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ABSTRACT: Nanosheets (~ 1 nm) are formed using a non-ionic 
hyperswollen lyotropic lamellar phase as a template. The accumu-
lation and reaction of ingredients in the highly-separated (several 
hundred nm) bilayers in the hyperswollen lyotropic lamellar phase 
should result in very thin nanosheets. This method could be applied 
to the synthesis of a wide variety of two-dimensional organic and 
inorganic materials. 

Surfaces and interfaces of materials show unique chemical and 
physical properties extremely-different from bulk properties of the 
same materials. As materials with only surfaces, nanoparticles, 
nanowires, and nanosheets are promising materials showing fasci-
nating properties. In particular, nanosheets with exceptionally 
small thickness exhibit possible quantum size effects;[1-4] carbona-
ceous nanosheets like graphene and graphene oxide,[1] and 
nanosheets consisting of metals like Au[5] and Ni,[6] semiconductors 
like ZnS[7] and TiO2[8] and metal oxides like WO3[9] and MgO[10] 
have been reported. The synthetic protocols of nanosheets are di-
vided into two categories: top-down exfoliation methods, and bot-
tom-up methods like chemical vapor deposition and hydrothermal 
synthesis.[1-3] Since the first nanosheet was obtained from the exfo-
liation of a natural layered material, smectite,[4] variable nanosheets 
of intrinsically layered materials have been fabricated by the top-
down exfoliation methods. Meanwhile, the bottom-up two-dimen-
sional (2-D) growth on a smooth substrate has recently been used 
to obtain nanosheets of non-layered materials. Recently, an im-
proved bottom-up method using ordinary lyotropic lamellar phase 
has been reported,[11] which concentrated amphiphile solutions of-
ten show. However, materials tend to form thick (several tens nm) 
nanosheets due to the high concentration of the ingredients and the 
close contacts between adjacent nanosheets. More separated 2-D 
templates are necessary to obtain very thin nanosheets of non-lay-
ered materials. The highly-separated nanosheets should also be ad-
vantageous to the next adsorption process.[14,15] In some suspen-
sions of nanosheets, e.g. graphene oxide[12] and H3Sb3P2O14,[13] 
nanosheets are known to be periodically separated with the separa-
tion of tens or hundreds of nanometers. This structure resembles to 
one of lyotropic liquid crystalline phases. 

Hyperswollen lyotropic lamellar phases consist of amphiphilic 
bilayers periodically separated by several hundreds of nanometer 
as shown in Figure 1a, which causes selective reflection. The accu-
mulation and reaction of ingredients in the highly-separated (sev-
eral hundred nm) bilayers in the hyperswollen lyotropic lamellar 
phase should result in very thin nanosheets. This orientational or-

dering of the nanosheets is desirable for highly controlled adsorp-
tion; this adsorption process would enable us to directly prepare the 
one layer adsorption of fresh nanosheets. This extraordinary lamel-
lar phase is stabilized even for non-ionic amphiphile solutions by 
undulation of the layers, Helfrich interaction, which keeps the layer 
spacing.[16] The investigation of the synthesis of nanosheet materi-
als in the hyperswollen lamellar phases of non-ionic amphiphile so-
lutions would give us the information how Helfrich interaction 
works. This information is not only technologically useful for the 
synthesis of various nanosheet materials but also scientifically im-
portant because Helfrich interaction is believed to commonly sta-
bilize layered phases. To clarify the mechanism, we focus on the 
synthesis of the soft polymer nanosheets, precursors for carbon 
nanosheets, in the thin hydrophobic part of the bilayers. The soft-
ness of the nanosheets in the bilayers would not diminish the undu-
lation.  

 

Figure 1. Stabilization mechanisms of hyperswollen lamellar 
phase and synthetic procedure of nanosheets. (a) Hyperswollen la-
mellar phases have highly-separated (~200 nm for aqueous CmEn 
solutions) bilayers. (b) Aqueous C12E6 solutions naturally does not 
show any hyperswollen lamellar phases due to the packing param-
eter of C12E6. When a hydrophobic compound is introduced in a 
C12E6 solution, the hydrophobic part of self-assembly structures 
practically increases. As a result, the hyperswollen lamellar phase 
is stabilized. (c) In the polymerization process, the monomer is 
stacked in the bilayers of the hyperswollen lamellar phase. After 
spin-coating on a silicon substrate, the polymer nanosheets are car-
bonized in N2 atmosphere for 5 hours at 800oC with heating rate of 
1oC/min. 

