
Kobe University Repository : Kernel

PDF issue: 2025-12-05

Design of niobate nanosheet-graphene oxide
composite nanofiltration membranes with
improved permeability

(Citation)
Journal of Membrane Science,595:117598

(Issue Date)
2020-02-01

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)
© 2019 Elsevier B.V. All rights reserved.
This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

(URL)
https://hdl.handle.net/20.500.14094/90008080

Kunimatsu, Misato ; Nakagawa, Keizo ; Yoshioka, Tomohisa ; Shintani,
Takuji ; Yasui, Tomoki ; Kamio, Eiji ; Tsang, Shik Chi Edman ; Li,…
Jianxin ; Matsuyama, Hideto



1 
 

Design of Niobate Nanosheet-Graphene Oxide Composite 

Nanofiltration Membranes with Improved Permeability 

 

Misato Kunimatsu1, Keizo Nakagawa2*, Tomohisa Yoshioka1,2, Takuji Shintani2, Tomoki Yasui1, Eiji 

Kamio1, Shik Chi Edman Tsang3, Jianxin Li4 and Hideto Matsuyama1,2* 

1Research Center for Membrane and Film Technology, Department of Chemical Science and 
Engineering, Kobe University, 1-1 Rokkodai, Nada, Kobe 657-8501, Japan. 

2Research Center for Membrane and Film Technology, Graduate School of Science, Technology and 
Innovation, Kobe University, 1-1 Rokkodai, Nada, Kobe 657-8501, Japan. 

3Department of Chemistry, University of Oxford, Oxford OX1 3QR, United Kingdom. 

4State Key Laboratory of Separation Membranes and Membrane Processes, National Center for 
International Joint Research on Separation Membranes, School of Materials Science and 
Engineering, Tianjin Polytechnic University, Tianjin 300387, China. 

 

*Corresponding author. 

Tel & Fax: +81-78-803-6302 

E-mail address: knakagaw@port.kobe-u.ac.jp (K. Nakagawa) 

  



2 
 

Abstract 

Membranes assembled by two-dimensional (2D) nanosheets have high potential for advanced 

molecular separation. The intercalation of nanomaterials into the laminar membrane is a promising 

strategy to control the nanochannel structure. We present 2D niobate nanosheet (NbN)-Graphene oxide 

(GO) composite membranes fabricated by simple vacuum filtration. The effect of the weight ratio of 

NbN/GO on the membrane structures and performances is investigated. The NbN-rich membranes 

have a more stable structure in the wet condition and a membrane structure with a larger channel size 

compared with GO-rich membranes. Especially, NbN55-GO45 (weight ratio of NbN/GO = 55/45) 

shows a superior water permeability of 20 L m-2 h-1 bar-1, which is around 6 times higher than an NbN 

membrane (NbN100) and 2 times higher than a GO membrane (GO100), while maintaining good 

rejection abilities of an anionic dye (nearly 100% for Evans blue) and salt (60% for Na2SO4). Different 

models for the water pathway through nanochannels can be classified according to the composite ratio 

of the NbN-GO membranes. 

 

Keywords: graphene oxide; niobate nanosheet; composite membrane; water treatment; nanofiltration 
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1. Introduction 

The increased demand for efficient and energy saving membrane separation for water treatment 

has meant that the development of nanostructured materials as membranes is essential to replace the 

conventional polymer or inorganic membranes. Two-dimensional (2D) nanosheets have emerged as 

potential building blocks for membranes [1–3], because of the atomic thickness and lateral dimensions 

with sub micrometer to several micrometer size, large surface area, robustness and unique surface 

properties. The membranes fabricated using a wide variety of nanosheets, such as graphene oxide (GO) 

[4–15], boron nitride [16], transition metal oxides [17–19], transition metal dichalcogenides [20,21], 

transition metal carbides (MXene) [22], zeolites [23], metal organic frameworks (MOFs) [24] and 

covalent organic frameworks (COFs) [25], have been recently explored. The nanosheet membranes 

can be categorized according to the membrane forms, such as porous nanosheet membranes, laminar 

nanosheet membranes and nanosheet composite (mixed matrix) membranes [1,4]. Among them, the 

laminar nanosheet membranes have been extensively investigated because of the ease and variety of 

fabrication methods (vacuum filtration, pressure-assisted filtration, spin coating, layer-by-layer 

assembly, and spray coating) and the excellent molecular separation using tunable interlayer 

nanochannels, which can be formed through assembling each nanosheet. 

