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Abstract

One of the most interesting topics in physical science and materials science is the
creation of complex wrinkled structures on thin-film surfaces because of their several
advantages of high surface area, localized strain, and stress tolerance. In this study, a
significant step was taken toward solving limitations imposed by the fabrication of previous
artificial wrinkles. A universal method for preparing hierarchical three-dimensional
wrinkle structures of thin films on a multiple scale (e.g., nanometers to micrometers) by
sequential wrinkling with different skin layers was developed. Notably, this method was not
limited to specific materials, and it was applicable to fabricating hierarchical wrinkles on
all of the thin-film surfaces tested thus far, including those of metals, two-dimensional and
one-dimensional materials, and polymers. The hierarchical wrinkles with multi-scale
structures were prepared by sequential wrinkling, in which a sacrificial layer was used as
the additional skin layer between sequences. For example, a hierarchical MoS; wrinkle
exhibited highly enhanced catalytic behavior because of the superaerophobicity and
effective surface area, which are related to topological effects. As the developed method can
be adopted to a majority of thin films, it is thought to be a universal method for enhancing

the physical properties of various materials.
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Introduction
Transformation of 2D surface into wrinkled 3D topologies is one of the most interesting issues
in materials and nanotechnology researches, because of many advantages including high surface
area, localized strain and stress tolerance.'” This has been applied to a variety of fields including
flexible hydrophobic surface, cell guiding, LC alignment, Li-ion batteries and supercapacitors.*™
In fact, there are a number of examples in nature such as fingerprint’, wrinkled cell membrane'
and skins of plant and fruits, which is generated from deformation mismatch in skin and
substrate layered structures. On the other hand, winkle structure of common organic and
inorganic materials is prepared by mechanical instability between 2D layers and stress
resistances of each layer. When substrates are stretchable or shrinkable, various materials
including metal, polymer, graphene, graphene oxide films can be wrinkle structures on the
substrates by releasing strain or shrinking with heating.
The creation of complex and tunable wrinkle structures is one of the most important issues in
physical science and materials science because of their advantages of high surface area and
localized strain. Many researchers reported complex and tunable wrinkle including hierarchical

11-14

wrinkling. In particular, hierarchical wrinkle, multiple wrinkle with different feature size in a

single system, is important because of very high surface area and its superior wettability.'" '>'®
However, existing methods for the formation of hierarchical wrinkles are complicated and have
limitations in types of materials and feature dimensions. In other words, each method can be
adopted to only certain types of materials. For examples, gold wrinkle structure on buckling was
generated by high strain relief.'” In the range of higher strain over the range of wrinkle
generation, buckling is generated with larger wavelength containing several number of wrinkles.

Hierarchical wrinkles of polymer film such as polypyrrole or fluoric polymer were generated by

3
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sequential wrinkling with growth of polymer**

' In case of graphene oxide, hierarchical wrinkle
can be achieved by multiple transfer and shrinking processes."” In additions, almost hierarchical
wrinkle system, excepting polymer growth method, cannot independently control feature
dimensions of hierarchical wrinkle because larger wavelength is determined by thickness of
materials.

In here, we developed a universal method for forming hierarchical wrinkles on materials such
as metals, polymers, graphitic carbon materials, and other two-dimensional (2D) materials with
high controllability. Very importantly, this method is not limited to specific materials, and can be
employed for fabricating hierarchical winkle of all thin films that we tested thus far. Our
technique simply uses a sacrificial layer such as a polyvinylpyrrolidone (PVP) layer onto wrinkle
of target materials, which acts as a skin layer for forming larger wavelength. Multiple
hierarchical wrinkle over 3 can be fabricated by just repeating hierarchical wrinkling method.
Through our method, we simply and independently controlled each wavelength of first (G1) and
second (G2) generations of wrinkles. We found that a critical concentration of PVP for the
formation of hierarchical wrinkles exists. We found that the resulting hierarchical MoS, wrinkle
showed highly enhanced catalytic behavior due to high effective surface area and

superaerophobicity from topological effect. Because of universality, we believe that this

technique can be universal method for bottom-up texturing of various materials.

