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ogen regeneration through the
oxygen vacancy control of metal oxides using
microwave irradiation

Keumyoung Seo, Sang-Mi Jeong, Taekyung Lim and Sanghyun Ju *

The amount of hydrogen gas generated from metal oxide materials, based on a thermochemical water-

splitting method, gradually reduces as the surface of the metal oxide oxidizes during the hydrogen

generation process. To regenerate hydrogen, the oxygen reduction process of a metal oxide at high

temperatures (1000–2500 �C) is generally required. In this study, to overcome the problem of an energy

efficiency imbalance, in which the required energy of the oxygen reduction process for hydrogen

regeneration is higher than the generated hydrogen energy, we investigated the possibility of the oxygen

reduction of a metal oxide with a low energy using microwave irradiation. For this purpose,

a macroporous nickel-oxide structure was used as a metal oxide catalyst to generate hydrogen gas, and

the oxidized surface of the macroporous nickel-oxide structure could be reduced by microwave

irradiation. Through this oxidation reduction process, �750 mmol g�1 of hydrogen gas could be

continuously regenerated. In this way, it is expected that oxygen-enriched metal oxide materials can be

efficiently reduced by microwave irradiation, with a low power consumption of <�4% compared to

conventional high-temperature heat treatment, and thus can be used for efficient hydrogen generation

and regeneration processes in the future.
1. Introduction

Renewable energy is divided into new energy sources and
renewable energy sources, which can replace existing energy
sources, such as oil, nuclear, and natural gas. The representa-
tive renewable energies include solar, biomass, wind, small
hydropower, geothermal and marine energy, and waste energy.
The representative new energies include fuel cells, hydrogen
energy, and coal liquefaction and gasication. Among them,
hydrogen energy, called the clean energy of the future, belongs
to the new energy eld. Hydrogen energy is one of the ultimate
alternative energy sources for the future. It has the advantages
of water, which is a hydrogen-generating medium, existing
abundantly on Earth and pollutants not being emitted during
hydrogen combustion. It also has the advantage of eliminating
problems such as noise when converting energy to a battery.

Hydrogen is produced from water, petroleum, coal, natural
gas, and combustible waste. The conversion to hydrogen energy
requires mediators such as electricity, heat, and microorgan-
isms. Presently, steam reforming of petroleum or natural gas is
a commercialized hydrogen generation method. However, there
is the problem that when generating hydrogen using petroleum
and natural gas, pollutants are generated, which is in conict
with the above-mentioned idea of hydrogen generation as clean
uwon, Gyeonggi-Do 443-760, Republic of
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energy. To overcome this issue, studies on hydrogen generation
using electrolysis, thermochemical cycle, photocatalytic reac-
tion, and biological decomposition methods are under way to
obtain hydrogen from water.1–4 The thermochemical cycle is
a method of generating hydrogen using the oxidation and
reduction reactions of water at certain temperatures. Metal
oxide materials are widely used for thermochemical hydrogen
generation.5–8 Depending on the nature of the metal oxide
material, the oxygen vacancies can ll in the metal oxide
material at a relatively low temperature (800–1500 �C). However,
high temperatures (1000–2500 �C) are required to create oxygen
vacancies by spewing oxygen out of the metal oxide. Based on
these properties, the reaction between H2O and the metal oxide
material could induce water dissociation, where oxygen in the
H2O lls the oxygen vacancies that exist in the metal oxide
material and hydrogen is generated in the form of a gas,
accordingly.

