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The assembly of the surfactants has been utilized as the unique templates for metal nanosheets. However, current strategies

DOI: 10.1039/x0xx00000x

for metal nanosheets have mainly focused on the liquid-phase surfactant assembly. Here, we found the solid-state

surfactants as designable crystals suitable for nanostructural control, and proposed a novel synthetic route for molecularly-

thin Pt metal nanosheets using solid surfactant crystals as a precursor. The 2D surfactant crystals containing planarly

arranged Pt complexes were prepared, and the subsequent UV-ozone treatment and reduction process allowed us to obtain

the Pt metal nanosheets. The Pt metal nanosheets had a distinct morphology with a various thickness (from 1.5 nm to 3.0

nm), inherent from those of 2D surfactant crystals.

Introduction

The controlled synthesis of nanomaterials into desired
architectures is at the heart of nanomaterials research.’™
Nanostructured metals are one of the essential targets in this regard;
nanostructured metals with different shapes and sizes often exhibit
unique functionalities, different from their bulk counterparts. The
surfactants play a key role for the design of morphology and
structure of nanostructured metals, owing to their usefulness in
versatile conditions, such as growth controls and increasing
dispersibility.> In particular, the surfactants can be assembled into
the various superstructures, including micelles®, liquid crystals’-8, and
self-assembled monolayer?, offering the nanoscale design via
templating the assembled structures. Therefore, the surfactant
templating methods are fundamental techniques for nanostructured
metals, despite the demanding control on the superstructure.
Further development of the surfactant assembly depends on finding
a novel approach that enables the precise design of nanostructures
with desired functionalities.10

Such an issue is particularly important for designing 2D metal
nanosheets.11122D metal nanosheets have attracted great attention
because they exhibited a drastic change in physicochemical
properties owing to 2D confinement effects.13 In particular, due to
their unique 2D morphology with exceptionally large exposed
surface area, 2D nanosheets can significantly enhance surface
reactions, redox processes, and charge separations. The synthetic
approach using the surfactant assembly is one of the solutions for
generating 2D metal nanosheets.14-17 Typically, the concentrated
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surfactant micelles solutions form lamellar liquid crystals possessing
the 2D nano-space; the use of interlayer nano-space of the lamellar
liquid crystals has been well documented as an ideal template for the
confined growth of the 2D metal nanosheets. However, control of
the thickness and morphology of the metal nanosheets still remains
a real challenge. Due to their fragile nature, lamellar liquid crystals
usually lack a strong confinement force to regulate the 2D
anisotropic growth; metal atoms tend to form 3D structures. In
addition, the structure of the lamellar liquid crystals was easily
changed by various factors, including temperature, concentration,
and precursor amount.1®-20 Therefore, the synthesis of the metal
nanosheets using the surfactant assembly faces difficulty in the
systematic design.

The previous strategies using the surfactant assembly have only
focused on the liquid-phase surfactants; nevertheless, it is known
that the surfactants form unique solid phases with a crystalline state
under the Krafft point.2122 The crystalline solid phase (Lc phase)
surfactants have a lamellar structure with densely arranged counter
ions in the interlayer space and the distinct morphology reflecting
the crystal habit. Interestingly, the structure and morphology of
surfactant crystals have the potential for design depending on the
component's structure and composition, different from liquid
crystals.21.23-25 Therefore, templating the solid surfactant crystals
with distinct thickness and morphology will allow the precise design
of the metal nanosheets, offering the potential for a novel technique
for nanoarchitectonics of metal nanosheets. However, to the best of
our knowledge, the surfactant assembly with the solid crystalline
phase has never been used for the designed synthesis of
nanostructured materials.

Here, we report a new concept for the designed synthesis of
molecularly-thin metal nanosheets using solid-state surfactant
crystals. As typical metal nanosheets, Pt metal nanosheets were
synthesized because they are potential candidates for future
nanosheets devices and catalysts.26 We synthesized the surfactant
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Fig. 1 Schematic process of the molecularly-thin Pt metal nanosheets using surfactant crystals.

crystals with planarly arranged Pt complexes as a precursor and
designed the morphology and thickness of the 2D surfactant crystals
via the recrystallization process. Then, the 2D surfactant crystals
were treated with UV-ozone and reduced by H»(5%)/Ar. These
processes lead to the synthesis of molecularly-thin Pt metal
nanosheets, inherent from the thickness and morphology of 2D
surfactant crystals (Fig.1). We have also succeeded in structural
analysis of surfactant crystals and found that there is a clear
correlation between the thickness and morphology of 2D surfactant
crystals and the resulting metal nanosheets. This method is
potentially useful for precisely design of the molecularly-thin metal
nanosheets with distinct morphology and thickness.

