same scales are used for both plots.
(c) Cell potential at 0.9 A cem 2 and (d) current density at 2.2 V.

Although further investigations would be necessary, the above results confirm that,
regardless of the synthesis method, the phase purity (Figure S17a,b) of the anode material
has a great influence on the MEA performance. Higher current densities and /or lower
potentials are generally obtained with highly pure OER electrocatalysts, in agreement with
recent literature reports [71]. Instead, the phase purity of the cathode material seems to
be less critical than that of the anodic one, in line with the widely agreed assessment that
OER represents the bottleneck of the WE process. In fact, among MEAs with a single-phase
anode material (MEA 1-3), the highest current density (~1.8 A cm™~?2) pertains to MEA
3, whose cathode material has only 93% purity rather than to those with 100% purity
(Figure S17).

Also, the synergy between metals seems to contribute to enhancing the electrochemical
performance, both in terms of HER and OER [86]. Actually, in the present case, MEA 3
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outperforms the two MEAs based on the monometallic reference electrocatalysts. However,
the impact of the synergy appears to be lower than that of phase-purity, since MEA 4 and
MEA 5, pairing low-purity anode (77-81%) and cathode (72-91%) materials, are able to
deliver relatively low current density (<1 A cm~2) despite their bimetallic nature.

The crucial role played by reactive surface defects in boosting the OER has been
frequently highlighted in the literature. Recent studies have pointed out that both surface
hydroxide species [74] and O-vacancies play a beneficial role towards OER [41], while
smaller-sized crystals generally allow shorter charge migration paths on their surface [41].
Indeed, large amounts of Co(OH), and Ni(OH), are detected by XPS on the highly defective
surface of the finely grained Ni85Co015_400, together with a high concentration of Oys
(39.6%). In Ni85Fe15_800, on whose surface a comparable Oy-amount (38.8%) is present,
oxide crystals are larger (55 against 42 nm), and this may hamper the charge migration.
As Oys behave as a descriptor for the OER process [41], an optimal range of concentration
exists. This explains why the huge Ov-amount (62%) in Ni85Fe15_400 ultimately proves
detrimental, and the electrochemical performance of MEA 4 is unsatisfactory, despite the
relatively small crystal size (28 nm) could be beneficial for charge migration.

Figure 8a—d compares EIS spectra recorded on all MEAs at 50 °C at 1.8 and 2.0 V
cell potential. At higher potential (2 V), clear evidence of at least two distinct semicircles
appears in the Nyquist plots. The semicircle with low frequency, attributed to the cathode,
is significantly larger than one with high frequency, which is associated with the anode.
After the durability test (Figure 8d), the semicircles appear significantly overlapped. It is
possible that the anode semicircle shifts towards lower frequencies due to reversible losses
at the anode.

In order to more deeply understand the electrochemical performance described above,
the series resistance (Rg) and polarization resistance (Rp) were estimated from the Nyquist
plots, as reported in Section 2.5. The MEA activation during operation, a process involving
both catalysts and membrane, can be responsible for the observed enhancement in cell
performance. Improved interfacial contact between the membrane and the electrode likely
contributes as well. The significant decrease in the values of both Rg and Rp supports these
hypotheses for most of the MEAs.

Regardless of the cell potential (1.8 or 2.0 V), MEA 3 shows lower Rg than other MEAs
(Figure 8e,g), both before and after the tests. Therefore, MEA 3 is the most efficient. This
behavior confirms that the MEA performance is greatly influenced by the phase purity
and average crystal size of the electrode materials. Although further investigations would
be necessary, the synthesis method seems to affect the performance: Under the same
conditions, all MEAs prepared using materials synthesized via the SG method show lower
Rs than MEA based on materials produced by the CP method (NiH100-based MEA 1).

The Rp values displayed in Figure 8f,h reveal that MEA 3 generally exhibits a better
interface with the membrane. Forming a proper interface with the membrane decreases the
mass transfer constraints due to the accumulation of developed O, in the catalytic layer.

Figure 9 displays the variation undergone by the cell voltage during the durability
tests, carried out at 50 °C by recirculating a 1 M KOH solution to the anode side. The values
of current densities, cell voltages, and durability times can be found in Table S5. Only
MEA 3 is able to reach a current density of 1 A cm~2. The remaining ones operate at lower
current densities, with their performance progressively degrading over time until reaching
the set cut-off voltage (2.2 V). Reversible losses are observed during start-up and stop cycles.
A possible explanation could be the occurrence of some diffusion limitations that influence
the release of the product gas. Due to reversible losses during cycles, all durability test
curves present a slightly lower voltage efficiency than steady-state operation.

