
CVD-Deposited Oxygen-Selective Fluorinated Siloxane Copolymers
as Gas Diffusion Layers
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ABSTRACT: Copolymer thin films of 2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (V4D4), 2-(perfluorohexylethylacry-
late) (PFHEA), and 2-(perfluoroalkylethylmethacrylate)
(PFEMA) were synthesized via initiated chemical vapor deposition
(iCVD) as potential candidates for gas diffusion layers (GDLs) in
gas diffusion electrodes (GDEs) for aqueous metal−air batteries.
Thin-film GDLs exhibited an average water vapor transmission rate
of 7.5 g m−2 day−1 and enhanced oxygen diffusion with oxygen
permeabilities as high as 3.53 × 10−15 mol m m−2 s−1 Pa−1 (10.5
Barrer). The electrochemical performance of GDEs fabricated
using commercial catalysts, current collectors, and synthesized
GDLs was investigated by cyclic voltammetry, electrochemical
impedance spectroscopy, and potentiodynamic polarization meas-
urements. The fabricated GDEs exhibited higher oxygen reduction
current densities (228.2 mA cm−2) compared to commercial GDEs (132.7 mA cm−2). Copolymer GLDs exhibited an order of
magnitude higher oxygen diffusion (39.5 × 10−8 cm2 s−1) in GDEs compared to commercial counterparts (1.84 × 10−8 cm2 s−1).
Due to the high oxygen solubility of V4D4 and excellent hydrophobic behavior of PFHEA and PFEMA, their copolymers can
effectively promote the diffusion of oxygen and restrict moisture intake, making them ideal materials for GDLs. Combining well-
balanced properties of siloxane and fluorinated polymer chemistries, the iCVD process is an excellent low-cost method for the
fabrication of GDLs for metal−air battery applications.

1. INTRODUCTION
As the worldwide demand for energy storage grows rapidly,
electrochemical energy storage technologies, mainly batteries
have attracted a lot of attention. The primary requirement for
energy storage systems, ranging from small portable electronic
devices to large electric vehicles, is stable electrochemical
performance with high energy and power density, long cycle
life, and high depth of discharge.1−3 Rechargeable batteries
including Pb-acid, Ni−Cd, NiMH, and Li-ion are the most
commonly used battery technologies for stationary energy
storage applications. Due to higher energy and power densities,
Li-ion batteries are in a better position to compete with other
battery technologies that are commercially available today.
However, Li-ion batteries suffer from several issues including
safety, availability and cost of raw materials used in
manufacturing, and environmental impact. Therefore, new
approaches and considerable efforts to develop efficient,
scalable, sustainable, and environmentally friendly ‘‘beyond
Li-ion’’ storage solutions are needed. In recent years, metal−air
batteries have received much attention as the next-generation
energy storage solution due to their higher theoretical energy
density (1,000−13,000 W h kg−1) and lower weight compared
to current energy storage systems.1 Today’s metal−air batteries
are mostly primary batteries, in which the capacity of the

battery usually depends on the capacity of the metal electrode.
However, electrochemical stability of the gas diffusion
electrode (GDE) is also important for the overall performance
of metal−air batteries. Metal air batteries did not reach their
full potential due to problems associated with electrode
reversibility and electrochemical stability. Even today’s
commonly used metal−air battery is a century old alkaline
zinc−air battery (ZAB) found only limited use in medical and
tele-communication applications. In addition to problems
associated with specific metal electrodes, the development of
metal−air batteries is largely hindered by critical challenges
related to the reversibility and lifetime of GDEs, in which a gas
reactant comes in contact with a liquid reaction medium. A
typical GDE is made of a porous hydrophobic membrane (gas
diffusion layer, GDL), a catalytic layer (active layer), and a
current collector. Although most efforts are focused on the
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synthesis of bifunctional catalysts and carbon-free catalytic
layers, the role of GDLs on the GDE performance should not
be overlooked.4 Moisture penetration from the atmosphere is
one of the major problems for alkaline metal−air batteries
since it leads to the formation of insoluble products. The
moisture also restricts oxygen diffusion through the electrode
which can severely reduce the electrochemical activity of the
cathode.5,6 In addition, the water uptake through the cell leads
to a decreased electrolyte concentration, considerably reducing
ionic conductivity and deteriorating cycling life.7,8 Therefore,
most of the current studies in the literature related to metal−
air batteries have reported cycling ability and rate ability in dry
O2 atmosphere.9−14 Another problem associated with metal−
air batteries is excessive water loss from the electrolyte,
negatively affecting discharge reactions during long-term
operation.15−17 The thickness of the air electrode may also
hinder mass transfer of oxygen as well as the capacity and rate
of performance of the metal−air batteries.18,19 Oxygen
transport limitation and oxygen starvation during cathode
reactions at high current densities results in serious charge/
discharge polarization and poor rate performance.20,21

To enhance the oxygen permeability and reduce the
permeation of moisture and electrolyte evaporation, different
approaches with varying success have been studied such as
impregnation of a proton conductor (such as Nafion) into the
catalyst layer22,23 and changing the chemical composition21,24

and thickness18 of GDLs. Zhang et al. fabricated Li−air
batteries with an oxygen selective air electrode for operation in
ambient air (20−30% RH) for more than a month.21,25 Yue et
al. employed proton-doped conductive polyaniline films for
Li−air batteries to restrict the moisture intake and electrolyte
evaporation through the cell.20 Crowther at al. applied an O2-
selective membrane based on polysiloxane and methacrylate-
polysiloxane copolymers for Li−air batteries to preclude water
transport from the atmosphere.8 In a similar study, Bodoardo
et al. reported that the silicone oil-wetted poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) film as the
oxygen-selective membrane was effective to retain moisture
and prevent membrane dehydration.5 A PVDF-HFP matrix
consisting of dextrin-nanosponge to entrap moisture from air
was also investigated.6 Lu et al. applied oxygen-selective
membranes based on polymers and metal−organic framework
containing −OH and −NH2 groups to effectively trap H2O
and CO2.

