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Editorial

Editorial for the Special Issue: “Advanced Nanomaterials for
Electrochemical Energy Conversion and Storage”

Zhihong Zhang and Rongming Wang *

Beijing Advanced Innovation Center for Materials Genome Engineering, Beijing Key Laboratory for
Magneto-Photoelectrical Composite and Interface Science, Institute for Multidisciplinary Innovation,
School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China
* Correspondence: rmwang@ustb.edu.cn

Developing efficient and low-cost energy conversion and storage devices and tech-
nologies is all-important issue in order to achieve a low-carbon society, whose performance
essentially depends on the properties of materials. Nanomaterials have been extensively
demonstrated to have great potential applications in energy conversion and storage de-
vices and technologies, i.e., batteries, capacitors, electrocatalysis, and nanogenerators. On
the other hand, to realize their practical use, further optimization of the nanomaterials’
structures and properties is still needed.

This Special Issue aims to communicate the recent advances of advanced nanomate-
rials for energy conversion and storage. It covers the design, synthesis, properties, and
applications of advanced nanomaterials for energy conversion and storage. Twelve re-
search works focus on various nanomaterials for batteries, capacitors, electrocatalysis,
nanogenerators, and magnetic nanomaterials. Furthermore, two reviews present two kinds
of two-dimensional (2D) materials, namely 2D amorphous nanomaterials and phosphorus-
doped graphene in electrochemical energy conversion and storage. A brief overview of the
published articles is presented in the following, and we hope to provide useful information
for potential readers.

Lithium–sulfur (Li-S) batteries are receiving increasing attention as next-generation
high-energy-density storage systems. However, currently, Li-S batteries suffer from low
volumetric energy density and poor cycling stability due to the intrinsic low conductivity
of sulfur and its discharge product, lithium polysulfide shuttle effect, and so on. Many
strategies have been proposed to improve the performance of Li-S batteries, and one
effective way is to design the “adsorptive-catalytic” cathode. Chen et al. [1] developed a
three-dimensionally ordered macro/mesoporous Nb2O5/Nb4N5 through in situ nitridation
to serve as a multi-functional sulfur host. The strong adsorption of Nb2O5 and high
conductivity and catalytic activity of Nb4N5, combined with the porous structure, enable
batteries with the S/Nb2O5/Nb4N5 cathode to exhibit excellent cycling stability and higher
discharge capacity. Wang et al. [2] adopted similar concept to construct composite cathodes.
They synthesized TiN@C/S/Ta2O5 with high sulfur fraction through a simple and low-
cost co-precipitation method. Benefiting from the high conductivity of TiN, the strong
adsorption of Ta2O5, and the micro- and mesoporous structure of the multidimensional
carbon structure, the batteries with such cathode showed superior cycle stability and high
areal capacity with a high sulfur utilization.

Lithium–oxygen (Li-O2) batteries also have high theoretical capacity, but in practice
their energy density is less than half the theoretical one, due to the great energy loss during
the charging and discharging process. Designing highly active catalyst with low cost and
great stability is one efficient way to tackle the problem and promote the practical use of
Li-O2 batteries. Li et al. [3] fabricated a CoFe2O4/g-C3N4 composite catalyst with CoFe2O4
particles supported on the flaky g-C3N4 using a scalable facile method. Both CoFe2O4
and g-C3N4 can provide reactive sites for the discharge–charge reaction, and the flaky
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g-C3N4 with a high specific area and high chemical stability enabled a strong mass transfer
ability and stable support for restraining the aggregation of CoFe2O4 particles. Under the
synergistic effect of CoFe2O4 and g-C3N4, the Li-O2 batteries exhibited improved capacity
and stability.

Superconductors are another important energy storage devices with advantages of
high-power density and long lifetime. One type of superconductor is the pseudo capacitor,
where reversible faradic-type redox reactions occur at the electrode surface. Sylla et al. [4]
prepared a composite electrode material for pseudo capacitors, where MoO2 and Mo2C
nanostructures were incorporated into a peanut-shell-activated carbon (PAC) network
via a one-step pyrolysis route. The composite combined the high specific area of PAC,
the pseudocapacitive effect of MoO2, and the superior conductivity and stability of the
Mo2C, thus delivering excellent capacitive performance when used as electrodes in a
symmetric supercapacitor.

In the energy conversion devices, the properties of the catalyst determine their per-
formance, and thus developing low-cost, highly active, and stable catalysts is of great
significance to realize high-efficiency and high-selectivity energy conversion. Many nano-
materials exhibited various advantages as catalysts due to their high specific area which
can offer abundant active sites. Carbon-based doped nanomaterials are some of most
widely studied catalysts. Rong et al. [5] developed a self-template-assisted pyrolysis
route to prepare a three-dimensional nanoporous carbon structure co-doped with N/P/Fe.
The synthesis process is simple, avoiding the extra process of template removal, and the
distribution and content of N/P/Fe can be well controlled. The prepared catalysts exhib-
ited superior oxygen reduction reaction catalytic activity and durability compared to the
currently advanced Pt/C catalysts.

Two-dimensional materials have also attracted extensive attention in the catalysis
field. Graphene has a high specific surface area, high stability, and excellent conductivity,
making it a promising candidate for catalyst. However, the pristine graphene is semimetal
with no bandgap and shows poor catalytic activity. Heteroatom doping could greatly alter
the electronic properties and improve the catalytic activity of graphene. Zhan et al. [6]
reviewed recent advances in P-doped graphene electrocatalysts for the oxygen reduction
reaction, including the synthesis and performance of the materials and catalytic mechanism.
MXenes, as a new member of 2D materials, have also been demonstrated to have great
potential in the electrocatalysis process. Luo et al. [7] studied how the Fe atom adsorption
on pure or doped Ti3C2O2 affected the catalytic performance of the nitrogen reduction
reaction using the density functional theory (DFT)They found the charge transfer of the
adsorbed Fe atoms to N2 could promote the hydrogenation of N2 and thus improve the
catalytic performance. Two-dimensional materials supported single-atom catalysts which
exhibit unique catalytic performance, represent one of the hot topics in the catalysis field.
Zhao et al. [8] designed a single-atom catalyst Au/WSSe by filling the single Au atom
at the S vacancy site in the Janus WSSe monolayer. By DFT calculation, they found the
strong binding between the single Au atom and the WSSe resulted from the electron
transfer and orbital hybridization between Au and W. Moreover, the tensile strain in the
support could further improve the electrocatalytic performance in the hydrogen evolution
reaction of the Au/WSSe catalyst. In fact, due to their unique structure and excellent
properties, 2D materials have been widely investigated in electrochemical fields, not only
the electrocatalyst, but also the batteries and supercapacitor. Liu et al. [9] focused on the
2D amorphous nanomaterials and summarized various regulation strategies, including
composition and structure design, to enhance the electrochemical performance for the
batteries, supercapacitors, and electrocatalysts.

The nanogenerator is a kind of mirco-nano device that can realize energy conversion.
Since the first piezoelectric nano-generator (PENG) came onto the scene, the concept,
mechanism, and applications of nanogenerators have been widely studied and made great
progress. Zhu et al. [10] developed a self-powered sport sensor which was composed of a
triboelectric nanogenerator (TENG), a PENG, and a flexible transparent stretchable self-
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healing hydrogel electrode. The prepared sensor is stretchable, wearable, and transparent,
and can be used to monitor human three-dimensional motions.

Magnetic materials provide an alternate source of clean and renewable energy, and
also play an irreplaceable role in energy conversion and storage. Researches on the physics
and properties of magnetic materials are essential to realize their optimization for energy
application. Gao et al. [11] prepared the ErFexMn12−x series alloy samples with Δx = 0.2 us-
ing the arc melting method, and achieved a detailed magnetic phase diagram of the samples.
They also studied the exchange bias effect and magnetocaloric effect in such a magnetic
alloy. Nano-magnetic materials with small size and unique magnetic properties have
played vital roles in many fields and their properties can be modulated by distinct strate-
gies. Du et al. [12] developed a self-assembly method to prepare a single layer of aligned
Co nanorods to obtain improved magnetic performance. They also studied the magnetic
interaction of Co nanorods with different shapes, offering guidance to the magnetostatic
interaction of shape anisotropic magnetic nanostructures. Gao et al. [13] investigated the
magnetic and electronic properties of Janus MXene (M’MCO2, M’ and M = V, Cr, and Mn)
via first-principles calculations and they found that the transition metal and configuration
could tune the band gap, the magnetic ground state, and the net output magnetic moments
of the Janus MXene materials. The work points out a new path to design and regulate
novel magnetic materials. Cui et al. [14] synthesized laterally asymmetric heavy metal
(HM)/ferromagnetic metal (FM) multilayers by growing the FM layer in a wedge shape,
and studied field-free spin–orbit torques (SOTs) switching in the asymmetric multilayers.
They found that the switching efficiency strongly depended on the HM/FM interface and
the FM layer thickness.

In this Special Issue, some original research works and high-quality reviews on the
advanced nanomaterials for energy conversion and storage are presented, and we hope
that these articles prove informative and instructive for readers. The research in this field is
booming and great advances in the development of efficient, clean, and sustainable energy
devices and technologies are expected.

Funding: This work was supported by the Beijing Natural Science Foundation (No. 2212034), the
National Natural Science Foundation of China (Nos. 51971025 and 12034002), and the Fundamental
Research Funds for the Central Universities (Nos. 06108248 and 06500235).

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Developing cheap and earth-abundant electrocatalysts with high activity and stability for
oxygen reduction reactions (ORRs) is highly desired for the commercial implementation of fuel cells
and metal-air batteries. Tremendous efforts have been made on doped-graphene catalysts. However,
the progress of phosphorus-doped graphene (P-graphene) for ORRs has rarely been summarized
until now. This review focuses on the recent development of P-graphene-based materials, including
the various synthesis methods, ORR performance, and ORR mechanism. The applications of single
phosphorus atom-doped graphene, phosphorus, nitrogen-codoped graphene (P, N-graphene), as well
as phosphorus, multi-atoms codoped graphene (P, X-graphene) as catalysts, supporting materials, and
coating materials for ORR are discussed thoroughly. Additionally, the current issues and perspectives
for the development of P-graphene materials are proposed.

Keywords: doped graphene; oxygen reduction reaction; phosphorus-doped; codoped

1. Introduction

The energy conversion technique is one of the most important parts that significantly
influence the development of human society. The conversion efficiency of converting
chemical energy into electrical energy is many folds higher than that of conversion of
chemical energy into thermal (e.g., combustion) or kinetic energies (e.g., modern IC engines).
Accordingly, great attention has been given to the study of fuel cells and metal-air batteries
as the next-generation energy conversion techniques because these devices can directly
convert chemical energy into electric energy with nearly zero carbon footprint [1–9]. In
fuel cells and metal-air batteries, the electrochemical reactions, in particular, the oxygen
reduction reaction (ORR) in the cathode, determine the performance [10,11]. Hence, a
suitable catalyst is highly needed to boost the kinetics and reduce the overpotential. Thus
far, the noble metal platinum (Pt)-based materials have proven to be state-of-the-art catalysts
for ORR [12,13]. However, the commercial application of Pt-based catalysts is hampered by
their prohibitive cost, limited supply, and unsatisfactory durability. Therefore, developing
cheap and earth-abundant alternatives with outstanding activity and excellent durability is
of significance [14–18].

Graphene-based materials have attracted extensive interest in the field of electrocatal-
ysis due to their fascinating mechanical, electronic, and thermal properties [19–23]. In
particular, the high surface and the high conductivity are beneficial to the mass trans-
fer and the electron transfer, thus increasing the activity of heterogeneous catalysis [17].

Nanomaterials 2022, 12, 1141. https://doi.org/10.3390/nano12071141 https://www.mdpi.com/journal/nanomaterials5
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However, the pristine graphene has no intrinsic bandgap and shows poor electrocatalytic
activity [24]. It is necessary to change the electronic density of the graphene sheet to
modulate its electrochemical properties. When the carbon atoms in the graphene lattice
are partially substituted by heteroatoms, the structure and electronic properties of the
heteroatoms-doped graphene can be dramatically altered by the specific characters of the
dopants. Usually, the neighboring elements of the carbon, such as nitrogen(N), boron(B),
oxygen(O), phosphorus(P), sulfur(S), and fluorine(F), are preferred as the dopants for
graphene [25,26]. Depending on their atom size, electronegativity, and doping level, the
adsorption behavior, the chemisorption energy, and the active sites of the doped graphene
can be modulated.

Among these elements, nitrogen is by far the most studied dopant because of its
similar atomic size to carbon and slightly higher electronegativity than carbon. The ORR
performance can be remarkably enhanced in nitrogen-doped graphene (N-graphene), which
has been demonstrated and reviewed in previous works [27–29]. Besides, many previous
articles reviewed the synthesis methods and the application of different heteroatoms-
doped graphene (X-graphene) [25,30,31]. However, a limited number of articles focused on
phosphorus-doped graphene (P-graphene). Therefore, to figure out the internal decisive
factor of doped-graphene to affect the ORR performance, intensive research on P-graphene
is indispensable.

Phosphorus is located on the periodic table in Period 3 and Group 5. Like its congener,
nitrogen, phosphorous has five electrons in the valence shell. The geometric and electronic
effects of phosphorus doping differ from nitrogen doping because of its large atom size
and low electronegativity compared to both nitrogen and carbon. As seen from the STEM
images in Figure 1, there is a protrusion of the phosphorus atom above the plane of the
graphene lattice in P-graphene because the atom size of phosphorus (98 pm) is larger
than that of carbon (67 pm) [32]. The C–P bond and the nearest C–C bond are elongated,
compared to the pristine C–C bond. Although nitrogen has the same valence number as
phosphorus, the difference between P-graphene and N-graphene is distinct. In graphene,
the pyramidal-like bonding phosphorus can lead to the transformation of sp2 hybridized
carbon to sp3 state. These lattice distortion-induced defects can serve as the active site for
ORR. Moreover, the phosphorus in P-graphene could act as a donor and show an n-type
nature because of its weak attraction with the valence electrons in the M-shell. To further
confirm the electronic structure difference between P-graphene and pristine graphene,
the density functional theory (DFT) simulations are conducted. As in the electrostatic
potential map in Figure 2a, the pristine graphene shows electroneutrality except for the
unsaturated carbon atoms at the edge. In this case, the undoped graphene affords limited
active sites and thus poor activity towards ORR. When the phosphorus is doped into
graphene, as shown in Figure 2b, it could cause the redistribution of the surface charge. The
carbon atoms near phosphorus are negatively charged. As the coordination environment
changed, the adsorption behavior of the oxygen molecule and the binding strength of the
intermediate species are changed [33]. Thus, it is interesting and worthwhile to carry out
an in-depth study on how phosphorus impacts the catalytic performance toward ORR.
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Figure 1. (a–d) Atomically resolved STEM of P-graphene with different angles along the X-axis and
Y-axis (e) The experimental three-dimensional model of P-graphene. Reproduced with permission
from [32]. Copyright © 2022, American Chemical Society.

Figure 2. Electrostatic potential map of (a) pristine graphene, (b) P-graphene.

Accordingly, in this review, we discuss the recent studies of phosphorus-doped
graphene, including phosphorus mono-doped (P-) and phosphorus with other elements
codoped (P, X-) graphene. Herein, the works reported on phosphorus-doped graphene
served as metal-free catalysts, supporting materials, and coating materials are reviewed.
The synthesis methods, catalytic mechanism, and ORR performance are systematically
summarized. The synergistic effect of inducing defects and electron distribution on the
ORR activity and durability are also discussed. Finally, the current challenges and future
perspectives in the field of P-graphene ORR catalysts are proposed.

2. The Synthesis of Phosphorus-Doped Graphene

It is well known that there are a large number of synthesis strategies to obtain graphene.
According to the formation mechanism and the source of the carbon (small carbon molecule
or graphite), the synthesis strategies can be divided into two types: top-down and bottom-
up. The intrinsic properties and electronic structure of as-prepared doped graphene largely
depend on the pristine graphene. Therefore, we divide these doping methods into two
categories, as shown in Figure 3. In those strategies, if the heteroatoms partially replace
some of the carbon atoms in the carbon skeleton simultaneously during the formation of
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graphene, it can be called in situ doping. If the doping is achieved based on the as-prepared
graphene with dopant-containing precursors, it can be called post-treatment doping.

 

Figure 3. The synthesis routes of phosphorus-doped graphene: (i) bottom-up: (a) chemical vapor
deposition (CVD) and (b) organic synthesis; reproduced with permission from [34] © 2022, American
Chemical Society. (ii) Top-down: (c) graphene oxide-based method; reproduced with permission
from [35] © 2022 Wiley-VCH VerlagGmbH & Co. KGaA, Weinheim; (d) other carbon derivative-based
method; reproduced with permission from [36]; copyright © 2022, American Chemical Society.

2.1. Bottom-Up Approaches

The in situ doping is mainly based on the bottom-up pathway to produce graphene
from small carbon molecules. Theoretically, the structure of the doped graphene can be
fabricated on an atomic level. The doped graphene with high purity and fine structure
can be obtained. However, this kind of method suffers from low yield, high cost, and
difficulties in scaling up. Moreover, phosphorus is not easy to be introduced into the carbon
skeleton because of its larger atom size than that of carbon. Engineering-desired, doped
structures remain a challenge and detailed theoretical and experimental investigations are
warranted.

2.1.1. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is one of the most used technologies to produce
low-dimensional materials, such as carbon nanotubes and graphene. It is based on the
chemical reaction of the precursors in the vapor phase [37]. As shown in Figure 3a, the
carbon source and phosphorus source in the gas phase are transported into the reactor
to form thin P-graphene film on the heated substrate via homogeneous reactions. In L.G.
Bulusheva’s work [38], P-graphene was deposited on copper substrates under low pressure
of a gaseous mixture of CH4/PH3/H2, and the phosphorus content is about 0.1%. In
the prepared P-graphene, the phosphorus atoms are located at the edge of graphene as
phosphorus oxides, such as C–P=O or P–Ox. Triphenylphosphine (TPP) [39,40] can also
be used as phosphorus sources. The nucleation, growth, and coalescence behavior of the
P-graphene is largely determined by the temperature, the surface chemistry of the substrate,
the pressure, and the precursor used.

After the graphene is grown on the catalyst surface, additional energy from external
sources, including heating [41], ions implantation [42], electron irradiation [43], and laser
direct writing [44], is essential to break the chemical bond to achieve doping. The phos-
phorus precursor can be triphenylphosphine [43], triphenylamine [41], P-ions [42], and
phosphoric acid [44]. Depending on the doping method and the precursor used, a large
range of P content can be obtained, 5.56% in [42], 4.96% in [41], 0.92% in [44], and 0.26%
in [43] (based on XPS results). Interestingly, the phosphorus in those P-graphenes shows
two kinds of bonding configurations, P–C and P–O [42,44].
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Although high-quality doped graphene films can be obtained by CVD, complicated
procedures, such as substrate pretreatment, or protection layer coating are needed. How
to transfer the doped graphene from the catalyst surface onto arbitrary substrates with-
out damaging the graphene is still a million-dollar question. Furthermore, the precise
controlling of the P–C bond configuration is desired for further study.

2.1.2. Organic Synthesis

The P-doping can also be achieved simultaneously during the formation of graphene
by stepwise solution chemistry of organic precursors. As shown in Figure 3b, Na2HPO4
was used as a phosphorus source [34]. After hydrothermal treatment, the phosphorus
in graphene mainly exists as CPO3/C2PO2 and C3PO structures. Similar methods were
used and the tetrakis(hydroxymethyl)phosphonium chloride [45], Na2HPO4 [46], and
sodium phytate [47] were used as phosphorus sources. Although this kind of method can
effectively control the morphology and structures of the as-prepared products, the sizes of
the P-graphenes are usually very small, called P-graphene dots. Their applications mainly
focus on luminescence-related fields, such as photodegradation and photocatalyst.

2.2. Top-Down Approaches

Top-down approaches mean the doped graphene comes from the graphite and graphite
derivatives. To extract the graphene from graphite and graphite derivatives, different meth-
ods, such as sonication and hydrothermal, were used. The precursor mainly determines
the structure and intrinsic properties of the as-prepared doped graphene. Graphite oxide
(GO) is the most used precursor for doped graphene. Thus, we devote a separate chapter
to this method. These methods are always cost-effective, easy to scale up, and have high
yields. Yet, it is difficult to precisely control the configuration of the doped graphene.

2.2.1. Graphite Oxide-Based Routine

Graphite oxide (GO), which comes from the oxidation of layered graphite mainly
by a modified hummers method, is a promising precursor and versatile building block
for chemically converted graphene in large volumes owing to its tailorable surface chem-
istry [48]. After oxidation, the space between GO layers is increased, compared to that
of the graphite, because of the repulsive force between hydrophilic oxygen-containing
functional groups, such as peroxy, hydroxyl, epoxy, and carboxyl groups on the surface.
The GO can be easily dispersed in water and conduct chemical modification further [49].
The larger number of oxygen functional groups and defeats on graphene can also play a
critical role in heteroatoms doping. Therefore, the GO-based routine is by far the most used
method to get heteroatoms-doped graphene, such as N-graphene, P-graphene, B-graphene,
and P, N-graphene [50–52].

P-graphene can be obtained by simply mixing the phosphorus source with GO in
solution [53]. The XPS results show that the leading P components are the P–O bond
without reduction. To prepare the doped graphene with less oxygen content, the thermal
treatment was conducted. Different chemicals, such as triphenylphosphine [54],1-butyl-3-
methylimidazolium hexafluorophosphate [55], phosphoric acid [56], phytic acid [57], and
tetrabutylphosphonium bromide [58], were used as phosphorus precursors. Usually, the
mixture of GO and phosphorus precursors was annealed in high temperatures (more than
800 ◦C) under an inert atmosphere. In addition, a hydrothermal or solvothermal procedure
can also be added to build three-dimensional (3D) P-graphene hydrogel [58–61]. After
mixing the GO with phosphorus precursors, the solution was transferred to a Teflon-lined
autoclave at high temperatures (180–220 ◦C); then, the annealing process was carried out.
Additionally, the reduced GO with less residual oxygen functionalities was also used to
prepare P-graphene [62].

Moreover, different combinations of phosphorus sources and heteroatom sources are
used to prepare phosphorus and heteroatoms codoped graphene, such as P, F-graphene,
P, N-graphene, and P, S-graphene [35,63–68]. As shown in Figure 3c, different phosphorus-
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and halogen-codoped graphene were obtained by refluxing the mixture containing phos-
phorus and halogen precursor. Three kinds of GO were synthesized by different meth-
ods [35]. The doping level of phosphorus and halogen depends on the type of GO. GO
prepared by Hummers shows large amounts of dopant.

Because of the abundant oxygen-containing functional groups on GO, there is a
considerable amount of oxygen content in the final P-graphene. Thus, there should be
different P–O bonds and P–C bonds, such as C3–P=O, C–P–O, C–O–P. The presence of
these phosphorus configurations plays a key role in electrochemical performance. We will
discuss these impacts later in this article.

2.2.2. Other Graphite Derivative-Based Routine

Graphite is thousands of graphene layers stacked together. The graphite was also
used as the starting material to produce P-graphene by an electrochemical exfoliated
method [69,70]. Because of the narrow space between graphite, the expanded graphite
layer should be prepared by the intercalation of the solvent molecule. Then, the introduction
of phosphorus can be achieved after the subsequent erosion/expansion process. Phosphoric
acid (H3PO4) was used as a phosphorus source and electrolyte. Ball milling of graphene
stack and red phosphorus were also used to produce P-graphene [71]. Generally, using
graphite as the starting material, the phosphorus content in P-graphene can reach less than
1% (0.68% in [69], up to 0.7% in [70], 0.91% in [71]).

To enhance the phosphorus-doping content, fluorography was used [36]. As shown
in Figure 3d, there are many vacancies in the graphene sheets, and the space between the
graphene layer is large. Thus, it is easy to introduce phosphorus atoms, and the phosphorus
content in P-graphene can reach 6.40% by thermal annealing in red phosphorus vapor.

3. Phosphorus-Doped Graphene for Metal-Free ORR Electrocatalyst

Metal-free catalyst based on carbon nanomaterials has been studied intensively as
an emerging class of ORR catalysts since 2009 [72]. Recently, this kind of catalyst has
been demonstrated to be a promising alternative ORR catalyst with low cost and high
efficiency, as well as tolerance to methanol crossover and carbon-monoxide-poisoning
effects. Although there is an argument that the metal-free catalyst strictly does not exists
because of the residual metal on the catalyst, the active sites are mainly proven to be the
adjacent area of the heteroatom. The doping-induced charge transfer in doped carbon
material takes a crucial role to modulate the oxygen chemisorption mode and weaken
the O–O bonding to facilitate the ORR [31,73,74]. Nitrogen or phosphorus single doping
graphene was used in earlier research. Then, numerous works have been devoted to
codoping graphene with a more complicated system.

3.1. Phosphorus-Doped Graphene

The P-doped graphene made its debut as an ORR catalyst in 2013. Wei’s group simply
annealed the mixture of GO and 1-butyl-3-methlyimidazolium hexafluorophosphate to
achieve in situ P-doping of reduced graphene oxide (RGO) [55]. The phosphorus atoms
were incorporated into the carbon frame with the formation of the C–P bond and the P–O
bond, with the amount of phosphorus in P-graphene being 1.16%. The oxygen atoms
are bonded with phosphorus atoms as C3PO, C2PO2, and CPO3. Thus, the polarized
phosphorus serves as a bridge between the oxygen atoms and the carbon atoms. The
carbon atom that bonded with a phosphorus atom and oxygen atoms is positively charged.
Therefore, the active sites are these positively charged carbon atoms. P-graphene shows a
one-step 4 e− pathway and comparable ORR catalytic performance than that of the Pt/C
catalyst. As shown in Figure 3, a similar method using GO and triphenylphosphine (TPP)
as a precursor was used, and the phosphorus content is 1.81%. The TEM image in Figure 4a
shows a typical crumpled surface. Besides, there are C–P bonds and the P–O bonds in
P-graphene, as displayed in Figure 4b. The onset potential of P-graphene is 0.92 v vs.
RHE and shows a combination of the 2 e− and 4 e− pathways (Figure 4c). Moreover, the
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prepared P-graphene (PG) maintains better stability than that of the Pt/C (Figure 4d). With
the change of phosphorus source, similar methods thus show distinct results.

Figure 4. (a) The TEM image (the inset is the corresponding SAED pattern), (b) the high-resolution P
2p peaks, (c) the activity test (LSV curves recorded by RDE in O2-saturated 0.1 M KOH solution with
1600 rpm at a scanning rate of 10 mV s−1), (d) the stability test (current-time chronoamperometric in
O2-saturated 0.1 M KOH solution) of P-graphene. Reproduced with permission from [54]. Copyright
© 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Further theoretical and experimental works were conducted (some typical experimen-
tal works about P-graphene for ORR have been listed in Table 1) [75–79]. In Yang’s work,
a phosphorus atom is believed to be the active site for ORR. The ORR could process by
an indirect 2 e-pathway and the *OOH is intermediate [75]. Phosphorus-doped divacancy
graphene was also used to study the reaction mechanism by Bai and co-workers. The ORR
can take place on the phosphorus atom and its adjacent carbon atoms and demonstrates
the 4 e-process [76]. As shown in Figure 5, four different models of P-doped graphene
were considered to identify the relationships between chemical-bonding states and ORR
performance by Wei’s group [80]. In their research, the impact of the oxygen, which can
be doped into graphene lattice during the synthesis and electrochemical process were
studied in which two possible structures, such as the OPC3G and PC4G, show the best
ORR activity. The following simulation results show that it is difficult to directly form
the PC4G structure while the OPC3G structure is more energetically favorable. The active
sites for P-graphene could be the negatively charged carbon atoms in OPC3G. However,
some scholars asserted that the positively charged phosphorus atoms can be regarded as
active sites [25]. In summary, the ORR performance of P-doped graphene is attributed to
many complicated factors, depending on the chemistry state of the precursor and synthesis
method. It is still a long process to identifying the real mechanism of phosphorus-doped
graphene for ORR.

11



Nanomaterials 2022, 12, 1141

Figure 5. The simulation of different models of P-doped graphene for ORR performance. Reproduced
with permission from [80]. Copyright © 2022, American Chemical Society.

Table 1. Summary of some typical works dedicated to P-graphene for ORR.

The Material 1 Synthesis Method
P-Content

(at.%) 2 Onset Potential
Half-Wave
Potential

Electron
Transfer
Number

Ref.

P-graphene
Annealing the mixture of GO

and
1-butyl-3-methlyimidazolium

1.16%
−0.0261 V

vs. SCE
in 0.1 M KOH

~−0.2 V
vs. SCE 3.9 [55]

P-graphene Annealing the mixture of GO
and triphenylphosphine 1.81%

0.92 V
vs. RHE

in 0.1 M KOH
- 3.0–3.8 [54]

P-graphene Supercritical fluid processing of
GO and triphenylphosphine

1.4–3.2%
by EDX

0.12 V
vs. MMO

in 0.1 M KOH
- - [78]

P-graphene Immersed into the mixture of
GO and NaH2PO4

2.6%
~−0.3 V

vs. Ag/AgCl
in 0.1 M KOH

- 3.9 [79]

P, N-graphene
Pyrolysis of

hexachlorocyclotriphosphazene
(HCCP) and GO

1.08% −0.20 V vs. Ag/AgCl - 3.4–3.73 [81]
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Table 1. Cont.

The Material 1 Synthesis Method
P-Content

(at.%) 2 Onset Potential
Half-Wave
Potential

Electron
Transfer
Number

Ref.

P, N-graphene Twice pyrolysis treatment of GO
and phosphoric acid -

0.87 V
vs. RHE

in 0.1 M HClO4

0.64 V
vs. RHE - [81]

P, N-graphene Pyrolysis treatment of GO,
polyaniline, and phytic acid 1.72% 1.01 V

vs. RHE
~0.84 V
vs. RHE 3.96 [82]

P, N-graphene Two-step solution process using
phytic acid and GO 0.6% 0.89 V

vs. RHE
0.69 V

vs. RHE 3.9 [83]

P, N-graphene Pyrolysis treatment of GO and
phytic acid - −0.11 V

vs. Ag/AgCl

−0.34 V
vs.

Ag/AgCl
- [84]

P, N-graphene
Hydrothermal and subsequent
pyrolysis processes (GO and

phytic acid)
1.22% 0.983 V

vs. RHE
0.865 V

vs. RHE 3.9–4.0 [85]

P, N-graphene Pyrolysis treatment of phytic
acid 0.67–0.71% 1.0 V

vs. RHE
0.86 V

vs. RHE [86]

P, N-graphene
Pyrolysis treatment of GO and

diammonium hydrogen
phosphate

1.16% ~−0.2 V
vs. Ag/AgCl

~−0.18 V
vs.

Ag/AgCl
3.66 [87]

P, N-graphene Pyrolysis treatment of GO and
diammonium phosphate 2.32% ~0.84 V

vs. RHE
~0.87 V
vs. RHE 3.99 [88]

P,Fe-graphene Sol-gel polymerization and
pyrolysis process ~2% −0.139 V - 3.74–3.89 [89]

P,Fe-graphene Pyrolysis treatment of GO,
phytic acid and FeCl2

0.84%
−0.05 V

vs. Ag/AgCl
in 0.5 M H2SO4

- 3.84 [90]

P,Co-graphene
Pyrolysis treatment of GO,
tetraphenylphosphonium

bromide, Co(NO3)2

0.639% 0.89 V
vs. RHE

~0.78 V
vs. RHE 3.87–3.96 [91]

N, P,
F-graphene

Pyrolysis of the mixture of GO,
polyaniline, and ammonium

hexafluorophosphate
0.37% ~0.83 V

vs. RHE
~0.72 V
vs. RHE 3.85 [92]

P, S,
N-graphene

Pyrolysis treatment of GO and
acephate 0.42% −0.192 V

vs. SCE - 2.99 [93]

P, S,
N-graphene

Pyrolysis treatment of GO and
phosphoric acid - −0.052 V

vs. SCE
0.015 V
vs. SCE 3.67–3.97 [94]

Fe, B, N, S,
P-graphene

Pyrolysis treatment of GO and
triphenylphosphine 0.54% 1.06 V

vs. RHE
0.9 V

vs. RHE 3.98 [95]

P, B,
N-graphene

Hydrothermal method (GO and
boron phosphate) - −0.12 V

vs. Ag/AgCl - 3.7 [96]

P, B,
N-graphene

Pyrolysis treatment of GO and
phenylphosphine 0.43% 0.88 V

vs. RHE
0.80 V

vs. RHE 3.8 [97]

P, Fe,
N-graphene

Pyrolysis treatment of aphytic
acid 1.11% ~0.95 V

vs. RHE
0.84 V

vs. RHE 3.2 [98]

P, Ni,
N-graphene

Pyrolysis treatment of GO and
phytic acid - 0.88 V

vs. RHE - 3.5 [99]

P, S,
N-graphene

Pyrolysis treatment of
ammonium

monohydrogenphosphate
0.95% 0.856 V

vs. RHE
0.74 V

vs. RHE 3.07 [100]
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Table 1. Cont.

The Material 1 Synthesis Method
P-Content

(at.%) 2 Onset Potential
Half-Wave
Potential

Electron
Transfer
Number

Ref.

P, S,
N-graphene

Ball milling and pyrolysis
treatment of phosphonitrilic

chloride trimer
1.16% ~0.93 V

vs. RHE
0.88 V

vs. RHE - [101]

MoPx @MnPy
/P, N-graphene

Annealing the mixture of GO
and the desired chemical 4.12%

0.965 V
vs. RHE

in 0.1 M KOH

0.842 V
vs. RHE 3.95–3.97 [102]

CoMn2O4/P,
N-graphene

Hydrothermal method and
soaking hypophosphorous acid 1.22%

−0.094 V
vs. SCE

in 0.1 M KOH

−0.2 V
vs. SCE 3.64–3.70 [103]

Co/P,
N-graphene

A hydrothermal method with
the subsequent pyrolysis

procedure

0.83% using
elemental
analysis

0.04 V
vs. SCE

0.18 V
vs. SCE ~4 [104]

Co2P/Co, P,
N-graphene

Supramolecular gel-assisted
strategy and annealing method 2.86% 0.90 V

vs. RHE
0.81 V

vs. RHE 3.96 [105]

Co3(PO4)2/P,
N-graphene

Hydrothermal and annealing
the mixture of desired chemical

and phytic acid
-

0.95 V
vs. RHE

in 0.1 M KOH

0.81 V
vs. RHE 3.7–3.84 [106]

Cu3P@ P,
N-graphene

Annealing the mixture of
desired chemical and

1-hydroxyethylidene1,1-
diphosphonic

acid

- - 0.78 V
vs. RHE 3.96–4.0 [107]

Co@N, P, S
-graphene

Thermal treatment of the
mixture of desired chemical and

kelp
- 0.90 V vs. RHE 0.74 V vs

RHE 4.0 [108]

FeCo@P,
N-graphene/N-

CNTs

Thermal treatment of the
mixture of desired chemical and

polystyrene spheres
2.77% 0.95 V

vs. RHE - 3.67–3.82 [109]

FeP@P-
graphene

Annealing of the mixture of
hemin diammonium phosphate

and melamine
1.1%

0.95 V
vs. RHE

in 0.1 M KOH

0.81 V
vs. RHE 3.8 [110]

Notes: 1 X/Y means Y-supported X. For instance, Co/P, N-graphene means P, N-doped graphene-supported Co.
X@Y means X coating with Y. For instance, Co@N, P, S -graphene means Co coating with N, P, S-graphene. 2 The
content is based on the XPS results unless the exception is in the chart.

3.2. P, N Codoped Graphene

Codoping of the heteroatoms, such as nitrogen and boron, has been proven to improve
the ORR performance. Among them, P, N-graphene has become a hotspot of research and
shows superior electrocatalysts performances. As shown in Figure 6, L. Dong et al. reported
on N, P- graphene that was prepared by the pyrolysis of hexachlorocyclotriphosphazene
(HCCP) and GO [75]. Because the P–Cl in N3P3Cl6 with exatomic ring structure is prone to
break under high temperature, the residual active groups containing N and P atoms can be
incorporated into the graphene. The morphology of P, N-graphene is similar to pristine
graphene and the N and P atoms are homogeneously distributed on the graphene sheets,
as shown in Figure 6b. In the XPS spectra of the as-obtained P, N-graphene, three chemical
bonds, such as C–P, C–PO3, and P–O, are found. The formation of P–O is related to the ac-
tive oxygen released from GO under high temperatures. The content of C–P increases with
the increase of the annealing temperature. The annealing temperature was adjusted to esti-
mate the effect on ORR. The onset potential of optimized P, N-graphene (−0.20 V vs./AgCl)
annealed under 1000 ◦C is close to that of the commercial Pt/C (−0.02 V vs./AgCl) and
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shows better electrochemical stability (Figure 6c,d). The best catalyst with the highest an-
nealing temperature can result in a high degree of graphitization and excellent conductivity.
Moreover, the synergistic effects of N, P-codoping and the suitable ratio of nitrogen and
phosphorus can produce the asymmetrical spin and charge density, thus enhancing the
catalytic activity. In an acidic environment, the P, N-graphene shows moderate ORR perfor-
mance [111]. The onset potential of the P, N-graphene is 0.87 v vs. RHE, and the limiting
current is only around 3.5 mA cm−2. Lately, phytic acid [82–86], ammonium hydrogen
phosphate [87], and diammonium phosphate [88] were also used as the phosphorus source
to obtain N, P-graphene.

Figure 6. (a) The schematic of the synthesis process, (b) the TEM image (the inset is C-, N-, and
P-elemental mappings), (c) the high-resolution P 2p peaks, (d) the activity test (LSV curves recorded
by RDE in O2-saturated 0.1 M KOH solution with 1600 rpm at a scanning rate of 10 mV s−1),
(e) the stability test (current-time chronoamperometric in O2-saturated 0.1 M KOH solution) of P,
N-graphene. Reproduced with permission from [81]. © 2022 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

To clarify the real active sites in P, N-graphene, the theoretical works were con-
ducted [88,112,113]. As shown in Figure 7, the free energy of different P-containing struc-
tures for ORR are calculated by DFT simulation. The active sites of P, N- graphene are the
edge carbon atoms next to the N–P bond as C2 in Figure 7b. To get the high concentration
of P–N bonds, the dosage of the precursor was adjusted according to the P/N ratio. The
optimal P, N-graphene with the highest P–N bond and lowest NH2 group concentration
shows the best ORR performance.
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Figure 7. (a) The free energy variations of different P-containing structures for each ORR step. (b)The
favorable N, P-containing structures. (c) The high-resolution P 2p peaks of N, P-graphene. (d) The
relative ratio of XPS P2p binding configurations for different N, P-graphene materials. (e) The activity
test (LSV curves recorded by RDE in O2-saturated 0.1 M KOH solution with 1600 rpm at a scanning
rate of 10 mV s−1) for different N, P-graphene materials. Reproduced from [88] with permission from
the Royal Society of Chemistry.

3.3. Phosphorus, X Codoped Graphene

Codoping other elements except nitrogen with phosphorus have been studied to
figure out the relationship between the redistributed electronic state of graphene and the
catalytical performance. Phosphorus and metal, such as Co, Fe codoped catalysts, were
developed as ORR catalysts [89,90,114]. The metal P bond, such as Fe–Px or Co-P, can
always be found and serve as active sites.

Furthermore, the third element can also be introduced into graphene lattice to get
tridoped graphene. As shown in Figure 8, N-, P-, and F-tridoped graphenes are synthesized
by pyrolysis of the mixture of GO, polyaniline, and ammonium hexafluorophosphate. The
phosphorus, nitrogen, and fluorine are homogeneously doped into wrinkled graphene,
thus introducing defects and changing the surface properties. There are P–C bonds and
P–O bonds in N, P, F-graphene. The third element, fluorine, can induce strong charge
redistribution for the carbon atom in the graphene. The N, P, F-graphene show a 4 e-
pathway for ORR. The P, S, N-graphene [93,94,100,101], P, N, Fe-graphene [91,98], Fe, B, N,
S, P-graphene [95], P, N, B-graphene [96,97], and Ni, N, P-graphene [99] are developed as
well. Significantly, these materials always served as the multifunctional catalyst for ORR,
OER, HER, and carbon dioxide reduction reaction (CO2RR). This is mainly related to the
different charged sites of the graphene due to the different heteroatoms doping.
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Figure 8. (a) The schematic of the synthesis process, (b) the TEM image, (c) C-, N-, F-, and P-elemental
mappings, (d) the high-resolution P 2p peaks, (e) the activity test (LSV curves recorded by RRDE in
O2-saturated 0.1 M KOH solution with 1600 rpm at a scanning rate of 10 mV s−1), (f) the electrons
transfer number and H2O2 yield of N, P, F-graphene. Reproduced from [92]. © 2022 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

4. Phosphorus-Doped Graphene Composite for ORR

4.1. P-Graphene as Catalyst Support Material for ORR

The nanosized elemental metal, metal oxide, metal nitrides, and metal phosphides
have potentially served as ORR catalysts. However, these nanoparticles are prone to
agglomerate and aggregate during the synthesis and operation process because of the
high surface energy. Besides, these nanosized catalysts always suffer from limited active
surface areas and poor charge conductivity. Therefore, the substrate with a high surface
area is generally used to disperse the nanoparticles. Doped graphene is a good candidate to
accelerate the homogeneous dispersion. In particular, phosphorus atoms with multielectron
orbital in P-graphene can lead to enhanced interactions between the catalyst and supports.
The surface chemical state of P-graphene can not only affect the morphology but also
modulate the electronic structure of the catalysts. A few research works have been devoted
to using the P-graphene as catalyst support for ORR [102–106].

As shown in Figure 9, MoPx@MnPy nanoparticles on P, N-graphene were obtained by
annealing the mixture of GO and the desired chemicals. The phosphorus is (NH4)2HPO4
and Na2HPO2·H2O. The MoPx@MnPy homogeneously disperse on the P, N-graphene
due to the negatively charged state of nitrogen and phosphorus codoping. There are
P–C, Mn–P, Mo–P, P–O, P–O–H, and PO4 in the hybrid structure, indicating the enhanced
interaction between MoPx@MnPy and P, N-graphene. Hence, the composite shows good
electrocatalytic activity and stability. Besides, different CoMn2O4, cobalt, Co2P, and cobalt
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phosphate nanoparticles are also dispersed on the P, N-graphene [103–106]. These works
are also summarized in Table 1.

Figure 9. (a) The schematic of the synthesis process, (b) the TEM image (the inset is the corresponding
SAED pattern), (c) the high-resolution P 2p peaks, (d) the activity test (LSV curves recorded by RDE in
O2-saturated 0.1 M KOH solution with 1600 rpm at a scanning rate of 10 mV s−1), (e) the stability test
(current-time chronoamperometric in O2-saturated 0.1 M KOH solution) of MnPx@MoPy supported
on P, N-graphene. Reproduced with permission from [102]. Copyright © 2022, American Chemical
Society.

4.2. P-Graphene as a Coating Material for ORR

Encapsulating the active nanosized catalyst into carbon materials is another way to
resist aggregation and agglomeration by dual chemical and physical protection. Further-
more, the structural and electronic properties of the active catalyst can be modulated with
the contact of the doped carbon materials. The carbon materials outside the catalyst can be
called graphene or carbon shells in different literature. When the thickness of this carbon
layer is very thin, it is called graphene in this review.

As shown in Figure 10, the precursors of the Cu3P, which were obtained by self-
assembly, and 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) were annealed under
N2 atmosphere to obtain Cu3P@P, N-graphene. The TEM image shows that the Cu3P NPs
are covered with a thin carbon shell. The N and P atoms in the precursor play a vital
role in incorporating Cu3P NPs into the carbon network and in situ doping nitrogen and
phosphorus. A strong interaction can be found between the Cu3P and P, N-graphene
because of the chemical bonding of copper with phosphorus. The optimized Cu3P@P,
N-graphene shows comparable catalytic activity to that of the Pt/C catalyst because of
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the synergistic effect between the Cu3P and P, N-graphene shell. Later, similar strategies
were used by different groups to prepare Co@N, P, S -graphene, FeCo@P, N-graphene/N-
CNTs, and FeP@P-graphene [108–110]. Interestingly, these materials are always used as
bifunctional catalysts, such as OER, HER, and triiodide reduction reaction (TIRR). As a
result, presently, this type of P-graphene encapsulating technology is gaining particular
attention.

 

Figure 10. (a) The schematic of the synthesis process, (b) the TEM image, (c) C-, N-, O-, P-, and
Cu-elemental mappings, (d) the high-resolution P 2p peaks, (e) the activity test (LSV curves recorded
by RDE in O2-saturated 0.1 M KOH solution with 1600 rpm at a scanning rate of 10 mV s−1), of Cu3P@
P, N-graphene. The inset of (e) is the mass activity of Cu3P@ P, N-graphene catalysts. Reproduced
with permission from [107]. © 2022 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

5. Perspectives

Regardless of abundant works done on the P-graphene, continuous efforts are needed
to rationally design and fabricate the highly efficient ORR catalysts. Some current challenges
and future perspectives are listed below.

First, the precisely controlled synthesis for heteroatom-doped graphene remains a key
challenge and needs to be explored further. In present catalysts, there are many types of
dopants and various defects. The electrochemical reaction is delicate, so it is difficult to
identify the real factors that are responsible for enhancing the ORR activity. The synergistic
mechanism is one of the most used explanations for the improvement of ORR. However, it
is essential to clarify the effect of a specific chemical bond. Doping desired heteroatom(s)
with a dominated specific type of chemical bond in a particular position is the first step to
studying the doping effect. Currently, GO is being used as the carbon support in most of
the research related to electrocatalysis. The conventional pyrolysis of GO cannot meet the
demands. The changing structure and surface chemistry of GO during thermal treatment
should be tuned. In addition, the controllable synthetic routes should be further developed.
For example, magnetron sputtering is one of the promising physical vapor deposition
techniques for the preparation of metal, alloy, and compound thin films. Under a high
vacuum environment with a magnetically confined plasma, the atoms from the target
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can be sputtered onto the substrates. P, S, F, and N are commonly used as dopants by
this technique [115–117]. Furthermore, the catalyst layer can be directly deposited on
the membrane of the membrane electrode assembly (MEA) in fuel cells by magnetron
sputtering.

Secondly, more efforts should be made on the physical property evaluations of P-
graphene, such as thermal stability, wettability, and thermal conductivity, which also play
important roles in ORR performance. It is also important for the synthesis routes. For
example, the defects can be found in sing layer-graphene prepared by CVD at ~500 ◦C,
while defects appear in bilayer graphene fabricated at ~600 ◦C [118]. More studies should
be done on the physical property characterizations to achieve controlled production of
P-graphene.

Thirdly, identifying the types and quantifying the content of dopants accurately is
still a big challenge. XPS is a frequently used technology to study the information of
chemical bonding. However, even with a similar catalyst, the analysis of XPS data varies
between different research groups. Other advanced characterization techniques, such as
X-ray absorption spectroscopy, should be involved.

Fourthly, the underlying catalytic mechanism, as well as the real active sites for ORR
of doped graphene is not yet identified clearly. Although some theoretical simulations have
been done, there is still a big gap between the theoretical model and the actual working
state of the catalysts. Some well-designed experiments and in situ characterizations should
be done to unveil the catalytic mechanism.

Last but not least, the building of the multiple doped structures or the composites
will play a more important role. For example, we have recently synthesized P, N-graphene
dots/N-3D-graphene [27]. We found that P–N bonded structures can serve as ORR active
sites. Because of the edge defects and abundant functional groups, the catalyst shows
excellent ORR performance. Also, the P-doped graphene can be used as the support for
metal catalysts.

