Journal of Cleaner Production 414 (2023) 137723

ELSEVIER

Contents lists available at ScienceDirect = (Cleaner
iction

Journal of Cleaner Production

ournal of

journal homepage: www.elsevier.com/locate/jclepro
Investigation of nanofluids in alkaline electrolytes: Stability, electrical i

properties, and hydrogen production

Shihao Wei?, Boris V. Balakin ", Pawel Kosinski ™"

2 University of Bergen, Department of Physics and Technology, Bergen, Norway

Y Western Norway University of Applied Sciences, Department of Mechanical and Marine Engineering, Bergen, Norway

ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis

Keywords:
Electrolysis

Carbon black
Nanofluids

Hydrogen production
Electrical properties

Utilizing solar energy efficiently and manufacturing hydrogen economically are the primary goals in the energy
industry. In this paper, we present a novel method to solve both issues by exploiting the electrolysis of
electrolyte-based nanofluids under the illumination of solar light. The carbon black nanoparticles/sodium hy-
droxide solution mixture of electrolyte nanofluids were prepared, which were then electrolyzed in a Hoffman
voltameter to produce hydrogen. The results showed the hydrogen production rate improved by 23.62% when
carbon black was used in the electrolyte. The optimal carbon black concentration was 0.04% or 0.2% depending
on the experimental set-up used. Finally, a theoretical model was built to evaluate the total hydrogen production,

which showed a good agreement with the experimental results when the carbon black concentration was lower

than 0.1 wt%.

1. Introduction

Hydrogen is a renewable energy resource that promotes clean pro-
duction as its combustion product is only water, ensuring sustainable
consumption. Although hydrogen is a principal element in nature, most
of it that can be used in power engineering needs to be manufactured.
Currently, more than 90% of commercially used hydrogen is produced
from fossil fuels (Rausch et al., 2014), leading to the emission of
greenhouse gases during the production process. A promising way to
produce hydrogen in a sustainable way is through water splitting re-
actions (Léon, 2008), which requires significant energy. This process can
utilize the energy generated from renewable energy sources to produce
high-purity hydrogen (Stamenkovic et al., 2017). However, the energy
cost to harness hydrogen is higher than the total energy that is converted
into hydrogen formation. Nowadays, the widely used technologies in
water splitting reactions include water electrolysis, photovoltaic tech-
nique, photocatalytic water splitting, etc. (Godula-Jopek, 2015).

Water electrolysis is a technique that converts electricity into
hydrogen, similar to the photovoltaic technique that utilizes electricity
generated by photovoltaic cells to produce hydrogen (El-Emam and
Ozcan, 2019). When the electrolysis is conducted at low temperature
(lower than 100 °C), three commonly used technologies are alkaline
water electrolysis, proton exchange membrane water electrolysis, and
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anion exchange membrane water electrolysis (Li et al., 2022). The uti-
lization of an exchange membrane enables the attainment of higher
purity hydrogen. Nevertheless, this comes at the expense of increased
costs, and these technologies have limited durability and a small stack
scale (Buttler and Spliethoff, 2018; Grigoriev et al.,. 2020). Alkaline
water electrolysis, as a more mature technology, offers low capital costs,
relatively stable operation, and the ability to be scaled up to large ca-
pacities. However, it still faces the challenge of low efficiency (David
et al., 2019). Therefore, to enhance efficiency, various methods can be
employed to accelerate reaction kinetics and reduce voltage inputs, such
as utilizing electrocatalysts, increasing temperature, increasing pres-
sure, etc. (Lohmann-Richters et al., 2021).

Photocatalytic water splitting is a technique that utilizes photo-
catalysts to convert solar energy into hydrogen. However, despite clean
and endless energy resources, photocatalysts face challenges such as
high cost, low quantum yield, issues with excessive charge recombina-
tion, and limited light absorption capabilities (Sudhaik et al., 2018).
Carbon-based nanomaterials are considered a promising option for
photocatalysts (Kundu et al., 2020). These nanomaterials exhibit
exceptional physicochemical properties, such as high thermal and
chemical stability, large surface area, and improved electrical, me-
chanical, and optical properties (Rasool et al., 2023).

Moreover, another essential property of these carbon-based
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nanomaterials that has not received enough attention is electrical or
thermoelectrical properties (Sheikholeslami and Bhatti, 2017). These
materials consist of nanosized carbon-based particles that, when uni-
formly dispersed in a solvent, form nanofluids. One important thermo-
electrical property is the enhanced heat transfer performance observed
in nanofluids subjected to an applied electrical field or magnetic field
(Wang et al., 2020). This critical discovery appealed to researchers who
shifted study priority from thermal convection to thermomagnetic
convection (Khan et al., 2016a,b; Khan et al., 2016a,b). Another para-
mount electrical property is electrical conductivity. It was experimen-
tally studied on different nanoparticle-based nanofluids (Zawrah et al.,
2016; Bagheli et al., 2015), and an improved Maxwell model was
developed to estimate the electrical conductivity of water-based nano-
fluids (Minea, 2019).

Therefore, these exceptional electrical properties of carbon-based
nanofluids make them an ideal electrolyte. According to Kim and Park
(2021), carbon-based nanoparticles enhance electron and mass transfers
at the active region interface in the electrolytes. Besides, other types of
nanofluids also have been investigated. Liu et al. (2016) used aluminum
nanoparticles and ferro/ferricyanide solution to produce electrolyte
nanofluids (ENF). Their research demonstrated the potential thermo-
galvanic application of ENF by highlighting the enhenced mass transfer,
electrical conductivity, and thermal conductivity observed. Another
proposed application involves the use of ENF inside batteries. Wang and
Wang (2016) investigated the performance of aluminum oxide-based
nanofluids as a battery electrolyte. The results showed that aluminum
oxide ENF could effectively improve the battery output and heat transfer
due to electrochemical reactions within the ENF. Both proposed appli-
cations of ENF heavily rely on the stability of the nanofluids, which leads
to a loss of effectiveness over time. In addition, they were limited to
one-time use, determined by the concentration of aluminum ions posing
harm to the environment.