24 Non-solvent-induced phase separation,5,6,24

solution deposition,16,21 and evaporation-deposition26 are
commonly used methods to fabricate GDLs with oxygen
selectivity and water permeation resistance. However, both
methods suffer from poor conformality and limited thickness
control on the surface. Most GDLs in today’s GDEs for
metal−air batteries cannot separate O2 and H2O based on bulk
or Knudsen diffusion due to higher diffusivity and smaller
molecular diameter of H2O.

15,24,27 An ideal GDL should have
high oxygen permeability and serve as a moisture barrier. Two
specific material groups seem to be promising candidates for
the fabrication of the ideal GDL: (1) polymer membranes
containing siloxane with extremely high oxygen solubility and
thermal stability and (2) hydrophobic perfluorinated polymers
with high chemical and thermal stability in addition to high
oxygen solubility to suppress the moisture uptake and
electrolyte evaporation. Although copolymers of these specific
materials could meet the requirements for GDL, it is also
necessary to employ a low-cost and scalable technique that can
fabricate GDLs in various geometries and dimensions.

Here, we report the synthesis of thin copolymer films of
2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane
(V4D4), 2-(perfluorohexylethylacrylate) (PFHEA), and 2-
(perfluoroalkylethylmethacrylate) (PFEMA) via initiated
chemical vapor deposition (iCVD) for potential candidates
as GDL materials. Due to the high oxygen solubility of V4D4
and excellent hydrophobic behavior of PFHEA and PFEMA,
their copolymers can effectively promote the diffusion of
oxygen and restrict the moisture intake. Although we did not
attempt to address any issues related to bifunctional catalyst
layers and current collectors, we also report the electro-
chemical performance of GDEs fabricated using commercially
available catalysts and current collectors as active layers and
iCVD-deposited copolymer GDLs. To the best of our
knowledge, this is the first study in the literature where
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copoly-
mer coatings are fabricated and implemented as GDLs in
battery applications.

2. MATERIALS AND METHODS
2.1. Materials. Analytical grade chemicals, V4D4 (Sigma-

Aldrich, 97%), 2-(perfluorohexylethyl)acrylate (PFHEA, Fluo-
ryx Inc., >99%), and 2-(perfluoroalkyl)ethylmethacrylate
(PFEMA, Fluoryx Inc., >93%) as monomers and tert-butyl
peroxide (TBPO, Sigma-Aldrich, 98%) as the initiator, were
used for the fabrication of copolymer thin films. Polysulfone
(Psf) (Sigma-Aldrich, MW 26,000) and chloroform (Sigma-
Aldrich) were used for the preparation of the support
membrane used during water vapor permeability (WVP)
measurements due to high water permeability of Psf.28,29

2.2. Preparation of Support Membranes. Psf was used
as the supporting membrane/substrate for water vapor and
oxygen permeability measurements. To fabricate the support
membranes, Psf was heated at 140 °C for 3 h under vacuum to
remove absorbed water. To obtain 12 wt % Psf solution, 2.05 g
of Psf was dissolved in 10 mL of chloroform and stirred for 24
h to obtain a viscous solution. About 10 mL of Psf solution was
dispensed on a glass substrate (2.5 cm × 2.5 cm), which was
then spun at 1500 rpm for 30 s in a spin coater (Laurell, Model
WS-650MZ-23NPPB0), followed by drying at 70 °C for 1 h to
evaporate any residual solvent.

2.3. Synthesis of GDLs. A custom-built CVD reactor with
a square bottom of 31.6 cm in length and 4 cm in height was
used for the fabrication of copolymer GDLs. The top of the
reactor was covered with a 2.5 cm thick quartz plate. A
filament array (80% Ni/20% Cr, AWG 26) suspended 2.5 cm
above the bottom of the reactor was resistively heated to the
desired temperature. Filament temperature was controlled via a
thermocouple (type K, Omega Engineering) connected to a
PID (proportional integral derivative) controller (model
SSRL24ODC25, Omega Engineering). The substrate temper-
ature was controlled by an external circulator (WiseCircu
refrigerated bath circulator) connected to the bottom part of
the reactor. The pressure inside the reactor was adjusted with a
throttling butterfly valve (model 253B, MKS type) and a
pressure sensor (MKS 627D11TDC1B). Vacuum was
provided with a rotary vane pump (BSV10, Baosi) with a
cold trap attached on the exhaust line. Poly(V4D4), poly-
(PFHEA), and poly(PFEMA) homopolymers and their
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copoly-
mers were deposited on the crystalline silicon (c-Si) wafer, on
9.5 μm thick Psf support membranes for oxygen and WVP
tests and on commercial GDEs (Ocali A.S.) after their original
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GDLs were removed for electrochemical characterization.
Fluorinated monomers PFHEA and PFEMA in stainless steel
containers were heated to 65 and 95 °C, respectively.
Monomer vapors were metered into the chamber through a
mass-flow controller (MFC) (model 1479A, MKS). TBPO was
kept at room temperature and delivered to the reactor through
an MFC (model 1479A, MKS). The V4D4 monomer was
heated to 90 °C and fed into the chamber through a special
MFC (model 1150C, MKS). Reactor pressure was maintained
at 250 mTorr throughout the study. The substrate and filament
temperatures were adjusted for the optimum deposition rate
for homopolymers and copolymers. The filament temperature
was set to 250 °C for the PFEMA homopolymer and fixed at
300 °C for all other homopolymer and copolymer film
depositions. A final film thickness of 350 ± 50 nm was
targeted.
2.4. Characterization of GDLs. Fourier transform infrared

spectroscopy (FTIR) analysis was performed using a
PerkinElmer Inc.-Spectrum BX FTIR spectrometer to
investigate the quality and chemical composition of fabricated
GDLs. The spectra were measured from 4000 to 650 cm−1

with a 4 cm−1 step size accumulating 20 scans. All spectra were
baseline corrected and thickness normalized. Peak deconvolu-
tions were performed using CO stretching band in PFHEA
and PFEMA (1700−1770 cm−1) and asymmetric Si−O−Si
stretching band (1010−1100 cm−1) in V4D4 for chemical
composition evaluation. The thickness measurements for
iCVD-deposited GDLs were performed using an Mprobe-
Vis20 reflectometer with the spectral range of 400−1100 nm
and TF Companion software. The surface morphologies of
GDLs were investigated using an FEI Quanta250 scanning
electron microscopy (SEM) system with a field emission gun.
A theta optical tensiometer system was used for water contact
angle (WCA) measurements to investigate the hydrophobicity
of the surface. Static contact angle measurements were
performed by dropping 5 μL ultrapure water on the film
surface. Water vapor transmission rates (WVTRs) of poly-
(V4D4), poly(PFHEA), and poly(PFEMA) homopolymers
and their copolymers and Psf support membranes were
determined using a Mocon Permatran-W model 3/33
instrument. Measurements were performed at 37.8 °C and at
90% relative humidity with a 100 cm3 min−1 nitrogen flow rate,
as described in ASTM F1249 standard. Permeance and
permeability were calculated using eqs 1 and 2

