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Abstract

Reserves of fossil fuel such as coal, oil and natural gas on earth are finite. Also, the continuous use
and burning of these fossil resources in industrial, domestic and transport sectors results in the
extremely high emission of greenhouse gases into the atmosphere. Therefore, it is necessary to
explore pollution free and more efficient energy sources in order to replace depleting fossil fuels.
The use of hydrogen as an alternative fuel source is particularly attractive due to its very high
specific energy compared to other conventional fuels. Hydrogen can be produced through various
process technologies such as thermal, electrolytic and photolytic processes. Thermal processes
include gas reforming, renewable liquid and biooil processing, biomass and coal gasification;
however, these processes release a huge amount of greenhouse gases. Production of hydrogen from
water using ultrasound could be a promising technique to produce clean hydrogen. Also, using
ultrasound in water electrolysis could be a promising method to produce hydrogen where
ultrasound enhances electrolytic process in several ways such as enhanced mass transfer, removal
of bubbles and activation of the electrode surface. In this review, production of hydrogen through
sonochemical and sonoelectrochemical methods along with a brief description of current hydrogen

production methods and power ultrasound are discussed.
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1. Introduction

Fossil fuel resources have been exploited intensively since the beginning of the industrial
revolution to meet the ever rising energy demand [1]. Due to the economic development of
emerging countries and exponential growth of the human population, there is a substantial pressure
on the demand for energy and goods. This lead to an upsurge in fossil fuel consumptions. It is
predicted that the global population will increase to 8.9 billion by a factor of 36% and global
energy consumption will increase by 77% to 837 quads by 2050 [2]. However, the amount of
fossil energy such as coal, hydrocarbons and natural gas on earth is finite. Also, the growth of
industrial activities and development of transportation means has resulted in the extremely high
emissions of greenhouse gases into the atmosphere. Therefore, it is necessary to explore for
pollution free and more efficient energy source in order to replace depleting fossil fuels. Inquest
of alternative energy sources has given rise to the concept of The Hydrogen Economy [1].
Hydrogen as an energy source is particularly attractive due to its very high specific energy
compared to other conventional fuel types (Table 1).

Hydrogen originating from renewable resources provides clean and sustainable energy produced
from local energy sources around the world [2]. It is the simplest and most abundant element in
the world, which is readily available as a part of another material (i.e., water, hydrocarbons, and
alcohols. Also, hydrogen is available in animals and plants in the form of biomass. Therefore, it is
considered more as an energy carrier than energy source [3].

Hydrogen can be produced through different processing technologies such as thermal, electrolytic
and photolytic processes. The thermal process includes natural gas reforming, renewable liquid
and biooil processing, and the gasification of biomass and coal, whereas the electric process is the
splitting of water using external energy sources. Through the photocatalytic method, water is
splitted using sunlight through biological and electrochemical materials [3]. Around 60 million
tons of hydrogen is produced per year and the consumption is increasing by 6% annually [1], [3].
Currently, 50% of global hydrogen demand is produced by steam reforming of natural gases which
releases vast amount of greenhouse gases. Also, 30, 18 3.9 and 0.1 % of hydrogen is produced
from oil reforming, coal gasification, water electrolysis and other resources respectively [1], [3].
The primary concern for hydrogen production lies in the development of alternative technologies

than traditional methods [3]. The alternative technologies should be highly efficient,
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environmentally friendly and economical. Sonolysis could be a promising technique to produce
clean hydrogen, especially if the hydrogen carrier is solely water [4].

Table 1: Specific energy and energy density of different fuel types

Fuel types Specific energy Energy density Reference
(MlJ/kg) (MJ/L)

Diesel 45.6 38.6 [5]
Gasoline 46.4 34.2 [5]
Kerosene 42.8 33 [5]

LPG(propane) 49.6 253 (5]
Crude oil 46.3 37 (6]
Heating oil 46 37.4 [6]
Ethanol 29.7 23.4 [7]
Methanol 22.7 17.85 [7]
Butanol 36.1 29.2 [7]
Coal-Black 27.9 - [6]
Coke 28.0 - (6]
Wood 14 - [6]
Natural gas 53.6 - [6]
Methane 55.6 23.53 [7]
Hydrogen(Liquid) 141.86 (HHV), 119.93(LHV) 10.044(HHV), 8.491(LHV) (8]
Hydrogen(at 690 bar, 141.86(HHV), 191.93(LHV) 5.323(HHV), 4.500(LHV) (8]
and 15°C
Hydrogen gas 141.86(HHV), 191.93(LHV) | 0.01188(HHV), 0.01005(LHV) (8]

Hydrogen production using ultrasonication in addition to catalysis, photocatalysis, digestion
sludge and anaerobic fermentation of wastewater has been demonstrated to be enhanced compared
to the individual methods without ultrasonication [9]. Currently, few studies are available
concerning the sonochemical production of hydrogen, and the influence of different operational
parameters on hydrogen production is still unclear. Moreover, the coupling of ultrasound with
electrochemistry, a newly introduced branch of electrochemistry named as sonoelectrochemistry,
could be an advantageous method for hydrogen production by water electrolysis [10].

Ultrasonication can enhance mass transfer and in activation of the working electrode surface.
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These effects can provide an acceleration of electrochemical processes which ultimately enhances
electrochemical production of hydrogen [11].

In this review, an introduction the power ultrasound, hydrogen production through sonochemical
and sonoelectrochemical methods along with a short overview of the traditional hydrogen
production techniques is presented.

1.1 Current hydrogen production methods

Currently, hydrogen is produced from different energy sources such as nuclear, natural gas, coal
and biomass. Renewable resources for hydrogen production are solar, wind, hydroelectric and
geothermal energy. In thermal processing, the primary methods are gas reforming, renewable
liquid and biooil processing, biomass and coal gasification [3]. The conventional hydrogen
production methods are summarized in Figure 1. In this section, a brief description of all these

processing technologies is given.

1q Partial oxidation

| Hydrogen from fossil
Ll

Y

Plasma reforming
resources
Steam reforming
Gasification
> Biomass >
> Pyrolysis
Current hydrogen >
production methods N Hydrogen from R
renewable resources 7
> Biological routes > AEC
> PEMEC
> Electrolysis >
Ll
> Hydrogen from nuclear SOEC
resources
> MCEC

Figure 1: Conventional hydrogen production routes
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1.1.1 Hydrogen from fossil resources
Hydrogen-containing materials derived from fossil fuel such as gasoline, hydrocarbons, methanol,
and ethanol can be converted into a gas stream rich in hydrogen. Currently, production of hydrogen
from natural gas is the most common method. There are three basic methods for hydrogen
production from fossil fuels. They are (i) steam reforming, (ii) partial oxidation and (iii)
autothermal reforming [3].
1.1.1.1 Steam reforming
One of the most widely used and economical processes for hydrogen production is steam
reforming [12]. The process is highly efficient with low operating and production costs. Natural
gas, lighter hydrocarbons and methanol are the most frequently used materials for steam reforming
[13]. The steam reforming reaction of methane occurs according to reaction (1) and (2).
CH4 + H,O — CO+ 3H> AH =+206 kJ/mol at25°C (1)
CHs + 2H20 — COx+4H,  AH=+165 kJ/mol at 25°C  (2) [1]
Both reactions (1) and (2) are very endothermic. Therefore, methane reforming has to be carried
out at very high temperature (i.e., 1000°C over a heterogenous catalysts) [1]. The overall process
consists of two stages. Hydrocarbons are mixed with steam in the presence of metal catalyst in the
first stage. This process produces syngas (a mixture of Hz and CO), where CO is around 20 wt.%
[1], [14] with small amount of CO; [14]. For further use of Hz the CO has to be removed from the
syngas. In the second stage of the process, CO is removed through the water gas shift (WGS)
reaction (3) [1], [12].
CO + H2O(g) «» CO2+H2  AH=-41 kJ/mol at 25°C 3) [1]
This reaction is exothermic. Therefore, WGS reaction has to be carried out at lower temperature
in the range of 200 to 350°C [1]. Hydrogen production by steam reforming of methanol is carried
out in moderate temperature ca. 180°C (4) [3].
CH3OH + H,0(g) <> COx+ 3Ha 4) [3]
Both precious (Pt, Rh) and non-precious (Ni) metals are used as catalysts for steam reforming. An
important factor in the steam reforming process is the H:C atom ratio in the feedstock material.
The higher the ratios are the lower CO; content is formed [3]. The heat efficiency of hydrogen
production by methane reforming is around 70-85% in industrial scale [15]. The main
disadvantage of this process is the high production of CO; (ca., 7.05 kg CO»/ kg H») [3]. Despite

this, fossil fuel based hydrogen production routes have higher efficiency, but the high emission of
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CO; is a huge drawback for this production methods. Table 2 summarizes the CO> emission from
different fossil fuel-based hydrogen production methods.
Steam-reforming of ethanol can produce hydrogen according to the following reactions.

CH3;CH,0H + HO — 2CO + 4H, AH29%= +255kJ/mol at25°C  (8)

CH;CHOH + 3H:0 - 2CO2 + 6 Hy  AH, ) =+173 kl/mol at25°C ~ (9)[1]

Both these reactions are endothermic. Therefore, they need to be carried out in high temperature
as well as in low pressure due to the increase of the number of moles in the in the steam reforming
reactions. However, in low-pressure and high temperature condition various side reactions can

develop. Some of those side reactions produce hydrogen.

CH;CH,OH — CH;CHO + Hy AH, 0 = +68 kJ/mol (10)
CH;CH:0H — CH4+CO+H,  AH, 0 = +49 kJ/mol (11)
CH;CHOH — C+CO+3H,  AH, % =+124 kJ/mol (12)[1]

The efficiency of ethanol steam-reforming can be improved by using catalysts. Ni/Al2O3 and
Rh/AL,O; are employed successfully for ethanol reforming at 700°C. It was observed that
Rh/AL>O3 is more active than Ni/AL,O3, the yield of hydrogen is eight times higher with Rh than
with Ni, with respect to the mass of the metal. CeOz- ZrO; based mixed oxide catalysts can

overcome this problem showing excellent stability and high activity [1].

Table 2: CO; emission and energy consumptions from different fossil fuel based hydrogen production.

] Energy )
Processing CO; emission ) Efficiency
Fuel types consumption Ref.
technology kg COx/kg Ho %
MlJ/kg H,
) CH, 7.05 165 70-85 [15]-[17]
Steam reforming
Natural gas 10.621 159.6 89.3 [18]
Plasma Reforming CH4 negligible 45-55 90-100 [19]
Methanol cracking CH;0H 14.45 - 95 [20], [21]
L [17], [22],
Gasification Coal 31.09 271 44.3
[23]
. . (3], [17],
Gasification Biomass 3.96 242 48.3
[22], [24]
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1.1.1.2 Partial oxidation

Hydrogen production from hydrocarbons through partial oxidation and catalytic partial oxidation
is another promising method for hydrogen production [25], [26]. The primary raw material has a
heavy oil fraction that is difficult to treat for further utilization. Methane and biogas can also be
used as raw materials [27]. In partial oxidation, the gasification of the raw material is carried out
in the presence of oxygen and steam at elevated temperature (In the range of 1300-1500°C) and

pressure (3-8 MPa) [28].

