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e Successfully prepared a stabilized sodium sulfate electrolyte with carbon black nanoparticles.

e Hydrogen production increases with the increasing of the concentration of nanofluids then decrease.
e Carbon black nanoparticles have both positive and negative impacts on electrolysis.

¢ Using nanofluids can increase the efficiency of electrolysis.
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In this research, we conducted water electrolysis experiments of a carbon black (CB) based
sodium sulfate electrolyte using a Hoffman voltameter. The main objective was to inves-
tigate hydrogen production in such systems, as well as analyse the electrical properties and
thermal properties of nanofluids. A halogen lamp, mimicking solar energy, was used as a
radiation source, and a group of comparative tests were also conducted with different
irradiation areas. The results showed that by using CB and light, it was possible to increase
the hydrogen production rate. The optimal CB concentration was 0.1 wt %. At this con-
centration, the hydrogen production rate increased by 30.37% after 20 min of electrolysis.
Hence, we show that using CB in electrolytes irradiated by solar energy could save the
electrical energy necessary for electrolysis processes.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

Because of the depletion of traditional energy reserves and
their detrimental emissions into our ecosystem, hydrogen is
recognized as the global future energy. So far hydrogen has

enormous output of carbon dioxide and contaminants [1].
With renewable energy consumption on the rise as well as the
global energy demand [2], electrolytic hydrogen production
technologies offer a sustainable alternative to conventional
hydrogen production methods [3]. Water electrolyser can
utilize solar energy to generate hydrogen of high purity with

been widely produced from hydrocarbon sources, initiating an
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zero adverse emissions, at any location around the world with
access to sunlight, due to its simplicity and flexibility [4].

The most important parameter of electrolysis is efficiency.
A low efficiency can make the energy cost larger than the
energy produced. There are many factors that can affect the
efficiency of electrolysis. The most investigated, and also the
most important, factor is the use of catalysts. Some re-
searchers reported outstanding catalytic performance of
chemical compounds at different electrolytes [5,6]. Further-
more, some nanocomposites can also be used as high-
efficiency electrocatalysts in the water-splitting reaction
[7—9]. Moreover, nanosized materials or nanostructures have
good optical and electrochemical properties that can increase
the thermal stability of electrolytes and electrolysis devices
[10—-15]. Finally, the excellent electrochemical performance
also makes some nanocomposites be a potential hydrogen
storage material [16].

It is also recognized that the main parameters influencing
the heat transfer efficiencies of fluids are their thermal prop-
erties such as viscosity, density, heat capacity, and thermal
conductivity, with the latter being the most influential factor
[17]. Since base fluids (water, oil, and ethylene) possess low
thermal conductivity, their solar absorption efficiency is also
usually low [18]. Nevertheless, Maxwell [19] in 1873 proposed a
mechanism that involves adding micro-sized particles into a
base fluid to improve the heat absorption capability of the
base fluid, and Choi and Tran [20] identified that adding even
smaller particles to a base liquid could improve the heat
transfer characteristics of the base fluid. They stated that the
addition of nanoparticles (NPs) (solid particles with a diameter
in the range of 1~100 nm) into conventional fluids raised
thermal conductivity and defined these innovative classes of
heat transfer fluids as nanofluids (NF) [21]. Compared to the
absorption efficiency of water (13%) [22], carbon-based NF may
absorb 96% of solar radiation [23].

Carbon black (CB) is one of several substances with anal-
ogous absorption characteristics as the ideal concept of a
black body, which in theory absorbs all incident radiation [24].
Similarly, CB is a kind of material that has good absorption
throughout the whole wavelength range of sunlight and has
thus high potential for solar energy applications.

Sani et al. [25] experimented with carbon black nano-
particles (CB NPs) in distilled water (DW) and reported that the
photothermal efficiency of CB was 85%. Another advantage of
nanometre-sized particles is that they can pass through small
passages, unlike micrometre-sized particles that cause severe
clogging problems in heat transfer equipment [20]. Also, Han
et al. [26] stated that 90% of incoming radiation can be
absorbed by a thick layer of CB.

Multiple researchers agree that hydrogen production by
electrolysis depends vastly on the temperature of the elec-
trolyte. For instance, Galney et al. [27] designed a high-
temperature alkaline electrolysis cell and tested it at a tem-
perature between 35 °C and 400 °C. The electrolyte showed a
significant performance enhancement at the higher temper-
ature. Also, Brett et al. [28] investigated the enhancement in
the hydrogen production rate via raising the temperature of
the electrolyte. The accumulated heat of the sun through a
heat absorber material can thus be coupled with electrical

energy in a conventional water electrolyser to improve pro-
duction efficiency.

Electrolyzing NF-based electrolytes is a new research field.
Some investigation has been carried out to describe the elec-
trical properties of NFs according to different NPs, size, vol-
ume fraction, etc. Lobato et al. [29] discovered that nanofluids
with a 0.04 wt% of carbon nanoparticles attained higher
charge capacities and energy efficiencies at higher current
densities. Bose et al. [30] reported that the ionanofluid (ionic
liquid-based nanofluid) electrolyte delivered a higher
discharge capacity than a conventional electrolyte. Moreover,
Yen et al. [31] utilized the dimensional analysis method to
investigate the Al,O; water-based nanofluid. The results
showed the Al,0; nanofluid with the emulsifying agent had
the highest electric charge density at 40 °C and 2.5 wt%.

