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ABSTRACT

Zn-air and other metal-air batteries suffer from limited shelf life due to car-
bonization by CO, and evaporation of water through the cathode. Bioinspired
oxygen selective membranes (OSMs) with common similarities to lungs alveoli
were prepared and applied as an oxygen selective passive membrane on the
cathode of the Zn-air batteries, which limit CO, and H,O transport while
actively supporting O, flux. The OSMs were prepared from polycarbonate and
iron(II) phthalocyanine in volatile chlorogenic solvent (“breath figures self-
assembly” mechanism) under controlled humidity conditions. Membranes were
characterized by scanning electron microscopy, UV-visible spectroscopy, and
gas chromatography. These membranes contain polycarbonate in a pulmonary
alveolus-like structure of 0.2—4.0 microns thick, inclosing iron(II) phthalocyanine
as an oxygen carrier molecule. The electrochemical measurements are per-
formed to evaluate the membrane O, permeability in both half- and full-cell Zn—
air configurations. The effect of relative humidity, iron(Il) phthalocyanine, and
polycarbonate content is investigated during the optimization of membrane
permeabilities and selectivity results. By installing the OSM on top of the
cathode of a Zn—air prototype cell, we were able to reduce the water evaporation
by 88% while supporting an oxygen limiting current of 73 mA cm ™ ’ogy With an
OSM (PC 11%, FePc 9.1%).
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GRAPHICAL ABSTRACT

In this contribution, we present an oxygen selective membrane (OSM) to
increase the shelf life of the Zn-air cell. By applying OSM on top of the Zn-air
cell cathode, we successfully demonstrated the reduction in the water evapo-
ration by 88% while supporting an oxygen limiting current of 73 mA cm oy
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Introduction

Metal-air batteries [1, 2] are electrochemical energy
storage devices with high energy density comprised
of an active metal anode and an oxygen cathode.
Primary Zn-air battery is the most mature metal-air
technology, which has already been commercialized,
while aluminum-air [3], magnesium-air [4], sodium~—
air [5], and lithium-air [2, 6] have more specific
narrow application segment. In the past decade,
intensive research efforts have been devoted to the
development of rechargeable metal-air batteries
[7-12]. Oxygen cathode plays a vital role in the field
of Zn-air batteries [13, 14]. Pan et al. critically
reviewed the transition metal oxides (TMOs) as a
bifunctional catalyst for Li-air and Zn-air batteries,
highlighting the challenges for developing advanced
bifunctional catalysts based on TMOs for recharge-
able Li-air and Zn-batteries [15]. Among the most
challenging shortcoming of these devices is the lim-
ited control over oxygen flux into the cell from the air
electrode as they affect oxygen purity and the solvent
evaporation through the same cathode. All these
limitations shorten the life of primary batteries and

may hamper future rechargeable metal-air battery
cycle life.

One approach is to apply oxygen selective mem-
branes (OSMs) on the cathode side of the Zn-air cell,
which selectively transfers oxygen from the air while
blocking the CO, and water transport from the cell,
respectively. OSMs comprise a carrier molecule that
selectively and reversibly binds molecular oxygen
(similar to the iron site in the hemoglobin), thus
having the potential of increasing the rate of oxygen
transport relative to other gases. Due to the smaller
water kinetic diameter (2.60 A) compared to that of
oxygen (3.46 A) [16, 17], porous membranes opti-
mized for high O, permeability may hardly prevent
water transport from the electrolyte of a cathode
covered by an OSM. On the other hand, the rate of
carbon dioxide transport through most OSM is often
comparable to O,, where the selectivity ratio of Po,/
Pco, is often less than unity [18, 19]. One of the means
of enhancing O, permeability is by reducing the
membrane thickness. However, by doing so, it
decreases its mechanical strength and susceptibility
to pinhole failure.

