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a b s t r a c t
Fuel cells hold great potential of replacing traditional fossil fuel to alleviate the energy crisis and increasing environmental concerns. Although great progresses have been achieved over decades, the sluggish
reaction kinetics and poor durability of electrocatalysts in fuel cells have been the decisive bottleneck
that limited their practical applications. Herein, we focus on the design and development of costefficient anode electrocatalysts for fuel cells and report the successful creation of an advanced class of
N-doped graphene (NG) supported binary PdAg nanocapsules (PdAg NCPs). The well-defined nanocatalysts with highly open structure exhibit greatly improved electrocatalytic performances for ethylene glycol oxidation reaction (EGOR). In particular, the optimized PdAg NCPs/NG show the mass and specific
activities of 6118.3 mA mg 1 and 13.8 mA cm 2, which are 5.8 and 6.9 times larger than those of the
commercial Pd/C catalysts, respectively. More importantly, such PdAg NCPs/NG can also maintain at least
500 potential cycles with limited catalytic activity attenuation, showing an advanced class of electrocatalysts for fuel cells.
Ó 2018 Elsevier Inc. All rights reserved.
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The rapid depletion of nonrenewable fossil fuel together with
increasing energy demand in people’s daily life has stimulated

C. Zhai et al. / Journal of Colloid and Interface Science 535 (2019) 392–399

more researchers to explore environmental-friendly energy source
to reduce our dependence on the immediately exhausted fossil fuel
[1,2]. Direct fuel cells show great potential to serve as an ideal solution for the efficient energy conversion and storage due to their
abundant advantages such as high efficiency, beneficial reliability,
and low carbon emissions. Regardless of these favorable terms, the
large-scale practical application of fuel cells also faces many grim
challenges [3–5]. Most of all, as the central component of fuel cells,
the properties of electrocatalysts can directly determine their ultimate electrochemical performances [6,7]. Currently, platinum (Pt)
and Pt-based nanomaterials have been generally considered as the
most efficient electrocatalysts for fuel cells reactions [8,9]. Unfortunately, the large-scale commercial application of fuel cells also
faces a grand challenge due to the high cost, poor durability, as
well as sluggish reaction kinetics of Pt catalyst [10–12]. Accordingly, to address these issues, designing and developing electrocatalysts with high performances yet largely reduced Pt usage have
been urgently sought.
Generally, the less expensive palladium (Pd) nanomaterials
have been widely considered as the most suitable candidates to
replace Pt for efficient fuel cell reactions [13,14], while the commonly limited activity and poor stability of monometallic Pd have
been grand problems that needed to be solved because the unfavorable electronic structure of monometallic Pd is not favorable
for the electron mobility during the electrooxidation process [6].
In order to modulate the electronic structure of Pd, tremendous
efforts have been made over decades. One of the most efficient
strategies is to incorporate the second metal into Pd to generate
the binary Pd-based alloy catalysts [15-17]. And the newlygenerated Pd-based alloy catalysts can not only dramatically promote the electrocatalytic performances of catalysts, but also
greatly enhance the utilization efficiency of Pd [18,19]. Moreover,
after the formation of alloy, the lattice contraction is also conducive to the promotion of electrocatalytic performances [20–22].
Besides the modulation of Pd electronic structure, the predictable modification of nanostructures over surface and geometry
is also another practicable approach for obtaining desirable electrocatalysts because the electrooxidation reaction commonly takes
place on the surface of catalysts [23–25]. From the morphological
view, the highly open nanostructure is generally considered as
many advantages over the solid counterparts. This is due to the fact
that the highly open nanostructures could afford a higher surface
area for the electrocatalysts to contact the electrolyte and generate
a beneficial electrocatalytic interface [21,26,27], which is favorable
for the promotion of electrocatalytic performances.
It is also well known that the appropriate utilization of supports
is beneficial for retaining the size, morphology, and dispersity of
