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Abstract 

Ultrathin inorganic nanosheets (e.g. two-dimensional (2D) nanomaterials, thin films and etc.) have 

been attracting tremendous research interest because of their unique properties and promising 

applications. However, because of their ultrathin thickness (< 100 nm) and low flexural rigidity, it 

is difficult to manufacture low dimensional structures using these nanosheets. In this work, we 

first report the observation of an intriguing elasto-capillary unfolding phenomenon which occurs 

on a variety of freestanding inorganic nanosheets floating on a liquid surface. Through theoretical 

modeling and experiments, we demonstrate that one can easily unfold, re-roll and transport 

different kinds of nanosheets by tuning the interfacial properties of the liquid. As a result, one can 

assemble nanosheets on the liquid surface into small structures (e.g. heterogeneous scrolls, optical 

resonators) and/or transfer them out of the liquid surface onto other surfaces for the manufacturing 

of flexible devices. The outcome of our research paves the way for nano-manufacturing of low 

dimensional structures with ultrathin inorganic nanosheets. 
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1. Introduction 

Since the first discovery of graphene in 2004 [1], 2D nanomaterials have been extensively 

studied due to their promising applications in biomedical devices[2], optoelectronic devices[3], 

field-effect transistors[3,4], energy storage[5], and sensing[6]. 2D nanomaterials with atomic- and 

nano-scale thickness exhibit outstanding physical and chemical properties due to their unique 2D 

geometric features and electronic structures[7], and have continuously attracted great interest from 

academia and industry. Nonetheless, controlled manipulation of these 2D nanomaterials poses a 

general challenge to their applications[8]. To fabricate micro- or nano-devices, 2D nanomaterials 

need to be purposely structured [8] and transferred [9,10] while any resultant deformation, such as 

the formation of curvatures and folds [8], could change their electronic and photonic properties. 

On the other hand, because of their extremely low flexural rigidity, 2D nanomaterials can be easily 

deformed and/or even damaged by external stimuli (e.g. by solid-solid contacts). In addition, the 

presence of in-plane residual stress often leads to the rolling or twisting of  2D nanomaterials 

[11,12]. Therefore, it has never been straightforward to manipulate 2D nanomaterials in a 

controlled manner. 

Over the past years, tremendous efforts have been dedicated to structuring and manipulating 2D 

nanomaterials for real applications. According to the literature[2,8,13–15], the prior works were 

mainly focused on utilizing internal residual stresses to structure 2D nanomaterials. In doing so, 

one usually needs to stack multiple different 2D nanomaterials or 2D nanomaterials/ultrathin films 

(e.g. polymer[2], SiO2[15]) together, which can result in a residual stress gradient in the direction 
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of thickness. In addition, one has to change the overall temperature[2] or PH[15] of the working 

environment such that the 2D nanomaterials can be reshaped as a response to the physical/chemical 

stimuli. Aside from residual stress, surface tension of liquids offers an alternative way to 

shape/deform 2D nanomaterials[16–19]. For example, a monolayer MoS2 can be shaped into an 

origami structure[18] on the curved surface of a liquid droplet   (therefore termed as capillary 

origami [16,17]). Apart from shaping and deformation, we note that the surface of liquids can also 

help transport 2D and ultrathin materials (e.g. graphene[20,21] and polymeric thin films[9]). These 

findings are interesting; however, we note that the prior methods were based on the 

shape/morphology of the liquid surface to manipulate 2D or ultrathin materials [17,18], and 

hinders the further development of liquid-based techniques to manipulate, transport and transfer 

2D and ultrathin nanomaterials. In this work, we developed a liquid-based approach to manipulate 

2D nanomaterials by considering the balance between the elastic and capillary force acting on 

them when the 2D nanomaterials are floating on a liquid surface. By systematically altering the 

surface energy of the liquid, we could easily unfold and/or re-fold freestanding nanosheets, in line 

with the predictions of the continuum model we proposed. This approach enables facile re-

structuring, transfer and assembly of different kinds of nanosheets, which can lead to a variety of 

applications, such as the construction of organic field-effect transistors (OFET), composite scroll 

assembly, and tunable optical resonators.  