112



Nanomaterials 2025, 15, 1042

(a) '+ BoT (b) 15 EoT
1.8V 1.8V
« MEA1 MEA 1
% o MEA2 % MEA 2
§ 1.2 § 12
3 = MEA3 c MEA 3
= s MEA4 N MEA 4
N v MEAS5 D MEA 5
06 T PR .. 06 T
ay - v
Aé:' 0”: ":AAAA vv
%% e, " -, AnmnggAs, A2
)q A Q:"\ .‘% )’
0.0+ . b \ Add 0.0 - . . ¥
00 06 12 18 24 00 06 12 18 24 3.0
Z'/Qcm? Z'/Qcem?
0.6 0.6
(c) BoT (d) EoT
20V 20V
04 5 044 MEAT
E™ ‘e MEA 2
c b MEA 3
N = MEA 4
N 02 N MEA 5
. 0.2
vvvvvvvvvv
0.0 0.0 T \' T T
0. 0.0 0.2 0.4 0.6 0.8
Z'/Qcm?
(e) (f)
1200 7 2400

Ry/mQcm?

141 153
r

7)

A
MEA 3

MEA 2 MEA 3 MEA 4

MEA 5

R,/ mQcm?

04
MEA 1 MEA 2 MEA 3 MEA 4

MEA 5

Figure 8. (a-d) Nyquist plots at different potentials: (a,b) 1.8 V and (c,d) 2.0 V. The shown data refer
to the (a,c) beginning of test (BoT) and (b,d) end of test (EoT). At each potential, the same scales

are used for an easier comparison. (e,g) Rg and (fh) Rp values at (e,f) 1.8 V and (g,h) 2.0 V at BoT

and EoT.

23

224

2.14

2.0

Potential / V

1.9 4

1.8 A

1.7

0.4

0.8

0.4

Aem™® Acm?

0.8
Acm™

0.6 0.6 0.6
Acm™® Acm™” Aem™

0

T
30

T
60

1 T
90 120

Time /' h

Figure 9. Durability tests at 50 °C and ambient pressure for all MEAs.

113

150



Nanomaterials 2025, 15, 1042

By comparing the values of current densities, cell voltages and durability times re-
ported in Table S5, it emerges that the only MEA prepared using materials produced by the
CP method (MEA 1) reaches the cut-off voltage (2.2 V) at low current density (0.4 A cm™~?2)
after solely 48 h of durability test. For MEA 2, MEA 4, and MEA 5, durability time is
longer (120 h), but they never reach a current density higher than 0.8 A cm~2. The best
performance (1 A cm~2 at 2.15 V), during a steady-state 150 h-long stability test with 1 M
KOH recirculating through the cell, is achieved with the MEA 3 that outperforms the
remaining ones also in this test. Hence, Ni85Co015_400-based MEA is the most successful in
a zero-gap AEMWE full cell.

3.4. Structural Stability of the Electrocatalysts

The structural stability of all electrocatalysts was evaluated by carrying out XRD
analysis on the fresh and reacted electrodes (Figure S23). The signals arising from the
electrode supports are clearly observed both before and after the reaction. In addition to the
XRD peaks from the Ni-felt, the reflections from the crystallographic planes of the reference
3-Ni(OH), and NiO electrocatalysts are detected in both the fresh and reacted anodes of
MEA 1 (Figure S23a) and MEA 2 (Figure S23c), respectively. Analogously, the reflections
from the crystallographic planes of the RS-structured single/main component of the cata-
lysts in their oxidized form, clearly visible in the fresh anodes of MEA 3 (Figure S23e) and
MEA 4 (Figure S23g), are still detected after reaction. These findings prove the structural
integrity of the anode materials: Although, obviously, their surface is modified during
the reaction, the bulk structure of the pristine material remains unchanged [87]. Simi-
lar considerations apply to cathode materials. In addition to the signal from the carbon
paper [88], the diffraction peaks from the CM (single/main component of the catalysts
in their reduced form) are detected in both the fresh and reacted cathodes of all MEAs
(Figure S23b,d, f/h).

4. Conclusions

A very simple scalable method for the synthesis of efficient and low-cost electrocata-
lysts for alkaline water electrolysis is proposed. Nanostructured NiCo- and NiFe-oxides are
prepared by the sol-gel method and subsequent calcination in air at different temperatures
and then evaluated as anode materials in a zero-gap AEMWE full cell. The cell cathodes
are fabricated using the same materials after reduction in a Hy / Ar atmosphere.

The results of electrochemical tests clearly point to a significant role played by the
nanomaterial phase purity and average crystal size in determining cell performance. Higher
current densities at lower overpotentials are obtained using highly pure and finely grained
electrocatalysts. The comparison with reference MEAs based on monometallic oxides
suggests that the synergistic action between metals can contribute to enhancing the electro-
chemical performance.

Among those investigated, MEA joining Ni85C015_400 anode (consisting of ~36 nm-
sized 100% purity rock-salt oxide crystals with abundant Oys and hydroxide species on
their highly defective surface) and Ni85Co015_400R cathode (consisting of ~56 nm-sized
93% purity cubic metal/alloy) outperforms the remaining ones. It exhibits a current
density of 1 A cm ™2 at 2.15 V during a steady-state 150 h long stability test with 1 M
KOH recirculating through the cell, the lowest Rg at any cell potential (1.8 or 2.0 V), and
the highest current density at the cut-off voltage (2.2 V) both at the BoT (1 A cm~?) and
EoT (1.78 A cm™2).

