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Oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) are two important

processes for electrochemical energy storage and conversion. Herein, we describe the

preparation of carbon-supported Pd nanocubes@Mo core@shell nanostructures as efficient

dual catalysts for both ORR and HER. The core@shell structure was manifested by high-

resolution transmission electron microscopy measurements, including high angle-

angular dark field-scanning transmission electron microscopy and elemental mapping

analysis. Further structural insights were obtained in X-ray diffraction and X-ray photo-

electron spectroscopy measurements. The nanostructures exhibited apparent electro-

catalytic activity toward both ORR and HER, and the performances were markedly higher

than those without the deposition of a Mo overlayer. In ORR, the activity was even better

than that of commercial Pt/C within the context of onset potential, specific and mass ac-

tivities; whereas in HER, the performance of Pd nanocubes@Mo core@shell nanostructures

remained subpar as compared to that of Pt/C in terms of the overpotential to reach the

current density of 10 mA cm�2, the Tafel slope was comparable and the stability was

excellent. The excellent electrocatalytic performance can be attributed to the Pd-Mo syn-

ergistic effects imparted from the core-shell structure.
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Introduction

Oxygen reduction reaction (ORR) and hydrogen evolution re-

action (HER) are two important processes in the development

of sustainable and green energy technologies for electro-

chemical energy conversion and storage [1e4]. Because of

their complicated reaction pathways and sluggish electron-

transfer kinetics, development of low-cost, high-perfor-

mance catalysts is needed. Currently, Pt-based materials are

the state-of-art catalysts for both ORR and HER [5e7]. How-

ever, the low natural abundance and high costs of Pt have

significantly hindered the widespread commercialization of

such technologies. In addition, Pt-based electrocatalysts

typically exhibit insufficient long-term durability during the

electrocatalytic operations, mainly due to Ostwald ripening

and deactivation by adsorption of CO-like poisonous in-

termediates on the catalyst surface [8e10]. Therefore, sub-

stantial research efforts have been devoted to the design and

development of non-Pt catalysts for both ORR and HER

[11e15].

In fact, palladium has been recognized as a viable alter-

native, mainly due to its relatively low cost, desirable elec-

trocatalytic performance and well-established techniques

toward industrial applications [16e18]. For instance, the

abundance of Pd in the Earth's crust is 0.015 ppm by weight,

which is 3 times higher than that of Pt (0.005 ppm) [19].

Advanced Pd-based catalysts have been widely employed in

the electrocatalysis of ORR and HER. For instance, Huang et al.

developed a simple process based on controlled pyrolysis for

the synthesis of palladium-cobalt nanoparticles supported on

carbon nanotubes and observed apparent ORR and HER ac-

tivity [20]. In another study, Liu and co-workers reported the

preparation of porous Pd nanoparticle assemblies, which

exhibited a small Tafel slope of 30 mV s�1, and an exceptional

low overpotential (h100) of 80 mV to reach the current density

of 100 mA cm�2 for HER in 0.5 M H2SO4, as well as a half-wave

potential of 0.837 V and an onset potential of 0.926 V at

1600 rpm with a scan rate of 5 mV s�1 for ORR in 0.1 M KOH

[21].

The catalytic activity of Pd may be further enhanced by a

range of structural engineering [22e25], such as surface

modification [26], manipulation of composition and

morphology [27,28], and alloying with transition metals [29].

For instance, in a recent study [30], Lee and Kwon deposited Pd

nanoparticles (ca. 7 nm) on MoS2 surfaces by a one-step

sonochemical method and observed enhanced electro-

catalytic activity towards ORR in alkaline media. This was

ascribed to the tensile strain produced at the Pd/MoS2 inter-

face and the charge-transfer from Pd to MoS2 that raised the

Pd d-band center. Note that a range of molybdenum-based

compounds, such as MoS2 [31], MoO3 [32], Mo2C [33], and

MoNi4 [34], are also active in HER electrocatalysis. Thus, it will

be of fundamental and technological significance to examine

the dual activity of the resulting composites towards both ORR

and HER. This is the primary motivation of the present study.

