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Abstract

This research aims to analyse the non-ohmic resistance of multiple ion-exchange membranes (IEM) in
series, for a better understanding of membrane resistances. These membranes can be found in series
in energy storage systems such as acid-base flow batteries (ABFB).

The effect of different current densities on the ohmic and non-ohmic resistance of bipolar mem-
branes (BPM), under forward and reverse bias were studied using electrochemical impedance spec-
troscopy (EIS). Hereafter, an anion exchange membrane (AEM), cation exchange membrane (CEM)
and BPM were examined individually and in series using EIS, to compose a simplified equivalent circuit
for a whole ABFB triplet.

For the effect of different current densities on the BPM, an exponential decline of the non-ohmic
resistance of the diffusion boundary layer (DBL) was found as a function of the current density. Under
forward bias, the DBL resistance becomes significant. The resistance of the water dissociation reaction
(WDR) was minimal under all current densities. Flow experiments validate a depletion and enrichment
of the DBL during water association and dissociation, respectively. To compose a simplified equivalent
circuit for an AEM, BPM and CEM in series, it was found that the specific resistances of all membranes
can be summed at their respective frequencies. This made it possible to construct a simplified equiv-
alent circuit for a whole triplet containing an AEM, BPM and CEM.

Keywords

Electrochemical impedance spectroscopy, ion exchange membranes, acid-base flow batteries, bipolar
membrane, membrane resistance, diffusion boundary layer, membrane characterisation, equivalent
circuit model.

Z.N. Kramer, Master Thesis, 2022, Delft University of Technology.
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Introduction

Energy storage in batteries is a cost-effective key ingredient for the energy transition [51] [74] [19].
Whilst the penetration of renewable energy rapidly increases, the energy grid is shaking on its founda-
tion [3] [63].

The evidence of the connection between greenhouse gas emissions and climate change are undis-
puted [5]. Last century, the CO, emissions from energy combustion and industrial processes multiplied
by a factor 10, as Figure 1.1 shows [2].

Gt 40
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1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Gt

Figure 1.1: Total CO, emissions from energy combustion and industrial processes and their annual change, 1900-2021 [2]

L Ao awn

Electricity and heat production is the source of more than 40% of the global CO, emissions [1]. To
achieve the legally binding international goals of the 2015 Paris Agreement [55], the EU greenhouse
gas emissions have to decrease by at least 55% by 2030 compared to the emissions in 1990 [15]. This
goal can only be achieved if the energy transition will take place.

At this moment, solar and wind energy constitute the major components of the renewable power
generation [54]. The last two decades, solar and wind technologies have experienced a rapid decline
in their costs. Currently, their levelised costs of electricity (LCOE) are lower than those of fossil fuel
technologies [75].

However, in contrast to burning fossil fuels, renewable energy sources are intermittent and uncontrol-
lable in terms of timing [57] [44] [63]. Wind energy can only generate energy when the wind blows
and solar energy can only be harvested depending on hourly, daily, and seasonal conditions [3] [69].
This intermittent behaviour of renewable energy sources nourishes the need for more flexible energy
sources in the future energy mix. Currently, this flexibility is provided by gas turbines and coal plants
[43]. Because of the depletion of fossil fuels, the impact of greenhouse gas emitting power sources
and the inflation makes fossil energy more expensive, the demand for energy storage systems (ESS)
is increasing rapidly [32]. This flexibility in power systems can only be achieved when the energy gen-
eration and demand become more flexible with storage systems acting as mediators to manage their

1



2 1. Introduction

interconnection [32].

For a proper renewable energy system, two types of energy storage are required: short-term energy
storage and long-term energy storage. Short-term energy storage is considered as energy storage
lasting seconds to several hours. Long-term energy storage is considered as energy storage for more
than several hours [63]. Since renewables often have distinct daily and seasonal variations, there is
especially a need for long-term energy storage [63].

The past couple of decades, a number of technology’s available for energy storage have arised.
However, only a few of them are commercially deployed. In Figure 1.2 [63], an overview of energy
storage systems is given with a comparison of conceptual discharge time and power range, based on
findings of Chen et al. [13]. At this moment, pumped hydro energy storage (PHS) is the most mature
long-term energy storage system and the only technology available at large scale [63]. However, PHS
also has geographical limitations as it needs to store massive amount of water at elevated heights.
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Figure 1.2: Simplified schematic overview of energy storage technologies, compared by conceptual discharge time and power
range. The domestic power demand scale is based on the peak electric load demand of 3 kW per average EU household (=~ 2
people). [63]

The acid-base flow battery (ABFB) can become an innovative, safe and sustainable storage system
since it can provide long-term storage for reserve and response services and grid support [27]. The
benefits of the ABFB are that power and capacity can be scaled independently from each other, the
materials are abundantly available and environmentally friendly [63] [21].

The ABFB can be considered as an alteration to the concentration gradient flow battery [28]. For
an ABFB, the system stores electricity in aqueous fluids based on water and table salt (NaCl). Using
membrane technology and applying an electrical field, the ions in this salt solution are separated and
water gets dissociated into H* and OH" ions [17]. The final energy containing solutions are an acid and
base solution [21].

Three different ion-exchange membranes (IEM) are used in the ABFB; two monopolar membranes
(MPM) and one bipolar membrane (BPM). The used MPM are an anion exchange membrane (AEM)
and a cation exchange membrane (CEM). These monopolar membranes are designed to let specifically
charged ions pass, whilst blocking other ions. The BPM is designed to dissociate water into H* and OH"



ions and associate vice-versa. These membranes have equivalent electrical circuits, consisting out of
different parts of the membrane and the membrane-solution interface [60] [9]. The resistances of these
membranes have an ohmic and a non-ohmic part (constant phase element or non-ideal capacitor), due
to the interfaces [9].

In previous research, Park et al. [60] [61] and Blommaert et al. [9] use Electrochemical Impedance
Spectroscopy (EIS) to identify the (non-)ohmic resistance of different parts of the membrane to their
equivalent electrical circuit. However, multiple ion-exchange membranes in series for an ABFB and
the contribution of multiple membranes to the non-ohmic resistances have not been analysed before.

The aim of this research is to analyse the non-ohmic resistance of multiple ion-exchange mem-
branes in series. To find the answer to this aim, the following two sub-questions are formulated:

1. What is the effect of different current densities on the ohmic and non-ohmic resistance of
bipolar membranes, under forward and reverse bias for electrochemical impedance spec-
troscopy?

2. Is it possible to compose a simplified equivalent circuit of multiple ion-exchange mem-
branes in series, by using Electrochemical Impedance Spectroscopy data?

This report will be presented in the following structure. In chapter 2 the theoretical background infor-
mation on the ABFB will be provided. The methodology of this research will be located in chapter 3.
The results and discussion can be found in chapter 4. Finally, chapter 5 concludes this research and
provides some future recommendations.






Theoretical Background

In this chapter, the literature is discussed that is of value for this thesis. This includes the basics of
electrochemistry in section 2.1, ion-exchange membranes in section 2.2, the Acid-Base flow battery in
section 2.3 and Electrochemical Impedance Spectroscopy in section 2.4,

2.1. Electrochemistry

Electrochemistry focuses on the interrelation of electrical and chemical effects. In electrochemistry,
the overall chemical reaction is made up of two independent half-reactions, including electrons and
chemical species [6]. For a water dissociation reaction as shown in Equation 2.1, two half reactions
can be formed. The half reactions described in Equation 2.2 and Equation 2.3, shows us the half-
reactions of dissociating water into H* and OH" [39] [88].

Hy0 2 H" + OH" 2.1)
2H* +2e > H, E%=0.000V (2.2)
2H,0 4+ 2e" - Hy + 20H-  E° = —0.828V (2.3)

The reaction in Equation 2.3, has a standard potential of EC = —0.828V. Standard potential means that
the potential of the reaction at the standard conditions is a relative potential to the standard electrode
potential, which contain solutions with concentrations of 1 M and pressures of 1 atm. This standard
electrode potential is called normal hydrogen electrode (NHE) or standard hydrogen electrode (SHE)
[49] [14].

In general, the reaction of Equation 2.3 can be described as the reduction reaction of Equation 2.4.
Here, O is the oxidised species, R is the reduced species and n is the number of electrons exchanged
between 0 and R. From this equation the Gibbs free energy change (AG) can be derived, as shown in
Equation 2.5. In this equation, [0] and [R] are the concentrations of both the components, R is the gas
constant (8.3145/mol-'K"") and T is the temperature in Kelvin [14].

0O+ne 2R (2.4)

AG = AG® + RTlnﬂ (2.5)

[0]
In the end, the electric potential of a reaction can be calculated using Equation 2.6. E is the maximum
potential between two electrodes, also known as OCV (open circuit voltage) and F is Faraday’s constant

(F = 96,485.3Cmol™") [14] [72].

AG = —nFE (2.6)



6 2. Theoretical Background

2.1.1. Nernst equation

In order to determine the potential between two solutions in case of non-standard conditions (pure
liquids, 1.0 M solutions and pressure of 1.0 atm), the Nernst equation can be used [39].

By combining Equation 2.5 and Equation 2.6, the Nernst equation of Equation 2.7 can be constructed
[14]. In this equation, the actual potential (E) can be derived from the standard potential (Eq).

RT
E=E’+ —In— (2.7)
n

For a general half-reaction under different concentrations, as in Equation 2.8, the potential can be
determined by the Nernst equation [39].

aA+bB+ne - cC+dD (2.8)

The Nernst equation, stated in Equation 2.9, provides the actual potential (E) from the standard potential
(E%) and the molarities or pressures in atmospheres [39]. Using this Nernst equation, the cell potential
can be determined.

o 00592 [C]°[D]*

E=E °9 (Ao BT

(2.9)

2.2. lon-Exchange Membranes

To only let specific charged particles pass, whilst keeping two solutions separate from each other, ion-
exchange membranes (IEM) can be used [18]. lon-Exchange Membranes (IEM) are made out of a
polymeric backbone with charged ion groups [87][18] [41]. An IEM lets specific charged ions through,
whilst blocking other ions. Mass transport through a membrane can be induced in four ways: by an
electric field or by a concentration, pressure or temperature gradient [64].

In this section, different ion-exchange membranes are introduced in subsection 2.2.1, the permse-
lectivity and potential of membranes are presented in subsection 2.2.2 and membrane-solution interface
phenomena are explained in subsection 2.2.3.

2.2.1. Different ion-exchange membranes

There are different kinds of IEM on the market. The monopolar exchange membranes are most com-
mon, whilst bipolar membranes are less common. For this research, three different membranes are
used.

Anion Exchange Membranes (AEM) are positively charged and are selective permeable for negatively
charged ions [77].

Cation Exchange Membranes (CEM) are negatively charged and are selective permeable for posi-
tively charged ions [77].

Bipolar Membranes (BPM) consist out of two layers. One Anion Exchange Layer (AEL) and one
Cation Exchange Layer (CEL) [20] [65]. The zone between these two layers is referred to as the inter-
layer (IL) [16]. In theory, no charged particles can pass a BPM, because both positively and negatively
charged ions cannot pass through one of the layers [62]. BPM are mainly designed to dissociate water
(H,0) into hydroxide ions (OH") and protons (H*) by exposing it to an electric field (see Figure 2.1 a)
[82] [87] [62]. This process is called water dissociation and is not the same as water splitting. Dissoci-
ation of water forms H* and OH" ions in an aqueous solution. Water splitting is the process of splitting
Hy) into Hy(g) and O,(g) at the electrodes, whilst water dissociation appears inside the BPM and no
gas is formed [62].

This specific reaction inside the bipolar membrane can also be reversed. In this case, hydroxide ions
(OH") and protons (H*) associate back into water (H,0), shown in Figure 2.1 b. According to Blommaert
[10], BPMs can have imperfections leading to unwanted behaviour like ion crossover, blistering, high
resistance and slow kinetics. Especially the blistering is an unwanted effect that appears in forward
bias. If the applied current is too high, too much water is recombined inside the BPM and this will cause
blisters in between the layers.
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Figure 2.1: Schematic overview of the principle of a BPM. (a) BPM under reverse bias, where first the junction is depleted of ions
and then water dissociates into H* and OH" ions; (b) BPM under forward bias, where ions are transported into the membrane
and water is formed at the bipolar junction [62]

2.2.2. Permselectivity and potential of membranes

The permselectivity of membranes is the extent of blocking of the membrane towards the passage
of counter-ions. This permselectivity is of crucial importance, since it defines the potential over the
membrane. When co-ions can also pass the membrane, this potential will decrease [53].

