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Bimetallic alloy nanostructures have garnered much attention due to their unique performances in cat-
alytic processes. However, decline in catalytic activity over the life span has been a protracted limitation,
ascribed largely to the aggregation or dissociation of particles and still remains a challenge for manufac-
turing bimetallic nanostructures of sufficient stability. Herein, a surfactant- and solvent-free greener
strategy is presented for the fabrication of bimetallic palladium-platinum (PdPt) nanotubes (NTs),
deploying lipid tubules as template and ascorbic acid as a reducing agent; the ensuing NTs comprise crys-
talline tubal nanostructures of �12 lm length, �500 nm cross-sectional diameter, and �57 nm tube wall
thickness. When used for the catalytic reduction of p-nitrophenol (PNP), the PdPt NTs delivered improved
kinetic apparent rate constants (kapp) compared to Pt NTs (0.5 min�1 vs. 0.2 min�1). Moreover, the NTs
demonstrated high stability when used over multiple catalytic cycles thus opening up new potential
routes for the fabrication of alloy NTs using lipid tubules as templates.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Remediation efforts are required [1–3] in order to protect the
environment and human health from organic [4] and heavy metal
[5,6] pollutants. The fabrication of bimetallic nanostructures has
drawn considerable attention due to unique physicochemical
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properties in distinctive catalytic applications [7]. Synergistic
effects emanating from bimetallics holds advantages over
monometallic catalysts [8,9] in nitric oxide (NO) reduction [8], car-
bon monoxide (CO) oxidation [10], glycerol oxidation [11], and the
chemical reduction of nitrophenols [12] such as p-nitrophenol.

PNP has been used for the production of pesticides, insecticides,
herbicides, pharmaceuticals, and explosives [13]. However, as a
potential carcinogen, the US Environmental Protection Agency
regards PNP to be a hazardous material and its use is now
restricted in the US [14]. Consequently, the detection of PNP in
the environment has caused widespread concern in recent years
[14]. PNP pollution has been found to have its origin from its man-
ufacture stage. As such, several techniques have been developed
for PNP removal from industrial wastewater, including activated
carbon sorption [15], microwave-assisted catalytic oxidation [16],
microbial degradation [17], photocatalytic degradation [18],
electro-Fenton methods [19], electrocoagulation [20], and electro-
chemical treatment [21]. However, since these techniques involve
high energy consumption and/or the use of environmentally harm-
ful chemical reagents, it is necessary to explore new PNP removal
methods.

The prowess of bimetallic nanostructures in accelerating the
reduction of PNP has been explored [22,23] as exemplified by the
case of platinum (Pt) enhancing the catalytic activity of gold (Au)
nanoparticles for PNP reduction [9]. Nevertheless, the aggregation
of PtAu nanoparticles, and the requirement for catalyst support has
limited their application [14] although stabilizing agents may help
circumvent aggregation to some extent [24,25]. However, in order
to maximize the catalytic activity of bimetallic nanostructures, the
use of stabilizing agents is not desirable, as they can alter or block
surface active sites [26]. Additionally, there is growing interest in
the use of green and sustainable practices [27–29], in view of the
fact that conventional synthesis methods for nanostructures often
use hazardous reagents, including organic solvents, toxic chemicals
and non-biodegradable surfactants [30,31], besides high energy
input.

Lipid tubule templates offer a promising route to synthesize
nanotubes (NTs) with controllable physical dimensions for cataly-
sis applications [32–37]. The hydrophilic nature of their membrane
surfaces provide an excellent environment for chemical reactions
such as electroless plating to take place, thus leading to hollow
tubule structures being inherited after template removal. Besides,
the fabrication of lipid tubules is rapid and easy removal. Herein,
we report a facile wet-chemical method for the synthesis of unsup-
ported PdPt NTs using lipid tubule templates (Scheme 1). Unlike
previous methods that require organic surfactants or the use of
polymeric stabilizers at elevated temperatures, this synthesis pro-
tocol is conducted at ambient temperature and without the use of
surfactants or solvents. The ensuing PdPt NTs display high catalytic
activity for PNP reduction. This synthesis method holds great pro-
mise in view of the following: (1) the route is facile, greener and
easy to adapt for large-scale production; (2) the assembled NT
Scheme 1. Schematic illustration fo
structures have high specific surface area and low aggregation
potential; (3) the PdPt NTs are uniform in compositional distribu-
tion of Pd and Pt components, affording good catalytic perfor-
mance. Furthermore, this approach opens up potential new
routes for the development of other bimetallic or multi-metallic
alloy NTs.
2. Experimental section

