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ABSTRACT
The CuCl(aq)/HCl(aq) electrolyzer is an important component in the Cu-Cl hybrid
thermochemical cycle. Here we intend to provide information on how this electrolytic cell
impacts the cycle’s efficiency and electric energy requirements. Through a better
understanding the thermodynamics and kinetics of this electrochemical cell, the electric
energy requirements needed for hydrogen production with this cycle can become available.
Chapter 1 focuses on the relationship between equilibrium thermodynamics of the
electrochemical reactions and the cycle’s efficiency. Using Gibbs energy minimization
(GEM), thermodynamic speciation diagrams of CuCl(aq) and CuCl2(aq) were generated to
provide insights into the electrochemically active species. Results from GEM were used to
quantify the Gibbs energy, Enthalpy and entropy of the electrochemical reactions.
Additionally, Gibbs energy values theoretically calculated were compared to those
experimentally measured. Thermodynamic, voltage, current and overall efficiencies of the
electrolyzer were quantified to include speciation effects and activity coefficients.
Chapter 2 explores the electrochemical kinetics of the positive electrode using a
rotating disc electrode (RDE) and the effectiveness of catalyst application techniques from
scanning electron microscopy (SEM) images and full cell polarization curves. With the
RDE, the positive electrode overpotential-current density relationship was defined. It was
found that electrochemical kinetic parameters could be obtained for the positive electrode
reaction on different catalyst materials with electrochemical impedance spectroscopy (EIS)
and polarization curves. On both platinum and glassy carbon surfaces, the positive
electrode reaction was very fast relative to other electrochemical reactions. Furthermore,
removing platinum completely from the positive electrode had little effect on the
polarization curves obtained from the full cell, whereas improving spray application
technique significantly improved the performance relative to the painting technique.
Chapter 3 investigates the effects of concentrated HCl(aq) on the electrochemical
kinetics of the hydrogen evolution reaction. EIS and LSV were used to define kinetic
parameters of the electrochemical reaction for polycrystalline platinum. It was found that
the overpotential – current density behavior of the reaction on platinum followed the
generalized Butler-Volmer equation.
Chapter 4 presents a model to simulate the applied potential for the
CuCl(aq)/HCl(aq) electrolyzer over a range of experimental conditions. The model
presented here separates the potential contributions of the positive electrode, negative
electrode and the membrane. Total applied potential was described using non-equilibrium
thermodynamics, equilibrium thermodynamics and electrochemical kinetics. Using the
information collected in Chapters 1-3 and some literature data, it was found that model
simulations could match experimental data with only one adjustable parameter.
Simulations of different values of active electrode area, ohmic resistance, and extent of
CuCl(aq) conversion were performed. It was found that the extent of CuCl(aq) conversion
and ohmic resistance, Rohm, strongly impacted the simulated Ecell value at high cell currents.
Significant improvements to the electrolyzer performance could be obtained if Rohm was
decreased relative to similar improvements in electrochemical kinetics or active electrode
area.
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Chapter 1
Introduction
One of the most promising thermochemical cycle technologies for hydrogen production is
the copper-chlorine hybrid thermochemical cycle. This cycle has several unique
advantages that set it apart from other thermochemical cycles and hybrid storage
technologies. The Cu-Cl hybrid cycle is a storage technology that co-stores available
energy from heat and electricity into energetic molecules, H2(g). The product gases can
then be stored for future use on-site or dispatched to off-site locations for electricity
generation or chemical synthesis. Unlike other thermochemical cycles, the maximum
temperature required for the operation of the cycle is between 500 and 550 oC; while other
cycles require temperatures that far exceed 600 oC [1]. Recent theoretical studies for a
series of possible cycle design variations reported that the exergy efficiency for the system
is in the range of 70 - 90% [2, 3]. If developed, this technology could significantly reduce
carbon emissions of the hydrogen production industry while taking advantage of excess
thermal and electric power produced from high temperature non-fossil fuel based power
generation facilities.
Though early calculations of cycle efficiency have been promising, an understanding of
the inefficiencies for each step of the cycle is still needed. Without this knowledge, the
accuracy of efficiency predictions will be greatly limited. One of the key steps where
inefficiencies are not well-defined, from a kinetic and thermodynamic perspective, is the
CuCl(aq)/HCl(aq) electrolyzer. Though much work has been done to increase the
electrolyzer’s current density and reduce the needed applied potential [4-6], the
electrolyzer’s limitations, from a fundamental perspective, are not well understood.
Specifically, little is known about how processes such as membrane transport, electrode
kinetics, electrode thermodynamics, and extent of conversion affect the electrolyzer’s
performance. Using electrochemical techniques and the theoretical background of
electrochemical kinetics and thermodynamics, it is possible to determine how these
processes alter the electrolyzer efficiency and by association the cycle efficiency.
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Chapter 2
Thermodynamics and Efficiency of a CuCl(aq)/HCl(aq) Electrolyzer
The contents of this Chapter was originally published in Electrochimica Acta and is
referenced as: D. M. Hall, N. N. Akinfiev, E. G. LaRow, R. S. Schatz, and S. N. Lvov,
“Thermodynamics and Efficiency of a CuCl(aq)/HCl(aq) Electrolyzer,” Electrochim. Acta,
vol. 143, pp. 70–82, 2014.
Preface to Chapter 2
To understand the limitations of this electrolytic cell, thermodynamic values for the Gibbs
energy and enthalpy of reaction of this electrolytic cell were needed. This chapter focuses
on quantifying thermodynamic and efficiency parameters of the CuCl(aq)/HCl(aq)
electrolytic cell for hydrogen production. It was found that the speciation of CuCl(aq) and
CuCl2(aq) strongly affected thermodynamic values for this electrolytic cell. The primary
author (D. Hall) was involved in both the theoretical and experimental work presented in
this chapter. All theoretical calculations were carried out by the primary author. N.
Akinfiev provided the standard thermodynamic values and insight into the application of
the theory. The single cell tests were designed and tested by D. Hall. R. Schatz designed
the test rig for operating the lab scale electrolytic cell and aided in running the full cell
tests. E. LaRow prepared the electrode assemblies and aided in running the full cell tests.
The primary author managed and participated in execution of the full cell tests. S. Lvov
provided guidance throughout the entire process of completing this work.
Abstract
The high ionic strength and complex speciation of the anolyte solution within the
CuCl(aq)/HCl(aq) electrolytic cell have impeded predictions of the energy requirements
for the cell’s electrolytic reaction at 25 °C and 1 bar. After collecting experimental open
circuit potential (OCP) data and comparing the values obtained with predictions from
prospective thermodynamic models, an approach to predict thermodynamic values and the
overall efficiency was formulated. The compositions of the experimental measurements
ranged from 2-2.5 mol of CuCl(aq) with 8-9 mol of HCl(aq) per kilogram of water in
anolyte solution and 8-9 mol of HCl(aq) per kilogram of water in catholyte solution. From
the OCP data, it was found that activity coefficient and speciation effects were critical in
predicting the Gibbs energy, entropy and thermodynamic (intrinsic maximum) efficiency
of the electrolytic cell. At equilibrium, all thermodynamic functions of the anolyte redox
reactions were the same after activity coefficients and speciation effects were taken into
account. The electrochemical reactions’ Gibbs energy and entropy were found to be 9700
J/mol and 2.18 J/(mol K) at 25 °C and 1 bar, which indicated that the reactions required a
small amount of electrical and thermal energy to proceed. With thermodynamic values for
the electrolytic reaction and experimental data from a CuCl(aq)/HCl(aq) electrolytic cell,
the voltage, current, thermodynamic and overall efficiency were calculated. The overall
efficiency ranged from 15 to 95 % depending on the current density.
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Nomenclature
𝑎̇ = Ionic radius
𝑎𝑖(𝐼𝐼) = Activity of the i-th ion in solution II
𝑎𝑖(𝐼) = Activity of the i-th ion in solution I
ADH = Debye-Hückel parameter
b = Molality
bo = Standard molality
bi = Molality of the i-th species
bn = Setchenow coefficient
bt = Total molality of solute species
b = Empirical term for the third approximation of Debye-Hückel
BDH = Debye-Hückel parameter
Cp = Heat capacity
Eeq = Potential of a half reaction versus the SHE
EAnode = Anode potential versus the SHE
Ecell(OCP) = Cell potential at OCP
Ediff = Diffusion potential
EDP = Decomposition potential
EEC = Applied potential of an electrolytic cell
Eref = Reference electrode potential versus the SHE
F = Faraday’s constant
G = Gibbs energy function
ΔfG° = Standard Gibbs energy of formation
ΔrG° = Standard Gibbs energy of reaction
ΔrG = Gibbs energy of reaction
ΔfH° = Standard enthalpy of formation
ΔrH° = Standard enthalpy of reaction
ΔrH = Enthalpy of reaction
Im = Ionic strength on the molal scale
j = Current density
L = Lagrangian function
LHVH2 = Water vapor decomposition
ne = Electron number
𝑝
𝑛𝑘 = Molar amount of k-th species in the p-th phase
Q = Reaction quotient
Qnet = Total heat
R = Molar gas constant
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S° = Standard entropy of formation
ΔrS° = Standard entropy of reaction
ΔrS = Entropy of reaction
𝑡+ = Transport number of the cation
𝑡− = Transport number of the anion
T = Temperature
W = Work
za = Charge of the anion
zc = Charge of the cation
zi = Charge of the i-th ion
zn= Zero charge of a neutral species
𝛾𝑖 = Activity coefficient of the i-th species on the molal scale
𝛾𝑛 = Activity coefficient of a neutral species on the molal scale
𝛾± = Mean activity coefficient of an ionic species on the molal scale
εc = Current efficiency (Faradaic efficiency)
εTH = Thermodynamic efficiency
εV = Voltage efficiency
εEC = Overall efficiency of an electrolytic cell
εcycle = Cycle efficiency
𝜆+ = Molar ionic conductivity of the cation
𝜆− = Molar ionic conductivity of the cation
𝜆𝑖 = Molar ionic conductivity of the i-th ion
𝜆𝑗 = Lagrangian factor
Λ = Molar conductivity
𝜇𝑘𝑝 = Chemical potential of the k-th species in the p-th phase
vi = Stoichiometric coefficient of the i-th species
𝑝
𝑣𝑘𝑗
= Stoichiometric number of j-th element of the k-th species in the p-th phase
𝑣 𝑣
Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑅 = Product of reactant activities
𝑣 𝑣
Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑃 = Product of product activities
Φ𝑗 = Mass constraint on j-th element
𝜓 = the number of phases
1. Introduction
Growing concerns about the consequences of powering economies primarily from fossil
fuels has spurred international interest in developing infrastructures able to support an
inexpensive energy carrier to supplement fossil fuels. One of the energy carriers most
researched is hydrogen gas. Considerable investments have already been made in
developing hydrogen infrastructure technologies for storage, transportation and
consumption. However, one of the major challenges to using hydrogen gas as an energy
carrier is the lack of cost effective hydrogen production technologies powered with
renewable resources. Of the technologies proposed to solve this dilemma, the copperchlorine (Cu-Cl) hybrid thermochemical cycle has been one of the most promising [1]
among cycles studied in the U.S. and Canada.
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The U.S. Nuclear Hydrogen Initiative identified seven hydrogen-producing
thermochemical cycles for development on the basis of abundance of materials, simplicity,
chemical viability, thermodynamic feasibility, control and safety [2–5]. More recently, the
Hydrogen and Fuel Cell Program of the U.S. Department of Energy narrowed this list
further to five thermochemical cycles. Of the cycles selected, two were two-step cycles
(metal oxide and nanostructured hercynite) and three others were hybrid cycles (Cu-Cl,
sulfur, and sulfur ammonia) [1]. Among the cycles examined, the Cu-Cl hybrid cycle holds
a distinct advantage as it requires a maximum temperature less than 600 oC [6–8]. Given
the cycle’s inherent advantages, many studies have investigated possible designs of the CuCl cycle with favorable efficiencies [9–11]. As such, successful development of the Cu-Cl
cycle has the potential to bolster hydrogen production development.
Determining the theoretical efficiency for each of the cycle’s components is a key
milestone in assessing the practicality of the Cu-Cl hybrid cycle. Previous studies have
undertaken aspects this task by performing energy and exergy analyses with standard
thermodynamic properties, as one can do for a water electrolyzer, for a range of
components including the electrolytic cell [9,10,12]. However, for cycle components with
aqueous chemicals, such as the CuCl(aq)/HCl(aq) electrolytic cell, these standard
thermodynamic values represent conditions when the concentrations of all species are 1
mol/kg with properties of an infinitely dilute solution, which is a hypothetical state that
does not exist in reality. While for some electrochemical systems, such as a water
electrolyzer or hydrogen/oxygen fuel cell, the use of standard thermodynamic properties is
a suitable approach. However, for the CuCl(aq)/HCl(aq) electrolyzer, this is not the case.
In the CuCl(aq)/HCl(aq) electrolytic cell, large deviations occur from the standard
thermodynamic values due to (1) significant intermolecular interactions between aqueous
species, (2) the association of forming complexes and (3) concentrations greater or less
than 1 mol/kg. These factors considerably alter the thermodynamics of all the
electrochemical reactions vs. the standard state thermodynamics in both the electrolyzer
anolyte and catholyte. As such, one of the major obstacles stymieing the development
process of the CuCl(aq)/HCl(aq) electrolytic cell is insufficient experimental and
theoretical studies of these effects on reaction thermodynamics and, therefore, efficiency
of an electrolytic cell. One of the goals in this work is to thermodynamically analyze the
CuCl(aq)/HCl(aq) electrolytic cell at 25 oC and 1 bar then confirm this analysis by a
number of electrochemical measurements.
Previous experimental studies on the CuCl(aq)/HCl(aq) electrolytic cell have
established common cell designs and operating conditions [2–5,8,13–17]. These
electrolytic cells employed a proton conductive polymer electrolyte to separate the anolyte
from catholyte solution. A general diagram for the CuCl(aq)/HCl(aq) cell is presented in
Figure 2.1.
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Figure 2.1. Diagram of the CuCl(aq)/HCl(aq) electrolytic cell.
In the previous studies the anolyte solutions contained CuCl(aq) species in a concentrated
HCl(aq) solution, while catholyte solutions have varied between pure water and
concentrated HCl(aq) solutions. The reported molar concentrations of CuCl(aq) within the
anolyte have ranged from 0.1 to 2 mol/L depending on HCl(aq) concentration due to
limited solubility of CuCl(s) in HCl(aq). HCl(aq) concentrations within the anolyte and
catholyte have varied from 1 to 14 mol/kg. Of the cell’s two electrodes, the largest source
of uncertainty in the reaction(s) thermodynamics was at the anode due to the complexity
of CuCl(aq) and CuCl2(aq) speciation in high ionic strength conditions. Note that
“speciation” in this work refers to the chemical forms (ions, complexes, ion pairs, and solid
phases) in which an element can occur as well as to the quantitative distribution of chemical
forms. Therefore, this study collected experimental data of the anode equilibrium potential
to provide insight into the effect of activity coefficients and speciation of the anolyte on
the electrolytic cell’s thermodynamic characteristics, including Gibbs energy, enthalpy and
entropy of the cell’s reactions. Theoretical predictions of the thermodynamic
characteristics and the anode equilibrium potential were correctly calculated for the first
time and compared to the experimentally obtained data to determine the accuracy of the
predictions. Once a theoretical model was verified with experimental data, the electrolytic
cell’s solution speciation, enthalpy, entropy, decomposition potential (Gibbs energy) and
thermodynamic efficiency were quantified. Furthermore, a laboratory scale electrolyzer
system was used to determine values of the current and voltage efficiency with standard
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cell components. Values for each of the three efficiencies enabled estimations of the overall
efficiency of the CuCl(aq)/HCl(aq) electrolytic cell for the first time.
2. Thermodynamic Model of the Electrolytic Cell
2.1 Standard Thermodynamic Properties
In order to conduct a thermodynamic analysis of the anolyte solution, standard
thermodynamic properties of all possible species in all phases are needed. The solids
considered for possible precipitation were the copper containing Cu(s), CuO(s), Cu2O(s)
and CuCl(s). Thermodynamic properties of CuCl(s) (nantokite) were adopted from Ref.
[18] and [19]. Heat capacity equations for the remaining copper containing solids Cu(s),
CuO(s), Cu2O(s), were obtainable from Ref. [20]. Thermochemical properties of the solids
considered are tabulated in Appendix Table 2.7. For the aqueous phase, the HelgesonKirkham-Flowers (HKF) model [21,22] was used to calculate the standard partial molal
properties of ions and neutral species. Here, CuCl(aq) refers to the sum of Cu(I) species
in solution, whereas CuCl0(aq) refers to a neutral species containing a Cu+ cation and a Clanion. This convention is used throughout the text for all aqueous species. The standard
partial molal thermodynamic properties of Cu+(aq) and its hydroxides CuOH0(aq),
Cu(OH)2–(aq), used in the solution equilibrium calculations were from Ref. [23]. For
copper(II) chloride complexes [CuCl+(aq), CuCl20(aq), CuCl3–(aq), CuCl42–(aq)] as well
as copper(II) oxide and hydroxides, the standard thermodynamic property values were
taken from the SUPCRT92 database [24–27].
With respect to CuCl(aq) speciation, three competing models were considered from
the papers of Balashov et al., (2011) [8], Brugger et al., (2007) [28] and Sverjensky et al,
(1997) [27]. For the sake of brevity, references to the Balashov et al., (2011), Brugger et
al., (2007) and Sverjensky et al, (1997) CuCl(aq) speciation model values will be referred
to as Speciation 1, 2 and 3, respectively. The standard partial molal properties and HKF
parameters for aqueous species used in all Gibbs energy minimization calculations are
given in Table 2.8 of the Appendix. Table 2.9 provides the thermodynamic properties for
CuCl(aq) species for Speciation 1, 2 and 3. The HKF equations used to calculate the
standard thermodynamic properties are readily available in previous publications
[21,22,25]. With this collection of the standard thermodynamic properties, calculations
predicting anolyte speciation over a wide range of operating temperatures and pressures
are possible. However, in this paper we will focus on thermodynamic calculations and
experimental measurements at temperature of 25 oC and pressure of 1 bar.
2.2 Activity Coefficients
The high ionic strength of solutions used within CuCl(aq)/HCl(aq) electrolytic cell
indicated that activity coefficients must be considered for reliable thermodynamic
calculations. Due to the complex nature of aqueous non-ideality at high ionic strengths, the
first approximation of the activity coefficients for aqueous species were estimated from
mean activity coefficients of HCl(aq), γ±, taken from experimental measurements at the
ionic strengths of the anolyte and catholyte. From previously determined γ± values of
concentrated HCl(aq) solutions [29], the empirical parameter within the third
approximation of the Debye-Hückel equation can be used to approximate the activity
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coefficients of individual ions within the anolyte and catholyte. Table 2.10 in the Appendix
is a collection of the experimentally obtained mean activity coefficients for the range of
the ionic strengths and three temperatures around 25 oC.
In this study, the mean activity coefficient values at temperatures between 20-30
o
C are approximated by the third approximation of Debye-Hückel as proposed in Ref. [26]:
log10 𝛾± = −

𝐴𝐷𝐻 |𝑧𝑐 𝑧𝑎 |√𝐼𝑚
1+𝑎̇ 𝐵𝐷𝐻 √𝐼𝑚

𝑏

𝑡
+ 𝑏𝛾 𝐼𝑚 − log10 (1 + 55.51
)

(1)

Here 55.51 is the number of mole of water in one kilogram of water; za and zc are
charges for the anion and cation; ADH and BDH stand for temperature and pressure dependent
Debye-Hückel solvent parameters [30], 𝑎̇ denotes the average ionic radius (𝑎̇ = 4.5 Å is
accepted), and Im is the stoichiometric ionic strength of the solution on the molal
concentration scale. The third term in the right-hand side of the equation designates the
mole fraction to molality conversion factor, where bt = ∑bi refers to the sum of molalities
for all of the solute species. The ionic strength on the molal scale is calculated as follows:
Im = 0.5∑ zi2bi

(2)

where zi and bi represent the charge and molality of the i-th ion, respectively. The b is an
empirical extended-term parameter for the “supporting” electrolyte, where generally b is
a function of temperature and pressure. The b term can be used to approximate the activity
coefficient values of ions in Gibbs energy minimization calculations. As HCl(aq) is the
dominating electrolyte in both the anolyte and catholyte, experimental data of γ± for
HCl(aq) solutions can be used to estimate b as shown in Table 2.10. The activity
coefficient of neutral species 𝛾𝑛 (zn = 0) can be determined using the Setchenow equation
for the molal scale in the same manner as previously used [21]:
𝑏

𝑡
𝑙𝑜𝑔10(𝛾𝑛 ) = 𝐼𝑚 𝑏𝑛 − log10 (1 + 55.51
)

(3)

where bn stands for the Setchenow coefficient of a neutral species in an electrolyte which
is generally a function of temperature, pressure, and the identity of the dominating
electrolyte. The Setchenow coefficient for HCl0(aq) is adopted from findings in previous
investigations [31] and resulted in a constant value of bn = 0.21 for the temperature of 20
– 30 oC [8]. Both bn and bγ were empirical parameters used to approximate the ionic and
neutral species activity coefficients when determining the speciation and Gibbs energy of
reactions for the CuCl(aq)/HCl(aq) electrolytic cell.
2.3 Gibbs Energy Minimization and Speciation Calculations
Phase equilibrium calculations were performed using the Gibbs energy minimization
approach. The Gibbs energy minimization has become an increasingly popular method for
calculating equilibrium conditions in complex multicomponent and multiphase systems
[32–35]. Briefly, the Gibbs energy function, G, for a multiphase/multicomponent system
can be described by a sum of the chemical potentials as follows:
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𝐺 = ∑𝑝 ∑𝑘 𝜇𝑘𝑝 𝑛𝑘𝑝

(4)

where 𝜇𝑘𝑎 is the chemical potential of a species (k) in phase (p) with a molar amount of 𝑛𝑘𝑝
[36]. By definition, the chemical potential is a function of temperature, pressure and
species activity. Thermodynamic equilibrium for a given system occurs where the Gibbs
energy function reaches a global minimum at the calculated species concentration for a
given temperature and pressure [37]. In the Gibbs energy minimization calculations with
mass and charge constraints, the Lagrangian method can be used to find the global
minimum and therefore thermodynamic equilibrium [36]. Each mass constraint can be
represented as follows:
𝜓

