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ABSTRACT: This paper reports a facile, solution-phase
approach to synthesizing a one-dimensional amorphous face-
centered-cubic (fcc) platinum (a-Pt) nanostructure (nano-
fibers) directly on an indium−tin oxide (ITO) substrate. The
electron microscopy analysis result shows that the a-Pt
nanofiber has a diameter and length of approximately 50 nm
and 1 μm, respectively, and is grown in high density on the
entire surface of the ITO substrate. The X-ray photoelectron
spectroscopy analysis result further reveals that the a-Pt
nanofibers feature metallic properties with highly reactive
surface chemistry, promising novel performance in electro-
chemistry, catalysis, and sensors. A synergetic interplay
between the formic acid reducing agent and the hexamethylenetetramine surfactant in the reduction of Pt ions is assumed as
the driving force for the formation of the amorphous phase in the Pt nanostructure. The catalytic properties of a-Pt were
examined in the acetone hydrogenation reaction under microwave irradiation. a-Pt shows excellent heterogeneous catalytic
properties for converting acetone to isopropyl alcohol with turnover number and frequency as high as 400 and 140 min−1,
respectively. The preparation and formation mechanism of the a-Pt nanofibers will be discussed in detail in this paper.
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1. INTRODUCTION

Platinum (Pt) nanocrystals1−3 have recently received significant
attention for use in a broad range of applications ranging from
catalysis4−9 to dye-sensitized solar cells,10,11 electrocatalysis,12

and sensing13 because of their peculiar electrical and catalytic
properties. The performance of the Pt nanocrystals in
application is strongly determined by the morphology and
nature of the atomic arrangement, the orientation at the
surface, and the bulk of the nanocrystal. The synthesis of Pt
nanostructures with different morphologies14 as well as new
crystallographic structures or allotropes, such as amorphous,
promises novel properties, expanding their performance in
applications. Amorphous Pt (a-Pt) nanostructure with a
disordered atomic arrangement either on the surface or in
the bulk structure is expected to produce unique surface
chemistry and electrical properties that are presumably superior
to its crystalline structure because of the peculiar interatomic
interplay. For example, the amorphous nanostructure of Pt may
have highly reactive surface properties resulting from the
enhancement of the physicochemical properties of the

individual Pt atoms due to the decreasing of the interatomic
interaction, the effect of the disordered atomic arrangement,
and less dense bulk and surface atoms. The a-Pt nanostructure
may also have unusual strength because of an improvement of
the shear resistance from the high flexibility of the disordered
atomic arrangement in the nanostructure.15,16 With less dense
atoms in the structure, a-Pt is expected to show unusual
electrical and optical properties because of the high degree of
anisotropy of electron-wave overlap.17 Therefore, there should
be a significant effort to synthesize a-Pt nanostructures.
Amorphism in the Pt nanocrystal has not yet been observed.

The inherently strong metallic bonding properties that easily
arrange Pt nanocrystals into highly symmetric face-centered-
cubic (fcc) crystals make allotropism almost improbable in the
pure metal system.18 Although amorphous metals mainly
synthetically exist in alloys, such as AuSi,19 FeNiB,20 CuZrAl,21
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CeAlCu,22 and MgCuY,23 a limited number of pure metals can
also be prepared in the amorphous form, such as iron (Fe),24

tantalum (Ta),25 and nickel (Ni).26 Similar to the amorphous
metal alloys, pure metals are normally prepared using a rapid
cooling process or thermal quenching.25 Although showing
efficient amorphous structure formation, the procedure is
complicated, involving precise control over the thermal-
quenching process to achieve an in-equilibrium solidification
process. Because the process is harsh, involving an abrupt
thermal quenching (up to 1010 K s−1),25 the yield is also
predicted to be low and uncontrollable because the process
strongly depends on the nature of the quenching and the
volume of the reaction. A sonochemical approach has been
demonstrated for a “mild” amorphous metal preparation.24

Unfortunately, because acoustic cavitation induction for
realization of the glassy state in Fe is also a position-dependent
process, the yield is also low and uncontrollable. Recently, a
phase-transfer process was proposed for an effective and mild
process for amorphous palladium (Pd) synthesis.27 Never-
theless, although facile formation of amorphous Pd was
observed, the process required careful control over the
nanostructure resolidification during the phase-transfer process,
involving the use of surfactant molecules with special chemistry,
which is predicted to be unique and limited to a particular
metal system. In this study, we develop a straightforward
strategy to synthesize a-Pt via a low-temperature aqueous
chemical reaction process. By following a simple and mild
aqueous solution-phase reaction containing a formic acid
reductant and a hexamethylenetetramine (HMT) surfactant
and by controlling the reaction conditions, such as the
precursor and surfactant concentrations and growth temper-
ature, we achieved the formation of large-scale a-Pt nanofibers
directly on the substrate surface. We believe that a unique
synergetic function between the formic acid reducing agent and
the HMT surfactant during the reduction of Pt ions and the
crystallization in aqueous reaction is the driving force for the
formation of the amorphous structure in this pure metal
system. The presence of the amorphous structure provides
evidence of the capability to prepare highly symmetry fcc Pt as
a structure that is far beyond its natural fcc symmetry. More
novel properties are expected from this new structure of Pt.
The heterogeneous catalytic property of the a-Pt nanofibers was
examined in the hydrogenation reaction of acetone to isopropyl
alcohol under microwave irradiation. The heterogeneous
catalytic reaction efficiency is considerably high, with a turnover
frequency (TOF) and a turnover number (TON) as high as
140 min−1 and 400, respectively. The a-Pt nanofibers catalyst
has the potential for use as a green approach for the production
of isopropyl alcohol.

