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ABSTRACT

In this work, impedance spectroscopy has been employed to explore the electrochemical
behaviour of a 15 cm? complete tubular cell with BaZr gCeg 1Y0.103-5 (BZCY) electrolyte and
two asymmetric Ni-BCZY cermet electrodes for hydrogen separation. Analyses of imped-
ance spectra at different temperatures and gas compositions reveal that the thick inner
electrode contributes most to the total polarisation resistance (R,). For R, there are four
contributions with well-separated time constants of which gas phase hydrogen diffusion
within the porous Ni-BZCY anode is predominant. The other three can be ascribed to
proton migration through the space charge layer of the BZCY electrolyte adjacent to the Ni
electrode, hydrogen redox charge transfer reactions, and hydrogen diffusion within Ni
bulk. The present study guides the way to parameterise and, on this basis, optimise elec-
trodes for scalable proton ceramic electrochemical cells.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

Hydrogen as a clean and inexhaustible energy carrier will play
an important role in the transition toward a net-zero carbon
convert renewable

society. Electrochemical cells
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electricity to hydrogen gas in a single step, providing an effi-
cient way to balance energy generation and demand. Proton
ceramic electrochemical cell (PCECs) are of interest with po-
tential for relatively low material cost and high electro-
chemical efficiency [1-6]. Compared with the oxide-ion
conducting counterparts, PCECs operate at moderate
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temperatures 500—700 °C, with potential for better longevity
and smaller balance-of-plant [7—9]. To date, solid solutions of
BaZrO; and BaCeOs doped with acceptors such as Y,03 (BZCY)
are considered as the state-of-the-art proton-conducting
electrolyte materials for PCECs [10—12].

Hydrogen production or separation utilising PCECs
[1-3,13,14] comprise extraction of hydrogen from the feed-
stock dehydrogenation reactions (e.g., hydrocarbons or
ammonia) in the form of protons in the electrolyte and elec-
trons in the anode, migration, and recombination of protons
and electrons into hydrogen at the cathode. These processes
and their mechanistic steps impose different contributions to
electrical and chemical polarisation (seen as resistances) of
cell, which determines power consumption and energy effi-
ciency. A fundamental understanding and parameterisation
of these processes together with underlying mechanisms is of
vital importance to enhance cell performance.

Electrochemical impedance spectroscopy (EIS) has been
widely employed to study mechanisms and kinetics of Ni-
BZCY electrode reactions [15—22]. Most previous reports
have focused on a single Ni-BCZY electrode using either three-
electrode or symmetrical (in a single chamber) two-electrode
cells [23—26]. The three-electrode configuration is scientifi-
cally most proper but cannot be applied to thin electrolytes
and hence hardly realistic high drain processes. The sym-
metric two-electrode configuration is convenient for high-
frequency EIS under open circuit conditions, but DC and
probably also low-frequency AC currents add anodic and
cathodic polarisation in a way that is challenging both for
fitting individual impedance spectra and for identifying the
polarisation processes that are involved. Inputs to the puzzle
is typically sought overcome by recording impedance spectra
under different conditions, e.g., temperature and gas compo-
sition [21]. Impedance responses of the two electrodes typi-
cally overlap, but not completely, adding to the difficulty of
identifying individual polarisations [27,28]. In this work, we
apply impedance spectroscopy to tubular cells with thin
BaZrp gCep1Y0.103-5 (BZCY81) electrolytes and two Ni—BaZrg ;.
Cep2Y0.103.5 (Ni-BZCY72) electrodes with different thick-
nesses and microstructure in two different gas chambers
(Fig. 1) for hydrogen separation. By varying the gas composi-
tions individually on the two electrodes with different
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microstructures, it enables us to differentiate their separate
contributions to the polarisation resistances and identify
polarisation mechanisms with greater certainty than in liter-
ature so far. The cells used here are designed to operate under
high DC current load, and this work forms a fundament for
further studies with modelling, parameterisation, and opti-
misation of complete cells in operation.