S R R
permeance

WVTR
( )1 2

=
− (1)

permeability permeance thickness= × (2)

where R1 = relative humidity at the source expressed as a
fraction (R1 = 1.00 for a 100% RH chamber, and for 90% RH
chamber, R1 = 0.90). R2 = relative humidity of the vapor sink
expressed as a fraction [R2 = 0 for the 0% RH chamber (dry
side)]. S = vapor pressure of water at the test temperature.
Oxygen permeability measurements of iCVD-deposited

homopolymers and copolymer films were performed on Psf
support membranes following ASTM D3985 standard using a
Dansensor Lyssy L-100-5000 manometric gas permeability
tester. Measurements were performed at 23 °C and 0% relative
humidity with a 5−10 cm3 min−1 pure oxygen gas flow rate.
Gas transmission rates for samples were calculated using eq 3

L
P

L
P

L
P

s

s

c

c
= +

(3)

where P is the apparent permeability of the structure, L is the
total thickness Ls + Lc, and Ps and Pc are the permeability of
support (s) and coating (c), respectively.30,31

2.5. Fabrication of GDEs. Commercial GDEs used in this
study consist of three parts: a catalyst layer, nickel mesh as a
current collector, and a GDL. GDLs of commercially available
GDEs were carefully removed without damaging catalyst layers
and nickel current collectors. Poly(V4D4), poly(PFHEA), and
poly(PFEMA) homopolymers and their poly(V4D4-co-
PFHEA) and poly(V4D4-co-PFEMA) copolymers were
deposited via iCVD to serve as GDLs only on the surface
facing outside.

2.6. Electrochemical Measurements. All electrochem-
ical measurements were performed using a potentiostat/
galvanoostat/ZRA (Gamry model 22162) with tripolar
electrode measurement apparatus. Electrochemical tests were
performed in a custom-made three-electrode cell with 6 M
KOH as the electrolyte, a Pt wire as the counter electrode, and
a saturated Ag//AgCl reference electrode at 25 ± 2 °C. GDEs
(8 mm in diameter) with iCVD GDLs (V4D4, PFHEA, or
PFEMA homopolymers and their copolymers) were used as
working electrodes. Measurements were carried out after 15
min N2 purge and under a constant potential mode similar to
previous studies in the literature.32,33 Cyclic voltammetry (CV)
was carried out between −0.8 and 1.2 V at a scan rate of 5 mV
s−1. AC impedance measurements of half-cells were also

Table 1. Summary of Process Conditions for iCVD GDLs

sample name
FV4D4
(sccm)

FPFHEA
(sccm)

FPFEMA
(sccm)

FTBPO
(sccm)

Ptotal
(mTorr)

Tsubstrate
(°C)

Tfilament
(°C)

deposition rate
(nm min−1)

V4D4 homopolymer 0.32 0.16 250 45 300 6.13
HCO-1 0.22 0.044 0.44 45 3.84
HCO-2 0.088 4.37
HCO-3 0.132 250 300 5.75
HCO-4 0.176 6.84
HCO-5 0.22 9.78
PFHEA homopolymer 0.32 0.11 250 25 300 89.87
ECO-1 0.22 0.044 0.44 45 2.64
ECO-2 0.088 2.85
ECO-3 0.132 250 300 3.11
ECO-4 0.176 3.29
ECO-5 0.22 3.72
PFEMA homopolymer 0.2 0.025 250 35 250 18.82
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performed from 10 kHz to 10−1 Hz at room temperature. All
electrochemical measurements were carried out under
atmospheric conditions. Chronoamperometry (CA) measure-
ments were performed at 1.5 V to evaluate diffusion
coefficients.

3. RESULTS AND DISCUSSION

Two different series of copolymer films containing a highly
oxygen permeable V4D4 and hydrophobic PFHEA and
PFEMA were fabricated as GDLs via iCVD. Copolymer
films with various fluorinated monomer (PFHEA or
PFEMA):V4D4 ratios were obtained by adjusting the flow
rates of monomers during polymerization. Similar deposition
conditions reported in our previous work were used for iCVD
GDL fabrication, as summarized in Table 1.34

In iCVD process, the deposition rate of polymers strongly
depends on the concentration of adsorbed monomers on the

substrate surface.35,36 In case of copolymerization, at a fixed
substrate temperature, the surface concentrations of monomers
will vary depending on their partial vapor pressures on the gas
phase and their saturation pressures (Supporting Information
Figure S1). Therefore, the copolymer composition was
controlled by adjusting the flowrates of monomers during
polymerization. FTIR measurements were performed for all
homo and copolymer films to evaluate the chemical
composition of copolymers and cross-linking between vinyl
groups in V4D4 and acrylic groups in fluoropolymers
(Supporting Information Table S1). Figure 1 shows the
FTIR spectra of homo and copolymer films deposited via
iCVD. Figure 1b,c shows the enlargements of a portion of
Figure 1a, emphasizing the absorption peaks ranging from
1700 to 1770 cm−1. This enlarged view provides vital
information about the changes in relative intensities of
absorption peaks related to the CO stretching in acrylic

Figure 1. FTIR spectra of (a) V4D4, PFHEA, and PFEMA homopolymers and their copolymers, (b,c) enlargement of CO stretching region for
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copolymers, respectively.