Several reports describe incorporating
organometallic compounds into the polymeric struc-
ture of the membrane, particularly cobalt-based
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molecules, which was claimed to increase the selec-
tivity of oxygen over nitrogen by more than one order
of magnitude [20-22]. Moreover, the metal-phthalo-
cyanine (CoPc and FePc) [23] and its derivatives
exhibit impressive oxygen reduction catalytic activity
[24], electronic properties [25], and chemical or ther-
mal stability [26]. These CoPc-based membrane has
been reported to provide relatively high O, perme-
ability at low-pressure drops and consistent flow
rates in applications such as pre-filtration and gas
separation [22, 27]. Preethi et al. have reported
membranes with CoPc as an O, carrier molecule in
the copolymer of vinyl imidazole and octyl
methacrylate [20]. The permeability coefficient of
oxygen (Pp,) through a membrane of this class was
reported to be much higher (Pp,/Pn,> 20) than that
of N, gas, and therefore, it was offered as a possible
O, filtration from air [20]. Nishide et al. have reported
a poly(vinylidene dichloride)-cobalt porphyrin
membrane with highly selective oxygen permeation,
providing support for hopping transport of O, via
fixed cobalt porphyrin carrier [28]. In all the reported
studies, the membrane containing oxygen carrier
molecules had no control over their structure and
porosity to improve their gas permeabilities.

In work, we applied a passive OSM on the Zn-air
cell cathode to enable the control of gases in and out
of the electrochemical cell. The OSMs were prepared
by using polyolefin incorporating iron(II) phthalo-
cyanine (FePc) by a “breath-figure” (BF) self-assembly
method, which provided reasonable control over the
basic pore structure and shape. FePc has several
advantages over CoPc: (i) It is less expensive and (ii)
less harmful and (iii) Fe also considered as critical
raw material-free element. The resulting OSMs have
a porous structure with a submicron separating skin,
loaded with FePc oxygen carrier, which tries to
mimic the lungs’ alveoli. Several fabrication param-
eters affecting the OSM properties, namely the rela-
tive  environmental = humidity, @ FePc  and
polycarbonate contents, were investigated during the
OSM optimization. Finally, the O, permeability and
water retention rates are estimated on a selected OSM
using a Zn-air battery proving the concept of passive
OSM protecting layer.
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Experimental section
Materials

Polycarbonate (molecular weight (MW) 56,000) from
Bayer, poly(bisphenol a carbonate) (MW 34,000) from
Sigma-Aldrich, dichloromethane AR-b (Biolab Ltd),
chloroform AR-b (Biolab Ltd), acetone AR-b (Biolab
Ltd), ethanol AR-b (Biolab Ltd), iron (II) phthalo-
cyanine 95% (Fe(IDPc) (Strem chem.), stainless steel
mesh (SS) (500 um), and Gen-3 zinc-air cells from
“Electric Fuel” company were used.

Instrumentation

The membranes were characterized by using SEM
(JEOL JSM-6510LV) and ultra-high-resolution Maia 3
FE-SEM (TESCAN) for the image in Fig. 6a, and
Figs. 2, 3, and S2 were recoded using JEOL JSM-
6510LV. UV-visible spectroscopic measurements
were performed using a Cary® 50 Bio UV-visible
spectrophotometer (Varian Medical Systems, USA).
DC electronic load (Chroma 63,102) was applied for
limiting current measurements from the Zn-air bat-
tery. Gas chromatography was performed using a
YL6100 GC (Young Lin Instrument Co. Ltd., Korea).
For gas chromatography experiments, the flame ion-
ization detector (FID) and thermal conductivity
detector (TCD) were used. The carrier gas is argon
with flow 100 ml min~". The Biologic VSP 300 work
station was used for the “half-cell” measurement.

