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Nanocomposite Design for Energy-Related Applications
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Abstract: Nanocomposites, which combine various nanomaterials, offer immense poten-
tial in the design of advanced materials for energy-related applications. These materials,
engineered at the nanoscale, exhibit enhanced properties compared to their bulk counter-
parts, such as improved electrical conductivity, mechanical strength, and thermal stability.
Nanocomposites have emerged as promising candidates for use in energy storage systems,
including batteries and supercapacitors, by improving energy density, cycle life, and charge–
discharge rates. In renewable energy technologies such as fuel cells, nanocomposites play a
crucial role in enhancing efficiency and stability, which are vital for reducing costs and pro-
moting the adoption of clean energy solutions. The unique properties of nanocomposites,
such as high surface area and tunable composition, allow for the integration of multiple
functionalities, making them ideal for multifunctional catalysts in energy conversion and
environmental remediation. Additionally, nanocomposites enable the development of
energy harvesting systems with improved performance and durability. These materials can
be tailored by adjusting the composition of the nanomaterials, opening new opportunities
for energy applications. The increasing research into nanocomposites continues to drive
innovation in energy-related technologies, positioning them as a key enabler for sustainable
energy solutions and future advancements in renewable energy systems.

Keywords: nanocomposites; energy; lithium-ion battery; thermochromic; SOFC; binder

Nanocomposites, materials that combine multiple nanomaterial components, have
emerged as a significant area of research due to their unique properties and potential
applications across a wide range of industries. When engineered at the nanoscale, ma-
terials often exhibit distinct electronic, physical, and mechanical characteristics that are
drastically different from their bulk counterparts. These unique properties are particularly
advantageous in the design of advanced technologies in energy systems, such as batteries,
supercapacitors, solar cells, fuel cells, and multifunctional catalysts. Nanocomposites
take advantage of the synergistic combination of the properties of different nanomaterials,
allowing for the creation of materials with enhanced or even entirely new functionalities
that cannot be achieved through the use of individual components alone. This synergy
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offers nanocomposites greater flexibility in terms of chemical composition, morphology,
and other properties, making them suitable for highly specialized applications that require
optimized performance. For example, in energy storage systems such as batteries and
supercapacitors, nanocomposites provide enhanced energy density, longer cycle life, and
faster charge–discharge capabilities compared to conventional materials. They offer im-
proved efficiency and stability in solar cells and fuel cells, crucial for reducing costs and
increasing the feasibility of renewable energy technologies. Additionally, nanocomposites
play an essential role in multifunctional catalysts, where their unique surface properties can
accelerate chemical reactions, increasing their utility in sustainable energy production and
environmental remediation. The flexibility of nanocomposites allows researchers to tailor
their properties by adjusting the composition of the components, opening new avenues
for energy harvesting, conversion, and storage technologies. Their potential to improve
existing materials and enable the development of new energy systems is transformative,
positioning nanocomposites as a cornerstone for future advances in renewable energy and
sustainability. As research on nanocomposites continues to evolve, their applications in
novel energy-related fields are expected to expand, driving innovation in the quest for
more efficient and sustainable solutions to global energy challenges. This Special Issue
features a selection of six original research articles and two in-depth reviews, focusing on
the latest developments, ongoing challenges, and future prospects in this evolving field.

One often-overlooked aspect of the energy storage field is its environmental impact. A
prime example is the widespread use of polyvinylidene fluoride (PVDF) as a binder. These
substances are notorious for their persistent and bioaccumulating pollution, particularly
during production processes, leading to significant environmental concerns. To address
this, Nirschl et al. investigated the potential of using silica as a substitute for PVDF as
a binder for carbon black [1]. They synthesized colloidal silica particles via the Stoeber
process and coated them onto carbon black using a spray flame method. The study revealed
that larger silica particles, due to their higher mass, tended to deflect upon contact with
carbon black aggregates, while smaller particles, especially those with a primary particle
size of 10 nm, adhered more readily and sintered to the carbon black. The findings suggest
that the optimal conditions for the hetero-aggregation of carbon black and silica occur
when the mass ratios of silica to carbon black are equal to or below one and when the silica
particles are small in size.

Regarding materials engineering for energy storage, Wang and colleagues intro-
duced a novel three-dimensional porous nanosheet antimony/carbon (3DPNS-Sb/C)
anode [2]. This composite demonstrates a reversible capacity of 511.5 mAh g−1 when
cycled at 0.5 A g−1 over 100 cycles, and maintains 289.5 mAh g−1 at an elevated rate of
10 A g−1. The synthesis protocol entails a controlled hydrothermal reaction followed by
thermal annealing, during which Sb nanoparticles are homogeneously generated in situ
within a self-supporting organic carbon matrix. The uniform dispersion of Sb is ascribed to
the facile reduction of sodium antimonate and the strong interfacial affinity afforded by
the carbon network. Consequently, the resulting 3DPNS-Sb/C composite leverages both
the structural advantages of its polymer-derived framework and the enhanced electrical
conductivity imparted by the carbon scaffold. Similarly, Ma et al. synthesized a series of
Sn-doped Li1.3Al0.3SnxTi1.7−x(PO4)3 (LATP-xSn) ceramic electrolytes via a conventional
solid-state route, systematically varying the Sn4+ content to probe its effects on crystal
structure and ion-transport characteristics [3]. To mitigate interfacial resistance between
the ceramic and polymer phases, they fabricated a sandwich-type composite electrolyte by
casting a PEO-based polymer precursor onto both faces of the modified LATP pellet, rather
than blending the two constituents homogeneously. This bilayer architecture was shown to
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markedly lower solid–solid interface impedance, thereby enhancing overall electrochemical
performance.

Thermochromic materials—which reversibly alter their optical or electrical proper-
ties in response to temperature changes—hold significant promise for energy-efficient
technologies, adaptive optics, and environmental sensing. By dynamically modulating
solar transmittance or reflectance, thermochromic coatings can reduce building energy
consumption for heating and cooling without relying on external power, thereby lowering
greenhouse gas emissions and operational costs. In its monoclinic form, vanadium dioxide
(VO2) undergoes a reversible phase transition to the rutile structure upon heating, a trans-
formation accompanied by a sharp drop in near-infrared transmittance that makes it an
attractive candidate for smart window coatings. Zhao et.al reported a straightforward one-
step annealing procedure to synthesize VO2 powders [4]. Following synthesis, the particles
were rapidly quenched in either deionized water or ethanol to introduce controlled surface
lattice distortions. The resulting composite films exhibited pronounced localized surface
plasmon resonance (LSPR) effects, leading to a significant enhancement in solar-energy
modulation performance compared to undistorted VO2 coatings.

Molecular oxygen, upon activation by visible light, generates radicals with substantial
oxidation capabilities, offering significant potential for environmental remediation. In a
noteworthy study, Zhang et al. demonstrated that coupling two-dimensional (2D) CdIn2S4

with 2D graphitic carbon nitride (g-C3N4) represents an efficient strategy to enhance the
photocatalytic activity of CdIn2S4 while simultaneously reducing the reliance on cadmium
species [5]. Their research reported the successful construction of 2D/2D CdIn2S4/g-C3N4

nanocomposites with varying weight ratios, achieved through a straightforward and
cost-effective electrostatic self-assembly technique. This approach not only improves
the photocatalytic performance but also offers a sustainable method for reducing the
environmental impact associated with Cd-based materials.

Transition metal nitrides have emerged as materials of considerable research in-
terest due to their hybrid bonding character—combining metallic, ionic, and covalent
interactions—which underpins their remarkable mechanical and electronic performance.
In a recent first-principles investigation, Zhang and co-workers explored the impact of man-
ganese substitution on the cubic phase of molybdenum nitride (d-MoN:Mn) [6]. Through
detailed electronic structure calculations and comparative analysis of multiple spin ar-
rangements, they unraveled the mechanisms through which Mn dopants induce magnetic
behavior and mediate exchange interactions. Their results reveal how the introduction of
Mn modifies the host’s band structure and fosters long-range magnetic coupling among
dopant sites.

In addition to the recent experimental advancements in the field, two comprehensive
reviews have made substantial contributions by providing in-depth analyses of specific ma-
terials relevant to energy applications. One of these reviews focuses on the two prominent
families of oxygen-conducting electrolytes: doped lanthanum aluminates (LaAlO3) and lan-
thanum gallates (LaGaO3) [7]. These materials are of particular interest due to their crucial
role in solid oxide fuel cells (SOFCs), where high ionic conductivity and chemical stability
at elevated temperatures are essential. The review meticulously examines the preparation
methods of these electrolytes, their chemical stability, thermal behavior, and transport prop-
erties, all of which are deeply intertwined with the performance characteristics required
for efficient SOFC operation. The second review delves into the promising field of inks
based on two-dimensional (2D) MXene sheets, which have garnered significant attention
due to their unique properties and versatile applications [8]. This review comprehensively
explores the recent developments in the synthesis of MXene-based inks, highlighting their
potential for use in various applications such as flexible electronics, sensors, energy storage
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devices, and as conductive materials in printed electronics. The properties, advantages, and
limitations of MXene inks are thoroughly discussed, with particular attention to their future
potential in the rapidly evolving field of additive manufacturing and printed electronics.
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Spray Flame Synthesis and Multiscale Characterization
of Carbon Black–Silica Hetero-Aggregates

Simon Buchheiser *, Ferdinand Kistner, Frank Rhein and Hermann Nirschl *

Process Machines, Institute of Mechanical Process Engineering and Mechanics, Karlsruhe Institute of Technology,
76131 Karlsruhe, Germany; ukxmk@student.kit.edu (F.K.); frank.rhein@kit.edu (F.R.)
* Correspondence: simon.buchheiser@kit.edu (S.B.); hermann.nirschl@kit.edu (H.N.)

Abstract: The increasing demand for lithium-ion batteries requires constant improvements in the
areas of production and recycling to reduce their environmental impact. In this context, this work
presents a method for structuring carbon black aggregates by adding colloidal silica via a spray flame
with the goal of opening up more choices for polymeric binders. The main focus of this research
lies in the multiscale characterization of the aggregate properties via small-angle X-ray scattering,
analytical disc centrifugation and electron microscopy. The results show successful formation of
sinter-bridges between silica and carbon black leading to an increase in hydrodynamic aggregate
diameter from 201 nm to up to 357 nm, with no significant changes in primary particle properties.
However, segregation and coalescence of silica particles was identified for higher mass ratios of silica
to carbon black, resulting in a reduction in the homogeneity of the hetero-aggregates. This effect
was particularly evident for silica particles with larger diameters of 60 nm. Consequently, optimal
conditions for hetero-aggregation were identified at mass ratios below 1 and particle sizes around
10 nm, at which homogenous distributions of silica within the carbon black structure were achieved.
The results emphasise the general applicability of hetero-aggregation via spray flames with possible
applications as battery materials.

Keywords: hetero-aggregation; small-angle X-ray scattering; carbon black; silica; spray flame;
nanoparticle characterization

1. Introduction

The urgent need for a reduction in the use of fossil fuels in order to reduce CO2
emissions has led to the emergence of electro mobility, e.g., in the form of electric cars.
Currently, lithium-ion batteries are the most frequently used component for energy storage.
The batteries consist of multiple components, including active materials, polymer binders
and carbon black. Therein, the active materials are responsible for energy storage, and the
carbon black increases the conductivity via the creation of electrical pathways between the
active material particles. At the cathode side, a frequently used binder is polyvinylidene
fluoride (PVDF), which ensures the uniformity and binding of the active materials, correct
slurry rheology [1] and the dispersion of the carbon black [2]. However, PVDF is part of
the group of per- and polyfluoroalkyl substances (PFASs), which are responsible for the
persistent and bioaccumulating pollution of the environment during production [3] and
recycling [4]. Thus, the European Union is evaluating a possible ban on the production,
use, sale and import of PFASs until September 2023, which is why the development and
evaluation of alternatives is of the utmost importance. However, PVDF has the advantages
of a high mechanical strength, corrosion resistance and chemical stability, making it difficult
to replace [5]. One option is to improve the properties of the carbon black network with
another additive to reduce the technical requirements on the binder. In polymers, the addi-
tion of silica to carbon black is used to adjust mechanical properties. One main application
is the reinforcement of tires [6], in which the miscibility of both components is linked to

Nanomaterials 2023, 13, 1893. https://doi.org/10.3390/nano13121893 https://www.mdpi.com/journal/nanomaterials5
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durability [7]. Although silica has insulating properties, it is able to improve the generation
of electrical pathways via carbon black, which may lead to increased conductivities [8].
Recently investigated carbon–silica structures for possible applications in Li-ion batteries
as anode materials include hollow spheres [9], aerogels [10], amorphous powders [11] and
carbon-coated silica nanoparticles [12]. To overcome the limitations of volume expansion
due to lithiation at the anode, the silica is nanostructured [13,14]. Moreover, on the cath-
ode side, nanostructured silica has been shown to improve the electrochemical cycling
stability [15]. Regarding the desired structure of carbon black, an open, high-surface-area
structure [16] that forms a robust carbon black–binder network is important for the elec-
trochemical performance [17,18]. Therein, the aggregate size of the carbon black has a
significant impact on the carbon black–binder network, with smaller particles (<250 nm)
forming a more cross-linked network [19]. The current methods for the synthesis of carbon
black–SiO2 composite materials include complex manufacturing methods that are not easily
scalable for industrial production. Therefore, this work introduces a hetero-aggregation
process carried out via the sintering of silica nanoparticles directly onto the carbon black
aggregates in a spray flame. Spray flames are scalable [20] and allow for the dispersion
of both particles due to the active mixing zone above the nozzle [21]. The feasibility of
the spray flame synthesis of hetero-aggregates has been shown frequently for catalysts in
which the sintered contact between the catalytic material and promoter is able to improve
the catalytic activity [22,23]. For hetero-aggregates of carbon black and silica, the sintered
hetero-contact may lead to improvements in mechanical strength and dispersibility. In
theory, this leads to a reduction in the demand on the multi-functionality of the polymeric
binder, opening up alternatives to PVDF. Another possible improvement gained via hetero-
aggregation is an increase in aggregate stability, leading to easier processing during dry
mixing, during which conductivity due to the deformation and breakage of carbon black is
possible [24].

In order to achieve the desired macroscopic properties, the hetero-aggregation process
and its influencing factors must be understood on a microscopic level. However, the result-
ing hetero-aggregates are highly fractal nanoscale structures that consist of two different
amorphous materials and are therefore difficult to reliably characterize. Hence, a multiscale
characterization ranging from primary particle properties to aggregate properties is needed.
Common characterization methods for hetero-aggregates are laser light diffraction [25,26],
X-Ray diffraction [26] and electron microscopy [27,28]. In order to obtain comprehen-
sive information about primary particles, as well as aggregate and mixing properties, a
combination of ultra-small-angle X-ray scattering (USAXS), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) with energy-dispersive X-ray
spectroscopy (EDXS) and analytical disc centrifugation (ADC) is used. USAXS provides in-
tegral information about the aggregates and is routinely used for aggregates of carbon and
silica, as well as products obtained via spray flame synthesis [29–32]. The results include
fractal dimensions of the aggregates as well as the mean primary particle sizes of both
materials. ADC allows for the determination of changes in the hydrodynamic aggregate
size for varying flame parameters. The combination of HAADF-STEM and EDXS yields
qualitative information about aggregate shapes, primary particle size distributions and the
homogeneity of the dispersion. In order to understand the behaviour of hetero-aggregation
in a two-material system, the aggregation mechanisms of pure carbon black and pure silica
particles (one-material system) are first investigated. Afterwards, the obtained findings
are compared with the experimental results of the hetero-aggregation process in order to
determine the influence of the primary silica particle size on the hetero-aggregate size, pri-
mary particle properties, fractal dimensions and the homogeneity of the hetero-aggregation
process. As a result, optimized experimental conditions are presented.
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2. Materials and Methods

2.1. Synthesis of Silica Particles

The colloidal silica particles were synthesised via the Stoeber process [33], using am-
monia (25% ammonia solution for analysis, Merck, Darmstadt, Germany) as a catalyst and
tetraethyl orthosilicate (TEOS) (98% tetraethoxysilane, Alfa Aesar, Karlsruhe, Germany)
as a precursor. The cosolvent was ethanol (VWR Chemicals, Darmstadt, Germany). Tem-
perature control and mixing were achieved using a magnetic stirrer with a heating plate.
The exact experimental conditions are provided in the Supplementary Information. Table 1
lists the names of the samples with the corresponding mean particle diameter, d50,0 +/−
one standard deviation of the number size distribution averaged over a triple measure-
ment, as determined via dynamic light scattering (Zetasizer nano ZS, Malvern Panalytical,
Malvern, UK).

Table 1. Overview of the colloidal silica particles produced and their mean diameters.

Name d50,0 in nm

60 nm 63.6 ± 14.9
40 nm 39.2 ± 11.9
30 nm 32.0 ± 8.1
10 nm 11.6 ± 3.4

2.2. Production of the Hetero-Aggregates

For the production of the hetero-aggregates, a carbon black of the type TIMCAL
Super C65 (Nanografi Nano technology, Çankaya/Ankara, Turkey) was suspended in
ethanol with a mass concentration xCB of 0.5 weight-%. The suspension of the colloidal
silica particles was added to the stock solution in varying mass ratios to the concentration
of carbon black that ranged from 5 xCB

xSiO2
to 0.2 xCB

xSiO2
. The particles were then dispersed

with ultrasonic waves (Branson Sonifier 450, Branson Ultrasonics, Danbury, CT, USA) to
break up the existing agglomerates. For clarification, in this publication, loosely bonded
particles, e.g., particles bonded by Van der Waals forces, are referred to as agglomerates,
whereas aggregates are considered particle networks bonded by strong interactions, e.g.,
solid sinter bridges. The suspension was then fed into the spray flame using a SpraySyn
burner (University of Duisburg-Essen, Duisburg, Germany). The gas flows were controlled
via mass flow controllers by Bronkhorst (Ruurlo, The Netherlands ). A laminar pilot
flame was ignited with 2 standard litres per minute (slm) of CH4 and 12 slm of O2. To
stabilise the flame, a sheath gas flow of 120 slm of pressurized air was added. The spray
flame was created in the centre of the burner, where a canula with an annular gap was
located. A syringe pump (Harvard Instruments, Holliston, MA, USA) conveyed the
prepared suspension through the canula. The gas flow of 10 slm of O2 through the annular
gap atomized the suspension. The resulting spray was then continuously ignited by the
pilot flame, which created the spray flame. A scheme of the burner is presented in the
Supplementary Material with an overview of the burner parameters. Further general data
regarding the burner are published in [34]. At 12 cm above the burner surface, a hole-
in-tube probe collected the hetero-aggregates on a nanoporous track-etched membrane
(Whatman Nuclepore Track-Etched Membranes, Cytiva, Amersham, UK) with a pore
diameter of 200 nm.

2.3. Aggregate Characterization

The hetero-aggregates produced were characterized using small-angle X-ray scattering
(Xeuss 2.0 Q-Xoom, Xenocs SA, Sassenage, France) in order to obtain information about
the multiple structural characteristics ranging from the primary particle diameters to the
fractal dimension of the aggregate. Beam generation was achieved with the X-ray micro
focus source Genix3D Cu ULC (Ultra Low divergence), which emits Cu-Kα radiation with
an energy of 8.04 keV and a wavelength of 1.5406 Å. For an extended measuring range,
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a Bonse-Hart-module [35] for USAXS measurements was installed. The powder samples
were prepared for measurement on adhesive polyimide foil. The chosen exposure time
was 30 min, with a distance of 2500 mm from the sample to the detector. A comparative
image analysis of the HAADF-STEM (FEI Tecnai Osiris, FEI company, Hillsboro, OR, USA)
images, carried out via ImageJ [36], yielded a number-based size distribution of the primary
particles. The hydrodynamic aggregate size distribution was measured with an analytical
disc centrifuge (CPS instruments, Prairieville, LA, USA). Before the measurement, the
particles are suspended in deionised water (0.01 mass-%) and dispersed with ultrasonic
waves (Branson Sonifier 450, Branson Ultrasonics, Danbury, CT USA) for the breakage of
the agglomerates.

Small-Angle X-ray Scattering

The scattering of incoming X-Rays on nanoparticles is characteristic to their nanoscale
structures, such as particle size and morphology. The resulting scattering curve is a double
logarithmic plot of an intensity I over the scattering vector q in −1. The scattering vector q
in Equation (1) describes the scattering angle 2θ independent of the wavelength λ of the
primary beam and is provided by:

q =
4π
λ

sin(θ). (1)

Guinier’s law (Equation (2)) yields information about particle or aggregate size in the
form of the radius of gyration Rg with pre-factor G at small angles (qRg < 1):

I(q) = G exp

(
−q2R2

g

3

)
(2)

The slope of the scattering curve is provided by a local power law fit with prefactor B
according to:

I(q) = B q−P. (3)

For fractal aggregates, the exponent P is equal to the fractal dimension of the mass
of the aggregate DFM [37]. For surface fractals, the exponent P is also proportional to the
fractal dimension of the surface DFS.

P = 6 − DFS, (4)

resulting in values for P between 3 and 4, making it possible to distinguish mass and surface
fractals. If the exponent P equals 4, the particles exhibit an ideally smooth surface with a
sharp density transition, fulfilling Porod’s law [38]. Further evaluation of the scattering
data was performed via the unified fit model (Irena Package 2.71 [39], IgorPro, Wavemetrics,
Portland, OR, USA), according to Beaucage [40]. The results of the unified fit yield a log-
normal size distribution with the assumption of spherical primary particles. The geometric
standard deviation σg is calculated from the parameters of Guinier’s law and the power
law fit with the polydispersity index (PDI) [41]:

σg = exp

(√
ln(PDI)

12

)
; PDI =

B R4
g

1.62 G
. (5)

The mean diameter of the distribution is then calculated as follows [32]:

dSAXS = 2

√
5
3

Rg exp(−13
ln(PDI)

24
). (6)
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Due to the possible convolution of scattering information from the silica and carbon
black in the hetero-aggregates, the above-mentioned methodology was only applied to
pure materials.

3. Results

3.1. Pure Carbon Black in the Spray Flame

Figure 1 shows the changes in the primary particle and aggregate properties of the
pure carbon black in a spray flame using ethanol as dispersion liquid. Before the spray
flame, the carbon black had an open fractal structure with a fractal dimension of mass of
2.2, which was derived from the scattering curve with a unified fit, as depicted in Figure 1a.
The open-branched structure is also observable in the HAADF-STEM image, Figure 1d.
The radius of gyration of the primary particles was Rg = 46.4 nm and exhibited a sharp
density transition with P = 4, suggesting a smooth particle surface. From the fit parameters
B = 2.06 and G = 8.2·109, a number-weighted primary particle size distribution with a
median diameter of 38 nm and a geometric standard deviation of σg = 0.4 was calculated
using Equation 5. This particle size is in good agreement with the primary particle size
reported by Spahr et al. [42]. The ADC yielded a hydrodynamic aggregate size distribution
with a mode at 159 nm. After the spray flame, the hydrodynamic aggregate size of the
carbon black increased to dmod = 201 nm, with a reduction in the fractal dimension of mass
to 1.8, suggesting further aggregation in the spray flame. In the TEM image (Figure 1e), the
fractal structure of the carbon black is still observable. The analysis of the primary particles
via TEM imaging resulted in a mean particle diameter of 39.6 nm with a geometric standard
deviation from σg = 0.28. The retrieved fit parameters of the unified fit of the scattering
data after the spray flame were Rg = 33.3 nm, G = 1.1·1010 and B = 6.7. With P = 4, the
primary particle surface properties are unchanged. The calculated size distribution shows
a decrease in polydispersity in the geometric standard deviation from σg = 0.4 to 0.35 and
a decreased primary particle diameter of 35.5 nm. The differences in absolute values are
the results of the resolution limit for TEM and potential deviations from the assumptions
drawn from the SAXS data.

One major advantage of the holistic approach is the combined evaluation of multiple
particle and aggregate properties. Therein, only negligible changes in the primary particle
properties after the spray flame process are revealed, whereas the hydrodynamic aggregate
size increased due to further aggregation. Because of the newly formed inter-aggregate con-
nections, the structure became more open, which led to a decrease in the fractal dimension
of mass.

3.2. Pure Colloidal Silica in the Spray Flame

In order to evaluate the changes in the particle properties of the pure colloidal silica in
the spray flame using ethanol as dispersion liquid, a comparison of the SAXS data and the
TEM analysis was conducted. Figure 2 shows exemplary results for the 60 nm colloidal
silica particles before and after the spray flame. In Figure 2a, the scattering curve of the
sample after the spray flame exhibits multiple structure levels, which are also visible in
the accompanying HAADF-STEM image, Figure 2b. For scattering vectors in the range of
0.01 Å−1 and 0.1 Å−1, the properties of the primary particles (marked in red) were retrieved.
The local Guinier fit yielded a radius of gyration Rg = 25.3 nm which corresponds to a
sphere equivalent diameter of 65.3 nm. A comparison with the TEM data yielded a mean
diameter of 61.1 nm and shows good agreement. Furthermore, oscillations characteristic
for monodisperse spheres are observed in the scattering data. With a fractal dimension of
surface DFS = 2, the particles exhibited a smooth surface with a spherical shape, which is
identical to the properties prior to the spray flame. The silica particles visibly aggregated
and formed sinter bridges in the flame, which were both observable via TEM and SAXS
(marked in blue). A local power law fit results in a fractal dimension of mass DFM = 1.7. In
contrast, the scattering curve of the sample before the spray flame levels off, indicating the
characteristic spherical shape. In consequence, no significant aggregation or other large
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structures were present before the spray flame. The TEM images of the sample after the
spray flame revealed that most silica particles are directly connected to one to three other
particles, resulting in a mean coordination number of 2.1 ± 0.9. The contact length between
two aggregated silica primary particles was roughly half of the particle diameter. However,
an infrequent coalescence of the silica particles, leading to the formation of large structures
in the micron size range, was detected (marked with green). These structures were also
observed in the USAXS data with a radius of gyration Rg = 367.4 nm. The local power
law fit yields an exponent P = 2.8, showing an overlap between the fractal dimension of
surface of the structure (P between 3 and 4) and the fractal dimension of mass of the silica
aggregate, which mainly consists of the smaller primary particles (P = 1.7).
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Figure 1. (a) SAXS data of carbon black before and after the spray flame. The original scattering data
has been fitted with a unified fit. The local Guinier fit of the primary particles is highlighted with a
dashed line. (b) Size distributions calculated from the fit parameters of the unified fit. Additional
TEM data analysis of 224 counted primary particles of the carbon black after the spray flame yields a
comparative size distribution. (c) Normalized volume PSDs of the carbon black aggregates before
and after the spray flame, obtained via ACD, yield a hydrodynamic diameter. (d) HAADF-STEM
image of the carbon black before the spray flame and (e) after the spray flame.
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Figure 2. (a) SAXS data of the investigated colloidal silica particles before and after the spray
flame. The scattering curve of the particles was fitted with local power law and Guinier fits. The
colours of the local fits correspond to the colours of the structures formed, which are marked in the
HAADF-STEM image of the sample after the spray flame in (b). The sample before the flame was
measured as a dilute suspension.

In conclusion, the colloidal silica particles aggregated heavily in the spray flame.
Although coalescence was observed, most primary particles preserved their spherical shape.
Their infrequent coalescence into larger structures may be attributed to the residence time
distribution of the particles in the turbulent spray flame.

3.3. Characterization of the Hetero-Aggregates

The findings obtained for the spray flame experiments of the pure materials were
also observed for the hetero-aggregates of carbon black and silica. In Figure 3a, a HAADF-
STEM image of a hetero-aggregate with visible hetero-contact is shown. Closeups of the
hetero-contact between the carbon black and silica are depicted in Figure 3b–d. Due to
sintering, a large contact area between the carbon black and silica was formed. A clearly
defined border between the two materials is detected within the resolution limit.

    
(a) (b) (c) (d) 

Figure 3. (a) HAADF-STEM image of a hetero-aggregate with visible hetero-contact (white circle)
(b–d) Closeup HAADF-STEM image with EDXS of the hetero-contact, with carbon (symbol C)
coloured in green and silicon (symbol Si) coloured in blue. Experimental conditions were a mass
ratio of silica to carbon black of 3 and original colloidal silica primary particle size of 30 nm.
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As shown in Section 3.2, silica–silica homo-contacts and coalescence may lead to the
formation of homo-aggregates consisting of pure silica. The formation of these homo-
aggregates is visible in the SAXS data shown in Figure 4a. The slope at ultra-small angles
(q < 10−3Å−1) was fitted with a power law fit (Equation (3)), and the exponent P was
evaluated for different original particle sizes of silica and for different mass ratios of silica
to carbon black in Figure 4b. Similar to the data shown in Figure 2a the exponent P is
influenced both by the fractal dimension of mass of the aggregate (P ∼ 1.8 − 2.1 for carbon
black) as well as the fractal dimension of surface of the homo-aggregate (P = 4 for colloidal
silica). Consequently, a higher exponent corresponds with a higher relative degree of
homo-aggregation. In the scattering data, two major trends were observed: on one hand,
the exponent P is influenced by the particle size of the silica. For the hetero-aggregates
produced with 10 nm and 40 nm silica particles with mass ratios of one, the exponent
P was close to the fractal dimension of mass of the pure carbon black aggregates, with
values typically between 2.2 and 2.3 (see Section 3.1). For hetero-aggregates produced at
the same mass ratio but with silica particles 60 nm in size, the exponent P is increased to 2.8.
On the other hand, the mass concentration of silica in the hetero-aggregates significantly
influences homo-aggregation. For a silica particle size of 40 nm, the exponent increased
from 1.8 for a mass ratio of 0.33 to 2.5 for a mass ratio of 3. The HAADF-STEM image in
Figure 4c shows the formation of an irregular structure due to coalescence accompanied by
homo-aggregated 30 nm silica primary particles for a mass ratio of 3 and thus supports the
findings acquired via the SAXS analysis. For this particle size, an increase from 1.9 (mass
ratio 0.33) up to 2.5 emphasizes the importance of choosing lower mass ratios in order to
avoid homo-aggregation and possible coalescence.
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Figure 4. (a) SAXS data of hetero-aggregates produced at a mass ratio of silica to carbon black of 1
with varying sizes of the colloidal silica particles ranging from 10 nm to 60 nm. The evaluated power
law fit in the USAXS area is highlighted in red. (b) Derived exponents of the local power law fit in the
USAXS area for hetero-aggregates with different mass ratios of silica to carbon black ranging from
0.3 to 3. Two different primary particle size ranges of the colloidal silica were investigated: 30 nm and
40 nm. In order to evaluate the experimental spread, three individual experiments were evaluated
for a mass ratio of 0.33. (c) Observed homo-aggregation and coalescence of silica particles for a mass
ratio of SiO2 to carbon black of 3 and 30 nm silica particles in HAADF-STEM images.

The trends observed in the USAXS measurements are further supported by the ADC
measurements depicted in Figure 5. For mass ratios above or equal to three, the PSD is
bimodal (Figure 5a). The first mode is close to the observed hydrodynamic aggregate size
of pure carbon black, while the second mode corresponds to a structure in the micron size
range, possibly the homo-aggregates. The relative weight of the second mode increases
with a decrease in the silica particle size. Even though the formation of homo-aggregates is
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observed, the carbon black aggregates were incorporated into the formed silica structures
for smaller particle sizes. This was especially evident for the 10 nm silica particles at a mass
ratio of 3 for which only a single mode in the micron size range is measured. Therefore,
both materials show better miscibility for smaller silica particle sizes. For lower mass
ratios, the PSD resembled the PSD of pure carbon black after the spray flame with one
mode (Figure 5b). Figure 6b shows the dependency of the first mode of particle size on
the mass ratio of the silica particles. Due to the formed hetero-contact, by sintering silica
particles onto the carbon black aggregate structure, an increase in the mode hydrodynamic
aggregate diameter is expected, as the sedimentation speed is influenced by the aggregate
density, which may be increased by the attached silica (ρCB = 1.86 g

cm3 [42]; ρSiO2 = 2.1 g
cm3

depending on porosity [43]). Therefore, the hydrodynamic aggregate size is a measure for
the effectiveness of the incorporation of silica into existing CB structures. For all particle
sizes, the largest mode value is observed for an equal mass ratio of silica to carbon black,
showing the optimal incorporation of the silica in the carbon black structure. For the hetero-
aggregates produced with a silica particle size of 60 nm, the least pronounced change in
the hydrodynamic aggregate size is observed with a spread between 218 ± 19 nm and 255
± 8 nm. Furthermore, in Figure 6c, a TEM image of a hetero-aggregate produced with
60 nm silica particles is depicted. Therein, a carbon black aggregate exhibits only one
visible silica hetero-contact despite a mass ratio of silica to carbon black of 3, supporting the
drawn hypothesis of increasing the segregation of the two materials for larger particle sizes
of silica. Furthermore, the change in the hydrodynamic aggregate size for varying mass
ratios of silica was the most pronounced for hetero-aggregates produced with 10 nm silica
particles. Here, the maximum measured hydrodynamic aggregate size was 357 ± 10 nm.
Figure 6a underlines the influence of silica particle size on the size of the hydrodynamic
aggregate. In the EDXS scan, a homogenous distribution of silica on the carbon black
structure is apparent, meaning that both materials were successfully hetero-aggregated.
The decreasing mode aggregate diameter for mass ratios larger than 1 independent of silica
particle size indicates segregation due to the homo-aggregation of silica. However, in all
cases, the mode of the hetero-aggregates was larger than for the pure carbon black in the
spray flame. This means in all cases, some degree of hetero-aggregation was achieved.
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Figure 5. (a,b) Normalized volume PSDs of hetero-aggregates, as measured via ADC. For better
visual clarity, only every fifth data point is shown. The investigated hetero-aggregates were produced
with mass ratios of silica to carbon black of 3 (a) and 0.33 (b) for 10 nm, 30 nm and 60 nm colloidal
silica particles, respectively.
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Figure 6. (a,c) HAADF-STEM images with EDXS of a hetero-aggregate produced with (a) 10 nm silica
particles at a mass ratio of 0.33 and (c) 60 nm silica particles at a mass ratio of 3. Carbon is coloured
in green (symbol C), silicon in blue (symbol Si) and oxygen in red (symbol O). Therefore, the silica
(SiO2) particles in (a) show a pinkish colour. (b) First mode (highlighted in Figure 5a with a straight
line) of the PSD of hetero-aggregates for mass ratios of silica to carbon black ranging from 0.2 to 5 for
three silica particle sizes. The data points each represent two experiments with three respective ADC
measurements. The highlighted data points (a,c) correspond to the TEM images depicted in (a,c).

In conclusion, the data retrieved via both ADC and SAXS suggest that optimal hetero-
aggregation is achieved for mass ratios of silica to carbon black equal to or below 1 and particle
sizes of silica in the size range of 10 nm. This assumption is supported by the USAXS data,
which reveal a fractal dimension of mass of 2.2, which is equal to the aggregates of pure carbon
black (Figure 3a). The increased hydrodynamic aggregate size of 258 nm in comparison to
pure carbon black after the spray flame with 201 nm shows successful hetero-aggregation. For
higher mass ratios, increased segregation due to the homo-aggregation of silica is observed.

As an extra finding, a layer of carbon was formed on the surface of the silica particles
in the spray flame, as revealed in Figure 7. Although this was not observed for all surveyed
aggregates, the carbon layer is expected to increase the overall conductivity of the aggregate
and is therefore desirable.

 

Figure 7. Carbon layer on the surface of the silica particles (diameter of silica = 60 nm; mass ratio = 3).
Carbon is coloured in green (symbol C) and silicon in blue (symbol Si).
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4. Discussion

Carbon black is a widely used additive for to improve conductivity in batteries.
Therein, binders like PVDF ensure the binding of the active material as well as the stabiliza-
tion of the electric pathways of carbon black. However, the environmental hazards of PVDF
motivate the search for alternatives. A novel hetero-aggregation process is presented with
the goal of improving the inherent mechanical strength and dispersibility of carbon black
by incorporating colloidal silica into the carbon black structure via sintering in a spray
flame. This work focuses on a comprehensive description of hetero-aggregate properties
via multi-scale characterization through the use of SAXS, HAADF-STEM with EDXS and
ADC. Therein, the particle size and mass ratio of the silica particles were identified as
main factors in successful hetero-aggregation, which is achieved when a sinter contact
is formed without significant changes in primary particle properties. In the evaluated
TEM images, the majority of silica particles preserved their spherical shape and original
diameter while forming aggregates connected by sinter bridges. Therefore, it is suggested
that the surface of the silica is partially melted upon particle–particle contact which, in turn,
leads to plastic deformation, forming a contact area. The negligible changes in the primary
particle properties can be attributed to the short flame residence times of ≈0.7 ms [44].
However, previous researchers suggested the existence of a toroidal vortex within the
spray flame of the SpraySyn burner [45]. Recirculation within this vortex may explain the
infrequent observed coalescence of silica particles. The coalescence of silica particles has
been reported for temperatures ranging from 1300 to 1700 K [46,47], which are similar to
the gas phase temperature of the SpraySyn burner (around 1500 K in the spray flame [34])
used in this study. The rate of coalescence is directly influenced by the particle size, leading
to increased coalescence rates for smaller particles [48]. However, the observed segregation
of silica and carbon black for 60 nm silica particles resulted in an increased number of
silica homo-contacts which, in turn, facilitated the creation of homo-aggregates. A sim-
ilar trend was observed for mass ratios of silica to carbon black above 1. The increased
concentration led to an increased particle collision frequency which, in turn, increased the
coalescence rate [49] and the formation of homo-aggregates. The results of the different
measurement systems are consistent with each other. In the USAXS data, the formation of
homo-aggregates is identified by an increased exponent in the power law fit, leading to
values of up to 2.8 in comparison to the original carbon black used (1.8–2.2). Additionally,
in the ADC measurements, the homo-aggregates appear as a second mode in the micron
size range.

In conclusion, larger silica particles may deflect upon contact with the carbon black
aggregates due to their higher mass, whereas smaller silica particles tend to adhere and
sinter to the carbon black. Therefore, the results suggest that the optimal experimental
conditions for the hetero-aggregation of carbon black and silica are mass ratios equal to or
below one and low silica primary particle sizes (10 nm). Smaller silica particle sizes are
only achievable via a modification of the Stoeber method, e.g., through the addition of
Triton X-100, which would lead to impurities in the spray flame [50]. TEM images of the
hetero-aggregates produced under these experimental conditions show a homogeneous
distribution of the silica on the carbon black structure. Furthermore, a fractal dimension
of mass close to the original value for carbon black (2.2) and an increased hydrodynamic
aggregate diameter of 258 nm were measured, which further supports the assumption
of high-quality hetero-aggregation. Additionally, individual silica particles coated with
carbon layers were identified. They are expected to exhibit advantageous properties for Li-
ion battery applications [12,51] and should be investigated in further studies. In summary,
the obtained results emphasize the general applicability of spray flames for the production
of novel hetero-aggregate materials. Future studies will focus on the determination of
functional properties like conductivity, dispersibility and the application of these hetero-
aggregates in batteries.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13121893/s1, Figure S1: Schematic drawing of the used
SpraySyn burner; Table S1: Experimental conditions of the stoeber process; Table S2: Flame parame-
ters of the SpraySyn burner.
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Abstract: Antimony (Sb) demonstrates ascendant reactive activation with lithium ions thanks to
its distinctive puckered layer structure. Compared with graphite, Sb can reach a considerable
theoretical specific capacity of 660 mAh g−1 by constituting Li3Sb safer reaction potential. Hereupon,
with a self-supported organic carbon as a three-dimensional polymer network structure, Sb/carbon
(3DPNS-Sb/C) composites were produced through a hydrothermal reaction channel followed by
a heat disposal operation. The unique structure shows uniformitarian Sb nanoparticles wrapped
in a self-supported organic carbon, alleviating the volume extension of innermost Sb alloying, and
conducive to the integrality of the construction. When used as anodes for lithium-ion batteries (LIBs),
3DPNS-Sb/C exhibits a high invertible specific capacity of 511.5 mAh g−1 at a current density of
0.5 A g−1 after 100 cycles and a remarkable rate property of 289.5 mAh g−1 at a current density of
10 A g−1. As anodes, LIBs demonstrate exceptional electrochemical performance.

Keywords: Sb/C; anode; alloying-conversion action; lithium-ion batteries

1. Introduction

What accompanies the swift advancement of various intelligent mobile appliances is
the enhancement of energy requirements, and LIBs have become attractive energy storage
and conversion devices [1–4]. Finding electrodes with superior capacity is one of the
most diffusely researched subjects in the domain of LIBs since the invertible ability is
diametrically relevant to the useful life of the cell [5–9]. Sb-based anode material has
received much attention and combines Li to form the Li3Sb alloy and gives rise to an
excellent theoretical specific capacity (660 mAh g−1) [10–16]. Furthermore, Sb is a member
of the most prospective anode materials for LIBs, which can be alloyed with Li at a low
reaction potential of approximately 0.8 V [12]. Nevertheless, Li-ion insertion/extraction
procedures lead to severe volume effect, which causes the prompt exacerbation of cycle
property [11,17].

Therefore, numerous strategies have been utilized to mitigate these issues of Sb-
based material anodes. For example, shrinking the grain diameter can curtail the Li-ion
convey way and dramatically mitigate the mechanical stress during alloy reaction and
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thus moderate the pulverization trouble, which is a pervasive medium to improve the
property of Sb-based anodes [11,18–20]. However, the machinery unsteadiness associated
with the lithium alloy reaction cannot be entirely resolved only by reducing the particle
dimension. The carbon matrix may undertake a rampart to adapt the polymerization and
pulverization of active granules while enhancing the conductivity, which is deemed as a
member of the prospective means to ameliorate the electrochemical property [14,21–41].
Noteworthily, since antimony is a heat-shrinking, cold-expanding metal, intermetallic
systems (Sb-based alloys) can possess a powerful structural relationship with Li-ion, which
leads to minor volume effects during the charge/discharge process [42–46]. Although the
series of preparations mentioned above effectively buffer the volume effect and mechanical
tension of Sb-based materials, the synthesis of nanoporous Sb-based composites through
an uncomplicated and extensible method is still essential for practical application in LIBs.

Herein, an innovative 3DPNS-Sb/C nanoparticle anode material is fabricated based
on the above discussions. It involves the uniformly in situ insertion of Sb nanoparticles
into self-supported organic carbon, exploiting a manageable hydrothermal synthesis re-
action and annealing treatment. The generation of the evenly distributed structure could
be attributed to the facile reduction of sodium antimonate (NaSbO3) and the formidable
binding interaction of the carbon network. The 3DPNS-Sb/C composites have the merits
of the polymer network structure effect and high conductivity. In addition, the unique con-
struction plays an appreciable role in enhancing the charge transfer kinetics and structure
steadiness during the repeated insertion/deinsertion procedure of Li-ion, which ultimately
exhibited excellent cyclability and rate property.

2. Experimental Section

2.1. Materials

Glucose (C6H12O6, CP, 99%), sodium antimonate (NaSbO3, 99.9%) and sodium poly-
acrylate ((C3H3NaO2)n, 99%) were stocked from Aladdin Reagent Co. Ltd. Shanghai, China.
All the chemicals and solvents were exploited as acquired without further depuration.

2.2. Synthesis of the3DPNS-Sb/C Composites

The 3DPNS-Sb/C composites were fabricated utilizing a common hydrothermal
synthesis reaction and annealing treatment. Typically, 1 g NaSbO3 and 0.02 g (C3H3NaO2)n
were dispersed in a Teflon-lined autoclave with 100 mL aqueous liquor consisting of 3 g
C6H12O6, and the autoclave was shut and conserved at 180 ◦C for 12 h, followed by a return
to room temperature. Next, the as-synthesized precursor was subjected to an annealing
process at 450 ◦C for 6 h with a warming speed of 3 ◦C min−1 under a perpetual high-purity
Ar. After spontaneously dropping down to ambient temperature, the obtained product
was denoted as 3DPNS-Sb/C-2. To assess the impact of the carbon content of the 3DPNS-
Sb/C composites, two distinct C6H12O6 concentrations (m(C6H12O6) = 2.5/3.5 g) were also
carried out while keeping other factors unchanged, which were denoted as 3DPNS-Sb/C-1
and 3DPNS-Sb/C-3, respectively.