 

2. Results and Discussion 

2.1 Fabrication of Inorganic Nanosheets  

For this work, we prepared inorganic (e.g. metallic, ceramic etc.) nanosheets by the polymer 

surface buckling enabled exfoliation (PSBEE) method we previously developed [7,22] (please see 
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Experimental for details). Fig. 1a-f illustrates a typical fabrication process of PSBEE. To begin 

with, a thin layer of polyvinyl alcohol (PVA) is spin-coated onto the surface of a glass plate (Fig. 

1a). After the PVA dries at 80 ℃ for an hour, a thin layer of inorganic film is deposited onto the 

PVA surface with physical vapor deposition (PVD) (Fig. 1b, c). After that, the film-PVA-glass 

system is immersed into deionized (DI) water. As the PVA layer swells and buckles with the 

diffusion of water molecules into it [22], large-sized nanosheets exfoliate from the PVA surface 

(Fig. 1d-f). By tuning the deposition parameters, such as deposition power and time, we can control 

the thickness of the nanosheets, which can range from ~10 nm to ~100 nm [7,22] (please see Figure 

S1 for the thickness characterization of nanosheets fabricated via PSBEE). In addition, we can also 

control the lateral size and shape of the nanosheets through pre-patterning prior to exfoliation (Fig. 

1d). With respect to metallic nanosheets, the lateral size of the metallic nanosheets we fabricated 

could reach 1 cm and above, which is different from metallic nanosheets synthesized via other 

methods, such as solution-based chemical synthesis [23–25]. Fig. lg-j show nanosheets of various 

inorganic materials prepared via PSBEE. Here, it is important to note that PVD may introduce 

significant residual stress in the nanosheets [22], thus leading to rolling and folding of otherwise 

flat nanosheets [12,13]. 
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Figure 1. a-f) Schematic illustration of the fabrication of freestanding inorganic nanosheets vis 

PSBEE, including (a) spin-coating a PVA layer on a glass plate, (b) drying at 60℃ for an hour, 

(c) deposition of a thin layer of inorganic film onto PVA, (d) pre-patterning the deposited film 

prior to exfoliation, (e) immersion of the film-PVA-glass system into DI water, and (f) exfoliation 

of the nanosheets. g-j) Photos of nanosheets freely floating in water, composed of (g) Ti, (h) Si (i) 

Cu, and (j) Au.  

 

2.2 Elasto-Capillary Unfolding: Phenomenon and Theory  

Fig. 2a shows a Ti nanosheet self-rolled due to the residual stress effect. Interestingly, under the 

action of the capillary force, the rolled Ti nanosheet started to unfold once part of it touched the 

surface of the DI water. Subsequently, the Ti nanosheet was drawn out of the water to its surface 

(see Movie S1) and continued to unfold itself until the whole nanosheet became fully stretched 
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while floating atop (Figs. 2b and c). Figs. 2d and e illustrate how unfolding of the rolled nanosheet 

occurs as the nanosheet-water-air triple junction keeps propagating on the water surface, causing 

expansion of the unfolded area. Importantly, we could re-roll the unfolded nanosheet by adding 

surfactants to the water, and repeatedly unfold it on clean water (see Movie S2). 

In principle, the capillary enabled unfolding leads to the decrease in the sheet-liquid/liquid-air 

interfaces and the increase in the sheet-air interface (schematic illustrations in Fig. 2f), which can 

be attributed to the reduction in the total interfacial energy by 𝑈𝑠. Meanwhile,  unfolding of the 

nanosheet results in elastic bending, hence increasing the elastic energy by 𝑈𝑒 . From a 

thermodynamic viewpoint, spontaneous unfolding occurs when the change in the total free energy 

𝑈𝑒 − 𝑈𝑠  is negative (or 𝑈𝑒 <  𝑈𝑠). Assuming that the nanosheet has thickness t, length L, curvature 

1/R, and Young’s modulus E prior to unfolding, one can derive that 𝑈𝑒 =
𝐵

2𝑅2, with 𝐵 =
𝐸𝑡3

12
 being 

the bending stiffness per unit width, and 𝑈𝑠 = 𝐿(𝛾𝑙𝑠 + 𝛾𝑙𝑣 − 𝛾𝑠𝑣) where 𝛾𝑙𝑠 , 𝛾𝑙𝑣 , and 𝛾𝑠𝑣  denote 

the interfacial energy between liquid and sheet, liquid and air, and sheet and air, respectively. 

