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One of the significant challenges for the commercialization of direct ethanol fuel cells (DEFCs) is the

preparation of active, robust, and low-cost catalysts. In this work, a facile and reproducible method is

demonstrated for the synthesis of Pd assembled nanostructures in a hexagonal mesophase formed by a

quaternary system (Pd-doped water, surfactant, oil, and cosurfactant) via photoirradiation. The formation

of Pd nanostructures in the confined region of hexagonal mesophases was further supported by water

relaxation dynamics study using a solvation probe. The mesophases can be doped with high

concentrations of a palladium salt (0.1 M) without any disturbance to the structure of the mesophases

which results in a high yield and facilitates the clean synthesis of Pd nanostructures without using any

toxic chemicals. Electrochemical measurement confirms that the as-prepared catalysts exhibit significant

electrocatalytic activity for ethanol oxidation in alkaline solution. Additionally, we present an alternative

strategy using reduced graphene oxide nanosheets in combination with Nafion (a proton conducting

phase) as a support, revealing the pronounced impact on dramatically enhanced electrocatalytic activity

and stability of Pd nanostructures compared to Nafion alone. This unique combination allowed the

effective dispersion of the Pd nanostructures that is responsible for the enhancement of the catalytic

activity. Our approach paves the way towards the rational design of practically relevant catalysts with

both enhanced activity and durability for fuel cell applications.
1. Introduction

The development of advanced materials and processes is a
central issue which leads to the ultimate goal of accelerating the
implementation of novel nanomaterials-based technology
providing clean and affordable energy.1–3 Platinum is the super-
lative electrocatalyst for most of the relevant reactions involved in
fuel cells which constitute promising future power sources.
However, several critical issues such as migration, aggregation
and dissolution in harsh electrochemical environments as well as
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the weak tolerance to CO poisoning and the high cost must be
resolved before Pt-based electrocatalysts can be commercial-
ized.4,5 Alternatively, Pd based nanostructured materials play a
crucial role in the catalysis of various relevant reactions in fuel
cells, resulting in enhanced intrinsic electroactivity with high
energy conversion efficiency, which is suitable for direct ethanol
fuel cells (DEFCs).6–8 Therefore, many recent efforts have been
devoted to control the morphology and composition of Pd-based
catalysts that can offer a great opportunity to achieve enhanced
catalytic performance and higher utilization of Pd.9–14 In our
earlier reports, Pd nanowires, and porous Pd nanoballs con-
nected with three-dimensional Pd nanowires demonstrated
superior electro-catalytic activity for ethanol oxidation and
appear as promising candidates for fuel cell applications.15,16 In
spite of these successful demonstrations, it is important to note
that their mass activity (in terms of Pd) for ethanol electro-
oxidation is still not satisfactory.17–19 Hence, it is highly desirable
to develop a simple method for the synthesis of novel Pd nano-
particles (NPs) based electrocatalysts with high activity and
durability for fuel cell applications. Moreover, various shape-
controlled Pd nanostructures have been extensively explored for
electrocatalysis. Nevertheless, reports regarding self-assembled
Pd nanostructures are scarce. Herein, we demonstrate a very
J. Mater. Chem. A, 2015, 3, 9517–9527 | 9517
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simple and efficient route to synthesize Pd nanostructures in
liquid crystals by photoreduction.

A liquid crystal (LC) appears as a perfect candidate for the
matrix-guided synthesis and self-assembly of nanoscale mate-
rials as it combines order and mobility at the molecular
(nanoscale) level.20–23 Few examples have been reported for the
preparation of nanostructures in nematic LCs as structure-
directing templates.22,24 One of the signicant problems asso-
ciated with templating of nematic domains is that nano-
particles are expelled to domain boundaries which leads to the
formation of particulate networks and consequently, free-
standing porous materials cannot be obtained using this
route.25–27 Attard et al. successfully demonstrated that direct
hexagonal LCs prepared using a ternary mixture (nonionic
surfactant, metal salts, and water) can be used as a template for
the synthesis of bulk porous materials and porous metal lms
by electro-deposition.28,29 Recently, we reported a systematic
study of the effect of the templating approach allowing the
synthesis of bimetallic nanoballs of tunable porosity and
composition in a swollen hexagonal mesophase (SLC).30 The
swollen mesophases consist of surfactant-stabilized oil-swollen
tubes that are arranged on a triangular lattice in an aqueous
medium.31,32 In the past years, we employed doped SLC with
various compounds and used them as nanoreactors to synthe-
size diverse nanostructured materials (such as metals, polymers
or oxides) both in the aqueous and in the oil phases.33–36 Here,
the photoreduction of the palladium salt is induced by UV light
irradiation within the aqueous phase of hexagonal mesophases.
By virtue of employing Pd as an active electrocatalyst, we studied
the ethanol oxidation reaction (EOR) using as-prepared Pd
nanostructures as the anode material. Additionally, in order to
enhance the dispersion and accessibility of the catalyst, a
reduced graphene oxide nanosheets (RGO) modied Pd nano-
structure has been used in combination with a Naon support
during electrooxidation.