2.3. Materials Characterization

X-ray diffraction (XRD, Bruker D8 Advance diffractometer using Cu Kα radiation
(λ = 1.5418 Å)) was used to authenticate the component and crystal structure of the as-
obtained 3DPNS-Sb/C composites. Field emission scanning electron microscopy (FESEM,
Hitachi S-4800, Tokyo, Japan) and transmission electron microscopy (TEM, FEI Tecnai
G2 S-Twin, Hillsboro, OR, America) were utilized to identify the morphology and struc-
tural characteristics. Thermogravimetric analysis (TGA) was executed utilizing a Q50
(Guangzhou, China) thermogravimetric analyzer from 25 through 800 ◦C at a velocity of
10 ◦C min−1 in an atmosphere of air. Nitrogen desorption/adsorption isotherms were
assessed by nitrogen adsorption at 77 K using a Quadrachrome Adsorption Apparatus
(Beijing, China). The Raman spectrum was acquired using a Renishaw Invia Raman mi-
croscope (Beijing, China). The X-ray photoelectron spectra (XPS) were recorded on a
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Thermo Scientific ESCALAB 250Xi (Shanghai, China) X-ray photoelectron spectrometer
with a monochromatized Al-Kα X-ray (1486.6 eV) as the excitation source to estimate the
apparent component.

2.4. Electrochemical Characterization

The anode electrode was prepared by mixing 80 wt.% 3DPNS-Sb/C, 10 wt.% acetylene
black and 10 wt.% carboxymethyl cellulose sodium (CMC) with an appropriate amount
of DI water as the solvent to produce a homogeneous phase of the slurry. The slurry was
uniformly spread onto pure copper foil (of thickness 10 μm) current collector and dried at
60 ◦C for 6 h under vacuum conditions. Subsequently, the loaded collector was punched
into a circular slice with an area of 1.13 cm2. The electrodes were then pressed using
a stainless-steel metal disc to enhance the contact between the material and the Cu foil.
The mass of material loading on each electrode was about 0.93–1.12 mg cm−2 (including
the weight of acetylene black and the binder). The electrochemical assessments were
executed using CR2025 coin-type batteries. Lithium foil was utilized as both the counter
and the reference electrode, while the 3DPNS-Sb/C electrode was the working electrode.
Polypropylene membrane (Celgard 2400) was employed as the separator for LIBs. The
electrolyte was constituted of a solution of 1 M LiPF6 dispersed in a blend of dimethyl
carbonate (DMC), diethyl carbonate (DEC) and ethylene carbonate (EC) (1:1:1 vol.%) with
the addition of 10 vol.% fluoroethylene carbonate (FEC) for LIBs. The electrochemical
properties of all the manufactured half-batteries was assessed by cyclic voltammetry (CV)
measurement using the BioLogic VMP3 instrument. The charge/discharge performance
was measured at room temperature with disparate current densities under the potential
window of 0.01~2 V (vs. Li/Li+) employing the LAND CT2001A multichannel battery
examination system.

3. Results and Discussion

3.1. Experimental Synthesis Mechanism

The prototypical design approach and synthesis path applied for manufacturing
the 3DPNS-Sb/C nanoparticle materials are schematically demonstrated in Figure 1. In
the first step, glucose molecules engender dihydroxyacetone, glyceraldehyde, erythrose,
organic acids, aldehydes and other small molecular substances by cracking. On the other
side, the glucose molecules produce anhydroglucose polymers via mutual dehydration
or generate 5-hydroxymethylfurfural by self-isomerization. These molecules, of distinct
sizes, are dehydrated under hydrothermal conditions and condense with each other to
form the soluble polymer. [47] At the same time, the NaSbO3 is heated and hydrolyzed
into antimonic acid (HSbO3) colloid, which is uniformly dispersed in the soluble glucose
polymer under the action of (C3H3NaO2)n. With the temperature reaching a critical value,
the soluble glucose polymer is progressively carbonized and the HSbO3 is gradually
decomposed into antimonic oxide (Sb2O5) and ultimately, the 3DPNS-Sb2O5/hydrochar
nanoparticle composites are obtained. [47] Subsequently, the Sb nanoparticles were evenly
distributed in an organic carbon skeleton during the annealing treatment, which originated
from the in-situ reduction reaction of Sb2O5 and hydrochar.

3.2. Morphology Analysis

The morphologies of the acquired 3DPNS-Sb/C composites are shown in Figure 2. As
illustrated in Figure 2a–c, the 3DPNS-Sb/C composites clearly show an interconnected 3D
polymer network framework structure and individual Sb/C nanoparticles with a diameter
of about 50–200 nm. Furthermore, the size of this individual Sb/C nanoparticle enlarges
with increasing carbon content. As shown in Figure 2d,e, the TEM and high-resolution
TEM (HRTEM) figures (3DPNS-Sb/C-2) indicate the lattice fringes with an interval of 0.22
nm, coinciding with the (110) planes of hexagonal Sb, further verifying the high crystallinity
of the Sb. In addition, the tiny Sb nanoparticles are equally distributed in a thin carbon
layer structure, which can supply a more favorable appearance and curtail the diffusion
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interval for ions to inner pores. As revealed in Figure 2f–h, the detected element mappings,
such as Sb and C, display a uniform dispersion in the 3DPNS-Sb/C-2 composites.

 

Figure 1. Schematic picture of the synthesis process of 3DPNS-Sb/C nanoparticle materials.

 

Figure 2. (a–c) SEM images of the 3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and 3DPNS-Sb/C-3 composites,
(d,e) TEM and HRTEM images of the 3DPNS-Sb/C-2 composites, (f) STEM image, (g) Sb and (h) C
element mappings of the 3DPNS-Sb/C-2 composites.

3.3. Microstructure and Component Analysis

The structure of 3DPNS-Sb/C composites is demonstrated by the XRD examination.
As revealed in Figure 3a, the significant characteristic peak of 23.6◦, 28.6◦, 40◦, 41.9◦, 47◦,
48.4◦, 51.5◦, 59.3◦, 62.7◦, 65.9◦, 68.5◦ and 75.3◦ is admirably indexed to the (003), (012),
(104), (110), (015), (006), (202), (024), (107), (116), (122) and (214) crystal face of elemental Sb
(JCPDS 35-0732), respectively, which is consistent with the scrutinization in the HRTEM
image. In addition, the quantitative component of the 3DPNS-Sb/C specimens is con-
firmed by TGA. In accordance with the TGA consequences in Figure 3b, the Sb content
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is computed to be 40.23, 36.79 and 32.51 wt.% for 3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and
3DPNS-Sb/C-3 composites, respectively. The subsequent weight increase corresponds to
Sb oxidation [48,49]. The specific surface acreage and the pore size distribution of 3DPNS-
Sb/C samples are afterwards explained via nitrogen adsorption/desorption isotherm
measuring. Figure 3c demonstrates that the isotherms present type IV features, which
means they belong to mesoporous substances [48]. The BET-specific surface acreage of
3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and 3DPNS-Sb/C-3 composites are 136.7, 141.5 and 147.8
m2 g−1, respectively, which could be owing to the coordination of the large surface area of
the 3D polymer network structure and small Sb nanoparticles. The relevant pore diameter
distribution curve (inset in Figure 3c) also evidences a mesoporous constitution, and the
pore dimension ratio (3.5–4.8 nm) is evidenced. For the cell electrode, the powerful specific
surface area and mesoporous construction of 3DPNS-Sb/C samples can accelerate the per-
vasion of Li-ions and electrons. The Raman spectroscopy analysis was conducted further to
inspect the structural characteristics of the 3DPNS-Sb/C-2 composites, with the acquired
spectrogram revealed in Figure 3d. Two typical bands located at 107 and 139 cm−1 are
associated with the Sb phase in the nanohybrid [26,50–53]. Moreover, Raman scattering
measurement analysis confirmed that the Sb nanoparticles contain traces of Sb2O3 [54]. The
peak at 1346 cm−1 indicates the disarray-induced D-band, which connects with flaws in the
sp2 lattice construction of carbon. The peak at 1592 cm−1 correlates with the graphitic G-
band, which insinuates the sp2 lattice of carbon. The above results indicate the amorphous
character of the carbon contained in the 3DPNS-Sb/C-2 composites [23,49]. The surface
chemical composition of the 3DPNS-Sb/C-2 composites was also studied by XPS character-
ization, and the Sb and C spectrums of the 3DPNS-Sb/C-2 composites are demonstrated in
Figure 3e,f, which absolutely correspond to the EDX mapping aforementioned. Among
these, two peaks at 531.7 eV and 533.1 eV are from the O 1s core-level XPS spectrum, while
the other peaks arise from the XPS spectrum of Sb 3d. In particular, the two peaks centered
at 539.23 eV (Sb 3d3/2) and 529.85 eV (Sb 3d5/2) represent Sb2O3. Meanwhile, the peak
appearing at 528.7 eV (Sb 3d5/2) represents metallic Sb (Figure 3e) [23,28,33,55]. Hence,
this result confirms the partial oxidation of Sb by oxygen. Meanwhile, the high-resolution
C 1s spectrum displayed in Figure 3f could be fitted into three peaks correlated with C-C
(284.55 eV), C-O (286.01 eV) and C=O (288.44 eV) bonds [55–57].

 
Figure 3. (a) XRD patterns of 3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and 3DPNS-Sb/C-3. (b) TG curves of
3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and 3DPNS-Sb/C-3. (c) Nitrogen adsorption–desorption isotherms
and related pore dimension distribution curves of 3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and 3DPNS-
Sb/C-3. (d) Raman spectra of 3DPNS-Sb/C-2. XPS spectra of 3DPNS-Sb/C-2: (e) Sb 3d and O 1s,
(f) C 1s.
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4. Electrochemical Evaluation in LIBs

The cyclic voltammetry (CV) curves of the 3DPNS-Sb/C-2 electrode for the initial
three cycles are demonstrated in Figure 4a. In the primary cathode scanning, the capa-
cious summit between 0.8 and 0.6 V could be ascribed to a suite of Li-insertion reactions,
containing the reaction of metallic Sb to alloyed Li3Sb and the generation of an SEI film
on the cover of the electrode from electrolyte decomposition. During the initial invert-
ible anode scanning, the anode summit at around 1.14 V conforms to the Li-extraction
reaction of Li3Sb to metallic Sb [11,17,58]. In following cyclings, peaks tend to overlap,
suggesting excellent electrochemical invertibility of the 3DPNS-Sb/C-2 samples in the
lithiation–delithiation procedure. Subsequently, it still displays an illustrious invertible
specific capacity of 511.5 mAh g−1 at a current density of 0.5 A g−1 after 100 cycles, with a
primary charge/discharge specific capacity of 775.3/1117.8 mAh g−1 and a first coulombic
efficiency (CE) of 69.35% (Figure 4b). Figure S1 shows the SEM images of 3DPNS-Sb/C-2
after 100 repeated cycles at a current density of 0.5 A g−1. Distinctly, the structure is
nearly maintained, suggesting excellent structural stability. Moreover, with the unique
network constructure of 3DPNS-Sb/C-2 composites, a pronouncedly high-rate capacity
is acquired (Figure 4d). Though the current density enhances from 0.1 to 10 A g−1, it
could release a high specific capacity of 289.5 mAh g−1. Noteworthily, the gaps between
charge/discharge of the 3DPNS-Sb/C-2 composites reduce slightly with the current density
increase, which signifies the weakness of polarization and mechanical effect in the cycling
procedure [59,60]. Figure 4e displays the cycle property of the 3DPNS-Sb/C-1, 3DPNS-
Sb/C-2 and 3DPNS-Sb/C-3 electrodes, and the reversible specific capacities are still 359.3,
440.5 and 341 mAh g−1 at a current density of 1 A g−1 after 250 cycles, respectively. Obvi-
ously, the 3DPNS-Sb/C-2 electrode exhibits superior cycle stability and reversible specific
capacity. Furthermore, 3DPNS-Sb/C also reveals surpassing performance in comparison
with the commercial LIBs anode materials (graphite, LTO) (Figure S2). In contrast with
other statements on diverse Sb-C positive materials, the 3DPNS-Sb/C composites also
show excellent electrochemical properties (Table 1).

Figure 4. (a) CV curves of 3DPNS-Sb/C-2 electrodes at a scan rate of 0.1 mV s−1, (b) Cycle perfor-
mance of 3DPNS-Sb/C-2 electrodes at 0.5 A g−1 for 100 cycles, (c) In-situ XRD of 3DPNS-Sb/C-2
electrodes, (d) Rate capability of 3DPNS-Sb/C-2 electrodes at current densities from 0.1 to 10 A g−1,
(e) Cycle performance of 3DPNS-Sb/C-1, 3DPNS-Sb/C-2 and 3DPNS-Sb/C-3 electrodes at 1 A g−1 for
250 cycles, (f) The crystal structures of the active Sb in 3DPNS-Sb/C in the charge/discharge course.
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Table 1. Contrast of the electrochemical properties of 3DPNS-Sb/C composites (this work) and
various reported Sb-C as anodes for LIBs.

Material
Reversible

Capacity/mAh g−1
Current Density

(mA g−1)

Areal Mass
Loading

(mg cm−2)
Batteries Ref.

Hollow Sb Nanoparticles 615/100th cycles 120 Li-ion [61]
Sb nanoparticles 120/70th cycles 120 Li-ion [62]

Sb-carbon nanocomposite 550/250th cycles 230 1.07–1.11 Li-ion [51]
Sb/C composite fibers 315.9/100th cycles 100 Li-ion [63]

Sb HNSs 627.3/50th cycles 100 Li-ion [12]
Sb nanocrystals 600/100th cycles 660 Li-ion [11]

Spherical Sb/C Composites 590/80th cycles 100 1 Li-ion [49]
Sb@C nanosponges 447.1/500th cycles 660 1.5 Li-ion [23]

Sb/C micro-/nanohybrid 793/100th cycles 66 Li-ion [26]
Sb@C composites 598.6/100th cycles 100 1.132 Li-ion [21]

Sb/C/G nanocomposites 413/700th cycles 1000 1.0 Li-ion [32]
Sb/NPC 556/100th cycles 200 1.00 Li-ion [14]

Sb@C composites 280/500th cycles 100 1.35 Li-ion [30]
Sb@CNFs 394.5/2000th cycles 2000 0.8 Li-ion [28]

Sb2Se3/Sb/C nanofibers 764/300th cycles 100 Li-ion [33]
Sb@C/EG 486/600th cycles 1000 0.5 Li-ion [34]

Ni-Co-Sb/C Nanosphere 354/100th cycles 100 ~0.55 Li-ion [31]
Sb@C 525/400th cycles 500 1.2–1.5 Li-ion [24]

3DPNS-Sb/C composites 511.5/100th cycles 500 0.93–1.12 Li-ion
this work

(586 Wh L−1)
(ICE: 69.35%)

To further research the phase changes and the reaction mechanism, the 3DPNS-Sb/C-2
electrodes at diverse conditions of charge/discharge during the cycle were inspected using
in-situ XRD. As shown in Figure 4c, the phase change of Sb could be watched from the
peak intention variation on the contour map of the in-situ XRD consequence. The primary
phase is at 28.7◦, matched with the (012) crystal plane of Sb (JCPDS: 35-0732). As the
discharge procedure continues, the diffraction peaks of Sb crystal progressively step down
with alloying reaction between Li+ and Sb to firstly form LixSb (x ≤ 3) phase located at
23.4◦. In the reversible charge process, the diffraction peaks of the Li3Sb phase gradually
disappear with the representation of the Sb phase, manifesting the arising of a dealloying
reaction. Especially, Figure 4f interprets the alloying mechanism of the active Sb in the
3DPNS-Sb/C composites, which could be deemed as a type of alloying-typed material
with a better electrochemical property.

5. Conclusions

In conclusion, the 3DPNS-Sb/C composites are fabricated with Sb nanoparticles
uniformly embedded in the 3D polymer network structure via an uncomplicated and con-
trollable synthetic medium. Based on the 3D polymer network structure, the 3DPNS-Sb/C
composites employed as an anode display excellent electrochemical properties in LIBs.
Specifically, they demonstrate a high invertible specific capacity of 511.5 mAh g−1 at a cur-
rent density of 0.5 A g−1 after 100 cycles and a remarkable rate property of 289.5 mAh g−1

at a current density of 10 A g−1. This study explicitly demonstrates the promising potential
of the 3DPNS-Sb/C composites as well-performaning LIBs anode.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12142322/s1, Figure S1: SEM images of 3DPNS-Sb/C-2
after 100 cycles.; Figure S2: (a) Cycle performances of Li4Ti5O12 at 0.5 A g−1 for 50 cycles, (b) Cycle
performances of graphite at 0.5 A g−1 for 50 cycles.
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Abstract: An Li1.3Al0.3SnxTi1.7−x(PO4)3 (LATP-xSn) ceramic solid electrolyte was prepared by Sn
doping via a solid phase method. The results showed that adding an Sn dopant with a larger ionic
radius in a concentration of x = 0.35 enabled one to equivalently substitute Ti sites in the LATP crystal
structure to the maximum extent. The uniform Sn doping could produce a stable LATP structure
with small grain size and improved relative density. The lattice distortion induced by Sn doping also
modified the transport channels of Li ions, which promoted the increase of ionic conductivity from
5.05 × 10−5 to 4.71 × 10−4 S/cm at room temperature. The SPE/LATP-0.35Sn/SPE composite solid
electrolyte with a sandwich structure was prepared by coating, which had a high ionic conductivity
of 5.9 × 10−5 S/cm at room temperature, a wide electrochemical window of 4.66 V vs. Li/Li+, and a
good lithium-ion migration number of 0.38. The Li||Li symmetric battery test results revealed that
the composite solid electrolyte could stably perform for 500 h at 60 ◦C under the current density of
0.2 mA/cm2, indicating its good interface stability with metallic lithium. Moreover, the analysis of
the all-solid-state LiFePO4||SPE/LATP-0.35Sn/SPE||Li battery showed that the composite solid
electrolyte had good cycling stability and rate performance. Under the conditions of 60 ◦C and
0.2 C, stable accumulation up to 200 cycles was achieved at a capacity retention ratio of 90.5% and a
coulombic efficiency of about 100% after cycling test.

Keywords: NASICON-type LATP; Sn doping; sandwich structure; composite solid electrolyte;
lattice distortion

1. Introduction

At present, lithium-ion batteries have been widely used in various electronic prod-
ucts, electric/hybrid vehicles, and fixed energy storage systems [1–4]. However, the toxic
organic liquid electrolytes commonly employed in traditional lithium-ion batteries have
many shortcomings, such as undesirable inflammability, easy decomposition at high tem-
peratures, rapid solidification at low temperatures, and fast leakage [5]. Moreover, side
reactions of organic liquid electrolytes with positive and negative electrodes are prone to
occur [6].

This issue can be successfully solved by introducing all-solid-state batteries in which
organic liquid electrolytes can be replaced by inorganic solid electrolytes with high thermal
stability [7,8]. In addition to safety, all-solid-state batteries also have many other advan-
tages, such as simplified battery packaging, better electrochemical stability, and wider
operating temperature ranges [6,9,10]. Inorganic lithium-ion solid electrolytes include
NASICON-type [11,12], garnet-type [13], perovskite-type [14], LISICON [15], LiPON [16],
Li3N [17], sulfides [18], and anti-perovskite [19] systems. Among them, NASICON-type
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solid electrolytes have attracted much attention due to their excellent electrochemical
stability in air and/or water environment, as well as their low manufacturing cost [20,21].

Between various NASICON structures, LiTi2(PO4)3 (LTP) has a three-dimensional
network assembled by two TiO6 octahedrons and three PO4 tetrahedrons sharing oxygen
atoms, which can provide a three-dimensional interconnected conduction pathway for
Li+ ion transport [22]. In particular, Al3+ doping of LTP (Li1+xAlxTi1.7−x(PO4)3 or LATP)
enables one to increase the carrier concentration and to reduce the Li-O bond strength, thus
improving the ionic conductivity to a certain extent [23]. In recent years, ion doping has still
been an effective strategy to upgrade the ionic conductivity of LATP. The LATP frameworks
can be modified by intercalating cations with different valence states and ion radii, which
causes lattice distortion and enhances ionic conductivity through the adjustment of ion
transport channels and the increase of Li ion or Li vacancy concentration. For instance,
doping modification of LATP by cations such as Nb5+ [24], Zr4+ [7], Y3+ [25], Ga3+ [26],
Sc3+ [27], Te4+ [28], Si4+ [29], and V5+ [30] has been reported [31,32].

Nevertheless, the crystal structure of LATP after equivalent ion substitution for Ti4+

site (0.745 Å) exhibits the better structural stability. Doping modification with larger radius
ions can also increase the lattice volume and widen the Li ion channels to a certain extent.
In addition, introducing dopants with higher Pauli electronegativity allows one to improve
the stability of cations in the LATP structure. Undoubtedly, the selection of dopants that are
abundant, inexpensive, and eco-friendly is also a significant factor that cannot be ignored
in doping modification.

Taking into account the above favorable factors, we performed doping modification
of LATP by substituting Ti4+ (0.745 Å) with Sn4+ (0.83 Å) ions with larger ionic radius
and higher Pauli electronegativity, in order to improve the framework stability and to
make channel structures more conducive to ion diffusion. Because of its non-toxicity, low
price, and abundant reserves [33], tin (Sn) has been widely concerned in photoelectric,
photovoltaic, and energy storage devices [34–37], but its application in the modified LATP
structures has not been reported yet.

Solid electrolytes are generally rigid and difficult to be machined [38]. When they
contact with solid (either positive or negative) electrodes, there is often severe interfacial
impedance [39]. Polymer solid electrolytes usually have good elastic properties and low
interfacial impedance with solid electrodes [40,41]. The composite solid electrolyte formed
by uniform mixing of polymer precursor solution and ceramic electrolyte powder can
combine the respective advantages of both polymers and ceramics [42,43]. However, the
reduction of the interfacial impedance between the composite solid electrolyte and the elec-
trode is achieved at the expense of sacrificing conductivity of the ceramic electrolyte. This
is because the conductivity of solid polymer electrolytes (SPE) represented by polyethylene
oxide (PEO) is generally low (≤10−6 S/cm) [44–46].

Considering the above two aspects and focusing on the preparation of high-performance
composite solid electrolytes, this paper places particular emphasis on the influence of Sn4+

doping on the structural properties and electrochemical performance of LATP. Attempts are
made to reduce the solid-solid interface impedance through the construction of a sandwich-
structured composite solid electrolyte by coating the PEO polymer electrolyte precursor
solution on both sides of the modified ceramic electrolyte tablet instead of even mixing. The
structure–property relationship of the composite solid electrolyte material was established
by means of a series of analytical and electrochemical performance tests.

2. Materials and Methods

2.1. Materials

The raw materials included LiNO3 (99%, Aladdin, Shanghai, China), Al2O3 (99%,
Aladdin, Shanghai, China), TiO2 (99%, Macklin, Shanghai, China), SnO2 (99.9%, Aladdin,
Shanghai, China), NH4H2PO4 (99%, Macklin, Shanghai, China), Polyethylene Oxide (PEO)
(Mw = 600,000, Macklin, Shanghai, China), and lithium bisimide (LiTFSI) (99.99% purity,
Aladdin, Shanghai, China), which were not further purified.
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2.2. Preparation of an LATP-xSn Ceramic Solid Electrolyte

The Sn-doped Li1.3Al0.3SnxTi1.7−x(PO4)3 (LATP-xSn, x = 0–0.4) solid electrolyte was
prepared by a solid-phase reaction method. The stoichiometric quantities of raw materials
for preparing an LATP-xSn ceramic solid electrolyte are as follows: LiNO3 (1.3), Al2O3
(0.3), SnO2 (x, where x = 0, 0.1, 0.2, 0.3, 0.35, 0.4), TiO2 (1.7 − x), and NH4H2PO4 (3) are
mixed evenly in a ceramic mortar. Then, the powder mixture was calcined in an alumina
crucible at 300 ◦C for 3 h. The temperature was then programmatically increased to 700 ◦C
(5 ◦C/min) and held for 5 h. After cooling and grinding, the samples were pressed at
16 MPa for 10 min into wafers with a diameter of 13 mm and a thickness of 1.5–2.5 mm.
Finally, the green-pressing wafers were sintered at 900 ◦C for 6 h.

2.3. Preparation of a Composite Solid Electrolyte

The PEO and lithium bisimide with a molar ratio of PEO:Li = 8:1 were dissolved in an
acetonitrile solvent, and stirred for 12 h in a glovebox under an argon atmosphere to obtain
a homogenous precursor solution of polymer electrolyte [47]. The solution was evenly
coated on both sides of the LATP-xSn ceramic tablet, and then the sample was transferred
to a vacuum oven for drying at 60 ◦C for 12 h to prepare an SPE/LATP-xSn/SPE sandwich-
structured composite solid electrolyte.

2.4. Preparation of Electrodes and Assembly of the Battery

To fabricate a LiFePO4 cathode, the LiFePO4 powder, carbon black, and PVDF binder
were mixed in N-methyl pyrrolidone at a mass ratio of 8:1:1 and stirred for 12 h to form a
slurry of suitable viscosity, which was cast onto the surface of the current collector Al foil.
The electrodes were placed in a blast drying oven at 60 ◦C for 12 h, and then transferred to
a vacuum drying oven at 100 ◦C for 1 h. Afterwards, the dried pole piece was rolled until
its surface was smooth and the thickness was 20 μm, and was punched into a circular pole
piece with a diameter of 12 mm. The prepared polar pieces were dried in a vacuum drying
oven for 12 h and then transferred to a glove box for use. The loading mass of the LiFePO4
in the electrode is 2.4 mg/cm2.

The above sandwich-structured composite solid electrolyte was assembled into a
CR2032 button cell for an electrochemical performance test. LiFePO4 and lithium were
used as the positive and negative electrodes, respectively, and the sandwich-structured
composite solid electrolyte was placed between them (without any auxiliary electrolyte).

2.5. Materials Characterization

X-ray diffraction experiments were performed to identify the crystal structure of
LATP-xSn (x = 0–0.4) on a Bruker D8 Advance X-ray diffractometer (XRD) equipped with
a Cu Kα source (λ = 1.54178 Å) and operated at 40 kV and 40 mA. The XRD data were
acquired in the 2θ range of 10–90◦ and were refined using FullProf software (FullProf
Suit, (Version January-2021-JPC-JRC), signed with the “Institut Laue-Langevin” certificate,
https://www.ill.eu/sites/fullprof/php/downloads.html (accessed on 11 August 2021)).
The microstructure characterization and element distribution analysis were performed by
means of a Carl Zeiss Supra 40 scanning electron microscope (SEM) and a Zeiss Gemini
300 energy dispersive X-ray spectrometer (EDS), respectively. The information about the
molecular framework of LATP-xSn (x = 0–0.4) was extracted using a Thermo Fisher Nicolet
IS50 Fourier transform infrared spectrometer and a LabRam HR Evolution laser microcon-
focal Raman spectrometer (Horiba Jobin Yvon, Paris, France). The surface elements and
their valence states were analyzed on a K-Alpha Plus X-ray photoelectron spectrometer
(Thermo Fisher, Waltham, MA, USA). The volumetric density of samples was measured
using a Vernier caliper, and the theoretical density was obtained from the refined XRD
data. The deviation degree (abbreviated as D) refers to the sum of the relative deviations of
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the ion radius and electronegativity between the dopant ion and the substituted ion. The
calculation formula is as follows [29]:

D =

∣∣∣∣χSn − χi
χi

∣∣∣∣+
∣∣∣∣γSn − γi

γi

∣∣∣∣ (1)

where χSn and γSn are the ion electronegativity and crystal ion radius of Sn4+, respec-
tively, and χi and γi are the ion electronegativity and crystal ion radius of the substituted
ion, respectively.

2.6. Electrochemical Performance Test

The ionic conductivity, electrochemical stability window, and lithium-ion migration
number of the solid electrolyte were measured using a CHI660E (Chenhua, Shanghai,
China) electrochemical workstation.

Ionic conductivities were measured by electrochemical impedance spectroscopy with
a signal amplitude of 5 mV over the frequency range of 10−2–106 Hz at 25 ◦C. The ionic
conductivity σ (S/cm) is calculated as follows:

σ = L/RS (2)

where L (cm) is the thickness of the electrolyte, R (Ω) is the resistance value of the electrolyte,
and S (cm2) is the area of the electrode plate.

By testing the ionic conductivities at different temperatures, the conductive activation
energy Ea (eV) of Li+ can be calculated from the Arrhenius formula as follows:

σT = Aexp(− Ea
KBT

) (3)

where σ is the ionic conductivity of the electrolyte, T is the temperature, A is the pre-
exponential factor, and KB is the Boltzmann’s constant.

Linear sweep voltammetry (LSV) was performed to investigate the electrochemical
stability window of the solid electrolyte with a scanning rate of 0.001 V/s at 60 ◦C from 2 V
to 6 V (vs. Li+/Li). The lithium ion transport numbers (tLi+ ) of the solid electrolyte were
measured with a DC polarization voltage of 10 mV associated with the AC impedance
measurement and calculated using Equation (4):

tLi+ = ISS(ΔV − I0R0)/(I0(ΔV − IssRss) (4)

where I0 and ISS are the initial current and steady-state current, both furnished by a direct
current (DC) polarization test, R0 and RSS are the charge transfer resistances before and
after DC polarization, and ΔV is the polarization voltage.

The Li||Li symmetric constant current charge and discharge curves of the composite
solid electrolyte, as well as the cycle performance and rate performance of the all-solid-state
battery, were measured using a CT3001A battery testing system (Lanhe, Wuhan, China).

3. Results

3.1. Influences of Sn Doping on the Structural Properties and Electrochemical Performance of an
LATP-xSn Solid Electrolyte

Figure 1 shows the XRD patterns of a series of modified LATP-xSn solid electrolytes
(x = 0–0.4). The diffraction peaks of the main crystal phase of all modified samples are
basically consistent with those of a LiTi2(PO4)3 (PDF#35-0754) with an R-3c space group,
indicating the successful preparation of a Li1.3Al0.3SnxTi1.7−x(PO4)3 solid electrolyte with a
NASICON-type structure. However, a small amount of AlPO4 crystalline phase appears
in the LATP-0.1Sn and LATP-0.2Sn samples. With the increase of Sn content, the AlPO4
phase gradually disappears. Moreover, the LATP-0.4Sn sample reveals the emergence of
an SnO2 phase. It should be pointed out that the diffraction peak associated with a (113)
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crystal plane of the modified samples tends to shift to the lower-angle range, and the shift
degree becomes more pronounced with the increase of Sn dopant content. This trend can
be explained by the effective substitution of smaller ions in the LATP lattice by the larger
Sn4+ (r = 0.083 nm) ions.

 

Figure 1. (a) X-ray diffraction patterns of LATP-xSn (x = 0–0.4) solid electrolytes and (b) the magnified
view of diffraction patterns at (113) plane for LATP-xSn (x = 0–0.4) solid electrolytes.

This speculation can be further confirmed by the lattice parameters of the refined data
(Table 1, Figures S1 and S2). The lattice parameters of modified LATP-xSn (x = 0–0.35)
systems increase linearly with the increase of Sn content, which follows the Vegard law,
indicating an effective insertion of Sn4+ ions [48]. It has been reported that the increase of
lattice parameters can facilitate the intercalation and deintercalation of lithium ions during
the cycling process [49]. However, the lattice parameters in a and b axes of the modified
LATP-0.4Sn exhibit a decreasing trend, which may be related to the appearance of the SnO2
phase in the sample [48]. The theoretical density value of the modified samples also shows
a similar variation trend. Rp is the abbreviation of R-pattern, which means graphic variance
factor. Rwp is the abbreviation of R-pattern, which means weighted graphic variance factor.
Rexp is the abbreviation of R-expected, which means expected variance factor. These are
fitting factors, used to judge the result of refinement.

Table 1. Lattice parameters of LATP-xSn (x = 0–0.4) solid electrolytes.

x a = b (Å) c (Å) Density (g/cm3) Rp Rwp Rexp

0 8.509 20.864 2.92 9.8 13.5 10.3
0.1 8.515 20.884 2.78 10.1 14.2 9.2
0.2 8.522 20.919 2.95 11.2 13.9 10.9
0.3 8.526 20.939 3.31 9.3 13.1 10.2

0.35 8.528 20.944 3.32 10.3 14.0 11.5
0.4 8.525 20.973 3.11 9.4 13.3 10.5

It is generally believed that doping is more likely to occur at ion sites of similar elec-
tronegativity and ion radiuses [50,51]. Thus, the spatial effect and electrostatic interaction
can be evaluated from the ion radius and ion electronegativity, respectively [52], and the
calculated deviation degree can reflect the most probable Sn doping sites in the lattice.
The deviation degree results (Table S1) calculated according to Equation (1) show that the
deviation degree value of DTi is the smallest, indicating that Sn is more inclined to occupy
octahedral Ti sites in the LATP lattice. This speculation can be verified by the following
characterization results.

The Raman-active vibration modes of the LATP-xSn (x = 0–0.4) solid electrolyte are
usually divided into internal and external modes. Internal modes occur above ~350 cm−1
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in the Raman spectra. In Figure 2, the peak at 350 cm−1 is ascribed to the Ti-O vibration
mode [50], the signal peaks at 435 and 450 cm−1 can be attributed to the symmetric bending
motion of P-O bonds in PO4 tetrahedrons [51], and the signal peaks at 971, 990, and
1009 cm−1 correspond to asymmetric and symmetric stretching vibrations of the P-O
bonds [50]. Except for the LATP-0.4Sn sample, all peak intensities of other samples increase
with the increase of Sn doping content. Once the Sn content increases to x = 0.35, the peak
intensities increase to their maximum values. It is worth mentioning that the band width
of the Ti-O peak at 350 cm−1 increases after Sn doping, indicating that the lattice distortion
around TiO6 is enhanced due to the substitution of Ti sites by Sn ions [53].

 
Figure 2. Raman spectra of LATP-xSn (x = 0–0.4) solid electrolytes.

In addition, the relative intensities of the peaks at 350 and 314 cm−1 in Figure 2 can
reflect the alteration of the lithium content in the LATP lattice. When the lithium content is
high, the peak intensity at 314 cm−1 is higher than that at 350 cm−1, and vice versa [54].
Except for the LATP-0.4Sn sample, the peak intensity at 314 cm−1 gradually increases with
the increase of Sn dopant content, indicating that Sn doping can reduce lithium loss. The
largest intensity difference between the two peaks is obtained at the lithium content of
x = 0.35.

Figure 3 displays the infrared spectra of the LATP-xSn (x = 0–0.4) solid electrolyte. In
the figure, the peaks at 580 and 648 cm−1 can be attributed to the Ti-O stretching vibra-
tions of TiO6 octahedra [55], which overlap with the Sn-O vibrations of SnO6 octahedra at
648 cm−1 [56]. With the increase of Sn dopant content, the peak intensity at 648 cm−1 obvi-
ously increases because Sn doping promotes the enhancement of the Ti-O bond strength.
This change in structural information can also be verified by XPS results (Figure S3). The
characteristic peaks at 487.3 and 495.7 eV in the LATP-0.35Sn sample confirm the successful
doping by Sn4+ ions. In addition, the shifts of Ti 2p and O 2p characteristic peaks confirm
that the O-Sn bonds in Sn-doped LATP are formed by the substitution of Sn for Ti.

The electrochemical impedance spectra of the LATP-xSn (x = 0–0.4) solid electrolyte
were measured (Figure 4a). The semicircle displayed in the high frequency region is related
to the conductivity of the solid electrolyte, and the straight line in the low frequency
region represents the resistance of lithium ion transport between the electrolyte and the
blocking electrode. The high frequency region does not display the grain resistance (Rg)
due to the limitation of the test frequency. The grain resistance (Rg) and grain boundary
resistance (Rgb) can be obtained by fitting the equivalent circuit with Zview software, and
CPE is a constant phase element, which is used to replace capacitor in many equivalent
circuit models. Rg, Rgb, CPE1, and CPE2 represent grain resistance, grain boundary
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resistance, grain boundary capacitance, and sample-electrode capacitance respectively.
The total resistance (Rt) is the grain resistance (Rg) and the grain boundary resistance
(Rgb) [57]. The relevant ionic conductivity data were calculated according to Equation (2)
(Figure 4a and Table 2). Due to the low sintering temperature of LATP solid electrolyte,
the total ionic conductivity of LATP before being undoped is low (5.05 × 10−5 S/cm),
which is significantly lower than the reported value in the previous work [48,55]. The room
temperature ionic conductivity of LATP-0.35Sn is 4.71 × 10−4 S/cm, which is nearly an
order of magnitude higher than that of the undoped one. According to Table 2, it is found
that the total ionic conductivity of LATP-0Sn is mainly determined by the ionic conductivity
of the grain boundary. With the increase of the Sn content, the grain boundary impedance
is greatly reduced, and the total ionic conductivity is significantly improved. The ionic
conductivity is the highest (4.71 × 10−4 S/cm), which is higher than that of other typical
solid electrolytes (Table S2) [8,58–62]. However, when the Sn content reaches 0.4, both the
grain conductivity and grain boundary conductivity decrease.

 
Figure 3. FT-IR spectra of LATP-xSn (x = 0–0.4) solid electrolytes.

  
Figure 4. (a) EIS curves of LATP-xSn (x = 0–0.4) solid electrolytes at 25 ◦C and (b) the Arrhenius plot
of the lithium ionic conductivity of LATP-xSn (x = 0–0.4) solid electrolytes.
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Table 2. Grain impedance (Rg), grain boundary impedance (Rgb), grain conductivities (σg), grain
boundary conductivities (σgb), total conductivities (σt), activation energy (Ea), and relative density
of LATP-xSn (x = 0–0.4) solid electrolytes.

x Rg (Ω) Rgb (Ω) σg (mS/cm) σgb (mS/cm) σt (mS/cm) Ea (eV) Relative Density (%)

0 653 2798 0.267 0.0624 0.0505 0.32 87.5
0.1 580 1956 0.277 0.0821 0.0633 0.28 88.2
0.2 375.2 1237.4 0.402 0.122 0.0939 0.27 89.4
0.3 232 498.8 0.595 0.277 0.189 0.26 90.1

0.35 218.5 139.6 0.772 1.21 0.471 0.23 91.8
0.4 339.5 253.9 0.556 0.742 0.322 0.24 92.0

The electrochemical impedance spectra of the LATP-xSn (x = 0–0.4) solid electrolyte
were tested in the temperature range of 25–125 ◦C, and the conductive activation energy of
lithium ions was calculated according to Equation (3) (Figure 4b and Table 2). All samples
show good linear fitting results, among which LATP-0.35Sn exhibits a minimum activation
energy of 0.23 eV and a relatively high relative density (91.8%), indicating that Li+ ions can
migrate more easily in the LATP-0.35Sn lattice and through the grain boundaries. When
the Sn doping content is x = 0.4, the relative density continues to increase to 92.0%, but
the ionic conductivity decreases, which is related to the presence of the SnO2 phase in the
sample [52].

Through the equivalent substitution of Ti4+ sites by Sn4+, Sn ions can occupy the
LATP lattice uniformly (Figure S4), and the crystal structure does not experience neither
excessive lattice distortion nor crystal transformation. More importantly, smaller grains
can be obtained (Figure S5) and the relative density is also improved (Table 2), finally
enhancing the ionic conductivity.

3.2. Electrochemical Performance of the Composite Solid Electrolyte

The solid–solid interface between the LATP-0.35Sn solid electrolyte and lithium has
a serious interface impedance problem, and the ionic conductivity of the LATP-0.35Sn
all-solid-state battery at 25 ◦C is only 1.0 × 10−5 S/cm (Figure S6 and Table S3). The
thickness of the LATP-0.35Sn solid electrolyte is 1.2 mm. After coating the surface with SPE,
the SPE film is smooth and dense (Figure S7a), and the thickness of the film is about 24 μm
on one side (Figure S7b). The electrolyte resistance (Re) and charge transfer resistance (Rct)
were obtained by fitting the equivalent circuit through the software Zview (Figure S7).
The interface impedance of the SPE/LATP-0.35Sn/SPE composite solid electrolyte and the
electrode was significantly reduced, and its charge transfer resistance Rct (1344 Ω) is much
lower than the LATP-0.35Sn charge transfer resistance Rct (8541 Ω), and the difference
between the two lies in the PEO-LiTFSI on the surface of SPE/LATP-0.35Sn/SPE. The
charge transfer resistance Rct (4408 Ω) of PEO-LiTFSI is much lower than that of the LATP-
0.35Sn charge transfer resistance Rct (8541 Ω), indicating that it has better contact with
electrodes and is more favorable for charge transfer between electrodes. The electrolyte
resistance Re (239 Ω) of SPE/LATP-0.35Sn/SPE is lower than that of LATP-0.35Sn (413 Ω)
and that of PEO-LiTFSI (1739 Ω), which is attributed to the fact that PEO-LiTFSI is filled
with pores on the surface of the LATP-0.35Sn solid electrolyte and provides more Li+

diffusion pathways for solid–solid interfaces. A salt anion TFSI-LATP-0.35Sn surface with
stronger affinity accelerates lithium ion migration [63]. Therefore, the room temperature
ionic conductivity of SPE/LATP-0.35Sn/SPE was improved to 5.9 × 10−5 S/cm (Figure S6
and Table S3).

The impedance spectra before and after polarization and DC polarization curves of
the SPE/LATP-0Sn/SPE and SPE/LATP-0.35Sn/SPE systems at 60 ◦C were measured for
comparison (Figure 5), and the migration number of Li+ (tLi+ ) were calculated according to
Equation (4) (Table 3). As can be seen, the migration number of Li+ ions for SPE/LATP-
0Sn/SPE is only 0.27, whereas that of the SPE/LATP-0.35Sn/SPE is increased to 0.38.
Combining the LATP-0.35Sn solid electrolyte with high ionic conductivity and the polymer
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can help to fix TFSI− and release more Li+ ions for transport, thus increasing the migration
number of Li+ [64]. As a result, the increase of tLi+ enables one to reduce the polarization
of the all-solid-state battery and promote the uniform deposition of Li [63].

  

Figure 5. Impedance spectra and DC polarization for (a) SPE/LATP-0Sn/SPE and (b) SPE/LATP-
0.35Sn/SPE.

Table 3. Lithium ion transport numbers (tLi+ ) of composite solid electrolytes at 60 ◦C.

Electrolytes I0 (μA) Iss (μA) R0 (Ω) Rss (Ω) tLi+

SPE/LATP-0Sn/SPE 4.79 2.03 1039.8 1084.1 0.27
SPE/LATP-0.35Sn/SPE 9.72 4.73 358.2 372.3 0.38

The LSV curves of PEO-LiTFSI, SPE/LATP-0Sn/SPE, and SPE/LATP-0.35Sn/SPE at
60 ◦C are given in Figure 6. The electrochemical window of PEO-LiTFSI is only 3.76 V
vs. Li/Li+. This is mainly attributed to the structural instability of the pure PEO-LiTFSI
polymer electrolyte in the electric field, which is prone to the electrochemical oxidation
decomposition [65]. The electrochemical window of SPE/LATP-0Sn/SPE is 4.34 V, whereas
that of SPE/LATP-0.35Sn/SPE increases to 4.66 V. These mean that the designed sandwich
composite structure can not only effectively hindering the transfer of TFSI− anions and thus
reduce the decomposition of PEO, but also block the direct contact between the metallic Li
negative electrode and the solid electrolyte, avoiding the occurrence of side reactions [66].
Moreover, the proposed sandwich structure makes full use of the advantage of the high
electrochemical performance of an LATP-0.35Sn.

