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1. Introduction

Nanostructure catalysts have been extensively studied 
for applications in petrochemical production, removal 
of pollutants, and synthesis of alternative energy re-
sources.    Consequently, the development of catalysts 
with high functionality and environment-friendly syn-
thesis processes are highly desirable.    Recently, two-
dimensional (2D) nanomaterials, such as graphene-
based materials (graphene, graphene oxide (GO) as 
well as reduced GO)1), exfoliated nanosheets of metal 
oxide2),3), transition metal dichalcogenides (TMDs) 
such as MoS2

4),5), zeolites6) and metal-organic frame-
work (MOF)7) nanosheets have attracted increasing 
attention due to their high specific surface areas and 
unique physical and chemical properties that are typi-
cally unavailable in the bulk forms.    In particular, metal 
oxide nanosheets offer important features such as de-
fined and controllable protonic acidity and favorable 
electron-transfer characteristics.    Therefore, applica-

tions such as solid-acid catalysts8)～11) and photo-
catalysts12)～17) have been widely investigated.

The most common synthesis method to obtain 2D 
metal oxide nanosheets is the “exfoliation method” 
from the corresponding bulk layered oxide by the top-
down approach (Fig.  1).    Typically, multi-layered bulk 
compounds can be exfoliated by intercalating the layers 
with base molecules, followed by rupturing these multi-
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Two-dimensional (2D) transition metal oxide nanosheets have useful characteristics such as high surface areas, 
and defined and controllable surface acidity, with potential for applications in solid acid catalysts and photo-
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Fig.  1● Synthesis Methods of Two-dimensional Nanosheets by the 
Top-down Approach and Bottom-up Approach



layered structures to obtain unilaminar colloids.    
However, fragmentat ion and re-aggregation of 
nanosheets pose challenges.    The prepared colloidal 
molecular sheets in solution are highly unstable and 
readily undergo self-restacking and precipitation if the 
ionic strength or pH value of the solution is slightly 
changed.    This technique also requires a long and 
cumbersome preparative procedure with successive 
acid-base treatments, to yield only a small quantity of 
nanosheets.

Therefore, we have developed a new bottom-up 
approach using a method based on controlled hydroly-
sis and condensation of metal alkoxides as a substrate 
molecule to produce a single molecular layer of metal 
oxide in solution by the hydrothermal method using 
surfactant as the template or adsorbing-chelating ligand.    
We describe our recent progress in the development of 
titanate nanosheets and niobate nanosheets synthesized 
by our bottom-up approach.    Applications of these 
metal oxide nanosheets to photocatalysts and separation 
membranes are summarized.

2. Layered Titanate Nanosheets

2. 1. Synthesis
Synthesis of metal oxide nanosheets was previously 

achieved by the formation of ordered mesostructures at 
the liquid-liquid interface between a mixed aqueous 
solution of surfactant and metal alkoxide, and water.    
Layered germanium oxide nanosheets were for the first 
time synthesized by hydrolysis and condensation reac-
tions of germanium alkoxide using a flat thin water layer 
in the lamellar phase at the liquid-liquid interface form-
ing a 2D confined reaction field18).    This synthesis 
method for nanosheets using a lamellar template can 
produce metal oxide nanosheets over shorter times and 
at lower reaction temperatures compared to the conven-
tional preparation process for metal oxide nanosheets.    
Therefore, this method is promising to obtain various 
types of metal oxide nanosheets.    We applied this 
method to the synthesis of titanate nanosheets as fol-
lows.