2.1. Materials

Palladiumchloride (PdCl2) and chloroplatinic acid (H2PtCl6�6H2O)
were purchased from Shenyang Jinke reagents (China). Ascorbic acid
and sodium borohydride (NaBH4) were purchased from Xilong
Chemicals (China). Ethanol and HCl were purchased from Tianjin
Reagents (China). Powdered 1,2-bis(10,12-tricosadiynoyl)-sn-glyc-
ero-3-phosphocholine was purchased from Avanti Polar Lipids
(USA). The chemicals used in this paper were of analytical grade
and without further treatment. Deionized (DI) water with a resistiv-
ity of 18.2MX cm (MilliporeMilli-Q) was applied for solution prepa-
ration in all experiments.

2.2. Synthesis of nanotubes

2.2.1. Lipid tubule template fabrication
Powdered 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-

phosphocholine (1 mg) were added to 0.7 mL ethanol, followed
by 0.3 mL DI water, and then manually shaken. After 5 min, the
tubules were successfully fabricated, then separated by centrifuga-
tion and washed with DI water three times.

2.2.2. Fabrication of Pt nanotubes
Chloroplatinic acid (1 mL, 19 mmol/L) and 0.5 mL ascorbic acid

(0.7 mol/L) were added simultaneously to 5 mL of lipid tubule
solution (0.2 mg/mL) and stored at room temperature for 72 h.
The suspension was centrifuged and washed with DI water. The
formed NTs were then added to ethanol for 10 min to remove
the template, followed by centrifugation and washing with DI
water.

2.2.3. Formation of PdPt nanotubes
Chloropalladic acid (56 mmol/L) was prepared by dissolving

0.1 g palladium chloride in 9.07 mL DI water and 0.93 mL concen-
trated hydrochloric acid. Chloroplatinic acid (0.74 mL, 19 mmol/L),
chloropalladic acid (0.26 mL, 56 mmol/L) and ascorbic acid (0.5 mL,
0.7 mol/L) were added simultaneously to 5 mL of lipid tubule solu-
tion (0.2 mg/mL) and the reaction mixture stored at room temper-
ature for 72 h. As described earlier for the Pt NTs, the suspension
was centrifuged and washed with DI water, the resultant NTs
added to ethanol for 10 min to remove the template, and cen-
trifuged again and washed with DI water.
r the synthesis of the PtPd NTs.
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2.3. Evaluation of catalytic activity

Measurement of the catalytic activity of the alloy NTs was con-
ducted via the reduction of PNP in presence of borohydride as a
reductant, performed in quartz cuvettes. The reaction procedure
entailed adding PNP (3.3 mL, 0.09 mmol/L) to NaBH4 (0.10 mL,
0.1 mol/L) followed by addition of 15 lg NT catalyst. Subsequently,
the bright yellow solution gradually faded as the reaction pro-
ceeded and the progress was monitored periodically using a Cary
60 UV–vis spectrophotometer (Agilent, USA) focusing on the peak
at 400 nm; each catalytic experiment was repeated three times.