 
Figure 6. LSV curves of PEO-LiTFSI, SPE/LATP-0Sn/SPE, and SPE/LATP-0.35Sn/SPE solid electrolytes.
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Figure 7 displays the electrochemical compatibility and stability results of SPE/LATP-
0Sn/SPE and SPE/LATP-0.35Sn/SPE composite solid electrolytes and metallic lithium.
The voltage of the SPE/LATP-0Sn/SPE begins to increase gradually after 26 h of cycling
at a current density of 0.5 mA/cm2, and exceeds the safety voltage of 5 V after 100 h. By
contrast, the SPE/LATP-0.35Sn/SPE can perform stably for 500 h at a current density of
0.2 mA/cm2 and show a low polarization voltage (~59 mV), indicating that the migration
resistance of lithium ions between the composite solid electrolyte and Li metal is low. The
polarization voltage of the lithium symmetric battery decreases slightly during the first
cycles at the current density of 0.5 mA/cm2. After cycling for 23 h, the polarization voltage
of the lithium symmetric battery enhances stability, which may be due to the interface
optimization caused by repeated electroplating/stripping of lithium [67]. At a higher
current density of 0.5 mA/cm2, the battery can still circulate for 300 h, and the voltage
slightly changes with time. On the whole, the SPE/LATP-0.35Sn/SPE electrolyte exhibits
good stability of the metallic Li interface, which seems to be due to the stable contact at the
PEO/Li interface. More importantly, the compact structure of the modified LATP−0.35Sn
solid electrolyte can enhance the mechanical strength and increase the ionic conductivity of
PEO. In addition, the modified LATP-0.35Sn solid electrolyte can make the distribution of
lithium ions more uniform and thus effectively prevent the growth of lithium dendrites.

  

Figure 7. Voltage of the Li||Li symmetrical cells with (a) SPE/LATP-0Sn/SPE at the current density
of 0.5 mA/cm2 and (b) SPE/LATP-0.35Sn/SPE at the current density of 0.2 mA/cm2 and 0.5 mA/cm2.

The sandwich-structured SPE/LATP-0.35Sn/SPE composite solid electrolyte, the
cathode of the lithium iron phosphate (LiFePO4), and the anode of the metallic lithium
(Li) were afterwards assembled into an all-solid-state battery. The cycling performance
and rate performance of the LiFePO4||SPE/LATP-0.35Sn/SPE||Li battery were tested,
and the results are shown in Figure 8. At a current density of 0.2 C, the all-solid-state
battery can perform stably up to 200 cycles; the battery capacity decreases from 153.5 to
138.9 mAh/g, with a capacity retention rate of 90.5%, and the coulombic efficiency is
close to 100% (Figure 8a,b). Furthermore, the LiFePO4||SPE/LATP-0.35Sn/SPE||Li
all-solid-state lithium battery can also be cycled stably for 100 cycles at the high rate of
0.5 C. The battery capacity is reduced from 145.1 mAh/g to 132.3 mAh/g with a capacity
retention rate of 91.2%, and the coulombic efficiency is close to 100% (Figure 8c). As the
number of charge-discharge cycles increases, the voltage and the interface impedance
change slightly (Figure 8d,e), indicating that the electrode/electrolyte interface is stable in
the long-term cycling process. Figure 8f exhibits the rate performance of the all-solid-state
battery in the range from 0.1 to 2 C for every five cycles. The first-cycle discharge capacity
of the all-solid-state battery is 155.4 mAh/g at a low rate current of 0.1 C, and decreases
to 112.7 mAh/g at a higher rate current of 2 C. After cycling at different rate currents,
when the rate current returns to 0.2 C, the discharge capacity recovers a value of 152.4
mAh/g. The excellent rate performance is attributed to the good compact structure of the
solid-phase interface layer and its ability of uniformly depositing lithium ions. Therefore,
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the SPE/LATP-0.35Sn/SPE composite solid electrolyte has excellent cycling performance
and high rate charge-discharge characteristics.

  

  

  

Figure 8. Electrochemical performance of LiFePO4||SPE/LATP-0.35Sn/SPE||Li all-solid-state
lithium battery: (a) cycle performance at 0.2 C; (b) charge-discharge curves at 0.2 C; (c) cycle perfor-
mance at 0.5 C; (d) charge-discharge curves at 0.5 C; (e) Electrochemical impedance plots before and
after cycling at a rate of 0.5 C; (f) rate performance at various rates ranging from 0.1 C to 2 C.
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4. Conclusions

A Sn-doped NASICON-type LATP ceramic solid electrolyte was prepared by the solid-
phase method. The influences of different Sn dopant contents on the structural properties
and electrochemical performance of the LATP solid electrolyte were investigated. After
Sn doping, the ionic conductivity of Li1.3Al0.3Sn0.35Ti1.35(PO4)3 (LATP-0.35Sn) at room
temperature could reach 4.71 × 10−4 S/cm, which was mainly attributed to the fact that
Sn4+ with a larger ionic radius could substitute the Ti sites in the LATP crystal structure
to the maximum extent. The uniform Sn distribution was conducive to the structural
stability and the decrease in grain size of the crystal, thereby improving the relative density.
Moreover, the lattice distortion caused by Sn doping also modified the transport channels
of Li ions. The prepared sandwich-structured SPE/LATP-0.35Sn/SPE composite solid
electrolyte exhibited good electrochemical performance, with an ionic conductivity of
5.9 × 10−5 S/cm at room temperature, an electrochemical stability window of 4.66 V vs.
Li/Li+, and a lithium-ion migration number of 0.38. The SPE/LATP-0.35Sn/SPE composite
solid electrolyte was afterwards used to assembly a Li||Li symmetric battery, revealing
stable cycling performance for 500 h at 60 ◦C under the current density of 0.2 mA/cm2.
Additionally, combining the SPE/LATP-0.35Sn/SPE composite solid electrolyte with a
LiFePO4 cathode and a metallic Li anode enabled one to obtain an all-solid-state battery
with excellent cycling stability and rate performance. The capacity retention rate of the
all-solid-state battery cycled at a low rate of 0.2 C and at high rate of 0.5 C, reaching 90.5%
and 91.2%, respectively. The coulombic efficiency at different rates are close to 100%.
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of LATP-xSn (x = 0–0.4) solid electrolytes; Figure S2: Lattice parameters of LATP-xSn (x = 0–0.4)
solid electrolytes; Figure S3: XPS spectra of LATP-0Sn and LATP-0.35Sn solid electrolytes (a) survey
spectra, (b) Sn 3d spectra, (c) Ti 2p spectra, (d) O 1s spectra; Figure S4: (a) SEM image of LATP-0.35Sn
solid electrolyte and (b–f) the corresponding EDS elemental maps; Figure S5: SEM images and grain
size distribution curves of (a) LATP-0Sn solid electrolyte and (b) LATP-0.35Sn solid electrolyte; Figure
S6: EIS curves of LATP-0.35Sn and SPE/LATP-0.35Sn/SPE solid electrolytes at 25 ◦C; Figure S7: SEM
images of SPE/LATP-0.35Sn/SPE solid electrolytes (a) surface and (b) cross-section; Table S1: The
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Abstract: Vanadium dioxide (VO2) has been a promising energy-saving material due to its reversible
metal-insulator transition (MIT) performance. However, the application of VO2 films has been
seriously restricted due to the intrinsic low solar-energy modulation ability (ΔTsol) and low luminous
transmittance (Tlum) of VO2. In order to solve the problems, the surface structure of VO2 particles
was regulated by the quenching process and the VO2 dispersed films were fabricated by spin coating.
Characterizations showed that the VO2 particles quenched in deionized water or ethanolreserved
VO2(M) phase structure and they were accompanied by surface lattice distortion compared to the
pristine VO2. Such distortion structure contributed to less aggregation and highly individual disper-
sion of the quenched particles in nanocomposite films. The corresponding film of VO2 quenched in
water exhibited much higher ΔTsol with an increment of 42.5% from 8.8% of the original VO2 film,
because of the significant localized surface plasmon resonance (LSPR) effect. The film fabricated from
the VO2 quenched in ethanol presented enhanced thermochromic properties with 15.2% of ΔTsol

and 62.5% of Tlum. It was found that the excellent Tlum resulted from the highly uniform dispersion
state of the quenched VO2 nanoparticles. In summary, the study provided a facile way to fabricate
well-dispersed VO2 nanocomposite films and to facilitate the industrialization development of VO2

thermochromic films in the smart window field.

Keywords: VO2; quenching process; dispersion structure; thermochromic properties

1. Introduction

Since Morin F. J. discovered the reversible metal-insulator transition (MIT) behavior
of vanadium oxides in 1959 [1], VO, V2O3, VO2, V6O13, V3O7, and V2O5 [1–3] have been
reported undergoing MIT at different ambient temperatures and showing significant gaps
of the electrical, optical, magnetic properties before and after the MIT. Among them, the
phase transition temperature (Tc) of VO2, 341 K (68 ◦C), is the closest to room temperature,
which makes VO2 a promising candidate for intelligent film for smart windows. Below Tc,
the strong electron-correlated VO2 is monoclinic (M phase, P21/c) and highly transparent
to NIR, which helps warm up the indoor room. When the ambient temperature rises
above Tc, the VO2 crystal transits to be tetragonal (R phase, P42/mnm) and reflective
to the NIR, which is beneficial for blocking out the thermal radiation and cooling down
the room temperature. Such characteristic of temperature-sensitive response of VO2 is
expected to enable intelligent regulation of indoor temperature, thereby reducing the
energy consumption of architectures [2–4].

However, challenges remain in balancing the admirable luminous transmittance (Tlum)
for illuminance and the appreciable solar-energy modulation ability (ΔTsol) for temperature
regulations [5–7]. Such problems severely hinder the application of VO2 thermochromic
smart windows. Up till now, plenty of strategies have been dedicated to the performance
optimization of VO2. Element doping is confirmed to be an effective way to diminish the
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yellow color and boost the visible transmittance Tlum [3,5,8], and F [9], Mg [9,10], Ti [11],
and Zr [12] are common dopants. Besides, VO2 nano-/microstructure engineering [4],
such as porous structure [13,14], grid structure [15], and biomimetic patterning [16] of
VO2 film, has been testified to cater for the optimization of thermochromic properties. In
addition, multilayer construction [17–19] based on VO2 film becomes an effective approach
to enhance thermochromic properties, including but not limited to oxide buffer layers [20],
antireflection layers [21], and noble metal layers [22]. Apart from multilayer structure,
VO2 nanocomposite coating by means of distributing VO2 particles into matrix materials
is another feasible way to improve Tlum and ΔTsol. When the ambient temperature is
above Tc, the VO2(R) nanoparticles, with grain size much smaller than the wavelength
of the incident light, present the localized surface plasma resonance (LSPR) effect around
1200 nm. Such an effect enables to enlarge the absorption and decreased transmittance
of the infrared light. On the other hand, VO2(M) nanoparticles below Tc do not possess
the characteristic of LSPR and the corresponding films are highly transparent to NIR.
Such a NIR transmittance gap between VO2(M) and VO2(R) results in much higher ΔTsol.
Additionally, the transparent matrix covering isolated particles gives rise to higher Tlum
of the VO2 nanocomposite coatings. Typically, SiO2 [23], SnO2 [24], TiO2 [25], and Si-Al
oxide [26] are common inorganic matrixes for VO2 nanoparticles. Unfortunately, these
matrixes require a strict annealing atmosphere or precisely uniform dispersion of VO2 in
the nanocomposite films. Compared to inorganic matrix, organic agents, such as polyvinyl
pyrrolidone (PVP) [13,27], polyurethane (PU) [28], polyvinyl butyral (PVB) [29], and acrylic
resin [30], have become more favorable hosts due to their low refractive index and facile
fabrication process. Gao et al. [31] synthesized a flexible coating by dispersing SiO2
capsuled monocrystal VO2 with good crystallinity, fine grain size (VO2@SiO2) into PU,
which showed good optical properties (Tlum = 55.3%, ΔTsol =7.5%). In addition, they
further developed a roll-coated VO2 nanocomposite coating with smoothness, uniformity,
and high transparency on 1200 × 1000 mm2 large-scale glass. By modulating the viscosity
of the host PU, Zou et al. [32] upgraded the solar modulation ability of VO2/PU composite
film from 6.6% to 14.5%, whereas the luminous transmittance was maintained 54%. On the
other hand, PVP was widely reported to be an alternative matrix. Zhao et al. [13] mixed
VO2 nanoparticles, ZnO nanoparticles, and PVP to fabricate a composite film, successfully
enhancing Tlum from 54.9% to 63.9% and improving ΔTsol from 9.9% to 11.3%. Recently,
Tian et al. [33] demonstrated an in-situ synthesis route to coat VO2 nanocomposite on
the glass surface by PVP decomposition and a mass transfer process during annealing,
achieving remarkable optical performance with Tlum of 72.5% and ΔTsol of 10.1%. Yet, there
were rare reports about the interactions between the VO2 and the matrix.

In this work, high-purity VO2(M) particles obtained by a one-step annealing process
were quenched to induce surface structural distortion. Deionized water and ethanol were
used as the quenching solvents to modulate the surface structure of VO2 particles. As
it turned out, the phase transition temperature of the quenched powders was slightly
reduced by around 3 ◦C. In addition, the quenched VO2 nanoparticles were dispersed
individually in the PVP when spin-coated to form the VO2 nanocomposite films. Such
dispersion structures contributed to the optimization of the thermochromic properties
of the film. It was discovered that the quenched VO2 particles showed high dispersity
in the nanocomposite films and presented an evident LSPR effect, which contributed to
the enhanced solar-energy modulation ability of the films. Moreover, the film fabricated
by the ethanol-quenched VO2 uncovered excellent optical performance, accompanied by
ΔTsol of 15.2% and Tlum of 62.5%. The outstanding performance successfully achieved
the simultaneous enhancement of both solar energy modulation ability and luminous
transmittance of the film, and it was superior to most of the VO2 nanocomposite films
in previous reports [21,23,27,31–33] that failed to make a positive balance of ΔTsol and
Tlum. Herein, this work provided a facile quenching process to benefit the thermochromic
performance of VO2 composite film and to drive its application in smart windows.
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2. Methods

2.1. Fabrication of Quenched VO2(M) Nanoparticles

All reagents that were used directly were analytically pure and provided by Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China. A certain mass of vanadium pentoxide (V2O5,
0.8 g) powders and half the amount of ammonium bicarbonate (NH4HCO3, 0.4 g) particles
were loaded together in a quartz crucible and then transferred into the tube furnace. The
furnace was pumped below 50 Pa and heated around 550 ◦C until the powders changed to
dark-blue VO2 particles. After that, the particles were processed with quenching treatment
as Scheme 1 described. In detail, VO2 particles were placed in a vacuum tube furnace
for thermal insulation treatment for half an hour and then they were rapidly moved into
the 0 ◦C quenching solution surrounded by an ice-water system. Extra ice bulks were
constantly added to the system so that the quenching solvent was maintained at around
0 ◦C. Next, the beaker holding the above-mentioned solution mixed with quenched VO2
grains was put in a thermostatic oven to completely evaporate the solvent. Finally, the
remaining nanoparticles in the beaker were collected as quenched VO2(M).

Scheme 1. Diagram of the quenching process of the VO2 particles.

2.2. Fabrication of VO2-PVP Nanocomposite Film

The obtained VO2(M) nanoparticles were mixed with polyvinylpyrrolidone (PVP,
K30) and ethanol in the mill tank. Intermittent ball milling gave rise to particles with
smaller sizes to achieve thorough dispersion in the ethanol. Afterward, the mixture liquid
was transferred into a centrifuge tube for solid-liquid separation. The upper liquid in
the tube remained turbid as VO2 with extreme fine sizes dispersed well in PVP, which
dissolved well in ethanol. With the evaporation of liquid in the upper suspension, VO2-PVP
nanocomposites were collected and then made into a coating slurry by mixing them with
additional ethanol. Continuous stirring and ultrasonic vibration were implemented to
make the slurry homogeneous. Then spin-coating was carried out to form a sol/wet film
by dropping the solution on a common soda-lime-silica glass substrate. In the end, ethanol
was removed by heating to form the VO2-PVP nanocomposite films.

2.3. Characterization

X-ray diffraction (XRD, D8DISCOVER, Bruker, Billerica, MA, USA) with Cu Kα

(λ = 0.154056 nm) serving as the source of radiation, and 3 kW of the output power)was
adopted to determine the phase structures of the powders over the 2θ between 10◦ and 80◦.
A differential scanning calorimeter (DSC, DSC8500,PerkinElmer, Waltham, MA, USA) was
used to examine the phase transition temperature of the powders with the temperature
ranging from 0 ◦C to 100 ◦C at the rate of 5 ◦C/min in the heating/cooling loop, as illus-
trated in Equation (1). Tc refers to the average phase transition temperature of VO2 particles.
Tc,h and Tc,c correspond to the phase transition temperature peak of VO2 in the heating
and cooling stages, respectively. A field emission scanning electron microscopy (FE-SEM,
Zeiss Ultra Plus, Carl Zeiss CMP GmbH, Oberkochen, Germany) was used to observe the
morphology of both the composite powders and films. X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, ThermoFisher, Waltham, MA, USA) was utilized to determine the
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element composition and valence. FT−IR spectrum (Nicolet6700, ThermoFisher, Waltham,
MA, USA) was served to identify the functional groups of the samples.

Tc = (Tc,h + Tc,c)/2 (1)

The thermochromic performance of the films was measured from 300 to 2500 nm by a
UV–vis–NIR spectrophotometer (UV-3600) equipped with a temperature-controlling device.
The transmittance of the films at 20 ◦C and 90 ◦C corresponded to VO2(M) and VO2(R),
respectively. The integrated luminous transmittance (Tlum, 380 nm ≤ λ ≤ 780 nm) and solar
transmittance (Tsol, 300 nm ≤ λ ≤ 2500 nm) can be calculated according to Equations (2)
and (3).

Tlum =

∫
ϕlum(λ)T(λ)dλ∫

ϕlum(λ)dλ
(2)

Tsol =

∫
ϕsol(λ)T(λ)dλ∫

ϕsol(λ)dλ
(3)

In the equations, T(λ) represents the film transmittance of light at a certain wavelength
(λ), ϕlum(λ) is the standard luminous efficiency function for the photopic vision of human
eyes [11], and ϕsol(λ) is the solar irradiance spectrum for air mass 1.5 corresponding to the
sun standing 37◦ above the horizon. ΔTsol is the difference value of Tsol at 20 ◦C and 90 ◦C,
as given in Equation (4).

ΔTsol = Tsol(20 ◦C)− Tsol(90 ◦C) (4)

3. Results and Discussion

3.1. Structure of the VO2 Nanoparticles

VO2 powders were obtained from V2O5 by a facial annealing reduction reaction.
As shown in the TG-DSC pattern (Figure 1a) of the mixture of V2O5 and NH4HCO3,
NH4HCO3 kept decomposing to release NH3 at the beginning during the homogeneous
heating period, illustrating the continuous mass loss of the raw materials. Till 183.5 ◦C,
NH4HCO3 decomposed completely and the mass loss in this period was 8.28% in total. The
endothermic peak at 226.2 ◦C indicated that the absorbed H2O was released, accounting
for 3.29% of the reaction agents. With the rising temperature, the reducibility of NH3
contributed to changing the vanadium (V) in V2O5 to lower valence, accompanied by
an exothermic process at 360.0 ◦C, and finally reached the stable phase until 400 ◦C, as
no mass loss or well as energy exchange could be observed in the pattern. This result
suggested that 400 ◦C was suitable for V2O5 reduction. Additionally, the small temperature
deviation between DSC and DTG could be attributed to the errors caused by the test
instrument. Figure 1b showed the XRD patterns of the VO2 samples annealed from V2O5
and NH4HCO3 mixture at 400 ◦C, 450 ◦C, 550 ◦C, and 550 ◦C. Although the main diffraction
peaks (27.8◦, 35.7◦, 37.8◦, and 55.8◦) matched well with VO2(M) (PDF #44-0252), extra peaks
with evident intensity (25.3◦, 33.5◦, and 49.5◦) belonging to V6O13 (PDF #27-1318) could
be observed for the samples obtained at 400 ◦C, which meant the incomplete reduction of
V2O5 to V6O13. Such a result disagreed with the ideal reaction temperature in Figure 1a.
The reason could be attributed to the fact that the furnace chamber in the annealing process
was too large, and the effective heating interval of the furnace was small, which caused
partial energy loss. When raising the annealing temperature to 450 ◦C, the fabricated
samples came across the same situation. Interestingly, the diffraction peaks belonging to
V6O13 of the VO2 sample reduced at 450 ◦C were much weaker than those of VO2 reduced
at 400 ◦C, testifying that the proportion of V6O13 among the VO2 samples annealed at
450 ◦C was much less than that of the VO2 annealed at 400 ◦C. Thus, a higher annealing
temperature was demanded to overcome the energy barrier for reducing V2O5 into VO2
thoroughly. In addition, it turned out that the material annealed at 500 ◦C became pure
VO2(M) with sharp diffraction peaks. Such peaks implied that the 500 ◦C reduced VO2
featured excellent crystallinity. Comparably, the powders annealed at 550 ◦C remained pure
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VO2(M) structure but exhibited a decreased peak intensity, indicating worse crystallinity of
the related VO2 powders. This might be caused by the unexpected grain agglomeration
during the thermal insulation at higher temperatures. Therefore, 500 ◦C was selected as the
ideal temperature to produce pristine VO2 (labeled as P-VO2).

Figure 1. (a) TG-DSC pattern of the V2O5 and NH4HCO3 raw mixture and (b) XRD pattern of VO2

powders annealed at different temperatures.

To observe the metal-insulator transition, P-VO2 was characterized through in-situ
XRD technique, and the results were shown in Figure 2a,b, and Figure 2b was the enlarged
view of the pink area in Figure 2a. The VO2 stayed the monoclinic structure below 45 ◦C,
and the main peak (27.76◦) corresponded to the (011) crystal plane of VO2(M). When the
temperature rose above 65 ◦C, the peak shifted to 27.63◦, revealing that the VO2 crystals
had transferred to the rutile phase, featured with the (110) crystal plane of VO2(R) (PDF #73-
2362). This phenomenon suggested that the phase transition temperature of P-VO2 ranged
between 45 ◦C and 65 ◦C. This was in agreement with previous reports [5] for VO2 particles.
When the VO2 particles cooled down from 75 ◦C to 65 ◦C, VO2 crystals transited back to
monoclinic structure from rutile structure. This helped obverse the evident and reversible
MIT behavior between VO2(M) and VO2(R) in the previous report [34]. Furthermore, the
phase transition temperature of the cooling stage was inconsistent with that of the heating
stage, confirming the thermal hysteresis loop feature of VO2 in the phase transition stage.
It was the MIT behavior that made VO2 a promising material for smart windows.

Figure 2. (a) In-situ XRD pattern of P-VO2 and (b) enlarged view of the diffraction angle ranging
from 26.5◦ to 28.5◦ in the heating and cooling stages.

In order to cause surface distortion for the crystal, P-VO2 featured with the notable
MIT behavior was placed in a 0 ◦C ice-water system for quenching treatment as Scheme 1 il-
lustrated. According to the difference in quenching solvent, the VO2 quenched in deionized
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water was named H-VO2 and the one quenched in ethanol was noted as E-VO2. The XRD
pattern of VO2 under different quenching solvents was shown in Figure 3a. Compared to
the pristine VO2 without the quenching process, both the H-VO2 and E-VO2 powders held
the phase structure of VO2(M) in Figure 1b. A smaller peak located at 25.3◦ appeared in the
quenched samples, which could be the localized oxidation caused by exposure to air during
powder transfer. It is worth noting that quenched particles presented the VO2(M) phase
and manifested great crystallinity. In addition, surface lattice distortion of the VO2 was
assumed to occur after the quenching process [35], which would be discussed in the next
part. According to the Scherrer equation, the average grain size of E-VO2 and H-VO2 were
calculated as 30.08 nm and 17.06 nm, respectively, larger than the average size (12.11 nm) of
P-VO2. To explain the mean grain size changes of the three samples, an enlarged view of the
XRD diffraction angle ranging from 27.0◦ to 28.5◦ (Organe area in Figure 3a) was presented
to illustrate the half-width changes of the peaks. As shown in Figure 3b, the diffraction
curve of P-VO2 exhibited the greatest widening state compared to E-VO2 and H-VO2. Such
a state endowed P-VO2 with the largest half-width and thus, the smallest grain size among
the three particles. On the other hand, the half-width of the E-VO2 (011) crystal plane
diffraction peak was approaching that of H-VO2. However, the diffraction peak of E-VO2
shifted to a higher position at 27.91◦, compared to the peak at 27.86◦ of P-VO2. Such a
shift to a higher angle caused the fact that the grain size of E-VO2 was a bit larger than
that of H-VO2. This phenomenon might be attributed to the hydroxy group attached to
the surface of VO2 when the heated particles encountered an ice-water/ice-ethanol system
and thus, leading to surface lattice distortion of the crystals. Moreover, thermal insulation
during the quenching process in Scheme 1 was also beneficial to grain growth.

Figure 3. (a) XRD pattern of P-VO2, H-VO2, and E-VO2 powders and (b) enlarged view of the
diffraction angle ranging from 27.0◦ to 28.5◦.

With the goal of further determining the effect of the quenching process on VO2,
the XPS technique was used to identify the chemical environment of elements, and the
results were presented in Figure 4. Regarding the C1s peak at 284.80 eV as the calibration
position, the full spectrum (Figure 4a) illustrated the existence of vanadium and oxygen in
all the P-VO2, H-VO2, and E-VO2 powders according to the V2p and O1s peaks. The V2p
peaks were analyzed by Avantage of Thermo Scientific. In addition, Shirley background
subtraction was employed to diminish the influence of heightened peaks due to signals
from electrons undergoing inelastic scattering during the XPS characterization, ensuring
a convincing quantification analysis of the peaks. As the high-resolution pattern for V2p
shown in Figure 4b to d, both the V2p3/2 and V2p1/2 spectral peaks were significantly
asymmetrical and each was split into two peaks, which implied that the vanadium of all
the VO2 samples involved two different chemical states, corresponding to V4+ (The fitted
purple curve) and V5+ (The fitted green curve), respectively. V5+ owing to V2O5 consisted
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of V2p3/2 at 517.5 eV and V2p1/2 at 525.0 eV. The gap between the V2p3/2 orbital and
V2p3/2 orbital was 7.5 eV, which is in line with previous work [13]. Additionally, it is
supposed that the existence of V5+ was caused by partial oxidation when the VO2 particles
were exposed to air [36]. The V4+ attributed to VO2 was made up of V2p3/2 at 516.2 eV and
V2p1/2 at 523.7 eV. In addition, the V2p3/2 of P-VO2 was most occupied with V5+, and V4+

only accounted for a small proportion. Comparably, the V4+ in the V2p orbitals of H-VO2
in Figure 4c showed the highest percentage, followed by E-VO2 in Figure 4d, and finally,
the P-VO2 declared the least V4+ content in Figure 4b. Such results could be attributed to
the surface lattice distortion of H-VO2 and E-VO2.

Figure 4. (a) XPS spectrum comparison of VO2 powders and the high-resolution patterns for V2p of
P-VO2 (b), H-VO2 (c), and E-VO2 (d).

SEM was employed to investigate the morphology of the aforementioned VO2 parti-
cles. Due to the large size of the commercial precursor V2O5, the directly annealed P-VO2
particles inherited the large grain size, as shown in Figure 5a. It is evident that the particles
aggregated severely to form large-scale clusters, with irregular shapes and different sizes
ranging from 0.2 μm to 1.2 μm.Unfortunately, such sizes hindered P-VO2 from dispersing
in the PVP matrix for film coating. Compared to the pristine sample, the degree of particle
aggregation of quenched VO2 was much improved. In Figure 5b, the big clusters were
broken into small H-VO2 parts with varying sizes, showing that the deionized water was
able to split the large-size P-VO2 gathering during the quenching process. Especially, when
the quenched solvent was replaced with ethanol with a smaller density, E-VO2 interacted
more severely with the liquid and turned more entire separation into nanoparticles with
approximately 200 nm in size, as presented in Figure 5c. In addition, the voids clearly
appeared among the E-VO2 nanoparticles and the linkage knot hinted the E-VO2 separated
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from large-size P-VO2 particles. The observation that the quenched VO2 nanoparticles
were easily separated into small pellets from large-sized clusters resulted from the ther-
modynamically unstable state of these aggregated clusters. This unstable state was due to
the surface crystal distortion caused by the quenching process, confirming the results of
XPS spectrums. It is worth mentioning that the particle was much larger than the value
calculated in Figure 3a. The fact that the XRD resulted from Cu Kα radiation reflected
crystalline particles rather than the actual morphology of the powders might explain the
difference in the mean particle sizes. As for SEM, the signals of secondary electrons with
much smaller De Broglie wavelengths were collected to reflect the topography of the parti-
cles. The different wavelengths of Cu Kα in XRD and secondary electrons in SEM caused
different imaging results. On the other hand, VO2 particles in Figure 5 were assumed to be
polycrystalline consisting of substantial crystals.

Figure 5. SEM images of (a) P-VO2, (b) H-VO2, and (c) E-VO2 powders.

The DSC curves of the above P-VO2 H-VO2 and E-VO2 powders are illustrated in
Figure 6a with expected exothermic and endothermic peaks. Such a thermal energy change
suggested the phase transition behavior between VO2(M) and VO2(R). The exothermic peak
(Tc,h) at 68.35 ◦C and endothermic peak (Tc,c) at 61.09 ◦C of P-VO2 implied the average Tc
was 64.72 ◦C according to Equation (1). On the other hand, the energy involved in the MIT
behavior was 47 J/g, approaching 51 J/g of the bulk VO2, showing good crystallinity of P-
VO2 powders as shown in Figure 2. With the quenching process, the H-VO2 powders with
phase transition peaks at 65.61 ◦C and 58.53 ◦C presented the average Tc as 62.07 ◦C, while
the Tc of E-VO2 nanoparticles was calculated as 62.73 ◦C from the Tc,h peak at 65.73 ◦C and
Tc,c peak at 58.24 ◦C. It is clear that the Tc of the quenched samples was slightly lowered,
which could be attributed to the surface lattice distortion of the VO2 crystal structure as the
XPS results suggested.

Considering the similar structure of H2O and C2H6O, FT−IR was employed to detect
the -OH bond of the VO2 particles. In Figure 6b, the -OH bond corresponded to the peaks
at 3450 cm−1 and hydrogen bonds appeared at 1630 cm−1. The integral area of the peak at
1630 cm−1 was used to reflect the relative content of the hydroxyl group in the samples. It
turned out that the hydroxyl peak area of H-VO2 particles was the largest at 106.4, followed
by the peak area of 87.7 of E-VO2, and finally the value of 25.3 of P-VO2. Such results
indicated that the absorbed hydroxyl on the surface of both H-VO2 and E-VO2 particles
was more than P-VO2. This could be due to the surface lattice distortion of the quenched
samples, so there were more absorption sites bound to the hydroxyl group on the surface
of these particles. Additionally, the peaks at around 990 cm−1 and 890 cm−1, respectively,
corresponded to the stretching vibration and asymmetric stretching vibration of the V=O
bond. The overlapping peaks at 720 cm−1 and 660 cm−1 were the characteristic peaks of
VO2(M) [37]. In addition, the peaks at around 530 cm−1 were labeled as the stretching
vibration of the V-O-V bond. Apart from the peak offset of the corresponding bonds in VO2,
small extra peaks at around 1285 m−1 were discovered in H-VO2 and E-VO2, which was
attributed to the O-H band after the quenching process. Such a phenomenon confirmed the
surface lattice distortion to VO2 crystals of H-VO2 and E-VO2.
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Figure 6. (a) DSC curve and (b) FT−IR spectrum of P-VO2, H-VO2, and E-VO2 powders.

3.2. Thermochromic Properties and Morphology of VO2 Nanocomposite Films

To reduce the grain size of the as-synthesized particles, VO2 samples were mixed
with PVP and ethanol in the mill tank to conduct thorough ball milling and centrifugation,
ending up with a dark liquid mixture. The turbid upper solution was dried to collect
the VO2-PVP compound, which was then mixed with additional ethanol to configure the
spin-coating slurry. The slurry was then dropped on the soda-lime-silica glass substrate
and spun to form the VO2 nanocomposite films. A UV3600 spectrophotometer coupled
with a temperature-controlling device was served to characterize the transmittance of
the films ranging from 300 nm to 2500 nm, and the thermochromic properties of the
VO2 nanocomposite films were integrated by Equations (2) to (4). The solid lines in
Figure 7a were tested at 20 ◦C, revealing the transmittance of M phase VO2 samples, and
the dash lines were obtained at 90 ◦C, appearing the transmittance of R phase VO2 samples.
As shown in Figure 7a and Table 1, the Tlum of P-VO2 film was 53.2% and ΔTsol just
reached 8.8%. The grain accumulation in Figure 5a was the cause for such poor properties.
Comparably, the H-VO2 film sacrificed a small amount of luminous transmittance of 3.1%
to achieve as enormous as 42.5% of improvement in solar-energy modulation ability to
reach 12.5%. The reason for the enhanced ΔTsol originated from the LSPR absorption peak
of H-VO2 located at 1258 nm, which was stronger than the P-VO2 peak at 1293 nm. Such
a phenomenon led to an enlarged gap in the transmittance of VO2 at 20 ◦C and 90 ◦C
and contributed to higher ΔTsol. The E-VO2 nanocomposite film that came across with
the same LSPR effect at 1150 nm revealed an exceeding increment of ΔTsol of 72.2% (from
8.8% to 15.2%). In addition, the Tlum of E-VO2 film was boosted to 62.5%, indicating a
better dispersity of the VO2 nanoparticles in the PVP matrix. The optimized luminous
transmittance was also credited for less aggregation of the nanoparticles as shown in
Figure 5c. In Figure 7b, the thermochromic performance of E-VO2 in this work was
compared to previously reported VO2 nanocomposite films, and it was clear that the E-VO2
film exceeded most VO2 films [21,23,27,31–33]. Besides, the excellent ΔTsol of the E-VO2
film was able to satisfy the demands of effectively regulating room temperature while the
great Tlum met the requirement of indoor brightness, which was a great achievement for
the potential application of VO2 thermochromic smart windows.
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Figure 7. (a) Transmittance spectrum comparison of VO2 films and (b) thermochromic performance
comparison between this work and previously reported VO2 nanocomposite films.

Table 1. Thermochromic properties of different VO2 films.

Sample
Tsol (%) Tlum (%)

ΔTsol (%) ΔTNIR (%)
20 ◦C 90 ◦C 20 ◦C 90 ◦C

P-VO2 film 52.5 43.7 53.2 47.3 8.8 12.8
H-VO2 film 47.9 35.4 51.6 43.5 12.5 19.8
E-VO2 film 58.2 43.0 62.5 50.9 15.2 21.1

The morphology of the films was presented. It is clear that P-VO2 turned into nanopar-
ticles with a size of around 100 nm after a ball milling process as described in Figure 8a.
However, particle aggregation in Figure 5a was still common even though they were spin-
coated to film. This aggregation structure was the reason for the unsatisfied thermochromic
properties of the P-VO2 film. Comparably, grain accumulation also existed in H-VO2
film, which caused low luminous transmittance of the film. Additionally, cracks could
be found in the film, and they were the cause of the inadequate performance of Tlum. It
is worth mentioning that most H-VO2 nanoparticles exhibited much smaller sizes than
P-VO2 and they were dispersed individually in the PVP in Figure 8b, causing the LSPR
effect and the improvement of ΔTsol. In Figure 8c, the E-VO2 nanoparticles showed an
average size of tens of nanometers and nearly no sign of particle aggregation. Additionally,
these particles with surface lattice distortion were highly isolated from each other and
uniformly dispersed in the E-VO2 nanocomposite film. The large-scale surface morphology
of E-VO2 film in Figure 8d introduced such dispersity of VO2 nanoparticles in a more
intuitive perspective. This dispersion structure became beneficial for the optical properties
of E-VO2 nanocomposite film.
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Figure 8. SEM images of (a) P-VO2, (b) H-VO2, and (c,d) E-VO2 nanocomposite films.

4. Conclusions

As a strong electronic associated material, VO2(M) underwent a reversible phase
transition between the monoclinic phase and rutile phase, corresponding with an abrupt
change of near-infrared light transmittance, thus showing great potential in the smart
window application. To improve the thermochromic properties of VO2, this paper ap-
plied a facile annealing method to synthesize VO2(M) powders. With the quenching
treatment, the VO2 particles presented surface lattice distortion and they were individually
dispersed in the PVP host to induce the LSPR effect, contributing to the exciting increment
of solar-energy modulation ability. Hereby, the film corresponding to H-VO2 achieved
an enormous improvement in ΔTsol from 8.8% to 12.5%. Moreover, the film fabricated by
the ethanol-quenched VO2 with no sign of aggregation showed an exceedingly high ΔTsol
of 15.2%, and the high dispersity of E-VO2 nanoparticles in the film contributed to much
enhanced Tlum of 62.5%. Therefore, this work provided a new thought to promote the
thermochromic performance of VO2 by particle quenching and the strategy was beneficial
to the commercialization of VO2 thermochromic smart windows.

Author Contributions: S.W. contributed to writing the original draft and conducting the experiment
and data analysis. L.Z. contributed to characterizing the structure of the samples and B.L. was
responsible for the optical performance characterization of the films. S.T. contributed to analyzing all
the data and supervising the experimental routine and data analysis. X.Z. was involved in analyzing
all the data and revising the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant No.
51772229), the 111 project (No. B18038), the National Key R&D Program of China (No. 2017YFE0192600),
Key R&D Project of Hubei Province (No. 2020BAB061), National innovation and entrepreneurship
training program for college students (No. 201910497034), Open Foundation of the State Key Labora-
tory of Silicate Materials for Architectures at WUT (No. SYSJJ2021-05 and SYSJJ2022-01), State Key

54



Nanomaterials 2023, 13, 2252

Laboratory of Materials Processing and Die & Mould Technology, Huazhong University of Science
and Technology (No. P2021-010).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available on request from the authors.

Acknowledgments: We also thank the Analytical and Testing Center of WUT for the help with
carrying out the materials characterization.

Conflicts of Interest: The authors declare no potential conflict of financial interest with respect to
the research.

References

1. Morin, F.J. Oxides which show a metal-to-insulator transition at the neel temperature. Phys. Rev. Lett. 1959, 3, 34–36. [CrossRef]
2. Hu, P.; Hu, P.; Vu, T.D.; Li, M.; Wang, S.; Ke, Y.; Zeng, X.; Mai, L.; Long, Y. Vanadium oxide: Phase diagrams, structures, synthesis,

and applications. Chem. Rev. 2023, 123, 4353–4415. [CrossRef]
3. Zhang, Z.; Zhang, L.; Zhou, Y.; Cui, Y.; Chen, Z.; Liu, Y.; Li, J.; Long, Y.; Gao, Y. Thermochromic energy efficient windows:

Fundamentals, recent advances, and perspectives. Chem. Rev. 2023, 123, 7025–7080. [CrossRef]
4. Bhupathi, S.; Wang, S.; Ke, Y.; Long, Y. Recent progress in vanadium dioxide: The multi-stimuli responsive material and its

applications. Mater. Sci. Eng. R Rep. 2023, 155, 100747. [CrossRef]
5. Gao, Y.; Luo, H.; Zhang, Z.; Kang, L.; Chen, Z.; Du, J.; Kanehira, M.; Cao, C. Nanoceramic VO2 thermochromic smart glass: A

review on progress in solution processing. Nano Energy 2012, 1, 221–246. [CrossRef]
6. Xu, F.; Cao, X.; Luo, H.; Jin, P. Recent advances in VO2-based thermochromic composites for smart windows. J. Mater. Chem. C

2018, 6, 1903–1919. [CrossRef]
7. Song, J.; Zhao, Y.; Sun, L.; Luo, Q.; Xu, H.; Wang, C.; Xin, H.; Wu, W.; Ma, F. VO2/ATO nanocomposite thin films with enhanced

solar modulation and high luminous transmittance for smart windows. Ceram. Int. 2022, 48, 15868–15876. [CrossRef]
8. Ding, X.; Li, Y.; Zhang, Y. Sol-gel derived tungsten doped VO2 thin films on Si substrate with tunable phase transition properties.

