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ABSTRACT: By using graphene oxide (GO) as the stabilizing and dispersing
agent in aqueous solution at room temperature, Pd-based (PdTe, PdPtTe, and
PdAuTe) nanotubes (NTs)/GO nanocomposites were readily prepared. The
obtained GO-supported one-dimensional (1D) Pd-based NTs have relatively —
uniform morphology and good dispersity. The catalytical properties of
PdAuTe NTs/reduced GO (rGO) nanocomposites with different metal ratios
were systematically investigated after electrochemical reduction process.
Pd,;Au;;Te,, nanotubes/rGO nanocomposites possess the optimal mass =]
activity (5.31 mA ug™'pg), which is 5.16-fold that of commercial Pd/C catalyst. |- g/h o |
The study provides a new strategy for clean synthesis of Pd-based NTs/GO /

nanocomposites, which are efficient catalysts for ethanol electrooxidation. It
will probably inspire more appropriate utilization of graphene to design new el
hybrid materials with better properties applied in fuel cells or other related

fields.
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B INTRODUCTION

Development of electrochemical energy conversion devices is
an effective route to meet the increasing demand for energy.'
Direct ethanol alkaline fuel cells (DEAFCs) have received
intense research attention in recent years due to the special
advantages of ethanol, such as higher theoretical energy density
(8 kW-h kg™!) than methanol and formic acid and easier Iar§e—
scale production directly from the fermentation of biomass.” °
In industrial and commercial applications of DEAFCs, the
exploration of efficient and low-cost catalysts for ethanol
electrooxidation should be given full consideration.”

It has been well-documented that the components, size,
shape, and morphology as well as the supports are determinants
of the catalytic activity of nanostructures.*”'" Pt and Pt-based
nanomaterials have been used as superior catalyst for DEAFCs
due to the ultrahigh catalytic activity of Pt to break carbon
bonds, but their inherent drawbacks hinder the sustainable
development of DEAFCs.”'”"> Pd has been regarded as a
competitive alternative of Pt when taking the reserve, cost,
resistance to CO-poisoning, and reaction kinetics into
account.'* However, Pd has intrinsically low activity of cleaving
carbon bond (C—C) and relatively weak stability when
catalyzing ethanol electrooxidation.'”” To overcome this
problem, other metals were incorporated into Pd materials to
form Pd-based catalyst. So far, various Pd-based multi-
component catalysts, including the low-Pt nanostructures
such as PtPd- and PdPt-containing nanocrystals,w_18 and
non-Pt nanocatalysts such as PdAu, PdCu, PdFe, and PdRuTe
nanostructures, have exhibited remarkably higher electro-
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catalytic activity and durability than their corresponding Pd
counterparts.'>'~*" Additionally, the one-dimensional (1D)
nanostructures, especially hollow nanotubes, endow the
catalysts with remarkable structure stability, catalytic property,
and durabilit%r in contrast to zero-dimensional (0D) nano-
particles.”**~*°

Moreover, to relieve the corrosion of common carbon
supports and the resulting damage to the catalyst structure,
promising support materials are an urgent need.”**”**
Graphene is single-layered and consists of carbon atoms with
close-packed hexagonal lattices, possessing high electrical
conductivity, large specific surface area, and mechanical
flexibility.”” > It has been demonstrated that graphene or
graphene oxide (GO) can be used as a superior support for
electrocatalysis.”>** For example, graphene- or GO-supported
Pd nanoparticles show high electrocatalytic ability for ethanol
and formic acid oxidation.”™** Generally, there are two kinds
of methods to prepare metal/graphene or metal/GO nano-
composites: in situ growth and assembly after the preparation
of metal nanoparticles. However, both methods have some
defects. In the former, the morphology of nanoparticles can not
be controlled well, and their distribution is usually not
uniform.>® In the latter, surfactant or stabilizing agent is often
used in the preparation, which is generally difficult to be
removed and will result in decrease of catalytic activity.””
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Figure 1. TEM (a—c) images with different resolutions and SEM (d) image of PdTe NTs/GO nanocomposites.

