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Preface

Recently, there have been remarkable advancements in the field of energy materials, especially

for energy conversion and storage. The development of nanomaterials has been the main driver of

these advancements. Nanomaterials have shown great potential in enhancing the performance and

efficiency of various energy-related systems due to their unique properties and tailored structures

at the nanoscale. This book presents a collection of research studies that explore the exciting

developments and applications of nanomaterials in energy-related systems. The book covers

various aspects from the material level to the device level. It presents a detailed description of

the structural and compositional characteristics of the used nanomaterials. In addition, it includes

diverse methodologies, either based on experimental measurements or based on molecular dynamic

simulations. For experimental measurements, different properties are evaluated, such as electrical,

thermal, dielectric, and electrochemical properties. Overall, the book serves as a valuable resource

for researchers, scientists, and engineers involved in the fields of energy-related systems and

nanotechnology.

Eleftheria C. Pyrgioti, Ioannis F. Gonos, and Diaa-Eldin A. Mansour

Editors
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Abstract: Nanoparticles are useful in improving the efficiency of convective heat transfer. The current
study addresses this gap by making use of an analogy between Al2O3 and γ-Al2O3 nanoparticles
in various base fluids across a stretched sheet conjunction with f. Base fluids include ethylene
glycol and water. We address, for the first time, the stagnation-point flow of a boundary layer of
γ-Al2O3 nanofluid over a stretched sheet with slip boundary condition. Al2O3 nanofluids employ
Brinkman viscosity and Maxwell’s thermal conductivity models with thermal radiations, whereas
γ-Al2O3 nanofluids use viscosity and thermal conductivity models generated from experimental
data. For the boundary layer, the motion equation was solved numerically using the fourth-order
Runge–Kutta method and the shooting approach. Plots of the velocity profile, temperature profile,
skin friction coefficient and reduced Nusselt number are shown. Simultaneous exposure of the
identical nanoparticles to water and ethylene glycol, it is projected, would result in markedly different
behaviors with respect to the temperature profile. Therefore, this kind of research instills confidence
in us to conduct an analysis of the various nanoparticle decompositions and profile structures with
regard to various base fluids.

Keywords: Al2O3; γ-Al2O3; stagnation-point flow; nanofluids; stretching sheet; slip boundary
condition; shooting method

1. Introduction

Water, ethylene glycol and mineral oils are traditional heat transfer fluids with low
thermal conductivities which may restrict their effectiveness in many industrial domains
such as chemical processing, generation of power, air conditioning systems, microelec-
tronics and transportation. Solid particle suspensions and fluids have a strong ability to
enhance heat transfer. One may classify particles in a number of ways including metallic,
non-metallic and polymeric. However, there are issues that arise when industries use
macro-sized suspensions such as heat transfer erosion and flow channel blockage owing
to poor suspension stability and a gradual but steady decrease in pressure. Therefore,
researchers and engineers have been hammering away to conquer this fundamental barrier
by dispersing particles as small as millimeters or micrometers in liquids since Maxwell
(1873). Large particles quickly settle in fluids which is an issue. Extended surface tech-
nology has reached its limits in thermal management system designs; thus, innovations
that might increase interest in which nanofluids are nanotechnological heat transfer flu-
ids. Nanofluids are suited for engineering applications and have various benefits over
convectional suspensions which include improved stability, high thermal conductivity
and negligible pressure loss. Thus, nanofluid technology will emerge as a promising and
interesting field of study in the twenty-first century [1–9].

Energies 2022, 15, 7965. https://doi.org/10.3390/en15217965 https://www.mdpi.com/journal/energies
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Flow and heat transfer caused by the stretching sheet is a prominent process in many
industrial applications, such as metallic sheet cooling, crystal growth in cooling baths,
plastics and rubber sheets manufacturing, paper and glass fiber production, and the evic-
tion of polymer and metals. Although enhancement of thermal and electrical conductivity
can be achieved by using metallic particles was first proposed by Maxwell (1873), Choi
learned from his work with micrometer-sized particle and fiber suspensions in the 1980s in
which traditional particles in micro-channel flow passages are unusable [9–11]. However,
advancements in nanotechnology can process and manufacture materials with average
crystal-lite sizes below 50 nm. Thermal conductivity is key to developing energy-efficient
heat transfer fluids. Because of the growing level of competitiveness on a worldwide scale,
a number of different sectors are in desperate need of innovative heat transfer fluids that
have much greater thermal conductivities than those that are already on the market [12]. In
recent years, several studies have investigated the nanofluids boundary layer flow across
a stretched surface using a wide range of metal and oxide nanoparticles [13–17]. Using a
reworked version of Buongiorno’s model with verified thermo-physical correlations which
examine the impact of Darcy–Forchheimer and Lorentz forces on radiative alumina-water
nanofluid flows across a slippery curved geometry subject to numerous convective restric-
tions [18]. Later on, Saima et al. [19] used a finite volume method, a numerical approach to
study micropolar nanofluids flow through a lid-driven cavity. The development of innova-
tive hybrid 2D-3D graphene oxide diamond micro composite polyimide films to alleviate
electrical and thermal conduction. It is believed to be a useful option for the thermal dissipa-
tion of the electronic components of electric machines as a result of its high and outstanding
thermal conductivity [20]. A numerical investigation for two-dimensional Sutterby fluid
flow which is bounded at a stagnation point with an inclined magnetic field and thermal
radiation was conducted by Sabir et al. [21]. Meanwhile, another computational approach
was performed on stagnation point pseudo-plastic nano-liquid flow towards a flexible Riga
sheet by Azad et al. [22]. The stagnation-point flow of an incompressible non-Newtonian
fluid over a non-isothermal stretching sheet is investigated by Rashidi et al. [23]. Baag
et al. [24] investigated numerical methods into the flow of MHD micro-polar fluids toward
a stagnation point on a vertical surface with a heat source and a chemical reaction.

In light of this, a comparison study was carried out on the flow with velocity and
thermal boundary layers (BL) of Al2O3 and γ-Al2O3 nanofluids along various base fluids
across a stretching sheet. We have been successful in developing a conjuncture between
stagnation-point flow and nanofluids flow over the stretching sheet with slip boundary
conditions, by the numerical technique. Models of viscosity and thermal conductivity are
developed from data through experiments. For Al2O3, Maxwell’s thermal conductivity
with radiation and Brinkman viscosity models are used in nanofluids flow. Therefore,
this is a comparative new study and its contribution to the existing body of research will
be significant.

1.1. Theoretical to Experimental Perspective on Nanofluids

The thermal properties of nanoparticles are explained through nanofluid theory, which
supports physics and chemistry-based predictive models. The thermal conductivity of
the nanofluids has not been explained for numerous reasons. First, nanofluids behave
differently from solid-to-fluid suspensions or typical solid-to-solid composites. Reducing
nanoparticle size increases nanofluid thermal conductivity. Second, nanofluids and tra-
ditional solid-to-liquid suspensions differ in thermal conductivity, concentration of the
particles, and size. Thirdly, nanofluids are a new, highly multidisciplinary field that spans
engineering, material science, physics, chemistry and colloidal science. Nanofluids hence
need expertise in each field, which shows the difficulty to build a nanofluid theory [17,25–27].
Therefore, predictions are poorer when the nanoparticles are suspended in a liquid because
these interactions include electromagnetic or particle-to-lattice heat transfer in addition
to the lattice vibrational heat transfer predicted by the liquid models. Thus, a theory for
nanofluid thermal conductivity can be developed by taking into account two crucial com-
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ponents, static and dynamic mechanisms. Near field radiation in nanofluids seems like a
promising theory [26,28].

The most recent advances in fabrication technology have opened up exciting new
possibilities for actively processing materials at nano-scale sizes. Materials that are either
nanostructured or nanophase are composed of nanometer-sized components. Because
of this, particles of a size less than 100 nm have characteristics that are distinct from
those of traditional solids. The remarkable qualities that are associated with nanophase
materials are a direct result of the relatively high surface area/volume ratio that these
materials possess. This ratio is made possible by the presence of a significant number of
constituent atoms that are located at the grain boundaries. Nanophase materials have
superior thermal, mechanical, optical, magnetic, and electrical capabilities compared to
traditional materials that have coarse grain patterns. These qualities include magnetism and
electrical conductivity. As a consequence of this, the exploration of nanophase materials
in research and development has attracted a significant amount of attention from both
material scientists and engineers [29]. Several kinds of nanoparticles that are employed in
nanofluids can be constructed out of a wide variety of materials, including oxide ceramics
(Al2O3, CuO), carbide ceramic, metals (Cu, Ag, Au), semiconductors, composite materials
and alloyed nanoparticles are some examples of advanced materials. Whereas, in the
development of nanofluids a wide variety of liquids, including water, ethylene glycol and
oil, have been employed as base fluids [29,30].

1.1.1. Volume Fraction and the Particle Size

Many experiments on nanofluid thermal conductivity have been described in recent
years. Table 1 summarizes published experimental studies on nanofluids at room tem-
perature. So, nanofluids with thermal conductivity higher than their base fluids, even at
low nanoparticle concentrations, grow well with nanoparticle volume fraction. Below are
several nanofluid thermal conductivity investigations.

Eastman et al. [31] first reported nanofluids’ increased effective thermal conductivity.
Al2O3 and CuO nanoparticles dispersed in water increased thermal conductivity by 29% to
60% for 5% nanoparticle volume fraction which later findings found a moderate increase
in thermal conductivity for Al2O3 and CuO nanoparticles in water and ethylene glycol.
Li et al. [32] recently studied the thermal conductivity of CuO and Al2O3 nanoparticles
boosted waters thermal conductivity by 52% and 22% at 6% fractional part of volume
at a temperature of 34 ◦C. Choi et al. [33] investigated multi-walled carbon nanotube-
containing oil suspensions’ thermal conductivity. Thermal conductivity doubled with 1%
volumetric loading. Even at low volume fractions, nanotube addition increases conductivity
non-linearly. Strong thermal field interactions between fibers might be to cause. TiO2
nanoparticles are used to evaluate the thermal conductivity in deionized water by Murshed
et al. [34]. Their findings demonstrated, for the very first time, that there was no anomalous
improvement in the thermal conductivity of nanofluids containing a very low volume
proportion of particles. This conclusion is in direct opposition to Patel et al.’s [35] unusual
finding which shows the incorrect Patel’s hypothesis. According to a comparison of the
studies that have been conducted, the increases in thermal conductivities of various types
of nanofluids are distinct from one another. The size and composition of the nanoparticles,
in addition to the base fluids, both have an effect on the thermal conductivity of nanofluids.
Particle size is essential to optimize results and build a relation to volume fraction which
causes nano-scale mechanism in the suspensions. According to theoretical evidence, with a
reduction in particle size, the effective thermal conductivity of nanofluids improved [36,37].

3
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Table 1. An overview of various nanofluids and thermal conductivity.

Researchers
Nanoparticle

Size/Base-Fluid
Measurement

Thermal
Conductivity (k) ↑

Eastman et al. [31] Al2O3 (33)/water transient hot-wire 29% for 5 vol %
CuO (36)/water 60% for 5 vol %

Murshed et al. [34] TiO2/deionised-
water transient hot-wire 30% for 5 vol %

Li and Peterson [32] Al2O3 (36)/water SS method 52% for 6 vol %
Xuan and Li [37] Cu (10)/water transient hot-wire 70% for 3 vol %

Hwang et al. [38] CuO
(35.4)/water/EG transient hot-wire 9% for 1 vol %

Liu et al. [39] CuO (29)/EG transient hot-wire 23% for 5 vol%
Kri. et al. [40] Al2O3(20)/water Unspecified 16% for 1 vol %

Wen and Ding [41] TiO2 (34)/water transient hot-wire 6% for 0.66 vol %

1.1.2. The Influence of Temperature on Nanofluid

The temperature may affect nanofluid thermal conductivity. Despite the fact that
nanofluids can be used at different temperatures, few studies have examined the tem-
perature effect on their thermal conductivity. Table 2 summarizes published studies on
nanofluids in which thermal conductivity dependency on temperature. The nanofluids
which comprise Al2O3 and CuO nanoparticles in water are used to measure the thermal
conductivity which is investigated by Das et al. [42]. In their investigation, they employed
a temperature oscillation technique to measure thermal diffusivity. They found that the
thermal conductivity enhancement of these nanofluids increased by a factor of two to
four over the temperature range of 21◦ to 51◦ Celsius. The different sizes of nanoparticles
of Al2O3 dispersing in water to investigate the thermal conductivity of nanofluids are
carried out by Chon and Kihm [43]. The nanoparticles ranged from 47 to 150 nanometers
in size. They found that there was a slight increase in thermal conductivity in relation to
temperature. When the temperature of the fluid was raised from 31 ◦C to 51 ◦C, there was
a 6–11% increase in the thermal conductivity of nanofluids. It is interesting to note a little
reduction in the thermal conductivity as the temperature increases, which is the opposite
tendency seen in nanofluids containing spherical nanoparticles.

Table 2. The Influence of Temperature on Nanofluids.

Researchers
Nanoparticle

Size/Base-Fluid
Measurement

Thermal
Conductivity (k) ↑

Das et al. [42] Al2O3 (38.4)/water Temperature
Oscillations

For 4 vol %: 16% at
36 ◦C and 25% at

51 ◦C

Li and Peterson [32] Al2O3 (36)/water SS method
For 2 vol %: 7% at
27.5 ◦C and 23% at

36 ◦C

Chon and Kihm [43] Al2O3 (47)/water transient hot-wire 6% at 31 ◦C and 11%
at 51 ◦C

Al2O3 (150)/water 3% at 51 ◦C and 8.5%
at 51 ◦C

Murshed et al. [44] Al2O3 (150)/DIW transient hot-wire For 1 vol %: 11.4% at
60 ◦C

2. Mathematical Formulation

Assume a two-dimensional laminar boundary layer incompressible flow with steady
characteristics in which Al2O3 and γ-Al2O3 nanofluids move across a stretched sheet of
various base fluids, such as water and C2H6O2, see from Figure 1. The flow that is related to
nanofluids is produced as a result of the sheet being stretched along the x-axis by two forces
that are identical in magnitude but act in opposite directions. The stretching velocity uw(x)

4
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is used to suppose that the flow is confined to y > 0 and external velocity to boundary
layer flow is U∞, such that U∞ = ãx, where ã is constant. It is observed that the ratio of the
stretching surface velocity to the inviscid flow at the stagnation point determines the shape
of a boundary layer produced in a stagnation-point flow of an incompressible viscous
fluid towards a stretching surface. Therefore, the stagnation-point flow is represented by

the term, Ũ∞
dŨ∞

dx
in the momentum equation of the fluid flow where Ũ∞ is the velocity

distribution for the free stream which is far away from the surface. The temperature profile
at the surface which is being stretched is Tω = T∞ + b̃x2, with b̃ is constant and T∞ is the
ambient temperature. In addition, it is assumed that the nanoparticles and the base fluids
are in a state of thermal equilibrium and there is a slip between them [21,23,45]. Table 3
summarizes the considered thermo-physical features of nanofluids.

Figure 1. Physical description to mathematical model.

Table 3. Thermophysical characteristics of Nanofluids.

Density (kg/m3) Cp (J/Kg K) k (W/mK) Pr

H2O (Pure Water) 998.3 4182 0.60 6.96
C2H6O2

(Ethylene glycol) 1116.6 2382 0.249 204

Al2O3 (Alumina) 3970 765 40 -

Under these conditions, we can write down the steady boundary equation that controls
the convective flow and heat transfer of nanofluids as:

ũx + ṽy = 0, (1)

ũũx + ṽũy =
μn f

ρn f

∂2ũ
∂y2 + Ũ∞

dŨ∞

dx
(2)

5
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ũT̃x + ṽT̃y =
kn f

(ρCp)n f

∂2T̃
∂y2 − 1

ρ̃C̃p

∂q̃r

∂y
, (3)

where ũ and ṽ are velocity components along x and y directions, respectively. Moreover,
ρ̃ is the density of the fluid and C̃p represents specific heat at constant pressure. For the
reason that the intensity of radiant emission increases with increasing absolute temperature
a very crucial factor in the heat transfer process. Therefore, the term 1

ρ̃C̃p

∂q̃r
∂y represents

the thermal radiation in which q̃r is the radiative heat flux. Such heat flux is defined by
Rosseland approximation,

q̃r = −
(

4σ̃

3k̃

)
∂T4

∂y
, (4)

where k̃ is the Rosseland coefficient of mean absorption and σ̃ is the Stefan Boltzmann
constant. For the construction of the linear function of temperature T4, apply the Taylor
series about the free stream temperature T∞ and neglect the higher power, we have the
following equation,

T4 ≈ (4T − 3T∞)T3
∞. (5)

Therefore, the radiative heat flux can be expressed as;

q̃r = −
(

16σ̃

3k̃

)
T3

∞
∂T
∂y

. (6)

Boundary conditions are:

ũ = uw + ă
∂u
∂y

, ṽ = 0, T̃ = Tω(Tω = T∞ + b̃x2) at y = 0, (7)

ũ → 0, T̃ → T∞ as y → ∞ (8)

where, u is the tangential velocity of the free fluid which is exterior normal to the stretch-

ing sheet and ă =

√
K̆

ᾰ
in which K̆ is the permeability, uw(x) stretching velocity and

ᾰ is a dimensionless parameter which depends only on the properties of the fluid and
permeable material.

3. Thermophysical Characteristics of Al2O3 and γ-Al2O3 Nanofluids

The heat capacitance (ρCp)n f and the effective dynamic density ρn f of the nanofluids
have been provided by the following expressions

ρn f = (1 − ϕ)ρ f + ϕρs,

(ρCp)n f = (1 − ϕ)(ρCp) f + ϕ(ρCp)s,

⎫⎪⎬⎪⎭ (9)

where the solid volume fraction of nanofluids is denoted by ϕ whereas the nanofluid’s
dynamic viscosity is characterized by

μn f

μ f
= (1 − ϕ)−2.5( f or Al2O3 − water)

μn f

μ f
= 123ϕ2 + 7.3ϕ + 1( f or γ − Al2O3 − water)

μn f

μ f
= 306ϕ2 − 0.19ϕ + 1( f or γ − Al2O3 − C2H6O2).

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(10)
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An expression for the nanofluid’s effective thermal conductivity is

kn f

k f
=

ks + 2k f − 2ϕ(k f − ks)

ks + 2k f + ϕ(k f − ks)
( f or Al2O3 − water)

kn f

k f
= 4.97ϕ2 + 2.72ϕ + 1 ( f or γ − Al2O3 − water)

kn f

k f
= 28.905ϕ2 + 2.87ϕ + 1 ( f or γ − Al2O3 − C2H6O2)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
(11)

4. Non-Dimensionalization through Similarity Transformation

By making use of similarities, transformation is achieved by

η =

√
a

v f
y, ũ = ax f ′(η), ṽ = −(av f )

1
2 f (η), θ =

T̃ − T∞

Tω − T∞
(12)

4.1. Momentum Equations

The Equation (2) regulate the boundary layer into non-dimensional ordinary differen-
tial equations which can be written in the following way,

f ′′′ − (1 − ϕ)−2.5

(
1 − ϕ

(
ρs

ρ f

))
( f ′ − f f ′′) + ε2 = 0 ( f or Al2O3 − H2O)

f ′′′ −
⎛⎝ 1 − ϕ

(
ρs
ρ f

)
306ϕ2 − 0.19ϕ + 1

⎞⎠( f ′ − f f ′′) + ε2 = 0 ( f or γ − Al2O3 − water)

f ′′′ −
⎛⎝ 1 − ϕ

(
ρs
ρ f

)
123ϕ2 + 7.3ϕ + 1

⎞⎠( f ′ − f f ′′) + ε2 = 0 ( f or γ − Al2O3 − C2H6O2).

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(13)

4.2. Energy Equations

The temperature Equation (3) regulate the boundary layer into non-dimensional
ordinary differential equations which can be explained as,

θ′′
(

k̃n f

k̃ f
+

4
3

R

)
− pr

(
(1 − ϕ)2.5 + ϕ

(
(ρCp)s

(ρCp) f

))
( f θ′ − 2θ f ′) = 0 f or Al2O3 − H2O,

θ′′
(

k̃n f

k̃ f
+

4
3

R

)
− pr

(
(1 − ϕ)2.5 + ϕ

(
(ρCp)s

(ρCp) f

))
( f θ′ − 2θ f ′) = 0 f or γ − Al2O3 − water,

θ′′
(

k̃n f

k̃ f
+

4
3

R

)
− pr

(
(1 − ϕ)2.5 + ϕ

(
(ρCp)s

(ρCp) f

))
( f θ′ − 2θ f ′) = 0 f or γ − Al2O3 − C2H6O2.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(14)

4.3. Boundary Conditions

The related boundary conditions are as follows:

For Momentum equation

f (0) = 0, f ′(0) = 1 & f ′(∞) = 0. (15)

For Energy equation

θ(0) = 1 & θ(∞) = 0. (16)
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4.4. Solution Methodology

In this part, an overview of the solution to the non-linear ODE with regard to the
boundary conditions is offered. A well-known method known as the shooting approach is
used in order to show the solution for these non-linear ODEs. MATLAB’s built-in solver
called bvp4c is used to do an analysis of the numerical results, with the domain set at zero
to ηmax.

Pseudo-Algorithm

To accomplish the transformation from BVP to IVP, the representations f by Y1 and θ
by Y4 have been put into action:

Y′
1 = Y2, Y1(0) = 0

Y′
2 = Y3, Y2(0) = 1

Y′
3 = (A1 × A1)(Y2 − Y1)Y3 − ε2, Y3(0) = I1

Y′
4 = Y5, Y4(0) = 1

Y′
5 = (

A5

(A6 + (4/3)λ)
) ∗ Pr ∗ (2 ∗ Y4Y2 − Y1)Y5, Y5(0) = I2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
(17)

The preceding IVP is supplied by making use of a well-known shooting strategy in
conjunction with the Runge–Kutta scheme. The starting conditions that are not present are
represented by the notation Y3(0) = I1 and Y5(0) = I2, respectively. Newton’s technique, in
its usual form, may be used to fill in missing beginning circumstances and still obtain accurate
results. The numerical strategy of the shooting is applied to the missing values of I1 and I2
until it is unable to satisfy the tolerance ζ, which is max{|Y3(ηmax)|, |Y5(ηmax)|} < ζ [20,21].

5. Important Physical Characteristics

The skin friction coefficient (shear stress rate) and the Nusselt number (rate of heat
transfer) are two physical characteristics of importance in engineering problems. The skin
friction coefficient Cf is used to calculate the shear stress at the stretched sheet which can
be defined as:

c f = −−2μn f

ρ f u2
w

(uy)y=0. (18)

By utilizing Equation (18) into Equation (13), we have the following expressions:

1
2

Re
1
2
x c f = −(1 − ϕ)−2.5 f ′′(0), ( f or Al2O3 − H2O)

1
2

Re
1
2
x c f = −(123ϕ2 + 7.3ϕ + 1) f ′′(0), ( f or γ − Al2O3 − H2O)

1
2

Re
1
2
x c f = −(306ϕ2 − 0.19ϕ + 1) f ′′(0), ( f or γ − Al2O3 − C2H6O2)

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(19)

where the local Reynolds number is denoted by Rex =
xuw(x)

v f
, which completely base

on the stretching velocity U∞(x) and local skin friction coefficient Re
1
2
x c f . The Nusselt

number Nux can be defined as

Nux =
xq̃w

k̃ f (Tω − T∞)
, (20)

where, the local surface heat flux is q̃ = kn f (Ty)y=0. Based on Equation (12), we obtain the
following Nusselt number,

8
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Re−
1
2

x Nux =

(
ks + 2k f − 2ϕ(k f − ks)

ks + 2k f + ϕ(k f − ks)

)
(−θ′(0)) ( f or Al2O3 − H2O)

Re−
1
2

x Nux = (4.97ϕ2 + 2.72ϕ + 1)(−θ′(0)) ( f or γ − Al2O3 − H2O)

kn f

k f
= (28.905ϕ2 + 2.87ϕ + 1)(−θ′(0)) ( f or γ − Al2O3 − C2H6O2).

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(21)

6. Discussion

The graphical representation of the numerical findings is shown for the nanoparticles
of Al2O3 and γ-Al2O3 combined with water and ethylene glycol as the base fluids. An
investigation into the effects of a number of disparate parameters, including the stag-
nation point parameter ε, the dimensionless slip parameter ὰ, the solid volume fraction

ϕ, Prandtl number Pr, reduced skin friction coefficient Re
1
2
x c f , reduced Nusselt number

Re−
1
2

x Nux, shear stress f ′′(0), velocity profile f ′(η) and temperature profile θ(η) have been
analyzed with regard to the slip boundary conditions on a stretching sheet conjunction
with stagnation-point flow phenomena.

Table 4 presents the results of a comparison between the values of − f ′′(0) that were
reported for Al2O3-water by Hamad et al. [16] and Vishnu et al. [45]. We are confident in
continuing to utilize the existing code since the results indicate great agreement. Through
the use of the figures, the authors examine the impact that the nanoparticle volume friction
has on the velocity profile, temperature profile, skin friction coefficient and the reduced
Nusselt number.

Table 4. Results comparison with earlier findings for Al2O3 nanofluids.

ϕ Hamid et al. [16] Vishnu et al. [45] Present Work

0.05 1.00538 1.00537 1.00530
0.10 0.99877 0.99877 0.98866
0.15 0.98185 0.98184 0.97132
0.2 0.95992 0.95591 0.94581

The influence of the nanoparticle volume fraction on the velocity profile is described
via the Figures 2–4 for Al2O3-water, Al2O3-ethylene glycol and γ-Al2O3-water nanoflu-
ids. It has been determined, based on the findings presented here, that higher values of
nanoparticle volume fraction result in an increase in the velocity of oxide nanofluids. It
may be said that the velocity of the γ-Al2O3 nanofluids is greater than that of the Al2O3
nanofluids [16,45]. This is because the thickness of the momentum boundary layer in
γ-Al2O3 nanofluids is much greater than in Al2O3 nanofluids. When comparing nanofluids
according to different base fluids, those based on ethylene glycol have a faster velocity than
those based on water. Nanofluids based on water have a smaller momentum boundary
barrier thickness compared to nanofluids based on ethylene glycol. The results which are
depicted from Figures 2–4 show that the Al2O3-water mixture has a lower velocity but the
γ-Al2O3-Water mixture has a greater velocity.

Figures 5–7 show the impact of the nanoparticle volume fraction on the temperature
profile of the nanofluids. It has been observed that when the values of the nanoparticle
volume fraction rise, the temperatures of both γ-Al2O3 and Al2O3 nanofluids rise as well.
Therefore, nanofluids based on water have a steeper temperature profile compared to those
on ethylene glycol (shallower profile) [16,45–47]. This is owing to the fact that the thermal
diffusivity of water is significantly greater than that of ethylene glycol whereas, the Prandtl
number Pr of water is substantially lower than that of ethylene glycol [34,40,45]. Comparing
nanoparticles, Al2O3-water has a higher temperature profile than γ-Al2O3-water, while
γ-Al2O3-ethylene glycol is higher. It is possible to draw the conclusion that the Al2O3
nanoparticles and the γ-Al2O3 nanoparticles have opposing impacts on the temperature
profile when used in conjunction with various base fluids such as water and ethylene glycol.

9
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To achieve cooling effects, it is possible to make use of nanofluids that include ethylene
glycol functioning as the basis fluid [45].

Figure 2. Velocity profile as a function of nanoparticle volume fraction ϕ with fix parameters ε = 0.02
ă = 0.01 and Pr = 6.96.

Figure 3. Velocity profile as a function of nanoparticle volume fraction ϕ with fix parameters ε = 0.02
ă = 0.01 and Pr = 204.
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Figure 4. Velocity profile as a function of nanoparticle volume fraction ϕ with fix parameters ε = 0.02
ă = 0.01 and Pr = 6.96.

Figure 5. Temperature profile as a function of nanoparticle volume fraction ϕ with fix parameters ε =
0.02 ă = 0.01, Pr = 6.96 and R = 1.
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Figure 6. Temperature profile as a function of nanoparticle volume fraction ϕ with fix parameters
ε = 0.02 ă = 0.01, Pr = 204 and R = 1.

Figure 7. Temperature profile as a function of nanoparticle volume fraction ϕ with fix parameters
ε = 0.02 ă = 0.01, Pr = 6.96 and R = 1.

The impacts of different physical parameters in the flow model on the velocity of the
nanofluids within the boundary layer are depicted in Figures 8–10, while Figures 11–13
show the results for temperature profile. The influence of the slip parameter ă against the

12
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similarity variable η on the velocity and temperature profiles show that an increase in the
value of a parameter known as the slip velocity results in a reduction in the velocity of
the nanofluids also an increase in the value of the same parameter results in a rise in the
temperature [45,47].

Figure 8. The influence of the slip parameter ă against η on the velocity profile with ϕ = 3%, ε = 0.01
and R = 1.

Figure 9. The influence of the slip parameter ă against η on the velocity profile with ϕ = 3%, ε = 0.01
and R = 1.
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Figure 10. The influence of the slip parameter ă against η on the velocity profile with ϕ = 3%, ε = 0.01
and R = 1.

Figure 11. The slip parameters ă against η on the temperature profile with ϕ = 2%, ε = 0.01 and R = 1.
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Figure 12. The slip parameters ă against η on the temperature profile with ϕ = 2%, ε = 0.01 and R = 1.

Figure 13. The slip parameters ă against η on the temperature profile with ϕ = 2%, ε = 0.01 and R = 1.

Figures 14–16 illustrate the effect that the stagnation parameter ε has on the velocity
profile in which the value of ε rises, the velocity of the nanofluids also rises but the
temperature and the nanoparticle volume fraction fall [3,13,46]. If we assume that the
velocity of the stream remains the same then an increase in the value of ε will result in a
decrease in the stretch velocity.
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Figure 14. The effect of the stagnation parameter ε on the velocity profile with fix parameters ϕ = 3%,
Pr = 6.96 and ă = 0.01.

Figure 15. The effect of the stagnation parameter ε on the velocity profile with fix parameter ϕ = 3%,
Pr = 204 and ă = 0.01.
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Figure 16. The effect of the stagnation parameter ε on the velocity profile with fix parameters ϕ = 3%,
Pr = 6.96 and ă = 0.01.

Figures 17–19 show the result for different values of radiative heat flux parameter R.
When radiative heat flux increases, the temperature profile shows enhancement whereas
the velocity profile shows a downfall. Even though the velocity profile shows a trend that
is slightly decreasing as well as a trend that is slightly increasing as the values of thermal
radiation increased [12,16,34]. These results explain that an increase in the value of the
parameter R, thermal radiation, has an insignificant impact on the fluid velocity. This is
the case despite the fact that the velocity profile shows a slight decreasing trend [17,29,47].
In point of fact, the fluid viscosity has a propensity to grow with increased resistance to
distortion, which results in a reduction within the velocity profile. On the other hand, it
has a propensity to drop as internal heat production and thermal radiation both increase.

Figures 20 and 21 illustrate the value fluctuation 1
2 Re

1
2
x c f which is the local (reduced)

skin friction coefficient, as well as Re−
1
2

x Nux, located along the y-axis and the nanoparticle
volume fraction ϕ along the x-axis. It has been shown that an increase in ϕ values, the skin
friction coefficient and Nusselt number are found to increase as well [46,48,49]. Therefore,
the skin friction coefficient is greater for nanofluid γ-Al2O3 than it is for Al2O3. For different
base fluids, the amount of skin friction coefficient by Al2O3 with base fluid as water is
greater than that produced by Al2O3 ethylene glycol as base fluid. However, γ-Al2O3
nanoparticles have been shown to exhibit the reverse tendency. Nanofluids that are based
on ethylene glycol have a greater Nusselt number than nanofluids that are based on water.
When compared to other nanoparticles, the Nusselt number for γ-Al2O3 nanoparticles is
much greater.
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Figure 17. The radiative heat flux R against η with fix parameters ϕ = 2%, ă = 0.02 and Pr = 204.

Figure 18. The radiative heat flux R against η with fix parameters ϕ = 2%, ă = 0.02 and Pr = 6.96.

18



Energies 2022, 15, 7965

Figure 19. The radiative heat flux R against η with fix parameters ϕ = 2%, ă = 0.02 and Pr = 6.96.

Figure 20. Frictional efficiency of skin as a function of ϕ.
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Figure 21. Impact of ϕ on Nusselt number.

7. Conclusions

The boundary layer flow of nanofluids of Al2O3 and γ-Al2O3 with various base
fluids is carried out on a stretching sheet. We have been successful in developing a
numerical solution for the steady BL flow and heat transfer at the stagnation point of
nanofluids with a slip boundary condition. The velocity of the sheet’s stretching in its
own plane uw, is different from the velocity of the external flow U∞. The similarity
ordinary differential equations that were produced are solved using the shooting method in
conjunction with the RK − 4 approach. For γ-Al2O3 nanofluids, we use models of viscosity
and thermal conductivity that are built from actual experiments. For Al2O3, the viscosity
model from Brinkman and the thermal conductivity model from Maxwell, are used along
thermal radiation. The following are some particular findings that has be drawn from this
investigation.

• Both the momentum and the thermal boundary layer, thickness increase with increas-
ing nanoparticle volume fraction of Al2O3 and γ-Al2O3 nanoparticles. The velocity
of nanofluids γ-Al2O3, is greater than that of Al2O3, in a comparison of nanoparti-
cles [16,45–47]. Nanofluids made from ethylene glycol move more quickly than those
made from water.

• However, in terms of the temperature distribution, γ-Al2O3-C2H6O2 (ethylene glycol)
is greater than that of Al2O3-ethylene glycol, whereas that of Al2O3-water is more
than that of γ-Al2O3-water. The temperature profile increased with increasing values
of parameter R, indicating that the thermal boundary layer thickness increases with
increasing thermal radiation. As a consequence, a higher radiation parameter causes
more heat to be produced in the flow, resulting in an increase in the temperature profile
of the fluid. Nanofluids that are based on ethylene glycol have a lower temperature
profile than those based on water. There is potential for cooling applications of
nanofluids based on ethylene glycol [16,45,47].

• When compared to Al2O3 nanofluids, γ-Al2O3 nanofluids have greater skin friction.
The skin friction is greater for Al2O3-water than it is for Al2O3-ethylene glycol. How-
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ever, γ-Al2O3 nanoparticles exhibit the opposite tendency. The Nusselt number of
ethylene glycol-based nanofluids is greater than that of water-based nanofluids. The
Nusselt number for γ-Al2O3 nanoparticles is greater than that of other nanoparticles.
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Abbreviations

The following abbreviations are used in this manuscript:

x, y Coordinate ⊥ to sheet (m)
ũ, ṽ Velocity components along x & y directions (ms−1)
T Fluid’s local temperature (K)
T∞ Temperature far away from the sheet
ϕ Solid Volume fraction
ρn f Effective Nanofluid density (kg m−3)
ρ f Pure fluid density (kg m−3)
ρs Nanoparticles density (kg m−3)
μn f Nanofluid’s effective dynamic viscosity (kg m−1 s−1)
μ f Dynamic viscosity of pure fluid (kg m−1 s−1)
kn f Nanofluid’s thermal conductivity (W m−1 K−1)
k f Base fluid’s thermal conductivity (W m−1 K−1)
ks Nanoparticles thermal conductivity (W m−1 K−1)
Pr Prandtl number
ă Slip parameter
K̆ Permeability
ᾰ Dimensionless parameter

Ũ∞
dŨ∞

dx
stagnation-point flow term

q̃r Radiative heat flux
Cf Skin Friction coefficient
Re1/2

x Cf Reduced Skin Friction coefficient
Re−1/2

x Nux Reduced Nusselt number
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Abstract: Nowadays, energy saving is considered a key issue worldwide, as it brings a variety of
benefits: reducing greenhouse gas emissions and the demand for energy imports and lowering costs
on a household and economy-wide level. Researchers and building designers are looking to optimize
building efficiency by means of new energy technologies. Changes can also be made in existing
buildings to reduce the energy consumption of air conditioning systems, even during operational
conditions without dramatically modifying the system layout and have as low an impact as possible
on the cost of the modification. These may include the usage of new heat transfer fluids based on
nanofluids. In this work, an extended experimental campaign (from February 2020 to March 2021)
has been carried out on the HVAC system of an educational building in the Campus of University
of Salento, Lecce, Italy. The scope of the investigation was comparing the COP for the two HVAC
systems (one with nanofluid and the other one without) operating concurrently during winter
and summer: simultaneous measurements on the two HVAC systems show that the coefficient of
performance (COP) with nanofluid increased on average by 9.8% in winter and 8.9% in summer, with
average daily peaks of about 15%. Furthermore, the comparison between the performance of the
same HVAC system, working in different comparable periods with and without nanofluids, shows a
mean increase in COP equal to about 13%.

Keywords: heat transfer fluid; nanofluid; heating; ventilation and air conditioning system; experimental
test; coefficient of performance

1. Introduction

Decreasing the energy consumption of heating, ventilation and air conditioning
(HVAC) systems is a very important issue, due to their high environmental and energy
costs, together with a significant actual increase in their demand from the market. Several
studies have described various technologies and techniques that can be used to reduce
HVAC energy consumption, one of which is nanofluids [1,2].

Nanofluids are engineered heat transfer fluids which can be used to improve heat
transfer, thus increasing energy efficiency in a variety of applications based on chillers, heat
pumps and other hydronic HVAC systems. They are suspensions of nanoparticles dispersed
in a liquid that are formulated to achieve higher heat transfer performance than their base-
fluids. Numerous studies have demonstrated that nanofluid thermal conductivity can
be improved based on some variables, such as nanoparticle volume concentration, size,
morphology, etc.

In early experiments on nanofluids, Lee et al. [3] measured thermal conductivity with
the transient hot-wire method, demonstrating that a small amount of nanoparticles was
enough to increase the thermal conductivity of the base fluid.

Beck et al. [4] presented data for the thermal conductivity enhancement in seven
nanofluids containing 8–282 nm diameter alumina nanoparticles in water or ethylene glycol.
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They found that the thermal conductivity enhancement in these nanofluids decreases as
the particle size decreases below about 50 nm. This finding could be attributed to phonon
scattering at the solid–liquid interface.

To confirm this result, Colangelo et al. [5,6] designed, built and tested a new experi-
mental setup to investigate the physical phenomena involved in the thermal conductivity
enhancement of nanofluids.

In recent years, experimental investigations on the effects of nanofluids on convective
heat transfer coefficients in laminar and turbulent conditions were developed, demonstrat-
ing a significant improvement with respect to conventional heat transfer fluids [7].

Balla et al. [8] studied several suspensions of Cu and Zn nanoparticles with a size of
50 nm in water base fluid. They found that the heat transfer coefficient of nanofluids was
higher than its base fluid. Similar results were found by Kai et al. [9] studying nanofluid
heat transfer in a mini-tube using SiO2 nanoparticles.

Recently, several numerical and experimental studies on nanofluids and their applications
have been developed, such as solar thermal systems. Lee et al. [10] and Alsalame et al. [11]
studied photovoltaic thermal systems based on nanofluids. Colangelo et al. [12,13] experimen-
tally investigated the use of nanofluids in flat solar thermal collectors: tests on traditional solar
flat panels revealed some technical issues, due to the nanoparticles’ sedimentation. Therefore,
the modification of the panel shape allowed this problem to be fixed. Flat plate solar collectors
based on nanofluids were also studied by Chaji et al. [14]. Furthermore, the application of
nanofluids on different solar thermal energy conversion systems was investigated in [15–18].

Different studies have been carried out to increase the performance of internal combus-
tion engines. Zhang et al. [19] improved the heat-transfer performance of a diesel-engine
cylinder head by means of a nanofluid coolant.

Micali et al. [20] developed an experimental campaign related to the use of CuO
nanofluid as the coolant in a biodiesel four-strokes engine. They measured reductions
in temperature up to 13.6% on the exhaust valve seat and up to 4.1% on the exhaust
valve spindle.

Further studies related to the use of nanofluid within electronic devices [21], geother-
mal heat exchangers [22,23], and a cooling system for wind turbines [24], demonstrated a
significant increase in heat transfer performance versus traditional fluids.

Considering these thermal performance improvements, the use of fluids containing
suspended solid particles in HVAC systems is expected to show significant enhancements
of their efficiency.

Devdatta et al. [25] observed that the use of nanofluids inside the heating system of
the building is a suitable solution to reduce the size of the heat transfer system, and, in
particular, the size of the heat exchangers, heat pumps and other components as well. This
will reduce energy consumption and will, thus, indirectly reduce environmental pollution.

Ahmed and Ahmed Khan [26] used nanofluids in the external cooling jacket around
the condenser of an air conditioner. In particular, they studied the benefits of two types
of nanofluids, made of copper and aluminum oxide, respectively, on the performance of
an air/water conditioner. Their experimental results showed a significant enhancement in
the coefficient of performance (COP), up to 22.1% with Al2O3 nanofluid and 29.4% with
CuO nanofluid.

Hatami et al. [27] experimentally tested three types of nanoparticles (SiO2, TiO2 and
Carbon Nanotubes), dispersed in water inside HVAC systems. They found the best result,
in terms of energy consumption reduction, with SiO2-based nanofluid.

In order to use nanofluids as a heat transfer fluid within full-scale HVAC systems,
different problems have to be solved, such as nanoparticle stability in suspension [28] and
increment of viscosity [29]. Regarding the first issue and according to Awais et al. [29],
sedimentation and agglomeration of nanoparticles within nanofluids can produce fouling
on heat transfer surfaces and, therefore, higher pressure drops and damages in ducts,
pumps, etc. On the other hand, the use of nanoparticles, having an optimal shape, size and
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volume fraction in the base-fluid coupled with the addition of surfactants can improve the
suspension stability, avoiding the above problems [30].

The electrical potential at the shear slippage plane is called the zeta potential (ZP), and
its value aids in evaluating nanoparticles’ (NPs) stability in suspension [31,32], according
to Bogdan [33] and Lee [34]: indeed, particles in colloidal suspension tend to develop
a surface charge by the adsorption of ions from the base fluid. This superficial charge
is double-layer-structured, with a sliding surface located beyond the first layer. In the
nanofluid formulation used in this investigation, an anionic surfactant was used in order
to improve the stability. The stability of the aluminum oxide suspension depends on the
dispersant to modify the ZP and the surface repulsion between particles. In cases with
anionic dispersant, a ZP value higher than 25 mV (absolute value) is necessary to achieve
enough repulsion forces.

In the case of a sample at rest, the settling occurs over a long time, with 50% of particles
settled in 6 months.

Regarding the second issue (viscosity), it is important to remark that the variation in
nanofluid viscosity is directly proportional to the particles’ concentration in suspension. In
the nanofluid formulation, a volume of only 2% nanoparticles has been added to achieve
a very limited viscosity increment. Furthermore, the test campaign was carried out in a
large HVAC system, where the relevant diameter of the pipes and relevant size of the heat
exchangers limited the impact of viscosity increment on the pressure drop in the system.
Pantzali et al. [35] studied nanofluid use in industrial applications, mainly focusing on
the pressure drop increment related to the viscosity of the nanofluid. They concluded
that in the case of industrial heat exchangers and large pipes with turbulent flow, usually
developed inside, the substitution of conventional fluids by nanofluids had no relevant
incidence on pressure drops in the system.

In order to overcome the above discussed problems, this work was based on a
nanofluid composed of water–glycol and aluminum oxide (Al2O3) nanoparticles, hav-
ing a controlled size distribution (Dv90 = 617 nm) and good stability, that deliver efficient,
reliable, and consistent performance over a wide temperature range, with little effect on
viscosity, and, therefore, on system fluid pumping energy. Particularly, in [36] Colangelo
et al. developed dynamic simulations in order to compare the efficiency of two full-scale
HVAC systems (installed at the educational building “Corpo O” in the Campus of Uni-
versity of Salento, Lecce, Italy), working with a traditional water–glycol mixture and with
Al2O3-nanofluid, they found a numerical increment in efficiency of about 10%. As a follow-
up to that study, the objective of this work was to carry out an extended experimental
campaign on the same building in order to quantify, over a long period of time and under
real operating conditions, the increase in performance of the HVAC system due to the use of
nanofluids. These results will also allow the validation of the numerical results previously
found, verifying their congruence with the experimental measurements.

2. Test Conditions and Experimental Apparatus

The experimental campaign was carried out on an educational building, named
“Corpo O” (Figure 1), at the Campus of University of Salento, which is in Lecce, Italy at
latitude 40◦21′ and longitude 18◦10′.

The building consists of two symmetrical wings (left and right wings), each of which
has its own HVAC system. Each wing is composed of three floors: ground floor, first floor
and second floor, with a total area of 2400 m2 and a total volume of 13,163 m3. The HVAC
systems are used for air conditioning of offices and labs inside the building.
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Figure 1. Building “Corpo O” at Campus Ecotekne of the University of Salento in Lecce, Italy.

The experimental test campaign was focused on data acquisition during winter (heat-
ing mode) and summer (cooling mode).

2.1. Description of the Thermal System

Two symmetrical HVAC systems (named HVAC-1 and HVAC-2 in the following) are
installed on the roof of the building, and each system is used for thermal conditioning
of half of the building. Both systems are equipped with heat pumps (model CLIVET
WSAN-XEE 302 [37]), having the following technical specifications (Table 1).

Table 1. Characteristics of the heat pump CLIVET WSAN-XEE 302 [37].

Characteristics Value

Compressor
Type 2 Scroll
Refrigerant charge 8.28 L
Internal heat exchanger
Water flow 3.4 L/s
Maximum water flow 5.4 L/s
Pressure drop 41.9 kPa
Useful pump discharge 131 kPa
External heat exchanger
Fans 6
Standard air flow 6971 L/s
Installed power unit 0.18 kW
Expansion vessel
Capacity 5 l
Maximum pressure on the water 550 kPa
Storage tank
Inertial tank 130 L

Finally, each HVAC unit supplies three pipelines, through which the heat transfer
fluid is pumped:
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• Fan coils and radiator lines;
• AHU line.

2.2. Nanofluid Characteristics

In order to evaluate the increase in performance due to the use of a nanofluid as a heat
transfer fluid, in this study an aluminum oxide-based nanofluid has been loaded inside the
HVAC-1 system. This nanofluid has been chosen taking into account its high stability and
its low viscosity, which are comparable to the base fluid ones. Table 2 summarizes the main
specifications of the nanofluid.

Table 2. Specifications of the nanofluid.

Characteristics Value

Composition (% by weight):
Propylene Glycol 37
Performance Additives 2
Water 61
Color White
Odor Odorless
pH 10
Specific Weight (kg/m3) at 25 ◦C 1.079
Operating Range (◦C) −22 to 65
Freeze Point (◦C) −22
Burst Point (◦C) −51
Boiling Point (◦C) 105
Thermal Conductivity (W/m K) at 20 ◦C 0.471
Specific Heat (kJ/kg K) at 20 ◦C 3.51
Viscosity (mPa s) at 20 ◦C 4.74

The nanofluid was made of aluminum oxide nanoparticles at 2% in volume concentra-
tion and size distribution with Dv90 = 617 nm, with a density of 1079 g/L. Density is strictly
related to the particle concentration, therefore sample density has been measured over
the test campaign to monitor sedimentation phenomena inside the system. According to
regulation and restrictions, the use of propylene glycol in the composition of the nanofluid
for the test campaign comes from the necessity to avoid a toxic grade of glycol, as ethylene
glycol is.

The remaining 2% in weight are dispersants, anti-corrosion inhibitors and aluminum
oxide nanoparticles.

2.3. Test Instrumentation and Data Acquisition System

The coefficient of performance (COP) of each HVAC unit was calculated as the ratio
between thermal (Eth) and electrical (Eel) energy:

COP = Eth/Eel (1)

Therefore, the energy monitoring system required the installation of several instru-
mentations, such as electricity meters, temperature sensors and mass flow rate meters:

• electricity meters were used to measure current, tension, and electrical power absorbed
by the HVAC systems. Data were collected for all pumps and heat pumps by means
of the energy meter IME—NEMO D4—three phase (Figure 2). It measures active
energy and energy/power, with an accuracy of ±1% for active energy, conforming to
IEC62053-23, and ±2% for reactive energy, conforming to IEC61557-12;

• thermal energy was evaluated by measuring the heat transfer fluid mass flow rate
and its temperature at the heat pump inlet and outlet. In particular, the energy meter
Caleffi—Conteca Easy is an ultrasonic direct heat meter with two temperature probes,
with an accuracy of ≤0.05 ◦C and one flowmeter with an accuracy of ±2% according
to EN 1434 (Figure 3);
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• environmental measurements (indoor and outdoor air temperature and RH) were
carried out in order to analyze the heat pump performance under different meteoro-
logical conditions;

• all data were recorded using a dedicated PLC to acquire and to store the data, sampled
every 60 s by sensors, through the communication bus. Using the integrated web
interface, it was possible to monitor consumption and other data and review data
history (Figure 4).

Figure 2. Acquisition system for the electrical energy measurements IME—NEMO D4.

Figure 3. Drawing of the acquisition system for thermal energy Caleffi—Conteca Easy—Ultra.

2.4. Nanofluid Loading Procedure

The volume of heat transfer fluid within each HVAC thermal line was 1460 L. As the
final step in preparing the building for experimental testing, the concentration of propylene
glycol within the HVAC system (left and right wings of the building) was measured: it was
the same in both systems and equal to 30% vol.

Therefore, the nanofluid was loaded within the HVAC-1 system (left wing) only, up
to reach a nanoparticle concentration of 2% vol, leaving the right wing of the building
(HVAC-2) loaded with the conventional water–propylene glycol heat transfer fluid: this
approach allowed comparison of the performance of two identical systems, working with
different heat transfer fluids at the same time.
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Figure 4. HVAC system with data sensors positions and flowchart of test methodology.

3. Experimental Results

This paper summarizes and compares the heat pump performance, recorded in
three experimental tests, carried out from February 2020 to March 2021, according to
the following scheduling:

• first test (heating mode): 10 February 2020–9 March 2020;
• second test (cooling mode): 7 September 2020–25 September 2020;
• third test (heating mode): 27 November 2020–9 March 2021.

As this study referred to a real building, the parameters which can affect the per-
formance of the HVAC systems cannot be fully controlled. For this reason, in order to
minimize their effects, in this study the performance has been evaluated over a long period
of time, balancing as much as possible, oscillations related to stochastic variables.

3.1. February–March 2020 Results

In the first week of monitoring (from 10 February 2020 to 14 February 2020), the HVAC-1
and HVAC-2 systems were loaded with the same heat transfer fluid (water–glycol 30%
vol). During this period, a short database was acquired, to be used as reference data for
the experiment. Then, on 17 February, nanofluid was loaded in the HVAC-1 and the next
7 working days were used to balance both the heat pumps by performing preliminary tests.
After such balance, energy consumption comparison between both the machines was restarted
on 26 February and continued until 9 March.

Figure 5 shows the hourly COP comparison between HVAC-1 and HVAC-2, while
Figure 6 shows the average daily COP comparison and the daily COP ratio between
HVAC-1 and HVAC-2.
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Figure 5. Hourly COP comparison between HVAC-1 and HVAC-2 (10 February 2020–9 March 2020).

Figure 6. Average daily COP comparison and daily COP ratio between HVAC-1 and HVAC-2
(10 February 2020–9 March 2020).

In the first 3 days of monitoring (from 26 February to 28 February), after nanofluid
loading, the mean increase in performance was 9.36%. However, the best performances
were achieved in the last two weeks of experimental data acquisition, when the average
increase in performance was 10.8%. On 12 March 2020, the HVAC systems were shut off.

During the acquisition period, the density of the nanofluid was measured weekly
by sampling from the system in operation. Since it was 1079 g/L over the test period, a
constant concentration of 2% of nanoparticles was ensured inside the system fluid.
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3.2. September 2020 Results

Figures 7 and 8 show the experimental results in terms of mean hourly COP and
average daily COP obtained in September 2020. In this period, the HVAC machines worked
as chillers in cooling mode.

Figure 7. Hourly COP comparison between HVAC-1 and HVAC-2 (7 September 2020–25 September 2020).

 

Figure 8. Average daily COP comparison and daily COP ratio between HVAC-1 and HVAC-2
(7 September 2020–25 September 2020).

It can be seen that increments in terms of COP were recorded during the entire period
of experimentation, with lower values in the first week (average weekly increment equal
to 6.7%), middle values in the second week (average weekly increment equal to 7.7%), and
maximum values in the final week (average weekly increment equal to 11.2%), with a mean
value of 8.9% over the entire period.
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Nanoparticle concentration was measured before the data acquisition, in September. In
fact, before the test period, the system was stopped from April to September. In that period,
nanoparticle sedimentation occurred in the system. Density measured before the test
campaign was 1065 g/L, therefore concentration was 1.7% in volume. Total re-dispersion of
the nanoparticles was achieved after 29 h of the pumps being in operation, and the density
was again 1079 g/L, therefore the concentration was again 2% (Figure 9).

  
(a) (b) 

Figure 9. Nanofluid dispersion during weight measurements in lab. (a) Density = 1065 g/L before
pumps switched on. Concentration (1.7%); (b) Density = 1079 g/L after 29 h of running pumps.
Concentration (2.0%).

3.3. February–March 2021 Results

In order to confirm the results acquired during winter 2020, the previous heat transfer
fluid (water–glycol 30% vol) was reloaded within the HVAC-1 system and a long data set
was acquired, in order to compare the performance of the two systems over a long time
period (from 27 November 2020 to 5 February 2021). Therefore, on 8 February, the nanofluid
was reloaded again within the HVAC-1 system and the performance was monitored until
9 March 2021. Figure 10 shows the hourly COP comparison between HVAC-1 and HVAC-2,
from 1 January 2021 to 9 March 2021.

Figure 10. Hourly COP comparison between HVAC-1 and HVAC-2 (1 January 2021–9 March 2021).
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It can be seen that the hourly COP values related to the HVAC-2 (orange dots),
until 5 February are mainly higher than the HVAC-1 values. After loading the nanofluid
(8 February) the trend reverses, with blue dots over orange ones.

