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Nanosheet Molding Method to Estimate the Size of Bilayers 
Suspended in Liquid 
Koki Sasaki, Jose A. Hernandez Gaitan, Yuki Tokuda, Koji Miyake, Yoshiaki Uchida,* and Norikazu 
Nishiyama 

Various methods have been developed to determine the size of molecular bilayer structures dispersed in liquids. We focused 
on the nanosheet (NS) growth inside the bilayers in hyperswollen lamellar (HL) phases. Here, we propose the method to 
evaluate the size of bilayers in liquid by observing palladium NSs (PdNSs) growing rapidly in the bilayers of the HL phase. It 
uncovered that the width of PdNSs depends on methanol concentration, on which the stability of the HL phase also depends. 
Considering that the stability of the HL phase is positively correlated with the width of bilayers, we concluded that the 
observation of PdNSs probably corresponds to the indirect measurement of the width of bilayers. This method will also be 
applied to various other bilayers. Moreover, the PdNSs with a few nanometers of thickness and several hundred nanometers 
of width show higher catalytic activity for the reduction reaction of 4-nitrophenol to 4-aminophenol than the previously 
reported Pd catalysts without any supports. 

Introduction 
Bilayers suspended in liquids like vesicles1 and freestanding 
bilayers2 are important objects in physical science, life science, 
and biomedical engineering.3-5 Their shapes and stability 
strongly correlated with their properties should be clarified 
because they are used for the model of cell membranes,5 drug 
delivery systems (DDS),6 toxicity screening,7 and separation 
membranes.8 Their deformation, fusion, and aggregation easily 
occur in response to various stimuli: pH, compositions, 
temperature, and shear stress.9–18 Despite the desire to 
understand their behavior, it is impossible to directly measure 
the size of such stimuli-sensitive bilayer structures in situ. 

Various methods have been developed to determine the size 
and polydispersity of bilayer structures. Due to its usability and 
applicability, the dynamic light scattering (DLS) technique is the 
most popular method, as shown in Fig. 1a.19,20 It measures the 
size of objects from a few nanometers to a few micrometers in 
situ. However, it is not good at estimating the shape of the 
objects. Although transmission electron microscopy (TEM), 
cryogenic-TEM (cryo-TEM), and atomic force microscopy (AFM) 
are powerful tools to measure the size and shape 
simultaneously,20–22 they cannot observe the dispersion state in 
situ because they are frozen or immobilized on a substrate, as 
shown in Fig. 1b. Copying the shape of the bilayers to some solid 
material in the solution in situ could solve the dilemma. 

We focused on the nanosheet (NS) growth inside the bilayers 
in hyperswollen lamellar (HL) phases, as shown in Fig. 1c.23–28 

The HL phase consists of suspended bilayers with several nm 
thicknesses that keep several hundred nm intervals with each 
other.29,30 Although literature explains that large fluctuations of 
bilayers stabilize HL phases, the actual dynamic behavior of the 
bilayers, such as association and dissociation, has not been 
clarified yet. The bilayers can offer thin two-dimensional (2-D) 
reaction fields. This soft-templating method is named the ‘two-
dimensional reactor in amphiphilic phase (TRAP) method.’ In 
the TRAP method, the width of NSs growing inside the bilayers 
is proportional to that of the bilayers.26, 28 The width of NSs can 
be controlled using the Reynolds number because the excess 
internal elastic stress stabilizes the HL phase and expands the 
area of bilayers.31 We guess that the dynamic behavior of the 
bilayers could be discussed by observing the size of NSs growing 
inside the bilayers. 
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Fig.1 Schematic illustration of the evaluation method of the size and polydispersity 
of bilayers. (a) DLS technique. It gives the isotropic size distribution for the bilayers 
dispersed in liquids. (b) Cryo-TEM. It observes the sample frozen on the substrate. 
(c) The present evaluation method. It measures the size of the bilayers by observing 
nanosheets growing inside bilayers using AFM. 
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The snapshot molding where NSs copy the shape of bilayers 
requires materials rapidly growing in the bilayers; palladium 
(Pd) could be suitable because of its high growth rate. Moreover, 
Pd is promising as the material for NSs with high specific surface 
areas due to its superior applications, such as catalysis,32 
hydrogen production,33 fuel cells,34 and sensors.35 Among the 
catalytic activity for many reactions like oxidation and coupling 
reactions, Pd metal shows high catalytic activity for the 
reductions occurring at the surface.36 Pd NSs (PdNSs) should 
show higher catalytic activity than the others because of their 
large surface area.37–40  

