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ABSTRACT

In the Cu-Cl thermochemical cycle, several sequential chemical processes are employed to
split water into hydrogen and oxygen. This dissertation focuses on the CuCl/HCl electrolysis phase
of the cycle, which produces hydrogen gas via oxidation of CuCl(s) dissolved in highly
concentrated HCl(aq), and reduces aqueous protons to hydrogen gas. Transport properties in the
electrolyzer membrane were experimentally and thermodynamically investigated. In particular, the
membrane characteristics, hot-pressing effects on ionic transport, the effects of membrane
characteristics on the performance of the electrolyzer system and phenomenological modeling of
transport properties via irreversible thermodynamics were carried out.
Experimental research was carried out in three phases: In the first phase (1), several types
of proton conducting polymer membranes were characterized and evaluated using single
conductivity and permeability cell under a variety of conditions, and the effects of hot-pressing
membranes were recorded. Initial testing of proton conducting membranes showed that single and
double layer Nafion 117 membranes demonstrate higher proton conductivity than other types of
proton conductive membranes. Hot-pressed Nafion membranes, such as the pressed double layer
Nafion 117 membrane, demonstrated the highest selectivity (proton conductivity/copper
permeability) after a hot pressing procedure. The main conclusions were that hot-pressed double
layer Nafion 117 membrane could be a promising membrane by reduced copper cross over through
the membrane and maintained high conductivity for electrolyzer test. Significantly improved
stability of electrolyzer system with hot-pressed Nafion membrane was expected based on the
results of membrane conductivity and permeability tests.
In the second phase (2), CuCl/HCl electrolyzer performance was investigated using linear
sweep voltammetry, hydrogen production, electrochemical impedance spectroscopy, and analysis
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of copper ion flux through the membranes. These investigations show that two aspects -- lower
copper permeability through membranes by hot-pressing, and high concentrated HCl(aq) catholyte
and anolyte solutions -- can overcome a substantial electrolyzer obstacle: Cu(s) precipitation at the
cathode. Higher concentrations of HCl(aq) and CuCl(aq) in the anolyte can significantly affect the
electrolyzer performance, especially membrane conductivity. Through the concept of the copper
ion dissolved in the solution, the copper deposition can be prevented by increasing the
concentration of HCl(aq) catholyte solution. Such enhanced MEA and electrolyzer system allowed
the electrolyzer performance to improve and extend the period time of electrolyzer operating. By
optimization of test conditions in electrolyzer, a significantly improved current density of 0.456
A/cm2 was observed at 0.7 V, using 2 mol L-1 CuCl(aq) in 6 mol L-1 HCl(aq) anolyte solution when
hydrogen production efficiency remained high, over 95 %.
In the final phase, a simple phenomenological model based on irreversible thermodynamics
was developed to describe the simultaneous transport of ions and electricity in the CuCl
electrolyzer. Phenomenological coefficients were expressed in terms of gradients of electrical and
chemical potentials, including conductivity, permeability and transport numbers determined by
experiments. By implementing experiments, the phenomenological coefficients were obtained.
Using developed single cell and electrolyzer cell designs, the phenomenological coefficients were
estimated as a function of copper concentration.
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Chapter 1 . Introduction and Background

Modern society consumes energy sources to power human conveniences. The most common
of these sources are non-renewable fossil fuels, such as petroleum, coal, and natural gas. Since the
industrial revolution many technological evolutions have taken place, yet global dependence on
fossil fuels persists. In recent years the price of fossil fuels, still the most widespread and
indispensable source of industrial energy, has skyrocketed due to shortages in supply and increases
in demand. In addition to economic considerations, scientists have evidenced environmental
consequences to fossil fuels usage. Current technologies powered by the combustion of fossil fuels
emit harmful pollutants, including COx, NOx, and SOx, which not only affect human health but
also contribute to environmental problems such as acid rain, photochemical smog, and global
warming. The most controversial environmental issues pertain to CO2 emissions from power plants
and automobiles. CO2 emissions increase the likelihood of natural disasters such as droughts and
forest fires, and contribute to the melting of Arctic glaciers. The consequences of global warming
will not manifest as a single event, rather as permanent worldwide alteration of environmental
conditions.
Alongside the increased attention given to these economic and environmental problems are
increased efforts in the scientific community to find alternative energy sources to replace fossil
fuels. Extensive efforts are currently underway to find alternative energy carriers for the future,
ideally with high gravimetric energy density and few post-emission reactions. However, as of yet,
no alternative energy solution has fully satisfied this role. One of the sources currently attracting
attention is hydrogen [1].
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Hydrogen has been attracting attention as an alternative form of clean energy. Hydrogen does
not produce harmful emissions post-reaction nor have a high gravimetric energy density. It creates
no harmful emissions after reaction. When hydrogen reacts with oxygen, only clean water and heat
are produced. Hydrogen has a much higher gravimetric energy density than gasoline; 1 kg of
hydrogen is equal to 3.2 kg of gasoline.
2H2 + O2 → 2 H2O (g) + 572.059 KJ

Equation 1-1

Third, hydrogen is the most abundant element in nature and can be culled from numerous sources,
such as water, natural gas (e.g., methane), petroleum products (e.g., naphtha, heavy oil), biomass
(e.g., corn), methanol, and coal.
Hydrogen is widely used in contemporary industrial fields such as fertilizer and petroleum
processing. However, over 95 % of hydrogen is currently generated by non-renewable sources via
hydrocarbon fuel reforming, coal gasification reforming, methane gas reforming, etc. [2,3,4], and
producing hydrogen gas by the traditional method of water electrolysis involves a large systematic
obstacle: The electricity needed to split water typically comes from fossil fuel driven power plants,
which have very low efficiencies and emit harmful gases. If an eco-friendly hydrogen economics
were developed, hydrogen as an important energy carrier would satisfy several industry and
transport sectors.
A possible solution to this problem is to convert surplus electrical energy which generated
from renewable sources into chemical energy as secondary energy source using electrolyzers. As
shown in Figure 1-1, photovoltaic panels, wind driven generators and geothermal generators can
be connected to hydrogen-producing electrolyzer base stations as secondary energy carriers and the
energy they create stored and transmitted for later use with automobile system or power grids.
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Figure 1-1. Scheme of a hydrogen energy carrier as an ideal future clean energy system [26]

Good examples of automobile hydrogen systems are hydrogen-fueled or fuel cell based
vehicles. The hydrogen powered vehicles have lower running costs than fossil fuel powered
vehicles. Nevertheless, several difficulties pertaining to usage and transportation of hydrogen as an
energy carrier currently exist; most notably lack of infrastructure for hydrogen storage, supply, and
delivery. That said, these problems can be easily solved by investment in infrastructure such as
hydrogen pipelines, similar to those current used for gas. Pipelines have a low cost of
transportation, as compared to high voltage cables [1].
Ideally, the producing cost of hydrogen will be reduced by the complete transition to hydrogen
economy. Hydrogen will be produced in conjunction with eco-friendly technology (e.g,
electrolyzer) using renewable energy sources and delivered as a clean fuel, which can then be used
to power transportation and stationary systems.
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Electrolysis
Water electrolysis, the most prevalent electrolysis system, uses electricity to produce or
modify chemicals. As shown in Figure 1-2 (below), water electrolysis is the process of separating
water (H2O) into its elemental components, hydrogen (H2) and oxygen (O2).
Equation 1-2 demonstrates how, at the positive electrode, water is oxidized, and oxygen is
produced:
2H2O (aq) → O2 (g) + 4H+ + 4e-

Equation 1-2

Equation 1-3 demonstrates how, at the negative electrode, protons are removed from the
electrolyte, and electrons are provided by an external electrical supply, forming hydrogen gas:
4H+ + 4e- → 2 H2 (g)

Equation 1-3

Unfortunately, although water electrolysis has the advantage of being an eco-friendly system
that requires no harmful energy inputs or outputs, mass production of hydrogen by water
electrolysis is difficult to industrialize due to a high decomposition potential (e.g. theoretically 1.23
V). The hydrogen production cost is simply too high in comparison to traditional, nonrenewable
energy technologies [2,3,4,5].
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Figure 1-2. A simple scheme of a water electrolyzer.
Since the early 1970s, thermochemical water decomposition, colloquially known as a water
splitting thermochemical cycle, has been considered a viable alternative to water electrolysis
[3,6,7]. This cycle is considered promising due to its high efficiency of hydrogen production from
water and industrial waste heat. In a standard thermochemical cycle, water is processed through a
series of high temperature chemical reactions with intermediate compounds. Hydrogen and oxygen
gas are produced and all other components recycled. Because these intermediate compounds are
always internally recycled back into closed systems, no pollutants or harmful chemicals are
produced as byproducts. The specific physicochemical conditions allow electrolysis to be
performed at a much lower decomposition potential, making it much more efficient than traditional
water electrolysis.
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Since its inception more than two hundred theoretically possible thermochemical cycles have
been proposed. Of these, however, only a few are feasibly employable in contemporary industrial
systems. The following cycles were nominated as the most promising by the Nuclear Hydrogen
Initiative: sulfur-iodine (S-I), copper-chlorine (Cu-Cl), Iron-chlorine (Fe-Cl), hybrid copper-sulfate
(Cu-O4), cerium-chlorine (Ce-Cl), vanadium chlorine (V-Cl), Magnesium-iodine (Mg-I), hybrid
calcium-bromide (Ca-Br) and hybrid chlorine. However, the majority of these cycles are not
currently under investigations [6,9,12].
The copper-chlorine (Cu-Cl) thermochemical cycle has garnered recent attention due to its
high efficiency and moderate temperature requirements [8,9,10,11,12,13]. This dissertation will
focus on the copper-chlorine (Cu-Cl) thermochemical cycle, particularly the critical hydrogenproducing Cu-Cl/HCl electrolyzer phase.
In addition to its high thermodynamic efficiency and low operating temperature (maximum
530 oC), advantages of the Cu-Cl cycle include smaller quantities of relatively inexpensive
construction materials and commonly useable chemical agents, frequent reaction completion, and
a relatively low electric potential. Figure 1-3 shows the sequence of chemical processes necessary
to obtain hydrogen and oxygen in the CuCl thermocycle: The CuCl thermocycle decomposes water
(input material) into hydrogen and oxygen (output materials) in closed internal loops wherein all
intermediate chemicals (copper and chloride compounds) are recycled. Several variations of the
Cu-Cl thermocycle have been conducted [6,8,9,11,12]. Among of several Cu-Cl thermocycles, the
three step thermocycle is to be introduced in this dissertation. It combines two steps by directly
supplying aqueous Cu (II) chloride for the hydrolysis step. As reported with three steps of Cu-Cl
thermocycles, above 40 percent of net efficiency can be obtained. The cycle consists of two
chemical reactions and one electrochemical reaction: Hydrolysis and decomposition as chemical
reactions and electrolysis as an electrochemical reaction:
1. Hydrolysis : 2CuCl2(s) + H2O(g) → Cu2OCl2(s) + 2HCl(g)

7
2. Decomposition : Cu2OCl2(s) → 2CuCl(l) + ½ O2(g)
3. Electrolysis : 2CuCl(aq) + 2HCl(aq) → 2CuCl2(aq) + H2(g)
(1) Anode : 2Cu+ → 2Cu2+ + 2e(2) Cathode : 2H+ + 2e- → H2

Figure 1-3. Reactions in the CuCl thermochemical cycle.[27]

Proof-of-principle and initial performance and efficiency studies for the main reactions in the
Cu-Cl cycle were reported in several recent publications [11,12,16]. This dissertation is focused on
the electrochemical reaction step of the cycle – CuCl/HCl electrolysis – especially membrane
characterization and evaluation, the extension of system stability, minimization of possible
degradation, and maintenance of high hydrogen production efficiency.
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In the CuCl/HCl electrolysis process, hydrogen is produced by an oxidation reaction of
aqueous Cu (I) chloride, CuCl(aq), with applying electric potential in the presence of high
concentrated hydrochloric acid, as shown in Figure 1-4.

Figure 1-4. CuCl electrolysis cell and detailed reactions [15].

CuCl/HCl electrolysis is represented by Equation 1-4:
2 CuCl(aq) + 2 HCl(aq) → 2 CuCl2(aq) + H2(g)

Equation 1-4

At the anode, copper (I) chloride is oxidized to copper (II) chloride and produces protons in
the oxidation reaction shown above. Produced protons are diffused through the membrane and
reduced to hydrogen at the cathode. Large amounts of copper species are not expected to permeate
the membrane. However, some cationic or neutral copper species permeate the membrane. These
copper ions can then be reduced and deposited as metallic copper at the cathode, decreasing the
performance of the overall CuCl/HCl electrolysis reaction.
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Previous Membrane Research on CuCl Electrolysis
Polymer proton conductive membranes are commonly used in either fuel cells or
electrolysis systems. The polymer proton conductive membrane plays a pivotal role in electrolysis
systems for high efficiency of hydrogen production. For high electrolyzer performance, membranes
need to have high counter ion conductivity and low permeability, and sound mechanical and
chemical stability to withstand the harsh environments of CuCl/HCl electrolysis systems. Prior
research groups tested various commercial cation exchange membranes and anion-exchange
membranes for use in CuCl electrolysis. The membranes employed were compared according to
their conductivity and tolerance to copper permeation, or how much copper species crossed over
from the anolyte solution to the catholyte solution. Gong et al. (2009) investigated the properties
of several such commercial membranes [14] including du Pont’s Nafion, a cation exchange
membrane (CEM) and Tokuyama Soda and Asahi Glass’ anion exchange membranes (AEM).
While AEM provided good tolerance to copper crossover, it did not evidence high proton
conductivity, as compared to Nafion.

Figure 1-5. Properties of AEM and CEM membranes.[14]
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In case of the Nafion membrane, as a representative CEM, it is easily permeated by copper
species. But Nafion also enabled high proton conductivity because CEM permeate faster and more
efficient transport of protons than AEM. As of the present, few studies of proton conductive
membranes for CuCl electrolysis have been conducted. V. Balashov et al. (2011) reported that a
good electrolysis reactions are achievable with commercial Nafion-based HYDRion membrane
(produced by Ion Power Inc.) electrode assemblies [15]. At Argonne National Lab (ANL), copper
diffusion was impeded by physical modifications: creation of an inter-winding Nafion chain which
reduces pore size and the addition of sulfonic acid groups to maintain conductivity [16].
Dr. Hickner at Penn State University, using commercially available polysulfonated polymer
membranes including Radel NT-5500, developed membrane properties which return low rates of
copper diffusion. However, these polysulfonated membranes initially required modification to
overcome low conductivity and provide greater thermal stability under harsh conditions. These
problems were ultimately addressed by the thermal cross-linking method. Gas Technology Institute
(GTI) has been conducted with commercially available cheap porous polymer membranes which
have high proton conductivity and thermal stability, and low metal ion diffusion using commercial
separator-type membranes. These membranes were chemically treated to improve wettability by a
chemical etching process. Based on the literature review, most of the membranes were developed
using a commercial cation exchange membrane and then modifying the properties from the pristine
state.

Previous research on hot-pressing method
The hot-pressing method plays an important role in MEA fabrication and is widely being used
by fuel cell community because the cell performance is improved by good contact between the
membrane and catalyst loaded electrodes. Therdthianwong et al. (2007) indicated that temperature,
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time and pressure in hot-pressing to fabricate an MEA are the key parameters. [17]. These three
parameters are analyzed to set adequate conditions for hot-pressing through SEM images, which
show embedding of the catalyst into the electrolyte membrane and a thinning of the conductive
layer. J. Zhang et al. (2007) reported effects of hot-pressing conditions on MEA performances for
direct methanol fuel cells (DMFC) by analyzing the electrochemical impedance spectra (EIS) and
polarization curves [18]. In this paper, the authors studied the relationship between the performance
of MEA and the electrodes surface morphologies using scanning electron microscopy (SEM). The
parameters, high temperature, pressure and long pressing time offer advantages in reducing MEA
cell resistance due to good contact between the electrodes and membrane. However, too much
pressure on the membrane increased cell resistance due to difficulties in the electron transport
caused by physical cracking of electrodes. As a result of the hot-pressing process, the electrodes’
porosity and thickness were decreased. Z. Liang et al. (2007) investigated the hot-pressing effect
on MEA performance and durability [19]. The authors found that a long rather than a short duration
of hot-pressing significantly improved MEA durability. The long duration provided a strong
interfacial binding between the electrodes and membrane, and improved MEA durability. However,
it caused a number of problems, such as catalyst layer delamination from the membrane and
decreased the electrochemical surface area due to aggregation of the catalyst. Song et al. (2006)
partially solved the problem by directly coating the catalyst inks on the membrane and hot-pressing
together gas diffusion layers and the membrane [20]. L. Ma et al. (2009) pointed out problems in
hot-pressing MEA fabrication such as higher catalyst loadings and poor interfacial binding between
MEA components. Based on MEA preparation using Song et al.’s method, the performance of the
proton exchange membrane in water electrolysis was investigated for optimizing catalyst loading,
membrane thickness and GDL [21]. As indicated by these membrane studies, the use of the hotpressing method could lead to new ways to prepare membranes without electrodes, potentially
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improving membrane transport properties as the structural modification of membranes in the CuCl
electrolyzer research.

Previous research on ionic transport
Transport through membranes is increasingly important in variety areas such as science,
biology, technology, and industry. The transport mechanism and structure of a number of proton
conductive membranes have been extensively debated over the last few decades. Research designed
to provide a comprehensive understanding of the transport mechanism in the polymeric membrane
is also important for improving transport in the membranes. The theory of transport processes
through the membrane is indispensable in understanding an electrolytic system. Kreuer et al. (1996)
reviewed the mechanism for proton conductivity through the membrane, including the interaction
of electrons [22]. In this paper, two different mechanisms were explained: hopping and vehicle.
The hopping mechanism is a process by which a proton may move through a humidified membrane
created by adding a proton to the system, diffused through the hydrogen-bonding network of water.
The vehicle mechanism is the process by which an protonic defect diffuses or excess proton through
the hydrogen bond network in water molecules or other hydrogen-bond of liquids through the
formation or cleavage of covalent bonds; protons physically diffuse together via a larger vehicle
such as H3O+, in which the counter-diffusion of un-protonated vehicles such as H2O allows the net
transport of protons.

13

Figure 1-6. Scheme of proton transport mechanism in polymeric membrane.

Kreuer (2004) explained that conditions, such as temperature, pressure, concentration, and types
of ions, are strongly related to the relative contributions of hopping and vehicle mechanisms to
diffusion [23]. Ionic diffusion decreased at high temperatures and increased at high pressure. It also
decreased proton transport at high acid concentrations due to hydrogen-bond pattern changes.
In “Irreversible thermodynamics, theory and application”, K. S. Forland, T. Forland, and S. K.
Ratkje (1988) attributed changing transport properties to membrane structure. According to
membrane pore size, the adsorption layer of the membrane is either negligible or of increasing
importance [24]. When channels or pores have molecular dimension, adsorption to the membrane
surface may dominate. In order to better understand the proton transport process with regard to the
effect of the inner-structure, a number of experimental studies were conducted using advanced
technology. From the literature review on the ionic transport, the possibilities were shown that ionic
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transport properties may enhance by controlling pores or channels of membrane via physical or
chemical modifications of membranes.