GO nanosheet is an exciting building block nanomaterial for the laminar nanosheet membrane. 

The GO membrane has enormous potential for water treatment and desalination because of their 

attractive molecular sieving property with high water permeation, flexibility and surface hydrophilicity. 
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GO possesses hydroxyl and epoxy groups on the basal plane, carboxyl groups at the edges as well as 

a hydrophobic sp2 carbon domain [26,27]. It should be noted that these functional groups are known 

to have a negative charge in water, which leads to the strong electrostatic repulsion for anionic species, 

and results in the superior rejection ability of salt and anionic dyes for the GO membrane [7,8,11,14]. 

However, such negatively charged surfaces cause severe swelling of GO, which significantly impairs 

the separation performance and may even collapse the alignment of the laminar structure [28]. To 

address this issue, surface reduction [29] or cross-linking [8,9] has been reported to be effective in the 

enhancement of the structural stability of the laminar GO membrane. However, complex and long-

term surface treatment of membranes is inevitable and sometimes decreases the surface charge of GO, 

but also induces a decrease in the rejection ability [30]. 

In contrast, a transition metal oxide nanosheet could be a promising alternative to GO as a 

building block for functional laminar nanosheet membranes because of the attractive features such as 

unique surface acidity and catalytic properties. Recently, we have developed laminar metal oxide 

nanosheet membranes using niobate nanosheets (NbNs) [18,19]. The laminar NbN membranes 

exhibited an excellent stability of the structure in the wet condition through cross-linking between the 

acid sites on NbN and triethanolamine (TEOA). The TEOA molecules work not only as a chemical 

binder in the laminar nanosheet membrane, but also as a structural modifier in the bottom-up nanosheet 

synthesis from niobium alkoxide [31], which suggests a simple and efficient membrane fabrication 

approach using NbN and TEOA colloidal solution without the requirement for additional cross-linking 
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agents. Furthermore, the membranes showed a superior separation performance against anionic dyes 

and divalent anions by size exclusion and electrostatic repulsion by exploiting the negative charge of 

NbN. However, the precise control of the nanochannel structure in the NbN membrane is an important 

issue to improve the membrane performance toward application of the nanofiltration membrane (NF) 

because the void structure of the NbN membrane behaves as a nanochannel for water permeation. 

The intercalation of nanomaterials between nanosheets is a promising strategy to control the 

structure of the nanochannel. Some nanomaterials, such as nanostrands, carbon dots, carbon nanotubes 

and 2D materials including MoS2 and titanate nanosheets [5,10,17,32,33], have been intercalated into 

laminar GO membranes. For the GO/MoS2 composite membranes, the water permeability increases 

upon introduction of agglomerative MoS2 particles into the GO laminates because of the formation of 

a loose structure [33]. In addition, for the GO/titanate nanosheet composite membranes with ultraviolet 

reduction, an increased salt rejection has been observed in the filtration condition without an external 

hydraulic pressure [17]. Thus, it is expected that functional composite membranes with high-

performance can be fabricated by assembling different kinds of 2D materials, especially metal oxide 

nanosheets because of their unique surface acidity and catalytic property. However, there is only one 

report about GO-metal oxide nanosheet composite membrane [17]. In spite of the attractive surface 

acidity and photocatalytic property, niobate nanosheet-based composite membrane has not been 

reported yet. 

Therefore, in this study, we selected GO to intercalate into the laminar NbN structure to fabricate 
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novel NbN-GO composite membranes by simple vacuum filtration using mixed NbN and GO colloidal 

solutions. The effect of the weight ratio of NbN/GO on the channel structure and the membrane 

performance of the composite membranes is investigated. 

 

2. Experimental 

2.1. Synthesis of niobate nanosheets and graphene oxide 

The NbN was synthesized by hydrothermal synthesis according to our previous study [31]. In a 

typical experiment, niobium (V) ethoxide (Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan, 

1.989 g) was mixed with TEOA (3.735 g). The solution was stable against hydrolysis and the 

condensation reaction at room temperature because of the chelating effect of TEOA. Then the solution 

was added to a 28% NH3 aqueous solution (25 mL). The mixture (pH = 12.8) was transferred to a 

Teflon autoclave with a capacity of 45 mL and aged at 160 °C for 24 h. After centrifugation (6000 rpm, 

10 min), the supernatant colloid was collected as NbN. 

