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1 | INTRODUCTION

Summary

Cation exchange membranes need to have high permselectivity for protons to
make these membranes suitable for, for example, energy storage devices. Here,
we present the proof of concept for a proton selective membrane made of
hydrochloric acid-doped ice. The proton selectivity of this acid-doped ice mem-
brane is the result of defects in the ice structure, caused by the acid. Ice mem-
branes were made from different hydrochloric acid concentrations (0.1-2.0 M).
The proton permselectivity of all ice membranes was above 99.7% when both Na™
and K* were present. The resistivity decreased exponentially with the concentra-
tion of acid in the ice membrane, reaching a value of 12 Q.cm. The ice mem-
branes were tested in an electrochemical cell using the Fe/Fe** and Fe*"/Fe’*
redox couples, and a power density of 7 W/m? and OCV of 0.87 V were measured.
The resistance of the ice membrane increased with time as protons moved from
the ice structure, as determined from the higher pH of the ice after melting. These
expelled protons (and corresponding counter charged ions) were not replaced by
other mobile cations, indicating a permanent loss in conductivity, but not selectiv-
ity. To apply the ice membrane as a selective separator for protons in energy stor-
age devices in the future, the membrane thickness should be reduced and the

protons should be retained inside the ice.
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stored in a concentration difference of ions. For exam-
ple, the electricity produced by renewables can be used

Renewable energy technologies such as wind and solar
power are facing the problem of matching irregular pro-
duction with fluctuating demand. Storage of (large
quantities) of electrical energy is very much in need to
dampen this difference in supply and demand. One pop-
ular evolving solution is the development of concentra-
tion gradient batteries, which are electrochemical
storage technologies in which the electrical charge is

for the formation of a pH gradient in the acid-base-flow
battery.* In this acid-base battery, water is dissociated
into protons and hydroxide ions by the use of a bipolar
membrane, while charging the battery. In this way, elec-
trical energy is stored in a proton gradient. The energy
stored in this proton gradient can be harvested by re-
combining the protons and hydroxyl in the junction of
the bipolar membrane in a process called reverse
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electrodialysis. Other examples are water-based batteries
that make use of two different redox couples, for exam-
ple, all vanadium batteries, the Fe-Cr battery and the
Ce-V battery.>™®

Successful application of many electrochemical storage
technologies relies on selectively moving ions through the
membrane at the lowest possible energy loss.”® However,
all ion exchange membranes (both heterogeneous and
homogeneous) suffer from processes such as co-ion and
water transport and swelling, which after many charge/dis-
charge cycles lead to high energetic losses and low cycle
efficiencies as ions of the redox couples get mixed.”**

The challenge of non-ideal permselectivity of ion
exchange membranes in electrochemical cells has created
the need for further research into alternative materials
for such membranes. A membrane consisting of ice could
serve this purpose.

In solid state, water is a poor conductor of electricity
due to the presence of few ions in the molecular struc-
ture, and hence ice has a high ionic resistance. However,
the conductivity of ice can be enhanced by altering the
mobility of ions in the crystal structure by introducing
defects in the molecular ice structure. Four types of
defects have been identified as charge carriers in the
structure of ice namely H;0%, OH™, Bjerrum L and D-
defects.'” In the Bjerrum L defect, the hydrogen bond in
water has no proton, while in the Bjerrum D defect the
hydrogen bond in water has two protons. The first two
defects (H;0", OH™) enable ions to move through the
transfer of protons from one end of a hydrogen bond to
the neighbouring water molecule. In both Bjerrum
defects, protons move through the rotation of a water
molecule and the protons hop from one water bond to
the next one through the Grotthuss mechanism.'* The
conductivity in doped ice is assumed to be controlled by
the free migration of L defects.'*

The defects are the ionic charge carriers in ice and
can be introduced by incorporating impurities in the
crystal structure of ice, which is known as doping. Acids
(HF, HCl), ammonia (NH3), potassium hydroxide (KOH),
sodium hydroxide (NaOH) and their derivatives like
ammonium fluoride (NH4F) or potassium chloride (KCI)
cannot only be incorporated into the ice crystal, but they
can also alter the protonic charge carrier concentration
in the ice, creating a charged ice structure.'® By doping
the ice with different concentrations of acid, the charge
density of the solid ice structure can be altered.'® Due to
the presence of the defects inside the ice, protons can hop
from defect to defect and thereby move through the ice.
Other cations, however, are not able to move through
these defects and therefore, theoretically, the ice would
behave like the perfect proton exchange membrane.'”