Despite the immense advances in unsupported nano-
structured noble metals as electrocatalysts, the relatively low
efficiency and high usage of noble metals in such unsupported
metal catalysts still limit their practical applications. Hence, the
design and fabrication of more active electrocatalysts with
excellent performance, durability and low cost are of great
importance. To improve the electrochemical performance of
these catalysts, carbon based conductive substrates such as
carbon nanotubes (CNTs), carbon bers and Vulcan XC-72 (VXC)
are widely used as supports to disperse the metal NPs.37–40 Sup-
ported metal NPs play a pivotal role as catalysts for energy
storage/conversion; however, the aggregation tendency of NPs is
an impediment for stable performance and loss of active surface
area is a major cause of deactivation for supported catalysts.41,42

Recently, we demonstrated that the utilization of conducting
polymer nanostructures improves the electrocatalytic activity and
durability of Pd catalysts.43 A good catalyst support should
possess good conductivity and mechanical strength, and long
term stability with a high surface area.44,45 In this respect, gra-
phene oxides possess a high surface area, low cost and enhanced
conductivity, and they have been chosen as excellent carbon
supports for catalysts to achieve enhanced electrochemical
9518 | J. Mater. Chem. A, 2015, 3, 9517–9527
performance for fuel oxidation, oxygen reduction and water
splitting reactions.46–49 The ease of processibility and function-
alization makes graphene-based functional materials ideal
candidates for a variety of energy applications.50,51 Hence,
reduced RGO nanosheets in combination with Naon can be
used as an efficient support for metal NPs which would exhibit
fascinating catalytic properties. We report the synthesis and
characterization of assembled palladium nanostructures in
hexagonal mesophases. We demonstrate that the Pd nano-
structures synthesized in so templates are promising electro-
catalysts having superior activity and stability for EOR. Moreover,
the introduction of RGO nanosheets along with Naon into the
electrode containing the Pd nanostructures leads to high elec-
trocatalytic activity and durability for EOR.
2. Experimental
2.1 Reagents

Pd(NH3)4Cl2 (99% purity), cetylpyridinium chloride (CPCl, 98%
purity), sodium chloride, cyclohexane (>99%), pentanol ($99%),
5 wt% Naon solution, coumarin (C500), 4-(dicyanomethylene)-
2-methyl-6-(p-dimethylamino-styryl)-4H-pyran (DCM), graphite
powder, 2-propanol and ethanol were purchased from Sigma-
Aldrich. All compounds were used as received. Ultrapure water
(Millipore System, 18.2 MU cm) and ethanol ($99% for HPLC,
purchased from Sigma-Aldrich) were used as solvents.
2.2 Preparation of the catalyst

Swollen hexagonal mesophases with CPCl as the surfactant were
prepared following the previously published method with some
modications.31,35 Typically, 1 g of the surfactant (CPCl) was
dissolved in 2 mL of brine (an aqueous solution containing 0.1
mol L�1 NaCl or 0.1 mol L�1 Pd(NH3)4Cl2 in Pyrex glass tubes.
Aer vigorous agitation at 30 �C, the surfactant completely dis-
solved to give a transparent and viscous micellar solution. The
subsequent addition of cyclohexane in the micellar solution
under stirring leads to a white unstable emulsion. A cosurfactant,
pentanol-1, was added to the mixture, which was then strongly
vortexed for a few minutes. This led to a perfectly colorless,
translucent, birefringent and stable gel: a hexagonal mesophase.
All experiments were performed at room temperature. The doped
mesophases with the Pd salt were used as so templates to
synthesize palladium nanostructures induced by UV light irra-
diation. For in situ photoreduction, the doped mesophases were
transferred to quartz cells and irradiated with an Oriel 300 W
xenonUV-visible lamp at a distance of 5 cm for 12 hours. Aer the
reaction, the metal NPs were easily extracted from the meso-
phases by a simple washing process with 2-propanol, centrifuged,
and washed several times to remove the surfactant, the cosur-
factant and the salt. For solvation dynamics study, we doped
hexagonal mesophases with two common solvation probes,
coumarin (C500) and 4-(dicyanomethylene)-2-methyl-6-(p-dime-
thylamino-styryl)-4H-pyran (DCM).

The graphene used here was prepared by the modied
Hummers method.52,53 Firstly, 1 g of graphite, 0.5 g of NaNO3

and 30 mL of H2SO4 (98 wt%) were added into a ask with
This journal is © The Royal Society of Chemistry 2015



Paper Journal of Materials Chemistry A
stirring in an ice bath. Then 3.0 g of KMnO4 was added grad-
ually in one hour. Aer cooling, the mixture was continually
stirred at room temperature for 3 days. The mixture was then
slowly added into 100 mL of 5 wt% H2SO4 in one hour under
stirring. Aer another two hours of stirring, 2.7 mL of 30 wt%
H2O2 was added into the mixture and stirred again for two more
hours. The mixture was then ltered and washed several times
with a solution of 0.5 wt% H2O2 and 3 wt% H2SO4. Finally, the
mixture was washed with distilled water to remove residual
metal ions and acid. The product graphene oxide (GO) was dried
in air. The GO (mg mL�1) was then dispersed in 2-propanol and
exfoliated in an ultrasonic bath followed by deoxygenation
under a N2 ow. The GO sample was then exposed to g-irradi-
ation at room temperature for 10 h (irradiation dose of 6.4 kGy)
under a N2 atmosphere. The g-irradiation source, located at
Orsay, was a panoramic 60Co gamma-facility of 7000 Curies with
a maximum dose rate of 6400 Gy h�1. Aer the reaction, the
reduced GO was centrifuged, and washed several times with
ethanol.
2.3 Material characterization