In currently-proposed hydrogen generation and regeneration
technologies, there are still many problems in terms of energy
efficiency because the energy required to generate and regen-
erate hydrogen is greater than or equal to the generated
hydrogen energy. In order to solve these problems, studies are
under way to develop a catalyst capable of generating and
regenerating hydrogen using a low amount of energy. For
instance, H2 generation and regeneration using Fe3O4/FeO,
ZnO/Zn, In2O3/In2O, SnO2/SnO, CeO2/Ce2O3, and Mn2O3/MnO
materials have recently been reported at the high temperature
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Diagram of the macroporous nickel-oxide structure under
microwave irradiation in a chamber. (b) Hydrogen regeneration
process of the macroporous nickel-oxide structure for oxygen
reduction under microwave irradiation with PVP. Nickel-oxide is
reduced by the chemical reaction between the unstable heterocyclic
moieties of PVP and the oxygen-rich nickel oxide surface caused by
microwave irradiation. (c) Experimental setup for hydrogen generation.
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cycles of 800–1500 and 1000–2500 �C, respectively.9–14 In
particular, research on lowering the temperature of hydrogen
regeneration is essential for increasing the hydrogen generation
energy efficiency. In recent years, efforts have been made to
solve these problems. As examples of typical hydrogen regen-
eration studies using metal oxides, deep ultraviolet irradiation,
water reduction catalysts, and solar heating methods have been
introduced.11,15,16 However, it is still necessary to study novel
hydrogen regeneration methods that can generate hydrogen
repeatedly with a much lower energy.

In this study, we investigated the possibility of the contin-
uous regeneration of hydrogen in a metal oxide catalyst using
microwave irradiation. A macroporous nickel-oxide structure
was used as the metal oxide catalyst for thermochemical
hydrogen generation. We investigated how to reduce the mac-
roporous nickel-oxide structure effectively and simply with
a low energy compared to conventional hydrogen regeneration
using external thermal energy. The efficiency of the reduction
method using microwave irradiation was veried by comparing
the amount of power that can regenerate hydrogen with the
amount of power that regenerates hydrogen under high-
temperature heat treatment. We also investigated how the pol-
yvinylpyrrolidone (PVP) solution coated on the macroporous
nickel-oxide structure promotes the oxygen reduction process
during microwave irradiation. The surface characteristics of the
macroporous nickel-oxide structure were analyzed by optical,
physical, and chemical methods during the repetitive hydrogen
regeneration process using microwave irradiation.

2. Methods
2.1 Hydrogen generation

The macroporous nickel-oxide structure (99.9% purity) with an
internal pore size of 230 mm, an external size of 2.5 � 2.5 cm2,
and a thickness of 0.5 mm to be used as a metal oxide catalyst
for hydrogen generation was dipped in acetone for 10 min to
remove organic/inorganic contaminants and was rinsed with
deionized water for 5 min by the ultrasonic cleaningmethod. To
completely remove themoisture remaining on the surface of the
macroporous nickel-oxide structure, a thermal annealing
process was carried out in a heat oven at 90 �C for 2 h. The ten
prepared macroporous nickel-oxide structures were mounted
on an alumina jig for hydrogen generation. He gas, which does
not react with the macroporous nickel-oxide structure, was
injected into the reaction chamber at a ow rate of 50 sccm.
When the temperature reached 800 �C, a mixture of He gas/H2O
vapor (200/100 sccm, respectively) was injected into the reaction
chamber. It is worth noting that the H2O steam component,
which was not decomposed by hydrogen, was separated into
a cold trap. Under these conditions, the amount of hydrogen
generated per minute in the macroporous nickel-oxide struc-
tures was measured by gas chromatography (GC, Agilent
7890B). The generated hydrogen owed into the gas chro-
matograph at a volume of 4 cm3 every 4.3 min. The measured
amount of generated hydrogen (cm3 min�1) was used to
calculate the rate of hydrogen generation (mol min�1 g�1) using
the equation V ¼ nRTP�1 (n, number of moles of gas; V, volume;
This journal is © The Royal Society of Chemistry 2018
R, ideal gas constant; T, absolute temperature; P, pressure) and
the mass of the loaded nickel-oxide structures. Correction
tting curves for accurate hydrogen generation were obtained
using three He–H2 mixed standard gases with hydrogen
concentrations of 0.02%, 1.03%, and 3.12%.
2.2 Hydrogen regeneration