The selective uptake of counter-ions and rejection of co-ions by the charged membrane is explained
by a Donnan membrane equilibrium [68] [72]. If electrical potential ¢ is applied to the system, the anion
has an electrochemical potential of n, (Equation 2.10), the cation of ¢ (Equation 2.11) and the solvent
(water) of ny (Equation 2.12) [68].

nA=,u°A+RTInaA+(P—PO)VA+ZAF¢ (2.10)
Ne = ,LlOC + RTInac + (P — PO)VC +zcF¢ (2.11)
Nw = ‘LI.OW + RTInaW + (P — PO)VW (212)

Here, u° is the chemical potential of the membrane/solvent under standard conditions (1 atm, in pure
water), R is the gas constant, T is the temperature (Kelvin), a is the activity of the respective compo-
nents, P is the pressure, P° is the pressure under standard conditions, V is the partial molar volume, z
is the valence of the membranes/solvent and F is the Faraday constant (F = 96,485.3Cmol™").

The Donnan equation is based on the equations of chemical potentials and shown in Equation 2.13.
This equation describes an equilibrium with electrical potential ¢pponnan between two solutions, divided
by an IEM [68].

- 1 a; -
Yponnan = ¢ — @ = zi_F[RTlnaTi - (P-P)V] (2.13)

In Figure 2.2, a schematic is given of a monopolar membrane (in this case a CEM), immersed in two
different electrolytes. In this overview, the electrolyte on the left-hand side is concentrated, whilst the
electrolyte on the right-hand side diluted. The black lines are the molarities (m) and the red lines are
the potentials (¢) [26]. Inside the CEM, the membrane contains next to the mobile ions (Na* and CI),
also fixed charges.

The concentration of these fixed charges inside the membrane is denoted as X. Between the con-
centration of ions in the electrolyte phase and the concentration of ions in the membrane phase, an
equilibrium will develop, known as the Donnan equilibrium [26]. At the left-hand side of the membrane
interface, the Donnan equilibrium is defined as in Equation 2.14 [34] [47].

mhmt = m{"tmML (2.14)
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Figure 2.2: Schematic of a CEM, with two different electrolytes. On the left-hand side, the electrolyte is concentrated, whilst on
the right-hand side the electrolyte is diluted. The black lines are the molarities (m) and the red lines are potentials (¢). [26]

Since the electroneutrality of the membrane should be respected, Equation 2.15 shows this equilib-
rium. According to Van Egmond [26], Equation 2.16 gives the equation for the co-ion concentration at
the left-hand side interface of the CEM if a typical fixed charge concentration value of 5 M is considered.

mit = X + mMt (2.15)
=X + /X% + 4(mk)?
mML — > (m3) (2.16)

The electrical potential of the left side (Eponnan left) is calculated using Equation 2.17. For the right side,
a similar calculation can be derived and is shown in Equation 2.18 [26].

RT  mk
Mt — ¢" = Eponnan teft = ﬁln(ml‘;L) (2.17)
+
RT  mi*®
PR = ¢MR = Epgnnan right = ;ln(#) (2.18)
+

When adding Equation 2.17 and Equation 2.18, inserting Equation 2.15 and Equation 2.16 and rear-
ranging yields the membrane potential based on both Donnan potentials and assuming no diffusion
potential is present, Equation 2.19 can be derived [26] [37].

Eg=E +E —RTl mh X +mMR  RT — mk X + X2+ 4(m%)?
0 — L Donnan left Donnan right — ZF 1’l(nl5 Fan mﬁ”'L) = 7 n mﬁ ot = = 4(mi)2

) (2.19)
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2.2.3. Membrane-solution interface phenomena

Adjacent to a membrane, two interacting layers can be identified in the solutions, as shown in Figure 2.3
[77]1[90]. In this figure, the ion concentration in and next to the membrane is shown. Because a CEM
is shown, the membrane is designed to only let positively charged Na* ions through. At the boundaries
of the membrane, two interacting layers including a concentration gradient are formed [46].

—_—
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[4)] = ~
O ¢ ~
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Figure 2.3: lon concentration and occurring phenomena in the CEM and in the layers adjacent to the membrane in high (left)
and low (right) salt concentration compartments. DBL is the diffusion boundary layer and EDL is the electrical double layer. [77]

An electrical double layer (EDL or DL) is formed at nanoscale level, where the concentration of counter
ions is significantly larger than that of co-ions [40] [77]. The typical thickness of the EDL is of a few tens
of nanometers (Debye length), though the thickness of this layer is dependent on the salt concentration
of the solutions (the thickness increases for lower salt concentrations) [77] [23].

A diffusion boundary layer (DBL) forms next to the EDL when ions are transported from a high con-
centrated salt solution to a lower concentration of salt [77] [35] [40]. Inside the DBL, a concentration
gradient is present perpendicular to the membrane [23]. This layer typically has a thickness of hun-
dreds of micrometers in open stirred systems [71], but can be limited to less than 100 micrometers in
case of thin feed water compartments with flow [40].

2.3. Acid-base flow battery

In this section, the working principle of the acid-base flow battery (ABFB) is introduced in subsec-
tion 2.3.1 and subsection 2.3.2 shows the calculations for the maximum cell potential.

2.3.1. Working principle of the acid-base flow battery

The acid-base flow battery (ABFB) is an electrochemical cell where energy is stored using pH differ-
ence between acid and base solutions [26]. This ABFB can be considered as a modification of the flow
battery based on concentration gradient. The gradient flow battery relies on electrodialysis (ED) and
reverse electrodialysis (RED). In conventional ED, an electric field is applied over a membrane stack
that is build out of alternating anion- and cation-exchange membranes (AEM and CEM). By applying
an electric field to this stack, the alternating membranes can produce a higher and lower concentration
salt stream out of brackish water. The opposite of this reaction is RED. RED uses two streams of dif-
ferent concentrations salt water to force an ion flow through the membranes [8]. This ion flow can be
harvested to produce electricity from the two different gradient streams [63].

For an ABFB, a bipolar membrane (BPM) is added to the stack to generate a pH difference between
two streams [83]. As stated in section 2.2, bipolar membranes consist out of two oppositely charged
layers. Each of the membrane layers could either let positively charged or negatively charged ions
pass. In contrast of AEM and CEM, a BPM allows no transport of ions across it. It is designed to
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dissociate water at the junction of the two layers [62].

The battery stack of an ABFB consists out of two electrodes in electrolyte, whereafter up to hundreds
of so called "triplets” are placed in between. These triplets always have the same configuration of three
different aqueous fluids flowing through spacers and ion-exchange membranes in between. The con-
figuration is as follows: AEM, acid, BPM (CEL towards the acid), base, CEM, salt. Hereafter, this triplet
can be repeated to increase the voltage [63].

In Figure 2.4, an overview of a single ABFB triplet stack is given. During charging (Figure 2.4a), an
electric field is applied over the stack (also called reverse bias) and inside the BPMs water is dissociated
into H* and OH- [63]. In this flow battery triplet, fresh water is pumped in the acid and base channels,
whilst salt water (NaCl) is pumped in the salt channel. The salt water is used as a donor fluid, providing
Na* and CI" ions to the acid and base whilst H* and OH" are formed inside the BPM. This principle stores
electrical energy by producing acid (HCI) and base (NaOH) solutions and decreases the concentration
of NaCl in the salt compartment [63].

BPM BPM
AEM AEM CEL AEL CEM AEM AEM AEM CEL AEL CEM AEM
FeZ/ Eez/ Fe/ Fe/
— [o3+ Fedt |[rmm— — o3+ Fedt |[rmm—
cr T o [
Electrolyte Salt Salt Electrolyte
(a) ABFB charging (reverse bias) (b) ABFB discharging (forward bias)

Figure 2.4: Working principle of an ABFB, charging and discharging (based on [63])

To induce this water dissociation, an electric field of 0.828V per BPM must be applied (at 1M HCI
and 1M NaOH) [63]. This is significantly lower than the 1.23V needed for water splitting in conventional
electrolysis. The absence of gas production inside the flow battery is also a safety advantage com-
pared to other battery systems based on electrolysis [67].

Harvesting electrical energy from the chemically stored energy can be done by discharging the bat-
tery according to Figure 2.4b. Discharging (also called forward bias) the battery means that water is
associated inside the BPM and electrons can be harvest at the electrodes. Acid and base are getting
neutralised by the extraction of H* and OH" ions into the BPM and Na* and CI" ions to the salt com-
partment [63].

Using the three different aqueous fluids and ion-exchange membranes, an ion-flow is forced. In the
electrolyte, this ion-flow is converted to an electron-flow by a redox reaction [20].

2.3.2. Cell potential

The maximum cell potential of an acid-base flow battery triplet can be calculated using the Nernst
equation of Equation 2.7 in subsection 2.1.1. According to Van Egmond [26], the potential of a whole
triplet can be determined by Equation 2.24. This equation consists out of the anion exchange layer
(AEL) of the BPM Uag gpm in Equation 2.20, the cation exchange layer (CEL) of the BPM UcgL gpm
in Equation 2.21, the AEM Upgy in Equation 2.22 and the CEM Ucgy in Equation 2.23.

For the theoretical potential calculations, 1 M HCI (acid), 1 M NaOH (base) and 0.5 M NaCl (salt) are
used in a charged battery. Next to the BPM, acid and base are present, the AEM is between the
base and the salt compartments and the CEM is in the middle of the salt and acid compartments. The
potential of the AEL and CEL of the BPM is between the acid or base solution and the interface of the



2.4. Electrochemical Impedance Spectroscopy 11

BPM. At the interface of the BPM where both ion exchange materials touch, the concentration of protons
and hydroxyl ions is very low (107 M) [26]. Because the concentration of the protons and hydroxyl
ions in the acid and base compartments are much higher (1 M) and due to the Donnan exclusion, a
membrane potential is created over each layer of the ion exchange material [26].

U _ R (L0 e o RT 107 = 0.414V 2.20
AEL,BPM = n([OH'] )~ —in(—) =0. (2.20)

base

RT [H+]acid . E 1

UCEL, BPM = ﬁln( H+]bp ) =~ F ln(W) = 0.414V (221)
_RT, [Cllsx. RT 05
UAEM = 2F lTl( [Cl_]acid) = _F lTl( 1 ) = 0.0178V (222)
RT  [Na*lpase. RT. 1
UCEM = ﬁln(m) =~ ?ln(ﬁ) =0.0178V (223)
Ucell = UpeL, Bpm + UceL, Bpm + Uaem + Ucem = 0.864V (2.24)

The total maximum cell potential is calculated in Equation 2.24, and is the sum of all four membrane
components of the triplet. In case that more than one triplet is used, the maximum triplet potential can
be multiplied by the amount of triplets in the stack.

2.4. Electrochemical Impedance Spectroscopy

This section explains the Electrochemical Impedance Spectroscopy measurement method. In subsec-
tion 2.4.1, a general introduction of EIS is given, subsection 2.4.2 and subsection 2.4.3 respectively
give the equivalent electric circuits of monopolar and bipolar membranes and subsection 2.4.4 shows
the effect on the equivalent circuit of multiple membranes in series.

2.4.1. General introduction EIS

Electrochemical Impedance Spectroscopy (EIS) is a method to measure individual components in a
system, by examining the electronic responses at different frequencies [6]. EIS can be used to charac-
terise electrodes, interfaces and material properties, to assess the State Of Charge (SOC) and State
Of Health (SOH) of rechargeable batteries, modules or packs and the SOH and degradation in super-
capacitors and fuel cells [76].

Electrical resistance is the ability of a circuit element to resist the flow of electrical current. This can
easily be measured using a DC resistance measurement device. An electrical resistance follows Ohm’s
law at all current and voltage levels (Equation 2.25). Its resistance value is independent of frequency
and alternating currents (AC) and voltage signals through a resistor are in phase with each other [38].

E
R=— (2.25)

However, many circuit elements in the real world exhibit a more complex behaviour. This complex
behaviour forces us to abandon the simple concept of resistance and lets us turn to impedance.
Impedance is a measure of the ability of a circuit to resist the flow of electrical current, but it is not
limited to the simplifying properties of ohmic resistance [38].

Whilst performing EIS, an alternating current precisely activates processes with a given charac-
teristic time. This allows one to detect individual process contributors as ohmic resistance, interfacial
charge-transfer resistance, mass transport resistances in the catalyst layer and back-diffusion layer, in
a relatively short measurement time [76].
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Electrochemical impedance spectroscopy is a technique that applies an AC signal and measures the
response of the circuit [59] [38]. The voltage response (Equation 2.26) of the system is measured after
applying an alternating current Equation 2.27 [61].

v(t) = vgel@t- @) (2.26)

i(t) = igel®! (2.27)

where ij is the initially known amplitude, the angular frequency is w = 2nf, where f is the frequency
inHzand j = v—1.