The studies mentioned above were focused on the thermal
or electrical properties of nanofluid-based electrolytes. At pre-
sent, there is no report in the literature concerning both prop-
erties. Similarly, no study focuses on the hydrogen production
of electrolyzing nanofluid-based electrolytes. Therefore, the
main purpose of this work is to investigate these issues.

Experimental method
Nanofluid preparation

The experimental procedure of nanofluid preparation is
shown in Fig. 1. Firstly, the suitable weight fractions of CB
nanoparticles (Ensaco 350G Carbon Black, Timcal) and sur-
factants (sodium dodecyl sulfate, SDS) were weighed and
blended with distilled water. Each component was using a
Sartorius CPA 324 S balance. To acquire a more uniform
mixture, the suspension was stirred for 5 min using a ceramic
magnet stirrer plate with a magnetic stirrer bar. Meanwhile,
the tank of a Branson 3510 ultrasonic cleaner (a bath soni-
cator) was filled with tap water to the operatinglevel line (3 cm
from the top) and degassed for 10 min to eliminate bubbles
formed in the water. The cleaner had a frequency of 40 kHz
and a maximum power of 335 V with a maximum capacity
equal to 6 L. Secondly, the stopwatch was set to 60 min before
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Fig. 1 — Two steps of NF preparation.
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carefully locating the beaker containing the solution within
the tank. As waves are transferred and distributed throughout
the water, the beaker must therefore not touch the tank bot-
tom (beaker floats). The beaker was submerged in the water
bath, and the level of the water tank was higher than the level
of the solution inside the beaker.

Several authors emphasize the duration of sonication as a
crucial step for NF preparation. Asadi et al. [32] investigated
the impact of sonication time on various NPs and emphasized
that for most NPs the optimum sonication time was between
20 to 40 min. For comparison, samples with a varied sonicat-
ion time of 10, 20, 30 and 60 min were prepared in this work.
The samples that were sonicated for 20 min showed greater
improved stability than those that were sonicated for 10 min.
When the concentration of NF was larger than 0.1 wt%, 30 min
of sonication was not sufficient to acquire a stable NF.
Therefore, all the samples were sonicated for 60 min in this
work, as mentioned previously.

Following the chemical and physical treatments of NFs, a
sodium sulfate (SS) electrolyte was subsequently added and
stirred for a minimum of 5 min with a magnet stirrer before
discharging the electrolyte solution from the upper opening of
the electrolysis apparatus into the bubble-shaped reservoir of
a Hofmann voltameter (see Fig. 2). The anode and cathode
compartments were filled by stirring the valves at the upper
end of the two cylindrical tubes. Given that the adsorption of
SDS decreases with temperature, one drop of Antifoam B
Emulsion was added to the solution to minimize the risk of
foam formation.

SS is a neutral salt, so the pH of its aqueous solution is
around 7. As it has been tested by many researchers, pH has a
significant impact on the stability of nanofluids. When pH
value is below 7, nanofluids show a significant enhancement
on stability with the increasing of pH value until 7. However,
when pH is above 7, sedimentation occurs [33]. Therefore, we
chose SS solution as the electrolyte as it has less impact on the
stability of nanofluids.

In this study, nanofluids with different weight percent
concentrations (0.005 wt %~1 wt %) were manufactured.
Hwang et al. [34] suggest that using 1 wt % SDS improves the
stability of carbon-based nanofluids. Therefore, the same
amount of this surfactant was added to all the samples.

Surfactant is an important compound to stabilize the
colloid because surfactants can attach to the particle surfaces
to form micelles. This hinders the agglomeration of the
dispersed phase. According to our study, SDS has excellent
performance on stabilizing CB-based nanofluid [35,36]. On the
other hand, SDS can be harmful to the environment as it can
produce sulfates and persulfates at high concentrations [37].
Therefore, many researchers have started to study the envi-
ronmental impact and biodegradability of the mixture of
surfactants and nanoparticles. Here, alkyl polyglucoside, a
non-ionic surfactant, has been considered [38]. Therefore, we
are planning to investigate the feasibility to use this surfactant
to prepare CB nanofluid in our future work.