Result and Discussion
Figure 1a shows the overall fabrication process for hierarchical wrinkle structures on thin-
film surfaces. First, various thin films, namely, metals, two-dimensional (2D) materials (e.g.,

4

ACS Paragon Plus Environment

Page 4 of 32



Page 5 of 32

oNOYTULT D WN =

ACS Applied Materials & Interfaces

graphene, MoS,;, WS, and SnS;), one-dimensional (1D) materials (e.g., carbon nanotubes), and
polymer films, with different thicknesses (4;) were coated onto a pre-strained polystyrene (PS,
glass transition temperature (T,) = 120 °C) film by appropriate methods, depending on the types
of target materials. The thin-film wrinkles on the PS substrate were generated by heating at a
temperature above the glass transition temperature (i.e., ~120 °C) in the oven (~135 °C) and
cooling to room temperaturezz'%. The areal strain (g, ¢ = (4o — Ag)/Ay), where Ay and Ay
respectively denote the areas before and after strain relief, was controlled by simply changing the
heating time in the oven. To generate the second wrinkle (G2) at a larger wavelength, a sacrificial
skin layer (thickness = 4,) was coated onto the first wrinkle film (G1). By the same strain-relief
process, G2 was generated at a larger wavelength with keeping morphology of G1. After
fabrication of the hierarchical wrinkles, the sacrificial skin layer was rinsed using suitable
solvents; here, the solvents do not change the structure, morphology, and feature dimension of
the wrinkled thin film. In this study, polyvinylpyrrolidone (PVP, My, = 360,000 g/mol, T, =
150 °C) was mainly used as the sacrificial skin layer because it could be easily removed using
ethanol*® without any damage to the first skin layer. After the removal of the PVP skin layer by
simply rinsing with ethanol, G1 and G2 wrinkles were exposed. Interestingly, a wrinkle
generation over the second generation (G2) was obtained by repeating the hierarchical wrinkling
cycle through strain relief after coating a sacrificial layer at each cycle. After n cycles, multiscale
wrinkles from G1 to G(n+1) with the largest wavelength (AGu+1)) were obtained. Notably, this
extremely simple approach can be applied to mass production because only sacrificial skin layers
are required to fabricate hierarchical wrinkles without any additional transfer and complicated

processes.
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Figure 1b shows the scanning electron microscopy (SEM) images of a representative MoS;
hierarchical wrinkle with a multiscale structure after four hierarchical wrinkling cycles. A few-
layered MoS; film (4; = 9.8 nm) on a Si0,/Si wafer was prepared by chemical vapor deposition
(CVD)? and then identified by its Raman spectrum (Figure S1). The MoS, film was then
transferred onto the PS substrate by a Poly(methyl-methacrylate) (PMMA)-assisted transfer
method®®. After the first strain-relief process by heating above the glass transition temperature
(120 °C), the first-generation wrinkle (G1) was formed on the PS film. The PVP coating
(concentration of PVP (Cpyp) = 0.5 wt%), which was followed by a second strain-relief process,
generated the second-generation (G2) wrinkle on the G1 wrinkle film over the entire surface.
Repeating the four cycles of hierarchical wrinkling process produced the fifth generation of
hierarchical wrinkles, and higher generation is also possible if we repeat more hierarchical
wrinkling process.

At above the T, the MoS,-PS film shrunk during thermal heating, leading to & = 0.30 at each

cycle (& = 0.84). The feature dimension of the wrinkles was determined from the average

measurement of SEM and AFM images with using image processing program. Careful
inspection of the SEM images clearly revealed wrinkles with a large wavelength (wavelength of
G5 (Ags)= 200 pum, red line of the top-left inset image; Ags = 20 pum, green line of Fig. 1b), and
a high population of wrinkles with shorter wavelength (Ag; = 6 um, blue line in the inset images)
present in the long-wavelength wrinkles. At high magnification, Ag; = 1 um and Ag; = 330 nm

