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Abstract: Currently, about 22% of global electricity is being supplemented by different renewable
sources. Wind energy is one of the most abundant forms of renewable energy available in the
atmospheric environment due to different air-currents spread over the troposphere and stratosphere.
The demand of modern wind energy conversion system (WECS) has increased to achieve a suitable
alternate renewable energy source. In this paper, after a brief introduction, the classification of
WECS is reviewed with attractive illustrations. The various mechanical materials and electrical
components of WECS are discussed. The flow of power in WECS and its control strategies are also
been described. The wind energy conversion is carried out with a suitable controlling mechanism
for power grid integration. A maximum power-point tracking controller is an effective controlling
method to extract the maximum possible power from the turbines. The present trends in WECS and
the scope for improvement and future prospects are discussed. The materials used for both the blade
and generator have been found to be key elements of wind turbines. Recycling of the polymer matrix
composite materials are found to be a great threat to wind power plants, as well as to their supply
chain industries.

Keywords: renewable energy; wind speed; wind turbine; power; power signal; torque; composite

1. Introduction

The demand of energy over the globe is unremittingly growing owing to the growing
of population, energy consumption per capita and huge industrialization. The availability
of conventional fossil fuels is limited [1]. Thus, energy crises in the future will be increasing
more. Therefore, the use of renewable energy sources, such as solar [2], wind [3], biogas [4],
ocean [5], tidal [6], and so on is emerging at tremendous rate. Among these, wind energy is
one of the most promising sources. Wind energy has been used for a multitude of purposes
for a millennium across the globe. From the use of sails in boats and rafts, to wind driven
mills for grinding grains, wind energy has found its use throughout history [7].

1.1. A Brief History of Turbine Energy Conversion Technology

The early usage of turbines was found in the form of a carousel, like the vertical axis
turbines in Persia used for pumping water and grinding food grains in very small scale,
around the 10th century. Horizontal axis turbines were adopted in England, which had
to be manually oriented according to the direction of the wind currents, thus giving it
the name post mill [8]. However, experiments on large wind machines started during the
years of World War II with the introduction of a turbine that was capable of generating
approximately 1.25 MW, making way for modern day turbine and grid systems [9]. Thus,
the demand of modern wind energy conversion systems has been realized. By 2012, the
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global power production from renewable resources exceeded 1470 GW, within which 282
GW was produced in grids powered by wind farms [10]. Energy consumption is the
backbone necessary to meet the daily requirements of civilization. Starting from burning
wood or charcoal as a means of thermal energy, the heater systems are currently used
from homes to heavy duty boilers or furnaces in metal and iron smelting industries. As
a by-product, the harmful effects of these non-renewable and carbon-based fossil fuels
are multiple. Introduction of cleaner and renewable sources of energy such as tidal,
solar, hydro, geothermal and wind have brought about immense changes in the realm
of energy systems. Presently, about 22.5% or 0.225 fraction of global electricity is being
supplemented by different renewable sources [11]. From 2012 to 2014 the global wind
power capacity plunged from about 282 to 370 GW, which composes almost 0.4 fraction
of the total renewal electricity, generated worldwide [12]. A recent study also reported
that, the energy generated by renewable energy added to the global electricity about 70%
or 0.7 fraction of the net capacity by 2017. The wind electricity alone surged by 52 GW,
reaching to 539 GW in 2017 [11].

Wind energy has been the most abundant form of energy available in the atmospheric
environment with varying air currents spread over the troposphere and stratosphere.
Wind energy has been used for a multitude of purposes for thousands of years across the
globe. From the use of sails in boats and rafts, to wind driven mills for grinding grains,
wind energy has found its use throughout history. Wind energy has been a staple for
transportation in oceans until as recently as the 19th century. The early usage of turbines
was found in the form of carousel like vertical axis turbines in Persia for pumping water
and grinding food grains in a very small scale, around the 10th century [13]. Horizontal
axis turbines were adopted in England, which had to be manually oriented according to
the direction of the wind currents, thus giving it the name post mill. Large scale harnessing
of wind energy has been implemented since the 17th century in Europe [14]. These have
paved the way for the more effective and useful utilization of wind in the 21st century,
with modernization in design and optimization enabling us to store energy in the form
of electricity, using wind turbines [15]. The wind energy conversion system (WECS) is an
integrated system comprising of wind turbines, generators, mechanisms for control and an
integrating method. The turbines are responsible for converting the power of wind into
mechanical power, thus harnessing the kinetic energy from the wind. The efficiency of the
turbines is a function of shaft power recorded at the rotor shaft and the power available
in the flow of the wind stream [16]. The mechanical components are used chiefly for the
conversion to mechanical power and transmission to electrical components of the system,
as well as providing support to the moving components. The amount of power that can
be strained from the wind current depends upon a multitude of factors such as density
of wind, shape of turbine rotor, blade measurements, wind velocity, and so on. The high
power WECS are low speed, high torque at the turbine. These turbines produce power
of more than 1 MW where the speed of the turbine shaft is in the range of six to twenty
rpm. However, the generator shaft is that of high speed and low torque, and thus, to
couple it with the rotor shaft a gearbox is added [17]. For an effective reduction in torque,
a multiple stage gearbox is used in high power grid-connected WECS. A planetary gear
assembly ensures even more effective reduction phase. The electrical components of the
WECS mainly comprise of a generator, a controller system coupled with anemometer to
detect the speed of wind available to control the operation of the turbine.

1.2. History of Wind Turbine Technology

The invention of lead acid batteries by Camille Faure in 1881 provided a viable option
for researchers to advance their studies for harnessing wind energy through turbines,
since lead acid batteries were lighter and smaller. In the following years, prominent
researchers such as Professor James Blyth, and Charles Brush successfully built some forms
of horizontal axis turbines that were capable of charging up the accumulators available
and illuminate a single mansion or real estate [18]. In the 1890s, a significant surge of wind
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turbine technology in Denmark resulted in a peak power capacity of 30 MW harnessed
by more than 2500 windmills across the country [19,20]. This figure metamorphosed to
each windmill to produce approximately 25 kW by the end of the first decade of 1900s,
thus doubling the efficiency of turbine technology [21]. During this period, the number of
blades on the turbines reduced significantly as lesser blades rotating faster proved to be
more efficient than more blades rotating slowly. This was found by Danish researcher Poul
La Cour. Eventually, research brought back the design of the vertical axis turbine system.
The Darrieus wind turbine was the first among the vertical axis wind turbines (VAWTs)
patented by Georges Jean Marie Darrieus, a French aeronautical engineer [22]. However,
experiments on large wind machines started during the years of the Second World War with
the introduction of a turbine that was capable of generating approximately 1.25 MW [18].
This build was concluded by an American engineer Palmer Cosslett Putnam along with
the Morgan Smith Company (Ashaway, RI, USA) that manufactured hydroelectric turbines.
This turbine was the first one to be connected to an electricity distribution grid due to
its huge power production capacity. Research on wind energy conversion slowed down
during the middle of twentieth century due to the feeling that there was less need for
wind energy since exhaustible resources for energy were available on a large scale. Not
until the end of the century was there much progress observed. In 1978, the first multi-
megawatt turbine was created by the Tvind School [23]. The turbine had a novel wing
construction, which was made with assistance from German aeronautic specialists [24].
Not only did this prove to be a landmark in the technological advancement of turbines,
but it also stands as the oldest functioning wind turbine in history. National Aeronautics
and Space Administration (NASA, Washington, USA) pioneered the turbine technologies
with their research that included a series of turbines. This knowledge is incorporated
into the design of the most recent turbines, such as composite blade materials, steel tube
towers, variable-speed generators mounted on the tower along with dynamic components
such as aerodynamics of the blades in horizontal axis turbines, pitch and span control
mechanisms [25]. A large-scale variable drive train wind turbine capable of creating
3.2 MW was patented by NASA [26]. It was a two-bladed structure. Over the following
decades, research was undertaken to improve the aerodynamics of rotor and turbines that
have boosted the efficiency of wind energy systems. Uniform wind has yields of around
20–30% efficiency in modern day turbines, and more and more wind farms are being set
up, increasing the global wind power capacity annually. The year 2012 marks a landmark
with the global wind capacity clocking in at almost 300 GW worldwide, which balanced
the cost of wind power to be $0.06/kWh, and is less than one-third the cost of electricity in
the 1980s [27].

1.3. Review Outlook

The demand for the modern wind energy conversion system (WECS) has increased
to achieve a suitable alternate renewable energy source. In this review paper, the various
mechanical and electrical components of WECS are discussed. The flow of power in WECS
and its control strategies are also described. We elaborate on wind energy conversion
with a suitable controlling mechanism for power grid integration. A maximum power-
point tracking controller has been found as an effective controlling method to extract the
maximum possible power from the turbines. The present trends in WECS and the scope
for improvement and future prospects are also discussed. The typical materials used for
the major components are discussed with neat illustrations. This review article will make
the researchers’ job of selecting the materials best suited for the blade and generator easier.

2. Classification of Wind Energy Conversion Systems (WECSs)

The WECSs fall into various categories depending on different factors. The most
common classification of WECS is the one based upon the axis of rotation of the system or
rotational axis, turbine, power control, and rotational speed control criteria.
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2.1. Rotational Axis

There are two basic axes of rotation possible for a turbine with respect to the ground,
such as the horizontal axis wind turbine (HAWT), which rotates in an axis parallel to the
ground, and the vertical axis wind turbine (VAWT), which rotates in an axis perpendicular
to the ground. The function of both types of turbine systems is to produce kinetic energy
through wind pressure generated by the turbine and convert this into electrical energy.

a. Horizontal Axis Wind Turbines: The shaft of the turbine and the shaft of the generator
are placed parallel to the plane of the ground and mounted to a certain height to face
the required wind speed depending on the geography. The elevated height of the
turbine also facilitates the turbine to rotate with enough clearance to the ground. The
mechanical components of the turbine are enclosed in a housing, which is shaped
aerodynamically called a nacelle. The nacelle in this case is directly behind the rotor.
According to the placement of the nacelle with respect to the turbine and tower, there
are upwind and downwind HAWTs as shown in Figure 1 [28,29]. Upwind HAWTs
have the turbine facing the direction from which the wind is blowing. The direction
is adjusted automatically by the use of rudders. The downwind HAWTs have the
turbine facing away from the direction of the wind flow. This type of HAWT faces
the problem of vibrations in the blades due to the wind interacting with the nacelle
first, making the wind turbulent. Commercial turbines incorporate the HAWT design
mostly with three blades. However, two blade designs are also used on a very small
scale. HAWTs demand high structural strength since the turbine, gearbox, generator,
and so on are placed high above the ground.

b. Vertical Axis Wind Turbines: This type of turbine has the turbine mounted on the
shaft, which doubles up as the tower of the turbine structure and the rotor’s blades
are vertically placed aerofoil sections. However, various designs of VAWTs are
available, like Darrious and Savonious rotor turbines [30]. The installation and
maintenance of these types of turbine are relatively cheaper and easier than other
types. Since the turbine blades do not have to clear the distance between the ground
and the hub of the rotor, the length of the tower can be kept short, which also helps
to reduce the vibration of the shaft due to the rotating mass. However, the shaft
does not need to hold the weight of the entire gearbox and control mechanisms
as those components are placed at the base of the shaft near the ground. VAWTs
are subjected to varying wind loads, differing with the height of the blade. Higher
wind loads are experienced at the top of the turbine than the loads experienced
at the bottom, rendering lower energy conversion efficiency. Thus, their uses for
high-power application are restricted commercially.

Figure 1. (a) Upwind HAWT (when wind is coming from the front side of the turbine blades);
(b) Downwind HAWT (when wind is coming from the back side of the turbine blades).
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2.2. Turbines

Turbines are also categorized based on their electrical output. The output power deter-
mines the size of the wind farm. Based on this, the prevailing turbine system technologies
can be divided into three categories which are:

a. Low Power turbines: These are turbine systems capable of producing on average
a maximum of 30 kW. These systems find use in remote locations for household
electricity demands and charging up of batteries. They are also used in the case of an
emergency to reduce dependence on primary power sources;

b. Medium Power Turbines: Turbines pushing out in the spectrum of 30 kW to 300 kW
fall in this segment. However, they are mostly used to power up the homes in small
localities. They are used along with other sources of renewable energy or other power
storage devices;

c. High Power Turbines: These refer to the systems where a large production of elec-
tricity is undertaken. These are incorporated in the large size wind farms that are
associated to the power grids responsible for transporting the energy throughout
cities.

2.3. Power Control

Power control ability plays an important part in the design of turbines, since they are
completely dependent on wind flow for generating power. As mentioned earlier, each
turbine is rated for producing certain power. This power gets overshot when the turbine is
subjected to stronger winds than they were designed to withstand. While, this produces
more power, there are possibilities of mechanical failures due to increased vibrations and
resulting unbalanced loads. Thus, power production is restricted under increased wind
speeds, which can be achieved by three controlling methods, namely passive stall, active
stall and pitch controllers. The other control methods include grid side controller and
phase lock loop controller. Besides, a crow bar circuit is also used to act as protection for the
whole electrical circuitry [31]. To obtain optimal maximum energy from the wind resource,
different optimization techniques are utilized. These are done by modeling the different
components of the WECS and simulating the results.

a. A passive stall controller of WECS controls the input power of the wind by virtue
of the aerodynamics of the blades and does not include sensors or actuators to stop
the motion of the blades. In such WECS, the blades are fixed so that there is no
relative motion with the hub, generally incorporating bolted or riveted connection.
The design poses a stall when the wind flowing through the rotor exceeds a certain
speed. This takes place since the first blade that comes in contact with the wind
turns the flow into a turbulent one and the other blades continue to rotate within the
wake of the first blade, thus significantly reducing the lift force experienced by those
blades, stalling the turbine. Mostly used in fixed type fixed speed WECS, these are
the cheapest and simpler designs than other types of WECS;

b. An active stall control system is similar to the passive system; however, it uses
sensors to predict the wind speeds and changes the pitch of the blades by means of
motors or hydraulic actuators to interfere with the wind in a certain manner that
induces a high turbulence and thus creating a stall. Active stall control systems are
observed in high power turbines;

c. Another type of WECS in this category uses similar mechanism as the active stall-
controlled design, but the action is slightly different. Unlike the active stall controller,
the pitch controller changes the pitch of the blades so that they don’t produce lift
by reducing interaction with the flow of wind. This is different than the previous
type which depended on increased turbulence, which still utilizes aerodynamics of
the blade. This control system produces faster response times and thus, it is used
extensively at present in the high-power turbine systems.
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2.4. Rotational Speed Control Criteria

The criteria of rotational speed control classify the grid connected with wind energy
conversion devices into fixed- and variable- speed systems. Here, tip speed ratio is a
required concept to explain the classification effectively. In a wind turbine, the tip speed
ratio is defined as the ratio of tangential velocity of the blade-tip to that of the wind driving
speed of the turbine. When the turbine of radius (rT) is rotating at an angular velocity
(ωT rad/s) and the velocity of wind (νw) acting upon it, the tip speed ratio (λ) can be
expressed by Equation (1) [28], which identifies the relation between the λ and the design
parameters of the turbine.

λ =
Tangential speed o f blade

Speed o f Wind
=

ωT rT
vw

(1)

a. Fixed Speed WECS: This type of turbine system composes the first generation of
commercially set-up grid connected turbines. They are well proven over the ages and
have reliable and simple construction. However, the simple nature of these turbines
makes them operable only at a certain rated wind velocity, thus the name fixed-speed
WECS. Winds at a faster velocity reduce the power coefficient (Cp) of the turbine.
The Cp of a turbine is a unitless constant, particular to the design of the turbine. It is
a ratio of power captured by the turbine and the available power in the wind due to
the flow. The mathematical representation of the power coefficient is expressed in
Equation (2) [28,32].

Cp =
Mechanical Power (P)

Wind Power (Pw)
=

P
1
2 ρAvw3

(2)

where, Pw is the power of wind flowing at vw and can be expressed by Pw = 1
2 ρAvw

3.
Now, the mechanical power (P = τ · ω) captured by a rotating object is defined as

a product of torque (τ) and angular velocity (ω). Here, the Cp can also be expressed as
Equation (3).

Cp =
(τ·ω)

1
2 ρAvw3

(3)

Torque applied by wind is a function of density (ρ) and velocity (νw) of wind, area
of turbine rotor (A) and diameter of transmission gears (d), and can be expressed by
Equation (4). Therefore, the power coefficient (Cp) again can be given by Equation (5) [28].

τ =
1
2

ρAvw
2d (4)

Cp =
1
2 ρAvw

2d·ω
1
2 ρAvw3

=
1

vw
(dω) (5)

The Equation (5) demonstrates that the value of Cp is directly proportional to the ω
and inversely to the velocity of wind stream (νw). This implies that at a constant wind
stream velocity, higher turbine speed yields higher coefficient of power. This equation
demonstrates that with increasing wind velocity the coefficient of performance decreases.
Since power generated by the turbine is a function of Cp, the power produced decreases as
well. Thus, the drivetrain experienced an increased mechanical stress, while the power con-
version efficiency falls significantly, nullifying the use of fixed speed turbines in commercial
purposes.

b. Variable Speed WECS: The variable speed WECS were innovated from the older
designs, that is the fixed speed WECS, considering the limitations of the latter, as
utilization of wind power in power systems started to grow. Components of WECS
are depicted in Figure 2 [33]. The limitations of the older designs were pronounced in
places where the grids were not as strong to compensate for loss of power at higher
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speeds of wind. The development of power electronic convertors paved the way
for large scale applications of the variable speed WECS. Power electronics are em-
ployed to make a connection between the turbines and the grid. The main advantage
obtained by this system was that the rotor speed can be controlled according to the
speed of wind. Thus, this system is able to maintain the optimum tip speed ratio
by producing even and smooth power throughout the operational range. Since the
optimum ‘λ’ is maintained, the system can thus maintain the designed value of Cp,
which indicates maximum aerodynamic efficiency. It is a relatively complex and costly
system, however the high yield of the system compensates for these shortcomings.
Present wind energy systems use them on a large scale.

Figure 2. Components of WECS.

3. Components of WECS

The WECS is an integrated system comprised of a symphony between the mechan-
ical and electrical components. Among the various designs of wind energy conversion
systems previously discussed, some components bind them together. These systems in-
deed share lots of components, which are able to convert the kinetic energy of wind into
electrical energy in order for it to be stored in the cells efficiently. One of the biggest parts
of grid connected WECS is the wind turbine assembly itself, which is the biggest tangible
component. The wind turbines are compound mechanical machines built up of several
small components responsible for feeding the electrical components. The aforementioned
Figures 1 and 2 represent the cross section of a typical horizontal axis wind turbine. A typi-
cal classification of the components can be: mechanical components, electrical components,
and control system components.

3.1. Mechanical Components

Mechanical parts of a wind turbine have a great role in conversion of the energy. The
flow of wind has some energy in it due to their kinetic nature. The mechanical regime
caters to introduce a ‘work’ in the system by allowing a mass to rotate and transmit it to
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the desired location to interact with the electrical components. The rotor subassembly is
the rotating body, which includes rotor blades, rotor bearings, nose cone, hubs, and the
pitch drive system.

Some of the major mechanical components that are characteristics of WECS are:

a. Rotor: Rotor assembly is the aggregate of the barely distinctive elements that interact
with the wind. The assembly consists of the blades, the hub and the nose cone. The
blades are the aerodynamic devices responsible to initiate the drive. In HAWTs, they
resemble the propeller of aeroplane, which operates on similar principle. The blade
of a typical horizontal axis wind turbine generates lift, which turns the blade during
wind flow in the axial direction. The same is not true for a vertical axis wind turbine,
which can either be a lift type (which uses the lift forces generated by the moving
air to produce the rotation of turbine blades, see Figure 3a) or a drag type (which
uses the drag force of wind to produce the rotation motion of blades, see Figure 3b).
A lift type vertical axis wind (VAW) is capable of having a higher aerodynamic
coefficient, and thus are used more, however, they are mostly incapable of self-start
since the torque produced is lower. Over the years, research is being conducted to
find the ideal materials for production of the rotor blades. Initially, they were made
from heavier metals, which were resistant to environmental conditions such as high
turbulent wind, however were rendered not helpful since metals tend to have higher
density and thus higher mass. Concentration of mass away from the center catered to
a higher rotational moment of inertia, thus diminishing the acceleration of the rotor.
With a higher mass concentration away from the center, the moment of inertia of the
system gets high. As a result, the acceleration gets lower, which in turn results in less
response to wind speed. A massive component would only begin to be affected by
winds that can exert a minimum value of force, effectively increasing the cut-in speed.
In addition, another downside would be the cut-out scenario, which would require
more energy dissipation through braking to keep the rotation below a certain speed,
in case of high wind speeds. This turned the focus towards composites that provide
rigidity while not contributing to mass. The hub of the rotor facilitates mechanical
support for the rotor assembly to stay upright while the latter is rotated. It houses
the bearing to provide relative motion between the fixed support and the shaft. The
nose cone is integrated with the hub, which primarily directs the wind interacting
with the center of the rotor towards any of the three blades. Traditional rotor designs
mandated a rigid connection between the hub and the blades. The modern designs
have deviated from it to include a pitch control mechanism responsible for rotating
the blades about its own axis to reduce lift and control the speed of the turbine [34].

b. The Main Shaft: The main shaft is a solid extrude made from any of forged high
carbon steel or cast iron/steel that attaches the gearbox to the rotor hub. At present,
the megawatt size wind turbines rotate very slowly and the torque is high. Thus, the
main shaft is also called low-speed shaft. For example in a 5 MW power turbine, the
input shaft speed is about 12 rpm while the torque is in the range of 4000 kNm [35].
This torque value can be considered to be high from a structural point of view, as a
torque transmission of 4000 kNm would require approximately a 9 m cross section
of EN316 type steel.

c. Gearbox: The main shaft rotates slowly at a very high torque. These rotational
parameters are unusable by the generator, which require high speed low torque
input. The gearbox is thus included between the main shaft and generator. Modern
megawatt wind turbines operate on an overall torque reduction of 60 to 120 times [36].
Research, by Nejad et al., demonstrated the use of a gearbox with an overall gear ratio
of 1:96.354 [35]. For such high reduction, multi-stage gearboxes are important where
one or more stage incorporates a planetary gear system, since they are capable of
huge gear ratios in a small assembly space. Since gearboxes are subjected to varying
torques as the input shaft of the gearbox is bolted directly to the rotor hub, the gear
train experiences high wear and tear.
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d. Mechanical Brakes: Brakes are safety equipment installed inside the housing for
emergency situations for stopping the turbine during storms or high velocity winds.
They are installed directly on to the low torque high-speed generator shaft for efficient
braking, rather than on the high torque low speed main shaft. This keeps them from
overheating and failing during emergencies by keeping the braking torque low.
Modern high-power turbines are fitted with hydraulic or electromechanical actuated
brakes (both disc and drum type brake mechanisms). Braking from maximum speed
of the generator shaft can cause high wear of the latter and can also cause fire hazards
due to increased temperatures. Hence, they are used after proper actuation of pitch
and/or yaw drives, which reduce the initial speed of the rotor.

e. Nacelle: It is the enclosure housing most of the mechanical components. In horizontal
axis wind turbines, the nacelle is the structure mounted on the tower behind the
rotor. The size and shape of the nacelle is influenced greatly by the design of
the gearbox and reduction required. This fiberglass construction is constructed
to reduce turbulence to enable less vibration through the structure. Manolesos
et al. demonstrated the aerodynamic properties of generic wind turbine nacelle
designs [37]. Vertical axis wind turbines feature transmission and gearbox assembly
at the base of the tower, thus, neither an aerodynamic enclosure nor light weight
construction is necessary.

f. Pitch and Yaw Drives: Pitch of turbine blades refer to the rotational degree of
freedom about the longitudinal axis of the blade and the yaw is the same for the
top of the turbine (including the rotor and nacelle) with respect to the tower. With
regard to pitch in the classification of WECS, as we have discussed, every turbine
is rotated to function at a certain wind speed and produce a designed power. Since
the power generation of a turbine depends on the energy captured from wind
during higher velocity of operational winds, the blades are “pitched” to alter the
value of aerodynamic efficiency Cp. Each blade is fitted with independent pitch
control mechanism for this purpose. Likewise, the yaw drive is employed to align
the turbine according to the direction of wind flow in order to obtain maximum
efficiency. Discussion about control mechanisms and strategies would be covered
further with greater details.

g. Wind Measuring Equipment: As mentioned in regard to the pitch and yaw drives, the
turbines operate on complex mechanisms, however the control of those mechanisms
is ultimately managed by monitoring environmental conditions. Thus, turbines are
further equipped with any kind of mechanical anemometer to measure the wind
velocity around the system. An anemometer is a miniscule vertical axis turbine like
arrangement with cupped struts, mounted on to the nacelle. Further, wind vanes are
utilized in some wind turbines for judging the direction of flow, based on which of
the controller signals the yaw drives to align itself to the wind.

Figure 3. (a) Lift type vertical axis wind turbines (VAWTs) and (b) Drag type VAWT.
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3.2. Electrical Components

Electrical components are separated into two segments, some of which are located
inside the nacelle alongside the mechanical components, while others are placed on the
ground away from the tower. The chief function of the electrical subsystem is to convert
the mechanical energy gathered from the wind as torque and speed into electrical energy.
A block diagram of a typical grid-connected WECS is depicted in Figure 4 [28]. The step by
step conversion begins with the generator, power electronic converters, transformer, wind
farm collection point, and power channels etc.

a. Generator: A wind generator is an electromechanical component responsible for
converting rotational motion into electrical power, thus converting rotational kinetic
energy into electric potential. A typical AC generator works by moving a conductor
loop in a static magnetic field based on the electromagnetic induction law of Faraday.
Traditionally various types of generator have been in use with the introduction of
a squirrel cage induction generator (SCIG) almost 35 years ago [28,36] along with a
wound rotor induction generator (WRIG). Other generators being used are doubly
fed induction generators (DFIG), permanent magnet synchronous generator (PMSG),
and wound rotor synchronous generator (WRSG). The DFIG based WECSs have the
stator present in the generator tied to the grid, while the rotor is linked to power
converters [7]. Ideally, generators are optimized to produce power at the rated wind
speed, above which control systems start operating to protect the systems from
damage and brakes are applied on to the generator shaft [36]. Popular choices of
generator amongst WECS are DC, AC Synchronous and AC Induction [36].

b. Power Converter: The output electric parameters from the generator vary widely
according to the wind speed. Thus, each turbine would produce different voltages
and frequencies of current at a particular instant, which is not possible to be directly
coupled to the grid without refining. A power converter thus acts as an interface
for connecting the turbine to the grid. The power converter transforms the output
voltage from AC to DC using a rectifier and again the rectified DC to AC, having a
constant voltage and frequency in subsequent steps using inverter circuit [36,38].

c. Step-up Transformer: The output from the generator in a grid connected MW turbine
is rather low, in the range of 400 to 690 volts, which requires it to be stepped up
since the grid connects directly to the high-tension lines [39]. The necessity of
a step-up transformer can be annihilated by designing the generator and power
electronic converter according to the wind farm collection point voltage, however
it demands additional costs for medium voltage generator and power converter
setup, diminishing the economic benefits of removing a step-up transformer from
the circuit [40]. However, studies are being conducted in recent years to eliminate
the needs of transformers in medium voltage grids in order to reduce transmission
losses incurred from stepping up the voltages required for transmission [39,41].

d. Wind Farm Collection Points or Point of Common Coupling: The point of common
coupling (PCC) is a connecting ground of all the turbines of a wind farm. The
preferred mode of connection in the wind farms is a parallel connection, which
facilitates either maintaining a desired potential difference or having a defined node
for connecting more turbines if necessary [41].

10



Materials 2022, 15, 1232

Figure 4. Block Diagram of a typical grid-connected WECS.

4. Flow of Power in a WECS

The WECS is a constant speed or constant frequency device, which is fitted with an
induction generator, which is operated by a wind turbine without any controller. The
power content in a stream of wind is a function of wind flow velocity. When the speed
of wind stream is V, the power (P), which is a rate of change of kinetic energy of wind
according to definition can be expressed in Equation (6) [42,43].

P =
dE
dt

(6)

Kinetic energy of a system is given as product of mass (m) and square of velocity (V)
as given in Equation (7) [12,13].

E =
1
2

mV2 (7)

Inserting the expression of kinetic energy in the Equation (6), we get, P = d
dt

(
1
2 mV2

)
.

Differentiating the expression with respect to t, P = 1
2

(
V2 dm

dt + 2mV dV
dt

)
. Since the wind

velocity, V is constant, thus, dV
dt = 0. Therefore, the relation of power with mass flow rate

of the wind (
.

m) is arrived at from energy in Equation (8) [44].

P =
1
2

.
mV2 (8)

Let the cross-sectional area of the wind column in consideration be A and the air
density be ρ. Therefore, the mass flow rate can be written below in Equation (9) [43].

.
m = ρAV (9)

Therefore, Equation (8) can be rewritten utilizing the value of mass flow rate from
Equation (9). This can be written as given in Equation (10) [44].

P =
1
2

ρAV3 (10)

The Equation (10) represents the power content in a steam of wind only due to its flow
and velocity. However, similar to Carnot heat engine, a turbine system cannot theoretically
extract the whole power from the flow. This is governed by Betz Equation, which deals with
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upstream velocity of wind, V1 and downstream velocity of wind, V2 and the maximum
extractible power is called the Betz limit. The wind turbine cannot extract the whole
available power due to breaking of wind velocity from V1 to V2, allowing a continuation of
wind regime [44]. The estimation of Betz limit assumes the turbine to be ideal, that is:

a. The turbine has no hub and has an infinite number of blades with no drag from any
of the blades (ideally zero drag);

b. The flow is non-compressible, that is, the density of the air remains constant through-
out;

c. Thrust experienced by the rotor is uniform throughout.

Betz equation further considers the flow to be axial to the turbine. The ideal turbine is
in a non-rotational form at the time of placing it in the wind atmosphere. The cross-sectional
area of swept by the blade is A while the cross-sectional area upstream and downstream
are designated the values S1 and S2, respectively.

The speed of wind interacting with the rotor is taken to be V while the velocity
of wind upwind from the rotor is designated to be V1 and the downstream velocity
is designated to be V2. By definition, the turbine extracts mechanical energy from the
wind by reducing its kinetic energy from the upstream to the downstream. Therefore, V1
would be greater than V2 and subsequently, the cross-sectional area enhances from the
upstream to the downstream, and hence, S1 would be lesser than S2. Since the stream of
air is considered incompressible from the listed assumptions, the mass flow rate remains
constant throughout.

The force experienced by the rotor of the wind (F) can be obtained by applying Euler’s
theorem [45] i.e.,

F = ma = m
dV
dt

=
.

mΔV

Power flux is an essential fluid parameter, which defines the rate of energy flowing
through a given cross-sectional area. By definition, power flux (P′ = P/A) is the rate of
energy flow per unit area. The cross-sectional area is pre-defined to be A, and the rate of
energy flow is effectively the power flow, P.

Using general value of P from Equation (9), we can arrive at the relation given by
Equation (11).

P′ =
1
2 ρAV3

A
=

1
2

ρV3 (11)

The kinetic power content in the air upstream to the rotor is obtained by replacing
the velocity term with upstream velocity V1 in over a cross-sectional area A, which is
demonstrated in Equation (12).

W =
1
2

ρAV1
3 (12)

We can introduce a dimensionless number obtained as the ratio of the net power
extractable from wind, to the total power content of the same wind stream. This desig-
nates the coefficient of performance or efficiency of extracting power. The coefficient of
performance represented by Cp is also known as the aerodynamic efficiency since turbines
rotate by the action of aerodynamic properties of the blades. It signifies the available power
percentage extracted by a turbine. The Cp value can be expressed in terms of P and W and
we get a simplified relation as expressed in Equation (13) [42,44].

Cp =
P
W

=
1
4 ρAV1

3(1 + b)
(
1 − b2)

1
2 ρAV1

3 =
1
2
(1 + b)

(
1 − b2

)
(13)

Equation (13) gives a sensible relation between the coefficient performance and ve-
locities of wind before and after hitting the turbine. Setting the value of b as zero in
Equation (13), we get Cp to be 0.5 and setting b as 1, we get Cp to be zero. Thus, the nature
of the curve needs to be investigated in this domain. Moreover, putting b = 1 gives V1 = V2,
which represents no kinetic energy being extracted from the wind and b = 0 gives V2 = 0,
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which represents no wind flow beyond the turbine. Between the points b = 0 and b = 1,
a point of zero slope would give the maximum value of Cp. Therefore, differentiating Cp

with respect to b when dCp
db = 0, will get a relation as derived in Equation (14) [46].

dCp

db
=

1
2

d
db

[
(1 + b)

(
1 − b2

)]
or, 0 =

1
2
(1 − 3b)(1 + b) (14)

The Equation (14) is derived to find a suitable solution. The equation holds for two
values of b = −1 or b = 1

3 . When b = −1, V2
V1

= −1 or V2 = V1.
This gives a trivial solution for the Equation (11) since the direction of the wind cannot

be reversed and the range of V2 is in positive values of V1. Therefore, this solution should be
ignored when b = 1

3 , V2 = 1
3 V1. Thus, the velocity is decreased by two-thirds and the initial

stream velocity for maximum achievable Cp. This has been validated experimentally in a
wind tunnel and mathematically modeled in line with many other studies [18]. Therefore,
the value of b = 1

3 can be used in Equation (13) to find the value of Cp, which is expressed
in Equation (15) [46].

Cp =
1
2

(
1 +

1
3

)[
1 −

(
1
3

)2
]
∼= 0.59 or, Cp = 0.59 (15)

This value of Cp, obtained in Equation (15), indicates that with highest possible
design optimization, the efficiency is still 59% of the available wind energy. Therefore,
the Betz coefficient value (i.e., 16/27 ≈ 0.593) indicates that a wind turbine can extract,
at most, 59.3% of the energy in an undisturbed wind stream [44]. It is thus the target of
modern manufacturers to extract 100% of this extractable value. Recent advancements in
technologies have been able to push this value to about 75% to 80%, which is around 45%
to 48% of the available wind energy in the free stream [44,46,47].

5. Control Strategies Employed in WECS

As discussed earlier in Section 2.3, the control systems are useful for a turbine for its
safe operation. However, to drive those systems, strategies are utilized so that the turbine
can generate optimal power for various atmospheric conditions while increasing the life
span of the structure by controlling the loading conditions. The strategies determine the
operational parameters and change the configuration such as pitch angle, yaw angle, etc.
The grid connected WECS incorporates some of the control strategies that will be discussed
in this paper. The controls associated to modern day wind energy conversion systems are
broken down into six levels of controls, which are chronologically numbered. The first
level, or the Control Level 1, deals with slow changing parameters while the Control Level
6 handles the fast-changing parameters. The Level 1 is responsible for imposing power
commands to other control levels. The loops in the control hierarchy also monitor abrupt
functions of the WECS.