This effect is particularly visible in Figure 11, where a comparison of the instantaneous
COP is shown, following the loading of the nanofluid around noon. A significant increase
in HVAC-1 performance is evident, due to the heat transfer fluid change.

Figure 11. Instantaneous COP comparison between HVAC-1 and HVAC-2. Data acquired on
8 February 2021.

Finally, Figure 12 shows the average daily COP comparison and the daily COP ratio
between HVAC-1 and HVAC-2 from 27 November 2020 to 9 March 2021. Clearly, it can be
observed that during the entire experimental period, in which the two plants operated with
the same fluid (from 27 November to 5 February), the performance of HVAC-1 was worse
than HVAC-2, with an average COP1/COP2 ratio of 0.970. After the nanofluid loading, for
the period from 9 February to 9 March 2021, the COP1/COP2 ratio was 1.078, with a peak
of 1.121 and an average increase of 10.5%.

All the results shown in the above graphs demonstrate that the increased performance
of the HVAC-2 system is not due to favorable environmental conditions, but only to the
positive action of the nanofluid. The above discussed experimental results essentially agree
with the numerical results found by Colangelo et al. [36].

In order to better understand the results described above, the performances of the
HVAC-1 working with the base fluid and nanofluid have been investigated in depth and
compared. In particular, the data related to the period January–March 2021 have been
collected as a function of outside air temperature and fluid temperature at the inlet of
HVAC-1. These parameters have been chosen since they directly affect the heat pump COP.
Figure 13 shows the results.

As it can be seen, the COP was strongly influenced by the operating conditions of the heat
pump. Nevertheless, the performance growth between the base fluid (data until 5 February)
and nanofluid (data related to the following days) seems quite constant during the whole
period of experimentation and equal to 13% on average.
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Figure 12. Average daily COP comparison and daily COP ratio between HVAC-1 and HVAC-2
(27 November 2020–9 March 2021).

Figure 13. Average COP of HVAC-1 working with base fluid and nanofluid (January 2021–March 2021).

3.4. Practical Significance/Usefulness

The results of this work suggest that the use of nanofluids within hydronic HVAC
systems can have a big impact from an environmental, energetic and economic perspective.
In fact, taking into account the annual energy consumption of the building “Corpo O” [36],
it was possible to calculate annual energy savings equal to 50.2 MWh. According to the
Italian CO2 emission factor [38], it was possible to preliminarily evaluate an annual avoided
CO2 emission equal to 21.8 tons related to the use of the nanofluid.

Finally, it is important to remark that the replacement of the traditional heat transfer
fluid with a high performance nanofluid does not require important modification to the
HVAC plant, resulting in an easy and effective retrofitting of old systems.
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4. Conclusions

In this work, we investigated the performances of two full-scale HVAC systems,
installed at the educational building “Corpo O” in the Campus of University of Salento,
Lecce, Italy, working with a conventional water–glycol mixture and with Al2O3-nanofluid.
In particular, the nanofluid was composed of water–glycol and 2% vol aluminum oxide
(Al2O3) nanoparticles, having a controlled size distribution between 100 nm and 600 nm
and a controlled stable suspension during the operation in the system. Long term stability of
the nanofluid caused reliable and consistent thermal performance over a wide temperature
range with limited effects on viscosity.

The results obtained in three experimental campaigns allowed both to quantify the
performance increase due to the use of nanofluid instead of the conventional water and
glycol mixture:

(1) under real operating conditions, the increase in energy efficiency due to the nanofluid
of HVAC-1 with respect to HVAC-2, working simultaneously, has been on average
equal to 9.8% in winter and 8.9% in summer, with average daily peaks of about 15%.

(2) the comparison between the performance of the same HVAC system, working in
different comparable periods with and without nanofluid, shows a mean increase in
COP equal to about 13%

(3) nanofluid density was monitored over the period of the test. Constant density was
measured, and therefore a stable suspension of the nanofluid was found inside the
distribution system of HVAC-1.

Although the relationship between the HVAC system performance and the use of
nanofluids needs to be better investigated, the results of this work suggest that nanofluids
can significantly improve the performance of air conditioning systems.
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Abstract: Here, we report that mesoporous hollow carbon spheres (HCS) can be simultaneously
functionalized: (i) endohedrally by iron oxide nanoparticle and (ii) egzohedrally by manganese oxide
nanorods (FexOy/MnO2/HCS). Detailed analysis reveals a high degree of graphitization of HCS
structures. The mesoporous nature of carbon is further confirmed by N2 sorption/desorption and
transmission electron microscopy (TEM) studies. The fabricated molecular heterostructure was tested
as the anode material of a lithium-ion battery (LIB). For both metal oxides under study, their mixture
stored in HCS yielded a significant increase in electrochemical performance. Its electrochemical
response was compared to the HCS decorated with a single component of the respective metal oxide
applied as a LIB electrode. The discharge capacity of FexOy/MnO2/HCS is 1091 mAhg−1 at 5 Ag–1,
and the corresponding coulombic efficiency (CE) is as high as 98%. Therefore, the addition of MnO2

in the form of nanorods allows for boosting the nanocomposite electrochemical performance with
respect to the spherical nanoparticles due to better reversible capacity and cycling performance. Thus,
the structure has great potential application in the LIB field.

Keywords: battery; metal oxide nanoparticles; carbon spheres

1. Introduction

Due to a deteriorating environmental situation (e.g., global warming, and the gradual
depletion of oil and hard coal resources), the development of balanced and clean energy
resources is extremely important. Clean energy sources such as wind, sun and tidal energy
are preferred alternatives to fossil fuels, and they are best utilized with high-efficiency
energy storage technologies. Lithium-ion batteries (LIBs)are appealing storage sources due
to their unique characteristics, such as their extended life, energy density, low maintenance
costs, environmental friendliness and lack of memory effect [1,2]. Although the perfor-
mance of lithium-ion batteries continues to improve, their energy density, cycle lifetime
and productivity remain insufficient for large-scale applications in consumer electronics,
and transportation and storage of renewable energy. Much effort has been made to create
new electrode materials or to design unique electrode architecture to address the ever-
increasing demand for batteries with higher energy density and longer cycle life [3–7]. The
electrodes must maintain their integrity across multiple discharge–recharge cycles, which
is one of the challenges in their design. Li-alloying agglomeration or the formation of
passivation layers, which prohibit the fully reversible injection of Li ions into negative
electrodes, reduce the life spans of electrode systems [8,9]. Transition metal oxides (TMOs)
have recently found use as electrode material for energy storage devices including LIBs [10].
These materials exhibit a large theoretical specific capacity and high working potential
for LIBs (ca. 500–1000 mAhg−1) [11]. This is an advantage of TMO application due to the
prevention of lithium dendrite formation, which increases safe use.

Materials 2021, 14, 6902. https://doi.org/10.3390/ma14226902 https://www.mdpi.com/journal/materials
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TMOs such as SnO2 [12], Fe3O4 [13] and MnO2 [14] are characterized by a very high
theoretical capacity. Furthermore, due to its low cost and low environmental impact, iron
oxide is one of the most promising materials. Its disadvantage is that the Li reactivity
mechanism of transition metal oxides requires the formation and the decomposition of
Li2O, accompanying the redox reactions of metal nanoparticles [15]. During this conversion
reaction, there is usually a large change in volume, which can cause electrode fracture or
deterioration of electrochemical efficiency [16]. In order to address these issues, a carbon
material can be used, which can prevent both volume change and aggregation of the
nanoparticles [17]. In order to obtain high electrochemical performance, the carbon material
should possess advantages such as high surface area and high electronic conductivity.
A high surface area provides active sites for the pinning on or embedding of nanoparticles
on the carbon surface [18].

Mesoporous carbon materials are characterized by a large specific surface area, which
can reduce current density per area unit. Another advantage is the thin walls shorten the
diffusion paths. In addition, they are an acceptable electrode material due to low cost,
high chemical stability and good processing ability [19,20]. Mesoporous hollow carbon
nanospheres fully meet these requirements, and therefore, its application as a carrier of
metal oxide nanoparticles appears to be reasonable.

Herein, we present a facile synthesis method of hollow carbon nanospheres (HCS)
with two stages of functionalization using transition metal oxides (iron oxides in the form
of spherical nanoparticles and rod-like manganese dioxide) as advanced anode material for
high-performance LIBs. The prepared FexOy/MnO2/HCS nanocomposite combines the
advantages of empty carbon spheres, such as stability or adaptation to expanding volumes
during the cycle, with a high specific capacity of transition metal oxides.

2. Experimental

2.1. Synthesis of Mesoporous Core/Shell Structured Silica Spheres (SiO2@mSiO2 Spheres)

Core/shell silica spheres were used as a hard template to obtain HCS using our
previous reported method [12]. In a typical synthesis, ethanol (100 mL, P.P.H. Stanlab,
Lublin, Poland), tetraethyl orthosilicate (TEOS, Sigma Aldrich, Beijing, China) (4 mL)
and concentrated ammonia (28 wt.%, 6 mL, CHEMPUR, Piekary Slaskie, Poland) were
mixed and stirred for 24 h. Then, solid SiO2 spheres were dried for further use (SiO2).
To prepare the SiO2@mSiO2 spheres, 100 mg of SiO2 spheres were dispersed in water
(160 mL), ethanol (80 mL) and ammonia solution (28 wt.%, 0.67 mL). Then, 80 mg of the
surfactant cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, Beijing, China) and
0.37 mL of TEOS were added. After stirring for 24 h, the product was dried at 80 ◦C to get
SiO2@mSiO2 spheres.

2.2. Synthesis of Hollow Carbon Spheres (HCS)

A chemical vapor deposition (CVD) process was applied to prepared HCS. The core-
shell SiO2@mSiO2 was placed in an alumina boat in a tube furnace (Carbolite GERO, Hope,
UK) and a CVD process using C2H4 as the carbon source occurred for 1 h at 800 ◦C. After
synthesis, SiO2@mSiO2 covered by carbon was obtained (SiO2@mSiO2_C). To obtain HCS,
SiO2@mSiO2_C was treated by hydrofluoric acid (CHEMPUR, Piekary Slaskie, Poland) to
remove silica and then washed with water and ethanol several times. Finally, the carbon
product was obtained by drying the sample in a vacuum at 80 ◦C for 12 h.

2.3. Functionalization of HCS with Metal Oxides (FexOy/MnO2/HCS)

To store metal oxide in hollow carbon spheres, iron (III) nitrate nonahydrate (100 mg,
CHEMPUR, Piekary Slaskie, Poland) was dissolved in ethanol; added dropwise to the
100 mg HCS, stirring and heating to 50 ◦C; and then, placed in a furnace for 2 h at 400 ◦C.
Next, FexOy/HCS (40 mg) was added to a KMnO4 (40 mg, CHEMPUR, Piekary Slaskie,
Poland) solution in a round bottom flask. The reaction was carried out for 0.5 h at 70 ◦C.
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Then, the product was collected by filtration, washed two times with water and ethanol
and dried at 80 ◦C in a vacuum for 24 h.

2.4. Characterization

The FEI Tecnai F30 transmission electron microscope (TEM, FEI Corporation, Hillsboro,
OR, USA) with a field emission gun operating at 200 kV was used to investigate the mor-
phology of the samples. The elemental mappings were performed via energy-dispersive
X-ray spectroscopy (EDX, FEI Corporation, Hillsboro, OR, USA) as the TEM mode. Raman
spectra were collected with a Renishaw micro Raman spectrometer (λ = 785 nm, Renishaw,
Edinburg, UK). Thermogravimetric analysis (TGA) was carried out on 10 mg samples
at a heating rate of 10 ◦C/min from room temperature to 900 ◦C under air using a DTA-
Q600 SDT (TA Instruments, New Castle, DE, USA). X-ray diffraction (XRD) was conducted
on a Philips diffractometer (Malvern, Cambridge, UK) using Cu Kα radiation. The N2
adsorption/desorption isotherms were measured on a Micromeritics ASAP 2010M instru-
ment (Micrometrics, Tewkesbury, UK) at liquid nitrogen temperature (77 K). To compute
the specific surface area and pore size distribution, the Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) methods were used, respectively.

2.5. Electrochemical Measurements

The as-prepared FexOy/MnO2/HCS nanomaterials were used as electrode materials
for LIBs. To prepare the working electrode, active materials, acetylene black (C-NERGY™
SUPER C65, Timcal, Congleton, UK) and PVDF (Solvay Plastics, Warszawa, Poland) were
mixed in a weight ratio of 85:10:5. Subsequently, N-methyl-pyrrolidone (NMP, CHEMPUR,
Piekary Slaskie, Poland) was added to the powder to form a slurry. The working electrodes
were fabricated by coating the slurry onto copper foam (Sigma-Aldrich, Beijing, China)
and dried in a vacuum at 80 ◦C overnight. The testing coin cells were assembled with the
working electrode, metallic lithium foil (Sigma-Aldrich, Beijing, China) as a counter elec-
trode, NKK TK4350 film as a separator (Sigma-Aldrich, Beijing, China) and 200 μL LiPF6 in
1:1 ethylene carbonate (EC)/dimethyl carbonate (DMC) as the electrolyte (Sigma-Aldrich,
Beijing, China). The assembly of the cells was carried out in an argon-filled glovebox (M.
Braun Co., Garching, Germany). Electrochemical studies by means of cyclic voltammetry
(CV) and galvanostatic cycling with potential limitation (GCPL) were performed. The mea-
surements were executed on a VMP3 multichannel potentiostat (BioLogic, Seyssient-Pariset,
France) at room temperature.

3. Results and Discussion

The morphology and architecture of the HCS and the HCS with metal oxides were
presented (Scheme 1) and characterized using TEM analysis. Based on the TEM images
(Figure 1), it was found that the cores of solid silica spheres were ~250 nm in diameter.
The mesoporous shell has a thickness of ~100 nm. Therefore, the obtained HCS have a size
diameter of ~450 nm. The iron oxide nanoparticles were evenly distributed throughout the
hollow carbon spheres, and their size was ~15 nm. Microscopic analysis revealed that MnO2
was deposited onto HCS in a flat form of thin rods with an irregular surface (Figure S1).
Their diameter was ~20 nm while the size of the iron oxide was ~20 nm (Figure 2). To con-
firm the elemental composition of the sample, EDS mapping was performed. Figure 3
reveals that the Mn and Fe was distributed homogeneously of the carbon shell.
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Scheme 1. Scheme presentation of FexOy/MnO2/HCS synthesis.

Figure 1. Transmission Electron Microscopy (A) images of SiO2, (B) SiO2@mSiO2, (C) hollow carbon spheres, (D)
FexOy/MnO2/HCS and (E) the lab-scale lithium cell prototype.

Figure 2. High resolution TEM images of (A) MnO2 and (B) FexOy.

Figure 3. Scanning Transmission Electron Microscope image and high-angle annular dark-field scanning transmission elec-
tron microscopy and energy-dispersive X-ray spectroscopy (HAADF-STEM-EDS) mapping images of FexOy/MnO2/HCS.

In the next step, XRD patterns acquired from HCS, FexOy/HCS, MnO2/HCS and the
corresponding hybrid material of FexOy/MnO2/HCS were depicted (Figure 4). The black
line which corresponds to carbon spheres has significant and broad peaks at 2θ = 24.9◦ and
42◦ in response to graphitic carbon planes (002) and (100). FexOy/MnO2/HCS exhibits
further diffraction peaks which reflect the peaks appearing on the patterns of individual
components. The peaks at 2θ = 37.9◦ and 57.8◦ correspond to the (211) and (600) MnO2
planes, respectively [21]. Based on the obtained pattern, it was found that the sample
contains a mixture of iron oxides: Fe2O3 and Fe3O4. Diffraction peaks characteristic for
Fe2O3 were identified at 2θ = 24.4◦, 35.7◦, 44.2◦, 49.6◦ and 62.9◦. They are related to
the (211), (110), (024) and (214) planes [22]. Two peaks assigned to Fe3O4 were found,
at 2θ = 36.6◦ (311) and 2θ = 57.8◦ (511) [23].
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Figure 4. X-ray diffraction patterns of HCS, FexOy/HCS, MnO2/HCS and the hybrid material of
FexOy/MnO2/HCS.

First, the BET method was used to investigate the specific surface area of the HCS and
the corresponding hybrid composite. The N2 adsorption/desorption isotherms are shown
in Figure 5A. For HCS, the BET specific surface area is 571 m2/g. After functionalization
with metal oxides, the surface area decreased to 177 m2/g. A reduction in the specific
surface area is related to the fact that nanoparticles of iron oxide are both on the surface
and in the pores of nanospheres. Additionally, the presence of MnO2 on the surface of the
nanospheres may cause blockage of the pores [24]. From the adsorption branch, the related
mesopore size distribution determined using the BJH approach gives average pore sizes
at ~5.53 nm with a predominance of pores of a size at 2.2 nm in the case of the HCS, and
4.97 average pore size and most pores with size 2.57 nm for FexOy/MnO2/HCS (Figure 5B).
This result suggests the mesoporous nature of the material (Table 1).

Figure 5. (A) N2 adsorption/desorption isotherms and (B) pore size distribution of HCS and FexOy/MnO2/HCS.
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Table 1. Specific surface area, pore volume and pore sizes of hollow carbon spheres (HCS) and
FexOy/MnO2/HCS.

Sample SBET (m2/g) VTOTAL (cm3/g) Average Pore Size (nm)

HCS 571 0.20 5.53

FexOy/MnO2/HCS 177 0.06 4.97

The purity of HCS and the quantitative analysis of the nanocomposite was verified by
thermogravimetric analysis as shown in Figure 6A. At 540 ◦C, HCS began to decompose in
air. The weight loss accelerated as the temperature rose, until all the carbon spheres were
depleted at approximately 735 ◦C. HCS has an ash percentage of 0 wt.% after combustion
at 900 ◦C, indicating that it is of high purity. In comparison to the pristine HCS, the stability
of FexOy/MnO2/HCS was weaker. During heating, the nanocomposite burned at 230 ◦C
and ended at 430 ◦C. About 50 wt.% of the sample decomposed; thus, it can be concluded
that the metal oxides are half the mass of the sample. Raman spectroscopy is commonly
used to characterize all sp2 carbons. The Raman spectra of HCS and the corresponding
nanocomposite shows two prominent peaks at 1320 and 1600 cm−1 (Figure 6B). The former,
named D-band, reveals the defect of the C atomic lattice, while the latter peak, called G-
band, represents the stretching vibration of C atom sp2 hybrid plane. The relative intensity
of D to G provides an indicator for determining the in-plane crystallite size or the amount
of disorder in the sample [25,26]. Upon deposition of the metal oxides’ nanoparticles,
the relation between the D-band and G-band intensities increases; thus, additional defects
formed in the HCS structures.

Figure 6. (A) Thermogravimetric analysis profiles, and (B) Raman spectra of HCS and FexOy/MnO2/HCS.

The prepared materials (FexOy/MnO2/HCS) were further evaluated as anode material
for Li-ion batteries. The CV curves of the FexOy/MnO2/HCS electrode recorded at a
scan rate of 0.5 mV s−1 are shown in Figure 7A. During the first discharge cycle of the
FexOy/MnO2/HCS electrode, a strong reduction peak in cathodic scan was observed at
~0.5 V, which is in agreement with the reduction of Mn2+ and Fe3+ to their metallic states
due to the formation of Li2O, as illustrated in Equation (1),

FeMnO3 + 6Li+ + 6e− → Fe + Mn + 3Li2O (1)

accompanied by electrolyte decomposition into a solid electrolyte interphase (SEI) layer.
During the first anodic [27] charge process of the FexOy/MnO2/HCS electrode, only two
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anodic peaks (1.19 and 2.08 V) can be attributed to the oxidation of metallic Mn and Fe,
which are illustrated in Equations (2) and (3):

Fe + xLi2O − 2xe− → 2 FeOx + 2xLi+ (2)

Mn + xLi2O − 2xe− → 2 MnOx + 2xLi+ (3)

These two peaks shift to 0.75 and 0.3 V in the following reduction step, indicating
improved kinetics. The large peaks at 1.2 and 1.7 V in the charge process are attributable to
the two-step oxidation of Mn(0) and Fe(0) to MnOx and FeOx, respectively [28]. The two
pairs of reduction and oxidation peaks that correspond to the FeOx/Fe and MnOx/Mn
conversions appear to be well overlapped, indicating that the two-step electrochemical
reactions are highly reversible.

Figure 7. (A) cyclic voltammetry curves performed over a potential window from 0.05 to 3 V at a scan rate from
0.5 mVs–1, (B) galvanostatic charge/discharge profiles at a current density of 50 mAg−1 in the voltage range of 0.05–3.0 V,
(C) voltage–capacity curves, (D) gravimetric specific capacities vs. cycle number and (E) Coulombic efficiency of
FexOy/MnO2/HCS.

Figure 7B shows the first, the second and the fifth galvanostatic discharge/charge
curves of the FexOy/MnO2/HCS between 0.05 and 3.0 V (versus Li/Li+). The orange
line is attributed to the first cycle charge and discharge capacity of FexOy/MnO2/HCS
625 mAhg−1 and 1100 mAhg−1, respectively. It can be assigned to irreversible effects such
as the formation of the SEI layer. After cycling, thin SEI form on the FexOy/MnO2/HCS
electrode, and additional mesopores form in the hollow structure, resulting in the es-
tablishment of linked spaces that are conducive to fast Li+ ion and electron transport.
The stable SEI layer and hollow space on electrodes can help to stabilize lithiation/de-
lithiation and reduce mechanical deterioration caused by discharge volume expansion.
In the next step, the charge/discharge profile, with different current densities, was mea-
sured. The charge/discharge curves of the FexOy/MnO2/HCS composite at various rates
are shown in Figure 7C. On both discharge and charge profiles, multiple plateaus can be
seen, which are in good agreement with the CV curves. A sequential decay in reversible
capacities as the rate increases can be observed. The electrode delivered reversible capaci-
ties of 1100, 610, 320, 126, 75 and 42 mAhg−1 at current densities from 50 to 1000 mAg−1.
As shown in Figure 7D, the new anode material exhibits good Li+-ion storage capacity
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and cyclic stability at each current density from 50 to 1000 mAg–1. Notably, the fused
FexOy/MnO2/HCS presented much higher capacities at each stage compared to pris-
tine HCS. Charge-discharge profiles obtained by different applied current densities were
used to further study the rate behavior of the FexOy/MnO2/HCS electrode. As the rate
increased, there was a sequential decrease in reversible capabilities. Figure 7D shows
that the electrode delivered reversible capacities of 611, 323, 135, 83 and 46 mAhg−1 at
current densities from 50 mAg−1 to 1000 mAg−1. When the current density was reduced to
50 mAg−1, the capacity immediately returned to 675 mAhg−1. The above results indicate
that the hybrid material of the FexOy/MnO2/HCS electrode has an excellent rate capa-
bility. Additionally, the FexOy/MnO2/HCS electrode displays high CE, which in many
cycles exceeds 100% (Figure 7E). This can be associated with the irreversible side reaction
during the charge process or with an irregular amount of transported Li+ ions during
charge–discharge processes. In the first case, the side reaction can suggest more capacity is
generated than the amount of Li+ ions released from the active material. Capacity does
not reference the actual storage ability of the electrode; it is estimated based on coulomb
counting, e.g., to integrate current vs. time until the cut-off potential is reached. There-
fore, if there are any side reactions that consume current without affecting the voltage
(e.g., the charge is not actually intercalating to a site in the electrode), then this current is
integrated, adding to the capacity. If this occurs in the discharge step, then the Coulombic
efficiency (CE) result can be >100%. In the second case, if the Li+ ion is less intercalated
due to structural interference during the discharge process and the maximum amount of
Li-ion is released during the charge process, the CE may exceed 100%. Both scenarios can
lead to a gradual degeneration of the structure of the electrode active material and, thus,
to a reduced stability (Figure S2).

Hollow carbon spheres decorated by iron and manganese oxides with large surface
area and a conductive network enable high accessibility of the active material. FexOy/
MnO2/HCS composite initially reaches the full theoretical capacity, but degradation effects
lead to poor cycle stability. A comparison with the electrochemical performance of other
reported HCS composites with FexOy, or MnO2, shows that this is a promising approach
to optimize the cycling stability of the battery. Graphene-wrapped Fe3O4 synthesized
by Zhao et al. [29] shows a better charge/discharge capacity but not satisfying stability.
Zhu et al. [30] obtained porous olive-like carbon decorated by Fe3O4, which presented
lower dis- and charge capacities. Wu et al. [31] presented a novel foam-like Fe3O4/C
composite made with gelatin as the carbon source and ferric nitrate as the iron source using
a sol-gel process. As a result, the Fe3O4/C composite electrode demonstrates good rate
performance with a reversible capacity of 660 and 580 mAhg−1 at 3 and 5 ◦C, respectively,
whereas all composite manganese oxide/carbon presented lower capacity and stability
compared to our data [32,33]. Therefore, a combination of two oxides (iron and manganese)
significantly improved the capacity of obtained electrodes. The state-of-the-art process
provides information about the synergistic effect of such a combination [34]. The syner-
gistic effect of combining such components manifests in improving the reversibility of the
electrochemical reaction, buffering large distortions and stresses during discharge-charging
processes and preventing aggregation of the active material. This results in high reversible
capacity, excellent cycling performance and excellent rate capabilities. The unique MnO2
nanorods morphology has been reported as anode material for lithium-ion batteries [35–37].
This rod-like morphology is reported to enhance electrochemical properties and was proven
in our study. These features, along with the high performance of iron oxides, recommend
this hybrid structure as promising for boosting the performance of energy storage devices.

4. Conclusions

In summary, the present data demonstrate a facile route for the synthesis of a nanocom-
posite consisting of HCS and metal oxide hybrid material. The synergistic effect of the
components in FexOy/MnO2/HCS composite displays the enhancement of electrochemical
properties in comparison to pristine HCS. The addition of MnO2 nanorods boosts the
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reversible capacity and cycling performance. The discharge capacity of FexOy/MnO2/HCS
is 1091 mAhg−1 at 5 Ag−1, and the corresponding CE is as high as 98%. Therefore, the co-
existence of two metal oxides stored in HCS resulted in design of composite that has the po-
tential to be used as anode material for lithium-ion batteries with high cycling stability and
boosted performance in comparison to the single metal oxide functionalization approach.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ma14226902/s1, Figure S1: TEM images of MnO2 rods on the HCS surface; Figure S2: Cycling
stability at 100 mA/g.
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Abstract: Due to the rapid development of bendable electronic products, it is urgent to prepare
flexible anode materials with excellent properties, which play a key role in flexible lithium-ion
batteries. Although carbon fibers are excellent candidates for preparing flexible anode materials,
the low discharge specific capacity prevents their further application. In this paper, a hierarchical
porous and silicon (Si)/nitrogen (N) co-doped carbon nanofiber anode was successfully prepared, in
which Si doping can improve specific capacity, N doping can improve conductivity, and a fabricated
hierarchical porous structure can increase the reactive sites, improve the ion transport rate, and enable
the electrolyte to penetrate the inner part of carbon nanofibers to improve the electrolyte/electrode
contacting area during the charging–discharging processes. The hierarchical porous and Si/N co-
doped carbon nanofiber anode does not require a binder, and is flexible and foldable. Moreover, it
exhibits an ultrahigh initial reversible capacity of 1737.2 mAh g−1, stable cycle ability and excellent
rate of performance. This work provides a new avenue to develop flexible carbon nanofiber anode
materials for lithium-ion batteries with high performance.

Keywords: lithium-ion battery; flexible anode; hierarchical porous structure; Si/N co-doping;
high performances

1. Introduction

With the rapid development of bendable electronic products, such as flexible dis-
plays, wearable electronics and medical electronics, flexible energy storage systems with
higher energy density have become an urgent demand [1,2]. Lithium-ion batteries, as
energy storage devices, have attracted enormous attention due to their long cycle life,
fast charge–discharge, high energy density, and no memory effect [3–6]. Flexible anode
materials are a particularly important factor to obtain lithium-ion batteries with high elec-
trochemical performance [7,8]. Therefore, the development of flexible anode materials
with bendable function and excellent electrochemical performance has become one of the
research hotspots.
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Carbon fibers are one of the most widespread anode materials of flexible lithium-ion
batteries [9,10]. However, untreated carbon fibers make it difficult to achieve the high
performance demands of lithium-ion batteries due to their low reversible capacity. To
obtain high electrochemical performance, it is common to fabricate holes of different sizes
in carbon fibers [11–14]. Wang et al. reported that micropores can increase the number of
active sites of lithium storage and the ability of ion adsorption [15]. Guo et al. reported
that mesopores greatly enhance the capability rate and facilitate the transport of ions [16].
Chen et al. reported that abundant meso/macropores in carbon nanofibers can offer more
active sites for Li storage and facilitate electrolyte penetration of the inner part of carbon
nanofibers, improving the electrolyte/electrode contacting area [17]. In addition, element
doping is another measure of modifying electrode materials. Silicon materials have been
widely concerned because of their high theoretical capacity of 4200 mAh g−1 [18,19]. How-
ever, silicon materials undergo serious volume changes during the charging–discharging
process, which leads to particle pulverization and rapid capacity decay [20,21]. Silicon–
carbon composites can make use of the structural strength of carbon materials, so that the
volume change in silicon materials can be alleviated during the charging–discharging pro-
cess [22–25]. For example, Jang et al. prepared a pyrolytic carbon-coated silicon nanofiber
anode, which has high capacity and excellent cycling performance [26]. Xu et al. reported
a flexible 3D Si/C fiber paper anode with capacity of 1600 mAh g−1, which was synthe-
sized by simultaneously electro spraying nano-Si and polyacrylonitrile fibers, followed by
carbonization [27]. Traditionally, carbon materials are used to modify silicon materials to
obtain silicon-based anode materials with high electrochemical properties. Similarly, it may
be effective to use silicon materials to dope carbon fibers to obtain high-capacity carbon
fiber anodes. In addition, N doping was also used to improve the conductivity of carbon
materials [28–30]. However, it is difficult to fully meet the requirements of high electro-
chemical properties using a single modification strategy. Therefore, the synergistic effect of
various modification methods may be effective for the preparation of high-performance
carbon nanofiber anodes.

Based on the above analysis results, we prepared a hierarchical porous and Si/N co-
doped carbon nanofiber anode by novel gas–electric co-spinning technology in this work.
Si doping can improve the specific capacity, N doping can improve the conductivity, and
the fabricated micropores, mesopores and macropores can increase the number of reactive
sites, improve the ion transport rate, and enable the electrolyte to penetrate the inner part
of carbon nanofibers to improve the electrolyte/electrode contacting area during charging–
discharging processes. This modified carbon nanofiber anode does not require a binder,
and has the advantages of flexibility and foldability. Moreover, it exhibits a high initial
reversible capacity of 1737.2 mAh g−1, good capacity retention and outstanding rate ability.
This work provides a new avenue for the development of flexible lithium-ion batteries.

2. Experiment

2.1. Materials

The reagents used in this paper included: polyacrylonitrile (PAN) (solid, molecular
weight 150,000, Macklin), graphene (commercially available), N, N-dimethylformamide
(DMF) (liquid, analytical purity, Macklin), nano silicon particles (Si) (50 nm) and poly-
methylmethacrylate (PMMA) (solid, Macklin). These reagents were analytically pure so
could be used directly.

2.2. Preparation of Materials

The flow chart of preparation of the hierarchical porous and Si/N co-doped carbon
nanofiber anode materials is shown in Figure 1. Firstly, 0.1 g graphene, 2 g polyacrylonitrile
(PAN) and a certain amount of silicon were dissolved in 50 mL N,N-dimethylformamide
(DMF) and vibrated with ultrasound for 20 min. Then, the pore-making agent polymethyl-
methacrylate (PMMA) was added to this solution, heated at 70 °C using a water bath and
stirred for 10 h. The obtained precursor solution was continuously spun on the flat plate
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for about 1 h to obtain a fiber cloth by the gas–electric co-spinning method. The feed speed
was 4 mL h−1, the voltage was 5 kV, and the air flow was 10 Psi. Subsequently, the fiber
cloth was placed in a blast drying oven for pre-oxidation, in which the temperature was
raised from room temperature to 280 ◦C with a heating rate of 2 ◦C min−1 for 6 h. The
purpose of pre-oxidation was to make PAN undergo three chemical reactions: cyclization,
dehydrogenation and oxidation in this process, so as to make the carbon fiber cloth more
stable before carbonization. Finally, the fiber cloth was calcined at 950 °C under the protec-
tion of argon for 1 h, and then activated in ammonia for 30 min. High-temperature tubular
furnace was used to increase the temperature from room temperature to 200 °C with a
heating rate of 2 ◦C min−1, and then the temperature was reduced to room temperature to
obtain the hierarchical porous and Si/N co-doped carbon nanofiber anode materials.

 
Figure 1. The flow chart of preparation of the hierarchical porous and Si/N co-doped carbon
nanofiber anode materials.

In the process of preparing the materials above, by changing the mass ratio of
PAN:PMMA = 2:1, 2:2, 2:3 and 2:4, carbon nanofibers with different proportions of PMMA
were obtained (named CNFs-PMMA1, CNFs-PMMA2, CNFs-PMMA3 and CNFs-PMMA4,
respectively, according to the added PMMA masses of 1 g, 2 g, 3 g and 4 g). After determin-
ing the optimal amount of PMMA, according to the added Si mass (0%, 5%, 10% and 15%,
the mass ratio of Si/PAN), the hierarchical porous Si/N co-doped carbon nanofiber anode
materials were named CNFs-Si0%, CNFs-Si5%, CNFs-Si10% and CNFs-Si15%, respectively.

2.3. Materials Characterization

Microscopic morphology of the samples was observed using scanning electron mi-
croscopy (SEM, HITACHI-SU8220, Tokyo, Japan), and the corresponding element mapping
on the surface of materials was analyzed by an energy dispersive spectrometer (EDS). The
hole size distribution of samples was measured using a nitrogen adsorption–desorption
apparatus (BET, BELSORP-miniII, BEL Japan Inc., Osaka, Japan).

2.4. Electrochemical Measurements

The prepared anode sheet of lithium-ion batteries was a flexible carbon fiber, which
did not require binders to be added and did not have to be coated on the copper foil, com-
pared with traditional electrodes. The prepared hierarchical porous and Si/N co-doped
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carbon fiber, after being sliced, can be used directly as a battery anode. The weight of the
anode was ~0.76 mg, the diameter of the electrode was 9 mm, and the mass loading was
~1.2 mg cm−2. A metal lithium sheet was used as the counter electrode, the electrolyte was
added in the ratio EC:DEC:EMC = 1:1:1 (v/v) to the solvent containing 20% fluoroethylene
carbonate (FEC) and lithium hexafluorophosphate (LiPF6), and the separator was porous
polypropylene. The electrochemical experiments were carried out by using commercial
CR2032 cells at room temperature. The blue electric system (Land CT2001A, Blue Power
Company) was set to maintain constant current charge–discharge, and the voltage range
was from 0.01 to 3 V. The rate performance of batteries was tested at different current densi-
ties (0.05, 0.1, 0.2, 0.5 and 1 C, 1 C = 1000 mAh g−1). Princeton (PMC1000A) electrochemical
workstation was used to test the cyclic voltammetry (CV) in the voltage range of 0.01~3 V
with a scanning rate of 0.01 mV s−1. The electrochemical impedance spectroscopy (EIS)
tests were carried out in a frequency range between 0.1 Hz and 100 kHz with an amplitude
of 5 mV.

3. Results and Discussion

Figure 2a shows the digital photo of a hierarchical porous and Si/N co-doped carbon
nanofiber cloth, which is flexible and foldable. It can be used directly as a flexible lithium-
ion anode without the addition of binders. The microstructure of the carbon nanofiber cloth
is further tested, and the SEM images of CNFs-PMMA1 and CNFs-PMMA3 are shown in
Figure 2b,c. The diameter of the carbon nanofibers is about 400 nm and the fibers are cross-
linked. With the increase in the PMMA content from CNFs-PMMA1 to CNFs-PMMA3,
many macropores of different sizes emerge in the fibers. It is speculated that micropores
and mesopores may also exist in the fibers. However, it is difficult to judge whether there
are smaller holes through SEM images. Therefore, the pore size distribution is further
explored by a nitrogen adsorption–desorption test in the follow-up study.

 
Figure 2. (a) A digital photo of the hierarchical porous and Si/N co-doped carbon nanofiber cloth,
SEM images of (b) CNFs-PMMA1 and (c) CNFs-PMMA3.

To obtain the optimal addition content of PMMA, the cycle and rate performances
of CNFs-PMMA1, CNFs-PMMA2, CNFs-PMMA3, and CNFs-PMMA4 anodes in lithium-
ion batteries are tested, and the results are used as the basis for selecting the content
of PMMA. Figure 3a shows cycle performance curves of the four anodes at a current
density of 0.05 C, from 0.01 to 3 V. The CNFs-PMMA3 anode has the highest initial capacity
of 1437.2 mAh g−1 among the four anodes. After 100 cycles, the CNFs-PMMA3 anode
can still reach 985.3 mAh g−1. Figure 3b shows the rate performance curves of four
anodes. Compared with CNFs-PMMA1, CNFs-PMMA2, and CNFs-PMMA4 anodes, the
CNFs-PMMA3 anode shows excellent rate performance. The specific capacity of the CNFs-
PMMA3 anode is 1469.9, 1307.6, 1213.1, 956.3 and 686.3 mAh g−1 at the current density
of 0.05, 0.1, 0.2, 0.5 and 1 C, respectively. Therefore, the amount of PMMA added in
CNFs-PMMA3 is selected as the optimal result.
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Figure 3. (a) Cycle performance and (b) rate performance curves of CNFs-PMMA1, CNFs-PMMA2,
CNFs-PMMA3, and CNFs-PMMA4 anodes in lithium-ion batteries.

After determining the amount of PMMA, the effect of the silicon content on the hierar-
chical porous carbon nanofiber anode is further studied. The microscopic morphologies of
CNFs-Si0%, CNFs-Si5%, CNFs-Si10% and CNFs-Si15% materials are shown in Figure 4a–d.
These carbon nanofibers have a good fiber shape with a diameter of about 1 μm, which
are randomly intertwined to form a fiber cloth. With the increase in the Si content from
CNFs-Si0%, CNFs-Si5%, CNFs-Si10% to CNFs-Si15%, the white particles increase, due
to the agglomeration of nano silicon particles. The SEM image of CNFs-Si10% and the
corresponding EDS mapping of elements are shown in Figure 4e. Some holes exist in
the fiber, and the nanofiber is cross-linked. In addition, Si, C and N elements are evenly
distributed, indicating that Si and N are effectively doped in nanofibers. It is worth noting
that the N element is doped through ammonia activation during the experiment. It was
reported that N doping can improve the conductivity of carbon materials [28–30], which is
not discussed further in this work.

 

Figure 4. SEM images of (a) CNFs-Si0%, (b) CNFs-Si5%, (c) CNFs-Si10% and (d) CNFs-Si15%.
(e) SEM image and the corresponding EDS mapping of Si, C, and N elements in partial CNFs-Si10%.

Nitrogen adsorption–desorption curves of CNFs-Si0%, CNFs-Si5%, CNFs-Si10% and
CNFs-Si15% are shown in Figure 5a. When P/P0 > 0.4, a hysteresis loop appears in the
nitrogen adsorption–desorption curves of all samples, which belong to the IV isotherm.
The corresponding pore size distribution curves are shown in Figure 5b, which show that
all samples have micropores (pore size less than 2 nm) and mesopores (pore size between
2 and 50 nm), which aligns with the experimental expectation. Combined with the SEM
images and EDS mapping in Figure 4, this result indicates that a Si/N co-doped carbon
nanofiber anode with a hierarchical porous structure has been synthesized.
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Figure 5. (a) Nitrogen adsorption–desorption curves, and (b) the corresponding pore size distribution
curves of CNFs-Si0%, CNFs-Si5%, CNFs-Si10% and CNFs-Si15%.

Figure 6a shows cycle performance curves of CNFs-Si0%, CNFs-Si5%, CNFs-Si10%
and CNFs-Si15% anodes at 0.05 C, from 0.01 to 3 V, in lithium-ion batteries. The initial
capacity of CNFs-Si10% is 1737.2 mAh g−1, and still maintains a high reversible capacity
of 985.3 mAh g−1 after 100 cycles, which is the highest capacity among the four anodes.
CNFs-Si10% and CNFs-Si15% anodes have a high initial capacity, which can mainly be due
to the addition of Si with high capacity, compared with CNFs-Si0%. The capacity of CNFs-
Si15% anode decreases significantly after 20 cycles, because the nano-silicon in the materials
experiences large volume expansion with the increase in silicon content, destroying its
structure. The initial Coulombic efficiency of the CNFs-Si0%, CNFs-Si5%, CNFs-Si10% and
CNFs-Si15% anodes is only 49.72%, 50.24%, 77.82% and 50.74%, respectively. The low initial
coulombic efficiency is due to the fact that with the addition of the pore-forming agent
PMMA, the number of micropores increases, providing many reactive sites, thus forming a
high irreversible capacity with the formation of an SEI film with a large area during the first
charge–discharge process. After the first charge–discharge, the Coulombic efficiency of each
anode is close to stable, basically around 90%, which can be attributed to meso/macropores,
which can offer more active sites for Li storage and enable the electrolyte to penetrate the
inner part of carbon nanofibers, improving the electrolyte/electrode contacting area.

Figure 6b shows the rate performance curves of CNFs-Si0%, CNFs-Si5%, CNFs-Si10%
and CNFs-Si15% anodes in lithium-ion batteries at different current densities. The CNFs-
Si10% anode still exhibits excellent specific capacities of 1719.9, 1593.1, 1484.3, 1255.7 and
995.8 mAh g−1 at 0.05, 0.1, 0.2, 0.5 and 1 C, respectively. It can be seen that when the current
density changes to 0.05 C again, the specific capacity of the CNFs-Si10% anode is greater
than 1518.1 mAh g−1, indicating good rate performance. This is because the synergistic
effect of N doping and the hierarchical porous structure can improve the conductivity,
increase the reactive sites, and improve the Li-ion transport rate. The results of cycling
and rate performances indicate that proper silicon/nitrogen co-doping and hierarchical
porous structure regulation are important to improve the electrochemical performance of
carbon nanofiber anodes. To the best of our knowledge, the outstanding electrochemical
performances of the CNFs-Si10% anode are much higher than other reported flexible carbon
fiber anodes for lithium-ion batteries (Table 1).
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Figure 6. (a) Cycle performance and (b) rate performance curves of CNFs-Si0%, CNFs-Si5%, CNFs-
Si10% and CNFs-Si15% anodes in lithium-ion batteries. (c) The charge–discharge curves of the
CNFs-Si10% anode, (d) CV curves of the CNFs-Si10% anode, and (e) Nyquist plots of CNFs-Si0%
and CNFs-Si10% anodes in lithium-ion batteries.

Table 1. Electrochemical performance of flexible carbon fiber anodes for lithium-ion batteries reported
in this work.

Anodes Mass Loading (mg cm−2) First Reversible Capacity (mAh g−1) Cycle Performance (mAh g−1) Rate Performance (mAh g−1) Reference

V2O3/MCCNFs 1.5~2.5 790.6 (0.1 A g−1) 487.7 (5 A g−1, 5000 cycles) 456.8 (5 A g−1) [31]
In2O3@CF 1.4 510 (0.1 A g−1) 435 (0.1 A g−1, 500 cycles) 190 (1.5 A g−1) [32]

γ-Fe2O3/C films 1 923.97 (0.2 A g−1) 1088 (0.2 A g−1, 300 cycles) 380 (5 A g−1) [33]
am-Fe2O3/rGO/CNFs 1.5~2.0 825 (0.1 A g−1) 739 (1 A g−1, 400 cycles) 570 (2 A g−1) [34]

FeCo@NCNFs-600 1.77~2.65 736.3 (0.1 A g−1) 566.5 (0.1 A g−1, 100 cycles) 130 (2 A g−1) [35]
Sn@C@CNF 2 891.2 (0.1 A g−1) 610.8 (0.2 A g−1, 180 cycles) 305.1 (2 A g−1) [36]

NCNFs 7.64 752.3 (0.05 A g−1) 411.9 (0.1 A g−1, 160 cycles) 148.8 (2 A g−1) [16]
γ-Fe2O3@CNFs 2.0 1065 (0.5 A g−1) 430 (6 A g−1, 1000 cycles) 222 (60 A g−1) [37]

G/Si@CFs 0.65~1 1036 (0.1 A g−1) 896.8 (0.1 A g−1, 200 cycles) 543 (1 A g−1) [38]
C/CuO/rGO 1.30~1.95 550 (0.1 A g−1) 400 (1 A g−1, 600 cycles) 300 (2 A g−1) [39]
CNF@SnO2 1.77~3.54 793 (0.5 A g−1) 485 (0.1 A g−1, 850 cycles) 359 (4 A g−1) [40]

Fe3O4/NCNFs 1.33 686 (0.1 A g−1) 522 (0.1 A g−1, 200 cycles) 407 (5 A g−1) [41]
MoO2/C 85.7 752.5 (0.2 A g−1) 450 (2 A g−1, 500 cycles) 432 (2 A g−1) [42]

FCNF-3/4 1.0 775 (0.2 A g−1) 630 (0.2 A g−1, 100 cycles) 250 (5 A g−1) [43]
10-SnO2@CNFs/CNT 1.5–2.5 500.9 (0.1 A g−1) 460.3 (0.1 A g−1, 200 cycles) 222.2 (3.2 A g−1) [44]

ZnSe@CNFs-2.5 0.8–1.2 737.5 (0.1 A g−1) 426.1 (5 A g−1, 3000 cycles) 547.6 (5 A g−1) [45]
CNFs/CNTs 1.27 1500.5 (0.05 A g−1) 545 (0.2 A g−1, 400 cycles) 344.8 (2 A g−1) [46]

SnO2/TiO2@CNFs / 1061.2 (0.1 A g−1) 729.6 (0.1 A g−1, 150 cycles) 206.2 (3 A g−1) [47]
CNFs-Si10% 1.2 1737.2 (0.05 A g−1) 985.3 (0.05 A g−1, 100 cycles) 995.8 (1 A g−1) This work

Figure 6c shows galvanostatic charge–discharge curves of the CNFs-Si10% anode
during the 1st, 10th and 50th cycle at 0.05 C in the voltage range of 0.01–3 V. During
the first cycle, the charge–discharge capacity is 2232.5 and 1737.2 mAh g−1, respectively,
corresponding to an initial Coulombic efficiency of 77.82%. Irreversible capacity loss is
mainly due to the formation of the SEI film and the decomposition of the electrolyte during
the initial charge–discharge process [48]. From the 10th to 50th cycle, the discharge capacity
dramatically reduces from 1640 to 1421.7 mAh g−1, which may be due to the production
of a residual irreversible side reactant after charging and discharging multiple times. It is
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noteworthy that the Coulombic efficiency value increases to 95.7% and 96.6% during the
10th and 50th cycle, respectively.

To further appraise the lithium storage performance of the CNFs-Si10% anode, CV
curves of five initial cycles were obtained from 0.01 to 1.5 V at a scan rate of 0.1 mV s−1,
as shown in Figure 6d. During the first lithiation, generation of the SEI film and the
decomposition of the electrolyte could lead to a broad irreversible peak at 1.3 V, which
disappears in the following cycles. Subsequently, a sharp anodic peak below 0.1 V corre-
sponds to the phase transformation from Si to LixSi and lithium-ion insertion with carbon
nanofiber materials in the CNFs-Si10% anode [48]. Upon delithiation, two cathodic peaks
at around 0.31 and 0.5 V are attributed to the dealloying process of LixSi into Si, which is
consistent with the reported results [49]. In the second cycle, a broad anodic peak located
at around 0.19 V appears, which is associated with the lithiation of Si. In the following
cycles, the cathodic and anodic peak positions are consistent, indicating good concurrency
and reversibility. For the anodic peak at 0.19 V and the two cathodic peaks at 0.31 and
0.5 V, the current intensities gradually enlarge in subsequent cycles, corresponding to the
activation process as a result of the reaction of more active sites with lithium-ion [50]. This
phenomenon is typical for the Si-based anode for lithium-ion batteries [51,52]. The results
show that the CNFs-Si10% anode has good stability.

To further explore the effect of Si doping on the performance of lithium-ion batteries,
the EIS of CNFs-Si0% and CNFs-Si10% anodes were tested. Figure 6e shows the Nyquist
plots of CNFs-Si0% and CNFs-Si10% anodes in lithium-ion batteries. The curve consists
of an overlapping semicircle in the high-frequency region and an oblique line in the low-
frequency region. The semicircle at high frequency refers to the diffusion and migration
process of Li+ in the SEI, and the oblique line at low frequency represents the migration
impedance of Li+ in the active substance [53]. The semicircle of the CNFs-Si0% anode is
almost the same as that of the CNFs-Si10% anode, meaning that the small amount of silicon
doping does not reduce the impedance of CNFs. Compared with the CNFs-Si0% anode,
the CNFs-Si10% anode has a larger slope at low frequency. The larger the slope, the lower
the Li-ion diffusion resistance. Therefore, the CNFs-Si10% anode has a higher capacity and
lower lithium-ion diffusion resistance than the CNFs-Si0% anode. Meanwhile, the excellent
cycle and rate capability results of the CNFs-Si10% anode also show that the nano silicon
is dispersed in the porous of carbon fibers, and the porous structure can provide a buffer
space for the Si volume change during the Li deintercalation process [53,54].

4. Conclusions

In this work, we successfully synthesized hierarchical porous and Si/N co-doped
carbon nanofiber anodes. SEM images and nitrogen adsorption–desorption tests confirm
that a hierarchical porous structure exists in carbon nanofiber materials, and the EDS
mapping confirms that Si and N elements are doped into carbon nanofiber materials.
Compared with other anodes, the CNFs-Si10% anode obtained has a high initial reversible
specific capacity, high capacity retention, and excellent rate performance in lithium-ion
batteries. This excellent electrochemical performance is mainly due to the fact that Si doping
can improve specific capacity, N doping can improve conductivity, and the fabricated
hierarchical porous structure can increase the number of reactive sites, improve the ion
transport rate, and enable the electrolyte to penetrate the inner part of carbon nanofibers to
improve the electrolyte/electrode contacting area during charging–discharging processes.
This work provides a new avenue for developing flexible anode materials for lithium-ion
batteries with high performance.
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Abstract: We demonstrate a cross−linked, 3D conductive network structure, porous silicon@carbon
nanofiber (P−Si@CNF) anode by magnesium thermal reduction (MR) and the electrospinning meth-
ods. The P−Si thermally reduced from silica (SiO2) preserved the monodisperse spheric morphology
which can effectively achieve good dispersion in the carbon matrix. The mesoporous structure of P–Si
and internal nanopores can effectively relieve the volume expansion to ensure the structure integrity,
and its high specific surface area enhances the multi−position electrical contact with the carbon
material to improve the conductivity. Additionally, the electrospun CNFs exhibited 3D conductive
frameworks that provide pathways for rapid electron/ion diffusion. Through the structural design,
key basic scientific problems such as electron/ion transport and the process of lithiation/delithiation
can be solved to enhance the cyclic stability. As expected, the P−Si@CNFs showed a high capacity of
907.3 mAh g−1 after 100 cycles at a current density of 100 mA g−1 and excellent cycling performance,
with 625.6 mAh g−1 maintained even after 300 cycles. This work develops an alternative approach to
solve the key problem of Si nanoparticles’ uneven dispersion in a carbon matrix.

Keywords: porous silicon; flexible; binder−free; anode; Li−ion batteries

1. Introduction

Li−ion batteries (LIBs) are widely used in different fields as a new energy storage
technology, including portable electronic devices, electrical transportation, and even en-
ergy storage systems, owing to their high energy density, long cycle life, and environ-
mental friendliness [1]. Among all candidate anode materials, silicon (Si) is the most
promising anode for the next generation of high−capacity LIBs because of its high ca-
pacity (4200 mAh g−1), low platform working potential (~0.4 V vs. Li/Li+), and rich
natural resources [2,3]. However, the volume change (~400%) during the process of lithi-
ation/delithiation [4] and the low electrical conductivity severely limit its commercial
development. To mitigate or solve these critical problems, developing nanostructured
Si (nanotubes, nanowires, nanoparticles) and Si/C composites represents two effective
strategies [5,6]. The combination of high−capacity nanostructured Si with stable conduc-
tivity carbon can form a stable SEI and improve the electrode conductivity to obtain a
good rate performance and cycling stability [7]. However, nanostructured Si is easily
agglomerated, and an incomplete coating of carbon on Si leads to a poor Si–C interface
and dispersion and further influences the electrode conductivity and cycling stability [8].
Therefore, achieving a good dispersion of nanostructured Si in a carbon matrix is the key
problem in Si/C composite research [9].
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Porous silicon (P−Si) nanomaterials have attracted increasing attention owing to their
highly porous structure and high specific surface area which are of great significance for
enhancing the Li−ion transferring rate and cycling stability [10,11]. Developing porous
Si/C composites can exert synergy between the porous structure and carbon matrix [12].
The pores inside the silicon material can relieve the volume expansion and mechanical
stress during lithium storage. By dispersing P−Si into the carbon matrix, the overall
electronic conductivity of the material can be improved, and the irreversible capacity loss
caused by the side reaction can be reduced due to the less direct contact between the
porous silicon and electrolyte [13]. Guo et al. [14] fabricated a Si/C hybrid with P−Si
nanoparticles loaded in void carbon spheres. The nanoporous structure and special void
space are beneficial for the structure integrity and provide channels for the fast transport of
electrons/ions during the cycling. The obtained P−Si/C hybrid displayed an improved
electrochemical performance. Lu’s team reported a unique yolk–shell structure with a
graphene cage encapsulating mesoporous Si spheres. As excepted, the as−synthesized
P−Si/C composite displayed extraordinary lithium storage performance in terms of a high
specific capacity, a high rate capability, and excellent cycling performance [11].

