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Abstract

Niobate nanosheet membranes were fabricated by vacuum filtration using niobate nanosheets

prepared by the hydrothermal method (HT-NbO membranes) and the exfoliation method (EX-NbO

membranes). Membrane structure, water permeance and separation performance for these membrane

types were measured and compared. Both membrane types had a dense structure and retained high

structural stability in water via chemical cross-linking between sheets. The difference of the

intercalated molecules and interaction between nanosheets affected the interlayer distance of the

membranes. As a result, higher water permeance but lower rejection of polyethylene glycol, Na2SO4

and Acid Red 265 was observed for EX-NbO membranes than for HT-NbO membranes. This is due to

the formation of larger nanochannels in EX-NbO membranes. A model of a water pathway through

nanochannels based on void structure proposed for the HT-NbO membranes can also be applied for

EX-NbO membranes.

Keywords: niobate nanosheet membrane; hydrothermal method; exfoliation method; nanofiltration;

water treatment



1. Introduction

Two-dimensional (2D) nanosheet membranes, such as graphene-based, are expected to function

as size-selective molecular separation membranes, based on their unique atomic thickness with

micrometer lateral dimensions. Different types of separation membranes using 2D nanosheets have

been studied, including nanosheet composite membranes [1—4], porous nanosheet membranes [5—7]

and stacked nanosheet membranes [8—19]. Stacked nanosheet membranes have been widely studied

because of their separation capability using tunable 2D nanochannels, electrostatic interaction, and

adsorption properties of the nanosheets. Stacked nanosheet membranes are formed by assembling

nanosheets into ultrathin membranes containing nanochannels between the stacked sheets that allow

water to pass through while rejecting unwanted solutes. In addition, stacked nanosheet membranes are

relatively easy to fabricate via various processes including vacuum filtration [8,9,12-14], vacuum

suction [15], pressure-assisted filtration [16], spin casting [17], the layer-by-layer approach [18,19],

the wet phase inversion method [10] or spray coating [11]. In addition, a wide variety of nanosheet

materials and support membranes are available. Most studies to-date have fabricated graphene-based

membranes with high flux and separation performance. However, only a narrow range of nanosheet

materials, such as graphene oxide (GO) [8—19], transition metal dichalcogenides [20-23] and transition

metal oxides [24,25] have been studied for membrane preparation, although many other nanosheet

materials have been reported. Transition metal oxide nanosheets offer attractive surface and catalytic

properties [26-31]; therefore, they represent promising materials for potentially high-functioning



membranes.

Recently, we developed stacked nanosheet membranes using single molecular sheets of niobate.

The membranes were prepared with a bottom-up approach using the hydrothermal method [25].

Results showed that the niobate nanosheet membranes demonstrated high structural stability in water

via chemical cross-linking between their sheets and superior nanofiltration performance when

compared with graphene oxide membranes fabricated by a similar vacuum filtration method [25]. The

most common preparation method of 2D metal oxide nanosheets is a top-down approach using the

exfoliation method [26—28]. Typically, multi-layered bulk compounds can be exfoliated by first

intercalating their layers with base molecules, followed by rupturing these layered structures to yield

unilaminar colloids. The lateral size of crystallite nanosheets and the chemical agents in the colloidal

metal oxide nanosheet solution depend on the preparation methods. To fabricate various kinds of

nanosheet membranes with good separation performance and functionality using metal oxide

nanosheets, it is important to study the effects of nanosheet preparation method on membrane

performance. In this study, stacked nanosheet membranes were fabricated using niobate nanosheets

prepared by the hydrothermal and exfoliation methods. Membrane structure and the performance of

the stacked niobate nanosheet membranes were evaluated and compared.

2. Experimental

2.1 Materials



All chemicals used in this study were analytical grade with over 99% purity and were obtained

from Wako Pure Chemical Industries, Osaka, Japan unless otherwise stated. All aqueous solutions

were prepared with Milli-Q water (> 18.2 MQ cm, Merck Millipore, Billerica, MA, USA).

