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Abstract

This study presents an analysis of the electrolysis process using nickel-iron electrodes with a 30% KOH electrolyte and a
30% KOH electrolyte with an additional 2.5 g of ionic liquid (BMI.BF4). The electrodes were placed 20 mm apart, and the
current density at 55, 110, and 165 A/m>. The process involved capturing and processing images of hydrogen generation to
observe the influence of the ionic liquid on ionic conductivity. Results, depicted through images of vertical velocity, vorticity,
and velocity field, indicate potential gains in hydrogen generation with larger volumes of bubbles and improved vertical
displacement speeds of bubbles when adding ionic liquid to the electrolyte.
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Introduction

The past decade has witnessed an intense search for new
energy sources, preferably renewable or green energy. In
order to alleviate the current electrical energy generation
system. While batteries and capacitors are suitable for short-
term electricity storage, long-term storage can be achieved
through the use of hydrogen. In these cases, electricity pro-
duced from renewable sources would be used to power the
electrolyzers, thus being converted into hydrogen through
water electrolysis, being one of the best storage systems in
terms of environmental sustainability. The hydrogen pro-
duced can be stored using pressurized tanks, for example,
and converted back into electricity when necessary. In this
way, the use of hydrogen as an energy vector allows the stor-
age of excess energy during generation peaks from renew-
able sources and the production of energy during energy
deficit phases [1, 2]. The concept of energy generation
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through water electrolysis leading to hydrogen production
has gained prominence over the years. In recent years, there
have been significant advancements in electrolysis technol-
ogy, especially in the development of more efficient and
cost-effective electrolyzers, along with the increasing avail-
ability of renewable energy sources such as solar and wind
power, which can be used to power the electrolysis process.
This may make electrolysis more competitive in terms of
cost and environmental sustainability. Hydrogen production
through water electrolysis is a crucial technique undergo-
ing continuous improvement through research, resulting
in cost-effectiveness. This improvement involves selecting
suitable electrodes and electrolytes to enhance efficiency in
the hydrogen generation process [3, 4]. The costs associated
with hydrogen production can be mitigated by scaling up the
generation of low-cost renewable electricity, amplifying the
energy output of renewable sources, and enhancing electro-
lyzer efficiency through the utilization of high-performance
materials [5]. While hydrogen is not naturally found in its
free form, it is combined with other chemical elements in
various molecules, necessitating chemical processing for
extraction [6]. Traditionally, hydrogen is produced from
fossil resources, primarily methane (natural gas), due to
cost efficiency. However, concerns about depleting fossil
fuel reserves and increasing gas prices have shifted focus
to alternative hydrogen production methods [6, 7]. Among
various electrolyzer technologies, alkaline electrolyzers
have proven to be highly successful from a commercial
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perspective due to their simplicity and cost-effectiveness.
Despite already being in commercial use, research on alka-
line electrolyzers remains dynamic, focusing on optimizing
their operation and enhancing overall efficiency [8]. The
electrolysis of water is widely used to produce hydrogen
with a very high degree of purity. It is a relatively simple
process, which depends on drying and eliminating impurities
from the gas [9, 10]. Hydrogen production through water
electrolysis requires improvements in energy efficiency,
safety, durability, operability, portability, and the reduc-
tion of installation and operation costs [11]. This process
involves the application of a direct electric current, leading
to the dissociation of water molecules through redox reac-
tions, resulting in the generation of hydrogen and oxygen
gases [12]. The electrolysis of water involves the separation
of its molecules into hydrogen and oxygen gases through
the passage of a direct electric current. The current flows
between two separate electrodes immersed in an electro-
lyte, which increases the ionic conductivity of the medium.
The electrodes, and electrolyte are elements that configure
the electrolytic cell [13]. In fact, during water electrolysis,
the proportion of hydrogen (H,) and oxygen (O,) produced
is 2:1. This means that for every molecule of oxygen pro-
duced, two molecules of hydrogen are produced. This ratio
is based on the chemical equation of the water electroly-
sis reaction (i.e., 2H,0 — 2H, + O,). The energy density of
hydrogen is approximately 120 MJ/kg, while that of coal,
for example, ranges between 24 and 35 MJ/kg. In terms of
sustainability and environmental impact, hydrogen produc-
tion from renewable sources releases only oxygen (O,) as a
by-product, with no carbon emissions. Hydrogen stands out
as a promising carrier of clean and sustainable energy due to
its high energy density, surpassing that of typical solid fuels
[14]. The significant challenge in hydrogen production from
water electrolysis lies in finding materials for electrolytes
and electrodes that offer high performance at a low cost or
enhance existing ones. Ni alloys with different metals have
been studied. It has been demonstrated that NiCo alloys have
better electrocatalytic performance compared to pure Ni and
Co electrocatalysts. Similar conclusions were obtained in the
case of NiFe for the occurrence of hydrogen evolution [2].
Tonic Liquids (ILs) composed of ionic species, cations,
and anions, are considered green solvents with low or no
vapor pressure and high chemical stability. Their physi-
cal-chemical properties make them suitable for various
chemical reactions, and their recyclability further enhances
their utility. ILs have demonstrated high performance in
clean energy generation reactions, particularly as electro-
lytes in water electrolysis for hydrogen production and in
fuel cells [15]. To contribute to H, production, ILs are par-
ticularly relevant. Operating as molten salts below 100 °C,
ILs comprise ionic species, cations, and anions. Their
green solvent properties, low or no vapor pressure, and high
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chemical stability make them versatile for different chemical
reactions, primarily due to their recyclability [16, 17].

