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Abstract: Proton exchange membrane fuel cells (PEMFCs) have achieved milestones in
performance improvements and commercial launches. In the typical commercialized
PEMFCs, the compressed air to cathode is usually supplied from ambient air, assuming that
no costly pre-purification system is applied. Therefore, the working PEMFCs may suffer
from the negative effects of the air impurities. In this regard, SO2, as the most poisonous
species, may be fed along with air at the cathode and strongly adsorbed on the Pt surface,
leading to Pt site deactivation. To address this challenge, we published a series of works in
terms of poisoning mechanisms, regeneration protocols, and advanced poisoning-tolerant
catalysts. Herein, we are aiming at developing a SO2-tolerant electrocatalyst toward a
cathodic oxygen reduction reaction (ORR). We reasonably incorporate the Ru, synthesize
Ru@Pt core@shell catalysts and investigate the relationships among Ru incorporation, ORR
activity and SO2 tolerance. Impressively, the Ru@Pt/C exhibits higher initial ORR activity
(0.288 A mg−1

Pt), better SO2 poisoning resistance (33% loss in initial activity) than that of
commercial Pt/C catalysts (0.252 A mg−1

Pt; 62% loss). The engineered affinity between Pt
and SO2 in the presence of Ru is uncovered to account for the improvement.

Keywords: proton exchange membrane fuel cells; oxygen reduction reaction; sulfur dioxide;
poisoning tolerance; core@shell catalysts

1. Introduction
Proton exchange membrane fuel cells (PEMFCs) have been considered as an ideal

alternative to the traditional internal combustion engine owing to its high energy efficiency
and environmental benefits [1–5]. The technological development of PEMFCs has made
remarkable progress, and the performance of advanced fuel cell vehicles has been already
comparable to the conventional combustion engine vehicles [6–9]. A notable example is
the second-generation Toyota Mirai fuel cell, demonstrating an outstanding power density
(reaching up to 5.4 kW L−1) [10]. However, there are still significant gaps from the wide
deployment of PEMFCs, where the poor stability caused by air impurities is one of the
greatest challenges [11–13].

The Pt-based catalyst is sensitive to the poisonous molecules in air such as SO2 and
NOx, which is ideally supplied directly to cathodes [14,15]. Among others, SO2 is one of
the most poisonous species in ambient air, which strongly adsorbs on the Pt surface and
deactivates the active sites [16,17]. It was reported that the loss of PEMFC cell voltage was
up to 10% after 20 h of operation in the air containing 0.25 ppm of SO2 [18]. In addition,
SO2 is hard to remove so that the adsorbed SO2 could accumulate and gradually increase
the SO2 coverage during fuel cell operation [19,20]. Therefore, the influence of SO2 is
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reasonably significant, and it is urgent to improve the SO2 tolerance of PEMFCs. At present,
fuel cell vehicles usually use air filters to remove air impurities, which are bound in the filter
physically or chemically before entering the cathode [21]. However, the adsorption capacity
of the filter is limited. It was reported that a fuel cell vehicle needs to be replaced with a
new air filter after approximately 10,000 km under normal air quality [22], increasing the
application cost. In contrast, exploring innovations in developing advanced SO2 tolerant
catalysts is the fundamental solution to the poor SO2 tolerance of PEMFC—we have made
research in this field in the past years [16,23–25].

To tackle the issue of SO2 poisoning on the Pt surface, metal oxides and foreign metals
were employed and investigated to either accelerate the oxidation of SO2ad or decrease
the adsorption energy of SO2 on Pt surface [26]. For example, CeO2 [27,28] and TiO2 [23]
have been adopted with the purpose of accelerating the regenerative process. However,
decreasing the SO2 oxidation potential is still challenging: less than 50 mV in negative shift
was reported in the literature [23]. In this regard, incorporating the secondary metal with
Pt to reduce the activity loss by decreasing the adsorption of SO2 is promising, such as
PtMo [29], Pt3Co [30,31], and PtRu alloy catalysts [25]. Among them, the SO2 tolerance of
the PtRu alloy catalyst, which was synthesized in our previous work, is the best due to the
weaker interaction between Pt and SO2 [25]. However, the ORR performance of PtRu alloy
is poor, due to the abundant ORR-inactive Ru atoms on the surface.

