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Abstract

Three different concepts for H2–Cl2 fuel cells have been evaluated. An ordinary PEM fuel cell based on a Nafion
membrane, a fuel cell based on a combination of circulating hydrochloric acid and a Nafion membrane and a system
based on a phosphoric acid doped Polybenzimidazole (PBI) membrane. None of the investigated systems were able
to demonstrate stable operation under the conditions used in this study, due to electrocatalyst corrosion, membrane
dehydration and/or electrode flooding. All systems studied achieved open circuit voltages close to the reversible
thermodynamic value for production of aqueous hydrochloric acid, suggesting formation of dissolved HCl in the
electrolyte and fast electrode kinetics.

1. Introduction

Fuel cells are in general used as generators for electric
energy, either for mobile or stationary applications. The
fuel may either be pure hydrogen, a hydrogen rich fuel
or a hydrocarbon. The oxidant in all these cases is
oxygen, either pure or more commonly from air. In a
H2–Cl2 fuel cell, the oxidant (O2) has been substituted
by chlorine. Hence the product from such systems is not
water, but hydrogen chloride.
The use of H2–Cl2 fuel cells has been investigated both

for space and ground applications [1–5] due to the faster
electrode kinetics for the chlorine reduction compared
to oxygen reduction, which implicates a possible higher
energy efficiency of systems applying Cl2 rather than O2.
For reversible energy storage systems, where HCl is split
into H2 and Cl2 by electrolysis in periods with excess of
electric energy and converted to HCl in a fuel cell during
periods of demands of electric energy, the overall energy
efficiency has been calculated to be about 70% [3, 6].
Corresponding systems applying oxygen as oxidant and
water as the reaction medium are commonly operating
at an energy efficiency of around 50% [7]. The use of
H2–Cl2 fuel cells for industrial applications has been
proposed for plants having excess of hydrogen and
chlorine readily available and where HCl is needed in
the process, such as the chlor-alkali industry. Energy
savings for such plants obtained by applying this
technology has been estimated to be 2% when using
5% of the produced hydrogen and chlorine for pro-
duction of HCl required for brine acidification [5].

Furthermore, the use of such units in other industries
where chlorine is produced, e.g. in magnesium electro-
winning, can be beneficial both with respect to economy
and environmental considerations. The electrochemical
conversion of hydrogen and chlorine to hydrogen
chloride rather than by combustion will supply high
value electric energy instead of low value heat.
From a constructional point of view, a H2–Cl2 fuel

cell could use any electrolyte being either proton or
chloride conducting. Depending on the electrolyte, the
characteristics of the system will vary. The purpose of
this work was to study the possibility of developing a
H2–Cl2 fuel cell system for industrial applications by
considering three different cell configurations, and
define the characteristics of each of these systems. The
three systems were: (a) a conventional PEM fuel cell
applying a Nafion membrane, (b) a composite system
applying an aqueous HCl electrolyte and Nafion mem-
brane and (c) a phosphoric acid doped PBI membrane
fuel cell operating at intermediate temperatures (150–
175 �C).

2. Experimental

2.1. Nafion PEM fuel cell

A fuel cell with cylindrical graphite current collectors
with serpentine flow fields was used. The active electrode
area was 5 cm2. The membrane electrode assemblies
(MEA) were constructed using ELAT gas diffusion
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electrodes (E-TEK) with a 20 wt% Pt/C catalyst loading
of 1 mg Pt cm)2 and a Nafion content of 0.8 mg cm)2

hot pressed at 130 �C and a pressure of 10 MPa for
3 min onto a Nafion 115 membrane. The mechanical
pressure on the MEA after being loaded into the fuel cell
housing was controlled by a pneumatic piston and was
set to 1 MPa. The gases, hydrogen (5.0 AGA) and
chlorine (2.8 Gerling Holtz) were humidified by ther-
mostatically controlled bubble humidifiers. The humid-
ifiers consisted of an inner saturation tank heated by a
water filled outer tank, both made of glass. Steady state
polarisation curves were recorded using a Bank HP 20–
16 potentiostat connected with Hyscan (Bank Electron-
ics) interface. The cell was operated at 60 �C with a
humidification temperature of 90 �C.

