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Designing efficient electrocatalysts for the oxygen reduction reaction (ORR) is crucial to enhance the
energy efficiencies of metal-air batteries and fuel cells. Palladium (Pd) catalysts show great potential
due to their high intrinsic activity towards ORR but suffer from inferior durability. Here, we aim to
employ tin oxide (SnO2) supports to tailor the lattice strain and electron density of Pd catalysts to
enhance their ORR performance. By using electrospinning and solvothermal techniques, a hierarchical
Pd/SnO2 hybrid catalyst was facilely synthesized with Pd nanoparticles anchored onto both the inside
and outside walls of nanotube-like SnO2 supports. Owing to the SnO2 supports and the endowing
metal-support interactions, tensile-strain and electron-rich features were both verified for the Pd
nanoparticles in the Pd/SnO2 catalyst. In comparison, no such features were found for the Pd nanoparti-
cles in the Pd/C catalyst. As a consequence, the Pd/SnO2 hybrid catalyst exhibits 2.5-times higher mass
activity than the Pd/C catalyst and greatly improved durability with a current decay of 4% loss over
50 h compared with that (18%) of the Pd/C catalyst.
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1. Introduction

Electrocatalytic oxygen reduction reaction (ORR) is widely used
as the central cathodic reaction of metal-air batteries and fuel cells
[1–5]. However, the sluggish kinetics of ORR remain a large obsta-
cle to achieve high energy conversion efficiencies of metal-air bat-
teries and fuel cells. Developing efficient ORR catalysts is crucial for
promoting the development and application of these batteries and
cells. Pt-based catalysts usually have the highest ORR activities, but
their high cost and scarcity impede further advancement in practi-
cal applications [6–10]. Therefore, there is an urgent need to
explore high-performance alternative ORR catalysts.

Recently, palladium (Pd) catalysts have attracted great attention
as promising alternatives to platinum catalysts, owing to its similar
electronic structure but lower cost [11–14]. Pd catalyst suffers from
poor catalytic stability due to its highadsorptionenergies of oxygen-
containing reaction intermediates [15–18]. Various strategies for
constructing Pd-based alloys with additional transitionmetals have
been adopted to improve the ORR performance. For instance, Guo
et al. synthesized Pd-Mo alloys for ORR with high catalytic activity,
where the alloying effects can tune the electronic structures of Pd
active sites [19]. Feng et al. reported that Pd6Ni alloys with core–
shell structures exhibited improved ORR activity, where the surface
Ni atoms can induce a downshift of the d-band center forweakening
theoxygenabsorptionon thePd (111) facet [20]. Indeed, higherORR
activities are achieved for the Pd-based alloyswith optimized chem-
ical compositions and electronic structures. Unfortunately, the cat-
alytic durability improvements of these Pd-based alloys are
limited owing to the unfavorable dealloying and dissolution of tran-
sition metal dopants during the ORR process [21–23].

Metal-support interactions in electrocatalysts are found to cor-
relate with increased catalytic reaction kinetics, where the support
can help to improve the supported metal electrocatalysts catalytic
activities by modifying their electronic structures [24–28]. Nota-
bly, the semiconducting metal oxide supports can reduce the des-
orption energy of the O-containing intermediates at the active sites
and facilitate their separation from the catalytic sites [29,30]. Tin
oxide (SnO2), a typical semiconductor metal oxide, has good elec-
trochemical stability, nontoxicity and low cost and is considered
as an ideal catalyst support [31–34]. We posit that constructing
Pd/SnO2 heterojunction catalysts may tailor the electronic struc-
tures and tune the adsorption energies of reaction intermediates
on Pd metal sites, thereby enhancing the ORR activity and stability.

Herein, we report one facile approach to synthesize Pd/SnO2

heterogeneous catalyst immobilizing Pd nanoparticles uniformly
on the inner and outer walls of hollow SnO2 nanotubes. Such hier-
archical nanostructures can accelerate the reaction kinetics by
increasing the electrolyte diffusion to access Pd active sites and
induce strong metal-support interactions between Pd nanoparti-
cles and SnO2 supports. By combining transmission electron micro-
scopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS), we find that the Pd nanoparticles in an Pd/
SnO2 catalyst are subjected to tensile-strain and electron-rich fea-
tures. However, these features cannot be found for Pd nanoparti-
cles anchored onto a carbon support in a Pd/C catalyst. The
electrochemical tests show that the Pd/SnO2 catalyst exhibits
2.5-fold improvement in mass activity. Meanwhile, compared with
the Pd/C catalyst, the electrochemical stability of the Pd/SnO2 cat-
alyst is improved. These results indicate that the SnO2 supports
and the endowing metal-support interactions play a significant
role in boosting the ORR performance of the Pd/SnO2 catalyst. This
work provides a facile, scalable method to synthesize hierarchical
Pd/SnO2 catalysts, where strong metal-support interactions are
induced to enhance the ORR activity and durability of the Pd/
SnO2 catalyst.
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2. Materials and methods

