
DOI: 10.1002/cctc.201300724

Enhanced Catalytic Activity of Platinum Nanoparticles by
Exfoliated Metal Hydroxide Nanosheets
Jong Hyeon Lee,[b] Hana Kim,[a] Yeon Soo Lee,[a] and Duk-Young Jung*[a]

A novel 2-dimensional catalytic system was developed in
which platinum nanoparticles (Pt NPs) were immobilized on
exfoliated MgAl-layered double hydroxide (LDH) nanosheets
through an electrostatic self-assembly between negatively
charged Pt NPs and positively charged LDH nanosheets. The
LDH nanosheets effectively provided the large double sides of
hydroxide functionality to absorb the Pt NPs, as well as fast dif-
fusion rates of the incoming reactants into catalyst surfaces.
This new nanostructure improved the rate of reaction, turnover
frequency and reaction durability of Pt NPs on LDH nanosheet
without significant loss in conversion efficiencies for the reduc-
tion of p-nitrophenol into p-aminophenol by NaBH4, maintain-
ing more than 97% of catalytic conversions compared to free
Pt NPs as well as commercial Pt/C catalyst.

Owing to thermodynamically unstable surface atoms and high
surface-to-volume ratio of nanomaterials, transition-metal
nanoparticles (NPs) have been used in the field of the hetero-
geneous catalysts over the past several decades.[1] The unique
characteristics of nanomaterials have consistently required de-
velopments in the surface stabilization of the individual NPs
with organic molecules.[2] However, organic stabilizers could
hinder most active surface sites of the metal NPs to block their
catalytic functions. Immobilizations of the metal NPs on de-
sired solid supports such as metal oxides,[1c] graphitic car-
bons,[3] and porous silica[4] prevent agglomeration of the metal
NPs, which has led to the poisoning of catalytic activities.[5]

Metal NPs on supports function in repeated recycles without
organic stabilizers, maintaining high performance as heteroge-
neous catalysts. Nevertheless, the following common problems
still exist in the development of new catalysts: (1) the use of
covalent chemical linkers to bind metal NPs on the surface of
solid supports, (2) loading of the metal NPs by impregnation
onto the limited areas of mesoscopic supports, which pro-
duced irregular-size NPs, and (3) low dispersion capability of
solid supports in solution that can restrict the practical applica-
tions of the metal NPs. Thus, the development of new types of

solid supports needs a large open surface and reactive surface
functionalities, which could bind to metal NPs, such as layered
double hydroxides (LDH).[6] In previous reports, we demonstrat-
ed the useful application of surface potentials for the charged
particles, such as zeolite crystals, proteins, polymer beads, and
surface-modified LDHs, which drove their electrostatic assem-
blies on the as-prepared or chemically modified LDH surface to
produce complex nanostructures.[7]

To date, powdery LDHs as catalyst supports have been
widely reported with polyoxometalates[8] and transition-metal
NPs.[9] Metal NPs (e.g. , Pt, Pd) impregnated into the LDHs by
in situ chemical reduction of intercalated metal chlorides[9a,b]

were formed on the edge surfaces of the LDH particles with an
irregular size distribution, which is attributed to restricted in-
terlayer galleries. These metal NPs may be readily removed
from the LDHs during catalytic reactions, causing a significant
loss in their catalytic abilities. In contrast, 2 D nanosheets of ex-
foliated LDHs were qualified as ideal catalytic supports toward
metal NPs, as well as 2 D building blocks for the construction
of various functional materials,[10–13] because of the large sur-
face area and ultrathin polar layer. The exfoliation of LDHs pro-
duces 1–2 nm thick nanosheets with ultimately 2 D anisotropy
and extremely high surface charge density.[14] The 2 D LDH
nanosheets effectively provide the large double sides of hy-
droxide functionality to adsorb metal NPs, as well as fast diffu-
sion rates of the incoming reactants into the catalytic surfaces
thanks to Lewis base characteristics. Particularly, a strong elec-
tric field of the LDH nanosheets improves the loading capabili-
ty for the metal NPs.

