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A Novel Solid Oxide Electrochemical Oxygen Pump for Oxygen

Therapy
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A solid oxide electrochemical oxygen pump was developed in tubular geometry with YSZ electrolyte and LSCF/CGO symmetrical
air electrodes. The cells were manufactured based on green symmetrical porous YSZ electrode backbones cast on the green YSZ
electrolyte tape, rolled into tubular geometry, co-sintered and impregnated with functional materials. The prepared cell had a thin
16 pim-electrolyte and supporting 76 pm-symmetric electrodes. At 700 °C, 2.8 A current (0.8 A cm™2) was obtained under 0.5 V in
the single tubular cell infiltrated with 30% CGO and 45% LSCF. A four cell bundle produced theoretical 1.821 hr~' O, with a
power consumption of 2.18 W at 700 °C. Excellent stability of the cells was achieved during severe current and thermal cycling
tests, indicating the successful fabrication of the tubular cells using the tape co-casting method.
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High-purity oxygen is an essential industrial gas to manufacture
products in processes involving combustion or chemical reaction
with oxygen. When utilised for medical purposes, oxygen is used in
respiratory disease treatments, requiring a high purity of 99% in the
United States and 99.5% in Europe. The experience acquired during
the COVID peaks showed that the limited ventilators and space in
hospitals could not meet the enormous demand for oxygen, imposing
a need for small scale and portable oxygen treatment systems out
with the hospital and intensive care units.

Three main technologies have been used for oxygen production:
cyogenic distillation, pressure swing adsorption (PSA) and mem-
brane separation'. Cryogenic distillation is technologically mature
and most commonly used for oxygen production on an industrial
scale (100-300 tons/day),”> with O, purity up to 99%. However,
logistical problems, such as a requirement for frequent replacement
and safety hazards associated with the handling of pressurised
containers, make the cryogenic distillation impractical for many
applications. PSA®™® is a typical approach for producing O? (>95%
purity) at a medium scale plant (20-100 tons/day), involving a
repeated adsorption/desorption process by using packed columns
with adsorbents, such as zeolites and activated carbons.’ The product
purity and production scale can be manipulated by the number of
beds in series. ° Both cryogenic distillation and PSA are considered
as too energy intensive, while membrane separation has been
attractive for O, production in smaller scale scenarios (10-25 tons
day™") and medium purity (25%-40%) at manageable cost.’
However, there is a “tradeoff” in performance between its perme-
ability and selectivity while using the polymeric membranes.
Developing membrane materials with both higher permeability and
selectivity is thus a critical issue to improve the O, purity and to
make the membrane separation technique more competitive and
enegy efficient.’

The new membranes based on ceramic or perovskite materials
can selectively transport oxygen in the form of an ionic flux at high
temperatures, producing O, of extremely high purity.'® The ceramic
membrane can either be a pure oxygen-ion conductor driven
functioned by a potential difference (e.g., Y,O3; or Sc,O3 doped
zirconia, doped CeO,, LaGaO;, doped Bi,O3; and BiMVO,) or
mixed electron and oxygen-ion conductor driven by the differential
O, partial pressure across the membrane (e.g., doped SrCoOs_s,
La;_,Sr,Ga;_yFeyOs.s, La;_,Sr,Ga;.yCoyOs.s,
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SryFeg «C0,013.6).1071¢ Apart from the zirconia-based materials,
most of these materials have low chemical stability, poor mechanical
properties, or difficulty in fabrication of suitable structures. For the
electric voltage driven membrane separation, it is in fact an oxy‘gen
electrolysis process from ambient air based on solid oxide cells,'”~"*
where the oxygen is electrochemically pumped®® through the dense
oxygen ion-conducting membrane. Thus a device is thus called an
oxygen pump (oxygen pump). In the process, oxygen from the air is
electrolysed to ions at a cathode, transferring through the oxygen
ion-conducting electrolyte and liberated as pure oxygen gas at an
anode. The oxygen pump provides high oxygen purity because only
oxygen ions can diffuse through the electrolyte membrane.' Unlike
the solid oxide fuel cells or solid oxide electrolysis cells, the
oxidised environments on both the anode and cathode sides in
oxygen pump allows the use of the same materials on both
electrodes, which is much easier to implement.