Substituting the Young’s equation 𝛾𝑠𝑣 = 𝛾𝑙𝑠 + 𝛾𝑙𝑣 ∙ cos 𝜃𝑐  into the Us leads to 𝑈𝑠 = 𝐿𝛾𝑙𝑣(1 −

cos 𝜃𝑐) (or the Young-Dupre equation [26]), where c is the equilibrium contact angle between 

liquid and sheet. In such a case, spontaneous unfolding corresponds to 

 
𝐵

2𝑅2 < 𝛾𝑙𝑣(1 − cos 𝜃𝑐)                                                   (1) 

Setting Ue = Us, we then derive the critical curvature radius 𝑅𝑐 = √
𝐵

2𝛾𝑙𝑣(1−cos 𝜃𝑐)
 . Therefore, 

spontaneous unfolding also corresponds to R > Rc. In theory, Rc reaches infinity for 𝜃𝑐 =  0° (for 

an extremely hydrophilic sheet) or reaches its minimum for 𝜃𝑐 = 180°  (for an extremely 

hydrophobic sheet). In other words, unfolding of nanosheet on a liquid surface is favored by 

hydrophobicity but suppressed by hydrophilicity. 
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To validate the above thermodynamic theory, we carried out systematic experiments on capillary 

unfolding of the Ti nanosheets (24nm thick, see Figure S1) on the surface of a water-ethanol 

solution. The surface tension γlv of the solution, as a function of the ethanol concentration, was 

already reported elsewhere[27]. Furthermore, we measured the contact angle of the solution on the 

Ti nanosheet as a function of the ethanol concentration fe (weight fraction) from 0% to 22%. As 

shown in Fig. 2g-i, the contact angle θc decreases monotonically with fe. As a result, all the Ti 

nanosheets were completely unfolded on the surface of pure water (fe = 0%) while some of them 

stayed rolled for a finite fe (Fig. 2f, insets). We measured all observed radii R from the rolled 

nanosheets for each ethanol concentration and plot them against [𝛾𝑙𝑣(1 − cos 𝜃𝑐)]−1/2. According 

to our theory, the measured radius R should satisfy 𝑅 < 𝑅𝑐 = √
𝐵

2
[𝛾𝑙𝑣(1 − cos 𝜃𝑐)]−1/2. In other 

words, the data in Fig. 2f should be enveloped by the straight line 𝑅 = √
𝐵

2
[𝛾𝑙𝑣(1 − cos 𝜃𝑐)]−1/2, 

which agrees well with our findings, as seen in Fig. 2f.  
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Figure 2. a-c) Optical microscopy images of the unfolding process of a self-rolled Ti nanosheet 

on the surface of DI water. Observed from below the water surface. d-e) Schematic illustrations of 

the unfolding process of a nanosheet scroll as it is brought to water surface. A blue dashed line in 

(d) highlights the nanosheet-water-air triple junction. f) A graph of observed R versus [γlv(1-



 10 

cosθc)]
-1/2. The dashed line indicates the critical radius Rc proportional to [γlv(1-cosθc)]

-1/2. The 

schematic illustration at upper left shows change of interface energy when a rolled nanosheet is 

unfolded on the liquid surface, and the insets across the graph show rolled edge of the nanosheet 

at corresponding [γlv(1-cosθc)]
-1/2. Scale bars, 10 μm. g-i) Contact angle of the water-ethanol 

solution on the surface of the Ti nanosheet with the ethanol concentration of (g) 0%, (h) 8%, and 

(i) 20%.  

 

Apart from thermodynamics, we further investigate the unfolding mechanics with analytic 

modeling, which is critical to understanding unfolding of nanosheets during transience. For 

simplicity, the unfolded part of the nanosheet is considered as the Euler-Bernoulli beam with 

original curvature 1/R, length L, and bending stiffness B, which is pulled by the capillary force 

with a magnitude of γlv at one end and fixed at the other end because of symmetry (Fig. 3a). 

