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Abstract. Neat (dense and non-overlapped) monolayer tiling of 2D nanosheets on a substrate 

surface is very important because we can conduct artificial lattice-engineering by repeating the 

tiling process in a designed sequence to tailor various hierarchical nanostructures, leading to a 

range of sophisticated functions. It is recently reported that a facile spin-coating technique 

realizes the neat monolayer tiling of various 2D nanosheets. Establishing universal guidelines 

to neatly tile 2D nanosheets on substrates of various materials and size/shape is of essential 

importance to fully apply this technique, but the mechanism how the nanosheets are tiled has 

not been clarified yet. In the present study, we have systematically examined the nanosheet 

deposition process at various rotation speeds by microscopic observations and found that the 

neat monolayer tiling of nanosheets is attained on the solvent surface during the spin-coating, 
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and then the monolayer film is deposited onto the substrate surface from its center toward the 

edges upon evaporation of the solvent. Furthermore, we have clarified how the rotation speed 

and the nanosheet concentration govern the deposition behaviors in terms of neat tiling, overlap, 

or non-coverage in a such process. On the basis of the guidelines, we can predict the optimum 

spin-coating conditions for attaining the neat monolayer tiling of various nanosheets over an 

entire surface of the substrate. 

 

Introduction 

A variety of molecularly thin 2D nanosheets, which are obtained via exfoliation of their 

mother layered compound into single layers, have been extensively studied in the past decades, 

pursuing their various fascinating properties.1–7 To design a nanodevice by fully utilizing their 

functions, it is important to arrange the 2D nanosheets on a substrate into precisely controlled 

mono- and multilayer structures. Since many of the 2D nanosheets including metal oxide 

nanosheets are obtained, being monodispersed in liquids, the nanosheets can be deposited on a 

substrate through various solution processes such as electrostatic self-assembly and Langmuir–

Blodgett (LB) deposition.8–11 

The electrostatic self-assembly method utilizes the electrostatic attraction forces working 

between the nanosheets and oppositely charged polymers. For example, negatively charged 

titania nanosheets are adsorbed on the substrate surface precoated with cationic polymers such 

as polyethylenimine.9 When the substrate surface is fully covered with the nanosheets, the 

nanosheets dispersed in their suspension no longer adsorb on the substrate surface due to 

electrostatic repulsion, forming a monolayer film of the nanosheets. However, such films are 

not ideally monolayer, having substantial overlaps and gaps. In contrast, the LB deposition is 

involved by transfer of a monolayer film of the nanosheets formed on a solvent surface onto a 

substrate surface.10,11 The nanosheets tend to adsorb on a solvent surface via electrostatic 
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interaction with amphiphilic tetrabutylammonium (TBA+) ions. The nanosheets floating 

sparsely on the solvent surface are gathered and laterally packed by the surface compression 

with barriers under an optimized surface pressure, and the nanosheet film is transferred onto a 

substrate surface when the substrate immersed in the liquid is lifted to air. Although these 

processes can be repeated to design various hierarchical nanostructures of 2D nanosheets, 

leading to advanced functionalities, it is not suitable for practical industrialization because of 

complicated procedure and long process time. 

The fabrication of thin films of 2D nanosheets has also been achieved by the spin-coating 

method. For example, titanium oxide and calcium niobium oxide nanosheets have been spin-

coated into lamellar films with a thickness ranging from sub-micrometers to micrometers, 

which can be controlled by the concentration of the precursor suspension.12,13 Apart from such 

conventional films, it is of greater importance to control the thickness at nanometer-scale 

precision or the step of nanosheet thickness, including the formation of monolayers of 2D 

nanosheets. Actually, neat monolayer tiling of 2D nanosheets was demonstrated by spin-

coating a colloidal suspension of nanosheets under suitable conditions.14–17 The procedure is 

quite simple and can be completed in a few minutes, which is highly promising for practical 

applications. Furthermore, repetition of the monolayer deposition in a designed sequence can 

construct various hierarchical nanostructures such as multilayers and superlattice- and mosaic-