𝑝 𝑝
Φ𝑗 = 𝑏𝑗 − ∑𝑝=1 ∑𝑁
𝑘=1 𝑣𝑘𝑗 𝑛𝑘

(5)

where 𝑏𝑗 is the total input amount of the j-th element, 𝜓 is the number of phases, N is the
𝑝
number of species within p-th phase and 𝑣𝑘𝑗
is the stoichiometric number of j-th element
in k-th species [36]. For systems involving electrolytes, electrical neutrality of the solution
is another constraint to be met by the equilibrium composition. The electrical neutrality
constraint is met when the net charge of the solution in the system is zero. Combining the
Gibbs energy function along with the necessary constraints results in a Lagrangian
function, L,:
𝐿 = 𝐺 − ∑𝑙𝑗=1 𝜆𝑗 𝜙𝑗

(6)

where 𝜆𝑗 are the Lagrangian factors and Φ𝑗 are the constraints [36]. The Gibbs energy
minimum can be obtained by identifying the extreme points of the Lagrangian function
using the partial derivatives of the Lagrangian function with respect to species
concentrations and phases [36]. The constraints together with the partial derivatives result
in a series of equations and unknowns to be solved. This approach supplies quantities for
species concentrations and phases when the system is at equilibrium. As usual, the Gibbs
energies of formation for all species are used instead of the unknown chemical potentials
without changing position of the global minimum with respect to the phase and component
composition of the system.
Several different programs exist for performing Gibbs energy minimization
calculations using the Gibbs energies of formation of all potentially existing species. This
study employed the program HCh [38], developed by Y. Shvarov for
multicomponent/multiphase systems including a multicomponent aqueous phase. In this
work, the Gibbs energy minimization approach was used to determine the concentrations
and phases thermodynamically stable in the anolyte solution for three different sets of
standard thermodynamic properties (Speciation 1, 2 and 3) for CuCl(aq) and CuCl2(aq)
complexes at their different concentration ratios.
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With values for the concentrations of species obtained in the anolyte using Gibbs
energy minimization, equilibrium electrode potential can be calculated for any redox halfreaction involving CuCl(aq) and CuCl2(aq) species using the Nernst equation
∆𝑟 𝐺

𝐸𝑒𝑞 = − 𝑛

𝑒𝐹

=−

∆𝑟 𝐺 𝑜
𝑛𝑒 𝐹

𝑣

𝑣

𝑣

𝑣

𝑅𝑇

𝛱(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )

𝑒

𝛱(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )

+ 𝑛 𝐹 ln (

𝑅

)

(7)

𝑃

which requires activity coefficients, concentrations and standard Gibbs energy of reaction.
In Eq. (7), 𝐸𝑒𝑞 is the equilibrium potential of an electrode of interest versus the standard
hydrogen electrode (SHE) half-reaction, ∆𝑟 𝐺 𝑜 is the standard Gibbs energy of the halfreaction, ne is the electron number in the half-reaction, F is Faraday’s constant of 96485
C/mol, R the molar gas constant of 8.3145 J/(mol K), T is the thermodynamic temperature
in K, 𝑏𝑖 is the molality of the i-th species, vi is the stoichiometric coefficient of the i-th
𝑣 𝑣
species, 𝛾𝑖 is the ionic activity coefficient of the i-th species, Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑅 is the product of
𝑣 𝑣
the reactant activities and Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑃 is the mathematical product of chemical product
activities taking into account the stoichiometric coefficient vi. Values of the standard Gibbs
energy of formation were obtained from the HKF model values provided in literature
[8,27,28]. For all ionic activity coefficients, the third approximation of Debye-Hückel
equation was used with the empirical parameter b and bn calculated using the
corresponding literature data for the mean activity coefficients of HCl(aq) as already
described. At equilibrium, the anolyte and catholyte redox solution potentials were the
same as the potentials calculated for specific half reactions via the Nernst equation.
3. Experimental Systems
An experimental approach was developed to enable equilibrium potential
measurements in the anolyte solution with known concentrations of CuCl(aq) and
CuCl2(aq). Potential measurements of the anode versus a reference electrode were
conducted in a multi-port glass electrochemical cell made by Pine Instruments.
Concentrations for all tests were prepared in such a way that a CuCl2(aq) solution consisted
of X mol of CuCl2(aq) mixed with Y mol of HCl(aq) for a kilogram of water in a solution.
References to this type of solution preparation will be labelled as X mol of CuCl2(aq) in Y
mol/kg HCl(aq). CuCl2(aq) containing solutions were prepared using 97 % pure copper (II)
chloride powder from Sigma Aldrich. The powder was mixed with 37 % mass basis
hydrochloric acid from Sigma Aldrich and deionized water from a Millipore water
purification system. All CuCl(aq) was prepared by converting CuCl2(aq) to CuCl(aq) using
0.8 – 2 mm solid copper shot with a purity of 99.5 % (metals basis) from Alfa Aesar in a
de-aerated environment. The general method of converting CuCl2(aq) to CuCl(aq) was
described in more details previously [16]. For the glass cell, a freshly prepared 2 mol of
CuCl(aq) in 8 mol/kg HCl(aq) solution was injected into the glass cell pre-flushed with an
argon gas atmosphere. The total mass of the solution was weighed enabling calculation of
the CuCl(aq) and HCl(aq) concentrations. Once weighed, a glass bubbler, a Cole Parmer
Ag(s)/AgCl(s) reference electrode with 4.57 mol/kg (4 mol/L) KCl(aq) and a platinum
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electrode were all added to the cell ports. The cell assembly described is shown in Figure
2.2.

Figure 2.2. Multi-port glass cell for anolyte redox potential measurements at 25±0.3 °C
and 1.00±0.02 bar: 1 – test solution of 2 mol of CuCl(aq) in 8 mol/kg HCl(aq), 2,3 – argon
gas inlet and outlet streams, 4 – 1 mol of CuCl2(aq) with 8 mol/kg HCl(aq), 5 – platinum
electrode, 6 – Ag(s)/AgCl(s) reference electrode, 7 – argon gas blanket.
A Gamry reference 3000 was used to make the OCP measurements between the platinum
wire and reference electrode. The glass bubbler was used to ensure the solution was
constantly blanketed with argon gas and avoid conversion of CuCl(aq) to CuCl2(aq) in
presence of O2(g) which could be dissolved into the test solution. The solution was at
ambient conditions at temperature of 25±0.3 oC and pressure of 1.00±0.02 bar. After each
OCP measurement, CuCl2(aq) was added to the test solution via small injections of solution
containing 1 mol of CuCl2(aq) in 8 mol/kg HCl(aq). The mass of the CuCl2(aq) containing
solution injected was determined by measuring the syringe before and after each injection.
A ScienceTek scale with precision to ± 0.0001 g was used.
The anode equilibrium potentials were measured for five different ratios of
CuCl(aq) to CuCl2(aq). The redox reaction of CuCl(aq) to CuCl2(aq) was previously
reported to be very fast and reversible at low concentrations of Cl-(aq) on glassy carbon
[39]. With known mass fractions for the each chemical [H2O(l), HCl(aq), CuCl(aq) and
CuCl2(aq)], the molality of CuCl(aq) [sum of the molalities for all Cu(I)(aq) species] and
CuCl2(aq) [sum of the molalities for all Cu(II)(aq) species] are calculable for each test
solution after an injection. The resulting concentrations were used to compare the
experimental OCPs with theoretically predicted values for the same molal concentrations
of CuCl(aq) and CuCl2(aq).
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The second experimental system used was a lab scale CuCl(aq)/HCl(aq)
electrolytic cell described previously [14,15,17]. This system was used to provide the
current-potential relationship and H2(g) production measurements needed to calculate the
current and voltage efficiency of the CuCl(aq)/HCl(aq) electrolytic cell. The anolyte
solution was prepared by dissolving 1.25 mol of CuCl2(s) into 8.71 mol/kg HCl(aq).
Anolyte was then circulated through a glass column packed with copper shot and glass
beads to regenerate CuCl2(aq) species to CuCl(aq) species, forming a highly reduced
environment. Conversion of CuCl2(aq) to CuCl(aq) could be identified visually by the color
of the anolyte switching dramatically from a dark green to a very transparent solution with
a yellow tinge. The resulting solution was fed directly into the electrolytic cell. The
catholyte solution was 7.75 mol/kg HCl(aq) blanketed with 1 bar of H2(g). The anolyte and
catholyte flow rates were 220 mL/min. A schematic of the system used for testing the
CuCl(aq)/HCl(aq) electrolytic cell is presented in Figure 2.3.

Figure 2.3. Schematic of the CuCl(aq)/HCl(aq) electrolyzer experimental system at 25 °C
and 1 bar: 1 – catholyte tank, 2 – anolyte tank, 3 – catholyte pump, 4 – anolyte pump, 5 –
damping column, 6 – regeneration column, 7 – electrochemical cell, 8 – HCl(g) removal,
9 – moisture removal, 10 - H2(g) flow meter, 11 – H2(g) storage tank.
The system presented in Figure 2.3 was used to determine the voltage and current
efficiencies of a CuCl(aq)/HCl(aq) electrolytic cell. Component numbers 8 through 11
represent the section of the system that purifies the gas stream from the cathode then
measures the hydrogen gas production rate. For a constant current density of 0.3 A/cm2,
steady state hydrogen production was measured for 30 minutes to compare with the
theoretical output of H2(g) from the constant current density. The value of 0.3 A/cm2 was
used because it was a DOE design target, as indicated in a previous study [17]. To
determine the current-potential relationship for a series of potentials, linear sweep
voltammetry (LSV) was conducted with a Gamry 3000 potentiostat. The resulting
polarization curve obtained from LSV was used to calculate the voltage efficiency of the
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electrolyzer. Additional descriptions of system operation and design are provided in detail
within previous publications [8,14,16,17].
4. Results and Discussion
4.1 Anolyte Redox Potentials and the Effect of Anolyte Speciation
The anode redox potential data collected comprised of an experimental cell potential at
OCP (Ecell(OCP)) paired with a concentration ratio of CuCl(aq) to CuCl2(aq), as described in
section 3. Solutions 1 through 5 were prepared in the manner described for the glass
electrochemical cell within the experimental section. The major difference between each
solution was the amount of injected mass of 1 mol CuCl2(aq) with 8 mol/kg HCl(aq).
Ecell(OCP) was observed via OCP measurements between the CuCl(aq)/CuCl2(aq) redox
electrode versus a Ag(s)/AgCl(s) reference electrode in a 4.57 mol/kg KCl(aq) solution.
The concentrations for each OCP measured are presented in Table 2.1. . The standard
deviation of the average Ecell(OCP) value measured is the random error associated with each
measurement in Table 2.1.
Table 2.1. Composition of CuCl(aq)/CuCl2(aq) solutions used in redox equilibrium
potential, Ecell(OCP), measurements at 25±0.3 °C and 1.00±0.02 bar.

total mass / g
mass added / g
HCl(aq) / g
CuCl(s) / g
CuCl2(s) / g
H2O(l) / g
HCl(aq) / (mol/kg)
CuCl(aq) / (mol/kg)
CuCl2(aq) /
(mmol/kg)
Ecell(OCP) / mV

1
111.9398
0.6398
21.9234
14.7934
0.0603
75.1627
8.00
1.99

Solutions used in OCP measurements
2
3
4
112.5899 113.2364
114.4063
0.6501
0.6465
1.1699
22.0564
22.1886
22.4279
14.7934
14.7934
14.7934
0.1216
0.1826
0.2928
75.6185
76.0718
76.8922
8.00
8.00
8.00
1.98
1.96
1.94

5
115.6927
1.2864
22.6910
14.7934
0.4141
77.7942
8.00
1.92

6.0

12.0

18.0

28.0

40.0

234±0.1

251±0.1

261±0.05

274±0.05

282±0.1

The OCP data collected are displayed in Figure 2.4.

ECell(OCP) / V
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0.30
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.20
0.005

0.05
Molality of CuCl2(aq) / mol kg-1

Figure 2.4. Ecell(OCP) for the CuCl(aq)/CuCl2(aq) redox electrode with different
concentrations of CuCl2(aq), as specified in Table 1, versus a 4.57 mol/kg KCl(aq)
Ag(s)/AgCl(s) reference electrode at 25±0.3 oC and 1.00±0.02 bar.
The linear relationship between the Ecell(OCP) and the logarithm of CuCl2(aq) concentration
demonstrates good consistency between the data points collected.
The contribution from the anode to the CuCl(aq)/HCl(aq) electrolytic cell’s
decomposition potential (EDP) is equal in magnitude but opposite in sign to Ecell(OCP). This
equilibrium potential can be determined from experimental OCP measurements of the
anode versus a reference electrode with a known potential of the reference electrode versus
the SHE. Using this approach, experimental OCP values for the anode versus the reference
electrode in the multi-port electrochemical cell were compared with theoretical predictions
of the potential using the Nernst equation discussed in Section 2.3. As the tests employed
a liquid junction between the test and reference electrode solutions, a diffusion potential
(Ediff) correction is needed for accurate comparisons. Previous works have successfully
used the Henderson equation to account for Ediff [40]. The Henderson equation was used to
estimate the Ediff resulting from contact between 8 mol/kg HCl(aq) test solution and 4.57
mol/kg KCl(aq) reference electrode. The Henderson equation is as follows [40]:
|𝑎𝑖(𝐼𝐼) −𝑎𝑖(𝐼) |𝜆𝑖 |𝑧𝑖 |

𝐸𝑑𝑖𝑓𝑓 = −

𝑅𝑇
𝐹

∑

[∑|𝑎

𝑧𝑖

𝑖(𝐼𝐼) −𝑎𝑖(𝐼)

∑𝑎

𝜆 |𝑧 |

] ln { ∑ 𝑎𝑖(𝐼𝐼)𝜆 𝑖|𝑧 𝑖| }
|𝜆 |𝑧 |
𝑖

𝑖

𝑖(𝐼) 𝑖

𝑖

(8)

where 𝐸𝑑𝑖𝑓𝑓 is the diffusion potential between solution I and solution II, 𝑎𝑖(𝐼𝐼) is the activity
of the i-th ionic species in solution II, 𝑎𝑖(𝐼) is the activity of the i-th species in solution I,
𝑧𝑖 is the charge of the i-th ionic species and 𝜆𝑖 is the molar ionic conductivity of the i-th
ionic species. In this cell setup, solution I was the 4.57 mol/kg KCl(aq) and solution II was
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8 mol/kg HCl(aq) at an ionic strength of 10. The activities for the ions considered in
solutions I and II were taken to equal 2.62 and 92.79, respectively. The molar
conductivities for KCl(aq) at 4.57 mol/kg and HCl(aq) at 8 mol/kg were taken from Ref.
data as 92.70 S cm2/mol [41] and 134.04 S cm2/mol [42], respectively. The relationship
between ionic conductivities (𝜆+ , 𝜆− ) and molar conductivity (Λ) are as follows;
𝜆+ =
𝜆− =

𝑡+ Λ
𝑣+
𝑡− Λ
𝑣−

(9)
(10)

where 𝑡− and 𝑡+ are the transport numbers for the cation and anion, respectively. For the
Ediff calculations, the transport numbers for KCl(aq) and HCl(aq) at infinite dilution were
used to estimate the ionic conductivities, a common assumption, due to a relatively small
concentration dependence of the transport numbers in these solutions [43]. From Ref. [43],
the transport number for H+(aq) in HCl(aq) was 0.8209. From Ref. [43], the transport
number for K+(aq) in KCl(aq) was 0.4905. Using Eqs. (9) and (10), the resulting ionic
conductivity values used to estimate the Ediff within the Henderson equation for KCl(aq)
were 45.47 S cm2/mol and 47.25 S cm2/mol for the cation and anion, respectively. For
HCl(aq), the molar ionic conductivity values were 109.98 S cm2/mol and 24.00 S cm2/mol
for the cation and anion, respectively. At 25 oC, the calculated Ediff was -66 mV. Additional
sources of uncertainty from the Ediff calculation, not readily quantifiable, are deviations in
the transport numbers, activity coefficients and contributions from the copper containing
complexes. Even with these additional uncertainties, the first approximation of a Ediff as 66 mV is more preferable than ignoring Ediff entirely.
Determining the anode potential (Eanode) vs. the SHE from the measured Ecell(OCP)
required adjusting for the reference electrode potential (Eref) vs. the SHE and the Ediff
previously discussed. For the reference electrode, the electrochemical couple was the
Ag(s)/AgCl(s) with a standard electrode potential of 0.2223 V [44] and the Cl-(aq) activity
was the same value used in the Henderson equation for the KCl(aq) solution ions, 2.62.
The resulting potential for the Ag(s)/AgCl(s) reference electrode versus the SHE was
198±3 mV. The accuracy of the Eref vs. the SHE was limited to 3 mV, which was the
potential difference measured between two Ag(s)/AgCl(s) reference electrodes in the same
reference solution, prior to being applied in the experimental system. Calculating the Eanode
versus the SHE, Eanode can be determined by the following equation:
Eanode = Ecell(OCP) + Eref – Ediff

(11)

where Eref is the Ag(s)/AgCl(s) reference electrode potential versus the SHE and Ediff is the
diffusion potential calculated using the Henderson equation. Using Eq. (8), the
experimental Ecell(OCP) values were used to determine Eanode for each ratio of
CuCl(aq)/CuCl2(aq). The estimated Eanode are given in Table 2.2. Theoretical predictions
of Eanode vs. the SHE were made for the three different variations of CuCl(aq) speciation
discussed in Section 2.1 using the available HKF model parameters and empirical activity
coefficient parameters as described in Section 2.2. The resulting theoretical Eanode vs. the
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SHE were compared with the experimentally determined Eanode vs. the SHE. Table 2.2 is a
summary of the theoretical Eanode values predicted for the different ratios of
CuCl(aq)/CuCl2(aq) for the three CuCl(aq) Speciation sets.
Table 2.2. Comparison of experimental and theoretical values for the anodic equilibrium
potential
Anodic potential / mV
Solutions used in measurements (see Table 1)
Experimental Eanode
498±3.1 515±3.1 525±3.05 538±3.05
546±3.1
1
Predicted Eanode
407
425
436
448
457
2
Predicted Eanode
452
471
481
493
502
3
Predicted Eanode
508
526
535
548
557
1
2
3
Speciation 1, Speciation 2, Speciation 3
From the results shown in Table 2.2, all the models predicted the magnitude of Eanode within
90 mV. Another observation is that all speciation models predicted the change in potential
between each test condition with an accuracy of 1 mV. The most defining difference
between the speciation models was their accuracy in predicting the correct magnitude of
the Eanode. Of the three CuCl(aq) Speciation sets, the values from Speciation 3 provided
predictions within 12 mV of the experimentally determined anode potential as a function
of CuCl(aq) and CuCl2(aq) concentrations, which was quite close considering the
uncertainties associated with high ionic strength solutions.
When compared to the 40 mV deviation of Speciation 2 predictions and the 90 mV
deviation of Speciation 1 predictions, Speciation 3 predictions are considerably more
accurate with respect to equilibrium potential predictions for the anolyte. However, as
demonstrated in the Balashov et al. (2011) paper, the solubility predictions from Speciation
3 and Speciation 2 deviate considerably from the existing experimental solubility data. This
disagreement between models and experimental data indicates that additional studies are
still needed to further refine the thermodynamic properties of the CuCl(aq) and CuCl2(aq)
species. In this work, we will use the Speciation 3 model as most suitable for analysing the
CuCl(aq)/HCl(aq) electrolytic cell. Nevertheless, the experimental redox potential data
presented in this study provide additional data to further investigate the uncertainty related
to the CuCl(aq) and CuCl2(aq) speciation models and their thermodynamics.
4.2 Speciation of CuCl(aq) Species in the Anolyte
Using the CuCl(aq) Speciation 3 values, a concentration diagram of the CuCl(aq)
species in the anolyte were produced for high ionic strengths. This diagram identifies the
dominant species in CuCl(aq) solution predicted to exist at equilibrium. Speciation of the
anolyte was predicted as a function of HCl(aq) with high concentrations of CuCl(aq) in a
highly reduced environment when the extent of reaction is low. Figure 2.5 presents the
CuCl(aq) species concentrations predicted to exist at high concentrations of HCl(aq) when
2 mol/kg of CuCl(aq) is used at 25 oC and 1 bar.
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Figure 2.5. Logarithm of molal concentration of CuCl(aq) species in 2 mol/kg CuCl(aq)
solution as a function of HCl(aq) concentration from 8 to 10 mol/kg in a highly reduced
environment at 25 oC and 1 bar. [─ ─ Cu+(aq), ─ ∙ CuClo(aq), ∙∙∙∙∙ CuCl2-(aq), — CuCl32(aq)]
As shown in Figure 2.5, the species CuCl32-(aq) is predicted to be orders of magnitude
higher in concentration than all other Cu(I) species. CuCl2-(aq) was the second largest
concentration. The concentration of Cu+(aq) and CuCl2-(aq) is very small of an order of
magnitude, respectively, 10-11 and 10-8 mol/kg. Considering the high current densities
experimentally measured from this cell (0.2 - 0.5 A/cm2), the primary electrochemically
active bulk species is likely to be CuCl32-(aq). For CuCl2(aq) species, CuCl3-(aq) and
CuCl42-(aq) were the most prevalent. Given that CuCl32-(aq) is the most likely CuCl(aq)
species, the simplest mechanism for a dominant electrochemical reaction that is fast and
reversible would indicate CuCl3-(aq) is the dominant CuCl2(aq) electrochemically active
species of the anode half reaction.
Figure 2.6 presents the concentrations of CuCl2(aq) species predicted when 2 mol
of CuCl(s) is dissolved into various concentrations of HCl(aq). Further confirmation of the
mechanism can be obtained in future work through comparisons between concentrations
predicted from electrochemical kinetic studies and the concentrations predicted here with
using thermodynamic calculations.
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Figure 2.6. Logarithm of molal concentration of CuCl2(aq) species in a 2 mol CuCl(aq)
solution as a function of HCl(aq) concentration from 8 to 10 mol/kg in a highly reduced
environment at 25 oC and 1 bar. [─ = Cu2+(aq), ∙∙∙∙∙ = CuCl+(aq), − − − = CuCl2o(aq), ─ ─
= CuCl3-(aq), − ∙ − = CuCl42-(aq)]
4.3 Electrochemical Efficiency of the CuCl(aq)/HCl(aq) Electrolytic Cell
4.3.1 Current Efficiency
The current efficiency, otherwise known as faradaic efficiency, is frequently used to assess
a contribution of undesired reactions to the total current generated in electrolyzer. In
previous research [2], copper deposition at the cathode from copper permeation through
the membrane was a significant obstacle. However, recent studies have since demonstrated
that the obstacle can be overcome by increasing the concentration of HCl(aq) at the cathode
[3,14–16]. When copper deposition is not occurring, the current efficiency measurements
of hydrogen production in the electrolytic cell have consistently been greater than 90 %.
The current efficiency, εc, is calculated as follows:
εc = H2(measured) / H2(calculated)