the deposited catalysts, which can thus promote the electrocatalytic performances of catalysts to a higher level. N-doped graphene (NG), an ideal support material, has attracted extensive
attentions due to its numerous advantages, such as high conductivity and theoretical surface areas, excellent chemical stability, and
fast charge transfer rate [28–31]. Moreover, the doped nitrogen
element in the NG has also been demonstrated to not only modulate the electrochemical properties to effectively afford multidirectional transfer routes, but also facilitate the dispersion of deposited
catalysts [32,33].
Inspired by these concepts, we herein demonstrated a facile
one-pot method for the construction of capsule-like PdAg nanocatalysts that distributed on the surface of NG uniformly. Such highly
open structure not only enhances the surface active areas to effectively improve the atom utilization of Pd but also benefits for the
generation of ideal electrocatalytic interface, where the PdAg
NCPs/NG show largely improved electrocatalytic performances
for EGOR, much superior to those of Pd/C and PdAg NCPs. Moreover, the successful introduction of NG is also favorable for the pro-
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motion of long-term stability of PdAg NCPs, which can sustain for
at least 500 potential sweeps with limited activity decay, showing
us an advanced class of electrocatalysts for fuel cell reactions.
2. Experimental section
2.1. Chemicals and materials
Potassium hydroxide (KOH, AR), silver nitrate (AgNO3, 99%),
polyvinyl pyrrolidone (PVP, 8000 K), H2PdCl4 solution (22.6 mM),
ascorbic acid (AA, 99%), ethylene glycol (EG, AR) were purchased
from Sinopharm Chemical Reagent Co. Ltd, China. Commercial
Pd/C (20 wt%, 2–5 nm Pd nanoparticles) was purchased from Johnson Matthey (JM) Corporation. NG (N content, 3.0–5.0 wt%) was
purchased from Nanjing XFNANO Materials Tech Co., Ltd. All the
chemicals were of analytical grade and have not been further purified. Secondary distilled (DI) water (18 MX/cm) was used in the
whole process of the experiments.
2.2. Preparation of PdAg NCPs/NG and PdAg NCPs
Experimentally, the PdAg NCPs/NG was synthesized via the following procedures, 50 mg PVP, 0.9 mL H2PdCl4 solution (22.6 mM),
and 2 mL AgNO3 (10 mM) solution were added to a flask contained
10 mL secondary distilled (DI) water with rapid stirring. After the
complete dissolution, a freshly prepared 4 mL AA (10 mM) solution
was added dropwise to above mixture under sonicating. Subsequently, 1 mL NG (2.0 mg/mL) solution was also added dropwise
into above solution to keep reacting for 1 h. The typical PdAg NCPs
were prepared through the same method while in the absence of
NG solution. The products were then collected via centrifugation
and washing with the mixture of ethanol and acetone for three
times.
2.3. Characterizations
Low-resolution energy dispersive X-ray spectroscopy (EDS) patterns was obtained by conducting on a scanning electron microscope (SEM) JEOL, JSM-6330FT. The morphology and size of the
samples were analyzed by transmission electron microscope
(TEM) from JEOL-2100, which operated at 100 kV instruments.
Powder X-ray diffraction (PXRD) patterns were collected using an
X‘Pert-Pro X-ray powder diffractometer equipped with a Cu radiation source (k = 0.15406 nm). X-ray photoelectron spectroscopy
spectra (XPS) were conducted on a JEOL JPS-9010 MC
spectrometer.
2.4. Electrochemical measurements
All the electrochemical measurements were performed by a
typical three-electrode cell on a CHI760E electrochemical analyzer.
The working electrode was a glassy-carbon electrode (GCE) (diameter: 3 mm, area: 0.07 cm2) from the Pine Instrument. A Ag/AgCl
electrode and Pt wire were used as reference and counter electrode, respectively. The GCE needs to be polished everytime before
electrochemical measurements. The electrochemically active surface areas (ECSAs) were calculated based on the reduction charge
of PdO with the scan rate of 50 mV s 1 at room temperature in
1 M KOH solution. The cyclic voltammetry (CV) for EGOR was conducted in 1 M KOH + 1 M EG solution with a rate of 50 mV s 1. The
500 potential cycles CV and chronoamperometry (CA) measurement for 1 h have also been conducted to evaluate their durability.
The electrochemical impedance spectroscopy (EIS) measurement
of different catalysts were conducted at the potential of 0.15 V
from 0.1 Hz–100 kHz. All electrochemical experiments were per-

394

C. Zhai et al. / Journal of Colloid and Interface Science 535 (2019) 392–399

formed at room temperature. For comparison, the Pd/C (SigmaAldrich, 10 wt% Pd) was used as the reference catalysts.