2. EXPERIMENTAL SECTION
2.1. a-Pt Nanofiber Preparation. a-Pt nanofiber growth on an

indium−tin oxide (ITO) surface was promoted using a liquid-phase
deposition method.8,28,29 To achieve the optimum growth of a-Pt
nanofibers on the ITO surface, reduction of the Pt complex was
performed in highly reducing conditions utilizing a formic acid
reductant. In a typical experimental procedure, a clean ITO substrate
(sheet resistance of 7−11 Ω □−1 purchased from Kaivo, China),
which was washed by consecutive ultrasonication in acetone and
ethanol for 30 min, was immersed in 15 mL of an aqueous growth
solution containing 10 mM hexamethylenetetramine (HMT; Sigma), 1
mM potassium hexachloroplatinate (K2PtCl6; Fluka), and 1.0 M
formic acid (Fluka). The solution was continuously stirred during the
growth process. The growth process was performed at 40 °C for 5 h.

After completion of the growth process, the sample was removed from
the growth solution, rinsed with a copious amount of deionized water,
and dried with a flow of nitrogen gas.

All chemicals were used as received without any further purification
process. Pure water was used throughout the reaction and was
obtained from a Milli-Q water purification system.

2.2. Nanostructure Characterization. The morphology of the a-
Pt nanofibers was examined using field-emission scanning electron
microscopy (FESEM; Hitachi S-4800) operating at an accelerating
voltage of 5 kV. Its bulk structure and crystallinity were examined
using scanning transmission electron microscopy (STEM; FEI Tecnai
G2 F20) with an X-twin objective lens operating at an accelerating
voltage and vacuum level of 200 kV and 10−6 Pa, respectively, which
result in a STEM HAADF resolution as high as 0.16 nm. The
instrument was equipped for energy-dispersive X-ray (EDX) analysis
with an X-max 80T detector (Oxford Instruments) for elemental
mapping of the a-Pt nanofibers. The crystal structure and phase of the
samples were characterized by X-ray diffraction using a Bruker D8
Advance system with Cu Kα irradiation (λ = 1.541 Å) at a scan rate of
10° min−1. The chemical state of the sample was characterized by X-
ray photoelectron spectroscopy (XPS) using a Kratos XSAM-HS
apparatus with Al Kα radiation. In the analysis, a Shirley-type
background was used for the curve-fitting process with a Gaussian−
Lorentzian (GL) mixed function background (70% and 30% for the
Gaussian and Lorentzian components, respectively) as the line
shaping. The calibration curve for the core-level spectra was referenced
to C 1s with a binding energy of 285 eV. Fourier transform infrared
(FTIR) spectroscopy was also carried out on the sample to determine
its molecular and lattice vibration by using a PerkinElmer Spectrum
400 FTIR/FT-NIR. The FTIR machine was equipped with
polystyrene as a baseline along with a deuterated triglycine sulfate
detector and an attenuated total reflectance (ATR-50) analysis
method. The scan speed used during characterization of the samples
was 750 nm min−1 with the interval of as low as 4 nm.

The Brunauer−Emmett−Teller (BET) surface areas of the a-Pt
nanofibers were determined by a nitrogen adsorption−desorption
analysis at −195.816 °C using a Micromeritic 2020 apparatus. The
samples were degassed at 300 °C for 480 min prior to nitrogen
adsorption measurements. The weight of the sample after degassing
was recorded. The total weight of the sample used in this study was 1 g
(a-Pt nanofibers + substrate).

2.3. Heterogeneous Catalytic Characterization. The hetero-
geneous catalytic properties of the Pt nanofibers were evaluated by the
hydrogenation of acetone to isopropyl alcohol under microwave
irradiation. In a typical procedure, a glass vial containing 10.0 mL of an
aqueous solution of 0.1 mol L−1 acetone was placed in a Teflon-sealed
vial and was irradiated with microwaves (Panasonic home appliances
microwave oven model NN-GDS577M) in the absence and presence
of the a-Pt-nanofiber-attached ITO substrate. The microwave power
was as low as 110 W. The kinetic hydrogenation of acetone was
evaluated by recording the optical absorption spectrum of the solution
every 10 s. For this purpose, a portion of the solution (approximately 4
mL) was removed and transferred into a quartz cuvette. The optical
absorption measurement was performed using a PerkinElmer Lambda
900 UV−visible spectrophotometer.

The temperature of the reaction was monitored using a K-type
thermocouple (FLUKE 50D). The typical temperature during the
reaction inside the microwave chamber was approximately 35 °C. It
can be assumed that the contribution of the temperature to the
hydrogenation of acetone to isopropyl alcohol in the present
conditions was minimal.

