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Abstract

Nitrogen and sulfur co-doped graphene supported Pd oxide-
rich (PdOx-rich) Pd nanoparticles (Pd/NS-rGO) are synthe-
sized by microwave-assisted ascorbic acid reduction method.
Raman spectrum reveals that the introduced NS co-doping
could introduce more defects on the graphene surface. X-ray
diffraction, X-ray photoelectron spectrum, SEM and TEM
images indicate that the synthesized PdOx-rich Pd particles
are well-dispersed on NS co-doped graphene surface. Cyclic
voltammograms curves illustrate that the Pd/NS-rGO
catalyst exhibits a larger electrochemically active surface

area (35.7 m2 g–1) and higher positive current density
(1,054.0 mA mg–1 Pd) than other catalysts prepared by simi-
lar methods. The Pd/NS-rGO catalyst also reveals superior
anti-poisoning intermediate species ability and amazing sta-
bility. The electrocatalytic mechanism is also detailedly dis-
cussed and the designed Pd/NS-rGO catalyst has opened up
a new insight and methodology for the construction of a high
performance and stability ethanol electrocatalysts in corro-
sive alkaline environments.

Keywords: Direct Ethanol Fuel Cells, Electrocatalysis, Micro-
wave-assisted, NS Co-doped Graphene, Pd Particles

1 Introduction

With the rapid increase in energy demand and growing
concerns about environmental pollution, research on renew-
able and green energy sources has attracted considerable inter-
est in the past decades [1–4]. Amongst various candidates,
direct ethanol fuel cells (DEFCs) possess notable features
including simple design, easy storage, good stability, high
energy conversion efficiency, environmental-friendly character
and low proton exchange membrane permeability, etc. [5–7].
Those characteristics continually soar the global attention to
DEFCs to new highs. In addition, the kinetics of ethanol oxida-
tion in alkaline medium is faster and DEFCs tend to be less
corrosive than those in acidic medium [8–11]. Despite the sig-
nificant advantages, there are still some major drawbacks for
DEFCs. The complete oxidation of ethanol is extremely diffi-

cult and involves in some complex mechanism, such as clea-
vage of C-C bond, transference of 12 electrons and elimination
of CO, CHX-intermediates, which will poison the catalyst
[12, 13]. Therefore, it is of great importance to design economic
electrocatalysts with improved electrocatalytic performance,
kinetic efficiency and stability [14, 15]. However, the low abun-
dance and easy poisoning properties of platinum-related cata-
lysts have seriously hindered their commercial applications in
fuel cells [16, 17]. Alternatively, theoretical and experimental
investigations demonstrated that Pd-based catalysts could
overcome these obstacles and have aroused tremendous atten-
tion [18, 19]. Although Pd particles show good catalytic behav-

–
[*] Corresponding author, xiulin.yang@kaust.edu.sa,

yanchunzhao@aliyun.com

FUEL CELLS 17, 2017, No. 1, 115–122 ª 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 115

O
R
IG

IN
A
L
R
ES

EA
R
C
H

P
A
P
ER

DOI: 10.1002/fuce.201600153



Zhang et al.: Microwave-assisted Synthesis of Pd Oxide-rich Pd Particles

iors for many useful reactions under different reaction condi-
tions, the particles are prone to aggregation and form Pd black
because of their high surface energy [20, 21]. Therefore, the
immobilization of Pd particles on various supports is regarded
as one of the most practical ways to address this problem.

Over the past decade, graphene has triggered tremendous
interest due to its high electron mobility, excellent mechanical
flexibility, specific surface area and unique optical properties
[22, 23]. But most of the pristine graphene are subjected to
chemical inertness and it remains urgent to modify the chemi-
cal properties of graphene by functionalization or surface
modification to expand its application [24, 25]. Recently, het-
eroatom doping of graphene displays exceptional properties
and characteristics. In the process of substitutional doping,
carbon atoms in the skeleton are replaced by heteroatoms and
the graphene structure are destroyed [26, 27]. Up to now,
many techniques have been developed to obtain heteroatom-
doped graphene, in which solvothermal and hydrothermal
treatments are deemed to be a most facile and economic way
to synthesize heteroatoms doped graphene [28]. It is interest-
ing to note that introduction of nitrogen and sulfur, both with
rich electrons, can change the p-conjugated system of graph-
ene and alter the carbon structures. This will it will generate
more defects and nuclear sites which can act as anchoring sites
for metal particles [29], and then strengthen the interaction
between metal particles and graphene supports and benefit
the transformation of electron from supports to metal catalysts
[30]. Currently, most of the published NS-doped carbon mate-
rials show superb performance in oxygen reduction reactions,
formic acid oxidation, Li-ion batteries, etc. [31–33]. Until now,
only few papers related to noble metals on NS co-doped
graphene for alkaline ethanol electro-oxidation are published.