Figure 2. WCA measurements of iCVD poly(V4D4), (a) poly(PFHEA) and (b) poly(PFEMA) and their copolymers.
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groups for copolymers with increasing PFHEA and PFEMA
contents. The fluorinated monomer fraction in copolymers is
directly related to area of this individual peak. As expected, the
highest peak intensity (and peak area) was observed when the
fluorinated monomer/V4D4 flow rate ratio is 1 and decreases
with increasing V4D4 in the copolymer composition.
A GDL in an alkaline metal−air battery should have low

water/electrolyte permeability to prevent corrosion of the
metal anode by moisture. Especially in a humid environment,
water uptake by GDE leads to reduced electrochemical activity
and ionic conductivity due to dilution of the electro-
lyte.5,6,15,16,37 Therefore, an ideal GDL should be super-
hydrophobic, have high oxygen permeability, and exhibit very
low water permeability. Figure 2 shows WCA measurements
performed on iCVD copolymer films fabricated on c-Si and Psf
support membranes. Higher contact angles for poly(V4D4-co-
PFHEA) copolymers compared to the poly(PFHEA) homo-
polymer on bare Psf membrane (57.96 ± 1.15°) and bare Si
wafer (56.25 ± 1.15°) are mainly due to the existence of
fluorinated groups in PFHEA. As expected, WCA values
increase with the increase in fluorinated groups in the
copolymer composition. In addition, an increase in the surface
roughness of copolymer films can also contribute to hydro-
phobicity.35,38 WCA of the poly(PFEMA) homopolymer on
the Si wafer and Psf membrane measured as 145.4 ± 0.3 and
131.5 ± 0.4°, respectively, are significantly higher than that of
the poly(PFHEA) homopolymer, as seen in Figure 2b.
Interestingly, WCA values of poly(V4D4-co-PFEMA) copoly-
mers did not show a significant change on the Psf support
membrane but showed considerable changes on the c-Si
substrate as the PFEMA/V4D4 ratio increased. In addition, the
WCA value of the poly(V4D4) homopolymer on the Psf
support membrane was found to be higher than the WCA
value on c-Si. This can be attributed to the roughness of the
Psf membrane surface (Supporting Information Figure S2).39

WCA measurements are consistent with surface free energies
reported in the literature, and there is a significant difference in
surface energies between the V4D4 monomer (36.6 mJ m−2)
and fluorinated PFHEA and PFEMA (10.5 and 6−8 mJ m−2,
respectively) monomers, making them immiscible to each
other (see Supporting Information Table S2). However, in the

iCVD process, these monomers are vaporized and mixed in the
vapor phase where the effect of surface tension is very small
before actual polymerization occurs on the substrate surface.
Therefore, iCVD enables the fabrication of homogenous films
without phase segregation problems.35 In a metal−air battery,
the water intake through the GDE should be minimum for
electrochemical stability. Electrode corrosion and capacity loss
due to water are serious problems, especially for alkaline
metal−air batteries. Since iCVD-fabricated GDLs were very
thin (∼300−400 nm), Psf membranes were used to
mechanically support homo and copolymer iCVD films during
WVP measurements. The as-prepared Psf support membranes
have a water permeability of 3.38 × 10−9 mol m m−2 Pa−1 s−1

and a WVTR approximately 9.84 × 102 g m−2 day−1, making
Psf a very suitable support material to measure the oxygen and
water permeabilities of iCVD-fabricated GDLs.28,40 WVP and
WVTR values of poly(V4D4), poly(PFHEA), and poly-
(PFEMA) homopolymers and their copolymers are given in
Table 2.
Commercially available thick GDLs that are used in fuel-

cells and metal−air batteries exhibit WVTRs between 11.16
and 811.99 g m−2 day−1.5,6,16 WVTRs for poly(V4D4-co-
PFHEA) and poly(V4D4-co-PFEMA) copolymers varied
between 5.48 and 11.32 g m−2 day−1; between 2 and 150
times lower than commercial GDLs. Increasing fluorinated
monomers in the copolymer composition resulted in a slight
reduction in WVP. HCO and ECO series GDLs showed
comparable WVPs; however, a clear trend of decreasing WVP
with increasing fluorinated monomers was observed for both
series. The role of a GDL is to provide sufficient oxygen
transfer from air to catalyst layers in GDEs while limiting the
water intake from ambient. In the literature, perfluorinated
chemicals were used as oxygen-selective membranes15,16 or
electrolyte additives41,42 in Li−O2 batteries. Most commer-
cially available GDLs used in alkaline metal−air batteries are
thick and highly porous membranes or non-woven polymeric
materials with hydrophobic outer surface, exhibiting very high
oxygen and WVPs. Reported oxygen permeabilities of thin film
non-porous polymeric GDLs such as PET, high density
polyethylene (HDPE), and polytetrafluoroethylene (PTFE)
prepared via extrusion or other methods and thicknesses

Table 2. Oxygen Permeability, WVP, WVTR, and Selectivity of Psf Support Membranes, Poly(V4D4), Poly(PFHEA), and
Poly(PFEMA) Homopolymers and Their Copolymersa

oxygen permeability × 1015 mol m m−2 s−1 Pa−1 WVP × 1015 mol m m−2 s−1 Pa−1 WVTR × 10−1 g m−2 day−1
selectivity,
αO2/H2O

Psf support membrane 0.5 3.38 × 106 98.4 1.47 × 10−7

poly(V4D4) 1.801 ± 0.288 0.412 ± 0.011 1.186 ± 0.063 4.36
poly(PFHEA) 0.204 ± 0.048 0.327 ± 0.001 0.686 ± 0.111 0.62
HCO-1 0.741 ± 0.007 0.475 ± 0.031 1.132 ± 0.134 1.56
HCO-2 1.162 ± 0.229 0.379 ± 0.038 0.859 ± 0.184 3.06
HCO-3 1.414 ± 0.205 0.345 ± 0.007 0.818 ± 0.039 4.09
HCO-4 1.895 ± 0.009 0.283 ± 0.001 0.673 ± 0.073 6.71
HCO-5 3.531 ± 0.761 0.268 ± 0.008 0.592 ± 0.073 13.16
poly(PFEMA) 0.608 ± 0.023 0.339 ± 0.006 0.461 ± 0.011 1.79
ECO-1 1.243 ± 0.228 0.581 ± 0.026 0.807 ± 0.029 2.14
ECO-2 1.146 ± 0.232 0.426 ± 0.025 0.684 ± 0.009 2.69
ECO-3 0.772 ± 0.139 0.363 ± 0.006 0.709 ± 0.041 2.13
ECO-4 1.072 ± 0.188 0.353 ± 0.007 0.634 ± 0.033 3.03
ECO-5 1.125 ± 0.139 0.261 ± 0.004 0.548 ± 0.061 4.33
aSelectivity (αO2/H2O) is described as αO2/H2O = PO2