Motivation
In the CuCl/HCl electrolysis system, one of the most important materials is the membrane
electrode assembly (MEA), which consists of a polymer electrolyte membrane connected to the
cathode anode electrodes (consisting of a catalyst and a gas diffusion layer). Among the MEA
components, the proton conductive membrane plays a pivotal role in the operation of electrolysis
systems because it is the transport pathway of protons for producing hydrogen gas. In this section,
the obstacles of the transport of protons and copper ions through membrane in the CuCl electrolysis
system are discussed. As earlier shown in Figure 1-4, the input reagent on the anode side is CuCl(s)
dissolved in an aqueous HCl solution. The input reagent on the cathode side is identical HCl(aq)
solution to ensure the same chemical potential of HCl for both sides of the membrane. While a
different potential difference may be applied between the electrodes, the anodic reaction proceeds
with oxidation of Cu (I) to Cu (II), which are present as a number of chloride complexes. The
protons are transported through the membrane from the positively charged anode to the negatively
charged cathode, where they are electrochemically reduced to hydrogen gas, H2(g). However, a
principal transport obstacle prevents successful implementation of electrolyzer operation. Copper
ions are also transported through the membrane at the same time. The vulnerability of commercial
cation exchange membrane materials (e.g., Nafion 117, polysulfonated membrane, etc.) to copper
permeation. The reason is that the commercial membranes have adequately sized pores or channels
that allow copper ions to pas along with protons. This leads to a flux of copper ions and protons
together through the membrane due to a gradient in chemical and electrical potentials.
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Figure 1-7. A scheme of copper permeation through the membrane as research obstacle in
electrolyzer cell.

When aqueous copper species diffuse from the anodic side to the cathodic side of the cell, they
are electrochemically oxidized to form metallic copper:

Cu+n (aq) + ne-  Cu (s)

Equation 1-5

Equation 1-5 indicates two detrimental effects on electrolysis. First, electrons supplied to the
cathode for copper reduction are consumed, suppressing the efficiency of hydrogen production.
Second, the solid copper actively crystallizes throughout the electrode surface and inside the gas
diffusion layer, blocking gas transport from the reaction sites. Metallic copper at the cathode
electrode could become poisoned on the gas diffusion layer and catalyst, greatly reducing the
activity of the Pt catalyst and catastrophically decreasing cell performance as shown in Figure 1-8.
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Figure 1-8. A copper deposition on membrane and the gas diffusion layer

Copper permeation, however, does still occur and is an unavoidable problem in the
electrolyzer system. The existence of this problem is a significant motivation to develop an
electrolyzer more resistant to copper crossover while maintaining sufficient proton conductivity.
If this problem were solved by preventing or reducing copper cross-over through the membrane,
the task of improving membrane performance would be significantly reduced. In this
dissertation, a successful solution to reducing copper permeation by applying the hot-pressing
method to a polymeric membrane while maintaining the conductivity of membranes in the CuCl electrolysis system is suggested. As shown in Figure 1-19, the assumption of reducing the
copper permeation through the membrane by hot-pressing method were shown. For reducing
copper permeation could be considered by decrease of concentration at the surface via surface
treatment or reducing the permeation rate into the membrane such as interface effect.
The main goals of this study are to achieve high durability, performance, efficiency, and
minimal degradation of the membrane in the long-term operation of the Cu-Cl electrolyzer and
improve the efficiency and performance of the electrolyzer system. In addition, ionic transport
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through a membrane via phenomenological modeling may be better understood using a design
that involves both a single cell and electrolyzer system.
First, the goal of membrane characterization is to develop membrane properties that
improve the performance of the Cu-Cl electrolyzer. The ionic transport properties of membranes
would be improved by considering additional interfacial or surface modification of the
membrane using the hot-pressing procedure. The objective of this research is to locate a
membrane that maintains similar proton conductivity and has a lower copper permeation than
the reference membrane, Nafion 117. The selected membrane is expected to perform better in
membrane and hydrogen production, significantly extend electrolysis duration, and offer a more
stable and better performance in the electrolyzer system compared to findings in previous
studies. Based on the results of our tests on proton conductive membranes, the possibility of
better performance of the electrolyzer can be evaluated.
Second, the goal of the membrane performance in electrolyzer test is to provide a
reliable membrane and efficient operating conditions for the electrolyzer with minimal
degradation at elevated temperatures of up to at least 80 ºC. Therefore, stable and better
performance of a membrane is tested and evaluated based on results for membrane
characterization. In addition, the concentration of HCl(aq) and CuCl(aq) solution is optimized
to achieve stable operation in the electrolyzer test.
Last, simple phenomenological modeling is experimentally arranged based on the
concept of irreversible thermodynamics for single and electrolyzer cells. Although transport
studies of copper and proton through membranes include a complex process in CuCl electrolyzer
operations, an experimentally universal approach using a single cell and electrolyzer system may
offer better understanding of the behavior of ionic transport and lead to identification of

the transport coefficients in the system in response to the gradients of electrical potential
and concentration.
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Figure 1-9. An assumption of reducing copper permeation through membrane by hot-pressing
method.

Scope of work performed
First, several types of proton conductive membranes were prepared to determine the
candidate proton conductive membrane for CuCl/HCl electrolysis. As shown in Figure 1-10, the
properties of various membranes were measured using a single through-plane conductivity cell and
permeability cell in order to identify an adequate membrane for the CuCl/HCl electrolyzer test. The
pristine Nafion 117 membrane was used as the reference membrane to compare conductivity,
permeability and selectivity values. Then, the electrolyzer test with selected membranes was
conducted. All analyses, including EIS, chemical titration, and copper conversions, were performed.
Finally, the phenomenological transport model was established via experimental measurement
using membrane, single conductivity, permeability and Hittorf cell.
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Figure 1-10. The scheme of procedure of testing membrane
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Chapter 2 - Experimental methodology
* Contents regarding conductivity and permeability were produced and conducted with
advice from Rezwana Sharna, Khurana Sanchit and Mark Fedkin. The measurement of hydrogen
production and linear sweep voltammetry regarding the CuCl/HCl electrolyzer were conducted
with advice from Rich S. Schatz. The concepts and cell designed for phenomenological modeling
were produced in collaboration with Roghayyeh Lotfi.
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Introduction

This chapter offers details on three distinct stages of this research. In chapter 3, preliminary

work was performed to evaluate the properties of various types of proton conductive
membranes using a single conductivity and permeability cell for CuCl/HCl electrolyzer tests.
The purpose of this chapter is to offer a description of the evaluation of various proton
conductivity membranes and identification of a reliable membrane for the electrolyzer test.
Results of the tests on conductivity, permeability and stability of the membranes led to
identification of a promising high-performance membrane. In the electrolyzer system, proton
and copper ion permeation simultaneously occurred through the membrane due to the electrical
and chemical potential gradients at operating temperatures. The challenge was to measure the
flux of both protons and copper ions through the membrane due to complicated ionic transport
during the electrolyzer test. Therefore, the properties of the membranes were separately
characterized in a mimicked experimental environment involving an electrolyzer system using
a conductivity and permeability cell. The selectivity value—conductivity divided by
permeability—was used as a criterion in identifying a promising membrane for the electrolyzer
tests.
Chapter 4 offers details on membrane performance and analysis in the CuCl
electrolyzer system. The selected proton conductive membranes were tested in the electrolyzer
based on the results for membrane characterization described in Chapter 3. The purpose of this
chapter is to describe the process followed to improve the electrolyzer performance of the
selected membranes by optimizing electrolyzer experimental conditions. Membrane
performance in the electrolyzer was assessed via polarization curves using linear sweep
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voltammetry, which pointed to hydrogen production efficiency. Analyses of the electrolyzer
test (e.g., Electrochemical Impedance Spectroscopy), effect of hot-pressing on the membrane,
conversion of copper ions, and flux of copper ions permeation through the membrane, were
conducted.
Chapter 5 details the development of a phenomenological model for the simultaneous transport of
protons, copper ions and electrons using the developed single cell and CuCl electrolyzer cell. This

chapter offers a description of the process followed to identify the phenomenological
coefficients via irreversible thermodynamic concepts and compare the single and electrolyzer
cells. Theoretical background was provided for phenomenological modeling. B ased on the
concepts of irreversible thermodynamics, linear phenomenological equations were studied to assess
ionic behavior through the membrane in the single cell and mimic the electrolyzer system by
applying different driving forces such as chemical and electrical potential gradients. To find the
coefficient for phenomenological equations, conductivity, permeability and transport number
measurements were performed.

Conductivity measurement
Conductivity measurements of membranes were performed to imitate the acidic
environment of the electrolysis system using a single conductivity cell. A through-plane glass clip
conductivity cell was used to measure membrane conductivity. The through-plane conductivity
method is best suited to this project due to well-defined cell geometry and the capability to use
electrolyte solutions of any concentration. Measurements were performed using the Gamry system
with Electrochemical Impedance Spectroscopy (EIS). The two Ti electrodes for the conductivity
cell were connected to the Gamry electrochemical measurements system. Electrochemical
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Impedance Spectroscopy (EIS) was performed to obtain membrane resistance data. The EIS
technique has been described in detail in a recent paper published from this lab [1]. Electrochemical
impedance spectroscopy is a linear alternating current (AC) method that examines the phase angle
present between the net potential and current when an AC signal is applied to a system. A 10 mV
AC signal with frequency ranging from 0.2 to 30,000 Hz was used. The data at high frequency
show where the interface capacitance has the smallest effect. Therefore, it is most relevant in
identifying membrane resistance. The real resistance of the system, as imaginary resistance
approaches zero, is considered to be the membrane resistance. With most EIS conductivity tests,
the resistance value is taken as the lowest point on the Bode plot. In Bode plots, the magnitude of
the impedance, Z, can be plotted linearly as a function of the logarithm of the frequency. The result
is a sigmoidal curve across the analyzed frequency spectrum. If the upper end of the spectrum
reaches a high enough frequency, an impedance plateau can be observed, which has been found to
correspond to the resistance of the system electrolyte or solution. The resistance at each plateau
includes the sum of all previous resistances. To calculate the bulk resistance of the conductivity
cell, the EIS data would be fitted using the developed equivalent circuit (EC) model as shown in
Figure 4-17. The Nyquist plot shown in Figure 2-1 indicates the ohmic resistance of the membranes.
A similar impedance test was then performed with/without the membrane in the same cell filled
with the electrolyte solution. The difference (R) in resistance between the membrane and blank
tests was considered pure membrane resistance and further used to calculate the membrane
conductivity.
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Figure 2-1. Nyquist impedance plot for double layer of Nafion 117 in 7 molL-1 HCl (aq) solution.

Through-plane measurements were performed in HCl(aq) solution, which is close to the
concentration used in the CuCl/HCl electrolyzer anolyte. Conductivity values were calculated using
membrane resistance (R), thickness of wet membrane (δ), and exposed membrane surface area (A).
k = δ / (R A)
The measurements were performed for a series of membranes at room temperature and
atmospheric pressure.

Permeability measurement
The permeability cell was used to measure copper ion permeation through the membrane.
One easy way to measure the ion permeation is through the diaphragm cell [2]. These cells consist
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of two well-stirred volumes separated by a membrane. To measure permeation through the
membrane in the cell, one compartment (e.g. upper concentration) was filled with a solution of
known concentration and the other compartment (e.g., lower concentration) was filled with HCl
(aq) solution. After a certain time, samples from both compartments were taken and measured for
copper concentration. The assumption is that the flux across the membrane quickly reaches its
steady-state value. This pseudo steady-state flux is approached even though the concentrations in
both compartments change with time. Therefore, in the pseudo-steady state, the ion flux through
the membrane is defined as:
J1 

D
C1 , lower  C1 , upper 
l

Then, an overall mass balance on the adjacent compartments is described as:

Vlower

dC1,lower

Vupper

dt
dC1,upper
dt

  AJ 1
 AJ 1

where A is the active area of membrane, V lower = V upper = V sample.
The equation can be combined with the result from the flux equation to obtain:

d
C1,lower  C1,upper   D A C1,lower  C1,upper 
dt
lV sample
This differential equation is subject to the initial condition:

At t = 0, C1, lower - C1, upper = C 2, lower - C 2, upper
If the upper compartment is initially filled with solution, its initial solute concentration will be zero.

 lV sample   C1,upper  C1,lower 
 ln 

D
 At   C


C
2,lower 
 exp   2,upper
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The time and various concentrations could be measured directly with the known geometric area of
the cell.
Therefore, the following expression was used to calculate permeability, K, due to Cu2+
diffusion [3] for the permeability measurement:

 lV sample   CCu 
 ln 

K 
 At   C  C 
2 
 exp   Cu
where l is the thickness of the wet membrane (cm), Vsample is the volume of the sample used for
titration (cm3), A is the surface area of membrane (cm2), texp is time duration (sec), CCu is the initial
concentration of Cu2+ and C2 is the concentration of Cu2+ in the sample at t = texp.

Measurement of copper concentration
Copper ion concentration can be measured using two different methods. The first is chemical
titration using EDTA material for copper (I) and copper (II) [4]. The other is the atomic adsorption
method to measure the low concentration of the copper ions. In case of chemical titration with
EDTA, two different copper ions (copper (I) and copper (II)) may be quickly measured to trace
concentrations according to time intervals. However, chemical titration cannot be used for low
concentrations of copper ions in the solution and is less accurate than the atomic adsorption method.
On the other hand, using the atomic adsorption method, the copper ion concentration may be
measured without delaying oxidation of copper (I) ions in the solution. Note that copper (I) may be
easily oxidized when exposed to air, so it needs to be titrated in an argon atmosphere. In the case
of atomic adsorption, comparably low concentrations of copper ion in the solution may be detected
and measured even if the concentration is on ppm (parts per million) level, but only the total copper
concentration can be measured in the solution.
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To evaluate the copper permeation through a membrane in the catholyte solution and analyze
the copper concentration in the anolyte solution, the chemical titration method was used for high
concentrations of the catholyte and anolyte. The atomic adsorption method was used for the
transport number test due to a small amount of copper ions permeating the membrane from one
compartment to another one during the test time.

1. Chemical titration method
The complexing agent was ethylenediaminetetraacetic acid (EDTA) as a disodium dihydrate
salt (Na2C10H18N2O10), with a molar mass of 372.24 g mol–1. Since EDTA forms complexes with
many metal ions, this particular method can only be used in the absence of ions such as Ca2+, Ni2+,
etc. The complexation reaction is:
Cu2+(aq) + (EDTA)2–(aq) → Cu(EDTA)2–(aq) + 2H+(aq)

The murexide indicator used for the titration procedure is highly colored and complexes with
copper ions to provide a differently colored solution. During titration, the EDTA2– forms a stable
complex and frees the indicator, returning the solution to its original color.
A detailed description of the copper (I) titration procedure is offered below. First, add 10 mL
of ferric ammonium sulfate solution to the mixing beaker. Next, add 0.5 mL of the solution being
tested. 0.5 mL of phosphoric acid is then added to ensure a complete reaction. Then, the solution is
diluted with about 20 mL of de-aerated water. Add 5 to 7 drops of the indicator (ferroin solution)
to the mixing beaker. Begin adding the ceric solution using a 2 mL syringe and needle. The solution
should be stirred as frequently as easily possible to facilitate color change. When the titration is
complete, the solution color is blue. Record the volume of ceric solution used. The calculation of
molarity for copper (I) is as follows:
CCu VCu = CCe VCe
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Where Ccu is the molarity of copper (I), Vcu is the volume of copper (I) in the sample, Cce is
the molarity of the ceric solution, and Vce is the volume used of the ceric solution.
Details of the copper (II) titration procedure are as follows. First take 2 ml of the test sample
from the permeability cell and place it in a beaker or vial. Then, to perform a qualitative check for
Cu, add a couple of drops of murexide indicator to the sample. If a yellow color appears, Cu 2+ is
present—then proceed with titration. If there are no visible color changes in the purple murexide,
then the copper content is below the detection limit and the atomic adsorption method needs to be
used. Add 4 ml of NH4OH (1 mol L-1) to the sample using the labeled 1ml pipette. For longer tests
or if the copper permeation rate is too high, a temporary blue color may be observed while adding
an ammonia solution. Add 6 drops of murexide indicator. If the color changes to yellow, proceed
to the next step. However, if the color changes to a red/orange/pink color, then excess ammonia is
present. In this case, add 2 to 4 ml of DI water to dilute the sample and observe the color change to
yellow. Note that only when the sample is yellow color, titration is sufficiently accurate. Fill a 250
μl micro syringe with the standard 0.01 mol L-1 EDTA solution. Slowly, drop by drop, add the
standard solution to the sample. Stir the sample after every addition. At the equivalence point, the
yellow color will change drastically to the original purple color of the indicator. Record the volume
of the standard EDTA solution used at the equivalence point. Then, use the recorded amount of
EDTA for calculations of the copper concentration in the sample. The Cu 2+ concentration in the
sample may be determined as:
C1 V1 = C2 V2
where C1 is the molar concentration of the standard EDTA solution, V1 is the volume of the standard
EDTA solution (titrant) in mL, C2 is the molar concentration of Cu2+ in the sample, and V2 is the
volume of the sample taken from the cell in mL.

2. Atomic absorption method
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Atomic Absorption Spectroscopy (AAS) is a spectro-analytical procedure for the quantitative
determination of chemical elements employing the absorption of optical radiation (such as light)
by free atoms in the gaseous state [5,6]. The technique makes use of absorption spectrometry to
assess the concentration of total copper in a sample. It requires standards with known anolyte
content to establish the relation between the measured absorbance and the copper concentration.
After completing the transport number test, the samples were taken from both compartments of a
Hittorf cell. Using Atomic Absorption Spectroscopy, the total concentration of copper can be
measured.

Linear Sweep Voltammetry (LSV)
To measure the performance of an electrolyzer, linear sweep voltammetry (LSV) can be
used. LSV was used in this study to measure the experimental decomposition potential and current
due to an applied voltage. It often refers to measurements performed with polarizations more than
100 mV away from the open circuit potential (OCP). LSV polarization curves were recorded
periodically by gradually changing voltage from 0 to about 1 V and monitoring the current through
the cell because chlorine gas could be produced at a potential of 1.1 V. To obtain the voltage
efficiency (decomposition potential divided by applied potential), experiment data were obtained
and then compared to the theoretical value. Note that decomposition potential was determined at
the point at which the current was almost zero. The equipment, an Instek Linear DC Power Supply
and Keithley 199 System DMM/Scanner, were used to take the LSV polarization curves and study
the membrane parameters.
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Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) was used to measure polarization
resistance in the single cell and electrolyzer system using Gamry electrochemical equipment.
Alternating the current between low and high frequencies offered information on the applied
potential, current and phase angles. Impedance data were shown in real and imaginary form. These
data were used for ohmic, mass transfer, and charge transfer resistances through the equivalent
circuit modeling.

Estimation of hydrogen production

Hydrogen production values were obtained to measure the current efficiency of the electrolyzer
using different membranes. The total volume of hydrogen in the water reservoir (in the electrolyzer
system [Figure 4-2]) was obtained over a specified time at each applied potential as experimental
value. Then, to calculate the theoretical value of passing protons through membrane, Faraday’s law
was used:
𝑛 =

𝐼𝑡
𝑧𝐹

where n is the amount of H2 in mole, I is current (A), t is time (s), z is number of electrons, and F
is Faraday constant (96,485 C mol-1).
Then, the theoretical volume of hydrogen may be obtained using the ideal gas law. Applying this
law, the volume of gas may be expressed as:
PV=nRT
where P is the absolute pressure (atm), V is the volume of gas (L), n is the amount of H2, R is the
gas constant (0.08206 L atm mol-1 K-1), and T is the temperature (K)
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Therefore, the CuCl electrolyzer current efficiency (ηc) in hydrogen production could be
estimated by comparing between the experimentally produced value, V
calculated value, VH2(theor), from Faraday’s law.
Efficiency (ƞ ) =

Experimental
Theoretical

* 100%

H2(exp),

and theoretical
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Chapter 3 Proton conductive membrane characterization
* Some of the following data and analysis were adapted from first-authored and coauthored ECST publications. The membrane preparation procedure was prepared and developed
by Soohyun Kim. The conductivity and permeability procedures were designed and developed with
Rezwana Sharna and Mark Fedkin. The conductivity and permeability measurement of membranes
were performed by Soohyun Kim.