In this study, we report a facile approach to the prepara-

tion of carbon-supported palladium nanocubes that were

decorated with a thin layer of molybdenum compounds as

dual functional electrocatalysts for both ORR and HER.
Transmission electron microscopic measurements and

elemental mapping analysis showed the formation of well-

defined Pd nanocubes@Mo core-shell structures. In electro-

chemical tests, the nanostructures demonstrated superior

activity andmarkedly higher long-term stability than Pt/C for

ORR. In addition, in HER tests, the sample also displayed a

remarkable performance that was comparable to that of Pt/C,

with exceedingly enhanced durability. This was largely

ascribed to the lattice strain at the Pd/Mo interface that

manipulated the electronic interactions with reaction in-

termediates hence enhanced the catalytic activity.
Materials and methods

Chemicals

Poly(vinyl pyrrolidone) (PVP, MW ¼ 55,000), L-ascorbic acid

(99%), potassium bromide (KBr, 99%), sodium tetra-

chloropalladate(II) (Na2PdCl4, 99.95%), acetic acid glacial

(99.5%), ammonium molybdate ((NH4)6Mo7O24$4H2O, 99%),

and carbon black (Vulcan XC-72, Cabot) were purchased from

Energy Chemicals. All aqueous solutions were prepared using

de-ionized (DI) water with a resistivity of 18.3 MU cm.

Synthesis of Pd nanocubes

Pd nanocubes were synthesized by adopting a literature pro-

tocol [35]. In a typical procedure, 8 mL of an aqueous solution

containing PVP (105 mg), ascorbic acid (60 mg), and KBr

(600 mg) was heated at 80 �C under magnetic stirring at

800 rpm for 10 min. Then 3 mL of an aqueous solution con-

taining 0.2 mmol Na2PdCl4 was added quickly. The mixture

was heated at 80 �C in air under magnetic stirring for 3 h and

then cooled down to room temperature. Pd nanocubes were

collected by centrifugation and washed three times with a

water/acetone mixture to remove excess PVP.

Preparation of Pd nanocubes@Mo core@frame
nanostructure

For the synthesis of Mo-coated Pd nanocubes [35], in a typical

process, 2 mg of (NH4)6Mo7O24$4H2O and 12 mg of ascorbic

acid were added into 10 mL of the aqueous suspension of Pd

nanocubes obtained above (1 mg mL�1). After heating at 80 �C
under magnetic stirring for 2 h, the reaction solution was

cooled down to room temperature, affording Pd nano-

cubes@Mo core@frame nanostructures that were collected by

centrifugation and washed three times with water.

Preparation of carbon-supported Pd nanocubes and Pd
nanocubes@Mo nanostructures

To prepare carbon-supported Pd nanocubes (denoted as Pd

nanocubes/C), Pd nanocubes were collected by centrifugation

and re-dispersed in 10 mL of ethanol. A specific amount of

carbon black (Vulcan XC-72, Cabot) was added into the sus-

pension, and the loading of Pd was controlled at 20 wt %. The

mixture was then stirred and sonicated for 6 h. The resultant

Pd nanocubes/C composites were collected by centrifugation.
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Residual PVP and bromide on the composite surface were

removed by re-dispersing the sample in 10 mL of acetic acid,

and heated at 60 �C for 2 h under magnetic stirring. The

preparation of carbon supported Pd nanocubes@Mo core@-

frame nanostructures (denoted as Pd nanocubes@Mo/C) was

carried out in the same manner.

Characterizations

The morphology of the samples was examined with a high-

resolution transmission electron microscope (JEOL TEM-

2010). SEM images were collected with a field-emission scan-

ning electron microscope (FESEM, Merlin). X-ray diffraction

(XRD) patterns were acquired on a Bruker D8 diffractometer

with a Cu Ka radiation (l ¼ 0.1541 nm). The surface chemical

composition and valence state of the samples were studied by

X-ray photoelectron spectroscopy (XPS) measurements with a

VG MultiLab 2000 instrument with a monochromatic Al Ka X-

ray source (Thermo VG Scientific).