like heterostructured films composed of titanium oxide and calcium niobium oxide 

nanosheets.17 

Understanding on how 2D nanosheets are neatly tiled in the spin-coating process is of 

essential importance to fully apply this technique. In previous studies, it was considered that 

the neat monolayer tiling of 2D nanosheets with the thickness of 1–2 nm is driven by 

centrifugal forces upon spin-coating,16 as follows. The nanosheets dispersed in a suspension 

on a substrate surface are transported toward the substrate edges by the centrifugal forces upon 
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high-speed rotation of the substrate (1000–4500 rpm), and then the nanosheets are packed side-

by-side from the edge of the substrate surface toward the center to form a monolayer film of 

neatly tiled nanosheets within a few minutes. This mechanism is based on the observation that 

gaps between the nanosheets are small in the area near the edges, and when the amount of 

nanosheets is insufficient, uncoated regions are left in the central region of the substrate surface. 

However, the above mechanism for the tiling of nanosheets may not be plausible because of 

the following reasons. The centrifugal forces (17–340g even at the edge of the substrate) 

applied to the nanosheets during the spin-coating are too small to transport the nanosheets 

toward the edges of the substrate (30 mmφ in diameter) within a few minutes. In fact, the 

nanosheets do not settle even when the suspension in a tube of similar size is centrifuged at 

2300g for 10 min (Figure S1, Supporting Information). In addition, the above mechanism in 

which the nanosheet tiling ends at the center of the substrate surface is inconsistent with the 

fact that the drying begins from the center of the substrate surface during the spin-coating. 

Since the nanosheets have extremely high 2D anisotropy with the molecularly thin thickness 

of 1–2 nm and the lateral dimension over several micrometers, it is of significant importance 

to gain the understanding for how the neat monolayer tiling of nanosheets is attained in the 

spin-coating process. In the present study, we have systematically examined how the 

nanosheets are assembled on a substrate surface depending on key parameters of the spin-

coating such as the rotation speed, the concentration of nanosheet suspension, and the size of 

the substrate surface. On the basis of these results, the mechanism for the neat monolayer tiling 

is discussed. We have established the general guideline to predict deposition parameters, with 

which a high-quality monolayer film of well-packed nanosheets is obtained. 

 

Results and Discussion 
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We carried out the spin-coating of Ti0.87O20.52− nanosheets suspended in dimethyl sulfoxide 

(DMSO) with the concentration of 0.1 wt % on a flat surface (15 mm × 15 mm) of the indium 

tin oxide (ITO) substrate at various rotation speeds, and collected scanning electron 

microscopy (SEM) images across the entire surface of the substrate. For the sample spin-coated 

at 3200 rpm, the bright and dark areas were observed at the center and periphery of the substrate, 

respectively, and a boundary between them was distinctly recognized (Figure 1A). Since the 

nanosheets are discerned as darker objects than the ITO substrate as shown in the magnified 

SEM images, the bright area corresponds to an uncovered area that the nanosheets are sparsely 

adsorbed and most of the bare substrate surface is exposed (Figure 1B, C). The shape of the 

uncovered region was roughly square, reflecting the shape of the substrate surface. In contrast, 

the dark area corresponds to a covered area that the nanosheets are laterally assembled in a 

single layer (Figure 1D, E). The width of the uncovered area was ~9 mm, and the width of the 

two covered areas surrounding the uncovered area was ~3 mm each. When the sample was 

prepared at the rotation speed of 1800 rpm, on the other hand, the entire substrate surface 

looked uniform in the SEM image and no bright region was observed (Figure 1F). As revealed 

by the magnified SEM images, the whole surface of the substrate was covered with a 

monolayer film of neatly tiled nanosheets, leaving small gaps between the nanosheets (Figure 

1G–J). The gap in the center region was relatively larger than that at the periphery of the 

substrate, and the overlaps of nanosheets into bilayers were noticeable near the edges. The 

neatly tiled nanosheets on an Si wafer were also observed by atomic force microscopy (AFM), 

as shown in Figure 2A. The thickness of the nanosheets was ~1.2 nm (Figure 2B), confirming 

the monolayer deposition of the nanosheets.11 Based on the height histogram of the AFM image 