It is noteworthy that some recent works reported that GO
could play a role of “surfactant” in the surfactant-free synthesis
of nanostructured catalysts owing to its uniquely amphiphilic
structure.””*' Therefore, it is possible to avoid both of the
aforementioned defects to obtain metal/GO nanocomposites.
To the best of our knowledge, there have been few reports
about the surfactant-free synthesis of GO-supported nanotubes
electrocatalysts up to now.

Herein, we report a facile and universal method for the clean
synthesis of high-quality 1D Pd-based (PdTe, PdPtTe, and
PdAuTe) nanotubes (NTs)/GO nanocomposites by using GO
as a dispersing and stabilizing agent in template-directed
synthesis. After electrochemical reduction process, the as-
formed PdAuTe NTs/reduced GO (rGO) and PdTe NTs/
rGO nanocomposites were used to electrocatalyze the ethanol
oxidation reaction in alkaline. They exhibited higher electro-
catalytic activity and durability than commercial Pd/C catalyst.
In particular, the composition-optimized Pd,;Auj;Te,; NTs/
rGO nanocomposites possess the mass activity of 5.31 mA
ug 'pg, which is 5.16-fold that of commercial Pd/C catalyst.
This study demonstrates that the Pd-based NTs/GO nano-
composites have the potential to be used as a highly efficient
electrocatalyst for DEAFCs and that the facile method can
probably inspire more utilization of graphene to design novel
metal/GO nanocomposites.

B EXPERIMENTAL SECTION

Reagents and Materials. Tellurium dioxide powder (TeO,,
99.99%) was obtained from Aladdin Chemistry Co., Ltd. Hydrazine
monohydrate (N,H,-H,0, 85%, AR), palladium(II) chloride (PdCL,
AR), tetrachloroauric(IlI) acid hydrate (HAuCl,-4H,0, AR), and
potassium tetrachloroplatinate (II) (K,PtCl,, AR) were purchased
from the Sinopharm Chemical Reagent Co., Ltd. Sodium dodecyl
sulfate (SDS, 99%) was provided by Sigma-Aldrich. Commercial Pd/C
(20 wt % on activated carbon) was obtained from Alfa Aesar (China)
Chemicals Co., Ltd. GO was commercially available from Nanjing
XENANO Materials Tech Co., Ltd. All chemicals were used directly
without any further purification.

Synthesis of Te Nanowires. Te nanowires (NWs) were prepared
by following the method provided by Chang et al.** Simply, 10 mL of
N,H,H,0 was mixed with TeO, (0.032 g) powder under constant
magnetic stirring at room temperature for about 30 min, with the color
of the solution changing from colorless to blue. The mixture was 10-
fold diluted with SDS (10 mM) for the closure of the growth of Te
NWs and was then treated three times with a centrifugation/wash
cycle. The residue was finally dispersed in 8 mL of ultrapure water.

Synthesis of Pd-Based NTs/GO Nanocomposites. The
obtained Te NWs (0.4 mL) were mixed with GO (1 mL, 0.5 mg/
mL). Next, PACl, (2.5 ymol) and different amounts of HAuCl, (0.075
pmol, 0.15 gmol and 0.25 yumol) were added to the mixture together
to prepare PdAuTe NTs/GO nanocomposites with Pd/Au/Te mass
ratios of 62:17:21, 47:33:20, and 31:49:20, respectively. There was no
HAuCl, addition when synthesizing PdTe N'Ts/GO nanocomposites.
Stirring was continued for 15 min until the color changed from blue to
dark yellow. Last, the nanocomposites were collected after
centrifugation and washed by ultrapure water. When the HAuCl,
precursor was replaced by K,PtCl, (2.5 pmol), PdPtTe NTs/GO
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Figure 2. TEM (a, b), HRTEM (c, d), and SEM (e, f) images of PdPtTe NTs/GO and PdAuTe NTs/GO nanocomposites.

nanocomposites were synthesized. Eventually, the nanocomposites
were electrochemically reduced for 200 s at the potential of —0.8 V in
NaH,PO, (0.1 M) solution after modifying them onto glassy carbon
electrode (GCE).