CHs + O — CO + 2H; (5)
CH4 + 202 — CO2 + 2H20 (6)
CH. + H,O(g) — CO + 3H, (7) [28]

The partial oxidation products of hydrocarbon are CO, CO», H,O, H>, CHs, H2S and COS. A part
of this gas is burned to provide additional heating for the endothermic partial oxidation process.
Partial oxidation is less expensive than steam reforming but the subsequent conversion makes the
process more expensive. By adding a catalyst, the operating temperature can be lowered to 700-
1000°C [3]. The typical catalysts used in partial oxidations is Ni or Rh; however, they have a
disadvantage of forming coke [26]. Therefore, modification of a Ni catalyst can be performed by
using Mg to decrease coke formation. Mg modified Ni catalysts inhibit dehydrogenation of
absorbed CHx and enhances the steam adsorption. Using noble metals also prevents formation of
coke [29]. The typical thermal efficiency of partial oxidation with methane is in the range of 60-
75% [30].

Another hydrogen production method is autothermal reforming (ATR), a combination of steam
reforming and partial oxidation where steam is introduced in the catalytic partial oxidation process
[31]. ATR is a simpler and less expensive process than steam reforming, and it is more favorable
for not requiring external heating [3]. Another advantage of ATR over SR is the rapid shutting
down of the equipment [31]. The thermal efficiency of methane reforming is comparable to partial
oxidation (60-75%) [32].

Plasma reforming is another promising method to produce hydrogen from hydrocarbons. The
formation of plasma reforming reactions is identical to the steam reforming reactions. In plasma
reforming, the formation of free radicals and required energy are provided by plasma [3].
Hydrogen can be produced in plasma reformers from various hydrocarbon fuels (e.g., gasoline,

diesel, oil, biomass, natural gas and jet fuels), with a conversion efficiency near 100% [19], [33].
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The high degree of dissociation, high temperature and substantial degree of ionization of plasma
can promote chemical reactions even in the absence of a catalyst [3]. There are numerous
advantages for using a plasma reformer over conventional reformers. They are compact, low
weight, have high conversion efficiencies, lower costs, and have a fast response time operation
with various fuels. Dependency on electricity and the difficulty of having a in high-pressure
operation are the major disadvantages of plasma reforming [34] .

1.1.2 Hydrogen from renewable resources
Hydrogen can be produced from renewable resources instead of reforming fossil fuels. Biomass

based approaches and water electrolysis are the primary sources of renewable hydrogen [3]. In this
section, a brief description of hydrogen production from renewable resources is given.
1.1.2.1 Hydrogen from biomass gasification and pyrolysis
Biomass is an excellent renewable source of energy and chemicals. It can be available in different
form such as animal wastes, municipal solid wastes, crop residue, agricultural waste, sawdust,
aquatic plants, waste paper and corn [35], [36]. Gasification is a widely used technology where
biomass and coal are used as a fuel feedstock in many commercially available processes. In
gasification, biomass is partially oxidized into a mixture of hydrogen, methane, carbon dioxide,
carbon monoxide and higher hydrocarbons named as ‘producer gas” [35]. The process is the
combined results of many heterogeneous and homogeneous reactions [37]. The maximum yield of
hydrogen from lignocellulosic biomass is 17 wt.% through steam gasification based on biomass
weight [2]. A straightforward method for hydrogen production from biomass is oxygen or air
gasification followed by the water-gas shift reaction. Based on the following reactions, the
stoichiometric yield of hydrogen production from typical biomass is 14.3 wt.% [2].

CH1.46067 +0.1602 — CO + 0.73H> (13)

CO + H20 > CO»+ Ha (14)

CH1.46067 + 0.1602+ H2O — CO2+1.73H> (15) 2]

During the gasification process, a small amount of biomass carbon is converted into char, tar and
COs. This results in less amount of CO for water-gas shift reaction. Therefore, the practical yield
is less than the theoretical yield [2].
Biomass can be gasified through supercritical water (220 bar and 374°C) into a product gas

containing H> and CO; [38]. The reaction can be presented as below.

2-y+x

CHx Oy + (2-y)H20 — CO2 + S

H» (16) [38]
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The main advantage of this approach is that the biomass does not need to be dried, which is a very
energy intensive process [37]. In addition, gasification can be carried out efficiently at low
temperatures which is below 700°C. Another advantage is the high-pressure product hydrogen
which reduces the energy cost significantly for compression during storage [39]. On the other
hand, this technology experiences some disadvantages such as corrosion and plugging as well as
the requirement of external energy input for preheating both the biomass and the reactor [37].

Another promising method for hydrogen production is pyrolysis and reforming. It is a two-step
process where pyrolysis of biomass is carried out in the first step. After that the pyrolysis
undergoes a catalytic steam reforming process [2]. Biomass is heated and gasified at a pressure of
1-5 bar and temperature 500-900°C in the absence of oxygen or air, which avoids the formation of
CO or CO; as well as the need for the WGS reactions. This process can be divided into three
categories depending on the operating temperature range such as low (up to 500°C), medium (500-
800°C) and high (over 800°C) [3]. Fast pyrolysis through high heat transfer can maximize the
formation of volatile intermediate compounds. Fluidized bed and entrained flow reactors are in
commercial use for fast pyrolysis of biomass. The composition of the pyrolysis oil depends on the
reaction conditions, reactor types and raw materials [2]. Based on the following stoichiometry,

hydrogen yield through pyrolysis can reach up to 13%, which is comparable with gasification [40].

Biomass — Bio-oil + Char + Gas (17)
CHi1.46 O0.67 = 0: 7ICH1.98 O0.76 + 0.21CHo.1 Oo.15+ 0.08 CHo.44 O1.23 (18)
CHi.98 O0:76 + 1.24H,0 — CO; + 2.23H; (19) [40]

1.1.2.2 Hydrogen production through biochemical routes

Production of hydrogen through biological routes offers a wide range of approaches. The major
production routes are direct and indirect biophotolysis, photo-fermentation and dark fermentation
[41]. Via direct photolysis, water molecules are split into hydrogen ion and oxygen by algae
through photosynthesis. Hydrogenase enzymes converts the hydrogen ions into hydrogen gas. The
eukaryotic algae Chlamydomonas reinhardtii is a widely used algae for hydrogen production [42].
This approach could be considered as economical and sustainable due to water utilization as a
renewable resource and CO> consumption by the algae. However, generated oxygen provides a

strong inhibition effect on hydrogenase enzymes which is a major limitation of the process. On the
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other hand, through indirect photosynthesis, cyanobacteria can produce hydrogen according to

equation (20) and (21).

Light energy

12H,O0 + 6CO2 ———»  CeHi1206 + O2 (20)
CeHOg + 12 H0 "% 12 Hy + 6 CO; 1) [41]

Cyanobacteria contain several enzymes that take part in hydrogen metabolism and produce
molecular hydrogen. They are mainly nitrogenases and hydrogenases. Nitrogenases contributes in
catalyzing the production of hydrogen, which is a byproduct of nitrogen reduction to ammonia,
whereas the hydrogenases catalyze the oxidation of hydrogen produced by nitrogenases [41].
Dark and photo-fermentation are considered to be more auspicious than algal hydrogen production
as they can simultaneously perform waste treatment and hydrogen production. Dark fermentation
is the process where the organic compounds that produce hydrogen are the only metabolic energy
sources [43]. The yield of hydrogen production is mostly based on hexose conversion where the
maximum theoretical yield of hydrogen is 4 mol from 1 mol of glucose consumed.

CeH 1206 + 4H20 — 2CH3COO™ + 2HCO3™ +4H"+ 4H,  AG’o=-206 kJ/mol. (22) [43]
Dark fermentation for hydrogen production can be carried out through mixed acidogenic microbial
culture obtained mainly from soil or waste water sludge. They work in different temperature
regions such as mesophilic (25°C - 40°C), thermophilic (40°C — 65°C), extreme thermophilic (
65°C — 80°C) and hyperthermophilic (> 80°C). There is a number of microorganisms used for
hydrogen production. The most widely studied bacteria for hydrogen production are Clostridia,
and Enterobacter species. The thermophiles and hyperthermophiles are favorable for hydrogen
production from biomass due to elevated reaction kinetics at a higher temperature. The main
influencing parameters in dark fermentation are organic loading, pH, temperature, hydraulic
retention time (HRT) and gas stripping to avoid high partial hydrogen pressure [43].
Photo-heterotrophic bacteria can produce hydrogen in the presence of light from organic acids
under anaerobic condition. Therefore, the organic acids that are produced during the acidogenic
stage of anaerobic conditions can be transformed into hydrogen and carbon dioxide by
photosynthetic anaerobic bacteria. A schematic diagram of hydrogen production from
lignocellulosic biomass is given in Figure 2. The investigated photosynthetic purple bacteria
include Rhodobacter spheroids, Rhodobacter capsulatus, Rhodovulum sulfidophilum and

Rhodopseudomonas palustris. The optimum operating temperature for photosynthetic bacteria is
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in the range of 30-35°C and pH 7.0 [42]. The fermentation is carried out in anaerobic conditions
under light illumination. The hydrogen production rate depends on the light intensity, the type of
microbial culture and carbon source. The primary enzyme that catalyzes hydrogen production by
photosynthetic bacteria is the nitrogenase. The presence of oxygen, ammonia or at high N/C ratio
inhibits the activity of the nitrogenase enzyme. Therefore, oxygen free and limited ammonium
conditions are favorable for the process [42].

Lignocellulosic biomass

H, <« — 4 Fermentation |«---{ Pretreatment { ———- -+ Lignin

2

2

Q

Q

@ A
Enzymatic Residual biomass
hydrolysis and lignin

C6 + residual C5 sugars l

v Power generation

Hy « — - Dark

fermentation
I

| Organic acids

v

Photofermentation

i
\/
Ho

Figure 2: A schematic diagram of hydrogen production from lignocellulosic biomass

1.1.2.3 Hydrogen from water electrolysis

Hydrogen production through water electrolysis could be a promising method in future. Currently,
about 4% of total hydrogen production is obtained through water electrolysis [44]. Electrolysis is
a process where direct current is passed through two electrodes in aqueous solution [3]. The two

electrodes are anode and cathode where oxidation and reduction of water occur respectively
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producing oxygen and hydrogen [1], [3]. Based on the electrolytes and working temperature,
electrolysis of water can be divided into four main catagories:

» Alkaline electrolysis cell (AEC): In this kind of cell, the ionic species are the hydroxyl
group (OH"), with aqueous KOH or NaOH as electrolytes at a working temperature below
80°C [1].