2.1. Materials

Tin chloride dihydrate (SnCl2�2H2O, 98.0%), N,N-
dimethylformamide (DMF, 99.0%) and ethanol (99.7%) were pur-
chased from Shanghai Chemical Reagent Co., Ltd (China).
Polyvinylpyrrolidone (PVP) (M.W. 1,300,000 and M.W. 10000),
Nafion solution (5 wt%) and sodium tetrachloropalladate (Na2-
PdCl4, 98.0%) were purchased from Sigma-Aldrich (U.S.A). A com-
mercial Pd/C (30 wt%) catalyst was obtained from Johnson-
Matthey (China). Ethylene glycol (99.9%) was brought from Mack-
lin (China).

2.2. Synthesis of the SnO2 nanotubes

SnO2 nanotubes were first prepared via an electrospinning tech-
nique [35]. Typically, SnCl2�2H2O (1.2 g) was dissolved in a mixed
solvent of DMF (5 mL) and ethanol (5 mL) under stirring for 4 h.
Then, PVP (1.2 g, M.W. 1300000) was added to the above mixture
and stirred for 12 h. The mixture was put in an injection syringe
with a feeding rate of 0.25 mL min�1. Electrospun PVP/SnCl2 hybrid
nanofibers were collected on a rotating aluminum collector at a
voltage of 21 kV. The as-obtained electrospun membranes were
placed in an oven at 80 ℃ for 5 h, and the resultant PVP/SnCl2
hybrid membranes were annealed at 600℃ in air for 3 h to prepare
the SnO2 nanotubes.

2.3. Synthesis of the Pd/SnO2 catalyst

The Pd/SnO2 catalyst was prepared via a solvothermal method.
First, the prepared SnO2 nanotubes (40 mg) were dispersed in
ethylene glycol (30 mL) in a vial through ultrasonication. The
mixed solution was heated to 160 ℃ by using an oil bath. PVP
(420 mg, M.W. 10000) and Na2PdCl4 (70 mg) were dissolved in
ethylene glycol (3 mL) in two separate vials. Then, the PVP solution
and the Na2PdCl4 solution were simultaneously added dropwise
into the dispersion of SnO2 nanotubes at 160 ℃. The mixture solu-
tion was maintained at 160 ℃ under stirring for another 1 h. The
black precipitates were obtained through centrifugation and wash-
ing with ethyl alcohol 5 times. Finally, the black products were
dried in a vacuum overnight.
3. Results and discussions

As shown in Fig. 1, we synthesized Pd/SnO2 nanotubes via a
facile approach by using electrospinning and solvothermal tech-
niques. The phase structures of the obtained SnO2 and Pd/SnO2

samples were analyzed by XRD. In the XRD pattern of the obtained
SnO2 sample (Fig. S1), all characteristic peaks are found to be SnO2

with a tetragonal phase. Meanwhile, the characteristic peaks of the
obtained Pd/SnO2 sample are mainly ascribed to metallic Pd in the
face-centered cubic phase and SnO2 in the tetragonal phase accord-
ing to the XRD pattern. No diffraction peaks of impurities are found
in their XRD patterns, indicating the successful preparation of the
Pd/SnO2 hybrid catalyst. Moreover, we further determined the Pd
content in the Pd/SnO2 samples by employing inductively coupled
plasma-mass spectrometry measurements. The weight percentage
of Pd was determined to be 10.4% in the Pd/SnO2 catalyst.

The morphology of the SnO2 and Pd/SnO2 samples was further
observed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As shown in Fig. 2a and 2b, it is clearly
revealed that the SnO2 sample features a nanotube morphology
according to the SEM and TEM observation results. Moreover, it



Fig. 1. Schematic of the synthesis of nanotube-like Pd/SnO2 heterojunction catalysts for the electrocatalytic oxygen reduction reaction (ORR).

