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Summary

Proton conducting oxides are versatile materials with applications in not only fuel
cell and water electrolysis technologies, but also in hydrogen production and chemical
processing via membrane reactors. However, applications in carbon containing atmo-
spheres are limited by the lack of effective electrodes that are stable at high tempera-
tures, resistant to carbon deposition and catalytically active to hydrogen dissociation.
Cu-based electrodes are known to be carbon tolerant, and CeO, is well used as an
electrocatalyst, however to successfully characterize these materials as candidates for
application as hydrogen electrodes, it is essential to have a good understanding of their

combined effect on the kinetics of the hydrogen oxidation reaction (HOR).

The present work develops a new and simplified HOR model, and then applies the
model in the analysis of the electrode reaction kinetics of point-contact, porous metal
and infiltrated backbone electrodes, using data obtained with electrochemical impedance

spectroscopy (EIS).

In Manuscript I, a point-contact model electrode configuration was first used to
compare the reaction kinetics of Cu and Pt on the proton conducting yttrium-doped
barium-cerate zirconate (BZCY) as functions of pHy and temperature. The EIS data
obtained was analyzed through the development of the simplified HOR model, which is
based on Langmuir adsorption and Butler-Volmer charge transfer theories. The charge
and mass transfer reaction mechanisms are then characterized through pHs dependen-
cies, site coverages, and activation enthalpies. The HOR model predicts the ranges of
the pH, dependencies to be, —1/4 <n < 1/afor 1/Ry, and 0 < n < 1 for 1/R,,;. These
ranges are based on the varying Langmuir pHs dependencies of the hydrogen coverages
at three phase boundary (3pb) and adsorption sites, given by associative or dissocia-
tive adsorption mechanisms. The experimental results established the applicability of
the HOR model, and it was determined that the hydrogen coverages at adsorption and
3pb sites is very likely to be different, thus yielding different pH, coverage terms which
combine with the thermodynamically predicted pHs depedencies.

Methods to improve the HOR kinetics of Cu-based electrodes are then the emphasis
of the remaining work in this dissertation. This focuses on investigating how the addition
of CeOy affects the kinetics of hydrogen oxidation, and uses infiltration as a method to
prepare cermet-like multi-phase composite electrodes that are then characterized by a

representative 3pb length.

At elevated temperatures Cu becomes a mobile species, however, other researchers
have shown that it is thermally stabilized with the addition of Co, and performs well

as a bimetallic Cu-Co composition. This composition was applied as a solvent based
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metal nitrate solution, producing successive films that were decomposed to metal oxides
and then reduced upon exposure to hydrogen. The influence of a surface coating of
CeO5 on the HOR kinetics of a Cu-Co electrode was compared to that of an electrode
without the coating. Through the HOR model analysis of the pHs and temperature
dependencies, it was determined that CeOy contributes to hydrogen dissociation. This
is commonly considered to be part of chemical mass transfer, however, the effect was
primarily observed in the charge transfer response of EIS spectra. The pHs dependencies
identified a higher “apparent” coverage on the uncoated electrode than on the electrode
with the CeO, coating, and the activation enthalpies indicated that this is due to site
populations of molecular versus atomic hydrogen on the respective electrodes.

To further reduce the polarization resistance, and in an attempt to emulate the
state-of-the-art Ni-cermet, two different types of backbone microstructures were inves-
tigated. As the first of their kind, macro-porous skeletal backbones were fabricated by
co-sintering with a NiO-BZCY supported electrolyte membrane, and infiltrated with
the CeO; coated Cu-Co composition. The measured pH, dependencies validated model
predictions for low coverage, and the activation enthalpies suggested that the electrocat-
alyst was in a highly reduced state in the low pH50O atm, such as CeO,_s, and thus more
active towards hydrogen dissociation. A micro-porous functional backbone of graded
porosity was also fabricated on a pre-sintered NiO-BZCY72 supported membrane and
infiltrated with a solvent based Cu-Co-Ce metal nitrate solution. By investigating suc-
cessively higher annealing temperatures, it was observed that although the polarization
resistance doubled, the electrode exhibited high performance. At the lower annealing
temperature of 725 °C, the high activation enthalpy for mass transfer was indicative
of a dissociative adsorption mechanism, while after annealing at 825 °C, the activation
enthalpy had decreased considerably and the mass transfer mechanism had changed to
dissociation after adsorption. This is further evidence for the coarsening of the infil-
trated components, however this reduced the overall energy requirement of the HOR
due to the exposure of more catalytically active CeOs on the surface of the infiltrated
composition.

The charge transfer pre-exponential obtained from temperature dependencies is hy-
pothesized to represent material specific properties and geometric factors associated
with the 3pb region. We propose that there exists a proportionality between the inverse
charge transfer resistance, the pre-exponential, Ay, and the 3pb length. Through the
use of a pre-exponential with a known 3pb length, an unknown 3pb length can be es-
timated based on the ratio of the Ay’s for the known and unknown values. A good
correlation was observed between these parameters for the porous metal electrodes and
the infiltrated backbones, and was further supported by the corresponding ASR values.

This is adequate confirmation for the validity of this approach, and justifies further
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investigations into this widely sought after parameter.

This work presents a new, simplified HOR model that is valuable in the analysis of
pHs dependencies obtained with impedance spectroscopy, and that in combination with
temperature dependencies, may be used to identify charge and mass transfer reaction
mechanisms. Unique methods for producing Cu-based electrodes are also presented, and
the role of CeO, as an electrocatalyst in the hydrogen oxidation reaction is clarified. New
methods for the fabrication of porous backbone microstructures have been established,
and though the performance of the infiltrated electrodes presented here is only average,
it is thought that the further optimization of infiltrated backbone electrodes shows great
promise towards the eventual implementation in functional applications. As such, I have
high hopes that this work, building on the progress of the many researchers, may be of

benefit both to the scientific community and to the world at large.
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1 INTRODUCTION 1

1 Introduction

1.1 Fossil Fuels are not the Hydrogen Solution

Hydrocarbons are critical to human welfare, and indeed, not only are they used as the
primary energy source for most of the world, they provide the building blocks for much
of the chemistry that produces plastics, polymers and other industrial products. Despite
the fact that hydrocarbon sourcing and use has become the single largest contributor
to the environmental challenges we face today, it will be difficult for modern society to
progress without them, but as we transition to the use of new energy technologies, the
ways in which hydrocarbon resources are utilized must change.

Natural gas, which has methane (CHy4) as the most significant component, offers a
hydrocarbon resource that is cleaner and more efficient than coal or oil. Methane is a
rich source of hydrogen, which is widely proclaimed to offer a sustainable solution to
the worlds energy needs. In 2012, annual hydrogen production was estimated to be over
55 million tons, with a projected increase of 6% per annum, however, 96% of that was

fossil fuel sourced, typically produced via the steam reforming of natural gas [, P].

Steam reforming: CHy(g) + H2O(g) — 3Ha(g) + CO(g) (1.1)

The product is syngas, composed of Hy and carbon monoxide (CO), which may then
be converted into methanol, higher alcohols or liquid hydrocarbons through the energy-
intensive Fischer-Tropsch process [3, @]. Alternatively, in the water-gas shift reaction

syngas is converted to Hy and carbon dioxide (COs).

Water-gas shift: CO(g) + H2O(g) — Ha(g) + CO2(g) (1.2)

As seen in (D) and (T2), these methods of hydrogen production are carbon inten-
sive, for every ton of CH, consumed, approximately 2.75 tons of CO, are produced, and
as a result the fossil fuel derived product is termed “brown hydrogen”. For hydrogen to
be a practical solution to the worlds energy needs, the net carbon emissions from pro-
duction must be addressed, and as the above reactions demonstrate, current methods
are significantly carbon positive [A].

Fortunately, developments in materials science and solid-state electrochemistry have
enabled technologies that offer to help satisfy the need for clean hydrogen in carbon neu-
tral or even carbon negative ways, and also to present alternative methods of hydrocar-
bon processing and providing industrial chemicals. Proton conducting perovskites are
versatile materials with the potential to produce hydrogen in environmentally friendly

and sustainable ways, to process and utilize hydrocarbons without directly contributing
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to climate change and possibly to even help mitigate rising carbon dioxide levels in the
atmosphere. Many of these applications are limited by the lack of effective electrodes
that are stable at high temperatures, resistant to carbon deposition and catalytically
active to hydrogen dissociation. Thus, the aim of this dissertation is to contribute to
the development of an electrode with these characteristics that will aid in the imple-

mentation of these environmentally mitigating technologies.

1.2 Background
Development of a state-of-the-art proton conducting electrolyte

The pioneering research of Iwahara in the early 1980’s showed the applicability of
proton conductors to fuel cells, hydrogen production via steam electrolysis, as well
as hydrogenation and dehydrogenation reactions, using the doped strontuim cerate,
SrCe;_ M, O3 s, family of materials [B, []. Following this work, numerous proton con-
ducting materials were identified and have had a considerable history of development
[R-13]. Kreuer published a widely cited review comparing the proton conductivities
of numerous oxide compositions, as shown in Fig. [, based on calculations by Norby
and Larring, identifying yttrium-doped barium zirconate (BaZr;_,Y,Os_ 5, BZY) as

the most promising candidate for industrial applications |14, I5]. However, BZY ex-
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Figure 1.1: Proton conductivities of various perovskite oxides based on calculations
by Norby & Larring. The conductivities of perovskite-type oxides are shown
by bold lines [I4, I5].
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hibits relatively poor proton conductivity due to its high grain boundary resistance
[I6]. Yttrium-doped barium cerate, (BaCe;_,Y,O3_s, BCY), exhibits high proton con-
ductivity at relatively low temperatures and has a lower grain boundary resistance,
but is unstable and forms barium carbonates in carbon-containing atmospheres [[4-19].
Whereas the chemical stability of yttrium-doped barium zirconate BZY based elec-
trolytes in carbon and HyS containing atmospheres has been well documented [20-23].

In 2000, Iwahara’s group first isolated the solid solution of yttrium-doped barium
zirconate with cerium substitution (BaZr_,_,Ce,Y,03_5, BZCY), and reported on the
significant mixed conductivity at high temperatures [24]. The advent of BZCY presented
a material that exhibits the most desirable characteristics of both of its constituents,
high proton conductivity as well as chemical stability [I5, 24-26]. BZCY has since been
shown to be able to perform well as fuel cells, hydrogen pumps and membrane reactors,
and these advances demonstrate that BZCY based systems can be used for many ap-
plications including gas separation and chemical conversion through hydrogenation and

dehydrogenation reactions [27-31].

Electrode development

As the development of BZCY has matured, the need for high performance elec-
trodes has slowed the implementation of proton-conducting ceramic membranes in in-
dustrial processes. Considerable research has been devoted to oxygen electrodes, where
some of the best candidates are based on advances adopted from the SOFC com-
munity, these include La;_,Sr,MnO3_s (LSM), LaggSrg4CogoFeqsOs_s (LSCF) and
Bag 5Sr0.5Cog sFeg 2035 (BSCF) [32-36]. More recently, so-called triple conducting ox-
ides have been developed and are hypothesized to have high conductivities of protons,
oxide ions and electron holes. These include the compositions Bag5Gdgslag7Cos06_s
(BGLC), BaCog 4Feg 4719 1Y 01035 (BCFZY), Prg 4Srg6Co.2Feq7Nbg 103 5 and SrzFe,-
O7_s, all of which have reported better performance than both BSCF and LSCF [37-41].

For all these advances in oxygen electrodes, hydrogen electrodes have yet to show
any truly innovative developments. The Ni-cermet (ceramic-metal) electrode has re-
mained the benchmark SOFC anode for well over 50 years [A1]. In Ni-cermets, the
ceramic phase is primarily structural but also provides a conduction path for ions, and
the extended three-phase boundary (3pb) of the metal-electrolyte interface provides in-
numerable reaction sites. However, it is the catalytic activity of Ni towards Hy oxidation
that makes Ni-cermets such good electrodes, but this is also a disadvantage to appli-
cations in carbon or sulphur containing fuels. Ni catalyzes significant coke formation
and is also susceptible to sulphur poisoning, leading to the loss of tpb sites and the

subsequent deactivation of the electrode. As a result, a carbon and sulphur tolerant
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anode is required to successfully implement BZCY based proton conductors in natural
gas or biogas applications.

Cu is a well used material that is known for its excellent conductivity, wide availabil-
ity and it’s resistance to corrosion and carbon deposition. As such, it has been proposed
to utilize Cu as an anode electrode for PCMR dehydrogenation reactions in order to
implement proton conducting electrochemical devices in industrial applications using

hydrocarbon fuels.

Model anodes and extended microstructures

To successfully use Cu as an electrode, it is essential to have a good understanding
of the behavior of Cu at the metal-proton conducting electrolyte interface. Model
anodes, such as point-contact electrodes, are characterized by an easily measurable and
well defined geometry, and are useful configurations for investigations into fundamental
electrode hydrogen oxidation kinetics. These types of electrodes remove variables such as
microstructure, and allow detailed studies of the three phase boundary (3pb), where the
ionic, electronic and gas phases interact. Fig. 2 illustrates examples of a point-contact
model electrode, a porous metal electrode and a more complicated cermet electrode with

an extended 3pb. Point-contact electrodes typically consist of a small diameter metal

e H2(g) e

Metal: ‘ Electrolyte: 3pb: —

Hy(g)

20* 20H"
A) Point-contact B) Porous metal

Figure 1.2: Schematics of a A) metal point-contact electrode and a B) porous metal
film, typically painted or screen printed onto an electrolyte, and C) a typical
cermet type microstructure, with an extended microstructure composed of both
ionic and electronically conducting phases, adapted from [42].

wire bent around a support and pressed against the electrolyte surface. This yields
a roughly elliptical contact area, the perimeter of which is considered to be the 3pb.

This makes the 3pb of the point-contact electrode directly measurable using methods
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such as SEM imaging. Thin porous metal electrodes also have a well defined 3pb that
can be measured using SEM imaging, but the total 3pb length of the entire electrode
must be estimated through correlation with an area specific 3pb length. The extended
3pb length of cermet type electrodes is much more complex, and direct measurement
is not possible due to the highly tortuous microstructure. It is proposed in this work
that there exists an empirical method to estimate the 3pb length of an electrode with a
known 3pb specific resistivity, and that this method may be extended to more complex

geometries such as cermet type electrodes.

1.3 Practical Applications
Electrochemical conversion

Proton conducting solid state electrochemical devices can be used as power gener-
ating fuel cells, but can also be powered by renewable energy sources, such as solar,
wind and geothermal, and used for steam electrolysis as well as hydrogenation and de-
hydrogenation reactions. The global fuel cell (PCFC) and steam electrolysis (PCEC)

reactions are shown in Eq. (I3),

Hy(g) +1/202(g) = Hy0 (g) (1.3)

Their working principles are illustrated in Fig. 23, as applied to fuel cells in the forward

direction, and to electrolyzers in the reverse direction. Proton-conducting oxides have

e )
Hy(g) = 2H' + 2¢

.. 2

PCEC ﬂH* Electrolyte H*ll i PCFC

2

10,(g) + 2H" + 2¢ == H,0(y)

—

Figure 1.3: Schematic of a proton-conducting solid state electrolyte, shown as a
fuel cell (PCFC) in the forward direction and an electrolyzer (PCEC) in the
reverse direction.

attracted increased attention due to lower operating temperatures than oxide ion con-
ductors. When operated as PCFC’s, they also offer the benefits of high efficiency and
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zero emissions, the product water vapor is produced on the oxygen side of the electrolyte
and there is no issue with fuel dilution. Hydrogen can also be produced through steam
electrolysis using a proton conductor (PCEC), producing an ultra-purified product [43].

When proton conducting electrolytes are applied as catalytic membrane reactors
(PCMR’s), they are capable of facilitating many different hydrogenation and dehydro-
genation reactions [44]. The general form for a reaction describing the hydrogenation

(forward) or dehydrogenation (reverse) of chemical compounds is,

A+Hy(g) =B (1.4)

If the triple covalent bond of the Ny molecule can be catalytically broken, nitrogen from
air can be hydrogenated to produce ammonia hydroxide, which is stable at atmospheric
pressure and temperature [A5-47]. Alternatively, COy can also be hydrogenated, gener-
ating valuable chemical products such as methanol or dimethyl ether [48]. A schematic

of PCMR hydrogenation, illustrating the N, and COs reactions, is shown in Fig. [4,

3Hy(9) == OG6H + 6e

N

+
@H* Electrolyte H+ll

7Y

Ny(g) + 6H" + 660 <— 2NHy(g)

Figure 1.4: Schematic of a proton-conducting membrane reactor, illustrating the
hydrogenation of Ny and COs, to produce NH; and CH3OH.

Methane and ethane can be catalytically dehydrogenated and the hydrogen byprod-
uct removed by hydrogen pumping, producing not only ultra-pure hydrogen, but also
valuable industrial chemicals such as ethylene and benzene [31, #9-61]. Thus it is pos-
sible to both use hydrocarbon fuels in an environmentally sustainable way, for example
by using anthropogenic methane to produce both valuable chemicals as well as ultra-
pure hydrogen. However, the biggest challenge to the implementation of PCMR’s in
industrial processes is the lack of carbon stable and catalytically effective electrodes,
and though there has been encouraging recent progress, this still remains a significant

obstacle.
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Proof of concept demonstration

Originated by Protia AS (now CoorsTek Membrane Sciences AS, CMS), it was pro-
posed to directly convert inlet hydrocarbons gases to liquid fuels and other chemicals
using a PCMR in a single-step catalytic process. This was made possible by ceramic en-
gineering advances by CoorsTek Inc. in Golden, CO. USA; that enabled the fabrication
of NiO-BZCY72 cermet supported electrolyte membranes. The reactive sintered NiO-
BZCY72 cermet electrode supports were fabricated both by extrusion and slip casting,
and then spray coated with a slurry of the membrane precursors, prior to high tem-
perature sintering. Both fuel cell and hydrogen pumping operation was demonstrated
using an LSCF electrode painted on the BZCY72 electrolyte coated tubes, providing
precedent for further technological developments [28, 29].

In 2015, CMS demonstrated the one-step catalytic process of the direct conver-
sion of CHy to benzene over an MCM-22 catalyst [d9]. The methane dehydroaroma-
tization reaction describing the produc-
tion of C¢Hg over the MCM-22 catalyst
is shown in Eq. (ICH), with a schematic

Feed outlet

BZCYT72
Membrane

6CH, — CgHg + 9H, (1.5)

of the catalytic membrane reactor
shown in Fig. [A. It was demonstrated

that the reaction was enhanced by the
Cu-based
anode

use of proton ceramic membranes, fa-
cilitated by LeChatelier’s principle, re-
moving the product hydrogen from the

reaction zone. It was also reported
that the non-negligible oxide-ion con-

ductivity of BZCY72 improved conver-

BZCYT72
Membrane

sion rates by removing carbon deposi-
tions from the catalyst surface, how-

ever, this concept could be extended to Sweep outlet J et

the electrode as well. In such a case, a

Cu-based anode, as shown in Fig. I3, Figure 1.5: Illustration of the PCMR used by

would also benefit from the removal of Morejudo et al. in the direct conversion of
carbon deposits. CH,4 to CgHg, adapted from [49].
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1.4 Literature Basis

This brief review is included only as a point of reference to provide the basis for
the developments presented in this dissertation. Hydrogen oxidation has been studied
since the early history of electrochemical devices, and the general theory of mass and
charge transfer is well established. The mass transfer processes on metallic Cu are well
reported in literature, and theory is backed up by many experimental studies. However,
the charge transfer mechanism is not widely reported for the proton conducting metal-

electrolyte interface.

Hydrogen oxidation reaction

The hydrogen oxidation reaction (HOR) is well studied in SOFC literature, but in
order to extend this to electrode kinetics on proton-conducting ceramics, one should
have a reasonable understanding of the relevant processes. This section would be quite
exhaustive if all of the pertinent resources were mentioned, thus only the specific body
of knowledge critical to the development of the HOR model reported in this work is
reviewed. The central tenet of the HOR model developed herein is that it proceeds
through a number of elementary steps, and these steps are then extended through the

use of reaction rate theory [567].

First are the mass transfer steps of adsorption, dissociation and diffusion, all of which
are elementary processes that are well described by thermodynamics and the conser-
vation of mass. There is extensive literature on associative and dissociative hydrogen
adsorption both specific to Cu and generalized to metal surfaces, however Christmann
provided an excellent review in 1988, and in particular noted that although there are
general trends associated with the evaluation of activation enthalpies, there is no clear
consensus [63]. Similar to the analogous work by Kim et al. on oxygen electrodes using
LSM on a YSZ electrolyte, here, the activity of hydrogen is considered to be equiva-
lent to surface coverage, and by extension to the pHy [32]. Following mass transfer,
a single-electron charge transfer reaction takes place that is described by the general
Butler-Volmer formalism. This is done using the form of the equation for the hydrogen
oxidation half-cell as given by O’Hayre et al. in the 2009 textbook, “Fuel Cell Funda-
mentals” [b4]. In chapter 2 of “The CRC Handbook of Solid State Electrochemistry”,
Gerischer presents a derivation of the electrostatic potential at a hydrogen electrode
based on the Galvani potentials of a metal electrode-electrolyte interface [65]. Ad-
ditionally, in “FElectrochemical Methods”, Bard and Faulkner provide insight into the
treatment of mass transfer [bf]. These concepts are then related to proton conduct-

ing ceramics through the relevant transport equations and defect equilibria within the
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electrolyte.

Cu-based electrodes

Among the first attempts to utilize Cu as an anode for SOFC operation was the work
reported by Park et al. in 1999 at the University of Pennsylvania [57]. Using a yttria-
stabilized zirconia (YSZ) electrolyte, a porous scaffold was prepared by tape casting and
co-sintered with the electrolyte, then infiltrated with aqueous Cu nitrates. The result-
ing Cu-YSZ structure was not active to methane oxidation, and carbon deposition did
not occur. Based on some of the Gorte groups previous studies, CeO, was then added
as an electrocatalyst, and reasonable fuel cell performance was obtained [67-60]. There

was no mention of whether or not carbon deposition ocurred after the addition of CeOs.