2.2 Preparation of single layer niobate nanosheets by the hydrothermal method (bottom-up

approach)

Niobate molecular sheets were synthesized by the hydrothermal method using amine surfactants

in ammonia solution [29]. In this experiment, 1.989 g of niobium(V) ethoxide (Nb(OEt)s) (Kojundo

Chemical Laboratory Co., Ltd., Saitama, Japan) (0.00625 mol) was mixed with 3.735 g of

triethanolamine (TEOA) (0.025 mol), which is stable against hydrolysis at room temperature. The

mixed solution was added to 25 mL of NH3 aqueous solution and the final pH of the mixture was at

12.8 which is close to NH3 aqueous solution itself because the volume of NH3 aqueous solution was

larger than that of the mixed solution of Nb(OEt)s and TEOA. The mixture was then transferred to a

45 mL Teflon autoclave, and processed at 160 °C for 24 h. During hydrothermal synthesis, chemical

reactions between Nb(OEt)s and water result in the nucleation and growth of niobium oxide. To control

the evolution of the 2D niobium oxide structure and morphology, TEOA was used as an adsorbing—

chelating ligand for Nb(OEt)s, stabilizing Nb against rapid hydrolysis in an alkaline solution. As a

result, the single-molecular layered sheets were stabilized against stacking [29]. The resulting product

was centrifuged at 6000 rpm for 10 min, to obtain a colloidal suspension with a small amount of white



precipitate. The precipitate fraction was removed and the supernatant colloid was collected as the final

product.

2.3 Preparation of single layer niobate nanosheets by the exfoliation method (top-down

approach)

Niobate molecular sheets were prepared by the conventional exfoliation method using tetra(n-

butylammonium) hydroxide (TBAOH; Sigma-Aldrich Corp., St. Louis, MO, USA) from layered

niobate [26-28]. For this experiment, K2CO3 and Nb20s were mixed in molar ratios of 1.1:3 and

calcined at 600 °C for 2 h, then at 900 °C for 3 h to synthesize KNb3Os. The obtained KNb3Os was

converted to H3ONb3Os by immersion in 6.0 M HCI at 60 °C for 1 week. The acid solution was

replaced with fresh solutions daily. The resulting precipitate was filtered, washed with distilled water

repeatedly until the filtrate became pH-neutral and then dried at 60 °C overnight (~12 h). The obtained

H3ONDb3Os was converted to HNb3Os by calcination at 150 °C for 3 h. Exfoliated niobate molecular

sheets were prepared by first adding 15 wt% TBAOH solution to 100 mL of distilled water containing

20 mg of HNb3Os. The resulting suspension was adjusted to a pH of 9.0-10.0 and shaken for 3—5 days.

The resulting product was centrifuged at 6000 rpm for 10 min to obtain a colloidal suspension with

white precipitate. The precipitate was removed and the supernatant colloid was collected as the final

product.



2.4 Fabrication of stacked nanosheet membranes by vacuum filtration

Stacked niobate nanosheet membranes were fabricated by vacuum filtration [25] on a surface-

modified porous cellulose nitrate (CN) support (Millipore Corp.) using each nanosheet colloidal

solution. A CN support with a pore size of 50 nm was immersed in a solution containing 2.5 vol% 3-

aminopropyl-triethoxysilane (APTES; Shin-Etsu Chemical Co., Tokyo, Japan) for 30 min, then

removed and immersed into Milli-Q water for 30 minutes. After washing with 100 mL of Milli-Q water

using a vacuum filtration system, the modified support (denoted CN-APTES) was used to fabricate

the stacked niobate nanosheet membranes. The membranes were assembled by vacuum filtration of a

given nanosheet colloidal solution, prepared by the exfoliation method or the hydrothermal method,

on the CN-APTES. Typically, 50 mL of 0.337 mg/L nanosheet colloidal solution yielded a membrane

with a thickness of approximately 90 nm. The thickness of the NbO membranes was controlled by

adjusting the volume of nanosheet colloidal solution used during the vacuum filtration. Prepared

membranes were vacuum dried at 25 °C for two hours to remove water and strengthen the adhesion

between nanosheets. The stacked nanosheet membranes obtained from nanosheet colloidal solutions

prepared by the exfoliation method and the hydrothermal method are denoted as EX-NbO and HT-

NbO membranes, respectively.