In recent years, electrostatic spinning technology has been widely used to prepare flex-
ible, binder−free Si/C anode composites [15]. CNFs prepared by electrospinning exhibit
3D carbon frameworks with good mechanical strength, which can greatly accommodate the
volume change problem of Si, and can also build a conductive network to further improve
the conductivity. Most importantly, this flexible material can be cut into any shape and
used as an independent electrode directly without conductive additives, copper foil, and
polymer binders, which can greatly improve the energy density [16]. Chen et al. prepared
pyrolytic carbon−coated Si/C nanofibers (Si−C/CNFs) via electrospinning, carbonization,
and secondary thermal treatment. The Si/C−CNF composite exhibited a more stable cycle
performance due to the coating material and nanofiber structure. Si NPs were distributed
along the fibers, but the agglomeration was still evident [17]. Therefore, achieving a good
dispersion of Si NPs in a carbon matrix is the key problem of the Si/C structure.

Herein, we report a cross−linked, 3D conductive network structure, porous sili-
con@carbon nanofiber (P−Si@CNF) anode synthesized by magnesium thermal reduction
(MR) and the electrospinning method (Scheme 1). Firstly, P−Si NPs were prepared through
the MR process from SiO2 obtained by the well−established Stöber method. P−Si NPs can
preserve the original monodisperse spheric morphology of SiO2 which is beneficial to the
homogeneous dispersion of P−Si NPs in PAN fibers during the subsequent electrospinning
process. Meanwhile, the internal nanopores of P−Si can alleviate the volume change,
ensuring a uniform stress distribution and the integrity of the structure. Secondly, P−Si
NPs were dispersed in PAN to obtain P−Si@PAN fibers via a typical electrospinning pro-
cess. Thirdly, through a “pre−oxidation−slicing−carbonization” process, the final flexible,
binder−free P−Si@CNFs were obtained. In P−Si@CNFs, the higher specific surface area of
P−Si enhances the multi−position electrical contact with the carbon material to enhance
the overall conductivity. In addition, CNFs, serving as a 3D conductive framework, can
not only accommodate the volume expansion of Si but also accelerate the electron/ion
transfer. Additionally, P−Si@CNFs can be used as an independent electrode to obtain a
high capacity density.

This work develops an alternative approach to improve the uniform dispersion of Si
in a carbon matrix which is the key problem of traditional Si/C composites. The porous
structure of Si and its high specific surface area allow multi−position electrical contact
between Si and the carbon material to effectively realize enhanced electrical conductivity.
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Scheme 1. Schematic diagram of the synthesis mechanism of the P−Si@CNF anode.

2. Materials and Methods

2.1. Synthesis of SiO2 Microspheres

The chemical reagents used in this experiment were obtained from Sinopharm Group
Co., Ltd. (Shanghai, China). SiO2 microspheres were prepared using the well−established
Stöber method [18]. First, 200 mL ethanol–water mixture (VE:VW = 4:1) was prepared, and
ultrasonic treatment was performed for 3 h to form a uniformly dispersed solution. Then,
5 mL ammonia and 3 mL tetraethylorthosilicate (TEOS) were added separately into the
above solution and reacted for 24 h. SiO2 microspheres were collected by centrifugation,
washed with ethanol–water, and vacuum dried for 12 h.

2.2. Synthesis of P−Si NPs

In the typical MR process, magnesium powders (Mg 99%) and the obtained SiO2
microspheres (Mg:SiO2 = 1:1) were uniformly mixed well and placed on the end of a
graphite boat. Sodium chloride (NaCl: SiO2: = 9:1) was placed on the other side. The
graphite boat was placed in the center of the quartz tube of the tube furnace (Kejing,
Shenzhen, China), heated to 750 ◦C at a rate of 5 ◦C min−1 in an Ar/H2 (5 % H2) atmosphere,
and maintained for 6 h. After cooling to room temperature, 1 mol L−1 hydrochloric acid
(HCl) was used to remove NaCl, magnesium oxide (MgO), and other impurities. Finally,
the P−Si powders were collected by centrifuging three times with ethanol and vacuum
drying for 12 h.

2.3. Synthesis of P−Si@CNFs

P−Si@CNFs were synthesized via a typical electrospinning process. Firstly, the P−Si
obtained above and 0.5 g polyacrylonitrile (PAN, Mw = 150,000) were dispersed in 4.5 g N,
N−DimethylFormamide (DMF) solvent and stirred for 12 h. Then, electrospinning was
operated at a voltage of 17.5 kV with a flow rate of 0.75 mL h−1. The collected film was
named P−Si@PAN. Secondly, the film was heated to 250 ◦C for 2 h for pre−oxidation at
the rate of 2 ◦C min−1 in air. Then, the film was sliced into wafers with a diameter of 1 cm.
Finally, the wafers were heated to 850 ◦C for carbonization for 2 h in an Ar atmosphere.
The denoted samples and corresponding synthesis conditions are listed in Table S1.

3. Results and Discussions

The X−ray diffraction (XRD) patterns of SiO2 by the well−established Stöber method
and the reduced P−Si NPs via the MR process are shown in Figure S1. The broad peak
located at about 25◦ relates to amorphous SiO2. After the MR process, three distinct diffrac-
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tion peaks located at the 2θ values of 28.4, 47.2, and 56.1◦ were assigned to the crystalline
Si phase of the (111), (220), and (311) planes, respectively (JCPDSNO.27−1402) [19,20],
suggesting that the spherical amorphous SiO2 synthesized by the Stöber method was
reduced [21]. The respective XRD patterns of P−Si@CNFs−100, 150, and 200 are shown in
Figure 1a. Obviously, besides the typical peaks of Si, the broad peak at 25◦ related to the
(002) plane was observed in the three samples due to the amorphous carbon produced by
the pyrolytic carbonization of PAN [22].

Figure 1. (a) XRD pattern, (b) Raman spectra, and (c) TGA curves of P−Si@CNFs−100, 150, and 200
in air, and (d) high−resolution spectrum of Si 2p of P−Si@CNFs−150.

The Raman spectra of P−Si@CNFs−100, 150, and 200 are exhibited in Figure 1b. The
peak at around 500 cm−1 relates to Si. The peak at around 1357 (D band) is due to structure
defect− and disorder−induced features in the graphene layers of the carbon, and the peak
at 1584 cm−1 is attributed to the high−frequency E2g first−order graphitic crystallites of
the carbon [23]. The calculated ID/IG results of P−Si@CNFs−100, 150, and 200 were all
calculated as 0.94. In P−Si@CNFs, the D band is attributed to amorphous carbon derived
from the PAN pyrolytic carbonization and corresponds to the broad diffraction peak at 25◦
in XRD.

To further clarify the proportion of Si content in the composite, thermogravimetric
analysis (TGA) was operated under oxygen at the rate of 10 ◦C min−1. Figure 1c shows the
TGA curves of P−Si@CNFs−100, 150, and 200. The substantial weight loss between 500 and
700 ◦C was due to the combustion of amorphous carbon coming from PAN. After 800 ◦C,
the weight increased slightly due to the oxidization of P−Si. Thus, the C content coming
from PAN in the P−Si@CNFs−100, P−Si@CNFs−150, and P−Si@CNFs−200 composites
was calculated as 74.15, 68.76, and 63.53%, respectively. The corresponding Si content
was 24.81, 29.99, and 35.01%, respectively. The TGA curve of the comparative sample
Si@CNFs−150 is shown in Figure S2. This sample had about 28.12% Si content, which is
similar to the above curves.
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The elemental composition of P−Si@CNFs−150 was determined by XPS. Figure S3
shows the spectra, confirming the presence of C 1s, O 1s, and Si 2p. Figure 1d reveals
the spectrum of Si 2p. It is subdivided into Si−Si including Si2p1/2 (98.5 eV) and Si2p3/2
(97.6 eV), Si−C (101.5 eV), and Si−O (102.7 eV) [24]. The spectra of C 1s and O 1s are
shown in Figure S4. In Figure S4a, the spectrum of C 1s is divided into C−Si (283.1 eV),
C−C (283.6 eV), and C−O (284.3 eV) [25,26]. In Figure S4b, the spectrum of O 1s is divided
into O−Si (531.8 eV) and O−C (532.7 eV) [3]. Si−O may come from the residual silica of
the MR process and the surface oxidization of the reduced Si [11].

The scanning electron microscopy (SEM) images of the monodisperse spheric SiO2 by
the Stöber method with a diameter of around 200 nm are shown in Figure S5a. The spheric
shape was preserved after the MR process (Figure S5b). The images of P−Si@CNFs−100,
150, and 200 are displayed in Figure 2. Only few P−Si NPs are distributed in the CNFs
in Figure 2a,b. As the content of P−Si increased to 150 mg (Figure 2c,d), P−Si NPs were
completely dispersed in the CNFs with little agglomeration. As the P−Si content increased
to 200 mg, P−Si NPs presented a distinct agglomeration phenomenon (Figure 2e,f). It can
be concluded that P−Si@CNFs−150 with particles uniformly scattered along the CNFs
is expected to exhibit good electrochemical performance with the optimum P−Si content.
When using commercial Si NPs instead of P−Si, severe particle agglomeration along the
CNFs was presented in the comparative sample Si@CNFs−150 (Figure S6). Compared
with the commercial Si NPs (80 nm), P−Si with around a 200 nm diameter maintained the
original monodisperse spherical morphology, which is beneficial to the uniform dispersion
of Si in CNFs.

Figure 2. SEM images of (a,b) P−Si@CNFs−100, (c,d) 150, and (e,f) 200.

The transmission electron microscope (TEM) images of SiO2 and the corresponding
P−Si are displayed in Figure 3a–c. Figure 3b,c reveal that P−Si presented a spheric mor-
phology and was composed of nanosized Si particles with diameters of 5–10 nm. The clearly
porous structure can shorten the Li−ion diffusion paths, buffer the Si volume expansion,
and facilitate the multi−site contact between the Si and conductive carbon. The Si NPs in
Si@CNFs−150 are agglomerated together in Figure S7. Figure 3d shows a typical fiber of
P−Si@CNFs−150. It can be found that P−Si NPs were fully embedded and dispersed in
the CNFs. The edge of the particles in the CNFs was unsmooth, which confirms the porous
structure of P−Si compared with the SiO2 nanospheres directly dispersed in the CNFs
(Figure S8). In Figure 3e, the high−resolution transmission electron microscopy (HRTEM)
image further illustrates that the D−spacing of 0.31 nm was related to Si (111) [27–29].
The photo of P−Si@CNFs−150 is shown in Figure 3f. This sample proved to be a flexible
electrode due to its good flexible characteristics withstanding multiple bending events.
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Figure 3. TEM images of (a) SiO2, (b,c) P−Si via the MR process, and (d) P−Si@CNFs−150,
(e) HRTEM image of P−Si@CNFs−150, and (f) photo of the flexible P−Si@CNFs.

Figure 4a exhibits the cyclic voltammetry (CV) curve of P−Si@CNFs−150 for the first
three cycles. The broad peak at about 0.7~0.85 V in the initial cathodic cycle (lithiation)
was attributed to the formation of the irreversible SEI layer and disappeared in the next
cycle [30]. The peak at about 0.18 V was due to the lithiation of Si [31]. Correspondingly,
the oxidative peak at approximately 0.5 V was due to the dealloying of Li4.4Si [32]. The
peaks in the reductive and oxidative cycle became stronger, ascribed to the Li ion diffusion
and the electrical conductivity of the electrode.

Figure 4b shows the initial charge/discharge results of P−Si@CNFs at a current
density of 100 mA g−1. According to the first discharging and charging capacity pro-
cess, P−Si@CNFs−100, 150, and 200 displayed an outstanding capacity of 1100.9 and
808.8 mAh g−1, 1552.9 and 1241.5 mAh g−1, and 1728.7 and 1374.9 mAh g−1, with the
corresponding initial coulomb efficiencies (ICE) of 73.46, 79.94, and 79.53%, respectively.
From the second cycle, the voltage platform between 0.5 and 0.8 V disappeared, which
is consistent with the result of the CV curve, confirming that the generated SEI film was
stable [33]. The discharge/charge curve of P−Si@CNFs−150 for the first five cycles is
shown in Figure S9. The CE reached 95.89% after the second cycle and then increased to
98.02% in the fifth cycle. In addition, the voltage stretch was maintained well in the cycle,
which indicates that the electrochemical efficiency was greatly improved.

The cycling property of P−Si@CNFs−100, 150, and 200 at 100 mA g−1 is shown
in Figure 4c. After 100 cycles, they displayed a reversible capacity of 680.8, 907.3, and
691.7 mAh g−1, respectively. In contrast, P−Si@CNFS−150 displayed a relatively high re-
versible capacity and better capacity retention owing to the optimal Si content. Si@CNFs−150
delivered poor cycling properties due to the serious aggregation of Si NPs. Figure S10
shows the long−term cycle performance of P−Si@CNFS−150 at 100 mA g−1, where it
maintained a special reversible capacity of 625.6 mAh g−1 after 300 cycles, which is consis-
tent with the SEM analysis discussed before. P−Si@CNFS−150 exhibited better dispersion
along the CNFs, and the homogeneous mesoporous structure can effectively accommodate
Si volume expansion. We disassembled the battery after cycling and show its photo and
SEM images in Figure S11. No obvious cracks can be seen, and the electrode microstructure
maintained its integrity even after long cycling.
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Figure 4. Electrochemical properties: CV profiles of P−Si@CNFs−150 (a), discharge/charge
curves (b), cycle life of P−Si@CNF samples and Si@CNFs−150 at a current density of 100 mA g−1

and Coulombic efficiency of P−Si@CNFs−150 (c), and rate performances of P−Si@CNF samples and
Si@CNFs−150 (d).

Moreover, the rate performance of P−Si@CNFs−100, 150, and 200 carried out at
different current densities is displayed in Figure 4d. Obviously, P−Si@CNFs−150 exhibited
the best rate performance. Even after a high current density of 2 A g−1, the average
reversible charge capacity still reached 420.3 mAh g−1. When P−Si@CNFs−150 was cycled
at 100 mA g−1 again, it still had a high reversible capacity (906.7 mAh g−1), confirming the
structure stability. P−Si@CNFs−200 displayed a higher initial reversible specific capacity
but showed a worse rate performance due to the much higher P−Si content. The excellent
rate performance of P−Si@CNFs−150 was attributed to the high specific surface area of
P−Si which enhances the multi−site electrical contact with the CNFs, resulting in improved
electrical conductivity. Table S2 shows the Brunauer−Emmett−Teller (BET) surface area,
pore volume, and average pore size of P−Si@CNFs−150 and Si@CNFs−150. The surface
areas of the two samples were 261.67 and 229.35, respectively. Obviously, P−Si@CNFs−150
with multiple pores can facilitate the penetration of the electrolyte into the composite
structure and shorten the Li ion diffusion paths. Figure S12 shows the schematic diagram
of the mechanism of lithiation and delithiation. The P−Si@CNF composite presented a
cross−linked 3D conductive framework structure. The original monodisperse spheric
morphology realized P−Si uniformly dispersed along the CNFs during the electrospinning
process. Meanwhile, the internal nanopores of P−Si effectively alleviated the volume
expansion and maintained the structure integrity; thus, the cycling performance was
obtained. On the other hand, the Li ion and electron transfer was effectively accelerated
owing to the CNF conductive framework and thus improved the electrode rate performance.
Additionally, the flexible electrode film obtained by electrospinning can be easily sliced
for use as an independent electrode and makes a high capacity density possible. The
comparison with other silicon carbon fiber anodes is shown in Figure S13. P−Si@CNFs−150
exhibited a superior capacity and cycling stability, which proves its good structural design.
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4. Conclusions

In conclusion, a flexible P−Si@CNF electrode with a cross−linked 3D conductive
framework microstructure was prepared by the process of magnesium thermal reduction
and electrostatic spinning. The optimized P−Si@CNFs with 29.99% Si displayed an excel-
lent capacity (907.3 mAh g−1) after 100 cycles at 100 mA g−1. Even after 300 cycles, they
also maintained a unique capacity of 625.6 mAh g−1. The outstanding cyclic stability was
attributed to their unique microstructure and flexible characteristics. The reduced P−Si
from the MR process exhibited a mesoporous structure which can not only relieve the
stress and strain caused by volume expansion but also increase the multi−site electronic
contact site between the Si and C, effectively enhancing the overall electrical conductivity.
More importantly, P−Si obtained from the reduction of SiO2 preserved the single−sphere
dispersion in CNFs which is the key factor in structural stability. Overall, the structural
design in this work effectively improves the key homogeneous dispersion problem of Si/C
composites and has a great prospect in the future application of Si/C anodes in LIBs.
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Abstract: In this work, unsupported Pd aerogel catalysts were synthesized for the very first time by
using microwaves as a heating source followed by a lyophilization drying process and used towards
formic acid electro-oxidation in a microfluidic fuel cell. Aerogels were also made by heating in a
conventional oven to evaluate the microwave effect during the synthesis process of the unsupported
Pd aerogels. The performance of the catalysts obtained by means of microwave heating favored the
formic acid electro-oxidation with H2SO4 as the electrolyte. The aerogels’ performance as anodic
catalysts was carried out in a microfluidic fuel cell, giving power densities of up to 14 mW cm−2

when using mass loads of only 0.1 mg on a 0.019 cm2 electrode surface. The power densities of
the aerogels obtained by microwave heating gave a performance superior to the resultant aerogel
prepared using conventional heating and even better than a commercial Pd/C catalyst.

Keywords: unsupported aerogel; microwave heating; microfluidic fuel cell; electro-oxidation

1. Introduction

Noble metals have been widely used as electrocatalysts for energy conversion devices,
including fuel cells, water electrolysis, and metal–air batteries [1]. Fuel cells supply energy
in a similar way as batteries, although they do not require charging and operate as long
as fuel is provided [2,3]. Fuel cells fed with formic acid supply electricity and heat, based
on the electrochemical oxidation of fuels in the anode and the reduction of oxygen in the
cathode, where H2 is formed [4,5]. Pd nanostructures have been used specially in direct
formic acid fuel cells that are considered green energy sources for portable electronics
and hybrid vehicles due to their high open-circuit voltage, safety and reliability, and
low fuel crossover effect, including Pd nanoparticles supported on graphene [6], since
nanostructures have simple morphology [7] until hybrid variation of Pd–Cu [8] and Pd–
Co [9]. Although these supported materials have great performance towards formic acid
oxidation (FAO), the carbonaceous support is still a problem when working with devices
that work at high voltages.

Conventional formic acid fuel cells usually employ a physical barrier for the separation
of electrodes, which presents many limitations such as membrane fouling and clogging [10].
Therefore, fuel cells working with microfluids would take advantage of laminar flow as a
fluid separator and avoid the use of membranes and their drawbacks [11]. Microfluidic
fuel cells have the advantage of being portable and of carrying out small-scale processes
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offering high efficiency of energy conversion. The development of this type of device allows
to incorporate the electro-oxidation of formic acid for diverse technological applications on
a small scale [12]. On the other hand, miniaturizing the cell may reduce fabrication costs.
A study has recently presented a novel microfluidic fuel cell (MFC) that incorporates the
innovation of using a laminar flow instead of the conventional solid membrane to separate
the fuel and oxidant [13]. Hence, the membrane-related issues are eliminated in this new
MFC, which also offers savings in the manufacturing costs. However, it is still necessary to
develop effective materials for these types of devices.

The use of catalysts for generating hydrogen from formic acid could minimize the
dependence on lithium batteries in a large number of mobile devices [7]. Formic acid can
be decomposed catalytically according to the following reactions:

HCOOH(l) → H2 (g) + CO2 (g) (1)

HCOOH(l) → H2O(l) + CO(g) (2)

Noble metals have been extensively studied as catalysts due to their high efficiency,
non-toxicity, and stability. Particularly, Pd is widely used in anodes for FAO [9,10]. The
synergistic effect of the metallic phase and oxyphilic properties of the Pd surface provides
active sites for adsorption and dissociation of formic acid besides providing promoters of
oxygen-containing species at low potentials [14,15]. There are a great number of Pd-based
catalysts in the bibliography for acid formic oxidation, however, improving their activity is
still a requirement in order to be implemented in fuel cells.

Mesoporous materials with low density and a greater number of active sites such as
aerogels would allow the use of less mass of the catalyst and, at the same time, to provide
a high catalytic activity [12–14]. Noble metal aerogels have approximately 90% air and
very low contents of the active metal which reduces the cost of the catalysts [15,16]. These
materials are commonly obtained by a sol-gel process and supercritical drying [16,17],
however, other techniques such as lyophilization allow promising aerogel qualities [18].
Lyophilization, like supercritical drying, shows high efficiency in the formation of metallic
aerogels [19–21]; this has been demonstrated in works such as Cu(II) cryogels [22] and
Pd/CeO2-ZrO2 alloy aerogels that have been used in the reduction of CO [23] poly(3-
sulfopropylmethacrylate) (p(SPM)) cold gels for H2 production and mostly organic aerogels
as supports for other catalytic materials [24–26].

The aerogel synthesis in this work was implemented under microwave radiation. This
heating technology allowed, not only the saving of processing time that is usually associated
with this type of heating but also to obtain materials with homogeneous and controlled
low particles. This fact is quite advantageous, as the particles are usually obtained with
more heterogeneous and big particle sizes when the materials are prepared under long
conventional heating. The microwave heating allows heating of the bulk precursor solution
without gradients, which favors a very good dispersion of nucleation points for the reaction
occurring and therefore a better control of the final particle size. Furthermore, the use of
microwaves may also influence some chemical reactions and the final products may present
some chemical differences in comparison with the ones obtained by conventional heating.
In this work, the use of microwave heating provides many benefits such as facile synthesis
of homogeneous and low particle size synthesis of Pd aerogels, with high activity towards
the oxidation of formic acid in an MFC due to their unique physicochemical characteristics.

2. Experimental

2.1. Pd Aerogels Chemical Synthesis

The synthesis of Pd aerogels was carried out by adding 10 mL of a 2 mg/mL solution
of PdCl2 (99%, Sigma-Aldrich ReagentPlus®, anhydrous powder, St. Louis, MO, USA)
in deionized water into a solution of 240 mg of sodium carbonate (≥99.5%, J.T. Baker®)
and 40 mg of glyoxylic acid monohydrate (98% Sigma-Aldrich) (ratio 6:1) in 40 mL of
deionized water at 67.5 ◦C (Figure 1) for two hours in all cases. Two different devices were
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used as a heating source for this initial step of the reaction: conventional heating in a lab
oven (CON) and microwave heating (MW). In the case of microwave heating, the reaction
temperature was controlled by a thermocouple introduced in the precursor mixture and
connected to a proportional–integral–derivative (PID) temperature controller installed in
the microwave oven.

Figure 1. Procedure for obtaining aerogels using the sol-gel methodology in this work.

Once the first reactions took place, the reduction reaction and gelation process were
also carried out by heating the mixture either by conventional heating (CON) or microwave
heating (MW) under different operating conditions (i.e., 45 ◦C or 67 ◦C and 7 h or 24 h),
as described in Table 1. After the gelation process, hydrogels were washed several times
using deionized water and ethanol to remove the organic residues in the aqueous solution.
Before submitting the clean samples to the lyophilization process, they were frozen with
Liquid N2, with a volume of 3 mL of deionized water and finally they were dried in a
lyophilizer (LYO). A conventional drying in a lab oven (CON) was also performed for
comparative proposes.

Table 1. Synthesis procedures and operating conditions to obtain the aerogels of this work.

Sample
Synthesis at

67.5 ◦C for 2 h
Heating Reduction

Device
Reduction
Conditions

Drying
Device

PdA-CC CON CON 24 h/45 ◦C LYO
PdA-MC MW CON 24 h/45 ◦C LYO
PdA-MM MW MW 7 h/45 ◦C LYO

PdA-MMT MW MW 7 h/67 ◦C LYO
PdA-CON CON CON 24 h/45 ◦C CON

2.2. Physicochemical Characterization

The morphology of the Pd aerogels was characterized using a JEOL JEM-2100F high-
resolution transmission electron microscope (HR-TEM) with spherical aberration correction
and a scanning electron microscope (SEM, Quanta FEG 650 microscopes from FEI). The
crystal structures were measured by X-ray diffraction (XRD; D8-advance diffractometer
Bruker) equipped with a CuKα X-ray source (λ = 0.1541 nm, 40 kV, 40 mA), using a step size
of 0.02◦ 2θ and a scan step time of 5 s. The specific surface area and the pore size distribution
were determined by nitrogen adsorption–desorption isotherms at −196 ◦C (Micromeritics
ASAP 2020), after an overnight outgassing at 120 ◦C. The electronic structure of elements
was measured by X-ray photoelectron spectroscopy (XPS; K-Alpha+ spectrometer equipped
with the Avantage Data System from Thermo ScientificTM, Waltham, MA, USA).
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2.3. Electrochemical Measurements
2.3.1. Electrocatalytic Activity in Half-Cell Configuration

The electrochemical evaluation of the Pd aerogels was carried out in a Biologic VMP3
Potentiostat/Galvanostat using a conventional three-electrode electrochemical cell in acid
media at a scan rate of 20 mV s−1. A glass-carbon electrode (3 mm) was used as the
working electrode, Hg/Hg2SO4 electrode as the reference electrode, and Pt wire as the
counter electrode. The electrocatalyst ink was prepared using each aerogel sample in a
mixture of 500 μL of deionized water and 50 μL of Nafion® (5%) per milligram of catalyst.
The ink was sonicated for one hour and then 5 μL were deposited over the electrode surface.
A similar ink was prepared using commercial Pd/C (20%, Sigma Aldrich, St. Louis, MI,
USA) as catalyst and it was used for comparison. The electrolyte was bubbled with N2 for
30 min before the electrochemical measurement.

The electrochemical profile for each sample was obtained in cyclic voltammetry (CV)
experiments in 0.5 M H2SO4 within a potential range of 0–1.4 V vs. RHE, where the faradaic
processes were visible in a current (i.e., J) that was tested by mg of catalyst.

2.3.2. FAO Performance

The electrocatalytic activity of the Pd aerogels towards FAO were tested by cyclic
voltammetry (CV) in a 0.5 M of HCOOH in 0.5 M H2SO4 electrolyte. As for the electrocat-
alytic activity in the half-cell configuration, at potential range between 0 and 1.4 V vs. RHE
was explored. The results were also compared with the FAO electrocatalytic activity of a
commercial reference (Pd/C 20%, Sigma Aldrich).

2.3.3. Stability Performance

The stability performance was carried out by a chronoamperometry (CA) technique at
0.3 V vs. RHE for 24 h at nitrogen atmosphere.

2.3.4. Evaluation of the Microfluidic Fuel Cell System

The description of the MFC used for these experiments has been previously re-
ported [27]. Both the anode and cathode were Pd aerogel samples deposited on Toray
carbon paper-060 (TCP) with a transversal area of 0.02 cm2. The electrocatalyst loading was
0.1 mg for both electrodes. Linear sweep voltammetry (LSV) was performed by injecting
0.5 M HCOOH with H2SO4 as the electrolyte in the anode with the evaluated catalyst; and
0.5 M H2SO4 in the cathode with commercial Pt/C as previous studies reported its best
performance [19]. A flow rate of 200 μL min−1 was used in the test, i.e., Figure 2.
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Figure 2. Microfluidic system for formic acid electro-oxidation.

3. Results and Discussion

3.1. Physicochemical Characterization

The route selected in this paper, i.e., in situ reduction and subsequent fusion, is one of
the two common strategies found in the literature for the preparation of Pd aerogels [28–31].
This route is essentially a one-pot synthesis that significantly shortens and simplifies the
metal nanoparticles aerogels. The aerogels are thus synthetized by mixing noble metal
salts (PdCl2 in our case) with a strong reducing agent, typically NaBH4, LiAlH4, hydrazine,
sodium citrate, tannic acid or, in our case, glyoxylic acid monohydrate (combined with
a base). The two reactants lead to the Pd2+ to Pd0 reduction at moderate temperatures,
typically around 60 ◦C. Under these conditions, the metal nanoparticles in the sol state tend
to aggregate until the stability of the solution is compromised and turned into a gel state
(Figure 1). The hydrogel obtained after the Pd aggregation is finally washed several times
using deionized water by carefully exchanging the supernatant to ensure the integrity of
the formed hydrogel but minimizing the presence of impurities (remnant salts and organic
matter) and dried either using supercritical CO2 extraction or, in our case, lyophilization.

Glyoxylic acid monohydrate (combined with a base) is a popular reducing agent in
the electroless copper plating [32], and it has been used before in the synthesis of metal
aerogels [31]. Although the mechanism of the Pd reduction is not fully understood, it is
plausible that the contribution of the glyoxylic acid is twofold according to the following
equations. First, the disproportionation of the glyoxylic acid in a basic medium occurs:

2OCHCOOH + H2O → HOCH2COOH + HOOC-COOH (3)

The oxalic acid would then react with the PdCl2:

HOOC-COOH + PdCl2 + Na2CO3 → Pd(COO)2 + 2NaCl + H2CO3 (4)

Finally, the palladium oxalate would be reduced by the glyoxylic acid [32]:

Pd(COO)2 + OCHCOOH + 2OH− → Pd + 2C2O4
2− + H2O + 2H+ (5)

In this work, the yield of the Pd aerogel synthesis was 67%.
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The XPS analysis was performed to evaluate the composition and electronic structure
of the four Pd aerogels obtained. Figure 3 displays their core-level binding energy Pd
3d5/2 (336.8–337.0 eV) and Pd 3d3/2 (340.0–341.0 eV) XP spectra [21,33]. For all samples,
each peak can be deconvoluted into two contributions: 335.0 and 340.2 eV for metallic Pd;
and 337.0 and 342.4 eV for Pd2+ [34]. XPS data revealed that Pd0 is the main species on
the Pd aerogels surface for PdA-MMT. The high-resolution Pd XPS profiles of samples
PdA-CC and PdA-MM are very similar pointing out that the microwave heating produces
an analogous reduction process but with a remarkable saving of time (i.e., 7 h vs. 24 h,
see Table 1). In addition, it can be also observed that the Pd metallic phase on PdA-MMT
aerogel is higher than that on the other samples. This analysis shows that the ratio between
Pd0 and Pd2+ favors Pd0 when the aerogels were prepared by microwave heating, and
this would probably be one of the main reasons for high stability and performance of that
catalyst, as it will be shown below. Therefore, increasing the temperature from 45 ◦C to
67 ◦C during the reduction stage would be preferred because it brings about a greater
quantity of metallic Pd0.

Figure 3. XPS of the Pd aerogels obtained.

76



Materials 2022, 15, 1422

Powder X-ray diffraction (XRD) measurements were performed to evaluate the crys-
tallinity of Pd aerogels samples. Figure 4 illustrates the XRD patterns of the synthesized
catalysts. In all XRD patterns, two major diffraction peaks appear at about 40.1◦ 2θ and
46.6◦ 2θ, which are ascribed to the (111) and (200) reflection planes of metallic Pd, respec-
tively [35]. These peaks agree with a face-centered cubic crystal structure of Pd (JCPDS#
46-1043) [36]. In addition, the crystallite size was calculated using the Scherrer equation:

d111 =
Kλ

β111 cos θ

θ / 
Figure 4. XRD of Pd aerogels samples.

The crystallite sizes for the PdA-CC, PdA-MC, PdA-MM, and PdA-MMT samples
were 10.3, 7.2, 6.9, and 7.6 nm, respectively.

The use of microwaves reduces the size of the Pd crystallites, the minimum size
being obtained when microwave was used as the heating method in the two stages of
the synthesis. The size of the crystal is significantly smaller when using microwaves
as a heating method because this heating process is volumetric and heat gradients are
minimized. Thus, the reaction occurs uniformly in the precursor mixture. This means that
under microwave heating, there are multiple crystallization spots in the precursor solution,
whereas in conventional heating, the temperature gradient produces less crystallization
spots that grow to form larger particles.

The morphologies of the Pd aerogels were characterized by SEM and the images are
presented in Figure 5c–f.
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Figure 5. Physicochemical analysis. BET analysis of Pd aerogels: (a) N2 adsorption isotherms;
and (b) pore size distribution. SEM of Pd aerogels: (c) PdA-CC; (d) PdA-MC; (e) PdA-MM; and
(f) PdA-MMT.

The aerogels obtained present a three-dimensional porous network anchored with
nanochains which are extremely thin and make the material look like a sponge with a wide
pore size distribution in the range of mesopores and macropores, i.e., Figure 5a,b.

All samples present a similar morphology, although sample PdA-MM (i.e., Figure 5c)
seems to present the most open 3D structure. Slight differences in morphology between the
different metallic Pd aerogels are attributed, again, to the heating technology applied in
their synthesis. Thus, a finer distribution of particles appears in the material synthesized
and reduced by microwave heating. This can be explained in Figure 6f where it is observed
that the distribution of heat within the solution, by the radiation of microwaves, allows
the reaction to occur homogeneously. Instead, larger particles are formed by conventional
heating due to the fact that the heat distribution begins at the edges and causes the reaction
to occur in an inhomogeneous way, resulting in larger particles that decrease the BET
surface area in the aerogels.

TEM images at different magnifications show chains of particles surrounding pores
of different sizes. The spherical nanoparticles in those chain structures present different
lengths depending on the treatment performed during the synthesis of the aerogels. Particle
diameters of up to 30 nm for the aerogels were synthesized in the conventional oven, i.e.,
Figure 6c, whereas particles less than 9 nm in diameter are characteristic of samples
synthesized in MW (Figure 6d–f). To understand the effect of heating on the particle size,
the normal distribution of the widths was analyzed, the trend of the means for each sample
analyzed is observed in the histograms, being 15.3 nm for PdA-CC, 6.2 nm for PdA-MC,
and 5 nm for PdA-MM and Pd-MMT. Therefore, a smaller particle size is attributed to the
effect of microwave heating.
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Figure 6. TEM micrographs of Pd aerogels. (a) PdA-CC, (b) PdA-MC, (c) PdA-MM, (d) PdA-MMT,
(e,f) crystallographic patterns observed in PdA-MMT aerogel, and (g) heating effect on the particle
size of Pd-CC and Pd-MMT aerogels.

According to the different structures observed by SEM and TEM, different porosity
and therefore availability of reactive surface area of the aerogels studied was expected,
which could be relevant for their further use in electrochemistry. Porous properties of
samples were investigated by nitrogen adsorption–desorption isotherm at −196 ◦C (see
Figure 5a). The isotherms of the aerogels are of type II according to the IUPAC classification,
which are characteristic of meso–macroporous materials [36] according to the low volume
of adsorption at low relative pressures, the sharp increase in the adsorption at high relative
pressures, and the absence of a hysteresis loop. Furthermore, the pore size distribution
reveals a high volume of mesopores (i.e., 2–50 nm) and macropores (i.e., >50 nm) as can
be seen in Figure 5b. The surface area of the samples was determined using the BET
equation, giving relatively low values due to the lack of microporosity (i.e., pores < 2 nm) in
these samples: 45, 65, 75, and 77 m2g−1 for PdA-CC, PdA-MC, PdA-MM, and PdA-MMT,
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respectively. Nevertheless, a trend to increase the BET surface area is observed if microwave
heating is used in the different steps during the synthesis.

3.2. Electrocatalytic Performances

The electrocatalytic activity for aerogels samples were evaluated using cyclic voltam-
metry (CV). First, electrochemical profiles were obtained in a 0.5 M H2SO4 aqueous solution
at ambient conditions with a sweep rate of 20 mVs−1 (Figure 7a). The peaks detected are
attributed to (i) the hydrogen desorption in the 0.1–0.25 V range, (ii) hydrogen adsorption
at 0.23 V, (iii) reduction of Pd (II) oxide at 0.65–0.75 V, and (iv) formation of Pd (II) oxide at
1–1.2 V. All these phenomena are present in the cyclic voltammograms of all Pd aerogels.
However, the use of microwave radiation during any of the synthesis steps clearly improves
the electrochemical activity of the materials.

Figure 7. Cont.

80



Materials 2022, 15, 1422

Figure 7. Electrochemical performance. (a) Pd aerogels profiles in 0.5 M H2SO4; (b) comparison
between the aerogels in FAO; (c) stability performance on Pd-MMT vs. Pd/C; (d) PdA-MMT CV
before and after the CA for 24 h; (e) FAO performance between PdA-CON, PdA-MMT, and Pd/C;
and (f) MFC performance for the best aerogels obtained (PdA-MMT), a commercial catalyst (Pd/C)
and an in-lab catalyst obtained by conventional procedure (PdA-CON).

To quantify this improvement, the electrochemical active surface area (ECSA) was
evaluated on the electrode surface of each catalyst. The values of ECSA for the samples
studied in this work were estimated from the cyclic voltammograms (i.e., Figure 7a) by
using the reduction charge of Pd (II) oxide according to the following Equation (2):

ECSA =
Qm

mPdedm

where, Qm denotes coulombic charge (Q per μCcm−2) for the reduction of Pd (II) oxide
achieved by integrating the charges related to the reduction of Pd (II) oxide for the different
samples; mPd is the mass amount of Pd loaded (g cm−2) on the GC electrode surface and
edm is a constant (424 μC cm−2), which corresponds to the reduction of a Pd (II) oxide
monolayer [37].

The ECSA values of the Pd aerogels samples depicted in Figure 7a are shown in
Table 2. ECSA values for PdA-CON and the commercial Pd/C catalyst are also included
for comparative purposes. As expected from the cyclic voltammograms, there is a great
increase in the electrochemical active surface area for the samples prepared using MW. The
lower particle size detected by TEM, the lower size of the crystals detected by XRD, and the
higher content of the Pd0 evaluated by XPS, in samples obtained using microwave heating
show clearly that this process has a huge impact on the electrochemical performance of
the resulting Pd aerogels. In other words, by means of microwave heating instead of
conventional heating for the synthesis of Pd aerogels, the innovation presented in this work,
not only the is the processing time reduced but also the electrochemical behavior of these
materials is notably enhanced.

Table 2. Electrochemical active surface area (ECSA) values for the samples studied.

Sample ECSA (m2/g)

PdA-CON 1.3
PdA-CC 22.1
PdA_MC 22.1
PdA-MM 22.8

PdA-MMT 28.5
Pd/C 16
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This is further corroborated when performing the CV experiments in an electrolyte
containing formic acid (i.e., Figure 7b). The evaluation of FAO was carried out in the same
range of potential as the CV tests (0.0–1.4 V vs. RHE, see Figure 7a). Comparison of the
electrochemical profiles with FAO curves recorded by GC electrodes clearly demonstrated
that Pd aerogels offered strong peaks for the electro-oxidation at room temperature condi-
tions [38]. The maximum current values during FAO occur at 0.4 V vs. RHE. Again, the
effect of using microwave heating for the synthesis of the Pd aerogels clearly increases
their activity in the electro-oxidation of formic acid. Thus, a maximum mass current (J)
of 1750 mA mg−1 was for the PdA-MMT sample; in the case of PdA-MM and PdA-MC
materials, values of 1200 and 1190 mA mg−1 were respectively obtained, being the lowest
performance for a PdA-CC sample with 700 mA mg−1. On the other hand, it seems clear
that increasing the temperature of the reduction step from 45 ◦C to 67 ◦C makes a difference
in the formic acid oxidation activity (see Figure 7b).

As for the formic acid electro-oxidation mechanism with these Pd aerogels, the re-
action occurs following two parallel paths, one giving rise to CO2 at reasonably low
overpotentials through the so-called active intermediate and a chemical dehydration step
leading to adsorbed CO, which will be oxidized to CO2 at higher potentials [39]. The
peaks between 0.2 and 0.6 V for all Pd catalysts (Figure 7d) represent a direct pathway
(HCOOH → COOHads/HCOOads + H+ + e− → CO2 + 2H+ + 2e−), while the peaks ranging from
0.7 to 0.9 V represent an indirect pathway (HCOOH → COads + H2O → CO2 + 2H+ + 2e−) [40].
Since the maximum electrochemical activity of all Pd aerogels studied was measured at ca.
0.4 V, the direct pathway is clearly favored in this case.

The best sample, PdA-MMT, obtained in this work was also compared with the Pd/C
commercial catalyst (20 wt%) and PdA-CON in order to show the benefits of using the
novel synthesis presented in this work (i.e., microwave heating during the synthesis and
lyophilization as the drying procedure). To analyze the catalytic activity of PdA-MMT
versus Pd/C, the maximum current intensity shown in Figure 7e should be compared. It
can be seen that a current density near to 1900 mA mg−1 was observed for the aerogel
against almost 300 mA mg−1 for Pd/C. Whilst in the case of the behavior of the PdA-MMT
vs. the PdA-CON sample, a significant increase in electrochemical activity was detected for
the PdA-MMT sample (see Figure 7e).

In order to characterize not only the activity but also the stability of the PdA-MMT
sample, a test was carried out for 24 h on this sample and the commercial catalyst Pd/C
(Figure 7c,d). The results reveal that the great activity of the sample obtained in this work
(PdA-MMT) is totally maintained and stable with time.

3.3. Microfluidic Fuel Cell Performance

A microfluidic fuel cell was used for testing samples to verify their activity under real
operating conditions, using 0.5 M formic acid with 0.5 M H2SO4 as the electrolyte for the
anodic reaction. Three materials have been tested, namely, PdA-MMT, PdA-CON, and the
commercial Pd/C catalysts used as reference materials. Linear sweep voltammetry is a
specific electrochemical protocol to discriminate the catalytic activity of the anode materials.
The microcell works by pumping 200 μL min−1 of the electrolyte fuel (0.5 M HCOOH in
0.5 M H2SO4) into the anode, and 200 μL min−1 of only 0.5 M H2SO4 into the Pt/C cathode.
Both electrodes were normalized to a mass charge of 0.1 mg of each material over an area
of 0.019 cm2. The polarization curves were obtained for stable open circuit voltage (OCV)
and values registered for the PdA-MMT, Pd/C, and PdA-CON samples were 0.88, 0.9,
and 0.84 V, respectively. The power density obtained in Figure 7f shows favorable results
for the aerogel obtained by MW heating. Small bubbles could be detected on the anode
during the experiment, corresponding to the generation of hydrogen. The mass current
of the PdA-MMT aerogel is almost three times higher than the commercial Pd/C catalyst
(i.e., Figure 7e), corroborating, again, the superior performance of the aerogels obtained by
using microwave heating during the synthesis. The superior catalytic activity of PdA-MMT
may be attributed to the most active Pd surface. The use of microwave heating during the
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synthesis of the aerogels leads not only to a better morphology of the aerogels but also to a
higher content of metallic Pd0. Previous studies reveal that Pd2+ species are catalytically
inactive for FAO [41]. Therefore, the use of microwave heating has a determinant influence
on the production of effective Pd aerogel catalysts.

Table 3 shows the performance of other microfluidic devices from the bibliography in
comparison with the one used in this work with the Pd catalyst obtained by the innovative
method presented. It may be observed that the configuration used in this work using
PdA-MMT as anodic material allows to obtain extremely higher yield per mass of catalyst
in terms of density power.

Table 3. Anodic catalyst comparison.

Anodic Catalyst
Formic Acid

Concentration
Mass Loading/mg cm−2 OCV/V J/mA cm−2 W Max/mW cm2 Reference

Pd/C 0.5 M 0.7 0.9 7.4 2.9 [42]
Pd/C 0.5 M 0.1 0.9 43 10.5 This work

Pd/MWCNT 0.5 M 1.3 0.9 9.1 2.3 [43]
Pd50Co50/MWCNT 0.5 M 1.2 0.9 5.9 1.75 [38]

PdA-MMT 0.5 M 0.1 0.88 118.3 14 This work
Pd/graphene 0.5 M 2 0.7 30 15.2 [26]

Pt/CNx 0.5 M 1 1.1 9.79 3.43 [44]
Pt-Ru 3 M 3 0.47 1.2 12.5 [45]
Au-Pt 1 M - 1.2 28 12 [46]

Pd 0.5 M 10 0.95 125 26 [47]
Pt 0.5 M - 1.1 8 2.2 [48]

4. Conclusions

The use of microwave heating during the synthesis, followed by lyophilization as
the drying step, renders Pd aerogels with a particle size smaller than 5 nm in anchored
chains. Furthermore, Pd0 species are generated in a greater proportion when microwave
heating is used during the synthesis. These facts demonstrate that the sample obtained
by microwave heating presents a much higher electrochemical active surface area, thus
favoring the formic acid electro-oxidation reaction. The PdA-MMT sample showed a three-
times superior performance in a microfluidic fuel cell than a commercial Pd/C catalyst,
reaching current densities of up to 118.3 mA cm−2.

This result shows that the innovative synthesis route presented in this work, using
microwave heating for the synthesis process, leads to the production of very competitive
aerogels to be used as electrocatalysts.
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Abstract: As newly emerged 2D layered transition metal carbides or carbonitrides, MXenes have
attracted growing attention in energy conversion and storage applications due to their exceptional
high electronic conductivity, ample functional groups (e.g., -OH, -F, -O), desirable hydrophilicity, and
superior dispersibility in aqueous solutions. The significant advantages of MXenes enable them to be
intriguing structural units to engineer advanced MXene-based nanocomposites for electrochemical
storage devices with remarkable performances. Herein, this review summarizes the current advances
of MXene-based materials for energy storage (e.g., supercapacitors, lithium ion batteries, and zinc ion
storage devices), in which the fabrication routes and the special functions of MXenes for electrode
materials, conductive matrix, surface modification, heteroatom doping, crumpling, and protective
layer to prevent dendrite growth are highlighted. Additionally, given that MXene are versatile for self-
assembling into specific configuration with geometric flexibility, great efforts about methodologies
(e.g., vacuum filtration, mask-assisted filtration, screen printing, extrusion printing technique, and
directly writing) of patterned MXene-based composite film or MXene-based conductive ink for
fabricating more types of energy storage device were also discussed. Finally, the existing challenges
and prospects of MXene-based materials and growing trend for further energy storage devices
are also presented.

Keywords: MXenes; energy conversion and storage; flexibility device methodologies

1. Introduction

The increasingly prominent climate changes and limited availability of fossil fuel
issues have stimulated a tremendous amount of research interest in highly efficient and
clean energy storage and conversion devices [1–5]. The development of new classes of
advanced two-dimensional (2D) layered materials, including graphene, MoS2, phospho-
rene, have promoted tremendous technological progress in those energy resources (e.g.,
supercapacitor, different-type metal ion batteries (MIBs)), which are attributed to their
extraordinary properties [2,6–17]. The enhancement in the performance of these devices
by incorporating layered materials indicated that the 2D materials commonly possess the
following two unique characteristics:

(i) The large interlayer spaces within the layered structures could provide abundant
ion transport pathways, promote the ions’ intercalation and diffusion, and limit the
volume change during the charge/discharge process [18].

(ii) The layered structures could provide high carrier mobility [19], which ensures high
electrical conductivities. Thus, 2D materials represent the most intensively and
successfully investigated materials for energy storage devices.

Energies 2021, 14, 8183. https://doi.org/10.3390/en14238183 https://www.mdpi.com/journal/energies
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As a novel family of transition metal carbides, carbonitrides, or nitrides, (e.g., Ti2CTx,
Ti3CNTx, V2CTx), MXenes have attracted particular research enthusiasm since their discov-
ery in 2011 [20]. The delaminated MXenes have elevated research on the novel 2D materials
to a new era in the energy related fields due to their prominent and attractive properties,
including adjustable composition, hydrophilic, conductivity, thermal conductivity, tunable
band gap, and excellent mechanical strength [21–26]. However, MXenes themselves are
easily to spontaneously stack and aggregate into multilayer structures due to strong van
der Waals forces between the layers, which lead to the decrease in the interlayer space
and sluggish kinetics for redox activities or intercalation/deintercalation behaviors [27].
Thus, the capabilities to enlarge the space between the interlayer and elaborately modulate
pathways or active sites for MXenes draw lots of attention. As experienced by other 2D
materials, several strategies have been proposed for successfully solving the challenges
mentioned above, which includes the surface modification, heteroatom doping, or crum-
pling [28–33]. Recent investigation also demonstrated that the MXene are versatile for
self-assembling into specific configuration with geometric flexibility [34]. In this sense, sub-
stantial efforts have also been made in methodologies of patterned MXene-based composite
film or MXene-based conductive ink for fabricating more types of energy storage devices,
which encompasses vacuum filtration, mask-assisted filtration, screen printing, extrusion
printing technique, and directly writing, etc. In general, the materials and electrodes for
various energy storage devices need to fulfill the requirements of stable physicochemical
properties, superb energy storage performance, and high electron/ion conduction [35]. By
now, available and optional strategies for enhancing the ion and electron transfer ability
of MXene-based materials and the methodologies to design satisfactory patterns are still
limited due to the primary development stage of MXenes [36–38]. It is highly needed to get
intensive and systematical understanding about the progress of elaborately constructing
advanced MXene-based electrode materials and versatile MXene-based flexible electrodes
with favorable configurations. In this regard, the efforts on the synthetic method of MXene,
the enhancement in electrochemical performance of MXene materials, and the research
strategies and technologies to fabricate flexible electrodes for energy storage are briefly
summarized. Meanwhile, the challenges and perspectives of MXene-based materials and
technologies for the future energy storage applications are presented.

2. Synthetic Methods

The MXene flakes are commonly synthesized by using hydrofluoric acid or a mixed
solution of lithium fluoride and hydrochloric acid to selectively remove the “A” layer from
the ternary MAX phase, where the M represents early transition metals (e.g., Ti, Mo, V),
the A represents IIIA or IVA group elements (e.g., Al, Ga, Si, Ge), and the X represents C
and/or N. The MXenes usually possess accordion-like hexagonal lattices which result from
the original metallic backbone, weak M-A bond, and strong M-X bond [39]. Meanwhile,
some surface terminal groups (e.g., -OH, -O, -F) are formed during the bond breaking
and binding processes, which provides more active sites as well as suitable interlayer
spacing (Figure 1). Till now, the routinely used method for synthesizing the MXene and
its derivatives is hydrofluoric acid (HF) etching. Early works revealed that HF is the most
effective etchant to selectively react with the “A” layer atoms and continual out-diffusion
to exfoliate the MAX phase (such as Ti3AlC2). Those works also proved that the MAX
phases are inert in the conventional acids (e.g., H2SO4, HCl, and HNO3), alkaline liquors
(e.g., NaOH), and salt solutions (e.g., NaCl and Na2SO4). Nevertheless, HF reagent is a
hazardous poison with a highly corrosive property to the human body. The direct use of
HF raises the potential for causing considerable safety and environmental problems [40].
Thus, many mild etchants have been developed (e.g., NH4HF2, or a mixture of LiF/HCl).
It was noted that the diverse routes will bring different surface functional groups such as
fluoride (-F), hydroxyl (-OH), and/or oxygen (-O) on MXenes and give rise to different
levels of delamination, and hence, the preparation process will directly determine the
properties of the final MXenes, e.g., metallic, semi-metallic, and semiconducting types. To
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understand the formation fundamentals from the MAX phase to the MXene sheets, three
basic approaches will be discussed in the sections (e.g., wet-chemical etching in hydrofluoric
acid, in situ HF-forming method, and freeze-and-thaw-assisted (FAT) method).

Figure 1. (a) The elements of the periodic table for MAX phases. (b) Structures of M2AX, M3AX2,
and M4AX3 phases [41].

2.1. Wet-Chemical Etching

The first MXene of Ti3C2 was obtained from the MAX phase of Ti3AlC2 in the HF
solution after successful and selective removal of Al atoms. Subsequently, various kinds of
MXene members have been developed by using the wet-chemical etching in hydrofluoric
acid. Interestingly, after the etching, the deficiencies of the Al atoms change the structure
from undamaged cube to accordion-like cube due to the stable bond between M-X and
the weak bonding to the A-M layers. In addition, the as-formed Al deficiencies able to
expose more Ti atoms to the atmosphere and further facilitate the exposed terminations to
combine with other functional groups. Hence, the extraction processes help to vary the
surface chemistries and change their band gap, which results in a higher surface chemical
activity of MXene in contrast to MAX phase. The reaction formula for the selective etching
process can be ascribed as following [20]:

Ti3AlC2 (s) + HF(aq) = AlF3(aq) + 3/2H2(g) + Ti3C2 (s) (1)

Ti3C2(s) + 2H2O(aq) = Ti3C2(OH)2(s) + H2(g) (2)

Ti3C2(s) + 2HF(aq) = Ti3C2F2(s) + H2(g) (3)

where Equation (1) represents the selective reaction of A layers with HF etchant while
Equations (2) and (3) always react together and represent the growth mechanism of the
function groups on the exposed Ti atoms [42].

2.2. In Situ HF-Forming Method

The in situ HF-forming strategy commonly employs fluoride-containing acidic so-
lutions (e.g., lithium fluoride (LiF), ammonium hydrogen fluoride (NH4HF2), sodium
bifluoride (NaHF2), and potassium hydrogen fluoride (KHF2)) [43–50] to indirectly pro-
duce HF etchants for stripping Al atoms, the reaction for the etching process can be
described as the following:

LiF(aq) + HCl(aq) = HF(aq) + LiCl(aq) (4)

The synthetic reaction usually occurs at 40 °C and the obtained samples need to be
rinsed to remove the by-products, such as AlF3, LiCl. However, the lower concentration of
hydrogen fluoride and fluoride salts compared with HF etchants and long etching time
lead to poor etching effect and the accordion-like morphology is hard to obtain in the
reaction system.
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2.3. Other Synthesis Method

Given that most of the commonly used synthetic methods have low exfoliation yields,
some alternative and effective strategies were developed for boosting the yield of MXenes.
Recently, Wu and co-workers reported a gentle water FAT method to prepare the MXene
nanosheets by inserting water molecules into the multilayer of MXene and using the
volume expansion process to raise the exfoliation efficiency. The yield of these FAT-MXene
can reach to 39% and can further increase to 81.4% by the sonication treatment [51]. In
addition, due to the water-freezing expansion force, the method can prevent the restacking
and expand the space between the multilayer during the reaction process. The FAT-MXene
also possesses larger flake size compared with MXenes obtained from other methods
(Figure 2). Therefore, films or current-collector-free electrodes assembled from the FAT-
MXene exhibit a high level of layer alignment and a low flake-to-flake contact resistance,
which enables the FAT-MXene-based on-chip micro-supercapacitor to display a high areal
capacitance of 23.6 mF cm−2 and a high volumetric capacitance of 591 F cm−3.