Membrane preparation

The membranes were prepared using a dip coating
method, as described by Bormashenko et al. [29] and
other groups [30]. Membranes were prepared on two
kinds of substrates (i) polypropylene (PP) and (ii)
stainless steel (SS) metal mesh with different aper-
tures. In short, a 5 cm x 5 cm stainless steel mesh
support was first immersed in the polymer solution.
Polycarbonate (PC) solutions of Fe(II) phthalocyanine
(FePc) were prepared by dissolving PC and FePc, at
selected weight percent, in a dichloromethane and
chloroform solvent (volumetric ratio of 9:1). The
volumetric ratio of the given solvents was deter-
mined in our previous studies [31]. The detailed
calculation of PC and FePc weight percentage is
given in the supporting information. Fabrication of
OSMs by the dip-coating method includes a substrate
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immersion stem in a dissolved polymer solution bath
for 6 s and removal from the bath at a constant rate of
42 cm min . After drying in air at 298 K at 55-60%
relative humidity (RH), the membranes were peeled
from the PP film for inspections. The humidity exerts
a crucial impact on the breath figures self-assembly;
[30] thus, the special chamber enabling precise con-
trol of the humidity with an accuracy of £ 1% RH
was used. After initial optimization on the PP sub-
strate, the next samples were prepared on SS mesh
with higher PC concentration to obtain mechanically
stable membranes.

Selectivity measurements

The amount of FePc in the membranes was verified
by UV-visible measurement. The calibration curve
was generated from the solution of PC and FePc and
the amount of FePc in the membrane sample was
confirmed, which is in line with the nominal com-
position of FePc (Fig. S1 and Table 51). Oxygen and
CO, permeability measurements were performed
using gas chromatography under a constant flow of
air/N, on a 1 cm? free-standing membrane (PC 5
wt% and 5 wt% of FePc). The permeability (cm’
cm 2 min~!) of O, and CO, in the inert gas was
calculated by integrating the GC peak signals using
Egs. (1 and 2) given below.

O, permeability (Po,) = {[So, X Co,]/Sair} X F (1)
CO; permeability (Pco,) = {[Sco, X Cco,]/Sair} X F
(2)

where Sp, is the peak area of oxygen,
Sco,is the peak area of CO,,Co, is the concentration
of O, in air, Cco, is the concentration of CO, in air,
S.ir is the peak area of oxygen in the air, and F is the
flow rate of inert gas (100 cm® min™").

The selectivity (Po,/Pco,) of OSMs was calculated
from the O, and CO, permeability measurements
from GC.

Electrochemical measurements

Initial optimization of O, limiting current (I;;,,) was
evaluated in a Zn-air half-cell filled with 8.5 M KOH
electrolyte. A Ni mesh was used as a counter elec-
trode, Zn wire as a reference electrode, and the air
electrode comprised of Mn-based catalysts was used
as a working electrode (prepared by “Electric Fuel”
company). The Ij;,, was calculated by recording linear
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sweep voltammograms (LSVs) from 1.3 to 0.8 V at a
scan rate of 2 mV s~'. The water transport measure-
ments were performed using a stainless steel vessel
containing 1 ml of 8.5 M KOH solution and housing a
7-cm® membrane on top. Teflon and cathode layers
were placed in control experiments.

For the full cell measurements, Gen-3 Zn-air bat-
teries with MnO,-based cathode (Fig. 1la) from
“Electric Fuel Company” (Epsilor-Electric Fuel, Ltd,
Israel) were used for determining oxygen limiting
transport current and relative reduction in water
transport (RRWT) through OSMs covering the cath-
ode. Mesh-supported membranes were assembled on
the Zn-air by attaching with scotch tape to the cath-
ode as a passive component (Fig. 1b). Oxygen
reduction limiting current was measured from the
discharge curve by using load currents from 0 to 1.5
A with an increasing current step protocol of 30 mA
and 2 min. A distinct point marked on the discharge
curve for the limiting current, which represents the
current at which the oxygen supply through the
membrane becomes a limiting parameter, and the
slope of the IV curve becomes more negative after
this point. However, the Zn-air battery without OSM
shows no limitation of O, transport in the selected
current range. Beyond this point, the discharge curve
slope becomes steep in the cell covered by OSM due
to mass transport through the OSM, which leads to
oxygen depletion at the cathode (Fig. 1c).

Thus, the O, transport in mA cm 2ogn of OSM was
calculated or converted to oxygen permeability cm®
cm ™2 min~' by applying Eq. 3.

Po, = Lim x V/(4 x F x 60) (3)

where P, is the oxygen permeability (cm® cm™ -

min~"), I, is the oxygen limiting current (mA cm ™),
V is the standard molar volume at 25 °C (24,780 cm®
mole™"), and F is the Faraday constant (26.801 Ah
mole ™).