Results and discussion

Preparation of solid surfactant crystals containing Pt complexes.
The surfactant crystals were prepared as powder by mixing the
aqueous solution of cetyltrimethylammonium bromide (CTAB) and
H,Pt(I1)Cls. For evaluation of the crystal structure, the single crystal
X-ray diffraction measurement was conducted. The single crystal of
surfactant with a distinct rhombus morphology was prepared by
adding water as a poor solvent to the mixed solvent of N-
methylformamide and 2-propanol dissolving the powder surfactant
crystal at 298 K (Fig. 2 (a)). The structure was determined to be in a
triclinic system (P-1) with a composition of
[(C16H33)N(CH3)3)2[PtBro4Clsg] and lattice constants of a =
7.59250(10) A, b = 8.14060(10) A, c = 20.0035(2) A, o = 88.8910(10) °,
6 =280.8020(10)°, and y = 66.2290(10)°. Pt ions are coordinated by Br
and Cl ions, which occupy two sites disorderly, and have a square-
planar geometry with a C;n symmetry. The alkylammonium cation
are aligned orderly in ab-plane resulting in the formation of the
layered structure, which indicates the formation of the solid-state
crystalline phase. In addition, the Pt complexes are arranged planarly

e

(X=Cl, Br)
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Fig. 2 (a) Appearance of the single crystalline surfactants with Pt
complexes, and (b) the refined crystal structure.?’
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as the interlayer counter ions. The distance between two Pt
complexes at different interlayer spaces is approximately 2.0 nm (Fig.
2(b)). The condition for crystal structure refinement is shown in the
ESI.

Synthesis of Pt metal nanosheets. The 2D surfactant crystals were
prepared on a Si substrate by evaporating the mixed solution of
water and ethanol dissolving the surfactants crystals. For the
formation of the 2D surfactant crystals, control of the evaporation
process was essential. The simple drying of the liquid droplet is not
practical for 2D growth of the surfactant crystals because it led to the
formation of bulk state crystals (Fig.S1 (a) of the ESI). We found that
thin 2D surfactant crystals could be obtained under the centrifugal
force via spin coating. With the continuous loss of the surfactant
solutions via spin coating, the fluid layer becomes thinner and flat;
2D surfactant crystals can form in such a thin fluid layer. Finding the
proper conditions, the rotation speed of the spin coating was varied
from 1500 rpm to 5000 rpm. At the slow rotation speed of 1500 rpm,
the large-sized bulk crystals were mainly obtained (Fig. S1 (b) of the
ESI), while a homogeneous non-crystalline film was formed by
applying over 5000 rpm (Fig. S1 (d) of the ESI). The optimal condition
was found to be 2000 ~ 4000 rpm, where the controlled synthesis of
the 2D surfactant crystals was achieved (Fig.S1(c), (d), and (e) of the
ESI). Almost all the 2D surfactant crystals showed a rhombus
morphology reflecting the crystal structure. The obtained 2D
surfactant crystals have wide thickness distribution under any
conditions. For example, the 2D surfactant crystals with
approximately 60 nm in mean thickness (in the range from 20 nm to
90 nm) were formed at the 2000 rpm condition. Although they have
a wide distribution in the thickness range, the mean thickness of the
2D nanosheets tends to decrease slightly as increasing the rotation
speed of the spin coating.