Figure 2. The synthesis process of FAT assisted method [51].

3. Electrochemical Energy Storage Applications

The electrochemical energy storage systems implement energy conversion through
electrophysical process (e.g., electrosorption of ions) or electrochemical redox reactions
coupled with ions and electrons migration within electrolytes and electrodes. In these
systems, 2D materials, such as graphene, black phosphorene, and MoS2 attract extensive
concern due to their favorable morphological and electrical properties [52,53]. Additionally,
recent advances in MXenes have enhanced the performance for storage devices (e.g.,
supercapacitors and metal-ion batteries) and exhibit extraordinary physical and chemical
properties, such as mechanical flexibility, high tap density (4.0 g cm−3), high electrical
conductance (3.1 × 103 S m−1 for MXene and 2.0 × 103 S m−1 for graphene) [42,54,55],
outstanding volumetric capacity (up to 1500 F cm−3), and favorable hydrophilicity [56,57].

3.1. Supercapacitors (SCs)

Supercapacitors (SCs) are kinds of energy storage devices that contain negative elec-
trodes, positive electrodes, separators, and electrolytes [58]. Normally, SCs possess signifi-
cant advantages of fast charge/discharge rates, high power density, and long cycle stability
due to their special energy storage mechanism. In general, SCs can be classified as electrical
double-layer capacitance (EDLC), pseudocapacitors, and hybrid supercapacitors [59]. The
EDLC mechanism is an electro-physical storage process that involves the charge accumu-
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lation and reversible adsorption/desorption of electrolyte ions on the interface between
electrodes and electrolytes [60]. The commonly used electrode materials for EDLC are
mainly porous carbonaceous materials. Pseudocapacitors, also called redox capacitors,
store charges via the electrochemical processes of surface redox reactions with electron
gain/loss or pseudocapacitive intercalation [61]. Hybrid supercapacitors (HSC) integrate
EDLC-type and redox-type electrodes in the device and display an electrophysical and
electrochemical mixed mechanism [62]. The schematic illustrations of different SCs are
shown in Figure 3.

Figure 3. Schematic illustrations of (a) a EDLC with porous carbon materials for each electrode,
(b) a pseudocapacitor with transition metal-related material for each electrode, and (c) asymmetric
hybrid capacitors utilizing a porous carbon negative electrode and a transition metal oxide positive
electrode.

The charge storage mechanism for MXene (e.g., Ti3C2Tx) is commonly identified as a
Faraday redox processes, which involves transitions between various oxidation states of
titanium during the intercalation/deintercalation processes of ions in the electrolytes [63].
Yury Gogotsi and co-workers demonstrated that the intercalation/deintercalation of cations
(K+ and NH4+) from alkaline electrolyte into Ti3C2 MXene layers in a range of −0.6–0 V
are responsible for the electrochemical performance and capacitances of these materials,
and the corresponding electrochemical reaction can be ascribed as follows [55,64]:

Ti3C2Tx + δK+ + δe− � KδTi3C2Tx (5)

The Faraday processes in a potential window of 0–0.6 V for the MXenes (e.g., Ti3C2) as
the positive SC electrodes in alkaline electrolyte may involve the following reactions [65].

Ti3C2Ox(OH)yFz + δOH− � Ti3C2Ox + δ(OH)y
−δFz + δH2O + δe− (6)

Ti3C2Ox + δOH− � Ti3C2Ox(OH)δ + δe− (7)

MXene-based composites. In order to solve the restacking problem mentioned above
and further enhance the charge storage performance of MXenes, Sun and co-workers
adopted the Ti3C2 MXene and 1T-MoS2 to construct a 3D interpenetrated architecture of
2D/2D 1T-MoS2/Ti3C2 heterostructure by the magneto-hydrothermal method. Enhanced
electrochemical performances are observed from this material, which result from the syner-
gistically interplayed effect of the unique 3D interpenetrated heterogeneous networks (e.g.,
enlarged ion storage space between Ti3C2 and 1T-MoS2 for storing more electrolyte ions,
boosted electron conductivity provided by MXene, and more active sites for redox reaction
offered from 1T-MoS2 phase). As a result, the heterogeneous material exhibits a specific
capacitance of 386.7 F g−1 at 1 A g−1 in a potential window of −0.3–0.2 V with outstanding
rate performances (a high capacitance of 207.3 F g−1 at 50 A g−1). They also reported that
the total capacitance of this material comes from three parts, containing contributions origi-
nating from 1T-MoS2, MXene, and extra H+ storage in the interpenetrated space within the
3D heterostructure (Figure 4), while the 1T-MoS2/MXene sample without heterostructure
lacks the extra H+ storage capacitance, indicating the existence of a strong coupled effect

91



Energies 2021, 14, 8183

between composition and structure for the 3D heterostructure. Furthermore, a symmetric
SC based on the as-design material displayed a high areal capacitance of 347 mF cm−2 at
2 mA cm−2 with excellent cycle stability (91.1% capacitance retention after 20,000 cycles)
(Figure 4) [66].

Figure 4. (a) Schematic illustrating the preparation process for the two types of the MoS2/Ti3C2

MXene 3D heterostructures. (b–d) SEM images of the prepared 1T-MoS2/Ti3C2 MXene sample.
(c) Electrochemical performance of the prepared heterogeneous electrodes. (e–h) Electrochemical
performance of the prepared samples. (i) Schematic diagram of the storage mechanism for the
heterostructure [66].

A Ti3C2/CuS composite as the positive electrode in alkaline electrolyte (within a
potential window of 0–0.6 V) delivers a capacity of 169.5 C g−1 at 1 A g−1 with a capacity
retention of 90.5% at 5 A g−1 after 5000 long-term cycles. An asymmetric SC fabricated by
the Ti3C2/CuS positive electrode and Ti3C2 negative electrode at a voltage range of 0–1.1 V
reveals a specific capacitance of 49.3 F g−1 to 0–1.5 V with a maximum energy density of
15.4 Wh kg−1 and a capacitance retention of 82.4% after 5000 cycles [65]. A MXene/nickel-
aluminum layered double hydroxide (MXene/LDH) composite in 6 M KOH aqueous
electrolyte within a range of 0–0.6 V displays a specific capacitance of 1,061 F g−1 at 1 A g−1

with a retention of 70% after 4000 charge/discharge cycles [67]. A nickel sulfide/Ti3C2
(Ni–S/Ti3C2) nanohybrid in 6.0 M KOH aqueous electrolyte within a window of 0–0.6 V
exhibits a capacity of 840.4 C g−1 with enhanced rate performance (a capacity retention of
64.3% at 30 A g−1) and a long cycle life. An asymmetric SC assembled by the Ni–S/Ti3C2
positive electrode and Ti3C2 negative electrode delivers an energy density of 20.0 Wh kg−1

at a voltage range of 0–1.8 V and a good cycling stability (a capacity retention of 71.4%
after 10,000 cycles) [68]. Doping heteroatoms (e.g., nitrogen) into the MXene structures
could modify their electronic structure, composition, and pseudocapacitance properties. In
addition, heteroatom-doping can also lead to a remarkable increase of the interlayer spacing
between MXene flakes. As Dai and co-workers found, the c-lattice parameter of the MXene
layers could increase from 1.92 to 2.46 nm after the nitrogen-doping process, indicating the
doped N atoms expand the interlayer spacing of the MXene sheets. Thereby, the resultant
doped materials delivered much higher capacitances of 192 F g−1 in 1 M H2SO4 within a
potential range of −0.2–0.35 V than those un-doped Ti3C2Tx materials [69].

Previous theoretical and experimental studies reveal that the chemical and physical
characters of MXenes are heavily influenced by their surface functional groups. Yury
Gogotsi et al. found that the MXene (e.g., Ti3C2Tx) with rich surface O-termination ex-
hibited high surface activity and better pseudocapacitance performance [63,70]. Fan et al.
enhance the electrochemical performance of MXene by using the ammonium persulfate as
the weak oxidant and intercalation agent to partially remove the F terminations coupled
with controllably oxidizing the Ti3C2Tx surface to produce rich O-terminations. Recently,
electrochemical test results have shown that the modified Ti3C2Tx possess an enhanced
capacitance of 303 F g−1 and the capacitance retention could be 96.6% after 9000 cycles [71].
MXene can also form a composite with the N, O co-doped carbon materials to expand
the interlayer spacing and avoid the re-stacking problems of the MXene sheets. Due to
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these reasons, a N, O co-doped carbon@MXene composite exhibited a higher specific
capacitance of 250.6 F g−1 at 1 A g−1 compared with pristine Ti3C2 and retained 94% of its
initial capacitance after 5000 cycles. Furthermore, a symmetric SC based on this composite
electrode displayed an excellent electrochemical performance with an energy density of
10.8 Wh kg−1 at 600 W kg−1 and desirable cycling stability [28]. Zhenxing Li’s group
synthesized a dodecaborate/MXene highly conductive composite by surface modified
with ammonium ion and inserted the dodecaborate ion into the inner surface of MXene via
the electrostatic adsorption. The delocalized negative charge of dodecaborate ion facilitates
the cations transfer, which efficiently boosted the ion transfer rate during the charge storage
process due to its “lubricant” effect for electrolyte ions. Due to the above reasons, a high
specific capacitance of 366 F·g−1 can be obtained at 2 mV·s−1 [72].

Among all other pseudocapacitive materials, MXenes offer ultrahigh rate capability,
excellent conductivity, and volumetric capacitance in SC applications. Actually, MXenes
and most MXenes-derived composites commonly are only served as negative electrode
materials as their easy oxidation feature at positive potential (anodic oxidation process).
To further enhance its antioxidant performance at positive potential, some works tried
to improve the work function (WF) of the final product by means of compounding. For
instance, Gogotsi and co-workers reported a PANI@MXene cathode material by evenly
covering an oxidation resistive PANI layer on the surface of MXene network. The first
principle calculation results manifested that the PANI with a large WF (WF = 3.46 eV,
the WF for metallic MXene is 1.61 eV) effectively expanded the WF of the composite to
1.97 eV by forming a compact PANI@MXene heterostructure, which helps to enhance the
electrochemical stability at a wider positive operating potential (0–0.6 V). Therefore, the
as-formed PANI@MXene composite can be used as a positive electrode for steady energy
storage with a high volumetric capacitance of 1632 F cm−3 and a desirable rate capability.
They also claimed that the asymmetric SC assembled by MXene anode and PANI@MXene
cathode delivered a volumetric energy density of 50.6 Wh L−1 with an ultrahigh volumetric
power density of 127 kW L−1. This work also reasonably suggested that other materials
(e.g., inorganic compounds or macromolecule materials) with higher WF may enhance
the resistance of losing electrons at positive potentials and enlarge the operation working
windows for MXenes via forming MXene-based composites [73].

Flexible MXene thin films or free-standing electrodes. It is well known that MXenes are
simultaneously capable of conducting electrons and storing charges. In addition, they also
possess the compatible structural properties of flexibility, self-assembly, and miniaturiza-
tion. Meanwhile, the functionality of the MXene macroscopic films or assemblies could be
further improved through further optimizing the MXene synthesis conditions, tuning the
MXene interlayer spacing, altering the types or amount of surface terminations, controlling
the size and thickness of MXene flakes, and compositing with other functional materials
(e.g., metal organic framework), and therefore, it is reasonable to suppose that the Ti3C2Tx
can be used as free-standing electrodes for SC devices with more functionality. Nicolosi
and co-workers adopted a spin-casting method to produce highly aligned and transparent
continuous Ti3C2Tx film, which displays remarkable optoelectronic performances, e.g.,
bulk-like conductivity, high transmittance, and desirable pseudocapacitance performances.
Owing to the structural and electronic properties, the as-designed Ti3C2Tx electrodes could
function as both active materials and transparent current collector for SCs. Meanwhile,
they also found that the as-designed energy devices exhibit high areal/volumetric capaci-
tances with superior energy/power densities and long cycle life [74], demonstrating the
application potential for optoelectronics and flexible electronics of MXene materials.

The existence of surface terminations on the MXene sheets are beneficial to form
strong bonds between MXenes and specific materials, which help to boost the electrical con-
ductivity and structural/electrochemical stabilities of the active components and the final
films. Huang and co-workers employed a vacuum-assisted filtration method to construct
the MXene/metal-porphyrin frameworks (MPFs) hybrid flexible free-standing film via
forming the interlayer hydrogen bond between the electronegative surface (results from the
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functional groups of -O, -F, or -OH) of MXene and hydrogen atom of carboxy terminations
(-COOH) in MPFs. The composite electrode with interconnected conductive networks
and interlayer hydrogen bonds (e.g., F···H-O and O···H-O) eliminated the inferior conduc-
tivity and low structural stability problems of MPFs, showing favorable flexibility, high
ionic/electronic transport rates, and durability. Meanwhile, the as-designed MXene/MPFs
film can normally operate in a potential window of −0.3–0.3 V (vs. Ag/AgCl) and exhibits
a specific capacitance of 326.1 F g−1 and excellent durability. In addition, a flexible symmet-
ric SC fabricated by the MXene/MPFs film delivers an areal capacitance of 408 mF cm−2

and an areal energy density of 20.4 μWh cm−2 with a long term stability of 7000 cycles
(with a capacitance retention of 95.9%). This work also indicated that the formation of
interlayer hydrogen bond between MXene and other components contributes to enhance
the chemical stability by effectively avoiding the phase separation or structural collapse
problems of the electrode materials during the energy storage processes (Figure 5) [75]. Wu
et al. used the Buchwald-hartwig coupling reaction to prepare a decentralized conjugated
polymer (PDT)/Ti3C2Tx hybrid flexible freestanding film via an electrophoretic deposition
and the following spin coating processes. Similarly, they found that a stable chemical bond
(e.g., hydrogen bonds) can be formed between the terminal groups of the Ti3C2Tx sheets
and the decentralized chains of PDTs, which enables the final polymer matrix composite
film to effectively relieve the volumetric swelling and shrinking problems of polymer
chains during the charge/discharge processes [76].

Figure 5. Schematic illustration of the synthesis process for the MXene/MPFs film via interlayer
hydrogen bond [75].

The delaminated MXene flakes with monatomic or few-atom-layer thicknesses have
shown their capabilities to assemble free-standing and flexible films with outstanding
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electronic conductivity and excellent electrochemical performance due to their 2D lamellar
structures, abundant surface functional groups, and remarkable charge transfer capabilities.
Nevertheless, the propensity for “face to face” horizontal stacking with less open tunnels
reduces the interlayer space between isolating MXene flakes and suppresses electrolyte
ions transport or intercalation, which limits their potential in electrochemical storage appli-
cations. Therefore, opportunities to control the MXene nanosheets alignment, especially
through designing unique architectures to tune the porosity, expanding the interlayer
spacing, and manipulating the surface functional groups, need to be further explored. In
order to alleviate the stacking problems of MXenes, Zheng et al. employed the vacuum
filtration method with the assistance of entwined metal mesh to control the alignment of
MXene sheets and fabricate an “anti-T-shape” MXene film electrode. They claimed that
the unique “magazine-bending” structure facilitated the vertical electrolyte ion transport
and enhanced the kinetics of the electrochemical process which enable the “anti-T-shape”
electrodes in a symmetric SC to display a low interfacial impedance, a high pseudocapacity
of 194 F g−1, superior energy/power densities of 11.27 Wh kg−1/699.9 W kg−1, and a
favorable capacitance retention of 70.3% after 10,000 cycles [31].

Zhang’s group utilized the vacancy ordered Mo1.33C MXene and poly(3,4-ethylenedio-
xythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) to fabricate the flexible aligned
Mo1.33C MXene/PEDOT:PSS composite films by a vacuum filtration process. The elec-
trochemical test results show that the MXene-based films with the optimal ingredients
ratio (the mass ratio between Mo1.33C MXene and PEDOT:PSS is 10:1) display a high
conductivity of 29,674 S m−1 and a maximum volumetric capacitance of 1,310 F cm−3 in
the potential range from −0.35 to 0.3 V in 1 M H2SO4 aqueous electrolyte, which may
result from the synergistic effect of expanded interlayer spacing of MXene sheets caused
by the PEDOT component and the extra redox activity of the PEDOT. Due to these reasons,
a maximum volumetric capacitance of 568 F cm−3 and energy density of 33.2 mWh cm−3

can be obtained for the film-based flexible all-solid-state SC [77].
The performances and surface chemistries of the MXene film electrode can be fur-

ther tuned by compositing with various functional nanomaterials or in different types
of electrolytes. Xingbin Yan’s group adopted the MXene (Ti3C2) as charge-transfer path-
ways and graphite carbon nitride (g-C3N4) as the ion-accessible channels to construct a
2D heterogeneous nanospace for dual confining the FeOOH quantum dots via a vacuum
filtration to fabricate a freestanding FQDs/CNTC film electrode, which shows superior
pseudocapacitive performances with favorable kinetics in a high-voltage ionic liquid (IL)
electrolyte (1-ethyl-3-methylimidazolium tetrafluoroborate, abbr., EMIMBF4). The test
results indicated that the surface functional groups of Ti2C3 and active sites (e.g., N defects)
of the g-C3N4 in the FQDs/CNTC electrode are crucial for offering sufficient redox reaction
by efficiently forming the strong adsorption between the electrolyte ions and the electrode
interface (Figure 6a). Furthermore, a 3 V flexible SC was constructed in the IL electrolyte,
which exhibited volume energy/power densities of 77.12 mWh cm−3/6000 mW cm−3, and
desirable flexible cycling performance (Figure 6b,c) [78]. The as-obtained FQDs/CNTC
film based flexible SC can easily power portable electronics under complex motion states
(Figure 6d) or store solar energy (Figure 6e), showing a new insight into construction of
MXene-based composite film electrode and flexible SC.

Mahiar M. Hamedi’s group prepared MXene-based freestanding films via a vacuum fil-
tration by using the carboxymethylated cellulose nanofibrils (CNFs) as functional additive
to strengthen the mechanical properties of the films. A hybrid film with a 10% CNF loading
displays a high Young’s modulus (41.9 GPa), a high mechanical strength (154 MPa), a high
electric conductivity (690 S cm−1), and a high specific capacitance (325 F g−1), which shows
great potential for flexible functional electronics. They claimed that the superior properties
root in the strong interfacial interactions between Ti3C2Tx flakes and CNF (Figure 7) [79].
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Figure 6. (a) Schematic illustration of the charge-discharge processes for FQDs/CNTC film electrode.
(b) Ragone plot of the as-designed flexible SC. (c) Cycling performance of the flexible SC under the
bent state. (d) Digital photos of the flexible SCs power diverse portable electronics. (e) Schematic of
the flexible SC charged by harvesting solar energy [78].

Figure 7. (a) Schematics of Ti3C2Tx/CNF hybrid dispersion. (b) The synthesis method and digital
photographs of Ti3C2Tx/CNF nanopapers. (c) Photos of a Ti3C2Tx/CNF nanopaper. (d) Schematic
of the three-electrode system in this work. (e) CV curves of MXene with different ratio of CNF. (f) CV
curve of Ti3C2Tx–5% CNF electrode at various scan rates [79].

96



Energies 2021, 14, 8183

Given the interconnected networks and high tensile strength, bacterial cellulose (BC)
was confirmed as excellent spacers for loading MXene to construct robust film electrodes
with strong mechanical strength. In this regard, Guohui Yuan’s group prepared a 3D
self-supporting film electrode comprising interconnected MXene and BC networks. Due to
excellent electron conductivity, large ion-accessible active sites, effective ion diffusion, and
robust mechanical properties of the MXene/BC network, the as-obtained film electrode
exhibits a high capacitance (416 F g−1, 2084 mF cm−2) coupled with excellent mechanical
performance. Moreover, an ultrahigh energy density of 252 μWh cm−2 can be obtained in
an asymmetric SC, which provided a simple route for fabricating high performance film
electrodes in energy storage fields [80].

MXene inks and printable microsupercapacitor (MSC). To date, various construc-
tion methodologies to manufacture versatile micro-power systems have been developed.
Among them, printing (e.g., laser printing, direct writing, screen printing, and extrusion
printing) has been regarded as one of the most revolutionary techniques to construct
functional energy storage devices with designed or desirable patterning. MXenes can
also be used as attractive printing materials (e.g., conductive inks), which are essential for
realizing the fabrication of geometric flexible, printable, and free-standing electrochemical
devices. Thus, many works focus on the design of certain formulations of MXene conduc-
tive inks for achieving higher compatibility with various patterning methods. In addition,
many simple and affordable strategies to obtain the MXene-based coplanar interdigital
electrodes for further assembling into printable or direct-write SC devices are progressively
developed, which shows extra advances in their versatility, high resolution patterning,
simplicity, and desirable performances. Many previous works also indicated that some of
the existing micro fabrication techniques often require sophisticated instrumentation and
tedious multistep manufacturing processing, and therefore, MXenes inks or MXene-based
coplanar electrodes and the corresponding printing techniques exhibit exciting potential
for manufacturing of low-cost and easily processing printable electronics.

Yury Gogotsi and co-workers adopted simple and additive-free formulations to pre-
pare solution processable MXene-in-water (e.g., Ti3C2) inks, which can be loaded in pens
to direct write conductive MXene electrical circuits and desired shape either by manual
drawing or automatic drawing tools on a variety of substrates (e.g., printer paper and
polypropylene membranes) for functional energy storage devices. The developed MXene
versatile inks are also compatible with other patterns, such as stamping, printing, and
painting. Additionally, the as-written MXene collector-free MSC as power sources dis-
play an areal capacitance of 5 mF cm−2, and a tandem device can drive a LED to operate
normally, demonstrating the practical application of this technique (Figure 8) [81].

Figure 8. (a–e) Written MXene on various substrates via various ways, (f,g) using the automatic
drawing tool of AxiDraw for patterning by using the Ti3C2 inks, (h,i) versatile patterning using
AxiDraw, and (j) a demonstration of MXene inks drawn on an apple [81].
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Screen printing and extrusion printing are two kinds of versatile direct printing
techniques to fabricate the SC electrodes or MSC devices with geometric flexibility and
desirable architectures. Screen printing is widely used to build up 2D flexible or wearable
electronics due to its scalable and facile property, while extrusion printing could implement
customized 3D printing through digital processing. In a manner, the rheological properties
of the employed inks are pivotal for realizing the different printing modes. Commonly,
extrusion printing requires more viscous inks compared to screen printing for keeping the
3D architectures from collapsing [56]. MXenes or their derivates could develop certain
functional conductive inks for printed energy storage devices due to their intrinsic favorable
hydrophilicity, mechanical flexibility, and modifiability [82]. Sun and co-workers used the
melamine formaldehyde as the template to develop the crumpled heteroatom nitrogen-
doped MXene flakes (MXene-N). They also found that the nitrogen doping effectively
boosts the conductivity and electrochemical activity of the MXene flakes. Accordingly,
two kinds of MXene-N inks (e.g., binder-additive aqueous ink and binder-free hybrid
ink) are developed via optimizing the viscosity for screen printing and extrusion printing,
respectively. The obtained screen printed flexible MXene-N based MSCs display an areal
capacitance of 70.1 mF cm−2. The as-fabricated 3D extrusion printed SC using the hybrid
ink that includes the N-doping MXene, AC, CNT, and GO, delivers an areal capacitance
of 8.2 F cm−2 with an areal energy density of 0.42 mWh cm−2. This work also proposed
a versatile solution to relieve the restacking issues of MXene flakes within the printed
electrodes for further facilitating the ion/electrolyte transport (Figure 9) [56].

Figure 9. (a) Schematic illustration of the synthetic procedure for the crumpled MXene-N and the
direct MXene-N ink printing routes of screen printing and extrusion printing. (b) Digital photographs
of the MSC printed by screen printing. (c) Schematic showing of the preparation process of MXene-N
based hybrid ink and the extrusion printed 3D architecture [56].
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Zhang and co-workers employ the MXene sediments (usually thrown away) of un-
etched or multilayered MXene to prepare the additive free inks for scalable high-resolution
screen printing. By designing different modes, various printed patterns (e.g., conduc-
tive tracks, letters, MSCs, and integrated circuits) can be quickly printed by using the
as-formulated ink (Figure 10). They found that a low proportion of delaminated MXene
flakes in the ink is crucial for realizing a desirable conductivity and excellent mechani-
cal flexibility of the final printed circuitries or the electrodes. They also demonstrated
an excellent electrochemical performance of the as-obtained printed MSCs with a high
areal capacitance of 158 mF cm−2 and a high energy density of 1.64 μWh cm−2. This ink
formulation strategy of using MXene etching trash would effectively reduce the cost and
waste of MXene-based printed techniques into consideration [83].

Liang et al. developed a thixotropic electrode ink that consisted of RuO2-decorated
Ti3C2Tx MXene nanosheets (RuO2·xH2O@MXene) and conductive silver nanowires to
fabricate the flexible printable MSC via the screen-printing method (Figure 11). They also
found that the in situ growth of RuO2 nanoparticles effectively relieves the agglomeration
and restacking problems of the MXene flakes while maintains a suitable rheological nature
for printing. Due to the synergistically interplayed effect of ingredients, the as-designed
MSCs possess micrometer-scale resolution and desirable electrochemical properties, includ-
ing a high volumetric capacitance of 864.2 F cm−3, satisfactory energy/power densities
of 13.5 mWh cm−3/48.5 W cm−3, a long-term cycling life with a retention of 90% after
10,000 cycles, and high mechanical stability [64].

Figure 10. (a) Schematic illustrating of the screen printing using the MXene sediment ink. (b) Various screen-printed
patterns. (c) Optical photo of scalable produced screen-printed MXene-based MSC [83].

The traditional micro-fabrication technologies that are based on the conventional
silicon-based strategies, such as laser scribing, have also demonstrated feasibility for the
fabrication of MXene-based MSC devices. For example, Hua’s group employed the laser
printing techniques with the assistance of vacuum deposition and physical sputtering to
fabricate the MXene-based coplanar interdigital electrodes and planar symmetric on-chip
MSC. They also reported that the as-developed fabrication method allows the deposition of
fully delaminated MXene sheets with tunable thickness. Due to the good alignment of the
MXene flakes, high electrical conductivity, and the unique layered porous structure of the
as-designed MXene-based coplanar electrodes, the as-designed all-solid-state MSC displays
excellent high-rate capacity, a high areal capacitance of 27.29 mF cm−2 and competitive
volumetric energy densities of (5.48–6.1 mW h cm−3) [84]. This work also demonstrated that
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the MXene active materials have great potential for the laser printing process technology
for patterning thick coplanar interdigital electrodes or planar SC.

Figure 11. Schematic illustrating of (a) the preparation of MXene, (b) the synthesis process of the
RuO2·xH2O@MXene nanohybrid, and (c) the screen-printing process for the fabrication of the flexible
MXene-based MSCs [64].

Flexible MXene-based yarn or fiber electrodes. Fiber-shaped SCs are attractive for
powering miniaturized or portable wearable electronics due to their compatibility of
integrating with textiles. In general, effective and scalable strategies to produce fiber
electrodes with desirable electrical storage performances fall within two categories. The
first category of deposition technique is based on covering of electrochemical active or
conductive materials onto fiber matrix [85]. For instance, Yang and co-workers employed
the MXene-polymer nanofibers as the coating layer on the polyester (PET) yarns to construct
the PET@MXene nanofiber-based yarn via a modified electrospinning technique, from
which the complex yarns display favorable flexibility and certain mechanical strength
during the weaving, braiding, or knitting processes, indicating that the obtained yarns can
be used as flexible yarn electrodes for wearable SCs. They also reported that two parallel
PET@MXene yarn based SC devices delivered an areal capacitance of 18.39 mF cm−2 with
desirable energy/power densities of 0.38 μWh cm−2/0.39 mW cm−2 and long term stability
(a retention percentage of 98.2% after 6000 cycles) [86].

Another fabrication approach for fiber production is wet-spinning method, which
is more viable for industrial manufacture and applications [85]. Holistically, when con-
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sidering the “spinnablility” for this approach to construct long continuous fibers, the
high conductivity and available electrochemical activity provided by the composite for-
mulations are the critical barrier hindering the electrochemical performances of the fiber
electrodes. In addition, the homogeneous dispersion and the suitable spinning behav-
iors of the composite formulations also have an impact on the ultimate fiber properties
(e.g., durability, flexibility, resilient stretching, bending, and twisting). In view of the
hydrophilic properties and the excellent conductivity of MXene, which are suitable for wet-
spinning processing, Seyedin and co-workers adopted the MXene (Ti3C2Tx) and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) to successfully fabricate an
MXene/PEDOT:PSS hybrid fiber electrode. By combining with the flexible PEDOT:PSS,
the as-designed optimized Ti3C2Tx-based fiber electrode (containing 70% MXene and
30% PEDOT:PSS, referred to as M7P3) exhibited a record conductivity of 1.489 S cm−1, a
high volumetric capacitance of 614.5 F cm−3 at 5 mV s−1, and an excellent rate performance
of 375.2 F cm−3 at 1000 mV s−1 in a potential range of −0.8–0.2 V with a three-electrode
setup in 1 M H2SO4 electrolyte. The as-designed fiber SC device in an operated volt-
age of 0.6 V could deliver maximum volumetric energy/power densities of 7.13 Wh
cm−3/8.249 mW cm−3. Moreover, a stretchable and elastic fiber SC prototype assembled
by prestretched silicon rubber and M7P3 wrapping with a PVA/H2SO4 electrolyte main-
tains capacitance retention of ≈98% and ≈96% after cyclically stretched under different
stretched strains [85].

Flexible stretchability MXene-based electrodes. The unique properties of MXene (e.g.,
metallic conductivity, strong interactions among large flakes, hydrophilic surface groups,
and high volumetric capacitance (up to 1500 F cm−3)) enable them particularly attractive
for stretchable energy storage devices or electronics. Nevertheless, the fragility and high
mechanical modulus (3–75 GPa) at dry state for MXene would increase the device resis-
tance when subjected to larger tensile strains and further limit their stable electrochemical
outputs [30]. To address these challenges and constraints, several methods have been
developed for constructing robust SC electrodes with high stretchability, superior electro-
chemical performance, and high chemical stability. Chen and co-workers used a sequential
patterning approach to prepare high dimensional MXene nanocoatings with mechanically
stable architectures, which can be program crumpling and unfolding. After transferring on
the elastomer, MXene/elastomer SC electrodes were obtained, which show high stretcha-
bility for reversibly folded/unfolded. A stretchable asymmetric SC fabricated by using the
as-obtained electrodes is capable of delivering stable electrochemical output under various
mechanical deformations (e.g., bend or stretch), such as favorable capacitances of 395, 390,
and 362 F cm−3 under 0%, 50%, and 80% strains, efficient energy density of 5.5 Wh kg−1,
and long term cycling stability under stretching/bending conditions [87].

Some works also revealed that the combination of Ti3C2Tx with other high mechanical
robustness nanomaterials (e.g., reduced graphene oxide (RGO)) would generate flexible
and stretchable free-standing electrodes with superior electrochemical performance. Cao
and co-workers adopted the MXene (Ti3C2Tx in this case) and RGO to fabricate a robust
and stretchable electrode (Ti3C2Tx/RGO composite) for flexible SC devices. The test results
show that the final composite with 50 wt% RGO would alleviate cracks that result from
large strains. Due to strong nanosheet interactions between larger nanoflakes, mechanical
flexibility, and excellent electrochemical properties of each component, the as-obtained
electrode delivered a capacitance of 49 mF cm−2 (~490 F cm−3 and ~140 F g−1) with
high mechanical stability after various cyclic strains (e.g., uniaxial and biaxial strains).
An all-solid-state stretchable symmetric SC fabricated by these electrodes displayed a
high capacitance of 18.6 mF cm−2 (~90 F cm−3 and ~29 F g−1) with high mechanical
stretchability [30,87–90]. The comparison of the electrochemical performance of various
MXene-based materials for SCs are listed in Table 1.
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Table 1. Comparison of the electrochemical properties of different MXene-based materials for SCs.

Materials Capacity/Current Density Capacity Retention
Energy Density

and Power Density Reference

1T-MoS2/Ti3C2MXene based
flexible ASSS 386.7 F g−1 at 1 A g−1 91.1% after 20,000 cycles at

30 mA cm−2
17.4 μW h cm−2

(600 μW cm−2)
[66]

TC-9//Ti3C2 ASC 49.3 F g−1 at 1 A g−1 82.4% after 5000 cycles at
8 A g−1

15.4 W h kg−1

(750.2 W kg−1)
[65]

MXene/LDH composite 1061 F g−1 at 1 A g−1 70% after 4000 cycles at
4 A g−1 [67]

M-Ti3C2Tx//PANI 510 F g−1 at 10 mV s−1 50.6 W h L−1

(1.7 kW L−1) [73]

N-Ti3C2Tx-200 ◦C 192 F g−1 at 1 mV s−1 92% after 10,000 cycles at
of 50 mV s−1

8.07 W h kg−1

(52.8 W kg−1)
[69]

all-solid-state symmetric SCs
based on MXene/
MPFs electrode

408 mF cm−2 at
0.5 mA cm−2

95.9% after 7000 cycles at
5 mA cm−2

20.4 μW h cm−2

(152.2 μW cm−2)
[75]

all-solid-state SC based on
PDT/Ti3C2Tx

52.4 mF cm−2 (3.52 F cm−3)
at 0.1 mA cm−2

24 mW h cm−3

(502 mW cm−3) [76]

FSC based on
FQDs/CNTC film 71.26 F cm−3 at 10 mV s−1 80% after 10,000 cycles at

4 A cm−3
77.12 mW h cm−3

(750 mW cm−3) [78]

Ti3C2Tx/CNF MSC 25.3 mF cm−2 at 2 mV s−1 86.8% after 10,000 cycles at
0.57 mA cm−2

0.08 μWh cm−2

(145 μW cm−2)
[79]

PANI//Ti3C2Tx device 925 mF cm−2 (87 F g−1)
at 3 mA cm−2

93% after 10,000 cycles at
50 mA cm−2

252 μW h cm−2

(2.12 mW cm−2)
[80]

M/MoO3 symmetric SC 396 F cm−3 (118.8 F g−1)
at mV s−1

90% after 5000 cycles at
30 mA cm−2

13.4 W h kg−1

(534.6 W kg−1)
[82]

MXene NCY SC 18.39 mF cm−2 at 5 mV s−1 98.2% after 6000 cycles at
50 mV s−1

0.38 μW h cm−2

(0.39 mW cm−2)
[86]

MXene-N MSC 70.1 mF cm−2 at 10 mV s−1 92% after 7000 cycles at
5 mA cm−2

0.42 mW h cm−2

0.83 mW h cm−3 [56]

MSCs based on this
RuO2·xH2O@MXene–AgNW

nanocomposite ink
864.2 F cm−3 at 1 mV s−1 90% after 10,000 cycles at

100 mV s−1
13.5 mW h cm−3

(1.1 W cm−3) [64]

3.2. Li Ions Battery (LIB)

MXenes also display great potential in LIB due to their large available surface areas for
electrolyte ion adsorption, satisfactory electrical conductivity, desirable ion transfer within
the inter-layers (up to 1.3 nm), and rapid surface redox reaction. Additionally, the MXenes
(e.g., Ti3C2) can also be used as functional host matrix for integrating other materials
for further enhancing the overall energy storage performance of LIB [91]. For instance,
Junjie Niu’s group synthesized a hybrid material comprising Ti3C2 MXene wrapped with
germanium oxide layer (GeOx (x = 1.57) @MXene) through the wet-chemical strategy.
The high electronic conductivity of MXene and germanium enable a high rate capability,
superb capacity retention of ~929.6 mAh g−1 at 1.0 C with high Coulombic efficiency of
99.6% after 1000 cycle. Especially, the as-designed LIB also possesses temperature depen-
dence properties [91]. Likun Pan’s group prepared a SnS2/Sn3S4 modified multi-layered
Ti3C2 MXene hybrid (denoted as S-TC) as anode material for LIB via the solvothermal
and calcination strategy. The MXene substrate provides high electronic conductivity and
suppresses the aggregation and volume change problems of active components while
the nano-sized SnS2/Sn3S4 acts as a “spacer” to effectively inhibit restacking of the Ti3C2
layer. Due to these reasons, the S-TC anode delivers superb rate capability (216.5 mAh
g−1 at 5 A g−1) coupled with long cycling stability [92]. Wang et al. rationally designed
an interconnected MXene hybrid aerogel composited with Fe2O3 nanospheres, which
exhibits superb energy density of 216 Wh kg−1 at 400 W kg−1 for lithium-ion capacitors
due to the synergistic effect between the two components [93]. Husam N. Alshareef et al.
synthesized a HfO2 coated SnO2/MXene composite anode material via atomic layer de-
position. The deposited SnO2 on the MXene can effectively suppress the degradation of
MXene while the thin inactive layer of HfO2 would serve as an artificial solid-electrolyte
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interphase (SEI) layer for further enhancing the cycling stability [94]. Wang et al. found
that the integrating of nitrogen and vanadium in the forms of C–V–OH, C–V–O, V–O,
and Ti–O–N species into the Ti-deficient Ti3C2Tx can further enhance the charge storage
capability for approximately 40% [95]. Wang and co-workers modulated the interfacial
properties by fabricating a crumpled S-functionalized Ti3C2Tx heterostructure embedded
with Fe3O4/FeS. Due to the tuned electronic properties, the heterostructure displays im-
proved kinetics and structural stability for LIB. The authors claimed that the S terminations
boosted the extra (pseudo)capacitive ability of MXene for lithium storage. Due to these
reasons, the optimized anode of the heterostructure material delivers a superb long-term
stability (913.9 mAh g−1 after 1000 cycles) with desirable rate performance. They also
found that the heterostructure material exhibits an asymmetric conversion mechanism
by experiencing stepwise phase transformations under discharge process coupled with a
relatively uniform reconversion under the charge process. This work gives an in-depth
understanding about MXene-based heterostructure for Li ion storage [96].

Yan and co-workers improved the properties of MXene by employing a liquid nitrogen
quenching method to roll up the MXene sheets into Ti3C2Tx scrolls. They found that
the prepared scrolls display unclosed topological structure and can effectively relieve
the restacking effect. Meanwhile, they also reported that the produced scrolls possess
superior electrical conductivity and can be used as buffer matrixes of Si nanoparticles for
electrochemical energy storage. Due to these reasons, the as-designed Ti3C2Tx scroll anode
material exhibits a reversible capacity of 226 mAh g−1, desirable rate performance, and
excellent long-term cycling performance with 81.6% capacity retention after 500 cycles
in LIB.

Additionally, MXene materials can be directly used as conductive and highly stable
hosts by forming artificial solid electrolyte interface (SEI) film for greatly reducing the
topical current density on the surface of the electrode, adjusting the electric field, and
efficiently inducing the uniform growth of lithium dendrites. As exemplified, Shubin
Yang’s group demonstrated that the parallelly aligned MXene layers (denoted as PA-
MXene-Li) can effectively regulate the uniform nucleation and growth of lithium, forming
horizontal-growth of lithium on the surface of MXene. Moreover, the fluorine terminations
of MXene make forming a durable and artificial solid electrolyte interface with lithium
fluoride and homogenizing the electro-migration for lithium ions during the energy storage
process possible [97].

Flexible MXene thin films or free-standing electrodes. The diversification development
of LIBs (portable, flexible, wearable, stretchable, and foldable, etc.) is urgently required for
ever-increasing demands for future energy-storage devices. In this respect, exploring con-
ductive and flexible substrate with strong coupling of active materials is the key factor for
the application of flexible LIBs technology. Given the self-assembly ability, 2D MXene are
considered as ideal matrix to load active materials for forming composite paper electrodes
in flexible LIBs. For example, Yitai Qian’s group developed a MXene/liquid metal paper
by confining the low-melting point GaInSnZn liquid metal in the MXene substrate. Due
to the excellent conductivity and satisfactory wettability between GaInSnZn and MXene
matrix, the obtained flexible anode for LIB exhibits a higher capacity of 638.79 mAh g−1 at
20 mA g−1 coupled with desirable rate performance (which is better than that of liquid
metal coated Cu foil), indicating that the great potential of MXene matrix for compositing
with various active materials in flexible LIB [98]. Feng et al. demonstrated that the construc-
tion of the Silicon/MXene composite papers via vacuum filtration to covalently anchor
silicon nanospheres on MXene can accommodate the volumetric expansion of silicon and
restrain the restacking of MXene sheets, which offers superior capacity of 2,118 mAh·g−1

at a current density of 200 mA·g−1 [18]. The electrochemical performances of different
MXene-based materials for LIBs are compared and listed in Table 2.
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Table 2. Comparison of the electrochemical properties of different MXene-based materials for LIBs.

Materials Capacity/Current Density Cycling Stability Rate Capacity Reference

GeO2@MXene 1127.1 mA h g−1 at 0.5 C 1048.1 mA h g−1 at 0.5 C
after 500 cycles 221.2 mAh g−1 at 20.0 C [91]

S-TC 601.3 mA h g−1 at 100 mA g−1 426.3 mA h g−1 at 100 mA
g−1 after 100 cycles

216.5 mAh g−1 at 5000 mA g−1 [92]

N(V)-modified
Ti3C2TxMXene 251.3 mA h g−1 at 0.1 C 92 mA h g−1 at 3C after

1000 cycles 118.3 mA h g−1 at 5 C [95]

Fe3O4/FeS 30@S-MX 746.6 mAh g−1 at 0.1 A g−1 913.9 mA h g−1 after
1000 cycles at 1 A g−1 490.4 mA h g−1 at 10 A g−1 [96]

3.3. Zn Ions Storage Devices

Recent works suggest that the MXene can also be used as both anode and cathode
materials for zinc ion hybrid supercapacitors (ZHSCs). As Qi Yang and co-workers demon-
strated, the Zn−MXene capacitor fabricated by Ti3C2 cathode and the Zn@Ti3C2 anode
displays 82.5% capacitance retention after 1000 cycles with excellent anti-self-discharge
ability of 6.4 mV h−1 [99]. The MXene (Ti3C2Tx) is directly used as anode coupled with
manganese dioxide/carbon nanotubes (MnO2-CNTs) cathode material to fabricate a zinc-
ion capacitor (ZIC). The obtained ZIC in aqueous electrolyte possesses a high specific
capacitance, energy density of 98.6 Wh kg−1, and high capacitance retention of ~83.6%
after 15,000 cycles [100]. Wang et al. reported that when the δ-MnO2 cathode and MXene
are grown on the cotton cloth, the assembled device would exhibit a high energy density
of 90 Wh kg−1 with capacitance retention of ~80.7% after 16,000 cycles [101]. Others would
like to employ the MXene as a protective layer for suppressing the growth of Zn dendrites.
Qian’s group investigated the growth mechanism of metal zinc on the surface of Zn foil
and binder-free Ti3C2Tx MXene@Zn hybrid firm and found that the Ti3C2Tx MXene@Zn
film effectively restrains the growth of Zn dendrites with reversible plating/stripping of
Zn. The developed MXene film would be a valid strategy for dendrite-free electrochemical
storage devices [3]. Zeng et al. adopted the MXene with the reduced graphene oxide (rGO)
to fabricate a 3D porous MXene-rGO aerogel for preventing the restacking of MXene flakes
and enhancing the electrical conductivity and hydrophilicity of the final materials. The
electrochemical results show that the ZHSC with the MXene-rGO aerogel cathode delivers
a high specific capacitance of 128.6 F g−1 coupled with high energy density of 34.9 Wh
kg−1 and long term stability for 75,000 cycles [2]. The comparison of the electrochemi-
cal performance of various MXene-based materials for Zn ions storage devices are listed
in Table 3.

Table 3. Comparison of the electrochemical properties of different MXene-based materials for Zn ions storage devices.

Materials Capacity/Current Density Cycling Stability
Energy Density and

Power Density
Reference

Zn@Ti3C2 anode and
Ti3C2 film cathode 132 F g−1 at 0.5 A g−1 82.5% after 1000 cycles at 3 A g−1 [99]

MnO2–CNTs cathode
and MXene anode 115.1 F g−1 at 1 mV s−1 83.6% at 15,000 cycles at 5.224 A g−1 98.6 W h kg−1 (77.5 W kg−1) [100]

MXene-rGO2//
ZnSO4//Zn 128.6 F g−1 at 0.4 A g−1 95% after 75,000 cycles at 5 A g−1 34.9 W h kg−1 (279.9 W kg−1) [2]

4. Conclusions

In summary, this review was mainly focused on the synthetic method, the construction
of MXene hybrids, and composite films or fibers in terms of their performance for various
energy storage devices. The most recent advances of technologies (e.g., vacuum filtration,
extrusion printing technique, and directly writing) for fabricating patterned MXene-based
composite films or fibers with geometric flexibility in various energy storage devices were
described. The multifunctional properties of MXenes enable them to be used as electrodes
for SCs and anode materials for both lithium- and zinc-ion batteries. As we introduced
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above, the electrochemical performance of MXene-based materials can be enhanced by
tuning the chemical components, constructing the micro/nano structures, and enlarging
the interlayer of MXene flakes. Advanced MXene-based macroscopically assembled films
and fibers with dedicated design were also demonstrated in this work, which are expected
to significantly enhance the geometric flexibility for portable energy storage devices. Thus,
it is expected that the MXene-based nanostructures and advanced architectures for films
and fibers will provide intriguing opportunities for next generation energy storage devices.

1. MXene offers attractive properties in SC applications, such as excellent conductivity,
ultrahigh rate capability, adjustable composition, hydrophilic, and volumetric capacitance.
Still, the stacking and aggregating problems reduce the interlayer spaces and lead to
the sluggish kinetics for energy storage. Therefore, many MXene-based composites (e.g.,
2D/2D 1T-MoS2/Ti3C2 heterostructures, Ti3C2/CuS, MXene/LDH, Ni–S/Ti3C2 nanohy-
brid, N-doped MXene, N, O co-doped carbon@MXene composite, dodecaborate/MXene)
were designed for solving the problems via the surface modification, heteroatom doping,
or crumpling process. Among the various materials, the Ni–S/Ti3C2 composite exhibits a
superior capacity of 840.4 C g−1 with a retention of 64.3% at 30 A g−1 and a long cycle life.
In addition, in order to settle the easy oxidation issue at positive potential (anodic oxidation
process) of MXenes and most MXene-derived composites, some works focus on the enhanc-
ing of the WF to boost the antioxidant ability of MXene-based materials. PANI@MXene
cathode material exhibits a larger WF due to the existence of the oxidation-resistive PANI
layer on the surface of MXene compared with the pure metallic MXene, which enhance the
electrochemical stability at a wider positive operating potential (0–0.6 V).

2. The special flexibility and self-assembly capability of MXenes enable them to be a
versatile unit for constructing the macroscopic film and fiber electrodes. Several assem-
bly strategies are developed, including spin-casting method, vacuum-assisted filtration
method, and electrophoretic deposition/spin coating coupled method. Additionally, the
energy storage performance can be further enhanced by optimizing the MXene synthesis
conditions, tuning the MXene interlayer spacing, altering the types or amount of surface
terminations, and compositing with other functional materials. Many recent works also
revealed that the addition of reinforcement (e.g., carboxymethylated cellulose nanofibrils,
bacterial cellulose) also acts as spacers for MXene to fabricate robust film electrodes with
strong mechanical strength.

3. MXenes can be employed as the printing material for constructing the geometric
flexible, printable, and free-standing electrochemical devices (e.g., MXene-based coplanar
interdigital electrodes, printable or direct-write SC devices) due to their hydrophilicity,
mechanical flexibility, and modifiability. In this regard, the design of certain formulations of
MXene-based conductive inks with specific rheological properties for the compatibility with
various patterning methods (e.g., screen printing, direct writing, and extrusion printing)
was crucial for the fabrication of the printable energy storage devices.

4. MXenes can also be used for LIBs and Zn ions storage devices due to their layer
structure for electrolyte ion adsorption, satisfactory electrical conductivity, and desirable
ion transfer ability within the layers. Many recent works reveal that the compositing with
other functional materials can further enhance the overall energy storage performance
(e.g., GeOx (x = 1.57)@MXene, SnS2/Sn3S4 modified multi-layered Ti3C2 MXene hybrid,
SnO2/MXene composite, MXene/liquid metal, silicon/MXene, and MXene-rGO aerogel).
Among the various materials, the GeOx (x = 1.57)@MXene exhibits a high rate capability,
superb capacity retention of ~929.6 mAh g−1 at 1.0 C with high Coulombic efficiency of
99.6% after 1000 cycles.

With further substantial research effort on optimized methodologies, MXenes and their
derivatives represent a promising platform in scalable and customizable manufacturing of
multipurpose electrodes with wearable, flexible, and lightweight properties in the future.
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Abstract: The development of direct current high-voltage power cables requires insulating materials
having excellent electrically insulation properties. Experiments show that appropriate nanodoping
can improve the breakdown strength of polyethylene (PE) nanocomposites. Research indicates that
traps, free volumes, and molecular displacement are key factors affecting the breakdown strength.
This study comprehensively considered the space charge transport, electron energy gain, and molec-
ular chain long-distance movement during the electrical breakdown process. In addition, we estab-
lished three simulation models focusing on the electric field distortion due to space charges captured
by traps, the energy gain of mobile electrons in free volumes, the free volume expansion caused by
long-distance movement of molecular chains under the Coulomb force, and the energy gained by the
electrons moving in the enlarged free volumes. The three simulation models considered the electrical
breakdown modulated by space charges, with a maximum electric field criterion and a maximum
electron energy criterion, and the electrical breakdown modulated by the molecular displacement
(EBMD), with a maximum electron energy criterion. These three models were utilized to simulate
the breakdown strength dependent on the nanofiller content of PE nanocomposites. The simulation
results of the EBMD model coincided best with the experimental results. It was revealed that the
breakdown electric field of PE nanodielectrics is improved synergistically by both the strong trapping
effect of traps and the strong binding effect of molecular chains in the interfacial regions.

Keywords: polymer nanocomposites; traps; DC breakdown; energy gain; molecular motion; free
volume

1. Introduction

Power cables are the main equipment in urban transmission grids and offshore wind
power transmission [1–6]. Direct current (DC) power cables have the advantages of long
transmission distance, large transmission capacity, and low power loss, and they are the
key electrical equipment for large-scale reception of new energy power generation. Under
the action of DC voltage, the power cable has no capacitive current and can realize long-
distance power transmission. The aging of the insulating material of power cables under
the DC electric field is slow, and its lifespan is greatly prolonged [1,3–6]. Moreover, the
breakdown electric field of the insulating material under DC voltage is 2–3 times higher
than that under AC voltage [7], which improves the safety margin of the DC power cable.
Low-density polyethylene (LDPE) is the main insulating material of power cables, and its
electrical insulation performance is important for the safe and reliable operation of power
cables [1–6]. Polymer nanocomposites (PNCs) have excellent properties, such as lower
electrical conductivity, higher breakdown electric field, less space charges, higher thermal
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stability, and higher mechanical strength [5,6,8–12]. PNCs, known as third-generation insu-
lating materials, have broad application prospects. The experimental results demonstrate
that doping a relatively low content of nanoscale fillers in polyethylene can form deep
traps, leading to the reduction in the electrical conductivity of the nanocomposites and the
improvement in the breakdown strength [5,6,9,11–14]. Advanced LDPE nanocomposites
can be used as insulating materials for DC power cables [5,6,12] and energy storage capaci-
tors [15,16], improving the capacity of power cables to transmit electrical energy and the
energy storage density of capacitors. Power cables and energy storage capacitors are key
equipment for the centralized transmission of large-scale offshore wind power, providing
support for the supply of clean energy to cities.

It is generally believed that the excellent electrical properties of polymer nanocom-
posites originate from the interfacial region between the nanoparticles and the polymer
matrix [6,12]. The multi-core interfacial region model proposed by Tanaka et al. [17,18] and
the multi-region structure model proposed by Li et al. [19] show that deep traps are formed
in nanocomposites when a small amount of doping is used. Deep traps near the electrodes
trap more charges and reduce the number of charges injected. This can suppress the space
charge accumulation, reduce the electric field concentration, and improve the breakdown
electric field. By comparison, traps with higher energies can reduce the effective charge
carrier mobility, reduce electrical conductivity and Joule heating, and improve breakdown
performance. The interfacial region models proposed by Nelson et al. [20] and Min et al. [21]
show that the interfacial regions not only form deep traps, but also constrain the motion of
molecular chains. Under the action of the Coulomb force, the molecular chains undergo
directional displacement, which affects the size of the surrounding free volumes. This, in
turn, changes the breakdown performance of nanodielectrics. The interfacial region models
show that increasing the trap level and/or the interaction between molecular chains in the
interfacial regions can improve the breakdown strength of polymer nanocomposites.