Layered titanate nanosheets19)～21) were synthesized 
by the hydrothermal method at 413 K for 96 h, using 
tetraisopropylorthotitanate (TIPT) as a titanium source 
and two different amine surfactants, 1,12-dodecane-
diamine (DDA) as a template and triethanolamine 
(TEOA) as a chemical modifier.    The products are 
named using the combination of precursors, such as Ti
＋DDA＋TEOA, Ti＋DDA and Ti＋TEOA, respec-
tively.    X-ray diffraction (XRD) identified two peaks 
at 2θ＝48.1° and 62.7° which correspond to the 2D re-
flections and 20 and 02 diffraction bands from the 
intrananosheet periodicity of 0.38×0.30 nm for lepido-
crocite titanate22)～24) observed for Ti＋DDA＋TEOA 
(Fig.  2)20), whereas the TiO2 anatase phase (JCPDS file 

no. 21-1272) was mainly observed for Ti＋DDA and Ti
＋TEOA.    Furthermore, considerable differences were 
found in the mesostructures and crystal structures of Ti
＋DDA＋TEOA formed by hydrothermal synthesis at 
different pH.    TiO2 anatase phase was observed using 
pH of 8.0.    In contrast, lepidocrocite titanate was ob-
served using pH from 10.0 to 12.8.    In addition, three 
peaks at 2θ＝4.6-4.7, 9.2-9.4 and 13.9-14.2° were ob-
served for Ti＋DDA＋TEOA prepared using pH from 
10.0 to 11.0.    These peaks indicated the formation of a 
highly ordered lamellar mesostructure with an interlayer 
spacing of about 1.9 nm.    Scanning electron micro-
scope (SEM) and transmission electron microscope 
(TEM) observed sheet-like morphology with multilayer 
structures in Ti＋DDA＋TEOA (Fig.  3)20).    The inter-
layer spacing of these layered structures was estimated 
to be 1.0-1.5 nm from high-resolution TEM images, 
and the selected area electron diffraction (SAED) pat-
terns were consisted of a series of diffraction rings de-
rived from the lepidocrocite titanate20).
2. 2. Formation Mechanism

Layered titanate nanosheets with lamellar mesostruc-
ture were formed through the hydrolysis and condensa-
tion of TEOA-modified TIPT.    The potential for 2D 
anisotropic growth of titanium oxide to form the lamel-
lar mesostructure in this method arises from the DDA 
self-assembly and the nature of the titanate crystal 
structure.    Ordered lamellar mesostructure was found 
to form at the liquid-liquid interface using amine sur-
factants such as laurylamine and DDA in contact with 
water18).    Therefore, hydrolysis and condensation are 
expected to occur in the 2D water layer in the lamellar 
phase.    On the other hand, the crystal structure re-
quires a 2D sheet structure of anionic TiO6 framework 
to contain cations in a layered titanate structure.    The 
positive charged DDA molecules act as cations if the 
pH is adjusted to 10.0-11.0.    Previous studies using 
Time-of-Flight Secondary Ion Mass Spectrometry 
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Fig.  2● XRD Patterns of (a) Ti＋DDA＋TEOA, (b) Ti＋DDA and (c) 
Ti＋TEOA

[Reprinted with permission from Ref. 20).    Copyright (2012) Wiley-
VCH.]



(TOF-SIMS) analysis, Gentle Secondary Ion Mass 
Spectrometry Gentle-SIMS (G-SIMS), and g-ogram 
methods also showed that the DDA molecule in only 
Ti＋DDA＋TEOA sample was not easily fragmented, 
implying the formation of robust hydrophobic domains 
with lamellar mesostructure25),26).    Thus, the proposed 
formation mechanism of layered titanate nanosheets is 
shown in Fig.  420).    The layered titanate nanosheets 
were synthesized using a lamellar phase of DDA acting 
as a self-assembly template (Fig.  4(a)) .    Self-
assembly of the nanosheets and DDA molecules 
occurred based on the electrostatic interactions 

(Fig.  4(b)).
2. 3. Surface Modification and Photocatalytic 

Degradation
The advantage of this nanosheet synthesis method is 

the effective surface modification of nanosheets because 
the surfactant molecules cover the entire surface of the 
nanosheets.    In addition, the chemical interactions 
between the nanosheets and surfactant molecules 
through the nanosheet synthetic process can be im-
proved.    The effects of the lamellar mesostructure on 
the optical, adsorption and photocatalytic properties of 
layered titanate nanosheets were investigated.