However, currently, there is no widespread use of carbon-based
nanofluids as a replacement for conventional electrolytes in water
electrolysis. In (Hiraki et al., 2005), the authors dispersed waste
aluminum dross with the size of 180-425 pm in a sodium hydroxide (SH)
solution and tested the hydrogen production. The results showed that
initial temperature significantly affected the reaction rate, and that
using micro-sized aluminum-SH solution as an electrolyte only required
2% energy consumption and emitted 4% carbon dioxide compared to
conventional methods to generate hydrogen. They owed this unexpected
energy consumption to the aluminum dross. The micro-sized aluminum
increased the total surface area in the solution, making the reaction
faster. However, they pay more attention to the composition of
aluminum hydroxide (another electrolysis product) in the study instead
of how aluminum particles affected the electrolysis production. This
study indicated that using ENF in producing hydrogen by water elec-
trolysis and solar light irradiation can increase total hydrogen
production.

First, the improved electrolysis efficiency requires a higher temper-
ature, which can be achieved through the enhanced thermal properties
of nanofluids when subjected to solar irradiation. Secondly, the nano-
particle motion in the electrolyte can promote electrolysis due to the
electrical double layer (EDL). Thirdly, the applied electric field can
enhance the convective heat transfer within nanofluids. To our knowl-
edge, these factors were considered by only a few researchers, making it
a completely new research field. As an example, we cite the work by
Choi and Lee (2020), who reported a promotion in hydrogen production
in water electrolysis using cellulose nanofluids. However, as an organic
nanofluid, the enhancement was caused by the nanostructure of cellu-
lose instead of its thermoelectric properties. Hence, a deeper under-
standing of the properties of ENF and its performance in hydrogen
production through water electrolysis is essential.

In this study, we focused on factors that can affect hydrogen pro-
duction through water electrolysis. Based on our previous work (Wei
et al., 2022), SH electrolyte-based carbon black (CB)-based sodium
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sulfate electrolyte nanofluids (SSENF) were synthesized. Their stability
was compared with aqueous CB nanofluids and CB-based sodium hy-
droxide electrolyte nanofluids (SHENF). The alkaline ENF was then
electrolyzed in a Hoffman apparatus at different nanofluids concentra-
tions. The hydrogen production and current changes with CB concen-
trations were recorded. In the end, these results were used to build a
simplified theoretical model to evaluate the total hydrogen production
for alkaline electrolyte-based CB nanofluids. Thus, we investigated the
use of electrolyte nanofluids as a substitute for conventional electrolytes
in water electrolysis. This approach offers a favorable environment for
electrolysis without additional energy consumption. Moreover, it ex-
plores the possibility of combining alkaline water electrolysis with
photocatalytic water splitting to achieve hydrogen production. To our
knowledge, this research is the first to investigate hydrogen production
by electrolyzing alkaline ENF. The results are valuable in exploiting the
use of nanofluids in hydrogen production.

2. Methodology
2.1. Preparation of nanofluids-based electrolyte

In the first stage of the work, we synthesized nanofluids that were
later used for the production of electrolyte nanofluids. The process is
shown in Fig. 1. For this, the suitable volume fraction CB particles and
0.5 wt% sodium dodecyl sulfate (SDS) were blended with distilled water
and stirred in the mixture until no visible large particle cluster acquired
a homogeneous suspension. Then, an ultrasonic bath (Branson 3510E-
DTH, 355 W/220-230 V) was used to agitate nanoparticles to make a
stable nanofluid. The sample was sonicated for 60 min.

The reason we choose CB nanoparticles as the main object in making
nanofluids is that carbon is essentially inert under normal conditions,
and it can maintain its properties in a chemical solution and during
electrolysis. Therefore, we could focus on the thermal and electrical
performance of the nanoparticles in this work. Table 1 shows the
physical properties of the CB used in this study.

SDS is an ionic surfactant that is able to stabilize nanofluids (Ulset
et al., 2018). It makes nanoparticles possess surface charge, which
overlaps with nanoparticles’ EDL and makes them repel each other. This
stabilization technique is known as electrostatic stabilization. However,
SDS shows inadequate performance in breaking large agglomerates and
needs sufficient time to respond (Taylor et al., 2013). Hence, we adopt
ultrasonic agitation after adding SDS. This technique, known as me-
chanical stabilization, uses ultrasonic waves on the nanofluid to break
down the clusters and agglomerations incidentally (Chung et al., 2009).

Finally, when the stable nanofluid was made, SH bulks were added to
the nanofluid and kept stirring until the bulks were wholly dissolved.
The magnetic stirring method (Timofeeva et al., 2011), which consists of
a ceramic magnet stirrer plate (VWR VMS-C4 advanced, 270 W/230 V)
and magnet stirrer bar, was applied for dissolution to maintain the
stability of the prepared nanofluid. This process was carried out at room
temperature and the stirring speed was set as 1000 rpm.

We chose salt electrolyte in the past (Wei et al., 2022) because it is
unable to oxidate nanoparticles. Nonetheless, as a mature technique, the
alkaline electrolyzer is widely used in large-scale hydrogen production
industries. The purity of produced hydrogen in an alkaline electrolyzer
is expected to be more than 99.99%, and the rest of 0.01% is caused by
the gas crossover (Ezzahra-Chakik et al., 2017). Schalenbach et al.
(2016) experimentally investigated the performance of water electrol-
ysis cells with acidic and alkaline electrolytes. The results showed that
alkaline water electrolyzers were more efficient than acidic water
electrolysis. The abovementioned advantages make the investigation of
nanoparticles in alkaline electrolytes meaningful.