2.4. Characterization of nanotubes

The morphology, composition, and elemental distribution of Pt
and PdPt NTs was characterized by Scanning Electron Microscope
(SEM) and X-ray Energy Dispersive Spectra (EDS) using a FEI
Quanta 200 FEG Scanning Electron Microscopy (USA) at an acceler-
ating voltage of 20 kV coupled with an energy-dispersive X-ray
spectrometer. Fluorescence microscopy imaging was obtained
with a Nikon 80i fluorescence microscope equipped with a Nikon
DS-Fi1 camera (Japan). Transmission Electron Microscopy (TEM)
imaging was carried out with a Hitachi H-7650 transmission elec-
tron microscope (Japan). Powder X-ray Diffraction (XRD) was mea-
sured in the reflection mode (Cu K radiation) on a D/Max-RB
diffractometer. The d-spacing value was calculated using Bragg’s
law. X-ray Photoelectron Spectroscopy (XPS) analysis was per-
formed using a Thermo Fisher Scientific ESCALAB 250 Xi spectrom-
eter (USA). The deconvolution of the spectra was performed with
XPS Peak 4.1 software (RCSMS lab, Hong Kong). All spectra were
corrected by using the C 1s signal located at 284.5 eV. The surface
compositions of alloy NTs were determined from the peak inten-
sity and the corresponding sensitivity factors. The composition of
NTs was determined by X Series 2 Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES, Thermo Scientific, USA).

3. Results and discussion

3.1. Preparation and characterization of nanotubes

The lipid tubule templates were �12 lm in length and
�500 nm in cross-sectional diameter (Fig. S1ab); green color is
Fig. 1. (a–c) SEM images of Pt NTs, (d) the corresponding elemental mapping image, (e a
area electron diffraction (SAED) pattern of the Pt NT.
derived from 1% Phospholipid dye (NBD PE) doped lipid tubule
templates. Ascorbic acid was used as reducing agent due to its high
water solubility, biodegradability, low toxicity compared with
other reducing agents [38]. For metal plating, nanoparticle nuclei
were first produced on the surface of the templates as active sites,
plating was then accelerated by autocatalytic reduction [39,40].
The metal NTs were fabricated successfully after the template
was removed using ethanol. It should be noted that no surfactants
were used in this method. The structure and morphology of metal
NTs were investigated by SEM. Fig. 1a and b show the overall mor-
phology of metal NTs with average length of �12 lm. As is seen
from Fig. 1c, the metal NTs are tubal and their surface is smooth.
EDS analysis of metal NTs (Fig. 1d) reveals only the presence of
Pt in the Pt NTs. The structural features of the Pt NTs were investi-
gated by TEM; Fig. 1e reveals a �500 nm diameter and �49 nm
wall thickness. Fig. 1f shows that the wall is composed of
network-like ultrathin nanowires of several nanometers length
and �4 nm in diameter (Fig. S2a). HR-TEM imaging reveals the lat-
tice inter fringe distance of the Pt NTs being �0.226 nm (Fig. 1g),
corresponding to the (1 1 1) plane of face-centered-cubic (fcc) Pt
crystal. Polycrystallinity is supported by the selected-area electron
diffraction (SEAD) pattern (Fig. 1h).

PdPt NT SEM reveals tubal morphology with rough surface tex-
ture (Fig. 2a) and diameter of �500 nm (Fig. 2b). Fig. 2(c and d)
show that Pd and Pt components are distributed homogeneously
over the NT, confirming their alloyed feature. The Pd and Pt content
was determined by ICP-MS, the molar ratio of Pd to Pt was deter-
mined to be 51:49. The PdPt NT are �57 nm in wall thickness
(Fig. 2e). The wall of PdPt NT is composed of tightly but spatially
cross-linked nanorod-like nanoparticles (Fig. 2f and S2a). Some
irregular holes among the nanoparticles also existed, offering a
large surface area, which may facilitate mass transport. HR-TEM
imaging shows lattice fringe spacing distance of �0.224 nm,
indexed to (1 1 1) lattice spacing of fcc PdPt alloy crystal
(Fig. 2g). This spacing is slightly smaller than observed for Pt NT,
because Pd has a smaller atomic radius than Pt. The selected-
area electron diffraction (SEAD) pattern further demonstrates the
polycrystalline PdPt formation (Fig. 2h).