Control in Level 1: Transmission system and distribution system operator (TSO/DSO)
controls
Control in Level 2: Wind farm centralized control
Control in Level 3: Wind turbine centralized control

This level can be broken down into mechanical and electrical controls.
Mechanical Controls:

a. Pitch control
b. Yaw control

Electrical Control:

a. Reactive power generation (RPG)
b. Fault ride-through (FRT)

Electro-Mechanical Controls:
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a. Damping control
b. Ancillary services

Control in Level 4: Grid connection (GC) and maximum power point tracking (MPPT)
control

a. Integration and synchronization of grid
b. MPPT control

Controls in Level 5: Generator and control of grid

a. Speed, torque and power control of generator
b. Voltage oriented control of grid

Controls in Level 6: Power control converter

a. Current control of generator
b. DC chopper control
c. Current control of grid

The whole operation of control works on a system of feedback. In case of faults in
the grid, the fault ride-through control of control level 3 generates a fault enable signal,
signifying a positive identification for a fault, which is responded to by coordinating for
better control performance by mechanical and electrical controls included in control levels
1 to 6. Feedback signals in a traditional wind energy conversion system consist of voltage
and current of grid, angular speed along with voltage and current of generator, DC link
voltage conditioner, a rotor positioning with respect to mean position and wind speed from
the anemometer mounted on the nacelle [48].

Level 1: Transmission system operators or distribution system operators supervisory
control.

The output from the turbine or an entire wind farm is not uniform; rather it varies
with undulations in wind, which cannot be controlled. The coupling of this unstable
energy waveform into the existing pool of energy causes reliability issues and the excessive
penetration of a large scale WECS into the existing power system. The WECSs are linked to
the TSO/DSO dispatch centers and keeps them updated about the active as well as reactive
power generation statuses on a continuous basis. The TSO/DSO sends active and reactive
signals based on the received status signals to the respective wind farm setup. Over the
years, the large-scale wind farms have changed their operation from being passive sources
of power to active ones through constant efforts made by the TSO/DSOs.

Level 2: Wind farm centralized control.
This acts as a communicative medium between the wind farm and the level 6 control.

Every turbine in a wind farm is connected to the centralized hub through communication
lines. Through it, the status of the WECS is shared to the TSOs and DSOs. The data
acquisition and supervisory control systems are responsible for monitoring the operation
of the wind farms. The active and reactive power requirements are defined for each specific
wind turbine in a farm by the centralized control of that farm, which are transmitted
chronologically as per the number of turbines it is in the farm. Since the control is highly
reliant on feedback channels, the static compensators of the wind farms, including static
synchronous compensator (STATCOM) and static var compensator (SVC), are initiated to
meet the reactive power generation (RPG), when the centralized control realizes it is unable
to do so normally. Besides all the operations required to meet the references imposed by the
higher level, i.e., level 6, the centralized control also checks the aerodynamic interactions.

Level 3: Wind Turbine Centralized Control.
The level 4 of the control system is a cluster of electrical, mechanical and electro-

mechanical systems as we have established in the classification. The pitch and yaw control
mechanisms are responsible for changing the physical operating parameters and come
in mechanical controls, whereas RPG and FRT are responsible for signal modifications,
establishing the electrical controls. The third control includes damping, which can be both
mechanical as well as electrical. Mechanical damping is necessary to protect mechanical
components from torsional vibrations in the drivetrain and resonances in the tower caused
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by wind, whereas electrical damping provides protection to electrical counterparts by
damping electrical sub-synchronous resonance in grids.

The ancillary service acts as an electrical back-up for the mechanical control system
and includes the power storage module as well as an uninterrupted power supply (UPS).
The energy storage module collects power from idle spinning of the rotors without wind,
i.e., rotation due to inertia after wind has fallen below cut-in velocity [49]. As mentioned
previously, the MW—powered wind turbines equipped with pitch control mechanism can
change the rotation of the blades about their vertical axis. A proportional integral (PI)
controller is dominantly uses a thyristor and rectifier kept in between the generator and
resistive load. The PI controller works by calculating the integral error to the reference
maximum power [32,48]. The PI calculates the exact value of the pitch angle, when the
wind speed exceeds the rated wind speed, so that the output power from the generator is
limited to its rated output value. However, at wind speeds below the rated one, the pitch
angle is kept at zero for maximum possible energy extraction [32,48].

Level 4: Grid connection and MPPT control.
MPPT signifies the control loop that is associated with extracting the peak power at

all times. The loop works by using a suitable algorithm on control to adjust the phase
between the grid current and grid voltage for it to correspond with the grid power factor
requirement. Synchronization of grid parameters is possible by different methods such as
zero-crossing, grid voltage filtering and phase-locked loop. Among them, the phase-locked
loop is preferred due to the robustness of the controller against the voltage harmonics and
simplicity of the platform [49].

With the levels defined, we can now move on to discuss the strategies undertaken by
the WECS. Depending on the type of generator used, the control strategies can be broken
down as the generator based WECS. The DFIG exhibits the salient feature of variable
operational speed due to the integration of the variable resistor in the circuit. Presently,
the widest used generator in WECS is DFIGs. The following controls are therefore in the
context of DFIG based WECS.

a. Optimal TSR (OTSR) Control: The maximum peak point tracking as discussed
previously, utilizes algorithms to estimate reference operational speed (ω∗

m) for the
prevalent wind speed (vw) considering other physical parameters of the turbine such
as pitch angle, as well as feedback signals for required power factor. The ω∗

m is
tuned based on the wind velocity, such that the optimum tip speed ratio (λop

T ) can be
churned. The adjustment of the speed is done based on the expression as given in
Equation (16):

ω∗
m = ω∗

Trgb =

(
λ

op
T rgb

rT

)
vw (16)

where, ω∗
T is the angular velocity of the rotor; rgb is the gear ratio employed in the

gearbox and rT is the radius of the rotor, in compliance with Equation (1). The control
levels 1 and 2 operate on feedback from the generator. The feedback from generator
is a function of the rotational speed of the generator. The control level checks for
the error between the obtained value and the reference velocity for every instant
and attempts to minimize this error. As this control technique does not involve
memory, since the data are processed and compared in every instant, the complexity
of the system is lowered. This MPPT control strategy is widely in use in WECS
industry, being the simplest among all MPPT control strategies [50,51]. However,
proper measurement of wind speed is an important criterion, which demands the
use of expensive equipment. Ultrasonic sensors are promising in this regard due to
their ability to furnish reliable and accurate wind information.

b. Turbine Power Curve (TPC) based Control: Similar to the previous control method,
MPPT strategy utilizes the wind speed for controlling the turbine speed. In this
process, the power produced based on wind speed curve is referenced to the power
curve provided by the manufacturer of the wind turbine, which is initially tested in
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controlled wind speeds, which provides the output power curve. Each wind speed
and corresponding power, P∗

0 output is stored in a memory space. During operation
at a particular wind speed, the power produced by the generator can be compared
with the data point at a same wind speed from memory. Here, the output signal
from the generator is in terms of instantaneous voltage, V0 and current, I0. Power
is obtained as P0 = V0·I0. The control levels 1 and 2 attempt to reduce the error
between the power values P∗

0 and P0 by response signals, which closely resemble the
ones used in “optimal tip speed ratio control” [52].

c. Optimal Torque (OT) Control: The previous methods rely completely on the speed
of wind to govern the control of the operational parameters. Therefore, even with
the implementation of expensive wind speed measurement equipment, the input
information is still incomplete. Thus, for increased reliability, other MPPT control
techniques also utilize the rotational speed of the generator rotor. In this, the speed
of the generator is used to calculate the reference electromagnetic torque T∗

e .

We can conveniently rearrange the expression in Equation (2) to get the power pro-
duced by the rotor and by substituting the value of vw into this equation from Equation (1),
we get the mechanical power as Equation (17):

P =
1
2

ρAvw
3Cp =

1
2

ρA
ωT

3rT
3

λT
3 Cp (17)

The turbine torque (TT) and the turbine speed (ωT) can be stated by Equation (18) and
Equation (19), respectively:

TT =
PT
ωT

(18)

ωT =
ωm

rgb
(19)

where, PT = Power output from turbine, ωT = rotational speed of turbine, ωm = rotational
speed of generator, rgb = gear ratio of gearbox.

The torque experienced by the generator from the drivetrain is defined by Tm = TT
rgb

.
At steady state conditions, the electromagnetic torque (Te) produced by the generator
should be equal to the mechanical torque (Tm) experienced from the drivetrain. Therefore,
at Te = Tm, from the above relations, the torque can be written as a function of angular
velocity of the generator by Equation (20):

Te = Tm =
TT
rgb

=
PT

ωTrgb
=

(
1
2

ρArT
3 Cp

λT
3·rgb

3

)
ωm

2 (20)

The reference electromagnetic torque considers optimal coefficient of power and tip
speed ratio. Therefore, the reference torque is given by Equation (21):

T∗
e =

⎛
⎝1

2
ρArT

3 Cop
p

λ
op
T

3
rgb

3

⎞
⎠ωm

2 = Kopωm
2 (21)

In Equation (21), Kop can be treated as a constant for the operation and can be calculated
initially with the known design parameters. The torque can be obtained by multiplying
this with the angular velocity of the generator. The electromagnetic torque follows a
quadratic relation with the speed of the generator evident from the expression. The control
in this strategy employs control levels 1 and 2 to equalize the electromagnetic torque to the
reference value, by referencing during operation. This method is also used on a large scale
in commercial MW-WECS [52].

d. Power Signal Feedback (PSF) Control: Another MPPT control utilizes the input signal
in the form of generator speed. This follows the basic principles of Power Curve based
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control strategy, however instead of monitoring the wind speed, sensors are employed
to monitor the speed of the generator. The Equation (16) signifies that the ωm of a
generator is directly proportional to the vw. Therefore, similar to the power curve
used in the wind turbine power curve–based control, this strategy utilizes power
versus wind velocity curve to compute the reference power, P∗

0 . The control system
utilizes a fuzzy logic–based controller that has two inputs, namely, the rotor speed
from the generator and the generated power. The estimated output power can be
generated corresponding to the conditions. If the input power to the controller is
lower than the estimated maximum value, the generator is controlled accordingly to
reach more velocity allowing more power to be elicited from the wind [53].

e. Speed Sensor-less (SSL) Control: This MPPT control operates without the use of any
kind of speed sensing device. Rather, the wind speed is predicted by autoregressive
statistical models of WECSs, which are based on the measured frequency (fa) of the
generator. The predictions implemented regarding the wind speed category based on
the basis of time scales are [54]:

• Ultra-short-term forecast: These predictions are regarded for wind conditions
about an hour ahead.

• Short-term forecast: This is applicable for forecasts several hours ahead.
• Medium-term forecast: The prediction of wind conditions in the time span from a

few hours to about a week.
• Long-term forecast: Used for detecting wind conditions more than a week ahead.

The predicted wind speed is used to calculate the reference power, P∗
0 similar to the

process incorporated in power curve-based control. Since the wind speed is predicted
in this format, the method can also be used congruent to optimal tip speed ratio control,
however the increased complexity of this control system impedes its use on a large scale.
A summary of MPPT control techniques used for DFIG based WECS is illustrated in
Table 1 [28,53].

f. Hill Climb Search (HCS) Control: It is a method of maximum peak point tracking
control strategy that involves a disturbance in the reference signal. The inputs in
this control are obtained in the form of generator speed and dc-link current. The
output is a command signal that is needed for extraction of maximum/peak power. A
schematic of the hill climb search control is depicted in Figure 5 [53]. As the generator
speed increases, the output power is seen to increase while approaching the peak
output power, as illustrated in Figure 6 [53]. After the peak power is encountered, an
increase in rotor speed tends to decrease the power output. The mechanical power
being generated is compared to the maximum extractable power in this method, after
which it is decided whether or not it is necessary to increase the generator speed. The
speed of the generator is altered by changing the dc-link’s current value. Once the
WECS control starts, the controller perturbs for every instant by tracking maximum
points with every instance of the operating parameters being changed.

Table 1. Summary of MPPT control techniques used for DFIG based WECS.

Control Technique Input Parameter
Prior Knowledge on

Wind Turbine
Memory
Needed

Complication of
Control

Performance of
Control

Optimal tip speed ratio (OTSR) vw Not required N ↓ ++
Wind turbine power curve (WTPC) vw Required Y ↓↓ ++

Rotational speed of generator
Optimal torque (OT) ωm Required N ↓ +

Power signal feedback (PSF) ωm Required Y ↓↓ +
Secure sockets layer (SSL) fa Required Y ↓↓↓ +

Hill-climbing search (HCS) ωm, idc Required Y ↓↓↓ +

Yes: ‘Y’, No: ‘N’, Low: ‘↓’, Medium: ‘↓↓’, High: ‘↓↓↓’, Good: ‘+’, Very good: ‘++’.
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Figure 5. Schematic of Hill Climb Search Control.

Figure 6. Power curve in a HCS Control.

The control methods discussed above are used precisely in a doubly fed induction gen-
erator (DFIG) based WECS. Other examples of WECS architecture, such as the permanent
magnet synchronous generator (PMSG) and the squirrel cage induction generator (SCIG)
based designs, are substantially more expensive than the DFIG. Moreover, the inverter
output filters and electromagnetic interference (EMI) filters used in the previous types of
WECS are rated for 1 p.u. of output power, which also contributes to the complexity of
designing the filter, making it more costly. The WECS employing DFIG at its core uses back
to back converters. The primary advantage thus obtained is the reduced converter rating,
which is about 30% of the generator rating; while the speed range of variable speed WECS
stays at about 33% of the synchronous speed mechanisms [55].

A PMSG is a staple in the industry for innovating and incorporating new designs, and
has attributed to it a higher efficiency alongside greater power density and an achievable
smaller diameter of turbine in direct-drive systems. These are used particularly in older
generation turbines to keep the complexity lower. Permanent magnet materials of high
energy are also available at quite a reasonable price, making these generators desirable.
With increasing wind farms, the focus is concentrated on achieving WECS which is reliable,
and has lower maintenance cost and noise while being efficient. This converged to direct
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drive PSMG based WECS. A conclusive design consisting of three MPPT based controls is
applied on available wind turbines.

a. Tip Speed Ratio (TSR) Control: Not unlike the optimal TSR control strategy used in
case of a DFIG based WECS, the optimal TSR (OTSR) is evaluated with the velocity
of wind, vw as an input parameter. A schematic flow of TSR control is depicted in
Figure 7. With the knowledge of the tip speed ratio to be maintained for the given
wind speed, the optimal speed of the turbine is to be evaluated by the known relation
given by Equation (22) [28,53]:

ω∗
m =

λ
op
T
R

vw (22)

where, R is the turbine rotor radius. This speed control command is used further to
the control loop responsible for controlling the speed. The PI controller is responsible
for processing the command and to limit the speed of the turbine rotor to the desired
maximum/peak value of rotor speed obtained by the evaluation.

b. Power Signal Feedback (PSF) Control: The power signal feedback system of control
utilizes the information about the rotor speed as input of the controller and power
produced as a feedback, directly from the generator. In this system of control, the
reference power is evaluated through the algorithm, which is then compared to the
produced value of power obtained through feedback loop.

Figure 7. Tip Speed Ratio (TSR) Control.

We know that the power produced at any instance depends on torque (T) and angular
velocity (ω). Therefore, using Equation (21), it is easily perceivable that to optimal power
(PO) can be obtained given in Equation (23) similarly by multiplying the result with the
term of angular velocity, applying minor modifications to it. Since here the rotor speed is
monitored, the angular velocity of the generator has to be replaced by the angular velocity
of the rotor.

PO = KopωT
3 (23)

Here, Kop is a design constant, based on physical parameters of the turbine. Hence,
Equation (23) gives the output as the reference power. Figure 8 illustrates this control
through a block diagram [53].

Figure 8. Power Signal Feedback Control Block Diagram.

Over recent years, various pieces of research have been conducted to further utilize
the potential of control strategies. As a result, improvisation of already existing methods to
increase effectiveness has been brought up.

Zhang et al. presented a fuzzy logic controller for the pitch angle of the turbine [56].
Traditional pitch control logics employ the use of a PI controller, as discussed in level 4
control. The implication of such controller is that the user or operator needs to have knowl-
edge of mathematical model of the same. However, with the application of a fuzzy logic,
the wind speed can be used to compensate for the non-linear sensitivity. The use of fuzzy
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logic controllers is apparent where the system dynamics contain multiple non-linearities
like inconsistent wind speeds. The presented study incorporates triangular symmetrical
membership functions for input and output parameters, as well as a mathematical model
of the turbine created using MATLAB. The triangular symmetrical functions provide in-
creased sensitivity for variable values that are approaching zero. The width of the functions
can be adjusted with respect to each parameter. The outcome of the alternate fuzzy logic
helped in reducing the ripples in torque as seen in conventional PID controllers, signifying
a smoother torque curve.

Another MPPT control strategy was proposed by Dalala et al., in 2013, and suggested
maximizing the energy captured while operating at wind speeds below the rated wind
speed. This study is applicable for smaller scale WECS [57]. This strategy of control involves
multiple stall controls for high wind speed regions. A constant speed stall controller allows
the rotational speed of the generator to be kept limited to the rated speed, while a constant
power stall controller helps to keep the generated power within permissible limits. This
control strategy works on two inputs, namely, the electromechanical torque and the wind
speed. To compensate for the instability of stall regions, the proposed control employs a
stabilizing control loop, and a mode of transfer control strategy is innovated to stabilize the
transition between various operational modes.

6. Present Trends in the Field of WECS and Scopes of Improvement

6.1. On-Going Trends

A sharp incline in the installation of wind energy firms have been observed within
recent decades throughout the world, rendering a shift of dependence on clean energy [58].
The present trend of global wind energy production has been represented in Figure 9 [59,60].
In India itself, the total wind energy capacity was found to be 21,263 MW until May 2014.
With the harnessing of wind energy on such large scale, recent times have attracted research
and development on every aspect of WECS.

Figure 9. Trend in Wind Power Generation in Giga Watt (GW) [59,60].
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Modern wind energy conversion systems rely almost totally on power produced
by horizontal axis wind turbines. Such wind turbines are common scenarios in large
commercially- and grid-connected wind farms, while the development of vertical axis
counterparts have been impeded early, as they were in the later decades of 20th century.
The concentration of these studies took place only in the US and UK, at the US Department
of Energy Sandia Lab and Reading University, respectively [58]. However, further study
on the topic ceased once it was established that VAWTs were incapable of producing power
as efficiently as HAWTs could for large scale power production. The general concept of
HAWT and VAWT gives way to few disadvantages for the latter. VAWTs are inefficient, as
the blades move approximately half of the rotation along the direction of wind, and the
other half against the same wind. This is not much of a problem for HAWTs as the part of
the rotor going against the direction of wind is far below the point that traverses along the
direction of the wind. Since wind at the top is stronger, due to characteristics of wind with
altitude, the force driving the turbine is far higher than the force that opposes it. Another
main advantage of HAWTs over VAWTs is that they can be installed at any height, however
in contrast, the VAWTs must be installed close to the ground. Therefore, an installation that
is not on a mast loses a great deal of efficiency in case of VAWTs due to the fact that natural
wind is blown more strongly and evenly at greater heights [61].

Contrary to old research, recent developments have suggested the practicality of
vertical axis turbines in the large-scale generation of power in wind firms, as they have
better aerodynamic efficiency than the traditional commercial HAWTs [62]. Vertical axis
wind turbines are brought back into focus for evaluation of its aerodynamic properties
as well as their performances regarding flow separation. Attempts to nullify the adverse
effects of energy production using these set ups are practiced [63]. Furthermore, to test
the endurance and reliability of a VAWT and to meet the energy requirements, recently a
VAWT has been designed according to the harsh conditions of the Amundsen–Scott South
Pole Station [64], which is a scientific research station in southernmost place on the globe.
Being at the extreme end of South Pole, the turbine is subjected to rather harsh weather
conditions.

As stated in the previous section, the majority of research presently being conducted
is to test the application of various control strategies and methodologies with different set
ups. With the advancement in the past decade of software and computer technologies,
the research regarding control strategies highly incorporates simulation studies. The
simulations carried out for confirming the effectiveness involve a mathematical model
of the turbine itself. Usage of Maximum Power Point Tracking controller for generating
control strategies are focused primarily on recent studies, which is evident due to the
simplicity and potential of the system [65]. As DFIG has a low inertia response, they are
used in most wind turbines. The response of these DFIGs can be modified for good with
the inclusion of a feedback parameter, where this would be used as a function of the rate of
change of the frequency of the grid with respect to the electromagnetic torque [66]. As a
response to the adaptation of DFIG for commercial purposes, it is imperative to integrate the
potential of artificial intelligence (AI), for actively configuring the operational parameters.
AI is being used in all aspects of society at present. Studies have shown interesting results,
comparing the robustness and response time of an artificial neural network controller to
a classical PI controller [67]. In every case, it has been found that the implementation of
a neural network to predict the wind flow patterns have rendered more effective control.
The response time could also be significantly reduced, with a higher robust operation.

Advancements in energy storage technologies are at a peak as well [64]. Even though
for modern wind turbines, being directly connected to the grid does not directly require a
power storage module. However, there are components that incorporate the need of batter-
ies, such as in ancillary services that act as a backup power source for running the control
systems, besides making the output to the grid far more predictable. While traditionally
many devices and methodologies have been formulated to flatten the generated power
curve so as to get rid of spikes in it, for the waveform received in the grid side, efficient
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storage technologies can also help to provide a smooth output power curve [68]. Storage
technologies being investigated in recent years to find their application in wind energy
systems include the following, although this list is not exhaustive [56]:

• battery;
• flow battery (FB);
• fuel cell (FC);
• flywheel (FW);
• superconducting magnetic energy storage (SMES);
• supercapacitor (SC);
• compressed air energy storage (CAES);
• pumped hydroelectric energy storage (PHES);
• water storage.

In contrast to flywheels that store energy by virtue of mechanics [69], FC and bat-
tery can store energy in the form of chemical energy, making them more practical in the
intended applications. Promising technologies of battery for the use in grid-energy sys-
tems include advanced lead–acid (Pb–acid), nickel–cadmium (Ni–Cd), lithium-ion (Li+),
sodium–sulphur (Na–S), nickel metal hydride (NiH) and flow batteries [63].

a. Advanced lead-acid battery: Regular lead–acid batteries have been a staple for a
variety of applications in every corner of industry, as well as in an automotive and
domestic context. Though, most prominent and specific applications include fre-
quency regulation, bulk storage of energy in case of integration of variable renewable
energy sources and distributed energy storage systems. As a result of versatile and
vast usage of the Pb–acid batteries, these have been an interesting focus for further
enhancements. A conventional Pb–acid battery comprises lead–dioxide (PbO2) as
cathode and lead (Pb) as anode. During the discharge process, chemical reactions in
the cell lead to the synthesis of lead sulfate, whereas, during charging, this reaction
reverses and Pb gets deposited back onto the electrodes. Recent developments have
demonstrated that introducing carbon into the cell can help with the prevention of
detrimental crystallization during charging and discharging cycles [56]. The impli-
cation of this is an increase in the life-span of the batteries, besides an increase in
life-cycle between consecutive charging.

b. Sodium-sulfur battery: The core of this battery technology houses molten sodium in
an ionic state, which is lined with alumina (or aluminum oxide) on all sides. This
is placed inside a sodium sulfate surrounding. The advantage of sodium sulphur
battery is a high energy density, making it suitable for places of application that
demand short yet potent bursts of energy. These batteries are used in rather functional
contexts in energy distribution grid applications, wind power integration, in ancillary
services as UPS batteries and much more.

c. Lithium ion battery: As the name points out, these batteries incorporate positively
charged lithium ions (as metal), that flow through electrolyte and promotes flow of
electrons across the connected outer circuit. From time to time, lithium ion batteries
have found a place in almost all electronic applications, alongside medical uses,
owing to the far superior energy density values. At present, lithium ion batteries
are being tried and tested for application in automotive industries, prompting its
upcoming uses in fields of renewable energy industry [56]. Current developments
are focused on improving the charging and discharging cycle efficiency of these
batteries.

d. Flow batteries: A flow battery technology stores energy by the virtue of chemical
energy in the form of two electrolyte reservoirs inside the body of the battery. The
chemical energy is converted into electrical energy when one liquid is displaced
slowly and steadily from one tank to another. The displacement of the liquid when
reversed acts to charge the batteries. Since they are the function of the fluid motion,
they are termed as flow batteries. The energy storing capacity of these batteries is
solely governed by the size of the tanks and the energy density is dependent on the
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volume flow rate from anode to cathode. The primary advantage, for which they are
considered as a potential candidate for evolving battery technologies, comes from
the fact that these batteries can have very high-power ratings, and the electrolytes
can be stored and replaced easily, more conveniently than typical cell electrolytes,
coupled with adjustable and replaceable flow properties according to the application.

The water storage is an unused generated energy, which is trying to be converted into
potential energy from the water bring pumped from a lower container to a higher one. In
the near future, its performance might be compared with chemical batteries [70].

Adaption of newer technologies has always been a lengthy process. Usually, a new
technology is expensive to begin with, making them undesirable at this early stage. How-
ever, with lots of scope for improvement, those who take up the idea and make it the focus
of further studies and increase understanding make them cheaper and more acceptable,
besides making them superior with regard to existing technologies [71]. In this context,
the novel nanomaterials would play a vital role in the near future of these renewable
systems [72,73]. For example, superhydrophobic coating would enhance the shelf-life of
the turbine, as well as various components of the WECS [74]. The emission properties of
nanolayers could be used to investigate the erosion scars of the turbines [75,76]. Rapid
adaptation of new technology in the market, coupled with the replacement of older ones,
results in the effective penetration of a new product of about 15% [56]. A similar phase is
being observed by wind turbine technologies.

6.2. Future Prospects

Since wind energy is a relatively newer source of energy, most of the resources that
capture the energies have focused on the development of turbines and tower designs, as
well as methods to increase the efficiency of existing systems. However, possibilities for
the evolution of technologies are endless. However, a future emerging technology in this
field of study would consider the following criteria to be accepted [77]:

a. Technologies based on supply and conversion of wind energy;
b. A technical overhaul, with new fundamentals, which cannot be a result of incremental

research on prevalent technologies; and
c. A technology which is in its early developmental stages.

While some of the technologies enlisted below have been used in practice, they may
not have necessarily been used in wind energy systems and thus have ample space for
improvements to be made usable. Even if not a completely radical innovation, large scale
adaptation of such technologies might be considered as an emerging technology.

6.2.1. Airborne Wind Energy (AWE)

AWE systems are a collective group of devices that harness energy in a similar form
as a regular WECS set-up, instead having the external features of an unmanned aircraft or
an autonomous kite. An airborne wind turbine is schematically shown in Figure 10 [78].
The system is suspended in air and attached to the ground by means of one or more tethers
to keep it in place. This system has some advantages over modern WECS technologies,
including a huge reduction in the material needed for construction, since it lacks the
requirement of a tower. There have been many concept designs developed for this aspect
of power generation, however none of them have been finalized.

The two broad categories of the AWE system involve ground-gen and fly-gen systems.
The ground-gen concept aims at converting the mechanical power into electrical power at
the ground level, while fly-gen systems do so in the airborne unit itself. The fly-gen systems
are further classified into crosswind and non-crosswind, out of which the crosswind
turbines have been observed to produce more power [78]. Besides the advantage of lower
cost owing to the lesser materials for construction, the airborne wind turbine can be raised
high for interacting with high-altitude winds found above 200 m [79]. Simultaneously, the
altitudes can be altered to protect it from winds above rated speeds.
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However, there are many technical challenges associated that are yet to be overcome
for making this usable, such as reliability and durability of flexible components and erosion
by wind and water. Recent trends in the research of this system consist of drone concepts,
aerodynamic modeling, electronics and sensor technologies for autonomous control of the
tethered devices, and controls for autonomous take-off and landing.

Figure 10. Airborne Wind Turbine [78].

6.2.2. Offshore Floating Wind Concepts

This concept differs from traditional offshore concepts by the method of foundation.
While the latter employs a fixed foundation to the floor of the ocean, this innovative
design is a free-floating structure related to the semi-submersible tension leg or the spar
platforms. The floating is controlled by various anchoring systems. Since it is a diversion
from the existing fixed off-shore designs, there high potential for the exploration of newer
techniques to integrate the tower to the floating base. Moreover, the impact of changing
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turbine parameters including TSR, blade designs and number of blades on the floating
platform can be investigated [80].

Recent progress in this topic has led to evolution of three main types of floating off-
shore foundations including spar-buoy, tension leg platform, and spar-submersible, which
are depicted in Figure 11A–C, respectively, and is briefly explained below [81]:

Spar-buoy: Stability in this set-up is provided by a large cylindrical buoy filled with
ballast under the tower structure. This helps in lowering the center of gravity (CG) in the
system below the level of the center of buoyancy and increases the stability. Apart from
the heavy buoy under the water, the hollow structure above helps to keep the center of
buoyancy high.

Figure 11. (A) Spar-buoy; (B) Tension Leg Platform; (C) Spar-Submersible [80,81].

Tension Leg Platform: This design incorporates the buoyant component to be semi-
submerged into the ocean surface, which is then attached to the ocean floor by means of
tension mooring lines, providing stability to the tower above it. The buoyant structure is
maintained; submerged by balancing out the upward buoyant force. it experiences by the
mooring lines’ tension.

Spar-Submersible: Also called the semi-submersible design, this concept incorporates
multiple columns that are linked by bracings or submersible pontoons. The columns
provide hydrostatic stability to the structure, whereas the pontoons provide additional
buoyancy to it. This system also uses catenary mooring lines to keep it in place [78].

6.2.3. Tip-Rotor Wind Turbine (TRWT)

This concept of wind turbine system integrates high speed, low torque rotors at the tip
of the main blades. Therefore, the generator can be coupled directly without the necessity
of torque reduction gearbox arrangements for these rotors. The efficiency of these rotors
to extract wind energy can go beyond the Betz limit, since it is actually the thrust of these
tip-rotors that provides reaction torque to the main rotor of the turbine [82]. The rotation
of the bigger main rotor forces the smaller rotors to move and thus harness power. Tests
have been conducted in this field by companies making commercial turbines. Siemens
had demonstrated a concept of direct drive for e-propellers for an aircraft that could reach
performance levels of about 5 kW/kg [83]. Moreover, this signifies that a 10 MW turbine
using two blades incorporating this concept, can operate using two generators of 1000 kg
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each housed at the tip of the blades. This can massively reduce the weight of commercial
MW WECS, saving capital costs a huge volume.

6.2.4. Multi-Rotor Wind Turbine (MRWT)

Replacing the large size of a rotor with multiple smaller rotors is helpful to reduce
the overall loads on the structure of the turbine. This concept made it possible to install a
large power system of about 20-MW at a single site. A company like, Vestas, has adapted
this concept to develop a 900 kW four rotor design, illustrated in Figure 12. The most
prominent advantage of this technology is the process of standardization as it allows the
production process of these small-scale rotors to be industrialized [83]. This process could
help is saving production costs in comparison to present large scale rotors, since these
large-scale rotors need to be customized for specific application, thus reducing probability
of standardization. Studies have enlightened the advantages in maintenance by having
smaller components.

The modelling of multi-rotor system needs more development owing to its challeng-
ing aspect, as well as aerodynamic studies regarding effects of wake produced by each
rotor on adjacent ones need to be looked further, since the design tools for simulating
aerodynamic behavior required to visualize a multi-rotor system and turbulent winds are
in their elementary stages. The overall design of the setup is also worth looking into for
improving the reliability, which is curtailed by the increased static loads and dynamic
vibration of increased number of components [84].

Figure 12. Multi-rotor Wind Turbine [83].
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6.2.5. Diffuser Augmented Wind Turbine (DAWT)

Diffuser Augmented Wind Turbines, chiefly abbreviated as DAWT is a modified
design of normal horizontal axis wind turbines, with the addition of a diffuser structure
around the rotor. The diffuser is encased around with a diffuser that resembles the shape
of a funnel, used to concentrate the approaching stream of wind. Modification can be
introduced to this structure by adding a rim around the exit side of the diffuser and an
inlet shroud at the entrance side (upwind). The diffuser has been proven to increase the
generated power compared to traditional HAWTs [85]. A schematic diffuser augmented
wind turbine is shown in Figure 13 [86].

Figure 13. A schematic diagram diffuser augmented wind turbine [86].

The concept of DAWTs is being developed in Japan at a semi-commercial level. The rat-
ing of these is in a range of ten kW at present [83], with the most efficient design developed
by Kyushu University, who have developed a DAWT system capable of producing 100 kW.
This is however the outcome of extensive study and testing of various configurations of
DAWTs [86]. This design is an integration of a multi-rotor turbine and a DAWT, effectively
making a multi-rotor diffuser augmented turbine. Multi-rotor DAWT systems have been
demonstrated to have performance advantage over multi-rotor turbines. Optimization in
space between each diffuser can have significant advantage in the overall design extracted
power, since the geometric symmetrical structure may not be really advantageous in the
intended use, due to flow parameters of free stream.
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With a more complex design than its counterpart, it may not be a cheap alternative.
However, if it is used properly, it would be suitable in certain situations. At present, diffuser
augmented turbines face the biggest challenges of structural loading. Though this design
has sound potential, they are best suited for small scale applications.

7. Material Aspects

In wind energy conversion systems, both mechanical and electrical components play
a vital role. Therefore, the materials used for mechanical and electrical components in the
WECS are also extremely crucial. Specifically, the materials used for mechanical parts help
to get ‘work’ of the system using a mass to rotate the turbine blade and the materials used
for electrical parts help to transmit the mass to a desired location. Typically, a wind turbine
is constructed of nearly 25,000 elements, which are grouped into several major components
including, tower, nacelle and rotor [87]. The rotor, which contains blades, a hub and a
blade pitch system, is attached to a nacelle. The nacelle is connected to the tower. The
nacelle comprises numerous electrical and mechanical components, such as main a shaft, a
gearbox, generator and control systems. As the turbine blades rotate, it leads to drive an
electrical generator through a gearbox. The gear box contains special alloys to adapt wide
range of wind speeds [88]. The gear box is placed on top of a tower, which is made of large
tubular steel sections. The steel sections are mainly attached to an anchor component and
constructed on a foundation [89]. In addition, the wind turbine plant also connected some
conventional ground-mounted components including the plant transformer, switchgears,
and site cables, which connects between the turbines, to the transformer and to the grid.

In a rotor subassembly, the rotating body comprises rotor blades, rotor bearings, nose
cone, hubs, and the pitch drive system. Therefore, the major mechanical components of the
WECS, for which the selection of material is very important, are rotor, main shaft, gearbox,
mechanical brakes, nacelle, pitch and yaw drives, and wind measuring equipment. On
the other hand, the major electrical components of the WECS, for which the selection of
material is very important, are generator, power converter, step-up transformer, and so on.
The electrical subsystems convert the mechanical energy into electrical energy from the
wind. The most useful components employed for the wind turbine energy supply chains
from the necessary raw materials, processed materials, components and up to the final
products are depicted in Figure 14 [90].

Figure 14. The most useful components used for the wind turbine energy supply chains from the
necessary raw materials, processed materials and components, to the final products.
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In the WECS, the wind turbine with efficient wing construction is extremely important
to the material scientists. The various components that are used in a wind turbine for
renewable energy generation are supportive materials of the turbine, struts, shaft, bearings,
chain, sprockets, gear, turbine blades, motor components, tower and so on. In this aspect,
NASA invented many turbines with various materials and different technologies, which
were mainly aimed at improving energy conversion. The most recent research on wind
turbine focused on composite blade materials, steel tube towers, variable-speed generators,
and dynamic components including aerodynamics of the blades in horizontal axis turbines,
pitch and span control mechanisms. Typically, the weight sharing of an onshore wind
turbine plant consists of 75% foundations, 23% turbine, and 2% in cite cables. The turbine
part comprises the 59 wt% tower, 22 wt% nacelle, and 19 wt% rotor. The mass distribution of
each important elements of wind turbine plant is illustrated in Table 2. Many components,
such as tower, nacelle, rotor and foundation are made of iron particularly, mild steel
and stainless steel. In steels, a wide range of minor and base metals such as nickel (Ni),
chromium (Cr), molybdenum (Mo), and manganese (Mn) are used.