3. Results and discussion
The unique PdAg NCPs/NG were obtained by the simultaneous
reduction of AgNO3 and H2PdCl4 under the assistance of sonication,
in which AA and PVP served as the reducing and protecting agents,
respectively. Owing to the relatively low standard reduction potential of Ag+/Ag, the newly generated Ag seeds can thus serve as the
template to react with H2PdCl4 to generate the PdAg hollow nanostructure. As the reaction proceeded, the dissolution of Ag from the
pinholes and continuous deposition of Pd atoms onto the surface
result in the mesoporous nanocapsule structure.
In consideration of the unique capsule-like nanostructure and
their high dispersity on the surface of NG, we herein conducted
detailed characterizations such as TEM, PXRD, and XPS to thoroughly investigate their morphological and structural features.
Fig. 1a–d shows the representative TEM images of the newlygenerated PdAg NCPs/NG. As seen, the as-prepared PdAg nanocrystals are featured with typical capsule-like nanostructure, which are
highly distributed on the surface of NG with the average diameter
of 37.7 nm (Fig. S1), suggesting the successful fabrication of PdAg
NCPs/NG (Fig. S2). A clear observation in the Fig. 1c and d reveals
that the loaded PdAg NCPs also possesses rough surface, which
includes abundant granule protuberances, being favorable for providing more surface active sites for the electrooxidation of intermediates [34–36]. To investigate its compositions, we have also
conducted the SEM-EDS test, as seen in Fig. 1e, the molar ratio of
Pd/Ag is calculated to be 51.2:48.8, which is consistent with the
feed ratio, suggesting the complete reduction of precursors.
Besides the composition investigations, we have also conducted
the PXRD test to concretely gain sight into the structural information. As displayed in Fig. 1f, the typical peak at the 2h value of
around 26 is ascribed to the C (0 0 2) peak, being assigned to the
NG [37]. Remarkably, the other five peaks at 40.1, 46.3, 67.8,
81.6, and 86.1 are corresponding to the (1 1 1), (2 0 0), (2 2 0),
(3 1 1), and (2 2 2) crystal planes of face centered cubic (fcc) Pd
(JCPDS No. 87-0643), respectively [38]. More interestingly, the
diffraction peaks PdAg NCPs/NG, of particular is (1 1 1), which have
shifted slightly to the relatively lower degree compared with pure
Pd, demonstrating the successful formation of alloy phase [39].
Besides, the HRTEM has also been conducted, as seen in Fig. S3a,
the interplanar spacing distance was calculated to be 0.232 nm,
which was larger than that of the face-centered cubic (fcc) Pd
(0.225 nm) but smaller than that of the fcc Ag (0.236 nm), indicating the generation of PdAg alloy. Furthermore, elements mappings
(HAADF-STEM-EDS) and elemental line scanning profiles in Fig. S3
indicated that both Pd and Ag elements were homogeneously distributing across the whole nanocapsule, largely manifesting their
alloyed nature, which was also in good accordance with the analyses of PXRD.
The XPS has also been performed to study the chemical states
and compositions of the PdAg NCPs/NG because the surface atoms
play crucial roles in affecting the electrocatalytic performances. As
determined by XPS survey scan, the presence of Pd 3d, Ag 3d, C 1s,
N 1s, and O 1s indicates the successful deposition of PdAg NCPs on
the NG (Fig. 2a). The Pd 3d XPS spectrum of PdAg NCPs/NG clearly
suggests that the metallic Pd is the main product with small portion of Pd2+ on the surface (Fig. 2b). Interestingly, compared with
the binding energies of standard Pd, the Pd 3d XPS spectrum of
PdAg NCPs/NG displayed an obviously positive shift, demonstrating the electron transfer from Ag to Pd, which was also another significant evidence confirming the successful generation of PdAg
alloy phase [40]. Similar to Pd 3d, the metallic Ag is also the main

