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a b s t r a c t

The oxygen reduction reaction, ORR, performances of graphene-supported palladium (Pd) and palladium
alloys (Pd3X: X ¼ Ag, Co and Fe) catalysts with highly dispersed catalyst particles are investigated in
acidic and alkaline conditions using a rotating disk electrode, RDE. Graphene nanosheet, GNS, supported
Pd based catalysts are fabricated without surfactant through the impregnation of Pd and 2nd metal
precursors on GNS, leading to small and uniformly dispersed nanoparticles, even when high metal
loading of up to 60 wt.% are deposited on supports. The ab-initio density functional theory, DFT, cal-
culations, which are based on the d-band center theory, have been applied to correlate with the results of
the ORR performances obtained by half-cell tests. Additionally, the cohesive energy, Ecoh, and dissolution
potential, Um, for the Pd nanoparticles have been calculated to understand thermodynamic stability. To
elucidate the d-band center shift, the Pd 3d5/2 core-level binding energies for Pd/GNS, Pd3Ag/GNS, Pd3Fe/
GNS and Pd3Co/GNS have been investigated by X-ray photoelectron spectroscopy, XPS. The GNS-
supported Pd, or Pd-based alloy-nanoparticle catalyst shows good ORR activity under acidic and alka-
line conditions, suggesting it may offer potential replacement for Pt for use in cathode electrodes of
anion-exchange membrane fuel cell, AEMFC, and acid based polymer electrolyte fuel cell, PEMFC.
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1. Introduction

Fuel cells are one of the most promising energy conversion
devices to eventually replace classical fossil-fuel-based power
sources [1,2]. The system utilizes electrochemical reactions to
convert the chemical energy of fuel into electricity, which leads to
higher efficiency than combustion engines [1,2]. The acid-based
polymer electrolyte membrane fuel cells, PEMFCs, and anion-
exchange membrane fuel cell, AEMFC, have gained attention due
to their broad range of power production requirements at low
temperatures (<100 �C) [1]. Employing PEMFC, however, faces
several obstacles, primarily the sluggish kinetics of the oxygen
reduction reaction, ORR, and thermodynamic instability of cath-
odes under harsh electrochemical conditions [1,3,4]. For these
reasons, Pt based catalysts have been the exclusive choice as they
demonstrate both acceptable activity and stability [1,5]. However
for future implementation of Pt based catalysts, the obstacles of
high price and limited supply of the electrode materials (i.e., Pt-
based materials) must be addressed. Accordingly, various ap-
proaches have been made in effort not only to reduce Pt content in
fuel cell electrocatalysts [6e10], but also to replace it with non-Pt
materials to lower the cost while maintaining high ORR activity
[11e14]. In particular, Pd based catalysts have been shown as
potential ORR electrocatalyst without the use of Pt. Even in AFCs,
which being into interest again with the development of solid
type anion exchange membrane, AEM, Pd and Ag based catalysts
are utilized instead of conventional Pt catalysts as cathode ma-
terials for ORR [11,15e18]. The activity of Pd catalysts is compa-
rable to that of state-of-the-art Pt nanoparticle supported on
carbon electrocatalysts in acidic conditions [19e22]. Pd is not only
around five times lower in price than Pt but is also more ther-
modynamically stable than other transition metals such as Ni, Co,
Fe and Cu [23e26]. From previous literature, Pd and Pd alloys
electrocatalysts have been reported to be especially effective for
the ORR under alkaline conditions [27,28]. We have also previ-
ously demonstrated that the catalyst of highly concentrated Pd
nanoparticles supported on GNS can show the higher ORR activity
than GNS supported Pt [11].

For their applications in fuel cells, support materials are
employed to facilitate deposition of metal nanoparticles to obtain
high active surface area and stability. The support materials need to
satisfy specific properties such as electrochemical stability under
the fuel cells operating condition, sufficient porosity for smooth gas
flow, high electrical conductivity to assist the progress of electron
pathway, and sufficient surface area to allow high metal dispersion
[29]. The performance of a fuel cell depends to a large extent on the
size and dispersion of the metal nanoparticles in its electrodes.
Graphene nanosheets have superior chemical and physical prop-
erties, such as extremely large surface area of ca. 2630 m2 g�1 [30],
chiral quantum hall effects [31,32], high electronic and thermal
conductivity [33], and high mechanical strength [34]. On the other
hand, the commercial amorphous carbon such as Vulcan XC-72R,
which is one of the most popular catalysts supports for fuel cell
applications, has lower surface area of 300 m2 g�1 [35,36] as well as
it exhibits a high density of surface defects on edges and corners of
basal planes, where carbon oxidation reaction can take place since
the oxidation starts at the defect sites at normal high operating
potentials [36,37]. The support oxidation of less defected GNSs can
be suppressed, retaining its base graphitic nature [38]. Having said
this, we have previously reported numerous metal-supported GNS
catalysts even with metal loadings above 60 wt.%, taking advan-
tages of properties of GNS [4,7,11,39e41].