The aim of this study is to show a proof-of-principle
of an acid-doped ice membrane that is 100%
permselective for protons and made of ice, which does
not transport water or co-ions. These ice membranes
were produced by incorporating HCI into the crystal
structure of ice made by freezing the acid solution. The
permselectivity and resistivity of the resulting ice mem-
brane were tested in an electrochemical cell, and its
capacity for application in electrochemical energy storage
systems was demonstrated in polarization curves.

2 | MATERIALS AND METHODS

21 | Design of the cell

A poly methyl methacrylate (PMMA) cell with a plastic
frame in the middle was used for the experiments. This
plastic frame contained a window (6.3 cm?; Figure 1),
which contained a manifold that holds eight parallel Ti
tubes of 3 mm outer diameter and 2 mm inner diameter.
These tubes were connected to a cryostat at the outside of
the chamber and were used to transport cooling liquid.
The liquid cooling agent was glycol (freezing temperature
—40°C) that was diluted to approx. —26°C as maximum
freezing temperature to have a lower viscosity for
pumping through the Ti tubes. The cell was placed inside
a temperature-controlled chamber at 272 K (ICP260, tem-
perature range —12°C to +60°C, Memmert GmbH,
Schabach, Germany).

2.2 | Ice membrane composition and
freezing conditions

Five different ice membranes were used for comparison
(Table 1). Ice formation was controlled by controlling the
temperature of the cooling glycol liquid inside the tubes
in the window. The freezing points of the acid solutions
were calculated from the freezing point depression of the
solvent (water) using the Clausius-Clapeyron equation
and Raoult's law.

Freezing point

= Freezing point, - ATy,

1)

acid solution solvent

where the freezing point of the solvent (water) is 0°C.
The freezing point depression for water can be calculated
using'®

ATf:Kf*m*i, (2)
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FIGURE 1 Schematic (A) and photograph (C) of the cell with the frame in the middle containing the window and manifold with Cu
tubes. In this cell still Cu tubes were used, however these Cu tubes were sensitive to corrosion and were replaced later on by Ti tubes grade
1 (outer diameter 3.0 mm, inner diameter 2.0 mm). Schematic (B) and photograph (D) of the window and manifold containing the cooling
tubes [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Calculated freezing points of acid solutions and the practically applied temperatures

Concentration of acid (M) % Weight Freezing point (°C) Applied temperatures (°C)
0 0 0.0 -1
0.1 0.37 —0.35 =2
0.25 0.91 —0.90 =3
0.5 1.8 -1.9 —4
1 3.7 —4.0 -8

2 7.3 —-9.4 —-15
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where m is the molality of the solute, K is the cryoscopic
constant (1.86 K kg/mol for the freezing point of water), i is
the Van't Hoff factor (this factor is 2 since HCI is completely
dissociated). This equation is valid for ideal solutions and
therefore equations for non-ideal solutions can be found in
the supporting information.

The cooling cryostat system (Thermo Scientific Haake
A10) was set some degrees lower than the calculated
freezing point depression. For example, for 1 M HCI, the
cryostat temperature was set at —8°C while the climate
chamber temperature was 0.5°C. The measured tempera-
ture of the liquids inside the electrochemical cell was
—2.6°C, which is 1.4°C above the calculated freezing tem-
perature of 1 M HCI solution.

2.3 | Permselectivity test
To test the permselectivity of the ice membrane, the com-
partment on one side of the ice was filled with acid with
the same concentration as the ice, while the other side was
filled with acid with a concentration 10 times lower than
the ice. A lower acidity of the electrolyte is required as the
ice would otherwise melt due to the difference in freezing
temperature at higher acidity. For the permselectivity test,
0.1 M KCl and 0.1 M NaCl were added to the compartment
with the lower acidity. The permselectivity of the 2 M ice
membrane was not determined due to experimental diffi-
culties related to the required cryostat temperature of
—15°C. This low freezing temperature was required because
of non-ideal behaviour of a solution with such a high con-
centration of acid. The low temperature of —15°C made that
the liquids in the compartments started freezing as well.
Permselectivity of the ice membrane was tested by
measuring the concentrations of K* and Na* in both
compartments. The change in cation concentrations in
both compartments was followed for 24 hours by taking
liquid samples. Also, the ions inside the membrane, after
melting of the ice, were analysed. The permselectivity ¢™
was calculated using"®

m_ T::r(l)u_szou (3)
Teo
where T(, and T;,, are the transport numbers of the

counter-ions in the membrane, and T;, the co-ions in
solution.