(12)

where H2(measured) is the amount of H2 gas experimentally produced for a given current
density output and H2(calculated) is the amount of H2 gas calculated via Faraday’s law of
electrolysis using the measured current flowing through the cell. The water displacement
technique, described previously [8,17], was used to measure H2 production and verify the
high current efficiency reported previously. After the H2(g) measurement apparatus
reached a steady state, hydrogen production was measured for 30 minutes. Figure 2.7
presents an example of the εc data collected each minute for thirty minutes.
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Figure 2.7. εc data from the CuCl(aq)/HCl(aq) electrolyzer at a constant current density of
0.3 A/cm2. Conditions: anolyte is 2.5 mol of CuCl(aq) with 8.71 mol/kg HCl(aq) in 1 kg
of water, catholyte is 7.75 mol/kg HCl(aq) in contact with 1 bar of H2(g), flow rates of both
the anolyte and catholyte are 220 mL/min.
Overall, these results were consistent with the values previously obtained. For example,
Faraday’s law predicted 11.95 mL/min of H2 would be produced and for thirty minutes
11.5 ± 0.5 mL/min of H2 was measured. The average εc measured was 0.95 with a standard
deviation of ±0.05 mL/min. Therefore, we can conclude that this CuCl(aq)/HCl(aq)
electrolytic cell experienced no significant parasitic electrochemical reactions.
4.3.2 Thermodynamic Efficiency
In electrochemical science and engineering, the thermodynamic efficiency
describes the transfer of energy in a reversible electrochemical cell. Unlike thermodynamic
efficiency for a heat engine, the thermodynamic efficiency for electrochemical cells is not
necessarily constrained between 0 and 1 [45]. Investigating the thermodynamic efficiency
for a CuCl(aq)/HCl(aq) electrolytic cell highlights some of the peculiarities and a possible
misunderstanding that in aqueous solutions the standard thermodynamic state of ions is
hypothetical. This hypothetical state is not representative of operating conditions where
species activity coefficients are known not to be unity. An assessment of this electrolytic
cell’s reaction thermodynamics (1) showed a need to take into account the activity
coefficients and (2) demonstrated that the anolyte speciation can significantly impact
thermodynamic efficiency.
In order to calculate the thermodynamic efficiency, Gibbs energy of reaction and
enthalpy of reaction were needed for the electrolytic reaction [45]. To account for activity
coefficients, the enthalpy (ΔrH), Gibbs energy (ΔrG) and entropy (ΔrS) of reaction were
calculated by the following equations:
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ΔrH = ΔrH° - RT (ln [
2

ΔrG = ΔrG° - RT ln [

𝑣

𝑣

𝑣

𝑣

Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑅 i
Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑃

𝑣

𝑣

𝑣

𝑣

Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑅
Π(𝑏𝑖 𝑖 𝛾𝑖 𝑖 )𝑃

])/T = ΔrH° - RT2 ln(Q)/T

] = ΔrG° - RT ln[𝑄]

ΔrS = (ΔrH - ΔrG) / T

(13)

(14)
(15)

The standard thermodynamic values were calculable using the HKF equations cited
in Section 2.1. As the predominant electrolytic reaction had yet to be determined, three
reactions were selected for comparison. However, at equilibrium a solution only has one
redox potential and as such these redox reactions should have the same reaction
thermodynamic values provided all reactions are sufficiently fast and reversible.
Cu+(aq) + H+(aq) = Cu2+(aq) + 0.5H2(g)

(16)

CuCl32-(aq) + H+(aq) = CuCl3-(aq) + 0.5H2(g)

(17)

CuCl32-(aq) + Cl-(aq) + H+(aq) = CuCl42-(aq) + 0.5H2(g)

(18)

The equation for calculating the thermodynamic efficiency, εTH, of an electrolytic cell is as
follows [46]:
εTH = ΔrH / ΔrG

(19)

which is inverse to the thermodynamic efficiency of a fuel cell [45]. To demonstrate the
impact of activity coefficients and speciation on thermodynamic efficiency, the standard
thermodynamic values, εoTH = ΔrHo/ ΔrGo, are presented for Reactions (16)-(18) in Table
2.3.
Table 2.3. Standard thermodynamic values of three electrochemical reactions for a
CuCl(aq)/HCl(aq) electrolytic cell at 25 °C and 1 bar.
Reaction # ΔrGo / (J/mol)
RXN 16
15627
RXN 17
55802
RXN 18
68931

ΔrHo / (J/mol) ΔrSo / (J/[mol K]) -Ecello / (mV)
-14727
-101.81
162
2891
-177.46
578
-21187
-302.26
714

εoTH
-0.94
0.05
-0.31

As can be seen from Table 2.3, the standard thermodynamic properties, ΔrH°, ΔrG°, and
ΔrS° of the three reactions are very different and, moreover, some of the standard
thermodynamic efficiencies are negative at the hypothetical standard state. However, to
calculate the thermodynamic values of an operating electrolytic cell, activity coefficients
and aqueous speciation must be taken into account.
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As demonstrated previously [5,8], current operating concentrations in the anolyte
aimed to maximize CuCl(aq) species and minimize CuCl2(aq) species. These conditions
resulted in a highly reduced aqueous environment. At these conditions, the concentration
of the total CuCl(aq) was well defined, but the concentration of total CuCl2(aq) was rarely
taken into account. To overcome this limitation, the concentrations of CuCl(aq) and
CuCl2(aq) species in RXNs (16) - (17) were determined from Gibbs energy minimization
calculations for a case of dissolving 2.50 mol of CuCl(s) in 8.71 mol/kg HCl(aq). The
resulting concentration ratio of Cu+ species to Cu2+ species from Gibbs energy
minimization represents a thermodynamic minimum value of the Gibbs energy of reaction
for the HCl(aq) and total aqueous copper species concentrations used at the anode. The
catholyte concentrations used were 1 bar of H2(g) and 7.75 mol/kg of H+(aq). The values
of the anolyte species at temperature of 25 oC along with two neighboring temperatures of
20 and 30 oC are presented in Table 2.4.
Table 2.4. Anolyte concentrations and activity coefficients needed to calculated the
thermodynamic efficiencies for the electrochemical reactions with 2.5 mol of CuCl(aq) in
8.71 mol/kg HCl(aq) forming a highly reduced environment at a total pressure of 1 bar .

CuCl3Cu2+
CuCl42-

20 oC
bi / (mol/kg)
1.12 10-8
6.48 10-11
2.84 10-8

γi
16.15
2.26
2.26

CuCl32Cu+
Cl-

2.498
1.91 10-12
3.732

2.26
16.15
16.15

Species /
(aq)

25 oC
bi / (mol/kg)
γi
1.37 10-8
14.98
-10
1.10 10
2.07
-8
2.76 10
2.07
2.498
4.00 10-12
3.732

2.07
14.98
14.98

30 oC
bi / (mol/kg)
γi
1.64 10-8
13.81
-10
1.82 10
1.89
-8
2.65 10
1.89
2.497
8.21 10-12
3.733

1.89
13.81
13.81

With the values given in Table 2.4 and Table 2.10, reaction quotients, as a function of
temperature for each reaction considered are presented in Table 2.5 as well as a linear
approximation of the temperature derivative of the equilibrium constant, [∂ln(Q)/∂T]P.
Only three temperature values were used for the linear interpolation as the coefficient of
determination of the fittings was greater than 0.95.
Table 2.5. Reaction quotients for the reactions considered as a function of temperature.
Reaction #

ln(Q)@20°C

ln(Q)@25°C

ln(Q)@30°C

[∂ln(Q)/∂T]P

RXN 16
RXN 17
RXN 18

21.046
2.229
26.177

20.78
2.399
26.076

20.525
2.568
25.982

-0.051
0.0338
-0.0188
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Using values from Table 2.5 and the standard thermodynamic values in Table 2.3,
thermodynamic values that account for the effects of activity coefficients and speciation
can now be calculated.
Table 2.6. Thermodynamic values for the CuCl(aq)/HCl(aq) electrolytic cell taking into
account the activity coefficients and concentration terms at 25 °C and 1 bar.
Reaction #
RXN 16
RXN 17
RXN 18

ΔrG / (J/mol)
9710
9680
9720

ΔrH / (J/mol) ΔrS / (J/[mol K])
10350
2.15
10340
2.21
10370
2.18

-Ecell / (mV)
100
100
100

εTH
1.07
1.07
1.07

The values in Table 2.6 clearly demonstrate the effect of operating conditions on
the thermodynamic efficiency of an electrolytic cell. When accounting for the activity
coefficients and speciation, the thermodynamic reaction values changed dramatically, this
agreed with the trends observed in the experimental section. All reactions were nonspontaneous for this electrolytic process and required a reversible potential of -100 mV,
which is the theoretically calculated magnitude of the decomposition potential.
Furthermore, all the thermodynamic values for the three reactions were essentially the
same, which agreed with the notion that the solution only had one redox potential at
equilibrium. For the concentrations considered, the thermodynamic efficiency for all the
redox reactions in this solution was 107 %. This positive efficiency is comparable to but
less than the 120 % thermodynamic efficiency for water electrolysis [45]. An efficiency of
107 % indicated that the reaction requires a small amount of heat to be supplied to the
system from the environment (or other processes in the cell such as Joule heating), in
addition to the electrical work done by the environment on the system. The difference
between the standard values and those determined by accounting for activity coefficients
demonstrate the significant impacts possible from high ionic strength solutions on
thermodynamic values in an electrolytic cell. Now that the decomposition potential is
predictable, estimations of the real voltage efficiency are possible.
4.3.3 Voltage Efficiency
The electrochemical efficiency used to quantify the amount of work lost from irreversible
processes of an electrochemical cell is commonly referred to as the voltage efficiency.
Voltage efficiency for an electrolytic cell describes the additional work done on the system
by the environment to overcome processes such as ohmic, charge transfer and mass transfer
resistances. For the CuCl(aq)/HCl(aq) electrolytic cell, experimental data obtained from
the electrolyzer system can be used to assess the voltage efficiency at 25 oC. The
description of the voltage efficiency, εV, for an electrolytic cell is as follows:
εV = EDP/EEC

(20)

which is inverse to the definition for fuel cells [45]. In Eq. (20) EDP is the theoretical cell
decomposition potential and EEC is the operating or applied potential of the cell at a
specified current density output [47]. It is important to note that the applied potential is
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commonly shown as a positive value. However, from a thermodynamic perspective, all
non-spontaneous reactions have a negative equilibrium potential.
To determine the voltage efficiency, current density as a function of applied
potential is needed and can be obtained from a current-potential performance curve. In
Figure 2.8, applied potentials for the lab scale electrolyzer was collected via an LSV curve,
as described previously in the experimental system section.
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Figure 2.8. LSV with a 10 mV/s sweep rate for the CuCl/HCl electrolytic cell at 25 ± 0.1
o
C: Anolyte is 2.5 mol of CuCl(s) in 8.71 mol/kg HCl(aq), and catholyte is 7.75 mol/kg
HCl(aq) in contact with 1±0.1 bar of H2(g), flow rates are 220 mL/min.
With the applied potential-current density curve and the theoretical decomposition
potential calculated previously (-100 mV), the voltage efficiency can be calculated a
function of measured current density.
Figure 2.9 shows the voltage efficiency as a function of current density measured
using the described above CuCl(aq)/HCl(aq) electrolytic cell.
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Figure 2.9. Voltage efficiency estimated from the LSV curve in Figure 8 for the
CuCl(aq)/HCl(aq) electrolytic cell as a function of current density at 25 ± 0.1 oC.
Similar to water electrolysis, the voltage efficiency represents the largest inefficiency of
the electrolyzer and can be improved through several approaches. For example, reducing
charge transfer, mass transfer and ohmic losses in a cell design can be used to improve the
voltage efficiency. Implementing better catalysts, membranes, and flow fields for this
electrochemical cell are the areas with large possibilities to improve voltage efficiency and
by association improve the overall efficiency of the CuCl(aq)/HCl(aq) electrolytic cell.
Moreover, the overall cell performance can be improved by reducing the permeation of
copper species through the membrane.
This voltage efficiency analysis of the CuCl(aq)/HCl(aq) electrolytic cell brings
about an interesting conclusion on the practice of comparing voltage efficiencies between
different electrochemical cells. Consider a case where the decomposition potential of an
electrolyzer approaches zero. When the decomposition potential is sufficiently low, any
appreciable application of potential will result in low voltage efficiency. Therefore, the
term of voltage efficiency should not be used when the magnitude of the decomposition
potential is close to zero. Also, we do not need the voltage efficiency to be used if the
decomposition potential is the theoretical value. The product of the voltage and
thermodynamic efficiencies eliminates the need using the voltage efficiency.
4.3.4 Overall Efficiency
With the current, thermodynamic and voltage efficiencies now known, it is possible to
determine the overall efficiency[45] for the first time. Overall efficiency for an electrolytic
cell represents the total electrical energy input that is stored within a desired form of
chemical energy. For the CuCl(aq)/HCl(aq) electrolytic cell, we identify CuCl2(aq) and
H2(g) as the desired chemical products. The common equation of electrolytic efficiency is
as follows [45]:
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εEC = εV εTH εc

(21)

which also be rearrange to an equation where the voltage efficiency is not used:
εEC = (rH/rG) (ED/EEC) εc = [rH/ (neF EEC)] εc

(22)

εEC

Figure 2.10 shows the overall efficiency, calculated by Eq. (22), as a function of current
density measured using the described above CuCl(aq)/HCl(aq) electrolytic cell.
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Figure 2.10. Overall efficiency for the CuCl(aq)/HCl(aq) electrolytic cell at 25 ± 0.1 oC for
a range of current densities.
As with the voltage efficiency plot, a significant decrease in efficiency is observed at low
current densities. This sudden drop is the primary source of inefficiency in the current
design and operating conditions of the electrolytic cell. The most probable sources of this
inefficiency given the experimental observation here and in previous works [8,17] are
permeation of copper through the membrane, membrane resistance, diffusion
overpotentials and an increasing CuCl2(aq) concentration at the anode. Additional studies
are needed to further differentiate the losses in performance from these known issues.
To put the efficiency of the electrolytic cell into context with the Cu-Cl cycle, the
total potential energy stored by the cycle is quantified by the enthalpy of water vapour
decomposition (lower heating value of H2, LHVH2) [10,11], which is 241.8 kJ/mol [48] .
When compared to the enthalpy of this step, 10.3 kJ/mol in highly reduced conditions, the
overall efficiency of the electrolytic process dictates the storage efficiency of less than 5 %
of the total energy stored by the Cu-Cl thermochemical cycle. As such, the efficiency of
the electrolytic cell does not have the largest impact on the total efficiency of the cycle. To
demonstrate, the data and equations provided in Ref. [10] for the steps of the Cu-Cl cycle,
can be used to calculate the cycle efficiency, εcycle, that corresponds to different values of
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εEC for the CuCl(aq)/HCl(aq) electrolytic cell operating at 25 °C. According to Ref. [10],
the efficiency of the Cu-Cl cycle with a process design that uses the CuCl(aq)/HCl(aq)
electrolytic cell is as follows:
𝐿𝐻𝑉𝐻2

𝜀𝑐𝑦𝑐𝑙𝑒 = 𝑄

𝑛𝑒𝑡 + 𝑊

=

241.8 𝑘𝐽/𝑚𝑜𝑙
343.4 𝑘𝐽/𝑚𝑜𝑙+(

41.2 + ( −𝐸𝐸𝐶)
0.4

(23)
) 𝑘𝐽/𝑚𝑜𝑙

where Qnet is the total heat and W is the total work input (electrical energy) required by the
cycle [10]. The value 343.4 kJ/mol represents the total heat and the value 41.2 kJ/mol
represents the electrical energy needed by the cycle excluding the electrical energy needed
by the electrolytic cell taken from Ref. [10]. The conversion factor 0.4 represents the
conversion efficiency from heat to electricity taken from Ref. [10]. Using the EEC that
corresponded with each εEC, εcycle was calculated for each value of the εEC. Figure 2.11
presents the calculated Cu-Cl εcycle for each εEC.
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Figure 2.11. Cu-Cl εcycle for different εEC values of the electrolytic cell operating at 25 °C
and 1 bar with highly reduced conditions at the anolyte.
As demonstrated in Figure 2.11, decreasing εEC 85 % only decreased εcycle by 18 %. When
EEC was increased in magnitude to increase the current density, the cycle efficiency
decreased as expected. By decreasing the amount of overpotential needed to reach
appreciable current densities through improvements in design, the impact of the
CuCl(aq)/HCl(aq) electrolytic cell on εcycle can be reduced.
5 Conclusions
Open circuit potential measurements coupled with Gibbs energy minimization
calculations that accounted for the effect of activity coefficients and speciation
demonstrated the predictability of the Gibbs energy of the anode reaction in the
CuCl(aq)/HCl(aq) electrolytic cell. Using this approach, the uncertainty between three
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CuCl(aq) speciation models were examined. It was found that the Eanode values predicted
with the Sverjensky et al., (1997) thermodynamic values (Speciation 1 model) were within
12 mV for all measured potentials, whereas Speciation 2 and 3 were off by -90 mV and 40
mV, respectively. Furthermore, the Sverjensky’s speciation model provided evidence to
CuCl32-(aq) and CuCl3-(aq) being the electrochemically active species of the primary half
reaction at the anode.
Using Speciation 1 model, thermodynamic values such as the Gibbs energy,
entropy and thermodynamic efficiency of the electrolytic cell were calculated for a highly
reduced anolyte at 25 °C and 1 bar. As expected, all redox reactions considered had the
same thermodynamic values at equilibrium. The Gibbs energy, enthalpy and entropy of
the electrochemical reaction were found to be, respectively, 9700 J/mol, 10350 J/mol, and
2.15 J/(mol K). These values resulted in a thermodynamic efficiency of 107 %. It was found
that accounting for the effect of activity coefficients and aqueous phase speciation is critical
when predicting representative thermodynamic and overall efficiency values. By
accounting for these phenomena, the relationship between operating conditions and cell
performance can be correctly understood. Using thermodynamic values predicted for the
electrochemical reaction and experimental data, the overall efficiency of converting
electrical energy to desired chemical energy was calculated for the first time. Depending
on the current density, the overall efficiency ranged from 15 to 95 %.
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Appendix
Table 2.7. Heat capacity values and standard thermochemical properties of solids at
298.15 K and 1 bar.
Formula

d

e

S° (b)

ΔfG° (a)

Ref.

2.569·10-5

0

-1.845·106

87.03

-120081

[18,19]

29.764

1.612·10-2

3.411·10-7

-1.007·10-7

0

33.14

0

[20]

426.02

-2.508·10-2

9.244·10-5

-6.078·103

4.898·106

93.14

-146036

[20]

30.967

1.374·10-2

0

3.693·102

-1.258·106

42.63

-129567

[20]

a

b

c

75.271

-2.683·10-2

Cu(s)
Cu2O(s)

CuCl(s)

CuO(s)

Cp(T) = a + bT +

cT2

+ dT

-0.5

+ eT

-2

;

(a)

J

mol-1; (b)

J

mol-1

K-1;
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Table 2.8. Standard thermodynamic properties and Helgeson, Kirkham and Flowers
(HKF) model parameters for aqueous species.
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Table 2.9. Standard thermodynamic properties and Helgeson, Kirkham and Flowers
(HKF) model parameters for CuCl(aq) species
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Table 2.10. Mean activity coefficients and corresponding bγ of HCl(aq) at 1 bar [29]
Ionic Strength / mol kg-1

γ± at 20 °C

bγ at 20 °C

γ± at 25 °C

bγ at 25 °C

γ± at 30 °C

bγ at 30 °C

8

6.23

0.1477

5.89

0.1449

5.56

0.1418

9

8.48

0.1478

7.96

0.1450

7.47

0.1419

10

11.40

0.1474

10.70

0.1448

9.94

0.1416

11

15.20

0.1466

14.10

0.1438

13.10

0.1409

12

19.90

0.1452

18.30

0.1414

16.90

0.1394

References
[1] S. Dillich, Hydrogen Production and Delivery, Annu. Merit Rev. Peer Eval. Meet.
(2013).
http://www.hydrogen.energy.gov/pdfs/review13/2013_h2_amr_plenary_production_a
nd_delivery_dillich.pdf
[2] G.F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, Z. Wang, V. Daggupati, et al.,
Canada’s program on nuclear hydrogen production and the thermochemical Cu–Cl
cycle, Int. J. Hydrogen Energy. 35 (2010) 10905–10926.
[3] G.F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, M. Ferrandon, Z. Wang, et al., Clean
hydrogen production with the Cu–Cl cycle – Progress of international consortium, I:
Experimental unit operations, Int. J. Hydrogen Energy. 36 (2011) 15472–15485.
[4] G.F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, M. Ferrandon, Z. Wang, et al., Clean
hydrogen production with the Cu–Cl cycle – Progress of international consortium, II:
Simulations, thermochemical data and materials, Int. J. Hydrogen Energy. 36 (2011)
15486–15501.
[5] G.F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, Z. Wang, I. Dincer, et al., Progress of
international hydrogen production network for the thermochemical CuCl cycle, Int. J.
Hydrogen Energy. 38 (2012) 740–759.
[6] G. Naterer, S. Suppiah, M. Lewis, K. Gabriel, I. Dincer, M.A. Rosen, et al., Recent
Canadian advances in nuclear-based hydrogen production and the thermochemical Cu–
Cl cycle, Int. J. Hydrogen Energy. 34 (2009) 2901–2917.
[7] G.F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, Z. Wang, I. Dincer, et al., Progress of
international hydrogen production network for the thermochemical Cu-Cl cycle, Int. J.
Hydrogen Energy. 38 (2013) 740–759.
[8] V.N. Balashov, R.S. Schatz, E. Chalkova, N.N. Akinfiev, M. V. Fedkin, S.N. Lvov,
CuCl Electrolysis for Hydrogen Production in the Cu–Cl Thermochemical Cycle, J.
Electrochem. Soc. 158 (2011) B266–B275.
[9] T.A.H. Ratlamwala, I. Dincer, Energy and exergy analyses of a Cu – Cl cycle based
integrated system for hydrogen production, Chem. Eng. Sci. 84 (2012) 564–573.
[10] M.F. Orhan, M.A. Rosen, Efficiency comparison of various design schemes for copper
– chlorine (Cu – Cl) hydrogen production processes using Aspen Plus software, Energy
Convers. Manag. 63 (2012) 70–86.
[11] M.S. Ferrandon, M.A. Lewis, D.F. Tatterson, V. Nankani, M. Kumar, L.E.
Wedgewood, et al., The Hybrid Cu-Cl Thermochemical Cycle . I. Conceptual Process

