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A template-directed synthesis of one-dimensional hexagonal PdTe
nanowires using Te nanowires as a template through a two-step
hydrothermal process is developed, which exhibit excellent mass
activity of 4.4 A mgpa.*1 for ethanol electrooxidation in an alkaline
medium. This work enriches the controlled synthesis of one-
dimensional noble metal chalcogenide nanomaterials.

Direct ethanol fuel cells are promising as next-generation
power sources due to their high energy density and environ-
mental friendliness." Developing cost-effective and high-
efficiency electrocatalysts for the ethanol oxidation reaction
(EOR) is critical for advancing DEFC technology.? Palladium
(Pd)-based nanomaterials have emerged as viable alternatives
to expensive platinum (Pt) for promoting the EOR in an alkaline
medium.® Pd alloys with oxyphilic base metals like Zn, Sb, Sn
and Bi have shown enhanced EOR activity due to the presence
of Pd-metal dual sites," of which the oxyphilic metal sites
facilitate the removal of poisonous CO and CH, species gener-
ated during the EOR process through the adsorbed OH,gq
species, thereby improving their EOR catalysis.” Furthermore,
incorporating less expensive non-metal atoms such as chalco-
genides (S, Se and Te) can not only adjust the intermediate
adsorption to promote CO oxidation but also modulate the
electronic structure of Pd, enhancing the cleavage of the C-C
bond.®
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Engineering the morphology of noble metal-based nanoma-
terials is another effective way to boost their electrocatalysis by
maximizing the exposure of active sites while minimizing the
consumption of precious metals.” Well-defined tellurium (Te)
nanomaterials can be precisely controlled and synthesized,
serving as ideal templates for fabricating composition-tunable
nanocatalysts.® As a typical example, quaternary PtPdRuTe
nanotubes with optimized incorporation of Pd were synthe-
sized using ultrathin Te nanowires (denoted as Te NWs) as
sacrificial templates, which exhibit enhanced activity and stability
toward the methanol oxidation reaction.’ Recently, another work
associated with the synthesis of one-dimensional (1D) Ir-Te porous
nanowires using Te NWs as a template has also been reported.'

Herein, we present a template-directed synthesis of 1D PdTe
nanowires (denoted as PdTe NWs) for achieving superior EOR
electrocatalysis. Different from a previous report that Pd-Te
nanotubes were synthesized by a galvanic displacement
between Te NWs and H,PdCl, at the expense of the Te NWs
in ethylene glycol (EG) at low temperature,"* PdTe NWs with a
homogeneous hexagonal crystal phase were successfully
synthesized using a high-temperature polyol system in this
study. Profiting from their 1D morphology and unique crystal
phase, the PdTe NWs demonstrate a larger electrochemical
surface area and higher poisoning tolerance, exhibiting
enhanced EOR performances compared to the Pd-Te nano-
tubes. Electrochemical evaluations reveal that the PdTe NWs
have excellent EOR activity of 4.4 A mgpq ' in an alkaline
medium. In addition, the method could be used to synthesize
other hexagonal nanowires, e.g. PtTe,.

Scheme 1 illustrates the template-directed synthesis of
1D PdTe NWs through a two-step hydrothermal process
(see Experimental section for details). Initially, the Te NWs
were synthesized via a typical hydrothermal method.'” As
shown in Fig. S1a-c of the ESI,{ for the transmission electron
microscopy (TEM) images with different magnifications, uni-
form Te NWs are obtained with an average diameter of
ca. 15.6 nm, as seen in Fig. S2 (ESIt) for the histogram showing
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Scheme 1 Schematic illustration showing the template-directed synth-
esis of PdTe NWs through a two-step hydrothermal process.

the diameter statistics. The high-resolution TEM (HRTEM)
image shown in Fig. S1d (ESIt) suggests a lattice fringe of
0.323 nm, corresponding to the (011) facet of hexagonal Te. The
XRD pattern of the Te NWs also matches the hexagonal Te
reference (JCPDS 86-2268) very well, as confirmed by Fig. Sle
(ESIY). Fig. S3 (ESIT) shows the energy-dispersive X-ray (EDX)
spectroscopy results, in which only the Te element presents
besides carbon and copper signals from the sample holder, also
supporting the successful synthesis of Te NWs.