2.4 | Resistance

The ohmic resistance of the ice membrane was deter-
mined using high frequency (1000 Hz) Direct Impedance

measurement with a HIOKI BT3563 battery tester across
two Pt/Ir Ti-mesh electrodes (Magneto Anodes B.V.,
Schiedam). The specific resistance or resistivity (Ry; Q.cm)
of the membrane, which represents the material property,
was estimated from the area resistance and the membrane
thickness; 8.

R
Ry= FA' (4)
2.5 | Power density and polarization
curves

Polarization curves have been recorded using an Ivium
VERTEX potentiostat (IVIUM, Eindhoven, the Nether-
lands) for ice membranes made of 0.1, 0.5, 1.0 and 2.0 M
HCI by changing the cell voltage in steps of 0.1 V and
recording the resulting current density for 60 seconds (the
final reading was used). The redox couples were Fe*/
Fe?* (catholyte) and Fe®*/Fe(s) (anolyte) in concentra-
tions of 250 mM. The electrodes consisted of Pt/Ir 70:30
Ti-mesh 1.0 (Magneto Anodes B.V., Schiedam, The Neth-
erlands) and solid iron. For the 2 M HCl ice membrane, a
galvanostatic scan was done with a scan rate of 0.1 mA/s
directly after formation of the ice membrane as the 2 M
HCI ice was more difficult to prepare. The temperature
needed for ice formation was —9.4°C for the electrolyte as
calculated using the simplified Equation (2). In reality, the
cryostat was cooled to —15°C, making the ice formation
more difficult to control, which resulted in a thicker mem-
brane than wanted (Table 3).

The power density (Pg; W/m?) was calculated from
the cell voltage (E..; V) and current density I, (A/m?)
using

Py=14Ec. (5)

The maximum power density (Pmay; W/m?) was cal-
culated using''

ocv?
max — 4RA "’ (6)

where OCV is the open cell voltage (V), R is the mem-
brane resistance (Q2) and A is the area of the membrane
(6.3 cm?).

2.6 | Analysis

Na* and K* concentrations in both compartments were
analysed using a Metrohm Compact IC Flex 930 instru-
ment with a cation column (Metrosep C 4-150/4.0).
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The pH was measured using two 12 mm diameter
glass pH electrodes especially calibrated for low pH. The
calibration for pH 1 required a buffer solution of 0.2 M
KCl diluted into 0.2 M HCI at 298 K for correction of the
activity of protons.

3 | RESULTS AND DISCUSSION

3.1 | Ice membrane freezing procedure
To create the ice membrane, the cell was filled with a
solution with the desired concentration of hydrochloric
acid of 0.1, 0.5, 1.0 or 2.0 M HCI solution (Table 1). The
parallel set of eight Ti tubes of the manifold initiated the
formation of ice locally by carrying the cooling agent
inside. Due to the cooling power from the cryogenic bath,
an initial ice layer was formed around the cooling tubes
first, while the remaining part of the acid remained lig-
uid. Cooling was continued until the entire window
between the tubes was filled with ice and the cell was
completely separated into two compartments (Figure 1).
To make sure that the window dividing the two compart-
ments was fully formed, some of the acid solution from
either of the two sides of the cell was removed and the
ice membrane was considered complete if the liquid level
in the opposite compartment remained the same. In
about 1 day, the membranes of pure water, 0.1 M HCI
and 0.5 M HCI reached a thickness of about 2 cm, which
could be maintained (Table 3). However, the membranes
of 1 and 2 M HCI were much thicker; 3.8 cm for 1 M and
7 cm for 2 M. Due to the lower freezing temperature at
these high acid concentrations, the freezing process was
more difficult to control, as the difference between the
temperature of the cooling liquid in the tubes and the
temperature of the surrounding electrolyte is higher.
These ice membranes are much thicker than commercial
cation exchange membranes, which are in the order of
~100 pm.*°

