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Abstract
Organic-inorganic composite membranes are used in various applications, such as proton-conducting electrolyte
membranes for PEMFCs. In this study, we filled a polyethylene porous substrate with only but plenty of inorganics
(around 48 wt.%), zirconium acetylacetonate, the precursor of zirconium phosphate (ZrP)-based inorganics (AcAc-
Zr). It was confirmed that the AcAc-Zr in the substrate was converted into ZrP derivatives in situ, keeping the high
contents. TEM-EDS analysis revealed that the pores were continuously filled with ZrP, indicating that ZrP was
percolated due to the high contents and the original structure of the porous substrate. The conductivities of these ZrP,
ZrHEDP, and ZrATMP films were sufficiently high: on the order of 1 mS cm™ (80°C and 95% relative humidity
condition).
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1. Introduction
Organic-inorganic composite membranes have been attracting attention for decades to improve the performance of
membranes in many applications due to the various properties of inorganics. Their applications include membranes
used to remove impurities from wastewater [1]-[3], membrane reactors [4]-[6], and separators for batteries such as
lithium-ion batteries [7] and redox-flow batteries [8]. Among the several applications, the electrolyte membranes in
polymer electrolyte membrane fuel cells (PEMFCs) have attracted significant attention. It is because PEMFCs are
promising power generation devices with high energy efficiency and less environmental damage, and are expected to
replace internal combustion engines in the future.
However, proton exchange membranes (PEMs) used in PEMFCs have a fatal drawback: proton conductivity severely
decreases at low relative humidity (RH) conditions, resulting in reduced energy efficiency. Thus, a lower operating
temperature is employed to avoid the excessive evaporation of water. However, lowering the operating temperature
leads to CO poisoning of the catalyst [9]. Thus, highly pure fuels are utilized to suppress catalyst poisoning, and water
and temperature must be managed to alleviate the decrease in conductivity. These result in extra work and equipment,
increasing the cost and decreasing energy efficiency. For this reason, much effort has been devoted to developing
membranes to overcome the conductivity dependence on RH [10]-[12]. In particular, it has been demonstrated that
inorganic particles in the membrane can adsorb moisture and retain it at high temperatures [13], [14]. Therefore, an
organic-inorganic composite membrane is one solution to improve efficiency. Especially zirconium phosphate (ZrP)

is promising as a proton-conducting inorganic. ZrP is a layered crystalline, represented as Zr(HPOa), * H>O, which is
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water-insoluble and thermally stable up to about 450°C [15], [16]. ZrP has a moderate conductivity of 104~107 S
1

cm™! when it is humidified [17], and it can retain hydration water up to about 270°C, depending on crystalline
morphology [18].

Although organic-inorganic composite membranes have a variety of possible applications, they have a problem that
they become brittle when they contain a large amount of insoluble inorganic particles [19], [20]. It is because too much
inorganic induces their agglomerates in a membrane when the composite is formed. As a result, it breaks from the
accumulated areas of the inorganic particle when a force is applied to it [21]. However, insoluble inorganic particles
are difficult to disperse and avoid agglomeration. So then, a small amount is usually included in a membrane, although
high inorganic content is ideal for fully exhibiting the properties of the inorganic. On the other hand, soluble inorganic
particles can be well dispersed in organic molecules, suppress the agglomeration, and retain the membrane flexibility.
Still, the applications of soluble inorganics are limited since it easily elutes.

Some research produced a membrane containing a large amount of insoluble inorganic particles by making them
highly dispersed [22], [23]. However, highly dispersed states do not easily coexist with beneficial morphology, a phase
separation structure [24]. In general, PEMs are composed of two phases: the hydrophilic phase for proton conduction
and the hydrophobic phase for the stability of the membrane [25]. For example, in membranes with high proton
conductivity at high humidity, such as Nafion®, phase separation occurs and forms ion channels, creating continuous
proton transfer pathways through the entire membrane [26]. In contrast, the membrane includes fewer pathways under
low humidity, decreasing conductivity. Therefore, high content of inorganics with the phase separation structure is
vital to keep the sufficient proton transfer pathways.