In Figure 2.5, a purely sinusoidal voltage v is expressed as Equation 2.28 and a current response i is
shown as Equation 2.29 in a representation of a phasor [6]. This current response has a phase shift ¢
and can be analysed as a sum of sinusoidal functions (a Fourier series) [38].

e = Esinwt (2.28)
i =Isin(wt + @) (2.29)
®
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Figure 2.5: Phaser diagram for an alternating voltage including a phase shift. [6]

To acquire the impedance of the system, Z is defined as the ratio of the Laplace Transforms of v(t)
and i(t) according to Equation 2.30 [61] [23]. Here, |Z]| is the impedance magnitude (vq/ig) and ¢ is
the phase difference between the voltage and current.

_ voe'j(P

Z = T = |Z|ed? = |Z|cosp — j|Z|sing (2.30)
0

The impedance Z represents the ratio of the phasor voltage V to the phasor current I, measured in
ohms (Q). For a resistor, inductor, capacitor and constant phase element (CPE), the impedance Z is
shown in Equation 2.31, Equation 2.32, Equation 2.33 and Equation 2.34 [4] [23] [38].

Resistor : Z =R (2.31)
Inductor : Z = jowlL (2.32)
c itor : Z = ! 2.33
apacitor : = JaC (2.33)
CPE:7 = — 234
= Gora (234

Here, w is the angular velocity (1rad/s), Q is the CPE, with the units Ss", where S represents Siemens
(%) [23]. The fitting parameter n is an empirical parameter between 0 <n < 1. If n = 0.5, the element
circuit is a Warburg impedance, but if n = 1, the circuit is equal to a capacitor [7].
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In equivalent circuits, often more than one element is present. Such a system of multiple circuit ele-
ments can be calculated. If circuit elements are placed in series, the impedances can be summed as
Equation 2.35 describes. The total impedance for a resistance and a capacitance (RC circuit) in series
is described in Equation 2.36 [23].

An RC circuit in series can also be plotted in a Nyquist plot, as shown in Figure 2.6a. In this plot,
the horizontal axis is the real part (Zge [2]) and the vertical axis is the imaginary part (Z,,, [©2]) [6].

Ziotal = Z1 +Zo + ..+ Zy (2.35)
1
Ziotal(w) =R + ot (2.36)

In case different circuit elements are connected parallel to each other, Equation 2.37 shows the calcu-
lation of total impedance [23]. For a resistance and capacitance placed in parallel, the total impedance
is given by Equation 2.38.

The Nyquist plot for an RC circuit in parallel is shown in Figure 2.6b. For this plot, the horizontal
axis is the real part (Zgre [Q]) and the vertical axis is the imaginary part (Z),, [€]) [6].

t 1.1, .42 (2.37)
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(a) Series RC circuit
(b) Parallel RC circuit

Figure 2.6: Nyquist plot of a RC circuit in a) series and b) parallel, with R = 100Q and C = 1uF [6]

If an electrochemical interface is examined, one can describe this by a Randles cell as shown in Fig-
ure 2.7a [12] [66]. This circuit describes the charge transfer through the interface layer.

According to Brett [12], in a practical sensing situations, the Nyquist plots do not usually afford per-
fect semicircles as the one in Figure 2.7a. In this practical sensing situation, the semicircles can be
"depressed” and the expected vertical straight lines near the x-axis become less than 90°, as shown in
Figure 2.7b. This phenomenon can be attributed to surface non-uniformity and roughness, and poros-
ity, in that each local sub-microscopic area gives rise to its own RC combination. However, what is
observed is the macroscopical sum of all these contributions. Often, this is described as frequency
dispersion and can be seen as the constant phase element (CPE) as described in Equation 2.34 [12].

From a Nyquist plot with a semi-circle, the resistance and capacitance of this RC circuit semi-circle
can be determined. The resistance of a semi-circle can be found at the x-axis. The horizontal distance
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between the start and end of the semi-circle is the resistance of the RC circuit. The capacitance of this
RC circuit can be found by using the equation of Equation 2.39 [12].

1

Rwmax

c (2.39)

Here, C is the capacitance, R is the resistance of the semi-circle and wp,ax is the maximum frequency
on top of the semi-circle.

_Z L
_Z "

Ra R,+ R

Z ' ct
(a) Rand " (b) Randles cell with CPE
a) Randles cel

Figure 2.7: Nyquist plot of a) Randles Cell and b) Randles Cell with CPE [12]

2.4.2. Monopolar membranes

Monopolar membranes are ion-exchange membranes that are charge selective and therefore only
transport cations or anions, as discussed in section 2.2. Anion and cation exchange membranes can
be examined using EIS and will have the same equivalent circuit.

According to many literature studies, the equivalent circuit of a monopolar membrane would consist of
two Randles cells in series. These two Randles cells distinguish the diffusion boundary layer (DBL)
and the double layer (DL) [60] [56] [90].

However, according to Gurreri et al. [40], Dtugofecki et al. [23], Kozmai et al. [45] and Zhao
et al. [91], at low salt concentrations (0.017M NaCl) the dominant resistance is the DBL resistance,
whilst the contribution of the pure membrane resistance and DL resistance are minimal. At higher salt
concentrations (equal or higher than 0.5M NaCl, as used in this research), the dominant resistance is
the pure membrane resistance, the DBL plays a considerable role and the DL is insignificant [40].

Therefore, the equivalent circuit of Figure 2.8 is used for monopolar membranes with salt concentra-
tions of 0.5 M NaCl and higher. Other equivalent circuits can be considered, but this is further explained
in Appendix B.

Qpg [F]

Figure 2.8: Equivalent circuit of a monopolar exchange membrane
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2.4.3. Bipolar membranes

The electrical equivalent circuit of a bipolar membrane (BPM) is examined by Blommaert et al. [9] and
different from monopolar membranes. This difference is mostly induced by the presence of the water
dissociation reaction inside the BPM (under reverse bias). Figure 2.9a shows a bipolar membrane
(BPM) in an electrochemical cell with corresponding chemical reactions. Figure 2.9b, describes a cor-
responding equivalent circuit of the BPM in Figure 2.9a.
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(b) BPM EIS Nyquist plot [9]

Figure 2.9: BPM reactions and corresponding EIS plot under reverse bias

Figure 2.10 shows the equivalent circuit of a BPM as also presented in Figure 2.9b. This circuit can
be divided in to three parts, where the first part, Rq, is related to the ohmic resistance of the combined
membrane layers. Since this component follows Ohm’s law (V = IR), and there is no capacitive effect
in Rq, it is independent of frequency. The resistance Ry can be determined from a Nyquist plot by
measuring the distance between the origin and the start of the first semicircle. This resistance includes
the ohmic resistance of the membrane and the ohmic resistance of the solutions from the membrane
to the reference electrodes [9].

Hereafter, the second part of the circuit describes the water dissociation reaction (WDR) as a resis-
tance (Rypr) and a non-ideal capacitor (Qp ), also called a Constant Phase Element (CPE) [9]. This
part can be observed as the first semi-circle in the Nyquist plot. The horizontal axis represents the
ohmic resistance (Rypr), whilst the vertical axis represents the non-ohmic part (Qpy ).

Finally, the third part shows the resistance (Rpg. ) and CPE (Qpg ) of the diffusion boundary layer
of the membrane, and can be found as the second semi-circle in the Nyquist plot. The horizontal axis
represents the ohmic resistance (Rpg, ), whilst the vertical axis represents the non-ohmic part (Qpgy )-

Rs',’stam [

Figure 2.10: Equivalent circuit BPM
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2.4.4. Membranes in series

In the past, EIS has been used in several flow battery studies [9][76][60][23]. Most of the recent litera-
ture studies are focused on only single parts of flow batteries. However, Trovo et al. [76] uses a 40-cell
stack of a vanadium redox flow battery, where a 40-cell stack is examined with many membranes in
series.

For the ABFB, the equivalent circuit of a whole triplet is depicted in Figure 2.11. Here, an anion ex-
change membrane, bipolar membrane and cation exchange membrane are placed in series, divided
by different aqueous solutions.

Figure 2.11: Equivalent circuit of a whole AEM, BPM, CEM ftriplet



Methodology

In this chapter, the methodology is explained. Section 3.1, presents the approach of the experiments,
whereafter section 3.2 shows the experimental setup including the used components. In section 3.3,
the design, manufacturing and testing process of a flowframe stack is shown. Section 3.5, will elaborate
on the potentiostat and finally, in section 3.6 the data processing will be clarified.

3.1. Approach

To analyse the non-ohmic resistance of multiple ion-exchange membranes in series, stated as the aim
of this research, a variety of experiments have been carried out. To measure the non-ohmic resistance
of the membranes, Electrochemical Impedance Spectroscopy (EIS) is used (this method is explained
in section 2.4).

To answer the first sub-question of this research as stated in chapter 1, the effect of different current
densities on the ohmic and non-ohmic resistance of a bipolar membrane (BPM) under forward and
reverse bias has to be observed.

To find out if it is possible to compose a simplified equivalent circuit of multiple ion-exchange mem-
branes in series by using EIS data (as stated in the second sub-question in chapter 1), all three single
membranes of the triplet are examined as a starting point. Thereafter, a full stack of three membranes
(AEM, BPM and CEM) in series is analysed.

3.2. Stack setup

In this section, the experimental setup is explained. First, the cell configuration for the current density
measurements is shown in subsection 3.2.1. Hereafter, the used membranes are shown in subsec-
tion 3.2.2.

3.2.1. Six-compartment setup

The six-compartment setup is used for experiments to analyse the impact of different current densities
on the non-ohmic resistance of BPMs. The rest of the experiments are executed with the Flowframe
stack as explained in more detail in section 3.3.

The six-compartment setup of Figure 3.1a has 100 ml compartments for electrolyte (Na,SO,), salt
(NaCl), acid (HCI) and base (NaOH). At both sides of the BPM, a luggin capillary is placed, directing
the reference electrodes to the membrane (see schematic overview of Figure 3.1b). These luggin
capillaries are connected to 8 mm leak-free Ag/AgCl reference electrodes.

To induce an ion-flow and let a water association or dissociation reaction take place inside the BPM,
a working electrode and counter electrode are applying a potential to the setup. This water dissociation
or water association reaction as well as the diffusion boundary layer, is measured by the reference
electrode.

Due to the reference electrode (RE) next to the BPM membrane, this setup only measures over the
BPM in the centre of the setup. The other compartments, working and counter electrode make sure

17
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the reaction inside the BPM can take place.

During the experiments with this setup, the pumps are switched off and therefore provide no flow,
to avoid noise in the measurements during the experiments. However, before every experiment the
compartments are drained and refilled to make sure the concentrations of the solutions stay equal over
multiple measurements.

BPM
CEM AEM ICEL AEL]| CEM CEM

Salt Acid :E  Salt

Electrolyte
Electrolyte

(a) Six-compartment setup

(b) Schematic overview

Figure 3.1: Six-compartment setup at Delft University of Technology and schematic overview six-compartment setup with luggin
capillary and reference electrodes

3.2.2. Membranes

For all experiments, Fumatech ion-exchange membranes are used as shown in Table 3.1. For the anion
exchange membranes (AEM), the fumasep® FAB-PK-75 membranes are used. For the bipolar mem-
branes (BPM), the fumasep® FBM-PK membranes are used. For the cation exchange membranes
(CEM), the fumasep® FKB-PK-75 membranes are used [36].

The membranes are made of polyetheretherketone (PEEK), which is an aromatic polyether, high-
performance thermoplastic used in coating, insulation of high-performance wire and cable, and molded
parts [25]. In this case, PEEK is used as reinforcement of the main composite material, because it is
resistant to solvents.

Table 3.1: lon-exchange membranes used for experiments

Membrane Type
AEM fumasep® FAB-PK-75
BPM fumasep® FBM-PK

CEM fumasep® FKB-PK-75

3.3. Flowframe stack design, manufacturing and testing

A stack with thin flowframes is required to measure multiple membranes in series, with the possibility to
measure every membrane individually as well. A stack with these specific requirements is not available
and therefore is designed, manufactured and tested.