Meanwhile, the nanosheet is subjected to a hydrostatic pressure distributed over its surface, which 

can be related to the liquid density ρ and the gravity constant g. Furthermore, we note that 

dimensional analyses lead to the elasto-capillary length scale 𝐿𝑒𝑐 = √𝐵 𝛾𝑙𝑣⁄  and the elasto-

hydrostatic length scale 𝐿𝑒ℎ = (𝐵 𝜌𝑔⁄ )1 4⁄   for our problem[28,29]. Therefore, if we assume that 

the angle between the tangent to the nanosheet and the horizontal (or X) direction is φ (positive if 

trigonometric) and the arc-length along the nanosheet is S, we can scale length parameters by 𝐿𝑒𝑐 

and obtain the dimensionless lengths {𝑠, 𝑥, 𝑦, 𝑟, 𝑙, 𝑙𝑒ℎ} =
1

𝐿𝑒𝑐
{𝑆, 𝑋, 𝑌, 𝑅, 𝐿, 𝐿𝑒ℎ}. We therefore derive 

the following dimensionless governing equations (see Supplementary for the details of derivation): 

φ(𝑠)′′′ +
1

2
φ′(𝑠)3 − cos 𝜃𝑎 ∙ φ′(𝑠) −

1

2𝑟2 φ′(𝑠) +
1

𝑙𝑒ℎ
4 𝑦(𝑠) = 0                      (2a) 

𝑥′(𝑠) = cos φ(𝑠)                                                         (2b) 

𝑦′(𝑠) = sin φ (𝑠)                                                         (2c) 
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with the boundary conditions 

𝑥(0) = 0; φ(0) = 0; φ′′(0) = 0                                       (3a)                    

φ′(𝑙) = −
1

𝑟
;  φ′′(𝑙) = −sin 𝜃𝑎;  𝑦(𝑙) = −2𝑙𝑒ℎ

2 sin [
𝜃𝑎+φ(𝑙)

𝑠
]                (3b) 

where θa is the angle between the tangent to nanosheet and the liquid surface at the junction (Fig. 

3a). Among the dimensionless parameters in the equilibrium equations,  leh (=Leh/Lec) gages the 

relative importance of the capillary force over the hydrostatic pressure[28]. For our nanosheets, leh 

typically ranges from 103 to 105 (1/leh<<1), which suggests that the effect of hydrostatic pressure 

is insignificant for our problem. Therefore, unfolding of our nanosheets is governed mainly by the 

balance between capillarity and elasticity, or more specifically, the dimensionless parameters  𝑟 =

𝑅

𝐿𝑒𝑐
 and 𝑙 =

𝐿

𝐿𝑒𝑐
.  

By solving Eq. (2) and (3) numerically, we can predict the configuration of an unfolded 

nanosheet on a liquid surface. Fig. 3b shows a theoretical profile of the unfolded nanosheet 

obtained at r=4.8, in comparison with the profile of the unfolded NiTi nanosheet on the water 

surface, which is captured by the Wyko® NT9300 optical profiling system. Evidently, our model 

shows good agreement with the experimental observation (Fig. 3b). Notably, the edge of the 

unfolded nanosheet is curved, corresponding to a finite angle θa between the nanosheet and the 

liquid surface (Fig. 3b). From our numerical solutions, we confirm that the r (=  𝑅𝛾𝑙𝑣

1

2𝐵−
1

2 ) 

dependence of θa can be fitted to the relation 

 cos 𝜃𝑎 = 1 − 1 (2𝑟2)⁄                                                      (4) 

when the nanosheet is much larger than the elasto-capillary length (l>>1) (Fig. 3c). Substituting 

this relation into (1) yields a simple geometric criterion for spontaneous unfolding:  

 𝜃𝑎 < 𝜃𝑐                                                                (5) 
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Fig. 3d shows the variation of θa with the dimensionless unfolding length l (= 𝐿𝛾𝑙𝑣

1

2𝐵−
1

2) for a 

number of r values. It is evident that θa initially depends on l for a relatively short length (l < 5). 