Since the first report of the d-band center model from Nørskov
and co-workers, which was calculated using density functional
theory, DFT [42,43], the field of fuel cell catalysts has been
driving research toward theoretical predictions of surface reac-
tivity and toward experimental substantiation of such predictions
[20,44e47]. According to these authors, the center of the d-band
of catalysts is strongly related to the changes in the catalyst sur-
face bond energy and the species adsorbed on the surface (e.g.,
oxygen, hydrogen and methanol) [23,42,45,47]. The upper weight
position of the d-band with respect to the Fermi level indicates
stronger interactions with adsorbates such as oxygen [20,44e47].
Even Pt exhibits interactions that are too strong for O adsorption;
thus, the low-lying d-band center of Pt on the surface of Pt alloy
demonstrates faster kinetics than the Pt alone because of the
larger vacancy of the d-band of Pt, which suggests a weaker PteO
bond [44e47]. Moreover, Pd exhibits stronger interactions with
oxygen at a fast kinetic rate for the breaking of OeO bonds than
those exhibited by oxygen bond making, which indicates slower
kinetics for the ORR [20]. Therefore, the modification of the d-
band center for Pt or Pd through the formation of alloys with
second metals could predict the kinetics of the ORR. There are
several theoretical prediction reports for ORR using DFTover some
catalyst alloys with compositions of Pt3X or Pd3X (X ¼ Ni, Co, Fe,
Au, Ir, etc.) by using d-band center model [47].

The goal of this work is to elucidate the ORR reactivity on Pd
alloys by inducing a shift of the d-band center under both acidic and
alkaline conditions. In order to allow the identification of an alloy
with calculated d-band center, GNS is employed for the deposition
of Pd3X (X ¼ Ag, Co and Fe) metal nanoparticles. The GNS-
supported Pd3X catalysts are fabricated through the impregnation
method without the use of surfactant caused by heat treatment of
Pd and other metal precursors in GNSs in hydrogen atmosphere.
Pd-based catalysts on GNSs are used to experimentally substantiate
the theoretical predictions of Pd3X as the ORR catalysts in both
acidic and alkaline solutions. The ORR activities of GNS-supported
Pd3X catalysts with highly dispersed catalyst particles are investi-
gated by using rotating disk electrode (RDE) technique. The ab
initio DFT calculations have been conducted to correlate between
the experimental results of the half-cell ORR electrochemical
testing with the computational d-band values. The X-ray photo-
electron spectroscopy (XPS), transmission electron microscopy
(TEM) and X-ray diffraction (XRD) analyses are used to investigate
the particle size, size distribution, and structural and electronic
properties of the prepared materials. In ab-initio computational
calculation, additionally, a dissolution potential and cohesive en-
ergy of Pd nanoparticle are calculated to understand thermody-
namic stability in acidic and alkaline conditions.

2. Experimental

2.1. Synthesis of Pd and Pd3X nanoparticles on GNSs

GNSwas synthesized in accordancewith themethod described
in the previous literature [11,40,48]. Natural graphite (Carbonix,
Korea) was pre-oxidized in an oxidizing solution of phosphorus
pentoxide (P2O5, Aldrich), potassium persulfate (K2S2O8, Aldrich)
and sulfuric acid (H2SO4, Aldrich) under vigorous stirring at
80 �C for 30 min. Then, the solution was diluted and filtered with
de-ionized (DI) water (18 MU cm). Potassium permanganate
(KMnO4, Aldrich) was slowly put into the pre-oxidized graphite
mixed with sulfuric acid, then DI water (350 ml) with hydrogen
peroxide (30% H2O2, Aldrich) was added. The resulting mixture
was thoroughly washed by centrifugation with a solution of hy-
drochloric acid (30% HCl, Aldrich) and DI water. Using pretreated
dialysis tubing cellulose membrane (Aldrich), the dispersed
graphite oxide, GO was subjected to dialysis for two weeks until
the pH became neutral, allowing removal of ions, residual salts,
and acids. Afterward, the GO was dried by freeze-drying. The
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synthesized GO was treated by thermal exfoliation at 1103 K in a
quartz tube furnace under Ar atmosphere for 60 s to obtain
functionalized GNSs.