To verify the hydrogenation of acetone producing isopropyl alcohol,
a high-performance liquid chromatography (HPLC) analysis was
performed on the reaction solution using an Agilent 1200 Series Rapid
Resolution HPLC system. The apparatus uses a refractive index
detector with autosampling via an HPLC pump operated under
isocratic elution conditions using a Phenomenex RoA 300 × 7.8 mm
column. A 0.005 N H2SO4 solution with a 0.6 mL min−1 flow rate was
used as the mobile phase. The column temperature was kept at 60 °C
during the operation.
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To evaluate the efficiency of our system with respect to the amount
of catalyst and to compare it with the recently reported results, we
calculate the mass of the a-Pt nanofibers on the ITO substrate. A
gravimetric method28,30 was used for this purpose. Briefly, 20 pieces of
clean ITO slides (dimensions of 1 × 1.5 cm) were preweighed prior to
deposition of the a-Pt nanofibers. To obtain the mass of the a-Pt
nanofibers on the ITO surface, the a-Pt-nanofiber-attached ITO
surfaces were then reweighed. The difference in the weight of the ITO
substrate before and after the attachment of a-Pt nanofibers was
considered as the mass of the Pt nanofibers on the ITO surface. The
weight of a-Pt nanofibers on a single ITO slide was approximately 30
μg.
Prior to the heterogeneous catalytic hydrogenation of acetone, the

concentration of acetone was calculated by plotting the standard
calibration graph of acetone, namely, the absorbance at the main
absorption band (200−300 nm) of acetone versus its concentration.
Figure S1 in the Supporting Information (SI) shows a typical standard
calibration graph for acetone obtained in this study. From the plot, a
coefficient of regression (R2) value as high as 0.99 was obtained,
reflecting the high accuracy and the sensitivity of the method. The
concentration of the acetone was then calculated using the relationship
of y = mx + c, where y, m, x, and c are the absorbance, slope,
concentration, and intercept values, respectively.

3. RESULTS AND DISCUSSION

3.1. a-Pt Nanofiber Characterization. In contrast to the
normal characteristics of crystalline Pt nanostructures with a
metallic-black color, the a-Pt nanofiber thin films on an ITO
substrate exhibit a foggy white color that is formed following
short-term immersion in a solution containing a mixed aqueous
solution of 1 mM K2PtCl6, 10 mM HMT, and 1.0 M formic
acid. The initial color of the solution was pale-yellow. With
increasing time and under mild and continuous stirring at 400
rpm, the color of the solution gradually changed to colorless
and finally turned to a foggy white at a reaction time of
approximately 5 h. At this stage, a uniform white film was also
formed on the ITO surface.
We conducted FESEM analysis to evaluate the morphology

of the nanostructure that was formed on the substrate surface.
The result is shown in Figure 1A,B. As parts A and B of Figure
1show, the nanostructures are one-dimensional with diameters
and lengths in the ranges of 40−50 and 200−1000 nm,
respectively. The yield is approximately 70%, effectively
covering the entire surface of the ITO substrate. We call the
nanostructure “nanofibers” for simplicity. In addition to the
nanofibers, spherical and irregular-shaped nanostructures are
formed, occupying the bottom of the ITO surface. Their yield
is as low as 30%. In view of their diameter in the range of 20−
30 nm, we assume that the nanofibers could be projected from
these nanostructures.
After the nanofibers were peeled off of the substrate surface

via an ultrasonication process and then transferred onto a
carbon-film-coated copper grid, the detailed bulk structure of
the nanofibers was analyzed using high-resolution transmission
electron microscopy (HRTEM). A typical TEM image of the
nanofibers is shown in Figure 1C,D. As Figure 1D reveals, the
nanofibers are amorphous, with no indication of any crystalline
impurities observed. Such an amorphous property is further
confirmed by selected-area electron diffraction (SAED)
analysis, as shown in Figure 1E as the presence of diffuse
halos in the spectrum, a characteristic of amorphous structure.
This is a type of allotropism, which is the first ever to be
observed in Pt. Similar to the nanofibers, the quasi-spherical
products also have amorphous structure (Figure 1F). This
result infers that this structure could be the seed for nanofiber

growth on the substrate. Unfortunately, the a-Pt nanofibers are
damaged and phase-transitioned under 200 kV electron-beam
irradiation, forming single-crystalline, polycrystalline, and
amorphous nanoparticles inside the structure. The crystalline
Pt nanoparticles are mostly characterized by a high-energy
lattice plane of (001) that is represented by the appearance of
lattice-fringe spacing as long as 0.20 nm. Promising properties
are expected to be generated from such amorphous fcc Pt
nanostructure systems. The result is shown in Figure 2
(detailed phase transitions with time and phase transitions by
product are shown in Figures S2 and S3 in the SI).
Considering that the fcc metal of Pt inherently forms a

crystalline nanostructure because of its strong metallic bonding
properties, the nanofibers could be organic solids that result
from solidification of the surfactant molecules. We then
performed EDX mapping to verify the element that composes
the nanofibers and its distribution inside the structure. The
result is shown in Figure 3. As Figure 3 reveals, the nanofibers
are confirmed to be constructed by the Pt element instead of
organic molecules (see Figure 3B). Elemental mapping also
indicates that the Pt element is densely and homogeneously
distributed over the nanofiber structure, even up to its outer
surface. As observed from the analysis result, the Cl and N
elements were detected in the nanofibers. Nevertheless, they
are thought to come from the Pt precursor (PtCl6