The XRD patterns in Fig. 3a reveals four diffraction peaks from
the Pt and PdPt NTs, attributed to a typical fcc lattice structures.
No distinct peaks for Pd or oxides are observed in the patterns,
implying that a PdPt alloy was formed. Additionally, there is a
nd f) TEM images of Pt NT, (g) high-resolution (HR) TEM image of Pt NT, (h) selected



Fig. 2. (a) SEM image of PdPt NTs, (b–d) the corresponding elemental mapping images for PdPt NT, (e and f) TEM images of PdPt NT, (g) high-resolution (HR) TEM image for
PdPt NT, (h) selected area electron diffraction (SAED) pattern for the PdPt NT.

Fig. 3. (a) XRD pattern for the Pt and PdPt NTs, (b) Pt 4f XPS of the PdPt NTs.
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positive shift in peak positions for the PdPt NTs compared with Pt
NTs, which may be attributed to lattice strain i.e. the lattice param-
eters of the PdPt NTs are decreased after incorporating smaller
atoms into the parent metal, giving rise to compressive strains
on the crystal lattice [41].

XPS characterization was carried out to determine the elemen-
tal composition and electronic status of Pt in the NTs. For Pt NTs
(Fig. 3b), two peaks at binding energies (BE) of �71.3 and
�74.6 eV are attributed to Pt (0) 4f5/2 and 4f7/2 orbits, respectively,
along with two smaller shoulder peaks at �75.4 and 72.3 eV,
assigned to Pt2+ species [42]. According to the intensity ratio of
the Pt and Pt2+ peaks, that metallic Pt(0) is the predominant species
in the Pt NTs. The 4f5/2 and 4f7/2 BE of Pt in the PdPt NTs was shifted
to higher values. The shift of Pt 4f7/2 BE is attributed to charge
transfer [43,44] (electronegativity of Pd = 2.20 and Pt = 2.28) and
lattice strain [45–47].

XRD results confirm that significant compressive lattice strains
exist in the PdPt NTs, which could also be responsible for the shift
in BE. The difference in electronic state of Pt in the alloy may
produce a positive effect on catalytic activity [48]. Fig. S2 presents
the XPS results for Pd 3d. Peaks at �341.3 and �336.1 eV are
assigned to 3d3/2 and 3d5/2 orbitals, which are ascribed to Pd0 spe-
cies [49].

3.2. Catalytic activity of the nanotubes

Hydrogenation of PNP in the presence of NaBH4 is conducted to
evaluate the catalytic activity of Pt and PdPt NTs at room temper-
ature; the ensuing high pH, thereby ensuring the reduction of PNP
proceeds [50]. The reduction of PNP to p-aminophenol (PAP) can be
catalyzed by noble metals [51]; PNP aqueous solution displays a
distinct UV–vis absorption peak at �317 nm. The peak is shifted
to �400 nm after addition of NaBH4, and the color of the solution
becomes yellow, indicating that p-nitrophenolate (PAP) ions
become the dominant species [50]. On addition of the Pt or PdPt
NTs catalyst, the intensity of the absorption peak at �400 nm
decreased gradually as the reaction proceeds (Fig. 4). The appear-
ance of an absorption peak at �290 nm is attributed to PAP.[52]
An isosbestic point at �313 nm, indicates that PNP was converted
to PAP without side reactions [53].

The catalytic reduction of PNP followed a first-order kinetic
model [54,55].



Fig. 4. The evolution of the UV–vis spectra of PNP reduction in the presence of (a) the Pt and (b) PdPt NTs.

Fig. 5. (a) Plots of ln(Ct/C0) versus time for PNP reduction, using the Pt and PdPt NTs as the catalysts, respectively. (b) Reusability of the Pt and PdPt NTs.

Table 1
Catalytic rate constants of the borohydride reduction of PNP using various catalysts at 20 �C.