As a typical example, 2D surfactant crystals were prepared via 2000
rpm coating, and the thickness of the sheet was monitored at each
step. As seen from the AFM image, the thickness of the 2D surfactant
crystal was evaluated as 49 nm, which corresponds to 24 layers of
the surfactant bilayer considering the crystal structure (Fig. 3(a) and
(d)). The XRD and XPS measurements and Raman spectroscopy
analysis were conducted to confirm the crystal structure. Fig. S2 (a)
of the ESI shows the XRD pattern of the 2D surfactant crystals. The
XRD pattern showed clear peaks at 4.5, 9.0, and 13.5 ° assigned to
001, 002 and 003 reflections of the surfactant crystals, respectively.
The Raman spectrum showed the retention of the surfactant as
shown by broad peaks derived from the stretching of C-H groups in
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the alkyl chain (CH, and CH3) at 2900 cm® (Fig. S2 (c) of the ESI). In
addition, XPS spectrum of the 2D surfactant crystals showed clear
peaks at 75.2 eV and 72.0 eV derived from Pt2*4fs, and Pt2*4f;/, (Fig.
1(g)). Although the peaks derived from Br3d (68 eV) are unclear, a
peak derived from Cl2ps/, was clearly observed at 198 eV, indicating
the retention as the Pt halides (Fig. S2 (e) of the ESI). These results
indicate the formation of the 2D surfactant crystals with the same
structure as the single crystal bulk.
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Fig. 3 AFM images, height profiles, and XPS spectra of the 2D sheets:
(a), (d), and (g) 2D surfactant crystals, (b), (e), and (f) 2D Pt complexes,
and (c), (f) and (i) Pt metal nanosheets.

The Pt metal nanosheets were synthesized via UV-ozone
treatment of 2D surfactant crystals and subsequent reduction
process under a H, (5%)/Ar flow. We characterized the samples at
each step for clarifying the effects of UV-ozone treatment and
reduction process under a H (5%)/Ar flow. Firstly, the 2D surfactant
crystals were treated with UV-ozone to selectively remove the
organic species. The other processes, such as calcination at mild
conditions, lead to the collapse of the 2D structure (Fig.S3 of the ESI).
A key for maintaining the 2D morphology is the intermediate UV-
ozone treatment; the direct reduction of the 2D surfactant crystals
leads to the formation of discrete large-sized Pt nanoparticles (Fig.
S4 of the ESI). The morphological change by UV-ozone treatment on
the 2D Pt complexes was observed by AFM (Fig. 3(b)). The thickness
of the 2D Pt complexes was drastically decreased from 49 nm to 4.7
nm with retaining the surface roughness and lateral size. In addition,
the composition and structure of the 2D Pt complexes were
evaluated by Raman spectroscopy analysis and XRD measurement.
No clear peak attributed to stretching of C-H groups (2900 cm'?) was
observed in the Raman spectrum (Fig. S2 (d) in the ESI), indicating the
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removal of CTA*. The removal of the surfactant corresponds to the
fact that the XRD pattern did not show the peaks derived from the
ordered structure (Fig. S2(b) in the ESI). Notably, the Pt species were
partially oxidized via UV-ozone treatment as detected by the XPS
measurement. The peaks derived from Pt2*4fs;,, Pt2*4f ;5,, Pt4*4fs,
and Pt**4fs;, were observed, and the ratio of Pt2*/Pt4* was roughly
calculated to be 1.2 (Fig. 3(h)). The mixture of Pt oxide and halide
should be formed after UV-ozone treatment considering the broad
peaks of Cl2ps/,. From these results, it was confirmed that the 2D
nanosheets composed of the Pt complex without organic species
were formed after UV-ozone treatment.