The GO nanosheet was synthesized by an improved Hummers’ method according to the previous 

reports [34,35]. In a typical experiment, graphite (3.0 g) and KMnO4 (18.0 g) were mixed with a 

solution of concentrated H2SO4 (360 mL) and H3PO4 (40 mL). After stirring at 50 °C for 12 h, the 

mixture was then poured onto ice (400 mL) and mixed with 30% H2O2 (3 mL). The mixed solution 

was further stirred for 30 min and then centrifugation (3500 rpm, 5 min) was performed to remove the 

precipitates. The suspension was centrifuged (6000 rpm, 20 min) and the supernatant was decanted. 
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Finally, the GO aqueous dispersion was obtained by successive washing with water (200 mL), 30% 

HCl (200 mL) and ethanol (200 mL). 

 

2.2. Fabrication of NbN membrane, GO membrane and NbN-GO composite membranes  

Laminar nanosheet composite membranes were fabricated by a simple vacuum filtration using a 

NbN and GO nanosheet colloidal solution. The porous mixed cellulose nitrate (CN; Merck KGaA, 

Darmstadt, Germany, pore size: 50 nm) was used as a support. The CN support was modified by 3-

aminopropyl-triethoxysilane (APTES; Shin-Etsu Chemical Co., Tokyo, Japan) [18]. Vacuum filtration 

of the NbN and GO nanosheet solution was performed to form a nanosheet composite membranes on 

the support. The total amount of nanosheets for all membranes was controlled to be 0.14 mg. The NbN 

and GO membranes were fabricated according to the previous reports [18,36]. Typically, a 2.8 mg L−1 

NbN colloidal solution (50 mL) including TEOA was used to fabricate the NbN membrane. For the 

fabrication of the GO membrane, TEOA was added to the GO colloidal solution as a cross-linker to 

improve the structural stability. The weight ratio of TEOA to GO was adjusted to 0.5. A 2.8 mg L−1 

GO colloidal solution (50 mL) was used. These two colloidal solutions yielded laminar nanosheet 

membranes with a thickness of approximately 45–60 nm. The obtained membranes were dried using 

vacuum filtration for 2 h to remove water in the membrane and strengthen the adhesion between each 

nanosheet. The obtained membranes are herein denoted as NbN100 and GO100. For the fabrication of 

the NbN-GO composite membrane, mixed NbN and GO colloidal solutions with different weight ratios 
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of NbN/GO (90/10, 55/45 and 25/75 wt%/wt%) were used. The concentration of the mixed solution 

was adjusted to 2.8 mg L−1 by adding Milli-Q water. The fabrication method for the composite 

membranes was the same as that for the NbN and GO membranes. The obtained membranes are herein 

denoted as NbN90-GO10, NbN55-GO45 and NbN25-GO75. 

 

2.3. Characterization 

To obtain electron microscopy images of the nanosheet samples, transmission electron 

microscopy (TEM; JEM-2100F, JEOL Ltd., Tokyo, Japan) and field emission scanning electron 

microscopy (FE-SEM; JSF-7500F, JEOL Ltd.) were performed. Laminar structure of the membrane 

was measured using X-ray diffraction (XRD; RINT 2500 VHF, Rigaku Corp., Tokyo, Japan). The 

measurement of XRD was performed using monochromatized Cu Kα radiation (measurement 

condition: 40 kV and 40 mA). The surface chemical state of the membrane was measured by X-ray 

photoelectron spectroscopy (XPS; JPS-9200, JEOL Ltd.). The ζ-potential of the sample surfaces was 

analyzed using electrophoretic light-scattering (ELSZ-1000, Photal Otsuka Electronics, Osaka, Japan) 

in aqueous Na2SO4 solution (500 ppm, pH = 7.0). 

 

2.4. Evaluation of membrane performance 

A cross-flow membrane filtration system was employed for the evaluation of the membrane 

performances according to the previous report [18]. The effective membrane area was 7.07 × 10−4 m2. 
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The applied pressure was 4 bar and the flow rate of feed water was 1.0 mL min−1. To exclude 

concentration polarization, the feed solution side of the membrane cell was stirred. The values of water 

permeability were estimated from the mass changes of permeate. 

