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Palladium (Pd) has received extensive attention as the substitute for platinum to work as efficient catalyst to-
wards the oxygen reduction reaction (ORR) owing to its high intrinsic activity. However, the Pd catalyst usually
performs inferior catalytic stability in the practical electrochemical test. Here, we report a novel design of
constructing efficient ORR catalyst with Pd/SnO heterojunctions uniformly loaded on the reduced graphene
oxide sheets (Pd@SnO2/rGO). The highly conductive rGO sheets are beneficial to increase the electron transfers
during the ORR process and the SnO; support can induce tensile-strain and electron-rich features for Pd nano-
crystals in the Pd/SnO; heterojunctions. The electrochemical results illustrate that the Pd@SnO,/rGO catalyst
has higher ORR activity compared to commercial Pd/C and shows remarkable catalytic stability with 1 mV of
negative shift in half-wave potential over 20000 cycles of accelerated durability tests. Moreover, the Zn-air
battery assembled with Pd@SnO,/rGO cathode exhibits a 2.8-fold higher specific capacity than that with Pd/

C cathode.

1. Introduction

The metal-air batteries have been extensively researched as the
promising energy conversion devices for their carbon-free emissions and
high theoretical energy densities [1-5]. As the cathodic reaction for
these applications, the electrocatalytic oxygen reduction reaction (ORR)
suffers from sluggish reaction kinetics, limiting the overall energy con-
version efficiency [6-9]. Currently, Pt-based materials can be excellent
ORR catalysts due to their remarkable ORR activities. However, the
high-price and scarce features of Pt limit the further advancement of
Pt-based catalysts [10-13]. Preparing high-efficiency Pt-free ORR cat-
alysts is significative for the development of metal-air batteries.

Among various alternative materials, the palladium (Pd) with similar
electronic structure to Pt has higher intrinsic activity yet lower cost than
-Pt [14-16]. Nevertheless, Pd-based catalysts also suffer from inferior
catalytic durability towards ORR catalysis, which can be attributed to
their strong adsorption of intermediates during the ORR process [17].
Great efforts have been reported to enhance the ORR performance of
Pd-based catalysts by tuning their electronic structures, including stra-
tegies of composition control and doping with additional transition
metals [18-20].
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As reported, alloying Pd with other metals is a very effective strategy
to boost the catalytic activity of Pd-based catalysts [21-23]. Unfortu-
nately, owing to the inevitable dealloying and dissolution of metal
dopants, the above strategies are unable to effectively improve the
catalytic durability of Pd-based catalysts in spite of the enhanced ORR
activities [24,25]. Subsequently, it is found that the ORR performance of
Pd catalyst can be increased by loading Pd nanoparticles (NPs) on some
carbon supports, like GO, CNT and porous carbon [26-28]. Especially,
the N element doped carbon supports have been proved to be effective
for boosting the catalytic performance of Pd catalyst [29]. However, the
carbon materials are suffered from poor stability in the oxidative elec-
trochemical environment [30], which causes the unsatisfied durabilities
of Pd-based catalysts with carbon supports. Therefore, it is urgently
desired to develop effective methodology for enhancing the catalytic
stability of Pd-based catalysts towards ORR catalysis.

Recently, the metallic oxides are reported as the optimized catalyst
supports to enhance the catalytic activities and stability of noble-metal
electrocatalysts by strong metal-support interactions (SMSIs) [31-38].
The metal-oxide supports can adjust the electronic structures of the
supported metal catalysts, which is beneficial to adjust the adsorption
energies of intermediates [39-42]. Especially, the SnO, is reported as
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Fig. 1. (a) Schematic of the preparation process of Pd@SnO,/rGO catalyst. (b, ¢) TEM images of PdA@SnO,/rGO catalyst. (d) TEM and the corresponding elemental

mapping images of Pd@SnO,/rGO sample.

the good catalyst support for the characters of low price and excellent
electrochemical durability [43,44]. Besides, the SnO; support can
facilitate the desorption of unfavorable oxygen-containing in-
termediates on the active metal sites, thus enhancing the ORR perfor-
mance of catalysts [45-47]. However, the electrical conductivity of
SnO, support is relatively low, limiting the electron transfers during the
electrochemical reaction process. To address these problems, we posit
that constructing nanocomposites with Pd/SnO, heterojunctions sup-
ported onto conductive graphene sheets may function as efficient ORR
catalysts with high activities and stability.