Although there is still room for improvement, the presented results demonstrate, as
proof of concept, the possibility of producing green hydrogen via AEMWE using a very
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simple and scalable process for the synthesis of nanostructured NiCo- and NiFe-based cell
electrode materials.
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/ /www.mdpi.com/article/10.3390/nano15131042/s1, Figure S1: Schematic description of the ex-
perimental procedure followed to prepare nanostructured oxides to be used as OER electrocatalysts
at the cell anode; Figure S2: Synthesis scheme of anode electrocatalyst via co-precipitation method;
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HER electrocatalysts; Figure S15: SEM/EDX spectra of HER electrocatalysts; Figure S16: Rietveld
refinements for reduced oxides; Table S3: Results of Rietveld refinements for HER electrocatalyst;
Figure S17: Phase purity of electrode materials in the (a) oxidized and (b) reduced form and (c)
corresponding average crystal size, as resulting from Rietveld refinements to XRD data; Figure S18:
Survey XPS spectra of the oxides evaluated as OER electrocatalysts; Figure S19: High-resolution
XPS curves and fitting in the regions of Ni 2p and O 1s core levels of Nil00 and NiH100 samples;
Figure S20: Survey XPS spectra of the reduced oxides evaluated as HER electrocatalysts; Figure S21:
Comparison between HRXPS spectra of electrocatalysts in the oxidized and reduced form; Figure S22:
Conditioning at low current density (50 mA cm~2) and 50 °C; Table S4: Performance and durability
comparison of different membrane—electrode assemblies in similar AEMWE conditions; Table S5:
Current densities, cell voltages, and durability test times for AEM systems fed with 1 M KOH; Figure
523: XRD patterns of anodes and cathodes utilized to fabricate MEA 1, MEA 2, MEA 3, and MEA 4
fresh and after reaction. (References [89-92] are cited in Supplementary Materials).
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Abstract: Refining synthesis strategies for metal-organic framework (MOF)-based catalysts to im-
prove their performance and stability in an oxygen evolution reaction (OER) is a big challenge. In this
study, a series of nanostructured electrocatalysts were synthesized through a solvothermal method
by growing MOFs and metal-triazolates (METs) on nickel foam (NF) substrates (named MET-M/NF,
M = Fe, Co, Cu), and these electrocatalysts could be used directly as OER self-supporting electrodes.
Among these electrocatalysts, MET-Fe /NF exhibited the best OER performance, requiring only an
overpotential of 122 mV at a current density of 10 mA cm~2 and showing remarkable stability
over 15 h. The experimental results uncovered that MET-Fe/NF underwent an in situ structural
reconstruction, resulting in the formation of numerous iron/nickel (oxy)hydroxides with high OER
activity. Furthermore, in a two-electrode water-splitting setup, MET-Fe/NF only required 1.463 V to
achieve a current density of 10 mA cm~2. Highlighting its potential for practical applications. This
work provides insight into the design and development of efficient MOF-based OER catalysts.

Keywords: metal-organic frameworks; structure reconstruction; oxygen evolution reaction; hybrid
electrocatalysts

1. Introduction

The rapid consumption of fossil fuels has led to a series of energy and environmental
problems, prompting researchers to develop sustainable and clean energy technologies [1-3].
The electrocatalytic oxygen evolution reaction (OER) plays a critical role in renewable energy
conversion and storage technologies, such as metal-air batteries, water splitting, and fuel
cells [4-6]. However, the OER process involves a complex four-electron transfer pathway,
and its slow kinetics significantly limit the efficiency of energy conversion systems [7,8].
Catalysts can efficiently reduce the overpotential and improve the OER process, so the proper
design and development of catalysts are important. Currently, iridium dioxide (IrO,) and
ruthenium dioxide (RuO,) are considered efficient OER catalysts, but their scarcity, high cost,
and low stability under alkaline conditions severely hinder their industrial applications [9-11].
Therefore, a key goal for researchers is to design and develop a cost-effective, highly active,
and durable non-precious metal OER electrocatalyst [12-15].

In recent years, metal-organic frameworks (MOFs), which are synthesized through the
periodic assembly of organic ligands and metal ions/clusters, have garnered widespread
application in the field of electrocatalysis due to their easily tunable structures and func-
tionalities [16-24]. Nevertheless, the limited conductivity and chemical stability of many
MOFs pose significant challenges to their direct use in electrocatalytic processes [25-27].
Metal-triazolate (MET), [M(C,N3Hj)z1y, is a new family of MOFs that could be prepared
by combining 1H-1,2,3-triazole and divalent metal ions (Fe, Cu, Co, and so on) to give six
isostructural metal-triazolates (termed MET-M, M = Fe, Cu, Co, and so on). MET frameworks
have permanent porosity and display surface areas as high as some of the most porous zeolites,
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with one member of this family, MET-Fe, exhibiting significant electrical conductivity [28].
Notably, the in situ growth of MOFs on a conductive substrate can be regarded as a facile
strategy to construct self-supported electrodes, which can considerably accelerate electron
and mass transfer. In addition, 3D metal foams, such as nickel foam (NF), have previously
been reported as a well-known class of electrocatalytic support materials for MOFs [29,30].
Significantly, the transformation of many MOF materials into metal (oxy)hydroxides during
the alkaline OER process is a widely observed phenomenon [31-34], suggesting that these
newly formed metal hydroxides could serve as catalytically active sites for OER, such as iron
oxyhydroxides (FeOOH), nickel oxyhydroxides (NiOOH), and nickel iron-layered double
hydroxides (NiFe-LDH) [19,35,36]. Furthermore, single-component catalysts are often limited
in their ability to improve performance, suggesting that the design of composite catalysts
with multiple active elements may be a more effective approach to enhance overall catalytic
efficiency due to a catalytic synergistic effect [37—42]. The interaction between different active
sites in such catalysts can refine and accelerate reaction processes, thereby enhancing the
catalytic activity [43—45].