As the amphiphile, we select nonionic polyethylene glycol mon-
oalkyl ether (CmEn: m is the alkyl carbon number, and n is the num-



 

ber of the ethylene glycol units). In general, the volume ratio be-
tween the hydrophobic and hydrophilic parts of the amphiphile, 
packing parameter, is important to show hyperswollen lyotropic la-
mellar phases. In fact, the ratio m/n of determines the phase transi-
tion behaviors; hyperswollen lyotropic lamellar phases appear 
when m/n is in a certain range (2.4 ~ 4). For example, the aqueous 
solutions of C12E5 and C10E4 show hyperswollen lyotropic lamellar 
phases, whereas those of C12E6 and C10E5 do not. This situation 
drastically changes, provided that third component is added to the 
amphiphile solution. When C12E8 aqueous solution, which does not 
exhibit any hyperswollen lyotropic lamellar phases intrinsically, is 
doped with 1-hexanol, the solution shows hyperswollen lyotropic 
lamellar phases because the hydrophobic part swells[17] as shown 
in Figure 1b. If the hydrophobic additive is changed to polymeriz-
able monomer, polymer nanosheets could be synthesized as shown 
in Figure 1c. Since aromatic monomers are suitable for the precur-
sor polymer of carbon nanosheets, we employed styrene as the sim-
plest monomer meeting the requirement. And if the addition of the 
monomer to an amphiphile solution not showing hyperswollen lyo-
tropic lamellar phases intrinsically induces hyperswollen lamellar 
phase, we could say that the monomer stabilizes the hyperswollen 
lamellar phase. This protocol enable us to check if the monomer 
forms nanosheet aggregate. Thus, C12E6 is suitable as such an am-
phiphile to obtain carbon nanosheets as thin as possible; its m/n is 
2.0 close to the lower limit of m/n for showing hyperswollen lamel-
lar phases (2.4). Here we show that the synthesis of polymer 
nanosheets from styrene in the hyperswollen lamellar phase of 
C12E6 solution with styrene, which serve as a printable or coatable 
precursor for carbon nanosheets. 

First, we examined whether aqueous C12E6 solution added the 
model non-polymerizable compound of styrene shows a 
hyperswollen lyotropic lamellar phase in detail. As the model ad-
ditive, we used toluene with similar structure to styrene.  We pre-
pare a solution of C12E6 with toluene by gently shaking them in 
water. The mass ratio of C12E6 and toluene is 5:1. Obtained solution 
gave blue color due to their light scattering. The hyperswollen lyo-
tropic lamellar phases of CmEn solutions are induced by sheering, 
stirring or flowing of the solution. In fact, after stirring the solution, 
iridescent colors emerge; this is typical of hyperswollen lamellar 
phases.[18] The aqueous solutions of C12E6 and toluene with the con-
centration between 1.2 and 2.0 wt% show hyperswollen lamellar 
phases between 42oC and 58oC. To confirm whether the aqueous 
solution of C12E6 and toluene shows hyperswollen lyotropic lamel-
lar phases, we measured reflectance spectra according to reference 
19 with experimental setup shown in Figure 2a. The reflectance 
spectra depend on the concentration of the solutes as shown in Fig-
ure 2b because the selective reflection peak was shifted to longer 
wavelength and its corresponding layer spacing, which can be cal-
culated by Bragg equation shown in Supporting Information, elon-
gates from 210 to 260 nm as concentration decreases from 2.0 to 
1.2 wt%. 

 

Figure 2. Reflectance spectroscopy of C12E6 solution. (a) Experi-
mental setup for the reflectance spectroscopy. To remove scattering 
light as much as possible, the incident light is off-central to the vial 
and the reflected light at 2q = 24o is detected. (b) Reflectance spec-
tra for C12E6 solution with various concentrations. The spectra were 
differential spectra between the spectra of a sample stirred at 300 

rpm and those of the same sample unstirred. Thus, the intensities of 
the different samples are incomparable with each other. 

We synthesized polymer nanosheets in the lamellar phase by re-
placing toluene of the above-mentioned aqueous C12E6-toluene so-
lutions with polymerizable styrene. The C12E6-styrene system ex-
hibits hyperswollen lamellar phases with wide range of concentra-
tion like C12E6-tolune system.  To polymerize styrene in the tem-
perature range of the hyperswollen lamellar phase (42-58oC), ap-
propriate concentration of hydrophobic polymerization initiator.[20]  
The polymerization inhibitor in styrene was removed by washing 
styrene with 0.1 M NaOH solution and deionized water.  The re-
sulted styrene (0.3 mL) and polymerization initiator 2,2’-azobisiso-
butyronitrile (AIBN, 0.01 g) were mixed. C12E6 (0.09 g) and the 
styrene-AIBN mixture (0.03 g) were dissolved in deionized water 
(4.38 g).  The solution was stirred at 300 rpm by a stir bar with 
length of 20 mm and diameter of 7 mm at 54oC for 24 hours.  Dur-
ing the polymerization process, the solution keeps showing irides-
cent colors, which are typical of hyperswollen lamellar phases.[18]  
It suggests that the polymerization does not inhibit the hyperswol-
len lamellar phase; the resulted polymer is enough soft to keep the 
undulation of the bilayers. The solution was applied on a silicon 
substrate, and the substrate was carbonized as shown in Figure 1c. 