(Figure 2C), the coverage and the overlapped region were estimated to be 96.1% and 7.5%, 

respectively, indicating that the nanosheets were well-packed into a high-quality monolayer 

film. Similarly, we examined the spin-coated films prepared at various rotation speeds (Figure 
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S2, Supporting Information). When the rotation speed was 2250 rpm or higher, an uncovered 

region was observed in the center of the substrate surface, and its width expanded as the rotation 

speed increased (Figure 3A). For the samples spin-coated at 2000 rpm or lower, on the other 

hand, the substrates were completely covered with a film of neatly tiled nanosheets. However, 

overlaps of the nanosheets were also observed even at the central region of the substrate surface 

when spin-coated at 1690 rpm and below, and the density of overlaps increased as the rotation 

speed decreased (Figure 4). On the basis of the above results, it is considered that the optimum 

rotation speed (ωopt) ranges around 1800–2000 rpm for the neat monolayer tiling of nanosheets 

over the entire substrate surface under the present conditions. 

 

 



 7 

Figure 1. (A, F) Assembly of SEM images of Ti0.87O20.52− nanosheets on a flat ITO substrate 

(15 mm × 15 mm) spin-coated at (A–E) 3200 and (F–J) 1800 rpm. The concentration of 

Ti0.87O20.52− nanosheet suspension used for the spin-coating was 0.1 wt %. Magnified images 

were collected at (B, G) 1 mm, (C, H) 3 mm, (D, I) 5 mm, (E, J) 7 mm apart from the center of 

the substrate surface, the locations of which are indicated in the images (A, F). The square with 

a dashed line in the images (A, F) indicates the position of the substrate edge. 

 

 

Figure 2. (A) AFM image of the Ti0.87O20.52− nanosheets on an Si wafer (15 mm × 15 mm) 

spin-coated with Ti0.87O20.52− nanosheet suspension (0.1 wt %) at 2000 rpm. (B) Cross sectional 

profile along with a red line shown in the AFM image. (C) Height histogram of the AFM image. 
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Figure 3. (A) Width of the uncovered region at the center of the flat ITO substrate (15 mm × 

15 mm) plotted against the rotation speed (ω) upon spin-coating with Ti0.87O20.52− nanosheet 

suspension (0.1 wt %). (B–F) Area of the covered region plotted as a function of 1/ω2: (B) a 

flat ITO substrate (15 mm × 15 mm) with Ti0.87O20.52− nanosheet suspension (0.1 wt %); (C) a 

flat ITO substrate (30 mm × 30 mm) with Ti0.87O20.52− nanosheet suspension (0.1 wt %); bumpy 

ITO substrates (15 mm × 15 mm) with (D) Ti0.87O20.52− nanosheet suspension (0.1 wt %), (E) 

Ti0.87O20.52− nanosheet suspension (0.2 wt %), (F) Ca2Nb3O10− nanosheet suspension (0.52 

wt %). 
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Figure 4. SEM images of Ti0.87O20.52− nanosheet films at the center of the flat ITO substrate 

(15 mm × 15 mm) spin-coated at (A) 2000, (B) 1800, (C) 1690, (D) 1580, (E) 1410, (F) 1200 

rpm. The concentration of Ti0.87O20.52− nanosheet suspension used for the spin-coating is 0.1 

wt %. 

 

In order to discuss the mechanism for the neat monolayer tiling of nanosheets, we explored 

how the rotation speed affects the behavior of nanosheet suspension on a substrate during the 

spin-coating. Although most of the suspension loaded on a substrate surface is blown out of 

the substrate immediately after starting the high-speed rotation, a small portion of the 

suspension is remained to cover the substrate surface due to surface tension working at the 

solid/liquid interface. At the rotation speed (ω), the centrifugal force (Fc) applied to the 

suspension having the volume (h × the square of unit length (L)) and density (ρ) can be 

formulated as Fc = L2hρ × rω2 at the edge of the substrate surface, where h is the thickness of 

the suspension and r is the distance from the center of the substrate surface. Since the 

centrifugal force applied to the residual suspension is balanced with the surface tension and the 
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strength of the surface tension is independent of the parameters, h and ω, as far as the interface 

exists, a relationship of h ∝ 1/ω2 can be obtained. The area (A) that can be covered with the 

nanosheets in a single layer is proportional to the amount of the nanosheets dispersed in the 

suspension, i.e., the thickness of the suspension (A ∝ h), and hence a relationship of A ∝ 1/ω2 

is obtained. 