Here, we report the method to measure the size of bilayers 
in the HL phase of TRAP solutions by observing PdNSs growing 
in the bilayers. We display that the stability of the HL phase 
changes in sync with the size of bilayers by measuring the size 
of the synthesized PdNSs when the cosurfactant concentration 
changes. We also demonstrate the catalytic activity of the 
obtained PdNSs for the reduction reaction of 4-nitrophenol (4-
NP) to 4-aminophenol (4-AP).  

Experimental 

Chemicals 

Heptane, methanol, and hydrogen hexachloroplatinate (IV) 
hexahydrate (K2PdCl6) were purchased from Wako Pure 
Chemical Industries Co. Sodium borohydride (NaBH4) was 
purchased from Tokyo Chemical Industry Co., Ltd. Brij L4 was 
purchased from Merck KGaA. The water with a resistivity of 18.2 
MΩ cm was obtained from a water purifier (Direct-Q UV, 
Millipore Co.).  

Characterization 

The crystal structures were estimated from X-ray diffraction 
(XRD) patterns collected using a PANalytical X’Pert PRO 
diffractometer with Cu Kα radiation, operated at 45 kV and 40 
mA. The scan range (2q) was from 30o to 90o at a sweep rate of 
0.10os-1. The size distributions of PdNSs were measured by 
dynamic light scattering (DLS) using ELSZ-2000 (Otsuka 
Electronics Co., Ltd.) at 25°C. The samples were suspended in 
ethanol for the DLS measurement. Transmission electron 
microscopy (TEM) images were obtained using a Hitachi H-800 
at 200 kV. Atomic force microscopy (AFM) images were taken 
using a Veeco Instruments MMAFM-2. The samples were 
deposited on freshly exfoliated mica sheets as substrates for the 
AFM measurements. We measured 30 objects for each sample 
and calculated the average and standard deviation of the size 
and thickness, respectively. Decomposition temperature was 
measured by thermo-gravimetry (TG) analysis using DTG-60 
(Shimadzu Co.) under nitrogen with a continuous flow rate of 60 
mL min–1. The samples were heated from room temperature to 
600°C at a heating rate of 20°C min–1.  

Synthesis of palladium nanosheets 

PdNSs were synthesized in the HL phases. The heptane solution 
(21 mL) of K2PdCl6 (1.0 × 10−1 wt%), Brij L4 (6.9 wt%), water (1.9 
wt%), and methanol (1.0 wt%) and the heptane solution (21 mL) 

of NaBH4 (2.6 × 10−2 wt%), Brij L4 (6.9 wt%), sodium hydroxide 
solution (pH 11) (1.9 wt%), and methanol (1.0 wt%) were 
separately prepared. A TRAP solution dissolving NaBH4 was 
poured into another TRAP solution dissolving K2PdCl6 under 
stirring (300 rpm). The final products were centrifuged at 
11,000 rpm for 30 min and washed three times with ethanol.  

Synthesis of fine palladium particles  

Fine palladium particles were synthesized in a heptane solution 
(42 mL) of K2PdCl6 (1.1 × 10−1 wt%), water (2.0 wt%), and 
methanol (1.1 wt%). The solution was poured into a 100 mL 
beaker and stirred (300 rpm). Another heptane solution (42 mL) 
of NaBH4 (2.9 × 10−2 wt%), sodium hydroxide solution (pH 11) 
(2.0 wt%), and methanol (1.1 wt%) was added to the same 100 
mL beaker. The final products were centrifuged at 11,000 rpm 
for 30 min and washed three times with ethanol. 