In this work, we propose a well-designed strategy of synthesizing
efficient ORR catalysts with Pd@SnO; heterojunctions supported on
reduced graphene oxide sheets (Pd@SnO5/rGO). The heterojunction
nanostructures can induce strong metal-support interactions by enabling
large contact area between the Pd crystals and SnO; supports. The
highly-conductive rGO sheets can not only prevent the aggregation of
Pd@SnO; heterojunctions, but also increase the reaction kinetics by
facilitating the electron transfers during the ORR process. We find that
the SnO2/rGO supports can induce lattice tensile strains and increase the
electron densities of Pd nanocrystals. Such tensile-strain and electron-
rich characters are not proved in the Pd nanocrystals supported on the
carbon substrate (Pd/C), indicating the significant role of SMSIs. The

Pd@Sn0,/rGO catalyst has enhanced catalytic activity toward ORR and
exhibits excellent catalytic stability with 1 mV of negative shift in half-
wave potential over 20000 cycles of accelerated durability tests, much
lower than that (29 mV) of commercial Pd/C. Moreover, the Zn-air
battery assembled with Pd@SnOy/rGO cathode shows a 2.8-fold
improvement in specific capacity compared to that with Pd/C cathode.

2. Experimental section
2.1. Preparation of SnO2/rGO support

GO was first obtained using the Hummers’ method [48,49]. Then,
the SnO,/rGO was synthesized according to the report [50]. Under
stirring, the 40 mg of GO and 199 pL of SnCly were dispersed into the
solvent of oleic acid (20 mL), oleylamine (2.5 mL) and 10 mL methanol.
After 1 h of ultrasound treatment, the mixed solution was transferred
into the Teflon autoclave and then held at 180 °C for 18 h. Then, the
black product was centrifuged and washed with ethanol for about 5
times. Finally, the product was dried in vacuum overnight.
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Fig. 2. (a) XRD patterns of Pd/C and PdA@Sn0O,/rGO samples. (b) Schematic of the generated lattice tensile strains of Pd nanocrystals in the PdA@SnO,/rGO catalyst.
(c, d) High-resolution XPS spectra (Pd 3d and O 1s) of the Pd/C and PA@Sn0O,/rGO catalysts, respectively.

2.2. Preparation of PdA@SnO5/rGO sample

The 40 mg of as-prepared SnO,/rGO sample was dispersed in 30 mL
of ethylene glycol under stirring. Next, NapsPdCly solution and PVP so-
lution were prepared by dissolving 420 mg of PVP and 160 mg NayPdCly
into 3 mL of ethylene glycol, respectively. Then, NasPdCl, solution and
PVP solution were slowly dropped into the dispersion solution of SnOy/
rGO at 160 °C. After 1 h of solvothermal treatment at 160 °C, the as-
obtained product was centrifuged and washed with ethanol for about
5 times and dried in vacuum at 60 °C for overnight.

3. Results and discussion

As illustrated in Fig. 1a, the Pd@SnO5/rGO composite was obtained
by one sample approach using hydrothermal and solvothermal methods
(see details in Experimental Section). With high surface areas and
electrical conductivity, the rGO sheets can prevent the agglomeration of
SnO-, for effective material utilization and facilitate electron transfer
during the test. Notably, the PdA@SnO; heterojunction nanostructures
can induce strong metal-support interactions by enabling large contact
area between Pd nanocrystals and SnO; supports. Fig. S1 is the XRD
pattern of Pd@SnO,/rGO, which demonstrates that the characteristic
diffraction peaks are ascribed to the tetragonal phase SnO; and the
metallic Pd in the face-centered cubic phase. Notably, there is none
diffraction peaks of Pd-based alloy in the XRD pattern of Pd@SnO5/rGO
sample, which demonstrates that the presence of SnO; has no effect on
the crystal form of Pd metallic. The XRD results illustrate that the
Pd@Sn0O,/rGO sample is successfully prepared. Moreover, the content
of Pd elements in the PdA@SnO,/rGO was test by using ICP-MS mea-
surements. The result shows that weight percentage of Pd is ~10% in the
Pd@Sn0O,/rGO sample. The SEM and TEM images reveal the uniform
distribution of Pd NPs on the SnO,/rGO support with diameters of 5-7
nm (Fig. 1b and Fig. S2). In the high-resolution TEM image of PdA@SnO,/
rGO sample (Fig. 1¢), it is illustrated that the (110) crystal plane of SnO5
and the (111) crystal plane of Pd. Especially, the lattice spacing of Pd
nanocrystals in Pd@Sn0O,/rGO sample is 0.234 nm, which is 4% larger
than that (0.225 nm) of Pd nanocrystals in commercial Pd/C (Fig. S3),
suggesting the tensile strains generated in the Pd nanocrystals on the
SnO,/rGO support. Meanwhile, it is also observed that the Pd, Sn, C and
O elements are homogeneously distributed in the TEM and corre-
sponding EDS mapping images of Pd@SnO5/rGO sample (Fig. 1d).