Considering the above context, in this study, we have successfully synthesized metal—-
triazolates, (MET-M, [M(C,N3H»),],;, M = Fe, Cu, Co), on nickel foam via a solvothermal
method, which can directly serve as self-supporting OER electrodes. The best sample
MET-Fe/NF material undergoes in situ restructuring during the OER process, and the
resulting mixed catalyst with multiple active components (FeOOH, NiOOH, and NiFe-
LDH) exhibits excellent OER electrocatalytic activity. The MET-Fe/NF material achieves
a current density of 10 mA cm~2 with an overpotential of only 122 mV and a small Tafel
slope of 34.5 mV dec™!, outperforming commercial RuO,, and it maintains good stability
over 15 h. In two-electrode water splitting applications, the energy conversion device
equipped with this catalyst operates at a low voltage of 1.463 V to continuously produce
hydrogen and oxygen at a current density of 10 mA cm~2, demonstrating the promising
practical application prospects of the catalyst. This work offers an effective strategy for the
design of highly efficient MOF-based electrocatalysts.

2. Experimental
2.1. Materials

In this study, all chemicals and reagents were of analytical grade and used without
further purification. FeCl, (purity: 99%) was purchased from Konoscience Reagent Co.,
Ltd. (Shanghai, China). CoCl, (purity: 99%) was purchased from Macklin Reagent Co., Ltd.
(Seattle, WA, USA). Cu(NO3),.xH,O (purity: 99%) was purchased from Beijing Tongguang
Fine Chemicals Co., Ltd. (Beijing, China). 1H-1,2,3-triazole (purity: 98%) was purchased
from Shanghai D&B Co., Ltd. (Shanghai, China). N,N’-dimethylformamide (DMF) (purity:
99.8%) was purchased from Concord Co., Ltd. (Singapore). Commercial NF (purity: 99%)
(thickness: 0.5 mm) was provided by Kunshan Guangjiayuan Co., Ltd. (Kunshan, China).

2.2. Preparation of MET-Fe/NF

First, FeCl, (8.5 mmol) was dissolved in 50 mL of a DMF solution. The solution was
then transferred to a Teflon reactor. After that, 1H-1,2,3-triazole (25.5 mmol) was added to
the solution and the NF substrate was immersed in the solution. The samples were then
obtained after being placed in an oven at 120 °C for 48 h. Finally, after cooling down to RT,
the resulting MET-Fe/NF was washed three times with alcohol and dried at 80 °C for 8 h.

2.3. Preparation of MET-Co/NF and MET-Cu/NF

The preparation procedures of MET-Co/NF and MET-Cu/NF were similar to that of
MET-Fe/NF, except that the metal sources were CoCl, and Cu(NO3),.xH,O, respectively.

2.4. Preparation of RuO,/NF and Pt/C/NF

For comparison, the commercial RuO, dispersion was prepared using ultrasonication
with 4 mg of RuO;, 500 pL ethanol, and 100 uL 5 wt% Nafion. After homogenization, 30
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uL of the dispersion was drip-coated on NF (1 cm x 1 cm) at a loading of 0.2 mg ecm 2. The
preparation procedure of Pt/C/NF was similar to that of RuO;, /NF, except that the metal
source was commercial Pt/C.

2.5. Characterization

The crystallographic structures of the materials were determined using a Rigaku Smart-
Lab 9kW diffractometer (Tokyo, Japan) with Cu Ko radiation (A = 1.5406 A). Nitrogen
sorption isotherms were measured at 77 K on a Quantachrome Autosorb-1Q gas adsorption
analyzer (Boynton Beach, FL, USA). From the adsorption isotherms, the specific surface
areas were calculated using the Brunauer-Emmett-Teller (BET) method. The pore size
distributions were obtained using the quenched solid density functional theory (QSDFT)
method. The microstructure and morphology were examined by using a scanning electron
microscope (SEM; Hitachi 5-4800 microscope, Tokyo, Japan). The surface characterization
of elemental electronic states was measured by the Krayos AXIS Ultra DLD electronic
energy spectrometer (Shimadzu, Tokyo, Japan) (XPS; Axis Ultra imaging photoelectron
spectrometer with the monochromatic Al K« line). The mid-infrared absorptive spec-
trum of samples was determined using an ATR-FTIR spectrometer (Bruker, VERTEX 80V,
Berlin, Germany).