As l increases, θa rises up and quickly reaches the plateau value θa’, which is determined by Eq. 

(4). To generalize our findings, we construct a “phase” diagram of folding versus unfolding, which 

is characterized by r (= 𝑅𝛾𝑙𝑣

1

2𝐵−
1

2)  and θc (Fig. 3e). The boundary between the “rolled” and 

“unfolded” phase corresponds to θa’ = θc, which is equivalent to the thermodynamic criterion 

𝑅 = √
𝐵

2
[𝛾𝑙𝑣(1 − cos 𝜃𝑐)]−1/2 as indicated in Fig. 2f. 
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Figure 3. a) A mechanical description for configuration of an unfolded scroll. b) Shape profiles of 

the unfolded nanosheet obtained by the theoretical model (blue circles), and the experimental 

observation (black line). The background of the graph shows the optical profiling image of the 

unfolded nanosheet on water surface, from which the experimental profile (black line) is extracted. 
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θa between the nanosheet and the liquid surface at the junction is marked. c) Numerically computed 

cos𝜃𝑎 varying with r (blue circles), which is fitted to cos 𝜃𝑎 = 1 −
1

2𝑟2 (black line). d) Numerically 

computed 𝜃𝑎 varying with l. Each curve corresponds to a fixed r (from bottom to top, 𝑟 = 1,
√2

2
,

√3

3
). 

e) The unfolding “phase” diagram characterized by the r and the balanced contact angle 𝜃𝑐.  

 

3. Applications  

3.1 Elasto-Capillary Enabled Transfer  

Aside from its scientific interest, we note that the phenomenon of elasto-capillary unfolding also 

enables the development of novel methods for manipulating 2D (or ultrathin) nanomaterials. In 

what follows, we would like to discuss several applications that can be derived from the elasto-

capillary unfolding. First, we note that one could obtain fully stretched nanosheets that can 

facilitate subsequent transfer by unfolding 2D nanosheets on a liquid surface, as exemplified by 

Figs. 4a-b. The nanosheet unfolded on the liquid surface could be easily transferred onto a rigid 

substrate (e.g. glass) through capillary transfer (Fig. 4c). To do so, we carefully place the glass into 

the water in the proximity of the nanosheet (e.g. 3-4 mm away from the nanosheet). Subsequently, 

we pull the glass up off the water. As a result of the capillary action, a thin water layer, together 

with the nanosheet floating on it, is drawn towards and finally sticks onto the substrate, leading to 

the capillary transfer of the nanosheet. Here, we note that, unlike the transfer of soft thick films 

(thickness>1 μm) [9],  which is based on physical contact between films and a receiver substrate, 

our method does not need any direct physical contact of  nanosheets with the receiver substrate 

throughout the transfer. 

Furthermore, we could transfer the nanosheets onto a “stamp” and subsequently print them onto 

a target substrate (Fig. 4d-f). As a proof of concept, we fabricated a polydimethylsiloxane (PDMS) 
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“stamp” (see Experimental) to pick up Au nanosheets through capillary transfer and print it onto 

target substrates. Given the moderate adhesion between metals and PDMS (i.e. ~4J/m2 for 

Au/PDMS at a low peeling rate [30]), which is weaker than that between metals and most solid 

surfaces (i.e. >10J/m2 for Au/Ti [30]), the nanosheet transferred on the stamp could be successfully 

printed onto various target substrates. As shown in Fig. 4g, we could easily transfer complex-

shaped Au nanosheets onto a flexible polyimide (PI) tape with a good control of positioning 

(Figure S2). Due to the high toughness of the Au nanosheet [31], we can retain the shape of the 

printed nanosheet. Likewise, we could also transfer the Au nanosheet onto other receiver substrates, 

such as Si, steel, and polystyrene (Figure S3).  