Transmission electron microscopy (TEM) observations were
performed using an FEI (Technai S-Twin, operating at 200 kV)
instrument and with a JEOL 100CXII transmission electron
microscope at an accelerating voltage of 100 kV. Drops of the Pd
nanostructures in ethanolic solutions were deposited on carbon
coated copper grids and dried under a N2 ow. XRD patterns
were obtained by employing a scanning rate of 0.02� S�1 in the
2q range from 20� to 80� by a PANalytical XPERTPRO diffrac-
tometer equipped with Cu Ka radiation (at 40 mA and 40 kV).
Optical microscopy of gel samples before and aer polymeri-
zation was performed with a Leica DMRX polarizing micro-
scope. For optical experiments, the steady-state absorption and
emission were determined with a Shimadzu UV-2450 spectro-
photometer and a Jobin Yvon Fluoromax-3 uorimeter,
respectively. Picosecond-resolved uorescence decay transients
were measured by using a commercially available spectropho-
tometer (Life Spec-ps, Edinburgh Instruments, UK) with a 70 ps
instrument response function (IRF). The excitation at 375 nm
and 409 nm was obtained using pulse laser diodes from Pico-
Quant, Germany. The observed uorescence transients were
tted by using a nonlinear least square tting procedure to a

function
�
XðtÞ ¼

ðt
0
Eðt0ÞR�t� t0

�
dt0

�
comprising of convolu-

tion of the IRF (E(t)) with a sum of exponential�
RðtÞ¼ Aþ

XN
i¼1

Bie�t=si

�
with pre-exponential factors (Bi),

characteristic lifetimes (si) and a background (A). The relative
concentration in a multi-exponential decay was nally

expressed as cn ¼ BnXN
i¼1

Bi

�100. The quality of the curve tting

was evaluated using reduced chi-square and residual data. It
has to be noted that with our time-resolved instrument, we can
resolve at least one fourth of the instrument response time
This journal is © The Royal Society of Chemistry 2015
constants aer the de-convolution of the IRF. The average life-
time (amplitude-weighted) of a multi-exponential decay is

expressed as sav ¼
XN
i¼1

cisi. Time-resolved emission spectrum

(TRES) was used to construct time-dependent uorescence
Stokes shis.54,55 The time-dependent uorescence Stokes
shis, as estimated from TRES, are used to construct the
normalized spectral shi correlation function or the solvent

correlation function, C(t), dened as, CðtÞ ¼ nðtÞ � nðNÞ
nð0Þ � nðNÞ, where

n(0), n(t), and n(N) are the emission maxima (in cm�1) at time 0,
t, and N respectively. The n(N) value corresponds to the emis-
sion frequency beyond which it is not signicant or no spectral
shi is observed. The C(t) function represents the temporal
response of the solvent relaxation process. Anisotropy r(t) is

dened as rðtÞ ¼ Ipara � Iper
Ipara þ 2� Iper

, where Ipara is the emission

intensity measured parallel to that of excitation and Iper is that
measured in the perpendicular position. Fourier transform
infrared (FTIR) spectra of the solid Pd salt and solid Pd NP
powders as synthesized by UV irradiation (obtained aer
extraction from the mesophases) were recorded using a JASCO
FTIR-6300 spectrometer. Scanning wavelengths were varied
from 4000 to 600 cm�1 with a 2 cm�1 spectral resolution with
the average of 100 repetition scans for each spectrum.

The Pd content deposited on the electrode (see the next
section) was determined by inductively coupled plasma-mass
spectrometry (ICP-MS) as follows: (i) the solvent was rst evap-
orated; (ii) samples were mineralized using 5 mL of aqua regia
and injected, aer 20 times dilution with ultrapure water, via a
peristaltic pump at 0.1 mL min�1

ow rate; (iii) nebulization of
samples was performed by means of a micro concentric nebu-
lizer (Micromist); (iv) a 7500 ce ICP-MS (Agilent) was used as the
elemental detector. Detection of Pd was performed by selecting
an abundant isotope free of interferences, i.e., 105Pd.
2.4 Electrochemical characterization

The electrochemical measurements were conducted at 30 �C in
a two compartment glass-cell tted with a conventional three
electrode assembly. In all electrochemical measurements, a
glassy carbon rod was used as the working electrode and Hg/
HgO/OH (1 M) (designated as MMO) having an equilibrium
electrode potential of �0.1 V with respect to the standard
hydrogen electrode (SHE) was used as the reference electrode. A
large Pt-foil (1 cm � 1 cm) was used as the counter electrode
and potential data were recorded with respect to MMO. Cyclic
voltammetric study was performed using a computer aided
potentiostat/galvanostat (AEW-2, Munistst, Sycopel Scientic
Ltd, UK). The cyclic voltammogram (CV) of each electrode was
recorded at the scan rate of 50 mV s�1 for several consecutive
cycles until a steady prole was obtained. Chronopotentiometry
was also performed by applying a current density of 5 mA cm�2

with the help of a constant current charger (DB-300, DB Elec-
tronics) and the potential was recorded with an EC digital
multimeter (DM 610 4B) as described before.56 The glassy
carbon electrode was pretreated using the following process.
J. Mater. Chem. A, 2015, 3, 9517–9527 | 9519
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First, the surface of the glassy carbon electrode was polished
with 1.0, 0.3 and 0.05 mm a-alumina powders in sequence,
rinsed thoroughly with twice distilled water and placed in a
water-lled ultrasonic bath for a 2 min period. Aer drying in
air, Pd NPs were deposited for further use.

Pd nanostructure suspension consisting of 0.5 mg of Pd NPs
in 500 mL of 0.5 wt% Naon (as Pd/Naon) and another
suspension consisting of 0.25 mg of Pd NPs with 0.25 mg of
reduced GO nanosheets (RGO) in 500 mL of 0.5 wt% Naon (Pd/
RGO–Naon) in ethanol solution were used for the electro-
chemical characterization. A layer was prepared by depositing
10 mL of the homogeneous solution of Pd NP suspensions on
the polished glassy carbon electrode surface.