The energy needed for cooling of the ice and
pumping of the cooling agent through the Ti tubes
needs to be minimized to make the ice membrane a
viable alternative to classical ion exchange membranes,
and insulation is therefore crucial. In our situation, we
therefore used an insulated thermal chamber that was
kept at a temperature slightly above the freezing tem-
perature of the ice (temperature difference for 1 M HCl
ice was 5.9°C between the temperature of the thermal
chamber and the cryostat temperature). Narrowing
down this temperature difference and improving the
insulation of the thermal chamber will decrease the
energy needed for maintaining the ice. Another
requirement to lower the energy losses is to lower the
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viscosity of the cooling agent that passes the Ti tubes,
thereby reducing the required pumping energy.

3.2 | Permselectivity

The permselectivity of the ice membranes of different
acid concentrations was determined using NaCl and KCl
in the compartment with 10 times lower acid concentra-
tion compared to the ice membrane, and the same acid
concentration as the ice membrane in the other compart-
ment. Figure 2 shows this permselectivity after 24 hours.
For each ice membrane, the proton permselectivity was
higher than 99.7% when K* was present and higher than
99.8% when Na' was present. The permselectivity for
protons of the ice membrane is considerably higher than
the permselectivity of 99% for commercial CEMs,*® how-
ever, these membranes may also have higher per-
mselectivity when they are thicker.

3.3 | Power density

Polarization curves were recorded for membranes made
of 0.1, 0.5, 1.0 M and 2.0 M HCI (Figure 3 and Table 2).
The open cell voltage (OCV) is the maximum voltage that
can be harvested from the electrode reactions and should
ideally be close to the theoretical values. The OCV was
determined by adding two reference electrodes
(Ag/AgCl) close to the ice membrane.

The OCV was stable around 0.87 V for all membranes
using Fe**/Fe’* vs Fe’*/Fe as redox couples, for which
the theoretical voltage ranges from 0.83 (-13°C) to
0.88 V (—3°C) as calculated from the Nernst equation.

100.0
- it

S 9991 f—Na*
=
Z 998 -
(8]
<
2 997 |
z
[0
o 996 -

99.5

0.1 0.25 0.5 1
[HCI] in ice membrane

FIGURE 2 Permselectivity using Na* and K™ distribution vs

molarity in acid-doped ice. The y-axis scale is between 99.5% and
100.0% [Colour figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

SLEUTELS ET AL.

| wiLEy- [ ORTe

The maximum current density (short circuit current)
increased from 10 A/m? for the 0.1 M HCl membrane to
34 A/m? for the 2M HCl membrane. The maximum
power density was 7 W/m? for the 2 M HCl membrane. It
must be emphasized that the membranes were several
centimetres thick, and when the thickness of the ice
membrane can be reduced, the power density increases
significantly. For the ice membrane to be used in an
energy storage device, ideally the thickness should be
reduced to a value below 1 cm using thinner Ti tubes.
Thinner Ti tubes will require a lower viscosity cooling
agent to keep the pressure across the Ti tubes acceptable
while pumping. The pumping energy and the energy

1.0 -8
'Y —~
0.8 | N
—~ r6 £
< S
% 0.6 ...;
= s ‘@
G -
; 0.4 o
D NS
O L, 2
0.2 1 g
0.0 ¢ b—o. . . 0
0 10 20 30 40
Current density (A/m2)
FIGURE 3 Polarisation and power curves for acid membranes

0f 0.1, 0.5, 1 and 2 M HCI [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2
the ice membranes

Open cell voltage and maximum power densities of

[HCI] in Open cell Max power
membrane (M) voltage (V) density (W/m?)
0.1 0.86 1.5

0.5 0.91 2.3

1 0.85 5.6

2 0.82 7.0

needed for cooling of the ice membrane have to be mini-
mized in further technical development of an ice-
separated battery in order to increase the round trip
efficiency.