In 2001, Kiratzis et al. performed a similar study, using a Cu-titania doped yttria-
stabilized zirconia (Cu-YTZ) cermet anode with a YSZ electrolyte at the University
of St. Andrews [61]. This study reported similar results, but also detailed the general
lack of thermal stability of Cu-cermet anodes at high temperature, leading to significant
degradations in performance. This paper concluded that Cu-based cermet electrodes
produced by that method were not promising candidates for high temperature applica-
tions. However, the research on Cu-based cermets continued at both institutions with
the further development of advanced synthesis techniques and electrochemical charac-

terization [62-65].

In 2004, the Gorte and Irvine research groups together published the article by
Atkinson et al. titled “Advanced anodes for high-temperature fuel cells” in Nature,
which based on the above works reviewed both advantages and disadvantages of Cu-
cermets [66]. The Gorte group continued their research on Cu-based cermet electrodes,
with efforts primarily focused on the thermal stabilization of Cu, and by 2007, this
had been accomplished through the use of both Co and Cr [67-70]. The more rele-
vant development of this work was the utilization of the immiscible metal phases, Cu
and Co, where it was found that Cu will diffuse through electrodeposited Co, forming
a monolayer of the carbon resistant metal on top of the Co; which would otherwise
susceptible to carbon deposition. Additionally, through the addition of CeOs to the
infiltrated Cu-YSZ anode structure, an SOFC operating on pure Hy could be fed HsS
at concentrations of up to 200 ppm, with no decrease in power density [71]. The Gorte
group apparently concluded their work on Cu-YSZ cermets in 2007 with the final dis-
semination of their findings, emphasizing that much work remains for developing the

novel Cu-based anode for hydrocarbon applications [72].
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1.5 Content of this Dissertation

The remainder of this dissertation is composed of the following sections:

- Chapter 2 offers a brief synopsis of the relevant defect chemistry in reducing atmo-
spheres and proton transport mechanisms, the more fundamental aspect of this work
focuses on the hydrogen oxidation electrode reaction kinetics at the metal-electrolyte
interface.

- Chapter 3 generalizes the ceramic engineering of porous backbone microstructures,
and includes the development of a solvent-based infiltration solution used to introduce
both electronically conducting and electrocatalytically active components, forming a
cermet, type electrode.

- Chapter 4 describes the experimental configurations, electrochemical measurement
techniques and data analysis procedures.

- Chapter 5 then presents the scientific contributions of this dissertation as a collection of

published and unpublished manuscripts; a brief description of their content given below:

Manuscript I (MI): “Comparison of Cu and Pt point-contact electrodes on pro-

ton conducting BaZr;;Ce;>Y(103_5"

Shay Robinson, Christian Kjglseth, Truls Norby
Solid State Ionics, 306 (2017) 38—47

As a fundamental study, the electrode reaction kinetics of the Cu and Pt metal-
electrolyte interface on a proton conducting ceramic are investigated. A simplified
HOR model is developed to explain the pHs dependencies of mass and charge transfer

conductances, as determined through impedance spectroscopy.

Manuscript II (MII): “Thermally stable Cu-Co electrodes with and without

CeO, activation on a BaZr;;Ce;,Y(103_5 proton conducting electrolyte”

Shay Robinson, Christian Kjglseth, Truls Norby
To be submitted to the Journal of Hydrogen Energy

This work introduces the use of a solvent based infiltration solution, and the thermal
stabilization of Cu is accomplished through the addition of Co. The effects of CeO,
as an electrocatalyst are investigated, and the HOR model is used to interpret data
obtained through impedance spectroscopy. SEM imaging is used to estimate the area
specific tpb length, and this is related to the charge transfer pre-exponential of the

temperature dependencies.



1 INTRODUCTION 11

Manuscript IIT (MIII): “Infiltration of Cu-Co and CeO, in a BZCY 72 backbone
co-sintered with a NiO-BZCY 72 supported electrolyte”

Shay Robinson, Christian Kjglseth, Truls Norby

In preparation

A co-sintered backbone is fabricated on a section of NiO-BZCY72 electrode sup-
ported membrane, and then infiltrated with a Cu-Co solvent-based solution. CeO, is
used as an electrocatalyst at the metal-electrolyte interface, and the HOR model is used
to interpret both biased and unbiased data obtained through impedance spectroscopy.
The exhibited pHs dependencies agree with model predictions, and the charge transfer
pre-exponential obtained from the temperature dependencies indicates that this skeletal
type co-sntered backbone yields a comparable area specific tpb length, as compared to

the porous Cu-Co electrode from MII.

Manuscript IV (MIV): “Performance of Cu-Co-CeO; infiltrated graded back-

bone on a Ni-cermet supported BaZr;;Ce;->Y(103_s electrolyte”

Shay Robinson, Christian Kjglseth, Truls Norby

In preparation

A graded porosity backbone is applied to a section of pre-sintered NiO-BZCY72
electrode supported membrane and infiltrated with a Cu-Co-Ce solvent-based solution.
The thermal stability of the infiltrated composition is evaluated as a function of thermal
cycling, and theories are postulated for the observed changes in charge and mass trans-
fer activation enthalpies. The charge transfer pre-exponential is then used to estimate

the area specific 3pb length for this cermet microstructure.

- Chapter 6 then reviews the key findings and developments of this work, and collec-
tively discusses the obtained results.
- Chapter 7 presents further results that were not included in the manuscripts but that

may be relevant to future work, and reviews the remaining challenges and outlook.

Two further manuscripts are also included in the appendix that, although relevant

to parts of this work, were not directly tied to the theoretical developments herein:
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Manuscript V (MV): “Galvanic hydrogen pumping in the protonic ceramic per-
ovskite BaZr0_7Ceo_2Y0_1O3_5”

Shay Robinson, Anthony Manerbino, W. Grover Coors
Journal of Membrane Science, 446 (2013) 99—105

This earlier work demonstrated the stability of BZCY72 membranes under galvanic
operation at high-current, providing the precedent for the use of BZCY, and for further
investments by CoorsTek Inc. into research and development in this area. Using an
LSCF cathode on a Ni-cermet supported BZCY72 membrane, galvanic hydrogen flux
was quantified from 650 to 800 °C, up to a 1 A cm~2 current density.

Manuscript VI (MVI): “Bag 5Gdg sLag7;C0,0¢_s Infiltrated in Porous BaZr ;Ce o-

Y.10;5_s Backbones as Electrode Material for Proton Ceramic Electrolytes”

R. Strandbakke, E. Vgllestad, S. Robinson, M. L. Fontaine, T. Norby
Journal of the Electrochemical Society, 164 (2017) F196—F202

The performance of different BGLC infiltrated backbone microstructures were com-
pared to that of a homogeneous ink of the triple conducting oxide. No noticeable
improvements were obtained using the infiltrated backbones, suggesting that the high
performance obtained with this material is due increased proton, oxide ion and hole
conductivity. (I contributed to this work through the development of an optimized

backbone microstructure)
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2 Theory

In this chapter I first will touch upon the basics of defect formation, hydrogen
incorporation and transport through the electrolyte. Then the reaction kinetics at the
hydrogen electrode are described, and include the development of a simplified hydrogen

oxidation model that is used to interpret the pH, dependencies obtained in this work.

2.1 Defect Chemistry
Oxygen vacancy formation in BZCY72

Transport in proton conducting oxides occurs largely due to the presence of oxygen
vacancy defects in the crystalline lattice structure. Intrinsic defect formation in stoichio-
metric compounds occurs through Schottky disorder, resulting in both anion and cation
vacancies, through Frenkel disorder, resulting in interstitial anions or cations (and the
respective vacancy), and through the ionization of electrons. For non-stoichiometric
oxygen-deficient compounds, written in Kroger-Vink notation, oxygen vacancies are

created according to,
LXJ 1
O)é < vo + 2¢’ + 502 (g) (21)

resulting in the evolution of oxygen gas; the electrons are delocalized in the conduction
band. Material scientists promote oxygen vacancy formation through substitutional
acceptor doping by introducing foreign aliovalent metal oxides. For ABOj3 perovskites,
such as shown in Fig. 271, this is written as AB;_,Bf,O3_s, where the substitutional
B-site doping, z, of a foreign lower valent cation, (Bf), results in the formation of oxygen

vacancies. In the case of oxygen deficient barium zirconate, BaZr;_,Y,03_s (BZY), the

A:. B:c Bf:c 0:Q vo:

Figure 2.1: The ABOj perovskite structure, where B site doping of a lower valent
cation, Bf, will promote the formation of oxygen vacancies, v, .
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equation describing the substitution of yttrium onto a zirconia B site is,

ZrO9 , « . 1
Y,03(s) <= 2Yz + 206+ vo + ;0:2(9) (2.2)

The research performed in this dissertation utilizes yttrium-doped barium cerate
zirconate oxide, BaZr_,_,Ce,;Y,03_5 (BZCY). The oxidation state of Ce in CeOs is the
same as that of Zr in ZrOs, and so the doping equation appears the same for BaCeYO3_s,
however the characteristics of the Ce cation substitution on the b-site are significantly
different [[73]. Ce is known to change oxidation states from Ce** to Ce** when exposed
to hydrogen containing atmospheres, creating an effectively negative charged Ce cation

in addition to an additional oxygen vacancy [[/4-76]. The reduction would proceed as,

H, (g) + 2Cez, + 05 = 2Ce7, +vG + Hy0 (g) (2.3)

This gives rise to an increase in both electronic and ionic conductivity, which is not
desirable from a pure proton-conducting point of view. However, mixed conductivity is
reported to be beneficial for some applications where carbon deposition is problematic,
as oxygen reacts with C to form CO or COq [31, 49, [7'7].

Proton incorporation in reducing atmospheres

In wet reducing atmospheres, protons are incorporated into materials such as BZCY
through both the hydration of oxygen vacancies and the hydrogenation of oxide ions
[78]. When protons and oxygen vacancies charge compensate the negatively charged
acceptor dopant, [Y7,], the electroneutrality condition reads, [Y7,] = 2[vey] + [OHJ),
and has two limiting cases which can be used to determine the proton concentration.
In water-vapor saturated atmospheres, protons are equilibrated with oxygen vacancies

and oxide ions according to the hydration reaction,

H,0 (g) + O5 + vo <= 20H} (2.4)

Here, an oxide ion has dissolved into and occupied the vacancy, filling the empty lattice
position. The hydrogen has also dissolved into the lattice and is now associated with the
oxide ions as hydroxides. Through the mass action law, the corresponding equilibrium

constant is,

Ko JOHSE o AGho\ _ (ASRo) Ao
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In this condition where oxygen vacancies are fully hydrated and protons predom-
inate, such as at intermediate temperatures, the concentration of protons can be ap-

proximated directly by,
[OH) & [Y7,] = constant (2.6)

Alternatively, in lower pHyO atmospheres, where protons are the minority, the elec-

troneutrality condition is then approximated by,
2[vo] &~ [Y7,] = constant (2.7)

From (233), the concentration of protons is given by,

(OHJ] = \/Kir,0[08] [V IpH,0 (2.8)

Upon substituting the above electroneutrality approximation, (274), the thermodynamic
properties for Ky, with the concentration of oxide ions on oxygen sites [Og] ~ 1, the

concentration of protons is

1 ASS AH),
[OHG] = —=[Y7]"/*pH0"? exp ( HQO) exp <— H2O) (2.9)

V2 2R 2RT

As the pH»0 decreases further, the conductivity decreases due to depleted charge carrier
concentrations [I6, 17, 79]. The hydration reaction no longer dominates and the pro-
tonation mechanism changes to hydrogenation. This reaction can be written numerous

ways, the simplest is if the protons are charge compensated by electrons,

1 . ,
§H2 (g) + 05 < OHgj + e (2.10)

Electrons may interact with other defects so that the protons are compensated by the
formation of new defects. In Ce containing BZCY compounds, the Ce may change

oxidation states according to the following,

1 .
5H2 (g) + O5 + Cey, <= OHY + Cey, (2.11)
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2.2 Proton Transport
Mechanisms

After incorporation into the crystal structure, a proton initially resides in the elec-
tron cloud of a lattice oxygen as the hydroxide defect, OHg. In principle, protons are
mobile through two primary means: free transport, also termed the Grotthus mecha-
nism, and the vehicle mechanism. The Grotthus mechanism is widely acknowledged to
be primarily responsible for proton transport through materials such as BZY. As the
crystal lattice vibrates, the proton rotates around the oxide ion, and when lattice vibra-
tions bring oxide ions closer together, the proton will then hop from one oxygen site to
another. The sequence of steps in the Grotthuss mechanism are illustrated graphically

in Fig. Z2. In the vehicle mechanism the oxide ion carries the proton and moves as a

© ©

© ©

Figure 2.2: Graphical depiction of the Grotthuss mechanism, involving the diffu-
sional rotation of a proton (in blue) around oxide ions (in yellow) and hopping
to a neighboring oxide ion.

hydroxide, transporting by way of adjacent oxygen vacancies.

The activation enthalpy for the mobility of protonic defects in BZCY varies from
around 0.4 to 0.6 eV [16, 80]. However, the activation enthalpy of the rotational reorien-
tation is near 0.1 eV [I4], and that of the longer range proton transfer step is near 0.15
eV [15]. This discrepancy is typically attributed to trapping through proton-dopant
association, and to the notoriously high grain boundary impedance of barium zirconate

based ceramics [81].

Electrochemical transport

As protons are one amongst numerous charged species in BZCY, the following treat-
ment is generalized to encompass all charged species; for practical calculations the sign
of the charge indicates the direction of flux. The equations describing the diffusion of

a charged species 7 in an electrochemical potential gradient can be derived using Ficks
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law,
J, = -D, X v, (2.12)
RT
Here, J; is the flux vector, D; is the diffusivity, x; is concentration and is proportional
to activity through a; = x;/x.0, R is the universal gas constant and 7 is temperature.

V is the gradient operator, and the electrochemical potential, ji;, is defined as,

Xi
Xi,0

where p{ is the standard chemical potential, z; is charge and ¢; is electrostatic potential.
If we limit the problem by restricting it to one dimensional diffusion across the membrane

in only the x-direction, then,

Oft; . RT O 0¢;
oxr  x; Ox +ZzF8x

(2.14)

After performing the differentiation, and by utilizing the Einstein relation between

diffusivity and conductivity,
(2. F)2
o, — p,Xils )"
RT

the flux of a charged species 7 is then defined in terms of its chemical and electrical

(2.15)

driving forces as,

Ji:—

7 <ﬂ% F(%i) (2.16)

(z:F)?2 \ x; Ox 5 o

The motion of a charged species constitutes a current, described mathematically as the

product of the charge z, Faradays constant and the flux of each respective species,

More specifically, this equation may be used to calculate the theoretical hydrogen flux
density during galvanic operation,

i
- nFA

Ju (2.18)

and will be used later to compare the theoretically predicted flux to experimental results

obtained in this work.
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2.3 The Electrode Reaction Kinetics of Hydrogen Oxidation

The hydrogen oxidation reaction (HOR) is fundamental to the operation of many
electrochemical devices, and is thought to occur primarily in a small region at the three
phase boundary (3pb) of the gas-metal-electrolyte interface. It is also hypothesized that
in the case of an electrode material with high hydrogen permeability, such as Pd or a
Cu-Pd alloy [82, B3], this may also occur at the two-phase metal-electrolyte boundary
(2pb). Fig. 223 schematically depicts the possible reaction pathways to each of these

regions, collectively referred to as the phase boundary, (pb).

Metal

%

N LS

AR

Electrolyte

Figure 2.3: Possible reaction paths at the metal-electrolyte interface of proton
conducting BZCY72, showing hydrogen gas associatively adsorbing (Hs 445) and
subsequently dissociating, or dissociatively adsorbing (2H4s). This is followed
by interstitial (H?) and surface diffusion to the pb, where the electron transfers
to the metal, and the proton transfers to an oxide ion (O%7) in the electrolyte,
resulting in the hydroxide defect (OH™).

Hy(g)

As illustrated, this elementary reaction sequence can be described first by the ad-
sorption of hydrogen gas onto a vacant adsorption site (v4qs) on the surface of the

electrode as follows,

1 - adsorption: Hy(g) + vaas <= H2 ads (2.19)

2 - dissociation: Hs 445 + Vads <= 2Huas (2.20)

If a molecule adsorbs associatively, the dissociation step is given in (2220), or for dis-
sociative adsorption the second order process is given by the sum of (Z19) and (2220).
Diffusion to the pb will occur either on the surface of the electrode to the 3pb and/or
intersitially through the bulk electrode to the 2pb. This will progress as,
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3a - surface diffusion: Hygs + vapy <= Happ + Vaas (2.21)

b dissolution into metal: H,4s + v; <= H} + 445 (2.29)
interstitial diffusion: HY + vep, <= Hopy + v;

The charge transfer reaction at the pb involves the simultaneous dissociation of neutral
atomic hydrogen and proton transfer to an available oxide ion in the electrolyte, with
electron transfer to the electron cloud of the bulk metal. In transition state theory this
is known as proton coupled electron transfer, and has been widely studied in numerous
electrochemical and bio-electrochemical systems. Here, this process can be described
by proton transfer to an available oxide ion in the electrolyte, forming the hydroxide

species, and electron transfer to the electronically conducting phase of the electrode.

4 - charge transfer: Hy, + O3 <= OHg + e~ + vy, (2.23)

Overall, this simplistic model may be complicated by the presence of other gaseous
species, such as water vapor, through competitive adsorption at preferential sites. Ad-
ditionally, both gas phase diffusion and interstitial diffusion will also be neglected in the
following treatment. The following sections deal with simplifying assumptions applied
to the mass and charge transfer processes, and then relates them to quanifiable charac-

teristics of the total polarization response as measured by impedance spectroscopy.

Mass transfer: adsorption, dissociation and diffusion

The interaction of Hy with metal surfaces has been studied in great detail for many
decades, and despite the wealth of knowledge generated, there is no definitive formula-
tion about Ho-metal surface dynamics [84-86]. H, is the smallest diatomic molecule and
readily adsorbs on metal surfaces. For noble metals such as Cu, Ag and Au, adsorption
is activated, while for many others, such as Ni, Pd and Pt, adsorption is non-activated
[R6-K8].

The decisive factor for the adsorption process is the sticking probability, which de-
termines whether a particle will stay on the metal surface or be reflected. Initial sticking
probabilities vary for different metals and for different crystallographic orientations (<
0.1 for all Cu surfaces, up to 0.4 for Pt, 0.65 for W, 0.7 for Pd, and 0.96 for Ni), but
in general it is inversely proportional to the surface coverage [63]. If Hy sticks to the
surface and becomes physisorbed in a precursor state, the availability of a neighboring
vacant chemisorption site will determine if it moves into the transition state. When
there is a vacant site available and the activation energy barrier is overcome, the H-H

bond is broken and it becomes chemisorbed on the metal surface. Fig. 24 shows this
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process in a characteristic Lennard-Jones potential energy diagram for the adsorption of

H, on Cu metal, adapted from [62, b3, R9-91)]. First, hydrogen gas is shown approach-

Transition
St;&te B 2Cu + 2H
i T
b>6 i AI—Idiss
$ AH Athys
=
= v o
= </ _AN— o+ He
£ ~
12 Cu-H,
o Physisorption
ol
Surface  Cu-H
Diffusion Chemisorption

-~ T

Reaction Coordinate ——

Figure 2.4: Schematic depiction of the potential energy landscape for mass trans-
port to the 3pb using a Lennard-Jones potential energy curve for the Cu-H
system. Curve A refers to the physisorption of molecular hydrogen, and curve
B refers to the chemisorption of atomic hydrogen. The reaction coordinate rep-
resents increasing distance from the metal-electrolyte interface. Adapted from
(62, b3, RI-91]

ing the Cu metal surface, attracted by the van der Waal force. It is then physisorbed
in the precursor state, and aside from lateral interactions it is free to move across the

surface of the metal [63]. Cu and other noble metals have an activated transition state
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for chemisorption, such as shown in Fig. P4, however, for other metals such as Pt and
Ni, this transition state lies below the horizontal axis, and dissociative chemisorption is
non-activated.

Adsorption is largely dependent on site availability, and is inversely proportional to
the surface coverage. This emphasizes surface coverage, (O,445), as the figure of merit for
the adsorption process. Langmuir first considered this process in terms of equilibrium
thermodynamics, where the rates of adsorption and desorption are equal,

pHo k™ (1 — Ougs)* = k= OF,, (2.24)
Here, surface coverage is equivalent to activity, and the activity of vacant sites is then
(1 — ©), with &7 and &k~ the forward and reverse rate constants, respectively. For
associative adsorption, x = 1, and for dissociative adsorption, x = 2. The equilibrium
constant for Eq. is,
L+ @

Ko = — = ads 2.25
¢ ki (1 - Gads)szZ ( )

From this, the limiting cases of the Langmuir adsorption isotherm are derived [62]. At
low coverage, ©,4s <, and with the activity of vacant sites close to unity, the surface

coverage is approximated by,

@ads ~ (Kads pHQ)l/m (226)

At high coverage, .4, ~ 1, and the activity of vacant sites is approximated by,

1

1—0Ous) ® ———— 2.27
( ! ) (Kads pH2>1/ac ( )
For intermediate coverages there is no simple approximation, and a complex depen-
dency results,
Ka s o 1/x
@ads = ( ds D772 ) (228)
1 + Kads sz

The intermediate coverage is dependent on both the hydrogen pressure and equilibrium
rate constant.