2.6. Electrochemical Measurements

The electrocatalytic properties of OER were measured using a three-electrode system
on a CHI660 workstation (Chenhua, Shanghai, China), in which NF-based electrodes,
Hg/HgO electrodes, and platinum electrodes served as the working, reference, and counter
electrodes in a 1 M KOH solution, respectively. The potentials were referred to the reversible
hydrogen electrode (RHE) according to the following equation [46]: Erpe = Eng/Hgo +
0.098 V + 0.059 x pH. The linear sweep voltammetry (LSV) polarization curves of the
electrodes were tested at a scan rate of 5mV s~! with 95% iR compensation. The Tafel slopes
were derived from polarization curves. CV tests were performed at sweep rates ranging
from 20 to 100 mV s7! in a non-Faradaic region (0.912~1.012 V vs. RHE), then double-
layer capacitance (Cg4)) was calculated using the CV results. Electrochemical impedance
spectroscopy (EIS) was performed in the frequency range from 100 kHz to 0.1 Hz at open
circuit potential. Chronopotentiometry measurement was performed at a current density
of 10 mA cm~2 without iR compensation. Electrochemical water splitting was measured
using a two-electrode system.

3. Results and Discussion

The synthesis method for the materials is illustrated in Figure 1, based on adaptations
from the literature references [28]. The process involved utilizing Fe?* ions as the metal
source, 1H-1,2,3-triazole as the organic ligand, and DMF as the solvent, with nickel foam
serving as the growth substrate for the composite material. The procedure involved a
one-pot solvothermal reaction in a reaction vessel at 120 °C for 48 h, culminating in the
production of MET-Fe/NF sample material. The chosen organic ligand, 1H-1,2,3-triazole,
is characterized by a five-membered ring structure containing three nitrogen atoms, which
are differentiated into two types, N1 and N2, based on subtle differences in their chemical
environment (Figure Sla). During the reaction, all three nitrogen atoms are involved
in coordination with the metal atoms, with each metal center engaging in octahedral
coordination with six nitrogen atoms, thereby constructing a three-dimensional MOF
framework endowed with a porous architecture (Figure S1b). By changing the metal ions
to Co%* or Cu?*, two additional comparative samples, MET-Co/NF and MET-Cu/NEF, were
synthesized. In contrast to the bare nickel foam (Figure S2a), the surfaces of all synthesized
samples were uniformly coated with a layer of powdery substance, with the MET-Fe/NF
sample exhibiting a black-brown powder (Figure S2b), the MET-Co/NF sample showing a
yellow-brown powder (Figure S2c), and the MET-Cu/NF sample displaying a blue powder
(Figure S2d). These initial observations confirm the feasibility and universal applicability
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of synthesizing MOFs/NF composites through a solvothermal one-pot method. The array
of MOFs/NF composite materials thus obtained can be directly used as self-supporting
electrocatalytic electrodes (with an effective electrode area of 1 cm? square), streamlining
the subsequent testing of OER performance as well as the analytical characterization of the
catalytic materials.
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Figure 1. Schematic illustrating the synthesis process and in situ structure reconstruction of the
MET-Fe/NF catalyst.

To further determine the phase composition of the samples, X-ray diffraction (XRD)
characterization was performed on the samples obtained. As depicted in Figure 2a, the
XRD patterns revealed strong peaks corresponding to the nickel foam substrate (PDF#
70-0989), indicating the origin of the Ni peaks. Analysis of the XRD patterns within the 5°
to 40° range revealed peaks that were consistent with those in the simulated MET-Fe XRD
spectrum, suggesting the successful growth of MET-Fe powder on the surface of the nickel
foam. XRD characterization of the precipitate obtained from the one-pot solvothermal
reaction, which is homologous to the material on the MET-Fe/NF surface (Figure S3a),
further confirmed that the powder on the MET-Fe/NF sample surface is indeed MET-Fe.
Phase analysis was also conducted on the comparative samples MET-Co/NF and MET-
Cu/NF. Although the XRD peak signals from the nickel foam substrate were dominant
(Figure S3b), additional XRD tests on the homologous solids formed during the reaction
confirmed that the powders on the surfaces of the comparative samples were MET-Co
(Figure S3c) and MET-Cu (Figure S3d), respectively. Furthermore, Brunauer-Emmett-Teller
(BET) surface area analysis revealed that the MET-Fe powder on the MET-Fe/NF sample
surface possesses a high specific surface area (up to 446 m?/g) and features a plethora of
micropores and mesopores (Figure 2b), which would facilitate extensive contact between
the MET-Fe/NF sample and the electrolyte.