ILs perform well in clean energy generation reactions,
especially when compounded with potassium hydroxide
(KOH), acting as electrolytes in the electrolysis of water to
produce hydrogen, in batteries and fuel cells [17-20].

The utilization of hydrogen production technology
through water electrolysis considers its application as a vec-
tor, but, more importantly, it generates minimal impact on
the environment and can be obtained through non-complex
processes. The choice to use Ni—Fe electrodes is linked to
the necessity of employing vast and nature-friendly compo-
nents that have efficient effects and meet the desired demand.
Currently, the majority of available hydrogen originates
from these reactions catalytically [21]. Alkaline electro-
lyzers are well-developed for production from renewable
sources at significant rates; however, in the context of the
hydrogen economy, the production capacity of electrolysis
units needs to surpass the current capacity. These factors
drive research and development for hydrogen production
through water electrolysis [10-22]. To evaluate different
electrolysis systems, it is necessary to relate a series of
practical parameters to the performance of various electro-
lyzers. Important parameters include the H, generator set-
tings and operating conditions. Therefore, studies dealing
with the hydrodynamics of water electrolysis at different
current densities in various generator scenarios can modify
the homogeneity of gases [23, 24]. The gas bubbles that
grow in contact with electrodes have multiple impacts on
the electrochemical process; they are intermediate reactions.
Bubbles within a layer adhered to the electrode block a frac-
tion of the cross-sectional area available for current trans-
port. The actual current density is greater than the nominal.
Therefore, the energy demand of the cell is affected. The
electrode potential changes due to the electrochemical reac-
tion, as well as its ohmic resistance [24]. Bubbles growing
and detaching from the electrode induce micro convection in
the boundary layer, intensifying mass transfer. Furthermore,
bubble coverage controls the area of the gas—liquid interface
and affects liquid dissolution, contributing to bubble growth
[25]. The use of ionic liquid IL in the electrolyte offers the
ability to increase current density in the circulation process
between electrodes. However, they are often limited by low
solubility levels and low conductivity [10]. Some ILs have
characteristics similar to non-aqueous organic solvents,
such as low volatility, high thermal stability, acceptable
conductivity, as well as greater solubility of active species
[18, 19]. The main properties of IL are related to high ionic
conductivity, non-flammability, potential without oxidation
or reduction, low thermal variation, among others. Chemi-
cal stability, associated with negligible vapor pressure and
electrochemical characteristics, provide ILs with expressive
electrical potentials, with a low capacity to generate gases
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[26]. In particular, the IL 1-butyl-3-methylimidazolium
tetrafluoroborate—BMI.BF, (shown in Fig. 1) is an ionic
liquid belonging to the imidazole class. It is commonly used
as an ionic solvent in various applications and some of its
important characteristics include thermal and chemistry sta-
bility, making it suitable for various reactions and processes,
including chemical synthesis, electrochemical catalysis, and
electrochemical applications. It is also known that BMI.BF,
has been shown high conductivity [27, 28]. This makes it
an interesting component to be used in increasing the effi-
ciency of electrolysis, due to the increased current density
at reduced voltage ranges at room temperature, for example
[29]. The choice of LI BMF.BF, was due to publications on
this compound in energy areas such as capacitors, fuel cells,
and electrolysis [20, 30-32]. It is understood to have suit-
able specific characteristics such as viscosity, conductivity,
and solubility.

