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Despite the recent advances in preparing high-efficiency and durable electrocatalysts for oxygen reduc-
tion reaction (ORR) toward fuel cell applications, there is still lacking of the understanding regarding the
relationship between the electrocatalytic performance and the surface structure of the catalyst at atomic
level. Herein, three PdZn bimetallic composites named as PdZn_Disordered, PdZn_Ordered and
Pd@Zn_Core-shell (Pd: Zn = 1: 1) were prepared for ORR in alkaline medium to examine the surface struc-
ture effects. Multiple characterization means revealed that PdZn_Disordered and PdZn_Ordered had
amorphous PdZn and ordered PdZn alloyed structure, respectively, while Pd@Zn_Core-shell held a Pd-
core-ordered and Zn-shell-disordered architecture. In the electrochemical ORR tests, Pd@Zn_Core-shell
exhibited the superior activity and stability in the series, outperforming the Pd/C and Pt/C catalysts.
The electrocatalytic performance followed the order of Pd@Zn_Core-shell > PdZn_Ordered »
PdZn_Disordered, which can be attributed to the effects of different surface structures of the catalysts.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

To alleviate our heavy reliance on environmental unfriendly
fossil fuels, it is essential to explore new technologies for an effi-
cient energy management. Proton exchange membrane fuel cells
(PEMFCs) have been widely regarded as an ideal solution for sus-
tainable energy storage and conversion thanks to their high effi-
ciency, excellent reliability and negligible or even zero carbon
oxides emission [1–3]. The energy conversion efficiency of PEMFCs
is seriously restricted by the much slower oxygen reduction reac-
tion (ORR) occurring at the cathode rather than the fast-going
hydrogen oxidation reaction at the anode. The electrochemical
reduction of oxygen follows different reaction mechanisms,
depending on the pH value of the electrolyte. In acidic medium,
the reaction formula is: O2 þ 4Hþ þ 4e ! 2H2O, while for alkaline
medium, the reaction follows the path of O2 þ 2H2Oþ 4e ! 4OH�.
The thermodynamic potentials (Eo) for ORR under standard condi-
tions are 1.229 V and 0.410 V for the above two pathways, respec-
tively. The cathode material has a significant impact on the
intermediate process of oxygen reduction. ORR can follow the
direct efficient 4-electron transfer pathway, or the 2-step-2-
electron transfer pathway (Acidic medium: O2 þ 2Hþ þ 2e !
H2O2ðEo ¼ 0:67VÞ and H2O2 þ 2Hþ þ 2e ! 2H2OðEo ¼ 1:76VÞ.
Alkaline medium: O2 þH2Oþ 2e ! HO�

2 þ OH�ðEo ¼ �0:065VÞ
and HO�

2 þH2Oþ 2e ! 3OH�ðEo ¼ 0:867V)), where H2O2 or HO2
–

as byproduct is generated in the latter case [4–6]. As state-of-
the-art ORR catalysts, Pt-based materials have attracted substan-
tial research interests over the past decade [7–10]. However, such
Pt-based catalysts suffer from the shortcomings of rare reserve of
Pt in the Crust of Earth, high costs, and poor stability. These factors
have become the primary barriers to the broad deployments and
large-scale commercial applications of PEMFCs. To that end, it is
pivotal to develop cost-effective, high-efficiency, and robust cata-
lysts as alternative substitutes to meet the requirements for the
profitable marketing [11–16].

Compared with platinum, palladium could be an attractive can-
didate which holds great promises to realize the industrial com-
mercialization, thanks to the following factors. First of all,
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palladium has a much higher earth abundance than platinum in
Earth’s Crust. Secondly, palladium is an amazing metal which has
shown exceptional catalytic activity in various reactions for
commercial devices and industrial processes [17]. Finally and fur-
thermore, palladium can readily be alloyed with other metals,
especially transition metals, to form bimetallic nanostructures
which further reduces the cost and significantly boosts its electro-
catalytic performance. It is noted that the component ratios and
atomic distributions of palladium and the transition metals can
greatly affect the electrocatalytic activities of the bimetallic
nanocrystals, as they can influence the electron transfer and cou-
pling behaviors on the electrode surface. For instance, in terms of
ORR, a variety of PdM (M = Transition metal) alloys including PdCu
[18–20], PdFe [21,22], PdNi [23,24], PdCo [25,26], PdZn [21], PdCr
[27], PdMo [27], PdW [27], and PdCuCo [28] have shown high cat-
alytic activity and robust CO or methanol tolerance in fuel cells.
The catalytic activity and long-term durability of these Pd-
alloyed nanomaterials are at least comparable with, if not superior
to, the state-of-the-art Pt/C catalyst [29].

Despite the impressive progresses, there is still a lack of fun-
damental understanding of PdM alloys regarding the basic
science for the promotion effects at an atomic level. It is noted
that the ORR electrocatalytic behavior is highly dependent on
the surface structure of the catalyst, including the shape, the sur-
face atomic mixing pattern, the crystal orientation, the surface
structural defect and so on [30–33]. Several studies postulated
that the enhanced ORR performance can be attributed to the
altered kinetics or thermodynamics induced by the foreign atoms
imparted on the Pd surface, but direct structural evidences are
still missing [34]; Other researchers emphasized that the modu-
lation of the electronic effects of the Pd surface could signifi-
cantly affect the activity to some extent. However, besides X-
ray photoelectron spectroscopy, developing advanced tools to
corroborate such theory is still quite challenging [35–37]. To that
end, the direct correlation between the surface structure and the
electrocatalytic performance hasn’t been well established. In light
of the great influence of surface structure upon the catalytic per-
formance, it is critical and imperative to systematically design
PdM nanoparticles with different surface atomic structures to
probe their catalytic performance, and eventually establish the
structure-performance relationship. This is the primary goal of
the current investigation.