Aer hydrogen generation, the ten oxidized macroporous
nickel-oxide structures were dipped into a solution of PVP
(Sigma-Aldrich, molecular weight �55 000) and diethylene
glycol (DEG, Junsei, 99%) with a ratio of 1 : 5 as a reducing
agent. The PVP-coated macroporous nickel-oxide structures
were then placed in a household microwave oven capable of
controlling the level of the output power. Aer the PVP-coated
macroporous nickel-oxide structures were treated for 180 s at
various microwave power levels ranging from 200–1000 W in
200W steps, the coated PVP was removed by an NMP (N-methyl-
2-pyrrolidone, Sigma-Aldrich) solvent. It was then cleaned in
a DI water and isopropyl alcohol cleaning process (sonication
for 10 min) and dried in a heat oven for 2 h. During the
hydrogen generation and regeneration cycles, the surface
morphology of the macroporous nickel-oxide structures was
RSC Adv., 2018, 8, 37958–37964 | 37959
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measured by a eld-emission scanning electron microscope
(FE-SEM) and the surface components were analyzed by X-ray
diffraction (XRD). The pore states of the macroporous nickel-
oxide structures before and aer hydrogen generation/
regeneration were analyzed by Brunauer–Emmett–Teller (BET)
analysis. The oxidation states of the macroporous nickel-oxide
structures during the reaction were characterized by X-ray
photoelectron spectroscopy (XPS).
3. Results and discussion

Microwave irradiation in a microwave oven, which is widely
used for cooking food in everyday life, has a long wavelength of
0.01–1 m, between infrared radiation and radio-waves in the
electromagnetic spectrum. In order to differentiate between
communication and microwave radar equipment, household
and industrial microwave ovens operate at a xed frequency of
2.45 GHz. The energy of a microwave photon is calculated to be
0.037 kcal mol�1 using Planck’s law (E ¼ hn). Using a micro-
wave, uniform and rapid heating can be achieved by inducing
vibrational and rotational motion to the organic molecules that
have a dipole moment. Particularly in the case of molecules that
bond with a large dipole moment, such as C–O or C–N bonding,
Fig. 2 (a) Hydrogen regeneration by the macroporous nickel-oxide struc
with varying microwave power. (c) Hydrogen regeneration by the macro
(d) Rate of hydrogen regeneration with varying microwave irradiation tim

37960 | RSC Adv., 2018, 8, 37958–37964
the vibrational energy of the bonding can easily absorb micro-
wave energy and can quickly convert it to thermal energy.
Although the energy in a microwave photon (0.037 kcal mol�1)
is much lower than the typical energy required for breaking
amolecular bond (80–120 kcal mol�1), the kinetic energy, which
is accumulated by the irregular rotation and vibration of
chemical bonding, can cause dipole bonding to become
unstable, and enable a chemical reaction with the surrounding
molecules.17 The efficient microwave-assisted reduction
process, that can be used for the water splitting process using
low energy microwave irradiation instead of conventional high
energy heating, was proposed.

In the case of the two-step water splitting process using
a metal oxide as a redox pair, the surface of the metal oxide
material is oxidized through the oxidation step (MOred + H2O (g)
/ MOox + H2) during the process of hydrogen generation, and
a highly endothermic reduction step (MOox + external energy/
MOred + 1/2O2) is required for hydrogen regeneration.1 In this
study, the PVP solution, which shows a good adsorption ability
on the metal oxide surface by forming hydrogen bonds between
the metal oxide surface and the polymer segment, was coated
on the surface of the oxygen-rich macroporous nickel-oxide
structure.18 We then developed the microwave irradiation
ture with varying microwave power. (b) Rate of hydrogen regeneration
porous nickel-oxide structure with varying microwave reduction time.
e.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) FE-SEM images, (b) BET surface area plots, and (c) XRD
spectra of the macroporous nickel-oxide structure before and after
hydrogen generation, and after microwave irradiation.
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method for the oxygen-rich macroporous nickel-oxide struc-
tures to be effectively reduced by the low microwave energy in
a short reaction time.