were clearly apparent.
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53 Figure 1. Schematic for the fabrication of hierarchical wrinkles. (a) Hierarchical wrinkling
>4 process (b) Hierarchical MoS, wrinkle including G1-G5 after four cycles of hierarchical
wrinkling.
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Surprisingly, this approach for fabricating hierarchical wrinkles is not limited to the MoS,
film. This method can be applied to a majority of thin-film materials from metals to polymers,
including gold, 2D materials (e.g., graphene derivatives, MoS,;, WS,, and SnS,), 1D carbon
nanotubes, polyolefin (PO) and PS films (Figure 2). A hierarchical gold wrinkle film (Figure 2a)
was prepared after one cycle of the hierarchical wrinkling of a gold film that was deposited by an
e-beam evaporator. Ag; of a 25 nm thick gold film was ~500 nm after the first strain relief (¢ =
0.30); here, Ag; was greater than that of polymers because of the thicker film and the higher
Young’s modulus of gold®’. After the spin-coating of a 5 wt% PVP solution on the first gold
wrinkle film, followed by thermal heating, the PVP-coated Au wrinkle film decreased to &y =
0.60, resulting in a Ag, of ~8 um.

In addition, this method can be applied to the generation of hierarchical wrinkles of various
2D materials, such as graphitic carbon materials (Figure 2b and 2c¢) and transition metal
dichalcogenides (Figure 2d—2f). CVD-grown®® monolayer graphene (Figure S2) exhibited a
wrinkle with the smallest Ag; of ~36 nm because of extremely low film thickness (~1 nm; Fig.
2b)*'2. Graphene oxide (GO) exhibited a relatively high Ag; compared with CVD graphene

(Fig. 2¢) because of the thicker film**~*

. Despite spin-coating of the PVP solution (1 wt%) onto
CVD-grown graphene and GO G1 wrinkles to generate hierarchical wrinkles, the Ag; of GO (~8
um) was greater than that of CVD graphene (~1 pum).

Figure 2d- 2f shows the hierarchical wrinkles of other 2D materials, including WS,, SnS,,
and 1T-MoS,. WS; and SnS; synthesized by cvD?33¢ produced typical Raman shifts
(Figure S3). Hierarchical WS, and SnS; wrinkles exhibited higher Ag; (~180 nm and ~140 nm)

and Agy (~2 pm and ~1.6 um) values compared with graphene. Unlike CVD-grown materials,

1T-MoS, was synthesized by a hydrothermal method in an autoclave® . Because of the different

8
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synthetic method, sheet-like 1T-MoS, (inset image in Fig. 2f) with different chemical properties
was obtained (Figure S4). 1T-MoS, dispersed in water was spin-coated onto PS as a thin film,
and the resulting composite was subjected to the hierarchical wrinkling process. Because of its
high film thickness, Ag; (~1.6 um) and Agy (~11 um) were greater than those of other 2D
materials.

Figure 2g shows the hierarchical wrinkles obtained by using 1D carbon nanotube (CNT)
materials. To fabricate CNT wrinkles, CNT (0.2 mg/ml) dispersed in surfactant solutions®® was
spin-coated onto the PS film. The inset in the top left SEM image of Figure 2g shows the CNT
network film. After the hierarchical wrinkling process, hierarchical CNT wrinkles with Ag; =
1.6 pum and Ag; = 15 pm were observed.

This developed method can be applied to a majority of the polymer thin films. Figure 2h and
2i shows the hierarchical wrinkles of freestanding polyolefin (PO)* and PS films. In this case,
the PVP solution (Cpyp = 0.5 wt%) was spin-coated onto each film as the first skin layer. After
relieving of the strain and rinsing off of PVP using ethanol, G1 wrinkles remained on the
monolithic PS and PO films. The Ag; values of PO and PS were ~54 nm and ~180 nm,
respectively. For the hierarchical wrinkles, 2 wt% PVP was spin-coated again and subjected to
the hierarchical wrinkling process. Finally, monolithic, hierarchical PO and PS wrinkles with
Agz of ~1.2 um for PO and ~3.6 um for PS were obtained.