In this work, we incorporate the secondary metal Ru with Pt and synthesize Ru@Pt
core@shell catalysts to investigate the relationship among Ru incorporation, ORR activity
and SO2 tolerance. It is inspired that the Ru@Pt/C catalyst not only maintains high ORR
activity but also greatly increases the tolerance of SO2 than commercial Pt/C. The ORR
performance and SO2 tolerance are balanced successfully.

2. Results and Discussion
2.1. Characterization of Catalysts

The Ru@Pt/C core@shell catalysts were prepared using the two-step ethanol reduction
method as presented in the experimental section. The actual composition and Pt loading of
the Ru@Pt/C is determined by inductively coupled plasma mass spectrometry (ICP-MS).
The Pt:Ru molar ratio is 1:1, and the Pt mass loading is 19.83 wt%.

Figure 1a shows the X-ray diffraction (XRD) patterns of the as-prepared Ru@Pt/C
catalysts, the peaks at 38.4◦, 44.0◦, and 69.4◦ corresponding to (100), (101), and (110) facets of
hexagonal Ru (JCPDS No. 89-3942), and the peaks at 40.2◦, 46.8◦ and 68.4◦ corresponding to
(111), (200) and (220) facets of cubic Pt (JCPDS No. 87-0647) [32,33]. As shown in Figure 1a,
the diffraction peak of Ru@Pt/C is not offset from the standard diffraction peaks of Pt and
Ru, indicating that Pt and Ru are not alloyed [34,35]. Ru and Pt are successfully reduced.
The above facts demonstrate that the Ru@Pt/C is synthesized successfully.

Figure 1b shows the transmission electron microscopy (TEM) image of the Ru nanopar-
ticles, and the particles are uniformly loaded on the carbon surface. As shown in Figure 1c,
the particle size distributions of the Ru particles are identical with an average diameter
of about 3.93 nm. The high resolution TEM (HRTEM) image in Figure 1d shows that the
lattice fringe of the obtained nanoparticle is 2.34 Å, corresponding to the (100) lattice plane
of Ru, confirming that Ru is successfully anchored on carbon support [36].
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Figure 1. (a) XRD pattern, (b) TEM image, (c) particle size distribution diagram and (d) HRTEM
image of Ru/C catalysts.

Figure 2a–c show the TEM images and the corresponding particle size distribution
diagram of Ru@Pt/C. It shows that Ru@Pt nanoparticles are uniformly dispersed on the
carbon supports with average size of 4.75 nm, which are larger than that of Ru nanoparticles
in Figure 1c, suggesting Pt might be deposited on the Ru surface, leading to the formation
of Ru@Pt core@shell. The average thickness of the Pt shell is 0.82 nm, which indicates
that the Pt shell is about two atoms thick. To ascertain this structure more accurately, the
HRTEM image is presented in Figure 2d. It shows that a lattice fringe of 2.34 Å is encircled
by another lattice fringe of 2.26 Å, suggesting that Ru oriented in the (100) crystallographic
direction is encapsulated by a Pt shell with the (111) surface [37]. Consequently, Ru@Pt/C
is successfully synthesized.
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Ru@Pt/C catalysts.

2.2. Electrocatalytic Performance

The cyclic voltammograms (CVs) of Ru/C and Ru@Pt/C in an Ar-saturated 0.1 M
HClO4 solution are shown in Figure 3a. The CV curve of Ru@Pt/C shows the obvious
adsorption and desorption current of H on the Pt surface like other published articles show,
which is recognized as a characteristic of Pt surface [38,39]. However, the CV curve of Ru/C
has no characteristic absorption and desorption current of H, further indicating that Pt has
deposited on Ru surface. The Ru@Pt/C catalyst has a core@shell structure with a Pt shell
surface [40]. In Figure 3a, the potential of the adsorption peak of oxygen-containing species
on the Ru@Pt/C surface is 0.73 V lower than that of Pt/C, which is about 0.85 V, indicating
that the OH* functional group is more easily adsorbed on the Ru@Pt/C surface [39].
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The ORR performance in an O2-saturated 0.1 mol·L−1 HClO4 solution of Ru/C, the
commercial Pt/C, Ru@Pt/C and PtRu alloy catalysts (PtRu/C, the Pt:Ru molar ratio and Pt
mass loading is similar to Ru@Pt/C) are compared in Figure 3b, and the corresponding
electrochemical data of half-wave potential (E1/2), mass activity and specific activity at
0.9 V are shown in Table 1. It is not surprising that the ORR activity of Ru/C is the worst,
whose E1/2 is only 0.670 V, because Ru is inactive for the ORR [41]. The ORR curve of
PtRu/C (E1/2 =0.751 V) shifts more positively than Ru/C, indicating that the catalytic
activity has been improved after introducing Pt. However, due to the abundant ORR-
inactive Ru atoms on the surface, the mass activity (0.015 A mg−1