Fig. 1(a) shows a diagram of the reduction step, which is
followed by microwave irradiation on an oxygen-rich macro-
porous nickel-oxide structure aer hydrogen generation to form
an oxygen-vacancy-rich macroporous nickel-oxide structure. As
shown in Fig. 1(b), during microwave irradiation, the macro-
porous nickel-oxide structure coated with PVP absorbs micro-
waves well due to the large dipole moment of PVP with
a heterocyclic moiety. In particular, the absorbed microwaves
induce the vibration and rotation of the C–N and C]O bonds
constituting the heterocyclic moiety of PVP, and make the C–N
and C]O bonds unstable, thus the metal oxide can be reduced
by a chemical reaction between PVP and the oxygen which
existed in the metal oxide that became hydrogen bonded.17

During the process, the oxygen located on the oxygen-rich
macroporous nickel-oxide structure could be rapidly removed
by microwave-assisted reduction. Through these procedures, it
was possible to regenerate a similar amount of hydrogen gas
repeatedly from multiple redox reactions. Fig. 1(c) shows
a schematic of the hydrogen generation system using the
macroporous nickel-oxide structure as a catalyst. Water vapor
was passed through the ten square-shaped macroporous nickel-
oxide structures with an internal pore size of 230 mm mounted
on an alumina jig in the reaction chamber.

Fig. 2(a) shows a comparison of how the hydrogen regener-
ation amount differs from the initial hydrogen generation
amount according to the microwave irradiation power condi-
tions (200–1000 W in 200 W steps). As the microwave power
increases, the amount of hydrogen regeneration also increases.
At a microwave power of 600 W, the maximum hydrogen
generation rate and the total amount of generated hydrogen
were �9.8 mmol min�1 g�1 and �750 mmol g�1, respectively,
which were similar to those of the initial hydrogen generation.
It is worth noting that the temperature required for hydrogen
generation was 800 �C. The maximum rate of hydrogen evolu-
tion was plotted as a function of the temperature to address the
hydrogen generation effect of the macroporous nickel-oxide
structure on the water-splitting reaction. The maximum
hydrogen generation rate and the amount of hydrogen gener-
ated from the macroporous nickel-oxide structure, with the
reduction process of microwave irradiation, were similar or
slightly lower than the hydrogen generation values of conven-
tional metal oxide materials, such as CeO2, Mn3O4, and FeAl2O4

(�8.4–33 mmol min�1 g�1 at 850–1600 �C).1,14,19,20 The use of
microwave irradiation can be regarded as a very efficient
method to regenerate hydrogen because it does not require
high-energy heat sources. As shown in Fig. 2(b), the hydrogen
regeneration rate increases as the microwave power increases,
and the hydrogen regeneration rate is at a maximum between
600 and 800 W. However, the amount of hydrogen regeneration
decreases due to mechanical damage, notably surface loss and
burning, of the surface of the macroporous nickel-oxide struc-
ture at microwave powers above 800 W. Fig. 2(c) and (d) show
the hydrogen generation characteristics with varying microwave
irradiation times of 120, 180, 240, and 300 s while the
This journal is © The Royal Society of Chemistry 2018
microwave irradiation power was xed at 600 W. The hydrogen
regeneration rate increased to 33.3% (120 s) and 94.1% (180 s),
but reduced to 66.8% (240 s) and 32.6% (300 s) due to the
burning phenomenon that occurred in the macroporous nickel-
oxide structure.

Fig. 3(a) shows the representative FE-SEM images of the
macroporous nickel-oxide structure before hydrogen genera-
tion, aer hydrogen generation, and aer microwave irradia-
tion. As shown in the gures, the shape of the 3-D wire-frame-
like mesh, with a pore size of �230 mm, was maintained
before and aer hydrogen generation as well as aer microwave
irradiation. In the enlarged FE-SEM image shown in the bottom
in Fig. 3(a), the oxidized surface of the nickel oxide, which
RSC Adv., 2018, 8, 37958–37964 | 37961
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showed a smooth surface before hydrogen generation, appears
to be a somewhat white-colored area aer hydrogen generation.
In addition, aer microwave irradiation, the reduced white-
colored area conrmed that the oxidized surface was slightly
reduced. The porous structure of the macroporous nickel-oxide
structure was evaluated from the adsorption arms of the
isotherms based on the Barrett–Joyner–Halenda (BJH) model.
As shown in Fig. 3(b), the measured BET areas of the macro-
porous nickel-oxide structure before and aer hydrogen
generation and aer microwave irradiation were 0.53, 0.56, and
0.49 m2 g�1, respectively. From the values of these similar BET
areas, it can be deduced that the macroporous nickel-oxide
structure maintains the same structure in the two-step ther-
mochemical cycles, oxidation step, and reduction step, indi-
cating that hydrogen gas could be constantly produced during
the hydrogen generation/regeneration or reduction processes.