At thermodynamic equilibrium the net rate is 0, and from (2224, with the adsorption
rate constant K,q = /(k7/k7), the surface coverage of H or Hj is,

02/ = K s pHY* (1 — Opas) (2.29)

ads

The equilibrium constant, K,4, contains parameters such as the sticking coefficient,
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sg, which is related to the catalytic activity of the metal surface. The catalytic activity
of a metal surface has direct implications on the dynamics of the Ho-metal interaction,
and has been attributed to geometric factors such as crystallographic orientation and
surface inhomogeneities, as well as to electronic factors such as defect induced potentials,
work functions and the density of states at the Fermi level [92-96].

So AHggs

K. = e R 2.30
! V(Oga)2V2rmkT ( )

After adsorption and dissociation, diffusion to the phase boundary occurs via two
paths, on the surface of the Cu electrode, and interstitially through the bulk Cu lattice,
though for simplicity, only surface diffusion to the 3pb will be considered. On the
electrode surface, diffusion takes place in successive jumps of the adsorbed molecular or
atomic H from occupied adsorption sites to adjacent unoccupied sites. In contrast to the
Nernst-Planck equation for charged species, this process can be adequately described

by Ficks law,
00
Jy=—-—Dy— 2.31
H H 5 (2.31)
Where Dy is the diffusion coefficient, and the driving force is the gradient in the surface
coverage of the adsorbed species, given by the difference between adsorbed hydrogen at

the 3pb and on the electrode surface adjacent to the 3pb,

H2/x

00 . G%b - @ads

a0 - (2.32)

At equilibrium, there is no net flux, but the two coverage terms are not identical. Metals
that have a high catalytic activity towards hydrogen dissociation will have a higher
coverage at the phase boundary. There, the hydrogen will have already dissociated,
existing as atomic hydrogen in order for the charge transfer process to take place. The

hydrogen coverage at the 3pb is then given by,

O3 = Kot PH; (1 — ©3,) (2.33)

Here, the rate constants of the adsorption, dissociation and diffusion processes are
referred to collectively at K,,;. Once at the 3pb, the adsorbed hydrogen is then in
dynamic equilibrium with the activity of protons in the electrolyte and electrons in
the metal, and though there is no net exchange of charge, there is still an equilibrium
charge transfer process taking place. The coverage of adsorbed hydrogen at the 3pb is

then equivalent to the activity or concentration of the reduced species, [Cg|, which is
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oxidized during the charge transfer reaction; as detailed in the next section.

Butler-Volmer theory

Charge transfer reactions have been described using the Butler-Volmer equation
with much success by countless researchers. First, consider the kinetics of a generalized
charge transfer reaction taking place at the electrode-electrolyte phase boundary, where

a reduced species, R, such as hydrogen, is oxidized,

R & Ox+e” (2.34)

Electrochemical reactions are most fundamentally characterized by current, which at

any potential, is a direct measure of the electron transfer rate [97].

?

pu— 2-
r= (2.35)
The rate equation for the oxidation shown in (2234) is,
r=[Crlk™ — [Coulk™ (2.36)

where the concentrations, [C;], are equivalent to the activities, %/aq; of the respective
reduced and oxidized species. The forward and backward rate constants are of Arrhenius

form,

K =kie®™ P and kT =kye (1AnE (2.37)

Here, E is the electrode potential, and ( = F/RT, where F', R and T have their usual
meaning. The symmetry coefficient, 5 describes the relative magnitudes of the forward
and reverse energy barriers for the activated transition state [b4]. Although the sym-
metry coefficient can in principle have any value between 0 and 1, depending upon the
concentration gradient of electroactive species and the type of metal catalyst employed,
it is typically near 0.5, and is often assumed to be independent of temperature and

potential.

At the standard electrode potential, Ey, the concentration terms in (238) are at
unit activity, then the net current is 0 and the forward and backward rate constants are

equal [O7],

ko = ki eneFo = | e (1-AncEo (2.38)

By defining the overpotential as the difference between the electrode and standard elec-

trode potentials, n = E— Ey, and solving for kg and k; in terms of kg, the heterogeneous
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rate constant,

ki =koe ™" and kg = koe!7Ann (2.39)

Then substituting the relations from (E39) into (2231) and (E238), the potential depen-

dence of the electron transfer rate is given by,

r = ko ([Cr] 7" — [Co,) e (=) (2.40)

At the equilibrium potential there is no net current and the forward and reverse reaction
rates are equal, however, the concentration terms are not unity. Through the current-
rate equality of (2233), this difference in concentration gives rise to the exchange current,
iOa

io = nF Akg [Cg| € Fea=E0) — n B Ak [Co,) e 1 AIn¢(Eea=Eo) (2.41)

Dynamic equilibrium at the metal-adsorbate-electrolyte interface equates the elec-

trochemical potentials of the three mediums,

fii = 10 + RT In([Cy]) + 2F ¢ (2.42)

where 0 is the standard chemical potential, z is charge and ¢; is the electrostatic
potential of species i. Similar to other derivations of the hydrogen electrode potential
[64, bS], the equilibrium expression for the electrochemical potential of charge transfer,
(2223), at the 3pb, then becomes,

11 + BT I([CR]) = py,,) + RTI([Cos)) + Féicy,) — Fe- (2.43)
Separating terms and defining the Galvani interfacial and standard state potentials as,

0 0
Fior) ~ Ploo)

Ap = ¢pe- — Picp,) and Ag’ = 7 (2.44)
the equilibrium potential of the hydrogen electrode is,
1 [Cox]
Ao — A¢® = E, —Eoz—ln( ) 2.45
N (24

Then inserting the above 3pb equilibrium potential, (243), into the expression for
the exchange current, (241),

1

io = nF Ako [Cr] eﬁ”((%ln([COzV[CR]) = nF Akg [Coy] e—(l—ﬁ)nC(C In([Co.]/[CR])) (2.46)
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and simplifying, the exchange current is,

io = nF Aky [Cr|" P [Co.)? (2.47)

By inserting (E47) into (240), with n = E., — Ep, the most common form of the

Butler-Volmer equation is obtained,
i =g (e — e~ (1= (2.48)

If fn¢n < 1 and —(1 — B)n¢n < 1, then the Taylor series expansion is approximated
by the first two terms, i.e., for small z, € = 1 + z, and this yields the Ohm’s law—like
relation for the exchange current and charge transfer resistance,
. , 1 1 1
1 =1n(n — 9= —= —

(n¢)n — (n€) R

With n =1, Cg = O%, [0F7], Oy from (233), and Cp = [OHg] (1 — Osyp),

— nF Ako [Cr]Y? [Coa)? (2.49)

11

i = ZR = FAky (K, pH§/2(1 — @3pb)[0fﬂ)(1*5) ([OHZ) (1 — O3,))” (2.50)

which with the concentrations of [0 ] ~ 1 and [OH,] < and constant, and by incor-

porating the other constants ((, F, A, kg and K,,;) into K, simplifies to,

1
Rct

1-8
= Kct pH2 2 (1 — @3pb) (251)

Then the inverse charge transfer resistance (conductance) is proportional to the product
of the rate constant, K., the symmetry coefficient scaled pHy dependency derived from

mass transfer, and the activity of vacant adsorption sites at the 3pb, (1 — ©Os).

The total polarization resistance

Though the thermodynamics of hydrogen adsorption and dissociation are entirely
chemical in nature, they are inherently coupled with the factors affecting electrode
reaction rates and the resulting electrochemical current [66]. At steady state, such as
characterized by impedance spectroscopy at low frequencies, charge transfer is slowed
by coupled mass transfer processes. The rates of charge transfer and mass transfer are
then the same, and the magnitude of the current is dependent upon the rate limiting
step. The reaction sequence comprises the total polarization resistance as the sum of

the mass and charge transfer processes. (The following treatment is adapted from Bard
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and Faulkner, “Electrochemical Methods”, pp. 23-34 [566].) To clarify the nature of the
total polarization response, consider these anodic process represented as an electrical

circuit, as shown in Fig. 28, where the gas phase diffusion resistance would precede mass

. R Re .
1 1
nmt nct

Figure 2.5: The electrode polarization resistance, composed of reaction the pro-
cesses of mass and charge transfer, represented as an electrical circuit. Adapted
from [b66]

transfer, and charge transfer is followed by the electrolyte resistance and the cathodic
branch. The sum of these terms gives rise to the measured polarization resistance, which
can be mathematically elucidated through the Butler-Volmer equation by incorporating
mass transfer terms. When conducting investigations using impedance spectroscopy,
an alternating current oscillates between positive and negative values of the specified
amplitude, and thus periodically alters the concentrations of reactants at the metal-
electrolyte interface. In this case, the coverage at the 3pb (@g)b) is either more or less
than the coverage on the overall electrode surface (@ng/ “) and the net rate of mass
transport to the 3pb is given by (E231) and (E232) [66],

ads
o _ b~ ads 92.52
Tt nkFA H Az (2.52)

For convenience, the mass transfer coefficient is now defined as mg = P#/Az (in units

of cm?® s7! em™?), then (Z352) is rewritten as,

—of,) (2.53)

Next, consider that at the instantaneous maximum positive AC amplitude, the largest

rate of mass transfer occurs such that @g?b < and may be neglected,

7: _ HQ/T
nFA - m@(@ads ) (254‘)

then the anodic limiting current is then obtained,

H2/a:
ads

i&a =nFA TI’L@@ (255)
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By substituting (2253) into (Z53) the expression for ©F, is,
el — ol (1 = ,L) (2.56)
U,a

Using (E43) with the previous definitions of Cr and Cp, and the concentrations of
(051, (1= Osy) and [OH),

HQ/:E

1 1 1 1 ]
E = EO + Eln (@) = E — EO = Zhl <®ad8 > + Z In <1 — i) (257)
/4 ,a

Here O], > ©4, and thus is neglected as lim(In[©%, Do 1 =0, then

ads ads
.1 i

then by defining the concentration overpotential as 7epne = E — E°,

1 )
conc — & In(1-— T 2.59
K ¢ ( Z/z,a) (2:59)

Where upon exponentiating the terms, and once again with e* = 1 4+ x for small =,

i
1 — — =e 9 =1 — (Neone (2.60)
U.a
Then through further simplifications, the Ohm’s law-like relationship is obtained for
the limiting current and inverse mass transfer resistance. For small deviations of the
potential E from E,, the i-n.,. characteristics are linear, and with units of resistance
(Q), we may define a “small signal” mass transfer resistance as [b6],
7 1

= ‘a:_:KasHl/Il_@as 2.61
Toome (e, R, ds PHy ™ ( ds) ( )

It is proposed that this relationship may be extended to the exchange current, as when
performing impedance spectroscopy, the mass transfer response is observed at very low
frequencies which may constitute a “small signal” response. Thereby, the measured

total resistance at DC, Ry, is the sum of Ry and R,,;.
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Temperature dependencies

In the preceding sections, equations (Z221) and (2861) were derived to describe the
pHy dependencies of the charge and mass transfer conductances. Temperature depen-
dencies, such as seen in Eq. and in ( = F/RT, were incorporated into the rate
constants K,,,; and K. Fig. 28 shows a characteristic surface that combines the pHy
and temperature dependencies of the inverse charge transfer resistance, and emphasizes

that electrode reaction kinetics are strong functions of temperature. The general equa-
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0.5

0.005

0.5

Log( 1/Ret )
Q_lcm_z —05

-1.0°

1.08
1000/T / K71

1.21

Figure 2.6: Charge transfer conductance, as obtained for a Cu-Co infiltrated back-
bone electrode, plotted as a function of both the pH, and inverse temperature.

tion for thermally activated electrode reaction kinetics is of Arrhenius form, and must
also be expressed as a function of the concentrations of reactants and their respective
reaction orders [, b6, U8]. It is proposed, based on empirical results obtained through
impedance spectroscopy, that the charge and mass transfer conductances can, to a first
approximation, be expressed as,

1 AH

E = A(] (pHg)n (pHQO)m e_ kpT (262)

where k;, is Boltzman’s constant and Ay is the pre-exponential factor. Most thermally
activated parameters are included in the activation enthalpies, which are beneficial in
identifying reaction mechanisms and the rate limiting process. However, both the pHy
and pH5O dependencies, n and m, as well as the rate constants and some material

properties, likely have a small temperature dependency.
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Charge transfer pre-exponential

The charge transfer pre-exponential, Ag ., is often under-reported, and is a param-
eter representative of material specific properties such as the interfacial resistivity, as
well as geometric factors. Numerous attempts have been made to try and determine
an analytic relationship between the charge transfer resistance and geometric aspects of
the three phase boundary region [99-103]. The 3pb region has been recognized to exist
with finite dimensions, rather than as a singularity, having an effective width, w, and

thickness, d, possibly such as shown in Fig. 274, The dimension 9 is likely on the order

Figure 2.7: Possible geometry of the 3pb at the metal-electrolyte interface, with
length /s,;,, width w and thickness .

of angstroms, while w, as a function of bias, is thought to be on the orders of angstroms
to microns, thus these lengths are not easily measurable [I02-105]. The most relevant
and widely sought geometric factor is the 3pb length, /s,,, often reported in length per
unit area for the planar metal-electrolyte interface [T02, [04]. In terms of the material
specific charge transfer resistivity of the 3pb gas-electrode-electrolyte interface, pl, (with
units of 2 em), the inverse charge transfer resistance is,

I w Lapp

= 2.63
R Pi:t 0 ( )

The thickness, 9, is the dimension across which charge transfer occurs, through the area
defined by the width, w, and 3pb length, ¢s,,. However, because the parameters w and

0 are somewhat obscure, it is useful to define the 3pb geometric resistivity as,

/
5
oo = 2et2 (2.64)
w

and then the inverse of the measured charge transfer resistance becomes,

1 lspp
= 9P 2.65
Rct pct ( )
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Eq. (E83) states that the charge transfer conductivity of the metal-electrolyte interface
is inversely proportional to the 3pb geometric resistivity, and will increase with the
length of the 3pb. This equation mathematically illustrates why small electrodes such
as point-contacts have high resistances, while electrodes with extended 3pb lengths,
such as Ni-cermets as state of the art electrodes, have low resistances.

By comparing (262) and (2853), it is seen that with temperature, pHy and pH,O
independence, Ay is directly proportional to f3,, and inversely proportional to the
geometric resistivity, pe,

Ay o Uspp ~ w/g?)pb
Pt PO

It is proposed that if (3, is known or can be estimated, then the corresponding

(2.66)

charge transfer pre-exponential can be compared to the A, of another electrode with

similar composition, and used to estimate the unknown s,

It is reasonable to assume that the three phase boundary length, /s,,, is constant
with bias. Eq. (2868) then implies that variations in Ay with bias are likely due to
changes in the dimensions w and J, or possibly in the resistivity p.,. The parameter 0 is
thought to be related to the concentration of protons in the outermost atomic layers of
the electrolyte, and thus to any bias dependent electrode-electrolyte space charge layer
that may exist. The effective width of the 3pb, w, also has potential variability, and has
been modelled as a function of bias by O’Hayre et al. [104].

The material specific geometric resistivity describes the electronic structure of the
unique metal-electrolyte interface, and may be thought of in terms of the Fermi level
alignment between the metal and the oxide, and as such is also possibly a function of
bias [I06]. In simpler terms, p. defines the resistivity to the charge transfer process:
the coupled proton-electron delocalization with simultaneous proton transfer to an oxide
ion in the electrolyte, and electron transfer to the metal. It is a parameter that is also
likely to be temperature dependent, as with increasing temperature electrical resistivity
increases, and ionic resistivity decreases. Hence, these interfacial material specific and
dimensional parameters are all functions of bias, and may offer explanations for the
increases in the charge transfer pre-exponential, Ay, as well as the associated activation

enthalpies.
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3 Synthesis

3.1 Electrolytes

The electrode studies in this thesis were performed using dense BZCY72 electrolyte
pellets, as well as tubular 65 wt% Ni-BZCY72 cermet-electrode supported membranes.

Electrolyte pellets were fabricated from both commercial BZCY72 nanopowder (Cer-
potech AS) and reactive-sintered precursor oxide powders such as BaO, ZrOs, CeO, and
Y203 (Sigma-Aldrich, Alfa Aesar). The powders were first mixed in a planetary ball
mill with 1 wt% binder, either polyvinylpyrrolidone (PVP) or polyvinylbuterol (PVB),
and a sintering aid, such as 1 wt% ZnO or 0.5 to 1.0 wt% NiO. After the powders were
dried, pellets were uniaxially pressed in a 25 mm die, typically to a pressure of 3 tons.
The firing profile was varied depending upon both the starting powders and the type of
sintering aid used, if any. After sintering, the resultant pellets were nominally of greater
than 95% of the theoretical density of BZCY72.

The 65 wt% Ni-BZCY 72 cermet electrode supported tubes were obtained in both the
pre-sintered and green-bodied forms (Coors Tek Inc, Golden, CO. USA, and CMS, Oslo,
Norway). The support tubes obtained from the USA were fabricated by slip casting,
while the ones received from Norway were made by extrusion. After production of
the green bodied support tubes, the BZCY72 membrane precursors were applied via
atomizing spray coating. Further details specific to this process have been described in

previous literature and will not be elaborated upon further here [29, [07, [08].

3.2 Backbone Microstructures

Ni-cermet electrodes are widely acknowledged to be the best hydrogen anodes due
to the longer tpb length of the metal-electrolyte interface and the catalytic activity of
Ni metal towards the HOR. As an extension of the electrolyte, the ceramic phase of the
multi-phase cermet composition plays multiple roles. Aside from being the mechanically
supporting architecture, it is also the ionic phase of the charge transfer interface. When
independent from the metal phase, it has often been referred to as the “backbone” of a
cermet electrode. Many researchers have utilized such microstructures to develop elec-
trodes that would not otherwise survive at the high sintering temperatures of materials
such as Ni-BZCY cermets. This has been accomplished by introducing different com-
positions into the backbone through methods such as infiltration and electrodeposition.
Despite all of these efforts, there is not much detail in existing literature as to what the
optimal backbone consists of. On one hand, a small grained microstructure provides
a large surface area, but comes with a higher number of grain boundaries and is less

mechanically robust. The effective thickness of the backbone would then be diminished
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due to a higher total grain boundary resistance, resulting in diminished performance.
Alternatively, a backbone consisting of much larger grains and fewer grain boundaries
will be more mechanically robust and have a lower total grain boundary resistance, but
will also have a significantly smaller surface area. Numerous backbones were developed
during the course of the research performed for this thesis, and due to the variability
of the different electrolytes required as many different backbone synthesis procedures.
However, no experiments were performed explicitly aimed at examining the performance

characteristics of microstructure variation.

Example morphologies

Three examples of some of the backbone morphologies produced in this work are

presented in Fig. B, with a brief description of their synthesis is provided below.

A) The backbone shown in Fig. BTTIA was produced from commercial BZCY 72 nanopow-
der (Cerpotech AS, Trondhiem, NO) calcined at 1000 °C for 12 h. The calcined
powder was mixed with 50 wt.% graphite, yielding a calculated porosity of ap-
proximately 70%. Using a pre-sintered electrolyte pellet of the same composition
but containing 1 wt% ZnO sintering aid, it was fired at 1500 °C for 4 h. The
average grain size of the resulting microstructure was sub-um, and though it was

well sintered to the electrolyte, it was fragile and not mechanically robust.

B) The backbone shown in Fig. BB was fabricated from BZY15 precursor oxides and
was co-sintered with the electrolyte. Precursor BZY15 powders containing 0.25
wt% NiO were calcined at 1525 °C for 12 h. Then 1.5 g of the calcined powder
and 0.5 g of the 0.25 wt% NiO precursors were then mixed in the planetary mill
with 4 g of graphite; this composition was then made into an ink. Four coats
of the backbone ink were painted onto symmetric areas of a pellet pressed from
precursor oxides and dried at 50 °C for 30 min between coats. The coated pellet
was then sintered at 1625 °C for 8 h, producing the observed microstructure with

grain sizes up to 2.5 um in diameter.

C) The SEM images in Fig. BTIC show a backbone that was co-sintered onto green-
bodied membrane coated NiO-cermet electrode supported tube, obtained pre-
coated from CMS AS. The same backbone ink synthesis as above was used here,
however the precursors were first calcined at 1650 °C. This firing profile varied
considerably from that used for other backbones. The high temperature dwell was
modified due to the formation of the Ni-eutectic phase, and the cooling phase also

necessitated a different approach due the thermal expansion mismatch between
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Figure 3.1: Backbone microstructures: A) BZCYT72 Cerpotech based backbone,
B) BZY15 precursor based co-sintered backbone, C) BZCY72 precursor based
backbone co-sintered on a tubular 65 wt% NiO-BZCY72 cermet electrode sup-
ported electrolyte.

BZCY72 and the NiO-cermet. This produced backbones with grains up to 5 pm

in diameter, but was not easily reproducible.

3.3 Infiltrations

Infiltration has become a widely used method of both enhancing the performance
of existing electrodes, as well as to create new novel electrode morphologies [[09-1T19].
Numerous researchers have used this technique to fabricate multi-phase Cu-based elec-
trode microstructures for SOFC applications. The process is illustrated in Fig. B2
where panel A) shows the initial backbone structure. An infiltration solution is then

applied, B), and results in two morphologies that depend on the composition of the infil-
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trated solution, as well as the post-infiltration treatment. Panel C) shows an infiltration

used for particle deposition, and panel D) shows a thin film coating. Aqueous copper

A) Backbone B) /Solution
infiltration

Electrolyte

C) Particle * D) ; Thin film

Deposition coating

Electrolyte

Eleétrolyte

Figure 3.2: Ilustration of the backbone infiltration process resulting in two dif-
ferent morphologies, a thin film coating and particle deposition, adapted from
Ding et al. [II0].

nitrate solutions are typically employed to introduce Cu into a backbone structure. De-
spite numerous attempts, this method did not form a homogeneous distribution of Cu.
Aqueous Cu(NOs), tends to nucleate around pre-existing existing CuO or Cu(NOgz),y
particles. It was reported that the addition of urea, in a 1:1.5 metal ion to urea ratio,
mitigates this effect, where upon heating to 363 K the urea-nitrate solution hydrolizes
and forms a coating of copper hydroxide [IT5]. This method improved results, but
however the coating was still not uniform and portions of the backbone remained bare.
Even with repeated attempts a complete coating was not obtained, although this may
have due to an unreported aspect of the process, such as the possible addition of a
wetting agent or other surfactant, or to experimental error. The urea-nitrate solution
has high viscosity even at low concentrations, indicated by the high contact angle of a
drop of solution on the surface of a glass slide. Additionally, due to the high surface
tension, this infiltration solution was also not able to penetrate into the entire depth
of a finely porous backbone microstructure. To enhance the quality of the infiltration,
citric acid was added as a surfactant, however the coating was still not uniform.
Organic solvents typically have low viscosities and surface tensions combined with

high vapor pressures, and all of these characteristics make them preferable to aqueous
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based solutions. Thus, as an alternative, solvent based infiltration solutions were also

explored.