In this paper, we present a facile route to prepare NS
dual-doped graphene by using ammonium chloride and
sodium thiocyanate as precursors, and subsequently conduct
microwave-assisted ascorbic acid reduction to prepare a
highly dispersed PdOx-rich Pd/NS-rGO catalyst. The intro-
duction of N and S in graphene structure could generate abun-
dant active sites for well-dispersing PdOx-rich Pd particles
on NS functionalized graphene surface. The synthesized
Pd/NS-rGO catalyst exhibits larger electrochemically active
surface area (EAS, 35.7 m2 g–1) and higher positive current
density (1,054.0 mA mg–1 Pd) than other similar method pre-
pared catalysts. In addition, the Pd/NS-rGO catalyst also
reveals superior anti-poisoning intermediate species ability
and amazing stability.

2 Experimental

2.1 Preparation of GO and Reduced-GO

A modified Hummers method was used to prepare Graph-
ene oxide (GO). Briefly, graphite powder (1.0 g) and NaCl
(20.0 g) were thoroughly mixed by milling in mortar for
30 min. After rinsed with deionized water, the mixture was
dried overnight at 60 �C, then added H2SO4 (98%) to the dried

material and stirred the mixture for 24 h at room temperature.
Subsequently, KMnO4 (0.5 g) was slowly added into the mix-
ture with stirring at 40 �C for 30 min. Then, the mixture was
diluted with 140 mL deionized water at ambient temperature.
One hour later, another H2O (140 mL) and H2O2 (10 mL) was
added into the mixture. Upon treatment with peroxide, the
suspension was centrifuged, washed and dried overnight to
obtain GO. The prepared GO was then put into a furnace and
kept at 700 �C in N2 for 1 h. The reduced-GO (rGO) was
obtained and left for further treatment.

2.2 Synthesis of NS-rGO

rGO (30 mg), NaSCN (160 mg), NH4Cl (106 mg) were dis-
persed in distilled water under ultrasonic treatment. Then, the
suspension was transferred into Teflon-lined stainless steel
autoclave and hydrothermal treatment at 180 �C for 12 h.
Afterwards, the mixture was centrifuged, rinsed, dried to
obtain NS-rGO. Similar steps were also applied to prepare
N-rGO, except for adding NaSCN in the whole process.

2.3 Preparation of Pd/NS-rGO

For the synthesis of Pd/NS-rGO, a certain amount of
H2PdCl4 (Pd: 5 mg), NS-rGO (20 mg), sodium citrate (20 mg)
and ascorbic acid (20 mg) were simultaneously dissolved in
50 mL water under ultrasonic treatment and further treated
with microwave heating in 800 W for 30 s to achieve
Pd/NS-rGO. For comparison, Pd/N-rGO, Pd/CNTs and
Pd/XC-72 were prepared by the same procedure.

2.4 Characterization

The morphology and micro-structure of the synthesized
samples were observed with scanning electron microscope
(SEM) and transmission electron microscopy (TEM) (Hitachi
H-800, Japan). X-ray diffraction (XRD) analyses were carried
out with a RigakuD/MAX 2500v/pc (Japan) diffractometer
using Cu Ka source. Raman spectroscopy (inVia, Renishaw,
England) was used to investigate the integrity and electronic
structure of the carbon materials. The chemical valences of
metals in the catalysts were analyzed by X-ray photoelectron
spectroscopy (XPS) (JPS-9010TR, Japan) with Mg Ka radia-
tion.