32

Design And H2A Cost Analysis . II. Limiting The Formation Of CuCl During
Hydrolysis, in: NHA Annu. Hydrog. Conf., Sacramento, 2006: pp. 1–20.
[12] M.F. Orhan, I. Dincer, M.A. Rosen, An exergy–cost–energy–mass analysis of a hybrid
copper–chlorine thermochemical cycle for hydrogen production, Int. J. Hydrogen
Energy. 35 (2010) 4831–4838.
[13] Y. Gong, E. Chalkova, N.N. Akinfiev, V.N. Balashov, M. V. Fedkin, S.N. Lvov,
CuCl-HCl Electrolyzer for Hydrogen Production via Cu-Cl Thermochemical Cycle,
ECS Trans. 19 (2009) 21–32.
[14] D.M. Hall, R.S. Schatz, E.G. LaRow, S.N. Lvov, CuCl/HCl Electrolyzer Kinetics for
Hydrogen Production via Cu-Cl Thermochemical Cycle, ECS Trans. 58 (2013) 15–25.
[15] S. Khurana, D.M. Hall, R.S. Schatz, S.N. Lvov, Diagnosis and Modeling of the CuCl
Electrolyzer Using Electrochemical Impedance Spectroscopy, ECS Trans. 53 (2013)
41–50.
[16] S. Kim, R.S. Schatz, S. Khurana, M. V. Fedkin, C. Wang, S.N. Lvov, Advanced CuCl
Electrolyzer for Hydrogen Production via the Cu-Cl Thermochemical Cycle, ECS
Trans. 35 (2011) 257–265.
[17] R. Schatz, S. Kim, S. Khurana, M. Fedkin, S.N. Lvov, High Efficiency CuCl
Electrolyzer for Cu-Cl Thermochemical Cycle, ECS Trans. 50 (2013) 153–164.
[18] G.B. Naumov, B.N. Ryzhenko, I.L. Khodakovskii, Handbook of Thermodynamic
Data, U.S. Department of Commerce, 1974.
[19] M.W. Chase, NIST-JANEF Thermochemical Tables, Fourth Edition, J. Phys. Chem.
Monograph (1998) 1–1951.
[20] R.A. Robie, B.S. Hemingway, J.R. Fisher, Thermodynamic properties of minerals and
related substances at 298.15°K and 1 bar (105 Pascals) pressure and higher
temperatures., Geol. Surv. Bull. (1978).
[21] H.C. Helgeson, D.H. Kirkham, G.C. Flowers, Theoretical prediction of the
thermodynamic behavior of aqueous electrolytes at high pressures and temperatures:
Calculation of activity coefficients, osmotic coefficients, and apparent molal and
standard and relative partial molal properties to 600°C and, Am. J. Sci. 281 (1981) 1249
1516.
[22] I.V. Tanger, H.C. Helgeson, Calculation of the thermodynamic and transport
properties of aqueous species at high pressures and temperatures: Correlation
algorithms for ionic species and equation of state predictions to 5 kb and 1000C,
Geochim. Cosmochim. Acta. 52 (1988) 2009–2036.
[23] N.N. Akinfiev, A.V. Zotov, Thermodynamic description of chloride, hydrosulfide,
and hydroxo complexes of Ag(I), Cu(I), and Au(I) at temperatures of 25–500 °C and
pressures of 1– 2000 bar., Geochemistry Int. 39 (2001) 990 – 1006.
[24] E.L. Shock, D.C. Sassani, D.A. Sverjensky, Inorganic species in geologic fluids:
Correlations among standard molal thermodynamic properties of aqueous ions and
hydroxide complexes., Geochim. Cosmochim. Acta. 61 (1997) 907–950.
[25] J.W. Johnson, E.H. Oelkers, H.C. Helgeson, SUPCRT92: A software package for
calculating the standard molal thermodynamic properties of minerals, gases, aqueous
species, and reactions from 1 to 5000 bars and 0 to 1000˚C, Comput. Geosci. 18 (1992)
899 –947.

33

[26] E.L. Shock, H.C. Helgeson, Calculation of the thermodynamic and transport
properties of aqueous species at high pressures and temperatures: Correlation
algorithms for ionic species and equation of state predictions to 5 kb and 1000°C,
Geochim. Cosmochim. Acta. 52 (1988) 2009–2036.
[27] D.A. Sverjensky, E.L. Shock, H.C. Helgeson, Prediction of the thermodynamic
properties of aqueous metal complexes to 1000 degrees C and 5 kb., Geochim.
Cosmochim. Acta. 61 (1997) 1359–412.
[28] J. Brugger, B. Etschmann, W. Liu, D. Testemale, J.L. Hazemann, H. Emerich, et al.,
An XAS study of the structure and thermodynamics of Cu(I) chloride complexes in
brines up to high temperature (400°C, 600bar), Geochim. Cosmochim. Acta. 71 (2007)
4920–4941.
[29] J.I. Partanen, P.M. Juusola, K.P. Vahteristo, A.J.G. Mendonça, Re-evaluation of the
Activity Coefficients of Aqueous Hydrochloric Acid Solutions up to a Molality of 16.0
mol·kg−1 Using the Hückel and Pitzer Equations at Temperatures from 0 to 50 °C, J.
Solution Chem. 36 (2007) 39–59.
[30] H.C. Helgeson, D.H. Kirkham, Theoretical Prediction of The Thermodynamic
Behavior of Aqueous Electrolytes at High Pressures and Temperatures: II. DebyeHuckel Parameters for Activity Coefficients and Relative Partial Molal Properties, Am.
J. Sci. 274 (1974) 1199–1261.
[31] V. Pokrovskii, Calculation of the standard partial molal thermodynamic properties and
dissociation constants of aqueous HCl and HBr at temperatures to 1000 ° C and
pressures to 5 kbar, Geochim. Cosmochim. Acta. 63 (1999) 1107–1115.
[32] D.A. Kulik, M. Kersten, U.W.E. Heiser, T. Neumann, Application of Gibbs Energy
Minimization to Model Early-Diagenetic Solid-Solution Aqueous-Solution Equilibria
Involving Authigenic Rhodochrosites in Anoxic Baltic Sea Sediments, Aquat.
Geochemistry. 6 (2000) 147–199.
[33] C.F. Weber, E.C. Beahm, D.D. Lee, J.S. Watson, A Solubility Model for Aqueous
Solutions Containing Sodium , Fluoride , and Phosphate Ions, Ind. Eng. Chem. Res. 39
(2008) 518–526.
[34] A.L. Ballard, E.D. Sloan, The next generation of hydrate prediction, Fluid Phase
Equilib. 218 (2004) 15–31.
[35] Y.S. Shvarov, E.N. Bastrakov, HCh: a software package for geochemical equilibrium
modelling. User’s Guide., Aust. Geol. Surv. Organ. Record 199 (1999).
[36] P. Koukkari, R. Pajarre, Calculation of constrained equilibria by Gibbs energy
minimization, Comput. Coupling Phase Diagrams Thermochem. 30 (2006) 18–26.
[37] A.C. Sun, W.D. Seider, Homotopy-continuation method for stability analysis in the
global minimization of the Gibbs free energy, Fluid Phase Equilib. 103 (1995) 213–
249.
[38] Y. V. Shvarov, HCh: New potentialities for the thermodynamic simulation of
geochemical systems offered by windows, Geochemistry Int. 46 (2008) 834–839.
[39] P. Kiekens, R.M.H. Verbeeck, E. Temmerman, A Kinetic Study of the Cu(II)/ Cu(I)
System in Cl- Media at the Glassy Carbon Electrode, Mikrochim. Acta. II (1981) 29–
36.
[40] J. Bagg, Computer Calculation of Liquid-Junction Potentials III. TemperatureDependence of Junction Potentials, Electrochim. Acta. 37 (1992) 719–723.

34

[41] I.D. Zaytzev, ed., Properties of Aqueous Solutions of Electrolytes, Boca Raton, 1992.
[42] W.M. Haynes, ed., Electrolytic Conductance and the Conductances of the
Hydrohalogen Acids in Water, in: CRC Handb. Chem. Phys., 94th Editi, CRC
press/Taylor and Francis, Boca Raton, FL, 2014.
[43] R.A. Robinson, R.H. Stokes, Electrolyte Solutions, Revised Se, Butterworths,
London, 1970.
[44] P. Vanysek, Section 5: Electrochemical Series, in: W.M. Haynes (Ed.), CRC Handb.
Chem. Phys., 94th editi, CRC press/Taylor and Francis, Boca Raton, FL, 2014.
[45] J.O.M. Bockris, S. Srinivasan, Fuel Cells: Their Electrochemistry, McGraw-Hill,
1969.
[46] J.E. O’Brien, Thermodynamics and Transport Phenomena in High Temperature Steam
Electrolysis Cells, J. Heat Transfer. 134 (2012) 031017.
[47] J. Larminie, A. Dicks, Fuel Cell Systems Explained, Second, John Wiley & Sons,
2003.
[48] W.M. Haynes, ed., Standard Thermodynamic Properties of Chemical Substances, in:
CRC Handb. Chem. Phys., 94th Editi, CRC press/Taylor and Francis, Boca Raton, FL,
2014: pp. 5–13.

35

Chapter 3
Electrochemical Kinetics of CuCl(aq)/HCl(aq) Electrolyzer for Hydrogen
Production via a Cu-Cl Thermochemical Cycle
The contents of this Chapter was originally published in the Journal of the Electrochemical
Society and is referenced as: D. M. Hall, E. G. LaRow, R. S. Schatz, J. R. Beck, and S. N.
Lvov, “Electrochemical Kinetics of CuCl(aq)/HCl(aq) Electrolyzer for Hydrogen
Production via a Cu-Cl Thermochemical Cycle,” J. Electrochem. Soc., vol. 162, no. 1, pp.
F108–F114, 2015.
Preface to Chapter 3
This chapter focuses on the kinetics of the CuCl(aq)/HCl(aq) electrolytic cell and the
application of catalyst materials. The goal of this chapter was to determine the impact of
catalyst materials on the kinetics of the CuCl/CuCl2 reaction in relation to the full cell
performance. As such, the overpotential-current density relationship for the anode reaction
was characterized for two catalyst materials and insights into the mechanism of the anode
were provided. The primary author (D. Hall) was involved in both the theoretical and
experimental work presented in this chapter. All theoretical calculations were carried out
by the primary author. The single cell tests were designed by D. Hall. R. Schatz designed
the test rig for operating the full electrolytic cell and devised the use of the airbrush for
catalyst application. E. LaRow prepared the electrode assemblies, aided in running the tests
and provided a template for analyzing the data. J. Beck provide valuable advice on the
application of EIS theory. The primary author managed and participated in the execution
of the full cell tests. S. Lvov provided guidance throughout the process of completing this
work.

Abstract
An electrochemical kinetics investigation of the CuCl(aq)/HCl(aq) electrolytic cell
identified methods to significantly reduce the platinum loadings required to achieve a high
cell current density of 0.5 A/cm2 at 0.7 V. As the CuCl(aq)/HCl(aq) electrolytic cell is a
key component of the Cu-Cl thermochemical cycle, the economic viability of the Cu-Cl
thermochemical cycle was significantly improved by reducing the loading required to
achieve 0.5 A/cm2. Electrochemical impedance spectroscopy (EIS) and linear sweep
voltammetry (LSV) with a rotating disc electrode were employed to investigate the kinetics
of the aqueous CuII/CuI chloride complexes reaction on platinum and glassy carbon using
a three-electrode cell. It was found that the standard exchange current density of the anodic
CuII/CuI electrochemical reaction on platinum, 4-12 A/cm2, was significantly larger than
the values reported for the HER cathodic reaction thus far. In addition, SEM was used to
observe the effectiveness of different catalyst application techniques. Through SEM
observations, and electrochemical data analysis, the amount of platinum used in a
laboratory scale CuCl(aq)/HCl(aq) electrolytic cell was reduced from 0.8 mg/cm2 applied
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to both electrodes to 0.4 mg/cm2 on the cathode and zero at the anode while still
maintaining a current density of 0.5 A/cm2 at 0.7 V of applied potential difference.
1. Introduction
As interest in an energy storage option capable of storing both thermal and electrical
energy produced via solar resources increases, low temperature hybrid thermochemical
cycles are becoming an attractive candidate to fill this role. In particular, the Cu-Cl hybrid
thermochemical cycle’s high efficiency and moderate temperature requirements have
established itself as a promising option for inexpensive hydrogen generation through
harnessing excess thermal and electrical energy from solar resources.1 In addition to
utilizing excess energy, the Cu-Cl thermochemical cycle provides a means of efficiently
producing hydrogen gas not reliant on fossil fuels.
The Cu-Cl hybrid thermochemical cycle uses a number of intermediate compounds,
heat, and a small amount of electrical energy, within a series of physical and chemical
reactions to split water into hydrogen and oxygen.2–10 One of the most important
components in the hybrid cycle is the CuCl(aq)/HCl(aq) electrolytic cell.11 In the
electrolytic step of this cycle, the general electrochemical reaction consists of an anode
reaction in which aqueous CuI chloride complex species are oxidized to aqueous CuII
chloride complex species, and a cathode reaction in which HCl(aq) is reduced to H2(aq)
with transfer of H+(aq) through a cation conductive membrane. This process is usually
simplified as follows:
CuCl(aq) + HCl(aq) = CuCl2(aq) + 0.5 H2(aq)

(1)

To increase the solubility of CuCl(s) in the anolyte, a high concentration of HCl(aq)
is typically used. Similarly, the catholyte comprises of highly concentrated HCl(aq) to
avoid copper deposition at the cathode.9
Previous research established an electrolytic cell design that employed membrane
electrode assemblies (MEAs) similar to water electrolysis cells.11 The conventional Pt-C
catalysts were deposited on the electrodes to increase the rate of reaction for a given applied
potential. Although effective, the cost of the platinum catalysts increased the capital cost
of the cycle significantly. As with many electrolytic cells, reduction of the capital costs of
the cell design is needed to attain a financially viable cycle. In this study, electrochemical
techniques and scanning electron microscopy (SEM) were used to determine how to
significantly decrease the amount of platinum on both electrodes while maintaining
performance of 0.5 A/cm2 at 0.7 V. Meeting this performance target with reduced Pt
loadings is a key design milestone in economic viability the Cu-Cl thermochemical based
on the DOE H2A production model.12 Electrochemical impedance spectroscopy (EIS) and
linear sweep voltammetry (LSV) were used on a rotating disc electrode (RDE) cell to
obtain values of the transfer coefficient and standard exchange current densities for a
CuII/CuI electrochemical reaction on both glassy carbon and platinum surfaces in high
HCl(aq) solutions. The collected EIS and LSV data indicated that the anodic reaction of
the CuCl(aq)/HCl(aq) electrolytic cell was very fast relative to the hydrogen evolution
reaction at the cathode.
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2. Experimental
In this work, two experimental systems were employed to study the CuCl(aq)/HCl(aq)
electrolytic cell. One of the systems was a lab scale electrolytic cell with supporting
systems capable of operating over 100 hours as previously established for durability
tests.11,13–15 When discussing concentrations used in the experimental systems, CuCl(aq)
refers to all CuI containing species in the aqueous phase, whereas CuCl0(aq) refers to a
specific neutral species containing a Cu+ cation and a Cl- anion combined to an ion pair.
This convention is used throughout the text for all aqueous species such as HCl(aq) and
CuCl2(aq). Experimentally, concentrations for all tests were prepared in such a way that a
CuCl2(aq) & CuCl(aq) solutions consisted of X mol of CuCl2(aq) and X mol of CuCl(aq)
mixed with Y mol of HCl(aq) for every kilogram of water in a solution, where X is the
same for both CuCl(aq) and CuCl2(aq). References to this type of solution preparation will
be labelled as X mol of CuCl2(aq) & CuCl(aq) in Y mol/kg HCl(aq) to avoid confusion. In
the lab scale system, the catholyte solution contained 7.75 mol/kg HCl(aq) purged and
retained under a H2(g) blanket. The anolyte solution contained 2.5 mol of CuCl(aq) in 8.71
mol/kg HCl(aq), where 1.25 mol CuCl2(aq) was converted to 2.5 mol CuCl(aq) by
irreversibly reacting with Cu(s) shot packed in a regeneration column:
CuCl2(aq) + Cu(s)  2 CuCl(aq)

(2)

The regeneration column was a glass column filled with layers of copper shot and glass
beads that functioned to convert CuII aqueous species to CuI aqueous species as the solution
flowed vertically through it. Cell temperature in the lab scale system was determined by a
type K Omega thermocouple inserted into the side of the graphite bipolar plate. For any
given measurement, the cell temperature was considered stable when the temperature
fluctuation was less than 0.5 oC from the desired cell temperature. The pressure of the
solution tanks were measured by Omega pressure transducers with an upper limit of
0.690±0.070 MPa gauge.
The electrodes used within the lab scale electrolytic cell were made by either spray
or brush painting a Pt/C ink onto 5 cm2 carbon cloth. Spraying was performed via airbrush,
while brush painting was carried out with a fine-tip sterile paint brush. Platinum catalyst
was in the form of 20 % platinum on carbon black Vulcan XC-72R. Catalyst ink was
prepared by mixing 15 % Nafion EW 1100 solution and 20 % platinum on Vulcan XC72R in a ratio of 2.86:1 Nafion to Vulcan XC-72R by weight. Deionized (DI) water and
isopropyl alcohol were added in ratios of 4:1 DI water to Vulcan XC-72R and 20:1
isopropyl alcohol to Vulcan XC-72R to make the ink a desired consistency for airbrushing.
Additional isopropyl alcohol was added to the mixture in small amounts to help suspend
the catalyst as needed. The mixture was shaken thoroughly and sonicated until all catalyst
particles were suspended and dispersed evenly. For spraying, argon gas was used to
airbrush the desired loading. Electrodes were placed in a desiccator to completely dry
before being weighed to calculate the final loading. The electrodes were used with a
chemically pre-treated, hot-pressed Nafion 117 membrane to form the MEA. The pretreatment process and hot-pressing techniques used were the same as described in previous
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studies.13,14 Fluorosilicone rubber gaskets were used to seal the MEA between graphite
bipolar plates with 5 cm2 serpentine flow channels.
The second system was used to investigate fundamental properties of the anode
reaction on platinum and glassy carbon surfaces. For these studies, a glass multiport threeelectrode cell from Pine Instruments equipped with a Pine RDE as the working electrode,
platinum counter electrode and Ag(s)/AgCl(s) reference electrode was used. A 4.57 mol/kg
KCl(aq) reference solution was used for the reference electrode. Measurements were
performed using both platinum (Pt) and glassy carbon (GC) RDE tips, both having a
geometric surface area of 0.19635 cm2. Rotation rates were varied between 500 and 2000
RPM with a minimum of 3 rotation rates for each sample. Prior to testing, the working
electrodes were polished to a mirror finish with a 0.05 μm alumina polish solution on a
microfiber cloth. The glass cell was filled and blanketed with a steady flow of Ar(g) during
each test to isolate the test solution from oxygen exposure. A 0.5 oC precision glass
thermometer was sealed into one of the available ports for temperature measurements. All
tests with this system were conducted at 25±0.5 °C. The atmospheric pressure was
measured via a mercury barometer to obtain a constant pressure of 0.100±0.002 MPa.
Figure 1 presents the key components of the glass electrochemical cell.

