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Pd-based bimetallic or multimetallic nanocrystals are considered to be potential electrocatalysts for
cathodic oxygen reduction reaction (ORR) in fuel cells. Although much advance has been made, the
synthesis of component-controlled Pd-Sn alloy nanocrystals or corresponding nanohybrids is still
challenging, and the electrocatalytic ORR properties are not fully explored. Herein, component-
controlled synthesis of Pd,Sn, nanocrystals (including PdsSn, Pd,Sn, PdsSn,, and PdSn) has been realized,
which are in situ grown or deposited on pre-treated multi-walled carbon nanotubes (CNTs) to form
well-coupled nanohybrids (NHs) by a facile one-pot non-hydrolytic system thermolysis method. In
alkaline media, all the resultant Pd,Sn,/CNTs NHs are effective at catalyzing ORR. Among them, the
PdsSn/CNTs NHs exhibit the best catalytic activity with the half-wave potential of 0.85 V (vs. RHE), good
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Accepted 17th December 2023
its strong interaction or efficient electronic coupling with CNTs. This work is conducive to the

DOI: 10.1039/d3ra07657a advancement of Pd-based nanoalloy catalysts by combining component engineering and a hybridization
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1. Introduction

Efficient electrochemical energy conversion and storage devices
play a critical role in mitigating global climate change and
energy crises.'” Recently, electrochemical energy conversion
and storage devices using oxygen as raw materials, such as fuel
cells and metal-oxygen batteries, have been widely studied
owing to their high theoretical energy density and environ-
mental friendliness, but the development of such devices is still
limited by the slow oxygen reduction reaction (ORR) kinetics.**°
Pt-based catalysts are currently the dominant type of catalysts
for oxygen reduction, but they suffer from low abundance, high
cost, and poor resistance to CO molecules, which limit their
commercial applications."** Consequently, exploring alterna-
tive non-Pt-based catalysts with enhanced ORR activity and
stability has attracted extensive attention in recent years.
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strategy and promoting their application in clean energy devices.

To date, many low-cost non-Pt-based catalysts have been
explored, such as metal oxides,'*" heteroatom-doped carbon
materials,"?* and metal-organic skeleton materials,* > but these
catalysts are far from meeting the requirements of high activity
and stability of ORR.*** Several approaches have been proposed to
improve the ORR activity and stability of non-Pt-based catalysts,
including regulating the electronic configuration, oxygen adsorp-
tion strength, and stability through compositional control and
selecting appropriate catalyst supports.>*>* As for the composition
regulation, Pd-based catalysts, particularly Pd-based bimetallic
catalysts, have been intensively investigated due to Pd's similar
electronic configuration to Pt, higher abundance, and lower cost
compared with Pt.>**" The design concept of Pd-based bimetallic
catalysts is to improve ORR activity while reducing the cost of
catalyst by introducing cheap secondary metals such as Cu,***
Zn,* Ni,* Co,***” Fe,*® Mn,* Mo,” and Sn.** Among them, Sn is
abundant, cheap, and can form a variety of nanocrystalline alloys
with palladium.”** The preparation of Pd-Sn bimetallic nano-
structures is of great significance for improving the ORR activity
and stability of Pd-based catalysts.**** In terms of the selection of
catalyst support materials, carbon-based materials such as gra-
phene, carbon blacks, nitrogen-doped carbon materials, and
carbon nanotubes (CNTs) are widely used due to their high elec-
trical conductivity, specific surface area, and affordability.***
Among them, CNTs are ideal catalyst support materials due to
their strong flexibility and hollow tubular structure, which is
conducive to accelerating electron transfer and mass transfer
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process.*® Despite these efforts, it remains a challenge to further
improve ORR performance by integrating active Pd-Sn bimetallic
nanostructures onto CNTs through a simple synthetic pathway.