Fig. 2. (a) SEM and (b-d) TEM images of the obtained hollow SnO2 nanotubes.
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can be seen in the TEM image that one-dimensional SnO2 nan-
otubes are formed with SnO2 nanoparticles interconnected to each
other (Fig. 2c). These hierarchical structures of the SnO2 nanotubes
show rough surfaces on both the inside and outside walls of the
nanotubes to anchor the electroactive Pd nanoparticles, which
effectively prevent agglomeration of Pd nanoparticles and enlarge
the contact area to induce metal-support interactions between
the SnO2 support and Pd nanoparticles. The N2 isothermal adsorp-
tion/desorption measurement (Fig. S2) shows that the SnO2 sample
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exhibits a typical-type IV isotherm with mesoporous characteris-
tics, with a specific surface area of 8.4 m3 g�1 and a pore size dis-
tribution of 11–25 nm. Furthermore, the (110) crystal plane of
SnO2 is clearly discovered in the TEM image of the SnO2 nanotube
(Fig. 2d), which is in agreement with the XRD results.

By using the SnO2 nanotubes as supports, the Pd/SnO2 sample
was prepared by a one simple solvothermal method. The SEM
images of the Pd/SnO2 sample (Fig. 3a and 3b) show that its nan-
otube structure is well preserved after the solvothermal reaction.



Fig. 3. (a, b) SEM images of the prepared Pd/SnO2 sample. (c-e) TEM images and EDS mapping images of the Pd/SnO2 sample.
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As shown in Fig. 3c, the TEM and energy dispersive spectroscopy
(EDS) images illustrate that the Pd, Sn and O elements are uni-
formly distributed in the Pd/SnO2 nanotube. The TEM image of
Pd/SnO2 reveals that the Pd nanoparticles are uniformly anchored
onto the SnO2 nanotube with diameters of 6–10 nm (Fig. 3d). Espe-
cially, the (111) crystal plane of Pd and the (110) crystal plane of
SnO2 can be clearly observed in the TEM image (Fig. 3e). Notably,
the lattice spacing (0.230 nm) of the Pd nanoparticles supported
onto the SnO2 nanotube is larger than that of metallic Pd
(0.225 nm), indicating that the Pd nanoparticles in the Pd/SnO2

sample are subjected to lattice tensile strain.
To investigate the influence of the lattice tensile strain of Pd

nanoparticles on the catalyst support, the TEM comparison of the
Pd/C and Pd/SnO2 materials was carried out. Fig. S3 is the TEM
images of the Pd/C sample, which demonstrate that Pd nanoparti-
cles are anchored on the carbon support. Compared with the TEM
images of the Pd/C (30%) and Pd/SnO2 composites (Fig. 4a and 4b),
the lattice spacing of the Pd nanoparticles in the Pd/C sample is
similar to the theoretical lattice spacing of metallic Pd, but smaller
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than that of the Pd nanoparticles in the Pd/SnO2 sample. Moreover,
we further integrated the pixel intensities of the Pd (111) facets
selected from the TEM images of these two Pd-based samples. As
shown in Fig. 4c and 4d, the Pd nanoparticles in the Pd/SnO2 sam-
ple have a larger lattice distance than those in the Pd/C sample. The
lattice spacing of the Pd nanoparticles anchored onto the SnO2 sup-
ports is larger than that of the Pd nanoparticles anchored onto the
carbon supports.

As shown in the XRD patterns of the above two Pd-based sam-
ples (Fig. 5a), the diffraction peak of Pd (111) of the Pd/SnO2 sam-
ple is ~ 39.9� while the diffraction peak of Pd (111) of the Pd/C
sample is ~ 40.1�. Compared with the characteristic peak of stan-
dard Pd (111) (2h = 40.1�, PDF No. 46–1043), the diffraction peak
of Pd (111) of the Pd/SnO2 sample slightly shifts to a small diffrac-
tion angle. According to the Bragg equation (d = nk/2sinh, where d
is the spacing of crystal faces; h is the angle between the incident
X-ray and the corresponding crystal plane; k is the wavelength of
the X-ray and n is the constant diffraction order), the smaller
diffraction peak of Pd (111) verifies the existence of tensile strains



Fig. 4. (a-c) TEM images and corresponding integrated pixel intensities of Pd (111) lattices of Pd/SnO2 and Pd/C, respectively. (d) Schematic of the generated tensile strains of
the Pd (111) lattice on the SnO2 support compared with the carbon support.