Subsequently, the Te NWs were used as templates to prepare
PdTe NWs. Fig. 1a—c displays the typical TEM images of the as-
prepared PdTe NWs with different magnifications, which main-
tain the 1D morphology of the Te templates, with an average
diameter of ca. 16.2 nm (see Fig. S4, ESIt for the particle size
histogram of the PdTe NWs). In addition, an analysis of the
HRTEM image (Fig. 1d) indicates a lattice fringe of 0.302 nm,
corresponding to the (101) facet of the hexagonal PdTe phase.
EDX spectroscopy (Fig. S5, ESIt) shows a Pd/Te atomic ratio of
ca. 0.48/0.52, close to the stoichiometric ratio of the elements in
the PdTe sample. The XRD pattern (Fig. le) verifies the hex-
agonal structure of the PdTe NWs (JCPDS 29-0971), with a
discernible diffraction peak at 27.5° attributable to the residual
Te from the templates. Furthermore, the EDX-based element
maps (Fig. 1f-i) demonstrate that Pd and Te distribute evenly
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Fig. 1 (a)-(c) TEM images with different magnifications, (d) HRTEM image,
(e) XRD pattern, and (f)—(i)) STEM and corresponding EDX-based element
maps of the PdTe NWs.
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throughout the wire-like sample, definitely supporting the
successful synthesis of PdTe NWs with the homogeneous
hexagonal phase.

To elucidate the reaction mechanism for forming hexagonal
PdTe nanowires in a high-temperature polyol system, a
morphological-evolution study was conducted by quenching
the reaction system at various time intervals. As shown in
Fig. Sea-c (ESIf), some small Pd nanoparticles are initially
observed on the surfaces of the Te NWs at early stages.
Subsequently, the particles on the surface of the nanowires
gradually disappear, accompanied by the homogenization of
the nanowires, proving that Pd atoms and Te atoms interdif-
fuse to form PdTe nanowires (Fig. S6d-f, ESIt). As schematically
shown in Fig. S7 (ESIt), we speculate that the reaction mecha-
nism for forming hexagonal PdTe nanowires between the Pd
precursor and Te nanowires involves: (i) the PdCl,*~ precursor
is reduced to individual Pd nanoparticles in a high-temperature
polyol system, which deposits on the surface of the Te NWs; (ii)
subsequently, the interdiffusion (also called Kirkendall effect)
of Pd and Te atoms occurs due to their close electronegativity
(Pd: 2.2; Te: 2.1) and similar atomic radii (Pd: 1.37 A; Te: 1.70 A)
to form alloy PdTe NWs.

X-ray photoelectron spectroscopy (XPS) was conducted to
investigate the electronic interaction between Te and Pd. The
XPS full spectrum and high-resolution Pd 3d and Te 3d spectra
of the PdTe NWs are shown in Fig. S8 and S9 (ESIt). Compared
to commercial Pd/C, the Pd 3d binding energies of the PdTe
NWs are slightly lower, suggesting slight electron shift from Te
to Pd in the PdTe NWs,**”” and this shift could be attributed
to the electronegativity differences between Pd (2.20) and Te
element (2.10).