3.3.1. Flowframe stack design

The stack is designed in Autodesk Fusion 360 and based on a previous design for a stack using spacers.
The flowframes are designed to be as thin as possible to avoid having an interference of the resistance
of the solutions on the results. However, to have the possibility to put reference electrodes in every
compartment close to the membrane, there has to be a hole in the flowframes for 1.0 mm reference
electrodes. Therefore, the designed flowframes of Figure 3.2 are 3.0 mm thick with a 1.0 mm wide
tunnel to the 22 cm? membrane area. This allows a 1.0 mm reference electrode to enter the flowframe
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and the flowframe to preserve its strength. In this design, three different flowframes are produced: an
acid flowframe as depicted in Figure 3.2a, and a base and a salt flowframe with a different configuration.
The end-plates of the stack contain the working and counter electrode, including the compartment for
the electrolyte.

(a) Acid flowframe (b) Triplet flowframes (c) Final stack

Figure 3.2: CAD design of multiple 3.0 mm thick flowframes with a membrane area of 22 cm? and the final stack

3.3.2. Flowframe stack manufacturing

The manufacturing process is done by a filament 3D-printer, using PETG as filament. PETG is chosen
because of its manufacturability as well as chemical resistance over time. To obtain a leak-free stack,
five aspects are important during the printing process.

First, the printing surface needs to be as flat as possible. Using a glass bed is recommended, because
a coated spring steel bed has a higher roughness level.

Second, in the settings of the 3D printing model the infill of the 3D print has to be 100%. Otherwise,
the flowframe is partly hollow and the aqueous solutions could move easier into the material if an
imperfection is present in the print.

Third, the printing resolution has to be as high as possible. The highest resolution of the used 3D
printer was 0.1mm per layer. This resolution was required, because of the chance of imperfections
during the print. If a 3D printer uses a higher layer thickness, the print can become porous. Which
could induce leakages under high pressure of the aqueous solutions. To avoid this phenomenon,
thinner layers are recommended.

Fourth, to be able to use reference electrodes inside the stack, holes for the reference electrodes
have to be present. In the 3D print design, a 1.0 mm hole is present, providing a channel for the
reference electrode. Because this hole will be constructed layer by layer, in horizontal direction, this
hole could collapse during the printing process. Therefore, the hole is printed in the water drop shape of
Figure 3.3. This water drop shape prevents the channel to collapse during the printing and assembling
process.

Finally, the top surface has to be ironed. The ironing process will smooth out the top surface and
makes sure there are no pits in the surface that could cause leakage.

After the prints are finished, the reference electrode holes are drilled with a 1.0 mm drill. To make sure
the surface is smooth enough, the surface is sanded with fine (360 grit or higher) sandpaper. For the
reference electrodes, two leak-free 1.0 mm LF-1.0-100 Innovative Instrument reference electrodes are
used. The unused holes in the flowframes are filled with plugs during operation.

A 0.5 mm EPMD rubber gasket is used as a seal, because of its chemical resistance properties
[33]. The plate rubber is die-cut into the shape of the gasket. To make sure the stack is leak tight, a
few points have to be taken into account. To obtain a sufficient seal, a flat surface is used for this stack.
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Figure 3.3: Hole for a 1.0 mm reference electrode, in water drop shape at the 3D print.

For a fully sealed membrane and flowframes, two gaskets are used in between two flowframes. That
means that in this stack, a gasket-membrane-gasket setup is used between two flowframes.

The used membranes as stated in Table 3.1, are prepared by a die-cut in the right shape and stored
in a 0.25 M NaCl solution.

Whilst assembling the stack, the sequence of Figure 3.4b is used. The stack has an extra salt flowframe
to be able to measure over the three membranes. This makes it possible to measure a whole triplet,
from salt to salt, by reference electrodes.

BPM
CEL AEL

AEM AEM CEM AEM

Salt Base WLl

Electrolyte
Electrolyte

(b) Schematic overview flowframe stack

(a) Assembling process of the flowframe stack

Figure 3.4: Assembling process flowframe stack and schematic overview flowframe stack with reference electrodes

Between two flowframes, a gasket, membrane and second gasket are placed. This assembling process
is shown in Figure 3.4a. In the flowframes a mesh (with a hole for the reference electrode) is placed to
make sure the solution is mixed inside the compartment [78]. For a proper gasket seal, compression
of the gaskets has to be around 40% [29]. To obtain this compression rate, Equation 3.1 is used to
calculate the stiffness k by giving the input of the elastic modulus of EPMD (E = 6.73MPa according
to [92]), the area of the gasket (A = 9550mm?) and the thickness of the 10 gaskets in series (L =
0.5 = 10 = 5mm). In this equation the stiffness of the gaskets is calculated, but the stiffness of the
end-plates, flowframes and membranes are neglected.

k=4 g5 N (3.1)
L T T Tmm ’
The stiffness of the ten used gaskets is equal to kgaskets = 12. 85— The axial force on the stack can

be calculated by Equation 3.2, with a compression of Comp = 0. 40 and the total length of compression
is L = 5mm.

F axial, total = Comp * kgaskets * L (3.2)
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The total axial force on the stack has to be F a1 total = 25.7kN, divided by eight bolts makes an axial
force of F 4al one boit = 3.2kN per bolt. To obtain this force by the bolts, they have to be tightened until
a certain torque. This torque can be calculated using Equation 3.3, with a bolt diameter of dy,oy = 6mm
(in case of a M6 bolt) and a torque coefficient of K = 0.2 [52] [48].

T = Faxial, one bolt * K * dpot (3.3)

For this stack to obtain a total gasket sealing, it requires a compression rate of 40%. This compression
can be achieved by applying a torque of T = 3.85Nm to the eight M6 bolts.

3.3.3. Flowframe stack testing
To be sure that the stack works as required, it is essential to test the stack. The stack testing follows
three steps.

First, the stack is connected to the pumps and filled with demineralised water and the pumps are
switched on. A visual inspection makes sure there is no external leakage.

Second, an internal leakage test is executed. To perform an internal leakage test, all compartments
are filled with demineralised water water. All (top) outlets are disconnected and left open, except from
one flowframe. Turn on the flow in the connected flowframe and watch if the other compartments do
not leak at the top outlet. Repeat this method for all compartments.

Third, conduct an IV-curve and check if the curve of the plot is as expected from literature [84]. An
[V-curve is a plot showing the voltage response of the stack under different currents. If no current is
applied (I = 04), the open circuit voltage (OCV) can be measured. If a positive current is applied, the
battery will be charged and the voltage increases compared to the OCV. In case a negative current is
applied, the battery will discharge and the voltage response will decrease compared to the OCV. For
the flowframe stack, the IV-curve of Figure 3.5 is conducted.

1.2
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Figure 3.5: IV-curve of the flowframe stack, using the chemical compounds of Table 3.2

In Figure 3.5, the open circuit voltage (OCV) atI = 04/m? is with Egcy = 0.76V lower than the expected
OCV of Egcy = 0.864V, from the calculation of Equation 2.24. This can be explained by a few factors, if
the standing time is too brief, the voltage does not fully recover (no equilibrium) and no real OCV can be
measured. Also, the State of Charge (SOC) can be lower than anticipated. If the concentrations of the
solutions are different than used for the calculations, the measured OCV is not what you would expect
[86]. Finally, a broken membrane, different temperatures a gasket leak and/or membrane impurities
can influence the OCV measurement [86] [89].
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A more rapid decrease in voltage response can be found for currents lower than —1504/m?. Ac-
cording to internal research of AquaBattery [84], this phenomenon appears if there is a background
concentrations of (more than 0.01M NaCl) salt present in the acid and base solutions. Since the mem-
branes are stored in salt solutions, and although the system and the membranes are flushed with
demineralised water, it can be expected that a very small amount of salt still is present. This explains
the IV-curve of Figure 3.5.

3.4. Experiments

The solutions of Table 3.2 are used to conduct the experiments. A different electrolyte is used in the
six-compartment setup and therefore, CEM membranes are used between the electrolyte and salt com-
partments instead of AEM. For the flowframe stack, AEM membranes are used between the electrolyte
and salt compartments, to let CI" ions pass.

Table 3.2: Chemical compounds and concentrations for an acid-base flow battery

Solution Concentration Chemical compound Conductivity Resistance
M] [mS/cm] [Q/mm]
Salt 0.5 NaCl 41 0.11
Acid 1.0 HCI 318 0.014
Base 1.0 NaOH 178 0.026
0.25 Fe(Il)Cl - -
Electrolyte flowframe stack 0.25 Fe(lINCI - -
0.1 HCI - -
Electrolyte six compartment 1.0 Na,SO, - -

For EIS measurements in the flowframe setup, the 1.0 mm reference electrodes are used. Single
membrane measurements are done by placing the reference electrodes in the flowframes next to the
membrane of measurement. To conduct the triplet measurements, the reference electrodes are placed
in both salt compartments, shown in Figure 3.4b. In this way, a whole triplet can be measured including
the AEM, BPM and CEM and solutions.

The conductivity and resistance of the solutions can be determined. In Figure 3.6, the conductivity of
the acid, base and salt solutions under different concentrations are shown [85].

From these figures, the conductivity of the fluids can be obtained. The corresponding resistance can
be calculated using Equation 3.4.

R L
T kxA
Here, the resistance of the fluids is calculated with the conductivity k, length of the fluids per millimeter
L = 1mm and area of the membrane A. For the flowframe stack, the membrane area is 4 = 2200mm?,
the concentration for acid and base are 1 M and the concentration of salt is 0.5 M, which concludes to
a resistance in [(0/mm] as shown in Table 3.2.

(3.4)

During the flowframe stack measurements, the flow of the solutions is set at 40ml/min. This flow rate
can be converted to an average rate of the fluid in cm/s, parallel to the membrane in vertical direction
by Equation 3.5.

1[ml/min] = [em/s] (3.5)

60 * area[cm]

For a flow rate of 40ml/min, this means that the solutions pass the membrane at 1.11cm/2.
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Figure 3.6: Conductivity of acid, base and salt, as a function of the concentrations of the fluid streams including fits. [85]

3.5. Potentiostat

For electrochemical impedance spectroscopy (EIS), a potentiostat is required. A potentiostatis an elec-
tronic instrument that controls the voltage between a working electrode and a reference electrode [38].
For this research, the potentiostat is used in galvanostatic mode. In galvanostatic mode, the instru-
ment will control the current instead of the voltage. This is necessary for controlling the electrochemical
reaction inside the BPM. By controlling the current, the ion flow can be controlled and therefore, the
electrochemical reaction inside the BPM can be controlled.

Two reference electrodes are used for EIS of ion-exchange membranes in an acid-base flow battery:
one sensing electrode and one reference electrode. The sensing electrode measures the phase and
voltage before the membrane and the reference electrode will measure the phase shift and voltage
after the membrane.

Figure 3.7 shows how the potentiostat is connected to the stack. The sensing electrode (S) is connected
to the compartment on the side of the working electrode and the reference electrode is connected to
the compartment on the side of the counter electrode.

Two different potentiostats are used for the experiments. The current density measurements are done
by the AUTOLAB PGSTAT302N at the Delft University of Technology. The operational instructions are
described in Appendix C.

For the rest of the experiments, the IVIUM-N-STAT is used at AquaBattery. The software is different,
but the working principle is equal to the AUTOLAB potentiostat.
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Figure 3.7: Schematic overview of connecting the potentiostat to the stack

3.6. Data processing

For this research, the Python code in Appendix A is developed and written. This code is used to pro-
cess the EIS data because this code was easier to use for different potentiostat outputs than other,
commonly used software. This Python code is able to process the Excel file output of the potentiostats
and provide figures in the same style, independent from which potentiostat is used. Another benefit of
using Python is that the data can easily be processed in other ways as well. New calculations, proper
comparisons and clarifying graphs can easily be obtained.

To construct proper Nyquist and Bode plots with multiple measurements plotted in one figure, multiple
Python packages are used.

For the construction of dataframes, pandas [58] is used. Pandas can read Excel files and pro-
duce structured dataframes, which can be used to conduct clear graphs and equations. The plotting of
Nyquist and Bode plots is done by Matplotlib [50], because Matplotlib can construct multiple plots in one
figure, which is necessary for this research. The EIS fitting is done using the ImpedancePy package
[42], because this software can make fits for EIS dataframes and provide the (non-)ohmic values of
these fits.



Results and Discussion

In this chapter, the results of the different experiments are shown and discussed. In section 4.1, the
results are presented of the bipolar membrane (BPM), during water association and dissociation with
varying background currents. In section 4.2, the flow rate is varied to analyse the effect of the flow rate
on the boundary layers. Electrochemical impedance spectroscopy is applied on single membranes
in section 4.3, whilst in section 4.4 the membranes in series are analysed. Finally in section 4.5, a
simplified equivalent circuit is constructed.