In this work, we report the controllable synthesis and char-
acterization of a series of Pd,Sn, (including Pd;Sn, Pd,Sn,
Pd;Sn,, and PdSn) intermetallic NCs that coupled with multi-
walled CNTs nanohybrids (NHs), which were synthesized by
a facile one-pot non-hydrolytic system thermolysis method. By
only adjusting the molar ratios of Pd and Sn precursors, the
Pd;Sn/CNTs, Pd,Sn/CNTs, Pd;Sn,/CNTs, and PdSn/CNTs NHs
are easily obtained. The synthetic protocol is simple, environ-
mentally friendly, reproducible, and easy for mass production.
Electrocatalytic tests reveal that Pd,Sn,/CNTs NHs are capable
of catalyzing ORR in alkaline conditions. Among them, the
Pd;Sn/CNTs NHs display the best catalytic activity with an onset
potential of 1.02 V (vs. RHE) and a half-wave potential of 0.85 V
(vs. RHE), surpassing most of recently reported Pd-based
bimetallic or multimetallic alloys catalysts. Moreover, the
Pd;Sn/CNTs NHs manifest good durability and are capable of
continuously operating for 5000 cycles without a significant
decrease in catalytic activity. Furthermore, the methanol-
tolerant capability of such Pd;Sn/CNTs NHs outperforms Pt/C
catalysts. This work presents a novel and promising way to
prepare Pd,Sn,/CNTs NHs, which have significant practical
value in the field of energy technology.

2. Experimental section

2.1 Pre-treatment of carbon nanotubes

The CNTs (1.25 g) were firstly refluxed in 92.5 mL of 6 M nitric
acid aqueous solution and vigorously stirred in an oil bath at
80 °C for 24 h. Upon cooling naturally, centrifugation was used
to separate the surface-functionalized CNTs, and washing with
deionized water repeatedly until the supernatant solution was
neutral. After that, the obtained black product was dried over-
night under a vacuum at 50 °C and used for subsequent
experiments.

2.2 Synthesis of Pd,Sn,/CNTs NHs

The Pd,Sn,/CNTs NHs were synthesized via a facile one-pot non-
hydrolytic system thermolysis method by regulating the used Pd
and Sn metal precursors’ molar ratios. The typical Pd;Sn/CNTs
NHs were prepared as follows: 1.5 mmol of C;HsO,Pd and
876 mg of pre-treated CNTs (20 wt%) were mixed into 10 mL of
octadecene and 10 mL of oleylamine in a clean 250 mL three-
necked round flask, and then stirred and ultrasonically
treated for 10 min to form a homogenous solution. After that,
0.5 mmol of C;¢H3¢Sn was added to the above solution and
continuously stirred for 5 min. Subsequently, the reactor was
transferred into the sand bath, and heated to 240 °C for 0.5 h.
Upon cooling naturally, centrifugation was used to separate the
crude product, and the by-products were cleared by washing
with n-heptane and anhydrous ethanol. The obtained black
product was dried overnight under a vacuum at 50 °C and used
for subsequent analysis.
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The synthesis of Pd,Sn/CNTs, Pd;Sn,/CNTs, and PdSn/CNTs
NHs were similar to that for Pd;Sn/CNTs, and the only differ-
ence was that by turning the Pd and Sn metal precursors’ molar
ratios to 2:1, 3:2 and 1:1, respectively.

2.3 Materials characterization

The X-ray diffraction patterns were collected by Rigaku's X-ray
diffractometer. The transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), and energy dispersive spec-
trometer (EDS) images were characterized by JEOL-2100F and
JEM ARM 200F. The Raman spectra were measured by a Raman
spectrum (JY HR 800). The surface chemical states of samples
were analyzed by the X-ray photoelectron spectra (XPS, ESCA-
LAB Xi").

2.4 Electrocatalytic measurements

The electrocatalytic tests were executed on a Rotating Elec-
trode (Gamry) with a glassy carbon disk. All electrochemical
tests were performed at room temperature on a three-
electrode system utilizing an electrochemical workstation
(CHI700E), in which the Pd,Sn,/CNTs NHs ink-modified
glassy carbon disk electrodes (GCEs), the Ag/AgCl electrode,
and Pt sheet were utilized as the working, reference, and
counter electrodes, respectively.