Fig. 3(c) shows the XRD results of the macroporous nickel-
oxide structure under three different conditions, before
hydrogen generation, aer hydrogen generation, and aer
microwave irradiation (reduction) with PVP. Three main peaks
(2q), 44.5�, 51.8�, and 76.1�, corresponding to the (111), (200),
and (220) planes of Ni, respectively, were observed on the
oxygen-vacancy-rich macroporous nickel-oxide structure before
hydrogen generation (ICDD PDF card 87-0712, JCPDS 2001).
Aer hydrogen generation, the peaks corresponding to Ni were
slightly reduced and the peaks corresponding to NiOx appeared.
In other words, ve weak peaks (2q), 37.4�, 43.4�, 62.9�, 75.4�,
and 79.4�, corresponding to the (111), (200), (220), (311), and
(222) crystal planes, respectively, of cubic NiOx were observed
on the oxygen-rich macroporous nickel-oxide structure aer
hydrogen generation (JCPDS card no. 73-1523).21–23 Microwave
irradiation as a reduction process changed the oxygen-rich
Fig. 4 XPS spectra of the macroporous nickel-oxide structure before an
2p3/2 ((a), (b) and (c), respectively) and O 1s ((d), (e) and (f), respectively)

37962 | RSC Adv., 2018, 8, 37958–37964
macroporous nickel-oxide structure to an oxygen-vacancy-rich
macroporous nickel-oxide structure. This result can be
conrmed from the observation that the XRD peak aer
microwave irradiation shows that the intensities of the ve
peaks (2q) corresponding to NiOx have decreased. These results
indicate that the process of microwave irradiation is effective for
releasing abundant oxygen that existed on the macroporous
nickel-oxide structure.

In addition, the chemical composition and chemical states
of the surface of the macroporous nickel-oxide structure were
observed by XPS analysis. The macroporous nickel-oxide
structure used to generate hydrogen, in this study, reacted
with water vapor and formed the oxygen-rich layer on its
surface. To continuously regenerate hydrogen, the oxygen-rich
layer formed on the nickel surface must be removed again.
The oxygen release effect of microwave irradiation was exam-
ined by comparing the outermost layer present on the macro-
porous nickel-oxide structure in three steps, before hydrogen
generation, aer hydrogen generation, and aer microwave
irradiation. Fig. 4 shows the XPS spectra of Ni 2p3/2 and O 1s
before hydrogen generation (Fig. 4(a) and (d)), aer hydrogen
generation (Fig. 4(b) and (e)), and aer microwave irradiation
(reduction) with PVP (Fig. 4(c) and (f)). Before hydrogen gener-
ation, the pristine macroporous nickel-oxide structure showed
a broad satellite peak corresponding to the binding energies of
NiOOH (857.1 eV for Ni 2p3/2, 530.6 and 531.7 eV for O 1s) in
Ni3+ and NiO (854.0 eV for Ni 2p3/2, 529.1 eV for O 1s) and
Ni(OH)2 (855.6 eV for Ni 2p3/2, 530.6 eV for O 1s) in Ni2+.24–28 The
shake-up-related satellite (broad peak at �861 eV for Ni 2p3/2)
was also observed due to excitation to a higher energy level
through the interactions of outgoing electrons and valence
electrons.29,30 On the contrary, the area ratio of the [Ni(OH)2 and
d after hydrogen generation, and after microwave irradiation in the Ni
regions.