The RRWT measurement was performed by plac-
ing the battery in the environmental chamber (37 °C
and 17% RH) before and after the membrane instal-
lation, similar to the stainless steel container testing.
We have maintained the constant humidity during
the water evaporation measurement and the synthe-
sis, not during the electrochemical measurement,
which typically were shorter. The RRWT was mea-
sured by the mass change of Zn-air batteries with
time, due to water evaporation from the cathode
protected by OSM and without this membrane as a
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Figure 1 Zn-—air battery
reference (a) and OSM
assembled on Zn—air battery
cathode (b). Discharge curves
of Zn—air battery with and
without OSM (¢).

(a) Zn-air battery

e ——————————
(b) Zn-air battery

Voltage (V)
o
i

[ (c)

= Without membrane
® with OSM

reference, under the same controlled temperature
and humidity conditions. An essential parameter in
this respect is the percentage of reduction in water
transport through the OSM compared to a reference
cell on a regular Zn-air battery (Eq. 4).

% RRWT = (1 - %) % 100 (4)
Mref.

where AMpem. is the weight loss of membrane (g
cm™2), A is the weight loss from the reference cell
(g cm2), and RRWT is the relative reduction in water
transport.

The water permeability was calculated using
Eq. (5) from the Zn-air battery at 37 °C.

Am

PHZO - MxV (5 )

where Py,o is the water permeability (cm® cm 2 -

min~!), Am is the water loss in g cm ™2 min~!, M is the
molar mass of water (18 g mole*l), and V is the molar
volume at 37 °C (25,430 cm® mole ™). The selectivity
(Po, /Ph,0) of OSMs was calculated from the O, and
H,O permeability measurements from Zn-air cells.

@ Springer
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Results and discussion

Initial optimization of membrane
on polypropylene substrate

Membranes with various polycarbonate concentra-
tions were prepared on polypropylene (PP) substrate
and studied using scanning electron microscopy
(SEM). Figure 2 shows the SEM images of mem-
branes made from 0.5 to 5 wt% PC solutions on the
PP substrate. The membranes in Fig. 2 are formed on
a flat PP surface with a porous structure that is only
on one side (facing the air), while the opposite side
(facing the PP) is highly dense. Therefore, the mem-
branes required low PC content (0-5 wt%) to main-
tain mechanical stability. The porosity formation of
“breath figure (BF)” surface polymers is a well-
established research area in the literature [32]. Fig-
ure 2 shows spherical shape pores formed on the
outer surface of the polysulfone membranes film. The
limited diameter of these pores varies between 1 and
15 pm, which inadequate for BET analysis. Size
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Figure 2 SEM images of
“upper side” view of
membranes films prepared
from solution of a 0.5%,

b 1.5%, ¢ 2%, d 3% and e 5
wt% of PC (56,000 MW)
prepared on the polypropylene
film as a supporting substrate.
The scale bar 5 um in all
images (b-e). Due to space
constraints, the “bottom side”
images of these samples are
shown in Figure S2,
respectively.

distribution can be controlled by controlling the for-
mation conditions (humidity, solvents, concentration,
and lifting speed of the sample from the solution). An
inspection of the pores was done based on the SEM
image.

An image of a typical free-standing film attained
after peeling the membrane from the substrate dis-
plays two different structures on each side. The
“upper side” of the film, which was exposed to the
humid air atmosphere exhibit typical “BF-pattern,” is
depicted in Fig. 2, and the “bottom side” of the
membranes which were in contact with the PP sub-
strate displays a dense “skin-like” structure (Fig. S2).
Further details about the pore evolution and BF pat-
terns can be found in our previous articles [27, 29].
Very generally, "BF” self-assembly occurs when the
thin layer of a polymer solution rapidly dried in a
humid atmosphere. Rapid evaporation of the low
boiling point solvent cools the air—polymer interface.
Subsequently, intensive condensation of small water

