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Supported transition metal nanoparticles (NPs) have attracted
much interest in the field of heterogeneous catalysts,1

because the nature of supporting materials offers a strong
possibility of controlling metal particle size and preventing
the aggregation of metal NPs, which can consequently affect
the catalytic performance of the supported NPs.2 Meso-
porous silica,3 graphitic carbons,4 polymer nanobeads5 and
layered double hydroxides (LDHs)6 have been potentially
used as the supports to immobilize the metal NPs. Recently,
two-dimensional nanosheets of exfoliated LDHs7 have
emerged as a new type of supports to immobilize the metal
NPs due to the unique two dimensional structure and large
reactive surface of the LDH host layers. However, there
have been only a few papers reported on the synthesis of
metal NPs in the exfoliated LDH nanosheets. The LDHs,
also known as hydrotalcite-like clays, consist of positively
charged metal hydroxides and charge balancing anions,
expressed by the general formula [M2+

(1-x)M3+
x(OH)2]An−

x/n

·mH2O, wherein M2+ and M3+ can be any divalent and tri-
valent metal cation occupied in the octahedral holes of a
brucite-like layer and An− is any hydrated exchangeable
anion positioned in the gallery between the layers through a
strong electrostatic and intermolecular interaction.8 

The LDH nanosheets with a high-level of positive charge
density can be produced by the exfoliation of LDHs into
single hydroxide layers, which leads to electrostatic inter-
actions between the LDH layers and metal precursors and/or
metal NPs. Recently, Haraguchi et al. reported Au NPs
modified LDH nanosheets, prepared by in situ reduction of
metal precursor in aqueous solution.9 However, the aqueous
media usually cause not only the LDH nanosheets to be re-
stacked but also the metal NPs to be aggregated into large
forms. We chose formamide as a reaction medium in order
to exfoliate the LDHs and form the metal NPs. In this study,
we present a very simple but successful synthesis of well-
defined spherical Pt NPs on the LDH nanosheets without
any stabilizing agent for metal NPs. We have also evaluated
the catalytic performance of the Pt NP-LDH nanocomposites,
prepared in this study, in the reduction of 4-nitrophenol. 
The structure and synthetic procedure for the nanocom-

posite of the LDH nanosheet and Pt NPs in formamide are
schematically described in Scheme 1. For obtaining the
well-defined LDH nanosheet, as-prepared carbonate form of

LDHs was hydrothermally treated and further reacted by
anion-exchange with nitrate. The carbonate form of Mg2Al-
LDH crystal, which has a well-crystallized rhombohedral
phase with a basal spacing of 7.56 Å, was converted into a
nitrate form with an 8.96 Å basal spacing (Figure S1a) using
a salt/acetate buffer treatment.10 A characteristic band for the
N-O stretching mode in the FT-IR spectra (Figure S1b) sup-
ports the intercalation of the nitrate into interlayers of the
LDH crystals. The LDH crystals was exfoliated in form-
amide by continuous stirring for 5 days, and a transparent
solution was then obtained as shown in Figure 1(a), indicat-
ing a successful exfoliation of the LDH crystals.11 The solu-
tion of the exfoliated LDH nanosheets has an excellent
stability for 2 months. The transmission electron microscope
(TEM) image shown in Figure 1(b) clearly indicates the
exfoliated LDH nanosheets maintaining their plate-like
structure, with a diameter of approximately 300-400 nm.
The TEM also confirms the formation of very thin nano-
sheets compared to the pristine LDH particle (inset in Figure
1(b)). The zeta potential measurement clearly demonstrates
the positively charged state of the Mg2Al-LDH nanosheet

Scheme 1. Schematic representation of synthesis of Pt NPs on the
exfoliated Mg2Al-LDH nanosheet.

Figure 1. (a) Photograph of the Mg2Al-LDH nanosheet suspen-
sion and (b) TEM image and (c) zeta surface potential of the
Mg2Al-LDH nanosheet. Inset in (b) shows TEM image of LDH
particle.
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with +29.0 mV (Figure 1(c)). 
For loading Pt onto the LDH nanosheet, 90 mL of 0.1 M

H2PtCl6 in methanol was introduced into a 10 mL solution of
the LDH nanosheet with a Pt/LDH ration of 0.36 wt %, and
the solution was agitated for 1 h by vigorous stirring. At this
step, the [PtCl6]2− ions could be electrostatically stabilized
on the positively charged LDH surfaces, which was con-
firmed by the decreased zeta potential to +12.6 mV (Figure
S2). Subsequently, 0.2 mmol of NaBH4 as a reducing agent
was added into the solution then agitated for 6 h with a
continuous stirring. After the reaction completed, homo-
geneous and transparent black-brown solution was obtained
as shown in the inset in Figure 2(a). The characteristic color
of the solution clearly indicates the formation of Pt particles.
The sample showed negative zeta potential with −3.84 mV
(Figure S2), indicating the electrostatically assembled Pt
NPs on the positively charged LDH nanosheets. Notably, the
colloidal solution of Pt NPs was stable for a month without
significant precipitation of the Pt NPs, demonstrating that all
Pt NPs were successfully synthesized on the hydroxide
surface of the LDH nanosheet. In the absence of LDHs, the
reaction was comparatively slow and Pt particles were
gradually precipitated because of a large agglomeration of
unsupported Pt particles. Figure 2 collected high resolution
TEM images of the Pt NP-LDH nanocomposite. Figure 2(a)
shows that the exfoliated LDH nanosheet maintained its
plate-like morphology and lateral dimensions after the
formation of the Pt NPs. The enlarged image in Figure 2(b)
clearly shows the formation of the spherical Pt NPs on the
surface of the LDH nanosheet. Figure 2(c) indicates the
crystalline Pt NPs with a spacing of 2.4 Å, corresponding to
Pt (111). The TEM inspections also indicated no significant
particle aggregation throughout the surface of the LDH
nanosheet. The TEM results revealed that the positively
charged LDH nanosheet effectively provided the formation
of Pt NPs and induced the strong interaction between the
LDH layers and the Pt NPs.
The catalytic activity of the Pt NPs (Figure S3) and the Pt