product on the surface (Fig. 2c). Fig. 2d shows the XPS spectrum of
C 1s, where the obvious peak at around 284.5 eV can be assigned to
CAC bonds with the sp2/sp3 hybrid carbon, while the other four
peaks can be reasonably assigned to the CAN, CAO, C@O, and
O@CAC functional groups [41]. Fig. 2e exhibits the highresolution N 1s spectrum, as observed, the typical N 1s spectrum
can be well deconvoluted into three peaks, which are corresponding to the pyrrolic-type N, graphitic-type N, and pyridinic-type N,
respectively [42]. As seen in Fig. 2f, the O 1s spectrum can be well
deconvoluted into three apparent peaks presented at the binding
energy of 531.4 and 532.5 eV, which are corresponding to CAO
and C@O, respectively. In general, the XPS results are greatly consistent with above morphological and structural characterizations,
further demonstrating the successful fabrication of NG-supported
3D PdAg NCPs and the strong interactions between PdAg NCPs
and NG, both of which are propitious to boosting the electrooxidation reaction. Besides, we have also conducted the Thermogravimetric analysis (TGA) to evaluate the mass loading of PdAg
NCPs on the NG. As shown in Fig. S4, the weight loss of NG before
100 °C is attributed to the evaporation of adsorbed water on the
surface of NG. The weight losses at 160–250 and 480–650 °C are
mainly ascribed to the pyrolysis of some oxygenated functional
groups and the combustion of carbon skeleton of NG. However,
after a clear observation, we can find that the PdAg NCPs/NG show
smaller weight loss in comparison with the NG, and the metal
loadings is assessed to be 77.6% for PdAg NCPs/NG [31].
To uncover the reaction conditions and the influence of NG on
the morphology of PdAg nanocrystals, the Ag seeds and PdAg
nanocrystals have also been constructed under the same conditions. As seen in Fig. S5, the as-prepared Ag seeds are the typical
nanospheres with the diameter of around 35 nm, indicating that
the synthesis of PdAg NCPs is a slow galvanic replacement reaction.
Fig. 3a and b show the representative TEM images of the PdAg
NCPs, as seen, the as-prepared PdAg nanocrystals show the typical
capsule-like structure with the highly open structure and rough
surface, which are similar to the PdAg NCPs that loaded on the surface of NG, indicating the introduction of NG has no influence on
the morphology of the PdAg NCPs. Moreover, the SEM-EDS and
PXRD patterns have also revealed that the compositions and crystal structure of PdAg NCPs are also similar to the PdAg NCPs that
uniformly loaded on the surface of NG (Fig. 3c and d).
To have an intuitionistic insight of how favorable the welldefined and highly open nanostructure is, the EGOR is thus
selected to evaluate the electrochemical properties of PdAg NCPs/
NG. For ease of comparison, the corresponding electrochemical
measurements of commercial Pd/C and PdAg NCPs have also been
conducted. Fig. 4a shows the CV curves of these three types of electrocatalysts in 1 M KOH solution at the sweep rate of 50 mV s 1, by
which the ECSAs of different catalysts based on the coulombic
charge of the Pd oxide reduction were calculated. As seen in
Fig. 4b, the PdAg NCPs/NG shows an ECSA value of 44.3 m2 g 1,
which is 4.5 m2 g 1 higher than that of PdAg NCPs (39.8 m2 g 1),
and the enhancement of ECSA value of PdAg NCPs/NG can mainly
be attributed to the high dispersity of PdAg NCPs on the surface
of NG. The electrocatalytic activities of different catalysts were
obtained by performing the CV in 1 M KOH solution containing
1 M EG at room temperature. As seen in Fig. 4c, a lower onset
potential and wider potential range for PdAg NCPs/NG were
showed when compared with the other electrocatalysts, indicating
the superior electrocatalytic EGOR activity. To make a thorough
comparison, the specific and mass activities by normalization of
peak current in the forward scan with the ECSA and loading Pd
mass have also been summarized. As shown in Fig. 4d, the mass
activity of PdAg NCPs/NG was 6118.3 mA mg 1, which was 5.8
and 1.4 times higher than those of Pd/C (1059.6 mA mg 1) and
PdAg NCPs (4289.2 mA mg 1), respectively. With regard to specific
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Fig. 1. (a–d) TEM images of PdAg NCPs/NG with different magnifications. (e) SEM-EDS and (f) PXRD patterns and PdAg NCPs/NG.

activity, the PdAg NCPs/NG also displayed the highest specific
activity of 13.8 mA cm 2, showing the superior electrocatalytic
EGOR activity. More significantly, such PdAg NCPs/NG also outperformed many previously reported literatures (Table S1). To study
the composition effect on the catalytic activity, we have also synthesized the other two types of PdAg NCPs/NG samples with different Pd/Ag ratios and thoroughly investigated their electrocatalytic
EGOR activities. As seen in Fig. S6, the mass activities of Pd1Ag1.2
NCPs/NG and Pd1Ag0.5 NCPs/NG are calculated to be 5312.2 and
4960.3 mA mg 1, respectively, both of which are much higher than

those of PdAg NCPs and commercial Pt/C catalysts (Fig. S7), indicating the significant effect of NG support for the enhancement of
electrocatalytic activity. However, the mass activities of these
two electrocatalysts are a little lower than that of the Pd1Ag1
NCPs/NG, suggesting the strong composition effect on the catalytic
activity.
For scrutinizing the genuine reason why PdAg NCPs/NG can display great promotion of electrocatalytic activity towards EGOR, the
EIS test of different catalysts have also been conducted at the
potential of -0.15 V. Generally, the diameter of semicircle arc
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Fig. 2. XPS spectra of (a) survey scan, (b) Pd 3d, (c) Ag 3d, (d) C 1s, (e) N 1s, and (f) O 1s of PdAg NCPs/NG.