Various techniques have been employed for the analysis
of both hydrogen production and bubble dynamics during
water electrolysis, including optical methods. Indeed, there
are different methods of capturing images and measurements
through the use of optical techniques for image acquisition,
as the processing of images is necessary to complement the
analysis. Some methods can be highlighted, such as Parti-
cle Image Velocimetry (PIV). The PIV system is based on
four components and software: pulse laser, digital camera,
synchronizer, high-speed image acquisition board, image
analysis, and processing software. Laser Doppler Velocime-
try (LDV), in addition to the equipment described, requires
specific dyes to locate the released gases, and Digital Parti-
cle Image Velocimetry (DPIV), which uses laser light and
a digital camera to record the successive positions of parti-
cles [23-25, 20, 26-34]. This study utilizes the optical flow
method to examine the dynamics of hydrogen generation
through water electrolysis, exploring the impact of current
density and of the ionic liquid BMI.BF,.

The analyses specify absolute values referring to each
stage of the research through the graphs generated, thus
allowing the quantification of gains at each current den-
sity applied to the electrolytes formed by 30% KOH and
30% KOH added with IL. The results, as illustrated by the
presented scenarios, indicate gains of up to 50% in vertical
speed, representing a higher number of hydrogen bubbles,
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Fig.1 Molecular structure of 1-butyl-3-methylimidazolium tetrafluorobo-
rate—BMILBEF,

the use of IL can increase ionic conductivity during elec-
trolysis, reducing the need for electrical energy consumption
in hydrogen generation. Additionally, they demonstrate, in a
positive and innovative manner, the utilization of the optical
flow method to generate results.

Experimental section

To conduct the hydrogen generation experiment through
water electrolysis, a polylactic acid (PLA) support was
developed using a 3D printer to secure the Ni—Fe electrodes.
For this stage, the casing was removed, and the electrolyte
was poured into the glass container described earlier. The
electrical current to power the electrodes was supplied by
a DC source. To record and identify hydrogen generation,
images were taken using a Canon camera, model EOS 5D
Mark III, with a 100 mm macro lens, stabilized on a sup-
port. The images were processed to be represented through
computer graphics, as shown in Fig. 2. This configuration
consists of a test section that includes a cubic container
(electrolyzer) with a capacity of 600 ml, a DC power supply
model Minipa MPL-3305. The working vertical electrodes
are made of Ni and Fe. The choice of this material is due to
its stability in an alkaline environment.

Both electrodes are 75 mm wide and 90 mm long,
arranged vertically with a distance of 20 mm between
them. The experiment was carried out at room temperature,
approximately 23 °C, with an aqueous solution of KOH at
30% in relation to deionized water, inside a glass container
(electrolyzer) with 100 mm X 12 mm X 90 mm. The tests
were repeated with the addition of 2.5 g of IL BMI.BF,
in the electrolyte, using a mix. The current density of 55,
110, and 165 A/m?, with voltage ranging between 3 and
8V, depending on the concentration of IL. The weight was
determined as a reference to the author [28-30, 20, 31-34]
in which to use the IL in capacitors, with a molar frac-
tion between 0.20 and 0.40 and presented conductivity (o)
greater than 15 mS/cm at 30° C. The solubility constant of
IL is K=3.0x 10~% mol/L [35] and viscosity between 50 e
60 mPa-s [36]. During the tests, different applied current
densities were formed, and as a result, all images were cap-
tured with a resolution of 3840 x 2560 pixels and a 100 mm
lens. And for the analysis of the resultant velocity field, pairs
of sequentially captured images were used in the optical flow
method.