The molecularly-thin Pt metal nanosheets were synthesized by
reducing the 2D Pt complexes under a H, (5%)/Ar flow. For optimizing
the conditions, the reductions were carried out at 120, 200, and
300 °C. The reduction condition of the Pt complex is an important
factor, and discrete nanoparticles assemblies were formed at 200
and 300 °C (Fig. S5 (a) and (b) of the ESI). We succeeded in
maintaining a nanosheet structure through reduction at 120 °C (Fig.
3(c)). Note that the complete reduction of the Pt species required a
long-time treatment because Pt?* species partially remained when
the nanosheets were reduced for 5 h (Fig. S5 (c) and (d) of the ESI).
After reduction treatment for 20 h, the asymmetrical peaks
attributed to Pt%4fs;; and Pt%4f;;, were mainly obtained, indicating
the formation of Pt metal nanosheets (Fig. 3(i)). AFM image of the
sample after hydrogen reduction at 120°C for 20 hours showed an
articulate decrease in thickness of the nanosheet from 4.7 to 2.3 nm
(Fig. 3 (e)). The surface roughness of the nanosheets is almost the
same as the substrate. In addition, the high-resolution AFM
observation showed that the surface of the nanosheet was very
smooth, although nanoparticles were observed (Fig. S6 (a) and (b) of
the ESI). The theoretical thickness calculated by the amount of the Pt
species in the 2D surfactant crystals with 49 nm thickness should be
approximately 0.7 nm by considering the 21.45 gcm3 as the density.
It is known that AFM observation of 2D materials often
overestimates the thickness due to adsorbed molecules on the
nanosheet surface and water adlayers on the substrate. For example,
the thickness of the monolayer graphene was evaluated as 0.7 nm in
spite of 0.4 nm in the real thickness because of the water adlayers.28
However, the measured 2.3 nm thickness is too different from the
theoretical value (0.7 nm) even if there were adsorbates. Therefore,
there should be some voids in the nanosheet structure, maybe due
to the interparticle space of polycrystalline continuous Pt nanosheets.
Although the obtained nanosheets should be composed of
polycrystalline Pt nanoparticles, such polycrystalline nanosheets also
tend to exhibit unique properties different from nanoparticles and
bulks.2® The obtained molecularly-thin Pt metal nanosheets with
large lateral size and distinct rhombus morphology should be useful
for their application and fundamental investigation of properties.

The synthesis of Pt metal nanosheets with varied thicknesses and
morphologies. We also investigated the versatility of this method
using different substrates, such as MgO and Al,Os. The 2D surfactant
crystals were formed successfully regardless of the kinds of
substrates, and metal nanosheets should be formed via reduction
after UV-ozone treatment. All obtained nanosheets were
appropriately 2 nm in thickness, as shown by AFM images (Fig. S7 (a),
(b), (c), and (d) in the ESI). Therefore, this method has potential for
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the synthesis of Pt metal nanosheets on various substrates as long as
the substrate has stability against the UV-ozone treatment and the
hydrogen reduction at 120 °C.

In addition, the morphologies of the metal nanosheets synthesized
using different precursors were investigated. As typical examples, Pt
metal nanosheets were also synthesized using K,Pt(IV)Cls as a metal
complex precursor (Fig. 4 (a) and (b)) or CTAC as a surfactant
precursor (Fig. S7 (e) and (f) in the ESI). When the metal nanosheets
were synthesized using CTAC, the morphology of the nanosheets was
not changed from the rhombus type (Fig. S7 (g) and (h) in the ESI). In
contrast, interestingly, the use of KyPt(IV)Cls lead to the
morphological change of nanosheet into hexagonal, probably
reflecting the crystal habit of the surfactant crystals (Fig. 4). Although
the crystals structure of the surfactant is under investigation, there
should be the possibility on the control of the morphology through
the choice of the precursors. As considering the previous
molecularly-thin Pt nanosheets have undefined morphology, this
method may open the platform for designing the morphology of the
molecularly-thin Pt nanosheets.

EN
1

Thickness / nm
o N
" 1 " 1 "

0

T T T
1 2 3
Distance / pm

Fig. 4 (a) AFM image and (b) height profile of the metal nanosheets
synthesized using K,Pt(IV)Cle as a metal complex precursor.
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Furthermore, it is known that the thickness of metal nanosheets
has a significant impact on their structures and properties, and the
sub-nm level thickness control is an important issue.13 Although
many methods have been proposed to synthesize Pt metal
nanosheets,1529-39 the thickness and morphology control still remain
challenging issues. In order to control the thickness of the
molecularly-thin nanosheets, we investigated the relationship of
thickness between the 2D surfactant crystals and Pt metal
nanosheets. The thickness of the nanosheets was monitored at each
step using 4 samples with different thicknesses (Fig. S8 in the ESI).
Table 1 shows the thickness variation for each of the four nanosheets.
In all cases, the thicknesses were decreased into 10 % when the 2D
surfactant crystals were changed into 2D Pt complexes. Subsequently,
the thickness was decreased into 7-8 % when the 2D complexes were
reduced to Pt metal nanosheets. Considering the relationship, the
thickness of the Pt metal nanosheets could be varied quite finely via
thickness control of the 2D surfactant crystals. This method should
have the potential for sub-nm thickness control of Pt metal
nanosheets. In addition, this method may also have the potential for
increasing the lateral size of nanosheets via optimization of the 2D
surfactant synthesis condition. The Pt metal nanosheets with a large
lateral size (15 um) were also synthesized using a coincidently
formed large 2D surfactant as a precursor (Fig. S9 in the ESI).
Although the synthetic condition for 2D surfactant with a large lateral
size is not optimized, such large-sized nanosheets have been
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preferred to investigate the fundamental property of the metal
nanosheets.