In a typical ORR test, 2 mg of the catalyst prepared above

was dispersed in 1 mL of anhydrous ethanol, and 10 mL of 5 wt

% Nafion was added into the mixture and sonicated for about

30 min. Then, 10 mL of the mixture was dropcast onto the

glassy carbon electrode of a rotating ring-disk electrode and

dried at room temperature. The catalyst loadings were all

102 mg cm�2 (The geometrical area of rotating disk electrode is

0.196 cm�2). Cyclic voltammetric (CV) measurements were

conducted at the potential scan rate of 10 mV s�1, and linear

sweep voltammograms (LSV) were collected in an O2-satu-

rated 0.1M KOH solution at the scan rate of 10mV s�1 with the

rotation rates varied from 225 to 2025 rpm. Chronoampero-

metric measurements were conducted in an O2-saturated

0.1 M KOH solution at þ0.5 V for 38,000 s. Accelerated dura-

bility tests (ADT) of the catalysts were conducted with the

potential cycled in an O2-saturated 0.1 M KOH solution be-

tween þ0.6 and þ 1.0 V at the scan rate of 50 mV s�1. The

electrochemically active surface areas (ECSA) of the catalysts

were estimated in a N2-saturated 0.1MHClO4 solution at room

temperature at the scan rate of 50 mV s�1.

In a HER test, 5 mg of the catalysts prepared above and

50 mL of 5 wt % Nafion was dispersed in 1 mL of ethanol. Then,

10 mL of the mixture was dropcast onto a glassy carbon elec-

trode and dried at room temperature. LSV was collected in

0.5 M H2SO4 solution at the scan rate of 10 mV s�1.
Results and discussions

Schematic illustration of the preparation of Pd
nanocube@Mo nanostructures

The preparation of the Pd nanocubes andmolybdenum coated

Pd nanocubes is schematically depicted in Scheme 1. Pd

nanocubes were first synthesized by thermal reduction of

Pd2þ in the presence of PVP, KBr, and ascorbic acid (AA) at

80 �C, which then reacted with Mo6þ for 2 h to generate Mo-

coated Pd nanocubes [35]. The obtained samples were then

loaded onto carbon surface by mixing with a calculated

amount of carbon black. Note that, KBr is used as the capping

agent and surfactant to avoid the aggregation. And it plays the
role for facet selection by surface passivation [36,37]. The

detailed procedure is included in the experimental section.

TEM analysis of carbon-supported Pd nanocubes and Pd
nanocubes@Mo

The morphologies and surface microstructures of the carbon-

supported Pd nanocubes and Pd nanocubes@Mo sampleswere

first studied by TEM measurements. Fig. 1a and b shows the

representative TEM images of the Pd nanocubes/C sample,

where a number of dark contrast objects (Pd nanotubes) were

distributed onto a low-contrast matrix (carbon). The Pd par-

ticles exhibited awell-defined cubic shapewith an edge length

of approximately 10 nm, and an interplanar spacing of

0.195 nm (Fig. 1b) that is consistent with that of the Pd (200)

planes [38]. Upon the coating of a Mo layer, such a well-

defined cube morphology was preserved, as manifested in

Fig. 2b and d. Interestingly, the crystalline lattice spacing in

the core was found to diminish somewhat to 0.185 nm

(Fig. 1d), suggesting that upon the coating of Mo slight

shrinkage of the Pd crystal lattices occurred [39,40].

The coating of a Mo layer on Pd nanocubes was evidenced

in elemental analysis. Fig. 1e and f shows two orthogonal line

scans of a single Pd nanocubes@Mo particle. In both scan

profiles, the Pd concentration was markedly higher than that

of Mo, and Mo was slightly enriched at the edges, consistent

with the formation of a thin Mo layer on the Pd nanocube

surface. Such a structure is also manifested in high-angular

dark-field scanning transmission electron microscopic

(HAADF-STEM) measurements. From the elemental maps in

Fig. 1gej, one can see that Pd was evenly decorated with a Mo

overlayer.