Then, the area of the covered region was estimated from the SEM images and plotted against 

1/ω2 (Figure 3B). As expected from the above discussion, a linear relationship was obtained 

between A and 1/ω2 (R2 = 0.965) in the rotation speed range of 2200 rpm and above. The 

intersection of the regression line with A = 225 mm2 (the area of the substrate surface) gives 

ωopt = 2155 rpm, which is considered to yield that the coverable area by the nanosheets existed 

in the suspension is equal to the area of the substrate surface. To confirm this, we estimate the 

amount of nanosheets loaded on the substrate. The area that can be covered with the 

Ti0.87O20.52− nanosheets loaded on a substrate (0.1 wt % in DMSO, 60 µL) is estimated to be 

~3 × 104 mm2, based on the mass of the Ti0.87O20.52− nanosheet per area (2.2 × 10−3 g m−2)17 

and the density of DMSO (1.10 g cm−3). The coverable area by the nanosheets is ~133 times 

larger than the area of the substrate surface (15 × 15 mm2). Since the average thickness of the 

suspension on the substrate prior to the high-speed rotation is estimated to be ~267 µm by 

considering the loaded volume of the suspension and the area of the substrate surface, it is 

considered that the nanosheets are dispersed at an average face-to-face interval of ~2.0 µm in 

the suspension. Upon starting the high-speed rotation, the concentration of the nanosheet 

suspension on the substrate does not change, although the amount of the suspension decreases. 

Since the thickness of the suspension immediately after starting the high-speed rotation (1000 

rpm) is reported as ~4.5 µm when the substrate size is 30 mmφ,16 the thickness of the 

suspension under the present conditions (the substrate size is 15 mm × 15 mm and the rotation 

speed is 2155 rpm) is estimated to be ~2.0 µm by taking the difference in centrifugal forces at 
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the substrate edge into account (h ∝ 1/rω2). Since the average face-to-face interval of the 

nanosheets is ~2.0 µm in the suspension, it was confirmed that the coverable area with the 

nanosheets existed in the suspension is equal to the area of the substrate surface, which is 

sufficient for forming a monolayer film of neatly tiled nanosheets across the entire substrate 

surface. Conversely, the amount of the nanosheets is insufficient when the rotation speed is 

larger than 2155 rpm, leaving a part of the substrate surface uncovered. The relationship of A 

∝ 1/ω2 was also observed when we employed different sizes of the flat ITO substrate, different 

substrates including bumpy ITO substrates, different concentrations of Ti0.87O20.52− nanosheet 

suspensions, and different types of oxide nanosheets including Ca2Nb3O10−, although ωopt 

depended on various parameters such as the size of substrates, the concentration of nanosheet 

suspensions, and the type of nanosheets (Figure 3C–F). It is noteworthy that the optimum 

rotation speed was almost the same for the bumpy ITO substrate (2100 rpm, Figure 3D) and 

the flat ITO substrate (2155 rpm, Figure 3B), despite of the different surface morphology. 

We attempted ex-situ observation on how the monolayer film of nanosheets is formed on a 

substrate surface on the basis of the different surface coverage of nanosheets depending on the 

rotation speed (Figure 3C). The surface of a flat ITO substrate (30 mm × 30 mm) was fully 

covered with a monolayer film of neatly tiled nanosheets when spin-coated at 1050 rpm for 

300 s until the substrate surface was completely dried (Figure S3A–E, Supporting Information), 

whereas most of the substrate surface was remained uncovered except for the covered region 

within ~1 mm from the edges when spin-coated at 8000 rpm (Figure S3F–J, Supporting 