Accordingly, this developed approach could be used to fabricate hierarchical wrinkles of a
majority of the thin films if the hierarchical wrinkling process satisfied three conditions: (1)
Substrates (PS in this study) are not damaged during the deposition of target materials on the
substrate. (2) During the deposition and rinsing of sacrificial skin layers (PVP in this study), the

structure, morphology, and feature dimensions of the first skin layer and substrate should not be

9

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

changed. (3) Ag should be greater than the critical conditions (g2, «r) to allow formation of

hierarchical wrinkles and to be proportional to Ag;.

Figure 2. Hierarchical wrinkles obtained by using various materials. (a) Gold, (b)
Graphene, (¢) graphene oxide, (d) tungsten disulfide (WS,), (e) tin disulfide (SnS,), (f) 1T-
MoS,, (g) carbon nanotubes, (h) polyolefin, and (i) polystyrene. Inset images show high-
magnification SEM images002E

The feature dimensions of the wrinkles could be controlled by tuning the thickness (%;) of the

target materials. The wrinkles of a bilayer system result from the instability between layers, and

10
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the wavelength (A1) is proportional to the skin layer thickness®’, A = 2nh(Es/3E,) (E =
E/(1 —v?)), where E, and E, are the moduli of the skin layer and bulk substrate, respectively.
Figure 3a shows Ag; for MoS, films of different thicknesses. For example, 4#; of MoS, was
controlled in the range from 9.8 nm to 46.3 nm, in which different 4; values of MoS, were
obtained by changing the Mo thickness during CVD, in order to tune Ag; of M08227. AGi
linearly increased with the increase in 4; of MoS;; here, 4, of MoS, was measured by atomic
force microscopy (Figure S6): Ag; =330 nm, Ag; = 870 nm, and Ag; = 1.30 um MoS, with
thicknesses of 9.8 nm, 25 nm, 46.3 nm respectively, at a fixed strain (¢ = 0.3). Similar to Ag;
observed for MoS, thin films, that of graphene was tuned by changing the number of layers
(Figure 3b), in which the number of graphene layers was controlled by repeating the transfer
process. The Ag; of graphene on the PS film linearly increased from 36 nm to 104 nm with the
increase in the number of graphene layers from 1 to 4. Therefore, Ag; is tunable by the simple
control of the target material thickness (/).

Meanwhile, A, could be controlled by tuning the thickness of the sacrificial PVP skin layer
(hy) and target materials (/). Figure 3¢ shows the SEM images of hierarchical MoS, wrinkles
with tuned Ag, of different PVP 4, values, which was controlled by PVP concentrations (Cpyp).
In here, we controlled Cpyp as a variable because coated PVP on wrinkled surface is affected by
the roughness and types of materials. (Figure S8) PVP skin layers with different Cpyp values
were spin-coated onto the G1 wrinkle (Ag; = 333 nm for a 9.8 nm thick MoS;). To isolate the
effect of Cpyp on Agy, each strain was fixed at &,y = 0.60 (¢;, = 0.30 and &, = 0.43 for G1 and G2,
respectively). At Cpyp = 0.1 wt%, we observed, hierarchical wrinkles with a shape similar to that
of the G1 wrinkle, except that it only had a higher Ag,. With increasing Cpyp, Ag) also increased,
and the number of wrinkles decreased in the same area.

11
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Figure 3d shows the Ag, for different Cpyp values of MoS, and graphene. Ag, linearly
increased with the Cpyp for MoS,, indicating that Ag, of a 9.8 nm thick MoS, changes from
2.3 um to 7.3 um upon tuning of Cpyp from 0.05 wt% to 10 wt% (Figure S9). Such an increase
was also observed for graphene (Figure S10). Ag; of graphene increased from 320 nm to 6.5 um
with the increase in Cpyp from 0.1 wt% to 10 wt%.