Experimental procedure

Hydrogen production was investigated by using a Hoffman
voltameter, where the volume of hydrogen produced by

Radiation area
with screen

Radiation area
without screen

(a) (b)

Fig. 2 — The scheme of Hoffmann voltameter irradiated by
the artificial light: (a) without the protective screen/
collimator; (b) with a protective screen/collimator
(irradiation occurs only in the marked area).
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Fig. 3 — Schematic representation of experimental
apparatus.
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electrolysis can be read directly from the scale on the pipe.
Fig. 3 shows the framework of nanofluid-based electrolysis
experiments. The DC source from Peakteck, and its
maximum output current and voltage, are 2 A and 30 V with
the measurement accuracy within +1% + 5 digits, respec-
tively. The temperature was measured by thermocouples
and recorded through an Omega HHS506RA thermometer
with an error range of +0.05%. A Cotech 400 W/230 V flood-
light halogen lamp with an Osram 400 W/230 V R7S light bulb
was used to simulate the solar irradiation. The meter from
Linshang Technology with an accuracy of +0.10% measured
the irradiance intensity. After preparing the nanofluids as
described in Section Nanofluid preparation, we let the
nanofluids stay still to cool down. The 1-h sonification made
the temperature of the nanofluid higher than the room
temperature. When the temperature of the nanofluid
reached 30 °C, the camera, the lamp and the DC source were
simultaneously turned on. The lamp directly illuminated the
area near the electrodes, which is denoted as the rectangle in
Fig. 2. The temperature, electric current and hydrogen vol-
ume were recorded every 2 min.
The reactions for SS in this work were as follows:

Anode: 4OH™ — 4e~ = 2H,0 + O, (1)
Cathode: 4H"* + 4e™ = 2H, 2
Overall Reaction: 2H,0 = 2H,+ O, (3)

In this work, we focused on three issues influencing
hydrogen production. First, to investigate the electrolyte effect
on hydrogen production, the electrolysis was performed at
ambient temperature in the range of 20~26 °C. All tests
excluding NF and light are conducted in the darkroom for a
particular amount of time with SS concentration in the range
of 1~12 wt%, while keeping a constant applied voltage (30 V).
The darkroom means there were only natural light sources in
the room, and the light intensity was below 100 W/m?.

Subsequently, the experiments were performed under the
presence of the halogen lamp, while holding other parameters
constant (voltage and SS wt.%). The centre of the halogen
lamp and the electrolytic plates were fixed on the same level
to ensure the core zone of electrolysis could be illuminated by
the maximum radiation, see Fig. 2 (a). The radiated heat flux
coming from the halogen lamp resulted in the temperature
increase of the electrolyte. The elevated temperature gave rise
to a higher current density in the electrolyser. The highest
current density for the maximum voltage and electrolyte
concentration was 0.3 A/cm 2.

Afterwards, the experiments were conducted with CB
coupled with the halogen lamp. The effect of CB on hydrogen
production was studied as follows: (i) the effect of light in-
tensity was investigated by changing the distance between
the electrolyser and the radiation source, thus influencing the
irradiance intensity, while keeping the other parameters
constant; (i) the experiments were performed with CB con-
centrations in the range of (0.005—-1.0) wt.%, while SS con-
centration and the distance to the radiation source were kept

constant. Considering that some metal elements (the wires
and electrodes) could absorb heat, which has a negative
impact on experimental results, i.e., those mental elements
could absorb heat and cause the temperature to increase
faster, a set of comparative tests was conducted. For
comparative tests, a 5 mm thick screen with a small hole
(20 mm x 30 mm) was set between the halogen lamp and
Hoffman voltameter. The radiation area is shown in Fig. 2 (b),
where the red rectangle has the same size as the small hole in
the screen. Therefore, only this area was irradiated by the
light. It could ensure that the core zone of electrolysis was
illuminated by the light, but it also eliminated the heat ab-
sorption by the metal elements.

Results and discussion
Experimental results for single variables

The effect of CB-based nanofluids on water electrolysis has
not been done in the research literature yet. Therefore, many
factors may affect experimental results. Generally, the optical
properties of nanofluids are one of them. Thus, experimental
results of water electrolysis using salt electrolyte and CB
nanofluids conducted in dark and light environments are
presented in this section.

(1) The dark and light environments

Fig. 4 shows the results of electrolyzing the SS solution
with different concentrations. These experiments were con-
ducted in the dark environment and light environment,
respectively. The irradiance of light was 1000 W/m? (i.e., 1
sun), and the processing time was 20 min. We observed a
similar linear trend that the hydrogen production rate
increased with the increase of SS concentration for both dark
and light environments. According to the results, the rate of
hydrogen production for the environment with light (1.88 ml/
min) was higher than for the dark room (1.5 ml/min), as
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Fig. 4 — Hydrogen production rate for light and dark
environments, for different SS concentrations.
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expected. This occurred for SS concentration equal to 12 wt%.
Thus, the light radiated the nanofluid and increased the
temperature. The higher temperature accelerated the move-
ment of ions in the electrolyte that facilitates the dissociation
of water. As a consequence, a higher temperature decreases
the voltage needed for electrolysis, i.e., the consumption of
electricity.

This can also be explained by analysing the fundamental
relation for Gibbs energy of water electrolysis in standard
conditions [39]:

A Gy (H;0(1) = AHy* (H;0(1)) — T-ASq” (H,0(0)) @

where AG is Gibbs energy, AH is enthalpy and AS is entropy.

The process of a water splitting reaction requires energy
input, and this energy is almost constant within the experi-
mental environment. That means the variation of AH with
temperature can be omitted. For electrolysis, the Gibbs energy
is the required electrical energy. Therefore, from Eq. (4), when
AH remains constant, increasing T means decreasing AG.
Thus, Gibbs energy decreases with the increase of the oper-
ating temperature.