The working electrode was prepared as follows: 2.5 mg
Pd;Sn/CNTs NHs was added to 0.5 mL anhydrous ethanol,
0.5 mL deionized water, and 40 pL Nafion solution (5%), and
ultrasonic dispersion was made into a uniform catalyst ink.
After that, 16 uL of catalyst ink was dropped on the GC
rotating ring-disk electrode (RRDE) and dried. The cyclic
voltammetry (CV) curves were performed at a scanning rate
of 100 mV s ! in N,- and O,-saturated 0.1 M KOH electrolyte
in the range of —0.8 V to 0.2 V (vs. Ag/AgCl). Linear sweep
voltammetry (LSV) curves were collected in O,-saturated
0.1 M KOH electrolyte at a scanning rate of 5 mV s~ ' in the
range of —0.8 V to 0.2 V (vs. Ag/AgCl) at speed of 400, 800,
1200, 1600, and 2500 rpm. For comparison, the commercial
Pt/C (20%, Alfa Asear) catalyst modified RRDE was also
prepared. In this work, all potentials are converted into
relatively reversible hydrogen electrode (RHE) values, and
the current density is normalized about the geometric area
of the glassy carbon.

3. Results and discussion
3.1 Characterization of Pd,Sn,/CNTs NHs

The schematic diagram of the synthesis of Pd,Sn,/CNTs NHs
is presented in Fig. 1. To effectively capture Pd and Sn
precursors on CNTs to grow Pd,Sn,, NCs, the CNTs were firstly
treated with concentrated nitric acid to introduce oxygen-
containing groups. The overall morphology of CNTs
(Fig. S1A and BY) was maintained well after acid treatment.
The related Raman spectra (Fig. S1C}) proved that the pre-
treated CNTs have a large number of ordered (G band) and
disordered (D band) structures.?>*” Further FT-IR spectra
(Fig. S1Dt) analyses confirmed that the oxygen-containing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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groups had been successfully introduced on the surface of
pretreated CNTs, which could provide strong bonding and
efficient “landing” sites for the growth of Pd,Sn, NCs. In
a typical synthesis, the proper amount of pre-treated or
surface functionalized CNTs was added to the mixed solution
containing oleamine and octadecene in a clean 250 mL three-
necked round flask, and then the palladium acetate and tet-
rabutyltin with different molar ratio were added in turn.
Subsequently, the reactor was heated to 240 °C for 0.5 h, the
desired Pd,Sn, NCs would nucleate and in situ grow or deposit
on the surface of CNTs to generate well-coupled NHs.

The component, phase structure, and crystallinity of the
typical Pd;Sn/CNTs NHs were first identified by powder X-ray
diffraction (XRD), energy dispersive spectroscopy (EDS), and
Raman spectra. Fig. 2A shows the related XRD pattern. The
diffraction peaks at 39.3°, 45.5°, 66.7°, and 80.1° belong to the
(111), (200), (220), and (311) planes of the cubic phase Pd;Sn
(JCPDS-65-8225), respectively. Except for those four diffrac-
tion peaks, another shoulder peak appeared at about 26°
belongs to the characteristic (002) planes of CNTs. Further
EDS analyses (Fig. S2t) reveal that only Pd, Sn, C, and O
elements can be detected in the typical Pd;Sn/CNTs NHs. The
molar ratio of Pd to Sn was estimated to be approximately 3 : 1
based on integration calculation. As for the observed small O
peak, it is most likely derived from CNTs' unbound oxygen-
containing groups or air. To confirm the existence of the
CNTs component, the Raman spectra test was also performed.
Two characteristic Raman peaks can be observed at around
1360 and 1582 cm ™' (Fig. 2B), corresponding to the D band
(disordered C, sp® hybridization) and G band (ordered C, sp”
hybridization) of carbon-based nanostructures, respectively.
The above results demonstrate the successful synthesis of
Pd;Sn/CNTs NHs.