Table 2. Mass distribution of each important element of wind turbine plant.

Materials Mass (%) Components

Concrete 50–60 Foundation
Steel 25–35 Foundation, tower, nacelle, generator, gear box

Composite materials 2–3 Turbine blades
Electronic components <1 Generator

Copper (Cu) <1 Foundation, tower, nacelle, generator, gear box
Aluminium (Al) <1 Tower, nacelle

Polyvinyl chloride (PVC) <1 Foundation, Turbine blades
Lubricant and other liquids <1 Gearbox, generator

Self-cleaning coatings <1 Turbine blades, tower, gear box

For several years, scientists have been trying to find suitable materials for rotor blades.
Earlier the rotor blades were made from heavier metals. These high density or higher mass
metals are resistant to environmental conditions such as high turbulent wind, however
are rendered not helpful as a result of their large weight. In addition, the different mass
concentrations away from the center create larger rotational moment of inertia. This causes
a reduction in the acceleration of the rotor. This difficulty led the focus of the material
towards composites, which have high rigidity without increasing the mass. Therefore, the
advantages, disadvantages, scopes and challenges of the conventional as well as natural
fiber reinforced composite materials used for the wind turbine blades are depicted in
Figure 15.

In addition, different advanced smart materials such as, piezoelectric materials are
trying to use for “wind tree” in order to produce energy or power from the wind flow. The
soft flexible materials are used as a leaf element to generate maximum power. The trunk
parts of the wind tree-like structure are made of hard materials such as steel. The steel
trunks stem into tinier branches, which are attached with many leaf-shaped wind turbines.
These wind trees have recently been exploited to all types of wind, from gentle breezes to
powerful gusts, in both urban and rural areas [91].
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Figure 15. The advantages, disadvantages, scopes and challenges of the conventional as well as
natural fiber reinforced composite materials used for the wind turbine blades.

8. Conclusions

A long way has been traversed, with an array of technologies implemented in building
the modern-day wind energy conversion systems. However, it has long list of prospects in
the upcoming future. Shifting the focus away from the carbon-based fossil fuel reserves
has opened up a multitude of opportunities waiting to be explored. This review paper
discussed in detail the mechanical and electrical components of conventional WECSs, along
with the various alterations in the designs, which have helped in categorization of the
systems. This review paid much attention to the ecological applications of WECS and
wind power plants. It is also to be informed that the hydropower plant could be another
alternative sustainable power source since wind flow is a less stable power source. For wind
power generation, the water consumption is lowest. It has the lowest relative greenhouse
gas emission. Thus, it has the most favorable social impacts and is considered as one of the
most sustainable renewable energy sources, followed by hydropower, photovoltaic, and
geothermal.

Most commercial applications have adopted HAWT designs for WECS over VAWTs
due to the former’s compatibility with large scale power production. Different control
techniques and strategies were discussed. A majority of wind turbines in the present
context operate on doubly fed induction generators, the control strategies of which have
been tabulated expressing the salient features of each design. In the context of the present
scenario, the evolving technologies for harnessing power from wind have been highlighted,
and the future emerging technologies have also been addressed. The reliability of wind
energy has increased exponentially over the last few decades. The expansion of wind
energy along with other renewable energy sources will continue to grow in the near future
as well.

We have found that materials for the blade and generator are the most critical elements
of wind turbines. Since many components of wind power plants use synthetic polymer
matrix composite materials, the recycling of composite is a cross-sector challenge. This
huge challenge is not only a problem for the wind power plants, but also to its supply chain
industries. Therefore, all the sectors connected to synthetic polymer matrix composite
materials must look into the matter together in order to develop cost-effective solutions
and value chains for the combined volume of composite waste.
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Abstract: Magnesium-doped zinc oxide “ZnO:Mg” nanocrystals (NCs) were fabricated using a
sol gel method. The Mg concentration impact on the structural, morphological, electrical, and
dielectric characteristics of ZnO:Mg NCs were inspected. X-ray diffraction (XRD) patterns display
the hexagonal wurtzite structure without any additional phase. TEM images revealed the nanometric
size of the particles with a spherical-like shape. The electrical conductivity of the ZnO NCs, thermally
activated, was found to be dependent on the Mg content. The impedance spectra were represented
via a corresponding circuit formed by a resistor and constant phase element (CPE). A non-Debye type
relaxation was located through the analyses of the complex impedance. The conductivity diminished
with the incorporation of the Mg element. The AC conductivity is reduced by raising the temperature.
Its plot obeys the Arrhenius law demonstrating a single activation energy during the conduction
process. The complex impedance highlighted the existence of a Debye-type dielectric dispersion.
The various ZnO:Mg samples demonstrate high values of dielectric constant with small dielectric
losses for both medium and high-frequency regions. Interestingly, the Mg doping with 3% content
exhibits colossal dielectric constant (more than 2 × 104) over wide temperature and frequency ranges,
with Debye-like relaxation. The study of the electrical modulus versus the frequency and at different
temperatures confirms the non-Debye relaxation. The obtained results reveal the importance of the
ZnO:Mg NCs for device applications. This encourages their application in energy storage.

Keywords: ZnO nanocrystals; Mg doping; polaron hopping; high-dielectric constant; modulus

1. Introduction

Zinc oxide (ZnO) has been the subject of rapid development in the past decades in
order to meet different research requirements. Essentially, its low-cost eco-friendly nature
is behind its success. This explains the significant demand of ZnO material in several
technological fields such as: solar cells [1], gas sensing [2], and light-emitting devices [3].
Indeed, ZnO material owns a wide band gap energy (≈3.37 eV) as well as a broad extinction
binding energy (≈60 meV) at room temperature [4,5]. It is also distinguished with its
notable dielectric characteristics, particularly, an elevated dielectric constant and a minor
dielectric loss [6].

In this regard, the dielectric properties of ZnO are extremely attractive to researchers.
Previous studies reveal the importance of developing materials with a high dielectric
constant that ensures better energy storage in devices. Such materials have been widely
applied to modern wireless communication technology [7] and electronic components
such as capacitors. Similarly, fabricating material with low dielectric loss guarantees
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proper energy storage. In fact, low dielectric loss is required for non-linear optics domains,
particularly at elevated frequencies [8].

ZnO materials have been enormously improved when associated with the appropriate
oxides [9–11], 2D materials [12], and/or simple doping [13]. Herein, the properties of ZnO
become highly sensitive to the nature of the dopant element and its concentration [14,15].
Its electrical properties depend on the excess of zinc at the interstitial position [16] and are
affected essentially by the dopant element, such as, Fe [17], Al [18], and Sn [19]. However, its
dielectric features drastically change with an element incorporated into its lattice [20–22].
Particularly, Mg was used to improve both the dielectric properties and the electrical
conduction of ZnO. Indeed, the Zn substitution with the Mg element does not affect the
lattice constants [23]. This is due to the high similarity between both elements, where their
ionic radius is close to each other (i.e., Mg2+ = 0.057 and Zn2+ = 0.060). This results in a
decrease in the defect’s density in the ZnO lattice through a specific amount of Mg doping
which ameliorates the electrical and dielectric properties of ZnO.

Deep investigations are still needed into the structural, transport, dielectric, and
modulus properties of ZnO NCs-doped Mg via a low-cost technique. Earlier studies
confirm the encouraging performances of the electrical and dielectric properties of ZnO:Mg
in numerous applications. O. Hafef et al. [24] demonstrated the decrease in AC conductivity
with increasing MgO concentration in ZnO/MgO composites. This has been assigned
to the sintering technique where ions scattering form deep donor levels in the band gap.
However, other studies exhibited the diminution of the AC conductivity of the material
for low Mg-doping amounts [25], while high-doping levels elevate the AC conductivity
of the ZnO matrix [26]. Justin Raj et al. [27] succeeded in synthesizing ZnMgO ceramics
with a colossal dielectric constant that emerged from grain defects and their boundary.
This reduces the conductivity relaxation due to the adsorbed water molecules. Indeed,
the adsorbed moisture in the porous structure of ZnO ceramics codoped with Li and Mg
contribute to the anomalous dielectric constant [28]. A similar tendency of the dielectric
constant was reported for porous ZnO ceramics treated at high pressure. Here, the changes
between grains and their boundary resistance was owed to a relaxation mechanism of the
Maxwell–Wagner type that causes such behavior [29].

In our previous investigations, we inspected the opto-structural properties of ZnO:Mg
nanocrystals (NCs) [23]. Herein, by varying the Mg content in the ZnO lattice, we expect a
colossal enhancement of the dielectric constant, which is beneficial for energy storage appli-
cations. The study covers a deep investigation of the transport properties, dielectric losses,
dielectric dispersion, and modulus. The impedance spectroscopy, as a nondestructive and
powerful method for electrical characterization, is used to study the transport changes in
both grains and grain boundaries.

2. Experimental Procedure

2.1. Synthesis of ZnO:Mg NCs

The ZnO:Mg NCs preparation technique was provided in our earlier study [23].
Briefly, zinc acetate dehydrate “Zn(CH3COO)2. 2H2O; 0.02M” and magnesium acetate
tetrahydrate “Mg (CH3COO)2. 4H2O”, with a purity of 99.99%, were used as starting
materials. Citric acid (C6H8O7) was used as a stabilizer and deionized water was used as
a solvent. The synthesis process could be resumed as follows: 400 mL of the solvent was
used to dissolve the precursors. The mixture was stirred for 2 h at 50 ◦C and pre-heated
at 80 ◦C until the solvent was completely removed. Then, we proceeded to the second
thermal treatment at 350 ◦C for 3 h. The obtained powders were crushed and annealed
at 500 ◦C for another 3 h to achieve the crystallized phase. The thermal process was
performed in two steps in order to ensure well-organized crystalline phases and reduce the
amount of impurity in each sample. The prepared powders are denominated as ZnO:Mg
x% where x = 0, 1, 2, 3 and 5, representing the percentage of [Mg]/[Zn].The uniaxial press
of 10 tons/cm2 was used to press the crystallized powders in order to obtain disk pellets of
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1 cm diameter and a thickness “e” of 2 mm. The fabricated pellets were investigated during
impedance measurements.

2.2. Experimental Study

XRD measurements were accomplished with a Philips X’Pert system (Malvern, UK),
using a copper X-ray tube (λ = 1.54056 A◦) at room temperature, at 40 kV and 100 mA.
The obtained diffractometer in the angle domain was between 30◦ to 70◦ with a step size
of 0.02◦. The transmission electron microscopy (TEM) images were performed with a
Philips CM30 microscope (Malvern, UK). The pellets were calcined and put among two
platinum electrodes in a furnace. We proceeded to take the measurements by varying
the temperature for each sample with a step of 10 ◦C from 200 to 260 ◦C. The study of
the dielectric properties at different temperatures was conducted by gathering complex
impedance data in the frequency domain between 40 Hz to 5 MHz with an impedance
analyzer (Agilent 4294A, USA).

3. Results and Discussion

3.1. Structural and Morphological Studies

Figure 1 represents the XRD patterns of pure and Mg-doped ZnO NCs. The obtained
diffraction peaks highlighted the hexagonal wurtzite structure of ZnO of the different
samples. The patterns demonstrate high crystalline quality along the (101) plane as a
preferred orientation.

θ

Figure 1. X-ray diffraction patterns of the prepared ZnO:Mg NCs.

The ZnO structure remains unchanged after the Mg incorporation with low content.
This affects the intensity and the wideness of the peaks. Indeed, the full width at half
maximum of the peaks along the (101) plane decreased with Mg doping. The FWHM
of the doped sample is reduced compared with that of a pure ZnO, highlighting the
improvement of the crystalline structure. On other hand, the crystallite size increases with
the incorporation of Mg, which was found to be greater than that of the undoped sample.
Such an enhancement of the crystallite size is assigned to the Zn2+ substitution with Mg2+.
The obtained values are gathered in Table 1.
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Table 1. Structural parameters of pure ZnO and ZnO:Mg NCs [23].

FWHM of (101) Peak (Rad) D (nm)

ZnO:Mg 0% 0.0060 26.82
ZnO:Mg 1% 0.0054 30.47
ZnO:Mg 2% 0.0038 42.96
ZnO:Mg 3% 0.0044 36.75
ZnO:Mg 5% 0.0048 33.69

The TEM images of non-doped ZnO and ZnO:Mg (3%) NCs are given in Figure 2. A
homogenous structure with a spherical shape could be observed on the fabricated NCs.
The mean particle size is about 30 nm, which is in good agreement with the XRD analysis.
Moreover, it is clear that the nanocrystal shape remains the same after doping. However, it
is difficult to judge if the size decreases with Mg doping.

  
(a) (b) 

Figure 2. TEM images of undoped (a) and Mg3%-doped (b) ZnO NCs.

3.2. Impedance Spectroscopy
3.2.1. Electrical Study

a. Impedance Spectra
The complex impedance plots of undoped ZnO at various temperatures is given

in Figure 3. We also studied the complex impedance changes at 200 ◦C for the various
Mg percentages (see, Figure 4). Both figures illustrate the well-defined semicircles in the
complex plane. This confirms the homogeneity and the single phase of the prepared doped
samples. The centers of the semicircles are localized below the Z′ axis, which may be
related to a non-Debye relaxation nature [30,31]. Compared with pure ZnO, the semicircles
of Mg-doped ZnO NCs appeared at higher temperatures. Here, the increase in the Mg
concentration enlarges the semicircle radius. However, the sample doped with 3% of Mg
displays an opposite tendency. The diminution in the radius of the semicircle illustrates the
enhanced of conductivity in the sample [32].
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Ω
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Figure 3. Nyquist plots of the undoped ZnO.

Ω

Ω

Ω

Figure 4. Experimental and theoretical Nyquist plots of ZnO:Mg NCs at T = 200 ◦C.

The investigation of the impedance plot requires modeling of the electric impedance
with a corresponding circuit including one block consisting of a parallel association of the
bulk resistance R and a capacitor.

In this case, the capacitor could be substituted by a constant phase element (CPE) ZCPE
because of the semicircles depression [33]. ZCPE is given by:

ZCPE =
1

A0(jω)n (1)

Here, j denotes the imaginary unit, ω corresponds to the angular frequency, A0 is the
capacitance value of ZCPE, and n is non-dimensional parameter (0 ≤ n ≤ 1) reflecting the
trend to an exact semicircle [34].

The total impedance Z* is described as follows:

Z = Z′ − jZ” (2)
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where

Z′ =
R × (

1 + R × A0 × (2πx)n × cos
(

π
2 n

))
1 + 2 × R × A0 × (2πx)n × cos

(
π
2 n

)
+

(
R × A0 × (2πx)n)2 (3)

− Z′′ =
R2 × A0 × (2πx)n × sin

(
π
2 n

)
1 + 2 × R × A0 × (2πx)n × cos

(
π
2 n

)
+

(
R × A0 × (2πx)n)2 (4)

The suggested model is used to fit the Nyquist plots, proving the viability between
the equivalent circuit and the existing system (see Figures 3 and 4). Table 1 lists the extract
parameters. The capacitances, Ag, is sized up at 10−10 F cm−2 Sn−1, demonstrating that
the grain boundary contribution is formed as a general response of the system [35,36]. The
slight difference in ionic radius between Zn and Mg can generate a small displacement in
the ZnO structure, since the Mg substitutes the interstitial Zn sites [23]. The ng exponent
values remain unaffected with increasing the Mg content oppositely to the resistance Rg
that raises in this case (see, Table 2). This may be explained by the structural defects
related to the doping. A similar behavior was observed for ZnO-doped Sb [37], where the
enhancement of the resistance is coming from the substitution of the Zn2+ ions with Sb3+.
Previous work by M. Ben Ali et al. [38] examining the Ni-doping influence on the electrical
properties of ZTO assigned the increase in resistivity rate to the placement of the excess
of the Ni-doping element on the grain boundaries. This demonstrates that Ni atoms are
non-localized in the ZTO matrix, where the Ni excess leads to the formation of a Schottky
barrier blocking the carrier’s transport. Based on these results, we can conclude that for
high-doping concentrations, Mg atoms prefer to sit in the grain boundaries and form a
barrier to hinder the carrier’s transport.

Table 2. Fitting parameters relative to the equivalent circuit elements for all the ZnO:Mg samples.

Rb (105 Ω) Ag (10−10 F cm−2 Sn−1) ng

Mg 0% 1.82848 1.9535 0.8023
Mg 1% 8.17662 1.7426 0.8325
Mg 2% 35.72726 2.3201 0.7633
Mg 3% 30.83072 2.4610 0.7645
Mg 5% 49.20645 1.6784 0.8153

b. DC Conductivity
In order to inspect the electrical properties (DC conductivity, σDC) of the Mg-doped

ZnO NCs, we use the following expression:

σDC =
e

SZ0
(5)

where e is the sample thickness, S represents the surface region, and Z0 characterizes the
resistance found based on the interception of the semicircles with the real axis.

The reciprocal temperature dependence to the DC conductivity is drawn in straight
lines in Figure 5. Here, the Arrhenius law could be used:

σDCT = σ0 . exp
(
− Ea

KB.T

)
(6)

where, KB designed the Boltzmann constant and Ea is the activation energy corresponding
to the energy difference between the conduction levels and the donor. The Ea values are
deduced from the linear fit slope of the logarithmic DC conductivity (σdc.T) versus 1000

T .
We found low activation energy values of doped samples in comparison with unmodified
ZnO (see Table 3). The activation energy is estimated at 0.25 eV for the 1% Mg-doping
concentration, which is ascribed to Zn2+ [39]. Besides, such an activation energy is found
in the range (0.32 to 0.38 eV) for higher Mg percentages. These values originate from the
oxygen vacancies VO [40]. Chaari et al. [19] reported comparable results for ZnO ceramics
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doped with high concentrations of Sn2O3. The lower activation energy values reveal the
source of the conduction phenomenon process in ZnO:Mg NCs, which is associated with
the polaron hopping.

σ

Figure 5. Semi-logarithmic plots of (σDCT) versus 1000/T according to Arrhenius law.

Table 3. σdc and Ea changes with Mg content at T = 250 ◦C.

% Mg 0 1 2 3 5

Rb (kΩ) 840.56 1481.82 6589.22 8321.14 8424.57
σDC(10−6 S.m−1) 15.15 8.56 1.93 1.53 1.51

Ea (eV) 0.62 0.25 0.36 0.38 0.32

The DC conductivity decreases significantly with increasing the Mg doping amount
due to the diminishing of the free electrons density. In fact, the imperfections act as
trapping/scattering centers to reduce the number of free electrons. Further, the Mg atoms
located at the grain boundaries behave as an electrical barrier that raise the carrier scattering,
therefore, decreasing the conductivity [19,41].

c. AC conductivity
Figure 6a represents the frequency–temperature dependency of the AC conductivity.

This is demonstrated by the Jonsher’s relationship [38,42]:

σAC (ω) = σdc + Aωs (7)

where, σdc is the DC conductivity associated to the flat region, Aωs is the frequency reliant
expression that characterizes the dispersion phenomenon, A a constant associated with the
strength of polarizability [42], and s is a factor verifying 0 ≤ s ≤ 1 [43] which describes
the interaction level between the mobile ions and the matrix. All these parameters depend
on temperature [44].
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Figure 6. Frequency dependance of σAC for: (a) undoped ZnO at different temperatures (b) all the
ZnO:Mg samples at T = 250 ◦C and (c) ZnMg5 at different temperatures.

As we can see from Figure 6a, all the curves depend on temperature. The power law is
obeyed for the different ZnO:Mg samples since the fit matches well with the experimental
data in Figure 6a–c. At low-frequency range, the plots show an unaffected flat region
corresponding to DC conductivity, whereas the dispersion at high-frequency range is
related to AC conductivity. Ionic conductors are characterized with such a behavior [45].
For the lower frequencies, the conductivity is reduced with further Mg addition due to the
placement of the doping element on the interstitial position in the ZnO lattice that enhances
structural defects concentration (Figure 6b). At the high-frequency region, the conductivity
continues to decrease from 1 to 3% of Mg content while it shows an increase for 5% of Mg
doping. These latest samples display a high conductivity due to the increase in oxygen
vacancies that lead to augmentation of the hopping charge carrier’s concentration [46].

The theoretical fits give σdc and s values which can explain the mechanism related
to the conduction process. The s parameter is dependent on the ZnO and ZnO:Mg (1%)
temperature, shown in Figure 7. It slightly increases from 0.42 to 0.56 with temperature.
This increase could be attributed to the quantum mechanical tunneling (QMT) conduction
model [47]. Here, s is expressed as [48]:

s = 1 − 4

ln
(

1
ωτ0

)
− WH

KBT

(8)

where, KB is the Boltzmann constant, WH is the energy of the polaron hopping, and τ0 is a
typical relaxation time. When WH >> KBT, the expression can be simplified as follows:

s = 1 +
4kBT
WH

(9)
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Figure 7. Temperature dependence of the parameter s for all the ZnO:Mg samples.

For the samples ZnM2 and ZnMg3, the exponent s was found to vary from 0.50 to
0.42 with increasing temperature from 200 to 260 ◦C. However, its value is more important
for the ZnO:Mg (5%) sample, around 0.7, and decreases slightly with temperature. The
diminution of the s parameter leads to the principal transfer route which is correlated with
the barrier hopping (CBH) model [49–51], where charge carriers skip among sites over the
potential barrier parting them instead of tunneling via the barrier [52]. The parameter s
obeys the following equation [53]:

s = 1 − 6KBT
WM

(10)

WM is the upper barrier height at an infinite separation. This is also identified as the energy
relative to polaron binding in its localized sites.

Figure 8 displays the (1-s) plots versus the temperature that gives the WM values . WM
and s raised with Mg concentration (see Figure 8). Such a change in conduction model
is assigned to the enhancement of the charge carrier induced by more Mg2+ ions in the
ZnO lattice.

43



Materials 2022, 15, 2265

Figure 8. Variations of the parameters (1-s), and WM with temperature, and %Mg, respectively.

3.2.2. Dielectric Study

a. Permittivity and loss studies
The complex dielectric constants describe the dielectric properties of materials. They

are determined from Z′ and Z” (Equations (3) and (4), respectively) and given by the
following formula [38]:

ε(ω) = ε′(ω)− jε′′ (ω) =
1

jωC0(Z′ + jZ′′ )
(11)

where the real ε′ and the imaginary ε” parts illustrate the quantities of energy accumulated
and dispersed in the dielectric owing to the applied electric field, correspondingly. Their
expressions are:

ε′(ω) = − Z′′

ωC0

(
Z′2 + Z′′ 2

) (12)

ε′′ (ω) =
Z′

ωC0

(
Z′2 + Z′′ 2

) (13)
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Here, C0 is geometrical capacitance of samples (C0 = ε0S
e , ε0 is the permittivity of the

vacuum, S is the cross-sectional area of the flat surface of the pellet, and e is the thickness).
Z′ and Z” are the real and the imaginary parts of impedance. The dielectric loss (tan δ) is
calculated from the values of the dielectric constants and could be written as follows [54]:

tan δ =
ε′′

ε′ (14)

Figure 9a depicts the frequency dispersion ε′ for all the ZnO:Mg samples. It shows
an increase of ε′ with the Mg content. For each sample, the dielectric constant gradually
reduces as the frequency augments, and reaches an almost constant value (relatively high)
in the high frequencies range.

Figure 9. Dielectric constant ε′ versus frequency for (a) different Mg doping and (b) ZnO:Mg (3%)
sample, at various temperatures.

Figure 9b depicts the frequency dispersion ε′ versus the temperature of the ZnO:Mg
(3%) sample. As shown, ε′ is gradually reduced through the increasing of the frequency to
reach almost a constant value in the high frequencies range. This way points to a Debye-
type dielectric dispersion [55,56]. According to the Maxwell–Wagner model [57], the large
values of ε′ is related to the large polarization effect produced at the grain boundaries due
to the charge carrier’s migration between grain boundaries under the effect of the applied
external field [58]. At high frequencies range, the decrease in ε′ values could be explained
by polarizability loss, since the dipoles are enabled to rotate quickly which leads to a delay
among frequencies of the oscillating dipole and applied fields [59]. It can be pointed out
that the reached ε′ value (at medium and high frequencies) is considered relatively high,
making the ZnO:Mg samples very promising for energy storage applications.

The imaginary part ε′′ also decreases with the frequency but it varies slightly versus
the temperature. This demonstrates the loss of polarization with the frequency by the
disappearance of dipoles or to their inability to rotate properly at high frequencies [60].

We located a considerable reduction of the imaginary part ε′′ with the rate of the
Mg doping which confirms the rule of the space charge [61] (see Figure 10a). The same
performance was also monitored by Hafef et al. [24] with high MgO-doping rates (10%
and 20% of MgO). This also was explained by the separation of the MgO phase in the ZnO
host matrix. In this work, the Mg is well incorporated into the ZnO lattice and hence, it
induces less crystallinity, as was previously shown in the XRD analysis. Thus, this behavior
could be related to the increased defects density induced by further Mg incorporation,
which leads to less dielectric polarization. Moreover, ε′′ increases with the temperature
(see Figure 10b) where no peaks in the loss tangent curves are observed (Figure 11). This
demonstrates the slightly high conduction losses [62]. Finally, the present material could
be an encouraging candidate for device applications acting in the high-frequency range.
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δ

Figure 10. Frequency dependence curves of the imaginary part ε′′ (a) for the ZnO:Mg (3%) sample at
different temperatures and (b) for different Mg content.

δ

Figure 11. Dependance of the dielectric loss tan δ on the frequency for the sample ZnO:Mg 3% at
different temperatures.

b. Modulus analysis
The electric modulus is generally used to examine the electrical characteristics of bulk

materials. At low frequencies, the conductivity phenomenon usually hides the interfacial
polarization generally present in such materials [63]. To surmount this difficulty, modulus
is mostly appropriate to obtain phenomena such as the conductivity relaxation times and
the electrode polarization. The complex electric modulus is written as [64]:

M∗ = 1
ε∗(ω)

= M′(ω) + jM′′ (ω) = jωC0Z∗ (15)

where, M′ = ωC0Z′′ and M′′ = ωC0Z′ are the real and imaginary parts of the complex
electric modulus, respectively.

Figure 12a represents the variations of M′ within the frequency at different tempera-
tures. It raises with increasing frequency to reach a flat zone to the highest frequency values
corresponding to the limiting value of M′. This behavior illustrates the weak contribution
of the electrode polarization that could be neglected for Mg-doped ZnO NCs [65]. Such
behavior was also detected for Na-doped ZnO NCs [22].
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Figure 12. Plots of (a) M′ and (b) M′′ within frequency for various temperatures for the ZnO:Mg
(3%) sample.

The frequency reliance of M′′ with the temperature for ZnO:Mg (3%) is represented in
Figure 12b. The M′′ max position shifts near the high-frequency region when the temperature
increases, and the shift of the M′′ max position is usually related to the conductivity relax-
ation. An asymmetric peak could be observed for each investigated temperature, which
exhibited the non-Debye kind of behavior in the relaxation of the Mg-doped ZnO NCs [66].

The detected peak aids in determining the relaxation time τ using the following
relationship [58]:

τ =
1

ωmax
=

1
2π fmax

(16)

where fmax designates the relaxation frequency.
The change of M′′ max with temperature images the enhancement of the dielectric

relaxation time τ with temperature [37]. Such a change affirms the thermal stimulation of
the dielectric relaxation [67]. As shown in Figure 13, Lnτ varies linearly with the inverse of
the absolute temperature T, following the equation:

τ = τ0 exp
(
− Ea

KBT

)
(17)

where, τ0 is the pre-exponential factor. From a linear fit of the plot, the value of the
activation energy Ea is estimated to 0.73 eV, which is quite different to that determined while
considering the plot of Ln(σ dcT). Hence, it provides information about the non-statistic
distribution of the Mg2+ ions in the ZnO matrix and suggests an arbitrary conductivity.
Therefore, the relaxation of dipoles manifests itself arbitrarily [37,68].

τ 

Figure 13. Plot of Ln τ versus 1000/T.
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4. Conclusions

Mg-doped ZnO NCs were synthesized via sol-gel method. The electrical and di-
electric characteristics were investigated as function of temperature and frequency, using
impedance spectroscopy. The conductivity and the activation energy are influenced by
Mg concentration. From temperature reliance, we reveal that the conduction mechanism
is managed from the model of the hopping correlated barrier (CBH). Dielectric features
are largely affected by Mg doping due to less dielectric polarization. The low dielectric
losses at high frequencies and the shift toward high frequencies of M′′ with temperature,
make the Mg-doped ZnO NCs a suitable material for application in non-linear optics. The
analysis of the electrical modulus illustrates an extension in the relaxation time with further
Mg incorporation. All the dielectric properties relative to the prepared ZnO:Mg NCs are
of interest to bring a considerable influence to several technological applications, such as
microwave devices.
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Abstract: This study reports an integrated device in which a lithium-ion battery (LIB) and Si solar cells
are interconnected. The LIB is fabricated using the Li(Ni0.65Co0.15Mn0.20)O2 (NCM622) cathode and
the Li4Ti5O12 (LTO) anode. The surface and shape morphologies of the NCM and LTO powders were
investigated by field emission scanning electron microscopy (FE-SEM). In addition, the structural
properties were thoroughly examined by X-ray diffraction (XRD). Further, their electrochemical
characterization was carried out on a potentiostat. The specific discharge capacity of the NCM
cathode (half-cell) was 188.09 mAh/g at 0.1 C current density. In further experiments, the NCM-LTO
full-cell has also shown an excellent specific capacity of 160 mAh/g at a high current density of 1 C.
Additionally, the capacity retention was outstanding, with 99.63% at 1 C after 50 cycles. Moreover, to
meet the charging voltage requirements of the NCM-LTO full-cell, six Si solar cells were connected in
series. The open-circuit voltage (VOC) and the short-circuit photocurrent density (JSC) for the Si solar
cells were 3.37 V and 5.42 mA/cm2. The calculated fill factor (FF) and efficiency for the Si solar cells
were 0.796 and 14.54%, respectively. Lastly, the integrated device has delivered a very high-power
conversion-storage efficiency of 7.95%.

Keywords: Li(Ni0.65Co0.15Mn0.20)O2; Li4Ti5O12; lithium-ion battery; silicon solar cell; integrated device

1. Introduction

Environmental problems caused by fossil fuels, such as greenhouse gas (GHG) emis-
sions, drought, and rising sea levels, have recently become major global issues [1,2]. There-
fore, many studies have investigated eco-friendly renewable energy sources (solar, wind,
geothermal, etc.) that generate electricity with a minimal carbon footprint [3]. Solar energy
systems have attracted the most attention among these renewable energy sources as the sun
is a popular infinite free energy source. Therefore, photovoltaics (PV) have the potential
to meet the global energy demand [4]. However, the intermittent availability of sunlight
is a significant drawback that hinders its various applications. In the present study, the
idea is to connect the solar cell to LIB directly without any converter. The integration of
energy generation and energy storage systems has been presented as one of the better
solutions to address the intermittent nature of sunlight [5]. Liao et al. reported the need
for a bidirectional DC/DC converter to control a solar power system [6]. The bidirectional
DC/DC converter system was more complex and expensive than the direct connection
of the solar cell and the energy storage device. Therefore, a direct DC storage system is
currently in the spotlight by using the integrated device as a promising technology. Many
studies have used capacitors and lithium-ion batteries (LIBs) as storage for charging by
PVs [7–11].

LIB is one of the potential energy storage devices used in a wide range of applications,
from miniaturized devices to high-power-driven electric vehicles. They are considered
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suitable energy storage devices that can be charged by solar-powered PVs. It is known
that the electrochemical performance of LIB is mainly dependent on the active cathode
and anode electrode materials. Among the LIB cathode materials, the LiFePO4 (LFP)
cathode material has been widely used in energy storage systems (ESS) because of its
low price and high safety. However, LFP has an inferior specific capacity compared to
the Li(NixCoyMnz)O2 (NCM) cathode material [12–14]. This study proposes to use the
NCM622 cathode material. This cathode material is richer in nickel content than NCM333,
commonly used in the past, which results in high discharge capacity and energy density.

Moreover, the lower cobalt (Co) content reduces the overall cost of the batteries [15].
On the other hand, Li4Ti5O12 (LTO) is preferred among the anode materials due to its high-
capacity retention rate with a reasonable specific capacity [16]. In addition, LTO also has a
stable voltage plateau at 1.5 V vs. Li/Li+. This high-voltage plateau of LTO can prevent the
reduction of electrolytes and can do better than the Li metal anode. Therefore, NCM622
and LTO are chosen to increase the specific capacity and achieve high cycle retention. In
this study, as discussed earlier, an integrated device is designed by combining LIB and Si
solar cells without any converter. The morphological and structural characterization of
the NCM622 cathode powder and the LTO anode powder were evaluated by FE-SEM and
XRD, respectively. The electrochemical properties were obtained from the NCM (NCM
vs. Li/Li+) half-cell, LTO (LTO vs. Li/Li+) half-cell, and NCM-LTO full-cells. Later, six
single Si solar cells were connected in series to obtain sufficient voltage to charge the
battery. The electrical properties such as open-circuit voltage, short-circuit photocurrent
density, fill factor, and efficiency of Si solar cells were analyzed with a solar simulator.
Finally, an integrated device was fabricated by directly combining Si solar cells and an
NCM-LTO full-cell. Furthermore, the photovoltaic charging of the NCM-LTO full-cell was
successfully demonstrated.

2. Materials and Methods

2.1. Preparation of LIB and Solar Cell

The cathode slurry was prepared by dispersing NCM powder (active material), carbon
black (super P), and polyvinylidene difluoride (PVDF) in N-Methyl-2-pyrrolidone (NMP)
solvent at a respective weight ratio of 8:1:1. Similarly, the anode slurry was prepared using
LTO powder as the active material. The mass loading of cathode and anode material was
7.59 and 8.78 mg/cm2, respectively. Additionally, the densities of the cathode and anode
were 3.05 and 2.61 g/cm3, respectively. The cathode and anode slurries were coated on the
aluminum foil and the copper foil, respectively. The coated slurries were then dried and
pressed to make sheet electrodes. The half-cells and full-cells were assembled in a glove
box filled with argon gas (H2O < 0.01 ppm, O2 < 0.01 ppm), and 1.2 M LiPF6 in a 1:1 (v/v)
solution of ethylene carbonate and dimethyl carbonate was used as an electrolyte. Then,
150 μL of electrolyte was added for coin cells. Li metal foil with a thickness of 0.45 mm was
used for coin cell fabrication (MTI Korea). The half-cell was fabricated in the form of the
coin cell (CR 2032), while the full-cell was assembled in the form of a pouch (4.5 × 4.5 cm).
For the pouch cell, nickel and aluminum were used as the cathode and anode lead tabs, and
400 μL of electrolyte was added. The loading and density of electrodes had the same value
as the coin cell fabrication. Polyethylene separator was used for every cell fabrication. The
electrochemical performance data of half-cells and full-cells corresponds to the coin cell and
pouch cell configuration, respectively. A polycrystalline Si solar cell with six single Si solar
cells (SAVE SOLAR Co. Ltd. Washington DC, USA) connected in series was integrated
with LIB. Therefore, it provides the required voltage for LIB charging.