2.2. Experimental procedure

Fig. 2 (a) shows the framework of the experimental setup for the
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Fig. 1. The process of electrolyte nanofluids’ preparation.

Table 1
Properties of carbon black.
Manufacturer Bulk Specific Average Thermal
density heat particle size conductivity
TIMCAL 2250 kg/ 710 J/ 60 nm 24 W/(m-K)
ENSACO™ m® (kg-K)

hydrogen production study. A Hoffman voltameter was used to elec-
trolyze the ENF. CB nanoparticles were unable to be oxidized under the
condition of this experiment. Hence, the reactions for alkaline ENF in
this work were as follows:

Oxvgen-

Anode—

1 Hydrogen

Anode: 20H™ = H;0 + 20, + 2e~ (@D)]
Cathode: 2H,O + 2¢~ = H; + 20H™ 2)
Overall Reaction: HO—H,+ 40, 3

The produced hydrogen and oxygen were gathered at the top of the
two vertical pipes of the Hoffman voltameter. The volume of the gases
could be read directly from the scale on the pipes with each graduated
60 x 0.2 ml, and the distance between them were 0.1 m. A DC source
from Peakteck supplied the power for electrolysis. The maximum output
current and voltage were 2 A and 30 V, respectively, and the accuracy

Thermometer

— Cathode

L

Halogen lamp

(a)

INluminated area

(b)

Fig. 2. Schematic representation of experimental apparatus.
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was £1% + 5 digits. A thermocouple was used to test the temperature of
the horizontal pipe of the Hoffman voltameter, as shown by the red line
in Fig. 2 (a). The temperature could be read and recorded by a data-
logger (Omega HH506RA), and its error range was +0.05%. A halogen
lamp (Osram R7S 400 W/230 V) was used to simulate the sun and
produce solar radiation. The irradiance was measured by an irradiance
meter (Linshang Technology) with an accuracy of £0.1%. The height of
the halogen lamp was set to keep the light bulb and the horizontal pipe
on the same level. We adjusted the distance between them to control the
irradiance. The irradiance was selected as 1000 W/m?>.

After the ENF was prepared as described in Section 2.1, we filled the
Hoffman voltameter until the liquid level reached the tick mark of 0 and
closed the outlet of the pipe. The temperature of the prepared ENF was
higher than room temperature due to sonification and stirring. There-
fore, we let the system in a static condition until the thermal equilibrium
was obtained. When the temperature of the sample reached the preset
initial temperature (+1 °C.), we turned on the camera, halogen lamp,
and DC source simultaneously. In each case, the electrolysis was carried
out for 16 min under 30 V voltage input, and the hydrogen production,
temperature, and current were recorded every 2 min.

In this study, we focus on the three issues that can affect hydrogen
production. The first one is the stability of ENF. Instability has adverse
effects on nanofluids’ thermophysical and thermoelectrical properties
(Sharaf et al., 2020). Thus, the stability of nanofluid-based electrolytes
becomes an essential factor affecting hydrogen production and deserves
to be investigated. Three different nanofluids with three different con-
centrations were made in this work. The composition and concentration
of each component are shown in Table 2. The nine suspensions were
sealed in plastic beakers, as shown in Fig. 3, and recorded their states
with photographic equipment every 24 h.

Secondly, the electrolysis experiments were conducted at different
initial temperatures. The 0.1 wt% CB ENF with sodium hydroxide con-
centrations of 1 wt%, 5 wt%, and 10 wt% was electrolyzed. The 10 wt%
sodium hydroxide electrolytes without CB were also tested for
comparison.

Finally, we performed the electrolysis experiments under different
CB concentrations (0.01 wt% ~ 0.3 wt%).

Based on our prior investigation of CB nanofluids, we observed that
they exhibit optimal thermal performance within the range of 0.01-0.3
wt% concentration. At lower concentrations, the enhancement provided
by the nanoparticles was not evident. Conversely, at higher concentra-
tions, the stability of the nanofluids was affected. Similarly, based on our
previous experiments on alkaline electrolyte electrolysis, we found that
sodium hydroxide concentrations ranging from 1 to 10 wt% exhibit
favorable electrolysis performance and allow for easy observation of the
process. At lower concentrations, the electrolysis rate is sluggish, mak-
ing it challenging to observe changes in the liquid level. Conversely, at
higher concentrations, the electrolysis rate becomes excessively rapid,
leading to premature consumption of the electrolyte before the preset
time.

In this work, two different illuminated areas were set by using a
screen to allow the lamp to only irradiate selected regions of the appa-
ratus. The two red rectangles in Fig. 2 (b) show the location and size of
the illuminated areas. When the larger illuminated areas, where the area
of the main radiation area was approximately 0.015 m?, were applied,
we focused on the thermal properties of ENF. Almost all nanofluids can
absorb light energy and make the temperature of the entire system
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increase fast. Hence, the electrical properties became the main object
when using a narrower illuminated area with an area of 0.005 m?. In this
situation, only the nanoparticles dispersed in the path between the two
electrodes were irradiated directly. They could affect the motion of ions
and currents. In addition, the smaller illuminated area could also
diminish the effect of the heat absorption by the metal parts in the
system. When a larger irradiation area was employed, both electrodes
were also exposed to light, potentially influencing the observed heat and
affecting the results. To mitigate this issue, we attempted to cover the
electrodes on the pipe using tape. However, the results showed minimal
changes, indicating that the effects were limited.