Preface to Chapter 3
Before offering a look at analyses and insights in this chapter, a characterization of
membranes is needed. The polymeric membrane is key material that significantly influences
electrolyzer performance. The ionic transport properties of a variety of types of proton conductive
membranes were measured to identify the most promising membrane for the CuCl eletrolyzer
performance test. However, the properties of various types of proton conductive membranes were
not yet tested under experimental conditions with the electrolyzer. Therefore, various types of
proton conductive membranes such as Nafion 117, Nafion XL, Porous Polypropylene,
Polybenzyimidazole and Cross-linked sulfonated membrane (e.g., XLSR) were selected and
characterized using a single conductivity cell and permeability cell with electrolyzer conditions
regarding to concentrations of CuCl (aq) and HCl (aq) solutions. The stability of membranes when
introduced to a high acidic solution and elevated temperature was also investigated via conductivity
and permeability tests. Use of the hot-pressing procedure on the membrane enabled study of the
effect of this procedure on membrane properties. The effects of hot-pressing condition and
membrane layers for proton conductivity and copper ion permeability were investigated.
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Membrane properties were measured separately to evaluate proton conductivity and copper
ion permeability using a single conductivity and permeability cell. Utilizing the selectivity value,
conductivity divided by permeability, membranes were evaluated to identify a promising
membrane for the electrolyzer test.

Abstract
In the Cu-Cl / HCl electrolysis system, one of the key materials in assessing electrolyzer
performance is the polymer proton conductive membrane. Among various types of polymeric
electrolyte membranes, the proton exchange membrane has shown promise in the Cu-Cl/HCl
electrolyzer test due to its high proton conductivity value. In this study, several types of polymeric
proton conductive membranes were selected and tested using a single conductivity and
permeability cell. Through characterization of a variety of polymeric proton conductive
membranes, the Nafion 117 membrane showed the highest value of proton conductivity. Use of the
hot-pressing procedure between two single Nafion membranes together significantly reduced
copper permeation through the membrane. Under specific hot-pressing conditions (e.g., 93 oC), the
conductivity of the double layer Nafion 117 membrane was maintained as a reference membrane,
while copper permeability was significantly reduced by at least an order of magnitude. Therefore,
the selectivity value, proton conductivity divided by copper/ion permeability, was highest
compared to other membranes. Through a stability test under harsh conditions—high acidic
HCl(aq) (10.2 mol L-1) and electrolyzer operating temperature (90 oC)—the results showed that the
properties of the Nafion 117 membrane were most stable for conductivity and permeability. The
concentration of HCl(aq) and CuCl(aq) in the solution exerted a strong effect on conductivity. The
proton conductivity of the membrane significantly decreased when the concentration of HCl(aq) or
CuCl(a) was increased.
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Looking at the results for membrane characterizations, the hot-pressed double layer Nafion
117 at 93 oC was selected for use in the Cu-Cl/HCl electrolyzer test.

Experimental Approach

Preparation of membrane and MEAs
To study the properties of membranes proton and copper ion transport, the same
pretreatment of a membrane is needed as a reference membrane (e.g., pristine single layer Nafion
117). To accomplish this, the following procedure is widely used for the pretreatment of a Nafion
membrane [1]. The polymeric membranes were pre-treated by first placing them in 3 wt % aqueous
H2O2 at 85 ºC to remove any possible surface contaminants, and then placing the membranes into
85 ºC DI-water to remove any traces of H2O2. Next, the membranes will be treated in 1 mol L-1
aqueous H2SO4 solution at 85 ºC to provide complete protonation of the membranes. Finally, the
membranes will be placed at 85 ºC DI-water solution for removing the residual H2SO4. The
membranes were kept in each of solutions for 1 hour. Following the above procedure, the
membranes were left to dry in a desiccator overnight. The resulting thickness of the treated
membrane was measured. The prepared membranes were then pressed at various temperatures,
duration times, and pressures. The temperature, time, and pressure ranged from room temperature
to the glass transition temperature of Nafion, 0 to 10 minutes, and atmospheric to 5 metric tons cm2

,

respectively. To make the multi-layer membranes, pre-treated pieces of membranes (6 by 6 cm)

were hot-pressed and then allowed to cool down to room temperature again. The average thickness
of the resulting multi-layer membranes was less than double the thickness of a pristine one. For
provided membranes (e.g, PPE (Porous polyethylene) from GTI, Cross-linked S-Radel membrane
(XLSR) from Dr. Hickner’s group, PBI (Polybenzymidazole) from ANL), they were used as a fully
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hydrated status in DI-water for over 24 hours without any treatment [2,3]. To better understand the
properties of the various membranes, conductivity, copper permeability characterization tests, and
membrane stability test were performed in parallel with both pristine single Nafion 117 membrane
samples for comparison.

Figure 3-1. Provided or purchased testing membrane (a) Nafion 117, (b) Nafion XL, (c) PPE, (d)
PBI, (e) Cross-linked S-Radel (XLSR) former batch, (f) Cross-linked S-Radel (XLSR) new batch
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Membrane conductivity measurement
The conductivity measurements of the membranes were performed in 2, 7 and 10.2 mol L-1
HCl(aq) solution to mimic the acidic environment of the electrolysis system [4]. A through-plane
glass clip conductivity cell was used as shown in Figure 3-2. Before the measurements, the test
membranes were equilibrated in the 2 mol L-1 HCl(aq) solution for 24 hours. Then, the ionic
conductivity was measured at 25 ºC and atmospheric pressure. The through-plane conductivity
measurement is more relevant to the electrolysis system studies as it positions the membrane
perpendicular to the direction of proton transfer. For each test, a membrane was located between
two titanium disc electrodes and the cell was filled with the desired HCl(aq) solution. To avoid
deterioration of the conductivity cell electrodes at high acidic HCl(aq) solution, the Ti electrodes
coated with a graphite layer were used. According to preliminary test of electrodes, there were no
differences in the EIS measurement (not shown in data) between Ti and graphite coated Ti
electrodes. The electrodes connect to a Gamry electrochemical measurements system, and the
potentiostatic Electrochemical Impedance Spectroscopy (EIS) was performed to obtain the
membrane resistance data. A 10 mV AC signal with a frequency ranging from 30 to 30,000 Hz was
used [1,4,5]. A similar impedance test was then performed without the membrane in the same cell
filled with the electrolyte solution (i.e. blank). The difference in resistance between the membrane
and blank tests were considered the pure membrane resistance and further used for calculating the
membrane conductivity. The ionic conductivity value (k) was obtained from the following equation

k = δ / (R A)

Equation 3-1

where R is the membrane resistance, δ is the thickness of the wet membrane, and A is the
exposed membrane surface area.
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Figure 3-2. Schematic of the glass clip cell for measuring through-plane conductivity of membrane

Membrane permeability measurement
Permeability of Cu2+ ions was measured using a two-chamber diffusion clip cell as shown in
Figure 3-3. The left-hand chamber of the cell contains 10 mL of aqueous 1 mol L-1 CuCl2 + 2 or 6
mol L-1 HCl(aq) solution (dark green color) while the right-hand chamber is filled with 10 mL of
copper-free 2 or 6 mol L-1 HCl (aq) solution (transparent). A membrane was sealed between two
chambers using two silicon rubber O-rings, and fixed with a clamp. The solution of chambers were
continuously stirred. Over the time of the test, the Cu2+ concentration was periodically determined
in the right-hand chamber by the complexometric titration method. The Cu2+ concentration in the
sample is determined by the equation [6]:
C1V1 = C2V2

Equation 3-2

where C1 is the molar concentration of standard EDTA solution, V1 is the volume of
standard EDTA solution (titrant) in mL, C2 is the molar concentration of Cu2+ in the sample, and
V2 is the volume of the sample taken from the cell in mL. The following expression was used to
calculate the permeability value, K, used to characterize the rate of the Cu2+ permeation through
the membrane:
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 lV sample   CCu 
 ln 

K 
 At   C  C 
2 
 exp   Cu
where l is the thickness of the wet membrane (cm), V

Equation 3-3

sample

is the volume of the sample

solution in the cell (10 cm3), A is the surface area of membrane (cm2), t exp is the test duration (sec),
CCu is the concentration of Cu2+ solution (in the left-hand chamber), and C2 is the concentration of
Cu2+ in sample at t = texp (measured in the right-hand chamber).

Figure 3-3. Schematic of the glass clip cell for measuring copper permeability of membrane.

Membrane stability test
The purpose of the membrane durability test is to investigate the membrane properties
before and after exposing operating conditions of electrolyzer system. If the value of the membrane
is stable after exposing over 80 oC and directly high hydrochloric acid (i.e. not dissolved or
physically altered) for conductivity or permeability test, the membrane can be expect to perform
good during an electrolyzer experiment. As test conditions for the stability test of membrane,
prepared membranes were directly soaking above operating condition as 10.2 mol L-1 HCl solution
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and the membrane and solution were heated up to 90 oC in solution for 2 hour. The membranes
were then placed at the room temperature for 24 hours. Then, dried membranes were rinsed, and
conductivity and permeability test were repeated and compared with original results.

Results and discussion

Various Membrane Conductivity Measurements
The conductivity of various polymeric proton conductivity membranes were measured at room
temperature and atmospheric pressure, 1 bar. The conductivity results of variety proton
conductivity membranes were obtained using a through-plane single conductivity cell as shown in
Figure 3-4. The pristine single Nafion 117 membrane was used as a reference membrane. From
previous tests undertaken by our lab, the conductivity of the reference membrane ranged from 0.08
- 0.09 S cm-1. All other membranes were compared to this value to gauge the expected membrane
performance. The average conductivity of reference membrane was calculated as 0.083 ± 0.002 S
cm-1 as repeated tests. For hot-pressed single layer Nafion 117 and double layer Nafion 117, the
average conductivities were calculated to be 0.077 ± 0.003 S cm-1 and 0.074 ± 0.002 S cm-1,
respectively. As results of comparison, the conductivity of hot-pressed double layer Nafion 117
had a little bit less value as pressed single layer Nafion 117 in error range. By comparison to value
of reference membrane, about 10 percent of conductivity loss was obtained due to the hot-pressing
procedure on membrane. The average conductivity of PBI, single Nafion XL, double Nafion XL,
XLSR former batch, XLSR new batch and porous polyethylene were obtained to be 0.005 ± 0.002,
0.058 ± 0.001, 0.060 ± 0.002, 0.020 ± 0.002, 0.038 ± 0.002 and 0.05 ± 0.003 S cm-1, respectively.
In case of PBI membrane, the PBI membrane was not appropriated for the further CuCl electrolyzer
test due to a significantly low conductivity value. A 30 percent lower value of the conductivity was
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shown for the single or double layer of Nafion XL membranes. Because the Nafion XL membrane
is a type of inorganic particle composited commercial Nafion membrane, the lower conductivity of
the membrane compared to Nafion 117 membrane is generally good agreement to this conductivity
result. Note that the specific information of Nafion XL membrane is not available on any
publication and vendor. In the case of the XLSR membranes, the conductivity results of former and
new batch were varied by 0.02 ± 0.002 and 0.038 ± 0.002 S cm-1. As shown in Figure A-1, the
chain length of sulfonic group on side-chain from the backbone of the membrane is much shorter
than that of Nafion 117 membrane. The XLSR membranes have small ionic domain, and suppress
ion and small molecular diffusion through membrane. Therefore, it maybe provides lower proton
conductivity compared to Nafion membrane. On the other hands, low copper permeation could be
expected compared to pristine Nafion 117 membrane from the structure of the membrane. The
conductivity of porous polyethylene (PPE) membrane showed 40 percent lower value than pristine
Nafion 117 membrane. It is because that PPE membrane do not have sulfonic group so that the
proton transfer by hopping mechanism does not contribute to conductivity value. From conductivity
results of all tested membranes except PBI have still potential membrane for the CuCl electrolyzer
because they provide the practicable proton conductivity based on the through-plane conductivity
cell test.
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Figure 3-4. The conductivity results of various membranes. (a) Pristine Nafion 117 (b) Pressed
single Nafion 117 (c) Pressed double Nafion 117 (d) Polybenzyimidazole (PBI) (e) Pressed single
Nafion XL (f) Pressed double Nafion XL (g) Cross-linked s-Radel (XLSR) former batch (h) Crosslinked s-Radel (XLSR)_new batch (i) Porous Polyethylene (PPE)

Conductivity Measurement of Nafion 117 Membrane regarding different hot-pressing
conditions
From the conductivity results of various proton conductive membranes in the previous section,
the hot-pressed Nafion 117 membranes can be selected as one of the high potential membranes for
the electrolyzer test. To figure the effect of hot-pressing on the membrane out, additional
conductivity measurements were performed with a variety conditions of hot-pressing procedure.
The through-plane conductivity data with hot-pressing single and double layer Nafion 117 is listed
in Figure 3-5. The pristine single layer Nafion 117 had average conductivity around 0.083 ± 0.002
S cm-1 based on repeated tests. The average conductivity of the various hot-pressing conditions
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was demonstrated, taking into account the experimental error. The conductivity values regarding
the hot pressing temperature indicated that the higher pressing temperature on the membrane
affected significantly the membrane’s conductivity property. When the membranes were hotpressed at 93 oC, the conductivity was similar with at 25 oC for either single or double layer
membranes. The conductivity for both single and double layer membranes pressed at 120 °C were
observed to have the lowest values as shown in Figure 3-5 (d) and (g). The results were observed
that there was not so significant loss of conductivity after hot-pressing on the membrane until 93
o

C for both single and double layer Nafion 117 membranes. Between 93 oC and 120 oC, a critical

point exists where the conductivity value significantly decreases after hot-pressing. These results
infer that some phenomenon, such as the glass transition temperature (around 110 oC) of Nafion
117 membrane, might alter properties, structure of Nafion membranes. However, further research
is needed to investigate the relation between conductivity and the hot-pressing temperature on the
membrane.
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Figure 3-5. The conductivity results of hot-pressed Nafion 117 membranes. (a) Pristine (b) single
layer at 25oC (c) single layer at 93oC (d) single layer at 120oC (e) double layer at 25oC (f) single
layer at 93oC (g) single layer at 120oC
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Conductivity measurements of Nafion membranes with different testing concentrations of
HCl (aq) solution
In this section, a relationship between the conductivity of membranes and different
concentration of HCl (aq) solutions was investigated. The conductivity results of hot-pressed single
and double layer Nafion 117 membranes were used to evaluate the effect of concentration of acidic
HCl(aq) solutions on membrane as shown in Figure 3-6. The average conductivity of a hot-pressed
single layer Nafion 117 membrane was 0.076 ± 0.002 S cm-1, based on repeated tests in 2 mol L-1
HCl (aq), 0.046 ± 0.003 S cm-1, based on repeated tests at 7 mol L-1 HCl (aq), and 0.03 ± 0.002 S
cm-1, based on repeated tests at 10.2 mol L-1 HCl(aq), respectively. In case of double layer Nafion
117 membrane, the average conductivity showed as 0.075 ± 0.002 S cm-1, based on repeated tests
in 2 mol L-1 HCl (aq), 0.037 ± 0.002 S cm-1, based on repeated tests at 7 mol L-1 HCl(aq), and 0.023
± 0.003 S cm-1, based on repeated tests at 10.2 mol L-1 HCl(aq), respectively. These results indicated
that the conductivity of Nafion 117 membranes significantly decreased with high concentrations of
HCl (aq) solution. Especially, the decrease of conductivity for double layer Nafion 117 was higher
than single layer Nafion 117 membrane. At low concentrations of HCl(aq) solutions, the
differenceof conductivity between single and double layer Nafion 117 membranes were only 0.002
S cm-1. However, a 20 percent change in conductivity was observed between the two membrane
types at 7 mol L-1 and 10.2 7 mol L-1. The substantial decrease in conductivity for the single and
double layer Nafion 117 at high concentrations of HCl(aq) could be explained by the fact that H+
ions and the representing amount of the water molecules at high concentration of HCl(aq) solution.
At the higher concentration of HCl(aq) solution, a lower mobility of protons through the membrane
in the solution was expected compared to the lower concentration of HCl(aq) solution.
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Figure 3-6. The conductivity results of hot-pressed Nafion 117 membranes regarding to different
testing HCl (aq). (a) 2 mol L-1 HCl (aq) (b) 7 mol L-1 HCl (aq) (c) 10.2 mol L-1 HCl (aq)

Conductivity measurements regarding the different testing concentrations of CuCl (aq)
solution
To figure the effect of concentration of copper ions in the solution out for conductivity,
conductivity tests were performed with different concentrations of copper ion into 7 mol L-1
HCl(aq) solutions. The hot-pressed single layer Nafion 117 as reference membrane was used to
compare the conductivity regarding different concentrations of CuCl (aq) with a 7 mol L-1 HCl(aq)
testing solution. As shown in Figure 3-7, conductivity of the membrane decreased when the
concentration of CuCl(aq) solution increased into the 7 mol L-1 HCl(aq) solution. Based on repeated
tests, the conductivity of reference membrane had 0.048 ± 0.003 S cm-1 value in 7 mol L-1 HCl
(aq) solution. The conductivity value of 7 mol L-1 HCl(aq) with 0.1 mol L-1 CuCl (aq) solution was
similar as conductivity of reference value in error range. Such a small amount of cooper ions did
not affect the conductivity in 7 mol L-1 HCl(aq) solution. From 0.5 mol L-1 CuCl (aq) to 2 mol L-1
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CuCl (aq) in 7 mol L-1 HCl(aq) solution, the conductivity value significantly decreased when the
CuCl concentration was increased. In case of 7 mol L-1 HCl(aq) solution with 2 mol L-1 CuCl(aq)
solution, the conductivity of membrane was decreased until 0.028 ± 0.003 S cm-1. By comparison
to the reference value, a 40 percent reduction of the conductivity value was observed. These results
showed that the high concentration of copper ions in the solution significantly dropped the
membrane’s conductivity value in 7 mol L-1 HCl(aq) solution. However, although copper ions
existing in solution strongly affected the decrease of the membrane conductivity, a certain level of
concentration of copper ions is needed for the operating of CuCl electrolyzer test to produce the
protons by chemical reactions at anolyte. For hydrogen producing of electrolyzer system,
optimization between concentration of copper ions and HCl(aq) in solution is needed. These
researches will be discussed details in chapter 4.
0.06

Conductivity (S cm-1)

0.05

0.04

0.03

0.02

0.01

0
a

b

c

d

e

Figure 3-7. The conductivity results of pressed single Nafion 117 membranes regarding to different
concentration of CuCl(aq). (a) 7 mol L-1 HCl(aq) (b) 7 mol L-1 HCl(aq) + 0.1 mol L-1 CuCl (c) 7
mol L-1 HCl (aq) + 0.5 mol L-1 CuCl (d) 7 mol L-1 HCl (aq) + 1.0 mol L-1 CuCl (e) 7 mol L-1 HCl
(aq) + 2.0 mol L-1 CuCl
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Comparison of conductivity for hot-pressed single layer Nafion 117 in account of HCl (aq)
and CuCl (aq) solutions
The comparison of conductivity for hot-pressed single layer Nafion 117 regarding both
HCl(aq) solution and copper ions was evaluated to pristine single layer Nafion 117 membranes as
shown in Figure 3-8. The previously obtained conductivity for pristine membranes was 0.083 ±
0.002 S cm-1 as repeated tests. After hot-pressing procedure on the single layer Nafion 117
membrane, the conductivity was slightly lost about 5 to 10 percent reduction from the original value
as 0.077 ± 0.003 S cm-1 in a HCl(aq) solution. However, when the concentration of HCl(aq) solution
was increased from 2 to 7 mol L-1 HCl(aq), a significant reduction of conductivity was observed
from 0.077 ± 0.003 to 0.046 ± 0.004 S cm-1. Through comparison between two tests, a 40% change
in conductivity was observed. In addition, when copper ions were included to the conductivity test,
the conductivity values were measured to be 0.028 ± 0.002 S cm-1. About 35% loss of conductivity
was demonstrated by adding copper ions in the solution. From these results, three sources decrease
the conductivity; hot-pressing method, two effects of HCl(aq) and a copper ion concentration.
From this comparison, the main two factors for a decrease in conductivity are related to the
concentrations of HCl(aq) and copper ions in the solution. The hot-pressing method on the
membrane could slightly affect the conductivity of membrane compared to two aspects of
concentration.
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Figure 3-8. The conductivity comparison of pressed single Nafion 117 membranes regarding in
terms of HCl (aq) and CuCl (aq) solution. (a) Pristine single layer Nafion 117 (b) 2 mol L -1 HCl
(aq) solution (c) 7 mol L-1 HCl (aq) solution (d) 7 mol L-1 HCl (aq) + 2.0 mol L-1 CuCl (aq) solution.