2.2. Composite aqueous/Nafion electrolyte

The composite aqueous system is a further development
of the cell examined previously [8] and a conventional
Nafion PEM fuel cell. The intention behind the merging
of these two technologies was to solve problems with
humidification of the Nafion membrane observed in
earlier work and to isolate the platinum catalyst at the
anode from the corrosive, chlorine rich liquid electro-
lyte. The addition of a Nafion membrane to the aqueous
system also fills the role as a physical separator to
prevent mixing of the reactant gases which, for safety
reasons, would most probably be required in an
industrial system. In earlier work [8] it was found that
the platinum catalyst exposed to the aqueous electrolyte,
especially that on the cathode, corroded and probably
dissolved as hexachloroplatinic acid (H2PtCl6). It was
therefore decided to use ruthenium oxide as the cathode
catalyst for this fuel cell.
Figure 1 shows a schematic illustration of the cell

construction. The fuel cell housing consisted of two
graphite current collectors with double serpentine flow
fields, a carbon paper anode attached to a Nafion 117
membrane, a PPS (polyphenylsulphone) cloth separator,
a carbon paper cathode and a silicon gasket. The
graphite current collectors included inlets and outlets for
the circulating liquid HCl electrolyte. The PPS cloth acts
as a spacer between the electrodes making it possible to
apply a mechanical pressure to the electrodes and
simultaneously supplying space for the circulating elec-
trolyte.

2.2.1. Cathode preparation
The cathodes were constructed of ELAT carbon paper
(E-TEK) with various amounts of Teflon impregnation
(0–60 wt%). Catalyst inks were prepared using com-
mercial unsupported RuO2 catalyst (Alpha Aesar). The
catalyst was mixed with various amounts of Teflon
suspension and isopropanol to produce a range of
catalysts with different degrees of wet-proofing. The
mixture was stirred and ultrasonicated for several hours
before application to the cathode carbon paper electrode
using an air-brush (Badger), with the carbon electrode

placed on a thermal-controlled heating plate. After
spraying, the electrode was dried in a forced convection
oven at 150 �C for one hour.

2.2.2. Membrane and MEA preparation
The Nafion 117 membranes were treated by immersion
in 85 �C 18.2 MW distilled water for 15 min, thereafter
in 5% H2O2 (Merck p.a.) for 30 min and washed with
distilled water and ion exchanged twice in 0.05 M
H2SO4 (Merck p.a.), each time for 30 min. After ion
exchange, the membranes were washed thoroughly by
immersion in distilled water four times, each for about
15 min. The membranes were then cut in rectangular
pieces and stored in purified water. Commercially
available ELAT gas diffusion electrodes (E-TEK) with
a 20 wt% Pt/C catalyst loading of 1 mg Pt cm)2 were
used as anodes. A rectangular piece of Nafion mem-
brane was gently dried with a lint free paper, sand-
wiched with a 6.5 cm2 rectangular anode piece between
two thin Teflon sheets and hot-pressed for 3 min at
130 �C and 10 MPa. The MEA was then cooled and
placed in purified water until mounted in the cell.

2.2.3. Fuel cell testing
The cell was assembled using a torque of 0.15 N m on
the bolts. All experiments reported here were conducted
at room temperature and atmospheric pressure. The
gases, hydrogen (5.0 AGA) and chlorine (2.8 Gerling
Holtz), were fed to the cell with no pre heating or
humidification and exited the cell through a water
column to create a small overpressure inside the cell
(10 cm H2O). The fuel cell was controlled using a
Solartron SI1287 electrochemical interface. Quasi stea-
dy-state polarisation curves were recorded at an oper-
ating temperature of 25 �C by sweeping the potential at
1 mV s)1 from open circuit to approx. 0.2 V and then

Fig. 1. Schematic illustration of the hybrid fuel cell construction.
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reversed. The HCl liquid electrolyte circulated from a
thermally controlled external reservoir through the cell
at a rate of 2 ml s)1 via a peristaltic pump. The HCl
electrolyte concentration was varied between 1 and
5 mol dm)3.