Pd and Pd3X nanoparticles on GNS were synthesized by the
impregnation method through a heat treatment under hydrogen
gas [7,10]. The Pd salt (Pd(NO3)2$nH2O, KOJIMA Chemicals) was
mixed with salts of the second metal, i.e., Ag (AgNO3, Aldrich), Fe
(FeCl3.6H2O, Aldrich), and Co (CoCl2.6H2O, Aldrich), with the GNS
material dispersed in acetone. The solution was stirred with a
vortex mixer and ultrasonicated. The atomic molar ratio of Pd and
the second metal was 3:1 (Pd3X). In a convection oven, the solution
was dried at 373 K for 10 h in order to allow evaporation of acetone,
then the mixture was heat-treated with 4% H2 in N2 gas at 573 K
for 3 h.

2.2. Physicochemical analyses of Pd3X/GNS

To prepare the sample for TEM analysis, Pd/GNS and Pd3X/GNS
were dispersed in ethanol solution by ultrasonication prior to being
dropped onto the standard Cu grid (200mesh). The TEM (JEOL JEM-
2100) was operated at 200 kV. The crystalline characteristics of Pd
and its alloys were investigated by XRD (Rigaku Rotalflex, RU-200B)
equipped with a Cu Ka (l¼ 1.5405 Å) source. The XRDwas operated
at 10 kV and 10 mA, and the 2q angular region from 30� to 90� was
scanned at a rate of 1� min�1. In order to investigate the surface
composition and chemical states of Pd/GNS and Pd3X/GNS, XPS
(ESCALAB 250, UK) with Al Ka X-ray source (E ¼ 1486.6 eV) was
utilized. The results were processed by XPSPEAK software after
correcting with the binding energy (BE, 284.5 eV) of the C 1s peak
used as an internal standard. The background was fitted by the
Shirley method.

2.3. Electrochemical characterization

The half-cell systemwasmade up of well-polished glassy carbon
(0.196 cm2) as working electrode (WE), a platinum-wire as counter
electrode, CE, and double-junction Ag/AgCl (3 M KCl) and Hg/HgO/
OH� (MMO) for 0.1 M HClO4 and 0.1 M NaOH electrolyte as refer-
ence electrode, RE, respectively. Catalyst slurry was prepared as
follows: Pd/GNS and Pd3X/GNS catalysts were dispersed in a so-
lution of isopropyl alcohol, DI water with Nafion® ionomer solution
(5 wt.%), then sonicated for 30 min. The WE was prepared by the
thin-film electrode method [49,50]. The metal loading on a GC
electrode (5 mm diameter) was determined to be 40 mg cm�2 for
both of Pd/GNS and Pd3X/GNS catalysts.

The cyclic voltammograms, CVs and ORR polarization curves
were obtained in an N2 and O2-saturated 0.1 M NaOH or 0.1 M
HClO4 solution at room temperature by using Solartron cell test
system (AMETEK model 1470E). The polarization curves using RDE
in 0.1 M NaOH and 0.1 M HClO4 saturated with O2 gas at 298 Kwere
obtained using a sweep rate of 10 mV s�1 in the potential range of
1.2 to 0.1 V vs. RHE. The experimentally obtained limited diffusion
current density (jd) was plotted at the selected rotation speed. The
polarization curves of Pd/GNS and Pd3X/GNS with respect to ORR
were obtained at rotating speeds of 400, 900,1600 and 2500 rpm in
O2-saturated 0.1 M NaOH and 0.1 M HClO4 solutions. All potentials
weremeasured with reference to the reversible hydrogen electrode
(RHE).

2.4. Computational detail

The total energies of Pd, Pd alloys and Pd nanoparticles were
calculated by using the Vienna ab initio simulation package, VASP
program [51] with the implemented DFT method [52,53]. The
pseudo-potentials through the projector augmented wave (PAW)
method were used to replace the interaction potential of the core
electrons [54,55]. The Perdew, Burke and Ernzerhof (PBE) func-
tional was used to describe the electron exchange-correlation en-
ergy [56], employing the spin-polarized generalized gradient
approximation (GGA) [57,58]. The valence electrons expressed by
Kohn-Sham wave functions were expanded with a plane-wave
basis set. A gamma point mesh with (25 � 25 � 25) k-points was
used for the Pd and Pd3X unit cell to sample the Brillouin zone for
bulk calculation. Regarding nanoparticle calculation, a gamma
point mesh was runwith (1 � 1 � 1) k-points imposed in a vacuum
space which was twice as big as the particle size. The energies were
cut off at 326 eV. During optimizing structural, all ions were fully
relaxed until the internal energies were converged within 10�4 eV.
To calculate DOS of surface, Pd and Pd3X (111) surfaces were
generated on the (2 � 2) unit cell, and a vacuum space of 20 Å was
employed to avoid interactions between top and bottom surface.
For calculation of the total energies of Pd and Pd alloy slab models,
gamma point mesh of (25 � 25 � 1) and the Methfessel-Paxton
smearing method [59] were utilized.