Permeability test for various membranes
The permeability (K) values, which determine the amount of Cu2+ permeated per unit area
through the membrane per unit of time, were obtained from the copper concentration determined
via chemical titrations. As shown in Figure 3-9, the permeability results are listed for various proton
conductive membranes. These results were determined by the amount of Cu2+ ion that permeated
through the membranes at a specific time interval (e.g, 24 hour). The copper ion concentration in 6
mol L-1 HCl solution (initially 0) was measured after a certain time by taking samples and analyzed.
The results of permeability with the reference membrane, pristine Nafion 117 membrane, was
demonstrated to be 2.1 ± 0.1 10-8 cm2 s-1, based on the repeated measurement of copper ions in the
solution taking at the sample after 24 hours from the chamber. In case of hot-pressed single layer
Nafion 117 membrane at 93 oC, the permeability showed the less half value as reference value, 0.80
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± 0.02 10-8 cm2 s-1. On the other hands, the hot-pressed double-layer Nafion 117 at 93 oC was not
detected at all of Cu2+ ion due to below of detection level after 24 hours. It means that the
concentration of Cu2+ ions after the 24 hour test was below 5 10-4 mol L-1 (close to the detection
limit of the chemical titration, ~10-4 mol L-1). In this case, the interval of sampling time was
extended and solution were analyzed after 96 hours later. The calculated permeability value for the
double-layer Nafion 117 was obtained as 2.10 ± 0.05 10-9 cm2 s-1. The value of permeability was
almost one order magnified less than the reference value. The permeability of other membranes,
PBI, single Nafion XL, double Nafion XL, XLSR of former batch and new batch, and PPE were
obtained 1.2 ± 0.02 10-8, 4.5 ± 0.04 10-8, 4.0 ± 0.03 10-8, 1.5 ± 0.02 10-9, 1.2 ± 0.02 10-9 and 1.6 ±
0.02 10-8 cm2 s-1, respectively. From the permeability results, all membranes, except Nafion XL
membranes, showed much less permeable property compared to reference membrane, pristine
Nafion 117 membrane. These results showed that the Nafion XL membrane maybe possible to
damage during the hot-pressed procedure for permeability test. Note that the permeability value of
Nafion XL was always higher value than pristine Nafion 117 membrane as used repeated different
batches of membrane tests. Among of membranes, hot-pressed double layer Nafion 117 and the
types of XLSR membrane were shown significantly reduced copper ion permeation through the
membrane. The obtained results generally supported the original hypothesis that the hot-pressed
double-layer Nafion 117 membrane was to expect much less permeable to copper species. It is
because of that the additional creation of interfaces and surface modifications on the membrane by
hot-pressing maybe significantly slowed the copper ion permeation through membrane down.
Because the short chain length of sulfonic group on side-chain from backbone, the XLSR
membrane suppressed copper ion diffusion through the membrane as expected by structure.
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Figure 3-9. The permeability test with various membranes. (a) Pristine Nafion 117 (b) Pressed
single Nafion 117 (c) Pressed double Nafion 117 (d) Polybenzyimidazole (PBI) (e) Pressed single
Nafion XL (f) Pressed double Nafion XL (g) Cross-linked s-Radel (XLSR) former batch (h) Crosslinked s-Radel (XLSR)_new batch (i) Porous Polyethylene (PPE)

Permeability measurements of hot-pressed Nafion 117 membrane
From the previous section, the results of hot-pressed Nafion 117 membrane demonstrated a
low copper permeation through membrane by hot-pressed procedure. To figure the effect of hotpressing on membrane out for copper permeation through the membrane, the permeability
measurements were performed with various hot-pressing conditions. The value of pristine Nafion
117 membrane was used as a reference. For this comparison tests, hot-pressed single and double
layer Nafion 117 membranes were selected. The permeability results with hot-pressing regarding
to the different hot-pressing temperature for single and double layer Nafion 117 membranes were
listed in Figure 3-10. The previous obtained reference value was used 2.1 ± 0.1 10-8 cm2 s-1 to
compare the effect of hot-pressing on the membrane for copper permeation through the membrane.
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The permeability for the single layer Nafion 117 and double layer Nafion 117 membrane by hotpressed at 25 oC were found 1.92 ± 0.2 10-8 cm2 s-1 and 0.91 ± 0.2 10-8 cm2 s-1, respectively.
Compared to the permeability value of reference membrane, the hot-pressed single layer Nafion
117 at 25 oC had no significant difference of copper permeation through membrane. On the other
hand, the double layer pressed at 25 oC showed more than two times the reduction of copper
permeation. The permeability of a single layer Nafion 117 and double layer Nafion 117 membrane
by hot-pressed at 93 oC were found 0.8 ± 0.02 10-8 cm2 s-1 and 0.21 ± 0.005 10-8 cm2 s-1, respectively.
The results showed that the copper permeation was reduced by over half for single layer and by 10
times for double layer hot-pressed at 93 oC. Lastly, the permeability of the single layer Nafion 117
and double layer Nafion 117 membrane by hot-pressed at 120 oC were found 0.25 ± 0.03 10-8 cm2
s-1 and 0.15 ± 0.02 10-8 cm2 s-1, respectively. Both results showed almost 10 times less than the
reference value decrease of copper permeation. In case of hot-pressed single layer at 120°C, and
double layer Nafion 117 membrane at hot-pressed 93 °C and 120 °C, the values were obtained after
96 hours duration due to lower detection level of copper chemical titration. However, in case of
double layer Nafion 117 membrane hot-pressed at 25 °C, the separation of the two layers was easily
accomplished during permeability test due to lack of adhesion by hot-pressing. Therefore, it could
infer that both hot-pressed single and double layer Nafion 117 at 93 °C and 120 °C expect to be
valuable membrane for the further electrolyzer tests. From the results, two factors were concluded
by comparison of single and double with different hot-pressing temperatures. First of all, the copper
permeation was significantly reduced when the hot-pressing temperature was increased. Second,
double layer Nafion 117 membrane showed a much lower copper permeation through the
membrane than single layer Nafion 117 by same hot-pressing temperature. As expected in
hypothesis and motivation, the surface modification of the membrane by hot-pressing and
additional interfaces between two hot-pressed membranes play a significant role to slow the copper
permeation down through the membrane based on the permeability tests.
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Figure 3-10. The permeability test of hot-pressed Nafion 117 membranes. (a) Pristine single layer
117 (b) single layer at 25 oC (c) single layer at 93 oC (d) single layer at 120 oC (e) double layer at
25 oC (f) single layer at 93 oC (g) single layer at 120 oC

Stability test of membrane
Because both conductivity and permeability measurements were not conducted the
identical conditions of real electrolyzer operations, the membrane properties maybe different in the
electrolyzer tests. Also, the chemical stability of membrane at the conditions of electrolyzer system
are needed. To satisfied the problems of measurement conditions, the additional conductivity and
permeability measurements of membranes are conducted. The membrane stability tests were
fulfilled to mimic the real operating environments for the membranes by directly exposing
membrane into highly acidic solutions and operating temperatures of electrolyzer system. By
performing membrane stability tests, the properties of membranes can be evaluated at operating
conditions of electrolyzer system. For conductivity measurement, the prepared membranes were
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directly soaked into a 10.2 mol L-1 HCl(aq) solution. Then, those membranes were heated up to 90
°C with HCl(aq) solution, and held for 2 hours. The membranes were then allowed to cool down at
room temperature over 24 hours. After the membranes were fully hydrated in DI-water,
conductivity tests were performed again. Before and after membrane treatments, membranes of
stability were evaluated. As shown in Figure 3-11, conductivity results for all membranes, except
PBI and porous polyethylene, were obtained. Note that previous results from the PBI membrane in
conductivity tests were not suitable for further electrolyzer testing and the conductivity of the PPE
membrane could not be measured due to an unintended layer separation during membrane
treatments for the stability test. The previous obtained conductivity of hot-pressed single layer
Nafion 117 was 0.077 ± 0.003 S·cm-1. After the stability treatments, the conductivity of hot-pressed
single layer Nafion 117 was slight increased at 0.083 ± 0.002 S·cm-1. In case of hot-pressed double
layer Nafion 117 membrane, the conductivity after stability treatments was 0.075 ± 0.002 S·cm-1
which was similar as before stability treatment value, 0.074 ± 0.002 S·cm-1. The conductivity
results before stability treatments of single Nafion XL, double Nafion XL, XLSR of the former
batches and new batch was found 0.058 ± 0.001, 0.06 ± 0.002, 0.020 ± 0.002 and 0.038 ± 0.002 S
cm-1, respectively. The value of those membranes after stability treatments was changed as 0.044
± 0.002, 0.047 ± 0.003, 0.023 ± 0.002 and 0.025 ± 0.003 S cm-1, respectively. From the results
before and after stability treatments, the conductivity of single and double layer Nafion XL and
XLSR of new batch membrane was somehow decreased.
After the stability treatments, the vulnerable value such as decreased conductivity results of
membranes against high acidic solution mean that decrease conductivity of the membrane can
predict worse performance at real operating electrolyzer conditions. On the other hand, in case of
hot-pressed single and double layer Nafion 117, better performance of the membrane can be
predicted for the electrolyzer test based on the stability tests.
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Figure 3-11. The conductivity result of stability test with various membranes. (a) Pressed single
Nafion 117 (b) Pressed double Nafion 117 (c) Pressed single Nafion XL (d) Pressed double Nafion
XL (e) Cross-linked s-Radel (XLSR) former batch (f) Cross-linked s-Radel (XLSR)_new batch
In the same manner, the permeability value was measured after stability treatments as shown
in Figure 3-12. The previously obtained permeability for hot-pressed single layer and double layer
Nafion 117 was 8.0 ± 0.2 10-9 cm2 S-1 and 2.1 ± 0.05 10-9 cm2 S-1, respectively. After the stability
treatments, the permeability values were slightly increased at 1.1 ± 0.05 10-9 cm2 S-1 and 3.0 ± 0.2
10-9 cm2 S-1. The permeability results after stability treatment of the permeability of rest of
membranes, single Nafion XL, double Nafion XL, XLSR of the former batch and new batch, were
also slightly increased from 4.5 ± 0.04 10-8, 4.0 ± 0.03 10-8, 1.5 ± 0.02 10-9, 1.2 ± 0.2 10-9 to 6.0 ±
0.05 10-8, 5.0 ± 0.02 10-8, 3.37 ± 0.03 10-9, and 2.52 ± 0.02 10-9 cm2 S-1, respectively. In case of
double layer Nafion 117, XLSR of the former batch and new batch, the permeability values were
obtained after 96 hours due the low flux of copper ion through the membranes. From the results,
even though copper permeation was slightly increased for all membranes, the pressed single, double

58
layer Nafion 117, XLSR of the former batch and new batch membrane showed significant low
copper permeation through the membranes. It could be inferred that those four the membranes have
expected low copper permeation through membrane in electrolyzer test.
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Figure 3-12. The permeability result of stability test with various membranes. (a) Pressed single
Nafion 117 (b) Pressed double Nafion 117 (c) Pressed single Nafion XL (d) Pressed double Nafion
XL (e) Cross-linked s-Radel (XLSR) former batch (f) Cross-linked s-Radel (XLSR)_new batch.

Selectivity
To identify the best prospective proton conductive membranes for an electrolyzer test,
additional comparisons were needed to take into account the results of both conductivity and
permeability. Using obtained results of conductivity and permeability (Figure 3-4, 3-9), the
selectivity was calculated by the conductivity divided by the permeability. The selectivity values
demonstrated the ratio how the membrane could be passed the protons compared to copper ions
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through the membrane regarding to conductivity and permeability value. Therefore, prospective
membranes were preferred to have high selectivity, high conductivity and low permeability.
As shown in Figure 3-13, selectivity results from all membranes were calculated. The
selectivity of pristine Nafion 117 as the reference value was 3.95 106. By comparison with this
value, the prospective membranes were evaluated to use in a CuCl electrolyzer test. The selectivity
of pressed single Nafion 117, double layer Nafion 117, PBI, Nafion XL, double Nafion XL, XLSR
former batch, XLSR new batch and PPE membrane were 9.63 106, 3.52 107, 4.17 105, 1.29 106, 1.5
106, 1.33 106, 3.17 107, and 3.13 106, respectively. From the results, only four membranes obtained
a higher value of selectivity than the reference value of pristine Nafion 117 membrane. Among of
these membranes, two membranes, pressed double layer Nafion 117 and the XLSR new batch
membrane have 10 times higher value than the rest of the membranes tested. In particular, the
pressed double layer Nafion 117 was found to be an excellent membrane from the stand point of
high conductivity and low permeation. However, not only performance but also economic aspects
of the membrane could be considered to operate within an electrolyzer. However, in my
dissertation, the performance of membrane was only considered for Cu-Cl electrolyzer tests.
Therefore, pressed double layer Nafion 117 membrane could be considered a good
compromise membranes taking in the account to the proton conductivity and copper ions
permeability through membrane.
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Figure 3-13. The selectivity with various membranes. (a) Pristine Nafion 117 (b) Pressed single
Nafion 117 (c) Pressed double Nafion 117 (d) Polybenzyimidazole (PBI) (e) Pressed single Nafion
XL (f) Pressed double Nafion XL (g) Cross-linked s-Radel (XLSR) former batch (h) Cross-linked
s-Radel (XLSR)_new batch (i) Porous Polyethylene (PPE)

Using the obtained results of conductivity and permeability (Figure 3-5, 3-10), selectivity results
for pressed membranes with different hot-pressing conditions were evaluated as shown in Figure
3-14. The reference value for pristine Nafion 117 membranes was used as in previous cases. The
selectivity of hot-pressed 25 oC, 93 oC, and 120 oC for single Nafion 117, and double layer Nafion
117 were 4.17 106, 9.63 107, 2.29 107, 8.57 106, 3.62 107, and 3.95 107, respectively. From the
results, all hot-pressed Nafion 117 membranes showed higher values of selectivity compared to the
reference value. Except for pressed membranes at 25 oC for a single layer, all values were
significantly increased. Especially, among of hot-pressed membranes, the pressed double layer
Nafion 117 at 93 oC and at 120 oC showed the highest selectivity. After consideration of
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conductivity for electrolyzer performance, single layer hot-pressed at 93 oC, and double layer hotpressed at 93 oC and 120 oC were the best candidate membranes for the electrolyzer.
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Figure 3-14. The selectivity test with hot-pressed Nafion 117 membranes. (a) Pristine single layer
117 (b) single layer at 25 oC (c) single layer at 93 oC (d) single layer at 120 oC (e) double layer at
25 oC (f) single layer at 93 oC (g) single layer at 120 oC

Next, using the obtained results after stability test (Figure 3-11, 3-12), selectivity values
for the membranes were calculated as shown in Figure 3-15. The selectivity of pressed single
Nafion 117, double layer Nafion 117, Nafion XL, double Nafion XL, XLSR former batch, and
XLSR new batch were 7.55 106, 2.5 107, 7.33 105, 9.4 105, 6.82 106, and 9.92 106, respectively.
From the results, four membranes maintained high value of selectivity compared to the reference
value after stability treatments. If the permeation of copper could be allowed through the membrane
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in electrolyzer for high conductivity, the order of these four membranes would be a pressed double
layer Nafion 117, single layer Nafion 117, XLSR new batch, and XLSR former batch.
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Figure 3-15. The selectivity after stability treatment with various membranes. (a) Pressed single
Nafion 117 (b) Pressed double Nafion 117 (c) Pressed single Nafion XL (d) Pressed double Nafion
XL (e) Cross-linked s-Radel (XLSR) former batch (f) Cross-linked s-Radel (XLSR)_new batch

Conclusion
Through the characterization of proton conductive membranes using a single conductivity
and permeability cell, the hot-pressed Nafion 117 membrane was shown to have the highest
selectivity value among all membranes evaluated for this study. Although the Nafion 117
membrane was applied by hot-pressing, the reduction in conductivity was modest compared to that
for the pristine Nafion membrane. On the other hand, copper permeation through the membrane

63
was significantly reduced by hot-pressing two single Nafion 117 membranes together.
Furthermore, the hot-pressing temperature on the membrane had a very significant impact on both
the copper ion permeation and conductivity value. While conductivity between the pristine Nafion
117 and hot-pressed double layer Nafion 117 membranes had similar values, membrane
permeability exhibited an order of magnitude difference. Whether hot-pressed single or double
layer of Nafion 117, conductivity data for the hot-pressed membrane at 25 oC and 93 oC were higher
than for the hot-pressed membrane at 120 oC. On the other hand, the permeability data indicated
inverse trends for conductivity values. Therefore, applying the adequate hot-pressing technique on
Nafion membranes significantly increased selectivity compared to other membranes or the
reference membrane. Such an improvement is expected to provide more stable performance on the
Cu-Cl/HCl electrolyzer test, specifically because the copper crossover flux from anode to cathode
can be significantly reduced and the conductivity value may be maintained. All in all, the decreased
crossover of copper ions through the double-layer membrane may enable more efficient operation
of the electrolyzer over a longer time period based on conductivity and permeability tests. Also,
the two main factors—concentration of HCl(aq) and CuCl (aq) in solution—strongly affected
conductivity. The conductivity of Nafion 117 membranes significantly decreased with high
concentrations of HCl (aq) solution and CuCl(aq) in the solution.
Lastly, membrane properties were evaluated by exposing the highly acidic solution and
elevated temperature using single conductivity and permeability again. Results showed that
conductivity was somehow generally decreased, while permeability increased. The change in value
was much smaller than for other membranes in the case of the hot-pressed Nafion 117 membrane.
Based on all characterization results for the variety of proton conductive membranes, the
hot-pressed double layer Nafion 117 at 93 oC showed evidence of being the highest potential proton
conductive membrane for electrolyzer tests.
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Chapter 4
Electrolyzer performance and analysis

Preface to Chapter 4
The contents of this chapter were previously published in Electrochemical Society Transactions as
“Advanced CuCl Eletrolyzer for Hydrogen Production via the Cu-Cl Thermochemical cycles” by
Soohyun Kim et al. (2011) and were produced in collaboration with Rich S. Schatz (electrolyzer
performance of the membrane) and Khurana Sanchit (EIS analysis). Article contents are offered
here with modifications.
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Abstract
For large-scale hydrogen production, the Cu-Cl thermochemical cycle is considered one of the most
attractive technologies because of its high efficiency and moderate temperature requirements. CuCl
electrolysis is a critical hydrogen-producing step in the Cu-Cl thermochemical cycle—the main
objective of this study was to enable reliable and highly efficient operation of the electrolyzer with
minimal degradation and performance at elevated temperatures up to 80 ºC. The pressed single and
double-layer Nafion 117 membrane was shown to significantly slow copper permeation from the
anode to the cathode and allowed the system to operate at 80 oC with continuous anolyte cycling
and regeneration. The concentration of HCl(aq) and CuCl(aq) in anolyte solution significantly
affected membrane performance in the electrolyzer. Applied potential of 0.7 V was needed to
produce a current density of 0.456 A cm2 under the best conditions and electrolyzer performance
was stable with no substantial decrease in hydrogen production rates. Electrochemical impedance
spectroscopy (EIS) was used to monitor electrolyzer performance over time and to determine
membrane conductivity there. Analysis of the conversion of copper ions in the anolyte solution and
copper permeation through the membrane was performed in order to investigate the relationship
between performance and conditions during the electrolyzer test.
.