−2) and the
surfactant for Cl and N, respectively, which attached to the
nanofiber surface during the growth process. The image shows

Figure 1. Typical FESEM (A and B) and TEM (C and D) images of a-
Pt nanofibers. Part E shows the SAED spectrum of a-Pt. Part F is the
TEM image of the nanoparticle byproducts.
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a typical atomic density profile for Cl, in which its density
image is comparable to that of the Pt element in the nanofiber
structure. However, atomic composition analysis reveals that its
concentration is much lower compared to that of Pt (ca. 80%),
namely, 10%. Actually, the same atomic density image was also
obtained for N (not shown here), of which its atomic

composition is also as high as 10%, as confirmed by the EDX
spectrum shown in Figure 3B. We thought that such a dense
distribution of these elements in elemental mapping is the
result of their attachment on the surface of the nanofibers.
Meanwhile, the Cu element was also observed from the
spectrum, but it is simply from the TEM copper grid. On the

Figure 2. Phase transformation of the a-Pt nanofibers under electron-beam irradiation. (A) Typical low-resolution TEM image of nanofibers and (B
and C) TEM images showing nanoparticle formation inside the nanofibers during analysis (for approximately 6 min). Typical nanoparticles formed
during HRTEM analysis, i.e., single-crystalline (D), polycrystalline (E), and amorphous (F) nanoparticles. Yellow arrows indicate nanoparticles with
amorphous structure, whereas red arrows indicate the amorphous structure at the region between two adjacent nanoparticles.

Figure 3. EDX mapping (A) and spectrum (B) of a-Pt nanofibers.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01012
ACS Appl. Mater. Interfaces 2015, 7, 7776−7785

7779

http://dx.doi.org/10.1021/acsami.5b01012


basis of these results, it is confirmed that the structure is an a-Pt
nanofiber.
We performed XPS analysis to elucidate the electronic

structures and chemical state31 of the a-Pt nanofibers. The
results are shown in Figure 4. In agreement with the EDX

result, the Pt element was confirmed to be present in the
spectrum along with the Sn, In, O, and N elements. It can be
easily understood that the signal of Pt originated from the
nanofibers and that the signals from Sn, In, and O are from the
ITO substrate. Meanwhile, the signal N could be from the
surfactant. A high-resolution scan after carbon correction was
then performed at the Pt binding energy region to further
identify the chemical state of the a-Pt nanofibers. Two pairs of
Pt 4f curves were observed in the spectrum, which can be
associated with the spin−orbital splitting of the 4f orbital,
namely, 4f5/2 and 4f7/2 (see Figure 4B). Curve-fitting analysis
on these spin−orbitals found that three GL curves fit each
orbital. These results infer that at least two oxidation states of
Pt are present in the nanofibers, namely, the Pt0 (metallic) and
Pt2+ oxidized states. For example, as shown in the 4f7/2 orbital
in particular, the metallic state is present at the binding energy
of 71.50 eV (curve 1) and two species of Pt2+ states (Pt
coordination with different species will be discussed later) are
present at the binding energies of 72.07 (curve 2) and 72.73 eV
(curve 3).32 As Figure 4B reveals, the metallic state is strong
and dominant, confirming the metallic state of the a-Pt
nanofibers. Nevertheless, the presence of the Pt2+ state in the
spectrum, which has a reasonably high intensity, indicates that
the a-Pt nanofiber surface is chemically reactive33,34 and has the
potential for catalysis and charge-transfer reactions. The high-
oxidation chemical state should play an active role in the phase
transition under electron-beam irradiation. In addition to these
properties, the metallic state energy obtained in this analysis is
positively shifted as high as 0.20 eV from the pure Pt (typically

71.30 eV), which indicates highly reactive surface properties34

and the potential for catalysis applications.
The nonmetallic state intensity is relatively high in the XPS