In addition, Ag; was significantly affected by the A; of target materials. The Ag; values of
MoS, with different thicknesses (#; = 9.8 nm, 15.8 nm, 25 nm, 38.3 nm) at a constant Cpyp
(5 wt%) were compared (Figures 3d and S11). Ag; increased from 5.9 pm (9.8 nm thick MoS,)
to 8.2 um (38.3 nm thick MoS,). Thus, thicker target materials lead to increased Ag; and Ag;.
However, the possibility that Ag, is affected by Ag; cannot be ruled out. To prove it, Ag, for two
values of Ag; at a fixed 4; (20 nm) was investigated. To prepare G1 wrinkles with different Ag
values at a constant /#; (20 nm), a PVP sacrificial layer (1 wt%) was coated onto a 20 nm thick
gold film, followed by rinsing after strain relief. The resulting G1 wrinkle exhibited a Ag; of
~910 nm for a 20 nm thick gold film, while the gold wrinkle without PVP coating exhibited a
Ag1 of ~430 nm (Figure S12). At Cpyp = 5 wt%, identical Ag, values were obtained for two
values of Agi: Agy = 8.0 pum at Ag; =430 nm and Ag, = 7.9 um at Ag; = 910 nm. Similarly, at
Cpvp = 7and 10 wt%, constant Ag, values were obtained at the same Cpyp for different Ag;
values, indicating that Ag; is not affected by Ag; (Figure S13). Hence, controlling /; changes
A1, and A is dependent on the equivalent thickness and Young’s modulus of hybrid skin layer

composed of /; and 4, materials.
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32 Figure 3. Tunable wavelength of hierarchical MoS, and graphene wrinkle. (a) Wavelength is
33 proportional to the thickness of MoS,, and each film exhibits different atomic structures. (b) Increase
34 in the graphene layer for controlling Agi: (¢) Hierarchical 9.8 nm thick MoS, wrinkle with different
35 Cpvp, which changes Ag;. (d) Cpyp versus Agy. A is proportional to Cpyp and skin thickness (/).

39 Interestingly, a critical Cpyp (Cpyp, r) for the formation of hierarchical wrinkles exists. In
41 other words, hierarchical wrinkles were formed above Cpyp ;. For example, the formation of a
G2 gold wrinkle on the G1 wrinkle (#; = 20 nm) started at a Cpyp of 0.25 wt%. Cpyp, o was found
46 to be strongly dependent on Ag;. To isolate the effect of Ag;, £ was fixed at 20 nm, and only
48 Ag) was varied. Figure 4a shows the focused ion beam (FIB)-SEM images at various Cpyp values
at two Ag1 (Ag1 of ~430 nm (top of Fig. 4a) and Ag; of ~910 nm (bottom of Fig. 4a)) at a

53 constant /4; (20 nm). At a Ag; of ~430 nm, the G2 wrinkle did not form at a Cpyp of 0.1 wt%,
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revealing a more strained G1 wrinkle. The G2 wrinkle was observed at Cpyp ¢r = 0.25 wt% (top
images of Fig. 4a), where small G1 wrinkles were included in the G2 wrinkles (red arrow). At
Cpvp, or above 0.25 wt%, Ag, of hierarchical wrinkle increased with Cpyp. Similarly, at a Ag; of
~910 nm, the formation of the G2 wrinkle started at a Cpyp,r of 1 Wt%. This concentration is
greater than that at a Ag, of 430 nm. Therefore, Cpyp . increases with Ag;, resulting in
increased Agy at critical point (Agy, r). Figure 4b shows the top-view images of hierarchical
wrinkles at a Cpyp ¢ values of 0.25 wt% (top) and 1 wt% (bottom). Ag at a Ag; of ~430 nm was
~2.6 um, which increased to ~5.4 um with the increase in Ag; from 430 nm to 910 nm. Hence,
Az, or depends on Ag;.

Figure 4c shows plots of Ag; versus Ag, o Of various materials, namely, MoS,, graphene,
and gold. Similar to the Cpyp . values of gold (yellow), those of MoS; (red) and graphene (blue)
were dependent on Agi. Ag, o« Of the materials almost linearly increased with Ag;, which
means that thicker sacrificial layer (PVP) is needed to generate G2 wrinkle on larger G1
wrinkle. We attributed to that G2 wrinkle is generated when G2 wavelength can include the
several number of G1 wavelength. Hierarchical wrinkles formed within the upper range of
critical conditions and were absent within the lower range. The Ay, o/AG1 ratio was not
considerably different among the materials; Agy, o/AG1 ratio of gold, MoS,, and graphene were
~6.0, ~7.1, and ~8.75, respectively (Figure S18). The slight increase in the Agy, o/AG1 ratio is
related to the different moduli, as it depends on the material (Young’s modulus of gold (Ego1q) =