XRD and XPS studies of Pd nanocubes/C and Pd
nanocubes@Mo/C

Further structural insights were obtained in X-ray diffraction

(XRD) and X-ray photoelectron spectroscopy (XPS) measure-

ments. As depicted in Fig. 2a, both Pd nanocubes/C and Pd

nanocubes@Mo/C samples exhibited four well-defined

diffraction peaks. For Pd nanocubes/C, these can be easily

identified at 2q ¼ 40.1�, 46.7�, 68.1�, and 82.1�, consistent with

the (111), (200), (220), (311) diffractions of fcc Pd (JCPDS card#

46-1043). Yet, upon the coating of Mo on the Pd nanocube

surface, the 2q values of the diffraction peaks can be found to

increase slightly, suggesting a decrease of the lattice spacing

in Pd nanocubes@Mo nanostructures (no Mo diffraction fea-

tures were observed, likely because of its low concentration,

vide infra). This observation is in good accordancewith results

obtained in TEM studies (Fig. 1e).

Fig. 2b and c shows the high-resolution XPS spectra of Pd 3d

electrons in Pd nanocubes/C and Pd nanocubes@Mo/C,

respectively. In both samples, deconvolution yields two dou-

blets. The doublets at the binding energy of 335.5 eV and

340.8 eV can be assigned to metallic Pd(0), while the peaks at

somewhat higher binding energies of 337.1 eV and 342.4 eV to

Pd(II) [22,23,41,42]. Furthermore, based on the integrated peak

areas, the Pd(0)-to-Pd(II) ratio can be calculated to be 1.16 and

0.80 for Pd nanocubes/C and Pd nanocubes@Mo/C, respec-

tively, suggesting that upon the coating of a Mo overlayer on

https://doi.org/10.1016/j.ijhydene.2018.07.097
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Scheme 1 e Schematic illustration of the preparation of Pd nanocube@Mo structures.

Fig. 1 e Representative TEM images of (a, b) Pd nanocubes/C and (c, d) Pd nanocubes@Mo/C. Panels (e) and (f) are the

corresponding line scan profiles of Pd nanocubes@Mo in two orthogonal directions (red lines in the respective inset). Typical

HAADF-STEM image of (g) Pd nanocubes@Mo/C and the corresponding elemental maps of (h) Pd, (i) Mo, and (j) Pd þ Mo. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Pd nanocube surfaces, electron transfer likely occurred from

Pd to surface Mo. In addition, the high resolution XPS spectra

of Mo 3d electrons is depicted in Fig. 2d. Upon de-convolution,

three pairs of doublets with binding energies at 235.4 eV and

232.3 eV, 233.7 eV and 231.4 eV, 230.1 eV and 227.8 eV can be

easily identified, which are ascribed to Mo6þ, Mo4þ, and Mo0,

respectively [34,43,44]. As a note, based on the XPS survey scan

results, the Pd-to-Mo atomic ratio can be estimated as 1: 0.09.

Electrocatalytic ORR activities of Pd nanocubes/C and Pd
nanocubes@Mo/C

The electrocatalytic activity toward ORR was then tested for

the two samples and compared with commercial Pt/C. As
shown in Figure S1, in O2-saturated 0.1 M KOH, Pd nanocubes/