analysis result. One might say that the structure could be an
impure a-Pt structure with foreign atoms or complexes of Pt
contamination inside the structure. Although the detailed
properties of the bulk structure of a-Pt were not obtained,
particularly regarding the purity of the structure, the following
facts confirm that the structure is a-Pt and not impure metallic
state or Pt complexes. First, the intensity of the metallic state
(Pt0) is much higher than those of the nonmetallic states, a
condition that is only possible in the amorphous or crystalline
phase Pt. EDX elemental analysis, as shown in Figure 3, that
demonstrates an extremely high atomic ratio of Pt (>90%)
compared to Cl or other atoms further supports this
assumption. With high-energy metallic bonding properties,
the pure a-Pt nanostructure should be easily realized. Second,
the presence of the Pt2+ states can be related to the complex
formation on the surface of a-Pt with surfactant molecules
[Pt(NH4)2, peak at 72.07 eV] and with OH− species from the
solvent [Pt(OH)2, 72.73 eV]. The formation of Pt−PtO
coordination on the nanofiber surface can also be considered
for the spectrum at 72.73 eV, originating from ambient that
formed during the sample preparation. Such a phenomenon is
likely similar to the case of Pd−PdO bonding in the interface of
a Pd−PdO core−shell nanocrystal, as reported in the
literature.35 Surface complex formation in this case is inevitable
because it is required to stabilize the structure. This
phenomenon was also observed earlier in the case of
amorphous Pd nanoparticle formation.27 Its high intensity is
assumed merely because of the nature of the large number of
surface atoms in the nanofiber structure that participate in the
complex formation. FTIR analysis performed on the sample
further confirms these assumption (see Figure 5). As Figure 5

reveals, in addition to the presence of a Pt−Pt metallic state
stretching vibration at 2035 cm−1 (lower by as much as 70 cm−1

compared to the Pt−Pt vibration energy in crystalline Pt
system, the result of the less dense structure), the appearance of
peaks at frequencies between 700 and 1800 cm−1 indicates a
complexation process of surface atoms of a-Pt with the
surfactant (i.e., platinum amine complex) that is most probable

Figure 4. Broad-spectrum (A) and high-resolution (B) scans at the Pt
binding energy of a-Pt nanofibers.

Figure 5. FTIR spectrum of a-Pt on the ITO substrate with Pt−Pt
bond stretching (2035 cm−1) and platinum amine vibration (1624
cm−1). Bond vibration from the surfactant molecules is also observed,
namely, C−H asymmetric bending (1459 cm−1), C−N stretching
(1255 cm−1), C−O stretching (1061, 1032, and 992 cm−1), and amine
out-of-plane bending (850 and 765 cm−1).
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to occur on the surface of a-Pt only. In addition, judging from
the EDX analysis result in Figure 3, Pt−Cl coordination is also
expected in this case as another form of complexation of Pt
nanofiber surface atoms,36 which appears at the frequency
below 500 cm−1. Unfortunately, because of the limited
capability of our apparatus, the spectrum below 650 cm−1

cannot be provided in this paper.
XPS analysis suggested that the a-Pt nanofibers have highly

reactive surface properties resulting from the dominant metallic
state with positive binding energy. These unique properties
might find potential use in catalysis, and the performance in
applications will be enhanced if the surface area is large. We
performed BET analysis to obtain the available surface area on
the substrate containing a-Pt nanofibers. In a typical procedure,
following nitrogen gas adsorption and desorption at approx-
imately −196 °C, a BET surface area as high as 146 m2 g−1 was
obtained from the a-Pt nanofibers on the substrate surface. This
surface area is absolutely high in the viewpoint of
nanostructures grown on a substrate surface. The sample is
expected to provide a large-scale active site for chemical
reaction. Because the nanofiber growth orientation on the
surface is random, interconnection among the nanofibers
creates a porous-like structure on the surface. BET analysis
found that the adsorption and desorption pore diameters are
approximately 61 and 47 nm, respectively, indicating that the
fibrous structure creates a macroporous system on the surface.
Thus, this condition is predicted to provide large-scale active
sites for optimum surface reaction.
We hypothesize that a-Pt formation is the result of the

synergetic role of both the reducing agent and surfactant
molecules in influencing the nature of Pt crystallization and in
modifying the high cohesive energy of the metallic bonding in
the Pt nanocrystals. Nevertheless, how the reducing agent and
surfactant modify the metallic bonding properties of Pt is not
yet clear. We believe that formation of the amorphous structure
is similar to the rapid cooling process in the formation of
amorphous metal alloy systems.18,19,26,37 A large amount of Pt
ions should be reduced within a short period of time by formic
acid for formation of the amorphous structure, increasing the
chemical potential of the reaction and the entropy of the
system, which cause solidification to end at a glassy state. HMT
with its unique amine functional group38 may form strong
bonding with Pt atoms and play a complementary role in
distorting the strong metallic bonding and highly symmetric
properties of fcc Pt. A similar phenomenon was previously
observed in the case of amorphous Pd nanoparticle
formation.27

Formic acid is crucial for inducing anisotropic crystal growth
in the Pt nanocrystals.8 The use of different reducing agents
with comparable reducing power, such as ascorbic acid or
salicylic acid,39 is incapable of promoting the one-dimensional
structure of Pt40 or other noble metals.41,42 This could be due
to the strong reducing power and dual functionalities, i.e., as an
acid and as an aldehyde, which provide the possibility of rapidly
reducing the metal ions and directing their nucleation. With an
open-chain molecular structure, formic acid may have better
control over one-dimensional crystal growth via effective
adhesion onto the Pt lattice plane,43 facilitated by its preferred
bonding to the hydrogenized metal surface. HMT is assumed to
act as an additional directing agent or soft template for one-
dimensional nanocrystal growth.3,44 HMT, with its active amine
ligand in the molecular structure, is an efficient surfactant for
surface passivation.38 Its peculiar selective adhesion properties