0’
At ‘./' '
) ﬁ&‘,'ctﬁ.’
S A INUCAA
ot a0
oo

droplets occurs on the liquid polymeric layer [33].
The water droplets then sink into the solution,
eventually forming a closely packed, highly uni-
formly distributed, honeycomb pattern upon com-
plete evaporation of the selected solvents [27, 29, 33].
The simplicity of the BF technique allows the
preparation of ordered porous reliefs by using a wide
variety of polymers and different macromolecular
architectures (linear, star, graft, dendritic, hyper-
branched polymers, and coil—coil or rod-coil diblock
copolymers) during the last years [17, 30, 34-38].
Figure 2a shows the “upper side” of a membrane
prepared from a 0.5 wt% polycarbonate polymer
solution. The membrane was too thin and brittle and
could not be removed from the PP substrate; there-
fore, the corresponding smooth “bottom side” is not
shown in the SEM images. This membrane was
imperfect, having thick regions constituting a link
and node structure delineating an open non-uniform
perforation that passes through the membrane.
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Figure 2b shows the upper side of the membrane
made from a polymer solution containing 1.5 wt% PC
with a high density of holes (45 x 10° holes per cm?).
The density of the holes is obtained by counting the
holes in a given area. The bottom side view of this
film presents a markedly, more significant number of
defects (94 x 10° defects per cm?). These defects are
smaller perforations located at the lowermost parts of
the larger holes that can pass through the thinner
sunken regions of the membrane (Fig. S2(by)). It
assumed that the defects formed during the detach-
ment of the film from the PP substrate. The thickness
of the membrane is prepared on a flat surface is in the
range of 0.54 pm, and it is well controlled. However,
the membrane prepared on a metal grid is less
uniform.

BF self-assembly yielded a uniform distribution of
holes; however, defect density is too high for selective
OSMs. For further explanation on "BF“ formation,
please refer to the book by Rodriguez-Hernandez
[32]. Therefore, the PC concentration was increased to
reduce the number of defects perforating the “bottom
side” of the membrane. Figure 2c shows SEM images
of the “upper side” of the membrane made from a 2
wt% PC solution, which exhibits ~ 7.5 times lower
density of holes (6.0 x 10° holes per cm?) compared
to a membrane prepared from 1.5 wt% PC solution,
which has an average hole size of 2.6 pm and 72
times lower defects (1.3 x 10° defects per cm?®) as
seen on the bottom side (Fig. S2(c;)). Upon the
increase in PC concentration to 3%, the density of
holes (37.0 x 10° holes per cm®) grew compared to
membranes prepared from 2% PC, the average hole
size was 1.5 pm (Fig. 2d), and relatively lower defect
density of 0.5 x 10° defect per cm® was detected
(Fig. S2(dy)), which is ~ 2.5 lower compared to the 2
wt% prepared membrane. With a further increase in
PC concentration to 5 wt%, the hole density
decreased significantly to 2.0 x 10° holes per cm?,
because of an increase in the average hole size to ~
8 um as seen from Fig. 2e. Similar to the results
obtained with 3 wt% PC solution, when viewed from
the bottom side, it was established that there are
more defects (26 x 10° defects per cm?®) than with the
3% polymer solution (Fig. S2(e;)). Based on these
results, it is concluded that there is an optimum PC in
membranes prepared with 3 wt% PC concentration
on PP substrate, exhibiting a relatively higher density
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of holes (37 x 10° holes per cm®) with the lowest
defect density and it also provides good mechanical
stability. It is agreed that an increase in the concen-
tration of the polymer is expected to result in a
decrease in the pore size. This can be explained by
the increased capacity of the polymer to stabilize the
larger surface area of the water droplets before the
precipitation of the polymer around the water dro-
plet [38]. Nevertheless, these preliminary results of
membranes prepared on PP suggest that further
optimization of the substrate and forming solution
concentration was still required. Hence, a stainless
steel (SS) mesh was examined as an air open support
which provides: (i) better dispersion of holes on both
sides of the film, (ii) reduce the contact surface
between the film and the support in the substrate,
which is believed to be the cause of the defects and
provide Dbetter mechanical stability and ease of
handling.