Layered titanate nanosheets with or without lamellar 
mesostructure were compared.    Both layered titanate 
nanosheets absorbed light in the visible region.    In par-
ticular, Ti＋DDA＋TEOA with a lamellar mesostruc-
ture exhibited a larger wavelength shift for the absorp-
tion edge in the visible region than Ti＋DDA＋TEOA 
without a lamellar mesostructure.    Presumably amine 
compounds facilitated Ti_N charge transfer during the 
hydrothermal processes, which would promote nitrogen 
doping.    Consequently, Ti＋DDA＋TEOA with a 
lamellar mesostructure in which DDA molecules cover 
the entire surface of the nanosheets absorbed visible 
light more strongly than Ti＋DDA＋TEOA without a 
lamellar mesostructure20).

The photocatalytic activity of the layered titanate 
nanosheets for degradation of Rhodamine B (RhB) 
under irradiation with visible light (λ＝470 nm) was 
evaluated.    Ti＋DDA＋TEOA with a lamellar meso-
structure (BET specific surface area, SBET 78 m2 g–1) 
adsorbed more RhB in the dark than Ti＋DDA＋TEOA 
without a lamellar mesostructure (SBET: 175 m2 g–1) 
according to the initial decrease in the concentration of 
RhB before irradiation.    Presumably the RhB mole-
cules were adsorbed into the lamellar mesostructure 
through cation exchange between RhB and cationic 
DDA molecules because the interlayer spacing of the 
lamellar mesostructure was large enough to adsorb RhB 
molecules.    Consequently, Ti＋DDA＋TEOA with a 
lamellar mesostructure showed higher photocatalytic 
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Fig.  3● (a) SEM, (b) TEM and (c) High-resolution TEM Images of Ti＋DDA＋TEOA (inset in (b): 
SAED pattern)

[Reprinted with permission from Ref. 20).    Copyright (2012) Wiley-VCH.]

Fig.  4● Formation Mechanism of Titanate Nanosheets: (a) lamellar 
self-assembly on a template and (b) electrostatic interaction 
between negatively charged titanate nanosheets and positively 
charged amine surfactants

[Reprinted with permission from Ref. 20).    Copyright (2012) Wiley-
VCH.]



activity than Ti＋DDA＋TEOA without a lamellar meso-
structure21).    The photocatalytic activity of the layered 
titanate nanosheets is strongly related to their light 
absorption and adsorption properties.    This property 
shows the potential for the development of selective 
molecular reactions utilizing control of the interlayer 
spacing of the lamellar mesostructure and hydro-
phobicity of the surfactant layer.

3. Single Layer Niobate Nanosheets

3. 1. Synthesis
Single molecular layers of niobate27) were synthe-

sized using the hydrothermal method with niobium(V) 
ethoxide (Nb(OEt)5) as niobium source in ammonium 
aqueous solution in the presence of TEOA, which is the 
same chemical modifier for the synthesis of layered 
titanate nanosheets.    Distinct flat single molecular layer 
sheets with sharp edges were observed (Fig.  5).    XRD 
showed severe broadening or near absence of the (020) 
peak, implying extremely ultrathin layered structures.    
In contrast, TEM demonstrated a rolled or scrolled 
molecular sheet morphology with stacking of the sheets 
(4-20 layers) obtained by synthesis without TEOA.