Compared with planar geometry, a tubular design of the oxygen
pump cell is preferable. It provides a natural separated space of air
and oxygen gas and simplifies the heat distribution evolved in the
course of operation.”** Also, the tubular cells have good mechan-
ical strength and stability during thermal cycling and are easily
scalable.”>>® An oxygen pump based on tube solid oxide cells was
studied by Spirin. et al.,> with YSZ supporting electrolyte (150 zim)
and symmetrical LSM electrodes (20 pm). The specific power
consumption was 1 kWh m™ in a single tubular cell at the
temperature of 780 °C and a current density of 0.3 A cm™>2 The
bundle of three tubular cells connected in series produced 9 1 hr ™" of
pure oxygen at 800 °C at a power consumption of 50 W.

Lag ¢Srp 4Cog2Fep 3055 (LSCF) is the most investigated mixed
ionic and electronic (MIEC) perovskite oxygen electrode, having
high catalytic activity towards oxygen reduction at intermediate
temperature range (600 °C—800 °C).”’—*° However, highly resistive
layer of StZrO; and La,Zr,0; can form due to the reaction between
LSCF and YSZ during cell manufacturing at a temperature above
1000 °C deteriorating the cell performance.”’*'*> A thin dense
doped ceria layer, such as gadolinium-doped ceria (CGO), is often
applied between the YSZ electrolyte and LSCF electrode to
minimise the reactivity during cell manufacturing and electroche-
mical test,>*¢ although the insulating SrZrO; phase still can be
detected after a long-term test.>” Impregnation (infiltration) has been
found to be an effective way to introduce nanostructured electrode
materials onto the electrolyte scaffold at a lower temperature, not
only minimising the reactivity during manufacturing between the
cell components,®®™° but also alleviating the problems caused by
thermal incompatibility between components. Furthermore, the
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Figure 1. X-ray diffraction patterns for YSZ, YSZ scaffold impregnated
with CGO, and further impregnated with LSCF.

nanoparticles introduced by impregnation enlarge the triple-phase
boundary for electrochemical reactions, significantly enhancing the
cell performance.

This work presents the fabrication of the tubular cell from a tape
co-casting method that is flexible to scale up in cell size and number.
A sequential casting technique was used where all the functional
layers in cells assembly were cast on each other, giving a strong
interface between layers. The co-sintered cell’s scaffold comprises a
thin YSZ electrolyte (16 pum) and symmetrical YSZ scaffold (75
pm). For the first time, the CGO barrier layer is introduced to the
YSZ porous scaffold by an impregnation method, in order to prevent
the the interactioin between the YSZ scaffold and following
impregnated LSCF functional materials. An electrochemical oxygen
generator was built combining four tubular cell into a bundle, and
the electrochemical performance and oxygen generation rate were
measured.

Experimental

Cell manufacturing.—Cell skeleton assembly: the tape casting
technique was used to produce the YSZ electrolyte and the
symmetric porous YSZ scaffold. The process used for tape casting
is based on that given previously.*' The compositions of electrode
materials were optimised on the planar cell and then implemented
into the tubular cell design. The fabrication of the planar cell
skeleton was achieved by laminating three single layers, with 1.16
cm? of electrode area, and normalised to 1 c¢cm? in the electro-
chemical results. While for the tubular cell assembly, the tape co-
casting technique was adopted by casting the electrode tape firstly on
the polymer carrier film (Mylar) followed by casting a thin layer of
electrolyte on top of the green electrode tape after it dired overnight.
The same procedure was conducted to cast the other electrode layer
on top of the electrolyte. The co-cast assembly was rolled into a
tubular geometry with an electrode surface area of 3.5 cm?® After
assembly, the cell was calcined at 1000 °C for 5h to burn off the
organics and fired at 1450 °C for 5 h to form porous scaffold and
dense electrolyte layers.

