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Abstract
The framework about combined electrolysis fuel cell (CEFC) was reported
previously [H. Matsushima et al., Energy, 2005; 30; 2413]. The purpose of the present
study focused on measuring the separation factor and the energy reduction by
assembling CEFC system. The separation of deuterium was studied with a 1-M KOH
electrolyte containing 10 at% deuterium. Polarization plots of alkaline water electrolysis
(AWE) revealed relationships between the catalytic activity of the hydrogen evolution
reaction and the deuterium separation factor. The power loss was mainly attributed to
gas bubble evolution. For polymer electrolyte fuel cells (PEFCs) with a Pt catalyst,
approximately 21% of the electrical energy could be recovered by reusing hydrogen gas
produced by the AWE. Furthermore, the PEFC could efficiently dilute protium in the
gas phase, resulting in a high separation factor of 30.2 for the CEFC.
Keywords: Void fraction; Electrolysis; Energy Efficiency; Fuel Cell
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1. Introduction
Hydrogen is one of the most abundant elements on the earth and has three
principal isotopes. It exists in nature as two main isotopes, protium (H) and deuterium
(D), although deuterium makes up only 150 ppm of naturally occurring hydrogen.
Deuterium and tritium (T) are important materials in the field of energy. In heavy-water
reactor designs, deuterium is used as a moderator for slow neutrons in fission reactions.
Tritium is produced as a by-product of this process. Nuclear fusion reactors are
expected to become part of future power systems and deuterium and tritium are used for
the D-T fusion reaction, which can release large amounts of energy [1]. However,
tritium contamination of water represents a hazard to human health and the
environment. Hence, decontamination technologies are required to enable efficient
separation and storage of tritium [2, 3].
The separation of hydrogen isotopes is difficult because their chemical
properties are very similar. Studies of this issue date back to the 1930s [4, 5] and
continue today. The major hydrogen separation processes used industrially [6], include:
distillation, which operates based on the difference in the equilibrium vapor pressure of
the isotopes [7]; chemical exchange, which is based on isotope exchange reactions on
catalysts [8]; and water electrolysis, which exploits differences in the kinetics of the
hydrogen evolution reaction (HER) between different isotopes [9-13]. Water
electrolysis is the most effective separation method and the separation factor has been
reported to be in the range of 5–8 for protium and deuterium [11, 13]. Although water
electrolysis has advantages in terms of its high separation factor, it has a critical
drawback in that it requires an enormous amount of electrical energy. Therefore,
combined electrolysis catalytic exchange (CECE) is commonly used. In CECE,
hydrogen generated from electrolysis is passed through a Pt catalysis column [14].
Hydrogen gas containing heavier isotopes is preferentially exchanged to the liquid
phase (ex. HDgas + H2Oliq → HDOliq + H2gas) at the Pt catalyst. Owing to the
spontaneous exchange reaction, CECE can enrich isotopes in the liquid phase without
any additional energy input. However, the high energy consumption remains
problematic for water electrolysis and practical constraints such as the need for a long
catalyst column limit throughput.
To address these issues, we have proposed new a hydrogen separation system,
named CEFC [15]. In this system, hydrogen and oxygen gases from electrolysis are
used for electricity generation in a fuel cell. This reaction enables a portion of the
energy used for electrolysis to be offset so that the external electrical power requirement
is greatly reduced.
2
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The essential problems of energy consumption are attributed to water
electrolysis in both CEFC and CECE. Many fundamental studies of HER kinetics have
been conducted [16-20]; however, practical engineering approaches have been
discussed less frequently. Formation of gas bubbles is one of the main problems for
operating water electrolysis at high current density [21-25]. The bubbles disperse into
the electrolyte and shield the electrode to markedly decrease the energy efficiency. Vogt
and coworkers have summarized the effects of bubbles during water electrolysis [26,
27].
To consider the full advantages of a CEFC system, it is necessary to
investigate not only energy consumption but also the synergetic effects of additional
separation in the fuel cell. It has been reported that the kinetic isotope effect of the
hydrogen oxidation reaction is also been observed in PEFCs [28-31]. Hence, CEFCs
have the potential to separate hydrogen isotopes more efficiently and cheaply than
CECEs. However, a combined system, in which AWE provides a fuel source, has not
yet been reported. In the present study, after the CEFC was fabricated by the
combination of AWE and PEFC, we investigated the energy efficiency and deuterium
separation ability of the system.
2. Experimental
2.1 AWE operation
AWE was performed in a small scale electrolyzer (Y5390, Pelmelec
Electrode Ltd., Japan), as shown in Fig. 1. A pure Ni electrode was used as the anode.
Three types of electrodes (Pt, Ni, and NiCo2O4) were used as the cathode. Both the
anode and cathode electrodes were mesh-shaped and their apparent surface area was 35
cm2. The electrodes were sandwiched by a thin porous membrane filter to separate the
anolyte and catholyte. Two mercury oxide electrodes (Hg/HgO) were used for reference
electrodes and were connected near the anode and cathode surface by a Lugging
capillary. Potassium hydroxide (1 M KOH) was used as the electrolyte. The deuterium
concentration of the solution was adjusted to 10 at% by addition of heavy water (99.9%
D2O, Sigma-Aldrich, Japan). The AWE was operated at a constant current density at
298 K. The transient behavior of the electrolysis voltage and the anode / cathode
potential were simultaneously recorded by a digital logger (Midi Logger GL220,
Graphtech, Japan).
The deuterium separation factor of AWE was measured by a quadrupole mass
spectrometer, Q-mass (Qulee-HGM 202, Ulvac Corp., Japan). The hydrogen gas
generated from the cathode directly flowed to the mass spectrometer through Line A
3