3.4 | Resistivity and area resistance

The resistivity and area resistance of the ice membranes
were determined using direct impedance measurements
(Table 3). The resistivity was determined as it is indepen-
dent of the thickness of the membrane. Both resistivity
and area resistance decreased exponentially with the con-
centration of hydrochloric acid in the ice membrane.
Since proton concentration increases the membrane con-
ductivity, the resistance of the ice is expected to
decrease.'® The lowest measured resistivity was 12 Q.cm
for a 2 M HCI ice membrane. This 2 M HCI ice mem-
brane also had the lowest area resistance; 47 Q.cm? for
the 2 M HCI ice membrane. This resistance is still high
compared to commercial CEMs. This high resistance is
mostly due to the membrane thickness; this membrane
had a thickness of 7 cm, whereas the others were close to
2 cm. More controlled freezing should result in a reduc-
tion of this thickness and consequently in a lower area
resistance. For example, a thermocouple could be used to
control the temperature more accurately and thereby
control the freezing process of the ice membrane.

3.5 | Resistance increases in time

For three ice membranes (0.1, 0.5 and 1 M HCI), the
resistance was measured as a function of time (Figure 4)
during the permselectivity tests of 8 hours. For all these
ice membranes, the resistance increased with time and
since the resistance is a function of the acid concentra-
tion inside the ice membrane (Table 3) the acid concen-
tration in the ice membrane decreased. It could well be
that the acid was expelled from the ice membrane. This
phenomenon is also used in a process called eutectic
freezing crystallization where water and salt are

Resistance (Q.cm?) Resistivity (Q.cm)

TABLE 3 Experimentally determined thickness, resistance and resistivity
[HCI] in membrane (M) Thickness (cm)
0 2.8
0.1 1.2
0.5 1.9
1.0 3.8

2.0 7

1608-10° 574-10°
4.6:10° 0.57-10°
0.47-10° 90
81 21
47 12
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FIGURE 4 Change in resistance of the ice membrane (0.1, 0.5

and 1 M) in time measured by direct impedance at f = 1000 Hz
[Colour figure can be viewed at wileyonlinelibrary.com|
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FIGURE 5 Change in pH of the ice membrane before and

after use. Also, the composition of the ice membrane after melting
is given. Total concentration of protons and other cations (shown as
C") is shown [Colour figure can be viewed at
wileyonlinelibrary.com]

separated by freezing a salt solution; pure water and pure
salt are then obtained.*! This resistance increase was the
most prominent for the 0.1 M ice membrane, as it con-
tained fewest protons, while the increase was only minor
for the 1 M ice membrane, as it contained most protons.
Nevertheless, on the long term also an increase in resis-
tance for the higher concentration ice membranes can be
expected.

To confirm if proton diffusion out of the membrane was
the reason for the resistance increase, the ice was melted
after the experiment and the pH of the remaining liquid
was measured. Figure 5 shows the pH change (before and
after melting the ice membrane) for the different mem-
branes, which was between 1 and 1.7 pH units. From this
change in pH, the number of protons that have been

oS WILEY-L

removed from the ice membrane was calculated, assuming
the ice thickness did not change during the experiment. At
the same time, K* and Na* concentrations were measured,
to assess if these had entered the ice structure (C* in
Figure 5). This analysis shows that a maximum of 20% of
the protons that diffused from the membrane were replaced
by other cations The other protons that diffused from the
membrane were accompanied by a loss in Cl™ ions from
the ice structure (balancing charge for the protons) and
therefore represent a permanent loss in charge from the ice
structure. Future research should, therefore, focus on
retaining the protons inside the ice structure to maintain a
low resistance and high permselectivity.

4 | CONCLUSIONS

In this work, we demonstrate, for the first time, the for-
mation of an acid-doped ice membrane. By freezing an
acid solution, a layer of ice is created that only allows the
transport of protons with a permselectivity higher than
99.7%. This selective proton transport has promising
application in energy storage devices like the acid-base
battery. The resistance of this membrane can be
decreased by increasing the acid concentration in the
membrane. One major challenge is that, over time, the
acid is expelled from the membrane and the membrane
resistance increases. Therefore, besides reducing the
thickness of the ice layer, focus should be on retaining
the protons inside the membrane. Ice membrane thick-
ness can be reduced by using thinner cooling tubes and a
more controlled freezing procedure.
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