2.3. PBI fuel cell

2.3.1. Fuel cell construction and testing
The MEA consisted of a phosphoric acid doped PBI
membrane with attached gas diffusion electrodes. The
catalyst loading was 0.4 mg 50 wt% Pt/C cm)2 on the
anode and 0.6 mg 50 wt% Pt/C cm)2 on the cathode.
Further details of the experimental cell and MEA
preparation can be found in [9]. The MEA was mounted
in a graphite fuel cell housing (Electrochem) with an
active area of 6.25 cm2. The housing was fitted with
heating elements and the cell temperature was measured
by a thermocouple and controlled by a PID regulator.
The fuel cell was controlled using a Solartron SI1287
electrochemical interface and quasi steady-state polari-
sation curves were recorded by sweeping the potential at
1 mV s)1 from open circuit to approx. 0.2 V and then
reversed to open circuit at temperatures between 125
and 175 �C and atmospheric pressure. Hydrogen (5.0
AGA) and either chlorine (2.8 Gerling Holtz) or oxygen
(2.0 AGA) was humidified by passing through bubble
flasks with purified water at room temperature.

2.3.2. Resistance measurements
The ohmic resistance in a fuel cell may be assessed either
by current interrupt techniques or by high frequency
impedance measurements [10, 11]. The current interrupt
technique is easier to implement and requires less
equipment. Current interrupt is based on breaking the
electronic circuit and measuring the potential transient
of the cell. The cell voltage of a fuel cell consists of
various components and may be expressed as:

E ¼ Erev �
X

g� IRcell ð1Þ

where
P

g is the sum of the overvoltages related to the
electrode kinetics, IR is the potential drop due to the
ohmic resistance in the electrodes and electrolyte and
Erev is the thermodynamical voltage of the cell. Both the
overpotentials and the ohmic potential drop are depen-
dent on the current passing in the system. The voltage
change at the moment the circuit is broken, DEinst, is
related to the circuit resistance through Ohm’s law:

DEinst ¼ RcellDI ð2Þ

In a real electrochemical cell, the local current in parts
of the cell might not drop instantly to zero due to
electrochemical processes occuring in the electrodes. In a
fuel cell, this will lead to a potential gradient through the
porous electrodes and the resistance estimated from Eq.
(2) will be too high; that is, some of the polarization
overvoltage is erroneously attributed to the ohmic
resistance of the cell. The potential relaxation of the

porous electrodes is closely connected to the exchange
current density, i0, of the electrochemical reactions and
the error in the estimated ohmic resistance increases
with decreasing i0 [11].
The resistance in the PBI fuel cell was measured using

the current-interruption technique. An electrical switch
was installed between the counter electrode and the
potentiostat and a digital oscilloscope (Pico-technolo-
gies) was used to measure the voltage transient from the
interruption of the circuit. The cell was run galvano-
statically at current densities of approx. 0.2 A cm)2

during these measurements. Figure 2 shows a typical
voltage transient for the fuel cell at current interruption.
Immediately after the circuit break the voltage signal

is noisy, making it impossible to select a representative
value for the cell potential. Instead, the voltage change
at the current interrupt can be calculated by extrapo-
lating a linear fit to the data recorded some time after
the interruption back to t=0 as shown in Figure 2.
The cell was fed with oxygen and operated galvano-

statically until a stable potential and resistance was
obtained. The feed was then changed to chlorine gas
(t=0) and several consecutive current interruption
measurements were performed until relatively stable
values of the cell voltage and resistance were observed.

3. Results and discussion

3.1. General thermodynamics

A simple thermodynamic overview of the temperature
dependence of the open circuit voltage of the hydrogen–
chlorine fuel cell is presented in Figure 3. Thermody-
namic data for the reactants and products at 25 �C [12]
have been used to calculate the cell voltage dependency
for an aqueous and gaseous reaction respectively.

1=2 H2ðaqÞ þ 1=2 Cl2ðaqÞ Ð HClðaqÞ ð3Þ
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Fig. 2. Typical cell voltage transient after current interruption.
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1=2 H2ðgÞ þ 1=2 Cl2ðgÞ Ð HClðgÞ ð4Þ

It is clearly seen that due to the strong exothermic
energy associated with dissolution of hydrogen chloride
in water, the theoretical cell voltage will be strongly
dependent on the system in question. For a system
where the product is an aqueous solution of HCl, the
maximum theoretical cell voltage is 1.39 V at 25 �C at
standard conditions, while a gaseous reaction would
only yield cell voltage of 0.98 V. It is also interesting
that the voltage of the aqueous system decreases with
increasing temperature, while the gaseous system dis-
plays a slight increase in cell voltage. This rather
unexpected behaviour of the gaseous system is due to
the negative entropy term in this reaction.