2.5 Membrane Characterization

The crystalline phases of the samples were identified by powder X-ray diffraction (XRD) (RINT



2500 VHF, Rigaku Corp.) with monochromatized Cu Ka radiation at 40 kV and 40 mA. Transmission
electron microscope (TEM) images of the membrane samples were recorded using a JEM-2100F
electron microscope (JEOL Ltd.). Field Emission Scanning Electron Microscope (FE-SEM) images of
the samples were recorded using a JSF-7500F electron microscope (JEOL Ltd.). Atomic force
microscopy (AFM) images were recorded with an SPA-400 (Hitachi High-Tech Science). The AFM
observations were carried out with an OMCL-AC160TS-C3 cantilever (OLYMPUS) in dynamic force
mode. The C-potentials of the sample surfaces were measured with an electrophoretic light-scattering
apparatus (ELSZ-1000; Photal Otsuka Electronics) using a flat quartz cell in aqueous NaCl (10
mmol/L) at a pH of 6.7. The chemical composition of the membrane surfaces was analyzed with XPS

(JPS-9200, JEOL Ltd.).

2.6 Evaluation of membrane performance

Membrane performance was evaluated with a cross-flow membrane filtration system [25]. This
system was composed of a membrane cell, pump (PCS Pump, SP-22-32-P; FLOM, Inc.) to control the
feed water flow rate, back pressure valve to control the applied pressure, feed reservoir, permeate
reservoir and condensate reservoir. The effective area of the sample membranes was 7.07 x 10 m?.
The feed water flow rate and applied pressure were 1.0 mL/min and 0.4 MPa, respectively. To evaluate
pressure-dependent water flux, the applied pressure was adjusted from 0.1 to 1.0 MPa. The applied

pressure time was kept at 30 min for the tests of pressure-dependent water flux. The feed water side of



the membrane cell was continuously stirred by a magnetic stirrer. The water permeance of the

membranes was evaluated using Milli-Q water as the feed solution, and calculated from the mass

increase of permeate. For each experimental condition, data was collected from a minimum of three

independently-fabricated samples and averaged.

Membrane performance was also evaluated based on the rejection of polyethylene glycol (PEG;

Sigma-Aldrich Corp., St. Louis, MO, USA). Aqueous solutions containing 1.0 g/L of one of five

molecular weights (Mw) of PEG (1, 2, 6, 12, 14 and 20 kDa) and 0.01 g/L of NaCl as a reference

material were used as the feed solutions. The concentration of NaCl in the permeate was analyzed

using a conductivity meter (LAQUAtwin B-722; HORIBA, Ltd). Once the permeate NaCl

concentration was stable, the PEG concentration in the permeate was analyzed using a total organic

carbon analyzer (TOC-Vcsn; Shimadzu Co.). The rejection of Evans blue (EB, Mw: 960.8) and Acid

red 265 (AR265; Tokyo Chemical Industries, Tokyo, Japan, Mw: 635.6) were also examined. Aqueous

solutions containing 10 ppm of EB and AR265 were used as the feed solutions. The concentrations of

EB and AR265 in solution were estimated by measuring the absorbance, which was maximized at

approximately A = 609 nm for EB and 542 nm for AR265, with a UV/Vis spectrophotometer (V-650,

JASCO International Co., Ltd). To measure salt rejection, an aqueous solution of 500 ppm each NaCl

and Na2SOs was used as the feed water. The concentration of each NaCl and Na2SO4 in the permeate

was analyzed using a conductivity meter (LAQUAtwin B-722; HORIBA, Ltd.). The rejection (R) of

each solute was calculated from the following equation: R (%) = (1 - Cp/ Cr) % 100, where Cr and Cp



are the concentrations of the feed and the permeate solutions, respectively.