In this work, three types of stable PdZn nanoparticles with dif-
ferent surface atomic architectures, namely PdZn_Disordered,
PdZn_Ordered, and Pd@Zn_Core-shell (Pd: Zn = 1: 1), have been
prepared to examine the surface structure effects toward ORR in
alkaline medium. TEM, HAADF-STEM, HR-TEM, and XRD measure-
ments revealed the amorphous PdZn, ordered PdZn, and ordered-
Pd-core with disordered-Zn-shell structures for PdZn_Disordered,
PdZn_Ordered, and Pd@Zn_Core-shell, respectively. The electrocat-
alytic performance followed the order of Pd@Zn_Core-shell > PdZ
n_Ordered » PdZn_Disordered, while Pd@Zn_Core-shell exhibited
the best electrocatalytic ORR performance, even superior to the
Pd/C and Pt/C catalysts.
2. Experimental section

2.1. Materials

Palladium acetate (Pd(OAc)2, 99%), acetone (98%), and glycol
ether (98%) were purchased from Energy Chemicals (Shanghai,
China). Zinc acetate (Zn(OAc)2, 99%) was obtained from Fuchen
Chemical Reagents (Tianjin, China), sodium borohydride (NaBH4,
98%), commercial Pd/C (20 wt% for Pd) and Pt/C (20 wt% for Pt)
catalysts were purchased from Aladdin Chemical (Shanghai,
China). All the chemicals were used as received without further
treatment.

2.2. Synthesis of PdZn_Disordered, PdZn_Ordered and Pd@Zn_Core-
shell

Preparation of PdZn_Disordered: Disordered PdZn alloys were
fabricated by following a previously documented protocol [38].
Typically, 0.2 mmol of palladium acetate were first dissolved into
10 mL of acetone by sonication, while 0.2 mmol of zinc acetate
were dissolved into 50 mL of 2-ethoxyethanol under continuous
stirring. Then, the above two solutions were mixed together under
vigorous stirring for 10 min. Subsequently, a freshly prepared
NaBH4 aqueous solution (10 mL, 0.4 M) was added into the above
solution at ambient temperature under stirring for 15 min. The
solution immediately changed from yellow into brown black, indi-
cating the formation of PdZn alloys. The final product obtained by
filtration was washed with copious water ten times and ethanol
twice and was dried under vacuum. It is denoted as
PdZn_Disordered.

Preparation of PdZn_Ordered: After calcining the PdZn_Disor-
dered sample under 0.1 MPa Ar/H2 (10%) atmosphere at 600 �C
for 5 h, with a heating rate of 1 �C min�1, the product was collected
and named as PdZn_Ordered.

Preparation of Pd@Zn_Core-shell: In a typical synthesis, 0.2 mmol
of palladium acetate were first dissolved in a mixed solvent made
of 10 mL of acetone and 50 mL of 2-ethoxy ethanol, and the solu-
tion was kept under stirring at 393 K for 30 min and cooled down
to room temperature. Then, 10 mL of 0.02 M zinc acetate aqueous
solution were added into the above mixture. Subsequently, 10 mL
of freshly prepared 0.4 M NaBH4 aqueous solution were added into
the solution quickly. The formed black precipitates were collected
by filtration, washed with plenty of water ten times and ethanol
twice, and then dried in vacuum. The collected solid was the final
product denoted as Pd@Zn_Core-shell.

2.3. Characterizations

The morphology and surface structural information were
acquired using high angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM, JEM-2100F) at an accel-
eration voltage of 200 kV. Energy dispersive X-ray (EDX) elemental
mappings were recorded on a FEI Tecnai F20 machine. Powder X-
ray diffraction patterns (XRD) were obtained on a Bruker D8
diffractometer with Cu Ka radiation (k = 0.1541 nm). X-ray photo-
electron spectroscopy (XPS) was conducted with an Escalab 250
photoelectron spectrometer (Thermo fisher scientific, USA).

2.4. Electrochemistry

Electrochemical measurements for ORR were performed using a
CHI 750E workstation (CH Instruments Inc.) with a conventional
three-electrode system in an O2-saturated 0.1 M KOH solution at
ambient temperature. The as-prepared catalyst-coated glassy car-
bon disk and gold ring were used as the working electrodes
(Sdisk = 0.2475 cm2). Ag/AgCl electrode (ERHE = EAg/AgCl + 0.059 � p
H + 0.197, RHE = reversible hydrogen electrode) and a platinum foil
(1.00 cm � 1.00 cm) were used as the reference and counter elec-
trode, respectively. All potentials hereafter in the text are with ref-
erence to the RHE. Typically, 2 mg of each sample prepared as
above were first dispersed in 1 mL of ethanol by sonication for at
least 1 h to prepare a homogeneous catalyst ink. The Pd/C and
Pt/C electrocatalysts were also prepared by the same method with-
out adding additional carbon support. 20 mL of Nafion (5 wt%) were
then added into the catalyst ink under sonication. Subsequently,
10 mL of the catalyst ink were dropwise cast onto the glassy carbon