The above suspensions were used for the determination of
the Pd content by ICP-MS and the amount of palladium on the
glassy carbon for Naon and RGO–Naon was found to be 4.9
mg and 2.48 mg respectively. The layer was allowed to dry for at
least 60 min. Pd/RGO–Naon was not directly deposited on the
electrode surface but the Pd nanostructures were embedded
within the Naon and RGO–Naon matrix.
3. Results and discussion

Swollen hexagonal mesophases, resulting from the surfactant
mediated self-assembly in a quaternary system (water, surfac-
tant, cosurfactant, and oil) serve as versatile templates for
synthesizing various nanomaterials.31,35 For Pd nanostructure
synthesis, we prepared mesophases doped with a 0.1 M Pd
complex with a volume ratio of oil over water (O/W) (v/v) xed at
1.5 for the in situ photoreduction. The Pd nanostructures
synthesized in doped CPCl-based mesophases were extracted
with 2-propanol. Fig. 1 shows the UV-Vis spectra of the
Pd(NH3)4Cl2 complex (solid black line) and the suspensions of
the Pd nanostructure (solid red line) extracted from meso-
phases aer 12 hours of photoirradiation. The Pd complex
Fig. 1 UV-visible spectra of the Pd(NH3)4Cl2 complex before and after
photoirradiation. Inset: photographs of hexagonal mesophases doped
with 0.1 M Pd(NH3)4Cl2 complex before and after UV irradiation
exposure. The color change indicates the photoreduction of the Pd
complex by UV irradiation.

9520 | J. Mater. Chem. A, 2015, 3, 9517–9527
shows a peak at 297 nm and aer photoirradiation, the intensity
of the peak decreases. Aer the reduction, a new band appears
at 258 nm along with a featureless absorption prole in the
range of 300–500 nm which indicates the photo-induced
reduction of the Pd complex and formation of palladium
nanoparticles (Fig. 1).33 FTIR analysis was also carried out to
investigate the chemical structure of the Pd complex before and
aer photoreduction followed by the Pd nanostructure forma-
tion. Fig. S1† illustrates the FTIR spectra of the pure surfactant,
the Pd complex and Pd nanostructures aer extraction from the
mesophases. It appears that the band between 1300 and 1415
cm�1 (symmetric type) and in the region 1553–1660 cm�1

(antisymmetric type) due to NH2-deformation and at 825 cm�1

ascribed to the rocking modes of NH3 of the Pd complex which
disappeared aer photoirradiation also indicate photoreduc-
tion of the Pd salt.57 It is also observed that the bands at 2854
and 2925 cm�1 corresponding to the CH2 stretching modes of
the surfactant are absent in the as-prepared Pd nanostructures
aer template removal.58 The Pd nanostructure exhibits broad
absorption which is consistent with other previously reported
Pd based nanostructures.59,60 Typically, the formation of Pd
nanoparticles via a chemical or photochemical route is
Fig. 2 Transmission electron micrographs of (a–c) Pd nanostructures
synthesized in hexagonal mesophases by 12 h UV-irradiation. The inset
shows the corresponding indexed SAED pattern. (d) HRTEM high
magnification image of palladium nanoparticles. (e) XRD patterns of
palladium nanoparticles with JCPDS (05-0681) data. (f) Reduced
graphene oxide nanosheets induced by gamma (g)-irradiation (dose
rate: 6.4 kGy h�1, at a dose of 64 kGy) using a solution containing
graphene oxides in 2-propanol under a N2 atmosphere. The inset:
SAED pattern of graphene oxide nanosheets.

This journal is © The Royal Society of Chemistry 2015



Fig. 3 TEM micrograph of Pd nanoparticles obtained from the
micellar solution of CPCl containing Pd(NH3)4Cl2 ([CPCl]/[Pd] ¼ 14) at
12 h photo-irradiation.

Paper Journal of Materials Chemistry A
indicated by the emergence of a black color. The Pd complex
doped mesophase remains colorless and upon photoirradiation
turns to a black gel aer 12 hours but remains translucent
(Fig. 1 inset). In fact, immediately aer photoirradiation, the
hexagonal mesophase turns into a faint black gel but the
darkness of the gel increases with progress of the reduction of
Pd(II).

Aer photoreduction of the Pd complex within the hexagonal
mesophases, it is important to ensure the stability of the
hexagonal mesophases in order to understand the effect of
connement. The hexagonal phases are birefringent and
exhibit characteristic textures between crossed polarizing
windows when the surfactant cylinders are parallel to the walls
of the observation cell. The polarized optical microscopy image
(Fig. S2a–d†) demonstrates that the presence of the Pd complex
(Fig. S2b†) and the photo-induced chemical transformation
(Fig. S2c and d†) do not affect the birefringent nature of the gels
or their texture. Aer photoreduction of the Pd complex, the
hexagonal LC phase shows a large degree of preservation of the
birefringent pattern indicative of their stability. The photore-
duction of the Pd complex in hexagonal mesophases leads to Pd
nanostructures as shown in Fig. 2.

The as-prepared Pd nanostructures assembled together as
prolate ellipsoid-like structures composed of a self-assembly of
small Pd nanoparticles (NPs) of 3–4 nm in size (Fig. 2a–c). A
magnied image (Fig. 2b and c) reveals that the nanoparticles
have a narrow size distribution and are well dispersed. It can be
clearly seen that the prolate ellipsoid-like nanostructures are
formed by the agglomeration of smaller Pd nanoparticles. It can
be assumed that aer template removal, the nanoparticles are
close to each other and their inter-particle interaction may
contribute to the assembled structure. The selected area elec-
tron diffraction (SAED) pattern recorded from one of the Pd
nanostructures (inset of Fig. 2a) shows diffraction rings corre-
sponding to various facets of the cubic (fcc) crystal structure of
palladium. The HRTEM image (Fig. 2d) further conrms that
each nanostructure is composed of many single crystalline
grains (see the white dashed circles in Fig. 2d with their crys-
tallographic orientations). The inter-planar distance in the
lattice fringes of one domain is measured to be 0.22 nm (inset),
which corresponds to the (111) planes of metallic Pd.