In this study, we explore the idea of electrostatic assembly
between Pt NPs and exfoliated LDH nanosheets that were
completely delaminated from LDH crystals (Mg2Al(OH)6-
(CO3)0.5·nH2O). This new nanocomposite catalyst exhibits high
catalytic activity and remarkable durability in solution reac-
tions. The hybrid catalysts (ex-LDH–Pt) were prepared by the
careful mixing of two solutions of exfoliated LDH nanosheets
and Pt NPs, as schematically described in Scheme 1 a. The ex-
LDH–Pt could be dispersed in formamide and water. Two sam-
ples had similar stability in solutions without phase segrega-
tion, supporting the strong adhesion of the negatively charged
Pt NPs[15] on the positively charged LDH nanosheets (+ 29 mV
of zeta potential). The catalytic functions of two supplementary
systems were also evaluated: the Pt NPs without solid sup-
ports, and the Pt NPs in LDH (in-LDH–Pt). The later samples
were prepared by the in situ chemical reduction of [PtCl6]2�

ions partially incorporated into the interlayer spaces of LDHs
(LDH–[PtCl6]2�), as schematically described in Scheme 1 b.

The XRD pattern of the LDH–CO3 indicated a well-crystallized
rhombohedral phase with lattice parameters of a = 3.04 � (a =
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2d(11 0)) and c = 22.68 �, as shown in Figure 1 a. The LDH-NO3

and LDH-Cl had basal spacings of 8.96 � and 7.65 �, respec-
tively. The exfoliated LDH in formamide exhibited no peak in
the XRD patterns, owing to the amorphous random orientation
of LDH nanosheets.[16] The LDH–[PtCl6]2� phase gave two peaks
at 2q values of 17.28 (5.16 �) and 25.68 (3.47 �). The absence
of (0 0 1) was ascribed to the increase of electron density in the
mid-plane after the intercalation of [PtCl6]2�.[17] The XRD pat-
tern in Figure 1 d also indicated the partial formation of the
LDH–[PtCl6]2� phase, which disappeared after the reduction of
[PtCl6]2�. The XRD patterns of in-LDH–Pt were similar to those
of the corresponding LDH–Cl phase, and a broad diffraction
for metallic Pt was also found, as shown in Figure 1 e.

The TEM data (Figure 2) demonstrated the successful synthe-
sis of Pt NPs and monodisperse distribution of Pt NPs on ex-
LDH–Pt nanosheets. The ex-LDH–Pt had plate-like morphology
and the same 2 D structure as the samples before the forma-
tion of hybrid composites. The high-resolution TEM (HRTEM)
image in Figure 2 d indicated that the Pt NPs were kept intact
during the recovery process, which was ascribed to the hydro-
philic surface of LDH nanosheets, and the strong binding of Pt
NPs. Notably, the aqueous solution of the hybrid catalyst was
monodisperse and stable for up to approximately 6 h, al-
though Pt NPs and aqueous LDH nanosheets in solution were
not redispersed once they were precipitated, as shown in Fig-
ure 2 g. This feature of common colloid nanomaterials limits
their practical application in catalytic reactions.

The uniform Pt distribution in LDH–[PtCl6]2� phase (Fig-
ure 2 e) supported the exchange of [PtCl6]2� anions in the inter-
layer space of LDH. However, we note that a large portion of
Pt NPs in the in-LDH–Pt samples after reduction steps was lo-
cated at the edge-on surface of LDH particles with irregular
size distribution, as shown in Figure 2 f. This observation dem-
onstrated that the in situ reduction was inappropriate for the
well-dispersed Pt NPs on the interlayer surface of LDH, which
was supported by the broad (111) reflection peak of the XRD
for platinum metal in Figure 1 e. The [PtCl6]2� ions were re-
leased from the interlayer spaces of LDH hosts during the
course of in situ reduction to form Pt NPs, which could be
readily removed during the washing steps, and during the cat-
alytic reactions.