Ethanol + n-heptane

Centrifugation

‘ Pd2+ Sn4+

Fig. 1 Diagram of the synthesis process of Pd,Sn,/CNTs NHs.
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To further verify the surface component and chemical
states of the Pd;Sn/CNTs NHs, X-ray photoelectron spec-
troscopy (XPS) tests were performed. The survey XPS spectra
of Pd;Sn/CNTs NHs (Fig. S37) further indicate the presence
of Pd, Sn, C, and O elements, which is consistent with the
XRD and EDS results. Fig. 2C shows the C 1s XPS fine
spectra, the signals are deconvoluted into a strong peak
centered at 284.8 eV and two weak peaks located at 285.7 and
288.6 eV, which are assigned to C=C, C-O, and O=C-O
bonds, respectively.*® The presence of C-O and O=C-O
bonds also affirms the surface group functionalization on
CNTs, which is further evidenced by O 1s spectra. Fig. 2D
displays that the deconvoluted peaks at 531.1, 531.9, 532.9,
and 534.1 eV are corresponding to the binding energies of
M-O, O-H, C-O/H,0 and C=O0/M-O-C bonds, respec-
tively.*® The presence of M-O indicates that partial surface
metal atoms are oxidized. The Sn 3d spectra (Fig. 2E) present
two doublet peaks at 485.6 and 494.0 eV (3ds,, and 3d3,, of
Sn®) and 487.0 and 495.5 eV (3ds;, and 3d;, of Sn*'*"),
respectively. Notably, the existence of high-valenced Sn is
likely owing to the slight surface oxidation of Sn into
amorphous SnO,, as it has a higher affinity for oxygen
compared to Pd. Additionally, electron transfer from Sn to
Pd on the surface occurs due to the lower electronegativity of
Sn relative to Pd. As displayed in the Pd 3d spectrum
(Fig. 2F), the binding energies of 336.0, 337.3, and 338.3 eV
are attributed to 3ds,, peaks for elements Pd®, Pd**, and Pd**
respectively.*®*® Similarly, surface high-valenced Pd can be
found in Pd;Sn/CNTs NHs, but the catalyst is still dominated
by metallic Pd. Meanwhile, the addition of Sn is conducive to
inhibiting the oxidation of Pd to a certain extent (Fig. S4A-
D), but excessive Sn will reduce the percentage of Pd°, thus
affecting ORR activity.

@ carbon nanotube
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Fig. 2
the typical PdzSn/CNT NHs.

The low-magnification transmission electron microscopy
(TEM) image (Fig. 3A) displays numerous homogeneous
spherical black spots on the gray tubular nanostructures.
Based on their contrast variations, it is plausible to infer that
the small black spots correspond to the Pd;Sn NCs, while the
gray tubular substances are associated with the CNTs. By
conducting a statistical analysis on more than 50 particles, it
was determined that the average size of Pd;Sn NCs is
approximately 7.2 nm (inset of Fig. 3A). The high-
magnification TEM image (Fig. 3B) of an individual Pd;Sn/
CNTs reveals the spontaneous assembly of small Pd;Sn NCs
into a network-like structure surrounding the outer surface of

774 | RSC Adv, 2024, 14, 771-778
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(A and B) XRD pattern (A) and Raman spectra (B) of PdzSn/CNT NHs. (C—F) The C 1s (C), O 1s (D), Sn 3d (E), and Pd 3d (F) fine XPS spectra for

CNTs. This arrangement promotes electron conduction and
electrolyte infiltration. The corresponding high-resolution
TEM (HRTEM) image (Fig. 3C) demonstrates a distinct
interface between the Pd;Sn NCs and CNTs with the Pd;Sn
NCs firmly bound to the outer wall of the CNTs. This binding
enhances the interaction between the Pd;Sn NCs and CNTs,
thereby improving the stability of the NHs. Moreover, the
presence of lattice fringes with a spacing of approximately
0.23 nm, attributed to the (111) plane of the cubic phase
Pd;Sn (JCPDS-65-8225), indicates the existence of Pd;Sn in
the NHs. Additionally, another set of lattice fringes with
a spacing of around 0.34 nm, corresponding to the (002) plane

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A and B) The low- (A) and high- (B) magnification TEM images of the typical PdsSn/CNTs NHs. (C) HRTEM image for the PdsSn NCs on an

individual CNT. (D) Corresponding HAADF-STEM image and elemental mapping for PdzSn/CNT NHs.

of the hexagonal graphite (JCPDS-26-1080), which represents
the CNTs component in the NHs, is also observed. Further-
more, the high-angle annular dark field-scanning TEM
(HAADF-STEM) image and elemental mapping (Fig. 3D)
demonstrate that the Pd and Sn elements are evenly distrib-
uted along the CNTs to form well-coupled NHs.