Experimental
Fabrication of ceramic tubular cells

The tubular PCEC cell comprises a dense 25—30 um thick
BaZrysCep1Y0.103-5 (BZCY81) proton conducting electrolyte
between Ni-BZCY cermet cylindrical electrodes of thickness
700 pm (inner, supporting) and 10 pm (outer, coated). These
tubular membrane cells were produced at CoorsTek Mem-
brane Sciences AS (Oslo, Norway) by co-sintering of a coated,
extruded substrate. The extrudate consisted of a mixture of
ceramic powders, an aqueous binder system of methylcellu-
lose (Methocel E10 M, DuPont), starch (Redisol, Tate & Lyle),
and polyethylene glycol as rheology modifier (PEG400, Sigma
Aldrich). The ceramic component of the extrudate was a blend
of 60 wt % NiO (IP Grade, Sumitomo) and 40 wt% of a precursor
powder mixture of BaSO, (Blanc Fixe N, Solvay), CeO, (CE-OX-
03, American Elements), ZrO, (AMR), and Y,03 (HJD Interna-
tional), in molar ratios to yield BaZry ;Cep 2Y0.103-5 (BZCY72) on
decomposition and reaction. The precursor powders were first
milled to a nominal particle size of 0.3 um, while NiO was used
as received with a particle size of 1 um.

After extrusion and drying, the green substrate was coated
with a slurry consisting of the precursors, methyl methacry-
late binder (Elvacite 2927, Mitsubishi Chemical), pentyl acetate
organic solvent (Sigma Aldrich) and terpineol as a rheological
additive (Sigma Aldrich) using an automated spray-coater
(Max-800, Ultrasonic Systems). The stoichiometry of the pre-
cursors used for the coating was adjusted to produce BZCY81.
The outer electrode, also made of NI-BZCY, was applied by
dip-coating the two-layered green tube in a slurry containing a
mixture of 40—50 wt% ceramic powders and the aqueous
binder system. The composition of the powder mixture was
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Fig. 1 — Left, schematic of the tubular cell used in this work where hydrogen is extracted from the inside and transferred to the
outside; SEM micrograph of the cross-section with this BZCY electrolyte and two composite Ni-BZCY electrodes, the inner thick
(supporting) and the outer thin (coated). SEM micrograph of a zoom in into the interphases area of the cross section.
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otherwise identical to that used to fabricate the substrate. The
three-layered green ceramic tubes were then sintered at
1610 °C for 15 h to full density in a muffle furnace. Subsequent
reduction of the NiO component of the electrodes was done at
1000 °C for 24 h in a flow of 5% H, balanced with Ar. This
resulted in an anode support with an open porosity of 26 vol.%
as measured using the Archimedes method and corroborated
with area analysis of polished cross sectioned samples. The
dense electrolyte membrane thickness was 25—30 pm [1,4,29].

Electrical measurements

The tubular cell was mounted in a ProboStat™ sample holder
(NorECs, Norway) providing feedthroughs of electrical con-
tacts and gases (Fig. 2). A Pt—Pt10Rh thermocouple was placed
in the tube enclosing the outer chamber. Two wires supported
on an alumina tube (0.D. =5 mm) was inserted into the tubular
cell as current collector and voltage probe. Ni wool (American
Elements) was inserted to ensure good contact between the
inner electrode and the electrical feedthroughs. For outer
current collection and outer voltage probe, Cu wire (Good-
Fellow Cu-OFHC, 0.25 mm) was braided around the tube and
connected to the electrical feedthroughs of the ProboStat™.
The heated part of the ProboStat™ was placed in a furnace of
the testrig. The gas flows and compositions were controlled by
calibrated mass flow controllers (red-y, Vogtlin Instruments).
EIS was performed to evaluate the polarisation behaviour
of the tubular ceramic cells using a Gamry Reference 3000™
potentiostat/galvanostat/Zero Resistance Ammeter. The fre-
quency range used was from 1 MHz to 0.01 Hz with signal
amplitude 50 mA rms. Measurements were performed at 50 °C
intervals in the temperature range from 600 to 750 °C.
Hydrogen partial pressure (pH,) was only varied in one of the
chambers, for instance, in the inner chamber while keeping
pH, of the outer chamber constant, and vice versa. Impedance
spectra were recorded after 1 h at each specific condition to
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Fig. 3 — EIS spectra of a tubular cell with Ni-BCZY
symmetric electrodes and BZCY electrolyte measured at
650 °C with different H, contents in the H, and Ar
atmosphere at both electrodes.

ensure equilibrated conditions. Humidification was obtained
by bubbling gases through water at room temperature, pro-
ducing approximately 3% (vol.) water in the gas. The imped-
ance spectra were fitted using the software ZView (Scribner
Associates).