The single molecular layers of niobate form through 
similar hydrolysis and condensation processes to 
TEOA-modified Nb(OEt)5.    To control formation of 
the niobium oxide 2D structure and morphology under 
solution-like homogeneous conditions, TEOA is uti-
lized as an adsorbing-chelating ligand20) to stabilize 

Nb(OEt)5 against rapid hydrolysis in the alkaline pH 
range.    As a result, anionic niobate consisting of NbO6 
octahedral framework was formed with excess OH– 
under basic conditions and HNb3O8 like molecular layers 
were produced.    The presence of TEOA can slow both 
the hydrolysis and condensation of Nb(OEt)5 and re-
duce rapid crystal growth.    Thus, TEOA would reduce 
the stacking of molecular layers into a 3D structure.
3. 2. Hydrogen Evolution from Water

Photocatalytic hydrogen evolution from water split-
ting catalyzed by single molecular layers of niobate 
were evaluated in water under UV lamp excitation 
(280-320 nm, 500 W) using methanol as a sacrificial 
reagent.    Niobate molecular sheets achieved higher 
hydrogen evolution rate (6.1 µmol h–1) compared with 
commercial Degussa P-25 (standard TiO2 sample; 
0.8 µmol h–1), Nb2O5 (Johnson Matthey; inert) and lay-
ered niobium oxide (1.5 µmol h–1)27).    The improved 
photocatalysis of the 2D structures with reduced thick-
ness compared to the bulk forms is probably due to a 
combination of several factors.    The higher surface to 
volume ratio of thinner layers would favor higher activ-
ity.    In addition, the electrons and holes produced from 
the bulk structure would have to diffuse to the surface 
for photocatalysis.    Long diffusion paths and recombi-
nation over structural defects would also be key factors.

To enhance the lifetime of the charge carriers for 
redox reactions, coating or depositing with other semi-
conductors to form heterojunction structures for fast 
charge separation would prolong the lifetime of the ex-
citons, resulting in improved hydrogen productivity28)～31).    
Thus, the single molecular layers of niobate (hy-Nb-
TEOA) prepared by the hydrothermal method were 
added to graphene oxide (GO) or MoS2 which have 
similarly layered structures and can also be dispersed in 
solution to enable close contact with the niobate sheets 
with different potential energies, by simple physical 
mixing in the powder forms before re-dispersion.    
Control GO and MoS2 samples were found to be inert 
for photocatalytic hydrogen production.    However, 
dramatic improvement in photocatalytic hydrogen pro-
duction activity was clearly observed with mixed GO 
and MoS2

27).    The measured hydrogen evolution rate 
for hy-Nb-TEOA＋GO＋MoS2 (GO: 0.5 wt%, MoS2: 
0.5 wt%) was around seven times higher than that of 
hy-Nb-TEOA (Fig.  6).    2D niobate molecular sheets 
should absorb light and generate excited electrons and 
holes under UV irradiation.    As the holes are scav-
enged by a sacrificial reagent, rapid electron transfer 
from niobate nanosheets to MoS2 through GO will re-
duce the recombination rate of electron-hole pairs in the 
niobate sheets and facilitate catalytic hydrogen produc-
tion on the edge sites of MoS2 through the fast photo-
electron excitation between the hetero-structures 
(Fig.  7).    Therefore, such promising 2D materials 
should be positioned in very close proximity to the sin-
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Fig.  5● (a, b) TEM Images of Discrete Single Molecular Sheets of 
Niobate

[Reprinted with permission from Ref. 27).    Copyright (2014) The 
Royal Society of Chemistry.]



gle molecular layers of niobate without blocking their 
catalytically active sites.

4. Nanosheet Membranes

The ideal separation membrane for the treatment of 
water includes the thinnest separation layers possible to 
maximize permeation flux, and pore structure with ap-
propriate sizes to ensure superior rejection perfor-
mance.    Design of new types of inorganic membranes 
with advanced structures is necessary for achievement 
of these goals.    2D nanosheet membranes including 
porous nanosheet membranes7),32),33), stacked nanosheet 
membranes34)～36), and nanosheet composite mem-
branes37) have recently opened up new possibilities for 
fabricating separation membranes.    Stacked nanosheet 
membranes can be fabricated by assembling single layer 
nanosheets into ultrathin membranes, and will contain 
2D channels between the stacked nanosheets that allow 
water molecules to pass through whilst rejecting sol-

utes.    Stacked nanosheet membranes also offer separa-
tion capability based on modifiable 2D channels.    
However, only a narrow range of nanosheet types, espe-
cially graphene based materials, have been studied for 
membrane fabrication.
4. 1. Fabrication