Pt) and specific activity
(0.152 mA cm−2) at 0.9 V of PtRu/C is less than that of commercial Pt/C catalysts as Table 1
shows. The ORR performance of commercial Pt/C in our work (E1/2 = 0.862 V, mass
activity at 0.9 V = 0.252 A mg−1

Pt, specific activity at 0.9 V = 2.570 mA cm−2) is better
than other published articles [42,43]. In contrast, the ORR activity of Ru@Pt/C core@shell
catalysts is the best, whose E1/2, mass activity and specific activity at 0.9 V are 0.872 V,
0.288 A mg−1

Pt and 2.983 mA cm−2 respectively, larger than that of commercial Pt/C, as
shown in Figure 3b and Table 1. In short, Ru@Pt core@shell catalysts have the best oxygen
reduction performance among Ru/C, commercial Pt/C, Ru@Pt/C and PtRu alloy catalysts,
which demonstrates the positive effect of the Ru core to the Pt shell for ORR activity.

Table 1. Electrochemical data of different catalysts in Figure 3b.

Sample E1/2 (V) Mass Activity (A mg−1Pt) Specific Activity (mA cm−2)

Ru/C 0.670 - -
PtRu/C 0.751 0.015 0.152

Pt/C 0.862 0.252 2.570
Ru@Pt/C 0.872 0.288 2.983

By increasing the high potential limit to 1.2 V, the 1st, 5th, 10th and 20th cycle CV
curves for Ru@Pt/C in a fresh Ar-saturated 0.1 M HClO4 solution at a scan rate of 50 mV s−1

are shown in Figure 4a. With the increase in CV cycles, the double-layer region (0.3–0.5 V)
of the CV curve becomes wider, and the characteristics of Ru are gradually obvious. This
indicates that the Ru core segregates towards the surface with the increase in scanning
potential, resulting in a decrease in Pt shell thickness. The ORR curves of catalysts in
Figure 4a are shown in Figure 4b. It is not surprising that the ORR curve shifts negatively
with the increase in CV cycles, because of the increasing ORR-inactive Ru atoms on the
surface. It indicates that the oxygen reduction performance of Ru@Pt/C improves with the
increase in the Pt/Ru atom ratio on surface.
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The ORR LSV curves before and after the SO2 poisoning of Ru@Pt/C and commercial
Pt/C are shown in Figure 5a,b. After SO2 poisoning, the LSV curves of both catalysts shift
negatively, indicating that the ORR activity of all catalysts is decreased. However, the SO2-
Ru@Pt/C catalyst still has the best ORR activity compared to SO2-PtRu/C and SO2-Pt/C,
as shown in Figure 5c, indicating that the SO2 tolerance of Ru@Pt/C is more advanced.
The ORR activities in terms of mass activity at 0.9 V of Ru@Pt/C and commercial Pt/C
after SO2 poisoning are recorded and compared with the initial activity values, as shown
in Figure 5d. Obviously, the commercial Pt/C is the most vulnerable to SO2 poisoning,
whose mass activity at 0.9 V decreases from 0.252 A mg−1

Pt to 0.096 A mg−1
Pt with a loss

of 62%. However, the mass activity at 0.9 V of Ru@Pt/C after poisoning decreases from
0.288 A mg−1

Pt to 0.192 A mg−1
Pt, with only a loss of 33%, which is much less than that of

commercial Pt/C. It indicates that the Ru core improves the SO2 tolerance of the Pt shell.
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2.3. Mechanism of SO2 Tolerance

The X-ray photoelectron spectroscopy (XPS) spectra of elements in the Pt 4f region in
Ru@Pt/C and Pt/C are shown in Figure 6. It shows the Pt 4f peak position of Ru@Pt/C
XPS spectra shifts positively compared with Pt/C, indicating that the Ru core modifies
the electronic structure of Pt. The tuned electronic structure is likely to weaken the SO2

adsorption of Pt surfaces, which has been confirmed in the reported literature [44]. The
decreased SO2 adsorption is fundamental in enhancing SO2 tolerance.
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Figure 6. Pt 4f XPS spectra of Ru@Pt/C and Pt/C catalysts.