2.3. Evaluation of hydrogen production

The amount of hydrogen produced by electrolysis of alkaline ENF is
challenging to calculate, because one needs to consider many factors
such as temperature, pressure, concentrations of components, agglom-
eration of nanoparticles, etc. Therefore, in this study, we focused on the
electrical conductivity of nanofluids and explored a simplified correla-
tion with some assumptions on the basis of widely used electrical
theories.

The theoretical total hydrogen production can be evaluated by Far-
aday’s law of electrolysis (Godula-Jopek, 2015):

It
n=E @
where n is moles of the produced substance at an electrode, respectively,
I'is current, t is time, z is the valence of the counter-ion, F is the Faraday
constant.

The current I can be determined by Ohm’s Law for Electromagnetics
(Nie et al., 2008):

I=0EA, 5)

where o is the electrical conductivity of the electrolyte, in this study, it is
the electrical conductivity of the alkaline ENF, E is the electric field, and
A is the area that the charge flows through.

While the thermal conductivity of nanofluids has been extensively
studied, the investigation of their electrical conductivity remains
incomplete. Currently, there are three theoretical models used for
electrical conductivity analysis: the Maxwell model (Maxwell, 1873),
the Bruggeman model (Bruggeman, 1935), and the Fricke model (Fricke,
1924). Among these models, the Maxwell model demonstrates higher
precision than the Bruggeman model at low concentrations for spherical
particles. On the other hand, the Fricke model accounts for general
particles, but its accuracy is inferior to that of the Maxwell model when
applied specifically to spherical particles (Minea, 2019). Therefore, the
electrical conductivity of the ENF is determined by the electrical con-
ductivity of the base fluid (SH solution) and the electrical conductivity of
CB nanoparticles, and it can be calculated by the Maxwell model
(Maxwell, 1873):

3= 1)o ©
22— (2= 1)o|

o

c=o; |1+

where ¢ is the electrical conductivity of the ENF; oy is the electrical

Table 2
Composition and concentration of samples.
Samples 1 2 3 4 5 6 7 8 9
Composition and concentration (wt.%) CB/0.05 CB/0.1 CB/0.5 CB/0.05 CB/0.1 CB/0.5 CB/0.05 CB/0.1 CB/0.5
SDS/0.5
- SH/5 SS/10

Distilled water
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Fig. 3. Photographs of the different suspensions (CB nanofluids, CB/SHENF, CB/SSENF) at different times.

conductivity of the base fluid; o, is the electrical conductivity of the
particles, and ¢ is the concentration of the nanofluid. Normally, the
concentration of nanofluids is less than 1 wt%, which means that term

(%’ + 2) is at least two orders of magnitude less than the term (%’ 71) @is

at least 2 orders of magnitude smaller. Therefore this small term can be
ignored in equation (6).

However, many researchers reported that the Maxwell model has
low accuracy as it only considers the electrical properties of nano-
particles and neglects the motion of nanoparticles in nanofluids (Said
et al., 2022). Hence, Shen et al. (2012) proposed a new model that takes
electrophoresis and Brownian motion into consideration on the basis of
the Maxwell model. In his model, the electrical conductivity enhanced
by electrophoresis can be given by:

_ 2¢8d28d02c2

e )

OF

where op is the electrical conductivity due to electrophoretic mobility;
g4 is the dielectric constant of base fluid; 4¢ is the dielectric constant of
vacuum; ¢ is the zeta potential of nanoparticles that will be discussed in
detail in Section 3.1; u is the viscosity of the nanofluid and r is the radius
of nanoparticles.

Also, the electrical conductivity enhanced by Brownian motion is
(Shen et al., 2012):

; (®

RT, 1
3peqeanl (fm)
Op=—"35

r2

where op is the electrical conductivity caused by Brownian motion, R is
the thermodynamic constant, T is temperature, and L is the Avogadro
constant.
Therefore, by combining equation (6) ~ (8) and implementing them
into equation (5), the current I can be written as:
+ 2<ﬂ€d28402§2 n 3(p8d8d°i(¥'ﬁ>

(1)
2

i+27(@71>q) Hr 2

of of

1= O'f 1+ EA,

9

To simplify equation (9), some assumptions were adopted. First, the
stability of the nanofluids must be assured, which means that no ag-
gregation and deposition are formed during the electrolysis. Hence, the
radius of nanoparticles and zeta potential can be treated as constant.
Second, the change of electrical conductivity due to concentration
change during the electrolysis can be ignored as the process duration
was rather short. Third, we evaluated the Brownian motion conductivity
and electrophoretic conductivity, and found that the temperature
change had less impact on the Brownian motion conductivity, as well as
the overall electrical conductivity. Thus, the temperature effects on total
electrical conductivity are negligible. Therefore, equation (9) can be
simplified as follows:

3(2-1)or appene decent(th)
st dﬂ;’fCJr | EAe =/ + 70,

10)

From the discussion above, ./ and .% can be considered constant.
These can be treated as fitting empirical parameters.

3. Results and discussion
3.1. Stability of the nanofluids-based electrolyte

In this study, an observation of the time-dependent sedimentation
method was used to test the stability of ENF, which is considered an
effective way to confirm nanofluids’ stability (Li et al., 2020). In Table 1,
samples 1-3 and 7-9 are set for comparison. The results are shown in
Fig. 3. These photos were taken after the suspensions were prepared,
after three days, and after seven days.

