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Abstract 

Inorganic nanosheets obtained by exfoliation of layered crystal in water form colloidal 

liquid crystals, and their alignment can be controlled by an electric field.  In order to 

realize the immobilization of the electrically aligned niobate nanosheets without 

external forces, an aqueous gelator, agar, is introduced to the niobate nanosheet system 

to utilize the thermosensitive sol–gel transition property of agar.  Alignment of 

nanosheets in a niobate–agar system is performed by applying an electric field above 

the sol–gel transition temperature and then the sample is cooled down followed by 

cooling below the transition temperature with the electric field turned off.  

The aligned structure is kept for more than 24 h after removal of the electric field.  The 

concentration of agar is a key parameter for both the orientation of nanosheets and the 

retention of the orientation.  

 

Introduction 

Macroscopically structured assemblies of colloidal particles prepared by their 

controlled organization is important for developing novel advanced materials, in which 

the structure in macroscopic size at a scale larger than sub-millimeters directly reflects 

the macroscopic properties of materials.   



Macroscopic properties are much more important than microscopic properties 

in practical usage [1].  Colloidal particles are more practical than molecules as building 

blocks for constructing macroscopically structured assemblies because their particle size 

ranges in the order of nanometers to submicrons.  Macroscopically structured 

assemblies have been realized by using colloidal crystals [2], Pickering emulsions [3], 

and colloidsomes [4].  In a general sense, spherical particles are utilized for 

constructing organized systems because of their wide variety of choices and high 

monodispersity.  However, anisotropic particles such as 2D plates and 1D rods are 

promising candidates for more complex assembly formation because their shape 

anisotropy have an advantage over spherical particles in the fabrication of anisotropic 

assemblies [5–7].  

 Among the anisotropic particles, inorganic nanosheets prepared from layered 

crystals through exfoliation possess high aspect ratio due to their thickness of around 1 

nm and lateral length of several tens of nanometers to micrometers [8, 9].  In addition, 

they have robust structures due to inorganic crystallinity; these help maintain greater 

stability the of 2D morphology compared with organic materials.  The high aspect ratio 

of inorganic nanosheets is known to induce stable liquid crystalline phases [10-13].  In 

the past two decades, nanosheet liquid crystals (LCs) have been discovered, and various 



macroscopically structured assemblies have been organized from nanosheet LCs [14–

16].  In these assemblies, nanosheet orientations have been controlled at macroscopic 

scales by external forces such as electric and magnetic fields, shared forces, and laser 

radiation pressures [17-29].  The obtained macroscopic structures open up various 

applications of nanosheets, such as meta-materials and photonic crystals.  

 Macroscopic structures organized under external forces usually collapse if the 

applied force is removed.  Although polymerization of organic monomers added to 

nanosheet LCs under external forces can immobilize the nanosheet orientation, covalent 

cross-linking between the monomer units prohibits further orientational change of 

nanosheets, which restricts the application of nanosheet LCs with structural switching 

induced by external forces [15, 30].  Reversible immobilization of nanosheet LCs is 

required to retain the reversibility of nanosheet orientation by external forces.  

One of the general strategies of reversibly immobilizing colloidal particles in 

solvents is the employment of a sol–gel transition phenomenon with physical or 

chemical interactions [31–33].  The solutions and colloids of certain organic molecules 

and polymers reversibly undergo physical sol–gel transition with external stimuli such 

as temperature and pH change [34–36].  Coexisting colloidal particles that are movable 

in a sol state are reversibly immobilized in a gel state induced by the sol–gel transition 



of the colloid.  By applying this process to nanosheet LCs, we can immobilize 

nanosheet orientation achieved under external forces and reversibly relax the 

immobilized orientation.  Nanosheets aligned in a sol state can be reversibly 

immobilized by the sol–gel transition of the colloidal LC.  

In the present study, we have examined the immobilization of an electrically 

aligned colloidal LC of niobate nanosheets obtained by exfoliation of layered 

hexaniobate crystallites in water.  We have already shown that liquid crystalline 

hexaniobate nanosheets align under an electric field as liquid crystalline molecules
 

usually do [23].  Furthermore, we have constructed macroscopic hierarchical structures 

reflecting the 2D nature of inorganic nanosheets [14, 37, 38] with the combined strategy 

of LC domain growth and nanosheet alignment under external electric fields.  We have 

also found that the macroscopic structure can be tuned by several parameters such as 

nanosheet concentration, applied voltage, and cell thickness to produce a wide variety of 

macroscopic structures.  