Molecules 2023, 28, 3778. [CrossRef]
9. Abdellaoui, I.; Merad, G.; Maaza, M.; Abdelkader, H.S. Electronic and optical properties of Mg-, F-doped and Mg\F-codoped

M1-VO2 via hybrid density functional calculations. J. Alloys Compd. 2016, 658, 569–575. [CrossRef]
10. Panagopoulou, M.; Gagaoudakis, E.; Boukos, N.; Aperathitis, E.; Kiriakidis, G.; Tsoukalas, D.; Raptis, Y.S. Thermochromic

performance of Mg-doped VO2 thin films on functional substrates for glazing applications. Sol. Energy Mater. Sol. Cells 2016, 157,
1004–1010. [CrossRef]

11. Zhao, J.; Chen, D.; Hao, C.; Mi, W.; Zhou, L. The optimization and role of Ti surface doping in thermochromic VO2 film. Opt.
Mater. 2022, 133, 112960. [CrossRef]

12. Qin, S.; Fan, Y.; Qiu, X.; Gou, G.; Zhang, K.; Feng, Q.; Gan, G.; Sun, W. Modulation of the phase transition behavior of VO2
nanofilms by the coupling of Zr doping and thickness-dependent band gap. ACS Appl. Mater. Interfaces 2022, 4, 6067–6075.
[CrossRef]

13. Wu, S.; Tian, S.; Liu, B.; Tao, H.; Zhao, X.; Palgrave, R.G.; Sankar, G.; Parkin, I.P. Facile synthesis of mesoporous VO2 nanocrystals
by a cotton-template method and their enhanced thermochromic properties. Sol. Energy Mater. Sol. Cells 2018, 176, 427–434.
[CrossRef]

14. Long, S.; Cao, X.; Wang, Y.; Chang, T.; Li, N.; Jin, L.; Ma, L.; Xu, F.; Sun, G.; Jin, P. Karst landform-like VO2 single layer solution:
Controllable morphology and excellent optical performance for smart glazing applications. Sol. Energy Mater. Sol. Cells 2020, 209,
110449. [CrossRef]

15. Ke, Y.; Wen, X.; Zhao, D.; Che, R.; Xiong, Q.; Long, Y. Controllable fabrication of two-dimensional patterned VO2 nanoparticle,
nanodome, and nanonet arrays with tunable temperature-dependent localized surface plasmon resonance. ACS Nano 2017, 11,
7542–7551. [CrossRef] [PubMed]

16. Qian, X.; Wang, N.; Li, Y.; Zhang, J.; Xu, Z.; Long, Y. Bioinspired multifunctional vanadium dioxide: Improved thermochromism
and hydrophobicity. Langmuir 2014, 30, 10766–10771. [CrossRef]

17. Yao, L.; Qu, Z.; Sun, R.; Pang, Z.; Wang, Y.; Jin, B.; He, J. Long-lived multilayer coatings for smart windows: Integration of
energy-saving, antifogging, and self-healing functions. ACS Appl. Energy Mater. 2019, 2, 7467–7473. [CrossRef]

18. Mlyuka, N.R.; Niklasson, G.A.; Granqvist, C.G. Thermochromic multilayer films of VO2 and TiO2 with enhanced transmittance.
Sol. Energy Mater. Sol. Cells 2009, 93, 1685–1687. [CrossRef]

19. Long, S.; Zhou, H.; Bao, S.; Xin, Y.; Cao, X.; Jin, P. Thermochromic multilayer films of WO3/VO2/WO3 sandwich structure with
enhanced luminous transmittance and durability. RSC Adv. 2016, 6, 106435–106442. [CrossRef]

20. Panagopoulou, M.; Gagaoudakis, E.; Aperathitis, E.; Michail, I.; Kiriakidis, G.; Tsoukalas, D.; Raptis, Y.S. The effect of buffer
layer on the thermochromic properties of undoped radio frequency sputtered VO2 thin films. Thin Solid Films 2015, 594, 310–315.
[CrossRef]

55



Nanomaterials 2023, 13, 2252

21. Yao, L.; Qu, Z.; Pang, Z.; Li, J.; Tang, S.; He, J.; Feng, L. Three-layered hollow nanospheres based coatings with ultrahigh-
performance of energy-saving, antireflection, and self-cleaning for smart windows. Small 2018, 14, e1801661. [CrossRef] [PubMed]

22. Granqvist, C.G. Transparent conductors as solar energy materials: A panoramic review. Sol. Energy Mater. Sol. Cells 2007, 91,
1529–1598. [CrossRef]

23. Kang, J.; Liu, J.; Shi, F.; Dong, Y.; Song, X.; Wang, Z.; Tian, Z.; Xu, J.; Ma, J.; Zhao, X. Facile fabrication of VO2/SiO2 aerogel
nanocomposite films with excellent thermochromic properties for smart windows. Appl. Surf. Sci. 2022, 573, 151507. [CrossRef]

24. Li, D.; Deng, S.; Zhao, Z.; Yang, J.; Wang, B.; Li, J.; Jin, H. VO2(M)@SnO2 core–shell nanoparticles: Improved chemical stability
and thermochromic property rendered by SnO2 shell. Appl. Surf. Sci. 2022, 598, 153741. [CrossRef]

25. Samal, A.; Lakshya, A.K.; Dhar Dwivedi, S.M.M.; Dalal, A.; Ghosh, A.; Paul, A.D.; Mahapatra, R.; Gupta, R.K.; Hasan, M.A.;
Dey, A.; et al. Stable and reversible phase change performance of TiO2 coated VO2 nano-columns: Experiments and theoretical
analysis. Ceram. Int. 2021, 47, 14741–14749. [CrossRef]

26. Liu, C.; Cao, X.; Kamyshny, A.; Law, J.Y.; Magdassi, S.; Long, Y. VO2/Si-Al gel nanocomposite thermochromic smart foils: Largely
enhanced luminous transmittance and solar modulation. J. Colloid Interface Sci. 2014, 427, 49–53. [CrossRef]

27. Li, B.; Liu, J.; Tian, S.; Liu, B.; Yang, X.; Yu, Z.; Zhao, X. VO2-ZnO nanocomposite films with enhanced thermochromic properties
for smart windows. Ceram. Int. 2020, 46, 2758–2763. [CrossRef]

28. Kang, J.; Liu, J.; Shi, F.; Dong, Y.; Jiang, S. The thermochromic characteristics of Zn-doped VO2 that were prepared by the
hydrothermal and post-annealing process and their polyurethane nanocomposite films. Ceram. Int. 2021, 47, 15631–15638.
[CrossRef]

29. Cool, N.I.; Larriuz, C.A.; James, R.; Ayala, J.R.; Anita; Al-Hashimi, M.; Banerjee, S. Thermochromic fenestration elements based on
the dispersion of functionalized VO2 nanocrystals within a polyvinyl butyral laminate. ACS Eng. Au 2022, 2, 477–485. [CrossRef]

30. Mao, Z.; Huang, W.; Zhou, W.; Tang, L.; Shi, Q. In-situ stirring assisted hydrothermal synthesis of W-doped VO2(M) nanorods
with improved doping efficiency and mid-infrared switching property. J. Alloys Compd. 2020, 821, 153556. [CrossRef]

31. Cao, C.; Yanfeng, G.; Hongjie, L. Pure single-crystal rutile vanadium dioxide powders: Synthesis, mechanism and phase-
transformation property. J. Phys. Chem. C 2008, 112, 18810–18814. [CrossRef]

32. Yang, X.; Zou, J. Facile fabrication of VO2 composite film with enhanced significantly solar modulation performance by adjusting
viscosity of VO2/PU dispersion. J. Alloys Compd. 2023, 940, 168868. [CrossRef]

33. Li, B.; Tian, S.; Qian, J.; Wu, S.; Liu, B.; Zhao, X. In situ synthesis of highly dispersed VO2(M) nanoparticles on glass surface for
energy efficient smart windows. Ceram. Int. 2023, 49, 2310–2318. [CrossRef]

34. Yuan, L.; Hu, Z.; Hou, C.; Meng, X. In-Situ thermochromic mechanism of Spin-Coated VO2 film. Appl. Surf. Sci. 2021, 564, 150441.
[CrossRef]

35. Liu, B.; Cheng, K.; Nie, S.; Zhao, X.; Yu, H.; Yu, J.; Fujishima, A.; Nakata, K. Ice–water quenching induced Ti3+ self-doped TiO2
with surface lattice distortion and the increased photocatalytic activity. J. Phys. Chem. C 2017, 121, 19836–19848. [CrossRef]

36. Li, B.; Tian, S.; Tao, H.; Zhao, X. Tungsten doped M-phase VO2 mesoporous nanocrystals with enhanced comprehensive
thermochromic properties for smart windows. Ceram. Int. 2019, 45, 4342–4350. [CrossRef]

37. Mohamed Azharudeen, A.; Karthiga, R.; Rajarajan, M.; Suganthi, A. Enhancement of electrochemical sensor for the determination
of glucose based on mesoporous VO2/PVA nanocomposites. Surf. Interfaces 2019, 16, 164–173. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

56



nanomaterials

Article

Construction of Electrostatic Self-Assembled 2D/2D
CdIn2S4/g-C3N4 Heterojunctions for Efficient
Visible-Light-Responsive Molecular Oxygen Activation

Hongfei Yin 1, Chunyu Yuan 1, Huijun Lv 1, Xulin He 2, Cheng Liao 2, Xiaoheng Liu 3,* and Yongzheng Zhang 1,*

1 School of Physics and Physical Engineering, Qufu Normal University, Qufu 273165, China;
yinhongfei1016@foxmail.com (H.Y.); chunyuyuan.qfnu@gmail.com (C.Y.); hjlv.qfnu@gmail.com (H.L.)

2 Chengdu Science and Technology Development Center, China Academy of Engineering Physics,
Chengdu 610000, China; hexl0003@yinhe596.cn (X.H.); cliao@pku.edu.cn (C.L.)

3 Key Laboratory for Soft Chemistry and Functional Materials of Ministry of Education, School of
Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China

* Correspondence: xhliu@njust.edu.cn (X.L.); yzzhang@qfnu.edu.cn (Y.Z.)

Abstract: Molecular oxygen activated by visible light to generate radicals with high oxidation ability
exhibits great potential in environmental remediation The efficacy of molecular oxygen activation
mainly depends on the separation and migration efficiency of the photoinduced charge carriers. In
this work, 2D/2D CdIn2S4/g-C3N4 heterojunctions with different weight ratios were successfully
fabricated by a simple electrostatic self-assembled route. The optimized sample with a weight ratio
of 5:2 between CdIn2S4 and g-C3N4 showed the highest photocatalytic activity for tetracycline
hydrochloride (TCH) degradation, which also displayed good photostability. The enhancement of
the photocatalytic performance could be ascribed to the 2D/2D heterostructure; this unique 2D/2D
structure could promote the separation and migration of the photoinduced charge carriers, which
was beneficial for molecular oxygen activation, leading to an enhancement in photocatalytic activity.
This work may possibly provide a scalable way for molecular oxygen activation in photocatalysis.

Keywords: 2D/2D; electrostatic self-assembled; heterojunction; photocatalytic; molecular oxygen activa-
tion

1. Introduction

The energy crisis and environmental pollution are serious problems worldwide.
Environmental pollution originating from refractory organic pollutants, especially an-
tibiotics, has an extremely negative influence on humans. Photocatalytic technology
has been recognized as a potential way to mitigate environmental pollution because
titanium dioxide is used as the catalyst for water splitting under UV light irradiation [1].
However, the relatively large bandgap of TiO2 renders it unacceptable in handling the
above-mentioned environmental problems with high efficiency. Therefore, it is strongly
desirable that photocatalysts with high solar utilization be explored [2–8].

CdIn2S4, a ternary sulfide of chalcogenide, with an appropriate bandgap and suitable
band edge positions, has gained increasing attention in the scope of photocatalysis, due
to its potential applications in photocatalytic hydrogen production [9–12], organic conver-
sions [13,14], and organic pollutant degradation [15–17], as well as CO2 reduction [18,19].
However, two issues have greatly restricted the widespread use of pure CdIn2S4. One is
the fast recombination of photogenerated charge carriers, and the other is photo-corrosion.
During the photocatalytic process, S2− can be oxidized by photoinduced holes [20], and
the generated dissociative Cd2+ would have a negative influence on living organisms.
Therefore, it is desirable to design an effective CdIn2S4-based photocatalyst without
sacrificing photocatalytic performance and using less Cd source. It was reported that
doping heteroatoms [21] or constructing heterojunctions [22–24] were efficient methods of
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alleviating the two above-mentioned problems, where the construction of heterojunctions
could inhibit the speedy recombination of photoexcited charge carriers and alleviate the
photo-corrosion more efficiently, owing to the spatial location of photoexcited electrons
and holes.

In recent decades, owing to the properties of earth abundance, non-toxicity, a simple
preparation process and stable structure, g-C3N4, which belongs to a type of metal-free
photocatalyst, has been widely used for building heterojunctions [25–30]. Nevertheless,
bulk g-C3N4 exhibits low specific surface areas and suffers from the rapid recombination
of photoinduced electron-hole pairs; these drawbacks seriously limit photocatalytic effi-
ciency. Exfoliating bulk g-C3N4 into two-dimensional nanosheets with few layers or single
layers is an effective method for improving the photocatalytic activities of g-C3N4 [31–33].
Wang et al. described an ultrasonic exfoliation route for fabricating g-C3N4 nanosheets
with boosted photocatalytic performance; the abundant reaction active sites and the
low recombination rate of charge carriers were attributed to the enhanced photocat-
alytic performances [34]. Qu et al. combined freeze-dried, ultrasonic and solvothermal
process-synthesized g-C3N4 nanosheets with an atomically thin mesoporous structure
that exhibited superior photocatalytic hydrogen evolution performance; the ultrathin
nanostructure could promote light absorption as well as shorten the migration time and
migration distance of photoexcited charge carriers [35].

It has been reported that the 2D/2D nanostructures have tight interfacial contact and
a large contact area, which not only provides more channels for carrier transfer, but also
shortens the transfer time and migration distance, leading to improved photocatalytic
performance [36–41]. It is expected that coupling 2D CdIn2S4 with 2D g-C3N4 is an effi-
cient method to enhance the photocatalytic activities of CdIn2S4 while using less of the Cd
species. In this work, 2D/2D CdIn2S4/g-C3N4 nanocomposites with various weight ra-
tios were constructed through a simple and low-cost electrostatic self-assembled method.
Various characterization technologies were utilized to fully study the crystallization, mor-
phology, optical and electrochemical properties of the obtained 2D/2D CdIn2S4/g-C3N4
heterojunctions. The photocatalytic performance of the obtained 2D/2D CdIn2S4/g-C3N4
heterojunctions was estimated through TCH degradation under visible light illumination.
The constructed 2D/2D nanostructures could efficiently facilitate the separation and
transfer of photoexcited charge carriers between hetero-interfaces, which is favorable for
the process of molecular oxygen activation, resulting in improved photocatalytic activity.

2. Materials and Methods

2.1. Reagents

Urea (AR) and indium chloride (InCl3·4H2O, AR) were bought from Sigma Aldrich
(Shanghai, China). Cadmium acetate [Cd (CH3COO)2·2H2O, AR] and thioacetamide
(C2H5NS, AR) were provided by Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). All the chemical reagents were used without further treatment.

2.2. Synthesis of the Photocatalysts
2.2.1. Synthesis of g-C3N4 Nanosheets and Protonated g-C3N4 Nanosheets

First, bulk g-C3N4 was fabricated through thermal condensation of urea. Typically,
20 g urea was set in a covered crucible, then heated to 550 ◦C within 240 min and
maintained at this temperature for 240 min to obtain bulk g-C3N4, denoted as BCN.
g-C3N4 nanosheets were obtained via a secondary calcination of the BCN with the same
calcination procedure for BCN, and the generated samples were ground for further use
and denoted as CNNSs.

Protonated g-C3N4 nanosheets were prepared on the basis of previous reports with
some modifications [42,43]. Typically, 2 g CNNSs were added to 300 mL 1M HCl aqueous
solutions; after ultrasonic treatment for 1 h, a homogeneous suspension was formed,
which was further stirred for 4 h to promote the protonation process, the protonated
g-C3N4 nanosheets were obtained via centrifugation, followed by washing with a large
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amount of distilled water to eliminate the excess HCl until pH = 7. Finally, the protonated
g-C3N4 nanosheets were dried at 60 ◦C overnight and denoted as PCNNSs.

2.2.2. Preparation of CdIn2S4 Nanosheets

The CdIn2S4 nanosheets were prepared as described previously with some adjust-
ment [44]. In a typical preparation procedure, 399 mg Cd (CH3COO)2·2H2O and 880 mg
InCl3·4H2O were added into 300 mL deionized water. After 30 min stirring at room tem-
perature, 600 mg thioacetamide (TAA) was added. Then, the temperature was raised to
100 ◦C from room temperature after 30 min stirring, and the reaction system was refluxed
at this temperature for 12 h under continuous magnetic stirring. After the reaction was
finished, the produced samples were collected by centrifugation and then cleaned with
deionized water 2 times. Finally, after drying at 60 ◦C overnight, the final product was
denoted as CIS.

2.2.3. Synthesis of 2D/2D CdIn2S4/g-C3N4 Heterojunctions

CdIn2S4 nanosheets and PCNNSs were simultaneously dispersed into deionized
water with the assistance of ultrasonic treatment for 2 h to form 2 uniform suspensions
with a concentration of 0.75 mg/mL. Then, the PCNNSs dispersion was dropwise added
into the CdIn2S4 nanosheet dispersion under continuous magnetic stirring at room tem-
perature; after 6 h, the mixed suspension was separated by centrifugation, then dried at
60 ◦C in a vacuum oven overnight. The final mass ratios of CdIn2S4 to PCNNSs were 5:1,
5:2, 5:3, and 5:4, denoted as CISCN-1, CISCN-2, CISCN-3, and CISCN-4, respectively.

2.3. Characterization

The crystal nature of the obtained CdIn2S4/g-C3N4 hybrids was examined by
powder X-ray diffraction (XRD) performed on a Bruker D8 Advance instrument. The
morphology of the fabricated samples was observed by field-emission scanning elec-
tron microscope (FESEM, Hitachi S-4800) and transmission electron microscope (TEM,
JEOL JEM-2100). The optical properties of the as-prepared samples were measured by
ultraviolet-visible (UV-vis) diffuse reflection spectra (DRS) using a Shimadzu UV-3100
spectrophotometer, where BaSO4 was used as reference, with a test range of 200–800 nm.
Element composition and chemical state of each element on the surface of the as-prepared
photocatalysts were detected on a PHI Quantera II SXM photoelectron spectrometer under
Al Kα radiation (λ = 0.84 nm).

2.4. Electrochemical Analysis

The photoelectrochemical tests, including transit photocurrent response and electro-
chemical impedance spectra (EIS), were characterized by a three-electrode electrochemical
system on a CHI760E electrochemical workstation. In the test system, Ag/AgCl elec-
trode and Pt wire electrode were utilized as reference electrode and counter electrode,
respectively. A 300 W Xe lamp was employed to provide visible light illumination. For
transit photocurrent measurement, the electrolyte was Na2SO4 aqueous solution with a
concentration of 0.5 M (pH ≈ 6.8). For EIS measurements, the electrolyte was a mixed
solution containing 0.5 M KCl and 5 mM K3[Fe(CN)6]/K4[Fe(CN)6], and the signals were
recorded from 100 kHz to 0.01 Hz, respectively. The working electrode was fabricated as
follows: 4 mg of the obtained catalysts were dispersed into a mixture solvent of 750 μL
water and 250 μL ethanol solution. Then, 10 μL Nafion solution (5 wt%) was added. The
mixture was ultrasonicated for 60 min to form a homogeneous slurry. Finally, 100 μL of
the dispersions were loaded onto a 1 cm × 3 cm ITO-coated glass substrate with coating
area of nearly 1 cm2.

2.5. Catalytic Experiments

The photocatalytic performance of the fabricated samples was evaluated by TCH
degradation under visible light illumination. A 300 W Xe lamp attached with a 400 nm
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cut-off filter was used to provide visible light. Typically, 30 mg sample was dispersed
into 50 mL 50 mg/L TCH aqueous solution. Then, the mixture was stirred for 1 h in
darkness to promote adsorption–desorption equilibrium between the sample and the
TCH. After the reaction system was exposed to visible light, 3 mL suspension was sucked
out every 20 min. After removing the catalyst from the suspension, the remained filtrate
was analyzed to determine the concentration of TCH.

2.6. Quantitative Analysis of •O2
−

The generation of •O2
− was measured by nitroblue tetrazolium (NBT) conversion

strategy. Due to the reaction between •O2
− and NBT at a mole ratio of 4:1, the concentra-

tion of •O2
− could be determined by the decrease in NBT. In a typical NBT transformation

reaction procedure, 10 mg sample was added into 50 mL 0.05 mM NBT aqueous solution.
Then, the mixed solution was stirred continuously in the dark for 60 min to promote the
adsorption–desorption equilibrium between the sample and the NBT. After the reaction
system was exposed to visible light, 3 mL solution was sucked out every 10 min. After
removing the catalyst via a millipore filter (0.22 μm), UV-vis spectrometer (UV-1801) was
used to test the concentration of NBT.

3. Results and Discussion

The crystalline structure of the as-fabricated CdIn2S4/g-C3N4 heterojunctions and
single component was studied by powder XRD, as displayed in Figure 1. The apparent
diffraction peak at 2θ = 27.6◦ in PCNNSs could be assigned to the (002) planes of graphitic
materials, which represent the interlayer stacking of a conjugated aromatic structure [45].
For CdIn2S4, the diffraction peaks of 2θ at 14.1◦, 23.2◦, 27.2◦, 28.5◦, 33.0◦, 40.7◦, 43.3◦,
47.4◦, 55.5◦, and 66.1◦ could be indexed into (111), (220), (311), (222), (400), (422), (511),
(440), (533), and (731) crystal planes of CdIn2S4 (JCPDS NO.27-0060) with cubic phase
structure. All the diffraction peaks of CdIn2S4/g-C3N4 heterojunctions were similar to
those of pure CIS, which indicated the existence of CIS in the CISCN heterojunctions.
However, the diffraction peak of PCNNSs could not be clearly observed in the CdIn2S4/g-
C3N4 nanocomposites, which might have originated from a lower peak intensity than
that of CIS in the range of 27.2◦ and 28.5◦.

 
Figure 1. XRD patterns of the fabricated catalysts.

The morphologies of the as-prepared PCNNSs, CIS, and CISCN-2 were observed via
FESEM and TEM, as shown in Figure 2. The characteristic SEM pattern of the PCNNSs
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is displayed in Figure 2a; it exhibited a nanostructure of nanosheet, which was further
verified by the TEM test, as depicted in Figure 2b,c. Figure 2d shows the SEM image of
CIS, which displayed a small nanosheet-like morphology with a size of about 100–200 nm,
in accordance with the TEM result (Figure 2e). The high-resolution TEM (HRTEM) pattern
of the CIS is illustrated in Figure 2f; the observable lattice space of 0.324 nm marked in
Figure 2f could be indexed to the (311) crystal plane of CdIn2S4. As for the CISCN-2
nanocomposite, from SEM observations (Figure 2g), it displayed a morphology similar
to that of PCNNSs, which might be due to the smaller size of the CIS nanosheets. TEM
(Figure 2h) and HRTEM (Figure 2i) were used to further investigate its nanostructure,
Low-resolution TEM (Figure 2h) revealed that the small CIS nanosheets were stacked on
the surface of the PCNNSs nanosheets, exhibiting a sheet-on-sheet morphology. Meanwhile,
an obvious interface between CIS and PCNNSs could be observed (Figure 2i), implying the
CISCN nanocomposite was successfully prepared by the facile electrostatic self-assembled
method.

 
Figure 2. SEM of (a) PCNNSs, (d) CdIn2S4, (g) CISCN-2, TEM of (b,c) PCNNSs, (e) CdIn2S4, (h) CISCN-2 and HRTEM of
(f) CdIn2S4, (i) CISCN-2.
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The composition of surface elements and the chemical state of each element in the
obtained photocatalysts were investigated by XPS survey, as shown in Figure 3. It can be
seen from Figure 3a that there were characteristic peaks of C, N, Cd, In, and S in the full
spectrum of the as-fabricated samples, implying the as-obtained CISCN-2 heterojunction
consisted of CdIn2S4 and g-C3N4. The signals of C 1s in PCNNSs were located at 284.8
and 288.2 eV, while the peaks of C 1s in CISCN-2 were located at 284.8 and 288.4 eV
(Figure 3b); the former peak could be attributed to the adventitious carbon, while the
latter peak could be assigned to N=C-N type carbons [46,47]. As for N 1s (Figure 3c),
the characteristic signal in PCNNSs could be divided into three peaks: 398.6 eV (C-
N=C), 399.6 eV (N-(C)3), and 401.0 eV (N-H) [18,48], while in CISCN-2, these three peaks
had a small shift toward higher binding energy, located at 398.8, 399.8, and 401.2 eV,
respectively. For Cd 3d (Figure 3d), two obvious peaks at 405.3 and 412.0 eV could be
observed in pure CIS, while in CISCN-2, these two peaks exhibited a small shift toward
lower binding energy at 405.2 and 411.9 eV, which corresponded to the Cd 3d5/2 peak and
3d3/2 peak, respectively [49]. Meanwhile, this phenomenon also occurred in the case of
In 3d (Figure 3e) and S 2p (Figure 3f); compared with the neat CdIn2S4, the characteristic
peaks of In 3d and S 2p in CISCN-2 also exhibited a small shift toward lower binding
energy, indicating the change of chemical environment. This might have originated from
the bonding interaction between PCNNSs and CIS.

 
Figure 3. XPS spectrum of PCNNSs, CIS, and CISCN-2: (a) full-range spectrum, high resolution XPS spectra of (b) C1s,
(c) N 1s, (d) Cd 3d, (e) In 3d, and (f) S 2p.

The optical properties of the attained catalysts were investigated via UV-vis DRS
spectra, as displayed in Figure 4a. It can be clearly seen that CIS possessed a higher
UV-visible light absorption than pure PCNNSs. The absorption edges of CIS and PC-
NNSs were about 540 nm and 420 nm, respectively. Compared to the neat CIS, the light
absorption over the obtained CdIn2S4/g-C3N4 heterojunctions exhibited an obvious de-
crease, indicating that the introduction of PCNNSs was not helpful for light absorption,
which may have been due to the microstructural changes. Therefore, the light absorption
might not be responsible for the improved photocatalytic performance. However, the
introduction of PCNNSs had a positive influence on the formation of a heterogeneous
interface between CIS and PCNNSs; the formation of the heterogeneous interface could
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promote the transfer of photoinduced electrons and holes [37,38]. The bandgap ener-
gies of PCNNSs and CIS were calculated on the basis of the Kubelka–Munk equation
and estimated to be 2.88 and 2.52 eV, respectively [50]. The relatively higher bandgap
energy of PCNNSs compared to bulk g-C3N4 may possibly originate from the quantum
confinement effect [51].

Figure 4. (a) UV-vis DRS of the fabricated samples and (b) calculation of PCNNSs and CIS bandgap energies.

The photocatalytic performance of the attained photocatalysts was assessed via
photocatalytic TCH degradation under visible light irradiation, as illustrated in Figure 5.
It can be clearly observed from Figure 5a that pure PCNNSs exhibited the poorest photo-
catalytic performance among the as-prepared photocatalysts; it had a TCH removal ratio
of only 39.5%, whereas pure CIS exhibited a removal ratio of 82.1%. After the formation
of CISCN heterojunctions, the removal efficiency of TCH over the constructed CISCN-
1, CISCN-2, CISCN-3, and CISCN-4 was 79.9%, 83.6%, 80.1%, and 78.0%, respectively.
For comparison, the contribution of adsorption over PCNNSs, CIS, CISCN-1, CISCN-2,
CISCN-3, and CISCN-4 was 36.8%, 2.1%, 34.7%, 35.7%, 31.5%, and 30.5%, respectively.
Obviously, with the increased content of PCNNSs, the photocatalytic performance of the
CISCN nanocomposites tended to increase first and then decrease. This might have origi-
nated from the excess amount of PCNNSs, which would lead to an insufficient interface
formed between CISCN nanocomposites and PCNNSs and may exhibit a negative effect
on the interaction between CIS and PCNNSs, inhibiting the separation of the photoexcited
electron-hole pairs. The kinetic reaction procedure of TCH degradation was fitted by
pseudo-first-order equations, as shown in Figure 5b. Compared to the single component,
the apparent kinetic constant of CISCN-2 was 1.14 and 3.05 times as high as that of
the CdIn2S4 and protonated g-C3N4, respectively, indicating the superior photocatalytic
performance of the CdIn2S4/g-C3N4 heterojunction. To verify that the decrease in TCH
was triggered by photocatalysis during visible light irradiation, a prolonged adsorption
experiment with TCH over CISCN-2 under dark conditions was carried out, as shown
in Figure 5c. By prolonging the adsorption time, a delayed decrease could be observed,
due to the adsorption–desorption equilibrium established between the TCH and the
photocatalyst. Figure 5d shows the UV-vis spectra of TCH at different periods of the
photocatalytic process over CISCN-2; the absorbance of TCH had an obvious decrease
after 2 h of visible light illumination, implying photocatalysis played an important role
in the degradation of TCH. Therefore, the decrease in TCH could be attributed to the
collaboration of adsorption and photocatalysis, and during the period of visible light
irradiation, the decrease in TCH could be attributed to photocatalysis. To highlight the
superiority of the fabricated catalyst, a comparison with previous reports is presented in
Table 1.
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Figure 5. (a) Photocatalytic performance of various samples toward TCH photodegradation under visible light illumination;
(b) the kinetic curves fitted by pseudo-first-order equations over different samples; (c) UV-vis spectra of TCH adsorbed by
CISCN-2 for different time periods; and (d) UV-vis spectra of TCH at different periods of photocatalytic process over CISCN-2.

Table 1. Degradation efficiency (DE) of TCH over previous reports and CISCN-2 in this work.

Sample TC (mg/L) Dosage (g/L) t (min) Light Source DE (%) Refs.

Co/V-g-C3N4 10 0.5 120 250 W Xe lamp 64.3 [5]

2D/3D g-C3N4 10 0.5 120 250 W Xe lamp 69.6 [6]

Nitrogen-deficient tubular g-C3N4 10 1.0 150 300 W Xe lamp 84.3 [7]

BN QDs/g-C3N4 10 1.0 60 300 W Xe lamp 82 [8]

WO3/g-C3N4 25 0.5 120 300 W Xe lamp 70 [28]

Bi/α-Bi2O3/g-C3N4 10 1.0 180 300 W Xe lamp 91.2 [29]

Nb2O5/g-C3N4 10 0.5 150 250 W Xe lamp 76.2 [30]

CdIn2S4/g-C3N4 50 0.6 120 300 W Xe lamp 83.6 This work

The recycling ability of the photocatalyst is a vital factor to evaluate the performance
of the photocatalyst; therefore, the progress of the recycling photocatalytic experiment is
of great necessity. After each recycling run, the photocatalyst was collected and washed
for the next run. It can be observed from Figure 6a that after four recycling runs, the TCH
removal ratio over CISCN-2 was still 68.2%; compared to its the first-time usage, there
was only an 8.7% reduction, implying the relative stability of the as-prepared CISCN-2.
Moreover, XRD of the reused photocatalyst was tested to further confirm the stability
of the CISCN-2 composites, as depicted in Figure 6b. Notably, there were no obvious
changes in the reused sample as compared to the fresh photocatalyst, suggesting the
stability of the crystal structure.
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Figure 6. (a) Four cyclic experiments of TCH photodegradation over CISCN-2. (b) XRD patterns of CISCN-2 before and
after cyclic experiments.

Generally, three steps are involved in the photocatalytic process: (1) semiconductor
photocatalysts were irradiated by light, leading to the formation of photogenerated elec-
trons and holes; (2) photoinduced electrons and holes were separated and transferred to
the surface of the photocatalyst; (3) the photoexcited electrons and holes participated in
the surface redox reactions [51]. The separation and transfer efficiency of the photoin-
duced charge carriers are important factors that affect the photocatalytic performance.
Transient photocurrent (Figure 7a) was measured to evaluate the separation efficacy of
the photoexcited charge carriers, while EIS (Figure 7b) measurement was carried out to
estimate the transfer efficiency of the photogenerated electron-hole pairs [52,53]. It can be
easily observed from Figure 7a that CISCN-2 displayed the highest photocurrent intensity
among all the photocatalysts, implying the highest separation efficacy of the photoexcited
electron-hole pairs. Meanwhile, the smallest semicircle of the EIS curve could be observed
over CISCN-2, implying the smallest transfer resistance of photoinduced charge carriers
and highly interfacial transfer efficacy of the charge carriers. These two results might be
reasons for the enhanced photocatalytic performance.

Figure 7. (a) Transient photocurrent response plots, and (b) EIS of the obtained catalysts.

It is worth studying the possible reaction mechanism during the TCH degradation.
In general, to distinguish the main active species generated in the photocatalytic reaction
process, active species trapping experiments were conducted. Isopropyl alcohol (IPA)
and disodium ethylenediaminetetraacetate (EDTA-2Na) were chosen as scavengers for
removing •OH and h+, respectively. N2 was continuously bubbled into the reaction
system for removing the soluble oxygen, eliminating the formation of •O2

− [54,55]. As
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shown in Figure 8, the addition of IPA (1 mM) had an extremely small effect on the
photocatalytic performance of the CISCN-2, indicating that the role of •OH formed
during the photocatalytic process could be ignored. After the EDTA-2Na (1 mM) was
introduced, an apparent decrease in the TCH removal ratio could be observed; it was
decreased from 74.6% to 54.6%, implying the photoexcited holes made contributions
to the degradation of TCH. Meanwhile, when N2 was continuously bubbled into the
reaction system during the whole photocatalytic TCH degradation process, a dramatic
decrease could be observed; the removal ratio of TCH was decreased from 74.6% to 25.3%,
implying that •O2

− played the prominent role in TCH removal. Therefore, the generated
•O2

− played a predominant role in the TCH photodegradation procedure, but in the
meantime, the contributions of photoexcited holes also could not be overlooked.

 
Figure 8. Reactive species trapping experiments over CISCN-2.

The generation of •O2
− was measured by the NBT transformation experiment.

Because the reaction between •O2
− and NBT occurred at a mole ratio of 4:1, the content

of the •O2
− could be estimated by the change in NBT. Figure 9a–c were the typical

time courses of absorption variation of NBT over the PCNNSs, CIS, and CISCN-2. For
PCNNSs, a delayed change could be observed. However, the intensity of the typical
absorbance signal at 260 nm for NBT exhibited a noteworthy decrease over CIS and
CISCN-2, indicating the generation of •O2

− during the photocatalytic reaction. Figure
9d,e displays the change in NBT concentration and the corresponding kinetic fitting
curves. Obviously, the reaction between •O2

− and NBT over the CISCN-2 had the fastest
rate. Meanwhile, the •O2

− generated over CISCN-2 was the largest amount produced
among these three samples (Figure 9f), which further verified the enhancement of the
photocatalytic activity over CISCN-2 in •O2

− production.
Moreover, measurements of the band edge positions of the single component were

necessary, as they could further verify the possible photocatalytic mechanism. Figure 10a,
b exhibits the corresponding VB-XPS spectra of the PCNNSs and CIS. It can be clearly
observed that the valence band (VB) position of PCNNSs and CIS was +1.89 and +1.11 eV,
respectively. Therefore, based on the evaluation with UV-vis DRS, the conduction band (CB)
position of PCNNSs and CIS could be determined by the equation Eg = |ECB − EVB| to be
−0.99 and −1.41 eV, respectively. The possible photocatalytic mechanism and the transfer
path of photogenerated charge carriers were proposed on the basis of active species trapping
experiments and the band edge positions of the PCNNSs and CIS, as displayed in Figure 10c.
When the photocatalytic reaction system was exposed to visible light (λ > 400 nm), both
PCNNSs and CIS could be excited to generate electron-hole pairs. Owing to the more
negative CB position of CIS than that of PCNNSs, the photoexcited electrons on the CB
of CIS would transfer toward the CB of PCNNSs, which could react with soluble oxygen
molecules, leading to the formation of •O2

− with strong oxidation ability that could oxidize
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organic pollutants. Simultaneously, the photoinduced holes on the VB of PCNNSs with
more positive potentials would migrate to the VB of CIS; the photoinduced holes could
directly oxidize organic pollutants. This spatial separation of photoinduced charge carriers
might be one of the reasons for the enhanced photocatalytic performance.

Figure 9. Time courses of absorption variation of NBT over (a) PCNNSs, (b) CIS, and (c) CISCN-2. (d) Time-dependent
photodegradation plots of NBT over different catalysts; (e) the corresponding pseudo-first-order kinetic fitting curves,
(f) time-dependent concentration curves of •O2

−.

 
Figure 10. (a) VB-XPS of PCNNSs, (b) VB-XPS of CIS, and (c) schematic diagram of photogenerated
charge transfer pathway and possible photocatalytic mechanism in CdIn2S4/g-C3N4 heterojunction
toward TCH degradation.
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4. Conclusions

In summary, 2D/2D CdIn2S4/g-C3N4 heterojunctions were productively constructed
through a facile electrostatic self-assembled route. The unique 2D/2D nanostructures
exhibited tight interfacial contact and a large contact area, which could provide more
channels for the transfer of photoinduced charge carriers and shorten the transfer distance
of the charge carriers, realizing a higher separation efficacy of photoexcited electron-hole
pairs, thus benefiting molecular oxygen activation. The optimized 2D/2D CdIn2S4/g-
C3N4 heterojunction exhibited the highest photocatalytic performance and photostability
toward TCH degradation. The improved photocatalytic activity could be attributed to
the high separation and transfer efficacy of the photoexcited charge carriers, achieving a
higher molecular oxygen activation efficiency.
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Abstract: Due to the potential applications of transition metal nitrides in modern electronic and
spintronic devices, we have systematically studied the magnetic properties of δ-MoN induced by
the Mn dopant, with the goal of identifying the origin of magnetism and figuring out the magnetic
coupling mechanism between the Mn dopants. Based on the density functional theory, one Mn atom
doped at different Mo sites (2a and 6c in the International Tables) in the unit cell of δ-MoN was
firstly studied. It was found that the Mn dopant located at the 2a or 6c site leads to significant spin
splitting of the density of states, suggesting that the Mn doping induces magnetism in δ-MoN. The
calculations were then extended to a 2 × 1 × 2 supercell, which contains two impurity Mn atoms.
Detailed analysis reveals that the different couplings of the Mn–Mn pair cannot be simply attributed
to the different Mn–Mn distances but are closely related to the electronic processes that take place in
the segment (–N– or –N–Mo–N–) that connects two Mn dopants. The mechanisms responsible for
the FM/AFM coupling of the Mn–Mn pairs are the superexchange and the p–d exchange mediated
by the N atoms, and the d–d coupling between the host Mo atom and the Mn dopant.

Keywords: Mn-doped; δ-MoN; magnetic properties; theoretical study

1. Introduction

Transition metal nitrides, by virtue of their unique electronic structure and exact na-
ture of bonding (mixed metallic, ionic, and covalent bonding), possess excellent physical
properties, such as high hardness [1,2], high melting point [3], and high electronic con-
ductivity [4,5], which have made them attract tremendous attentions in recent years. In
order to enhance the performance of this class of materials, much effort has been devoted
to investigating the possibility of improving the energetic [6–8], mechanical [9,10], and
electrical [11] properties by doping foreign atoms. Recent research has confirmed that
introduction of foreign transition metal atoms (for instance, Fe, V, Mn, Cr, etc.) into the
host material could effectively enhance the magnetism of transition metal nitrides, such as
ScN [12,13], CrN [14,15], and ZnN [16,17]. It has been found that the V, Cr, Mn, Fe, Co, and
Ni doping can induce magnetism in ScN [12], and the Mn-doped ScN is a dilute magnetic
semiconductor with the Curie temperature above 400 K [18,19]. The CrN undergoes a
relative increase in the magnetic order with the substitution of Mn atom [14], and V dopant
in CrN could introduce holes into the host material and produce a series of inhomogeneous
magnetic or electronic states [15]. The ZnN doped with Cr impurity is found to exhibit
half-metallic ferromagnetism, which is a good candidate for spintronic applications [16]. It
is known that the enhancement or the inducement of magnetism caused by the transition
metal doping is closely related to the modification of electronic states; so, if we want to
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clearly understand the origin of magnetism, it is necessary to investigate the modified
electronic structure of the doped transition metal nitrides.

As a typical type of transition metal nitrides, molybdenum nitrides are known to have
a set of interesting properties, such as low compressibility [20], high melting point [21], and
excellent catalytic activity [22,23], which are very attractive for a wide range of technologi-
cal applications. Furthermore, their multiple transport properties (including the metallic
and magnetic properties [24,25] and, especially, the high TC superconductivity [26,27]),
also support the potential applications in electronic devices. Molybdenum nitrides can
crystallize in different phases, including a stoichiometric structure, hexagonal δ-MoN, and
two nonstoichiometric structures, cubic γ-Mo2N and tetragonal β-Mo2N [27–30]. In partic-
ular, hexagonal δ-MoN is considered the hardest superconducting metal nitride [1], whose
bulk modulus is measured to be 345 GPa [20] and TC is up to 12–15 K [31,32]. A number
of experimental works have been performed which mainly focus on the synthesis of pure
δ-MoN with desired superconducting properties [27,31,33]. Only a few theoretical studies
have been devoted to δ-MoN with the purpose of investigating its structural, electronic, and
mechanical properties [34,35]. Up to now, research concerning the magnetism of δ-MoN
has been really scarce. Our previous work has theoretically studied the Cr-doping effect
on the magnetic and spin transport properties of δ-MoN [36]. However, to the best of our
knowledge, no theoretical works have been related to the magnetism of δ-MoN induced by
the Mn dopant.

In this paper, we systematically studied the electronic and magnetic properties of the
Mn-doped δ-MoN, with the goal of identifying the origin of magnetism and figuring out
the magnetic coupling mechanism between the Mn dopants. This paper is organized as
follows: Firstly, one Mn atom, with d5 structure, was used as dopant to substitute one
Mo atom located at two different nonequivalent positions (2a and 6c in the International
Tables) in the unit cell, respectively, to investigate the Mn-doping effects on the structural,
electronic, and magnetic properties of δ-MoN. Then, the calculations were extended to a
large supercell with two substitutional Mn atoms to explore the favorable coupling between
the Mn dopants. Based on the detailed analysis of magnetic ordering, electronic structure,
and spin charge density distribution, the origin of magnetism and the coupling mechanism
between the Mn dopants were revealed.

2. Computational Details

The calculations were performed using the projector augmented wave (PAW) pseu-
dopotentials as implemented in Vienna ab initio simulation package (VASP) [37]. The
exchange correlation functional was treated by Perdew–Burke–Ernzerhof form generalized
gradient approximation (GGA-PBE) [38]. Considering the electron correlations in the
transition metal d shell, we introduce the GGA + U method by a simplified approach of
Dudarev et al. [39], where the effective Hubbard parameter Ueff = U − J. The Hubbard
parameter U measures the increase in energy caused by placing an additional electron
into a particular site, and J is a screened Stoner-like exchange parameter. Here, we choose
Ueff = 4 eV for Mn-3d electrons [40,41] and Ueff = 2 eV for Mo-4d electrons [42], which are
taken from the literature. The tetrahedron method with Blöchl corrections was used to deter-
mine the partial occupancies for setting each wave function [43]. The Kohn–Sham orbitals
were expanded in a plane-wave basis with a cutoff energy of 500 eV. The Brillouin-zone inte-
gration was performed on well-converged 7 × 7 × 7 and 3 × 5 × 3 Monkhorst–Pack k-point
meshes for 1 × 1 × 1 unit cell and 2 × 1 × 2 supercell, respectively. Both the atomic posi-
tions and the unit cell parameters were fully relaxed until the forces on each atom were less
than 0.01 eV·Å−1. All the calculations were performed based on the optimized geometries.

3. Results and Discussions

We begin our discussion with the structural, electronic, and magnetic properties of
δ-MoN, with a single substitutional Mn atom. Hexagonal δ-MoN crystallizes in a distorted
NiAs-type structure with a space group of P63mc (186), which has been determined by
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experiment investigations [20,32,44], as well as theoretical calculations [34]. In δ-MoN, Mo
atoms have two kinds of lattice points: one is labeled 2a and the other is labeled 6c in the
International Tables. Each unit cell contains eight Mo atoms and eight N atoms. The unit
cell of δ-MoN is presented in Figure 1a, in which the Mo atoms (green balls) are numbered
to facilitate our discussion. Mo1 and Mo2 are in the 2a (0, 0, 0) sites, while Mo3–Mo8 are in
the 6c (0.5082, 0.0165, −0.0064) sites [32]. To find the preferable location of Mn impurity in
δ-MoN, we substitute one Mo atom with one Mn atom at two different nonequivalent Mo
sites (2a and 6c), respectively. Here, the side Mo1 atom (representing for the 2a site) and
the central Mo6 atom (representing for the 6c site) were substituted, respectively, by one
Mn atom to carry out VASP calculations for investigating the Mn-doping effects on the
electronic and magnetic properties of δ-MoN. Such a Mn-doped unit cell contains one Mn
atom, seven Mo atoms, and eight N atoms, corresponding to the Mn doping concentration
of 12.5%. Following that, the two doped systems with Mn doping at 2a and 6c sites are
written as Mn-MoN(2a) and Mn-MoN(6c), respectively.

Figure 1. (a) Schematic structure of the unit cell of δ-MoN, and optimized bond lengths of (b) Mn1–N
and (c) Mn6–N in Mn-MoN(2a) and Mn-MoN(6c), respectively. For comparison, the relaxed bond
lengths of Mo1–N and Mo6–N in the pure δ-MoN are also presented in (b,c), respectively. The pink,
green, and blue balls denote the Mn, Mo, and N atoms, respectively.

Firstly, we performed a geometry optimization for the pure δ-MoN. It is found that the
calculated lattice constants of δ-MoN (a = 5.757 Å, c = 5.668 Å) are in good agreement with
the experimental values [32] with deviations within 0.9%. On the basis of the equilibrium
structure of δ-MoN, the cells of Mn-MoN(2a) and Mn-MoN(6c) were constructed and
relaxed to the minimum energy configurations. The optimized lattice parameters and bond
lengths are presented in Table 1 and Figure 1b,c, respectively. The presence of Mn has a
marked effect upon the geometry of δ-MoN. After relaxation, the substitutional Mn1/Mn6
atom is found to pull some N atoms closer and push some N atoms farther, suggesting
that the lattice structure at the Mn site is distorted and forms a new local structure. The
bond lengths of Mn1–N and Mn6–N are in the range of 1.99–2.30 Å and 1.98–2.33 Å for
Mn-MoN(2a) and Mn-MoN(6c), respectively, which are different from those of Mo1–N
(2.14–2.23 Å) and Mo6–N (2.16–2.22 Å) in the pure δ-MoN. The shortest bond lengths occur
at Mn1–N4,5 (1.99 Å) for Mn-MoN(2a) and Mn6–N1,4,5 (1.98 Å) for Mn-MoN(6c), which
are very close to the sum of the covalent radius of Mn3+ and N3− (1.92 Å), indicating a
covalent bonding feature between Mn and its nearest N atoms. The average bond lengths of
Mn1–N and Mn6–N are 2.14 Å and 2.15 Å, respectively, which are about 0.05 Å and 0.04 Å
shorter than those of Mo1–N and Mo6–N. The shortening of the average Mn1–N/Mn6–N
bond length consequently leads to the shrinkage of the local structure, and thus results in
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the decrease of the lattice parameters of Mn-MoN(2a)/Mn-MoN(6c), compared to that of
δ-MoN (cf. Table 1). This case is probably due to the fact that the radius of Mn3+ is smaller
than that of Mo3+.