For comparison, other Pd,Sn,/CNTs NHs with different
compositions and crystal structures were synthesized using
a similar preparation procedure as Pd;Sn/CNTs. By only
tuning the Pd and Sn metal precursors' molar ratios to 2:1,
3:2,and 1:1, the Pd,Sn/CNTSs, Pd;Sn,/CNTSs, and PdSn/CNTs
NHs can be obtained, respectively. As shown in Fig. S5-S7,F
the microstructure and components characterized by TEM,
XRD, and Raman spectra display that Pd,Sn,, NCs in the three
samples were firmly bound to the outer wall of CNTs. The
lattice fringes are spaced about 0.21, 0.28, and 0.33 nm,
respectively, belongs to the (020) planes of orthorhombic
phase Pd,Sn (JCPDS-52-1515), the (002) planes of hexagonal

© 2024 The Author(s). Published by the Royal Society of Chemistry

phase Pd;Sn, (JCPDS-4-801), and the (011) planes of ortho-
rhombic phase PdSn (JCPDS-65-2603). The corresponding
XRD patterns and Raman spectra further confirm the
successful preparation of three Pd,Sn, (Pd,Sn, Pd;Sn,, and
PdSn)/CNTs NHs.

3.2 Electrocatalytic evaluation of Pd,Sn,/CNTs NHs

The ORR electrocatalytic performance of typical Pd;Sn/CNTs
NHs was tested by a standard three-electrode system with
0.1 M KOH solution as the electrolyte. Fig. 4A displays the
cyclic voltammetry (CV) curves of Pd;Sn/CNTs NHs in N,- and
O,-saturated electrolytes, respectively. Compared with the N,
atmosphere, a small cathode peak at around 0.83 V appeared
under the O, atmosphere, indicating the potential ORR
activity of Pd;Sn/CNTs NHs. The ORR polarization curves
(Fig. 4B) show that the current density of Pd;Sn/CNTs NHs is
gradually increased when the electrode rotation rates are
raised from 400 to 2500 rpm, suggesting the ORR process on

RSC Adv, 2024,14, 771-778 | 775
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Fig. 4

(A) The CVs of PdsSn/CNTs NHs. (B) ORR polarization plots of PdsSn/CNTs NHs at different rotating rates. (C) The peroxide species yield

(black color) and the number of transferred electrons (n) (red color) of PdsSn/CNTs NHs. (D) The durability test for PdzSn/CNTs NHs.

Pd;Sn/CNTs NHs follows first-order kinetics. Meanwhile, the
ORR polarization curve at 1600 rpm displayed that the Pd;Sn/
CNTs NHs exhibit an onset potential of 1.02 V (vs. RHE) and
a half-wave potential of 0.85 V (vs. RHE), which are superior to
many Pd-based alloys and multimetallic catalysts (Fig. S8A, B
and Table S1f). Meanwhile, the pure Pd;Sn NCs were
synthesized as shown in Fig. SOA-D.T The onset potential and
half-wave potential of Pd;Sn/CNTs NHs are much more
positive than that of pure CNT and pure Pd;Sn NCs
(Fig. S107). In addition, the apparent current density of pure
CNTs and pure Pd;Sn NCs is lower than that of Pd;Sn/CNTs
NHs. Moreover, the Koutecky-Levich (K-L) plot calculated
from the —0.6 V vs. Ag/AgCl shown in the inset of Fig. 4B
implies the number of transferred electrons (n) during ORR is
about 4.0, which is in accord with the result measured by
RRDE (Fig. 4C), illustrating Pd;Sn/CNTs NHs abides a “4e™”
pathway from O, to OH . In contrast to Pd;Sn/CNTs NHs, the
lower n values of pure CNT and pure Pd;Sn NCs indicate that
their reaction pathway is not exactly “4e™” (Fig. S11AfT).
Meanwhile, the peroxide species yields (HO, ) on Pd;Sn/
CNTs NHs were lower than about 10% at different poten-
tials (Fig. 4C), while that of pure CNT and pure Pd;Sn NCs was
significantly higher than that of Pd;Sn/CNTs NHs
(Fig. S11Af), highlighting the superior ORR efficiency of
Pd;Sn/CNTs NHs. In addition, electrochemical impedance
spectroscopy shows that the presence of CNTs significantly
reduced the interfacial charge transfer impedance of Pd;Sn/