NP-LDH nanocomposites was evaluated in the reduction of
4-nitrophenol (0.1 mM) by NaBH4 (60 μmol) in the
presence of the Pt NPs and the Pt NP-LDH nanocomposite
solution (100 μL), respectively. The Pt content in 100 μL of
Pt NP-LDH was 474 ppb. Prior to the catalytic measure-
ments, the nanocomposite was collected by centrifugation
(10,000 rpm for 10 min) and washed with ethanol several
times to remove residual formamide, then dispersed into 1

mL of water. UV/Vis spectra of the reaction mixture were
acquired at 2 min intervals in the range of 250-500 nm
immediately after the addition of the Pt NP-LDH nano-
composites. As shown in Figure 3(a), the strong absorbance
peak of 4-nitrophenolate12 at 400 nm successfully decreased
with increasing the reaction time. Simultaneously, a new
peak with increased absorbance around 300 nm indicates the
formation of the product 4-aminophenol.12 The conversion
efficiency was 92% in 30 min of reaction time. To evaluate
the reuse performance of the catalyst, the nanocomposites
were re-collected by simple centrifugation treatment (inset
in Figure 3(b)) and re-dispersed into a fresh 4-nitrophenol
solution. As shown in Figure 3(b), the Pt NP-LDH nano-
composites showed similar catalytic performance without
significant reduction of conversion efficiencies for the same
reaction time even after five running cycles. This is related
to the no significant loss of the tightly assembled Pt NPs on
the LDH nanosheets during the recycling of catalysts as
shown in Figure S4.
In summary, the well-defined spherical Pt NPs have been

synthesized on the exfoliated LDH nanosheets by in situ
reduction of H2PtCl6 in the formamide. The positively
charged LDH nanosheet could effectively provide the
formation of Pt NPs on the nanosheet and induce the strong

Figure 2. (a) TEM image and (b, c) HRTEM images of Pt NP-
LDH nanocomposite. Inset in (a) indicates the solution of Pt NP-
LDH composite. 

Figure 3. (a) Temporal evolution UV/Vis spectra and (b)
reusability of the Pt NP-LDH nanocomposites as heterogeneous
catalyst for the reduction of 4-nitrophenol in the presence of
NaBH4. 
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interaction between the LDH layer and the Pt NPs. The Pt
NP-LDH nanocomposite exhibited an excellent reusability
in the reduction of 4-nitrophenol due to the tightly assemb-
led Pt NPs on the LDH nanosheets during the recycling
reactions. The utilization of the double hydroxide nanosheet
as a new type of supports for transition metal NPs will
dramatically improve the durability in heterogeneous cata-
lysts.

Experimental

Synthesis of Pt NPs on Exfoliated LDH Nanosheet.

Mg2Al-LDH powder (Mg/Al = 2) in carbonate form was
synthesized by coprecipitation,13 then hydrothermally treat-
ed to improve its crystallinity.14 Following anion-exchange
reaction with sodium nitrate in a salt/acetate buffer, a nitrate
form of Mg2Al-LDH was produced.10 The LDH-nitrate sample
was dried at less than 10−2 Torr for 24 h, then exfoliated in
formamide by continuous stirring for 5 days. Weight con-
centration of the exfoliated LDH nanosheet was 1 mg/mL.
Pt NPs on LDH nanosheet was prepared by in-situ chemical
reduction method of H2PtCl6 (409.82 g/mol, Alfa Aesar)
with NaBH4. The product was washed with ethanol three
times by centrifugation (10,000 rpm, 10 min) and finally re-
dispersed into 1 mL of de-ionized water.
Characterizations. HRTEM images were taken using a

JEM-3010 (JEOL). UV/Vis spectra were measured using a
Lambda 1050 (Perkin Elmer). X-Ray diffraction (XRD) data
were collected on a Siemens D5000 diffractometer with
CuKα radiation at λ = 1.542 Å. Fourier-transform infrared
spectroscopy (FT-IR) spectra for powder were recorded on a
IRAffinity-1 (Shimadzu) equipped with a diamond accessory
of an attenuated total reflectance (ATR) mode within the
range of 400-4000 cm–1 with 100 scans at 4 cm–1 resolution.
Zeta potential was measured using a Zetasizer nano ZS (Malvern
Instruments). Pt content was measured by inductively coup-
led plasma mass spectroscopy (ICP-MS, NexION 300X,
Perkin Elmer).
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