/PH2O (the unit of permeability is mol m m−2 s−1 Pa−1).24 1 Barrer = 3.35 × 10−16 mol m m−2 s−1

Pa−1.
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between 10 and 1000 μm vary between 3.35 × 10−18 mol m
m−2 s−1 Pa−1 (0.01 Barrer) and 3.35 × 10−15 mol m m−2 s−1

Pa−1 (10 Barrer).27 For comparison, very thin (350 ± 50 nm)
iCVD prepared homo and copolymer films showed oxygen
permeabilities, ranging from 0.204 × 10−15 to 1.895 × 10−15

mol m m−2 s−1 Pa−1 (from 0.61 to 5.66 Barrer) except for the
poly(V4D4-co-PFHEA) copolymer with a 1:1 ratio of
V4D4:PFHEA having the highest oxygen permeability of
3.53 × 10−15 mol m m−2 s−1 Pa−1 (10.5 Barrer) (Supporting
Information Figure S3). Fluorinated homopolymers exhibit
lower oxygen permeabilities compared to the poly(V4D4)
homopolymer; however, oxygen permeability increases with
the addition of PFHEA in HCO series. A similar trend is not
observed for ECO series. The poly(PFEMA) homopolymer
exhibited higher oxygen permeability than the poly(PFHEA)
homopolymer. Oxygen permeability and WVP seem to be
inversely related due to the higher water diffusion rate and
smaller molecule size compared to oxygen.5,42 In theory, the
performance of GDEs should increase using iCVD-deposited
copolymer GDLs due to enhanced oxygen and reduced water
permeabilities compared to conventional GDEs with relatively
thick fluoropolymer GDLs. Poly(V4D4-co-PFHEA) copolymer
(HCO-5) showed 17 times increase in oxygen permeability

with more than 1.2 times lower water permeability
(corresponding to an oxygen/water selectivity of 13.6)
compared to the poly(PFHEA) homopolymer. Poly(V4D4-
co-PFEMA) copolymers did not show such drastic changes in
oxygen and water permeabilities. These observations suggest
that poly(V4D4-co-PFHEA) copolymers are promising water
barriers with enhanced oxygen permeabilities as GDLs.
Electrochemical properties of GDEs prepared with iCVD

copolymer GDLs were evaluated by CV measurements with
GDL exposed to air and the other side in contact with 6 M
KOH solution. The area of GDE in contact with the solution
was 0.502 cm2. Figure 3 shows the effect of the scan rate on the
electrochemical behavior of GDEs with poly(V4D4-co-
PFHEA) (HCO-5) and poly(V4D4-co-PFEMA) (ECO-5)
GDLs only. The peak related to oxygen reduction reactions
can be observed in a wide potential range from −0.8 to 1.2 V.
Therefore, the voltage range of −0.8−1.2 V was selected
during CV measurements.
The power-law dependence of the current density on the

scan rate can be expressed by the following equation43

j b alog log logν= + (4)

Figure 3. Effect of the voltametric scan rate on current density for GDEs with (a) HCO-5 and (b) ECO-5 GDLs and (c,d) corresponding relation
of logarithm of peak current and logarithm of the scan rate.
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where j is current density, ν represents the scan rate, and a is a
constant. The slope, b, describes the charge-transfer coefficient;
a value close to 0.5 indicates a diffusion-controlled process,
whereas values close to 1 indicate the pseudocapacitive case, in
which faradaic charge transfer occurs by intercalation or
adsorption of charge-compensating ions. The oxidation peak
current densities for GDEs with HCO-5 and ECO-5 GDLs
increase with ν0.68 and ν0.43, respectively [log jpeak = 0.679 log ν
+ 0.706 (R2 = 0.9939) for HCO-5 and log jpeak = 0.429 log ν +
0.692 (R2 = 0.9955) for ECO-5 GDL]. It seems the
performance of both GDEs are mass transport limited.44

Especially at higher scan rates, the charge flow decreases with
the increasing scan rate. Oxidation peaks for GDEs with
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) GDLs
were more obvious at high scan rates. The peak was detected
at a potential of 0.9 V related to the 2 + 2-electron reduction
reaction. The increase in peak broadening was observed when
the scan rate is increased from 1 to 5 mV s−1. Additionally,
there was a positive shift of peak potentials with the increasing
scan rate.45 The peak broadening was not observed in higher
scan rates since the peak was out of range due to the peak
position shift.
CV curves of the samples at a 5 mV s−1 sweep rate are

shown in Figure 4. The onset potential for oxygen evolution

took place at 0.3 V vs Ag//AgCl, whereas the onset potential
of oxygen reduction was below −0.2 V. The GDE with HCO-5
GDL showed a higher current density when compared to
commercial GDEs with conventional thick GDLs. The increase
in current density is due to higher oxygen transport in
copolymer GDLs. A lower reduction current density was
observed for GDEs with ECO-5 GDL (189.2 mA cm−2) when
compared to GDEs with HCO-5 GDL (228.2 mA cm−2) at
−0.8 V. These observations are in good agreement with the
oxygen and water permeability results, considering especially
high oxygen permeability of HCO-5 GDL. In addition, stability
of GDEs is also an important parameter for evaluating the
battery performance. Therefore, long-term stability tests of
GDEs with HCO-5 GDLs were performed (Supporting
Information Figure S4). It was observed that GDEs with
HCO-5 GDL were more stable for oxygen reduction reaction

(ORR) activity and did not show a significant change in
current density after 240 h immersion in 6 M KOH electrolyte.
Tafel slopes calculated from Tafel plots also confirmed the
results (Supporting Information Figures S5, S6 and Table S3).
Electrochemical impedance spectroscopy (EIS) is a powerful

tool to characterize impedances in a GDE. EIS analysis was
performed at the open-circuit potential from 10 kHz to 10−1