Catalyst PNP concentration mol L�1 kapp min�1 km mg�1 min�1 Reference

Pt nanotubes 9.0 � 10�5 0.20 13.3 This work
PdPt nanotubes 9.0 � 10�5 0.50 33.3 This work
AuPd nanocrystal 8.7 � 10�5 0.31 4.4 [58]
PtNi 8.5 � 10�5 0.12 29.0 [64]
Polypyrrole/TiO2/Pd 1.1 � 10�4 0.74 25.0 [65]
silver nanodendrites 1.0 � 10�4 0.34 0.2 [59]
Fe3O4@SiO2–Ag 5.0 � 10�3 0.83 0.3 [60]
Pd-Ni/rGO 5.0 � 10�3 0.16 0.7 [61]
PtO2/ZnO-30 1.0 � 10�2 0.52 0.2 [62]
NiO/CuO 1.0 � 10�4 1.50 30.1 [66]
AuNPs/r-CD 1.0 � 10�4 0.75 0.1 [63]
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�dct
dt

¼ kappct ð1Þ

where ct and kapp are the concentration of PNP at time t and the
apparent rate constant, respectively. The concentration of PNP
was proportional to its absorbance. Thus,

�d lnAt ¼ kappdt ð2Þ

� ln At=Aoð Þ ¼ kappt ð3Þ
where At and A0 are the absorption peak intensity of PNP at t = t min
and t = 0 min, respectively.

Fig. 5a shows the correlation of �ln(At/A0) versus time. The
linear correlation indicates that the above reaction is ruled by
first-order kinetics and thus kapp is obtained from the slope of
the line. For the Pt NT tests the kapp was 0.2 min�1 and for the PdPt
NT experiments it was 0.5 min�1 (Table 1), a 2.5-fold increase in
the apparent reaction rate.

The improved catalytic activity of the PdPt NTs is attributed to
the synergistic effect resulting from charge transfer and lattice
strain [56] because of Pd incorporation. This causes electron trans-
fer and structural strain, culminating in altering electron density
near the Fermi level [57], thus providing new active sites. The
rougher surface texture and irregular holes of the PtPd NTs may
afford a larger surface area and favor mass transport, further
increasing the efficiency.

Mass-normalized rate constants (km) can be used to compare
the catalytic activity of heterogeneous catalysts; similar catalysts
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reported in the literature and their data is shown in Table 1. It is
revealed that the Pt NTs have greater rate mass-normalized rate
constants than reported for AuPd nanocrystals [58], silver
nanodendrites [59], Fe3O4@SiO2–Ag [60], Pd-Ni/rGO [61],
PtO2/ZnO-30 [62] and AuNPs/r-CD [63], and the catalytic perfor-
mance of PdPt NTs outperformed all those listed catalysts.

Stability is a crucial factor in evaluating the reusability of a cat-
alyst. To assess this factor, the Pt and PtPd NTs were each utilized
in six cycles for PNP reduction. The results after each cycle exhibit
high catalytic performance with high conversion rates (Fig. 5b),
thus indicating high stability and reusability.

4. Conclusions

A facile one-step and green protocol for Platinum (Pt) and
palladium-platinum (PdPt) nanotube (NT) synthesis was reported,
using lipid tubules as a template and ascorbic acid as a reducing
agent. The ensuing NTs comprised of crystalline NT structures of
�12 lm length, �500 nm cross-sectional diameter, and �57 nm
tube wall thickness. Due to an electronic effect and structural strain
synergy, the PdPtNTs garneredmay afford superior catalytic activity
than other nanostructures previosuly reported. When applied for
catalytic reduction of p-nitrophenol (PNP), the PdPt NTs returned
an enhancedmass-normalized rate constant (km = 33.3 mg�1 min�1)
as compared to the Pt NTs (km = 13.3 mg�1 min�1), and previously
reported AuPd nanocrystals [58] (km = 4.4 mg�1 min�1) and PtNi
structures [64] (km = 29.0 mg�1 min�1). Moreover, the NTs demon-
strated high stability when used over multiple catalytic cycles. This
study opens up new avenues for the fabrication of other alloy NTs
(e.g. AuPt NTs, RhPt NTs) applied in catalytic processes beyond PNP
reduction.
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