The aqueous CB nanofluids (see the first three images in Fig. 3(c))
showed excellent stability as expected (Ulset et al., 2018). However,
both the sodium sulfate electrolyte nanofluids (SSENF) and the sodium
hydroxide electrolyte nanofluids (SHENF) maintained their stability for
a short time and then deteriorated, where the stability of SHENF were
worse than SSENF. According to our observation, the distinguishable
small clusters were formed after two days, three days, and three days in
the SHENF at the CB concentration of 0.5 wt%, 0.1 wt%, 0.05 wt%,
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respectively. The visible sedimentation that can be identified in the
graphics appeared after seven days. However, there was no visible
sedimentation in SSENF after three days, as seen in Fig. 3(b) A possible
explanation is that the particles had already agglomerated, but their
sizes were still very small and the dark environment made them difficult
to observe.

The existence of SH significantly increases the pH of nanofluids. Also,
PH can be slightly increased by adding SS. With the increase in pH, the
zeta potential decreases due to electrochemical charge neutralization on
the surface of CB nanoparticles, which deteriorates the EDL (Kessler
et al.,, 2019). When the pH reaches the isoelectric point, the zeta po-
tential becomes zero. Some researchers found the isoelectric point of
graphene to correspond to a pH of 7.5 (Zuccaro et al., 2015). It should be
noted that the isoelectric point is very sensitive to the particle size, and
smaller particles have higher isoelectric points (Alnarabiji and Husein,
2020). Therefore, it is reasonable to assume the isoelectric point of CB
nanofluids is higher than 7.5, which makes SHENF show worse stability
than SSENF.

Zeta potential is an important parameter indicating the stability of
nanofluids. Ohshima (2003) suggested that when the surface charge is
very high, zeta potential is equal to the critical zeta potential, where the
repulsive force is equal to the maximum van Der Waals force according
to Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The critical zeta
potential can be calculated by (Teh et al., 2010):
kT 1

e an

¢

where, kg is the Boltzmann constant, e is the elementary electric charge,
¢ is the volume fraction of primary particles given by (Prasher et al.,
2006):

P=0,0, (12)

where ¢, is the volume fraction of the particles in the aggregates, ¢, is
the volume fraction of the aggregates in the nanofluid.

The process of sedimentation in SHENF could be divided into three
stages. When SHENF were prepared, almost no aggregate in the fluid
exists. Hence, ¢, = 1, and ¢ = ¢,, where the nanoparticles were also
treated as aggregates in the model. First, the nanoparticles formed ag-
gregates and grew, but they were hard to observe. In our tests, this stage
occurred in the first two days. In the second stage, when the aggregates
grew large enough, the deposition appeared due to gravity. During this
time, ¢ increased as the volume of aggregates increased, leading to a
decrease in critical zeta potential, as shown by equation (11). In the
meantime, small agglomerations still existed and dispersed in the liquid.
The sedimentation was mixed as shown in Fig. 3 (b). In our experiments,
this stage lasted for about three days until the fully sedimented stage,
where ¢, = 1, and ¢ = @,. In this final stage, almost all the particles
were sedimented in the base fluid. However, flocculate suspensions were
observed above the surface of sedimentation, as shown in Fig. 3.

Ali et al. (2019) divided the sedimentation behaviour of nanofluids
into three categories, namely, dispersed sedimentation, flocculated
sedimentation, and mixed sedimentation. They concluded that the
flocculated sedimentation in aluminum nanofluids was caused by the
nanoparticle’s oxidation. According to Leong and Ong (2003), when the
zeta potential of a stable colloidal dispersion reached the critical zeta
potential, it started to transmit to a flocculated dispersion, in which the
viscosity of flocculated dispersion was several orders of magnitude
larger than its stable state.

Commonly, in a stationary container without any external force
except gravity, the aggregation of nanoparticles is caused by Brownian
motion regardless of the thermal boundary resistance between the
particles and the base fluid (Prasher et al., 2006). The aggregation in a
nanofluid with time can be described as (Hanus et al., 2001):
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dl
Ro_ (1+i) as3)
r t,

where R, is the gyration radius of the aggregates, t is the time, t, is the
aggregation time constant, dy is the fractal dimension of the aggregates.
Waite et al. (2001) suggested that dy was in the range of 1.8-2.3. For the
Brownian agglomeration, the fractal dimensions is lower than 2

The aggregation time constant ¢, is given by:

aur’w
lg= T a4
where W is the stability ratio. When W = 1, there is no repulsive force as
well as hydrodynamic interactions between the nanoparticles in the
presence of a repulsive force, W > 1. According to DLVO theory, sta-
bility ratio W can be calculated by the repulsive and attractive potential
energies. It is a strong function of nanoparticles radius r, as W decreases
rapidly with decreasing r (Prasher et al., 2006).

Following equation (14), the aggregation time constant t, decreases
with the decrease in particle size, which indicates smaller particles are
more prone to agglomerate. When SS or SH is added to CB nanofluids,
the repulsive force potentially deteriorates, which induced a decrease in
W. Furthermore, equation (13) indicates the growth speed of aggregates
will become slower with time, which shows an agreement with our re-
sults, as seen in Fig. 3.

Therefore, the stability states of SHENF make them become made-
and-use instantly samples. Many researchers also confirmed this
conclusion (Liu et al., 2016; Wang and Wang, 2016), and there is no
suitable method to maintain the stability of ENF as it is possible for
standard nanofluids at present.

3.2. Effect of nanoparticles on total hydrogen production

In this study, the hydrogen production from the electrolysis of a 10
wt% SHENF with 0.1 wt% CB was presented, and the results were
compared with the hydrogen production from the electrolysis of a 10 wt
% SH solution. The light and SDS were applied in both systems. Fig. 4
shows the comparison results. The hydrogen was produced in a greater
amount and also faster in SHENF than in SH solution. For SHENF, it took
7 min to reach the maximum hydrogen volume of 57.9 ml. However, the
maximum hydrogen volume of 60.2 ml was achieved at 9 min for SH
solution. This indicates the hydrogen production rate for SHENF was
about 23.61% higher than the SH solution.