Scanning electron microscopy (SEM) was used to investigate the morphology and
elemental composition of the samples. Figure S4a shows the nickel foam substrate as a
metallic framework with pores on the order of 100 um. The elemental mapping presented
in Figure S4b shows a uniform distribution of oxygen elements over the nickel foam surface.
Figure 3a shows that the nickel foam substrate of the MET-Fe/NF sample is thoroughly
coated with a solid powder layer, while higher magnification images (Figure 3b) show that
this layer is composed of densely packed nano-sized MOF particles. Figure 3¢ provides a
detailed examination of the MET-Fe growth on the nickel foam surface, while the uniform
distribution of Ni, O, Fe, and N elements in Figure 3d confirms the uniform coverage of
MET-Fe over the nickel foam. SEM characterization was also performed on the MET-Co/NF
and MET-Cu/NF samples. Figure S4c shows that there are relatively few solids grown
on the surface of MET-Co/NEF. In contrast, Figure S5d shows that the bulk solids in MET-
Cu/NF fill most of the space within the nickel foam substrate. The different morphological
composite structures of the samples may influence the subsequent catalytic processes.
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Figure 2. (a) XRD pattern of MET-Fe/NF (inset: a detailed view of the dotted area). (b) N, adsorption-
desorption isotherm of MET-Fe (inset: pore size distribution curve).

Figure 3. (a-c) SEM images of MET-Fe/NF at different magnifications. (d) Elemental mapping images
of MET-Fe/NF.

The OER performance of MET-Fe/NF and reference samples was initially assessed
using a standard three-electrode system with 1M KOH as the electrolyte. The linear
sweep voltammetry (LSV) curves depicted in Figure 4a indicate that MET-Fe/NF exhibits
superior OER performance. As shown in Figure 4b, MET-Fe/NF requires only a 122 mV
overpotential to achieve a current density of 10 mA cm ™2, outperforming MET-Co/NF
(385 mV), MET-Cu/NF (476 mV), bare nickel foam (NF) (375 mV), and the commercial
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RuO, /NF catalyst (354 mV). The relatively lower OER performance of MET-Co/NF and
MET-Cu/NF compared to MET-Fe/NF can be attributed to three main reasons. First, the
Fe element is likely to offer unique advantages in the nickel foam OER catalyst system
due to its inherent electronic properties and catalytic efficiency [47-50]. Second, MET-Fe
is characterized by its inherent electrical conductivity with a value of 0.77 x 1074 S cm ™!
reported by Yaghi et al. [28], which is essential for catalysis. The projected density of
states (PDOS) calculation results (Figure S6) of MET-Fe indicate that MET-Fe seems to
be a semiconductor (conductivities in the range from 1078 to 10> S cm~!) considering its
conductivity value. However, MET-Co and MET-Cu exhibit insulating properties like most
other MOFs. This difference in conductivity could adversely affect the electron mobility
within the composite, especially when compared to the baseline performance of pure nickel
foam. Thirdly, the interaction between the MOFs and the nickel foam substrate shows
minimal surface growth for MET-Co and excessive coverage by MET-Cu, which could
clog the nickel foam structure and affect its effectiveness. In contrast, MET-Fe forms a
uniform and dense growth layer on the nickel foam surface, ensuring the full participation
of MET-Fe as the active material without affecting the conductivity of the substrate and its
interaction with the electrolyte. These results highlight not only the superior performance
of MET-Fe/NF over commercial RuO, but also its impressive material uniqueness within
the MET/NF series of composites.
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Figure 4. Electrocatalytic OER performance. (a) LSV curves. (b) Comparison of the overpotentials
at 10 mA cm 2. (c) Tafel plots. (d) Electrochemical double-layer capacitance. (e) Stability test at
constant current density of 10 mA cm~2 without iR compensation. (f) Comparison of the OER activity
of MET-Fe/NF and other reported catalysts: overpotential at 10 mA cm~2 and the corresponding
Tafel slope.

Figure 4c reveals that the Tafel slope of MET-Fe/NF is 34.5 mV dec ™!, which is signifi-
cantly lower compared to MET-Co/NF (204.7 mV dec’l), MET-Cu/NF (183.4 mV dec’l),
bare nickel foam (NF) (91.2 mV dec™!), and RuO, /NF (121.1 mV dec 1), highlighting the
superior reaction kinetics of MET-Fe/NEF. The electrochemical surface area (ECSA) serves
as a key indicator of catalytic efficiency, closely linked to the double layer capacitance
(Cq1). Cdl values were derived from the analysis of cyclic voltammetry (CV) curves across
various scan rates within the non-Faradaic region, as shown in Figure S5. Illustrated in
Figure 4d, the calculated Cgq; values for NF, MET-Co/NF, MET-Cu/NF, and MET-Fe/NF
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are 1.68 mFcm 2, 1.66 mFem 2, 1.89 mFem 2, and 8.19 mF em 2, respectively, with MET-
Fe/NF exhibiting the highest Cq4 value, indicating the highest number of active catalytic
sites during the reaction.

The turnover frequency (TOF) is another important parameter to evaluate the elec-
trocatalysts” activity [51]. The parameter was calculated with TOF =jA/4Fm, where j is
current density, A is the surface area of the electrode, 4 indicates the number of electrons
consumed for O, evolution from water, F is the Faraday constant, and m is the number of
active species [52]. Figure S7 shows TOF curves at various overpotentials, indicating that
the TOF values of all catalysts exhibited a monotonic increase with increasing overpotential.
Among all other catalysts, the MET-Fe/NF exhibits the highest intrinsic catalytic activity at
the same overpotential, suggesting the best OER performance.