Polyethylene glycol (PEG; Sigma-Aldrich Corp., St. Louis, MO, USA), with an initial 

concentration of 1.0 g L−1, with different molecular weights (Mw) was used for the estimation of the 

membrane rejection performance. A total organic carbon analyzer (TOC-VCSH; Shimadzu Co., Kyoto, 

Japan) was used for the measurement of the PEG concentration. The rejection performance of salts 

(NaCl and Na2SO4) and the anionic dye Evans blue (EB; Mw: 960.8) was also investigated. An NaCl 

and Na2SO4 solution (500 ppm each) was used as the feed solution and concentrations were measured 

with a sodium ion meter (LAQUA twin B-722; HORIBA, Ltd., Kyoto, Japan). An EB aqueous solution 

(10 ppm) was used as the feed solution. The concentration of EB was measured from the absorbance 

(λ = 609 nm) using a UV/Vis spectrophotometer (V-650, JASCO International Co., Ltd., Tokyo, Japan). 

The rejection of solute was calculated by the following equation: R (%) = (1 − CP/CF) × 100. The CF 

and CP are the concentrations of the feed and the permeate solutions, and R is the rejection. 

 

3. Results and discussion 

3.1 Fabrication and characterization of nanosheet composite membranes 

The NbN was synthesized by the hydrothermal method using niobium (V) ethoxide with a chelate 

reagent of TEOA. Another nanosheet of GO was synthesized by the improved Hummer’s method using 
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graphite as a carbon source. The NbN membrane, GO membrane and NbN-GO composite membranes 

were assembled by a simple vacuum filtration. The structural analysis of these composite membranes 

was performed using TEM, FE-SEM, XRD and XPS. 

Fig.1 shows the TEM images of the NbN and GO. Many distinct flat and sharp edged sheets with 

a lateral size of around 40–200 nm were observed for NbN (Fig. 1a), whereas the exfoliated GO 

nanosheet with a lateral size of 3–6 μm was observed (Fig. 1b). The oxidation degree of GO was 

analyzed using XPS (Fig. S1 and Table S1 in Supplementary Information (SI)). The whole spectrum 

could be divided into four peaks [27]. A main peak at 284.0 eV was associated with C-C bonding, 

which corresponded to the sp2 carbon in graphene regions and the area ratio (AR) of this peak was 

51.0%. The peak at 286.1 eV was related to C-O bonding in both the epoxy and hydroxyl groups and 

AR was 37.7%. Another two peaks (287.1 and 288.0 eV) corresponded to C=O bonding of carbonyl 

groups and O-C=O bonding of carboxylic groups and the AR were 6.1 and 5.1%, respectively. 

Therefore the oxidation degree was estimated to 49.0%. 
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The SEM images of the top view and cross-section for the NbN membrane, GO membrane and 

NbN-GO composite membranes with different composite ratios are shown in Figs 2 and 3. Small 

nanosheets with a lateral size of a few hundred nanometers seemed to stack on the surface for NbN100 

(Fig. 2a), whereas rough surfaces with many wrinkles, which are peculiar for graphene with a flexible 

structure, were observed for GO100 (Fig. 2e). The NbN90-GO10 had a similar surface aspect as 

NbN100. Some wrinkles were observed on the membrane surface with a higher weight ratio of GO, 

such as for NbN55-GO45 and NbN25-GO75. When viewed in the cross-section, thin layers with a 

similar thickness of around 45–60 nm in average were observed on the support for all membranes 

(Fig.3). However, the thickness of the composite membranes with a higher weight ratio of GO were 

slightly thicker in spite of the same amount of nanosheets on the support for all membranes. For 

example, a thicker membrane formed for NbN55-GO45 (average thickness: 55 nm) as compared with 

NbN100 (average thickness: 45 nm). This resulted from the formation of a membrane structure with 

 
Fig. 1 (a) STEM image of NbN and (b) TEM image of GO. 
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high porosity for NbN55-GO45, as will be discussed below. 

 

 

The cross-sectional STEM images and elemental mappings for NbN100 and NbN55-GO45 were 

also observed (Fig. 4). The formation of a thin layer with a thickness of 20–30 nm, which exhibited a 

 
Fig. 2 Top view SEM images of (a) NbN100, (b) NbN90-GO10, (c) NbN55-GO45, (d) NbN25-
GO75 and (e) GO100. 

(a) (b) (c)

(d) (e)

 
Fig. 3 Cross-sectional SEM images of (a) NbN100, (b) NbN90-GO10, (c) NbN55-GO45, (d) 
NbN25-GO75 and (e) GO100. 