There is another reason for the decrease in conductivity in a low RH environment. With less H>O, the conventional
proton conduction mechanism, structural diffusion, which inevitably requires water movement, is less likely to occur
[27]-[30]. In contrast, the packed-acid mechanism, the mechanism of the proton conduction in a material consisting
of a high-density acid structure, does not need water movement and is considered to be less humidity-dependent [27],
[28], [31]. Therefore, the packed-acid mechanism improves the conductivity under low RH conditions. Moreover,
membranes, where protons conduct via the packed-acid mechanism, are expected to be applied not only to PEMFCs
but also to other fields, such as ammonia electrochemical synthesis [32]. The high contents of inorganics are suitable
to induce the packed-acid mechanism, expected to overcome the severe dependence of proton conductivity on RH.
For these reasons, a method to fabricate a membrane consisting of insoluble inorganics with high content is required.
To overcome the above drawbacks, we focused on a pore-filling method. Pore-filling membrane is prepared by filling
a porous substrate with another material. In the case of PEMs fabricated by pore-filling, if the electrolyte is well filled
into the pore space, its structure spontaneously becomes phase-separated due to the substrate structure, which has
mechanical strength. In other words, a membrane with continuous proton pathways and high durability can be obtained
[33]. Furthermore, by reducing the pore size, fuel permeation can be easily reduced, which is one of the advantages
[34]. However, it has not been paid much attention as a fabrication method of organic-inorganic composite membranes.
In this study, we proposed a method to fabricate a porous substrate filled with only ZrP derivatives at high contents.
Moreover, the membrane morphology is like the phase-separated structure; the phase to retain the membrane form is
the substrate with mechanical strength, and the phase for proton conduction is only ZrP without additional electrolyte
polymer. Firstly, a zirconium acetylacetonate, the precursor of the ZrP-based inorganics (AcAc-Zr) membrane, was
created by filling AcAc-Zr into a porous substrate. Several porous substrates (pore size: 100 nm, 70 nm, 50 nm, 30
nm, 20 nm, and 16 nm) were employed to know the influence of pore size. Intriguingly, the high filling contents were

achieved only when the pore size was below 30 nm. Next, we confirmed that the Acac-Zr in the membrane was
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converted to ZrP, zirconium amino-tris-methylene-phosphonate (ZrATMP), and zirconium 1-hydroxy ethylidene-1,1-
diphosphonate (ZrHEDP), which demonstrated that our methods could fabricate pore-filling membrane with various
inorganics. With the membrane filed with a high content of ZrP derivatives, a wide range of applications is expected.

For example, as previously mentioned, ZrP has been intensively studied to be included in an electrolyte for PEMFCs
[35], [36]. In addition, ZrP derivatives have been intensively studied as an application of catalysts [37], [38], and
targeted ion removal [39], [40]. Furthermore, the antimicrobial effect of ZrP derivatives is studied [41], and also ZrP
derivatives are considered to be support materials for solid-supported amines (SSAs) [42]. The membrane shape
greatly benefits maximizing the properties of ZrP derivatives. Several methods of preparing ZrP membranes have been
tried [43], and it turned out to be difficult to make membranes highly filled with ZrP [44], [45]. However, in this study,
it was proved that not only ZrP but also ZrATMP/ZrHEDP were highly filled in the substrates in the same method and
more, with the phase-separated structure. The proposed method could be a platform for the fabrication of membranes
containing various ZrP-based inorganic particles with diverse functions.

2. Experimental

2.1 Materials and chemicals

Commercially available porous polyethylene (PE) substrates (average pore size: 100 nm, 70 nm, 50 nm, 30 nm, 20
nm, 16 nm, thickness 10 pm, porosity 50-55%) were used. 85% Zirconium (IV) Butoxide (Zr-butoxide), 1-Butanol
Solution and 2-Propanol were purchased from FUJIFILM Wako Pure Chemical Corp. 99.8% Methanol, Acetylacetone,
1 mol/L-nitric acid, and phosphoric acid were purchased from Nacalai tesque, Inc. 1-hydroxyethane-1,1-diphosphonic
acid (ca. 60% in Water, ca. 4.2 mol/L) (HEDPA), nitrilotris (methylenephosphonic Acid) (ca. 50% in Water, ca.

2.2mol/L) (ATMPA) were purchased from Tokyo Chemical Industry Co. LTD.