Introduction
The price of fossil fuels, the most widespread source of industrial energy, has been
continuing its ever growing trend skyward allowing alternative energy sources to receive more
attention. Thermochemical cycles are considered one of the most enticing solutions promising high
efficiency hydrogen production. Currently, however, over 95 % of hydrogen is generated by non-
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renewable sources via coal gasification, methane steam reforming, etc. [1,2]. If an eco-friendly
technology for producing hydrogen were to be developed, hydrogen demand could be increased
enough for the industry and transportation sectors to be satisfied. Since early 1970s, various
thermochemical cycles have been researched [2, 3-6] as an alternative to water electrolysis. In a
general thermochemical cycle, water is involved in a series of high temperature chemical reactions,
and the result products are hydrogen and oxygen, while all other components are recycled. The
specific physicochemical conditions allow performing the electrolysis at much lower
decomposition potential and, therefore, be much more efficient compared with water electrolysis.
The alternative copper-chlorine (Cu-Cl) thermochemical cycle is one of the most promising
approaches because of high efficiency, inexpensive chemicals, and a moderate temperature (around
550 ºC). The proof-of-principle and initial performance and efficiency studies for the main
reactions in the Cu-Cl cycle were recently reported [7-12]. This study is primarily focused on
extending system stability, minimizing possible degradation effects, and maintaining high
efficiency of hydrogen production. In the CuCl electrolyzer, the anodic reaction proceeds with
oxidation of Cu(I) to Cu(II), and the protons are transported through the membrane from the
positively charged anode to the negatively charged cathode, where they are electrochemically
reduced to hydrogen gas. The membrane electrode assembly (MEA) of the electrolysis cell plays a
key role in the process efficiency. The membrane is required to have high ionic conductivity, and
at the same time should be an efficient separator of the anodic and cathodic solutions, not allowing
permeation of any copper species. It has been previously shown [11,12] that dissolved copper
crossing over from the anode to the cathode of the CuCl electrolyzer can be electrochemically
reduced to metallic copper and deposited on the membrane and gas diffusion layers of the MEA.
This process competes with hydrogen producing reaction, dramatically decreasing the system
efficiency, and creates physical blockage for chemical mass transfer on the cathode. In this case,
the copper permeability of a membrane dictates how long the cell can be in continuous operation.
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This paper describes CuCl electrolyzer experiments using an MEA based on a double layer Nafion
117 membrane, which provided successful combination of the properties and allowed significant
extension of the electrolysis duration and more stable performance compared to the previous
studies.

Experimental Approach

Preparation of MEA
As a membrane for MEA, pressed Nafion 117 membranes were pre-treated by first placing
them in an 80 ºC 3 wt % aqueous H2O2 solution, removing of any residues on the membrane.
Second, the membranes are placed in 80 ºC DI-water, removing traces of H2O2. They are then
moved to an 80 ºC 1 mol/L H2SO4 (aq) solution, which protonates the membranes, and finally
placed in 80 ºC DI-water, removing any traces of the H2SO4. The membranes were soaked in each
solution for 1 hour and then left to dry in a desiccator overnight. The dried membranes were then
hot-pressed together, and allowed to cool to room temperature. The average thickness of the pressed
single and double layer Nafion membranes were approximately 185 and 390 microns, respectively.
For the MEA, the electrode for the cathodic side of the cell was prepared by painting a carbon cloth
diffusion layer (Ion Power Inc.) with a working area of 5 cm2 with platinum catalyst ink. The ink
should be fixed with 52 mg of 20% Pt-C loaded on the carbon black, 240 mg of DI H2O, 240 mg
isopropyl-alcohol, and 450 mg of 5 % Nafion solution. The resulting catalyst loading of the cathode
is equal to 4 mg cm-2. Two 5 cm2 carbon-cloth electrodes, (purchased from Ion Power Inc.) painted
with 4 g·cm-2 Pt on XC-72-R catalyst (0.8 g·cm-2 Pt), were applied to each side of the membrane
without hot pressing. For the assembly, the electrodes were not applied to each side of the
membrane with hot-pressing.
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Electrochemical method
Linear Sweep Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS) were
the main electrochemical methods used to assess electrolyzer performance. LSV polarization
curves will be recorded periodically by gradually changing the applied voltage from 0 to 0.985 V
and monitoring current through the cell. The equipment used to study the parameters of the
electrolysis process include the Gamry Electrochemical Measurements system, Instek Linear DC
Power Supply, and Keithley 199 System DMM/ Scanner.

Electrolyzer test
Two 5-cm2 PEM fuel cell graphite bipolar plates, manufactured by Electrochem Inc., were
placed between two Hastelloy-X compression plates with silicone heaters adhered to the outer side
of each plate as shown in Figure 4-1. The aforementioned assembly used to complete all recent
electrolysis tests mentioned in this chapter.

70

Figure 4-1. A scheme of 5-cm2 commercial PEM fuel cell graphite plate
For solution supply and removal of electrolysis products, the graphite plates have a flowthrough serpentine channel design. Hard PTFE tubing is used to supply the anolyte and catholyte
solutions. The anolyte used a 1 or 2 mol L-1 CuCl(aq) + 6 or 10.2 mol L-1 HCl(aq)] solution and the
catholyte used 6 or 10.2 mol L-1 HCl(aq) solution. To effectively fill the solution into the
electrolysis cell, the system should be first evacuated using a vacuum pump, which also helps to
remove any air trapped in the diffusion layers and serpentine channels providing more complete
access of the reagents to the catalytic layer and the membrane.
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Figure 4-2. Process flow diagram of the Cu-Cl electrolysis system

As seen in the schematic of the process (Figure 4-2), the anolyte solution was supplied
from Tank T-2 to regeneration column C-1, packed with metallic copper shot in order to convert
all Cu(II) to Cu(I), then to the anode of the electrolyzer via Pump (+), the anodic pump. The anolyte
solution from the electrolysis cell recycled back to Tank T-2. The catholyte solution was
simultaneously supplied from Tank T-1 to the cathode of the electrolyzer via Pump (-), the cathodic
pump. The hydrogen production in the electrolytic cell was driven by an external voltage in the
range of 0 V to 0.985 V for CuCl electrolysis using Instek Linear DC power supply. The catholyte
solution, now with hydrogen gas produced in the cathodic electrochemical reaction, was then
cycled back to Tank T-1.

The cell temperature should be maintained at 80±0.5 ºC. The

temperatures of the electrolysis cell, cathode recirculation tank T-1 and anode supply tank T-2, and
feed lines were individually controlled and monitored during the tests by using Omega Engineering
PID Controllers. The error caused by this was eliminated by diffusing the gas through water
(reservoir T-5 in Figure 4-2), which simultaneously condenses and dissolves the HCl vapor. To
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remove any water accumulated in the gas stream as a result of the aforementioned process, the gas
would then pass through column C-2 containing a common desiccant, CaSO4. The hydrogen gas
then enters Tank T-3 where distilled water was siphoned off to Tank T-4. The mass of Tank T-4
then was measured over time at constant intervals to determine the rate of hydrogen production.
The total volume of gas produced was obtained by the difference between the first and last
measurement over a specified time. The CuCl electrolyzer current efficiency (ηc) was estimated by
comparing the experimentally, VH2 (exp), and theoretically, VH2 (theor), produced (by Faraday’s law of
electrolysis) volumes of hydrogen per unit of time at a particular current density:
ηc = [VH2(exp) / VH2(theor)]×100%

Equation 4-1

Conversion of Cu (I) to Cu (II) in electrolyzer
Analysis of the conversion from Cu(I) to Cu(II) was performed by chemical titration. The
solution samples were obtained simultaneously from both before and after the cell. By comparing
the Cu(I) concentration before and after the cell, we could obtain the conversion in the cell of
electrolyzer. Using the needles and syringes collect a 5 mL sample from the ports before and after
the electrolyzer cell. Then, chemical titration of Cu(I) was performed in glove bag with Argon
atmosphere. Note that all analytical materials before taking samples from anolyte need to be
prepared and placed into glove bag for storage. This should be done at least 1 day in advance.

Copper permeability measurement through membrane in electrolyzer system
Permeability of copper ions in the electrolyzer was measured by the amount of copper
ions that permeated through the MEA from the anolyte to the catholyte solution. The samples for
analyzing the solution were collected at specific times from a sample port located just after the
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permeability cell as shown in previous Figure 3-2. If the solution appears a light yellow/green
color, copper permeated to the initially virgin of HCl catholyte. The Cu2+ concentration in the
sample was determined as:
C1V1 = C2V2

Equation 4-2

where C1 is the molar concentration of standard EDTA solution, V1 is the volume of
standard EDTA solution (titrant) in mL, C2 is the molar concentration of Cu2+ in the sample, and
V2 is the volume of the sample taken from the cell in mL.
The following expression, Equation 4-2, was used to calculate the permeability value to
characterize the rate of the Cu2+ permeation through the membrane in the electrolyzer system.
C3 = C2 L

Equation 4-2

where, C3 is the total copper diffused through membrane in electrolyzer (mol), C2 is the
molar concentration of copper ions in the catholyte tank (mol/L), and L is the volume of the
catholyte tank (cm3). Then, total flux, K, of copper diffused through membrane in the electrolyzer
was calculated as follows:
K = C3 / (A t)

Equation 4-3

where, the total flux K is in mol/m2 s, A is the active area of electrode in m2, and t is the
testing time.
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Results and discussion

Electrolzyer performance by comparison between commercial MEA and pressed double
layer Nafion 117 MEA in 1 mol L-1 CuCl(aq) and 10.2 mol L-1 HCl (aq) anolyte and DIWater catholyte condition
A CuCl electrolysis test with a HYDRion MEA (Purchased from Ion Power Inc.) was
performed at 80 oC to provide comparison. The data was used to set the standard value of the homemade MEAs using a double layer pressed Nafion 117 membrane for CuCl / HCl electrolyzer in our
lab. Note that the HYDRion is commercial catalyzed MEA for water electrolysis application, or
fuel cell based on Nafion membranes and purchased from Ion Power Inc. The obtained results of
the cell polarization with the condition as 10.2 mol L-1 HCl + 1 mol L-1 CuCl anolyte solution and
DI-water catholyte solution were shown in Figure 4-3.
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Figure 4-3. The electrolyzer test for comparison between commercial MEAs (HYDRion) and
home-made pressed double layer MEAs.
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Detailed experimental conditions were set up as followed; anolyte: 1 mol L-1 CuCl in 10.2 mol L-1
HCl solution, catholyte: DI water; flow rate of solution: 59 ml min-1 for both anolyte and catholyte,
and operating temperature: 80 oC. The current density for both membranes is regularly increased
from 0.5 V. At 0.7 V, the current density for HYDRion and hot-pressed double layer Nafion 117
membrane were obtained 0.236 A cm-2 and 0.130 A cm-2, respectively. By comparison of HYDRion
MEA, a 45 % less value of double layer Nafion 117 membrane in current density was observed.
The comparison results showed good agreement from the results of conductivity (pristine vs
pressed double layer membrane) which conductivity for pressed double layer Nafion had much
lower value compared to the pristine Nafion 117 at the conditions of HCl(aq) and CuCl(aq)
solution. The performance of the membrane in the electrolyzer was recorded until the point that
one of the membranes started to degrade. While electrolyzer performance for HYDRion membrane
started to degrade after 6 hour of testing, electrolyzer performance for double layer Nafion 117
membrane was stable after 6 hour of testing. When the cell was open for both tests after 6 hour
running the system, the only copper deposition at the cathode electrode and gas diffusion layer with
Pt-catalyst was observed for HYDRion membrane test as shown in Figure 4-4. Although the
commercial MEAs were prone to high performance of current density in electrolyzer, the problem
of operating duration was observed such as copper metal deposition. On the other hand, due to low
copper permeation through the membrane, the duration of test with hot-pressed double layer Nafion
117 can be expected to long duration testing compared to commercial MEA based on this
experiment electrolyzer test and single conductivity cell.
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Figure 4-4 Comparison of MEAs components (a) no copper deposition on graphite plate, membrane
and catalyst coated diffusion layer for double layer Nafion 117 membrane (b) copper deposition on
graphite plate, membrane and catalyst coated diffusion layer for commercial membrane

For the duration of CuCl electrolyzer test, the electrolyzer with a hot-pressed double layer
Nafion 117 was conducted at 80 oC temperature. Detailed experimental conditions were exactly
identical as the previous comparison experiments. The obtained results of the cell polarization with
10.2 mol L-1 HCl (aq) + 1 mol L-1 CuCl (aq) anolyte solution are shown in Figure 4-5 (a) voltage
vs. current density curves. The first two measurements of polarization curve were almost identical
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and stable. At 0.7 V, the current density after 0h and 6hr of the test was obtained 0.163 A cm-2 and
0.155 A cm-2, respectively. However, the current density was dramatically decreased after 18hr of
testing. At this point, about 35% of current density was dropped as the recorded value decreased
from 0.155 A cm-2 to 0.099 A cm-2. When the cell was open after 18hr of electrolyzer test, the
copper deposition on cathode electrode was observed. The extended life showed good agreement
to the single permeability results of hot-pressed double layer Nafion 117 membrane because copper
permeation through the membrane was comparably slower than pristine Nafion 117 membrane.
From the results, it can be assumed that even low copper permeation through the membrane could
not perfectly prevent the copper deposition on the cathode electrode and degradation of the
electrolyzer performance.
At the same time of polarization measurement, the hydrogen production measurement was
also carried out. As shown in Figure 4-5 (b), the hydrogen production rate recorded with the hotpressed double Nafion 117 MEAs in electrolyzer test. The hollow black dot line indicated
theoretical rate according to Faraday’s law of electrolysis. Note that the calculation was previously
shown in the Chapter 2 – Experimental methodology. The blue diamond line showed the
performance in the beginning of the test, red square line showed the results after 6 hours, and the
green triangle line showed the results after 18 hours. From the results, the hydrogen production was
quite stable at the initial measurement and after the 6 hour of test. Approximately, 85~90%
efficiency of hydrogen production compared to the theoretical was recoded for all periods as shown
in Figure 4-5 (b). However, after 18 hours of testing, the efficiency of hydrogen production showed
instability and decreased due to copper deposition at the place of hydrogen formation. For long
durations of operation in the electrolyzer and high efficiency of hydrogen production, another
method to prevent copper deposition at the cathode electrode is needed for the Cu-Cl/HCl
electrolyzer test.
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Figure 4-5 (a) The polarization curve home-made pressed double layer MEAs. (b) The hydrogen
production of home-made pressed double layer MEAs.
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Electrolzyer performance of pressed double layer Nafion 117 in 1 mol L-1 CuCl (aq) and
10.2 mol L-1 HCl (aq) anolyte and 10.2 mol L-1 HCl (aq) catholyte condition
From the previous results, the problem, copper deposition on the electrode, is needed to be
solved in order to prevent degradation of performance and the efficiency of hydrogen production
for the electrolyzer test. As shown in Figure A-3, formation of metallic Cu phase in HCl (aq)
solutions regarding concentrations based on HCH equilibrium thermodynamic, calculations were
listed. Using the concept of the copper ion dissolved in the solution, the copper deposition could
be prevented by increasing the concentration of HCl (aq) solution at catholyte. Therefore, the
experimental condition was modified as changing the catholyte solution from DI-water to 10.2 mol
L-1 HCl(aq) solution. Even though the copper ions can be passed through membrane, permeated
copper ions could be dissolved in the catholyte solution.
The results from the polarization curve in electrolyzer obtained with the hot-pressed
double-layer Nafion 117 MEAs are shown in Figure 4-6 for 100 hour test (linear sweep
voltammetry). From the results, the polarization curves recorded that it slightly shifted during the
first 18 hour of the test, but then stabilized. Even after running continuously for 100 hours, the
stable current densities produced by the electrolyzer system with applied potential were almost
identical as those at the beginning of the experiment.
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Figure 4-6. Polarization curves for CuCl electrolysis obtained with double layer Nafion 117
membrane and 1 M CuCl + 10.2 M HCl anolyte and 10.2 M HCl catholyte at 80 ºC over 100 hours.

As a reference point, the current density of the CuCl electrolyzer recorded at 0.7 V of
applied potential. In Figure 4-7, the current density show that it started 0.16 A cm-2 and decreased
until 0.13 A cm-2 during first 18hour of test. After 18hour of test, the current density remained
relatively stable status over 100 hour of test. By comparison of previous test, the copper deposition
problem was completely solved and achieved the long duration test in CuCl/HCl electrolyzer by
increasing the concentration of HCl (aq) as catholyte.
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Figure 4-7. Polarization curves for CuCl electrolysis obtained with double layer Nafion 117
membrane and 1 M CuCl + 10.2 M HCl anolyte and 10.2 M HCl catholyte at 80 ºC over 100 hours.

With polarization measurements, the hydrogen production measurements were also carried
out. As shown in Figure 4-8, the hydrogen production rate was obtained with the double pressed
Nafion 117 MEAs in the electrolyzer test. The amount of hydrogen gas generated via electrolyzer
was obtained at several current density values from 0.04 to 0.22 A cm-2. During 100 hours of the
testing, hydrogen production was constantly observed at the cathode side. From the beginning to
100 hours of operating the electrolyzer, the experimental hydrogen production rates were accepted
with the theoretical rates predicted by the Faraday’s law at each particular current density.
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Figure 4-8. The hydrogen production for CuCl electrolysis obtained with double layer Nafion 117
membrane and 1 mol L-1 CuCl + 10.2 mol L-1 HCl anolyte and 10.2 M HCl catholyte at 80 ºC over
100 hours. (a) 0 to 24 h of test (b) 27 h to 100 hour of test.
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As shown in Figure 4-9, the hydrogen efficiency was close to 100 % at the beginning of
the electrolysis test, then it decreased slightly and stabled constant at 85-95 % until 100 hours of
continuous operation. After completion of 100 hour test, the hot-pressed double layer Nafion 117
MEA cell was disassembled. No metallic copper depositions were observed on electrodes, catalyst,
membrane, or gas diffusion layers. The long duration and stable performance in the electrolyzer
with double layer 117 MEAs shown in Figure 4-8 came from the lower copper crossover through
the membrane and permeated copper dissolving at the cathode in this experiment.
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Figure 4-9. H2 gas production efficiency in CuCl electrolyzer with 1 mol L-1 CuCl (aq) in 10.2 mol
L-1 HCl(aq) as the anolyte and 10.2 M HCl(aq) as the catholyte at 80 ºC.

Electrolzyer performance for pressed double layer Nafion 117 in 2 mol L-1 CuCl (aq) and 6
mol L-1 HCl (aq) anolyte and 6 mol L-1 HCl (aq) catholyte condition
To increase the performance of hot-pressed double layer Nafion 117 membrane in
electrolyzer, some modifications of CuCl electrolysis system were adapted. For this test, the
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concentration of HCl (aq) and CuCl (aq) of anolyte were changed as 2 mol L-1 CuCl (aq) + 6 mol
L-1 HCl (aq) solution, and catholyte was also changed as 6 mol L-1 HCl (aq) solution, respectively.
As mentioned above, the substantial decrease of membrane conductivity at the high concentrations
of HCl (aq) solution was observed based on the measurements through the single conductivity cell
in chapter 3. Both modifications of solutions gave advantage that increased the efficiency of
hydrogen production and performance of the membrane in the CuCl/HCl electrolyzer. As shown
in Figure 4-10, the current density significantly increased when compared with previous tests of
10.2 mol·L-1. As the reference point ,0.7 V, the current density for 2 mol L-1 CuCl(aq) + 6 mol·L-1
HCl(aq) and 1 mol L-1 CuCl(aq) + 10.2 mol L-1 HCl(aq) were 0.330 A cm-2 and 0.163, respectively.
This result was in reasonably good agreement to the data obtained by the single cell measurement
system for the conductivity regarding to different concentrations of HCl(aq) in solution. It was
because that the current density in electrolyzer test was significantly increased at comparably low
concentration of HCl(aq) solution, which may indicate that low concentration of HCl acid solution
affected the protons transport properties in electrolyzer. While the same trend of current density
curve was shown until 0.4 V, significantly different behavior was shown from 0.5 V between the
two tests.
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Figure 4-10. Polarization curves for CuCl electrolysis obtained with double layer Nafion 117
membrane and 2 mol L-1 CuCl + 6 mol L-1 HCl anolyte and 6 mol L-1 HCl catholyte at 80 ºC.