3. Results and discussion

3.1. Structural properties of GNS-supported Pd and Pd3X
nanoparticles

Possessing high surface areas and high loading of Pd and Pd3X
nanoparticles, the chemically synthesized GNSs display a sheet-like
morphology as shown in inset Fig. 1a. The amorphous carbon black
such as Vulcan XC-72R, which is a widely used support material,
exhibits a rather lower surface area of ca. 300 m2 g�1 [35,36] and a
high density of surface defects because of their heterogeneous
structure produced by pyrolysis of liquid or hydrocarbons [38,60],
whereas the GNSs have a higher surface area and fewer defect sites,
retaining its base graphitic nature. The lower surface area of
amorphous carbon black might not be enough to make homoge-
neously dispersed small nanoparticles at highly concentratedmetal
loading on the support, since not only the particle size tends to
grow with increased metal concentration on the support [7,60e63]
but also the metal is likely to sinter due to poor interactions be-
tween the carbon support and metal [61,62]. On the other hand,
Fig. 1 demonstrates homogeneously distributed Pd and Pd alloy
nanoparticles deposited on GNS even with loadings higher than
60 wt.% with a uniform metal particle size. Based on the TEM
analysis, the morphology, average particle size and its distribution
of Pd/GNS and Pd3X/GNS are shown in Fig. 1 and Table 1. The
average particle size was estimated by employing more than 150
visible different particles on the micrographs. The nanoparticle
sizes of GNS-supported Pd, Pd3Ag, Pd3Co and Pd3Fe are estimated
to be ca. 4.2, 4.8, 3.4, and 4.2 nm, respectively (see Table 1).

The average crystallite sizes and lattice parameters for Pd/GNS,
Pd3Ag/GNS, Pd3Co/GNS and Pd3Fe/GNS are estimated using the
angular position (2qmax) and the full-width at half-maximum
(FWHM) of the (220) diffraction peak obtained from XRD pat-
terns as shown in Fig. 2. The (220) peak is employed as the refer-
ence to prevent possible disturbances from the peaks of GNS
support [64]. The calculated crystallite sizes of Pd/GNS, Pd3Ag/GNS,
Pd3Fe/GNS and Pd3Co/GNS from the (220) peaks are ca. 5.7, 5.6, 4.6
and 4.5 nm, respectively. Since relatively larger particles mainly
respond to the XRD signal, the average nanoparticle sizes obtained
from the TEM analysis are smaller than those obtained from XRD
[65]. The lattice constants of the catalysts are calculated also using
the diffraction peak position at the (220). The lattice constants of
Pd3Co/GNS and Pd3Fe/GNS are decreased due to the smaller atomic
radius of Co and Fe relative to that of Pd. The lattice constant of
Pd3Ag/GNS is increased because of larger atomic radius of Ag. In



Fig. 1. TEM images of GNS-supported (a) Pd, (b) Pd3Ag, (c) Pd3Fe and (d) Pd3Co with corresponding histograms of particle sizes. The inset figure (a�1) shows GNS.

Table 1
Physicochemical parameters and d-band center values (Ɛd) of Pd and Pd3X alloy (X: Ag, Fe and Co) catalyst supported on GNS fromXRD, TEM, XPS analyses and DFT calculation.

Samples Heat treatment temp. (K) Lattice parametera (nm) TEM particle sizeb (nm) XPSc Ɛdd (eV)

Pd3d5/2 core level BE (eV) Pd3d3/2 core level BE (eV)

60 wt.% Pd/GNS 573 0.389 4.19 ± 0.87 335.3 340.5 �1.82
67 wt.% Pd3Ag/GNS 573 0.396 4.81 ± 1.1 335.2 340.5 �1.69
64 wt.% Pd3Fe/GNS 573 0.388 4.21 ± 1.5 335.4 340.6 �2.21
64 wt.% Pd3Co/GNS 573 0.386 3.40 ± 0.98 335.4 340.7 �2.15

a Lattice parameter estimated from XRD measurement.
b Average particle size of the nanoparticles evaluated by counting at least over 150 visible particles from TEM image.
c The core level energy for Pd 3d5/2 and Pd 3d3/2 estimated from XPS analysis.
d d-band center values of Pd atom calculated from PDOS of Pd and Pd3X slab models in DFT calculation.