However, in the above-mentioned electric manipulation, nanosheet alignment 

is no longer retained when the electric field is removed.  It is inconvenient to keep 

supplying electricity for maintaining the structure in applications for standalone devices 

and remote-controlling systems.  Thus, the retention of the electrically induced 



structures is an important task for manipulating niobate nanosheet LCs. 

An aqueous gelator is necessary for realizing the immobilization of the 

electrically aligned niobate nanosheets by sol–gel transition because niobate nanosheet 

LCs are aqueous colloids.  We choose agar, a natural biocompatible polymer, for this 

purpose.  It undergoes temperature-induced sol–gel transition; agar gels at room 

temperature turn to sols at around 40 C [39–42].  Hence, we use sol–gel transition to 

create electric alignment and subsequent immobilization of nanosheets with the strategy 

schematically shown in Figure 1.  We have combined the temperature change of the 

aqueous nanosheet colloid included in agar with electric alignment.  

 

Experimental Section 

Sample Preparation 

Niobate nanosheet colloids were prepared by the exfoliation of layered niobate 

K4Nb6O17 using the same procedure described in a previous paper [37, 38, 43].  The 

average niobate nanosheet size used here was 2.1 m.  Agar powder (Kanto Chemical 

Co. Inc., Tokyo, Japan) was dissolved in pure water and heated up to 90 C.  Solutions 

with different agar concentrations were prepared.  A niobate–agar colloid was prepared 

by adding a certain amount of niobate sample to agar solution at 50 C and stirred for 



5 min.  The agar concentration in the mixture ranged from 0.1 to 1.0 wt%.  The 

concentration of niobate nanosheets was set to 5 g L
−1

, at which the niobate colloid was 

biphasic, i.e., a mixture of isotropic and liquid crystalline phases [43–45].  

 

Observation for Sol–Gel Transition 

An agar, or niobate–agar colloid sample in a glass vial (8 mm in diameter) was 

heated to 50 C on a hot plate and then cooled to room temperature.  The sol–gel status 

of the sample at each temperature was judged by visual observation after the sample vial 

was turned upside down. In order to confirm the critical minimum agar concentration 

for achieving gelation, we examined the sol–gel transition at varied agar concentrations.  

 

Electric Application 

A niobate–agar sol sample was subjected to electric application for the 

nanosheet orientation.  The colloid sample was injected into a thin-layer ITO cell with 

a cell gap of 100 m, and was kept at 50 C by placing on a thermally controlled plate 

[29].  The cell was left at this temperature on the controlling plate for 1 min to relax 

the sample flow in the cell.  An AC electric voltage of 2–5 V at 50 kHz was then 

applied for 8 min at 50 C to induce the nanosheet orientation at the sol state.  The 



direction of electric application is normal to the cell surface.  The electric and heat 

applications were stopped simultaneously, and then the cell was cooled to room 

temperature with the electric field off to induce gelation or viscous nature.  In this 

cooling process, the sol–gel transition, or more exactly transition from fluid sol to 

viscous sol in the samples subjected to the electric alignment experiments as described 

later, occurred upon decrease of the temperature to the sol–gel transition point at around 

30–40 C.  Although temperature increase by the applied electric field was possible, its 

influence on the viscosity change of the colloids was negligible in our experiments.  

The nanosheet alignment induced by the electric application was expected to be 

confined in the gel or viscous sol.  We observed the temporal structural change up to 

24 h after the electric application under a BX-51 optical microscope (Olympus, Tokyo, 

Japan) with crossed polarizers.  

 

Results and Discussion 

Appropriate Agar Concentration for Sol–Gel Transition and Electric Response of the 

Niobate–Agar Colloids 

We first determined the appropriate agar concentration of the niobate–agar 

colloid, as well as the concentration that allows electric manipulation of niobate 



nanosheets and their immobilization.  Agar solutions cause the sol–gel transition at 

30–40 °C [39–42].  Figure 2 shows photographs of agar solutions and niobate–agar 

colloids at 40 °C and 25 °C with various agar concentrations (0.1–0.8 wt%) at a fixed 

niobate concentration (5 g L
−-1

).  The photographs at 25 °C were taken both 15 s and 

1 min after the vial was turned upside down to qualitatively evaluate the viscosity.  

When the agar concentration was 0.1 wt%, both the agar solution and the niobate–agar 

colloid did not show sol–gel transition upon temperature reduction from 40 °C to 25 °C, 

as evidenced by the fluid nature of the samples shown in Figure 2.  At an agar 

concentration of 0.2 wt%, the sol samples did not completely convert to gels but their 

viscosities increased upon cooling of the samples to 25 °C, as qualitatively shown by 

the photographs of the temporal states.  At an agar concentration of 0.8 wt%, a 

temperature-induced sol–gel transition was clearly observed for sols at 40 °C and gels at 

25 °C.  Similar behavior of the agar and niobate–agar samples suggests the absence of 

apparent agar–niobate interactions that change the sol–gel transition drastically. 