2.5 Electrochemical Measurements

All electrochemical experiments were performed with a
conventional three-electrode system using a CHI660D electro-
chemical working station (CH Instrument, Inc.) at room tem-
perature. Firstly, the glassy carbon electrode (GCE) was pol-
ished by using a-Al2O3, and then excessively washed using
deionized water and ethanol. The as-prepared catalysts were
ultrasonically dispersed into H2O/C2H5OH solution, and then
deposited onto the polished GCE. After natural drying at
room temperature, 10 mL 0.5% Nafion in ethanol solution was
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dropped to fix the catalysts on GCE. All the potentials are
referred to the saturated calomel electrode (SCE) in this work.
A Pt foil and SCE were employed as a counter electrode and a
reference electrode, respectively. The cyclic voltammogram
(CV) measurement was firstly carried out in a solution of 0.5M
NaOH at a scan rate of 50 mV s–1 from –0.8 V to 0.4 V, in order
to calculate the electrochemical active surface areas (EAS) of
the catalysts. Afterwards, electrooxidation of ethanol was
investigated by CV measurements with the same scan rate
between –0.8 V to 0.4 V in a solution of 0.5M NaOH + 1.0M
C2H5OH. Chrono-amperometry measurements were then per-
formed at a fixed potential of 0.2 V for 7,200 s in 0.5M NaOH
+ 1.0M C2H5OH solution. The metal loading was kept at
70.8 mg cm–2 and all tests were conducted at ambient tempera-
ture (25+0.5 �C).

3 Results and Discussion

The NS dual-doped graphene was synthesized via hydro-
thermal treatment of the obtained rGO from GO together with
NaSCN and NH4Cl in water solution, as illustrated in
Scheme 1. The hydrothermal treatment could induce the ther-
mal decomposition of NaSCN and NH4Cl at high temperature
and pressure conditions. The generated fragments of N and S
will strongly attack the structure of graphene, and the formed
different groups will be effectively functionalized or non-func-
tionalized on the graphene structures. The NS dual-doped
graphene was then ultrasonically mixed with H2PdCl4,
sodium citrate and ascorbic acid at room temperature. The
sodium citrate is used as stabilizing agent and the ascorbic
acid is regarded as reducing agent. The mixed solution was
then put into microwave reactor in a beaker at a power of
800 W for 30 s. The microwave reactor could rapidly increase
the temperature of the mixture solution, promote dispersion
of solutes and accelerate the completion of the whole reaction.

Raman spectroscopy was used to gauge the extent of disor-
der and degree of the prepared NS-rGO and rGO. As shown
in Figure 1A, there are two distinct peaks including G-band
with E2g symmetry roughly located at 1,581 cm–1 ascribed to
ordered sp2 hybridized graphitic carbon atoms and D-band
with A1g symmetry at about 1,354 cm–1 arising from disor-
dered sp3 defect sites, amorphous carbon or edges defects, etc.
[34]. The intensity of ID/IG reflects the structure defects and
edge plane exposure, and it is usually adopted to evaluate the
doping and defects in carbon materials. A higher ratio of ID/IG

indicates higher defects, and lower value signifies lower disor-
der in the graphitic lattice. It can be clearly seen that the ID/IG

ratio of NS-rGO (0.99) is larger than that of rGO (0.57). On the
other hand, it is well known that the D¢-band is also associated
with defects and disorder in carbon structure [35]. Thus, the
largest ID/IG ratio and the enhancement of the D¢-band of the
NS-rGO imply that NS-rGO contains more amorphous carbon
impurities than rGO [36]. In this case, those defects will in turn
act as active sites and reinforce the interaction between Pd par-
ticles and support, and thus increase the catalysts loading and
particles dispersion.