2.2 Synthesis of AcAc-Zr precursors

According to the previous work [17], AcAc-Zr was synthesized by modifying ZrO, with acetylacetone (AcAc). 5.65

g of Zr-butoxide was added to 200 mL of 2-propanol, and stirred for 30 min. 2.50 g of acetylacetone was added to the
solution and stirred for three h (molar ratio AcAc/Zr = 2.0). The resulting solution was taken out from the glove bag,

5 mL of 1 molar nitric acid was added, and then stirred for more than 10 hours (molar ratio H/Zr = 0.4). The solution
was heated to 80 °C using a hot stirrer in a draft chamber to evaporate the solvent, and then, AcAc-Zr powder was
obtained.

2.3 Preparation of AcAc-Zr membrane

The AcAc-Zr powder was dissolved in methanol to obtain a 3 wt.% AcAc-Zr methanol solution. The solution was
dropped onto a porous substrate and dried at room temperature, and the procedure was repeated about five times until
the film became transparent. After the first drop, the substrate was kept in a vacuum at room temperature for about 1

min (vacuum method [46]). The transparent film was washed twice with ultrapure water and dried in a vacuum
environment at 80°C for more than 30 min to obtain a transparent AcAc-Zr membrane.

2.4 Fabrication of ZrP/ZrHEDP/ZrATMP membrane

The ZrP, ZtHEDP, and ZrATMP membranes were synthesized by the following procedure. Firstly, phosphonic acid
was added to water and methanol to prepare a solution so that i) the amount of phosphorus (P) substance per 1 g of
the solution became 5.0x10* mol/g, and ii) the weight ratio of water to methanol in the solution became 5 : 90.

Furthermore, 1 molar nitric acid was added so that the weight ratio of the prepared solution to 1 molar nitric acid
became 95 : 5. Sufficient amounts of the phosphonic acid solution were dropped onto the AcAc-Zr membrane and
dried at 80°C on a hot stirrer for about 10 minutes. The membrane was turned upside down, the solution was dropped,

and then it was dried again. It was washed twice in ultrapure water and dried in a vacuum at 80°C overnight.
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2.5 Characterization methods
The pore-filling ratio was calculated from the weight change of the membrane. The calculation formula is shown in
equation (1) below, where Werier finiing [8] 1s the weight of the membrane after pore-filling, and Wy pstrate [8] 18

the weight of the substrate before pore-filling.

w, ating — W,
after filling substrate % 100 (1)
Wafter filling

Pore — filling ratio (%) =
The transmission wavelengths were measured using FT-IR (Spectrum 100, PerkinElmer, Inc.). In addition, XRD
measurements (RINT2100CMJ, Rigaku, Inc.) were performed to identify the crystal structure in the membranes. The
acceleration voltage and current were 40 kV and 30 mA, respectively, and the step width and measurement time were
0.050 degrees and 1.0 s/step, respectively. The measurements were performed by the diffractometer method using Cu-
Ko radiation (A = 1.54056 A).
2.6 SEM/TEM/EDS
The surface of the pore-filling membrane was observed by FE-SEM (SU6600, Hitachi High-Tech Corporation) at an
acceleration voltage of 15 kV. A cross-section of the ZrP membrane was obtained by slicing it with a Focused Ion
Beam (FIB) device (FB2200, Hitachi High-Tech Corporation), and the structure of inorganic particles in the ZrP
membrane was observed using TEM (JEM-2200FS, JEOL Ltd.). Furthermore, the distribution of ZrP in the membrane
was investigated by TEM-EDS (JED-2300T, JEOL Ltd.).
2.7 Membrane conductivity measurement
The 80°C and 95%RH were conditioned by an environmental tester (SH-222, Espec Corp.), and the conductivity of
the membrane was measured by an AC impedance measurement device (Solartron Analytical 1260A, AMETEK, Inc.).
The measurement frequency ranged from 0.1 to 1000 kHz, and the voltage was 100 mV. We employed the 4-probe
method. The resistance values were obtained from the Cole-Cole plots (see Appendix), and the conductivity was
calculated based on the following equation (3), where the uniform electrode area is A [cm?], the distance between

electrodes is L [cm], the resistance is R [Q], and the conductivity is ¢ [Scm!].

TTR™A

The thickness of the film was measured by a digital micrometer (MDC-25M, Mitutoyo Corporation).