Fig. 2. XRD patterns of the Pd, Pd3Ag, Pd3Fe and Pd3Co nanoparticles supported on
GNS.
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comparison to our previously reported work [11,40], Pd/GNS, which
was heat-treated at 250 �Cwith 4% H2 in N2 gas, exhibits a narrower
average particle size (ca. 2 nm) and a decrease in the lattice
constant.
3.2. Surface characterization with XPS for Pd/GNS and Pd3X/GNS

The XPS analyses have been employed to explain the surface
oxidation state of the prepared GNS supported nanoparticles. The
BE shift estimated using XPS is a fine finger print with respect to the
change in the center of the occupied d-states [64,66e68]. The d-
band center is strongly related to changes in the catalyst's surface
bond energy and the species adsorbed on the surface [42]. This
model has been used to understand why the alteration of electronic
structures can considerably change catalytic properties [20,23,42].
The core-level BEs of Pd/GNS treated at 573 K (in Fig. 3) observed at
approximately 335.3 and 340.5 eV for the major spineorbit split
doublet (Pd 3d5/2 and Pd 3d3/2), respectively, which are associated
with zero-valent Pd (Pd0) [66,69,70]. Another doublet of BEs with
respect to Pd 3d5/2 and 3d3/2 peaks are estimated to be approxi-
mately 336.7 and 342.0 eV, attributed to higher oxidation state



Fig. 3. Pd 3d core-level spectra of the GNS-supported Pd, Pd3Ag, Pd3Co and Pd3Fe in
XPS analyses.
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close to that of PdO [66,70]. The Pd 3d5/2 BEs of Pd3Ag, Pd3Fe and
Pd3Co nanoparticles supported on GNS are found to be at 335.2,
335.4 and 335.4 eV, respectively (see Table 1). The peak positions of
the presence of metallic Pd are positively or negatively shifted as
ded orbital hybridization arises between Pd and the second metal
[66,67]. The Pd 3d5/2 BEs of Pd3Co/GNS and Pd3Fe/GNS are esti-
mated to shift to higher BEs with respect to Pd/GNS, whereas these
of Pd3Ag/GNS are shifted to lower BEs. These shifts in BE are shown
to be consistent with theoretical predictions of the change in the d-
band center value as further described below.

3.3. Ab-initio calculation of Pd and Pd3X surface models

The d band center model assumes that adsorption energy of
adsorbed chemical species (e.g., oxygen) on the catalyst surface is
strongly correlated to the average weight of the d-band electron
energies (d-band center) of a catalyst [23,42,45,71]. Prior to the
relaxation of Pd and Pd3X (X: Ag, Co and Fe) surface, the bulk
structures of Pd, Pd3Ag, Pd3Fe and Pd3Co are completely relaxed
to find their ground states under vacuum conditions. Afterward,
the (2 � 2) surface of Pd, Pd3Ag, Pd3Fe and Pd3Co is generated
with six-layer slab model as shown in Fig. 4. From the projected
density of states (PDOS) of Pd atom, d band center values of
Pd on the surface of Pd and Pd alloys are estimated using Eq. (1)
[72].

εd ¼

Z EF

�∞
EpdðEÞdE

Z EF

�∞
pdðEÞdE

: (1)

Here, εd is d-band center weight. pd is the projected density of
states onto the d band of a Pd atom. The d-band center value of
the Pd atom is evaluated to be �1.82 eV, which is consistent
with the results reported in the literature. Likewise, the d-band
center values of Pd3Ag, Pd3Fe and Pd3Co alloy are calculated to
be �1.69, �2.21 and �2.15 eV, respectively. The Ɛd of Pd3Fe and
Pd3Co are downward shifted than that of pure Pd, whereas that of
Pd3Ag is upward shifted with respect to pure Pd. This trend well
matches the core level shift of Pd 3d orbital observed in the XPS
results. Based on this fundamental observation, Pd alloys with
downward shifted Ɛd relative to pure Pd metal are likely associated
with having relatively weaker bonding with oxygen, thereby
leading to better ORR activities [20,44e47,71].

3.4. Rotating-disk electrode studies of Pd and Pd alloys supported
on GNS for the oxygen reduction reaction (ORR)

Fig. 5 demonstrates typical CVs of GNS-supported Pd, Pd3Ag,
Pd3Co and Pd3Fe, which were obtained using a half-cell system at a
scan rate of 50 mV s�1 over a potential range of 0.0e1.2 V vs. RHE.
The electrochemical active surface (EAS) areas of Pd/GNS, Pd3Ag/
GNS, Pd3Co/GNS and Pd3Fe/GNS are estimated from the obtained
CVs by assuming that the charge density of an oxygen monolayer
on the Pd surface is 405 mC cm�2 in the oxygen adsorption and
desorption regions [73]. The fully activated EAS areas of Pd/GNS,
Pd3Ag/GNS, Pd3Fe/GNS and Pd3Co/GNS are 30.5, 29.2, 30.7, and
40.5 m2 g�1, respectively, as summarized in Table 2. As shown in
Fig. 6, the rotating-disk electrode (RDE) technique was employed to
examine the reaction kinetics at steady state conditions for the ORR
[74e76] of Pd/GNS and Pd3X/GNS as oxygen is reduced to water
during the positive sweep at a rotating speed of 1600 rpm in O2-
saturated 0.1 M NaOH and 0.1 MHClO4 solutions. Based on RHE, the
ORR kinetics in alkaline condition is faster than that in acidic
condition, as observed by more positive half wave potential,
consistent with previously reported results [77,78]. The kinetic
currents with respect to the diffusion and activation, are estimated
by the following equation [74]:

1
i
¼ 1

ik
þ 1
id
þ 1
if
¼ 1

ik
þ 1
Bc0u1=2 þ

df

nFcf Df
(2)

where i is the current at specific potential within the mixed
kineticsediffusion control region of the ORR polarization curves, ik
is the kinetic current evaluated by equation (2), id is the limited
diffusion current, if is a diffusion current governed by diffusion of
oxygenmolecules in the film, and B is the Levich constant. Cf, and Df
indicate the solubility and the diffusion coefficient of the reactant in
the Nafion film. df is the thickness of Nafion, respectively. The jk
values are summarized in Table 2, evaluated for Pd, Pd3Ag, Pd3Fe
and Pd3Co nanoparticles supported on GNS in both acidic and
alkaline media. In the acidic media, jk values of Pd3Fe/GNS
(1.26 mA cm�2), and Pd3Co/GNS (0.93 mA cm�2) are found to be
higher than that of the Pd/GNS (0.75 mA cm�2), whereas that of
Pd3Ag/GNS (0.10 mA cm�2) exhibits lower value at the potential of
0.85 V vs. RHE as shown in Fig. 6 and Table 2. Based on the XPS
results shown in Fig. 3, the Pd 3d5/2 core levels for Pd3Fe/GNS and
Pd3Co/GNS are changed to higher BE with regards to Pd/GNS, re-
sults in a downshift of the d-band center. The lower-shifted d-band
center with respect to Pd in an alloy leads to faster kinetics than Pd
as a result of smaller vacancy of the d-band of Pd, indicative of a
weak PdeO bond [20]. The results are consistent with former re-
ports which have elucidated the d-bands of Pd by using the d-band
center model [23,42,67,79]. In alkaline condition, however, jk values
of GNS-supported Pd3Ag (7.5 mA cm�2), Pd3Fe (3.4 mA cm�2), and
Pd3Co (7.2 mA cm�2) alloy catalysts are all lower than that of Pd/
GNG (14.3 mA cm�2), at the potential of 0.85 V vs. RHE.

The ORR diffusion limited current increases with the rotation
rate and is proportional to the square root of the rotation rate as
shown in Fig. 7. The plots in Fig. 7 are known as KouteckyeLevich
plots [50,80] and are calculated on the following equation:



Fig. 5. Cyclic voltammograms of GNS-supported Pd, Pd3Ag, Pd3Fe and Pd3Co catalysts
in a 0.1 M HClO4 electrolyte at a 50 mV s�1 scan rate at room temperature, in which the
current densities are normalized to the geometric surface area of the glassy carbon
electrode (ca. 0.196 cm2).

Fig. 4. Top and side view of six-layer (2 � 2) slab models for each unit cell on the (111) surface of (a) Pd, (b) Pd3Ag, (c) Pd3Fe, (d) Pd3Co and (e) nanoparticle of Pd13 and Pd55.
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jd ¼ 0:62neFD2=3n�1=6c0u
1=2 ¼ Bc0u

1=2 (3)

where ne is the transferred number of electrons per O2 molecules, F
is the Faraday constant, D is the diffusion coefficient of dissolved O2
in electrolyte, n is the kinematic viscosity of the solution, u is the
rotating speed, and c0 is the concentration of dissolved O2 in
Table 2
Electrochemical parameters of Pd/GNS and Pd3X/GNS (X: Ag, Co and Fe) catalysts charac

Catalysts Real active surface area (cm2)a Active surface a

60 wt.% Pd/GNS 2.39 30.5
67 wt.% Pd3Ag/GNS 2.29 29.2
64 wt.% Pd3Fe/GNS 2.41 30.7
64 wt.% Pd3Co/GNS 3.17 40.5

a Active surface area calculated with charge of 405 mC cm�2 estimated by assuming re
b jk normalized from surface area of glassy carbon electrode, 0.196 cm�2.
electrolyte. The ORR has two major possible pathways by a multi-
electron reaction, in which one is associated with the two elec-
tron pathway to generate hydrogen peroxide, H2O2, and the other is
with the transfer of four electrons to produce H2O and OH� in acidic
and alkaline condition, as expressed by the following Eqs. (4) and
(5), respectively [81]:

O2 þ 4Hþ þ 4e�/2H2O ðacidic mediaÞ (4)

O2 þ 2H2Oþ 4e�/4OH� ðalkaline mediaÞ (5)