Table 1. Optimized lattice parameters of δ-MoN before and after Mn substitution, and formation
energies of Mn-MoN(2a) and Mn-MoN(6c).

Configurations a (Å) c (Å) c/a Volume (Å3) Ef (eV)

δ-MoN 5.757 5.668 0.985 162.7
Mn-MoN(2a) 5.726 5.626 0.983 159.5 −1.71
Mn-MoN(6c) 5.714 5.644 0.988 159.6 −1.68

The charge transfer between Mn dopant and δ-MoN can be examined by the charge
density difference, which can be determined by subtracting the charge densities of pristine
δ-MoN and isolated Mn atom from the total charge density of the Mn-doped system. Fig-
ure 2 shows the charge density difference isosurfaces of Mn-MoN(2a) and Mn-MoN(6c),
which describe redistribution of the valence charge density of atoms caused by chemistry
bonding. The yellow and light blue regions refer to electron accumulation and deple-
tion, respectively. Evident charge depletion around the Mn atom can be observed from
the isosurfaces. Integrating the density of states up to the Fermi energy, the estimated
charges transferred from Mn to δ-MoN are 1.22 and 1.12 electrons for Mn-MoN(2a) and
Mn-MoN(6c), respectively. The charge accumulation between Mn and N suggests a strong
covalent character of the Mn–N bonds, which is in line with the calculated bond lengths,
as discussed above. This may be generated by the p–d hybridization between Mn and N,
which can be further confirmed by the partial density of states.

 

Figure 2. Charge density difference isosurfaces for (a) Mn-MoN(2a) and (b) Mn-MoN(6c). The pink,
green, and blue balls denote the Mn, Mo, and N atoms, respectively.

The preferable site for the Mn dopant in δ-MoN can be determined by estimating
the formation energies of different doping configurations. The formation energies of
Mn-MoN(2a) and Mn-MoN(6c), Ef, are calculated by the following formula [45]:

Ef = Etot(doped) − Etot(pure) + mμMo − nμMn (1)

where Etot(doped) and Etot(pure) are the total energies of the Mn-doped and undoped
δ-MoN, respectively. μMo(μMn) is the chemical potential of the Mo (Mn) atom. The n, m
are the numbers of the doped Mn atoms and the substituted Mo atoms, respectively. The
calculated formation energies of the Mn-doped systems are listed in Table 1. Note that the
formation energies of Mn-MoN(2a) and Mn-MoN(6c) decrease relative to the pure δ-MoN.
A negative energy means that the formation of Mn-MoN(2a)/Mn-MoN(6c) is spontaneous,
that is, the Mn dopant will easily occupy the 2a/6c Mo lattice site in δ-MoN. The relative
stability of two Mn-doped configurations can be evaluated by comparing their formation
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energies. The smaller the formation energy, the more stable the structure. As seen from
Table 1, the formation energy of Mn-MoN(2a) is slightly lower than that of Mn-MoN(6c).
It seems that the Mn dopant prefers to substitute the 2a Mo lattice site in δ-MoN, and
Mn-MoN(2a) is a more energetically favorable structure.

To investigate the effect of Mn dopant on the modification of electronic structure,
the spin-polarized density of states (DOS) were calculated for both of the undoped and
doped systems, as given in Figure 3. The characteristic of the density of states around the
Femi level demonstrates the metallic nature of these systems. It is seen that the majority
and minority spin carriers of the pure δ-MoN exhibit mirror symmetry, demonstrating its
nonmagnetic characteristic. However, evident spin-polarization of the density of states is
observed in the Mn-doped systems. This asymmetrical distribution of the wave functions
of the spin-up and spin-down channels on the total DOS of Mn-MoN(2a) and Mn-MoN(6c)
suggests that the Mn dopant induces magnetism in δ-MoN. The Mn substitutions at 2a and
6c sites result in 2.74 and 2.56 μB total magnetic moments for Mn-MoN(2a) and Mn-MoN(6c),
respectively. The partial DOS analysis reveals that the magnetism of the Mn-doped systems
is mainly due to the presence of Mn impurity in the δ-MoN host, as well as a partial
contribution from the neighboring Mo and N atoms around the dopant. A local magnetic
moment of about 4 μB (4.03 μB for Mn1 and 3.99 μB for Mn6) per Mn atom obtained from
the calculations indicates that the Mn ion presents a Mn3+ valence state (3d4). It is notable
from the partial DOS that significant hybridization occurs between the orbitals of Mn-3d,
Mo-4d, and N-2p, which is a good proof of the much more delocalized Mn impurity bands
in comparison to an isolated Mn atom. The Mn-3d states spread throughout the valence
band and the conduction band, with almost completely filled majority d bands and nearly
unoccupied minority d bands. The strong interactions between Mn and Mo induce evident
spin polarization of the Mo atoms with large magnetization. The Mo atoms adjacent to the
Mn dopant get as large as −0.51 and −0.47 μB-induced magnetic moments for Mn-MoN(2a)
and Mn-MoN(6c), respectively. The neighboring N atoms to the Mn dopant are also slightly
spin-polarized with small magnetic moments of −0.03 to 0.02 μB.

 
Figure 3. Total and partial DOS of δ-MoN, Mn-MoN(2a), and Mn-MoN(6c). The Fermi level is set as zero.
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It is necessary to investigate the favorable coupling between the Mn dopants. Thus,
we extend the analysis to a pair of Mn atoms in δ-MoN. Here, a 2 × 1 × 2 δ-MoN supercell,
as shown in Figure 4, was used to investigate the magnetic coupling between two impurity
Mn atoms. This supercell contains 32 formula units of MoN, in which two of the Mo
atoms are replaced by two magnetic Mn atoms, to form a supercell containing 2 Mn atoms,
30 Mo atoms, and 32 N atoms, amounting to 6.25% Mn doping concentration. Such a large
supercell adopted in the calculations allows us to simulate various distributions of two Mn
dopants. In brief, we fixed one dopant Mn atom and varied the possible positions of the
second Mn atom. As shown in Figure 4, the first Mn atom is fixed at a Mo lattice site
(marked 0), and the second Mn atom changes its doping position from 1 to 11 to form
the Mn–Mn pair in the supercell. The substituted Mo atoms numbered in 1–11 follow the
sequence of the distance to Mo0. This generates eleven different doping configurations, in
which the Mn–Mn separation within the supercell varies from 2.73 to 8.08 Å. Hereafter,
these arrangements are referred to as the (0, n) configurations.

 
Figure 4. A 2 × 1 × 2 supercell structure of δ-MoN. With respect to one Mn atom (labeled as 0), we
select eleven nonequivalent positions for the other Mn atom (as numbered from 1 to 11) based on the
symmetry of the supercell. The green and blue balls denote the Mo and N atoms, respectively.

After geometry optimization, we calculated the formation energies for all the eleven
nonequivalent configurations based on Equation (1), and the results are presented in the
eighth column of Table 2. The formation energy for the single-doped system, in which
is one single Mn atom doped at 0 Mo lattice site, is also calculated for comparison. It is
observed from Table 2 that the formation energies of these double-doped systems vary from
−3.06 to −3.48 eV, which is much lower than that of the single-doped system (−1.73 eV).
This indicates that the formation energy of Mn decreases with its doping concentration,
and it is highly favorable to form Mn substitution in δ-MoN.
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Table 2. The relaxed Mn–Mn distance (d), the energy difference (ΔE) between FM and AFM states,
the energy relative to the ground state (ΔEground), the total magnetic moment of the supercell (Mtotal),
the magnetic moments of two Mn dopants (M1 and M2), and the formation energies (Ef) for various
double Mn-doped configurations.

Configurations
d

(Å)
ΔE

(meV)
ΔEground

(meV)
Mtotal

(μB)
M1/M2

(μB)
Coupling

Ef

(eV)

(0, 1) 2.73 44 283 4.49 3.88/4.01 FM −3.20
(0, 2) 3.18 −46 422 −0.34 4.03/−4.05 AFM −3.06
(0, 3) 3.88 −52 265 −0.41 4.01/−4.05 AFM −3.22
(0, 4) 5.01 −39 236 0.07 4.08/−4.06 AFM −3.25
(0, 5) 5.65 11 210 3.93 3.98/3.98 FM −3.27
(0, 6) 5.77 382 68 3.67 3.99/3.99 FM −3.41
(0, 7) 6.07 −19 381 0.05 4.05/−4.06 AFM −3.10
(0, 8) 6.44 77 0 3.38 4.00/4.00 FM −3.48
(0, 9) 6.47 −15 376 −0.35 4.03/−4.06 AFM −3.11

(0, 10) 7.25 −36 220 −0.96 4.00/−4.03 AFM −3.26
(0, 11) 8.08 54 146 3.50 3.99/3.99 FM −3.34

The interactions responsible for the magnetic ground state of the double Mn-doped
systems can be theoretically estimated by calculating the interatomic-exchange constant J,
by making use of the total energies in the ordered ferromagnetic (FM) and antiferromagnetic
(AFM) structures, EFM and EAFM. Based on the nearest-neighbor Heisenberg model, the
value of J can be approximately deduced by ΔE = 4JS2, where ΔE = EAFM − EFM and S is the
net spin per Mn dopant [46]. For a positive exchange parameter J, the ground state is FM,
while the ground state is AFM at a negative exchange parameter J. Table 2 lists the main
results of our work concerning the Mn doping for all the eleven (0, n) configurations, and
the magnetic moment on each Mn atom is presented in the sixth column. It is seen that the
magnetic moments of Mn atoms are almost independent of Mn distributions and the values
are close to 4 μB, implying that each Mn atom doping in the supercell possesses about +3e
charge with a spin S = 2. Accordingly, the interatomic-exchange constants J were calculated
and the variation of J value with the Mn–Mn distance is plotted in Figure 5. Interestingly, a
complex oscillatory behavior of the J value as a function of Mn–Mn distance is observed.
Among the eleven configurations, five positions ((0, 1), (0, 5), (0, 6), (0, 8), (0, 11)) result
in FM and six positions ((0, 2), (0, 3), (0, 4), (0, 7), (0, 9), (0, 10)) result in AFM coupling
between two dopant Mn atoms. The lowest energy configuration is found to be an FM
state with a J value of 4.8 meV and Mn–Mn distance of 6.44 Å (configuration (0, 8)). Other
configurations are higher than the ground state in energy by 68 to 422 meV (cf. Table 2). The
oscillation of the J values in Figure 5 indicates that the different magnetic couplings of the
Mn–Mn pair cannot be simply attributed to the different Mn–Mn distances. As for the case
of FM orientation, the maximum J coupling is reached at the (0, 6) configuration with the
Mn0–Mn6 separation of 5.77 Å. Although this Mn–Mn distance is longer than the nearest
Mn0–Mn1 distance by 3.04 Å, the coupling strength of Mn0–Mn6 (J = 23.9 meV) is about
8.5 times stronger than that of Mn0–Mn1 (J = 2.8 meV). Compared with the FM orientation,
the oscillation magnitude of J value for the AFM orientation is relatively weaker, and
the largest J value (−3.3 meV) is achieved at the third-nearest Mn0–Mn3 configuration
in which the Mn atoms are separated by 3.88 Å. The above evidence suggests that long-
range magnetic coupling exists between the Mn–Mn pair in the supercell. The delocalized
character of the Mn-3d states may offer some clues for this long-range magnetic interaction
between the Mn dopants. As can be seen from the partial DOS of the double-doped systems
in Figure 6, the Mn-3d states are relatively delocalized and strongly hybridize with the
electronic states of the host atoms in the supercell, which translates into a long-range
effective interaction between the dopant states.
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Figure 5. Variation of J value as a function of Mn–Mn distance. The positive value of J represents the
FM state, while the negative value represents the AFM state.

Figure 6. Total and partial DOS of the selected double-doped systems. The Fermi level is set as zero.

Ferromagnetic materials are characterized by their coercivity (Hc), the magnetic field
necessary to reduce the magnetization to zero, and their Curie temperature (TC), the
temperature at which random motions cause the magnetization to vanish [47]. Strong spin
exchange coupling is a prerequisite for high coercivity [48]. This is because strong exchange
interaction makes it hard to flip the spins under an applied magnetic field [48,49]. The
strength of Mn−Mn spin exchange can be rationalized by the parameter J. A large positive
J value (such as 23.9 meV of (0, 6) configuration) indicates a strong FM spin exchange
coupling of the Mn–Mn pair, which may lead to a high coercivity. The Curie temperature
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TC can be roughly estimated by means of the mean-field approximation and calculated
according to the following equation [50]:

TC =
2ΔE
3kB

(2)

where ΔE is the total energy difference between AFM and FM states and kB is the Boltz-
mann constant. Using Equation (2), the TC of (0, 1), (0, 6), (0, 8) and (0, 11) configurations
are estimated to be higher than the room temperature; especially, the TC of (0, 6) config-
uration is up to 2951 K. Such high Curie temperatures make the material promising for
practical applications.

To gain more insight into the magnetic nature of the double Mn-doped systems,
we calculated the spin charge density distributions, as shown in Figure 7. For the (0, 1)
configuration, the two Mn dopants are ferromagnetically coupled to each other with the
nearest Mn–Mn distance of 2.73 Å considered in our calculations. We find that this Mn–
Mn distance is comparable to that of the free Mn2 cluster (2.62 Å) [51]. Thus, a direct
interaction of Mn–Mn d-orbital core spins is nonnegligible in the (0, 1) configuration, which
gives rise to a bonding state between Mn0 and Mn1 (cf. Figure 7). Furthermore, the three
N atoms, which simultaneously connect Mn0 and Mn1, contribute their 2p orbitals to
form p–d hybridization with two Mn dopants. Evident overlap of N-2p and Mn-3d states
could be observed from the partial DOS in Figure 6, demonstrating an indirect Mn–Mn
exchange interaction mediated by the N atoms. This p–d exchange interaction between N
and dopant Mn can also be confirmed by the magnetic moment of about −0.05 μB for the
mediated N atoms. According to the Zener model, the direct interaction between d orbitals
of adjacent Mn atoms tends to result in an AFM configuration of the d spins. Only when
the indirect interaction dominates over the direct coupling between adjacent d orbitals is
ferromagnetism present [52]. Therefore, the coupling of the Mn0–Mn1 pair is determined
by a competition between the direct d–d interaction and the indirect p–d exchange. Due
to the fact that Mn0 and Mn1 are ferromagnetically coupled, the indirect interaction of
d states on different Mn atoms mediated by the p states of N atom is dominant in the
(0, 1) configuration.

 

Figure 7. Spin charge density distribution on the planes containing the Mn–Mn pair and their
mediating Mo and N atoms. Positive spin density is represented by solid lines, while negative spin
density is represented by dashed lines and marked by colors.

A different case is found for the configurations with larger Mn–Mn separations ((0, 2) to
(0, 11)), in which the two Mn atoms are too far apart (more than 3.18 Å) to allow significant
direct overlap of the orbitals and the direct d–d coupling between the Mn–Mn pair should
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be ignored. In such case, the key role underlying the mediated Mn–Mn interaction (FM or
AFM) in these configurations should be sought in the electronic processes that take place in
the segments connecting two Mn dopants. Here, the mediating segments for the Mn–Mn
pairs in the (0, 2) to (0, 11) configurations can be divided into the following two cases:

Mn-N-Mn, (1)

and
Mn-N-Mo-N-Mn (2)

That is, in segment (1) the mediation takes place only by N atom, while in segment (2)
the mediated segment is N–Mo–N.

We first focus on the case of the Mn–Mn pair mediated only by the N atom
(i.e., two Mn atoms sharing a common N neighbor, forming the segment of Mn–N–Mn),
which refers to the configurations of (0, 2) and (0, 3). An indirect Mn–Mn exchange in-
teraction mediated by the N atom is dominant in the two configurations. As seen from
Figure 7, the spin polarizations of the mediating N atoms in the two configurations are
antiparallel to those of the Mn atoms, and p character of the spin-polarized N orbitals
is evident. The mediating N atom provides two different p-orbitals to hybridize with
Mn0 and Mn2 (or Mn0 and Mn3), respectively. That is, the spin-up N p-orbital makes a
bond with a spin-down Mn orbital, and the spin-down N p-orbital bonds to a spin-up
Mn orbital. Superexchange is naturally developed between the Mn dopants along the
segment of Mn–N–Mn, thus resulting in the AFM alignment of Mn0 and Mn2 (or Mn0 and
Mn3). Superexchange is a mechanism which describes an interaction between moments
on atoms too far apart to be connected by direct exchange but coupled over a relatively
long distance through the mediating atoms [53]. The extent to which a mediating atom
orbital contributes to the overall interaction is governed by the magnitude of its orbital
overlap with the coupled metal orbitals, which is influenced by the factors such as the
symmetry and the distance between the mediating atom and metal. The weaker magnetic
coupling of Mn0–Mn2 (J = –2.9 meV) as compared to that of Mn0–Mn3 (J = –3.3 meV) is
mainly attributed to the nearly 90◦ exchange path (∠Mn0–N–Mn2 ≈ 95◦) and the longer
Mn–N distances in the mediating segment (the bond lengths of Mn0–N and N–Mn2 are
about 0.12 Å and 0.07 Å longer than those of Mn0–N and N–Mn3, respectively).

The situation is more complicated in the case of the mediating segment (2), i.e., Mn–
N–Mo–N–Mn, which corresponds to the configurations of (0, 4) to (0, 11). In this case,
the mediated Mn–Mn interaction is mainly due to the electronic process that takes place
in the segment of N–Mo–N connecting two Mn atoms. Detailed analysis reveals that the
presence of Mo atom in the segment plays a critical role in mediating the Mn–Mn magnetic
interaction. In fact, owing to the anisotropy of electronic structure and the directional
nature of chemical bonding, the magnetic coupling of the Mn–Mn pair differs from one
configuration to another. Here, we take (0, 4), (0, 5), and (0, 6) configurations as examples to
illustrate the magnetic coupling mechanism of the Mn–Mn pair mediated by the segment
of N–Mo–N.

We first pay our attention to the (0, 6) configuration, in which the two Mn atoms are
strongly coupled with each other with a relatively large J value of 23.9 meV, indicating
a strong FM interaction of Mn0–Mn6 pair. From Figure 4, we notice that the two Mn
dopants in the (0, 6) configuration are both located at the ab plane of the supercell, and
each substitutional Mn atom is surrounded by six Mo atoms, which forms a slightly
deformed hexagon structure. It is evident from Figure 7 that the six surrounding Mo
neighbors are all antiferromagnetically coupled to the Mn dopant, and notable magnetic
moments locate at the Mo sites, giving rise to an AFM order in the neighborhood of the
Mn atom. This AFM environment around the Mn dopant is the origin of the reduction
of total magnetic moment, as reflected from Table 2. In particular, the induced magnetic
moment of the mediating Mo atom (connecting Mn0 and Mn6) is up to −0.54 μB. The large
magnetization of the mediating Mo atom is partially due to the indirect superexchange
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interaction mediated by the N atom that connects Mn and Mo, i.e., two different N p-orbitals
antiferromagnetically hybridize with Mn and Mo, respectively, leading to the induced spin
of Mo that is antiparallel to that of Mn. This indirect Mn–N–Mo superexchange interaction
resembles the case of Mn–N–Mn, as discussed above. Most importantly, the significant
spin polarization of the Mo atom is arising from the direct interaction between the Mo-4d
and Mn-3d orbitals, which can be clearly seen from the spin charge density distributions in
Figure 7. The three transition metal d-orbitals (one Mo-4d orbital and two Mn-3d orbitals)
along the chain of Mn–Mo–Mn couple well with each other to reduce the total energy. The
large J value of the (0, 6) configuration is good proof that the direct d–d interaction between
the dopant Mn and the mediating Mo atom is beneficial to enhance the superexchange
interaction of the Mn–Mn pair.

Although the Mn0–Mn4 pair in the (0, 4) configuration both locate at the ab plane as
well, the local symmetry around the doping site and the spin polarization of the neighboring
Mo atoms to the Mn dopants are different from those of the (0, 6) configuration. Because of
the loss of symmetry at the doping site upon geometry optimization, the two mediating Mo
atoms move away from their original positions and connect Mn0 and Mn4 with nonequiva-
lent Mn–Mo distances (i.e., the Mn0–Mo distance is more than 3.18 Å, while the Mn4–Mo
distance is less than 2.72 Å). It is seen from Figure 7 that the magnetic moments of two
mediating Mo atoms are antiparallel to the nearer Mn dopant (Mn4), and, at the same time,
are parallel to the farther Mn dopant (Mn0). For the two mediating Mo atoms, the direct
d–d interaction to Mn4 is significant, but it is really weak to Mn0. The interaction between
Mn0 and the mediating Mo atom is mainly mediated by the N atoms. Such nonequilibrium
interactions along the mediating segment consequently lead to the AFM coupling of the
Mn0–Mn4 pair. By examining the spin charge density distributions of (0, 4) and (0, 6)
configurations, we find that the exhibited magnetism of the Mo atoms parallel/antiparallel
to that of the Mn dopants is not only correlated with the longer/shorter Mn–Mo distances,
but also the coordination orientation of Mo d-orbital that participates in bonding.

As for the (0, 5) configuration, the two Mn dopants are FM coupled to each other along
the c direction of the supercell. It is visible from Figure 7 that this long-ranged FM coupling
of the Mn0–Mn5 pair is established by the indirect p–d exchange between the N p-orbital
and the transition metal d-orbitals along the chain of Mn(↑)–N(↓)–Mo(↑)–N(↓)–Mn(↑). One
Mn dopant (Mn0) develops a strong bonding with its nearest N atom and induces AFM
polarization of the N atom with a magnetic moment of about −0.05 μB, which further
leads to a 0.13 μB spin of the mediating Mo atom, reflecting the effect of through-bond spin
polarization. The other Mn dopant (Mn5) in turn couples to the mediating atoms (N and
Mo) in the same way for an energy gain, resulting in an indirect FM coupling among the
two Mn dopants. However, due to the weak hybridization between Mo d-orbital and N
p-orbital along the c axis, the mediated interaction through the segment of N–Mo–N in
(0, 5) configuration is rather feeble, which leads to a relatively small J value of 0.7 meV.

As stated in the above, the mediated Mn–Mn interaction should be sought in the
electronic processes that take place in the segment that connects two Mn dopants. From
the observations of (0, 4), (0, 5), and (0, 6) configurations, we find that the spin of the
mediating N atom (which makes a bond to the Mn dopant) is always antiparallel to that
of Mn regardless of the Mn doping position. The mediating Mo atom can couple to the
Mn dopant either ferromagnetically or antiferromagnetically, which mainly depends on
the different coupling mechanisms (p–d exchange, superexchange, and d–d coupling). The
p–d exchange mediated by the N atom could induce the Mo–Mn FM coupling, while the
superexchange through the N atom can result in the Mo–Mn AFM coupling. The substantial
d–d coupling between Mo and Mn could effectively enhance the magnetic coupling of the
Mn–Mn pair, which plays a critical role in mediating the Mn–Mn indirect interaction. The
above analysis provides some insight into the origin of magnetic coupling between the Mn
dopants. For the configurations in which the two Mn dopants are connected by the segment
of N–Mo–N (configurations of (0, 4) to (0, 11)), the indirect FM/AFM Mn–Mn interaction
can be described as follows: One Mn dopant induces AFM polarization of its neighboring

81



Nanomaterials 2022, 12, 747

N atom (one of the N atoms belongs to Mn–N–Mo–N–Mn), and this spin-polarized N atom
may polarize the mediating Mo atom in a parallel way or an antiparallel way (through p–d
exchange or superexchange). Then, by the similar mechanism, the mediating Mo atom
interacts with the other N atom connected to it, and, through which, ferromagnetically
or antiferromagnetically couples to the other Mn dopant. That is, one of the Mn dopants
dictates the spin polarization of its neighboring N atom, then this N atom affects the spin
direction of the mediating Mo atom, and, through which, interacts with the other N atom,
and eventually determines the FM or AFM coupling of the Mn–Mn pair. The different
coupling mechanisms, i.e., the p–d exchange and the superexchange mediated by the N
atom, and the d–d coupling between Mo and Mn, are associated with the geometry structure
along the segment (such as bond length and bond angle) and the coordination orientation
of the bonding orbital. Additionally, it should be emphasized that, except for the mediating
atoms, other host atoms located next to the dopants also play important roles: first they
become spin-polarized and then they can polarize their nearest neighbors, which facilitates
the development of delocalized spin-polarized orbitals over a more extended range.

4. Conclusions

Based on the density functional theory, the structural, electronic, and magnetic prop-
erties of δ-MoN with one Mn atom substituted at different Mo sites (2a and 6c in the
International Tables) were firstly studied. The substitution of Mn atom results in the local
distortion of the structure and the shrink of the unit cell. Formation energy calculations
confirm that it is energetically favorable to form Mn substitution in δ-MoN. It is noteworthy
that the Mn dopants located at 2a and 6c sites lead to significant spin splitting of the density
of states and induce 2.74 and 2.56 μB total magnetic moments, respectively, suggesting that
the Mn dopant induces magnetism in δ-MoN. The calculations were then extended to a
2 × 1 × 2 supercell, which contains two impurity Mn atoms, to investigate the favorable
coupling between the Mn dopants. Among the eleven different magnetic configurations,
five positions result in FM and six positions result in AFM coupling between the Mn–Mn
pair. Strong evidence indicate that long-range magnetic coupling exists between the Mn
dopants in the supercell. The different couplings of the Mn–Mn pair cannot be simply
attributed to the different Mn–Mn distances, but closely related to the electronic processes
that take place in the mediating segment (–N– or –N–Mo–N–) that connects two Mn
dopants. The mechanisms responsible for the FM/AFM coupling of the Mn–Mn pairs are
the superexchange and the p–d exchange mediated by the N atoms, and the d–d coupling
between the Mo and Mn atoms.
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Abstract: Solid oxide fuel cells (SOFCs) are efficient electrochemical devices that allow for the direct
conversion of fuels (their chemical energy) into electricity. Although conventional SOFCs based
on YSZ electrolytes are widely used from laboratory to commercial scales, the development of
alternative ion-conducting electrolytes is of great importance for improving SOFC performance at
reduced operation temperatures. The review summarizes the basic information on two representative
families of oxygen-conducting electrolytes: doped lanthanum aluminates (LaAlO3) and lanthanum
gallates (LaGaO3). Their preparation features, chemical stability, thermal behaviour and transport
properties are thoroughly analyzed in terms of their connection with the target functional parameters
of related SOFCs. The data presented here will serve as a starting point for further studies of La-based
perovskites, including in the fields of solid state ionics, electrochemistry and applied energy.

Keywords: SOFCs; solid oxide fuel cells; oxygen-ion electrolytes; perovskite; LaAlO3; LaGaO3; LSGM

1. Introduction

The long-term goal of a large body of relevant scientific research is to find a solution
to the problem of providing industrial and domestic human needs with renewable and
environmentally friendly energy [1,2]. The main fields of sustainable energy concern both
the search for renewable energy sources [3–5] and methods for the production of ecological
types of energy [6–9], which differ from traditional types based on hydrocarbon fuel [10–12].
The tasks relating to sustainable energy also include the development of technologies for the
use of non-renewable energy sources: efficient waste-processing [13–15], the construction of
nuclear mini-reactors [16], and the creation of energy devices based on the direct conversion
of various types of energy into electrical and thermal energy [17–19]. A well-known device
for directly converting the chemical energy of fuels into electrical energy is a fuel cell [19–21].
If the electrolyte in the fuel cell is a ceramic material that is permeable to oxygen ions, it is
referred to as a solid oxide fuel cell (SOFC) [21–25].

The advantages of SOFCs are the absence of noble metals in their composition and
the flexibility of fuel types [24,26,27], while the disadvantages include high operating
temperatures, which lead to chemical interactions between the parts of the SOFCs [28,29]
and fast degradation [30–32]. The high temperatures required to operate SOFCs with con-
ventional electrolytes on the basis of yttria-stabilized zirconia (YSZ) lead to the formation
of metastable phases, sealing, and thermal and chemical incompatibility with electrode
materials [33–35].

One of the ways to solve the described problem is to decrease the operating tempera-
ture of SOFCs and develop fuel cells operating at medium- [36–38] and low-temperature
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ranges [39,40]. This has resulted in investigations into new classes of electrolytes [41–44]
and the development of SOFCs enhanced with nanostructured materials [45,46]. The
utilization of nanotechnologies, energy production and energy storage devices is ex-
tremely prospective due to their durability, sustainability, long lifetime, and low cost [47].
Among the alternative electrolytes used in low- and intermediate-temperature SOFCs,
complex oxides with an ABO3-type perovskite structure have attracted specific attention
due to their high efficiency in energy conversion [48–50]. Sr, Mg-doped lanthanum gallate
(LaGaO3), possessing a high oxide ionic conductivity, which was established originally by
Ishihara et al. in 1994 [51], was first used in SOFCs by Feng and Goodenough in 1996 [52].
Later, much more economical materials based on doped lanthanum aluminate LaAlO3
were reported by Fung and Chen in 2011 [53].

It is worth noting that previous generalizing works on lanthanum aluminate were
aimed at the synthesis and characterization of LaAlO3 phosphors (published by Kaur et al.
in 2013 [54]) and at some properties and applications of LaAlO3 not concerned with SOFCs
(observed by Rizwan et al., in 2019) [55]. There is only one overview dedicated to Sr,
Mg-doped LaGaO3 oxides as electrolytes for intermediate-temperature solid oxide fuel
cells: this was published by Morales et al. in 2016 [56]. The present overview is dedicated
to recent progress in the design, characterization and application of electrolyte materials for
SOFCs based on the LaGaO3 and LaAlO3 complex oxides with a perovskite structure. Both
these phases constitute a family of oxygen-conducting electrolytes, while other La-based
perovskites (LaScO3, LaInO3, LaYO3, LaYbO3) exhibit protonic conductivity as well [49].
For this reason, scandates, indates, yttrates, and ytterbates are not considered within the
present review.

A schematic image of an ABO3 perovskite structure is shown in Figure 1a,b. Typically,
the size of A-site cations is larger than that of B-site cations, but is roughly close to that
of the oxygen ions. The A-site cations are surrounded by 12 oxygen-ions in a cubo-
octahedral coordination; the B-site cations are surrounded by 6 oxygen-ions in an octahedral
coordination. In an ideal perovskite structure, BO6 octahedrons are linked at the corners,
thus exhibiting the cubic Pm3m space group.

 
Figure 1. ABO3 perovskite structure: (a) B-cation centered and (b) A-cation centered representations;
the perovskite structure of the ABO3 complex oxide with the B (a) and A (b) central ions [57]; (c) a
rhombohedral crystal structure (for example, LaAlO3). Reproduced from [58] with permission from
the American Physical Society, 2016; (d) an orthorhombic crystal structure (for example, LaGaO3)
Reproduced from [59] with permission by Elsevier Ltd. (Amsterdam, The Netherlands), 2004.
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If the complex oxide structure differs from the ideal perovskite structure by having
rhombohedral or orthorhombic distortions due to the BO6 octahedron arrangement, the
stability of this oxide can be evaluated with the Goldsmith tolerance factor t equation [60]
as follows:

t =
rA + rO√
2(rB + rO)

, (1)

where rA, rB, rO are the ionic radii of the A-, B-cations, and oxygen ions, respectively. If t is
equal to 1, an ideal cubic-type perovskite structure is formed. If t deviates from 1, various
distortions occur in the ideal perovskite structure. The first reason for such distortions is
the rotation of the BO6 octahedron without axis deformation, which causes tilting around
the large A-cations. Take, for example, the rhombohedral structure of LaAlO3 at room
temperature presented in Figure 1c. The second reason consists of the appearance of the
irregularity in the BO6 octahedrons due to the non-centrality of the B-site cations. Consider,
for example, the orthorhombic structure of LaGaO3 at room temperature presented in
Figure 1d.

2. Electrolyte Materials Based on LaAlO3

2.1. Synthesis, Structure and Morphology

For the synthesis of doped LaAlO3 oxides, several well-developed techniques are
usually used: solid-state reaction technology [61–64], the mechanochemical route [65],
co-precipitation [66,67] and organic-nitrate precursor pyrolysis [68–75].

Employing conventional solid-state reaction technology, LaAlO3 samples can be di-
rectly obtained from La2O3 and Al2O3. In [61], these initial reactants were ground down, ho-
mogenized in a water media, desiccated and pressed into pellets annealed at a temperature
range of 780–1100 ◦C. Such a temperature regime allows for single-phase LaAlO3 samples
to be prepared. A similar technology was used in work [62] to synthesize LaAl1−xZnxO3−δ

(here, δ is the oxygen nonstoichiometry; δ = x/2 in the case of oxidation-state stable cations
and one charge state difference between the host and impurity cations). As initial reagents,
stoichiometric amounts of aluminium and zinc oxides were milled in ethanol. The heat
treatment included five 24-h stages at a temperature range of 700–1100 ◦C. Single-phased
LaAlO3 and LaAl0.95Zn0.05O3−δ were obtained at 1250 and 1200 ◦C, respectively.

Fabian et al. [65] synthesised Ca-doped LaAlO3 powders using the mechanochemical
method. Oxide powders of La2O3, γ-Al2O3 and CaO in appropriate proportions were
milled in a planetary mill at 600 rpm. The prepared powders were pressed into disks with
polyethylene glycol as a plasticizer. The LaAlO3 and La1−xCaxAlO3−δ pellets were sintered
at 1700 and 1450 ◦C, respectively, to achieve a desirable ceramic densification.

LaAlO3 complex oxides were prepared starting from water solutions of aluminium
and lanthanum chlorides with a molar ratio for the metal components of 1:1 [66]. Solutions
with high and low concentrations of starting reagents were mixed with an ammonium
solution serving as a precipitation agent. The obtained gels were filtered, washed with
distilled water and dried twice, at 25 ◦C for 24 h and at 100 ◦C for 2 h. The prepared
powders were calcined at a temperature range of 600–900 ◦C for 1 h. The powder obtained
from the high-concentration solution was annealed at 900 ◦C for 2 h in air, then ground in a
rotary mill with zirconia balls in dry ethanol, pressed and calcined at 1300–1500 ◦C for 2 h.

The most widely used technology for the preparation of LaAlO3 and its doped deriva-
tives is the pyrolysis of organic-nitrate compositions, known as the sol-gel [68,69,74] or
autocombustion methods (or self-propagating high-temperature synthesis, and the Pechini
method) [70–73,75]. Utilizing different fuels during the pyrolysis process coupled with
various annealing temperatures affects the crystallinity, powder dispersity, and ceram-
ics density, determining the functional properties of the obtained LaAlO3-based ceramic
materials [74,76,77].

LaAlO3 powders were prepared by Zhang et al. [68] from La(NO3)3·6H2O and
Al(NO3)3·9H2O: they were dissolved in 2-methoxyethanol and then mixed with citric
acid at a molar ratio of 1:1 to the total content of metal ions. The obtained solutions were
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heated and dried at 80 ◦C until gelatinous LaAlO3 precursors were obtained, which were
then calcined at 600–900 ◦C for 2 h.

To obtain La0.9Sr0.1Al0.97Mg0.03O3−δ powder, La(NO3)3·6H2O, Al(NO3)3·9H2O,
Mg(NO3)2·6H2O, Sr(NO3)2, EDTA, C2H5NO2 and NH3·H2O were used in [69]. The molar
ratio of glycine and EDTA to overall metal-ion content was 1.2:1:1; the ratio of NH3·H2O
to EDTA was adjusted to 1.15:1. The aqueous solution of metal nitrates was prepared
and heated at 80 ◦C, and then the EDTA-ammonia solution and glycine were added. The
colourless solution was dried, and the obtained brown resin was calcined at 350 ◦C; it was
then ground down and calcined at 600–1000 ◦C for 3 h. The obtained powders were finally
pressed into disks followed by sintering at 1600–1700 ◦C for 5 h.

According to Adak and Pramanik [70], LaAlO3 was prepared from a 10% aqueous
polyvinyl alcohol precursor that was added to a solution obtained from La2O3 (99%)
dissolved in nitric acid and Al(NO3)3·9H2O. The organic-nitrate mixture was evaporated
at 200 ◦C until dehydration; then, spontaneous decomposition and the formation of a
voluminous black fluffy powder occurred. The obtained powders were ground down and
annealed at 600–800 ◦C for 2 h to form a pure phase.

Verma et al. [71] synthesized LaAlO3 and La0.9−xSr0.1BaxAl0.9Mg0.1O3−δ (x = 0.00, 0.01
and 0.03) samples from initial reagents composed of La(NO3)3·H2O, Sr(NO3)2, Ba(NO3)2,
Al(NO3)3·6H2O and Mg(NO3)2·6H2O initial reagents. C6H8O7·H2O was used as an organic
fuel. The metal nitrates and citric acid were dissolved in distilled water, resulting in the
formation of a transparent solution. The pH value required for proper combustion was
achieved by the addition of ammonia solution. The self-propagating synthesis method is
shown in Figure 2a. The obtained powders were calcined at 700 ◦C for 4 h, then pressed
into pellets and sintered at 1300 ◦C for 8 h to achieve 92-to-96% relative density, depending
on the aluminate composition.

Figure 2. Preparation features of LaAlO3-based materials: (a) diagram of auto-combustion synthesis.
Reproduced from [71] with permission from Springer Nature (Berlin/Heidelberg, Germany), 2021;
(b) XRD patterns for LaAlO3 powders prepared and calcined at a temperature range of 600–900 ◦C
for 1 h on each stage. Reproduced from [66] with permission by Elsevier Ltd., 2013; (c) pore size
distributions of LaAlO3 powder bodies calcined at 900 ◦C for 2 h. Reproduced from [66] with
permission by Elsevier Ltd., 2013; (d) TEM image of LaAlO3 powder calcined at 900 ◦C for 2 h.
Reproduced from [66] with permission by Elsevier Ltd., 2013.

The literature shows that the annealing temperature of the precursor powders plays
a significant role in complex oxide synthesis: this regulates the density of the final poly-
crystalline ceramic samples [78]. For practical applications, it is important to obtain
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LaAlO3-based samples with a narrow distribution of fine-grained particles. These re-
quirements were fulfilled in [66], where a fully converted LaAlO3 phase was formed at
relatively low temperatures. In more detail, the authors developed a co-precipitation
technique enabling the formation of single-phase LaAlO3 powders after its calcination in
air at 900 ◦C for 2 h (Figure 2b). A narrow particle size distribution for LaAlO3 powder
was achieved in [66], where milling in an ethanol medium was conducted. As shown
in Figure 2c, the milled LaAlO3 powder exhibited mono-modal pore size distribution.
The TEM image (Figure 2d) demonstrates that the calcined powder consisted of isometric
particles of up to 15 nm in size. The use of a precursor solution with a high concentration
of metal chlorides and ammonia allowed for the researchers to realize gel homogeneity
and the direct synthesis of LaAlO3.

A Rietveld analysis of the XRD pattern confirmed the presence of a pure perovskite
phase with a rhombohedral structure, referring to the R-3c space group. Reference [66]
calculated unit cell parameters for the LaAlO3 sample (a = 5.3556(1) Å and c = 13.1518(2) Å)
agreed well with results from neutron powder diffraction [79]. The primitive LaAlO3 cell
consists of two formula units, as shown in Figure 1b. The rotation of AlO6 octahedra is
caused by changes to the θ angle (Al–O–Al). Above 540 ◦C, a phase transition from the
rhombohedral to cubic structure was observed for LaAlO3 [79]. The cubic lattice of LaAlO3
with a unit cell parameter of a = 3.8106(1) Å corresponds to the Pm3m space group [79] (see
Figure 1a).

Concluding the chapter about the synthesis methods of doped LaAlO3 oxides, from
the perspective of their use in SOFCs, the co-precipitation method should be noted as the
most optimal synthetic method. The co-precipitation method with a subsequent sintering
of samples at 900 ◦C is well-approved and allows for both single-phase powders with a
narrow nano-size particle distribution and ceramic samples with high relative densities to
be obtained.

2.2. Functional Properties

LaAlO3, a basic (undoped) lanthanum aluminate, has very low electrical conductivity,
equal to around 1 × 10−6 S cm−1 at 900 ◦C [75]. La-site doping of LaAlO3 with strontium
enhances electrical conductivity because it improves the oxygen vacancy concentration
responsible for oxygen-ion transport (Equation (2), [80]). Al-site modification of LaAlO3
with acceptor dopants (for example, magnesium) can also increase the total and ionic
conductivities (see Figure 3a).

2SrO
‘La2O′

3→ 2Sr′La + V••
O + 2Ox

O. (2)

Figure 3. Functional properties of LaAlO3-doped materials: (a) electrical conductivity of LaAlO3,
La0.9Sr0.1AlO3−δ, LaAl0.9Mg0.1O3−δ, La0.8Sr0.2Al0.95Mg0.05O3−δ samples. Reproduced from [80] with
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permission by Elsevier Ltd., 2000; (b) electrical conductivity of LaAlO3, La0.9Ba0.1Al0.9Y0.1O3−δ, and
YSZ as a reference sample. Reproduced from [53] with permission by Elsevier Ltd., 2011; (c) total
conductivity of the La0.9Ba0.1Al0.9Y0.1O3−δ ceramic as function of oxygen partial pressures [81].

The possibility of forming good oxygen-ionic conductivity by doping LaAlO3 oxides
has promoted studies on their potential application in SOFCs [53,65,71,82–90]. The co-
doping strategy is a beneficial way to further increase ionic conductivity [80,82,83,87]; this
is due to the fact that, along with Equation (2), an additional quantity of oxygen vacancies
can be formed according to the following mechanism [80]:

2MgO
‘Al2O′

3→ 2Mg′
Al + V••

O + 2Ox
O. (3)

According to the results of [53], the simultaneous doping of LaAlO3 with barium
and yttrium drastically enhanced ionic transport. For example, the total conductivity of
La0.9Ba0.1Al0.9Y0.1O3−δ at 800 ◦C was close to that of YSZ (2 × 10−2 S cm−1), as shown
in Figure 3b. There are various ways to tailor the transport properties of LaAlO3-based
materials. For example, the doping of (La,Sr)AlO3 with manganese resulted in total
conductivity rising due to the substitution of Mn3+ ions, which were transformed into
Mn2+ and Mn4+ ions at the Al3+ position, enhancing an electronic contribution [75,84].
Therefore, co-doped (La,Sr)(Al,Mn)O3 is attributed to mixed ionic-electronic conductors
(MIEC). The Pr-doping of (La,Sr)AlO3 had a positive influence on transport properties
due to the suppression of grain boundary resistivity [85], and the isovalent substitution
of La3+-ions with Sm3+-ions in (La,Sr)AlO3−δ resulted in the formation of a pronounced
mixed ion-electron conduction [88] due to the generation of more electrons than in the case
of the aliovalent substitution of La3+ ions with Ba2+ ions.

The electrical conductivity values of LaAlO3-based ceramic materials are summarized
in Table 1. Analysis of these data confirms that the simultaneous modification of both
sublattices of LaAlO3 results in improved conductivity compared to those reached using
single doping approaches (see Figure A1). However, it should be noted that the Sr- and Mg-
co-doped LaAlO3 materials exhibit mixed ionic-electronic conduction in air atmospheres
over a wide temperature range (800–1400 ◦C, see Figure 3c), while predominant ionic
transport occurs for more reduced atmospheres (for example, wet hydrogen). This is
typical behaviour for various La-based perovskites [49] as well as for other perovskite-
related ion-conducting electrolytes [91].

Thermal expansion coefficients (TECs) play an important role in material selection
when seeking to avoid thermal incompatibilities between various parts of SOFCs. Accord-
ing to da Silva and de Miranda [75], the average TEC values for LaAlO3 and La0.8Sr0.2AlO3
were equal to around 11.4 × 10−6 and 9.9 × 10−6 K−1, respectively. These data confirm
that the TEC values of LaAlO3-based materials were close to those of the conventional YSZ
electrolyte, i.e., 10.9 × 10−6 K−1 [92].