ACCEPTED MANUSCRIPT

(Fig. 2). The flow rate was controlled with a needle valve so that the total pressure in

Fig. 1 Schematic illustration of alkaline water electrolysis
cell. (a) Anode, (b) membrane, (c) cathode, (d) electrolyte,
(e) Luggin capillary, (f) reference electrode, (g) valve.

the mass spectrometer chamber was constant. The ion currents of the three gas species,
with masses m = 2, 3, and 4 representing H2, HD, and D2, respectively, were monitored
in-situ. Measurements were performed for at least 3 h to ensure steady state conditions.
2.2 PEFC operation
The PEFC set up has been described in our previous paper [29], therefore, only
the main points are mentioned here. Japan Automobile Research Institute (JARI)
standard cell (FC Development Corp., Japan) was used. The membrane electrode
assembly (50 × 50 mm2) was composed of a Nafion electrolyte (NRE-212) and two
catalytic layers loaded with platinum catalyst (Pt 0.50 mg cm−2). The cell was operated
at 298 K. The cell performance was investigated with the output current controlled by
an adjustable resistor (PLZ164WA, Kikusui Electronics Corp., Japan). Hydrogen gas
was supplied from the AWE. Electrolysis was performed at constant currents of 1, 3,
and 5 A. Pure oxygen gas was supplied directly from a gas bottle.
The separation factor of the PEFC was measured together with that of the
AWE. The outlet gas from the anode was connected to the mass spectrometer through
Line B (Fig. 2). By comparing the results from Line A and B, we discuss the separation
factor of the PEFC and CEFC, respectively.
3 Results and discussion
4
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3.1 AWE

Fig. 2 Schematic diagram of hydrogen gas line.
Separation factor symbols α are noted for each device.

Water electrolysis plays important roles in both isotope separation and
consumption of electrical energy in CEFCs. Typical cathode materials of AWEs are
selected from precious and non-precious metals, while the anode is fixed as pure Ni.
The electrolysis voltage VW across the cathode and anode was recorded. Figure 3 shows
the current/voltage plots. All cathode materials featured an onset voltage of
approximately 1.6 V. The curves measured for the Pt and Ni electrode were similar. The
Ni electrode was active for HER as expected from volcano plots [32]. Interestingly, Vw
of NiCo2O4 was smaller than the cell voltages of other materials when electrolysis was
operated at low current densities (i < 60 mA cm−2). The low value suggested a high
catalytic activity for HER.