Information). Hence, if the rotation speed is switched from 1050 rpm to 8000 rpm during drying, 

it is expected that a state on a half way to the fully covered is captured. We performed the spin-

coating of Ti0.87O20.52− nanosheets on a flat ITO substrate (30 mm × 30 mm) at 1050 rpm for 

210 s and switched to 8000 rpm in the mid-course of drying, and held it for 120 s until the 

surface was dried. As observed by SEM (Figure 5A), monolayer films of neatly tiled 
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nanosheets were observed in the regions within 9–10 mm from the center of the substrate 

(Figure 5B) and within ~1 mm from the edges (Figure 5D), and the nanosheets were sparsely 

adsorbed between these two regions (Figure 5C). It is considered that the monolayer film in 

the central region was formed during the rotation at 1050 rpm, since the center region of the 

substrate surface was uncovered when spin-coated at 8000 rpm from the beginning. In contrast, 

the neat monolayer tiling of nanosheets near the edges was attained during the rotation at 8000 

rpm, as observed when spin-coated at 8000 rpm from the beginning. The region in between the 

above two domains of the monolayer film was remained uncovered as a result of the switching 

of the rotation speed from 1050 rpm to 8000 rpm in the mid-course of the drying of the substrate 

surface. Hence, it was confirmed that the monolayer film of neatly tiled nanosheets starts to 

form from the center of the substrate surface and spreads toward the edges. 

  

 

Figure 5. (A) Assembly of SEM images of Ti0.87O20.52− nanosheets spin-coated on a flat ITO 

substrate (30 mm × 30 mm). The spin-coating of Ti0.87O20.52− nanosheets (0.1 wt %) was 

performed at the rotation speed of 1050 rpm for 210 s followed by the rotation at 8000 rpm for 

120 s. The square with a dashed line indicates the position of the substrate edge. Magnified 
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images were collected at (B) 4 mm, (C) 12 mm, (D) 14 mm apart from the center of the 

substrate surface, the locations of which are indicated in the image (A). 

 

Next, we discuss the mechanism for the neat monolayer tiling of nanosheets. Since the 

formation of the monolayer film begins from the center of the substrate surface and spread 

toward the edges, one might think that the tiling of nanosheets is based on the convective self-

assembly, which is similar to the formation process of a laterally assembled monolayer film of 

spherical nanoparticles, also called 2D colloidal crystals.18–21 In the convective self-assembly 

process, when the tops of the particles with a diameter of several hundred nanometers protrude 

from the suspension upon evaporation of the solvent during the spin-coating, capillary 

attraction forces are generated due to the menisci formed between the particles, forming the 

core of the 2D colloidal crystal at the center of the substrate surface. As the surrounding solvent 

evaporates, the particles gather to grow the colloidal crystal toward the edges of the substrate, 

forming the 2D colloidal crystal over the entire surface of the substrate.22–24 In the case of the 

nanosheets, however, bringing the attraction forces into action as the case for convective self-

assembly will be extremely unfavorable because the meniscus shape will not be expected for 

their gap considering their very high 2D geometry. Furthermore, the thickness of the 

suspension should be smaller than the nanosheet thickness of ~1.2 nm, which corresponds to 4 

molecules or less of DMSO. It is unlikely that such a thin layer of DMSO molecules behaves 

as a rheological liquid to show viscoelasticity, and the DMSO molecules will evaporate 

completely before the nanosheets are tiled. In addition, it is reported that the flatness of 

substrate surfaces is important for the formation of highly ordered 2D colloidal crystals in a 

monolayer.25 Conversely, the monolayer film of neatly tiled nanosheets was obtained not only 

on the flat surfaces but also on the bumpy surfaces (Figure 3), the roughness of which is much 

larger than the nanosheet thickness (Figure S4, Supporting Information). Hence, it is 
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considered that the nanosheet monolayer tiling is not resulted from the event on the substrate 

surface. 