The chemical compatibility of La0.9Sr0.1Al0.97Mg0.03O3−δ as an electrolyte material with
NiO-Ce0.9Gd0.1O2−δ, Sr0.88Y0.08TiO3−δ and La0.75Sr0.25Cr0.5Mn0.5O3−δ as anode SOFC ma-
terials was thoroughly investigated in [87] using XRD analysis and scanning electron mi-
croscopy with energy-dispersive X-ray spectroscopy. The obtained results demonstrated that
Sr0.88Y0.08TiO3−δ and La0.75Sr0.25Cr0.5Mn0.5O3−δ interacted with La0.9Sr0.1Al0.97Mg0.03O3−δ

due to the interdiffusion of Sr2+, Ti4+, Mn3+ and Cr3+ cations into the La0.9Sr0.1Al0.97Mg0.03O3−δ

lattice. An interaction between La0.9Sr0.1Al0.97Mg0.03O3−δ and NiO-Ce0.9Gd0.1O2−δ at
1300 ◦C was not detected, which means that joint utilization is possible.

The XRD patterns of two mixtures, La0.8Sr0.2Ga0.85Mg0.15O3−δ/La0.9Sr0.1AlO3−δ and
NiO/La0.9Sr0.1AlO3−δ (annealed at 1450 ◦C), confirmed that there were no chemical inter-
actions between these components [93]. The authors noted that doped LaAlO3 materials
can serve as additives to the composite electrolytes and the anode-protective layers [93].
In addition, Mn-doped LaAlO3 phases are considered a constituent part of the composite
electrolytes, providing for the effective electrochemical oxidation of methane via ethylene
and ethane [94].
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Table 1. Total conductivity and activation energy values for LaAlO3 ceramic materials. Figure A1
(see the Appendix A) provides a visualization of these data.

Sample T (◦C) σ (S cm−1) Ea (eV) Ref.

LaAlO3 900 6 × 10−4 1.30 [53]
LaAlO3 700 6.7 × 10−4 0.99 [71]
LaAlO3 900 1.1 × 10−6 1.83 [75]
LaAlO3 900 1.4 × 10−3 1.88 [80]
LaAlO3 800 2.0 × 10−4 1.30 [83]

La0.9Ca0.1AlO3−δ 900 6.0 × 10−3 1.08 [65]
La0.9Sr0.1AlO3−δ 900 1.1 × 10−2 1.14 [80]
La0.9Sr0.1AlO3−δ 800 9.0×10−3 0.93 [85]
La0.8Sr0.2AlO3−δ 800 6.2 × 10−3 1.06 [75]
La0.8Sr0.2AlO3−δ 900 1.5 × 10−2 1.06 [75]
La0.8Sr0.2AlO3−δ 900 1.1 × 10−2 1.16 [80]
La0.8Sr0.2AlO3−δ 810 4.3 × 10−3 1.06 [84]

La0.7Pr0.2Sr0.1AlO3−δ 800 2.3 × 10−2 0.84 [85]
LaAl0.95Zn0.05O3−δ 700 8.5 × 10−4 1.05 [62]
LaAl0.95Zn0.05O3−δ 900 1.1 × 10−3 1.05 [62]
LaAl0.9Mg0.1O3−δ 900 9.6 × 10−3 1.05 [80]
LaAl0.5Mn0.5O3−δ 800 4.7(2) 0.22 [75]
LaAl0.5Mn0.5O3−δ 900 5.8(2) 0.22 [75]

La0.9Sr0.1Al0.9Mg0.1O3−δ 700 2.6 × 10−3 1.56 [71]
La0.9Sr0.1Al0.9Mg0.1O3−δ 700 5.3 × 10−4 1.38 [88]
La0.9Sr0.1Al0.9Mg0.1O3−δ 900 2.0 × 10−2 0.90 [82]

La0.8Sr0.2Al0.95Mg0.05O3−δ 900 1.3 × 10−2 1.15 [80]
La0.89Sr0.1Ba0.01Al0.9Mg0.1O3−δ 700 2.6 × 10−3 1.48 [71]

La0.89Sr0.1Ba0.01Al0.9Mg0.1O3−δ tape 700 6.0 × 10−4 0.60 [86]
La0.89Sr0.1Ba0.01Al0.9Mg0.1O3−δ pellet 700 4.6 × 10−2 0.75 [86]

La0.87Sr0.1Ba0.03Al0.9Mg0.1O3−δ 700 1.7 × 10−3 1.38 [71]
La0.8Sr0.2Al0.5Mn0.5O3−δ 800 8.6(3) 0.15 [75]
La0.8Sr0.2Al0.5Mn0.5O3−δ 900 9.8(2) 0.15 [75]
La0.8Sr0.2Al0.7Mn0.3O3−δ 810 0.75 0.29 [84]
La0.8Sr0.2Al0.5Mn0.5O3−δ 810 10 0.17 [84]

(La0.8Sr0.2)0.94Al0.5Mn0.5O3−δ 810 12 0.14 [84]
La0.9Ba0.1Al0.9Y0.1O3−δ 800 1.8 × 10−2 0.82 [53]
La0.9Ba0.1Al0.9Y0.1O3−δ 900 3.1 × 10−2 0.82 [53]

La0.87Sr0.1Sm0.03Al0.9Mg0.1O3−δ 700 1.2 × 10−3 1.09 [88]
La0.85Sr0.1Sm0.05Al0.9Mg0.1O3−δ 700 1.1 × 10−3 1.10 [88]

2.3. Applications in SOFCs

There are fragmentary data on the application of lanthanum aluminate electrolytes in
SOFCs; see Figure 4.

For example, an SOFC was fabricated with 70% NiO–30% YSZ as an anode, SDC as an
interlayer, La0.9Ba0.1Al0.9Y0.1O3−δ (LBAYO) as an electrolyte and LSM as a cathode, and
tested in [53]. LBAYO films with thicknesses of 63 and 74 μm were electrophoretically
deposited on the LSM pellets with a diameter of 25 mm and a thickness of 2 mm. The
LSM substrates and the deposited LBAYO films were then annealed at 1450 ◦C for 2 h
to achieve full electrolyte densification. The thickness of the LBAYO film varied due
to increases in the applied voltage. A NiO/YSZ anode with a thickness of 40 μm was
screen-printed on the LBAYO/LSM sample and then sintered at 1500 ◦C for 6 h. To avoid
chemical interactions between the NiO and the LBAYO film, an SDC buffer layer with
a thickness of 10 μm was additionally screen-printed on the LBAYO film between the
electrolyte and the anode. Humidified hydrogen was used as a fuel, while air was used as
an oxidant. Figure 4a presents the SEM micrograph of the NiO–YSZ/SDC/LBAYO/LSM
cell, indicating that after the annealing procedure, the LBAYO film was highly densified
without cracks with a uniform thickness and a strong adhesion to the LSM substrate. The
open-circuit voltage (OCV) values of the fabricated cells were 0.927 and 0.953 V, while the
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maximum power density values were 0.306 and 0.235 W cm−2 for the LBAYO electrolyte
layers with thicknesses of 63 and 74 μm, respectively (Figure 4b). The authors of the work
attributed the sharp decrease in the cells’ voltage at a small current to the slow oxygen
reduction reaction kinetics for the LSM cathode.

 
Figure 4. Properties of the NiO–YSZ/SDC/LBAYO/LSM SOFC: (a) SEM micrograph of a cell
sintered at 1500 ◦C for 6 h; (b) current-voltage and current-power dependencies of a cell with an
electrolyte thickness of 63 μm tested at different temperatures; (c) time dependencies of OCV and
Pmax measured at 800 ◦C for 10 days. These images were reproduced from [53] with permission from
Elsevier Ltd., 2011.

The long-term stability experiments demonstrated negligible degradation of the
LBAYO electrolyte over 10 days. Figure 4c illustrates the time dependencies of the obtained
open circuit voltage (OCV) and the maximum power density (Pmax) for a cell tested at
800 ◦C.

Another Ni-GDC/GDC/La0.9Sr0.1Al0.97Mg0.03O3−δ/GDC/La0.75Sr0.25FeO3−δ electrolyte-
supported cell was tested in [87]. For this single cell with a La0.9Sr0.1Al0.97Mg0.03O3−δ

electrolyte thickness of 550 μm, the OCV and Pmax values at 800 ◦C were found to be equal
to 0.925 V and 19.5 mW cm−2, respectively.

3. Electrolyte Materials Based on Doped LaGaO3

3.1. Synthesis, Structure and Morphology

Historically, La1−xSrxGa1−yMgyO3−δ (LSGM) oxides were the first well-studied doped
materials in the LaGaO3 system. In 1998, Huang, Tichy and Goodenough determined
the existence of single-phase La1−xSrxGa1−yMgyO3−0.5(x+y) perovskites while studying a
LaO1.5-SrO-GaO1.5-MgO quasi-quaternary diagram [95] (see Figure 5a). This was possible
due to variations in both x and y contents in a composition range of 0.05–0.30 with a step of
0.05. Sr- and Mg- co-doped LaGaO3 samples were prepared from La2O3, SrCO3, Ga2O3,
and MgO using solid-state reaction technology. The obtained powders were pressed into
pellets and calcined at 1250 ◦C for 12 h. After remilling and repressing, the final pellets
were finally sintered in air at 1470 ◦C for 24 h and quenched in a furnace at 500 ◦C.

Similar conventional techniques for synthesizing La1−xSrxGa1−yMgyO3−δ were used
in other studies [96,97]. La0.9Sr0.1Ga0.8Mg0.2O3−δ samples were obtained from La2O3,
SrCO3, Ga2O3 and MgO sources, which were mixed and sintered in a platinum crucible
at 1350 ◦C for 12 h [96]. The annealed powder was milled with zirconia balls and dried.
Then, the powder was pressed into disks and sintered at 1350 ◦C in air, nitrogen or oxygen
atmospheres for various times ranging from 20 min to 5 h. Moure et al. [97] obtained
La0.8Sr0.2Ga0.85Mg0.15O3−δ and La0.8Sr0.15Ga0.85Mg0.2O3−δ samples from La2O3, SrCO3,
Ga2O3 and MgO, which were mechanochemically activated in a Pulverizette 6 Fritsch
planetary mill with stainless steel balls. The mixtures were synthesized at 1300 ◦C for 16 h;
then after milling for 2 h and sieving with a 100-μm sieve, the powders were pressed into
pellets and finally sintered at 1550 ◦C to form the desired ceramic samples.

92



Nanomaterials 2022, 12, 1991

Figure 5. The phase and structure features of LaGaO3-based materials: (a) phase diagram of a
LaO1.5–SrO–GaO1.5–MgO system up to 800 ◦C, P-cubic = single-phase La1−xSrxGa1−yMgyO3−δ,
214 = LaSrGaO4, 237 = LaSrGa3O7. Reproduced from [95] with permission from John Wiley
& Sons, Inc. (Hoboken, NJ, USA), 1998; (b) the scheme of mechanosynthesis for the prepara-
tion of La1−xSrxGa1−y–zMgyAlzO3−δ. Reproduced from [98] with permission by Elsevier Masson
SAS, 2012; (c) the combustion scheme synthesis for the preparation of La1−xSrxGa1−yMgyO3−δ.
Reproduced from [99] with permission by Elsevier Ltd., 2007; (d) XRD pattern evaluation of
La0.8Sr0.2Ga0.83Mg0.17O3−δ precursor powders at various calcination temperatures. Reproduced
from [100] with permission from Elsevier Ltd., 1998.

For the synthesis of La0.9Sr0.1Ga1−xNixO3−δ, Colomer and Kilner [101] grinded a
mixture of La2O3, SrCO3, Ga2O3 and NiO in an agate mortar with acetone medium and
then calcined them at 1000 ◦C for 6 h. After sieving with a 65-μm sieve, milling for 1 h,
drying and secondary sieving to 65 μm, the finishing powders were pressed into disks
and sintered at 1450–1500 ◦C for 48 h in air. The authors chose nickel as element for
gallium substitution in La0.9Sr0.1GaO3−δowing to the proposal about achieving a hopping
conductivity among the Ni-sites.

Al-substituted La0.95Sr0.05Ga0.9Mg0.1O3−δ and La0.9Sr0.1Ga0.8Mg0.2O3−δ derivatives
were prepared using La2O3, Ga2O3, SrO, MgO and Al2O3 [98]. Mechanosynthesis was
employed in a planetary mill (Retsch PM100, PM200) with tetragonal zirconia balls, accord-
ing to a scheme presented in Figure 5b. The powders were pressed into disks that were
sintered at 1300–1450 ◦C for 2–24 h.

As can be seen, the aforementioned methods (solid-state reaction synthesis and
the mechanochemical route) that were conventionally used for the preparation of
La1−xSrxGa1−yMgyO3−δ and its derivatives have two considerable disadvantages. First,
high sintering temperatures (above 1450–1500 ◦C) are required for full densification of
the pressed pellets [51]. This can influence the production cost of the final electrolyte
materials. Second, the appearance of Sr3La4O9, SrLaGa3O7 and/or SrLaGaO4 impurity
phases in La1−xSrxGa1−yMgyO3−δ samples was frequently observed. This was due to
gallium evaporation [102], which resulted in the deterioration of the gallate material’s
ionic conductivity [51]. To solve the problems that arise during La1−xSrxGa1−yMgyO3−δ

preparation, techniques based on co-precipitation [103,104], organic-nitrate precursors
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combustion [96,99,100,105–109], self-propagating, high-temperature synthesis [110,111]
and spray-pyrolysis [112] were developed.

For example, La0.8Sr0.2Ga0.8Mg0.2O3−δ samples were prepared with carbonate co-
precipitation from La(NO3)3·6H2O, Sr(NO3)2, Ga(NO3)3·xH2O and Mg(NO3)2·6H2O start-
ing reagents [103]. The resulting aqueous solution containing La3+, Sr2+, Ga3+ and Mg2+

cations was gradually dropped into an aqueous (NH4)2CO3 solution with heating at 70 ◦C.
After 2 h of homogenization with continuous stirring, the formed sediments were washed,
dried at 25 ◦C for 24 h in a N2 atmosphere, and finally calcined in air at 900–1300 ◦C for
12 h.

Huang and Goodenough [100] have reported the use of wet synthesis techniques (the sol-
gel technique and the Pechini method) for forming single-phase La0.8Sr0.2Ga0.83Mg0.17O3−δ

materials. Solutions of La(CH3COO)3, Sr(CH3COO)2 and Mg(CH3COO)2 acetates and
La(NO3)3, Sr(NO3)2, Ga(NO3)3 and Mg(NO3)2 nitrates were used in these preparation
methods. During synthesis with sol-gel technology, the required amounts of metal acetates
and gallium nitrate solutions were mixed by stirring. An ammonia solution was then
added, forming a white gel. This was aged at 25 ◦C for 72 h and heated at 150 ◦C for
8 h upon full water evaporation. The resulting product was fired at 300, 500 and 700 ◦C
at varying times. Using the Pechini method, La0.8Sr0.2Ga0.83Mg0.17O3−δ samples were
prepared from a mixture of the necessary amounts of metal nitrate solutions at 25 ◦C: citric
acid was then added. The citric acid was used to fulfil a mole ratio of citric acid/total
cations around 1.5/1. After stirring the precursor solution, ethylene glycol was added in
an equal amount to the citric acid. The obtained solution was heated at 150 ◦C for 12 h
and resulted in a polymer-like solid material. This resin was slowly heated to 300 ◦C and,
after several sintering stages, it was finally calcined at 1400 ◦C for 4 h [100]. The pressed
La0.85Sr0.15Ga0.8Mg0.2O3−δ samples were found to be single-phase after they were obtained
via the Pechini method and annealed at 1400 ◦C for 6 h [105].

A La0.8Sr0.2Ga0.85Mg0.15O3−δ sample was also obtained via the glycine-nitrate com-
bustion method [106]. Ga, La2O3, MgO and SrCO3 powders were dissolved in strong
HNO3 and mixed with water. Glycine was then added with a molar ratio of glycine/nitrate
ions equal to 1:1. The glass beaker with the precursor glycine–nitrate solution was heated
on a hot plate with spontaneous burning, which resulted in a white powder. Dense samples
were formed at a temperature range of 1400–1550 ◦C for 6 h at each stage [106]. A similar
method was used in [107] for the synthesis of La0.9Sr0.1Ga0.8Mg0.2O3−δ. The experimental
procedure included the heating of the precursor glycine–nitrate solution at 550 ◦C upon
combustion, initial calcination of voluminous oxide powders at 800 ◦C for 3 h, annealing
the powders at 1000 ◦C and final annealing at 1300 ◦C for 2 h. It should be noted that
the authors of [107] could not achieve single-phase sample. Huang and Goodenough also
concluded that a La0.8Sr0.2Ga0.83Mg0.17O3−δ single-phase material cannot be formed via
hydrothermal treatment synthesis [100]. A typical diagram of La1−xSrxGa1−yMgyO3−δ

synthesis via the glycine–nitrate combustion method described in [99] is presented in
Figure 5c.

In [110], Ishikawa et al., prepared La0.9Sr0.1Ga0.8Mg0.2O3−δ and La0.9Sr0.1Ga0.7Mg0.3O3−δ

samples via self-propagating high-temperature synthesis from La2O3, SrCO3, Ga2O3, Mg
and NaClO4. An initial powder mixture was supplied to a self-propagating synthesis
reactor: it was then ignited with a disposable carbon foil in contact with the sample. The
obtained powders were washed with water to remove NaCl. The samples were pressed
into disks in vacuum and then sintered at a temperature range of 1000–1500 ◦C for 6 h in
air. An alternative process for La0.9Sr0.1Ga0.8Mg0.2O3−δ synthesis based on a preliminarily
mechanically activated powder mixture was proposed by Ishikawa et al. [111]. The initial
mixture was grinded in a planetary mill with stainless steel balls. The powder sample
was pressed into a disk, which was placed in a self-propagating synthesis reactor: the
aforementioned algorithm [110] was then used.

The literature points out that temperature of about 1400 ◦C (or more) is required for the
synthesis of single-phase LSGM samples. Figure 5d presents the thermal evolution of the
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XRD pattern for a La0.8Sr0.2Ga0.83Mg0.17O3−δ precursor powder [100]. The powders calcined
at the intermediate temperatures were multiphase, containing La0.8Sr0.2Ga0.83Mg0.17O3−δ

and La2O3, LaSrGa3O7 and La2O2CO3 impurities. A single-phase La0.8Sr0.2Ga0.83Mg0.17O3−δ

sample with a cubic structure was formed during calcination at 1400 ◦C.
It is worth noting that the crystal structure of the obtained LSGM samples depends

on the strontium and manganese dopant contents. Basic LaGaO3 at room temperature has
an orthorhombic structure [113] but varying the doping contents can change the crystal
structure symmetry [100,114]. Generally, the substitution of La3+-ions with Sr2+-ions
increases the tolerance factor t (Equation (1)), while Ga-with-Mg substitution decreases
it. Therefore, the t factor for La1−xSrxGa1−yMgyO3−δ is nearly equal to that calculated for
undoped LaGaO3.

The t factor is equal to 1 for La0.8Sr0.2Ga0.8Mg0.2O3−δ, which exhibits an ideal Pm-3m
cubic structure with a unit cell parameter of a = 3.9146(1) Å [114] (Figure 6a). According
to [114], the crystal structure of La0.9Sr0.1Ga0.8Mg0.2O3−δ and La0.9Sr0.1Ga0.9Mg0.1O3−δ

samples (Figure 5a) was refined in a I2/a monoclinic space group.

Figure 6. Properties of LaGaO3-based phases: (a) the crystal structure of La0.8Sr0.2Ga0.8Mg0.2O3−δ

(8282), La0.9Sr0.1Ga0.8Mg0.2O3−δ (9182) and La0.9Sr0.1Ga0.9Mg0.1O3−δ (9191). Reproduced from [114]
with permission from John Wiley & Sons, Inc., 2021; (b) observed and Rietveld-refined XRD patterns
of La0.9Sr0.1Ga0.8Mg0.2O3−δ. Reproduced from [115] with permission by Elsevier Ltd., 2018; (c) an
SEM micrograph of a La0.9Sr0.1Ga0.8Mg0.2O3−δ ceramic obtained via mechanically activated and
conventional self-propagating synthesis. Reproduced from [111] with permission by Elsevier Ltd.,
2009; (d) the temperature dependencies of the relative density of a La0.9Sr0.1Ga0.8Mg0.2O3−δ ceramic
material. Reproduced from [115] with permission from Elsevier Ltd., 2018.

The crystal structure of LaGaO3 and La0.9Sr0.1Ga0.8Mg0.2O3−δ samples was investi-
gated via powder neutron diffraction at 25, 800 and 1000 ◦C in [116]. According to the
Rietveld refinement analysis of the diffraction data collected at 25 ◦C, an orthorhombic
structure was observed for both samples: fitting was provided in the Pnma space group for
LaGaO3 (unit cell parameters were equal to a = 5.4908(1), b = 7.7925(1) and c = 5.5227(1) Å)
and in the Imma space group for La0.9Sr0.1Ga0.8Mg0.2O3−δ (unit cell parameters were
equal to a = 5.5179(1), b = 7.8200(1) and c = 5.5394(1) Å). The high temperature measure-
ments [116] show that the LaGaO3 sample possessed a rhombohedral structure in the
R-3c space group (unit cell parameters were equal to a = 5.5899(1) Å and a = 5.5987(1) Å
at 800 and 1000 ◦C, correspondingly), whereas La0.9Sr0.1Ga0.8Mg0.2O3−δ exhibits a cubic
structure in the Pm3m space group (unit cell parameters were equal to a = 3.9760(1) Å
and a = 3.9866(1) Å at 800 and 1000 ◦C, correspondingly). Similar data at 25 ◦C (the Imma
space group, a = 5.5056(9), b = 7.8241(7), c = 5.5387(5) Å) for a La0.9Sr0.1Ga0.8Mg0.2O3−δ

sample obtained via solid-state route and sintered at 1350 ◦C for 2 h was reported in [115].
However, this sample consisted of an LSGM phase and a LaSrGa3O7 impurity phase, as
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indicated by ‘*’ in Figure 6b. This fact proves the necessity of sintering temperatures of
1400 ◦C for obtaining single-phase LSGM samples.

Comparative analysis of the microstructural parameters for La0.9Sr0.1Ga0.8Mg0.2O3−δ

disks sintered at 1400 ◦C for 6 h obtained via the self-propagating high-temperature and
solid-reaction synthesis techniques showed that the first sample was denser [110]. The
relative densities of the samples were 98 and 92%, respectively, despite the fact that the
sintering temperature for the first disk was 100 ◦C lower than that for the second one.
Images in Figure 6c show the SEM micrographs of La0.9Sr0.1Ga0.8Mg0.2O3−δ samples
obtained via self-propagating synthesis with and without mechanical activation of the
starting mixture for 24 h [111]. These SEM images testify that mechanically activated
self-propagating synthesis provided the high-grade powders with nano-size particles. The
specific surface areas of the samples were 3.36 and 2.06 m2 g−1, respectively. Based on
both studies, Ishikawa et al. [110,111] concluded that this proved the advantages of using
self-propagating high-temperature synthesis (especially with mechanical activation of the
starting mixture) in comparison with the solid-reaction method.

The evolution of a La0.9Sr0.1Ga0.8Mg0.2O3−δ sample’s density against temperature was
provided in by Batista et al. [115]. Based on dilatometry experimental results (Figure 6d), the
authors separated the process into three steps: an insignificant increase of relative density
at 25–1000 ◦C; gradual densification at 1000–1300 ◦C; and, finally, a fast densification above
1300 ◦C. According to [117], a relative density of over 99% was achieved after calcination at
1450 ◦C for 6 h.

Summing up the review section, which was devoted to the synthesis methods of Sr,
Mg-doped LaGaO3 oxides as electrolyte materials, the self-propagating high-temperature
synthesis with mechanical activation of the starting mixtures can be identified as one of
the most optimal techniques. The above-mentioned method can obtain the single-phase
La0.9Sr0.1Ga0.8Mg0.2O3−δ powders with high specific surface areas, a narrow distribution
of nano-size particles, and high relative densities for the sintered ceramic samples.

3.2. Functional Properties

In 1994, Ishihara et al. [51] were the first to show that the La-substitution of LaGaO3 with
strontium and gallium with magnesium increased the electrical conductivity of doped materials
(Figure 7a,b) owing to the formation of oxygen vacancies in La1−xSrxGa1−yMgyO3−δ [118].

The measurements of Ishihara [51], Stevenson [119] and Goodenough [95] demonstrate
that the La1−xSrxGa1−yMgyO3−δ samples possess maximal electrical conductivity values at
x = 0.15/0.2 and y = 0.2, as can be seen in Table 2. It should be also noted that conductivity of
nominally similar materials can be varied over a wide range (see Figure A2). This confirms
that the microstructural parameters of ceramics, as well as the presence of insulating
impurity phases, considerably affect the transport properties of gallates, encouraging the
continuous search for their new synthesis and fabricating techniques.

Hayashi et al. [120] concluded that the electrical conductivity of La1−xSrxGa1−yMgyO3−δ

becomes greater when approaching the tolerance factor of the doped sample to t for LaGaO3
and decreases when the tolerance factor for the doped samples differed from t for LaGaO3.
It was established that increasing the Sr, Mg-doping levels led to the association of oxygen
vacancies [51,119,120]; for this reason, further electrical investigations of the doped-LaGaO3
oxides were performed on La1−xSrxGa1−yMgyO3−δ samples with a fixed content of Sr and
Mg dopants (nearly 20 mol.%, i.e., x = y = 0.2). The literature on the transport properties of
La1−xSrxGa1−yMgyO3−δ ceramic samples is summarised in Table 2. Figure 7c presents the
temperature dependencies of conductivity for the La0.9Sr0.1Ga0.9Mg0.1O3−δ (LSGM9191),
La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM9182) and La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM8282) samples
obtained in [114]. These data agree with the conclusion that the maximal conductivity for
LSGM is achieved at x = y = 0.2.
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Figure 7. Properties of LaGaO3-based phases: (a) the crystal structure of La0.8Sr0.2Ga0.8Mg0.2O3−δ

(8282), La0.9Sr0.1Ga0.8Mg0.2O3−δ (9182) and La0.9Sr0.1Ga0.9Mg0.1O3−δ (9191). Reproduced from [114]
with permission from John Wiley & Sons, Inc., 2021; (b) observed and Rietveld-refined XRD
patterns of La0.9Sr0.1Ga0.8Mg0.2O3−δ. Reproduced from [115] with permission form Elsevier
Ltd., 2018; (c) an SEM micrograph of a La0.9Sr0.1Ga0.8Mg0.2O3−δ ceramic obtained via mechan-
ically activated and conventional self-propagating synthesis. Reproduced from [111] with per-
mission by Elsevier Ltd., 2009; (d) the temperature dependencies of the relative density of a
La0.9Sr0.1Ga0.8Mg0.2O3−δ ceramic material. Reproduced from [115] with permission from Else-
vier Ltd., 2018; (e) conductivity of La0.8Sr0.2Ga0.8Mg0.2O3−δ as a function of oxygen partial pres-
sure. Reproduced from [109] with permission from Elsevier Ltd., 2011; (f) the temperature depen-
dencies of TEC for La0.8Sr0.2Ga0.9Mg0.1O3−δ (LSGM2010), La0.8Sr0.2Ga0.85Mg0.15O3−δ (LSGM2015)
and La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM2020). Reproduced from [121] with permission from Elsevier
Ltd., 2009.

Table 2. Total conductivities of LaGaO3-based materials depending on their compositions, prepara-
tion methods and temperatures. Figure A2 provides a visualization of these data.

Sample Samples Obtaining Method; Annealing Temperature (◦C) T (◦C) σ (S cm−1) Ref.

LaGaO3 Solid-state route; 1500 950 0.02 [51]
La0.9Sr0.1Ga0.9Mg0.1O3−δ Solid-state route; 1500 950 0.20 [51]

La0.9Sr0.1Ga0.85Mg0.15O3−δ Solid-state route; 1500 950 0.27 [51]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Solid-state route; 1500 950 0.29 [51]
La0.9Sr0.1Ga0.7Mg0.3O3−δ Solid-state route; 1500 950 0.28 [51]
La0.9Sr0.1Ga0.6Mg0.4O3−δ Solid-state route; 1500 950 0.10 [51]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Glycine-combustion method; 1400 1000 0.26 [51]

La0.85Sr0.15Ga0.8Mg0.2O3−δ Glycine-combustion method; 1400 1000 0.36 [51]
La0.8Sr0.2Ga0.85Mg0.15O3−δ Glycine-combustion method; 1400 1000 0.31 [51]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Glycine-combustion method; 1400 1000 0.40 [51]
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Table 2. Cont.

Sample Samples Obtaining Method; Annealing Temperature (◦C) T (◦C) σ (S cm−1) Ref.

La0.9Sr0.1Ga0.9Mg0.1O3−δ Solid-state route; 1470 800 0.116 [95]
La0.9Sr0.1Ga0.85Mg0.15O3−δ Solid-state route; 1470 800 0.127 [95]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Solid-state route; 1470 800 0.132 [95]
La0.9Sr0.1Ga0.7Mg0.3O3−δ Solid-state route; 1470 800 0.096 [95]

La0.85Sr0.15Ga0.8Mg0.2O3−δ Solid-state route; 1470 800 0.150 [95]
La0.8Sr0.2Ga0.85Mg0.15O3−δ Solid-state route; 1470 800 0.149 [95]
La0.8Sr0.2Ga0.83Mg0.17O3−δ Solid-state route; 1470 800 0.17 [95]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Solid-state route; 1470 800 0.14 [95]
La0.7Sr0.3Ga0.8Mg0.2O3−δ Solid-state route; 1470 800 0.109 [95]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Self-propagating high-temperature synthesis; 1500 800 0.11 [110]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Carbonate co-precipitation; 1400 800 0.045 [104]
La0.9Sr0.1Ga0.9Mg0.1O3−δ Solid-state route; 1450 800 0.071 [114]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Solid-state route; 1450 800 0.1095 [114]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Glycine-combustion method; 1500 800 0.092 [122]
La0.9Sr0.1Ga0.8Mg0.2O3−δ Glycine-combustion method; 1400 800 0.0395 [123]

La0.85Sr0.15Ga0.85Mg0.15O3−δ Acrylamide polymerization technique; 1432 800 0.093 [124]
La0.85Sr0.15Ga0.8Mg0.2O3−δ Mechanochemical route; 1380 600 0.016 [97]
La0.85Sr0.15Ga0.8Mg0.2O3−δ Glycine-combustion method; 1300 800 0.053 [125]
La0.85Sr0.15Ga0.8Mg0.2O3−δ EDTA-combustion method; 1300 800 0.06 [125]
La0.85Sr0.15Ga0.8Mg0.2O3−δ Glycine-combustion method; 1400 800 0.096 [105]
La0.85Sr0.15Ga0.8Mg0.2O3−δ Pechini method; 1400 800 0.135 [126]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Carbonate co-precipitation; 1300 600 0.014 [103]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Glycine-combustion method; 1300 700 0.022 [109]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Glycine-combustion method; 1400 700 0.085 [109]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Spray pyrolysis; 1400 500 0.0029 [112]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Solid-state route; 1450 800 0.126 [127]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Solid-state route; 1400 800 0.035 [127]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Hydrothermal urea hydrolysis precipitation; 1400 800 0.056 [127]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Carbonate co-precipitation; 1400 800 0.137 [128]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Solid-state route; 1250 727 0.019 [129]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Sol-gel technique; 1300 450 2.9 × 10−4 [130]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Solid-state route; 1400 800 0.132 [131]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Thin film deposited by vacuum cold spray; 200 750 0.043 [132]
La0.8Sr0.2Ga0.8Mg0.2O3−δ Step-wise current-limiting flash sintering process; 690 850 0.072 [133]

It was shown in [119] that the ion-transfer numbers were nearly equal to 1. For
La0.9Sr0.1Ga0.8Mg0.2O3−δ and La0.8Sr0.2Ga0.8Mg0.2O3−δ ceramic samples, the oxygen-ion
transference numbers were found to be equal 1 at 700–1000 ◦C [107], confirming the pres-
ence of electrolyte-type behaviour. Savioli and Watson [134] studied the defect structure
of LaGaO3 upon the use of various doping strategies using DFT calculations. They con-
firmed that Sr-, Ba-, and Mg-doping should result in the greatest improvements to the ionic
conductivity of the LaGaO3 parent phase, while the Ni2+-, Co2+-, Fe2+-, and Zn2+-doping
is responsible for the generation of a mixed ionic-electronic conducting behaviour. Sr-
and Mg- co-doped LaGaO3 complex oxides are predominantly oxygen-ionic conductors,
for which the electronic conductivity levels are 3–4 magnitudes lower compared to the
oxygen-ionic conductivity levels [135].

According to [125], the dependence ln(σT) vs. 1/T had a break at 700 ◦C for La0.85Sr0.15-
Ga0.8Mg0.2O3−δ, which indicates that the activation energy value of oxygen-ion conductiv-
ity at a low-temperature range was higher than that at a high-temperature range.

A linear correlation between hardness and total ionic conductivity was revealed
in [126] for La0.9Sr0.1Ga0.8Mg0.2O3−δ and La0.85Sr0.15Ga0.8Mg0.2O3−δ samples. It was
shown that the electrical and mechanical properties of La1−xSrxGa1−yMgyO3−δ are strongly
defined by microstructural peculiarities and the presence of low-conductive LaSrGaO4 and
LaSrGa3O7 impurity phases [123]. The LaSrGaO4 phase exhibits a tetragonal structure
K2NiF4-type and crystalizes in the I4/mmm space group; its conductivity is found to be
around 2·10−7 S cm−1 at 900 ◦C [136]. The LaSrGa3O7phase belongs to a melilitestructure
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described in the P421m space group; its ionic conductivity level is around 2·10−6 S cm−1

at 800 ◦C [137]. The maximum values of ionic conductivity and hardness were achieved
for single-phase La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM1020) and La0.85Sr0.15Ga0.8Mg0.2O3−δ

(LSGM1520) samples with a high relative density, as shown in Figure 7d. With a significant
amount of impurity phases at the grain boundaries, the samples exhibited a gradual de-
crease in hardness and the grain boundary conductivity, which resulted in a decreasing total
conductivity. The data in Table 2 may also be analysed from the aforementioned perspective.

The electrical conductivity of La0.8Sr0.2Ga0.8Mg0.2O3−δ was investigated over a Po2
range of 10−27–1 atm at 700 ◦C [109]. The results of the measurements are presented in
Figure 7e for La0.8Sr0.2Ga0.8Mg0.2O3−δ samples, sintered at 1470 ◦C (LSGM-CON-1400),
1400 ◦C (LSGM-1400) and 1300 ◦C (LSGM-1300), and an LSGM sample with 1 wt% V2O5
sintered at 1300 ◦C (LSGM-1V-1300). All these samples show an approximately constant
conductivity over the measuring pO2 range, implying a realization of the electrolytic
conduction behaviour.

The thermal expansion of La1−xSrxGa1−yMgyO3−δ was studied by Baskaran et al. [138].
The TEC values measured for the La0.9Sr0.1Ga0.8Mg0.2O3−δ sample were equal to 10 × 10−6 K−1

over a low-temperature range and 13.5–14.0 × 10−6 K−1 above 600 ◦C. Lee et al. [99]
reported about an average TEC of 12.1 × 10−6 K−1 for La0.8Sr0.2Ga0.8Mg0.2O3−δ at a tem-
perature range of 25–1000 ◦C, which is close to 12.3 × 10−6 K−1 for a La0.65Sr0.3MnO3−δ

electrode at the same temperatures [92].
The expansion behaviour for La1−xSrxGa1−yMgyO3−δ is correlated with its crystal

structure in the observed temperature range. Therefore, the presence of a phase transition
from an orthorhombic phase to a cubic one for La0.9Sr0.1Ga0.8Mg0.2O3−δ [116] and the
existence of an ideal perovskite cubic structure for La0.8Sr0.2Ga0.8Mg0.2O3−δ [114] are
responsible for the aforementioned variations in their thermal expansion behaviour.

Datta et al. [121] observed that the temperature of phase transition from an orthorhom-
bic to a rhombohedral structure for La1−xSrxGa1−yMgyO3−δ increased as Mg content
increased at a fixed Sr content, as shown in Figure 7f, and decreased with increasing Sr
content at a fixed Mg content. The effect of Sr and Mg co-doping on TEC values was ex-
plained for La1−xSrxGa1−yMgyO3−δ in terms of the amount of generated oxygen vacancies.
It was concluded that TEC values increased as oxygen vacancies increase, regardless of the
dopant type. This was the result of the binding energy weakening as a result of oxygen
vacancy formation.

Shkerin et al. [139] analysed the structure and phase transitions of La0.88Sr0.12Ga0.82-
Mg0.18O3−δ using dilatometry, XRD and Raman spectroscopy. According to the obtained
data, La0.88Sr0.12Ga0.82Mg0.18O3−δ exhibited two phase transitions of the second order at
502 and 607 ◦C. The first transition was attributed to a phase transition from an orthorhom-
bic phase to a cubic one, while the second phase transition was attributed to the ordering
of the oxygen vacancies.

Wu et al. [140] studied transport properties of La0.85Sr0.15Ga0.8Mg0.2O3−δ upon the
partial or full Sr-substitution with calcium or barium. Their analyses have shown that both
types of substitution result in a decrease in ionic conductivity by 20–30%. However, at the
same time, the Ca-substituted ceramic materials showed higher conductivities compared
to the Ba-substituted analogues. This confirms that strontium is an ideal dopant (from the
steric and energetic viewpoints) to be introduced into the La-sublattice of LaGaO3-based
phases.

The chemical compatibility of La1−xSrxGa1−yMgyO3−δ was investigated with oxide
materials used in SOFCs, cathodes [141–152] and anodes [153–167]: this is presented in the
corresponding reviews [28,56,153].

Chemical interactions between a La0.9Sr0.1Ga0.8Mg0.2O3−δ electrolyte and cathode ma-
terials such as La0.65Sr0.3MnO3−δ, La0.7Sr0.3CoO3−δ, La0.65Sr0.3FeO3−δ, La0.65Sr0.3NiO3−δ

and La0.6Sr0.4Co0.2Fe0.8O3−δ are demonstrated in [141]. The LSGM/cathode powders were
mixed at a weight ratio of 1:1, pressed into disks and annealed at 1300 ◦C for 3 h in air.
The XRD data revealed that impurity phases were not formed in the LSGM mixed with
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La0.65Sr0.3MnO3−δ, La0.7Sr0.3CoO3−δ, and La0.65Sr0.3FeO3−δ, but appear in the calcined
mixtures with La0.65Sr0.3NiO3−δ and La0.6Sr0.4Co0.2Fe0.8O3−δ. The absence of reactiv-
ity between La0.8Sr0.2Ga0.8Mg0.2O3−δ and La0.8Sr0.2MnO3−δ was also confirmed during
calcination at 800 ◦C [142].

Sydyknazar et al. [143] showed that La0.83Sr0.17Ga0.8Mg0.2O3−δ exhibited good chem-
ical compatibility with a novel cathode material, Sr0.9Ba0.1Co0.95Ru0.05O3−δ, after joint
calcination at 1100 ◦C for 12 h. According to the literature, La0.9Sr0.1Ga0.8Mg0.2O3−δ does
not react with the following cathodes: La0.4Sr0.6Co0.9Sb0.1O3−δ after heat treatment at
1150 ◦C for 6 h [144], SrCo0.8Fe0.1Nb0.1O3−δ at 950 ◦C for 10 h [145], BaCo0.7Fe0.2Ta0.1O3−δ

at 950 ◦C for 10 h [146] and Sr2Ti0.8Co0.2FeO6−δ after at 950 ◦C for 10 h [147]. According to
Tarancón et al. [148], La0.8Sr0.2Ga0.8Mg0.2O3−δ interacted with a GdBaCo2O5+δ cathode at
temperatures above 900 ◦C, forming BaLaGa3O4 and BaLaGa3O7 secondary phases.

An analysis of works devoted to Ruddlesden–Popper phases demonstrates that
La0.9Sr0.1Ga0.8Mg0.2O3−δ and Pr2−xLaxNi0.85Cu0.1Al0.05O4 + δ (x = 0, 0.2, 0.5, 1.0) have no in-
teractions at 1000 ◦C for 5 h [149], but La0.95Sr0.05Ga0.9Mg0.1O3−δ reacted with Nd2NiO4+δ
after annealing at 1000 ◦C for 5 h [150]. Equally, La0.85Sr0.15Ga0.85Mg0.15O3−δ reacted with
Pr2−xCaxNiO4+δ after annealing at 900 ◦C for 10 h (x = 0, 0.5) [151] and at 1200 ◦C for 1 h
(x = 0, 0.3) [152].

Zhang et al. [154] showed that a La0.9Sr0.1Ga0.8Mg0.2O3−δ electrolyte reacted with
the nickel component in a Ni-SDC anode. The chemical interaction between LSGM and
the composite was due to the interface diffusion of nickel from the anode to the LSGM
electrolyte; this led to the formation of La-based poor-conductive secondary phases, which
block oxygen-ion transport. The unit cell design with a buffer layer of SDC was sug-
gested as an effective way of avoiding the problem of interface diffusion [155]. However,
chemical reactivity was observed between La1−xSrxGa1−yMgyO3−δ and buffer layers of
Gd0.1Ce0.9O1.95, scandia-doped zirconia [156] and Gd0.8Ce0.2O1.9 [157].

An alternate solution to the problem of nickel interface diffusion from a Ni-based
anode is to find novel anode materials. A study of the chemical compatibility between
La0.9Sr0.1Ga0.8Mg0.2O3−δ and Fe2O3, Co2O3, NiO as anode materials is provided in [158].
Powder mixtures of LSGM with metal oxides at a weight ratio of 1:1 were mixed in ethanol,
pressed into pellets and annealed at 1150, 1250 and 1350 ◦C for 2 h. The obtained XRD data
showed that the LSGM reacted with NiO and Co2O3 at 1150 ◦C, while a detectable reaction
with Fe2O3 occurred only after calcination at 1350 ◦C.

Du and Sammes [159] reported good chemical compatibility between La0.8Sr0.2Ga0.8-
Mg0.2O3−δ and an alternative La0.75Sr0.25Cr0.5Mn0.5O3 anode at a temperature range of
1100–1500 ◦C. However, the authors note that a low-conductivity phase formed if the
annealing time was more than 6 h or the annealing temperature was greater than 1500 ◦C.

Good chemical compatibility between LSGM and anodes with a double perovskite
structure was shown for: La0.9Sr0.1Ga0.8Mg0.2O3−δ and Sr2TiMoO6−δ after calcining the
samples at 1000 ◦C for 10 h in an atmosphere of 5% H2/Ar [160], La0.8Sr0.2Ga0.8Mg0.2O3−δ and
Sr2Fe1.5Mo0.5O6−δ after heat treatment at 1200 ◦C for 24 h in air [161], La0.88Sr0.12Ga0.82Mg0.18O3−δ

with Sr2NiMoO6−δ at 1000 ◦C for 20 h [162,163] and Sr2Ni0.75Mg0.25MoO6−δ at 1100 ◦C
for 20 h [164] and at 1250 ◦C for 2 h [163]. The formation of secondary phases be-
tween LSGM and double perovskite anodes was observed for La0.9Sr0.1Ga0.8Mg0.2O3−δ

and Sr2MgMoO6−δ after calcining at 1100 ◦C [165], for La0.88Sr0.12Ga0.82Mg0.18O3−δ and
Sr2ZnMoO6 at 1000 ◦C for 20 h [166] and for La0.8Sr0.2Ga0.8Mg0.2O3−δ at 1300 ◦C for
10 h with Sr2Ni0.7Mg0.3MoO6−δ [167] and, after heat treatment at 1200 ◦C for 24 h, with
Sr2CoMoO6−δ [161], Sr2NiMoO6−δ [161] and Sr2MgMoO6−δ [168].