Solvent based solutions

Of the readily available solvents, Cu(NOj3)s-3 Hy0O had the highest solubility in
acetone. It has been reported that when certain nitrates are dissolved in acetone,
with the appropriate complexing agents such as a non-ionic surfactant containing a
polyethylene oxide chain, it will produce a metalloligand complex, forming a nitrate “oil”
composed of a metal center surrounded by coordination polymers [I20, I21]. Acetone is
also thought to shift the equilibria in competitive complexation reactions when combined
with aqueous metal ions [T22]. Here, Triton-X (Sigma-Aldrich) was used as the non-
ionic surfactant and helped to promote the formation of a uniform layer of the deposited
metal nitrates. The solution wetting also benefitted by the addition of a small amount
of deionized H5O, which may have acted as a complexing agent.

Applying this nitrate solution to a surface results in a thin oily film of the metal
nitrate components that displays light interference diffraction patterns, indicating the
thickness of the film is approximately equivalent to the wavelengths of visible light,
approximately 400 to 600 nm. The films are then decomposed at 300 °C, producing a
well distributed layer of the metal oxides, which upon reduction in hydrogen forms a
porous network of the metal phases. The thickness and porosity of the layers can be
tailored by changing the molar concentration of the solution or the number of coatings.
Fig. shows a glass microscope slide that was coated with 3 layers of a 0.15 M

Cu(NOs3)s - 3 HyO nitrate-acetone solution. Each coating was decomposed for 5 min at

Figure 3.3: SEM images of the nitrate-acetone infiltration solution applied to a
glass microscope slide. Three coatings of the solution were first decomposed at
300 °C, and then reduced in flowing 5% Hs in Ar at 400 °C for 60 min.
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300 °C to produce CuO, then the slide was exposed to flowing 5% Hy in Ar at 400 °C
for 60 min to reduce the CuO to Cu metal. The estimated thickness of the Cu network
is 500 nm to 1 um, and the resistance across approximately 4 cm was on the order of
0.01 €, the detection limit of the hand held multi-meter.

Thermal stabilization

Cu is a transition metal with unusually high mobility at elevated temperatures, and
in order to use Cu as an electrode for applications with proton-conducting electrolytes,
this effect must be mitigated. To suppress coarsening, other researchers have combined
Cu with materials such as Ta, Cr and Co [68, 70, 123, 124]. Of these, Co seems to be
the most successful, and was thus used in this work. Following the approach used by
the Gorte group at the University of Pennsylvania, porous backbones were infiltrated
with the Cu nitrate-acetone solution and thermally stabilized with Co. Two methods of
introducing Co to the electrode were used in this work, electrodeposition and co-ionic
infiltration.

Electrodeposition was performed according to Gross et al. [68]. The electroplating
solution, as described, consisted of 100 g/L of CoCly-6 HoO and 60 g/L H3BOj3 in
deionized water, and HCI was slowly added to adjust the pH to 2. Using a Co wire as
the anode and a tubular Cu infiltrated backbone with an area of 3 cm? as the cathode,
a 1045 mA plating current was applied for 30 min, producing approximately 1 mg cm ™2
of a Co coating. After rinsing with deionized water, the Cu color of the electrode had
noticeably changed.

The cell was installed in a ProboStat™ (NORECS, Norway) and heated to 750 °C
in flowing 5% H,. A constant frequency 10 kHz impedance measurement was used to
monitor the thermal stability of the Cu electrode. The measured resistance increased
by orders of magnitude over a 24 h period, indicating a loss of tpb length due to the
coarsening of the infiltrated composition. Fig. B2 shows an example of this, where the
final image shows a significantly coarsened metal phase, revealing the initial backbone
microstructure. Numerous samples were electroplated for different times and at different
plating currents, and in most cases, the deposition of Co was non-uniform due to the
evolution of Cl gas from the plating solution and its subsequent entrapment within
the backbone. Overall, the electrodeposition of Co will thermally stabilize the Cu
microstructure, however, the technique did not reliably produce thermally stable Cu
films within the backbone structure.

Due to the continued coarsening of Cu thin film coatings on backbone microstruc-
tures, an alternative approach of entirely filling the porosity of the backbone with a

multi-phase composition was proposed. Cu-Co nitrate-acetone infiltration solutions
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Figure 3.4: Electroplated backbone microstructure: (A), BZCY72 Cerpotech
based backbone on an unreduced NiO-cermet supported membrane, (B), CuO
coating after infiltration and nitrate decomposition, (C), CuO coating reduced
to conductive Cu metal prior to Co plating, (D), Co plated coating after anneal-
ing at 750 °C for 2 h, (E), Post testing electrode showing continued coarsening
after 6 h at 750 °C.

were prepared from Cu(NOjz)sy-2.5 HyO with 25% Co(NOg3)y -6 HyO, as described in
the previous section. This solution was then applied to both the bare surfaces of full
length tubular Ni-BZCY72 electrode supported membranes as well as to sections of the
tubes with backbones.

Catalytic modification

The key characteristics which are helpful in understanding the catalytic properties
of an oxide are its redox properties and variable oxidation states [T25]. The reducibil-
ity of an oxide is a defining characteristic of its chemical reactivity, as most often it
only becomes an active catalyst after the generation of oxygen vacancies [126]. Cu-Co
bimetallic compositions are known to have a higher catalytic activity than Cu alone,
however in order to increase the reactivity further, CeO, was investigated as an elec-

trocatalyst [67]. CeO, is well known for exhibiting numerous catalytic properties, and
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CeOs to CeO4_; by forming oxygen vacancies, but can only be reduced to pure metal at
temperatures greater than 1200 °C [I28-131]. The morphology and surface orientation
of the deposited Ce has a significant impact on its catalytic activity as well. Calcining
in an oxidizing atmosphere at high temperature will cause considerable grain growth,
which in turn decreases its catalytic activity [I32]. Reduced ceria will remain smaller
particle sizes with higher catalytic activity, thus it is advantageous to anneal in a re-
ducing atmosphere, [129]. When used in combination with a transition metals, such as
Cu and Co, electronic interactions between the metal and the oxide can also give rise to

interesting catalytic properties [I30]. Specific to the Cu-Ce system, in many cases it is

has been applied to the surface of Cu electrodes with much success [63, 71, [T5, 1286, [C36].
This is the approach taken in this work, where the low catalytic activity and slow HOR

kinetics of Cu-Co electrodes have been enhanced with Ce.
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4 Experimental Methodology

4.1 Test System

t™ sample holder and gas mixer

All measurements were done using a ProboSta
(NORECS, Norway). Fig. B0 shows the ProboStat™ sample holder, with both tubu-

lar Ni-cermet supported BZCY72 membrane with a Cu-based anode and metal point-

Cu-based
anode

oint-contact
electrode
configuration

" Ni-BZCYT72

A cermet cathode
E B

Quartz
Shell

Figure 4.1: The NORECS ProboStat™ sample holder and the test configurations
used in this work: a Cu-based anode applied to the surface of a Ni-BZCY72
cermet supported membrane and a metal BZCY72 point-contact electrode.
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contact electrode test configurations (not to scale). Gas composition was controlled
with a gas mixer, similar to that shown in Fig. B2, by diluting pure or mixed gases with

a carrier gas, typically He or Ar. Water-vapor was controlled by passing the gas stream

H,0 H,0 To Outer
W I@D—QO@_DX To Inner

To vent P,O; P,0;

_I__I_é"_l__l_é_l__l_é _I__I_é" é I — —
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o 158 U5 ® L9 |ebPlgh ek
U [Ex s
([ I

Figure 4.2: NORECS ProboStat™, showing a tubular Ni-cermet supported Cu-
based electrode and point-contact electrode configurations, with a 4 and 2 stage
gas mixer for the feed and sweep streams, respectively.

through a KBr saturated H,O bubbler at room temperature, providing a nominal wa-
ter vapor content of pHyO = 0.027 atm. The flow rates were controlled with manual
flow meters (Brooks) and partial pressures were calculated using the Gasmix software
(NORECS, Norway). Here, the gas mixer is shown with both H,O and DO wetting
stages, as well as a P;O5 drying stage. G1 and G3 are typically the feed and sweep
gases, respectively, while G2 is the diluent. The sequentially smaller glass bubbler tubes

are in place to maintain a constant back pressure in the feed and sweep gas lines.

4.2 Configurations
Point-contact electrodes

Electrode studies in solid state electrochemistry often utilize porous Pt or other
noble metals, however this is highly dependent on the electrode microstructure and
may suffer due to delamination or other reactions with the electrolyte [I37]. Point-
contact electrodes are better configurations with which to obtain detailed information
about the reaction kinetics at the metal-electrolyte interface. The simplified geometry

removes variables such as porosity and microstructure, and reduces the complexities of
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composite electrodes, restricting the length of the 3pb to the perimeter of the electrode
contact area. Originally derived from aqueous electrochemistry, Newmans formula,
(270), has been used by numerous researchers to calculate both the perimeter and the
area of a point-contact electrode [42, [38-143].

T

= 4.1
" 40'kRj ( )

The calculation yields the radius of the footprint (assumed to be circular) of the point-
contact electrode, and is inversely proportional to the measured electrolyte resistance
(R;) and known electrolyte conductivity (oj). This relationship is experimentally valid
only when two conditions are met: 1) the thickness of the electrolyte must be greater
than 5 times the diameter of the working point-contact electrode, and 2), the polariza-
tion resistance of the working electrode must be much larger than that of the counter
electrode, so that the measured resistance is entirely dominated by the working electrode
[[37]. The working principle of a Cu point-contact electrode on a solid state electrolyte
is shown in Fig. B, where the equipotential surfaces of the working and counter elec-

trodes produce a potential gradient across the electrolyte. The point-contact electrode

Point Electrode

Constant ¢ «__» / Constant V¢

I
ol

L Counter Electrode )

Figure 4.3: Illustration of a point-contact metal-electrolyte interface, showing the
equipotential surfaces (red lines) of the working point electrode and the counter
electrode.

configuration used in MI was composed of Cu and Pt wires bent around an alumina
support, and pressed against the electrolyte surface. More complex configurations have
also been used to investigate the characteristics of composite electrodes, such an ap-
proach was accomplished by machining conical architectures with well defined points,

and pressing the point directly against the electrolyte surface [[37].

Ni-cermet supported membranes

The typical tubular Ni-cermet supported electrode membrane morphology is shown

in Fig. B4. The ceramic phase of the cermet microstructure is similar to that of the po-
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rous backbones described in the pre-
vious section and seen in Fig. B,
where instead, here the open poros-
ity is filled with Ni-metal. The sus-
ceptibility of Ni to carbon deposition
and sulphur poisoning removes these
electrodes as candidate anodes for
low pH5O applications in hydrocar-
bon containing fuels. This however
does not preclude the Ni-cermet sup-

ported membrane architecture from

use in developing other novel elec-

trode architectures. The same princi- Figure 4.4: SEM image of a Ni-cermet sup-
ple as for the point-contact electrode ported BZCY72 membrane with a painted
LSCF elelctrode, corresponding to the con-

applies; with the Ni-cermet electrode . ) )
PP figuration used in Manuscript V.

as a counter electrode, the polariza-

tion resistance of the working electrode is assumed to dominate EIS spectra. These
tubes were thus used in small sections to test infiltrated backbones, however one of the
limitations is that when the working electrode exhibits high performance, there is a

question of whether or not the Ni-cermet contributes to the observed spectra.

4.3 Electrochemical Measurements
Impedance spectroscopy

Electrochemical impedance spectroscopy (EILS) is a method of studying the electro-
chemical properties of bulk materials and their interfaces, where the basic approach is
to apply an electrical stimulus and record the response. This is depicted schematically
in Fig. @3, where the current, i(t), is measured as a function of voltage, v(t). Typi-
cally, a small voltage, v(t) = v, sin(wt), is applied and the resulting current is recorded,
i(t) = iy sin(wt 4+ 0), measuring the change in amplitude and phase, 6, of the applied
signal. In the time domain, the differential equations for capacitive and inductive el-
ements can prove to produce an intractable problem, so analysis is typically carried
out in the frequency domain. Through Fourier transforms, the more simplified voltage-
current relations are similar to Ohm’s law, and defined in terms of angular frequency,

w, impedance is expressed as a complex number,

Z(jw) = 2" — j 2" (4.2)
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Figure 4.5: The principle of impedance spectroscopy, a sinusoidal electrical stim-
ulus is applied and the change in amplitude and phase of the resulting signal is
measured as a function of frequency. (Adapted from [144])

The magnitude is referred to as the modulus,
Z = V/(2')? + (2")? (4.3)
with real and imaginary components,
7' =|Z|cos(0) Z" =|Z|sin(6) (4.4)

that are related by the phase angle, § = tan~'(Z”/Z’). By plotting impedance as
a planar vector using both rectangular and polar coordinates in an Argand diagram,
shown in Fig. B@, we can visualize the relationship between the modulus and phase

angle.

ZN eeemmmmmmneeeeeoeeeeeeeeeeeess

0 A
Figure 4.6: Impedance plotted as a planar vector using both cartesian and polar

coordinates, showing the relationship between the modulus |Z| and phase angle
6. (Adapted from [I44])

Deconvolution of impedance spectra

At interfaces between different materials there are likely to be significant changes in

the physical properties that, in part, define the conductivity of a system. Each interface
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can result in both the accumulation and depletion of charge, resulting in resistive (R)
and capacitive (C') contributions to an impedance spectra. Resistive contributions to
interfacial impedance are frequency independent and are simply Zg = R, while capac-
itive contributions are inversely proportional to frequency as, Z¢ = 1/(jwC). Poly-
crystalline electrolytes have many interfaces, and combined with metallic, composite
or multi-phased electrodes contacting the surrounding gaseous phase, make solid-state
electrochemical systems considerably more complex than their aqueous counterparts
[T44]. Each interface exhibits a different polarization response that is dependent upon
both the presence of charged species and the microstructures of the electrolyte and elec-
trodes. Lower frequency responses are characteristic to chemical reactions and charge
transfer, and high frequency responses are attributed to faster phenomena such as ionic
transport. Fig. B20 shows a Nyquist diagram, plotted as Z' vs. Z” (€2), of an impedance

spectra that contains primarily lower frequency electrode contributions. EIS data is

0.2
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0.1f g@*O“i)'@ ey
E /06d©
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N o
(@)
(@)
-0.1} - 20 kHz
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Figure 4.7: Impedance spectra showing the peak frequencies of contributions at-
tributed to charge (1 kHz) and mass transfer (2 Hz), and gas phase diffusion
(0.2 Hz).

analyzed using an equivalent circuit model, where various circuit elements are used to
describe the different characteristics of an impedance spectra. Responses such as those

seen in Fig. B0 typically have peak frequency time constants of,

T=RC=1/2nf) (4.5)

which yield semi-circles with peak frequencies of f. Ideally, these contributions would be
represented by parallel RC elements, however, the arcs are depressed from the x-axis,
indicating a distribution of time constants. This is due to the way that material defects

and different morphological orientations effect electrochemically active interfaces. As
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a result, such relaxation rates are better characterized by a statistical distribution of
time constants, represented by a constant phase element. There are multiple forms of
constant phase elements; the one which was utilized in this work is the QPE introduced
by Boukamp et al. [145]. The QPE has strictly empirical origins, and is an an effort
to account for this distribution of time constants in the analysis of impedance spectra

data [T44]. The impedance of a QPE of this form is given by,

1
Z =— 4.6
@PE = g (4.6)
with the capacitance of the parallel R-QPE combination given by,
Copp = YoRn ™! (4.7)

In Egs. (B8) and (B=7), R is the resistance of the parallel R-QPE combination. The
parameter n is typically between 0.25 and 1 and is related to the phase angle and radius
of the impedance arc, and it describes the depression of the center of the arc below the
horizontal axis. If n = 1, Y, gives pure capacitance with no resistive behavior. The
spectra shown in Fig. B77 is typical for the impedance measurements obtained during
this work, and the equivalent circuit model used for its deconvolution is shown in Fig.
ER. The third R-QPE element seen in Fig. B8, R,pq, represents gas phase diffusion,

Rv Rct Rmt R‘gpd
L QPFJ@ Q]\?Emt Q}i)]?gpd

Figure 4.8: An equivalent circuit composed of an inductor, resistor and 3 RQ
elements that was used to deconvolute spectra such as seen in Fig. B74.

a process that occurs at very low frequencies,where the QPE may become ill defined.
Often a Gerischer impedance element is more appropriate in this circumstance, where

a diffusion step is coupled to a chemical reaction [I46]. The Gerischer impedance is,

1
76 =——— 4.8
T Yok .
It is apparent that it has a finite value at DC, when w = 0, then the term k represents
the effective transfer rate of the chemical reaction. Because Z is frequency dependent,
it is best to utilize it only after higher frequency circuit elements have been fixed, then

it strictly accounts for low frequency diffusion related contributions and can be added

to the mass transport resistance.
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4.4 Data Analysis

For each experimental test matrix, as the deconvolutions of the impedance spectra
were conducted, the data was recorded in a spreadsheet. During this iterative process
the spreadsheet plotted the pHs and temperature dependencies of the charge and mass
transfer conductances, as well as the QPE capacitances. The linearity of the QPE ca-
pacitances, with Log plots of the pH, and temperature dependencies, helped to identify
and correct outliers, and thus to evaluate the general trends in the data. Error due to
the deconvolutions, experimental uncertainty (e.g. thermocouples, flow rates, etc.) as

well as possible measurement error was accounted for with a 2.5 % variability.

Error in fitting

Fit parameters such as pHy dependencies and activation enthalpies, extracted from
the linearizations of temperature dependencies, have a statistical error associated with
the goodness of fit. Often times, error in fitting is not reported, though it may be
significant at times. This is accounted for through the use of the mean square predictor

error, which is calculated as,

1 e
MSPE = — Y —Y:)? 4.9
- ;( ) (4.9)
where Yl are the predicted values and Y; are the actual values on which the fitting is
based. For a large dataset where there are multiple pH, and temperature dependencies,
the means and standard deviations can be used to calculate the propagated error based

on the MSPE.

Uncertainty

In extracting A, from a large set of experimental data, the mean and standard de-
viations of the activation enthalpies, AH, hydrogen pressure and water vapor pressure
dependencies, n and m respectively, must all be taken into account. The relative uncer-
tainty due to the standard deviations of these quantities should then be incorporated
into the distribution of values obtained for Aq prior to taking the logarithm, however,
this process does not include any potential error introduced through deconvolution. As
an example, consider the function z = f(x,y) subject to small perturbations, dx and
oy, that lead to 9z,

0z = —dx + —dy (4.10)
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This perturbation in z is used to calculate the standard deviation for the N values of
z, which is given by,

>_(02)*
S, = v (4.11)

Based on experimental data error analysis, and by using the definition of the standard

deviations in z and y, it follows that,

(5.)? = & (60 (57 = 5 (0w (412)

where dx and dy must be independent perturbations,

Z((S:U(Sy) =0 (4.13)

Then the uncertainty resulting from perturbations dz and dy,

sy (2) 5 (2) 1 e

If z is a function of more than two variables, this result can be extended by adding

similar terms, and is also how the MSPE may incorporated into uncertainties of more
than one type. In order to obtain the uncertainty in Ay, (262) becomes,
AH

1 AH
Ay = 7 (pH2)™" (pH20)™™ eFoT (4.15)

and the derivatives of the respective terms for which there are standard deviations (n,
m and AH) are obtained, i.e. Ay = f(n,m, AH). It can then be shown that,

1 AH
ddo = 5 (pHa)™" (pH20)™™ e%7 (= In(pHa) + (—In(pH20) + k;b_T> (4.16)
Here the terms,
ofN  (Of\ [ of \ 1 . -
(%) = (0_m> = (M—H) % (pHa)™" (pH20) ™™ €T = Ay (4.17)

can be taken outside of the square root. The remaining terms inside the root are,

(82)% = (9n)° = (= In(pHz))? (4.18)
(Sm)? = (6m)* = (= In(pH,0)? (4.19)
1

(Sap)? = (6AH)? = (—)? (4.20)

T
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for which there are standard deviations based on the distributions of AH, n and m.
Then the relative uncertainty in Ay based on using the mean values of these quantities

is expressed as,

Sa,

Son = 4 = V/(80)2 + (Sm)? + (San)? (4.21)

By solving (E62) for each experimental condition, for each metal electrode, a small

distribution of values for Ay was obtained. The relative uncertainty in Ay was included

in the total uncertainty as Ay, £S5 Ao.r With the mean and standard deviations calculated

as,
- A
Ags = ZTO (4.22)
and so,
25 (Agy — Ap,)?
Sho, = \/ Z(( No’t_ 0 0:) (4.23)

4.5 Hydrogen Flux

Flux calculations require knowledge of the concentrations of Hy and He gas, ypu, and
Yite, as well as the total volumetric flow rate, V, of a gas stream. Here, He is used for
leak detection, and is typically near the same concentration of Hy. Both the GC and
MS require calibration for each gas, while the flow rate can be measured and calculated
directly with a simple algebraic formula. In principle, the methods of calibrating a gas
chromatograph (GC) and mass spectrometer (MS) are the same, however, because the
ways in which the instruments collect data, analysis may be fundamentally different.
Both instruments relate a measured signal to a known concentration. GC’s quantify
measurements based on the area beneath the signal curve, and each molecule will have
a characteristic peak retention time with an associated window width. The area under
the curve is then calibrated to the known concentration, and then the concentration
of an unknown gas is given directly by the user interface. An MS operates based on
the ionization of a molecule at the filament, and the time of flight to the detector.
The time of flight is dependent upon the charge to mass ratio of the respective ion.
For example, water vapor will produce a primary signal at 18 a.m.u. but will also
have secondary signals at 17, 16, 2 and 1 a.m.u. The intensity of the signal at each
a.m.u. is then calibrated to a known concentration of the input gas. When testing the
electrodes reported in MII, an Agilent 3000 u-GC was used, and in MV, an MKS Cirrus
atmospheric MS was used.