H. Yang et al. / Journal of Catalysis 382 (2020) 181–191 183
electrode surface and dried at room temperature. The total catalyst
loading was set as 80.8 lg cm�2 for all the samples [39–41]. For the
Pd/C and Pt/C catalysts, the metal loading was 16.2 lgmetal cm�2.
Prior to each electrochemical measurement, the catalyst on the
glassy carbon electrode was electrochemically cleaned by potential
cycles (�0.04 V to +1.16 V) of 10 min in a N2-saturated alkaline
solution. Subsequently, the activation of the catalyst was carried
out in an O2-saturated alkaline solution through potential cycles
for 20 min within a potential range of � 0.04 V to +1.16 V. The cyc-
lic voltammetric (CV) measurements were performed at a scan rate
of 10 mV s�1 without rotating the working electrode. Linear sweep
voltammetric (LSV) measurements were conducted at different
rotation rates (400–2025 rpm) within the potential range from �
0.04 V to +1.16 V (vs. RHE) at the same scan rate of 10 mV s�1.
Chronoamperometric tests (i-t) were carried out in an
O2-saturated 0.1 M KOH solution at +0.5 V and 900 rpm for
30,000 s, while accelerated durability tests (ADTs) were performed
by cycling the catalyst over the potential range of +0.6 V to +1.0 V
at 100 mV s�1 [42–44]. The electrochemical active surface area
(ECSA) of each catalyst was determined using the CO-stripping
method in 0.1 M HClO4. The total mass loading on the glass carbon
electrode was 100 lg for all the samples. Firstly, 0.1 M HClO4 elec-
trolyte was saturated with N2 for 20 min to remove the dissolved
oxygen; subsequently, CO was bubbled to attain a full monolayer
of absorbed CO on the metal surface under an applied potential
of +0.05 V for 10 min. Following that, N2 was bubbled for 5 min
to remove CO in the electrolyte, while maintaining the potential
of the working electrode at +0.05 V. Finally, CO-stripping and back-
ground CVs were recorded from 0.1 to 1.06 V vs. RHE at a scan rate
of 10 mV s�1. A saturated calomel electrode was employed as ref-
erence electrode (ERHE = ESCE + 0.059 � pH + 0.2415) [45,46].
3. Results and discussions

Upon preparation of the samples, their chemical microstructure
was first observed by SEM measurements. As shown in Fig. S1, all
three samples exhibited granular structures, whereas the
Pd@Zn_Core-shell sample showed well-defined spherical mor-
phologies and PdZn_Ordered had more rough surfaces and blurred
edges. TEM, HR-TEM and elemental mapping tests were then con-
ducted (Fig. 1). Fig. 1a, e and i show typical TEM images of
PdZn_Disordered, PdZn_Ordered, and Pd@Zn_Core-shell, respec-
tively. Spherical particles were observed for all the samples. Com-
pared with PdZn_Disordered and PdZn_Ordered, Pd@Zn_Core-shell
showed unusual morphology, as there were several thin floccules
partially covering on the surface of the particles with incomplete
encirclement. The average diameters of the PdZn_Disordered,
PdZn_Ordered, and Pd@Zn_Core-shell particles were calculated as
80.95 ± 2.54 nm, 87.81 ± 2.44 nm, and 90.15 ± 2.11 nm (core),
respectively. It is noted that in view of the amorphous and irregu-
lar Zn shell, it is more reasonable to consider the core diameter as
the size of the particle for Pd@Zn_Core-shell [47,48]. High-angle
annular dark-field scanning transmission electron microscopic
(HAADF-STEM) analysis was then conducted to further disclose
the structural features and elemental distribution. The red marked
square areas of Fig. 1b, f and j were the analytical regions of the
HAADF-STEM images for PdZn_Disordered, PdZn_Ordered, and
Pd@Zn_Core-shell, respectively. Green images (Fig. 1c, g and k)
and red images (Fig. 1d, h and l) show the elemental distributions
of Pd and Zn, respectively. For both PdZn_Disordered and PdZn_Or-
dered, Pd and Zn were well intermixed with good uniformity, sug-
gesting formation of alloyed structures for both samples. Such
conclusion can be further corroborated by the corresponding
line-scan profiles depicted in Fig. 1m and n. The distribution trend
of Pd almost overlapped with that of Zn, indicating both elements
were homogeneously scattered. However, for Pd@Zn_Core-shell,
from the elemental mappings shown in Fig. 1k and l, one can notice
that heavily dense Pd atoms were located at the core, while the
concentration of Zn inside the core was much lower, but Zn had
a somewhat partially denser distribution around the core. This sug-
gests the formation of Pd@Zn core-shell structure, which was fur-
ther confirmed by the line-scan profile illustrated in Fig. 1o. It can
be noted that Pd exhibited a peak-shaped distribution with a high
concentration in the middle, while Zn had an exceedingly lower
concentration in the middle but slightly enriched at the edges.
The combined elemental mapping results with the line-scan profile
observations offer solid evidences for successful formation of
Pd@Zn core-shell structure.

To further closely scrutinize the surface atomic arrangement,
high-resolution transmission electron microscopy (HR-TEM) was
next conducted for the PdZn_Ordered and Pd@Zn_Core-shell sam-
ples. As shown in Fig. 2a and b, well-defined lattice fringes can be
clearly identified for both samples. For PdZn_Ordered, the lattice
fringes with interplanar distances of 0.121 nm, 0.205 nm,
0.219 nm, and 0.290 nm are in good agreement with PdZn
(3 1 1), PdZn(2 0 0), PdZn(1 1 1), and PdZn(1 1 0) crystal planes
[49]. For Pd@Zn_Core-shell, the interplanar distances of
0.138 nm, 0.195 nm, and 0.225 nm correspond well with Pd
(2 2 0), Pd(2 0 0), and Pd(1 1 1) crystal planes, respectively
[50,51]. It is noteworthy that the crystal plane associated with zinc
was not detected, indicating that Zn possessed a disordered or
amorphous structure in the shell of the Pd@Zn core-shell. In addi-
tion, energy dispersive X-ray (EDX) spectroscopy on SEM was per-
formed to estimate the atomic percentages of all elements in the
three samples. A monocrystalline silicon plate was employed as
carrier to avoid interference of other elements, especially carbon.
As depicted in Fig. S2, Pd, Zn, C and O were all present in the three
samples. From EDX analysis (Table S1), the atomic percentages of
Zn and Pd were similar for all three samples, which was consistent
with the nominal ratio in the synthetic process (atomic ratio Pd:
Zn = 1: 1). One may notice that the weight percentages of Pd and
Zn in PdZn_Ordered were slightly higher than that in PdZn_Disor-
dered, reminiscent of the calcination process for preparing
PdZn_Ordered from PdZn_Disordered, as a small amount of C
was probably lost during this process. In the three samples carbon
mainly originated from the precursor compound, while oxygen
should be from the carbon matrix and/or metal oxides. The cat-
alytic activity of carbon for ORR is much lower than that of pre-
cious metal Pd, that is, the residual carbon had presumably little
influence on the catalytic property of the samples. Previous studies
have shown that only carbon materials doped with heteroatoms
may have a remarkable catalytic activity for ORR [52]. To verify
the results from EDX, inductively coupled plasma-mass spectrom-
etry (ICP-MS) was also conducted, and the corresponding results
are summarized in Table S1. The metal mass content obtained from
ICP-MS was in good agreement with EDX. The weight percentages
of Pd for PdZn_Disordered, PdZn_Ordered, and Pd@Zn_Core-shell
were 44.04 wt%, 58.96 wt%, and 42.35 wt%, respectively. The ICP-
MS results also provided a reference for the subsequent calculation
of electrochemically active surface area (ECSA) and mass activity
(MA).