Characterization. Transmission electron microscopy (TEM)
images were recorded by a JEM-2100F high-resolution transmission
electron microscope with an accelerating voltage of 200 kV. High-
resolution transmission electron microscopy (HRTEM), cross-sec-
tional line profiles, and energy-dispersive X-ray spectroscopy (EDS)
analyses were measured in the high-angle annular dark field (HAADF)
mode on a FEI TECNAIF-30 microscope operated at 300 kV.
Scanning electron microscope (SEM) measurements were made on a
field-emission scanning electron microscope (Bruker AXS Micro-

analysis GmbH Berlin, Germany) at an accelerating voltage of 3 kV. X-
ray diffraction (XRD) analysis was performed with a Bruker D8
Advance X-ray diffractometer using Cu Ka as radiation source. An
IRIS Intrepid II XSP instrument (Thermo Fisher Scientific, USA) was
used to perform the inductively coupled plasma atom emission
spectroscopy (ICP-AES) measurements. Raman spectrum was
obtained by an inVia Raman spectrometer (Renishaw, UK) equipped
with a confocal microscope (Leica, German) using a 633 nm He—Ne
laser excitation. The X-ray photoelectron spectroscopy (XPS) analysis
was carried out on a Thermo Fisher ESCALAB 250Xi spectropho-
tometer with Al Ko radiator. Samples for TEM measurement were
made by depositing a single drop of as-prepared nanocomposite
solution dispersed in water on copper grids.
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Figure 3. Cross-sectional compositional line profiles of PdPtTe NTs/GO and PdAuTe NTs/GO nanocomposites.

Electrochemical Measurements. Before the measurement, the
GCE was polished by 1.0, 0.3, and 0.05 ym alumina powder and
sonicated in 50% HNO; aqueous solution, then washed by ultrapure
water. For the electrochemical experiments, an appropriate amount of
the as-prepared nanocomposites or the commercial Pd/C suspension
was dropped onto the GCE. After drying at room temperature, 0.28%
Nafion (S5 pL, dissolved in ethanol) was dropped to cover
nanomaterials-modified GCE and air-dried before the electrochemical
test. All the electrochemical measurements of ethanol electro-oxidation
were carried out in a three-electrode cell on a CHI660D electro-
chemical workstation, Chenhua Instruments Corp (Shanghai, China).
A platinum wire was used as auxiliary electrode, Ag/AgCl electrode
was used as reference electrode, and a GCE (diameter = 3 mm, 0.07
cm?) was used as the working electrode.

B RESULTS AND DISCUSSION

The 1D Pd-based nanocomposites were prepared in an
aqueous solution at room temperature by using Te NWs as
both sacrificial templates and reducing agent in the presence of
GO. Because there are a great deal of functional groups with
negative charge in GO," the Te NWs could disperse well in the
solution. Through adding different metal precursors into the
system, corresponding nanocomposites could be obtained
because of the galvanic replace reaction between the precursors
and the Te NWs. ™

Initially, we used a Pd precursor in the synthesis to test the
feasibility of the approach. The morphologies of the
synthesized nanocomposites were characterized through trans-
mission electron microscope (TEM) at first. Figure la shows
that a large number of nanotubes with a uniform size (about 30
nm in diameter, 460 nm in length) are scattered among GO,
and there is no particle with other morphologies, which
preliminarily indicates that 1D Pd-based nanocomposites were
successfully obtained. The TEM images with higher magnifi-
cation in Figure 1b,c clearly reveal the hollow structure with the
nanotube thickness being about 8 nm. Furthermore, the
nanocomposites were analyzed by scanning electron micro-
scope (SEM). A typical SEM image in Figure 1d confirms the
obtainment of 1D NTs/GO nanocomposites. The EDS analysis
(as shown in Figure S3) shows that there are Pd and Te in the
sample in addition to C. The ICP-AES measurement further
shows that the mass ratio of Pd to Te is 77:23. Because of a
smaller amount of metal precursors, along with the coverage of
GO, the diffusion of TeO,*” generated in the replacement
reaction was slowed down, resulting in residual Te in the final
product.*”** Previous studies have indicated that during the
process of turning Te NWs into 1D nanotubes, the residual Te
in the 1D nanostructure would be favorable to improving the
utilization of the noble metals.””** The HRTEM image reveals
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that the observed lattice spacing is about 0.225 nm, which
corresponds to the (111) interplanar distance of PdTe.** The
X-ray diffraction (XRD) pattern of the product is depicted in
Figure 4. The result displays that the as-formed PdTe NTs are
face-centered cubic (fec) crystals.”>* In addition, considering
that the diffraction peak at 26 = 40.05 is associated with the
(111) facet of the fcc crystal, according to the Bragg equation (d
= 4/2 (sin 0)), the d spacing of the lattice was calculated to be
0.225 nm, which is identical to that of the HRTEM. All of the
above analyses demonstrate that the new method was
successfully used to synthesize PdTe NTs/GO nanocompo-
sites.