Table 1 Thicknesses of the nanosheets at each process

Sheet 2D surfactant 2D Ptcomplex Pt metal
No. crystal nanosheet

1 48 nm 4.5nm 3.0nm

2 30 nm 3.0nm 2.3 nm

3 29 nm 2.8 nm 2.2nm

4 20 nm 2.0nm 1.5nm

Stability of the Pt nanosheets. We investigate their stability against
solvents, which is essential for their practical use. The obtained
nanosheets were immersed for 1 day in water or ethanol and
investigated their structural changes. However, the obtained Pt
metal nanosheets were unstable in both solvents. For example, when
the nanosheet with a thickness of 2.0 nm was immersed in water for
1 day, the thickness increased to 3 nm (Fig. 5 (a) and (c)). The increase
in the thickness was caused via morphological change of the
nanosheets component, which means the formation of large-sized
nanoparticles as shown by high-resolution AFM image (Fig. 5 (b)).
The surface roughness (Ra) of the nanosheets was increased from
140 pm to 490 pm, also supporting the formation of the nanoparticle.
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Fig. 5 The AFM images and height profiles of Pt metal nanosheets
after immersing those in water for 1 day: (a), (b) and (c) the Pt metal
nanosheet before calcination, and (d), (e), and (f) the Pt metal
nanosheet after calcination.

We found that the calcination of Pt nanosheets at 800 °C
suppresses the formation of the large-sized nanoparticles. The
calcined nanosheets exhibited high stability against solvents, and no
morphological change was observed via immersing the nanosheets
into the water for 1 day (Fig. 5 (a), (b), and (c)). Therefore, we
evaluated the structure of the Pt metal nanosheets after calcination.
In the calcination process, the thickness of the nanosheets was
slightly changed from 2.3 nm into 2.0 nm while keeping the
morphology (Fig. S10 (a) in the ESI). The decrease in the thickness
should be derived from the removal of adsorbed molecules or

This journal is © The Royal Society of Chemistry 20xx
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shrinkage of the void volume. The surface of the nanosheets was very
flat, and no particle was observed (Fig. S11 (b) in the ESI). The
chemical states of the nanosheets were not changed as shown by the
XPS spectrum showed only peaks derived from metallic Pt species
(Fig. S10 (c) in the ESI). The in-plane XRD measurement probably
showed very weak peaks assigned to Pt with an fcc structure (Fig. S10
(d) in the ESI). Although a complete understanding on the structure
of the obtained nanosheets awaits further studies, this process may
be effective for obtaining stable metal nanosheets with precisely
controlled thickness.

Conclusions

We have demonstrated a synthetic approach of molecularly-thin
2D Pt metal nanosheets using solid surfactant crystals as a precursor.
This method requires three steps. i) Preparation of surfactant crystals
containing planarly arranged Pt complex and their 2D anisotropic
growth on the target substrate. ii) Formation of 2D Pt complex
through selective removal of alkylammonium cation via UV-ozone
treatment. iii) The reduction of the 2D Pt complex via a mild
condition under Hy (5%)/Ar flow. This method has potential for
various substrates which have stability against UV-ozone treatment
and hydrogen gas treatment under 120 °C. In addition, the thickness
of the nanosheets can be controlled from 1.5 nm to 3.0 nm
depending on the thickness of the 2D surfactant crystals, offering the
potential for a novel method for precisely controlled metal
nanosheets. Although the obtained Pt metal nanosheets were
unstable against the solvents, calcination led to the drastic
improvement of the stability. This method is potentially useful for
precisely designing molecularly-thin metal nanosheets with distinct
morphology and thickness.