6. Conclusions

In summary, doping graphene with phosphorus and various heteroatoms has been
proven as a promising way to enhance the ORR performance. More importantly, the
experimental and theoretical studies of P-graphene are essential to study the catalytic
mechanisms towards ORR, thus providing a general strategy to obtain the advanced non-
noble metal catalysts for the application of energy conversion devices, such as fuel cells
and metal-air batteries. In this review, the recent advances in P-doped graphene with an
overview of the various synthesis methods, ORR performance, and ORR mechanism are
discussed. Furthermore, we believe that these achievements can be used in other energy
conversion and storage fields. Further efforts on the study of P-graphene are warranted.
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Abstract: Low-carbon society is calling for advanced electrochemical energy storage and conversion
systems and techniques, in which functional electrode materials are a core factor. As a new member of
the material family, two-dimensional amorphous nanomaterials (2D ANMs) are booming gradually
and show promising application prospects in electrochemical fields for extended specific surface area,
abundant active sites, tunable electron states, and faster ion transport capacity. Specifically, their
flexible structures provide significant adjustment room that allows readily and desirable modification.
Recent advances have witnessed omnifarious manipulation means on 2D ANMs for enhanced
electrochemical performance. Here, this review is devoted to collecting and summarizing the
manipulation strategies of 2D ANMs in terms of component interaction and geometric configuration
design, expecting to promote the controllable development of such a new class of nanomaterial.
Our view covers the 2D ANMs applied in electrochemical fields, including battery, supercapacitor,
and electrocatalysis, meanwhile we also clarify the relationship between manipulation manner and
beneficial effect on electrochemical properties. Finally, we conclude the review with our personal
insights and provide an outlook for more effective manipulation ways on functional and practical
2D ANMs.

Keywords: manipulation; two-dimension amorphous; component interaction; geometric configura-
tion; electrochemistry

1. Introduction

With the intensification of the global energy crisis, electrochemical energy storage
and transformation has become one of the most concerned research hotspots in the world.
Therefore, it is necessary to develop efficient, clean, and sustainable energy technologies,
such as supercapacitor, battery, and electrocatalysis. As the core parts of these systems,
electrode materials have experienced vigorous development and achieved multi-size, multi-
dimensional, and multi-component precise regulation to adapt the diverse and complex
energy storage and transformation processes [1–4].

Electrochemical performance is closely related to the structure of electrode materials.
The two-dimensionalization of electrode materials can increase electrochemically active
surface area (ECSA) and facilitate ion diffusion for enhanced electrochemical performance,
which has drawn extensive attention [5–8]. Different from conventional material control
strategies mainly concentrated upon composition, morphology, and dimension, crystal
phase control demonstrates some superiority, especially for enhancing performance. Many
materials have more than one phase, which is mainly determined by chemical bonds
and thermodynamic parameters. By precisely controlling various structural parameters,
it is possible to obtain non-thermodynamically stable phase structure with disordered
atomic arrangement over a long range and only short-range order over a few atoms,
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that is amorphous structure. The materials with amorphous structure are isotropic, lack
grain boundaries, and endowed with inherent abundant defects, which have come into
people’s attention and worked as advanced electrode materials [9]. For instance, Lei et al.
found amorphous titanium dioxide to be an efficient electrode material for sodium ion
batteries with impressive charge storage capacity and cycle life [10]. Therefore, it is
challenging but meaningful to combine the merits of two-dimensional and amorphous
structures for developing well-performed, two-dimensional amorphous nanomaterials (2D
ANMs). Compared with conventional materials, 2D ANMs generally exhibit distinctive
features: i) ultra-high specific surface area and plentiful defects, which can provide more
exposed active sites; ii) favorable diffusion paths and distances, which are conductive
to the insertion/extraction of reactants and products; iii) strong in-plane covalent bond
and lacking of grain boundary enhancing mechanical properties for extended volume or
shape change; iv) flexible morphology and composition providing an additional degree of
freedom for further modification; v) unprecedented electron state induced by confinement
of electrons in 2D scale, which may facilitate electron transfer and electrode reactions.

Up to now, many 2D ANMs have been synthesized and applied in energy storage and
transformation processes, including carbon materials [11], black phosphorus [12], metal
compounds [13–16], etc. For example, Guo et al. developed amorphous cobalt-vanadium
hydr(oxy)oxide nanosheets as an efficient electrocatalytic material for oxygen evolution
reaction (OER) superior to the crystalline counterparts [17]; Wu and co-workers prepared
2D amorphous Cr2O3/graphene nanosheets by rapidly heating hydrous chlorides, which
exhibited ultrahigh reversible capacity and outstanding cycle life in Li-ion battery outper-
forming crystalline nanoparticles [18]. However, the development of 2D ANMs is relatively
lagging for their immature synthetic methods and drawbacks in application, such as low
conductivity and instability. On the face of it, some strategies have been proposed to
manipulate 2D ANMs based on their flexible structures and compositions for enhanced
electrochemical energy storage and conversion [19,20]. This review aims at illuminating
the modes and roles of manipulating 2D ANMs in electrochemical fields (supercapacitor,
battery, and electrocatalysis) in terms of geometric configuration design and component
interaction. First, we pay attention to manipulation strategy of 2D ANMs in recent years.
Following this, we emphatically discuss their application and electrochemical mechanism.
Finally, we conclude our personal insights and provide outlook for the development of
2D manipulative amorphous nanomaterials. We hope that the integration of 2D manip-
ulative amorphous nanomaterials in electrochemistry will offer great opportunities to
address the challenges driven by the increasing global electrochemical energy storage and
transformation processes.

2. Manipulation Strategy of 2D ANMs

2.1. Synthesis Methods

J. Kotakoski et al. firstly used electron irradiation to create 2D amorphous carbon
material in 2011, which opened new possibilities for preparing 2D ANMs [21]. For some
intrinsic bulk materials that are amorphous nanomaterials, the desired 2D ANMs can be
obtained by exfoliation. For example, dimethylformamide (DMF) is an ideal solvent to ex-
foliate bulk MoS2 relative to other solvents due to its low surface tension (~40 mJ m−2) [22].
In view of this fact, 2D amorphous MoS3 nanosheets can be successfully obtained by
the exfoliation of the bulk amorphous MoS3 material in DMF solvent under ultrasonic
irradiation (Figure 1a) [23]. Other types of 2D ANMs have been obtained by many reli-
able methods including thermal decomposition [24], electrodeposition [25,26], template
method [27–29], phase transformation [30,31], and element doping [17,32]. Synthesis of
amorphous noble metal nanostructures is always a great challenge for their strong and
isotropic nature of metallic bonds. In view of this, Li et al. proposed a simple method for
preparing amorphous noble metal nanosheets by directly annealing metal acetylacetonate
with alkali salt (Figure 1b) [33]. The synthesis temperature was between the melting point
of metal acetylacetone and the melting point of alkali salt. When alkali salt was removed
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by deionized water, high yield amorphous noble metal nanomaterials can be successfully
obtained, including monometal nanosheets, bimetal nanosheets, and trimetal nanosheets.
Guo et al. utilized sacrificial template strategy to yield a library of ten distinct 2D ultrathin
amorphous metal hydroxide nanosheets [28]. The key point of the synthesis is based on
the balance between the etching rate of the Cu2O template and deposition rate of the
metal hydroxide. As shown in Figure 1c, Cu2O was first employed as a sacrificial template
to promote the 2D planar growth of metal hydroxides into a nanosheet structure. Then,
S2O3

2− can react with Cu2O to produce OH− ions. Finally, after the concentrations of
OH− ions increased to the precipitation threshold, metal ions could combine with OH− to
form 2D amorphous sheet structure. In general, most of them are based on the classical 2D
crystalline nanomaterials synthetic theory by introducing some mechanisms of inhibiting
crystallization. The common inhibition factors involve shorting reaction time, reducing
reaction temperature, destroying crystal structure, etc.

Figure 1. (a) Schematic illustration of exfoliation 2D amorphousMoS3 nanosheets and their chemical structure. Reprinted
with permission from Ref. [23]. Copyright Royal Society of Chemistry, 2019. (b) Schematic illustration of the general
synthetic process for amorphous noble metal nanosheets. Reprinted with permission from Ref. [33]. (c) The schematic
illustration of the synthesis of amorphous metal hydroxide nanosheets. Reprinted with permission from Ref. [28]. Copyright
Royal Society of Chemistry, 2019. (d) Schematic illustration of the formation mechanism for amorphous MoO3 nanosheets.
Reprinted with permission from Ref. [31]. Copyright Wiley-VCH, 2017.

It needs to be clarified that some target amorphous products are difficult to prepare
by one synthesis method and other methods should be involved. Xu et al. combined
the oxidation of MoS2 and supercritical CO2 treatment strategy to prepare amorphous
molybdenum oxide (MoO3) nanosheets [31]. As shown in Figure 1d, single-layer or few
layers of crystalline MoS2 were firstly exfoliated. Then, oxygen atoms replaced sulfur
atoms to destroy the regular atomic arrangement of MoS2 during the annealing process.
Finally, the stable amorphous MoO3 was obtained by the adsorption of CO2.

2.2. Manipulation Modes

2D amorphous material has flexible structure and composition that allows dexterous
manipulation. As mentioned above, various strategies have been proposed to manipulate
2D ANMs for enhanced electrochemical performance. We generalize and conceptualize
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these strategies to be two major categories of geometric configuration design and com-
ponent interaction. According to our understanding, the geometric configuration design
mainly includes spatial structure design at micro/nano scale and coordination environment
design at atomic scale. The component interaction mainly includes elemental interaction
and heterophase compositing. Here, the relevant enhanced effects and implementation
approaches will be introduced.

2.2.1. Geometric Configuration Design
Spatial Structure Design

Spatial structure design at micro/nano scale can be deemed as the manipulation on
the shape, size, packing form, and porous structure of 2D ANMs, which can be controlled
by template design and reactive conditions [34]. Specifically, endowing 2D ANMs with
porous structure should be an advisable way for enhanced electrochemical property. In
electrocatalysis process, porous nanostructure can provide large surface area and abundant
active sites, ensure effective penetration of electrolyte ions and escape of products, and
alleviate stacking problem of nanosheets. As a typical case for creating pores on 2D ANMs,
Guo group proposed a universal strategy combining confined method and ion exchange
strategy to synthesize a series of 2D porous amorphous metal oxide nanosheets, such
as Fe2O3, Cr2O3, ZrO2, SnO2, and Al2O3 [35]. The schematic illustration for synthesis
of ultrathin amorphous metal oxide nanosheets was demonstrated in Figure 2a. Firstly,
lamellar oleate was introduced as a host matrice to restrict the Cu2O template. Secondly,
the target metal ion was replaced by Cu+ ions and introduced into 2D space through ion
exchange strategy to form corresponding amorphous M(OH)x-oleate complex precursor.
Finally, porous structure and disorder atom arrangement were achieved for metal oxide
product by removing oleate and hydrone in heat treatment.

Coordination Environment Design

Tuning coordination environment at atomic scale can change the state of active sites,
which afford improved electrochemical efficiency. Defect design is the most commonly used
way and atomic-scale defects can be classified as anion vacancy, cation vacancy, associated
vacancy, pits, distortions, and disorder [36]. Creating defects is generally deemed to
be conductive to the mobility and adsorption of reactants and optimize reactive energy
paths. In contrast to crystalline materials, precise design, and identification on defects
are relatively difficult for amorphous ones with disorder atomic structure assembling
massive and various defects, especially for 2D ANMs. Nonetheless, some efforts have been
devoted to defect manipulation on 2D ANMs. Selective component removal or addition
should be an effective way. Typically, Hou et al. developed amorphous MoSx monolayer
nanosheets with abundant Mo defects using the space-confined strategy [37]. The synthesis
details are shown in Figure 2b. The precursor of layered double hydroxide with MoS4

2−
(LDH-MoS4

2−) was first synthesized via dispersing a layered double oxide (LDO) in an
aqueous solution of (NH4)2MoS4. Afterwards, the obtained precursor was calcined in a
N2 atmosphere to form amorphous MoSx monolayer nanosheets in the interlayer space
of LDO. Finally, amorphous MoSx monolayer nanosheets were successfully obtained by
washing in a nonoxidative HCl solution to dissolve LDO (the host layers). In this process,
the generation of Mo defects can be adjusted by calcination temperature, which affects the
S/Mo atomic ratio.

2.2.2. Component Interaction
Elemental Interaction

Doping or coupling other elements may be a feasible method to enhance the electro-
chemical performance of 2D ANMs due to the multielement synergy effect. Commonly
adopted strategies are direct coupling and post-doping. Wei et al. fabricated Fe-doped
amorphous VOPO4 in solvothermal environment by one-pot two-phase colloidal method
(Figure 2c) [38]. The oil phase consisted of oleylamine (OM) and octadecene (ODE) dis-
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solved with Fe and V precursor, which is mixed with water phase containing sodium
dihydrogen phosphate, and then was sealed in an autoclave and heated to get the final
product. Figure 2d demonstrated a typical post-doping way that crystalline CoMo ultra-
thin hydroxide was firstly constructed by coprecipitation reaction and then amorphous
Fe-doped CoMo ultrathin hydroxide nanosheets was obtained by ion exchange process [39].

Figure 2. (a) Schematic illustration for synthesis of amorphous metal oxide ultrathin nanosheets. Reprinted with permission
from Ref. [35]. Copyright American Chemical Society, 2020. (b) Schematic of the preparation process for amorphous
MoSx monolayer nanosheets with abundant Mo defects. Reprinted with permission from Ref. [37]. Copyright Elsevier,
2020. (c) Schematic representation of the one-pot preparation processes of Fe-doped amorphous VOPO4. Reprinted with
permission from Ref. [38]. Copyright Elsevier, 2021. (d) Schematic illustration of amorphous Fe-doped CoMo ultrathin
hydroxide nanosheets. Reprinted with permission from Ref. [39]. Copyright Royal Society of Chemistry, 2021. (e) HRTEM
image of CoV-Fe hydroxide nanosheets and (f) corresponding FFT patterns of selected regions marked by blue and red
squares, respectively. Reprinted with permission from Ref. [40]. Copyright Wiley-VCH, 2020. (g) Schematic illustrations
of the synthesis of EBP/CoFeB nanosheets. Reprinted with permission from Ref. [41]. Copyright American Chemical
Society, 2021.

Heterophase Compositing

Compositing is a common means to combine a different phase with 2D ANMs. It
can integrate advantages and realize optimized design on interfacial structure, holistic
architecture and physical property, embody in enhanced conductivity, modulated electron
structure and active sites, improved stability, etc. Recently, the introduction of crystal phase
into the amorphous phase to form a crystalline/amorphous hybrid dual-phase structure has
attracted much attention, due to the unique properties produced by the phase boundary.
The flexible amorphous structure has abundant active centers, which can enhance the
electrochemical activity, while the crystalline structure possesses a highly symmetrical
nonflexible structure, which can enhance the stability of the material. Yan et al. prepared
hybrid dual-phase materials by doping Fe in CoV hydroxide nanosheets composed of a
large number of crystalline and amorphous domain mixtures (Figure 2e,f) [40].

The unique interfaces of the catalyst promote the exposure of the active center, adjust
the local coordination environment and electronic structure, and reduce the thermody-
namic barrier during the OER catalytic reaction. Carbon materials are desirable candidates
to form compositing structure with 2D ANMs. Wen et al. reported an exfoliated black
phosphorus/CoFeB nanosheet (EBP/CoFeB) implemented by three steps under a N2 atmo-
sphere (Figure 2g) [41]. First, EBP was obtained from bulk phosphorus by liquid stripping;

31



Nanomaterials 2021, 11, 3246

then metal ions (Co2+, Fe2+) were adsorbed on the surface of EBP through electrostatic
interaction; finally, CoFeB nanosheets were grown on EBP through chemical reduction initi-
ated by NaBH4. Both of them provide good demonstration on manipulating 2D ANMs by
compositing way. Besides, many amorphous nanosheets deposited on various conductive
substrates have been successfully synthesized to enhance the electrochemical performance,
such as nickel foam [42,43], graphite [44,45], graphene [27], and TiO2 mesh [46].

3. Manipulating 2D ANMs for Batteries and Supercapacitors

Well-manipulated 2D ANMs are attractive and show considerable application po-
tential for diverse electrochemical systems, benefiting from their unique properties in-
cluding abundant pores for ion storage capacitance, larger interlayer distance for ion
de/intercalation, enhanced conductivity and elemental interaction by compositing. In this
section, we mainly concentrate on introducing the manipulative strategies on 2D ANMs in
renewable energy technologies including rechargeable battery (Lithium-ion battery (LIB),
Sodium-ion battery (SIB), Potassium-ion battery (KIB)) and Supercapacitor (SC).

3.1. Rechargeable Battery

Geometric configuration is an effective way to operate 2D ANM in order to over-
come the obstacles of volume expansion and faded capacity for electrode materials in long
cycles [47]. Specifically, by introducing heterostructure, the electrochemical cycle-life and
rate performance should be apparently improved. Guo group reported a breathable 2D
MnO2 artificial leaf with atomic thickness (b-MnO2 ALAT) and proposed the manipula-
tion approach of 2D ANMs by modifying the pore structure and compositing crystalline
skeleton on the amorphous substrate (Figure 3a–c) [48]. This obtained ultrathin leaf-like
structure comprises of amorphous microporous mesophyll-like nanosheet as substrate and
vein-like crystalline skeleton as support (Figure 3d). As shown in Figure 3e, when used
as the anode material for LIBs, it delivered high capacity of 520 mAh g−1 and extremely
stable cycle life over 2500 cycles at 1.0 A g−1, overcoming the disadvantages of pure MnO2
with irreversible capacity loss and poor cycling behavior. The outstanding electrochemical
performance was elaborated as follows (Figure 3f): First, 2D nanostructure possessed large
surface area, which can accommodate the volume changes associated with electrochemical
reactions; Second, porous amorphous structure guaranteed the effective wetting and pene-
tration of electrolyte, offered continuous charge transport pathway, and buffered volume
changes and shortened ion diffusion distance. Third, the vein-like crystalline support could
perfectly solve the closely stacking problem of 2D ultrathin nanosheets since it could leave
a small inter space between overlapped nanosheets and effectively increase the number of
lithium-storage sites and ion diffusion rate.

Based on the same strategy, Xu et al. explored a novel non-van der Waals (non-
vdW) heterostructure of 2D amorphous MoO3-x (aMoO3-x) nanosheet on Ti3C2-MXene
(Figure 3g,h), which displayed superior electrochemical properties than counterparts. Den-
sity functional theory (DFT) calculations (Figure 3i,j) suggested that the amorphous non-
vdW heterostructure can strongly stabilize aMoO3-x nanosheet contributing to the im-
proved stability and conductivity as well as facile Li ion diffusion. The restacked 2D
heterostructures provide additional 2D Li+ diffusion pathways (Figure 3k), where a signifi-
cant amount of Li+ can be stored on the surface defects and surface vacant sites of aMoO3-x.
When applied as the anode for LIB, it shows excellent rate capability (Figure 3l) and high
reversible capacity (Figure 3m), which is more outstanding than those of self-assembled
aMoO3-x/MXene vdW heterostructure and bulk aMoO3-x [49]. Huang et al. integrated 2D
porous amorphous Si nanoflakes with ultralong multiwalled carbon nanotubes (MWCNTs)
as a freestanding film electrode with high volumetric capacity and energy density. The
interconnected network can prevent adjacent amorphous nanoflakes from restacking and
the 2D porous structure provides large electrode/electrolyte contact area, both of which
can enhance fast Li+ transportation and suppress the volume change [50]. Wang et al.
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successfully composited amorphous MoS2 with different carbon-based nanomaterials as
LIB anode for increased conductivity and energy density [51].

Figure 3. (a,b) TEM images of b-MnO2 ALAT; (c) HRTEM image of b-MnO2 ALAT; (d) Illustration
of the breathable artificial leaves structure; (e) Cycling performance of b-MnO2 ALAT at 1 A g−1;
(f) Schematic illustration of advantageous features of b-MnO2 ALAT for energy storage. Reprinted
with permission from Ref. [48]. Copyright Wiley-VCH, 2019. (g,h) HRTEM images of 2D heterostruc-
tures of aMoO3-x@MXene non-vdW heterostructures; (i,j) Ti-O bond lengths in MXenes before
and after the adsorption of MoO3+, respectively; (k) Illustration of facile capacitor-like interlayer
diffusion and diffusion-controlled interlayer diffusion; (l) Cycling performance at different rates
for aMoO3-x NS, self-assembled aMoO3-x//MXene vdW heterostructures, and aMoO3-x@MXene
non-vdW heterostructures; (m) Cycling performance for aMoO3-x@MXene non-vdW heterostructures
at 200 mA g−1. Reprinted with permission from Ref. [49]. Copyright Elsevier, 2021.

Component interaction is another satisfactory approach to further optimize the re-
lationship of 2D amorphous structure and electrochemical properties. SIB and KIB are
considered to replace LIB and become the protagonist of the next generation of energy
storage. However, the ion de-intercalation and volume expansion problems caused by the
large ion radius of sodium and potassium are still serious obstacles in the actual application
process. Hence, adaptable 2D ANMs should be ideal candidates for SIB and KIB, benefiting
from synergistic effects including improved conductivity, enlarged interlayer, reformed
wettability and introduced vacancies. Wang et al. successfully explored a nanohybrid of
amorphous vanadium oxide on V2C MXene (a-VOx/V2C) (Figure 4a). The coexistence of
a-VOx and V2C is demonstrated in Figure 4b,c. Electron paramagnetic resonance revealed
that the a-VOx/V2C electrode with disordered V–O framework generated more oxygen
vacancies than c-VOx (Figure 4d), which would favor fast Na+ insertion/extraction. When
used as the anode for SIBs, it possesses more excellent cycling performance compared to
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the c-VOx (Figure 4e) [52]. Yu and co-workers prepared 2D amorphous MoS3-on-reduced
graphene oxide (MoS3-on-rGO) (Figure 4f), which exhibited a superior compatibility in
KIBs. The contact angle tests (Figure 4g,h) showed that the amorphous MoS3-on-rGO
electrode was endowed with a superior wetting property to the carbonate electrolyte
owning to higher surface free energy of amorphous MoS3 and unique 3D interconnected
porous structure, contributing to an optimized ion diffusion kinetics during the electro-
chemical process. When applied as the anode for KIBs, it exhibits high specific capacity
(541 mAh g−1 at a current density of 0.2 A g−1) and excellent long-term cycling stability,
which is significantly superior to the corresponding crystal sample (Figure 4i,j) [53]. Ji
et al. took full advantage of element interaction to obtain phosphorus-doped amorphous
carbon nanosheet (P-CNS) through thermal treatment, which achieved high performance
as anode material for SIB. The long cycle stability exhibited a high specific capacity of
149 mAh g−1 for 5000 cycles at 5 A g−1 [54]. Amorphous FeOx nanosheets with loose
packing characteristic was developed by Hong and co-workers, which showed high elec-
trochemical performance that specific capacity can be maintained at 263.4 mAh g−1 as
an anode material for SIBs [55]. Bao et al. obtained a promising cathode material of SIB
through coating amorphous FePO4 nanosheets on carbon nanosphere, which displayed
high initial discharge capacity of 126.4 mAh g−1 at a current density of 20 mA g−1 and
superior cycling performance [56].

Figure 4. (a) Schematic illustration showing the synthesis and structure; (b) SEM image; (c) HRTEM
image, the inset is the SAED pattern; (d) EPR spectra; (e) Cycling performances of a-VOx/V2C.
Reprinted with permission from Ref. [52]. Copyright Wiley-VCH, 2021. (f) Schematic illustration
of growth behaviors of amorphous MoS3-on-rGO; (g,h) Contact angle images of electrolyte on the
electrode surface of amorphous MoS3-on-rGO and crystal MoS2-on-rGO. (i) Cyclic performance of
KIB at 0.2 A g−1. (j) Long cycle performance of KIB at 1.0 A g−1. Reprinted with permission from
Ref. [53]. Copyright Wiley-VCH, 2021.
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3.2. Supercapacitor

Supercapacitors (SCs) are being increasingly used to complement or partially replace
batteries in various energy storage application owning to its high power density and
exceptionally long lifetime. In the electrochemical reactions of SCs, the materials need to
allow favorable diffusion of the electrolyte ions to access the active materials and cope
with the strain and stress during charging/discharging process. Hence, manipulating 2D
ANMs is now realized as an effective method to increase the electrochemical performance.
The design of hole structure is considered to be one of the effective means to improve the
performance of SCs. Qiu et al. developed a general approach for the synthesis of 2D porous
carbon nanosheets from bio-sources-derived carbon precursors by an integrated procedure
of intercalation, pyrolysis, and activation (Figure 5a,b). The as-prepared nanosheets possess
optimized porous structures, which can shorten the ion transport distance during the
charging/discharging process. When used as the electrode material in SCs, it shows a
significantly improved rate performance with a high specific capacitance of 246 F g−1

and capacitance retention of 82% at 100 A g−1, being nearly twice than that of carbon
particulates directly obtained from gelatin (Figure 5c) [57]. In addition, the synergistic
interaction between different elements is also very effective in improving the performance
of 2D ANMs in SC. Chen et al. synthesized Ni–OH nanosheets via a one-pot hydrothermal
method. Then, a cation exchange reaction was conducted to exchange amorphous Ni(OH)2
with metal ions (Co2+, Mn2+, Cu2+ and Zn2+) to obtain a series of bimetal nanosheets
(Figure 5d). Due to the higher activity from the combined contribution of Ni and Co, the
NiCo–OH nanosheets show a superior specific capacity, rate performance, and cycling
stability compared to that of pure Ni(OH)2 nanosheets (Figure 5e) [58]. Zhang et al.
explored amorphous Co–Ni pyrophosphates nanosheets through controllably adjusting the
ratios of Co and Ni. The optimized amorphous Ni–Co pyrophosphate showed much higher
specific capacitance than monometallic Ni and Co pyrophosphates and exhibits excellent
cycling ability [59]. Chen et al. proposed hydrothermal synthesis strategy to prepare
amorphous NiCoMn–OH nanosheets, which was used as positive electrode materials
for SC. The strong synergy between the transition metal ions in amorphous NiCoMn–
OH is deemed to significantly promote the electrochemical activity, rate capability, and
cycling stability. It is worth mentioning that the robust synthesis method was also used to
fabricate the NiCoMn–OH porous network on conductive Ni foam (Figure 5f) and showed
a specific capacity close to its theoretical value, indicating a complete utilization of the
electroactive material [60]. Similarly, Zhu et al. fabricated ultrathin amorphous Co–Fe–B
nanosheets on the 3D nickel foam substrate (Figure 5g) and the obtained sample showed
an excellent specific capacitance (981 F g−1 at the 1 A g−1) and superior rate performance
(Figure 5h) [61].
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Figure 5. (a) TEM image of 2D porous carbon nanosheets; (b) HRTEM image of 2D porous carbon
nanosheets; (c) Specific capacitances of 2D porous carbon nanosheets at different current densities.
Reprinted with permission from Ref. [57]. Copyright Wiley-VCH, 2015. (d) Schematic diagram of
the mechanism for ion exchange reactions; (e) Rate performance of amorphous Ni–Co hydroxide
nanosheets. Reprinted with permission from Ref. [58]. Copyright Royal Society of Chemistry, 2018.
(f) FESEM image and schematic illustration of the microstructure of NiCoMn–OH on Ni foams.
Reprinted with permission from Ref. [60]. Copyright Elsevier, 2019. (g) HRTEM of the Co0.2Ni0.8

pyrophosphate nanosheets. (h) The cycling performance at the current density of 1.5 A g−1 for the
Co0.2Ni0.8 pyrophosphate and Co0.2Ni0.8NH4PO4·H2O precursor. Reprinted with permission from
Ref. [61]. Copyright Elsevier, 2019.

4. Manipulating 2D ANMs for Electrocatalysis

To build a clean future, massive efforts are underway to achieve high-efficiency and
high-selectivity electrocatalysis systems for utilizing renewable energy and producing
higher-value chemicals. Most typical electrocatalysis processes include nitrogen reduction
reaction (NRR), carbon dioxide reduction reaction (CRR), oxygen reduction reaction (ORR)
and water splitting which involves anodic oxygen evolution reaction (OER) and cathodic
hydrogen evolution reaction (HER), etc. Catalysts play core role in diminishing energy
loss and optimizing kinetics in these processes. Designing catalytic materials into 2D
amorphous structure should be a wise and promising way since it can realize superiority
combination of extended exposed area, abundant active sites, tunable electron states, and
faster ion transport capacity. Accordingly, a batch of 2D ANMs have been developed to
satisfy the urgent need. Here, we provide collective knowledge of manipulating 2D ANMs
for electrocatalysis based on catalytic processes.

4.1. Water Splitting

Electrochemical water splitting is generally deemed as one of the most convenient
and promising strategies to transform intermittent energy (e.g., solar and wind) to produce
hydrogen. HER and OER are two- and four-electron processes, respectively, and thus OER
is more kinetically sluggish and suffers from higher overpotentials. Traditional catalysts
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such as Pt or IrO2, etc. with high activity are scarce and high cost. Some well-manipulated
2D ANMs have been demonstrated to possess satisfactory performance and compelling
potential to substitute traditional noble metal catalysts.

Tuning composition or introducing hetero atoms for element interaction should be
an effective way to develop efficient 2D amorphous catalytic materials. Based on this
modification strategy, Guo and co-workers developed a simple, yet robust one-step co-
precipitation method to fabricate ultrathin amorphous cobalt-vanadium hydr(oxy)oxide
nanosheets (CoV-UAH) with a thickness of ~0.7 nm (Figure 6a) [17]. The involvement of V
is proved to give rise to the formation of ultrathin amorphous structure, which allows facile
transformation to the desirable active phase consisting of V-doped cobalt oxyhydroxide
species. First-principle simulations suggest that V doping can optimize reaction free ener-
gies of neighboring Co sites, leading to a theoretical low overpotential (Figure 6b). Thus,
the talented material possesses large electrochemically active surface areas, low charge-
transfer resistance, and impressive performance for the OER with a low overpotential of
0.250 V at a current density of 10 mA cm−2 and Tafel slope of 44 mV dec−1 superior to
counterparts and commercial IrO2 (Figure 6c). In their other work, amorphous delafossite
analogue nanosheets were fabricated by in situ electrochemical self-reconstruction, which
features special structure of Ag intercalated into bimetallic cobalt-iron (oxyhydr)oxide
layers (Figure 6d,e) [62]. The introduction of Ag modulates can regulate integral electron
state and optimize electrocatalysis energetics, leading to superior OER activity and stability.
Haik and co-workers doped Ga into amorphous cobalt boride nanosheets on Au support
for smoothing growth of nanosheets and modifying surface electronic structure, thereby
achieving a well-performed electrode with 230 mV overpotential to attain a current density
of 10 mA cm−2 [63]. In another case, Co ion-intercalation can tune the structure of amor-
phous cobalt manganese oxide nanosheets at the atomic-scale to expose more active sites
and allow easy penetration of electrolyte ions [64]. In HER field, highly active amorphous
CoMoS4 nanosheets were constructed by coupling Mo to cobalt-based nanosheets, which
showed favorable free energy change for H* adsorption and remarkable activity [65]. Some
other metals can be benign dopants, such as Fe [38,39], Mo [66], Ag [62], etc. [67]. Surely,
coupling nonmetal with 2D ANMs should also bring up beneficial synergistic effect. It is
found that phosphating of metal (hydr)oxides (e.g., CoFe hydroxide, FeMnOx) nanosheets
can result in amorphization so as to obtain highly active 2D amorphous catalyst for water
splitting including both HER and OER with optimized catalytic sites and faster electronic
transport [68,69]. Amorphous CoBP ternary alloy nanosheets were demonstrated to a
well-performed HER catalyst [70]. Its remarkable activity can be attributed to synergistic
effect of elements P and B, which accelerates dissociation of H2O, weakens surface H
absorption, and suppresses Co oxidation.

In addition to element interaction, compositing hetero phases or substrates with 2D
amorphous nanomaterials should also be a promising manner to realize multi-advantage
integration. Chen et al. constructed a 2D heterostructure of EBP/CoFeB, which exhibits ex-
cellent OER activity with an ultralow overpotential of 227 mV at 10 mA cm−2 and excellent
stability (Figure 6f) [41]. This nanohybrid structure not only optimizes the reactive interme-
diate absorption, but also combines the high conductivity of black phosphorus. Combining
amorphous phase with crystalline phase also seems to be a wise way to promote catalytic
properties of catalysts. Huang and co-workers rationally designed channel-rich RuCu
nanosheets composed of crystallized Ru and amorphous Cu for overall water splitting
in pH-universal electrolytes [71]. The amorphous/crystalline compositing structure is
endowed with highly active electron transfer and optimized electronic structures. Further-
more, Hu and co-workers developed amorphous NiO nanosheets coupled with crystalline
Ni and MoO3 nanoparticles, which exhibited two heterostructures of Ni–NiO and MoO3–
NiO (Figure 6g) [72]. The deliberately manipulated structure dramatically diminishes
the energetic barrier and works as catalytically active centers, synergistically improving
the overall water splitting. The similar strategy was also adopted to develop crystalline
platinum oxide-decorated amorphous cobalt oxide hydroxide nanosheets and amorphous
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RuCu nanosheets grown on crystalline Cu nanotubes as HER catalysts [46,73]. Besides,
enhanced catalytic effect by compositing hetero phases can be achieved by assembling
amorphous nanosheets with nanodots [74], carbon nanofibers [75], metal oxide [76–78],
etc. [79,80]. It should be mentioned that anchoring amorphous nanosheets on high con-
ductivity substrate should be an effective way to afford electrolysis at large current den-
sity. Zhao and co-worker electrodeposited amorphous mesoporous nickel-iron composite
nanosheets directly onto macro-porous nickel foam as OER electrode, which can deliver
current densities of 500 and 1000 mA cm−2 at overpotentials of 240 and 270 mV, respec-
tively [42]. Zhang et al. anchored amorphous MoS2 nanosheet arrays on carbon cloth
to form a three-dimensional nanostructure with abundant exposed edge sites [81]. The
composite exhibited satisfactory catalytic activity and durability for the HER in acidic
solutions. In addition, Ni foil [82], graphite foil [44], and Ti plate [83] were also proved to
be good substrates.

Defect design and porousness manipulation should be regarded as micro-design on geo-
metric configuration, which can be easily carried out on 2D amorphous structure. Shao et al.
found sulfur defects could modulate the electron state and Gibbs free energies of amor-
phous Mo–FeS nanosheets, leading to preferable OER kinetics (Figure 6h) [84]. Mo defects
could be created on monolayer amorphous molybdenum sulfide and identified as cat-
alytically active sites for HER [37]. In addition, porousness and channel design also
show positive effect for electrocatalysis of water splitting [71]. Amorphous cobalt phos-
phate nanosheets, amorphous CoSx(OH)y nanosheets, and amorphous NiCoFe phosphate
nanosheets with well-designed porous structure were developed as efficient OER cata-
lysts [85–87]. The porous characteristic can provide large free space, increased distribution
of the active centers, and facile movement of reactants and products, thus enhanced catal-
ysis performance can be achieved. Except for micro-design, the spatial arrangement of
amorphous nanosheet should be noteworthy. Yang et al. realized in situ vertical growth
of amorphous FePO4 nanosheets (Figure 6i) on Ni foam which demonstrated excellent
catalytical activity and stability in overall water splitting [88]. This type of geometric con-
figuration is favorable to electron transport, electrolyte diffusion, and structural stability in
catalysis processes.

4.2. Electrochemical Reduction Reactions

Some 2D ANMs were also manipulated to catalyze electrochemical reduction reac-
tions, such as ORR, CRR, and NRR. As to positive effect induced by component interaction
for electrochemical reduction reactions, similar ways of tuning composition or introducing
hetero atoms and compositing hetero phases or substrates are also advisable. Wang et al.
tailored amorphous NiFeB nanosheets for enhancing the electrocatalytic NRR kinetics
by adjusting the ratio of Ni/Fe/B (Figure 7a) [89]. The collective merits of amorphous
structure and optimized element ratio gives rise to synergistic effect in creating active sites
and facilitating the N2 adsorption capacity, thereby leading to superior NRR activity with
a high NH3 formation rate of 3.24 μg h−1 cm−2. Sun and co-workers developed biomass-
derived oxygen-doped amorphous carbon nanosheets with high electrochemical selectivity
and activity for NRR [90]. Similarly, highly efficient ORR catalysts with abundant active
sites and high conductivity were fabricated by doping N or P into amorphous carbon
sheets [91,92]. As mentioned above, amorphous nanosheets possess flexible morphology
and structure, which can provide an ideal platform for supporting or embedding nanoparti-
cles. In a work by Lu et al., a unique hybrid catalyst of Pd hydride nanocubes encapsulated
within amorphous Ni–B nanosheets (PdHx@Ni–B) was synthesized and demonstrated
an impressive ORR activity (1.05 mgPd

−1 at 0.90 V versus reversible hydrogen electrode)
and stability (10,000 potential cycles) (Figure 7b) [93]. Gao et al. constructed a composite
catalyst of Au nanocrystals@amorphous MnO2 nanosheets with CO faradic efficiency (FE)
of 90.5% for CRR at −0.7 V versus reversible hydrogen electrode [94]. The core/shell
nanostructure brings about the interaction between Au and amorphous MnO2 nanosheets,
which contributed to its performance (Figure 7c). Specially, Yuan et al. reported the mass-
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production of amorphous SnOx nanoflakes modified by BiOx species from nanoparticles to
single atoms, which exhibited an FE of HCOOH over 90% in CRR [20].

Figure 6. (a) The TEM image of CoV-UAH; (b) The free-energy landscape for V doped cobalt
oxyhydroxide; (c) Linear sweep voltammetry curves for CoV-UAH and counterparts. Reprinted
with permission from Ref. [17]. Copyright Royal Society of Chemistry, 2018. (d) The TEM image of
amorphous delafossite analogue nanosheets, and inset is selected area electron diffraction (SAED);
(e) Self-reconstruction process. Reprinted with permission from Ref. [62]. (f) HRTEM image of
EBP/CoFeB sample. Reprinted with permission from Ref. [41]. Copyright American Chemical
Society, 2021. (g) The enhanced mechanism of hybrid nanocatalysts for overall water splitting.
Reprinted with permission from Ref. [72]. Copyright Wiley-VCH, 2020. (h) Activity mechanism
for Mo–FeS nanosheets with sulfur defects. Reprinted with permission from Ref. [84]. Copyright
American Chemical Society, 2020. (i) High-magnification SEM image of amorphous FePO4 nanosheets
on Ni foam. Reprinted with permission from Ref. [88]. Copyright Wiley-VCH, 2017.

4.3. Electrochemical Reduction Reactions

Some 2D ANMs were also manipulated to catalyze electrochemical reduction reac-
tions, such as ORR, CRR, and NRR. As to positive effect induced by component interaction
for electrochemical reduction reactions, similar ways of tuning composition or introducing
hetero atoms and compositing hetero phases or substrates are also advisable. Wang et al.
tailored amorphous NiFeB nanosheets for enhancing the electrocatalytic NRR kinetics
by adjusting the ratio of Ni/Fe/B (Figure 7a) [89]. The collective merits of amorphous
structure and optimized element ratio gives rise to synergistic effect in creating active sites
and facilitating the N2 adsorption capacity, thereby leading to superior NRR activity with
a high NH3 formation rate of 3.24 μg h−1 cm−2. Sun and co-workers developed biomass-
derived oxygen-doped amorphous carbon nanosheets with high electrochemical selectivity
and activity for NRR [90]. Similarly, highly efficient ORR catalysts with abundant active
sites and high conductivity were fabricated by doping N or P into amorphous carbon
sheets [91,92]. As mentioned above, amorphous nanosheets possess flexible morphology
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and structure, which can provide an ideal platform for supporting or embedding nanoparti-
cles. In a work by Lu et al., a unique hybrid catalyst of Pd hydride nanocubes encapsulated
within amorphous Ni–B nanosheets (PdHx@Ni–B) was synthesized and demonstrated
an impressive ORR activity (1.05 mgPd

−1 at 0.90 V versus reversible hydrogen electrode)
and stability (10,000 potential cycles) (Figure 7b) [93]. Gao et al. constructed a composite
catalyst of Au nanocrystals@amorphous MnO2 nanosheets with CO faradic efficiency (FE)
of 90.5% for CRR at −0.7 V versus reversible hydrogen electrode [94]. The core/shell
nanostructure brings about the interaction between Au and amorphous MnO2 nanosheets,
which contributed to its performance (Figure 7c). Specially, Yuan et al. reported the mass-
production of amorphous SnOx nanoflakes modified by BiOx species from nanoparticles to
single atoms, which exhibited an FE of HCOOH over 90% in CRR [20].

For electrochemical reduction reactions, the optimization of geometric configuration
is also recommendable. As typical cases, amorphous MoO3-x monolayers with oxygen
vacancies and amorphous MoS3 nanosheets with sulfur vacancies can work as efficient
NRR catalysts [95,96]. The vacancy defects are able to modulate electron state of catalysts
and reduce energetics barriers for facilitating NRR process and simultaneously suppressing
HER (Figure 7d). Additionally, porous design is achieved on amorphized FeB2 nanosheets
for boosted NRR activity with an NH3 yield of 39.8 μg h−1 mg−1 (Figure 7e) [97]. The
porous amorphous structure could upraise the d-band center of a-FeB2 and strengthen the
absorption of key *N2H intermediate, thereby reducing reaction barrier (Figure 7f).

Figure 7. (a) Schematic diagram of NRR on amorphous NiFeB nanosheets. Reprinted with permission from Ref. [89].
Copyright American Chemical Society, 2020. (b) TEM image of PdHx@Ni–B. Reprinted with permission from Ref. [93].
Copyright Wiley-VCH, 2017. (c) TEM image of Au nanocrystals@amorphous MnO2 nanosheets. Reprinted with permission
from Ref. [94]. Copyright American Chemical Society, 2021. (d) Anderson tail states of amorphous MoO3-x. Reprinted with
permission from Ref. [95]. Copyright Wiley-VCH, 2019. (e) TEM image of porous FeB2 nanosheets. (f) Free energy diagrams
of *N2 and *N2H adsorption on crystalline FeB2 and amorphous FeB2. Reprinted with permission from Ref. [97]. Copyright
Elsevier, 2021.

5. Conclusions and Outlook

The interests in 2D ANMs are growing continuously along with the extensive study
of amorphous material science. These materials are promising candidates for facilitat-
ing the key processes of electrochemical energy storage and conversion systems due to
their unique advantages of large specific surface area, excellent “in-plane” charge-carrier
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transport, abundant defects, etc. However, some issues still exist for their electrochemical
application: (i) synthesis systems and mechanisms are lacking and ambiguous, which
limit their categories and quantity production; (ii) most of the synthesized 2D ANMs
are metal oxide with poor conductivity; (iii) the dispersity and structural stability of 2D
ANMs are unsatisfactory due to the high surface energy; (iv) intrinsic activity still deserves
improvement. Hence, it is indeed necessary to explore more effective and reliable methods
to optimize this family of materials for preferable electrochemical application.

In this review, we summarized effective strategies to manipulate on 2D ANMs and
their applications in battery, supercapacitor, and electrocatalysis. We conceptualized these
strategies to be geometric configuration design and component interaction, concretely
embodying in spatial structure and coordination environment design as well as elemental
interaction and heterophase compositing. For geometric configuration, the introduction
of pores or defects within nanosheets can provide more active sites, superior electrolyte
diffusion and ion transport kinetics. As to component interaction, heteroatom doping
can change the band structure and electronic properties, while heterophase compositing
enable advantage integration to achieve improved conductivity and stability. Thanks to the
flexible structure of 2D ANMs, these elaborate manipulations can be realized by deliberate
synthetic routes. These manipulated 2D ANMs with optimized structures and properties
demonstrated enhanced electrochemical performance, while discriminatory manipulation
ways are related with different applications.

2D ANMs are intriguing, and manipulating them for purposive application is promis-
ing. Despite the visible progress that has been witnessed, there are still many issues to
be addressed: (i) 2D amorphous structure is mysterious, which retards our deeper cog-
nition; (ii) immature synthesis methods; (iii) controllable manipulation means are still
lacking, especially at atomic scale; (iv) in-depth understanding to the roles of well-built
structure in electrochemical processes is insufficient. To meet these challenges, more ad-
vanced characterization techniques are needed to clarify the nature of 2D amorphous
structures, formation mechanisms, and functional rules. Meanwhile, some experience can
be selectively drawn from crystalline systems. As such, the discovery, manipulation, and
application of 2D ANMs following the success of amorphous materials have opened up a
new pave for sustainable energy applications. It is believed that the development of new 2D
ANMs and their derived materials will further not only play a role in improving the perfor-
mance of sustainable energy devices and contribute to resolving the current environmental
and energy crises, but also stimulate the advances in amorphous science field.
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Abstract: The severe shuttle effect of soluble polysulfides hinders the development of lithium–sulfur
batteries. Herein, we develop a three-dimensionally ordered macro/mesoporous (3DOM) Nb2O5/Nb4N5

heterostructure, which combines the strong adsorption of Nb2O5 and remarkable catalysis effect of
Nb4N5 by the promotion “adsorption-transformation” mechanism in sulfur reaction. Furthermore,
the high electrocatalytic activity of Nb4N5 facilitates ion/mass transfer during the charge/discharge
process. As a result, cells with the S-Nb2O5/Nb4N5 electrode delivered outstanding cycling stability
and higher discharge capacity than its counterparts. Our work demonstrates a new routine for the
multifunctional sulfur host design, which offers great potential for commercial high-performance
lithium–sulfur batteries.

Keywords: Nb2O5; Nb4N5; heterostructure; lithium-sulfur batteries

1. Introduction

Electronic devices play a vital role in modern society, setting high standards for corre-
sponding energy storage systems [1,2]. Lithium–sulfur batteries (LSBs) are demonstrated
as one of the most promising candidates owing to their high theoretical energy density,
low cost, and environmental friendliness [3–5]. However, the solid-electrolyte interphase
(SEI) has been found to have poor mechanical strength and Li-ion conductivity. The forma-
tion of unstable SEI causes safety issues and faster decay of capacity in the anode side for
LSB [6]. Artificial SEI fabricated by fluorinated electrolyte and ultrathin bilayer SEI are thus
applied to protect the electrodes and suppress Li dendrite growth [7,8]. Besides, the de-
velopment of LSBs is hindered by low conductivity of sulfur and its discharge product,
repeated volume change, and severe lithium polysulfides (LiPS) shuttle effect [9–12].

To enhance the performance of LSBs, several kinds of sulfur hosts have developed by
researchers, including carbon materials, conductive polymer, and metallic chalcogenides,
among others [13–17]. A sulfur host can fasten charge transfer in LSB, capture LiPS,
and catalyze each step of conversion of this chemical species. Qiao et al. combined iron
phosphide (FeP) with reduced graphene oxide (rGO) to construct a sulfiphilic compos-
ite [18]. The catalytic properties of FeP and the electron transport properties of rGO are
integrated by the synergistic effect, which results in high coulombic efficiency and capacity
of the cell loaded with this kind of sulfiphilic host. Recently, polar metal oxides were found
to deliver great potential to serve as a sulfur host relying on polar-polar interactions with
the LiPS [19–21]. As an oxygen-rich material, anions of metal oxides work as active sites
to absorb the LiPS. Among the family of oxides, Nb2O5 shows high LiPS anchor ability
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due to the strong metal-sulfur bond [22,23]. However, as an insulator with a wide band
gap energy, the Nb2O5 sulfur host is still limited by poor electronic conductivity. While,
transition metal nitride is reported to possess high conductivity and catalytic activity,
and have been widely used as a sulfur host for LSBs [24–27]. When different catalysts are
applied in LSB, them can catalyze various processes in the conversion of LiPS. Wang et al.
found that FeP is able to catalyze the liquid-liquid-solid process, while Fe3O4 can promote
the solid-liquid conversion. When the batteries were assembled with these two catalysts,
the cycle stability and capacity retention of the battery was improved simultaneously [28].
Hence, it is a feasible way to combine the Nb2O5 and transition metal nitride to achieve a
high-performance sulfur host.