4.1. Current densities
In this section, varying current densities are applied to the bipolar membrane (BPM) in the six-compartment
setup of Figure 3.1a.

If a positive current is applied to the setup, water will be dissociated inside the BPM to form H* and OH"
ions. Water dissociation takes place during charging the battery and is also called reverse bias [63].
For the rest of this report, this will be called water dissociation.

Applying a negative current to the stack, induces the association of H* and OH" ions into water
inside the BPM [63]. This reaction occurs when the battery is discharged an is also called forward bias.
For the rest of this report, this will be called water association.

In Figure 4.1, water association takes place inside a BPM under different background currents. In
Figure 4.2, water is dissociated inside the BPM under different background currents.
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Figure 4.1: EIS of water association inside a BPM under different background currents (forward bias)

According to Blommaert et al. [9], in Figure 2.9, the first semi-circle is caused by the water association
reaction, whilst the second semi-circle is caused by the diffusion boundary layer. The offset of the plots

25
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Figure 4.2: EIS of water dissociation inside a BPM under different background currents (reverse bias)

Table 4.1: Resistances of BPM with varying background currents, as shown in Figure 4.1 and Figure 4.2

Background current  Rgystem  Rwpr QoL n RpsL Qos. | Rotal
[mA/cm? | [Qcm?] [@cm?] [Fcm?] L [acem?] [Fem?] PBL [acm?
8.0 3.19 0.188 0.00748 0.872 0.246 19.6 - 3.624
6.0 3.24 0.197 0.00466 0.933 0.487 10.1  0.745 3.924
3.0 3.30 0.207 0.00559 0.899 0912 531 0.681 4.419
1.0 3.28 026  0.0129 0.771 1.03 459 0789 457
-1.0 3.81 0.302 0.00618 0.866  1.69 328 0.806 5.802
-3.0 3.93 0.307 0.00577 0.874 2.26 251 0.818 6.497
6.0 4.03 0.374 0.00689 0.824 4.1 128 0.804 8.504
-8.0 4.19 043 0.00615 0822 7.09 0679 0.787 11.71

are caused by the ohmic resistance of the system. The x-axis represents the ohmic resistance, whilst
the y-axis represents the non-ohmic resistance.

In the Bode plots of Figure 4.1 and Figure 4.2, two peaks can be found. One peak can be found around
200Hz, corresponding to the diffusion boundary layer. The second peak can be found around 0.03Hz
and corresponding to the water association reaction. During water association, the second semi-circles
of the Nyquist plot are large compared to the second semi-circles of the water dissociation plot. How-
ever, in both plots the reaction takes place at the same frequencies.

In Table 4.1, the varying resistances as a function of the background current are presented and the
total ohmic resistance is shown in the last column. The resistance of the first semi-circle is expressed
as Rypr and the resistance of the second semi-circle is shown as Rpg . The non-ideal capacitors or
constant phase elements (CPE) are depicted as Qp, and Qpg.. The np. and npg stand for the fitting
parameter n, as stated in section 2.4 and Equation 2.34.

The shape of the first semi-circle is similar during water association and dissociation, but if the rel-
ative background current decreases, the resistance of the water reaction inside the BPM increases.
According to Tanaka [73], this increase in resistance has to do with the decreasing ion concentration
and therefore, a decrease in conductivity.

For the BPM with water association in Figure 4.1, the second semi-circle (diffusion boundary layer), is
causing a large part of the ohmic and non-ohmic resistance. When the background current becomes
more negative, the diffusion boundary layer resistance contributes more to the (non-)ohmic resistance.
For the BPM with water dissociation (Figure 4.2), with higher background currents, the second semi-
circle is contributing less and the total resistance decreased as a function of background current.
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The total resistance of the EIS measurements under different current densities, is plotted as a function
of the background current in Figure 4.3.

12 A
—&— Total resistance

—— DBL Resistance
10 A WDR Resistance

Resistance (Qcm?)
[e)]

Current density (mA/cm?)

Figure 4.3: BPM resistance as function of the current density

In Figure 4.3, the total resistance, DBL resistance and WDR resistance of the BPM are shown under
different current densities, based on the data of Table 4.1. The total resistance is the sum of the DBL
resistance, WDR resistance and the ohmic resistance of the BPM.

The WDR resistance becomes linearly smaller over the current density. This could be caused by
the increasing concentration of H* and OH" ions inside the BPM under higher current densities. The
higher concentrations of acid and base are more conductive, as shown in Figure 3.6 [85]. When H* and
OH- ions recombine, H,O is formed inside the BPM and this will contribute to a lower concentration.

In this visualisation, it becomes clear that the DBL resistance has an exponential decline with re-
spect to the current density. An approximation of the DBL resistance in this figure can be found in
Equation 4.1.

RpgL = 1.37 x ¢70-19%" 4.1)

In this equation, Rpg, is the DBL resistance and I is the applied current density in [mA/cm?]. The
equation of Equation 4.1 is not a general equation for all setups and settings, but it gives an indication
of the course of the graph with the given stack and parameters.

The hypothesis for the phenomenon of resistance shifting under different background current, is that
due to water association (Figure 4.1), the boundary layer is getting depleted of ions, by the absorption
of H" and OH" ions into the BPM. This is illustrated in Figure 4.4a.

For water dissociation (Figure 4.2), the hypothesis is the other way around. The diffusion boundary
layer is getting enriched by ions, due to the release of ions by the BPM. This could make the DBL more
conductive, which leads to a lower resistance. This hypothesis is illustrated in Figure 4.4b.

The decreasing WDR resistance seems to have the same development as Diugotecki et al. [23] states
with the graph of Figure 4.5. Dtugofecki et al. shows that the resistance of the DBL of cation exchange
membrane decreases as a function of the flow rate. The flow mixes the DBL, what could make the DBL
more conductive in case ions are pulled inside the membrane and the DBL gets depleted. However,
this is only measured for an AEM and CEM and not for a BPM between the same solutions as the BPM
of Figure 4.3.
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(a) Depletion during water association (forward bias) (b) Enrichment during water dissociation (reverse bias)

Figure 4.4: Hypothesis depletion and enrichment of the BPM diffusion boundary layer
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Figure 4.5: Resistance of a CEM, with membrane resistance Ry, double layer resistance Rp, and diffusion boundary layer
resistance Rpg, in a 0.017 M NaCl solution [23]

4.2. Flow rate difference

The hypothesis for the phenomenon of resistance shifting under different background currents as stated
in section 4.1, is that due to water association (Figure 4.1), the boundary layer is getting depleted of
ions, by the absorption of H* and OH" ions into the BPM (as shown in Figure 4.4).

To test this hypothesis, in this section the (non-)ohmic resistance of the diffusion boundary layer is
measured at different flow rates. Previous research shows that the DBL resistance reduces when the
velocity of the feed water increases, since the mixing rate will be improved at higher velocities [79] [81]
[22] [24] [23] [60]. Higher flow rates, may refresh the boundary layer faster and this might be detectable
in the non-ohmic resistance part of the BPM boundary layer.

Since the experiments of section 4.1 were executed in Delft, and the test setup at Delft University of
Technology (Figure 3.1a) has large compartments without any flow, the flow experiments are executed
at the flowframe setup of Figure 3.2b. Because these experiments are executed at another location,
with another potentiostat, a comparison of the different potentiostats is made in subsection 4.2.1.

In subsection 4.2.2, the flow rate experiments are explained and the results are shown.

4.2.1. IVIUM & AUTOLAB comparison

To check if IVIUM potentiostat/galvanostat results are comparable with the AUTOLAB potentiostat/gal-
vanostat, an experiment has been executed using the flowframe setup at both the IVIUM at AquaBattery
and the AUTOLAB at Delft University of Technology. In Figure 4.6a and Figure 4.6b, the same flowframe
setup has been used, with equal flow rates (54 ml/min) and background currents (-6.0 mA/cm?), to mea-
surements with the IVIUM and the AUTOLAB potentiostat.
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Figure 4.6: EIS of the IVIUM vs AUTOLAB potentiostat

A few differences between the IVIUM and the AUTOLAB can be observed. First, in Figure 4.2, a long
tail is present in the Nyquist plot at the higher frequencies of IVIUM. This tail does not show at the
AUTOLAB measurements. This artifact can be caused by different interfering signals at the different
labs. Also, the IVIUM shows a smaller first semi-circle, for the water association/dissociation reaction.
However, the plots have the same shape and behaviour in the range of 102 < Hz < 300. Finally, less
noise is observed in the IVIUM measurements. For the setup for the IVIUM measurements, longer tubes
were used between the pump and the stack compared to the AUTOLAB measurements. This could
have a dampening effect to the pump pulsation and could lead to less noise during the measurements.

4.2.2. Flow rate measurements

To measure the effect of flow rate on the second semi-circle in a Nyquist plot of a bipolar membrane
(BPM), multiple EIS experiments are done on the flowframe test setup. Because the second semi-circle
of the BPM was the largest and therefore most noticeable at a background current of —8.0mA/cm? (see
Figure 4.1 and Table 4.1), this background current is chosen for the flow rate measurements.

To determine the effect of flow rate, the flow rate is converted from mi/min to cm/s as shown in Equa-
tion 3.5. This is the rate of the fluid, parallel to the membrane in vertical direction. This flow rate gives
a more representative number for the flow through the flowframe, parallel to the membrane.
According to Vermaas et al. [80], the refreshing of the layers adjacent to the membrane scales with the
Reynolds number, with respect to the flow parallel to the membrane. The Reynolds number Re can be
calculated using Equation 4.2 [80] [70].

d
Re = 220 (4.2)
u
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Table 4.2: Resistances of BPM with varying flow rates, as shown in Figure 4.7

Flowrate o Rsystem  Rwor QoL n RpsL Qos. Rrotal
[cm/s ] [Qcm?] [@cm?] [Fem?] P [@cm?] [Fem?] PBL [Qcm?)
0 0 457 143 0.00294 1 0.56 9.43 1 6.56
0.14 76 479 1.3 0.0033 1  0.203 38 1 6.293
1.11 61 458 1.35 0.003 1 0.181 63.6 1 6.111
6.67 485  4.67 1.3 0.00311 1 - - - 5.97

Here, v is the average flow velocity (m/s), dy, is the hydraulic diameter (m), p is the density of the wa-
ter (kg/m3) and u is the dynamic viscosity of water (kg/(m«s)). For the flowframe setup, the hydraulic
diameter d,, ~ 5.2mm = 0.0052m, the water density of the solutions is approximately p = 1050kg/m3,
the dynamic viscosity of water at 293K is u = 0.001% [31] and the velocity depends on the flow mea-

surement. The final Reynolds numbers per flow rate are shown in Table 4.2 as Re. Under all measured
flow rates, a laminar flow (Re < 2000) is observed [70].

In Figure 4.7, the influence of flow rate on the diffusion boundary layer of a BPM is measured. The
EIS data obtained from these measurements are processed and shown in Table 4.2. From this figure,
it is clearly visible that the second semi-circle decreases at higher flow rates. This suggests that the
diffusion boundary layer is indeed influenced by the difference in flow rate.
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Figure 4.7: EIS of a BPM under different flow rates -8.0 mA/cm? (water association/ forward bias).

An overview of the resistance of the DBL (Rpg, ) versus the flow rate is shown in Figure 4.8.

In case of higher flow rates, the DBL is refreshed more and the resistance Rpg, decreases. Since
the DBL is a layer with a different concentration of specific ions than the bulk solutions (as explained
in subsection 2.2.3) and can be influenced by more refreshing, this is also in line with the hypothesis
of section 4.1. At relatively higher current densities, the DBL resistance goes down. This can be
caused by the enrichment of H* and OH- ions in the DBL in case of water association. In case of water
dissociation, the depletion of ions in the DBL can cause a higher DBL resistance, because a lack of
ions in water can increase the resistance.
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Figure 4.8: Resistance of the DBL as a function of flow rate.

4.3. EIS of single membranes

Before a whole triplet can be analysed, first every membrane has to be analysed independently. To
keep water association and water dissociation separate, the membranes are measured either during
water association or water dissociation.

All single membrane measurements are with a background current of +6.0mA/cm? and an EIS ampli-
tude of 50% of the background current.

In Figure 4.9, three membranes are measured independently from each other under association and
dissociation, and an EIS fitting is applied. This EIS fitting has been done by the Python script of Ap-
pendix A and the equivalent circuits of monopolar and bipolar membranes, as shown in section 4.3 and
section 4.4.

Whilst associating water, the anion exchange membrane (AEM) is measured in Figure 4.9a, the bipolar
membrane (BPM) is measured in Figure 4.9c and the cation exchange membrane (CEM) is measured
in Figure 4.9e.