» Proton Exchange Membrane Electrolysis Cell (PEMEC): In PEMEC, the ionic species are
hydrogen ion (H"), with perfluorosulfonic acid (PFSA) membranes as solid electrolytes
and at a working temperature below 80°C [1].

> Solid oxides electrolysis cell (SOEC): In SOEC, the ionic species are oxide ions (O%7), with
yttrium-stabilized zirconia as solid electrolytes, and a working temperature above 700°C
[1].

» Molten Carbonate Electrolytic Cell (MCEC) : In MCEC, the ionic species are carbonate
ions (COs3%), with molten sodium and potassium carbonate as electrolyte, and the working
temperature is in the range of 600-700°C with an operating pressure 1-8 atm [45].

The mechanism of different electrolyzers for hydrogen production is illustrated in Figure 3. The
half-reactions that occur in the different types of water electrolyzer are as follows.

In AEC;

Cathodic reaction: 2H,O (1) + 4e” — 2H» (g) + 40OH (aq) (23)
Anodic reaction: 40H™ (aq) — Oz (g) +2H>O(1) + 4e~ (24)
In PEMEC;
Cathodic reaction: 4H" + 4e~ — 2H» (25)
Anodic reaction: 2H,O — 4H" +4e + O2 (26)
In SOEC;
Cathodic reaction: 2H,O + 4e~ — 2H; + 20> 27)
Anodic reaction: 20>~ — O+ 4e~ (28)
In MCEC;
Cathodic reaction: H2O +2CO2 +2e~ — Ha+ COs* (29)

Anodicreaction: CO3* — 1/20, + CO; + 2¢” (30)
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To produce 1 kg of hydrogen, 39 KWh of electricity and 8.9 liters of water is required at a
temperature of 25°C, with 1 atmospheric pressure (if run at 100% efficiency of the theoretical
reaction kinetics). Typical commercially available electrolyzers have efficiencies around 56-73 %
where 53.4-70.1 kWh of electricity is required to produce 1 kg of hydrogen [46].

The alkaline electrolyzer or the AEC is the most widely used electrolyzer for hydrogen production.
Typically, 20-30 wt.% of potassium hydroxide (KOH) aqueous solution is used as the electrolyte.
Porous nickel electrode is the most widely used electrode in these types of cells [47]. Commercially
available AEC’s are run with current densities in the range of 100-300 mAcm~ [2]. The main
drawback of this technology is the profound purity of hydrogen caused by cross diffusion of
hydrogen and oxygen between the electrodes. This causes safety issues related to hydrogen
explosion [48]. The bubbles cannot be removed rapidly during water electrolysis. The
accumulation of bubbles on the electrode surfaces and dispersion of bubbles in the electrolyte can
lead to a high ohmic voltage drop and a large reaction overpotential. One of the vital points for
high consumption of energy is the bubble effect in water electrolysis [49]. It was observed that
ultrasound could diminish the bubble effect as well as remove bubbles from the electrolyte which
ultimately enhances the electrochemical process. Details of this phenomena are discussed in
section 1.3 and 1.4.

In PEMEC, a solid proton-conductive but electronically nonconductive membrane is used, where
the membrane serves as gas separation device and ion conductor [47]. High purity water is needed
for PEMEC based electrolysis, and 1 MQ-cm resistive water is recommended to extend stack life.
DI water is introduced at the anode of the cell. To dissociate the water , a potential is applied across
the cell. Due to the electric field, the protons are passed through the membrane and form hydrogen
gas at the cathode. They are operated at high current densities (higher than 1600 mAcm ), which
increases the hydrogen production rate [2]. In addition, PEMEC can produce high purity hydrogen
gas through preventing gas diffusion by the solid polymer membrane. This technology is well
established with efficiency ranging from 48% to 65% [50]. However, due to the low stability of
noble metal based electrocatalysts and high capital cost, the commercialization of PEMEC is
limited [47].

The least developed but most efficient electrolyzers are the SOEC [3]. In this electrolyzer, steam
is oxidized to produce hydrogen at the hydrogen electrode . The O* migrates through yttria-
stabilized zirconia (YSZ) to the oxygen electrode to produce pure oxygen. The efficiency of SOEC
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can reach up to ~90% [51]. The SOEC is still in the early stage of development compared to AEC
and PEM. Nevertheless, it is a promising technology for hydrogen production in large scale due to
its high efficiency and low costs, avoiding the use of expensive noble metal catalysts [47].
Molten carbonate fuel cells (MCFC) are the most recently developed electrolyzer for producing
hydrogen. MCFCs are promising option to produce hydrogen via water electrolysis, syngas, and
co-electrolysis of water and carbon dioxide. MCFCs operate as a molten carbonate electrolysis
cell (MCEC) when it is run in reverse. The anode of MCFC, which is a nickel electrode, works as
a cathode in MCEC where hydrogen evolution occurs. A mixture of NiO and LixO is used as an
anode where oxygen evolution occurs [52]. The overall reaction in MCEC is presented in equation
(31).
H,0 + CO, — Ha + %Oz +CO; (1) [52]

A mixture of lithium and potassium or lithium and sodium carbonates are used as the electrolyte.
However, MCEC is not preferable for producing pure hydrogen, as carbon- dioxide is involved in
the reactions where one mole of CO; must be transferred through the electrolyte for producing
each mole of hydrogen. The production efficiency of hydrogen and energy consumption of
different electrolyzers is summarized in Table 3.

Table 3: Summary of the electrolyzer for hydrogen production

Temperature range Energy consumption Efficiency
Electrolyzer Ref.
°C kWh/kg of H» %
AEC 60-80 53.4-70.1 56-73 [46]
PEMEC 50-80 54.21-90.36 48-65 (48], [50]
SOEC 600-900 26.91 90 [51], [53]
MCEC 600-700 - 90 [52]

1.1.2.4: Hydrogen production by photoelectrolysis

Photocatalysis is an efficient and cost-effective method for hydrogen production from renewable
resources [54]. Semiconducting materials are used as the electrode where solar energy is absorbed
and simultaneously creating the voltage for hydrogen production through water decomposition.
Photoelectrolysis of water is driven by a photoelectrochemical (PEC) light collection system. The

type of semiconductor materials and solar intensity is responsible for the photochemical reaction.
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The current density produced is in the range of 10-30 mA/cm?. The necessary voltage at this
current density is 1.35 V approximately.

The photoelectrode includes a photovoltaic, catalytic and a protective layer [55]. The overall
efficiency of the photoelectrochemical system is influenced by the performance of each layers.
Light absorbing semiconductor materials are used in the photovoltaic layer. The performance of
the photoelectrode is directly proportional to the light absorption of the semiconductor materials.
The performance of the water electrolysis by photoelectrochemical cell is also influenced by the
catalytic layers thus requiring a suitable catalysts. The protective layer is another crucial element
of the photoelectrode, which protects the semiconductor from corrosion. This layer needs to be
highly transparent for providing maximum solar energy to the photovoltaic semiconducting layer
[2].

1.2 Power ultrasound

Ultrasound is the acoustic wave that has a frequency above the upper limit of the human hearing
range. This range varies from person to person and is approximately above 20 kHz. At a “very
high frequency,” ultrasound above 1 MHz is called low power ultrasound. The power is normally
less than 10 W. Low power ultrasound does not influence the medium of propagation. Therefore,
it is used for medical diagnosis or non-destructive material control. In the range between 20 and
100 kHz, waves are defined as “low-frequency ultrasound” or “power ultrasound.” Figure 4

demonstrates some typical use of ultrasound according to power and frequency [10], [56].

A
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Figure 4: Utilizations of ultrasound according to frequency and power
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Power ultrasound is transferred at a high power level (a few tens of watts) and therefore able to
alter the medium it propagates through. It can disrupt a liquid bulk in order to generate cavitation
or acoustic streaming [10], [56]. Power ultrasound can be used in two different ways to bring
changes in a material and these are:
i) Direct transmission: It is the direct mechanical transmission of vibration from the
ultrasound transducer onto a solid surface for inducing vibration.
i1) Indirect transmission: Indirect transmission is caused via cavitation into a fluid due
to the transmission of acoustic vibrations [10].
Several effects may be induced by ultrasound propagation into a liquid media. Two major effects
are acoustic cavitation and acoustic streaming. Acoustic streaming arises from the dissipation of
acoustic energy. Other effects may cause by ultrasound are heating due to the dissipation of the
mechanical energy and nebulization. High frequency ultrasound causes an acoustic fountain at the
liquid-gas interface. A temperature of 250°C can be obtained at this interface [56].
Acoustic cavitation is the most important phenomena that may arise from the propagation of
ultrasound wave into a liquid. When ultrasound waves propagate through a liquid media such as
water, many tiny gas bubbles form (Figure 5). When the acoustic pressure is higher than the
atmospheric pressure, the instantaneous local pressure becomes negative during rarefaction phase

of the ultrasonic wave. This “force” allows expanding of a liquid or solid, which is also called

I T R B B

compression  compression compression  compression

\IVANARYARNANS
VAVEVEVERY

“weak spots.”

rarefaction rarefaction rarefaction rarefaction rarefaction
5 > & . 5000°C
2000 ats
bubble —— bubble grows in — reaches —p undergoes
forms successive cycles unstable size violent collapse

Figure 5: Sinusoidal wave form and bubble collapse [10].
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Therefore, the dissolved gases in the liquid come out as gas bubbles as gases cannot be dissolved
in the liquid under negative pressure. Those tiny gas bubbles at the rarefaction phase expand due
to the higher pressure at the bubble wall rather than the liquid pressure at a distance from the
bubble. During the compression phase, some of those bubbles violently collapse leading to shock
waves [57]. The number of bubbles generated during the rarefaction cycle is proportional to the
density of weak spots present in the liquid media [58]. The phenomenon of formation of bubbles
and their subsequent violent collapse of the bubbles is known as acoustic cavitation [57]. In
aqueous media, each cavitation bubble acts as a local “hotspot,” which generates a temperature of
5000°C and pressure of 500 atmospheres [59] . The bubble collapse occurs with a collision density
of 1.5 kgem™ and pressure gradients of 2 TPacm!. The collapsing of bubbles imparts both
chemical and mechanical effects into the aqueous media. The chemical effect is experienced inside
the bubble, which can be considered as a high pressure and high temperature microreactor. A
massive shear force caused by the shockwave due to bubble collapse will be experienced in the
immediate vicinity of the bubbles [10].