Volumetric flow rate measurements were conducted using a standard 100 mL soap
film bubble meter (Agilent). An outlet gas line from the ProboStat™ was first sampled
by the u-GC, then fed either to vent or through the bubble meter. Due to low flow
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rates when using the u-GC, the flow rate measurement was coordinated with the GC
sampling rate and total run time. The MS maintained a constant flow into the chamber,
and this was easily accounted for by measuring the downstream flow rate both with the
MS online and without MS sampling. The final flux density calculation based on the
above parameters is, .

S, = % (XH2 - ]%XH@) (4.24)
where A is the electrode area, and pH, and pHe are the inlet pressures of Hy, and He,

respectively.

Faradaic efficiency

The Faradaic rate of an electrochemical cell is the theoretical correlation between
current and the rate at which a species is oxidized or reduced. The equivalency that

describes the rate of an electrode reaction is,

dN 1d i

L (4.25)
where, N is moles, n is the number of electrons, F' is Faraday’s constant, ) is coulombs
and ¢ is current. Heterogeneous electrode reactions are more complex than chemical re-
actions, and typically occur only at the electrode-electrolyte interface. They are subject
to mass transfer and kinetic limitations and are thus usually described with area speci-
ficity [66]. The Faradaically predicted flux density, Jr, of the electrochemical reaction

is then given by,
_1dN i
FTAdt  nFA  nF
where A is the electrode area and j is current density. The Faradaic efficiency of a solid-

(4.26)

state proton-conducting electrochemical cell is then defined for electrolytic or galvanic
operation, where when connected to an external circuit the hydrogen flux is equivalent
to the total current, as in Eq. (E7IR) in section 2. Faradaic efficiency is then the ratio
of the measured flux, as in Eq. (Z2), to the theoretical flux, Eq. (E228), and is,

v <XH - %Xﬁ@)
np = 22 _ S (4.27)
Jr P

nF
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1. Introduction
1.1. Background

The bulk properties, stability and performance of many differ-
ent ABO3 perovskite proton conductors, such as BaZrgg_xCexY0103_s
(BZCY), have been extensively investigated for more than three
decades [1-15]. However, mixed ionic-electronic conducting elec-
trodes that are suitable for hydrocarbon utilization in BZCY electro-
chemical devices have not been reported. Such electrodes are subject
to a number of constraints. First, the electrode must be chemically
and mechanically compatible with the carbonaceous gas phase, the
electrolyte, and the interconnects. This emphasizes a resistance to
carbon deposition, which would reduce the number of three-phase
boundary (3pb) sites and subsequently deactivate the electrode. Both
Cu and BZCY exhibit a resistance to carbon deposition [16-20], and

* Corresponding author.
E-mail address: s.a.robinson@smn.uio.no (S. Robinson).

http://dx.doi.org/10.1016/.s51.2017.02.014
0167-2738/© 2017 Elsevier B.V. All rights reserved.

this makes these materials attractive for the development of indus-
trial applications with hydrocarbons using proton ceramics. Second,
it is also desirable that the electrode provides catalytic activity
towards the hydrogen oxidation reaction (HOR) at the anode of any
electrochemical device. Many researchers have studied Cu as a suit-
able metal for application as an electrode in solid oxide fuel cells,
and though Cu is an excellent electronic conductor, it suffers from
poor HOR kinetics due to a lack of catalytic activity [21-24]. Thus,
better characterization and understanding of the HOR kinetics at the
Cu-BZCY interface is necessary in order to develop an electrode suit-
able for applications such as fuel cells and membrane reactors in
carbon containing atmospheres.

1.2. Approach

In this work, metal point-contact electrodes were used to directly
compare the HOR kinetics of Cu and Pt at the metal-BZCY72 (x =
0.2) electrolyte interface. Pt is well researched, and known to have
good catalytic activity towards the HOR [25,26]; thus it is a valu-
able metal with which to compare the kinetic behavior of Cu. An
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Fig. 1. Possible reaction paths at the point-contact metal-BZCY72 interface: associa-
tive (Hyqqs) and dissociative adsorption (2Hgs), with surface diffusion to the 3pb or
interstitial diffusion (H) to the 2pb, and finally proton transfer to an oxide ion (027).

HOR model, based on Langmuir adsorption theory and Butler-Volmer
charge transfer formalism, is proposed to interpret experimen-
tal data obtained through electrochemical impedance spectroscopy
(EIS). The HOR model was used to identify and explain hydrogen
pressure (pH;) dependencies, and temperature dependencies were
used to extract activation enthalpies and pre-exponentials in order
to compare the reaction kinetics of the two metals.

1.3. Point-contact electrode architecture

Point-contact electrodes are useful configurations with which
to obtain detailed information about the reaction kinetics at the
metal-electrolyte interface. The simple geometry of point-contact
electrodes removes variables such as porosity and microstructure,
and simplifies the complexities of composite electrodes, significantly
reducing the length of the 3pb. Newman'’s formula, Eq. (1), has been
used by numerous researchers in similar point-contact electrode
studies [27-33].

1

r= Tok (1)
The calculation yields the radius (r) of the point-contact electrode
area (assumed to be circular) and is inversely proportional to the
measured electrolyte resistance (R;) and known electrolyte con-
ductivity (oy). For point-contact electrode configurations, the 3pb
is restricted to the perimeter of the contact area of the metal-
electrolyte interface.

Spring Loaded Pressure Rods
\Ep \ |

Reference Electrode

Counter Electrode

Counter Electrode Contact

in Spring Loaded

Multi-bore Gas Supply Tube

1.4. Hydrogen oxidation reaction pathways

Fig. 1 schematically depicts the metal point-contact electrode to
electrolyte interface and suggests potential reaction paths, which
may progress in multiple steps and possibly through competing
mechanisms.

The proposed reaction paths first involve the adsorption of H,
onto the metal electrode surface. This can occur associatively, lead-
ing to the physisorption of molecular hydrogen, Hy q45. Associatively
physisorbed species must then overcome an additional energy bar-
rier in order to dissociate and become chemisorbed atomic hydrogen,
Hags [26,34-36]. Dissociative adsorption of hydrogen is favorable on
Pt surfaces due to the catalytic activity of the metal, leading directly
to atomic chemisorbed Hggs. Then there are then two possible paths
Hggs may take before the charge transfer step. Hygs may diffuse on
the metal surface to the 3pb, where charge transfer then takes place.
Or, after dissociation neutral hydrogen may dissolve interstitially as
H¥ and diffuse through the Cu metal to the two-phase boundary
(2pb) of the metal-electrolyte interface. Hydrogen permeability in Cu
is non-negligible, and has been reported at temperatures as low as
325 °C [37-40]. Thus, depending upon operating conditions hydro-
gen may potentially be incorporated into the electrolyte via both
mechanisms.

2. Experimental
2.1. Methods and materials

Electrolyte pellets were prepared from spray pyrolyzed BZCY72
nanopowder (CerPoTech) containing 1 wt% ZnO (Sigma Aldrich). ZnO
has been shown to be an effective sintering aid to achieve uniform
grain growth and high density in BZY [41,42]. The powders were ball
milled in a yttrium stabilized zirconia (YSZ) jar with isopropyl alco-
hol, and then hand mixed with 1 wt% PVB (Sigma Aldrich) binder.
After drying overnight at 120 °C, the powder was uniaxially cold
pressed into discs at 500 MPa, and sintered at 1500 °C for 10 h. The
sintered pellets were approximately 95% of the theoretical density of
BZCY72 [43].

One side of the sintered pellet was polished to a high finish for the
point-contact electrode interface, and the other side was polished
moderately to facilitate adhesion of the Pt counter electrode. Pt ink
was applied to two concentric regions, as shown in Fig. 2, to serve as
the counter and reference electrodes, and then fired at 1100 °C for 2
h.

A point-contact electrode assembly was constructed by wrap-
ping 0.5 mm Pt wire (Thermocouple quality, K.A. Rasmussen, Hamar,
Norway) or 0.5 mm Cu wire (Alfa Aesar #10973, 99.999%) around
small diameter alumina tube. The point electrode assembly was then

Point Contact Electrode
as seen in Fig. 1

Fig. 2. Point contact electrode schematic.
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Fig. 3. Post testing SEM images of the Pt (¢) and Cu (r) point-contact electrode to electrolyte interfaces, showing the metal electrodes (top) and the electrolyte (bottom) surface.

Images have been enhanced to show the contrast of the interface.

secured on the top of the polished surface of the electrolyte with
spring loaded alumina rods. A second identical sintered pellet was
also prepared for a standard conductivity measurements. After pol-
ishing, symmetric Pt electrodes of ~0.8 cm diameter were painted on
each side of the second pellet and then also fired at 1100 °C for 2 h,
corresponding to the counter electrode in Fig. 2.

2.2. Procedure

EIS measurements were conducted every 25 °C while decreasing
the temperature from 600 to 450 °C. Hydrogen and water vapor pres-
sures were changed systematically; pH, was tested at 0.5, 0.05, and
0.005 atm, for each pH,0 of 0.027 and 0.0027 atm. Once reaching
equilibrium, as determined by a 10 kHz impedance measurement,
frequency sweeps were performed in the range 1 MHz to 10 mHz
with a 50 mV AC amplitude, using a Gamry REF-3000.

EIS measurements were also performed on the symmetric Pt elec-
trode pellet in order to obtain the electrolyte conductivity, oy, for
use in Newman’s formula. The impedance measurements were taken
from 600 °C to 150 °C in a pH, = 0.05 and pH,0 = 0.027 atmo-
sphere. All impedance spectra deconvolutions were done using the
analysis software Z-View.

20000,

3. Results
3.1. Point-contact electrode-electrolyte interface

Using the electrolyte conductivity, oy, in combination with the
measured electrolyte resistance, R;, for the Cu and Pt point elec-
trodes, the radius of the contact area of each electrode was calculated
with Eq. (1). The activation energy at the lowest temperatures,
obtained from the regression of In(oT) vs. 1/T, was calculated to
be E; = 0.48 eV, which is in agreement with literature [41,44]
for the proton conductivity of BZCY materials. The mean values of
the radii were r¢y, = 0.027 cm and rp; = 0.028 cm, yielding contact
areas of Aqy &~ 0.0026 cm? and Ap 0.0033 cm?, and perime-
ters of P = 0.17 cm and Pp; = 0.18 cm, for the Cu and Pt point
electrodes, respectively. SEM images of the Pt and Cu point-contact
electrode-electrolyte interfaces are shown in Fig. 3.

The detailed perimeters of each of the point contact electrodes,
seen in Fig. 3, were traced using graphics software. A correlation
with the scale bars in the SEM images was established and used to
estimate the length of each perimeter, yielding 0.58 cm for the Cu
point contact and 0.50 cm for the Pt point contact. The software also
estimated each of the contact areas as 0.0028 and 0.0032 cm? for
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Fig. 4. Representative impedance spectra (noise removed) for the Cu (top), and Pt (bottom) point electrodes, showing high (left) and low (right) frequency components. Spectra

were obtained at 600 °C by varying pH, in a pH,0 = 0.0027 atm.
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Fig. 5. R-QPE equivalent circuit used in the deconvolution of point-contact electrode
and electrolyte conductivity data.

Cu and Pt, respectively. Based on the correlation between the calcu-
lated and estimated contact areas, the software generated perimeters
are considered to be better estimates of each of the point-contact
3pb lengths than those obtained with Eq. (1) due to the irregular
perimeter of the actual contact area, as seen in Fig. 3.

3.2. Representative impedance spectra and data analysis

Representative impedance spectra are shown in Fig. 4, and are
composed of multiple overlapping arcs.

Spectra deconvolutions were performed in the software Zview
using an equivalent circuit composed of a resistor, a series of par-
allel resistor and constant phase element (R-QPE) components, and
a Gerischer element, as shown in Fig. 5. The Gerischer element was
used due to the asymmetric shape of the low frequency response, and
was applied only once higher frequency parameters had been fixed.

Point-contact electrodes exhibit capacitances that are much
smaller than those typically observed for disc samples, however, it is
the difference in magnitude of each characteristic that allows it to be
assigned to a specific process [45,46]. In Fig. 4, the arcs at the high
frequency response near 1 MHz have calculated area specific QPE
capacitances in the order of 10~1! F cm~2; thus these contributions
were attributed to electrolyte grain boundary resistance, Rgp. This
contribution appears to be larger for the Cu point electrode, possibly
due to the migration of Cu into grain boundaries near the surface of
the electrolyte. The higher frequency intercept of each grain bound-
ary arc (not seen) was attributed to electrolyte bulk resistance, Rj.

Temperature (°C)
600 575 550 525 500 475 450

The grain boundary, Ry, and bulk, Ry, resistances were summed into
an electrolyte volume resistance, Ry.

The intermediate frequency response is commonly attributed to
charge transfer, and in the Cu point-contact electrode spectra shown
in Fig. 4 (top), is apparent from approximately 100 kHz to 500 Hz.
This same frequency range in the Pt point-contact electrode spectra,
Fig. 4 (bottom), is barely visible in comparison. The lowest frequency
arc was attributed to electrode mass transfer processes. The sum of
the low frequency R-QPE resistance and the Gerischer contribution
was attributed to mass transfer, and defined as Ryy;.

Raw capacitance values for charge transfer and mass transfer, that
are seen in Fig. 6, are of the order 108 F and 10~ F for Cu, and
10~7 F and 1076 F for Pt. The above values are independent of tem-
perature and subject to assumptions of a dominant process path:
charge transfer can be subject to 2pb contact area (cm~2) or 3pb
length (cm~") specificity, while mass transfer can be based on 2pb
contact area, 3pb length or electrode volume (cm—3) specificity.
Table 1 reports these values, as outlined above, by taking the mean
values with hydrogen pressure, as seen in Fig. 6, and the lengths and
areas reported in the previous section. The electrode volume was
calculated using the wire diameter as length, yielding 3.9x10~%cm3.

In the following sections, charge and mass transfer conductances
are treated using 3pb length specific assumptions.

3.3. pH, dependencies

Deconvolutions of the impedance spectra data were plotted as
Log(1/R;) vs. pHy, and are shown in Fig. 7. The average slope is shown
at the bottom of each plot for electrolyte volume, charge and mass
transfer at pH,O0 = 0.027 atm and pH,0 = 0.0027 atm. For both the
Cu and Pt point-contact electrodes, the electrolyte conductance 1/Ry,
is observed to be nearly pH, independent, as expected for the BZCY72
electrolyte.

The charge transfer resistance makes up the most significant dif-
ference between the two electrode materials. For Cu, the charge
transfer conductance, 1/Rc, exhibits a pHg/ 4 dependence, while for
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Fig. 6. Raw QPE capacitances for charge transfer (left) and mass transfer (right) for both Cu (top) and Pt (bottom) at pH,0 = 0.027 atm.
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Table 1
The mean capacitance for charge (ct) and mass transfer (mt), with 3pb length, contact
area and volume specificity.

Process specificity Cu (F) Pt (F)

ct unspecific 9.6 x 1079 4.7 x10°8
ct(ecm™1) 5.6 x 1072 2.4x10°8
ct(cm~2) 2.7 x 101 1.5 x 10710
mt unspecific 2.1x1077 1.5x 1076
mt (cm~1) 1.2 x 1077 7.5 x 1077
mt (cm—2) 5.9 x 10710 4.8x107°
mt (cm—3) 8.2x 10711 5.9 x 10-10

Pt, 1/R. exhibits a pH; 1/4 dependence. The mass transfer conduc-
tance, 1/Rm;, exhibits a pH;/ 2 dependence for both metal electrode

materials.
3.4. pH,0 dependencies

The data shown in Fig. 7 was plotted vs. pH,0, and selected graphs
are shown in Fig. 8.

The Cu point-contact electrode has a slight pH,0 dependence of
the charge transfer resistance at pH, = 0.5, but the pH,0 depen-
dence of the charge transfer conductance is negligible at pH, = 0.05
and 0.005 (not shown). The pH,0 dependencies of the mass transfer
conductance is negligible for all measured hydrogen pressures and
are also not shown.

The Pt point-contact electrode shows a slight pH,0 dependence
at lower hydrogen concentrations, with the effects being more pro-
nounced at low temperature. At pH, = 0.5 the pH,0 dependence of
the charge transfer conductance is negligible, as is the pH,0 depen-
dence of the mass transfer conductance for all hydrogen pressures
and temperatures (not shown). The average pH,O dependence is
given at the bottom of each of the plots shown in Fig. 8.

3.5. Temperature dependencies

The temperature dependencies of 1/R¢; and 1/Ry, for Cu and Pt
are shown in Fig. 9.
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Fig.7. Cu(top) and Pt (bottom) point-contact electrode conductance: electrolyte volume (left), charge transfer (middle), and mass transfer (right), plotted as Log(1/R) vs. Log(pHa)
for pH,0 = 0.027 (above) and pH,0 = 0.0027 (below).
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Fig. 8. Selected charge transfer conductances, plotted as Log(1/R) vs. Log(pH,O) for Pt at pH, = 0.005 and 0.05 (left), and Cu at pH, = 0.5 (right).

The conductance in the studied temperature range can, to a first
approximation, be expressed as,

1 _an
g = Ao (pH2)" (pH0)" e &7 ()

where n and m are the pH; and pH,0 dependencies, respectively.
AH is the activation enthalpy and k;, is the Boltzmann constant. Log-
linear regressions of Eq. (2) were performed on the plots in Fig. 9, and
the activation enthalpies were extracted. Table 2 reports the means
and standard deviations of the pre-exponential Ag, n and m from
Sections 3.3 and 3.4, respectively, as well as the activation enthalpy,
AH.

Pre-exponentials depend significantly upon geometric factors,
concentrations of species and vibrational attempt rates. The dif-
ference in the charge transfer pre-exponential of approximately
160 Q~'em~! for Cu, compared to 1000 Q~'cm~! for Pt, indicates
that Cu has fewer available sites for charge transfer to take place.
However, the activation enthalpy for charge transfer is lower for
Cu than for Pt, indicating the reaction takes place more readily on
Cu. Charge transfer reactions on Cu have been reported to have dif-
ferent activation enthalpies for different surface orientations, from
approximately 0.5 to 1 eV [37,47-49]. This variation is possibly due
to competitive adsorption of H, and O, vs. H,0 at preferential sites,
though this could also be due to the diffusion of hydrogen through
the bulk copper lattice at high pH,. Hydrogen has been previously
reported to accumulate just below the surface of Cu and Cu-based
metal alloys, forming small hydrogen bubbles [39,50]. Indications of
this were also obtained in this study, as seen in Fig. 10, though it is
unknown to what extent this contributed to the measured resistance
of the Cu-BZCY27 interface.

In a recent DFT study of the Pd-BZY 3pb interface [51] the acti-
vation energy for the proton transfer step of the charge transfer
reaction was calculated to be near 1 eV, independent of the type of
metal electrode used, which is in reasonable agreement with the
experimental results for both Cu and Pt, as obtained in this study.

The pre-exponential for mass transfer for Cu is almost 4000
times greater than that of Pt, approximately 10,000 vs. 2.6 Q~'cm~!,
respectively. The higher activation enthalpy for mass transfer on
Cu combines that of hydrogen adsorption, dissociation and sur-
face diffusion, and is within literature values of approximately 1.1
to 1.4 eV [37,48,52-55]. Hydrogen dissociation on Pt surfaces is
reported to be nearly non-activated, and the activation enthalpies
obtained here are those of hydrogen adsorption, in agreement with
literature reports of approximately 0.65 to 0.76 eV [37,56-61]. For
Cu, the combination of a higher pre-exponential and activation
enthalpy indicates that mass transfer processes are less favorable and
use more of the Cu metal surface adjacent to the 3pb for adsorption
and dissociation to occur. With a lower pre-exponential and activa-
tion enthalpy, mass transfer on Pt is much more favorable, and thus
needs less area to complete the process.

4. Discussion
4.1. Hydrogen oxidation reaction model and pH, dependencies

An HOR model was developed to explain the characteristics of
the data presented in previous sections. Langmuir adsorption the-
ory and Butler-Volmer charge transfer formalism have previously
been used to describe electrochemical redox processes on solid-
state oxide electrolytes [62,63]. Here, it is assumed that associative
adsorption will be predominant, such as the case for Cu, and occur
first. However, on Pt, dissociative adsorption is more favorable. Using
Langmuir theory, associative and dissociative adsorption are often
lumped together, and along with diffusion, are commonly used to
describe mass transfer as a single process.