The Raman data in Figure 3 give complementary evidence
for the chemical and structural modifications of the samples
described above. The as-prepared LDH–CO3 showed sharp ab-
sorption bands attributable to aluminum hydroxide at
557 cm�1, and to carbonate at 1064 cm�1.[18] The strong dou-
blet peaks of the LDH–[PtCl6]2� sample at 332 and 338 cm�1

were assigned as vibration modes of intercalated [PtCl6]2�

Scheme 1. Schematic representations for the syntheses and the catalytic reactions of a) ex-LDH–Pt and b) in-LDH–Pt.

Figure 1. XRD patterns of a) LDH–CO3, b) LDH–NO3, c) LDH–Cl, d) LDH–
[PtCl6]2�, and e) in-LDH–Pt. In part d, * indicates LDH–[PtCl6]2� phase. Unit of
the d-values is �.
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ions,[19] which disappeared after the reduction of [PtCl6]2�, as
shown in Figure 3 c. The two absorption bands of the Pt NPs at
1016 and 1456 cm�1 were attributed to citrate ions on the Pt
surface, which eventually disappeared after the formation of

ex-LDH–Pt, as shown in Fig-
ure 3 e. The absence of the cap-
ping molecule of Pt NPs in ex-
LDH–Pt might lead to a high cat-
alytic activity of the ex-LDH-Pt
catalyst.

The catalytic activities of three
different catalysts were evaluat-
ed by employing the reduction
of p-nitrophenol into p-amino-
phenol by NaBH4, which is
a useful system for the analysis
of the catalytic performance of
Pt NPs.[20] In this study, excess
NaBH4 compared to p-nitrophe-
nol ([NaBH4]/[p-nitrophenol] =

96) was added so that the reduc-
tion rate could be assumed to
be independent of the concen-
tration of NaBH4. The Pt contents
in 1 mL of ex-LDH–Pt, Pt NPs,
and in-LDH–Pt were 185, 189,
and 431 ppm, respectively, as
determined by inductively cou-
pled plasma mass spectrometry
(ICP–MS). For comparison, the
catalytic activity of commercial
Pt on activated carbon (Pt/C,
�200 ppm) was also investigat-
ed. After the addition of the cat-
alysts, the intensity of the ab-
sorption peak at 400 nm associ-
ated with p-nitrophenolate[21]

was gradually dropped as the reaction proceeded (Figure 4 a–
c), demonstrating similar evolution trends in absorbance bands
for the ex-LDH–Pt, Pt NPs, and commercial Pt/C catalysts. Con-
sidering the linear relationships between ln(Ct/C0) (C = concen-
tration) and reaction time, all of these reduction reactions ex-
hibited first-order reaction kinetics (Figure 4 d). The Pt NPs ex-
hibited slightly higher catalytic activity in reaction rate and
turnover frequency (TOF) than those of the supported catalysts
(Table 1). As the ex-LDH–Pt possesses the same amount of Pt
as the free Pt NPs, this is dominantly ascribed to the partially

Figure 2. TEM images of a) Pt NPs prepared by methanol/citrate method, b) ex-LDH–Pt; c) enlarged image of se-
lected area of part b; d) HRTEM image of Pt NPs in ex-LDH–Pt; TEM images of e) LDH–[PtCl6]2� and f) in-LDH–Pt.
Inset of part e is enlarged image and inset of (f) is washed sample. g) Photograph of colloids of Pt NPs in
water (1, 2), exfoliated LDH nanosheets in formamide (3), and ex-LDH–Pt in formamide (4) and in water (5, 6).

Figure 3. Raman spectra of a) LDH–CO3, b) LDH–[PtCl6]2�, c) in-LDH–Pt, d) Pt
NPs, and e) ex-LDH-Pt (absorption band of &: Al�OH, ~: CO3

2�, !: [PtCl6]2�,
*: citrate, *: Cl�).

Table 1. Rates of reaction and TOFs for the reduction of p-nitrophenol by
the Pt catalysts.