According to Takano et al. [165], La0.9Sr0.1Ga0.8Mg0.2O3−δ did not react with Ce0.8La0.2O1.8
after annealing at 1300 ◦C for 1 h; therefore, it was concluded that La0.9Sr0.1Ga0.8Mg0.2O3−δ

and Ce0.8La0.2O2−δ might be recommended as SOFC electrolyte and buffer materials, respec-
tively, with Sr2MgMoO6−δ used as the anode material. However, a comprehensive investiga-
tion of the chemical compatibility between various compositions of La1−xSrxGa1−yMgyO3−δ

and lanthanum-doped CeO2, provided in [169], showed that only a La0.9Sr0.1Ga0.8Mg0.2O3−δ/
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Ce0.6La0.4O2−δ mixture did not result in additional phases after being annealed twice at
1350 ◦C for 2 h at each stage.

3.3. Applications in SOFCs

The problem of reactivity between the LSGM and SOFC electrode materials dur-
ing sintering can be solved by reducing sintering temperatures or/and using the SDC
buffer layer as a barrier, eliminating lanthanum- and nickel-cation diffusion. Several
unit cell designs have been proposed in the literature. Table 3 presents a summary of
electrochemical performances for different types of hydrogen-fuelled SOFCs with LSGM-
based electrolytes. These data testify that enhanced power densities were achieved for
electrolyte-supported SOFCs when the LSGM electrolyte thickness was in a range of
100–300 μm. Buffer layers of doped ceria were used between the electrolyte and anode:
Ce0.8Sm0.2O2−δ [144,145,149,155,160,167], Ce0.8Gd0.2O2−δ [170] and Ce0.6La0.4O2−δ [171,172].

Table 3. The performances of SOFCs with La1−xSrxGa1−yMgyO3−δ electrolytes. Figure A3 provides
a visualization of these data.

Anode
Buffer Layer/

Electrolyte (Thickness, μm)/
Buffer Layer

Cathode
T

(◦C)
Power Density

(mW cm−2)
Ref.

Ni-Ce0.8Sm0.2O2−δ La0.8Sr0.2Ga0.83Mg0.17O3−δ (265) La0.6Sr0.4O3−δ 800 290 [52]
Ni-La0.8Sr0.2Ga0.83Mg0.17O2.815 La0.8Sr0.2Ga0.83Mg0.17O3−δ (395) La0.6Sr0.4O3−δ 800 363 [52]

Ni-Ce0.8Sm0.2O2−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(300)
La0.4Sr0.6Co0.9Sb0.1O3−δ-

Ce0.8Sm0.2O2−δ
700 432 [144]

Ni-Ce0.8Sm0.2O2−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(100) SrCo0.8Fe0.1Nb0.1O3−δ 800 756 [145]

Ni-Ce0.8Sm0.2O2−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(100)
SrCo0.8Fe0.1Nb0.1O3−δ–

Ce0.9Gd0.1O2−δ
800 829 [145]

Ni-Ce0.8Sm0.2O2−δ La0.9Sr0.1Ga0.8Mg0.2O3−δ (300) BaCo0.7Fe0.2Ta0.1O3−δ 800 460 [146]

Ni-Ce0.8Sm0.2O2−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(300) Pr2Ni0.85Cu0.1Al0.05O4+δ 700 392 [149]

Ni-Ce0.8Sm0.2O2−δ La0.8Sr0.2Ga0.83Mg0.17O3−δ (500) La0.6Sr0.4O3−δ 800 270 [155,
173]

Ni-Ce0.8Sm0.2O2−δ
Ce0.8Sm0.2O2−δ/La0.8Sr0.2Ga0.83Mg0.17O3−δ

(500) La0.6Sr0.4O3−δ 800 550 [155,
173]

Ni-Ce0.8Sm0.2O2−δ La0.87Sr0.13Ga0.85Mg0.15O3−δ (3.8)
La0.87Sr0.13Ga0.85Mg0.15O3−δ-

La0.6Sr0.4Fe0.8Co0.2O3−δ

750 1420 [174]

Ni-Ce0.8Y0.2O2−δ La0.9Sr0.1Ga0.8Mg0.2O3−δ (45) La0.6Sr0.4O3−δ 700 500 [175]
Ni-Ce0.6La0.4O2−δ La0.8Sr0.2Ga0.8Mg0.2O3−δ (30) La0.8Sr0.2Fe0.8Co0.2O3−δ 700 780 [176]

Ni-Ce0.6La0.4O2−δ
Ce0.6La0.4O2−δ/La0.8Sr0.2Ga0.83Mg0.17O3−δ

(500) SrCo0.8Fe0.2O3−δ 800 900 [177]

Ni-Ce0.9Gd0.1O2−δ
Ce0.55La0.45O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(75)
La0.9Sr0.1O3−δ-

Ce0.55La0.45O2−δ
800 1100 [178]

Ni-Ce0.9Gd0.1O2−δ
Ce0.55La0.45O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(50) La0.6Sr0.4O3−δ 800 1565 [179]

Ni-Ce0.9Gd0.1O2−δ
Ce0.55La0.45O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(50)/Ce0.55La0.45O2−δ
La0.6Sr0.4O3−δ 800 871 [179]

Ni-Ce0.8Gd0.2O2−δ
Ce0.8Gd0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(75) Ba0.5Sr0.5Co0.8Fe0.2O3−δ 700 760 [180]

Ni-Fe Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(6) Sm0.5Sr0.5O3−δ 700 1790 [181]

Ni-Ce0.6La0.4O2−δ
Ce0.6La0.4O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(9)/Ce0.6La0.4O1.8

La0.9Sr0.1Ga0.8Mg0.2O3−δ-
La0.6Sr0.4Fe0.8Co0.2O3−δ

700 910 [182]

Ni-Ce0.8Sm0.2O2−δ
Ce0.6La0.4O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(11)/Ce0.6La0.4O1.8

La0.9Sr0.1Ga0.8Mg0.2O3−δ-
La0.6Sr0.4Fe0.8Co0.2O3−δ

800 1230 [183]

Ni-Ce0.8Gd0.2O2−δ
Ce0.8Gd0.2O2−δ/(La0.9Sr0.1)0.97Ga0.9Mg0.1O3−δ

(120) La0.6Sr0.4Fe0.8Co0.2O3−δ 800 540 [170]

Ni-Ce0.8Sm0.2O2−δ La0.9Sr0.1Ga0.8Mg0.2O3−δ (3.4) La0.9Sr0.1Ga0.8Mg0.2O3−δ-
La0.6Sr0.4Fe0.8Co0.2O3−δ

750 736 [184]
Ni-Ce0.8Gd0.2O2−δ La0.8Sr0.2Ga0.8Mg0.2O3−δ (50) La0.6Sr0.4Fe0.8Co0.2O3−δ 700 831 [185]

Ni-Fe Ce0.6La0.4O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(200) Sm0.5Sr0.5O3−δ 800 1350 [171]

Pd-Sr2TiMoO6−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(300) NdBaCo0.67Fe0.67Cu0.67O5+δ 850 1009 [160]

Sr2NiMoO6−δ
La0.88Sr0.12Ga0.82Mg0.18O3−δ

(700)/Ce0.8Sm0.2O2−δ
La0.7Sr0.3Fe0.9Co0.1O3−δ 800 61 [163]

Sr2NiMoO6−δ La0.9Sr0.1Ga0.8Mg0.2O3−δ (300) Ba0.5Sr0.5Co0.8Fe0.2O3−δ 800 595 [186]

Sr2MgMoO6−δ
Ce0.8Sm0.2O2−δ/La0.8Sr0.2Ga0.8Mg0.2O3−δ

(700) SmBaCo2O5+δ 800 39 [167]
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Table 3. Cont.

Anode
Buffer Layer/

Electrolyte (Thickness, μm)/
Buffer Layer

Cathode
T

(◦C)
Power Density

(mW cm−2)
Ref.

Sr2MgMoO6−δ
Ce0.8Gd0.2O2−δ/La0.8Sr0.2Ga0.8Mg0.2O3−δ

(600) La0.6Sr0.4Fe0.8Co0.2O3−δ 800 330 [168]

Sr2Ni0.75Mg0.25MoO6−δ
La0.88Sr0.12Ga0.82Mg0.18O3−δ

(700)/Ce0.8Sm0.2O2−δ
La0.7Sr0.3Fe0.9Co0.1O3−δ 800 429 [163]

Sr2Ni0.75Mg0.25MoO6−δ
La0.88Sr0.12Ga0.82Mg0.18O3−δ

(500)/Ce0.8Sm0.2O2−δ
La2NiO4+δ 800 276 [187]

Sr2Ni0.75Mg0.25MoO6−δ
La0.88Sr0.12Ga0.82Mg0.18O3−δ

(500)/Ce0.8Sm0.2O2−δ
La1.5Ca0.5Ni0.67Fe0.33O4+δ 800 273 [187]

Sr2Ni0.7Mg0.3MoO6−δ
Ce0.8Sm0.2O2−δ/La0.8Sr0.2Ga0.8Mg0.2O3−δ

(700) SmBaCo2O5+δ 800 160 [167]

Sr2Ni0.3Mg0.7MoO6−δ
Ce0.8Sm0.2O2−δ/La0.8Sr0.2Ga0.8Mg0.2O3−δ

(700) SmBaCo2O5+δ 800 119 [167]

Ba0.5Sr0.5Mo0.1Fe0.9O3−δ La0.8Sr0.2Ga0.8Mg0.2O3−δ (150) Ba0.5Sr0.5Mo0.1Fe0.9O3−δ 800 2280 [188]
SrFe0.75Mo0.25O3−δ La0.9Sr0.1Ga0.8Mg0.2O3−δ (30) SrFe0.75Mo0.25O3−δ 800 703 [189]

PrBa(Fe0.8Sc0.2)2O5+δ La0.9Sr0.1Ga0.8Mg0.2O3−δ (275) PrBa(Fe0.8Sc0.2)2O5+δ 800 713 [190]
Sr2Fe1.5Mo0.5O6−δ-

La0.9Sr0.1Ga0.8Mg0.2O2.85
La0.9Sr0.1Ga0.8Mg0.2O3−δ (10) Sr2Fe1.5Mo0.5O6−δ-

La0.9Sr0.1Ga0.8Mg0.2O3−δ
700 880 [191]

Pr0.6Sr0.4Fe0.8Ni0.2O3−δ
Ce0.8Gd0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(320)/Ce0.8Gd0.2O1.9
Pr0.6Sr0.4Fe0.8Ni0.2O3−δ 800 500 [192]

PrBaMn1.5Fe0.5O5+δ La0.8Sr0.2Ga0.8Mg0.2O3−δ (520) PrBaMn1.5Fe0.5O5+δ 800 540 [193]
La0.5Sr0.5Fe0.9Nb0.1O3−δ La0.82Sr0.18Ga0.83Mg0.17O3−δ (300) La0.5Sr0.5Fe0.9Nb0.1O3−δ 750 630 [194]

La0.54Sr0.36Co0.2Fe0.6Nb0.2O3−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(200)/Ce0.8Sm0.2O1.9
La0.54Sr0.36Co0.2Fe0.6Nb0.2O3−δ 800 539 [195]

Sr2TiFe0.9Mo0.1O6−δ
Ce0.8Sm0.2O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ

(200)/Ce0.8Sm0.2O1.9
Sr2TiFe0.9Mo0.1O6−δ 800 444 [196]

Sr2Fe1.4Nb0.1Mo0.5O6−δ La0.8Sr0.2Ga0.83Mg0.17O3−δ (243) Sr2Fe1.4Nb0.1Mo0.5O6−δ 800 531 [197]

Sr0.95Ti0.3Fe0.63Ni0.07O3−δ
Ce0.6La0.4O2−δ/La0.8Sr0.2Ga0.83Mg0.17O3−δ

(300)
La0.6SSr0.4Co0.2Fe0.8O3−δ-

Gd0.1Ce0.9O2−δ
800 1000 [172]

Considering the details in Figure A3, one can see that the SOFCs’ power density tends
to increase with a decrease in the electrolyte’s thickness (due to a corresponding decline in
the ohmic resistance) despite the existence/absence of CeO2-based buffer layers. Never-
theless, the performance of the compared SOFCs varies greatly, even for close electrolyte
thicknesses, indicating that other functional components (cermets, oxygen electrodes) have
a significant effect on the achievable output characteristics.

A diagram of a typical LSGM-supported cell with a barrier layer between the anode
and the electrolyte, using a Ni-Fe/Ce0.6La0.4O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ/Sm0.5Sr0.5O3−δ

cell, is presented in Figure 8a. In [171], it was shown that the OCV values were equal to 1.07 and
1.15 V at 800 ◦C and 700 ◦C, respectively, and there was no significant difference in the thickness
of the Ce0.6La0.4O1.8 interlayer. This LSGM-supported cell yielded up to 2200 and 1350 mW
cm−2 at 850 and 800 ◦C, respectively. The typical I–V curve and power densities at different
temperatures for the LSGM-supported cell are shown in Figure 8b, which is based on the Ni-
Ce0.8Gd0.2O2−δ/Ce0.8Gd0.2O2−δ/(La0.9Sr0.1)0.97Ga0.9Mg0.1O3−δ/La0.6Sr0.4Fe0.8Co0.2O3−δ cell
tested in [170]. The maximum power density of the aforementioned cell reached 540 mW cm−2

at 800 ◦C, while the maximum power density of a cell containing a La0.9Sr0.1Ga0.9Mg0.1O2.9
electrolyte reached 450 mW cm−2 at 800 ◦C. The electrode polarization resistance values of
the La0.9Sr0.1Ga0.9Mg0.1O3−δ and (La0.9Sr0.1)0.97Ga0.9Mg0.1O3−δ based cells were equal to
0.34 and 0.30 Ω cm2 at 800 ◦C, respectively.

Table 3 shows that, for electrode-supported SOFCs with thin-film LSGM electrolytes, a
barrier layer between the electrolyte and the electrodes is not necessary [174–176,184,185].
An anode-supported cell containing a La0.9Sr0.1Ga0.8Mg0.2O3−δ film deposited on an an-
ode supported substrate using radio-frequency magnetron sputtering was fabricated
in [174]. The anode substrate was composed of a Ni-Sm0.2Ce0.8O2−δ functional layer
and a Ni collector layer; an LSGM-La0.6Sr0.4Co0.2Fe0.8O3−δ composite layer was used as
a cathode. The obtained SOFC revealed no cracking, delamination or discontinuity, as
shown in Figure 8c. The polarization resistance of an anode-supported cell containing
a La0.9Sr0.1Ga0.8Mg0.2O3−δ film decreased from 0.41 to 0.05 Ω cm2 as the temperature
increased from 600 to 800 ◦C. The OCV and Pmax values were in the range of 0.85–0.95 V
and 650-1420 mW cm−2, respectively, at a temperature range of 600–750 ◦C.
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Figure 8. Design and performances of LaGaO3-based SOFCs: (a) schematic illustration of Ni–
Fe/Ce0.6La0.4O2−δ/La0.9Sr0.1Ga0.8Mg0.2O3−δ/Sm0.5Sr0.5O3−δ. Reproduced from [171] with permis-
sion from Elsevier Ltd., 2021; (b) I–V and power density curves of the electrolyte-supported cell with
an LSGM electrolyte at different temperatures. Reproduced from [170] with permission from John
Wiley & Sons, Inc., 2018; (c) SEM micrograph of an anode-supported cell with an LSGM electrolyte.
Reproduced from [174] with permission from Elsevier Ltd., 2002; (d) I–V and power density curves of
an anode-supported cell with a Ce0.6La0.4O1.8-LSGM bi-layered electrolyte at different temperatures.
Reproduced from [178] with permission from The Electrochemical Society, 2004.

Combining the two approaches for SOFC design can be found in [178–181]. Bi et al.
deposited a Ce0.6La0.4O2−δ/LSGM bi-layer film on a Ni-Ce0.9Gd0.1O2−δ anode. Therefore,
the cell design allowed for high OCVs (1.02 and 1.043 V at 800 ◦C) and high power density
values (1100 and 1565 mW cm−2 at 800 ◦C) to be achieved at a LDC/LSGM bi-layer
thickness of 100 and 65 μm, respectively [178,179]. The I–V and power density curves for a
Ni-Ce0.6La0.4O2−δ/Ce0.6La0.4O2−δ/LSGM(100 μm)/La0.9Sr0.1O3−δ-Ce0.55La0.45O2−δ cell
at different temperatures, are shown in Figure 8d [178]. Ju et al. [181] reached a paramount
performance of 1790 mW cm−2 at 700 ◦C for a SOFC based on an LSGM film with a
thickness of 6 μm: this used an SDC buffer layer with a thickness of 500 nm, which was
deposited on a Ni–Fe porous anode support. After a thermal cycle going from 700 to 25 ◦C,
the fabricated cell showed an OCV of 1.1 V and Pmax of 1620 mW cm−2, which was almost
the same as the first cycles.

According to a number of investigations [179,182,183,198], the most effective design
for SOFCs composed of barrier layers is the LDC/LSGM/LDC tri-layered electrolyte.
Bi et al. reported [179] that an anode-supported SOFC with an LDC/LSGM/LDC tri-
layered electrolyte film significantly increased when using a cell with an LDC/LSGM
bi-layered electrolyte film with the same thickness [178]. Guo et al. [183], depositing an
LDC/LSGM/LDC tri-layer with thickness of 30 μm on a Ni-Ce0.8Sm0.2O2−δ anode, fab-
ricated a cell with a 75 mL min−1 H2 flow rate that generated 1230 W cm−2 at 800 ◦C.
The specific ohmic resistance across the LDC/LSGM/LDC tri-layer electrolyte film was
measured to be equal to 0.086 Ω cm2 at 800 ◦C. The obtained data showed that the polar-
ization resistance was higher than the ohmic resistance at temperatures below 700 ◦C. A
long-term stability experiment was performed on the aforementioned cell with a current
density of 1000 mA cm−2 and a 30 mL min−1 H2 flow rate at 800 ◦C. The results of 95
h-test demonstrated that the maximum power density values decreased from 1.08 to 0.81
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W cm−2. The authors of [183] suggest that there was little diffusion of the transition metal
from the electrodes to the electrolyte during the test.

Serious efforts have been made to replace traditional cermet anodes with single-phase oxide
materials: this is in an attempt to avoid chemical interactions. Complex oxides with double per-
ovskite (Sr2MMoO6−δ (M = Mg, Ti, Ni, Fe) [160,162,167,168,186,187,191,196]), layered [190,193]
and perovskite [172,189] structures were successfully tested as alternative anode materials for
SOFCs with LSGM electrolytes. A buffer layer of doped ceria was used to avoid chemical
interactions between an LSGM electrolyte and double perovskites [160,167,168], as well as be-
tween an LSGM electrolyte and an oxide cathode [163,187,199]. The composite electrodes
Sr2Fe1.5Mo0.5O6−δ-La0.9Sr0.1Ga0.8Mg0.2O3−δ [191], Sr2CoMoO6−δ-La0.9Sr0.1Ga0.8Mg0.2O3−δ and
Sr2Co0.9Mn0.1NbO6−δ-La0.9Sr0.1Ga0.8Mg0.2O3−δ [200] have been proposed to solve the thermo-
mechanical incompatibility between an electrolyte and an electrode due to a mismatch in
the materials’ thermal expansion [174,182–184,191,200–203].

An analysis of recent studies illustrates that LSGM can be used as a base matrix for the forma-
tion of both composite electrodes and new composite electrolytes [200,204–210]. Xu et al. [200] fab-
ricated a cell based on a La0.9Sr0.1Ga0.8Mg0.2O3−δ-Ce0.8Gd0.2O1.9 electrolyte, with Sr2CoMoO6−δ-
La0.9Sr0.1Ga0.8Mg0.2O3−δ as the anode and Sr2Co0.9Mn0.1NbO6−δ-La0.9Sr0.1Ga0.8Mg0.2O3−δ as the
cathode. For this cell, obtained with a 95 wt.% La0.9Sr0.1Ga0.8Mg0.2O3−δ-5 wt.% Ce0.8Gd0.2O2−δ

electrolyte, the OCV, Pmax and current density values at 800 ◦C were equal to 1.08 V,
192 mW cm−2

, and 720 mA cm−2, respectively [200].
The electrochemical investigations in [211–215] for LSGM-based SOFCs confirm that

these cells can operate in both fuel cell and electrolysis cell modes. Reversible cells were
fabricated in [215] with NiO–YSZ-substrate as an anode, La0.9Sr0.1Ga0.8Mg0.2O3−δ film
as an electrolyte and Sm0.5Sr0.5CoO3−δ as an air electrode. It was established that the
infiltration of cerium nitrate into the substrate was an effective means of increasing cell
performance. The maximum power density of this cell at 3 M Ce nitrate infiltration achieved
950 mW cm−2 at 600 ◦C.

4. Conclusions

Complex oxides based on LaGaO3 offer a convenient basis for the design of oxygen-
conducting electrolytes that can be employed in intermediate-temperature solid oxide fuel
cells (SOFCs). A rational combination of appropriate dopants incorporated at various
sublattices of LaGaO3 allows superior transport properties to be achieved for co-doped
derivatives (La1−xSrxGa1−yMgyO3−δ, LSGM). LSGM materials are considered one of the
most conductive oxygen-ionic electrolytes, enabling a decrease in SOFC operation tem-
peratures by 100–300 ◦C compared to YSZ-based SOFCs. As a result, very high SOFC
performances (from 0.5 to 1.5 W cm−2 at 700 ◦C) were reported for lab-type electrochemical
cells. However, to efficiently place laboratory studies on a manufacturing scale, several is-
sues remain, including the development of simple and low-cost technologies for electrolyte
preparation (including thin-film forms), searching for strategies to improve the chemical
stability of LSGM with other SOFC components (especially with nickel) and the design of
new electrochemically active electrodes. In this regard, the present review serves as the
starting point for further research in fields such as solid-state chemistry, physical chemistry,
electrochemistry and the technology of LaGaO3-based materials and electrochemical cells.
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Appendix A

 

Figure A1. Total conductivity of the LaAlO3 ceramic materials at 700–900 ◦C depending on doping
strategies. These data are taken from Table 1.

Figure A2. Total conductivity of theLa1−xSrxGa1−yMgyO3−δ ceramic materials at 800 ◦C. These data
are taken from Table 2.

Figure A3. Maximum power densities of SOFCs based on the LSGM-based electrolytes at 800 ◦C.
These data are taken from Table 3.
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Abstract: MXenes are a class of two-dimensional nanomaterials with a rich chemistry, hydrophilic
surface and mechano-ceramic nature, and have been employed in a wide variety of applications
ranging from medical and sensing devises to electronics, supercapacitors, electromagnetic shielding,
and environmental applications, to name a few. To date, the main focus has mostly been paid to
studying the chemical and physical properties of MXenes and MXene-based hybrids, while relatively
less attention has been paid to the optimal application forms of these materials. It has been frequently
observed that MXenes show great potential as inks when dispersed in solution. The present paper
aims to comprehensively review the recent knowledge about the properties, applications and future
horizon of inks based on 2D MXene sheets. In terms of the layout of the current paper, 2D MXenes
have briefly been presented and followed by introducing the formulation of MXene inks, the process
of turning MAX to MXene, and ink compositions and preparations. The chemical, tribological and
rheological properties have been deeply discussed with an eye to the recent developments of the
MXene inks in energy, health and sensing applications. The review ends with a summary of research
pitfalls, challenges, and future directions in this area.

Keywords: MXene; ink; printing; 2D material

1. Introduction

In the context of printing electronics, printing is commonly employed to precip-
itate a suspension/solution called ink containing an electrochemical active ingredient
onto a substrate of a different kind. Inks usually contain additives such as adhesives,
surfactants, and rheology modifiers. The recent boom in the internet of things (IoT)
and portable electronics has strongly stimulated the design of advanced and miniatured
devices [1–3]. Recently, nano-inks, i.e., the inks with nano-scale additives, have been
utilized in many printing applications owing to great personalization, reduced wastes, dig-
italization, improved productivity, scalability, and high performance, among others [1,4–6].

To date, many attempts have been performed to produce nano-inks with targeted
properties. Graphene [7,8], molybdenum disulfide [9], and black phosphorus [10] inks
have been reported as the nano-additives of many inks. The mentioned nano-materials
are mostly hydrophobic, and their homogenous dispersions in a given ink may sometimes
be problematic; as a result, a third-party agent such as a surfactant or a secondary solvent
material is commonly added to most of the printable inks in an attempt to improve their
homogeneity and to tune the final rheological property, concentration, conductivity, etc.,
reaching the desired ink [8,11,12]. Conductive additives like silver nanoparticles [13],
graphene sheets [14], gallium [15], etc., have already been used for years to make high-
performance conductive inks, and yet efforts in this area are continuing.

A new family of 2D few-atoms-thick layers of transition metal carbides, nitrides, or
carbonitrides, called MXenes, has recently drawn heated attention due to special properties
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like hydrophilicity, mechano-ceramic nature and excellent electrical conductivity, making
them an ideal additive for conductive inks, hybrids, or nanocomposites [16,17]. To date,
MXenes have successfully been employed in next-generation batteries [18], electromagnetic
insulations [19], high-strength composite materials [20], biomaterials [21], and energy
and environmental applications [22,23], to name a few. The first member of MXenes,
Ti3C2Tx, is a carbon-based laminate synthesized through a selective etching process by the
Gogotsi group [24] at Drexel University in 2011. Surface terminations such as -O, -OH,
and -F commonly appear on the MXene surface [25] and endow a hydrophilicity behavior
without sacrificing key properties such as the mobility of charge carriers or conductivity
of MXenes [26]. Moreover, the aforesaid functional groups have a significant effect on the
physical and chemical properties [27].

Using a selective etching approach, Figure 1 demonstrates how element A is corroded
from a three-dimensional MAX-phase, and a layered accordion structure is then left. The
outer surfaces of each layer are covered with functional groups like O, F, or OH.

 

Figure 1. (a) Different MAX-phase atoms, (b) Top-down synthesis steps of MXene nanosheets from
the parent MAX-phase, (c) Electron microscope images before and after etching, and exfoliated
MXene, reprinted with permission from [28], (d) Ions intercalation and delamination in Ti3C2Tx

layers, reprinted with permission from [29].

After etching, the MAX-phase material (Mn+1AXnTx) becomes sheet-structured MX-
enes (Mn+1XnTx) wherein the number n varies from one to four, and Tx represents the
surface termination groups; M a transition metal, A an element of the group of thirteen
or fourteen periodic tables, and X carbon or nitrogen (Figure 1). The type and amount of
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functional groups depend on the etching path and its conditions; owing to the mentioned
functionalities, MXene usually has excellent hydrophilic properties. After the completion
of etching and weakening the forces between the MXene layers, the layered particles are
delaminated and dispersed in their solvent with the help of ultrasonication or even by
gentle hand shaking [28].

MXene is a thermodynamically stable nanomaterial in the category of three-component
ceramics and usually has dual behaviors of metallic (such as flexibility and high toughness)
and ceramic properties (such as high elasticity, high abrasion resistance, low density, and
good corrosion resistance). Unlike other hydrophobic nanomaterials, MXene nano-flakes
can be easily used in different media without the need for any intermediate material in that
environment [24]. The unique combination of hydrophilicity and conductive properties has
made MXene nanoflakes a promising candidate for electrical and electronic applications; the
conductivity and high concentration of surface functional groups make them particularly
promising to be printed on a variety of substrates. Having a high viscosity of about
1–20 mPa s−1 and suitable surface tension is required for most printing purposes; further,
the amount of surface tension must also correspond to the surface energy and the texture of
the substrate to achieve a proper wetting condition. MXenes usually have a zeta potential
of about -80 to -30 mV, leading to colloidal stability in water or other polar solvents [30].

Although extensive research efforts have been conducted to figure out different physi-
cal or chemical properties, rare studies have been reported about the rheological charac-
teristics as well as the process printing parameters of the 2D MXene sheets. In this work,
particular attention is paid to the inks based on MXene nanosheets. In terms of the layout
of the present review, the formulation of MXene inks is briefly elaborated first, then the
properties derived by both theoretical efforts and experimentations are presented and
discussed in detail, followed by their applications in many different fields. Finally, the
current research pitfalls, challenges and future opportunities will be provided at the end.

2. Formulation of MXene Inks

2.1. Turning MAX into MXene

MXene is generally produced from a MAX phase through an acid etching, and then
it is delaminated, intercalated and finally exfoliated by mechanical agitation like simple
hand shaking or ultrasonication [28,31]. In an effort made by the Gogotsi group [24] to
synthesize the first MXene (i.e., Ti3C2), Ti3AIC2 powder was immersed in a hydrofluoric
acid (HF) of 50% concentration for 24 h; the resulting suspension was then washed in a
distilled water, and then the compound was centrifuged to prepare a precipitate. It is worth
noting that Al-Ti bonding to Ti-C is easily detachable [32]; a chemical etching with HF acid
could remove Al from the original MAX material through the following reactions:

Ti3AIC2 + 3HF → AlF3 + 1.5H2 + Ti3C2 (1)

Ti3C2 + 2H2O → Ti3C2(OH)2 + H2 (2)

Ti3C2 + 2HF →Ti3C2F2 + H2 (3)

Reactions 2 and 3 indicate the formation of surface functional groups, i.e., OH and F,
on Ti3C2Tx [33,34]. Selective etching by HF has a few major drawbacks, like etchant-induce
defects, based on which the use of alternative mild etchants is almost always recommended
to etch off with safer and faster strategies. Further, the quality of the final MXene strongly
depends on the raw materials as well as the processing conditions. For instance, the M-A
bond energy determines the time and concentration required for the hydrofluoric acid [29];
reducing the particle size of the MAX phase by a simple ball milling process may greatly
reduce the synthesis time with a milder etchant type.

Ghidiu et al. [35] removed Al from the Ti3AIC2 MAX phase in one step using HCI
acid and LiF salts to increase the efficiency, speed, and flexibility of the MXene production
process wherein the hydrofluoric acid is in-situ produced locally; a certain amount of LiF is
dissolved in HCl at a concentration of 6 M; the Ti3AIC2 powder was then slowly added to
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the solution with the temperature kept in 40 ◦C for 45 h. Upon cooling down to ambient
temperature, the product was then washed, centrifuged several times, and then dried.
Ti3C2Tx was obtained with superior hydrophilicity and excellent electrical conductivity.
In an effort to prepare Ti3C2Tx by a top-down technique, Shen et al. [36] used a facile
hydrothermal method through immersing Ti3AIC2 powder in NH4F solution and heating
in a stainless steel autoclave at 100 ◦C for 24 h to produce the final MXene. Liu et al. [37]
conducted a study on the effects of various fluoride salts such as LiF, NaF, KF, and NH4F
in HCl in etching Ti3AlC2 and Ti2AlC. According to Halim et al. [38], when NH4HF2 is
used as an etchant, the etching time increases as compared to HF; however, NH4HF2 is able
to put NH4

+ ions between the MXene layers without the need for another layering agent;
further, sodium, potassium, magnesium, and aluminum ions among the MXene layers not
only help ion intercalation and delamination but also increase the volumetric capacitance
in supercapacitors as shown in Figure 1d.

Surface terminations usually play a key role in the final properties, especially when
dealing with the MXene inks and their flow parameters. For example, the bare/pristine
MXenes (Mn+1Xn) usually have quite different features than those terminated MXenes
(Mn+1XnTx) [31]; almost all MXenes produced by top-down methods have surface func-
tional groups, and rare studies have focused on the development of pristine MXenes
(without end groups) being highly demanded in special applications like printing elec-
tronic devices.

2.2. Composition of Inks

Ink is typically defined as a liquid of pigments and dyes for writing and printing. The
ink composition is usually regulated in a manner to have suitable rheological properties
for the desired printing process. Inks based on 2D nanomaterials are usually designed to
serve particular functions. Thus, the appearance, or the gloss and color, are not given much
attention like graphical inks. Over the past years, interest in composite materials/hybrids,
particularly those conductive, semi-conductive, and dielectric materials typically used as
active pigments in inks, has been growing. Metal nanoparticles [39], dielectric and organic
semiconductors [40,41], carbon allotropes [42,43], and two-dimensional materials [12] are
widely used materials having a great potential to tune the ink properties. As discussed
below, the most common ink formulations are pigments, adhesives, solvents, and additives.

1. Adhesives mainly consist of polymer nanocomposites to act as films to link the
pigments and thereby adhere to a given substrate. There are various polymeric resins,
including acrylics, alkyds, cellulose derivatives, and plastic resins. The adhesives
used in the ink formulation may affect, to some extent, the printing properties, such
as ink gloss, air resistance, chemical resistance, etc. [44];

2. As volatile active ingredients, solvents maintain the ink in a liquid state during
printing until a bottom layer is applied. Solvent type and amount vastly influence
the final features, among which viscosity and rheology rank highly. A wide variety
of organic and inorganic solvents can be utilized as the solvent. Finally, the choice
of solvent type may considerably depend on printing technology, substrate, and
application [44];

3. Inks are formulated with additives to change their properties; however, the additives
are often filled with inks in very small amounts due to their substantial influence.
In addition to surfactants being used to make pigments wettable, there are also
emulsifiers that facilitate combining pigments with other substances. To make water-
based inks more water-resistant, alkalis can be added to create a slight change in pH.
Silicone-based additives are typically used to prevent bubbles during printing, making
the printed film more resistant to moisture. Those ink containing 2D materials are
quite similar to those graphical ink systems [45]. Reduced graphene oxide (rGO) [46],
molybdenum disulfide [47], hexagonal boron nitride [48], black phosphorus [49],
etc., have already been employed to produce advanced nano-inks. However, the
formulations based on 2D materials are different from traditional systems owing to
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their special nature. For example, many two-dimensional materials are pre-dispersed
in a liquid form, or they may require exfoliation from their bulk condition, while
most materials are powdered in traditional systems [50,51]. In the next section, the
preparation of inks filled with 2D additives is elaborated on and discussed further.

2.3. 2D Inks Preparation

Unlike remarkable scientific achievements in preparing inks with 2D materials, they
have not yet been widely utilized in industrial applications. The formula of conductive inks
well suited with diverse patterning strategies is crucial for fabricating low-cost, flexible
electronics and electrochemical devices [52,53]. Owing to high surface charge and hy-
drophilicity, MXene inks could simply be applied on a variety of substrates using different
processes like writing, printing, stamping, and painting; however, MXene inks up to now
are seldom composed of solely delaminated-MXene flakes (i.e., the frequent presence of
bulky structures in the deposited flakes), and hence the films made from the inks do not
usually exhibit laterally stacked morphologies. The uneven stacking of MXene nanosheets
may lead to a reduction in conductivity, therefore restricting the potential applications in
electrical circuits or electrodes for energy storage devices. It is believed that formulating
MXene ink with ideal elastic properties, permitting the 2D MXene flakes to be deposited
uniformly and laterally, is urgently needed at the moment.

Since preparation methods usually consist of multi-stage processing and complex
instruments [5,54], developing simple and cost-effective strategies to simulate conductive
materials on various substrates or platforms seems to be highly demanded. Ranging from
electrochemical capacitors to electromagnetic shielding, MXenes have shown promise in
many fields [55,56]. By imparting hydrophilic surface functional groups to facilitate the
synthesis of dispersion solvent [57,58], MXenes can be transformed into independent films
through different processes like vacuum filtration, thin films on rigid substrates and flexible
films using solution spray/spin coating [59,60], screen printing on paper or metal foil with
a squeegee [61].

Seok et al. [62] used a vacuum filtering approach followed by an optional equalization
procedure to produce a high-purity MAX phase precursor and MXene, wherein a high
conductivity and enhanced EMI shielding behavior could be obtained without using any
additives. Based on their rheological examinations, it was also found that MXene ink
of lower than 45 mg mL−1 concentration may be printed on a variety of surfaces with
ease, as demonstrated in Figure 2. In other words, the inks with less than 45 mg mL−1

concentration were considered suitable for liquid-like inks due to their stable rheological
characteristics [62].

As shown in Figure 3, to improve the dispersion and stability of the colloidal MXene
suspension, Wu et al. [63] prepared MXenes by the selective etching of Ti3C2Tx and then
tested four different ligands during the synthesis process, namely (i) sodium ascorbate
(SA), (ii) sodium oxalate (SO), (iii) sodium citrate (SC), and (iv) sodium phosphate (SP)
wherein it was revealed that ascorbic acid ions could greatly improve the dispersibility,
oxidation resistance and that the distance between MXene layers was greatly increased
being enhancing the charge/discharge capacity and specific capacitance characteristics. It
seems the ascorbic acid may interact with the sub-coordinated Ti atoms of MXene through
hydrogen bonds and coordination bonds on the edges of MXene. It was also found that
SA-MXene has a higher cycle stability and specific capacity compared to other MXene
samples [63].

Like the abovementioned research studies, the majority of studies conducted to date
have dispersed MXene nanosheets in aqueous solvents; however, apart from the unique
surface hydrophilicity, aqueous solvents present a number of critical issues such as degra-
dation, long-term instability, as well as the increased incompatibility with local polymers
in water [64]. One of the most pressing issues in contemporary research has been MXene
dispersion in organic solvents. For instance, the tuned microenvironment method (TMM)
was used by Zhang et al. [65] to disperse high concentrations of MXene in organic solvents
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wherein the MXene dispersion is accomplished even without the use of ultrasonic during
the process; further, it was found that the insertion of TBA+, adjusting hydrophobicity
through surface terminations and functionalizations are the key factors to achieve high-
concentration MXene dispersion. Finally, since the size of MXene obtained by TMM was
relatively larger than those dispersed in water, it is believed that the MXenes dispersed
in organic solvents have higher oxidation resistance [65]. Carey et al. [66] could exfoliate
and disperse MXene in non-polar solvents exhibiting high colloidal and oxidation stability;
they transformed the lithium cations between the MXene layers by etching to dibenzyl
methyl ammonium chloride to create an organophile to evaluate the dispersion and sta-
bility of MXene in non-polar liquids. In a non-polar, oxidation-free solvent, an extremely
stable colloidal suspension of MXene could be generated and used for industrial settings.
Wang et al. [67] suggested an easy method for converting MXene to a novel family of
homogenous, solvent-free liquids in another work. Covalent bonding and surface engineer-
ing are the two foundations presented in this method. MXene-free liquid has antioxidant
stability for 540 days and also has a macroscopic behavior at ambient temperature. Gas
adsorption, photoluminescence, composite structures, and magnetic fluids all utilize this
novel family of solvent-free liquids. It is believed the preparation of MXene ink still is in its
infancy stage, and hence a lot of effort is still demanded to further improve the field.

 

Figure 2. (a) Schematic illustration of the fabrication process of MXene ink. (b) Dynamic shear
viscosity (ï′) curves of MXene inks at various concentrations and (c) the storage (G′) and loss (G′′)
moduli curves of MXene inks as a function of shear stress at different flake concentrations. (d) Painted
MXene ink on various substrates using a brush. SEM cross−sectional images of painted MXene ink
on the (e,i) PP filter, (f,j) glass, (g,k) PC filter, and (h,l) filter paper. Detailed information (i.e., contact
angle and root−mean−square surface roughness) on the bare substrates is included on the upper
right in (e–h), reprinted with permission from [62].
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Figure 3. (A) Photographs, (B) FT-IR spectra, (C) TEM images, and (D) relative concentration
(C/C0), (a) p-MXene-fresh, (b) p-MXene-80, (c) SA-MXene-80, (d) SC-MXene-80, (e) SOMXene-80,
and (f) SP-MXene-80 suspension with the concentration 0.2 mg mL−1 in terms of Ti3C2Tx MXene. C0
and C in (B) represent the concentration of fresh and stored MXenes, respectively, reprinted with
permission from [63].

3. Properties of MXene Inks

3.1. Chemical Stability

As discussed earlier, MXene shows excellent dispersibility in various solvents, e.g.,
water [57,58,68]. Reports show that water-soluble oxygen has a detrimental effect on the
chemical degradation of layered flakes, with the high aspect ratio affecting the structural
decomposition and the reduced shelf life of MXene inks. In the presence of TiO2 on the
Ti3C2Tx surface, for example, phase change and structural deformation occur when MXene
is exposed to light or high temperatures [57]. Oxidation usually begins at the edges and
then progresses to basal surfaces. While it may occur in all environments, those smaller
flakes oxidize quicker than the large MXenes; meanwhile, The rate/speed of oxidation
depends on the environment as it is maximum in liquids and minimum in solids [69];
therefore, it seems the elimination of the dissolved oxygen in water by saturating it with
nitrogen or argon could be an effective way to suppress the oxidation rate. According
to Zhang et al. [70], oxidation is very fast in air, and the MXene suspension is degraded
by 1.2% after 25 days under argon gas protection. The possible oxidation mechanism is
explained as follows [68].

Ti3C2O2 + 4H2O = 3TiO2 + 2C + 4H2 (4)

To avoid oxidation, MXene-based inks are usually stored in Ar-sealed vials for long-
term storage; it is also recommended to store them at low temperatures (T < 4 ◦C) without
exposure to light [68] since long-term storage is still challenging. Storing dried MXene in a
vacuum or in an organic solvent could also be an option, as it has been observed that MXene
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inks remained stable in these conditions for several months [57]. It is noted that when
stored in dry conditions, restacking may occur, particularly at elaborated temperatures.
Based on research conducted by Zhao et al. [71], it has been revealed that antioxidants such
as sodium ascorbate could improve oxidation resistance even in the presence of water and
oxygen; sodium ascorbate binds to the positively charged edges of the MXene, resisting
against oxidation deterioration. The benefit of antioxidants is that they usually do not
change the chemical or colloidal stability or electrical conductivity; for example, in the case
of Ti3C2Tx, after 21 days, the properties were still well preserved. As an alternative strategy,
polyionic salts such as polyphosphates or polysilicates can be used against oxidation owing
to a few advantages such as easy washing and being cost-effective; they make the scalable
production and long-term storage of MXene inks possible [72]. By developing a hydrogen
annealing approach to enhance the oxidation resistance of bare MXene, Lee et al. [73]
showed that the hydrogen treatment (i) could considerably improve the oxidation stability
of MXene films in harsh conditions, i.e., at high temperatures and 100% relative humidity,
(ii) hydrogen annealing could also restore the electrical conductivity of the previously
oxidized films offering a great potential of MXene in real industrial applications.

3.2. Surface Properties

Based on preliminary studies [24], it has been predicted that terminated MXenes have
negative formation energy with thermodynamic stability. Synthetic Ti3C2Tx usually have
-OH, -O, or -F surface terminations [74]:

The concentration of functional groups depends on the etching conditions and
pH [75,76]. Chemical etching can significantly alter the composition of Tx, and there
is still no clear evidence of the identity and coordination of these surface-terminating
groups; it is, therefore, important and interesting to study the coordination of Tx [77]. If
high-concentration HF is used, more fluorine functional groups and fewer oxygen func-
tional groups are formed; these surface terminations may lead to a hydrophilic surface with
a negative zeta potential [75]. MXenes can be chemically modified to control their surface
properties and to improve their stability by chemical modification [21], as the surface
differences may result in novel chemical, mechanical, optical, and electronic properties [78].
Due to the unique surface properties, it is possible to use a stable suspension of MXene (e.g.,
Ti3C2Tx) for the printing processes without additives such as surfactants and/or surface
modifiers [79].

After the delamination process, MXene flakes usually have a lateral particle size of a
few nano- to micro-scale range which can then be uniformed by centrifugation [80–82]. Sur-
face properties highly depend on the flake size [83]; for example, according to
Kylie et al. [84], the electrochemical properties of Ti3C2Tx can be improved by controlling
the particle size and distribution; smaller flakes usually have less conductivity than large
ones attributing to the contact resistance between the flakes due to the defect appeared on
the edges.

