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ABSTRACT: Nanosheets of highly symmetric materials with a 
face-centered cubic lattice like gold have been synthesized by ad-
sorbing the precursors on a flat surface, whose chemical specificity 
induces the anisotropy of growth rates. Here, we have succeeded in 
the fabrication of gold nanosheets in hydrophilic space inside 
highly-separated bilayers, which work as two-dimensional hydro-
philic reactors, in a hyperswollen lamellar liquid crystalline phase 
of an amphiphile solution. One of the physical properties, am-
phiphilicity, confines the ingredients therein. The nanosheets can 
only grow in the in-plane direction due to inhibition of the out-of-
plane growth rather than the anisotropy of growth rates probably. 
Thus, the synthesis can be accelerated; the particles can be com-
pleted within 15 minutes. As not relying on chemical specificity, 
silver nanosheets could also be synthesized in the same way. The 
suspension of gold and silver nanosheets without any amphiphiles 
could be obtained, and the solvent is replaceable. We found that the 
obtained gold nanosheets’ width is proportional to the Reynolds 
number of the solution because the bilayer’s area in the hyperswol-
len lamellar phase depends on shear stress. They imply that the ar-
eas of gold nanosheets depend on bilayers’ areas, and it can be con-
trolled by changing the Reynolds number. This method could be 
widely used to continuously obtain large-area nanosheets of vari-
ous materials in a roll-to-roll manufacturing process.   

Introduction 
Crystals with cubic lattices intrinsically grow in three dimensions; 
the cubic lattice system is also called an isometric system. Their 
high-symmetry structures contribute to the high ductility of face-
centered cubic (fcc) metals and the absence of anisotropy like bire-
fringence and ferroic properties. Symmetry breaking of their crys-
tal shapes leads to a variety of anisotropic properties. Nanosized 
fcc metals with shape anisotropy show unique properties: e.g., two 
plasmon bands of silver (Ag) nanorods1 and the high catalytic ac-
tivity.2 Among nanosized materials, nanosheets have safety, dis-
persibility, and nanosize effects together. The ductility allows the 
fcc metals to be thinned down to 100 nm using top-down rolling 
and beating methods.3  
   Bottom-up methods can fabricate thinner nanosheets than top-
down methods. Since they can decrease the thickness down to na-
nometer order, the obtained nanosheets frequently exhibit the vari-
ous nanosize effects. Anisotropic growth of materials with cubic 
lattices occurs in some specific circumstances; the growth inhibi-
tion of a certain crystal plane4-6 and the priority growth on a tem-
plate7-10 can give fcc metal nanosheets with several nm thicknesses. 
Generally, chemical specificity drives the anisotropic growth. For 
example, gold nanosheets (AuNSs) with high conductivity,10 high 

catalytic performance,11 and unique surface plasmon polariton fea-
tures12 have been synthesized at liquid-liquid, gas-liquid, solid-liq-
uid, and gas-solid interfaces. They can be applied to electronics,13 
biosensors,14 and plasmonics.12 These are based on the difference 
in the growth rates between a certain dimension and the other di-
mensions. The excessive increase of the reaction rates often re-
duces the particles’ shape anisotropy in the nanosheet synthesis due 
to the three-dimensional precursor supply, as shown in Figure 
1a.8,9,15,16 

 

Figure 1. Schematic illustration of the growth mechanism of 
AuNSs. (a) Conventional methods three-dimensionally supply pre-
cursors on two-dimensional templates. (b) The present method two-
dimensionally confines precursors in a bilayer. 