Figure 3.1. Multi-port glass cell for CuCl(aq)/CuCl2(aq) reaction studies at 25±0.5 °C and
0.100±0.002 MPa: 1 - Ag(s)/AgCl(s) reference electrode, 2 - thermometer, 3 - RDE, 4 platinum electrode, 5 - argon gas inlet and outlet, 6 - argon gas blanket, 7 - test solution.
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For both Pt and GC RDE measurements, the solution concentrations tested were 1, 5, 10
mmol (mmol = 10-3 mol) of CuCl(aq) & CuCl2(aq) in 8 mol/kg HCl(aq). Each test solution
was prepared by mixing pure CuCl(aq) and CuCl2(aq) solutions to make the final
concentration of CuCl(aq) and CuCl2(aq) both equal to 1, 5 or 10 mmol per kilogram of
water. Each CuCl2(aq) solution was prepared with Alfa Aesar 97 % copper(II) chloride
powder and Sigma Aldrich 37 wt% ACS HCl(aq) stock solution. Each CuCl(aq) solution
was prepared by converting a pure CuCl2(aq) solution with half the desired concentration
to CuCl(aq) using 0.8 - 2.0 mm diameter, 99.5% purity, Cu(s) shot. Each CuCl(aq) to
CuCl2(aq) conversion was performed by vigorous stirring the Cu(s) shot within the
CuCl2(aq) solution under an argon atmosphere until the solution turned from a transparent
green to a colorless solution.
Experimental measurements in both systems were performed using a Gamry
Reference 3000 system. Electrochemical techniques used in this study included potential
sweeps of reactor potential difference (U) scans (polarization curves, E/j data), LSV, EIS,
and open circuit potential (OCP) measurements. SEM and back scattered electron (BSE)
images were obtained using a FEI Quanta 200 microscope to analyze the catalyst coating
on the electrodes of the electrolytic cell. Quality of EIS data with respect to linearity,
stability and causality were investigated with Kramers-Kronig transformations.16 It was
found that all EIS data collected had goodness of fittings between 10-5 and 10-6 for
Kramers-Kronig transformations, which indicated the data were of high quality.
3. Results and Discussion
3.1 RDE Analysis
To determine the possible effects of removing platinum catalyst at the anode on cell
performance, kinetic parameters of the anode reaction were quantified. EIS and LSV data
collected from the RDE system were analyzed to obtain values of the exchange current
density (j0), transfer coefficient (αc), and standard rate constant (k0) for the CuII(aq)/CuI(aq)
electrochemical reaction in highly concentrated HCl(aq) solutions. In solutions with high
concentrations of Cl-(aq), CuCl32-(aq) species had the largest concentration among CuI
complexes by about 3 orders of magnitude.17 For this kinetic study, the next closest CuI
complex was CuCl2-(aq) with a bulk concentration of 10-6 mol/kg , whereas CuCl32-(aq)
had a bulk concentration that was effectively 10-3 mol/kg . The large difference in CuI bulk
concentrations in combination with the observed high current densities and limiting
currents suggested that this species was a likely candidate as an electrochemically active
species. Given the high concentrations of CuCl32-(aq) and CuCl3-(aq) from thermodynamic
speciation calculations, Equation 3 is the simplest form of a possible anode reaction,
written in its reduction form:17
CuCl3-(aq) + e- ↔ CuCl32-(aq)

(3)

The values obtained via LSV and EIS were compared to check for agreement between the
two analytical techniques. The Koutecky-Levich method18 was used to extract j0 and αc
values from LSV data. For EIS data, values of j0 were quantified from the charge transfer
resistance element within an equivalent circuit model that represented a possible reaction
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j / (mA/cm2)

mechanism for the CuII/CuI reaction. Values of k0 for platinum and glassy carbon were
calculated from the j0 values obtained via EIS and LSV.
For the CuII/CuI reaction, LSV data were collected at a series of rotation rates with
both Pt and GC materials as working electrodes. Figures 2-4 present the LSV data obtained
from each concentration tested with corrections for the measured ohmic resistance and the
OCP.
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Figure 3.2. LSV data of 1 mmol of CuCl2(aq) & CuCl(aq) in 8 mol/kg HCl(aq) at 25 °C
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─ = 500 RPM, ─ ─ = 1000 RPM, ∙∙∙∙∙ = 1250 RPM, ─ ∙ ─ = 1500 RPM, ─ = 1750 RPM,
─ ─ = 2000 RPM)
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Figure 3.3. LSV data of 5 mmol of CuCl2(aq) & CuCl(aq) in 8 mol/kg HCl(aq) at 25 °C
and 0.1 MPa for GC(left) and Pt(right) RDEs at four different rotation rates. (Rotation
rates: ─ = 500 RPM, ─ ─ = 750 RPM, ∙∙∙∙∙ = 1000 RPM, ─ = 1500 RPM)
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Figure 3.4. LSV data of 10 mmol of CuCl2(aq) & CuCl(aq) in 8 mol/kg HCl(aq) at 25 °C
and 0.1 MPa for GC(left) and Pt(right) RDEs at four different rotation rates. (Rotation
rates: ─ = 500 RPM, ─ ─ = 1000 RPM, ∙∙∙∙∙ = 1250 RPM, ─ ∙ ─ = 1500 RPM, ─ = 1750
RPM)

42

Ohmic resistance values between the working electrode and reference electrode were
consistently on the order of 1 to 2 Ω. Open circuit values also varied slightly, but were
consistently 375±20 mV vs. the reference electrode. The OCP reported here, in addition to
the ohmic resistance correction, were used to calculate all overpotentials in the RDE
analysis. The OCP values measured did not depend on the working electrode material.
Using the Nernst equation with available thermodynamic data, the reference electrode
potential was determined to be 198 mV vs. the SHE.17 As the reference electrode used a
porous frit to separate the test solution from the KCl(aq), the resulting diffusion potential
formed was estimated as -66 mV.17 Applying an approach previously outlined with values
for the reference electrode and diffusion potential,17 the experimental value of the working
electrode equilibrium potential vs. SHE was determined to be 639 ± 20 mV, neglecting the
uncertainty in the diffusion and reference electrode potential calculations. Using the Gibbs
energy minimization for determining the half-cell electrode potential values with the best
fitting thermodynamic values previously published,17 the theoretically predicted value for
equation 3 is 656 mV vs. the SHE, which is within the range of experimental error. An in
depth analysis of the values and equations needed to describe the equilibrium potentials
were published previously17.
As can be seen from the LSV data collected, the small overpotentials needed to
reach the limiting current densities suggested that the CuII/CuI reaction was very fast and
required a very small overpotential on both Pt and GC. Furthermore, the increase in the
limiting current as the rotation rate increased supported the assumption that diffusion of
the active species was the source of the limiting current. To quantify kinetics of the CuII/CuI
reaction from LSV data presented in Figures 2-4, the Koutecky-Levich equation was
implemented as a method to take into account the effects of diffusion on the measured
current values.18 The equation is as follows:19
1
𝑗𝜔

=𝑗
(𝜂)

1

∞

+ (𝑗
(𝜂)

1

∞

)
(𝜂)

(1.62) 𝑘𝑐 𝑣 1/6 𝐷𝑟𝑒𝑑 −2/3 + (1.62) 𝑘𝑎 𝑣 1/6 𝐷𝑜𝑥 −2/3
𝜔 1/2

(4)

or
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𝑗𝜔 (𝜂)

=𝑗

1

∞ (𝜂)

+ (𝑗

1

)

𝐵

1/2
∞ (𝜂) 𝜔

(5)

where η is overpotential, 𝑗𝜔 (𝜂) is the current density of a specific overpotential at a specific
rotation rate, 𝑗∞ (𝜂) is the current density at a hypothetical rotation rate with no effects of
diffusion, ω is the rotation rate, ν is the kinematic viscosity, 𝑘𝑐 is the rate constant of the
cathodic reaction, 𝑘𝑎 is the rate constant of the anodic reaction, 𝐷𝑟𝑒𝑑 is the diffusion
coefficient of the CuCl(aq) active species, 𝐷𝑜𝑥 is the diffusion coefficient of the CuCl2(aq)
active species and (B) is an arbitrary constant when the overpotential is constant. Values
of 𝑗∞ (𝜂) for a number of overpotentials were determined from Koutecky-Levich plots of
the conditions tested in the RDE. With the Koutecky-Levich equation, it is possible to
extrapolate a plot of 1/𝑗𝜔 (𝜂) vs. 1/𝜔1/2 to an infinite rotation rate as a method of
estimating 𝑗∞ (𝜂). Figures 5 and 6 are the Koutecky-Levich plots for 10 mmol CuCl(aq) &
CuCl2(aq) with GC and Pt RDEs.

𝑗𝜔 (𝜂 )-1 / (cm2/A)
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Figure 3.5. Koutecky-Levich plots of the CuCl(aq)/CuCl2(aq) reaction on GC at 25 °C and
0.1 MPa. Conditions: 10 mmol CuCl2(aq) & CuCl(aq) in 8 mol/kg HCl(aq), η: ● = |80|
mV, ● = |75| mV, ○ = |70| mV, ▲ = |65| mV, ▲ = |60| mV, ∆ = |55| mV, ■ = |50| mV, ■ =
|45| mV, □ = |40| mV.
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Figure 3.6. Koutecky-Levich plots of the CuCl(aq)/CuCl2(aq) reaction on Pt at 25 °C and
0.1 MPa. Conditions: 10 mmol CuCl2(aq) & CuCl(aq) in 8 mol/kg HCl(aq), η: ● = |90|
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mV, ● = |85| mV, ○ = |80| mV, ▲ = |75| mV, ∆ = |65| mV, ▲ = |60| mV, ■ = |55| mV, □ =
|50| mV, ■ = |40| mV.
As can be seen in Figures 5 and 6, the relationship between the experimental 1/𝑗𝜔 (𝜂) and
1/𝜔1/2 values were linear, as expected. The plots of 10 mmol LSV data, along with similar
plots for 1 and 5 mmol CuCl(aq) & CuCl2(aq), were used to estimate 𝑗∞ (𝜂) for multiple
overpotentials at each concentration and electrode material presented in Figures 2-4. The
resulting 𝑗∞ (𝜂) values were plotted as a function of overpotential and analyzed with the
Tafel equations to estimate αc and j0 values. For anodic polarizations, the Tafel equation
is:
(1−𝛼 )𝐹

𝑐
log10 𝑗∞ = 𝜂 𝑅𝑇 ln(10)
+ log10 𝑗0

(6)

and for cathodic polarizations:
𝛼 𝐹

log10 |𝑗∞ | = −𝜂 𝑅𝑇 ln𝑐 (10) + log10 𝑗0

(7)

where R = 8.3145 J mol-1 K-1 is the molar gas constant, F = 96485 C mol-1 is Faraday’s
constant, and T is the thermodynamic temperature. Figure 7 presents the Tafel plots of
anodic and cathodic polarizations of 𝑗∞ (𝜂) for 10 mmol CuCl(aq) & CuCl2(aq) with the
two electrode materials. Figure 7 demonstrates the large impact of diffusion on the 𝑗𝜔 (𝜂)
values, as the j∞(η) values were significantly higher in magnitude than the 𝑗𝜔 (𝜂) values
observed in LSV data.
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Figure 3.7. Tafel plots of 𝑗∞ data obtained for the CuCl(aq)/CuCl2(aq) reaction on Pt(●)
and GC(●). Conditions: 10 mmol CuCl2(aq) & CuCl(aq) in 8 mol/kg HCl(aq), T = 25 °C,
P = 0.1 MPa.
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The sizable difference between 𝑗𝜔 (𝜂) and j∞(η) values indicated that the charge transfer
reaction was significantly limited by the surface concentration of the electrochemically
active species. With Tafel plots of 𝑗∞ (𝜂) for positive and negative overpotentials, it is
possible to estimate values of αc and j0 via a linear fit. Ideally, the values obtained from
Tafel analyses of positive and negative polarizations would be the same. However, given
the large extrapolation needed, the precision of this analytical method was limited to a
small current density range.
As demonstrated in Table 1, αc calculated from GC data demonstrated high
consistency between opposite polarizations.
Table 3.1. Kinetic values of the CuCl(aq)/CuCl2(aq) reaction on a GC RDE calculated
from positive (η+) and negative (η-) polarizations for a range of molalities (b) at 25 °C
and 0.1 MPa.
b / (mmol/kg)

j0(η+) / (mA/cm2)

j0(η-) / (mA/cm2)

αc(η+)

αc(η-)

1
5
10

0.51
4.27
5.37

0.35
2.51
5.75

0.36
0.47
0.46

0.46
0.47
0.36

Furthermore, the j0 values obtained from both cathodic and anodic polarizations at a
particular concentration were comparable. The same procedure was used to analyze
kinetics of the CuII/CuI reaction on a Pt RDE. Table 2 displays the values obtained with a
Pt RDE for the same concentrations as the GC tests.
Table 3.2. Kinetic values calculated from positive and negative polarizations for the
CuCl(aq)/CuCl2(aq) reaction on a Pt RDE at 25 °C and 0.1 MPa.
b / (mmol/kg)
1
5
10

j0(η+) / (mA/cm2)
2
15
83

j0(η-) / (mA/cm2)
1
21
20

αc(η+)
0.54
0.35
0.78

αc(η-)
0.56
0.66
0.37

Unlike the GC data, the Pt kinetic values showed more variation between opposite
polarizations. However, more variation was expected given the order of magnitude
difference between the extrapolated current density and measured current density values
when compared to the GC LSV data and corresponding Tafel plots. With average values
for αc and j0, the k0 can be approximated for the concentrations analyzed by the following
equation, assuming the reaction is a one-step electron charge transfer reaction:
𝑗0 = 𝐹𝑘0 (𝑐𝑜𝑥 1−𝛼𝑐 𝑐𝑟𝑒𝑑 𝛼𝑐 )

(8)
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where 𝑐𝑜𝑥 is the concentration of the oxidant on the molar concentration scale and 𝑐𝑟𝑒𝑑 is
the concentration of the reductant on the molar concentration scale. Using the density of
an HCl(aq) solution at the conditions of the test obtained from reference literature, 1106
g/L,20 the concentrations of 1, 5, and 10 mmol CuCl & CuCl2(aq) in 8 mol/kg HCl(aq)
solutions were determined to be 0.86, 4.29 and 8.59 mmol/L, respectively. Molar
concentrations were used with the average j0 for each concentration and the average αc
from all tests with a given material in Equation 8 to calculate the average 𝑘0 for each
material. When the concentrations in Equation 8 are equal to standard state (1 mol/L), j0 is
equal to the standard exchange current density (jo0), which is actually the effective standard
value corresponding to the 8 mol/kg HCl(aq) solution. Values of k0, jo0 and αc for Pt and
GC are displayed in Table 3.
Table 3.3. Average k0, αc, and jo0 values for the CuCl(aq)/CuCl2(aq) reaction in 8 mol/kg
HCl(aq) determined from LSV data at 25 °C and 0.1 MPa.
Material

k0 / (μm/s)

αc

jo0 / (A/cm2)

GC
Pt

6.7±1.5
41±22

0.43±0.05
0.55±0.17

0.65±0.14
4.0±2.1

Cases in which changes in activity coefficients of active species are negligible between
tests, k0 should be independent of concentration. As the ionic strength of the test solution
was high and did not change significantly between each test, we assumed the activity
coefficients did not change significantly. However, it is important to note that k0 values can
change with concentration due to the effects of changing activity coefficients when activity
is not used in the equation for calculating k0, as is the common approach. The noticeable
difference in k0 values between Pt and GC indicated that the reaction is indeed faster on Pt.
Still, the reaction was very fast on both materials when compared to the hydrogen evolution
reaction, which has a jo0 value of around 10-3 A/cm2 on Pt.21 Literature values for the
CuII/CuI couple at 20 °C with 0.5 mol/L KCl(aq) on GC reported an αc of 0.49±0.03 and a
k0 of 4.6 μm/s using the same LSV analysis methods.22 Similarities in k0 values despite the
small differences in test conditions added confidence to the successful application of the
LSV analytical approach used in this work.
In addition to LSV data, EIS data were collected for three concentration sets of
CuCl(aq) and CuCl2(aq) at multiple rotation rates for Pt and GC RDEs. Using an equivalent
circuit model, the exchange current density values at different concentrations on each
material were quantified. EIS spectra were collected with 10 mV root mean square, rms,
AC polarizations around the OCP. EIS data were collected with 10 points per decade over
a frequency range of 300 kHz to 0.3 Hz. Figures 8 and 9 are examples of the EIS data
collected for tests with concentrations of 1, 5 and 10 mmol CuCl(aq) & CuCl 2(aq) in 8
mol/kg HCl(aq).
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Figure 3.8. EIS data collected from a GC RDE for multiple rotation rates with 5 mmol
CuCl(aq) & CuCl2(aq) in 8 mol/kg HCl(aq) at 25 °C and 0.1 MPa. (Rotation rates: ● = 500
RPM, ● = 1000 RPM, ○ = 1500 RPM)
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Figure 3.9. EIS data collected from a Pt RDE for multiple rotation rates with 5 mmol
CuCl(aq) & CuCl2(aq) in 8 mol/kg HCl(aq) at 25 °C and 0.1 MPa. (Rotation rates: ● = 500
RPM, ● = 1000 RPM, ○ = 1500 RPM)
The EIS spectra in Figures 8 and 9 have two time constants. On both materials, the low
frequency time constant was the largest contributor to the total impedance. A circuit model
that represented a single-step charge transfer reaction limited by diffusion of the active
species at sufficiently large overpotentials, the Randles circuit model22, was used to analyze
the data. Ohmic resistances, represented as the Rohm, consisted of the solution resistance
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between the RDE and reference electrode as well as the resistance from electrical
connections to the potentiostat. The effects of the electrical double layer at the working
electrode surface/solution interface were represented by the capacitor component Cdl. The
bounded Warburg element, Ws, was used to represent the effect of active species diffusion
through the boundary layer at the RDE surface on the impedance. Lastly, the charge
transfer resistance, Rct, was used to represent the effects of the charge transfer reaction on
the measured impedance. Close to the equilibrium potential, at which the relationship
between current and potential can be approximated as linear, the value of Rct can be used
to compare the effectiveness of catalysts at high concentrations of HCl(aq). The equivalent
circuit used to represent the proposed mechanism is presented in Figure 10.

Figure 3.10. Equivalent circuit model where Rohm represents the ohmic resistance, Rct
represents the charge transfer resistance, Cdl is a constant phase element to represent the
electrical double layer and Ws is a bounded Warburg to represent diffusion controlled mass
transfer effects with a finite boundary layer governed by the hydrodynamics.
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An example of EIS data fitted with the selected circuit model is displayed in Figure 11.
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Figure 3.11. EIS data fitting of RDE data for GC (data = ○, fitting = ─) and Pt (data = ●,
fitting = --) working electrodes. Conditions: 500 RPM, 5 mmol CuCl(aq) & CuCl2(aq) in
8 mol/kg HCl(aq), 25 °C and 0.1 MPa.
The values obtained for each circuit element from the data fitted in Figure 11 is presented
in Table 4.

49

Table 3.4. Values from circuit model fittings of EIS spectra in Figure 11.
Element
Rohm / Ω cm2
Rct / Ω cm2
WR / Ω cm2
WT
WP
Cdl-T / F cm-2
Cdl-P

GC values
3.28
61.93
362.5
0.61
0.5
7.23 10-5
0.9

GC error %
3.7
3
3.7
7.4
Fixed
14.9
1.6

Pt values
0.456
0.516
35.26
0.62
0.5
3.95 10-5
1

Pt error %
2.01
4.59
2.28
4.49
Fixed
5.62
Fixed

According to the model results, the CuII/CuI reaction was significantly limited by mass
transfer in high concentrated HCl(aq) solutions. From the value of Rct within the circuit
model, calculation of j0 for a specific set of conditions such as activity, temperature, surface
area and catalyst material, the exchange current density j0 may be calculated from the value
of Rct within the circuit model, using the equation:23
𝑗0 = (𝑅𝑇)/(𝐹𝑅𝑐𝑡 𝐴)

(9)

where A is the surface area. Using Equation 9 and the Rct values obtained from circuit model
fittings, j0 values were calculated for each of the concentrations tested. The values obtained
for j0 from Pt and GC RDEs are displayed in Table 5.
Table 3.5. Values of j0 for the CuCl(aq)/CuCl2(aq) reaction obtained from EIS at 25 °C
and 0.1 MPa.
b / (mmol/kg)

j0,(Pt) / (A/cm2)

j0,(GC) / (A/cm2)

10
5
1

80±21
40±10
14±3

13.5 ± 2.9
4.9 ±0.3
2.9 ±1.0

A comparison between j0 values calculated from EIS and LSV data indicated some
differences between the two analytical techniques. To better compare the two techniques,
average k0 and jo0 values, displayed in Table 6, were calculated from the j0 values obtained
via EIS and the αc determined from LSV data.
Table 3.6. Average k0 and jo0 values for the CuCl(aq)/CuCl2(aq) reaction in 8 mol/kg
HCl(aq) determined from EIS data at 25 °C and 0.1 MPa.
Material

k0 / (μm/s)

jo0 / (A/cm2)