776 | RSC Adv, 2024,14, 771-778

CNTs NHs (Fig. S11B and Cft). Also, Pd;Sn/CNTs NHs
displays superior catalytic stability compared to pure Pd;Sn
NCs (Fig. S11Dt). Moreover, the durability tests measured by
CV cycles (Fig. 4D) displayed that Pd;Sn/CNTs NHs exhibited
a slight negative shift in E;/, with a value of 17 mV after 5000
CV cycles, which is smaller than that of the commercial Pt/C
catalyst (Fig. S127), indicating that Pd;Sn/CNTs NHs had good
ORR stability. Furthermore, such Pd;Sn/CNTs NHs have great
methanol tolerance capability (Fig. S131), showing applica-
tion prospects on methanol fuel cells.

To highlight the superiority of Pd;Sn/CNTs NHs on ORR
activity, the Pd,Sn/CNTs, Pd;Sn,/CNTs, and PdSn/CNTs
catalysts were utilized for comparison. Impressively, Pd;Sn/
CNTs NHs show optimal E,,s¢ and E;,, among all studied
samples (Fig. 5A), which are more positive than those of
Pd,Sn/CNTs, Pd;Sn,/CNTs, and PdSn/CNTs. Additionally,
Pd;Sn/CNTs NHs present a more ideal “4e”” ORR mechanism
and lower HO, yield in comparison with other samples
(Fig. 5B). Moreover, the kinetic current density (/) of Pd;Sn/
CNTs NHs is computed to be 75.6 mA cm™ > at 0.55 V (vs.
RHE), which is nearly 19.4, 3.3 and 2.3 times to PdSn/CNTs
NHs, Pd,Sn/CNTs NHs, and Pd;Sn,/CNTs NHs, respectively
(Fig. 5C). Similarly, the mass activity (J,,,) value of Pd;Sn/CNTs
NHs is superior to other samples yet (Fig. 5D and S147). The
above results confirmed that Pd;Sn/CNTs NHs have the
highest intrinsic activity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of Pd,Sn,/CNTs NHs. (C) Kinetic current density (Ji) versus potential plots for those Pd,Sn,/CNTs NHs. (D) Mass-specific activities of Pd,Sn,/CNTs
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4. Conclusions

In summary, a series of Pd,Sn, (Pd;Sn, Pd,Sn, Pd;Sn,, PdSn)/
CNTs NHs were successfully fabricated by in situ growth of
Pd,Sn, NCs on functionalized CNTs using a one-pot non-
hydrolytic system thermolysis method. In those Pd,Sn,/CNTs
NHs, the Pd,Sn, NCs were evenly distributed and anchored on
the outer walls of CNTs, forming well-coupled NHs with high
crystallinity. Such unique geometric structure can increase the
electronic transport capability and catalytic durability, in favor
of electrocatalytic applications. Electrochemical experiments
proved that all Pd,Sn,/CNTs NHs can well catalyze ORR. Among
them, the Pd;Sn/CNTs NHs display the best ORR catalytic
capability with an onset potential and a half-wave potential of
1.02 and 0.85 V (vs. RHE), respectively. In addition, the stability
and methanol tolerance capability of Pd;Sn/CNTs NHs exceed
Pt/C. According to TEM characterization and electrochemical
test results, the great ORR activity of Pd;Sn/CNTs NHs derives
from their small size NCs building blocks, proper alloy
component, and strong interplay or coupling between NCs and
CNTs, which helps to increase mass activity and structure
stability, even optimizes the adsorption/desorption on catalysts
surface. This work is conducive to the advancement of Pd-based
alloy catalysts or related NHs, and promoting their application
in clean energy devices such as fuel cells and metal-air batteries.
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