Results
Electrochemical impedance spectroscopy
Typical Nyquist plots show four resolvable arcs (Fig. 3) and

was analysed by an equivalent circuit (inset in Fig. 3) that
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Fig. 2 — Description of the measurement set-up for a 5 cm long tubular sample with total active area of 14.8 cm?.
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Fig. 4 — (a). DRT function with Gaussian discretization and a discretization factor of 0.009 calculated from impedance spectra
of a tubular cell with two Ni-BCZY electrodes and BZCY electrolyte measured at 650 °C with pH, = 0.2 bar in the inner
chamber and 0.05 bar in the outer chamber. (b). Comparison of experimental impedance spectrum and modelled fit for same

impedance spectra as in A.
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Fig. 5 — Capacitances as a function of pH, and temperature for Ni-BZCY/BZCY/Ni-BZCY tubular cells in an open chamber
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Fig. 6 — Protonic conductivity of BZCY81 electrolyte as a

function of temperature in wet H,.
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describes the characteristics of four steps of the electro-
chemical processes. These four steps have also been consis-
tent with a distribution of relaxation times (DRT) analysis as
shown in Fig. 4a. The equivalent circuit consists of a series
connection with a resistor, Relectrolyte (fepresenting the elec-
trolyte ohmic resistance) followed by four RQ elements. The
RQ elements can be fitted to arcs (depressed semicircles), from
which the extracted parameters are the resistance, R, the
pseudo-capacitance, Q, and the parameter n that together
relate to the representative capacitance C by the equation:

n)

C=R" (Yo ") 1)

where » = 2rf is the angular frequency. In Fig. 4b, an example
is presented wherein the experimental data is fitted to the
described equivalent circuit.
The pseudo-capacitance values of the responses for both
electrodes are calculated to be C; = 5-10°® F cm™?, C,.
=510*Fem 2 C;=2-5103Fecm 2 and C, = 2F cm ™2
(Fig. 5), in agreement with a previous report on tubular cells
with Ni-BZCY electrodes [2]. Based on their well-separated
time constants, the four arcs represent distinct electrode
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Fig. 7 — Temperature dependency of (a) 1/R,, (b) 1/R; (c) 1/R3 (d) 1/R4. Measurement conditions: temperature range from 550 to
700 °G, pH, in the inner chamber varies from 4% to 94% H, and pH, in the outer chamber is 5%.
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responses [24,25], and the parameter n is calculated to be 0.75,
0.70, 0.85, and 1 for ny, ny, n3, and ny, respectively. From Fig. 5,
C, — Cs appear to be independent of pH,, while C, increases
with increasing pH,.

The protonic conductivity of the BZCY81 electrolyte,
calculated from Rejectrolyte, iS plotted as a function of temper-
ature in Fig. 6. The conductivity values are of the order of 103
Scm~'in the range of 550—750 °C, with an activation energy of
0.39 eV calculated from ¢T plots, being close to the literature
values [24,25].

The polarisation resistances as a function of temperature
and pH, (only varied in the inner chamber) are plotted in Fig. 7.
The activation energies of total polarisation resistance are
calculated in the range 0f 0.44—0.82 eV, in good agreement with
previous reports on Ni cermet electrodes of PCECs [2,30—32].

For the electrode polarisation resistances R, the activation
energies are calculated to be around 1.18 eV, seemingly in-
dependent of pH,. In contrast, the activation energies of R,
show a clear pH, dependency and vary from 0.3 to 0.7 eV. For
Rs, the activation energies are around 1.24 eV. In contrast, the
values of R4 do not show any temperature dependency.