1.3 Sonochemistry

Sonochemistry is a relatively new concept that received attention in the late 1970s. In the
beginning, it was defined as the application of ultrasound in chemistry. The significant effects
caused by acoustic cavitation is the Sonochemistry and Sonoluminesence [60]. Sonochemical
reactions can take place under single or multibubble cavitation. The latter is the dominant one as
sonochemical reactions in an ultrasonic bath or with horns are always multibubble phenomena. As
mentioned earlier, very high temperature and pressure is generated during cavitation bubble
collapse. The cavitation bubble contains gas molecules such as N> and O> and vapor from the
solvent. In the high temperature and pressure generated by bubble collapse, the solvent vapor and
gas molecules generate various highly reactive radicals such as OH radicals, O3, H>O; and O atoms
through endothermic chemical reactions [Figure 6] [57], [60]. These oxidants diffuse out from the
interior of the bubble into the surroundings and react with solutes present in the aqueous solution
[57]. OH radicals are the most dominant oxidant in sonochemical reactions. The production of O3
is negligible comparing to OH radicals and O atoms reacts with H2O to produce H2O2 [61]. The
oxidation-reduction potential of OHe (2.06 V) is much higher than that of H.O; (1.776 V).
Therefore OHe plays more critical role in sonochemical reactions than H>O; [62]. Near the bubble

wall, the concentration of hydroxyl radical is about 5 x 10 M. The life time of these are about 20
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ns when the initial concentration is 5 x 10~ M and is determined by the reaction between them in
the absence of solutes as presented in equation (32) [63].

OH* + OHe - H,0, (32)

H,O + O,
5000°C
2000 atml
[OH O, H’ O3 H,0, |

H" + OH <> H, + O

H+ H* <—>H,

Diffusion of radicals from inside to
the surroundings and reaction between
solutes if present

Diffusion of Hp
from inside the bubble

Acoustic cavitation /

O O
® O
O Ooé
0O Single cavitation
PR bubbl
/S\o ubbie Bubble collapse
/b\ O
O ~€—— Reaction vessel

Ultrasonic transducer

Figure 6: Production of oxidants by acoustic cavitation.
Several factors affect the sonochemical reactions. Among them, the ultrasonic frequency is the
dominant factors that should be taken into account to obtain maximum efficiency in sonochemical
reactions. The mechanical forces exerted by sonication are directly dependent on ultrasonic
frequency. The lower frequency provides the largest mechanical effect. Another major factor that
dominates the sonochemical reactions is acoustic power or intensity. By using a standard
calorimetric method, the acoustic power absorbed by a liquid can be determined as stated in
equation (33).
q=m*C*AT (33) [60]

where q = heat in joules, m = mass of water in grams, C = specific heat capacity of water and AT

= temperature difference. It is observed that with increasing acoustic power, the production of
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hydrogen peroxide increases (Figure 7) [60]. In addition, the number of active bubbles and the

bubble size is also expected to increase with increasing acoustic power at a given frequency.
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Figure 7: The production of OH radicals as a function of time at different acoustic intensity [60].

Another significant factor affecting the formation of radicals is the type of dissolved gases in the
reaction media. Mason [60] has stated that maximum temperature generated at cavitation bubbles
collapse depends on the types of dissolved gases. The amount of primary radicals formed by
cavitation is the same with any of the noble gases. However, the thermal conductivity of the noble
gases decreases with increasing atomic weight. As helium has the lowest atomic weight, more heat
will be dispersed to the surrounding from the bubble. Therefore, a helium saturated aqueous
solution has a lower maximum bubble temperature leading to a lower primary radical formations.
The presence of oxygen is crucial for some sonochemical reactions. If air saturated water is
sonicated, then reactions involving O> and N> may occur. Possible sonochemical reactions by
acoustic cavitation are presented in (Table 4). The generation of NO> leads to the formation of
nitric acid, which decreases the pH of water [60].

The bulk solution temperature influences the sonochemical reactions in several ways. The vapor

pressure, as well as the internal pressure within the collapsing bubbles, increases with increasing
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Table 4: List of the possible sonochemical reaction inside a collapsing bubble. Here M is third body. The
subscript “f” stands for forward reaction and “r” stands for reverse reaction. A is in (cm’ mol”'s™) and
Ea is in (cal mol”) [64].

| N | Reaction Ag by E,¢ A b, B,
1. H20+M < H + OH+M 1912x 102 1.83 1.185 x 10° 22 x 107 2.0 0.0
2. 02 +M<-O0+0+M 4515 x 107 0.64 1.189x 10° 6.165x 10" 0.5 0.0
3. OH+M < O+H +M 9.88 x 107 0.74 1.021x 10° 4714x 10" 1.0 0.0
4. H +02 <O+ OH 1915x 10" 0.0 1.644 x 10* 5.481x 10" 0.39 293 x 10°
5. H +02 +M < HO2 +M 1475x 102 0.6 0.0 3.09 x 102 0.53 4887x 10*
6. O+H20+« OH+ OH 297x 10° 2.02 134 x10* 1465x 10° 2.11 2904x 10°
7. HO, +H « Hy + 0, 1.66x 10" 0.0 823x 107 3.164 x 10" 0.35 5551x 10*
8. HO, +H « OH+ OH 7.079x 10" 0.0 295x 107 2027 x 10" 0.72 3.684x 10*
9. HO; +0 > OH+0, 325x 10" 0.0 0.0 3252 x 10" 0.33 5328 x 10*
10. HO; + OH «-H,0+0, 2.89x 10" 0.0 497x 107 5.861x 10" 0.24 6.908 x 10*
11. H,+MoH+H+M 4577x 10" 1.4 1.044x 10° 1.146 x 10%° 1.68 82x 107
12. O+H; < H+ OH 3.82x 10" 0.0 7.948 x 10° 2667 x 10* 2.65 488x 10°
13. OH+H, < H +H0 216 x 10° 1.52 345 x10° 2298 x 10° 1.40 1.832x 10*
14. H0,+0, & HO, +HO, 4634 x 10" 0.35 5.067x 10* 42x 10" 0.0 1.198 x 10*
15. H0,+M < OH+ OH+M 2951x 10" 0.0 4843x 10* 1.0x 10" 0.37 0.0
16. HO0 +H < H,0+ OH 2410 x 10" 0.0 397x 10° 1269x 10° 131 7.141x 10*
17. H0; +H < H, + HO 6.025x 10" 0.0 7.95x 10° 1.041 x 10" 0.70 2395 x 10*
18. H0, +0« OH+HO 9.550x 10° 2.0 397 x10° 8.66x 10° 2.68 1.856x 10*
19.  HyO, + OH < H,0 + HO, 1.0 x 10" 0.0 0.0 1.838 x 10" 0.59 3.089 x 10*
20. 0, +0+Me0;+M 41 x10” 0.0 2114 x 10° 248x 10" 0.0 2286x 10*
21. OH+0;+M&+0;+H 44x 107 1.44 7.72x 10* 23 x 10" 0.75 0.0
22. O3 +H<HO,+0 4.1 x 10" 0.0 2114 x 10° _ _ _
23. 03+0=0,+0, 52x 10" 0.0 4.18x 10° _ _ _
24, O3 +OH e O, +HO, 78x 107 0.0 192x 10° _ _ _
25. 03 +HO; <> O, +0, +OH 1.0x 10" 0.0 282 x 10° - - -

H/O/N reactions

26. Na+MeN+N+M 3.7 x 10* 1.6 2264x 10° 3.0 x10" 0.0 10x 10°
27. No+0, »N,0+0 63 x10" 0.0 1.104x 10° 1.0 x 10" 0.0 282x 10*
28. NyO+H«+N;+OH 6.7x 10" 0.0 152x 10* 25 x 10" 0.0 7.8 x10*
29. NO;,+M < O+NO+M 1.1x 10" 0.0 6.6 x 10* 1.1 x10" 0.0 1.88x 10°
30. O, +N«O+NO 64x 10° 10 63 x 10° 15x 10° 1.0 39x 10
31. NO, +H«< OH+NO 35x 10" 0.0 148 x10° 20x 10" 0.5 3.1x 10
32. NO+HO; <> OH+NO, 3.0x 10" 0.0 24x 10° 1.0 x 10" 0.5 12 x10*
33. NO+0«NO+NO 10x 10" 0.0 282x 10* 130x 10" 0.0 6.420x 10*
34, NO+M e N, +0+M 5.0 x10" 0.0 58x 10 140x 10" 0.0 208x 10*
35, O+N; <> NO+N 7.60 x 10" 0.0 7.60x 10* 1.60 x 10" 0.0 0.00
36. O+NO; <> 0, +NO 1.0 x 10" 0.0 6.0x 107 1.70 x 102 0.0 4.680x 10*
37. N+OH< H+NO 45 x10" 0.0 0.00 1.70x 10" 0.0 490x 10*
38. N+0; < NO+0, 12x 10" 0.0 240x 10° _ _ _
39. NO+NO; <> NO; +NO, 41x 10" 0.0 9.62 x 107 3.90x 10" 0.0 2.400x 10*
40. NO+M e N+O0+M 4.0x 10%° 15 151 x 10° 6.40x 10" 0.5 0.00
4]1. OH+NO+M« HNO, +M 8.0x 10" 0.0 10x 10° 5.10 x 107 10 5.000 x 10*
42, OH+HNO; < H,0 + NO, 15x% 10" 0.0 5.60x 10 840x 10" 0.0 4227 x 10*
43,  HNO, + O <> OH+NO, 6.0 x 10" 0.0 40x 10° _ _ _
44,  HNO, +H < H; +NO, 49 x 10" 0.0 3.00x 10° 240x 10" 0.0 290x 10*
45, O+HNO, &> HNO+ 0, 3.0 x 10" 0.0 1.60x 10* _ _ _
46. OH+NO, +M <« HNO; +M 5.0x 10" 0.0 0.0 1.6 x10"7 0.0 3.08 x 10*
47. HNO; +0 < OH+NO; 6.0x 10" 0.0 8.0x 10’ _ _ _
48.  O+HNO; < O, + HNO, 6.0x 10" 0.0 1.6 x10* _ _ _
49,  HNO+M < H+NO+M 3.0 x10'° 0.0 49x 10* 54x10"% 3.0x 107
50. NO, +O0+M— NO;s +M 1.1x 10" 0.0 0.0 25 x10° 0.0
51. NO; +H<« OH+NO, 35x 10 0.0 15 x 10° _ _ _
52.  HNO+ O+« OH+NO 49x 10" 0.5 20x 10° _ _ _
53. NO, +N« NO+NO 63x 10" 0.0 0.0 9.0x 10° 7.839x 10*
54. NO; +N<N,O+O 47 x 10" 0.0 0.0 _ _ _
55. NOy+NeN; +0, 1.1x 10" 0.0 0.0
56. NO, +N»Np +20 14x 102 00 0.0 - - -
57. NO+NO+0, < NO, +NO, 12x 10° 0.0 1.06 x 10° 2.00x 10" 0.0 270x 10*
58.  NO; +NO; <> 2NO, + O, 6.1 x 10" 0.0 6.0 x 10° _ _ _
59. HNO+H H, +NO 4.8 x 10" 0.0 0.0 14x 10" 0.0 5526 x 10
60. HNO+OH < NO + H,0 63x 10" 0.0 0.0 240x 10° 0.0 50x 10°
61. HNO; + OH < H,0 + NOs 8.0x 10" 0.0 0.0 1.40x 102 0.0 2237x 10*
62. NH; +M < H+NH, 92 x 10" 0.0 848x 10 _ _ _
63. NH; +He Hy +NH, 1.0x 10" 0.0 628 x10° _ _ _
64. NH; + O« NH, +OH 15x% 10" 0.0 6.04x 10° _ _ _
65. NH; + OH <> H,0+NH, 20x 10" 0.0 3.006x 10° _ _ _
66. NH; + OH <> H,O+NH 3.0 x 10" 0.679 13x 10° _ _ _
67. NH; +NH, <> NH; + NH 40x 10" 0.0 5.60x 10° _ _ _
68. NoHs +H e Hy +NoH; 13x 10" 0.0 5.520 _ _ _
69. NoHy +M <> NH; +NH; +M 40 x10" 0.0 4.12x 10* 1.0 x 10" 0.0 0.0
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70.  NoHi+ 0 H0+NyH, 7.1 x10" 0.0 120 x10° _ _ _