The AEM and CEM during water association are only showing one semi-circle, reflecting the non-
ohmic resistance of the diffusion boundary layer (DBL) adjacent to the membrane, whilst the BPM
shows with two semi-circles the water association reaction as well as the DBL. The resistances are
shown in Table 4.3, according to the illustration of Figure 2.8 and Figure 2.10.

During water dissociation, the anion exchange membrane (AEM) is measured in Figure 4.9b. The
bipolar membrane (BPM) is measured in Figure 4.9d and the cation exchange membrane (CEM) is
measured in Figure 4.9f. The resistances are presented in Table 4.4.

The AEM during dissociation shows almost no diffusion boundary layer, whilst the CEM still shows
a small semi-circle. The BPM shows a clear water dissociation reaction with a first semi-circle. The
diffusion boundary layer is only very small in the second semi-circle.

The measurement of the AEM during water dissociation Figure 4.9b only shows a very small variation,
without any semi-circle. This could be expected, because Figure 4.2 also shows very little effect of the
DBL under —6.0mA/cm? under water dissociation. However, it is contradictory to the CEM measure-
ment in the same figure, since this membrane shows a semi-circle.

For the measurement of the CEM during water dissociation, as shown in Figure 4.9f, the observed
semi-circle is not a perfect arc. There seems to be a small dip in the graph around Z’ = 11.2Qcm?.
This can be caused by the effect of a second RC circuit, as shown in section 4.3, although this is not
expected at such high concentrations of solutions.
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Figure 4.9: EIS of single membranes including a fit, with a background current of -6.0 mA/cm2 (water association) or 6.0 mA/cm2

(water dissociation)

The EIS data of Figure 4.9 contains some noise. According to Elsge et al. [30], this noise can be
explained by the AC amplitude during the measurement. For the EIS measurements of Figure 4.9, an
AC amplitude of 50% of the DC background current is used. Another hypothesis for the noise in the
EIS data could be that the flow inside the stack contributes to some disturbances. Although a laminar
flow is observed, as discussed in subsection 4.2.1, noise could be induced by the flow or pumping

pulsation.
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4.4. EIS of membranes in series

In this section, three membranes in series are measured with EIS at a background current of £6.0mA/cm?.
This measurement has been done by putting reference electrodes in the salt compartments of an acid-
base flow battery, with one triplet of AEM, BPM and CEM in between (as discussed in section 3.4). This
measurement will be compared to a calculated triplet resistance, based on single membrane measure-
ments of section 4.3.

Whilst associating water, Figure 4.10a shows the measurements of the single membranes, measured
triplet and the calculated triplet (sum). This calculated ftriplet is calculated by taking the sum of the
(non-)ohmic resistances of the single membranes in series at the same frequencies, whilst the phase
shift in the Bode plot is calculated by taking the average phase shifts of the single membrane values.

Nyquist Bode
10 A
10.01 vV AEM — AEM
BPM BPM
75 v CEM — CEM
! Vv AEM + BPM + CEM 87 AEM + BPM + CEM
VvV Sum AEM + BPM + CEM === Average AEM + BPM + CEM
5.0
—_ —~ 61
o~
g 257 i,
O (O]
[%)]
S oo L AR | .
R £
,\l‘ —-2.51 !
5]
5.0
7.5 ol
-10.0

5 10 15 20 25 30 10~ 10 10° 10! 102
Z' (Qcm?) Frequency (Hz)
(a) Water association/ forward bias (-6.0 mA/cm?)
Nyquist Bode
10.01 v AEM 8w AEM
BPM BPM
7.5 7 v CEM 6] == CEM
Y AEM + BPM + CEM == AEM + BPM + CEM
5.0 ¥ Sum AEM + BPM + CEM 4| = Average AEM + BPM + CEM
& 254 —
S L 2
é 0.0 t P g
= g 01 ———y
,\I‘ —2.5 ﬂl.
._2 4
_5.04
_4 ]
754
-10.0 4 —61
5 10 15 20 25 30 10~ 10 10° 10! 102
Z' (Qcm?) Frequency (Hz)

(b) Water dissociation/ reverse bias (6.0 mA/cm?)

Figure 4.10: EIS of a triplet whist associating and dissociating water, including a measured and summed triplet.

The figure clearly shows that the measured and calculated triplet are very close to each other in the plot
and seem to overlap. Figure 4.11 focuses on the measured and summed plots in forward bias. Here,
it is very clear that the plots are very close to each other. The values of the measured and calculated
triplet are shown in Table 4.3.

This means that during water association, the measured EIS data of a whole triplet is the sum of
the three single membranes in series at the same frequencies.
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Figure 4.11: EIS of a measured and summed triplet whist associating water.

Table 4.3: Resistances of single membranes and multiple membranes in series, with a background current of -6.0 mA/cm? (water
association) as shown in Figure 4.10a

Rsystem  Rwar Qwar RbsL QpsL
Membrane |02 [oom?] [Fom?] [Qcm?] [Fom?] MPEL
AEM 12.5 - - 0.761 4.01 0.824
BPM 4.42 1.85 0.00200 0.474 10.1 0.898
CEM 10.1 - - 0.924 8.19 0.821
Measured 26.7 2.11 0.00128 2.16 2.03 0.844
Sum 26.4 2.51 0.000883 2.14 2.17 0.811

Figure 4.10b shows the results of single membranes whilst dissociating water, including a measured
triplet and a calculated triplet (sum of membranes in series). The calculated and measured triplets have
the same shapes, but the absolute values differ. The values of the water dissociating triplet are shown
in Table 4.4.

Table 4.4: Resistances of single membranes and multiple membranes in series, with a background current of 6.0 mA/cm? (water
dissociation) as shown in Figure 4.10b

Rsystem  Rwbr Qwbr RpsL QoeL
Membrane "2 (acm?] [Fem?d [@cm?] [Fom? MOEL
AEM 11.9 - - 0.016 9.54 0.000
BPM 4.62 1.48 0.00385 0.0717 10.66 0.963
CEM 11.1 - - 0.660 8.63 0.909
Measured 28.2 1.70 0.00317 0.620 5.96 0.763
Sum 28.4 0.677 0.0099 0.772 6.44 0.853

However, the sum of the AEM, BPM and CEM during water dissociation, as shown in Figure 4.10b, is
not exactly the same as the EIS measurement of the triplet. In case of water association, the measure-
ment and summed single membranes are very close to each other. For water dissociation that seems
to be different. For this phenomenon, there are two explanations. First of all, the measurements of the
single membranes were not executed in the same run. Therefore, there might be slight differences in
the measurement setup or it could be the case that some salt (NaCl) was still in the system for one of
the measurements. Second, the location of the reference electrode might have moved a fraction, the
concentration of the solutions might have changed minimally, but this would have effected the system
resistance and this seams not the case, since the main difference can be found in Rypr.
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The resistance of the solutions for a whole triplet measurement can be calculated using Equation 3.4
of section 3.4. In this equation, the length of the solutions is L = 3.6mm, because this is the thickness
of the flowframes plus the thickness of the 40% compressed gaskets. This concludes to a total solution
resistance of Rggytions = 0.543Q.

This solution resistance is around 2% of the system resistance R of a triplet, which means that the
majority of the resistance comes from the ohmic membrane resistance and the setup resistance (ref-
erence electrodes, wires, etc.).

A loop appeared in the Nyquist plots after multiple charge and discharge cycles, as shown in the mea-
sured triplet data of Figure 4.12a. This phenomenon is described in literature for solid state LTI lithium-
ion batteries as an inductive loop formation, which appears after multiple charge-discharge cycles, as
shown in Figure 4.12b [11]. Brandstatter et al. [11] states that this phenomenon in lithium-ion batteries
occurs due to springs, reference electrodes, drift and corrosion and does not see any interrelation-
ship between inductive loops and Solid Electrolyte Interphase (SEI). However, no physical springs are
present in the flowframe stack, but it could have to do with reference electrodes, drift or corrosion. Also,
Brandstatter et al. [11] states that in their opinion, in many cases the loops in the low-frequency range
are wrongly called inductive and can be explained by a negative capacitance effect.

-15
¥ AEM + BPM + CEM
154
10
_Loq v wYv, .
NE v VYTV v €
S v v’ v =
C o054 vavv Q
- Yy N 5|
vy
N oo v
0.04 'z
_054
0 -
275 28.0 285 290 295 300 305
Z' (Qcm?) | | ]
5 10 15 20 25

(a) Final triplet measurement (-6.0 mA/cm?)
Z'/Ohm

(b) Inductive loop from literature [11]

Figure 4.12: Nyquist plots of impedance data with inductive loops from a) The final triplet measurement of this research and b)
a LTO lithium-ion battery with an indication of charge-discharge cycles [11]
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4.5. Simplified equivalent circuit

One of the sub questions of this research is: Is it possible to compose a simplified equivalent circuit of

multiple ion-exchange membranes in series, by using Electrochemical Impedance Spectroscopy data?
In this section, a simplified equivalent circuit will be conducted during association and dissociation

of water, from measurements of one whole acid-base flow battery triplet.

As shown in Figure 4.10, a whole triplet can be measured using EIS and an EIS fit can be applied.
The measured triplet is showing two semi-circles after an offset from the y-axis. The offset from the
y-axis is due to the ohmic resistance of the system resistance including the membrane resistance, so-
lution resistance, reference electrode resistance and other ohmic resistances in the system. The first
semi-circle of the triplet measurement is due to the Water Dissociation Reaction or Water Association
Reaction, because the semi-circle is very close to the first semi-circle of the BPM. The second semi-
circle is due to the diffusion boundary layers of the AEM, BPM and CEM summed up in series.

For a whole triplet during water association and dissociation, Figure 5.2 shows the proposed EIS fits.
From these triplet measurement fittings, a simplified equivalent circuit can be conducted and is shown
in Figure 4.13. This simplified equivalent circuit resembles a double Randles cell. This Randles cell has
an offset Rgystem, Which represents the ohmic resistance of the system, including the ohmic resistance
of the membrane and the resistance of the solutions, reference electrodes and wires [9]. The first RC
circuit, is caused by the WDR inside the BPM. This reaction causes a non-ohmic resistance (Rypr
and Qp,) and is found back in the triplet measurements. Finally, the second semi-circle, represents a
larger diffusion boundary layer resistance Rpg, and Qpg_ than a BPM. The AEM and CEM have diffu-
sion boundary layers which will add up to this final measured boundary layer (non-)ohmic resistance.

Riyor (L]

Qp [F] Qpg [F]

Rsystan' Q]

Figure 4.13: Simplified equivalent circuit for a whole ABFB triplet

Using this method, the non-ohmic resistance of a stack can be measured and used as a more accurate
way for resistance calculations. The equations to obtain the resistance and capacitance are shown in
section 2.4.

Because EIS shows the resistances of individual components of the membrane, a better stack
can be designed and optimised, using these values. In case the DBL resistance is dominant, design
changes to improve mixing can be implemented to decrease this resistance if necessary.

In Figure 4.14b, the schematic equivalent circuit during water association at -6.0 mA/cm? is shown
including the corresponding values for the resistance and capacitance. This figure shows a system re-
sistance including the ohmic resistance of the membrane and the resistance of the solutions, reference
electrodes and wires [9].

The total resistance during water association is Ry = 30.97Q. The ohmic resistance (system
resistance) is responsible for Ronmic = 86.2% of the total resistance, whilst the non-ohmic part (WDR
and DBL) counts for R, gn.onmic = 13.8% of the total resistance.

During water dissociation, these numbers are different. The total resistance is Ry, = 30.52(, but
the ohmic part of counts for Ropmic = 92.4% and non-ohmic part counts for Rgpmic = 7-6%.

Especially the DBL resistance becomes smaller during water dissociation compared to water asso-
ciation. This phenomenon is also shown in Figure 4.3.

The resistance of all three solutions according to Equation 3.4 in section 3.4, is equal t0 Rsoutions =
0.54Q and is only around 1.7% of the total resistance of this stack.
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Conclusion and recommendations

The aim of this research was to analyse the non-ohmic resistance of multiple ion-exchange membranes
in series. To find the answer to this aim, the following two sub-questions were formulated:

1. What is the effect of different current densities on the ohmic and non-ohmic resistance of bipolar
membranes, under forward and reverse bias for electrochemical impedance spectroscopy?

2. Is it possible to compose a simplified equivalent circuit of multiple ion-exchange membranes in
series, by using Electrochemical Impedance Spectroscopy data?