Catalytic reaction test 

Catalytic reactions were performed in a standard 3.5 mL quartz 
cuvette with a 10 mm path length. Typically, a total of 0.1 mL 
water was mixed with 1.7 mL aqueous 4-NP solution (2.0 × 10−4 

mol L−1) and 1 mL of freshly prepared aqueous NaBH4 solution 
(1.5 × 10−2 mol L−1) in a standard quartz cuvette. Then the Pt 
catalyst (0.2 mL, 1 mg mL−1) was rapidly added to the quartz cell 
to trigger the catalytic reaction. The ultraviolet-visible (UV-Vis) 
spectroscopy was employed to monitor the conversion process 
of 4-NP to 4-AP by recording the time-dependent absorption 
spectra of the reaction mixtures using V-570 (JASCO Co.). The 
UV-vis absorbance spectra were recorded at 2 min intervals in 
the range of 250–500 nm. 

Results and discussion 
First, we examined if the HL phases are stable even with the 
ingredients of PdNSs. Since the birefringence reflects the 
stability of HL phases for the TRAP solutions, we can easily test 
the stability by observing it using a polarizing film wrapped 
around the vessel, as shown in Fig. 2a.26 The polarized 
photograph of the TRAP solution consisting of heptane (90.1 
wt%), Brij L4 (6.9 wt%), water (1.9 wt%), and methanol (1.0 
wt%) shows birefringence typical of HL phases, as shown in Fig. 
2b.28 We separately added potassium tetrachloropalladate (II) 
(K2PdCl4) and sodium borohydride (NaBH4) to the TRAP 
solutions in two vessels. The two TRAP solutions with each 
ingredient maintained a birefringence typical of HL phases, as 
shown in Fig. 2c and 2d. These results indicate that the 
hydrophilic TRAPs are likely to trap K2PdCl4 and NaBH4 stably 
and that their addition did not affect the stability of the HL 
phases. 

Then, we tried synthesizing PdNSs by pouring a TRAP solution 
dissolving NaBH4 into another TRAP solution dissolving K2PdCl4. 
After stirring the mixed TRAP solution for 15 min, we 
centrifuged the reaction mixture at 11000 rpm for 30 min and 
washed the black precipitate three times with ethanol. The 
thermogravimetric (TG) analysis of the obtained black powder 
did not show weight reduction between 200 °C and 400 °C, in 
which Brij L4 shows weight reduction, as shown in Fig. S1. The 
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amphiphile Brij L4 does not seem to cover the products. The X-
ray diffraction (XRD) pattern of the black powder is shown in Fig. 
3a. The peak positions and intensity ratios of the synthesized 
powder are well fitted to those of Pd fine particles, which were 
synthesized in the heptane solution without Brij L4. This result 
indicates that the black powder is metallic Pd, and each 
crystallite grows isotropically. The full width at half-maximum 
(FWHM) of each of the XRD peaks for the obtained black 
powder is shown in Table S1. The Williamson-Hall plots indicate 
that the crystallite size of the obtained powder is smaller than 
that of Pd fine particles, as shown in Fig. S2. 

We estimated the particle size distributions for the obtained 
powder by dynamic light scattering (DLS) measurements, as 
shown in Fig. 3b. The sharp peak indicates the absence of the 
aggregates. The transmission electron microscopy (TEM) 
photographs show sheet-like particles. The selected area 
electron diffraction (SAED) patterns indicate that the sample 
does not contain impurities, as shown in Figs. 3c and S3. The 
concentric circles of the SAED patterns also indicates that the 
sheet-like particles are composed of small crystallites. The 
confined thin two-dimensional (2-D) reaction field of the HL 
phase promotes the lateral bonding of the uniformly nanosized 
Pd platelets.26 The horizontal width and thickness of the 
products measured by atomic force microscopy (AFM) are 485 
± 65 and 2.18 ± 0.40 nm, respectively, as shown in Fig. 3e. These 
results indicate that the obtained products are freestanding 
PdNSs. 