Membranes prepared on stainless steel
mesh

Breathfigure method creates a porous layer over a
dense layer when fabricated on PP substrate or any
smooth surface. Here, we aimed to form breath fig-
ure pores on both sides of the membrane; therefore,
SS mesh was applied to support the process on both
sides of the curing membrane. Membranes without
FePc or with low content (less than 5% FePc) have
significantly lower permeability values. Implemen-
tation of this understanding led to incorporating SS
mesh to support the polymeric structure by replacing
the continuous substrate of PP with a mesh of dif-
ferent hole sizes. In this study, SS non-woven meshes
with a rectangular hole shape and length size of 500
microns were applied. Figure 3a shows the SEM
image of a membrane prepared from 11% PC and
9.1% FePc solution supported on this mesh. Inset to
Fig. 3a shows the bare SS mesh. Generally, the high
permeation rate of ideal gases was dictated by the
shortest diffusion length. However, as shown above,
very thin membranes with breath figure structures
below prepared from dilute PC solution are unstable.
A magnified view of cross-section SEM images of the
same membrane is shown in Fig. 3b and c. The high
concentration of 11 wt% PC in this experiment was
applied to improve the uniform coating over the SS
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Figure 3 SEM image of a SS
mesh with the membrane (PC
(56,000 MW) 11% wt. and
FePc 9.1 wt%), b a cross-
section of the membrane close
to SS mesh, and ¢ an image of
the membrane taken for the
center of the open hole of SS
mesh as shown by the guiding
arrows extended from a. The
inset to a shows the SS mesh.

08
0.7 -
] e F € PC
0.6 w———FePC +PC 1:1
| BCwith FerC ——FePC+2PC 1:2
i (new complex
0.5 1
b= { formation)
< 4
£ 04 ]
2 ‘
£
0.3 +
02
0.1 4
550 570 590 610 630 650 670 690

Wavelenght, nm

Figure 4 UV-visible spectra of chloroform and dichloromethane solutions: blue line FePc, FePc: PC 1:1 wt (red), and FePc: PC 1:2
(green).

mesh and reduce defects. The thickness of this center region of the grid holes of the mesh. It is
polymer layer at the vicinity of the thread is about  important to emphasize that the BF pores are formed
5 pm (Fig. 3b) and 0.1-0.3 pm (Fig. 3c) in the thinner on both sides of the membrane, exposed to air, and
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not on one side, as seen in the membrane prepared on
PP film. By increasing the FePc concentration in the
polymer, precise adjustments to the deep coating
bath had to be applied to improve the dissolution of
the phthalocyanine molecules.

The formed solution of FePc, which is a well-
known chromophore, was inspected spectroscopi-
cally. The UV-visible spectra of FePc and FePc in
solution with PC at a given ratio in 1:1 and 1:2
FePc:PC are shown in Fig. 4. A new peak at 595 nm
was observed in solutions containing PC and FePc.
This peak is assigned to the interaction or complex
formation between the carbonate groups in the
polymer and the dissolved iron phthalocyanine
molecules in the solvent mixture. Oxygen carrier
molecule (FePc) reversibly coordinates to the slightly
negatively charged oxygen of the carbonate and
thereby facilitate high solubility or dispersion of FePc
in the solution as indicated by the more intense peak
at 655 nm of solutions containing PC and FePc com-
pared to FePc solution with the same FePc concen-
tration. The dispersion and interaction of the polymer
with FePc are an essential parameter in oxygen
transport through OSM. Therefore, the higher con-
centration of PC was used to further improve the
dissolution and dispersion of FePc in the polymeric
matrix via complex formation.