The XRD pattern of the typical product is presented in
Fig. 2e. The broad diffraction peaks are present at 2q ¼ 40.6�,
46.6�, 68.4�, 82� and 87� and can be indexed as the (111), (200),
(220), (311) and (222) facets of face-centered cubic (fcc) Pd
(JCPDS no. 05-0681), respectively. This indicates that the Pd NPs
have a high purity and crystallinity. Both the XRD and SAED
patterns demonstrate that the Pd nanostructures are well crys-
tallized. Time evolution of Pd nanostructures implied that small
Pd particles were generated at the early stage of the reaction by
fast reduction via the particle attachment growth mechanism
(Fig. S3†). The dendritic Pd nanostructures seem to be assem-
bled from many small Pd NPs in the range of 3–4 nm.

Fig. 2e shows the TEM image of reduced graphene oxides
(RGO) which exhibit typical wrinkled and paper-like sheet
morphologies with a mixture of single and few-layer graphene
nanosheets. The observed corrugation and scrolling of sheets is
This journal is © The Royal Society of Chemistry 2015
the intrinsic nature of graphene, which may originate from the
thermodynamic stabilization of the 2D membrane structures
via bending. Fig. 2e inset depicts the SAED pattern of RGO,
which clearly demonstrates a highly crystalline structure. The
six membered inner rings originate from the [100] plane, while
the six brilliant points relate to the [110] diffractions, clearly
conrming that the resulting RGO has been restored into the
hexagonal graphene framework (images at higher resolutions
and layeredmorphologies are shown in Fig. S4†).61 The ability to
produce graphene nanosheets with a scalable, clean (without
using any chemical reducing agent) and low-cost approach
should take us a step closer to real-world applications of
graphene.

The control experiment was carried out in micellar solutions
formed by CPCl containing Pd(NH3)4Cl2 (with the same ratio
[CPCl]/[Pd] ¼ 14). The photoreduction of the Pd complex leads
in this case to the formation of small and spherical dispersed
nanoparticles of 3–5 nm (Fig. 3). Additionally, Pd complex
doped hexagonal mesophases were kept in the dark for several
days but there was no sign of evolution of Pd(0). Under UV
irradiation, Pd(II) is reduced at the oil–water interface.33,62

Initially, nuclei are formed and then they tend to aggregate to
form bigger particles or successive reduction of Pd(II) may result
in its adsorption on the surface of preformed particles. In this
regard, surfactant molecules protect the metal clusters and
control the aggregation via hydrophobic chain mediated elec-
trostatic repulsion and steric hindrance. However, it is difficult
to convey the exact mechanism of formation of prolate
ellipsoid-like structures within the hexagonal mesophases.

The conned geometry of mesophases is certainly involved
in directing the nanoparticle growth leading to these assembled
Pd nanostructures. The hexagonal mesophases consist of
innite nonpolar tubes organized on a hexagonal lattice with
surfactants at the interface of the tubes in a continuous aqueous
salt solution. It has been demonstrated that the suitable correct
adjustment between cyclohexane and the ionic force of the
aqueous solution by the addition of a salt allowed the diameter
of the nonpolar cylinders to be tuned over 1 order of magnitude
(from 3 to 30 nm), while the distance between adjacent
J. Mater. Chem. A, 2015, 3, 9517–9527 | 9521



Scheme 1 Schematic representation of the light induced synthesis of
Pd nanostructures in hexagonal mesophases.
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cylinders is kept small and nearly constant (about 3 nm).21,32

Here, we demonstrate that the conned aqueous phase can be
used as nanoreactors for the preparation of Pd nanostructures
as shown in Scheme 1.

In order to shed light on the mechanism of formation of Pd
nanostructures within the conned geometry of hexagonal
mesophases, we studied the solvation dynamics in the water
surface and hydrophobic region of the oil tube of the LC fol-
lowed by doping with a solvation probe such as coumarin 500
(C500) and 4-(dicyanomethylene)-2-methyl-6-(p-dimethylamino-
styryl)-4H-pyran (DCM) respectively. The picosecond resolved
uorescence transients of C500 and DCM inmesophases across
the emission wavelengths are shown in Fig. 4a and b respec-
tively. An ultrafast decay component in the blue end is eventu-
ally converted into a rise component of similar time constant in
Fig. 4 Picosecond resolved fluorescence transients of (a) C500 and
(b) DCM in three representative detection wavelengths across the
emission spectrum in hexagonal mesophases. Time dependent
emission spectra of (c) C500 and (d) DCM in the liquid crystal are
shown. Plot of solvation correlation functions against time for (e) C500
and (f) DCM are shown. Insets depict the picosecond fluorescence
anisotropy decays of C500 and DCM.

9522 | J. Mater. Chem. A, 2015, 3, 9517–9527
both the cases. The observation is consistent with the solvation
probe C500 and DCM in the corresponding medium.63,64 Fig. 4c
and d show the constructed time-resolved emission spectra
(TRES) of C500 and DCM with a spectral shi of 1790 and 2268
cm�1 respectively, in a 1.5 ns time window, which indicate that
both probes are stabilized by the corresponding immediate
solvent molecules in the excited state. To determine the water
relaxation dynamics within the hexagonal mesophases, we
composed solvation correlation functions [C(t)] for both probes
C500 and DCM and tted with the bi-exponential decay func-
tion as shown in Fig. 4e and f.