3. Results and discussion

3.1. Fabrication of niobate nanosheet membranes using colloidal nanosheets prepared by different

methods

Single-molecular layers of niobate nanosheets were prepared by the conventional exfoliation

method using TBAOH from layered niobate, and the hydrothermal method in the presence of TEOA.

According to XRD patterns (Fig. S1), HNb3Os is a highly crystalline material consisting of alternating

layers of negatively charged NbO¢ octahedra and protons [27,28]. The niobate nanosheet materials

synthesized by hydrothermal method show similar diffraction patterns to those of HNb3Os; however,

the peaks are much broader (Fig. S1). This indicates that they share the basic structural features of

HND3Os, but their layer thickness and structural order have been greatly reduced [29]. Subsequently,

the niobate nanosheets were assembled by vacuum filtration on the modified CN support. Structural

analyses of the prepared samples and membranes were carried out by TEM, FE-SEM and XRD.

Fig. 1 shows TEM images and sheet size distributions (including the averages) of the niobate

nanosheets prepared by the exfoliation method and the hydrothermal method. Distinct flat, single-

molecular sheet layers with sharp edges were observed for both preparation methods. The average size

of nanosheets prepared by the hydrothermal method was 40 nm. In contrast, the average size of

nanosheets prepared by the exfoliation method was 115 nm, three times larger than those prepared by

10



the hydrothermal method. A few larger (200-300 nm) nanosheets were also created by the exfoliation

method. The standard deviation (o) of the nanosheet size by the hydrothermal method (15.4 nm) was

smaller than that of nanosheets prepared by the exfoliation method (74.2 nm). These results indicate

that more uniformly-sized nanosheets are obtained when prepared by the hydrothermal method. The

thickness of both niobate nanosheets has been characterized by AFM (Fig. S2). Considering that

thickness of HNb3Os monolayer is 0.9 nm and the thickness evaluation includes experimental errors,

the sheets are estimated to be single or a few layers.

Fig. 2 shows the overview and cross-sectional SEM images of examples of the fabricated HT-

NbO and EX-NbO membranes. The overview SEM images show smooth surfaces on both membrane

types and a relatively flat surface for the EX-NbO membrane. The cross-section images show that the

nanosheets were stacked on the support, and the total thickness of the membranes was approximately

30 nm for the HT-NbO and 100 nm for the EX-NbO membranes. Both types of NbO nanosheets appear

to be interconnected and form a flat, thin layer on the modified support.

Fig. 3 shows the XRD patterns of both NbO membrane types at a membrane thickness of

approximately 100 nm in dry and wet conditions. In dry conditions, diffraction peaks of the (010) plane

derived from the interlayer spacing of the stacked membranes were observed at around 26 = 6 - 10 °.

For the EX-NbO membrane, a larger interlayer spacing (1.2 nm) was obtained than for the HT-NbO

membrane (1.0 nm). It is assumed that the difference in the interlayer spacing is due to the species of

intercalated molecules, namely TEOA molecules for the HT-NbO membrane and TBA cations for the

11



EX-NbO membrane. A sharper peak was obtained for the EX-NbO membrane. It is possible that a

higher ordered stacked structure was produced for the EX-NbO membrane because larger-sized

nanosheets would more easily stack regularly on the support layer than smaller-sized nanosheets; this

is consistent with the flat surface observed in the SEM image (Fig. 2b). On the other hand, when

inspecting the structural differences in the XRD patterns between dry and wet conditions, only slight

increases in the interlayer distance were observed for both membranes following immersion. These

results clearly indicate that both membranes retain high structural stability in water, and the GO

membranes are easily peeled off of the support [25,32]. Considering that the thickness of a single

niobate sheet is 0.9 nm [29] and the interlayer distances in wet conditions, as estimated with XRD,

were 1.1 nm for the HT-NbO membrane and 1.3 nm for the EX-NbO membrane, the free spacing

between sheet layers was calculated as 0.2 nm for the HT-NbO membrane and 0.4 nm for the EX-NbO

membrane, respectively.