3. Results

3.1 Characterization of the composite membrane

3.1.1 Filling-ratio measurement of ZrP/ZrHEDP/ZrATMP membrane

Fig. 1 shows the steps to fabricate a ZrP pore-filling membrane. The substrate appears white due to the diffuse
reflection of light from the numerous pores, but the AcAc-Zr and the ZrP membranes have changed to transparent. It
is because the pores are filled with AcAc-Zr or ZrP, and thus the diffuse reflection no longer occurs. The pore-filling
ratio of the AcAc-Zr and the ZrP/ZrHEDP/ZrATMP membranes are shown in Fig. 2. Fig. 2(a) indicates substrates
with an average pore size of 30 nm can be filled with more than 48wt.% of each compound. On the other hand, Fig.
2(b) shows that the AcAc-Zr membrane with pore sizes of 30 nm or less is highly filled with about 48 wt.% AcAc-Zr.
However, after the conversion to ZrP, the 30 nm substrate is the most filled with AcAc-Zr. However, the substrates
with pore sizes of 100 nm, 70 nm, and 50 nm failed to be filled, resulting in no transparency change, unlike the change

shown in the pictures in Fig. 1.
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Fig. 1 The step to fabricate a ZrP pore-filling membrane (pore size: 30 nm)
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Fig. 2 Pore-filling ratio of (a) the ZrP/ZrATMP/ZrHEDP/AcAc-Zr membrane (pore size: 30 nm), (b) the AcAc-Zr
membrane with different pore size

3.1.2 FT-IR analysis

ZrP-based inorganics were confirmed by FT-IR analysis. The FT-IR spectra of the ZrP/ZrHEDP/ZrATMP membrane,
the substrate, and the AcAc-Zr membrane are shown in Fig. 3. The spectrum of the AcAc-Zr membrane has a C=C=C
resonance peak (1524 cm™') [47] and amorphous Zr-O bonds (around 650 cm™') [48]. The spectra of the
ZrP/ZrATMP/ZrHEDP membranes have a peak derived from the primary P-O phosphate bond (900~1300cm™). For
the ZrP membrane, the characteristic peak at 1250 cm™! is due to stretching vibration by P-O-H, the absorption peak
at 1620 cm™ is due to the asymmetric stretching vibration of O-H in the layered crystal of a-ZrP, and the peak at 596
cm is due to Zr-O bonding [49], [50]. The peaks at 596 cm™ and at 530 cm™ are due to Zr-O bonding and PO4,
respectively [44].
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Fig.3 FT-IR spectrum of (a) the AcAc-Zr/ZrP/ZrATMP/ZtHEDP membrane and the substrate (pore size: 30 nm),

(b) the ZrP membrane with different pore sizes (30 nm, 20 nm, 16 nm)
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3.1.3 ZrP structure of XRD
Fig. 4 shows the XRD patterns of the substrate, the AcAc-Zr powder, and the ZrP/ZrATMP/ZrHEDP membranes. No
characteristic peaks exist in the XRD pattern of AcAc-Zr powder, implying that AcAc-Zr has an amorphous state. All
membranes have sharp peaks at 20 = 21.6° and 24.0°, derived from the PE substrate [50], [51]. On the other hand, ZrP
membranes have peaks at 20 = 11.4°, 19.9°, 25.0°, and 34.0°, regardless of the pore size. These peaks correspond to
the (002), (110), (112), and (303) lattice planes of a-ZrP crystal [52]. The lattice constant corresponding to 20 = 11.4°
under the condition of first-order diffraction (n = 1) in the Bragg's equation (4) is d =~ 7.76 A. This value is in good
agreement with the lattice spacing of a-ZrP crystals (d = 7.6 &) reported previously [53].

2d sin 0 = nA 4

(d: distance between crystal faces [nm], 0: angle between crystal face and X-ray [degree],
A: wavelength of X-ray [nm], n: natural number)

On the other hand, for the ZrATMP and ZrHEDP membranes, no characteristic peaks are found other than peaks of
PE and AcAc-Zr. It means that ZrATMP and ZrHEDP exist in an amorphous state in the membranes.