60

50

40

30 1

20

—— No CB
—=— with CB|

O 1 1 1 1
0 2 4 6 8

Time (min)

10

Hydrogen production (ml)

Fig. 4. Hydrogen production for 10 wt% SH electrolytes at different time with
and without CB (¢ = 0.1 wt%, Tipiiz = 30 °C).
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Obliviously, CB particles played an essential role in the process. As
discussed in Section 2.3, the enhancement of electrical conductivity
caused by electrophoresis and Brownian motion has a positive impact on
hydrogen production.

Another reason is the enhancement of mass transfer induced by
nanoparticles. In the electrical field, the motion of nanoparticles is
empowered by Brownian motion and electrophoresis as well. The ve-
locity of Brownian motion for a single particle or cluster can be calcu-
lated from (Beiki et al., 2013a,b):

| OkpT
15
'8 dprr®’ (15)

where vp is the velocity of Brownian motion, p is the density of
nanoparticles.

The velocity of a particle caused by electrophoresis can be calculated
by the electrophoretic mobility formula (Huckel, 1924):
Ve 2e,€x0

P 7(; (16)

Hg=
where ug is the electrophoretic mobility, vp is the velocity of electro-
phoresis, ¢, is the relative permittivity of the fluid, &y is the permittivity
of a vacuum.

The viscosity y is a temperature-sensitive parameter, decreasing with
the temperature increase. Following equations (15) and (16), vg and vp
increase with temperature, which induces higher convective mass
transfer at higher temperatures. Fig. 5 shows the temperature history
with and without CB. The presence of the CB improved the temperature-
increasing pattern due to the enhanced thermal conductivity of the fluid.
Therefore, the mass transfer was stronger in SHENF. This conclusion can
be confirmed by Beiki et al. (2013a,b). They investigated the convective
mass transfer of Al;03 and TiO5 ENF in a circular tube and discovered a
higher mass transfer ratio in laminar flow. According to Fig. 5, when CB
was introduced into the electrolyte, the temperature exhibited a rapid
increase and reached 45 °C within 6 min, compared to 40 °C without CB.
This higher temperature corresponded to a 23.61% increase in pro-
duction, requiring no additional energy consumption apart from the
application of CB. Therefore, the utilization of nanoparticles in the
electrolyte demonstrates the potential to reduce energy consumption.

Furthermore, the two explanations mentioned above are the primary
reason that CB nanofluids improved hydrogen production. However,
there are still some factors that can potentially affect hydrogen pro-
duction. Although they have limited influence, they are still worth

45+

40t

Temperature (°C)

—=— No CB

—— with CB
30 . . . ! .
0 2 4 6 8
Time (min)

Fig. 5. Temperature increases for 10 wt% SH electrolytes at different time with
and without CB (¢ = 0.1 wt%, Tiiiaq = 30 °C).
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discussing.

The first factor is that nanoparticles adhered to the electrodes. This
fact was also noticed by Choi and Lee (2020), who reported the cellulose
nanofluid was coated on the anode. They state this phenomenon indeed
hindered the process of electrolysis and reduced gas production.
Nevertheless, in our work, the CB nanoparticles did not fully cover the
electrodes: we estimate that more than 50% of the electrode area was
clean from the nanoparticles. Indeed, this partial deposition by carbon
nanoparticles may be beneficial for the process: the presence of the
particles may enhance the electrical conductivity and expand the surface
area. According to Ghosh and Subudhi (2022), carbon nanotubes have
been widely used as electrodes in microbial fuel cells and proton ex-
change membrane fuel cells as their high aspect ratio, low weight, and
high conductivity. Therefore, it is reasonable to assume the CB nano-
particle coating on electrodes has a positive impact on electrolysis.

The second factor is the formation of bubbles. SDS was used to sta-
bilize the ENF, however, it caused the formation of bubbles during the
electrolysis. On the other hand, to diminish other chemicals to affect the
properties of ENF, we did not add anti-foam in the preparation of ENF.
According to Wang et al. (2014), the effect of bubbles can be divided
into two types, namely bubble coverage on electrodes and bubble
dispersion in an electrolyte. In our experiments, as mentioned in the
previous paragraph, the presence of CB in the electrolyte resulted in the
adhesion of nanoparticles, which coated the electrodes and prevented
bubbles from adhering to them. Hence, the suspension of bubbles
became the main behavior of the bubble effect. Correspondingly, this
behavior was not obvious in the samples without CB. Bubbles can in-
crease the void fraction which leads to large electrolyte resistance, and
extra energy consumption (Matsushima et al., 2012).

The third factor is the potential caused by the sedimentation of ag-
gregates. This interesting assumption was proposed by Ohshima (2003),
who investigated the velocity of sedimentation and the potential of
sedimentation using the Stokes formula. The findings revealed that the
sedimentation potential is highly dependent on the radius of the
aggregate. Nevertheless, this factor has limited effects on a stable ENP.

3.3. Effect of initial temperature

As an essential factor in electrolysis, the temperature can affect the
activity of substances and reaction rate. In this work, we tested the total
hydrogen production at different initial temperatures with different SH
concentrations, as shown in Fig. 6. The concentration of CB nanofluids
was 0.1 wt%. As expected, the total hydrogen production increases with
the growth of initial temperature and SH concentration.

This result is consistent with the findings of Hiraki et al. (2005), who
investigated the reaction rates when the range of the initial temperature
was 291 K-333K. Their study revealed that the initial temperature of
NaOH solutions had a significant impact on the reaction rate. Specif-
ically, when the initial temperature was set to 313 K or above, the re-
action was completed within 1200 s in their experimental set-up.
However, when the temperature was set to 291 K, the generation of
hydrogen continued for more than 2400 s.