Impregnation of electrodes: electrochemically active electrode
materials were applied to the YSZ scaffold by the impregnation
method. Impregnation solutions of LSCF and CGO were prepared
by dissolving the nitrates of the precursors in ethanol and deionised
water (1:1 in volume) according to the stoichiometry. The high
purity precursors are La(NOs3),-6H,O (Alfa Aesar, 99.9%), St(NO3),
(Merck, 99.0%), Co(NO;),-6H,O (Acros organics, 99.0%) and

Fe(NO3),-9H,0 (Merck, 98.0%) for LSCF solution, and they are
CeO, (Alorich, 99.0%) and Gd,03 (Alfa Aesar, 99.9%) for CGO
solution. Citric acid (Acros organics, 99.5%) was also added to the
LSCEF solution to promote phase formation.*? The precursor solution
was introduced drop-wise onto the porous YSZ electrode support
using a 10 pl capacity of the micropipette, dried in an oven at 80 °C
for 30 min and calcined at 850 °C for 3 h. This process was repeated
4-7 times until achieving the desired loading.

Electrochemical test and oxygen generators from air.—Silver
paste was painted on both electrode sides as a current collector. The
planar cell was sealed with a ceramic sealant (Aremco
Ceramabond™) in a homemade testing jig, and the tubular cell
was mounted on a stainless-steel tube.

Electrochemical tests were carried out with a Solartron 1255
Frequency Response Analyser, Solartron 1287 Electrochemical
Interface, CorrWare v3.2c and Zplot v3.2c software (Scribner
Associates). Electrochemical impedance spectroscopy (EIS), cur-
rent-voltage (I-V) curve, potentiostatic and galvanostatic tests were
used to characterise the cells’ electrochemical performance in the
temperature range 650 °C-800 °C with 50 °C intervals. The
impedance spectra were collected with an amplitude of 20 mV
over a frequency range of 0.2 Hz to 50 kHz. The series resistance Rs
and polarisation resistance Rp are extracted from the impedance
spectrum. Specifically, Rs derives from the ohmic losses of the
electrolyte and the electrode materials, the contact resistance at the
electrode/electrolyte interface, electrical wires and the equipment.
while Rp derives from electrode processes related to the charge
transfer at the electrode/electrolyte interface at high frequency, the
combination of electrode reaction and charge diffusion processes at
medium frequency, and the mass transfer process at the electrode
surface at low frequency.**™> ASR is the area-specific resistance, a
sum of the series resistance and the polarisation resistance. The Rs
value was extracted from the intercept at high frequencies, and the
Rp was obtained from a distance between the intersect at high
frequency and low frequency, divided by 2 for one electrode

During the test, ambient air with a flow rate of 175 ml min™ " and
700 ml min~ ' were supplied to the single tubular cell and the four-
cells bundle, respectively. A spiral geometry of the inlet gas tube
was applied to warm up the air without cooling the system under the
high air flow rate. The generated oxygen flow rate was measured by
using a graduated flask filled with lather, and the calculation of its
theoretical value is illustrated in the supporting information. The
outlet of the tubular cell was connected with a mass spectrometry
instrument (MKS Cirrus Mass Spectrometer) to analyse the gas
composition in the anode.

The oxygen pump stays at the standby mode at a relatively low
temperature when oxygen is not being used in practical operation.
However, when oxygen is needed to supply to the patients, a rapid
start-up of the oxygen pump is required. Therefore, good thermal
cycling stability is essential for long and efficient operation. The
single tubular cell’s resistance to rapid temperature changes was
investigated by inserting the cell directly into a furnace at 700 °C
and taking it out directly to room temperature. The recorded
temperature indicated that it takes about 2 min for the cell to reach
700 °C when inserting it or 100 °C when taking out. The cell was
thermally cycled between room temperature and 700 °C for 18
times. The current was recorded during the cycling test under the
potentiostatic mode at 0.5 V.