As shown in Figure 4-11, the efficiency of hydrogen production was recorded with the hotpressed double layer Nafion 117 MEAs. Measured efficiency of hydrogen production estimated
over 0.95 percent for several current regions. The experimental efficiency of hydrogen production
was reasonable agreement to the theoretical rates predicted by the Faraday’s law. After test
completion, the MEA cell was opened. No metallic copper deposition was observed at any
electrodes, membrane, or gas diffusion layers.
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Figure 4-11. H2 gas production efficiency in CuCl electrolyzer with 1 M CuCl(aq) in 6 M HCl(aq)
as the anolyte and 6 M HCl(aq) as the catholyte at 80 ºC

Comparison of electrolyzer performance between pressed single layer and double layer
Nafion 117 in 2 mol L-1 CuCl (aq) and 6 mol L-1 HCl (aq) anolyte and 6 mol L-1 HCl (aq)
catholyte condition
Through the conductivity measurement of hot-pressed Nafion 117 using a single
conductivity cell in chapter 3, the conductivity of pressed single layer Nafion 117 was higher than
that of pressed double layer Nafion 117 membrane. If the somehow increased permeation through
the membrane would not be a significant issue in electrolyzer test, the performance of the
membrane will be possible to increase due to its higher conductivity of the membrane. It was
expected the lack of the metal copper deposition on MEA components due to the high concentration
of HCl keeping the copper ions in solution.
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As shown in Figure 4-12, the current density significantly increased with the hot-pressed
single Nafion 117 membrane due to higher conductivity. At 0.7 V as the reference point, the current
density for hot-pressed single layer Nafion 117 and double layer Nafion 117 were 0.456 and 0.330
A·cm-2, respectively. Another 40% improvement in performance of the electrolyzer was achieved
from the comparison test. Based on this test, additional capability to improve the performance of
electrolyzer still existed by optimization of other conditions. The positive effects on the
performance of the cell such as reducing the internal resistance from interfaces between catalyst,
gas diffusion layer and membrane, or solutions could be considered [13]. As like other experiments,
the hydrogen production was also carried out. As shown in Figure 4-13, the efficiency of hydrogen
production was obtained with the pressed single layer Nafion 117 MEAs. Measured efficiency of
hydrogen production estimated over 95 percent for several current regions.
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Figure 4-12. Comparison of polarization for CuCl electrolysis obtained with single and double layer
Nafion 117 membrane and 2 mol L-1 CuCl + 6 mol L-1 HCl anolyte and 6 mol L-1 HCl catholyte at
80 ºC.
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Figure 4-13. H2 gas production efficiency for pressed single layer Nafion 117 in CuCl electrolyzer
with 2 mol L-1 CuCl(aq) in 6 mol L-1 HCl(aq) as the anolyte and 6 mol L-1 HCl(aq) as the catholyte
at 80 ºC

Comparison of membrane performance between pressed single layer and double layer Nafion
117 under various conditions in electrolyzer.
The membrane performance for hot-pressed single layer and double layer Nafion 117 in
account of different concentration of solutions were evaluated by comparison of polarization curves
as shown in Figure 4-14. Based on the preliminary results of conductivity measurement using a
single conductivity cell in chapter 3, hot-pressed single and double layer Nafion 117 membrane
among various membranes were expected to show higher performance than other proton
conductive membranes in electrolyzer test. Using a commercial membrane, (a) HYDRion
membrane from Ion Power Inc. the 0.236 A cm-2 of current density at 0.7 V was obtained under 1
mol L-1 CuCl (aq) in 10.2 mol L-1 HCl (aq) as the anolyte and DI-water as the catholyte conditions.

89
In case of pressed double layer Nafion 117 membrane under 1 mol L-1 CuCl (aq) in 10.2 mol L-1
HCl (aq) as the anolyte and (b) DI-water or (c) 10.2 mol L-1 HCl (aq) as the catholyte conditions,
the current density at 0.7 V was obtained 0.130 A cm-2 and 0.163 A cm-2, respectively. However,
high concentration of HCl on the cathode was needed to dissolve the copper ions in solution. High
performance of (d) pressed double layer Nafion 117 membranes with 2 mol L-1 CuCl (aq) in 6 mol
L-1 HCl (aq) as the anolyte and 6 mol L-1 HCl (aq) as the catholyte condition was achieved as 0.330
A cm-2 at 0.7 V. It could be observed that the significantly increased current density in electrolyzer
test was observed with comparably higher concentration of CuCl (aq) solution and low
concentration of HCl (aq) solution. From this comparison, the concentration of CuCl (aq) and HCl
(aq) of anolyte was important for the performance of membrane in electrolyzer. It maybe infer that
high concentration CuCl and low concentration of HCl acid strongly affected the protons through
membrane based on a single cell conductivity measurement and experiment of electrolyzer test.
Lastly, the current density for hot-pressed single layer Nafion 117 with 2 mol L-1 CuCl (aq) in 6
mol L-1 HCl (aq) as the anolyte and 6 mol L-1 HCl (aq) as the catholyte condition at 0.7 V was
obtained 0.456 A cm-2. Obviously, the performance of the membrane demonstrated higher
performance than the double layered membrane’s with same electrolyzer conditions. From the
previous conductivity results for pressed single and double Nafion 117 membrane in chapter 3, the
performance difference in electrolyzer had a good reasonable agreement with the data obtained by
the single conductivity cell.
Incredible results of performance in electrolyzer using some modifications of CuCl
electrolyzer systems were achieved. The current density was initially obtained from 0.130 A cm-2
and finally obtained to 0.456 A cm-2. Almost a 350 % of current density increase was achieved by
using hot-pressed Nafion 117 membranes from the CuCl electrolyzer research along with
optimization of membrane treatments, hot-pressing technique, and better solution selection.
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Figure 4-14. Comparison of polarization for CuCl electrolysis obtained with various conditions in
electrolyzer. (a) Ion Power membrane, 1 M CuCl(aq) in 10.2 M HCl(aq) as the anolyte and DIwater as the catholyte (b) pressed double Nafion 117, 1 M CuCl(aq) in 10.2 M HCl(aq) as the
anolyte and DI-water as the catholyte (c) pressed double Nafion 117, 1 M CuCl(aq) in 10.2 M
HCl(aq) as the anolyte and 10.2 M HCl(aq) as the catholyte (d) pressed double Nafion 117, 2 M
CuCl(aq) in 6 M HCl(aq) as the anolyte and 6 M HCl(aq) as the catholyte, (e) pressed single Nafion
117, 2 M CuCl(aq) in 6 M HCl(aq) as the anolyte and 6 M HCl(aq) as the catholyte, at 80 ºC

Analysis of EIS measurement for 100hours test of pressed double layer Nafion 117 membrane
To further characterize the performance of the CuCl electrolyzer, EIS measurements were
performed over a frequency range of 0.1 Hz to 50 kHz using the Gamry Electrochemical
Measurements system. The impedance spectra results were obtained periodically to monitor the
possible changes or degradation in the cell. From the Nyquist plot as shown in Figure 4-15, the
resistance of the double-layer Nafion 117 membrane was determined at 0.64 Ω. The membrane
conductivity (k) was further calculated from membrane resistance (R) using the above-mentioned
Equation 3-1, where the membrane thickness δ was 0.039 cm for the tested double-layer Nafion
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membrane, and the exposed surface area (A) of the membrane was 5 cm2. The resulting
conductivity value for the double-layer Nafion 117 membrane in the electrolysis system was 0.015
S/cm, which is very close to the expecting value obtained in the same concentration of HCl (aq)
and CuCl (aq) solution in the through-plane conductivity cell in chapter 3. It clearly confirmed that
the presence of copper noticeably decreased the membrane conductivity, but more focused study
of this phenomenon is needed to understand the reason of such a decrease.

Figure 4-15. Electrochemical impedance spectroscopy data for the CuCl electrolyzer taken after
different time intervals of system operation. The data taken after 18 hours and 76 hours are not
shown as they coincide with the impedance plots shown. (a) Impedance data after t = 2hrs (b)
Impedance data after t = 24 hrs and (c) Impedance data after t = 100 hrs

The Nyquist plots in Figure 4-16, obtained over a period of time show no significant trend
in cell impedance behavior, which suggests that no significant degradation occurred in the system
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over a period of 100 hours. The Nyquist plot observed from the electrochemical impedance
measurements show a section of the impedance arc in the high-frequency range which is followed
by a tail in the low-frequency region. It is inferred that the high-frequency arc is attributed to the
electron transfer process at the electrode interface, which is followed by a low frequency tail related
to the diffusion impedance.

Figure 4-16. Experimental impedance data for the CuCl electrolyzer taken after different time
intervals of system operation. The data taken after 18 hours and 76 hours are not shown as they
overlap with the impedance plots shown above.

The developed equivalent circuit model as shown in Figure 4-17, precisely fits the
experimental data as shown in Figure 4-18. Resistance of the charge transfer process at the electrode
interface was modeled by the Rct, while Rohm describes the combined ohmic resistance of the
solution and the membrane. Equivalent circuit modeling gives the value of Rohm as 0.64 Ω and Rct
equal to 12.76 Ω. The constant phase element (CPE) was used to fit the relaxation time of each
process, and the low-frequency tail was modeled by the Warburg impedance (W), which appears
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with a slope of 45 ° on the Nyquist plot. The inductance seen in the Nyquist plot is possibly due to
the adsorption process which can occur with the electron transfer step. The equivalent circuit model
can be used to better understand the mechanism of the electrochemical reactions, to identify
possible sources of performance degradation, and to optimize the CuCl/HCl electrolyzer system.

Figure 4-17. An equivalent circuit model used to model the impedance data for the CuCl
electrolyzer

Figure 4-18. A representative Nyquist plot for the CuCl electrolyzer with the corresponding
modeling results.
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Analysis of anolyte solution of pressed single layer Nafion 117 membrane
To analyze the conversion by chemical reaction at anode, the concentration of copper ions
in anolyte solution was titrated. As mentioned in previous chapters, the protons were produced by
chemical reactions;
(1) CuCl2(aq) + Cu(s) to 2CuCl(aq) at anolyte in regeneration column
(2) 2CuCl(aq) to CuCl2(aq) with 2H+ by electrochemical reaction in the cell
(3) 2H+ to ½ H2(g) by catalyst in catholyte solution through membrane.
After anolyte solution samples of before and after cell in the electrolyzer cell was obtained,
the relations between consumed copper ions and produced protons were experimentally assessed.
The experimental condition was that 2 mol L-1 CuCl(aq) in 7 mol L-1 HCl(aq) solution as the
anolyte and 7 mol L-1 HCl(aq) as the catholyte with hot-pressed single layer Nafion 117 membrane,
and 0.8 mg Pt catalyst coated on carbon cloth electrode both cathode and anode were used at 80
o

C. The concentration of conversion from Cu+ to Cu2+ was measured by chemical titration method.

The anolyte solution samples were obtained before and after cell using two syringes at the same
time. By comparing the Cu+ at before and after cell, it was easily obtained the conversion by
reaction in the cell. All details of the chemical titration technique were given in a previous chapter
2, experimental methodology part and are not presented in this section. Also, the reliability of the
used technique should be double checked to make sure that concentration of Cu(I) can be measured
before it is oxidized by oxygen or some other oxidizing impurities.
As shown in Figure 4-19 and 4-20, the conversion rate of Cu+ to Cu2+ remained fairly stable
over the 168 h long duration of the test, ranging from 5 to 8 %. Although the anolyte concentration
varied between 1 and 2 mol L-1 daily, the conversion of copper was not adversely affected. Note
that the dilution of anolyte was performed to avoid the oversaturated and recrystallized copper ions
in the solution every 12 h. All details such as the procedures, experiment conditions, explanations,
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LSV, EIS and the efficiency of hydrogen productions were given in Richard et al (2013, ECST)
and his master’s degree thesis [13,14]. Although there were some concentration variations between
1 mol L-1 to 2 mol L-1 during electrolyzer test, the conversions of copper were not varied in behavior
during the test. The reason for the observed concentration fluctuations might be due to the fact that
the samples were taken at different lengths of time after the solutions were diluted. From the results,
just 5 to 8 % of copper (I) was converted and produced protons in anolyte solution. . There also no
obvious correlation between the concentration fluctuations and conversions. Because just small
amount of copper ions converted by chemical reaction, there was least correlation between the
concentrations of CuCl(aq) and conversion in the cell during the test.
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Figure 4-19. Copper (I) concentration of anolyte solution vs. time in the 168 hour test of single
layer Nafion 117 membrane
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Figure 4-20. Conversion rate of Cu(I) to Cu(II) vs. time in the 168-hour endurance test of single
layer Nafion 117 membrane

Analysis of flux of copper diffusion in electrolyzer
In this section, the analysis of catholyte was performed to know the flux of copper ions
through the membrane during the test. The flux of copper through membrane was obtained and
calculated from catholyte samples by measuring the total copper (eg, Cu (II)) concentration via a
chemical titration method. Note that the units of permeability in the electrolyzer system was
different compared to the single permeability cell. All detailed calculations for the permeability in
the electrolyzer were explained in the chapter 2 and experimental section of Chapter 4.
As shown in Figure 4-21, the copper permeation increased steadily over the first 81 hours
and, then, remained stable for the remainder of the test. As the membrane saturated with copper
ions over time, the membrane diffusivity increased, increasing the amount of copper passing
through the membrane. After the membrane became fully saturated, the total copper flux looked
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steady-state. One possible reason increased the amount of copper passing through the membrane
was that the membrane became saturated with copper ions over time. The copper ions flux, mol per
m2 per second, at the conclusion of the test was 1.5 times larger than what was initially observed.
It might be related with degradation of performance of membrane in electrolyzer test compared to
electrolyzer performance [13, 14]. In Richard S. et al (2013, ECST) paper, the electrolyzer
performance was suddenly dropped after around 90 h of the test. From this observation, copper flux
through the membrane could play a pivotal contribution to the performance of the CuCl

Copper Permeation (mol m-2 s-1)
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4.0E-05
3.5E-05
3.0E-05
2.5E-05
2.0E-05
1.5E-05

1.0E-05
5.0E-06
0.0E+00

12

28

45

68

81

97

111

124

133

168

Time (hr)
Figure 4-21 Copper permeation through pressed single layer Nafion 117 membrane in CuCl
electrolyzer vs. time observed in the 168-hour electrolyzer test.
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Conclusion

Following membrane characterization results reported in chapter 3, the CuCl electrolyzer was
operated using hot-pressed single and double-layer Nafion 117 membranes. The combination of
lower copper permeability rates due to hot-pressing the membrane and use of concentrated HCl(aq)
solution as a catholyte to avoid Cu(s) precipitation at the cathode increased performance on the
electrolyzer test. By controlling the concentration of anolyte solution, the lifetime and stability of
the electrolyzer system substantially increased. The improvement was due to the layered
membrane’s abilities. The significantly slowed copper transfer from the anode to the cathode of the
electrolytic cell was observed via the hot-pressing technique, possibly due to an interfacial barrier
for protons and copper ions from the anolyte solution. Adequate competition between the HCl(aq)
and CuCl(aq) concentrations in the anolyte solution increased the electrolyzer performance of the
membrane, giving it an advantage. Studies proved that the membrane’s high performance in the
electrolyzer was also achieved under proper electrolyzer conditions. Even though the permeability
of copper ions through the membrane was high, higher performance by the electrolyzer may be
achieved if Cu(s) precipitation at the cathode is avoided. The observed rate of hydrogen production
was consistent with Faraday’s Law of Electrolysis; efficiency was estimated to be over 95% on a
continuous basis. Analysis of the anolyte solution during the electrolyzer operation indicated that
conversions from copper (I) to copper (II) were consistent between 5 to 8%; the permeation flux of
copper ions through the membrane initially slightly increased and then finally saturated.
Future studies are still needed of ionic transport through the membrane during the
electrolysis process in the CuCl electrolyzer under simultaneous diffusions of both proton and
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copper ions according to each type’s chemical and electrical potential. Also, under physicochemical
conditions and operational parameters (temperature, pressure, chemistry of anolyte and catholyte,
solution flow rates, etc.), the capability to improve electrolyzer performance still existed for higher
current density and longer system-running time without membrane degradation.
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Chapter 5
Irreversible thermodynamics of transport properties in CuCl / H2
electrolyzer
* The contents of this chapter were produced through collaboration with Roghayyeh Lotfi and will
be summited in the journal. All experiments included cell design, measurement of conductivity,
permeability, transport number, chemical titration and process were designed and performed via
Soohyun Kim. Theoretical modeling, transport number, and coefficients were designed and
calculated via Roghayyeh Lotfi.
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Abstract
The main aim of this work was to develop a thermodynamics model to simultaneously
describe the transport of ions and electricity in the CuCl/H2 electrolyzer. To achieve this goal, a
set of linear phenomenological equations, based on the irreversible thermodynamics concepts were
developed and the behavior of the system in response of gradients of electrical potential and
concentration was studied. A system of phenomenological coefficients was used to relate the flux
of protons and copper ions and the electric current to the corresponding forces including the
chemical potential gradients of protons and copper ions and the CuCl/HCl electrolytic cell
potential. To implement such a model, a minimum amount of the phenomenological coefficients
were experimentally found. For designing the necessary experiments, these coefficients were
expressed in terms of different membrane properties including conductivity, permeability and
transport number. In the experimental section, the operating parameters such as concentrations
were set at working conditions of the previously developed electrolyzer system [1,2]. The
concentration of HCl (aq) in all experiments was 7 mol L-1, while the copper concentration varied
between 0.5 and 2 mol L-1. After running all necessary experiments in both single cell and
electrolyzer systems, the phenomenological coefficients were calculated as a function of copper
concentration.

Introduction
Hydrogen has the potential to serve as one of the beneficial energy carriers in the future
hydrogen economy. The main advantages of hydrogen include its pollution-free nature, high
specific energy and abundant reserves [3, 4]. However for hydrogen technology to become a
practical reality, an efficient and sustainable hydrogen production method is needed. Recently,
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thermochemical cycles have been reconsidered as alternative solutions for hydrogen production. A
variety of cycles has been identified to produce hydrogen from thermochemical water
decomposition [5, 6], but only a few of them have been shown to be economically feasible. Among
them, the copper chlorine (Cu-Cl) cycle, which is one the most promising thermochemical cycles
for hydrogen production. The Cu-Cl cycle has a number of attractive advantages such as high
efficiency, inexpensive materials and lower temperature in comparison to other thermochemical
cycles. During the last decade, different research works have been performed to study the thermal
reactions, mechanisms and economic feasibility of the Cu-Cl cycle [7-36]. It is well-known that
electrolysis step in the Cu-Cl cycle has an essential role in the performance of the system and
optimizing this step is an important task. In one of our recent works, the electrolysis step of the
cycle has been experimentally investigated and several factors such as electrolyzer parameters and
system performance have been evaluated [2]. In the CuCl/H2 electrolysis, when an electric potential
is applied between two electrodes, protons produced from oxidation of Cu1+ to Cu2+ at the anode,
are transported through the membrane to the cathode side and, then, are electrochemically reduced
to hydrogen gas as the cathodic reaction. The membrane electrode assembly (MEA) plays a key
role in the process efficiency and optimization [2, 37]. On the one hand, the membrane should have
high ionic conductivity, and, on the other hand, it should act as an effective separator between
anodic and cathodic solutions, preventing permeation of copper species through the membrane.
Actually one of the obstacles in this process is that copper permeation does occur through the
membrane simultaneously with the permeation of the protons. Therefore, studying the ionic
transport of ions through the membrane in the Cu-Cl electrolyzer system is very important because
copper ions can crossover from the anode to the cathode and create a number of problems such as
metal copper precipitation, deactivation of catalyst, reduction of the membrane conductivity etc.
Furthermore, because of the competition between ions, the permeation of protons is influenced by
the permeation of copper ions and any reduction in the proton conductivity, significantly affects
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the hydrogen production and the electrolyzer performance. [37] Having a quantity of such
competition defined by a phenomenological model for describing the transport phenomena in the
membrane can help to improve the efficiency of the electrolyzer. The explicit correlations between
fluxes and forces can provide very useful information for modeling the system and that’s why there
have been many attempts to develop such correlations. The first relation was obtained in 1811 by
Fourier, who showed there is a linear relationship between heat flux and gradient of temperature.
Then Ohm and Fick proved the existence of such relations in electrical and mass transport systems.
All these relations are relating the forces to fluxes, despite the Newton’s first law, which relates the
forces to acceleration. The reason is that the First law of thermodynamics holds only for frictionless
media and usually acceleration is damped out after a short time and as a result the force is related
to the velocity term [38].
Extension of this approach to relate all thermodynamic fluxes and driving forces was done
by Onsager in 1931. Usually in these systems, one flux is chosen as the reference for other fluxes
[39], so these equations, known as phenomenological equations, for n transport species (without
reference species) can be written as follows:
𝐽1 = 𝐿11 𝑋1 + 𝐿12 𝑋2 + ⋯ + 𝐿1𝑛 𝑋𝑛
𝐽2 = 𝐿21 𝑋1 + 𝐿22 𝑋2 + ⋯ + 𝐿2𝑛 𝑋𝑛
….