2.2. Characterizations

The NCM622 precursor was prepared by the co-precipitation method. To improve
the packing density of the cathode electrode, the NCM powder was a mixture of large
and small particles in a 7:3 ratio. Commercial LTO powder was purchased from Sigma
Aldrich Co. Ltd St. Louis, MO, USA. The surface and shape morphologies of the NCM and
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LTO powders were characterized by field emission scanning electron microscopy (FE-SEM)
(SU-70 Hitachi High-Tech Corporation, Fukuoka, Japan). The acceleration voltage for
the FE-SEM measurement was 10 kV. The crystal structures were analyzed using X-ray
diffraction (XRD) (MAX-2500, RIGAKU, Tokyo, Japan) with Cu-kα radiation over a 2θ
range of 10–80◦, with a step size of 0.05◦ and a scan rate of 2.0◦/min. The electrochemical
properties of the NCM and LTO half-cells and NCM-LTO full-cell were evaluated using a
battery cycler (WBCS3000S, WONATECH Co. Ltd., Seoul, Korea). Galvanostatic charge–
discharge tests of the NCM-LTO full-cell were conducted in the 1.6–3.0 V potential window.
The NCM-LTO full-cell was tested for rate capability at different current densities. Further,
cyclic stability studies were performed on the NCM-LTO full-cell (pouch cell configuration)
for 50 cycles at 1 C. The open-circuit voltage (VOC), short-circuit photocurrent density (JSC),
fill factor (FF), and efficiency were measured by irradiating Si solar cells with 100 mW/cm2

light with a solar simulator (PEC-L01, Peccell Technologies, Yokohama, Japan). All tests
were performed at room temperature.

2.3. Integrated Si Solar Cells–LIB Device

The integrated device was fabricated by directly connecting the Si solar cells and LIB.
The LIB was charged by irradiating light to Si solar cells using a solar simulator (PEC-L01,
Peccell Technologies, Yokohama, Japan). Before testing, the light intensity was calibrated to
100 mW/cm2. The Si solar cells were photo-charged using a solar simulator then discharged
with a battery cycler.

3. Results and Discussion

Figure 1 displays the FE-SEM images of the NCM and LTO powders. The particle
size and shape of the NCM powder are shown in Figure 1a,b. Figure 1a shows that NCM
powder was composed of large and small particles. The NCM powder consists of large
and small particles with respective sizes of about 10 and 3 μm; additionally, the large and
small particles were mixed in an optimized 7:3 weight ratio, respectively. The optimization
was performed with an objective to improve the high-energy density [17]. Figure 1b shows
the agglomerated particles of NCM powder. Submicron particles were aggregated to form
large and small particles. Figure 1c,d illustrate the particle morphology of LTO powder.
Figure 1c shows that the LTO powder contains porous spherical particles with a diameter
of about 20 μm. The spherical shape improves the high rate performance of the LTO by
minimizing the Li-ion diffusion path lengths [18]. Figure 1d shows a detailed view of the
porous spherical particles of LTO powder. The porous spherical particles are made from
aggregated particles with a size of less than about 0.5 μm.

Figure 2a,b, respectively, depict the XRD patterns of the NCM and LTO powders. As
shown in Figure 2, the XRD patterns of NCM and LTO powder were identified and indexed
with the powder diffraction database (PDF). The XRD peaks of NCM powders around
18.7◦, 36.6◦, 37.9◦, 38.7◦, 44.4◦, 48.5◦, 58.5◦, 64.3◦, 64.8◦, and 68.1◦ are assigned to the (0 0 3),
(1 0 1), (0 0 6), (0 1 2), (1 0 4), (0 1 5), (1 0 7), (0 1 8), (1 1 0), and (1 1 3) planes, respectively.
The diffraction peaks of LTO powders around 18.3◦, 35.5◦, 37.1◦, 43.2◦, 47.3◦, 57.1◦, 62.7◦,
66.0◦, 74.2◦, 75.2◦, and 79.2◦ are assigned to the (1 1 1), (3 3 1), (2 2 2), (4 0 0), (3 3 1), (3 3 3),
(4 4 0), (5 3 1), (5 3 3), (6 2 2), and (4 4 4) planes, respectively. The XRD measurement results
showed that the NCM and LTO powders were successfully synthesized.

Figure 3a–c show the electrochemical properties at 0.1, 0.2, 0.5, and 1 C of the NCM-Li,
LTO-Li half-cells, and the NCM-LTO full-cell, respectively. Figure 3a reveals the discharge
capacities of 188.09, 182.92, 173.27, and 162.81 mAhg−1 at 0.1, 0.2, 0.5, and 1 C, respectively.
The discharge capacities of the NCM-Li half-cell were similar to those of reported values in
the previous study [19]. Figure 3b shows that the discharge capacities of LTO-Li half-cells
were 161.3, 159.76, 159.7, and 157.57 mAhg−1 at 0.1, 0.2, 0.5, and 1 C, respectively. Further,
the NCM-LTO full-cell has delivered a stable specific discharge capacity of 185.79 mAhg−1

at 0.1 C, 182.02 mAhg−1 at 0.2 C, 173.19 mAhg−1 at 0.5 C, and 160.48 mAhg−1 at 1 C.
The discharge capacity of the NCM-LTO full-cell was very similar to that of the NCM-Li
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half-cell. Additionally, the operating voltage of the full-cell was near about 2.3 V. This
operating voltage is reasonable for integrating solar cells with the battery. Figure 3d shows
the discharge capacities of the NCM-LTO full-cell at various C-rates. The NCM-LTO full-
cell showed the same discharge capacities during five cycles at the same C-rate, which
supports the stable performance of the NCM-LTO full-cell.

Figure 1. FE-SEM images of (a,b) NCM powder and (c,d) LTO powder.

Figure 2. XRD patterns of (a) NCM (PDF#74-0919) powder and (b) LTO (PDF#01-082-1617) powder.
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Figure 3. Electrochemical properties of (a) NCM-Li, (b) LTO-Li, and (c) NCM-LTO full-cells, and
(d) rate capability of the NCM-LTO full-cell at various C-rates.

Figure 4a,b show the results of cycle tests for 50 cycles of the NCM-LTO full-cell at 1 C-
rate. The charge–discharge was carried out in the 1.6–3.0 V range. The discharge capacities
were 160.48 mAhg−1 at the 1st cycle, 160.32 mAhg−1 at the 5th cycle, 159.97 mAhg−1 at the
25th cycle, and 159.89 mAhg−1 at the 50th cycle. The NCM-LTO full-cell exhibited excellent
cycle retention of 99.63% even after 50 cycles. Figure 4b shows the discharge capacities and
coulombic efficiency with respect to the cycle number for 50 cycles. In cycles 1, 5, 25, and
50, the coulombic efficiencies were 99.99%, 99.98%, 99.97%, and 99.95%, respectively. This
shows the exceptional stability of the electrode materials.

Figure 5 shows a schematic diagram of the integrated device using the Si solar cell
and the NCM-LTO full-cell. The voltage range of the NCM-LTO full-cell was 1.6–3.0 V.
The necessary charging voltage was obtained by connecting six polycrystalline single Si
solar cells of 0.57 V each in series. The integrated device was fabricated by connecting
directly without a converter. Using this system, the integrated device can charge the battery
through photo-charging.

Figure 6 depicts the current density-voltage (J-V) characteristics of the interconnected
Si solar cells. The short-circuit photocurrent density (JSC) and open-circuit voltage (VOC) of
a Si solar cell were 5.42 mA/cm2 and 3.37 V. The interconnected Si solar cells can provide
the required voltage to charge the NCM-LTO full-cell. The fill factor (FF) and efficiency
of the Si solar cells were calculated to be 0.796 and 14.54%, respectively. The Si solar
cells used in this study have displayed a slightly higher efficiency of 14.54%, compared to
commercially available Si solar cells, which are typically about 12–15% [20].

Figure 7 shows the electrochemical results of the integrated device. The charge–
discharge tests were carried out for 20 cycles in the 1.6–3.0 V range. The integrated device
was charged by the Si solar cells using a solar simulator and discharged by a battery
cycler to the 10th cycle. After that, the NCM-LTO full-cell was charged and discharged
for 11 to 20 cycles using a battery cycler. The current density of the integrated device
was 40 mA. The photo-charging and galvanostatic discharging profiles from 1 to 10 cycles
were similar to those of galvanostatic charge and discharge (using battery cycler) from
11 to 20 cycles. The power conversion/storage efficiency of the integrated device was
7.95%. Moreover, energy storage efficiency from the Si solar cells to the NCM-LTO full-cell
was 54.36%. Low-power conversion efficiency has represented an essential obstacle in
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researching integrated systems wherein Si solar cells and batteries are connected. It is
expected that the integrated device fabricated in this study can figure out the issues of
low-power conversion efficiency [10].

Figure 4. (a) Cycle performance of the NCM-LTO full-cell over 50 cycles. (b) Discharge capacity and
coulombic efficiency of the NCM-LTO full-cell over 50 cycles.

 
Figure 5. Schematic diagram of the NCM-LTO integrated device with Si solar cells.
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Figure 6. J-V curve of the Si solar cells.

Figure 7. Photo-charging and discharging diagram of the NCM-LTO full-cell using the Si solar cell.

Figure 8a shows the J-V characteristics of the Si solar cells connected to the NCM-LTO
full-cell before cycle testing and after 1st, 5th, and 10th cycle tests. The open-circuit voltage
(VOC) was 3.37 V before the cycle test, and 3.37, 3.36, and 3.35 V during the 1st, 5th, and
10th cycles, respectively. The short-circuit photocurrent density (JSC) has remained constant
with increasing cycle numbers. The JSC was 5.42 mA/cm2 before the cycle test, and 5.42,
5.41, and 5.4 mA/cm2, during the 1st, 5th, and 10th cycles, respectively. Figure 8b shows
the energy efficiency and fill factor (FF) of the Si solar cells connected to the NCM-LTO
full-cell before and after various cycle tests. Before cycle testing, the fill factor (FF) was
0.796. Then, the FF was 0.793, 0.793, and 0.792 at the 1st, 5th, and 10th cycles, respectively.
These results show that the FFs were almost unchanged during the test. The efficiency was
14.54% before the cycle test, and after the 1st, 5th, and 10th cycle tests, it slightly reduced to
14.48%, 14.42%, and 14.35%, respectively. The energy conversion efficiency of the Si solar
cells connected to the NCM-LTO full-cell was 98.69% before and after 10 cycles. Therefore,
the Si solar cells were suitable as a device for supplying power to the high-performance
NCM-LTO full-cell and can pave the way to futuristic energy-saving technologies.
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Figure 8. (a) J-V curve and (b) energy efficiency and fill factor (FF) of Si solar cells connected to the
NCM-LTO full-cell before and after 10 cycles.

4. Conclusions

The NCM-LTO full-cell was fabricated using NCM and LTO as the cathode and the
anode, respectively. The as-fabricated full-cell has delivered a high discharge capacity and
stable performance, with 99.63% cycle retention after 50 cycles. This high performance is
mainly due to the synergy of the optimized NCM622 cathode and LTO anode materials
compared to conventional LFP-graphite batteries. Besides, the NCM-LTO full-cell is directly
interconnected with six Si solar cells without any convertor. The integrated device was
photo-charged by the Si solar cell and galvanostatic discharged by a cycler. The power
conversion efficiency of the NCM-LTO full-cell and Si solar cells was 7.95%, while the
energy conversion efficiency reached 54.36%. Therefore, the present integrated system
using the NCM-LTO full-cell could be a promising technology for the next-generation
self-charging devices.

58



Materials 2022, 15, 2913

Author Contributions: Writing—original draft, S.H.; formal analysis, B.Y.; data curation, H.L.;
methodology, H.-K.S.; conceptualization, C.-R.L.; formal analysis, funding acquisition and supervi-
sion, I.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT) (NRF-2020R1A2C2009057). This work was also partially supported
by a Korea Basic Science Institute (National Research Facilities and Equipment Center) grant funded
by the Ministry of Education (grant 2020R1A6C101A204).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available as it is part of the ongoing project.

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

References

1. Lewis, N.S. Research Opportunities to Advance Solar Energy Utilization. Science 2016, 351, aad1920. [CrossRef] [PubMed]
2. Hosseini, S.E.; Wahid, M.A.; Aghili, N. The Scenario of Greenhouse Gases Reduction in Malaysia. Renew. Sustain. Energy Rev.

2013, 28, 400–409. [CrossRef]
3. Rabaia, M.K.H.; Abdelkareem, M.A.; Sayed, E.T.; Elsaid, K.; Chae, K.-J.; Wilberforce, T.; Olabi, A.G. Environmental Impacts of

Solar Energy Systems: A Review. Sci. Total Environ. 2021, 754, 141989. [CrossRef] [PubMed]
4. Blaschke, T.; Biberacher, M.; Gadocha, S.; Schardinger, I. ‘Energy Landscapes’: Meeting Energy Demands and Human Aspirations.

Biomass Bioenergy 2013, 55, 3–16. [CrossRef] [PubMed]
5. Um, H.-D.; Choi, K.-H.; Hwang, I.; Kim, S.-H.; Seo, K.; Lee, S.-Y. Monolithically Integrated, Photo-Rechargeable Portable Power

Sources Based on Miniaturized Si Solar Cells and Printed Solid-State Lithium-Ion Batteries. Energy Environ. Sci. 2017, 10, 931–940.
[CrossRef]

6. Liao, Z.; Ruan, X. Control Strategy of Bi-Directional DC/DC Converter for a Novel Stand-Alone Photovoltaic Power System. In
Proceedings of the 2008 IEEE Vehicle Power and Propulsion Conference, Harbin, China, 3–5 September 2008; Volume 23.

7. Hauch, A.; Georg, A.; Krašovec, U.O.; Orel, B. Photovoltaically Self-Charging Battery. J. Electrochem. Soc. 2002, 149, A1208.
[CrossRef]

8. Miyasaka, T.; Murakami, T.N. The Photocapacitor: An Efficient Self-Charging Capacitor for Direct Storage of Solar Energy. Appl.
Phys. Lett. 2004, 85, 3932–3934. [CrossRef]

9. Murakami, T.N.; Kawashima, N.; Miyasaka, T. A High-Voltage Dye-Sensitized Photocapacitor of a Three-Electrode System. Chem.
Commun. 2005, 26, 3346–3348. [CrossRef] [PubMed]

10. Guo, W.; Xue, X.; Wang, S.; Lin, C.; Wang, Z.L. An Integrated Power Pack of Dye-Sensitized Solar Cell and Li Battery Based on
Double-Sided TiO2 Nanotube Arrays. Nano Lett. 2012, 12, 2520–2523. [CrossRef] [PubMed]

11. Yang, Z.; Li, L.; Luo, Y.; He, R.; Qiu, L.; Lin, H.; Peng, H. An Integrated Device for Both Photoelectric Conversion and Energy
Storage Based on Free-Standing and Aligned Carbon Nanotube Film. J. Mater. Chem. A 2013, 1, 954–958. [CrossRef]

12. Nitta, N.; Wu, F.; Lee, J.T.; Yushin, G. Li-Ion Battery Materials: Present and Future. Mater. Today 2015, 18, 252–264. [CrossRef]
13. Padhi, A.K.; Nanjundaswamy, K.S.; Goodenough, J.B. Phospho-olivines as Positive-Electrode Materials for Rechargeable Lithium

Batteries. J. Electrochem. Soc. 1997, 144, 1188–1194. [CrossRef]
14. Jiang, L.; Wang, Q.; Sun, J. Electrochemical Performance and Thermal Stability Analysis of LiNi(x)Co(y)Mn(z)O(2) Cathode Based

on a Composite Safety Electrolyte. J. Hazard. Mater. 2018, 351, 260–269. [CrossRef] [PubMed]
15. Choi, J.U.; Voronina, N.; Sun, Y.-K.; Myung, S.-T. Recent Progress and Perspective of Advanced High-Energy Co-Less Ni-Rich

Cathodes for Li-Ion Batteries: Yesterday, Today, and Tomorrow. Adv. Energy Mater. 2020, 10, 2002027. [CrossRef]
16. Yi, T.-F.; Jiang, L.-J.; Shu, J.; Yue, C.-B.; Zhu, R.-S.; Qiao, H.-B. Recent Development and Application of Li4Ti5O12 as Anode

Material of Lithium Ion Battery. J. Phys. Chem. Solids 2010, 71, 1236–1242. [CrossRef]
17. Park, C.; Lee, S.; Kim, K.; Kim, M.; Choi, S.; Shin, D. Electrochemical Properties of Composite Cathode Using Bimodal Sized

Electrolyte for All-Solid-State Batteries. J. Electrochem. Soc. 2019, 166, A5318–A5322. [CrossRef]
18. Shen, L.; Yuan, C.; Luo, H.; Zhang, X.; Xu, K.; Xia, Y. Facile Synthesis of Hierarchically Porous Li4Ti5O12 Microspheres for High

Rate Lithium Ion Batteries. J. Mater. Chem. 2010, 20, 6998–7004. [CrossRef]
19. Noh, H.-J.; Youn, S.; Yoon, C.S.; Sun, Y. Comparison of the Structural and Electrochemical Properties of Layered Li[NixCoyMnz]O2

(x = 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85) Cathode Material for Lithium-Ion Batteries. J. Power Sources 2013, 233, 121–130. [CrossRef]
20. Sharma, S.; Jain, K.K.; Sharma, A.; Sharma, S.; Jain, K.K.; Sharma, A. Solar Cells: In Research and Applications—A Review. Mater.

Sci. Appl. 2015, 6, 1145–1155. [CrossRef]

59



materials

Article

Material Optimization Engineering toward
xLiFePO4·yLi3V2(PO4)3 Composites in Application-Oriented
Li-Ion Batteries

Yuqiang Pi 1, Gangwei Luo 1, Peiyao Wang 2, Wangwang Xu 3, Jiage Yu 1, Xian Zhang 1, Zhengbing Fu 1,

Xiong Yang 1, Li Wang 1, Yu Ding 1,2,4,* and Feng Wang 1,*

1 School of Chemistry and Materials Science, Hubei Engineering University, Xiaogan 432000, China;
xq0502@163.com (Y.P.); 15885400892@163.com (G.L.); yujiage5@163.com (J.Y.); zxian821@163.com (X.Z.);
ceramic425@163.com (Z.F.); yangx@hbeu.edu.cn (X.Y.); wangli19810609@126.com (L.W.)

2 Department of Mechanical Engineering, The University of Melbourne, Parkville, VIC 3010, Australia;
peiyao.wang@student.unimelb.edu.au

3 College of Materials and Chemical Engineering, China Three Gorges University, Yichang 443002, China;
wxu26@lsu.edu

4 Qinghai Electronic Material Industry Development Co., Ltd., Xining 810006, China
* Correspondence: dy9802@126.com (Y.D.); hbeukj@126.com (F.W.)

Abstract: The development of LiFePO4 (LFP) in high-power energy storage devices is hampered
by its slow Li-ion diffusion kinetics. Constructing the composite electrode materials with vana-
dium substitution is a scientific endeavor to boost LFP’s power capacity. Herein, a series of
xLiFePO4·yLi3V2(PO4)3 (xLFP·yLVP) composites were fabricated using a simple spray-drying ap-
proach. We propose that 5LFP·LVP is the optimal choice for Li-ion battery promotion, owning to
its excellent Li-ion storage capacity (material energy density of 413.6 W·h·kg−1), strong machining
capability (compacted density of 1.82 g·cm−3) and lower raw material cost consumption. Further-
more, the 5LFP·LVP||LTO Li-ion pouch cell also presents prominent energy storage capability. After
300 cycles of a constant current test at 400 mA, 75% of the initial capacity (379.1 mA·h) is achieved,
with around 100% of Coulombic efficiency. A capacity retention of 60.3% is displayed for the 300th
cycle when discharging at 1200 mA, with the capacity fading by 0.15% per cycle. This prototype
provides a valid and scientific attempt to accelerate the development of xLFP·yLVP composites in
application-oriented Li-ion batteries.
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1. Introduction

The commitment to carbon neutrality and the implementation of a low-carbon econ-
omy in the world have become the key to the sustainable development of human society,
given the massive population explosion and incremental demand for new or renovated
infrastructure [1,2]. The most reliable technique for reducing carbon emissions is to increase
the utilization of available renewable energy sources [3–5]. The energy storage technologies
(ESTs) are critical to attaining renewable energy sources with intermittent and unstable
characteristics. Among the variety of ESTs, lithium-ion batteries (LIBs) have been widely
recognized in the daily life of human beings, due to their high-energy density and ultralong
lifespan [6–8].

Cathode material as a key component determines many aspects of LIBs, including
the Li-ion storage capability, lifespan, cost, and safety [9,10]. In particular, olivine LiFePO4
(LFP) has received substantial attention from academia and industry, because of its rel-
atively high theoretical energy density (580 W·h·kg−1), structural integrity during the
Li-ion extraction/insertion process, and low raw cost consumption [11,12]. At present, LFP
research is primarily focused on three aspects: (i) increasing discharge specific capacity,
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(ii) enhancing the power capability, and (iii) improving the low-temperature performance.
In particular, the sluggish Li-ion diffusion kinetics of LFP impedes its development in
high-power energy storage devices [13,14]. Many attempts have been made to favor Li+

fast migration in order to address this issue. One of them is to modify LFP by combining it
with Li3V2(PO4)3 (LVP), which has three-dimensional pathways for Li+ mobility [15,16].
However, such a strategy proposed by many researchers mainly aims at improving electro-
chemical performance, leaving out application-oriented research on the compacted density
and Li-ion pouch cells [17–20].

In addition to selecting a cathode material with a high Li-ion diffusion coefficient,
pursuing high-power LIBs is still dependent on several factors. Firstly, the anode material
should be carefully considered. Li4Ti5O12 (LTO) is an appealing anode candidate for high-
power LIBs, because of its fast Li+ transport capability, zero volume change during charging
cycles, and alleviated lithium deposition [21,22]. Secondly, the component ratio of electrode
pieces can be fine-tuned to adapt to rapid Li-ion intercalation and deintercalation behavior.
Moreover, the use of high-conductivity additive, such as carbon nanotubes, can significantly
improve the electron transfer capability of electrode pieces. Thirdly, another strategy is
to replace traditional foils with new high-performance foils. For example, carbon-coated
Al foils enable lower internal resistance, decreased polarization, and improved adhesion
between active materials and the current collector. They provide an opportunity for LIBs
to achieve a higher power density with a considerable energy density. In practice, the
compacted density is a critical parameter of battery design, and the volumetric energy
density of the battery can be indicated directly by the compacted density of electrode pieces,
which is determined by the size distribution of active material [23,24], the components of
electrode pieces, and the imposed pressure from roller machine [25].

To develop an application-oriented energy storage device with a high power density,
material engineering optimization was conducted to manufacture a series of xLFP·yLVP
composites including LFP·LVP, 3LFP·LVP, 5LFP·LVP, and 8LFP·LVP utilizing a simple
spray-drying approach. 5LFP·LVP (5LFVP) stands out as a strong candidate cathode
material for the high-power LIBs, due to its comprehensive superiorities of Li-ion storage
capability, machining capability, and raw material cost consumption. Subsequently, a
5LFVP||LTO Li-ion pouch cell was exploited to demonstrate its significant energy storage
capability. According to the characterization of Li-ion extraction/insertion capability,
this prototype Li-ion full cell presents a reasonable and scientific attempt to promote the
development of xLFP·yLVP composites in application-oriented Li-ion batteries.

2. Materials and Methods

The information on the crystallographic structure of synthetic products was obtained
using a D8 Advance X-ray diffractometer (XRD, Bruker AXS, Karlsruhe, Germany) with a
non-monochromatic Cu K α X-ray source. The features of amorphous carbon in xLFP·yLVP
composites were determined using the Renishaw INVIA micro-Raman spectroscopy system
(Gloucestershire, UK). The Vario EL cube CHNSO elemental analyzer (Hanau, Germany)
was employed to examine the carbon content. The information of the valence state was
evaluated by XPS measurement via an Ultra DLD with a monochromic Al X-ray source.
The Microtrac S3500 laser (Microtrac Inc., Largo, FL, USA) particle size analyzer was used
for the particle distribution. To determine the morphology of xLFP·yLVP, the JEOL-7100F
(JEOL Ltd., Akishima, Tokyo, Japan) with energy-dispersive spectroscopy (Oxford EDS
IE25, Oxford, UK) was employed. The detailed structural information was obtained using
a JEM-2100F microscope (JEOL Ltd., Akishima, Tokyo, Japan).

3. Electrochemical Characterization

Li-ion half cells were assembled for estimating the difference in Li-ion storage capa-
bilities between various xLFP·yLVP composites. In this study, the Li-ion half cells were
divided into five components: Li foil, power-type electrolyte, separator films from Cel-
gard company, 2025 coin-type battery shell, and electrode piece with 14 mm diameter.
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Each electrode piece had a weight ratio of 80:10:10, corresponding to xLFP·yLVP active
materials, conductive carbon nanotube paste (5 wt.%, Shandong Chenghe New Material
Co., Ltd., Zibo, China) and PVDF binder, respectively. The current collector was made of
carbon-coated aluminum foil. The mass loading of all xLFP·yLVP electrodes was controlled
between 2.0 and 3.0 mg·cm−2. The LAND CT2001A battery test systems were used to
characterize the electrochemical performance. To evaluate the electrochemical behavior,
cyclic voltammetry (CV) curves were collected using a CHI 760e electrochemical worksta-
tion. To achieve a reasonable pouch-cell capacity design, the half cells of LTO||Li were
also assembled using the same method described above to assess the specific capacity and
cyclability of anode material.

The pouch-cell fabrication allows a rational way to demonstrate the utilization of
xLFP·yLVP composites in application-oriented Li-ion batteries. To meet the requirements
of practical application, the ratio of electrode materials, for all types of xLFP·yLVP cathodes
and LTO anode, was set to 90.5 wt.%. The contents of carbon nanotube conductive paste,
super P, and PVDF binder in the pouch cells were adjusted subsequently to 1.5 wt.%,
2 wt.%, and 6 wt.%, respectively. Rolls of separator films were used to prevent direct contact
between the cathode and anode pieces. Here, we proceeded with the control on a capacity
ratio of the anode to cathode, which could fluctuate within the range 1–1.05. Moreover,
the roller machine with 15 tons of pressure was performed to achieve the appropriate
compacted densities of all types of xLFP·yLVP cathodes and LTO anode pieces. A battery
test system of TITANS THCX-IO/5-96-M-A was used to estimate the electrochemical
property of pouch cells.

4. Synthetic Procedure

In this work, material engineering optimization was conducted to manufacture the
xLFP·yLVP composites using a simple spray-drying approach. Here, the molar ratio of
x/y was varied from 1:1, 3:1, 5:1, to 8:1 with corresponding products denoted as LFVP,
3LFVP, 5LFVP, and 8LFVP, respectively. Scheme 1 depicts the detailed synthesis procedure
of 3LFVP, which was chosen as a representative.

Scheme 1. Schematic representation for manufacturing xLFP·yLVP composites.

A sand-milling machine was operated to make all solid raw materials, i.e., 0.328 kg
of V2O5, 1.009 kg of FePO4·2H2O, 0.465 kg of LiOH·H2O, 0.621 kg of NH4H2PO4, 0.5 kg
of C6H12O6, and the milling solvent (10 L of methanol and 5 L of water) was mixed to
form a uniform precursor liquid. The milling time was set at 2 h. The resulting slurry
was then transformed into the precursor powder via the continuous heating exchange
from the spray-drying equipment. Finally, the abovementioned precursors were sintered
in N2 atmosphere at 700 ◦C for 12 h, allowing consistent xLFP·yLVP composites. Other
xLFP·yLVP composites could be obtained by adjusting the ratio of V2O5 to FePO4·2H2O in
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the same synthesized procedure. Moreover, according to the theoretical content calculation
of LFP and LVP in xLFP·yLVP composites (Table S1), the components could be recognized.

5. Results and Discussion

Figure 1a shows the XRD patterns of LFVP, 3LFVP, 5LFVP, and 8LFVP. As presented
in Figure S1, the diffraction peaks were identified for orthorhombic LiFePO4 (JCPDS No.
81-1173) and monoclinic Li3V2(PO4)3 (JCPDS No. 01-072-7074) [26–29]. There were no
undesired impurities in this series of composites, indicating the great potential of our
adopted material optimization approach in practical application. When comparing all
Raman curves of xLFP·yLVP composites in Figure 1b, two apparent peaks near 1350 cm−1

and 1590 cm−1 could be indexed to D and G bands, respectively, indicating graphite defects
and stretching vibration from sp2 carbon atom bonds [17,30]. However, it should be noted
that the graphitization degree of composites showed comparatively subtle differences with
increasing LFP content. The ID/IG ratio for LFVP was only 1.02, lower than that of 8LFVP
(1.15), suggesting that the amorphous carbon embedded on the LVP surface was inclined to
the higher electron conductivity, or that vanadium may have had a positive impact on the
formation of graphitized carbon. Furthermore, XPS measurement was carried out to obtain
the valence state information of key elements in xLFP·yLVP composites. All peaks labeled
in Figure 1c represent the index signals for Li 1s, P 2p, P 2s, C 1s, V 2p, O 1s, and Fe 2p.
Figure 1d presents the XPS curve of Fe 2p with two peaks appearing at around 709 eV and
723 eV for Fe 2p3/2 and Fe 2p1/2, respectively [31,32]. In particular, the intensity of Fe 2p
peaks increased gradually with the increase in the raw material proportion of FePO4·2H2O.

The SEM picture of as-prepared xLFP·yLVP samples in Figures 1e and S2 shows a
uniform microsphere structure constructed by our spray-drying technique. The EDS anal-
ysis was carried out on the representative selection of 8LFVP, indicating a homogeneous
distribution of V, Fe, and C elements in the composites. The TEM and HRTEM measure-
ments provide more detailed information on the structure of 8LFVP, revealing a carbon
coating layer outside particles (Figure 1g). Carbon coating has been well documented
as an effective modification method for electrode materials with low intrinsic electronic
conductivity, allowing for reduced grain growth, enhanced electronic transmission rate,
reduced side reaction, and retained structure integrality [14,33–35]. Additionally, lattice
spacings of 0.542 nm and 0.421 nm were measured, as marked in Figure 1h,i, assigned to
the (111) plane of LVP and (101) plane of LFP, respectively.

To determine the differences in intrinsic kinetics, different scan rates of CV measure-
ments were carried out on the series of xLFP·yLVP composites, and the curves are shown in
Figure 2a,c,e,g with the potential range of 2.5–4.3 V, corresponding to LFVP, 3LFVP, 5LFVP,
and 8LFVP samples, respectively. The redox peak labeled as a/a′ was ascribed to Li-ion
reversible extraction/insertion from/into the LFP crystal structure [36,37]. According
to previous reports [38,39], the redox reactions for V3+/V4+ from the LVP electrode can
induce three pairs of peak signals, which are shown in the figures except for a/a′. The
positions of redox peaks are shifted gradually, associated with enlarged electrochemical
polarization, when the scan rates are increased. Furthermore, it is well documented that
the electrochemical kinetics is determined by the Li-ion diffusion coefficients, which can be
estimated from CV results. Here, the a/a′ and b/b′ redox peaks were chosen to calculate
the Li-ion diffusion coefficients (DLi+ ) of LFP and LVP, respectively. Figure 2b,d,f,h present
the linear fittings of Ip vs. v1/2, rooting from the Randles–Sevchik equation [34,40]. By
calculating the slope of the fitting line, the DLi+ values of xLFP·yLVP composites were
obtained and plotted as a contrast diagram (Figure 2i,j). The DLi+ of LFP in 3LFVP was
2.94 × 10−10/3.1 × 10−10 cm2·S−1, faster than that of other xLFP·yLVP composites. Mean-
while, the DLi+ of LVP presented similar trend, with 3LFVP having the highest DLi+ value of
8.27 × 10−9/7.2 × 10−9 cm2·S−1. Therefore, it is supposed that 3LFVP could provide better
reversibility and the fastest Li-ion migration. However, we should note that the Li-ion
diffusion rate in LVP exceeded that in LFP by an order of magnitude, but LFP would deliver
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higher intrinsic specific capacity. The optimal xLFP·yLVP composition would depend on
the specific application requirements.

 

Figure 1. (a–c) XRD patterns, Raman spectra, and full XPS spectra of the series of xLFP·yLVP
composites; (d) Fe 2p fine spectrum of xLFP·yLVP composites; (e,f) SEM images of 8LFVP/C with
EDS mapping; (g) TEM of 8LFVP; (h,i) HRTEM of 8LFVP with the lattice spacings of LVP and LFP.

Figure 3a shows the power capabilities of the series of xLFP·yLVP composites, which
were evaluated at the step current rate from 0.5 C to 100 C. We can find that, even at
the ultrahigh current rate of 100 C, the electrodes could deliver the capacities of 93.3,
70.8, 67, and 44.3 mA·h·g−1 for LFVP, 3LFVP, 5LFVP, and 8LFVP electrodes, respectively.
Higher specific capacity could be achieved for the 8LFVP electrode at currents less than
2 C. However, when increasing the current rate to 5 C or more, LFVP electrode took the
lead due to its high proportion of LVP with a higher ion diffusion coefficient. Figure 3b
shows the galvanostatic charge–discharge curves of series of xLFP·yLVP at 0.2 C. It is worth
noting that four couples of charge and discharge platforms could be observed for each
xLFP·yLVP, agreeing with the results of CV analysis. Moreover, as shown in Figure 3c, when
a constant current of 1 C was imposed on each xLFP·yLVP, the initial capacities of 112.7,
111.7, 118.6, and 119.2 mA·h·g−1 could be obtained for LFVP, 3LFVP, 5LFVP, and 8LFVP
electrodes, respectively. Furthermore, 95.7%, 100%, 97.2%, and 96% capacity retention can
be maintained after 1000 cycles, demonstrating excellent structural stability. Although the
capacity difference between xLFP·yLVP composites was very small at 1 C, the material
energy density varied significantly, which was closely related to discharge medium voltage.
As shown in Figure 3d, 5LFVP stood out from the other three electrodes, achieving the
highest material energy density of 413.6 W·h·kg−1. To acquire more information on the
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electrochemical capacity of as-prepared xLFP·yLVP electrodes, the ultrahigh rate of 20 C
was performed to make a critical assessment of the cyclability (Figure 3e). As expected, the
LFVP electrode could deliver a higher capacity of 87.3 mA·h·g−1 and an energy density of
291.3 W·h·kg−1 after 2000 cycles. Significantly, series of xLFP·yLVP electrodes obtained
good energy retentions of 77.6%, 86.3%, 88.4%, and 92.1%. Because of the high power
capability of xLFP·yLVP electrodes, our effective material design strategy in this work
provides an opportunity for improving the rate performance of LFP in application-oriented
Li-ion batteries.

 

Figure 2. (a,c,e,g) CV curves of LFVP, 3LFVP, 5LFVP, and 8LFVP, respectively; (b,d,f,h) relationship
between Ip and V1/2 in LFVP, 3LFVP, 5LFVP, and 8LFVP electrodes, respectively; (i,j) Li-ion diffusion
coefficients of LFP and LVP (labeled as a/a′ and b/b′) in series of xLFP·yLVP electrodes.