Electrochemical impedance spectroscopy (EIS) facilitates the understanding of charge
transfer at the reaction interface and provides Nyquist plots (Figure S8). The charge
transfer resistance (R.) values derived from the Nyquist plots reveal that MET-Fe/NF has
the smallest Rt value of only 0.36 ), significantly lower than those of MET-Co/NF (3.97 ),
MET-Cu/NF (3.86 Q3), NF (2.23 1), and RuO, /NF (2.08 2). This suggests that MET-Fe/NF
possesses superior charge transfer capabilities, which is conducive to improving the OER
process. These results collectively demonstrate the exceptional OER catalytic activity of
MET-Fe/NF compared to the other samples. Stability tests were also carried out on MET-
Fe/NF at a current density of 10 mA cm~2. The results indicate that MET-Fe /NF exhibits
a mere performance degradation after 15 h of reaction, as reflected by the little change
(+9 mV) in voltage values, showcasing remarkable stability (Figure 4e). A comparison of
MET-Fe/NF with recently reported MOF/metal foam-based OER catalysts reveals superior
performance in terms of both overpotential and Tafel slope [53-61] (Figure 4f). Taken
together, these results establish MET-Fe/NF as an advanced OER catalyst that combines
high catalytic activity with remarkable stability.

To assess the practical application performance of MET-Fe/NF further, it was com-
bined with Pt/C/NF in a two-electrode system for a water-splitting experiment conducted
in 1 M KOH electrolyte. The LSV curve of the MET-Fe/NF | | Pt/C/NF two-electrode elec-
trolysis setup, shown in Figure 5a, demonstrates that this water-splitting apparatus needs
just a low cell voltage of 1.463 V to reach an electrolysis current density of 10 mA cm ™2,
highlighting its remarkable water-splitting efficiency and superiority to the commercial
RuO;-based two-electrode system (Figure S9). Insets in the figure illustrate the formation of
gas bubbles on the electrode surfaces during the reaction, which correspond to oxygen and
hydrogen gases generated by the anodic OER and the cathodic hydrogen evolution reaction
(HER), respectively. The stability test results, depicted in Figure 5b, indicate that after 15 h
of continuous operation at 10 mA cm ™2, splitting water into oxygen and hydrogen, the volt-
age required to drive the energy conversion device increased only by 20 mV, maintaining
stable performance over a long period of time. These results highlight the efficient energy
conversion efficiency and remarkable stability of MET-Fe/NF in water-splitting devices,
demonstrating its broad application prospects in the large-scale production of hydrogen
and oxygen gases.

To investigate the composition of the high catalytic activity sites in MET-Fe/NF for
the OER, we characterized the sample after a prolonged series of tests using SEM, XRD,
and XPS. The SEM images in Figure 6a reveal morphological changes in MET-Fe/NF
after testing compared to its initial state, with several regions retaining their original
morphology while others display a noticeable increase in uneven and rough surfaces.
These rough surface areas are probably due to the structure reconstruction of the chemical
composition that occurred during the OER process. The SEM images in Figure 510 indicate
that the reconstructed new species consists of some large-sized nanoparticles in a blocky
morphology on the surface of nickel foam. The XRD spectrum in Figure 6b provides
clear evidence of material transformation and the emergence of new compounds within
MET-Fe/NF throughout the testing. Peaks around 9.2° corresponding to the (1 1 1) plane of
MET-Fe suggest that the post-testing sample still retains MET-Fe components. However, the
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appearance of numerous new peaks in the spectrum indicates the presence of a significant
amount of metal hydroxides, including FeOOH (PDF# 22-0353), NiOOH (PDF# 27-0956),
and nickel iron-layered double hydroxide (NiFe-LDH, PDF# 49-0188).
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Figure 5. (a) LSV curve and photograph of overall water splitting over the MET-Fe/NF | | Pt/C/NF
two-electrode setup. (b) Stability test of overall water splitting at constant current density of
10 mA cm~2 without iR compensation.
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Figure 6. (a) SEM images of MET-Fe/NF after OER test. (b) XRD pattern of MET-Fe/NF after OER
test. High-resolution XPS spectra of (c) Fe 2p and (d) C 1s of MET-Fe/NF before and after OER test.
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XPS spectra further reveal the changes in chemical composition after the test. The
full spectrum in Figure S10a shows the presence of Ni, Fe, O, N, C, and K elements
in the post-test sample, with the newly added K element and a significant increase in
the O element resulting from the adsorption of the electrolyte KOH after the test. The
Fe 2p spectrum (Figure 6¢) with a characteristic peak at 707.9 eV (metal state) shows a
significant decrease in this component after the test, indicating that a large proportion
of MET-Fe is transformed into other substances. The peak at 711.2 eV corresponding to
higher oxidation states of Fe(II) [62,63] indicates the transformation of Fe into iron-based
hydroxides during the structure reconstruction process [58,64]. In the C 1s spectrum
(Figure 6d), the peak at 289.6 eV [65] corresponding to carbonates in layered double
hydroxides confirms the formation of NiFe-LDH during the restructuring of MET-Fe/NF.
An increase in the proportion of the C=0 peak in the O 1s spectrum (Figure S11b) after
the test and its shift towards lower binding energy also indicate the transformation of
MET-Fe to NiFe-LDH. The FT-IR spectrum of MET-Fe/NF before and after the OER test
also indicates the formation of metal oxyhydroxides and metal carbonate hydroxides.