Herein, we develop a three-dimensionally ordered macro/mesoporous (3DOM) Nb2O5/
Nb4N5 heterostructure, which combines the strong adsorption of Nb2O5 and remarkable
catalysis effect of Nb4N5, promoting the “adsorption-transformation” mechanism in the
lithium-sulfur battery. Furthermore, the high electrocatalytic activity of Nb4N5 can provide
a fast ion transfer routine during the cycling process and the ordered porous structure
not only provides sufficient space for sulfur loading, but also improves the electrolyte
infiltration. Therefore, the S-Nb2O5/Nb4N5 electrode delivers satisfying cycling stability
and remarkable discharge capacity.

2. Materials and Methods

2.1. Materials Preparation

The polymethyl methacrylate (PMMA) template was prepared according to our re-
ported methods [29]. In the typical procedure of the synthesis of 3DOM Nb2O5/Nb4N5,
20 mL ethanol was mixed with 1.35 g of niobium pentachloride (NbCl5, Aladdin, Shanghai,
China) under magnetic stirring. When a clear solution was formed, the prepared PMMA
template was immersed in the precursor solution for 12 h. Subsequently, the precursor
solution was removed from the PMMA template through vacuum filtration. The obtained
sample was put into a porcelain boat and dried in air at 60 ◦C. Subsequent calcination at
600 ◦C in air for 3 h was employed to remove the PMMA template. The obtained 3DOM
Nb2O5 was heated under NH3 to prepare 3DOM Nb2O5/Nb4N5.

2.2. Characterization

X-ray diffraction (XRD, D8 Focus Bruker, Karlsruhe, Germany), scanning electron
microscopy/ energy dispersive spectroscopy (FE–SEM/EDS, ZEISS Ultra 55, Oberkochen,
Germany) and transmission electron microscopy (TEM, JEOL 2100, Tokyo, Japan) were
employed to observe the phase and morphology of 3DOM Nb2O5/Nb4N5. The element
value and bonding state were explored by the X–ray photoelectron spectra (XPS, Thermo
Scientific ESCALAB 250Xi, Waltham, MA, USA). N2 adsorption–desorption isotherms
and pore distribution were tested using V-Sorb 2800P. Thermogravimetric analysis (TGA,
PerkinElmer TGA-8000, Waltham, MA, USA) was used to determine the sulfur content of
the samples.

2.3. Cell Assembling and Testing

All reagents for assembling and testing are purchased from Aladdin (Shanghai, China)
without further purification. At a mass ratio of 75:25 (wt.%), Nb2O5/Nb4N5 and sul-
fur powder were ground together and melting-diffusion routine was conducted to ob-
tain S-Nb2O5/Nb4N5. N-hydroxy-2-pyrrolidone (NMP) was used as a solvent, and S-
Nb2O5/Nb4N5 and conductive carbon black with polyvinylidene fluoride powder (PVDF)
were mixed to produce a black slurry, in a mass ratio of 8:1:1. Al foil, serving as current
collector, was coated with the as-prepared slurry and dried at 60 ◦C overnight. CR-2032
coin-type cells were applied to study the prepared electrode. To assemble the cells, cath-
ode was made with a diameter of 12 mm. In this kind of cell, Li foil is an anode while
Celgard 2400 works as a separator. 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
(v/v = 1/1) were mixed with 1 M LiTFSI and 1% LiNO3 additive to serve as an electrolyte of
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the cell. Cyclic voltametric test and electrochemical impedance spectroscopy were carried
out on a CHI660E (CH Instruments, Inc., Austin, TX, USA) electrochemical workstation.
Charge-discharge surveys were conducted on a Neware battery tester (Shenzhen, China)
from 1.7 V to 2.8 V.

LiPS adsorption test: The polysulfides were produced by adding sulfur and lithium
sulfides in DME at a specific molar ratio. All tested samples was mixed with diluted Li2S6
solution inside the glove box. The photographs of absorption result were collected after
stirring for 2 h and aging for one-sixth of a day.

Symmetric cells: 0.5 mg cm−2 of active materials were dropped onto the circular disks
(12 mm in diameter) of carbon cloths. The amount of 0.2 M Li2S6 solution used in symmetric
cells was 30 μL. CV measurements were obtained on a CHI660E (CH Instruments, Inc.,
Austin, TX, USA) electrochemistry workstation from −0.8 to 0.8 V in 1 mV s−1.

Li2S nucleation test: 0.25 M Li2S8 electrolyte was prepared for the test. Nb2O5/Nb4N5
heterostructure materials/carbon cloth and the lithium metal were used as electrodes.
During the test, all batteries were discharged at 2.06 V with a steady current of 0.112 mA,
and then maintained at 2.05 V until the current was decreased to 10−5 A.

Linear sweep voltammetry (LSV) test: To investigate the oxidization behavior of Li2S,
LSV measurements were performed in methanol with 0.1 M Li2S. Typically, to construct a
three-electrode system, an Ag/AgCl electrode and platinum wire are used as the reference
electrode and counter electrode, respectively. Moreover, the glass carbon electrode covered
with prepared materials was used as the working electrode. The prepared materials were
dispersed in NMP and added onto a glass carbon electrode to fabricate a working electrode.
The tests were conducted by scanning from −0.4 to −0.2 V in 5 mV s−1.

3. Results and Discussion

As observed in Figure 1, NbCl5 first penetrated the closed-packing PMMA template
by capillarity forces. Subsequently, the PMMA was removed by heating at 600 ◦C, thus by
the formation of 3DOM Nb2O5. The construction of a heterostructure relied on the Nb2O5
nitridation treatment through NH3 erosion at a high temperature. When the conversion of
the LiPSs species occurs, satisfactory pores and voids were provided by the unique 3DOM
structure, for storing and immobilizing sulfur. Working as a polar material, the Nb2O5
part in the heterojunction can strongly and chemically adsorb polysulfide. Soon after
adsorption, the niobium nitride (Nb4N5) in the heterojunction enhances the catalysis of
polysulfide and solid Li2S nucleation is seen.

Figure 1. Schematic diagram of preparation of 3DOM S-Nb2O5/Nb4N5.
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SEM images of Nb2O5/Nb4N5 are shown in Figure 2a,b. Figure 2a shows that the
composites have three-dimensionally ordered porous structure and the pores are uniformly
distributed and interconnected. The pore diameter is around 150–200 nm (Figure 2b) and
sulfur can be absorbed intensely by these nanopores during galvanostatic charge–discharge
cycling. Figure S1 shows the energy dispersive spectroscopy (EDS) result. Through the
analysis of this mapping, the composites have 24% Nb2O5, while the other 76% is Nb4N5.
The TEM result further confirms the 3DOM structure of Nb2O5/Nb4N5 in Figure 2c, and im-
plies that the unique structure is preserved during the formation of the Nb2O5/Nb4N5
heterostructure. More importantly, the pore diameter is 160 nm, which is consistent with
the SEM image. HRTEM image of Nb2O5/Nb4N5 (Figure 2d) demonstrates a distinctly
different crystalline structure, which is attributed to Nb2O5 and Nb4N5. For further verifi-
cation, fast Fourier transform (FFT) and inverse FFT patterns are collected, as shown in
Figure 2e,f. Clear diffraction spots can be seen in both areas, demonstrating the excellent
crystallinity of Nb2O5 and Nb4N5. The crystal plane spacings are measured to be 0.39 nm
and 0.25 nm, which is consistent with typical (001) plane of Nb2O5 and (211) plane of
Nb4N5. Furthermore, the scanning TEM image of Nb2O5/Nb4N5 is shown in Figure 2g–j,
confirming uniform element distribution. The above results prove the successful prepara-
tion of Nb2O5/Nb4N5 heterostructure material.

 

Figure 2. (a,b) SEM images of 3DOM Nb2O5/Nb4N5; (c) TEM and (d) HRTEM image of 3DOM
Nb2O5/Nb4N5; (e,f) FFT patterns, inverse FFT patterns, and lattice spacing images of the selected
area; (g–j) STEM image and the corresponding element distribution of 3DOM Nb2O5/Nb4N5.

XRD patterns of Nb4N5, Nb2O5/Nb4N5, and Nb2O5 are shown in Figure 3a; all the
peaks are consistent with Nb4N5 (PDF#51-1327) and Nb2O5 (PDF#30-0873), indicating the
high purity of the synthesized products. The 3DOM structures are further probed through
the N2 adsorption/desorption isotherms (Figure 3b); a similar specific surface area is
obtained by Nb4N5 (34.6 m2 g−1), Nb2O5/Nb4N5 (38.9 m2 g−1), and Nb2O5 (40.9 m2 g−1),
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indicating that the pore structures are well preserved during the phase transformation
process. The pore distributions in Figure 3c indicate the existence of abundant micropores
and mesopores, which can adsorb LiPS by relying the physical effect. Furthermore, the pore
volume in Table S3 indicate that Nb2O5/Nb4N5 has a large number of bigger pores,
which benefit the storing of sulfur. The XPS test is conducted to explore the chemical
bonding environment of Nb2O5/Nb4N5. Correction for specimen charging is applied to
XPS analysis according to the C 1 s peak at 284 eV. Typical Nb-O (209.9 eV, 207.3 eV) and Nb-
N (206.8 eV) bonds are obtained (Figure 3d), indicating the co-existence state of Nb2O5 and
Nb4N5. The high-resolution N 1s spectrum exhibits one major peak at 396.4 eV, which can
be owing to the existence of Nb-N bonds of Nb4N5 (Figure 3e) [30]. Furthermore, one other
major peak appears at 530.6 eV, which can be ascribed to Nb-O bonds of Nb2O5, and a
sub peak of O-containing surface group emerged at 531.5 eV (Figure 3f) [22]. These results
further confirm the successful construction of the Nb2O5/Nb4N5 heterostructure, which is
expected to possess high adsorption and catalysis ability for LiPS.

Figure 3. (a) XRD patterns; (b) N2 adsorption/desorption isotherms and (c) pore distributions of
Nb4N5, Nb2O5/Nb4N5 and Nb2O5. XPS spectra of Nb2O5/Nb4N5: (d) Nb 3d, (e) N 1s, and (f) O 1s.

The LiPS adsorption effect of Nb2O5/Nb4N5 is evaluated by the LiPS adsorption test
using Li2S6 as a representative LiPS (Figure 4a). As is shown in this photograph, the glass
bottles starting from left to right contained blank Li2S6 solution, 3DOM Nb2O5 with Li2S6
solution, 3DOM Nb2O5/Nb4N5 with Li2S6 solution, and 3DOM Nb4N5 with Li2S6 solution,
respectively. The orange colour in the solution changed to a lighter brown after 3DOM
Nb4N5 was added. Moreover, after 3DOM Nb2O5 is added into the solution, the color
of the solution fades intensely and become much more transparent than that of the one
with 3DOM Nb4N5, verifying that Li2S6 adsorption ability of Nb2O5 is much stronger than
that of Nb4N5. At the same time, the solution with Nb2O5/Nb4N5 became completely
colorless, suggesting the synergistic effect of three-dimensionally ordered porous Nb2O5
and the unique catalytic nature of Nb4N5 towards effective trapping of lithium polysulfides.
The UV-vis curves comparison displays the vanishing of typical peaks related to S6

2− and
S4

2−, demonstrating the strong adsorption of Nb2O5/Nb4N5. The highest current response
delivered by the Nb2O5/Nb4N5 electrode can be observed in the LSV test (Figure 4b),
indicating the enhanced Li2S oxidation kinetics achieved by Nb2O5/Nb4N5. This result
also implies reduction of the energy barrier of conversion of polysulfides by heterojunction,
ensuring that the 3DOM Nb2O5/Nb4N5 electrodes promoted catalytic process of sulfur [31].
The TGA graph was performed as shown in Figure S2. The S content can reach 73% owing
to the abundant hierarchical pore structure. To assess the enhanced electrochemical kinetics
in depth, cyclic voltammetry (CV) characterization of the symmetric cells containing the
0.2 M Li2S6 electrolyte are performed with the scan rate of 1 mV s−1 (Figure 4c). The CV
profile of 3DOM Nb2O5/Nb4N5 exhibits excellent reversibility, with two pairs of redox
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peaks (−0.03, 0.03 and −0.22, 0.22 V) probed. However, the CV of 3DOM Nb2O5 and
Nb4N5 only obtains one pair of broadened redox reaction peaks, which is at −0.19 V
and 0.19 V, separately. Moreover, the peak intensity of Nb2O5/Nb4N5 is higher than
that of Nb2O5 and Nb4N5, indicating the limited transformation of polysulfides on the
bare surface of Nb2O5/Nb4N5 heterojunction. The initial three CV cycles (Figure 4d) of
the Nb2O5/Nb4N5heterojunction are perfectly overlapped, suggesting excellent cycling
stability. As is widely accepted by the scientific community, the transformation from Li2S4
to Li2S contributes almost 75% of discharge capacity. As a result, the Li2S deposition test is
conducted, as shown in Figure 4e. It can be observed from Figure 4e that nucleation peak
response of the heterostructure is earlier than that of Nb2O5 and Nb4N5, and nucleation
capacity of 3DOM Nb2O5/Nb4N5 (283 mAh g−1) is highest among the three samples.
This may lead to a lower overpotential of the nucleation, electrocatalytic conversion of Li2S,
and adsorbent to polysulfide species [32].

Figure 4. (a) LiPS adsorption test; (b) LSV test; (c,d) CV curves of symmetric cell; (e) Li2S deposition
test; (f) CV results of the cell with S-Nb2O5/Nb4N5 electrode; (g) long-term cycling tests at 1 C.

The electrochemical performance is tested by employing the S-Nb2O5/Nb4N5 elec-
trode. The CV results are shown in Figure 4f—two distinct reduction peaks and one main
oxide peak can be seen. The reduction peaks located at ~2.35 V and ~2.05 V represent the
transformation from sulfur to Li2S4 and further into Li2S. The oxide peak is produced by
the regeneration of sulfur. The nearly overlapped curves indicate the excellent reversibility
of the electrochemical reactions. Figure S3 show the Nyquist plots of the battery loaded
with different samples in the frequency range 0.01–100 KHz. The S-Nb2O5/Nb4N5 cathode
shows the smallest charge-transfer resistance (Rct), denoting its fast kinetic process. The in-
ternal resistance (Rs) of all samples is similar and the Rct of S-Nb2O5/Nb4N5 cathode is
46.79 Ω (Table S2).Furthermore, a long-term cycling test at 1 C was conducted (Figure 4g).
The first 2 cycles at 0.2 C are applied for activation of the electrodes. A high discharge
capacity of 1354 mAh g−1 at 1 C is obtained and a remarkable reversible capacity of
913 mAh g−1 can still be maintained after 400 cycles with a low capacity attenuation rate
(0.08% per cycle), which is obviously improved compared with the S-Nb2O5 and S-Nb4N5
electrodes. Additionally, the voltage profiles at 1 C are provided in Figure S4; it can be
seen that the S-Nb2O5/Nb4N5 electrode displays stable voltage plateau and negligible
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polarization behavior under prolonged cycling. Moreover, cycling test at 1 C with different
mass loading is shown in Figure S5. The as-developed S-Nb2O5/Nb4N5 electrodes are
capable of withstanding at 1 C at sulfur loading of 2 and 6 mg cm−2 (Figure S5), attribut-
ing the favorable mass/charge transfer and the catalyzed sulfur redox reactions in the
Nb2O5/Nb4N5 matrix. On comparison of our work with other current works, it is seen
that the Nb2O5/Nb4N5 electrode exhibits excellent electrochemical performance among
recently published heterojunction materials for LSB (Table S4).

4. Conclusions

A 3DOM Nb2O5/Nb4N5 heterostructure was constructed through in-situ nitridation
to serve as a multi-functional sulfur host. The porous structure with interconnected
channels can accommodate sulfur as well as facilitate electrolyte infiltration. Strong LiPS
immobilization of Nb2O5 and the remarkable catalysis effect of Nb4N5 are combined to
realize the accelerated LiPS “adsorption-transformation” process. As a result, the LSBs with
S-Nb2O5/Nb4N5 delivered enhanced kinetics and improved cycling stability and discharge
capacity, indicating great capability of Nb2O5/Nb4N5 for high-performance LSBs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11061531/s1, Figure S1: EDS mapping of Nb2O5/Nb4N5, Figure S2: TGA profile
of Nb2O5/Nb4N5, Figure S3: Nyquist plots of S-Nb4N5, S-Nb2O5/Nb4N5 and S-Nb2O5, Figure
S4: Voltage profiles of S-Nb2O5/Nb4N5 at 1 C, Figure S5: Cycling tests at 1 C with different mass
loading, Table S1: Conductivities of Nb4N5, Nb2O5/Nb4N5 and Nb2O5, Table S2: The resistance of
Rs and Rct simulated from equivalent circuits, Table S3: Pore size distribution and/or pore volume
of Nb4N5, Nb2O5/Nb4N5 and Nb2O5, Table S4: Comparation of electrochemical properties of our
work with other works.
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Abstract: Lithium-sulfur (Li-S) batteries are deemed to be one of the most optimal solutions for the
next generation of high-energy-density and low-cost energy storage systems. However, the low
volumetric energy density and short cycle life are a bottleneck for their commercial application.
To achieve high energy density for lithium-sulfur batteries, the concept of synergistic adsorptive–
catalytic sites is proposed. Base on this concept, the TiN@C/S/Ta2O5 sulfur electrode with about
90 wt% sulfur content is prepared. TiN contributes its high intrinsic electron conductivity to improve
the redox reaction of polysulfides, while Ta2O5 provides strong adsorption capability toward lithium
polysulfides (LiPSs). Moreover, the multidimensional carbon structure facilitates the infiltration of
electrolytes and the motion of ions and electrons throughout the framework. As a result, the coin Li-S
cells with TiN@C/S/Ta2O5 cathode exhibit superior cycle stability with a decent capacity retention
of 56.1% over 300 cycles and low capacity fading rate of 0.192% per cycle at 0.5 C. Furthermore, the
pouch cells at sulfur loading of 5.3 mg cm−2 deliver a high areal capacity of 5.8 mAh cm−2 at low
electrolyte/sulfur ratio (E/S, 3.3 μL mg−1), implying a high sulfur utilization even under high sulfur
loading and lean electrolyte operation.

Keywords: lithium-sulfur batteries; catalyst; TiN/Ta2O5; multidimensional carbon

1. Introduction

Lithium-sulfur (Li-S) batteries are ideal candidates to substitute conventional lithium-
ion batteries [1]. However, despite their attractive merits including high theoretical energy
density and abundant resources, the practical uses of Li-S batteries are still hampered by
a series of deleterious defects facing widespread commercialization, such as the intrinsic
poor electrical conductivity of sulfur and discharge products (Li2S/Li2S2), the shuttling
phenomenon originated from the dissolution of lithium polysulfide (LiPSs), and, particu-
larly, the sluggish conversion of LiPSs to solid lithium sulfides, bringing about low sulfur
utilization, fast capacity fading, and poor cyclability [2].

Accordingly, strategies have been developed to solve the above problems in the
past few decades. It has been corroborated that the conversion of LiPSs on the interface
between the electrolyte and host materials is decided by their moderate interactions and
fast electron/ion exchange [3]. Catalysts such as transition metal-free polar materials [4,5],
transition metal compounds [6–9], and metals [10] can not only capture LiPSs to decrease
their dissolution and diffusion in the electrolyte but also boost the conversion between
LiPSs and Li2S2/Li2S. Among them, titanium nitride has been widely used as the catalytic
material [11,12], due to its high electrical conductivity, which can propel the kinetics of
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the transformation of LiPSs. Goodenough and coworkers reported a mesoporous TiN
with a high surface area, benefiting from its intrinsic electrical conductivity, fine porous
framework, and appropriate adsorption ability of TiN; the TiN-S composite cathode exhibits
high specific capacity and excellent rate capability [13]. However, TiN nanoparticles
(TiN NPs) cannot effectively suppress the shuttle effects of LiPSs, because of their weak
adsorption capacity toward LiPSs [14]. Kim et al. proposed an effective electrocatalyst
Ta2O5 for LiPSs conversion in the Li-S system; the intrinsic chemical polarity of Ta2O5
could establish favorable interactions with the LiPSs [15]. However, Ta2O5 demonstrates
insufficient electrical conductivity, because of its electron band structure [16], which does
not provide desirable electron mobility and catalytic activity. Therefore, it is difficult to
make full use of catalysis ability depending on the sole component, which is short in
either adsorption or electrical conductivity. Especially with high sulfur loading for a thick
cathode, the sluggish and incomplete conversion of LiPSs to solid lithium sulfides limits
the full utilization of intermediates, leading to the shuttle effect and rapid capacity decay
during cycling.

To attain high specific capacity under the condition of high sulfur content of the sulfur-
based composite and thick sulfur cathode, we designed the TiN@C/S/Ta2O5 cathode for
Li-S batteries. Both TiN and Ta2O5 have a synergy enhancement effect to promote the
affinity with LiPSs and speed up the kinetics of sulfur conversion reaction. In addition, the
multidimensional carbon structure, which is the mixture of Super P, CNT, and graphene,
can offer high electrical conductivity and sustain the strain generated by the volumetric
changes of the active materials during cycling [17]. Their characteristic superiorities
endow our high fraction of sulfur cathode with good rate response capability and superior
cyclability even under high sulfur loading and lean electrolyte/sulfur ration operation.

2. Experimental Section

2.1. Preparation of TiN@C/S/Ta2O5 Composite

The TiN@C/S/Ta2O5 composite was fabricated in a typical liquid-phase suspension
process. A certain amount of Super P, CNT, graphene, and TiN NPs (the weight ratio of
Super P: CNT: G: TiN = 2:2:1:10) was ball-milled to obtain the uniform slurry. Sulfur was
synthesized based on the reaction between Na2S2O3 and HCOOH [18]; the suspension
of sulfur was injected into the mixed solution of TiN@C under vigorous stirring for more
than 10 h. After that, the sediment was obtained by filtering, washed with distilled water
several times to wipe off the soluble impurities, and dried under vacuum 60 ◦C for 24 h.
Next, the TiN@C/S materials were uniformly dispersed in distilled water again, and an
appropriate amount of Ta(OEt)5 was added to the above suspension; the amorphous
Ta2O5 was produced by the hydrolysis reactions between Ta(OEt)5 and deionized (DI)
water [19]. Subsequently, the mixture was stirred all night. Finally, the TiN@C/S/Ta2O5
(the weight ratio of Super P: CNT: G: TiN: Ta2O5 = 2:2:1:10:10) composite was collected
by centrifugation, washed with deionized water several times, and dried at 60 ◦C for
24 h. The TiN@C/S (SuperP: CNT: G: TiN = 2:2:1:20) and Ta2O5@C/S (Super P: CNT: G:
Ta2O5 = 2:2:1:20) composites were prepared with the procedure similar to TiN@C/S/Ta2O5
composite; the content of sulfur in both TiN@C/S and Ta2O5@C/S materials is also 90 wt%.

The sulfur composite cathodes were prepared by mixing the active material (TiN@C/S/Ta2O5),
Super P, carbon nanotube, and a binder (LA133) in deionized water and isopropanol mixed
solution with a weight ratio of 80:5:5:10. After stirring for 12 h, the cathode slurry was
blade-cast onto Al foils, followed by drying at 60 ◦C for 24 h. Similarly, the TiN@C/S and
Ta2O5@C/S composites were prepared.

2.2. Material Characterization Techniques

Thermogravimetric analysis (NETZSCH TG 209F3, NETZSCH Gerätebau GmbH, Selb,
Germany) was carried out with a heating rate of 5 ◦C min−1 under an atmosphere of N2.
The metallic element content was measured by ICP-OES (Agilent 725ES & Agilent 5110,
Agilent Technologies, Santa Clara, CA, USA). The morphology and structure of materials
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were recorded using scanning electron microscopy (Zeiss G300, Carl Zeiss Inc., Thornwood,
New York, NY, USA) and transmission electron microscopy (JE0L Ltd., Tokyo, Japan). The
elemental compositions and crystal structures of these samples were analyzed by X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha, Thermo Fisher Scientific,
Waltham, MA, USA) and X-ray diffraction (Ultima IV, Rigaku Corporation, Tokyo, Japan).

2.3. Polysulfides Adsorption Experiment

Li2S6 solution with a concentration of 10 mmol L−1 was prepared by mixing lithium
sulfide (Li2S) and sulfur power with a molar ratio of 1:5; the mixture was added into
1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (1:1, v/v) solution, followed by intense
stirring for 24 h in an Ar atmosphere. A total of 20 mg of TiN, Ta2O5, and TiN/Ta2O5 were
added into 30 mL of Li2S6 solution, respectively, and rested for 12 h. The supernatant and
precipitates were researched by UV-vis spectrophotometry and XPS.

2.4. Assembly of the Symmetric Cell

The electrode powers (TiN, Ta2O5, and TiN/Ta2O5,), CNT, and polyvinylidene flu-
oride (PVDF) binder were dispersed into NMP with a weight ratio of 70:20:10 to form a
homogeneous solution, and then it was coated onto the current collector. The symmetric
cell used the electrodes as both cathode and anode, 30 μL electrolyte containing 0.5 mol L−1

of Li2S6, and 1.0 mol L−1 of LiTFSI in a 1:1 (v/v) mixture of 1,3-dioxolane (DOL), and
1,2-dimethoxyethane (DME) was added into each coin cell. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measurements were collected on an
electrochemical workstation (VersaSTAT3, ametek, Berwyn, PA, USA).

2.5. Electrochemical Measurement

Standard CR2025 coin cells were assembled using the prepared electrodes and polypropy-
lene separator (Celgard 2400, Celgard, Charlotte, NC, USA), with lithium metal as the
anode. Charge-discharge performances of both coin cells and pouch cells were tested
between 1.8 and 2.6 V using a LAND CT2001A (Landian, Wuhan, China) multi-channel
battery testing system at room temperature.

In this experiment, the electrolyte was 1M LiTFSI in DOl/DME (1:1 v/v) containing
LiNO3 as an additive (1 wt%), The E/S ratio in the coin cells with areal sulfur loading
(1.5 mg cm−2) was controlled to be 10 μL mg−1. The pouch cells have average areal sulfur
loading of 5.3 mg cm−2 and a decreased electrolyte/sulfur ratio of 3.3 μL mg−1.

3. Results and Discussion

The fabrication process of TiN@C/S/Ta2O5 composite is shown in Figure 1. Firstly,
Super P, CNT, graphene, and TiN were mixed and dispersed in deionized water to obtain
the homogenous host materials. Sulfur was synthesized based on a disproportionated
reaction. Then, the suspension of sulfur nanoparticles was added into the above host
materials system. Through long-time stirring, all those materials were dispersed homo-
geneously without agglomeration, and the sulfur nanoparticles were evenly deposited in
the TiN@C host. Finally, Ta(OEt)5 was added to TiN@C/S slurry to shape the amorphous
Ta2O5 by the hydrolysis reactions, which were well-dispersed on the external surface of
TiN@C/S/Ta2O5.

Based on thermogravimetric analysis (TGA), the rationale design TiN@C/S/Ta2O5
composite displays a sulfur content of 90 wt% in the sulfur composite (Figure 2a). Therefore,
it is difficult for the low content 5% of both TiN and Ta2O5 to respond in X-raydiffractionpatterns
(XRD) measurement (Ultima IV, Rigaku Corporation, Tokyo, Japan). The characteristic
peaks of the TiN@C/S/Ta2O5 composites are following the standard sulfur PDF card S
(JCPDS 08-0247) (Figure S1), while the diffraction peaks of TiN and Ta2O5 can scarcely
be found. To prove the existence of TiN and Ta2O5, the TiN@C/S/Ta2O5 composites
were washed with carbon disulfide to wipe off redundant sulfur. TiN diffraction peaks,
which are in accordance with the standard PDF card of TiN, and amorphous tantalum
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oxide are discovered in the rinsed sample (Figure 2b). The mass ratio of Ta and Ti in
TiN@C/S/Ta2O5 are 3.78 wt% and 3.52 wt% by ICP-OES testing. The surface chemical
states of TiN@C/S/Ta2O5 were investigated by XPS under high vacuum, the display of
strong peak intensity of Ta, and weak intensity Ti, further revealing the existence of an
out-coated Ta2O5 layer in Figure 2c,d. The pore structures of the multidimensional carbon
structure were studied using N2 adsorption-desorption analysis. The BET-specified surface
area of the multidimensional carbon structure was 352 m2 g−1. A dual distribution of micro-
pore and mesopore was observed on the multidimensional carbon structure (Figure 2e,f);
its electronic conductivity was 4.38 × 103 S m−1.

Figure 1. Schematic illustration of the synthesis route of the TiN@C/S/Ta2O5 composites.

Figure 2. (a) TGA of TiN@C/S/Ta2O5 composites. (b) XRD patterns of TiN@C/Ta2O5 compos-
ites. (c,d) XPS spectra of TiN@C/S/Ta2O5 composites. (e) N2 sorption isotherm and (f) pore size
distribution based on QSDFT model of the multidimensional carbon structure.
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The morphology of the TiN@C/S/Ta2O5 composites was investigated by scanning
electron microscope (SEM); the TiN@C/S/Ta2O5 composite consists of a pile of clusters
with an average size of about 0.2–1 μm (Figure 3a). The rough surface and hollow morphol-
ogy guarantee the intimate contact between sulfur composites and electrolytes, leading to
fast ion and electron transportation (Figure 3b).

 

Figure 3. (a,b) SEM image of TiN@C/S/Ta2O5 composite.

The end products of the TiN@C/S/Ta2O5 composite electrode were displayed by
transition electron microscope (TEM) observation. The closely packed nano-clusters struc-
ture is further conformed (Figure 4a). As displayed in the high-magnification TEM image
(Figure 4b), the lattice spacings at 0.212 nm correspond to the (200) plane of TiN. Mean-
while, as shown in the (EDS) elemental mapping images in Figure 4c,g, Ti, N, Ta, O, and S
elements are observed; these results manifest the formation of TiN@C/S/Ta2O5 composite.
In addition, the EDS elemental mapping images of one single bulk TiN@C/S/Ta2O5 show
that more signals of Ta and O can be observed, and most of them are on the surface of the
unit; this result confirms the formation of the external Ta2O5 coating layer. Moreover, the
existence of a few elements Ti and N imply that most TiN may be implanted inside the
TiN@C/S/Ta2O5 composite (Figure S2).

Figure 4. (a) TEM image of TiN@C/S/Ta2O5 material. (b) High-resolution TEM image of
TiN@C/S/Ta2O5 material. (c–g) EDS elemental mapping images of TiN@C/S/Ta2O5 material
with the selective regions shown in (a).
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Polysulfides adsorption experiments were systematically implemented using the
Li2S6 electrolyte for modeling polysulfide intermediates. In contrast, the Li2S6 solution
turns almost transparent after being adsorbed by Ta2O5 and TiN/Ta2O5, while an obvious
yellowish color still can be viewed for that with TiN. The absorbance was analyzed by
UV-vis absorption spectra; it can be seen that the adsorption intensity with Ta2O5 and
TiN/Ta2O5 solution decreases compared with others (Figure 5a). The X-ray photoelectron
spectroscopy (XPS) technique was put into use to understand the chemical interaction
of catalysts before and after the absorption of Li2S6; it can be observed that Ti 2p peaks
have hardly any binding energy shift before and after the adsorption of Li2S6 (Figure 5b).
However, the additional peak at 407.3 and 399.3 eV in the N 1 s spectrum of the Li2S6-
treated TiN corresponds to Ti-N-S bonding (Figure 5c), which should be ascribed to the
electronegativity and polar of nitrogen; it ensures a strongly interaction with LiPSs and
means that the exposed N sites are utilized as the main active sites for absorbing Li2S6 [20].
After interacting with Li2S6, a large positive shift can be observed in both Ta 4f and O1s
peaks in (Figure 5d,e); the shifts of these peak positions are considered to be produced
by the strong binding interaction between Li2S6 and Ta2O5, confirming their strong LiPSs
adsorption capability [15].

Figure 5. (a) UV-vis spectra of the Li2S6 solution with TiN, Ta2O5, TiN/Ta2O5, and bare Li2S6 solution.
(b–e) XPS spectra of Ti 2p, N 1s, Ta 4f, and O1s before and after adsorbed Li2S6.

Symmetrical cells were assembled using TiN, Ta2O5, and TiN/Ta2O5 identical elec-
trodes and Li2S6 electrolyte to investigate the LiPSs conversion dynamics [21]. The
TiN/Ta2O5 compound presents the strongest redox current peaks among different samples
(Figure 6a), which could be attributed to the integrated adsorption and catalytic ability of
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the TiN/Ta2O5 compound. Ta2O5 shows strong adsorption capability for polysulfides, but
their intrinsically low electrical conductivity will impede the reaction kinetics of soluble
LiPSs conversion into insoluble Li2S/Li2S2. Similarly, although TiN exhibits good electrical
conductivity, its weak affinities with lithium polysulfides cannot retain LiPSs to suppress
the shuttling effect. Moreover, electrochemical impedance spectroscopy (EIS) analysis was
employed to understand the interfacial charge transfer kinetics [22] (Figure 6b). TiN/Ta2O5
shows the smallest charge transfer resistance; the interface impedance of symmetric cells
can explain the chemical affinity ability of the electrode materials to LiPSs and the ability of
TiN/Ta2O5 to accept electrons when interacting with LiPSs, further reflecting its fast charge
transfer and facile sulfur redox reactions at the TiN/Ta2O5 and polysulfides interface. All
the above results reveal that the synergistic adsorptive-catalytic effect of TiN/Ta2O5 toward
enhanced LiPSs conversions.

Figure 6. (a) CV curves of TiN, Ta2O5, and TiN/Ta2O5 symmetric cells with 0.1 M Li2S6 electrolyte.
(b) EIS spectra of Li2S6 symmetrical cells.

To investigate the improved reaction kinetics of the TiN@C/S/Ta2O5 composites,
the expedited polysulfides redox kinetics between solid-liquid-solid conversions was
further indicated by the CV curves of the cells with TiN@C/S/Ta2O5, Ta2O5@C/S, and
TiN@C/S electrodes at a scan rate of 0.1 mV s−1 [23]. All the assembled cells show the
typical pair of redox peaks. Compared with Ta2O5@C/S and TiN@C/S, CV curves of
the TiN@C/S/Ta2O5 electrode display visibly stronger peak current intensity and closer
peak position (Figure 7a). Additionally, the CV curves overlap well upon several cycles
(Figure S3). At the same time, the voltage plateaus of galvanostatic charge/discharge
profiles are also correspondent to peaks in the CV curves. The TiN@C/S/Ta2O5 cathode
exhibits the highest specific capacity and a relatively lowest overpotential at 0.5C during
the first cycle [24] (Figure 7b), when adsorptive-catalytic sites, both TiN and Ta2O5, were
implanted within the multidimensional carbon structure. On the one hand, the dispersed-
distribution Ta2O5 coating suggests stronger LiPSs adsorption capability due to the polar Ta-
O bonding; it is found that long-chain polysulfides Li2S6 and Li2S8 are easily deformed after
adsorbing on the surface of strong polar active sites Ta2O5. In this way, the Ta2O5 facilitates
the fragmentation reactions of long-chain polysulfides into shorter chains and accelerates
the kinetics of polysulfides conversion reactions by reducing the activation energy [25]. On
the other hand, its high electrical conductivity of TiN can improve the reduction reaction
kinetics by promoting electron transport in the electrode, resulting in rapid conversion
of LiPSs into Li2S. The TiN@C/S/Ta2O5 electrode owns the dual advantages of excellent
trapping capability of LiPSs (Ta2O5) and superior electronic conductivity (TiN) to achieve
the adsorption-catalysis synergy. The rate properties and corresponding charge-discharge
profiles of these electrodes are displayed (Figure 7c and Figure S4); the TiN@C/S/Ta2O5
delivers the best rate performance with the highest discharge capacity of 1112 mAh g−1 at
1C compared with Ta2O5@C/S (942 mAh g−1) and TiN@C/S (993 mAh g−1), the reversible
capacity of 1216 mAh g−1 when the current returns to 0.1 C. These results furtherly confirm
the improved catalytic activity and kinetics for LiPSs conversion, which is due to the
elaborate design of TiN@C/S/Ta2O5 composite. The charge/discharge voltage profiles of
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TiN@C/S/Ta2O5 at various current densities are illustrated (Figure S4), TiN@C/S/Ta2O5 is
capable of retaining the two-plateau discharge profile at a raised rate of up to 1 C without
the severe electrochemical polarization-induced serious deformations of the voltage profile.
The long-term cyclability performances are compared at a high current density of 0.5 C;
the TiN@C/S/Ta2O5 cathode exhibits the optimal performances with an initial discharge
capacity of 1175 mAh g−1 at 0.5 C, which is much higher than all the other cathodes. The
TiN@C/S/Ta2O5 cathode still delivers a decent discharge capacity of 660 mAh g−1 and
high Coulombic efficiency after 300 cycles (Figure 7d). The gentle capacity attenuation
and prominent capacity retention of TiN@C/S/Ta2O5 cathode benefit from its abundant
polysulfide-trapping and catalytic active sites: the out-coated Ta2O5 can serve as a covering
layer to physically restrain part of LiPSs inside and chemically adsorb another part of
out-diffused LiPSs on its polar active surface. Furthermore, TiN NPs presents satisfied
catalysis ability to catalyze the conversion of LiPSs, originating from expediting electron
transfer. With the synergistic and complementary roles of the cathode materials, the
TiN@C/S/Ta2O5 cathode improves the efficient utilization of lithium polysulfides and
promotes the chemical interaction with LiPSs and sulfur redox kinetics. It is worth noting
that a distinct two-plateau discharge profile maintains well from the 1st to the 100 th cycle
at a relatively high rate of 0.5 C (Figure S5), which is consistent with the results of cycling
performance of TiN@C/S/Ta2O5 over 300 cycles at 0.5 C. This result is very competitive
compared with the previously reported other electrodes (Table S1) [26–28] but it is under
the condition of high S content up to 90 wt% and relatively low content of catalysts and
carbon materials.

Figure 7. (a) CV curves of TiN@C/S/Ta2O5, Ta2O5@C/S, and TiN@C/S. (b) Galvanostatic charge–
discharge curves of different cathodes at 0.5C. (c) rate performances of various sulfur electrodes.
(d) Cycling performance of TiN@C/S/Ta2O5, Ta2O5@C/S, TiN@C/S and C/S cathodes at 0.5 C.
(e) Cycling performances for TiN@C/Ta2O5/S pouch cells over 50 cycles at 0.2 C charge/discharge
rate with a 5.3 mg cm−2.

The wonderful performance of the TiN@C/S/Ta2O5 coin cell inspired us to fabricate
a pouch cell with 200 mg sulfur loading in a single-piece cathode with dimensions of
75 mm × 50 mm. The pouch cell was cycled at a current density of 200 mA g−1, the pouch
cell showed a specific capacity of over 1100 mAh g−1 with a capacity retention rate of 61.63%
for 50 cycles (Figure 7e). Even the uniform Li metal corrosion caused by the dissolution and
diffusion of LiPSs in the electrolyte could result in the fluctuation of Coulombic efficiency
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with limited Li, but the pouch cell still shows high Coulombic efficiency of >96% and
stable cycle life, further suggesting the function of the outer layer Ta2O5 in restraining
the dissolution of LiPSs in organic electrolyte and eliminating Li metal corrosion. Our
TiN@C/S/Ta2O5 pouch cell exhibits a superior electrocatalytic sulfur reduction reaction
(SRR) and represents a significant advance in the light of specific capacity, good cycling life,
and capacity retention when compared with some reported data (Table S2) [29–32]. Despite
the substantial progress made in our work, there is much room to further enhance the
energy densities by optimizing both the mass-production process and cell configuration
for making the pouch cell.

4. Conclusions

In summary, the concept of combining the merits of rational materials to construct
the high-energy-density lithium-sulfur battery has been introduced. The TiN@C/S/Ta2O5
composites with high sulfur fraction were synthesized via the co-precipitation method
through a simple and low-cost preparation process. The novel design of TiN@C/S/Ta2O5
has demonstrated excellent cyclability and rate capability, owing to its potential for inhibit-
ing the shuttle effect and facilitating LiPSs redox reaction in LSBs. Our work will guide the
widespread commercialization of high-energy-density Li-S batteries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11112882/s1, Figure S1. XRD pattern of pure sulfur powder and TiN@C/S/Ta2O5
composite. Figure S2. EDS elemental mapping images of TiN@C/S/Ta2O5 material. Figure S3. CV
profiles of TiN@C/S/Ta2O5 at a scan rate of 0.1 mV s−1. Figure S4. Multi-rate discharge-charge
profiles of TiN@C/S/Ta2O5. Figure S5. Discharge performance of TiN@C/S/Ta2O5 at different
cycles at a rate of 0.5 C. Table S1. Performance Comparison with other sulfur electrodes. Table S2.
Comparison of the pouch cell performance of our work with previously reported work focusing on
sulfur cathodes.
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Abstract: As society progresses, the task of developing new green energy brooks no delay. Li-O2

batteries have high theoretical capacity, but are difficult to put into practical use due to problems
such as high overvoltage, low charge-discharge efficiency, poor rate, and cycle performance. The
development of high-efficiency catalysts to effectively solve the shortcomings of Li-O2 batteries is of
great significance to finding a solution for energy problems. Herein, we design CoFe2O4/g-C3N4

composites, and combine the advantages of the g-C3N4 material with the spinel-type metal oxide
material. The flaky structure of g-C3N4 accelerates the transportation of oxygen and lithium ions and
inhibits the accumulation of CoFe2O4 particles. The CoFe2O4 materials accelerate the decomposition
of Li2O2 and reduce electrode polarization in the charge–discharge reaction. When CoFe2O4/g-C3N4

composites are used as catalysts in Li-O2 batteries, the battery has a better discharge specific capacity
of 9550 mA h g−1 (catalyst mass), and the cycle stability of the battery has been improved, which is
stable for 85 cycles.

Keywords: Li-O2 batteries; composite; ORR; OER

1. Introduction

In the face of huge pressure from energy conservation and emission reduction advo-
cates, it is necessary to replace traditional fuel vehicles with electric vehicles possessing
high energy capacity and long range [1,2]. The theoretical energy density of Li-O2 batteries
is 3500 Wh kg−1, much higher than other batteries. Li-O2 batteries are expected to be used
in electric vehicles and in large-scale productions [3–5]. However, so far, the actual specific
energy of Li-O2 batteries reported in literature is less than half the theoretical value. This
is because during the charging and discharging processes, Li-O2 batteries generate large
polarization phenomena and high activation energy, leading to high energy loss [6]. One of
the solutions to reduce energy loss for the Li-O2 batteries is to develop new electrocatalysts
with high activity. Metallic materials, such as platinum and iridium, or their alloys, have
been shown to be the best electrode materials for oxygen reduction reaction. However, the
high price of metallic materials hinders their commercial application [7,8]. Hence, more
and more attention has been paid to the development of electrocatalysts prepared by some
non-precious metals and non-metals [9].

Recently, spinel materials (such as Co3O4) with adjustable structure and stable chemi-
cal properties have attracted the attention of researchers [10,11]. However, compared with
noble-metal-based catalysts, the catalytic performance of spinel material has a big gap.
Studies have found that the structural stability and performance of the spinel material can
be improved by replacing Co in Co3O4 with secondary metals such as Ni, Cu and Mn [12].

Nanomaterials 2021, 11, 1088. https://doi.org/10.3390/nano11051088 https://www.mdpi.com/journal/nanomaterials65
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Unfortunately, when choosing this material as a catalyst, as the reaction begins, particles
continue to aggregate, the number of active sites decreases, and cycle performance de-
creases. Choosing a suitable supporting substrate to form a stable structure can effectively
reduce particle agglomeration and improve catalyst activity.

Graphite carbon nitride (g-C3N4) has a graphite-like planar phase, of which the
nitrogen atoms have both three-fold coordination atoms and two-fold coordination atoms.
They each also contain six nitrogen lone pairs of electrons [13–15]. This enables the g-
C3N4-based catalyst to change the electronic structure and provides an ideal position
for recombination [16,17]. Therefore, when employed as an ameliorative support for the
nanoparticle surface, g-C3N4 plays a significant role in the catalysis process. It can not only
restrain the migration of nanoparticles, but also acts as the second active-site supplier that
imparts activity to the integral catalyst [18,19]. In addition, we know that rate capability,
round-trip efficiency, and cycle life in Li-O2 batteries are equally governed by parasitic
reactions, which are now recognized to be caused by formation of the highly reactive
singlet oxygen. Selected homogeneous catalyst approach to limit singlet oxygen release is
a way to improve performance [20–22]. The uniformly dispersed particles supported on
substrate are also beneficial to performance improvement due to more sufficient contact
between the active constitutes and Li2O2 particles.

Taking these issues into account, we herein rationally design a scalable facile strategy
for fabricating a CoFe2O4/g-C3N4 composite with the CoFe2O4 particles supported on
the flaky g-C3N4. Thereinto, g-C3N4 not only provides rich catalytic sites, but also acts
as a support for loading CoFe2O4 nanoparticles to restrain their aggregation. g-C3N4 and
CoFe2O4 synergistically enhance the catalytic performance. The resultant CoFe2O4/g-C3N4
composite exhibits enhanced electrochemical performance of Li-O2 batteries with respect
to discharge capacity, voltage polarization, and cycling performance when compared with
single CoFe2O4. This strategy may provide an efficient and versatile approach for designing
spinel-based materials as efficient Li-O2 batteries cathodes.

2. Materials and Methods

2.1. Synthesis

Preparation of g-C3N4: First, 4 g melamine was placed in a crucible with a cover. The
crucible was annealed at 550 ◦C for 4 h in a muffle furnace, and the obtained product was
grinded to obtain block C3N4. Next, 1 g C3N4 was dissolved in 35 mL hydrochloric acid
and stirred for 30 min. The solution was then placed in a Teflon hydrothermal kettle at
110 ◦C for 300 min. Finally, the mixture was centrifuged, washed, and dried at 70 ◦C for
10 h.

Preparation of CoFe2O4/g-C3N4: First, 0.4 g g-C3N4 was dissolved in 30 mL ethylene
glycol, then 0.0496 g cobalt nitrate and 0.138 g iron nitrate (nCo:nFe = 1:2) were added and
stirred vigorously for 30 min to achieve thorough mixing. The concentrated ammonia
solution was added dropwise to the mixed solution to sustain the pH at 8, which was
stirred for another 30 min. Next, the mixture was put in a 50 mL Teflon-lined autoclave and
kept at the temperature of 160 ◦C for 20 h. The products were centrifuged, washed, and
dried at 70 ◦C for 600 min. After grinding and annealing at 350 ◦C for 3 h, CoFe2O4/g-C3N4
composite was obtained.

Preparation of CoFe2O4: The procedure for the preparation of pure CoFe2O4 was the
same as the preparation of CoFe2O4/g-C3N4, but without g-C3N4.

2.2. Material Characterization

The phase prepared in this experiment was tested with a D/MAX2500V X-ray diffrac-
tometer (XRD). The scan range was set to 10–90◦, and the scan speed was 10◦ min−1. For
the observation and research of the microscopic morphology of the sample, the SU8020
field emission scanning electron microscope (SEM) produced by Japan’s JOEL company
was used. The surface microstructure and preliminary quantitative analysis of the sample
was tested and analyzed by the JEM-2100F field emission transmission electron microscope

66



Nanomaterials 2021, 11, 1088

(TEM) and energy-dispersive spectrometer (EDS). A TriStar II 3020 V1.03 specific surface
area tester was employed and the specific surface area was calculated by the BET method
from the adsorption isotherm of the sample with nitrogen gas. The component elements of
the sample and the analysis of element valence were performed by ESCALAB250 X-ray
photoelectron spectrometer (XPS).