Similar experiments have been performed by varying pH,
in the outer chamber, as shown in Fig. 8. There is nearly no
change, neither in thermal activation nor pre-exponentials,
indicating that the polarisation resistance of our tubular
cells is dominated by the thick inner Ni-BZCY electrode under
the applied conditions.

Fig. 9 shows the dependency of each polarisation resis-
tance on pH, in the inner chamber, while keeping pH, in
the outer chamber constant at 0.05 bar. The 1/R; is close to
independent of pH, for all temperatures, while 1/R, shows a
slight pH, dependence with 1/R,xpH3?!. In contrast, the
low frequency ones, i.e., 1/R; and 1/Rs, show a higher
sensitivity to pH, in the inner chamber, exhibiting pH, de-
pendences of approximately 1/R3xpH3® and 1/RqopH}%,
respectively.

Fig. 10 shows dependences of each polarisation resistance
on pH, in the outer chamber, while keeping pH, in the inner
chamber constant at 0.06 bar. 1/R4, 1/R3, and 1/R, do not show
any pH, dependency in the temperature range from 650 to
750 °C, but a vague pH, dependency was observed at 600 °C.
The 1/R, exhibit a pH, dependence around 1/R; < pH5?.
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Discussion
Proposed reaction mechanism

Fig. 11 schematically illustrates the interface between elec-
trode and electrolyte together with potential reaction paths.
As both electrodes have the same composition and the cell is
operating as a hydrogen pump, the electrochemical reactions
and processes should be identical for both electrodes but in
opposite direction and order (Fig. 11 and Table 1).

The proposed reaction mechanism in the anodic direction
firstly involves gas phase H, diffusion, followed with disso-
ciative H, chemisorption to form atomic hydrogen (H) on the
Ni surface [33]. Subsequently, H atoms can diffuse on the Ni
surface and/or through the Ni bulk to reach the two-phase
boundary area (2 PB). Here, we will have charge transfer to
form a proton in the electrolyte and leave an electron in the Ni
[34]. The protons migrate through the space charge boundary
region of the electrolyte-electrode interface and then enter the
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bulk of the BZCY electrolyte. Electrons are collected in the
electrode to the external circuit.

Importantly, we postulate that H diffuses on and in Ni and
hence utilises more or less of the 2 PB in proportion to what
gives the lowest overall impedance and polarisation. If
chemisorption is slow, the process needs a lot of surface and
hence surface diffusion. If the charge transfer or transport
through the space charge layer or electrolyte is slow, it needs
diffusion through bulk and access to a lot of 2 PB area. The
surface diffusion all the way to the 3 PB line often presented as
a separate path is simply an extreme of our more complete
description.

High frequency electrode response

The 1/R; shows a weak dependence on pH, in both inner and
outer chamber and a relatively high activation energy of
1.18 eV. Previous works on oxide-ion conducting SOFC cermet
electrodes has ascribed this high frequency process to an
electrolyte grain boundary response [35]. However, grain
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Fig. 9 — The pH, dependency of 1/R, (b) 1/R; (c) 1/R3 (d) 1/R4 in the inner chamber, while keeping pH, in the outer chamber at

0.05 bar in the temperature range from 550 to 700 °C.
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Fig. 11 — Schematic illustration of suggested reaction paths at the electrode in the anodic direction of hydrogen dissociation.
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Table 1 — List of processes proposed (cathodic <~ anodic).