The valid method can be applied to prepare other Pd-based/
GO nanocomposites, such as PdPtTe or PdAuTe NTs/GO
nanocomposites, by only changing the metal precursors. Figure
2 shows the TEM and SEM images of the as-obtained PdPtTe
NTs/GO and PdAuTe NTs/GO nanocomposites. It clearly
shows that the NTs have a homogeneous size and that GO is
well-mixed with them. The EDS analysis (Figures S4 and S5)
shows that there are Pd, Pt, and Te in PdPtTe NTs/GO and
Pd, Au, and Te in PdAuTe NTs/GO nanocomposites. Figure
2¢,d shows the HRTEM images of single PdPtTe and PdAuTe
NTs. The lattice spacing of 0.225 or 0.230 nm corresponds to
the (111) interplanar distance of PdPtTe or PdAuTe,
respectively. Moreover, the linear EDS scan across a single
NT shown in Figure 3 reveals that Pd and Pt (or Au) are
homogeneously distributed and that the 1D nanostructure is
obviously hollow. The XRD pattern of the nanocomposites
(Figure 4) shows that they are fcc crystals. Compared with the

Pd, Au, Te., NTS/GO

Intensity (a.u.)

Pd,,Pt, Te,, NTs/GO

MN Pd, Te,, NTS/GO

40 B0 80
28 (degree)

Figure 4. XRD patterns of Pd;;Te,; Pds;Pts;; Tess and Pds AuggTe,,
nanotubes/GO nanocomposites.

diffraction peaks of PdTe NTs/GO nanocomposites, the peaks
of PdPtTe NTs/GO and PdAuTe NTs/GO nanocomposites
have lower diffraction angles, which is in conformity with the
previous report.46

The PdAuTe NTs/GO electrocatalysts prepared without the
use of stabilizing agent possess a superior support. More
importantly, as a Pt-free catalyst, PdAu nanostructures have
been demonstrated to have good electrocatalytic performance
by many research groups. Feng et al. synthesized alloy PdAu
nanoparticles with different atom ratios through coreducing the
two metal precursors, and the catalysts showed enhanced
electrocatalytic activity toward ethanol oxidation.”” Hong et al.
demonstrated that PdAu NW networks had superior catalytic
performance in the process of ethanol electrooxidation.'

Therefore, the new PdAuTe/GO nanostructures are expected
to have good electrocatalytic properties.

In this study, PdAuTe NTs/GO nanocomposites with
different Pd/Au mass ratios were prepared and used as
electrocatalyst in ethanol oxidation. Figures 5 and S6 display
the TEM and SEM images as well as the EDS results of the
PdAuTe NTs/GO nanocomposites with different Pd/Au mass
ratios (Figures SS, S7, and S8). The homogeneous nanotubes
are obviously well-mixed with GO, and there are Pd, Au, and
Te in all the three samples with different ratios. Moreover, the
existence of GO was further proved by Raman spectrum
successfully (Figure S9a).”” ICP-AES analysis accurately
showed that the mass ratios of the three nanocomposites
were 62:17:21, 47:33:20, and 31:49:20, respectively.