2.3. Electrochemical Performance Test
2.3.1. ORR/OER Performance Test

The ORR/OER electrocatalytic performance test was carried out by an ATA-1B rotating
disc electrode (RDE). Preparation of working electrode: A mixture of 10 mg CoFe2O4/g-
C3N4 and 2 mg Vulcan XC-72 were added to 40 μL Nafion solution, and 2 mL isopropanol
water with the given fraction (Visopropanol:VDeionized water = 1:5) was added into the solution.
The ultrasonic treatment was then used to disperse the solution, then 5 μL was pipetted
and mixed suspension added to the polished glassy carbon electrode surface. Finally,
the electrode was dried by natural volatilization or low-temperature drying. Once the
electrode was completely dried, it proceeded to the testing process. In the measurements,
glassy carbon electrode (GCE) was used as the working electrode. Saturated calomel
electrode (SCE) was used as the reference electrode. Graphite electrode was used as the
auxiliary electrode.

For ORR/OER polarization curve testing, the scanning speed was set to 10 mV s−1

and the rotation speed was 400~2000 rpm. The electrolyte was 0.1 M oxygen-saturated
KOH solution. The ORR potential scanning interval was set between 0 and −0.6 V. The
electrode rotation speed tested in OER was 1600 rpm, and the potential scanning interval
was 0~1 V.

2.3.2. Battery Performance Test

Preparation of oxygen electrode: First, 15 mg catalyst and 30 mg KB were grinded
and mixed for 1 h. Next, 83.3 mg PVDF (6 wt%) and 10 drops of NMP were added to
the grinded powder to form a uniform slurry without obvious particles, which was then
coated on carbon paper and dried at 90 ◦C for 10 h.

The electrochemical performance of batteries was tested by using 2032-type coin cell.
Each cell was composed of a lithium metal anode, a glass fiber separator (Whatman grade
GF/D), an electrolyte containing 1 M LiCF3SO3 in TEGDME, an oxygen cathode, and two
pieces of nickel foam (1 mm thick) as the filler and the current collector. This was assembled
in an argon-filled glove box (M. Braun). The oxygen cathodes were prepared by coating
catalyst ink onto carbon paper homogenously. The catalyst mass loading of the oxygen
cathode is about 0.5 ± 0.1 mg cm−2.

For the evaluation of the battery discharge–charge performance and overvoltage
performance test, voltage range was 2.2–4.5 V (vs. Li+/Li). The current density was
100 mA g−1.

The voltage range for the battery cycle performance test was 2.0–4.5 V (vs. Li+/Li).
The current density was 500 mA g−1 and limited the capacity to 1000 mA h g−1.

3. Results and Discussions

As shown in Scheme 1, the synthesis of CoFe2O4/g-C3N4 starts with a facile hydrother-
mal treatment of the solution containing cobalt nitrate, iron nitrate, and the prepared
g-C3N4. The phase is studied by X-ray diffraction (XRD). In Figure 1a, g-C3N4 exhibits
two characteristic diffraction peaks: A peak at 27.4◦ is formed by the stack of g-C3N4 rings,
which is the (002) crystal plane [23]; another with relatively weak intensity is at 13.0◦,
which is a characteristic diffraction peak of Melamine substances and mainly refers to the
in-plane nitrogen pores formed by the 3-s-triazine structure [24]. By comparing the two
XRD patterns, before and after alkali treatment, the peak of the material does not change,
which implies that the crystal structure of g-C3N4 remains unchanged. This confirms that
carbon nitride possesses good chemical stability. For the XRD patterns of CoFe2O4/g-C3N4
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composite, the peaks at 18.3◦, 30.7◦, 35.7◦, 43.3◦, 57.4◦, and 63.2◦ are CoFe2O4 diffraction
peaks. The peak at 2θ position of 27.7◦ correspond to the typical peak of g-C3N4, implying
that the CoFe2O4/g-C3N4 material has been successfully synthesized.

Scheme 1. Schematic illustration of the preparation of CoFe2O4/g-C3N4 composite.

 

Figure 1. (a) XRD patterns of bulk g-C3N4, g-C3N4, CoFe2O4, and CoFe2O4/g-C3N4; images of
CoFe2O4/g-C3N4 material: (b) SEM, (c) TEM, (d) HRTEM, and (e) EDS elemental mapping.

The surface and internal morphology of materials are observed with scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Bulk g-C3N4 is composed
of many layered nanosheets, which are stacked on each other (Figure S1). After alkali
treatment, the g-C3N4 is stripped into flakes (Figure S2), which is conducive to the loading
of spherical particles. Without g-C3N4, pure CoFe2O4 shows the particle morphology
in Figure S3, while CoFe2O4/g-C3N4 exhibits stacked granular morphology connected
with particles as shown in Figure 1b. TEM images indicate that CoFe2O4 nanoparticles
are supported on the flaky g-C3N4 where the clear lattice fringes of 0.25 nm correspond
well to the (311) plane of CoFe2O4, suggesting that these particles are CoFe2O4 (Figure 1c,d).
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Moreover, the element distribution C, N, O, Co, and Fe of the material is observed by energy-
dispersive spectroscopic (EDS) (Figure 1e), indicating successfully prepared material of
CoFe2O4/g-C3N4 composite and uniformly distributed CoFe2O4 nanoparticles on the flat
g-C3N4. The specific surface area and pore volume of CoFe2O4/g-C3N4 are determined to
be 244.1 m2 g−1 and 0.423 cm3 g−1 by Braunauer–Emmett–Teller (BET) analysis (Figure S4),
which is much larger than those of g-C3N4. Such a big increase for specific surface area and
pore volume indicates that CoFe2O4 particles supported on the flaky g-C3N4 are effective
for preventing g-C3N4 from stacking on each other. The increase in specific surface area and
pore size can expose more active sites, increasing the ion migration rate during charging
and discharging.

The elemental composition and chemical state of synthetic materials are analyzed
by X-ray photoelectron spectroscopy (XPS). The full-spectrum scan result shows that the
material contains C, N, O, Fe, and Co, which proves that the CoFe2O4/g-C3N4 material
was successfully synthesized (Figure 2a). In the spectrum of C 1s (Figure 2b), two strong
peaks are shown at 288.1 and 284.7 eV, which respectively belong to the sp2 hybridized
bounded carbon (C=N) and graphitic carbon (C-C) [25,26]. Figure 2c is the N 1s spectrum,
which confirms that the CoFe2O4/g-C3N4 composite has three kinds of nitrogen. The
398.3 eV is the sp2 hybrid nitrogen (N1), the 399.2 eV is the tertiary nitrogen (N2), and
the 400.9 eV is the amino functional group (N3), respectively [27,28]. The high-resolution
Co 2p3/2 spectrum presents the signals of Co2+, Co3+, and satellite (Figure 2d), where the
presence of Co3+, Co2+, and vibration satellite are respectively exhibited by the brown
main peak (780.5 eV), the blue green peak at 782.2 eV, and the peak at 786.8 eV [29–31].
The Fe 2p3/2 spectrum of the catalyst also exhibits Fe2+, Fe3+, and satellite peaks, which
respectively appear at 710.7 eV, 712.2 eV, and 714.1 eV [31–33]. The above results indicate
that two-electron pairs of Fe3+/Fe2+ and Co3+/Co2+ exist in the structure of CoFe2O4/g-
C3N4 material. In addition, the O1s XPS peak at 530.2 eV is the intrinsic lattice, while
another peak at 531.8 eV may be the adsorbed water [34,35].

 

Figure 2. XPS survey spectra of CoFe2O4/g-C3N4: (a) full-spectrum scan, (b) C 1s, (c) N 1s, (d) Co 2p3/2, (e) Fe 2p3/2, and
(f) O 1s.

The electrochemical catalytic activity of the sample was evaluated in 0.1M KOH
solution by linear sweep voltammetry (LSV). In Figure 3a, the CoFe2O4/g-C3N4 displays
an onset potential (Eonset) of 0.90 V and a half-wave potential (E1/2) of 0.76 V, which are
more positive than those of CoFe2O4 (0.67 V) and g-C3N4 (0.65 V) catalysts (Figure 3b),
signifying the higher activity for ORR. Moreover, the CoFe2O4/g-C3N4 exhibits a larger
diffusion-limited current, suggesting the material has strong mass transfer ability and fast
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electron transfer speed. The reaction kinetics of the material are calculated and analyzed
by the LSV curve at different speeds, as shown in Figure 3c. The activity of all materials
at different speeds is linearly related, and the calculated number of transferred electrons
show Pt/C, CoFe2O4/g-C3N4, CoFe2O4, and g-C3N4 is 4.0, 3.8, 3.4, and 1.67, respectively.
The ORR reaction of CoFe2O4/g-C3N4 composite is nearly a 4e- process, which indicates a
better ORR catalytic performance and is close to commercial Pt/C. Furthermore, the OER
curves of various catalysts show the CoFe2O4/g-C3N4 catalyst has the limiting current
density of 49.3 mA cm−2, higher than CoFe2O4 (~18.8 mA cm−2), g-C3N4 (~1.93 mA cm−2),
and Pt/C (~9.87 mA cm−2) (Figure 3d), indicating the CoFe2O4/g-C3N4 material has the
best OER performance. This may be due to the synergies of g-C3N4 and CoFe2O4 which
boost the performance.

Figure 3. (a) ORR polarization curves; (b) the results summary of E1/2 and E0; (c) Koutecky-Levich
plots; (d) OER curves of g-C3N4, CoFe2O4, CoFe2O4/g-C3N4, and Pt/C catalysts.

The electrochemical catalytic ability of the material was evaluated by assembling
2032 button batteries. In Figure 4a, the CoFe2O4/g-C3N4 composite exhibits a discharge
specific capacity of 9550 mA h g−1, significantly higher than CoFe2O4 and XC-72. The
overpotential of the CoFe2O4/g-C3N4 composite as exhibited in Figure 4b is 1.21 V, which
is lower than the catalysts of CoFe2O4 (1.33 V) and XC-72 (1.87 V). These results indicate
that when CoFe2O4/g-C3N4 composite is used as catalyst for Li-O2 batteries, the degree of
polarization during the discharge–charge process is relatively lower than pure CoFe2O4.
Figure 4c,d show the cycle performance of CoFe2O4 and CoFe2O4/g-C3N4. The CoFe2O4/g-
C3N4 composite can stably cycle 85 times, which is significantly higher than pure CoFe2O4
cathodes (16 times). In the battery cycle reaction, the flake structure of g-C3N4 can supply
sufficient space to store discharge product Li2O2 and accelerate the transportation of O2
and Li+; also, its larger specific surface area and rich N content provide more reactive
sites for the discharge–charge reaction. In addition, g-C3N4 provides a stable support
for restraining aggregation of CoFe2O4 nanoparticles due to its high chemical stability,
which leads to an increase in the stability of the composite catalyst. Therefore, from the
discussion, the synergistic effect between g-C3N4 and CoFe2O4 can effectively improve
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the electrocatalytic activity and stability of the catalyst in Li-O2 batteries, which is much
better than pure CoFe2O4 cathode. The capacity retention rate tests of Li-O2 batteries of
CoFe2O4/g-C3N4 material were carried out at four current densities (Figure 4e). Compared
with the first discharge capacity, the corresponding capacity retention rates of the four
current densities are 67.7%, 61.3%, 48.4%, and 42.3%, respectively (Figure 4f). All results
prove that CoFe2O4/g-C3N4 composite can promote ORR/OER dynamics, thus improving
the rate performance of the battery. Even at a high current, the battery keeps a good
capacity retention rate.

Figure 4. (a) First discharge–charge curves and (b) the overpotential curves of XC-72, CoFe2O4, and CoFe2O4/g-C3N4;
cycle ability of (c) CoFe2O4 and (d) CoFe2O4/g-C3N4; (e) first discharge–charge plots at different current densities (200, 400,
600, and 800 mA g−1) and (f) capacity retention plots of CoFe2O4/g-C3N4.

To investigate the composition and morphology changes of CoFe2O4/g-C3N4 elec-
trodes at different stages after the discharge–charge process, Figure 5a displays XRD
spectrum of batteries at different states. Compared with the catalyst in the initial state, after
discharging, the surface of carbon sheet clearly exhibits characteristic peaks of Li2O2 at 33◦,
35◦, and 58◦, and neither Li2O nor LiOH is detected. After charging, no diffraction peak of
Li2O2 is observed, which indicates that the battery has a good reversibility. Figure 5b–d are
the SEM images of the battery after different processes. From Figure 5c, the morphology
of the Li2O2 after the battery being deeply discharged is clearly observed. The lithium
peroxide is mainly distributed uniformly on the carbon sheet in the form of filaments. After
the charging process (Figure 5d), Li2O2 disappeared completely, which is similar with the
initial state (Figure 5b) and consistent with XRD results, indicating that the battery has
good reversibility.
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Figure 5. (a) XRD patterns of CoFe2O4/g-C3N4 electrode in different states; SEM images of
CoFe2O4/g-C3N4 electrode in (b) pristine state, (c) 1st discharged state, and (d) 1st charged states.

4. Conclusions

In short, the g-C3N4/CoFe2O4 material is synthesized by simple methods. The flake
structure of the CoFe2O4/g-C3N4 catalyst accelerates the transportation of O2 and Li+

and provides sufficient space to store the discharge product of Li2O2. Both g-C3N4 and
CoFe2O4 can offer catalytic sites. In addition, g-C3N4 supplies a stable support for restrain-
ing the aggregation of CoFe2O4 nanoparticles. Therefore, the Li-O2 batteries with such
CoFe2O4 modified g-C3N4 composites as air cathodes deliver a discharge specific capacity
of 9550 mA h g−1, and the cycle stability has been enhanced more than pure CoFe2O4
cathodes. This strategy opens opportunities for rationally exploring different modified
strategies on nanostructured electrocatalysts for diverse devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11051088/s1, Figure S1: SEM image of bulk g-C3N4, Figure S2: SEM image of flake
C3N4, Figure S3: SEM image of CoFe2O4, Figure S4: (a) N2 adsorption-desorption isotherms and
(b) specific surface area and pore volume of g-C3N4 and CoFe2O4/g-C3N4.
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Abstract: Biomass-waste activated carbon/molybdenum oxide/molybdenum carbide ternary com-
posites are prepared using a facile in-situ pyrolysis process in argon ambient with varying mass ratios
of ammonium molybdate tetrahydrate to porous peanut shell activated carbon (PAC). The formation
of MoO2 and Mo2C nanostructures embedded in the porous carbon framework is confirmed by
extensive structural characterization and elemental mapping analysis. The best composite when
used as electrodes in a symmetric supercapacitor (PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1)
exhibited a good cell capacitance of 115 F g−1 with an associated high specific energy of 51.8 W h
kg−1, as well as a specific power of 0.9 kW kg−1 at a cell voltage of 1.8 V at 1 A g−1. Increasing
the specific current to 20 A g−1 still showcased a device capable of delivering up to 30 W h kg−1

specific energy and 18 kW kg−1 of specific power. Additionally, with a great cycling stability, a 99.8%
coulombic efficiency and capacitance retention of ~83% were recorded for over 25,000 galvanostatic
charge-discharge cycles at 10 A g−1. The voltage holding test after a 160 h floating time resulted in
increase of the specific capacitance from 74.7 to 90 F g−1 at 10 A g−1 for this storage device. The
remarkable electrochemical performance is based on the synergistic effect of metal oxide/metal
carbide (MoO2/Mo2C) with the interconnected porous carbon. The PAC/MoO2/Mo2C ternary
composites highlight promising Mo-based electrode materials suitable for high-performance energy
storage. Explicitly, this work also demonstrates a simple and sustainable approach to enhance the
electrochemical performance of porous carbon materials.

Keywords: porous carbon; ternary composite; molybdenum oxide; molybdenum carbide; energy storage

1. Introduction

The high demand for energy in conjunction with the rapid depletion of fossil fuels has
made it essential to develop alternative energy sources. Various researchers have shown an
increased interest in the development of clean, sustainable and renewable energy sources
such as solar, wind and geothermal [1,2]. However, there are still challenges linked to
the production and continuous supply of energy in large quantities from these renewable
energy systems [3]. Therefore, in order to supply energy needs on a long-term basis, in
addition to it being affordable, sustainable and environmentally friendly, it is important
to find diverse, efficient, safe and flexible methods for its simultaneous generation and
storage [4–6]. Batteries and supercapacitors are the most renowned energy storage devices
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with supercapacitors being given gross attention by energy researchers globally due to
their high performance features such as high specific power, long life cycle and quick
charge-discharge dynamics [7,8].

Supercapacitors are typically categorized into electrical double layer-capacitor (EDLC)
and pseudo capacitors. The former operates on a charge storage process that relies on an
electrostatic charge accumulation formed at the interfacial region of electrode/electrolyte
while the latter depends on reversible faradic-type redox reactions at the electrode surface
material [9,10].

Porous carbon such as carbon nanotube, graphene, activated carbon (AC) and carbon
onions owing to their large surface area, good electrical conductivity and great stability
are mainly investigated as electrode materials for EDLC [11,12]. Porous AC materials
obtained from biomass waste (peanut shell, walnut shell, pinecone and so on) have gained
interest due to their distinctive features of well-developed surface area with hierarchical
pore structure, abundant availability of precursors sources, environmental friendliness
and low costs [13,14]. In addition, surface functional groups obtained from the AC can
favor an easy ion adsorption/desorption at the electrode/electrolyte interface leading to
an optimum electrochemical performance [15,16]. However, there is still a need to improve
their performance to meet the high-energy demand.

To date, various methods have been reported to enhance the electrochemical perfor-
mance of the porous ACs. For instance, the introduction of oxygen functional groups
(ketone, ether, carboxylic acid, quinone, and so on) by oxidizing the porous carbon surface
could promote the hydrophilicity and also surface reactivity of the carbon material [17–19].
Moreover, the presence of the surface oxygen-containing species not only provides some
pseudo capacitance effect but also enriches the surface wetting capability which contributes
a significant improvement in the capacitance and the overall specific energy/power of the
carbon electrode material [19,20].

Song et al. [19] prepared O/S dual-modified nanoporous carbon (OSC) by a hydrother-
mal oxidation method using H2O2 (O) and H2SO4 (S) as oxidants. Their study revealed
that the OSC electrode delivered a specific capacitance of 168 F g−1, 3.5 times higher than
the pristine nanoporous carbon in 6 M KOH aqueous electrolyte due to the introduction of
the oxygen functional groups on the surface of nanoporous carbon [19]. Another promising
method is the heteroatom-doping (nitrogen, sulphur, phosphorous, boron and so on) of a
porous AC matrix, which enhances the capability to store charge in the material. Therefore,
heteroatom doping into the porous carbon framework results in the modification of the
electronic structure, which can remarkably improve the electrical conductivity, the surface
wettability, properties of the electrons donor and hence the electrochemical features of the
porous carbon materials [21–24]. For instance, we reported previously in our study on the
synthesis of nitrogen-doped peanut shell activated carbon (NPAC) by chemical activation
and nitrogen-post-doping processes with KOH and melamine respectively. The NPAC
showed a considerable increase in the specific capacitance value (167 F g−1 to 216 F g−1)
for the non-doped PAC and NPAC electrodes in a 2.5 M KNO3 aqueous electrolyte [24].

Incorporating transition metal oxides/hydroxides or conducting polymer into the
porous carbon network is also an effective strategy that can improve the electrochemical
properties of these carbon materials. The integration of porous carbon with transition metal
oxides (MnO2, NiO, Fe3O4, MoO2, etc.) forming composites synergistically combines the
advantages and mitigates the limitations of both materials [25–27]. MoO2 is one of the most
promising pseudocapacitive transition metal oxides which possesses several oxidation
states (+2 to +6), high theoretical specific capacitance, excellent redox reaction capability,
low electrical resistivity, good electrochemical activity and low cost [28,29].

Thus, the MoO2 incorporated into the porous carbon may provide more electrochemi-
cal active sites that could influence additional surface pseudocapacitive effect endowing
enhanced electrochemical performance of the composite [30–32]. Lina et al. [30] synthesized
MoO2 nanoparticles decorated into 3D porous graphene (MoO2-rGO) using a hydrothermal
route. Their work indicated that the MoO2-rGO composite enhanced specific capacitance
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to 356 F g−1 as compared to the 3D porous graphene (244 F g−1) in 6 M KOH aqueous
electrolyte [30].

Other studies have also shown the incorporation of transition metal carbide (Mo2C,
W2C, TiC, etc.) in the carbon framework could improve the performance metrics of the
electrochemical capacitors [33–35]. Among the transition metal carbides, Mo2C has recently
attracted great interest due to the high specific conductance (1.02 × 102 S cm−1), great
conductivity (electrical and thermal) and good chemical stability [36–38]. Furthermore,
these remarkable proprieties can offer additional actives sites, facilitate electron and ion
transportation, good cyclic stability properties and a reduction of the charge resistance
which could produce a relatively high electrochemical performance [38,39]. Hussain and co-
workers [40] have prepared carbon nanotubes (CNTs) decorated with molybdenum carbide
nanosheets (Mo2C@CNT) by a chemical reduction approach followed by carbonization. In
their report, the hybrid composite Mo2C@CNT exhibited a specific capacitance value of
365 F g−1 which is 3.5 times higher than the CNTs (103 F g−1) in KOH electrolyte owing to
the synergy between the Mo2C and CNTs [40].

Forming a ternary composite of metal oxide (MoO2), metal carbide (Mo2C) and porous
carbon material result in a combination of the advantages of each component that could
considerably enhance the electrochemical features of the energy storage device [38,41,42].
For instance, Ihsan et al. [36] have prepared a MoO2/Mo2C/C spheres by a two-step,
hydrothermal process followed by a calcination procedure.

Yang et al. [42] have also synthesized MoO2/Mo2C/C hybrid microspheres by a
template-free method. Both studies showed a great rate capability, cycling stability, good
capacity as anode materials for Li-ion batteries. However, to the best of our knowl-
edge no reports exist on the application of these Mo-based materials/porous carbon
(MoO2/Mo2C/C) ternary composites as supercapacitor electrodes.

In this study, we have established a facile and low-cost approach of synthesizing a
ternary composite (PAC/MoO2/Mo2C) for the first time as electrode material for superca-
pacitor by one-step pyrolysis route through varying mass ratios of ammonium molybdate
tetrahydrate to porous peanut shell activated carbon (PAC) (1:0.5; 1:1; 1:2). The in-situ
formation of MoO2 and Mo2C nanostructures incorporated into the PAC network were
confirmed by the XRD, Raman, HRTEM, SAED, SEM, EDX mapping, as well as the XPS
analysis. The obtained ternary composites portrayed interesting merits based on the exist-
ing incorporated nanostructures of the MoO2-Mo2C within the nanoporous PAC-based
material including: (i) high specific surface area with hierarchically porous structure of the
PAC, (ii) pseudocapacitive effect by the redox reaction of MoO2 and (iii) superior electrical
conductivity and stability of the Mo2C. The best ternary composite (PAC/MoO2/Mo2C-
1) exhibited superior capacitive performance in both half and full-cell test owing to the
synergistic effect of the MoO2 and Mo2C nanostructures embedded into the PAC matrix.
Moreover, our study demonstrates a simple and sustainable approach to enhance the
electrochemical performance of porous carbon materials.

2. Experimental

2.1. Materials

In this study, all chemical reagents were used as obtained without any further purifi-
cation. Ammonium molybdate tetrahydrate (NH4)6Mo7O24·4H2O, 99.98%), potassium
nitrate, (KNO3, 99.99%), potassium hydroxide (KOH, 99%), polyvinylidene fluoride (PVDF,
99%), carbon acetylene black (CAB, 99.95%), hydrochloric acid (HCl, 37%) and N-methyl-2-
pyrrolidone (NMP, 99%) were supplied from Merck (Johannesburg, South Africa). Argon
gas (Ar, 99.99%) was purchased from Afrox (Johannesburg, South Africa) and polycrys-
talline nickel foam mesh (with 1.6 mm thickness, 420 g m−2 areal density) was obtained
from Alantum (Munich, Germany).
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2.2. Synthesis of the Peanut Shell Waste Derived Activated Carbon (PAC)

Peanut shell waste derived activated carbon (PAC) was prepared by a one-step chem-
ical activation following a reported procedure from our previous study [24]. Briefly, the
peanut shell waste raw material was mixed with KOH pellets in an optimized ratio by
mass and then subjected to chemical activation at an elevated 850 ◦C temperature for 1 h to
obtain the final product.

2.3. Synthesis of the Peanut Shell Derived Activated Carbon/Molybdenum Oxide/Molybdenum
Carbide (PAC/MoO2/Mo2C) Ternary Composites

The synthesized PAC sample was mixed with ammonium molybdate tetrahydrate
in mass ratios of 1:0.5, 1:1 and 1:2 for the PAC to the inorganic salt in an agate mortar.
Few drops of deionized water were added to the as-prepared mixture to ensure thorough
mixing of both materials which was then loaded onto a porcelain boat and air dried at
80 ◦C for 12 h in an electric oven.

The porcelain boat was transferred into a horizontal tube furnace and heated to 850 ◦C
at a ramping rate of 5 ◦C min−1. The furnace was kept constant at this temperature for 1 h
under 250 sccm of argon gas flow. After cooling down to room temperature, the ternary
composites were obtained and labelled PAC/MoO2/Mo2C-0.5, PAC/MoO2/Mo2C-1 and
PAC/MoO2/Mo2C-2 corresponding to the mass ratio of 1:0.5, 1:1 and 1:2, of PAC to the
inorganic salt, respectively. The schematic procedure for preparing the PAC/MoO2/Mo2C
ternary composites is illustrated in Figure 1.

Figure 1. Schematic illustration for the synthesis method of the PAC/MoO2/Mo2C ternary composites.

2.4. Physical Characterization

Powder X-ray diffraction (XRD) analysis of the PAC/MoO2/Mo2C samples was
determined using a Brucker D8 Advance diffractometer using Cu Kα (λ = 1.5406 Å)
radiation operating in the 2θ range of 10–80◦. Raman spectra of the ternary composite
materials were characterized on WITec alpha300 RAS+ confocal Raman microscope (WITec,
Ulm, Germany) using a 532 nm excitation laser at a power of 5 mW.

High-resolution transmission electron microscope (HRTEM) micrographs and selected
area electron diffraction (SAED) patterns were obtained using a JEOL JEM-2100F field
emission gun transmission electron microscope (FEG-TEM) operating at 200 kV. Scanning
electron microscope (SEM) micrographs and energy dispersive X-ray (EDX) mappings
were carried out using a Zeiss Ultra-plus 55 field emission scanning electron microscope
(FE-SEM). The SEM images and EDX mapping images were operated at 1.0 and 10 kV
accelerating voltage respectively. The surface area distribution was performed by Brunauer-
Emmett-Teller (BET) and porosity pore size by Barrett-Joyner-Halenda (BJH) methods on
the Micrometrics TriStar II 3020 (version 2.00) system in a relative pressure (P/P0) range of
0.01–1.0 at 77 K. X-ray photoelectron spectroscopy (XPS) of the samples was obtained by a

78



Nanomaterials 2021, 11, 1056

VG Escalab 220i-XL instrument equipped with a monochromatic Al-Kα (1486.6 eV) source
of radiation.

2.5. Electrochemical Characterization

The PAC/MoO2/Mo2C electrodes were prepared by mixing the active material, car-
bon acetylene black (CAB) as conductive additive and polyvinylidene difluoride (PVDF)
as binder in a weight ratio of 8:1:1, respectively in an agate mortar. Few drops of N-
methylpyrrolidone (NMP) as solvent was added to the mixture to obtain slurry which was
uniformly coated on nickel foam (NF) as current collector followed by drying at 80 ◦C for a
period of 12 h in an electric oven.

The cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemi-
cal impedance spectroscopy (EIS) were investigated using VMP-300 16-channel potentiostat
(Bio-Logic, Knoxville, USA) associated with EC-Lab® (V11.33) software. The three electrode
(half-cell) test was performed using the as-prepared electrode as working electrode, the
glassy carbon as counter electrode (CE) and Ag/AgCl (in saturated 3M KCl) as reference
electrode (RE).

For the two-electrode measurement (full-cell), a Swagelok cell and a microfiber filter
paper (separator) were used to assemble the symmetric device. All electrochemical tests
were performed in 2.5 M KNO3 aqueous electrolyte at room temperature.

The specific capacitance Cs (F g−1) of the half-cell was obtained from the GCD profiles
using the following Equation [43]:

Cs =
IΔt

mΔV
(1)

where I represents the current (mA), Δt is the time (s) of the discharge slop from GCD, m is
the mass (mg) of the active electrode and ΔV is the operating potential (V).

The specific capacitance Cs (F g−1), specific energy E (W h kg−1) and the specific
power P (W kg−1) for the symmetric device were calculated using the mass total mT (mg)
of the positive and negative electrode from the Equations (2)–(4) [44]:

Cs =
IΔt

mTΔV
(2)

E =
CsΔV2

7.2
(3)

P = 3600
Ed
Δt

(4)

3. Results and Discussion

3.1. Structural, Morphological and Textural Characterization

XRD patterns of the as-prepared PAC/MoO2/Mo2C ternary composites are displayed
in Figure 2a. These XRD spectra reveal diffraction peaks matching with the monoclinic
MoO2 (ICSD card No. 86-0135, space group: P21/c, cell parameters: a = 5.6096 Å,
b = 4.8570 Å, c = 5.6259 Å) and the hexagonal Mo2C (ICSD card No. 35-0787, space
group: P63/mmc, with cell parameters: a = 3.0124 Å, b = 3.0124 Å, c = 4.7352 Å) in
PAC/MoO2/Mo2C-0.5, PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2 samples. All
diffraction peaks located with approximate 2θ values of 26.1◦, 37.1◦, 53.7◦, 60.7◦ and 66.9◦
corresponding to (011), (211), (220), (310) and (131) crystallographic planes, respectively
can be assigned to the monoclinic MoO2 [45,46].
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Figure 2. (a) XRD patterns and (b) Raman spectra of the PAC/MoO2/Mo2C-0.5, PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2.

Therefore, the other featured peaks located at 2θ of 34.3◦, 37.9◦, 39.4◦, 52.1◦, 61.5◦,
69.5◦, 74.6◦ and 75.5◦ can be ascribed to the (100), (002), (101), (102), (110), (103), (112) and
(201) crystallographic planes from the hexagonal Mo2C, respectively [47,48]. Additionally,
the broad peak around 2θ of 26.5◦ corresponding to (002) diffraction of graphite (ICSD card
No. 41-1487) could be attributed to the presence of the amorphous carbon domains of the
PAC which overlaps with MoO2 peak at 26.1◦ [45,48].

The Raman spectra of the as-prepared PAC/MoO2/Mo2C porous ternary composites
are shown in Figure 2b. The characteristic peaks at around 125, 152, 200, 342, 381 and
666 cm−1 bands could be attributed to the vibration modes of the monoclinic MoO2. The
Raman active modes at 285, 825 and 998 cm−1 bands could be assigned to vibrational features
of the Mo2C [49–52]. Two other characteristics peaks are also observed at (1341–1360 cm−1) and
(1583–1609 cm−1) which correspond to the D and G bands, respectively (as shown in Table 1).
The D band is associated to the disordered graphitic structure in carbon matrix while the G
is due to the sp2-hybridized graphitic carbon [43]. The intensity ratio of D and G bands
(ID/IG ratio) recorded in Table 1 reveals the graphitization degree of the as-synthesized
ternary composites [42]. The ID/IG ratio values decreased from 1.03 to 0.97 with increasing
mass ratio of the molybdenum precursor to the porous carbon. This indicates a balanced
amorphous carbon to the graphitic carbon in the PAC/MoO2/Mo2C composites resulting
from the MoO2 and Mo2C nanoparticles embedded into the porous carbon network [53,54].

Table 1. Raman data of the PAC/MoO2/Mo2C ternary composites.

Samples D-Band (cm−1) G-Band (cm−1) ID/IG Ratio

PAC/MoO2/Mo2C-0.5 1349 1583 1.03
PAC/MoO2/Mo2C-1 1341 1607 1.01
PAC/MoO2/Mo2C-2 1360 1610 0.97

High-resolution transmission electron microscopic (HRTEM) micrographs and se-
lected area electron diffraction (SAED) patterns were further performed to provide more
crystal structural information of the PAC/MoO2/Mo2C-0.5, PAC/MoO2/Mo2C-1 and
PAC/MoO2/Mo2C-2 ternary composites as shown in Figure 3. Figure 3a–c revealed the
HRTEM micrographs of the ternary composites in which the lattice fringes are highlighted
in yellow arrow and the layer of amorphous PAC in orange arrow. The lattice fringes with
an inter-planar spacing (d) approximate values of 0.340 nm, 0.219 nm and 0.283 nm are
corresponding to the crystallographic planes (011), (−212) and (−102) of the monoclinic
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MoO2 (ICSD card No. 86-0135), respectively. The other d-spacing values of 0.237 nm
and 0.227 nm are assigned to the crystallographic planes (002) and (101) of the hexago-
nal Mo2C (ICSD card No. 35-0787), respectively. The as-obtained SAED patterns of the
PAC/MoO2/Mo2C ternary composites are exhibited in Figure 3d–f. The SAED patterns
show the bright diffraction rings which are attributed to (302), (310) and (220) planes of
MoO2 and those (002), (100), (101) and (201) planes to Mo2C.

 

Figure 3. HRTEM micrographs and SAED patterns of (a,d) PAC/MoO2/Mo2C-0.5, (b,e) PAC/
MoO2/Mo2C-1 and (c,f) PAC/MoO2/Mo2C-2 ternary composites, respectively.

These results imply a successful incorporation of the MoO2 and Mo2C heterostructures
into the amorphous PAC matrix through a pyrolysis process which are consistent with the
XRD analysis in Figure 2a.

The SEM micrographs of PAC/MoO2/Mo2C ternary composites prepared at different
mass ratios of molybdenum precursor to PAC are displayed in Figure 4. The morphology
of the ternary composites reveals the formation of a mixture of agglomerated nanoparticles
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and nanoplates embedded into the interconnected porous structure of the PAC at low
magnification (Figure 4a,c,e).

 

Figure 4. SEM micrographs at low and high magnification of (a,b) PAC/MoO2/Mo2C-0.5, (c,d) PAC/
MoO2/Mo2C-1 and (e,f) PAC/MoO2/Mo2C-2 ternary composites.

An increase of molybdenum content reveals an increased tendency of both agglomer-
ated nanoparticles and nanoplates morphologies as highlighted in circles in Figure 4b,d,f
(high magnification). These two different morphologies are perhaps due to the presence
MoO2 and Mo2C in the composites, but it is not easy to identify which of these belongs to
a specific morphology.

EDX mapping was also applied to determine the elemental distribution of the PAC/
MoO2/Mo2C-0.5, PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2 ternary composites as
seen in Figure 5a–i. It is observed that the Mo, O and C elements are uniformly distributed
throughout the interconnected porous carbon structure. This suggests that the agglomer-
ated nanoparticles and nanoplates were composed of MoO2 and Mo2C embedded into the
carbon matrix.

N2 adsorption/desorption experiment was conducted to investigate the textural properties of
the PAC/MoO2/Mo2C ternary composites as shown in Figure 6 and Table 2. Figure 6a,b presents
the sorption isotherms and the pore size distribution curves, respectively, of the ternary
composites. All isotherms depicted a type IV features associated with a H4 hysteresis loop
which indicates the coexistence of the micropores and mesopores structures in the ternary
composites [55,56]. The BET specific surface area (SSA) values of PAC/MoO2/Mo2C-
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0.5, PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2 samples are 804, 711 and 301 m2 g−1,
respectively. A decrease in SSA was observed upon increasing the ammonium molybdate
precursor loading from 0.5 to 2. For the total pore volume and micropore area (Table 2), the
same trend is also identified for all samples from with the decrease from 0.44 to 0.20 cm3 g−1

and 670 to 165 m2 g−1, respectively.

Figure 5. EDX mapping images showing the distribution of C, Mo and O individual elements in: (a–c)
PAC/MoO2/Mo2C-0.5, (d–f) PAC/MoO2/Mo2C-1 and (g–i) PAC/MoO2/Mo2C-2 ternary composites.

Figure 6. (a) N2 absorption-desorption isotherms, (b) pore size distribution of the PAC/MoO2/Mo2C-
0.5, PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2.

Table 2. Textural properties of the PAC/MoO2/Mo2C ternary composites.

Samples
BET SSA
(m2 g−1)

Total Pore Volume
(cm3 g−1)

Micropore Volume
(cm3 g−1)

Micropore SSA
(m2 g−1)

Mesopore Volume
(cm3 g−1)

PAC/MoO2/Mo2C-0.5 804 0.44 0.23 670 0.21
PAC/MoO2/Mo2C-1 711 0.40 0.19 575 0.21
PAC/MoO2/Mo2C-2 301 0.20 0.07 165 0.13

83



Nanomaterials 2021, 11, 1056

The decrease in the SSA and total pore volume could be ascribed to the embedding
of the MoO2 and Mo2C nanoparticles into the porous PAC during the pyrolysis process
which can block some pores [57].

However, the SSA of the as-synthesized samples are much higher than that reported
for similar materials such as MoO2/Mo2C/C composite prepared via ion-exchange method
(73.4 m2 g−1) [58], MoO2/Mo2C/C spheres by hydrothermal and calcination processes
(159.6 m2 g−1) [36] and MoO2/Mo2C/C microspheres obtained by a mild polymer regula-
tion procedure followed by calcination treatment (57.6 m2 g−1) [59].

The formation of the nanoparticles MoO2 and Mo2C in the ternary composite emanates
from the interaction between the ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O)
and the porous PAC (denoted as C) at elevated temperature (≥800 ◦C) under argon at-
mosphere. It is good to mention that typically activated carbon (PAC) comprised of OH
and COOH groups on the surface, which makes it acidic, favors a thermal reduction of the
ammonium molybdate precursor to MoO2 instead of MoO3. The MoO2 could react with
carbon at high temperature and under inert atmosphere (Ar) to give Mo2C. This process
can be described with the following Equations [42,60]:

(NH4)6Mo7O24 · 4H2O → MoO2 + H2O + NH3 ↑ (5)

2C + 4MoO2 → 2Mo2C + 4O2 (6)

During the pyrolysis, the ammonium molybdenum precursor decomposes to form
MoO2, H2O and ammonia gas (NH3) being released at high temperature. In addition,
the generated MoO2 nanoparticles could react with the porous carbon (PAC) leading to
the formation of Mo2C. The formation of a ternary composite comprising of PAC, MoO2
and Mo2C could possibly enhance ion intercalation as well as create an interconnected
porous network. This might promote an easy diffusion of the electrolyte’s ions through the
electrode materials and further enhance the fast transport of the ions which are beneficial
for the electrochemical analysis.

3.2. XPS Analysis

The surface chemistry property and the elemental composition of the as-synthesized
ternary composites were determined using X-ray photoelectron spectroscopy (XPS). The
wide survey scan spectrum depicted the distinctive peaks of the carbon (C 1s), molybdenum
(Mo3p1/2, Mo3p3/2 and Mo 3d) and oxygen (O 1s) elements in PAC/MoO2/Mo2C-0.5,
PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2 composites as illustrated in Figure 7a.

Table 3 presents the atomic percentage (at.%) of C, Mo and O elements in the as-
synthesized ternary composites. From these samples, it can be seen that the carbon content
decreases from 73.9 to 54.9 at.% as the yield of the molybdenum increases. However, the
molybdenum and oxygen contents were found to increase from 8.6 to 20.2 at.% and 17.5 to
24.9 at.%, respectively. Notably, the PAC/MoO2/Mo2C-2 material exhibited the smallest
carbon content and highest molybdenum and oxygen contents. This could be due to the
formation of MoO2 and Mo2C nanoparticles during the pyrolysis process. On the other
hand, the elemental composition in the ternary composites is significantly influenced by
the mass loading of molybdenum precursor into the PAC.

The high-resolution XPS spectra of the Mo 3d split into 3d5/2 and 3d3/2 spin-orbit
components in the binding energy range of 226–241 eV as presented in Figure 7b–d. In
Figure 7b, the deconvolution of the core level Mo 3d spectrum exhibits six sets of peaks
which indicate the presence of four oxidation states Mo2+, Mo4+, Mo5+ and Mo6+ in
PAC/MoO2/Mo2C-0.5 ternary composite. The peak located at 228.8 eV (Mo2+ 3d5/2) is
associated to Mo-C bond in Mo2C while the pair of peaks located at 229.6 and 232.9 eV (Mo 4+

3d5/2/3d3/2) are attributed to the formation of MoO2 [42,61–63]. The pair of peaks at binding
energies of 231.0 and 234.4 eV (Mo5+ 3d5/2/3d3/2) and that located at 232.5 and 235.9 eV
(Mo6+ 3d5/2/3d3/2) are the characteristics of the MoO3 which could be assigned to the surface
oxidation and sample oxidation in air of the metastable phase of the MoO2 [64–67]. Figure 7c,d
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presents the fitting of the core level Mo3d in PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-
2 ternary composites. In comparison with PAC/MoO2/Mo2C-0.5 ternary composite, there
are no changes in the number of peaks deconvoluted which means that all the composites
have similar oxidation states (Mo2+, Mo4+, Mo5+ and Mo6+). Table S1 presents the atomic
percentage (at.%) of all deconvoluted peaks of the ternary composites. What is noticeable is that
PAC/MoO2/Mo2C-1 has high at.% of Mo2C and MoO2 as compared to the other composites.

 

Figure 7. (a) XPS survey spectra of the as-synthesized ternary composites and high resolution of Mo 3d,
(b) PAC/MoO2/Mo2C-0.5, (c) PAC/MoO2/Mo2C-1 and (d) PAC/MoO2/Mo2C-2 ternary composites.

Table 3. Elemental composite of the PAC/MoO2/Mo2C ternary composites.

Elemental Composition (at.%)
Samples

C 1s O 1s Mo 3d

PAC/MoO2/Mo2C-0.5 73.9 17.5 8.6
PAC/MoO2/Mo2C-1 62.4 22.6 15.0
PAC/MoO2/Mo2C-2 54.9 24.9 20.2

This could be beneficial in the electrochemical measurements of these composites
because these two materials are expected to improve the electrochemical properties of
PAC where MoO2 is expected to contribute pseudocapacitive behavior, while Mo2C will
contribute stability and conductivity.

The high-resolution C 1s and O 1s core levels of the ternary composites are shown in
Figure S1. The fitting of the C 1s spectrum (Figure S1a–c) shows the characteristic peak of
Mo-C bond in Mo2C at 283.3 ± 0.2 eV [68,69].

The other four peaks are attributed to the C=C (sp2 hybridized), C-C (sp3 hybridized), C-
OH and O-C=O bonds corresponding to the binding energies at 284.4 ± 0.3eV, 285.2 ± 0.2 eV,
287.5 ± 0.6 and 290.7 ± 0.3 eV, respectively [70–72]. The deconvolution of the O 1s feature
(Figure S1d–f) exhibits a peak located at 530.6 ± 0.2 eV linked to Mo-O bond, the two
other peaks at 533.3 ± 0.2 eV and 536.4 ± 0.2 eV are associated to C-O and O-C=O bonds,
respectively [73–75]. The results of the XPS analysis confirm the formation of the MoO2 and
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Mo2C nanoparticles in all ternary composites which are consistent with the XRD, Raman,
HRTEM and SAED results.

3.3. Electrochemical Characterization

All measurements of the ternary composite electrodes with different molybdenum
precursor content were done first in a three-electrode configuration using 2.5 M KNO3
aqueous electrolyte. Figure 8a,b displays the comparative cyclic voltammetry (CV) profiles
of the PAC/MoO2/Mo2C-0.5, PAC/MoO2/Mo2C-1 and PAC/MoO2/Mo2C-2 electrodes
at a constant scan rate of 50 mV s−1 in both negative and positive potential windows of
−0.9–0 V and 0–0.9 V vs. Ag/AgCl, respectively. A quasi-rectangular characteristic was
observed for all CV profiles indicating an electrical double layer capacitor (EDLC) behavior
for these samples [24]. It can be seen that the CV profile of PAC/MoO2/Mo2C-1 electrode
displays a higher current response than other electrode materials. This superior current
response could be assigned to the moderate loading of molybdenum precursor into the
porous carbon network, which provided more active sites enhancing the fast ion diffusion
and good interaction between the interface of electrode/KNO3 electrolyte.

 
Figure 8. (a,b) Cyclic voltammetry at scan rate of 50 mV s−1, (c,d) specific capacitance at different specific current values
in (−0.9–0.0 V) and (0.0–0.9 V) operating potential windows and (e) Nyquist plots of the PAC/MoO2/Mo2C ternary
composites in a three-electrode configuration.
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Figure S2a,b display the galvanostatic charge-discharge (GCD) comparison curves of
the PAC/MoO2/Mo2C ternary composites.

The GCD curves of all electrodes are performed within both negative (−0.9–0.0 V vs.
Ag/AgCl) and positive (0.0–0.9 V vs. Ag/AgCl) operating potential windows, respectively
at a constant specific current of 1 A g−1.

The GCD curves depicted a symmetrical triangular profile that confirms the electrical
double layer capacitor nature of the ternary composites electrodes supported by the CV
curves [76]. It is also observed that the GCD curve of the PAC/MoO2/Mo2C-1 electrode
has a longer discharge time as compared to PAC/MoO2/Mo2C-0.5 and PAC/MoO2/Mo2C-
2 electrodes agreeing with the CV results. Furthermore, the details of the CV curves at
different scan rates from 10 to 100 mV s−1 and GCD profiles at specific currents ranging
from 1 to 10 A g−1 of the PAC/MoO2/Mo2C-1 ternary composite because of superior
electrochemical properties are shown in Figure S3a–d, respectively. The corresponding
specific capacitance (Cs) as a function of the specific current in the range of 1–10 A g−1 is
presented in Figure 8c,d in the negative (−0.9–0.0 V vs. Ag/AgCl) and positive (0.0–0.9 V
vs. Ag/AgCl) operating potential windows for all three composites, respectively. The Cs of
the ternary composites was determined from the discharge period of GCD patterns using
Equation (1). From both Figure 8c,d, it is observed that the PAC/MoO2/Mo2C-1 electrode
depicted the highest Cs value in both potential windows reflecting longer charge-discharge
pattern which is consistent with the highest current response from the CV curve. However,
the smallest Cs value of PAC/MoO2/Mo2C-2 in both potential windows can be explained
by the fact that further increasing the molybdenum precursor content could lead to the
blockage of some pores in the porous carbon matrix as evidenced by a decrease in SSA of
301 m2 g−1 and thus limit the ion diffusion at the electrode/electrolyte interface [77].

Electrochemical impedance spectroscopy (EIS) analysis of the as-synthesized PAC/MoO2/
Mo2C ternary composites was evaluated at open circuit voltage (VOC) in the frequency
range of 100 kHz to 10 mHz. The EIS data are provided using Nyquist plot which illustrates
the variation of the impedance as a function of the frequency as shown Figure 8e.

The Nyquist plots of all ternary composites exhibit a semi-circle at high to medium
frequency region corresponding to the charge transfer resistance (Rct) and a quasi-straight
line slightly tilted to Z” imaginary axis at low frequency region indicating the ion diffusion
throughout the electrolyte [27,78]. The Nyquist curves of the ternary composites further
confirms the capacitive characteristic. The intercept of the Z’ real axis (beginning of the
arc) at high frequency depicts the equivalent series resistance (ESR) which represents
the combination of resistance at electrode/electrolyte and electrode/current collector
interfaces [79]. As seen in the inset to Figure 8e, PAC/MoO2/Mo2C-1 electrode depicts
smaller ESR and Rct values of 0.59 and 1.01 Ω as compared to PAC/MoO2/Mo2C-0.5 (0.76
and 1.10 Ω) and PAC/MoO2/Mo2C-2 electrodes (1.31 and 1.84 Ω), respectively. In addition,
PAC/MoO2/Mo2C-1 electrode also has the shortest diffusion path length and closest to the
Z” axis suggesting a quicker ion diffusion of the interfacial electrode and KNO3 electrolyte
and shows better capacitive features among the ternary composites.