The crystal structure of the samples was revealed by XRD mea-
surements, as shown in Fig. 2c. For PdZn_Disordered, there are two
broad peaks with extremely weak signal (2h = 40.03� and 46.65�),
coinciding with the diffraction peak of Pd fcc facet (PDF#46-1043)
[38]. This implies that only very few of the palladium atoms had an
ordered structure and that most of them exhibited amorphous and
disordered architectures. Moreover, the signal from Zn can be
barely identified, probably covered by the signal from Pd. These
observations attest that PdZn_Disordered can be defined as an
amorphous bimetallic alloyed material. In contrast, sharp peaks



Fig. 1. Representative TEM images of (a) PdZn_Disordered, (e) PdZn_Ordered, and (i) Pd@Zn_Core-shell. Typical HAADF-STEM image of (b) PdZn_Disordered and (c-d) the
corresponding elemental mappings (Pd and Zn). Typical HAADF-STEM image of (f) PdZn_Ordered and (g-h) the corresponding elemental mappings (Pd and Zn). Typical
HAADF-STEM image of (j) Pd@Zn_Core-shell and (k-l) the corresponding elemental mappings (Pd and Zn). Line-scan profiles of Zn and Pd in PdZn_Disordered (m),
PdZn_Ordered (n), and Pd@Zn_Core-shell (o) from the direction marked by a red line in the corresponding inserted images.
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with strong signal can be readily identified for the PdZn_Ordered
and Pd@Zn_Core-shell samples. It is noteworthy that the 2h peaks
located at 26.62�, 30.82�, 41.17�, 44.14�, 52.29�, 54.83�, 64.20�,
72.90�, 79.23� and 89.35� in the PdZn_Ordered sample correspond
well with previously documented signal for PdZn intermetallic
alloy compounds (PDF#65-9523) [53,54], confirming the success-
ful acquirement of ordered structure. As for Pd@Zn_Core-shell with
core-shell structure, the diffraction peaks are in good accordance
with the single crystal diffraction peaks of palladium (PDF#46-
1043) [38,55,56]. There are five apparent peaks at 40.12�, 46.66�,
68.12�, 82.10�, and 86.62�, which can be attributed to the (1 1 1),
(2 0 0), (2 2 0), (3 1 1), and (2 2 2) crystalline planes of metallic
Pd, respectively. It can be concluded that the palladium core
adopted an ordered crystal structure. Interestingly, there is no peak
corresponding to metallic Zn in Pd@Zn_Core-shell, further confirm-
ing that the zinc shell in the periphery had a disordered structure.
Based on the above analysis, the Pd@Zn_Core-shell sample can be
defined as a Pd-core-ordered and Zn-shell-disordered bimetallic
composite.
Based on the combined analyses of STEM, HR-TEM, and XRD
results, the surface structure of the three samples are clearly
expressed. For a more intuitive understanding and comparison,
structural models of the samples are shown in Fig. 2d, where
disordered and ordered palladium-zinc alloy structures can be
easily observed for PdZn_Disordered and PdZn_Ordered. For
Pd@Zn_Core-shell, the ordered structure of the Pd core and the dis-
ordered structure of the Zn shell were directly displayed. Further-
more, by correlating the crystal structure from the XRD analysis,
the crystal models of PdZn_Ordered and the core of Pd@Zn_Core-
shell were simulated and are shown in Fig. S3. Well-defined tetrag-
onal and face-centered cubic (fcc) skeletons can be observed for
PdZn_Ordered and for the core of Pd@Zn_Core-shell, respectively.

X-ray photoelectron spectroscopy (XPS) was next conducted to
obtain insight into the chemical compositions and valence states of
the catalysts. The survey-scan XPS spectra shown in Fig. S4
attested the presence of C, O, Pd and Zn in all three samples. From
XPS, the surface atomic percentages of Zn and Pd were estimated
as 6.41 at.% and 5.44 at.% for PdZn_Disordered, 7.24 at.% and 6.01