Compacted density is a critical parameter to evaluate whether an electrode material
can be used in application-oriented Li-ion batteries. Previous reports claimed that high tap
density could lead to higher gravimetric and volumetric energy densities. In other words,
electrode materials with high tap density would possess high compacted density, which
is not entirely precise. In fact, the compacted density can be determined by a variety of
factors, involving the components of electrode pieces, the particle size distribution, and
the intrinsic true density of electrode material. Hence, here, we applied a laser particle
size analyzer to evaluate the size distribution of xLFP·yLVP. As shown in Figure 4a–d, the
size range of 10–20 μm occupied a large proportion of the total volume for LFVP, 3LFVP,
5LFVP, and 8LFVP cathode materials, reaching up to 32.08%, 43.04%, 49.17%, and 47.17%
of the total, respectively. It is worth noting that 5LFVP with the D50 diameter of 18.66
μm demonstrated an optimal size distribution, which may remedy the interstitial space
between particles and achieve an enhanced supporting effect [41]. As shown in Figure 4e,
15 tons of pressure imposed on the electrode pieces could compress the invalid space to
make close contacts between particles. For the same mass loading, the higher compacted
density indicated a thinner electrode and shortened electron pathway. Moreover, Figure 4f
attempts to reveal the relation between the compacted and tap density of xLFP·yLVP
electrode pieces. 3LFVP provided the highest tap density of 1.08 g·cm−3, but a compacted
density of only 1.64 g·cm−3. The equivalent two values of 5LFVP were 1.03 and 1.82
g·cm−3, respectively. According to these results, the tap density of an electrode material
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does not have a distinct impact on the compacted density of electrode pieces, which can be
deeply influenced by size distribution.

Figure 3. The comparison of xLFP·yLVP electrodes in terms of Li-ion storage capability estimated in
the range 2.5–4.3 V; (a) rate performance; (b) the galvanostatic charge–discharge curves; (c) cycling
performance at 1 C; (d) comparison of the material energy density; (e) cycling performance at the
high rate of 20 C.

A concise evaluation of four types of xLFP·yLVP cathode materials was performed
on the basis of six aspects: industrial feasibility, cost of raw material, energy density,
power density, cycling performance, and machining capability. As shown in Figure 4g,
the increased proportion of LVP in xLFP·yLVP would increase the raw cost, impeding
future application in practical Li-ion batteries. Therefore, considering the manufacturing
route, electrochemical performance, machining capability, and cost of series of xLFP·yLVP
composites, 5LFVP is suggested to be an optimal choice for Li-ion batteries.
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Figure 4. (a–d) Size distribution of xLFP·yLVP electrode materials, corresponding to LFVP, 3LFVP,
5LFVP, and 8LFVP, respectively; (e) illustration of the compaction process of electrode pieces; (f) com-
parison of xLFP·yLVP in terms of tap density for materials and compacted density for electrode
pieces; (g) compressive evaluation of the series of xLFP·yLVP electrode materials.

Commercialized Li4Ti5O12 with a Spinel structure exhibits superior Li-ion storage
capability with long cycling stability at a high rate [42,43], ascribed to the negligible volume
change during the Li-ion extraction/insertion process. Therefore, LTO was selected as
an anode material in our expected prototype of Li-ion full cell. As shown in Figure S3,
commercial LTO with a pure phase exhibited the morphology of block-shaped particles with
an average diameter of 1 μm. For achieving a balance between cathode and anode capacity,
an LTO||Li half-cell was assembled to estimate the specific capacity and cyclability of LTO
electrodes in Figure S4.

Here, the Li-ion full battery was assembled with 5LFVP as the cathode and LTO as
the anode. The electrochemical behavior of 5LFVP||LTO was analyzed by the CV test,
in which the scan rate was set at 0.1 mV·s−1. Four couples of redox peaks can be clearly
observed from the CV curve in the potential range of 1.2–2.8 V (Figure 5a), owing to the
reversible intercalation/deintercalation behavior of Li+ ions between the 5LFVP cathode
and LTO anode electrodes. It is well documented that assembling Li-ion pouch cells is
a more rational way to demonstrate the potential of electrode materials in practical LIBs.
As shown in Figure 5b, our 5LFVP||LTO Li-ion pouch cell presented an excellent energy
storage capability. At the constant current charge/discharge test of 400 mA (Figure 5c),
75% of the initial capacity (379.1 mA·h) was still achieved after 300 cycles. Significantly,
the Coulombic efficiency remained steady at a level of around 100%, indicating great
electrochemical reversibility. Moreover, under the test conditions of charging at 200 mA
and discharging at 1200 mA (Figure 5d), the initial capacity could reach up to 360.3 mA
h. When the cycle number increased to 300 cycles, a capacity retention of 60.3% was
recorded for the pouch cell with the capacity fading by 0.15% per cycle. Although the
electrochemical performance of 5LFVP||LTO Li-ion pouch cells does not yet meet the
requirements for commercialization, this prototype provides a reasonable and scientific
attempt for promoting the development of xLFP·yLVP composites in application-oriented
Li-ion batteries.
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Figure 5. (a) CV curves of the 5LFVP||LTO Li-ion full cell measured in the potential range of
1.2–2.8 V; (b) schematic of 5LFVP||LTO Li-ion pouch cells; (c) cycling performance of 5LFVP||LTO
Li-ion pouch cells at the constant current of 400 mA with the capacity retention (d) cycling per-
formance of 5LFVP||LTO Li-ion pouch cells under the test conditions of charging at 200 mA and
discharging at 1200 mA with the capacity retention.

6. Conclusions

In this paper, material engineering optimization was performed to prepare a series of
xLFP·yLVP composites using an uncomplicated spray-drying approach, including LFVP,
3LFVP, 5LFVP, and 8LFVP. Taking all the scientific and practical factors into account,
5LFP·LVP stands out as a strong candidate cathode material in Li-ion batteries, attributed
to its excellent power capability with a material energy density of 413.6 W·h·kg−1, great
machining capability with a compacted density of 1.82 g·cm−3, and lower raw material
cost consumption. Furthermore, the application-oriented energy storage device of the
5LFVP||LTO pouch cell was exploited to demonstrate the Li-ion storage capability. At
both low discharge currents of 400 mA and higher currents of 1200 mA, it exhibited superior
electrochemical properties. Significantly, the Coulombic efficiency could be maintained
around 100% throughout the charge/discharge progress, implying a great electrochemical
reversibility. This prototype provides a reasonable and scientific attempt to promote the
development of xLFP·yLVP composites in application-oriented Li-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma15103668/s1: Figure S1: The XRD patterns of LFP and LVP,
Figure S2. (a–c) SEM images of LFVP/C, 3LFVP/C and 5LFVP/C, respectively; Figure S3. (a) XRD
pattern of LTO; (b) SEM image of LTO; (c,d) TEM and HRTEM images of LTO; Figure S4. Li-ion
storage capability of LTO estimated in the 0.8–2.2 V; (a) CV curve; (b) The galvanostatic charge–
discharge curves at 0.2 C; (c) Rate performance; (d,e) Cycling performance at the rate of 1 and 5 C,
respectively; Table S1. The theoretical content of LFP and LVP in xLFP·yLVP composites.
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Abstract: The electrolysis of water to produce hydrogen is an effective method for solving the rapid
consumption of fossil fuel resources and the problem of global warming. The key to its success is
to design an oxygen evolution reaction (OER) electrocatalyst with efficient conversion and reliable
stability. Interface engineering is one of the most effective approaches for adjusting local electronic
configurations. Adding other metal elements is also an effective way to enrich active sites and improve
catalytic activity. Herein, high-valence iron in a heterogeneous interface of NiFe2O4/NiMoO4

composite was obtained through oxygen plasma to achieve excellent electrocatalytic activity and
stability. In particular, 270 mV of overpotential is required to reach a current density of 50 mA cm−2,
and the overpotential required to reach 500 mA cm−2 is only 309 mV. The electron transfer effect
for high-valence iron was determined by X-ray photoelectron spectroscopy (XPS). The fast and
irreversible reconstruction and the true active species in the catalytic process were identified by in
situ Raman, ex situ XPS, and ex situ transmission electron microscopy (TEM) measurements. This
work provides a feasible design guideline to modify electronic structures, promote a metal to an
active oxidation state, and thus develop an electrocatalyst with enhanced OER performance.

Keywords: hetero-interface; oxygen plasma; oxygen evolution reaction; electrocatalysis; electronic
modulation

1. Introduction

Nowadays, the dramatically increased demand for fossil energy has resulted in the
depletion of traditional energy materials and has generated concerns regarding energy
security and the environmental pollution caused by the extensive use of fossil energy [1].
Overall, water electrolysis has developed as an ideal and effective approach for producing
hydrogen, an alternative clean energy source to traditional fossil fuels [2,3]. The oxygen
evolution reaction (OER) involves multiple steps of proton coupling and a complex four-
electron transfer process [4–6]. The sluggish reaction kinetics eventually cause a high
enough overpotential to trigger the OER, which is a key factor limiting the efficiency of
water electrolysis [3,7]. To date, the most effective catalysts for the OER have been found to
be rare metal oxides, such as IrO2 and RuO2, as they significantly reduce the overpotential
required for the OER. However, the high expenditure and scarcity of precious metals
restrict their wide application for practical industrialization as efficient electrocatalysts.

Due to the abundant transition metal resources of the Earth itself, the construction of
non-noble metal OER electrocatalysts has received much attention recently [6,8–10]. This
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includes transition metal compounds based on nickel, iron, or cobalt (Ni, Fe, and Co nonox-
ides [11–14]; oxides [15–18]; hydroxides [19–21]; and oxyhydroxides [22–25]), which have
shown high conversion efficiencies towards the OER as substitutes for a precious metal
electrocatalyst. Meanwhile, growing nanostructured catalysts directly on conductive sub-
strates, such as Ni foam, has been established to decrease contact resistance and effectively
improve energy efficiency [26–28]. Among these transition metal compounds, NiMoO4 on
Ni foam has been researched as a promising electrocatalyst for its facile synthesis in large
quantities. However, its intrinsic activity still remains defective, especially for its deficient
active site (only Ni site) [29–32].

Generally, it is crucial to consider the modification of structure and electronic config-
uration in order to achieve outstanding OER performance, especially in order to attain
a higher current at a lower overpotential with long-term stability [5]. An atomic-scale
approach for constructing a reliable interface, especially a hetero-interface between differ-
ent nanomaterials, has been intensively adopted to modify the local electronic structure
of materials [33]. This approach can accelerate the reaction kinetics by combining the
structural advantages of each component, thus improving the catalytic performance of
nanocomposites [34–38]. For example, Lv et al. synthesized a core–shell structure of
NiFe-60/Co3O4 on Ni Foam with an obvious and clear hetero-interface between the Co3O4
nanowire and the NiFe-layered double hydroxide nanosheet [39]. A hetero-interface con-
tributes to the interaction between two different nanomaterials, facilitates electron transfer,
and further leads to enhanced catalytic activity for the OER. Zhang et al. demonstrated
a CoN4-based metal−organic framework (MOF) with embedded CoFeOx nanoparticles;
Co sites anchoring on the CoFeOx/MOF interface brought about an altered 3D electronic
configuration for the interfacial Co and a higher valence [40]. In addition, composites
consisting of multivariate transition metals can promote the exceptional modification of
active sites within the matrix, and thus improve reaction efficiency and durability [41].
Based on this, the addition of Fe elements has been confirmed as a proper approach to
enrich the active sites and boost highly efficient OER performance [42–44].

Herein, we report a hetero-interface made of NiFe2O4 nanoparticles (NPs) and a
NiMoO4 nanowire (denoted as NiFe2O4/NiMoO4). Briefly, NiMoO4 nanowires were pre-
pared on nickel foam through a facile hydrothermal synthesis. NiFe Prussian blue analogs
(NiFe PBA) were firstly fixed on the NiMoO4 nanowires by iron exchange. Then, oxygen
(O2) plasma converted the NiFe PBA to NiFe2O4 to form a NiFe2O4/NiMoO4 hetero-
interface. As-synthesized, the NiFe2O4/NiMoO4 exhibits excellent performance for the
OER with a low overpotential of 309 mV required to reach 500 mA cm−2 and a satisfactory
stability (a 4% increase in the overpotential at 50 mA cm−2 over 150 h). The shift in the
binding energy of metal sites increased the electronic interaction of the modulated hetero-
interface. To understand its excellent OER performance, in situ Raman measurements, ex
situ transmission electron microscopy (TEM), and ex situ X-ray photoelectron spectroscopy
(XPS) were used to confirm the fast and irreversible reconstruction and identify the true
active species in the catalytic process.

2. Results and Discussion

The schematics shown in Figure 1a illustrate the preparation of NiFe2O4 nanoparticles
integrated with NiMoO4 nanowires on nickel foam. Briefly, through a simple hydrother-
mal method [45], hydrated NiMoO4 nanowires were vertically germinated on Ni foam.
In accordance with a previous report [46], the NiFe PBA was grown on NiMoO4 nanowires
and the MoO4

2− on the surface of the nanowires was replaced with K+ and [Fe(CN)6]3+ by
ion exchange. The NiFe PBA on the NiMoO4 surface was converted to NiFe2O4 NPs under
O2 plasma treatment, and NiFe2O4/NiMoO4 was obtained. For comparison, NiMoO4
nanowires were also placed under the same O2 plasma treatment and denoted as NiMoO4
O2-Pl.
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Figure 1. (a) Schematic illustration of the synthesis of NiFe2O4/NiMoO4; (b) XRD patterns
of NiFe PBA/NiMoO4 and NiFe2O4/NiMoO4; (c) Raman spectra of NiFe PBA/NiMoO4 and
NiFe2O4/NiMoO4; and (d) Raman spectra of NiFe PBA/NiMoO4 and NiFe2O4/NiMoO4 in a region
from 250 cm−1 to 750 cm−1, respectively.

Characterization of NiMoO4. Figure S1a,b indicate that the NiMoO4 possessed an
even and well-defined nanowire morphology. Its average diameter was about 100 nm.
As the XRD patterns show in Figure S2a, the diffraction peaks of the NiMoO4 were in perfect
agreement with the NiMoO4·xH2O (JCPDF: 00-013-0128), which means the NiMoO4·xH2O
was highly crystalline. In the FT-IR spectra shown in Figure S3, the two peaks at 1628 and
3446 cm−1 correspond to the stretching vibration of hydroxyl (-OH), which can be ascribed
to the bending mode of crystal water in the NiMoO4·xH2O and the surface-adsorbed water
molecules [47].

Characterization of NiFe PBA/NiMoO4. As shown in Figure 1b, a weak diffraction
peak appears at 17.3◦, which can be attributed to the KNi[Fe(CN)6] (JCPDF: 01-089-8978).
At the same time, the diffraction peaks of the NiMoO4·xH2O still remain in the NiFe
PBA/NiMoO4. In Figure S1c,d, the surface of the NiMoO4 nanowires is covered with small-
sized NiFe PBA NPs, indicating the expected process of the iron exchange. Figure 1c reveals
peaks at 357, 828, 872, and 950 cm−1 for the NiFe PBA/NiMoO4, which can be assigned to
the Mo-O vibration, and this result is consistent with previous reports [32]. In addition,
the NiFe PBA/NiMoO4 exhibits three peaks around 2100 cm−1, which can be attributed
to -CN [48,49]. In Figure S3, for the NiFe PBA/NiMoO4, a new characteristic peak can
be observed at 2099 cm−1 in the FT-IR spectrum, which is attributed to the stretching
vibrations of -CN in the NiFe PBA NPs [50]. In Figure S5a, for the NiFe PBA/NiMoO4, the
Ni 2p spectra can be deconvoluted into four peaks and two wide satellite peaks. In the
Ni 2p3/2, the peaks at 856.2 eV and 857 eV can be ascribed to the Ni2+ and Ni3+ species,
respectively. Meanwhile, in the Ni 2p1/2, the peaks of the Ni2+ and Ni3+ species can be
fitted at 874.0 eV and 875.2 eV, respectively. In addition, two satellite peaks for Ni can be
observed at 862.8 and 880.7 eV [51]. As shown in Figure S5b, the further fitted peaks at
708.5 and 709.1 eV in the Fe 2p3/2 are ascribed to Fe2+ and Fe3+, respectively, while the
peaks observed at 721.6 and 722.2 eV in the Fe 2p1/2 are owed to the existence of Fe2+ and
Fe3+, respectively. The ratio of the Fe3+ to Fe2+ peak areas in the Fe 2p3/2 was calculated as
0.948. Furthermore, one satellite peak for Fe appears at 715.7 eV [51].

Characterization of NiFe2O4/NiMoO4. In Figure 1b, compared to the NiFe PBA/NiMoO4,
the diffraction peak initially attributed to KNi[Fe(CN)6] disappears, and a new weak diffraction
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peak can be observed at 43.3◦, which is attributed to the (400) planes of the NiFe2O4 (JCPDS:
44-1485). As shown in Figure 1c, the characteristic Raman peaks attributed to the Mo-O bond
still remain, while the peak owed to -CN disappears. A broad peak at 520 cm−1 in Figure S2b
indicates the formation of NiFe-O. The same phenomenon is shown in Figure S3, as the
characteristic peak of -C≡N- disappears and an apparent peak at 1384 cm−1 can be assigned to
the C=O in CO2 and the stretching vibration of the interlayer NO3

= groups [47]. This is related
to the decomposition of PBA under O2 plasma treatment. As shown in Figure 2a, the NiMoO4
remains in the structure of the nanowire with a diameter of 100 nm, similarly to the NiMoO4 and
NiFe PBA/NiMoO4, while the NiFe2O4 nanoparticles slightly agglomerate. The TEM image of
the NiFe2O4/NiMoO4 (Figure 2b) clearly shows the NiFe2O4 NPs anchoring on the surface of
the NiMoO4 nanowire. The high-resolution transmission electron microscope (HRTEM) image
in Figure 2c indicates the high-crystalline characteristic of the NiMoO4. The HRTEM image in
Figure 2d shows the apparent hetero-interface of the NiFe2O4/NiMoO4. The lattice spacing
of 2.08 Å can be attributed to the (400) plane of the NiFe2O4 and the lattice spacing of 3.26 Å
assigned to the NiMoO4·xH2O. The elemental mapping images (Figure 2e) indicate that the Fe
element is evenly distributed on the NiMoO4 nanowires in the form of nanoparticles. Table S1
shows the chemical composition of the NiFe2O4/NiMoO4. The molecular ratio of NiFe2O4 and
NiMoO4 in the NiFe2O4/NiMoO4 is 1:17.27.

Figure 2. (a) SEM image, (b) TEM image, and (c) HRTEM images of NiFe2O4/NiMoO4; (d) the
corresponding HRTEM images of selected areas; and (e) EDS mapping images for Fe, Ni, Mo, and
O elements of NiFe2O4/NiMoO4.

XPS was used to analyze and further explore the surface electronic interaction of the
NiFe2O4/NiMoO4. The Ni 2p spectra of NiFe2O4/NiMoO4 contain four fitted peaks with
wide satellites (Figure 3a). The fitted peaks at 856.1 and 873.7 eV in the Ni 2p3/2 and the Ni
2p1/2, respectively, can be attributed to Ni2+, while another two peaks (858.3 and 875.9 eV)
correspond to the Ni3+ species. The wide peaks observed at 862.3 and 879.9 eV are owed
to the satellites of Ni [52]. As Figure 3b shows, the fitted peaks at 710.7 and 713.3 eV can
be related to Fe2+ and Fe3+ in the Fe 2p3/2, and the same is true for another two peaks
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at 723.8 and 726.4 eV in the Fe 2p1/2 [53]. The broad peaks at 718.8 and 731.9 eV can be
attributed to the satellite peaks of Fe. In Figure S6a,b, the peaks in the Ni 2p3/2 and the
Mo 3D of the NiFe2O4/NiMoO4 exhibit slightly negative shifts of about 0.2 eV compared
with those observed from the spectra of the NiFe PBA/NiMoO4. The peaks of the Fe 2p
exhibit a distinct positive shift compared with those of the NiFe PBA/NiMoO4, and the
ratio of the Fe3+ to Fe2+ peak area in the Fe 2p3/2 (Figures S5b and 3b) increases from 0.948
in the NiFe PBA/NiMoO4 to 1.706 in the NiFe2O4/NiMoO4. The negative movement of
binding Ni and Mo energy indicates the regulation of the electronic structure in the hetero-
interface. Meanwhile, oxygen plasma leads to the oxidation of Fe, and these two factors
eventually promote an increase in the binding energy of Fe. It has been confirmed that Fe
with a high valence state promotes processes in the OER [54–56]. The fitted O 1s peaks at
530.7, 532.3, and 533.3 eV can be attributed to metal-O, C=O [57], and surface-adsorbed
oxygen, respectively.

Figure 3. XPS: (a) Ni 2p, (b) Fe 2p, and (c) O 1s spectra of NiFe2O4/NiMoO4; (d) Ni 2p and (e) Fe 2p
spectra of NiFe2O4/NiMoO4 after OER testing for 3 h; (f) Mo 3D spectra of NiFe2O4/NiMoO4 before
OER testing and after OER testing.

Electrochemical performance. For the purpose of measuring the electrochemical
performance of the prepared samples, a three-electrode electrochemical system was used.
An aqueous solution of 1 M KOH was selected as the electrolyte solution. The polarization
curves of all samples with iR corrected are shown as Figure 4a. The peaks around 1.38 V
can be assigned to the oxidation of nickel species to a higher valence state. Furthermore, the
NiFe2O4/NiMoO4 demonstrates the lowest overpotential of 253 mV to reach 10 mA cm−2,
while the overpotential required to achieve 10 mA cm−2 for the NiFe PBA/NiMoO4,
NiMoO4 O2-Pl, NiMoO4, and Ni foam is 310, 313, 324, and 431 mV, respectively. In addition,
for the NiFe2O4/NiMoO4, an overpotential of 270 and 309 mV are required to achieve
50 mA cm−2 and 500 mA cm−2, respectively.
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Figure 4. (a) Polarization curves and (b) corresponding Tafel slope plots of as-prepared catalysts;
(c) EIS Nyquist plots of NiMoO4, NiMoO4 O2-Pl, NiFe PBA/NiMoO4, and NiFe2O4/NiMoO4;
(d) capacitive current densities plotted as a function of the scan rate; and (e) chronopotentiometry of
NiFe2O4/NiMoO4 at 50 mA cm−2 with iR corrected.

As shown in Figure 4b, the Tafel slope of the NiFe2O4/NiMoO4 is the smallest, at
46.4 mV dec−1, compared with that of the NiFe PBA/NiMoO4 (119.2 mV dec−1), NiMoO4
O2-Pl (139.8 mV dec−1), NiMoO4 (136.8 mV dec−1), and Ni foam (230.1 mV dec−1).
The smaller Tafel slope of the NiFe2O4/NiMoO4 indicates its faster kinetics [4,6]. The high
performance of the NiFe2O4/NiMoO4 can be attributed to the oxygen-plasma-induced
formation of the hetero-interface, made up of NiFe2O4 NPs and NiMoO4 nanowire arrays
and containing iron with a higher valence. Iron with a higher valence has been confirmed
to be conducive to the OER [54–57].

Figure 4c shows the electrochemical impedance spectroscopy (EIS) of all samples, and
it can clearly be observed that the smallest charge transfer resistance (Rct) is found in the
NiFe2O4/NiMoO4. The smaller Rct relative to the others indicates a faster charge transfer
for the NiFe2O4/NiMoO4, which may relate to the hetero-interface made up of NiFe2O4
NPs and NiMoO4 and further leads to enhanced electrocatalytic performance.

The electrochemical active surface area (ECSA) by CV measurement is shown in Figure
S4. As shown in Figure 4d, the double-layer capacitance (Cdl) of the NiFe2O4/NiMoO4,
NiFe PBA/NiMoO4, NiMoO4 O2-Pl, and NiMoO4 was calculated to be 4.21, 3.09, 2.49,
and 3.67 mF cm−2. The larger value of Cdl indicates a higher electrocatalytic OER activity
of the NiFe2O4/NiMoO4, which is attributed to more exposed active sites related to the
iron with a higher valence. Long-term stability is an important index for evaluating a
catalyst. As shown in Figure 4e, the NiFe2O4/NiMoO4 displays outstanding durability (a
4% increase in the overpotential at 50 mA cm−2 over a 150 h reaction).

In situ Raman spectra. To figure out the phase change and reconstruction in the OER
process, the NiFe2O4/NiMoO4 was first activated in an alkaline solution. In Figure 5a,
with the increase in the applied potential from 1.18 V to 1.43 V, the intensity of charac-
teristic peaks for Mo-O vibration decreased, which represents the dissolution of MoO4

2−.
Meanwhile, a small but sharp characteristic peak at 525 cm−1 corresponding with the Fe-O
bond in FeOOH emerged with an applied potential of 1.23 V [58], which indicates the
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formation of FeOOH in the OER process. When the potential is applied at 1.28 V, broad
peaks can be observed around 460 cm−1 and 520 cm−1, which are related to the appearance
of α-Ni(OH)2 [59]. The peak becomes sharper when the applied potential arrives at 1.33 V.
A broad peak occurs at 475 cm−1, which can be attributed to the emergence of γ-NiOOH
from α-Ni(OH)2 [32,58], and the peak tends to become sharper with an applied potential at
1.43 V, while another characteristic peak of γ-NiOOH appears at 558 cm−1 [32,59].

Figure 5. In situ Raman spectra of NiFe2O4/NiMoO4 (a) for activation from 1.18 V to 1.43 V and
(b) for CVs in the initial 2 cycles from 1.18 V to 1.43 V at a scan rate 1 mV s−1.

In situ Raman spectra of the NiFe2O4/NiMoO4 in the initial two cycles in CVs are
shown in Figure 5b. With multiple cycles, the intensity of the characteristic peak for
γ-NiOOH gradually stabilizes and the characteristic peaks of Mo-O vibration almost
completely disappear, which can be attributed to the irreversible reconstruction of the
NiFe2O4/NiMoO4.

For comparison, the NiFe PBA/NiMoO4 was also first activated in an alkaline solution.
In Figure S8a, with the increase in applied potential, the same phenomenon of a decrease
in the intensity of characteristic peaks for Mo-O vibration can be observed. In addition,
when a potential of 1.38 V is applied to the NiFe2O4/NiMoO4, a broad peak occurs at
475 cm−1, which can be attributed to the emergence of γ-NiOOH. The same phenomenon
occurs at an applied potential of 1.28 V for NiFe2O4/NiMoO4. This fact means that the
NiFe2O4/NiMoO4 is reconstructed faster than the NiFe PBA/NiMoO4, which leads to the
better OER performance of the NiFe2O4/NiMoO4 from another aspect. However, there are
no observable peaks attributed to FeOOH, and in Figure S8b, with the increase in applied
potential, the peaks related to -CN still exist [48,49]. This illustrates that the Fe coordinating
with the cyanide group cannot catalyze the OER as an independent active site with the
increase in applied potential, which further explains the reason that the OER performance
of the NiFe PBA/NiMoO4 is close to the OER performance of the NiMoO4.

Ex situ XPS. The Ni 2p and Fe 2p spectra of the NiFe2O4/NiMoO4 after 3 h of OER
testing are shown in Figure 3d,e, respectively. In Figure 3d, the Ni 2p can be deconvoluted
into two peaks with two satellites. The fitted peaks at 855.1 and 872.7 eV can be ascribed to
Ni3+, which is attributed to NiOOH [60]. Meanwhile, two satellites of Ni can be observed
at 860.9 and 878.9 eV, respectively. As shown in Figure 3e, the two fitted peaks occur at
712.1 and 725.2 eV with a broad satellite at 718.3 eV, which can be related to FeOOH [61,62].
It can clearly be observed that there is a sharp attenuation in the peak intensity of the Mo
3d of the NiFe2O4/NiMoO4 after 3 h of OER testing, further demonstrating the irreversible
reconstruction of the NiFe2O4/NiMoO4 with the dissolution of MoO4

2−.
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Ex situ TEM. The images of the NiFe2O4/NiMoO4 after OER testing (Figure 6a,b)
clearly show the robust surface of the nanowire and numerous defects as the result of the
dissolution of MoO4

2−. The HRTEM image in Figure 6c reveals clear lattice fringes of the
(105) plane for NiOOH (JCPDF: 00-006-0075) with a crystalline interplanar spacing of 2.09 Å.
The HRTEM image in Figure 3d shows small black particles distributed in clumps, which
may relate to the amorphous FeOOH delivered by the activation of the NiFe2O4 in OER
testing. The elemental mapping images (Figure 3e) indicate that Fe is still evenly distributed
on the NiMoO4 nanowire, and Mo dissolves in large quantities, which is consistent with
the aforementioned analytical results.

 

Figure 6. (a) TEM image; (b) HRTEM image of NiFe2O4/NiMoO4 after 3 h of OER testing; (c) the
corresponding HRTEM images of the area selected by the orange frame; (d) the corresponding
HRTEM images of the area selected by the blue frame; and (e) EDS mapping images for Fe, Ni, Mo,
and O elements of NiFe2O4/NiMoO4 after OER.

3. Conclusions

In summary, a heterogeneous interface of NiFe2O4/NiMoO4 with high-valence iron
through oxygen plasma can be fabricated to achieve excellent electrocatalytic activity and
stability. To achieve a current density of 50 mA cm−2, 270 mV of overpotential is required, while
an overpotential of 309 mV is required to reach 500 mA cm−2. The NiFe2O4/NiMoO4 also
exhibits a satisfactory stability (a 4% increase in the overpotential at 50 mA cm−2 over 150 h).
O2-plasma-induced electronic interaction in the hetero-interface of NiFe2O4/NiMoO4 and iron
with a higher valence play an essential role in OER performance. The potential-dependent
phase change and the fast and irreversible reconstruction of the NiFe2O4/NiMoO4 in a catalytic
process were identified by in situ Raman, ex situ XPS, and ex situ TEM measurements. Based
on this, the true active species, NiOOH and FeOOH, were determined. This work provides a
feasible design guideline for modifying electronic structure through the construction of a hetero-
geneous interface and the activation of metal sites by O2 plasma, finally leading to enhanced
OER performance.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15103688/s1. Figure S1. SEM images (a, b) and (c, d) of
NiMoO4 and NiFe PBA/NiMoO4, respectively. Figure S2. XRD patterns of NiFe PBA/NiMoO4 and
NiFe2O4/NiMoO4. Figure S3. FT-IR spectra of NiMoO4, NiFe PBA/NiMoO4 and NiFe2O4/NiMoO4.
Figure S4. XPS spectrum of (a) NiMoO4, NiMoO4 O2-Pl, NiFe PBA/NiMoO4, NiFe2O4/NiMoO4, and
of (b) NiFe2O4/NiMoO4 before OER and after OER. Figure S5. XPS (a) Ni 2p and (b) Fe 2p spectra
of NiFe PBA/NiMoO4. Figure S6. XPS analysis of NiFe PBA/NiMoO4 and NiFe2O4/NiMoO4.
The core level spectra of (a) Ni 2p3/2 and (b) Mo 3d. Figure S7. Cyclic voltammograms in a capacitive
current region at various scan rates from 20 to 100 mV s−1. (a) NiMoO4, (b) NiMoO4 O2-Pl, (c) NiFe
PBA/NiMoO4, (d) NiFe2O4/NiMoO4. Figure S8. In situ Raman spectra of NiFe2O4/NiMoO4for
activation from 1.18 V to 1.63 V (a) in a region from 250 cm−1 to 1050 cm−1 and (b) in a region from
1500 cm−1 to 2500 cm−1. Table S1. Chemical composition of NiFe2O4/NiMoO4 based on EDS.
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Abstract: The high efficiency of perovskite solar cells strongly depends on the quality of perovskite
films and carrier extraction layers. Here, we present the results of an investigation of the photoelectric
properties of solar cells based on perovskite films grown on compact and mesoporous titanium
dioxide layers. Kinetics of charge carrier transport and their extraction in triple-cation perovskite
solar cells were studied by using transient photovoltage and time-resolved photoluminescence
decay measurements. X-ray diffraction analysis revealed that the crystallinity of the perovskite films
grown on mesoporous titanium dioxide is better compared to the films grown on compact TiO2.
Mesoporous structured perovskite solar cells are found to have higher power conversion efficiency
mainly due to enlarged perovskite/mesoporous -TiO2 interfacial area and better crystallinity of their
perovskite films.

Keywords: advanced energy materials; perovskite; solar cell; thin film; power conversion efficiency

1. Introduction

It has become increasingly urgent to look for renewable energy sources and improve
the existing ones due to the ever-increasing energy demand accompanied by the exhaustion
of organic fuels, global warming, and the current political situation. One of the most
promising and environmentally friendly energy sources is electricity generated by solar
cells. The organic–inorganic hybrid perovskite-based solar cells (PSC) show a promising
future for photovoltaic technology [1]. During the last decade, the power conversion
efficiency (PCE) of PSCs has grown from 3.8% to more than 25.7% [2], making them a
very rapidly advancing technology and a popular topic in the field of solar cells. The high
performance of PSCs can primarily be attributed to their excellent optoelectronic properties,
such as (1) strong light absorption through the entire visible spectrum range, enabling the
use of thin perovskite films [3,4]; (2) high carrier mobility [5,6]; (3) long carrier diffusion
length [7,8]; (4) high defect tolerance [9]; and (5) long lifetime of the generated charge
carriers [10,11]. To realize the good performance of a PSC, high-quality perovskite film
containing a low density of defects must be employed in a single device [12]. The defects
in a perovskite layer may affect both charge carrier transport and their extraction pro-
cesses [13], and they can induce trap states, causing increased charge carrier recombination
rate and, thereby, the reduced power conversion efficiency of a PSC [14]. To obtain perfectly
operating perovskite devices, carrier transport and extraction layers are also important
in addition to high-quality perovskite films [15,16]. There are several basic requirements
for the transport layers: (1) good energy-level alignment with a perovskite for efficient
charge transfer, (2) high mobility of charge carriers to guarantee their fast transport, (3) high
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transmittance to reduce the optical energy loss, (4) good stability, and (5) easy processing
and low cost [16]. Two typical PSC structures are widely used: one is a planar heterojunc-
tion architecture [7,17], and another is a mesoporous structure [18,19]. Planar perovskite
solar cells are advantageous because they have simple and scalable configurations [20].
However, the highest PCE is achieved with mesoscopic PSC, in which a mesoporous metal
oxide layer plays an important role as the charge transport channel, scaffold for loading
the light-absorbing materials, and electron–hole separator [21].