Considering all the above results, the as-prepared PAC/MoO2/Mo2C-1 electrode
recorded superior electrochemical performance among the other ternary composites. This
might be ascribed to the synergistic effect of the MoO2, MO2C and porous carbon obtained
after the reaction of ammonium molybdate and porous carbon at equal mass ratios during
the pyrolysis route. This is also supported by the at.% of all the deconvoluted peaks in Table
S1 where for this particular sample MoO2 and Mo2C show higher at.% as compared to the
rest of the composites. The formation of the MoO2 and Mo2C nanoparticles embedded
into the porous PAC provided abundant electro-actives sites for the charge transfer ability
and quick ion diffusion of the electrolyte, which improve the wettability and the electrical
conductivity, thus the charge storage of the electrode.

The electrochemical measurement of the PAC/MoO2/Mo2C-1 ternary composite
electrode was further performed in a two-cell configuration by assembling a symmetric
device using identical electrolyte. Figure 9a,b displays the CV features of the as-fabricated
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symmetric supercapacitor (PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1) under an oper-
ating cell potential of 0–1.8 V. The CV features of the ternary composite device reveals a
quasi-rectangular behavior whereas the current response increased upon increasing the
scan rates from 10 to 400 mV s−1 (Figure 9a) suggesting quasi-reversible electron transfer
kinetics and dominated electrical double layer.

 
Figure 9. (a,b) Cyclic voltammetry at scan rates variant from 10–400 mV s−1 and from 500–2500 mV s−1, respectively,
(c) galvanostatic charge-discharge profiles at various specific currents from 1 to 20 A g−1 and (d) specific capacitance as a
function of specific current for PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 symmetric cell.

A slight redox peak was observed in the CV curves due to the pseudocapacitive
contribution from the molybdenum oxide. The minor redox reactions could emanate from
the insertion of K+ ions into the MoO2 containing electrodes. A similar observation was
reported by Wang et al. [80], on the lithium-ion insertion onto MoO2 that is associated
with the monoclinic–orthorhombic–monoclinic phase transition of MoO2 [80]. As such a
transition from MoO2 to KXMoO2 by the insertion of K+ ions to the molybdenum oxide
can be postulated [81]. The CV curves of the PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1
device still maintain the rectangular-like feature upon increasing the scan rate to high rate
from 0.5 to 2.5 V s−1 (as seen in Figure 9b) which demonstrated a high rate capability [82].
GCD plots of the assembled device in the operating potential of 0–1.8 V are shown in Figure
9c. A typical triangular behavior was recorded for all GCD plots at various specific currents
from 1 to 20 A g−1 confirming the capacitive charge storage mechanism of the symmetric
ternary composite device [24]. The plot of the obtained specific capacitance (Cs) calculated
using Equation (2) against the specific current from 1 to 20 A g−1 is depicted in Figure
9d. The recorded value Cs of the ternary composite device was found to be 115 F g−1 at
1 A g−1 specific current. The ternary composite PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-
1 device still delivered a high Cs of 67 F g−1 even after a twentyfold increase of specific
current which confirms the good rate capability of 58.3% obtained from the symmetric
supercapacitor.

Figure 10a depicts the specific energy against specific power (Ragone plot) mea-
sured at various specific currents (1–20 A g−1). The symmetric ternary composite device
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recorded high specific energy of 51.8 W h kg−1 with an associated power of 0.9 kW kg−1

at 1 A g−1. Interestingly, the symmetric ternary composite device can maintain up to
30 W h kg−1 of specific energy with a corresponding specific power of 18 kW kg−1 even
at 20 A g−1 increase of specific current. These specific energy/power values recorded for
the PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 symmetric cell are better than reports on
Mo-based/C composites for supercapacitors applications as shown in Table S2.

Figure 10. (a) Ragone plot, (b) cycling stability up to 25,000 cycles, (c) specific capacitance as function
of voltage holding time up to 180 h, (d) Nyquist plots and (e) Bode plot of PAC/MoO2/Mo2C-
1//PAC/MoO2/Mo2C-1 symmetric cell.

To investigate the stability of the PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 device,
the cycling test based on the long-term galvanostatic charge-discharge was performed at
10 A g−1 specific current as shown in Figure 10b.

The ternary composite device recorded a columbic efficiency of 99.8% up to 25,000
charge-discharge cycles and a capacitance retention found to be 94%, 92% and 83% after
7000, 15,000 and 25,000 constant charge-discharge cycles, respectively. These results indicate
that even up to 25,000 continuous cycling the ternary composite device still maintains good
stability with a specific capacitance loss of 17% as compared to the initial value. The good
long-term stability of the symmetric device is owed to the rapid electron transfer kinetics
offered by the ternary composite electrode.

An additional stability performance, floating test (or voltage holding) has been in-
vestigated on the PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 symmetric supercapacitor.
Figure 10c displays the variation of the specific capacitance versus the floating time of
each 10 h during 150 h at a maximum potential cell of 1.8 V at 10 A g−1. An increase
of 21% from the initial value of the specific capacitance is observed during the first 60 h
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of floating subsequently stabilizing up to 150 h floating time. The specific capacitance
of the ternary composite device was enhanced from 74.7 to 90 F g−1 after the floating
time which also highlights an improvement of the specific energy from 33.7 to 40.2 W h
kg−1. The improvement of the PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 device in the
specific capacitance and specific energy could be ascribed to more penetration of ions elec-
trolyte into the network of MoO2 and Mo2C nanoparticles embedded in the porous carbon.
This could consequently increase the electrode wettability and enable faster diffusion of
electrolyte ions at the electrode/KNO3 electrolyte interface, hence enhancing the charge
storage [83,84]. In brief, the as-fabricated PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1
device revealed a good stability performance in terms of long-term cycling up 25,000 cycles
and floating time over 150 h thereby implying a superior electrochemical performance of
the entire device.

Figure 10d illustrates the Nyquist plots of PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-
1 symmetric supercapacitor before and both after long-term cycling and holding test.
All Nyquist plots exhibit a nearly vertical feature at low frequency referring to the ideal
capacitive characteristic and the great electrical conductivity of the PAC/MoO2/Mo2C-1
ternary composite. A slight decrease of the ESR values was observed from the original
value of 0.82 Ω to 0.78 Ω and 0.74 Ω for both after 25,000 cycles and 150 h floating test
respectively as shown in the inset to Figure 10d. Similarly, the Rct value depicted also
a small decrease from the initial value of 1.14 Ω to 1.11 Ω and 1.04 Ω after cycling and
holding tests, respectively. These small ESR and Rct values demonstrate a fast charge
transport capability and rapid ion diffusion through the full symmetric device which got
improved by the stability tests as indication that the electrode had better wettability after
stability [85].

The Bode plot of the as-fabricated-symmetric device which defines the plot of the
angle phase versus frequency is shown in Figure 10e before and after cycling stability and
voltage holding. The phase angle values increased from −78◦ to −80◦ and −85◦ after
cycling and holding test, respectively. These values are close to −90◦ which confirm the
ideal capacitive behavior of the PAC/MoO2/Mo2C-1 ternary composite [24].

According to these results, the as-fabricated symmetric supercapacitor demonstrated a
superior electrochemical performance after cycling and holding test in aqueous electrolyte
which could be due to the fact that the electrodes wettability had been improved and
hence ions have more access to the pores. The high performance of the PAC/MoO2/Mo2C-
1//PAC/MoO2/Mo2C-1 symmetric supercapacitor is based on the synergistic effect of
the ternary composite with the following benefits: (i) high electrical conductivity of Mo2C,
(ii) pseudo capacitor effect of MoO2 and (iii) large surface area of porous carbon (PAC).
Owing to these advantages, the PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 can be used
as an excellent charge storage device.

4. Conclusions

A ternary peanut shell activated carbon/molybdenum oxide/molybdenum carbide
(PAC/MoO2/Mo2C) composite was successfully synthesized via a facile in-situ pyroly-
sis route of ratio of porous carbon to different mass loading of ammonium molybdate
(1:0.5; 1:1; 1:2). All as-synthesized materials display the in-situ formation of MoO2 and
Mo2C nanostructures into the porous carbon based on the XRD, Raman, HRTEM, SAED,
EDX mapping and XPS analysis. The ternary composite with the mass ratio of 1 to 1
(PAC/MoO2/Mo2C-1) provided a superior electrochemical characteristic in a neutral 2.5
M KNO3 electrolyte. The as-assembled PAC/MoO2/Mo2C-1//PAC/MoO2/Mo2C-1 sym-
metric device delivered an excellent specific capacitance of 115 F g−1 at 1 A g−1 with a
good rate capability (58% at 20 A g−1) and cycling stability (99.8% columbic efficiency
after 25,000 cycles). Moreover, a specific energy of 51.8 W h kg−1 with a corresponding
power of 0.9 kW kg−1 was recorded for the symmetric device within an operating potential
window of 1.8 V at 1 A g−1 specific current. Interestingly, the electrochemical results of
the device show a significant enhancement of 21% from its initial specific capacitance
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value after 160 h holding test. These remarkable performances are linked to the great
synergistic effect of the different components into the ternary composite by supplying
favorable properties: Pseudo capacitor behavior of the MoO2, highly conductive Mo2C
and high surface area of the porous carbon. This study provides a simple and low-cost
way to enhance the electrochemical performance of carbons by incorporating Mo-based
components into porous activated carbon.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11041056/s1, Table S1: Composition (at.%) of the PAC/MoO2/Mo2C ternary com-
posites, Figure S1: High resolution XPS spectra C 1S and O 1 S of (a,d) PAC/MoO2/Mo2C-0.5
(b,e) PAC/MoO2/Mo2C-1 (c,f) PAC/MoO2/Mo2C-2 ternary composites, Figure S2: Galvanostatic
charge-discharge curves at 1 A g−1 (a) in −0.9–0.0 V negative and (b) 0.0–0.9 V positive potential
windows of the PAC/MoO2/Mo2C ternary composites in three-electrode configuration, Figure S3:
(a,b) CV plots at different scan rate from 10 to 100 mV s−1 in (−0.9–0.0 V) and (0.0–0.9 V) operating
potential, (c,d) GCD curves at different specific currents ranging from 1 to 10 A g−1 in (−0.9–0.0 V)
and (0.0–0.9 V) operating potential of the PAC/MoO2/Mo2C-1 ternary composite in three-electrode
configuration, Table S2: Comparison of electrochemical performance of Mo-based composite with
carbon material in aqueous electrolyte.
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Abstract: The development of low-cost, highly active, and stable oxygen reduction reaction (ORR) cat-
alysts is of great importance for practical applications in numerous energy conversion devices. Herein,
iron/nitrogen/phosphorus co-doped carbon electrocatalysts (NPFe-C) with multistage porous struc-
ture were synthesized by the self-template method using melamine, phytic acid and ferric trichloride
as precursors. In an alkaline system, the ORR half-wave potential is 0.867 V (vs. RHE), comparable to
that of platinum-based catalysts. It is noteworthy that NPFe-C performs better than the commercial
Pt/C catalyst in terms of power density and specific capacity. Its unique structure and the feature
of heteroatom doping endow the catalyst with higher mass transfer ability and abundant available
active sites, and the improved performance can be attributed to the following aspects: (1) Fe-, N-, and
P triple doping created abundant active sites, contributing to the higher intrinsic activity of catalysts.
(2) Phytic acid was crosslinked with melamine to form hydrogel, and its carbonized products have
high specific surface area, which is beneficial for a large number of active sites to be exposed at
the reaction interface. (3) The porous three-dimensional carbon network facilitates the transfer of
reactants/intermediates/products and electric charge. Therefore, Fe/N/P Co-doped 3D porous
carbon materials prepared by a facile and scalable pyrolysis route exhibit potential in the field of
energy conversion/storage.

Keywords: N/P/Fe co-doped carbon; self-templating synthesis; 3D porous structure; oxygen reduction
reaction electrocatalysts

1. Introduction

Oxygen reduction reaction (ORR) kinetics pose a major challenge to the development
of energy conversion devices, especially metal-air batteries and fuel cells [1–4]. Platinum
based noble metal catalysts are recognized as the best catalysts for ORR. However, its
large-scale commercial application is greatly limited by scarce resources, high cost and
poor durability [5–7]. Therefore, there is an urgent need to develop non-precious metal-
based catalysts apply earth-rich materials [8,9]. Among existing non-noble metal based
catalysts, the incorporation of heteroatoms into carbon based materials can change the
charge distribution (charge distribution or spin density redistribution), which can introduce
abundant active sites and thus enhance the adsorption of and reduction in oxygen [10–12]
Researchers have confirmed that the structure design of carbon-based materials is of great
significance to the improvement of properties [6,13–15]. In addition, researchers have found
that active species such as transition metals (Mn, Fe, Co, Ni, Cu, etc.) and heteroatoms (B,
N, F, P, S, etc.) in carbon-based nanomaterials have synergistic effects to change the topical
work function of materials, resulting in enhanced ORR performance [16,17].
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Generally, the catalytic performance of carbon-based doped catalysts depends on
the specific surface area and pore structure, the composition, content, and distribution
of doped elements [18–21]. Conventional synthetic techniques are mainly obtained by
porous templates at high carbonization temperatures [22,23]. However, template-assisted
methods often require additional complex processes to synthesize and remove templates
(for example, silica, polystyrene spheres or metal oxides), during which toxic reagents may
be introduced, causing the catalyst to be poisoned. Therefore, it is of great importance
to develop a simple process to prepare efficient carbon-based catalysts with good doping
conditions and three-dimensional porous structure for ORR catalysis [6,10,24–27].

Herein, the 3D N/P/Fe co-doped material with reasonable pore size and heteroatom
distribution was prepared by self-template assisted preparation. The porous structure and
surface area were constructed to enrich the active sites exposed to the catalytic reaction
interface [28]. Melamine coordinates with Fe and crosslinks with phytic acid (PA) to
form a hydrogel. In the pyrolysis process, the decomposition of melamine with PA will
generate a large number of micropores and small-sized mesopores, so that the doped
atoms are exposed at the three-phase boundary, generating a large number of available
active sites (Figure 1). It is expected to promote the formation of carbon porous structures,
increase the surface area, and expose more active sites. Three-dimensional interconnected
porous networks contribute to the diffusion and transport of substances involved in the
reaction (such as O2 and H2O) in the process of oxygen reduction. Benefiting from the well
controlled distribution and content of N, P, and Fe atoms, as well as the synergistic effect of
three-dimensional hierarchical structures, the NPFe-C exhibit much better ORR catalytic
activity and durability than the currently advanced Pt/C catalysts. In addition, compared
with the traditional templating method, PA cross mixing with melamine hydrogel serves as
a self sacrificial template, avoiding the unfavorable process of template removal.

Figure 1. Schematic diagram of the preparation of the NPFe-C.

2. Materials and Methods

2.1. Reagents and Chemicals

Iron trichloride (FeCl3), melamine (C3H6N6), phytic acid (C6HOP6) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Commercial 20 wt%
Pt/C elelctrocatalyst was supplied by E-TEK, Inc (Shenzhen, China). Potassium hy-
droxide (KOH) and hydrochloric acid (HCl) were supplied by Aladdin Reagent Co., Ltd.
(Shanghai, China).

2.2. Preparation of NPFe-C

A total of 0.5 g of melamine and 0.1 g of FeCl3 were added in 200 mL water. Then,
0.1 mL of PA was added in the mixture. After stirring for 3 h, the gel product was recovered,
dried, and carbonized at 800 ◦C for 2 h under a N2 flow with a heating rate of 1 ◦C/min.
Finally, the NPFe-C were obtained after immersed in 0.5 M HCl solution for 3 h. For
comparison, the Fe-free catalyst (NP-C) was synthesized by similar processes.
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2.3. Physical Characterization

The crystalline structure, morphology and surface composition of the sample were
physically characterized by X-ray diffraction (XRD), Raman Spectrometer, scan electron
microscopy (SEM) equipped with energy-dispersive spectrometer (EDS), transmission
electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). The surface area
and pore volume of the samples were measured on a physical adsorption instrument.

2.4. Electrochemical Measurement

The electrochemical experiments were carried out on a computer-controlled CHI 760E
electrochemical workstation. The standard 3-electrode system was used at 30 ◦C, a rotating
disk electrode (RDE, 0.196 cm2) or a rotating ring disk electrode (RRDE, 0.2475 cm2) coated
with the electrocatalyst was used as working electrode, a carbon rod served as counter
electrode, and a saturated calomel electrode acted as reference electrode. The electrocatalyst
ink was obtained by mixing 10 mg of electrocatalyst and 5 mL of water/ethanol/Nafion
solution, and sonicating for 60 min. Then, 10 μL electrocatalyst ink was dropped onto
the polished glassy carbon electrode surface and dried at room temperature. The catalyst
loading is 0.10 mg cm−2. The CV curve and LSV curve were recorded in the N2/O2-
saturated 0.1 M KOH solution. The rotating speed and potential sweep rate were set to
1600 rpm and 10 mV s−1, respectively [29].

2.5. Zn−Air Battery Measurements

The electrochemical properties of the catalysts were evaluated in the simulated Zn-air
battery devices. Polarization curves and galvanostatic discharge tests were carried out
on a CHI 760E electrochemical workstation and LAND testing system, respectively. The
as prepared electrocatalyst ink was coated on PTFE treated carbon pentafiber paper as
cathode, and zinc foil and 6 M KOH were used as anode and electrolyte [25].

3. Results

3.1. Characterization of NPFe-C

The samples at different synthesis stages were characterized by XRD (Figure 2A).
The samples before carbonization had wide C (002) peaks at 25◦. After carbonization at
800 ◦C, the sample shows 3 sets of X-ray diffraction peaks, which are Fe (PDF#52-0513),
Fe (PDF#65-4899), Fe3O4 (JCPDS No.11-0614) and Fe3P (PDF#19-0617). For NPFe-C, there
are a few weak and widened diffraction peaks, which may be due to the existence of trace
iron-based nanocrystals. In addition, 2 broad characteristic peaks can be observed after
carbonization of polymer samples, which correspond to the (002) and (100)/(101) crystal
planes of carbon, about 25◦ and 42◦, respectively [30]. The corresponding (002) diffracted
graphite plane indicates a highly crystalline structure. Raman spectroscopy (Figure 2B)
confirms this assertion by using the intensity ratios of D to G bands (ID/IG) caused by
Raman vibrations of disordered (sp3) and ordered (sp2) carbon, respectively. ID/IG of
D-band (1337 cm−1) and G-band (1587 cm−1) with relative peak strength of NPFe-C is
0.93, it indicates that the material has both amorphous carbon and graphitized carbon
with high degree of graphitization. In general, carbon-based electrocatalysts with a high
graphitization degree increase the electrical conductivity, thus effectively improving the
activity of the ORR [31].

NPFe-C was analyzed by SEM (Figure 3A) and TEM (Figure 3B), and the pyrolyzed
NPFe-C catalysts exhibited typical interconnected 3D macroporous networks. High res-
olution TEM (HRTEM) images of the NPFe-C reveal that the material is not dense and
contains numerous pores (Figure 3C). The mapping results show that N, Fe and P elements
are evenly distributed in the three-dimensional carbon network (Figure 3D).
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Figure 2. (A) XRD patterns and (B) Raman spectrum of the NPFe-C.

Figure 3. (A) SEM images, (B) TEM images, (C) HRTEM image and (D) elemental mappingof the
NPFe-C. The insets are the corresponding EDS data.

To further investigate the pore structure of the materials, the pore structure of NPFe-C
was characterized by N2 adsorption desorption isotherms (Figure 4A). The isothermal
curves showed a type I/IV mixing shape. The 2 steep adsorption processes occurred at low
(<0.05) and high pressures (>0.9) and showed the coexistence of micropores, mesopores,
and macropores. The specific surface area was calculated to be 774.5 m2 g−1. The simulation
results based on QSDFT model show that the micropore size in NPFe-C is mainly 0.9 nm and
the mesoporous size is widely distributed in the range of 2–35 nm. The micro/mesopores
are formed during carbonization, in which the polymer is pyrolyzed to generate volatile
gas, forming porous carbon. The hierarchical pore structure may facilitate the diffusion of
substances during the ORR process. The larger BET surface area and abundant microporous
structures is conducive to expose the abundant ORR active sites to the reaction interface
and promote the promotion of the activity of NPFe-C catalysts. In addition, constructing
a reasonable 3D microporous structure can provide efficient mass transport channels for
reactants, intermediates, and products. All of these features are useful for improving
ORR performance.

The surface composition of NPFe-C was further analyzed by X-ray photoelectron
spectroscopy (XPS). The presence of C, N, O, P, Fe in the doped carbon materials was
confirmed by XPS survey spectra (Figure 4B), indicating the successful introduction of
heteroatoms into the carbon substrate. The N, P, and Fe contents in NPFe-C were 2.12, 1.24,
and 0.31 at%, respectively (Figure 4C). The high-resolution N1s spectra of the heteroatom
doped catalysts (Figure 4D) are classified into 5 types, including pyridinic-N (398.2 eV,
26.7%), Fe-Nx (399.5 eV, 19.8%), pyrrolic-N (401.1 eV, 35.6%), graphitic-N (402.4 eV, 9.2%),
and oxidized N (404.7 eV, 8.7%), some studies have demonstrated that pyridinic-N, Fe-Nx
and graphitic-N are active sites for the ORR [32–35]. Some researchers have proposed that
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the N atom can reduce the band gap and increase the charge mobility of graphite lattices.
Quantum chemical calculations show that the N-containing group at the edge has the
highest charge mobility. In addition, these changes in the carbon band structure ultimately
reduce the electronic work function at the interface, which has an important impact on the
ORR performance [6,36]. The P 2p high resolution spectrum has two characteristic peaks
at 132.9 eV and 131.2 eV, which are assigned to P-C and P-O species respectively. Doped
P mostly exists in P-C (Figure 4E). Because the electronegativity of P (2.19) is lower than
C (2.55), P atom with positive charge will be induced and new ORR active sites may be
generated in alkaline medium [2]. Moreover, the presence of phosphorus atoms in P-O is
beneficial for enhancing the electronegativity of the O atom, thereby promoting the charge
delocalization of nearby C atoms, increasing the adsorption on O2 [37–39]. Moreover, P
atom doping in the carbon lattice induces distortion of its structure, and generates edge
sites, which further enhance its electrochemical activity [40]. As identified by XPS, the
high-resolution Fe 2p spectrum (Figure 4F) has obvious peaks at 725.7 eV and 721.3 eV,
which are the Fe 2p 1/2 of Fe (III) and Fe (II), respectively. The peak at 709.2 eV is Fe 2p
3/2, while the peak at 716.3 eV is probably a satellite peak. According to previous studies,
Fe sites are favorable for the adsorption of O2 and oxygenated intermediates, thereby
significantly promoting the activity of ORR [41–43].

Figure 4. (A) N2 adsorption–desorption isotherm curve (inset: pore size distribution) of NPFe-C,
(B,C) XPS spectrum and the corresponding data of the Polymeric compound, the Carbonization and
the NPFe-C, (D–F) high-resolution XPS spectra of N 1s, P 2p, Fe 2p of NPFe-C.

3.2. ORR Performance and the Zn-Air Battery Tests of NPFe-C

The ORR activity of NPFe-C was first measured by cyclic voltammetry (CV) in 0.1 M
KOH electrolyte saturated with N2/O2 (Figure 5A). In oxygen saturated electrolyte, a
cathode peak was observed at 0.81 V. In contrast, such cathode peaks were not found
in N2-saturated electrolytes. This indicates that NPFe-C has significant electrocatalytic
activity for ORR. The ORR performance of NPFe-C electrocatalysts was investigated by
rotating disk electrode tests (Figure 5B). The polarization curves show that the NPFe-C
catalysts exhibit the most superior electrocatalytic activity for half wave potential of 0.867 V
compared with NP-C (E1/2 = 0.712 V), even comparable to that of the commercial catalyst.
We observed that the annealing temperature significantly affected the ORR activity of
N/P/Fe-C (Figure S1A). According to the E1/2 value of ORR and the limiting current
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density, the catalyst with the best performance was obtained at 800 ◦C. In addition, the
formation of N/P/Fe-C and the ORR performance were significantly affected by different
ratio of reagents. The ORR activity of the samples with the ratio of melamine to phytic acid
of 0.5 g:0.1 mL is significantly better than that of 0.5 g:0.04 mL, 0.5 g:0.06 mL, 0.5 g:0.15 mL
and 0.5 g:0.2 mL (Figure S1B). When changing the amount of FeCl3, the ORR activity tends
to increase with the amount of FeCl3 added, but the hydrogel can not be obtained when
the amount is more than 0.12 g (Figure S1C).

Figure 5. (A) CV curves of NPFe-C in an N2- and O2-saturated 0.1 M KOH solution. (B) LSV of
NPFe-C, NP-C and commercial Pt/C in an O2-saturated 0.1 M KOH solution (sweep rate: 10 mV s−1;
electrode rotation speed: 1600 rpm). (C) LSV of NPFe-C at different rotation rates. (D) Koutecky-
Levich of NPFe-C. (E,F) Rotating ring-disk electrode voltammograms obtained at 1600 rpm in O2

saturated 0.1 M KOH solutions.

To further investigate the electron transfer process of NPFe-C catalysts, the ORR
polarization curves at different rotating speeds were recorded in saturated 0.1 M KOH
solution. The kinetic parameters were analyzed using the koutecky Levich (K-L) equation
(Figure 5C,D), which revealed that the electron transfer number was close to 4, indicating
high selectivity for the complete four electron oxygen reduction reaction. The selectivity of
ORR was then determined by using the rotating ring disc electrode (RRDE) (Figure 5E,F).
The disc current density (ID) sharply increased over 0.8 V. Similar to what RDE observed,
the disc current (IR) was negligible in the range of 0.2–0.8 V, corresponding to a lower
hydrogen peroxide yield of 7–12%. Therefore, in this potential range, the value of n is about
3.88, which is consistent with the results of RDE.

In order to further explore the active sites of NPFe-C, the method of SCN− poisoning
catalyst was adopted. It is well known that SCN- poisons the active site of Fe-N/Fe-P and
inactivates its active site because of the strong action of SCN− ions on Fe. As shown in
Figure 6A, after the introduction of 0.1 M KSCN, E1/2 was negatively shifted by 72 mV,
consistent with the results reported in the literature [43–45]. Therefore, the presence of
Fe-N/Fe-P species is essential to provide high performance. Moreover, the E1/2 of the
catalyst still reaches 0.78 V after the Fe-N/Fe-P species is toxified, indicating that Fe-
N is not the only active site and part of the activity of the catalyst originates from the
doping of heteroatoms. Therefore, it can be concluded that both Fe-N/Fe-P species and
doped nitrogen atoms contribute to the improvement of ORR performance of NPFe-C.
In addition, the electrical conductivity of the materials significantly affects the catalytic
performance. The conductivity of catalysts is evaluated by EIS test. The charge transfer
resistance (Rct = 193.62 Ω) of NPFe-C is similar to that of Pt/C (Rct = 137.75 Ω) (Figure S2).
Since the electrical conductivity of carbon materials is related to their graphitization degree,
combined with Raman measurements, it is concluded that the graphitization degree of
N/P/Fe-C contributes to the kinetic improvement of ORR.
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Figure 6. (A) ORR polarization curves of Fe-NCCs electrocatalysts in 0.1 M KOH + 0.01 M KSCN
solution, (B) ORR curves before and after 5000 CV cycles (CV potential range: 0 V–1.2 V, RHE),
(C,D) Chronoamperometric curves and the corresponding data of NPFe-C and Pt/C electrocatalyst,
(E) ORR polarization curves of Fe-NCCs in 0.1 M KOH + 0.2 M methanol solution, (F) Chronoamper-
ometric curves of the Pt/C electrocatalyst and NPFe-C before and after adding 1 M methanol.

In addition to its high catalytic activity, the long-term stability of the electrocatalysts
must also be considered. The stability of NPFe-C was evaluated using cycling experiments
(Figure 6B) and chronoamperometry (Figure 6C). After 5000 cycles, the E1/2 of NPFe-C
only decreased by 14 mV. In contrast, the E1/2 of the Pt/C electrocatalyst is negatively
shifted by 36 mV. The i-t curves show that the NPFe-C decays more slowly than the
Pt/C electrocatalyst at 0.8 V (Figure 6C). Among them, NPFe-C maintained 92.16% of
the initial current value after 6000 s; this was much better than the commercial Pt/C
electrocatalyst (88.57%). These results demonstrate that the NPFe-C catalysts exhibit
remarkable electrocatalytic activity and long-lasting stability in alkaline medium, serving
as a cost-effective electrocatalyst for ORR.

Over the past 30 years, direct methanol fuel cells (DMFCs) have emerged as a highly
promising energy conversion device. In the DMFC system, the methanol fuel of the anode
causes the cathodic Pt/C electrocatalyst to generate mixed potentials and CO poisoning.
Therefore, the cathode electrocatalyst with high ORR selectivity has an important promoting
effect on the commercialization of DMFCs. To examine the ORR selectivity of the cathode
electrocatalyst, the ORR performance of the NPFe-C and commercial Pt/C in the presence
of methanol was investigated (Figure 5E,F) [29]. As shown in Figure 6E, the E1/2 value of
the ORR for NPFe-C is more positive than that of commercial Pt/C in 0.1 M KOH + 0.2 M
methanol solution. The i-t curves show that the ORR current of NPFe-C during the first
400 s is comparable to that of the Pt/C electrocatalyst in the absence of methanol, and after
1 M methanol was injected into the electrolyte at 400 s, there was no obvious decrease in
the current of NPFe-C but not that of the Pt/C electrocatalyst. Therefore, with the addition
of 1 M methanol, the electrocatalytic activity of NPFe-C for ORR is much higher than that
of Pt/C electrocatalysts, indicating the high selectivity of NPFe-C for ORR.

In order to further evaluate the ORR activity of NPFe-C catalyst under actual battery
operating conditions, NPFe-C and Pt/C were assembled to fabricate Zn-air batteries, the
6 M KOH solution was used as the electrolyte. As shown in Figure 7A, the Zn-air battery
with NPFe-C as catalyst exhibits higher discharge current and power density than that
with Pt/C. The maximum power density of NPFe-C catalyst is 79.6 mWcm−2, which is
significantly higher than that of commercialized Pt/C (68.5 mWcm−2). In addition, typical
galvanostatic discharge tests were performed at different current densities (Figure 7B),
which revealed that the NPFe-C based cells exhibited a slightly higher voltage (1.23 V)
and a longer discharge time (74 h) compared to the Pt/C electrocatalyst at 5 mA cm−2
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current density (1.22 V, 68 h). When normalized to the mass of consumed Zn (Figure 7C),
the calculated cell specific capacity is 752 mAh g−1 at 5 mA cm−2 for the NPFe-C catalyzed
air cathode, superior to that of commercialized Pt/C (707 mAh g−1). In particular, the
NPFe-C still exhibits excellent electrocatalytic performance for Zn-air batteries under high
current conditions.

Figure 7. (A) Polarization and power-density curves, (B) galvanostatic discharge curves; (C) specific
capacities at various current densities (5, 10, and 25 mA cm−2) of the Zn-air batteries using NPFe-C
and Pt/C as electrocatalysts.

4. Conclusions

In summary, N-, P-, and Fe triple doped three-dimensional nanoporous carbon materi-
als synthesized by a simple self templating strategy, with large specific surface area, optimal
porous structure, and well-designed distribution of doped atoms, effectively enhance the
number of active sites and mass transfer efficiency. Compared with commercial Pt/C
catalysts, NPFe-C catalysts show better electrocatalytic activity and long-term durability for
ORR. Assembled in the Zn-air cell, the catalyst exhibits superior power density and specific
capacity over the Pt/C catalyst. These results indicate that NPFe-C as ORR electrocatalysts
can be used as potential substitutes for precious metal catalysts in energy conversion and
storage devices.
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//www.mdpi.com/article/10.3390/nano12122106/s1, Figure S1: ORR LSV curves of a series of
NPFe-Cs samples with (A) different annealing temperature; (B) different ratio of melamine to phytic
acid and (C) different ratio of melamine to FeCl3.; Figure S2: EIS curves of the N/P/Fe-C and Pt/C in
0.1 M KOH electrolyte. Potential: at open circuit potential from 0.01 to 100,000 Hz with a modulation
amplitude: 10 mV.
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Abstract: The possibility of using transition metal (TM)/MXene as a catalyst for the nitrogen reduction
reaction (NRR) was studied by density functional theory, in which TM is an Fe atom, and MXene is
pure Ti3C2O2 or Ti3C2O2−x doped with N/F/P/S/Cl. The adsorption energy and Gibbs free energy
were calculated to describe the limiting potentials of N2 activation and reduction, respectively. N2

activation was spontaneous, and the reduction potential-limiting step may be the hydrogenation of
N2 to *NNH and the desorption of *NH3 to NH3. The charge transfer of the adsorbed Fe atoms to N2

molecules weakened the interaction of N≡N, which indicates that Fe/MXene is a potential catalytic
material for the NRR. In particular, doping with nonmetals F and S reduced the limiting potential of
the two potential-limiting steps in the reduction reaction, compared with the undoped pure structure.
Thus, Fe/MXenes doped with these nonmetals are the best candidates among these structures.

Keywords: DFT; MXene; nitrogen reduction; electrocatalysis; Gibbs free energy

1. Introduction

Ammonia is a raw material for the production of various fertilizers and is a potential
energy source that is easy to store and transport, environmentally friendly, and relatively
safe. Ammonia synthesis is important in agricultural production and energy development.
However, most ammonia synthesis still relies on the Hubble–Bosch method proposed in the
20th century, which requires harsh reaction conditions (400–600 ◦C and 20–40 MPa) [1–3].
This method consumes a large amount of energy and causes significant greenhouse gas
emissions [4]. In addition, other negative effects, such as adverse effects on the equipment
under high-temperature and high-pressure conditions, need to be considered. Therefore,
the development of environmentally friendly and less energy-demanding methodologies
for NH3 synthesis is urgently needed. Electrocatalytic ammonia synthesis has attracted
increasing attention owing to its high efficiency and environmental friendliness. The
introduction of electrical energy has a remarkable influence on N2 activation and changes
the reaction pathways [5], which is beneficial for the development of new stable and
efficient catalysts.

New catalysts can be developed from unique structures, such as core–shell Ni–Au
nanoparticles for CO2 hydrogenation [6], or from new materials. The excellent physical,
electronic, and chemical properties of two-dimensional (2D) materials have attracted exten-
sive scientific research [7–13]. In addition, 2D materials, such as molybdenum disulfide,
graphene, and metal–organic frameworks (MOFs) [14–16], have emerged as potential can-
didates for electrochemical nitrogen reduction reactions (NRRs). Notably, MXene, a new
member of the 2D material family that joined in 2011 [17], has developed rapidly in the
past nine years [17–19]. The general formula of MXene is Mn+1XnTx, where M represents
early transition metals (TMs), X represents carbon or nitrogen, Tx represents the surface

Nanomaterials 2022, 12, 1081. https://doi.org/10.3390/nano12071081 https://www.mdpi.com/journal/nanomaterials105



Nanomaterials 2022, 12, 1081

functional groups O, OH, or F, and n = 1, 2, 3. MXenes are synthesized by the chemical
etching of A layers in the MAX (Mn+1AXn) phase. Although a variety of 2D MXenes have
been theoretically predicted [20], only a few have been synthesized. MXenes are applied in
a wide range of fields, including electrocatalysis [21], hydrogen storage [22,23], lithium-ion
batteries [24,25], and supercapacitors [26]. MXene is a potential candidate for electrochem-
ical NRRs (e-NRRs) because of its large specific surface area, adjustable structure, and
excellent stability [27–29].

MXene-based electrocatalysts for the e-NRR can be divided into two categories: pure
MXene and MXene-based hybrid electrocatalysts [30]. Pure MXene is a potential candi-
date for the e-NRR. For example, Azofra et al. [31] found that M3C2 exhibited good N2
capture and activation behavior. However, bare-metal atoms on the surface of M3C2 are
considered active sites [31,32], which tend to bind to functional groups such as oxygen
groups; thus, the electrical conductivity is decreased, and the active sites are inactivated.
Pure MXene still faces challenges as a catalyst for the e-NRR; therefore, MXene hybrids
have been designed. Li et al. [33] loaded nanosized Au particles onto Ti3C2 nanosheets
(Au/Ti3C2) for the e-NRR. Their research indicated that the hybrid is conducive to N2
chemisorption and decreases the activation energy barrier. Au/Ti3C2 shows excellent cat-
alytic performance. MnO2-decorated Ti3C2Tx (MnO2-Ti3C2Tx) has also been studied as an
efficient electrocatalyst for ammonia synthesis under environmental conditions [34]. MnO2
and Ti3C2Tx synergistically promote electrocatalytic activity to achieve superior catalytic
activity. In addition, single-atom catalysts (SACs) have been widely studied because of
their low cost, superior performance, and full use of metal atoms. Gao et al. [5] studied
the reaction pathways and overpotentials of Ti3C2O2-supported TM (Fe, Co, Ru, Rh) SACs.
These MXene hybrids, including noble metal–MXene, TM oxide–MXene, and MXene-based
SACs, have effectively changed the catalytic performance, providing more possibilities for
the screening of new efficient and stable catalysts.

In this study, a 2D MXene, Ti3C2O2, was modified with nonmetals (N, F, P, S, and Cl)
and adsorbed TM (Fe atom, Fe/Ti3C2O2−x) to study the catalytic performance of the e-NRR.
Gibbs free energy (ΔG) was used to analyze the reaction pathway and limit the potential
of each catalyst, and the main potential-limiting steps of the reaction were determined as
*N2 + H → *NHH and *NH3 → NH3.

2. Computational Methods

Density functional theory (DFT) calculations were performed using the Vienna ab
initio simulation package v. 5.4.4. (University of Vienna, Vienna, Austria) [35,36]. The gen-
eralized gradient approximation with Perdew–Burke–Ernzerhof was used as an exchange-
correlation function [37]. The projector-augmented wave method was adopted to describe
the effect of the core electrons on the valence electron density [38]. The cut-off energy
was set to 600 eV. The convergence criteria for the energy and force were 10−5 eV and
10−2 eV/Å, respectively. The thickness of the vacuum layer was more than 20 Å to avoid
interactions in the z-direction, and the x-and y-directions were set as periodic boundary
conditions. A 3 × 3 × 1 supercell was used for all the structures. For geometric optimiza-
tion, the Brillouin zones were sampled with 4 × 4 × 1 Monkhorst–Pack meshes [39], and
DFT-D3 was used to accurately describe Van der Waals interactions [40]. Charge transfer
was computed by Bader charge population analysis [41,42] and the electron localization
function (ELF) was analyzed using the VESTA code [43].

The substitution energies (ΔEsub) of doping different nonmetallic elements (N/F/P/S/
Cl) on the surface of Ti3C2O2 can be expressed as

ΔEsub = ENM−Ti3C2O2−x − ETi3C2O2 + EO − ENM (1)

where EO and ENM represent the energies of a single O atom and nonmetallic elements
(N, F, P, S, Cl), respectively, and were calculated using H2 [44], H2O [45], NH3 [46],
HF [47], H3PO4 [48], H2S [49], and HCl [50] from the Open Quantum Materials Database
(OQMD) [51,52].
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The adsorption energy (ΔEads) of Fe anchored on NM-Ti3C2O2−x (NM represents the
surface nonmetals, O, N, F, P, S, and Cl) was calculated using the following formula:

ΔEads = EFe/NM−Ti3C2O2−x − ENM−Ti3C2O2−x − EFe (2)

ΔG was calculated as described by Nørskov et al. [53]. Under standard reaction
conditions, the chemical potential of a proton and electron pair (μ[H+ + e−]) is equal to half
that of gaseous hydrogen (μ[H2]). ΔG was calculated using the following formula:

ΔG = ΔEDFT + ΔZPE − TΔS − neU + ΔGpH (3)

where ΔE is the potential energy change calculated by DFT, ΔZPE is the zero-point energy
correction, and it is calculated by calculating the frequency of the adsorbed species. TΔS is
the entropy correction, which is usually available from some database, where T = 298 K;
ΔGpH and neU are the contributions from the pH and electrode potential (U), respectively;
n is the number of electrons transferred; U is the applied bias. ΔGpH is defined as

ΔGpH = −kBT ln
[
H+

]
= pH × KBT ln 10 (4)

where kB is Boltzmann’s constant. For all the calculations, the pH was set to zero. The
ΔEads values of different adsorbates were calculated as follows:

ΔEads = Ecat–mol − Ecat − Emol (5)

where ΔEcat–mol is the energy of the entire adsorption structure, Ecat is the energy of the
catalyst, and Emol is the energy of the adsorbate molecules such as N2 and NxHy.

3. Results and Discussion

3.1. Geometric Structure

Bare Ti3C2 is a hexagonal lattice with P3m1 group symmetry, five atomic layers of Ti–C–
Ti–C–Ti, two exposed Ti layers, and an experimental lattice constant of 3.057 Å [54]. After
structural optimization, a = b = 3.020 Å, which was in good agreement with the experimental
values. Bare MXenes are unstable under relevant NRR operating conditions [55], and they
are always functionalized by electronegative functional groups [56], as they are chemically
exfoliated from the bulk MAX phase by HF [17,57]. O-terminated Ti3C2 was used for
further experiments. There are different possibilities for the adsorption of O on Ti3C2.
According to previous studies [5], the most stable structure is O adsorbed at the hollow
sites of the contralateral surface Ti atoms, as shown in Figure 1a,b. Nonmetallic elements
(N/F/P/S/Cl) were used to modify the Ti3C2O2 surface. ΔEsub indicates the stability of a
surface before and after doping with nonmetallic elements. The ΔEsub values for N, F, P,
S, and Cl were 1.79, −1.04, 0.81, −0.27, and −1.01 eV, respectively. The structure became
more stable after doping with F, S, and Cl when ΔEsub < 0 and became more unstable after
doping with N and P when ΔEsub > 0. Among these doping situations, doping with F had
the best stability, compared with doping with other nonmetallic elements.

Pure Ti3C2O2 and Ti3C2O2 modified with nonmetallic elements (Figure S1) were used
to support single Fe atoms. Two different hollow sites (H1 and H2) and an O-top site on
the surface were considered, as shown in Figure 1a. The O-top was unstable, and the Eads
values of Fe adsorbed on H1 and H2 are listed in Table 1. Except for the F-doped structures,
the Fe atoms preferred to adsorb on the H1 site, as the Eads was smaller. Notably, in the
F-doped structure, the Fe atom was adsorbed on the next-nearest H1 site (Figure 1e). As
shown in Table 1, the doping of N, F, P, and S facilitates the adsorption of Fe, while it is
more difficult for Fe to adsorb on the Cl-doped structure. Figure 1c–h show the most stable
adsorption positions for the different catalysts.
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Figure 1. (a) Top view and different adsorption sites on Ti3C2O2 and (b) side view of Ti3C2O2. The
most stable structure of Fe adsorbed on (c) Ti3C2O2, (d) N-doped Ti3C2O2, (e) F-doped Ti3C2O2,
(f) P-doped Ti3C2O2, (g) S-doped Ti3C2O2, and (h) Cl-doped Ti3C2O2.

Table 1. Adsorption energies of Fe adsorbed on different sites and N2 adsorbed on different catalysts,
the charge on N2, and the charge transferred after N2 adsorption.

Species
Eads of Fe (eV)

Eads of N2 (eV) Charge Transferred on N2 (e)
H1 H2

Fe/Ti3C2O2 −3.57 −3.30 −0.92 0.19
Fe/N-Ti3C2O2−x −4.32 −3.90 −0.77 0.15
Fe/F-Ti3C2O2−x −3.61 −3.60 −0.78 0.18
Fe/P-Ti3C2O2−x −5.12 −4.68 −0.55 0.13
Fe/S-Ti3C2O2−x −4.33 −4.02 −0.59 0.16
Fe/Cl-Ti3C2O2−x −3.39 −3.11 −0.85 0.21

3.2. N2 Adsorption

Based on the Fe/NM-Ti3C2O2−x structure, N2 adsorption was calculated using Eads.
There are two different positions for N2 adsorption, and advanced research has shown that
N2 adsorption is closer end to end than side to side [5]. Figure 2a–f show the most stable
structure of N2 adsorbed on different catalysts from end to end, and Figure 2g–l show the
ELF of these structures. Eads ranged from −0.55 eV to −0.92 eV, which indicates that the
N2 adsorption has strong spontaneity, and the absolute value of Eads from small to large
was in the order: Fe/P-Ti3C2O2−x < Fe/S-Ti3C2O2−x < Fe/N-Ti3C2O2−x < Fe/F-Ti3C2O2−x
< Fe/Cl-Ti3C2O2−x < Fe/Ti3C2O2 (Table 1). After N2 adsorption, the N≡N bond lengths
in Fe/Ti3C2O2, Fe/N-Ti3C2O2−x, Fe/F-Ti3C2O2−x, Fe/P-Ti3C2O2−x, Fe/S-Ti3C2O2−x, and
Fe/Cl-Ti3C2O2−x are 1.128, 1.125, 1.129, 1.123, 1.126, and 1.130 Å, respectively. Compared
with the N≡N bond length in the gas phase (1.11 Å), all of them became longer. The
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calculation of charge transfer is shown in Table 1. The results show that N2 gains electrons
in all these catalysts and the translated charges increase with an increase in the number of
valence electrons from N to O or from P to S and Cl in the same period. However, doping
with F did not obey this rule, which may be due to the special adsorption site of Fe. Fe
was adsorbed on the first nearest H1 site and followed the trend from N to O and F. These
findings were consistent with those of Wang et al. [58]. A strong positive correlation exists
between the electron gains of N2 and the change in bond length: N2 on Fe/Cl-Ti3C2O2−x
gained the most electrons and had the largest increase in bond length relative to the gas
phase, whereas N2 on Fe/P-Ti3C2O2−x gained the least electrons and had the smallest
increment in bond length relative to the gas phase.

Figure 2. Most stable structures of N2 adsorbed on (a) Fe/Ti3C2O2, (b) Fe/N-Ti3C2O2−x, (c) Fe/F-
Ti3C2O2−x, (d) Fe/P-Ti3C2O2−x, (e) Fe/S-Ti3C2O2−x, and (f) Fe/Cl-Ti3C2O2−x and ELFs of N2

adsorbed on (g) Fe/Ti3C2O2, (h) Fe/N-Ti3C2O2−x, (i) Fe/F-Ti3C2O2−x, (j) Fe/P-Ti3C2O2−x, (k) Fe/S-
Ti3C2O2−x, and (l) Fe/Cl-Ti3C2O2−x.

The partial density of states of N2 adsorbed on Fe/Ti3C2O2 or Fe/NM-Ti3C2O2−x
(Figure 3) shows spin-up and spin-down of the d orbital of the Fe atom and the p orbital of
the N atom. At the Fermi level, almost no spin-up was observed, whereas the spin-down
was more obvious, and the d orbital of Fe effectively overlapped with the P orbital of N near
the Fermi level. The electrons in the occupied d orbital of Fe/NM-Ti3C2O2−x transferred
to the antibonding orbitals of N2, as shown in Table 1, and the adsorbed N2 on different
catalysts gained electrons from 0.13 e to 0.21 e, thus lowering the bond energy of N2.
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Figure 3. Partial density of states of N2 adsorbed on (a) Fe/Ti3C2O2, (b) Fe/N-Ti3C2O2−x, (c) Fe/F-
Ti3C2O2−x, (d) Fe/P-Ti3C2O2−x, (e) Fe/S-Ti3C2O2−x, and (f) Fe/Cl-Ti3C2O2−x.

3.3. N2 Reduction Mechanism

The overall e-NRR reaction on the cathode is

N2(g) + 6
(
H+ + e−

) → 2NH3(g) (6)

and the anode reactions provide protons and electrons. Liu et al. [59] summarized the
mechanism of the e-NRR. The e-NRR is divided into dissociation and association mecha-
nisms by different hydrogenation (protonation and reduction) sequences and the breaking
of the N≡N triple bond. In the dissociation mechanism, the N≡N bond is broken during
the adsorption process (* denotes the adsorption site).