50 GPa, Emosz = 200-300 GPa, Egraphene = 1000 GPa).
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Figure 4. Critical conditions for the formation of hierarchical wrinkles. (a) FIB-SEM
images of hierarchical Au wrinkles with Ag; and Cpyp from 0.1 wt% to 2 wt%. (b) SEM
images at Cpyp, . (€) AG1Vs. Ago, o plots for the materials with MoS,, graphene, and gold.

To demonstrate the novelty of the hierarchical wrinkle structure, the hierarchical MoS,
wrinkles were compared against the primary wrinkles and flat MoS, by examining their activities
in the hydrogen evolution reaction (HER). In recent years, MoS, has attracted considerable
attention as alternative catalysts to platinum because of its high stability and catalytic activity*' ™.
For the HER tests, flat MoS; and MoS, wrinkles with primary and hierarchical shapes on the
Au-PS substrate were fabricated (Figures S19 and S20), where vertical aligned MoS, was
utilized. The linear sweep voltammetry (LSV) curves of the MoS, wrinkle exhibited
considerably enhanced performance with a lower overpotential compared with flat MoS,
wrinkles. (Figure 5a) Among the primary wrinkles, the overpotential at 10 mV/cm® decreased

from 473.7 mV to 272.6 mV with increasing strain from ¢ = 0.00 to ¢ = 0.78. Hierarchical

wrinkles with an &, of 0.60 exhibited the best performance at an overpotential of 256.9 mV.
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Figure S21 shows a plot of the overpotential at —10 mA/cm? versus strain for hierarchical MoS,
wrinkles, which exhibited considerably more efficient wrinkling for the HER. Hierarchical
wrinkles exhibited the lowest overpotential of 256.9 mV even though its &, of 0.60 was less
than that of a single-generation wrinkle. Within the same strain on the primary and hierarchical
wrinkles, hierarchical wrinkles exhibited a lower overpotential, indicating that hierarchical
wrinkles are more efficient at increasing the catalytic performance. The corresponding Tafel plots
show that the Tafel slope decreases because of the wrinkled structures (Figure Sb). The Tafel
slope is a useful method for evaluating the rate-limiting mechanism of HER*. The Tafel slopes
for the G1 wrinkle decreased from 134.5 mV/dec to 100.1 mV/dec, while those for the
hierarchical wrinkle decreased to 72.6 mV/dec. Hierarchical MoS, wrinkles with a Tafel slope of
72.6 mV/dec were responsible for the Volmer—Heyrovsky HER mechanism. These higher Tafel
slopes compared with that of Pt/C (~30 mV/dec)* are related to the low adsorption of hydrogen
(H45) on the MoS, surfaces.

To evaluate the durability of the MoS, wrinkle, a hierarchical MoS, wrinkle catalyst was
cycled at a scan rate of 100 mV/sec for 1000 cycles (Figure S22). After 1000 cycles, the catalyst

exhibited similar electrocatalytic behavior as before, with only negligible loss of activity.
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(b) Corresponding Tafel plots of the LSV curves. (¢) Photograph of the surfaces of flat and
wrinkled MoS, surfaces producing hydrogen gas. (d) Receding contact angles on flat MoS, and
31 on various wrinkles.