Titanium dioxide (TiO2) has been mostly used as an electron transport layer (ETL) in
PSCs due to its wide bandgap, Eg = 3.2 eV, suitable for minimized parasitic absorption, an
appropriate conduction band alignment with a perovskite for efficient electron injection,
and good electron-transport capability [22]. The quality of ETL plays an important role
in improving the performance of PSCs [23]. An ETL transports photoinduced electrons
away from the perovskite, and at the same time, it serves as a blocking layer preventing
direct contact between the holes and fluorine-doped tin oxide (FTO) [24,25]. Therefore,
TiO2 layers should be uniform, pinhole-free, and should completely cover the surface of
FTO [26]. The optimal thickness of crystalline TiO2 depends on the deposition technique
and post-treatment of the layers. In the case of planar PSCs, the thickness of an ETL is in the
range of 20–30 nm [26–28]. The deposition of a mesoporous (mp-TiO2) layer on crystalline
titanium dioxide provides a reduced carrier transport length and increased interfacial
contact area, thereby facilitating efficient charge carrier collection and yielding the highest
reported PCE values [29]. It has been shown that the structural properties of the mp-TiO2
layer, such as particle size, thickness, and porosity, have a significant influence not only on
the performance of PSCs but also on the layer’s photoelectric properties [13,26,30–32]. The
transient photovoltage (TPV) measurements showed that the TPV decay strongly depends
on the porosity of TiO2 film, and there is a significant correlation between the TPV decay
characteristics and the performance of the perovskite solar cells [13]. It was established that
the time-resolved photoluminescence (TRPL) decay also strongly depends on the size of
TiO2 nanoparticles [30], the porosity of the TiO2 film, mesoscopic structure, and perovskite
morphology formed therein [13]. TRPL spectroscopy is a powerful technique to study
excited charge carrier recombination in perovskite layers that notably determine the PCE
of PSCs [14].

In this paper, we report experimental results of the kinetics of the charge carrier trans-
port and their extraction obtained by performing transient photovoltage and time-resolved
photoluminescence decay measurements with the intention to elucidate the correlation
between the electronic processes in perovskite layers and the performance of perovskite
solar cells.

2. Fabrication of Perovskite Films and Their Characterization

In this study, two types of perovskite solar cells, with and without a porous TiO2
layer, were fabricated. Their schematic configurations are shown in Figure 1. The cells
also differ in the formation and composition of the compact TiO2 layer: in one case, the
compact TiO2 layers were formed by the conventional spray pyrolysis method; in another
case, the compact TiO2 layers containing niobium oxide (Ti1–xNbxO2− mixed titanium
niobium oxide) were deposited using the Atomic Layer Deposition (ALD) method. In both
cases, the 25 × 25 mm2 glasses coated with a transparent fluorine-doped tin oxide (FTO)
layer (TEC 10, Ossila, UK) were used as substrates. The composition of precursors, their
concentrations and purity grades, the sequence of procedures and equipment, and the
parameters of the layers (ETL, perovskite layer, and hole transport layer), all used for the
fabrication of the perovskite cells, are detailed in our previous papers [33,34].

Thin, compact Ti0.93Nb0.07O2 layers were deposited in a “Fiji F200” ALD reactor
(Cambridge Nano Tech, Cambridge, MA, USA) using similar procedures as described
in [35]. Precursors for titanium and niobium oxides were tetrakis dimethylamino titanium
(TDMAT, 99.9%; STREM Chemicals Inc., Newburyport, MA, USA) and niobium ethoxide
(Nb(OEt)5, 99.9%; STREM Chemicals Inc., Newburyport, MA, USA), and deionized water
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was used as an oxygen source. The mixed oxide was formed by depositing a single layer of
niobium oxide for every 20 layers of deposited titanium oxide. The deposition consisted of
420 monolayers and resulted in an approximately 30 nm-thick coating.

Figure 1. Schematic configuration of the cells fabricated for the study: (a) without porous TiO2 layer,
(b) with porous TiO2 layer. The compact TiO2 layers with and without Nb2O5 were formed using the
ALD and spray pyrolysis methods, respectively.

We should note that porous TiO2, perovskite, and hole transport layers were formed
over the ALD-mixed titanium niobium oxide layer using the same precursors and pro-
cedures as in the case of compact TiO2 layers formed by spray pyrolysis. Cs-containing
Csx(MA0.17FA0.83)1–xPb(I0.83Br0.17)3 perovskite layers of the same composition with x = 0.1
were grown for both cell types. The 70 nm-thick Au contacts were deposited in the vacuum
chamber of the thermal evaporation equipment “VAKSIS PVD Vapor-5S_Th” (Vaksis R&D
and Engineering, Ankara, Turkey) on the top of the hole transport layer (Spiro-OMeTAD
from Sigma-Aldrich, St. Louis, MO, USA, was used for its formation) and on the open side
of FTO (see Figure 1).

The surface morphology and cross-section of the films were examined using a scanning
electron microscope (SEM) (Helios NanoLab 650, FEI, Hillsboro, OR, USA).

X-ray diffraction (XRD) patterns were obtained using an X-ray diffractometer (XRD)
(SmartLab, Rigaku, Tokyo, Japan) equipped with a 9 kW power rotating Cu anode X-ray
source and theta/theta goniometer. The patterns were measured with Bragg–Brentano
geometry in the 2Θ range of 10–65◦.

The transient photovoltage of the solar cells was measured using the setup shown in
Figure 2. A diode-pumped, frequency-doubled Nd:YAG-LBO laser NL202 (Ekspla Ltd.,
Vilnius, Lithuania) generated 7 ns-long pulses of 532 nm radiation. To prevent the sample
from heating, a low pulse repetition rate of 5 Hz was used. A harmonic separator (dichroic
beamsplitter; Eksma Ltd., Vilnius, Lithuania) was employed to reflect the rest of the infrared
beam and transmit the 532 nm radiation. A part of the laser beam was directed to an optical
signal reference detector (Standa Ltd., Vilnius, Lithuania) using a beam splitter plate. A
variable attenuator (Eksma Ltd., Vilnius, Lithuania) consisting of a Brewster-type polarizer
and quartz half wave-plate allowed changing the power of the incident laser beam. The
average power of the laser radiation was measured by an optical power meter PM400
(Thorlabs Inc., Newton, NJ, USA). The maximum power density incident on the sample
was about 0.5 mWcm−2. A laser beam was directed onto the sample S with a removable
high-reflectance mirror (M). The transient photovoltage and the laser pulse were recorded
using a digital storage oscilloscope DSO6102A (Agilent Technologies Inc., Santa Clara, CA,
USA), and the laser pulse shape was registered by the high-speed detector 11HSP-FS1
(Standa Ltd., Vilnius, Lithuania).

The light from a continuous-wave (CW) Ar-ion laser or pulsed 532 nm microchip laser
(Standa Ltd., Vilnius, Lithuania) was used for excitation in a standard photoluminescence
(PL) measurement setup with a 1 m monochromator and thermoelectrically cooled pho-
tomultiplier tube working in the photon counting regime. More details of this technique
are described in our previous paper [36]. The power of the lasers was varied with a linear
variable metallic neutral density filter. The samples were held in a vacuumed optical
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cryostat during all CWPL and time-resolved photoluminescence (TRPL) measurements at
room temperature.

Figure 2. The scheme of the experimental setup of transient photovoltage measurement. NL202 is the
diode-pumped Nd:YAG laser; LBO is the nonlinear crystal for the second harmonic generation; SEP
is the Nd:YAG laser harmonic separator; BS is the beam splitter plate; VA is the variable attenuator
for 532 nm laser beam; M is the removable high-reflectance mirror; S is the sample solar cell; R is the
load resistor; PM is the optical power meter; D is the optical signal reference detector; OSC is the
digital storage oscilloscope.

The photovoltaic characteristics of the perovskite solar cells were measured using
Keithley 2602A (Keithley Instruments Inc., Cleveland, OH, USA) equipment. The 100 mW/cm2

irradiance was produced by an AM 1.5 spectral lamp (Newport model 67005, Newport
Corp., Irvine, CA, USA) placed at an appropriate distance.

3. Results and Discussion

Figure 3 presents the XRD patterns of the Ti0.93Nb0.07O2 film before (as-deposited)
and after annealing in an H2 atmosphere at 400 ◦C for 50 min. The ramping-up rate was
5 ◦C/min, and the ramping-down rate was 3 ◦C per minute. It can be seen that the XRD
pattern of the as-deposited film presents only FTO peaks. The XRD peaks of TiO2 (anatase)
emerged on the XRD pattern of the Ti0.93Nb0.07O2 film annealed in a H2 atmosphere. The
electrical resistivity of the Ti0.93Nb0.07O2 film decreased from 2 × 102 to 3.5 × 10−3 Ω cm
during the annealing.

Figure 3. XRD patterns of the Ti0.93Nb0.07O2 film before (as-deposited) and after annealing in a
H2 atmosphere.

The top-view SEM images of the triple cation perovskite films grown on titanium
dioxide using different methods are shown in Figure 4. The first perovskite (Film A)
was grown on a compact titanium dioxide (c-TiO2) layer formed by the conventional
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spray pyrolysis method (FTO/c-TiO2/perovskite). The second perovskite film (Film B)
was grown on the mesoporous TiO2 layer (FTO/c-TiO2/mp-TiO2/perovskite). The third
perovskite film (Film C) was grown on the compact TiO2 layer deposited using the ALD
method (FTO/ALD-TiO2/perovskite). The fourth perovskite film (Film D) was grown on
the mesoporous TiO2 layer (FTO/ALD-TiO2/mp-TiO2/perovskite). It can be seen that the
morphology of the perovskite films and grain sizes are similar and the surfaces are flat and
smooth, in agreement with other reports elsewhere [23,32].

Figure 4. Surface SEM images of perovskite films grown on different types of titanium dioxide
layers: (a) Film A on the c-TiO2 layer, (b) Film B on the mp-TiO2 layer/c-TiO2, (c) Film C on the
compact ALD-TiO2 layer, and (d) Film D on the mp-TiO2 layer/ALD-TiO2.

The cross-sectional SEM images of the same perovskite films are shown in Figure 5.
It is seen that the morphology and grain distribution in the films grown on the compact
TiO2 are similar (Figure 5a,c). The thickness of Films A and C was (880 ± 30) nm and
(1200 ± 50) nm, respectively. However, the interface between Film A and c-TiO2 formed
by spray pyrolysis (Figure 5a) contained some small cavities. The perovskite material
grown on mesoporous TiO2 has penetrated between the nanocrystals of the mp-TiO2 layer
(Figure 5b,d). The thickness of Films B and D was (880 ± 50) nm and (720 ± 50) nm,
respectively. Though the surface images of the perovskite films (Figure 4) show grains
with dimensions greater than 1000 nm, the cross-section images show that the films were
composed of stacked grains but not of ones spanning over the whole thickness of the
layer (Figure 5b,d).

The XRD patterns of the perovskite films grown on different TiO2 layers are de-
picted in Figure 6. Most of the XRD peaks corresponded to 2Θ values of the cubic
FA5/6Ma1/6PbBr0.5I2.5 phase (ICDD PDF card #01-085-6374). The rest of the peaks were
attributable to FTO. Visually, the XRD patterns of the films were very similar. However,
in the case of Film C, the perovskite XRD peak 100 was of higher intensity than peak
110, in contrast to the other patterns. This could mean that the crystallites of the Film C
have a prevailing orientation in the [100] direction while the rest of the films have another
prevailing orientation, namely, [110].

The XRD peaks of the perovskite films formed on TiO2 by spray pyrolysis seem to be
sharper. This means that the crystallinity of the perovskite films grown on mesoporous
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titanium dioxide is better compared to the films grown on compact TiO2. The values of full
width at half-maximum (FWHM) of the perovskite peaks 100, 110, and 220 are presented
in Table 1. The size of a crystallite, D, and the value of micro-deformation, Δd/d (d is
the interplanar spacing), both calculated using the Hall method, are also presented in the
table. The FWHM values of Films A and B were smaller in comparison to those formed
using the ALD method (Films C and D). Respectively, the size of crystallites was larger,
and microdeformation was smaller in Films A and B, thus pointing to lower dislocation
density in these films.

Figure 5. Cross-sectional SEM images of perovskite films on different TiO2 layers: (a) Film A on the
compact TiO2 layer, (b) Film B on the mp-TiO2 layer/c-TiO2, (c), Film C on the compact ALD-TiO2

layer, and (d) Film D on the mp-TiO2 layer/ALD-TiO2.

Figure 6. XRD patterns of perovskite films on different titanium dioxide layers: Film A is on the
compact TiO2 layer, Film B is on the mp-TiO2 layer/c, Film C is on the compact ALD-TiO2 layer, and
Film D is on the ALD-TiO2/mp-TiO2 layer.
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Table 1. The FWHM values of perovskite XRD peaks 100, 110, and 220, crystallite size D, and the
value of microdeformation Δd/d in different perovskite films.

Sample FWHM(100) FWHM(110) FWHM(220) D, nm Δd/d

Film A 0.071 0.091 0.167 181.0 ± 30.3 0.25 ± 0.12
Film B 0.065 0.083 0.164 189.0 ± 82.3 0.23 ± 0.05
Film C 0.131 0.197 0.338 73.7 ± 15.0 0.29 ± 0.04
Film D 0.105 0.134 0.243 100.0 ± 12.3 0.30 ± 0.17

Figure 7 shows CW photoluminescence spectra measured from both sides of the planar
and mesoporous structured solar cells. For most of the samples, the peak position of the
top side (spiro-OMeTAD side) spectrum is within the ±3 nm range centered at 762 nm.
This finding agrees well with the other results of triple cation perovskites containing 10%
of Cs [34,37]. However, the 10 nm blue shift is detected in the case of the Film C sample.
Nevertheless, the peak position of the bottom side (glass side) is less scattered among the
samples (Figure 7b), but it is slightly redshifted compared to the spiro-OMeTAD side case.
Analyzing the “same side” PL results, one can observe that the peak position of the samples
containing the mp-TiO2 layer has lower energy values than those of the samples with
the c-TiO2 layer; but, again, except for the sample with Film C from the spiro-OMeTAD
side. A study of the integrated PL intensity IPL dependence on laser power density P in
the 1 mW/cm2 to 65 mW/cm2 range revealed that the Film C sample has the weakest
dependence: its slope coefficient k (log IPL ∝ k log P) equals 0.95 when measured from
the spiro-OMeTAD side. The coefficient k values are presented in Table 2. As a rule, the
slope is below 1 for the free-to-bound and donor–acceptor transitions, and stays between
1 and 2 for the free-exciton or bound-exciton transitions [38]. The magnitude of k depends
on the power density P and on material properties such as radiative and competitive
nonradiative recombination probabilities [39] or the contribution of deep defects [40]. All
these anomalies of Film C could be related to the smaller size of its crystallites. Therefore, a
blue shift is observed in the CWPL spectrum from the spiro-OMeTAD side, and it changes
the recombination probabilities, leading to a lower k value. Additionally, the decrease
in the k value could result from donor–acceptor or free-bound transitions, including the
contribution of the deep defects.

Figure 7. CWPL spectra of PSC measured from (a) Spiro-OMeTAD side and (b) Glass side. Dashed
and solid lines indicate planar and mesoporous structured cells, respectively. The insets show the
corresponding enlarged part of peak position.
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Table 2. Results of PL spectra analysis. k is the slope of log IPL versus log P curve; Ai and τi are the
amplitude and the decay time constant of the ith term in Equation (1); τdec is average decay time
calculated using Equation (2).

Spiro-OMeTAD Side Glass Side
Film A Film B Film C Film D Film A Film B Film C Film D

k 1.37 1.57 0.95 1.22 1.36 1.42 1.11 1.49

A1 0.85 0.82 0.40 0.78 0.64 0.49 0.50 0.69
τ1, ns 2.5 2.9 0.79 2.2 3.2 2.7 0.96 1.4

A2 0.19 0.16 0.37 0.23 0.37 0.38 0.44 0.29
τ2, ns 23.1 27.4 3.3 10.4 15.6 27.7 4.7 9.5

A3 0.05 0.05 0.08 0.05 0.04 0.11 0.07 0.07
τ3, ns 95.9 124 15.8 54.4 105 119 28.2 45.9

τdec, ns 48.6 70.7 8.6 25.7 46.3 74.1 14.2 24.9

Time-resolved photoluminescence decays measured both from spiro-OMeTAD and
glass sides under a pulsed laser fluence of 0.1 μJ/cm2 are displayed in Figure 8. It shows
the results of the longest average decay times obtained at different positions of all 20 sam-
ples (five samples from each series were tested). The transients were fitted using triple
exponential approximation [33,41,42],

IPL(t) =
3

∑
i = 1

Aie
− t

τi (1)

where fitting parameters Ai and τi are the amplitude and the decay time constant of the ith
term. The fitting results according to Equation (1) are displayed in Figure 8 as a dotted line.
The fitting parameters and the calculated average decay time,

τdec = ∑3
i = 1 Aiτ

2
i / ∑3

i = 1 Aiτi, (2)

are presented in Table 2. One can conclude that longer decay times are typical of perovskites
on mesoporous TiO2 (samples Film B and D lead against Film A and C, respectively) and
of layers formed using the conventional spray pyrolysis method (samples Film A and B
lead against Film C and D, respectively). Meanwhile, Film C demonstrates the shortest
decay times that can be influenced by the carrier surface recombination, which correlates
with the results of structure analysis. The triple exponential fitting model is not good
enough in some cases. Thus, we should additionally consider the processes of trapping
and de-trapping [14].

Photovoltage decay transients of the solar cells fabricated on different perovskite films
are depicted in Figure 9. The photovoltage reaches its maximum value with a delay of
approximately 100 to 200 ns after laser excitation. The dependence of photovoltage on time
can be described by the following equation [13]:

V(t) = V0

(
e−tτt − e−tτrec

1τrec − 1τt

)
(3)

where τt is the time constant of electron transport inside the perovskite layer, τrec is the
electron recombination time, and V0 is the initial photovoltage. Fitting results calculated
according to Equation (3) are depicted in Figure 9 as a dotted line. The redistribution of
excited charge carriers inside the perovskite layer is determined mainly by their diffusion
since the electric field is weak here. Therefore, τt is approximately equal to L2/D, where L is
the layer thickness and D is the bipolar diffusion coefficient. The estimated D values are 0.12,
0.07, 0.25, and 0.07 cm2/s for perovskite samples Film A, B, C, and D, respectively. These
values of bipolar diffusion coefficient are typical of spin-coated perovskite layers [5,7,43–45].
It should be noted that the diffusion coefficient is higher in planar than in mesoporous
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structured perovskite solar cells, as was observed earlier in [44], whereas the lifetime of
generated charge carriers is longer in mesoporous structured perovskite solar cells due to
the better crystallinity of mesoporous structured perovskite films.

The current versus forward bias voltage characteristics of the solar cells fabricated
on different perovskite films are presented in Figure 10. It can be seen that the meso-
porous structured PSCs show better performance than the planar ones. The values of
photovoltaic quantities of the best PSCs are presented in Table 3, and statistics of the
power-conversion efficiency of 60 perovskite solar cells fabricated on different perovskite
films are depicted in Figure 11. The high PCE of mesoporous structured perovskite solar
cells is mainly determined by a high value of the short circuit current resulting from an
enlarged perovskite/mp-TiO2 interfacial area compared to the planar PSC case.

 

 

Figure 8. PL decay transients of PSC measured from the spiro-OMeTAD side (a,b) and from the glass
side (c,d). Black dotted lines indicate triple exponent approximation fitting, and the numbers (in ns)
are the averaged decay time constants.
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Figure 9. Photovoltage decay transients of the solar cells fabricated on the base of different perovskite
films: (a) Film A, (b) Film B, (c) Film C, (d) Film D. Black dotted lines indicate fitting according to
Equation (3), and τt and τrec are the electron transport and recombination time constants, respectively.

Figure 10. Current–voltage characteristics of the solar cells fabricated on different perovskite films
under 100 mW/cm2 spectral lamp irradiance.
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Table 3. Photovoltaic parameters of the solar cells on the base of different perovskite films. Voc

is the open-circuit voltage; Jsc is the short circuit current; FF is the fill factor; PCE is the power-
conversion efficiency.

Film Voc, V Jsc, mA·cm−2 FF, % PCE, %

Film A 1.09 18 72 14.1
Film B 1.11 23.5 77 20.0
Film C 1.03 15.1 63 9.8
Film D 1.1 21.8 73 17.5

Figure 11. Statistical distribution of the power-conversion efficiency of perovskite solar cells based
on different perovskite films.

It is worth noting that the high crystallinity of mesoporous structured perovskite also
has a positive effect on the performance of PSCs because uniform perovskite films with high
surface coverage and minimum defects are beneficial for the transportation of both electrons
and holes [46]. Additionally, time-resolved photoluminescence decay and transient photo-
voltage measurements showed that the lifetime of generated charge carriers in mesoporous
structured perovskite solar cells is longer than that in planar PSCs, and as a consequence,
the performance of the mesoporous structured PSCs is better. Negligible hysteresis of the
current–voltage characteristics of the perovskite Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 solar
cells is also a noteworthy fact, which was observed earlier in other works [33,37,47]. The
planar PSCs fabricated on the base of Films A and C show the lowest PCE values, and
this finding can be related to the shorter lifetime of charge carriers in these films resulting
from their lower crystallinity (see Figures 8 and 9). On the other hand, the mesoporous
structured perovskite solar cells fabricated on the base of Film B demonstrate the best PCE
due to the high crystallinity of the perovskite film, giving a reason for the long lifetime
of the generated charge carriers. In addition, the crystallites of Film B are the largest (see
Table 1). This also greatly contributes to the improved performance of the mesoporous
structured perovskite solar cells [47]. Thus, we see a good correlation between electronic
processes in perovskite layers and the performance of perovskite solar cells.

4. Conclusions

An experimental study of the photoelectric properties of planar and mesoporous
structured perovskite solar cells was conducted. It was established that the crystallinity
of perovskite films grown on mesoporous titanium dioxide is better than that of films
grown on a compact TiO2. Transient photovoltage and time-resolved photoluminescence
decay measurements show that the lifetime of charge carriers is also longer in mesoporous
structured PSCs. The presented experimental data reveal the relationship between pho-
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tovoltage decay characteristics and PSC performance, as both of them are affected by the
mesoscopic structure of the layered structure. It was found that the mesoporous structured
perovskite solar cells have a higher PCE than the planar ones, mainly due to an enlarged
perovskite/mp-TiO2 interfacial area and longer lifetime of generated charge carriers. These
results provide a basis for improved further material growth and device fabrication to
achieve better performance of perovskite solar cells.
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Sužiedėlis, A.; et al. Low resistance TiO2/p-Si heterojunction for tandem solar cell. Materials 2020, 13, 2857. [CrossRef]
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Abstract: This study constructed a two-dimensional alkaline water electrolyzer model based on the
two-phase flow Euler–Euler model. In the model, the micro-nano surface electrodes with different
structure types and graphic parameters (distance, height, and width) were used and compared with
the vertical flat electrode to evaluate their influence on electrolysis performance. The simulation
results show that the performance of the micro-nano surface electrode is much better than that of
the vertical flat electrode. The total length of micro-nano structural units relates to the contact area
between the electrode and the electrolyte and affects the cell voltage, overpotential, and void fraction.
When rectangular structural units with a distance, height, and width of 0.5 μm, 0.5 μm, and 1 μm
are used, the total length of the corresponding micro-nano surface electrode is three times that of
the vertical flat electrode, and the cathode overpotential decreases by 65.31% and the void fraction
increases by 54.53% when it replaces the vertical flat electrode.

Keywords: alkaline water electrolysis; two-phase flow; micro-nano fabrication; micro-nano surface
electrode; numerical simulation

1. Introduction

Increased demand for energy, depletion of fossil fuels, and global warming have
become global challenges recently; thus, there is an urgent need for renewable energy
development [1]. Among all the alternatives to fossil fuels, hydrogen is one of the most
promising clean energies due to its abundant reserves and high energy density [2]. Hydro-
gen renewable energy system includes hydrogen production, storage, and utilization [3]. In
the process of hydrogen production, high-purity hydrogen produced by water electrolysis
is favored by hydrogen-based fuel cells [4]. Water electrolysis is divided into alkaline
water electrolysis, proton exchange membrane, and solid oxide electrolysis [5,6]. Hydrogen
production from alkaline water electrolysis is closest to industrial application, and a tra-
ditional alkaline water electrolyzer (AWE) mainly includes a cathode, anode, diaphragm,
and electrolyte. Among them, the activation energy barrier and catalytic active area of the
electrode determine the electrolysis efficiency [7–10].

Experimentally, as early as 1982, researchers realized that the surface roughness of an
alloy catalyst is higher than that of pure metal and has more catalytic active sites. Brown
et al. [11] prepared the electrodes with a low overvoltage for hydrogen evolution and good
stability. The electrodes with a larger catalytic surface area can reduce the overvoltage in
the 70–90 mV range at 70 ◦C and the current density of 1 A cm−2. In 2020, Zhang et al. [12]
synthesized Ni3S2 three-dimensional rod array structures doped with trace amounts of
Fe. Experiments showed that the catalyst has excellent catalytic activity and corrosion
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resistance in acidic, neutral, and alkaline solutions. In the 1.0 M KOH solution, only small
overpotentials of 105 mV and 213 mV were required to achieve the current density of
10 mA cm−2 for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),
respectively. In 2021, Wang et al. [13] synthesized an IrNi-FeNi3 hybrid self-supported on
nickel foam with unique nanosheets, and the results showed that only 1.47 V is required for
overall water splitting to arrive at 10 mA cm−2. They found that the unique self-supported
nanosheets structure on nickel foam can expose more active sites, and the hybridization of
IrNi with FeNi3 can promote the intrinsic activity of catalyst. According to the above, it
can note that increasing the catalytic surface area can reduce the overpotential of hydrogen
production in actual experiments.

In recent years, many numerical studies have been carried out on AWE modeling,
characterization, and analysis, mainly accomplished by coupling the current distribution
model and computational fluid dynamics (CFD) model [14]. Rodríguez et al. [15] estab-
lished a two-dimensional (2D) CFD model of AWE, which considered and analyzed the
electrochemical phenomena and fluid dynamics involved in AWE under different operating
conditions and verified them by experiments. For all cases, the model fitted very well with
the experimental data, and the error of the polarization curve was less than 1%. Zarghami
et al. [16] used the Euler–Euler model to simulate multiphase flow in AWE. Their simulation
results compared with the experimental data and were in reasonable agreement with the
experimental data at a higher current density due to the turbulence dispersion force added.
Liu et al. [17] constructed a two-phase bubble flow 2D numerical model in the electrolytic
cell to study hydrodynamics and mass transfer based on the Euler–Euler method. The
results showed that the effects of different operating conditions on the volume fraction and
bubble layer were in good agreement with the experimental results. According to the above,
it can note that with the development of computer science, the numerical simulation of
hydrogen production by water electrolysis has gradually become a research hotspot [18–20].
Compared with the actual experiment, one of the advantages of numerical simulation is
that it can get relevant results without actual experiments, which is cost-effective and has a
low time cost for experimental design.

As mentioned above, increasing the catalytic surface area is an important method to
improve hydrogen production efficiency by water electrolysis [21,22]. Meanwhile, surface
patterning is essential to improve the surface area of materials [23–25]. Therefore, it is a
crucial way to design the electrode surface to obtain the influence rule of pattern parameters
on the efficiency of hydrogen production by water electrolysis through numerical simula-
tion, especially for “top-down” construction approaches such as lithography [26,27], which
can reduce its design cost. However, there are few simulation studies on the influence of
micro-nano structure graphic parameters on hydrogen production by water electrolysis.
Therefore, this study numerically investigates the impact of micro-nano structures on the
electrochemical and fluid performance of AWE based on the Euler–Euler method. The
influence factors of the micro-nano structure were added under the steady-state, 2D, and
two-phase flow CFD model considering turbulence.

2. Model

2.1. Physical Model

The 2D geometric model of the AWE referring to commercial AWE is shown in
Figure 1 [28,29]. The AWE is divided into cathodic and anodic compartments by a separator
known as a diaphragm, which is to avoid the mixing of the two gases and maintains a low
resistivity. These compartments are submerged in the electrolyte, an aqueous potassium
hydroxide (KOH) solution. The cathode and the anode are located on the left and right
walls of the gas compartment, respectively. The hydrogen gas (H2) evolves at the cathode,
whereas oxygen gas (O2) is generated at the anode. The electrochemical reactions are
shown in Equation (1) and Equation (2), respectively.
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Figure 1. Schematic diagram of the 2D geometric model of AWE.

For the cathode, a vertical flat electrode was changed into a micro-nano surface
electrode to investigate the influence of micro-nano structures on the AWE performance in
this study. The design flow of micro-nano surface electrodes is shown in Figure 2. Firstly, six
structures are mainly selected, namely rectangular (r), triangle (p), trapezoidal (t), inverted
rectangular (ir), inverted triangle (ip), and inverted trapezoidal (it). Then the graphic
parameters (distance, height, width) are selected to construct the structural units. Thirdly,
the micro-nano surface electrodes are formed. Finally, the micro-nano surface electrodes
are applied to the AWE model and simulated.

Figure 2. Design flow of micro-nano surface electrodes.
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The electrode surfaces are set at the height of 10 mm, the same as the diaphragm. The
diaphragm is a thin rectangle with a width of 1 mm. The cathodic and anodic compartments
are described as thick rectangles with a width of 2 mm. The KOH electrolyte enters from the
inlet, and H2 and O2 bubbles evolve on the cathode and anode, respectively. The generated
bubbles move along the x and y axes to form a bubble layer, and the resulting two-phase
mixture (gas and electrolyte) leaves from the outlet.

2H2O(l) + 2e−= H2(g) + 2OH− (1)

4OH−= 2H2O(l) + O2(g) + 4e− (2)

2.2. Numerical Model

Multiphase flow models are broadly classified into Euler–Euler and Euler–Lagrange
approaches. The Euler–Lagrange model is challenging to deal with in the large number of
bubbles that consume a long computing time. Moreover, the Euler–Lagrange model gener-
ally does not consider the bubble–bubble interactions and ignores the “numerical volume”
occupied by bubbles [30,31]. Hence, it is not suitable for this study to consider turbulent
dispersion force. The Euler–Euler model can handle numerous types of multiphase flow
and is suitable for simulating the macroscopic behavior of many bubbles rising through the
liquid [32]. Consequently, the Euler–Euler model is generally considered the most suitable
for the two-phase flow.

As previously mentioned, the electrochemical phenomena and fluid characteristics of
AWE are numerically simulated using COMSOL Multiphysics 5.6. In this study, the model
was built using the “water electrolyzer” module to calculate the current distribution and
plot the polarization curve. The “Euler–Euler model, turbulent flow” module was used
to study the generation and distribution of two gases in compartments. This model was
solved in a steady-state.

The model has been designed using the following assumptions to ensure a manageable
problem [33–35]:

1. The fluids in both phases are Newtonian, viscous, and incompressible;
2. The physical properties remain constant;
3. The two phases share the same pressure field;
4. The electrolyte is considered distributed uniformly due to the distribution of the ions

has little effect on the result;
5. The flow is considered isothermal. Thus, heat exchange and energy equation are

not considered;
6. The influence of surface tension is negligible;
7. No bubble coalescence or break-up occurs, and the bubble diameter can be considered

constant at a given current density;
8. The bubble–bubble interaction is considered by introducing the turbulent dispersion force;
9. Although the Reynolds number is small, the fluid is considered laminar flow. How-

ever, considering the observed turbulence phenomenon by Boissonneau et al. [36]
and Aldas et al. [37], a simple turbulence model is selected to describe the turbulence
behavior in the study;

10. Since alkaline electrolysis is a complex physical problem involving two-phase flow
and the construction of micro-nano surface electrodes is complicated, all issues are
simplified to 2D and steady-state simulation.

2.2.1. Secondary Current Distribution Model

Secondary current distribution is used to simulate the electrical property of AWE in
this work. Equation (3) shows the total potential obtained by simulation [38]. Based on
the above assumptions, Ohm’s law, current conservation, and the Butler–Volmer equation
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are used to solve the current density distribution and explain the influence of electrode
kinetics, as shown in Equation (4), Equation (5), and Equation (6), respectively [39–42].

Ucell= Erev+ηohm+ηact,a(j) + ηact,c(j) (3)

Ohm’s law: →
j = −σ∇ϕ (4)

Current conservation:
∇·→j = Q (5)

Butler–Volmer equation:

jloc= j0(exp(
αaFη

RT
)− exp(− αcFη

RT

)
(6)

where Erev is the reversible voltage in V, ηohm is the ohmic overpotential in V, ηact,a and

ηact,c is the activation overpotential at anode and cathode respectively in V,
→
j is the current

density vector in A m−2, ϕ is the electrical potential in V, σ is the conductivity in S m−1,
Q is a general current source term in A m−3, jloc is the local charge transfer current density
in A m−2, j0 is the exchange current density in A m−2, αa and αc are the anodic and
cathodic charge transfer coefficient, respectively, η is the activation overpotential in V, F is
the Faraday constant in C mol−1, and R is the universal gas constant in J mol−1 K−1.

2.2.2. CFD Model

The Euler–Euler model is applied to represent the two-phase flow behavior. The
model calculates the void fraction of each phase in two phases without defining each
bubble in detail. Each phase has a velocity field, and the dynamics of each phase are
described by the momentum equation and the continuity equation, as shown in Equation (7)
and Equation (8), respectively. Moreover, the volume fractions are assumed continuous
functions of space and time, and their sum is equal to one, i.e., αg+αl= 1 [34].

Momentum equation:

∂

∂t
(ρ kαk

→
uk)+∇(ρ kαk

→
uk

→
uk) = αkρk

→
g − αk∇p+∇(α kτk) +

→
F k (7)

Continuity equation:

∂

∂t
(α gρg+αlρl)+∇(α gρg

→
ug+αlρl

→
ul) = 0 (8)

where u is the velocity in m s−1, p is the pressure in Pa, α is the void fraction, ρ is the
density in kg m−3, g is the gravitational acceleration in m s−2, τ is the stress tensor in
N m−2, Fk is the volume force in N m−3, and the subscript k refers to gas phase (g) or
liquid phase (l).

The transport equation of the void fraction of gas is shown in Equation (9).

∂αgρg

∂t
+∇(α gρg

→
ug) =− .

mgl (9)

where
.

mgl is the mass transfer rate from gas to liquid in g m−3 s−1.
In this simplified 2D model, the gas flow generated (g m−2 s−1) on the active surface

of the electrode is defined by the Faraday equation, as shown in Equation (10).

.
mg =

j·Mg

nF
(10)
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where j is the current density in A m−2, Mg is the molar mass of the gas in g mol−1, n is the
number of transferred electrons, and the subscript g refers to H2 or O2.

Although the Reynolds number range is low, referring to the turbulence phenomenon
observed by Mat et al. [37,43], and to better characterize the fluid flow behavior, therefore,
a simple turbulence model was used. For turbulence, the k-ε model is applied. The stress
tensor τ and the turbulent viscosity μT (Pa s) are shown in Equation (11) and Equation (12),
respectively. The k-ε model solves two additional transport equations for two additional
variables: the turbulent kinetic energy k (m2 s−2) and the turbulent dissipation rate ε

(m s−3), as shown in Equation (13) and Equation (14), respectively [44].

τk= (μ k+μT)(∇
→
uk+(∇→
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3
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where μ is the viscosity in Pa s, I is the unit tensor in N m−2, the subscript k refers to gas
phase (g) or liquid phase (l), Cμ, Cε,1, Cε,2, and σk are all constants in the turbulence model,
and Pk is related to bubble-induced turbulence.

In addition to the drag force hindering the flow in the AWE, in fact, with the continuous
generation and accumulation of bubbles, the collision between bubbles increases, which
triggers the diffusion of bubbles from a high concentration to a low concentration. Therefore,
based on previous work, drag force and turbulent dispersion force are considered in the
model, as shown in Equation (15) and Equation (16), respectively [45,46].