Fig. 2. Representative HR-TEM images of (a) PdZn_Ordered and (b) Pd@Zn_Core-shell. Some relatively obvious lattice fringes and their spacings are marked in the figure. (c)
XRD patterns of PdZn_Disordered, PdZn_Ordered and Pd@Zn_Core-shell. (d) Structure models of PdZn_Disordered, PdZn_Ordered and Pd@Zn_Core-shell.
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at.% for PdZn_Ordered, and 13.69 at.% and 2.42 at.% for
Pd@Zn_Core-shell, respectively. In terms of the first two alloy sam-
ples, the surface atomic ratios of Pd and Zn are close to 1: 1, which
is in accord with the nominal ratio. It can be noted that
Pd@Zn_Core-shell exhibited a higher Zn content than the other
two alloy samples, indicating that zinc is mainly distributed in
the outer layer shell, which is consistent with the previous
HAADF-STEM analysis. The corresponding weight percentages for
the four main elements (C, O, Zn and Pd) from XPS, EDS and ICP-
MS are summarized in Table S1. One may notice that XPS showed
higher C and O contents than EDX. This excess carbon and oxygen
are probably derived from the interference of the conductive adhe-
sive. In addition, compared with the disordered and ordered sam-
ples, the Core-shell sample exhibited a higher Zn content in XPS
rather than that in EDX. This is probably due to the fact that XPS
is a surface analysis technique with a few nanometer detection
depth, hence the outer layer Zn can be more easily detected.
The XPS core-level spectra of the Pd 3d electrons in PdZn_Disor-
dered, PdZn_Ordered, and Pd@Zn_Core-shell are presented in
Fig. 3a. For PdZn_Disordered and PdZn_Ordered, the binding ener-
gies of the Pd 3d3/2 and Pd 3d5/2 electrons were nearly identical,
approximately at 341.0 eV and 335.8 eV respectively. For
Pd@Zn_Core-shell, the binding energies of the Pd 3d3/2 and Pd
3d5/2 electrons (340.2 eV and 334.9 eV) were smaller than that of
PdZn_Disordered and PdZn_Ordered, suggesting a higher amount
of Pd(0) in the sample. The two peaks for the Pd 3d3/2 and Pd
3d5/2 electrons could be deconvoluted into two pairs of doublets.
The two peaks at high binding energy of 341.1 eV and 335.8 eV
were assigned to Pd(II) species, while the other two peaks at low
binding energy of 340.2 eV and 334.9 eV were consistent with
metallic Pd [57–60]. The percentages of Pd(0) in PdZn_Disordered,
PdZn_Ordered, and Pd@Zn_Core-shell were calculated as 8.5%,
24.8%, and 67.8%, respectively. Compared with PdZn_Disordered,
PdZn_Ordered exhibited a higher Pd(0) content, probably due to



Fig. 3. XPS core-level spectra of the (a) Pd 3d electrons and (b) Zn 2p electrons in PdZn_Disordered, PdZn_Ordered and Pd@Zn_Core-shell.

186 H. Yang et al. / Journal of Catalysis 382 (2020) 181–191
that part of the palladiumwere reduced during the calcination pro-
cess under reductive atmospheric environment (Ar/H2). For
Pd@Zn_Core-shell, the highest percentage of metallic Pd was
obtained, presumably due to that the outer transition metal layer
could protect the palladium core from being oxidized by air [61].
Fig. 3b shows the high-resolution XPS spectra for the Zn 2p elec-
trons. PdZn_Disordered and PdZn_Ordered exhibited almost iden-
tical binding energies for the Zn 2p electrons, while slightly
lower values can be observed for Pd@Zn_Core-shell, indicating a
higher amount of low valent zinc element. The two peaks from
the Zn 2p1/2 and Zn 2p3/2 electrons could be deconvoluted into a
pair of two subpeaks. The two green peaks (1045.3 eV and
1022.2 eV) could be ascribed to Zn(II), while the two red peaks
(1044.6 eV and 1021.5 eV) were assigned to Zn(0) species
[62,63]. The Zn(0) contents of the three samples followed the
order: Pd@Zn_Core-shell (74.3%) > PdZn_Ordered (26.9%) > PdZn_
Disordered (12.4%). The results indicate that there is strong elec-
tronic interaction between the Pd core and the Zn shell for
Pd@Zn_Core-shell. Such interaction may play an important role
in the electrocatalytic reaction by adjusting the adsorption energy
of the oxygenated intermediates [64–66]. The XPS core-level spec-
tra for the C 1s and O 1s electrons in the three samples can be
found in Fig. S5, further attesting that oxygen are not only from
the metal oxides, but also from the carbon substrates being in
the form of CAO and OAC@O, which agrees well with the results
presented in Fig. 3 and Table S1.

Subsequently, the electrocatalytic performance toward ORR of
PdZn_Disordered, PdZn_Ordered, and Pd@Zn_Core-shell was
examined and compared with that of Pd/C and Pt/C. The ORR cat-
alytic results are summarized in Table 1. As illustrated in the cyclic
voltammograms in Fig. 4a, a sharp peak at around 0.7 V � 0.85 V
attributed to the reduction of oxygen can be found for all the sam-
ples, implying effective activity. The cathodic peak potential
follows the order of Core-shell > Ordered > Disordered.
Pd@Zn_Core-shell not only exhibited the highest cathodic peak
potential, but also the largest cathodic peak current density, indi-
cating a superior ORR performance. Fig. 4b depicts the RRDE volt-
agramms in O2-saturated 0.1 M KOH solution at 1600 rpm, from
which the onset potentials, half wave potentials and diffusion-
limited current densities can be determined. The polarization
curve can be roughly divided into three sections, namely the
kinetics-controlled section, the mixed kinetics/diffusion-
controlled section, and the diffusion-controlled section. The
potential corresponding to the boundary between the kinetics-
controlled section and the mixed kinetics/diffusion-controlled sec-
tion is the onset potential, which is the starting potential at which
the current begins to rapidly increase. The half wave potential is
close to the middle of the mixed kinetics/diffusion-controlled sec-
tion. The limiting current corresponds to the current in the
diffusion-controlled section, which generally has reached a pla-
teau. As the rotation speed increases, the onset potential and the
half-wave potential remain almost unchanged, while the limiting
current density increases. Pd@Zn_Core-shell exhibited the highest
onset potential (0.98 V), the highest half-wave potential (0.82 V)
and the largest diffusion-limited current density (�6.07 mA.cm�2)
among the three samples. Its diffusion-limited current density was
much higher than that of Pd/C and Pt/C, whereas its onset potential
value was higher than that of Pd/C and comparable with that of
Pt/C. The results indicate that it has superior activity to the bench-
mark Pd/C and Pt/C catalysts for ORR electrocatalysis in alkaline
media. As summarized in Table 1, the onset potential, half-wave
potential, Tafel slope b, ECSA, SA, MA, and TOF followed the
above-mentioned cathodic peak potential trend, showing an ORR
performance order of Pd@Zn_Core-shell > PdZn_Ordered > PdZn_
Disordered. This suggests that Pd@Zn_Core-shell possessed the
highest intrinsic activity. The related formulas for calculating ECSA,
SA, MA, and TOF can be found in the Supplementary Material.