onto the nanostructure lattice plane make it able to promote
one-dimensional nanocrystal growth in ZnO45,46 as well as in
noble metals, such as silver (Ag),47 Pd,48 and gold (Au).49 It
also promotes two-dimensional and platonic crystal growth in
Au in combination with other surfactants.50−52 In combination
with the high-reducing power of formic acid, one-dimensional
a-Pt nanofiber growth can be realized on the ITO substrate.
Nevertheless, the nanofibers are projected from spherical
nanoparticles, which were formed earlier on the substrate
surface. With an increase of the reaction time and at a highly
kinetic condition in the presence of HMT and a high
concentration of formic acid, the spherical nanoparticles
dissolve and grow (Oswald annealing process) into a nanofiber
structure. These processes are evidenced in Figure 6. Earlier

growth analysis of the nanostructure further confirmed this
process (see Figure S4 in the SI). For example, at 1 h of
reaction time, the Pt nanostructure formed on the surface was
only high-density spherical particles of sizes in the range of 30−
50 nm. When the growth time was extended to 2 h, nanoneedle
structures began to form on the substrate. However, the yield
was relatively low. High-density nanofibers of a-Pt were
obtained when the growth time was increased to 4 h.
The formation a-Pt nanofibers on the ITO substrate is

sensitive to the reaction conditions, in particular, the reaction
temperature and concentration of formic acid and HMT used
in the reaction. A temperature of 40 °C was the optimum for
high-density nanofiber growth. Lower temperature may lead to
the formation of spherical nanostructures only, whereas higher
temperature produced a spherical nanoparticle network
arranged in a threadlike shape; their yield is relatively low
and is not homogeneously distributed over the substrate
surface. The FESEM image of the Pt nanostructures prepared
at different growth temperatures is shown in Figure S5 in the
SI. For formic acid, the concentration that promotes the
formation of high-density a-Pt nanofibers is at least 0.5 M, but
the optimum is 1.0 M. If a lower concentration is used,
nanofibers with low density are produced. This could be due to
the limited power of formic acid to trigger the formation of a
nanofiber structure, which is enhanced at higher concen-
trations. Vice versa, if a higher concentration is used, nanofibers
with truncated morphology and a high degree of surface defects
and inhomogeneity in their diameter and length are obtained,
indicating the occurrence of active deformation in the
nanostructure due to the excessive reducing power in the
reaction. The results are shown in Figure S6 in the SI. Finally,

Figure 6. FESEM image showing the possible mechanism of nanofiber
formation on the surface. The yellow circles highlight spherical
nanoparticle dissolution to form one-dimensional crystal growth and
branching. The red arrows show incomplete spherical nanoparticle
dissolution into nanofibers. The green arrow indicates a collision
between two elongated nanofibers. The scale bar is 100 nm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01012
ACS Appl. Mater. Interfaces 2015, 7, 7776−7785

7781

http://dx.doi.org/10.1021/acsami.5b01012


for HMT, a low concentration, namely, in the range of 0.01−
0.015 M, is sufficient to induce the formation of high-density a-
Pt nanofibers. If a higher concentration were used, for example,
0.02 M, low-density nanofibers of longer length were obtained.
At an extremely high concentration, long nanofibers with an
excess amount of HMT layer attachment on the surface were
obtained. However, no nanofiber formation was obtained if
there was no HMT in the reaction. The results are shown in
Figure S7 in the SI.
3.2. Heterogeneous Catalytic Characterization. The

heterogeneous catalytic properties of the synthesized a-Pt
nanofibers were evaluated in the hydrogenation of acetone to
produce isopropyl alcohol under microwave irradiation. In the
typical procedure, 10.0 mL of 0.1 mol L−1 aqueous acetone was
subjected to microwave irradiation, and the hydrogenation of
acetone was examined by recording the change in the optical
absorption of acetone, particularly at its characteristic
absorption band centered at 265 nm, every 10 s during the
reaction. Prior to evaluating the catalytic hydrogenation of
acetone by a-Pt nanofibers, we examined the effect of the
microwave irradiation power in the absence of an a-Pt
nanofiber catalyst on the acetone hydrogenation to determine
the extent of microwave power required for the hydrogenation
process. Figure 7 shows typical UV−visible spectra and

absorbance changes of the center absorption band of acetone
under varying microwave irradiation power, from 110 to 1100
W, within 1 min of reaction time. From Figure 7A, it can be
observed that the absorbance decreases when the power of the
microwave is reduced from 1100 W. The maximum decrease
was observed at the lowest microwave power, i.e., 110 W. From
the absorption profile, we know that isopropyl alcohol is
formed during the reaction, and its yield, based on Figure S1 in
the SI, decreased from 21 to 15% with increasing microwave
irradiation power. The decrease in the yield of isopropyl alcohol
upon increasing the microwave irradiation power is due to the
result of the temperature increase in the reaction, which favors
the formation of isobutyl ketone instead of isopropyl alcohol.53

The histogram for the isopropyl alcohol yield versus the applied
microwave irradiation power is shown in Figure 7B. In this
study, we did not use a chemical as a source of hydrogen, for
example, NaBH−