In order to reveal the effect of Ru on SO2 tolerance, the theoretical calculation was
carried out, which is helpful to understand the adsorption of SO2 on the model Ru@Pt
surface. Figure 7 shows the diagrams of parallel-bonded SO2 on the model Pt(111) facet and
Ru@Pt(111) facet. Silvery and brown big balls represent Pt and Ru atoms, while yellow and
red small balls represent S and O atoms, respectively (the ball size does not represent the
actual atomic size). According to the study of DFT calculations, the adsorption energies of
parallel-bonded SO2 on Pt(111) and Ru@Pt(111) facets are 1.51 eV and 1.14 eV, respectively.
The adsorption energy of SO2 on Ru@Pt(111) at the parallel site is significantly less than
that observed on Pt(111) under the same adsorption configuration. This suggests a weaker
interaction between SO2 and Ru@Pt compared to Pt, facilitating the easier removal of
poisonous SO2ad from the Ru@Pt surface.
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In summary, compared to the commercial Pt/C catalyst, the Ru@Pt/C demonstrates
superior SO2 tolerance. The Ru core enhances the SO2 tolerance of Pt shells as illustrated
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in Figure 8. The air impurity SO2 diffuses towards the Ru@Pt/C surface. The Ru core
modifies the electronic structure of the Pt shell, weakening the interaction between Pt and
SO2. Consequently, fewer SO2 molecules adsorb onto Ru@Pt surfaces, decreasing the loss
of ORR activity, boosting the SO2 tolerance notably.

Catalysts 2025, 15, x FOR PEER REVIEW 8 of 12 
 

 

 

Figure 8. The schematic diagram for the enhanced SO2 tolerance in Ru@Pt/C catalysts. 

3. Materials and Methods 
3.1. Chemical and Material Characterization 

The commercial Pt/C catalyst (20 wt%, Johnson Matthey Corp, Shanghai, China), Vul-
can carbon XC72 (Cabot Corp, Shanghai, China), Chloroplatinic acid (H2PtCl6, Aladdin, 
Shanghai, China), ethanol (C2H5OH, Sinopharm Chemical Reagent, Beijing, China), per-
chloric acid (HClO4, Sinopharm Chemical Reagent, Shanghai, China), ruthenium trichlo-
ride (RuCl3, Aladdin, Shanghai, China), anhydrous sodium sulfite (Na2SO3, Dupont, 
Shanghai, China), sodium hydroxide (NaOH, Aladdin, Shanghai, China), 5.0 wt% Nafion 
aqueous solution (Dupont, Wilmington, DE, USA) were purchased and used without fur-
ther purification. Deionized water (18.2 MΩ cm, Mill-Q Corp, Molsheim, France) was used 
in all the experiments.  

XRD (Panalytical X’PERT) and TEM (FEI Tecnai G2 F30) were used to characterize 
the morphologies and crystal structure of Ru/C, Ru@Pt/C, Pt/C catalysts. XPS measure-
ments were performed by a Physical Electronics PHI model 5700 instrument using Al Kα 
radiation (1486.6 eV). The binding energy of all samples was calibrated vs. the C1s value 
of 284.6 eV. 

3.2. Synthesis of Catalysts 

Synthesis of Ru/C: Firstly, 300 µmol of RuCl3 was dissolved in 75 mL of ethanol and 
stirred for 10 min to form a homogeneous solution. Then, the solution was refluxed at 115 
°C with stirring for 1 h in a three-necked flask in order to reduce Ru3+ to Ru2+. Meanwhile, 
200 mg of Vulcan carbon XC72 was dispersed into 60 mL of ethanol by sonication for 20 
min to form a homogeneous suspension liquid. Subsequently, the C suspension was trans-
ferred into the reaction flask. After the temperature was stabilized at 110 °C, 9.0 mL of a 
0.1 M NaOH solution was injected and continued heating for 2 h. After naturally cooling 
down, the products were rinsed and dried in a vacuum oven at 60 °C. 