(@) ® S5 W 3
M AcAc-Zr powder
ZrP-16nm
Substrate
ZrP ZrP-20nm
ZrATMP
MM\ ZrP-30nm
ZrHEDP
0 20 40 60 80 5 10 15 20 25 30 35
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Fig.4 XRD of (a) the AcAc-Zr powder, the substrate, and the membrane with ZrP-derivatives (pore size: 30 nm), (b)

the ZrP membrane with different pore sizes (30 nm, 20 nm, 16 nm)

3.1.4 SEM/TEM/EDS

Fig. 5 shows SEM/TEM/EDS images of the ZrP membrane and the substrate with an average pore size of 30 nm. Fig.
5(a) presents the texture of pores on the substrate before pore-filling, while Fig. 5(b) indicates a smooth surface after
pore-filling of ZrP. Fig. 5(c) shows the cross-section of the ZrP membrane where 30 nm-pores are filled with layered
crystals, identified as ZrP by EDS results in Fig. 5(d): the white region is the substrate, and the black region is ZrP.
The layered crystals are connected to each other, and percolation of ZrP is formed. Table 1 gives EDS results of the
cross-section of the ZrP membrane, indicating that about 40 wt.% of the membrane is composed of O, P, and Zr atoms

in the range of the image. In addition, the molar ratio of P and Zr is almost the same.
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Fig.5 SEM/TEM/TEM-EDS of the ZrP membrane and SEM of the pristine substrate (pore size: 30nm): (a) SEM of
the substrate before pore-filling, (b) SEM of the ZrP membrane, (¢) TEM of the ZrP membrane, (d) EDS of the ZrP

membrane

Table 1 EDS composition analysis of the cross-section of ZrP membrane

Elements Mass (wt.%) o (wt.%) Atomic ratio (%)
C 59.05 0.04 77.88

O 15.45 0.03 15.30

P 7.09 0.02 3.62

Zr 18.41 0.07 3.20

3.2 Membrane conductivity

The following Fig.5 shows the proton conductivity of the membranes with a pore size of 30 nm. The conductivities
of ZrP, ZrATMP, and ZrHEDP are 3.4+0.6 mS cm™', 0.840.2 mS cm™', 6.3+1.3 mS cm™! , respectively.
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Fig.6 Proton conductivity result of the ZrP/ZrATMP/ZrHEDP membrane (pore size: 30 nm) at 80°C and 95%RH
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4. Discussion

4.1 Origin of high pore-filling ratio in substrates with different pore

Fig. 2 revealed that AcAc-Zr was filled in the porous substrates with a large amount, about 48 wt.%, when the pore
size of the substrate is 30 nm or less. The size of AcAc-Zr is small, about 2~5 nm [17], and thus it is reasonable that
Acac-Zr occupies the pores. In contrast, the substrates with a pore size of 50 nm, 70 nm, and 100 nm could not be
filled and their transparency did not change after pore-fillling. It is an intriguing phenomenon because the smaller pore
should be more difficult to be filled than larger pores, although the results are opposite. The plausible explanation is
the hydrophobic interaction between AcAc groups and PE substrate. The surface area of the 30 nm substrate is larger
than that of the 50 nm substrate when their porosity is the same, resulting in more hydrophobic interaction based on
the Acac-chelating. Therefore, the surface modification for the interaction seems essential to fill singly inorganic into
a substrate at high contents.

On the other hand, after the conversion to ZrP, the 30 nm substrate showed the highest pore-filling ratio, while the
ratio of ZrP decreased in the substrates with smaller pore diameters. It might be because the reaction condition is
suitable for conversion to ZrP in the 30 nm substrate. Since PE is hydrophobic, the hydrophobic surface area could
increase as the pore size of the substrate decreases, which is expected to increase the hydrophobicity of the substrate
surface. This effect could make it difficult for hydrophilic compounds such as phosphoric acid, a reactant of ZrP, to
penetrate the substrate. As a result, the chemical reaction between AcAc-Zr and phosphoric acid did not occur
sufficiently. It suggests that it could be possible to successfully convert 20 nm/16 nm AcAc-Zr membranes to the ZrP
membranes retaining the high pore-filling ratio by increasing nonpolar solvent in phosphoric acid solution.

There are two main advantages of high inorganic content membranes with smaller pore sizes. The first advantage is
that when the pore size is small, the hydrophobicity is increased due to the original property of PE. As a result,
hydrophilic solution permeation could be reduced. The second advantage is that the pore size is smaller, the surface
area of the PE is larger, and the surface area of the ZrP filled in the PE is larger accordingly. Thus, the counter-ion on
the ZrP surface, which efficiently conduct protons, can be increased. Previous studies proved that in ZrP crystals, the
counter-ions on the surface are 10* times more likely to transport current than the ions inside [54]. Therefore, if the
substrate with a larger surface area, namely, with smaller pore sizes, can be filled with a higher concentration of ZrP,
a higher conductivity could be achieved.