50 — T 100
40 - 90
L] E/i

£ 30 -80 k=
G i S
£ \i 14
= 204 E— S o (1 ]
E -

10 - 60

0 T T ¥ T ¥ T T y T ¥ 50

4 6 8 10 12 14 16

FePc (%)

Figure 5 O, limiting current and relative reduction in water
transport (RRWT) as a function of FePc content in the membrane
(PC 11 wt%). The error bar is taken from three experimental
repeats.
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Optimization of relative humidity and FePc
concentration

Effect of FePc concentration

The effect of FePc content in the OSM on oxygen
permeability and RRWT was examined by varying its
composition of FePc from 5 to 15 wt% in the bath
solutions containing a fixed PC concentration of 11
wt% PC in dichloromethane: chloroform 9:1. These
samples were mounted on the air-exposed cathode of
Zn-air batteries, and the limiting current (Ijm)
resulting in O, transport through the membrane was
determined from the I-V discharge curves (Fig. 5).
Moreover, FePc is known to have oxygen-binding
capabilities. As shown in the UV results, there is an
interaction between the polycarbonate and the oxy-
gen carrier (FePc). A slight decrease in Iy, from
25 mA cm™? at 5% to 18 mA cm 2 at 9 wt% FePc
changes very little at a higher concentration of 15%
wt. Conversely, the RRWT does not change signifi-
cantly with FePc content and remains at 86-88%
throughout the entire composition range. Below 5
wt% FePc, O, limiting current is very low (during our
initial optimization), and above 15 wt% the FePc
tends to precipitates, which lowers the homogeneity
of the forming solution and resulting fabricated
OSMs. Below 5 wt%, the concentration is too low to
facilitate effective oxygen transport between FePc
binding sites or by diffusion, while at higher con-
centrations than 5 wt%, the formation of small solid
FePc particles in the membrane has been observed,
thus hampering the diffusivity and decreasing the O,
limiting current. We experimented with a bare PC
membrane (without FePc), which exhibited three
times lower O, permeability than PC-FePc samples.
This is an expected observation since these mem-
branes do not support facilitated oxygen transport by
FePc, which is known to have O,-binding property
and serves as an oxygen reduction catalyst. Based on
these results, OSM with 5 wt% FePc concentration is
used for further optimization.

Effect of relative humidity in air on OSM structure
and permeability

SEM images of OSMs with PC 15% and 5% FePc
prepared under air controlled relative humidity of
45-60% are shown in Fig. 6a. Below 45%, the forma-
tion of breath figure assembly is not sufficient, and it
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(b) 80

l;, (MA cm?)

20 T

% RRWT

55 60

Relative humidity %

Figure 6 SEM images of OSMs (PC 15% and FePc 5%) prepared under relative humidity air atmosphere (a) and corresponding O,
limiting current and RRWT (b). The SEM scale bars in all the images (a) is 50 um.

Table 1 Average pore size in

OSM consisting of PC (MW RH% Pore size (km)
0, 0,
56,000) 15 wt%, FePc 5 wt.%, 45 1042
prepared under selected
relative humidity (RH) 30 6+1
ndition: ’ 53 41
conciions 60 341

was challenging to maintain constant humidity above
60% in large volume used as the environmental
chamber in this study. The pore size diameter seen in
Fig. 6a decreases from 10 to 3 um (Table 1) at the
corresponding increase in RH from 45 to 60%, which
is explained by the formation of denser water dro-
plets coverage at higher humidity. Measurements of
O; limiting currents and RRWT are shown in Fig. 6b.
The O, limiting current increases, and the RRWT
decreases with RH in line with the decrease in pore
size of the membrane (Fig. 6b). Namely, at high RH,
the pores are smaller, which provides a larger contact
area of the OSM, leading to higher O, adsorption
surface and transport, but at the same time, the water

evaporation rate also decreased for the same reason.
An optimum result is observed at 55% RH, corre-
sponding to the pore size of the diameter of 4 um.
Interestingly, the O, limiting currents and RRWT of
OSMs prepared from lower average MW of 34,000 PC
under controlled RH exhibit almost no change with
RH (Fig. S3). We ascribe this observation to seg-
mental cooperative O, transport assisted by the lower
PC molecular weight, which could provide shorter
O, hopping distance between FePc sites [22, 28].