Next, let us estimate the distance d between the nanosheet and the substrate (Fig. 4h), within 

which the capillary transfer can take place. Due to the capillary force, the profile of the nearby 

liquid surface is not horizontal but approximately follows the equation y = 𝑐1𝑒√𝜌𝑔 𝛾𝑙𝑣⁄ ∙𝑥 before the 

transfer [32], where y = the height of the liquid surface, x = the distance to the substrate (negative 

value). In our problem, 𝑐1 = √
𝛾𝑙𝑣

𝜌𝑔
∙ cos 𝜃𝑐 , in which  = liquid density and g = the gravity constant.  

After the capillary transfer, force balance requires that the total weight of the nanosheet and the 

liquid layer, as indicated by the red area in Fig. 4h, should be smaller than the vertical component 

of the capillary force γlvcosθc. Therefore, we can derive (see Supplementary for details): 

 d ≤ √
𝛾𝑙𝑣

𝜌𝑔
∙ ln (

𝛾𝑙𝑣 cos 𝜃𝑐

𝜌𝑠𝑔ℎ𝐿
)                                               (6) 

where ρs, h, and L denote the density, thickness and length of the nanosheet respectively. Taking 

γlv = 72 mN/m, γlvcosθc =30 mN/m, ρ = l03 N/m3, ρs = l04 kg/m3, h = 10 nm and L = 8 mm, we 

estimate that the maximum distance that allows capillary transfer should be around 1 cm, which 

agrees fairly well with our experimental observations.  
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Figure 4. a-c) Photos of (a) the Ti nanosheet freely floating under water with large deformations, 

(b) the Ti nanosheet unfolded on the surface of water, and (c) capillary transfer of the Ti nanosheet 

onto a glass slide, where the glass slide is pulled up off the water. Scale bars, 1 cm. d-f) Schematic 

illustrations of the transfer process, including (d) transfer an unfolded nanosheet onto the stamp 

through capillary transfer, (e) apply the stamp onto the target substrate with the nanosheet facing 

the substrate, and (f) peel off the stamp. g) Complex-shaped Au nanosheets printed onto a flexible 

PI tape. h) 2D description of the capillary transfer of the nanosheet, schematic illustration.  



 17 

 

3.2 Conformable Electrode  

Based on the above findings, we can make a metallic nanosheet (e.g. Au) a conformable 

electrode (size 40μm×200μm) by capillary-transferring it onto an organic field-effect transistor 

(OFET), where monolayer crystals of organic semiconductor (OSC) (2,9-didecyldinaphtho[2,3-

b:2′,3′-f]thieno[3,2-b]thiophene (C10-DNTT)) were employed as the active layer [4]. For such a 

thin crystal OSC active layer, a nondestructive integration of electrode is desirable, thereby 

excluding direct deposition of electrodes because of the potential damage on the OSC layer [4]. 

Therefore, our capillary transfer method becomes attractive, which allows us to transfer ultrathin 

(~20 nm thick, Fig. S1) Au electrodes onto the OSC layers undamaged. As shown in Fig. 5a, an 

ultrathin Au nanosheet was successfully transferred onto the OFET as a source electrode with a 

conformal physical contact with the OSC layer, in comparison with a thick Au film (180 nm thick) 

drain electrode transferred through mechanical “pick-and-place” method [4] (Experimental). With 

the present transfer method, we could easily set the channel width (W) and length (L) to be 200 

μm and 10 μm, respectively. Figs. 5b and c show the transfer curves and output curves of the OFET 

obtained through the capillary transfer of an ultrathin Au nanosheet. Compared to the previous 

OFET with mechanically transferred Au films as the electrodes[4] (Fig. 5d, e), our OFET with a 

capillary transferred source electrode shows a higher width-normalized drain-source current 

(IDS/W), reaching 5.6 μA μm-1 (44.4% higher) at a drain-source voltage VDS=-80 V.  

 



 18 

 

Figure 5. a) An optical microscopy image (left) and a schematic cross-section (right) of the OFET 

based on 1L-crystal OSC. The source electrode is capillary transferred while the drain electrode is 

transferred by the traditional mechanical method, placed left and right respectively in the images. 

Scale bar, 100 μm. b) Transfer curves of the device at VDS = -40 V. c) Output curves of the device 

scanned from VG = 0 V to -100 V, with a step size of -10 V. d,e) Curves obtained from an OFET 

with electrodes (source and drain) all composed of regular Au films. d) Transfer curves of the 
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device at VDS = -40 V. e) Output curves of the device scanned from VG = 0 V to -100 V, with a 

step size of -10 V. 