Synthesis of Ru@Pt/C: An as-synthesized Ru/C sample was annealed in H2/N2 (V(H2): 
V(N2) = 5:95) at 40 °C for 2 h and cooled down to room temperature. Then, 100 mg of Ru/C 
were dissolved in 90 mL of ethanol, and refluxed at 115 °C for 1 h. After cooling to room 
temperature, 5 mL of a 30 mM H2PtCl6 ethanolic solution was added under vigorously 
stirring or sonicating to ensure a uniform dispersion. The mixture was heated to 90 °C and 
maintained for 2 h. Finally, the solution became colorless; if not, up to 3.0 mL of 0.1 M 
NaOH was added to completely reduce Pt. After naturally cooling down, the products 
were rinsed and dried in a vacuum oven at 60 °C. 

3.3. Electrochemical Measurements 

Figure 8. The schematic diagram for the enhanced SO2 tolerance in Ru@Pt/C catalysts.

3. Materials and Methods
3.1. Chemical and Material Characterization

The commercial Pt/C catalyst (20 wt%, Johnson Matthey Corp, Shanghai, China),
Vulcan carbon XC72 (Cabot Corp, Shanghai, China), Chloroplatinic acid (H2PtCl6, Aladdin,
Shanghai, China), ethanol (C2H5OH, Sinopharm Chemical Reagent, Beijing, China), per-
chloric acid (HClO4, Sinopharm Chemical Reagent, Shanghai, China), ruthenium trichloride
(RuCl3, Aladdin, Shanghai, China), anhydrous sodium sulfite (Na2SO3, Dupont, Shanghai,
China), sodium hydroxide (NaOH, Aladdin, Shanghai, China), 5.0 wt% Nafion aqueous
solution (Dupont, Wilmington, DE, USA) were purchased and used without further pu-
rification. Deionized water (18.2 MΩ cm, Mill-Q Corp, Molsheim, France) was used in all
the experiments.

XRD (Panalytical X’PERT) and TEM (FEI Tecnai G2 F30) were used to characterize the
morphologies and crystal structure of Ru/C, Ru@Pt/C, Pt/C catalysts. XPS measurements
were performed by a Physical Electronics PHI model 5700 instrument using Al Kα radiation
(1486.6 eV). The binding energy of all samples was calibrated vs. the C1s value of 284.6 eV.

3.2. Synthesis of Catalysts

Synthesis of Ru/C: Firstly, 300 µmol of RuCl3 was dissolved in 75 mL of ethanol and
stirred for 10 min to form a homogeneous solution. Then, the solution was refluxed at 115 ◦C
with stirring for 1 h in a three-necked flask in order to reduce Ru3+ to Ru2+. Meanwhile,
200 mg of Vulcan carbon XC72 was dispersed into 60 mL of ethanol by sonication for 20 min
to form a homogeneous suspension liquid. Subsequently, the C suspension was transferred
into the reaction flask. After the temperature was stabilized at 110 ◦C, 9.0 mL of a 0.1 M
NaOH solution was injected and continued heating for 2 h. After naturally cooling down,
the products were rinsed and dried in a vacuum oven at 60 ◦C.

Synthesis of Ru@Pt/C: An as-synthesized Ru/C sample was annealed in H2/N2

(V(H2): V(N2) = 5:95) at 40 ◦C for 2 h and cooled down to room temperature. Then, 100 mg
of Ru/C were dissolved in 90 mL of ethanol, and refluxed at 115 ◦C for 1 h. After cooling
to room temperature, 5 mL of a 30 mM H2PtCl6 ethanolic solution was added under
vigorously stirring or sonicating to ensure a uniform dispersion. The mixture was heated
to 90 ◦C and maintained for 2 h. Finally, the solution became colorless; if not, up to 3.0 mL
of 0.1 M NaOH was added to completely reduce Pt. After naturally cooling down, the
products were rinsed and dried in a vacuum oven at 60 ◦C.
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3.3. Electrochemical Measurements