We propose another mechanism, i.e., the monolayer film of neatly tiled nanosheets is formed 

on a solvent surface and transferred onto a substrate surface during the spin-coating process 

(Figure 6), which is similar to the case of the LB method.10,11 In the LB method, a monolayer 

film of laterally packed nanosheets is formed at the air/liquid interface under an optimized 

surface pressure, and the nanosheet film is transferred onto a substrate surface when the 

substrate immersed in the liquid is lifted to air. We speculate that essentially the same event 

occurs in the film formation by the spin-coating method. First, we discuss how the neat 

monolayer tiling of nanosheets is attained on the solvent surface during the spin-coating 

process. In the aqueous suspension, the nanosheet surface is covered with TBA+ ions, which 

work as amphiphilic agents, and thus the nanosheets tend to be trapped at the air/liquid interface 

because the hydrophobic butyl chains of TBA+ ions escape from aqueous solution, pointing 

toward the gas phase.10,15,26–28 Such nanosheets floating sparsely on the solvent surface are 

gathered and laterally packed by the surface compression with barriers in the LB method. The 

nanosheets may be trapped at the air/liquid interface also in the DMSO during the spin-coating 

process. The TBA+ ions most likely show amphiphilic property in DMSO because DMSO is 

miscible with water. As the suspension becomes thinner due to evaporation of the solvent 

during the spin-coating, the nanosheets will be trapped more easily due to increased 

concentration of nanosheets in the suspension as well as shortened distance to the solvent 

surface. As a result, the amount of the trapped nanosheets is increased to fully cover the solvent 

surface under the rotation speed of ωopt and below (Figure 6, i to iii). In this process, it is 

important to point out that the overlap of the nanosheets on the solvent surface is avoided due 

to electrostatic repulsion between the nanosheet faces, increasing the nanosheet population at 

the surface and then leading to well-packed arrangement of the nanosheets. At an optimum 
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rotation speed, a monolayer film of neatly tiled nanosheets is formed on a solvent surface and 

then transferred onto a substrate surface as the substrate is dried from the center to the edges 

(Figure 6, iii to vi). It is noted that the tiling on the solvent surface needs to be completed before 

the drying of the substrate surface begins. This transfer model is consistent with the fact that 

the difference of surface morphology and flatness of the substrate did not affect the optimum 

conditions for the monolayer tiling of nanosheets as mentioned above. 

  

 

Figure 6. Schematic illustration of the formation process of a monolayer film of neatly tiled 

nanosheets on a substrate surface during the spin-coating. (i) Upon the rotation, a small portion 

of the suspension is remained to cover the substrate surface. (ii) The nanosheets are trapped at 

the air/liquid interface. (iii) Neat monolayer tiling of nanosheets is attained on the solvent 

surface. (iv) The monolayer film is deposited onto the substrate surface as the substrate is dried 
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from the center. (v) As the drying proceeds, the region of the monolayer film on the substrate 

surface expands toward the edges of the substrate. (vi) The transfer is completed to form a 

monolayer film of neatly tiled nanosheets on the substrate surface with some overlaps near the 

edges. 

 

The model in which the nanosheet film formed on the solvent surface is deposited onto the 

substrate surface in the spin-coating process can explain the observed result that the gaps 

between the neighboring nanosheets in the center region of the monolayer film formed on the 

substrate surface are wider than those in the periphery of the substrate. In the beginning of the 

transfer, the monolayer film of neatly tiled nanosheets formed on the solvent surface is 

deposited onto a substrate surface keeping the relatively wide gaps. As the deposition proceeds, 

the density of nanosheets on the solvent surface is increased due to evaporation of the solvent, 

resulting in the narrower gaps in the monolayer film on the solvent surface. Hence, the gaps 

between the nanosheets near the edges are narrower compared to those at the center of the 

substrate surface. 