Fig. 3 Current-voltage plots of AWE with various cathode
electrodes at 298 K (Pt, ●; Ni, ■; NiCo2O4, ▲).

The I-Vw plots of all the cathode materials changed at i > 10 mA cm−2. At this
current density gas bubble evolution was confirmed and bubble formation increased the
voltage markedly. Many fine bubbles of hydrogen (with diameters less than 1 mm)
detached from the electrode and moved upward owing to natural macroscopic
5
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convection [33]. The dispersed bubbles turned the appearance of the electrolyte milky
and many bubbles were evolved at a high current density (i > 80 mA cm−2). We did not
recognize any influence of the cathode materials on the hydrogen evolution behavior in
the present experiment. The oxygen bubbles coalesced with neighboring bubbles and
grew in diameter to 2–3 mm. The bubble size showed no dependence on the electrolysis
current. Some large bubbles detached and rose up while rolling on the electrode surface.

Fig. 4 Comparison of current-voltage (Vw, △), -Ni anode potential
(Ea, ○) and NiCo2O4 cathode potential (Ec, □) plots of AWE in 1
M KOH containing 10 at% deuterium at 298 K. Cross symbols
indicate |Ea| + |Ec|.

The gas bubbles apparently depressed the electrolysis efficiency as the applied
current was increased. Two reference electrodes were used at the cathode and anode to
estimate the voltage drop (IR drop). Figure 4 shows current-potential plots for the
NiCo2O4 cathode. The cathode potential Ec decreased with a Tafel slop of 0.13 V dec−1.
This value agrees well with that of other transition metal electrodes [34]. The linearity
of Ec suggested that the reaction area remained unchanged. The hydrophobic effect
likely induced hydrogen bubble to break off from the electrode surface. The anode
potential Ea deviated from the broken line when oxygen bubbles were evolved at i > 10
mA cm−2. This variation reached 0.18 V at 150 mA cm−2. We previously measured the
contact angle during electrolysis and found poor wettability [35]. Together with the
present results, we confirmed that oxygen bubbles reduced the reaction area by adhering
to and covering the Ni surface. At 150 mA cm−2 we estimated that the effective surface
coverage decreased to approximately 30% of the actual surface area [36].
The electrolysis voltage was almost equal to the sum of |Ea| and |Ec|, when
few gas bubbles were evolved. Thus, the ohmic resistance of the thin electrolyte
membrane could be ignored. However, the electrolysis voltage increased markedly at i
> 10 mA cm−2. The required overvoltage at 150 mA cm−2 was 0.84 V. This value was
6
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equivalent to approximately 30% of the electric power consumption (compared with the
sum of Ea and Ec, i.e., 2.8 V). This large energy loss was caused by the high void
fraction,   . Gas bubbles blocked the electrical pathway in the electrolyte and
reduced the apparent electric conductivity. The value of  was calculated by the
Bruggeman equation,

   



where  and  are the resistivity values of the electrolyte with and without gas bubbles,
respectively.
The voltage deviation of Fig. 4 was analyzed and the dependency of  on the
current density is shown in Fig. 5. The value of  contains factors from both hydrogen
and oxygen bubbles. The void remarkably increased with increasing current density ( i
≥ 7 mA cm−2), and approached a value of 0.8 at high current density. We have
previously reported on water electrolysis under microgravity conditions [35], where the
absence of buoyancy resulted in a close-packed bubble layer. The  value of the bubble
layer was 0.75, which was similar to that of the present results. It is likely that only a
small amount of electrolyte remained in the tiny gap between gas bubbles.