 

3.3 Controlled Assembly of Scrolled Nanosheets  

Apart from capillary transfer, we can assemble two nanosheets into a composite scroll by 

unfolding and re-rolling the nanosheets on the surface of a same liquid (e.g. NiTi and Si as seen 

Fig. 6b), as sketched in Fig. 6a. Here, we note that the two nanosheets are bonded through van der 

Waals (vdW) forces on the water surface, leading to surface wrinkling as discussed in Ref.[33]. 

After we reduced the surface energy γlv(1-cosθc) through the addition of surfactants (sodium 

dodecyl sulfate) into the water, the two nanosheets rolled together into a composite scroll, as seen 

in Fig. 6c. Alternatively, we can also produce a composite scroll by wrapping a scroll with a 

nanosheet, as illustrated in Fig. 6d. Fig. 6e shows a NiTi nanosheet unfolded on the liquid surface 

with a nanosheet scroll (Ti) underneath. Likewise, by tuning the surface energy of the liquid, we 

rolled the upper nanosheet such that it completely wrapped around the scroll underneath (Fig. 6f 

and Figure S4). In principle, we can fabricate different composite scrolls by combining different 

nanosheets through concomitant rolling or wrapping (Fig. 6g-j). These composite scrolls are 

interesting and analogous to the vdW superlattice structures reported in the literature [34,35], the 

latter of which have shown a great potential of applications in various fields, such as transistors 

and quantum tunneling devices[35,36]. Given its convenience and versatility, the elasto-capillary 

unfolding method herein developed provides a flexible approach to assemble micro-structures and 

functional vdW composite scrolls, which can be hardly fabricated otherwise.  

 

 



 20 

 

 

Figure 6. a) Schematic illustration of the phase transition during assembly. b) A NiTi nanosheet 

and a Si nanosheet rolling together on the liquid surface. c) A composite scroll formed by the 

concomitant rolling. d) Schematic illustration of the phase transition during assembly (wrapping). 

e) A NiTi nanosheet unfolded on the water surface with a Ti nanosheet scroll arranged underneath. 

f) A composite scroll formed by wrapping the underneath scroll with a nanosheet. g-i) Composite 

scrolls formed by rolling nanosheets, composed of (g) NiTi+SiO2, (h) NiTi+TiO2, and (i) 

FeCoNiCrNb+SiO2. j) A scanning electron microscope (SEM) images of a composite scroll 

formed by wrapping a Ti nanosheet scroll with a NiTi nanosheet. 
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3.4 Tunable Optical Resonator  

Finally, we demonstrate the fabrication of a tunable optical resonator through the elasto-capillary 

unfolding/re-rolling of Si/SiOx nanosheets prepared by PSBEE. Following Refs.[34,37,38], we 

annealed our Si/SiOx nanosheet scrolls for 1 h at 1000 0C prior to photoluminescence experiments. 

As seen in Fig. 7, we could unfold the annealed Si/SiOx nanosheet on the surface of water, which  

showed a rather weak optical resonant mode at the energy of ~2 eV in its photoluminescence 

spectrum obtained under the excitation by 514-nm laser at room temperature (see Experimental). 

In contrast, the rolled state of the Si/SiOx nanosheet exhibited numerous pronounced optical 

resonant modes in its photoluminescence spectrum (Fig. 7). These interesting results echo well 

with the prior findings[11,39] that optical resonanance is sensitive to the morphology of micro-

scrolls and demonstrate that the elasto-capillary unfolding method herein developed is versatile 

and convenient to make such tunable optical resonators. According to the literature[11,39–41], 

such a optical resonantor could have a broad range of applications (e.g. optofluidics and optical 

signal processing), which is worth further investigation.  
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Figure 7. Photoluminescence spectra of the optical resonator (Si/SiOx bilayer scroll) as it is rolled 

(blue line) and unfolded (black line). The insets (schematic illustrations) show rolled and unfolded 

state of the Si/SiOx  nanosheet.  