H, oxidation half-cell model:

1 — adsorption : Ha(g) + Vads & Haaas (3)
2 —diffusion : Hygds + Vaas & 2Hgas (4)
3a — surface diffusion : Hggs + v3py &= Hzpp + Vaas (5)

dissolution into metal : Hggs + vi &= HY + vggs
interstitial diffusion : HY + vopp &= Happ +v;

4 — charge transfer : Hp, + 0(75’ & OHg +e™ +vp (7)

After adsorption onto a vacant surface site, vqq4s, and the subse-
quent dissociation, Hggs transports to the phase boundary (pb). This
may happen via two paths, on the metal surface to the 3pb, or via
dissolution into and interstitially through the bulk metal to the 2pb.
Charge transfer then takes place at the pb, with proton transfer to an
available oxygen ion in the electrolyte, and electron transfer to the
metal. Using Langmuir adsorption theory to describe mass transfer
processes, and Butler-Volmer formalism for charge transfer, the rate
equations according to the proposed HOR model are,

ri = ki pHy (1 - Oq45) — ky €2 (8)
2

r = ki 00 (1-6us) - k; (6f) (9)

I3s = 1<S+urﬁ Ot (1-03,) - k§urf. 8%, (1 — Bags) (10)

kdiss~+egds (1 - 91’) - kdissieli (1 - eads) (11)

T2 =
. {]<diff-+@'-§ (1 —O2pp) — kaitr- =05, (1-6)

ra = ki 6l [Og’] exp PE-Fo)

..k; [OH3] (1 —©,y) exp~ (1-RR(E=ED) (12)
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Fig. 9. Plots of Log(1/R;) vs. 1000/T for charge transfer (left) and mass transfer (right) for the Cu (top) and Pt (bottom) point-contact electrodes at pH,0 = 0.027 and 0.0027.

The terms k™ and k™ are the forward and backward rate con-
stants, respectively. The symbol © denotes site fraction and is equiv-
alent to the activity of H; the superscript indicates the H species,
and the subscripts ads, i, 2pb and 3pb indicate location as “adsorbed”,
“interstitial”, “two-phase boundary“ and “three-phase boundary”,
respectively. In r3, the k subscript surf. is for surface, diss. for disso-
lution and diff. for diffusion. (1 — ©) then represents the activity of
the vacant sites. [Oé‘] and [OHg ] are the concentrations of oxide ions
and protons in the electrolyte, respectively. From the Butler-Volmer
equation, the symmetry coefficient for electron transfer is commonly
assumed to be, 3 = 1/2.{ = F/RT where F is Faraday’s constant, R

is the universal gas constant, T is temperature. E is the cell potential
and Ej is the standard potential.

Eq. (8) describes the rate of physisorption of H, onto the metal
surface. Eq. (9) describes the rate of dissociation and chemisorption
of atomic hydrogen. Eq. (10) describes the rate of diffusion of atomic
hydrogen, Hyqs, across the metal surface to the 3pb. Eq. (11) describes
the rate of dissolution and interstitial diffusion of atomic hydrogen
through the bulk metal to the 2pb. Eq. (12) describes the rate of
charge transfer, where pb (phase-boundary) denotes both the 2pb
and 3pb. In the following treatment we will, for simplicity, assume
that the surface process is predominant.
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Table 2

Mean and standard deviations (X; + 0;) of the hydrogen (n;) and water vapor (m;)
pressure dependencies as obtained from Sections 3.3 and 3.4 for charge transfer
(ct) and mass transfer (mt), the activation enthalpies (AH;), as well as the derived
pre-exponentials, Log(Ag; ), for each of the Cu and Pt point-contact electrodes.

Xi £ 0 Cu Pt

Net 0.77 £ 0.09 —0.30 + 0.04
Mt —0.02 +0.12 0.08 & 0.08
AH¢ (eV) 0.82 4+ 0.21 0.93 +0.09
Log(Aoce(Q~em™1)) 2.214+0.10 3.00 + 0.06
Nme 0.53 + 0.04 0.46 + 0.02
Mpne 0.04 + 0.04 0.01 4+ 0.03
AHy (eV) 1.21 £0.09 0.73 +0.05

Log(Agm (2~ 'em™1)) 4.00+0.13 0.42 +0.04

At thermodynamic equilibrium the net rate is 0, and from
Egs. (8-11) with the mass transfer rate constant Kp; =

VT /k7) (kK /k3)(k /k3), the surface coverage of chemisorbed H at

the phase boundary is,
Ol = Kine pHy/*(1 - ,p) (13)

Eq. (13) is then converted into current through the relation, i =
—nF Tjim = lanodic — cathodic» Where 1y, is the rate limiting step. In equi-
librium, the net current, i = 0, and the exchange current density, iy,
follows,

i() = l’gv+ = iO,— (]4)
where iy = iganodic and io— = iocarhodic- At open circuit, the
exchange current density is inversely proportional to measured
resistance through Ohm’s law, v = iR. With the low coverage

assumption, (1 — ©p,) = 1, the pH, dependence of the mass transfer
rate limiting case is,

) 1
o, me o  pHY/? (15)

Eq. (15) reflects the hydrogen pressure dependence of adsorption,
dissociation and subsequent transport to the pb, and describes the
experimentally observed pH, dependence of mass transfer for both
metals.

Next, consider rate Eq. (12) of the H, oxidation half-cell model.
With the definition of electrochemical potential as,

B = 1 + RTIn( v;) + zFy;

A B

Fig. 10. Post-testing SEM image of the Cu point-contact electrode which on the left
shows: A) the grains of the metal surface, with B) the 3pb interface. To the right
of the 3pb interface shows: C) vacant areas under the surface of the metal, and D)
the irregular 2pb metal-electrolyte interface where hydrogen bubbles may have also
formed.

where u? is the standard chemical potential, y is activity, z is charge
and ¢; is the electric potential of species i. Similar to other derivations
of the hydrogen electrode potential [64,65], Eq. (12) then becomes,

0 H 0 2— —
Hgy, + RIn (o) + Hgb + RTIn ([0&]) = -
uo‘;,o_ +RTIn ([OHg]) + Foyy =+t — ...
...Fe- + RTIn(1 — Op) (16)

with the changes in the cell and standard potentials as,

Ad = - — 4701-15
and

_”9(1)-1 —IJO(;, +“o(1)-r + ”eg
0 __ pb 0 o
AP = F

(17)

finally yielding the half cell potential of the hydrogen electrode,

1 [OHGI(1 — ©,p)
Ad —AP® = Eog —E° = 71n(7_ (18)
e erI057]

By defining the concentrations of products, Cp = [OHg](1—6y), and
reactants, Cg = @gb[of;]. Then inserting Eq. (18) into Eq. (12) where

at equilibrium the cell potential E = Eeq.

G
Taeq = /(2 Cr exp [Sg(%ln(i)) =

Ky expf(lfﬁ)g(%m(%)) (19)

Again using i = —nFr with n = 1, the exchange current density is
now defined in terms of both reactants and products,

i = A ' ¢ f (20)

It is reasonable to assume that in a fully hydrated and protonated
electrolyte, [OHg] is constant, and that the concentration of oxy-
gen ions in the perovskite structure ABO3 is approximately equal to
unity, [0(2)‘] =~ 1. After simplification with Cp, Cg, Eq. (13) and the
heterogeneous rate constant, Kg = kgl(m[,

a-p)
2

ior, = FK) pH, 2 (1 —0pp) (21)

or more significantly,

‘ 1 a-p)
loct X 55— °<sz > (1- pr) (22)
Ree

The charge transfer conductance, 1/Rc, then scales as the product of
the pH, dependence obtained from mass transfer, the charge transfer
symmetry coefficient and the activity of vacant sites at the pb.

Pt dissociatively adsorbs hydrogen, which may then segregate at
the terminations of surfaces [66]. This will yield high coverage at
corners and edges, such as the 3pb. By using the Langmuir isotherm
describing high coverage with dissociative adsorption as (1-0sp,) =
pH; " inEq.(21),

ot o Rl o pHy /4 (23)
ct

Then the pH; 1/4 charge transfer hydrogen pressure dependence
describing the experimental results for Pt is obtained directly.
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Cu is not known to have high surface coverage of hydro-
gen [67,68]. In the low pO, of the H,—H,0 atmospheres used, Cu
does not form the a stable Cu,0 phase, however, it is proposed that
most of the active sites at the 3pb are occupied by adsorbed oxygen.
This causes an additional step in the charge transfer reaction. At the
3pb, Hygs will first reduce the oxygen at a 3pb site in order to become
the Hspy species,

3Haas + 03pb Saad H3pb + Hy0(g) + 3vaus (24)
The rate equation associated with Eq. (24) is,

3
r=kt (6fl) 89, — k= 0}, pH0 (1 - 044, (25)

Which then yields the Hs,, coverage as,

90
H o _ 3/2 O3pb 4
O = Kt PH; 125 (1—O3p) (26)
and with a constant proportional pH,0 and @gpb, yields the exchange
current density as,
. 0 3(1-B)
lora = F Kh pHZ 2 (] - @3pb) (27)

Again with 8 = 0.5, and the low coverage of (1 — 03,) = 1,

. 1 3/4
io,ct o Re o pH3 (28)

Then the pH;/ 4 hydrogen pressure dependence is obtained, which
describes the experimental results herein.

In this section pH, dependencies and hypotheses have been pre-
sented that describe the mass transfer and charge transfer data
obtained in this metal point-contact electrode study. The mass
transfer processes of hydrogen adsorption, dissociation and diffu-
sion, emphasizing low coverage for both Cu and Pt, display a pH;/ 2
dependency. The pH, dependencies derived for charge transfer are
influenced by the symmetry coefficient, 3, and by the coverage of
atomic hydrogen at the 3pb, Hs,p, which may differ significantly from
the overall surface coverage of the metal. First, for Pt, with high 3pb
coverage, a pH, 1/4 dependence was derived. Second, for Cu, with
the hypothesis of adsorbed oxygen at active 3pb sites due to the
water-vapor containing atmosphere, and a low hydrogen coverage

. 3/4 .
assumption, the pH;'" dependence was obtained.

5. Conclusions

The reaction kinetics of Pt and Cu point-contact electrodes
on a BZCY72 electrolyte were studied over a range of tempera-
tures and hydrogen pressures using impedance spectroscopy. The
charge transfer hydrogen pressure dependencies were pH;/ 4 for
Cu, attributed to a high occupancy of adsorbed oxygen at three-
phase boundary sites in the water-vapor containing atmosphere,
and pH; 1/4 for Pt, corresponding to a hydrogen saturated interface.
The activation enthalpies for charge transfer are similar for both
metals, 0.82 eV for Cu, and 0.93 eV for Pt. Cu and Pt exhibit pre-
exponentials of 160 Q~'cm~1 vs. 1000 Q~'cm!, respectively. Mass
transfer exhibited a pH;/ 2 dependency for both metals. The acti-
vation enthalpy for mass transfer is higher for Cu than Pt, 1.21 eV
vs. 0.73 eV, respectively, reflecting that mass transfer is a slower
process on Cu. The pre-exponentials for mass transfer of approxi-
mately 10000 Q~'cm~! for Cu and 2.6 Q~'cm~! for Pt, also indicate
that for Cu, this process likely takes place on a larger geometric area

adjacent to the 3pb than the same process on Pt. It is concluded from
this work that although Cu is a suitable candidate electrode material
for hydrocarbon applications due to it’s resistance to carbon depo-
sition, pure Cu suffers from poor catalytic activity for the hydrogen
oxidation reaction. In order to perform efficiently, it is suggested
that Cu would benefit from modifications via alloying, or through
the addition of another phase that is catalytically active towards
hydrogen dissociation.
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6 Summarizing Discussion and Further Results

The manuscripts presented in this dissertation address both the fundamental theory
of the HOR for proton conducting oxides, as well as the development of a Cu-based
electrode intended for use with BZCY72 in industrial applications in carbonaceous at-
mospheres. Manuscript I (MI) addressed the fundamental understanding of the hydro-
gen oxidation reaction on proton ceramics by developing a simplified HOR model and
comparing the kinetics of Cu and Pt point-contact electrodes. Manuscript 1T (MII)
then expanded this understanding by comparing the effects of the catalytic CeO, sur-
face modification on a thermally stable Cu-Co composition. Manuscripts III (MIII) and
IV (MIV) reported the fabrication and performance of two different backbone architec-
tures: a co-sintered macro-porous skeletal microstructure infiltrated with the Cu-Co
composition and modified with CeO,, and a graded porosity functional microstructure
infiltrated with the multi-phase Cu-Co-CeOy composition.

This section will summarize the key findings and developments of this work, and aims
to further discuss the individual manuscripts by connecting them in a broader context.
Additionally, other results not presented in the manuscripts will also be included, as

they are relevant to continued aspects of this effort.

6.1 HOR Model
pH, dependencies

The simplified HOR model developed in Sec. P23 (and MI) describes the anodic
hydrogen electrode reaction as a sequence of elementary steps. It is summarized by
showing that the rate constant for the mass transfer process, K,,; (including adsorption,
K4, dissociation, K and diffusion, Kgy), is embedded within that of the charge
transfer process, K. This global process, also summarized in MII, is shown in (B1),

K]l‘t ISft

r r
K s Kyiss

K i Kmt
Hy(g) < Hygss & 2Hay < 2Hgy <= 2(Hsy + 0% < OHg+e)  (6.1)

Electrode conductances are described as functions of the hydrogen pressure, pHs,
the availability of vacant sites, (1 — ©;), and the rate constants, K,,; and K., which

are related to material specific parameters.

1

1-8
R 0.8 Kct pH22 (1 — ®tpb) (62)
ct

1 ©
A) R_t [0 ¢ KmtpHé/ (1 — @ads) B)

In (B22A), for mass transfer, x = 1 for processes rate limited by adsorption, and z = 2

for processes rate limited by dissociation. In (E2B), the charge transfer symmetry
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coefficient is often assumed to be § = 0.5. At low coverages, © is small and (1—-0) ~ 1,
then 1/R,,; o« pHy or pHé/ 2, for adsorption or dissociation limited cases, respectively,
and then 1/R. o pHé/ * for either case. At high coverage, the activity of vacant sites is

approximated by (63),
1

G ENC P P —
Kads pHé/x

(6.3)

Then 1/R,, is independent of pHa, and 1/R,; oc pHy*/*. This simplified HOR model
was used to interpret results in MI-MIII, and described the experimentally obtained

pH, dependencies well. Table B first shows the predicted bounds of pHs dependen-

Table 6.1: The HOR model predicted range of pHs dependencies for 1/R.; and 1/R,,,
and experimentally obtained pH, dependencies as reported in MI-MIII.

HOR model predicted range of pH, dependencies

1/Rep: —1/4<2x<1/4 1/Rp: 0< <1

Manuscript I

Electrode V (mV) 1/Ret 1/Rumt
Cu 0.77+£0.09  0.53£0.04
ocv
Pt -0.30 £0.04  0.46£0.02

Manuscript 11

Electrode V (mV) 1/Re 1/ Rt Electrode V (mV) 1/Re 1/ Rt
(016AY 0.15+0.04 0.43+0.02 (016AY 0.084+0.05 0.2140.02
CeO2 Uncoated
Coated 100 0.20+0.03  0.65+0.05 Cu-Co 100 0.1040.04 0.31+£0.03
Cu-Co 200  0.2340.04 0.95+0.07 200 0.1440.02 0.47+0.02

Manuscript III

Electrode V (mV) 1/Ret 1/Rpms
-100 0.284+0.01  0.55%0.06
Cu-Co oCcv 0.274£0.02  0.5740.05
100 0.27+£0.01 0.74%0.03

cies for charge and mass transfer, and then the pH; dependencies as obtained in this
work. All but one of the results were found to be close to the predicted values. Based on
small deviations away from the thermodynamically predicted pHs dependencies, certain
assumptions can be made about surface and 3pb coverages. Though the pH, depen-
dencies shown in Table B fall within the bounds predicted by the model, many of
them are open to different interpretations based on different coverages and adsorption

mechanisms, such as in MII.
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Temperature dependencies

The temperature dependencies of the electrode conductances are of Arrhenius form,

and have been approximated by,

1 _AH
7= Ao (pH2)" (pH20)™ e FoT (6.4)
Activation enthalpies, AH, were extracted from plots of Log(1/R;) (2 'em™2) vs.
1000/T (K™') for charge and mass transfer, providing information about the energy
requirements of the different processes. Table B2 displays the charge and mass transfer
activation enthalpies obtained in MI-MIV, where for AH,,; two groupings are observed,

one from 1.16 to 1.34 eV, and another from 0.6 to 0.9 eV. Differing activation enthalpies

Table 6.2: Activation enthalpies, AH; (eV), for the charge and mass transfer con-
ductances, 1/R and 1/R,,;, from MI-MIV.

Manuscript I

Electrode V (mV) AH AH,.;
Cu 0.82+0.21 1.21+0.09
ocv
Pt 0.93+0.09 0.731+0.05

Manuscript 11

Electrode V (mV) AH, AH,,; Electrode V (mV) AH, AH,,;
ocv 0.93+0.07 0.814+0.04 ocv 1.064+0.10 0.89+0.04
CeOs Uncoated
Coated 100 1.14+0.03 1.16+0.09 Cu-Co 100 1.22+0.08 0.82+0.06
Co-Co 990 1.26+£0.07 1.34+0.13 200 1.3040.04 0.86-0.04
Manuscript I11 Manuscript IV
Electrode V (mV) AH AH,; Thaz AH AH,,;
-100 0.78+0.02 0.75+0.11 725 °C (OCV) 1.07+£0.02 1.34+0.02

Cu-Co OCV  0.81£0.03 0.84%0.08 825 °C (<650 °C) 0.87+0.01
100 0.87£0.03 1.01£0.06 825 °C (>675 °C) 1.70+0.01

0.60£0.01

for mass transfer are indicative of different mechanisms, where the higher range reflects
dissociative adsorption, and the lower range is characteristic of the dissociation of ad-
sorbed molecular hydrogen. At OCV, the charge transfer activation enthalpies are
primarily grouped around 1 eV, in agreement with the predicted energy requirement
for the proton transfer step on BZY, and independent of the type of metal catalyst. As
will be shown, when used in combination with pHy dependencies, activation enthalpies

can provide deeper insight into reaction mechanisms.
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Reaction mechanisms

Central to MI, and to the development of the model therein, was the determination
that the hydrogen coverage on the surface of the electrode in the region near the 3pb
can be significantly different from that at electrochemically active 3pb sites. This is
most apparent for the Pt point electrode, as seen in Table 6, where the mass transfer
pHé/ % and charge transfer pH, 14 dependencies are strong indicators of different site
coverages, with low and high coverage at adsorption and 3pb sites, respectively. This
effect was attributed both to the high catalytic activity of Pt metal, where hydrogen
dissociation has an activation enthalpy of 0.65 to 0.76 eV, and that H species tend to

segregate at edges and dislocations.

Cu-Co bimetallic anodes have a higher catalytic activity than Cu alone, and to
increase the reactivity even further, CeO, has been included as an electrocatalyst. This
is known to lead to a significant decrease in the polarization resistance, but the effects
on the hydrogen oxidation mechanism are not widely reported. MII utilized CeO, at
the 3pb interface to facilitate charge transfer, and investigated the effects of a surface
coating of CeOy on the mass transfer process of the Cu-Co composition. The results
presented pH, dependencies that are not straight forward to analyze. Upon casual
inspection of the impedance spectra presented in MII, Fig. 3, it is observed that the
polarization ASR (Q cm?) of the CeO, electrode is roughly half of that of the uncoated
electrode, and appears to be dominated by a charge transfer contribution.

At open circuit, the activation enthalpies for charge and mass transfer are equivalent
between the two electrodes, and correspond to proton transfer and the dissociation of
adsorbed hydrogen, respectively, and thus pHy dependencies of pHé/ * and pHé/ % are
predicted for charge and mass transfer, respectively. Without the preceding informa-
tion, the obtained pHsy dependencies alone could be misleading. By comparing the pH,
dependencies of the coated and uncoated electrodes, it is seen that both electrodes have
elevated coverages, but the lower pH, values for the uncoated electrode indicate it has
higher hydrogen coverages than the CeOy coated electrode.

At a 200 mV anodic bias, the pHs dependencies for the CeOs coated electrode are
indicative of a total process that is rate limited by dissociative adsorption, with low
coverages both on the surface and at the 3pb. The pH;/ 2 dependency of the uncoated
electrode is indicative of a mass transfer process that is rate limited by dissociation,
and the charge transfer pHé/ ! dependency then indicates an elevated coverage at the
3pb. This analysis is confirmed by the activation enthalpies of each electrode for both
charge and mass transfer.

To summarize, CeO, primarily impacts chemical mass transfer through the promo-

tion of hydrogen dissociation. However, this effect is most evident in the charge transfer
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response, where the high atomic H activity at the 3pb significantly reduces the charge
transfer resistance. The lower surface catalytic activity of the uncoated electrode results
in an apparent elevated hydrogen coverage at both adsorption and 3pb sites, though
these sites must then be populated primarily by molecular hydrogen, as exhibited by
slightly higher activation enthalpies for charge and mass transfer. A site requirement
argument also supports this hypothesis; if the 3pb has a high coverage of molecular
hydrogen, the neighboring sites required for dissociation are unavailable, and thus in-
crease the ASR as observed. This supports the concept that charge and mass transfer
are intimately coupled processes through reactant concentration, and inseparable even

with higher frequency equilibrium perturbations.

Infiltrated backbones allow for the fabrication of otherwise thermally unstable elec-
trode compositions in a cermet like configuration. Two different types of microstructures
were used in MIIT and MIV, with two different, albeit similar, infiltration compositions.
In MIII, a macro-porous skeletal type backbone was co-sintered with a Ni-cermet sup-
ported BZCY72 membrane, and infiltrated with the same composition as the CeOq
coated electrode from MII. The pHs dependencies for charge and mass transfer agree
with the predicted low coverage cases of pHé/ * and pHé/ 2, respectively, but differ from
the values reported in MII. The mass transfer activation enthalpies also differ consid-
erably from MII as well, but however still fall within an acceptable range for adsorbed
molecular hydrogen dissociation. For BZY, the charge transfer activation enthalpy of
approximately 0.75 eV has been calculated for hydrogen spillover and incorporation
into buried electrolyte regions near the 3pb, suggesting that this may be the mechanism
observed here [47]. The differences are attributed to the low pH;O atmosphere, where
it is likely that that CeO5 takes on a more reduced state, such as CeO,_s, and is thus

more catalytically active.