Fig. 5 Dependency of void fraction  on electrolysis current density
(referring to data in Fig. 3)

The ratio of protium and deuterium in the hydrogen gas was measured
during electrolysis. The ion currents of mass number m = 2, 3, and 4 were monitored
and assigned to H2 (m = 2), HD (m = 3) and D2 (m = 4), respectively [29]. The mass
spectrometer data suggested that almost all the hydrogen gas containing D was evolved
as HD molecules rather than as D2 (Table 1). This phenomenon was confirmed for all
the cathode materials tested. Here the deuterium separation factor αw of the AWE is
7
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defined by Eq.(2),
αw = ([H]/[D])g/([H]/[D])l,

(2)

where [H] and [D] are the molar concentration of protium and deuterium, and the
subscripts g and l indicate the gas and liquid phases of the electrolyte, respectively. The
values of αw are summarized in Table 2. The AWE contained a protium enriched gas
phase, while deuterium was concentrated in the electrolyte. The effectiveness of the
separation process was demonstrated over long term operation. The NiCo2O4 electrode
gave the highest separation (αw = 8.0) of all three samples. The cobalt metal is active for
reducing the oxides, especially the oxide layer weakly bonding with utmost metal
surface. The bare metal surface is suitable for HER, which is explained by Rowland
effect [13]. Thus, the present results suggested that, by lessening the overpotential of
HER, light water was preferentially taken part in the reduction reaction, as shown in
Fig. 3, the active electrode for HER gave better separation performance. This probably
attributed to the highest separation factor of NiCo2O4.
Table 1 Ion current data of mass spectrometer measured during AWE operation with the use of
several cathodes at 298 K (electrolysis current, 5 A; deuterium concentration, 10 at%).

Table 2 Deuterium separation factor w of AWE at
298 K for various of cathode materials.

3.2 CEFC
AWE occurred at the Ni cathode and the evolved hydrogen gas was directly
supplied to the PEFC. The flow rate was controlled by the electrolysis current. The
power current of the PEFC was adjusted from 0.0 to 4.0 A in 0.2 A increments, while
the AWE was operated at 5 A. Figure 6 shows the fuel cell voltage Vf and the power Pf
at various power currents. The open circuit voltage was approximately 1.0 V, which
8
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was a reasonable value considering that pure oxygen gas was used. When the PEFC was
initially operated at 0.2 A, the cell voltage dropped to 0.85 V because of the activation
overvoltage. Subsequently, the voltage decreased linearly with increasing power
current. This relationship was attributed mainly to the energy loss caused by the ohmic
resistance of the PEFC. We could operate the PEFC at up to 4.0 A and obtained a
maximum electric power of 2.8 W. However, this performance was poorer than that of
previous reports [39]. The main reason for this difference can be explained by the low
temperature of our experiments. Several undesirable factors such as the low
conductivity of Nafion, flooding problems, and inactivation of the catalyst occur at low
temperatures. However, it should be noted that the present power problem did not affect
the deuterium separation in CEFC, as discussed later.

Fig. 6 Cell voltage (●) and power (○) plots of PEFC operated with
hydrogen gas supplied from AWE in 1 M KOH containing 10 at%
deuterium at 298 K.

The PEFC was continuously operated and the outlet gas line (Line B) was
directly connected to the mass spectrometer, as shown in Fig. 2. The mass components
of the outlet gas from the PEFC anode were analyzed. The power current was increased
after we confirmed steady state data from the mass spectrometer. Figure 7 shows the ion
currents of m = 2, 3, 4. The open circuit potential (OCP) state was maintained for the
first hour of operation. The gas components without any electrochemical reactions were
also investigated. In our previous research, we used a cylinder of D2 gas and reported
that D2 molecules changed into HD through an isotope exchange reaction (H2 + D2 →
2HD) [28]. The present data suggested that the exchange reaction did not take place,
because hydrogen gas from the AWE had already been produced as HD molecular
(Table 1).

9
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Fig. 7 Transient behavior of mass spectra for mass numbers, m = 2
(red line), 3 (blue line) and 4 (green line) during PEFC operation
with hydrogen gas supplied from the AWE at 298 K. Arrows indicate
a change of the power current of the PEFC.