For the ORR of Pd and Pd alloy nanoparticles on GNS, the ne is
estimated to be around 4 from the analysis of the Lev-
icheKoutecky plots, indicative of production of water and hy-
droxide as reaction products in O2-saturated acidic and alkaline
electrolytes, respectively, as summarized in Table 2. In alkaline
conditions, GNS-supported Pd3X alloy catalysts exhibit relatively
lower ne values, which indicate that they are involved in the two
electron pathway to generate H2O2. However, Pd3Fe/GNS and
Pd3Co/GNS, which exhibit better activity in acidic conditions than
Pd/GNS, involve ne of approximately four. In summary, the ORR
activity of high loading Pd and Pd alloys on GNSs is ordered in the
sequence of Pd/GNS > Pd3Ag/GNS > Pd3Co/GNS > Pd3Fe/GNS in
the alkaline condition and in order of Pd3Fe/GNS > Pd3Co/
GNS > Pd/GNS > Pd3Ag/GNS in the acidic condition. The differ-
ences in ORR remain as an open question. Jiang et al. have reported
better performance of Pd/C compared with Pt/C with a high-lying
d-band center, and they concluded that the ORR is more suitable
on a clean Pd surface than on a pure Pt surface depending on the
specific particle size contrary to Pt being more favorable in acidic
conditions [27]. Additionally, Lima et al. have observed high ORR
terized using electrochemical analyses.

rea (m2 g�1)a Kinetic current density
@ 0.85 vs RHE, jk (mA
cm�2)b

Number of electrons
transferred, ne

Acid Alkaline Acid Alkaline

0.75 14.3 3.98 4
0.10 7.5 3.44 3.41
1.26 3.4 3.87 3.49
0.93 7.2 3.80 3.26

duction of the monolayer PdO.



Fig. 6. Comparison of the polarization curves of Pd/GNS and Pd3X/GNS (X: Ag, Fe and
Co) for the ORR in O2-saturated (a) 0.1 M NaOH and (b) 0.1 M HClO4 solutions with a
sweep rate of 10 mV s�1 at room temperature; rotation speed: 1600 rpm.

Fig. 7. Levich-Koutecky plots of the ORR collected for Pd/GNS and Pd3X/GNS (X: Ag, Fe
and Co) under (a) alkaline and (b) acidic conditions.
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activity for Pd(111) in alkaline media that is comparable with that
of Pt(111) [82]. Even in our previous work, 60 wt.% Pd/GNS
demonstrated amass- and surface-normalized activity better than
that of 60 wt.% Pt/GNS [11]. Several reports have tried to explain
such differences through particle size effect [27,82]. However,
based on the results presented in previous reports, it is still not
sufficient to explain the correlation between the ORR activity and
the acidity of the electrolyte as observed by inconsistent ORR
activity obtained by similar average particle sizes of Pd and Pd
alloy catalysts supported on GNS. On the other hand, recently, N.
Ramaswamy et al. have pointed out experimentally the ORR re-
action mechanisms for multi-electron transfer through the
investigation of ORR activity on carbon supported Pt (Pt/C) in
0.1 M NaOH and 0.1 M HClO4 electrolyte [83,84]. They proposed
that the presence of adsorbed hydroxide species by water disso-
ciation prevents the direct adsorption of molecular O2 on the
active site in acidic solution, whereas an outer-sphere electron
transfer mechanism in alkaline media is possible to make the
hydroxide intermediates as the product in outer Helmholtz plane
(OHP), indicating that peroxide intermediate formed during ORR
could instantly carry out the four electron ORR process [83,84].
This explanation supports the inconsistent ORR activity observed
with GNS-supported Pd and Pd-based catalysts in acidic and
alkaline media, which is ascribed to the possibility of reaction in
the OHP. The d-band center values are in good consistency with
experimental ORR results in acidic media since the ab-initio
computational calculation only considers the reaction in the in-
ner Helmholtz plane (IHP).
3.5. The first principle study of Pd dissolution potential and
cohesive energy

Despite high kinetic activity and cost benefits over state of the
art Pt catalysts, Pd based catalysts have not been used in the
cathode of the most widely used acidic electrolyte PEMFC due to its
inferior electrochemical instability compared to Pt [12,24,85]. The
fundamental understanding of the stability issues of Pd based
catalysts would be essential in order to further optimize the cata-
lyst design and enhance their catalytic activity. To investigate its
stability, the cohesive energy, Ecoh, and dissolution potential, Um,
have been calculated for both bulk size and nano-sized particles of
Pd13 (13 Pd atoms and 0.5 nm in diameter) and Pd55 (55 Pd atoms
and 1.1 nm in diameter), respectively, as shown in Fig. 4e by the
following Eqs. (6)e(9) based on DFT design of Fig. 4e and our
previous reports [4,86e88]:

Ecoh ¼ �EM � nEM;g

n
; (6)

where EM and EM,g are the DFT energies of bulk and gas in vacuum
for Pt or Pd. n is number of Pt or Pd atoms. The dissolution po-
tentials of Pt or Pd have been calculated based on electrochemical
dissolution reaction of Eq. (7);

Mn4Mn�m þmM2þðaqÞ þ 2me�; (7)

where M is Pt or Pd. The Gibbs free energy for dissolution and
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dissolution potentials of Pd or Pt can be expressed by follows Eqs.
(8) and (9);

DG ¼ m�ðMn�mÞ þm
n
m�

�
M2þ; aq

�
þ kT lnðaM2þÞ

o

� 2meUm � �
m�ðMn; sÞ þ kT ln

�
aMn

�� (8)

Um ¼ Ubulk þ
1

2me
fmEðMbulkÞ þ EðMn�mÞ � EðMnÞg; (9)

where m is the chemical potentials, k is the Boltzmann constant, a is
the activity coefficient, and T is the temperature. Um and Ubulk are
the dissolution potentials of the outermost M shell and bulk,
respectively. Increased Ecoh indicates an improved electrochemical
stability with higher Um [4,87e89]. The Ubulk and Ecoh for Pd bulk
are 0.81 V vs. SHE (e.g., Standard Hydrogen Electrode) and 3.74 eV,
respectively. The Um of Pd13 and Pd55 nanoparticle in DFT design
was evaluated to be 0.16 and 0.49 V vs. SHE, respectively, and the
Ecoh was 2.26 and 2.91 eV. These results indicate that bigger par-
ticles have higher dissolution potential and cohesive energy, lead-
ing to superior electrochemical stability. Therefore, the results
obviously demonstrate that Pd nanoparticle even including bulk
size Pd can spontaneously dissolve in working potentials at the
cathode of PEMFC generally operated between 0.6 and 1.23 V vs.
SHE. In AEMFCs condition, which typically operate below 0.4 V vs.
SHE at the cathode, on the other hand, Pd nanoparticles with
diameter above ca. 1.1 nm is thermodynamically stable. These re-
sults reveal that Pd based catalysts might be challenging to use in
PEMFCs but acceptable for AEMFCs with respect to stability.
Nevertheless, we believe even Pd based catalysts need further
study in order to be used in PEMFC through the optimization of
electronic structure with suitable method such as employing sup-
ports, since we have demonstrated the possibility of increasing Um
and Ecoh of Pt nanoparticles with small sizes on heteroatom doped
carbon based materials with superior electrochemical stability
[4,86,88].

4. Conclusions

In this work, GNS support is prepared via thermal exfoliation of
GO obtained by the modified Hummers method. GNS-supported
Pd, Pd3Ag, Pd3Fe and Pd3Co nanoparticles are then synthesized
by the impregnation method coupled with a heat treatment under
hydrogen gas. The uniformly dispersed Pd and Pd alloy nano-
particles with an average diameter of ca. 5 nm are well distributed
on GNS support with loadings up to 60 wt.%. These catalysts with
similar metal particle sizes are used to compare the ORR activity in
acidic and alkaline conditions. The Pd 3d5/2 core levels for Pd3Fe/
GNS and Pd3Co/GNS are observed to shift to a higher BE with
respect to Pd/GNS, whereas that of Pd3Ag/GNS shifts to a lower
BE. The electrochemical testing results demonstrate that the
ORR activity of the high loading Pd and Pd alloy catalysts on
GNSs is ordered in the sequence of Pd/GNS > Pd3Ag/GNS > Pd3Co/
GNS > Pd3Fe/GNS in the alkaline condition, and in the sequence of
Pd3Fe/GNS > Pd3Co/GNS > Pd/GNS > Pd3Ag/GNS in acidic condi-
tion. Based on these results, the d-band center model is consistent
for the ORR activity in acidic condition, whereas a clear trend has
not been identified in alkaline condition as demonstrated by Pd/
GNS exhibiting better performance than Pd alloy catalysts in alka-
line conditions. The prepared GNS-supported Pd and Pd alloy
nanoparticle catalysts have shown reliable ORR catalytic activity in
acidic and alkaline conditions, suggesting that it may potentially
replace Pt for use in cathodes of PEMFC and AEMFC on the basis of
kinetic activity. In spite of this, the thermodynamic instability of Pd
based catalysts must be addressed before their use in acidic
electrolyte PEMFCs based on the DFT calculation of Um of Pd13 and
Pd55 nanoparticles, where Pd nanoparticles above ca. 1.1 nm in
diameter can be utilized under AEMFC operating conditions. For
further catalyst design for PEMFC, the thermodynamic stability of
Pd based catalysts must be enhanced through the use of advanced
supports (e.g., metal oxides and hetero-atom doped carbon-based
materials) which could optimize the electronic structure of Pd.
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