71.  NaHs +NH; <> NH; + NyH; 1.0x 10" 0.0 56x 10° 33 x10° 0.0 0.0

72.  NoOs +M < NO, +NO; +M 18 x10" 0.0 1.11x 10* 1.7 x 10" 0.0 1.72x 10°
73.  NoOs +M <> NO, +NO; + M 13 x10" 0.0 1.944x 10* 2.0 x 10" 0.0 9.62x 107

bulk solution temperature. This will lead to a decrease in the maximum collapse temperature which
will lead to decrease the formation of primary radicals. In addition, the reaction kinetics may
increase with increasing bulk solution temperature. Moreover, the gas concentration, surface
tension and other physical properties of the liquid can be affected by bulk liquid temperature
increases which can influence the cavitation phenomena [60].
The sonochemical reaction can be carried out in different solvents depending on the nature of the
solution. The maximum temperature obtained during cavitation bubble collapse is heavily relies
on the vapor pressure of the solvent. If the collapse temperature influences a sonochemical
reaction, then a low vapor pressure solvent is preferable. For instance, high collapse temperature
is needed to pyrolyze volatile solutes. Moreover, the solubility of a solute is also an important
parameter that needs to be considered [65]. If the solute does not dissolve in water, then the organic
solvent is suitable for sonochemical reactions. R®, H®, CI* radicals are formed if the sonication is
carried out in a non-aqueous solution such as CCly, CHCI3 , benzene, dodecane. Henglein and
Fischer have experienced the formation of several radicals by sonolysis of aqueous chloroform as
mentioned in equation (34). Suslick and Flint [66] have observed that sonolysis of dodecane can
produce carbon radicals (e.g., C2*)

CHCl; — CCL*, CCl;s*, CHCI*, H*, CI° (34) [66]
1.4 Sonoelectrochemistry
Electrochemistry is the study of reactions which occurs due to an electrochemical potential applied
to a chemical system. The principal mechanism involved in electrochemistry is the transfer of
electrons between the electrode and the electrolyte solution. Sonoelectrochemistry is the pairing
of ultrasound energy with an electrochemical system [10]. Ultrasound was first introduced in water
electrolysis in the 1930s using a platinum electrode, which took place at lower voltages and faster
rates than silent conditions [67]. The effect of ultrasound irradiation is not only upon the
heterogeneous system involving the electrode and the electrolyte, but also the homogeneous
system that takes place in the bulk solution may experience the extreme condition produced by
acoustic cavitation. The sonochemical effect by acoustic cavitation may give rise to a new reaction

mechanism into the solution [10].
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Ultrasound irradiation in electrochemistry can impart some particular advantages such as:

1. Degassing of the electrode surface.

2. Disruption of the diffusion layer.

3. Enhanced mass transfer of ions through the double layer.

4. Activation and cleaning of the electrode surface [10].
Many ultrasonic factors affect electrochemistry. Acoustic streaming, turbulent flow, microjets,
shock waves as well as chemical effects are the major influencing factors on electrochemistry [10].
Acoustic streaming can take place in three different regions: a) in the bulk solution, b) on the
reactor walls and c) at the boundary layer. The power of acoustic streaming is directly proportional
to the intensity of ultrasound, the surface area of the ultrasonic emitting device and the attenuation
coefficient of the medium. It is inversely proportional to the bulk solution viscosity and the speed
of sound [68]. The major effect caused by acoustic streaming is the enhancement of the movement
of the solution, reducing the diffusion boundary layer and enhancing the mass transfer of
electroactive compounds to the electrode surface [11].
Turbulent flow is caused by the movement of the acoustic cavitational bubbles. The intensity of
the turbulence is higher close to the emitting surface and decrease gradually with increasing
distance. It enhances the mass transport process within the solution and the electrode surface
similar to acoustic streaming [69].
Collapsing of acoustic bubbles on a solid surface leads to the formation of microjets being directed
towards the surface of the solid material at speeds of up to 200 ms™!-Microstreaming is also caused
by the bubble close to the surface [70]. If the surface is an electrode, the combined effect of the
microjet and microstreaming promotes mass transport to the electrode surface. Moreover,
electrode cleaning and surface activation can also be imparted by microjets that prevent fouling of
the electrode surface and enhance the electrodeposition process [60]. Another mechanical effect
that ensues from acoustic cavitation is shock waves generated at the end of the violent collapse of
bubbles. It causes erosion of the electrode surface leading to increases in the current [11]. Besides
the mechanical effect caused by acoustic cavitation, there will also be sonochemical effects in
electrochemistry. Highly reactive radicals such as; HOe, HOze, and O¢ are formed due to acoustic
cavitation in aqueous media [10]. In several electrochemical processes such as; electrodeposition

of lead dioxide on glassy carbon, the sonochemical effect was studied related to the generation of
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radicals from the sonolysis of electrolytes. However, sonochemical effects in sonoelectrochemistry
were not studied as widely as the mechanical effects discussed above [71].
In water electrolysis, the cell voltage is a crucial factor that represents energy consumption. The
thermodynamic decomposition voltage of water electrolysis is 1.23V, and the theoretical energy
consumption for producing 1 m? of hydrogen is 2.94 kWh/m>H> calculated according to the
equation (35) [49].

1999 . 96485 x —— x —— ) =2.94 kWh/m>H> (35)[49]

Wt=Ult=UQ =123 x (2 x = x 555~ 3e00
Here, U = Decomposition voltage of water, I = current. Based on Faraday’s law, the electric
quantity (Q) required for producing 1 mol of hydrogen is 2F. However, gas evolution in a cell does
not occur until 1.65-1.7 V. Therefore, the practical energy consumption is around 4.78 kWh/m3Ho.
The energy efficiency (ne) of hydrogen production through water electrolysis is 61.5% [49].

The practical cell voltage is expressed in equation (36), where E. is anode potential for the oxygen
evolution reaction, Ec is cathode potential for hydrogen evolution reaction, i current density, ), R

total ohmic resistance, U?is theoretical decomposition voltage, 1. anode over potential, and 1.

cathode over potential [49].

Uen=FEa —Ec+ix Y R=U%+nal +|ncl +ix X R (36) [49]

Based on the equation (36), the total cell voltage is influenced by the reaction theoretical
decomposition voltage, overpotential and ohmic voltage drop. Therefore, hydrogen production by
water electrolysis should focus on reducing those factors. The theoretical decomposition voltage
is a constant at specific temperatures, and it can be reduced by elevating the electrolytic
temperature [49].

For increasing the rate of water electrolysis, the access overpotentials of na, 1c are essential to
overcome the energy barrier. Electrode materials and the effective electrode surface area play a
crucial role on reaction overpotential. During electrolysis, many bubbles absorbed on the electrode
surface act as an electric shield, which reduces the effective surface area of the electrode. As a
consequence, the current distribution of the electrode surface is disturbed. The increasing current
density on the electrode surface increases reaction overpotential, which leads to high cell voltage
and energy consumption. Another critical factor that leads to high energy consumption in water
electrolysis is the ohmic voltage drop [49]. The total ohmic resistance of water electrolysis is

expressed in equation (37).
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YR =Re+ R+ Ryt R (37) [49]
Where Re electrolyte resistance, Ry, membrane resistance, R, bubble resistance and R. circuit
resistance. The Rnm and Rc¢ are constant in an electrolytic cell, which can be minimized by
optimizing the wire connection and production process of the membrane. The dispersion of
bubbles in the electrolyte decreases the conductivity and increases Re . In addition, the bubble
coverage on the electrode surface act as a shield for the electric field, which leads to a high bubble
resistance Ry [49].
There is experimental evidences that the reaction overpotential and ohmic voltage are reduced
significantly by ultrasonication. Zadeh [72] has investigated the effect of ultrasound for hydrogen
production through alkaline water electrolysis. He has used both 0.1 M NaOH and KOH solution
and has found that ultrasound reduces the decomposition potential as well as the reaction
overpotential. For example, in 0.1 M KOH solution, the decomposition overpotential is 2.52 V.
Using ultrasound at 20kHz, the decomposition potential is reduced to 2.14 V. In addition, the
overpotential without ultrasound for the same solution is 1.30 V, whereas with ultrasound it is
reduced to 0.92 V [72].
1.5 Measuring techniques of radicals formed by cavitation
Formation of OH radicals through acoustic cavitation was first observed by ESR (Electron Spin
Resonance) spectra of spin-trapped radicals from aqueous solution DMPO (5,5-Dimethyl-1-
Pyrroline N-oxide) saturated with argon[73]. They also have observed the formation of hydrogen
radicals (He) in addition to OH radicals. In addition, the formation of OH and H radicals was
confirmed by adding OH and H scavengers such as methanol, ethanol, and acetone where the
decrease of ESR signals was witnessed (Figure 8) [73].
When the generation of radicals are high, the Fricke (Fe**/Fe*") method is proved to be appropriate;
however, in general, the yields are low [60]. The more direct evidence of OH radicals formation
has been carried out by terephthalate dosimetry. Terephthalic acid generates terephthalate anions
in an aqueous alkaline solution. When OH radicals react with terephthalate ions, they produce
highly fluorescent 2-hydroxyterephthalate ions [74]. The fluorescence intensity can be used to
quantify the number of hydroxyl radicals [60]. Luminol (5-amino-1,2,3,4-tetrahydrophthalazine-
1,4-dione) is oxidized by OH radicals that results in chemiluminescence, which can be used to

quantify the amount of OH radicals formed by acoustic cavitation. Potassium iodide dosimetry can
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do a simpler method for the quantitation of oxidants produced through acoustic cavitation
according to reaction (38). This method is also known as Weissler method [75].