Hz in 6 M KOH solution. Nyquist plots, as shown in Figure 5a,
provide information on three types of GDE resistances; ohmic
(solution), charge transfer, and diffusion resistances.33 Nyquist
plots of GDEs consist of a single semi-circular curve and a
diffusion drift, which can be fitted using the Randles and
equivalent circuit model, as shown in Figure 5b. The Randles
model (model 1) is generally used to describe simple
electrochemical systems and includes only electrolyte resist-
ance (Re), charge-transfer resistance (Rct) in the medium-
frequency region, and Warburg impedance (ZW) in the low-
frequency region. The Warburg impedance is expressed as ZW

= σwω
−1/2 − jσwω

−1/2 (j2 = −1) and ZW = W−1/ jω where σw
represents the Warburg impedance coefficient (Ω·s1/2), ω is
the angular frequency (ω = 2πf), andW is Warburg impedance
element (S s1/2).46 The Warburg impedance coefficient is
related to the diffusion coefficient, and lower σw values indicate
faster diffusion. In the high-frequency region, the intercept in
x-axis (Zreal) represents the ohmic (electrolyte) resistance (Re),
and the semicircle from high- to medium-frequency range is
associated with the combination of charge-transfer resistance
(Rct) and interfacial resistance (Rf). Model 2 expands model 1
with the addition of interfacial resistance (Rf). Electrochemical
parameters extracted from the fit to the equivalent circuit
models are listed in Table 3. Rct and Rf describe the kinetics of
the cell reaction. Lower values of Rct and Rf indicate faster
reaction kinetics.47 As listed in Table 3, the GDE with
poly(V4D4) homopolymer GDL shows at least 4 orders of
magnitude higher charge-transfer resistance than other GDEs.
The lowest value of Rct + Rf was obtained with HCO-5 GDL
(1.50 + 2.89 Ω), which is consistent with Nyquist plots, as
seen in Figure 5a. For commercial GDEs, W value describing
the diffusion at the interface between the electrolyte and active
material particles was determined to be 0.81. GDEs with
poly(V4D4) GDL and HCO-5 GDL exhibited higherW values
(0.92 and 0.84, respectively) than commercial GDEs,
indicating better oxygen transport.
The relation between real impedance (Zre) and angular

frequency (ω) in the low-frequency region is shown using the
following equation.48,49

Z R Rere ct w
1/2σ ω= + + −

(5)

D R T A n F C/22 2 2 4 4 2
w
2σ= (6)

where D is the diffusion coefficient (cm2 s−1), R is the gas
constant, T is the temperature (K), F is the Coulomb constant
(96,485 C mol−1), A is GDE area (cm2), n is the number of
electrons per molecule, C is the molar concentration ion (mol
m−3), and σw is the Warburg impedance coefficient (Ω s−1/2).
The Warburg impedance coefficient (σw) of GDEs with HCO-
5 GDL (0.32) is lower than that of commercial GDEs (0.37),
indicating better diffusion, as listed in Table 3.
For comparison, oxygen transport was also evaluated by

chronoamperometric method which is a useful tool to evaluate
diffusion coefficients. Oxygen transport process in the
electrode takes place in three steps: (i) oxygen diffusion

Figure 4. Cyclic voltammograms of GDEs with iCVD GDLs between
−0.8 and 1.2 V with a sweep rate of 5 mV s−1.
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across GDL, (ii) dissolution of oxygen into the electrolyte film
which create three-phase (gas-liquid-solid) boundary, (iii)
diffusion of the dissolved oxygen through thin film to reactive
site. Using the Cottrell equation50,51

i t nFAC
D

t
( ) i

k
jjj

y
{
zzzπ

= *
(7)

where i is the limited current (A), n the number of electrons, F
the Columb constant (96,485 C mol−1), A the surface area of
the electrode (cm2), D the diffusion coefficient (cm2 s−1), t the
time (s) and C* is the concentration of reactant (M), oxygen
diffusion coefficients for different samples can be calculated.
The diffusion process is slow and dependent on the thickness
of GDL; therefore, using ultra-thin iCVD GDLs should
improve oxygen mass transport.51 Oxygen diffusion coefficients
listed in Table 4 were calculated using EIS (eq 6) and CA (eq
7) data for comparison. Although there are small differences in
calculated diffusion coefficients between two methods, the
results agree well with oxygen permeability measurements. The
oxygen diffusion coefficient of poly(PFHEA) homopolymer
GDLs is comparable to oxygen diffusion coefficient of
commercial GDE. The oxygen diffusion coefficient for the
GDE with HCO-5 GDL in 6 M KOH solution is 20 times
higher than that for commercial GDE and is almost 4 times
higher than GDE with ECO-5 GDL making it a better
candidate as GDL for use in a GDE for a metal−air battery.
Poly(V4D4-co-PFHEA) copolymer GDLs improve the oxygen
transport due to a cross-linked network structure with the
highly oxygen permeable siloxane and smaller fluorinated
groups compared to poly(V4D4-co-PFEMA).

4. CONCLUSIONS
Poly(V4D4), poly(PFHEA), poly(PFEMA) homopolymer,
poly(V4D4-co-PFHEA), and poly(V4D4-co-PFEMA) copoly-
mer coatings with different compositions were deposited via
iCVD as GDLs on GDEs for metal−air batteries. Oxygen
permeability and WVP of GDLs (350 ± 50 nm in thickness)
were measured using 9.5 μm thick Psf support membranes. In
the literature, WVTRs for GDLs for GDE were reported as
11.16−811.99 g m−2 day−1.5,6,16 It was found that thin iCVD
GDLs exhibited WVTRs, varying from 5.48 to 11.32 g m−2

day−1; between 2 and 150 times lower than commercial
GDLs.28 In addition, polymeric materials used as GDLs such
as polyimide Kapton,52 PVDF-HFP,5 HDPE,16 PTFE,53 and so
forth were reported have oxygen permeabilities between 0.01
and 4.21 Barrer. iCVD-deposited GDLs exhibited higher

Figure 5. (a) Impedance spectra of GDEs, (b) equivalent electrical circuit models [(1) model 1 and (2) model 2. Resistances (Ri), double-layer
capacitance (Cdl), Warburg impedance (W), electrolyte resistance (Re), and capacitance of the film (Ci)].