This journal is © The Royal Society of Chemistry 2018
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NiOOH]/NiO peaks increased to 1.07 aer hydrogen generation
compared to 0.88 before hydrogen generation because the
macroporous nickel-oxide structure that reacted with the water
vapor formed an oxygen layer on its surface by absorbing oxygen
from the water vapor.25 Aer microwave irradiation, the area
ratio of the [Ni(OH)2 and NiOOH]/NiO peaks decreased to 0.88.
Fig. 4(d)–(f) show the change in area ratios of the [Ni(OH)2 and
NiOOH]/NiO peaks, with the areas of the NiOOH peak (530.6
and 531.7 eV), the Ni(OH)2 peak (530.6 eV), and the NiO peak
(529.1 eV) in the O 1s state changing to 0.67 (before hydrogen
generation), 0.73 (aer hydrogen generation), and 0.67 (aer
microwave irradiation), respectively. Aer microwave irradia-
tion with PVP, these three peaks decreased to the level before
hydrogen generation due to the reduction effect. Observation of
the Ni 2p3/2 and O 1s peaks of the macroporous nickel-oxide
structure showed whether nickel-oxide was oxygen-saturated
or oxygen-decient. The amount of oxygen vacancies of nickel-
oxide reduced aer hydrogen generation could be recovered
to the state before hydrogen generation by microwave irradia-
tion with PVP. In addition, several redox cycles exhibited
Fig. 5 (a) Hydrogen generation characteristics of six repeatable
hydrogen generation cycles after the oxygen reduction process under
microwave irradiation (regeneration). (b) Time profiles of hydrogen
degradation (C/C0) during the six repeatable hydrogen generation
cycles.

This journal is © The Royal Society of Chemistry 2018
chemical compositions similar to the macroporous nickel-oxide
structure by microwave irradiation with almost similar chem-
ical composition ratios before hydrogen generation and aer
microwave irradiation. These results showed that the amount of
hydrogen produced remains the same regardless of the number
of redox cycles.

Fig. 5(a) shows the amount of hydrogen generated from the
macroporous nickel-oxide structure during six cycles of
hydrogen generation/regeneration, which initially increased
sharply, then gradually decreased aer 20 min. This is because
the surface of the macroporous nickel-oxide structures reacting
with the water vapor increasingly oxidizes during hydrogen
generation. The amount of hydrogen generated became �30%
of the initial amount at�200 min aer the hydrogen generation
process; this time was dened as a time point from one cycle to
the next cycle. The maximum hydrogen generation rate during
the repeated hydrogen generation process was �10.0
mmol min�1 g�1. The total amount of hydrogen produced
during one cycle of 200 min was �750 mmol g�1. Fig. 5(b) shows
the degradation rates (C/C0) for hydrogen generation during
repetitive hydrogen generation/regeneration cycles by micro-
wave irradiation of the macroporous nickel-oxide structure. It is
worth noting that C0 is the maximum amount of hydrogen and
C is the amount of hydrogen at a certain time. The similar C/C0

values from the six cycles of hydrogen generation-regeneration
proved that this reduction method of microwave irradiation
with PVP for the hydrogen regeneration process is very stable.
4. Conclusions

In summary, a reduction method for continuous hydrogen
regeneration, in which oxygen-saturated metal oxides aer
hydrogen generation are converted to oxygen-decient metal
oxides again by microwave irradiation, was studied. The mac-
roporous nickel-oxide structure, used as a metal oxide catalyst
for hydrogen generation, can produce a maximum hydrogen
generation rate of �10.0 mmol min�1 g�1 at 800 �C by the
thermochemical water splitting method. Aer this, it was
possible to regenerate hydrogen at almost the same level as the
initial hydrogen generation rate under repeated hydrogen
generation/regeneration cycles using the reduction process
through microwave irradiation with PVP instead of conven-
tional high-temperature heat treatment. Though it will be
slightly different depending on the equipment, for instance if
temperatures in the range of 1000–2500 �C for 1 h are used for
the oxygen reduction process, 7.7–13.9 kJ is required for high-
temperature heat treatment. If the proposed microwave irradi-
ation is used with a household microwave oven, the oxygen
reduction process can be performed at 0.047 kJ (600 W, 180 s).
Thus, microwave irradiation can reduce power consumption by
�4% compared to high-temperature heat treatment. As a result,
through repeated hydrogen regeneration cycles, a total amount
of �750 mmol g�1 of generated hydrogen can be produced per
cycle. The amount of generated hydrogen can produce energy 10
times higher than the required energy for microwave irradia-
tion. This has the advantage that the energy consumption
RSC Adv., 2018, 8, 37958–37964 | 37963
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required for hydrogen regeneration can be reduced and the
hydrogen generation efficiency can be improved.
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