1

Phase identification.—The crystalline phases of the YSZ scaf-
fold and impregnated electrode materials were analysed by X-ray
diffraction (XRD). The room temperature XRD (RT-XRD) patterns
were collected on a PANalytical X-ray diffractometer in a 26 range
of 10°-90° operating with CuKa radiation (A = 1.5406 A).

Microstructure analysis.—The electrolyte and electrodes’ mi-
crostructure was investigated by Scanning Electron Microscopy
(SEM) on an FEI Scios DualBeam microscope, equipped with a
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secondary electron, backscattered electron detectors and an antic
EDS analysis system. High-resolution observation of the interface
between the YSZ scaffold and the coated CGO and LSCF layer was
realised by Transmission Electron Microscopy (TEM) characterisa-
tion, while the cross-sectioned sample was prepared by focused ion
beam SEM (FIB-SEM) technique.

Results and Discussion

Optimisation on planar cells.—Phase identification was accom-
plished by XRD. Figure 1 shows the XRD patterns of the sintered
YSZ tape and the impregnated cell. A pure YSZ phase is present
with a cubic crystal structure, and additional peaks after impregna-
tion correspond to CGO and LSCEF, respectively. No impurity phases
from their chemical reaction with the YSZ scaffold are observed.

Before developing the tubular cell approach, the effect of CGO
and LSCF concentration on the cell’s performance was studied in the
planar configuration. As shown in Fig. S1 (available online at stacks.
iop.org/JES/169/064509/mmedia), the thickness of the electrolyte
and the symmetric electrode of the planar cell are 130 ym and 100
pm, respectively. Ideally, the impregnated CGO would form a
dense, continuous coating on the YSZ scaffold to prevent the
reaction between LSCF and YSZ. The amount of impregnated
CGO was adjusted between 0% to 60 Vol% to find the optimal
concentration for stabilising the LSCF (i.e. in range 26 to 40 Vol%)
materials. As shown in Fig. 2, after the potentiostatic test at 0.5 V for
20 h, the performance loss mainly comes from the increase of ohmic
resistance (Rs). Comparing the current degradation rate of the cells
after the 20 h operation, it decreases with a higher amount of CGO.
The cell with 60% CGO + 26% LSCF has the lowest degradation
rate of only 0.05% h™'. Although the cell without CGO coating
shows a smaller initial impedance due to the better LSCF percolation
for higher electric conductivity,*® it degradates quite quickly, with a
degradation rate of 1.49% h™'. Increasing LSCF concentration to

40% did not change the degradation rate much compared with 26%
LSCF. The significant increase of Rs in the cell without the CGO
barrier indicates that the CGO layer has effectively minimised the
reactivity between LSCF and YSZ.

In evaluating the cell’s performance, impedance and I-V data
should be taken into consideration as well as the stability. As showns
in Fig. S2, that Rs remains stable when coating CGO between 30%
and 50%, at a value of 1.38 Qcm?, and it increases to 1.48 Qcm?
with 60% CGO. Meanwhile, the Rp decreases slowly in the whole
CGO concentration range of 30%—60%. The ASR value is
comparable in the CGO concentration range of 30%-50% but
slightly higher in 60% CGO. With a higher LSCF impregnation
amount of 40%, the Rs (1.00 © cm?) and Rp (0.10 Qcm?) are much
smaller than that with 26% LSCF (1.38 © cm? and 0.18 © cm? for
Rs and Rp respectivelgy) because LSCF phase perolates a random
structure much better.>* While the current density at 0.5 V of the cell
impregnated with 26% LSCF is only 0.36 A cm™> regardless of the
CGO amount, the cell with 40% LSCF has a current density at 0.5 V
of 0.53 A cm 2 (Fig. 3b). Summarising, based on the results from
the cell stability and IV performance test, the optimum performance
was attained for the impregnation amount of 50% CGO and 40%
LSCF.

Single tubular oxygen pump cell performance.—For the single
tubular oxygen pump cell in this section, its skeleton was assembled
by laminating one single porous YSZ layer with the co-cast layer
(porous YSZ + dense YSZ). 50% CGO and 40% LSCF were
supposed to be impregnated to the tubular scaffold; however, after
infiltrating 50% CGO and 35% LSCEF, the outer electrode seemed to
be saturated and difficult to adsorb more solution. Herein, the tubular
cell had a slightly lower LSCF concentration than in the electrode
optimised in planar configuration.