Table 3. Electrochemical Parameters Extracted from the Fit to the Equivalent Circuit Models for EIS Data

sample Re, Ω Rct, Ω Rf, Ω W, S s1/2 chi-square, χ2 Warburg impedance coefficient, σw, Ω·s−1/2

commercial GDE 3.55 0.14 0.81 0.8 × 10−4 0.37
GDE w/poly(V4D4) GDL 4.67 6.55 × 104 0.71 0.92 1.84 × 10−4 0.29
GDE w/poly(PFHEA) GDL 4.32 4.12 0.89 0.16 9.72 × 10−4 1.52
GDE w/poly(PFEMA) GDL 4.84 4.42 0.68 0.79 4.1 × 10−4 9.99
GDE w/HCO-5 GDL 32 1.50 2.89 0.84 5.53 × 10−5 0.32
GDE w/ECO-5 GDL 4.85 3.28 7.79 1.5 × 10−2 4.39 × 10−3 12.32

Table 4. Calculated Oxygen Diffusion Coefficients for GDEs

GDEs
diffusion coefficient × 108,
cm2 s−1 (using EIS data)

diffusion coefficient × 108,
cm2 s−1 (using CA data)

commercial GDE 1.69 1.84
GDE
w/poly(V4D4)
GDL

26.8 22.5

GDE
w/poly(PFHEA)
GDL

2.32 3.94

GDE
w/poly(PFEMA)
GDL

0.23 0.28

GDE w/HCO
5 GDL

32.5 39.51

GDE w/ECO
5 GDL

8.64 6.76
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oxygen permeability, varying between 0.61 and 5.66 Barrer
(0.204 × 10−15 and 1.895 × 10−15 mol m m−2 s−1 Pa−1). The
iCVD-deposited poly(V4D4-co-PFHEA) copolymer with a 1:1
ratio of V4D4/PFHEA showed an exceptional 10.5 Barrer
(3.53 × 10−15 mol m m−2 s−1 Pa−1), the highest oxygen
permeability for similar GDLs reported in the literature. The
electrochemical performance of GDEs with iCVD GDLs was
investigated by polarization measurements, CV, and EIS
analysis. CV analysis showed that poly(V4D4-co-PFHEA)
GDLs are responsible for higher electrocatalytic activity for
oxygen reduction compared to homopolymer and poly(V4D4-
co-PFEMA) copolymer GDLs. Fabricated GDE electrodes with
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) exhibited
higher oxygen reduction current densities (228.2 and 189.2
mA cm−2, respectively) compared to commercial GDEs (132.7
mA cm−2). The CA measurements and EIS analysis also
confirmed the findings of oxygen permeability measurements.
By combining siloxane and fluorinated polymer matrix,
poly(V4D4-co-PFHEA) copolymer GDLs provide enhanced
oxygen transport and reduce moisture entrance significantly.
Using the well-balanced properties of siloxane and fluorinated
polymer chemistries, the iCVD process is an excellent low-cost
method for the fabrication of oxygen-permeable hydrophobic
GDLs for battery applications.
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Phase Inversion. Poliḿeros 2020, 30, No. e2020027.
(41) Wijaya, O.; Hartmann, P.; Younesi, R.; Markovits, I. I. E.;
Rinaldi, A.; Janek, J.; Yazami, R. A Gamma Fluorinated Ether as an
Additive for Enhanced Oxygen Activity in Li−O2 Batteries. J. Mater.
Chem. A 2015, 3, 19061.
(42) Wan, H.; Mao, Y.; Liu, Z.; Bai, Q.; Peng, Z.; Bao, J.; Wu, G.;
Liu, Y.; Wang, D.; Xie, J. Influence of Enhanced O2 Provision on the
Discharge Performance of Li−Air Batteries by Incorporating
Fluoroether. ChemSusChem 2017, 10, 1385.
(43) Opitz, M.; Yue, J.; Wallauer, J.; Smarsly, B.; Roling, B.
Mechanisms of Charge Storage in Nanoparticulate TiO2 and
Li4Ti5O12 Anodes New Insights from Scan Rate-Dependent Cyclic
Voltammetry. Electrochim. Acta 2015, 168, 125−132.
(44) Li, K.; Zhang, J.; Lin, D.; Wang, D.-W.; Li, B.; Lv, W.; Sun, S.;
He, Y.-B.; Kang, F.; Yang, Q.-H.; Zhou, L.; Zhang, T.-Y. Evolution of
the Electrochemical Interface in Sodium Ion Batteries with Ether
Electrolytes. Nat. Commun. 2019, 10, 725.
(45) Khairy, M.; Mahmoud, B. G.; Banks, C. E. Simultaneous
Determination of Codeine and its Co-formulated Drugs Acetamino-
phen and Caffeine by Utilising Cerium Oxide Nanoparticles Modified
Screen-Printed Electrodes. Sens. Actuators, B 2018, 259, 142−154.
(46) Choi, W.; Shin, H.-C.; Kim, J. M.; Choi, J.-Y.; Yoon, W.-S.
Modeling and Applications of Electrochemical Impedance Spectros-
copy (EIS) for Lithium-Ion Batteries. J. Electrochem. Sci. Technol.
2020, 11, 1−13.
(47) Cherian, C. T.; Sundaramurthy, J.; Reddy, M. V.; Kumar, P. S.;
Mani, K.; Pliszka, D.; Sow, C. H.; Ramakrishna, S.; Chowdari, B. V. R.
Morphologically Robust NiFe2O4 Nanofibers as High Capacity Li-Ion
Battery Anode Material. ACS Appl. Mater. Interfaces 2013, 5, 9957−
9963.
(48) Liu, X.; Ma, X.; Wang, J.; Liu, X.; Chi, C.; Liu, S.; Zhao, J.; Li,
Y. The Binder-Free Ca2Ge7O16 Nanosheet/Carbon Nanotube
Composite as a High-Capacity Anode for Li-Ion Batteries with
Long Cycling Life. RSC Adv. 2016, 6, 107040.
(49) Khamsanga, S.; Pornprasertsuk, R.; Yonezawa, T.; Mohamad,
A. A.; Kheawhom, S. δ-MnO2 Nanofower/Graphite Cathode for
Rechargeable Aqueous Zinc Ion Batteries. Sci. Rep. 2019, 9, 8441.
(50) Yap, W. T.; Doane, L. M. Determination of Diffusion
Coefficients by Chronoamperometry with Unshielded Planar Sta-
tionary Electrodes. Anal. Chem. 1982, 54, 1437−1439.
(51) Zhou, D. B.; Vander Poorten, H. Electrochemical Character-
isation of Oxygen Reduction on Teflon-Bonded Gas Diffusion
Electrodes. Electrochim. Acta 1995, 40, 1819−1826.
(52) Nicodemo, L.; Marcone, A.; Monetta, T.; Mensitieri, G.;
Bellucci, F. Transport of Water Dissolved Oxygen in Polymers via
Electrochemical Technique. J. Membr. Sci. 1992, 70, 207−215.
(53) Gilbert, R.; Nguyen, H. P.; Jalbert, J.; Charbonneau, S.
Transport Properties of a Mixture of Permanent Gases and Light
Hydrocarbons Through the Polytetrafluoroethylene Capillary Tubes
of a GP-100 Gas Extractor. J. Membr. Sci. 2004, 236, 153−161.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c04244
Ind. Eng. Chem. Res. 2022, 61, 2633−2642