The reaction rate constant depends on several factors, including
temperature, pressure, etc. The relationship between the reaction rate
constant and temperature can be described by the Arrhenius equation
(Crapse et al., 2021):

ke =A e Rt a7

where k, is the reaction rate constant, A, is an exponential factor that is
a constant for a given chemical reaction, relating the frequency of col-
lisions of atoms and molecules, E, is the activation energy of the
reaction.

Based on Equation (17), a higher initial temperature results in a
faster reaction rate, which in turn leads to an increase in the amount of
hydrogen produced. Additionally, during the electrolysis process, the
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Fig. 6. Total hydrogen production at different initial concentrations (¢ = 0.1
wt%).

nanoparticles absorb radiation, which causes the temperature of the
electrolyte to rise even further, thus accelerating the reaction rate even
more.

3.4. Effect of CB concentration

Fig. 7 depicts the comparison of hydrogen production at different CB
concentrations for two cases: (i) with the screen; (ii) without the screen.
These experiments were conducted at the initial temperature of 30 °C,
and the concentration of sodium hydroxide was 5 wt%. In both studied
cases, the total hydrogen production shows the tendency to increase first
and then decrease with the growth of the CB concentration. For no
screen case, the maximum production occurred at 0.04 wt%, while when
the screen was used the maximum hydrogen production showed at a
higher concentration.

The increasing tendency was caused by the following reasons.
Firstly, equations (6) and (7) indicated that an increase in CB concen-
tration ¢ led to an increase in electrical conductivity caused by elec-
trophoresis o and Brownian motion op, respectively. Secondly,
according to equation (11), zeta potential { was proportional to the
temperature T. Hence, it could be seen from equations (15) and (16) that

c Rt |
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Fig. 7. Total hydrogen production vs. different CB concentrations with and
without the screen (¢ngom = 5 Wt%, Tinitia = 30 °C).
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the particle velocity of electrophoresis vy and Brownian motion vg
increased with the rising of temperature, which improved the mass
transfer in the ENF. Thirdly, the convective heat transfer was enhanced
by the applied electrical field (Sheikholeslami and Bhatti, 2017), leading
to faster temperature. Additionally, CB nanoparticles might have formed
a chain-shaped conducive path in the fluid, which escalated the elec-
trical conductivity. Lastly, the strengthening of EDL was also a possible
reason that was discussed in our previous study (Wei et al., 2022).

The reason for the decreasing tendency was mainly caused by the
agglomerations and sedimentation of CB nanoparticles. The agglomer-
ation meant the growth of particle size r. Hence, the electrical conduc-
tivity and mass transfer enhanced by electrophoresis and Brownian
motion were diminished, according to equations ((6), (7), (11), (15) and
(16). In addition, the total mass transfer in the ENF is affected by the
Brownian Reynolds number, which is given by (Prasher et al., 2006):

-~ 2vgrp
PR
And the thermal conductivity of ENF is given by (Prasher, 2005):

Re (18)

k
o= 1 +A x Re" Pr33 ¢, 19)
0

where k is the thermal conductivity, ko is the thermal conductivity of the
base fluid, A and m are constants measured by experiments, Pr is the
Prandtl number.

Prasher et al. (2006) reported that aggregation can significantly
decrease the Brownian Reynolds number, which also worsens the ther-
mal conductivity, as seen in equation (19). Also, according to Beiki et al.
(2013a,b), the mass transfer coefficient for Al,O3 ENF increased with the
concentration of nanofluids up to 0.01% and then decreased, which
corresponds to our conclusions.

Secondly, the chain-shaped conductive path did not always assist the
electrical conductivity. When the aggregates became large enough, the
path formed a considerable resistance, which could hinder the current
and reaction and reduce hydrogen production.

Lastly, the high concentration of CB was able to form a “shield”,
which could block the mass transfer and the penetration of light. Then,
causing the deteriorated thermal performance of nanofluids.

Furthermore, the use of the screen had little effect on hydrogen
production, as seen in Fig. 8. The maximum hydrogen production was
52 ml at 16 min when the screen was applied, corresponding to the 57
ml of the case without the screen. Thus, the production was 9% lower.
However, the difference in the temperature was significant, as shown in

T ¥ T ¥ T 4 T ¥ T 4 T LS T 4 T

5ol |—=— No screen
—— with screen

40

30

Hydrogen production (ml)

0 2 4 6 8 10 12 14 16
Time (min)

Fig. 8. Hydrogen production for 0.05 wt% CB SHENF at different times with
and without the screen (¢waom = 5 Wt%, Tiniria = 30 °C).
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Fig. 9. The larger illuminated area allowed more heat to be absorbed,
and the temperature increased faster. Whereas a higher temperature can
make the formation of aggregation faster, according to equations (13)
and (14). Hence, the negative impact of CB nanofluids showed at lower
CB concentrations for the case without the screen, as shown in Fig. 7. On
the other hand, there was a temperature gradient between the illumi-
nated area and the unilluminated area. Temperature gradient facilitated
the convective heat transfer, as well as mass transfer. Improved mass
transfer, coupled with enhanced electron movement, can increase the
rate of electrolysis, resulting in greater hydrogen production. This
phenomenon also resulted in enhanced electron movement, indicative
of the electrolysis rate. These convective transfers were more significant
when the screen was used, leading to an increased hydrogen production.

Moreover, the better performance for the smaller illuminated case
showed that the electrical properties played a more important role than
thermal properties. This phenomenon indicates that the enhancement of
light mainly occurred in the current path area. A concentrated light can
be used in further investigation to save energy.

3.5. Relationship between the current and CB concentrations

According to the conclusions of the previous section, we decided to
use the current data recorded in the electrolysis of SHENF with the
screen, as they showed better stability and were potentially used in
industries.