Based on the RRDE measurements (Fig. 4b), the electron trans-
fer number(n) and the H2O2 yield in ORR (Fig. 4c) can be quantified
by

n ¼ 4ID
ID þ IR=N

ð1Þ

and

H2O2% ¼ 200IR=N
ID þ IR=N

ð2Þ



Table 1
The ORR performance summary of PdZn_Disordered, PdZn_Ordered, Pd@Zn_Core-shell, Pd/C, and Pt/C including onset potential (Eonset), half wave potential (E1/2) at 1600 rpm,
Tafel slope b (mV dec�1), electrochemically active surface area (ECSA), specific activity (SA), mass activity (MA) at 0.85 V, and turnover frequency (TOF) at 0.85 V (The tests were
conducted in 0.1 M KOH).

Samples Eonset (V) E1/2 (V) Tafel slope b(mV dec�1) ECSA(m2/gPd or Pt) SA(lA/cm2
Pd or Pt) MA(mA/mgPd or Pt) TOF(s�1)

PdZn_Disordered 0.93 0.74 81.3 48.20 17.36 8.37 0.0032
PdZn_Ordered 0.97 0.81 59.8 55.04 44.41 24.44 0.0073
Pd@Zn_Core-shell 0.98 0.82 58.0 90.22 48.83 44.05 0.0135
Pd/C 0.95 0.76 89.2 103.77 37.68 39.10 0.0126
Pt/C 0.98 0.80 78.9 198.81 34.18 67.95 0.0377

Fig. 4. (a) Cyclic and (b) RRDE voltammograms of a glassy carbon electrode with deposited PdZn_Disordered, PdZn_Ordered, Pd@Zn_Core-shell, Pd/C, and Pt/C obtained in O2-
saturated 0.1 M KOH solution at 1600 rpm scanning the potential from 1.166 V to 0.034 V. (c) Plots of H2O2 yield and electron transfer number (n) of a glassy carbon electrode
with deposited PdZn_Disordered, PdZn_Ordered, Pd@Zn_Core-shell, Pd/C, and Pt/C. (d) RRDE voltammograms for Pd@Zn_Core-shell obtained at rotation rates of 400 to
2025 rpm. (e) The corresponding Koutecky-Levich (K-L) plots for Pd@Zn_Core-shell at different electrode potentials from 0.68 V to 0.89 V. (f) The corresponding Tafel plots for
Pd@Zn_Core-shell, Pd/C, and Pt/C. All measurements were conducted at a catalyst loading of 80.8 lg cm�2 in an O2-saturated 0.1 M KOH aqueous solution at a potential scan
rate of 10 mV s�1.
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where ID is the disk current density, IR is the ring current density,
and N is the RRDE collection efficiency with a value of 0.37 (given
by the RRDE manufacturer). Within the potential range of 0 V to
+0.70 V, the electron transfer number (n) values were 3.79–3.85,
3.92–3.96, 3.92–3.95, 3.71–3.86, and 3.79–3.90 for PdZn_Disor-
dered, PdZn_Ordered, Pd@Zn_Core-shell, Pd/C, and Pt/C, respec-
tively. The electron transfer numbers for the PdZn_Ordered and
Pd@Zn_Core-shell samples were higher than those for the
PdZn_Disordered, Pd/C, and even Pt/C. Also, their values are quite
close to 4, suggesting that the ORR process proceeded overwhelm-
ingly adopts a 4-electron transfer pathway for both samples. Corre-
spondingly, the H2O2 yields for the two samples remained at a very
small value of less than 3% within the potential range from +0.0 V to
+0.7 V, also much lower than that for PdZn_Disordered, Pd/C, and
Pt/C (Fig. 4c). The results imply that a negligible amount of H2O2

as byproduct was produced during the ORR process for both
PdZn_Ordered and Pd@Zn_Core-shell. Above ca. 0.7 V, ID decreased
dramatically, IR also decreased slightly, and as the decrease of IR was
much less than that of ID, the IR /ID value became larger, which
resulted in decrease of the electron transfer number
(n ¼ 4ID

IDþIR=N
¼ 4

1þIR=ðIDNÞ).

Fig. 4d depicts RRDE measurements at various rotation rates
ranging from 400 rpm to 2025 rpm for Pd@Zn_Core-shell. It can
be noticed that the absolute value of the current density grew
evenly with increasing rotation rate. The corresponding K-L plots
based on the polarization curves are shown in Fig. 4e. It can be
found that, in the potential range from 0.68 V to 0.89 V, the Kou-
tecky–Levich (K-L) plots of Pd@Zn_Core-shell are largely linear
with very consistent slopes, suggesting a first-order reaction kinet-
ics with regard to dissolved oxygen concentration in the solution
[67,68]. For comparison, the LSV curves and corresponding K-L
plots of the other samples as well as for Pd@Zn_Core-shell are
shown in Fig. S6, where a similar current change trend with excel-
lent linearity is observed for all the five samples (0.68 V to 0.86 V).