Optical flow method

Optical flow method provides several advantages in many
studies related to motion investigation, and notable progresses
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Fig.2 Experimental setup

have been achieved during last years [37—41]. These techniques
demonstrate exceptional performance in tracking and motion
analysis, allowing for the identification and segmentation of
objects through consistent motion patterns. Remarkably, opti-
cal flow has the capability to function in real-time, making it
well-suited for tasks that demand swift video analysis, such as
bubble generation, for example. Its versatility and practical-
ity render optical flow an indispensable tool in the realm of
computer vision, facilitating the analysis and comprehension
of dynamic visual information. In this study, the optical flow
utilized is derived from the methodology introduced by [42].
This approach addresses the optical flow equation for various
flow visualizations, articulated in terms of image coordinates:

98
5 TV w-flxyg=0 €]
Here, g signifies the normalized image intensity, which is pro-
portionate to the radiance received by the camera. The velocity in
the image plane, indicated as u=(u,, u), is termed the optical flow.
The operatorV = % represents the spatial gradient, while f(x, y, g)
corresponds to a boundary and diffusion term. Optical flow does
not demonstrate divergence-free characteristics, i.e., V e u # 0.
However, in conditions where f(x,y,g) = 0and gV « u = 0, Eq.
(ddd) simplifies to the Horn-Schunck brightness constraint equation
Mu‘j—‘égzo, as described in [43]. The optical flow data analysis was
conducted using MATLAB™, utilizing the open-source code
offered by [44], which was developed to calculate the instantaneous
velocity field from consecutive pairs of images.

Results and discussion
The use of NiFe electrodes are considered low-cost electro-

catalysts to promote good results in the occurrence of hydro-
gen generation [5] Other interesting results were obtained
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by [45, 46]. using different types of NiFe-based composite
electrocatalysts. In the same way that the authors [30, 20,
31] obtained attractive results with the use of LI BMI.BF,
in electrolyzers for hydrogen generation.

Initially, 2-s videos of bubble generation were recorded from
each current density applied to the electrodes. These images
were divided to form a set of images for each video. In this way,
02 images were selected, the “pair” for processing and gener-
ating graphics. The computational model used to compile the
information was Matlab, which runs a script for optical flow
analysis entitled “Flow_Diagnostics_Run.” A pair of sequen-
tial images are loaded into the program. These images are then
pre-processed, generating the computational optical flow, and
the results will be plotted and represented by vertical velocity
graphs, which demonstrate the velocity of the bubbles at 4 differ-
ent heights: 1 mm, 16 mm, 32 mm, and 48 mm. They are from
top to bottom, the vorticity that demonstrates the disturbance
in the fluid generated by the movement of the bubbles and the
velocity field graph that shows through vectors the density, vol-
ume, and trajectory of the bubbles to the top of the container.
Figure 3 shows the “pairs” of images uploaded to the system
for processing, showing millimetric differences in the height of
the balls. Figure 3 (a) and (b) represent application of current
density of 55 A/m?, Fig. 3 (c) and (d) applied current density of
110 A/m?, and (e) (f), with 165 A/m? of current applied. In this
configuration, the electrolyte used was 30% KOH.

Figure 4 shows the model and shows the “pairs” of
images uploaded to the system for processing, showing mil-
limetric differences in the height of the balls. Figure 4 (a)
and (b) represent application of current density of 55 A/m?,
Fig. 4 (¢) and (d) current density of 110 A/m?, and (e) (f),
with 165 A/m? of current applied. In this configuration, the
electrolyte used was 30% KOH +2.5 g of IL.

The sequence of images in Fig. 5 shows the vertical
velocity of the hydrogen bubbles analyzed at different
depth distances from the electrode (1 mm, 16 mm, 32 mm,
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Fig.3 Iron anode with 30%
KOH electrolyte for J equal to
a-b 55 A/m?, c—d 110 A/m?,
e-f 165 A/m’
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Fig.4 Iron anode with electro-
lyte KOH 30% +IL for J equal

to a-b 55 A/m?, ¢-d 110 A/m?,
e-f 165 A/m.
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Fig.5 Vertical velocity in standard electrolyte (a—c—e) and IL-compound electrolyte (b—d—f), for equal current density (a—b) 55 A/m?, (c-d) 110

A/m?, (e-f) 165 A/m?