GC
Pt

21±12
120±43

2±1
12±4
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Values of k0 calculated from Rct were approximately two to three times larger than those
determined from LSV data. This discrepancy could be related to the large extrapolations,
resulting in a small current density window, used in the LSV method that were not needed
in the EIS analysis. Despite the differences in the two approaches, one conclusion is clear.
The kinetics of the CuII/CuI reaction on GC or Pt are significantly faster than the kinetics
of the hydrogen evolution reaction on Pt in highly concentrated HCl(aq). Therefore, it is
reasonable to assume that removing the platinum catalyst from the anode should not
significantly reduce the performance of the CuCl(aq)/HCl(aq) electrolyzer. Additionally,
given the large extrapolation in the Koutecky-Levich plots needed for LSV data and the
large bounded Warburg impedance relative to the Rct from EIS data, it appears that the rate
limiting step is primarily the transport of active species through the Nernst diffusion layer.
As such, studies focused on the hydrodynamics of the anolyte within the electrolyzer would
be needed to appreciably increase the rate of the anodic reaction.
3.2 SEM Analysis
In addition to RDE tests, scanning electron microscopy (SEM) was used to diagnose the
quality of catalyst application on electrodes for HCl(aq)/CuCl(aq) electrolytic cells. The
two catalyst application techniques reviewed were the painted loading technique used
previously14,15 and the sprayed painting technique. The resulting SEM image for a brush
painted electrode is displayed in Figure 12 (right) and sprayed in Figure 12 (left). Figure
12 indicates that the brush painting technique provided a relatively thick and flat catalyst
layer covering on the carbon weave support. From these observations, it was inferred that
replacing brush painting with a spray painting technique could significantly improve the
accessibility of the platinum catalyst. As seen in Figure 12, electrodes coated in catalyst
with the spraying application technique were observed to have more effective surface area,
which provided supporting evidence to this assumption. Comparisons between Figure 12
(left) and Figure 12 (right) show how the surface geometry of the bulk catalyst layer was
altered between each application technique.
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Figure 3.12. SEM images for electrodes with sprayed(left) and painted(right) catalyst
loading techniques both with 0.8 mg Pt/cm2.
It was hypothesized that switching from brushed electrodes to sprayed electrodes would
improve the performance through an increase in electrode surface area and a decrease in
inaccessible platinum. Polarization curves providing E/j data between electrolytic cells
assembled with brushed and sprayed electrodes under otherwise identical conditions were
conducted to verify if the cell performance did in fact improve when changing the
application procedure.
Observations made with SEM and the three-electrode cell led to the proposal of
two methods for reducing the platinum catalyst loading while maintaining performance:
switching from brush painting to spray painting at the cathode, and removing the platinum
altogether from the anode. Figure 13 presents the data obtained from operating a full
CuCl(aq)/HCl(aq) electrolytic cell at 80 oC using electrode pairs with different catalyst
application techniques.
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Figure 3.13. E/j data with 10 mV/s scan rates of the CuCl(aq)/HCl(aq) electrolytic cells
operating at 80 oC and ambient pressure with using brushed (grey) and sprayed (black)
electrodes. Conditions: 0.4 mg Pt/cm2 loadings, 5 cm2 carbon cloth electrodes, hot-pressed
Nafion 117 membrane, anolyte of 2 mol CuCl(aq) in 7 mol/L HCl(aq), catholyte of 7 mol/L
HCl(aq), flow rates of 400 mL/min.
Figure 13 demonstrates that the current density obtained from the spray painted electrodes
is significantly higher than that of the brush painted electrodes. The observed increase in
performance confirmed the hypothetical benefits of the new catalyst topology seen in SEM
images. By changing the loading technique to spray based application, the catalyst loading
required to reach a 0.5 A/cm2 design point was accomplished with 50 % less loading than
the 0.8 mg Pt/cm2 used previously.11,13–15
After verifying the effectiveness of the sprayed catalyst application procedure, the
platinum loading was removed from the anode while maintaining 0.4 mg Pt/cm2 on the
cathode to verify the conclusions made from the RDE analysis. To accomplish this, a bare
carbon cloth was used as the anode. The corresponding E/j data are shown in Figure 14.
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Figure 3.14. E/j data of the CuCl(aq)/HCl(aq) electrolytic cell with spray applied catalysts
operating at 80 oC and ambient pressure. Conditions 0.4 mg Pt/cm2 on the cathode (grey),
0.4 mg Pt / cm2 on the cathode and 0.4 mg Pt / cm2 on the anode (black), 5 cm2 carbon
cloth electrodes, hot-pressed Nafion 117 membrane, anolyte of 2 mol CuCl(aq) in 7 mol/L
HCl(aq), catholyte of 7 mol/L HCl(aq), flow rates of 400 mL/min.
Performance of the electrolyzer with no catalyst at the anode showed small performance
changes compared to the control of 0.4 mg Pt/cm2 at both electrodes. Effectively, the total
platinum loading was reduced from 8 mg of Pt (0.8 mg/cm2 at both electrodes) to 2 mg of
Pt (0.4 mg/cm2 at only the cathode) without any significant decrease in performance. These
results confirm the conclusions made from the RDE analysis and SEM analysis.
4. Conclusions
A series of experiments designed to analyze the kinetic and transport properties of the
CuCl(aq)/HCl(aq) electrolytic cell were conducted to identify viable options for reducing
the required platinum loading while still maintaining a performance target of 0.5 A/cm2 at
an applied reactor potential difference of 0.7 V. A small glass three-electrode RDE cell
was used to quantify the kinetic properties of the anode reaction on Pt and GC for the first
time in highly concentrated HCl(aq). By comparing the standard exchange current
densities, it was determined that the anode reaction was significantly faster than the cathode
reaction regardless of whether the reaction occurred on GC or Pt. Furthermore, the
reaction’s transfer coefficients, 0.43±0.05 and 0.55±0.17, and standard rate constants,
6.7±1.5 μm/s and 41±22 μm/s, were quantified from LSV data of GC and Pt respectively.
Standard rate constants determined from EIS data differed from LSV data as 21±12 μm/s
and 120±43 μm/s were obtained for the CuII/CuI reaction on GC and Pt, respectively.
Despite these differences, both analytical approaches indicated that the anode reaction was
significantly faster than the cathodic reaction.
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A laboratory scale CuCl(aq)/HCl(aq) electrolytic cell, designed for continuous
hydrogen production, was examined to identify areas of improvement in the catalyst
application procedure. The effectiveness of the catalyst application techniques were
examined through SEM images of catalyst coated electrodes. Information gathered from
the SEM analysis identified a catalyst application technique that reduced the total catalyst
loading while still maintaining high performance relative to previous studies. SEM images
indicated that the amount of platinum surface area by using a sprayed catalyst application
technique over a painted application technique. Furthermore, the amount of platinum
needed could be reduced by decreasing the thickness of the applied catalyst layer. These
observations were confirmed though comparisons between E/j data collected from lab scale
electrolytic cells using electrodes with different catalyst loadings and loading techniques.
By accomplishing the main objective of reducing the platinum loading weight per
area, the CuCl(aq)/HCl(aq) electrolytic cell is now significantly closer to a economically
viable cell design. Using linear sweep voltammetry (LSV), electrochemical impedance
spectroscopy (EIS) and scanning electron microscopy (SEM), we identified and confirmed
that a new catalyst application method can improve catalyst loading effectiveness for the
CuCl(aq)/HCl(aq) electrolytic cell. Furthermore, catalyst loading can be decreased on the
anode without adversely affecting performance to any significant degree due to the fast
rate of the anode reaction.
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Chapter 4
Electrochemical Kinetics of the Hydrogen Reaction on Platinum in
Concentrated HCl(aq)
The contents of this Chapter was originally published in Electrochemistry Communications
and is referenced as: D. M. Hall, J. R. Beck, and S. N. Lvov, “Electrochemical Kinetics of
the Hydrogen Reaction on Platinum in Concentrated HCl(aq),” Electrochem. commun.,
vol. 57, pp. 74–77, 2015.
Preface to Chapter 4
This chapter focuses on the kinetics of the hydrogen reaction on platinum in concentrated
acids, which is the reaction occurring at the cathode of the CuCl/HCl electrolytic cell. The
goal of this chapter was to determine the overpotential-current density relationship of
hydrogen reaction. This relationship provided valuable insight into how the kinetics of the
cathode changed in concentrated acids. The primary author (D. Hall) was involved in both
the theoretical and experimental work presented in this chapter. All theoretical calculations
were carried out by the primary author. Similarly, the single cell tests were designed and
carried out by the primary author. J. Beck provide valuable advice on the application of
EIS theory for extracting limiting current densities from a Warburg element. S. Lvov
provided guidance throughout the process of completing this work.
Abstract
The hydrogen reaction in concentrated HCl(aq) solutions is a key reaction for the
CuCl(aq)/HCl(aq) electrolytic cell. Here, electrochemical impedance spectroscopy (EIS)
and linear sweep voltammetry (LSV) were used to obtain new data for the hydrogen
reaction on platinum submerged in highly concentrated acidic solutions at 25 °C and 0.1
MPa. LSV and EIS data were collected for Pt in 0.5 mol/L H2SO4(aq), 1 mol/L HCl(aq)
and 7.71 mol/L HCl(aq) solutions. It was found that exchange current density (j0) values
varied between 1 and 2 mA/cm2. An equivalent circuit model was used to obtain
comparable j0 and limiting current density values from EIS data relative to values obtained
with LSV data. It was found that as the concentration of acid increased, a noticeable
decrease in the performance was observed.

1. Introduction
One of the most important electrochemical reactions for the CuCl(aq)/HCl(aq) electrolytic
cell is the hydrogen reaction, 2H+(aq) + 2e- ↔ H2(aq) [1]. For this electrolytic cell, the use
of highly concentrated HCl(aq) is needed to both avoid copper deposition at the cathode
and to increase the solubility of CuCl(s) and CuCl2(s) that permeates through the membrane
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[1]. However, no available data or predictions were found for the electrochemical kinetics
of the HER reaction at low overpotentials in highly concentrated HCl(aq) solutions. In low
concentration acids, the estimated exchange current densities ranges from 70 to 0.1
mA/cm2, depending on the experimental system with no clear relations to variables such
as pH, anion concentration and H2(aq) concentrations [2]. These current limitations make
determining the overpotential contribution for the HER reaction in highly concentrated
HCl(aq) to the CuCl(aq)/HCl(aq) electrolytic cell overpotential difficult. For the further
development of this technology, it is important to identify and quantify the sources of
overpotential for this electrochemical process to better focus future research.
Recent studies have focused on reducing the amount of platinum used in the
CuCl(aq)/HCl(aq) electrolytic cell design [3]. For this particular electrochemical cell,
evidence suggested that the HER reaction kinetics, not the anodic kinetics may be the
largest contributor to the cell’s overpotential [3]. To better understand the nature of the
cathode’s overpotential, accurate electrochemical kinetic values for the HER reaction in
concentrated HCl(aq) are needed. In this study, electrochemical impedance spectroscopy
(EIS) and linear sweep voltammetry (LSV) data were collected from -60 mV to 100 mV
of overpotential (η) in a number of high acidic aqueous solutions to understand the cathodic
current for this electrochemical cell.
In moderately acidic solutions, previous research on the hydrogen reaction found
that different mass transport limitations and active species concentrations can significantly
impact the expected reaction rates [2,4–12]. Another complication is the possible influence
of anion species. One previous study identified that small halide anion concentrations (mM
concentrations of Br-(aq) and I-(aq)) acted as inhibitors and slowed the reaction kinetics
[4]. Therefore, mass transport effects and concentrations of active species should be
defined.
The rotating disc electrode (RDE) provides an equally accessible surface that useful
for predicting the Nernst diffusion layer and its effects on electrochemical reactions. The
so called generalized Butler-Volmer[13] (B-V) equation with limiting current values is one
approach for using kinetic and mass transport values to predict experimental RDE data:
𝛼𝑎 𝜂𝐹

𝑗=

𝛼𝑐 𝜂𝐹

−
𝑒 𝑅𝑇 −𝑒 𝑅𝑇

𝛼𝑎 𝜂𝐹
𝛼 𝜂𝐹
− 𝑐
1 𝑒 𝑅𝑇
𝑒 𝑅𝑇
+
−
𝑗0 𝑗𝑙𝑖𝑚,𝑎
𝑗𝑙𝑖𝑚,𝑐

(1)

where jlim,c and jlim,a are the limiting current density of the cathodic and anodic reaction,
respectively. These limiting current values account for the mass transfer limitations from
each direction of the half reaction. αa and αc are the anodic and cathodic transfer
coefficients, R = 8.3145 J mol-1 K-1 is the molar gas constant, F = 96485 C mol-1 is
Faraday’s constant, T is the thermodynamic temperature and j0 is the exchange current
density. The measured current, I for every potential, E, can be converted to current density,
j, using the geometric surface area as an approximation for the real surface area of a finely
polished surface. For the EIS data collected, an equivalent circuit analog can be used to
estimate the jlim,c and j0 values. Mathematical expressions and the physical meanings for
each of the circuit elements as they relate to electrochemical reactions were derived
previously [14]. The equivalent circuit used comprised of the ohmic resistance, Rs, the
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adsorption resistance, Ra, a bounded Warburg impedance, Zw, the adsorption capacitance,
Ca, and the high frequency capacitance, CHF [14]. An image of the circuit can be found in
Figure 4.3. From the fitting of this circuit, the following equation can be used to estimate
the kinetic parameters represented by the j0 term in Eq. (1) using Ra:
𝑗0 = 𝑅

𝑅𝑇

(2)

𝑎 𝑛𝐹𝐴

where A = 0.19635 cm2 is the geometric surface area of the RDE tip used in this study and
n = 2 is the electron number of the half reaction. Using the bounded Warburg parameter,
Rw, jlim,c can be estimated as [15]:
𝑗𝑙𝑖𝑚,𝑐 = 𝑅

𝑅𝑇

(3)

𝑤 𝑛𝐹𝐴

2. Experimental
A Pine Research Instrumentation RDE assembly with Polytetrafluoroethylene fittings was
used to study the hydrogen reaction in 3 cases of acidic solutions, with case 1, 2 and 3
being defined as 0.5 mol/L H2SO4(aq), 1 mol/L HCl(aq) and 7.72 mol/L HCl(aq). Case 1
was selected as it has been tested previously with Pt via an RDE [5]. Cases 2 and 3 were
tested due to their significance to CuCl(aq)/HCl(aq) electrolytic cells, which operate with
HCl(aq) concentrations ranging from 1-10 mol/L with 7.72 mol/L (8 mol/kg) being
common [1,3]. Each solution was saturated with H2(aq), purity > 99.999 %, produced from
an Air Products 9200 hydrogen generator. The H2SO4(aq) solution was 0.5 mol/L solution
from Alfa Aesar and the HCl(aq) solution was 1 mol/L solution from BDH Chemicals. The
7.72 mol/L HCl(aq) solution was prepared from a Sigma Aldrich ACS reagent with a 0. 37
mass fraction stock solution and Millipore deionized water with conductivity of around 5.5
10-6 S/m. A three-electrode cell with an RDE was used for all electrochemical
measurements. The working electrode was a Pt RDE tip, the counter electrode was a coiled
Pt wire and the reference electrode was a Cole Parmer Ag/AgCl electrode filled with 4
mol/L KCl(aq). The working electrode received a mirror finish using a microcloth with a
Buehler 0.05 µm alumina polish solution. Tests were run at 25 °C under a 0.1 MPa
hydrogen blanket. Electrochemical tests were performed using a Gamry Instruments
Reference 600 potentiostat. Prior to all electrochemical measurements, cyclic voltammetry
(CV) screenings at 50 mV/s in the cathodic direction were performed between 0.2-1.3 V
vs. the open circuit potential (EOCP) until the voltammograms displayed repeatable cycles.
LSV data collected at 5 mV/s were corrected for EOCP and the ohmic drop IRs to display
the x-axis in terms of η. The Rs values obtained from EIS were used to correct for the ohmic
drop and EOCP values were the measured potential difference between the working
electrode and reference electrode at open circuit. The following equation was used to obtain
η:
η = Ecell – EOCP – IRs

(4)
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where I is the measured current and Ecell is the measured cell potential. EIS data were
collected at EOCP using a 10 mv root mean square (rms) perturbation over a frequency range
of 0.2-300000 Hz with 5 points/decade and fit using ZView software from Scribner.
Frequencies below 0.2 Hz were not tested as previous studies found no significant change
in trends between 0.01 and 0.2 Hz [9].

3. Results
The LSV data obtained via RDE for Case 1, 0.5 M H2SO4(aq) was in agreement with
similar data found in literature for both the HER[6] and HOR[2] polarizations in a low pH
solutions. Varying the RDE rotation rate between 500 and 1600 rotations per minute
(RPM) changed the jlim,a from 2.4 mA/cm2 to 1.4 mA/cm2, but did not significantly alter
the HER E-j dependence or jlim,c from -0.14 mA/cm2. Data in Figure 4.1 demonstrate the
E-j trends observed for 0.5 M H2SO4(aq) (|η| < 100 mV) and some conclusions about fitting
the data with Eq. 1.

Figure 4.1. Fitting results of 0.5 M H2SO4 data ( ) at 1600 RPM. [(Dashed line) Eq. 1: j0
= 70 mA/cm2, αa = αc = 0.5; (Solid line) Eq. 1: j0 = 2 mA/cm2, αa = αc = 2; (Dotted Line)
Eq. 1: j0 = 70 mA/cm2, αa = αc = 2]
From Figure 4.1, it can be seen that the fitting parameter extrapolated from the H2 pump
method that matches those found with SECM in the presence of no halide anions, jo = 70
mA/cm2 with αa = αc = 0.5[2], appear to poorly fit the data when the mass transfer effects
of jlim,c and jlim,a to the total overpotential are taken into account(line, - - -). However, when
we assume the Tafel-Volmer step for the transfer coefficients, αa = αc = 2 [16,17], a jo of 2
mA/cm2 fits the data with a chi-squared goodness of fit of 0.002 and an R2 of 0.9996. The
jo obtained here is quite similar to the jo = 1 mA/cm2 found recently for the HER reaction
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in 0.5 M H2SO4(aq) on multiple single crystal electrodes [5] and long ago on
polycrystalline Pt [6].
Multiple sweeps were fit for Cases 1, 2 and 3 to obtain average fitting values for jo,
jlim,c and jlim,a with standard deviations. Figure 4.2 compares the experimental data collected
for each of the three Cases.

Figure 4.2. η-log10 j experimental data of Case 1 (Dotted line), Case 2 (Grey dashed line)
and Case 3 (Solid line) at 1600 RPM.
The differences between Case 1 and 2 are negligible in the HOR direction but some
differences can be seen in the cathodic direction for all three cases. Overall, significantly
increasing the presence of ions appeared to negatively impact jo and in Case 3 even jlim,c.
For fitting Cases 1-3 with Eq. 1: j0 values of 2.0±0.6, 1.6±0.4 and 1.2±0.1 mA/cm2 were
obtained; jlim,a values of 2.4±0.1, 2.4±0.1 and 1.5 mA/cm2 were obtained and jlim,c values
of -0.14±0.03, -0.11±0.02 and -0.82±0.05 A/cm2 were obtained, respectively.
An equivalent circuit with three parallel paths was used to check for agreement
with the conclusions from LSV data using EIS data collected. One path used a Warburg
impedance to model the impedance of a reaction limited by the diffusion of H2(aq) with a
negligibly small charge transfer reaction impedance, possibly the Volmer-Heyrovsky(rds)
mechanism limited by diffusion of H2(aq) between the bulk solution and electrode surface.
The second path represented a reaction limited by an adsorption step such as the Tafel(rds)Volmer mechanism. The final path was the charging of the electric double layer. An
inductive element was added to fit the inductive behavior at high frequencies to improve
the ease of obtaining Rs (the high frequency point when the imaginary impedance is zero),
typically attributed to the cell leads [15]. The EIS data in Figure 4.3 show the effects of
increasing the concentration of ionic species on the electrochemical impedance. As the
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concentration of ionic species increased, the prominence of a mid-frequency (100 Hz) time
constant increased, which can be correlated to a slower reaction.

Figure 4.3. EIS data and model results on [A] Nyquist and [B] Bode plots. a( ) = case 1
data with fit, b(○) = case 2 data with fit, c(●) = case 3 data with fit.
Extracted Ra values from EIS data resulted in jo values of 2.3±0.4, 2.3±0.2, and 1.4±0.01
mA/cm2 for Cases 1-3. The average jlim,c values calculated with Rw values obtained from
the EIS data were 2.3±0.2, 2.0±0.1 and 1.3±0.1 mA/cm2, whereas LSV data obtained were
2.4±0.1, 2.4±0.1, and 1.5±0.1 mA/cm2 for cases 1-3. Therefore, reasonable enough
agreement was found between EIS and LSV values [2]. Furthermore, increasing the
concentration of ionic species between Cases 2 and 3 decreased the jo and jlim,c values,
suggesting higher performance voltage efficiencies could be obtained if lower
concentrations were used. Furthermore, no significant increases in jo values were obtained
by increasing the acid concentration significantly. However, caution should be used when
changing the HCl(aq) concentrations as it will eventually promote copper deposition [1].
Another possibility may be to further characterize the ion concentration-HER kinetics
relationship for a series of catalyst materials in highly concentrated acid to see if Pt is in
fact the best choice with respect to cost and performance.
It is important to note that these results are not implying that what was found here
is the “true” jo [2] for an unimpeded elementary charge transfer step of HER/HOR reaction
for all acidic media at the same temperature and pressure. However these results do provide
(1) new data for the HER/HOR on a Pt surface submerged in highly concentrated acids
with well-defined bulk concentrations of H+(aq), H2(aq) and well-defined hydrodynamics
and (2) evidence that Eq. (1) can very accurately estimate the η-j relationship for the
HER/HOR reaction at Pt submerged in highly concentrated acidic solutions with small
changes in jo, jlim,a and jlim,c, if αa = αc = 2 is used.
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4. Conclusions
New E-j data of the HER/HOR on Pt submerged in highly concentrated solutions were
obtained. It was found that the data could be fit with the generalized Butler-Volmer
equation, Eq. (1), and good agreement was obtained with previous data for Case 1 [0.5 M
H2SO4(aq)]. The new data showed that a decreased pH inadvertently increased the
measured impedance and lowered performance. Assuming the Tafel step transfer
coefficients of αa = αc = 2, the LSV data could be easily fit with j0 values between 1 and 2
mA/cm2, jlim,c values between -0.8 and -0.1 A/cm2 and jlim,a values between 2.4 and 1.5
mA/cm2. New EIS data and modeled with a circuit analog confirmed similar j0 and jlim,c
values as obtained from LSV. Electrolytic systems relying on highly acidic solutions, such
as the CuCl(aq)/HCl(aq) electrolytic cell, should consider the effects of highly acidic
solutions on the electrochemical kinetics. If the concentrations of HCl(aq) is reduced, it
may be possible to attain larger voltage efficiencies. Still, such changes should be made
without compromising the role of HCl(aq) concentration to avoid copper deposition at the
cathode.
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Chapter 5
Modeling a CuCl(aq)/HCl(aq) Electrolyzer using Thermodynamics and
Electrochemical Kinetics
The contents of this Chapter were submitted for publication as a journal paper.
Preface to Chapter 5
This chapter focuses on the development of a model for predicting the applied potential,
Ecell, of the CuCl(aq)/ HCl(aq) electrolyzer with different experimental parameters. The
model equations are based on non-equilibrium thermodynamics equilibrium
thermodynamics and electrochemical kinetics. In this chapter, the influence of jcell, ohmic
resistance, Rohm, extent of CuCl(aq) conversion, and active electrode area on Ecell are
simulated. The model also allows the individual contributions of the ohmic resistance drop,
the electrode overpotentials and the equilibrium potentials to be separated and ranked by
size. The first Author formulated the model and performed all calculations. Dr. Lvov
provided guidance and feedback throughout all aspects of this work.
Abstract
Research efforts on the CuCl(aq)/HCl(aq) electrolyzer would greatly benefit from the
ability to separate and quantify the dissipative processes that undesirably increase the cell’s
applied potential, Ecell, and decrease its efficiency. To date, little is known about what
impact further improvements to active surface area, extent of CuCl(aq) conversion and
ohmic resistance would exactly have on the electrolyzer performance. To better understand
how this electrolyzer can be improved, a model was developed to quantify and separate the
effects of electrochemical kinetics, membrane transport and open circuit potential, EOCP,
that are key contributions to Ecell value for a given current density. Employing data obtained
from previous studies on the single electrochemical cells along with the developed model,
it was possible to predict Ecell values that agreed with data collected from a lab scale
electrolyzer using just one adjustable parameter, the Nernst diffusion layer at limiting
current. The model was then used to identify the predicted Ecell contributions as a function
of CuCl(aq) conversion, active electrode area and ohmic resistance. It was found that the
extent of CuCl(aq) conversion can dramatically impact the electrolyzer electrode kinetics
and EOCP. More importantly, as CuCl(aq) conversion increased, the Ecell values needed
consistently increased to keep the same current density. Overall, Ecell could be most readily
reduced by improving Rohm, whereas improvements to electrode kinetics have limited
impacts.
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1. Introduction
As the complexity of matching power production to power consumption increases,
the pursuit of a viable energy storage solution that is capable of storing both thermal and
electric energy will continue. One option for storing harnessed thermal and electric energy
is the hybrid Cu-Cl thermochemical cycle to efficiently produce hydrogen [1,2]. Though
research and development progress has made large strides in understanding this cycle [2,3],
many questions relating to each of the cycle’s steps still remain. A recent focus on this
process in a number of research groups has centered around the hydrogen production step,
the CuCl(aq)/HCl(aq) electrolyzer [4–10]. Though many aspects of the electrolyzer have
been improved in the last decade, the effects of operational parameters are still being
explored, and more importantly, the electrolyzer’s key limiting factors have yet to be
established with kinetic and thermodynamic relations.
In this work we present a model based on equilibrium thermodynamics and
electrochemical kinetics to provide insight into trends expected of the open circuit potential
values, membrane transport limitations, and electrode overpotentials for the
CuCl(aq)/HCl(aq) electrolyzer. The advantage of this model over other models is that it
uses fundamental thermodynamic, kinetic and transport coefficients in non-equilibrium
thermodynamic relations, making extrapolations more reliable. The model parameters
were obtained through experimental methods using single cells where each coefficient can
be isolated and conveniently quantified. As such, the parameters used in the model
presented here provide an easy path to extending the applicability of this model into higher
temperatures, high pressures, high concentrations, etc. With this model, for the first time,
Ecell trends and its contributions were defined to provide insights into key limiting factors
and performance limitations of the electrolyzer as a whole. With some select
approximations, the predicted applied electric potentials or Ecell values were in excellent
agreement with data obtained from a lab-scale experimental CuCl(aq)/HCl(aq) electrolyzer
using only one adjustable parameter, the Nernst diffusion layer at limiting current, 𝛿𝑁 .
Afterwards, comparisons of the impact of different potential losses were presented for a
series of case studies to refine future research efforts onto the key limiting processes.
Particular focus was placed on the sensitivity of Ecell to changes to experimental parameters
including ohmic resistance, Rohm, the extent of CuCl(aq) conversion [CuCl(aq)
converted/CuCl(aq) initial] and the active electrode area.
2. Theory
2.1 Overview of CuCl(aq)/HCl(aq) electrolyzer
In the CuCl(aq)/HCl(aq) electrolyzer, the positive electrode, or the anode when the cell is
operating in electrolytic mode, oxidizes aqueous CuI(aq) chloride complexes to CuII(aq)
chloride complexes. A thermodynamic analysis of the speciation in the anode solution
demonstrated that a number of CuI(aq) chloride complexes to CuII(aq) chloride complexes
exists [5]. As such, the following half reaction is what is expected at the postive electrode:
CuCln2-n(aq) + e- = CuCln1-n(aq)