We observed the TRAP solutions dissolving methanol with 
concentrations from 0 wt% to 2.24 wt%, as shown in Fig. 4a. The 
birefringence depends on the methanol concentration (wMe). 
The stable HL phase shows colorful birefringence without 
stirring, whereas the metastable HL phase shows black and 
white birefringence only with stirring.28 The TRAP solutions with 
methanol concentrations between 0.40 wt% and 1.66 wt% 
show birefringence derived from the anisotropy of the HL 
phases. In particular, the TRAP solutions with methanol 
concentrations between 1.00 wt% and 1.46 wt% exhibit stable 
HL phases.28,31  

We measured the size dependence of the obtained PdNSs on 
wMe using AFM, as shown in Table S2 and Fig. S4. The thickness 
of PdNSs looks independent of wMe when wMe is between 0.17 
wt% and 2.24 wt%, whereas the thickness of PdNSs becomes 
thick when wMe is 0 wt% (product 1) as shown in Fig. 4c. The 
width of PdNSs is positively correlated with the strength of the 
birefringence of the HL phase, as shown in Fig. 4b. It suggests 
that the width of bilayers is also positively correlated with 
stability of HL phase. The width of products 6, 7, and 8 obtained 
at the stable state depends on wMe. Methanol seems to stabilize 
the HL phase by swelling the hydrophilic part to enlarge the 
bilayers. Moreover, the excess amount of methanol destabilizes 
the HL phase; product 8 is smaller than product 7. Moreover, 
we noticed that the standard deviation depends on wMe. It 
would be useful to discuss the dynamics of bilayers. 

The widths of products 6-8 synthesized in the stable HL 
phases have larger standard deviations than the others. The 
number of nanoplatelets used for the NS formation is non-
uniform. Meanwhile, their thicknesses have small standard 
deviations. These results suggest that the bilayers laterally stick 
together and come apart, as shown is Fig. S5a. Similar 
explanations are possible for the dynamics of TRAPs in other 

Fig. 2 Observation of birefringence of the heptane solution of Brij L4 containing 
water. (a) The optical system to take polarized photographs of hyperswollen 
lyotropic lamellar phases. A polarizing film is wrapped around a vessel while tilted 
at 45°. Polarized photographs of (b) TRAP solution of heptane (90.1 wt%), water 
(1.9 wt%), Brij L4 (6.9 wt%) and methanol (1.0 wt%), (c) TRAP solution of heptane 
(90.1 wt%), water (1.9 wt%), Brij L4 (6.9 wt%), methanol (1.0 wt%) and K2PdCl4 (1.0× 
10–1 wt%), and (d) TRAP solution of heptane (90.2 wt%), sodium hydroxide solution 
(pH 11) (1.9 wt %), Brij L4 (6.9 wt %), methanol (1.0 wt %), and NaBH4 (2.7 × 10−2 
wt %).

Fig. 3 Characterization of PdNSs synthesized in a TRAP solution with 1.0 wt% methanol. 
(a) XRD patterns of the PdNSs (red), Pd fine particles (blue) and a standard XRD pattern 
of Pd (black). (b) DLS analysis of PdNSs. (c) TEM photograph of PdNSs, and SAED 
pattern of PdNSs. (d) AFM photograph and cross-section of one of the synthesized 
PdNSs.
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solutions. Although product 1 has shape anisotropy, it grows 
thicker than the others, and the standard deviation of the 
thickness is larger. It indicates that there are biaxial micelles 
whose thickness fluctuates, as shown in Fig. S5b.41 As wMe 
increases, the thickness of products 2-5 decreases and their 
width increases; their standard deviations are almost identical 
in this region. These results imply that methanol stabilizes the 
anisotropic shape of biaxial micelles, which are relatively mono-
dispersed, as shown in Fig. S5c. We observed an opposite trend 
for products 9 and 10. The trend of the size distribution of the 
PdNSs is ambiguous in DLS measurements that cannot evaluate 
the anisotropy of the particles, as shown in Fig. S6. We can 
conclude that the NS molding method enables us to evaluate 
the bilayers of small molecules that rapidly associate and 
dissociate in liquids. 