(a)

500 nm

(b)

500 nm

(c)

500 nm

(d)

500 nm

(e)

500 nm
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high contrast on a porous material, was clearly confirmed, as shown in Fig. 4a. From the analysis of 

elemental mapping, the signals of niobium were detected at the thin layer (Fig. 4b). This result 

indicated that a thin layer of laminar niobate nanosheets was formed on the surface of the porous 

cellulose nitrate support. The difference in the membrane thickness estimated by SEM and STEM 

implies the existence of the partial thickness unevenness. For the measurement of NbN55-GO45, a 

thin membrane composed of layer-like contrast was observed, as shown in Fig. 4c. Such a layer-like 

contrast resulted from the difference of electron density between Nb and C. From the analysis of 

elemental mapping, signals of niobium were clearly detected in the parts of the thin layer (Fig. 4d). 

These results implied that NbN and GO were stacked by the mixture on the support for NbN55-GO45. 

 

 
Fig. 4 Cross-sectional STEM images (a, c) and EDS elemental mapping of niobium (Nb) (b, d) for 
NbN100 (a, b) and NbN55-GO45 (c, d). 

80 nm

(a) (b)

(c)

80 nm 80 nm

(d)

Nb

Nb

80 nm
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Fig. 5 shows the XRD patterns of NbN100, NbN-GO composite membranes and GO100 in dry 

and wet conditions. The diffraction peaks attributed to the interlayer spacing (d-spacing) for all 

membranes were observed in both conditions. The values of the d-spacing calculated using Bragg's 

low for each membrane are listed in Table 1. In the dry condition (black lines), the diffraction peaks 

of NbN100 and NbN-GO composite membranes were observed at lower angles than that of GO100, 

although the diffraction peak of NbN25-GO75 was very broad. In the wet condition (red lines), the 

peaks of all membranes were found to shift toward a lower angle compared with the peaks in dry 

condition. The values Δd shown in Table 1 are the difference of the d-spacing between dry and wet 

conditions. It should be noted that the degree of peak shifts for NbN100, NbN90-GO10 and NbN55-

GO45 was very small (0.1 nm), whereas that of GO100 was larger (0.6 nm) and that of NbN25-GO75 

was also relatively large (0.3 nm). Thus, these results suggested that NbN100, NbN90-GO10 and 

NbN55-GO45 have a potential to retain a highly stable structure in wet conditions as compared with 

NbN25-GO75 and GO100. 

Such an enlargement of the interlayer distance for GO100 implied a swelling of the laminar 

structure in the wet condition. It should be noted that water molecules could diffuse into the interlayer 

spacing because of the highly hydrophilic surface of GO nanosheets, even though the GO layers were 

cross-linked by multivalent cations and chemical binders [8,9] or the surface of GO was partially 

reduced [29], which induced the swelling phenomenon [28,37]. However, only a slight increase in the 

interlayer distance was observed for NbN100, NbN90-GO10 and NbN55-GO45. In a previous study, 
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we reported that niobate nanosheet membranes (NbN100 in this study) showed an excellent stability 

of the structure in the wet condition through cross-linking with the help of the chemical binders APTES 

and TEOA [18]. The coordination and hydrogen bonding between surface acid sites (Brønsted and 

Lewis acid sites) on the niobate nanosheets [38,39] and chemical binders of amine molecules enabled 

the formation of the dense and stable structure. Furthermore, we reported that the structural stability 

of GO membranes (GO100 in this study) was improved by the addition of TEOA [36]. An electrostatic 

interaction between N+ groups of TEOA and GO carboxyl groups and hydrogen bonding between 

hydroxyl groups of TEOA enhanced the structural stability. Thus TEOA would serve as a bridge 

between NbN and GO nanosheets for NbN-GO composite membranes. 

Based on the structural stability of NbN100 and GO100, the structures of NbN-GO composite 

membranes were considered. The number and volume of NbN and GO layers of each membrane could 

be estimated by considering the amount of NbN and GO layers on the support, average sheet area, 

thickness of monolayer and density, as listed in Table S2. The number of NbN layer was five orders of 

magnitude larger than that of GO for NbN90-GO10 and three orders of magnitude larger than that of 

GO for NbN55-GO45 and NbN25-GO75 because of the large difference of the average sheet size and 

density between the NbN and GO layers. With regards to the volume, as expected, the volume of the 

NbN layer was 3.8 times larger than that of the GO layer for NbN90-GO10 and, conversely, the volume 

of the GO layer was 7.1 times larger than that of the NbN layer for NbN25-GO75. These estimations 

and the XRD results could be associated with the composite structure, where a small number and 
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volume of GO layers were set up in places in the membranes composed of a large majority of NbN 

layers for NbN90-GO10 (NbN-based channel structure), and the opposite situation for the composite 

structure could be applicable for NbN25-GO75 (GO-based channel structure). However, it was found 

that the volume of the GO layer was slightly larger than that of the NbN layer for NbN55-GO45 even 

though the weight of each sheet was similar. Considering the results of only a slight peak shift in XRD 