(2) Carbon black

In our next experiments, 0.05 wt% of CB was added to the
electrolyte. The reaction time was again 20 min. All the sam-
ples were added SDS, and the concentration of SS was the only
variable in the experiments. It must be noted that SDS could
not only stabilize the nanofluids, it also increased the elec-
trical conductivity of the electrolyte [40,41]. The results of the
experiments are collected in Fig. 5.

Adding CB into an SS solution can increase the hydrogen
production rate, as mentioned previously, because NPs could
increase the electrical conductivity of the electrolyte. Some
researchers indicated that carbon-based nanoparticles could
increase the conductivity of the solutions, and the maximum
values were obtained for the concentrations about 0.2 wt%
[42,43]. In electrolytes, electrical conduction occurred by mo-
tion of ions. Therefore, higher electrical conductivity means
the faster movement of ions can facilitate electrolysis.
Maxwell [44] showed a model that was considered applicable,
mostly for estimating the electrical conductivity of a
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Fig. 5 — Hydrogen production rate for different SS
concentration.

nanofluid. This model is a function of the electrical conduc-
tivity of nanoparticles and the base fluid:

(o)
Tpf

S L S /A,
Tbf % 9 (% _

o +2 (”bf )q)
where oy is the electrical conductivity of the nanofluid; oy is
the electrical conductivity of the base fluid; 0, is the electrical
conductivity of the particles and ¢ is the concentration of the
solution.

In our experiments, Brownian motion and electrophoretic
mobility are also vital factors that could affect the electrical
conductivity of the nanofluid. Shen et al. [45] combined these

two factors and the updated Maxwell model. The model for
electrophoretic mobility can be written:

()

2¢8$€%U%
op =—M——~
nr?

) (6)

where o¢ is the electrical conductivity due to electrophoretic
mobility; ¢, is the dielectric constant of base fluid; ¢ is the
dielectric constant of vacuum; U, is the zeta potential of
nanoparticles; 7 is the viscosity of the nanofluid and r is the
radius of nanoparticles.

Also, the model for Brownian motion is as follows:

3pee0Uo <RTT . 371”1>

gg = 3
r2

%)
where o3 is the electrical conductivity caused by Brownian
motion, R is the thermodynamic constant, T is temperature
and L is the Avogadro constant.

Therefore, the total electrical conductivity for nanofluid
becomes:

0 =0y + 0p + 0. (8)

(3) Light and carbon black

Fig. 6 and Fig. 7 show histories of hydrogen volume and
temperature during the experiments. The curves represent
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Fig. 6 — Hydrogen volume variation with time for tests in
different environments.


https://doi.org/10.1016/j.ijhydene.2021.12.130
https://doi.org/10.1016/j.ijhydene.2021.12.130

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 7522—7534

7527

70

—=— Dark
—e— Light

60— yighircB

@]

&

© 50

2

<

5]

240

g

(0]

s

(%]
(=)

I |

0 2 4 6 8

10 12 14 16 18 20
Time (min)

Fig. 7 — Temperature variation with the time in different
environments.

the results of the experiments carried out for three cases: (i) in
a dark environment, (ii) with light, and (iii) for CB based so-
lutions. The intensity of light was 1000 W/m?, and the con-
centration of CB and SS was 0.05 wt% and 10 wt%,
respectively. SDS was added to all the electrolytes. The gen-
eral conclusion from the results is that using a nanofluid-
based electrolyte has a positive impact on electrolysis as an
increased temperature can speed up the reaction rate. From
Figs. 6 and 7, the temperatures after 20 min were 65.5 °C,
57.6°C and 28.3 °C, from the top to the bottom. The maximum
temperature (Fig. 7) increased 103.53% and 131.45% for the
case with only light, and light with CB, respectively.

Lavasani et al. [46] used graphene-based nanofluids to
investigate the thermal conductivity enhancement for
different weight fractions, and their results showed that the
increase in thermal conductivity at high temperatures be-
comes more prominent by increasing weight percentage. The
increase of the fluid temperature is also associated with the
increase in hydrogen production. The maximum volume of
hydrogen increased by 37.94% and 56.03% for light and light
and CB, respectively (Fig. 6). It is easy to see the direct effect of
temperature on hydrogen production from Fig. 7. Although
both electrical conductivity and temperature could increase
the hydrogen production, when comparing the three initial
conditions, the temperature had a more obvious effect on it. In
addition, the electrical conductivity increases with tempera-
ture due to the enhanced Brownian motion, see Eq. (7).

Heyhat et al. [47] found that the electrical conductivity of
carbon-based nanofluids increased with the increase of tem-
perature and nanofluid concentration. The maximum
augmentation was for temperature 25 °C and the minimum
occurred in the temperature 55 °C. Also, the effect of
increasing the nanofluid concentration was stronger than
temperature. This observation does not directly correspond to
our experimental results. Comparing Figs. 4 and 5, the tem-
perature effect (using light) is more significant than that of CB
concentration because the hydrogen production rates
increased more.