3.2. Nafion PEM fuel cell

The results of steady state polarisation of the Nafion
fuel cell using oxygen and chlorine as cathode feed are
given in Figure 4. The cells are operated at 60 �C and
with gas humidification of both anode and cathode
gases.
The open circuit voltage is drastically increased (from

0.9 V to 1.35 V) when switching from oxygen to
chlorine as oxidant. However, the maximum electrical
power output is not increased. The data points from the
polarisation of the chlorine fed cell show a much larger
scatter than for the oxygen fuel cell as the current output
at a given potential constantly decreases with time. This
demonstrates the unstable behaviour of the system
compared to the oxygen fuelled cell. It is also clearly
seen that the resistance of the cell fed with chlorine is
much higher than that of the oxygen cell, as the slope of
the Cl2 polarisation curve is much steeper than that for

oxygen. This indication of a membrane conductivity
decrease was further investigated by electrochemical
impedance spectroscopy at various potentials. This
showed values for the cell resistance of 0.35 W for the
oxygen cell and a value of 0.5–1.0 W for the chlorine fed
cell. This increase in cell resistance is most probably due
to the removal of water in the membrane by the
hydrochloric acid produced. A reduction in water
content in the Nafion membrane will drastically reduce
the proton conductivity and thus yield a higher ohmic
resistance in the cell [13]. A reduction in electrolyte
conductivity will also influence the potential and current
distribution in the porous electrodes so that the utilisa-
tion of the available electrocatalyst is reduced.
From Figure 4 it can be seen that the overpotential

for oxygen reduction is in the order of 400 mV before
any appreciable current is supplied by the cell. For the
cell fuelled with chlorine however, a significant amount
of current is produced after a polarisation of 50 mV.
This strongly indicates that the kinetics of the chlorine
reduction reaction is much better than the kinetics for
oxygen reduction.

3.3. Composite aqueous/Nafion electrolyte

A typical steady state polarisation curve of the fuel cell
with an electrolyte consisting of both a liquid circulating
electrolyte and a Nafion membrane is shown in Fig-
ure 5. It can be observed from the linear current/
potential curve at low currents that the open circuit
potential is close to the thermodynamical value and that
the activation overpotential appears to be small. A mass
transport controlled behaviour is apparent at current
densities above 0.3 A cm)2.
Under operation, leakage of electrolyte through the

electrodes and into the gas channels was a constant
problem, especially on the cathode side. Intrusion of
chlorine gas into the electrolyte was also frequently
observed. Multiple electrodes with varying amounts of
Teflon impregnation, both in the gas diffusion layer and

Fig. 3. Temperature dependence of the thermodynamic cell voltages

of the hydrogen–chlorine fuel cell with an aqueous or gaseous phase

reaction.

Fig. 4. Polarisation curves obtained from Nafion fuel cell operated

on oxygen and chlorine at 60 �C.
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the catalyst layer, was tested and a reduction of leakage
was observed with high degrees of electrode wet
proofing. However, no significant difference in the
performance or operating stability of the fuel cell was
established. In addition to an irregular cell performance,
the reproducibility between identical electrodes was
poor.
The high open circuit voltage of this fuel cell indicates

that the majority of the produced HCl is dissolved in the
aqueous phase. At standard conditions, the thermody-
namical potential of the chlorine electrode is 1.36 V for
formation of aqueous HCl compared to 0.98 V for
gaseous HCl. In this system, with an aqueous electrolyte
in which the formed HCl is dissolved, the liquid phase
has to be circulated to remove the product from the cell.
A gradual increase in HCl concentration in the electro-
lyte itself would unavoidably cause an unevenness of the
current distribution along the electrode and/or through
the stack due to a change in the reversible voltage of the
system. A more detailed analysis of these effects is
performed in [14].