The simplified HOR model developed in this work has established a solid basis for
fundamental understanding of the reaction kinetics of the metal-electrolyte interface
for BZCY72, and has also provided a valuable tool for the interpretation of data in
the effort to develop a more effective electrode. For applications incorporating signif-
icant concentrations of water-vapor, it would be beneficial to address the competitive

adsorption of water-vapor or other OH intermediates.
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Pre-exponentials

The charge transfer pre-exponential is representative of geometric aspects of the
charge transfer interface, as described in Section 223 and in MII. In MII, the area
specific 3pb lengths of electrodes with large active areas were estimated through SEM
imaging and correlation, yielding values corresponding to the associated charge transfer
pre-exponential. These pre-exponentials were then compared to those of the infiltrated
backbones in MIII and MIV. The co-sintered backbone electrode from MIII and the
graded backbone electrode from MIV were compared to the CeO, coated and uncoated
electrodes from MII, respectively. Order of magnitude comparisons were conducted,
and Table 623 gives the areas, estimated area specific 3pb lengths and polarization ASR
for the electrodes from MII-MIV. The area specific 3pb length for MIII is lower than

Table 6.3: Charge transfer pre-exponentials, areas and estimated area specific tpb
lengths for the Cu and Cu-Co electrodes described in Manuscripts [-IV. The
polarization ASR is also shown for pHs = 0.5 atm. at 700 °C for comparison.

Manuscript Log(Ao.ct) Area (cm?) fl3p (mem™2) R, (Qcm?)
MIT CeOy coated 4.70+0.05 13 20 m 1.7
Uncoated 5.19£0.02 23 m 2.6
MIIT 4.55+0.04 4.7 20 m 1.2
25 ° .3010. 2 .
MIV 725 °C 6.30£0.03 A7 30 m 0.3
825 °C 4.8440.02 20 m 0.6

expected when considering the SEM images of the backbone microstructure with the
large grain sizes, shown in Fig. BIIC and in MIII. Other similar backbones have exhibited
higher performance, but were subject to degradation and a full data set could not be
obtained. Based on post-mortem SEM imaging, both coarsening and microstructure
failure early during experimentation are responsible for the loss of 3pb length. When
compared to the CeOs coated electrode from MII, it is observed that the pre-exponential,
area specific 3pb length and polarization ASR’s all agree reasonably well. Comparing
the values from MIV to the uncoated electrode from MII, the pre-exponentials and
ASR values are approximately one order of magnitude different, suggesting that the
estimated area specific 3pb length is reasonable.

To the best of our knowledge, this is the first attempt to obtain an analytical rela-
tionship of this form between the charge transfer pre-exponential obtained from tem-
perature dependencies, and the geometry of the 3pb region. This work has shown good
correlations between Ay and /3, and provides both a better fundamental understand-
ing of the 3pb geometry, and a basis for further development of this methodology in the

future.



6 SUMMARIZING DISCUSSION AND FURTHER RESULTS 117

6.2 Infiltrated backbones
Microstructure

The performance and mechanical stability of backbone microstructures is dependent
upon the connectivity of the network, i.e. grain size, necking between grains and to the
electrolyte, and upon the surface area with its related porosity. MIII reported the per-
formance of a co-sintered skeletal backbone, and though it has a larger surface area than
the as-sintered Ni-BZCY72 membranes, the stresses induced during fabrication make it
vulnerable to fracture. MIV utilized a more functional graded backbone consisting of a
base layer with approximately 50% porosity and an outer layer that was approximately
70% porous. This approach retained the good mechanical stability and adhesion to the
electrolyte, and also yielded a greater surface area. Though the infiltration composition
is slightly different between the two electrodes, the order of magnitude difference in 3pb
length and the resulting ASR is attributable to the larger surface area of the functional
backbone microstructure in MIV. Co-sintering of backbones with Ni-cermet supported
electrolytes is difficult due to the formation of a liquid eutectic at high temperature.
The eutectic phase, while desirable from a grain-growth and electrolyte conductivity
perspective, is detrimental to the formation of a highly porous microstructure. Deng
et al. overcame this by using a sintering suppressant, however the same effect was not
observed when attempting to co-sinter a porous backbone with unfired NiO-cermet elec-
trode supported membranes fabricated by CoorsTek [37]. As a result, it was determined
through numerous iterations of backbone fabrication that in order to form an optimal
backbone microstructure, the simple method of using inks with increasing porosity is the
best approach. However, it is thought that the two types of backbone microstructures
presented in this work may be combined, perhaps incorporating the beneficial aspects

of both functional and skeletal backbones.

Combination functional-skeletal backbones

As a preliminary effort to produce a combination functional-skeletal backbone, a
co-sintered backbone sample was painted with one coat of a 70 % porous backbone ink
and sintered according to MIV. The result of this effort is shown in Fig. B, where
the functional backbone microstructure can be seen within the much thicker and more
robust skeletal backbone, and gives a direct comparison of the two different types.
This sample was then infiltrated with the Cu-Co-CeOy composition and reduced, but
was short circuited and unable to be tested. However, this shows potential for porous
backbone microstructures, where it may be possible to fabricate a tubular backbone

supported electrolyte membrane, with a symmetric backbone on the outer surface.
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Figure 6.1: A preliminary example of a combination functional-skeletal backbone,
utilizing a more robust co-sintered skeletal backbone microstructure to support
a functional backbone with a potentially much larger surface area.

Infiltrations

Since the development of the solvent based infiltrations used in this work, there
have been other reports of similar solvent based solutions in SOFC literature, showing
further precedent for the technique [[48, T49]. Both of the cited articles describe better
infiltration characteristics than aqueous based solutions alone; such as have been the
findings in this work. In MII, when applied to the surface of the sintered Ni-cermet sup-
ported BZCY 72 tubes, the solution formed homogeneous sub-pum layers which reduced
to thin percolated networks of the metals, as seen on the glass slide in Fig. B33. The Cu-
Co-CeO, infiltration composition utilized in MIII provided not only a uniform coverage
of the dissolved metal salts, but it was also able to fill the porosity of the backbone
microstructure due to the low surface tension of the solvent based solution, as in MIII,
Fig. 1B. The formation of the metalloligand type of structure may be disadvantageous if
one desired complete loading of the available porosity, as it will decompose in reducing
conditions at higher temperatures, however it would be beneficial in preserving better
gas diffusion characteristics.

In MIV, the loss of area specific tpb length, as seen in Table B33, was due to the
coarsening of the Cu-Co-CeQ, infiltration composition at the 825 °C annealing tem-
perature. This was also accompanied by an increase in the catalytic activity of the
infiltrated component, indicated by the decrease in activation enthalpy for both charge
and mass transfer (below 675 °C), seen in Table B24. The combination of the effects
observed in Tables and B23 suggests that the increase in catalytic activity is due to
the exsolution of CeOy to the surface of the infiltrated bimetallic composition. This is
in effect an inverse catalyst structure such as reported by Rodriguez et al. where there
are altered electronic states at the metal-oxide interface [I26]. It is proposed that the
activity of such a structure, based on the exposure of the catalytically active CeO,, may

be tailored by careful adjustment of the annealing temperature and time.
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6.3 Further Results

Further results relevant to the continued development of this work include the hydro-

gen pumping performance and chemical stability of the Cu-Co and CeOy compositions.

Hydrogen pumping

The CeO, coated and uncoated Cu-Co electrodes reported in MV were also tested
for hydrogen pumping in two different gas compositions. The feed and sweep flow rates
were measured using a soap bubble flow meter (Sigma Aldrich), and the sweep outlet
composition was measured using an Agilent 3000 u-GC. Using a sweep gas composition
of 5% Hy in Ar (pHO = 0.027 atm.), the bottle-dry feed gas compositions were:

1. 10 % Hy and 5% He in Ar. (10% Hs in Ar)

2. 10 % Hy, 5% He, 1% CO and 0.1% each ethane/ethylene in CH,.
(10% Hs in CH,)

e MII - CeO, coated Cu-Co electrode:

For both compositions 1 and 2 the feed and sweep flow rates were approximately

! ! respectively. The low sweep flow rate was used to

140 mlmin™ and 70 mlmin~
obtain good resolution in the GC, but limited the number of measurements at each 30
min. current density interval. The high feed flow rate was used to ensure an adequate
supply of hydrogen at the anode in the large diameter ProboStat quartz shell tube. The
galvanic current density was increased in increments of 10 mA cm™2 up to 100 mA cm 2.
Each reported data point is the average of the measurements at each current density
after reaching equilibrium.

Fig. B2 shows plots of the hydrogen pumping results obtained for both compositions
1 and 2. For composition 1, shown in Fig. B2 (top), the Hy flux increases in agreement
with Faradays law up to approximately 70 mA cm~2 and 1 V. At higher current densities
the rate of the flux increase slows, and the voltage increases at a faster rate, correspond-
ing to an increase in the polarization resistance caused by the mass transfer limitations
of the maximum shell flow rate. This corresponds to an increase in polarization resis-
tance, and the faradaic efficiency decreases accordingly. In the plots for composition 2,
shown in Fig. 62 (bottom), the Hy flux also increases up to approximately 70 mA cm™2,
however, the flux, voltage and faradaic efficiency all behave differently than when op-
erated with hydrogen. Above the 70 mA cm~2 current density, the flux continues to
increase linearly, though at a lesser rate than for composition 1. However, the voltage
maintains the same slope with increasing current density. This effect is attributed to
carbon deposition on the CeOy coated electrode surface due to the electrocatalytic de-

composition of CH4. The detrimental effect of carbon deposition is more apparent in the
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Figure 6.2: Hy pumping results and the corresponding faradaic efficiencies for the
CeO4 coated Cu-Co electrode from MV, operated in compositions 1 and 2.

plot of faradaic efficiency, where the decrease is more precipitous than for composition 1.

e MYV - Uncoated Cu-Co electrode:

The feed and sweep flow rates were approximately 140 mlmin~! and 110 mlmin—!,

respectively, for both compositions 1 and 2. The applied current density was again
increased in increments of 10 mA cm™2, however only to 80 mA cm~2 due to lower
performance. Fig. shows plots of the hydrogen pumping results obtained for both
compositions 1 and 2 using the uncoated Cu-Co electrode from MV. For composition
1, shown in Fig. B33 (top), the Hy flux increases linearly with the potential up to a 30
mA cm~? current density, with a corresponding Faradaic efficiency of over 90%. The
flux continues to increase up to 40 mA cm~2, however the potential rapidly increased
to over 1.25 V. Above 40 mA cm ™2, the flux decreased with increasing potential due to

an increasing polarization resistance and a lack of catalytic activity for Hy dissociation,
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Figure 6.3: Hy pumping results and the corresponding faradaic efficiencies for the
uncoated Cu-Co electrode from MV, operated in compositions 1 and 2.

indicating the limiting current has been reached. For composition 2, shown in Fig. B33
(bottom), the same characteristics are evident, however, the Faradaic efficiencies are
slightly less than for composition 1. Additionally, there is a slight increase in the Hy
flux as the current density is increased further that is likely due to the formation of
carbon deposits on the layer of CeO, at the metal-electrolyte interface, as seen in Fig.
64. In contrast, the carbon deposits on the CeOs coated Cu-Co electrode completely
covered the electrode surface, and are thus not worthwhile to display. It is not known if
this is due to any particular species in gas composition 2, or if it is due to carbonaceous
species in general. However, because the Cu-Co metal itself has not accumulated carbon
deposits, even at a 25% Co content, it is proposed that further research could be done on
that metallic composition, or on a composition incorporating CeO, within the metallic

phase, such as utilized in MIV.
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Figure 6.4: Cu-Co metal is visible between the black carbon deposits covering the
thin layer of CeOy at the charge transfer interface of the uncoated electrode.

6.4 Current challenges

Previous studies of Cu and Cu-based electrodes seemed to be inconclusive as to the
viability of the metal for electrode applications in solid state electrochemistry. The
compatibility of Cu with electrolyte materials has been addressed in prior literature,
and evidence that emphasizes the importance of this question was also observed in this

work.

“Is YSZ stable in the presence of Cu?”

In 2008, Ruiz-Morales approached the question of, “Is YSZ stable in the presence
of Cu?” [Ia0]. It was found that when sintering Cu-YSZ cermets at temperatures
above 900 °C, CuO reacts with YSZ under oxidizing conditions to form monoclinic
zirconia, m-ZrQ,, decreasing the bulk conductivity considerably and destabilizing the
YSZ structure. A lesser effect was observed when firing in milder reducing conditions (5
% Hy). At 700 °C, there was a darker region beneath the cermet where Cu had diffused
into the electrolyte, but when firing at 950 °C that effect was much more pronounced,
and Cu had diffused farther into the electrolyte structure. It had already been observed
in earlier work that Cu may diffuse from the cermet anode into the electrolyte, and direct
evidence of Cu diffusion along YSZ grain boundaries into the bulk had also previously
been reported in superconductor literature [61, [51]. Thus, it was recommended that
the infiltration method be used to surmount these obstacles, and that when operating
in a reducing atmosphere a temperature of less than 700 °C be maintained, otherwise

Cu or CuO would penetrate the grain boundaries of the electrolyte.

Stability of the Cu-BZCY72 system

A second Cu point-contact electrode, similar to that reported in MII, was heated to

a temperature of 850 °C in order to soften the Cu metal and establish good electrical
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contact with the electrolyte. Measurements were then conducted starting at 800 °C,
however, the high temperature impedance spectra contained considerable noise and
the resulting deconvolutions were unable to provide meaningful data. Upon cooling
and subsequent SEM examination of the electrolyte surface, it was observed that Cu

metal had diffused into the grain boundaries of the electrolyte, as shown in Fig. B3.

Figure 6.5: A Cu point-contact metal electrolyte interface, where Cu metal is seen
to have diffused into the grain boundaries of the BZCY72 electrolyte.

As a result the grains in the region where the metal had diffused into the electrolyte
were loose and dislocated, with metal agglomerates forming at the triple points of the
grain boundaries. These effects are similar to those described in the previous section,
where the same characteristics were observed at temperatures between 700 and 900 °C.
Similar results were also observed in BZY backbones when calcining Cu-Co infiltration
compositions in oxidizing atmospheres at 850 °C. Results such as this suggest that
further research on the diffusivity of Cu metal into the grain boundaries of solid state

electrolytes would be beneficial.

6.5 Outlook

For applications where the use of Ni-cermet electrodes is not desirable, alternative
solutions are necessary. Through the use of advanced fabrication techniques, unique ar-
chitectures such as symmetric backbone supported electrolytes may soon become com-
monplace. The infiltration of such structures with novel electrode compositions then
enables the development of membrane-electrode systems which would otherwise not be
stable at higher synthesis temperatures.

Cu-Co-CeO4y anodes have been shown to be both carbon and sulphur tolerant, and
are promising candidates for use in biogas and hydrocarbon applications [[52, [53]. As
an inverse catalyst, CeOs particles supported by a metallic Cu-Co phase posses many

of the characteristics of excellent electrocatalysts, and can be used to promote reactions
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such as the water-gas shift, methanol synthesis through CO, hydrogenation, as well as
the steam reforming of methane and other alcohols [[H4-I56].

Based on the results of the composition used in MIV, it may be possible to develop
even better materials by incorporating Cu and Co into the flourite CeO, structure,
forming the multi-valent Cu,Co,Ce;_,_,Os_; mixed oxide. Novel Cu-Co-CeO, anodes
such as developed in this work could be used in combination with oxygen electrode
materials, such as the high-performance BGLC (MVI), to create next-generation PCFC
technology, operating on carbon containing fuels. Other electrode compositions, such as
ProgBag.4FegsCug203_5 , could potentially be infiltrated into porous backbones and be
used in combination with Cu-Co-CeO5 anodes to develop simultaneous processes such
as methane dehydroaromatization and ammonia synthesis [46]. Such a process could

utilize CH4 and air to produce, for example, ethylene and ammonia hydroxide.
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7 Concluding remarks

This dissertation has presented the development of a new and simplified hydrogen
oxidation reaction model (MI), and has applied the model to the analysis of pHy depen-
dencies obtained from impedance data for point-contact, porous metal and infiltrated
backbone electrodes. The applicability of the HOR model was established through a
comparative study of Cu and Pt point-contact electrodes, and it was found that the
hydrogen coverage at adsorption and 3pb sites is likely to be different, and thus yield
different coverage terms for the pHy depedencies. The model was then able to de-
scribe all but one of the pH, dependencies presented in the manuscripts included in
this dissertation. Such pressure dependencies have been demonstrated to be defining
characteristics of rate limiting processes within the overall hydrogen oxidation reaction,

and when combined with activation enthalpies, allow the process mechanisms to be
identified.

It was found that solvent based Cu-Co metal nitrate solutions exhibit better coating
characteristics than their aqueous counterparts, and were thus used to both fabricate
porous bimetallic electrodes, and to infiltrate porous backbone microstructures. By
comparing the influence of a surface coating of CeO, on the catalytic activity of a porous
Cu-Co electrode to a second electrode without the coating (MII), it was determined
through pH, dependencies and activation enthalpies that CeOy primarily influences
chemical mass transfer via hydrogen dissociation. However, the polarization resistance
was dominated by charge transfer and was higher for the uncoated electrode. The HOR
model based analysis of the pHy dependencies identified the cause of this as a higher
“apparent” coverages of molecular hydrogen on the uncoated electrode due to lower
catalytic activity. Whereas the dissociative properties of the CeOs coating caused the
3pb to instead be populated by atomic hydrogen, thus not requiring a neighboring site

for dissociation and effectively reducing the polarization resistance.

As the first of their kind, macro-porous backbones were fabricated by co-sintering
with a NiO-BZCY72 supported electrolyte membrane, however, as the results have
indicated, this process is far from optimized (MIIT). The backbone was infiltrated with
the Cu-Co composition, coated with CeQO,, and tested in a low pH,O atm, revealing
that the lack of water vapor has a significant impact on the pH, dependencies and
activation enthalpies. The measured pHy dependencies agreed well with the HOR model
predictions for low coverage, and the lower activation enthalpies suggested that the
electrocatalyst was in a highly reduced state, such as CeO,_s, and thus more active
towards hydrogen dissociation. These results provide further validation for the proposed
HOR model.
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A functional backbone of graded porosity was fabricated on a pre-sintered NiO-
BZCY72 supported membrane and infiltrated with a Cu-Co-CeOy composition. A sub-
sequent investigation of successively higher annealing temperatures revealed changes in
activation enthalpies that were attributable to the coarsening of the infiltrated compo-
sition. It was found that with a lower annealing temperature the bimetallic phase did
not coarsen and extended 3pb length remained intact. The lower annealing temperature
exhibited an activation enthalpy indicative of a dissociative adsorption mechanism, how-
ever with a higher annealing temperature, the 3pb length decreased and the adsorption

mechanism changed to associative adsorption.

The proposed proportionality between the inverse charge transfer resistance, the
pre-exponential, Ag., and the 3pb length allowed for the estimation of an unknown
3pb length based on the ratio of the Ay’s for the known and unknown values. A good
correlation was found between these parameters for the porous metal electrodes and
the infiltrated backbones, and was further supported by the corresponding ASR values.
This provides a solid basis for further development of this new empirical and analytical
technique to estimate unknown 3pb lengths, and is a unique opportunity to gain deeper
insight into the relatively unknown geometric dimensions of the 3pb region; this is

another potential aspect of this work that is worthwhile to pursue in the future.

The CeO, coated and uncoated Cu-Co bimetallic electrodes used in MII were tested
for hydrogen pumping in dry conditions resembling those found in membrane reactors
used for methane dehydroaromatization with an MCM-22 zeolite catalyst. Stable and
reasonable performance was observed up to the concentration limitations of the inlet
streams, at which point the methane was electrocatalytically decomposed, resulting in
significant carbon deposition on the CeO,. It was reported that the zeolite catalyst
benefitted from the co-ionic conduction of oxide ions through the electrolyte, reducing
the degradation rate of the MCM-22 due to carbon deposition. To recognize that this
effect would first be realized by the electrode would be a significant step forward in
the industrialization of this process, however it should be noted that the rate of carbon
deposition on the electrode components would ideally be less than that on the zeolite.
Carbon deposition on these electrodes was not observed in the data when operating in
a pHoO = 0.027 atm. humidified stream of the same gas composition, implying that
the CeOy coated Cu-Co and Cu-Co-CeOy are then possible candidate electrodes for
reactions such as methanol or ammonia synthesis from COy and CHy, respectively, as
previously mentioned. Further work could be done to verify this possibility, and if
affirmative, then a possible hydrogen solution to the worlds energy needs may be within
reach, accompanied by carbon neutral or even carbon negative chemical processing

routes.
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This dissertation has presented a new, simplified HOR model, and provided insight
into the widely sought geometric parameter of the 3pb length. Novel methods for pro-
ducing Cu-based electrodes have been established, and the role of the CeO, electrocat-
alyst in the hydrogen oxidation reaction on these electrodes has been clarified. Though
the high temperature synthesis of Cu containing materials is not generally feasible, fur-
ther optimization of infiltrated backbone electrodes shows great promise towards the
eventual implementation in functional applications. As such, I have high hopes that
this work, built upon the labor of the many researchers before me, may be of benefit

both to the scientific community and to the world at large.
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A series of experiments were performed on tubular BaCeg,Zrp7Y0103-5 (BCZY27) protonic ceramic
hydrogen diffusion membranes in which hydrogen flux was obtained using a tube-in-shell test apparatus
with a 22-cm? membrane active area and hermetic glass seals. This was accomplished by measuring
permeate composition using a mass spectrometer and bubble-meter measurement of outlet flow rates
over a broad range of current densities and furnace temperatures. A maximum current efficiency of 98.6%
was achieved at 775 °C at 800 mA cm™2, producing over 6 nmL cm™ min™! of hydrogen at virtually 100%
selectivity. The data generated through these experiments has been valuable in the evaluation of
fabrication methods and hermetic sealing techniques required for large area membranes that are suitable
for commercialization. Applications include hydrogen separation, ammonia synthesis and gas-to-liquids
fuel processing via methane dehydrogenation. Additionally, the experiments provided valuable insight
into the charge-transport processes in BCZY27 membranes where multiple charge carrier species are

involved.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth-doped perovskites continue to be developed as
proton-conducting electrolyte membranes for fuel cells, electro-
lyzers, membrane-reactors and associated applications where
galvanic hydrogen separation is involved [1-6]. The stability of
many of these materials under reducing atmospheres and their
high protonic conductivity at intermediate temperatures of around
600-700 °C, makes them well-suited for these purposes. Solid
solutions of yttrium-doped barium cerate and barium zirconate,
such as the BaCeg,Zrg7Yo103-5 (BCZY27) described herein, have
been shown to exhibit the desirable characteristics of high proto-
nic conductivity and long-term chemical and mechanical stability
[7,8]. Galvanic hydrogen pumping using proton-conducting cera-
mics has previously been described using button-type cells with
active areas of only about 1cm? [1-3,9,10]. This present work
describes devices fabricated in a tubular architecture having a
22-cm? active-area format. The large active-area membrane tubes
have a much smaller seal-to-area ratio than buttons cells, making
it possible to measure hydrogen permeation fluxes more precisely.
In this study, closed-one-end (COE) hermetic membrane tubes
with double-floating glass seals were developed, and hydrogen
flux resulting from a combination of galvanic hydrogen pumping

* Corresponding author. Tel.: +1 303 385 7771.
E-mail address: grover.coorstek@me.com (W. Grover Coors).