Experiments and simulations indicate that the breakdown of polymer materials under
a strong electric field is related to physical processes such as electric field distortion and
electron energy gain. Tanaka et al. [22] used pulsed electroacoustic equipment to test the
space charge distributions and the electric field distributions of LDPE under the action
of a strong electric field. It was found that positive space charge packets are formed in
LDPE when the electric field is higher than a threshold value. As the positive space charge
packets move toward the cathode, the electric field in front of the charge packets grad-
ually increases, and the material is broken down when the maximum distorted electric
field in LDPE reaches the breakdown electric field. Chen et al. [23] considered the for-
mation and migration of space charges in LDPE, and established a polymer breakdown
model based on the accumulation of space charges and the corresponding electric field
distortion. The relationship between the DC breakdown electric field of LDPE and the
thickness of samples was calculated. It was found that the breakdown electric field has
an inverse power function relationship with the thickness. Choi et al. [24] also used a
breakdown model based on the electric field distorted by the space charges to calculate
the breakdown characteristics of multilayer polymers with partial barrier contact, and
found that partial barrier contact between multilayer structures enhanced the breakdown
strength of multilayer dielectrics. From the viewpoint that the electric field force acts on the
trapped charges and affects the molecular chain motion, and to comprehensively consider
the charge transport, the long-range motion of molecular chains, and the electron energy
accumulation, we established a charge trapping and molecular displacement breakdown
(CTMD) model for polymer nanocomposites [13,25]. The energy accumulation process of
electrons in the free volume expanded by the long-range motion of the molecular chain
was simulated, and the relation between the breakdown electric field of the polyethylene
nanocomposites with the nanofiller content, the applied pressure, the thickness of the
sample, and the ramping rate was obtained. The results are consistent with the results of
the electric breakdown experiments.
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The above analysis shows that the strong trapping effect of traps and the strong
interaction between molecular chains in the interface regions are the two key factors to
improve the breakdown strength. However, which of the trap trapping effect and the
molecular chain interaction is more influential is still unclear. To clarify the factors of the
breakdown characteristics of polyethylene nanocomposites having the greatest influence,
this study compared three breakdown models, namely, the electric field distortion, the
electron energy gain in a fixed-scale free volume, and the energy gain of electrons in
an expanded free volume caused by the motion of molecular chains. By comparing the
simulation results with the experiments, the electric breakdown mechanism of polyethylene
nanocomposites was clarified. In the present work, we determined the quantitative roles
of trapping effects and molecular chain interactions on breakdown strength. This paper
provides simulation methods and data support for the improvement in the breakdown
strength of polymer nanocomposites.

2. Electrical Breakdown Models

Generally, a ramp voltage with a constant rising rate is applied to the electrodes on
both sides of the polymer nanocomposite to investigate the electrical breakdown properties.
Firstly, when the voltage is gradually increased, the electrons and holes in the cathode and
anode, respectively, are injected into the nanocomposite. After these electrons and holes
enter the nanocomposite, they drift under the driving of the electric field. Since there are
deep traps formed by many polar groups inside the nanocomposite, the deep traps capture
electrons and holes, thereby accumulating space charges of the same polarity inside the
nanocomposite [26]. The space charges cause the electric field inside the nanocomposite
to be distorted. When the distorted electric field reaches a certain level, it may lead to
the breakdown of the nanocomposite. Nanodoping changes the trap properties inside the
nanocomposite, which in turn changes the charge injection, the space charge accumulation,
and the electric field concentration properties; these changes ultimately lead to the variation
in the breakdown strength with the nanofiller content. This breakdown model is called
the electrical breakdown modulated by space charges with a maximum electric field
criterion (EBEF).

Secondly, there are spaces inside the polymer nanocomposite that are not occupied by
atoms, known as free volumes. When charges are transported inside the nanocomposite,
they may enter the free volumes. Charges in the free volumes can be rapidly accelerated by
electric fields to obtain high energies. If the energy gained by the charges in the free volumes
exceeds the trapping ability of the deep traps, the high-energy charges will result in the
breaking of the molecular chain and cause the electric breakdown of the nanocomposite [27].
Nanodoping changes the trap energy, which in turn affects the ability of traps to trap the
high-energy charges, and ultimately changes the breakdown strength of the nanocomposite.
In this process, the effects of space charge accumulation and electric field concentration
on the breakdown strength also need to be considered. This breakdown model is called
the electrical breakdown modulated by space charges with a maximum electron energy
criterion (EBEG).

Thirdly, since the substance entities trapped inside the polymer nanocomposites are
polar groups, when the traps capture charges, the Coulomb force on the trapped charges
must be transferred to the molecular chains. The molecular chains will undergo directional
displacement under the effect of the Coulomb force, resulting in the expansion of the free
volumes. An increase in the size of free volumes allows the charges entering them to
accumulate more energies. When the energies accumulated by the charges exceed the
trapping ability of the deep traps, it causes the breakdown of the polymer nanocomposite.
Nanodoping affects both the molecular chain motion and trap properties in nanocomposites,
which in turn affects the energy gain properties of charges and the ability of traps to capture
high-energy charges. Finally, the electric breakdown strength of the nanodielectric is
changed. This breakdown model is called the EBMD model [13,25].
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The three breakdown models of EBEF, EBEG, and EBMD all include charge carrier
injection and charge carrier transport processes. The mathematical equations of charge
carrier injection and charge carrier transport processes are introduced first. Then, the
breakdown criteria of EBEF and EBEG models are given. Finally, the equation of molecular
chain displacement under the action of electric force in EBMD model is introduced, and the
breakdown criterion is given.

2.1. Charge Injection and Charge Transport in Nanocomposites

Figure 1 presents a schematic diagram of the charge transport inside a polymer
nanocomposite [25]. The one-dimensional coordinate x is set in the thickness direction of
the nanocomposite, and the thickness of the material is L. The left side of the nanocomposite
is the cathode and the right side is the anode. Under the action of an applied voltage, the
cathode injects electrons into the nanocomposite, and the anode injects holes. Potential
barriers exist between the cathode and anode and the nanocomposite interface, which
are uin(e) and uin(h), respectively. The interfacial barrier hinders the transfer of charges
from the electrode into the nanocomposite. Under an externally applied strong electric
field, a potential barrier lowering uSch appears in the interface barrier, which promotes the
transfer of charges to the bulk of the nanocomposite. When the applied electric field is E,
the Schottky barrier reduction uSch is proportional to the square root of the electric field,
uSch = (eE/4πε0εr)1/2. Here, e is the electron charge, ε0 is the permittivity of the vacuum in
F/m, and εr is the dielectric constant of the nanocomposite. We adopt the Schottky thermal
emission model to describe the charge injections, jin(e) and jin(h), per unit time and unit area
of the cathode and anode, into the nanodielectrics [28].

jin(e)(0, t) = AT2 exp
(
−uin(e)/kBT

)
exp(uSch(0, t)/kBT) (1)

jin(h)(L, t) = AT2 exp
(
−uin(h)/kBT

)
exp(uSch(L, t)/kBT) (2)

where A is the Richardson constant, T is the temperature of materials, and t is the elapsed
time of applied voltage.

Figure 1. Schematic of the bipolar charge carrier injection and charge carrier transport in polymer
nanocomposites under a ramp voltage.

Under an electric field E, there will be a certain concentration of mobile electrons
and mobile holes in extended states after the charges in the electrodes are injected into
the nanocomposite. Their concentrations are nM(e) and nM(h), respectively. These mobile
electrons and mobile holes migrate in the extended states driven by the applied electric field.
The mobilities of electrons and holes in the extended states are μ0(e) and μ0(h), respectively.
Due to the existence of polar groups in polymer nanodielectrics, a certain concentration
of deep traps is formed. It is assumed that the energy levels of deep traps of electrons
and holes are uT(e) and uT(h), respectively, and their concentrations are NT(e) and NT(h),
respectively. Due to the strong trapping ability of deep traps, mobile electrons and mobile
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holes may be captured by them during the migration process. The trapping probabilities
of electrons and holes in extended states in the electron deep traps and hole deep traps
are PT(e) and PT(h), respectively. After a period of time, the deep trapped electron and
deep trapped hole densities are nT(e) and nT(h), respectively. In addition, the charges in the
deep traps gradually gain energy from the heat bath due to thermal excitation. When the
trapped charges gain sufficient energy, trapped electrons and trapped holes can transition
to extended states with probabilities of PD(e) and PD(h), respectively. The detrapping
probabilities PD(e) and PD(h) decrease exponentially with the increase in the deep trap
levels uT(e) and uT(h). When positive and negative charges meet inside the sample, the
recombination between these charges occurs. Mobile electrons may recombine with mobile
and trapped holes, and mobile holes may recombine with mobile and trapped electrons.
The trapped electrons mainly recombine with the mobile holes, and the trapped holes
mainly recombine with the mobile electrons.

The time-dependent change in the charge densities of mobile electrons and mobile
holes per unit volume is related to the current density flowing into and out of the control
volume. Additionally, trap capturing and recombination lead to a decrease in mobile
electrons and mobile holes, while the detrapping of trapped charges results in an increase
in mobile electrons and mobile holes. The time-dependent changes in trapped electrons
and trapped holes per unit volume are related to charge trapping, charge detrapping, and
recombination. Charge detrapping and recombination lead to a decrease in deep trapped
electrons and deep trapped holes, while charge trapping leads to an increase in deep
trapped electrons and deep trapped holes. Four partial differential equations are needed to
describe the dynamic processes of mobile electrons, deep trap electrons, mobile holes, and
deep trap holes in nanocomposites, respectively [25,29,30]:

∂nM(e)

∂t
+

∂
(

nM(e)μ0(e)E
)

∂x
= −PT(e)nM(e)

(
1 − nT(e)

NT(e)

)
+ PD(e)nT(e) − RMe,MhnM(e)nM(h) − RMe,ThnM(e)nT(h) (3)

∂nT(e)

∂t
= PT(e)nM(e)

(
1 − nT(e)

NT(e)

)
− PD(e)nT(e) − RTe,MhnT(e)nM(h) (4)

∂nM(h)

∂t
+

∂
(

nM(h)μ0(h)E
)

∂x
= −PT(h)nM(h)

(
1 − nT(h)

NT(h)

)
+ PD(h)nT(h) − RMe,MhnM(e)nM(h) − RTe,MhnT(e)nM(h) (5)

∂nT(h)

∂t
= PT(h)nM(h)

(
1 − nT(h)

NT(h)

)
− PD(h)nT(h) − RMe,ThnM(e)nT(h) (6)

The detrapping probabilities PD(e) and PD(h) of the deep trapped charges in the
nanocomposite are related to the trap energy levels uT(e) and uT(h) as PD(e,h) = ν0exp
(−uT(e,h)/kBT). Here, ν0 is the attempt-to-escape frequency. RMe,Mh is the recombination
coefficient between mobile electrons and mobile holes. According to the Langevin recombi-
nation model, the recombination coefficient RMe,Mh is determined by e(μ0(e) + μ0(h))/ε0εr [31].
RMe,Th and RTe,Mh are the recombination coefficient between mobile electrons and trapped
holes, and that between trapped electrons and mobile holes, respectively. According to the
Shockley–Read–Hall model, the recombination rates RMe,Th and RTe,Mh are determined by
eμ0(e)/ε0εr and eμ0(h)/ε0εr, respectively [32].

When space charges accumulate inside the nanocomposite, the space charges can
distort the electric potential and the electric field. The potential ϕ inside the nanocomposite
can be calculated by Poisson’s equation:

∂2 ϕ/∂x2 = −e
(

nM(h) + nT(h) − nM(e) − nT(e)

)
/ε0εr (7)

Then, the electric field distribution inside the nanocomposite can be calculated through
the negative gradient of the electric potential, namely E = −∇φ.
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2.2. Electrical Breakdown Criteria

In the EBEF breakdown model, the electric field concentration effect caused by the
accumulation of space charges is mainly considered. It is assumed that when the highest
electric field Emax inside the nanocomposite reaches a certain threshold value EC, the
material is broken down. The breakdown criterion is Emax ≥ EC [23].

In the EBEG breakdown model, the process of electron energy gain under the applied
electric field after the mobile charge enters the free volume is mainly considered. When the
energy gained by the mobile charges is greater than the trapping ability of the deep traps,
the nanocomposite is broken down. Assuming that the free volume length is λ0, the energy
gained by the electron in the free volume is eλ0E(x). The maximum energy of electrons
inside the nanocomposite is eλ0Emax. As shown in Figure 2a, the breakdown criterion of
the EBEG model can be obtained as eλ0Emax ≥ uT [27].

Figure 2. Electrical breakdown criteria of EBEG (a) and EBMD (b) models under a ramp voltage.

In the EBMD breakdown model, the charge carrier injection and transport processes
inside the nanocomposite under a strong electric field are considered. Furthermore, after
the charges are captured by the deep traps on the molecular chain, the electric force acts on
the molecular chain to cause its directional displacement. The time-dependent relationship
of the displacement λmol of the molecular chain is calculated by the following equation [33]:

dλmol
dt

= μmolE − λmol
τmol

(8)

where μmol is the molecular chain mobility and τmol is the relaxation time constant of
the molecular chain. In addition, μmol decreases with the increase in the deep trap en-
ergy, μmol = μ0exp(-uT/kBT), and τmol increases with the increase in the deep trap level,
τmol = ν0

−1exp(uT/kBT).
The directional movement of the molecular chain will cause the expansion of the

free volume. It is assumed that the free volume length is equal to the molecular chain
displacement, that is, λfv(t) = λmol(t). The mobile charges gain energy in the expanded free
volume. If the energy gained by the electrons exceeds the trapping ability of the deep trap,
the nanocomposite will be broken down. As shown in Figure 2b, the breakdown criterion
of the EBMD model is expressed as [eλfv(t)E(t)]max ≥ uT [25].

3. Results

Both the trap energies and the breakdown strengths of LDPE nanodielectrics doped
with various fillers first increased and then decreased with the increase in doping con-
tent [5,6,11,12]. It is generally believed that the interfacial region is responsible for the
excellent electrical properties of polymer nanocomposites. The trap levels in the interfacial
region and the interaction between molecular chains are two key factors to improving
the breakdown strength of polymer nanocomposites. However, which factor is more in-
fluential remains unclear. The main influencing factors of the breakdown strength are
determined by comparing the above-mentioned breakdown simulation models with the
experimental results. The quantitative relationship between the influencing factors and
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the breakdown strength was obtained. We took the LDPE/Al2O3 nanocomposite as an
example to compare the three breakdown models. In order to easily compare the simulation
results with the experimental results, the parameters in the simulation model were derived
from the experimental results [13]. The thickness of the LDPE/Al2O3 nanocomposite was
200 μm and the temperature of the sample was 300 K. We investigated the breakdown
properties of pure LDPE and LDPE/Al2O3 nanodielectrics with nanofiller contents of 0.1,
0.5, 2, and 5 wt%. Since the numerical simulation of the charge drift equation should obey
the Courant–Friedrich–Levy (CFL) law, the films were discretized into 300 elements and
the computational time interval Δt was set as 1 ms [34]. Figure 3 shows the trap density,
trap energy level, and attempt-to-escape frequency of pure LDPE and LDPE/Al2O3 nan-
odielectrics as a function of nanofiller content [13]. NT, uT, and ν0 were obtained from
the experimental results of thermally stimulated depolarization currents, and they all first
increased and then decreased with the increase in nanofiller content. Charges in the elec-
trodes may first be transferred to the surface traps in the nanocomposite and then injected
into the bulk of the material. In this case, the charge injection barriers can be set to the deep
trap levels. The mobilities of mobile electrons and mobile holes in the extended states of
the nanocomposite were both set to be 1 × 10−13 m2V−1s−1. The trapping probabilities
of the deep traps were calculated from the trap densities and the carrier mobilities of the
mobile charges. The detrapping probabilities of trapped charges were calculated from
the trap levels and the attempt-to-escape frequencies. The recombination coefficients of
positive and negative charges were calculated from the mobilities of mobile electrons and
mobile holes.

Figure 3. Trap density (a), trap energy (b), and attempt-to-escape frequency (c) versus filler content
of LDPE/Al2O3 nanocomposites.

It can be seen that the trap energy and density are positively correlated with the
breakdown strength of the polymer nanocomposites. However, quantitative studies are
still lacking about how much the trap energy and density can change the breakdown
strength by affecting the space charge accumulation and electric field concentration. In
addition, quantitative studies are also lacking about the extent to which the trap energy
and density change the breakdown strength by affecting the electric field distortion and the
energy accumulation of electrons in a fixed free volume. Moreover, whether the increase
in breakdown strength is caused by the binding effect of nanofillers on molecular chains
should also be considered. In order to obtain these quantitative relationships, it is necessary
to carry out simulation studies of different breakdown models and compare them with the
experimental results to determine the primary and secondary influencing factors. Finally,
the quantitative relationship between each influencing factor and the variation range in the
breakdown strength can be obtained.

3.1. Simulation Resutls of EBEF Model

A voltage having a ramping rate of kramp was applied to the electrodes on both sides
of the nanocomposite. As the time t increases, the voltage Vappl applied to the electrodes
on both sides of the nanocomposite increases gradually, that is, Vappl = krampt. The elec-
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tric field inside the nanocomposite increases gradually, and the charges injected into the
material from the electrodes gradually increase. Due to the slow charge transport inside
the nanocomposite, the space charges of the same polarity gradually accumulate inside
the material. Homogeneous space charges can distort the electric potential and electric
field in the nanocomposite. Figure 4 demonstrates the time-dependent changes in space
charge distribution and electric field distribution in the pure LDPE and LDPE/Al2O3
nanocomposites. As the voltage increases gradually, the accumulated space charges in
all samples increase greatly, and the distortions of the electric fields become stronger and
stronger. When the maximum electric field in the material reaches a certain threshold, that
is, Emax ≥ EC, the sample will be broken down. By comparing the experimental results, EC
was set to 290 kV/mm.

Figure 4. Distributions of space charges (a1–a5) and electric fields (b1–b5) in pure LDPE and
LDPE/Al2O3 nanodielectrics with nanofiller contents of 0.1 wt%, 0.5 wt%, 2.0 wt%, and 5.0 wt%.

With a small amount of doping, the trap density and energy levels of LDPE/Al2O3
nanocomposites increase. The ability of the traps to capture charges is enhanced, and more
mobile charges are captured by the traps in the insulating material near the electrodes.
The trapped charges of the same polarity near the electrodes increase, so that the electric
field near the electrodes is greatly reduced. It can be seen from the Schottky emission
equation that the charge carriers injected by the electrodes into the nanocomposite are
greatly reduced at low electric fields. This can decrease the degree of electric field distortion
inside the nanocomposite. Under the same voltage, the maximum electric field Emax in
the nanocomposite becomes smaller. This increases the breakdown electric field of the
nanocomposite. When a large amount of doping is used, the trap density and energy
level of the LDPE/Al2O3 nanocomposite gradually decrease, the space charge distribution
becomes longer, and the electric field concentration becomes larger, leading to a larger
maximum electric field Emax in the nanocomposite. This can lead to a reduction in the
breakdown strength of nanocomposites having larger filler contents.

3.2. Simulation Results of EBEG Model

It is assumed that a certain scale of free volume exists in the LDPE nanocomposites.
Charges in the extended states enter the free volumes and are accelerated by the electric
field to gain energy. Figure 5 depicts the time-dependent changes in space charge distri-
butions, electric field distributions, and electron energy distributions in pure LDPE and
LDPE/Al2O3 nanocomposites. As time passes, the voltage applied to the electrodes on
both sides of the materials increases gradually. The space charge accumulation inside
the materials increases, the electric field distortion becomes more serious, and the energy
gained by the electrons in the free volume also increases. When the charges gain energy
beyond the trapping ability of the deep traps, breakdown of the material will occur.
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Figure 5. Distributions of space charges (a1–a5), electric fields (b1–b5), and electron energy gains
(c1–c5) in pure LDPE and LDPE/Al2O3 nanocomposites with nanofiller contents of 0.1 wt%, 0.5 wt%,
2.0 wt%, and 5.0 wt%.

When doped with a small amount of nanofillers, the LDPE/Al2O3 nanocompos-
ites produce more traps having deeper energy levels. More homogeneous space charges
accumulate near the electrodes, weakening the electric field distortion inside the nanocom-
posites. In addition, as the traps become deeper, the trapping ability of the deep traps
is increased. Two factors work together to increase the breakdown strength of the nan-
odielectrics having lower nanofiller weight fractions. After doping a large amount of
nanofillers, the trap density and energy levels of LDPE/Al2O3 nanocomposites decrease
due to the overlapping of the interfacial regions. At this time, the electric field in the
material is seriously distorted, and the trapping ability of the deep traps is weakened. Their
combined effects lead to a decrease in the breakdown electric field of the nanocomposites
having larger nanofiller contents.

3.3. Simulation Results of EBMD Model

Figure 6 depicts the variation in the distributions of space charges, electric fields, molec-
ular chain displacements, and electron energies with time in pure LDPE and LDPE/Al2O3
nanodielectrics. With the increase in nanofiller content, under the same voltage, the ac-
cumulation of space charges in the nanocomposites first decreases and then increases,
while the electric field concentration first decreases and then increases. It can be obtained
from the dynamic equation of molecular chain motion that, with the increase in nanofiller
content, the displacement of molecular chains within nanocomposites first decreases and
then increases under the same voltage. This causes the energy accumulated by the electrons
to decrease first and then increase. At the same time, it is considered that the trapping
ability of deep traps in nanocomposites first increases and then decreases. The energy
accumulation of charge carriers in the dynamic free volume and the trapping ability of deep
traps together determine the breakdown electric field of nanodielectrics as a function of
nanofiller content. With the increase in the mass percentage of nanofillers, the breakdown
electric field of the nanodielectrics increased first and then decreased.
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Figure 6. Distributions of space charges (a1–a5), electric fields (b1–b5), molecular displacements
(c1–c5), and electron energy gains (d1–d5) in pure LDPE and LDPE/Al2O3 nanocomposites with
nanofiller contents of 0.1 wt%, 0.5 wt%, 2.0 wt%, and 5.0 wt%.

4. Discussion

In polymer nanocomposites, traps are potential wells formed by polar groups on
molecular chains, which can capture mobile charges and then hinder the motion of mobile
charges [17,18]. Some of the electrons or holes may be caught in shallow traps and the
extended states, and others may be trapped by the deep traps on molecular chains. Free
volumes account for some of the space that is not occupied by atoms in polymers. In free
volumes, mobile electrons are accelerated. Electrons captured by traps will lead to local
space charge accumulation and then distort the local electric field. However, those that
are not captured by traps will keep moving, leading to local current multiplication and
Joule heating. Nanodoping can change the trap properties and expansion dynamics of free
volumes in nanocomposites [20,21]. Figure 7 summarizes the logical block diagrams of
EBEF, EBEG, and EBMD models, illustrating the concept of traps and free volumes, and
comparing differences among these three criteria.

After charges are injected into the polymer nanocomposites, some mobile charge
carriers are captured by deep traps on molecular chains, resulting in the space charge accu-
mulation and electric field distortion. When the highest electric field exceeds a threshold
value, namely E(x,t)max ≥ EC [23], DC electric breakdown occurs, which is the criterion
of the EBEF model. The accelerated mobile charges in free volumes that are not captured
by deep traps will gain energy from the local electric field. When the highest gained
electron energy from the constant scale free volume exceeds the deep trap energy, namely
[eλ0E(x,t)]max ≥ uT [27], DC electric breakdown occurs, which is the criterion of the EBEG
model. The property of interfacial region is extremely vital for the distribution of traps in
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the bulk of nanocomposites. Accordingly, the electrical breakdown fields calculated by the
EBEF and EBEG models change with the increase in nanofiller contents.

Figure 7. Schematic diagram of EBEF, EBEG, and EBMD models.

With incorporation of different types of nanofiller, the motion behavior of molecular
chains also changes. At a relatively low content of nanoparticles, molecular chains are ar-
ranged in an orderly manner in interfacial zones. The mean distance between nanoparticles
is smaller than the entanglement tube diameter of the polymer with an increase in nanofiller
content, leading to continuous overlapping of Gouy–Chapman layers; then, the nanocom-
posite system changes from polymer-like to network-like [35,36]. In DC electric breakdown
experiments, the electric field is sufficiently strong to force molecular chains to move and
rotate if they have a dipole moment. Otherwise, the Coulomb force will act on the molecu-
lar chains with occupied deep traps and enlarge the local free volume, leading to larger
energy accumulation of accelerated electrons. If the electron energy gain in this expanded
free volume is higher than the deep trap energy, namely [eλfv(x,t)E(x,t)]max > uT [13,25],
the electric breakdown may be triggered, which is the criterion of the EBMD model. This
model focuses on the molecular chain movement with the deep traps occupied by charges
to investigate the influence of charge carrier transport and molecular chain displacement
on the DC breakdown strength.

Figure 8 depicts the comparison between the simulated electric breakdown strengths
obtained by the three models of EBEF, EBEG, and EBMD and the experimental results of the
LDPE/Al2O3 nanodielectrics. It demonstrates that, with the increase in nanofiller content,
the breakdown strengths obtained by EBEF, EBEG, and EBMD models all show a trend of
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increasing first and then decreasing. The general trends of the simulation and experimental
results are similar. However, the simulation results of the EBMD model are in best agree-
ment with the experiments. When the nanofiller content is around 0.5 wt%, the simulation
results of EBEG and EBEF deviate greatly from the experimental results. According to the
experimental results, the maximum electric breakdown strength is 355.8 kVmm−1, which
appears at the nanofiller content of 0.5wt%, while the simulation results of EBEF, EBEG,
and EBMD models are 286.3, 312.2, and 356.1 kVmm−1, respectively. It is apparent that
the simulation results of the EBMD model are more consistent with the experiments. This
indicates that the synergistic effect of deep trap centers in interfacial zones and the tight
binding of molecular chains enhance the breakdown performance of LDPE nanocomposites.

Figure 8. Comparison of EBEF, EBEG, and EBMD simulation electrical breakdown fields with
experimental results.

The larger trap energy and density in nanodielectrics doped with small amounts of
nanofillers reduce space charge accumulation and electric field concentration, resulting in
the increase in the breakdown strength of nanocomposites. However, the changes in trap
energy and density have a limited effect on the breakdown electric field. It is necessary
to simultaneously consider the space charge accumulation formed by the trapping of
deep traps, the free volume expansion caused by the long-range displacement of the
molecular chain driven by the electric field force, and the effect of the energy accumulation
of electrons in the expanded free volume on the breakdown strength. Comparative studies
show that the energy accumulation of electrons in the expanded free volume due to the
long-range displacement of the molecular chain dominates the breakdown strength. When
the interaction between the molecular chains in the interface region between the nanofiller
and the polymer matrix is enhanced, it is difficult for the molecular chains to undergo
long-range displacement under the driving of the electric field force. In this case, the
free volume expansion is small and it is difficult for electrons to obtain sufficient energy,
so the breakdown strength is increased. Therefore, when designing the structure of the
interface region, the interaction between the molecular chains in the interface region can
be enhanced by the surface modification method, so that the breakdown strength can be
greatly improved. LDPE is a key insulating material for power cables and energy storage
dielectric capacitors. Revealing the breakdown mechanism of LDPE nanodielectrics can
better develop insulating materials with high breakdown strength. This will provide
theoretical and simulation model support for the development of high-performance power
cables and energy storage dielectric capacitors.

122



Appl. Sci. 2022, 12, 6157

In addition, the aggregated structure of polymer nanocomposites can be changed to
some extent, compared to that of pure polymers. The interface between the crystalline
region and the amorphous region, and the interface region between the nanofiller and
the polymer matrix, may form different trap distributions. The change in crystallinity
and the change in lamellar length may change the interaction strength between molecular
chains. Because the molecular chains in the interface region are bound by nanoparticles,
the interaction strength between the molecular chains also changes. In future studies, we
will correlate aggregated structures with trapping effects and molecular chain interactions
through density functional theory [37] and molecular dynamics simulations [38]. Then, the
EBMD model will be used to determine the effect of the trapping effect and molecular chain
interactions on the breakdown strength. Ultimately, a multiscale model will be established
to study the relationship among the aggregated structure, the trapping effect and molecular
chain interactions, and the electric breakdown performance.

5. Conclusions

The electrical breakdown electric fields simulated by three breakdown models at
various nanofiller contents were compared, and the breakdown mechanism of LDPE
nanocomposites was illustrated. Doping of Al2O3 nanoparticles into LDPE can change
the trap, conductivity, and electrical breakdown properties. The results indicated that
the charge trapping, molecular motion, and electron energy gain in free volumes are
important factors for the electrical breakdown of polyethylene nanocomposites. Then,
space charge transport, electron energy gain, and molecular chain long-distance movement
were comprehensively considered to investigate the electrical breakdown mechanism
of nanocomposites. EBEF, EBEG, and EBMD models were established via focusing on
space charge accumulation due to deep trappings and associated electric field distortion,
mobile electrons gaining energy in free volumes, long-distance movement of molecular
chains under the Coulomb force expanding free volumes, and accelerating electrons in
the enlarged free volumes. Simulation results showed that the EBMD model fits the
experimental results much better than the EBEF and EBEG models. The correlation between
the long-distance molecular chain movement under the Coulomb force and the electric
breakdown characteristics of LDPE was established. The comparisons between simulation
results of different models and experiments showed that the electric breakdown electric
field of LDPE nanodielectrics is synergistically enhanced by both the strong trapping effect
of traps in interfacial regions and the strong binding effect of molecular chains.
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Abstract: The electrostatic field in a nanocomposite represented by spherical nanoparticles (NPs)
embedded into a dielectric between two parallel metallic electrodes is derived from first principles.
The NPs are modeled by point dipoles which possess the polarizability of a sphere, and their image
potential in the electrodes is found using a dyadic Green’s function. The derived field is used to
obtain the parameters which characterize the electrical breakdown in a nanocomposite capacitor. It is
found, in particular, that for relatively low volume fractions of NPs, the breakdown voltage linearly
decreases with the volume fraction, and the slope of this dependence is explicitly found in terms of
the dielectric permittivities of the NPs and the dielectric host. The corresponding decrease in the
maximum energy density accumulated in the capacitor is also determined. A comparison with the
experimental data on the breakdown strength in polymer films doped with BaTiO3 NPs available in
the literature reveals a dominant role of the interface polarization at the NP-polymer interface and an
existence of a nonferroelectric surface layer in NPs. This research provides a rigorous approach to the
electrical breakdown phenomenon and can be used for a proper design of nanocomposite capacitors.

Keywords: electrical breakdown; breakdown voltage; nanocomposite; nanocomposite capacitor

1. Introduction

Recently, the polymer film capacitors have received growing attention due to their
advantages of a low cost, facile fabrication, excellent flexibility and high operating volt-
age [1]. To also attain high energy storage density, one employs nanosized inclusions
with a high dielectric constant, thus increasing the effective dielectric permittivity of such
polymer-based nanocomposites [2–5]. This can be performed, however, at the expense of
a decrease in the capacitor breakdown strength [6–8] that diminishes to some extent the
advantages of this approach.

To properly design nanocomposite capacitors, one needs a deep understanding of the
factors which control the electrical breakdown in them. For relatively low volume fractions
of inclusions, which do not create deep traps for electrons [9–13], the primary effect of
their embedding is a modification of the electric field in the capacitor. Among different
approaches which aim to account for this influence, only the Maxwell Garnett approxima-
tion [14,15] follows from first principles, while the other ones are rather phenomenological
models (see, for example, a review of different models in Ref. [7]). This approximation
treats the spherical inclusions as point dipoles with a dipole moment which is determined
by the sphere polarizability. It is applicable, however, to composite media provided they
extend throughout a space of dimensions which are much larger than the wavelength of
the external field or to unbounded media in the static case. For a nanocomposite capacitor,
this criterion is not fulfilled, and one must take into account the polarization of electrodes
and, resulting from it, the image potential [16].

In the present paper, we develop a first-principles approach to the static electric field
in a nanocomposite capacitor which is based on a rigorous account of the image potential
for point dipoles between parallel metallic electrodes. The obtained results are used to find
the parameters which characterize the electrical breakdown in a nanocomposite capacitor.
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The predicted dependencies are compared with the available experimental data on the
breakdown field strength as a function of the volume fraction of inclusions and temperature.

2. Methods

2.1. Model

We consider a parallel-plate capacitor in which the gap of thickness d between the
metallic electrodes is filled with a nanocomposite dielectric. The rectangular electrodes
are assumed identical to each other and have the lateral dimensions L1 and L2 along
the x and y axes, respectively. The nanocomposite is represented by identical spherical
nanoparticles (NPs) of radius R with the dielectric permittivity εi randomly dispersed in
the host dielectric with the dielectric permittivity εh (see Figure 1).

Figure 1. (a) The model of a nanocomposite capacitor. (b) The model of an NP.

We assume that the NP radius is much less than the capacitor dimensions, i.e.,
R  d, L1, L2, and treat the NPs as point dipoles which possess the polarizability of a
dielectric sphere. Such an approach follows the assumption made by Maxwell Garnett [14]
which has been widely used for the modeling of the dielectric properties of composites.
The applicability of this approximation is limited to relatively small volume fractions of
NPs (see Section 2.3).

2.2. Electrical Breakdown in Conventional Capacitors

We assume that the main dependencies which govern the electrical breakdown in
capacitors remain valid when a small volume fraction of NPs is embedded into the host
dielectric. Namely, the avalanching effect in the dielectric in a strong electric field leads to
an exponential increase in the electron current density with the dielectric film thickness as
follows [17]

je(d) = je(0) exp(γEd), (1)

where je(0) is the injected current density at the electrode with a negative bias (at z = 0),
the constant γ can be determined in terms of the electron energy sufficient for impact
ionization and the recombination rate, E is the electric field strength inside the dielectric
and d is the dielectric film thickness. The breakdown occurs when the electron current
density reaches the critical value jB which is sufficient for the dielectric destruction. For a
given thickness, this happens at a certain value of the field strength, EB, which determines
the breakdown voltage VB = EBd.

The quantity je(0) is dictated, in its turn, by the work function of the electrode and
the potential barrier for electrons formed by both the electric field potential and the image
potential for an electron originating from the polarization of the electrode. Two processes
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contribute to this current: the quantum-mechanical tunneling through the barrier and the
thermionic current above the barrier.

For relatively weak electric fields, the latter one prevails over the first one and is given
by the Richardson–Schottky equation [18]

je(0) = AT2 exp
(
− W

kT

)
exp

(
BE1/2

kT

)
, (2)

where A and B are constants, A being known as the Richardson constant, W is the work
function of the electrode, E is the electric field strength inside the dielectric film, k is the
Boltzmann constant and T is the temperature.

In strong electric fields, the tunneling mechanism is the dominant one and the injection
current is given by the Fowler–Nordheim formula [19]

je(0) = CE2 exp
(
−D

E

)
, (3)

where the constants C and D are determined by the work function of the electrode and do
not depend on the temperature.

2.3. Local Field in a Nanocomposite

When applying the above equations to a nanocomposite capacitor, one should regard
the field strength E as the microscopic (local) field which is determined not only by the
applied voltage but also by the field of the polarized NPs. For extended media and
relatively small volume fractions of NPs, this field can be found in the Maxwell Garnett
approximation which models the inclusions by polarizable spheres [14,15]. However, this
approach is not applicable to the operating wavelengths λ which are comparable with or
larger than the capacitor dimensions and especially for static fields which correspond to
the limit λ → ∞ [16].

A proper approach to this problem involves an account of the image potential which
originates from the polarization of the electrodes and can be obtained by an infinite sum-
mation of all the induced NP dipole images in the two electrodes [20]. However, a more
convenient way of calculation is using the Fourier transform of the field derived for a
dipole oscillating with frequency ω between two reflecting surfaces and taking the limit
ω → 0 [21].

In the adopted approximation, the induced dipole moment of an NP located at the
point r = (x, y, z) is given by [22]

p(r) = αE(r) = εhR3 εi − εh
εi + 2εh

E(r), (4)

where α is the sphere polarizability and E(r) is the microscopic (local) field [23] at the
position of the dipole. A random distribution of NPs allows one to formally consider their
polarization, P(r) = Np(r), as a continuous function of the radius vector r. Then, the local
field can be written in the form [23,24]

E(r) = E0 + N
∫

V′
F̄(r, r′; ω)p(r′)dr′, (5)

where E0 is the external electric field applied to the capacitor and directed along the z axis
and the integral term represents a collective action of the induced dipoles. Here, N is the
volume number density of NPs, the quantity F̄(r, r′; ω) is the so-called field susceptibility
tensor that relates the electric field at the point r generated by a classical dipole, oscillating
at frequency ω, with the dipole moment itself, located at r′ [25], and the symbol V′ denotes
the gap volume after removal of a small volume around the NP under consideration that
excludes its self-action. As far as the dipole moment in the integrand depends on the local

129



Appl. Sci. 2022, 12, 5669

field, Equation (5) is an integral equation which provides a self-consistent solution for the
electric field in the capacitor.

The tensor F̄(r, r′; ω) can be expressed in terms of the dyadic Green’s function for
Maxwell’s equations [26] and allows a decomposition into the direct contribution, which
describes the field of a dipole in free space [27], and the reflected contribution, which pro-
vides the dipole field reflected from the parallel plates [21]. For a dipole near a flat surface,
it is convenient to write it in the form of the 2D spatial Fourier integral as follows [28]

F̄(r, r′; ω) =
1

(2π)2 ×
∫ ∞

−∞

∫ ∞

−∞
f̄(z, z′; kx, ky; ω)eikx(x−x′)eiky(y−y′)dkxdky, (6)

where f̄(z, z′; kx, ky; ω) is the Fourier transform of the tensor F̄(r, r′; ω), x′, y′ and z′ are the
Cartesian coordinates of the point r′, kx and ky are the spatial frequencies along the x and y
axes, respectively.

For the purposes of the present derivation, one needs the limiting value of the tensor
component fzz(z, z′; kx, ky; ω) when ω → 0, which we denote as fzz(z, z′; kx, ky; 0). This
quantity determines the z-component of the local field which dictates the potential barrier
for injected electrons. In this limit, the reflected field is reduced to the field originating from
the images of the NP-induced dipole in the two electrodes.

Let us introduce the Fourier transform of the local field in the capacitor,

Ez(r) =
1

(2π)2

∫ ∞

−∞

∫ ∞

−∞
ez(z; kx, ky)eikx xeikyydkxdky, (7)

and substitute it into Equation (5). The obtained equation involves the quantity fzz(z, z′; kx, ky; 0)
whose variation with z and z′ is determined by the factors exp(±κz) and exp(±κz′) with
κ = (k2

x + k2
y)

1/2. Assuming the inequality κd  1, which will be justified in what follows,
and the model of a perfect conductor for the electrodes, one obtains (see Ref. [29] for
the detail)

fzz(0, 0; kx, ky; 0) ≈ 4π

εhd
. (8)

We then obtain

ez(kx, ky) =
e0(kx, ky)

1 − (4π/εh)Nα
, (9)

where

e0(kx, ky) =
∫ L2/2

−L2/2

∫ L1/2

−L1/2
E0e−ikx xe−ikyydxdy

= E0L1L2sinc
(

kxL1

2

)
sinc

(
kyL2

2

)
(10)

is the Fourier transform of the applied electric field. Here, sincx ≡ sin x/x, L1 and L2 are
the lateral dimensions of the electrodes along the x and y axes, respectively, and we have
assumed that the field is zero outside the capacitor. Taking into account that the function
sincx is essentially nonzero within the range |x| ≤ 3, one concludes that the essential
range of integration in Equation (7) is limited to the values |kx| ≤ 6/L1 and |ky| ≤ 6/L2.
This means that the condition κd  1, which we have used above, is justified provided
d  L1, L2.

Finally, the local field, Equation (7), takes the form

Ez =
E0

1 − 3 f β
, (11)

with f = (4π/3)NR3 being the volume fraction of NPs and β = (εi − εh)/(εi + 2εh). Let
us note that the applicability of this approach which models NPs by point dipoles is limited
to the range f ≤ 0.2 [16].
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3. Results

3.1. Breakdown Parameters in a Nanocomposite Capacitor

Equations (1)–(3), which describe the electrical breakdown, can be written in terms of
the applied voltage, V, and the applied field strength, E0 = V/d, as

je(d) = je(0) exp
(

γV
1 − 3 f β

)
, (12)

je(0) = AT2 exp
(
− W

kT

)
exp

(
B′E1/2

0
kT

)
(13)

and

je(0) = C′E2
0 exp

(
−D′

E0

)
, (14)

respectively. Here, the new parameters

B′ = B
(1 − 3 f β)1/2 , (15)

C′ = C
(1 − 3 f β)2 (16)

and
D′ = D(1 − 3 f β) (17)

determine the field and temperature dependencies of the injection current in a nanocom-
posite capacitor.

The breakdown voltage for a nanocomposite capacitor, V′
B, is related with the one for

an NPs free capacitor, VB, as follows

V′
B = (1 − 3 f β)VB. (18)

For NPs with εi > εh, the quantity β is positive and therefore Equation (18) describes
a lowering of the breakdown voltage with an addition of NPs.

3.2. Maximum Energy Density

An important characteristic of a capacitor is the electromagnetic energy density, U,
which it can accumulate. This quantity is given by

U =
1
2

ε0εE2 (19)

with ε0 being the permittivity of the vacuum and ε being an effective permittivity of
the dielectric in the capacitor. The maximum value of the energy density which can be
attained in a nanocomposite capacitor is determined by the breakdown field strength
E′

B = V′
B/d, i.e.,

U′
max =

1
2

ε0εE′2
B . (20)

For a nanocomposite capacitor in the static limit [16]

ε = εh
1 + 3 f β

1 − 3 f β
(21)

that, together with Equation (18), gives

U′
max = [1 − (3 f β)2]Umax, (22)
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where Umax is the maximum energy density in an NPs free capacitor. Equation (22) pre-
dicts a slower decrease in the maximum energy density with f than the decrease in the
breakdown voltage, Equation (18).

4. Comparison with Experiments and Discussion

The above theoretical findings can be compared with the experimental results avail-
able in the literature. One should note, however, that the quantities γ, W and jB, which
determine the breakdown field strength, are unknown and do not allow to calculate the
absolute value of E′

B. Instead, one can consider the relative value E′
B/EB with EB being the

breakdown field strength in an NP-free capacitor and compare it with the predicted trend
which follows from Equation (18).

First, we consider the experiments on the breakdown field in nanocomposites rep-
resented by BaTiO3 NPs with an average size of 100 nm dispersed in a polyvinylidene
fluoride (PVDF) matrix [6]. We restrict ourselves by the range of relatively small volume
fractions of BaTiO3 NPs ( f ≤ 0.2) where our approach can be applied. One can see that the
observed decrease with f in the breakdown strength E′

B measured at different temperatures
can be well fitted by straight lines (see Figure 2) which is in agreement with Equation (18).
The quantity β found from the slopes of these dependencies nonmonotonically varies
between 0.34 and 0.46 when the temperature changes from 20 to 120 ◦C which can be
attributed to the error bars of the measurements.

These results can be compared with the value β ≈ 0.86 calculated under the assump-
tion that εi = 200, which is typical for thin BaTiO3 films [30], and εh = 10 [31]. A significant
difference between the calculated and fitted values of β can be ascribed to the fact that the
dielectric properties of BaTiO3 NPs are distinct from those of BaTiO3 films [32,33].
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Figure 2. The dependence of the breakdown field strength on the volume fraction of BaTiO3 NPs
embedded in PVDF matrix for different temperatures indicated in the inset. The straight lines are the
best linear fits to the experimental data shown by symbols and taken from Figure 5a in Ref. [6]. The
experimental error bars are not available.

A remarkable temperature dependence of the breakdown field indicates that the
thermionic current, Equation (13), is the dominant mechanism of the electron injection.
As it follows from Equations (12) and (13), the temperature dependence of the quantity
E′

B/(1 − 3 f β) should be the same for different f . This can indeed be obtained from the
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experimental plots of E′
B versus T which, being recalculated to E′

B/(1− 3 f β) with the mean
value β = 0.4, coincide with each other within the possible error bars (see Figure 3). Taking
β = 0.4 and the dielectric permittivity of PVDF εh = 10 [31], one finds for the effective
dielectric permittivity of BaTiO3 NPs εi ≈ 30.
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Figure 3. The dependence of the quantity E′
B/(1 − 3 f β) on the temperature for different volume

fractions of BaTiO3 NPs embedded in PVDF matrix indicated in the inset. The experimental data are
taken from Figure 5b in Ref. [6]. The experimental error bars are not available.

In another set of experiments, BaTiO3 NPs of 30–50 nm in diameter were surface
modified using a pentafluorobenzyl phosphonic acid (PFBPA) and incorporated into a
poly(vinylidene fluoride-cohexafluoropropylene) (P(VDF-HFP)) matrix [7]. Again, for
relatively small volume fractions of NPs ( f ≤ 0.2), the breakdown field strength linearly
decreases with f (see Figure 4). The value of β deduced from the slope of this dependence
is about 0.57, and taking εh = 12.6 [7], one obtains εi ≈ 70. For comparison, the calculated
value of β obtained with εi = 200 is about 0.83.

Finally, a decrease in the breakdown field strength was also observed for BaTiO3 NPs
of 7 nm in diameter dispersed in polystyrene (PS) [8]. A linear fit of this dependence
(Figure 5) gives β ≈ 0.54 which, together with the value εh = 2.4 for the PS [8], provides
εi ≈ 11. The calculated value with εi = 200 is β ≈ 0.96.

As one can see from the above consideration, the values of the effective dielectric
permittivity of BaTiO3 NPs derived from different measurements differ from each other
significantly which points at a dominant role of the interface polarization at the boundary
between an NP and a polymer matrix. The obtained values of εi are in the range between
10 and 70 which is much less than the values typical for thin BaTiO3 films [30]. This
discrepancy can be attributed to the existence of a nonferroelectric surface layer in the NPs
which has a low dielectric permittivity, its relative contribution being that it is increasing
with a decrease in the NP size [32,33].
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Figure 4. The dependence of the breakdown field strength on the volume fraction of BaTiO3 NPs
embedded in P(VDF-HFP) matrix. The straight line is the best linear fit to the experimental data
shown by circles and taken from Figure 8b in Ref. [7]. The experimental error bars are not available.
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Figure 5. The dependence of the breakdown field strength on the volume fraction of BaTiO3 NPs
embedded in PS matrix. The straight line is the best linear fit to the experimental data shown by
circles and taken from Figure 5 in Ref. [8].

5. Conclusions

In the present paper, we have developed a first-principles approach which allows
one to calculate the local electric field in a nanocomposite capacitor and the parameters
which characterize the electrical breakdown in it. It is found that for relatively low volume
fractions of NPs ( f ≤ 0.2), the breakdown voltage linearly decreases with f . The slope of
this dependence is determined by the parameter β which is related to the NP polarizability.
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A comparison with the available experimental data on the breakdown strength in
polymer films doped with BaTiO3 NPs has revealed that the effective dielectric permittivity
of NPs differs remarkably for different host polymers and is significantly lower than the
values typical for ferroelectrics. These findings point at a dominant role of the interface
polarization at the NP-polymer interface and an existence of a nonferroelectric surface layer.
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Abstract: This study addresses the effect of nanoparticles’ conductivity and surface charge on
the dielectric performance of insulating nanofluids. Dispersions of alumina and silicon carbide
nanoparticles of similar size (~50 nm) and concentration (0.004% w/w) were prepared in natural ester
oil. The stability of the dispersions was explored by dynamic light scattering. AC, positive and
negative lightning impulse breakdown voltage, as well as partial discharge inception voltage of
the nanofluid samples were measured and compared with the respective properties of the base oil.
The obtained results indicate that the addition of SiC nanoparticles can lead to an increase in AC
breakdown voltage and also enhance the resistance of the liquid to the appearance of partial discharge.
On the other hand, the induction of positive charge from the Al2O3 nanoparticles could be the main
factor leading to an improved positive Lightning Impulse Breakdown Voltage and worse performance
at negative polarity.

Keywords: nanofluid; conductivity; alumina nanoparticles; silicon carbide; AC breakdown; lightning
impulse breakdown; partial discharge

1. Introduction

The lifetime of the power transformer is a major factor for the reliability and uninterrupted
operation of the electricity grid. Liquid insulation, as well as the paper immersed in dielectric
liquid, should provide protection of its windings under the influence of electrical, thermal, and even
environmental effects to prevent short circuits and leakage currents [1,2]. The mineral oil typically
used as dielectric and thermal coolant has certain disadvantages, such as toxicity, high flammability,
and reduced lifetime [3–7]. Therefore, the first step towards the improvement of transformer insulation
is to turn the attention of research to the study of alternatives, such as natural or synthetic ester
oils [7–10]. The use of ester oils entails, beyond improved properties like biodegradability and higher
moisture tolerance, benefits for the transformer itself, essentially aging characteristics, enhanced lifetime,
and loading capability [3,11,12].

Nanotechnology has already been used for various subsurface applications [13–16]. In liquid
insulation, the integration of nanoparticles (NPs) in a base conventional oil volume has been part of
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recent research in an effort to achieve enhanced dielectric and thermal performance with optimum
insulation quantity to recede the size of the transformer [17]. The term “nanofluid” (NF) was firstly
proposed by Choi et al. [18], indicating a mixture where both the NPs and the base oil contribute
to the application providing enhanced thermal conductivity. Since then, a number of reports have
appeared in the literature regarding the integration of many different types of NPs in mineral or ester
oils achieving improvement not only in thermal but also in dielectric properties based on their type,
concentrations, shapes, and sizes [1–9,19–22].

It has been noticed that the addition of nitrides mainly leads to improvement of thermal
properties [20,21], while Thomas et al. [3] indicated that the integration of CaCu3Ti4O12 NPs in 0.050%
vol. concentration could lead to thermal conductivity enhancement of the synthetic ester oil by 10% at
room temperature. The integration of metal oxides, on the other hand, could have beneficial effect on
dielectric ones. Towards this direction, Zhong et al. [8] and Du et al. [2,22] have reported improvement
of AC and Lightning Impulse Breakdown characteristics following the addition of semi-conductive
NPs in natural ester and mineral oil volumes, respectively. The addition of magnetic [4,23] and
dielectric [19,23,24] NPs, even at low weight fractions, has also shown increase in the dielectric strength
with respect to the base oil. Khaled et al. [23] studied the effect of conductive Fe3O4, and dielectric Al2O3

and SiO2 NPs on AC breakdown voltage (AC BDV) of synthetic ester oil reporting 48% improvement
with the addition of conductive Fe3O4 NPs (50 nm) at a concentration of 0.4 g/L, while the integration
of insulating Al2O3 NPs of 13 nm size at a concentration of 0.05 g/L led to a 35% improvement. Last but
not least, the viscosity of the oil is also affected based on the type and the loading of the NPs inside the
matrix. Fontes et al. [25] reported a 25% rise in viscosity adding diamond NPs in transformer oil at
0.050 vol.%. Ilyas et al. [26] concluded that the dynamic viscosity of the mineral oil-based alumina NFs
had decreased with the rise of temperature.

With regard to the mechanisms leading to the beneficial effects of the NPs on the aforementioned
properties, a number of theories have been proposed [27–29]. Most of them consider the operation
of NPs as “electron traps” under the application of an external electric field hindering the streamer
propagation between the electrodes, adopting different explanations [27,28]. Conductive NPs can
capture the fast electrons in shallow traps through charge induction [27,28]. Semi-conductive and
dielectric NPs could have the same effect as the conductive ones, because they are polarized under the
influence of an external electric field.

Despite the number of publications devoted to the study of the metal oxide NPs’ effect on
dielectric and thermal properties of the transformer oil, there is limited literature concerning the
influence of metal carbides in transformer oils, although they are widely used in other industrial sectors.
The main contribution of this article is to compare the dielectric performance of insulating Al2O3 and
semi-conducting SiC-ester based NFs in terms of AC breakdown voltage (AC BDV), positive and
negative Lightning Impulse breakdown voltage (LI BDV) and partial discharge (PD) activity. The choice
of these specific types of NPs, having similar nominal size, is based on the fact that they have similar
permittivities, therefore conductivity should play a major role in the dielectric performance of the
corresponding NFs.

In this study, insulating alumina and semi-conducting SiC NPs were dispersed into natural ester
oil EnvirotempTM FR3TM in concentration of 0.004% w/w. The choice of this particular concentration
is based on previous work [30]. After the preparation of the NF samples, dynamic light scattering
was used to assess their agglomeration behavior in the dispersions. AC, positive and negative LI
BDV, as well as PDIV, have been measured, analyzed, and compared to the base oil’s characteristics
in an effort to conclude about their effect on dielectric performance of transformer oil. The results
of the conducted measurements have indicated that the NF-containing SiC NPs possesses improved
dielectric properties which is attributed to the higher conductivity of these NPs with respect to the
Al2O3 NPs for the same nominal size and weight percentages.
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2. Materials and Methods

This section includes the steps followed for the preparation of NF dispersions and the experiments
undertaken for the study the stability and the conduction of measurements of dielectric properties.

EnvirotempTM FR3TM, purchased by Cargill, was used as matrix. It is a renewable, bio-based
natural ester dielectric coolant, which is formulated from seed oils and performance enhancing
additives with a density of 0.92 g·cm−3 at 20 ◦C, relative permittivity 3.2, conductivity 5 × 10−14 S·m−1,
and flash and fire points greater than 250 and 300 ◦C, respectively. The commercially obtained dielectric
alumina and semi-conducting SiC NPs were used as received without any further treatment. These NPs
were selected considering their similar nominal size and permittivities. Some of the most important
dielectric and thermal properties of the NPs are presented in Table 1.

Table 1. Dielectric and thermal properties of the NPs.

Property Al2O3 SiC

Nominal average diameter (nm) 50 50
Relative permittivity 9.8 9.7
Conductivity (S·m−1) 10−12 3.16 × 10−3

Thermal Conductivity (W·m−1/◦C at 25 ◦C) 25.5 350

2.1. Preparation of Nanofluid Samples

A two-step method was implemented for the production of NF samples. Primarily, a volume of
500 mL of FR3TM was picked as base oil for the formation of NFs. Each matrix sample was filtered and
dried in hot air oven at 120 ◦C overnight in order to achieve moisture reduction within the prescribed
limits. The level of moisture within each sample after drying was confirmed with Karl Fischer titration
method, following the procedure reported elsewhere [31]. In brief, Mitsubishi Chemicals Co. CA-100
moisture meter and Metrohm KF Coulometer 831 measured and confirmed, respectively, that the
remaining moisture was below the recommended values.

Subsequently, 18.4 mg of the two types of NPs under study were immersed in appropriate base
oil volumes to achieve the desired w/w concentration. As NPs have high surface areas [1,32,33] they
tend to agglomerate shortly after their addition in the matrix forming clusters, where primary particles
are held together by van der Waals interaction forces [32,33].