The model can also elucidate the different adsorption behaviors of the nanosheets on the 

substrate surface, depending on the rotation speed. When the rotation speed is larger than ωopt, 

the amount of nanosheets in the suspension remained upon the rotation is insufficient for the 

full coverage of the substrate surface, and the trapped nanosheets are sparsely present at the 

air/liquid interface. As the area of the solvent surface becomes smaller due to partial drying of 

the substrate surface, however, the density of the trapped nanosheets is increased to attain the 

neat monolayer tiling of the nanosheets on the remained solvent surface, and then the 

monolayer film is deposited onto the substrate surface. As a result, a monolayer film of neatly 

tiled nanosheets is formed at the periphery region of the substrate surface, remaining the center 

region uncovered (Figure 1A). 
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When the rotation speed is smaller than ωopt, on the other hand, the amount of nanosheets 

remained after the rotation begins exceeds the threshold value to fully cover the substrate 

surface. Hence, in addition to the monolayer film of nanosheets formed on the solvent surface 

being deposited to the substrate surface, the nanosheets suspended in the solvent adsorb on the 

substrate upon complete evaporation of the solvent, resulting in the overlaps of the nanosheets. 

Actually, the density of the overlapped nanosheets was increased as the rotation speed was 

decreased (Figure 4). The overlap of the nanosheets occurs between an isolated nanosheet and 

a part of the neatly tiled nanosheets (Figure 1I, J). It is expected that the isolated nanosheets 

are sandwiched between the neatly tiled nanosheets and the substrate surface, because such 

isolated nanosheets originate from those suspended in the solvent and the film of neatly tiled 

nanosheets is formed on the solvent surface during the spin-coating. This is experimentally 

supported by the cross sectional profile of overlapped region examined by AFM. We observed 

several isolated Ca2Nb3O10− nanosheets in addition to neatly tiled nanosheets (Figure 7A). The 

cross section was examined in the area where an isolated nanosheet was overlapped with two 

nanosheets of the neatly tiled nanosheets, and the height of the isolated nanosheets in the gap 

between the two nanosheets was lower than that of the two nanosheets (Figure 7B), indicating 

that the isolated nanosheet is located beneath the film of neatly tiled nanosheets. The overlaps 

of the nanosheets are hardly seen in the LB method,11 because the nanosheet suspension is not 

completely evaporated during the LB process, which is different from the spin-coating process. 

Such isolated nanosheets adsorb on the substrate surface when the suspension becomes 

completely dried, which is consistent with the observed result that the overlapped nanosheets 

were more frequently found near the edges of the substrate (Figure 1G–J). 
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Figure 7. (A) AFM image of the Ca2Nb3O10− nanosheets on an Si wafer spin-coated with 

Ca2Nb3O10− nanosheet suspension (0.52 wt %) at 2500 rpm. (B) Cross sectional profile along 

with a red line shown in the AFM image. 

 

Conclusion 

We have performed the microscopic observation of the whole-area of substrate surface to 

systematically examine the area of a monolayer film of neatly tiled nanosheets formed at 

various rotation speeds (ω) in the spin-coating process, and found that the area (A) covered 

with the monolayer film is linearly dependent on the reciprocal of the square of the rotation 

speed (A ∝ 1/ω2). This relationship is valuable to predict the optimum rotation speed for 

attaining a neat monolayer tiling of nanosheets, which is dependent on the size of substrates, 

the concentration of nanosheet suspensions, and the type of nanosheets. We have also clarified 

how the monolayer film of neatly tiled nanosheets is formed on a substrate surface via the spin-

coating. The nanosheets are trapped at the air/liquid interface, and their density increases as the 

thickness of the suspension decreases, leading the self-assembly of the trapped nanosheets to 
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attain their neat monolayer tiling on the solvent surface. The monolayer film of neatly tiled 

nanosheets formed on the solvent surface is deposited onto a substrate surface from the center 

of the substrate toward the edges upon drying the substrate surface at an appropriate rotation 

speed. The knowledge obtained in this work would facilitate the utilization of spin-coating 

technique for constructing precisely organized hierarchical films based on a variety of 2D 

nanosheets, developing sophisticated functions. 

 

Methods 

Reagents and Materials. All chemicals were of analytical grade and used as purchased. 

Milli-Q filtered water was used throughout the experiments. Polished ITO (180 nm thick)-

coated glass plates with flat surfaces were obtained from Kuramoto Co., Japan. Unpolished 

ITO (220 nm thick)-coated glass plates with bumpy surfaces and Si (100) wafers were 

purchased from Furuuchi Chemical Co., Japan. 