3.3. Rheological Properties
3.3.1. Aqueous Single-Layer MXene

Although the first member of the MXene family was discovered about a decade
ago, attention on the rheological aspects of this 2D material has only come in the past
few years [85]. According to Web of Science, the number of publications on MXene
inks is 2, 7, 13, and 23, respectively, in 2017, 2018, 2019, and 2020 while the number of
publications on MXene rheology is only 0, 2, 6, and 7, respectively [86]. According to
Akuzum et al. [87], aqueous MXene has a viscoelastic nature with shear thinning behavior
wherein the viscosity decreased by rotation speed while increased by the addition of higher
MXene concentration; a zero-shear viscosity of 5 mPa s at 0.18 mg mL−1 was measured.
Being an effective parameter in assessing rheological behavior, tan δ is calculated by the
following equation:

tan δ =
G′′

G′ (5)
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where δ is the phase difference between the applied stress (σ) and the corresponding strain
(ε), and G′′ and G′, respectively, represent loss modulus (viscous behavior) and elastic
modulus (energy storage behavior). To further read about the basics of viscoelasticity,
refer to [88]. It was found that for a low weight fraction of aqueous Ti3C2Tx (< 0.90 mg
mL−1), the behavior at low frequencies is mostly elastic with dominant G′ values; however,
colloidal Ti3C2Tx may exhibit a viscous-like behavior with dominant G′′ values in a wide
range of frequencies. The critical volume fraction of MXene nanoflakes (ϕ∗) is given by the
following relation indicating the strong influence of surface charges and electromagnetic
permittivity [89].

ϕ∗ ∝
h
d

(
1 +

2
dκ

)−3
(6)

where h/d is the aspect ratio, and κ−1 is the Debye screening length.
According to Akuzum et al. [87], G′ is frequency dependent in higher weight fraction

of MXenes (i.e., G′ ≈ 2 Pa at 3.60 mg mL−1), being a suitable condition for those processes
with weak gel-like wet spinning (Figure 4). Depending on weight fraction, viscosity, and
elastic and loss modulus, Ti3C2Tx can be used in a variety of techniques, such as spray
coating, wet spinning, and inkjet printing, among others.

It was seen that mono-layer Ti3C2Tx could interact with each other even at a long
distance via electrostatic forces. Single-layer MXenes usually have higher ζ-potentials than
those multi-layers. For instance, it was seen that the rheological behavior might change at
a relatively low weight fraction of 0.9 mg mL−1 Ti3C2Tx, wherein the percolation threshold
is reached with a gel transition occurring at or above the aforesaid concentration.

Regarding the fluidity of a given ink, both static and dynamic yield stresses should
be designed with care; the former represents a value needed for ink to initiate flowing
and exist from the printing nozzle, while the latter is required to maintain the fluidity
conditions; as a result, the ink should experience a stress of lower than the dynamic stress
upon the ink adhesion to a given substrate.

Robot dispensing needs ink with the ability to withstand yield stress, surface tension
and the weight of the next layers of printed ink, avoiding any shape distortion or unwanted
strain during or after the printing process. To this end, G′ must be greater than the sum
of the applied forces, including weight and stresses; further, the amount of required yield
stress is dependent on how quickly a transition between linear and non-linear viscoelastic
behaviors occurs. Flow transition index (FTI), being the ratio of the oscillatory yield stress
to the oscillatory stress at which G′ = 0.9G′

LVR, is an important criterion to estimate the
required yield stress; the smaller FTI is usually desirable.

When the weight fraction of aqueous monolayer Ti3C2Tx is < 10 mg mL−1, the storage
modulus and the yield stress value are not appropriate for extrusion printing. However,
the aqueous ink with a higher concentration than the percolation threshold may form 3D
structures by direct ink writing (DIW).

Using a low-waste layer-by-layer extrusion printing technique, Yang et al. [90] could
produce 3D freestanding MXene architectures with an ideal rheological property to be used
in microsupercapacitors wherein the energy and power densities of 24.4 μWh cm−2 and
0.64 mW cm−2 were respectively achieved at 4.3 mA cm−2; it was seen an increase in the
weight fraction of Ti3C2Tx MXene might greatly increase the viscosity and elasticity of the
given ink system exhibiting the shear thinning of four orders of magnitudes and a quick
transition from low (0.01 s−1) to high (1000 s−1) shear rates when 50 mg mL−1 Ti3C2Tx
(with G′

LVR of 36.5 kPa and oscillatory stress value of 206 Pa) is used being promising for
the DIW.
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Figure 4. Viscoelastic response of 0.18–3.60 mg mL−1 (volume fraction, φ, 4.74× 10–5–9.47× 10–4)
mono-layer Ti3C2Tx MXene in water. (a) Shear rate against viscosity (b) Frequency verses G′/G′′

in different fabrication techniques. The stars show the approximate parameters used in MXene
applications obtained from the literature. The viscoelastic behavior of MXene suspensions having
(c) 0.9 mg mL−1, (d) 2.7 mg mL−1, and (e) 3.6 mg mL−1 MXene loadings under 0.1% strain amplitude,
reprinted with permission from [87].

The effect of aspect ratio and flake size on the rheological behavior of Ti3C2Tx MXene
flakes in different solvents was studied by Zhang et al. [91], wherein they see both inks with
small and large size nanosheets exhibiting a nematic phase behavior; however, those inks
prepared with small-size flakes should be much more concentrated than the inks with larger
MXene sheets to reach the similar values needed for viscosity and tan δ; they also believe
that there is a critical transition concentration value (Ct) above which a nematic phase can
appear. Finally, 6.3 mg mL−1 is a concentration below which liquid-like and above which
solid-like behaviors are seen, indicating a sharp transition from the liquid-to-solid-like
behavior at this weight fraction. The effect of flake size on the rheological features has
later been investigated by Yang et al. [92], confirming the role of flake size in governing the
viscoelasticity of an MXene ink system.

In order to tune the rheological properties of MXene inks, other approaches, such
as using super absorbent polymer (SAP) beads, have already been examined wherein
Orangi et al. [93] achieved a concentration of 290 mg mL−1 Ti3C2Tx (ca. 28.9 wt.%) with a
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yield stress of 24 Pa, a flow index of 0.73, and the value of tanδ in a deemed desirable range
for extrusion printing. Shen et al. [94] used vacuum filtration to obtain a 3.5 mg mL−1

Ti3C2Tx ink with decreasing viscosity with similar exponent reported by Orangi et al.
365 Pa 16.3 kPa, and 14 were the values of oscillatory yield stress, small strain storage
modulus, and FTI, respectively, which is suitable for DWI. Greeves et al. proposed the
following equation with good agreement with the data published in literature to show
the effects of flake size (Z), weight fraction (C), and shear rate (γ˙) on the viscosity (η) of
Ti3C2Tx MXene inks:

η ≈ 1.1(ZC)1.5γ.−0.9 (7)

The discrepancy observed between the results obtained by the above equation and
those experimental values reported to date is probably owing to other parameters such as
pH, flake size distribution, dispersion quality, defects concentration, the age of colloid, as
well as Zeta potential values affecting the final viscosity.

3.3.2. Aqueous Multi-Layer MXene

As discussed earlier, inks filled with single-layer MXenes exhibit shear thinning
properties as well as viscoelastic behaviors; however, it has been proved that inks with
multi-layer Ti3C2Tx MXene also have viscoelastic behavior but at much higher loadings
than mono-layer MXene inks [87]; a viscosity of 1770 Pa s with shear thinning behavior
has been observed at 70 wt.% Ti3C2Tx MXene ink. While the loss modulus is greater in
lower weight fractions, the value of elastic modulus gradually increases to reach the loss
modulus value; then, both loss and elastic values increase by orders of magnitude toward
the percolation and gel transition conditions. Like those inks with single-layer MXenes,
the rheological behavior of the inks with multi-layer MXene flakes can also be tuned by,
for example, the weight fraction. The advantage of multi-layer MXenes over those single-
layer flakes is their higher elastic modulus being an asset for printing purposes. However,
owing to higher ζ-potentials and much stronger long-distance interactions of mono-layer
MXenes, they show viscoelastic behaviors even at low MXene concentrations and moderate
strain rates.

By using a screen-printing process to produce conductive paths and micro-supercap-
acitors, Abdolhosseinzadeh et al. [95] first combined single- and multi-layer Ti3C2Tx as
well as un-etched Ti3AlC2 MAX phase to produce an ink with relatively low-shear viscosity
of 35 Pa s and an elastic modulus of ca. 370 Pa. Afterwards, they diluted the compound to
reach an ink containing 22 wt.% solid additives with the viscosity and the storage modulus
of one and two orders of magnitudes, respectively.

3.3.3. Non-Aqueous Inks

Apart from water-based inks, many other non-aqueous solvents have also been utilized
to produce MXene-based inks, such as dimethyl sulfoxide (DMSO) [96,97].

Vural et al. [97] filled 2.25 mg mL−1 Ti3C2Tx to DMSO and observed the resultant
ink exhibited a Newtonian rheological property having 3.1 mPa s viscosity in a wide
range of shear rates of 2–200 s−1 wherein the surface tension was 51.5 mN m−1 and
nozzle aperture 120 μm; although the addition of 0.95 mg mL−1 TR42 protein to the ink
changed the inverse Ohnesorge number from 27.48 to 21.3, the ink could successfully be
printed on a variety of substrate to produce flexible electrodes having excellent electrical
conductivities. Zhang et al. not only examined ca. 12 mg mL−1 Ti3C2Tx in DMSO ink,
but they also studied other inks based on water, N-methyl-2-pyrrolidone (NMP), and
ethanol wherein viscoelastic behavior was detected in all inks; they also found the values
of inverse Ohnesorge number to be much lower for Ti3C2Tx than the ones reported by
Vural et al., indicating superiority of MXene over TR42 protein. The printed lines made by
Zhang et al. [96] exhibited significantly high electrical conductivities of up to 2770 S cm−1.

As seen in Figure 5, the rheological properties of different MXene-based inks are
similar in terms of viscosity and shear rate behaviors. The MXene-in-water inks seem to
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have greater viscosity and shear rate values, probably owing to the higher viscosity of
shear rate values of pure water than pure DMSO, NMP, and ethanol.

 
Figure 5. Comparison of rheological behavior of Ti3C2Tx MXene-based inks reported by Zhang
et al. and Vural et al. (a) Viscosity vs. shear rate. (b) Loss and elastic moduli vs. oscillatory strain
amplitude (G′′ without markers and G′ with markers). The amounts of Ti3C2Tx MXene in water,
ethanol and NMP are respectively 36, 0.7, and 12 mg mL−1. 12 mg mL−1 and 2.25 mg mL−1 are the
Ti3C2Tx concentrations in DMSO, respectively, used by Zhang et al. and Vural et al.

Apart from the abovementioned solvents, the rheology of MXene can also be studied
when added to polymers or other hybrid materials. The number of studies in this area is few,
and only a few sporadic papers have studied the rheology of melt polymers filled by MX-
enes [98]. Gao et al. dealt with the rheological properties of Ti3C2Tx MXene/thermoplastic
polyurethane nanocomposites at 200 ◦C; they dispersed 0–1.0 wt% Ti3C2Tx nanosheets
in thermoplastic polyurethane (TPU) wherein they observed both elastic and loss moduli
increased with the frequency and that the highest viscosity was measured in the sample
with the highest MXene loadings.

It has been found that chemical modification or hybridization can be considered a
rheology tuner. Yu et al. used nitrogen-doped Ti3C2Tx (N-Ti3C2Tx), carbon black, and a
polymer in water to produce ink for screen printing; they also used N-Ti3C2Tx hybridized
with CNTs, activated carbon and graphene oxide in water to produce DIW ink. The former
ink had a percolation threshold at about ca. 28 wt%, with no significant changes in G′
and G′ ′ above the mentioned threshold, indicating gel stability at oscillating frequencies.
Further, the N-Ti3C2Tx/C ink with 34 wt.% solid loadings exhibited a significant viscosity
at relatively low shear rates with subsequent high-resolution printed electrodes. The elastic
modulus and yield stress value of the N-Ti3C2Tx/AC/CNT/GO ink with 15 wt.% solid
loadings were respectively reported as 2 and 3.5 times higher than the ink without MXene,
with 11 wt.% AC/CNT/GO filler.

Although a number of parameters, such as drying time, dot gain, and water pickup, are
important, ink rheology and viscosity are the two main parameters that govern printability.
Rheology can be defined as how ink flows through the various stages of printing; further,
the difference between the term rheology and viscosity is significant. Rheology is the study
of fluid over time and the shear and stress gaps, while viscosity is the resistance to liquid
flow at a given time. Where its rheology governs how these external forces affect the ink is
itself invariant. Figure 6a,b graphically shows the relationship between shear stress and
shear strain in a fluid [99,100]. In a Newtonian flow of an ideal fluid, a linear relationship
between shear stress and shear strain is observed. The viscosity remains constant for
different shear rates. It should be noted that no liquid is completely Newtonian. This issue
has been fully discussed elsewhere [44].
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Figure 6. (a) Shear stress and shear strain flow curves for different fluids and (b) viscosity profiles for
different fluid systems (c) Schematics (not to scale) of CTP and (d) PTP viscometers. Photograph of a
PTP setup preparing for measurement with (e) plate retracted and ink loaded and (f) plate down on
an ink sample, reprinted with permission from [44].

There are many ways to describe rheology and measure it for inks. Plate-to-plate (PTP)
and cone-to-plate (CTP) systems are generally more expensive than conventional methods.
Still, beneficial information about the rheological performance of non-Newtonian fluids
can be obtained from the results. The principle behind CTP and PTP viscometers is shown
in Figure 6c,d [44].

The physical behavior of MXene under applied stresses determines the rheology of
MXene ink and is an influential factor in the final print, its quality and performance. Both
pseudoplastic and thixotropic properties are descriptive of shear thinners. Shear-thinning
fluids are efficient for various printing techniques such as extrusion, screen printing, and
spray coating. This type of liquid, when a force is applied, passes through the printer nozzle
and after leaving the nozzle, it has a high viscosity, which helps maintain the printing
pattern [75,101].

Shear thinning behavior has been observed for MXene inks based on both mono-
layered and multi-layered MXenes. The ratio of elastic modulus (G′) to viscous modulus
(G′′) is another important parameter that determines the rheology of dispersion. Of course,
the rheological requirements for different printing methods are different. For example,
spray coating requires a high processing rate with a high viscosity modulus; on the other
hand, extrusion printing requires a high elastic modulus to maintain the desired print
pattern. According to Figure 4a,b and Figure 7, it can be seen that single and multilayered
MXenes have shown different behaviors [90].
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Figure 7. (a) Measured viscosity versus the shear rate of multi−layer MXene flake suspension
(b) Frequency dependence of the ratio of the G′ elastic modulus to G” viscous modulus for multi-
layer Ti3C2Tx MXene flakes dispersed in water, reprinted with permission from [87].

To match the surface tension between the ink and the substrate, high-quality dispersion
of MXene (e.g., Ti3C2Tx) in different solvents is required. Among the polar solvents suitable
for this part, the following can be mentioned [57,65,102]:

1. N-dimethyl formamide (DMF);
2. N-methyl-2-pyrrolidone (NMP);
3. Dimethyl sulfoxide (DMSO);
4. Propylene carbonate (PC);
5. Ethanol.

It should be noted that flakes dispersed in organic polar solvents have better resistance
to oxidation than water. The concentration of dispersed Ti3C2Tx and the viscosity of the
solvents mentioned above have a linear relationship indicating that there is a fluid flow of
ink when these solvents are used for various printing techniques [57].

A wide range of rheological properties and different concentrations make it possible
to print MXene with different techniques. Due to this reason, MXene inks have been very
popular among researchers for various applications, some of which are briefly mentioned
in the next section.

4. Printing Methods

Although printing has made great strides to date, functional printing and ink develop-
ment still remain in their infancy. Owing to the difficulty of developing high-performance
additive-free 2D inks, great efforts are needed. Among nanomaterials, MXenes have special
capabilities offering extraordinary production possibilities [103]. To make MXene films
with a thickness of nanometers and micrometers for practical applications, one needs to be
able to deposit patterned solid-state dispersions of MXene [75]. There have been several
reported methods of printing/coating for achieving this goal [59,96,104–106]. Various
printing and coating techniques have differences in fluidic properties, resolution, and
scalability [75,103].

4.1. Inkjet Printing

The technology of inkjet printing (IJP) is a digital, non-contact method that is exten-
sively used in research as well as industrial application [103]. Considering that a pattern is
provided to the printer as a digital file (which can be modified easily) and the ink consump-
tion is very low (1–2 mL), this is one of the best techniques for parameter optimization and
fast prototyping [107]. There are two main types of inkjet printing based on the droplet
generation mechanism, i.e., continuous inkjet printing (C-IJP) and drop-on-demand print-
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ing (DOD-IJP); C-IJP is mainly used in industry, while DOD-IJP is more appropriate for
scientific research in the lab [108].

One of the major challenges in inkjet printing is producing printable inks with suitable
physical fluid properties. A good indicator for fluidic properties and ink printability is the
inverse Ohnesorge number Z, which is defined as [75]:

Z =
γ1/2

η
(8)

where α is the printer nozzle diameter, η is fluidic density, γ is the surface tension, and η is
the fluidic viscosity. Jang et al. recommend an optimal Z range of 4–14 for inkjet-printable
ink. Based on the rheological properties of MXene inks, the Z value of (~2.6) for ethanol
ink is slightly higher than for DMSO, with a Z value of (~2.5) and NMP ink with a Z of
(~2.2). Optimal Z-values for MXene organic inks are (1 ≤ Z ≤ 14) [75].

Wearable electrical biosensors with a great degree of pattern flexibility could be
made using the process of inkjet printing, which is a simple and basic route. Inkjet
printing with digital patterns eliminates the need for a mask, simplifying the fabrication
process. This reduces the amount of material wasted in the process of creating the desired
pattern. Owing to their solution-processability, surface chemistry, superior conductivity,
and biocompatibility, MXenes sheets have attracted great attention for printing different
films such as those used in epidermal applications, out of which only two investigations
so far have used MXenes in skin electronics, one to estimate skin bending and another to
detect hydrogen peroxide in perspiration [109].

As a biosensing platform, Saleh et al. [110] created an aqueous MXene ink and inkjet-
printed MXene sheets on flexible, conductive polymer substrates, as demonstrated in
Figure 8. As part of MXene dispersion, a nonionic surfactant saponin is added to the
electrodes that can be inkjet printed with water-based MXenes and attached to the skin
as a biosensor. An ion-selective layer on printed MXene surfaces can be used to create
a Na+ sensor in a sweat-like medium. In addition to a good signal-to-noise ratio, these
electrodes are durable, having a shelf life of 50 days in ambient conditions. In addition
to paper, glass, and PEDOT: PSS film, the MXene/saponin formulation is printable on a
wide range of substrates that have varied mechanical and surface properties. Sticky tapes
were used to test for the adhesiveness of the MXene films on these substrates. Paper was
less adherent to MXene than it was to glass. This paper shows that MXene printed films
may be used for multifunctional biosensors, as Na+ in artificial sweat can be detected
when combined with a sodium (Na+) ion-selective membrane (Na+ membrane). Interferon
Gamma (a proinflammatory cytokine protein) causes antibodies on films to generate an
electrical signal. As a result, by mounting IFN antibodies on the surface of the films, they
might be employed as cytokine protein sensors. They’ve created a platform that shows
how printed MXenes could be employed in a variety of sensing applications.

Vural et al. [97] developed 2D MXene inkjet printing, utilizing protein-based binders
that can build sequence-controlled assemblies with hydrogen bonding 2D crystals. Cellu-
lose paper, glass, polyethylene terephthalate (PET), and polymethylmethacrylate (PMMA)
were all effectively printed with these inks, and they printed MXene patterns on PET films
to create deformable light-emitting diode (LED) circuits and EMI shielding materials to
demonstrate the potential of these inks in flexible electronics. This technique might be
useful in the development of humidity-mediated memory systems and sensors, especially
for microfluidic systems.
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Figure 8. Optical photographs of MXene solutions comprising (a) an anionic and (b) a cationic
surfactant, both creating heterogeneous suspensions. (c) MXene solution with a nonionic surfactant
creates a homogeneous suspension. The bottom images are microscope images of the same suspen-
sions. (d) The effect of surfactants on the surface tension of MXene inks and the conductivity of the
resulting films (n = 3). Digital photographs of MXene films printed on various substrates: (e) tattoo
paper, (f) glass and (g) a PEDOT:PSS coated glass substrate. Scale bars are 5 mm (a–c top), 100 μm
(a–c bottom), 1 cm (e), and 2mm (f,g), reprinted with permission from [110].
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MXene inks have rarely been inkjet-printed on textiles, which demand inks with dif-
ferent characteristics than those required for nonporous surfaces [111]. Using a commercial
printer, Uzun et al. [111] showed that these inks may be utilized to TIJ print different struc-
tures such as conductive patterns and interdigitated devices; they showed how controlled
ejection of ink droplets from nozzles onto textile substrates like knit and woven textiles
might be used to make wearable micro-supercapacitors (MSCs); this was the first time
MXenes have been printed on textiles for textile-based wearable devices. On all surfaces,
increasing the Ti3C2Tx flake size and concentration resulted in printed lines with reduced re-
sistance. The inkjet-printed circuit on a cotton knit fabric produced with low concentration
(9.4 mg mL−1) was found to have adequate conductivity to operate three LED lights after
only one print pass. When six print passes were conducted, the electrical resistance of the
lines ranging from 450 cm−1 (S-Ti3C2Tx ink at 22.4 cm−1) to 55 cm−1. Over several cycles,
the devices showed outstanding cycling stability and generated reasonably high energy
and power densities of 12.36 ± 4.46 Wh cm−2 and 0.16 ± 0.58 mW cm−2, respectively.
In this way, the functioning of materials that may be printed for a range of textile-based
energy harvesting, storage, and sensing applications was greatly improved [111].

Inkjet printing is a cutting-edge strategy for utilizing the benefits of 2D materials for
printed optoelectronic devices with tiny small-footprints, integration, substrate/geometrics
compatibility, scalability, and low cost. The selection of ink solutions is crucial. For ink
formulation, high-viscosity solutions such as N-methyl-2-pyrrolidone (NMP) and dimethyl
sulfoxide (DMSO) can be employed directly. To improve the printed film uniformity, a
small amount of polymers or proteins can be added to the solutions that act as “binders”.
Jiang et al. inkjet-printed MXene nanosheets in laser resonators with both fiber and free-
space geometrics, achieving a wide range of spectral band ultrafast laser operations from
near-infrared to mid-infrared, with pulse durations up to 100 femtoseconds [112].

Inkjet printing offers the greatest potential for rapidly creating and using novel mate-
rials. Wen et al. [109] reported an early example of inkjet-printed MXene transparent films.
The key in this study is how to overcome the “coffee ring effect,” which complicates the
inkjet printing process; it is extremely difficult to manufacture large-area transparent film
electrodes due to the fact that the majority of the solute is deposited at the edges of the
printed patterns. Furthermore, ink rheological properties and the solvent used in MXene
ink affect printing performance. Films made with Ti3C2Tx can serve both as transparent
conductors and capacitors. They may be used to build symmetric or asymmetric flexible
and transparent supercapacitors to increase energy and power densities.

The extensive research done in inkjet printing has provided the technique with many
benefits, such as the ability to print complex patterns, the use of different substrates with
different properties, and high resolution. All of these point toward the ability to make
micrometer-sized devices. However, in addition to all the advantages, some issues are of
fundamental importance, especially the preparation of inks with appropriate rheological
properties, fluidity, and appropriate physical and morphological characteristics [103].

4.2. Screen Printing

The screen printing method (SP) is a fast and efficient method of direct printing of
2D materials [103], and the ink is deposited via a mesh with some open (printing pattern)
and blocked (non-printing) areas. Screen printing is basically divided into two methods:
flat-bed and rotary [75]. In detail, the flat-bed approach involves pressing ink through a
flat, patterned screen onto a substrate and repeating this process to build up layers, while
in the rotary process, ink is pressed through an ink cylinder and perforated metal onto the
substrate. MXene sediment printing illustrates the feasibility of making wearable smart
electronics using waste-free ink formulation for screen printing.

S.Abdolhosseinzadeh et al. [95] demonstrate scalable printing of diverse structures
and patterns using additive-free MXene sediment inks with good spatial regularity and
high resolution. With the help of patterns with different line and gap sizes, it is possible
to create a conductive pattern, letters, and MSCs in a matter of seconds (Figure 9a). To
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provide energy and power solutions for unique applications, the all-printed MSCs may be
linked fast and simply in series or parallel (Figure 9b). All tandem devices have perfect
capacitive behavior and little IR drop (Figure 9c,d), making them the optimal approach.
Figure 9d,e shows that the tandem device has a very low equivalent series resistance
due to its rapid charge/discharge rate, and “yrashed” sediments from MXene may easily
power a bright LED (Figure 9f), their high capacitance (158 mF cm−2) and energy density
(1.64 watts cm−2) set them apart from other printed MSCs in terms of energy density and
areal capacitance [95].

 

Figure 9. Scalable production of micro-supercapacitors based on MXene sediment inks. (a) Optical
image of a screen-printed MXene-based microsupercapacitor, showing the great promise of scale-up
production of high-performance MSCs. (b) CV profiles of different tandem devices at 50 mV s-1.
(c,d) CVs of a tandem device with eight MSCs connected in series at different scan rates show a high-
rate response. (e) GCD profiles of a tandem device with eight MSCs connected in series, indicating
symmetric, linear curves at various currents. (f) Optical image of the tandem device to power an
LED light, demonstrating the feasibility of the as-printed tandem device for practical applications,
reprinted with permission from [95].

There are several advantages to the screen-printing method, such as controllable
thickness, cost-effectiveness, and mass-production capabilities. Conversely, its major
disadvantages are low print resolution, roughness, and thick ink used in this process [75];
all of them indicating that still a great effort should be made in this area.

4.3. 3D Printing

Using 3D printing technology, complex-shaped parts can be formed automatically
from CAD data (computer-aided design) without any tooling [11]. Extrusion-based additive
manufacturing (AM) is a process for fabricating complex structures utilized in a variety of
industries, including energy storage. An ink (filament) of a colloidal or gel-type is extruded
from a nozzle and layered on a surface to form 3D objects in this printing process [93]. A
3D object is created by layering materials upon each other in additive manufacturing [113].
Unlike previous 2D printing methods, 3D ink consists of polymers that are usually solid-
liquid or powder. Comparable to other manual or molding processes, this automated
fabrication has some benefits, such as computer-aided design capabilities, fast editing of
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CAD models and precise dimensioning [114]. A 3D printing process can be summarized as
follows: (1) designing a CAD model, (2) conversion of the model to an STL file, (3) slicing
the STL file to several 2D layered cross-sections, (4) 3D printing the prototypes, and then
(5) post-processing [115].

In most cases, 3D-printed electrode materials are not electrocatalytic or appropriate for
these purposes. Further modification of 3D-printed electrodes can be achieved using atomic
layer deposition and electrodeposition. The only downside is that electrodeposition or ALD
may not be possible for all materials since not all precursors are available. Electrodeposition
and ALD currently cannot be used to deposit MXenes [116–118]. Using highly concentrated
MXene ink for extrusion printing at room temperature, Orangi et al. [93] demonstrate that
MSCs with a range of topologies and electrode thicknesses can be produced at a large scale.
It is possible to print flexible MSCs on polymer and paper substrates using established
printing methods. The aforesaid research describes printed solid-state devices exhibiting a
very high capacitance area and excellent electrochemical performance.

Regarding 3D bio-printing, Rastin et al. [119] demonstrate that Ti3C2 MXene nanosheets
can be used to build 3D bio-inks despite the fact that most of the current bio-inks have
poor electrical conductivity. Studies have shown that hydrogels with electrical conductivity
have improved signal transmission between cells. In most cases, these conductive bionics
were developed by combining biopolymers with conductive polymers, but studies of 2D
conductive materials were limited. It was found that HA/Alg biogels containing Ti3C2
nanosheets have outstanding printability and good resolution. The conductivity of the
mentioned biocomposite ink could reach 5500± 85 μs cm−1 and 7200 ± 126 μs cm−1,
respectively, when 1 mg mL−1 and 5 mg mL−1 of Ti3C2 were respectively added to the
ink, surprisingly higher than those values obtained from the neat ink, being promising for
many biomedical applications such as neural tissue engineering and the like [119].

3D printing is also an optimal solution for integrating functional materials into multidi-
mensional architectures. Cao et al. [120] successfully developed TOCNFs/Ti3C smart fibers
and textiles with woodpile and fishing net structures with enhanced electrical, photonic
and mechanical properties (Figure 10); this type of hybrid inks is promising in versatile
applications such as smart textiles, electronic skins, wearable sensors, soft robotics, and
human-machine interaction [120].

 

Figure 10. Optical images of the 3D-printed TOCNFs/Ti3C2 fabrics with (a) woodpile and (b) fishing
net structures. (c–f) Programmable printed TOCNFs/Ti3C2 fibers with designed geometric structures,
reprinted with permission from [120].
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Huang et al. [121] used an in-situ ice template to produce MXene/CNT aerogel elec-
trodes through a 3D printing approach. During the surfactant/MXene assembly process,
shear stress is applied to align the flakes vertically. Three-dimensionally
printed all-MXene micro-supercapacitors (MSCs) can provide an ultrahigh capacitance
of 2.0 F cm−2 at 1.2 mAcm−2 and retain a record-high energy density (0.1 mwh cm−2

at 0.38 mW cm−2) [121]. 3D printing ink relies on extrusion-based technology to ensure
smooth filament extrusion with good accuracy and shape retention. It is possible to cre-
ate oriented microstructures even in high concentrations of MXene, and this 3D printing
strategy may be applicable for additive manufacturing of MXene micro-supercapacitors as
shown in Figure 11a, wherein MXene slurry forms a viscous, thixotropic ink with 3.3 × 103

Pa s and without aggregates (Figure 11c). A scatter plot displaying the storage modulus and
loss modulus of MXene ink as a function of shear strain is shown in Figure 11d. Plateaus
of G′ are orders of magnitude greater than those of G, which show primarily solid-like
behavior. Extrusion will continue through micron-sized nozzles at relatively low pressures
using this feature [121].

 

Figure 11. (a) The fabrication process of 3D-printing all-MXene MSC via MSES. (b) The digital
photographs of MXene slurry. (c) Shear-thinning behavior of the MXene inks (stress and viscosity
against different shear rates). (d) The oscillatory measurements (1 Hz) of the MXene ink, which
sweeps from 0.1% to 500% and back to 0.1% strain. (e,f) Photographs of 3D-printed MXene MSC,
scale bar is 1 cm. (g) The top-view SEM image of MXene hydrogel MSC, reprinted with permission
from [121].

In a recent study on 3D printing MXene-based hybrid ink, Jambhulkar et al. [122]
explained how a hybrid process is able to obtain nano-aligned and micropatterned MX-
ene nanoflakes with hierarchical 2D morphologies. The developed 3D printing process
included a surface topography design by a microcontinuous liquid interface production
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(μCLIP) as well as a direct nanoparticle-assembling through capillarity-driven DIW method
wherein the final hierarchical product exhibited anisotropic conductivity values with a
wide piezoresistive sensing range, and enhanced mechanical durability. Using this hybrid
3D printing technology, nanoparticles can be patterned and assembled for broad applica-
tions in a fast and scalable manner, indicating both manufacturing feasibility and device
functionality [122].

In all, 3D printing has many advantages, including environmental friendliness, eco-
nomic efficiency, controllable thickness and geometry, and flexibility of the printed pattern;
however, it is limited by the materials that can be used for printing, being the most critical
challenge of this method [75].

4.4. Stamping

There are several methods of non-pattern printing, including screen printing, spray
coating, and stamping. Stamping is typically used to create effective deposition, but the
adhesion between the ink, donor, and substrate requires to be precisely optimized. High
printing speeds and scalability are the advantages of stamping, while the high cost of setting
up and prototyping gravure rollers and plates, as well as the large volume requirements
for inks, are the major disadvantages of this technique [75]. Stamping is a good option for
producing flexible, scalable, and effective devices. Inks used for stamping should have
characteristics such as high electrical conductivity, a long service life, excellent mechanical
properties, good strength to withstand deformation, as well as excellent physical properties
such as rheology, viscosity, surface tension, and adhesion [123,124].

This type of manufacturing method is divided into four categories depending on the
use of a template: gravure, letterpress, foam-assisted stamping, and stamping. A stamped
pattern’s printing parameters might vary based on the type of stamping technique utilized.
It should be pointed out that the ink is cheap, and the stamp may be recyclable. Stamping
is usually cost-effective and does not require expensive technologies such as laser scribing
or photolithography. Since this printing technology can manufacture flexible devices with
easy procedures, it provides a new resource for MSC device production [123].

Zhang et al. [104] developed a new stamping strategy, as shown in Figure 12, to 3D
print a viscous water-based MXene ink to quickly prepare high-performance coplanar
MXene MSC; using continuous thin-film nanostructures, these MSCs no longer have metal
current collectors and may achieve a rapid electron transfer, thereby obtaining a high-
speed response in solid-state devices. In addition, functionalized MXene imprinted on the
hydrophilic porous paper also improves the accessibility of the MXene sheet to electrolyte
ions. The combination of the pseudocapacitive behavior, high density and significant
thickness of the Ti3C2Tx film may lead to a significant increase in the surface capacitance
of each electrode. For example, the interdigitated MSC Ti3C2Tx has areal capacitances of
61 mF cm−2 and 50 mF cm−2, respectively, under 25 μA cm−2 and 800 μA cm−2. It was
also presented that the production of MXene-MSCs can be increased by designing pads and
cylindrical stamps, followed by a cold rolling method. Based on this method and the use of
cold rolling and pressing, it is possible to produce dozens of MSCs with a high capacity of
56.8 mFcm−2 at 10 mV S−1 in a very short time. It is thought that by further optimizing
the synthesis of MXenes, adjusting their particle size and chemical composition, and
controlling surface functional groups, an MSC with greater surface/volume capacity and
faster solid processing speed could be developed, opening up many exciting possibilities
for the production of high-performance energy storage devices [104]. In all, rare studies
on MXene stamping are available in the literature, and hence there still exist a lot of
questions unanswered regarding the process parameters, materials, characterization and
potential applications.
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Figure 12. Fabrication of all-MXene-based MSCs using the stamping strategy. (a) stamps are first
3D printed, (b) MXene ink is controlled and prepared, (c) MXene ink is firmly pressed and stamped
onto a rough hydrophilic substrate, and (d) upon attaching Ag wires and casting the electrolyte, the
device is left to dry in air to form solid MXene-based MSC, reprinted with permission from [104].

4.5. Patterned Coating

In spite of the advantages of printing in terms of resolution, scalability, and pattern
complexity, equipment and ink properties often pose a challenge, limiting the number
of materials that can be printed, not to mention even more complicated techniques to
form printable inks from raw materials [75]. In this regard, traditional coating methods,
e.g., drop-casting [125–127], spin coating [128–130], spray coating [131–134], vacuum fil-
tration [125,135], etc. are ideal for testing materials and prototyping devices, as they have
less stringent equipment and ink requirements. Because of the surface functional groups
on MXene nanosheets, they can be processed in solution, which can be sprayed, spun, or
dip-coated in order to make highly conductive thin films [136]. When compared to printing
methods, patterned coatings are more cost-effective; however, the pattern complexity,
tunable thicknesses, and surface roughness are much more challenging to manipulate
with accuracy.

Hu et al. [137] described an approach to creating coplanar and adjustable interdigital
electrodes by patterning completely delaminated few-layered MXene flakes onto printed
paper, as presented in Figure 13. A solid-state MSC’s volumetric capacitance may increase
by at least 460 percent with increasing thickness of the MXene active layer, compared to
advanced carbon-based planar symmetric MSCs (0.1–6 mF cm2). Devices with volumetric
energy densities of 5.48 mWh cm3 or more are equivalent to or better than MSCs produced
from other types of material, such as carbon or metallic oxides or paper-based polymers.
High conductivity, fast intercalation, and hydrophilic surfaces are only a few of the great
characteristics of MXene-based planar solid-state symmetric MSCs that exhibit good elec-
trochemical performance. A major distinction is that this manufacturing procedure does
not use any binder, conducting additives, or organic cosolvents. A unique, layered porous
electrode structure has been created by Hu et al. [137] by aligning MXene flakes along
the c-axis with no, or very minimal, binder/conductive additives. The electrode structure
was highly electrically conductive due to the short ion diffusion distance between the
electrode materials and electrolyte. Furthermore, by designing the electrode stacks so that
the ions discharge rapidly, the resistance could be further decreased, allowing for the rapid
diffusion of electrolytes. In light of these results, MXene-based symmetric MSCs may be
suitable for use as miniaturized electronic devices [137].
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Figure 13. Flowchart of the easily manipulated protocol for patterning of fully delaminated few-
layered MXene (Ti3C2Tx) flakes on paper for planar symmetric MSCs: (a) a common laser printer
for printing an interdigital circuit template designed with drawing software; (b) paper substrate
with the laser-printed template; (c) vacuum-assisted deposition of fully delaminated few-layered
MXene flakes on the printed paper to fabricate the electroactive layer at the bottom; (d) schematic of
colloidal solution containing fully delaminated suspended fewlayered MXene flakes; (e) schematic
of the crystal structure of Ti3C2Tx flakes (MXene); “T” symbolizes the surface atoms and atomic
group, such as OH, F, and O; (f) the bottom binder/conductive-additive free electroactive layer based
on few-layered Ti3C2Tx flakes; (g) magnetron sputtering of a top Au film that served as a current
collector on the electroactive layer at the bottom; (h) final lift-off to form the MXene-based planar
MSCs; (i) a photo of the finished MXene-based planar MSCs; (j) the corresponding SEM photo of the
fabricated interdigital electrodes of the devices, reprinted with permission from [137].

MXene films with high transmittance, conductivity and excellent mechanical stability
are good candidates for transparent flexible electrodes for high-performance organic photo-
voltaic (OPV) [136]. A major draw of organic photovoltaics (OPVs) is their high flexibility,
lightweight, low cost, and ease of printing for long-term renewable energy production. As
a result of the electrical characteristics of MXenes, Qin et al. [136] have developed vertically
stacked Ti3C2Tx MXene-based solid-state photovoltaic supercapacitors. A series of highly
conducting, transparent and flexible films were produced, consisting of nanoflakes aligned
parallel to the substrates, by spin-casting colloidal solutions of Ti3C2Tx nanosheets. On
any substrate, spin-coating may produce smoother, more flexible transparent electrodes
for OPVs by using tiny MXene flakes (Figure 14a). Ti3C2Tx spin-coated films displayed
apparent arcs of diffracted intensity in the two-dimensional GIWAXS patterns (Figure 14b),
indicating the development of regular orientations, being a substantial difference between
the in-plane and out-of-plane diffraction signals, which indicates that flakes are aligned
parallel to the substrate plane in the presence of shear force. In order to gain insight into
the characteristics of Ti3C2Tx optoelectronic film, transmittance spectra with film thickness
were measured (Figure 14d), wherein the transmittance reduced with increasing film thick-
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ness as well as a large visible peak. Spin-coated Ti3C2Tx films were measured for their
transmittance at 550 nm and conductivity, and the results are shown in Figure 14e [136].

 

Figure 14. Optoelectronic properties of Ti3C2Tx films. (a) Schematic of the preparation of a trans-
parent flexible electrode. (b) Two-dimensional GIWAXS pattern of Ti3C2Tx film prepared by the
spin-coating method. (c) Out-of-plane and in-plane line-cut profiles from the GIWAXS pattern. (d)
Transmittance spectra of Ti3C2Tx films of various thicknesses. (e) Variations in conductivity and trans-
mittance of Ti3C2Tx electrodes as a function of thickness. (f) Conductivity retention with the number
of bends for flexible Ti3C2Tx electrodes on PET substrates. The inset image shows the conductivity of
the Ti3C2Tx electrodes in bent and twisted states, reprinted with permission from [136].

Sarycheva et al. [133] used 2D titanium carbide MXenein wireless communication
devices due to their unique properties. They produced a clear MXene antenna through
one step of spray coating. According to the results, a thickness of 100 nm and a reflection
coefficient of less than 10 dB was obtained. It is also possible to achieve a reflection
coefficient of -65 dB by increasing the thickness of the antenna to millimeter dimensions.
In the study, titanium carbide MXene is found to operate below the skin depth of copper
and other metals, presenting an opportunity to produce transparent antennas. Due to
their high conductivity and water dispersibility, MXenes have been found to be an ideal
material for the industrial production of various portable, flexible, and wearable electronic
devices [133].

As opposed to other printing processes, they are less in demand and also less expensive.
The disadvantage of this method is that there is no control over the thickness and roughness
of the surface of the design, which is a major drawback. In addition, complex patterns will
not be easy to achieve, unlike other methods [75].

5. Summary, Pitfalls, and Perspectives

MXenes have recently emerged as a revolutionary class of material displaying excep-
tional tailored-made properties. The onward journey and remarkable rise are establishing
MXene-based materials as multifaceted playgrounds for technology-oriented explorations
and are offering a tool-box for the ad hoc tailoring of advanced materials capable of effec-
tively addressing current and future societal challenges. Unexpected applications have
witnessed tremendous growth owing to the material’s unique chemical and physical prop-
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erties, including, among others, optical, electrical, mechanical and thermal characteristics.
Attaining an in-depth and critical understanding of the broadest arsenal of such unique
and new properties, as well as the synergistic effects of the assorted characteristics, will
play a pivotal role in new discoveries in both research and industrial sectors. The present
paper aims to keep the readers updated with the recent developments in MXene-based inks,
including their formulations, preparations and applications in a variety of fields ranging
from energy and storage areas to biomaterials. Unlike other 2D sheets like graphene or
dichalcogenides being well-implemented in real industrial applications such as batteries
and electrodes, among others, the implementation of MXene inks in real industrial applica-
tions is still in its infancy stage and hence still, much attention should be made to advance
the field and mature at different aspects ranging from fundamental sciences and manu-
facturing expenses to those practical challenges. It is also emphasized that unlike many
other types of 2D materials, MXene has special traits such as mechano-ceramic behavior,
hydrophilicity as well as rich surface chemistry, making them a promising additive in many
liquid-based hybrid materials and structures. First of all, the basics regarding the MAX
phases and the process of turning MAX to MXene nanoflakes have been proposed. The
composition of MXene inks with the preparation of MXene-based inks has then been intro-
duced. Due to their vital importance, the stability of MXene nanosheets in different media
has been discussed, and then considerable attention is paid to the fluidity and rheological
properties and features of the MXenes, being essential parameters dictating the final quality
and performance of the MXene ink. Further, different printing techniques ranging from
inkjet printing and stamping to 3D printing, are elaborated to discuss the current state of
the art in this ever-growing field. Finally, despite the brilliant progress made, there are still
multiple longstanding hurdles that need to be overcome, so it is believed that still, innumer-
able questions are to be answered to fill the existing voids. For instance, MXene synthesis
with controllable surface terminations is one of the major challenges ahead. The uniformity
of these functional groups effectively improves the rheological properties and colloidal
stability of MXene inks and also changes the final print quality. Regarding computational
study, rare studies are available in this field, and much more attention is needed to explore
ink behavior in different situations. Further, few types of MXene (almost always Ti3C2Tx)
have been used in inks and subsequent printing techniques, and it is strongly thought
other different MXenes also have different features when hybridized in varied inks. Most
of the current research has been undertaken in the field of energy storage and electrodes for
capacitors; however, other 2D nanomaterials have been used in a variety of research and
industrial sectors with promising results. It is believed a great variety of transition metals
with various surface terminations makes it possible to achieve new compounds for specific
and unique applications. Printing of heterogeneous structures, including MXene and other
two-dimensional nanomaterials, could also be considered in the future. Finally, as one
of the most challenging issues, MXene inks have relatively low stability and oxidation
resistance in different materials. In order to commercialize MXene-based inks, there is a
long way to go for scalability, longer shelf life, higher performance and functionality.
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