For C500, the decay time constants are 20 ps (92%) and 319
ps (8%) and for DCM, the obtained time constants are 170 ps
(96%) and 1.49 ns (4%). The slower water dynamics for the
hydrophobic DCMmolecule is associated with the connement
of DCM in the hydrophobic region (oil tube) of the hexagonal
mesophases in comparison to less hydrophobic C500 in the oil–
water interface. Hence, more water can access the C500 probe in
the excited state compared to DCM. In order to investigate the
location and physical movement of C500 and DCM molecules
within the LC during the course of solvent relaxation, we have
measured the uorescence anisotropy of the probemolecules as
shown in the insets of Fig. 4e and f. The uorescence anisotropy
decays show that the rotational relaxation time constants of
C500 and DCM in the liquid crystal are 653 ps and 325 ps
respectively. The observed faster rotational time constants in
the case of DCM are consistent with the fact that DCM resides
on the more compact oil phase while on the other hand C500 is
more exible on the oil–water interface. Hence, we can conclude
that due to the hydrophobicity as well as the compact nature of
the oil phase, reduction of the Pd complex takes place in the
aqueous phase; consequently, the nanoparticles are formed in
the oil–water interface within the mesophases as proposed in
Scheme 1.
3.1 Electrochemical behavior

As Pd-modied electrodes were demonstrated to be very active
for ethanol electrooxidation in the alkaline medium, EOR was
selected for electrocatalytic studies.10,15,16,65,66 Fig. 5a and b
depict the cyclic voltammogram (CV) of Pd-Naon (green solid
line) and Pd/RGO–Naon (blue solid line) in pure 1 M NaOH
and the voltammetric pattern associated with the characteristic
feature of Pd electrodes which is consistent with earlier
reports.15,16,43 The Pd nanostructures embedded in a proton
conducting phase, Naon and RGO–Naonmatrix, were used as
the catalyst for the electrocatalytic oxidation of ethanol in an
alkaline medium. Fig. 5a and b show superposition of the rst
cyclic voltammogram (black solid line curve) and the 100th cycle
(red solid line curve) of Pd/Naon and Pd/RGO–Naon run in 1
M NaOH containing 1 M EtOH at a scan rate of 50 mV s�1.

The voltammetric pattern is represented by two well-dened
current peaks, one on the forward and the other on the reverse
potential scans. The peak in the positive-going sweep corresponds
to ethanol oxidation activity, while the peak in the reverse sweep
arises due to oxidation of both freshly adsorbed ethanol and
adsorbed carbonaceous species formed before Pd–O blocking.67
This journal is © The Royal Society of Chemistry 2015



Fig. 5 (a) Cyclic voltammograms of Pd NPs/Nafion in 1 M NaOH
(green solid line), superposition of the first (black solid line curve) and
the 100th (red solid line curve) cyclic voltammetric runs associatedwith
the electrocatalytic oxidation of 1 M EtOH in 1 M NaOH. (b) Cyclic
voltammograms of Pd NPs/RGO–Nafion in 1 M NaOH (blue solid line),
superposition of the first (black solid line curve) and the 100th (red solid
line curve) cyclic voltammetric runs associated with the electro-
catalytic oxidation of 1 M EtOH in 1 M NaOH. The working electrode
was a glassy carbon disk modified with the Pd nanostructures. The
reference electrode was an Hg/HgO (1 M KOH) electrode. The scan
rate was 50 mV s�1.
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The forward scan peak current is related to the oxidation of freshly
chemisorbed species generated from alcohol adsorption. The
initial increment of current with the number of triangular
Table 1 Comparison of the electrochemical performance of Pd nanop
modified Nafion as supports for the oxidation of ethanol. The main chara
the electrocatalytic oxidation of 1 M EtOH in 1 M NaOH. The working ele
The reference electrode was an Hg/HgO (1 M NaOH) electrode. The scan
the glassy carbon support

Electrodes
(aer 100 cycles) If (mA cm�2) Ib (mA cm�2) If/Ib

Pd/Naon 8.55 1.43 5.98
Pd/RGO–Naon 14.22 17.08 0.83

This journal is © The Royal Society of Chemistry 2015
potential sweepsmay be attributed to the generation of Pd–OH on
the surface aer each scan and development of channels of
electron collection by rearrangement of the materials at the
surface.42 The oxygen desorption method is applicable to evaluate
the electrochemically active surface area (ECSA) of Pd. The mass
normalized ESCA was calculated for the two electrodes by
computing the area under the cathodic peaks corresponding to the
reaction of the Pd oxide monolayers. The data presented (within
parentheses) reveal that ECSA of Pd/RGO–Naon (192 m2 g�1)
is about 4.6 times greater than that of the Pd/Naon electrode
(40 m2 g�1). This signies that the former electrode is more
exposed to and available in the solvent environment for under-
going the reactions and hence shows increased surface area
induced catalytic effect. The peak current and onset potential of
the faradaic current (Eonset) on the forward scan indicate the
electrocatalytic activity of the catalyst for EOR. The main quanti-
tative parameters measured from these two voltammograms have
been tabulated (Table 1). It can be clearly seen from Table 1 that
the electroactivity (considering current per cm2 of real area) of Pd/
Naon-RGO is higher than that of the Pd/Naon electrode. During
the potential cycles, the Eonset shis to a more negative potential
(from �534 mV at the 1st cycle to �590 mV aer 100 cycles, Table
1). It has to be noted that the stable cycle and 100 cycles are similar
and used for further calculation of electrochemical parameters. A
negative shi of Eonset underscores the enhancement in the
kinetics of ethanol oxidation. Upon cycling, the peak current
density is also modied: the forward anodic peak current density
(If) increased from 4.93 mA cm�2 to 8.55 mA cm�2 whereas the
backward anodic peak current density (Ib) decreased from 11.20
mA cm�2 to 1.43 mA cm�2, leading to an increase of the ratio If/Ib
from 0.44 to 5.98. This observation indicates that the catalyst is not
lost during the reaction and also shows a relatively signicant
increase of electro-catalytic activity of the electrode material
toward EOR during cycling. Indeed, a high If/Ib ratio indicates
efficient oxidation of alcohol during the forward anodic scan, with
little accumulation of carbonaceous residues. Thus it measures
the tolerance power towards carbonaceous poisons and represents
the capability of the electrode to remove the poisons either by
possible chemical or electrochemical reactions occurring in the
system.