0376-7388/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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and ambipolar diffusion is reported. The tubular COE BCZY27
membranes of interest are characterized through the measure-
ment of a galvanic hydrogen flux evolved by imposing an external
electric potential gradient across the BCZY27 membrane, as shown
in Fig. 1. This was accomplished over a wide range of current
densities, and a wide range of furnace temperatures. The results of
this work are intended to quantify hydrogen flux as a function of
current density and furnace temperature, as well as to help
improve understanding of the operation and performance of
protonic ceramic materials and devices.

2. Experimental
2.1. Membrane electrode assembly fabrication

BaCep,Zrp7Y0103-5 (BCZY27) tubular membranes were used
(CoorsTek Inc., Golden, CO, USA). These were slip-cast, closed-one-
end, 65wt.% NiO-35wt.% BCZY27 cermet electrode supported
tubes, spray-coated with a dense electrolyte membrane of BCZY27
and co-fired in air at 1585 °C. Fired dimensions of the tubes were
10 mm OD, 85 mm ID, and 25cm in length. The membrane
thickness was approximately 25 pm. A 7 cm long band of porous
Lag gSrp4FeqgCop203-5 (LSCF) (ESL Electroscience, 4421-A) was
hand-painted on the exterior surface of a 12 cm length of tubular
membrane, producing an active area of 22 cm? The LSCF shell
electrode was subsequently sintered in air at 1000 °C for 30 min.
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Fig. 1. Principle of galvanic operation for the protonic ceramic hydrogen pump.

The tube electrode current collector was fabricated using a
50 cm length of 4-bore alumina tubing (CoorsTek-65685). A 60 cm
length of 1 mm diameter (dia.) silver wire (Alfa-Aesar) was fed
through one bore of the four-bore alumina tube to serve as the
anode current collector. Sections of nickel mesh, a 7 x5 cm of
40-mesh (0.13 mm dia. wire) and a 7 x 8 cm of 70-mesh (0.11 mm dia.
wire, Ed Fagan Inc. Los Angeles, CA, USA), were sequentially wrapped
around the 4-bore alumina tube. Two 60 cm lengths of 0.5 mm silver
wire were interlaid between the varying grades of Ni mesh as it was
wrapped around the alumina rod to serve as the voltage sense wires
for a four-point DC connection. This Ni-mesh was then lightly coated
with nickel-oxide paste (ESL Electroscience, 4410) and fed into the
inside of the cell, seated directly beneath the shell electrode, and
counter rotated to expand the mesh and secure the tube current
collector in place.

The shell electrode active area was painted with platinum paste
(ESL Electroscience, 5542), wrapped with platinum mesh and
secured in place with a 1 mm platinum wire (Alfa-Aesar), which
also served as the shell electrode current collector. A 0.5 mm
platinum wire served as the voltage sense wire and also helped to
secure the shell current collector in place. The voltage sense wire
was insulated from the active area of the shell electrode using a
small alumina tube, completing the four point DC measurement
configuration of the membrane electrode assembly (MEA).

2.2. Seal fabrication

The MEA was mounted into a riser-sleeve assembly consisting
of two Al,03 (CoorsTek AD-998) ceramic tubes. The riser consisted
of a 27 cm length of 9.53 mm outer diameter (OD, CoorsTek-
65660) alumina tube; the sleeve was a 2.5 cm length of 12.7 mm
OD (CoorsTek-65664) alumina tube. Initially, the sleeve was
9.53 mm inner diameter (ID), however 1 cm of the 2.5 cm length
was ID ground to 10.5 mm to accommodate the thermal expansion
of the unreduced 65Ni-BCZY27/BCZY27 tubular MEA during heat-
ing. Ceramic cement (Resbond FS-989) was used to bond the
sleeve to the riser tube, leaving the ID ground portion of the inside
of the sleeve exposed. Prior to inserting the cell into place, a small
amount of ceramic cement was applied to the top of the riser tube
to bond the MEA into position. A thin layer of glass paste (Schott
GO018-354) was applied to the cell, and it was inserted into place.
The remaining open space between the 10.5 mm ID grind of the
alumina sleeve and the 10 mm OD cell was filled with glass paste.
Once dry, a protective ceramic cap was applied to the top of the
joint using ceramic cement.

A second collar, 2 cm long and 15.88 mm OD alumina tube
(CoorsTek- 65677) was then fastened over the sleeve, leaving 1 cm
of the collars 12.7 mm ID exposed. The resulting open space
between the 10 mm cell OD and the 12.7 mm collar ID was
also filled with glass paste and capped with ceramic cement.
A hemispherical alumina cap, 10 mm ID, was partially coated with
glass paste, and fastened to the top of the closed-one-end tubular

Shell Electrode Voltage Sense Double Floating Glass Seal

Shell Electrode Current Collector

Alumina Cap

Fig. 2. Post-testing image of the membrane electrode assembly (MEA) and glass
seal.

cell. These involved procedures were found to be necessary to
ensure that the seals remained hermetic to helium above 600 °C. A
post-testing image of the completed cell assembly is shown in
Fig. 2.

2.3. Test device and tube-in-shell test stand

The completed test cell was installed in the tube-in-shell
fixture, shown in Fig. 3. This fixture used a 25 mm OD tubular
quartz shell (Quartz Scientific Inc.). Vacuum compression fittings
(Swagelok Ultra-Torr) were used at each end to ensure sealing
from the ambient atmosphere outside of the furnace hot zone.
Shell electrode connections were made using a vacuum feed-
through (Kurt J. Lesker). A hot zone thermocouple was placed in
the permeant flow stream directly adjacent to the shell electrode.
The assembled test device was then installed in the test furnace,
with the compression seals located outside of the hot zone.

The tube and shell gases were controlled using mass flow
controllers (Alicat Scientific). Humidification for each gas feed was
produced using a pL-flow pump (Global FIA Milligat) to inject
deionized water through 0.1 mm ID capillary tubing. The water
was injected in co-flow with the gas streams through 1.6 mm
stainless steel tubing into a stainless steel cylinder heated to
200 °C. All stainless steel tubing was kept at approximately
200 °C using heat rope (Omega) to prevent water vapor condensa-
tion. Outlet gas composition on both the feed and permeate sides
were measured using an atmospheric pressure Cirrus 2 mass
spectrometer, capable of water vapor measurements, directly at
the outlet of the test device. The outlet gases then passed through
a Nafion drying unit (Perma-Pure MD Series) prior to measure-
ment with a residual gas analyzer (SRS RGA 200).

For the tests described in these experiments, a 5V power
supply was used to provide the potential necessary to drive the
desired current density in galvanistatic. An electronic load (Chro-
maload 6310) was used to monitor voltage and to control the
current. In the case of positive potentials between the open circuit
potential (Vo) and 0V (concentration cell), the current flux was
driven by the electrochemical Nernst potential of the hydrogen
partial pressure gradient across the membrane. The power supply
was used for negative potentials only. This applied voltage
reversed the polarity of the cell in order to maintain the specified
current density, and thus a galvanic potential was applied across
the cell electrodes. Cell potential, current density and power
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Fig. 3. Model of the assembled tube-in-shell test device to be installed in the test stand.
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Fig. 4. Tube-in-shell test stand process flow diagram.
density were recorded using a LabView data acquisition program. Table 1 . .
. . A Hydrogen pumping test matrix.
The complete test stand process flow diagram is shown in Fig. 4.
The test stand was designed to test both cast closed-one-end and Inlet flow rates held constant at 300 mL/min
extruded flow-through tubes with steam concentrations of up to
50%, utilizing co- or counterflow sweep gas directions. Tube composition 47.5% He 47.5% H, 5% H0
Shell composition 90% Ar  10% H,0

2.4. Sealing and reduction

The furnace was heated to 900°C at 60°Ch™' with
50 nmL min™! of dry ultra-high purity (UHP) helium and argon

Current density varied at each temperature

Temperature Varied 650 °C to 800 °C
Current density (A/cm?) 0,0.1,0.2,04, 0.6, 0.8, 1.0
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(General Air) in the tube and shell, respectively. Shell outlet gases
were continuously monitored for the presence of He with a leak
detector (SRS RGA Mass Spectrometer). The integrity of the glass
seals was confirmed once the He leak rate fell below 10 ppm prior
to in-situ MEA reduction. Once sealing was confirmed and any leak
was below the He detection limit in the RGA, the furnace
temperature was decreased to 800 °C. Flow rates were slowly
increased to 100 nmL min~' and the shell stream hydration was
slowly increased to 5%. A dry 2% H, balance He mixture was then
introduced to the tube stream to reduce the NiO to Ni. Upon
complete in-situ reduction, the tube and shell gas compositions
were slowly changed to the prescribed test conditions, as seen in
Table 1. Current density was varied from 0 to 1Acm™ in
0.2Acm™ increments, including 0.1 Acm™. Temperature was
varied 700-800 °C in 25 °C increments, including 650 °C. Flow
rates of both the tube and shell gases were measured at each
current density for all temperatures using a 100 mL bubble meter
(Bubble-O-Meter). Gas volumes were corrected for atmospheric
pressure at high altitude and were subsequently averaged to
calculate the flow rate for a particular condition. The hydrogen
mole fraction was determined from measurements with the Cirrus
2 mass spectrometer, and corrected by subtracting the negligible
helium mole fraction (equivalent to noise), assuming that any leak
rates of the two gases were equivalent, as shown in Eq. (1).

X Hy actwal = X Hameasurea X He M

All gases were accounted for using the mass spectrometer with a
complete mass balance obtained on both the feed (tube) and
permeate (shell) side for each operating condition. The only source
of oxygen was water, no molecular oxygen was observed. However,
due to the high pH, on both sides of the membrane, water-
splitting cannot be ruled out.

3. Results and discussion
3.1. Hermeticity of glass seals and electrolyte membrane

Sealing was accomplished using the double floating glass seal
described in Section 2.2. Prior to reduction, the cermet support
tube was a fully dense ceramic. Glass seals are impermeable
between the crystallization temperature and the transformation
(softening) temperature, and are also known to be chemically
stable and thermally compatible due to modifiable composition
[11-14]. After the test device was installed in the furnace, UHP He
and Ar were introduced to the tube and shell flow streams,
respectively. During heating to 900 °C, the shell outlet composition
was monitored continuously with the SRS RGA mass spectrometer.
Once the melting temperature of the glass sealant was reached,

the He signal dropped below the detection limit ( < 10 ppm) of the
instrument, verifying the hermeticity of the seals.

Fig. 5a shows an SEM micrograph of the membrane-electrode
assembly (MEA) obtained after more than 1000 h of operation in
moist hydrogen. The approximately 25 pm thick LSCF shell elec-
trode exhibits excellent porosity and adhesion to the BCZY27
membrane surface. A bright field TEM image of the electrolyte
membrane grain boundaries is shown in Fig. 5b. A slight inter-
phase reaction between the BCZY27 membrane and the LSCF
electrode was observed, as shown in Fig. 6. This reaction zone
appears to be approximately 2-3 pm thick and remain isolated to
the membrane surface grains. Although EDS confirmed lanthanum
migration into the BCZY, no apparent increase in polarization
resistance was observed over the duration of the experiment.
These characteristics were consistent across all fracture surfaces
examined. The thickness of the membrane was consistently 25 pm
thick for all specimens. The tube electrode, with percolation of
both the Ni and BCZY27 phases, shows open porosity of about 30%.
Solid state reactive sintering [15] enables the preparation of a fully
dense membrane with defect free grain boundaries and without
pinholes. Such a microstructure is required for hermetic operation
in hydrogen atmospheres. These images show the outstanding
chemical and mechanical stability of both the cermet anode
support and the electrolyte membrane.

3.2. Galvanic hydrogen flux

Area specific hydrogen flux was inferred by measuring the tube
and shell flow rates as well as the mole fractions of the same
streams using the Cirrus 2 mass spectrometer. Flux density, Jy,
(nmLcm™?s71), was calculated by multiplying the Cirrus 2 mass
spectrometer measured hydrogen mole fraction, y,, . (%), with

the corresponding shell flow rate, vg,,; (nmL/min), and dividing by

Fig. 6. Phase reaction between the LSCF electrode and the BCZY27 membrane.

Fig. 5. (a) Post-testing SEM of the Ni-BCZY27 cermet, BCZY27 membrane and LSCF cathode after 1000+ h of operation and (b) bright field TEM image of the BCZY27

membrane.
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the active area, A (cm?), shown in Eq. (2).

X Hy petuat Vshell
Juy == @

The theoretical Faradaic flux for each current density was also
calculated as in Eq. (3). Here, i is the current density (A cm™2),
n (=2) is the number of moles of electrons transferred per H, and F,
96,485 (C mole™") is Faradays constant. The relationship between
Faradaic current flux , as molar flux (umoles cm™2 s!) and volu-
metric flux (nmL cm™ min™) is calculated as

0 pmoles nmL
Jn, = pF = >.182 m?s 7.603 cm?2 min

3

After the cell was reduced and gas compositions were changed to
those specified in the test matrix, current density was varied from
0 to TAcm™2 as temperature was varied from 650 to 800 °C.
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Hydrogen flux, Jy,, was plotted versus current density at each
temperature, including the theoretical Faradaic flux, jy,.

Fig. 7 shows an increase in hydrogen flux with temperature at
current densities above 200 m cm™2. At current densities below
200 mA cm™2, the flux was slightly below the theoretical Faradaic
prediction, and nearly constant with temperature. In the 400-
800 mA cm™2 current density ranges, an increase of furnace
temperature increases the rate of hydrogen evolution. A maximum
flux of 6.0 nmL min™! cm™ was obtained at 775 °C with a current
density of 800 mA cm™2. At this current density, the theoretical
Faradaic flux is 6.1 nmL min™' cm™, corresponding to a 98.6%
current efficiency. It is noteworthy that when increasing the
temperature to 800 °C, the flux decreased slightly at current
densities of 600 and 800 mA cm™2. Above about 750 °C, BCZY27
begins to dehydrate, lowering the protonic conductivity, and
mixed conductivity then becomes more pronounced. This effect
was also observed by other investigators, and has been attributed
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Fig. 7. Galvanic hydrogen flux and the associated voltage, from 650 °C to 800 °C and 0 to 1 A/cm?.




104 S. Robinson et al. / Journal of Membrane Science 446 (2013) 99-105

to the increase in electronic conduction, via electron holes, at
800 °C and above [5,9,16,17]. Even though the galvanostatic
Faradaic efficiency drops, hydrogen flux continues to increase
due to ambipolar diffusion. The corresponding voltage from
current densities of 0-100 mA cm™2, indicates that there is a region
of operation in which the cell potential is positive, at a non-zero
current density (i.e.: sourcing current rather than sinking it), and
simultaneously evolves a small but measurable H, flux (also
described in [18]). As expected with Nernst equation predictions,
the open circuit potential decreases with increasing temperature.
However, as the temperature increases, a smaller voltage is
necessary to drive the current required to evolve hydrogen. In
fact, at 800 °C, the cell potential remains positive even at a current
density of 100 mA cm™, simultaneously evolving a flux of
0.47 nmL min~! cm™2. This demonstrates that ambipolar diffusion
of protons and electron holes are responsible for some of the flux
at positive potential.

3.3. Flow rate mass balance

Flow rates were measured using a bubble-meter and volumes
were corrected for altitude. As seen in Table 1, at 300 nmL min™! a
47.5% inlet hydrogen concentration corresponds to 142.5 nmL min™!
of hydrogen inlet to the system. At 1 A cm™, the theoretical flux is
7.6 nmL min~' cm™?, corresponding to 167.2 nmL min™! of H, for an
active area of 22 cm?. This correlates the decreased hydrogen flux
seen at 1 A cm™2 in Fig. 7, with hydrogen concentration limitations at
the tube electrode. These effects are also clearly seen in Fig. 8, where
outlet flow rates predicted by the theoretical Faradaic flux, plotted as
the dashed line, vary from the measured flow rates.

The variability in the tube and shell flow rate data increases at
the higher current densities due to the temperature dependence of
flux evolution. The variability seen at lower current densities was
due to moisture condensation in the line used to measure flow
rates. Condensation was accounted for by correcting the outlet
flows at 0 A cm™2, assuming no flux under these conditions. This
constant correction factor was used throughout flow rate mea-
surements at each current density and temperature. With con-
densation accounted for, the mass balance of both the tube and
shell outlet flow rates varied from the inlet flow by less than 0.5%.

3.4. Faradaic efficiency

The Faradaic efficiency 7 is given in Eq. (4), and plotted as a
function of temperature in Fig. 9. This compares the experimen-
tally measured flux (nmL min™! cm™2) to the theoretical Faradaic
flux (umoless™' cm™2) based on measured current density, as
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Fig. 8. Flow rates for all hydrogen pumping tests.
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Fig. 9. Faradaic or current efficiency, and the corresponding linear fits from 650 °C
to 775 °C.

described in Eq. (3).

Jn
=2 4
F Jn, 4

Experimental data was observed to track closely with the theore-
tical predictions, and fits were obtained up to 800 mA cm™.
The 1A cm™? data was not included due to the concentration
limitations described in Section 3.3. It is notable that there are
three primary slopes to the fits, indicative of different temperature
and current dependent regimes of conduction. The slopes of the
fits for the measured flux at 100 and 200 mA cm ™2 show that there
is only a small temperature dependency of flux at low current
densities, as the Faradaic efficiency varies by less than 5%. The
slopes of the fits increase at 400 and 600 mA cm™2, and an increase
in hydrogen flux with temperature is also observed. In the flux
experiment involving MIECs at open circuit, hydrogen transport is
accomplished by the ambipolar diffusion of protons and all of the
minority species. The rate determining process at any given
temperature is determined by the effective conductivity of the
second most mobile species compared to the protons. Therefore,
there are temperature regimes where oxygen ion vacancies,
electrons and electron holes become rate limiting, with different
activation energies, respectively. Since hydrogen transport in these
experiments constitutes a mixture of galvanic and ambipolar
hydrogen transport, the observation of changing slope of current
vs. temperature curves is expected. The Faradaic efficiency reaches
a maximum of 98.6% at 775 °C and 800 mA cm™2. The slope of the
800 mA cm™2 fit indicates a strong temperature dependence of
high-current galvanic operation. The intersection of the 600 and
800 mA cm™ fits near 725 °C shows a change in high-current
temperature dependent galvanic operation due to increased oxide
ion or electronic conduction. As expected, an increase in oxide ion
or electronic conduction will reduce Faradaic efficiency. However,
in an oxygen deprived atmosphere an increase in electronic
conduction results in higher rates of hydrogen ambipolar diffusion.
This results in an increase in hydrogen into the permeate stream,
and the apparent increase in Faradaic efficiency at high tempera-
tures. This is an area of active research and will be explored in
future work.
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4. Conclusion

Experiments were conducted on a BaCep;Zrg7Y0103-5
(BCZY27) membrane with a large active area of 22 cm?, over a
current density range from 0 to 1 A cm ™2, and a temperature range
from 650 °C to 800 °C. Galvanic hydrogen flux through this BCZY27
electrolyte membrane has been characterized, and the results
obtained agree well with theoretical Faradaic predictions at inter-
mediate temperatures. Flow rates for both the tube and shell gas
streams were measured using a bubble meter, and the mass
balance of the total flow varied by less than 0.5% from the
measured input flow rate; which validates this technique for
determining the rate of hydrogen evolved as a function of current
density. The helium leak rate was always below the detection
limits of both of the mass spectrometers. It was also determined,
based on previous works, that shell side water vapor concentra-
tions have a significant effect in preventing too reducing of a
permeate stream atmosphere [10]. The current efficiency, or
Faradaic efficiency, was shown to be strongly dependent on shell
side water vapor concentration. However, in an adequately satu-
rated flow stream such as that described here, the anode hydrogen
concentration was observed to become the limiting factor in
hydrogen evolution. The experimental apparatus described
enables testing hydrogen diffusion membranes over a wide range
of operating conditions, and sets the stage for further experimen-
tation aimed at determining the thermodynamic properties of
defect species involved in protonic ceramic operation.
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