(which suggested a stable structure) and the estimation of the nanosheet volume, the structure of 

NbN55-GO45 was applied in the transition region between the NbN-based channel structure and GO-

based channel structure. The details of the membrane structure will be discussed later. 
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Fig. 5 XRD patterns of NbN100, NbN-GO composite membranes and GO100 in dry and wet 
conditions. The membrane thickness was around 100 nm. 

Table 1. Values of d-spacings and Δd for NbN100, NbN-GO composite membranes and GO100.  
 

Membranes d (dry) [nm] d (wet) [nm] Δd [nm] 

NbN100 1.0 1.1 0.1 

NbN90-GO10 1.0 1.1 0.1 

NbN55-GO45 0.9 1.0 0.1 

NbN25-GO75 0.9 1.2 0.3 

GO100 0.8 1.4 0.6 
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3.2 Membrane performance of nanosheet composite membranes 

The membrane performances for the nanosheet composite membranes with a thickness of around 

45–60 nm in average were measured. Fig. 6 shows the water permeability of NbN100, NbN-GO 

composite membranes and GO100. Interestingly, all NbN-GO composite membranes showed a higher 

water permeability than NbN100. Especially, NbN55-GO45 showed a water permeability of 20 L m-2 

h-1 bar-1, which was around 6 times higher than NbN100 and 2 times higher than GO100. Thus, the 

water permeability of NbN100 was apparently improved by the addition of GO. 

 

The curves of the molecular weight cutoffs (MWCOs) for each membrane using PEG with a range 

of molecular weight are shown in Fig.7. The values of MWCO were estimated at the molecular weight 

at which 90% rejection was achieved [32]. Whilst some errors in the estimation of rejection still exist, 

 
Fig. 6 Water permeability of NbN100, NbN-GO composite membranes and GO100. 

0

5

10

15

20

25

Pe
rm

ea
bi

lit
y 

[L
 m

-2
h-

1
ba

r-1
]



19 
 

the GO-rich membranes (GO100 and NbN25-GO75) had a relatively small MWCO of around 2000 

whereas the NbN-rich membranes (NbN100, NbN90-GO10 and NbN55-GO45) had a large MWCO 

of over 4000. A correlation between molecular weight of PEG and the Stokes-Einstein radius estimated 

from the viscosity measurement has been previously reported [40] : 

Solute radius (nm) = (0.262 × 𝑀𝑀𝑤𝑤
0.5 − 0.3) × 0.1 

The values of the MWCOs and the estimated solute diameters are listed in Table 2. It was interesting 

to observe that there was a difference in the estimated sizes of the nanochannels between NbN-rich 

membranes and GO-rich membranes: NbN-rich membranes had larger nanochannels (3.3 nm for 

NbN100, 4.0 nm for NbN90-GO10 and 4.6 nm for NbN55-GO45) as compared with GO-rich 

membranes (2.4 nm for NbN25-GO75 and 2.3 nm for GO100). 

 

 

Fig. 7 MWCO using PEG for (a) NbN100 and GO100 and (b) NbN-GO composite membranes. 
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The rejection performances of PEG (Mw: 4000) as neutral molecules, an anionic dye and salts 

were further compared, as shown in Fig. 8. It was observed that the rejections of PEG (Mw: 4000) by 

NbN90-GO10 and NbN55-GO45 were lower than those by NbN100, NbN25-GO75 and GO100. 

However, it was interesting to observe that for all composite membranes, including NbN90-GO10 and 

NbN55-GO45, the EB rejection (molecular size of approximately 1.2 × 3.1 nm) was nearly 100%. 

Furthermore, the results for the rejection of salt were similar (Fig. 8b). The trend of a higher rejection 

of Na2SO4 with a higher weight ratio of GO in the range from 0 to 45 wt% could be observed and the 

NbN55-GO45 showed a higher rejection of Na2SO4 as compared with the other membranes. These 

rejection performances could be probably related to the membrane surface charge. The surface charge 

(ζ-potential) of the composite membranes were measured (Table 2). The NbN100 had a negative 

surface charge because of the nature of the niobate crystal structure [18]. It was observed that the 

potential of the composite membranes was more negative as compared with NbN100. Among the 

composite membranes, the NbN55-GO45 showed the most negative surface charge of −23.0 mV. This 

Table 2. Molecular weight cutoffs (MWCOs) measured using PEG, calculated solute diameters and 
surface ζ-potential at pH = 7.0 for NbN100, NbN-GO composite membranes and GO100. 
 