Here the ratio of Pd/RGO–Naon (0.83) is much smaller than
that of Pd/Naon (5.98). This is possibly because the spectro-
scopically determined intermediates, like Pd–CH3, PdCH3CO,
Pd–H etc., are eliminated from the surface both by chemical and
electrochemical reactions leading to the opening of a fresh
article catalysts with Nafion and reduced graphene oxide nanosheets
cteristics were measured from cyclic voltammograms associated with
ctrode was a glassy carbon disc modified with the Pd nanostructures.
rate was 50mV s�1. The current density refers to the geometric area of

Eonset (mV) If (mA cm�2) mg�1 Ib (mA cm�2) mg�1

�590 1745 292
�622 5925 7166

J. Mater. Chem. A, 2015, 3, 9517–9527 | 9523



Table 2 Comparison of the electrochemical performance of Pd nanostructured electrocatalysts for ethanol oxidation

Electrode
Eonset,
mV/SCE

Ef,
mV/SCE

Eb,
mV/SCE

If,
mA cm�2

If,
mA cm�2 mg�1 of Pd Reference

Pd/Naon �590 �185 �382 8.55 1745 This work
Pd/RGO–Naon �622 �186 �312 14.22 5925 This work
Commercial Pd black catalyst �550 ��200 ��301 0.65 — 8
Tetrahedral Pd nanocrystals �590 �219 ��305 3.83 — 8
Pd/Nf–graphene �600 — — 0.56 2
C–Pd nanoballs/Naon �550 �151 �296 — — 16
Pd nanowires/Naon �664 �166 �278 — 1327 15
CNT–Pd/Naon �564 �242 �451 — 364 37
CNT–Pd/Naon �670 �245 �332 — 3540 37
C–Pd �680 �209 ��310 — 63 63
C–Pd �579 �219 ��360 — 42 64
C–Pd �619 �203 ��330 — 85 64

Fig. 6 Chronoamperometric curves for ethanol electrooxidation at
�0.30 V vs. Hg/HgO on a glassy carbon electrode modified with Pd/
Nafion (black curve) and Pd/RGO–Nafion (red curve). The solution
used was 1 M NaOH + 1 M EtOH. Inset: comparison of the chro-
noamperometric response of Pd/Nafion and Pd/RGO–Nafion at
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metal surface. Since the rate of formation of these intermedi-
ates is greater for the electrode for which the peak current
density is larger, the rate of elimination of these intermediates
from the surface is also greater.44,68 If Pd–CH3 or Pd–H is
removed by an electrochemical oxidation reaction the following
reactions would take place:

Pd–CH3 +9OH� ¼ Pd + CO3
2� +6 H2O +7e� (1)

Pd–H + OH� ¼ Pd + H2O + e� (2)

In contrast, if they are removed chemically, the following
reactions would occur:

Pd–CH3 + Pd–CH3 ¼ 2Pd + C2H6 (3)

Pd–CH3 + Pd–H ¼ 2Pd + CH4 (4)

The loss in If, which corresponds to both faster dehydroge-
nation and slower decarbonaceous oxidation, is more than that
in Ib which mainly occurs due to surface-adsorbed carbona-
ceous oxidation. Thus the ratio If/Ib is much smaller for Pd/
RGO–Naon than Pd/Naon. This type of increased If/Ib ratio
for better performance is a general phenomenon as observed in
our previous study.44 However, the increment in the forward
anodic peak current density with respect to the backward
anodic peak current density was evaluated from potentiostatic
experiments to identify the catalyst’s tolerance to carbonaceous
species accumulation.15 Similar results have also been obtained
for Pd-nanowires and palladium/gold nanostructures and such
improvement in modied electrode characteristics might be
attributed to some reorganization of the surface lm10,43 or to a
gradual cleaning of the surfactant that remains aer the
synthesis.15 Similar electrochemical behavior upon cycling was
observed with Pd NPs supported by RGO–Naon (Pd/RGO–
Naon), assuming that the particular behavior is inherent to
metallic NPs. We veried the contribution of control RGO
nanosheets during EOR. Fig. S5† shows the cyclic voltammo-
grams for RGO nanosheets before and aer addition of EtOH.
However, the presence of RGO in combination with Naon as a
support for Pd NPs inuenced the values of Eonset, the measured
9524 | J. Mater. Chem. A, 2015, 3, 9517–9527
current density and the If/Ib ratio (Table 1). The onset of ethanol
oxidation occurs at �0.590 V for Pd/Naon whereas it is �0.622
V for Pd/RGO–Naon suggesting that the electrocatalytic
activity towards ethanol oxidation occurs more favorably in Pd/
RGO–Naon than in Pd/Naon. It has been observed that in the
rst cycle, the peak current densities increased for both the
forward and the backward scans and in contrast to Pd/Naon,
strikingly, backward current density increases aer 100 cycles
(Fig. 5b). According to the values extracted from the voltam-
mograms, Pd NPs in Naon were the less active system
compared to those in the RGO–Naon support, but they
exhibited the best If/Ib ratio. An explanation for the high If/Ib
ratio of Pd/Naon could be that the nature of the support RGO
inuences the adsorbed organic functions at the surface of the
Pd NPs. The forward peak current density of Pd/Naon and
Pd/RGO–Naon was 8.55 and 14.22 mA cm�2, respectively. The
forward peak current of the Pd/RGO–Naon catalyst is 1.66
times that of the Pd/Naon catalyst. Since loading of the catalyst
is different for the electrodes, peak current densities of the CVs
normalized current (I).