5.1. Conclusion

The conclusion to the first sub-question can be observed from Figure 4.3, and for the sake of clarity
recalled here in Figure 5.1. As the current density of the background current increases, the total resis-
tance and predominantly the effect of the diffusion boundary layer (DBL) resistance, becomes smaller.
This plot follows an exponential decline with respect to the current density.

12 A
—8— Total resistance

—— DBL Resistance
10 1 WDR Resistance

Resistance (Qcm?)
(o)}

T T T T T T T T

Current density (mA/cm?)
Figure 5.1: Bipolar membrane resistances as function of the current density

The hypothesis for this phenomenon was that the DBL of the bipolar membrane (BPM) gets enriched or
depleted by ions and that this would influence the resistance of the DBL at the surface of the membrane.

This hypothesis is validated by multiple flow rate measurements. Increasing the flow rate in a
flowframe, mixes the boundary layers adjacent to the membrane more. EIS measurements with differ-
ent flow rates confirmed that the resistance of the DBL decreases, when the concentration inside the
DBL changes due to higher flow rates. This affirms that the boundary layer of the BPM gets enriched
or depleted by ions, due to water association and water dissociation.

39
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The second sub-question asks if it would be possible to compose a simplified equivalent circuit out
of EIS data. With multiple measurements of single membranes and hereafter, a measurement of a
whole triplet, it became clear that this is indeed the case, as can be obtained from Figure 4.10a and
Figure 4.13 in section 4.4 and recalled here in Figure 5.2.

The anion exchange membrane (AEM) and cation exchange membrane (CEM) only show an ohmic
system resistance and a non-ohmic diffusion boundary layer (DBL). On the other hand, the BPM has
an ohmic system resistance, non-ohmic water dissociation reaction (WDR) and a nhon-ohmic DBL.

From the measurement of the AEM, BPM and CEM in series, as presented in Figure 5.2a, it became
clear that the WDR in the BPM causes a resistance and capacitance in the triplet measurements. Also,
the DBL of the AEM and CEM summed with the DBL of the BPM, would construct the total resistance
out of the resistances of all DBL in a triplet measurement. This summed EIS plot overlaps with the plot
of a triplet measurement, as presented in Figure 5.2a shows. In the end, it was possible to conduct a
simplified equivalent circuit from a whole triplet measurement, as shown in Figure 5.2b.
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Figure 5.2: a) Nyquist plot of an EIS of a triplet measurement during water association and b) a simplified equivalent circuit for
a whole triplet

In Figure 5.2b, an ohmic system resistance Rsysiem describes the ohmic resistance of all solutions,
membranes and measuring equipment of the triplet. The water dissociation/association reaction re-
sistance Rypr and non-ideal capacitor Qp,_ resemble the non-ohmic resistance of the reaction and
interlayer of the bipolar membrane. Finally, the resistance Rpg, and non-ideal capacitor Qpg, show
the effect of the diffusion boundary layers of all membrane-solution interfaces of the membranes in one
ABFB ftriplet.
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5.2. Recommendations

This section provides recommendations for further research in subsection 5.2.1 and provides advise
for an acid-base flow battery in subsection 5.2.2.

5.2.1. Further research
» The EIS measurement results for a BPM under different current densities provide a very distinct
and constant change of resistance. However, the cause of the decrease of the diffusion boundary
layer resistance at relatively higher background currents is not fully proven yet. Further research
could be done on the resistance of the diffusion boundary layer in relation to the applied current.
Optical sensing methods could be used to observe the DBL under different current densities
applied to the BPM.

» The capacitance might say something about the response time of an experiment. If a delay in the
stack is present, the response time for a measurement might be different than expected. Further
research could elaborate on the effect of capacitance on the response time of experiments.

* An inductive loop or negative capacitance effect is observed in section 4.4. Further research on
this effect at an ABFB could give a better understanding of how this effect might influence the
performance of the stack.

» This research shows that multiple membranes in series can be examined using EIS. It would be
interesting to examine further possibilities of this measuring method. Measuring multiple triplets
in series might give a better insight to the effect of multiple membranes in series.

5.2.2. Advise for an acid-base flow battery
The obtained knowledge of this research could be used in several ways for an acid-base flow battery
(ABFB).

» The knowledge of the contribution of individual components of an acid-base flow battery (ABFB)
stack could be implemented in a new stack design and optimisation. The impact of the diffusion
boundary layer (DBL) to the total resistance can be limited by increasing the flow, as shown in
Figure 4.8. The newly obtained knowledge of non-ohmic resistance could give a new perspective
on the conventional anti-short circuit strategies.

* In section 4.5 is shown that a whole triplet can be measured using EIS. In this section, it is shown
that parts of membrane resistances (such as WDR, DBL and system resistance) can be summed
under their specific frequency. This knowledge could be used to examine a (part of a) stack for
trouble shooting or a check if everything works as it should.

* For this research a testing stack was designed, build and tested. However, there are different
sealing options possible instead of using a full area covering gasket. Further optimisation in the
sealing of the stack would be beneficial for the manufacturability and strength of a stack.
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Python code for Electrochemical

Impedance Spectroscopy

This appendix shows the Python code used for the data processing of this report, as explained in

section 3.6.

# —-*- coding: utf-8 -*-

o

Electrochemical Impedance

Spectroscopy plotter

AUTOLAB excel export to plot

Created on Thu Mar 31 18:17:13 2022

Final version: 22-06-2022

@author: Zino Kramer

z.n.kramer@student.tudelft.nl

Download datafiles in the
EIS datal P.xlsx
EIS datal z.xlsx

In this folder, the plots
Required:
Pandas --> type
Matplotlib --> type
Math == Eype
Impedance --> type

Insert input values below.

o

# Input:
Area membrane= 22

# If Galvanostatic
Background current=-0.132
Amplitude EIS=0.066

Max_ frequency = 100

# If different background

Background current 1 = Background current # Background current [A]
Background current 2 = Background current # Background current [A]
Background current 3 = Background current # Background current [A]
Background current_4 = Background current # Background current [A]
#

same folder as this python file, with the following file names:

will be saved as ’'... .png’

in control window: ”“pip install pandas”

in control window: ”pip install matplotlib”
in control window: “pip install python-math”
in control window: ”“pip install impedance”

# Area of the membrane in cm”"2

# Background current during the EIS Measurement [A]
# Amplitude of measurement [A] or [V]

# Maximum frequency you would like to plot [Hz]

currents are used, fill out:
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A. Python code for Electrochemical Impedance Spectroscopy

# Code

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

from impedance.models.circuits import CustomCircuit
from impedance.visualization import plot nyquist

# Data import

try:

datal P = pd.read excel ('EIS datal P.xlsx’) # load data from datalfile

datal 7 = pd.read excel ("EIS datal Z.xlsx’)*Area membrane # load data from datalfile
datala = pd.concat([datal P, datal z[”Zl /ohm”], datal Z[”Z2 /ohm”]], axis=1)

datal = datalal[datala[”freq. /Hz”]<=Max_frequency]

nr_measurements=1

except:

try:

pass

data2 P = pd.read excel (EIS data2 P.xlsx’) # load data from datalfile

data2_ 7 = pd.read_excel ("EIS_data2 Z.xlsx’)*Area membrane # load data from datalfile
data2a = pd.concat([data2 P, data2 z[”Zl /ohm”], data2 Z[”Z2 /ohm”]], axis=1)

data2 = datazal[dataZa[”freq. /Hz”]<=Max_frequency]

nr measurements=2

except:

try:

pass

data3 P = pd.read excel ('EIS data3 P.xlsx’) # load data from datalfile

data3_ 7 = pd.read excel ("EIS data3 Z.xlsx’)*Area membrane # load data from datalfile
data3a = pd.concat([data3 P, data3 z[”zZl /ohm”], data3 Z[”Z2 /ohm”]], axis=1)

data3 = data3aldata3a[”freq. /Hz”]<=Max frequency]

nr_measurements=3

except:
pass
try:
data4d P = pd.read excel ("EIS data4 P.xlsx’) # load data from datalfile
datad_7Z = pd.read_excel ("EIS_datad_ Z.xlsx’)*Area membrane # load data from datalfile

datada = pd.concat([datad_P, datad z["Z1 /ohm”], datad 7["722 /ohm”]], axis=1l)
data4 = datadal[datada[”freq. /Hz”]<:Max_frequency]
nr measurements=4

except:

pass

# Create plots

fig,

(axl, ax2) = plt.subplots(l,2, figsize=(12,5))

# Set title
if Background current 1<0:

bias= ’forward bias (water association)’

elif Background current 1==0:

bias= ’'no background current’

else:

bias= ’'reverse bias (water dissociation)’

current 1 = Background current 1/Area membrane*1000

# fig.suptitle(£”””EIS of AEM, BPM and CEM under {bias}

({round (current 1,3)} S$mA/cm"2$)”””,
fontsize =20)

color aem = '#1£f77b4’
color bpm = "#ff7f0e’
color cem = ’#2cal2c’
color _measured = ’#d62728'
color_sum = ’#9467bd’

if nr measurements>=1:

current 1 = Background current 1/Area membrane*1000

axl.plot (datal[”Zl /ohm”], -datal[”Z2 /ohm”],’v’, label= ”””AEM”””, color= color_aem)
ax2.plot (datal[”freq. /Hz”], -datal[”phi /deg”], linewidth=3, label= ”””AEM”””, color=
color aem)
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if nr measurements>=2:

current 2 = Background current 2/Area membrane*1000
axl.plot (data2[”Z1 /ohm”], -data2[”Z2 /ohm”],’v’, label="”""BPM”””, color= color bpm)
ax2.plot (data2[”freq. /Hz”], -data2[”phi /deg”], linewidth=3, label= ”””BPM”””, color=

color bpm)

if nr_measurements>=3:
current 3 = Background current 3/Area membrane*1000
axl.plot (data3[”Z1 /ohm”], -data3[”Z2 /ohm”],’v’, label= ”””CEM”””, color= color_ cem)
ax2.plot (data3[”freq. /Hz”], -data3[”phi /deg”], linewidth=3, label= ”””CEM”””, color=
color cem)

if nr measurements>=4:
current 4 = Background current 4/Area membrane*1000

axl.plot (datad[”Zl /ohm”], -data4[”z2 /ohm”],’v’, label="""AEM + BPM + CEM”””, color=
color measured)
ax2.plot (datad[”freq. /Hz”], -data4d[”phi /deg”], linewidth=3, label= ”””AEM + BPM + CEM

2
’

color= color measured)

current sum = Background current 1/Area membrane*1000
datasum = datal + data2 + data3

datasum[”freq. /Hz”] = datasum[”freq. /Hz”] /3

datasum[”phi /deg”] = datasum[”phi /deg”] /3

axl.plot (datasum([”Z1 /ohm”], -datasum[”Z2 /ohm”],’v’, label=""”Sum AEM + BPM + CEM”””, color=
color sum)

ax2.plot (datasum[”freq. /Hz”], -datasum[”phi /deg”], linewidth=3, label= ”””Average AEM + BPM
+ CEM”””, color= color_ sum)

axl.axis ('equal’)
# set x-axis label
ax2.set xlabel (“Frequency (Hz)”, fontsize=16)

axl.set xlabel (”Z' (QS cm”2$)”, fontsize=16)
# set y-axis label
axl.set ylabel (”””-Z''" (Q$ cm”2$)””"”, fontsize=16)

axl.set title(”Nyquist”, fontsize=16)
# set legend
axl.legend()
ax2.legend()

# make a plot with different y-axis using second axis object

# ax2.plot (datal[”Frequency (Hz)”], datal[”phi /deg”], linewidth=3)
ax2.set ylabel (”-Phase (°)”, fontsize=16)

ax2.set title(”Bode”, fontsize=16)

plt.xscale(’log’)

fig.tight layout ()

plt.show ()

# save the plot as a file

fig.savefig(£”””EIS AEM, BPM and CEM under {bias}.png”””,
format='"png’,
dpi=500,
bbox inches=’tight”’)