30%CGO + 26%LSCF 40%CGO + 26%LSCF
‘ 5 y 700 °C
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Figure 2. EIS and I-V characteristics before and after a 20 h stability test at 0.5 V at 700 °C for the planar cells with various CGO and LSCF volume

concentrations. (The rig resistance of 0.2 (2 is also included).
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The cross-section microstructure of the tubular cell in Fig. 3a
shows that the co-sintered three layers of tape attach well without
delamination. The dense YSZ electrolyte is approximately 30 pm
thick, and the electrode scaffold is slightly asymmetric, around 110
pm thick outside and 115 pm inside, seen from Fig. 3b. Also, minor
differences in porosity are observed between electrodes, 65% for the
outer electrode and 70% for the inner electrode. The surface
morphologies of both electrodes in Fig. S3 al and a2 show that
the inner electrode has a smaller grain size range of 0.7-3 ym and
the outer electrode 1 — 5 pm. Also, although it is difficult to measure
the pore size due to their irregular shape, one still can recognise the
larger pores on the inner electrode surface than the outer electrode.
Differences in porosity, pore size and the grain size of electrodes
come from the variations in stress distribution of the tubular
geometry during co-sintering, further influencing the different
sintering behaviour of the outer and inner electrodes. After impreg-
nation, a dense layer of ~20 pm is observed on the surface of the
outer electrode but not on the inner electrode, seen from Fig. 3c.
Further analysis of the BSE image (Fig. 3d) and the EDS maps in
Fig. S4 identifies the CGO agglomeration in the dense layer.

The microstructures in Fig. S3 indicate that both surface and bulk
porosity decreased after impregnation with 50% CGO, with the outer
electrode showing a much lower surface porosity (6%) than the inner
layer (23%). Also, the cross-section images in Figs. S3cl and c2
indicate a concentration gradient of CGO in the outer electrode, with
a higher concentration closer to the surface. The lower porosity and
smaller pore size (at least on the surface) of the outer electrode could
explain the inhomogeneous CGO distribution. The concave geo-
metry could also affect the capillarity forces for driving the solution
into the porous layer or the drying process for the infiltration
solution migrating to the concave surface,”® which results in the
material’s agglomeration on the outer electrode surface. The
geometry effect can be verified by the absence of a dense surface
layer on the planar cell impregnated with 50% CGO and 40% LSCF
shown in Fig. S1. The agglomerated CGO could block the flow of
the LSCF solution during its impregnation, resulting in a dense
surface layer on the outer electrode.

When the phases are distinguished from the BSE image in
Fig. 3f, the SEM image in Fig. 3e shows the well coated YSZ
scaffold with the impregnated materials. The CGO phase is porous
with many nanopores between 20-50 nm, and the LSCF forms a
continuous thin layer with a grain size of 50-100 nm. The BSE

images in Fig. S5 suggest that the LSCF almost entirely covers the
CGO layer since the uniform and highly exposed light contrast phase
(which is supposed to be CGO) is almost invisible after LSCF
impregnation.

The variation of current (oxygen production) with voltage in
operating the single oxygen pump tubular cell in the temperature
range of 650 °C to 800 °C is presented in Fig. Sa. As can been seen,
1.3 A current is produced at 700 °C with an applied voltage of 0.5 V.
However, the current is much lower than expected, basing on the
obtained current density of the planar cell, which should be at least
2.5A for a cell with an electrode area of 3.5cm” and a thinner
electrolyte.