When the PEFC generated power, the ratios of both HD:H2 and D2:H2 gases
decreased, and the decrease depended on the power current. Thus, the gases containing
deuterium were preferentially consumed. This might be attributed to the kinetic
difference of the electrochemical oxidation reaction. Some researchers have reported
that the Tafel slope of deuterium oxidation reactions is a few mV smaller than that of
protium [19] and that the exchange current also differs [29]. It should be emphasized
that the reduction ratio of HD was smaller than that of D2. For example, the ionic
currents of HD and D2 decreased by approximately 70% and 90% compared with the
initial value, respectively. Thus, the effects on molecules of heavier mass were more
pronounced, indicating an isotope effect.
The deuterium separation factor f of the PEFC was investigated at several
electrolysis currents. We monitored the mass spectrometer data at the OCP and
confirmed that the deuterium concentration remained almost constant regardless of the
electrolysis current. The value of f was calculated as follows,
αf = ([H]/[D])after /([H]/[D])before ,

(3)

where the subscripts ‘after’ and ‘before’ indicate the ratio observed after and before
power generation by PEFC. Table 3 shows f and molar concentration of protium and
deuterium calculated by the ion current in Fig.7. To consider the energy efficiency of
the PEFC, the fuel utilization Uf is defined as follows,

10
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Uf = Vf / Vw ,

(4)

Table 3
Deuterium separation factor af of PEFC and molar concentration of protium and
deuterium measured after and before power generation operated at several power currents at 298 K.
.

where Vf is the gas volume consumed in the PEFC and Vw is the gas volume supplied
from the AWE. The value of f was plotted against Uf and showed a linear relationship,
as shown in Fig. 8.

Fig. 8 Dependence of the deuterium separation factor f on the
hydrogen utilization Uf of the PEFC during AWE operation at
various electrolysis currents (1 A, ▲; 3 A, ●; and 5 A, ■).

When the value of Uf was low, a large amount of hydrogen gas passed through the gas
diffusion layer (GDL) without making any contribution to the oxidation reaction. Thus,
the ratio of the unreacted gas decreased with increasing Uf, which likely contributed to
the observed linearity.
The AWE was performed at a constant current of 3 A when the separation of
CEFC was studied. As for the PEFC experiment, we changed the power current from 0
to 2.25 A and monitored the deuterium concentration from Line B (Fig. 2). The
separation factor c of the CEFC was defined as follows,
αc = ([H]/[D])after/([H]/[D])l.

11
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The power consumption of CEFC Pc was calculated as follows,
Pc = Pw  Pf,

(6)

where Pw is the electric consumption by the AWE. Figure 9 shows the relationship
between c and Pc. Table 4 summarizes Pc, c and molar concentration of protium and
deuterium at several power currents of fuel cell. Notably, when the PEFC was not
operated (red plot), c = 9.4 did not coincide with w = 7.2, as shown in Table 2. The
small improvement indicated that a small amount of the dissociated D2 could diffuse
and combine with water at the cathode side as previously reported [28]. The exchange
reaction occurs even at OCP between dissociated ions (H+ or D+) in Nafion membrane
and vapor (H2O) in cathode gas. Therefore, slight deuterium separation was observed.
Table 4

Pc, ac and molar concentration of protium and deuterium measured in CEFC system.

Fig. 9 Relationship between the deuterium separation factor c and
total power consumption of CEFC.