Therefore, vacuum filtration using niobate nanosheet colloidal solution created both types of NbO

membranes with dense and highly stable structures in water. We previously reported that the surface

acidity of the niobate nanosheets and the amine-containing chemical binders enhanced the structural

stability in the membranes [25]. With respect to the interaction between the nanosheets and the CN-

APTES support, the ethoxy groups of the APTES reacted with the surface hydroxyl groups of the

cellulose in the CN support during the pretreatment of the support with APTES. In our previous study

[24], niobate nanosheets behaved as strong solid acids, possessing both Brensted and Lewis acid sites,

12



and thereby acted as solid acid catalysts [30,31]. Therefore, the amino groups of the APTES reacted
with the niobate nanosheets via both coordination bonding and hydrogen bonding during the vacuum
filtration and drying processes, resulting in an enhanced interaction between the niobate nanosheets
and the CN-APTES support [25]. It was assumed that the interactions between the nanosheet layers
would be different for HT-NbO and EX-NbO membranes. TEOA molecules effectively crosslink the
sheet layers via coordination bonding and hydrogen bonding for HT-NbO membranes [25]. In contrast,
TBA cations, used for the exfoliation of nanosheets from the bulkier HNb3Os, would exist in the
interlayers of nanosheets via electrostatic interaction for EX-NbO membranes. XPS analysis provides
evidence for the existence of TBA ions in the prepared membranes, as shown in Fig. S3. Thus, the type
of intercalated molecules and the interactions between sheet layers strongly affect the interlayer

distance within the membranes.

3.2. Performance of niobate nanosheet membranes

Fig. 4 shows the water permeance and rejection of PEG with different molecular weight for each
NbO membrane. The tests were carried out using the cross-flow membrane system described in section
2.6. For the controlled test of membrane performance, the bare CN support without NbO nanosheets
showed water permeance of around 400 LMH-bar! and extremely low rejection for PEG with
molecular weights from 1 to 20 kDa [25]. Results show that higher water permeance was obtained for
EX-NbO membranes (5.7 LMH-bar!) when compared to HT-NbO membranes (3.0 LMH-bar!), at a

13



membrane thickness of 40—50 nm (Fig. 4a). The molecular weight cutoffs (MWCOs) of the membranes

were measured using PEG of a range of molecular weights (Fig. 4b). The results indicated that the

MWCO (i.e., the Mw at which 90% rejection was achieved) was 4.3 kDa for HT-NbO membranes.

The MWCO could not be estimated by PEG for the EX-NbO membranes because of the lower rejection

of PEG. The Stokes—FEinstein radii [33] is estimated as 1.7 nm for 4.3 kDa of PEG. Thus, from the

MWCO measurements using PEG, it was concluded that nanochannels with diameters of 3.4 nm were

formed in the HT-NbO membranes and nanochannels with diameters larger than 3.4 nm were formed

in the EX-NbO membranes.

The rejection performance of the membranes was further studied using anionic dyes (EB and AR

265), and salts (Na2SO4 and NaCl), as shown in Fig. 5. Both NbO membranes demonstrated rejection

of greater than 90% for AR 265 and EB. Although the rejection of NaCl was approximately 5% for

both NbO membranes, the HT-NbO membranes showed higher rejection of Na2SO4 and AR 265 than

the EX-NbO membranes. The surface charge (C-potentials) of the NbO membranes at several pH levels

were measured by streaming potential measurements (Fig. 6a). The effects of surface charge on NaCl

and Na>SOs4 rejection at various pH levels was also investigated (Fig. 6b). The {-potentials were found

to be dependent on pH, with an iso-electric point (IEP) of approximately 4.0 for HT-NbO membranes;

this was slightly lower than that for EX-NbO membranes (4.5). In addition, the values of {-potentials

for EX-NbO membranes were higher than those for HT-NbO membranes at all tested pH values. This

is because the cationic TBA molecules were intercalated into the interlayers via electrostatic interaction,

14



and the negative surface charge of niobate nanosheets was slightly weakened in the EX-NbO

membranes. Both types of NbO membranes became negatively charged above the IEP values. As the

membrane surface charge became increasingly negative, the rejection of NaCl and Na2SO4 increased.