The lower performance per surface area in the tubular cell could
result from several factors. On the one hand, not all the electrode
area is able to be active for the electrochemical reaction. Current
density of the tubular cell with a 1.5 cm?® (cell length of 1.5 cm)-
electrode area is much higher than in the cell with a 3.5 cm? (cell
length of 3 cm)-electrode in the temperature range of 650 °C—750 °
C, seen from Fig. S6. The smaller current density in the larger cell
may come from the larger temperature variation along the tubular
cell as only about 1.5cm in the vertical distance of the furnace
reaches the set 700 °C (Fig. S7). On the other hand, the uneven gas
distribution can also give rise to an effective electrode area smaller
than 3.5 cm?.%’ Moreover, the observed dense layer on the outer
electrode in Fig. 3b could block the gas diffusion pathway, and the
surface agglomerated CGO would influence the current collection.
Last but not least, the poor percolation of LSCF in the outer
electrode and its insufficient concentration (35%) could lead to lower
electronic conductivity and higher polarisation resistance.

The thermal cycling capabiality of the single oxygen pump cell
was evaluated under potentiostatic mode at 0.5 V, cycled between
rapid heating up to 700 °C and cooling down to 100 °C. The result in
Fig. 4b demonstrates the rapid response of the current to temperature
changes, and there is no current loss after 18 cycles.

The interface between the YSZ scaffold, CGO and LSCF layer
after testing at 0.5V for 15h was investigated. The EDS maps in
Figs. 5a and S8 show that both CGO and LSCF are well coated on
the YSZ scaffold. The LSCF phase exists on the outermost layer
with a thickness of ~70nm, followed by a thin CGO layer,
approximately 30 nm thick (Fig. 5b). Unfortunately, driven by the
strain/stress and charge effect, Sr segregation from the LSCF phase
toward YSZ is still observed under the application of thin CGO



Journal of The Electrochemical Society, 2022 169 064509

—
Q

650°C  700°C 750°C 800 °C
-0.5 >
P
0.4 rd
> /
2 -0.34 ’
s /
g-02{ /
014 /,
0.0 . ; : ;
0.0 05 -1.0 15 2.0
Current /A

(b)

18 cycles
0.0- wr‘ ‘q F | 100 °C
S
g-w-L ‘Jk"ﬁ' U ([ 7o0e
o 4
,1_5_
00 05 10 15 20 25 30

Time /h

Figure 4. (a) IV performance of the single tubular cell (infiltrated with 50% CGO and 35% LSCF) at the temperature range of 650 °C-800 °C, (b) thermal

cycling performance between 100 and 700 °C at a constant voltage of 0.5 V.

()™

Net intensity (mCounts)

- 50
1 50 nm ! B -

45
: m s
| B o: o3
1 3
I B [
: B c fg
A= B o ro £
1
1 25
! = S e
T T 20
200 300

Position (nm)

Figure 5. (a) TEM image and the corresponding EDS maps of the cross-section of the tubular outer electrode (cathode) after testing at 0.5 V for 15 h at 700 °C,
(b) EDS line scanning along the red arrow in the inset EDS map. The tubular cell is infiltrated with 50% CGO and 35% LSCF.

layer, suggested from the maximum intensity of Sr peak locating
below the CGO layer.*® Comparing the peak position of La and Sr,
Sr migrates by about 50 nm and is overlapped with YSZ by 20
—30nm. An insulating layer of SrZrOj; is probably formed in the
overlapped area, which can block the ion migration path and lead to
cell performance degradation.>*3%43:49-30

Co-cast of the tubular cell with modified impregnation
amount.—Electrochemical performance of the tubular cell was
then improved by decreasing the electrolyte thickness and applying
co-casting of three layers (YSZ scaffold + YSZ electrolyte + YSZ
scaffold). As described above, the tubular cell has shown lower
current density than the planar variant due to the insufficient LSCF
amount and a dense surface layer of CGO on the outer electrode;
here, the CGO and LSCF percentage is optimised to 30% and 45%,
respectively.

The new fabricated cell has an electrolyte thickness of only 16
pm, and the symmetric YSZ scaffold of 75-77 pum, shown in
Fig. 6a. The electrode scaffold is well bound with the electrolyte
without delamination. YSZ electrolyte is fully dense with a few
isolated nano-holes (Fig. 6b), and its thickness is compromised by
only two-grains size, which will give a small electrolyte resistance
from the grain boundary.