In terms of energy consumption, Pc was reduced with increasing Pf under
constant voltage AWE. A maximum electrical energy recovery of 21% was achieved at
Uf = 0.75 in the present experiment. The main factors contributing to the energy loss
12
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were the activation overpotential at the PEFC and the evolution of bubbles from AWE,
as discussed above. The separation factor increased markedly with decreasing Pc. This
was a desirable result for applications to separation. The value jumped to c = 30.2 at Pc
= 6.4 W. The value of c was almost equal to the product of w × f. Thus, the CEFC
could take advantage of the multiplier effect for isotope separation. Moreover, we
expected that our CEFC system could separate isotopes, using even less electrical
energy when operated at high temperature (ca. 353 K).
4. Conclusion
The CEFC system presented here clearly showed effective deuterium
separation through a combination of AWE and a PEFC. Our findings correlated well
with the expected kinetic isotope effects of these electrochemical reactions. More
detailed investigations of AWE, allowed us to identify an active electrode material for
HER, namely NiCo2O4, which showed an w of 8.0 in 1 M KOH containing 10 at%
deuterium. A large portion of the electrolysis power was consumed through the
evolution of bubbles. On the basis of studies of the ohmic resistance during electrolysis
we attributed these energy losses to the high void fraction of  ≈ 0.8 and the low surface
coverage of  ≈ 0.3. The mass spectra measured from the PEFC showed that the value
of f depended on hydrogen utilization, irrespective of the AWE conditions. The
application of the PEFC enabled recovery of approximately 21% of the electrical energy
and achieved a high separation factor of c = 30.2 at 298 K. These data indicate that
dual isotope separation by the combination of electrolysis and a fuel cell, is suitable for
applications to industrial separation processes. It can be used for making high purity
hydrogen isotopes used in not only the field of energy but also organic chemistry,
biochemistry, pharmaceutical research. The characteristics of CEFC system reducing
heavy hydrogen isotopes concentration in the gas are suitable for the wastewater
treatment of the reactor and recovering energy system [40]. Furthermore, it is also
helpful for demonstration of the industry developing for hydrogen energy society.
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Figure Captions
Table 1
Ion current data of mass spectrometer measured during AWE operation with the use of
several cathodes at 298 K (electrolysis current, 5 A; deuterium concentration, 10 at%).
Table 2
Deuterium separation factor w of AWE at 298 K for various of cathode materials.
Table 3
Deuterium separation factor f of PEFC and molar concentration of protium and
deuterium measured after and before power generation operated at several power
currents at 298 K.
Table 4
Pc, c and molar concentration of protium and deuterium measured in CEFC system
Figure 1
Schematic illustration of alkaline water electrolysis cell. (a) Anode, (b) membrane, (c)
cathode, (d) electrolyte, (e) Luggin capillary, (f) reference electrode, (g) valve.
Figure 2
Schematic diagram of hydrogen gas line. Separation factor symbols  are noted for each
device.
Figure 3
Current-voltage plots of AWE with various cathode electrodes at 298 K (Pt, ●; Ni, ■;
NiCo2O4, ▲).
Figure 4
Comparison of current-voltage (Vw, △), -Ni anode potential (Ea, ○) and NiCo2O4
cathode potential (Ec, □) plots of AWE in 1 M KOH containing 10 at% deuterium at
298 K. Cross symbols indicate |Ea| + |Ec|.
Figure 5
Dependency of void fraction  on electrolysis current density (referring to data in Fig.
14
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3).
Figure 6
Cell voltage (●) and power (○) plots of PEFC operated with hydrogen gas supplied from
AWE in 1 M KOH containing 10 at% deuterium at 298 K.
Figure 7
Transient behavior of mass spectra for mass numbers, m = 2 (red line), 3 (blue line) and
4 (green line) during PEFC operation with hydrogen gas supplied from the AWE at 298
K. Arrows indicate a change of the power current of the PEFC.
Figure 8
Dependence of the deuterium separation factor f on the hydrogen utilization Uf of the
PEFC during AWE operation at various electrolysis currents (1 A, ▲; 3 A, ●; and 5 A,
■).
Figure 9
Relationship between the deuterium separation factor c and total power consumption
of CEFC.
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Highlights
•Water electrolysis and polymer electrolyte fuel cell can separate hydrogen isotopes
•The fuel cell reduced electric power consumption by approximately 21%
•High separation factor was achieved by water electrolysis combined with a fuel cell