   Bilayers in hyperswollen lyotropic lamellar (HL) phases of dilute 
aqueous amphiphile solutions confine hydrophobic molecules in 
several nm thick two-dimensional (2‐D) space, and they keep sev-
eral hundred nm intervals between two adjacent bilayers.17 The 
confined hydrophobic molecules react to give hydrophobic 
nanosheets;18 this synthesis method is named ‘two‐dimensional re-
actor in amphiphilic phases (TRAP) method.’ The TRAP method 
can synthesize nanosheets of metal-organic frameworks 
(MOFs)19,20 and amorphous polymers18 because the hydrophobic 
precursors are physically trapped in the hydrophobic TRAPs steri-
cally repelling with each other.21 We guess that the 2‐D precursor 
supply promotes only lateral growth of any materials, as shown in 
Figure 1b. The fcc metal nanosheets could also grow in a hydro-
philic TRAP, which has been unexplored. The new TRAP method 
could be applied to other hydrophilic materials such as fcc metal 
oxides, organometallic compounds, and other cubic crystalline ma-
terials. 
   Here, we report the fuss-free synthesis of uniformly thin AuNSs 
within 15 minutes using an unprecedented hydrophilic TRAP 
method. We discuss the growth mechanism of the AuNSs using 
atomic force microscopy (AFM) and X‐ray diffraction (XRD) 
measurements. Based on the conceivable mechanism, we propose 



 

the lateral size control method for AuNSs that focuses on the size 
of the TRAPs. Moreover, we synthesized Ag nanosheets (AgNSs) 
as another fcc metal example to demonstrate the method’s univer-
sality.  

Materials and Methods 
Materials and equipment. Decane, 1-pentanol, p-octylbenzene-
sulfonate (OBS), ethanol, and tetrachloroauric (III) acid (HAuCl4) 
were purchased from Wako Pure Chemical Industries Co. The wa-
ter used was obtained from a water purifier (Direct-Q UV) with a 
resistivity of 18.2 MΩ cm. The UV lamp (AT250S) was purchased 
from ARK Technologies, Inc. 
Synthesis of AuNSs in the bilayer consisted of OBS. AuNSs 
were synthesized in the hyperswollen lyotropic lamellar (HL) 
phases of the decane solutions of OBS (0.95 wt%), 1-pentanol (8.4 
wt%) and deionized water (1.1 wt%). HAuCl4 was added to the 
decane solution at various concentrations (c, 2.5 × 10−2 – 1.0 × 10−1 
wt%). The solution was poured into the vessel (Φ, 15 – 60 mm of 
inner diameter) up to a height of 30 mm, and irradiated with UV 
light of various intensities (I, 0.36 – 4.1 W) from 35 mm above the 
liquid surface for various reaction times (tr, 5 – 15 minutes) with 
stirring (200 rpm). The final products were centrifuged at 11,000 
rpm for 1 h and washed three times with methanol. 
Synthesis of gold fine particles. Gold (Au) fine particles were 
synthesized in the solution consisted of decane (90.4 wt%), 1-pen-
tanol (8.50 wt%), deionized water (1.09 wt%), and HAuCl4 (5.0 × 
10−2 wt%). The solution was poured into the vessel (60 mm of inner 
diameter) up to a height of 30 mm, and irradiated with UV light 
with 1.53 W from 35 mm above the liquid surface for 15 minutes 
with stirring (200 rpm). The final products were centrifuged at 
11,000 rpm for 1 h and washed three times with methanol. 
Synthesis of AuNSs in the bilayer consisted of Brij L4. 
AuNSs were synthesized in the hyperswollen lyotropic lamellar 
(HL) phases of the decane solution of Brij L4 (7.0 wt%), deionized 
water (1.6 wt%), and HAuCl4 (5.0 × 10−2 wt%). The solution was 
poured into the vessel (Φ, 15-60 mm of inner diameter) up to a 
height of 30 mm, and irradiated with UV light with 1.53 W from 
35 mm above the liquid surface for various reaction times (tr, 5-15 
minutes) with stirring (200 rpm). The final products were centri-
fuged at 11,000 rpm for 1 h and washed three times with methanol. 
Synthesis of AgNSs. We prepared the decane solution of OBS 
(0.94 wt%), 1-pentanol (8.31 wt%), deionized water (1.1 wt%), and 
silver(I) nitrate (1.0 × 10−1 wt%), and that of OBS (0.93 wt%), dec-
ane (89.6 wt%), 1-pentanol (8.3 wt%), deionized water (1.1 wt%) 
and sodium hydroxide (NaOH) (4.0 × 10−2 wt%). The solution con-
taining silver(I) nitrate was purred into the vessel (60 mm of inner 
diameter) up to a height of 15 mm, and the solution containing 
NaOH was purred into the same vessel up to a height of 30 mm. 
The mixture was irradiated with UV light with 1.53 W from 35 mm 
above the liquid surface for 15 minutes with stirring (200 rpm). The 
final products were centrifuged at 11,000 rpm for 1 h and washed 
three times each with methanol and ethanol. 
Synthesis of silver fine particles. We prepared the decane solu-
tion of 1‐pentanol (8.39 wt%), deionized water (1.1 wt%), and 
silver(I) nitrate (1.0 × 10−1 wt%), and that of 1-pentanol (8.4 wt%), 
deionized water (1.1 wt%) and sodium hydroxide (NaOH) (4.0 × 
10−2 wt%). The solution containing silver(I) nitrate was purred into 
the vessel (60 mm of inner diameter) up to a height of 15 mm, and 
the solution containing NaOH was purred into the same vessel up 
to a height of 30 mm. The mixture was irradiated with UV light 
with 1.53 W from 35 mm above the liquid surface for 15 minutes 
with stirring (200 rpm). The final products were centrifuged at 
11,000 rpm for 1 h and washed three times each with methanol and 
ethanol. 