Membranes MWCO 

[Da] 
Solute diameter 
[nm] 

ζ-potential 
[mV] 

NbN100 4200 3.3 -11.1 
NbN90-GO10 5900 4.0 -11.7 
NbN55-GO45 8000 4.6 -23.0 
NbN25-GO75 2200 2.4 -16.1 
GO100 2100 2.3 -12.3 
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negative surface charge arose from the existence of GO nanosheets with the potential of GO from −30 

to −40 mV [15] at the surface of the composite membrane. The relatively low degree of negative charge 

of GO100 (−12 mV) shown in Table 2 arose from the shielding effect of TEOA on the surface of GO 

[30]. Based on the results of the surface ζ-potential, it was assumed that the negatively charged surface 

of NbN-GO composite membranes enhanced the rejection of multivalent anions owing to the Donnan 

exclusion mechanism [41,42], while the effect of surface ζ-potential was small for the rejection of 

monovalent anions. The stability of the membranes was also evaluated by immersion test in water with 

stirring for 12 hours and long-term measurement of membrane performances. For GO membrane 

fabricated by vacuum filtration without any chemical binders, some parts of the membrane surface 

were apparently peeled off from the support. In contrast, stable membrane surfaces were observed for 

NbN55-GO45 and NbN100 (Fig. S2). Furthermore, NbN55-GO45 showed stable water permeability 

of around 20 L m-2 h-1 bar-1 (Fig. S3) and EB rejection of around 98% for over 40 hours. Thus, the 

composite membrane, especially NbN55-GO45, exhibited superior water permeability and high 

structural stability with comparable NF performances to the NbN and GO membranes. The importance 

of these results has not been previously reported. 
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3.3 Discussion of channel structure of nanosheet composite membranes 

Remarkable differences in the membrane structure and performances were observed by mixing 

the NbN and GO nanosheets for the fabrication of laminar nanosheet membranes. It was apparent that 

the composite ratio of NbN and GO strongly affected the structure and performances of the composite 

membranes. A schematic diagram of the channel structures for the composite membranes is shown in 

Fig. 9. In the laminar GO membranes, water molecules could pass through the 2D channels between 

GO nanosheets (Fig. 9d). In contrast, in the laminar niobate nanosheet membranes, it has been 

presented that voids may form as nanochannels [18]. In this study, NbN100 possessed a relatively 

larger channel size (3.3 nm estimated from MWCO) than GO100 (2.3 nm) and a stable structure in the 

wet condition. Considering that the niobate nanosheet thickness was 0.9 nm [31] and the interlayer 

spacing was 1.1 nm (wet condition), the free spacing between nanosheets was estimated to be only 0.2 

 
Fig. 8 Rejection of (a) PEG (Mw: 4000) and (b) EB, Na2SO4 and NaCl for NbN100, GO100 and 
NbN-GO composite membranes. 
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nm. This free spacing hardly changed in the presence of water because of the dense structure cross-

linked by TEOA, which prevented water from entering the interlayers. Instead, the water molecules 

could pass through the inter-nanosheet void structure (Fig. 9a). It has been reported that the presence 

of non-idealities, such as pinhole defects in the interiors of GO nanosheet, voids and disordered micro-

structure derived from relatively random stacking in the laminar GO membranes, strongly affect the 

water permeability [43,44]. Seen from this perspective, one may propose that the laminar niobate 

nanosheet membranes are likely to possess a non-ideal structure by considering the small lateral sheet 

size and the dense structure which block water permeation. However, despite the expectation of short 

water pathway, NbN100 showed lower water permeability than GO100 (Fig. 6). It is assumed that the 

low water permeability is due to the membrane structure with a low porosity and/or less-connected 

nanochannels for NbN100 with a membrane thickness of 45 nm. 