 

4. Summary 

In summary, we studied the elasto-capillary unfolding phenomenon in this work through 

theoretical modeling and systematic experiments, which enabled us to reshape and manipulate 

ultrathin nanosheets on a liquid surface in a controlled manner. Compared to the prior methods 

that were reported in the literature[17–19], the elasto-capillary enabled manipulation of nanosheets 

is convenient, fast and versatile, which can lead to many applications. As a proof of concept, we 

demonstrate the capillary transfer of freestanding gold nanosheets to make conformable electrodes 
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of OFET, the assembly of rolled nanosheets for composite scrolls, and the fabrication of tunale 

optical ring resonators. These demonstrations deliver a strong message that the elasto-capillary 

manipulation of freestanding inorganic nanosheets could have a promising future in different fields, 

from micromotors[42], on-chip electronics[3] to sensing[43]. 

 

 

5. Experimental 

Polymer surface buckling enabled exfoliation (PSBEE): Polyvinyl alcohol (PVA) solution of 

11 wt% was prepared by dissolving PVA 0588 powder (99%, Shanghai Chenqi Chemical 

Technology Co., Ltd) in water at 40℃. After the PVA was completely dissolved and cooled down 

to room temperature (RT), the solution was spin-coated onto glass plates (spin rate 2000 rpm, spin 

time 40 s), and then dried for an hour under the temperature of 80 ℃ in a drying oven. 

Subsequently, a thin layer of inorganic film was deposited onto the PVA surface via physical vapor 

deposition (PVD). After deposition, the film-PVA-glass system was immersed into water, then the 

inorganic nanosheets were exfoliated from the substrate within minutes. 

Deposition of inorganic films for fabrication of nanosheets: Deposition of NiTi, FeCoNiCrNi, 

Si, SiO2, and TiO2 was carried out by magnetron sputtering system, utilizing corresponding targets. 

The chamber pressure was under 1×10-5 Torr. Ar gas (99.9%) was introduced as working gas with 

the flow rate and working pressure of 20 sccm and 10 mTorr, respectively. We used direct current 

(DC) to deposit metals (NiTi, FeCoNiCrNi), and radio frequency (RF) to deposit other materials 

(Si, SiO2, TiO2). Deposition power and the time varied by different materials and desired sheet 

thickness, ranging from 50-150W and 200-1000s. Deposition of Ti and Cu was carried out by an 

e-beam evaporator under high vacuum (< 6×10-6 Pa), with a deposition rate of 1 Å/s. Au film was 
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deposited by ion beam sputtering (JEOL JHC-1100E ion sputter) under the working pressure 10-1 

Pa, and the direct current 10 mA. Shadow masks were applied in deposition to shape the Au film 

into an electrode (40×200 μm) or a flower-like pattern (radius 500 μm).  

Preparation of polydimethylsiloxane (PDMS) stamp: Sylgard 184 pre-polymer and curling 

agent (Dow Inc.) are mixed with a weight ratio of 10:1. After mixing them for a couple of minutes 

(~10 min), we pour the mixture slowly into a plastic mold. The mold containing the mixture 

(PDMS) was placed in an oven and cured at 70℃ for 4 hours. After the PDMS was fully cured, 

we took out the mold from the oven and wait until the sample is cooled down. Then we slowly 

separated the PDMS from the plastic mold.  

Mechanical transfer of Au electrodes: In this method, the Au electrodes (180 nm thick) were 

deposited on OTS-treated SiO2/Si wafer by thermal evaporation. Shadow masks were used in 

deposition to form rectangular electrodes with size of 40×200 μm. After deposition, a CuBe probe 

equipped on a microscope was used to stick and lift one end of the Au electrode. Due to rigidity 

of the Au electrode, the whole electrode was slowly lift off by the probe. Then the Au electrode 

on the probe was carefully placed onto the surface of OSC.  

Measurement of photoluminescence (PL) spectra: The PL spectra of the rolled and unfolded 

Si/SiOx nanosheet were acquired at room temperature by a Renishaw inVia Raman microscope 

with the laser wavelength of 514 nm. The laser power and the acquisition time were 17 mW and 1 

s respectively.  
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