Process description

Parameter

a Hy(gas) diffusion Gas phase diffusion
Hy(gas) <>2H Dissociative chemisorption

@ L. H © Hyj surface Hydrogen surface diffusion on Ni
II. H < Hyj pure Hydrogen bulk diffusion in Ni

d HeH + e~ Redox charge transfer

interface
H{, migration

electrode

f H

" 3 g
electrolyte mlgratlon

Proton migration through space charge layer of electrolyte adjacent to the

Proton migration into the bulk of the electrolyte

DHZ (gas) (szsil)
Reng(molem—2s1)
Dinigsuf) (€m?s™)
Dribuky) (cm?s™1)
ket(molem=2s71)

Ry sc(0hm cm?)

op+(Sem1)

boundary capacitances are expected in the order of 10 °Fcm 2

[31] which is three orders of magnitude lower than the value in
this work (1 — 8:10°° Fcm™?). We thus argue that this high
frequency response originates from the proton transport
across the space-charge region of the electrolyte bulk adjacent
to the Ni electrode (Process e in Table 1) which has been sug-
gested for Ni electrodes on oxide ion conductors [24] and more
recently on proton ceramics [36]. The absence of pH, de-
pendency for 1/R; is reminiscent of other reports on SOFC
cermet anodes [24,26], where the high frequency semicircle is
ascribed to transport phenomena within the cermet compos-
ite. Nasani et al. [25] observed that the resistance from a high
frequency process decreased significantly with increasing
porosity. Similarly, we have observed in this study that the
value of R, decreases drastically during reduction of the NiO in
the cermet electrodes (Fig. 12), believed to reflect increased
porosity and contact area between metallic Ni and the elec-
trolyte [37,38]. The microstructure that affects the impedance
from this process is presumably sensitive to parameters such
as fabrication protocols and materials compositions [39,40].

Medium frequency electrode response
The medium frequency response shows a hydrogen de-

pendency of 1/R, = pH, ©1>7°2 on both inner and outer sides.
1/R; has an average activation energy of 0.52 eV at different

15
|
=2
1.0 o
<
£
a 0.5
=
&
(=2
] |
- 0.0 o
" a
-0.5 4 o
T T T T T T T
10 20 30 40 50 60 70

Reduction time (min)

Fig. 12 — High frequency polarisation resistance R; during
reduction under pure hydrogen of a Ni-BZCY/BZCY/Ni-
BZCY tubular cell at 750 °C.

pH,. The capacitance is calculated in the range 2—8-10*
Fcm 2, which is slightly lower than the reported values [19,41].
It is thus suggested that the medium frequency electrode
response may be related to the hydrogen redox charge
transfer reaction (process d in Table 1). The hydrogen de-
pendency for process d can be examined using the approach
adopted by Nasani et al. [25,42,43]. The associated rate equa-
tion for this step is as follows:

FE , FE
T4 =Rq0n €xXp (_m> - kdaH;letrclytE exp <ﬁ> (2)

where the symmetry coefficientis assumed tobe 1/2. The k; and
k'; are the rate constants for the forward and reverse reactions,
respectively, a; is the activity of species, E is the Nernst elec-
trode potential. By substituting activity coefficients in equation
(2), thereaction order of pH, is calculated tobe 0.25 [25], which is
similar to our observations for 1/R,. It is thus concluded in this
work that this medium frequency electrode response is
ascribed to the hydrogen redox charge transfer (process d). It is
active and limitingon both electrodes, and since we vary pH, on
only one side at the time, the overall pH, dependency is
expectedly lower than the theoretical, as observed.

Low frequency electrode response

For the low frequency response, the capacitance value (Cs) is
around ~8-10~3 Fcm™?, suggesting that this process may be
related to a reaction with considerable chemical capacitance
[19,41]. The activation energy of R is calculated to be 1.15 eV.
In addition, 1/Rs shows a pHy, inner’>° dependency in Fig. 9c
while almost no pH, dependency is observed in the outer
chamber, (1/R3 * pHj outer” %, in Fig. 10c), suggesting that this
impedance is dominated by the inner electrode. There are
three electrochemical processes potentially being related to
this response. For instance, hydrogen atoms diffuse over Ni
surfaces with an activation energy of 0.16—0.4 eV [44];
hydrogen atoms diffuse in the Ni bulk with an activation en-
ergy around 1.0 eV [45]; the dissociative adsorption of
hydrogen molecules on Ni has an energy of 0.1 eV [46]. The
high activation energy of R; obtained in this work hence
suggests that the electrochemical process is rate-limited by
diffusion of hydrogen atoms in Ni bulk. This is contradictory
to previous assumptions that the 3 PB is the main charge
transfer active site, being rate-limited by surface diffusion
[36]. It is thus reasonable to assume that the 2-dimensional
2 PB area is the main charge transfer site instead of the
comparatively small 1-dimensional 3 PB line. This argumentis


https://doi.org/10.1016/j.ijhydene.2023.03.401
https://doi.org/10.1016/j.ijhydene.2023.03.401

30036

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 30027—30038

Table 2 — Summary of the characteristics of Ni-BZCY/BZCY/Ni-BZCY tubular cell and their corresponding electrochemical

processes.