In our research, the impact of different irradiance of light
was also studied for the electrolyte with CB and without CB.
The values of irradiance were 1000 W/m?, 1500 W/m? and 2000

W/m? and are denoted respectively as black, red, and blue
lines in Fig. 8. The results showed the higher irradiance
induced higher temperature, and CB intensified the process. It
is worth noting that the temperature can still be rather high
even without CB. The maximum temperatures in Fig. 8 (a)
were 67.3 °C, 61.7 °C and 57.6 °C. Also, according to Fig. 7 (b),
the values were 82 °C, 70.7 °C and 65.5 °C. Thus, the presence
of CB increased the temperature by a factor of 21.84%, 14.59%
and 13.72%, respectively.

Effect of CB concentration

In Section Experimental results for single variables, the optical
properties of electrolyte were investigated. In this section,
however, we focus on the photothermal properties and elec-
trical properties as they have a vital role in the process of
energy transformation. The objective of this part of the study
is to investigate how the concentration of CB affects the
hydrogen production rate. To minimize the influence of
temperature on the results, the ideal gas law was used to
modify the hydrogen volume measured during the experi-
ments. The modified hydrogen volume is the volume of
hydrogen at room temperature, i.e., we eliminate the volume
expansion of hydrogen volume at high temperatures. This can
be calculated from the following:

vy :vo% ©)
where V; is the modified hydrogen volume; V, is the hydrogen
volume measured in the experiments; T; is the room tem-
perature and T, is the temperature measured in the
experiments.

The findings from the previous sections revealed an
improvement in hydrogen production rate, which was
attributed to the higher temperature stimulated by the CB
NPs. To examine the consequence of NF density, viscosity,
and the applicability of higher NF concentrations for hydrogen
production, several experiments were accomplished with CB
concentrations in the range of 0.005~1 wt% together with
comparative experiments. Each experiment was performed
using constant SS concentration (10 wt%), constant radiation
intensity (1000 W/m?), and the same reaction time (20 min).

The maximum hydrogen volume that was calculated as
the volume at room temperature for each experiment and
conducted without the screen is depicted by a red line in Fig. 9.
The modified generated hydrogen volumes (i.e., calculated
from Eq. (9)) with the increase of CB weight percentage were
26.56 ml, 29.59 ml, 31.65 ml, 32.55 ml, 34.33 ml, 34.96 ml,
36.13 ml, 33.13 ml, 33.03 ml, 32.68 ml, 32.18 ml, 30.52 ml,
respectively. As seen, the highest hydrogen volume obtained
was 36.1 ml with a CB concentration of 0.1 wt%, whereas the
lowest hydrogen volume (26.56 ml) resulted from the lowest
CB concentration (0.005 wt%). According to Fig. 9, hydrogen
production increased first and then decreased with the rising
of the CB concentration. When the CB concentration was
lower than 0.1 wt%, the hydrogen production increased
rapidly with concentration. However, for higher concentra-
tions, the influence of the concentration was less significant.
The experimental results illustrate that the optimum
hydrogen volume was produced for lower CB concentrations.
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contained 0.05 wt.% CB.

As the fraction of CB particles exceeds 0.1 wt%, the hydrogen
volume declines. This is due to the fact that, apart from the
influence of temperature, electrical conductivity increases
with the rising of nanoparticle concentration as it strengthens
Brownian motion and electrophoresis, see Egs. (6) and (7) [48].
Zawrah et al. [49] also demonstrated this behaviour and
noticed a following decrease of electrical conductivity when
concentration increases. They explained this phenomenon as
the complex processes related to the electrical double layer
(EDL). The interaction between the nanoparticles and the EDL
is the reason for the augmentation of electrical conductivity.
However, with the increasing of the particle numbers, the
charges available for the formation of EDL are insufficient and
the electrostatic attraction force becomes a repulsion force
among nanoparticles [49].

In addition to electrical conductivity, temperature is also a
vital factor that affects the hydrogen production rate. An in-
crease in particle concentration should increase the temper-
ature of the nanofluid because more particles absorb heat.
However, when the concentration reaches a certain range,
nanoparticles form a “shield” in the outer nanofluids that
blocks light from penetrating the nanofluids. In other words,
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Equl Vi = 36.1 ml
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g
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5 281
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Fig. 9 — Hydrogen production vs. different CB
concentration.

for high particle concentrations, radiation cannot penetrate
the system so that the heat transfer is dominated by con-
duction and convection. In addition, the rising of concentra-
tion induces higher viscosity [43], which hinders convection in
the nanofluids. As a result, the heating process in the bulk of
the fluid decreases.