4, as reported in our previous paper.28 Water
itself is often used as a hydrogen source, as reported by Tomin
et al., to perform the hydrogenation of acetone to isopropyl

alcohol.54 As we mentioned in the Experimental Section,
because the glass vial containing the acetone solution was
placed in a Teflon-sealed tube, which increases the pressure
during the reaction, water molecules may split and provide
hydrogen to perform the hydrogenation of acetone. Because
the microwave power of 110 W gave the highest yield of
isopropyl alcohol, we used this power for further studies.
Subsequently, the kinetics of the hydrogenation of acetone

were determined in the presence of an a-Pt nanofiber catalyst.
In this study, one ITO slide containing an a-Pt nanofiber
catalyst was used. Figure 8 shows the kinetic heterogeneous

catalytic hydrogenation of acetone by a-Pt nanofibers under
110 W microwave irradiation monitored from 10 to 180 s.
Figure 8 reveals that the yield of isopropyl alcohol significantly
increased with increasing reaction time. At 180 s, the isopropyl
alcohol produced in the presence of an a-Pt nanofiber catalyst
can reach approximately 75% (solid black bar), almost double
compared to the yield without the presence of a nanocatalyst
(gray bar). This conversion value might be insignificant if
observed from the yield of acetone hydrogenation without and
with catalyst under microwave irradiation. Nevertheless, if
considered from the point of view of the catalyst mass on the
ITO surface, typically 30 μg, which is vulnerable to catalyst
surface deactivation and poisoning, the acetone hydrogenation
yield in the presence of catalyst is considerably high. The yield
can be further improved when the amount of the ITO slide
containing a-Pt catalyst is increased.
Up to this stage, the success of the hydrogenation reaction

was judged solely on the basis of optical absorption
spectroscopy. To further verify that the hydrogenation reaction
of acetone was successful, we performed HPLC analysis of the
aqueous acetone solution after 180 s under hydrogenation
reaction. The result is shown in Figure S8 in the SI. As
observed from the result, two well-separated peaks are present
in the chromatogram, which are directly attributed to acetone
and isopropyl alcohol, with retention times of 25.67 and 28.13
min, respectively. On the basis of this result, the hydrogenation
reaction of acetone to isopropyl alcohol was successful under
the present reaction process.
To obtain the TON and TOF values of the a-Pt nanofiber

catalyst, we approximated the active site on the catalyst using
the surface area of the a-Pt nanofiber on the substrate surface,
as calculated via BET analysis (see the SI for the detailed BET
analysis experiment and results). In a typical result, a surface
area as high as 117 m2 g−1, equivalent to a specific surface area
of 0.0035 m2, for a single ITO slide containing a-Pt nanofibers
(mass 30 μg) was obtained. Because the dynamic cross section
of a single acetone molecule is approximately 1.66 × 10−19 m2

Figure 7. Effect of the microwave irradiation power on acetone
hydrogenation to isopropyl alcohol. (A) Acetone optical absorption
spectra under different microwave irradiation power and (B) its
corresponding isopropyl alcohol yield.

Figure 8. Acetone hydrogenation with and without the presence of an
a-Pt nanofiber catalyst.
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(diameter ∼ 4.6 × 10−10 m2), the available active sites on the
catalyst surface for a single ITO slide are as high as 2 × 1016

sites. The TON and TOF values of acetone hydrogenation at
180 s of reaction time reach 213 and 71 min−1, respectively. As
is normal in the surface reaction process in which only the most
accessible sites take part in the reaction, the TON and TOF
values can be much higher. By considering the nature of the a-
Pt nanofiber structure and morphology, 20−30% of the
available surface may play a role in the reaction. Thus, the
TON and TOF values could be doubled to 400 and 140 min−1,
respectively. These values are astoundingly high in the case of
heterogeneous catalytic reaction compared to recently reported
results55 (see Table 1), confirming the high efficiency of the a-
Pt nanofiber catalyst.

The TON and TOF calculations used the total acetone
hydrogenation in the presence of catalyst without considering
the contribution of the microwave effect on the reaction
because the nature of the hydrogenation reaction will be
completely different in the presence and absence of catalyst.
For example, the hydrogenation reaction might be much more
active on the catalyst compared to the effect of microwave
irradiation. Therefore, the effect of microwave irradiation in the
reaction cannot be simply subtracted from the yield in the
calculation of TON and TOF of the a-Pt catalyst. The use of
different methods, such as the addition of NaBH4 as the source
of hydrogen in the reaction, instead of microwave irradiation,
could further probe the detailed catalytic properties of a-Pt.
The high catalytic efficiency of the a-Pt nanofibers can be

attributed to (i) the nature of the nanofiber structure with a
disordered atomic arrangement and peculiar surface chemistry
properties and (ii) the wide surface area of the active site on the
nanofiber structure. One point to be noted here is that the
isopropyl alcohol generation slowed with increased reaction
time. Similar to the case of high-power microwave irradiation
mentioned earlier, the decrease in the isopropyl alcohol yield
with increased reaction time is due to an increase in the
reaction temperature, which promotes the formation of isobutyl
ketone instead of isopropyl alcohol.53