Gas chromatography selectivity
measurements

Gas permeation properties through the membrane
were investigated by gas chromatography (GC) con-
nected to the fuel cell hardware used as the mem-
brane fixture (Fig. 54). For these measurements, the 1
cm? free-standing OSM (PC 5% and FePc 5%) was
placed between two graphite plates with gas flow
channels; airflow of 100 ml min~' was supplied in
one side of the membrane (P <1 psi), and
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Fig. 7 Scheme of Zn—air cell (a) and magnified view of the cathode with oxygen selective membrane (b); the scale is not in line with the

thickness of layers.

100 ml min~" of helium gas on the other side was

connected to the GC automatic sampling valve. The
peaks of oxygen, nitrogen, and carbon dioxide in the
sampled helium stream were analyzed with respect
to pure gas standards and the dry air. Measured OSM
had nitrogen/oxygen selectivity (Py, /Po,) of 2.68 and
oxygen/carbon dioxide (Po,/Pco,) of 1083. The val-
ues were compared with plain Teflon filter (no
selectivity) under the same flow, pressure, and tem-
perature conditions, which yielded Py, /Po,= 3.95 and
Po,/Pco, = 550. These selectivity values are 1.47 and
1.97 times higher, respectively, supporting the OSM’s
active oxygen facilitated mechanism. In CO, mea-
surements, we compare the peaks of CO, (400 ppm)
by analyzing the air without the membrane and the
O, permeation peak with the membrane installed.
The ratio of these peaks provides the CO, permeation
rate. We assume that such a small concentration of
400 ppm CO, does not alter the membrane proper-
ties, in support of 2 fold increase in the P,/
Pco, selectivity measured with the membrane.

Permeability measurements from the Zn-air
battery

Finally, the measured permeation rates values of O,
and % RRWT were calculated through OSM pre-
pared on SS mesh of size 500 pm using PC (11 wt%)
and FePc (9.1 wt%) installed on Zn-air battery.
Polycarbonate and the membranes exposed to 8 M
KOH solutions for 6 h with no noticeable effect on the
mechanical, chemical, or permeability properties. The
maximum RRWT and O, limiting current of our
OSM are 88% and 73 mA cm 2ogy, respectively,
which is close to that measured from half-cell
observed. The calculated OSMs selectivity (P, /

@ Springer

Pu,0) isin the range of ~10-15 or higher. The
reported selectivity (Po,/Pun,0) in oxygen selective
membranes for Li—air batteries is 2.5-5 [18]; however,
our membrane for the Zn-air cell is significantly
higher. The measured O, permeability is
128 x 10" molm2?s™' pa' compared with
959 x 10 ®*molm s~ pa! (74 mA cm? from
Fig. 6), which is 80 times higher than the reported
value [39].

In summary, the concept of the OSM for the Zn-air
battery is shown in Fig. 7. Figure 7a displays a Zn—-air
cell scheme, and Fig. 7b illustrates the functionalities
of an OSM installed over the cell cathode, which
allows selective O, permeation, blocking of CO,, and
preventing water evaporation from the cell. The OSM
is covering the cathode side just 2-4 mm above the
cathode material itself, properly sealed, with no other
airways. Thus, it reduces the electrolyte concentra-
tion change and mitigates the formation of carbonate
salts, which shortens the lifetime of the battery.

Conclusions

The oxygen selective membranes (OSMs) were fab-
ricated using breath-figures (BF) self-assembly, per-
formed by the dip-coating method from
polycarbonate (PC) and oxygen carrier molecules
(FePc) on both polypropylene and stainless-steel
mesh supports. UV-visible analysis of dissolved
membranes was in line with a nominal composition
of FePc in the membrane and indicated the interac-
tion between polycarbonate-and FePc. OSMs with
various FePc content show limited dependence of
oxygen transport properties. Humidity control dur-
ing membrane fabrication provides an effective
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method for reducing water transport, reaching 88%
while supporting oxygen limiting current of
73 mA cm 2ogy with an OSM (PC 11%, FePc 9.1%)
when applied on the Zn-air cell. GC selectivity
results demonstrated facilitated oxygen transport
over nitrogen and CO, which is applicable for
rechargeable Zn-air batteries that are sensitive to the
oxygen concentration, CO, contamination, and water
loss evaporation through the cathode.
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