3.4. PBI fuel cell

3.4.1. Polarization curves
Figure 6 shows polarisation curves for the PBI fuel cell
running on oxygen (full lines) and chlorine (dashed
lines) at 175 �C. There is a significant difference in the
open circuit cell voltage when operating on oxygen or
chlorine. The OCP of the oxygen-fed cell lies several
hundred millivolts below the thermodynamic value,
while for chlorine the theoretical and actual cell voltage
are nearly identical. The different lines were recorded in
chronological order, from (a) to (f). The first polarisa-
tion (a) was performed using oxygen as feed. The feed
was then changed to chlorine and curves (b) to (d) was
recorded successively. The feed was then changed back
to oxygen and curves (e) and (f) was recorded with an
hour of operation at 0.4 V between the curves.

The open circuit voltage of the cell when operated on
chlorine is 1.15 V, which is close the thermodynamic
potential for formation of aqueous HCl. This indicates
that the produced HCl is formed as a dissolved species
in the immobilized phosphoric acid in the polymer
matrix and not directly as gaseous HCl. Based on the
high open circuit voltage it can be assumed that the
kinetics for the reduction of chlorine is also rapid in this
system. The three curves b, c and d were as previously
stated, recorded in chronological order and it is clearly
seen that the performance of the fuel cell decreases
rapidly with time. This decrease may be attributed to
either catalyst degradation, reduction of the ionic
conductivity of the polymer electrolyte or a combination
of these. The cell was then switched to an oxygen feed
and a polarization curve was recorded (curve e). The
resulting performance was poor. However, a slight
increase in performance was observed during the
recording of the polarisation curve and after running
the cell at 0.4 V for approximately one hour another
polarisation curve was recorded (curve f). The curve
shows that performance had improved drastically and
approached that prior to exposing it to chlorine.

3.4.2. Resistance measurements
To further elucidate the cause of the reduction in cell
performance when feeding the cell with chlorine, current
interruption measurements were performed on the cell
while changing the feed from oxygen to chlorine. The
current-interrupt resistance measurements of the PBI
fuel cell can be seen in Figure 7. The open circles
represent the cell resistance (Rcell) and voltage (Uc),
while the open squares are the calculated iR-free cell
voltage. When fed with oxygen, the value of the cell
resistance was found to be close to 0.2 W cm)2. Switch-
ing to a chlorine feed, the cell resistance increased
rapidly reaching values close to 0.5 W cm)2 within

Fig. 5. Polarisation curves obtained from the composite fuel cell

operated on 3 mol dm)3 HCl and an operating temperature of

25 �C.
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Fig. 6. Polarisation curves obtained from PBI fuel cell operated at
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30 min of operation. The resistance further increased to
a stable value of 0.55 W cm)2 during the next 2 h. The
full lines in Figure 7 represent a logarithmic increase/
decline of the cell resistance and voltage respectively,
while the dashed curve represent a linear decrease in the
iR-corrected cell voltage.
The drastic increase in cell resistance occuring almost

instantaneously after changing to chlorine shows that it
is most probably a decrease in the conductivity of the
polymer electrolyte that causes the reduction in cell
performance and not a degradation of the catalyst. HCl
is hygroscopic. Most probably, the production of HCl in
the fuel cell causes removal of water from the system
and forces the phosphoric acid in the membrane to
polymerize to pyrophosphoric acid or higher oligomers
[15, 16].

H3PO4 ! H4P2O7 ! H� ðHPO3Þn �OH ð5Þ

This polymerization reaction reduces the proton
transport ability of the electrolyte and thus increases
the resistance of the cell. It is also possible that the
formed HCl replaces the phosphoric acid in the mem-
brane, the conductivity of HCl-doped PBI being at least
10 times lower than PBI doped with phosphoric acid
[17]. However, since the performance increased on
reverting to oxygen (Figure 6) with the consequential
production of water inside the polymer electrolyte, it is
more probable that the polymerization of phosphoric
acid is the cause of the increased cell resistance.
If an increase in ohmic resistance in the membrane is