All electrochemical measurements were performed in a three-electrode system, featur-
ing a Pine AFMSRX disk rotator and an electrochemical workstation (CH Instruments Inc.,
Bee Cave, TX, USA). A Pt foil served as the counter electrode, while an Ag/AgCl electrode
acted as the reference. The catalyst ink was prepared by dispersing 12 mg of the catalyst
in a solvent mixture of 9 mL of water, 3 mL of isopropanol, and 12 µL of Nafion (5 wt%)
using ultrasonic waves. The working electrode was fabricated by depositing 10 µL of the
catalyst ink onto a glassy carbon rotating disk electrode (RDE) with a geometric area of
approximately 0.19625 cm2.

The electrochemical properties were evaluated using cyclic voltammetry (CV) and
linear sweep voltammetry (LSV). Prior to conducting the formal tests, the working electrode
was activated through CV scans at a rate of 100 mV s−1 within a potential window of 0.05 V
to 1 V in an Ar-saturated 0.1 M HClO4 solution until a stable CV curve was obtained.
Subsequently, the oxygen reduction reaction (ORR) activity of the catalysts was assessed
using LSV from 0.05 V to 1 V at a scan rate of 10 mV s−1 and a rotation speed of 1600 rpm
in an O2-saturated 0.1 M HClO4 solution.

The procedure for achieving SO2 poisoning on Pt surfaces was previously reported
in our publication [23,25]. Briefly, the working electrode was poisoned by maintaining it
at a potential of 0.65 V in an electrolyte solution containing 0.5 mM of Na2SO3 and 0.1 M
of HClO4 for 1 min [23,25]. After poisoning, the electrode was rinsed with water and
submerged in a fresh, deoxygenated, and SO2-free 0.1 M HClO4 electrolyte for further
electrochemical testing.

All the potentials were reported with respect to the reversible hydrogen electrode
(RHE) in this work.

3.4. DFT Calculations

Modeling and theoretical simulations were conducted employing Density Func-
tional Theory (DFT) within a plane-wave pseudopotential framework. A Perdew–Burke–
Ernzerhof (PBE) generalized gradient approximate exchange correlation functional was
utilized to describe exchange correlation effects in a self-consistent manner. The DFT
Semicore pseudopotential approach was adopted for nuclear treatment. Bulk platinum
was modeled based on a face-centered cubic lattice structure with a parameter of 3.97 Å. A
model of a four-layer-thick 4 × 4 Pt slab composed of 16 atoms was separated by a vacuum
zone of 15 Å. In the case of Ru@Pt(111), the lower three layers of Pt(111) were replaced by
Ru(111), and the surface was still the Pt(111) facet. The structural optimization of Pt(111)
and Ru@Pt(111) was carried out with medium precision, allowing for full relaxation of
the top layer atoms and adsorbates, while the bottom three layers were constrained to
their bulk positions. The adsorption energy of SO2 was calculated following the below
equation [25]:

Eads = −
(

ESO2−M(111) − EM(111) − ESO2

)
where ESO2−M(111) represents the energy of the SO2 molecule adsorbed on the metal (111)
surface, EM(111) represents the energy of the bare metal (111) surface, and ESO2 represents
the energy of the SO2 molecule in its gaseous state.

4. Conclusions
In conclusion, Ru@Pt/C core@shell catalysts have been designed and synthesized to

investigate the relationship among Ru incorporation, ORR activity and SO2 tolerance. The
Ru@Pt/C exhibits a higher catalytic activity and better SO2 poisoning resistance than the
commercial Pt/C. The ORR mass activity of Ru@Pt/C catalyst is 0.288 A mg−1

Pt higher
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than that of commercial Pt/C (0.252 A mg−1
Pt). In addition, the ORR mass activity of

Ru@Pt/C only lost 33% after SO2 poisoning, which is much better than the SO2 tolerance
of commercial Pt/C that lost 62% of mass activity under the same poisoning condition.
Physical characterization and theoretical calculation demonstrate that the Ru core efficiently
modifies the electronic structure of Pt shell and leads to weaker interaction between Pt and
SO2. This work balances the ORR performance and SO2 tolerance successfully.
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