In Fig. 5 (a), the highest speeds, around 40 mm/s, are at
depths of 1 mm and 48 mm, i.e., at the base and top of the
electrode. In Fig. 5 (b), with composite electrolyte, at the
same depths, the speed obtained gains, changing to 60 mm/s
and 70 mm/s. It is also noted that the intermediate veloci-
ties increased due to the effect of the ionic liquid, producing
greater conductivity. With a current density of 110 A/m?, the
variation of the maximum points in Fig. 5 (c) is between 65
and 80 mm/s, belonging to intermediate depths of 16 mm
and 32 mm; at depths of 1 mm and 48 mm, the speeds were
close, around 60 mm/s. In Fig. 5 (d), the speeds obtained
gains at all depths, the highest between 85 and 100 mm/s,
respectively at 48 mm and 16 mm. Figure 5 (e-f) shows
vertical speed with an applied current density of 165 A/
m?, indicating the alternation of rotational movements of
hydrogen bubbles in the 30% KOH electrolyte and with the
addition of ionic liquid. In Fig. 5 (e), the highest bubble
speeds are close to the surface at a depth of 1 mm, with a
speed of 100 mm/s. With composite electrolyte, Fig. 5 (f)

at a depth of 16 mm, the speed reaches 150 mm/s. There is
almost no displacement of bubbles near the surface. The
speeds increase with the addition of ionic liquid to the elec-
trolyte, but there is no pattern in relation to the depths, as the
current increases or with a compound electrolyte; the gains
in speed may vary at depths close to the surface or close to
the base of the electrode.

Figure 6 displays the vorticity of the fluid, in standard
electrolyte (a—b—e) and IL-compound electrolyte (b—d—f),
with current density of (a—b) 55 A/m?, (c—d) 110 A/m?,
and (e—f) 165 A/m>. Following the same distribution cri-
teria as the images from the vertical velocity analysis. The
fluid’s vorticity represents its movement through the rota-
tion of bubbles at the end of the electrode and the velocity
field, indicating trajectories with varying concentrations
and strengths of the movement of hydrogen bubbles. It is
observed that turbulent zones are present in the central part
of the images, forming practically two lines of vortices. This
illustrates the disturbance caused by the bubbles as they
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Fig.6 Fluid vorticity in standard electrolyte (a—c—e) and IL-compound electrolyte (b—d—f), for equal current density a-b 55 A/m>, c—d 110 A/

m?, e-f 165 A/m>

ascend to the top of the container. Turbulence occurs very
close to the electrode on both sides, near the container’s side,
and close to the cathode. High differences in turbulence are
not notable, as there is a decrease in ohmic resistance in the
inner part of the electrode anode cathode, due to the reduc-
tion in distance and consequently, current circulation. Vor-
ticity generates reflux situations in the fluid flow, which can
create zones with reverse velocities, contrary to the direction
of flow. The vortex occurs due to void fractions or differ-
ences in pressure in different regions.