(1)

𝐽𝑛 = 𝐿𝑛1 𝑋1 + 𝐿𝑛2 𝑋2 + ⋯ + 𝐿𝑛𝑛 𝑋𝑛
Or, more concisely, as
𝐽𝑖 = ∑𝑛𝑘=1 𝐿𝑖𝑘 𝑋𝑘

(i=1,2,…, n)

where 𝐽𝑖 and 𝑋𝑘 represent different fluxes and driving forces, respectively and 𝐿𝑖𝑘 are the
phenomenological coefficients, relating the flux of type i to the force of type j.
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To provide a complete description of coupled flux processes, it is necessary to evaluate all
phenomenological coefficients. The number of 𝐿𝑖𝑘 to be determined is equal to the square of the
number of transported species, 𝑛2 . But if we consider the Onsager’s reciprocal relationship
𝐿𝑖𝑗 =𝐿𝑗𝑖

(2)

which was derived by statistical thermodynamics arguments, then the number of
coefficients reduces to [n(n+1)]/2.
Generally, these sets of equations are applied for an isothermal system, which is not far
from equilibrium. Also, according to the Curie principle in isotropic systems, fluxes and forces
with different tensor dimension (e.g. vector and tensor) cannot be coupled to each other [40].
Apparently, use of phenomenological thermodynamic equations is the most general approach to
the description of transport phenomena in the membrane systems. However, because of a large
number of phenomenological coefficients to be known, sometimes use of single transport equations
such as Nernst-Planck equation for modeling the membrane is considered to be preferred. Still, the
phenomenological equations have an advantage of describing all kinds of transport simultaneously,
a capability that single transport equation does not have [41].
While, in principle, statistical thermodynamics should be used to calculate the
phenomenological coefficients, usually, they are found by experimental methods. To find each
coefficient it is needed to perform an independent experiment. Still, there are few studies in the
literature, which have used theoretical approaches to find these coefficients. For instance Fievet et
al. have used Navier-Stokes and Nernst-Planck equations to find the coefficients in the membrane
[42, 43]. In another study the capillary model has been used to model the membrane through the
phenomenological equations [41].
In this study, a set of linear equations as a phenomenological model describing the transport
phenomena in the CuCl/H2 electrolyzer was developed. To evaluate the phenomenological
coefficients, the experimental approach was used. The work was organized in the following manner.
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First, the phenomenological model for the CuCl/H2 electrolysis cell was developed and the theory
for finding phenomenological coefficients was elucidated. Then, in the experimental part of the
work, several experiments were performed using a single cell and then an electrolyzer system. The
measured transport characteristics were conductivity, permeability and transport number. The
obtained transport coefficients were used to estimate the phenomenological coefficients.

Theoretical

Phenomenological equations
As it was mentioned previously, in the CuCl/H2 electrolyzer with a cation exchange
membrane, the membrane does not behave ideally, since it allows permeation of copper ions, beside
the protons. Copper-based ions crossing over from the anode to the cathode reduce the electrolyzer
performance. A phenomenological model can predict that the transport of these competing species
is not independent and the proton permeability is influenced by the passage of copper ions.
Therefore, use of phenomenological equations would be a suitable approach to model the transport
of competing ions.
Assuming water (solvent) as the reference and considering the system as isothermal, there
are three fluxes in the electrolyzer: (1) flux of copper ions, (2) flux of protons and (3) electrical
current. Let us put JCu as the flux of total Cu through a membrane, JH as the flux of protons through
the same membrane, and I as the electrical current through the cell. On the other hand, based on
the irreversible thermodynamics, these three fluxes are connected to three corresponding forces,
the chemical potential gradients of copper ions and protons (𝛻μCu and 𝛻μH) created by difference
of the concentrations at the cathode and the anode as well as the electrical potential gradient (𝛻φ)
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which is created due to the applied voltage. Taking into account these three fluxes and
corresponding three driving forces, a set of phenomenological equations can be written as follows:
JCu = L11 𝛻μCu + L12 𝛻μH + L13 𝛻𝜑

(3)

JH = L21 𝛻μCu + L22 𝛻μH + L23 𝛻𝜑

(4)

I = L31 𝛻μCu + L32 𝛻μH + L33 𝛻𝜑

(5)

Experimentally it can be set up that all three gradients are constant in the x direction of the
membrane, so that they can be replaced by differential values across the membrane. For example,
in case of the electric potential:
𝜕𝜑

𝛻𝜑 = 𝜕𝑥 ≈ ∆𝜑/𝑙

(6)

where 𝑙 is the membrane thickness and Δφ is the cell potential difference. Also ignoring
the activity coefficients, the chemical potential can be defined by the following relationship:
𝜇 = 𝜇0 + 𝑅𝑇𝑙𝑛(𝑎) ≈ 𝜇0 + 𝑅𝑇𝑙𝑛(𝐶)

(7)

where C is molar concentration. So the gradient of chemical potential will be:
∇𝜇 =

𝜕𝜇
𝜕𝑥

=

𝑅𝑇 𝜕𝐶
𝐶 𝜕𝑥

(8)

And again by assuming constant gradient in the x direction,
𝛻𝜇 =

𝑅𝑇 ∆𝐶
𝐶 𝑙

(9)

where and ΔC is difference in concentration between one and another electrodes.
To fully describe the transport in the system, six phenomenological equations should be
defined: (1) L11, (2) L22, and (3) L33 and, then, (4) L12 = L21, (5) L23 = L32, and (6) L13 = L31. The
diagonal coefficients, which sometimes are called direct coefficients, are relating the forces to the
conjugate fluxes. For instance L11 and L22 relate the flux of protons and copper ions to the gradients
of their concentrations, which is similar to the diffusion coefficient in the Fick’s law, while L33
relates the electric current to the electrical potential, such as conductivity in the Ohm’s law.
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On the other hand, non-diagonal coefficients, which are called cross coefficients, are used
to relate the indirect effect of one force on the other types of the fluxes. As an example L13 and L23
are used to mention that when there is electrical potential in a system of ions, this potential will
transfer the ions, leading to the material fluxes. Therefore, the electrical potential can create the
fluxes of protons and copper ions in our system and L13 and L23 would give a measure of these fluxes
in comparison with the diffusion flux. L31 and L32 have similar physical meanings, but in this case
these coefficients are relating the concentration gradients to the electrical current; which means that
existence of ionic concentration gradients can create electrical current. Finally L12 and L21 are used
to show that transfer of different types of ions in a system is not independent from each other. For
instance when we have concentration gradient of copper ions in the system beside the protons, the
protons will not behave as the case that we had just concentration gradient of protons. It should be
noted that while direct coefficients are always larger than zero, the cross coefficients may be
positive or negative [44]. Also, it is commonly assumed that the cross coefficients are less important
than direct coefficients, but, as it is shown below, it is not the case in this study.

Finding coefficients
𝑳𝟏𝟏 and 𝑳𝟐𝟐 measurement
These coefficients can be found by pure permeation measurements. For instance if we
consider the copper transport equation:
JCu = L11 𝛻μCu + L12 𝛻μH + L13 𝛻𝜑

(10)

and assume that the chemical potential gradient of protons and also the electrical potential is zero,
then 𝐿11 can be found as:
𝐽

𝐽

𝑙 𝐶𝐶𝑢
𝐶𝑢 𝑅𝑇

𝐿11 = 𝛻𝜇𝐶𝑢 = ∆𝐶𝐶𝑢
𝐶𝑢

(11)
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If we assume that the permeation rate is so slow then 𝐶𝐶𝑢 can be replaced by the average of initial
copper concentrations in two compartments (𝐶𝐶𝑢,0 /2):
𝐿11 =

𝐽𝐶𝑢
𝛻𝜇𝐶𝑢

=

𝐽𝐶𝑢 𝑙 𝐶𝐶𝑢,0
∆𝐶𝐶𝑢 2𝑅𝑇

(12)

To perform such experiment, use of a permeability cell is suggested. Permeability of copper ions
was measured using a two chamber permeability cell as shown in Figure 5-2. The left and right
chamber of the cell contains the mixture of copper ions with HCl (aq) solution. Over the time of
the test, the copper concentration was periodically determined by atomic adsorption method.
Similar approach can be applied to find 𝐿22 . The transport equation for protons:
JH = L21 𝛻μCu + L22 𝛻μH + L23 𝛻𝜑

(13)

can be reduced by considering the same concentration of copper ions in both compartments and
with no electrical potential gradient:
𝐽

𝐽

𝐿22 = ∇𝜇𝐻 = ∆𝐶𝐻
𝐻

𝐻

𝑙 𝐶𝐻,0

(14)

2𝑅𝑇

where 𝐿22 also can be expressed as mentioned above 𝐿11 .

𝐋𝟑𝟑 measurement
Considering the electrical current equation as:
I = L31 𝛻μCu + L32 𝛻μH + L33 𝛻𝜑

(15)

If the concentrations of copper and protons are equal in both compartments, then:
𝐼

𝐿33 = 𝛻𝜑

(16)

Which means this coefficient can be found using a conductivity cell by applying voltage and
measuring the resistance. Different methods are available for measuring the membrane
conductivity, such as two-electrode mode (Balashov et al., 2011) or four-electrode mode (Zhou et
al., 2003). Independent from the method, usually it is suggested to perform membrane resistance
measurement by an alternative current (AC), since when direct current is used, the polarization
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effect at the electrode-solution appears as a problem and the obtained resistance would be timedependent (Fievet et al., 2000). Actually in the AC mode the alternative change in the electron
transfer direction reduces the effect of double layer and the corresponding capacitor, while in the
DC mode, the double layer effect is increasing with the time as a result of continuously polarization
and the resistance would be a function of time.
The resistance measurement then includes two parts: solution resistance measurement
(𝑅𝑠𝑜𝑙 ) and cell resistance measurement (solution + membrane), (𝑅𝑐𝑒𝑙𝑙 ). The membrane resistance
is found from:
𝑅𝑚 = 𝑅𝑐𝑒𝑙𝑙 − 𝑅𝑠𝑜𝑙

(17)

The resistance and conductivity (k) are related to each other through the membrane
thickness (l) and its surface area (A) by:
𝑙

𝑘 = 𝑅𝐴

(18)

and 𝐿33 is related to the conductivity by:
𝑘

𝐿33 = 𝐹2

(19)

𝐋𝟏𝟑 , 𝐋𝟐𝟑 measurement
To determine L13 and L23, the transport number approach will be used. In this approach, if
the Δµcu and ΔµH = 0, JCu, JH and I can be established as below, respectively;

where

𝐽𝐶𝑢
𝐼

and

𝐽𝐻
𝐼

JCu = L13 𝛻φ, I = L33 φ

𝐿13 =

𝐽𝐶𝑢
𝐼

JH = L23 φ, I = L33 φ

𝐿23 =

𝐽𝐻
𝐼

𝐿33
𝐿33

(20)
(21)

are the transport numbers of Cu and H, respectively. It should be

mentioned that in these relationships, units of the material flux is mol m-2 s-1, and flux of the charged
species (I) is defined as:
𝐼=

𝐼
𝐴𝐹

(22)
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where 𝐼 is the current which has the units of A or C s-1, A is the surface area which is m-2
and 𝐹 is Faraday’s constant which is defined as 96485 C mol-1. Therefore, the units of I are mol m2

s-1, such as JH and JCu , while the transport number are dimensionless.
To measure the transport number, a Hittorf cell can be used. Usually, a constant current

density is applied for a certain time interval, and the concentrations are measured through methods
such as titration, ion chromatography or Atomic Absorption Spectroscopy [45, 46].

The transport number is calculated through:
𝐽

∆(𝐶𝑉)/(𝑡𝐴)

𝐼

𝐼𝐴𝑚𝑝 /(𝐹𝐴)

𝑡= =

=

𝐹
𝐼𝐴𝑚𝑝 𝑡

∆(𝐶𝑉)

(23)

where A is Surface area, F is Faraday’s number (96485 C mol -1), 𝐼𝐴𝑚𝑝 is constant current
(Ampere), 𝐶 and 𝑉 are final concentration and volume, respectively. Assuming that only copper
and protons can contribute to the transport through the membrane the transport number of protons
can be found as:
𝑡𝐻 = 1 − 𝑡𝐶𝑢

(24)

𝐋𝟏𝟐 or 𝐋𝟐𝟏 measurement
It has been shown that [40, 47]:
𝐿11 + 𝐿21 = 𝐿31

(25)

The reason is that electric charge is transferred by the cations (H and Cu) between the electrodes.
So we would have:
𝐽𝐻 + 𝐽𝐶𝑢 = 𝐼

(26)

If 𝛻𝜇𝐻 =0 and 𝛻𝜑=0, then equation (25) is resulted. Since phenomenological coefficients are
independent of forces, so the result is valid when the chemical potential of copper and electrical
potential are not zero. When 𝛻𝜇𝐶𝑢 =0 and 𝛻𝜑=0 then,
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𝐿12 + 𝐿22 = 𝐿32

(27)

The proof is similar to the case of equation (25). So after founding the previous phenomenological
coefficients, 𝐿12 or 𝐿21 can be found through above relationships.

Experimental Approach

Materials
CuCl2 (Sigma Aldrich, ACS 97%), Copper powder (Alfa Aesar, 99% metal basis), HCl (Sigma
Aldrich, 37%), H2O2 (VWR, 30% solution, Reagent ACS), H2SO4 (VWR, ACS) were used as
received. Because of quick oxidation of CuCl solution to the CuCl2 in contact with air, to achieve
pure CuCl solution, a regenerated solution was prepared from adding copper powder to the CuCl2
(aq) under Argon atmosphere inside a glove bag. DI water (18.2 MΩ, obtained from a Millipore-Q
Elix 10) was used for the preparation of all solutions and treatment. The Nafion 117 membrane
(Ion Power Inc.) was used as cation exchange membrane in this study.

Membrane modification
A detail description of membrane modification method was already reported in our previous papers
[21]. In this study, a hot-pressed single Nafion 117 membrane was used. First, the membrane was
rinsed with DI-water to remove the impurities from it. The prepared single Nafion 117 membrane
(6 by 6 centimeters) was pressed with 4 metric tons pressure at 93 °C for 10 minutes. Then the
membrane was cooled down at room temperature. Next, it was chemically treated by placing inside
3 wt.% aqueous H2O2 solution at 85 ºC for removing any possible surface impurities remained
from pressing procedure. Then, the membrane was moved into 85 ºC DI-water for removal of H2O2
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solution and was treated by 1 mol L-1 aqueous H2SO4 solution at 85 ºC for providing complete
protonation. Finally, the membrane was treated with 85 ºC DI-water. The average thickness of
Nafion after treatment was 185 μm.

Experiments in the single cells
Three different experiments were used to find the phenomenological coefficients, including:
conductivity, permeability and Cu transport number. All three coefficients were measured using
two compartment cells. In all experiments the concentration of HCl was fixed at 7 mol L-1 in both
compartments to mimic the acidic environment of the electrolyzer system, in which the
concentration of HCl at the anode and cathode was same and equals 7 mol L-1. As a result we didn’t
have chemical potential gradient for the acid and the second column of the phenomenological
equations was removed. The concentration of copper was varied between 0.5 mol L-1 and the
maximum value of 2 mol L-1. The maximum copper concentration was selected as 2 mol L-1, since
after this concentration CuCl(s) precipitation could happen.

Conductivity measurement of single cell
The conductivity measurements using a single cell with the hot-pressed single-layer 117
membranes were performed by using a through-plane conductivity cell (Figure5-1). To measure
the conductivity of the membrane at such high concentrations of HCl (7 mol L-1), the graphite
coated Ti electrodes were used to avoid deterioration of electrodes. All measurements were carried
out at 25 ºC and ambient pressure. The test membrane was fixed between two graphite coated
titanium disc electrodes, and both compartments were filled with same solutions inside the glove
bag. The electrodes were connected to the Gamry electrochemical measurement system, and the
Electrochemical Impedance Spectroscopy (EIS) was performed to obtain the membrane resistance
data. A 10 mV AC signal with frequency ranging from 300 to 30,000 Hz was used. A similar

115
impedance test was then performed without the membrane in the same cell filled with the
electrolyte solution (i.e. blank). The difference in resistance between the membrane and blank tests
were considered the pure membrane resistance and further used for calculating the membrane
conductivity. The ionic conductivity values (k) was obtained from the following equation:
k = δ / (R×A)
where R is the membrane resistance, δ is the thickness of the wet membrane, and A is the exposed
membrane surface area

Figure 5-1 Schematic of single conductivity cell for measuring conductivity of membrane
materials.

Permeability measurement of single cell
The permeability value, which is the flux of the amount of Cu permeated through the membrane
during the certain interval of time, was measured using a two chamber single permeability cell
(Figure 5-2). One chamber of the cell contained 15 mL of the regenerated CuCl (aq) solution in 7
mol L-1 HCl(aq) solution, while another chamber was filled with 15 mL of pure 7 mol L-1 HCl
solution. A hot-pressed Nafion 117 membrane was clipped between two chambers using two silicon
rubber O-rings and fixed with a clamp. The solution in each of the chambers was continuously
stirred using magnetic bars. All permeability tests were performed at 25 ºC under argon atmosphere
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inside a glove bag. The Cu concentration was measured by Flame Atomic Absorption Spectroscopy
using a Perkin-Elmer Model 800 Aanalyst. Dilution of the samples was performed with 18.2 MΩ
deionized water and acidified with JT Baker Ultrapure Nitric Acid.

Figure 5-2 Schematic of the single permeability cell for measuring copper permeability of
membrane materials
Transport number measurement
The transport number measurements of copper ions using a Hittorf cell which was a modified
through plane conductivity cell were performed. To measure the transport number of copper ions
through membrane, the Pt disk electrodes and test membrane was fixed as shown in Figure 5-3.
The Hittorf cell consisted of two compartments containing 7.5 ml of the same solution of 7 mol L1

HCl (aq) and different concentrations of CuCl(aq) with Argon atmosphere. A current density of

15 mA cm-2 was used between two electrodes using the Gamry electrochemical measurements
system. The test duration was set as 90 minutes. After completion of the test, copper concentration
was measured by using Atomic Absorption Spectroscopy.
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Figure 5-3 Schematic of the single conductivity cell for measuring transport number.

Experiments in the electrolyzer cell
To validate the data with electrolysis cell, all measurements were repeated with the
electrolyzer system. The procedure for the experiments was similar to the single cell measurements.
Figure 5-4 shows a schematic of the electrolyzer system. To the MEAs cell, prepared membranes
(6 x 6 cm) mentioned above and electrodes were assembled. The electrode for the cathodic side of
the cell was prepared by painting a carbon cloth diffusion layer (Ion Power Inc.) with working area
of 5 cm2 with platinum catalyst ink of 0.8 mg cm-2. The same type of carbon cloth with catalyst
was used on the both cathodic and anodic side. And, the two pumps were used to circulate the fluids
in both of the compartments. A regeneration column was used to make the CuCl solution from the
combination of CuCl2 and copper powder. Both compartments were under argon line to prevent the
oxidation of Cu+ to Cu2+.
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Figure 5-4 Schematic of the electrolyzer cell for measuring transport number.