Results and Discussion 
The experimental setup for the synthesis of AuNSs is shown in Fig-
ure 2. The decane solutions of tetrachloroauric (III) acid (HAuCl4) 
with various concentrations (c, 2.5 × 10−2 – 1.0 × 10−1 wt%) were 
poured into the vessels containing an agitator with various lengths 
(L, 15 – 60 mm), and irradiated with UV light, whose spectrum is 
shown in Figure S1, with various intensities (I, 0.36 – 4.1 W) for 
various reaction times (tr, 5 – 15 minutes) with stirring (200 rpm). 
We fixed the distances between the UV lamp and the solution sur-
face and the solution depth to be 35 mm and 30 mm, respectively, 
to keep the UV light energy constant. The decane solutions of so-
dium p-octylbenzenesulfonate (OBS), 1‐pentanol, and water have 
been reported to exhibit HL phases.22 The hydrophilic TRAP 
method needs to check if the amphiphile solution exhibits the HL 
phase, even with ingredients addition. We could observe the bire-
fringence of the solutions in crossed Nicols from any direction us-
ing a polarizing film wrapped around the vessel, as shown in Figure 
2c.23 The photograph of the decane solutions surrounded by a po-
larizing film shows a colorful texture typical of HL phases, as 
shown in Figure 3a. When we added HAuCl4 (5.0 × 10−2 wt%) as 
one of the ingredients to the decane solution, this solution maintains 
HL phases, as shown in Figure 3b. The hydrophilic bilayers are 
likely to trap HAuCl4 stably. After the irradiation with UV light of 
4.1 W for 5 minutes, the reaction mixture’s color changed from 
yellow to purple, as shown in Figure S2. It suggests that the parti-
cles grew. The reaction mixture still maintained the HL phase, as 
shown in Figure 3c. It implies that the formation of Au particles 
does not disturb the HL phase. 

 

Figure 2. Schematic illustration of the experimental setup. a) Car-
toon and b) scheme of the experimental setup. c) Optical system to 
observe the birefringence of the reaction mixture using a polarizing 
film wrapped around a container while tilted 45 degrees.  



 

 

Figure 3. Polarized photographs of hyperswollen lyotropic lamel-
lar phases. (a) Decane solution of OBS (0.95 wt%), 1‐pentanol (8.4 
wt%), water (1.1 wt%). The reaction mixture for AuNSs synthesis 
(b) before reaction and (c) after reaction showed liquid crystalline 
textures. 