The enhanced HER catalytic performance of hierarchical MoS, wrinkles is related to the
37 superaerophobic wettability. Superaerophobicity, which is repelling air such as gas bubble in
39 liquid, on the primary and hierarchical MoS, wrinkles was expected**’. To clearly understand
and reveal the effect of wrinkle, the flat and wrinkled MoS, surfaces were observed during
44 hydrogen gas production (Figure 5c¢). With the flat MoS, film, the hydrogen gas bubble strongly
46 adhered to the surface and continuously enlarged until it detached. The increase and release of
48 the large bubble led to fluctuations in the LSV curve and even decreased the working area of the
catalyst (Figure S23). By contrast, the hydrogen bubble on the MoS, wrinkle did not adhere to
53 the surface for a long time and rapidly detached before the size increased. To quantitatively
55 compare the superaerophobicities, the receding angles were measured (Figure 5d). The receding
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angle was related to the growth of gas bubbles in the aqueous electrolyte (Figure S24). On the
surface with a low receding angle, the gas—surface contact area remained small, and the growing
gas bubbles easily detached. The hierarchical MoS, wrinkle with an &, of 0.49 exhibited a
receding angle of 4.2 °, which effectively blocked the dead space from the gas—surface contact
area and produced fluctuations due to gas bubbles. The additional performance enhancement of
the hierarchical wrinkle was obtained from the efficient maximization of the highly strained
surface area. In the SEM and FIB-SEM images (Figure S25), the primary wrinkles at ¢ = 0.50
exhibited partially folded structures; the corresponding stacked MoS, surface did not function as
a catalyst (Figure S26). By contrast, even though we observed almost the same strain (g, =
0.49) with the primary wrinkles (¢ = 0.50) for the hierarchical structures, the hierarchical
structure exhibited a completely open surface, including a low-strain wrinkle. Hierarchical
wrinkling was thus the most effective method for the transformation of 2D materials to three-
dimensional structures without the loss of the effective catalytic surface area.

Conclusion

In summary, a universal method for creating hierarchical wrinkles with various materials was
developed. We formed hierarchical wrinkles using a sacrificial skin layer (PVP) on the previous
wrinkle, with the PVP layer generating larger wrinkles during the second strain relief that were
easily rinsed. Various materials (from metals to 2D materials and polymers) were used as
hierarchical wrinkle materials. For hierarchical wrinkles, a critical Agy/Ag ratio, which
depended on the type of materials, existed. The MoS, wrinkles used in the HER exhibited
enhanced performance in the reaction. This enhanced HER performance of the hierarchical
wrinkles was related to the superaerophobicity and increase in effective surface area without

surface loss. Hierarchical wrinkles exhibited potential advantages in their used in
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superhydrophobic surfaces, photo- and electrocatalysts, and photonic devices, e.g., photoelectron

chemical catalysts, photodetectors, and devices for surface-enhanced Raman spectroscopy

oNOYTULT D WN =

applications. Especially, multi generation of wrinkles can be advantageous to get larger surface

11 area in catalysis compared to singular wrinkle and to show superior wetting behavior.
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Experimental section

Preparation of MoS,. MoS, films with different atomic structures with different thicknesses
of Mo were synthesized by chemical vapor deposition (CVD). Mo was deposited on a SiO,/Si
wafer by e-beam evaporation. Mo films were loaded in the furnace for sulfurization. Sulfur
(purchased from Sigma-Aldrich) was loaded in the heating zone at 200 °C, which was before the
Mo film heating zone (770 °C). The quartz tube was evacuated to 50 mTorr and then purged with
argon (Ar) at 50 sccm for 30 min. For the heating process to grow MoS,, Mo films were heated
to 770 °C for 30 min and maintained at this temperature for 15 min. After the growth of MoS,,
the furnace tube was rapidly cooled to room temperature. The final MoS, atomic structures
depended on the Mo thickness: planar MoS, from 2 and 5 nm thicknesses; mixed MoS, from
10 nm thicknesses; and vertical MoS, from 15 and 20 nm thicknesses (Figure S6).

Preparation of graphene. The Cu foil (25 pm thickness; Goodfellow, 99.99%) was placed
in a quartz tube, which was then heated to 1040 °C under H; at 8 sccm. After annealing for 1 h,
CH4 at 50 sccm was then injected into the furnace along with H, for 15 min. The film was
rapidly cooled to room temperature under H; to form the graphene-grown Cu foil. To transfer the
graphene film, the graphene layer on the Cu foil was spin-coated with a poly(methyl
methacrylate) (PMMA) support layer. The Cu film was removed using an aqueous etchant
(FeCls), and the graphene/PMMA film was washed several times with deionized water. The
graphene/PMMA film that floated was transferred onto a PS film and rinsed with acetic acid
(99.9%) to remove PMMA.