20He +21 —20H +1 (38) [75]

SONOLYSIS OF H,0
DMPO

HHes
|

——

-

| —10G —=
I

l—_Jl ) VA:.\\A,};
S o
Figure 8: ESR spectrum of Ar-saturated DMPO solution (25 mM) with 50 kHz ultrasound irradiation.
The spectrum shows the creation of OH and H radicals by sonolysis of water [73] .
The excess I present in the solutions reacts with I> to produce I5-, and its absorption at 353 nm can
be utilized to quantify the amount of iodine and hence the number of hydroxyl radicals formed. A
standard KI concentration of 0.1M is normally used for this kind of experiment. The typical
average concentration of oxidants generated by acoustic cavitation per hour is around 10 pM [76].

Table 5: Summary of the measuring techniques of radicals formed by acoustic cavitation.

No. Measuring Measuring technique Ref.
parameter
Hvdrogen Hydrogen peroxide test kit, Model HYP-1, Hach
1 }e]roiigdee Titration of the dye solution against sodium thiosulfate in [771, [78]
p the presence of ammonium molybdate and an acid catalyst
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Hydroxvl Terephthalic acid (TA) dosimetry: Terephthalic acid
2 yaroxy solution of 0.002 mol/l was sonicated, and then
radicals a f . [79]-[81]
(OH") uorescence measurement was per ormed using LS-50
luminescence spectrometer.
Hydroxyl Salicylic acid dosimetry: 500 uM salicylic acid was
3 dical subjected to sonication in different ultrasonic frequency and
raqiea’s the concentration of salicylic acid and hydroxylated [82], 83]
(OH") ( y ydroxy
products were quantified by HPLC.
Hydroxvl Coumarin fluorometry: Coumarin solution of 0.1 mM
4 yerory was exposed to ultrasonic irradiation, and then the chemo-
radicals . ) . . ) .. (84]
(OH) fluorescent diagnosis was carried out using with UV-visible
spectroscopy and fluorescent spectroscopy.
Hydroxvl Methyl Orange dosimetry: Methyl orange solution was
yaroxy sonicated with fixed frequency and power at different
> radicals times. Then the concentration of the sonicated solution was [851-(87]
(OH") ‘ .
measured by US-vis spectrophotometer
KI dosimetry: 0.1 M KI was dissolved in water and the
6 Hydrogen absorbance of I3~ was measured at 304 nm by UV (811, [86], [83],
Peroxide s [89]
pectrometer.
Hydrogen
7 peroxide and | US-visible spectroscopy [90], [91]
nitrous acid
Hydroxyl Fricke dosimetry: FeSO4 (NH4 ):SO4.6H>0 of 1 mM, 96%
2 radicals H>S040f0.4 M, and NaCl of 1 mM were dissolved in water. 81]
(OH*) and | UV spectrometer was used to measure the absorbance of
H,0, Fe'"at 304 nm.

2. Sonochemical production of hydrogen

Use of ultrasound in clean hydrogen production could be a promising method if water is used as
hydrogen source. In addition, hydrogen production using ultrasound from -catalysis [92],
photocatalysis [93], digestion sludge [94] and anaerobic fermentation [95] of wastewater have
been proved to be efficient compared to each isolated method. Harada [54] has studied the isolation
of hydrogen from water through photocatalysis assisted by ultrasound using an alternating
irradiation method. In this method, ultrasound and light are irradiated in turn. Sonophotocatalysis
was also used in isolating hydrogen from sea water.

Hydrogen production by water sonolysis does not occur from the interaction between the acoustic
waves and the water, but it evolves from the acoustic cavitation. It is well established that H, and
H>O> are the main products with ~1.25 ratio (H2:H202) when pure water undergoes sonication [9]
. The rapid collapse of microbubbles due to cavitation produces localized enormous temperature
and pressure that leads to combustion-chemistry inside the bubble [96]. As a result, highly reactive

species such as OHe, He, O, HOze , and H,O» are produced [97]. The diffusion of radicals begins
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inside the bubble into and is ejected into the surrounding liquid [98]. Hydrogen is one of the most
occurring products in water sonolysis. It is produced at the rate of 10-15 uMmin~1 [99], [100]. The
amount is much higher than that obtained by photocatalysis (~0.035 uMmin~1 [101]).
The mechanism of hydrogen production through acoustic cavitation is under discussion till date
[9]. The major part of the hydrogen is produced in the gas phase of the bubble and diffuse out to
the surrounding solution [102], [103]. Some researchers have proposed that hydrogen is produced
only at the bubble wall through recombination of hydrogen radicals (He + He <> H>) [104], [105].
Merouani et al. [64] has extensively studied the mechanism of hydrogen production by sonolysis.
A comprehensive numerical study was undertaken in an attempt to explain the mechanisms of
sonochemical hydrogen production. Chemical reactions occurring inside a bubble at different
conditions due to ultrasonic cavitation was performed by computer simulation. To study the
internal bubble chemistry, kinetics of 25 reversible chemical reactions were proposed [64]. The
production of hydrogen gas as well as other products such as Oz, HOz., O, H>O>, OHe and He was
observed through the numerical simulation. Hydrogen was the main products in all cases. Based
on simulation results, it was proposed that the main source of hydrogen production by water
sonolysis is the gas phase of the bubbles according to the reaction (39). Almost 99.9 % [106] of
the hydrogen is produced from the gas phase recombination reaction. However, the recombination
reaction (40) occurring at the shell of the bubble plays a minor role in hydrogen production.
He + OHe <> H,+ O (39)

He + He <> H, (40) [106]
Henglein [107] has investigated the sonolysis of methane in aqueous solution and has produced
significant amount of hydrogen gas along with oxidation products such as ethane, ethylene, C3-C4
hydrocarbons and carbon monoxide. It is seen that the production of H>O>, one major product of
water sonolysis decreased drastically. These indicates the strong interaction of methane with water
sonolysis. Methane reacts with both He and OHe radicals generating from water sonolysis
according to equation (41) and (42).

CHs + OH e —» CH3 + H20 (41)

CH4 + He — CH3 + H» (42) [107]

The reduction of hydrogen peroxide formation is understood based on the equation (41) and (42).

The recombination reaction of He and OH e caused by water sonolysis saturated with pure argon
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limits the formation of hydrogen gas and hydrogen peroxide. Methane helps to suppressed the
recombination reaction, thus increases in H, production are observed by reducing H>O». In addition
to this, methane can be thermally decomposed producing He, which contributes to higher H» yield
according to equation (43) [107].

CH4 — CHj3 o+ He (43) [107]
Wang et al. [108] has studied the effect of a Au/TiO> catalyst in the sonochemical production of
hydrogen. They have found that with the presence of Au/TiO:, the rate of hydrogen evolution
increases significantly in the sonolysis of water and methanol solution. Product analysis and
isotope evidence indicate that hydrogen is evolved by three pathways from methanol/water
solution: (1) recombination of two hydrogen atom produced by sonolysis of water molecules, (2)
H-abstraction from methanol by He, and (3) thermal reforming of methanol. Experimental results
showed that nearly half of the hydrogen is produced from water molecules although the addition
of methanol increases the hydrogen evolution in 12-fold. They also have studied the hydrogen
evolution with bare TiO, and in the absence of a catalyst. The compositions of produced hydrogen
gas were similar in both cases. However, the evolution rate was much slower. That indicates the
influence of Au nanoparticles on the TiO; surface to catalyze the water sonolysis and methanol
reforming effectively [108].
Several factors influences the sonochemical production of hydrogen. These includes ultrasonic
frequency, dissolved gas, ultrasonic power and liquid temperature.
2.1 Effect of ultrasonic frequency
The most dominant factor in acoustic cavitation induced sonolysis of the aqueous solution is the
applied frequency [106]. Generally, in sonochemistry, ultrasonic frequencies are used in the range
of 20 kHz to ~1 MHz. The optimum ultrasonic frequency for sonochemistry has been reported to
be around 355 kHz considering the rate of oxidant production by bubbles. On the other hand, the
most widely used ultrasound frequency for sonochemistry is 20 kHz [109]. Merouani et al. [106]
al has studied the effect of ultrasonic frequency in the range of 20-1140 kHz through numerical
simulation for hydrogen production inside the collapsing argon and air bubble. The acoustic

intensity was 1 W cm™ and the bulk liquid temperature was 20°C [106].
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Figure 9: Production rate of hydrogen from a single bubble as a function of ultrasonic frequency. The

vertical axis is in logarithmic scale [106].

As can be seen from Figure 9, the rate of production of hydrogen decreases with the increase in
ultrasonic frequency significantly in the range of 20-1100 kHz. The frequency affects the
maximum bubble temperature, pressure, collapse times and the quantity of water vapor trapped at
the collapse. The cavitation bubbles get more time to expand with a smaller frequency, which leads
to a more substantial expansion and compression ratio. This phenomenon results in higher
temperatures and pressures, which accelerates the dissociation of trapped water vapor into radicals.
The higher the concentration of He and OHe radicals inside the bubble, the higher the production
of hydrogen because of the recombination reactions (39). On the other hand, the reaction system
inside the bubble does not get enough time to evolve at high frequency. Therefore the reactants

are converted into free radicals due to the shorter collapse time. It is expected that the production
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rate of hydrogen is higher at a lower frequency (20kHz) and gradually decrease with increasing
frequency [106].

The number and size of active cavitation bubbles are also influenced by ultrasonic frequency [106].
It is predicted that with the increase in the ultrasound frequency, the amount of active cavitation
bubbles increases [110]. The experimental measurement of hydrogen production showed that the
yield of hydrogen at 300 kHz is in the rate of 0.83 uM min~! [111] whereas at 1000 kHz the yield
is at the rate 0 0.42-0.68 uM min~' [112]. This demonstrate that among the two factors; the number
of active bubbles and the single-bubble yield, the single bubble event is the dominant factor in the
overall production of hydrogen by water sonolysis [106].

2.2 Effect of ultrasonic intensity

The production of hydrogen increases with increasing the ultrasonic intensity [106]; however, the
improved effect of the ultrasonic intensity is more apparent at higher frequencies. For a liquid
temperature of 20°C, the effect of ultrasonic intensity (Figure 10) on the hydrogen production rate
inside an argon bubble was studied by Merouani et al. [106]. The collapsing bubbles formed by
acoustic cavitation can be considered as microreactors, where high temperature and pressure
chemical reactions occur. Hydrogen is the product of one of the chemical reactions occurring
inside the bubble through the recombination of He and OHe. Therefore, the production rate will
depend on the amount of radicals available in the gas phase. The radical production inside the
bubble is controlled by three factors; the amount of water vapor trapped inside the bubble, bubble
temperature and collapse time. The expansion and compression ratio of bubbles increases with
increasing acoustic intensity. Therefore, higher bubble temperatures are achieved at higher
compression ratios. In addition, the amount of water vapor trapped inside the collapsing bubble is
higher with a higher expansion ratio. As a result, the increase of both the collapse temperature and
amount of trapped water due to increasing ultrasonic intensity accelerates the formation of free
radicals through the dissociation of water vapor inside the bubble. Moreover, the bubble collapse
time increases with the increase in acoustic intensity. The chemical reactions occurring inside the
bubble at a high intensity experience more time to evolve and convert water vapor into free
radicals. As a consequence, higher acoustic intensities will result in elevated sonochemical effects

inside a bubble promoting higher hydrogen production rate [106].
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Figure 10: Production rate of hydrogen from a single bubble as a function of ultrasonic frequency for
various acoustic intensities [106].