2 ∗+N2 → 2 ∗ N (7)

Then, two separated N atoms on the surface of the catalysts receive protons and
electrons, and ammonia is formed in the last hydrogenation step:

∗N + H+ + e− → ∗NH (8)

∗NH + H+ + e− → ∗NH2 (9)

∗NH2 + H+ + e− → ∗NH3 (10)

∗NH3 → NH3 (11)

In the association mechanism, the N≡N bond breaks at a certain hydrogenation step.
According to the hydrogenation sequence, it can be further classified into distal, alternating,
and enzymatic pathways. The hydrogenation step in the enzymatic pathway is similar
to that in the alternating pathway; the difference is that N2 adsorbs side to side in the
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enzymatic pathway, but ends in the distal and alternating pathways. For the distal and
alternating pathways, the first two steps are

∗+ N2 → ∗N2 (12)

∗N2 + H+ + e− → ∗N2H (13)

In the distal pathway, the N atom moves away from the catalytically gained protons
and electrons, releasing the first NH3 molecule, as follows:

∗N2H + H+ + e− → ∗NNH2 (14)

∗NNH2 + H+ + e− → ∗N + NH3 (15)

Hydrogenation then occurs on the remaining N atom and releases the second NH3
molecule according to Reactions (8)–(11). In the alternating pathway, hydrogenation
occurs on two newton atoms alternatively, and NH3 is formed until the N≡N bond is
completely broken.

∗N2H + H+ + e− → ∗NHNH (16)

∗NHNH + H+ + e− → ∗NHNH2 (17)

∗NHNH2 + H+ + e− → ∗NH2NH2 (18)

∗NH2NH2 + H+ + e− → ∗NH2 + NH3 (19)

After the first NH3 is released, the remaining *NH2 obtains protons and electrons and
releases the second ammonia according to Reactions (10) and (11). Figure 4 shows the other
mixed pathways that follow neither the distal nor alternating pathways but a combination
of two paths. Optimized structures of all the possible elementary steps in NRR is showed
in Figure S2.

Figure 4. Possible pathway and reaction intermediates for NRR with the associated mechanism. Dark
brown, blue, red, brown, light blue, and light pink represent C, Ti, O, Fe, N, and H, respectively.

The ΔG values calculated by DFT calculations considered all correction terms, includ-
ing the zero-point energy, temperature, and entropy corrections. Table 2 illustrates the
EZPE and entropy corrections (TS) of different reaction intermediates on Fe/Ti3C2O2 using
the TS values obtained from the National Institute of Standards and Technology [60] at
T = 298 K. The catalyst as a substrate is immobilized, although the surface is different, we
compared the zero-point energy with the study of Ling [61]; the difference is marginal, as
N2 reduction also occurred on the transition metal atoms in Ling’s research, and only the
EZPE of NH3 was significantly different. NH3 is a gas phase, not an adsorbent, so other
research was also compared [5]. The calculated EZPE and TS of H2 are 0.27 and 0.4 eV [60],
respectively.
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Table 2. EZPE and TS of different reaction intermediates on Fe/Ti3C2O2, T = 298 K.

Adsorption
Species

EZPE (eV) E′
ZPE (eV) EZPE Difference (eV) TS [60] (eV)

N2 0.15 0.15 [61] 0 0.59
*N≡N 0.19 0.20 [61] 0.01 0.23

*N=NH 0.47 0.49 [61] 0.02 0.20
*N−NH2 0.78 0.82 [61] 0.04 0.25

*N 0.09 0.08 [61] 0.01 0.06
*NH 0.31 0.35 [61] 0.04 0.14
*NH2 0.63 0.65 [61] 0.02 0.18
*NH3 1.00 1.02 [61] 0.02 0.23

*NH=NH 0.81 0.80 [61] 0.01 0.25
*NH−NH2 1.11 1.13 [61] 0.02 0.31
*NH2−NH2 1.50 1.49 [61] 0.01 0.27

NH3 0.92 0.96 [5] 0.04 0.60

As shown in Figure 5a–f, for all structures, the first protonation was likely to gen-
erate *NNH species; the ΔG values for Fe/Ti3C2O2, Fe/N-Ti3C2O2−x, Fe/F-Ti3C2O2−x,
Fe/P-Ti3C2O2−x, Fe/S-Ti3C2O2−x, and Fe/Cl-Ti3C2O2−x increased to 0.90, 1.04, 0.85, 0.99,
0.88, and 1.01 eV, respectively. The second step is more likely to form *NNH2 instead
of the *NHNH species in the alternate path, as the energy requirements are higher, and
the increments in ΔG for Fe/Ti3C2O2, Fe/N-Ti3C2O2−x, Fe/F-Ti3C2O2−x, Fe/P-Ti3C2O2−x,
Fe/S-Ti3C2O2−x, and Fe/Cl-Ti3C2O2−x were 0.1, 0.06, 0.12, −0.05, 0.12, and 0.07 eV to form
*NNH2, respectively. In the subsequent hydrogenation steps, the intermediate configura-
tion in the alternating pathway was easier to form than the first NH3 molecule desorption
in the distal pathway. The first NH3 is not desorbed until the fifth proton is added, and ad-
sorptive *NH3 is formed when the sixth proton is added. The reaction *NNH2 → *NHNH2
→ *NH2NH2 → *NH2 → *NH3 is exothermic, and larger energy input is required until
the adsorptive *NH3 is desorbed to form the second NH3 molecule. The ΔG values of
Fe/Ti3C2O2, Fe/N-Ti3C2O2−x, Fe/F-Ti3C2O2−x, Fe/P-Ti3C2O2−x, Fe/S-Ti3C2O2−x, and
Fe/Cl-Ti3C2O2−x were 1.95, 1.11, 0.97, 1.07, 1.09, 0.99 eV, respectively. However, it was re-
ported that the use of an acidic electrolyte can promote NH3 desorption, as the protonation
of adsorbed NH3 to form NH4+ can easily proceed [62,63], so the actual energy barrier
is even smaller. For all these structures, the two potential limiting steps were the first
hydrogenation of N2 to form the *NNH species and the last process of NH3 desorption to
form the second NH3 molecule. Compared with the original structure, nonmetallic doping
was beneficial for the desorption of the last NH3 molecule, but only the doping of F and S
was beneficial for the formation of *NNH and NH3.

Figure 6 shows the most possible reaction pathway for different catalysts. All these
structures are likely to follow the mixed pathway: N2 → *N2 → *NNH → *NNH2 →
*NHNH2 → *NH2NH2 → *NH2 → *NH3 → NH3. In addition, the doping of nonmetals
has a remarkable effect on NRR. For N2 adsorption, Eads is reduced, compared with
the nondoped structure, which may be the reason why NH3 desorption is easier in the
last step. In the hydrogenation process, the doping of different nonmetals also makes
each step of the hydrogenation easier or harder. The doping of N, P, and Cl makes it
difficult for *N2 to form *NNH, whereas F and S facilitate the formation of *NNH from
*N2. From *NNH to *NNH2, only the doping of P shows an obvious impact and makes
the transformation occur spontaneously. In comparison, the other doped nonmetals do
not show a great effect. The doping of nonmetal also does not have much influence on
*NNH2 → *NHNH2 → *NH2NH2 → *NH2 → *NH3, as these reactions are exothermic
for all structures. Considering the stability of nonmetal doping, the best catalysts may be
Fe/F-Ti3C2O2−x and Fe/S-Ti3C2O2−x.
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Figure 5. Gibbs free energy diagrams of (a) Fe/Ti3C2O2, (b) Fe/N-Ti3C2O2−x, (c) Fe/F-Ti3C2O2−x,
(d) Fe/P-Ti3C2O2−x, (e) Fe/S-Ti3C2O2−x, and (f) Fe/Cl-Ti3C2O2−x.
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Figure 6. Nitrogen reduction reaction pathways for all structures.

4. Conclusions

The reaction pathway of the TM atom, Fe, adsorbed on pure Ti3C2O2 and surface non-
metal (N/F/P/S/Cl)-doped Ti3C2O2 as the N2 reduction reaction catalyst was calculated
using DFT. The main limiting steps of the reaction are *N2 + H → *NNH and *NH3 → NH3,
and the limiting potentials of the two steps can reach 0.85–1.01 and 0.97–1.95 eV, respec-
tively. Compared with pure Ti3C2O2, nonmetal doping has an impact on catalytic perfor-
mance. The doped nonmetal (N/F/P/S/Cl) reduces the energy barrier to form NH3 in the
last step, and only the doping of F and S is beneficial to the formation of *NNH in the first
step and the desorption of *NH3 in the last step. Therefore, the materials doped with F
and S are considered better candidate materials for NRR among the tested catalysts. Our
research demonstrates a feasible way to search for new NRR catalysts by modifying the
surface of MXenes and loading TM atoms as new catalysts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano12071081/s1, Figure S1: Top and side views of Ti3C2O2 and its nonmetal doped structure,
Figure S2: Optimized structures of all the possible elementary steps in NRR, taking Ti3C2O2 as an
example. Other nonmetal-doped Ti3C2O2 show similar geometric structure.
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Abstract: In the areas of catalysis and renewable energy conversion, the development of active and
stable electrocatalysts continues to be a highly desirable and crucial aim. Single-atom catalysts (SACs)
provide isolated active sites, high selectivity, and ease of separation from reaction systems, becoming
a rapidly evolving research field. Unfortunately, the real roles and key factors of the supports that
govern the catalytic properties of SACs remain uncertain. Herein, by means of the density functional
theory calculations, in the Au/WSSe SAC, built by filling the single Au atom at the S vacancy site in
WSSe monolayer, we find that the powerful binding between the single Au atom and the support
is induced by the Au d and W d orbital hybridization, which is caused by the electron transfer
between them. The extra tensile strain could further stabilize the Au/WSSe by raising the transfer
electron and enhancing the orbital hybridization. Moreover, by dint of regulating the antibonding
strength between the single Au atom and H atom, the extra tensile strain is capable of changing the
electric-catalytic hydrogen evolution reaction (HER) performance of Au/WSSe as well. Remarkably,
under the 1% tensile strain, the reaction barrier (0.06 eV) is only one third of that of free state. This
theoretical work not only reveals the bonding between atomic sites and supports, but also opens
an avenue to improve the electric-catalytic performance of SACs by adjusting the bonding with
outer factors.

Keywords: single-atom catalyst; Au/WSSe; electrocatalysis; tensile strain

1. Introduction

As a new family of catalysts, single-atom catalysts (SACs) typically offer isolated
active sites, great selectivity, and simplicity in separation from reaction systems. They
have recently sparked a lot of attention throughout the globe due to their distinctive
structural characteristics, which include optimized metal utilization, customized active
sites, and astonishing catalytic activities [1–6]. Nevertheless, due to their high surface
energy, single-atom sites are prone to sintering and aggregating into thermodynamically
stable nanoclusters [7,8]. Sintering must be averted by adding the proper supports to
enhance the local coordination environment, electrical characteristics, and strong metal-
support interactions.

The recent emergence of Janus two-dimensional (2D) transition metal dichalcogenides
(TMDs), which refer to layers with different surfaces (e.g., MoSSe and WSSe), have piqued
intense research interest due to their distinctive characteristics and potential energy con-
version applications [9–12]. The intrinsic dipole in Janus 2D materials induced by the
out-of-plane asymmetric structure could strengthen the adsorption of molecules or atoms
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on the surface [13], which might result in a better production environment for SACs [14].
Transition-metal adatoms, in turn, could efficiently adjust the Janus TMDs’ dipole mo-
ments [15]. It has been claimed that, by increasing the inherent dipole, the adsorption of
appropriate transition-metal adatoms can cause the interactions between H2O and MoSSe
to transform from weak electrostatic van der Waals (vdW) to powerful chemical bonding,
considerably enhancing the adsorption of H2O molecules and laying the groundwork for
photocatalytic water-splitting processes [14].

Additionally, although a range of potential SACs with inexpensive supports are
emerging as appealing candidates for heterogeneous catalysis [16,17], it is unclear which
precise functionalities and important roles of the supports really impact the catalytic
capacities of these SACs. For the purpose of investigating the bonding between atomic
sites and supports and the effect of bonding on improving the catalytic performance, in
this work, we chose single Au atom and Janus WSSe monolayer to construct SAC, and
study the interaction between them by analyzing interfacial transfer electron and electronic
orbital coupling. Moreover, we applied external tensile strain to further stabilize the SAC
and adjust the electric-catalytic performance for hydrogen evolution reaction (HER).

2. Calculation Method

In this study, we performed the DFT calculations for both geometrical relaxations
and electronic structures using the Vienna Ab initio Simulation Package (VASP) program
(Version 5.3, Hanger Group, University of Vienna) [18,19]. To represent the electron–ion
interaction, we employed the projector augmented wave (PAW) pseudo potentials [20,21].
As the exchange-correlation functional, we selected generalized gradient approximations
of Perdew–Burke–Ernzerhof (GGA-PBE) [22]. We placed a 20 Å vertical vacuum interval
between each sample and the nearby mirror images to prevent interactions. We used
Grimme’s DFT-D3 method to deal with the vdW force [12,23]. A 3 × 3 × 1 gamma-pack
k-mesh regulated the Brillouin zone. The convergence conditions for the force and energy
were 10−2 eV/Å and 10−5 eV, respectively, with the cutoff energy set at 500 eV. Despite
the fact that tungsten is a heavy metal, since the influence of spin-orbital coupling (SOC)
on the band gap of the WSSe monolayer has been shown to be minimal [12], we did not
use the SOC correction in this instance to conserve computational resources. Additionally,
the computational hydrogen electrode (CHE) model was used to perform the Gibbs free
energy calculation [24]; meanwhile, the implicit solvent model included in VASPsol was
used to account for the solvent effect [25,26]. In the Supporting Information, more Gibbs
free energy simulation specifics (as listed in Table S1) are provided.

3. Results and Discussion

Introducing Au single-atom or cluster into electro- and photo-catalysts by doping
or adsorbing has been demonstrated as an efficient approach to improve the catalytic
performance. For the electrocatalysis, the accession of Au not only increases the con-
ductivity of the catalyst, but also causes a strong electronic interaction at their interface,
boosting the electrocatalytic performance of many compounds, such as Au/Ni3S2 [27] and
Au/TiO2 [28,29]. As to the photocatalysis, due to the prevention of charge recombination
in the area of the space charge, together with the prolonged light absorption caused by
the surface plasmon resonance (SPR) effect, loading Au could greatly improve visible
light catalytic activity in many systems, such as 2% Au loaded SnO2/g-C3N4 [30] and Au
decorated WO3/g-C3N4 [31].

In our work, for the SAC constructed by adding single Au atom on WSSe monolayer,
generally, there may be two main configurations. Specifically, one is that the single Au atom
adsorbs on the surface of WSSe monolayer (case 1); the other is that the single Au atom
replaces one of the atoms on the surface of WSSe monolayer (case 2). Hence, first of all, we
confirmed the more favorable configuration by comparing the adsorption energy (Ead) of
case 1 with the formation energy (Efor) of case 2, respectively. Lower value indicates more
stable. After that, we studied the interaction between them through analyzing interfacial
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transfer electron and electronic orbital coupling. Moreover, we applied external tensile
strain with the purpose of further stabilizing the SAC and tuning the electric-catalytic
HER performance.

3.1. Single Au Atom Adsorbed Janus WSSe Monolayer

To pursue the energetically stable configuration of SAC built by single Au atom
adsorbed Janus WSSe monolayer, as shown in Figure S1, we took two absorption cases into
consideration, namely the single Au atom adsorbing on the Se and S sides, respectively.
For each absorption case, we examined four possible adsorption sites, namely centre, bond,
S (Se), and W sites labeled as Cs, Bs, Ss and Ws for S layer, and Cse, Bse, Sese and Wse for Se
layer, respectively. The optimized structures for all these samples are shown in the inset of
Figure 1. Based on the total energy of these systems, we found that, on the S layer, the single
Au atom tended to stay on the Ss site; meanwhile on the Se layer, it was likely to locate at
the Cse site. Furthermore, we computed the Ead to estimate the adsorption strength, which
is defined as follows,

Ead = Ead_sys − Esub − EAu (1)

where Ead_sys and Esub are the total energy of WSSe monolayer with and without single
Au atom adsorption. EAu equals to −3.274 eV, which is the total energy of per Au atom in
stable Au solid, obtained from the Materials Project database. The Ead of single Au atom
adsorbed on Ss and Cse sites are 0.763 eV and 0.834 eV. On the basis of the definition of Ead,
the smaller value demonstrates a higher stability. That is to say, the single Au atom prefers
to stay at the S layer, which may be explained by the higher electronegativity of S element
(5.85 eV) than the one of Se element (5.76 eV) [32]. As shown in Figure 1a, the single Au
atom could be fixed by its near S atoms through chemical bonds. However, the positive
values of Ead indicate that all these adsorption models are not stable. The single Au atom
adsorbed on the surface of WSSe probably aggregates into cluster, which means that single
Au atom adsorption is not a feasible way to make up SAC.

Figure 1. Relative total energy (ΔE) of single Au atom adsorbed WSSe monolayer with the four
adsorption sites on the (a) S and (b) Se layers, respectively. For each case, the energy of the system
with the lowest total energy is taken as the reference value. The insets show the top view (above)
and the side view (below) of the optimized structures of these systems. The yellow, green, grey, and
golden balls represent S, Se, W and Au atoms, respectively.

3.2. Single Au Atom Doped Janus WSSe Monolayer (Au/WSSe)

In the WSSe monolayer, there are three kinds of atoms, namely W, S, and Se atoms,
which means that the single Au atom has three choices to replace one atom of the WSSe
monolayer. Before this substitution process, a W/S/Se vacancy should first be formed [33].
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According to our previous work [34], the formation energy of S vacancy (0.49 eV/atom) is
much lower than the ones of Se (3.77 eV/atom) and W (4.97 eV/atom) vacancies. Therefore,
herein, we only consider the case that the single Au atom fills in the S vacancy. The Efor for
this situation is gained by the following equation,

Efor = Edoped_sys − Evac−s − EAu (2)

where Edoped_sys and Evac−s are the total energy of Au/WSSe and WSSe monolayer with
one S vacancy, respectively. The calculated Efor is −0.55 eV. This negative value means the S
vacancy could work as an anchored site to capture a single Au atom, which is similar to the
case of Pt single atoms on the nanosized onion-like carbon (Pt1/OLC) [35]. Moreover, by
running ab initio molecular dynamics simulations (AIMD) with the Nos’e thermostat model
as implemented in VASP, the thermal stability of Au/WSSe was evaluated. The outcome
of the AIMD simulations on Au/WSSe is depicted in Figure S2, where the negligible
geometric reconstructions and small total energy variations suggest that Au/WSSe may
be thermostable at ambient temperature. Besides the Au element, we also considered
the single atom of its congeners (i.e., Ag and Cu) to build SACs. However, as shown in
Figure S3, both their formation energies were positive, indicating they are not as stable as
Au/WSSe. Therefore, we do not discuss the cases of Ag/WSSe and Cu/WSSe further.

To further enhance the stability of Au/WSSe, we applied uniaxial tensile strain to it,
which is widely used to tune the morphologic and electric structures of two dimensional
materials [10,12,36,37]. As displayed in Figure 2, the calculated results stated that the Efor
became lower with higher tensile strain. Moreover, as shown in Figure 3a, the single Au
atom came closer to the surface of the WSSe monolayer as the tensile strain rose, which
could be verified by the lower height (h) of the single Au atom from the W plane (see
Figure 3b). Furthermore, based on the calculated results obtained with the climbing image
nudged elastic band (CI-NEB) method (see Figure S4), we found that the extra tensile strain
could make the diffusion barriers of single Au atom increase (from 2.75 eV at free state to
3.10 eV under 5% tensile strain), which also revealed that introducing uniaxial tensile strain
could increase the stability of Au/WSSe.

Figure 2. Formation energy of Au/WSSe under different tensile strain.

122



Nanomaterials 2022, 12, 2793

Figure 3. (a) The diagram of single Au atom position change over external tensile stress. (b) The
height of the single Au atom from the W plane in Au/WSSe under different tensile strain.

3.3. Interfacial Interaction between Single Au Atom and WSSe Monolayer

As plotted in Figure S5, compared with the case of the pristine WSSe monolayer, the
results of total density of states (TDOS) demonstrated that both the adsorption and dopant
of a single Au atom could induce obvious spin-splits in the gap states at/near the Fermi
level, which caused magnetic moments of 1.00 and 0.94 μB, respectively. As mentioned
earlier, the doped system is more stable than the adsorption one; therefore, we focused on
the Au/WSSe and explored the origin of its tensile strain-dependent stability by researching
the interfacial interaction between the single Au atom and WSSe monolayer, which could
be reflected from the electronic orbitals coupling. As plotted in Figure S5c, the TDOS shows
that there was one obvious orbital hybridization peak near the Fermi level in each spin
direction. In addition, we assessed the accurate electronic structure of Au/WSSe using the
Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional [38] to prevent the underestimation
of the band gap calculated within PBE. As shown in Figure S6, the gap state near the Fermi
level was dominated by the spin-up states, which agreed with the PBE result.

Based on the analysis of PDOS, we found that this orbital hybridization was mainly
contributed by the coupling of the d orbitals of the single Au atom and its three nearest
neighboring W atoms (see Figure 4a). Numerous additional SACs have also been iden-
tified to exhibit the strong contact between atomic species and the nearby atoms on the
support [39–41]. Notably, when the external tensile strain was (ε = 5%) applied, as shown
in Figure 4b, the orbital hybridization peak near the Fermi level split into two peaks,
broadening the coupling energy range, which surely strengthened the interfacial inter-
action between the single Au atom and WSSe monolayer. Furthermore, the expansion
of gap-states indicates an enhanced electric conductivity, which could be confirmed by
experimentally measuring the I-V curve.

Figure 4. Partial density of states (PDOS) of the d orbitals of the single Au atom and its three nearest
neighboring W atoms (circled with the red lines shown in the inset) in Au/WSSe (a) without and (b)
with external tensile strain (ε = 5%).
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Generally, orbital hybridization arises with electron transfer. Therefore, in the follow-
ing work, we studied the electron gained by the single Au atom in the Au/WSSe on the
basis of charge density difference (Δρ) and Bader charge analysis. The Δρ is defined as
follows [42],

Δρ = ρAu/WSSe − ρAu − ρvac−s

where ρAu/WSSe, ρAu, and ρvac−s are the charge densities of Au/WSSe, single Au atom, and
the WSSe monolayer with one S vacancy, respectively. From the electron redistribution
shown in Figure 5a, it could be easily seen that there was some electron accumulation
(pink area) around the single Au atom. The Bader charge analysis demonstrated that the
single Au atom received 0.284 e from the support. The electron transfer process was able
to separately make the single Au atom and the support become negatively and positively
charged. Then, the binding strength between them was reinforced by the electrostatic force
originated from the opposite polar components. For the case of Au/WSSe under extra
tensile strain (ε = 5%), as illustrated in Figure 5b, the electron accumulation (pink area)
around the single Au atom became larger, and more electrons migrated to the single Au
atom from the substrate (see Figure 5c), which strengthened the bonding between the single
Au atom and the substrate by raising the opposite polarization. Therefore, the Au/WSSe
became more stable under larger tensile strain, in line with the results of formation energy
shown in Figure 2.

Figure 5. The 3D differential charge density plots of Au/WSSe (a) without and (b) with external
tensile strain. The green and pink regions stand for electron depletion and accumulation, where the
isosurfaces are set to 0.004 e/Å3. (c) The charge gained by the single Au atom in Au/WSSe under
different tensile strain.

3.4. Tunable Electric-Catalytic Performance of Au/WSSe for HER with Tensile Strain

Due to the high hydrogen adsorption free energy (ΔGH∗ = 1.82 eV) [43], the pristine
Janus WSSe monolayer is inert to the electric-catalytic HER, which is similar to other
layered transition metal dichalcogenides [44,45]. Nevertheless, for the Au/WSSe, as shown
in Figure 6a, the ΔGH* dropped down to −0.042 eV, due to the high activity of the single Au
atom. Unfortunately, the second hydrogenation step (H* → H2*, see Figure 6b) proceeded
a bit laboriously (ΔGH2∗ = 0.19 eV), because of the over-powerful binding strength of the
intermediate H*. Many previous works reported that the electric-catalytic performance of
SAC was sensitive to the electron distribution of the single metal atom [1,3,4]. In addition,
as stated earlier, the gained electron of the single Au atom in Au/WSSe could be adjusted
by the extra tensile strain. Hereby, we calculated the ΔGH∗ on Au/WSSe under different
additional tensile strain. As shown in Figure 6a, the ΔGH∗ rises as the extra tensile strain
becomes heavier.
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Figure 6. (a) The free-energy profile for electrochemical HER on Au/WSSe under different tensile
strain. (b) The optimized configurations of the intermediates in the HER process. * stands for the
adsorption site.

One possible explanation for this phenomena mentioned above could be as illustrated
in Figure 7. The intrinsic 6s electron of the single Au atom combines with the 1s electron of
the H atom to form the bonding orbital, while the gained electron of the single Au atom
from the support has to fill the empty antibonding orbital. As the external tensile strain
increases, the antibonding orbital is enhanced with more gained electrons of the single Au
atom filled, making the adsorption capacity of Au/WSSe for H atom decline. Furthermore,
in view of the whole HER, the reaction barriers on Au/WSSe under relative smaller tensile
strain (ε = 1% and 2%) are lower than those on the free Au/WSSe. Especially, in the case
of ε = 1%, the reaction barrier (0.06 eV) is only one third of the corresponding one on
free Au/WSSe, indicating the application of appropriate tensile strain could improve the
electric-catalytic performance of Au/WSSe.

Figure 7. The schematic diagram of the mechanism of external tensile strain affecting adsorption
capacity of Au/WSSe for H atom.

4. Conclusions

SACs optimize the usage of metal atoms, which is crucial for supported noble metal
catalysts, in particular. Furthermore, SACs have considerable promise for obtaining high ac-
tivity and selectivity thanks to their homogeneous and well-defined single-atom dispersion.
In this work, on the basis of energetic stability, we found that a single Au atom that adsorbs
on the surface of perfect WSSe monolayer tends to aggregate; meanwhile, filling the single
Au atom at the site of the S vacancy in the WSSe monolayer to build Au/WSSe could keep
the single Au atom dispersed, predicting a potential path for fabricating SAC. The powerful
binding between the single Au atom and the support in Au/WSSe is induced by the Au
d and W d orbital hybridization, which is caused by the electron transfer between them.
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The extra tensile strain could further stabilize the Au/WSSe by raising the transfer electron
and enhancing the orbital hybridization. Moreover, the extra tensile strain also is able to
tune the electric-catalytic HER performance of Au/WSSe by changing the antibonding
strength between the single Au atom and H atom. According to the Sebastian principles,
the suitable application of extra tensile strain could accelerate the HER rate by reducing the
reaction barriers. Especially, with the application of 1% tensile strain, the reaction barrier of
HER is merely 0.06 eV, which is smaller than most common electrocatalysts. To sum up, for
the first time, our work not only reveals the coupling between the atomic sites and supports
in the SAC of Au/WSSe, but also proposes an effective path to improve its electric-catalytic
HER performance by tuning the coupling with appropriate tensile strain.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12162793/s1, Figure S1: The blue dashed circle indicates the
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dynamics (AIMD) simulations of Au/WSSe for 5 ps with a time step of 1 fs at 300 K; Figure S3: The
optimized configurations of Cu/WSSe and Ag/WSSe, as well as the formation energy (Efor) for each
system; Figure S4: Atomic configurations for the diffusion of the Au single atoms from one favourable
doping site to its neighbouring one at the defective WSSe surface at free state and under 5% tensile
strain, including initial state, transition state and final state; Figure S5: Calculated projected density
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free Au/WSSe; Figure S6: The band structure of Au/WSSe obtained with HSE06 functional; Table S1:
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Abstract: Transparent stretchable wearable hybrid nano-generators present great opportunities
in motion sensing, motion monitoring, and human-computer interaction. Herein, we report a
piezoelectric-triboelectric sport sensor (PTSS) which is composed of TENG, PENG, and a flexible
transparent stretchable self-healing hydrogel electrode. The piezoelectric effect and the triboelectric
effect are coupled by a contact separation mode. According to this effect, the PTSS shows a wide
monitoring range. It can be used to monitor human multi-dimensional motions such as bend, twist,
and rotate motions, including the screw pull motion of table tennis and the 301C skill of diving. In
addition, the flexible transparent stretchable self-healing hydrogel is used as the electrode, which
can meet most of the motion and sensing requirements and presents the characteristics of high
flexibility, high transparency, high stretchability, and self-healing behavior. The whole sensing system
can transmit signals through Bluetooth devices. The flexible, transparent, and stretchable wearable
hybrid nanogenerator can be used as a wearable motion monitoring sensor, which provides a new
strategy for the sports field, motion monitoring, and human-computer interaction.

Keywords: self-powered; sports monitoring; hydrogel; hybrid nano-generator

1. Introduction

The Chinese diving team won gold (silver) medals in the men’s and women’s ten-
meter platform events in the Tokyo Olympic Games in 2020. This excellent performance is
related to “Rip entry” technology. Athletes’ entry into the water is a fluid-solid coupling
problem [1–4]. This technology helps athletes to reduce the impact force when their hands
enter into the water in a square shape. On the contrary, when athletes’ hands enter the
water in a wedge shape, the water shows the characteristic of escaping in the direction of
lower pressure. The larger the wedge angle, the higher the wave height of the free liquid
surface and the greater the splash [5,6]. Therefore, athletes must change their hands into a
square shape immediately before entering the water [7]. In other words, athletes need to
complete this technology according to the direction of rotation, the folding speed of the
palms, and the orientation of the palms. “Rip entry” motion is not a simple process of
moving the palms inward. In the process of training, this technology should be scientifically
monitored by coaches and athletes, in order to learn high-quality movements. At present,
some researchers have been studying “Rip entry” technology in sports biomechanics
theory [8–10]. However, the monitoring of this technology is still an isolated field. First
of all, the palms and finger joints are small joints, and a single high-speed camera cannot
capture the motion at all [11–13]. In addition, athletes’ palms need to remain in a square
shape before entering the water. Recent studies show that most wearable sensors can
only bend in the longitudinal axis [14,15]. It is necessary to improve the flexibility and
stretchability of these sensors for twist motions. Meanwhile, capacitor/resistance sensors
present a risk of electricity leaking when the sensors are in the water [16–21]. Therefore, a
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soft, flexible, and self-powered sensor needs to be developed which can be used to monitor
“Rip entry” technology. Moreover, this would also be practical for the scientific training of
diving events and would provide some new ideas for other sports technology monitoring
such as backhand twisting and pulling action in table tennis, shot put, and so on.

In recent years, more and more attention has been paid to health and sports. With
the development of IOTs and big data, a large number of flexible intelligent motion mon-
itoring devices have been integrated. Wang’s group created TENG (triboelectric nano-
generator) [22–24] and PENG (piezoelectric nano-generator) [25,26]. These devices possess
excellent working performance, a simple structure, long-life advantages, and are low
cost [27–35]. Some researchers have coupled TENG and PENG together [36–42]. This can
transfer the pressure, frequency, and acceleration of irregular and low frequency body
motions signal to electronic equipment to achieve wireless transmission. Meanwhile, re-
searchers have considered how TENG and PENG work underwater and the studies have
shown that they have a good design structure and function [43–47]. However, the devices
are big for body motion monitoring and they have rigid structures.

In this study, a self-powered sensor is prepared which is coupled with PENG and
TENG. PVDF is used as the sensitive layer of PENG. TENG adopts the single-electrode
method, transparent PTFE is the negative electrode layer of TENG, and the skin is the
positive electrode layer. The transparent PTFE and PVDF use the common electrode and the
PTFE is not only the negative layer of TENG, but also the protective layer of PENG. Through
this combined mode, power generation performance is improved largely. PTSSs can convert
mechanical energy into electrical energy, which provides more possibilities for carbon
neutralization and peak emission of carbon dioxide. It is noted that hydrogel is used as the
electrode of the sensor. As a flexible electrode, the hydrogel has the following characteristics:
stretchability, lightweight, small size, high transparency, good biocompatibility, simple
production, and low cost. Considering the comfortability of sport monitoring and complex
body motion characteristics, the sports monitoring sensor which is composed of a coupling
device of TENG, PENG, and stretchable hydrogel electrodes, can be used for body sport
training and health monitoring to develop more intelligent and comfortable applications.

2. Materials and Methods

2.1. Materials

Poly (vinylidene fluoride) (PVDF) powder was bought from Qinshang plastic Co., Ltd.
(Suzhou, China). N, N-Dimethylformamide (DMF), deionized water, Acrylamide (AM),
Lithium chloride (LiCl), N′,N′-methylene diacrylamide (MBA), Ammonium persulphate
(APS), and N′,N′,N′,N′-Tetramethylethylenediamine (TMLD) were bought from Jintong
letai chemical industry products Co., Ltd. (Beijing, China). Dow Corning 3140 RTV and
Svlgard 184 were bought from Xinheng trading Co., Ltd. (Tianjin, China). The transmittance
PTFE was bought from Taizhou huafu plastic industry Co., Ltd. (Taizhou, China). The latex
was bought from Ji’nan Chuangyuan Chemical Co., Ltd. (Jinan, China).

2.2. Preparation

Fabrication of hydrogel: AM as monomer, MBA as cross-linking agent, APS as initiator,
and TMED as catalyst. Firstly, 12 g acrylamide powder and 14 g lithium chloride particles
were added in 40 mL pure water to stir using a magnetic stirrer, the magnetic stirrer was
set to 600 revolutions per minute. Furthermore, the 4.23 mol/L and 8.24 mol/L of AM and
LiCl mixture solution were prepared, respectively. Secondly, after stirring for 5 min, the
0.04 mol/L APS and 0.03 mol/L MBA were added to the mixture solution to be stirred
together for 5 min, following this it should stand for 5 min to get the pre solution. Thirdly,
three drops of TMEDA were dropped in the pre solution and stirred for 2 min to accelerate
commissure for the hydrogel. Finally, the mixture solution was dropped on the culture
plate to gain PAAM-LiCl hydrogel (Figure 1c).
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Figure 1. The drawing of the PTSS and its applications. (a) Scene of how the PTSS is used for sports.
(b) Optical image of the PTSS (I), TENG (II), PENG (III), and hydrogel (IV). (c) Manufacturing step of
the hydrogel. (d) Manufacturing step of the PVDF film and PDMS substrate and schematic diagram
of the PTSS combination.

Fabrication of the PVDF film: Firstly, the 15 wt% P(VDF-TrFE) polymer powder and
85 wt% DMF solution were stirred in a water bath at 60 ◦C for 4 h. For removing bubbles,
semitransparent mixture solution was set in a vacuum drying oven for 30 min. Secondly,
the mixed solution was dropped on the bottom silicon rotating surface of the spin coater,
which was rotated at 400 rpm for the 20 s. Then, the PVDF/MBA mixture was dried at
80 ◦C for 15 min. After the second step was repeated three times, the mixture solution was
dried at 120 ◦C for 12 h, and the multilayer film was prepared (Figure 1(dI)).

Fabrication of the PDMS substrate: Firstly, the PDMS solution and solidifying agent
were mixed together with a 10:1 weight ratio for 3 min. Secondly, the mixture solution was
stirred by an ultrasonic stirrer for 5 min. Thirdly, after being stirred for 5 min, we dropped
it on the mold and we put it in the heating furnace at 80 ◦C for 10 min to get the PDMS
substrate film. Finally, the PDMS was cut according to our needs (Figure 1(dII)).

Fabrication of latex film: The latex solution was poured into the glass mold and dried
at room temperature for 24 h to get latex film with a thickness of 2 mm.

Fabrication of the whole sensor: Firstly, the PVDF edges were sealed with insulating
tape to avoid short-circuiting. This is because when the hydrogel is applied on the PVDF
film, the edges of the film are very thin, and if there is no anti-short circuit treatment, the
hydrogel contacts with double sides and it can cause short-circuiting. Secondly, double
hydrogel electrodes were covered on both sides of the PVDF and then both sides were
tightly fixed by transmittance PTFE films. The PENG was packaged by Dow Corning
3140 RTV. Therefore, the hydrogel could not dehydrate in a short time, as this improves
the stability and extends its service life. Thirdly, the PMDS was hollowed out at middle
position to let the skin contact the PTFE. It was noted that the PDMS should be fixed to
the negative dipole side of the PVDF to allow the TENG and PENG to couple together. In
the basic test, the latex film was attached to the PMDS substate to replace the skin. In the
practical test, the latex was removed and skin contacted the PEFE directly.
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2.3. Characterization and Measurement

The PTSS was fixed on the stepping motor to simulate joint movement. The different
amplitudes and frequencies were used to test PTSS characteristics. Sensing signals were
generated by the PTSS and collected by oscilloscopes (sto1102c, Shenzhen, China). The
stress-strain test was carried out by an optical microscope (Scientific compass Co., Ltd.,
Cmt6103 manufacturer MTS Mets industrial system, Shenyang, China).

3. Results

Diving belongs to the category of difficult and beautiful events The motions of diving
are fast and subtle; these motions cannot be captured and analyzed by sports monitoring
equipment easily. However, the PTSS can monitor these kinds of motions. The PTSS can
be applied to body joint surfaces easily to monitor the subtle changes of athletes. It can
meet the requirements of many sports events with difficult skills monitoring. In addition,
it can capture the motion signals of diving athletes and transmit them without a power
supply in real-time. Meanwhile, for monitoring the violent motions of athletes, the PTSS
can be combined with two transparent and stretchable hydrogel electrodes. The electrodes
only conduct electricity, but also have excellent stretchability. Figure 1a shows a scene of
athletes wearing a PTSS to monitor the motions and sense of signal transmission. In this
process, the athletes wear PTSS to monitor angle and frequency changes. Then, the sensing
signal generated by the PTSS is transmitted to other electrical equipment. At the same
time, the PTSS can convert mechanical energy into electrical energy, which provides more
possibilities for carbon neutralization and peak emission of carbon dioxide in the sports
monitoring field. Figure 1b shows the optical image of PTSS. The PTSS (I) is made up of
TENG (II), PENG (III), and hydrogel electrodes (IV). This sensor has the characteristics
of high transparency and high stretchability. The characteristic of high transparency can
ensure that the coach can observe detailed motions in order to analyze athletes’ motions
by combining the sensing signals. It is noted that excellent stretchability is the core of this
work. In order to cope with strenuous exercise, we use a soft and stretchable hydrogel
electrode to represent the traditional rigid electrode. It can conduct electricity and respond
to enormous deformation, ensuring the smooth transmission of sensing signals. Figure 1c
shows the manufacturing steps of the hydrogel. AM, MBA, APS, and TMED are mixed in a
certain proportion to form a hydrogel electrode. Figure 1d shows the manufacturing steps
of the PTSS. The PTSS is composed of PENG and TENG. Step I shows the manufacturing
steps of PENG. In this process, PVDF powder is manufactured into PVDF film. Then, the
PVDF film is covered with the anti-short circuit treatment. Finally, the double hydrogel
electrodes are fixed on the PVDF by the PTFE. Step II shows the manufacturing steps of the
PDMS. The PDMS solution and curing agent are mixed according to the weight ratio of
10:1, then bubbles are removed, and the mixed solution is heated and molded. Then, the
PDMS film is cut into a hollow structure and attached to PENG so that the PTFE substrate
of PENG can rub against the skin.

Figure 2 shows the coupling mechanism of TENG and PENG. TENG and PENG use
a common electrode. The TENG system adopts a single electrode mode. The coupling
mechanism can be divided into four sections. When the athlete is in a static state, the PTSS
is in a free state with no external force and no electrical output (State I and Figure 2(bI)).
When an external force is applied to the PTSS, the deformation happens on the PENG
firstly, and the piezoelectric signal is produced (State II and Figure 2(bII)) with the external
force increasing continuously. The skin/latex contacts the PTFE, the skin/latex tends to
lose electrons, while the PTFE tends to acquire electrons, electrons transfer from the skin
to the PTFE. The negative side of the PVDF and negative layer of TENG share the same
electrode. The contact electrification and piezoelectricity occur simultaneously. Therefore,
the electrons of the PENG and TENG move in the opposite direction on the circuit (State
III and Figure 2(bIII)). When the external force disappears, the electrons flow back. The
electrons of the PTFE flow to the ground. Then, the electrons of PENG and TENG move on
the circuit in opposite directions again (State IV and Figure 2(bIV)). This unique working
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mechanism can be well applied to sports. Many sports are periodic, thus, many motion
structures can be directly coupled with this mechanism in sports. Therefore, PTSS can
be applied to human motion monitoring perfectly. Figure 2c shows the SEM (HITACHI
S-4800) image of PENG. The Figure 2(cI) shows the side-view SEM image of the whole
device. The PTSS is packaged by the PTFE film. Figure 2(cII–cIV) are the enlarged view of
Figure 2(cI). There is no gap between the hydrogel and the PVDF layer. Hence, the PENG
unit can hardly be influenced by the triboelectric signal.

Figure 2. The mechanism of PTSS and SEM of PENG. (a) Coupling mechanism of TENG and PENG.
(b) Corresponding signal. (c) The SEM image of PENG.

In this study, the outputting voltage is the major factor in the monitoring process. We
injected water mist into the airtight box and the humidity achieved 100%. Figure S1 shows
the cross-sectional microscopic image of the PTSS and three views of the device. It can
be clearly seen that there is no air gap in the PENG unit, which can avoid the influence
of the triboelectric effect between the hydrogel and the PVDF. The device is packaged by
Dow Corning 3140 RTV. Therefore, the hydrogel cannot dehydrate in a short time, as this
improves the stability and extends its service life. A stepper motor was used to test the
outputting voltage of PENG, TENG, and PTSS at the 100% RH environment (Figure S2)
and air, respectively. The average outputting voltage of PENG, TENG, and PTSS was 3.96 V,
3.08 V, and 8.6 V, respectively in Figure 3a–c. Figure S3 shows the data measured by PENG,
TENG, and PTSS under the air condition and tested force, no deformation happened to
them. We applied a tiny force to them; the applied force was 15 N. It is evident that PENG
and TENG can be coupled together. Compared with PENG and TENG, the PTSS has an
excellent sensing performance. Some movements cannot be detected by a single device.
TENG cannot monitor the twist movement clearly. The outputting and response of PENG
are low. The PTSS combines the merits of TENG and PENG. It can ensure a high output and
accurate detection under complicated conditions such as twisting and bending. In addition,
PTSS can increase the range of movement monitoring. We tested the 360◦ wrist rotation by
PENG, TENG and PTSS in the Figure S4. Compared to single PENG and TENG, the PTSS
can monitor more detailed signals. It is a device that can monitor various movement states.
It can help the coach to better analyze the signal. The coach can observe clearer signals in
the monitoring process. Figure 3d–f shows the power and outputting voltage of the PENG
unit, the TENG unit, and the PTSS at different load resistances. As the resistance increases,
the outputting voltage also increases. When the load resistances are 2.5 MΩ, 6 MΩ, and
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9 MΩ, the power of PTSS, TENG, and PENG reaches the maximum. Therefore, the inherent
resistance of PTSS, TENG, and PENG are 2 MΩ, 6 MΩ, and 9 MΩ, respectively.

Figure 3. Electrical properties of PENG, TENG, and PTSS in a 100% RH environment. (a–c) Compar-
ison of output voltages of PENG, TENG and PTSS. (d–f) Power and outputting voltage of PENG,
TENG, and PTSS at different load resistances.

Hydrogel is used as an electrode; hydrogel has excellent characteristics and can be well
used for motion monitoring. We tested the resistance of hydrogel and found that with the
stretching of hydrogel, its resistance increases. When the hydrogel is stretched from 2 cm
to 12 cm, the resistance changes from 54.5 kΩ to 96.8 kΩ (Figure S5). Even if the resistance
of the hydrogel changes with stretching, the inherent resistance of the PTSS is much larger
than that of the hydrogel. Therefore, the change in hydrogel resistance does not affect
the outputting voltage. Compared with a metal electrode, the hydrogel electrode has a
similar sensing signal. The hydrogel has good stretchability, biocompatibility, and comfort
properties and these are better than those of the metal electrode (Figure S5). Figure 4a
shows the transparency of the PTSS and each part of it. The average transmittance of
hydrogel for the PDMS, PTFE, PVDF, and PTSS are 96.06%, 93.55%, 92.92%, 90.79%, and
76%, respectively. The above data demonstrate that the PTSS has high transmittance, thus
a coach can observe detailed motions conveniently. Figure 4b shows the stress-strain curve
of different APS ratios of the hydrogel. We found that although the proportion of APS is
very small, the content of APS is an important index that affects hydrogel stretchability and
solidification time. The stress-strain curves were tested by changing the APS content to
0.01 mol/L, 0.03 mol/L, 0.05 mol/L, and 0.07 mol/L, respectively, while the concentration
of other materials remained constant. We found that the hydrogel with a concentration
of 0.01 mol/L APS cannot be cured (Figure S6). According to the results, the 0.03 mol/L
APS hydrogel has the best tensile property which can be stretched to 2317.53% at least.
This is because the maximum range of the machine is 2317.53%. The 0.05 mol/L and
0.07 mol/L APS hydrogel are 1815.21% and 1400.93%, respectively. The optical images of
the tensile property are shown in Figure S7. The excellent tensile properties can prevent the
electrode from being damaged. It ensures the continuous operation of the motion monitor.
Figure 4c,d show that hydrogels can be stretched in many structures. In sport monitoring,
in order to meet the needs of sports, hydrogels can be equipped with different structures to
reduce the impact on athletes.
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Figure 4. Physical properties of hydrogel (a) Transparency of each part of the PTSS. (b) Stress-strain
curve of different APS ratios of hydrogel. (c,d) Scene of stretching hydrogel in any shapes.

As a motion monitoring sensor, its sensing accuracy and size, including bend an-
gle, frequency, and twist angle should be taken into account. Usually, water sports are
monitored under high humidity conditions. We did the above experiments in 100% RH
(Figure S2), all of which were tested using a stepping motor. Figure 5a shows the PTSS
outputting voltage at different bending angles. When the bend angle is 7.53◦, 12.63◦, 17.84◦
and 23.19◦, the outputting voltage of PTSS in 100% RH is 8.6 V, 9.9 V, 11 V, and 11.6 V.
The data measured under air condition is shown in Figure S8. Figure 5b shows the linear
relationship between angles and voltages of the PTSS in the 100% RH environment. The
Pearson coefficient is 0.98606, which indicates that it has a good linear relationship. The
formula is:

V ≈ 7.32 + 0.19 × degree (1)
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Figure 5. The performance test of PTSS. (a) Outputting voltage of PTSS at different bend angles in
100% RH. (b) The linear relation of angles and voltages. (c,d) Outputting voltage and response of
PTSS at different frequencies in 100% RH. (e) Outputting voltage of PTSS at different twist angles in
100% RH. (f) Linear relation of twist angles and voltages. (g) Durability test of PTSS. (h) The detail
of durability.