Arc fnax (Hz) C (Fcm™2) PHoinnerr  PH2 outer  Ea (€V) Characteristics Process

1 ~10000 8107°°-110°° 0.02 0.05-0.1 1.18 Weak dependence on Migration of protons
hydrogen composition on (Process e)
both electrodes.

2 ~500 8107%210* 0.21 0.15 0.52 Presence in both electrodes. H/H' redox charge transfer
Relatively sensitive to pH,. (Process d)

3 ~30 810731103 0.38 0.06 1.15 Essential for hydrogen Diffusion of atomic
redox mechanism. High hydrogen in Ni bulk (Process
activation energy. cII)

4 ~0.1 1-15 1.04 0.07 Strong dependency of pH,. Hydrogen gas diffusion

(Process a)

*The analysis and results presented above are representative for a number of tubular samples.

further supported by the pH, dependency that for diffusion of
hydrogen atoms (process c.II in Table 1) should be 0.5 [23],
being close to 0.38 in this work. We tentatively assign the
dominance of the inner electrode to its coarser (more sintered)
Ni microstructure.

One may ask why the process chooses a path with such a
high activation energy, but as said before, it is a matter of
geometry: When the frequency gets this low, in fact close to
DC, the process has to go through all steps of the electro-
chemical reaction at the same rate. While bulk diffusion has a
higher activation energy and hence lower transport coeffi-
cient, it takes advantage of the 3D diffusion of bulk over the 2D
diffusion on the surface and, even more so, the 2D interface
for charge transfer of the 2 PB over the 1D interface of the 3 PB.
Since this explanation may be considered novel in solid-state
electrochemistry, it deserves further mathematical and
experimental verification in future studies.

Very low frequency electrode response

A strong pH, dependence of the polarisation resistance 1/Rq4
has been only observed by varying pH, in the inner chamber
(L/Rg & pHayinner*%). The capacitance values of C, are calcu-
lated to be in the range of 1-15 Fcm ™2 and they increase at
higher pH, (Fig. 5), Based on previous reports, this low fre-
quency response can be attributed to a gas diffusion process
[35,39,47—49]. The dependency of the capacitance on pH, re-
flects the volume concentration of the hydrogen in the gas
phase, which offers chemical capacitive storage by building
up or depleting locally as hydrogen molecules diffuse [50].

Conclusions

In this work, electrochemical impedance spectroscopy has
been employed to study the polarisation behaviour of a
tubular cell with proton conducting BZCY electrolyte and two
asymmetric Ni-BCZY cermet electrodes. The electrochemical
characteristics of this tubular cell are summarized in Table 2.
Our results have clearly shown that the electrode polar-
isation resistance is dominated by the inner more sintered
and much thicker electrode for all other processes except for
the H/H* charge transfer at the Ni-BZCY interface under
experimental conditions in this work. The lowest-frequency

(high capacitance) impedance of the inner electrode shows
a strong dependence of pH, ascribed to hydrogen gas diffu-
sion limitation in the thick porous cermet. The high fre-
quency electrode polarisation response shows a weak pH,
dependency but a strong dependency on microstructure and
is assigned to proton transfer across the space charge layer
adjacent to the Ni electrode. Impedances at intermediate
frequencies have capacitances and pH,-dependences that
make us assign them to H/H* charge transfer at the Ni-BZCY
interface and atomic hydrogen diffusion in bulk Ni. The
presented work contributes to a comprehensive impedance
analysis of complete electrochemical tubular cells, yielding a
solid fundament for further studies where DC currents are
imposed in operation.
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