Venault [113] has experimentally demonstrated the production of hydrogen in different acoustic
intensities. When argon saturated water was irradiated with ultrasound at 20 kHz frequency and
0.6 W cm intensity, the production rate of hydrogen was 0.8 uM min™!. The rate increased to 2.1
and 5 uM min~! with the increased acoustic intensity of 1.1 and 2.5 W cm™, respectively [106].
Nevertheless, these yields are in a multibubble system known as a cavitation field. The effect of
ultrasonic intensity cannot be elucidated based on the single bubble yield alone but also by the
number of active bubbles. Considering the number of active bubbles, it was reported that the
hydrogen production increased with increasing acoustic intensity [109], [114].

2.3 Effect of the nature of the solution

The nature of dissolved gas has a controversial effect on the sonochemical activity [115]. Various
experimental reports demonstrate that due to a higher polytrophic ratio, argon provides more

sonochemical activity than other polyatomic gases, which provide higher bubble temperature at
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collapse [116]-[118]. A few other studies [119]-[121] demonstrate that polyatomic gases (i.e.
oxygen) through self-decomposition can compensate for oxygen-bubble temperature, which yield
more sonochemical activity compared to argon. Merouani et al. [106] have performed numerical
simulations of sonochemical reactions for two saturating gases (Ar and air) at different acoustic
frequencies with a constant acoustic intensity and liquid temperature of 1 W cm?and 20°C (Figure
11). With increasing frequency, the production rate of hydrogen decreases for both argon and air
saturated aqueous solution. Argon saturated solutions favors more production of hydrogen during
bubble collapse than air saturation, and the beneficial effect of argon becomes more phenomenal
at higher acoustic frequencies (>213 kHz). However, most of the bubble content at 20 kHz is water
vapor. Therefore, the saturation of water by any other gas will not affect the chemistry of the
bubbles. This phenomenon leads to an identical production rate of hydrogen for both argon and

air at 20 kHz.
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Figure 11: Hydrogen production rate from a single bubble as a function of acoustic frequency for
different saturating gases [106].



819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849

36

The chemistry of bubbles at collapse is affected by dissolved gases through two main principles.

(1) In general, monoatomic gases have higher polytrophic indexes y (Cp/Cy) than polyatomic
gases. The higher polytrophic indexes results in elevated bubble temperature at the collapse
which promotes higher sonochemical activity.

(2) Low thermal conductivities (A) reduce the heat dissipation. Thus gases with low thermal
conductivities facilitate the increase of bubble collapse temperature and consequently
enhance the sonochemical activity in the bubble.

Argon has higher polytrophic ratio (y = 1.66) and lower thermal conductivity (A = 0.018 Wm2K"
1 than air (y = 1.41, A = 0.026 Wm™K!). Therefore, a bubble collapse in the presence of Ar favors
an elevated bubble temperature [106]. Okitsu et al. [122] has experimentally demonstrated that the
bubble temperature does not depend on the thermal conductivity at a higher frequency. Therefore,

it is clear that argon saturated water provides highest production rate of hydrogen.

The overall hydrogen production is influenced by the single bubble yield and the number of active
bubbles generated in reacting media. The generation of active bubbles is proportional to the
solubility of the gases. Therefore, the higher the solubility of the gas, the higher the number of
active bubbles generated. The solubility of argon (Xar = 2.748 x 10°)in aqueous media is higher
than the solubility of air ( Xair = 1.524 x 107). As a result, the overall production rate of hydrogen
from argon saturated aqueous solutions will be higher than air saturated solutions. Margulis and
Didenko [123] have experimentally demonstrated that argon saturated water at 1000 kHz produces
61 times higher hydrogen (13.6 uM min!) than that of air saturated water (0.22 uM min™!)
sonolysis. Moreover, Hart et al. [100] observed that at 300 kHz the hydrogen production rate is 14
uM min~! in Ar atmosphere and 3.7 uM min~! in a nitrogen atmosphere.

2.4 Effect of liquid temperature and active bubble size

Bulk liquid temperature has a significant effect on sonochemical hydrogen production. Merouani
et al. [106] has studied the effect of liquid temperature for hydrogen production from argon
saturated aqueous solution. The production rate of hydrogen marginally increases with increase in
temperature from 20 to 30°C and a further increase in temperature slows down the production rate
(Figure 12). These results demonstrate the existence of an optimum temperature (~30°C) in

sonochemical hydrogen production. This results is in line with the findings of Gong and Hart

[124].
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It is also observed that the liquid temperature variation does not affect the compression and
expansion ratio. However, the bubble temperature and the quantity of trapped vapor is significantly
affected by the rise in liquid temperature due to the increase of liquid-vapor pressure. This can
facilitate the formation of free radicals as they come from the water vapor. However, increasing
liquid temperatures can causes less violent collapse due to the decrease of the polytrophic index
(y) leading to lower internal bubble temperature at collapse. Lower bubble temperature during
collapse lowers the formation of free radicals by decomposition of molecules. Both of these effects
give rise to an optimum liquid temperature for formation of radicals that leads to the maximum

hydrogen production [106].
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Figure 12: Production rate of hydrogen from a single acoustic bubble as a function of acoustic frequency
for different bulk liquid temperature [106].

Another influencing parameter in sonochemical production of hydrogen is the size of active

bubbles. Experimental studies on the effect of active bubble size is scare. Through numerical

simulation, Merouani et al. [4] have demonstrated that the active bubbles size includes an optimum
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value where the production of hydrogen is maximum. The optimum bubble radius for hydrogen
production increases with increasing acoustic intensity and decreases with increasing frequency
and bulk liquid temperature. The amount of water vapor trapped in the bubble and the maximum
bubble temperature at collapse are the two main factors affecting the optimum bubble size. The
bubble temperature as well as the amount of trapped water vapor increase with increasing ambient
bubble radius from 0.9 to 2 um. This phenomenon promotes the production of free radicals which
enhances the production of hydrogen [4].
3. Sonoelectrochemical production of hydrogen
Water electrolysis is one of the most widely used technologies for renewable hydrogen production.
In an electrolytic process, hydrogen gas is produced right at the decomposition potential. The
production is at the molecular level occurring on the surface of the electrode through an
electrochemical reaction. At the cavity of the electrode surface, molecular hydrogen gas turns to
hydrogen gas bubbles at the active cathodic sites. The gas bubbles then expand and accumulate at
the surface of the electrode [72]. The total cell voltage consists of the thermodynamic
decomposition voltage, the ohmic potential drop and the overpotential of the anode and cathode.
Moreover, the ohmic potential drop due to the presence of gas bubbles at the electrode surface and
in the solution results in high energy consumption [125]. By using an effective electrocatalyst on
to the electrodes and/or by operating the electrolytic cell at a higher temperature (65-80°C), the
anodic and cathodic overpotentials can be reduced [126]. The aggregation of gas bubbles at the
electrode surface raise the electrical resistance of the cell [125].
The gas bubble formation is an interfacial phenomenon. The complex electrochemical interfacial
phenomena influence the energy efficiency of hydrogen energy system at the three phase region
of gas bubbles, electrode and electrolyte. Damaging the boundary layer of the three-phase zone
enhance the mass transport of the cell [125]. Ultrasound is a powerful tool to overcome the
limitations of water electrolysis for hydrogen production through

e C(leaning and activation of surfaces.

e Increasing mass transport in the bulk solution and near the surfaces.

e Alternating reaction schemes caused by sonochemical effects [49], [127].
Walton et al. [128] have studied the effect of ultrasound on hydrogen evolution from 1 M H>SO4
at a platinized platinum electrode with 38 kHz ultrasonic frequency. It was observed that in the

presence of ultrasound there is an increase of current of 2.1 fold at the lower limit of the sweep
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compared to unsonicated condition. The reduction of the proton at platinized platinum is a
reversible reaction. The availability of the proton at the electrode does not improve the current
caused by the enhanced diffusion. Instead, the dominant effect in hydrogen evolution is the
removal of hydrogen from the electrode surface [128]. From Table 6, it can be seen that ultrasound
can increase hydrogen production efficiency by 10% for 0.1M KOH solution.

Table 6: Energy consumption and efficiency of hydrogen production via various water electrolysis of an
aqueous different solution

Theoretical energy Practical energy
) Efficiency
Technology consumption consumption o Reference
(kWh/m’Ha) (kWh/m’Ha) ’
Conventional Alkaline
2.94 3.52 83.67 [129]
Electrolysis
Sea water 2.94 5.03 58.57 [129]
Brine electrolysis 2.94 5.33 53.25 [129]
0.1M KOH 2.94 6.3 48.81 [72]
0.1M KOH with
2.94 5.12 57.48 [72]
ultrasound (20 kHz)

3.1 Solution type and concentration effect

Ultrasound-assisted water electrolysis for hydrogen production was first carried out by Cataldo
(1992) [130]. The effect of ultrasound was studied (30 kHz and 1-2 Wem2) on the yield of gases
from a saturated aqueous solution of NaCl (6.0 M), HCI (6.0 M) and acidified NaCl (5.0 M
NaCl/1.1 M HCI) using both platinum and carbon rods as electrodes. It was found that ultrasound
dramatically increases the yield of chlorine gas and marginally increase the yield of hydrogen gas.
The strong degassing effect at the surface of the electrode due to the bubble fusion caused by
cavitation is the most crucial reason for enhanced gas yield. The ultrasonic effect on the gas yield
is more significant for chlorine than hydrogen due to its very high solubility in water ( 3150 ml/1
of Cl vs. 19.6 ml/I of H») at standard pressure and 15°C. Due to sonication, the bubbles are forced
to merge into large bubbles providing a smaller gas/liquid interface. In addition, due to the minimal
contact time between the gas bubbles and the aqueous solution, the bubbles are pushed out from
the solution at high speed. This phenomenon leaves the solution free from dissolved gases. The

dispersed gas bubbles generated during electrolysis reduce the electrical conductivity of the
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solution, which is also called the bubble effect. The drop of conductivity is directly proportional
to the concentration of gas bubbles dispersed into the liquid. Ultrasound enhances the diffusion of
the gas bubbles from the liquid, thus increase the gas yield [130].

The yield of hydrogen is marginally higher from acidified sodium chloride solution than saturated
sodium chloride solution. In addition, hydrogen yield from 22% HCI (6.0 M) is the highest among
all the above mentioned solutions [130]. Walton et al. [128] have studied the effect of ultrasound
(38 kHz) for chlorine, hydrogen and oxygen evolution at the platinized electrode. 1M H2SO4
solution was used for hydrogen evolution and 2.5 M NaCl/0.1 M HCI was used for chlorine gas
evolution. They proposed that, the reduction of hydrogen ions in platinized platinum electrode is
a reversible reaction. The availability of H" is such that enhanced diffusion of the proton will not
improve the current. The rate determining step in hydrogen evolution is the product removal from
the electrode surface; therefore, ultrasound plays a crucial rule in hydrogen evolution.