(1)
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where in literature CuCl(aq) often refers to all CuCln1-n, and CuCl2(aq) refers to all CuCln2n
(aq) species [9]. The concentration of a CuCln1-n species for a particular value of n depends
on available number of free chloride ions from the HCl(aq). At 7 mol L-1 HCl(aq), a
desirable concentration in the electrolyzer, it was found that the concentration of CuCl32(aq) was orders of magnitudes higher than all other CuCln1-n species [5]. Though the
difference between CuCln2-n(aq) species were less dramatic, CuCl32-(aq) was one of the
largest in concentration, suggesting the primary reaction occurring at the positive electrode
was as follows [5]:
CuCl32-(aq)  CuCl3-(aq) + e-

(2)

The half-reaction occuring at the negative electrode, or the cathode when the cell is
operating in electrolytic mode, is the hydrogen reaction:
H+(aq) + e-  ½ H2(g)

(3)

The two compartments where these reactions take place are separated by a proton
conductive membrane, typically Nafion [4,6,10]. The species present and phases of interest
can be conveniently displayed in an electrochemical diagram [11] that uses a cross (×) to
display three-phase boundary at the cell negative electrode as shown in Figure 5.1:
H2(g)
(-)e-(Pt)

HCl(aq,7 mol L-1 ) | Nafion |HCl(aq,7 mol L-1 ), CuCl(aq), CuCl2(aq) | e-(Pt)(-)

Figure 5.1. Electrochemical diagram of the CuCl(aq)/HCl(aq) electrolyzer.
where the concentration of CuCl(aq) and CuCl2(aq) species depends on the starting
concentrations for each species and CuCl(aq) conversion and, therefore, are not specified.
To understand the electric power requirements needed to operate the electrolyzer,
the cell current, Icell and Ecell must be determined. By Kirchoff’s current law, the total
current passing through each of the cell’s components connected in series must be equal.
For convenience, the electrolyzer will be sub-divided into three sections, the positive
electrode, negative electrode and the membrane. Though the total current, passing through
each of these sections, are equal, the potential drops at each of them should be different.
As such, to model how these three sections influence Icell and Ecell, relations between Icell
and the potential contributions from each section are needed. Here we will consider the
following potential contributions to Ecell from the positive electrode as the equilibrium
potential contribution E+ and the non-equilibrium contribution or overpotential, 𝜂+ . Similar
contributions will be considered from the negative electrode as the equilibrium potential
term, E- and the non-equilibrium term, 𝜂− . The overpotentials have a clear connection to
the electrochemical affinity of the half-reactions, the driving force for the electrochemical
reaction [12]. Lastly, EIR, or the potential drop from the ohmic resistance of the cell will be
considered. These contributions can be summarized by the following relation:
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Ecell = E−– E+ + 𝜂− − 𝜂+ − EIR

(4)

where according to IUPAC conventions [13], 𝜂+ is positive due to its polarization in the
anodic direction, 𝜂− is negative due to its polarization in the cathodic direction and the
equilibrium potentials, E+ and E− are calculated as potentials of reduction reactions. In the
following sections, relations collected from literature will be used to generate a model
relating Ecell to Icell for the CuCl(aq)/HCl(aq) electrolyzer
2.2 Positive Electrode
The goal of this model was to simulate how Ecell changed with experimental parameters
jcell, extent of CuCl(aq) conversion, ξCuCl and active electrode area. As such, the potential
contributions of the positive electrode should be described in terms of the variables of
interest. To start, the potential contribution of the positive electrode to Ecell was split into
non-equilibrium and equilibrium parts.
The equilibrium potential contributions, E+, of the CuCl(aq)/CuCl2(aq) redox
reaction occurring at the positive electrode was handled via Gibbs energy minimization as
described in Ref. [5]. In short, the CuCl(aq) complexes considered were Cu +(aq),
CuCl0(aq), CuCl2-(aq) and CuCl32-(aq). The CuCl2(aq) complexes included were Cu2+(aq),
CuCl+(aq), CuCl20(aq) and CuCl3-(aq) and CuCl42-(aq). Hydroxide and oxide complexes
for both CuI and CuII redox states were included but not found to be significant [5].
Standard thermodynamic properties were obtained from the HKF model used in the
SUPCRT92 database [14] and the empirical bγ of the background electrolyte HCl(aq) were
used to calculate activity coefficients [5]. Using the results from Gibbs energy
minimization, it was found that E+ can be approximated by the following equation:
𝑜
𝐸+ = 𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
+

𝑅𝑇
𝐹

𝑏𝐶𝑢𝐶𝑙2(𝑎𝑞)

ln[ 𝑏

]

(5)

𝐶𝑢𝐶𝑙(𝑎𝑞)

𝑜
where 𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
= 0.656 V, F is Faraday’s constant equal to 96485 C mol-1, R = 8.3145 J
mol-1 K-1 is the molar gas constant, T = 298 K is the thermodynamic temperature and
𝑏𝐶𝑢𝐶𝑙2 (𝑎𝑞) , 𝑏𝐶𝑢𝐶𝑙(𝑎𝑞) are the sum of the concentrations of CuII and CuI containing species
respectively on the molal concentration scale. The term effective is used here because this
value does not represent the standard Gibbs energy of reaction of a particular reaction. It is
a purely empirical value that corresponds to the equilibrium potential when the total
concentrations of CuCl(aq) and CuCl2(aq) complexes are equal. This approximation makes
it convenient to calculate the E+ for ξCuCl from 0 to 0.99. However, due to the effects of
complexation and activity coefficients, this approximation is only valid when the total
concentration of all Cu(aq) is 2 mol L-1 and the concentration of HCl(aq) is 7 mol L-1, the
concentrations to be investigated here. As this is the equilibrium thermodynamic
contribution, it is the same irrespective of the current passing through the cell and only
depends on the bulk concentrations of CuCl(aq) and CuCl2(aq), which can be directly
related to ξCuCl and the initial starting concentrations in the following manner:

bCuCl(aq) = bCuCl(aq)initial – bCuCl(aq)initial  ξCuCl

(6)
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bCuCl2(aq) = bCuCl2(aq)initial + bCuCl2(aq)initial  ξCuCl

(7)

here the subscript “initial” signifies the starting concentration and ξCuCl is the ratio of
CuCl(aq) converted over the initial concentration. Now, the equilibrium contribution of the
positive electrode can be readily quantified as a function of ξCuCl.
The next contribution considered from the positive electrode was 𝜂+ . This potential
contribution is the driving force for the electrochemical reaction at the positive electrode.
Unlike the equilibrium potential, this contribution is directly relatable to Icell passing
through the cell. While Icell is what is measured, it is typically normalized to current density,
jcell, via the cell’s geometric area, Acell with units of cm2 geo, for comparability to other
systems with different cell areas. According to the charge electroneutrality, Icell can be
related to the electrode current densities of the positive and negative electrodes, j+ and j−,
provided that the area differences between Acell and the active electrode areas are taken into
account. The general relation between jcell and j+ can be described as follows:
jcell = Icell / Acell = (A+/Acell) j+

(8)

where A+ with units of cm2 , is the active area of the positive electrode, and using IUPAC
conventions [13], the current density of the anodic polarization occurring at the positive
electrode is positive. A similar relation can be obtained for j− and will be presented in the
following section. As the electrolyzer employs Pt/C catalyst, a conversion factor,
(Aactive/gpt) with units of cm2 g-1, is needed to convert the catalyst loading, mcatalyst with units
of g cm-2 geo, to obtain an active area of the electrode [15], which can be defined as follows:
A+ = mcatalyst (Aactive/gcatalyst)Acell

(9)

resulting in A+ being the active area with units of cm2. Previous work provided estimates
the conversion factor for Pt/C catalysts via data collected from capacitive current values
due to adsorbed species such that Aactive/gcatalyst = 110 m2 g-1 for platinum on an activated
carbon support [15]. For the positive electrode, mcatalyst = 0.1 mg Pt cm-2 geo. Now with an
estimate of the active surface area, only a relation between j+ and 𝜂+ is still needed.
Some models use a simplified the current density – overpotential, j+ - 𝜂+ , relation
where the reverse reaction is neglected [16]. However, when the reverse reaction is found
to have a significant impact, j+ is relatable to 𝜂+ , using the generalized Butler –Volmer (BV) equation [11,17].
𝑗+ = (𝑒

(1−𝛼𝑐,+ )𝜂+ 𝐹
𝑅𝑇

−𝑒

𝛼
𝜂 𝐹
− 𝑐,+ +
𝑅𝑇

)/(𝑗

1

0 ,+

+

𝑒

(1−𝛼𝑐,+ )𝜂+ 𝐹
𝑅𝑇

𝑗𝑙𝑖𝑚,𝑎,+

−

𝑒

𝛼𝑐,+ 𝜂+ 𝐹
−
𝑅𝑇

𝑗𝑙𝑖𝑚,𝑐,+

)

(10)

where jo,+ is the exchange current density of the positive electrode half-reaction, 𝛼𝑐,+ is the
transfer coefficient, 𝑗𝑙𝑖𝑚,𝑐,+ is the limiting current density of a cathodic polarization, 𝑗𝑙𝑖𝑚,𝑎,+
is the limiting current density of an anodic polarization. To use this relation, values for the
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electrochemical kinetic parameters of the anodic and cathodic directions need to be
quantified.
In an earlier study, a rotating disc electrode (RDE) was used to collect the
information needed to quantify jo,+, 𝛼𝑐,+ , 𝑗𝑙𝑖𝑚,𝑐,+ and 𝑗𝑙𝑖𝑚,𝑎,+ . It was found that 𝑗𝑜,+ , values
changed markedly between platinum (Pt) and glassy carbon (GC), in addition to changes
in bulk aqueous concentrations of CuCl(aq) and CuCl2(aq) [6]. As such, 𝑗𝑜,+ can be
expressed in terms of kinetic values that depend on the catalyst materials and the bulk
concentrations:
𝑗𝑜,+ = 𝑗𝑜𝑜 (𝑐𝐶𝑢𝐶𝑙 1−𝛼𝑐,+ 𝑐𝐶𝑢𝑐𝑙2 𝛼𝑐,+ )

(11)

where 𝑗𝑜𝑜 is the standard exchange current density, cCuCl is the bulk concentration of
CuCl(aq) with units mol cm-3 and cCuCl2 is the bulk concentration of CuCl2(aq) with units
mol cm-3 [6]. Values for 𝑗𝑜𝑜 and αc,+, were obtained previously for polycrystalline GC and
Pt surfaces [6]. For Pt, 𝑗𝑜𝑜 = 12 A cm-2 and αc,+ = 0.55 [6]. Values for 𝑗𝑙𝑖𝑚,𝑐,+ and 𝑗𝑙𝑖𝑚,𝑎,+
were also obtained previously as a function of known bulk concentration and 𝛿𝑁 values.
With this data, the diffusion coefficients could be obtained, as the relations between jlim
and Dcucl,cucl2 can be approximated as [11].
𝑗𝑙𝑖𝑚,𝑐,+ = 𝐹𝐷𝑐𝑢𝑐𝑙2 𝑐𝑐𝑢𝑐𝑙2 /𝛿𝑁

(12)

𝑗𝑙𝑖𝑚,𝑎,+ = 𝐹𝐷𝑐𝑢𝑐𝑙 𝑐𝑐𝑢𝑐𝑙 /𝛿𝑁

(13)

where 𝐷𝑐𝑢𝑐𝑙2 = 4.8±0.9 10-6 cm2 s-1 is the diffusion coefficient of the active CuCl2(aq)
species and 𝐷𝑐𝑢𝑐𝑙 = 6.8±0.4 10-6 cm2 s-1 is the diffusion coefficient of the active CuCl(aq)
species. Unlike the diffusion coefficients that can be determined from limiting ionic
conductivity data [11], these represent the effective diffusion coefficient coming from the
diffusion of multiple active complexes with varying concentrations such as CuCl 2(aq),CuCl32-(aq), CuCl3-(aq) and CuCl42-(aq). Now, jlim values of the positive electrode can
be simulated as a function of bulk concentrations and 𝛿𝑁 . Furthermore, j+ can be quantified
as a function of 𝜂+ , ξCuCl, 𝛿𝑁 , and catalyst material. With the relations outlined in this
section, the link between the positive electrode contributions, jcell and Ecell can be
quantified.
2.3 Negative Electrode
The approach to quantifying the potential contributions of the positive electrode was
repeated for the negative electrode with some modifications. The equilibrium potential of
the negative electrode was defined by the Nernst equation:
𝐸− = 𝐸 𝑜 −

𝑅𝑇
𝐹

𝑝𝐻2(𝑔) 1/2

ln[𝛾

±

𝑏𝐻+(𝑎𝑞)

]

(14)

where 𝐸 𝑜 = 0 V is the standard electrode potential of the hydrogen reaction [18], 𝛾± = 5.9
is the mean activity coefficient of 7 mol L-1 HCl(aq) [19] and 𝑏𝐻+(𝑎𝑞) is the concentration
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of H+(aq) on the molal scale. At 25 °C, 𝐸− was calculated to be 0.099 V. This value with
E+ is equivalent to the open circuit potential, EOCP, by the following relation [11]:
EOCP = E+ − E−

(15)

Like the positive electrode, 𝑗− can be related to jcell, if the A- and Acell are specified.
Equation 16 related 𝑗− to jcell:
jcell = - (A-/Acell) j-

(16)

where using IUPAC conventions [13], the current density of an electrode polarized in the
cathodic direction is negative. Similar to A+, A- can be determined using Equation 9. For
the negative electrode, mcatalyst was 0.4 mg Pt cm-2 geo. Again, if 𝑗− can be related to 𝜂− ,
as in the case of the positive electrode, then the total potential contribution of the negative
electrode can be quantified as a function of jcell. It was found that the generalized B-V
equation also matched experimental data for the H2(g) evolution reaction in concentrated
HCl(aq) [7]. As such, the 𝑗− , 𝜂− relation can be expressed as follows:
𝑗− = (𝑒

𝛼𝑎,− 𝜂− 𝐹
𝑅𝑇

−𝑒

𝛼
𝜂 𝐹
− 𝑐,− −
𝑅𝑇

)/(𝑗

1

0 ,−

+

𝑒

𝛼𝑎,− 𝜂− 𝐹
𝑅𝑇

𝑗𝑙𝑖𝑚,𝑎,−

−

𝑒

𝛼𝑐,− 𝜂− 𝐹
−
𝑅𝑇

𝑗𝑙𝑖𝑚,𝑐,−

)

(17)

where jo,− is the exchange current density of the positive electrode half-reaction, 𝛼𝑐,− is the
transfer coefficient of the cathodic polarization, 𝛼𝑎,− is the transfer coefficient of the anodic
polarization, 𝑗𝑙𝑖𝑚,𝑐,− is the limiting current density of a cathodic polarization, 𝑗𝑙𝑖𝑚,𝑎,− is the
limiting current density of the anodic polarization. Previously, it was found that 𝑗𝑜,− = 1.3
mA cm-2, and 𝛼𝑎,− = 𝛼𝑐,− = 2 for polycrystalline Pt in concentrated HCl(aq) saturated with
H2(g) at 1 bar [7]. Also, the 𝑗𝑙𝑖𝑚,𝑎,− depended on 𝛿𝑁 but 𝑗𝑙𝑖𝑚,𝑐,− was independent of 𝛿𝑁
and equal to -0.82 A cm-2 [7]. The 𝑗𝑙𝑖𝑚,𝑎,− obtained via an RDE was used to estimate the
values of 𝑗𝑙𝑖𝑚,𝑎,− for changes in 𝛿𝑁 . When the rotation rate was 1600 RPM, using a DH2(aq)
as 3.08 10-5 cm2 s-1, calculated using OLI Analyzer studio [20], it was found that 𝛿𝑁,𝑅𝐷𝐸 =
1.98 10-3 cm when jlim,RDE = 1.5 mA cm-2. Additionally, the DH2(aq) value obtained from
OLI was comparable to an experimental value obtained in concentrated H2SO4(aq) [21].
As such, a simplified expression for 𝑗𝑙𝑖𝑚,𝑎,− could be obtained as follows:
𝑗𝑙𝑖𝑚,𝑎,− =

𝑛𝐹𝐷𝐻2(𝑎𝑞) 𝑐ℎ2(𝑎𝑞)
𝛿𝑁

= 2.97 10−6 /𝛿𝑁

(18)

Now the potential contributions of the negative electrode can be simulated as a function of
jcell. Note that 2.97 10−6 in Equation 18 has units of A cm-1.
2.4 Membrane
As the membrane used here has no equilibrium potential contributions, only nonequilibrium processes were considered. The potential losses from the cell due to Rohm, EIR,
was found to be largely due to the membrane [4], obtainable experimentally via
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Electrochemical Impedance Spectroscopy (EIS). Given the importance of the membrane
to this potential loss, linear irreversible (non-equilibrium) thermodynamics was used to
determine EIR, in our conditions of interest when the impact of the concentration gradient
of H+(aq) species across the membrane are considered negligible [22]. Previous works,
identified a relationship between CuCl(aq)/HCl(aq) cell performance and linear nonequilibrium transport processes across the membrane [22]. These transport processes
governed the energy dissipated due to ohmic resistance of the membrane for a given cell
current [22]. The transport model equations can be summarized as follows [22]:
JCu = L11∇μCu + L12∇μH + L13∇φ

(19)

JH = L21∇μCu + L22∇μH + L23∇φ

(20)

Je = L31∇μCu + L32∇μH + L33∇φ

(21)

where 𝐽𝑖 and 𝑋𝑘 represent respectively the i-th flux and the k-th driving force, and 𝐿𝑖𝑘 is
the phenomenological coefficient, relating the flux of type i to the force of type k. The
fluxes of the membrane considered previously were aqueous copper species, JCu, protons,
JH, and electric charge, Je [22]. Similarly, the driving forces for transport across the
membrane were the copper species chemical potential gradient, ∇μCu, the proton chemical
potential gradient ∇μH, and the electric potential gradient ∇φ. With respect to the currentpotential relationship, Je and ∇φ could be described in terms of E and j by the following
expressions, 𝐸 = ∇𝜑𝑙𝑚𝑒𝑚 /𝐹 and j =Je/F [22].
Using the phenomenological equation relating, Je to ∇φ, with ∇μCu= 66.99 kJ cm-1
mol-1 and ∇μH = 0, the following relation can be obtained to connect jcell, to EIR [22]:
EIR = lmem(jcell/F − L31∇μCu)/(L33 F)

(22)

where lmem is the membrane thickness at 185 μm, L33 is the direct phenomenological
coefficient between Je and ∇φ , and L31 is the cross coefficient between ∇μCu and Je [22].
If we assume the transport coefficient of copper species, tcu, does not change significantly
from the 0.15 reported previously [22], then L31 and L33 can be calculated for the
electrolyzer with a measured Rohm from a full cell [22].
L33 = lmem /(F2 Rohm Amem)

(23)

L31 = 0.15 L33

(24)

where Amem = 5 cm2 is the membrane area. Using Equations 22-24, EIR contribution to Ecell
can be readily calculated for different values of jcell and Rohm. Furthermore, the impact of
∇μCu on EIR can be determined.
2.5 Model Description
The expressions above can be converted into a system of equations relating Ecell to the
potential contributions, 𝜂+ , E+, EIR, 𝜂− , E− and jcell. A visual summary of the potentials,
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current densities and model parameters for each of the three sections can be seen in Figure
5.2.
Icell =jcell-Acell =j+A+=-j-A-=JeAmem
H+(aq)

CuCl2(aq)
JeAmem

j-A-

j+A+
CuCl(aq)

H2(g)
Ecell = – E+ – η+ – EIR – E– + η–
E+, η+

E– , η –

EIR

jo,+, jlim,a,+,
jlim,c,+, αc,+,
αa,+, cCuCl,
cCuCl2

jo,-, jlim,a,-,
jlim,c,-, αc,-,
αa,-,cH+, cH2

Rohm, lmem,
tcu,, μcu

Electrode (+)

Membrane

Electrode (-)

Figure 5.2. Visual representation of the model for the positive electrode, negative electrode
and membrane.
For the system of equations, the first key relation is Equation 4 as it relates Ecell to
its individual contributions. Here Equation 5 is used to determine E+ with CuCl(aq) and
CuCl2(aq) as inputs, E− = 0.099 V according to Equation 14, and EIR is found from Equation
22 after values of Rohm and jcell are defined. Next, Equations 8 and 15 are used to relate
Equation 10 to Equation 17 in the following manner to obtain 𝜂+ and 𝜂− .
𝑗𝑐𝑒𝑙𝑙 = (𝐴+ /𝐴𝑐𝑒𝑙𝑙 ) (𝑒
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)

(25)

(26)