The blue line in Fig. 9 shows the results when the screen
was used. The modified generated hydrogen volume with the
increase of CB weight percent was 25.67 ml, 28.01 ml, 29.29 ml,
30.13ml, 31 ml, 31.72 ml, 28.25 ml, 27.82 ml, 27.36 ml, 26.75 ml,
26.21 ml, 25 ml, respectively. This curve has the same trend as
the red line, but the values are significantly lower. Moreover, it
is worth noting that the maximum volume of hydrogen pro-
duction occurred for concentration 0.05 wt %. In these ex-
periments, only a small part of the nanofluids was illuminated
by light. Under the same heat flux on the front face of a
Hoffman voltameter, the radiation area was smaller than the
experiments without the screen. As a result, the total energy
that could be absorbed was also smaller. Although the radia-
tion area was smaller here, the heat dissipation area was the
same, i.e., the part of the Hoffman voltameter filled by the
electrolyte. Thus, lower energy and nearly the same heat loss
led to lower temperature increasing, and then less hydrogen
production. When the temperature increased, the heat loss
still increased so that a maximum total temperature occurred.
This could be the potential reason that induces the maximum
value for the concentration of 0.05%.

Fig. 10 (a) shows the modified hydrogen production rate for
every 2 min for different CB concentrations. Five selected
concentrations (0.02 wt %, 0.04 wt %, 0.05 wt %, 0.1 wt %, 0.2 wt
%) are depicted in the figures. During the first 4~6 min, the
hydrogen production rate was similar for all the studied
concentrations. After 6 min, the rates still kept a rising ten-
dency on average, but it was rather low except for a concen-
tration of 0.1 wt %. During this time, all the rate curves show
oscillations, and the amplitudes for the concentrations
greater than 0.1% are higher than for the lowest concentra-
tions. After 16 min, the hydrogen production rate showed a
rising trend again. It also easily seen from Fig. 10 (a) that the
average rates for different concentrations have a significant
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difference. The rates increased first and then decreased with
the rising concentration, and the maximum showed a 0.1 wt
%. A suitable concentration of nanofluids can increase the
conductivity of the electrolyte, but too high concentrations of
nanofluids might hinder the movement of electrons and
decrease the hydrogen production rate. The hydrogen pro-
duction rates during the whole processes of electrolysis can be
treated as unstable oscillatory rising processes. Apart from the
aforementioned effects of the heat transfer process and the
variation of electrical conductivity, there are some possible
explanations for this phenomenon.

On the one hand, the concentration of nanofluids
increased as the electrolysis progressed because the water
was electrolyzed. Similarly, the concentration of sodium sul-
fate solution also increased. Both have critical concentrations
that led to some optimal hydrogen production, and a higher
concentration of nanoparticles results in agglomerations and
coat formations at the anodes, which has deteriorating effects
on electrolysis [50]. Furthermore, the temperature kept
increasing during the whole process, which could facilitate
the electrolysis. This is discussed in the next section. Two
different phenomena induced the oscillation in the curves.
When the concentration was greater than 0.1 wt %, the
nanofluids were more prone to be unstable and non-uniform
and more disorder in the electrolyte induced greater oscilla-
tion amplitudes. From Figs. 4—6 temperature has a stronger
effect on the electrolysis, which is reflected in the production
of more hydrogen. Therefore, combining with the results in
Fig. 10 (a), the whole trend should be increasing.

Fig. 10 (b) shows the results of the experiments with the
collimator. The difference from the experiments without the
screen is that the whole trend for these curves is falling. As
stated before, the smaller energy source did not allow the
system to reach the optimal temperature for the reaction,
which means it is difficult to allow the positive to impact
greater than the negative. Almost all the positive impacts are
related to the temperature, including the reaction rate, elec-
trical conductivity and some thermal properties of the elec-
trolyte. They will change in a positive direction with the

temperature rising. However, all the negative impacts are
connected to the concentrations, like CB concentration, SS
concentration, etc. Given that the essence of electrolyzing the
SS solution was electrolyzing water, the concentrations can
only increase. In other words, negative impacts will augment
with time. In that case, negative impacts are much easier to
show at lower temperatures than higher temperatures with the
rising of concentrations. In this study, only the small radiation
area could absorb heat, see Fig. 2 (b), and this part transfers the
heat to the rest of the system. Furthermore, the two vertical
pipes of the Hoffman voltameter had a larger surface area than
the horizontal pipe within the radiation area, which means the
high-temperature zone had a small dissipation area (the hori-
zontal pipe) and the cold zone had a greater dissipation area
(the two vertical pipes). This results in a large temperature
gradient in the system, and the higher the temperature in the
irradiated zone, the greater the gradient. On one hand, the
temperature gradient could destabilize the nanofluid, and
make nanoparticles easier to aggregate. The heat flow invokes
convective currents in the system that could push the nano-
particles to move from the high temperature zone to the low-
temperature zone. This increases the probability of contact
and collision. More specifically, there were more particles near
the electrodes than the area near the screen. In a colloidal
system, charged ions adsorbed onto the surface of particles. As
a result, the increasing number of nanoparticles in some areas
made the charges available for the formation of an electrical
double layer insufficient [49]. The electrostatic attraction be-
comes more than a repulsion force that destroys the stability of
nanofluids. On the other hand, the temperature gradient could
inhibit the electrolysis, and the larger the gradient, the stronger
the inhibition. The mass flow caused by a temperature
gradient, as well as electrophoresis, led charges to move to the
electrodes (followed by the nanoparticles), which was incon-
sistent with electrolysis. Hence, this imbalance of potential in
the electrolyte affected the progress of the water splitting re-
action. Therefore, these two reasons may have caused the
whole production rate to develop a falling trend.
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Effect of temperature