To further investigate the tensile strains of Pd NPs with respect to the
effect of catalyst supports, comparative XRD studies were further carried
out for the Pd/C and Pd@SnO5/rGO materials. As shown in Fig. 2a and
S4, the characteristic peak at ~40.1° in the XRD pattern of Pd@SnO5/
rGO material slightly shifted to smaller diffraction angle, compared to
that of commercial Pd/C material. These results also verify the lattice-
tensile features in the Pd NPs of Pd@SnO,/rGO catalyst, which can be
ascribed to the SMSIs between Pd NPs and SnO; supports (Fig. 2b). As
reported, the tensile strains of Pd NPs would lower the adsorption en-
ergies of intermediates and improve their reaction rate towards ORR
catalysis [17,20,51], which demonstrates that the supported Pd NPs on
SnO, supports are promising to obtain the improved catalytic perfor-
mance. Furthermore, the Raman spectra were also employed to evaluate
the electrical conductivity of the carbon substrate of Pd@SnO2/rGO and
Pd/C samples. There are two peaks in the Raman spectra of
Pd@Sn0,/rGO and Pd/C samples (Fig. S5), which are assigned as the
peaks of G band (1587 cm_l) and D band (1345 cm_l), respectively. The
ratio of intensity (Ip/Ig) is one important parameter to assess the degree
of graphitization of the carbon substrates. The calculation results of
Ip/Ig suggest that the successful reduction of GO sheets and the rGO
substrate possess higher electrical conductivity for the smaller Ip/Ig. The
Raman results illustrate that the rGO substrate can facilitate the electron
transfer and provide faster reaction kinetics during the electrochemical
reaction process.

We also conducted XPS measurements to research the chemical state
of samples. In the XPS spectra of PA@SnO5/rGO and Pd/C samples
(Fig. S6), it is clearly observed the characteristic peaks of Pd element.
Notably, there are two prominent peaks in the Pd 3d spectra of Pd/C and
Pd@Sn0O,/rGO samples (Fig. 2¢), which can be labeled as the Pd 3ds3/,
peak and Pd 3ds,» peak of metallic Pd ®d%. Moreover, there are two
extra peaks in the Pd 3d spectra of these two samples, which can be
ascribed to the presence of Pd-O species Pd*H [1 9,52,53]. Besides, the
percentage of Pd® species in PA@SnO,/rGO sample is much larger than
that of Pd/C sample according to the XPS spectra. Especially, the XPS
peak of Pd 3d3/5 for PdA@SnO,/rGO has a downshift of 0.4 eV compared
to the Pd/C sample. These results, taken together, indicate the increased
electron densities of Pd crystals in the PdA@SnO,/rGO sample. It can be
ascribed to the charge transfers at the heterojunction interface of Pd
crystals and SnOy/rGO supports [46,54,55]. As reported, the
electron-rich Pd sites can weaken the adsorption energies of oxygen
species and thus enhance the catalytic stability [46,50,56]. As shown in
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Fig. 3. (a, b) LSV curves and Tafel slopes of PdA@SnO,/rGO, Pt/C and Pd/C catalysts, respectively. (c) Current-time chronoamperometric curves and (d) polarization
curves of PA@Sn0O,/rGO and Pd/C catalysts. () Mass activity loss and half-wave potential (E;,3) of PdA@SnO,/rGO catalyst after different cycles of tests. (f)
Comparison of the catalytic stabilities between the PdA@SnO,/rGO catalyst and other previously-reported ORR catalysts.

the O 1s spectra (Fig. 2d), there is a characteristic peak of Pd-O species
in the Pd/C sample, while no such peak is observed in the
Pd@Sn0O,/rGO sample. Besides, the peak intensity of absorbed oxygen
species (O,) on the Pd/C sample is higher than that of the Pd@SnO5/rGO
sample. The binding energy of O, peak for the PdA@SnO2/rGO sample
shows a downshift of 0.7 eV compared with that of the Pd/C material,
which is caused for the electron-rich features of Pd crystals in the
Pd/SnO; heterojunctions.

The electrochemical measurements were conducted to assess the
ORR performance of the two Pd-based catalysts. Comparing with CV
curve measured in the No-saturated electrolytes (Fig. S7), the CV curve
of PA@Sn0O,/rGO catalyst has an extra reduction peak in the Op-satu-
rated electrolytes, which suggests that the catalytic ORR takes place. As
shown in Fig. S8, comparing the onset potential of oxygen reduction