The electron-transfer kinetics can be further analyzed by using
the Koutecky–Levich (K–L) approach [69–71]. As the voltammetric
disk current (ID) includes both kinetic (Ik) and diffusion-controlled
(Id) contributions, the K–L equation can be expressed as shown in
Eqs. (3) and (4):

1
ID

¼ 1
Ik
þ 1
Id

¼ 1
Ik
þ 1
Bx1=2 ð3Þ

B ¼ 0:62nFACoD
2=3
o v�1=6 ð4Þ

where x is the electrode rotation rate, n is electron-transfer num-
ber, F is the Faraday constant (96485C mol�1), A is the geometric
surface area of the electrode, C0 is the oxygen concentration in
O2-saturated solution (1.26 � 10�6 mol cm�3), D0 is the diffusion
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coefficient of O2 in 0.1 M KOH aqueous solution (1.93 � 10�5 cm2

s�1), v is the solution kinematic viscosity (0.01 cm2 s�1), and k is
the electron-transfer rate constant [72]. The K-L plots exhibited
good linearity, which indicated that the electron transfer numbers
can be determined from the slopes of the K-L plots (Fig. S6).
Through Eq. (4), the corresponding electron transfer numbers
within the mixed kinetics/diffusion-controlled section (0.68 V to
0.86 V) were calculated as 2.55–3.79, 2.89–3.93, 3.59–3.94, 2.84–
3.82 and 3.27–3.88 for PdZn_Disordered, PdZn_Ordered,
Pd@Zn_Core-shell, Pd/C, and Pt/C, which is consistent with the vari-
ation trend of electron transfer numbers at high potential in Fig. 4c.

To further unravel the reaction kinetics for Pd@Zn_Core-shell,
the Tafel slope was extrapolated and compared with that of
PdZn_Disordered, PdZn_Ordered, Pd/C, and Pt/C, as shown in
Fig. 4f. The related values were calculated by using the kinetic
current density values obtained by the intercept of the y-axis in
the K-L plots. Two well-defined linear regions can be found in
the mixed kinetics/diffusion-controlled section between the loga-
rithm of the absolute value of the kinetic current density and the
potential for all five catalysts. Compared with region 1 (high poten-
tial), region 2 (low potential) had a larger Tafel slope. The change of
Tafel slope is closely related to kinetic mechanism for ORR, and is
due to different adsorption and rate-determining steps [70,73].
Here, we compared the Tafel slopes in region 1 to investigate
whether the first electron transfer to the oxygen molecule is the
ORR rate determining step. Pd@Zn_Core-shell displayed a Tafel
slope of 58.0 mV dec�1, lower than that for PdZn_Disordered
(81.3 mV dec�1) and for PdZn_Ordered (59.8 mV dec�1), even
lower than that for Pd/C (89.2 mV dec�1) and Pt/C (78.9 mV dec�1),
which further attests its superior electrocatalytic activity and the
fastest reaction kinetics. Note that the Tafel slope value for
Pd@Zn_Core-shell was slightly smaller but close to 60 mV dec�1,
which suggests that the ORR rate determining step is probably
the first electron transfer to oxygen molecules during the electro-
catalytic process [57,58,67,74]. One phenomenon that could not
be ignored was that the Tafel curves of Pd@Zn_Core-shell and Pt/
C intersected at a potential of 0.89 V. Pt/C exhibited slightly better
performance than Pd@Zn_Core-shell above 0.89 V, which is the
starting point of the mixed kinetics/diffusion-controlled section.
However, Pd@Zn_
Core-shell had the same onset potential with Pt/C, and more
intriguingly, once the potential was lower than 0.89 V,
Pd@Zn_Core-shell demonstrated better kinetic activity and could
achieve faster four-electron transfer than Pt/C.

To further disclose the physical origin of the differences in
intrinsic ORR activity, ECSA measurement was conducted
(Fig. S7). The ECSA values of the catalysts were calculated and
are summarized in Table 1. It can be noted that Pd@Zn_Core-
shell had a much higher ECSA than PdZn_Ordered and PdZn_Disor-
dered, which was probably responsible for its superior ORR activ-
ity. As the outer layer, the porous flocculation structure of the Zn
shell in Pd@Zn_Core-shell can fully expose the active sites of Pd
to maximize the catalytic activity. Based on ECSA, the correspond-
ing SA values were estimated by the related formula mentioned in
Supplementary Material. As shown in Table 1, Pd@Zn_Core-shell
exhibited the highest SA value (48.83 lA cm�2