In order to avoid the agglomeration of NPs, which diminishes their beneficial effects on dielectric
strength [1,7,32,33], each mixture was subjected to ultrasonication and vigorous magnetic stirring to
achieve good dispersion of the NPs and homogenization of the final NF samples. In fact, each sample
was sonicated for 30 min with the assistance of a Raypa UCI-50 ultrasonic bath, followed by a 15 min
stirring with the use of a Biosan MSH-300 magnetic stirrer. The maximum input power of the sonicator
is about 300 W with a frequency of 35 kHz. Each NF sample was subjected to ultrasonication under full
power and the amount of ultrasonication energy was in the range of 540 kJ. This cycle was repeated
three times for both NF samples, ensuring uniform dispersion of the colloidal suspensions, as indicated
in [7]. Table 2 depicts the labeling of the NF samples, as well as the base oil, which will be submitted in
the same experiments as well, while images of the two NF samples are shown in Figure 1 immediately
after their preparation.

Table 2. Details of nanofluids studied in this work.

Sample Name NPs Concentration (% w/w)

Base 0
iNF NF with 0.004% Al2O3 NPs
sNF NF with 0.004% SiC NPs
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Figure 1. The NF samples shortly after their synthesis: sNF left; iNF right.

2.2. Experimental Part

There are two major categories, according to which the dielectric measurements regarding any
High Voltage (HV) equipment are classified: the destructive and non-destructive tests. In the context
of the destructive tests, AC, positive and negative LI BDV are measured for the two NF samples along
with a base oil sample. In regard to the non-destructive ones, PDIV, as well as the variation of the
apparent charge for various voltage levels, have been measured.

AC BDV is the fundamental parameter for the characterization of any insulation system, as long
the transformer nominally operates under AC voltage. For the determination of this property, each one
of the samples under investigation is stressed under AC voltage/60 Hz using a Baur DTA 100 C
generator, as illustrated in Figure 2a, according to the conditions of IEC 60,156 standard. The generator
can produce up to 100 kV increasing the voltage at a rate of 2 kV/s until breakdown occurs between
two Rogowski electrodes, which ensure a uniform electric field distribution, with the gap distance set
at 2.5 mm. At the beginning of the experimental procedure, the electrodes are polished and cleaned.
10 sets of 6 breakdown events (60 in total) are performed, with the applied interval being 2 min between
two successive breakdowns and 5 min between two sets. The results are fit to Weibull and normal
distributions in order the AC BDV in low probability levels to be estimated [7,23,34].

 

 
(a) (b) 

Figure 2. AC BDV and PD apparatuses: (a) BAUR DTA test cell with Rogowski electrodes. (b) Schematic
diagram of the PD setup.

Regarding the measurement of LI BDV, this is another property of major importance as it is
an indication for the strength of the insulation in emergency conditions, such as lightning strikes.
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A two-stage impulse generator is used, producing up to 400 kV, with positive and negative polarity,
according to IEC 60,897 standard. A point–sphere geometry is used, ensuring a highly divergent field
geometry, with the gap distance set at 25 mm. The radius of curvature is 50 μm, while the diameter of
the sphere is 12.7 mm. Five voltage applications are conducted for each voltage level with each sample
being replaced with a new one after every BD event, ensuring a good reliability for the processing of
the results. The applied lightning impulse voltage 1.2/50 μs, is monitored on oscilloscope Tektronix
DPO4104; 1 GHz/5 GS s-1.

In terms of the conduction of PD measurements, a HV test transformer (HIGH VOLT GmbH
Transformer PEOI 40/100,100 kV) is used with a TETTEX Instruments PD Detector DDX-9101 to measure
the apparent charge to a nominal capacitor (HIPOTRONICS capacitor PSF 100-1). The schematic
diagram of the configuration is displayed in Figure 2b. The test cell consists of two plate electrodes with
the gap between them set at 0.75 mm. Nomex® Dupont™ insulating paper with 0.75 mm thickness
impregnated to the NFs and base oil samples, is put in the gap. The AC voltage value for which the
measured apparent charge exceeds the value of 10 pC is considered as the PDIV for each sample under
investigation. The insulating papers impregnated to iNF, sNF, and base oil samples are stressed under
AC voltage while the transformer is increasing the voltage at a rate of 0.1 kV/s until the measured
apparent charge exceeds the threshold value. Each experiment is repeated 4 times for ensuring the
reliability of the obtained results.

3. Results

3.1. Particle Size and Agglomeration Dynamics in Dispersions

Field emission scanning electron microscopy (FE-SEM) was used to study the particle size and
particle size distribution of the dry powders. The NPs were drop-casted by ethanol dispersion onto Si
substrates. Figure 3 illustrates typical images of the Al2O3 Figure 3a and SiC particles Figure 3b at high
magnifications. For both samples, the particles seem agglomerated, as it typically occurs when particles
are drop casted from a dispersion to the substrate. The images reveal that the particles sizes have the
nominal values, being, in particular, ~45–50 nm in the case of SiC and in the range 30–35 for Al2O3.
For both materials, image analysis over broader areas by FE-SEM, incorporating a larger number of
primary particles, show very narrow particle size distributions.

 
Figure 3. Representative FE-SME images of (a) Al2O3 and (b) SiC NPs at high magnification.

The dynamics of NPs in dispersion are of paramount importance since their agglomeration rate
essentially determines the high-performance lifetime of the NF. DLS is a versatile technique able to
provide the rate of agglomeration process in situ. Apart from the primary particle size, the technique
can sensitively furnish information on the formation of small agglomerates ad their evolution upon
aging. Details about the method and data analysis applied to a similar system, namely, a TiO2-based NF,
have been presented elsewhere [7]. Figure 4 shows the hydrodynamic radii of the two NFs measured
at two different times, immediately after their dispersion preparation and after 5 days. The Rh data
reveal that for each NF there are two different population of particles. One population with Rh around

141



Energies 2020, 13, 6540

40 nm is related to the dynamics of the primary NPs, while agglomerates with Rh of few hundreds
of nm also exist in the dispersions.

 
Figure 4. Hydrodynamic radii estimated by DLS data in dispersion, measured at short and long times
after the dispersion preparation.

The evolution of Rh against time show that a weak agglomeration, in relation to TiO2-based oil
dispersion [7] takes place. Both the primary particles (nano) and their agglomerates (aggl) exhibit an
increase in size following similar rates among the two types of NPs. These findings demonstrate that
the proclivity toward agglomeration of SiC and Al2O3 is rather weak, e.g., compared to TiO2 NFs.
This finding lends support to the accuracy of the electrical characterization, considering that possible
fast agglomeration process may affect the accurate monitoring of electrical parameters.

3.2. AC Breakdown Voltage

According to the mean AC BDVs displayed in Figure 5 and Table 3, iNF and sNF samples present
enhanced dielectric strength by 4.1% and 16.3%, respectively. The standard deviation of the collected
AC BDV events is approximately the same for the iNF with respect to that of the base oil. On the
contrary, the standard deviation of the results regarding sNF is increased.

 

Figure 5. Mean AC BDVs and standard deviation of the NF and base oil samples.
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Table 3. Descriptive statistics of the compared samples.

Sample Name (n) Mean BDV (kV) Standard Deviation (kV) Scale Shape

Base 61.3 8.5 8.7 64.8
iNF 63.8 8.3 8.9 67.4
sNF 71.3 9.9 8.5 75.5

The estimation of the BDV in low probability levels is of major importance as well. The BDV
can be considered as a random variable that follows normal or/and Weibull distribution [7,33–36].
The cumulated distribution functions (CDF) of the normal and Weibull random variable x, expressing
the breakdown voltage, are given by (1) and (2), respectively:

F(x) =
1
2

[
1 + er f

(
x− μ
σ
√

2

)]
(1)

F(x) = 1− e−
x
β α (2)

where, μ is the mean value; σ is the standard deviation; α is the shape parameter and β is the
scale parameter.

Firstly, Anderson–Darling goodness of fit test is performed to determine whether the sample of
the BD events are normally distributed. The same procedure is followed for Weibull distribution too,
because it is expected to give more precise analysis as it does not make assumptions of the skewness
and kurtosis. At 5% significance level, the p-value is higher for all the samples under investigation
both for normal and Weibull distribution, as shown in Table 4.

Table 4. Goodness of fit test (Anderson-Darling).

Sample Name (n) p-Value
Normal Weibull

Base 0.07 >0.25
iNF 0.12 >0.25
sNF 0.32 >0.25

Figure 4 depicts the frequency density plot of the BD events along with adjustment to normal
distribution per each sample under investigation. Such a display is necessary for the detection of
possible anomalies in the distribution of the AC BDV [7,23,34]. From the plots of Figure 6, along with
the goodness of fit test results; it is concluded that none of them could be rejected for the following
statistical analysis.

The breakdown voltages at 1, 10, and 50% probability levels of base, iNF and sNF (Table 5)
were calculated from the probability density plots for both distributions, which are demonstrated in
Figure 7. The choice of these probability levels corresponds to their importance for the operation of the
transformer. On the one hand, U50% gives an assessment for the expected breakdown voltage, while on
the other hand, U10% represents an indication on the initiation threshold of ionization, and therefore
assists in concluding about the reliability of the transformer oil sample [7,23,32–35]. Last but not least,
the BDV at 1% cumulative probability is necessary information for the designing of electric equipment.
U1% corresponds to the limit of voltage for safety and continuous operation of the appliance [37].
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Figure 6. Frequency density plots of the breakdown events for each sample in question with conformity
to Normal distribution.

Table 5. Breakdown Voltages at 1, 10 and 50% probability levels for normal and Weibull distributions.

Sample Name (n) Breakdown Cumulative Probability (%)
Distribution U50% (kV) U10% (kV) U1% (kV)

Base
Normal 61.3 50.3 41.3
Weibull 62.2 50.1 38.6

iNF
Normal 63.8 53.1 44.4
Weibull 64.7 52.3 40.3

sNF
Normal 71.3 58.6 48.2
Weibull 72.3 57.9 43.9

 
Figure 7. Probability density plots of the breakdown events for each sample in question according to
Normal and Weibull distributions.

Based on the results of Table 5, both iNF and sNF demonstrate enhanced BDVs in low cumulative
probability levels, with sNF showing the highest improvement with respect to the natural ester oil
sample by around 16.2, 15.6, and 13.7% for U50%, U10%, and U1%, respectively.
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From the U10% and U1% BD probability results, it is evident that the addition of SiC NPs
could assure more reliable nominal operation of the transformer and delay the initiation of streamer
propagation [23,35,37].

3.3. Positive and Negative Lightning Impulse Breakdown Voltage

The up-and-down method was implemented in order to estimate the mean LI BDV under positive
and negative polarity of base oil and the two NF samples after conducting measurements in various
voltage levels according to the demands of IEC 60,897 standard. The mean LI BDVs as well as the
average times to breakdown are exhibited in Table 6. Figures 8 and 9 depict the oscillograms of the LI
BDVs at 50% breakdown probability under positive and negative polarity, respectively.

Table 6. Mean positive and negative LI BDVs and time to breakdown.

Sample Name (n) LI BDV (kV) Time to Breakdown (μs)
Positive Negative Positive Negative

Base 73.4 −118.7 16.6 22.3
iNF 94.3 −120.5 14.8 15.7
sNF 77.5 −123.4 15.7 24.2

 

Figure 8. Oscillogram of the positive LI BDVs of the under-study samples at 50% breakdown
probability level.

 

Figure 9. Oscillogram of the negative LI BDVs of the under-study samples at 50% breakdown
probability level.
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The LI strength of iNF under positive polarity is enhanced by 28.5% with respect to the base oil
with the corresponding improvement of sNF being limited at 6%. The mean BD times of the samples
after the application of positive LIV are almost steady, unlike with the corresponding ones under
negative polarity. Under the application of negative LIV, the time to BD of iNF is restricted by 29.5%
with respect to the one of the base oil, while sNF sample demonstrates almost the same BD time.
In terms of their behavior under negative LIV, both NF samples show limited increase, as displayed
in Table 6 and Figure 8. It is also evident that the addition of alumina NPs narrows the gap between
positive and negative LI BDV.

3.4. Partial Discharge

In Figure 10, the change in apparent charge is depicted versus the applied AC voltage, while the
PDIV and the value of apparent charge at the PDIV for each sample are presented in Table 7. It is
evident that all the samples in question have similar behavior until about the level of 3 kV. Above this
voltage level, only the paper impregnated to sNF demonstrates a stable resistance to PD activity
for the whole range of AC stress, with the accumulation of apparent charge at the level of 5.5 kV
(highest applied voltage) being improved by 97.5 and 95.8% in comparison to the corresponding
one of the paper impregnated to base oil and iNF, respectively. Papers impregnated to sNF and iNF
samples demonstrate improved resistance to PD appearance by 92 and 44% with respect to the paper
impregnated to the matrix.

 

Figure 10. Change of the apparent charge as a function of the applied voltage for the three samples
under investigation.

Table 7. PDIV and apparent charge at the PDIV.

Sample Name (n) PDIV (kV) Apparent Charge (pC)

Base 2.50 43.1
iNF 3.60 257.0
sNF 4.80 20.0

Figure 11 depicts the PD pulses related to the papers impregnated to sNF (Figure 11a) and
iNF (Figure 11b) at the highest applied voltage. In the case of iNF impregnated insulating paper,
the multiple pulses of irregular form indicate the presence of voids in the vicinity of the NF.
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(a) (b) 

Figure 11. Waveforms of PD pulses at 5.5 kV applied voltage: (a) Paper impregnated to sNF; (b) Paper
impregnated to iNF.

4. Discussion

Taking into account the U50% values from Table 5 according to Weibull distribution, the mean AC
dielectric strength for a gap of 2.5 mm is 24.9 kV·mm−1, 25.9 kV·mm−1, and 28.9 kV·mm−1 for base,
iNF, and sNF samples, respectively. This finding could be attributed to the fact that the addition of
semi-conducting SiC NPs for the selected weight fraction can lead to the delay of streamer propagation,
by trapping and de-trapping the fast electrons at the tip of the streamer in shallow traps [27,28,32,38].

In an effort to explain the effect of the two types of NPs on BDV of the oil, Sima et al. [28]
proposed a theory according to which the addition of NPs in the matrix results in change of the
main electrodynamics in the dielectric liquid, regardless of their electrical properties. If considerable
divergence exists in conductivity or permittivity between NP and base oil, then induced or polarized
charges are generated at the interface between NP and matrix. These charges result in the production
of a potential well that can trap the fast electrons at the tip of the streamer in shallow traps and slow
down its propagation. As for the SiC NPs, they are characterized by much higher conductivity than
that ofthe base oil, and due to their characterization as semi-conductors, charge induction involves also
positive holes apart from electrons. These redistributed charges on the surface of SiC NPs produce a
potential well, which is given by the formula [28] for the electric field direction (θ = 0) and the opposite
one (θ = π):

ϕSiC =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
σ2−σ1

2σ1+σ2
R3E0

1
r2 , θ = 0, r ≥ R

− σ2−σ1
2σ1+σ2

R3E0
1
r2 , θ = π, r ≥ R

(3)

where σ1, σ2 are the conductivities of matrix and NPs in S·m−1, respectively, R is the radius of NP in m,
E0 is the mean dielectric strength of the NF in V·m−1 and r is the distance from the NP’s surface in m.

On the other hand, surface charges, known as bound charges, are formed at the surface of dielectric
alumina NPs, due to polarization under the influence of an external electric field E0. This mechanism
incorporates displacement and turning-direction polarizations. The displacement polarizations are
generated very quickly in only 10−15 to 10−12 s, while turning-direction polarizations in time ranging
from 10−10 s to 10−2 s [28]. Therefore, they can also produce a potential well, which is given by:

ϕAl2O3 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
ε2−ε1

2ε1+ε2
R3E0

1
r2 , θ = 0, r ≥ R

− ε2−ε12ε1+ε2
R3E0

1
r2 , θ = π, r ≥ R

(4)

where ε1, ε2 are the permittivities of matrix and NPs in F·m−1, respectively.
The potential well on each occasion is able to catch the fast-moving electrons and transform them

into negatively charged NPs which are moving slowly due to their larger radius. This could lead to the
delay of streamer propagation and thus higher required voltage level to bridge the gap.
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Substituting the values of conductivity and permittivity of FR3TM, SiC and Al2O3 NPs, as well
as the corresponding values of mean dielectric strength and radius of NPs in Equations (3) and (4),
the potential well of the colloidal suspensions of SiC and Al2O3 is given as:

ϕSiC (r) = 3.61× 10−15 × 1
r2

[V] (5)

ϕAl2O3 (r) = 1.32× 10−15 × 1
r2

[V] (6)

Figure 12 demonstrates the higher potential well of the suspended SiC NPs in the oil, especially
while moving closer to their surface. These types of NPs have the ability to capture more free electrons
in shallow traps than the alumina NPs. This fact explains their increased dielectric performance.
The total amount of charge that can be trapped by each of these two types of NPs is expressed by (7)
and (8), respectively:

QSiC = −12πε1E0R2 (7)

QAl2O3 = −12πε1E0R2 ε2

2ε1 + ε2
(8)

 
Figure 12. Potential well distribution versus the distance from the NPs’ surface.

Additionally, with substitution of the corresponding values as indicated above, they give:

QSiC = −7.71× 10−17 C (9)

QAl2O3 = −4.18× 10−17 C (10)

This means that each SiC and Al2O3 NP could potentially capture approximately 482 and
300 electrons, respectively, until they are saturated. The higher amount of trapped charge carriers in
sNF is ought to the higher conductivity of SiC NPs and is a result of the mechanism described above.
Streamers propagate in different modes, which are characterized by increasing velocity. Atiya et al. [32]
indicated that the operation of NPs as electron traps hinders the first two slow modes, which are
applicable under AC voltage.

Unlike AC, higher streamer propagation velocities are applicable under Lightning Impulse
Voltage (LIV). Ionization of the oil molecules begins above a threshold value of electric field which
includes positive ions and electrons. During positive LIV, the space charge field created by the
positive ions increases towards the grounded sphere, facilitating the propagation of positive streamers.
Under negative polarity, the electric field towards the grounded sphere is weakened by the space
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charge field, hindering the propagation of negative streamers. This explains why negative LI BDV is
higher than the positive LI BDV. Both types of NFs demonstrate increased strength under positive and
negative LIV, which indicates that the trapping of high mobility electrons at the tip of the streamer
in shallow traps results in increased BD performance [2,7,39]. However, the better performance of
iNF during positive LIV and its worse performance during negative LIV with respect to sNF could be
attributed to the distribution of the space charge field [39,40]. The positive charges induced by the
Al2O3 NPs can trap the fast electrons at the tip of the streamer, inhibiting its initiation and propagation
towards the grounded sphere electrode. On the other hand, under negative polarity, the addition of
Al2O3 NPs increases the electric field towards the grounded sphere, accelerating the propagation of
negative streamers.

The improved resistance to PD activity of both NF samples, with respect to the base oil, can be
attributed to the formation of the electrical double layer (EDL) between the surface of the NP and the
oil [3,7,32]. The addition of these types of NPs can augment the interfacial EDL, which can capture the
charge carriers and delay the initiation of PD activity. The better performance of sNF can be interpreted
by the greater ability of SiC NPs to trap the charge carriers, foremost the high mobility electrons,
and delay the appearance of PD in the vicinity of the liquid, as it was explained above.

5. Conclusions

In summary, two NF samples, containing Al2O3 (iNF) and SiC (sNF) NPs in the same concentration
(0.004% w/w), were synthesized and characterized. Electron microscopy showed that primary particles
have a narrow particle size distribution. DLS has revealed rather good stability of the dispersion
towards agglomeration over a period of five days. Both dispersions exhibit similar agglomeration
behavior. AC, positive and negative LI BDV, and PD activity of the NF samples were measured
and compared to the corresponding dielectric properties of a pure base oil sample. AC BDV results
indicated that sNF demonstrates the highest improvement in terms of dielectric strength by 16.3%.
The statistical analysis also showed that the same sample demonstrates increased AC BDV by 15.6
and 13.7% at 10 and 1% probability levels, providing an indication of enhanced reliability for the
uninterrupted operation of the power transformer. These findings have been attributed to the greater
ability of SiC NPs to trap charge carriers in shallow traps, because of their higher conductivity.

On the other hand, the increase in positive LI BDV of iNF can be attributed to the positive charge
induced by alumina NPs, which results in delaying the streamer propagation from the positive point.
Finally, sNF impregnated paper also demonstrates the greatest resistance to the appearance of PD,
delaying its initiation by 92% with respect to the paper impregnated to matrix. This finding could be
attributed to the role of charge carriers’ trapping from the augmented interfacial zone between SiC NPs
and matrix. Our future research work includes an attempt to find an appropriate surface modification
technique in order to achieve long-term stability of the Al2O3 and SiC dispersions, which will be
followed by the conduction of measurements of dielectric and thermal properties to address the effect
of surface modification on them.
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Abstract: CeO2 nanoparticles were coated with polydopamine (PDA) by dopamine polymerization
in water dispersions of CeO2 and characterized by Infrared and Near Edge X-ray Absorption Fine
Structure spectroscopy, Transmission Electron Microscopy, Thermogravimetric analysis and X-ray
diffraction. The resulting materials (PDAx@CeO2, with x = PDA wt% = 10, 25, 50) were employed
as fillers of composite proton exchange membranes with Aquivion 830 as ionomer, to reduce the
ionomer chemical degradation due to hydroxyl and hydroperoxyl radicals. Membranes, loaded with
3 and 5 wt% PDAx@CeO2, were prepared by solution casting and characterized by conductivity
measurements at 80 and 110 ◦C, with relative humidity ranging from 50 to 90%, by accelerated ex
situ degradation tests with the Fenton reagent, as well as by in situ open circuit voltage stress tests.
In comparison with bare CeO2, the PDA coated filler mitigates the conductivity drop occurring at
increasing CeO2 loading especially at 110 ◦C and 50% relative humidity but does not alter the radical
scavenger efficiency of bare CeO2 for loadings up to 4 wt%. Fluoride emission rate data arising
from the composite membrane degradation are in agreement with the corresponding changes in
membrane mass and conductivity.

Keywords: cerium oxide; polydopamine; radical scavenger; proton conductivity; chemical degradation

1. Introduction

In recent years, the need to arrest the effects of climate change is pushing governments
worldwide to plan and coordinate efforts to achieve a dramatic reduction in CO2 emissions.
This requires a revolution in energy supply toward much more flexible renewable energy
systems. Hydrogen offers several benefits for simultaneously decarbonizing transport,
housing and industrial sectors. Among hydrogen-based technologies, proton exchange
membrane (PEM) fuel cells have revealed promising for stationary and automotive appli-
cations. Because of the lifetime targets for large-scale stationary applications (≈40,000 h),
as well as for automotive applications (>6000 h) [1], the proton exchange membrane dura-
bility represents a key element for the longevity of the device. However, several factors
limit the membrane’s long-term stability. A source of membrane degradation is due to
chemical degradation caused by radical species such as H•, OH• and HOO• [2–6], which
gives rise to a thinning of the membrane leading to short the lifetime of PEM fuel cells. A
strategy to mitigate such radical attacks consists of the incorporation of radical scavengers.
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For example, the introduction of metal cations, such as Ce4+ and Mn2+, or their oxides,
including CeO2 and MnO2, revealed to be effective in mitigating the chemical degradation
of PFSA (PerFluoroSulfonic Acid) polymers [7–15] because, due to the multivalent oxida-
tion state of the metals, they can act as catalysts for the decomposition of hydroxyl and
hydroperoxyl radicals.

In a recent paper, it was reported that CeO2 nanoparticles dispersed in an Aquivion
matrix undergo partial solubilization at relative humidity in the range 50–90%, when the
temperature is increased from 80 to 110 ◦C [16]. As a consequence, for CeO2 loadings
greater than 2 wt%, a decrease in the composite membrane conductivity was observed
with increasing temperature, in such a way that the larger the CeO2 loading, the more
severe the conductivity drop. It was also found that the formation of a protective shell on
the oxide surface, made of fluorophosphonates bonded to cerium ions through the –PO3
groups, partially avoided the conductivity drop. However, the organically modified CeO2
nanoparticles show reduced radical scavenger activity in comparison with the pristine
nanoparticles. A reasonable compromise between stable conductivity and improved
membrane stability towards radical was reached by bonding a fluorobenzyl phosphonate
(hereafter Bz) to the CeO2 surface. Based on these results and taking into account that
the phosphonate can be hydrolyzed after long-term operation under conditions of high
membrane hydration, it was of interest to coat the oxide surface with a polymeric film that
could be hydrolytically more stable than the phosphonate coating.

To this aim, polydopamine (PDA, Scheme 1) was chosen for its strong and universal
adhesion ability and the simple deposition process through self-polymerization in an
alkaline aqueous solution [17–33].

Scheme 1. Structure of polydopamine.

The preparation of PDA-based materials has rapidly advanced in recent years with
a significant expansion in their applications [21–34], becoming one of the most attrac-
tive areas within the materials field including surface modification, biosensing [35,36],
nanomedicine [37] and systems for energy applications [38–43]. In particular, PDA allows
obtainment of a beneficial and advantageous interface between CeO2 and PFSA improving
the lifetime of PEM fuel cells [44].

This paper reports the formation of a PDA film on the surface of CeO2 nanoparticles
by dopamine polymerization in a water suspension of CeO2, and the use of this composite
material (PDA@CeO2) as a filler of membranes made of Aquivion.

Membranes containing 3 and 5 wt% filler loadings were characterized by conductivity
measurements at 80 and 110 ◦C, in the RH range 50–90%, to test their stability at increasing
temperature. These membranes were also subjected to accelerated ageing by using the
Fenton reagent to assess the radical scavenger efficiency of the filler based on the fluoride
emission rate (FER). Both conductivity and FER data collected in the present work are
compared with the corresponding literature data for composite Aquivion membranes filled
with pristine CeO2 and Bz@CeO2. The most stable membrane was also characterized by
Open Circuit Voltage (OCV) stress tests coupled with hydrogen crossover determinations.

2. Materials and Methods

2.1. Materials

Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O) was from Carlo Erba. A 20 wt%
Aquivion dispersion in water (D83-6A, ionomer equivalent weight = 830 g/equiv.) was
kindly provided by Solvay Specialty Polymers, Italy. The citric acid (C6H8O7·H2O),

154



Materials 2021, 14, 5280

dopamine and all other reagents were purchased from Sigma-Aldrich and used with-
out purification.

2.2. Synthesis of CeO2 and PDA@CeO2

Nanopolyhedral CeO2 was synthesized by sol-gel followed by thermal decomposition
according to the procedure reported in 15. Three composite materials made of cerium
dioxide nanoparticles coated with PDA were prepared by reacting, under stirring, a
weighed amount of cerium dioxide nanoparticles with 10 mL of a dopamine hydrochloride
solution: specifically, 100 mg CeO2 with 0.01 M dopamine (hereafter Sample 1), 150 mg
CeO2 with 0.05 M dopamine (Sample 2) or with 0.1 M dopamine (Sample 3). A suitable
amount of NaOH 0.1 M was added to keep pH at 8.5 to achieve a polydopamine film on
the nanoparticles. Subsequently, the dispersion was stirred for 24 h at room temperature in
dark conditions. The powder was then recovered by centrifugation, washed with water
several times and then dried at 80 ◦C overnight. These composite materials will hereafter
be indicated as PDAx@CeO2, where x is the PDA weight percentage in the composite.

2.3. Membrane Preparation

The Aquivion dispersion in water was cast on a Petri dish and dried at 80 ◦C in an oven.
The resulting membrane was dissolved in propanol (1 g in 20 mL) at 80 ◦C. A weighted
amount of pristine CeO2 or PDA coated CeO2 nanoparticles was added to 20 mL of the
Aquivion dispersion in propanol. The mixtures were treated with ultrasounds for 10 min,
stirred for 2 h, cast by an Elcometer Doctor Blade Film Applicator on a glass support and
dried in an oven at 80 ◦C. After that, all membranes were treated according to the following
procedure: 2 h in HCl 1 M, 1 h in H2O at room temperature, 2 h at 90 ◦C and 1 h at 160 ◦C.
Composite membranes, 20–25 μm thick, containing 3% and 5% wt% of PDAx@CeO2 were
prepared. The same procedure was used to prepare the neat Aquivion membrane.

2.4. Ex Situ Accelerated Ageing

Accelerated ex situ ageing tests were performed by treating a membrane sample
(ca. 60 mg) with 20 mL of the Fenton reagent (20 ppm iron sulfate, FeSO4·7H2O, in
30 wt% hydrogen peroxide solution) for 4 h, at 75 ◦C. The membrane was then washed
with deionized water and dried at room temperature. The concentration of fluoride ions
in the Fenton’s solution was determined using a Mettler Toledo fluoride ion-selective
electrode. The pH was kept in the range of 5–7 using an electrolyte solution (TISAB) with
the appropriate total ionic strength adjustment buffer [16].

2.5. Conductivity Measurements

The in-plane conductivity was determined according to the four-point impedance
technique on 5 cm ± 0.5 cm membrane strips at frequencies ranging from 10 Hz to 100 kHz,
with 100 mV, signal amplitude using an Autolab, PGSTAT30 potentiostat/galvanostat
equipped with a frequency response analyzer module, as described in ref. [45].

2.6. Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were collected on powders previ-
ously dispersed in ethanol by using a sonicator and then supported and dried on copper
grids (200 mesh) coated with Formvar carbon film. A Philips 208 transmission electron
microscope, operating at an accelerating voltage of 100 kV, was used.

2.7. X-ray Diffraction

X-ray diffraction (XRD) patterns of powders were collected with a Philips X’Pert PRO
MPD diffractometer as described in [46].
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2.8. Ionic Exchange Capacity Determination

Membrane samples (~250 mg) were dried at 120 ◦C for 3 h, weighed and then equili-
brated in 20 mL of 0.1 M NaCl overnight to exchange the membrane protons with Na+ ions.
The solution was titrated, in the presence of the membrane, with 0.01 M NaOH through a
Radiometer automatic titrimeter (TIM900 TitraLab, Radiometer Copenhagen, Denmark),
according to the equilibrium point method. The reported Ionic Exchange Capacity (IEC)
values are the average of five replicate titrations [16].

2.9. ATR-FTIR

IR spectra were collected by means of Bruker Optics Alpha FTIR instrument equipped
with a Platinum-ATR accessory (Bruker Optics, Karlsruhe, Germany). The samples were
deposited on the diamond ATR (attenuated total reflection) crystal and their spectrum was
recorded at room temperature over the range 5000–400 cm−1 with a 2 cm−1 resolution.

2.10. Near Edge X-ray Absorption Fine Structure (NEXAFS)

NEXAFS spectra were acquired at the ELETTRA storage ring using the BEAR (bending
magnet for emission absorption and reflectivity) beamline, installed at the left exit of the
8.1 bending magnet exit. The BEAR beamline has a bending magnet as a source, and
beamline optics deliver photons from 5 eV up to 1600 eV; the degree of ellipticity of
the beam is selectable. The experimental station is in UHV, and it is equipped with a
movable hemispherical electron analyzer and a set of photodiodes to collect angle-resolved
photoemission spectra, optical reflectivity and fluorescence yield. In the here reported
experiments ammeters to measure drain current from the sample were used. We collected
C K-edge and O K-edges spectra at a magic-incidence angle (54.7◦) of the linearly polarized
photon beam with respect to the sample surface. Both photon energy and spectral resolution
were calibrated and experimentally tested using the absorption K-edges of Ar, N2 and Ne.
The acquired spectra were normalized by subtracting a straight line that fits the part of the
spectrum below the edge and imposing an Absorption Intensity value of 1 at 320.00 eV for
C K-edge and 560.00 eV for O K-edge.

2.11. In Situ Accelerated Stress Tests

Gas diffusion electrodes (GDEs) were prepared by a spray technique. Sigracet 25- BC
Gas Diffusion Layer (SGL), was used as a GDL, and the catalytic ink was deposited onto
its surface, as reported elsewhere [47]. The same Pt loading of 0.2 mg cm−2 was used for
cathode and anode. The GDEs were hot-pressed, at a pressure of 20 kgcm−2 for 5 min at 125
◦C, onto Aquivion membrane to realize the Membrane-Electrode Assemblies (MEAs). The
Accelerated stress tests (AST) in a H2/air 25 cm2 single cell, at the Open Circuit Voltage and
steady-state conditions, were carried out in the following operative conditions: 80 ◦C, 50%
RH, 1.5 barabs, flow rate 1.5 and 2 times the stoichiometry for H2 and air, respectively [48].
The tests were performed by connecting the single cell with a commercial test station (Fuel
Cell Technologies Inc.), and an AUTOLAB Metrohm Potentiostat/Galvanostat with a 20 A
current booster to carry out the electrochemical diagnostics measurements. Linear Sweep
Voltammetry (LSV) was carried out by feeding the anode and cathode with hydrogen and
nitrogen, respectively, to determine the H2 crossover. A potential scan, ranging from 0 to
0.8 V with a scan rate of 4 mVs−1, was used to perform the LSV.

3. Results and Discussion

3.1. Filler Materials

The composite samples obtained by reacting dopamine with an aqueous dispersion
of CeO2 nanoparticles were first characterized by ATR-FTIR spectroscopy to prove the
PDA formation. In Figure 1 the ATR spectrum of Sample 3 (see Section 2.2) is compared
with the spectra of CeO2 and PDA. The main bands of PDA are recognized in the spec-
trum of the composite. Specifically, the bands centered at 1596 and 1510 cm−1 can be
attributed to (C=C) and (C–N) stretching modes, respectively, and confirm the presence of
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aromatic amine species in the coating. The band at ca. 1600 cm−1, as well as the feature at
1723 cm−1, are assigned to C=O quinone groups. All these peaks increase in intensity as
dopamine concentration increases in the reacting mixture, which indicates the increasing
PDA concentration in the coatings [49–52].

Figure 1. ATR spectra of CeO2, PDA and PDAx@ CeO2 samples.

PDAx@CeO2 materials were further characterized by NEXAFS to get information
about the PDA oxidation state. All samples show similar features in C K-edge spectra
(Figure 2). The main feature appears in the π* region, at about 286 eV, and is attributed
to C1s –π*C=O transitions [53]. A couple of features around 289 eV are indicative of the
N–containing ring (C=C π* and C–N σ* excitations), confirming the molecular structure
integrity. The large and broad feature at about 300 eV in σ* spectral region is associated
with C1s – σ*C=O excitations. C K-edge spectra suggest an abundance of C=O functional
groups in the examined samples.

Figure 2. C K-edge spectra measured for Sample 1 (top), Sample 2 (middle) and Sample 3 (bottom).

As with C K-edge spectra, O K-edge spectra (Figure 3) are similar for the three mea-
sured samples. The energies of the features in O K-edge spectra and proposed assignments
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are summarized as follows: the sharp and intense peak centered at 530.8 eV is attributed
to the transition of 1 s electrons of C=O groups to antibonding molecular orbitals π*C=O,
while the small feature around 534 eV is indicative for transitions of 1 s electrons of
hydroxyl-like O atoms to π*O–C and 3 s/σ*O–H [54]. As for the σ* region, features around
540 and 544 eV are associated with O1s C–O and C=O σ* transitions, respectively.

Figure 3. O K-edge spectra measured for Sample 1 (top), Sample 2 (middle) and Sample 3 (bottom).

Since in NEXAFS data analysis the so-called building block approach can be successfully
applied [55] (i.e., the NEXAFS spectrum of a complex molecule or sample can be built by
summing up the contribution arising by the different functional groups, weighted for their
abundance in the sample), the presence of strong features diagnostic for carbonyl groups,
and only weak contributions arising by hydroxyls, suggests that the polymer is mainly in
the oxidized state.

The PDA content in the PDAx@CeO2 composite samples was determined by thermo-
gravimetric analysis. The weight loss curves for Samples 1, 2 and 3, as well as for bare
CeO2, are displayed in Figure 4. While CeO2 does not present any appreciable loss, the
curves of the composites show a small weight loss up to 100 ◦C, due to the water loss,
and a second loss above 200 ◦C arising from PDA decomposition, which increases with
increasing the dopamine concentration used for the polymerization reaction. Based on the
second weight loss, the PDA content in anhydrous PDAx@CeO2 turned out to be 10.2 wt%
(Sample 1), 24.7 wt% (Sample 2) and 49.5 wt% (Sample 3); these samples will be hereafter
indicated as PDA10@CeO2, PDA25@CeO2 and PDA50@CeO2, respectively.

The morphology of CeO2 and the PDAx@CeO2 composites was investigated by TEM.
The pictures of Figure 5 reveal that PDA can coat the cerium oxide surface forming an
irregular layer without affecting the shape and the dimension of the pristine CeO2 particles,
which in all cases lies around 10 nm. In particular, as the amount of PDA in the composite
increases, the thickness of the coating becomes more evident reaching a thickness of some
nanometers for the highest PDA content.
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Figure 4. Weight loss curves for bare CeO2 and for PDAx@CeO2 samples.

Figure 5. TEM images of (a) PDA10@CeO2, (b) PDA25@CeO2 and (c) PDA50@CeO2.

To use the PDAx@CeO2 materials as fillers of Aquivion composite membranes, we
checked that the PDA coating is not soluble in the solvent (propanol) used for membrane
preparation. To this aim, 0.05 g of PDA was dispersed in 20 mL of propanol and the mixture
was kept under stirring at room temperature for 2 h and then at 80 ◦C in a closed bottle for
2 h. After centrifugation, the solid was dried at 80 ◦C. The weight loss curve of the starting
material (PDA13@CeO2) is coincident, within the experimental error, with the curve of the
treated material (PDA13@CeO2 PrOH 80) thus indicating that PDA is not soluble under
the conditions of membrane preparation (data not shown).

X-ray diffraction (XRD) patterns were collected to reveal possible structural mod-
ifications or changes in crystallinity induced by the PDA formation. Figure 6 shows
that the position and the intensity of the peaks of bare CeO2 do not change in the PDA
coated samples suggesting that the presence of the PDA coating does not affect the CeO2
crystal structure.

Moreover, in agreement with the TEM images, the particle size calculated using the
Scherrer equation lies in the range from 9.9 to 11.2 nm.

The PDA coating of CeO2 turned out to be insoluble in propanol at 80 ◦C, which is the
solvent for Aquivion 830: this allowed the PDAx@CeO2 materials to be used as fillers of
Aquivion based composite membranes.
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Figure 6. XRD patterns for pristine and coated CeO2.

3.2. Composite Membranes

The IEC values (in milliequivalents per gram) of the composite membranes with 3
and 5 wt% PDAx@CeO2 loadings (Table 1) are at most by 4% lower than those calculated
based on the ionomer weight percentage. In principle, this could be due to the protonation
of nitrogen atoms of PDA and/or of surface oxide ions of CeO2. The fact that, for the same
PDAx@CeO2 loading, the IECs show the sequence:

IEC(PDA50) > IEC(PDA25) > IEC(PDA10)

indicates that the protonation of the oxide ions is mainly responsible for the IEC decrease
because the amount of cerium oxide in the filler is minimum for PDA50 and maximum
for PDA10.

Table 1. IEC values (meq g−1) of PDAx@CeO2 composite membranes. The IEC values calculated
based on the Aquivion wt% (AQcalc) are also reported.

wt% PDA10 PDA25 PDA50 AQcalc

3 1.13 1.15 1.16 1.16
5 1.10 1.12 1.15 1.14

Standard deviation = 0.0032.

The conductivity (σ) of membranes containing 3 and 5 wt% PDAx@CeO2 (with x = 10,
25 or 50), as well as the conductivity of a membrane containing 6 wt% PDA10@CeO2, was
determined for RH increasing in the range 50–90%, first at 80 ◦C and then at 110 ◦C. In
all cases, the plot of logσ as a function of RH is linear. As an example, Figure 7 displays
the conductivity of composite membranes containing 5 wt% filler together with that of
bare Aquivion. At both temperature and for each RH value, the following conductivity
sequence is observed:

σ(PDA50) > σ(PDA25) > σ(PDA10)

which indicates that the conductivity increases with decreasing the CeO2 content in the
filler. Moreover, going from 80 to 110 ◦C, the conductivity evolution depends also on
the CeO2 mass fraction in the filler in such a way that it increases in the presence of
PDA50@CeO2 but keeps nearly constant in the presence of PDA10@CeO2.
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Figure 7. Conductivity as a function of relative humidity, at 80 and 110 ◦C, for composite Aquivion
membranes containing 5 wt% PDAx@CeO2. The conductivity of bare Aquivion is also reported.

A similar trend was already reported for Aquivion/CeO2 composite membranes in a
recent work [16] where it was shown that the increase in temperature favors the acid-base
reaction between cerium oxide and ionomer protons thus causing an IEC decrease which,
depending on CeO2 content, offsets the expected increase in conductivity.

To get insight into the dependence of the conductivity on CeO2 loading, the conduc-
tivity of the PDAx@CeO2 composite membranes is plotted in Figures 8 and 9 as a function
of CeO2 wt% in the membrane at constant temperature (80 and 110 ◦C) and RH (50 and
90%). For comparison, the conductivity of composite Aquivion membranes filled with
bare CeO2 and Bz@CeO2 is also reported [16]. At 80 ◦C, the conductivity of the composite
membranes filled with PDAx@CeO2 is weakly dependent on CeO2 loading and is close
to the conductivity of Aquivion. On the other hand, at 110 ◦C, the composite membranes
become progressively less conductive with increasing of the CeO2 loading so that the
membrane with 5.4 wt% CeO2 is by a factor of about 2.5 less conductive than Aquivion
both at 50 and 90% RH.

Figure 8. Conductivity as a function of CeO2 loading, at 80 ◦C, for composite Aquivion membranes filled with PDAx@CeO2

(x = 10, 25 and 50), as well as with the physical mixture PDA/CeO2 (see text). The conductivity of composite Aquivion
membranes containing bare CeO2 and Bz@CeO2 (redrawn from ref. [16]) is reported for comparison.
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Figure 9. Conductivity as a function of CeO2 loading, at 110 ◦C, for composite Aquivion membranes filled with PDAx@CeO2

(x = 10, 25 and 50), as well as with the physical mixture PDA/CeO2 (see text). The conductivity of composite Aquivion
membranes containing bare CeO2 and Bz@CeO2 (redrawn from ref. [16]) is reported for comparison.

The CeO2 loading being the same, the conductivity of the PDAx@CeO2 membranes
is similar to the conductivity of the Bz@CeO2 membranes except for 110 ◦C and 50% RH,
where the PDAx@CeO2 membranes are more conductive by a factor of ~2 at the highest
CeO2 loadings.

Moreover, the PDAx@CeO2 membranes are always more conductive than the corre-
sponding membranes filled with bare CeO2 and the difference in conductivity increases
with decreasing RH and with increasing filler loading and temperature. As a consequence,
at 110 ◦C and 50% RH, the conductivity of the membrane with PDA10@CeO2 contain-
ing 4.5 wt% CeO2 is by one order of magnitude higher than that of the corresponding
membrane containing bare CeO2.

It was of interest to prove that the better conductivity of the PDAx@CeO2 membranes,
in comparison with the corresponding membranes loaded with bare CeO2, is indeed due
to the presence of the PDA shell on the CeO2 surface. To this end, a composite Aquivion
membrane containing the same amount of PDA and CeO2 as the membrane loaded with
5 wt% PDA10@CeO2 (i.e., 0.5 wt% PDA and 4.5 wt% CeO2) was prepared by mixing the
Aquivion dispersion with a physical mixture of PDA and bare CeO2. The conductivity of
this membrane, determined at 50 and 90% RH, first at 80 ◦C and then at 110 ◦C (the asterisk
in Figures 8 and 9), was always lower than the conductivity of the membrane loaded with
5 wt% PDA10@CeO2, being in three cases even coincident with the conductivity of the
membrane containing 4.5 wt% bare CeO2. These results show that it is the PDA coating
that efficiently protects the cerium oxide particles against the acidic sulfonic groups of
the ionomer, thus avoiding to a large extent the severe conductivity drop occurring with
bare CeO2.

To evaluate the membrane resistance towards radical species generated by the decom-
position of hydrogen peroxide, ex situ degradation tests were performed by treating the
composite membranes with the Fenton solution (see Experimental section). The results of
these tests are expressed in terms of fluoride emission rate, FER, defined as the ratio be-
tween the mass of released fluoride ions and the initial mass of the anhydrous membranes.
Figure 10 shows the FER values of the PDAx@CeO2 composite membranes as a function
of CeO2 loading and, for comparison, the FER values of composite Aquivion membranes
filled with bare CeO2 and Bz@CeO2. The FER values obtained with PDAx@CeO2 are
significantly lower than those of Bz@CeO2. Like Bz, the PDA coating prevents to a large
extent the decrease in conductivity, but, unlike Bz, it does not compromise the radical
scavenger activity of CeO2. The radical scavenger efficiency of PDAx@CeO2 is nearly
coincident with that of membranes loaded with bare CeO2, for CeO2 percentage up to
4 wt%, and similar to that for higher loadings: a FER value of 10−3 is indeed obtained with
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5.4 wt% of PDA coated CeO2 and with 4.7 wt% of bare CeO2. It can also be observed that
the membranes loaded with 5 wt% PDA50@CeO2 and with 3 wt% PDA10@CeO2 have
the same FER and close CeO2 content (2.5 and 2.7 wt%, respectively) but very different
PDA content (2.5 and 0.3 wt%, respectively). Thus, the radical scavenger properties of
PDAx@CeO2 are mainly dependent on the CeO2 weight percentage, while the PDA coating
does not shield significantly the radical scavenger activity of CeO2.

Figure 10. Fluoride emission rate (FER) as a function of CeO2 content for composite Aquivion
membranes filled with PDA10@CeO2, PDA25@CeO2 and PDA50@CeO2. The FER of composite
Aquivion membranes containing bare CeO2 and Bz@CeO2 (redrawn from ref. [16]) is reported
for comparison.

After the Fenton test, the membranes with 3 wt% PDAx@CeO2 and the membrane with
6 wt% PDA10@CeO2 were washed with 1 M HCl and water, dried at 120 ◦C and weighed.
The percentage weight loss concerning the initial weight of the anhydrous membrane
(Table 2) decreases with increasing the CeO2 loading in the composite membrane, going
from 25.4% for the membrane with 3 wt% PDA50@CeO2 to 5.9% for the membrane with
6 wt% PDA10@CeO2.

Table 2. Dry weight and conductivity percentage changes (%Δw and %Δσ) for bare Aquivion and
Aquivion composite membranes loaded with PDAx@CeO2 after the Fenton test.

Filler Filler wt% CeO2 wt% %Δw %Δσ

Aquivion 0 0 −22 −25
PDA50@CeO2 3 1.5 −25 −25
PDA25@CeO2 3 2.3 −14 −22
PDA10@CeO2 3 2.7 −12 −8
PDA10@CeO2 6 5.4 −6 −1

The conductivity of the aged membranes was also determined at 80 ◦C and 90% RH
(Table 2). The percentage decrease in conductivity with respect to the initial membrane
conductivity reflects qualitatively the trend of the weight changes. Thus, both the weight
and conductivity of the aged membranes are consistent with the FER data.

Based on the results of ex situ characterization, the membrane loaded with 6 wt%
PDA10@CeO2 (hereafter AQ-PDA@CeO2) was selected for MEA realization and in situ
characterized by OCV stress tests. Hydrogen crossover measurements were carried out
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before and during the stress tests after 24 and 47 h from the beginning to check the
stability of the membrane. Figure 11 shows the OCV vs. time curves for the bare Aquivion
membrane (AQ) and a composite membrane containing 5 wt% CeO2 (AQ-CeO2). In all
cases, after a non-linear drop during the first 3 h, the cell potential decays linearly as a
function of time. The same trend is also observed in the time interval between hours
24 and 47 for AQ-PDA@CeO2 and AQ after the second hydrogen crossover determination
(AQ-CeO2 stopped working).

Figure 11. OCV vs. time curves for AQ, AQ-PDA@CeO2 and AQ-CeO2 membranes.

The OCV decay rate in the linear regions (Table 3) is lower for AQ-PDA@CeO2 than
for AQ both in the first and in the second time interval of the stress test; as a consequence,
the overall OCV decay is ~15% for AQ-PDA@CeO2 and ~25% for AQ. Moreover, during the
first interval, the decay rate of AQ-PDA@CeO2 and AQ@CeO2 is similar, thus confirming
that the PDA coating does not compromise the radical scavenger activity of CeO2.

Table 3. OCV decay rate for the indicated membranes at 80 ◦C and 50% RH.

Membrane
OCV Decay Rate (mV h−1)

Overall OCV Percentage Loss
Hour 4–24 Hour 28–47

AQ-PDA@CeO2 1.6 1.5 14.7
AQ-CeO2 1.6 15.8

AQ 4.0 4.2 24.6

Consistently with the evolution of the OCV decay rate, the increase in the hydrogen
crossover during the stress test (Table 4) is much larger for AQ (~23 times) than for AQ-
PDA@CeO2 (~2 times).

Table 4. Hydrogen crossover for the indicated membranes at 80 ◦C and 50% RH.

Membrane
H2 Crossover at 400 mV (mA cm−2)

Beginning 24 h 47 h

AQ-PDA@CeO2 5.5 12 129
AQ-CeO2 1.4 2.3

AQ 3.4 5.4 6.6

4. Conclusions

Polymerization of dopamine in water suspensions of CeO2 allowed preparation of
three types of PDA coated CeO2 nanoparticles containing 10, 25 and 50 wt% PDA. These
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materials were used as fillers of Aquivion membranes to improve their chemical stability
towards hydroxyl and hydroperoxyl radicals while hindering as much as possible the
reaction between the oxide surface and the sulfonic groups of the ionomer.

Composite membranes, loaded with 3 and 5 wt% of each filler, were characterized
by conductivity measurements and accelerated degradation tests (based on the Fenton
reaction) to assess the radical scavenger efficiency of the filler, and the results of these
investigations were compared with those obtained, under the same conditions, for Aquiv-
ion membranes containing bare CeO2 or Bz@ CeO2. It was found that the decrease in
conductivity associated with the increase in the CeO2 loading is appreciably less severe
for membranes containing PDAx@CeO2 than for those containing bare CeO2, especially at
110 ◦C and 50% RH. Moreover, the FER of membranes filled with PDAx@CeO2 is signifi-
cantly lower than that of membranes containing Bz@CeO2 and, for CeO2 percentage up
to 4 wt%, it is coincident with that of membranes loaded with bare CeO2. Therefore, the
PDA coating prevents to a large extent the decrease in conductivity without compromising
the radical scavenger activity of CeO2. Interestingly, the radical scavenger efficiency of
PDAx@CeO2 is nearly unaffected by the PDA content as also proved by the results of the
OCV stress tests.
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Abstract: The multiple eutectic nitrates with a low melting point are widely used in the field of
solar thermal utilization due to their good thermophysical properties. The addition of nanoparticles
can improve the heat transfer and heat storage performance of nitrate. This article explored the
effect of MgO nanoparticles on the thermal properties of ternary eutectic nitrates. As a result of
the decomposition reaction of the Mg(OH)2 precursor at high temperature, MgO nanoparticles
were synthesized in situ in the LiNO3–NaNO3–KNO3 ternary eutectic nitrate system. XRD and
Raman results showed that MgO nanoparticles were successfully synthesized in situ in the ternary
nitrate system. SEM and EDS results showed no obvious agglomeration. The specific heat capacity
of the modified salt is significantly increased. When the content of MgO nanoparticles is 2 wt %,
the specific heat of the modified salt in the solid phase and the specific heat in the liquid phase
increased by 51.54% and 44.50%, respectively. The heat transfer performance of the modified salt is
also significantly improved. When the content of MgO nanoparticles is 5 wt %, the thermal diffusion
coefficient of the modified salt is increased by 39.3%. This study also discussed the enhancement
mechanism of the specific heat capacity of the molten salt by the nanoparticles mainly due to the
higher specific surface energy of MgO and the semi-solid layer that formed between the MgO
nanoparticles and the molten salt.

Keywords: MgO nanoparticles; eutectic nitrates; in situ; specific heat capacity; thermal diffusion co-
efficient

1. Introduction

The exploitation of solar energy is essential to sustainable development. To solve the
problem of intermittent solar energy in solar thermal utilization, it is necessary to use the
thermal energy storage (TES) system to store and release heat when solar radiation is weak
or absent [1,2]. As an excellent heat storage carrier, molten salt heat storage material has
the advantages of sizeable latent heat, high energy storage density, low subcooling, good
thermal stability and low cost, which is widely used as a heat storage medium for solar
heat. Currently, solar salt is widely used in TES technology. The components of solar salt
are NaNO3 and KNO3. The melting point of solar salt is 220 ◦C. Due to its high melting
point, the pipeline needs to be heated to a higher temperature to prevent the pipeline from
freezing, resulting in additional energy input and power generation costs. The higher
melting point of molten salt limits the application of molten salt in the field of heat storage.
Therefore, the ideal heat transfer fluid is supposed to have a low melting point, reducing
the risk of freezing and heating energy consumption of the pipeline. Studies have shown
that mixing several molten salts in a certain proportion forms a eutectic salt that can
reduce the melting point while ensuring the thermal stability of the molten salt. The main
melting salts are nitrates, carbonates, and sulfates [3,4]. In recent years, the development
of low-melting, high-stability multi-element molten salt systems has become a research
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hotspot in molten salt modification. Wu et al. [5] formulate 19 kinds of binary mixed molten
salts in different proportions, the main component of which is KNO3-Ca(NO3)2·4H2O.
The results showed that the thermodynamic properties of these molten salts performed
well. Ren et al. [6] further explored the Ca(NO3)2–NaNO3 binary salt and modified it
with expanded graphite, which effectively improved the thermophysical properties of the
molten salt. In recent years, more and more ternary and quaternary molten salts have
been developed [7–13]. The main research systems are LiNO3–NaNO3–KNO3, NaNO3–
NaNO2–KNO3, Ca(NO3)2–NaNO3–KNO3, and LiNO3–NaNO3–KNO3–Ca(NO3)2. These
multi-molten salts have lower melting points and higher stability. The use of relevant phase
diagrams to create ternary or higher salt mixtures can obtain low melting point molten
salts. The ideal freezing temperature for Hitec and Hitec XL is 120–140 ◦C, and they can
withstand temperatures exceeding 500 ◦C. The LiNO3–NaNO3–KNO3 ternary mixture is
considered as a promising heat transfer and storage medium, with a low melting point
(120 ◦C) and high thermal stability (550 ◦C). Multi-element eutectic molten salt has a wide
operating temperature range (low melting point and high decomposition point), which
is very suitable as a heat transfer fluid and heat storage carrier in the TES system of a
concentrating solar power plant to store solar energy.