peak in the CV curves of Pd@SnO5/rGO and Pd/C catalyst, the
Pd@Sn0,/rGO catalyst shows superb catalytic activity toward ORR for
the more positive oxygen reduction peak, much higher than that of Pd/C
catalysts. As displayed in Fig. 3a, the ORR catalytic activity was also
evaluated by conducting linear sweep voltammetry (LSV) measure-
ments. The LSV curve of PA@SnO,/rGO catalyst exhibits a high half-
wave potential (0.830 V vs. RHE), much higher than that of commer-
cial Pd/C (0.761 vs. RHE) and slightly lower than that of Pt/C catalyst
(0.841 vs. RHE). Moreover, the mass activity of PdA@SnO,/rGO catalyst
is 0.040 A mgﬁdl measured at 0.9 V (vs. RHE), which is higher than those
of Pd/C (0.018 A mgpd) and Pt/C (0.025 A-mgp; }). Meanwhile, the
Pd@Sn0O,/rGO catalyst has a lower Tafel slope (103.2 mV dec™!) than
those of Pd/C (122.7 mV dec™!) and Pt/C (118.8 mV dec™!) (Fig. 3b).
The electron transfer number and H30, yield of catalysts were also
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Fig. 4. (a) Schematic diagram of Zn-air battery. (b) Polarization curves and power densities of Zn-air batteries assembled with the Pd@SnO,/rGO and Pd/C cathodes.
(c, d) Specific capacities and galvanostatic discharge tests of Zn-air batteries using PdA@SnO./rGO and Pd/C cathodes, respectively.

measured by using the RRDE technique. According to the RRDE curves
(Fig. S9), it is calculated that the electron transfer number of Pd@Sn0Oy/
rGO catalyst is closer to 4 with low Hy05 yield (Fig. S10). In addition, the
Pd@Sn0,/rGO catalyst exhibits superior methanol tolerance during the
methanol toxicity test (Fig. S11).

The current-time chronoamperometric tests were further performed
to verify the catalytic stability of catalysts. After 50 h test, the
Pd@Sn0O,/rGO catalyst shows a lower current attenuation of 10% in
comparison with that (25%) of Pd/C catalyst (Fig. 3c). Furthermore, the
accelerated durability tests were also conducted to check the catalytic
durability of catalysts. After 20000 cycles of tests, the half-wave po-
tential of Pd@SnO4/rGO catalyst has a negative shift of 1 mV, which is
greatly lower than that (29 mV) of Pd/C catalyst (Fig. 3d). Even after
400000 cycles of tests, the half-wave potential of PdA@SnO3/rGO cata-
lyst shows a negative shift of 34 mV (Fig. 3e and S12). The catalytic
stability of Pd@SnO,/rGO catalyst outperforms those of reported ORR
catalysts (Fig. 3f and Table S1) [57-61]. Combining the TEM/XPS/XRD
studies and electrochemical results, the generated tensile strains and
increased electron densities of Pd nanocrystals in Pd@SnO,/rGO cata-
lyst contribute to its enhanced ORR activity and stability.

We next assembled a Zn-air battery using zinc foil as anode and
Pd@SnO3/rGO loaded onto commercial carbon paper as cathode in
alkaline aqueous electrolyte (Fig. 4a). Notably, the Zn-air battery
assembled with Pd@SnO5/rGO cathode exhibits a power density of 90
mW cm ™2 (Fig. 4b), which is higher than the battery assembled with the
Pd/C cathode (63 mW cm’z). Moreover, Fig. 4c shows that the battery
with Pd@SnO,/rGO cathode also has satisfactory specific capacity (832
mAh g 1), while the battery with Pd/C cathode has only 297 mAh g1 of
specific capacity at the same current density. Moreover, the stability of
Zn-air battery was conducted through galvanostatic discharge mea-
surements. After 18 h of continuous operation, the Zn-air battery with

Pd@Sn0Oy/rGO cathode has a low voltage loss of 11 mV, while the
battery with Pd/C cathode suffers from rapid voltage decay of 42 mV
(Fig. 4d). The Pd@SnO4/rGO material as the high activity and durability
catalyst shows great potential for its applications as cathodes in Zn-air
batteries.

4. Conclusions

In conclusion, we demonstrate a novel design of efficient ORR cat-
alysts with Pd@SnO; heterojunctions loaded on conductive graphene
sheets, and the resultant Pd@SnO»/rGO catalyst has excellent catalytic
activity and durability to benchmark Pd/C catalyst. The TEM, XRD and
XPS studies reveal that the SnO catalyst supports can induce tensile-
strain and electron-rich features of Pd nanocrystals in the Pd@SnOy/
rGO catalyst, while these features can not be observed in the Pd nano-
crystals with carbon support in commercial Pd/C catalyst. The
Pd@Sn0O,/rGO catalyst exhibits satisfactory catalytic activity and sta-
bility toward ORR. Moreover, the Zn-air battery assembled with
Pd@Sn0O,/rGO cathode shows higher specific capacity and better
cycling durability than that with Pd/C cathode. This work suggests that
introducing optimal supports is an effective approach to prepare high-
performance heterogeneous catalysts for electrochemical reactions.
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