(DIA) in the Nyquist plots is crucial for evaluating the reaction
kinetics of electrocatalysts, where a smaller DIA means faster reaction kinetics but lower electrochemical resistance [43,44]. As seen
in Fig. 4e, the PdAg NCPs/NG displayed the smallest DIA among
these electrocatalysts investigated, indicating the highest charge
transfer efficiency, which was a crucial reason accounting for the
great promotion of electrocatalytic activity.
Besides the electrocatalytic activity, the durability of catalyst is
also crucial since the practical application of fuel cells should meet
the high requirements for long-term cycle [45,46]. In this regard,
the stabilities of different electrocatalysts were initially evaluated
via conducting the CA at the potential of 0.1 V for 1 h 1 M KOH
+ 1 M EG solution. As seen in Fig. 5a, the current densities of working electrodes are all declined during the initial minute. This is
mainly attributed to the unavoidable formation of Pd oxides and
some CO-like intermediate species poisoning on the surface of

electrode at the early stage of EGOR [22,47]. However, the decay
rate for PdAg NCPs/NG is much slower than those of PdAg NCPs
and commercial Pd/C. After 3600 s, the retained mass activity of
PdAg NCPs/NG is 1160.1 mA mg 1 (Fig. 5b), which is 26.7 and 2.9
times higher than those of commercial Pd/C (42.0 mA mg 1) and
PdAg NCPs (404.8 mA mg 1), respectively, indicating the enhanced
durability of PdAg NCPs/NG relative to Pd/C and PdAg NCPs.
To further verity the superior long-term stability of PdAg NCPs/
NG, the continuous 500 potential sweeps have also been conducted. As seen in Fig. S8, similar to CA measurement, the normalized current of catalysts all decay rapidly in the initial 100 cycles,
which is ascribed to the formation of Pd oxides and poisoned by
some poisoning intermediates. However, the PdAg NCPs/NG display remarkably superior long-term stability in comparison with
the other two electrocatalysts. Impressively, after 500 potential
cycles, the PdAg NCPs/NG shows only 27.5% activity loss (Fig. 6).
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Fig. 3. (a and b) TEM images of PdAg NCPs with different magnifications. (c) SEM-EDS and (d) PXRD patterns and PdAg NCPs.

Fig. 4. CV curves of PdAg NCPs/NG, PdAg NCPs, and commercial Pd/C catalysts performed in (a) 1 M KOH solution and (c) 1 M KOH + 1 M EG solution at the scan rate of
50 mV s 1. The corresponding histrograms for (b) ECSAs and (d) electrocatalytic activities of different catalysts toward EGOR. (e) Nyquist plots of different catalysts performed
in 1 M KOH + 1 M EG solution at the potential of 0.15 V.

While the PdAg NCPs and commercial Pd/C exhibit relatively
apparent change in CV curves with 64.4% and 76.5% losses in electrocatalytic activities (Fig. 6), further confirming the better long-

term stability of PdAg NCPs/NG. The newly-constructed PdAg
NCPs/NG display outstanding electrocatalytic activity and durability in comparison with PdAg/NCPs and Pd/C catalysts, which can be
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Fig. 5. (a) CA curves of PdAg NCPs/NG, PdAg NCPs, and commercial Pd/C catalysts performed in 1 M KOH + 1 M EG solution at the fixed potential of
corresponding normalized current percentage and retained mass activies of different catalysts after CA tests.

0.15 V for 3600 s. (b) The
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Fig. 6. Histogram of retained mass activities and normalized current percentage of
PdAg NCPs/NG, PdAg NCPs, and commercial Pd/C after continous CVs of 500 cycles.

attributed to the unique highly open capsule-like nanostructure
with more surface active areas [48], the strong synergistic effects
between Pd and Ag [49], as well as the successful introduction of
NG support [28,50,51].
4. Conclusions
In summary, we have successfully engineered an advanced class
of NG-supported PdAg NCPs catalysts via a facile one-pot strategy,
which can serve as an efficient electrocatalysts for EGOR. Owing to
the highly open nanostructure, high surface active areas, strong
synergistic effects between Pd and Ag, the resultant PdAg NCPs/
NG exhibit notable EGOR activity with the mass and specific activities of 6118.3 mA mg 1 and 13.8 mA cm 2, respectively, both of
which are much higher than those of PdAg NCPs and commercial
Pd/C catalysts. More significantly, due to the successful introduction of NG support, the resultant PdAg NCPs/NG also display
remarkably improved electrocatalytic durability, which can maintain the electrocatalytic activity of 72.5% for at least 500 potential
cycles, showing enormous potential for industrial applications. We
expect this work will inspire more researchers to focus on the construction of well-defined and cost-efficient nanocatalysts for the
practical applications of fuel cells.
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