To study the relation of bend angle, frequency, and twist angel with output voltage.
The response of the PTSS can be calculated from the following equation:

R% =

∣
∣
∣
∣
V0 − Vi

Vi

∣
∣
∣
∣× 100%, (2)

where V0 and Vi are the outputting voltage of 7.53◦ (first data) and other angles. When the
bend angle is 7.53◦, 2.63◦, 7.84◦, and 23.19◦, the response of the PTSS is 0, 13.13%, 21.82%,
and 25.86% (Figure S9). Figure 5c shows the outputting voltage of the PTSS at the same
angle and at different frequencies. When the frequency is 1 Hz, 2 Hz, 3 Hz, and 4 Hz, the
outputting voltage is 9.5 V, 9.7 V, 9.52 V, and 9.51 V. The data measured under air condition
has been shown in Figure S8. Figure 5d shows the responses of the PTSS at the same angle
and different frequencies. The two dielectric plates, with thicknesses of d1 and d2 and
the relative dielectric constants εr1 and εr2, respectively, are stacked face to face as two
triboelectric layers. At the outer surface of the PTFE dielectric, a hydrogel layer is deposited
as an electrode. The distance (x) between the two triboelectric layers can be varied under
the agitation of mechanical force. After being forced to get in contact with each other, the
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inner surfaces of the two triboelectric layers will have opposite static charges (tribo-charges)
with equal density of σ, as a result of contact electrification. For insulators, as discussed,
it is reasonable to assume that the tribo-charges are uniformly distributed along the two
surfaces with negligible decay. When the two triboelectric layers start to separate from
each other, with increased x, a potential difference (V) between the two electrodes will be
induced. The amount of transferred charges at the electrode, as driven by the induced
potential, is defined as Q which also represents the instantaneous amount of charges on the
electrode. With the above model, the V–Q–x relationship of such contact-mode TENG can
be derived based on electrodynamics. Since the area size (S) of the PTFE and skin is several
orders of magnitude larger than their separation distance (d1 + d2 + x) in the experimental
case, it is reasonable to assume that the two electrodes are infinitely large. Under this
assumption, the charges will uniformly distribute on the inner surfaces of the PTFE and
skin. Inside the dielectrics and the air gap, the electric field only has the component in the
direction perpendicular to the surface, with the positive value pointing to hydrogel. From
the Gauss theorem, the electric field strength at each region is given by:

Inside Dielectric skin : E1 = − Q
Sε0εr1

(3)

Inside the air gap : Eair =
−Q

S + σ(t)
ε0

(4)

Inside Dielectric PTFE : E2 = − Q
Sε0εr2

(5)

The voltage between the two electrodes can be given by:

V = E1d1 + E2d2 + Eairx (6)

Therefore, the outputting voltage is dependent on the surface charge density and the
motion frequency depends on the voltage frequency [48,49]. When the frequency is 1 Hz,
2 Hz, 3 Hz, and 4 Hz, the response is 0, 2%, 0.2%, and 0.05%, respectively (Movie S1). The
response demonstrates that when the bend angle is fixed, the motion frequency changes
and the outputting voltage is stable. The frequency of the voltage peak occurrence is the
same as that of motion. Therefore, PTSS can monitor the motion frequency with excellent
performance. For example, in the short race, step frequency and step length are the absolute
factors of the competition. Monitoring the step frequency at the starting stage, running
stage, and sprint stage is a vital measure of an athlete’s performance. The PTSS can monitor
the frequency of every stage to provide visual data. Figure 5e shows the outputting voltage
of the PTSS at different twist angles. When the twist angles are 9◦, 18◦, 27◦, and 36◦, the
average voltages of the PTSS are 0.86 V, 0.98 V, 1.2 V, and 1.42 V, respectively. The data
measured under air condition is shown in Figure S8. Figure 5f shows the linear relation of
twist angle and voltage. The Pearson coefficient is 0.99179, which demonstrates that there
is a good linear relationship. The formula is:

V ≈ 0.64 + 0.19 × degree (7)

When the twisted angel is 9◦, 18◦, 27◦, and 36◦, the response is 0, 12.24%, 28.33%, and
39.43% (Figure S9). Figure 5g shows the durability test for PTSS. PTSS still has excellent
outputting performance after working at a big bend angle for 720 cycles. It demonstrates
that PTSS can work in violent motions. Meanwhile, we pressed the hydrogel for 3400 cycles,
and it also had an excellent working performance (Movie S2). Figure 5h shows the details
of durability. It shows that the device can maintain a stable sensing characteristic.

To meet the extreme monitoring conditions, we tested the performance of PTSS in
the water (Movie S3). Figure 6a shows the outputting voltage of the wrist bending before
entering the water. Before entering the water (Figure 6b), the PENG and TENG of the PTSS
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worked together, with an average voltage of 2.45 V, after entering the water, the outputting
voltage dropped, with an average voltage of 1.25 V (Figure 6c). This is because the friction
layer of the PTSS directly rubs against the skin, and the water makes electrons flow to the
ground with the water. Therefore, TENG does not work at this time. However, the PENG
is tightly fixed by the PTFE. The PENG has the excellent property of being waterproof.
Figure 6d–f shows the biocompatibility of the PTSS. The PTSS was attached to the skin
for 6 h, and there was no rejection reaction on the athlete’s wrist. This demonstrates that
PTSS has excellent biocompatibility and it can monitor the motion of athletes for a long
time. Figure 6g–i shows the self-healing property of hydrogel. In the violent motion, the
electrode may be damaged. The hydrogel can meet this problem because it has a good
tensile ability and self-healing properties. Figure 6g shows that hydrogel can be used as
a wire way to light the LED, and it has good stability and self-healing properties. After
the hydrogel is cut, it can also be connected to conduct electricity (Figure 6h). At the same
time, it also has a good stretching ability to the motion display (Movie S4), and hydrogels
have self-healing properties and can be stretched 70.11% after repair (Figure S10). Due
to the self-healing function of hydrogel, the hydrogel electrode can recover by itself even
though the damage occurs at a high strength impact. It improves the stability and extends
the service life [50]. It is noted that stretchability like this cannot meet the intense exercise
demand, but it can be applied to many static motions such as weightlifting.

Figure 6. Scenes of waterproof, biocompatibility, and self-healing. (a–c) Test of waterproof ability.
(d–f) Test of biocompatibility. (g–i) Self-healing property of hydrogel.

The technical motions of diving are difficult and highly ornamental. The referees
score for the athletes’ performance, including their handstands or upright preparation
postures, aerial skills, the number of somersaults, and the spray size at the moment of
entering the water. At present, the water rip entry motion of the world’s top athletes is
to cross their hands to form a square shape, and the water spray formed by this technical
motion is small. In order to better monitor the athletes’ technique of rip entry motion, we
must monitor their wrist motions firstly, which are wrist bending, twisting, and rotation.
The voltage generated by a series of motions is shown in Figure 7a,b. Figure 7a,b shows
the outputting voltage and details of wrist bending motion, and its specific motions are
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shown in Movie S5. The bending of the athlete’s wrist produces an upper wave peak I,
and the straightening of the athlete’s wrist produces a lower wave peak II. The reason why
wave peak I is significantly greater than wave peak II is that the speed and strength of the
bending motion are greater than those of the straightening motion. This kind of motion
monitoring is also suitable for shotput wrist motion monitoring. Figure 7c,d shows twist
motions and details of the twist, its specific motions are shown in Movie S6. The rotation
motion of the wrist includes internal rotation and external rotation. In Figure 7d, part I
is the internal rotation motion and part II is the external rotation motion. As shown in
Figure 7d, wave peak I is significantly larger than wave peak II because the speed and
strength of the internal rotation motion are greater than those of the external rotation
motion. This kind of motion monitoring is also applicable to the wrist-twisting and pulling
motion monitoring of table tennis. We believe that it will be an important research direction
to apply this monitoring method to the stability monitoring of athletes’ rotation technical
motion. Figure 7e,f shows the rotation motion and details of the wrist. Part I of Figure 7f
is the internal rotation motion and part II is the external rotation motion. Wave peak I is
significantly greater than wave peak II, because the speed and strength of internal rotation
motion are greater than those of external rotation motion (Movie S7). This kind of motion
monitoring is also applicable to the wrist motion monitoring of diving athletes. Based
on the limitations of this research, our group cannot quantitatively analyze its speed and
strength, which is also a direction for our next study. Figure 7g–j show the motions and
details of two athletes simulating 301C diving on land (Movies S8 and S9). Figure 7h,j show
signal waveforms of two athletes in one motion cycle. Overall, the waveforms of the two
athletes are similar, but there are also some differences. Figure 7j shows a 301C motion with
a knee hugging reverse somersault for half a cycle and a difficulty coefficient of 1.8. 301C
motion is divided into four stages. Stage I is the round body motion of holding the knees
with both hands, and a certain angle of the wrist. As shown in Figure 7j, Athlete 2 has a
large and complete knee hugging motion in stage I. Stage II is a tight state in which the
arms are quickly extended from the knee hugging state to both sides of the body. At this
time, the wrist experiences bending from holding the knee to straightening. Stage III is the
water entry stage. The arms quickly move from both sides of the body to the top of the
head, and the hands form a square shape. At this time, the wrist needs to rotate inward
from the straight state to the square state. After entering the water, the wrist naturally
returns to the normal state. The operation signal at this time and Figure 7f are the voltage
generated by the same operation. Stage IV is the stage of re-embracing the knee, and the
motion is the same as that in stage I. In addition, we have also monitored the twisting and
pulling motion of table tennis (Movie S10), and the sensing signal is shown in Figure S11. It
shows that PTSS can monitor multiple motions. Figure 7k,l are a schematic diagram of the
wireless Bluetooth transmission system. The sensor is connected to a signal transmitting
module. When the transmitting module receives the signal, it transmits the signal to the
receiving module, and the LEDs are controlled by it. When the athlete is in a static state,
there is no signal and Bluetooth only lights up one light, corresponding to the red circle
state in Figure 7h. In contrast, when the athlete is in a dynamic state, the signal is produced
and Bluetooth lights up three lights, corresponding to the black circle state in Figure 7h. The
encapsulated device connects with the Bluetooth module. In the Bluetooth communication
test, we only put the PTSS into the water. In this study, the main aim was to design a sensor
which can be used to monitor the human movement underwater. The experiment showed
that PTSS can monitor the bending and twist signal underwater. We have encapsulated the
device and Bluetooth together. It will be introduced in subsequent work. Figure 7m shows
the real-time wireless Bluetooth waveform display system (Movie S11). In the process of
training, if we can collect information through mobile phones, it will be conducive to more
direct monitoring of athletes’ training status. Therefore, we built a wireless monitoring
system composed of a hybrid nano-generator, digital multimeter with Bluetooth module
and collection to demonstrate the possibility of human motion monitoring (Figure 7m).
Wearable mixed-mode sensors can collect and process human motion data through a digital
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multimeter, and a mobile app can monitor the voltage in real-time. We have proved that
it can be applied to human motion monitoring through a simple impact test. Meanwhile,
it can also charge capacitor. Figure S12 shows curves of the PTSS charges capacitors. The
PTSS charges are 0.1 μF, 0.22 μF, and 0.47 μF and the charging voltages are 2.05 V, 1.79 V
and 0.86 V, respectively. The PTSS can not only generate electricity by itself, but can also
convert mechanical energy into electrical energy. This is of great significance to carbon
neutralization and peak carbon dioxide emissions. This potential application provides
more possibilities for the field of motion detection.

Figure 7. The actual test and wireless signal transmission system. (a,b) Wrist bending test and its
response. (c,d) Wrist twist test and its response. (e,f) Wrist rotation test and its response. (g,h) Out-
putting voltage and details of Athlete 1′s 301C diving motion. (i,j) Outputting voltage and details of
Athlete 2′s 301c diving motion. (k–m) Wireless Bluetooth transmission system.

4. Conclusions

To conclude, a new type of flexible stretchable self-healing composite nano-generator
for human motion monitoring sensor has been developed. It is composed of PENG, TENG,
and hydrogel electrodes. The contact-separation mode is adopted to realize the coupling of
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the piezoelectric effect and triboelectric effects, which further improve the sensitivity and
measuring range. The hydrogel electrode has excellent stretchability and has a self-powered
property which can meet the requirement of strenuous exercise. At the same time, PTSS
can monitor different movements and events. It has a good monitoring effect on difficult
and beautiful sports events. This research also solves the problem of wireless transmission
and brings more opportunities for wireless big data and scientific sports.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano12010104/s1; Figure S1: (a) The cross-sectional microscopic image of PTSS (b–d) Three
views of the device; Figure S2: The water mist airtight box; Figure S3: (a–c) The outputting voltage of
PENG, TENG and PTSS in air test (d) Test force; Figure S4: The outputting voltage of 360◦ wrist rota-
tion of PENG, TENG, and PTSS; Figure S5: (a,b) The conductivity of hydrogel (c) The outputting volt-
age of the metal electrode TENG; Figure S6: The image of 0.01 mol/L APS hydrogel; Figure S7: The
tensile property of 0.03 mol/L, 0.05 mol/L, and 0.07 mol/L APS hydrogel; Figure S8: The PTSS
outputting voltage at different bending angles, frequency, and twist in air; Figure S9: The responses
of bending angel and twist angle in 100% RH environment; Figure S10: Stress-strain curve of self-
healing hydrogel; Figure S11: The output voltage of twisting and pulling motion of table tennis;
Figure S12: Charging characteristic curve; Movie S1: The frequency test of PTSS in 100% RH environ-
ment; Movie S2: The hydrogel being pressed for 3400 cycles; Movie S3: The performance of PTSS in
water; Movie S4: The self-healing and stretch properties of hydrogel; Movie S5: The wrist bend motion
and outputting voltage; Movie S6: The twist motion and outputting voltage; Movie S7: The rotation
motion outputting voltage; Movie S8: The motions and details of Athlete 1 simulating 301C diving on
land; Movie S9: The motions and details of Athlete 2 simulating 301C diving on land; Movie S10: The
twisting and pulling motion of table tennis; Movie S11: The real-time wireless Bluetooth waveform
display system.
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Abstract: The magnetic interactions of iron-rich manganese-based ThMn12 type rare earth metal
intermetallic compounds are extremely complex. The antiferromagnetic structure sublattice and the
ferromagnetic structure sublattice had coexisted and competed with each other. Previous works
are focus on studying magnetic properties of RFexMn12−x (x = 0–9.0, Δx = 0.2). In this work,
we obtained a detailed magnetic phase diagram for iron-rich ErFexMn12−x series alloy samples
with a fine composition increment (Δx = 0.2), and studied the exchange bias effect and magneto-
caloric effect of samples. ErFexMn12−x series (x = 7.0–9.0, Δx = 0.2) alloy samples were synthesized
by arc melting, and the pure ThMn12-type phase structure was confirmed by X-ray diffraction
(XRD). The neutron diffraction test was used to confirm the Mn atom preferentially occupying the
8i position and to quantify the Mn. The magnetic properties of the materials were characterized
by a comprehensive physical property measurement system (PPMS). Accurate magnetic phase
diagrams of the samples in the composition range 7.0–9.0 were obtained. Along with temperature
decrease, the samples experienced paramagnetic, ferromagnetic changes for samples with x < 7.4
and x > 8.4, and paramagnetic, antiferromagnetic and ferromagnetic or paramagnetic, ferromagnetic
and antiferromagnetic changes for samples with 7.4 ≤ x ≤ 8.2. The tunable exchange bias effect
was observed for sample with 7.4 ≤ x ≤ 8.2, which resulting from competing magnetic interacting
among ferromagnetic and antiferromagnetic sublattices. The maximum magnetic entropy change in
an ErFe9.0Mn3.0 specimen reached 1.92 J/kg/K around room temperature when the magnetic field
change was 5 T. This study increases our understanding of exchange bias effects and allows us to
better control them.

Keywords: neutron diffraction; exchange-bias; magnetocaloric effect

1. Introduction

Manganese (Mn) is the only 3d-series element that forms a stable ThMn12-type struc-
ture with rare earth elements [1,2], and it is mainly ferromagnetic and antiferromagnetic [3].
However, the pure ThMn12-type rare earth iron compound RFe12 does not exist. In the early
1980s, Yang et al. [4] found that a stable ternary rare earth iron intermetallic compound
R(FexMn1−x)12 could be formed by substitution, thus setting off a surge of research into
iron-rich ThMn12-type compounds [5]. Subsequent studies have found that a number of
tertiary elements can stabilize the ThMn12 phase; their molecular formulas can be written
as RFexM12−x or R(Fe,M)12, where R is a rare earth element and M = Mn, V, Cr, Mo, W, Ti,
Si, Al, Nb or Ga [6–9].

In the RMn12 alloy, the strong antiferromagnetic interaction between manganese atoms
prohibits interaction between rare earth atoms and manganese atoms, so the RMn12 alloy
has two magnetic ordering temperatures: R-R ferromagnetic ordering temperature, and
Mn-Mn antiferromagnetic ordering temperature [10]. Iron (Fe) can replace Mn in large
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quantities (up to 75%) without changing the crystal structure [11]. Researchers [12–22]
have investigated the structure and magnetic transitions of RFexMn12−x-series materi-
als (x = 0–9.0, Δx = 1) using neutron diffraction, magnetic measurements and electrical
measurements and have found that magnetic interaction in the alloy is extremely com-
plex. As the proportion of Fe increases, the material undergoes an antiferromagnetic
→ antiferromagnetic + ferromagnetic → ferromagnetic transition. Among the iron-rich
RFexMn12−x-series (x = 6.0–9.0) samples, only materials with integer values of x have
been studied. This composition range includes the magnetic transition stage in which
antiferromagnetism and ferromagnetism coexist in the material and plane anisotropy and
axis anisotropy compete with each other. Therefore, it is necessary to prepare iron-rich
RFexMn12−x-series (x = 6.0–9.0) alloy samples with a finer composition change to obtain
more detailed and complete magnetic phase diagrams, and thus be able to develop new
aspects of applications for the material. We first studied YFexMn12−x-series (x = 6.0–9.0)
samples to obtain more complete magnetic phase diagrams for the materials and observed
very large exchange bias effects and zero field cooling (ZFC) exchange bias effects in the
samples [23]. After the discovery of exchange bias effect in Co/CoO nanoparticles, investi-
gations have been mainly focused on a large number of heterogeneous structures such as
magnetic bilayers, core-shell nanoparticles, and ferromagnetic nanoparticles embedded in
antiferromagnetic matrix compounds [24–26]. So, it is necessary to further study exchange
bias for the bulk metallic materials with exchange interactions occurring among the bulk
sublattice. Firstly, we study how the magnetic atoms affect the EB effect in ThMn12-type
compounds. The second-order Stevens factor αJ for Er atoms is >0, but the second-order
crystal field coefficient (A20) of the rare earth sublattice in the ThMn12 structure is negative,
so magnetocrystalline anisotropy tends to the easy axis. We prepared ErFexMn12−x-series
(7.0 ≤ x ≤ 9.0, Δx = 0.2) alloy specimens have been prepared by arc melting to enable us to
investigate the structure and magnetism of the alloy.

2. Experimental Methods

ErFexMn12−x-series (7.0 ≤ x ≤ 9.0, Δx = 0.2) alloys were prepared by arc melting.
The raw material was melted 4–5 times in an argon gas atmosphere according to the
stoichiometric ratio to produce the alloy ingot; 5% more rare earth and 13% more Mn were
added to compensate for volatilization in the melting process. A smaller current of 150 A
was applied twice for melting, followed by a 200 A current once or twice to control the
against excessive Mn volatilization. Specimens from the master alloy ingots were placed
in sealed quartz tubes filled with argon and cooled down to room temperature after heat
treatment at 1173 K for 2 days.

Phase purity was confirmed by a Cu target X-ray powder diffractometer (PANalytical,
Almelo, The Netherlands) at room temperature. The high-resolution neutron diffraction
spectrometer (λ = 0.18846 nm) of Mianyang Research Reactor (CMRR, Mianyang, China)
was used to analyze the crystal structure, in particularly for the positions of Mn atoms.
Powdered alloy was bonded into a small cylinder with epoxy resin or the alloy ingot was
shattered, so that we could select a small piece of regular shape for magnetic measurement.
The ZFC and field cooling (FC) thermomagnetic curves (M−T curves) of the samples were
recorded, and the magnetic hysteresis loops (M−H loops) of the samples under different
FC and temperature conditions were measured by the comprehensive physical property
measurement system (PPMS, Quantum Design (San Diego, CA, USA)).

3. Experimental Results and Analysis

A phase of the ThMn12-type structure was formed in the ErFexMn12−x-series (7.0 ≤ x ≤ 9.0)
ingots, and some samples contained a small quantity of the Er(Fe, Mn)2 phase. Heterogeneous
Er2(Fe, Mn)17 and Er(Fe, Mn)2 phases are formed in ErFexMn12−x-series (7.0 ≤ x ≤ 9.0) al-
loys after heat treatment above 1273 K, which differentiates them from YFexMn12−x-series
(7.0 ≤ x ≤9.0) alloys. Long duration high-temperature heat treatment is therefore not suitable
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for this series of materials; 1173 K heat treatment for 48 h will produce homogeneous alloy
samples with good crystal shapes.

The X-ray diffraction (XRD) spectra of the samples were examined before and after
heat treatment. FullProf software [27] was used to refine the structure of the samples after
heat treatment, and the relationship between the lattice constant and the composition of
the samples was determined, as shown in Figure 1. With the increasing proportion of Fe,
the lattice constant a decreased linearly and c remained unchanged.

Figure 1. Variation of lattice constants a and c with Fe content of ErFexMn12−x (7.0 ≤ x ≤ 9.0) series
alloys after heat treatment.

The complete neutron diffraction spectra of some heat-treated samples were examined
at room temperature, and the structure was refined using FullProf. The fitting spectrum is
shown in Figure 2, and the crystal structure parameters are shown in Table 1. The samples
formed a pure ThMn12-type phase of space group I4/mmm (139), with rare earth Er atoms
occupying the 2a position and Fe and Mn occupying three other unequal positions (8i, 8j,
and 8f). Since the coherent neutron scattering lengths of Mn atoms (bMn = −0.39) and Fe
atoms (bFe = 0.95) are significantly different, the relative proportions of Fe and Mn in the
alloy samples can be obtained by fitting neutron diffraction data; the results are shown in
Table 1. The Mn atom occupies the 8i position preferentially. The trend of change in the
proportion of Mn in the materials was similar to that of the initial materials, although the
proportion of Mn was slightly higher, which indicated that the proportion of compensated
Mn in the initial materials was relatively high. The lattice constant a decreased as the
proportion of Fe decreased, while the lattice constant c remained basically unchanged. This
is because the Mn atom preferentially occupies the 8i position, and 8i–8i lies in the plane ab.
Changes in the proportion of Mn therefore greatly influences the lattice constants a and b
but has little effect on the lattice constant c.

Figure 2. Cont.
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Figure 2. Refined neutron diffraction pattern of ErFexMn12−x (7.0 ≤ x ≤ 9.0) series alloys (where
red dots are experimental data, black curves are theoretical simulations, blue vertical bars are Bragg
diffraction peak positions and the bottom green solid line is the difference curve).

Table 1. Information on crystal structure parameters of ErFexMn12−x (7.0 ≤ x ≤ 9.0) series alloys.

ErFexMn12−x a(Å) c(Å) occ, Fe, 8i occ, Fe, 8j occ, Fe, 8f n, Fe n, Mn Rwp

ErFe9.0Mn3.0 8.45469(11) 4.75397(7) 0.476(0) 0.836(4) 0.928(8) 8.96 3.04 5.11
ErFe8.6Mn3.4 8.45777(24) 4.75346(16) 0.412(4) 0.788(12) 0.892(16) 8.368 3.632 4.54
ErFe8.2Mn3.8 8.46289(11) 4.75501(7) 0.344(0) 0.792(4) 0.908(8) 8.176 3.824 4.73
ErFe7.8Mn4.2 8.46758(16) 4.75572(11) 0.300(0) 0.704(8) 0.832(8) 7.344 4.656 3.88
ErFe7.4Mn4.6 8.47191(24) 4.75547(16) 0.284(0) 0.640(8) 0.764(8) 6.752 5.248 3.29
ErFe7.0Mn5.0 8.47767(19) 4.75605(13) 0.232(0) 0.636(4) 0.796(8) 6.656 5.344 7.28

Figure 3 shows the thermomagnetic curves of ErFexMn12−x-series (7.0 ≤ x ≤ 9.0)
alloy samples in an external magnetic field of 50 Oe. TC represents the Curie temperature,
TN is the Néel temperature, TC and TN is obtained by differentiating the M−T curves
under FC. Tf is the temperature corresponding to the bifurcation point in the ZFC and FC
magnetization curves. As can be seen from the figure, the ZFC and FC M−T curves of
the samples both clearly bifurcated as the temperature decreased. Tf was slightly lower
than the paramagnetic–ferromagnetic transition temperature of the samples due to the
coexistence of Er-Er and Fe-Fe ferromagnetic exchanges interactions. Er-Fe, Er-Mn, Fe-Mn
and Mn-Mn antiferromagnetic exchanges interactions, all interactions compete with each
other, leading to spin frustration in the samples at low temperatures. For samples with
x > 7.2, the FC M−T curves initially increased to the maximum value and then decreased
gradually as the temperature decreased. The curve steepened, and both the speed and
amplitude of bending increased as the proportion of Fe decreased; it reached the maximum
for x = 7.8 and then began to decrease and disappeared for x = 7.2. The magnetization
curves for x > 7.2 samples were typical of ferrimagnetism magnetization curves. This
was because light rare earth lattices and metal lattices are ferromagnetically arranged and
heavy rare earth lattices and metal lattices are antiferromagnetically arranged in rare earth
intermetallic compounds with a ThMn12-type structure. Er is a heavy rare earth atom, so the
samples had a ferrimagnetic structure in which the lattice magnetic moments of rare earth
and transition metals were inversely arranged. As the temperature decreased, the magnetic
moments of rare earth in the lattice increased rapidly and magnetic moments of transition
metals increased slowly; the total magnetic moments of the samples initially increased to
the maximum value and then decreased rapidly, and even showed a negative magnetic
susceptibility. The x = 7.2 and x = 7.0 samples behave like pure ferro- or ferrimagnetic
samples where high coercivity has developed already close to TC. This causes the maximum
in the ZFC curves very close to TC.
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Figure 3. M−T curves for ErFexMn12−x (7.0 ≤ x ≤ 9.0) series alloys under zero field cooling (ZFC)
and field cooling (FC) conditions, H = 50 Oe. (The inset shows the M−T curves under FC after
differentiation.)
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In the YFexMn12−x-series (6.0 ≤ x ≤ 8.8) samples, as the proportion of Fe decreased,
the TC of the alloy rapidly decreased and the TN slowly increased; the antiferromagnetic
exchange magnetic ordering temperature of Mn-Mn was observed [23]. After rare earth Er
atoms with magnetic moments replaced Y atoms without magnetic moments, the antiferro-
magnetic order of Mn-Mn was suppressed; the obvious antiferromagnetic order of Mn-Mn
was only observed in the samples with the Fe proportion 7.4 ≤ x ≤ 8.2. The magnetic order-
ing temperature is shown in Table 2. Similar to YFexMn12−x, the ferromagnetic transition
temperature of the alloy materials decreased rapidly as the proportion of Fe decreased.

Table 2. Magnetic ordering temperature, exchange bias field and coercive force field of ErFexMn12−x

(7.0 ≤ x ≤ 9.0) series alloys.

ErFexMn12−x TC (K) Tf (K) TN (K) HE (kOe) HC (kOe)

Cooling Field 50 Oe 50 Oe 50 Oe 1000 Oe 1000 Oe

ErFe9.0Mn3.0 310 306
ErFe8.6Mn3.4 250 248 −0.22 1.28
ErFe8.2Mn3.8 208 203 142 11.73 2.97
ErFe8.0Mn4.0 178 170 163
ErFe7.8Mn4.2 154 160 169 6.615 9.54
ErFe7.4Mn4.6 128 126 176 11.08 4.52
ErFe7.2Mn4.8 22 44
ErFe7.0Mn5.0 22 36 −1.27 28.11

Figure 4 shows the magnetic phase diagram of the ErFexMn12−x-series (7.0 ≤ x ≤ 9.0)
alloys. The samples with x < 7.4 or x > 8.4 were mainly ferromagnetic. The samples with
7.4 ≤ x ≤ 8.2 were ferromagnetic and antiferromagnetic, and only the samples in this
range of composition showed antiferromagnetic orders between different transition metal
lattices. YFexMn12−x-series samples showed a clear exchange bias effect in the region where
ferromagnetic interaction and antiferromagnetic interaction compete most intensely [23].
ErFexMn12−x-series samples may therefore similarly display exchange bias effects for
7.4 ≤ x ≤ 8.2. The FC M−H loops of some samples were measured, and the results are
shown in Figure 5. The FC M−H loops of ErFe8.2Mn3.8, ErFe7.8Mn4.2 and ErFe7.4Mn4.6
samples all clearly had lateral shifts. The x = 7.4 and x = 7.8 samples had high coercivity, and
the M−H loops were not completely closed when the applied field was 5T. The M−H loops
were asymmetric, and lateral and vertical shifts occurred simultaneously. This indicates
that the samples had very strong magnetocrystalline anisotropy at low temperatures, and
that the antiferromagnetic interaction between the rare earth lattice and the transition
metal lattice was the source of the anisotropy. When combined with the YFexMn12−x-series
experimental results, we see that the exchange bias effect can be controlled by doping
different rare earth elements in addition to altering the ratios of Fe and Mn.

Figure 4. The magnetic phase diagram of ErFexMn12−x (7.0 ≤ x ≤ 9.0) series alloys.
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Figure 5. M−T curve under field cooling condition (H = 1000 Oe) and M−H curve after 1000 Oe field
cooling of ErFexMn12−x (7.0 ≤ x ≤ 9.0) series alloys.
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The ErFe9.0Mn3.0 compound had a Curie temperature of 310 K, and which is near
the room temperature. The reverse magnetic moment of Er atom is decrease drastically
as temperature increasing, so the samples may have had a considerable magnetocaloric
effect near the Curie temperature. The isothermal magnetization curves in the temperature
range 270–340 K were created, and are shown in Figure 6. The figure shows that as the
temperature increased, magnetization intensity gradually decreased, and ferromagnetism
was gradually transformed into paramagnetism. The isothermal magnetization curves
were transformed to obtain the Arrott plot, as shown in Figure 7, in order to determine the
type of phase transition occurring. There was no S-shaped curve in the Arrott plot, and
no negative curve slope was observed, so the phase transition of the materials was also a
second-order phase transition.
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Figure 6. Isothermal magnetization curve of ErFe9.0Mn3.0.
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Figure 7. Arrott curve of ErFe9.0Mn3.0.

The Maxwell relation was used to calculate the isothermal magnetic entropy change in
the samples from the isothermal magnetization curves at different temperatures, as shown
in Figure 8. The calculated maximum value of the magnetic entropy changes when an ap-
plied field change of 50 kOe reaches 1.92 J/kg/K. The peak of −ΔSM at 312.5 K corresponds
to the ferromagnetic to paramagnetic phase transition, because the magnetization changes
drastically near the Curie temperature. Although the maximum −ΔSM of ErFe9.0Mn3.0
is not as large as that of some other magnetic refrigerant materials [28], the |ΔSM| vs.

152



Nanomaterials 2022, 12, 1586

T curve of ErFe9.0Mn3.0 is significantly broader compared with other materials, which is
favorable for active magnetic refrigeration. Additionally, the magnetocaloric effect was
caused by the second-order phase transition near the Curie temperature, and the thermal
hysteresis and magnetic hysteresis during phase transition were both very small, which
has benefits in the practical application of the material.
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Figure 8. Isothermal magnetic entropy change with temperature for ErFe9.0Mn3.0.

4. Conclusions

ThMn12-type single phase samples with different Fe/Mn ratios were prepared by
arc melting and heat treatment, and the magnetic phase diagrams of ErFexMn12−x-series
(7.0 ≤ x ≤ 9.0) samples were obtained by magnetic measurement. At low temperatures,
samples with x < 7.4 and x > 8.4 exhibited ferromagnetism, and ferromagnetism and
antiferromagnetism coexisted in samples with 7.4 ≤ x ≤ 8.2, with an FC exchange bias
effect. The magnetic interaction between transition metal lattices in ThMn12-type structural
materials can be changed by substituting non-magnetic Y atoms with rare earth Er atoms
with magnetic moments. In this study, Y atoms were completely replaced; in the following
study, we will partially replace them to finely modulate the exchange bias effect and the
magnetocaloric effect of the materials.
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Abstract: In this work, we report a self-assembly method to fabricate a single layer of Co nanorods to
study their magnetostatic interaction behavior. The Co nanorods with cambered and flat tips were
synthesized by using a solvothermal route and an alcohol–thermal method, respectively. Both of
them represent hard magnetic features. Co nanorods with cambered tips have an average diameter of
10 nm and length of 100 nm with coercivity of 6.4 kOe, and flat-tip nanorods with a 30 nm diameter
and 100 nm length exhibit a coercivity of 4.9 kOe. They are further assembled on the surface of water
in assistance of surfactants. The results demonstrate that the assembly type is dependent on the
magnetic induction lines direction. For Co nanorods with flat tips, most of magnetic induction lines
are parallel to the length direction, leading to an assembly that is tip to tip. For Co nanorods with
cambered tips, they are prone to holding together side by side for their random magnetic induction
lines. Under an applied field, the Co nanorods with flat tips can be further aligned into a single layer
of Co nanorods. Our work gives a possible mechanism for the magnetic interaction of Co nanorods
and provides a method to study their magnetic behavior.

Keywords: nanomagnets; Co nanorods; solvothermal route; alcohol–thermal method; magnetic
interaction

1. Introduction

Nanomagnets, with strong magnetic properties and small volume, have been consid-
ered to be the key materials to magnetic and electronic devices that exhibit important appli-
cations in artificial intelligence, intelligent robots, wind turbines, and electromobiles [1–12].
Compared with rare-earth-based nanomagnets, the rare-earth-free nanomagnets earn more
attention for their high chemical stability and low cost [13–16]. However, these rare-earth-
free nanomagnets present small coercivity due to their relatively low magnetocrystalline
anisotropy. One strategy to fabricate one-dimensional nanowires or nanorods by the special
methods can resolve above problem, since the direction along nanorods length has the
lowest demagnetizing field [17–19]. As a result, the shape anisotropy can be summed
to magnetocrystalline anisotropy, leading to these nanorods with a larger coercivity than
spherical particles. When an external field is applied in these particles, they can orient along
the external field direction. Therefore, the system of magnetic nanorods along the applied
field will exhibit an enhanced coercivity, high remanence (Mr), and large energy product.

Hexagonal structured Co has a magnetocrystalline anisotropy constant (K1 = 440 kJ/m3),
and its bulk has a high saturation magnetization (Ms = 160 emu/g) [20]. Therefore, in
the last few decades, Co was always considered to be a soft magnetic material since its
magnetocrystalline anisotropy is far smaller than those of some well-known hard magnetic
structures, such as samarium−cobalt (SmCo5) (17,200 kJ/m3) and neodymium iron boron
(Nd2Fe14B) (4900 kJ/m3) [21–24]. Recently, the Co nanowires have been a potential candidate
for rare-earth-free nanomagnets because the Co nanowires with their length direction along
[002] (the easy magnetization axis direction) can obtain a large coercivity. To obtain such
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shape-anisotropic Co nanowires, a conventional approach via electrochemical deposition of
Co into a porous alumina template was employed, which yielded an enhanced coercivity
from an aligned Co nanowire array, but it is lower than the theoretical value because of
the polycrystalline structure [25]. Recently, a solution-phase synthesis was used to reduce
a cobalt salt using an organic polyalcohol. The resulted Co nanowires possessed a single
crystal structure, and their lengths (50–300 nm) and diameters (5–30 nm) can be tuned to
achieve high performance [26–29]. As a consequence, the aligned Co nanomagnet fabricated
by nanowires exhibits an ultrahigh coercivity up to 10 kOe, which exceeded the theoretical
value of bulk Co material (7.6 kOe) [27]. The high coercivity originated from a sum of
magnetocrystalline anisotropy field (7.6 kOe) and shape anisotropy field (9 kOe) [27].

It is worth noting that the magnetic alignment is a key parameter to obtain large
coercivity and high Mr. To obtain an aligned nanomagnet, these as-prepared Co nanowires
or nanorods have to be mixed with epoxy and aligned under an applied field [26,27].
In such a nanomagnet, the aligned Co nanowires were stacked layer by layer, and the
magnetostatic interaction among the Co layers will have an obvious influence on alignment
and magnetic performance. However, the single layer of aligned Co nanorods was very
hard to prepare by using the current methods; however, it was valuable to study the
magnetostatic interaction of nanomagnets.

Here, we developed a novel method to obtain a single layer of aligned Co nanorods.
First, we synthesized different shaped Co nanorods by solvothermal route (the nanorods
with flat tips) and alcohol–thermal method (the nanorods with cambered tips), respectively.
These nanorods were further aligned by using a self-assembly strategy. As a result, a well-
aligned single layer of nanorods was obtained under an applied field. Their self-assembly
behaviors were further studied without an applied field. It was found that the nanorods
with flat tips are prone to aligning tip to tip, and the nanorods with cambered tips are
easy to hold together side by side. Furthermore, we analyzed the magnetic interaction
mechanism of Co nanorods with different tips to demonstrate their assembly behaviors.
Our work provides an important reference to study the magnetostatic interaction of shape
anisotropic nanomagnets.

2. Experiments and Methods

2.1. Chemicals and Materials

All chemicals were used without further purifications. Cobalt chloride hexahydrate
(CoCl2·6H2O, 98%, Mw = 237.93), sodium laurate (C11H23COONa, ≥99%, Mw = 222.30),
oleylamine (OAm, 70%, Mw = 267.49), oleic acid (OA, 90%, Mw = 282.46), 2-butanediol (BEG,
98%, Mw = 90.12), Ruthenium chloride (III) hydrate (RuCl3·xH2O, 99.98%, Mw = 207.43),
hexadecylamine (HDA, 98%, Mw = 241.46), hexane (≥99%, Mw = 86.18), methylbenzene
(=99.8%, Mw = 82.14), and chloroform (≥99.8%, Mw = 119.38) were purchased from Sigma-
Aldrich, St. Louis, MO, USA.

2.2. The Synthesis of Cobalt (II) Laurate

The Cobalt (II) laurate (Co (C11H23COO) 2) was prepared by mixing C11H23COONa
and CoCl2. In a typical reaction, 9.3366 g of C11H23COONa was dissolved in 30 mL of
deionized water, with a mechanical stirrer, in three-neck flask, which was heated to 60 ◦C,
using a water bath. Then 5.000 g of CoCl2 was dissolved in 10 mL deionized water in
another flask, forming CoCl2 aqueous solution. The latter was added into former system,
dropwise, with vigorous stirring. The mixture was stirred for a further 30 min and kept
at 60 ◦C to obtain a purple precipitate, which was centrifuged at 8000 rpm for 8 min,
and washed three times with 50 mL deionized water and methanol, respectively. The
as-prepared precipitate was further dried in an air oven at 60 ◦C.

2.3. The Synthesis of Cobalt Nanorods Using a Solvothermal Route

The Co nanorods were first synthesized by reducing Co-laurate in BEG. In a typical
synthesis, 2.0700 g of Co-laurate, 0.5810 g of HDA, and 0.0037 g of RuCl3 were dissolved
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in 60 mL of BEG in a three-neck flask, which was heated to 90 ◦C for 30 min to obtain a
uniform solution. Then the solution was transferred into a Teflon enclosure (100 mL) and
was further heated to 250 ◦C for 60 min, with a heating rate of 15 ◦C/min for a solvothermal
route. After cooling to room temperature, the black magnetic product was precipitated and
washed by toluene by centrifuging at 6000 rpm for 5 min at least 3 times.

2.4. The Synthesis of Cobalt Nanorods Using an Alcohol–Thermal Method

In a representative synthesis, 0.6113 g of Co-laurate, 0.0077 g of RuCl3, and 0.4640 g of
NaOH were added to 15.5 mL of BEG. Under mechanical stirring, the reaction mixture was
heated to 100 ◦C for 30 min to obtain the uniform solution. Then the solution was further
heated to 175 ◦C, with a temperature ramping rate of 7 ◦C/min, and was maintained at
this temperature for 30 min. After cooling to room temperature, the black powder was
recovered by centrifugation at 6000 rpm for 5 min and washed with ethanol for 3 times.
For short Co nanorods, the mechanical stirring rate was 100 r/min; and for the long Co
nanorods, the rate was set to 50 r/min.

2.5. The Self-Assembly of Co Nanorods

To obtain single-layer Co nanorods, we used OA and OAm, with a volume ratio of
1:3, as the surfactants. First, 0.0010 g of Co nanorods was dispersed 20 mL of above the
mixed solution to achieve the ligand exchange under ultrasonic shock for 24 h. Then
these nanorods were recovered by centrifugation and washed with hexane 3 times. Then
the centrifuged Co nanorods were dispersed again in 20 mL methylbenzene, using ultra-
sonic shock. One or two droplets of Co nanorods/methylbenzene were dropped on the
smooth surface of the water, and the system was sealed by using glass sheets to make the
methylbenzene evaporate slowly for 4 h. A TEM grid was used to collect the self-assembly
samples. For the magnetic field assisted self-assembly, a magnet was closed the water
surface during the evaporation of organic solution. The other surfactants, HDA and PVP,
and the other solutions, hexane and chloroform, were employed to replace the OA/OAm
and methylbenzene, respectively. However, they failed to get the well-aligned Co layers.

2.6. Characterization

The Co nanorods’ structure was studied by X-ray diffraction (XRD, D/MAX 2200 PC,
Rigaku Corporation, Tokyo, Japan) with Cu-Kα radiation (λ = 0.15418 nm). The microstruc-
ture and morphology of the samples were analyzed by transmission electron microscopy
(TEM, Philips CM 20, Philips, Amsterdam, Netherlands). HRTEM was performed on
JEM-2100F (Japan Electronics jeol, Tokyo, Japan). The magnetic properties were measured
at room temperature, using a vibrating sample magnetometer (VSM) under a maximum
applied field of 30 kOe. Moreover, all of the magnetic properties were measured by using
the random aligned Co rods.

3. Results and Discussions

3.1. The Self-Assembly of Co Nanorods with Cambered Tips

We first synthesized Co nanorods with cambered tips by solvothermal route by using
a hydrothermal reactor, as shown in Figure 1. The XRD pattern (Figure 1A) demonstrates
that the solvothermal route yields hexagonal-structured Co particles. All broad peaks have
a good match with standard Co (JCPDS No. 01-1278) pattern. There are obvious differences
among the width of the diffraction peaks (100), (002), and (101). The broader (002) plane
indicates the smaller size perpendicular to [002] than other directions, suggesting the
shape of the anisotropic particles that were obtained. The TEM results further confirm the
successful synthesis of shape anisotropic Co nanoparticles. It can be seen from Figure 1B,C
that the solvothermal reaction generates the uniform Co nanorods, with their diameter
of about 10 nm and length of 100–150 nm. These as-prepared Co nanorods have obvious
cambered tips and are prone to being distributed side by side. The microstructure of the Co
nanorod was further observed by using HRTEM, as shown in Figure 1D. Along the length
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direction, the interplanar spacing of 0.20 nm was observed, matching well with the hcp-Co
(002) plane, thus indicating that the length direction is consistent with the [002] direction.
As we known, the [002] direction is the easy magnetization axis (c-axis). Therefore, such
shape can contribute a large shape anisotropy, which can combine with magnetocrystalline
anisotropy and give a high coercivity.

 

Figure 1. The Co nanorods with cambered tips by solvothermal route: (A) XRD pattern com-
pared with standard hcp-Co (JCPDS No. 01-1278); (B,C) TEM images with different magnification;
(D) HRTEM image.

We tried to make these Co nanorods self-assemble by the molecular force of surfactant
without any magnetic field. The OA and OAm were employed as the surfactant, and the
results are shown in Figure 2. From the TEM images in Figure 2A–C, we can see that
the Co nanorods were well aligned into an assembly. Unfortunately, these Co nanorods
are not aligned along a particular direction. These self-assembly presents radial, and the
direction is from the center to all round. This phenomenon can be explained by the fact
that some aggregates of Co nanorods become a hard magnetic core, similar to a spherical
magnet, which yields a strong radial magnetic field, making other nanorods align along the
magnetic field (Figure 2B). We can further observe that these nanorods are aligned side by
side (Figure 2C), which may be caused by the magnetostatic interactions among nanorods.
We also tried to use other surfactants to achieve the self-assembly, but they failed to align
well due to the strong magnetic interaction. This result demonstrates that the magnetic
interactions among nanorods are far stronger than the molecular interactions of surfactants.
We measured the magnetic hysteresis loop of random Co nanorods at room temperature
(Figure 2D), which exhibits a large coercivity of 6.4 kOe and high Ms of 148.3 emu/g under
a 2.5 kOe field. Once these nanorods are aligned into a nanomagnet, using a magnetic
field, their coercivity will exceed 10 kOe, being an excellent candidate for strong magnetic
materials [30].
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Figure 2. (A–C) The TEM images of self-assembly Co nanorods with cambered tips by solvothermal
route; (D) Magnetic hysteresis loop of Co nanorods at room temperature.

3.2. The Self-Assembly of Co Nanorods with Flat Tips

As a comparison, we also synthesized Co nanorods with flat tips by using an alcohol–
thermal method, using a reflux set, as shown in Figure 3. The XRD pattern (Figure 3A;
the samples were prepared with a stirring rate of 100 r/min) can correspond to hexagonal
structure Co very well. Moreover, we also can find the different peaks width for the
(100), (002), and (101) plane, thus indicating that the as-prepared Co particles have a
shape anisotropy. Different from Co nanorods obtained from solvothermal method, the
diffraction peaks of Co (002) planes exhibit an obvious enhancement when compared with
the standard peaks. This may suggest that these Co nanorods have a self-orientation effect.
Figure 3B,C shows the TEM images of Co nanorods. The uniform Co nanorods display
a bamboo-like shape with an average diameter of ~30 nm and length of ~100 nm. It is
interesting that these Co nanorods have larger tips than their body, and their tips exhibit a
flat plane. Without any magnetic field or surfactant, several Co nanorods are self-oriented
tip to tip, forming a bamboo-like shape, which is totally different from these Co nanorods
with cambered tips. We further synthesized a kind of longer Co nanorods by using a lower
stirring rate of 50 r/min, as shown in Figure 3D. With the decrease in the stirring rate, there
is no obvious change for the diameter of as-prepared Co nanorods, but their length does
increase to 200 from 100 nm. Certainly, these longer Co nanorods still represent larger tips
and smaller bodies, and they also have a self-orientation effect by going tip to tip. This
demonstrates that the mechanical stirring can interrupt the growth of nanorods from the
length direction; this can be explained by the fact that the growth of long Co nanorods
requires Co2+ continuously feeding. With the increase of stirring rate, homogenizing the
solution can hinder local increment of Co2+ concentration in the solution [31,32]. As a result,
the growth of Co nanorods from the length direction was interrupted, forming multiple
shorter nanorods.
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Figure 3. The Co nanorods with flat tips by alcohol–thermal method. (A) XRD pattern compared with
standard hcp-Co (JCPDS No. 01-1278); (B,C) TEM images of Co nanorods with 100 r/min stirring
rate; (D) TEM image of Co nanorods with 50 r/min stirring rate.

The magnetic hysteresis loop of random Co nanorods with the length of 100 nm was
measured at room temperature, using VSM. As shown in Figure 4, these Co nanorods
exhibit a coercivity of 4.9 kOe and Ms of 146.5 emu/g, at an applied field of 2.5 kOe.
Compared with Co nanorods with cambered tips, these Co nanorods with flat tips exhibit a
lower magnetic performance. This may be ascribed to two reasons. On the one hand, the
ratio of length to diameter (L/D) is a key factor to the coercivity due to the shape anisotropy.
In general, the higher ratio will lead to larger coercivity [33]. In our work, the Co nanorods
with cambered tips have an L/D of ~10, while the L/D value for Co nanorods with flat
tips is only ~4. On the other hand, the Co nanorods with flat tips have smaller coercivity
than cambered tips, even though they have the similar L/D. Because Co nanorods with flat
tips have more defects (stacking fault) between the tips and bodies, this can lead to a high
demagnetizing field, and it causes the low coercivity [34].