Recently, stacked niobate nanosheet membranes 
(NbO membrane) were fabricated from 2D niobate 
nanosheets by simple vacuum filtration38).    Single mo-
lecular layers of niobate as described in section 3. were 
assembled by vacuum filtration on a cellulose nitrate 
(CN) support modified with 3-aminopropyl-triethoxy-
silane (APTES) (Fig.  8(a)).    The cross-section image 
(Fig.  8(d)) shows the formation of ultrathin membrane 
with thickness of about 20 nm and all nanosheets 
appear to be interconnected and form a flat thin layer on 
the support.    One outstanding characteristic of this 
membrane is its structural stability in water.    The 
structural stability in water of stacked nanosheet mem-
branes is one of the critical issue for applications, 
because 2D nanosheets carry a surface charge on hydra-
tion, which can cause the membrane to disintegrate via 
electrostatic repulsion, resulting in redispersion of the 
nanosheets39).    The structural differences between dry 
and wet conditions were investigated using XRD 
(Fig.  8(b)).    Only a slight increase of the interlayer 
distance from 1.0 to 1.1 nm was observed for NbO 
membranes, whereas a drastic increase of the interlayer 
distance from 0.7 to 1.5 nm was observed for GO mem-
branes (not shown).    These results imply that the NbO 
membranes retain high structural stability in water.

Such structural stability would arise from the surface 
acidity of the NbO nanosheets.    The correlations be-
tween structure and acidity for hydrated niobium oxides 
have been studied using various analytical tech-
niques40),41).    The structural changes in niobate 
nanosheets with few to single layer structures result 
from their high structural flexibility.    Hydrated niobium 
oxides are very strong solid Brønsted acids (BAs), con-
taining both terminal and bridging hydroxyls as BA 
sites.    In addition, Lewis acid (LA) sites arise from 
lower coordinate NbO5 and in some cases NbO4 sites, 
which occur because of the formation of oxygen vacan-
cies in thin and flexible NbO6 systems via the removal 
of two adjacent BA sites in the form of water and/or via 
breakage of elongated Nb---O bonds in the parent O＝
Nb---O structure during synthesis in the presence of 
surfactants (Fig.  9)41).    Therefore, the amino groups of 
APTES and TEOA reacted with these acid sites of nio-
bate nanosheets via both coordination and hydrogen 
bonding during vacuum filtration and drying, resulting 
in stronger interactions between the nanosheets and 
support or nanosheet layers (Fig.  10)38).    Therefore, 
the APTES and TEOA molecules effectively crosslink 
the nanosheet layers and strengthen the final membrane.
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Fig.  6● Adding Graphene Oxide and MoS2 to hy-Nb-TEOA by 
Physical Mixing for Improved Photocatalytic Hydrogen 
Evolution Rates

[Reprinted with permission from Ref. 27).    Copyright (2014) The 
Royal Society of Chemistry.]

Fig.  7● Schematic Diagram of the Proposed Mechanism for 
Photocatalytic Activity of Hydrogen Production over Single 
Molecular Layer Niobate Sheets＋Graphene Oxide＋MoS2 
Ensemble System under UV Irradiation

[Reprinted with permission from Ref. 27).    Copyright (2014) The 
Royal Society of Chemistry.]



4. 2. Separation Performance
The molecular weight cutoffs (MWCOs; the Mw at 

which 90 % rejection was achieved) of the membranes 
were measured using polyethylene glycol with a range 
of molecular weights.    The MWCOs were 4.3 kDa for 
NbO membranes with a thickness of 20 nm.    The 
Stokes-Einstein radii corresponding to these molecular 
weights can be estimated as 1.7 nm.    Considering that 
the thickness of a single NbO sheet is 0.9 nm27), the 
clearance gap between the sheet layers was calculated 
as only 0.2 nm under the wet condition.    Therefore, 
formation of void structures is suggested in the stacked 
NbO membranes as water passes through the thin mem-
branes during vacuum filtration.    The channels are cre-
ated with size dependent on the nanosheet thickness 
and numbers of layers.    Consequently, different chan-

nel structures are suggested compared with conventional 
stacked nanosheet membranes using 2D nanochannels 
between the stacked nanosheets.