The changes in electronic properties of Pd in the PdTe NWs
would inevitably affect their electrocatalysis in typical electro-
chemical reactions by altering the adsorption and desorption of
reaction intermediates. Before the electrochemical tests, the
PdTe NWs were loaded on a commercial Vulcan XC-72R sub-
strate by sonication. Fig. S10 (ESIt) shows the TEM image of the
carbon-supported PdTe NWs (labeled as PdTe NWs/C). The
cyclic voltammetry (CV) curves were recorded for both PdTe
NWs/C and commercial Pd/C in 1 M KOH solution. As shown in
Fig. S11 (ESIt), the peaks observed from 0.6 to 0.9 V are
assigned to the reduction of the Pd oxide layer on the catalyst
surface,'® while the peak at 0.98 V for the PdTe NWs/C is
attributed to the oxidation of Te.”” The PdO peak of the PdTe
NWs/C shifts positively in comparison with that of commercial
Pd/C, which implies that the active sites exposed on the PdTe
NWSs/C are easier to recover.'* Considering that the Pd oxida-
tion might reach the sublayer or even deeper into the crystals,
the electrochemical active surface areas (ECSAs) of these cata-
lysts were evaluated by stripping a Cu monolayer that was
deposited on the electrode through the Cu underpotential
deposition (Cuupd) method." The CV curves for Cuupd experi-
ments are shown in Fig. S12 (ESIt), and the ECSAs determined
from the Cuupd method are 46.9 and 38.3 m> g™, respectively,
as listed in Table S1 and Fig. S13 (ESIt). The higher ECSA of the
PdTe NWs/C than that of the Pd/C catalyst could be attributed

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) CVs of the PdTe NWs/C and Pd/C for the EORin1 M KOH + 1 M
ethanol solution; CVs of (b) the PdTe NWs/C and (c) Pd/C before and after
500 cycles; (d) chronoamperometric tests showing the stability of the
catalysts; (e) electrochemical impedance spectroscopy; (f) CV curves of
CO stripping in 1 M KOH solution; (g) comparison between Pd Te NWs/C
and other reported Pd-based EOR catalysts.

to the rough surfaces of the 1D nanowires, which could facil-
itate the electrocatalytic oxidation of ethanol molecules.

As expected, the PdTe NWs/C exhibit higher current density
for the EOR in 1 M KOH + 1 M CH;CH,OH electrolyte. As
displayed in Fig. 2a, two characteristic oxidation peaks are
identified from the CV curves, in which the peak in the forward
scan is associated with ethanol oxidation, while the peak in the
reverse scan originates from further oxidation or removal of the
poisoning carbonaceous intermediates.'® Notably, the PdTe
NWSs/C show much higher mass activity (4.4 A mgpq~ ") than
that of the commercial Pd/C catalyst (1.3 A mgpq '). We also
normalized the activities by the ECSA to obtain the specific
activity. Again, the PdTe NWs/C show better EOR performance
(9.4 mA cm™?) relative to the Pd/C catalyst (3.4 mA cm™2), as
observed in Fig. S14 (ESIt). To make it easier for comparison,
the mass and specific activities of relevant catalysts are sum-
marized in Fig. S15 and Table S1 (ESIt). The stability of the
catalysts is also an essential factor to evaluate the electrocata-
lytic performance. The stability of the PdTe NWs/C and Pd/C
was examined by continuous CV scans in ethanol-containing
electrolyte. As depicted in Fig. 2b and ¢, the PdTe NWs/C show
an activity decrease by 37.9% in the CV curves after 500 cycles.
In contrast, the activity of the commercial Pd/C catalyst sharply
decreases by 60.5% after 500 cycles, probably due to its easy CO
contamination and particle aggregation.'” In addition, chron-
oamperometry (CA) was employed as another method to esti-
mate the stability of the PdTe NWs/C and Pd/C catalyst. As
shown in Fig. 2d, the PdTe NWs/c demonstrate a higher current
density compared with Pd/C, further verifying their better
stability. Furthermore, ten consecutive cycles of PdTe NWs/C
in a fresh 1 M KOH containing 1 M ethanol solution were
conducted. As shown in Fig. S16 (ESIt), there is no significant
decrease in the initial mass activity of the PdTe NWs/C.