We observe the obtained carbonaceous materials on the silicon 
substrate by TEM and AFM. Some TEM images demonstrate that 
carbon nanosheets are generated on the silicon substrates as shown 
in Figure 3a. In contrast, when the amount of the ingredients is ex-
cess, the height of the products becomes not uniform as shown in 
Figure S1. In the hyperswollen lamellar phase of the C12E6-styrene 
aqueous solution, styrene is accumulated in the hydrophobic region 
of the bilayers. Sheeted polystyrene is formed in the bilayers and 
the polystyrene is carbonized to carbon nanosheets. The thickness 
and horizontal width of the carbon nanosheets measured by AFM 
are a few nm and several hundred nm, respectively as shown in 
Figures 3b and S2 (the aspect ratio is about 100). These results in-
dicate that the bilayer-template method using hyperswollen lamel-
lar phase of nonionic amphiphile enable us to synthesize sheeted 
polymer and to produce carbon nanosheets on a silicon substrate. 

 

Figure 3. Synthesized carbon nanosheets. (a) TEM photograph of 
one of the synthesized carbon nanosheets. (b) AFM photograph and 
cross section of one of the synthesized carbon nanosheets. These 
indicate that the thickness and horizontal width of the synthesized 
carbon nanosheets are a few nm and several hundred nm, respec-
tively. 

To apply this method to a wide range of materials, reaction tem-
perature is needed to be controllable.  Helfrich interaction depends 
on the viscosity of the aqueous phase of the hyperswollen lamellar 
phase; the more the viscosity increases, the more the temperature 
range is expected to decrease.  Thus, we tried to add glycerin to the 
C12E5 aqueous solution with the concentration showing a 
hyperswollen lamellar phase. The C12E5-glycerin system also 
shows iridescent colors characteristic of hyperswollen lamellar 
phases.[18]  As anticipated, the higher the glycerin concentration is, 
the lower the temperature range of the hyperswollen lamellar 
phases is as shown in Figure 4. 



 

 

Figure 4. Phase transition behavior of aqueous C12E5 solution with 
glycerin. The phase transition temperatures of the hyperswollen la-
mellar phases depend on the concentration of glycerin. The higher 
the concentration of glycerin is, the lower the temperature of the 
hyperswollen lamellar phase is and the wider the temperature range 
is. 

In summary, we have succeeded the synthesis of polymer 
nanosheets in hyperswollen lyotropic lamellar phases, which also 
can be ingredients of carbon nanosheets.  Since the amount of the 
monomer the bilayers of hyperswollen lamellar phase can hold is 
limited, the thickness of the resulted nanosheets is almost constant.  
Since we also found the temperature of the phase can be controlled 
by the addition of glycerin, this method is applicable to the synthe-
sis of a wide range of materials, for which reaction temperature is 
needed. Furthermore, the nanosheets formed in the bilayers are dis-
persed in the aqueous solution from the beginning.  This is highly 
desirable to the adsorption of the nanosheets on substrates. Since 
disparate nanosheets can be synthesized in the same phase, alter-
nating stacking with desired combination would be easily realized. 
In addition, since the hyperswollen phase is stabilized not by cou-
lombic interaction but by Helflich interaction,[16] the bilayers are 
not easily perturbed by ionic contaminations, and thus, the non-
ionic amphiphile solution system is favorable for the preparation of 
ionic nanosheets as well as non-ionic nanosheets. Thus, various hy-
drophobic nanosheets could be formed in the bilayers by changing 
the ingredients: 2-D organic crystals and 2-D MOFs.  Especially, 
the latter should show extraordinary absorption behaviors different 
from those of bulk MOFs.[21] Meanwhile, hyperswollen lamellar 
phases of organic solutions of ionic amphiphiles might be applica-
ble to the synthesis of hydrophilic nanosheets: titanate 
nanosheets[22] and iron oxide nanosheets.[23] 
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