Experimental

Materials. All the materials were used without further purification.
Hexadecyltrimethylammonium bromide (CTAB),
Hexadecyltrimethylammonium chrolide (CTAC), ethanol and 2-
propanol (>99.7 %) were purchased from Kishida Chemical Co., Ltd.
Potassium  tetrachloroplatinate(ll) (99.9 %), potassium
hexachloroplatinate(lV) (99.9 %), N-methylformamide (NMF)
(>99.0 %) were purchased from FUJIFILM Wako Pure Chemical Co.,
Ltd.

Preparation of lamellar crystals containing Pt complexes.
K2Pt(11)Cl4(0.5 g) was dissolved in 10 mL of water, and 10 mL of water
containing CTAB (0.878 g) was added into the mixture at 60 °C. The
precipitates were filtered after standing the solution 24 h, and the
obtained precipitates were washed by water. The collected slurry
was dried at room temperature to form surfactant crystals. The
surfactant crystals were also prepared using K,Pt(IV)Clg or CTAC. The
formation of the surfactant crystals prepared with K;Pt(IV)Cls was
confirmed by XANES and XRD measurements, Raman spectroscopic
analysis and SEM observation (Fig. S11 in the ESI).

Synthesis of molecularly-thin Pt nanosheets. The obtained lamellar
crystals (0.5 mg) were dissolved in the mixture of ethanol (2 mL) and
water (1 mL). Then, the obtained dispersion was dropped on the
different substrates including Si, MgO and Al,Os3 Subsequently, the
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spin coating was conducted twice with 1500, 2000, 3000, 4000 or
5000 rpm. The 2D surfactant crystals were formed after drying
substrates carefully. Then, the 2D surfactant crystals were treated by
UV-Ozone for 4 days to remove the organic species selectively.
Finally, the sample was reduced under H, gas flow condition
(H2(5%)/Ar, 50 mLmin-1) at 120 °C for 20 h.

X-ray crystallography. Single crystals of surfactants were prepared
by adding water as a poor solvent to the mixed solvent of NMF and
2-propanol dissolving surfactant with Pt complex at 298 K. A colorless
platelet single crystal with a dimension of 0.10 x 0.07 x 0.02 mm?3 was
picked up, and was affixed to a Mitegen mount with a drop of
Paratone-N oil. It set to a goniometer of a single-crystal X-ray
diffractometer (Rigaku, Rigaku XtalLAB). X-ray diffraction data of the
single crystal were collected using MoKa radiation at 151 K with
multi-layer mirrors and a hybrid pixel array detector (Rigaku, HyPix-
6000 area detector). Unit cell refinement and absorption collection
were performed by the program CrysAlisPro 1.171.40.82a (Rigaku
Oxford Diffraction). The crystal structure was solved by direct
methods using the SHELXT program?® and structure parameters were
refined by full-matrix least-squares on F2 using the SHELXL2018
program.*! All calculations were conducted using the WinGX
software package.*? Crystal data, data collection and structure
refinement details are summarized in Table S1, and a moiety of the
compound is presented in Fig. S12 in the ESI. Crystallographic data
reported in this manuscript have been deposited with Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-2161128.

Characterization. AFM images were obtained on MFP3D-origin
(Oxford Instruments). Scanning electron microscope (SEM) images
were observed by a JEOL JSM-7610fplus operating at 5 kV. Powder X-
ray diffraction (XRD) patterns were observed by a RIGAKU Smart Lab
operating at 45kV and 200 mV. The crystal structure was illustrated
with VESTA software package.?’” Confocal laser microscope images
were obtained by an Olympus OLS4000. CHN elemental analyses
were conducted by a micro corder (J-science group JM10).
Thermogravimetry (TG) curves were obtained on a HITACHI STA7200
under air flow at a heating rate of 10 °C min! up to 900 °C. Raman
spectra were obtained by a HORIBA-Jobin-Yvon LabRAM HR800. XPS
spectra were obtained by a Fisher Scientific ESCALAB 250Xi. The X-
ray absorption find structure (XAFS) data was collected at BLO1B1
beamline in SPring-8.
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