   The reaction mixture was centrifuged at 11,000 rpm for 1 h, and 
the precipitate was washed three times with methanol to give a dark 
blue powder (90% yield). The XRD pattern of the dark blue powder 
showed the same peaks and intensity ratios as the Au fine particles 
with a more than 100 nm diameter, as shown in Figure 4a. It implies 
that the obtained dark blue powder seems to be metallic Au, and 
the growth inhibition of some certain crystal planes does not occur 
in the bilayer. The particle size distributions estimated from dy-
namic light scattering (DLS) measurements of the products look 
sharp, as shown in Figure 4b. The TEM photographs indicate the 
samples are nanosheets, as shown in Figures S4a-c. The selected 
area electron diffraction pattern gives evidence of the crystallinity 
of the sample, as shown in Figure S4d. All the products are likely 
to be mono-dispersed. The horizontal width and thickness of the 
products measured by AFM are 1500 ± 560 nm and 2.18 ± 0.50 nm, 
respectively, as shown in Figure 4c. These results indicate that the 
products are AuNSs. We have to figure out the growth mechanism. 

 

Figure 4. Characterization of AuNSs. (a) X-ray diffraction pattern 
of the AuNSs. (b) The DLS analysis of AuNSs. (c) AFM photo-
graph and cross-section of one of the synthesized AuNSs. 

   We focus on the lateral fusion of the AuNSs shown in Figure 4c. 
The TEM photograph also gives evidence of the fusion, as shown 
in Figure S4a. The edge of most AuNSs is curved, and AuNSs 
rarely have corners shown in Figure S4b. The full width at half 
maximum (FWHM) of each of the XRD peaks for the AuNSs was 
broader than that of the large particles, as shown in Table S1. The 
Williamson-Hall plots shown in Figure S5 indicate that the crystal-
lite size of the AuNSs is smaller than that of Au fine particles.24 

The uniformly nanosized Au particles are likely to fuse laterally in 
the confined thin 2-D reaction field of the HL phase. These results 
imply that the amphiphilic molecules do not protect the surfaces of 
the AuNSs.  
   The scanning electron microscope-energy dispersive X-ray spec-
trometry (SEM-EDX) of the AuNSs did not detect any sulfur ele-
ments, as shown in Figure S6. The amphiphile OBS should not pro-
tect that the surface of the AuNSs. Interestingly, the suspension sol-
vent is replaceable with various solvents like hexane, diethyl ether, 
ethyl acetate, toluene, chloroform, tetrahydrofuran (THF), and ac-
etone, as shown in Figures S7-S9. The surface of the AuNSs seems 
stable because the physically-confined nanosized Au particles are 
randomly fused. The physical confinement probably decides the 
thickness of the AuNSs. However, we have not understood the fac-
tors that decide the width of the AuNSs, yet. 
   The growth of particles by photochemical reactions generally de-
pends on the precursor’s concentration (c) and the light intensity 
(I).8 Of course, because the width of the AuNSs increases with tr, 
as shown in Figure S10, we discuss the dependence of the conver-
gent width of the AuNSs on c and I. The width and thickness of the 
AuNSs for each of several synthetic conditions were measured 
through AFM, as shown in Table S2, and the size distribution of 
these AuNSs were estimated from DLS measurements, as shown in 
Figure S11. The thicknesses of the AuNSs were likely to be inde-
pendent of I between 1.53 and 4.10 W. Although the thickness of 
the AuNSs obtained with the UV irradiation of 0.36 W is thicker 
than the others, the AuNSs was thinner than 4 nm as long as the 
reaction mixtures exhibited HL phases, as shown in Figure S12. 
The AuNSs probably grow thicker when the reaction rate is lower 
than the diffusion rate. We could consider the diffusion to be 2‐D 
as long as the reaction rate is higher than the diffusion rate. In the 
range of the reaction rate where quasi-2-D diffusion is valid, the 
volume of the AuNSs linearly increased as c increased, though the 
dependence of the width and thickness of the AuNSs on c was am-
biguous, as shown in Figures S13 and S14. The volume does not 
look proportional to c, and therefore, the nucleation seems to de-
pend on c. It implies that multiple AuNSs grow in each bilayer, and 
therefore, bilayer width could be one of the factors deciding the 
width of the AuNSs. 
   We have not had the information on the bilayer width. The width 
of AuNSs could be proportional to the square root of bilayer area, 
A, which linearly depends on the excess internal elastic stress (si),25 