Nanomaterials have special physical and chemical properties due to their unique
structure, so they have important applications in heat storage [14–18]. For example, nano-
SiC and nano-MgO have not only higher specific heat capacity but also better heat transfer
efficiency, and they are very good heat storage materials. Therefore, the research of nano-
materials is of great significance to the development of heat storage materials. Researchers
tried to add nanoparticles to molten salt to increase the specific heat capacity of molten
salt. Among the research of using nanoparticles to modify molten salt, the most common
materials are SiO2 and Al2O3 nanoparticles, most of which have been observed to have
an increase in the specific heat and thermal conductivity [19–21]. Dudda et al. [22] and
Seo et al. [23] explored the effect of nanoparticle size on the specific heat capacity of the
nanoparticle/molten salt eutectic mixture. It was observed that the salt compounds around
the nanoparticles formed a large number of nano-sized structures, which may be the main
reason for the increase in specific heat. From the view of structure, one reason for the
increased specific heat is the thermal resistance of the interface between the nanoparti-
cles and the molten salt. Another reason is that a semi-solid layer is formed between
the nanoparticles and the molten salt. From the perspective of energy, the high surface
energy of nanoparticles can also store part of the thermal energy. Hu et al. [24] performed
molecular dynamics simulations on Al2O3 nanoparticles doped in solar salt and explored
the reason for the specific heat enhancement from the view of energy. The result shows
that the change of Coulomb energy is the reason for the change of specific heat capacity.

The addition of nanoparticles can also improve the heat transfer performance of
molten salt to a certain extent. Gupta et al. [25] added different types of nanoparticles (TiO2,
ZnO, Fe2O3, and SiO2) to the phase change material (PCM) of Mg(NO3)2·6H2O and formed
the PCM–metal oxide nanocomposite material through the melting and mixing technology.
The PCM–metal oxide nanocomposite with a 0.5 wt % nanoparticle addition increased
the thermal conductivity by 147.5% (TiO2), 62.5% (ZnO), 55% (Fe2O3), and 45% (SiO2),
respectively. Ho et al. [26] discussed the effect of nanoparticle concentration on the convec-
tive heat transfer performance of molten nano-HITEC fluid laminar flow in microtubes.
The heat transfer performance of HITEC fluid with Al2O3 nanoparticle concentration as
high as 0.25 wt % has been improved. The study of Yu et al. [27] observed that SiO2 and
TiO2 nanoparticles can improve the thermal conductivity of molten salt. Under normal
circumstances, the thermal conductivity of molten salt is about 0.2–2.0 W/(m·K), and the
specific heat is about 1.35 J/(g·◦C). The specific heat of the molten salt added with these
two kinds of nanoparticles increased by 28.1%, and the thermal conductivity increased by
53.7%. Studies have shown that there are heat transfer channels in high-density nanostruc-
tures, which can contribute to the enhancement of thermal conductivity. D. Shin et al. [28]
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found that in traditional nanofluids, nanoparticles can form fractal fluid nanostructures to
enhance thermal conductivity.

Poor particle dispersion can reduce the specific heat capacity of the molten salt [29].
Therefore, to achieve the particular heat enhancement of nanomaterials, the preparation
method must be carefully controlled. There are many methods of using nanoparticles
to modify molten salts, such as the high-temperature melting method, aqueous solution
method, combustion method, and in situ synthesis method. The high-temperature melting
method is to directly melt and stir molten salt and nanoparticles at high temperature to
form a uniform eutectic system. The aqueous solution method is to dissolve the molten
salt in water, then add nanomaterials to form a stable suspension, and finally, by heating,
precipitation to obtain the eutectic salt. The combustion method is to mix the precursor,
molten salt, and fuel together, then ignite the fuel and generate a lot of heat through violent
combustion, so that the molten salt forms a eutectic system. The in situ synthesis method
is to mix the precursor and molten salt, and then, the precursor reacts in the molten salt at
a certain temperature to generate nanoparticles. Li et al. [20] and Zhang et al. [30] used
SiO2 and Al2O3 nanoparticles as additives and added the nanoparticles to the molten salt
by the high-temperature melting method, and they successfully prepared the modified
salt. Xiong et al. [21] used the aqueous solution method to prepare the SiO2/molten salt
nanofluid successfully. Lasfargues et al. [31,32] used copper sulfate pentahydrate and
titanium sulfate as precursors to synthesize CuO and TiO2 nanoparticles in situ in solar
salt. The specific heat of solar salt was observed to increase. In our previous research,
we successfully synthesized MgO nanoparticles in situ in solar salt, which significantly
increased the specific heat capacity of solar salt [33].

At present, there are relatively few studies on the performance improvement of multi-
element molten salt by nanoparticles [19]. In the research of nanoparticle modification of
molten salt, MgO nanoparticles are an excellent modified particle. MgO has several types
of bulk intrinsic defects, including oxygen and magnesium vacancies, interstitials, their
agglomerates, etc. [34,35]. This has aroused the interest of many researchers. In this work,
we prepared a ternary eutectic nitrate and applied the in situ generation method to generate
MgO nanoparticles in molten salt. By testing the specific heat capacity, latent heat of phase
change, and thermal conductivity of the prepared nitrate-based composite materials, the
influence of MgO nanoparticles on the heat transfer and heat storage performance of
ternary nitrate was studied.

2. Materials and Methods

2.1. Materials

Mg(OH)2 was obtained from Aladdin Chemical Co., Ltd., Shanghai, China. KNO3,
NaNO3 and LiNO3 were commercially supplied by Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. All chemicals are of analytical grade.

2.2. Preparation

The first step is the preparation of lithium nitrate–potassium nitrate–sodium nitrate
eutectic nitrate. Many scholars have studied the ternary eutectic point of the LiNO3–
NaNO3–KNO3 ternary system. Zhong et al. [36] predicted the phase diagram of the
LiNO3–NaNO3–KNO3 ternary system and experimentally verified the predicted ternary
invariant points. This result is similar to the report by Coscia et al. [37]. The mass ratio
of the LiNO3–NaNO3–KNO3 ternary system is 29:58:13 (wt %). The ternary nitrate with
the mass balance was ground in a mortar for 1 h; then, it was transferred to a crucible and
placed in a resistance furnace at 300 ◦C for 5 h. Then, we took out the crucible, cooled it,
and ground it to obtain ternary eutectic nitrate.

According to the ratio in Table 1, the magnesium hydroxide precursor was added
to the ternary eutectic nitrate. Then, we ground it in an agate mortar for 30 min. After
that, the mixture was transferred to a ceramic crucible and placed in a resistance furnace at
400 ◦C for 2 h to ensure complete decomposition of the magnesium hydroxide precursor.
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After taking it out, it was quickly cooled in air and ground to obtain a sample. The process
is shown in Figure 1.

Table 1. The content of each ingredient in the preparation.

Sample
Percentage of MgO

(wt %)
Percentage of Precursor

(wt %)
Mg(OH)2 Precursor

(g)
LiNO3-NaNO3-KNO3

(g)

S1 0.5 0.7 0.037 4.975
S2 1.0 1.4 0.073 4.950
S3 1.5 2.1 0.109 4.925
S4 2.0 2.8 0.145 4.900
S5 2.5 3.5 0.182 4.875
S6 3.0 4.1 0.217 4.850
S7 5.0 7.0 0.370 4.750

Figure 1. Preparation of modified salt.

To further test the material, it is necessary to obtain the nanoparticles synthesized
in situ. The modified salt was washed with deionized water and then centrifuged. After
the nitrate is washed away, the nanoparticles are dispersed by ultrasound. Finally, the
resulting nanoparticles are dried.

2.3. Characterization

The crystal phases of all samples were characterized by X-ray diffraction (XRD,
Empyrean, PANalytical B.V., Amsterdem, Netherlands). RENISHAW Raman microscope
(Raman, In Via, RENISHAW, England) was used to measure modified salts and magnesium
oxide nanoparticles. We observed the microstructure of the sample with a field emission
scanning electron microscope (SEM, S-4800, HITACHI, Tokyo, Japan). The component
analysis of the prepared modified nitrate was examined by X-ray energy-dispersive spec-
troscopy (EDS, AMETEK, Berwyn, PA, USA) combined with scanning electron microscopy
under a constant nitrogen flow from 30 to 200 ◦C at a heating rate of 10 ◦C/min. The
specific heat capacity and latent heat of phase change of the samples were measured with a
differential scanning calorimeter (DSC8500, PERKINELMER, Waltham, MA, USA). Then,
we used an infrared thermal imager (TESTO-872, Testo SE&Co. KGaA, Titisee-Neustadt,
Germany) to characterize the heat transfer performance of ternary nitrate modified with
different percentages of MgO nanoparticles. Thermal diffusivity was obtained by a laser
thermal conductivity meter (LFA457, NETZSCH, Selb, Germany).
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3. Results and Discussions

3.1. Components of Modified Salt

Figure 2 shows the XRD spectra of samples S0, S4, and the product after centrifugation.
There are characteristic peaks at 19.03◦, 23.52◦, 33.06◦, 33.84◦, 41.15◦, and 46.61◦ in sample
S0, corresponding to the (110), (111), (200), (112), (221), and (113) crystal planes of KNO3.
Two peaks at 29.41◦ and 38.99◦ represent the (104) and (113) crystal planes of NaNO3,
respectively. In addition, the crystal plane (104) of LiNO3 could be found according to
the characteristic peak at 32.21◦. It can be seen that the ternary nitrate was successfully
prepared. After centrifugation, characteristic peaks can be seen at 36.89◦, 42.86◦, 62.22◦,
74.58◦, and 78.51◦, corresponding to (111), (200), (220), (311), and (222) crystal planes of
MgO. Sample S4 possesses several characteristic peaks of MgO at 42.96◦ and 62.22◦. It can
be seen that MgO is formed in situ in the ternary nitrate system. The characteristic peaks
at 18.59◦, 32.84◦, 38.02◦, 50.85◦, 58.64◦, 68.87◦, and 72.03◦ mark to (001), (100), (101), (102),
(110), (200), and (201) of Mg(OH)2 planes. However, no characteristic peaks of Mg(OH)2
were found in samples S0 and S4, indicating that the magnesium hydroxide precursor was
completely decomposed when the nanoparticles were generated in situ. The reason why
the characteristic peaks of Mg(OH)2 can be seen in the product after centrifugation might
be because MgO combines with water during the centrifugation process to form a trace
amount of Mg(OH)2.

Figure 2. The XRD patterns of samples S0, S4, and product after centrifugation.

Figure 3 shows the Raman spectra of samples S0, S4, and the product after centrifuga-
tion. In samples S0 and S4, the peak at 713 cm−1 corresponds to the NO3

− in-plane bending
vibration (710–740 cm−1), and the peak at the frequency of 1049 cm−1 corresponds to the
NO3

− symmetric stretching vibration (1020–1060 cm−1). In the Raman spectrum of sample
S4 and the MgO nanoparticles obtained after centrifugation, peaks with frequencies of
1499 cm−1 and 1936 cm−1 can be observed. Combined with XRD analysis, it can be further
known that MgO nanoparticles were successfully generated in situ in the ternary nitrate
system [38].
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Figure 3. The Raman spectra of samples S0, S4, and product after centrifugation.

3.2. The Structure of Modified Salt

Figure 4 is SEM photos of samples S0, S2, S4, S6, and S7. Figure 4a is the SEM diagram
of LiNO3–NaNO3–KNO3 ternary nitrate. The surface of the nitrate is relatively flat, and the
material is uniform. The mass fractions of MgO nanoparticles in Figure 4b–d are 1 wt %,
2 wt %, and 3 wt %, respectively. It can be seen that the MgO nanoparticles are relatively
evenly dispersed among the nitrates, which shows that the nanoparticles generated in
situ have good dispersibility. Figure 4e,f are SEM of modified nitrate with 5 wt % MgO
nanoparticles at different magnifications. When the content reached 5 wt %, the nanoparti-
cles had obvious agglomeration. Due to the high surface energy of nanoparticles, they will
agglomerate together and deposit in the nanofluid, resulting in poor system stability. In
the modified salt, the size of the nanoparticles synthesized in situ is concentrated in the
range of 50–200 nm.

The element distribution of the sample was determined by the area scanning method
of the energy spectrum. Figure 5 is the element distribution of modified nitrate. Figure 5c
is the distribution of the Mg element. Figure 5d shows the distribution of the N element,
which represents the distribution of nitrate. It can be seen from the element distribution
diagram that MgO nanoparticles are evenly dispersed among the ternary nitrates.
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Figure 4. SEM micrographs of (a) sample S0, (b) sample S2, (c) sample S4, (d) sample S6, and (e,f)
sample S7.

Figure 5. The elemental distribution of modified nitrate.
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3.3. Specific Heat Capacity

Figure 6a,b are the specific heat capacity curves at 50–80 ◦C (solid phase) and 150–200 ◦C
(liquid phase), respectively. The overall sensible heat capacity can be judged by selecting
the specific heat capacities at 60 ◦C (solid phase) and 170 ◦C (liquid phase). Table 2 shows
the specific heat capacities of ternary nitrate and modified salt in the solid phase and liquid
phase. For the same sample, the specific heat in the liquid state is improved compared
with that in the solid state. The reason for this phenomenon is that in the molten state, the
ions in the molten salt perform randomly free movement, which can carry more energy.
The specific heat in the solid state increases first and then decreases with the growth
of nanoparticles. When the content of nanoparticles is 2%, the solid specific heat is the
largest, which is 1.479 J/(g·◦C). Compared with LiNO3–NaNO3–KNO3 ternary nitrate, it
has increased by 51.54%. With the increase of nanoparticles, the specific heat in the liquid
state shows an increasing trend at the first stage and then a decreasing tendency at the
following stage. When the content of nanoparticles is 2%, the specific heat of the material
at the liquid state reaches the peak, which is 1.878 J/(g·◦C): an increase by 44.50%.

Figure 6. Specific heat capacity of ternary nitrate and modified nitrate: (a) solid phase, (b) liquid phase.

Table 2. Specific heat capacity of ternary nitrate and modified nitrate.

Sample
Cp (J/g·◦C)

Solid Liquid

S0 0.976 (0%) 1.301 (0%)
S1 1.084 (11.07%) 1.538 (18.22%)
S2 1.240 (27.05%) 1.726 (32.67%)
S3 1.406 (44.06%) 1.764 (35.59%)
S4 1.479 (51.54%) 1.880 (44.50%)
S5 1.291 (32.27%) 1.727 (32.74%)
S6 1.348 (38.11%) 1.695 (30.28%)

Solar Salt 1.290 1.350

For MgO nanoparticles to increase the specific heat capacity of nitric acid ternary salt,
the first possible reason is that MgO nanoparticles have higher specific surface energy. The
second reason is the interface thermal resistance between MgO nanoparticles and nitrate,
which can store and release additional energy. Another reason is that the MgO nanoparticles
and the surrounding molten salt form a semi-solid layer. Hu et al. [24] explained the
specific heat enhancement from the perspective of Coulomb energy. Molecular dynamics
simulation is used to analyze the influence of nanoparticles on the energy composition of
each atom type. The results show that the change in the Coulomb energy of each atom
contributes the most to the enhanced specific heat capacity.
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3.4. Latent Heat

The DSC endothermic and exothermic curves of ternary nitrate and modified nitrate
are shown in Figure 7. The endothermic peak of the melting process and the exothermic
peak of the solidification process can be seen in the figure. Table 3 shows the latent heat of
phase change, the onset temperature, and the melting temperature of the ternary nitrate and
the modified nitrate. The phase transition temperature of different samples is unchanged
basically, indicating that the addition of trace nanoparticles has little effect on the phase
transition process of the material. Compared with ternary nitrate, the latent heat of nitrate
doped with nanoparticles is slightly lower. On the whole, there is little difference in the
latent heat of phase change. In the field of medium and low-temperature energy storage,
the latent heat of phase change materials is about 130 J/g, so this modified salt can meet
the requirements.

Figure 7. The DSC endothermic and exothermic curves of ternary nitrate and modified nitrate.

Table 3. Result of latent heat, onset temperature, and melting temperature.

Sample Latent Heat (J/g)
Onset Temperature

(◦C)
Melting

Temperature (◦C)

S1 135.8 110 150
S2 142.5 112 148
S3 132.3 114 152
S4 131.2 112 152
S5 138.8 116 151
S6 128.2 110 151

3.5. Heat Transfer Characteristics

Ternary nitrate has good heat transfer performance and can be used as a heat transfer
fluid. Figure 8 shows the thermal diffusivity of samples S0, S2, S4, S6, and S7. Obviously,
with the increase of MgO nanoparticles, the thermal diffusion coefficient increases sig-
nificantly. When the mass fraction of MgO nanoparticles is 5%, the thermal diffusion
coefficient is 0.425 mm2·s−1, which is 39.3% higher than that of the eutectic salt without
MgO nanoparticles. It can be seen that the interface thermal resistance effect between
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nanoparticles and nitrate does not reduce the overall heat transfer performance of the
material. The main reason for improving the heat transfer performance of the modified salt
might be due to the high thermal conductivity of the MgO nanoparticles.

Figure 8. Thermal diffusivity of S0, S2, S4, S6, and S7.

To explore the heat transfer performance of the modified nitrate, the samples S0, S2,
S4, and S6 were placed on a heating plate, and an infrared thermal imaging instrument
was used to characterize the heat transfer performance of the material. Figure 9 shows
the infrared thermal images of samples S0, S2, S4, and S6 heated on the heating plate for
different times. The heat is transferred upward from the bottom end. The heat transfer rate
from sample S0 to sample S6 shows an increasing trend, and the transfer rate of sample
S6 is the fastest at the same time. Plot the temperature of samples S0, S2, S4, and S6 at
the same geometric position with heating time, as shown in Figure 10. It can be seen
that the heat transfer performance of the material increases with the increase of MgO
nanoparticles. The doping of nanoparticles enables the material to transfer heat in the solid
state quickly, accelerating the heat transfer process of the material, thus shortening the
time required for the phase change of the material, and more efficiently storing thermal
energy. At the same time, when the material acts as a nanofluid in a liquid state, the heat
transfer performance is greatly improved, and the heat transfer process is accelerated. The
results show that modified nitrate has high sensible heat and latent heat, a suitable phase
transition temperature, and high thermal conductivity, which can improve the energy
storage efficiency and can be used in thermal energy storage systems.
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Figure 9. Infrared thermography images of samples S0, S2, S4, and S6 heated on the heating plate for
different times: (a) 0 s, (b) 60 s, (c) 120 s, (d) 180 s, (e) 240 s, and (f) 300 s.

Figure 10. The temperature variation curve of the same geometric position of samples S0, S2, S4, and
S6 with heating time.

4. Conclusions

1. We successfully synthesized magnesium oxide nanoparticles in situ in the ternary
nitrate system through the high-temperature decomposition of the Mg(OH)2 precursor.
When the content of MgO nanoparticles does not exceed 3 wt %, the dispersion perfor-
mance is more appropriate, and there is no agglomeration. The size of the nanoparticles
synthesized in situ is concentrated in the range of 50–200 nm.

2. Nano-magnesium oxide can improve the heat storage performance of nitrate. When
the content of MgO nanoparticles is 2 wt %, the specific heat capacity of the solid increases
by 51.54%, and the specific heat capacity of the liquid increases by 44.50%. The increase in
specific heat capacity is related to the interface thermal resistance and the semi-solid layer.

3. MgO nanoparticles synthesized in situ significantly improve the heat transfer
performance of ternary nitrate. When the content of MgO nanoparticles is 5 wt %, the
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thermal diffusion coefficient of the modified salt increased by 39.3%. In the molten state,
MgO nanoparticles and ternary nitrate form a heat transfer fluid. Molten salt nanofluid is
an excellent heat exchange medium in the field of heat storage, with a high heat exchange
capacity.

Author Contributions: Conceptualization, X.C. and Z.T.; methodology, Z.T.; software, L.L.; valida-
tion, L.L., Y.L. and Q.W.; formal analysis, Z.T.; investigation, Y.L.; resources, Q.W.; data curation,
Z.T.; writing—original draft preparation, Z.T.; writing—review and editing, X.C.; visualization, L.L.;
supervision, Y.L.; project administration, X.C.; funding acquisition, X.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Technology and Innovation Major Project of Hubei, grant
number 2021BGE023 and 2020BED002.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are available within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pelay, U.; Luo, L.; Fan, Y.; Stitou, D.; Rood, M. Thermal energy storage systems for concentrated solar power plants. Renew.
Sustain. Energy Rev. 2017, 79, 82–100. [CrossRef]

2. Li, X.; Dai, Y.J.; Wang, R.Z. Performance investigation on solar thermal conversion of a conical cavity receiver employing a
beam-down solar tower concentrator. Sol. Energy 2015, 114, 134–151. [CrossRef]

3. Shin, D.; Banerjee, D. Specific heat of nanofluids synthesized by dispersing alumina nanoparticles in alkali salt eutectic. Int. J.
Heat Mass Transf. 2014, 74, 210–214. [CrossRef]

4. Vaka, M.; Walvekar, R.; Khalid, M.; Jagadish, P. Low-melting-temperature binary molten nitrate salt mixtures for solar energy
storage. J. Therm. Anal. Calorim. 2020, 141, 2657–2664. [CrossRef]

5. Wu, Y.-T.; Li, Y.; Lu, Y.-W.; Wang, H.-F.; Ma, C.-F. Novel low melting point binary nitrates for thermal energy storage applications.
Sol. Energy Mater. Sol. Cells 2017, 164, 114–121. [CrossRef]

6. Ren, Y.; Li, P.; Yuan, M.; Ye, F.; Xu, C.; Liu, Z. Effect of the fabrication process on the thermophysical properties of Ca(NO3)2–
NaNO3/expanded graphite phase change material composites. Sol. Energy Mater. Sol. Cells 2019, 200, 110005. [CrossRef]

7. Serrano-López, R.; Fradera, J.; Cuesta-López, S. Molten salts database for energy applications. Chem. Eng. Process. 2013, 73,
87–102. [CrossRef]

8. Vignarooban, K.; Xu, X.; Arvay, A.; Hsu, K.; Kannan, A.M. Heat transfer fluids for concentrating solar power systems—A review.
Appl. Energy 2015, 146, 383–396. [CrossRef]

9. Fernández, A.G.; Ushak, S.; Galleguillos, H.; Pérez, F.J. Development of new molten salts with LiNO3 and Ca(NO3)2 for energy
storage in CSP plants. Appl. Energy 2014, 119, 131–140. [CrossRef]

10. Bonk, A.; Sau, S.; Uranga, N.; Hernaiz, M.; Bauer, T. Advanced heat transfer fluids for direct molten salt line-focusing CSP plants.
Prog. Energy Combust. Sci. 2018, 67, 69–87. [CrossRef]

11. Li, C.-J.; Li, P.; Wang, K.; Emir Molina, E. Survey of Properties of Key Single and Mixture Halide Salts for Potential Application as
High Temperature Heat Transfer Fluids for Concentrated Solar Thermal Power Systems. AIMS Energy 2014, 2, 133–157. [CrossRef]

12. Fernández, A.G.; Galleguillos, H.; Pérez, F.J. Corrosion Ability of a Novel Heat Transfer Fluid for Energy Storage in CSP Plants.
Oxid. Met. 2014, 82, 331–345. [CrossRef]

13. Fernández, A.G.; Ushak, S.; Galleguillos, H.; Pérez, F.J. Thermal characterisation of an innovative quaternary molten nitrate
mixture for energy storage in CSP plants. Sol. Energy Mater. Sol. Cells 2015, 132, 172–177. [CrossRef]

14. Akhmetov, B.; Navarro, M.E.; Seitov, A.; Kaltayev, A.; Bakenov, Z.; Ding, Y. Numerical study of integrated latent heat thermal
energy storage devices using nanoparticle-enhanced phase change materials. Sol. Energy 2019, 194, 724–741. [CrossRef]

15. Wong-Pinto, L.-S.; Milian, Y.; Ushak, S. Progress on use of nanoparticles in salt hydrates as phase change materials. Renew. Sustain.
Energy Rev. 2020, 122, 109727. [CrossRef]

16. Hajizadeh, M.R.; Alsabery, A.I.; Sheremet, M.A.; Kumar, R.; Li, Z.; Bach, Q.-V. Nanoparticle impact on discharging of PCM
through a thermal storage involving numerical modeling for heat transfer and irreversibility. Powder Technol. 2020, 376, 424–437.
[CrossRef]

17. Qi, G.-Q.; Yang, J.; Bao, R.-Y.; Liu, Z.-Y.; Yang, W.; Xie, B.-H.; Yang, M.-B. Enhanced comprehensive performance of polyethylene
glycol based phase change material with hybrid graphene nanomaterials for thermal energy storage. Carbon 2015, 88, 196–205.
[CrossRef]

18. Xie, B.; Li, C.; Chen, J.; Wang, N. Exfoliated 2D hexagonal boron nitride nanosheet stabilized stearic acid as composite phase
change materials for thermal energy storage. Sol. Energy 2020, 204, 624–634. [CrossRef]

180



Materials 2021, 14, 5737

19. Seo, J.; Shin, D. Enhancement of specific heat of ternary nitrate (LiNO3–NaNO3–KNO3) salt by doping with SiO2 nanoparticles
for solar thermal energy storage. Micro Nano Lett. 2014, 9, 817–820. [CrossRef]

20. Li, Y.; Chen, X.; Wu, Y.; Lu, Y.; Zhi, R.; Wang, X.; Ma, C. Experimental study on the effect of SiO2 nanoparticle dispersion on the
thermophysical properties of binary nitrate molten salt. Sol. Energy 2019, 183, 776–781. [CrossRef]

21. Xiong, Y.; Wang, Z.; Sun, M.; Wu, Y.; Xu, P.; Qian, X.; Li, C.; Ding, Y.; Ma, C. Enhanced thermal energy storage of nitrate salts by
silica nanoparticles for concentrating solar power. Int. J. Energy Res. 2020, 45, 5248–5262. [CrossRef]

22. Dudda, B.; Shin, D. Effect of nanoparticle dispersion on specific heat capacity of a binary nitrate salt eutectic for concentrated
solar power applications. Int. J. Therm. Sci. 2013, 69, 37–42. [CrossRef]

23. Seo, J.; Shin, D. Size effect of nanoparticle on specific heat in a ternary nitrate (LiNO3–NaNO3–KNO3) salt eutectic for thermal
energy storage. Appl. Therm. Eng. 2016, 102, 144–148. [CrossRef]

24. Hu, Y.; He, Y.; Zhang, Z.; Wen, D. Effect of Al2O3 nanoparticle dispersion on the specific heat capacity of a eutectic binary nitrate
salt for solar power applications. Energy Convers. Manag. 2017, 142, 366–373. [CrossRef]

25. Gupta, N.; Kumar, A.; Dhasmana, H.; Kumar, V.; Kumar, A.; Shukla, P.; Verma, A.; Nutan, G.V.; Dhawan, S.K.; Jain, V.K. Enhanced
thermophysical properties of Metal oxide nanoparticles embedded magnesium nitrate hexahydrate based nanocomposite for
thermal energy storage applications. J. Energy Storage 2020, 32, 101773. [CrossRef]

26. Ho, M.X.; Pan, C. Experimental investigation of heat transfer performance of molten HITEC salt flow with alumina nanoparticles.
Int. J. Heat Mass Transf. 2017, 107, 1094–1103. [CrossRef]

27. Yu, Q.; Lu, Y.; Zhang, X.; Yang, Y.; Zhang, C.; Wu, Y. Comprehensive thermal properties of molten salt nanocomposite materials
base on mixed nitrate salts with SiO2/TiO2 nanoparticles for thermal energy storage. Sol. Energy Mater. Sol. Cells 2021, 230,
111215. [CrossRef]

28. Shin, D.; Tiznobaik, H.; Banerjee, D. Specific heat mechanism of molten salt nanofluids. Appl. Phys. Lett. 2014, 104, 121914.
[CrossRef]

29. Riazi, H.; Mesgari, S.; Ahmed, N.A.; Taylor, R.A. The effect of nanoparticle morphology on the specific heat of nanosalts. Int. J.
Heat Mass Transf. 2016, 94, 254–261. [CrossRef]

30. Zhang, Y.; Li, J.; Gao, L.; Wang, M. Nitrate based nanocomposite thermal storage materials: Understanding the enhancement of
thermophysical properties in thermal energy storage. Sol. Energy Mater. Sol. Cells 2020, 216, 110727. [CrossRef]

31. Lasfargues, M.; Bell, A.; Ding, Y. In situ production of titanium dioxide nanoparticles in molten salt phase for thermal energy
storage and heat-transfer fluid applications. J. Nanopart. Res. 2016, 18, 150. [CrossRef]

32. Lasfargues, M.; Stead, G.; Amjad, M.; Ding, Y.; Wen, D. In Situ Production of Copper Oxide Nanoparticles in a Binary Molten Salt
for Concentrated Solar Power Plant Applications. Materials 2017, 10, 537. [CrossRef] [PubMed]

33. Huang, Y.; Cheng, X.; Li, Y.; Yu, G.; Xu, K.; Li, G. Effect of in-situ synthesized nano-MgO on thermal properties of NaNO3-KNO3.
Sol. Energy 2018, 160, 208–215. [CrossRef]

34. Monge, M.A.; González, R.; Muñoz Santiuste, J.E.; Pareja, R.; Chen, Y.; Kotomin, E.A.; Popov, A.I. Photoconversion and dynamic
hole recycling process in anion vacancies in neutron-irradiated MgO crystals. Phys. Rev. B 1999, 60, 3787–3791. [CrossRef]

35. Popov, A.I.; Shirmane, L.; Pankratov, V.; Lushchik, A.; Kotlov, A.; Serga, V.E.; Kulikova, L.D.; Chikvaidze, G.; Zimmermann, J.
Comparative study of the luminescence properties of macro-and nanocrystalline MgO using synchrotron radiation. Nucl. Instrum.
Methods Phys. Res. Sect. B-Beam Interact. Mater. Atoms 2013, 310, 23–26. [CrossRef]

36. Zhong, Y.; Yang, H.; Wang, M. Thermodynamic evaluation and optimization of LiNO3–KNO3–NaNO3 ternary system. Calphad
2020, 71, 102202. [CrossRef]

37. Coscia, K.; Elliott, T.; Mohapatra, S.; Oztekin, A.; Neti, S. Binary and Ternary Nitrate Solar Heat Transfer Fluids. J. Sol. Energy Eng.
2013, 135, 1–6. [CrossRef]

38. Karbovnyk, I.; Bolesta, I.; Rovetskyi, I.; Lesivtsiv, V.; Shmygelsky, Y.; Velgosh, S.; Popov, A.I. Long-term evolution of luminescent
properties in CdI2 crystals. Low Temp. Phys. 2016, 42, 594–596. [CrossRef]

181





Citation: Shaaban, I.E.; Samra, A.S.;

Muhammad, S.; Wageh, S. Design of

Distributed Bragg Reflectors for

Green Light-Emitting Devices Based

on Quantum Dots as Emission Layer.

Energies 2022, 15, 1237. https://

doi.org/10.3390/en15031237

Academic Editors: Dino Musmarra

and Francesco Nocera

Received: 6 January 2022

Accepted: 3 February 2022

Published: 8 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Design of Distributed Bragg Reflectors for Green
Light-Emitting Devices Based on Quantum Dots as
Emission Layer

Iman E. Shaaban 1, Ahmed S. Samra 1, Shabbir Muhammad 2,3 and Swelm Wageh 4,5,6,*

1 Electronics and Communications Department, Faculty of Engineering, Mansoura University,
Mansoura 35516, Egypt; iman_mshaban@students.mans.edu.eg (I.E.S.); shmed@mans.edu.eg (A.S.S.)

2 Research Center for Advanced Materials Science (RCAMS), King Khalid University, P.O. Box 9004,
Abha 61413, Saudi Arabia; mshabbir@kku.edu.sa

3 Department of Chemistry, College of Science, King Khalid University, P.O. Box 9004,
Abha 61441, Saudi Arabia

4 Department of Physics, Faculty of Science, King Abdulaziz University, P.O. Box 80200,
Jeddah 21589, Saudi Arabia

5 K.A.CARE Energy Research and Innovation Center, King Abdulaziz University, P.O. Box 80200,
Jeddah 21589, Saudi Arabia

6 Physics and Engineering Mathematics Department, Faculty of Electronic Engineering, Menoufia University,
Menouf 32952, Egypt

* Correspondence: wswelm@kau.edu.sa; Tel.: +966-505-277-380

Abstract: Light-emitting diodes based on quantum dots as an active emission can be considered
as a promising next generation for application in displays and lighting. We report a theoretical
investigation of green emission at 550 nm of microcavity inorganic–organic light-emitting devices
based on Zn (Te, Se) alloy quantum dots as an active layer. Distributed Bragg Reflector (DBR) has
been applied as a bottom mirror. The realization of high-quality DBR consisting of both high and
low refractive index structures is investigated. The structures applied for high refractive index
layers are (ZrO2, SiNx, ZnS), while those applied for low index layers are (Zr, SiO2, CaF2). DBR of
ZnS/CaF2 consisting of three pairs with a high refractive index step of (Δn = 0.95) revealed a broad
stop bandwidth (178 nm) and achieved a high reflectivity of 0.914.

Keywords: Zn (Te, Se) alloy quantum dot; organic light-emitting devices; green emission; distributed
Bragg reflector

1. Introduction

Quantum dots (QDs) have a unique property that originates almost individually due
to the size regime in which they exist. The unique optical properties of quantum dots
take place because of the quantum confinement effect [1]. The current study focused on
wide bandgap II-VI semiconductors quantum dots because of their fundamental structural,
electrical, and distinguished optical properties [2].

Zn (Te, Se) ternary alloy QDs are considered one of the essential types of II–VI semi-
conductors that possess favorable optical properties, as they displayed tunable and narrow-
band photoluminescence (PL) emission [3,4].

Zn (Te, Se) is considered a good candidate for Cd-free and green emission materials
with a long lifetime. The existence of the green band emission of Zn (Te, Se) partially results
from the combination of ZnTe QDs and Te isoelectronic centers in ZnSe. The fact that ZnTe
quantum dots as a partial source of green emission was confirmed by the power-dependent
PL spectra. In addition, a long lifetime of the PL emission arises from the alignment of
the type-II band between ZnSe and ZnTe [5]. The electrons from the conduction band in
ZnSe and holes from the valence band in ZnTe were involved in the recombination process,
leading to a smaller energy bandgap than that of either of ZnTe or ZnSe.
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The energy of the bandgap of an alloyed system such as Zn (Te, Se), which consists of
materials with considerably numerous chemical features and lattice constants, exhibited
a significant negative deviation from the mean of the bandgap mole fraction weighted.
Therefore, the Zn (Te, Se) system is named a highly mismatched semiconductor alloy [6].
The band gaps of this alloy possess much smaller energies than their constituents of
unalloyed materials. The band gaps of ZnTe and ZnSe, are, respectively, 2.25 and 2.72 [7],
while the minimal energy of the bandgap of the Zn (Te, Se) alloy is considered to be 2.03 eV
at Zn (Te0.63Se0.37) [8]. Thus, the green emission of Zn (Te1−xSex) QDs can be realized by
controlling their particle size and composition [3].

It is worth mentioning the importance of semiconductor nanocrystals generated
from their unique size-dependent optical and electrical properties, which can be utilized
in constructing optoelectronic devices [9]. Therefore, semiconductor nanostructures are
promising for application as a pure source of monochrome light-emitting diodes [10].
Light-emitting devices based on organic and inorganic structures with electrically excited
quantum dots have experienced a large development. This type of configuration becomes
competitive to the organic light-emitting devices for the application in displays because of
their unique outstanding features of simple solution processability, tunable emission color
with high saturation, and high brightness [11,12].

This paper demonstrates the realization of bottom green emission of QD-organic light
emitting devices (QD-OLED) by using Distributed Bragg Reflector (DBR) as an optical
reflector. The DBR is characterized by having a periodic structure with alternating dielectric
layers. Therefore, it can be utilized to afford a high degree of reflection in a certain
range of wavelengths by manipulating the thickness and differences in the refractive
indexes of the dielectric layers [13]. DBR mirrors have high reflectivity and a small intrinsic
absorption coefficient. The high reflectivity of light comes from the constructive interference
between the incident light and the reflected light due to Fresnel reflection. The utilization
of high-purity dielectric material leads to the production of highly efficient DBR mirrors. It
suppresses absorption and controls the thickness of layers during fabrication, leading to
obtaining the desired reflection wavelength [14]. According to these features, DBRs can be
used in photovoltaic devices [15], vertical-cavity surface-emitting lasers (VCSELs) [16], light-
emitting diodes (LEDs) [17], and solar cell actuators [18]. Furthermore, DBR is sensitive
toward electric, magnetic, mechanic, and chemical stimuli, giving various characters to be
used in different applications [19].

Kitabayashi and co-workers fabricated OLED with ZnS/CaF2 DBR with different
pairs and evaluated their reflectance [20]. High-efficiency white OLED with ZrO2/Zr DBR
investigated by Yonghua et al. [17]. In addition, Zhang and co-workers fabricated green
OLEDs with ZrO2/Zr DBR by atomic layer deposition, and it was found that the ZrO2/Zr
DBR structure significantly improves the light purity of green OLEDs without interfering
with intrinsic electroluminescence properties [21].

In this work, we have attempted theoretically to compare the performance of green
QD-OLED based on different types of DBRs. We have chosen the materials of DBRs with
different index contrast to show the effect of this parameter on the performance of the
devices. In addition, different pair numbers of DBRs were used to demonstrate the effect
of this parameter on the performance of the devices. DBRs have been used as a bottom
mirror for light-emitting devices based on organic and inorganic QD structures with green
emission to investigate their microcavity effects on device performance. Zn (Te, Se) alloy
QD with green emission at a wavelength of 550 nm has been applied as an active layer.
The schematic structure of the designed device of QD-OLED with multilayered film at
the bottom side are shown in Figure 1a. As shown in the figure, we used indium tin
oxide (ITO)/DBR as a reflector anode. N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-
4,4′-diamine (NPB) was used as the hole transport layer and ZnTeSe alloy QD as an
emissive layer. Bis[2-(2-hydroxyphenyl)-pyridine]-beryllium (Bepp2) was used as the
electron transport layer. Finally, Lithium quniolate (Liq) was used as an electron injection
layer and Al as a cathode.
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Figure 1. (a) Schematic structure of device, (b) energy level diagram.

The investigation of light-emitting devices with green emission is very important for
many applications, one of them that can be used as a source of illumination for oxygen
saturation measurements in blood. Additionally, the green color has an important applica-
tion in non-pharmacological therapy. Recent investigations proved that green light acts as
a potential therapy in patients with episodic or chronic migraines with no side effects. It
amended the number of headache days/months and improved the quality of life in both
episodic and chronic migraine. In addition, the green light provides an additional therapy
for the prevention of episodic and chronic migraine [22].

The energy-level diagram of the device is shown in Figure 1b. According to the energy-
level diagram, the emission zone is confined to the QD layer due to good energy-level
alignments at interfaces of adjacent layers.

2. Theoretical Analysis

2.1. Distributed Bragg Reflector

The most common OLED microcavity architectures incorporate two similar metal
mirrors with variant thicknesses; one of them is fractional reflective. Another design
includes one mirror with extreme reflection consisting of a dense dielectric distributed
Bragg reflector (DBR) and other metal mirrors with low work function [17].

DBRs have tremendous relevance and acceptance in optoelectronic and photonic
devices due to their high reflectance and wavelength selectivity compared to metallic
mirrors [19]. DBR mirror contained alternating high and low refractive index layers of
semiconductor compounds. The thickness of each of the layers is one-quarter wavelength
(λ/4). The reflectivity of DBR is determined by the refractive index contrast and a number
of periods [23].

A DBR mirror optical principle is based on successive Fresnel reflection at normal
incidence at interfaces between two alternating layers with high and low refractive indices
nh and nl respectively: r = nh−nl

nh+nl
. When each layer’s quarter wavelength (λ/4) optical

thickness is maintained, the path difference between reflections from successive interfaces
equals half of the wavelength (λ/2), or 180◦ out of phase. Despite the reflections (r) at
successive interfaces having alternating signs, the 180◦ compensation phase shift can
be obtained through the differences in path length, and all the reflected components
interfere constructively. In this case, the cumulative reflection can be enhanced by changing
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the design. The transmission matrix theory has been used in calculating the reflectance
spectrum of a DBR [24].

Reflected light from multiple films is due to the interference from the numerous
lights reflected from each of the different surfaces. The interference of light reflected and
transmitted by other contact surfaces of multiple film layers is depicted in the scheme
shown in Figure 2 [25]. The structure is designed so that all reflected components from
the interfaces interfere effectively, leading to a strong reflection. The range of wavelengths
that are reflected is termed a photonic stopband. The stopband is controlled mainly by the
index contrast of the two materials [19] that can be calculated by [24]:

Δλmax =
4λB
π

sin−1
(

Δn
nh + nl

)
(1)

Figure 2. Reflectance of DBR structure.

Δλmax is proportional to the Bragg wavelength λB and is sensitively affected by the
index contrast (Δn = nh − nl). Thus, the elevation in Δn is very desirable in DBR fabrication
for both a high peak reflectance and a wide stopband width.

2.2. Cavity Emission Characteristics

Based on the concept of interfaces, the most straightforward formula for the emission
of light from the thin-film structure, including an emissive layer, can be developed into a
method that explains the transmission of a Fabry–Perot resonator structure [26]. In this
study, the microcavity was designed as shown in Figure 3 of a top mirror composed of
(Bepp2, Liq, and Al) and a bottom mirror is consisting of (NPB, ITO, and DBR), with using
ZnTeSe alloy QD as an active emission layer. The theoretical spectrum for external emission
normal to the plane of the layers of the device can be calculated based on classical optics by
the following equation [27]:

|Ecav(λ)|2 =

(1−Rb)
i ∑i

[
1 + Rt + 2(Rt)

0.5 cos
(

4πxi cos θ0
λ + Φt

)]
1 + Rt Rb − (Rt Rb)

0.5 cos
(

4πL cos θ0
λ + Φt + Φb

) × |Enc(λ)|2 (2)

where Rt and Rb are the reflectivities of the top and bottom mirrors, respectively, L is the
optical thickness of the cavity, |Enc(λ)|2 is the free space emission intensity at wavelength
λ and xi is the optical thickness between the emitting sublayer and top mirror. θ0 is the
internal observation angle from the surface normal to the microcavity; Φt and Φb are the
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phase changes upon reflection to the effective reflectivities of Rt and Rb. According to
Equation (3), the resonance condition to maximize luminance from a cavity is given by [26]:

Φt + Φb
2

− 2πL cos θ0

λ
= mπ (3)

Figure 3. Microcavity structure used for an optical analysis.

A measure of the quality of the resonance of the cavity is given by the finesse [28].
Finesse is described as the number of light oscillations between two mirrors at the free
space wavelength (λ) before its energy decays by a factor of e−2π . A higher finesse exists as
a result of a higher average number of times a photon is reflected back and forth within the
cavity [29]. The finesse can be written in terms of reflectivity as follows [30]:

F =
π
√

Rt Rb
1 − Rt Rb

(4)

A cavity quality factor Q, which is defined as the reciprocal of the energy loss per cycle
per energy stored in the cavity and may also be interpreted as the number of oscillations
observed before decay below e−2π , can be expressed as [31]:

Q =
4 Rt Rb

(1 − Rt Rb)
2 (5)

Cavity photon lifetime τp is a time constant that represents the rate at which photons
are lost from the cavity and is given by [32],

τp =
2nL

c
1 − Rt Rb

(6)

where c is the speed of light.

Multilayer Calculation

The transfer matrix method (TMM) has been applied to calculate the reflection spectra
for our devices; this method inherently included a standing wave enhancement effect and a
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multi-reflection with the optical cavity [33]. The electric fields, together with the magnetic
field inside and outside multilayer structures, have been calculated using TMM, giving us
the transmittance and reflectance of this kind of structure.

For homogeneous and isotropic multilayer structures, each layer is represented by a
2 × 2 matrix Mj of the form:

Mj =

[
cos δj

(i sin δj)
μj

iμj sin δj cos δj

]
(7)

where μj is the optical admittance of j layer and δj is the phase change of the electromagnetic
radiation traversing on the j layer and can be written as follows:

δj =

(
2πnj dj cos θj

)
λ

(8)

where nj is the refractive index of j layer, dj is the physical thickness of j layer and θj is the
incidence angle at j layer; herein, a quarter wavelength is considered as the thickness of
each layer to obtain the highest reflection [34].

dj =
λ

4nj
(9)

The matrix relation defining the electric field (B) and magnetic field (C) of the multi-
layer structure adopted from [35] is as follows:(

B
C

)
=

K

∏
j=1

Mj

(
1

μsub

)
(10)

Using Equation (10) and considering the admittance introduced by the interfaces,
which is indistinguishable from the reflectance, this idea has been applied for the reflectance
calculation through the assembly of thin films. Then, the transmittance has been deduced
from the reflectance R through T = 1 − R [36]. The reflectance R, transmittance T and the
phase change on reflection Ψ are given by

R =

∣∣∣∣μ0B − C
μ0B + C

∣∣∣∣2 (11)

T =
4μ0 μsub

|μ0B + C|2 (12)

Ψ = arg
∣∣∣∣μ0B − C
μ0B + C

∣∣∣∣ (13)

where μ0 and μsub represent the optical admittance of the emission layer and substrate
layer, respectively. Mathcad software has been used to compute the data needed for
the calculations.

2.3. Quantum Dot Emission

In this work, we have investigated the effect of various structures of DBR bottom
mirrors on the performance of emission at 550 nm wavelength. We have adopted an
emission profile based on the published experimental results for ZnTeSe quantum dots for
internal emission. The emission peak wavelength of the ZnTeSe alloy QD varied in the
range from 530 to 579 nm by controlling the particle size in the range from 3.8 to 6.0 nm [3],
the PL emission peak wavelength for of Zn(Te1−xSex) QDs with x = 0.24 ± 0.04 QDs with
various diameters of 4.0, 4.2, 4.9 and 6.0 nm are 535, 540, 557 and 576 nm, respectively.
The dependence of the emission peaks on the size of the quantum dots is presented in
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Figure 4. From these experimental data, an empirical fitting equation has been reproduced
to express the relation between the diameter of QD (d) and the position of the emission
peak wavelength P(d):

P(d) = −3.584d2 + 56.433d + 366.446 (14)

Figure 4. Emission peak positions against QD size.

The QDs spontaneous emission, Eint(λ), is reproduced by adopting simulation using
Gaussian distribution function, as follows:

Eint(λ, d) = exp

(
−(λ − P(d))2

2v2

)
(15)

where P is the position center of the peak and v was given by:

v =
Δλ
2√

2 ln(2)
(16)

where Δλ is the full width at half maximum (FWHM) of QD emission. The FWHM of
QD emission was assumed to be 30 nm [7]. According to Equation (14), the emission at
550 nm wavelength of ZnTeSe alloy QD is compatible with quantum dots with a diameter
of 4.6 nm.

The refractive index and band gap of QD are the main properties that are changed by
the size of QD. The refractive index of QD nQD is calculated as follows [37,38]:

nQD =

√√√√√1 +
[
(nbulk)

2 − 1
]

[
1 +

( 0.75
d
)1.2

] (17)

where nbulk is the refractive index of bulk material, the refractive index of bulk ZnTe and
ZnSe at 550 nm are 3.1 and 2.7, respectively [39]. The calculated refractive index of ZnTeSe
QD with diameter 4.6 nm for the emission at 550 nm is 2.748.
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The shift of the optical band gap of QD due to quantum confinement has a quantitative
form. According to an early effective mass model calculation by Brus, the magnitude of
this confinement energy can be modeled as a particle in a box, as seen in Equation (18) [1].

Econ f inemet =
�2 π2

2 a2

(
1

me
+

1
mh

)
=

�2 π2

2 a2 μ2 (18)

where me is the effective mass of the electron, mh is the effective mass of the hole, μ is
the reduced mass of the exciton system, and a is the radius of the quantum dot. For Zn
(Te0.76Se0.24), me is 0.11 m0 and mh is 0.64 m0 (where m0 denotes the electron rest mass) [3].
The calculated optical band gap of Zn (Te, Se) alloy QD at 550 nm emission is approximately
2.5 eV, and this value is within the origin of the green band.

3. Results and Discussion

This study focuses on the use of a DBR as a bottom mirror; three DBRs labeled
DBR1(ZrO2/Zr), DBR2 (SiNx/SiO2), and DBR3 (ZnS/CaF2) have been applied as bottom
mirrors. (Zr, SiO2, CaF2) played as low refractive index materials, while (ZrO2, SiNx, ZnS)
were used as high refractive index materials. Schematic-layer structures of ZnTeSe QD-
OLED with three periods of DBR1, DBR2, and DBR3 are shown in Figure 5a–c, respectively.
The thicknesses of all layers are also displayed in Figure 5. For designing the thickness of

each layer in the DBRs, we have applied L =
λBragg

4n . According to the Bragg wavelength of
550 nm, and by using the refractive indices shown in Table 1, the thickness of multilayer
films can be deduced as follows: the thicknesses of the ZrO2 and Zr of DBR1 are:

L(ZrO2) =
550

4 × 2.17
= 63.4 (nm) (19)

L(Zr) =
550

4 × 1.62
= 84.8 (nm) (20)

Figure 5. Schematic layer structure of three devices at 550 nm based on (a) DBR1 (b) DBR2 (c) DBR3.
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Table 1. Refractive indexes of multilayer films at 550 nm.

Material Zr ZrO2 SiO2 SiNx CaF2 ZnS

Refractive index (n) 1.62 [21] 2.17 [40] 1.46 [41] 2.16 [42] 1.43 [20] 2.38 [20]

The thicknesses of the SiNx and SiO2 of DBR2 are:

L(SiNx) =
550

4 × 2.16
= 63.7 (nm) (21)

L(SiO2) =
550

4 × 1.46
= 94.2 (nm) (22)

The thicknesses of the ZnS and CaF2 of DBR3 are:

L(ZnS) =
550

4 × 2.38
= 57.8 (nm) (23)

L(CaF2) =
550

4 × 1.43
= 96.2 (nm) (24)

Three structures were designed with a variation of a number of periods of DBR from
one to three. The reflectivities calculated by the transfer matrix model and their reflectance
are displayed in Figure 6. The refractive index at 550 nm for ITO is 1.9251 + i0.0021684 [43],
Al is 0.6 + i5.2745 [44], and the refractive index of organic materials is assumed to be 1.8.
The main parameters that affect the performance of DBR are the number of periods (N)
and index contrast (Δn). Therefore, the comparison of the performance of devices with
emission at 550 nm based on different DBRs by changing (N) and (Δn) is estimated and
tabulated in Table 2.

Table 2. Comparison of the main characteristics for devices based on different designs of DBRs at
550 nm.

DBR Design
Index Contrast

Δn
No. of

Periods (N)
Stop Band

Width (nm)
Peak

Reflectivity
Finesse

Quality
Factor

EL Intensity

DBR1
(ZrO2/Zr) 0.55 1 101 0.336 2.461 2.459 5.319

2 0.550 4.338 7.637 8.261

3 0.718 7.04 20.124 11.711

DBR2
(SiNx/SiO2) 0.7 1 136.008 0.412 3.018 3.701 6.228

2 0.67 6.077 14.965 10.601

3 0.833 10.67 46.054 14.648

DBR3
(ZnS/CaF2) 0.95 1 178 0.498 3.784 5.803 7.43

2 0.779 8.67 30.417 13.279

3 0.914 15.613 98.816 15.409

The main feature for the effect of variation of DBR periods can be observed in Figure 6.
Clearly, the calculated reflectance seems to achieve higher values with the increasing
number of DBR periods. In addition, the maximum reflectivity increased for DBR based
on ZnS/CaF2, which has the highest (Δn) relative to DBRs consisting of ZrO2/Zr and
SiNx/SiO2.
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Figure 6. Reflectance spectra by the number of pairs for devices based on (a) DBR1 (b) DBR2
(c) DBR3.
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It is worth mentioning that the reflectivity of DBR3 with a number of periods equal to
2 is larger than that for the DBR1 with n = 3; this is because of the large differences between
the values of index contrast. The values of Δn for DBR1 and DBR3 are 0.55 and 0.95,
respectively. Consequently, by using DBR3 consisting of ZnS/CaF2, we can obtain high
reflectance and a wide stopband by applying a small number of periods. The decreasing
number of periods has many scientific and economic benefits, such as avoiding scattering
losses and saving time and materials.

The calculated finesses of DBR structures with a varying number of periods are
presented in Table 2. Figure 7 shows the finesse as a function of a number of DBR periods for
three configurations applied in this work; the finesse increases with an increasing number
of periods for the three devices with various DBR structures; additionally, the highest
finesse (15.613) was found for DBR3 with three periods due it is the highest reflectivity of
(0.914).

Figure 7. Calculated finesse versus number of DBR periods for devices based on (DBR1, DBR2,
and DBR3).

The graph of stopband against index contrast is shown in Figure 8. Obviously, the
increase in index contrast leads to an increase in the stopband width, reaching 178. CaF2
clearly exhibits a smaller refractive index than ZnS, leading to a high index contrast
(Δn = 0.95) compared to SiNx/SiO2 (Δn = 0.7) and ZrO2/Zr (Δn = 0.55), as reported in
Table 2. The enhancement of the stopband width of DBR3 arises from the highest refractive
index contrast between high and low refractive index materials (Δn = 0.95).