2642

https://doi.org/10.1149/1.2006487
https://doi.org/10.1149/1.2006487
https://doi.org/10.1149/1.2006487
https://doi.org/10.1149/1.3446852
https://doi.org/10.1149/1.3446852
https://doi.org/10.1016/j.electacta.2012.05.153
https://doi.org/10.1016/j.electacta.2012.05.153
https://doi.org/10.1016/j.jpowsour.2010.05.028
https://doi.org/10.1016/j.jpowsour.2010.05.028
https://doi.org/10.1016/j.jpowsour.2010.05.028
https://doi.org/10.1016/s0022-0728(98)00241-1
https://doi.org/10.1016/s0022-0728(98)00241-1
https://doi.org/10.1016/s0022-0728(98)00241-1
https://doi.org/10.1016/s0378-7753(98)00186-4
https://doi.org/10.1016/s0378-7753(98)00186-4
https://doi.org/10.1016/s0378-7753(98)00186-4
https://doi.org/10.1039/c4cc09281c
https://doi.org/10.1039/c4cc09281c
https://doi.org/10.1149/1.3430093
https://doi.org/10.1149/1.3430093
https://doi.org/10.1016/j.surfcoat.2021.127390
https://doi.org/10.1016/j.surfcoat.2021.127390
https://doi.org/10.3390/membranes2020216
https://doi.org/10.3390/membranes2020216
https://doi.org/10.1016/j.desal.2018.10.012
https://doi.org/10.1016/j.desal.2018.10.012
https://doi.org/10.1016/j.desal.2018.10.012
https://doi.org/10.3390/membranes8030077
https://doi.org/10.3390/membranes8030077
https://doi.org/10.3390/membranes8030077
https://doi.org/10.1016/0257-8972(95)02420-4
https://doi.org/10.1016/0257-8972(95)02420-4
https://doi.org/10.1007/s10853-018-03232-7
https://doi.org/10.1007/s10853-018-03232-7
https://doi.org/10.1007/s10853-018-03232-7
https://doi.org/10.1080/10934529.2016.1229935
https://doi.org/10.1080/10934529.2016.1229935
https://doi.org/10.1080/10934529.2016.1229935
https://doi.org/10.1080/10934529.2016.1229935
https://doi.org/10.1115/1.4036507
https://doi.org/10.1115/1.4036507
https://doi.org/10.1115/1.4036507
https://doi.org/10.1115/1.4036507
https://doi.org/10.1007/s10853-021-06060-4
https://doi.org/10.1007/s10853-021-06060-4
https://doi.org/10.1007/s10853-021-06060-4
https://doi.org/10.1021/acs.chemmater.5b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b00842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jelechem.2021.115112
https://doi.org/10.1016/j.jelechem.2021.115112
https://doi.org/10.1007/s13233-019-6149-2
https://doi.org/10.1007/s13233-019-6149-2
https://doi.org/10.1007/s13233-019-6149-2
https://doi.org/10.1016/s0376-7388(97)00073-2
https://doi.org/10.1016/s0376-7388(97)00073-2
https://doi.org/10.1590/0104-1428.05820
https://doi.org/10.1590/0104-1428.05820
https://doi.org/10.1590/0104-1428.05820
https://doi.org/10.1039/c5ta03439f
https://doi.org/10.1039/c5ta03439f
https://doi.org/10.1002/cssc.201601725
https://doi.org/10.1002/cssc.201601725
https://doi.org/10.1002/cssc.201601725
https://doi.org/10.1016/j.electacta.2015.03.186
https://doi.org/10.1016/j.electacta.2015.03.186
https://doi.org/10.1016/j.electacta.2015.03.186
https://doi.org/10.1038/s41467-019-08506-5
https://doi.org/10.1038/s41467-019-08506-5
https://doi.org/10.1038/s41467-019-08506-5
https://doi.org/10.1016/j.snb.2017.12.054
https://doi.org/10.1016/j.snb.2017.12.054
https://doi.org/10.1016/j.snb.2017.12.054
https://doi.org/10.1016/j.snb.2017.12.054
https://doi.org/10.33961/jecst.2019.00528
https://doi.org/10.33961/jecst.2019.00528
https://doi.org/10.1021/am401779p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am401779p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6ra14289c
https://doi.org/10.1039/c6ra14289c
https://doi.org/10.1039/c6ra14289c
https://doi.org/10.1038/s41598-019-44915-8
https://doi.org/10.1038/s41598-019-44915-8
https://doi.org/10.1021/ac00245a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00245a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00245a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0013-4686(95)00109-r
https://doi.org/10.1016/0013-4686(95)00109-r
https://doi.org/10.1016/0013-4686(95)00109-r
https://doi.org/10.1016/0376-7388(92)80106-t
https://doi.org/10.1016/0376-7388(92)80106-t
https://doi.org/10.1016/j.memsci.2004.02.018
https://doi.org/10.1016/j.memsci.2004.02.018
https://doi.org/10.1016/j.memsci.2004.02.018
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c04244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