Preparation of CNT film. First, sodium dodecyl sulfate (SDS, Aldrich, 99.9%) was
dissolved in deionized water to prepare a surfactant solution. Multiwalled CNTs (Hanwha
Chemical) were dispersed in the SDS solution to a concentration of 0.3 mg/ml. The prepared
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solution was ultrasonicated for 1 h using a horn probe in an ice bath to prevent overheating and
resultant degradation of the solution. The dispersed CNT solution was centrifuged at 5000 rpm
for 10 min, and then the supernatant was collected to remove undispersed CNT bundles.

Preparation of graphene oxide. Graphene oxide (GO) was synthesized using the modified
Hummer’s method. First, graphite powder was added to a sulfuric acid solution (98%). Second,
potassium permanganate was slowly added to the solution with vigorous stirring. The mixture
was maintained at 35 °C for 4 h, and then it was diluted with deionized water in an ice bath to
reduce overheating. Third, hydrogen peroxide was added to the diluted solution; here, the
solution color changed from dark brown to yellow. The as-prepared GO solution was filtered,
and the filtrate was washed several times with hydrochloric acid solution (10%) to remove the
remaining inorganic impurities. The resultant GO was dispersed in deionized water to a
concentration of 0.2 mg/ml for 30 min.

Fabrication of wrinkles. To form wrinkles of various materials on the polystyrene (PS)
substrate, the target material was transferred onto PS by a method suitable for each material. The
coated PS film was heated at a temperature greater than 135 °C for different periods to control
the amount of strain. After strain relief, the coated PS film was rapidly cooled to room
temperature. To calculate the strain of the PS film, the areas of a drawn box were measured, and
the strain was determined using the equation & = (4o — 4¢)/Ao. The strain was controlled up to
0.80 by control of the heating time in the oven.

Characterization. Scanning electron microscopy (SEM; S-4800, Hitachi) images were
recorded to observe the morphology of the wrinkled structure. Raman spectroscopy (Aramis,
Horiba Jobin Yvon) was used to detect the peaks typical of various 2D materials, e.g., graphene,

SnS,, WS,, and MoS,. The spectrum was obtained by exposure of each film to a 514 nm laser
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beam. Focused ion beam (FIB) SEM (Helios Nanolab 450 F1, FEI Company) was used to
observe the cross sections of hierarchical MoS; and gold wrinkles in order to verify the threshold
condition or inner structures. To compare the thickness and modulus of MoS,, force versus
distance curves were recorded by atomic force microscopy (XE-100, Park Systems) to calculate
the modulus (Figure S7).

Electrochemical experiments. To verify the advantages of the wrinkles as a catalyst, the
catalytic activity of MoS, wrinkles in hydrogen evolution was examined. The reaction was
performed in a custom-made three-electrode electrochemical cell. MoS,, platinum (Pt) wire,
and a Ag/AgCl electrode were respectively used as the working, counter, and reference
electrodes. To prepare MoS, wrinkles for the working electrode, MoS, wrinkles on a stainless-
steel plate was prepared using a silver paste that was passivated by polymers. Electrolytes were
prepared using 0.5 M H,SO4 Solution. Cyclic voltammetry curves were recorded between 0 V
and —0.8 V versus reversible hydrogen electrode (RHE) at a scan rate of 5 mV/sec. For stability

tests, the scan rate was 100 mV/sec.

Associated content

Supporting information

Details about experimental procedures. Figures S1-S26, reporting characterizations of
materials and supporting experimental results of hierarchical wrinkle generation and catalysis.

This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure 5. Effect of wrinkles on the HER activity of MoS2. (a) LSV curves of primary wrinkles, hierarchical
wrinkles (dashed line) at various strain values, and the Pt/C reference. (b) Corresponding Tafel plots of the
LSV curves. (c) Photograph of the surfaces of flat and wrinkled MoS2 surfaces producing hydrogen gas. (d)

Receding contact angles on flat MoS2 and on various wrinkles.
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