However, there is a small difference in gel stiffness.  Gel containing niobate is 

somewhat softer than the agar gel itself suggesting by the gel meniscus in inclined flask 

(Fig. S1).  This difference would suggest the presence of weak interactions between 

niobate nanosheets and agar at a molecular level.  Because agarose, which is the main 



constituent of agar, has many hydroxy groups, and niobate nanosheets are anionic, 

electrostatic repulsions can work between niobate nanosheets and agar molecules. This 

means that niobate nanosheets do not work as cross-linking points in the gelation of 

agar. Thus, niobate nanosheets would prevent the direct interactions between agarose 

molecules by niobate-agarose interaction to weaken the gel stiffness, but this effect is 

very minor in sol-gel transition of our samples.  

We examined the electric response of liquid crystalline niobate nanosheets in 

sol-state agar at concentrations of 0, 0.2, 0.4, and 0.8 wt% at 50 °C.  Preliminary, we 

also confirmed that the agar/niobate system that can be manipulated by electric 

application at 50 ºC cannot be electrically manipulated at room temperature.  Figure 3 

shows POM (Polarized Optical Microscope) images of niobate–agar colloids and an 

agar solution before and after the application of the AC electric field (5 V, 50 kHz).  

For samples without agar, i.e., a simple niobate nanosheet colloid, the POM image was 

dark, indicating niobate nanosheets lying in parallel to the substrate, but the image after 

the electric application for 8 min was bright because of birefringence (Figure 3a).  This 

change is in accordance with our previous results [38].  It indicates alignment of 

niobate nanosheets parallel to the electric field, i.e., perpendicular to the substrate as 

already discussed in our previous paper [23].   



Electrically induced nanosheet alignment was also observed in the niobate–

agar colloid with 0.2 wt% agar concentration in the sol state (50 °C), as evidenced by 

the appearance of birefringence after the AC voltage application (Figure 3c).  Agar 

molecules are not the origin of the birefringence because they are dissolved isotropically 

in water and thus non-birefringent images before and after the electric field application 

(Figure 3b).  In contrast, the niobate–agar colloids with agar concentration above 0.4 

wt% did not much respond to the electric field (Figures 3d and e): limited fraction of 

niobate nanoheets respond to the electric field based on the some spots with 

birefringence in Figure 3d and e, which is due to the higher viscosity of the samples.  

A higher concentration of ager induces higher viscosity of samples even in the sol state, 

which makes it difficult to electrically manipulate niobate nanosheets.   

On the basis of these results, we determined that the appropriate agar 

concentration in the niobate–agar colloids with 5 g L
−1

 niobate nanosheets is 0.2 wt% 

for realizing electric alignment with immobilization of the aligned structure.  Although 

the niobate–agar colloid does not gel completely at this agar concentration, its viscosity 

increases with cooling of the sample from 40 °C to 25 °C, as mentioned above 

(Figure 2).  This viscosity increase with the temperature change is large enough to 

retain the electric alignment of niobate nanosheets (vide infra).  



 

Immobilization of the Electrically Aligned Niobate Nanosheets in the Niobate–Agar 

Colloid 

We examined the retention of the electric alignment of niobate nanosheets 

through temperature-induced gelation of the colloid by agar.  The niobate–agar colloid 

(5 g L
−1

 niobate, agar) was first heated to 50 °C to ensure the sol state, and the AC 

voltage was applied for 8 min to cause the electric nanosheet alignment (vide supra).  

The sample was cooled down to 25 °C to convert from sol to gel, and then the AC 

voltage application was terminated.  For comparison, a niobate colloid (5 g L
−1

) 

without agar was also treated in the same sequence. 

Alteration of the electrically aligned nanosheets with this process is indicated 

by POM images shown in also Figure 3.  The POM image of the niobate colloid 

sample without agar 10 min after the termination of the AC voltage application 

indicates reduction of the birefringent area relative to that of the sample upon 

application of the electric field (Figures 3a, AC 8min and 10 min after AC off).  This 

indicates that the electrically aligned nanosheets have started the relaxation of alignment 

after the removal of the electric field. After 24 h, the alignment was completely lost, as 

evidenced by the dark POM image (Figure 3a, 24 h after AC off).  However, the 



niobate–agar colloid produced birefringent POM images 24 h after AC voltage removal 

(Figure 3c, 24 h after AC off).  The birefringent area is almost the same as that under 

the electric field.  These results demonstrate retention of the electric alignment of 

niobate nanosheets in the niobate–agar colloid for more than 24 h when the colloid 

temperature was reduced after the electric nanosheet alignment. The concentration of 

agar is a key parameter for both the orientation of nanosheets and the retention of the 

orientation, as summarized in Figure 4.  