In the NbN-GO composite membranes, as can be seen from results of the characterization and 

membrane performances, the membrane structure could be classified as follows: NbN-based channel 

structure (NbN90-GO10 and NbN55-GO45) and GO-based channel structure (NbN25-GO75). The 

NbN-rich membranes had a highly stable structure in the wet condition and relatively large 

nanochannels. This suggested that the NbN-rich membranes had similar nanochannels derived from a 

void structure as NbN100. We attributed the formation of the larger nanochannels to the loose stacking 

structure of the void by mixing with a low quantity of GO (Fig. 9b), which resulted in a membrane 

structure with a high porosity and high water permeability for NbN55-GO45. Therefore, NbN55-GO45 
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was considered to possess an NbN-based channel structure in spite of the slightly larger volume of GO 

than NbN. In contrast, in the GO-rich membrane (NbN25-GO75), swelling of the laminar structure 

was observed but small nanochannels (2.4 nm) were formed. Thus, we assumed that NbN25-GO75 

mainly had interlayer nanochannels between the GO nanosheets and included the smaller sized NbN 

in the interlayer (Fig. 9c). 

 

Finally, Table 3 compares the membrane performances of the NbN-GO composite membranes, 

recent various GO membranes and commercialized NF polymer membranes. The NbN-GO composite 

membranes showed relatively higher water permeability while maintaining a similar salt rejection 

ability compared with the reported GO membranes, although surface modified GO membranes with 

excellent water permeability and salt rejection have recently reported [7]. Further improvement in the 

membrane performance of NbN-GO composite membranes would be expected by optimizing the 

membrane thickness or different composite patterns in the near future. 

 
Fig. 9 Schematic diagram of channel structures in NbN-GO composite membranes. 
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Table 3. Comparison of membrane performance of NbN-GO composite membranes with those of 
various GO membranes and some commercial NF membranes. 
 
Membrane 
(nanosheet/support) 

Fabrication 
Method 

Permeability Rejection (%) ref 
(L/m2 h bar) NaCl Na2SO4 

NbN100/CN Vacuum 
filtration 

2.9 13.0 48.7 This work  

NbN55-GO45/CN Vacuum 
filtration 

20.2 12.7 59.9 This work 

NbN25-GO75/CN Vacuum 
filtration 

9.5 13.9 51.1 This work 

GO/PAN nanofibrous mat Vacuum 
filtration 

1.8 9.8 56.7 [11] 

GO-PDA/PSf Vacuum 
filtration 

18.5 4 28 [45] 

GO/PSf Pressurized 
filtration 

11 25 65 [12] 

GO-PSS/PAN Pressurized 
filtration 

16.8 - 97.1 [7] 

GO-TiO2-PSS/PAN Pressurized 
filtration 

56.8 - 93.9 [7] 

GO-TMC/PDA-PSf Layer-by-
layer 

30 29 26 [8] 

GO-MWCNT/PVDF Vacuum 
filtration 

11.3 39.7 81.0 [32] 

GO-MoS2/PVDF Pressurized 
filtration 

10.2 43.2 65.2 [33] 

NTR-7450 (Nitto Denko) - 9.2 51 92 [46] 
NTR-7410 (Nitto Denko) - 50 15 55 [46] 
DK (SUEZ) - 7.3 - 93 [7] 

CN: cellulose nitrate, PAN: polyacrylonitrile, PDA: polydopamine, PSf: polysulfone, PSS: polystyrene sulfonate, 

TMC: 1,3,5-benzene tricarbonyltrichloride, MWCNT: multi-walled carbon nanotube, PVDF: polyvinylidene fluoride 
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4. Conclusions 

NbN-GO nanosheet composite membranes with different composite ratios were successfully 

fabricated by vacuum filtration. The membrane structure could be classified according to the composite 

ratio, that is, an NbN-based channel structure and a GO-based channel structure. The NbN-rich 

membranes had a more stable structure in the wet condition and a membrane structure with larger 

channel size as compared with the GO-rich membranes. NbN55-GO45 showed high water 

permeability and excellent rejection against an organic dye and salts. A lower PEG rejection but 

slightly higher salt rejection were observed for NbN55-GO45 than for NbN100 and GO100 because 

of the formation of larger sized channels and the more negative surface in NbN55-GO45. Therefore, 

NbN55-GO45 can be considered to possess an NbN-based channel structure in spite of the slightly 

larger volume of GO than NbN. 

Owing to the unique surface properties of metal oxide nanosheets, such as photocatalytic activity 

and surface acidity, these nanosheet composite membranes could be applied in a catalytic membrane 

reactor. Furthermore, organic solvent filtration has recently been a targeted application for 2D 

nanosheet membranes owing to their good solvent resistance. It is thus believed that NbN-GO 

composite membranes may have great potential for various practical applications. 
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