→
F D = −3

4
ρkαk

Cd
db

∣∣∣∣→Ur

∣∣∣∣→Ur (15)

→
F BD = −αkρk

Kg

db

∣∣∣∣→Ur

∣∣∣∣∇αk (16)

where Cd is the drag coefficient, Kg is the diffusion factor of mixed bubbles in m s−2, and
db is the bubble diameter in m. The drag coefficient is defined by the Schiller–Naumann
model as shown in Equation (17).

Cd =

{ 24
Re (1 + 0.15Re0.687) Re ≤ 1000

0.44 Re > 1000
(17)

where Re is the Reynolds number of bubbles calculated according to relative velocity,
Re =ρl U → rdb/μl.

2.2.3. Initial Values and Boundary Conditions

The boundary conditions of the electrochemical and hydrodynamic models are shown
in Figure 3. For the electrochemical model, the top and bottom boundaries of the model
are electric insulation. For the hydrodynamic model, the velocity inlet and pressure outlet
are used as the boundary conditions at the inlet and the outlet. No slip is used as the
boundary condition of electrodes and the boundaries of the diaphragm. Their velocity is
set to 0 m s−1. At the electrode surfaces, gas and liquid mass flux boundary conditions are
used. At the boundaries of the diaphragm, the liquid phase mass flux corresponding to the
ionic flux of OH− from the current distribution model is adopted.
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Figure 3. Boundary conditions of AWE. (a) Electrochemical model; (b) Hydrodynamic model.

Because of the bubble effect, the conductivity of the KOH electrolyte will decrease,
and the generated bubbles will cover the electrode surface, affecting the exchange current
density of the electrode reaction. Therefore, the effective electrolyte conductivity and the
effective exchange current density are described according to the Bruggeman equation, as
shown in Equation (18) and Equation (19), respectively [28,33].

σeff= σ0(1 − α g)
1.5 (18)

ieff= i0(1 − α g)
1.5 (19)

where σeff is the effective electrolyte conductivity in S m−1, σ0 is the total electrolyte
conductivity in S m−1, ieff is the effective exchange current density in A m−2, i0 is the
exchange current density in A m−2, αg is the gas volume fraction, and the subscript g refers
to H2 or O2.

The initial values for solving the model are shown in Table 1.

Table 1. Initial values of the 2D AWE model.

Symbol Value Unit Description

R 8.314 J mol−1 K−1 Universal gas constant
F 96,485.3 C mol−1 Faraday constant

WH2 2 mm Hydrogen compartment width
Wsep 1 mm Diaphragm width
WO2 2 mm Oxygen compartment width
Helec 1 cm Electrode height
Wr 0.5, 1 μm Structure width
Hr 0.5, 1 μm Structure height
Dr 0.5, 1 μm Structure distance

dbubble 50, 200 μm Bubble diameter
T 70 ◦C Operating temperature
p 1 atm Pressure

i0H2 100 A m−2 Exchange current density, hydrogen oxidation
i0O2 1 A m−2 Exchange current density, oxygen reduction

MH2O 18 g mol−1 Water molar mass
MH2 2 g mol−1 Hydrogen molar mass
MO2 32 g mol−1 Oxygen molar mass
MOH 17 g mol−1 Hydroxide molar mass
cKOH 3 M Electrolyte concentration
vin 0.2 m s−1 Average inlet velocity
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2.3. Grid Study and Validation

In this study, a physics-controlled mesh was used to adopt the modules, and a trian-
gular mesh was generated. Mesh elements were fine predefined on the electrolyte domain
and extra fine on the electrodes and diaphragm boundaries to correctly handle the effects in
these contours. For details of grid and model study and validation, please refer to Table S1,
Figures S1–S3 of Supplementary Materials.

3. Results

3.1. Vertical Flat Electrode

The bubble size produced in water electrolysis is affected by multiple factors, such
as current density, electrode, and electrolyte flow rate. Therefore, two constant bubble
diameters are considered in this paper to fit the actual situation as far as possible. According
to the literature results [47,48], the bubble diameters produced by the vertical flat electrode
and micro-nano surface electrode are 200 μm and 50 μm, respectively. The effects of these
two bubble diameters were simulated using the vertical flat electrode to show the influence
of bubble diameter change on electrolysis performance.

The gas void fraction distribution corresponding to two bubble diameters at differ-
ent current densities is shown in Figure 4. It is seen that the bubble layer is parabolic
distribution, and the void fraction increases with the increase of current density because
the electrochemical reaction rate is proportional to the current density. With the increase
of current density, the gas production rate increases, which leads to the increase of void
fraction, thus promoting the thickening of the bubble layer. Moreover, the high void frac-
tion will lead to more turbulent dispersion, which will distance the bubbles far from the
electrode, expand the bubble layer, and increase the local void fraction by increasing the
total void fraction.

Figure 4. Gas void fraction distribution corresponds to two bubble diameters under different
current densities.

Gas void fraction curves of these two bubble diameters at the top of the H2 compart-
ment under different current densities are shown in Figure 5. Gas void fraction curves
of these two bubble diameters on vertical flat electrodes under different current densities
are shown in Figure 6. Bubbles diffuse along the x-direction, which is due to the different
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gas concentrations in the electrolyte. Meanwhile, the bubbles aggregate at the bottom of
the cathode, increasing the void fraction and promoting the bubble diffusion along the
y-direction. From a certain height of the electrode, the void fraction decreases along the
y-direction, which is caused by the movement of bubbles away from the electrode.

Figure 5. Gas void fraction curves of these two bubble diameters at the top of the H2 compartment
under different current densities.

Figure 6. Gas void fraction curves of these two bubble diameters on vertical flat electrodes under
different current densities.

For these two bubble sizes, the motion behavior of bubbles and the change of void
fraction with current density are consistent. However, a smaller bubble size will lead to a
higher void fraction. As shown in these figures, when the bubble diameter is 50 μm (flat-50),
the void fraction on the electrode surface is higher than that of 200 μm (flat-200) at any
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current density. Moreover, as described in the literature [30], the thickness of the bubble
layer will increase through larger bubbles, which is why the void fraction of bubble diameter
of 200 μm will be slightly more significant after about 0.7 mm in Figure 5. Therefore, the
trend that generating such tiny bubbles is beneficial to improving the efficiency of hydrogen
production by electrolysis of water is consistent with the literature [47,48].

3.2. Micro-Nano Surface Electrode
3.2.1. Polarization Curve

The overpotentials of micro-nano surface electrodes with different structure types
and graphic parameters under the same current density of 10 mA cm−2 are shown in
Figure 7. It is seen that the overpotentials of p and ip, t and it, r, and ir are similar under
the same graphic parameters, and the overpotentials of r and ir are the lowest, followed
by t and it. Moreover, by sorting the overpotential from small to large, it is found that
the corresponding graphic parameters of each structure are the same under the same
ranking. For example, for all the structures, the overpotential is the smallest when the
distance, height, and width are 0.5 μm, 0.5 μm, and 1 μm, respectively. However, the
overpotentials of micro-nano surface electrodes with the same structure type and different
graphic parameters are the same. For example, taking a rectangle as an example, their
overpotentials are the same at graphic parameters of 1 μm, 1 μm, and 1 μm and 0.5 μm,
0.5 μm, and 0.5 μm. The differences between these micro-nano surface electrodes are
reflected in the upward-inverted direction and micro-nano structural unit lengths.

Figure 7. The overpotentials of micro-nano surface electrodes with different structure types and
graphic parameters under the same current density of 10 mA cm−2.

The overpotentials of micro-nano surface electrodes with different structure types
and graphic parameters and the vertical flat electrode under the same current density of
10 mA cm−2 are shown in Table 2. The polarization curves of the micro-nano surface and
vertical flat electrodes are shown in Figure 8. Figure 8a shows the polarization curves
of ir in different graphic parameters, and Figure 8b shows the polarization curves of six
structures at the graphic parameters of 0.5 μm, 0.5 μm, and 1 μm. It can be noted that the
cell voltage and cathode overpotential of all micro-nano surface electrodes are smaller than
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those of the vertical flat electrode. Compared with the vertical flat electrode, for the same
graphic parameters (0.5 μm, 0.5 μm, and 1 μm), the overpotential of p, r, t, ip, ir, and it
decreased by 59.44%, 65.31%, 62.40%, 59.44%, 65.31%, and 62.40%, respectively; for the
same structure, the overpotentials of ir with different graphic parameters are reduced by
48.29%, 31.69%, 55.54%, 38.27%, 55.54%, 38.27%, 65.31%, and 48.29%, respectively.

Table 2. The overpotentials of micro-nano surface electrodes with different structure types and
graphic parameters and the vertical flat electrode under the same current density of 10 mA cm−2.

Graphic Parameters (μm) Overpotential (mV)

Distance Height Width p r t ip ir it flat-200

- - - - - - - - 31.02
1 1 1 19.70 16.04 17.96 19.70 16.04 17.96 -
1 1 0.5 26.05 21.19 24.13 26.05 21.19 24.13 -
1 0.5 1 15.72 13.79 14.76 15.72 13.79 14.76 -
1 0.5 0.5 22.45 19.15 20.92 22.453 19.15 20.92 -

0.5 1 1 17.54 13.79 15.72 17.54 13.79 15.72 -
0.5 1 0.5 24.72 19.15 22.45 24.72 19.15 22.45 -
0.5 0.5 1 12.58 10.76 11.67 12.58 10.76 11.67 -
0.5 0.5 0.5 19.70 16.04 17.96 19.70 16.04 17.96 -

Figure 8. The polarization curves of the micro-nano surface and vertical flat electrodes. (a) The polar-
ization curves of ir with different graphic parameters; (b) The polarization curves of six structures at
the graphic parameters of 0.5 μm, 0.5 μm, and 1 μm.

The total length of micro-nano structural units and overpotential of each micro-nano
surface electrode are shown in Table 3. The total length of micro-nano surface electrodes is
larger than that of the vertical flat electrode. It can be concluded that the total length of
micro-nano structural units affects the overpotential, and the larger the total length of micro-
nano structural units, the lower the corresponding overpotential. Due to each group of
structures (r and ir, p and ip, t and it) having the same total length of micro-nano structural
units under the same graphic parameters, the overpotential is similar. Moreover, in these
three groups of structures, the total length of micro-nano structural units corresponding
to r and ir is more considerable, so the overpotential is the lowest. Due to the simulation
model being a simplified 2D model of AWE, the length of micro-nano structural units is
related to the contact area between the electrode and the electrolyte. Therefore, the increase
in the length of micro-nano structural units means an increase in the contact area, which
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is helpful to increase the active site and reduce the cell voltage and overpotential, thus
improving the electrolysis performance.

Table 3. The total length of micro-nano structural units and overpotential of each micro-nano
surface electrode.

Graphic Parameters (μm) Total Length of Micro-Nano Structure Units (mm) Overpotential (mV)

Distance Height Width p/ip r/ir t/it flat-200 p r t flat-200

- - - - - - 10 - - 31.02
1 1 1 16.18 20.00 17.81 - 19.70 16.04 17.96 -
1 1 0.5 12.07 15.00 13.09 - 26.05 21.19 24.13 -
1 0.5 1 20.41 23.33 21.77 - 15.72 13.79 14.76 -
1 0.5 0.5 14.12 16.67 15.21 - 22.453 19.15 20.92 -

0.5 1 1 18.24 23.33 20.41 - 17.54 13.79 15.72 -
0.5 1 0.5 12.76 16.67 14.12 - 24.72 19.15 22.45 -
0.5 0.5 1 25.62 30.00 27.66 - 12.58 10.76 11.67 -
0.5 0.5 0.5 16.18 20.00 17.81 - 19.70 16.04 17.96 -

3.2.2. Void Fraction

The gas void fraction of micro-nano surface electrodes under different structure types
and graphic parameters are shown in Table 4. The average void fraction produced on the
electrode surface was selected as a comparison. It is seen that the average void fraction
produced by all micro-nano surface electrodes is greater than that of the vertical flat
electrode. The structures of r and ir, p and ip, and t and it have a similar void fraction
under the same graphic parameters, and the void fraction of r and ir is the largest, followed
by t and it. In addition, according to the order of the average void fraction from large
to small, it is found that the corresponding graphic parameters of each structure are the
same under the same ranking. Compared with the vertical flat electrode, for the same
graphic parameters (0.5 μm, 0.5 μm, and 1 μm), the average void fraction of p, r, t, ir, ip,
and it increases by 50.60%, 54.53%, 52.91%, 51.46%, 54.75%, and 53.28%, respectively; for
the same structure, taking ir as an example, the average void fraction of each graphic
parameters increases by 45.10%, 37.68%, 48.21%, 39.96%, 48.76%, 40.66%, 54.75%, and
45.17%, respectively. Obviously, the changing trend of the average void fraction is consistent
with the overpotential. If the total length of micro-nano structural units is the same, the
corresponding void fraction is similar; if the total length of micro-nano structural units is
larger, the corresponding void fraction is larger. Therefore, it can be concluded that the
total length of micro-nano structural units also affects the void fraction. Meanwhile, with
the increase in the total length of micro-nano structural units, the catalytic area increases,
which leads to the increase in void fraction.

Table 4. The average void fraction of micro-nano surface electrodes under different structures and
graphic parameters and the vertical flat electrode at the same voltage (U = 2 V).

Graphic Parameters (μm) Average Void Fraction (%)

Distance Height Width p r t ip ir it flat-200

- - - - - - - - - 2.15
1 1 1 3.00 3.11 3.06 3.02 3.12 3.06 -
1 1 0.5 2.84 2.97 2.90 2.85 2.96 2.90 -
1 0.5 1 3.12 3.20 3.16 3.12 3.19 3.14 -
1 0.5 0.5 2.93 3.02 2.97 2.94 3.01 2.97 -

0.5 1 1 3.06 3.19 3.13 3.08 3.20 3.13 -
0.5 1 0.5 2.88 3.00 2.94 2.88 3.02 2.93 -
0.5 0.5 1 3.24 3.32 3.29 3.26 3.33 3.29 -
0.5 0.5 0.5 3.00 3.12 3.06 3.02 3.12 3.06 -
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Taking ir with distance, height, and width of 0.5 μm, 0.5 μm, and 1 μm as an example,
the gas void fraction distribution of the micro-nano surface electrode and the vertical flat
electrode is shown in Figure 9. It is seen that the gas distribution trend of the micro-nano
surface electrode is consistent with that of the vertical flat electrode. However, the bubble
layer produced by the micro-nano surface electrode is broader, and the local void fraction
is higher.

Figure 9. The gas void fraction distribution of micro-nano surface and vertical flat electrodes (U = 2 V).

The gas void fraction curves of the micro-nano surface electrode and the vertical
flat electrode at the top of the H2 compartment under the same voltage are shown in
Figure 10. The gas void fraction curves of the micro-nano surface electrode and the vertical
flat electrode under the same voltage are shown in Figure 11. The void fraction of the micro-
nano surface electrode in the x and y directions is more significant than that of the vertical
flat electrode. Compared with the vertical flat electrode, the micro-nano surface electrode
can produce more hydrogen and increase the void fraction due to the accumulation of
bubbles, which leads to more turbulent diffusion and promotes the lateral penetration of
bubbles. Furthermore, due to the limitation of H2 compartment height, bubbles cannot
continue to diffuse upward and then accumulate, which leads to a significant increase in
void fraction near the top of the micro-nano surface electrode compared with the vertical
flat electrode.

Therefore, applying a micro-nano surface electrode helps increase hydrogen produc-
tion and reduce cell voltage and overpotential, thus reducing energy consumption and
improving the performance of the electrolyzer. Moreover, the effects of micro-nano surface
electrodes with different structures and graphic parameters are different, so it is neces-
sary to choose the appropriate structure type and graphic parameters according to the
structural characteristics.
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Figure 10. The gas void fraction curves of micro-nano surface and vertical flat electrodes at the top of
the H2 compartment under the same voltage (U = 2 V).

Figure 11. The gas void fraction curves of the micro-nano surface and vertical flat electrodes under
the same voltage (U = 2 V).

4. Conclusions

In this study, the influence of micro-nano surface electrodes on the electrolytic perfor-
mance of the AWE was numerically investigated. The results that can be inferred from this
research are as follows,

• The micro-nano surface electrode can significantly reduce the cell voltage and cathode
overpotential and increase the gas void fraction. Among the six structures and graphic
parameters set in this paper, when the distance, height, and width of each structure
are 0.5 μm, 0.5 μm, and 1 μm, respectively, the cell voltage and cathode overpotential
are the lowest, and the void fraction is the highest, and rectangle/inverted rectangle
has the best effect, followed by trapezoid/inverted trapezoid.
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• The bubble layers produced by the micro-nano surface and vertical flat electrode are
parabolic distributed. However, compared with the vertical flat electrode, the void
fraction produced by the micro-nano surface electrode is higher, and the bubble layer
is thicker at any voltage.

• The total length of micro-nano structural units affects the cell voltage, cathode overpo-
tential, and void fraction. With the increase in the total length of micro-nano structural
units, the catalytic area increases, the cell voltage and overpotential decrease, and the
void fraction increases. Taking rectangular structural units with a distance, height, and
width of 0.5 μm, 0.5 μm, and 1 μm, respectively, as an example, the total length of the
corresponding micro-nano surface electrode is three times that of the vertical flat elec-
trode. However, compared with the vertical flat electrode, the cathode overpotential
decreases by 65.31% and the void fraction increases by 54.53%.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15144927/s1, Table S1: Grid study of the present work for
flat-200 um model. Figure S1: Mesh generation for the used geometry. Figure S2: Study of grid
independence. Figure S3: Comparison between the model of this study and the experimental results.
Reference [8] are cited in the supplementary materials
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Nomenclature

Cμ, Cε,1, Cε,2 constants in turbulence model, (-) αc cathodic charge transfer coefficient, (-)
Cd drag coefficient, (-) α void fraction, (-)
db bubble diameter, (m) μT turbulent viscosity, (Pa s)
F Faraday constant, (C mol−1) μ viscosity, (Pa s)
Fk volume force, (N m−3) ρ density, (kg m−3)
g gravitational acceleration, (m s−2) η overpotential, (V)
j current density, (A m−2) σ electrolyte conductivity, (S m−1)
j0 exchange current density, (A m−2) ε turbulent dissipation rate, (m2 s−3)
k turbulent kinetic energy, (m2 s−2) ϕ electrical potential, (V)
Mg molar mass of the gas (kg mol−1) τ stress tensor, (N m−2)
n number of transferred electrons, (-) Subscripts
p pressure, (Pa) l liquid phase
R universal gas constant, (J mol−1 K−1) g gas phase
Re Reynolds number, (-) Abbreviations
u velocity, (m s−1) AWE alkaline water electrolyzer
T temperature, (◦C) KOH potassium hydroxide
x, y spatial coordinates, (m) HER hydrogen evolution reaction
Greek symbols OER oxygen evolution reaction
αa anodic charge transfer coefficient, (-) CFD computational fluid dynamics
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Abstract: AlxIn1−xN ternary semiconductors have attracted much interest for application in pho-
tovoltaic devices. Here, we compare the material quality of AlxIn1−xN layers deposited on Si with
different crystallographic orientations, (100) and (111), via radio-frequency (RF) sputtering. To mod-
ulate their Al content, the Al RF power was varied from 0 to 225 W, whereas the In RF power and
deposition temperature were fixed at 30 W and 300 ◦C, respectively. X-ray diffraction measurements
reveal a c-axis-oriented wurtzite structure with no phase separation regardless of the Al content
(x = 0–0.50), which increases with the Al power supply. The surface morphology of the AlxIn1−xN
layers improves with increasing Al content (the root-mean-square roughness decreases from ≈12 to
2.5 nm), and it is similar for samples grown on both Si substrates. The amorphous layer (~2.5 nm
thick) found at the interface with the substrates explains the weak influence of their orientation on the
properties of the AlxIn1−xN films. Simultaneously grown AlxIn1−xN-on-sapphire samples point to a
residual n-type carrier concentration in the 1020–1021 cm−3 range. The optical band gap energy of
these layers evolves from 1.75 to 2.56 eV with the increase in the Al. PL measurements of AlxIn1−xN
show a blue shift in the peak emission when adding the Al, as expected. We also observe an increase
in the FWHM of the main peak and a decrease in the integrated emission with the Al content in
room-temperature PL measurements. In general, the material quality of the AlxIn1-xN films on Si is
similar for both crystallographic orientations.

Keywords: AlInN; Si(100); Si(111); radio-frequency sputtering

1. Introduction

AlxIn1−xN ternary semiconductor alloys have attracted huge interest for their applica-
tion in solar cells, particularly after the revision of the indium nitride (InN) band gap energy
in 2001 [1]. The direct band gap (i.e., high absorption coefficient) of AlxIn1−xN, tunable
from the near-infrared (0.7 eV for InN [1]) to the ultraviolet (6.2 eV for AlN [2]) range,
makes it an excellent candidate for developing photovoltaic devices in combination with sil-
icon. In addition, this material shows high resistance to thermal and mechanical stress and
irradiation with high-energy particles [3], which makes it suitable for space applications.

The synthesis of high-quality single-phase AlxIn1−xN layers is challenging due to the
large difference in properties such as bonding energy, lattice constants, or growth tem-
perature between the binary constituents, InN and AlN. The growth of AlxIn1−xN layers
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has been reported by various techniques, including metal–organic chemical vapor deposi-
tion (MOCVD) [4–7], molecular beam epitaxy (MBE) [8–12], elemental stacks annealing
(ESA) [13,14], and reactive sputtering. Within this last technique, we can distinguish two
approaches, one that uses a mixture of argon and nitrogen for the deposition [15–24] and
another that uses only nitrogen [25–31], the latter being our case. Reactive sputtering also
allows the deposition on large substrates and employs lower temperatures than MOCVD
or MBE. However, the low-temperature deposition comes at the price of higher defect
density. The presence of impurities such as hydrogen [32] and defects such as nitrogen
vacancies [33] induces unintentional doping with a residual carrier concentration as high
as 1021 cm−3, which causes a blue shift in the optical band gap due to the Burstein–Moss
effect [34].

AlxIn1−xN can be synthesized on different substrates, such as Si(111) [22,30,31,35–37],
Si(100) [19,23,27,38], sapphire [17,22,26,30,35,37,38], glass [17,22,30,37], and GaAs [22].
However, the properties of the AlxIn1−xN films strongly depend on the nature of the
substrate. It is particularly interesting to study the deposition of silicon due to its potential
for hybrid III-nitride/Si solar cells. Wurtzite III-nitrides are usually grown on silicon (111)
due to the hexagonal symmetry of this crystallographic plane. However, today, silicon-
based nanotechnology uses silicon (100) because of its lower amount of dangling bonds,
which generate undesired recombination centers [34].

There are several studies about the growth of AlxIn1-xN films on either Si(111) or
Si(100) and its comparison with AlxIn1-xN on sapphire substrates. Bashir et al. [35] de-
posited InN on Si(111) by RF sputtering and obtained large crystallite size, low microstrain,
and low dislocation density. Afzal et al. [22] grew AlxIn1−xN films on Si(111) at 300 ◦C us-
ing a magnetron cosputtering system and obtained polycrystalline films with the preferred
orientation along the (101) direction, with higher crystallite size and lower surface rough-
ness compared with other substrates such as GaAs and glass. However, the comparison of
AlxIn1−xN layers simultaneously grown on both Si(111) and Si(100) substrates by reactive
RF sputtering has never been reported so far.

This work presents the study of the properties of AlxIn1−xN layers with Al content
ranging from 0% to 50% simultaneously deposited on silicon (100) and (111) via reactive RF
sputtering at a relatively low substrate temperature, 300 ◦C. The layer characteristics in terms
of structural, morphological, electrical, and optical properties are studied and compared
considering both substrate orientations. Finally, we demonstrate the possibility of using
silicon (100) as a feasible substrate for developing AlxIn1−xN layers for device applications
by taking advantage of its compatibility with today’s silicon-based nanotechnology.

2. Materials and Methods

AlxIn1-xN layers were simultaneously deposited in a reactive RF magnetron sputtering
system (AJA International, ATC ORION-3-HV, Scituate, MA, USA) on three substrates:
p-doped 375 μm thick Si(100), p-doped 500 μm thick Si(111) (both with a resistivity of
1–10 Ωcm), and on 500 μm thick (0001)-oriented sapphire. This system was equipped with
a 2 inch confocal magnetron cathodes of pure In (4N5) and pure Al (5N). The base pressure
of the system was in the order of 10−7 mbar. The substrate-target distance was fixed at
10.5 cm, and the temperature during the deposition was monitored with a thermocouple
placed in direct contact with the substrate holder. The substrates were chemically cleaned
in organic solvents before being loaded in the chamber, where they were outgassed for
30 min at 550 ◦C and then cooled down to the growth temperature. Prior to the deposition,
the surface of the targets and the substrates were cleaned using a soft plasma etching with
Ar (2 sccm and 20 W), causing no damage to the surface. AlxIn1−xN layers were deposited
in a pure N2 atmosphere with a nitrogen flow of 14 sccm and a pressure of 0.47 Pa. The RF
power applied to the Al target, PAl, was set to 0, 100, 150, 175, and 225 W (samples M1–M5,
respectively), while the RF power applied to the In target and the temperature were fixed
to 30 W and 300 ◦C, respectively. A sputtering time of 3 h was used for the InN sample, 5 h
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for the sample with PAl = 100 W, and 4 h for the rest. The thickness and deposition rate of
the samples are summarized in Table 1.

Table 1. Summary of the deposition parameters and the structural and morphological analysis of
AlxIn1−xN on Si(100) and Si(111): c-axis parameter and Al mole fraction x extracted from HRXRD,
layer thickness estimated from FESEM, and rms surface roughness measured by AFM.

Sample Substrate PAl (W) c (Å)
Al Mole

Fraction x
FWHM

Rocking Curve (◦)
Thickness 1

(nm)
Deposition Rate 2

(nm/h)
Rms Surface

Roughness 3 (nm)

M1

Si(100)

0 5.73 0 4.6 390 130 11.5
M2 100 5.61 0.12 2.4 790 160 9.5
M3 150 5.45 0.35 6.2 650 160 3.5
M4 175 5.42 0.40 3.2 620 155 3.5
M5 225 5.36 0.48 2.8 910 230 2.5

M1

Si(111)

0 5.73 0 4.7 380 125 13.0
M2 100 5.59 0.16 2.9 780 160 8.0
M3 150 5.44 0.36 6.1 640 160 3.5
M4 175 5.40 0.42 3.1 630 160 3.5
M5 225 5.35 0.49 2.8 585 150 2.5

1 Standard error of ±30 nm. 2 Standard error of ±15 nm/h. 3 Standard error of ±0.3 nm.

The alloy mole fraction, crystalline orientation, and mosaicity of the films were eval-
uated by high-resolution X-ray diffraction (HRXRD) measurements using a PANalytical
X’Pert Pro MRD system (Malvern, UK). In addition, the thicknesses of the layers were
obtained from field-emission scanning electron microscopy (FESEM) images. Atomic
force microscopy (AFM) was employed to study the surface morphology and estimate
the root-mean-square (rms) surface roughness using a Bruker multimode Nanoscope IIIA
microscope in tapping mode (Billerica, MA, USA). Additionally, transmission electron
microscopy (TEM) provided a deeper understanding of the structural properties of the
interface between the deposited material and the substrate. The electrical properties of the
films were analyzed using room-temperature Hall-effect measurements in a conventional
Van der Paw geometry.

Finally, photoluminescence measurements were carried out at room temperature by
exciting the samples with ~20 mW of a continuous-wave laser diode emitting at λ = 405 nm
focused on a 1 mm diameter spot. The emission was collected with a 193 mm focal-length
Andor spectrograph equipped with a UV-extended silicon-based charge-coupled-device
(CCD) camera operating at −65 ◦C between 200 and 1100 nm.

3. Results and Discussions

3.1. Structural Characterization

To study the structural quality of the layers, HRXRD 2θ/ω scans were carried out on
the AlxIn1−xN layers grown on Si(100) and Si(111), with the results shown in Figure 1a,b,
respectively. All layers presented a wurtzite crystalline structure highly oriented along the
c-axis, and no other crystallographic phases were detected. The increase in PAl shifted the
(0002) and (0004) reflection peaks assigned to AlxIn1−xN toward higher diffraction angles,
which confirmed the reduction in the c lattice parameter. The Al mole fraction of the alloy
was estimated by applying Vegard’s Law [39] to the AlN-InN system, using the c lattice
parameter obtained from HRXRD and assuming fully relaxed layers. The calculated Al
mole fraction, x, scales linearly with PAl between x = 0 and x = 0.49 or 0.48, for Si(100) and
Si(111) substrates, respectively, as summarized in Table 1.

The FWHM of the ω-scan (rocking curve) of the (0002) AlxIn1−xN diffraction peak
provides information about the mosaicity of the material. In this study, AlxIn1−xN layers
grown on both silicon substrates showed similar values, in the 3–6◦ range, without a clear
trend (Table 1). This indicated that the mosaicity is independent of the crystal orientation
of the silicon substrate.
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Figure 1. The 2θ/ω scans of the AlxIn1−xN layers deposited on (a) Si(100) and (b) Si(111) for different
PAl. The only reflections assigned to AlxIn1−xN were (0002) and (0004). The rest of the reflections
were assigned to the substrates.

3.2. Morphological Characterization

In order to investigate the morphology of the layers, they were studied by FESEM
and AFM techniques. Figure 2a–c show the FESEM images of samples grown on Si(100)
and Si(111). The morphology of the layers evolved from nanocolumnar for pure InN
(sample M1) toward grain-like compact when increasing the Al content (samples M3
and M5) for both substrate orientations. Such a trend was already observed in similar
AlxIn1−xN samples deposited on Si(111) by RF sputtering (40 W In, 300 ◦C) with similar Al
compositions [31]. The observed phenomena could be attributed to changes in the surface
diffusion of adatoms due to the increased kinetic energy of the incoming Al species, which
can determine the layer morphology for both substrate orientations.

Figure 2. FESEM images of AlxIn1−xN samples (a) M1, (b) M3, and (c) M5 on Si(100) (left) and
Si(111) (right).

The observed morphological transition was accompanied by a modification of the
sample surface roughness. The rms roughness was measured by AFM images scanned
in a 2 × 2 μm area (Figure 3). The results showed a surface roughness evolution from
11.5 (Al content x = 0) to 2.5 nm (x ≈ 0.36) for Si(100) and from 13.0 (Al content x = 0) to
2.5 nm (x ≈ 0.36) for Si(111), as summarized in Table 1, and in agreement with previously
published results [31]. The roughness remained almost constant for samples with an Al
content in the range within x ≈ 0.36–0.42 (see Table 1), and it finally dropped up to ≈2.5 nm
for an Al content of ≈50%. This surface roughness reduction was attributed to an increase
in the adatom energy and mobility when increasing PAl, in agreement with results obtained
in similar AlxIn1-xN-on-Si(100) samples deposited at a higher temperature (550 ◦C) [27],
where the surface roughness was 2.0 and 1.5 nm for x ≈ 0.35 and x ≈ 0.56, respectively.
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Figure 3. AFM images with a scanning area of 2 × 2 μm of InN and AlxIn1−xN samples with PAl = 0,
150, and 225 W grown on Si(100) (a–c) and Si(111) (d–f).

The interface between the AlxIn1−xN and the silicon substrate was studied by trans-
mission electron microscopy (TEM) measurements. Figure 4 shows the cross-sectional TEM
images of an AlxIn1−xN (x ≈ 0.36) layer deposited on Si(100) and Si(111), evidencing the
epitaxial growth along the c-axis for the two silicon orientations. In both cases, the images
reveal the formation of an amorphous layer of ~2.5 nm at the layer/substrate interface (see
the inset of both figures), which may have weakened the interactions between phases and
reduced the influence of the silicon orientation on the quality of the nitride layer deposited
on top. The similar structural quality obtained growing on both substrates was also con-
firmed by the comparable grain size estimated from STEM images (Figure 5a,b). Thus, the
structural quality is conserved even when grown on a cubic substrate, although a clearer
boundary between the amorphous interfacial layer and the nitride one was observed in
this case.

 
Figure 4. HRTEM images of Al0.36In0.64N samples grown on (a) Si(100) and (b) Si(111), along with
magnified details of the interphase (right side). Insets show the epitaxial relationship between the
layer and substrate.
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Figure 5. HRTEM images of Al0.36In0.64N samples grown on (a) Si(100) and (b) Si(111) show a similar
grain size on both substrates. Scale bar at the magnified details is 20 nm.

3.3. Electrical Characterization

The electrical properties of the AlxIn1-xN layers could only be addressed for samples
deposited on sapphire substrates, because the silicon conduction masked the layered signal
whenever a silicon substrate was used. The values of resistivity, carrier concentration, and
mobility were obtained for simultaneously grown layers with an Al content up to 0.32.
Samples with higher Al content showed a resistivity above 10 mΩ·cm, making the Hall
effect measurement unreliable.

The layer resistivity increased from 0.38 mΩ·cm for InN to 8 mΩ·cm for Al0.32In0.68N,
while the carrier concentration decreased from 1.73 × 1021 cm−3 for InN to 2.48 × 1020 cm−3

for Al0.32In0.68N. On the other hand, the values of mobility showed no clear trend, starting
with a value of 9.5 cm2/V.s for InN and decreasing to 3.2 cm2/V.s for Al0.32In0.68N with
a peak of 11.5 cm2/V.s for Al0.14In0.86N. The values of resistivity and mobility obtained
for the Al0.32In0.68N sample are similar to those reported by Liu et al. [38] (1.2 mΩ·cm and
11.4 cm2/V·s, respectively, for a ~90 nm Al0.28In0.72N layer deposited by RF sputtering at
600 ◦C). The high carrier concentration of the layers is related to the unintentional doping
from impurities such as hydrogen or oxygen during growth [32], and it was also observed
by Nuñez-Cascajero et al. [26], where similar AlxIn1−xN on sapphire with homogeneous
distribution of oxygen were obtained.

3.4. Optical Characterization

The apparent optical band gap energy of the samples deposited on sapphire was
estimated through room-temperature optical transmittance measurements following the
procedure described in Ref. [26] (See Table 2 for all optical data). Figure 6 shows the squared
absorption used for this estimation, obtained from the transmittance spectra depicted in
the inset of the figure for each sample.

Table 2. Summary of the optical transmittance characterization at room temperature: apparent optical
band gap energy (Eg

Abs), absorption band edge broadening (ΔE), and linear absorption well above
the band gap (α0) of the samples under study.

Sample
Al Mole

Fraction x α0
(×104 cm−2) EAbs

g (eV) 1 ΔE(meV) 2

M1 0 17.2 1.70 160
M2 0.12 20.3 1.80 120
M3 0.35 18.4 2.10 210
M4 0.40 18.3 2.30 210
M5 0.48 10.0 2.60 180

1 Standard error of ±0.03 eV. 2 Standard error of ±10 meV.
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Figure 6. Squared absorption coefficient α2 as a function of the energy extracted from the sigmoidal
approximation of the AlxIn1−xN layers grown on sapphire. Dashed lines are the linear fits used to
estimate the apparent optical band gap energy of the samples Eg

Abs. Inset: transmittance spectra vs.
wavelength of the same samples M1–M5.