In conclusion, the MET-Fe/NF underwent chemical restructuring after the test, with
a significant proportion of the MET-Fe being converted to metal oxyhydroxides or metal
carbonate hydroxides such as FeOOH and NiFe-LDH; the presence of NiOOH, with
Ni originating from the nickel foam substrate, was also observed. These different metal
hydroxides together form a unique hybrid OER catalyst, revealing the material composition
responsible for the high OER catalytic activity of MET-Fe/NF.

The high OER activity of MET-Fe-NF originates from the following advantages:
(1) iron/nickel (oxy)hydroxides reconstructing from MOFs have been confirmed to be
highly efficient OER catalysts; (2) the synergy effect among multiple active components
(FeOOH, NiOOH, and NiFe-LDH) enhances the OER performance of the hybrid catalysts;
(3) nickel foam (NF) is a good conductive substrate that can considerably accelerate the
electron and mass transfer of OER; (4) the high porosity and uniform growth of MET-Fe on
the substrate make the reconstructed iron/nickel (oxy)hydroxides highly exposed for OER.

In fact, our work and the literature have gradually shown the poor stability of MOFs in
extremely alkaline solutions and their restructuring in metal (oxy)hydroxides; however, this
apparent issue might also provide novel synthetic approaches [66]. Lastly, it is important to
emphasize that our synthesis technique is easy to use, safe, and economical, and produces
catalysts with outstanding activity.

4. Conclusions

In this study, we developed the MOF/NF composites using a solvothermal method,
directly employing it as a self-supporting electrode for the OER. MOF-coated nickel foam
substrates offered superior conductivity and efficient exposure of the solid-liquid—gas
interface due to its high porosity. The optimized catalyst MET-Fe/NF demonstrated the
best OER performance, achieving a low overpotential of 122 mV at a current density of
10 mA cm~? and exhibiting robust stability over 15 h. Used as the anode in a two-electrode
water-splitting setup, MET-Fe/NF | | Pt/C/NF enabled continuous hydrogen and oxygen
generation at an operating voltage of 1.463 V, highlighting its applicability in practical
applications. During the OER process, MET-Fe/NF underwent a chemical transformation
to a hybrid catalyst consisting of NiOOH, FeOOH, and NiFe-LDH, as verified by SEM, XRD,
and XPS analyses. This transformation introduced a diverse range of active components
recognized for their catalytic activity in OER. This study points to the possibility of easily
fabricating self-supported MOF-based electrodes for electrocatalytic water splitting. In the
future, more advanced in situ instruments should be employed in electrocatalysis to ensure
the accurate design of efficient and stable electrocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano14141168/s1, Figure S1: (a) Illustration of 1H-1,2,3-triazole
molecule (1) deprotonates to form the triazolate anion. Every nitrogen atom (including N1 type and
N2 type which are different from chemical environment) is able to coordinate several metal atoms in
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mode (2). (b) llustration of MET-Fe with a pore (yellow sphere). Iron atoms are represented as brown
spheres or polyhedron, nitrogen and carbon atoms are blue and grey spheres, respectively; Figure S2:
The photograph of (a) NF, (b) MET-Fe/NF, (c) MET-Co/NF and (d) MET-Cu/NF; Figure S3: XRD
patterns of (a) MET-Fe, (b) MET-Co/NF and MET-Cu/NEF, (c) MET-Co and (d) MET-Cu; Figure S4:
(a) SEM images of NF. (b) Elemental mapping images of NF. SEM images of (c) MET-Co/NF and (d)
MET-Cu/NF,; Figure S5: Cyclic voltammetry profiles at different scan rates (20-100 mV) in 1.0 M KOH
for (a) MET-Fe/NF, (b) MET-Co/NF, (c) MET-Cu/NF and (d) NF; Figure S6: The projected density
of states (PDOS) calculation of MET-Fe on the mainly involved elements and orbitals; Figure S7:
The turnover frequency (TOF) profiles versus overpotential of MET-Fe/NF, MET-Co/NF and MET-
Cu/NF,; Figure S8: (a) Nyquist plots (The insert shows the equivalent circuit). (b) Charge transfer
resistance based on the fitting data; Figure S9: LSV curve comparation of overall water splitting
over the MET-Fe/NF | | Pt/C/NF and RuO2/NF | | Pt/C/NF two-electrode setups; Figure S10: SEM
of MET-Fe/NF after OER test; Figure S11: XPS survey spectrum of (a) MET-Fe/NF after OER test.
High resolution XPS spectra of (b) O 1s of MET-Fe/NF before and after OER test; Figure S12: FT-IR
spectrum of MET-Fe/NF before and after OER test; Table S1: Comparison of OER performance
with recently reported MOF-based superior electrocatalysts in 1M KOH; Table S2: Comparison of
over-water splitting activity performance with recently reported MOF-based superior electrocatalysts
in IM KOH. References [67-72] are cited in the Supplementary Materials.
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