The structure of the obtained nanocomposites was further
studied by XPS. Figure 6 shows the XPS spectra of PdAuTe
NTs/GO nanocomposites with different metal ratios and of
Pd;,Te,; NTs/GO nanocomposites. With the addition of Au,
the Pd 3ds;, and 3d;,, peaks of PdAuTe NTs/GO nano-
composites with different metal ratios all shifted toward lower
values when compared with that of Pd,;Te,; NTs/GO
nanocomposites, indicating the electronic structure modifica-
tion of Pd caused by the incorporation of Au.'”*** In addition,
the peaks of Pdg,Au;;Te,; NTs/GO nanocomposites had the
slightest shift, while those of Pd,;Aus;Te,; NTs/GO nano-
composites showed the most significant shift.

Subsequently, the catalytic activities of PdAuTe NTs/GO
nanocomposites were investigated in alkaline solution. The
measurement was conducted in 1.0 M KOH + 0.5 M ethanol
solution using CV at the scan rate of 50 mV s~ under room
temperature. Before that, the GO in the nanocomposites had
been electrochemically reduced. The Raman spectrum in Figure
S9b demonstrates the reduction of GO in the nano-
composites.” Then, the catalysts were treated with CV scan
in 0.5 M H,SO, with scan rate of 100 mV s, aiming to expose
the active sites on metal surface and improve the stability.***°
1D PdTe NTs/GO nanocomposites were used for comparison
in the test and were processed by the same method. Before the
tests for ethanol electrooxidation, the CV curves of the catalysts
have been obtained in a N,-saturated 1 M KOH (shown in
Figure 7). Here, the apparent peaks appearing between —0.33
and —0.23 V in the negative scan were attributed to the
reduction of the Pd oxides, which were formed on the catalysts
surface during the positive scan.”” Obviously, the peaks shifted
to the positive position while the content of Au increased,
implying that the surface activities of the catalysts have been
influenced by Au.*””' Moreover, the electrochemically active
surface area (ECSA) of the catalysts can be computed by
measuring the Coulombic charge for the reduction of Pd oxides
with proper conversion factor (see Supporting Information, eq
1).¥7°1°% The ECSA of Pd,;Au;;Te,; NTs/rGO composites
was 27.8 m* g, which was larger than that of Pd,,Te,; NTs/
rGO composites (16,0 m> g') and smaller than that of
commercial Pd/C (48.3 m* g™').

Figure 8a,b shows the CV curves of the prepared PdAuTe or
PdTe NTs/rGO nanocomposites and commercial Pd/C
catalyst, in which the current density had been normalized on
the basis of the mass of Pd. And Figure S10 displays
corresponding CV curves and current—time curves by normal-
izing the current density with the total mass of metal. The mass
activity for Pd,;Aus;Teyy NTs/rGO nanocomposites is 5.31
mA ug 'pg, which is nearly 5.16- and 2.90-fold that of
commercial Pd/C (1.03 mA ug™'p) and Pd,,Te,; NTs/rGO
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Figure 5. TEM (a) and corresponding SEM (b) images of Pd,;Aus;Te,, NTs/GO nanocomposites.
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Figure 6. XPS spectra of PdAuTe NTs/GO nanocomposites with
different metal ratios and Pd,,;Te,; NTs/GO nanocomposites.
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Figure 7. CV curves of Pd,;Te,; NTs/rGO nanocomposites, PdAuTe
NTs/rGO nanocomposites with different metal ratios, and commercial
Pd/C catalyst, in a N)-saturated 1 M KOH at a scan rate of 50 mV' s7L

nanocomposites (1.83 mA ﬂg_lpd), respectively. The onset
potential of Pd,;Aus;Te,y NTs/rGO nanocomposites is much
lower than that of commercial Pd/C, suggesting improved

kinetics of electrooxidation reaction.”’ Pd,;Au,;Te,y NTs/rGO
nanocomposites also exhibited a higher mass activity (5.31 mA
ug 'pg) compared with Pdg,Au,;,Te,; NTs/rGO nanocompo-
sites (2.94 mA pug 'pg) and PdjAuuTe,y NTs/rGO nano-
composites (4.87 mA ug 'py). Table SI shows the related data
and results of ethanol electrooxidation experiment in alkaline.