 
Figure 4. Magnetic hysteresis loop of Co nanorods with flat tips at room temperature.
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The coercive mechanism of Co nanorods is totally different from small-sized Co
nanoparticles or clusters. As we know, the magnetic particles have the largest coercivity
at the key size from the multiple-domain to single-domain structure, and the key size
is about 30 nm for Co particles [17]. Thus, our Co nanorods with a diameter of about
10 nm and length of 100–150 nm have been display a relatively higher coercivity than
small-sized Co particles (several nanometers). Furthermore, these Co nanorods have
been confirmed to be single-domain structures in previous work [27]. Moreover, for Co
clusters with a small size, they are superparamagnetic and, thus, have no coercivity at room
temperature, since their magnetocrystalline anisotropy at this size cannot compete with
thermal disturbance [35]. More important, the coercivity of hcp-Co nanorods is mainly
originated from shape anisotropy rather than magnetocrystalline anisotropy. In other
words, the high L/D leads to their large coercivity, which can be confirmed by many
reports [33].

These as-prepared Co nanorods with flat tips were further assembled on the water
solution surface by using OA and OAm as the surfactant. Without any external field,
driven by the molecular force of surfactant and magnetostatic force, these Co nanorods
tend to align tip to tip and form long nanochains, but there is obvious space between
aligned nanochains (Figure 5A). Although this alignment cannot reach our expectation,
most of as-formed Co nanochains do present consistent direction, which is an obvious
improvement compared to the Co nanorods with cambered tips. We also can observe the
well-aligned Co nanorods in some view of TEM, as shown in Figure 5B. In these regions,
these nanorods first form straight nanochains, and then these nanochains assemble into a
single layer. Unfortunately, these regions are isolated from each other, making it hard to
form high quality single-layer self-assembly. This result may be caused by magnetostatic
interaction, which is discussed in the next section in detail. To obtain high-quality Co
nanorods assembly, an external field was applied during the self-assembly process. The
results are shown in Figure 5C,D. According to the XRD pattern in Figure 5C, the assembled
Co nanorods under external field only display a single diffraction peak around 44.5◦, which
can be indexed to hcp-Co (002) plane. As we know, the easy axis of Co nanorods is the [002]
direction, which is also the length direction. When these nanorods were aligned, all of Co
nanorods displayed the same direction. As a result, the X-ray only detected the (002) plane.
The TEM image in Figure 5D demonstrates that these Co nanorods with ~100 nm length
were well aligned into a single layer along the magnetic field direction, further confirming
the XRD result. We further aligned Co nanorods with a ~200 nm length under the same
conditions, but it failed to obtain good alignment; this can be explained by the fact that
the stronger properties of Co nanorods make them unfavorable to align due to the strong
interaction with each other.

3.3. The Discussion of Magnetostatic Interaction Mechanism

During the self-assembly process, there is a competition between molecular interaction
force and magnetostatic force. The former drives these nanorods to align well, while
the latter makes them random to reduce the magnetostatic energy. In our work, the
magnetostatic force was obviously stronger than the molecular interaction force. Therefore,
we should analyze their behavior from the view of magnetostatic interaction.

We analyzed the magnetostatic interaction mechanism by using magnetic induc-
tion line distribution, as shown in Figure 6. All Co nanorods can be regarded as a tiny
magnet at the nanoscale, and the two tips of nanorods correspond to their N–S poles
(Figure 6(A1,B1)) [36]. Moreover, the magnetic induction lines at two tips should be
perpendicular to their tips.
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Figure 5. (A,B) The TEM images of self-assembly Co nanorods with flat tips, without applied field;
(C) XRD pattern of aligned Co nanorods under magnetic field compared with standard hcp-Co
(JCPDS No. 01-1278); (D) TEM image of aligned Co nanorods under magnetic field.

 

Figure 6. The scheme of magnetostatic interaction mechanism: (A) Co nanorods with flat tips and
(B) Co nanorods with cambered tips.

For the Co nanorods with flat tips, they have larger tips. Therefore, most of magnetic
induction lines are perpendicular to the flat tips and, thus, parallel to the [002] direction
(Figure 6(A1)). As a result, these Co nanorods are prone to holding together tip to tip since
the magnetic induction lines direction for the N pole of one Co nanorod is consistent with
the S pole of another Co nanorod (Figure 6(A2)). If these nanochains assembled by Co
nanorods had the same direction for N–S poles, they would present mutual exclusion, and,
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thus, these nanochains would be separated from each other (Figure 6(A3)). If they had the
opposite N–S poles, they would hold together again by connecting the third nanochains
and rotate at a certain angle to keep the minimum energy (Figure 6(A4,A5)). When an
external field was applied, these nanochains can rotate into the magnetic field direction to
achieve alignment.

For the Co nanorods with cambered tips, they have smaller tips. Due to the special
morphology, they only have very few magnetic induction lines parallel to the c-axis. Most
of the magnetic inductions line are random (Figure 6(B1)). Therefore, tip-to-tip assembly
is very unstable. It needs to rotate at a certain angle to reduce the energy of system
(Figure 6(B2)). On this occasion, these nanorods are prone to holding together side by side
for their random magnetic induction lines, since there are some angles between most of
magnetic induction lines and nanorods c-axis (Figure 6(B3,B4)). Despite that, the alignment
side by side was confined to several nanorods [37]. These clusters assembled by several
nanorods with the same direction can be regarded as a “magnetic domain”, and the system
is similar to a “multidomain magnet” (Figure 6(B5)). To keep the minimum energy of the
whole system, these “magnetic domain” directions are distributed randomly. When an
external field or self-generated field (some nanorods aggregate similar to a magnet, as
seen in Figure 2B) is applied, these “magnetic domains” can rotate into the magnetic field
direction to achieve alignment.

4. Conclusions

In summary, we synthesized two kinds of Co nanorods, one with cambered tips and
another with flat tips, and achieved a self-assembly of a single layer of Co nanorods to study
their magnetostatic interaction behavior. The as-synthesized Co nanorods with cambered
tips have an average diameter of 10 nm and length of 100 nm, with coercivity of 6.4 kOe; and
flat-tip nanorods with a 30 nm diameter and 100 nm length exhibit a coercivity of 4.9 kOe.
These Co nanorods were first assembled on the surface of water, without a magnetic field. It
is found that the Co nanorods with cambered tips are prone to aligning side by side, while
the Co nanorods with flat tips are easy to hold together tip to tip due to the magnetostatic
interaction. Under an applied field, the Co nanorods with flat tips can be further aligned
into a single layer of Co nanorods. Furthermore, we studied the magnetostatic interaction
mechanism, using magnetic induction lines. Because each nanorod can be considered as a
magnet, the flay tips of Co nanorods are similar to the N and S poles of a magnet. Therefore,
they are easy to hold together tip to tip since most of magnetic induction lines are parallel
to the length direction. For Co nanorods with cambered tips, they are prone to holding
together side by side to form clusters for their random magnetic induction lines. Our work
provides a method to study magnetic interaction of shape anisotropy.
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Abstract: Motivated by the recent successful synthesis of Janus monolayer of transition metal (TM)
dichalcogenides, MXenes with Janus structures are worthy of further study, concerning its electronic
structure and magnetic properties. Here, we study the effect of different transition metal atoms on
the structure stability and magnetic and electronic properties of M’MCO2 (M’ and M = V, Cr and Mn).
The result shows the output magnetic moment is contributed mainly by the d orbitals of the V, Cr, and
Mn atoms. The total magnetic moments of ferromagnetic (FM) configuration and antiferromagnetic
(AFM) configuration are affected by coupling types. FM has a large magnetic moment output, while
the total magnetic moments of AFM2’s (intralayer AFM/interlayer FM) configuration and AFM3’s
(interlayer AFM/intralayer AFM) configuration are close to 0. The band gap widths of VCrCO2,
VMnCO2, CrMnCO2, V2CO2, and Cr2CO2 are no more than 0.02 eV, showing metallic properties,
while Mn2CO2 is a semiconductor with a 0.7071 eV band gap width. Janus MXenes can regulate the
size of band gap, magnetic ground state, and output net magnetic moment. This work achieves the
control of the magnetic properties of the available 2D materials, and provides theoretical guidance
for the extensive design of novel Janus MXene materials.

Keywords: janus; MXenes; magnetic properties; DFT

1. Introduction

Over the past decade, the two-dimensional (2D) materials have received significant
interest since the discovery of graphene [1–3]. Compared with bulk materials, more atoms
on the surface of 2D materials are exposed, which is caused by reduced dimensionality.
This improves the utilization rates of atoms and makes regulation of band structure and
electronic properties easier, thus enabling MXenes to exhibit novel physical and chemical
properties [4–6]. Recently, a new family of 2D transition metal (TM) carbides and nitrides,
MXenes, has received more and more attention [7,8]. MXenes have the general formula
Mn+1XnTx, where M stands for early TM, X represents C or N, Tx indicates the surface
functional groups O, OH, or F, and n = 1, 2, or 3 [9,10]. Usually, MXenes are synthesized
by selective etching A layers (A is an element from the A-group 13 or 14) in the MAX
phase, using hydrofluoric acid (HF) solutions [11–13]. Sue to their excellent electrical [14],
optical [15–18], and mechanical properties [19], MXenes have been widely applied in
electronic devices [20], catalysis [21–24], magnetic storage [25], energy conversion, and
storage systems [26–28]. Thus far, more than 30 kinds of MXenes have been synthesized in
experiments, and more kinds of materials have been theoretically predicted [29,30].

The electronic and optical properties of MXenes with symmetrical configuration have
been extensively studied. Previous theoretical investigations have shown that, without
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surface functionalization, Cr2C is half metallic and ferromagnetic (FM) configuration [31],
V2C exhibits metallic and antiferromagnetic (AFM) configuration [32], and Tin+1Cn and
Tin+1Nn (n = 1–9) show magnetic configuration [33]. While functionalized MXenes alter
magnetism, others, such as Cr2CX2 (X=OH, O and F), V2CX2 (X=F, OH), and Ti2CO2, are
semiconductors [31–35]. Structural symmetry is a key factor in determining the electronic
properties of 2D materials [36,37]. If structural symmetry is broken, it is desirable for 2D
materials to have electronic and magnetic properties.

Inspired by the successful synthesis of Janus monolayers of TM dichalcogenides [38],
MXenes with Janus structures are worth studying further, especially concerning their elec-
tronic structures and magnetic properties. Janus refers to MXenes that break the symmetry
through asymmetric surface functional groups or different types of TM elements [39].
A previous report has theoretically studied the electronic and magnetic properties of Janus
MXenes; it indicated that, by selecting an appropriate terminal group of upper and lower
surfaces, the band gap of Janus MXenes can be successfully adjusted to different regions [40].
Therefore, we consider that different TM atoms may also regulate the charge and chemical
environment around the atom, which causes Janus MXenes to exhibit significantly different
electronic and magnetic properties.

In this paper, using first-principles calculations, we employed M’MCO2 (M’ and M
stands for V, Cr, and Mn) configurations to investigate the effect of different types of TM
on the structure and the magnetic and electronic properties under the same functional
groups. We constructed different magnetic configurations (nonmagnetic (NM), FM, and
AFM) for each M’MCO2 structure, researched their magnetic properties, and screened
out the magnetic ground state. Then, we studied the electronic structure of the magnetic
ground state. The results showed that Janus MXenes can adjust the band gap, the magnetic
ground state, and the net output magnetic moments, which is a very good control method.
Due to its asymmetric structure, Janus MXenes can flexibly control the magnetism of a
system by applying small electric fields. This work provides theoretical guidance for the
realization of the magnetic controllability of MXene materials.

2. Materials and Methods

All calculations were carried out using the Vienna ab initio simulation package (VASP),
based on density functional theory (DFT) [41,42]. The generalized gradient approximation
(GGA), with the Perdew–Burke–Ernzerhof (PBE) functional, was used for the exchange and
correlation functional [43,44]. Interactions between electrons and nuclei were described
by the projector augmented wave (PAW) method [45]. A plane wave kinetic energy cutoff
600 eV was employed. The convergence criteria of total energy and atomic force for each
atom were set to 10−5 eV per unit cell and 10−4 eV/Å, respectively.

To account for the energy of localized 3D orbitals of TM atoms properly, the Hub-
bard “U” correction was employed within the rotationally invariant DFT + U approach
proposed [46]. The spin-polarized DFT + U correction [47,48] was applied to strongly
correlated Cr, V, and Mn atoms with the typical U = 4 eV value. The specific U value does
not change the predicted magnetic ordering nor the easy axis determination [49,50]. The
cutoff kinetic energy for plane waves was set to 600 eV. Considering the van der Waals
interaction between layers, the Becke–Jonson attenuation DFT + D3 method was performed
for empirical correction.

A vacuum spacing of 20 Å along the M’MCO2 normal was used to avoid the interac-
tions caused by the periodic boundary condition. The Brillouin zone (BZ) was sampled
using 11 × 11 × 1 Γ-centered, k-point Monkhorst-Pack grids for the calculations of re-
laxation and electronic structures for NM, FM, and AFM1 primitive cells. Additionally,
k-mesh was decreased to 6 × 12 × 1 for 2 × 1 × 1 AFM2 and AFM3 supercells. In the static
self-consistent calculation, k-point grid sampling of 20 × 20 × 1 was used for the primitive
cell, and k-point grid sampling of 12 × 24 × 1 was used for the 2 × 1 × 1 supercell.
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3. Results

3.1. Stable Structures of Janus MXenes

The monolayer M2C MXene is a centered honeycomb structure with P3m1 symmetry,
in which the 2D hexagonal C atom is sandwiched between two hexagonal M atoms. There
are four possible configurations for O atoms absorbed on the M atom [51]: (a) O atoms
located right above the M atoms (top sites); (b) O atoms located at the hollow sites of
adjacent C atoms (hcp sites); (c) O atoms located at the hollow sites of contralateral M
atoms (fcc sites); (d) on the one side, O atoms are at fcc sites, and on the other side, O
atoms are at the hcp sites. According to previous research by Tan [52] and Wang [53], (b)
configuration is stable for CrMnCO2 and Cr2CO2 and (c) configuration is stable for VCrCO2,
VMnCO2, V2CO2, and Mn2CO2. So, we selected those configurations for the following
calculations. Figure 1 shows the structures of symmetric V2CO2, Cr2CO2, and Mn2CO2.
The arrangement of atoms observed from the top and bottom is the same. Figure 2 shows
the structures of Janus MXenes VCrCO2, VMnCO2, and CrMnCO2. It can be seen that
the arrangement of atoms seen from the top and bottom is different, so the symmetry of
VCrCO2, VMnCO2, and CrMnCO2 is lower than that of V2CO2, Cr2CO2, and Mn2CO2,
which is consistent with the symmetry of their space group. The basic information of their
lattice parameters is shown in Table 1.

Figure 1. V2CO2, Cr2CO2, and Mn2CO2 structures: (a,c,e) and (b,d,f) are the side and top views of
V2CO2, Cr2CO2, and Mn2CO2 structures, respectively.

Figure 2. VCrCO2, VMnCO2, and CrMnCO2 structures: (a,d,g) and (b,e,h) and (c,f,i) are the side,
top, and bottom views of VCrCO2, VMnCO2, and CrMnCO2 structures, respectively.
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Table 1. The lattice parameters of M’MCO2.

VCrCO2 VMnCO2 CrMnCO2 V2CO2 Cr2CO2 Mn2CO2

Symmetry
Group

P3m1
(C3V-1)

P3m1
(C3V-1)

P3m1
(C3V-1)

P3m1
(D3d-3)

P3m1
(D3d-3)

P3m1
(D3d-3)

a/Å 2.88 2.89 2.66 2.88 2.68 2.87
b/Å 2.88 2.89 2.66 2.88 2.68 2.87
c/Å 21.81 21.81 21.81 21.81 21.81 21.81
α 90◦ 90◦ 90◦ 90◦ 90◦ 90◦
β 90◦ 90◦ 90◦ 90◦ 90◦ 90◦
γ 120◦ 120◦ 120◦ 120◦ 120◦ 120◦

Many compounds of V, Cr, and Mn are magnetic [39]. We calculated the total energy
of the non-spin-polarized system and the spin-polarized system, respectively, by using
standard DFT method: the result is shown in Table 2. It can be seen that, except V2CO2,
the total energy of the spin polarization is lower than that of the non-spin polarization.
When taking spin polarization into account, obvious magnetic moment can be observed in
magnetic atoms. Therefore, the ground states of VCrCO2, VMnCO2, CrMnCO2, Cr2CO2,
and Mn2CO2 must be magnetic, while the ground state of V2CO2 is NM. Although the
ground states of V2CO2 are NM, the difference between the NM and the magnetic state is
very small (about 0.0002 eV). When considering the spin polarization in the system, the V
atom has about 1 μB/atom sized magnetic moment. Under certain conditions, NM may
become magnetic, so it is necessary to study its magnetic properties.

Table 2. Total energy of spin-polarized and non-spin-polarized systems. NM stands for non-spin-
polarized system, magnetic stands for spin-polarized systems, the unit of total energy is eV/u.c (unit cell).

VCrCO2 VMnCO2 CrMnCO2 V2CO2 Cr2CO2 Mn2CO2

NM −44.322 −42.926 −42.488 −45.597 (5) −43.804 −40.701
Magnetic −44.502 −43.451 −42.499 −45.597 (3) −43.882 −41.431

Considering the magnetism of the TM atoms, we employed the FM and AFM order
for each M’MCO2 configuration, as shown in Figure 3. For FM configurations, the magnetic
moments of M atoms are parallel, while for AFM configurations, the magnetic moments are
antiparallel with each other. According to the different coupling kinds between atoms, we
constructed three different AFM configurations, named AFM1, AFM2, and AFM3. AFM1
configuration is characterized by intralayer FM coupling and interlayer AFM coupling;
AFM2 configuration is characterized by intralayer AFM coupling and interlayer FM cou-
pling; AFM3 configuration is characterized by AFM coupling of atoms both intralayer and
interlayer. The initial models of NM, FM, and AFM configurations are completely the same,
but due to the different coupling models of magnetic atoms, after structure optimization,
different configurations will have different lattice parameters, total energy, electronic struc-
ture, and other aspects. Compared to the initial models, the lattice constants of NM hardly
change, while the corresponding FM and AFM are slight increased. Meanwhile, FM and
AFM configurations symmetries are also reduced, which is related to the coupling between
magnetic atoms after spin polarization, as shown in Tables S1–S6.
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Figure 3. M’MCO2 magnetic state configurations: (a–e) represent NM, FM, AFM1, AFM2, and AFM3
configurations, respectively. In M’/M atoms, “+” represents spin-up and “−“ represents spin-down.

3.2. Magnetic Properties

The spin polarization can be corrected by adopting the DFT + U method, but it will in-
troduce additional situ coulomb interaction energy. However, U is not added in the case of
the non-spin-polarized system, which means that the total energy of the two system do not
have comparability. Therefore, in the following analysis, we study the electronic structures
and magnetic properties of the ground states of VCrCO2, VMnCO2, CrMnCO2, V2CO2,
Cr2CO2, and Mn2CO2 configurations under spin polarization, regardless of NM. The calcu-
lated total energy is shown in Table 3. The coupling effect between magnetic configurations
is different, making the corresponding energy and other properties different. The total
energy difference between different magnetic states is very small, which means that the
ground states of AFM and FM are unstable in a specific environment. For each M’MCO2
configuration, the configuration with the lowest energy is its most stable configuration
state—the magnetic ground state; moreover, this is the focus of the present analysis and
study. From the value, we can obtain that the magnetic ground states of VCrCO2, VMnCO2,
and Cr2CO2 are FM, and that the ground state energies are −37.321 eV/u.c, −36.936 eV/u.c,
and −35.488 eV/u.c, respectively. The magnetic ground state of CrMnCO2 is AFM3, and
the ground state energy is −35.707 eV/u.c. The ground state of V2CO2 is NM, the magnetic
ground state is AFM1, and the magnetic ground state energy is −38.020 eV/u.c. The
magnetic ground state of Mn2CO2 is AFM2, and the ground state energy is −35.989 eV/u.c.
In previous studies on the magnetic properties of MXenes, Mohammad Khazaei [35] and
Tan [54] calculated the magnetic ground state of Cr2CO2 as FM, while Hu [32] obtained the
magnetic ground state of V2CX2 (X=F, OH) as AFM. The conclusion of these studies is con-
sistent with our calculated results. Additionally, we can conclude that, when replacing TM
atoms, symmetric MXenes V2CO2, Cr2CO2, and Mn2CO2 become Janus MXenes VCrCO2,
VMnCO2, and CrMnCO2, respectively; the magnetic ground states will change, and Janus
MXenes can regulate the magnetic ground states.

Table 3. The total energy of FM and AFM structures of M’MCO2, the unit of total energy is eV/u.c
(unit cell).

FM AFM1 AFM2 AFM3

VCrCO2 −37.321 −37.215 −37.223 −37.223
VMnCO2 −36.936 −36.921 −36.921 −36.886
CrMnCO2 −34.778 −34.349 −34.743 −35.707

V2CO2 −38.013 −38.020 −37.911 −37.918
Cr2CO2 −35.488 −34.794 −35.263 −35.365
Mn2CO2 −35.934 −35.913 −35.989 −35.746
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The magnetic moments of all magnetic configurations of each M’MCO2 are summa-
rized in Tables S7–S12. Additionally, we drew the curves of the magnetic moments under
different magnetic configurations and M’MCO2 configurations, as shown in Figure 4. From
the contribution of atomic species to the magnetic moments, we can find that the magnetic
moments of C and O are close to 0 and the magnetic moment is mainly contributed by the
TM atoms V, Cr, and Mn. In addition, the curves satisfied μ(Mn) > μ(Cr) > μ(V) because of
the different electron numbers—Mn has one more electron than Cr, and Cr has one more
electron than V. In the FM configurations, the order of total magnetic moment is μ(Mn2CO2)
> μ(MnCrCO2) > μ(Cr2CO2) > μ(VMnCO2) μ(VCrCO2) > μ(V2CO2). The large the specific
gravity of Mn in the configuration, the greater the net magnetic moment; the large the
specific gravity of V, the smaller the net magnetic moment, which agrees with μ(Mn) >
μ(Cr) > μ(V). Because the magnetic moment of V atom is small, when the TM atom in
MXene is V, the stable configuration tends to be nonmagnetic. This means that the ground
state of V2CO2 is nonmagnetic, while the ground states of VCrCO2, VMnCO2, CrMnCO2,
Cr2CO2, and Mn2CO2 are magnetic. As the magnetic order changes, the magnetic moments
of V, Cr, and Mn have little change, and it basically maintains a horizontal trend within the
range of 0.50 μB. It indicates that the type of TM atom is a decisive factor for the magnetic
moment; moreover, the environment of atoms and the coupling mode between atoms have
little effect on the magnetic moment.

Figure 4. Magnetic moment curves under different M’MCO2 configurations. (a) VCrCO2 configura-
tion; (b) VMnCO2 configuration; (c) CrMnCO2 configuration; (d) V2CO2 configuration; (e) Cr2CO2

configuration; (f) Mn2CO2 configuration.

172



Nanomaterials 2022, 12, 556

Meanwhile, the total net magnetic moment is greatly affected by the magnetic con-
figuration. It is clear that FM shows obvious magnetic moment, in which the magnetic
moment of magnetic atoms is in the same direction. The total magnetic moment is similar
to the algebraic sum of magnetic moments of magnetic atoms, so it has a large magnetic
moment output. As for AFM1, Janus MXenes show obvious magnetic moment, while the
net magnetic moment of symmetric MXenes is almost 0. Given that the intralayer atoms are
composed of FM coupling, the different magnetic moments of the top and bottom atoms
cannot completely cancel the Janus MXene; therefore, it has net magnetic moments and
exhibits ferromagnetism. In contrast to the symmetric MXenes with the same top and
bottom atoms, the magnetic moment can be completely cancelled out, so the net magnetic
moment is 0 and it exhibits anti-ferromagnetism. The net magnetic moments of AFM2
and AFM3 are almost 0, a value which does not show magnetic moment externally. The
reason is that both the intralayer coupling is AFM and the adjacent electrons have opposite
spin directions, which causes the net magnetic moment of top and bottom layers to be 0, a
value which does not show magnetic moment externally. We discover that the higher the
symmetry of the magnetic moment, the lower the total energy, and the more stable this
configuration will be. Besides, there is modulation between different TM atoms in Janus
MXenes. When V atoms are replaced with Cr in V2CO2, the magnetic moment of the V
atoms becomes smaller; meanwhile, when Mn atoms are replaced with Cr in Mn2CO2, the
magnetic moment of the Mn atoms becomes large—the modulation effects of Cr atoms
on V2CO2 and Mn2CO2 are different. As for the Cr2CO2 configuration, replacing the Cr
atoms with V or Mn all will cause the magnetic moment of the Cr atoms to become large.
Therefore, we conclude that Janus MXenes can manipulate the size of magnetic moment.

3.3. Electronic Properties

For the above magnetic ground states, we further explored their electronic properties,
and calculated their band structures and densities of state (DOS), respectively. Figure 5
shows the band structures of each M’MCO2. Additionally, we found that the spin-up
and spin-down curves of Mn2CO2, CrMnCO2, and V2CO2 almost completely coincide,
which is consistent with AFM configurations; while the spin-up and spin-down curves
of VCrCO2, VMnCO2, and Cr2CO2 split, which are almost the only spin-up curves near
the Fermi level—this finding is consistent with FM configurations. Therefore, we found
that the configuration of Mn2CO2, CrMnCO2, and V2CO2 are FM, and the configuration of
VCrCO2, VMnCO2, and Cr2CO2 are FM.

As for M’MCO2 with AFM configurations, near the Fermi level, the valence band
and the conduction band of Mn2CO2 are clearly separated, and no band curve crosses the
Fermi level. Moreover, the top valence band is near the point M (0.622), and the bottom
conduction band is near the point K (1.358), illustrating that Mn2CO2 is an indirect band
gap semiconductor, a finding that is in keeping with the results of Zhou [55]. Meanwhile,
both CrMnCO2 and V2CO2 have band curves crossing the Fermi level, and their top valence
band and bottom conduction band are located at the point Γ, with a small band gap width,
showing metallic character. With regard to M’MCO2, with FM configurations, it can be
seen from Figure 5a,b,e that the red curves (spin-down) are distributed on both sides of
the Fermi level, with large band gap widths, while the blue curves (spin-up) are densely
distributed, crossing the Fermi level. The electronic states with spin-up make the band
gap narrow—these are metallic materials. On the whole, we concluded that, when M
is replaced with M’—causing non-Janus MXene to become Janus MXene—the band gap
width was greatly reduced and the conductivity became better; therefore, Janus MXenes
can regulate the band gap.
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Figure 5. The band gap of M’MCO2. (a) VCrCO2; (b)VMnCO2; (c) CrMnCO2; (d)V2CO2; (e) Cr2CO2;
(f) Mn2CO2.

To facilitate the description of the modulation action of Janus MXenes, we plotted the
density of state (DOS) of the magnetic ground state of M’MCO2, as shown in Figure 6. There
are a large number of electrons near the Fermi level for VCrCO2, VMnCO2, CrMnCO2,
V2CO2, and Cr2CO2, indicating that they have metallic properties. However, there are
almost no electrons at the Fermi level for Mn2CO2, which can be considered as the forbidden
band, and the band width is 0.7071 eV, indicating that it is a semiconductor. In addition,
we found that the PDOS of the d orbitals of V, Cr, and Mn contributed most of the TDOS.
For symmetric MXenes, the PDOS of d orbitals of V, Cr, and Mn are almost consistent with
the TDOS of V2CO2, Cr2CO2, and Mn2CO2 in the energy range of −1~4 eV, −3~6 eV, and
2~6 eV, respectively. Meanwhile, for Janus MXenes, the TDOS are the synergy of d orbitals
of different TM atoms. The d orbitals of the V atoms contributed most of the electrons in
the following energy ranges: 0~2 eV for VCrCO2; −1~2 eV and 4~6 eV for VMnCO2. The d
orbitals of the Cr atoms contributed most of the electrons in the following energy ranges:
−2~0 eV and 2~6 eV for VCrCO2, −3~4 eV for CrMnCO2. The d orbitals of the Mn atoms
contributed most of the electrons in the following energy ranges: −6~-1 eV and 2~4 eV for
VMnCO2, and −5~−3 eV and 4~6 eV for CrMnCO2. The sum of the d orbitals of V, Cr,
and Mn is almost equal to the TDOS, showing that the magnetism of the system is mainly
derived from the d orbital electrons of magnetic atoms.
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Figure 6. DOS of M’MCO2. (a) V2CO2; (b) VCrCO2; (c) Cr2CO2; (d) VMnCO2; (e) Mn2CO2;
(f) CrMnCO2.

Since the magnetic moment of the system is proportional to the area integral of the
upper and lower curves, the greater the difference between the spin-up and spin-down,
the greater the split, and the greater the net magnetic moment. The upper curves and
lower curves of V2CO2 and Mn2CO2 are nearly symmetric and the net magnetic moment is
almost 0, which is consistent with the magnetic ground state of AFM. The magnetic ground
state of Cr2CO2 is FM, and its upper and lower curves have a certain split, where the peak
position energy of the upper curve is lower, and the peak position energy of the lower
curve is higher. The area integral of DOS of the upper curve and the lower curve is close,
within the energy range of −7~−3 eV, the spin-up electron state occupies the dominant
position in the range of −3~2 eV, and the spin-down electron state occupies the dominant
position in the range of 2~6 eV, which causes the FM configuration to have 4.184 μB/atom
net magnetic moment.

When a V atom in V2CO2 is replaced by Cr or Mn atoms—becoming Janus MXene
VCrCO2 or VMnCO2, with the magnetic ground state becoming FM—the upper and lower
curves are clearly split. The main electron state is spin-up in the range of −2~2 eV and
spin-down in the range of 2~6 eV. Below −2 eV, the peak of spin-up moves to low energy
and the peak of spin-down moves to high energy. When a Cr atom is replaced with an
Mn atom in Cr2CO2—becoming Janus MXene CrMnCO2, with the magnetic ground state
becoming AFM3—the upper and lower curves are symmetric and the net magnetic moment
is 0. In conclusion, we can judge the magnetic configuration of a system by the magnetic
moment of the atoms, the energy band, and the DOS. Janus MXenes can regulate the
band gap width, the magnetic ground state, and the net magnetic moment; this is a great
adjusting method.

4. Conclusions

We investigated the magnetic properties and electron structures of M’MCO2 with
different magnetic configurations. The following results were found: the magnetic ground
states of VCrCO2, VMnCO2, and Cr2CO2 are FM; the magnetic ground state of CrMnCO2
is AFM2; the magnetic ground state of Mn2CO2 is AFM2; the magnetic ground state of
V2CO2 is AFM1 and its ground state is NM. The band gap widths of VCrCO2, VMnCO2,
CrMnCO2, V2CO2, and Cr2CO2 are no more than 0.02 eV, showing metallic properties;
meanwhile, Mn2CO2 is a semiconductor, with a 0.7071 eV band gap width. Moreover, we
determined the magnetic configuration of the systems through the magnetic moment, the
energy band, and the DOS. Further analysis showed that Janus MXenes can adjust the
band gap, magnetic ground state, and output net magnetic moment, resulting in smaller
band gap widths and better electrical conductivities when compared with corresponding
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materials. These theoretical results provide guidance for further experimental verification
and electronic device application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: The spin–orbit torques (SOTs) in the heavy metal (HM)/ferromagnetic metal (FM) structure
hold promise for next-generation low-power and high-density spintronic memory and logic applica-
tions. For the SOT switching of a perpendicular magnetization, an external magnetic field is inevitable
for breaking the mirror symmetry, which is not practical for high-density nanoelectronics applications.
In this work, we study the current-induced field-free SOT switching and SOT perpendicular effective
field (He f f

z ) in a variety of laterally asymmetric multilayers, where the asymmetry is introduced
by growing the FM layer in a wedge shape. We show that the design of structural asymmetry by
wedging the FM layer is a universal scheme for realizing field-free SOT switching. Moreover, by
comparing the FM layer thickness dependence of (He f f

z ) in different samples, we show that the
efficiency (β = He f f

z /J, J is the current density) is sensitive to the HM/FM interface and the FM layer
thickness. The sign of β for thin FM thicknesses is related to the spin Hall angle (θSH) of the HM layer
attached to the FM layer. β changes its sign with the thickness of the FM layer increasing, which may
be caused by the thickness dependence of the work function of FM. These results show the possibility
of engineering the deterministic field-free switching by combining the symmetry breaking and the
materials design of the HM/FM interface.

Keywords: spin–orbit torque; perpendicular magnetic anisotropy; perpendicular effective field;
zero-field switching

Current-induced spin–orbit torque (SOT) provides an energy-efficient and fast way
to electrically manipulate the magnetization [1–4] and dynamics of spin textures (such as
chiral domain wall (DW) [5–9] and magnetic skyrmions [10–12], etc.) in the heavy metal
(HM)/ferromagnetic metal (FM) multilayers. In such a structure, an in-plane current (I)
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flowing through the HM layer is converted to a pure spin current (Js) due to the spin Hall
effect [1,13,14] and/or interfacial Rashba effect [15]. The Js injects into the adjacent FM
layer and thus exerts the SOTs. To enable the SOT-driven perpendicular magnetization
switching, an external magnetic field is inevitable to break the mirror symmetry [2], which
is impractical for high-density nanoelectronics applications. Until 2014, the field-free
SOT switching of a perpendicular magnetization was achieved by introducing a laterally
asymmetric structure [16], providing a new pathway to realize all-electric deterministic
switching. After that, many other strategies have been proposed for realizing field-free
SOT switching [17–31]. For the case of laterally asymmetric structure, the field-free SOT
switching is driven by the current-induced out-of-plane effective magnetic field (He f f

z ). The
magnitude and sign of He f f

z determine the switching efficiency and switching polarity at
zero external field, respectively. However, the key factors that affect the magnitude and
sign of He f f

z are still elusive.
In this work, we aim to explore the key factors that affect the current-induced He f f

z
and the resulting field-free SOT switching in a variety of laterally asymmetric structures.
We find that the He f f

z is generally introduced in various laterally asymmetric structures.
By comparing the FM thickness dependence of the efficiency (β) of He f f

z (i.e., β = He f f
z /J,

where J is the current density), we show that β is closely related to the HM/FM interface
and the FM layer thickness. Our results advance the understanding of the current-induced
out-of-plane effective magnetic field in the laterally asymmetric structures.

The film stacks consisting of (i) Ta(5)/Gd(1)/CoFeB(w)/MgO(2), (ii) Pt(5)/CoFeB(w)/
MgO(2), (iii) IrMn(5)/CoFeB(w)/MgO(2), (iv) Ta(5)/CoFeB(w)/MgO(2), (v) Ta(5)/Mo(1)/
CoFeB(w)/MgO(2), and (vi) W(5)/CoFeB(w)/MgO(2) (thickness in nm) were prepared by
magnetron sputtering at room temperature on Si substrates capped with a 100 nm thermal
oxide under a base pressure of <1 × 10−8 Torr. The CoFeB layer was grown by the oblique
sputtering method and hence has a wedge-sharp structure (w). The CoFeB layer thickness
(denoted as tCoFeB) varies from 0.50 nm to 1.20 nm within the lateral length of ~5 cm. It
is worth noting that we calibrate the wedged thickness in a large lateral scale, therefore,
the several nm-scale thickness difference can be detected precisely. The other layers were
uniformly grown by rotating the substrate during the deposition. The stacks were annealed
at 250 ◦C for 30 min to enhance the perpendicular magnetic anisotropy (PMA). The basic
magnetic properties of the different samples are similar, therefore, only the results of the
Ta(5)/Gd(1)/CoFeB(w)/MgO(2) multilayer are presented. The schematic illustration of the
Ta/Gd/CoFeB/MgO structure is shown in Figure 1a. The films were patterned into Hall bar
devices with the dimension of 130 × 20 μm2 (see Figure 1b) via standard photolithography
and dry etching techniques for anomalous Hall effect (AHE) and magneto-optical Kerr
effect (MOKE) microscopy measurements. For the Hall bar device, there could be some
thickness variation, however, the wedged trend should be kept.

Figure 1c shows the AHE loops of the devices with a series of tCoFeB, in which the RH
and Hz are the Hall resistance and out-of-plane external magnetic field, respectively. The
sharp-square loops indicate the existence of a PMA for the devices. The dynamics of the
domain wall driven by Hz for the whole Hall bar device with tCoFeB = 0.70 nm is shown in
Figure 1d. In image 1©, the red dotted line shows the current channel of the Hall bar device.
At first, a large Hz along +z direction was applied to saturate the sample, and the picture
was chosen as the reference as shown in image 1©. As Hz increases in the −z direction and
reaches the switching field, a reversed domain is nucleated at the bottom edge of the device
(see image 2©). As the field increases, the domain expands to the whole Hall bar device, as
shown in images 3©– 5©. These results show that the switching is accomplished by domain
nucleation and the domain wall motion. We also measured the perpendicular anisotropy
energy density Ku (Ku = μ0HkMs/2). Ms is the saturation magnetization, which is measured
by the superconducting quantum interference device (SQUID) and has a magnitude of
~710 emu/cm3, μ0 is the vacuum permeability. Hk is the effective anisotropy field, which is
measured by the in-plane AHE loops, as shown in Figure 1e. It is known that RH is only
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proportional to the z-axis component of magnetization (M) in a system with PMA. As the
in-plane magnetic field (Hx) increases, M will be rotated from the z direction (easy axis)
to the x direction (hard axis). Consequently, there is a reduction of the RH at high fields,
as shown in Figure 1e. Figure 1f summarizes the tCoFeB dependence of Ku. Ku increases
first when tCoFeB < 0.77 nm, which has been attributed to the change of the CoFeB/MgO
interface (i.e., the interfacial anisotropy) caused by B diffusion [32]. With further increasing
the CoFeB thickness, Ku starts to decrease since the PMA has an interfacial origin [33].

Figure 1. (a) Sketch of the multilayer stack of Ta(5)/Gd(1)/CoFeB(w)/MgO(2) (layer thickness in nm).
(b) Hall bar device and the measurement configuration. (c) AHE loops for the devices with different
CoFeB thicknesses under a current of I = 1 mA. (d) Representative MOKE images of the perpendicular
magnetic field induced domain wall motion for the whole Hall bar device with tCoFeB = 0.70 nm.
(e) Hall resistance (RH) as a function of the in-plane magnetic field (Hx). (f) The CoFeB thickness
dependence of perpendicular magnetic anisotropy energy (Ku).

Next, we show the field-free SOT switching in the devices with different tCoFeB per-
formed by the Keithley 2612A source/measure unit. In the measurements, the writing
pulses with a width of 1 ms were injected along the device channel. To avoid applying
a zero-writing current, the step number was set as 101 for scanning the writing pulse
between −35 (−30) mA and 35 (30) mA. After each writing pulse, the Hall resistance was
measured by a reading current of 3 mA. Figure 2a shows the field-free SOT switching for
devices of 0.66 nm < tCoFeB < 0.91 nm. The current density (Je) is calculated by assuming
a uniform current distribution across the film stack. As a reference, we have measured
the magnetization switching curve in the absence of external magnetic fields loop in the
structure without the wedge structure, as shown in Figure 2a. One can see that there is no
deterministic SOT-induced magnetization switching. The previous work has demonstrated
that the field-free SOT switching was driven by the current-induced He f f

z that originates
from the lateral asymmetry [16]. In detail, the wedged layer is deposited at an oblique
angle with respect to the substrate surface (along the y axis) without rotating the sub-
strate, so it is grown in a tilted direction away from the substrate normal. Consequently,
it breaks the mirror symmetry with respect to the x–z plane and allows for the creation
of a built-in effective electric field (E) along the y axis. Consequently, a current induced
He f f

z is expected due to the Rashba spin–orbit coupling (SOC), which is expressed by
He f f

z = α · (p × E) [15,34]. Here, α is the Rashba SOC constant depends on the materials,
and p represents the electron’s momentum. If He f f

z is larger than the coercivity, the magne-
tization switching can be achieved, although the thickness gradient is very tiny. Figure 2b
shows the SOT switching loops under different Hx for the device with tCoFeB = 0.81 nm. We
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found that the switching polarity changes from a clockwise mode to an anticlockwise mode
when the field is increased to Hx = 50 Oe. In this case, the switching is not dominated by
the He f f

z anymore, and the conventional damping-like SOT dominates the switching with
the assistance of the in-plane magnetic field. It is worth noting that the switching polarity
under a large positive Hx is consistent with the case in the Ta/CoFeB/MgO system [2].
Nevertheless, the Gd has a positive spin Hall angle (θSH) [35], which is opposite to Ta.
In this regard, we conclude that the conventional damping-like SOT originates from the
spin current that is generated in the Ta layer and diffuses through the Gd layer even it is
partially compensated by the spin current in the Gd layer.

Figure 2. (a) Field-free SOT switching loops for the devices with different tCoFeB. (b) SOT switching
at zero field and in-plane magnetic fields of Hx = ±50 Oe for the device with tCoFeB = 0.81 nm.
(c) Representative MOKE images of pulsed current−driven magnetization switching for the whole
Hall bar device with tCoFeB = 0.70 nm. (d) The measured SOT efficiency χ as a function of the in-plane
magnetic field for different tCoFeB. (e) The relationship between the estimated DMI constant |D| and
1/tCoFeB.

During the current-driven magnetization switching, the MOKE measurements were
performed simultaneously. Figure 2c shows the MOKE images of SOT switching by using
the same Hall bar device as shown in Figure 1d. During the measurements, a large Hz
along +z direction was first applied to saturate the magnetization, and the picture was
chosen as the reference, as shown in image 1©. Then, the current pulses were applied to
drive the magnetization switching. Interestingly, the nucleation position is different from
that in Figure 1d. For the SOT-driven switching, the initial reversal of domain occurs on the
right side of the device channel, as shown in image 2©, which is likely due to the presence of
Dzyaloshinskii–Moriya interaction (DMI) [36,37] that tilts the magnetization at the device
boundary [38], lowering the SOT switching barrier for the right edge and thus to induce
the domain nucleation. As the current increases, the DW is subsequently driven to the left
side of the device channel. For the observed DW, the neighboring magnetizations on its
two sides point ↑↓. When a current is applied along +x axis, the spin orientation (σ) of the
net spin current is along +y direction. The dimpling-like field (HDL) as a driven force of
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the DW can be expressed as HDL = m × σ, pointing respectively along +z or −z direction
when the magnetic moment (m) in the DW along +x (→) or −x (←) directions. Here, “→”
and “←” refer to the in-plane component of m in the center of DW. Obviously, the current
along +x drives the DW to move along −x direction, namely, an effective HDLalong −z
direction is generated. Thus, the magnetic configuration in the domain wall is ↑←↓, i.e.,
a left-handed chirality. The magnitude of DMI can be obtained by measuring the AHE
loops of switching a Hall cross with combined Hx and Hz under a series of DC current
densities [39,40]. Figure 2d summarizes the SOT efficiency (χ) as a function of Hx. The
saturated field with the maximum χ corresponds to the effective DMI field (|HDMI|). Then,
the DMI exchange constant (|D|) can be obtained by using |D| = μ0MsΔ|HDMI| [41],
where Δ is the DW width and is related to exchange stiffness constant A ≈ 1.5 × 10−11 J/m
and Ku, with the form of Δ = (A/Ku)1/2 [6,39]. The value of the |D| scales linearly with
the inverse of tCoFeB, as shown in Figure 2e, indicating its interfacial origin.

In the following, we extract the current-induced He f f
z . Figure 3a shows the hysteresis

AHE loops under currents with opposite polarities. The AHE loop shifts to the left under
a negative current, indicating the existence of a perpendicular effective field along +z
direction (H+

z ). Similarly, a positive current generates an effective perpendicular field along
the −z direction (H−

z ). The averaged perpendicular effective field He f f
z can be obtained

by He f f
z = (H−

z − H+
z )/2 = βJ, where β and J refer to the efficiency of He f f

z and the current
density, respectively. Figure 3b shows the tCoFeB dependence of β, where β decreases firstly
and changes its sign at tCoFeB ≈ 0.66 nm, after that β increases negatively. The sign change
of β is consistent with our previous work [16]. It is worth noting that the β at 0.63 nm
< tCoFeB < 0.66 nm shows small magnitudes, which are likely responsible for the partial
switching and same polarity of switching, as shown in Figure 2a.

Figure 3. Current-induced out-of-plane effective magnetic fields measured using loops-shift methods.
(a) Out-of-plane hysteresis loops under opposite current polarities for tCoFeB = 0.70 nm. (b) β as
a function of CoFeB thickness, where the full field-free SOT switching only can be found in the
green region.

To explore the key factors that affect the β, samples ii-vi were measured. Figure 4
summarizes the CoFeB thickness dependence of β for these samples. We found that He f f

z
exists in all laterally asymmetric structures, indicating this is a universal phenomenon. The
Pt/CoFeB, IrMn/CoFeB, and Gd/CoFeB samples have a similar thickness dependence,
while Ta/CoFeB, Mo/CoFeB, and W/CoFeB samples show an opposite dependence. To
better compare these samples, the β, θSH, and Ds = D·tFM are extracted for all the samples,
as shown in Table 1. We note that some parameters are obtained from the literatures.
We found that the interfacial HM layer attached to the FM has a significant relation to
the β. First, the sign of β for the thin CoFeB region is determined by the sign of θSH of
the interfacial HM layer attached to the FM layer. The β is positive (negative) for the
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interfacial HM that has a positive (negative) θSH. For example, the β values are positive
when the interfacial HM are Pt, IrMn, and Gd, which have a positive θSH. Similarly, β
values are negative when the interfacial HM are Ta, Mo, and W, which have a negative
θSH. Consequently, β is negative for Ta/CoFeB, Mo/CoFeB, and W/CoFeB samples. As the
thickness of CoFeB increases, β changes its sign at thick CoFeB side except for the Pt/CoFeB
and IrMn/CoFeB samples. Our previous work pointed out that the sign of β likely depends
on the work functions of interfacial HM and FM [34]. Thus, the sign-change of β in our
systems may be ascribed to the thickness dependence of work function of CoFeB layer. The
sign-change was not observed for Pt and IrMn samples, which may be attributed to the
fact that the PMA regions in these two systems are narrow and the sign reversal thickness
is not reached. For all the samples, the magnitude of β strongly depends on the CoFeB
thickness, which may be caused by the thickness dependences of the work function of FM
layer, Ku, interfacial DMI, and the oblique deposition induced crystal structure asymmetry
of CoFeB layer. Further work is required to elucidate the microscopic origin of the thickness
dependence.

Figure 4. The summarized β as a function of wedged CoFeB thickness in X/CoFeB systems, where X
are Pt, IrMn, Gd, Ta, Mo, and W. The inset shows the enlarged IrMn/CoFeB case.

Table 1. Room temperature β, θSH, and Ds in this work.

HM
β (Oe/(106 A/cm2))

θSH Ds (10−15 J/m)
Thin CoFeB Thick CoFeB

Pt 8.3 2.2 0.05~0.15 [42] −965 [43]
IrMn 0.2 0 0.057 [44] −172 [45]
Gd 0.24 −1.44 0.04 [35] −146
Ta −5.5 1.2 −0.05~−0.35 [2,46] 36 [43]
Mo −5.1 1.1 −0.003 [47] 490 [47]
W −3.5 2.5 −0.14~−0.49 [48] 73 [43]

In conclusion, we have demonstrated that the current-induced SOT perpendicular
effective field is universal for a variety of laterally asymmetric multilayers with a wedged
FM layer. The efficiency β is sensitive to the HM/FM interface and the FM layer thickness.
The sign of β in a laterally asymmetric structure at thin FM thickness position is determined
by the sign of the θSH of interfacial HM layer attached to the FM layer. As the thickness
of FM increases, the sign reversal of β is observed, which may be related to the thickness
dependence of the work function of FM. Our work advances the understanding of the
out-of-plane effective field in the laterally asymmetric device and provides a pathway in

184



Nanomaterials 2022, 12, 1887

engineering the perpendicular effective field. However, additional advantages may be
added to the field-free SOT devices. For example, Pt usually introduces a large DMI [3],
IrMn provides antiferromagnetic coupling [20,44], Mo improves the sample’s thermal
stability [49], and W has a larger θSH [48].
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