As expected, the apparent optical band gap energy blue shifted with the Al mole
fraction as following: EgAbs ~ 1.70 eV for InN (M1), 1.80 eV (M2), 2.10 eV (M3), 2.30 eV
(M4), and 2.60 eV for Al0.43In0.57N (M5). This blue shift in the optical band gap of the
InN, compared with the theoretical of 0.7 eV, was attributed to the high residual carrier
concentration of the layer.

Figure 7 shows the low-(11 K) and room-temperature (300K) PL emission of samples
M1 (InN) and M2 (AlxIn1−xN, x—0.12, 0.16), grown on Si(100) and Si(111). No PL emission
was observed for AlxIn1−xN layers with higher Al content than 16%, independent of
the crystal orientation of the substrate. The results obtained from the analysis of the PL
measurements in terms of the main peak emission energy, FWHM, and integrated intensity
are summarized in Table 3.

Figure 7. (a) Low-temperature (11K) and (b) room-temperature (300 K) PL emission of AlxIn1−xN
layers deposited on Si(100) and Si(111). For x > 0.16, no PL emission was observed.
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Table 3. Summary of the analysis of the PL measurements at 11 K and 300 K of InN (M1) and
AlxIn1−xN (M2) on Si(100) and Si(111).

Sample Temperature (K) Substrate
Main Peak Emission

Energy 1 (eV)
FWHM 2 (meV)

Integrated Intensity 3

(a.u.)

M1
11

Si(100) 1.60 560 4500
Si(111) 1.60 515 3600

300
Si(100) 1.60 460 2750
Si(111) 1.60 465 2920

M2
11

Si(100) 1.80 565 3750
Si(111) 1.80 480 3100

300
Si(100) 1.80 500 2250
Si(111) 1.75 490 2400

1 Standard error of ±0.05 eV. 2 Standard error of ±5 meV. 3 Standard error of ±10.

The dominant room-temperature emission energy centered at ≈1.60 and ≈1.80 eV
for the M1 (InN) and M2 (AlxIn1−xN, x—0.12, 0.16) samples deposited on both silicon
substrates, respectively. The position of the emission energy practically stayed the same,
while the intensity decreased when increasing the temperature from 11 to 300 K, as expected.
However, the presence of an emission at room temperature was a clear indication of the
good crystalline quality of the samples. The FWHM of the PL emission of the samples was
similar for both types of substrates, being slightly higher for sample M2, probably due to
the alloy disorder present in the AlxIn1−xN layer.

Then, assuming that the band gap energy was similar for the samples grown on Si
and sapphire, we could extract an approximate value for the Stokes shift as the difference
between the band gap energy obtained from transmission measurements (EgAbs) and the
PL emission energy (EPL) at 300 K. The obtained Stokes shift was around ~130 and ~60 meV
for InN (M1) and AlxIn1−xN (M2), respectively. These values pointed to a reduced band
tail for the AlxIn1−xN samples compared with the InN ones, which could be related to
the change in layer morphology (and probably the surrounding of the involved emission
centers) when introducing aluminum into the InN binary.

Lastly, comparing each sample on both substrates, they showed a very similar emission
shape and integrated intensity, even though the AlxIn1-xN ones had double the layer
thickness compared with their InN counterparts. This result pointed to an enhancement of
the nonradiative recombination channels due to Al incorporation, which could increase the
lattice disorder and defects.

4. Conclusions

AlxIn1−xN films with low-to-mid Al content (x—0–0.50) were deposited via RF sput-
tering on different substrates, i.e., Si(100) and Si(111), for their comparison. The increase
in the Al mole fraction improved the structural and morphological quality of the layers,
achieving a minimum FWHM of the (0002) AlxIn1−xN rocking curve of ~2.8◦ and a min-
imum rms surface roughness of ~2.5 nm for samples grown on both Si substrates with
x—0.49. FESEM images showed a morphological transition from nanocolumnar toward a
grain-like compact morphology when aluminum was introduced. Cross-sectional TEM
images revealed a ~2.5 nm thick amorphous layer in the interface between the nitride
material and the substrate, which could be responsible for the weak coupling between the
active layer and the substrate. This finding allows the development of AlxIn1−xN with
similar material quality on both silicon substrate orientations.

Hall-effect measurements revealed a carrier concentration above 1020 cm−3 for the
AlxIn1-xN layers with x < 0.32, probably induced by the unintentional doping of the
material during deposition. Additionally, the AlxIn1-xN layers (x ≤ 0.16) deposited on both
Si substrate orientations exhibited similar PL emission in terms of shape, energy, FWHM,
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and integrated intensity at room temperature, showing a reduction in the PL emission
efficiency when introducing the Al compared with the one obtained for InN layers.

In this work, we demonstrated the ability to produce high-quality AlxIn1−xN layers on
Si with low-to-mid Al content via RF sputtering regardless of the chosen substrate orientation.
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Abstract: Copper nitride, a metastable semiconductor material with high stability at room temper-
ature, is attracting considerable attention as a potential next-generation earth-abundant thin-film
solar absorber. Moreover, its non-toxicity makes it an interesting eco-friendly material. In this work,
copper nitride films were fabricated using reactive radio frequency (RF) magnetron sputtering at
room temperature, 50 W of RF power, and partial nitrogen pressures of 0.8 and 1.0 on glass and
silicon substrates. The role of argon in both the microstructure and the optoelectronic properties
of the films was investigated with the aim of achieving a low-cost absorber material with suitable
properties to replace the conventional silicon in solar cells. The results showed a change in the
preferential orientation from (100) to (111) planes when argon was introduced in the sputtering
process. Additionally, no structural changes were observed in the films deposited in a pure nitrogen
environment. Fourier transform infrared (FTIR) spectroscopy measurements confirmed the presence
of Cu–N bonds, regardless of the gas environment used, and XPS indicated that the material was
mainly N-rich. Finally, optical properties such as band gap energy and refractive index were assessed
to establish the capability of this material as a solar absorber. The direct and indirect band gap
energies were evaluated and found to be in the range of 1.70–1.90 eV and 1.05–1.65 eV, respectively,
highlighting a slight blue shift when the films were deposited in the mixed gaseous environment as
the total pressure increased.

Keywords: copper nitride; reactive RF magnetron sputtering; gaseous environment; solar absorber

1. Introduction

Copper nitride (Cu3N) is attracting the attention of researchers due to its interesting
properties, primarily its anti-ReO3 structure and its bandgap energy (Eg) value. Its main
attraction is that it is a non-toxic, metastable, and low-cost semiconducting material with
earth-abundant elements and high stability at room temperature (RT). In addition, different
studies have reported a wide range of band gap energy values, i.e., from 0.8 eV to 1.9 eV,
which are easily achievable by controlling the deposition conditions [1,2]. The density
functional theory (DFT) calculations, on the other hand, predict a relatively smaller Eg,
ranging from 0.23 eV to 1.0 eV [3]. In general, the materials required for photovoltaic
cells are semiconductors with a band gap between 1.1 eV and 1.7 eV [4]. These values
are necessary to promote an electron from the valence band to the conduction band, thus
generating an electric current. In the case of Cu3N, the reported Eg values suggest that this
material can be a potential solar absorber for the next generation of photovoltaic devices [5].
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In this sense, Cu3N has garnered interest in different application fields, such as optical
storage media [6], tunnel junctions [7], solar energy conversion [8], and photovoltaics [9],
due to its unique crystal structure and physicochemical properties.

Cu3N exhibits a cubic anti-ReO3 structure. The cell structure is shown in Figure 1.

Figure 1. The cubic anti-ReO3 crystal structure of Cu3N [4].

The ideal crystal structure shows a cationic octahedral complex with an anion in
the center, where the N atom occupies the Wyckoff position 1a (0, 0, 0) and the three Cu
atoms are located at the 3d Wyckoff positions (1/2, 0, 0; 0, 1/2, 0; 0, 0, 1/2). In addition, in this
structure, a void can be found at the body center (1/2, 1/2, 1/2) position [10]. The experimental
lattice constant of cubic Cu3N ranges from 0.3815 nm to 0.3885 nm [11]. Since Cu3N is
a non-stoichiometric interstitial compound, its lattice constant can be easily adjusted by
varying the process conditions and/or doping with other atoms. Several studies have
shown that the incorporation of transition metal atoms (e.g., Pd) generates a decrease in
the energy gap value and increases the material’s electrical conductivity [12,13].

Cu3N films have been successfully fabricated using various methods, such as chemical
vapor deposition (CVD) [14], pulsed laser deposition (PLD) [15], atomic layer deposition
(ALD) [14], and reactive radio frequency (RF) magnetron sputtering [16]. Among these,
sputtering deposition is highly preferable because it can be performed at low cost, without
the use of toxic gases, and with low energy consumption because it can be carried out
at RT.

Regarding the photovoltaic (PV) sector, Cu3N has been extensively studied and has
been proposed as a possible substitute for silicon, which is the most widely used material
in solar panels. In addition, thanks to its good electrical properties and the ease with which
it can be fabricated, the use of this material as a solar absorber could help avoid the high-
temperature steps involved in the fabrication of solar-grade silicon. Furthermore, thanks to
bipolar doping [17], this material can be profitably used in rectifying heterojunctions [18–20]
as well as homojunctions [8–21], and in solar cells [8,17,22].

In this work, the impact of using argon (Ar) in the RF magnetron sputtering process
on all the properties of the Cu3N thin films fabricated on glass at RT have been thoroughly
evaluated. In the material deposition, two different gaseous environments were used:
an Ar-free environment based on pure nitrogen (N2) and an environment consisting of a
changeable mix of N2 and Ar. Our main aim was to determine how the presence of Ar in
the sputtering chamber might modify the films’ properties. Within this framework, it is
of paramount importance to establish the sputtering conditions under which the material
could be considered more suitable to be used as a solar absorber in a photovoltaic device.
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2. Materials and Methods

The Cu3N thin films were deposited on silicon and glass substrates using reactive RF
magnetron sputtering in a mono chamber (a commercial MVSystem). In this system, the
RF-operated cathode was vertically adjustable, and the substrate was placed in front of the
metallic target, a 99.99% Lesker Cu 3-inch diameter disk. The substrates had been prepared
prior to the sputtering deposition. The silicon wafers were immersed in a hydrofluoric acid
solution for 3 min and then ultrasonically cleaned for 3 min in a distilled water solution.
The glass substrates were ultrasonically cleaned for 3 min in ethanol and distilled water
solutions. The substrates were then dried by blowing nitrogen gas and loaded into the
sputtering chamber. The base pressure of the chamber was around 2.6 × 10−5 Pa, and the
distance between the target and the substrate was set at 98.8 mm. A pre-sputtering process
to clean the target surface was carried out for 10 min using the sputtering conditions chosen
for the deposition. The deposition time was set at 30 min and the films were deposited at
RT and 50 W of RF power. The process gases used were N2 (99.999%), with a flow rate of
20 sccm, and Ar (99.99995%), with a flow rate of 10 sccm, both controlled by MKS mass
flow controllers (MFCs) (MKS Instruments, Andover, MA, USA). The partial pressure of
the N2, defined as R = [N2]/([N2] + [Ar]), was set at 0.8 and 1.0, and the total gas flow was
maintained at 30 sccm. The total pressure in the chamber was varied from 3.5 Pa and 5.0 Pa
by adjusting the position of the “butterfly” valve inside the magnetron system.

The film thickness was measured with a model Dektak 8 profilometer (Bruker, San
José, CA, USA). For all samples, a tip force of 68.67 μN and a scan size of 2000 μm were
used. The crystallinity of the Cu3N films was determined by X-ray diffraction (XRD) using
a commercial system (model PW3040/00 X’ Pert MPD/MRD) (Malvern Panalytical Ltd.,
Malvern, UK) and Cu-kα radiation (λ = 0.15406 nm). The scanned 2θ range was 10–60◦,
with a step size of 0.01◦ and a time per step of 20 s. Ultra-high resolution field emission
scanning electron microscope (FESEM) NovaNanoSEM 230, (FEI-company, Hillsboro, OR,
USA) was used to determine the variation in the surface morphology as a function of the
gaseous environment used. To enable the FESEM analysis, the samples had previously
been covered with a thin platinum layer (2 nm). The FESEM images were taken at 30 kX,
60 kX, and 120 kX. This system was also equipped with an EDAX Apollo X silicon drift
detector energy dispersive X-ray spectroscopy (EDS) system (EDAX Meter company, Le-
icester, UK). Several regions on the surfaces were analyzed at an acceleration voltage of
10 kV to qualitatively quantify the amount of Cu Lα, N Kα, and O Kα. Atomic force
microscopy (AFM) (multimode nanoscope AFM model III, SPM, Veeco-Digital instrument
Inc., Aschheim/Dornach Munich, Germany) was performed to investigate the surface of
the specimens. The AFM measurements were carried out in tapping mode using silicon
nitride AFM tips (OTR8, Veeco). The roughness was quantified by root mean square (RMS)
in 1 × 1 μm2 two-dimensional (2D) micrographs. The chemical composition of the Cu3N
thin films was characterized with Fourier transform infrared (FTIR) spectroscopy (Waltham,
MA, USA) using a commercial Perkin Elmer Spectrum 100. The spectra were acquired
using the transmittance mode (%) vs. the wave number, in the range of 400–4000 cm−1.
A surface analysis was carried out with X-ray photoelectron spectroscopy (XPS) using
a PHI 5500 Multitechnique System (Physical Electronics® GmbH, Feldkirchen, Munich,
Germany) and a monochromatic Al K-alpha X-ray source (1486.74 eV). This system was
calibrated with the 3d5/2 line of Ag, perpendicular to the analyzer axis. The XPS spectra
were analyzed with a Shirley background type and Gaussian–Lorentzian overlapping made
with specific software. The data were fitted from the Cu-2p, N-1s, and O-1s states.

Finally, the optical transmittance was measured with a commercial Perkin Elmer
Lambda 1050 spectrophotometer (Waltham, MA, USA) at normal incidence and RT and
in the wavelength range of 400–2500 mm. The optical energy band gap was determined
using the curve of (αhν)p vs. photon energy, hν, by extrapolating the line to the abscissa of
hν, according to the standard Tauc plot [23]. The index p, which characterizes the type of
electronic transition, has specific values of 2 and 1/2 for the indirect and direct transitions,
respectively. The refractive index was also evaluated in the near-infrared (NIR) region at
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the wavelengths of 825 nm, 1061 nm, 1312 nm, and 1533 nm, using the prism coupling
technique (2010, Metricon Corporation, Pennington, NJ, USA). Ten scans were performed
for each measurement and the estimated error of the measurement was ±0.001.

3. Results

Table 1 shows the data for the sputtering parameters used in the Cu3N films deposition.

Table 1. Summary of the deposition conditions, the calculated deposition rate, and the measured
thickness of the samples under study.

Sample
Total

Pressure (Pa)
N2 Flux
(sccm)

Ar Flux
(sccm)

N2 Flow
Ratio

Deposition
Rate (nm/s)

Thickness
(nm)

S1 5.0 20 10 0.8 0.05 96
S2 3.5 20 10 0.8 0.12 210

S3 5.0 20 – 1.0 0.06 115
S4 3.5 20 – 1.0 0.06 100

Two different behaviors were observed, depending on the process gas used. In the
case of the sputtering deposition in the Ar + N2 gas mixture, the rate decreased with the
total pressure, as previously reported in the literature [17,24,25]. This effect can be ascribed
to the increase in the number of collisions that the atoms in the plasma undergo when
the total pressure rises. In this scenario, the mean free path of the atoms present in the
plasma was clearly reduced, decreasing the deposition rate. On the other hand, the higher
deposition rate observed in sample S2 was attributed to a poorer nitridation because of
the lower pressure used and, hence, the deposition was performed in a more metallic
regime [25,26].

In contrast, the deposition rate obtained when the sputtering process was performed
in a pure N2 environment revealed to be almost constant at the total pressure range used.
Taking into account the fact that, in this case, the N atoms directly reacted with the Cu atoms
from the target, the fact that no change in the deposition rate was obtained with the total
pressure could indicate that a target “poisoning” effect might have occurred in the samples
S3 and S4. This impeded the performance of the reactive magnetron sputtering, resulting
in a significantly reduced sputtering yield and, hence, no increase in the deposition rate
was observed [26].

Figure 2a shows the XRD patterns of the Cu3N films deposited at the total pressures
of 3.5 Pa and 5.0 Pa in a gas mixture of N2 + Ar. As can be seen, the sample deposited at the
total pressure of 5.0 Pa presented the (100) plane as the preferential orientation (2θ = 23.33◦),
which is typical for N-rich thin films [19]. Another diffraction peak of lower intensity also
appeared, corresponding to the (200) plane. In contrast, the sample deposited at the total
pressure of 3.5 Pa presented the (111) plane (2θ = 40.79◦) as the preferential orientation,
indicative of a Cu-rich phase [19]. In addition, other diffraction peaks, such as (100), (110),
(200), and (210), appeared less intensely, and the appearance of the (100) plane, indicating an
N-rich phase, suggests that the material continued to be non-stoichiometric [27]. According
to reports in the literature [21], when sputtering deposition is carried out in a mixed gas
atmosphere, the amount of N2 at low pressure regimes is scarce, so Cu-rich (111) planes
are more likely to form in the film. By increasing the total working pressure, the amount
of N2 in the chamber begins to increase slightly, and may be high enough to form N-rich
(100) planes.

Figure 2b shows the XRD patterns of the Cu3N films deposited at the total pressures
of 3.5 Pa and 5.0 Pa in a pure N2 atmosphere. Regardless of the total pressure, the patterns
exhibited both the (100) and (200) diffraction planes of the Cu3N structure, without the
appearance of other planes [28]. This supports the idea of a possible target “poisoning”
effect at total pressures higher than 3.5 Pa, which is in agreement with the absence of
variation observed in the deposition rate for these samples [25,26].
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Figure 2. X-ray diffraction patterns of Cu3N films deposited at RT and 50 W in (a) mixed Ar + N2

and (b) pure N2 environments.

Moreover, all the samples presented a cubic anti-ReO3 structure, and the absence
of impurity peaks (such as Cu or CuOx) was indicative of a successful Cu nitridation to
achieve Cu3N thin films with a high degree of purity [28].

The lattice constant (1) was calculated according to the interplanar spacing using
Bragg’s law (2):

dhkl = a/
√

h2 + k2 + l2 (1)

dhkl =
nλ

2 sin θ
, (2)

where dhkl is the interplanar spacing of Miller indices h, k, and l, n is the order of diffraction,
λ is the wavelength of X-rays, and θ is the diffraction angle. The theoretical value of the
Cu3N lattice constant used in the calculation is 0.3815 nm [5,27]. The averaged grain size
was also determined by using Debye–Scherrer’s Equation (3):

τ =
kλ

β cos θ
, (3)

where τ is the estimated grain size of the films, β is the full width at half maximum (FWHM)
of the corresponding diffraction peak, θ is the diffraction angle, λ is the X-ray wavelength
(0.15406 nm), and k is a constant.

Table 2 summarizes the parameters such as FWHM, lattice constant, and grain size
calculated from the XRD patterns showed in Figure 2. The FWHM value obtained for
the sample S2, deposited at the total pressure of 3.5 Pa in the Ar + N2 environment, was
significantly higher than that of the counterpart sample S4, deposited in a pure N2 atmo-
sphere. This could indicate a superior quality of the Cu3N films when deposited without
introducing Ar into the process gas. Apart from the sample S4, the lattice parameters
obtained were larger than the theoretical ones, which could indicate an over-stoichiometry.
Specifically, this state consisted of additional N atoms inserted into the Cu3N lattice, prob-
ably as interstitials, revealing the formation of defects that could play an important role
in increasing the lattice parameters [29]. This finding also agrees with the higher FWHM
values obtained for the samples with larger lattice parameters. In all cases, these values are
very close to that found in the literature for stoichiometric films fabricated by magnetron
sputtering, i.e., 0.3815 nm [12,21,28–31].
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Table 2. Main structural parameters derived from the XRD measurements.

Sample
Total

Pressure
(Pa)

N2 Flow
Ratio

Preferential
Orientation

FWHM (◦)
Lattice

Constant
(nm)

Grain Size
(nm)

S1 5.0 0.8 (100) 0.1870 0.3817 42
S2 3.5 0.8 (111) 0.2755 0.3832 29

S3 5.0 1.0 (100) 0.1870 0.3820 42
S4 3.5 1.0 (100) 0.1771 0.3814 45

All the Cu3N layers showed a single phase, with grain size values ranging from 29 nm
to 45 nm, the grains of higher size being found in the samples with lower FWHM values.
This would corroborate once again the better crystal quality of the samples deposited in
the pure N2 atmosphere.

The surface morphology of the samples was analyzed using AFM. Figure 3 depicts the
1 × 1 μm2 3D micrographs of the sputtered films fabricated in the N2 + Ar environment
(Figure 3a) and in the pure N2 atmosphere (Figure 3b).

(a)

(b)

Figure 3. Three-dimensional micrographs (1 × 1 μm2) of the Cu3N films deposited in (a) N2 + Ar
mixture and (b) pure N2 environments.

All the films presented a granular structure with tightly packed columnar grain
features and sharp grain boundaries. The surfaces were smooth and uniform, regardless
of the sputtering atmosphere used. However, two different morphologies were observed,
depending on the composition of the process gas. This effect can be attributed to the
increase in the deposition rate due to the introduction of Ar into the plasma, and also to the
competition between the grain orientations present in the films, which led to changes in the
morphology. Hence, the samples deposited in the N2 + Ar environment (Figure 3a) showed
a large number of void boundaries embedded in a complex pyramidal conical morphology,
indicative of a competition between the (111) and (100) orientations, as revealed by the
XRD patterns (Figure 2) [32]. The RMS values calculated for these samples were 3.03 nm
(S1) and 5.12 nm (S2). A rougher surface was obtained for the sample S2 deposited at the
total pressure of 3.5 Pa. Under such a pressure value, this sample would be deposited in a
more metallic regime, where a lower number of N2

+ ions were reacting with the sputtered
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Cu atoms [25,26]. For this reason, its XRD pattern showed a competition between the grain
orientations that led to a change in the preferred orientation, as was observed previously.

On the other hand, the films prepared in the pure N2 atmosphere showed a relatively
more compact surface, almost without the presence of voids. Under these conditions, more
N2

+ ions had the ability to combine with the Cu atoms, thus resulting in a high-density
film with a smoother surface. In this case, the RMS values were very similar: 1.3 nm
(S3) and 2.2 nm (S4). However, a slight reduction was observed when the sample was
deposited at the highest deposition pressure used in this work. It is worth noting that the
smoother surfaces exhibited by the films deposited at higher pressures was a measurable
effect independent of the environment used and could be ascribed to the higher energy of
the ion bombardment on the substrate [31]. Hence, it is clear how the presence of Ar in the
process gas determined the type of surface morphology. The surface morphology and the
roughness are parameters that must be taken into account when manufacturing a device.

Figure 4 presents plan-view FESEM images of the Cu3N films deposited in the N2 +
Ar environment (Figure 4a) and in the pure N2 atmosphere (Figure 4b).

Figure 4. FESEM images of the surface of the Cu3N samples deposited in (a) N2 + Ar and (b) pure
N2 environments. Information concerning the preferred orientation extracted from the XRD analysis
is also included.

These images confirmed that the surfaces were smooth and uniform, and mainly
composed of columnar grains typical of the sputtering method [33]. Moreover, these results
are consistent with those obtained from the previously reported AFM analysis. As can be
observed, the grain shapes were influenced by the environment and by the total pressure
used in the deposition. A pyramidal conical structure was observed in the films deposited
at the lowest pressure of 3.5 Pa, and this was considerably oversized when the film was
deposited in the N2 + Ar environment. The shape of these grains turned out to be more
spherical when the sample was deposited in a pure N2 atmosphere. On the other hand, at
the highest pressure of 5.0 Pa, the grains on the surface appeared to gain a nodular-like
morphology, and this was once again oversized on the surface of the sample deposited in
the mixed environment [32]. This morphology was characterized by the presence of a flat
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block of particles of uniform size, without visible cracks. These results are in line with the
roughness calculated from the AFM images because these samples showed considerably
smooth surfaces. The achievement of compact films would be beneficial for the production
of heterojunctions needed for solar devices.

The EDS data, shown in Table 3, revealed a qualitative ratio of Cu to N lower than
three and, hence, the obtained films did not become a stoichiometric material, being N-rich
in all cases. From these measurements, the samples S1 and S2, deposited in the gas mixture,
showed a very similar ratio, being within the confidence interval of less than 2%, whereas
the sample S4, deposited at the pressure of 3.5 Pa, showed a lower ratio than S3, which was
attributed to the lower presence of N in the plasma used to form the nitride film. However,
the Cu/N ratios obtained for the samples deposited in the N2 + Ar atmosphere were higher
than those measured for the samples deposited in the pure N2 environment. This can be
explained by the higher number of N2

+ ions present in the pure atmosphere in comparison
with the mixed one at the same pressure. Finally, the presence of O on the surface was
observed in all cases.

Table 3. Relative surface composition of the films under study, derived from the EDS analysis.

Sample
Total

Pressure (Pa)
N2 Flow

Ratio
Cu (at%) N (at%) Cu/N O (at%)

S1 5.0 0.8 44.29 20.38 2.17 35.34
S2 3.5 0.8 53.52 25.46 2.15 21.06

S3 5.0 1.0 44.49 21.55 2.06 33.97
S4 3.5 1.0 38.26 19.67 1.94 42.07

To confirm the chemical compositions of the Cu3N films, X-ray photoelectron (XPS)
measurements were carried out. The XPS spectra showed the photoelectron emissions
from the Cu-2p, N-1s, and O-1s states. The data obtained are summarized in Table 4. The
presence of O was also observed in this case, as in EDS measurements. The large amount
of O detected can be explained by surface contaminations with C and O and, hence, by the
appearance of C-C, C-O, and C=O bonds due to a long exposure to ambient air, as other
authors have pointed out before [29]. It should be noted that the presence of O was not
observed in the XRD spectra, which could confirm that the formation of such oxidized
compounds would take place on the surface and that they would have an amorphous
character. The extracted Cu/N ratio for the samples deposited in the pure N2 environment
was in the range of 1.46–1.56. In contrast, a slightly higher Cu/N ratio, ranging from 1.89
to 1.96, was obtained for the samples deposited in the N2 + Ar mixture. All these values
were significantly smaller than the expected ratio of 3 corresponding to a stoichiometric
Cu3N film. This would confirm the presence in all cases of the N-rich (100) plane in the
XRD spectra, and also the increased incorporation of N in the samples deposited in the
pure N2 environment, as previously revealed by the EDS data.

Table 4. Relative surface composition of the films under study, derived from the XPS analysis.

Sample
Total

Pressure (Pa)
N2 Flow

Ratio
Cu (at%) N (at%) Cu/N O (at%)

S1 5.0 0.8 31.63 16.68 1.89 51.69
S2 3.5 0.8 34.05 17.34 1.96 48.61

S3 5.0 1.0 28.01 19.15 1.46 52.84
S4 3.5 1.0 27.63 17.65 1.56 54.71

To further investigate the molecular structure, a FTIR analysis was carried out. As
is shown in Figure 5a,b, all the samples exhibited a single band at around 644–648 cm−1,
which confirmed the creation of the Cu–N bond. As other authors have reported, Cu3N
exhibits a prominent peak at 652 cm−1, which can be ascribed to the intrinsic lattice
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mode vibration of Cu–N [30]. This would indicate that the amount of N was adequate
to form the Cu3N phase. A weak peak at around 819 cm−1, assigned to the Cu–N3 bond,
was also observed in all cases. In addition, a peak at 2049 cm−1 appeared in the whole
spectra pictured in Figure 5c,d, corresponding to the stretching vibration of N3 azide
and confirming the formation of an N-rich Cu3N material, in agreement with the data
shown previously.

Figure 5. FTIR spectra of the Cu3N films deposited in (a,c) an N2 + Ar gas mixture and (b,d) a pure
N2 atmosphere.

From Figure 5a, it is possible to highlight that the samples S1 and S2 deposited in the
N2 + Ar environment presented a small shoulder at higher wavenumbers, i.e., at around
670 cm−1 and 690 cm−1, respectively, and that this was almost undetectable in the samples
deposited in the pure N2 atmosphere. The presence of this additional band could be
attributed to two effects: a possible oxidation of the surface sample (more probable in
the samples S1 and S2, which showed voids in their morphology) and/or the formation
of an incomplete Cu–N bond [34]. To confirm the presence of O in such high quantities
as the EDS and XPS results suggest, the FTIR spectra were further analyzed at larger
wavenumbers, as pictured in Figure 5c,d. As the whole spectra is revealed, the stretching
vibrations of the hydroxyl group O-H can be observed in all the spectra in the broad region
of 3775–3550 cm−1, regardless of the gaseous environment [35].

Table 5 summarizes the FWHM values and the wavenumber at which the center of the
prominent peak was located, as obtained from the FTIR spectra. Once more, the samples
deposited in the pure N2 atmosphere presented narrower peaks, and thus lower FWHM
values, particularly the sample deposited at the lowest total pressure of 3.5 Pa, indicating its
improved quality, in agreement with the extracted XRD results. In the case of the samples
deposited in the N2 + Ar mixture, considering the main peak and the small shoulder as a
single peak, the FWHM value was much higher for the sample S2, indicating a preferred
orientation of (111) and poorer crystal quality (see Table 2).
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Table 5. Main parameters derived from the FTIR spectra. The FWHM values of the samples S1 and
S2 have been estimated by considering the prominent peak and the small shoulder as a single peak.

Sample Total Pressure (Pa) N2 Flow Ratio FTIR Peak (cm−1) FWHM (cm−1)

S1 5.0 0.8 644 62.2
S2 3.5 0.8 645 80.3

S3 5.0 1.0 644 60.2
S4 3.5 1.0 648 58.9

Finally, the effect of the sputtering environment on the optical properties of the samples
was also evaluated. The band gap energy (Eg) was determined from the transmission
spectra using the standard Tauc plot [23]. The direct band gap was calculated by plotting
(αhν)1/2 vs. hν and by extrapolating a full line to the abscissa of hν (Figure 6a). Similarly,
the indirect band gap was calculated by plotting (αhν)2 vs. hν and extrapolating a full line
to the abscissa (Figure 6b). The data obtained are summarized in Table 6.

Figure 6. Calculation of the band gap energy of Cu3N films deposited at different pressures and in
different gaseous environments: (a) (αhν)1/2 vs. hν plot for the determination of the direct band gap;
(b) (αhν)2 vs. hν plot for the determination of the indirect band gap.

Table 6. Direct and indirect band gap energy calculated for the samples under study.

Sample
Total Pressure (Pa)/

N2 Flow Ratio
Cu/N

Direct Band
Gap (eV)

Indirect Band
Gap (eV)

S1 5.0/0.8 1.89 1.90 1.45
S2 3.5/0.8 1.96 1.77 1.05

S3 5.0/1.0 1.46 1.70 1.60
S4 3.5/1.0 1.56 1.79 1.65

The direct and indirect band gap values for the samples S1 and S2, deposited in the
mixed N2 + Ar atmosphere, were found to vary within the range of 1.77–1.90 eV and
1.05–1.45 eV, respectively, depending on the total pressure. As the work pressure increased,
a blue shift was observed. Xiao et al. [36] attributed this fact to a slightly higher number of
Cu atoms being unable to combine with N atoms to form Cu–N bonds due to the relatively
low number of N atoms present in the gas mixture. Such Cu atoms would act as a light-
scattering center, forming defects which would lead to a decrease in the band gap energy.
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In this scenario, the energetic neutral N2
+ ions in the plasma are dissociatively reflected

by the target. This fact might account for a possible Cu re-sputtering, thus leading to a
greater deficiency in the stoichiometric properties of Cu3N films, as revealed by the EDS
and XPS data.

On the other hand, the samples S3 and S4, deposited in the pure N2 atmosphere,
showed direct and indirect band gap values in the range of 1.70–1.79 and 1.60–1.65, respec-
tively. In this case, the opposite phenomenon was observed, namely the band gap energy
increased when the gas pressure decreased [28]. This behavior can be explained by the
different nature of the gaseous environment in which the deposition was carried out. At a
pressure of 3.5 Pa, an excess of Cu atoms may have continued forming the material due
to the higher number of N atoms in the pure N2 environment. However, when the N2
pressure increased, the excess N that did not form Cu–N bonds could have integrated into
the lattice in interstitial places, resulting in a worsening of the structural quality, as shown
by the XRD results. This would lead to the appearance of defects and, hence, to a decrease
in the band gap energy [16,37]. In any case, the band gap energy values obtained were in
the range considered suitable for solar absorber applications [38].

Finally, the refractive indices of the Cu3N films were measured at different wave-
lengths in the NIR region using the prism coupling technique. The obtained data are
summarized in Table 7. As expected, the refractive indices showed a clear dependence on
the measuring wavelength. Regardless of the gas environment used, the refractive index
decreased with the wavelength, as reported in the literature [39].

Table 7. Refractive indices of the samples under study measured at different wavelengths in the
NIR region.

Wavelength
(nm)/hν (eV)

S1 S2 S3 S4

825/1.503 1.521 — 1.522 1.512
1061/1.169 1.518 1.508 1.519 1.508
1312/0.945 1.515 1.506 1.515 1.506
1533/0.809 1.512 1.503 1.512 1.503

These values were relatively low compared with those found in the literature [5,39,40].
This could be attributed to two factors: (i) the possible low density of the films due to the
packed columnar grain features observed in the AFM images combined with the N-rich
nature indicated by the EDS and XPS data; and (ii) the high O presence on the surface,
determined from EDS and XPS data, leading to the formation of a very thin amorphous
CuOx film (not observable in the XRD patterns).

4. Conclusions

In this work, Cu3N films were prepared using reactive RF magnetron sputtering at RT
at total pressures of 3.5 Pa and 5.0 Pa, and in different gaseous environments of N2 and N2 +
Ar. The deposition rate calculated when the films were deposited in the mixture of N2 and
Ar gases increased with the total pressure, while a constant deposition rate of 0.06 nm/s
was obtained when pure N2 gas was used in the sputtering process, a fact attributed to
a target “poisoning” effect. The XRD results revealed that the films had an anti-ReO3
structure. The samples deposited in the pure N2 environment showed the (100) plane as the
preferential orientation. This plane corresponded to the N-rich phase of Cu3N, indicative
of an increased presence of N atoms rather than Cu atoms within the plasma. However,
a transition from the (100) to (111) planes as the preferential orientation was highlighted
when the total Ar + N2 pressure decreased from 5.0 Pa to 3.5 Pa. At the same time, the
FWHM values extracted from the XRD results revealed a worsening of the crystal quality
when the films were deposited in the mixed gaseous environment. To conclude, a lattice
constant larger than the theoretical one was obtained in any case, once again indicative of
an N-rich phase. To support this hypothesis, FTIR, EDS, and XPS analyses were carried out,
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and the results confirmed the presence of an N-rich material and the formation of a Cu–N
bond, regardless of the gaseous environment used. The XPS and EDS measurements also
revealed a significant O contamination on the film surface, attributed to a long exposure in
air. This contamination was also supported by the low refractive index values obtained
for all of the films. Finally, the calculated optical band gap energies showed their strong
dependence on the gaseous environment. In any case, a material with these values can
be considered suitable for use as a solar absorber. However, all these results pointed to a
preference for using (i) a pure N2 environment and (ii) a range of moderate pressures, such
as 3.5 Pa, due to the better crystal quality of the films deposited.
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