Results and discussion

Conductivity measurement of single cell
The through-plane ionic conductivity for hot-pressed Nafion 117 membrane was measured
at 25°C using conductivity cell connected the potentiometric method of Gamry system. The
membrane conductivity depends on the concentration of CuCl(aq) solution as shown in Figure 55. Ionic conductivity of membrane decreases when the concentration of CuCl (aq) solution
increases. The hot-pressed Nafion 117 has an average conductivity around 0.048 S cm-1 in 7 mol
L-1 HCl(aq) solution, based on the repeated tests. When the CuCl(aq) concentration was increased
over 0.5 mol L-1, the conductivity value of membrane is decreases to 0.043 S cm-1. The value of
conductivity decreases to 0.028 S cm-1, for the 7 mol L-1 HCl (aq) solution with 2 mol L-1 CuCl
(aq) solution.
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The conductivity measurement was repeated in the electrolyzer system for the case of 2
mol L-1 of CuCl(aq) solution. To measure of the conductivity in CuCl/HCl electrolyzer, EIS
measurements were performed over a frequency range of 0.1 Hz to 50 kHz using the Gamry
electronic system. The membrane conductivity (k) was calculated from membrane resistance (R)
using the above-mentioned equation. The obtained data was 0.02 S cm-1. As expected, this result is
in good agreement with the data obtained by the single cell measurement system for the
conductivity.

Figure 5-5 The membrane conductivity in a single cell regarding different concentrations of

CuCl (aq) solution

Permeability
The permeated flux of copper cations in the permeability single cell, as the result of
concentration gradient during 24 hours, measured by Atomic Absorption, has been represented in
Figure 5-6. As it is shown in this Figure, the permeability of copper cation increases by
concentration of copper cations. For instance the flux for the case of solution with 0.5 mol L-1 of
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copper is equal to 2.28 E-05 mol cm-2, while for the case of 2 mol L-1, it increases to 7.06 E-05 mol
cm-2.

Figure 5-6 The calculated permeated flux of copper cations in the permeability single cell

regarding different concentration of CuCl(aq)

The permeability measurement was repeated for the electrolyzer system for the case of 2
mol L-1 of CuCl(aq) solution. Because of larger volume of the electrolyzer system, taking several
samples during the test time became possible. Figure 5-7 shows the change of permeated copper
flux by the time during 24 hours. As it can be shown, the permeability slightly reaches a saturation
stage. Table 1 compares the permeation results of the electrolyzer system with the single cell, for
the case of 24 hours. As it can be seen from the results, the permeability of the electrolyzer is so
close to the single cell result. It is just slightly lower than the value of the single cell, which can be
related to the more complex pass of fluid in the electrolyzer system.
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Figure 5-7 The calculated permeated flux of copper cations in the electrolyzer regarding time
interval of test.

Table1. The comparison of permeation results between the electrolyzer and single cell.

Concentration

Area

Volume

Flux

(mol L-1)

(cm2)

(mL)

(mol cm-2 s-1 )

Permeation

Single cell

0.004882

1.04

15

7.06156E-05

Electrolyzer

0.00029

5

1000

5.79528E-05

Transport number
The transport number curve for the copper cations, measured by Hittorf cell is represented
in Figure 5-8 for the concentration range of 0.5 mol.L-1 to the maximum value of 1.5 mol L-1. The
transport number of copper ions for 0.5 mol L-1 is equal to 0.03, while it reaches to 0.11 for the
case of 1.5 mol L-1. For the case of 2 mol L-1 because of too much dilution stages needed for the
Atomic Absorption Spectroscopy, the difference in the concentration before and after test was not
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recognizable. To obtain the transport number for this concentration, it is assumed that the trend of
the transport number is the same as the lower concentrations, and the curve has been extrapolated
to this concentration. As a result the value of transport number was calculated as 0.15.

Figure 5-8 The transport number curve for the copper cations in Hittorf cell

The comparison between copper and proton transport numbers indicate that the mobility
of protons is much more than the copper cations. The measurement of transport number by the
electrolyzer in the mentioned concentration range was not successful. Even in the case of 0.5 mol
L-1, because of the high volume of the electrolyzer system (although reduced to 400 ml from 1000
ml), again the concentration difference of copper was not recognizable with Atomic Absorption
Spectroscopy.

Phenomenological Coefficients
By having the results of conductivity, permeability and transport number for different
concentration ranges, the phenomenological coefficients were calculated based on the equations
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mentioned in the theoretical section. Table 2 represents the data for different coefficients in units
of mol2 s kg-1 m-3.

Table2. The calculated phenomenological coefficients regarding different concentration of
CuCl(aq)

mol2 s kg-1 m-3
C(mol L-1)

L11

L33

L21

0.5

0.984E-10

4.67E-10

-0.840E-10

1

1.82E-10

4.18E-10

-1.50E-10

1.5

2.12E-10

3.62E-10

-1.70E-10

2

3.05E-10

3.07E-10

-2.60E-10

The trend of L11 is as the permeability, so it increases with copper concentration, while L33
behaves as conductivity and as a result it decreases with increase of copper concentration. L13 which
is obtained by multiplication of the copper transport number and L33 increases with increase of
copper concentration. On the other hand L23 which is obtained by multiplication of proton transport
in the conductivity decreases with increase of copper concentration. The values of L21, obtained by
subtraction of L11 from L13, increase by copper concentration. The negative value of L21 indicate
mutual drag between fluxes of copper cations and protons.

Summary
In conclusion, a phenomenological model of the transport process taking place in the CuCl/HCl
electrolysis system was developed. For full description of such model, it was needed to evaluate all

124
phenomenological coefficients. These coefficients were defined as different membrane properties,
including conductivity, permeability and transport number. Then in the experimental section a
description of measurements in both single cells and electrolyzer systems was presented. For the
case of conductivity and transport number, the result of electrolyzer system was in good agreement
with the result of single cell, while for the case of transport number, the measurement in the
electrolyzer system was not possible regarding to the too many dilution steps necessary for the
Atomic Absorption Spectroscopy. Finally the phenomenological coefficients were calculated as a
function of copper concentration. The negative value of L21 emphasized on the mutual drag
between flows of copper cations and protons.
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Chapter 6 - Summary
In chapter 1, basic background on the Cu-Cl thermocycle was provided. A literature review
indicated that in evaluating a variety of membranes and CuCl/HCl electrolysis mechanisms, hotpressing and ionic transport through the membrane were the best choices. A principal transport

obstacle such as copper permeation through the membrane is needed to solve for the
successful implementation of electrolyzer operation. Findings from the literature review
showed that one simple and versatile method involved low permeation of copper ions through the
membrane and maintaining proton conductivity by using the hot-pressing method on the membrane.

A successful solution for deceasing copper permeation by the hot-pressing method on a
polymeric membrane was suggested while maintaining the conductivity in the Cu-Cl
electrolysis system.
In chapter 2, the experimental methodology was described, including how to measure
conductivity, permeability, copper ion titration, linear sweep voltammetry, and hydrogen
production. The basic theory of measurement was experimentally employed. Membrane
conductivity was measured using a through-plane single conductivity cell connected to a Gamry
electrochemical measurement system. Membrane resistance was obtained using the EIS method.
Membrane conductivity can easily be calculated using membrane resistance. Using a single
permeability cell, information on permeability was obtained from diffused copper concentration
through the membrane. The concentration was quick and easily obtained by chemical titration using
the EDTA reagent or atomic adsorption method. Utilizing linear sweep voltammetry measurement,
the polarization curve of the membrane was obtained to compare membrane performance. Lastly,
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hydrogen production efficiency was calculated by comparing experimental measurement and
theoretical value using Faraday’s Law and Ideal Gas Law.
The characterization of the membrane for Cu-Cl electrolysis performance using a variety of
proton conductive membranes was successfully conducted in chapter 3. The properties of various
types of proton conductive membranes were detailed using a single conductivity and permeability
cell. Obtained results were used to predict membrane performances among a variety of membranes
in advance of the electrolyzer test. Changes in membrane properties due to the hot-pressing
technique for single and double layer Nafion 117 were investigated. The hot-pressed Nafion 117
membrane showed high selectivity (conductivity divided by permeability) compared to other
membranes because copper permeation through the membrane was significantly decreased by hotpressing. In particular, the double layer Nafion 117 membrane showed extremely low copper
permeation results—ten times lower than the pristine Nafion 117 membrane. Additional interlayers
of membrane significantly reduced flux in copper permeation. In addition, the concentrations of
HCl(aq) and CuCl(aq) solution decreased conductivity because proton mobility decreased under
high concentrations of HCl(aq) and CuCl(aq) solutions.
In chapter 4, the performance of the membrane in the CuCl electrolyzer test was evaluated with
hot-pressed single and double-layer Nafion 117 membranes. When the CuCl electrolyzer was
operated with a double-layer Nafion 117 membrane consisting of two single hot-pressed Nafion
117 layers together, the lifetime and stability of the electrolytic system substantially increased as
expected (see chapter 3). The stability of the electrolyzer test was observed with the hot-pressed
Nafion 117 membrane and under electrolyzer conditions such as 10.2 mol L-1 HCl(aq) solution as
catholyte and 1 mol L-1 CuCl(aq) + 10.2 mol L-1 HCl(aq) solution as anolyte during 100 h of the
electrolyzer test. Two combinations of lower copper permeability rates and a high-enough
concentrated HCl(aq) solution were available to avoid Cu(s) precipitation at the cathode by
dissolving copper ions. Membrane conductivity was increased by an adequate ratio of HCl(aq) and
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CuCl(aq) concentrations in the anolyte solution. Additionally, electrolyzer performance was much
improved when using the higher conductivity membrane even if it allowed some copper ion
permeation (e.g., hot-pressed single layer Nafion 117) until avoiding Cu(s) precipitation at the
cathode. At the applied potential of 0.7 V, the current density of 0.34 and 0.456 A cm2 for hotpressed single and double layer Nafion 117 were optimal for the electrolyzer system. Hydrogen
production efficiency was over 95% according to Faraday’s Law of Electrolysis and the
electrolyzer system was stable. Also, conversion of copper (I) to (II) and copper ion permeation
flux in the electrolyzer were also studied in an analysis of copper concentrations in solutions preand post-cell reaction. Approximately 5 to 8% of copper ions reacted.
In chapter 5, a simple phenomenological model based on the concept of irreversible
thermodynamics was developed to describe ionic transport through the membrane with gradient
chemical and electrical potentials for the CuCl / HCl electrolyzer cell and single cell. The aim of
this research was to show that ionic transport through the membrane provides valuable information
on single and electrolyzer cells, and the behavior of ionic transport through membranes in the
electrolyzer by phenomenological modeling under chemical and electrical gradients. With regard
to the phenomenological model for the CuCl/HCl electrolyzer, all phenomenological coefficients
were successfully obtained using proton conductivity, copper ion permeability, Hittorf cell, and
developed electrolyzer cell. These coefficients were expressed in terms of conductivity,
permeability and transport number. Single conductivity, permeability, and electrolyzer cell
coefficients were successfully calculated as a function of copper concentration.
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Chapter 7
Conclusion and Future work

Results presented here prove that the hot pressing technique improves the performance of
the modified single and double layer Nafion 117 membrane, exhibiting comparably high
conductivity and extremely low copper ion permeation through the membrane in electrolyzer
operations. There were significantly observable differences in copper permeation for the pressed
double layer Nafion 117 membrane using a single permeability cell. Although the significant
decrease in permeation was due to hot-pressing, membrane conductivity exhibited a lower change
in value in a single conductivity cell measurement. Additional research should be carried out to
gain a further understanding of the relationship between ionic transfer (e.g., copper permeation and
proton transport) and the hot-pressing technique for the membrane. The improved performance of
the hot-pressed membrane in the electrolyzer was achieved by optimizing concentrations of anolyte
solutions—both HCl(aq) and CuCl(aq) solutions. In addition, the higher electrolyzer performance
could be achieved using a comparably high conductivity membrane that allowed more copper
permeation by a sufficiently high HCl(aq) concentration to dissolve copper ions. However, more
research on electrolyzer solutions is needed. Studies that optimize concentrations of HCl(aq) and
CuCl(aq) should be conducted to improve electrolyzer test performance. Lastly, all
phenomenological coefficients were demonstrated using conductivity, permeability, and transport
number measurements. Phenomenological coefficients were successfully calculated as a function
of copper concentration as concepts of irreversible thermodynamics. The following statements
were the conclusions of research in this dissertation.
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(1) Additional interlayers of membrane using the hot-pressing method significantly decreased
ion permeation and maintained proton transport for the double-layer Nafion 117 membrane.
(2) Concentrations of HCl(aq) and CuCl(aq) solutions as anolytes strongly affected proton
conductivity and copper ion permeability according to both single cell and electrolyzer tests.
Adequate ratios of HCl(aq) and CuCl(aq) concentrations as anolytes were expected to increase
membrane performance on the electrolyzer test.
(3) The coefficients of simple phenomenological model were expressed in terms of
conductivity, permeability, and transport number and calculated as a function of copper
concentration.
Further work should be designed to gain a better understanding of ionic transport between
protons and copper ions through the membrane. This study’s findings related to HCl and CuCl
solutions should be reviewed with an eye to improving membrane performance in the electrolyzer
for hydrogen production.
(1) Based on characterization results, information on the effects of the hot-pressed interface or
surface of the membrane is needed to investigate ionic transport in the Cu-Cl electrolysis
reaction.
(2) Optimization of the en HCl(aq)/CuCl(aq) concentration should be studied as approached
by thermodynamics.

(3) Finally, by introducing new equipment in the electrolyzer process, recrystallization
of CuCl(s) may be avoided, thereby enabling the long-term operation of electrolyzer test.
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Appendix
Table A-1. Conductivity measurement for various membranes

Membrane

Pretreatment
solution

-1

Nafion 117

2 mol L
HCl (aq)

Working
solution

Thickness
(cm)

Resistance
(Ω)

Conductivity
(S cm-1)

0.0195

0.338

0.078

0.0190

0.344

0.075

-1

2 mol L
HCl (aq)

Single Nafion
117

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)

0.0180

0.331

0.080

Single Nafion
117

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)

0.0185

0.340

0.074

0.0395

0.705

0.076

Double Nafion
117

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)
0.0390

0.730

0.072

0.0070

0.731

0.005

0.0070

0.555

0.006

0.0040

0.093

0.058

0.0038

0.091

0.059

0.0070

0.157

0.060

PBI (ANL)

Nafion XL

Double Nafion
XL

Provided

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)
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S-Radel
X-linked 2.5
IEC former
batch

S-Radel
X-linked 2.5
IEC new batch

PPE

Provided

Provided

Provided

0.0069

0.154

0.062

0.0075

0.506

0.021

0.0070

0.525

0.018

0.0075

0.260

0.039

0.007

0.0263

0.036

0.045

1.147

0.053

0.042

1.182

0.048

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)

2 mol L-1
HCl (aq)
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Table A-2. Conductivity measurement of pressed membrane for various hot-pressing conditions

Membrane

Working solution

Thickness (cm)

Conductivity (S/cm)

Pristine Nafion

2 mol L-1 HCl (aq)

0.0190

0.083

Pressed Single Nafion
117 at 25°C

2 mol L-1 HCl (aq)

0.0184

0.064

Pressed Single Nafion
117 at 93°C

2 mol L-1 HCl (aq)

0.0186

0.0784

Pressed Single Nafion
117 at 120°C

2 mol L-1 HCl (aq)

0.0177

0.057

Pressed double Nafion
117 at 25°C

2 mol L-1 HCl (aq)

0.0355

0.078

Pressed double Nafion
117 at 93°C

2 mol L-1 HCl (aq)

0.0350

0.0756

Pressed double Nafion
117 at 120°C

2 mol L-1 HCl (aq)

0.0350

0.058
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Table 3. Permeability measurement for various membranes

Membranes

Working
solution

Testing solution

Mem. Thickness
(cm)

24hours later
(cm2·sec-1)

Nafion 117

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.019

2.1 10-8

Single Nafion 117

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.020

0.8 10-8

Double layer of
Nafion 117

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.039

2.10*10-9
(96 hours
later)

Single Nafion XL

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.004

4.5 10-8

Double layer of
Nafion XL

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.007

4.0 10-8

PBI (ANL)

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.007

1.2 10-8

Hickner’s
membrane
(new batch)

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.007

1.5 10-9

Hickner’s
membrane
(former batch)

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.007

1.2 10-9

PPE (GTI)

6 mol L-1
HCl (aq)

6 mol L-1 HCl (aq) +
1 mol L-1 CuCl2 (aq)

0.045

1.6 10-8
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Table 4. Permeability measurement for hot-pressed Nafion 117 membranes

Membranes

Working
solution

Testing solution

Mem. Thickness
(cm)

24hours later
(cm2 / s)

Pressed Single
Nafion 117 at
25°C

6 mol L-1
HCl (aq)

6 mol L-1 HCl
(aq) + 1 mol L-1
CuCl2 (aq)

0.0183

1.92 10-8

Pressed Single
Nafion 117 at
93°C

6 mol L-1
HCl (aq)

6 mol L-1 HCl
(aq) + 1 mol L-1
CuCl2 (aq)

0.0190

0.8 10-8

Pressed Single
Nafion 117 at
120°C

6 mol L-1
HCl (aq)

6 mol L-1 HCl
(aq) + 1 mol L-1
CuCl2 (aq)

0.0177

2.49 10-9

Pressed Double
layer of Nafion
117 at 25°C

6 mol L-1
HCl (aq)

6 mol L-1 HCl
(aq) + 1 mol L-1
CuCl2 (aq)

0.0360

0.905 10-8

Pressed Double
layer of Nafion
117 at 93°C

6 mol L-1
HCl (aq)

6 mol L-1 HCl
(aq) + 1 mol L-1
CuCl2 (aq)

0.0360

2.10 10-9
(96 hours later)

Pressed Double
layer of Nafion
117at 120°C

6 mol L-1
HCl (aq)

6 mol L-1 HCl
(aq) + 1 mol L-1
CuCl2 (aq)

0.0350

1.47 10-9
(96 hours later)
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Figure A-1. Chemical structure of s-Radel membranes.

The sulfonated Radel (s-Radel) membranes produced at Penn State are based on
sulfonation of commercially available Radel polymers using trimethylsilyl chlorosulfonate
according to Dyck, et al. J Appl. Polym. Sci. 2002. Figure A-1 shows the general chemical structure
of the s-Radel membranes and Table 1 shows the basic properties of these samples as a function of
IEC compared to Nafion.
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Figure A-2. Proposed mechanism of thermal crosslink formation in s-Radel membranes.
Thermal crosslinking has been attempted on sulfonated Radel membranes of IEC 1.90
meq g-1 according to Figure A-2 and the properties with crosslinking at 200 °C under vacuum for
various times are shown in Table 2. For crosslinking, as cast membranes are placed in the
vacuum oven so the crosslinking step is performed after the casting step. The thermal treatment is
shown to decrease the water uptake of the membranes, which should decrease the copper ion
crossover of these materials. However, the conductivity will decline as well, so the right balance
of IEC and crosslinking time will have to be found to achieve low copper ion crossover while
maintaining sufficient conductivity.

141

Figure A-3. Formation of metallic Cu phase in HCl solutions of various concentrations based on
HCH equilibrium thermodynamic calculations. P(H2) = 1 atm. Yellow fields indicate the favorable
conditions for copper formation.
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Figure A-4. Metallic copper precipitation at different HCl concentrations in the presence of H2(gas):
circles (HCH calculations); diagram source: Kekesi and Isshiki, J. Appl. Elecrochem.. 27 (1997)
982-990. Calculated data are shown for the total dissolved copper of 0.1 M.
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