In addition, the stability of catalysts was examined by long-
term current—time curve measurement at —0.3 V for 1800 s in
0.5 M ethanol + 1.0 M KOH solution, and the results are
depicted in Figure 8c. At the beginning, there was an obvious
current decay for all the catalysts. This phenomenon may be
caused by the incomplete oxidation of ethanol, in which some
poisonous carbonaceous intermediates are generated and then
adsorbed on the surface of catalysts, covering up the surface
active sites.”” After that, the as-prepared PdAuTe NTs/rGO
catalysts exhibited effective resistance to current decay
compared with PdTe NTs/rGO nanocomposites and commer-
cial Pd/C, implying that the incorporation of Au could
apparently improve the stability of Pd-based electrocatalysts.
Moreover, the comparisons of the catalytic activities before and
after the stability tests are displayed in Figure S11. The
Pd,;Au;Te,; NTs/rGO nanocomposites retained a similar
catalytic activity after the test, and all of the as-prepared
nanocomposites showed slower activity decline compared with
that of commercial Pd/C, showing the enhanced stability of the
as-prepared electrocatalysts.

The notable enhancement of the catalytic activity and
durability of the Pd-based NTs/rGO nanocomposites can be
ascribed to the following reasons: (1) GO, which acts as
stabilizing agent in the surfactant-free synthesis of nano-
composites, can effectively prevent the active sites from being
capped by other surfactants and stabilizers.****** Additionally,
when compared with those general carbon supports, such as
activated carbon and carbon black, GO possesses the merits of
great dispersity and less possibility of severe corrosion and
oxidation.’”*’ The electrochemical reduction could increase its
conductivity as well,"*** and the synergistic effect of rGO with
NTs can contribute to higher catalytic properties.”>*® (2) The
special 1D NTs/rGO nanocomposites structure could
effectively avoid the common disadvantages of the correspond-
ing carbon-supported 0D nanomaterials, i.e., degradation of the
catalyst caused by the intrinsic morphology feature or the
corrosion of the support.””>>* It seems that the 1D
nanostructure might act as a support in turn to prevent the
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Figure 8. CV curves (a and b) and current—time curves (c) of Pd77Te23, PdAuTe NTs/GO nanocomposites and commercial Pd/C catalyst in 1.0 M

KOH containing 0.5 M ethanol. The scan rate of CV is 50 mV s~

stack of rGO,”” which may be conducive for the exposure of
active sites and be prone to provide open space for electrolyte
diffusion around the metal catalysts during the electrocatalysis
process.58 (3) The appropriate incorporation of Au has a
positive effect on the catalytic activity and durability of Pd-
based nanostructures. The XPS results showed that the binding
energies of Pd in PdAuTe NTs/GO nanocomposites shifted to
lower values with the addition of Au in general. Particularly, the
shift in Pd,;Au;3Te,); NTs/rGO nanocomposites exhibiting the
best catalytic properties in the electrochemical experiments was
the largest. Previous studies proved that through modifying the
electron structure and the distribution of Pd on the catalyst
surface Au could influence the bond between Pd and the
reactants or products and facilitate the formation of active sites
of Pd catalysts.”’ However, if the amount of Au is super-
abundant, then the catalytic activity would decline as excess Au
with less catalytic activity would replace active Pd on the
surface.””*

B CONCLUSIONS

We have developed a universal and “clean” method to
synthesize 1D Pd-based (PdTe, PdPtTe, and PdAuTe) NTs/
GO nanocomposites in aqueous solution at room temperature.
GO plays a crucial role as the stabilizing and dispersing agent of
the Te NWs template in the synthesis and serves as the support
of the resulting hybrid catalyst. After electrochemical reduction
process, the catalytic properties of PdTe and PdAuTe NTs/
rGO nanocomposites with different mass ratios were
investigated. They exhibited enhanced electrocatalytic ability
for ethanol oxidation compared with commercial Pd/C

catalysts in alkaline. Specially, the Pd,;Auj;Te,, NTs/rGO
nanocomposites exhibited the highest mass activity of 5.31 mA
ug 'py, which is 5.16-fold that of commercial Pd/C catalyst.
This study proposes a surfactant-free strategy to synthesize
GO-based hybrid materials with controlled morphology, and it
will probably inspire further utilization of graphene to design
various efficient nanocatalysts for fuel cells or other electro-
chemical energy conversion devices.
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