The negatively charged NbO membranes displayed a greater rejection of multivalent than monovalent

anions, consistent with the Donnan exclusion mechanism [34,35].

In the HT-NbO membranes, the free spacing between the NbO sheets was estimated at only 0.2

nm based on the XRD results. This spacing did not substantially increase in the presence of water

because the TEOA acted as a chemical binder between sheets, preventing water from entering the

interlayers. We had previously suggested the formation of nanochannels originating from a void

structure as the water pathway through the membrane [25] (Fig.7). This void structure is created when

the sheets are stacked and water passes through the thin membranes during vacuum filtration. For EX-

NbO membranes, the free spacing between sheet layers was estimated at 0.4 nm; this spacing might

be large enough for water molecules to pass through the interlayer. However, exceptionally high water

permeance could not be obtained for EX-NbO membrane although the EX-NbO membrane showed

higher water permeance than the HT-NbO membrane. In addition, the sterically bulky TBA molecules

are intercalated into the interlayers. Thus, the water pathway model proposed for the HT-NbO

membrane, based on nanochannels from a void structure is also applicable for EX-NbO membranes.

A simplified schematic diagram showing the different void structures formed between stacked

nanosheets for HT-NbO and EX-NbO membranes is depicted in Fig.7. Although the two membrane

15



types have only 0.2 nm difference of free spacing between them, the channel size for EX-NbO

membranes is considered to be larger than that for HT-NbO membranes ( > 3.4 nm) as the created

channel size corresponds to the number of layers and interlayers. In the case of GO membranes, it has

been reported that reducing the sheet size can shorten the molecular transport pathway and increase of

the water permeability, but it does not affect their water/salt selectivity because the interlayer spacing

does not change [13]. For NbO membranes, reducing the sheet size may shorten the water transport

pathway and increase the pore volume, and these factors have possibilities to contribute to increase the

water permeance, while the reducing the sheet size does not affect the separation performance

considering from the water pathway model of nanochannels from a void structure. However, HT-NbO

membranes showed lower water permeance than EX-NbO membranes (Fig. 4a). Therefore, the

difference of the stacked structure (size of free spacing and periodicity) rather than the sheet size would

affect the water permeance.

3.3. Pressure-dependent water flux of niobate nanosheet membranes

Pressure-dependent water flux was investigated to confirm the rigidity of the nanochannels of the

NbO membranes due to of the importance of membrane durability. NbO membranes with a membrane

thickness of 40—-50 nm were studied. The water flux of HT-NbO membranes under pressures from 1

bar to 10 bar is shown in Fig. 8a. Water flux increases proportionally with applied pressure until 9 bar,

suggesting that the nanochannels are rigid enough to withstand external pressure up to 9 bar. Based on

16



the typical viscous flow according to the Hagen—Poiseuille equation [9], water flux is proportional to

the differential pressure. The water flows through the void structure between niobate nanosheets as

shown in Fig.7. This indicates that the channels in the HT-NbO membrane do not swell and shrink,

even under an applied pressure up to 9 bar. An unexpected increase in water flux at 10 bar applied

pressure was observed. Below this pressure, the water flux decreases linearly with decreasing external

pressure (line 2 in Fig. 8a). When the pressure returns back to 1 bar, the water flux is nearly the same

as in the original membrane state. When the external pressure increases again (line 3 in Fig. 8a), water

permeance increases proportionally with the applied pressure until 10 bar. The transition at 10 bar of

line 1 in Fig. 8a implies that only a slight geometrical change of the nanochannels occurred during the

pressure loading on the membranes beyond 9 bar.

Alternatively, the EX-NbO membranes display a different trend between pressure and water flux.