As discussed in Section 2.3, a critical parameter to evaluate the total
hydrogen production for electrolysis in SHENF is current, as seen in
equation (4). The black dots in Fig. 10 show the average current at
different CB concentrations. The average current history exhibits a
similar tendency as hydrogen production. It increased first and then
decreased, with the maximum current shown at the CB concentration of
0.1 wt%. In the previous section, we analyzed that the high concentra-
tions of CB had a negative impact on the electrical conductivity of ENF.
This conclusion can be proved by Fig. 10. However, when the CB con-
centration was higher than 0.1 wt%, the adverse effects on the electrical
conductivity caused the current to decrease. In the meantime, nano-
fluids’ thermal properties still played an important role in promoting
hydrogen production, which made the highest hydrogen production
shown at the concentration of 0.2 wt%.

According to equation (10), the current has a linear relationship with
CB concentration. However, some assumptions are not met at higher CB
concentrations, such as the assumption of no agglomeration in the
SHENF during the electrolysis process. Hence, we focused on the lower
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Fig. 9. Temperature for 0.05 wt% CB SHENF at different times with and
without the screen (¢ngom = 5 Wt%, Tinitia = 30 °C).
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Fig. 10. Current vs. CB concentration and fitting line (¢naom = 5 Wt%, Tinitial
= 30 °C, screen applied).

CB contractions, namely ¢ < 0.05 wt.%., which showed better stability
and allow us to evaluate the hydrogen production

The fitting result is shown in the red line of Fig. 10. Generally, the
efficiency of hydrogen production is less than 100%. Hence, we intro-
duced a correction factor n that indicates the different processes of
electrolysis. According to our calculation, when a screen is applied in the
electrolysis, 7 becomes 0.57. Substituting the fitting result and correc-
tion factor # into equation (4), it becomes:

(0.2641 + 2.05¢)1

H,) =0.57
ﬂ( 2) 0.5 oF 5

(20)

Fig. 11 shows the comparison of hydrogen production between the
experimental results and calculation results from equation (20). The
calculation results show a good agreement with the experimental results
when the CB concentrations are below 0.1 wt%. The errors are shown in
Table 3.

Equation (20) is a simplified model with considerable limitations.
The most important one is that it does not take agglomeration into
consideration. However, the agglomeration process is very random,
similar to the Brownian motion. Some researchers have presented
models that may forecast agglomeration. Equations (13) and (14) were
built based on the effect of aggregate radius on repulsive force and
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Fig. 11. Comparison between experimental and calculation results (¢nqom =
5 wWt%, Tiniiat = 30 °C, screen applied).
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Table 3

Error analysis of experimental results and simulation results.
CB concentration/wt.% 0.01 0.02 0.03 0.04 0.05 0.10 0.20 0.30
Hydrogen production (experiments)/ml 31.98 39.08 43.69 44.20 48.71 48.95 53.45 44.07
Hydrogen production (simulations)/ml 36.16 38.76 41.36 43.97 46.57 59.59 85.64 111.68
Error 0.115 —0.008 —0.056 —0.005 —0.0459 0.179 0.376 0.605

attractive force (Prasher et al., 2006), but the impacts of the electrical
field were not included. Similarly, Ohshima took the density difference
between nanoparticles and base fluids into account (Ohshima, 2003),
but the effect of the electrical field was absent. Therefore, the direction
to optimize equation (20) is to find the agglomeration and sedimenta-
tion behavior in an electrical field.

4. Conclusions

In this study, SHENF was prepared, and its stability was investigated.
The electrolysis experiments were conducted in a Hoffman voltameter at
different initial temperatures, SH concentrations and CB contractions,
and the results were used to build a model to evaluate the total hydrogen
production. A possible technical method to assess the total hydrogen
production was presented, and a simplified model was built to evaluate
the total hydrogen production for electrolysis SHENF with a screen.
Some of the crucial conclusions are as follows:

e The presence of salt or alkaline solution can weaken the stability of
CB nanofluids, and CB nanoparticles were fully sedimented in seven
days in SHENF.

e CB nanoparticles can improve the hydrogen production of electrol-

ysis by the enhancement of electrical conductivity, mass transfer,

and heat absorption. The hydrogen production rate was improved by

23.62% when 0.1 wt% CB was applied in 10 wt% SHENF.

The initial temperature had an impact on the hydrogen production

e For electrolysis of SHENF, the total hydrogen production increased
with the increases in CB concentration and then decreased. When
employing a screen, the maximum hydrogen production showed at
the concentration of 0.2 wt%, whereas the maximum hydrogen
production showed at the concentration of 0.04 wt% without a
screen.

A semi-empirical correlation was proposed to evaluate the total
hydrogen production for electrolysis of SHENF with a screen, which had
a higher precision when the CB concentrations were below 0.1 wt%

According to our research, it is an interesting problem to use nano-
fluids for water electrolysis. This may create a new path to connect solar
energy and hydrogen, which is meaningful for the energy industry.
However, there are limitations to be acknowledged in this study. While
alkaline electrolyte is generally favorable for water electrolysis, it is not
suitable for nanofluids since their stability is best maintained at a pH
value of around 4-5. Consequently, the use of alkaline electrolyte
nanofluids is effective only for a limited duration before their stability
deteriorates. This can pose challenges for implementing this method on
a large scale if stability cannot be maintained. Furthermore, the per-
formance of CB ENF under high pressure and temperature, commonly
encountered in industrial water electrolysis, is difficult to predict and
requires further investigation. Hence, two important issues should be
investigated in further work. The first one is finding a better method to
enhance the stability of ENF. Another one is building a model that de-
scribes how the electrical field influences the aggregation and sedi-
mentation of nanoparticles.
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