We examined the catalytic activity of the obtained PdNSs to 
reduce 4-NP to 4-AP; this reaction is useful for the analysis of 
the catalytic performance using UV-visible spectroscopy, as 
shown in Fig. S7.42 This reaction cannot proceed without a 
catalyst at room temperature.43 We have already reported that 
the larger the width of NSs, the higher the catalytic 
performance.28 Since we can expect the performance of the 
other products from that of one, we tested only product 6, 
which we had the largest amount. After adding the PdNSs into 
the 4-NP solution with an excess amount of NaBH4, the intensity 
of the absorption peaks for 4-NP around 400 nm started 
decreasing along with a relative increase in the peak for 4-AP at 
317 nm, as shown in Fig. 5a. Since we used an excessive amount 
of the reductant NaBH4, the reaction is expected to be 
independent of NaBH4 concentration. It can be simplified to 

–  d[4-NP]/dt = kapp [4-NP], 
ln([4-NP]/[4-NP]0) = – kapp · t, 

where [4-NP] and [4-NP]0 are the concentrations of 4-
nitrophenolate at the times t and 0, respectively. We can 
assume 

ln([4-NP]/[4-NP]0) = ln(A/A0), 
where A and A0 are the corresponding absorbances of the 
typical band at 400 nm, respectively. We fitted a plot of ln(A/A0) 
vs. reaction time, as shown in Fig. 5b. The linear correlation 
indicates that the above reaction is ruled by first-order kinetics, 
and the rate constant is 5.7 x 10–3 s–1. These results should be 
compared with previously reported ones. The normalized rate 
constant (knor) was determined by 

knor = kapp/(c[NaBH4]) 
where kapp is normalized about the total amount of the catalyst 
(c) and the borohydride concentration ([NaBH4]).36 The knor 
value obtained for the PdNSs was 28287 g–1 s–1 M–1. This value 
is greater than the knor estimated for other Pd catalysts without 
any supports, as shown in Table S3. This result should come 
from the increase in the relative surface area. The best catalyst 
is expected to be synthesized between the synthetic conditions 
for products 6 and 8. 

Conclusions 
We have successfully evaluated the dynamics of bilayers of the 
HL phase in TRAP solutions by observing PdNSs growing in the 
bilayers. The average and standard deviation of width and 
thickness of PdNSs depend on wMe. These data have explained 
that the biaxiality of bilayers is statically important and the 
lateral association and dissociation of bilayers are dynamically 
important for stabilizing HL phases. This method can measure 
the size of such stimuli-sensitive bilayer structures in situ. 
Moreover, the PdNSs with a few nanometers of thickness and 
several hundred nanometers of width show higher catalytic 
activity for the reduction reaction of 4-NP to 4-AP than the 
previously reported Pd catalysts without any supports. 
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Fig. 4 Dependence of the birefringence and the PdNSs size on wMe. (a) Polarized 
photographs of heptane solutions used for products (Table S2). (b) Width and (c) 
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Fig. 5 Catalytic activity of PdNSs. (a) Successive UV–Vis spectra of the reduction of 4-
NP in the presence of NaBH4 using PdNSs as catalysts. (b) The relationship between 
ln([4-NP]/[4-NP]0) and reaction time. The ratio of 4-nitrophenol ([4-NP] at time t) to its 
initial value [4-NP]0 was directly obtained by the relative intensity of the respective 
absorbance At/A0 with absorption peaks at 400 nm. The plots are fitted as a linear 
function with a slope – kapp (solid line).
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