As shown in Figs. S9a and S9b, after impregnation with 30%
CGO and 45% LSCEF, the near-surface area of the outer electrode
still looks denser, but it indeed improved compared to the previous
tubular cell, with less extent of CGO agglomeration and better LSCF
percolation revealed in Figs. S9c—S9f.

The combined effect of higher LSCF concentration, a thinner
electrolyte and fully co-cast assembly gave an excellent perfor-
mance. As seen in Fig. 7a, the Rs and Rp of the cell at OCV at 700 °
C are 0.17 Q (including the resistance from the silver wire and
stainless steel tube) and 0.01 €2, respectively. Applying potential
decreases the Rs but does not influence much on Rp. The I-V test at
700 °C in Fig. 7b shows that the current obtained here is much
higher than the one in Fig. 4a. Specifically, with an applied voltage
of 0.5V at 700 °C, 2.8 A current is produced here compared with
only 1.3 A in the cell with thicker electrolyte (30 pm) and lower
LSCF concentration (35%). The specific energy consumption of 1
kWh m~2 O, is attained at the current of 1.18 A (0.34 A cm™2) at
700 °C, which is even hi§her than the value (0.3 A cm™2) at 780 °C
reported by Spirin. et al.*> A key consideration in the design of the
oxygen pump is endurance. Therefore, a 27 h-stability test was
carried at 700 °C at 0.4V applied DC bias to investigate cell
performance during continuous operation. Shown in Fig. 7c, the
current only has a minor variation during the measurement, being
2.01 A at the maximum and 1.98 A after 27 h’s test.

Performance of oxygen pump bundle of four cells.—A devel-
oped single tubular cell was scaled up by connecting four cells in
series to assemble an oxygen pump bundle and tested at 700 °C.

The impedances under OCV were measured with various
numbers of cells in connection. As shown in Fig. 8a, both Rs and
Rp increase with more cells connected in series, indicating a good
circuit connection in the oxygen pump bundle. The voltages as a
function of cell number achieved under the galvanostatic mode of
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Figure 6. SEM images of the cross-section of the (a) tubular cell with an inset of higher magnification, (b) the magnified electrolyte.
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Figure 7. Electrochemical measurements of the single tubular cell impregnated with 30% CGO and 45% LSCF at 700 °C. (a) Impedance spectra under OCV and
applied potential, (b) IV performance. The missing data point in the potential range above —0.45 V is due to the resolution limit of the Solartron; thus the I-V
plot was prolonged to —0.5 V. The oxygen flow rate was calculated according to the corresponding current, and the specific energy consumption was calculated

corresponded to the voltage. (c) Stability test under constant voltage of 0.4 V.

0.5 A are proportionally increased but seem not to be in a linear
relationship with the first single-cell (Fig. S10a). This is due to the
small variation in the cell property during the cell fabrication process
on the one hand, and on the other hand, it is because the resistances
from silver wire, stainless steel tube, and instrument are not
proportionally enlarged when connecting more cells in series (Fig.
S10b). When 2 A was applied to the circuit, the outlet gas flow rate
(Qouy) Was shown to be proportional to the cells number in Fig. 8b,
further demonstrating the efficient performance of each cell.
However, a higher experimentally generated Q,, was obtained
than the theoretical value that calculated according to the Faraday’s
law, which may come from the leaking at the cell’s joining, making
air from the cathode leak to the anode side. This can also be verified
from the N, signal in the outlet gas MS spectrum in Fig. S11, and the
O, purity was calculated to be ~70%. The leakage is likely to be
minor as the bubble in the flask used for measuring Qg stopped