The water flux of EX-NbO membranes from pressures of 1 bar to 6 bar is shown in Fig. 8b. At low

pressures, the water flux increases linearly with external pressure, then remains constant at pressures

of 3—4 bar, and slightly decreases until 6 bar (line 1 in Fig. 8b). After 6 bar, the applied pressure was

reduced in order to prevent the membrane from unexpected collapsing. This limited water flux

behavior against pressure loading has been reported for GO membranes [8]. The nanochannels of GO

membranes collapse and shrink at high pressure, but recover if the applied pressure is released, due to

their mechanically elastic property. In the case of EX-NbO membranes, the nanochannels seem to be

shrunk at high pressure loading. The transformed nanochannels do not recover upon release of the

17



applied pressure (lines 2—4 in Fig. 8b) because of the rigidity of the niobate nanosheets, which differs

from GO membranes. However, it should be noted that in the pressure loading cycle experiment, the

water flux increased linearly with the applied pressure. These results imply that the nanochannels in

EX-NbO membranes would function stably after 6 bar applied pressure was added to the membrane.

For the test of pressure-dependent water flux, the experimental conditions such as applied pressure as

well as applied pressure time affect their membrane permeation. Water flux sometimes shows sensitive

response to the applied pressure time at each applied pressure in the case that membrane structure is

less stable. Further study is necessary to clarify the stability of the stacked structure against such high

applied pressure.

4. Conclusions

Stacked niobate nanosheet membranes were fabricated using niobate nanosheets prepared by

hydrothermal or exfoliation methods. It was found that both membrane types had a dense structure and

retained high structural stability in water. Both niobate nanosheet membranes act as nanofiltration

membranes with excellent rejection performances against anionic dyes and salts. Higher water

permeance but lower rejection of neutral molecule (PEG) and anionic species (Na2SOs and Acid Red

265) was observed for EX-NbO membranes than for HT-NbO membranes because of the formation of

larger nanochannels in EX-NbO membranes. Differences in membrane performance are attributed to

the type of intercalated molecules and interaction between layers for each niobate nanosheet membrane.

18



The pressure loading cycle experiment show the potential durability of NbO membranes. Because

various kinds of metal oxide nanosheets can be prepared by exfoliation method, these results are

expandable to the fabrication of novel metal oxide nanosheet membranes with superior functionality.
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Figure captions

Fig.1 TEM images and sheet size distributions of the niobate nanosheets prepared by (a) hydrothermal

method and (b) exfoliation method. The sheet sizes were estimated by taking the square root of the

area of each flake measured with Image J software.

Fig. 2 SEM images of overview (a, b) and cross-sections (c, d) for HT-NbO and EX-NbO membranes.

Fig. 3 XRD patterns of (a) HT-NbO and (b) EX-NbO membranes in dry and wet conditions.

Fig. 4 Water permeance and MWCO using PEG for HT-NbO and EX-NbO membranes with a thickness

of 40-50 nm.

Fig. 5 Rejection of anionic dyes and salts for HT-NbO and EX-NbO membranes.

Fig. 6 (a) {-potentials and (b) rejection of salts as function of pH for HT-NbO and EX-NbO membranes.

Fig. 7 Schematic diagram of nanochannels in HT-NbO and EX-NbO membranes, as seen from cross-

sections.

Fig. 8 Comparison of water flux behavior of (a) HT-NbO and (b) EX-NbO membranes under different

pressurces.
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Fig.1 TEM images and sheet size distributions of the niobate nanosheets prepared by (a) hydrothermal
method and (b) exfoliation method. The sheet sizes were estimated by taking the square root of the

area of each flake measured with Image J software.
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Fig. 2 SEM images of overview (a, b) and cross-sections (c, d) for HT-NbO and EX-NbO membranes.
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Fig. 3 XRD patterns of (a) HT-NbO and (b) EX-NbO membranes in dry and wet condition.
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Fig. 4 Water permeance and MWCO using PEG for HT-NbO and EX-NbO membranes with a thickness

of 40-50 nm.
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Fig. 7 Schematic diagram of nanochannels in HT-NbO and EX-NbO membranes, as seen from cross-

sections.
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Fig. 8 Comparison of water flux behavior of (a) HT-NbO and (b) EX-NbO membranes under different

pressurces.
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