C, Pd nanocubes@Mo/C, and Pt/C all exhibited a sharp

cathodic peak around þ0.7 V ~ þ0.8 V, in contrast to the

featureless response when the solution was saturated with

N2, suggesting apparent ORR activity. Fig. 3a shows the

rotating ring-disk electrode (RRDE) measurements of the

samples, where one can see that as the electrode potential

was swept negatively, nonzero current started to emerge. Yet

the onset potential (Eonset) varied among the samples, þ0.92 V

for Pd nanocubes/C, þ0.97 V for Pd nanocubes@Mo/C, and

þ0.96 V for Pt/C. A consistent variation was observed with the

half-wave potential (E½), þ0.80 V for Pd nanocubes/C, þ0.84 V

for Pd nanocubes@Mo/C, and þ0.81 V for Pt/C. These results

suggest that the coating of a Mo overlayer on Pd nanocubes

https://doi.org/10.1016/j.ijhydene.2018.07.097
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Fig. 2 e (a) XRD patterns of Pd nanocubes/C and Pd nanocubes@Mo/C; (b, c) High-resolution XPS spectra of Pd 3d electrons for

Pd nanocubes/C and Pd nanocubes@Mo/C; (d) High-resolution XPS spectra of Mo 3d electrons for Pd nanocubes@Mo/C.
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markedly enhanced the ORR activity, with a performance

even superior to that of commercial Pt/C. In fact, the diffusion-

limited current density of Pd nanocubes@Mowas even greater

than that of Pt/C.

Furthermore, one can see that the disk currents were

approximately 20 times higher than those at the ring elec-

trode, suggesting the production of only a minimal amount of

peroxide intermediates. In fact, the number of electron

transfer (n) and H2O2 yield in the ORR process can be calcu-

lated by equations (1) and (2)

n ¼ 4Id
Id þ Ir=N

(1)

H2O2% ¼ 200Ir=N
Ir
N þ Id

(2)

where Id is the disk current, Ir is the ring current, and N is the

collection efficiency of RRDE (0.37). From Fig. 3b, one can see

that the calculated n values in the range of 0 V to þ0.8 V were

almost invariant at 3.81 to 3.99 for the three samples. This

suggests that ORR proceeds with a highly efficient, direct 4-

electron transfer pathway. Correspondingly, the H2O2 yield

was found to be below 10%, indicating that the production of

peroxide intermediates was negligible.

Further analysis of the catalytic performance was carried

out with RRDE measurements at varied rotation rates

(Figure S2). It can be seen that the ORR currents all increased

with increasing electrode rotation rate. The corresponding

Koutecky-Levich (K-L) plots were depicted in Figure S3, where
all three samples exhibited linear profiles with rather

consistent slopes within the potential range of þ0.06 V to

þ0.21 V. This suggests that ORR proceeded with a first-order

kinetics with regard to the oxygen concentration dissolved

in the solution [22,23,45].

The reaction kinetics and associated mechanistic insight

can be further analyzed and compared from the Tafel plots. As

shown in Fig. 3c, the Tafel plots include two clear regions at

high and low overpotentials, which has been well docu-

mented in previous reports [9,13,45,46]. In the low over-

potential range, the Tafel slope was determined to be 55.4 mV

dec�1, 57.9 mV dec�1, and 64.6 mV dec�1 for Pd nanocubes/C,

Pd nanocubes@Mo/C, and Pt/C, respectively, all close to 60mV

dec�1, suggesting the rate determining step in the ORR process

was probably a pseudo two-electron reaction [22,23]. In the

high overpotential range, the slope was 107.9 mV dec�1,

111.7 mV dec�1, and 115.9 mV dec�1 for Pd nanocubes/C, Pd

nanocubes@Mo/C, and Pt/C, respectively, indicating that the

reaction rate was predominantly governed by the first elec-

tron transfer to the oxygen molecules [13,46].