Preparation of Nanosheet Suspensions. An aqueous colloidal suspension of Ti0.87O20.52− 

nanosheets was prepared following a previously reported procedure (Figure S5, Supporting 

Information).29–31 A stoichiometric mixture of TiO2, K2CO3, and Li2CO3 powders was annealed 

at 1000 °C for 20 h to synthesize a lepidocrocite-type layered titanate, K0.8Ti1.73Li0.27O4, and 

then it was treated with 1 M HCl solution at ambient temperature for 72 h to yield a protonated 

phase. The obtained H1.07Ti1.73O4·H2O was dispersed in a TBA hydroxide solution (TBA+/H+ 

= 1) and shaken intermittently for a period of 1 month to be exfoliated. The resulting suspension 

contained unilamellar nanosheets of Ti0.87O20.52− with a lateral size of tens of micrometers and 

a thickness of ~1.2 nm. The aqueous suspension was centrifuged at 10000 rpm (9300g) for 30 

min, and the resulting sediment was dispersed in DMSO to obtain DMSO suspensions of 

Ti0.87O20.52− nanosheets. The mass concentration of the nanosheets in the DMSO suspension 

was estimated by absorbance of the suspension diluted with DMSO, molar extinction 
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coefficient, and density of DMSO (ρ = 1.10 g cm−3). The molar extinction coefficient (ε) was 

determined by the combination of spectroscopic analysis and gravimetric quantification of the 

solid content upon heating at 1000 °C: ε = 1.12(1) × 104 (n = 3) mol−1 dm3 cm−1 at 270 nm for 

the Ti0.87O20.52− nanosheets suspended in DMSO.32 

A DMSO suspension of Ca2Nb3O10− nanosheets was prepared in a similar way.17 A layered 

perovskite powder of KCa2Nb3O10 was synthesized by annealing a mixture of K2CO3, CaCO3, 

and Nb2O5 (K:Ca:Nb = 1.1:2:3) at 1200 °C for 12 h, and then it was treated with 5 M HNO3 

solution at ambient temperature for 72 h to yield a protonated phase.33 The obtained product of 

HCa2Nb3O10·1.5H2O was dispersed in a TBA hydroxide solution (TBA+/H+ = 1) and shaken 

intermittently for a period of 1 month to be exfoliated. The resulting aqueous suspension of 

unilamellar Ca2Nb3O10− nanosheets was centrifuged at 15000 rpm (21000g) for 30 min, and 

the obtained sediment was dispersed in DMSO. The concentration of the DMSO suspension of 

Ca2Nb3O10− nanosheets was estimated by using ε = 2.03(2) × 104 (n = 3) mol−1 dm3 cm−1 at 

270 nm for the Ca2Nb3O10− nanosheets suspended in DMSO. 

Spin-Coating of Nanosheets. ITO substrates (15 mm × 15 mm or 30 mm × 30 mm) were 

cleaned with acetone and then treated with oxygen plasma by a plasma ion bombardment (PIB-

20, Vacuum Device, Japan) to turn their surface hydrophilic. The substrate was then placed 

onto the sample holder of a spin coater (MS-B100, Mikasa, Japan), covered with a DMSO 

suspension (60 µL or 180 µL) of nanosheets at a designated concentration, and spun at the 

designated rotation speed (ω) for 300 s. The temperature was strictly regulated at 26.5 ± 0.1 °C 

during the spin-coating. When the temperature was deviated by 0.3–0.6 °C, the optimum 

rotation speed was varied 4–8% as 1/ω2, probably due to the difference in the temperature-

dependent vapor pressure of the suspension. 

Apparatus. SEM images were acquired at an accelerating voltage of 5 kV (JSM-6010LA, 

JEOL, Japan). AFM images were collected in tapping mode using a scanning probe microscopy 



 21 

(E-sweep, Hitachi High-Tech Science, Japan) equipped with a cantilever (SI-DF20). A UV–

vis spectrophotometer (V-670, Jasco, Japan) was used to record absorption spectra of 

nanosheet suspensions. 
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