According to the discussion in Section Effect of CB
concentration, the temperature plays an important role dur-
ing the process. It was shown that the presence of CB nano-
particles increases the fluid temperature. In this section,
however, we focus on how the temperature increase affects
electrolysis and hydrogen production. Fig. 11 (a) shows the
relationship between the modified hydrogen production rate
and temperature without a screen. The graph makes it easier
to conclude that the hydrogen production rate increased as
the temperature increased. Also, the graphs in Fig. 11 (a)
clearly show three stages: hydrogen production rate rapid rise
stage, steady stage, slow rise stage. In the first stage, the
hydrogen production rate increased very fast and reached the
first extreme value (about 1.7 ml/min), while the temperature
was below 305 K. When the temperature reached 305 K, the
increase of hydrogen production rate seems to be paused until
the temperature was greater than 315 K. In the third stage, the
temperature increased again. However, the increase rate at
this stage was less than the rate at the first stage. The
maximum temperature occurred when the concentration was
0.1 wt %.

As we mentioned before, the higher CB concentration can
increase the heat absorption ability of the electrolyte, and it
can cause the temperature of the electrolyte to increase
quickly when illuminated by light. Similarly, a higher tem-
perature can increase the electrolytic velocity, thus causing an
increase in the hydrogen production rate. However, a higher
CB concentration does not mean a greater rate of hydrogen
production. Compared with Figs. 10 (a) and 11 (a) also shows
oscillations for rate curves with the increasing of temperature
but does not show any linear trend as expected. This proves
these two side effects exist and connect with temperature and
CB concentration. There is a possible reason that can explain
this phenomenon. Firstly, even though nanoparticles can in-
crease the conductivity of the electrolyte, there are inhibitory
effects that have negative impacts on electrolysis. For
example, every single CB particle is charged due to the

electrical double layer. With the increase of the temperature,
mass flow and convection become stronger. Considering
Brownian motion and electrophoresis, the movement of par-
ticles is highly random, which causes the uneven distribution
and irregular movement of charges. On the other hand, the CB
concentration increases as the reaction progresses. Thus, the
electrical conductivity decreases when beyond the critical
concentration. Moreover, in this study, SS functioned as a
kind of salt that destabilized the nanofluid at higher temper-
ature, which could also affect electrolysis. These negative ef-
fects together with positive effects (increasing electrical
conductivity and reaction rate) caused the oscillations.
Therefore, at the first stage, the electrolysis proceeded nor-
mally. When reaching the second stage, negative effect
became prominent, so the rate increase paused. Nonetheless,
at the third stage, since the temperature was high enough, the
rate restarted and increased accordingly.

Fig. 11 (b) reveals how temperature affects the hydrogen
production rate when using a screen. The whole curves can be
divided into two parts as they have a similar trend as in Fig. 11
(a): a rapid rise stage and steady stage. At first, the rates in-
crease faster and then decrease until 304 K. When the tem-
perature is greater than 304 K, all the curves maintain
dynamic stability. There are two differences compared with
Fig. 11 (a): decreasing and no second increasing. The afore-
mentioned statement could also be used to explain this. The
temperature gradient strengthened the negative effects so
that these two side effects could not maintain a balance at a
relatively low temperature. Likewise, from Fig. 11 (b), the
hydrogen production rates stayed within a certain range when
the temperature reached 304 K and did not increase at a
higher temperature. This phenomenon just proved that the
temperature must reach a certain value to make positive ef-
fects stronger than negative effects. In these experiments, the
critical temperature is 315 K. It should be emphasized that the
larger heat loss and CB agglomeration could also affect the
results.

That the temperature increases with an increasing of CB
concentration, and then decreases, as shown in Fig. 11 (a), was
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also observed by other researchers. Ulset et al. [51] demon-
strated that superheat of CB nanofluid steam was dependent
on the CB concentration and reached a maximum value at
1wt %. However, the maximum value occurred at 0.1 wt % and
0.001 wt % in our study. Because Ulset et al. heated the
nanofluid until boiling, and the fluid did not reach the
maximum temperature in their experiments, the temperature
increasing rate may vary during the whole process that
caused different results.

Comparison of CB effects

To have a more intuitive comparison of the effects of CB on a
salt electrolyte, Fig. 12 shows the temperature and hydrogen
production rate changes during the reaction for electrolytes
with CB and without CB. The concentration of SS was 10 wt %
for both electrolytes, and the concentration of CB was 0.1 wt
%. During the first 8 min, there was no evident difference
between the temperatures of the two electrolytes. When the
reaction started, only CB on the surface of the electrolyte
absorbed the heat, and CB in the inner part was unlikely to be
radiated as the CB on the surface formed a “shield” to block
the light. As a result, it was mainly thermal conduction in the
electrolyte that induced the temperature to increase slowly.
However, for electrolytes without CB, light could penetrate the
solution due to its transparency, which means the tempera-
ture could increase fast. Therefore, the temperatures had the
same increasing rate. However, during this period of time, the
hydrogen production rates revealed high discrepancies. It is
easier for a CB-based electrolyte to start the electrolysis at a
higher reaction rate (1.66 ml/min) and maintain a slow growth
rate due to the increased electrical conductivity of the elec-
trolyte caused by the presence of CB. On the contrary, the
hydrogen production rate for the SS solution starts at 0.79 ml/
min, which is about half of the initial rate for a CB-based
electrolyte, and then it increases fast. Compared with ther-
mal properties, the electrical properties of CB have a greater
impact on the process.