#
# IMPEDANCE FITTING

EIS fitting membrane = [”AEM”, ”“CEM”, ”“BPM”, ”Measured”, ”“Sum”]
for EIS fitting membrane in EIS fitting membrane:
# EIS Number calculation
if EIS fitting membrane == ”“AEM”:
color= color_aem
dataEIS=datala
Max frequency = 10
dataEIS = dataEIS[dataEIS[”freq. /Hz”]<=Max frequency]
circuit = "RO-p(R1,CPE1l)’
initial guess = [12, 0.6, 4, 1]
if EIS fitting membrane == ”“BPM”:
color= color_bpm
dataEIS=dataZa
Max frequency = 300
dataEIS = dataEIS[dataEIS[”freq. /Hz”]<=Max frequency]
circuit = "RO-p(R2,CPE2)-p(R1,C1)"
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A. Python code for Electrochemical Impedance Spectroscopy

initial guess = [4, 3.5, 1, 0.1, 1.8, 0.001]
if EIS fitting membrane == ”“CEM”:
color= color_cem
dataEIS=data3a
Max frequency = 10
dataEIS = dataEIS[dataEIS[”freq. /Hz”]<=Max_frequency]

circuit = "RO-p(R1,CPELl)’
initial guess = [12, 0.6, 4, 1]
if EIS fitting membrane == “Measured”:

color= color_measured

dataEIS=data4

Max_frequency = 300

dataEIS = dataEIS[dataEIS[”freq. /Hz”]<=Max_frequency]

circuit = "RO-p(R2,CPE2)-p(R1,C1l)"’
initial guess = [4, 3.5, 1, 0.1, 1.8, 0.0001]
if EIS fitting membrane == “Sum”:

color= color_ sum

dataEIS=datasum

Max_ frequency = 300

dataEIS = dataEIS[dataEIS[”freq. /Hz”]<=Max_frequency]
circuit = "RO-p(R2,CPE2)-p(R1,C1l)"’

initial guess = [4, 3.5, 1, 0.1, 1.8, 0.0001]

frequencies = np.array(datakEIS[”freq. /Hz”])
frequencies=frequencies[::-1]

Zi = []
for x in dataEIS.index:
Z1i.append (complex (dataEIS[”Z1 /ohm”][x],dataEIS[”Z2 /ohm”][x]))
Z = np.complex128(Zi)
Z=7[::-1]

#

#Fitting impedance model circuit

circuit = CustomCircuit (circuit, initial guess=initial guess)
circuit.fit (frequencies, Z)
print (circuit)

#

# print to file

# circuit.to excel (“””EIS circuit {EIS fitting membrane}.xlsx”””)
import sys

original stdout = sys.stdout

with open (f”””EIS circuit {EIS fitting membrane}.txt”””, 'w’) as f:
sys.stdout = £
print (circuit)
sys.stdout = original stdout

Z fit = circuit.predict (frequencies)
#

#Plot graph

fig, ax = plt.subplots()

plot nyquist(ax, Z, fmt='0o’, color = color)
plot nyquist(ax, Z_fit, fmt='-’, color = 'k’)
plt.ylabel (””7-Z"" (Q$ cm”2$)”””, fontsize=16)

plt.xlabel (72" (Q$ cm”2$)”, fontsize=16)

# plt.title(f”””EIS fitting {EIS fitting membrane} under {bias}”””, fontsize=16)

plt.axis ("equal’)

ax.set aspect (’equal’)

plt.legend ([£”””{EIS fitting membrane} data”””, '"Fit’])
plt.show ()

fig.savefig (f”””EIS fitting {EIS fitting membrane} under {bias} bias.png
format='png’,
dpi=500,
bbox inches=’tight’)

g

’



Equivalent circuit monopolar
membranes

In this appendix, different approaches for monopolar membranes are considered, in addition to sub-
section 3.2.2.

In literature, different approaches for monopolar membranes appear. The reason for this is the differ-
ence in boundary layer approach.

In Figure B.1a, a monopolar cation exchange membrane with its adjacent layers is shown. The
membrane itself behaves as an equivalent circuit containing Ry, as a resistor. Directly next to the
membrane, the electrical double layer (DL) is formed. The equivalent circuit of the DL is equal to a RC
circuit, having a resistor Rp_ parallel to a capacitor Cp, .

From this point the Diffusion Boundary Layer (DBL) forms a second layer to the membrane, behaving
as a resistor Rpg, parallel to a non-ideal capacitor or constant phase element (CPE) Qpg_ [23].

Finally, according to Piotr et al., the overview of Figure B.1 is the equivalent circuit of a monopolar
membrane [23].

(a) High (b) Medium (c) Low
Frequency Frequency Frequency
Ry Rp C RpsL Q
] i® @ e |
© i ©
SRS Rou RosL
= ® oo i
18 y sl © b c Q
Na*|= Na Na _.@_e@g | | 2 2
Na*2 Na*! Na* @0 || boas
i e @ \ J \ J
Na*S Na. Na* =
= :@ EB@@ Membrane Electrical Diffusion
S @ + solution double layer boundary layer
o ® @ig°
L H @ (b) Equivalent circuit monopolar exchange membrane [23]
LT' \W_)
Cation exchange nm scale pm scale
membrane double layer diffusion boundary layer

(a) Schematic monopolar membrane layers [23].

Figure B.1: Occurring phenomena in the CEM and in the layers adjacent to the membrane. Here, Ry, is the membrane resistance,
Rp_ is the double layer resistance with capacitor € and Rpg is the diffusion boundary layer resistance with constant phase
element (non-ideal capacitor) @, according to Piotr et al. [23].

Park et al. states that monopolar membranes have two Randles cells. The first Randles cell is due to
the Heterogeneous Transport (HT) and the second Randles cell shows the Diffusion Boundary Layer
(DBL), as shown in Figure B.2.
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54 B. Equivalent circuit monopolar membranes

However, with a 0.5 M KCL solution, one of the Randles cells was not visible anymore, as shown in
Table B.1. Only with very low concentrations of salt and no stirring, the second RC circuit is detectable.
Since the research in this report only uses concentrations of 0.5 M and higher, the second Randles cell
seems not relevant.

Also, Gurreri et al. [40] states that at higher salt concentrations (0.5 M NaCl), the pure membrane
resistance is the dominant one, the diffusion boundary layer plays a considerable role and the double
layer resistance is not significant.

=

RSM /VW\

Rur Rppr

L ;L ;L
< L r|<

\4

Solution Heterogeneous Transport

O
==}
el

+ Membrane

Figure B.2: Monopolar exchange membrane equivalent circuit according to Park et al.[60]

Table B.1: Values of electrochemical parameters obtained by fitting the experimental impedance data using the suggested
equivalent circuit with concentration of the KCI solution and existence of stirring, according to Park et al. [60]

Solution Stir-  Rgy Rpt Out? RpBL OpgL*

M KCI) ring cm? cm? m?2 ]

( g (Qcm”) (Qem”) Yégr n (Qcm”) Y ppL

0.01 No 134.6 42.59 1.883 1.0 17.60 0.231  0.59
Yes 135.9 26.16 0358 0.79 - - -

0.025 No 50.29  15.01 5981 1.0 9467 0578 0.53

0.5 No 6.476  0.793 1629 0.73 - - -
Yes 6.585 0375 1355 070 - - -

Note. Subscript SM, effects of the membrane immersed in solution; HT, effects
of heterogeneous transport; DBL, effects of diffusion boundary layer.
4 The dimensions are S s /01112: if n =1, they are F/cmz.

Kozmai et al. and Trovo et al. state that the equivalent circuit of an anion exchange membrane (AEM)
is equal to a single Randles cell [45] [76].

Since the goal of this research is to examine the effect of multiple ion-exchange membranes in series
and all solutions next to the monopolar membranes are 0.5 M or higher and stirred/with flow, the sin-
gle Randles cell model of Figure B.3 is chosen for this report. For a more detailed representation of
monopolar membranes, a double Randles cell representation can be a better option.

Rs','stan' [

Qpgy [F]

Figure B.3: Equivalent circuit of a monopolar exchange membrane, used for this report



Instructions EIS at flowframe stack using
an AUTOLAB potentiostat

This appendix shows instructions of how to use the flowframe setup using the AUTOLAB potentiostat
at Delft University of Technology.

C.1. Small Flowframe Setup

The flowframe setup is shown in Figure C.1, with the working electrode on the right-hand side of the
figure. A schematic overview is given in Figure C.2.

Figure C.1: Flowframe Setup overview with working electrode on the right-hand side.

This setup is build out of flowframes, with a mesh inside the flowframes for a proper flow distribution.
This is shown in Figure C.3.

C.1.1. Tubing
For the flowframe setup, the bottom connections are the inlets and the upper connections are the
outlets, as can be observed in Figure C.4.

From and to the stacks, the tubes are arranged and colour coded as shown in Figure C.5 and
Table C.1

C.1.2. Reference electrodes

To measure the potential over one or more membranes, there are two 1.0 mm reference electrodes
(RE) available. One RE is marked as ACID and one is marked as BASE. Because Ag/AgCl REs
can degrade in base solutions, make sure you use this RE in BASE solutions. Whilst inserting the
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Lounier slectrods

small Setup Zino

Salt 2

Workng olrifiode

Figure C.2: Schematic overview flowframe setup.

Figure C.3: Inside the flowframes.

Table C.1: Colour coding flowframe setup AUTOLAB.

Colour Compartment Solution
White 2,5 Salt
Grey 3 Base
Red 4 Acid
Orange 1,6 Electrolyte height

reference electrodes, make sure you insert the electrode gently until the black mark on the electrodes.
If you push further, there might be a chance of puncturing the tip of the REs by hitting the mesh (as
shown in Figure C.3).
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Figure C.4: Inlets (bottom) and outlets (top) of the flowframes.

Figure C.5: Inlets and outlets tubing tray.

C.1.3. Clean setup

To clean the setup, please drain the system and flush it once with distilled water. The reference elec-
trodes can be taken out of the flowframes, rinsed with distilled water, the caps on the tips and put back
in the corresponding bags. To make sure the system will not leak, put the iron wire back in the refer-
ence electrode holes. If they leak too much, you can use white Teflon tape to make it leak-tighter. To
preserve the (bipolar) membranes, please pump 0.5 M NaCl inside the system when the experiments
are done.

C.2. Hardware EIS
To start with EIS, the following is required:

* Potentiostat (AUTOLAB is used in this appendix)
» Computer with software of the potentiostat

+ Setup for your specimen
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C.2.1. Potentiostat
The AUTOLAB potentiostat (Figure C.6) is used for this appendix. This potentiostat uses two large
cables with 6 smaller cables in total, to connect your testing setup.

L3

Figure C.6: AUTOLAB potentiostat

The cables and settings can be tested, using the AUTOLAB DUMMYCELL 2 (Figure C.7).

Figure C.7: DUMMYCELL 2 AUTOLAB

C.2.2. Flowframe setup
In lab E1.090 of Delft University of Technology, there is a 6-compartment cell setup, to measure
impedance (Figure C.8).

In this cell, a membrane can be placed in the middle of the setup, by lowering the lever and detaching
the “magnifying glass”-shaped holder. Mind that there are O-rings, which should stay in place. By
opening the holder, a membrane can be applied. When the holder and specimen are ready, the holder
can be placed back in the cell and the lever can be pushed up again. This cell is connected to the
peristaltic pumps, which should be put in bottles with according solutions. Make sure that no dangerous
gasses are being produced at the working or counter electrode. For example, in the setup of Figure C.9
a bipolar membrane is inserted in the holder in the cell. An acid and base are used at either side of
the membrane. To connect the cables to the test cell, follow the guidelines according to the overview
of Figure C.9.

C.2.3. Software
For AUTOLAB, use the Nova software of Figure C.10.

In this software, the AUTOLAB potentiostat will automatically connect if the potentiostat is ON and
connected, using USB (Figure C.11).

Click “Open library” to start a new task. For Impedance, choose “FRA impedance potentiostatic”
to perform impedance with alternating voltage and choose “FRA impedance galvanostatic” to perform
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Figure C.8: 6-compartment cell for EIS

Counter slactrads

Figure C.9: Cables overview EIS

Figure C.10: NOVA logo

impedance with alternating current (Figure C.12). If you want to apply a background voltage, you also
have to use an alternating voltage (potentiostatic). For current, vice versa (galvanostatic).

For a good impedance measurement, you have to adjust some settings. Most of the time, the
amplitude of the measurement has to be at 50% of the background current/voltage to avoid noise in
the lower frequencies (as shown in Figure C.13). The frequency range is dependent of your research.
However, for the current setup a measurement between 1000Hz and 0,01Hz would be the most reliable
without any background noise.

Do not forget to TURN OFF the pumps, before performing EIS. Otherwise, noise will occur in the
lower frequencies.

C.2.4. Data processing
To export data from the AUTOLAB software, you double click on the impedance graph, click on the
matrix symbol, and export as Excel file (Figure C.14).



60 C. Instructions EIS at flowframe stack using an AUTOLAB potentiostat

. a

P T S O R ———

b s — ke
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Figure C.14: Export data steps NOVA AUTOLAB

Use this data to create a plot in excel, or use a Python script for this (as shown in Appendix A).
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