The rejection characteristics of the NbO membranes 
were studied using anionic dyes and salts (Fig.  10)38).    
Over 90 % rejections were obtained for anionic dyes 
such as Evans blue (EB, Mw: 960.8) and Acid red 265 
(Mw: 635.6).    In addition, around 80 % rejection was 
obtained for Na2SO4.    These findings indicate that the 
NbO membrane acts as a nanofiltration (NF) mem-
brane.    The niobate nanosheets have negative surface 
charge derived from the 2D crystal structure, so these 
high separation performances were obtained because of 
the electrostatic repulsion (Donnan exclusion mecha-
nism) between the membrane surfaces and anionic spe-
cies.
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Fig.  8● (a) Photograph of NbO Membranes, (b) XRD Patterns of NbO Membranes 
under Dry and Wet Conditions, (c) Overview and (d) Cross-section FE-SEM 
Image of NbO Membrane38)

Fig.  9● Proposed Oxygen Vacancy/LA Site Formation by Downscaling from Bulk 
HNb3O8 to Few to Single Layer Niobate Nanosheets (hy-Nb and hy-Nb-TEOA)

[Reprinted with permission from Ref. 41).    Copyright (2017) American Chemical 
Society.]



5. Conclusion

The development of metal oxide nanosheets synthe-
sized by the bottom-up approach for photocatalysts and 
separation membranes were reviewed.    Layered titanate 
nanosheets with lamellar mesostructures were synthe-
sized using a lamellar phase of DDA as a self-assembly 
template.    In contrast, single molecular layers of nio-
bate were synthesized in the presence of TEOA.    
These metal oxide nanosheets showed unique photo-
catalytic activities.    In particular, niobate nanosheets 
and composites with GO and MoS2 showed high photo-
catalytic hydrogen production activity from water.    
Synthesis of other transition metal oxide nanosheets by 
this bottom-up method may discover high potential for 
catalytic properties.    Single niobate nanosheet was 
utilized for the fabrication of stacked metal oxide 
n a n o s h e e t  m e m b r a n e s  f o r  n a n o f i l t r a t i o n .    
Improvement of the fabrication method and investiga-
tion of other transition metal oxide nanosheets are de-
sirable.    The present findings indicate wider applica-
tions of functional membranes such as for catalytic 
membrane reactors.
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二次元金属酸化物ナノシートは，高比表面積や表面酸特性な
どの特徴を有し，固体酸触媒や光触媒などの分野で注目を集め
ている。ナノシートは一般にはトップダウン的な手法，いわゆ
る層状化合物からの“剝離法”により得られるが，ナノシート
の破砕や再凝集が起こるなどの欠点があり，また高温・長時間
の焼成や2D結晶層の剝離処理を必要とし，量産化のためには
簡易な合成手法の開発が望まれている。本研究では界面活性剤
を用い，金属アルコキシドの加水分解・重縮合反応によるボト
ムアップ法により，多層チタン酸ナノシートおよび単層ニオブ

酸ナノシートを開発した。本手法により得られる金属酸化物ナ
ノシートの形成プロセスや，界面活性剤による表面修飾効果を
明らかとした。また，有機色素の光分解や水の光分解による水
素生成に応用し，ナノシート材料と異種2Dナノシート（酸化
グラフェンやMoS2）との複合化による効果的な触媒機能を発
現させた。さらに，これらナノシートを積層することにより得
られる積層型ナノシート膜が，水中で安定かつアニオン性色素
や塩に対して高い分離機能を有し，分離膜として機能すること
を見出した。