After 8 min, from Fig. 12, the impacts of thermal properties
dominated the electrical properties. The temperature in-
creases fast for CB-based electrolytes, and the hydrogen

production rate also shows a visible rising trend. Similarly, the
rate of hydrogen production and temperature for electrolytes
without CB have an increasing trend, but they are significantly
lower than electrolytes with CB. Heat conduction was strong
during this time in the inner part of the electrolyte with CB, so
the growth of temperature was faster. Afterwards, as
mentioned before, the higher the temperature, the faster the
tares. During the 20 min, the hydrogen production rates were
2.06 ml/min and 1.58 ml/min for electrolytes with CB and
without CB, and the temperatures are 315.15 K and 312.35 K,
respectively. Using CB makes the hydrogen production rate
increase by 30.37%.

Electrolysis efficiency

In the previous sections, we found that CB does have positive
effects on electrolysis. In this section, we evaluate the per-
formance by estimating the efficiency of the process. For now,
the objective of almost all the research for electrolysis is to
increase electrolysis efficiency. Higher efficiency means less
loss, and it can save energy.

There are numerous ways to evaluate the efficiency of an
electrolyser. These include cell efficiency, energy efficiency,
current efficiency, and thermal efficiency. Chakik et al. [52]
summarized a model to calculate the electrolysis efficiency of
water electrolysis:

Vi

n= ﬁ (10)
2F

where 7 is the electrolysis efficiency, Vy, is the volume of
produced hydrogen, I is current, V,, is the molar volume
(24.47 L/mol in 25 °C), t is reaction time and F is the Faraday
constant (96 485 s A/mol).

In our study, the electrolysis efficiency can be calculated
by:

_ EHZ
= (11)
Ey, =n-HHV (12)

Wi =U-I-t, (13)

00 02 04 06 08 1.0
CB Concentration (wt.%)

Fig. 13 — Electrolysis efficiency vs. CB concentration.
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where Ey, is the energy produced by electrolysis, i.e., energy
stored in hydrogen, W is the energy consumed by electrol-
ysis, i.e., electrical energy, n is the amount of substance, HHV
is the higher heating value (=286 kJ/mol for hydrogen) and U is
the voltage.

Fig. 13 shows the electrolysis efficiency for different CB
concentrations. Similar to Fig. 9, one can clearly observe a
rapid increase of efficiency with respect to concentration in
cases when the concentration was low. For higher values of
concentration, the efficiency decreases but with a lower rate.
The maximum efficiency is 5.72% for the concentration 0.1 wt
%, whereas the minimum efficiency is 4.69% for 0.005 wt%.
This indicates that the efficiency increased by about 21.96%.
These efficiencies are much lower than the industrial elec-
trolysers as only simple electrodes and electrolytes were used,
but the results are still meaningful. The reason is that the
higher temperature induced a higher current and increased
the consumption of electrical power. At first, temperature
raises the ionic conductivity and enhances the current flow
into the system. Therefore, the overall efficiency of the system
in this work tends to increase with temperature. When
increasing the concentration of CB, the temperature and the
current density increase fast. As expressed by Ohm's law, the
resistance in the system becomes more prominent when the
current density increases. The efficiency of an electrolyser
diminishes with increased temperature because at elevated
temperatures the current density intensifies, resulting in
higher activation and ohmic overpotentials. Another potential
reason for the decrease is the coverage of the electrode surface
by the NPs. The electrical double layer could catch the elec-
trons that have a negative influence on the water electrolysis
efficiency.

Concluding remarks

This study focused on the results of electrolyzing a carbon
balance nanofluid-based electrolyte and analysed the effect of
CB NF on the electrolysis. The results of the first part reveal that
CB and light can increase the hydrogen production rate. The
former increased the electrical conductivity of the electrolyte,
and the latter increased the temperature of the electrolyte. The
results of the second parts show that different CB concentra-
tions have a different effect on the hydrogen production rate.
The maximum hydrogen production rate occurred at the con-
centration of 0.1 wt %. When a screen was used to block the
light, the maximum rate occurred at a concentration of 0.05 wt
%. However, increasing the CB concentration leads to an in-
crease in the hydrogen production rate up to the maximum
value and then decreases for both situations. The results of the
third part indicate that there may be a positive effect and
negative effect of nanoparticles on the electrolysis as the
average hydrogen production rates for every 2 min did not al-
ways increase or decrease. Thus, the whole electrolysis process
can be treated as a “dynamic balance”.

For a future work, other types of fluids can be tested. An
example is the use of different nanofluids, not necessarily CB.
Also, biodegradable fluids that have recently gained popu-
larity [36] should also be considered.
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