4.2 Various inorganics in the membrane

Fig. 2 revealed that the prepared membrane contains inorganics with a high pore-filling ratio, about 48 wt.%.
Furthermore, the TEM image shows that the hydrophobic phase (PE) and the hydrophilic phase (ZrP) are well
separated from each other and that the ZrP crystals are connected to form the continuous proton transfer pathways.
On the other hand, most of the inorganic-organic composite membranes studied so far have a mass ratio of about 10-
15 wt.% [24], [55], [56]. In addition, few inorganic-organic composite membranes synthesized have well-connected
proton pathways [11], [22], [33], [44], [45], [56], [57]. Therefore, the ZrP membrane fabricated in this study is of great
importance. There is also a remarkable discovery: three types of inorganic particles, ZrP/ZrATMP/ZrHEDP, can be
packed into the substrates at a high concentration of about 48 wt.% with the same technique. It is expected that various
ZrP-based inorganic particles can be packed into the substrate by converting Acac-Zr. As we mentioned in the
introduction, those inorganic particles have a variety of possible applications. Even if the application is not for PEM,
the phase-separated structure is beneficial because the structure does not leave isolated inorganics and maximizes its
properties. The presented method can easily be applied to fill a large amount of multiple inorganic particles with

continuous structure.
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4.3 Proton conductivity of the ZrP/ZrATMP/ZrHEDP membrane

Fig. 6 showed that the proton conductivity of the ZrP membrane is 3.4 mS cm™ at 80°C and 95%RH. The conductivity
of the ZrP crystal itself is known to be about 0.3 mS ecm™ at 90°C and 90%RH from a previous study, and it is also
known that the conductivity of various ZrP-PTFE films is about 0.1~10 mS cm™! [17], [45], [60]. In addition,
considering that the porosity of the substrate used in this study is 55% (pore size: 30 nm), the conductivity of the ZrP
membrane is sufficiently high. It may be due to the effect of the counter-ions on the surface of ZrP crystals, as described
in 4.1. Furthermore, the thickness of the membrane synthesized in this study is 7~10 pm, which is beneficial because
the resistance of the membranes in PEMFC is reduced by making PEMs thinner [61]. The thickness of the Nafion®
film is about 50-150 um, and that of most of the PEMs reported so far is about 50 um thick [45], [60]. It is because if
a film becomes thinner, its strength cannot be sufficiently maintained, and at the same time, fuel permeation is likely
to occur. On the other hand, the membrane synthesized in this study is durable because of the strong PE backbone and
the high ZrP content in relatively small pores (less than 30 nm), which should reduce fuel permeation.

4.4 Remained issues

Table 1 implies that the conversion efficiency of AcAc-Zr to ZrP is not high enough. Theoretically, if ideal Zr(HPO4), °
H>0, a-ZrP, exists in the film, the ratio of the number of atoms should be Zr : P: O =1:2 : 9. However, as shown in
Table 1, the composition analysis of the ZrP film prepared in this study shows that the ratiois Zr: O : P=1.0: 1.1 :
4.8, which indicates that only about 50% of AcAc-Zr reacts in the area observed by the EDS results. If the unreacted
AcAc-Zr can be reduced, the conductivity of the ZrP film should be further increased, which is a future task.

5. Conclusion

In this study, we fabricated a pore-filling membrane with a high concentration of ZrP derivatives (> 48 wt.%) with
percolated structures by a simple method: filling AcAc-Zr into the substrate and converting AcAc-Zr to ZrP in situ.
The high pore-filling ratio of ZrP in the membrane demonstrated high proton conductivity (3.4+0.6 mS cm™').
Furthermore, it was confirmed that ZrATMP/ZrHEDP films could be prepared by the same method. It indicates a
possibility that membranes containing various ZrP-based inorganic particles can be readily obtained by modifying the
reactant in the conversion. There are many possible applications of membranes containing ZrP derivatives, not only
as proton conductors for PEMFC but also as catalysts, harmful ion removal, antibacterial materials, and support
materials for SSAs. Therefore, the method developed in this study can be a platform for functional membranes based
on diverse ZrP derivatives with high contents and percolated structure.
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Appendix

The following figure is part of the Cole-Cole plot obtained from the AC impedance measurement.
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