Zadeh [72] has studied the ultrasound-assisted (20 kHz) alkaline water electrolysis for hydrogen
production. NaOH and KOH solutions of 0.1M were used as electrolytes. It was observed that
hydrogen production was improved by 14% and 25%, respectively for NaOH and KOH during
sonication. The higher production rate of hydrogen from KOH than NaOH is due to the higher
conductivity of the KOH solution.

Li et al. [125] have studied the effect of the ultrasound (60 kHz and 50 W) for water electrolysis
in different electrolyte concentrations of 0.1M, 0.5M and 1.0M NaOH solution. The Linear Sweep
Voltammetry (LSV) curves were obtained at these concentration in order to understand the effect
of ultrasound for Hydrogen Evolution Reaction (HER) and Oxygen Evolution Reaction (OER).
Figure 13 represents the effect of ultrasound on the cell voltage, HER and OER with different
electrolyte concentrations. It was observed that the cell voltage, anode and cathode potential were
significantly decreased at higher electrolyte concentration. This was due to the decrease of the
resistance of the electrolyte. From the LSV curves, it is clear that ultrasound has a positive effect
into water electrolysis at lower electrolyte concentration [125].

Moreover, water electrolysis was also performed galvanostatically for 1h at different electrolyte
concentration presented in Figure 14 [125] showing the cell voltage differences with and without
ultrasound for several current densities. It is observed that, with ultrasound, the cell voltage is

lower than without ultrasound (Figure 14(a)). The reduction of cell voltage at same concentration
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is also decreased with increasing electrolyte concentration. This is due to the enhanced mass

transfer rate of the electrolyte at higher concentration.
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The reduction of cell voltage at lower concentration is increased with current densities but it is

almost constant at higher electrolyte concentration [125]. Without ultrasound, the efficiency of

hydrogen evolution decreases with increasing electrolyte concentration. The electrolyte

concentration influences the hydrogen bubble size and applied cell voltage. The bubble size

becomes smaller with increasing electrolyte concentration [125], [131].
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The efficiency of hydrogen generation without ultrasound is in the range of 60-75%. On the other
hand, by the presence of ultrasound, the efficiency is improved significantly, and it is in the range
of 80-85%. Moreover, the efficiency increases with increasing electrolyte concentration in the
range of 5-18%. This is due to the rapid removal of bubbles from the electrode surface by the
ultrasound followed by refill of the nucleation sites by new gas bubbles [125] .
3.2 Current and voltage effect
Li et al. [132] has investigated the effect of ultrasound (25.3 and 33.3 kHz) on the electrolysis of
NaOH solutions for hydrogen production. It was observed that ultrasound helps to reduce the
anode cell voltage. With increasing current densities, the decrease of the anode voltage was
insignificant. A marginal decrease of anode voltage was observed at lower current densities (20
mA/cm?, 30 mA/cm?, 40 mA/cm?). At higher current densities (75, 150, 200 mA/cm?), the anode
voltage decreased about 200-320 mV. The generated oxygen gas at the anode covered the electrode
surface by forming a thin film around the electrode. This leads to a higher anodic voltage.
Ultrasound irradiation can break down this thin film by removing the oxygen gas bubbles from the
anode, which leads to decrease in the anodic voltage [132].
Li et al [125] have observed that, ultrasound helps to reduce the cell voltage and lowering the cell
voltage increases the efficiency of hydrogen production. The values of cell voltage reduction at
0.1 M, 0.5 M and 1.0 M NaOH are about 320 mV, 100 mV and 75 mV at constant current density
0f 200 mAcm [125]. Qian et al. [133] have stated that the bubble surface coverage is proportional
to the ohmic resistance. Ultrasound can easily remove the gas bubbles from the electrode surface
and from the bulk electrolyte in order to reduce the bubble surface coverage and the void fraction
of the bulk electrolyte, respectively [133].
Cataldo [130] has experimented with the evolution of hydrogen using carbon rod cathodes and
anodes with same electrolyte of 5.0M NaCl/1.1 M HCI solution at different cell voltages. Under
sonication, the production of hydrogen is higher when a higher cell voltage is applied (e.g. 0.00418
g of hydrogen at 8 V, and 0.0046 g of hydrogen at 20 V). During sonication, Cataldo [130] has
witnessed a clear increase in current through the cell. The percentage growth of current was
calculated according to the equation (44)

Z=[(Im - I¢)I]100%. (44) [130]
Where I. = the steady-state current, and In = net increase of current through the cell under

sonication. At constant acoustic intensity and frequency (30 kHz and 1-2 W/cm?) and at low
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current density the Z was approximately 10%; however, the Z value becomes negligible at high
current density. When Z = 0%, an efficient degassing under sonication was observed. This means,
the increase of current (can be seen as depolarization or an attenuation of overpotential) during
sonication is not due to coalescence of bubbles and degassing. The depolarization by
ultrasonication is due to cavitation and ultrasonic waves. They can stir the bulk solution efficiently,
eliminating the contribution of the concentration gradients to the overpotential. Moreover, they
allow the transfer of the ions across the electrode double layer. By increasing the acoustic intensity,
it would be possible to experience a depolarizing effect also at very high current density [130].

Recently Lin and Hourng [ 134] have studied the ultrasonic (133 kHz frequency) wave field effect
on water electrolysis for hydrogen production, where alkaline KOH was used as the electrolyte.
They have found that at 30 wt.% electrolyte concentration and low potential state, ultrasound
enhanced the activation polarization. Electrolyte concentrations of above 30 wt.% improved the
concentration polarization. Improvement of activation polarization and concentration polarization
accelerated the rising of hydrogen gas bubbles during water electrolysis. At 4V electric potential,
40 wt.% electrolyte concentration and with a 2 mm electrode gap, the difference of current density
for water electrolysis with ultrasonic power of 225 W and without ultrasound was 240 mA/cm?.
This allowed for a power saving of 3.25 kW as well as an economical power efficiency of 15%
[134]. A summary of experimental conditions for sonoelectrochemical production of hydrogen is

provided in Table 7.

Table 7: Summary of sonoelectrochemical hydrogen production

Ultrasound | Ultrasound Electrode Electrolyte and Cell Curre;nt
No. | frequency power . . Voltage | density | Reference
material concentration
(kHz) (V)
6 M NaCl, 6 M 2.7,6.5
_ 9 1 b b
1 30 Wl/ fn ) Ca;ff 2‘1 a:;d HCl and 5.0 M fz g 0|7 [130]
¢ patinut fe NaCl/1.1 M HCI . (Adm?)
. 50
2 38 - Platinum 1 M H,SOq4 - mA em? [128]
Platinum
sonotrode, 0.7 M NaSOq4
Graphite (maintained pH at
2 26 W/cm? - - |
3 0 6 Wiem counter 7 by using 0.1 M [135]
electrode and NaOH)
SCE
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RuO; and IrO,
0.1,0.5and 1.0 M 20-400
2 > -
4 60 50 W/em plat?d NaOH mAcm? [125]
Titanium
Graphite and 20-200
5 | 253,333 - SCE 0.4 M NaOH - e | 132
225,450
’ ’ 10,2 4
6 133 675and | Pure Nickel 0, t0’0/3 2{?& 01 24 ; [134]
900 W w7
. 0.1 M of NaOH
7 20 - Nickel and KOH 0-30 [72]
8 42 300 W Pla“;“gg and 2M KOH ; ; [127]

4. The need of future research

To the best of our knowledge, nobody has studied the effect of ultrasound frequency on
sonoelectrochemical hydrogen production except the very preliminary investigations by Li et al.
[132]. Most of the investigation was performed at single acoustic frequency. Li et al. [132] stated
that higher ultrasound frequencies (25.3 kHz vs. 33.3 kHz) did not provide any significant
improvement in hydrogen production. However, detailed studies need to be performed in a wide
range of frequencies in order to understand their effect on sonoelectrochemical hydrogen
production. In addition, the effect of ultrasound power and intensity is also required to be
investigated. Different types of electrode materials are being employed to date for hydrogen
production through water electrolysis.

Another area of research field that requires attention is the quantitation of the produced hydrogen.
Very few studies [72], [125], [130] actually quantitated the yield of hydrogen partially. Detailed
quantitation of a product is necessary to understand the effect of variable operating conditions as
well as upgrading a process from laboratory scale to pilot or industrial scale. Therefore, research
needs to be performed in quantitating the produced hydrogen and techno-economic analysis for an
industrial application.

Moreover, to the best of our knowledge, nobody has studied the sonochemical and
sonoelectrochemical production of hydrogen from a non-aqueous solution. Hence, it is necessary
to investigate the feasibility of hydrogen production from various non-aqueous solutions through

ultrasonication.
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S. Conclusion

An enormous amount of research is being undertaken towards the development of hydrogen
production technologies. Currently, the most widely used and technically developed method is the
reforming of hydrocarbon. However, these methods lead to release tremendous amount of
greenhouse gas into the atmosphere, which is responsible for global climate change. On the other
hand, due to depletion of fossil fuels, the global awareness to reduce dependency on fossil fuel and
search for alternative sources and methods for hydrogen production. Using ultrasound in hydrogen
production could be a promising alternative. The primary source of hydrogen during water
sonolysis is the gas phase of the bubbles. The yield of sonochemical hydrogen production is
affected by ultrasound intensity and frequency due to their significant influence on the cavitation
process. Another influential factor for hydrogen production induced by cavitation is the size of
active bubbles. There exists an optimum bubble size within a range at which the hydrogen
production rate is maximal. The active bubble size decreases with increasing frequency and liquid
temperature and increases with increasing ultrasonic intensity. In addition, the bubble temperature
and the bubble content are affected by the liquid temperature which ultimately influence the
hydrogen production rate.

On the other hand, although limited research has been undertaken in ultrasound-aided
electrochemical production of hydrogen, it was found that ultrasound significantly enhances the
electrochemical processes for hydrogen production. The efficiency of hydrogen production was
improved at a range of 5-18% at high current densities by the presence of an ultrasonic field.
Ultrasound aids in 10-25% of energy savings for certain concentrations of electrolytes when
coupled with a high current density. The main beneficial effects caused by ultrasound in water
electrolysis are cleaning and activation of the electrode surface, increasing mass transport in the
bulk solution and near the boundary layer and alternating reaction pathways caused by water
sonolysis. However, the area of sonoelectrochemical hydrogen production is not explored as
widely as sonochemical production. Some critical parameters such as; the influence of ultrasound
frequency, ultrasound power and the effect of electrode materials are required to be investigated.
In addition, the investigation for the production of hydrogen from nonaqueous solutions as well as
full quantitation of produced hydrogen is necessary for the industrial application of this

technology.
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