The characteristics of the multimode cavity of the device with emissions at 550 nm
based on three periods of DBR are discussed. We have investigated different devices based
on the three types of DBR with varying cavity modes through changing the cavity length.
The cavity lengths of several resonance modes are given by Equation (3); by varying mode
index (m = 1, m = 2 and m = 3), the cavity length can be adjusted for resonance mode. Table 3
summarizes the main characteristic parameters of the device with emission at 550 nm for
three cavity modes. Clearly, the highest cavity enhancement factor and photon lifetime is
obtained for the device with mode index m = 3 and attributed to the increase in the cavity
length at this mode.
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Figure 8. Plots of stopband width and bottom mirror peak reflectance versus refractive index contrast.

Table 3. Cavity characteristics of the device with three periods of DBR3 at 550 nm.

Cavity Mode
Optical Cavity

Length
Cavity Enhancement

Factor
Photon Life Time

(ns)

1st 236 15.4 8.667

2nd 511 16.451 18.74

3rd 786 16.997 28.82

The external emission intensity spectrum of the devices was simulated using Equation (2)
with an increasing number of periods of DBR1, DBR2, and DBR3. The obtained intensities
of the emission peaks are presented in Table 2. The emission spectra of all devices with
different structures of DBR are shown in Figure 9a–c. Clearly, the number of periods causes
a pronounced effect on the emission characteristics. The emission spectrum’s full width
at half maximum (FWHM) decreases, and the peak intensity increases at the resonance
wavelength as the number of periods increases. The improvement in the output light
intensity of devices with increasing period number is ascribed to the increase in reflectivity.
It is worth mentioning that the performance of the device based on DBR3 consisting of
ZnS/CaF2 revealed better performance relative to other devices. Consequently, we selected
the device based on DBR3 consisting of ZnS/CaF2 to investigate the effect of resonance
mode on the emission spectra. Furthermore, ZnS/CaF2 possesses low absorption and a
high index of contrast for emission at 550 nm. In addition, future fabrication of ZnS/CaF2
can be carried out on the substrate at room temperature, which benefits consuming time
and avoiding damage to soft materials. The electroluminescence spectra of the device with
three cavity modes are shown in Figure 10. Increasing the mode index of the cavity leads
to a pronounced improvement in emission intensity. The increase in emission intensity is
attributed to the increase in cavity length. Furthermore, the increase in cavity mode leads
to the enhancement of the central wavelength at the expense of the other wavelengths and
consequently causes a pronounced decrease in the line width.
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Figure 9. Electroluminance spectra for devices based on (a) DBR1 (b) DBR2 (c) DBR3.
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Figure 10. Electroluminescence spectra of device based on DBR3 at three-resonance mode.

To verify the validity of the methodology (TMM) that we used in this work, we applied
this method to calculate the bottom reflectance of the device fabricated by Kitabayashi
et al. [20]. In this calculation, we have considered the same values of layer thickness
in the published work. Figure 11 shows the calculated bottom reflectance spectra of
the device fabricated by Kitabayashi et al. [20] with 3, 5, and 7 pairs of ZnS/CaF2 DBR.
The comparison between the calculated bottom reflectance and the measured values at
a wavelength of 550 nm of the device fabricated by Kitabayashi et al. [20] is shown in
Table 4. The results indicated that the calculated bottom reflectances are compatible with
the measured experimental results.

Figure 11. Calculated bottom reflection spectra of the device fabricated by Kitabayashi et al. [20].
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Table 4. The measured and calculated bottom reflectance at 550 nm of the device fabricated by
Kitabayashi et al. [20] with different pairs of ZnS/CaF2 DBR.

Calculated Bottom
Reflectance

Measured Bottom
Reflectance [20]

Number of Pairs

0.844 0.817 3

0.976 0.974 5

0.997 0.992 7

4. Conclusions

The external emissions of microcavity light-emitting devices based on Zn (Te, Se) alloy
quantum dots as an active layer and organic structures as electron and hole-transporting
layers were investigated. The mirrors of the microcavity consist of one mirror with extreme
reflection, consisting of a dense dielectric distributed Bragg reflector (DBR), and other metal
mirrors with low work functions. The emission characteristics based on the variation in the
number of periods of DBR and cavity length were investigated. The increase in the number
of periods of DBR or refractive index contrast causes a pronounced increase in reflectivity,
which in turn improves the eternal emission of the light-emitting devices. Additionally, the
increase in the mode index of the cavity with adjusting cavity length leads to a pronounced
improvement in emission intensity.
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Abstract: Pd–Pt bimetallic catalysts with a dendritic morphology were in situ synthesized on the
surface of a carbon paper via the facile and surfactant-free two step electrochemical method. The
effects of the frequency and modification time of the periodic square-wave potential (PSWP) on
the morphology of the Pd–Pt bimetallic catalysts were investigated. The obtained Pd–Pt bimetallic
catalysts with a dendritic morphology displayed an enhanced catalytic activity of 0.77 A mg−1, almost
2.5 times that of the commercial Pd/C catalyst reported in the literature (0.31 A mg−1) in acidic
media. The enhanced catalytic activity of the Pd–Pt bimetallic catalysts with a dendritic morphology
towards formic acid oxidation reaction (FAOR) was not only attributed to the large number of atomic
defects at the edges of dendrites, but also ascribed to the high utilization of active sites resulting from
the “clean” electrochemical preparation method. Besides, during chronoamperometric testing, the
current density of the dendritic Pd–Pt bimetallic catalysts for a period of 3000 s was 0.08 A mg−1,
even four times that of the commercial Pd/C catalyst reported in the literature (about 0.02 A mg−1).

Keywords: electrochemical synthesis; Pd–Pt dendrites; formic acid oxidation; high electrocatalytic
performance

1. Introduction

Noble metals are widely used in various important catalytic or electrocatalytic re-
actions in the fields of energy conversion/storage as well as water pollution such as
hydrogen production [1], reduction of oxygen [2], oxidation of organic or inorganic small
molecule [3], fuel cells [4], and degradation of organic dyes in water [5]. Among these
important applications, fuel cells have been receiving extensive attention due to their ability
to directly convert the chemical energy of small-molecule fuel oxidation into electricity [6].
Direct formic acid fuel cells (DFAFCs) are believed to be a promising power generation
system owing to their reasonable power density, high electromotive force, and limited
fuel crossover [7,8]. As a key component of DFAFCs, electrocatalysts towards formic acid
oxidation reaction (FAOR) play a vital role in the development of DFAFCs. Recently, noble
metal palladium (Pd) has drawn intensive attention due to its high catalytic activity for
FAOR and better resistance to CO poisoning than Pt [9–12]. However, the Pd catalyst is
prone to dissolution in acidic media during catalytic reactions, hampering its commercial
application [13]. In addition, there is still much room for improvement in the catalytic
activity of the Pd catalyst. Therefore, it is particularly eager to develop a highly active and
durable catalyst towards FAOR.
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It is widely accepted the oxidation of formic acid involves two mechanisms, i.e., the
direct oxidation pathway (HCOOH → CO2 + 2H+ + 2e−) and the CO oxidation pathway
(HCOOH → COads + H2O → CO2 + 2H+ + 2e−) [14]. In the direct oxidation pathway,
HCOOH molecules directly dehydrogenate to form CO2 via one or more active intermedi-
ates. In the CO oxidation pathway, HCOOH molecules dehydrate to produce CO which
depends on the applied potential. The generated CO may be further oxidized to CO2 or
poison the catalyst. Up to date, several strategies have been developed to improve the
electrocatalytic properties of Pd. The previous literature has reported that alloys of Pd with
other metals (such as Cu [9], Pt [15], Co [16], Ag [17], Au [18], Sn [19], Ni [20], Rh [21],
Zn [22], Pb [23], Cr [24], and Ir [25]) can not only enhance catalytic activity, but also improve
the corrosion resistance of Pd. In particular in Pd–Pt alloys, the electronegativities and bulk
Wigner–Seitz radii of Pt and Pd are similar [26]. The alloying of Pt and Pd will produce
a synergistic electronic effect [27]. This effect favors formic acid oxidation via the direct
oxidation pathway. Additionally, Pt also exhibits high stability in acidic media due to its
chemically inert property [28].

It is generally accepted the morphology of catalysts plays a crucial role in enhanc-
ing the catalytic activity. A great deal of work has focused on the synthesis of bimetallic
Pt–Pd catalysts with various morphologies. For instance, Guo et al. [15] synthesized three-
dimensional (3D) dendritic Pt-on-Pd bimetals on graphene sheets via a facile wet-chemical
approach and found that Pt–Pd bimetallic nanodendrites/graphene hybrids exhibited high
catalytic activity for the oxidation of methanol. Yuan et al. [29] prepared Pd–Pt random
alloy nanocubes in an aqueous solution containing KBr, polyvinyl pyrrolidone, and sodium
lauryl sulfate with PdCl2 and K2PtCl6 as precursors. Zhang et al. [30] reported different
shapes of Pd–Pt alloys by a solvothermal process, such as flowers, dendrites, bars, cubes,
and concave cubes, and concluded that the obtained Pd–Pt alloys had an enhanced catalytic
activity and CO tolerance towards FAOR. Lu et al. [31] fabricated a reduced graphene
oxide/Pt–Pd alloy nanocubes by a facile hydrothermal method. However, the synthesis of
most Pd–Pt catalysts with various morphologies commonly uses organic additives, thus
requiring additional removal processes of additives. Otherwise, incomplete removal of
organic additives limits the active sites of the catalyst and thus negatively affects its per-
formance. Additionally, during conventional electrode preparation, the powder catalysts
have to be transferred to the surface of the electrode, which inevitably requires the use of
conductive additives and binders. The use of conductive additives and binders will lead
to a reduction in the active sites of the catalyst. Therefore, it is highly desired to develop
a facile and surfactant-free route to synthesize Pd–Pt nanocatalysts. The electrochemical
synthesis method is considered to be an effective catalyst preparation method because
of its simplicity, low cost, easy operation, and high purity of the product [32]. However,
conventional electrochemical synthesis techniques have limited control parameters, making
it difficult to effectively control the morphology of the catalyst. The combination of differ-
ent modes of electrochemical technologies can effectively expand the range of its control
parameters and is an effective method to realize the control of the catalyst morphology. For
example, Tian et al. [33,34] synthesized monometallic Pt and Pd tetrahexahedral nanocrys-
tals by the electrochemical technology, which showed a high electrocatalytic activity for the
oxidation of formic acid and ethanol. The dendritic Pt and highly dispersed Pd particles
also synthesized by a similar electrochemical method and displayed a high electrocatalytic
activity [35,36]. However, there are few reports on the synthesis of morphology-controlled
Pd–Pt bimetallic catalysts via a clean electrochemical approach. The research on the effect of
electrochemical parameters on the structure and morphology of Pd–Pt bimetallic catalysts
is very limited. The intrinsic relationship between the microstructure of Pd–Pt bimetallic
catalysts and its macroscopic catalytic performance also needs to be further illustrated.

Herein, Pd–Pt bimetallic catalysts with a dendritic morphology were in situ synthe-
sized on the surface of a carbon paper by a facile and clean electrochemical method. Pure
Pd particles were firstly electrodeposited on the surface of the carbon paper, and then
Pd–Pt bimetallic catalysts with a dendritic morphology were obtained by the periodic
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square-wave potential (PSWP) treatment of pure Pd particles in an aqueous solution of
0.5 M H2SO4 and 5 mM PdCl2. The effects of the frequency and treatment time of the PSWP
on the morphology of the bimetallic Pd–Pt catalysts were systematically investigated. The
obtained Pd–Pt bimetallic catalyst with a dendritic morphology displayed an outstanding
catalytic activity (0.77 A mg−1) and a high stability towards FAOR.

2. Experimental

2.1. Reagents and Materials

Palladium (II) chloride (PdCl2; Adamas Reagent Co., Ltd., Shanghai, China), chloro-
platinic acid hexahydrate (H2PtCl6·6H2O; Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China), sulfuric acid (H2SO4; Jiangtian Chemical Technology Co., Ltd.,
Tianjin, China), formic acid, and anhydrous ethanol (Yuanli Chemical Technology Co., Ltd.,
Tianjin, China) were of analytical reagent grade. A carbon paper (TGP-H-060) and commer-
cial 10 wt % Pd/C catalysts were purchased from Toray (Toray Industries, Tokyo, Japan)
and Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China), respectively.
The deionized water was produced with a Millipore Milli-Q system (18.2 MΩ cm).

2.2. Electrochemical Fabrication of Pd Particles and Pd–Pt Bimetallic Catalysts

Firstly, prior to the electrodeposition of Pd particles, the carbon paper was ultrasoni-
cally cleaned with anhydrous ethanol, acetone, and deionized water for 30 min separately.
Secondly, Pd particles was electrochemically deposited on the surface of the carbon paper
at −0.15 mA cm–2 for 45 min in an aqueous solution of 5 mM PdCl2 and 0.5 M H2SO4,
using a conventional electrochemical cell with a three-electrode system (Ivium Stat, Ivium
Technologies, Eindhoven, Netherlands). The cleaned carbon paper served as the working
electrode. A platinum plate electrode and a mercurous sulfate electrode (MSE) were used
as the counter electrode and the reference electrode, respectively. At last, based on the
obtained pure Pd particles, a Pd–Pt bimetallic catalysts/carbon paper electrode was finally
synthesized in a two-electrode system by PSWP (NF BP4610, NF Corporation, Yokohama
Japan) with different frequencies (10 Hz, 50 Hz, and 90 Hz) and modification times (1 h, 2 h,
and 4 h) in an aqueous solution of 0.1 mM H2PtCl6 and 1 M H2SO4. Correspondingly, the
obtained Pd–Pt samples were denoted as PdPts–10 Hz, PdPts–50 Hz (4 H), PdPts–90 Hz,
PdPts–1 H, and PdPts–2 H, respectively. The upper and lower limit potentials of the PSWP
were 0.6 V and −3.2 V, respectively.

2.3. Characterization of Pd Particles and Pd–Pt Bimetallic Catalysts

The surface morphologies of the Pd particles and the Pt−Pd bimetallic catalysts were
investigated by a field-emission scanning electron microscope (Hitachi S-4800, Hitachi,
Tokyo, Japan). The structure and composition of the Pt−Pd bimetallic catalysts were
investigated by a transmission electron microscope (JEOL 2100F, JELO Ltd., Tokyo Japan)
equipped with energy-dispersive X-ray (EDX) analysis. The phase and the crystallinity
of the Pd–Pt bimetallic catalysts were analyzed by X-ray diffraction (XRD; Bruker D8
Advanced, Billerica, MA, USA) with CuKα radiation (λ = 1.5418 Å). The loading amounts
of Pd and Pt particles were obtained by inductively coupled plasma-mass spectrometry
(ICP-MS; Agilent 7700, Agilent Technologies, Santa Clara, CA, US).

2.4. Electrochemical Test

All electrochemical tests were performed in a conventional three-electrode system
(Ivium Stat, Ivium Technologies, Eindhoven, Netherlands). The obtained Pd–Pt bimetallic
catalyst/carbon paper electrode was used as the working electrode. A platinum plate and
a saturated calomel electrode (SCE) served as the counter and the reference electrodes,
respectively. The cyclic voltammetry (CV) curves of the obtained Pd–Pt bimetallic catalysts
were tested in a N2-saturated aqueous solution of 0.5 M H2SO4 at a scan rate of 50 mV s−1.
The voltammetric curves of the obtained Pd–Pt bimetallic catalysts towards FAOR were
recorded in an aqueous solution of 0.5 M H2SO4 and 0.5 M HCOOH at a scan rate of
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50 mV s−1. The chronoamperometry curves of the obtained Pd–Pt bimetallic catalysts were
recorded in an aqueous solution of 0.5 M H2SO4 and 0.5 M HCOOH at 0.15 V for 3000 s.

3. Results and Discussion

Figure 1 displays the SEM images of the pure Pd particles and the Pd–Pt bimetallic
catalysts with various morphologies fabricated by PSWP modification with different fre-
quencies in an aqueous solution containing a Pt precursor. The pure Pd particles were
electrodeposited on the surface of the carbon paper (Figure 1a), and the average particle
size was about 270 nm (Figure 1b). A large number of Pd–Pt particles with a relatively
smooth surface were electrodeposited on the surface of the carbon paper, after the pure
Pd particles were treated by the PSWP with a frequency of 90 Hz (Figure 1c,d). The size
of the Pd–Pt particles was similar to that of the pure Pd particles (Figure 1d). When the
modification frequency of the PSWP decreased to 50 Hz, the obtained Pd–Pt bimetallic
catalysts showed a well-defined dendritic morphology (Figure 1e). A lot of long secondary
dendrites grew on the trunk of the dendrite of the Pd–Pt bimetallic catalysts, and the short
tertiary dendrites were also formed on the secondary dendrite arms (Figure 1e,f). As the
frequency of the PSWP further reduced to 10 Hz, the Pd–Pt bimetallic catalysts showed an
agglomerated morphology with a rough surface (Figure 1g,h). Obviously, the frequency
of the PSWP had a significant effect on the morphology of the Pd–Pt bimetallic catalysts.
This may be related to the process of adsorption/desorption of oxygen on the surface
of Pd and Pt metals during PSWP modification [37]. The oxidation processes of the Pd
and Pt surfaces were affected by the upper limit potential of the PSWP, and the dynamic
adsorption/desorption process of oxygen on the Pd and Pt surfaces affected the dissolution
of Pd and Pt. The lower limit potential of the PSWP was responsible for the deposition of
Pd and Pt. When the frequency of the PSWP was high (90 Hz), the square-wave period of
the Pd particle surface was relatively short, and thus the modification effect on the surface
morphology of Pd particles was limited. As a result, many Pd–Pt particles with a relatively
smooth surface were formed (Figure 1c,d), and their morphology was similar to that of
pure Pd particles (Figure 1a,b). As the frequency of the PSWP decreased to 50 Hz, the
square-wave period increased, resulting in a long period of the dissolution and deposition
of metal atoms on the surface of Pd particles. The long-period deposition process caused
the diffusion-limited growth of metal ions near the electrode surface. These metal ions
tended to diffuse towards the tip of the electrode surface, which finally led to the formation
of Pd–Pt bimetallic catalysts with a dendritic morphology (Figure 1e,f). When the frequency
of the PSWP reduced to the smallest frequency, i.e., 10 Hz, the PSWP period was longer.
The formed dendrites were dissolved, since the dissolution caused by the upper limit
potential played a dominant role during the long square-wave period. Consequently, the
Pd–Pt bimetallic catalysts displayed an agglomerated morphology with a rough surface
(Figure 1g,h).

To further gain insight into the formation mechanism of the Pd–Pt bimetallic catalysts
with a dendritic morphology, the surface morphology of the Pd–Pt bimetallic catalysts
as a function of the modification time of the PSWP was investigated. Figure 2 shows the
SEM images of the Pd–Pt bimetallic catalysts obtained by the PSWP modification with
different times. As the modification time increased from 1 h to 4 h, the morphology of the
modified Pd–Pt bimetallic catalysts evolved from the agglomerated particles (Figure 2a,b),
leaf-like catalysts (Figure 2c,d) to dendritic catalysts (Figure 1e,f). During modification, in
the early stage (modification time of 1 h) of the formation of the Pd–Pt bimetallic catalysts,
the short modification time had limited effect on the morphology of the Pd–Pt bimetallic
catalysts. Only the Pd–Pt bimetallic catalysts with an agglomerated morphology were
observed (Figure 2a,b). When the modification time was extended to 2 h, the diffusion
of metal ions near the electrode surface was limited, and the metal ions diffused toward
the tip of the electrode surface during the deposition process. As a result, the leaf-like
catalysts with a protruding texture were formed (Figure 2c,d). As the modification time
was further extended to 4 h, the leaf-like catalysts were selectively dissolved, only leaving
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the protruding texture part. Finally, the Pd–Pt bimetallic catalysts displayed a well-defined
dendritic morphology (Figure 1e,f).

 

Figure 1. SEM images of pure Pd particles (a) and the obtained Pd–Pt bimetallic catalysts modified
by the periodic square-wave potential (PSWP) with the frequencies of 90 Hz (c), 50 Hz (e), 10 Hz
(g) for 4 h in a solution of 0.1 mM H2PtCl6 + 1 M H2SO4. (b,d,f,h) are the high-magnification SEM
images of the corresponding catalysts.

Figure 3 displays the XRD spectra of the Pd–Pt catalysts. All the catalysts showed the
distinct characteristic diffraction peaks at about 40.1◦, 46.6◦, 67.9◦, 81.7◦, and 86.7◦, which
corresponded to the (111), (200), (220), (311), and (222) lattice planes of the Pd–Pt bimetallic
catalysts, respectively (Figure 3a) [38]. This indicated that the obtained Pd–Pt bimetallic
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catalysts possessed a polycrystalline structure. Figure 3b shows the enlarged (111) peaks
of the Pd–Pt bimetallic catalysts with a dendritic morphology. It was found that the (111)
peak of the Pd–Pt bimetallic catalysts with a dendritic morphology shifted to the position
between the (111) peaks of monometallic Pt (JCPDS 87–0640) and Pd (JCPDS 87–0638). This
phenomenon was attributed to the substitution of Pd atoms with Pt in the lattice, which
resulted in the expansion of the face-centered cubic lattice [38], indicating the successful
formation of Pd–Pt alloy.

 

Figure 2. SEM images of the obtained Pd–Pt bimetallic catalysts modified by the PSWP with a
frequency of 50 Hz for 1 h (a) and 2 h (c) in a solution of 0.1 mM H2PtCl6 + 1 M H2SO4. (b,d) are the
high-magnification SEM images of the corresponding Pd–Pt bimetallic catalysts.

Figure 3. (a) X-ray diffraction (XRD) patterns of the obtained Pd–Pt bimetallic catalysts; (b) the
enlarged XRD spectrum of the Pd–Pt bimetallic catalysts with a dendritic morphology in the 2θ range
of 38−42◦.

To obtain the detailed structural information of the Pd–Pt bimetallic catalysts with
a dendritic morphology, the TEM analysis was conducted. Figure 4a displays the TEM
images of the obtained Pd–Pt bimetallic catalysts with a dendritic morphology. It was
observed that the long nanothorns grew on the tip of the Pd–Pt dendrites. The length
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of the nanothorns was about 100 nm. This is coincident with the observed SEM results
(Figure 1e,f). Figure 4b,c shows the elemental mapping images of the corresponding Pd–Pt
dendrites. The Pd–Pt dendries were composed of Pd (Figure 4b) and Pt (Figure 4c) elements,
and these elements were uniformly distributed on the surface of Pd–Pt dendrites. Figure 4d
shows the high-resolution TEM (HRTEM) image of the Pd–Pt dendrites. The well-defined
lattice fringes of the Pd–Pt dendrites were observed, indicating the high crystallinity of
the Pd–Pt dendrites. The interplanar spacing of the Pd–Pt dendrites was 0.223 nm, which
matched with the (111) facet of the Pd–Pt phase (confirmed by XRD; Figure 3) [6].

 
Figure 4. (a) TEM image of Pd–Pt dendrites. The elemental mapping images of Pd (b) and Pt (c) of
Pd–Pt dendrites. (d) High-resolution TEM (HRTEM) image of Pd–Pt dendrites.

Figure 5 shows the CV profiles of the Pd–Pt bimetallic catalysts tested in a N2-saturated
0.5 M H2SO4 solution. All the CV curves displayed the similar voltammetric features to
Pd–Pt polycrystalline. These CV curves exhibited three typical potential regions including
the hydrogen adsorption/desorption (–0.20 V to 0.04 V (vs. SCE)), the electric double
layer (0.04 V to 0.50 V (vs. SCE)), and the formation/reduction of Pt/Pd oxides (0.50 V to
1.20 V (vs. SCE)) [39]. The multiple peaks of the hydrogen adsorption/desorption of the
Pd–Pt bimetallic catalysts indicated that the Pd–Pt bimetallic catalysts possessed a well-
developed polycrystalline structure [40,41], which coincided with the XRD results. The
electrochemically active surface area (ECSA) can be estimated by integrating a columbic
charge associated with reduction peaks of Pd/Pt oxides at about 0.47 V after electric
double layer correction, assuming that the charge required for the reduction of the Pd/Pt
oxides monolayer was 424 μC cm−2 [42]. The calculated ECSAs of PdPts–10 Hz, PdPts–
50 Hz (4 H), PdPts–90 Hz, PdPts–1 H, and PdPts–2 H were 34.43 m2 g−1, 28.30 m2 g−1,
33.96 m2 g−1, 14.15 m2 g−1, and 31.60 m2 g−1, respectively. The relatively small specific
ECSA of the Pt−Pd bimetallic catalysts with a dendritic morphology can be ascribed to the
large dendrite size. This is consistent with the observed SEM results (Figure 1).
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Figure 5. Cyclic voltammetry curves of the obtained Pd–Pt bimetallic catalysts tested in a 0.5 M
H2SO4 solution at a scan rate of 50 mV s−1, normalized by the Pd–Pt mass.

To evaluate the catalytic activity of the Pd–Pt catalysts, the voltammetry tests of Pd–
Pt catalysts towards FAOR were conducted. Figure 6 shows the voltammetric curves of
the Pd–Pt bimetallic catalysts towards FAOR. Two well-defined current peaks P1 and P2
appeared at about 0.44 V (vs. SCE) and 0.78 V (vs. SCE) (Figure 6a), corresponding to
the direct oxidation of formic acid to CO2 and oxidation of adsorbed CO generated by
dehydration of formic acid, respectively [7,14]. The Pd–Pt bimetallic catalysts with a den-
dritic morphology (PdPt–50 Hz (4 H)) exhibited the highest mass activity (P1, 0.77 A mg−1)
among the obtained Pd–Pt bimetallic catalysts towards FAOR and was almost 2.5 times
that of the commercial Pd/C catalyst (0.31 A mg−1) [36]. Furthermore, the Pd–Pt bimetallic
catalysts with a dendritic morphology also displayed a higher mass activity compared with
the reported Pd-based electrocatalysts towards FAOR (Table 1). Moreover, there was still
much room for improvement in the mass activity of this catalyst by further reducing its
particle size. Figure 6b shows the voltammetric curves of the Pd–Pt bimetallic catalysts
normalized by the ECSA of Pd–Pt catalysts towards FAOR. The specific activity of the
Pd–Pt bimetallic catalysts with a dendritic morphology was also much larger than those of
the other obtained Pd–Pt bimetallic catalysts. The enhanced specific activity of the Pd–Pt
bimetallic catalysts with a dendritic morphology towards FAOR can be ascribed to the large
number of unsaturated atoms at the edges of dendrites (Figure 4d). During the preparation
of conventional electrodes, the powder catalyst had to be mixed with polymer binders
and conductive agents into a catalyst ink, and then the catalyst ink was transferred to the
surface of a current collector. The introduction of polymer binders increased the interfacial
resistance between the catalyst and the current collector. Besides, the physical transfer of
the catalyst caused the agglomeration of the catalyst particles and thus reduced its effective
catalytic active sites. These resulted in undesirable side effects on the catalytic activity
of the catalyst. On contrary, the Pd–Pt bimetallic catalysts with a dendritic morphology
were directly grown on the surface of the carbon paper, and the entire electrochemical
synthesis process of the electrode did not involve the use of the binders and the transfer
process of the catalyst. Consequently, the direct growth of dendritic Pd–Pt catalysts on the
surface of the carbon paper could effectively reduce the interfacial resistance of electrode
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and maximize the utilization of the effective catalytic active sites of the catalyst, thereby
improving the mass activity of the Pd–Pt bimetallic catalysts with a dendritic morphology.
Therefore, the enhanced mass activity of the Pd–Pt catalysts with a dendritic morphology
was not only attributed to the large number of atomic defects at the edges of dendrites, but
also ascribed to the high utilization of active sites caused by the “clean” electrochemical
preparation method. In addition, compared with commercial Pd/C catalysts, the electronic
effects, caused by the proper downshift of the d-band center of Pd resulting from Pd alloy-
ing with Pt, contributed to accelerating the kinetic of FAOR, thus enhancing its catalytic
activity [43,44].

 

Figure 6. Voltammetric curves of the obtained Pd–Pt bimetallic catalysts in an aqueous solution of
0.5 M H2SO4 and 0.5 M HCOOH at a scan rate of 50 mV s−1, normalized by the Pd–Pt mass (a) and
the Pd–Pt electrochemically active surface area (ECSA) (b).

Table 1. Comparison of the mass activity of the Pd–Pt bimetallic catalysts with a dendritic morphol-
ogy prepared in this work with those of Pd-based electrocatalysts towards formic acid oxidation
reaction (FAOR).

Catalyst Test Protocol
Mass Activity

(A mg−1)
Reference

Pd–Pt bimetallic catalysts with a
dendritic morphology 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.77 This work

Pd1Cu3/CNTs 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.56 [45]
Pd/NS-G 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.50 [46]

Pd3Pt half-shells 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.32 [47]
Pd@graphene 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.09 [48]

Pd/CN 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.20 [49]
PdCuSn/CNFs 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.53 [50]

Pt/Pd bimetallic nanotubes with a
petal-like surface 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.54 [51]

Pd1Ni1-NNs/RGO 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.60 [52]
PdSnAg/C 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.63 [53]

PdSn/C 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.17 [53]
PdSnNi/C 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.36 [53]
PdSnCo/C 0.5 M H2SO4 + 0.5 M HCOOH, 50 mV s−1 0.29 [53]

To assess the stability of the Pd–Pt catalysts, the chronoamperometric testing of the
Pd–Pt bimetallic catalysts towards FAOR was conducted. Figure 7 shows the chronoam-
perometric curves at 0.15 V (vs. SCE) for 3000 s. In the initial stage, a rapid drop of the
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current density was associated with electric double-layer charging [7]. Subsequently, a slow
decay of the current density was observed, which was associated with surface poisoning
by intermediates [7]. The current density of the Pd–Pt bimetallic catalysts with a dendritic
morphology for a period of 3000 s was 0.08 A mg−1, which was higher than those of
PdPts–10 Hz (0.04 A mg−1), PdPts–90 Hz (0.04 A mg−1), PdPts–1 H (0.02 A mg−1), and
PdPts–2 H (0.03 A mg−1), even four times that of the commercial Pd/C catalyst reported in
the literature (about 0.02 A mg−1) [36]. This indicated that the Pd–Pt bimetallic catalysts
with a dendritic morphology possessed an outstanding catalytic activity and a high sta-
bility towards FAOR in an acid medium. Therefore, it is possible that the dendritic Pd–Pt
catalyst directly electrodeposited on a carbon paper can be applied in direct formic acid
fuel cells as a fuel cell anode, methanol fuel cells, and the degradation of organic dyes in
water [5,54,55]. Additionally, since the catalyst can be continuously electrodeposited on the
surface of a conductive substrate when the conductive substrate (such as carbon paper) is
used as a “conveyor belt”, the electrochemical synthesis method in this work can realize
the continuous industrial production of catalytic electrodes.

Figure 7. Chronoamperometry curves of the obtained Pd–Pt bimetallic catalysts recorded in an
aqueous solution of 0.5 M H2SO4 and 0.5 M HCOOH at 0.15 V (vs. saturated calomel electrode (SCE))
for 3000 s.

4. Conclusions

Pd–Pt catalysts with a dendritic morphology were in situ grown on the surface of a
carbon paper via a facile and “green” two-step electrochemical method. The frequency
of the PSWP had a significant effect on the morphology of the Pd–Pt bimetallic catalysts.
Additionally, as the modification time increased, the morphology of the Pd–Pt bimetallic
catalysts evolved from the agglomerated particles, leaf-like catalysts to dendritic cata-
lysts. The obtained dendritic Pd–Pt catalysts displayed an outstanding catalytic activity
(0.77 A mg−1) and a high stability towards FAOR. The improved catalytic activity of the
Pd–Pt catalysts with a dendritic morphology can be ascribed to the high utilization of its
active site and the improved specific activity related to its rough dendritic morphology.
The dendritic Pd–Pt catalyst directly electrodeposited on a carbon paper possesses great
potential to be applied in direct formic acid fuel cells as a fuel cell anode methanol fuel
cells, and the degradation of organic dyes in water.
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Abstract: Graphene oxide, as a new two-dimensional material, has a large specific surface area, high
thermal stability, excellent mechanical stability and exhibits hydrophilic properties. By combining
the carboxyl groups on the surface of graphene oxide with hydrophilic groups, surfactant-like
polymers can be obtained. In this paper, based on the molecular dynamics method combined with
the first nature principle, we first determine the magnitude of the binding energy of three different
coupling agents—alkylamines, silane coupling agents, and haloalkanes—and analytically obtain the
characteristics of the soft reaction. The high stability of alkylamines and graphene oxide modified
by cetylamine, oil, and water models was also established. Then, three different chain lengths of
simulated oil, modified graphene oxide–water solution, and oil-modified graphene oxide–water
systems were established, and finally, the self-aggregation phenomenon and molecular morphology
changes in modified graphene oxide at the oil–water interface were observed by an all-atom molecular
dynamics model. The density profile, interfacial formation energy, diffusion coefficient and oil–water
interfacial tension of modified graphene oxide molecules (NGOs) at three different temperatures of
300 K, 330 K, and 360 K were analyzed, as well as the relationship between the reduced interfacial
tension and enhanced oil recovery (EOR).

Keywords: modified graphene oxide; self-aggregation phenomena; molecular morphology changes;
interfacial tension; firstness principle; all-atom molecular dynamics simulations

1. Introduction

Polymers, surfactants, and alkalis are the main repellents in current chemical flooding,
but a single chemical can only improve the oil displacement efficiency or sweep efficiency.
Combination flooding [1] has synergistic effects, with surfactants significantly reducing the
interfacial tension at the oil–water interface and increasing the number of capillary numbers.
Alkalis injected into the reservoir can chemically react with organic acids in the reservoir,
thereby reducing adsorption losses. However, the traditional tertiary oil recovery chemical
agents, which can improve the level of recovery, are limited, The nanoparticles are uniform
in size and can form compact, well-structured monolayers at the water/non-aqueous phase
interface. The emulsions are very stable under high temperatures and high-salt reservoir
conditions [2]. Nanoparticle-stabilized emulsions have a high viscosity, which can help
manage migration rates during oil transport and provides a viable method of pushing
highly viscous oil out of the subsurface, relative to surfactants with a high retention on
reservoir rocks [3]. Some oil fields in the geological reserves still constitute 50% of the
unswept region, and people are in urgent need of a breakthrough in conventional chemical
agents to significantly improve recovery factors [4].
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Nanoparticles have the advantages of a large specific surface area and small size
and have some special properties different from those of conventional chemical agents.
A large number of scholars in China and abroad have carried out a series of theoretical,
experimental, and simulation work on the influence of the concentration, size, and charge of
nanoparticles on the oil recovery factor [5–7]. Wang et al. [8] found that oil droplets could be
spontaneously detached from the solid surface when the charge of the nanofluid composed
of charged nanoparticles reached a certain critical value. The modified nanoparticles can
effectively reduce the interfacial tension and improve the carrying capacity of water relative
to the oil phase. Luo et al. [9] used molecular dynamics to study the self-assembly behavior
of SiO2 nanoparticles at the oil–water interface and found that the modified nanoparticles
could effectively reduce the interfacial tension and improve the carrying capacity of water
relative to the oil phase. Jia et al. [10] used experimental methods and found that amphiphilic
graphene flake nanofluids could form a solid interfacial film, which reduced the interfacial
tension at the oil–water interface. Through this mechanism, the oil droplets on the rock
surface were desorbed. Compared with conventional chemical flooding, in this agent, the
oil displacement efficiency of nanofluids was increased by two times.

At present, the research on nanoparticles is mainly focused on experimental aspects [11–13].
The simulation means for modified nanoparticles are still at the stage of exploration and
realization [14,15]. This study selected alkyl-modified graphene oxide as the research object
and used the all-atom molecular dynamics simulation method [16] to study the diffusion of
modified nanoparticles (NGOs) in the aqueous phase and the self-aggregation phenomenon
at the oil–water interface. We also established two different models through the visualiza-
tion software Materials Studio. Model I analyzed the dispersion nature of nanoparticles
in the aqueous phase, Model I analyzed the dispersion properties of nanoparticles in the
water phase, while Model II observed the molecular configuration of nanoparticles at the
oil–water interface and the self-aggregation phenomenon of nanoparticles at the oil–water
interface. The interaction of modified nano molecules on the oil–water phase at three tem-
peratures was investigated according to the constructed models, and finally, the effect of
modified graphene oxide on the interfacial tension at different temperatures was revealed.

2. Models and Methods

Molecular dynamics simulation is commonly used method for the software, Material
Studio, Lammps, Amber, etc. This visualization software, with built-in rich algorithms, a
powerful interactive interface, and multi-scale and multi-functional modules, is widely used
in the field of molecular property simulation. The properties of the oil–water interface [17],
the aggregation pattern of the solution [18], and the wettability of oil droplets on the
solid surface [19] were investigated by domestic and foreign scholars under the action
of chemical flooding systems. The simulation process is chosen from all-atom molecular
dynamics simulation, which has the advantage of a high accuracy compared to dissipative
molecular dynamics simulation [20].

2.1. Model Construction

The simulations were completed with Materials Studio (MS) software, and the simula-
tion process was carried out using the COMPASS force field [21]. Firstly, the simulations
established three crude oil systems with different molecular compositions of hexane, hep-
tane, and isooctane, as shown in Figure 1.

The binding energies required for the reaction of the three different coupling agents
with graphene oxide were obtained according to the first principle [22], and the parameters
are shown in Table 1. The binding energy of haloalkane with graphene oxide was +0.47,
which means that the reaction of haloalkane with graphene oxide was not easy to carry out;
the reaction conditions were harsh, and the resulting structures were unstable. However,
the binding energies of −1.96 and −1.68, for alkylamines and silane coupling agents with
graphene oxide, respectively, indicate that the reaction process of alkylamines and silane
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coupling agents with graphene oxide is easier; the reaction conditions are milder and the
resulting products have a good structural stability.

 
(a) (b) 

Figure 1. Molecular configuration of oil droplet composition (grey—carbon, white—hydrogen):
(a) oil phase box; (b) oil phase composition.

Table 1. The binding energy of different modifiers to graphene oxide.

Material
Alkylamines and
Graphene Oxide

Silane Coupling
Agents and

Graphene Oxide

Halothane and
Graphene Oxide

Binding of energy/eV −1.96 −1.68 0.47

To investigate the effect of graft length on the properties of graphene oxide, the binding
energies of thirteen, sixteen, and nineteen alkylamines were separately investigated. As
shown in Table 2, the binding energies gradually decreased with increasing alkylamine
carbon chain length, indicating that, as the alkylamine carbon chain length increased, the
reaction proceeded with more ease, and the structure of the resulting modified graphene
oxide products became more stable.

Table 2. The binding energy of different graft chain lengths.

Material Thirteen Alkyl Sixteen Alkyl Nineteen Alkyl

Binding energy/eV −1.46 −1.68 −2.52

To investigate the interaction between water molecules, the reservoir surface, and
modified graphene oxide, the adsorption energy of water molecules on the surface of the
modified graphene oxide was simulated.

As shown in Table 3, with 13 alkylamines, the adsorption energy of the modified
water molecule is −1.06; with 16 alkylamines, the modified graphene oxide adsorption
energy is −0.94; and with 19 alkyls, the modified graphene oxide adsorption energy is
−0.76. The adsorption of water molecules on both types of modified graphene oxide is
an exothermic process, and the surface of the modified product is strongly chemisorbed.
Additionally, the octadecylamine-modified graphene oxide had the weakest interaction
with water compared to the other chain lengths.

Table 3. The adsorption energy of water molecules with modified graphene oxide.

Material Thirteen Alkyl Sixteen Alkyl Nineteen Alkyl

Adsorption energy/eV −1.06 −0.94 −0.76
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An analysis of the change in binding energy and adsorption energy shows that as the
graft chain length increases, the exothermic reaction is enhanced and the binding energy
increases. As the graft chain length increases, the adsorption is a spontaneous process
and the adsorption energy decreases. On balance, the final choice was to choose s with a
relatively smooth reaction process, a high adsorption energy of the modified molecules
with water, and a better reduction in interfacial tension.

By oxidizing a thin layer of graphene, structures containing -COOH and -OH on the
surface could be obtained. In this study, alkyl long-chain groups were grafted onto the surface
of graphene oxide using the azide chemical reaction of cetylamine, as shown in Figure 2.

Figure 2. Azide chemical reaction process.

A thin-layer, graphene oxide model with a diameter of 1.8 nm was constructed, and
seven cetylamine long chains were grafted on the unilateral side of the graphene oxide
model to obtain partially alkyl-modified graphene oxide nanoparticles (NGOs). The NGOs
before and after modification are shown in Figure 3.

  

(a) (b) (c) 

Figure 3. Modified graphene oxide conformation (gray—carbon atoms; red—oxygen atoms;
white —hydrogen atoms; blue—nitrogen atoms): (a) Thin layer of carbon; (b) GO; (c) NGOs.

To investigate the dispersion properties of nanoparticles in water, a water–NGO misci-
ble system was built. A square simulation box with a size of 21.92 Å × 21.92 Å × 21.92 Å
was created by “amorphous cells tools”. The mixed solution system contained 56.4% water
and 42.6% NGOs. The initial constructed model is shown in Figure 4a. To investigate the
self-aggregation of nanoparticles at the oil–water interface, a columnar simulation box
of 26.25 Å × 26.25 Å × 777.61 Å was constructed by the “build layer” tool. To eliminate
the influence of periodic boundaries, a thickness of 10 was added above the oil model.
The initial model of the vacuum layer is shown in Figure 4b, the molecular dynamics
simulation was performed using the “forcite tools”, and the simulation parameters are
shown in Table 4.
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(a) (b) 

Figure 4. Schematic diagram of the initial model: (a) Model I (b) Model II.

Table 4. Model II force field parameters.

Summation Method Cutoff Distance Long-Range Correction Buffer Width

Atom-based 12.5 Å YES 0.5 Å

2.2. Mathematical Model Construction

This simulation used an all-atom molecular dynamics simulation approach, and the
Newton’s Equation of motion (1) was used during the simulation:

Fi(t) = miai(t) (1)

where: Fi is combined force on the molecule, mi is relative molecular mass, ai is the
acceleration of the molecule. The force on the atom can be obtained from the potential
energy concerning the position in the coordinate system as Equation of motion (2):

− ∂V
∂ri

= mi
∂2ri
∂t2 (2)

Because there are no charged molecules in the system, the potential energy func-
tion [23] discards electrostatic interactions and constructs a potential energy function that
includes inter-bonding atomic interactions and van der Waals forces, with the specific
functional relationship shown in Equation (3):

V = ∑
bonds

kr(r − req)
2 + ∑

angles
kθ(θ − θeq)

2 + ∑
dihedral

kφ(1 + cos[nφ − γ]) +
atoms

∑
i<j

εij

⎡⎣( rm

rij

)12

− 2

(
rm

rij

)6
⎤⎦ (3)

where: kr is force constant, req is equilibrium bond length, θeq is equilibrium bond angle,
εij is van der Waals force constant between atoms, rm is the minimum distance between
atoms, and rij is the distance between atoms at equilibrium.

The integration process uses the Verlet (1967) integral equation of motion algorithm.
The advantages of the Verlet integrator are that it has only one energy evaluation per step,
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requires only a modest amount of memory, and allows relatively large time steps to be used.
The Verlet velocity algorithm overcomes the disadvantages of the Verlet step-over method,
which is not synchronous. The Verlet velocity algorithm is provided in Equations (4)–(6):

r(t + Δt) = r(t) + Δtv(t) +
Δt2a(t)

2
(4)

a(t + Δt) =
f (t + Δt)

m
(5)

v(t + Δt) = v(t) +
1
2

Δt[a(t) + a(t + Δt)] (6)

where: r(t) is relative position, v(t) is relative velocity, and a(t) is the acceleration of the atom.

2.3. Simulation Details

For Model I, 500 ps of canonical tethered MD simulations were carried out with a
simulated temperature of 300 K. For Model II, 500 ps of isothermal isobaric (NPT) MD
simulations were first carried out with a pressure level of 0.1 MPa, followed by 500 ps of
canonical tethered MD simulations, with three simulated temperatures of 300 K, 330 K, and
360 K selected. The Andersen method [24] was used for temperature control; the Be-redden
method [25] was used for pressure control; the Coulomb interaction was calculated using
the Ewald method [26]; the truncation radius was 1 nm; the step size was 1.0 fs; and every
100 ps the system trajectory information was recorded once.

3. Characterization of Molecular Dynamics Simulation Results

3.1. Visualization Characterization

The visualization results of Model I are shown in Figure 5. The left panel shows that,
after a 500 ps canonical system synthesis simulation, the nanoparticles gradually leaned
towards the center through the attraction of their own branched chains and the repulsion
of the branched chains by water. The right panel of Figure 5 shows that the nanoparticles
are well-dispersed among themselves and show different characteristics from conventional
surface-active multimolecular aggregation.

(a) (b) 

Figure 5. Schematic diagram of the initial model: (a) Dispersed morphology, (b) NGO distribution.

The visualization model of Model II is shown in Figure 6a: the simulation process
of NGOs goes through two processes. The first process is the transport of water solution
towards the oil–water interface. The second process is the spontaneous orientation of the
lipophilic end towards the oil phase, and the spontaneous orientation of the hydrophilic
end towards the water phase. The regular self-aggregation at the oil–water interface is
shown in Figure 6b.
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(a) (b) 

Figure 6. Self-aggregation equilibrium configuration of the system: (a) Self-aggregation process,
(b) self-assembled membrane configuration.

3.2. Density Profile

The alkyl groups in the modified molecules are mixed with the oil phase, and the GO
molecules are distributed on the water phase interface because of the polar group -OH.
As shown in Figure 6, the oil and water phases are regularly separated by the modified
nanoparticle NGOs. To more intuitively observe the self-assembled structure of the NGOs
in the oil–water interface layer and the distribution of oil, water, alkyl, and GO molecules at
the interface, the density distribution curves of various molecules along the Z-axis direction
were calculated, as shown in Figure 7. The nanoparticle NGOs formed a more disordered
self-assembled interfacial film structure. An analysis of the density profiles showed that a
distinct oil–water interface at 35 Å formed after being distributed, and the nanoparticles
were mainly found in the interfacial range of 15 Å–45 Å.

Figure 7. The density of the components in the oil–water and nanoparticle NGO systems.
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As shown in Figure 7, the systems appearing along the Z-axis direction are the water
phase and NGO–oil phase, with alkyl groups mainly distributed on the oil side. The
graphene oxide thin layers are mainly distributed on the water side, forming an interfacial
film system at the oil–water interface.

3.3. Interfacial Formation Energy

In order to investigate the stability of the interface in the presence of NGOs at three
temperatures, the interaction energy between nanoparticles and water molecules was
calculated, the calculation process is shown in Equation (7):

ΔE =
(ENano + EWater)− ETotal

VNano
(7)

where: ΔE is interaction energy per unit volume; ETotal is the total energy of the nanoparticle
and water phase system; ENano is the energy of the nanoparticle; EWater is the energy of the
water phase; and VNano is occupied volume of the nanoparticle.

From Table 5, it can be observed that the interaction energy between nanoparticles
and water becomes smaller as the temperature increases, indicating that an increasing
temperature can reduce the resistance to movement between nanoparticles and water,
making them easier to transport to the oil–water interface.

Table 5. The interaction energy of nanoparticles with water per unit volume.

Free Energy

Temperature
300 K 330 K 360 K

ETotal

(
KJ × mol−1 × nm−3 ) 374.65 312.84 281.32

3.4. Diffusion Coefficient

The aggregation pattern of each molecule significantly affects the microstructure of
the oil–water emulsion system. The nanoparticulate NGOs are spontaneously transported
from the aqueous phase to the oil–water interface, and the temperature resistance and
diffusion rates of the NGOs are analyzed by comparing the mean square displacement
(MSD), as shown in Equation (8), at the three temperatures of 300 K, 330 K, and 360 K set by
the model. The mean square displacement can be characterized by a diffusion coefficient
(D) related to the simulation time [27]:

D =
1

6N
lim
t→∞

d
dt

N

∑
i=1

{
[ri(t)− ri(0)]

2
}

(8)

where D is the diffusion coefficient of the molecule, N is a molecular term of diffusion in
the system, ri(t) is the position of the molecule at the moment, and the differential term is
the ratio of mean square displacement to time.

The calculation shows that the mean squared displacement MSD is 7.43 Å at 300 K,
11.98 Å at 330 K, and 18.64 Å at 360 K. As the temperature increases, the NGO diffu-
sion coefficient becomes larger. These results mainly originate from the interaction of
the nanoparticle NGOs with the oil phase. The interaction of the surface-oxidized GO
molecules with the aqueous phase was much larger than that with the oil phase, and the
interaction with the oil phase was greatly enhanced by the surface-grafted cetylamine, so
the transportability of the NGOs along the Z-axis was much larger than that of the nanopar-
ticles in the X and Y directions. The results show that the surface-modified alkylamine
graphene oxide is highly susceptible to aggregation towards the oil–water interface.

The NGOs move under the combined action of water and oil [28]. As can be seen from
Figure 8, the higher the temperature, the greater the slope of the nanoparticle dynamic
diffusion curve. It can be observed that the free energy of the mixed-phase is increased
and the relative intermolecular displacement rate is expanded under the action of a high
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temperature, while the NGOs are found to have a good temperature resistance according
to the molecular equilibrium conformation.

Figure 8. MSD curves for NGOs at different temperatures.

3.5. Interfacial Tension

The oil phase is divided from the water phase by NGOs, forming a clear oil–water
interface. Conventional surfactants can be used to improve recovery by reducing the surface
tension at the oil–water interface. Numerous experiments demonstrated that modified
2D nanomaterials can significantly improve the recovery rate of cores. In this paper, the
interfacial tensions at the oil–water interface, and at the oil−NGO−water interface at three
temperatures of 300, 330, and 360 K, were calculated based on Equation (9) [29], and the
results are shown in Figure 9:

γ =
1
2

Lz

[
pzz − 1

2
(pxx + pyy)

]
(9)

where Lz denotes the length of the system in the z-axis direction. pxx, pyy, pzz are denoted
by the pressure tensor in the x, y, and z directions, respectively.

Figure 9. (1) Change in interfacial tension without and (2) with the addition of NGOs.

In order to compare the effect of conventional surfactants with modified graphene
oxide by reducing interfacial tension, the oil–water surface tension of three systems (dis-
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odium laureth sulfosuccinate DLS, disodium cocoate monoethanolamide sulfosuccinate
DMSS and modified graphene oxide) was measured. The results are shown in Table 6, and
the modified graphene oxide was the most effective in reducing interfacial tension.

Table 6. Comparison of different surfactants for reducing interfacial tension (mN·m−1).

Time (Min)

Surfactant
DLS DMSS NGO

20 69 54 49
40 52 42 36
60 32 32 30

From Table 7, the interfacial tension in both systems decreases with increasing temper-
ature, and the interfacial tension of the system without the addition of NGOs decreases by
7.2 mN·m−1 with increasing temperature. The analysis showed that the modified graphene
oxide could still significantly reduce the interfacial tension between oil and water at 360 K,
showing an excellent temperature resistance. The decrease in interfacial tension was ob-
served at all three temperatures with the addition of NGOs, as shown in Table 7, and it was
found that the NGOs could be excellent surfactant substitutes.

Table 7. Variation of interfacial tension (mN·m−1) at different temperatures.

Free Energy

Temperature
300 K 330 K 360 K

ETotal/
(

KJ × mol−1 × nm−3 ) 374.65 312.84 281.32

In the process of tertiary oil recovery, the remaining oil is mainly subject to the com-
bined effect of pressure gradient force, surface tension, cohesive force [30], oil drops and oil
films, which are the main methods of maintaining oil in the pore space. By using interfacial
tension as an important parameter to describe the nature of the oil–water interface, this
paper analyzes the force of oil droplets and oil films in the nanopore space to obtain the
mechanism of tertiary oil recovery to improve the recovery factor.

The cohesive force: When there is relative motion between the oil droplets and the
solid surface, a force that blocks this motion occurs, and a force of this nature is known as
the cohesive force. Pressure gradient force is the constant velocity in the flow through a
small orifice compared with the value of change in pressure per unit time. Surface tension
can be considered as the contraction force acting on the interface of a unit length of liquid.

It can be observed from Figure 10 that, after NGOs were added, the surface tension
(orange line in Figure 10) at the oil drops and oil films in the remaining oil becomes less
intense, resistance to the three recovery processes and the kinetic energy required at the
injection end decrease, and the remaining oil is more easily displaced.

 
(a) (b) 

Figure 10. Vector diagram of forces on oil droplets and oil film: (a) Force on oil droplets, (b) oil film
stresses.
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4. Conclusions

The binding energies of alkylamines, silanes, and haloalkanes were compared, and
the most stable binding was found for alkylamines. Using this substance as the object of
the study, it was found that the grafted nanoparticles were uniformly dispersed in the
aqueous solution without agglomeration. The lipophilic end aggregated towards the center
of the molecule, showing a dispersion characteristic different from that of conventional
surfactants, which form micelles in solution. After surface grafting of graphene oxide, there
are a large number of polar hydroxyl groups on the surface layer, which exhibit a strong
hydrophilicity, while a large number of alkyl groups exist on one side, showing strong
lipophilicity. Unlike conventional surfactants, a single NGO can exhibit the characteristics
of multiple surfactant molecules at the oil–water interface.

The simulations show that there is a self-aggregation phenomenon of NGOs at the
oil–water interface, specifically the two processes of transport to the oil–water interface and
regular at the oil–water interface. After these two stages, a disordered monolayer interfacial
film can be formed at the oil–water interface, and the interfacial film can make the oil–water
interface irregular, improving the carrying capacity of water to the oil phase. After the
addition of NGO nanoparticles, the increase in temperature reduces the free energy of the
interfacial layer, which reduces the resistance between the nanoparticles and the water
phase, and the NGOs can be dispersed in the oil–water interface faster, thus accelerating
the decrease in the interfacial tension between oil and water. Less energy is required at
the injection end, thus making it easier to displace oil drops in small pores and oil films
adsorbed on rock surfaces in tertiary oil recovery.
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