This journal is © The Royal Society of Chemistry 2015
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were expressed by dividing current densities (mA cm�2) by the
mass of Pd adsorbed per unit area of the surface (mg�1 of
catalyst) as shown in Table 1.The inuence of the high surface
area of RGO as the support (Table 1) clearly highlights that the
RGO–Naon support exhibited higher current density.69

Comparison of the electrochemical performance of the present
Pd nanostructure with other Pd based nanostructures under
comparable reaction conditions is presented in Table 2. Inter-
estingly, the superiority of Pd/RGO–Naon in terms of current
density (7166 mA cm�2 mg�1) is obvious, being nearly 4.4 times
higher than that of previously reported Pd nanowires (1327 mA
cm�2 mg�1) synthesized in hexagonal mesophases as shown in
Table 2.15 In fact, the Pd/RGO–Naon catalyst has superior
catalytic activity with high energy density among these Pd
catalysts. This may be due to the synergistic effect of assembled
Pd nanoparticles and reduced graphene oxide nanosheets that
can efficiently promote the breaking of the C–C bond of ethanol
and enhance its oxidation. In contrast to the Pd assembly, the
Pd NPs synthesized within micelles are not active due to the
presence of surfactant molecules which limit the accessibility of
the Pd electrocatalyst on the electrode.

The catalyst stability as a function of time is also important
for its practical application in direct ethanol fuel cells. The
stability of the catalytic performance was then investigated by
chronoamperometric (CA) measurements where the current
density–time (I vs. t) curves at constant potentials were recorded
as shown in Fig. 6.

The CA experiments were carried out in 1 M NaOH with 1 M
ethanol solution under a constant potential of 0.3 V for 1600 s.
In the rst several minutes, both catalysts exhibited a
pronounced current decay, which could be caused by the
accumulation of poisonous intermediates.70 The current density
decayed in the rst 500 s and attained a steady state thereaer,
indicating that these Pd NPs form very stable lm on the glassy
carbon electrode surface and also exhibit stable electrocatalytic
performance towards EOR. Aer 500 s, the order of activity in
the CA tests was similar to the activity order in the CV
measurements: Pd/RGO–Naon catalyst exhibited the highest
limiting as well as initial current, showing higher activity than
the Pd/Naon catalysts. Moreover, Pd/RGO–Naon exhibits a
lower degradation rate during the progress of the reaction,
which demonstrates its improved stability for ethanol electro-
oxidation. The enhanced EOR activity and stability for the Pd/
RGO–Naon electrocatalyst compared to Pd/Naon are prob-
ably related to the surface structure and properties of the
reduced graphene oxide nanosheets. The chronoamperometric
response conrms that the RGO nanosheets help in the effec-
tive dispersion of the Pd NPs, facilitating an easier access of
ethanol molecules to the catalytic sites. Additionally, the RGO
nanosheets containing holes, oxygen, carbon vacancies and
defects, which are generated due to partial oxidation, produce
sheets with graphitic domains. This may efficiently introduce
chemically active sites for use in catalytic reactions and also act
as anchoring sites for deposition of metal NPs.49,71 Furthermore,
it is also benecial to prevent the metal nanoclusters from
coalescing because of the homogeneous dispersion of the Pd
NPs on the support and consequently the accessibility of the
This journal is © The Royal Society of Chemistry 2015
metal catalyst during the electrocatalytic reaction increases.72

Hence, the addition of reduced GO nanosheets as a support
could remarkably improve the stability of the Pd nanostructure
for EOR, which is crucial for a practical catalyst.
4. Conclusions

In summary, we have successfully developed a facile and
reproducible method for the high-yield synthesis of assembled
Pd nanostructures in hexagonal mesophases by photoreduc-
tion. The as-prepared electrocatalysts supported with RGO
nanosheets exhibit dramatically enhanced activity and stability
for ethanol electrooxidation in alkaline conditions, demon-
strating that they can be used as effective electrocatalysts for
direct ethanol fuel cells. Hence, the RGO–Naon support can
eventually affect the overall quality of the electro-catalytic
activity of the Pd nanostructure with high current density and
more negative onset potentials of the faradaic current which is
also supported by the 4.6 times higher ECSA in comparison with
Naon alone. In light of the important role of nanostructures in
catalysis and their facile synthesis process, the as-synthesized
catalysts may also nd suitable applications in other fuel cells
relevant reactions, such as formic acid oxidation, methanol
oxidation and oxygen reduction reaction. The coupling of gra-
phene oxide nanosheets with metal nanostructures leads to
superior activity. The use of graphene nanosheets synthesized
by a scalable, clean approach without using any chemical
reducing agent via a low-cost approach may encourage real-
world applications in the eld of fuel cells. Moreover, the elec-
trochemical performance of Pd based materials is strongly
dependent on individual components and their interactions
with each other. Hence, further studies are required to under-
stand the underlying complex interactions between the Pd
catalyst and graphene based support. Finally, exploration of
novel Pd assembled nanostructures supported with graphene
oxide nanosheets and Naon can be extended to design other
advanced materials for a promising anode catalyst in DEFCs.
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