Pd ), even larger than
the Pd/C and Pt/C catalysts, which is an indicative of its superior
intrinsic activity for ORR. In addition, MA values were compared to
confirm the intrinsic activity of palladium. A similar order was
demonstrated, where Pd@Zn_Core-shell displayed larger MA than
PdZn_Disordered, PdZn_Ordered, and Pd/C. The TOFs for ORR were
further calculated by the mass activity at 0.85 V [73,75]. As summa-
rized in Table 1, the highest value of TOF among the three samples
was found for Pd@Zn_Core-shell. The results illustrate that
Pd@Zn_Core-shell exhibited the best intrinsic activity for ORR, supe-
rior to that for Pd/C.
Finally, the long-term stability for ORR of PdZn_Disordered,
PdZn_Ordered, and Pd@Zn_Core-shell was assessed and compared
with the Pd/C and Pt/C catalysts. The chronoamperometric
response measurements were first recorded in an O2-saturated
0.1 M KOH solution at +0.5 V and 900 rpm for 30,000 s. As depicted
in Fig. 5a, after continuous operation of about 8 h, the current
dropped to 78.30%, 91.58%, 94.30%, 78.82%, and 68.88% of its initial
value for PdZn_Disordered, PdZn_Ordered, Pd@Zn_Core-shell, Pd/C,
and Pt/C, respectively. PdZn_Ordered and Pd@Zn_Core-shell
demonstrated higher long-term stability than PdZn_Disordered,
Pd/C and Pt/C catalysts. Pd@Zn_Core-shell exhibited the best per-
formance among the series catalysts. Furthermore, accelerated
durability tests (ADT) of Pd@Zn_Core-shell were carried out by
cycling the catalyst for 2500 cycles over the potential range from
+0.6 V to +1.0 V at 100 mV s�1 in an oxygen-saturated 0.1 M
KOH solution to further compare its stability with Pd/C and
Pt/C. The half-wave potential shifts for Pd@Zn_Core-shell, Pd/C
and Pt/C after 2500 cycles are shown in Fig. 5b, c and d. For Pd/C
and Pt/C, the potentials shifted negatively by about ~38 mV and
~16 mV, respectively, while in sharp contrast, Pd@Zn_Core-shell
shifted by only ~12 mV. The electron transfer numbers were
reduced to 3.90–3.93, 3.64–3.83, and 3.77–3.85 within the
potential range from 0 V to +0.70 V for Pd@Zn_Core-shell, Pd/C,
and Pt/C, respectively. The above results from both i-t and
ADT measurements imply that Pd@Zn_Core-shell possessed
markedly superior long-term durability to the Pd/C and Pt/C
catalysts.

Impressively, the ORR performance of Pd@Zn_Core-shell is
superior to or at least comparable with the most recently reported
PdM-based (M = transition metal) catalysts under the same elec-
trochemical test conditions. The comparison results are summa-
rized in Table S2. For instance, in 0.1 M KOH, the onset potential
of Pd@Zn_Core-shell was 0.980 V, comparable with that of Cu10Pd
[76], PdNi-NS/C [77], and Ni@Pd3 [78], and superior to that of G-
Cu3Pd NCPs [20], PdFe/C-BAE [79], Co@Pd NC [39], and PdNi/NG
[65]. It also exhibited a larger diffusion-limited current density of
6.07 mA cm�2 at 0.5 V, outperforming the G-Cu3Pd NCPs [20],
PdFe/C-BAE [79], PdNi-NS/C [77], Ni@Pd3 [78], and PdNi/NG [65]
catalysts.

The ORR activity and stability follows the order Pd@Zn_Core-s
hell > PdZn_Ordered » PdZn_Disordered, with Pd@Zn_Core-shell
demonstrating the best performance. This can be mainly attributed
to the different surface atomic arrangements. Firstly, from the
structural perspective, well-defined core-shell structure and
ordered structure can provide more predictable control over geo-
metric and structural effects for catalysis optimization (e. g. new
active sites might be generated), which cannot be afforded by the
disordered structure [80]. Compared to PdZn_Disordered, the more
uniform and ordered distribution of Pd atoms in PdZn_Ordered and
Pd@Zn_Core-shell can lead to higher coordination and utilization
of the Pd atoms, which is more favorable for the adsorption, activa-
tion, and dissociation of the oxygen molecules. This is why signif-
icantly higher activity was obtained for Pd@Zn_Core-shell and
PdZn_Ordered than PdZn_Disordered [80,81]. Secondly, as evi-
denced by the XPS binding energy shift, stronger electronic inter-
action exists in Pd@Zn_Core-shell over PdZn_Ordered and over
PdZn_Disordered. Such electronic interaction could make the d-
band center of Pd downshift, weakening the adsorption of the oxy-
genated intermediates, and eventually leading to enhanced ORR
performance [82–84]. Finally, as observed in the TEM study
(Fig. 1i), the flocculated and disordered zinc shell incompletely sur-
rounded the periphery of the Pd core in the Pd@Zn_Core-shell sam-
ple, which rendered some Pd atoms exposed as active sites for ORR.
In addition, the zinc shell can prevent the palladium core from
being oxidized by air, which probably contributed significantly to
the robust stability of the Pd@Zn_Core-shell sample [61,84].



Fig. 5. (a) Chronoamperometric responses for ORR at Pd@Zn_Core-shell, Pd/C and Pt/C modified electrodes in an O2-saturated 0.1 M KOH solution at +0.5 V and 900 rpm for
30, 000 s. The accelerated durability tests (ADT) of Pd@Zn_Core-shell (b), Pd/C (c) and Pt/C (d) were carried out before and after 2, 500 cycles between 0 and +1.1 V at a scan
rate of 100 mV s�1 in an O2-saturated 0.1 M KOH solution.
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4. Conclusions

In conclusion, PdZn_Disordered, PdZn_Ordered and Pd@Zn_
Core-shell (Pd: Zn = 1: 1) with three different surface structures
have been successfully prepared and employed for ORR electro-
catalysis in alkaline medium. Their structural architectures along
with different surface atomic arrangements were observed and
confirmed by multiple techniques, in conjunction with preliminary
simulation of crystal models. Pd@Zn_Core-shell exhibited the best
ORR performance in terms of onset potential, half-wave potential,
diffusion-limited current and long-term durability, superior to Pd/
C and Pt/C catalysts. The ORR performance followed the trend of
Pd@Zn_Core-shell > PdZn_Ordered » PdZn_Disordered. A correla-
tion between the electrocatalytic performance and the atomic sur-
face structure of the catalyst has been successfully established. The
study further underscores the importance of understanding the
catalytic behaviors at the atomic level, and could shed light on
designing efficient, durable and cost-effective non-platinum cata-
lysts toward fuel cells applications and beyond.
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