Relations and values for jlim’s, jo’s and transfer coefficients can be collected from the above
sections describing positive and negative electrodes. These equations require 𝛿𝑁 , cCuCl, and
cCuCl2 as inputs.
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Now that relations between the electrochemical reaction fluxes and forces that require
electric potential are defined, simulations of Ecell values needed to supply jcell values can be
made for a wide range of changes to system parameters. Furthermore, the separation of
potential contributions from one another, allow us to rank these contributions in order of
significance. In addition to simulations, the equations summarized below can be
numerically solved to determine an adjustable parameter from experimentally measured
Ecell-jcell data. For example, no values of 𝛿𝑁 are readily available for the full cell but
concentrations of CuCl2(aq), CuCl(aq) and Rohm can be measured. Before simulating Ecelljcell relations with changes to test parameters, the model’s system of equations will be used
to determine a value for 𝛿𝑁 (a 𝛿𝑁 that matches all experimental data). After estimating the
model parameter 𝛿𝑁 , the model can be used to simulate how changes to select variables
alter Ecell and the potential contributions needed for a given jcell. These simulations can
provide insight into the key factors limiting the performance of the CuCl(aq)/HCl(aq)
electrolyzer.
3. Experimental
A lab scale electrolyzer with supporting systems developed and described previously was
used to collect the polarization data to estimate the model parameter 𝛿𝑁 that match model
calculations to the experimental data [4–6,10]. In short, carbon cloth electrodes used within
the cell were coated, via airbrush, with a 20 % platinum, Pt, on Vulcan XC-72R in a
Catalyst ink consisting of Nafion equivalent weight 1100 solution by a technique described
previously [6]. Pt loadings were 4 mg Pt cm-2 geo on the cathode (negative electrode) and
1 mg Pt cm-2 geo on the anode (positive electrode). Each carbon cloth had a 5 cm2
geometric surface area. The electrodes were used with hot-pressed Nafion 117 membrane
that separated the anolyte and catholyte. Membrane preparation was carried out in a manner
consistent with the procedures published previously and the exposed geometric surface
area was 5 cm2 [6]. The catholyte solution contained 7 mol L-1 HCl(aq) under an H2(g)
blanket at 1 bar. The anolyte solution contained 2 mol CuCl(aq) and 7 mol HCl(aq) per one
liter of solution. A Gamry 3000 potentiostat was used to conduct the electrochemical
measurements. Flow rate of the anolyte and catholyte were 220 ml min-1. Cell polarization
measurements were made with a potential sweep rate of 10 mV s-1. To obtain Rohm, EIS
measurements were made in the frequency range of 0.1 Hz to 100 kHz. The applied
alternating current root mean square (RMS) perturbation was 5 mV about a constant 0.2 V
applied potential. EIS data were collected at 5 points per decade. EIS data were collected
from the full electrolytic cell to obtain Rohm, for calculating L33. EOCP of the electrolytic cell
during recirculation of the anolyte stream was found to be 0.235 V indicating the average
concentration of cCuCl2(aq) was approximately 8 μmol L-1 and cCuCl was 2 mol L-1 [5]. From
the EIS data collected, it was found that the Rohm was approximately 0.15 Ω, which resulted
in an L33 equal to 2.65 10-10 mol2 m-1 J-1 s-1 and an L31 equal to 0.40 10-10 mol2 m-1 J-1 s-1,
which is slightly smaller but consistent with the 3.14 10-10 mol2 m-1 J-1 s-1 and 0.47 10-10
mol2 m-1 J-1 s-1 values previously obtained using a single conductivity cell [22].
Polarization data were collected to numerically determine the average 𝛿𝑁 values that the
model was needed to match the experimental results. Polarization data less than 2 mA cm2
were discarded due to fluctuations in the polarization response near EOCP. These
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instabilities were likely due to small changes in the average CuCl2(aq) concentrations,
while the anolyte solution was recirculated.
4. Results and Discussion
With L33 estimated, 425 experimental polarization data points [5] collected between 0.275
V to 0.7 V were used to estimate the values of the adjustable parameter 𝛿𝑁 needed by the
model to follow the experimentally measured behavior. The input parameters are presented
in the table.
Table 5.1. Model inputs for numerically determining the adjustable parameter 𝛿𝑁 needed
to match experimental Ecell, jcell data with Equations 4, 25-26.
Model Parameter
Rohm
ccucl
ccucl2
EOCP
Ecell
jcell

Value
0.15
0.002
8 10-9
0.235
See Figure 5.3
See Figure 5.3

Units
Ω
mol cm-3
mol cm-3
V
V
A cm-2 geo

Using the experimental points collected, the average 𝛿𝑁 was calculated to be 0.001± 0.0005
cm. This variation could be due to a number of reasons. The actual 𝛿𝑁 could be slightly
different between the positive and negative electrodes, whereas the model treats them as
the same. Additionally, with the carbon cloth and serpentine flow channel interface, any
real 𝛿𝑁 is not uniform across each electrode surface. Still, when compared to the porous
carbon cloth electrode thickness of 0.03 cm, it is reasonable to assume that any 𝛿𝑁 forming
is within the carbon cloth.
The focus of this work is to use the system of equations presented in the earlier
sections to determine the relative sensitivity of the Ecell needed for a given jcell to different
variables such as ξCuCl, electrode surface area and Rohm for the CuCl(aq)/HCl(aq)
electrolyzer. These analysis will provide insight into what aspect of the cell design
modifications will mostly impact the electrolyzer performance and ultimately the
thermochemical cycle efficiency. For each case study, the system of equations was
numerically solved to obtain a predicted Ecell for a given jcell when changes were made to
the input parameters. All cases were, unless otherwise stated, simulated with the following
inputs: (1) starting anode concentrations are 2 mol L-1 CuCl(aq) and 8 μmol L-1 of
CuCl2(aq), (2) the adjustable parameter 𝛿𝑁 = 0.001 cm, (3) Rohm = 0.15 Ω, (4) Aactive/gcatalyst
= 110 m2 g-1 and (5) ξCuCl = 0. Though the experimental data were fit perfectly, with
variations in 𝛿𝑁 values, all further model calculations will be performed assuming 𝛿𝑁 is a
constant value. For these baseline conditions, the potential losses can be separated by
contributions to better understand the influence of the factors that govern the Ecell. Figure
5.3 presents the baseline case model results.
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Figure 5.3. Experimental (grey squares) and |E| contributions for the baseline case for a
series jcell values: (black solid = Ecell, black dashed = -η- , black dotted = η+, grey solid = EOCP, grey dashed = -EIR).
The baseline case with a fixed value of 𝛿𝑁 , is on average within 3 % of the experimental
values. As seen from Figure 5.3, the two largest potential contributors are EOCP and EIR.
One interesting observation was that despite the anode reaction having a larger jo than the
cathode reaction, the mass transfer limitations of the low CuCl2(aq) caused η+ to surpass ηin magnitude. This phenomena can be readily understood considering the B-V equation
when jlim of the reverse reaction is orders of magnitude smaller than jo. For a 0.7 V
magnitude of Ecell, the EOCP contribution is 34 %, the EIR contribution is 39 % , η+ is 27 %
and η- is the lowest. This ranking of potential contributions when ξCuCl was low is quite
comparable to the findings of an empirical model fitting for a CuCl(aq)/HCl(aq)
electrolyzer with similar design [3]. However, our model indicates the primary
contributions of η+ are due to its concentration limitations from CuCl2(aq) in the form of
the jlim,c,+, a limitation that should quickly disappear as ξCuCl increases. When compared to
all other contributions, the effects of η- appear to be minor under these conditions.
4.1 Extent of CuCl(aq) Conversion, ξCuCl
Though most previous full cell studies focus on the starting concentrations, it is important
to determine how Ecell changes for a given jcell as the bulk CuCl(aq) is converted to
CuCl2(aq). Ecell simulations for ξCuCl = 0, 0.25, 0.50, 0.75 and 0.99 is displayed in Figure
5.4.
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Figure 5.4. Simulated Ecell values for the baseline case with different ξCuCl and jcell values:
(black solid = 0, grey dotted = 0.25, black dashed = 0.50, grey dashed = 0.75, grey solid =
0.99).
As expected, the Ecell required driving the electrochemical reactions at a given rate
increases in magnitude as ξCuCl increases. The large changes at 0 to 0.25 and 0.75 to 0.99
relative to changes within the 0.25 – 0.75 range can be explained by separating then
comparing how the Ecell contributions changed with ξCuCl values. As the relations for η- and
EIR are independent to changes in the CuCl(aq) and CuCl2(aq) concentrations, they were
the same for all values of ξCuCl and were neglected in the comparison. The significant
increase in Ecell values can be attributed to the increases in the EOCP. While EOCP increased
significantly in magnitude, some of these added potential demands were mitigated by the
dramatic decrease of η+. Figure 5.5 presents the changes in EOCP and η+ as ξCuCl is increased.
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Figure 5.5. Predicted EOCP (Left) and η+ vs. jcell as ξCuCl is increased: (black solid = 0, grey
solid = 0.25, black dashed = 0.5) (Right).
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The trends of EOCP and η+ to changes in ξCuCl indicated that for most values, the EIR and
EOCP were the two largest contributors to the Ecell. Figure 5.6 presents the contributions to
Ecell for ξCuCl = 0.50.
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Figure 5.6. Simulated Ecell contributions at a given jcell for ξCuCl = 0.5: (black solid = |Ecell|,
grey solid = |EOCP|, grey dashed = |EIR|, black dashed = |η-|, grey dotted = |η+|).
In the figure, it can be seen that the role of the electrochemical overpotential changes
dramatically when ξCuCl is increased. In other words, the overall impact of EOCP and EIR
quickly becomes dominant. In the figure, |η+| is barely visible, indicating no significant
contribution.
This presents an interesting issue about the impact of available surface area on the
significance of the overpotential contributions to Ecell when ξCuCl is sufficiently far from
the starting conditions.
4.2 Active Surface Area
A number of possibilities exist for the 110 m2 g-1 Pt that was used as the baseline case to
be changed. Previous studies found dramatic increases in performance, when the utilization
of the catalyst was improved [6], albeit this was demonstrated at low ξCuCl. Decreases in
the total available area could occur from inaccessible catalyst caused by common problems
such as hydrogen bubbles forming on the surface, catalyst washout, and catalyst isolation
during application. For comparison, the contributors to Ecell were recalculated assuming
the anode and cathode’s ratio of active area per gram of platinum was 1 m2 g-1 Pt. Figure
5.7 presents the impact of active electrode area on the contributions of overpotential to total
Ecell.
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Figure 5.7. Simulated Ecell contributions at a given jcell for ξCuCl =0.5 when Aactive/mcatalyst =
1 m2 g-1: (black solid = |Ecell|, grey solid = |EOCP|, grey dashed = |EIR|, black dashed = |η-|,
grey dotted = |η+|).
As can be seen from Figure 5.7, the dramatic reduction in the active area, 100x, increased
the combined overpotential contribution to a magnitude of about 130 mV from 40 mV, no
longer negligible but still small relative to the Ecell magnitude of 960 mV. A similar
response would be expected if the area were held constant but both jo values were decreased
100x. Likewise, the effects are more pronounced at low ξCuCl when the anode reaction
significantly impacts the total applied potential. This suggests that the role of the
electrochemical reactions are minor at most ξCuCl values, provided no dramatic changes to
the area and jo occur. Furthermore, some flexibility in the catalyst material may be possible
to optimize the added savings of not using Pt with small increases in the overall
overpotential.
4.3 Impact of Rohm
When considering the non-equilibrium processes, the previous case studies provide strong
evidence that membrane transport has the significant influence on the performance of the
electrolytic cells. As such, small changes in Rohm, should have significant impacts on the
Ecell. To demonstrate the impact, simulations were done for a series of Rohm values up to a
10x increase in the magnitude with Rohm = 1.5 Ω.
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Figure 5.8. Simulated Ecell for a series jcell and Rohm values at ξCuCl= 0.5. (grey dashed = 1.5
Ω, black dashed = 0.75 Ω, grey dotted = 0.3 Ω, black solid = baseline case, 0.15 Ω)
Despite that the changes to Rohm were small relative to the 100x changes in active electrode
area, the effect of Rohm was dramatically larger on Ecell. Relative to changes in electrode
surface area and jo, small improvements in Rohm would have the most notable impact on the
cell’s efficiency over the whole range of ξCuCl. Similarly, as EOCP was the largest contributor
in nearly all cases, decreasing the magnitude of EOCP would be ideal but limited in
feasibility other than altering the operating temperature or HCl(aq) concentration. Another
interesting observation is the general impact of the cross coefficient and concentration
gradient of copper species on the EIR. Though copper permeation is not ideal for a wide
range of reasons, the presence of the concentration gradient, as seen in Equation 22,
actually decreases the value of EIR by a small constant value, regardless of the jcell and Rohm
value. For the concentration gradient and transport number used here, the decrease in EIR
was only equal to 1.9 mV.
5. Conclusions
A model using principles of equilibrium thermodynamics as well as electrochemical
kinetics was formulated for the CuCl(aq)/HCl(aq) electrolyzer, which is a key component
of the Cu-Cl thermochemical cycle to efficiently produce hydrogen. Equations relating the
positive and negative electrode overpotentials to their respective reaction rates were used
to represent the impact of electrochemical kinetics on cell performance. Linear relations
using phenomenological coefficients were used to describe the impact of the potential
losses due to the flux of charged species across the membrane. It was found that the
presence of a Cu(aq) gradient decreased EIR by a very small value, 1.9 mV. Gibbs energy
minimization was used to estimate the anolyte speciation to correctly determine EOCP.
Using these techniques, it was found that the developed model could reliably predict values
comparable to data obtained from a CuCl(aq)/HCl(aq) electrolyzer at ambient conditions
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using only one adjustable model parameter, the Nernst diffusion layer 𝛿𝑁 . Once the value
of 𝛿𝑁 from the model was found to be compatible with the current performance of the
electrolytic cell, the influence of the experimental parameters on the electrolyzer
performance was investigated in detail.
Case studies of hypothetical modifications to key parameters of the electrolytic cell
were carried out to determine the order of significance for the potential contributions to
Ecell at 25 °C. The impact of variations in ξCuCl, Rohm, and active electrode surface area on
Ecell needed to obtain a given jcell were quantified. It was found that for nearly all cases
investigated, EOCP and EIR were the dominant contributors to Ecell. Though the anode
kinetics contributed substantially at low extents of conversion, once significant amounts of
CuCl2(aq) were present, its contribution was dramatically diminished. Given the current
state of the electrolytic cell defined here, it appears as though system modifications
reducing EIR and/or EOCP could attain a significant improvement to the cycle’s efficiency
across a large range of ξCuCl. This can probably be done by increasing temperature assuming
that the temperature effect on materials degradation can be mitigated.
6. Acknowledgements
The authors gratefully acknowledge the financial support of this work by U.S. Department
of Energy’s Office of Energy Efficiency and Renewable Energy via a subcontract with
Argonne National Laboratory and OLI systems for the use of their software.
7. References
[1] S. Ghandehariun, G.F. Naterer, I. Dincer, M.A. Rosen, Solar thermochemical plant
analysis for hydrogen production with the copper–chlorine cycle, Int. J. Hydrogen
Energy. 35 (2010) 8511–8520.
[2] G.F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, S. Ahmed, Z. Wang, M.A. Rosen, I.
Dincer, K. Gabriel, E. Secnik, E.B. Easton, S.N. Lvov, V. Papangelakis, and A. Odukoya,
Progress of international program on hydrogen production with the copper–chlorine
cycle, Int. J. Hydrogen Energy. 39 (2014) 2431–2445.
[3] G. F. Naterer, S. Suppiah, L. Stolberg, M. Lewis, Z. Wang, M.A. Rosen, I. Dincer, K.
Gabriel, A. Odukoya, E. Secnik, E.B. Easton, and V. Papangelakis, Progress in
thermochemical hydrogen production with the copper–chlorine cycle, Int. J. Hydrogen
Energy. 40 (2015) 6283–6295.
[4] S. Khurana, D.M. Hall, R.S. Schatz, M. V. Fedkin, S.N. Lvov, State-of-health of a CuCl
electrolyzer during a 168-h test, Int. J. Hydrogen Energy. 40 (2015) 62–69.
[5] D.M. Hall, N.N. Akinfiev, E.G. LaRow, R.S. Schatz, S.N. Lvov, Thermodynamics and
Efficiency of a CuCl(aq)/HCl(aq) Electrolyzer, Electrochim. Acta. 143 (2014) 70–82.
[6] D.M. Hall, E.G. LaRow, R.S. Schatz, J.R. Beck, S.N. Lvov, Electrochemical Kinetics
of CuCl(aq)/HCl(aq) Electrolyzer for Hydrogen Production via a Cu-Cl Thermochemical
Cycle, J. Electrochem. Soc. 162 (2015) F108–F114.
[7] D.M. Hall, J.R. Beck, S.N. Lvov, Electrochemical kinetics of the hydrogen reaction on
platinum in concentrated HCl(aq), Electrochem. Commun. 57 (2015) 74–77.

81

[8] V.N. Balashov, R.S. Schatz, E. Chalkova, N.N. Akinfiev, M.V. Fedkin, S.N. Lvov,
CuCl Electrolysis for Hydrogen Production in the Cu–Cl Thermochemical Cycle, J.
Electrochem. Soc. 158 (2011) B266–B275.
[9] S. Aghahosseini, I. Dincer, G.F. Naterer, Linear sweep voltammetry measurements and
factorial design model of hydrogen production by HCl/CuCl electrolysis, Int. J.
Hydrogen Energy. 38 (2013) 12704–12717.
[10] S. Khurana, D.M. Hall, R.S. Schatz, S.N. Lvov, Effect of Clamping Pressure and
Temperature on the Performance of a CuCl(aq)/HCl(aq) Electrolyzer, ECS Electrochem.
Lett. 4 (2015) F21–F23.
[11] S.N. Lvov, Introduction to Electrochemical Science and Engineering, CRC press Inc,
Boca Raton, FL, 2015.
[12] D. Kondepudi, I. Prigogine, Fields and Degrees of Freedom, in: Mod. Thermodyn.
From Heat Engines to Dissipative Struct., 2nd Ed, John Wiley and Sons ltd, West Sussex,
2015: pp. 266, 272.
[13] E. R. Cohen, T. Cvitas, J. G. Frey, B. Holmström, K. Kuchitsu, R. Marquardt, I. Mills,
F. Pavese, M. Quack, J. Stohner, H. L. Strauss, M. Takami, and A. J. Thor,
Electrochemistry, in: Quant. Units Symb. Phys. Chem. IUPAC Green B., 3rd Ed , RSC
publishing, Cambridge, 2008.
[14] J.W. Johnson, E.H. Oelkers, H.C. Helgeson, SUPCRT92: A software package for
calculating the standard molal thermodynamic properties of minerals, gases, aqueous
species, and reactions from 1 to 5000 bars and 0 to 1000˚C, Comput. Geosci. 18 (1992)
899 –947.
[15] J. Durst, C. Simon, F. Hasche, H.A. Gasteiger, Hydrogen Oxidation and Evolution
Reaction Kinetics on Carbon Supported Pt, Ir, Rh, and Pd Electrocatalysts in Acidic
Media, J. Electrochem. Soc. 162 (2015) 190–203.
[16] J. Larminie, A. Dicks, Fuel Cell Systems Explained, 2nd Ed, John Wiley & Sons, 2003.
[17] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and Applications,
2nd Ed, John Wiley & Sons, New Jersey, 2001.
[18] P. Vanysek, Section 5: Electrochemical Series, in: W.M. Haynes (ED.), CRC Handb.
Chem. Phys., 94th Ed, CRC press/Taylor and Francis, Boca Raton, FL, 2014.
[19] I.D. Zaytzev, ED., Properties of Aqueous Solutions of Electrolytes, CRC press Inc,
Boca Raton, 1992.
[20] OLI Systems Inc, OLI Analyzer Studio, (2015).
[21] S. Chen, A. Kucernak, Electrocatalysis Under Conditions of High Mass Transport:
Investigation of Hydrogen Oxidation on Single Submicron Pt Particles Supported on
Carbon, J. Phys. Chem. B. 108 (2004) 13984–13994.
[22] D.M. Hall, R. Lotfi, S. Kim, S.N. Lvov, Membrane Transport in a CuCl(aq)/HCl(aq)
Electrolytic Cell, ECS Trans. 66 (2015) 103–119.

82

Chapter 6
Conclusions
An investigation into the thermodynamic and electrochemical limitations of the
CuCl(aq)/HCl(aq) electrolyzer was conducted. Thermodynamic study of the electrolyzer
demonstrated the significance of CuCl(aq) and CuCl2(aq) complexation for the electrolyzer
efficiency. Gibbs energy minimization was used to determine that CuCl32-(aq) was the most
abundant CuCl(aq) species, whereas CuCl3-(aq) and CuCl42-(aq) were competing for
highest portion of CuCl2(aq) species. Gibbs energy, entropy and enthalpy of reactions were
calculated for the electrolyzer when the extent of CuCl(aq) conversion was low. The
efficiency of the electrolyzer was defined and then substituted into the equations previously
developed for the full cycle efficiency. In both theoretical calculations and experimental
measurements, accounting for both CuCl(aq) and CuCl2(aq) concentrations was found to
be critical.
Electrochemical kinetics studies of the positive and negative electrode processes
were carried out. When studied with an RDE, it was found that both reactions followed the
generalized Butler-Volmer equation relating overpotential to current density. Fundamental
kinetic parameters such as exchange current densities, transfer coefficients and limiting
current densities were obtained for different concentrations of active species. From the
kinetic parameters obtained, it confirmed that the positive electrode reaction was
significantly faster than the negative electrode reaction. Furthermore, removal of the
platinum catalyst from the positive electrode had little impact on the performance of the
electrolyzer. Though changing the catalyst had little impact, improving the catalyst
preparation technique significantly increased performance. And consistent with these
result, EIS data obtained indicated that the positive electrode process was likely limited by
diffusion of active species to the surface.
Modeling of Ecell using electrochemical kinetics and thermodynamics was
conducted to determine the effects of operating parameters on cell performance. The model
permitted the separation of EIR, EOCP and both electrode overpotentials. Impacts of
operating parameters such as current density, extent of CuCl(aq) conversion, ohmic
resistance, and active surface area were simulated. It was found that current density, ohmic
resistance and extent of CuCl(aq) conversion all significantly influenced the predicted Ecell.
As the extent of CuCl(aq) conversion increased, EOCP and EIR quickly became the dominant
contributors to Ecell. When compared to the influence of all other parameters investigated,
changes to the active area had significantly smaller impacts on performance of the
electrolyzer at non-zero extents of CuCl(aq) conversion.
Overall, the goal of this research was to provide a path to quantify the impact of
operating parameters of the electrolyzer on the cycle efficiency through kinetic and
thermodynamic relations. Now that this path exists, the current efficiency of the
electrolyzer, and the cycle as a whole, can be defined for a wide range of operating
conditions. Furthermore, as this path was formulated with fundamental thermodynamics
and kinetic relations, extending it to encompass additional dependences is straight forward.
Future studies can readily extend this work into elevated temperatures, pressures and new
concentration regimes as needed.
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