Naturally, the fluid tries to balance the volume of the
fluid, each time changing the direction. Enhancing ionic con-
ductivity results in greater quantities of hydrogen bubbles,
with higher velocities, causing changes in turbulence and
disturbances in the direction of the bubble. Thus, generating
reflux situations in the fluid flow, which can create zones
with reverse velocities, contrary to the direction of flow.
These reflux zones can also be observed in the velocity field
images. The increase in the applied electrical current, simi-
lar to the vertical speed, which in this case increases, can
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generate more vortices and form these reflux zones, due to
the change in energy in the process. Vortices help dissipate
energy caused by turbulence with greater energy density.
Recirculation zones form due to differences in the elec-
trochemical reaction rate along the electrode surface. In
areas where the electric current is more intense, there is
a greater generation of hydrogen gas. This released gas
can create bubbles that move upward toward the electro-
lyte surface. As the bubbles approach the surface, they
may interact with the surrounding liquid current, result-
ing in the formation of recirculation zones. Additionally,
turbulence between the electrodes is caused by the release
of hydrogen and oxygen gas during electrolysis. As gas
bubbles form on the electrodes and move upward, they
can disturb the flow of the electrolyte liquid. This creates
regions of turbulence where the liquid circulates irregu-
larly and chaotically. These recirculation zones and tur-
bulence can affect the efficiency of electrolysis, as they
can cause a non-uniform distribution of gases and elec-
trolyte around the electrodes. This can lead to a lower
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Fig.7 Velocity field standard
electrolyte (a—c—e) and IL-
compound electrolyte (b—d—f),
for equal current density (a—b)
55 A/m?, (c—d) 110 A/m?, (e—f)
165 A/m?
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hydrogen production rate and higher energy loss due to
system resistance. Therefore, understanding and control-
ling these phenomena are important for optimizing the
hydrogen generation process by electrolysis. Strategies
to minimize these effects include proper electrode design
and optimization of operating conditions such as current
density and electrolyte agitation.

The concentration of displacement of hydrogen bub-
bles and their direction is shown in the images in Fig. 7
through the velocity field. Although most bubbles rise
to the top of the surface, some bubbles tend to migrate
from the electrode to the edges. The largest vectors are
distributed vertically in the images, representing greater
turbulent intensity in this region, which is closer to the
electrode that generates the bubbles.

The different directions of the vectors in the fields show
the different trajectories of the fluid particles, highlighting
the turbulent movement. Although there is also a force in
the clockwise rotating flow driven by the hydrogen bub-
bles, it compels some bubbles to change their trajectory.
This is the result of the higher current density applied
and with an electrolyte composed of ionic liquid, the large
number of bubbles formed on the surface of the electrode
can make it difficult for hydrogen bubbles to leave or
approach, as they tend to rise, creating resistance.

In Fig. 7 (a), the applied current density of 55A/m?
generates bubbles with greater intensity in the center and
upper part of the electrode. In the center, it is noted that
there is a detachment in the direction of the bubbles, caus-
ing them to disperse from the volume of the electrodes. In
Fig. 7 (b), with the addition of IL, the ionic combination
of the electrolyte and ionic liquid increases the volume and
number of bubbles and also the turbulence, providing an
electrolyte with superior ionic mobility. Another impor-
tant point is the distribution of the bubbles across the sur-
face of the electrode and toward the top of the container.
Figure 7 (c—d) shows the concentration and direction of
hydrogen bubble displacement with a current density of
110 A/m?, while Fig. 7 (e—f) depicts a current density of
165 A/m?.

Depending on the direction of the vectors in the images,
the highest concentration of bubbles tends to rise to the top
of the surface. Some bubbles, due to turbulent agitation,
move to the edges. It is observed that as the current density
increases, the number of vectors also increases, generating
greater turbulence due to the greater number of bubbles with
higher vertical velocities. Improvements in these parameters
are also observed in images of electrolytes composed of
ionic liquid. When comparing the results of the images pair
by pair, applying the same current density to ionic liquid
potentiated the ionic combination of the electrolyte, reduc-
ing resistance, and thus facilitating the transport of ions
through the aqueous medium.
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Conclusions

The results demonstrate the possibility of enhancing an elec-
trolyte by adding ionic liquid, forming a compound with
greater ionic stability, positively altering the results in the
generation of hydrogen with a greater volume and density
of bubbles, higher speed, and flow in the direction of the
bubbles, and less dispersion around the center or side of the
container. In the three electrical current densities applied
in the experiments, there was a gain when comparing the
standard and composite electrolyte with ionic liquid. The
relationship between increased speed and turbulence with
the addition of ionic liquid to the electrolyte is also notable.
The images of the velocity fields represent this gain due to
the decrease in resistance, increasing ionic circulation. The
vertical speed ranged from 100 to 150 mm/s at a current
density of 165 A/m?. The current is influenced by the IL
in the aqueous solution, generating greater ionic mobility,
reducing resistance and increasing conductivity, resulting
in greater displacement speed and an increase in bubbles.
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