moving once the current was withdrawn. One should also notice that
the generated O, on the anode side can also leak from the cathode,
resulting in the lower purity in the outlet. Another possible reason
could be the discrepant condition between the experiment and
calculation,”® e.g., the calculation is based on assuming gas to be
25 °C. By varying the applied current, a linear relationship is
observed between the current (in the range of 0.25—2 A) and voltage
in the bundle, with approximately 1.09 V required to pass 2 A in the
bundle (Fig. 8c). The experimental Q,,, increases correspondingly
with current, obtaining a flow rate of 35.4 ml min~' at 2 A. The
relationship between the measured Q,,, and the consumed power is
plotted in Fig. 8d. Again, the leakage and the inconsistant condition
leads to the measured value above the calculated one. While 2.18 W
electric energy would generate a theoretical amount of 30.4 ml
min~' ( 1.821h™") O, in the oxygen pump bundle, 35.4 ml min~"
(2.121h™") of the outlet gas was measured in this system.
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Figure 8. Electrochemical test of the four-cells oxygen pump bundle at 700 °C. (a) EIS at OCV measured with involving different numbers of cells, (b) the
measured oxygen flow rate under 2 A as a function of cells number in series, (c) the I-V performance and the experimentally measured oxygen flow rate, and (d)
the variation of the oxygen flow rate of the four-cells bundle with power consumption ( current from 0.25 A to 2 A).

The stability of the oxygen pump bundle was evaluated by both
current cycle and thermal cycle stability. For each current cycle, the
oxygen pump bundle ran at 2A for 2h, and the current was
withdrawn for 1h in the interval. As shown in Fig. 9a, there is
vibration in the voltage during the first cycle, but it recovers to the
starting value after 1.5 h. The vibration may be due to the activation
process of the electrode materials under current by promoting the
formation of electrode/electrolyte interface or re-organising the
nanopores formation.>'? The voltage remains stable from the 2nd
to the 5th current cycle and even gets smaller than in the 1st cycle.
For the thermal stability test, rapid heating up and cooling down was
applied (20 °C min™ ). The power consumption for the oxygen

a
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pump bundle running at 2 A and the experimental oxygen flow rate
were measured after heating up to 700 °C, shown in Fig. 9b. After
five thermal cycles, the power required for maintaining the theore-
tical oxygen flow at the constant level of 1.82 1 hr ' (2 A current)
increased by 12%. The measured gas flow rate (~2.121h~") remains
stable with only slight vibration, indicating that the cells are robust
and no serious cracks occur during the thermal cycle.

Conclusions

A highly performing electrochemical oxygen pump was fabri-
cated based on solid oxide tubular cells, manufactured by tape co-
casting techniques (YSZ skeleton) and impregnation of functional
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Figure 9. The oxygen pump bundle stability test at 700 °C. (a) Current cycle test. In each cycle, 2 A passed through the cell bundle for 2 h and was withdrawn

for 1 h in the interval. (b) Thermal cycle test.
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electrode materials (CGO and LSCF). The cell has a very thin YSZ
electrolyte (~16 pum) and symmetrical YSZ porous electrodes
scaffold (~75 pm). The CGO barrier layer on the scaffold is
approximately 80 nm thick, and LSCF is about 100 nm in thickness.
Whilst the optimized impregnation content is 50% CGO and 40%
LSCF on the planar cell, it need to be modified to 30% CGO and
45% LSCF when working on the tubular cell, due to the geometry
introduced dense surface layer (mainly comes from the agglomer-
ated CGO) on the outer electrode.

The optimised single tubular cell shows an excellent perfor-
mance, producing 2.8 A under 0.5V voltage at only 700 °C. The
specific energy consumzption of 1 kWh m™2 O, reaches at the current
of 1.18 A (0.34 A cm™°) at 700 °C. Unfortunately, the CGO layer is
unable to prevent the Sr segregation from LSCF towards YSZ, and
50 nm- migration of Sr was observed after testing the cell at 0.5V
for 15 h. When scaled up, the oxygen pump bundle compromised by
four cells consumes 2.18 W of electric power at 700 °C to produce
theoretical 1.821 hr™' O,. The oxygen pump bundle is robust during
the current and thermal cycling test. However, the measured O, flow
rate is higher than the calculated value, which may be due to the
leaking at the joining part of the cell and the inconsistent condition
between the test and calculation. Further modification on the sealing
of these cells prepared via tape co-casting need to be worked on to
obtain a higher purity of O,.
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