In addition, based on the electrochemically active surface

area (ECSA, Figure S4), the ECSA value can be determined by

equation (3) [41,47]:

ECSA ¼ QH

m� qH
(3)

where QH is the charge for Hupd adsorption, m is the metal

loading mass, and qH is the charge required for monolayer

adsorption of hydrogen on a Pd surface (405 mC/cm2). The

https://doi.org/10.1016/j.ijhydene.2018.07.097
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Fig. 3 e (a) LSV curves of Pd nanocubes/C, Pd nanocubes@Mo/C, and Pt/C in an O2-saturated 0.1 M KOH solution at a sweep

rate of 10 mv s¡1 and electrode rotation of 1600 rpm. Ring potential was set at þ1.5 V. (b) Numbers of electron transfer and

the corresponding H2O2 yields, (c) Tafel plots and (d) comparison of specific activity and mass activity at 0.85 V of Pd

nanocubes/C, Pd nanocubes@Mo/C, and Pt/C.
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specific activity (SA) and mass activity (MA) of the samples

were determined and compared in Fig. 3d. It can be seen that

at 0.85 V, Pd nanocubes@Mo/C exhibited a SA value of 11.13 A/

m2, approximately twice that of Pd nanocube/C and 13 times

higher than that of Pt/C for Pt. The Pd nanocubes@Mo/C

sample also possessed a highMAvalue of 113.76 A/gPd, about 4

times that of Pd nanocubes/C and 2 times that of Pt/C. These

results strongly attest the significant impact of a Mo overlayer

on the ORR activity of Pd nanocubes. Note that, such

intriguing ORR performance can be probably attributed to the

synergistic effects between the Pd core and the Mo overlayer,

as manifested by the electron transfer behaviors observed in

XPS measurements. For bimetallic core-shell structures, pre-

vious investigations have shown that the lattice mismatch at

the boundary of the core and the surrounded shell would

create lattice strain over several atomic layers at the interface,

which is probably favourable for accelerating the kinetics of

the electrocatalytic process [48e52].

Long-term durability of Pd nanocubes/C, Pd nanocubes@Mo/
C, and commercial Pt/C for ORR

The stability for long-term operation was then compared.

Fig. 4a shows the chronoamperometric responses at 0.5 V. It

can be seen that even after continuous operation for 11 h, the

current retained 90.6% of its initial value for the Pd nano-

cubes@Mo/C, much higher than that of Pd nanocubes/C
(84.5%) and Pt/C (78.1%). Consistent results were obtained in

accelerated durability tests (ADT), in which polarization

curves were recorded before and after the catalysts were

subject to 5000 cycles of potential scans in the potential range

of þ0.4 V to þ1.2 V at 50 mV s�1 in an O2-saturated 0.1 M KOH.

As depicted in Fig. 4bed, after 5000 cycles of potential scans,

E½ shifted negatively by only 7 mV for Pd nanocubes@Mo/C,

markedly lower than that of Pd nanocubes/C (10 mV) and Pt/C

(15.7 mV). This further attests the remarkable long-term sta-

bility of Pd nanocubes@Mo/C, as compared to the Pd nano-

cubes/C and Pt/C catalysts.

Electrocatalytic performance of Pd nanocubes/C, Pd
nanocubes@Mo/C and Pt/C towards HER

The electrocatalytic performance towards HER was also

evaluated and compared among the series of samples. Elec-

trochemical measurements were carried out in 0.5 M H2SO4 at

a scan rate of 10 mV s�1 by linear sweep voltammetry. As

illustrated in Fig. 5a, Pt/C exhibited a nearly zero onset po-

tential, whereas for Pd nanocubes/C and Pd nanocubes@Mo/C,

the onset potentials were some more negative, at �0.09 and

�0.02 V, respectively. In addition, to reach the current density

of 20 mA cm�2, the overpotential was 206 mV, 97 mV and

11 mV for Pd nanocubes/C, Pd nanocubes@Mo/C and Pt/C,

respectively. These suggest that the coating of a Mo overlayer

significantly enhanced the HER activity of Pd nanocubes

https://doi.org/10.1016/j.ijhydene.2018.07.097
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Fig. 4 e Chronoamperometric responses for ORR at Pd nanocubes/C, Pd nanocubes@Mo/C, and commercial Pt/C electrodes in

an O2-saturated 0.1 M KOH solution for 38,000 s at 0.5 V (a). The accelerated durability tests (ADT) of Pd nanocubes/C (b) and

Pd nanocubes@Mo/C (c) and commercial Pt/C (d) were carried out by before and after 5000 cycles between 0.6 and 1.0 V at a

scan rate of 50 mV s¡1 with a rotation speed of 1600 rpm in an O2-saturated 0.1 M KOH solution.