the only effect of dehydration of the membrane, an iR-
corrected cell voltage should be constant with time.
From Figure 6 it can be seen that the iR-corrected cell
voltage shows a linear decrease with time; thus a simple
increase of the membrane resistance cannot fully explain
the reduction in performance. A fuel cell electrode has a
porous, three dimensional structure consisting of poly-
mer electrolyte, gas pores and a electronically conduc-
tive phase. Considering this, an increase in resistance
of the polymer electrolyte will decrease the effective

utilization of the catalyst particles furthest away from
the membrane. This is effectively the same as decreasing
the active catalytic area and will have an additional
negative effect on cell performance. It is therefore not
necessarily corrosion of the platinum catalyst occuring
in this system.
To investigate the possibility of platinum catalyst

degradation, an oxide catalyst, expected to be more
stable, was tested. An MEA with a cathode containing
2 mg cm)2 IrO2 as electrocatalyst was prepared using
the same procedure as described in section 1. However,
the cell showed similar behaviour with loss of perfor-
mance and an increase in resistance. Thus, a rapid
degradation of the cathode platinum electrocatalyst can
be considered to be unlikely. The long term catalyst
stability however, might be poor. The degree of gas
humidification was also increased to see if this could
counteract the resistance increase. The bubble flask was
immersed in a temperature controlled water bath and
the cell was run at a constant potential of 0.6 V. No
appreciable change in cell performance was observed on
increasing the bath temperature from room temperature
up to 80 �C
A possible solution to the problem of water removal

and the subsequent conductivity decrease of the PBI
membrane might be to include a certain amount of
oxygen bleed into the chlorine flow. This addition of
oxygen would, at low enough cell voltages, lead to
production of water inside the membrane and possibly
retard the polymerisation of phosphoric acid.

3.5. Comparison of the fuel cell systems

The systems studied possess different properties which
are more or less advantageous. All have a rather high
open circuit voltage compared to ordinary hydrogen–
oxygen fuel cells and the chlorine electrode kinetics are
far better than for the oxygen electrode. Both of these
properties lay a good foundation for a fuel cell system
with high power density and energy efficiency. However,
all the systems studied suffer from severe stability
problems.
The main issue for the two cell designs with a solid

polymer electrolyte seems to be the highly hygroscopic
nature of HCl. Both systems need a certain amount of
water to maintain an appreciable electrolyte conductiv-
ity and with the production of large amounts of HCl,
essentially all water is removed from the system. Even
with a high degree of humidification in the Nafion
system it was not possible to obtain proper water
management, neither was the low amount of water
needed in the PBI system [15, 18] able to remain in the
electrolyte.
The composite system was designed to avoid the

humidification problem observed in the Nafion system
and seemed to fulfill this task. However, the inclusion of
the liquid electrolyte dramatically increases the corro-
sivity of the system since it consists of a highly acidic
aqueous solution with large amounts of aggressive

Fig. 7. Current interrupt measurements of PBI fuel cell switched

from oxygen to chlorine feed, galvanostatic operation 0.2 A cm)2.

Circles and full lines represent the cell voltage and cell resistance, the

open squares and dashed line are the iR-corrected cell voltage.
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chloride anions and dissolved oxidative chlorine. The
liquid HCl electrolyte has a low viscosity and the surface
tension of HCl solutions is lower than that of water [19].
These physical properties make it extremely hard to
contain the electrolyte and place stringent design con-
ditions on the cell housing, gas diffusion electrodes and
auxiliary equipment.

4. Conclusions

Three low temperature fuel cell designs were evaluated
for use as a hydrogen–chlorine fuel cell for co-produc-
tion of hydrochloric acid and electric power. It was
found that the chlorine reduction kinetics are much
faster than the corresponding oxygen reduction reac-
tion, leading to low activation losses at the fuel cell
cathode. However, the nature of the reactant, chlorine,
and the product, HCl, places strict demands on the
corrosion resistance of the construction materials and
drastically increases the difficulties related to water
management in the cells. Due to these effects, none of
the investigated systems were able to demonstrate stable
operation under the conditions used in this study. The
PBI cell showed best potential and seems to be the
system in which the humidification and corrosion
difficulties can most easily be remedied. The first design
criteria for such a system should be the minimisation of
the existence of liquid water, ideally a hydrogen/chlorine
fuel cell system should operate in a totally water free
environment and consist of a high temperature proton
conductor.
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