Pt catalysts Rate constant [min�1] TOF [min�1]

ex-LDH–Pt 0.15 0.75
Pt NPs 0.22 1.1
in-LDH–Pt 0.30 0.64
Pt/C 0.09 (0.014)[a] 0.56

[a] The rate constant was calculated from the 4th run of Pt/C for the reac-
tion time of 180 min.
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blocked surfaces of immobilized Pt NPs by the LDH nanosheet,
which leads to less-accessible surfaces for the diffusion of reac-
tants than in the case of the free Pt NPs. Importantly, the ex-
LDH–Pt exhibited more competitive catalytic activity than
other supported Pt catalysts (clay/Pt,[20d] TOF = 0.1 min�1; CNT/
Pt,[20b] TOF = 0.67 min�1) toward the reduction of p-nitrophenol.

After the completion of the reaction, the catalysts were re-
covered by centrifugation and subsequently washed with
water several times. All samples had similar catalytic conver-
sion efficiencies in the first reaction cycle up to 97 % for the
same reaction time (30 min), as shown in Figure 4 e. However,
the activity of the Pt NPs was dramatically decreased as the
running cycles increased, because of the agglomeration of the
free Pt NPs, which eventually lost their catalytic activity. This
behavior is strongly related to the TEM image in Figure 5 a.
The in-LDH–Pt lost catalytic activity in the third cycle, presuma-
bly because the Pt NPs on the edge-on surface of LDH parti-

cles were removed shortly, as
shown in Figure 2 f. The Pt/C
gradually lost its catalytic activity
over the course of repeated re-
actions for the same reaction
time (30 min). The rate constant
of the Pt/C in fourth cycle signifi-
cantly decreased to 0.014 min�1

(Figure 4 f and Table 1), suggest-
ing a poor stability and reusabili-
ty. This can be attributed to poi-
soning of the negatively charged
surface of Pt NPs on activated
carbon by adsorption of p-ami-
nophenol with a protonated
amino group.[20a] To our surprise,
the ex-LDH–Pt held high activity
with more than 97 % conversion
efficiencies even after the fourth
cycle. The catalytic reaction pro-
files for the ex-LDH–Pt (Fig-
ure 4 f) showed similar reaction
slopes for all the recycling steps,
demonstrating a higher resist-
ance of the Pt NPs supported on
LDH nanosheets than of the Pt/C
against the adsorption of p-ami-
nophenol. Moreover, the TEM
and HRTEM inspections in Fig-
ure 5 b strongly demonstrate
that the Pt NPs immobilized on
the LDH nanosheet were kept
intact during the recycle reac-
tions, and the Pt NPs were rigid-
ly bonded with the LDH, which
effectively prevented the ag-
glomeration and poisoning of
the Pt NPs. Therefore, our cur-
rent catalyst exhibited much
higher catalytic activity and du-

rability than the supported Pt/C catalyst. In addition, a simple
centrifugation could be used to recover ex-LDH–Pt from the
reaction pot.

Figure 4. UV/Vis spectra for the reduction of p-nitrophenol with excess NaBH4 using a) ex-LDH–Pt, b) Pt NPs, and
c) commercial Pt/C; d) the relationship between ln(Ct/C0) and reaction time (t), in which the ratio of p-nitrophenol
(Ct at time t) to its initial value C0 was directly obtained by the relative intensity of the respective absorbance At/
A0 with absorption peaks at 400 nm; e) recycling conversion percentages and f) recycling catalytic activity profiles
for ex-LDH–Pt (*), Pt NPs (!), in-LDH–Pt (&), and commercial Pt/C (*). The reaction profiles in part f were obtained
after the 4th catalytic reaction. Arrows 1–4 indicate the reaction profiles for each recycling step of the ex-LDH–Pt
catalyst.

Figure 5. TEM images of a) Pt NPs and b) ex-LDH–Pt recovered after the 4th
cycle. Inset of part b is an HRTEM image of Pt NPs anchored on the exfoliat-
ed LDH nanosheets.
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In summary, we have demonstrated a novel hybrid catalyst
consisting of Pt NPs and exfoliated LDH nanosheets as an inor-
ganic support to stabilize the Pt NPs, and its use as a recyclable
catalyst. The exfoliated LDH nanosheets led to not only a high
dispersion of the hybrid catalyst, but also a strong affinity with
the Pt NPs, which met the significant requirements for ideal
heterogeneous catalysts. The hybrid catalysts allowed the sur-
factant-free Pt NPs on the exfoliated LDH to provide superior
recyclability performance with 99 % conversion efficiency, in
contrast to the cases of Pt NPs, in-LDH–Pt, and Pt/C. The adop-
tion of various inorganic nanosheets is expected to enhance
the catalytic activities of LDH–Pt nanocomposite catalysts,
which is attributed to the variable compositions of the LDH,
such as transition metals that could be electronically connect-
ed with the metal NPs. The suggested strategy would be bene-
ficial to the construction of hybrid materials with nanosheets
and nanoparticles to improve their functional properties.