In the hydrogenation reaction, the Langmuir−Hinshelwood
mechanism is valid, in which the hydrogen that is produced in
the reaction is absorbed by the catalyst surface and attacks the
CC double bond in acetone (which is also absorbed on the
catalyst surface), producing isopropyl alcohol.28,57 Isopropyl
alcohol immediately desorbs after its formation.
To investigate the parameters that influence the heteroge-

neous catalytic reaction of acetone on the a-Pt nanofibers, the

Langmuir−Hinshelwood pseudo-first-order and pseudo-sec-
ond-order kinetic models were used to analyze the
experimental kinetic data.57 The reaction follows the pseudo-
first-order kinetics with a fitting coefficient of R2 > 0.99. The
pseudo-first-order rate coefficient is as high as 8.0 × 10−3

min−1, indicating a reasonably high reaction rate. The high
values of the R2 coefficients of the pseudo-first-order model
illustrate that the reaction, which occurs at a specific rate,
depends linearly on the concentration of acetone in the
catalysis process. Figure 9 shows a typical Langmuir−

Hinshelwood pseudo-first-order kinetic hydrogenation of
acetone onto the a-Pt nanofiber catalyst. The absence of the
effect of other parameters, such as the solvent, catalyst
structure, and morphology effects, which can be described
using higher-order pseudokinetic models, is due to the highly
active a-Pt nanofiber catalyst.
Because the catalytic capability depends on the moles of

catalyst involved in the reaction, we expected higher catalytic
capability if the number of ITO slides containing a-Pt nanofiber
catalyst involved in the reaction were increased. Thus, we used
two ITO slides containing a-Pt nanofibers in the reaction. This
was also meant to validate the effectiveness of the proposed
method to produce a highly active a-Pt nanofiber catalyst for
heterogeneous catalysis applications. When the microwave
power, acetone concentration, and experimental procedure
were kept unchanged, the heterogeneous catalytic hydro-
genation of the acetone performance of the sample was
evaluated. A drastic change in the optical absorption of acetone,
which was approximately 4 times higher compared to using a
single ITO slide, was observed upon a brief (20 s) introduction
of the two ITO slides containing a-Pt nanofibers. This process
rapidly evolved with time, and the reaction was completed as
quickly as 120 min, producing approximately 100% yield of
isopropyl alcohol, which is 2 times faster compared to using
one ITO slide containing a-Pt nanofibers (75% yield within 180
s). The result is shown in Figure 10. The nanocatalyst
properties and capability are fixed even when grown on a
different ITO substrate, confirming the reproducibility of the
method to produce highly efficient a-Pt nanofiber catalysts on
the ITO surface.
The catalytic properties of the a-Pt nanofibers presented here

are remarkably high in terms of heterogeneous reaction.
Because the catalytic reaction depends on several parameters,
in particular the surface chemistry of the nanocatalyst, further
analysis on this point, such as using temperature-programmed
reduction and desorption for hydrogen analysis, is necessary to
support the UV−visible absorption spectroscopy result. This

Table 1. Comparison of the Catalytic Efficiency of the a-Pt
Nanofiber Catalyst for Acetone Hydrogenation with Other
Catalysts

no. catalyst
catalyst
mass

reaction
time

% of
degradation ref

1 a-Pt nanofibera 30 μg 2 min 40 present
study

2 Pd hollow
nanoparticlesb

0.7 μg 5 min 66.4 28

3 Raney Nic 29 g 1.5 h 99.8 55
4 PtGad 50 mg 12 h 88 56
5 Rhd 200 mg 13 h 98 56

aMicrowave irradiation (110 W) was applied. bNaBH4 (0.1 mM) was
used as the hydrogen source. cTemperature of 80 °C and hydrogen
applied. dTemperature of higher than 100 °C and hydrogen used.

Figure 9. Typical Langmuir−Hinshelwood pseudo-first-order kinetic
hydrogenation of acetone.
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analysis is being performed, and the result will be reported in a
forthcoming paper.

4. CONCLUSIONS
An efficient strategy to grow large-scale, a-Pt nanofibers directly
on an ITO substrate surface using a mild, one-pot synthesis
method in aqueous solution containing a Pt precursor, a HMT
surfactant, and a formic acid strong reducing agent has been
demonstrated. The combined effect of the strong reduction
power of formic acid and HMT surfactant is the key factor for
modification of the metallic bonding characteristics of fcc Pt for
amorphous structure formation. The XPS analysis result
indicated that a-Pt is metallic, with highly reactive surface
properties resulting from the dominant metallic state of Pt with
a positive energy shift and the Pt2+ state. The new structure of
Pt exhibits excellent catalytic properties in the acetone
hydrogenation reaction to produce isopropyl alcohol with
TON and TOF as high as 400 and 140 min−1, respectively.
Thus, the catalyst promises enhanced performance in catalysis,
sensors, and electrochemistry applications. Because of the
unique disordered atomic arrangement, more novel properties
are expected to be produced from the a-Pt nanostructure for
enhanced performance in currently existing applications.
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