 

 

Effect of AC Voltage 

We investigated the effect of the applied AC voltage on the electric nanosheet 

alignment and its retention in the niobate–agar colloid.  Figure 5 shows the temporal 

changes in POM images a niobate–agar sample subjected to a sequence of electric fields 

in the sol state and its removal in the gel state with applied voltages of 2 to 5 V.  The 

samples subjected to AC voltage higher than 3 V show both strong birefringence under 

the electric field and its retention after the removal of the electric field.  The samples 

subjected to electric fields lower than 2.75 V show only weak birefringence under the 

electric field and a large decrease after the AC voltage cutoff.  



These results indicate that the niobate–agar colloid effectively retains the 

electric alignment of niobate nanosheets only when the nanosheet alignment is attained.  

The lower degree of electric alignment at an applied voltage of less than 2.75 V is 

ascribed to the presence of agar; the niobate colloid without agar responds to the 2 V 

electric field, similarly to 5 V.  The introduction of agar to niobate nanosheet colloid 

increases the viscosity of the colloid even at the sol state.  Hence, low AC voltages are 

insufficient to turn the nanosheet direction.  In contrast, fast relaxation of the 

insufficiently aligned nanosheets at the viscous sol state (observed at Figure 5, 2.75 V 

and 2V) is related to the cooperative effect of nanosheets originating from their liquid 

crystallinity. The clear difference between the images obtained at 3 V and 2.75 V in 

Figure 5 suggests that majority alignment of the nanosheets has an effect on the 

retention of nanosheet alignment. AC voltage of 2.75V insufficiently aligns some 

nanosheets but most nanosheets are not aligned with lying parallel to the cell surface.  

In this case, cooperative effects between the aligned nanosheets, i.e., minor components 

and non-aligned nanosheets, i.e., dominant components would assist relaxation of the 

alignment.  Our recent study on optical manipulation of niobate nanosheets revealed 

that cooperation between the liquid crystalline nanosheets expands their alignment to 

nanosheets that are not directly manipulated by the external force [29].  



Textural Difference in the Electrically Aligned Nanosheets  

However, the texture formed by the electric application in the niobate–agar 

mixture is somewhat different from that formed in niobate colloids, as suggested by 

Figure 5. The single niobate colloid shows a texture characterized by small birefringent 

domains of aligned nanosheets spreading over the entire area.  In contrast, the niobate–

agar colloids show a mosaic-like location of the birefringent area segregated from dark 

regions.  This indicates segregation of the domains of electrically aligned niobate 

nanosheets from the non-birefringent agar domains. 

We assumed that this is caused by the difference in the dispersion status of niobate 

nanosheets in the colloid, which is partly explained by the change in viscosity due to the 

addition of agar.  Increasing the viscosity by addition of agar delays the settling of 

niobate nanosheets in the cell, and the niobate dispersion status in the cell therefore is 

different from the one without agar.  Because colloidal particles generally suffer from 

thermal perturbation during their sedimentation [46], delayed settling of the particles 

can change their distribution.  Hence, it is reasonable to ascribe the difference in 

nanosheet distribution with and without agar to the difference in the settling rate.  

The other possible explanation for segregation is phase separation in the 

niobate–agar binary system due to the depletion effect [47, 48].  In general, a 



multi-component colloidal system without any specific interaction between the colloidal 

particles tends to show phase separation due to the depletion effect.  This can be the 

case for binary colloids of niobate nanosheets and agar molecules.  

 

Conclusions 

In summary, electrically aligned colloidal inorganic nanosheets prepared by 

exfoliation of layered hexaniobate can be immobilized by introducing a natural gelator, 

agar, to the colloid.  The immobilization is realized by a temperature-driven viscosity 

change related to the sol–gel transition of agar.  The immobilization of nanosheet 

orientation is realized at an appropriate agar concentration, which determines the colloid 

viscosity and allows the nanosheet alignment by an electric field at high temperature, as 

well as the immobilization of alignment at low temperature.  The nanosheet orientation 

is retained 24 h after the electric application at an agar concentration of 0.2 wt%, 

although the macroscopic structure of niobate nanosheets with agar induced by electric 

application is somewhat different from those one without agar.  The compatibility of 

the orientation control and its retention is possible only at certain limited agar 

concentrations.  This immobilization of liquid colloidal nanosheet alignment is a step 



forward for creating smart materials in which the structure inside the medium can be 

controlled reversibly in a less energy-consuming way.  
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