Fig. 5. (a-c) XRD patterns, XPS survey spectra and high-resolution Pd 3d spectra of Pd/C and Pd/SnO2.
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in the Pd nanoparticles for the Pd/SnO2 sample, which is in agree-
ment with the TEM analysis. As reported, the lattice spacing mis-
match as well as the strong metal-support interaction between
the metal nanocrystals and supports can induce tensile strain in
the metal nanocrystals [36,37]. The generation of tensile strain is
probably due to the mismatched lattice spacing and the strong
interactions between the Pd nanoparticles and the SnO2 nan-
otubes. No lattice tensile strains are found in the Pd nanoparticles
of the Pd/C sample, which may be attributed to the weak interac-
tions between the carbon supports and the Pd nanocrystals. As
reported, the tensile strain generated in the Pd catalyst is beneficial
to enhance the ORR activity of the Pd catalyst by lowering the
adsorption energies of the reaction intermediates [15,21].

We further carried out XPS measurements to investigate the
composition and chemical state of the above two samples. There
are distinct characteristic peaks of Pd and SnO2 in the XPS spec-
trum of the Pd/SnO2 sample, while no characteristic peaks of
SnO2 are observed in the spectrum of the Pd/C sample (Fig. 5b
and S4). As shown in Fig. 5c, compared with the Pd/C sample, the
Pd 3d5/2 peak of the Pd/SnO2 sample shows ~ 0.9 eV downshift,
suggesting improved electron density of the Pd sites. Meanwhile,
the Sn 3d5/2 and Sn 3d3/2 peaks of the Pd/SnO2 sample
exhibit ~ 0.2 eV upshift in comparison with those of the SnO2 sam-
ple (Fig. S5). These results reveal the metal-support interactions
with electron transfers between the SnO2 support and the Pd
nanoparticles. By virtue of the electron-rich feature, the Pd sites
can decrease the adsorption energies of the ORR intermediates,
thus increasing their ORR activity [38,39].

Electrochemical tests of the Pd/C and Pd/SnO2 catalysts were
conducted to reveal the effect of SnO2 and carbon supports on
the catalytic performance of the Pd catalyst. In contrast to the cyc-
lic voltammetry (CV) curves recorded in N2-saturated electrolytes
Fig. 6. (a) CV curves of Pd/SnO2 catalyst measured in N2 or O2-saturated aqueous electr
electrocatalysts measured in O2-saturated aqueous electrolytes.
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(Fig. 6a and S6), both Pd/C and Pd/SnO2 electrocatalysts have addi-
tional reduction peaks in the CV curves tested in O2-saturated elec-
trolytes, suggesting the existence of catalytic oxygen reduction.
The ORR activities of these catalysts were further evaluated via lin-
ear sweep voltammetry (LSV). As shown in Fig. 6b, S7 and S8, the
Pd/SnO2 catalyst on glassy carbon electrodes shows a higher half-
wave potential of 0.832 V (vs. reversible hydrogen electrode,
RHE) than that of Pd/C (0.817 V vs. RHE). Furthermore, the mass
activity of Pd/SnO2 is 0.038 A�mgPd�1, 2.5 times higher than that
(0.015 A�mgPd�1) of Pd/C (Fig. 6c). The Tafel slope of Pd/SnO2 is
75.6 mV dec�1, which is greatly lower compared with that
(112.4 mV dec�1) of Pd/C (Fig. 6d). The double-layer capacitance
tests of catalysts were performed to calculate the electrochemical
active surface areas (ECSA) of catalysts [40,41], and then the speci-
fic activities of the catalysts were revealed by normalizing the cur-
rents to the ECSA values. As shown in Fig. S9 and Table 1, the
specific activity (7 � 10-3 mA/cm2) of the Pd/SnO2 catalyst is much
higher than that (0.65 � 10-3 mA/cm2) of the Pd/C catalyst. From
the Nyquist plots (Fig. S10), the charge transfer resistance
(27.5 X) of the Pd/SnO2 catalyst is similar to that (28.2 X) of the
Pd/C catalyst.