Experimental Section

Synthesis

Pristine LDH nanocrystals in carbonate form (Mg2Al(OH)6-
(CO3)·nH2O) were synthesized by coprecipitation method,[22] and
then hydrothermally treated to improve their crystallinity.[23] The ni-
trate form of LDH was prepared by anion exchange in a salt/ace-
tate buffer treatment.[24] The LDH–NO3 sample was dried under
1.3 Pa for 24 h, and exfoliated in formamide by high-power ultra-
sonic treatment for 2 h. The weight content of the exfoliated LDH
nanosheets was 2.0 g L�1. Pt NPs were synthesized by the metha-
nol/citrate method[15] with H2PtCl6 (Alfa Aesar). Ex-LDH–Pt catalyst
was prepared by mixing the Pt colloid in water (1 mL) into the ex-
foliated LDH nanosheets in formamide (1 mL) with a dropping rate
of 30 min mL�1 under vigorous stirring, which gave immediate pre-
cipitates and a clear supernatant. The product was washed with
water several times by centrifugation (3000 rpm, 10 min) and final-
ly redispersed into water or formamide (1 mL) by simple shaking
to test the colloidal stability. Chloride-form LDH was also prepared
by anion exchange in a salt/acetate buffer treatment. A 0.3 g por-
tion of LDH–Cl was converted into LDH–[PtCl6]2� by anion ex-
change with K2PtCl6 (0.3 mmol, Alfa Aesar) under Ar protection for
12 h. To prepare in-LDH–Pt, yellow-colored LDH–[PtCl6]2� was
stirred in a mixture of ethanol and hydrazine monohydrate (2:1,
v/v) for 3 h. The product turned black because of the hydrazine re-
duction of the [PtCl6]2� ions in the interlayer space of LDH. Warn-
ing: The hydrazine monohydrate is toxic, and may be fatal if in-
haled, swallowed, or absorbed through the skin, and therefore
should be handled with personal protective equipment to prevent
contact.

Hydrogenation of p-nitrophenol

A total of 0.4 mL of concentrated colloid solution of the catalysts
was added to 0.8 m NaBH4 aqueous solution (1 mL). The Pt con-
tents of the ex-LDH–Pt, Pt NPs and in-LDH–Pt were 74, 76, and
172 mg, respectively. We also evaluated the catalytic activity of
commercial Pt on activated carbon (Pt/C with 10 % Pt, Aldrich). The
mixture was stirred for 5 min at RT, and then 1.7 mm p-nitrophenol
(5 mL) was added to the mixture and stirred until the reaction was
completed. After adding the solution of p-nitrophenol, the reaction
mixture (0.1 mL) was rapidly transferred to a UV/Vis cell containing

water (2.5 mL). The reaction progress was measured with a UV/Vis
spectrometer at RT. For the recycle reactions, the catalysts were re-
covered by centrifugation and subsequently washed with water
several times.

Characterization

XRD patterns were obtained with a Rigaku D/MAX-2000 Ultima
X-ray diffractometer, in the q–2q scanning mode at 40 kV and
30 mA by using CuKa radiation (l= 1.5405 �). TEM and HRTEM
images were taken on a JEOL 300 KV (JEOL Ltd. Japan). ICP–MS
was performed by using an Agilent 7500 (Agilent Technologies
Inc.). FTIR spectroscopy was conducted by using an FRA 106/S FT-
Raman Module (Bruker) with a 1064 nm laser source. UV/Vis spec-
tra were measured with a UV-3600 (Shimadzu). Zeta potential was
measured using a Zetasizer nano ZS (Malvern Instruments).
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