Fig. 5 e (a) Linear sweep voltammograms (LSV) of Pd nanocubes/C, Pd nanocubes@Mo/C, and Pt/C in 0.5 M H2SO4. (b) The

Tafel plots for Pd nanocubes/C, Pd nanocubes@Mo/C, and Pt/C in 0.5 M H2SO4. (ced) LSV curves of Pd nanocubes/C, Pd

nanocubes@Mo/C, and Pt/C in 0.5 M H2SO4 before and after cycling tests.
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towards HER, although the performance remained subpar as

compared to that of Pt/C.

To evaluate the HER reaction kinetics, Tafel slope was

quantitatively estimated by linear regression of the polariza-

tion curves according to the Tafel equation, s ¼ b log j þ a (j is

the current density and b is the Tafel slope). From Fig. 5b, the

Tafel slope for Pt/C was estimated to be 29 mV dec�1, in good

consistence with results reported previously [53,54]; and it

was markedly higher at 82 mV dec�1 and 45 mV dec�1 for Pd

nanocubes/C and Pd nanocubes@Mo/C, respectively, indi-

cating that the HER process was probably governed by the

Volmer-Heyrovsky mechanism. Note that according to this

mechanism, the reaction rate is determined by electro-

chemical desorption of hydrogen from the catalyst surface

[55e57].

Note that, the ORR activity of Pd nanocubes@Mo/C is su-

perior than recently reported PdMo based similar materials.

The comparison results are compiled in Table S1. For instance,

the onset potential and diffusion-limited current density at

þ0.45 V were 0.96 V and 4.64 mA cm�2, 0.80 V and

3.40 mA cm�2, 0.90 V and 3.70 mA cm�2, 0.93 V and

3.85mA cm�2, for Pd nanoparticles onMo2C nanotubes (Mo2C-

Pd-9%) [58], carbon supported Pd90Mo10 nanoparticles

(Pd90Mo10-900 �C) [59], three dimensional palladium nano-

particles on reduced graphene oxide (3D-Pd/rGO) [60], and Pd

nanoparticle assemblies (Pd NPAs) [21], both values are lower

than that of Pd nanocubes@Mo/C (0.97 V and 5.88 mA cm�2) in

this work. In addition, the HER activity is also close to that of

the above materials (Table S1).

Catalytic durability represents another important param-

eter in the evaluation of a HER electrocatalyst. The long-term

durability was tested by repeated potential cycling at a scan

rate of 100 mV s�1. As presented in Fig. 5cee, after 3000 cycles

of potential scans, the required overpotential to afford a cur-

rent density of 10 mA cm�2 increased by about 35 mV and

43 mV for Pd nanocubes/C and Pt/C, respectively, while barely

no change was observed for Pd nanocubes@Mo/C. This in-

dicates that Pd nanocubes@Mo/C possessed remarkably

higher durability, probably due to protection of the Mo atoms

covered on the surface.
Conclusions

In summary, a facile approach has been developed for the

preparation of Pd nanocubes@Mo core-shell nanostructures

as high-performance bifunctional catalysts for both ORR and

HER. Such core-shell structures were confirmed by TEM and

elemental mappingmeasurements, and further characterized

by XRD and XPS analysis. The as-prepared Pd nanocubes@Mo/

C exhibited superior ORR performance than Pt/C, evidenced by

the more positive onset potential, larger diffusion-limited

current, markedly higher specific and mass activities, as well

as remarkably higher long-term durability. It also demon-

strated apparent HER activity comparable to that of Pt/C along

with markedly higher stability. The findings can shed light on

design and fabrication of Pd-based core-shell structure as

efficient, cost-effective and durable electrocatalysts with dual

even multiple functionalities and beyond.
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