We further evaluated the operation durability of the Pd/SnO2

catalyst. During the chronoamperometric test (Fig. 7a), the Pd/
SnO2 catalyst exhibited much higher catalytic stability with a
low current attenuation rate of 4% after 50 h of continuous opera-
tion, compared to that (18%) of commercial Pd/C. The accelerated
durability measurement was conducted to further access the cat-
alytic durability of the Pd/SnO2 catalyst (Fig. 7b and S11). Remark-
ably, its half-wave potential exhibited only 7 mV of negative shift
after 30,000 cycles of test. The Pd/SnO2 catalyst in this work exhib-
ited good catalytic stability, which was superior to that of other
previously reported Pd-based ORR electrocatalysts (see Table 1)
olytes. (b) LSV curves, (c) Mass activities and (d) Tafel curves of Pd/SnO2 and Pd/C



Fig. 7. (a) Chronoamperometric responses of Pd/SnO2 and Pd/C electrocatalysts at 0.7 V (vs. RHE). (b) ORR polarization curves of Pd/SnO2 after accelerated durability tests.

Table 1
Comparison of the catalytic stability for Pd/SnO2 and the reported ORR
electrocatalysts.

Catalyst Stability (mass activity loss
after different cycles of tests)

Reference

Pd/SnO2 �8.3% (after 30 k, 0.9 V) This work
Pd/C-10 wt% �50.8% (after 20 k, 0.9 V) [42]
PdNCs �20.5% (after 5 k, 0.9 V) [43]
Pd-Te HPs/C �16% (after 20 k, 0.9 V) [44]
PdCu cube/C �31.7% (after 30 k, 0.9 V) [45]
Pt-Ir-Pd �17.6% (after 5 k, 0.9 V) [46]
Pd@PdFe �15% (after 20 k, 0.9 V) [47]
PdBP MSs �32.1% (after 5 k, 0.9 V) [48]
Pd4Sn NWs/C �9.2% (after 10 k, 0.9 V) [49]
PtPdCo NRs/C �29% (after 30 k, 0.9 V) [50]
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[42–50]. The above results prove that the SnO2 support can effec-
tively improve the catalytic activity and stability of a Pd catalyst
towards ORR. As reported, Pd-based catalysts could also be used
in other catalytic reactions, such as the methanol oxidation reac-
tion (MOR) and the hydrogen evolution reaction (HER) [51–54].
However, these Pd-based catalysts also suffer from some problems
including inferior catalytic stability and complicated preparation
methods. It is urgently desired to explore efficient methods to syn-
thesize high-performance Pd catalysts. This work demonstrates
that a Pd catalyst can obtain tensile-strain and electron-rich fea-
tures on an SnO2 support, which can promote the catalytic activity
and stability of a Pd/SnO2 hybrid catalyst. Thus, an SnO2 support
would also be used to prepare high-efficiency Pd-based catalysts
for other electrocatalytic reactions (MOR, HER, etc.)

4. Conclusions

In summary, we report an efficient electrocatalyst with Pd
nanoparticles anchored onto chemically-stable semiconducting
SnO2 nanotubes for the ORR. By combining X-ray diffraction, trans-
mission electron microscopy and X-ray photoelectron spec-
troscopy, we verified that the SnO2 support can induce tensile
strain and electron-rich features in the Pd nanoparticles of a Pd/
SnO2 catalyst. In sharp contrast, no such features are found in a
Pd/C catalyst with Pd nanoparticles anchored onto the carbon sup-
ports. This work reveals that the introduction of SnO2 supports is
an effective strategy for the lattice-strain and electron-density
modulation of Pd catalysts. Notably, the electrochemical measure-
ments show that the Pd/SnO2 catalyst exhibits a 2.5-fold improve-
ment in mass activity and significantly enhanced catalytic
durability towards ORR in comparison with the Pd/C catalyst,
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which also outperforms other reported Pd-based catalysts [39–
47]. The strategy of constructing Pd/SnO2 hybrid catalysts can
overcome the problem of inferior catalytic stability for Pd-based
alloy catalysts that would suffer from the unfavorable dealloying
and dissolution of metal components during the ORR process
[21–23]. This work demonstrates that the SnO2 supports and
endowing metal-support interactions are crucial for the enhanced
ORR activity and stability of Pd/SnO2 catalyst, which would play an
important role in enhancing the catalytic performance of Pd cata-
lysts for other electrocatalytic reactions, including methanol oxida-
tion reaction and hydrogen evolution reaction [51–54]. In a
broader context, this work provides insights for further advance-
ment of heterogeneous catalysts with optimal supports in various
electrochemical reactions.
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