𝜎! = 𝜎 − η�̇�, 
where �̇� is the stirring rate, s is the total shear stress, and h is the 
solution’s viscosity; however, the relation between s and �̇� is not 
clear in hyperswollen lamellar phases. The mechanics of such a vis-
cous fluid generally depends on inertial and viscous forces. The 
controllable parameters are �̇� and L. When �̇� increases, the solution 
surface deforms, and the distance between the UV lamp and the 
solution surface becomes not uniform. It would further complicate 
the situation. Therefore, we measured the dependence of the con-
vergent width of AuNSs on L. The AuNSs width seems propor-
tional to L2, as shown in Figure 5. It suggests that the bilayer’s ex-
pansion causes the increase of the AuNSs width because L2 is pro-
portional to Reynolds number as listed in Table S3, which is the 
ratio of inertial force to viscous force.26 Reynolds number should 
be useful as the indicator for controlling the AuNSs’ width and 
scale-up using continuous flow reactors. Besides, AuNSs could be 
synthesized in the bilayers in the HL phase of a decane solution of 
non-ionic amphiphile Brij L4 were smaller than those obtained 
from the ionic OBS solutions, as shown in Figures S15-S18 and 
Table S4. It is likely because the bilayers’ width was smaller than 
those obtained from the OBS solution. It is consistent with the gen-
eral trends that ionic amphiphiles generally make more stable 



 

lamellar structures than non-ionic amphiphiles. We have to confirm 
the universality of the hydrophilic TRAP method. 

 

Figure 5. Dependence of the convergent AuNSs size on L. (a) 
Width and (b) thickness of the AuNSs. 

   We synthesized AgNSs as another example of nanosheets of fcc 
metals. The photoreduction reaction of silver(Ⅰ) nitrate in the same 
experimental setup as that for AuNSs gave a black powder, as 
shown in Figures S19 and S20. The XRD pattern of the obtained 
powder shows the same peaks as the Ag fine particles, as shown in 
Figure 6a. Therefore, the obtained powder seems to be metallic Ag. 
The size distribution estimated from the DLS measurement of the 
obtained powder looks as sharp as that of AuNSs, as shown in Fig-
ure 6b. The TEM photographs indicate the samples are nanosheets 
and the selected area electron diffraction pattern gives evidence of 
the crystallinity of the sample, as shown in Figure S21. The hori-
zontal width and thickness of the products measured through AFM 
were 1000 ± 500 nm and 1.55 ± 0.82 nm, respectively, as shown in 
Figure 6c. These results indicate that the TRAP method enables us 
to synthesize the nanosheets of various fcc metals. 

 
Figure 6. Characterization of AgNSs: (a) X-ray diffraction pattern 
of the AgNSs; (b) The DLS analysis of AgNSs; (c) AFM photo-
graph and cross-section of one of the synthesized AgNSs. 

Conclusion 
In summary, uniformly thin AuNSs with a few nm thicknesses have 
been successfully synthesized within 15 minutes using the hydro-
philic TRAP method. The nanosheets only show in-plane growth 
due to the 2-D precursor supply. The AuNSs’ width seems propor-
tional to the Reynolds number of the solution because the bilayer 
area in the hyperswollen lamellar phase depends on shear stress. 
The hydrophilic TRAP method could also be applied for Ag with 
fcc lattice as the fuss-free synthesis method because the precursors 
are accumulated due to rather physical confinement than chemical 
specificity. This method can apply to nanosheet composed of 

metals, metal oxides, organometallic complexes, and organic crys-
tals. Reynolds number is useful as the indicator to control the 
nanosheets’ width; this method will continuously obtain large-area 
nanosheets in a roll-to-roll manufacturing process in the future. 
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