This journal is © The Royal Society of Chemistry 2024
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The PdTe NWs/C after the stability test were characterized by
TEM. As revealed by the TEM image (Fig. S17, ESI{), negligible
change is observed in the morphology and sizes for the PdTe
sample. The corresponding composition change was detected
by EDX. As shown in Fig. S18 (ESIY), the Pd/Te atomic ratio is
0.57/0.43, with subtle change compared with the original one.
Furthermore, EDX-based element maps of the PdTe NWs/C
after the stability test prove that the Pd and Te elements retain a
uniform distribution in the nanowires (Fig. S19, ESIt), also
confirming higher catalytic stability of the PdTe NWs/C towards
ethanol electrooxidation.

To further elucidate the reasons behind the enhanced EOR
catalysis, electrochemical impedance spectroscopy (EIS) of the
catalysts for the EOR was investigated. The PdTe NWs/C exhibit
a smaller impedance arc radius in comparison with that of the
Pd/C catalyst (Fig. 2e), indicating their lower charge-transfer
resistance."® Additionally, electrochemical CO stripping curves
(Fig. 2f) demonstrate that the peak potential of CO stripping on
the PdTe NWs/C (0.815 V) is more negative than that on Pd/C
(0.835 V), suggesting that the former possesses better CO,qs
intermediate tolerance.'® It has been well documented that
ethanol oxidation includes C1 and C2 pathways. The EOR
selectivity of Pd for the C1 pathway has been uncovered to be
very low (<7.5%).> However, previous studies reveal that the
introduction of Te into Pd significantly improves the C1 selec-
tivity of the EOR process (56.6% or higher).*? The good CO
tolerance on PdTe NWs is beneficial to eliminate the toxic
intermediate species such as CO,4 and CH, generated in the C1
process, thus promoting the C1 pathway. In addition, the 1D
feature of the PdTe NWs provides a large surface area, deliver-
ing more active sites for electrochemical reactions, thus enhan-
cing the EOR performance.”® Also, as summarized in Fig. 2g
and Table S2 (ESIT), the remarkable mass activity of the PdTe
NWs/C also outperforms that of many reported Pd-based EOR
electrocatalysts. Moreover, the PdTe NWs/C also exhibit rela-
tively higher catalytic activity for the methanol oxidation reac-
tion (MOR) and ethylene glycol oxidation reaction (EGOR) in an
alkaline medium, as shown in Fig. S20 and S21 (ESIY).

Impressively, the template-directed synthesis can be extended to
produce other metal-Te systems. With Te as the template, high-
quality PtTe, nanowires (donated as PtTe, NWs) have been success-
fully fabricated. Fig. 3a—c presents the typical TEM images of the as-
obtained PtTe, NWs with 1D morphology. The clear lattice fringe of
0.289 nm in the HRTEM image could be indexed to the (101) facet
of the hexagonal PtTe, phase (Fig. 3d). The EDX analyses (Fig. S22,
ESIY) testify an appropriate 1/2 ratio for Pt/Te in the as-prepared
PtTe, NWs/C. The XRD pattern in Fig. 3e verifies the hexagonal
phase of the synthesized PtTe, NWs. EDX-based element maps
give rise to uniform distribution of Pt and Te in the nanowires
(Fig. 3f-i), corroborating the successful synthesis of homogeneous
PtTe, NWs using Te NWs as the template.

In summary, we have developed a template-directed synth-
esis of one-dimensional hexagonal PdTe nanowires. The hex-
agonal PdTe nanowires show excellent EOR electrocatalysis in
an alkaline medium with a specific activity of 9.4 mA cm™~> and
mass activity of 4.4 A mgpy ™ '. Furthermore, this method could
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Fig. 3 (a)—(c) TEM images, (d) HRTEM image, (e) XRD pattern, and (f)-(i)
STEM and corresponding EDX-based element maps of the PtTe, NWs.

be extended to synthesize hexagonal PtTe, nanowires. This
work emphasizes composition and morphology tuning in
designing efficient electrocatalysts for typical electrochemical
reactions and gives rise to the construction of one-dimensional
noble metal-based nanostructures.
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