X-ray diffraction (XRD) was used to monitor the crystal
structures of Pd/NS-rGO together with Pd/N-rGO, Pd/CNTs
and Pd/XC-72. As shown in Figure 1B, all samples displayed
five similar diffraction peaks at 2q of approximately 40.1�,
46.7�, 68.1�, 82.1� and 86.6�, which can be well indexed to face-
centered cubic (fcc) crystalline Pd (JCPDS: 65-2867) [37, 38]. It
should be noted that, compared to Pd/N-rGO, Pd/CNTs and
Pd/XC-72, Pd/NS-rGO shows several additional peaks which
can be ascribed to the tetragonal structure of PdO (JCPDS:
43-1024). It means that the support of NS-rGO is much more
beneficial to form PdO composition than others. This can be
explained that the groups of N, S on rGO have a stronger
binding force with Pd precursor, and thus it could suppress
the reduction of the precursor to some extent. After micro-
wave heating treatment, the resulted high temperature is more
tending to form PdO composition. In addition, a narrow peak
around 26� for Pd/NS-rGO can be assigned to the (002) char-
acteristic diffraction peak of hexagonal crystalline graphite
[39], which is consistent with Pd/CNTs composite. However,
there is a broad peak at ca. 24.9� on Pd/N-rGO, which is a typ-
ical characteristics of stacked graphene layers with short-range
order [40]. The different crystal degree of the substrates and
the different forms of Pd existence indicate that the co-doped
N/S plays an important role in the preparation of PdOx-rich
Pd/NS-rGO catalyst.

The scanning electron microscope (SEM) image of
Pd/NS-rGO composite is shown in supporting Figure S1. It
can be seen that the particles of Pd are randomly distributed
over the whole area of NS dual-doped graphene and almost
no agglomeration of Pt particles can be seen. The transmission
electron microscope (TEM) image in Figure 2A shows that the
NS co-doped graphene exhibits an extremely thin silk veil
waves-like morphology and almost none significant stacking
of graphene is observed. This reveal that graphite is effectively
exfoliated by the modified Hummer’s method. Besides, the
translucent graphene nanosheets display some defects and
partially crinkled nature, which may originate from the defec-
tive structure formed during the fabrication of GO and the

heteroatom doping processes [41]. These defects can
facilitate the chemisorption of reactants and well dis-
perse the reduced metal particles. It can be seen that
the reduced particles are uniformly dispersed with
sphere-like shape and some of them coexist like
nanocluster structures on the NS-rGO nano-frame-
work support. The high-resolution TEM image in
Figure 2B shows that there are two types of lattice
fringes with 0.225 nm and 0.264 nm with respect toScheme 1 Schematics of the synthetic procedures for the Pd/NS-rGO catalyst.
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Pd (111) and PdO (101) presented on the catalyst’s surface. As
shown in Figure 2C, the mean size of the metal nanoparticles
on NS-rGO support is obtained by measuring 200 randomly
chosen particles from the magnified TEM image. For the
PdOx-rich Pd catalyst, the mean particle size has a broad dis-
tribution (3~9 nm) with an average diameter of approxi-
mately 5.4 nm. Inductively coupled plasma (ICP) was used to
measure the metal loadings of various catalysts. The result
shows that the loading content of Pd on NS-rGO is 19.2 wt.%,
which is similar with other three compared catalysts (see Sup-
porting Table S1). For better understanding the effect of
morphologies on catalytic performance, the TEM images of
other compared catalysts are further charactered as shown in
Supporting Figure S2–S4. For the Pd/N-rGO catalyst, the par-
ticles distribute in two different ranges, and the average parti-
cles sizes are ~4.7 nm and ~16.8 nm, respectively. However,
for the metal particles on CNTs and XC-72 carbon black, a
large number of aggregated particles could be observed on
their surface, and these aggregated particles maybe greatly
affect their electrocatalytic performance improvement.

X-ray photoelectron spectrum (XPS) is performed to gain
insight into the chemical state and surface composition of Pd,
N and S in the Pd/NS-rGO sample. As shown in Supporting
Figure S5, the full XPS spectrum includes C 1s, O 1s, N 1s, S 2p
and Pd 3d peaks, which indicate that the elements of N and S
are successfully incorporated into graphene networks. A sharp

high peak observed at ~284.4 eV certifies the existence of car-
bon atoms, and most of which are sp2 hybrid carbons arranged
in a conjugated honeycomb lattice of graphene. The elemental
contents of N and S in Pd/NS-rGO are calculated for 2.98%
and 1.82%, respectively. As shown in Figure 3A, the high-res-
olution spectrum of N 1s in NS-rGO could be fitted by two
peaks as for pyridine-like N (398.7 eV) and pyrrole-like N
(400.8 eV) species [42]. Pyridinic N bonds with two sp2 carbon
atoms at the defects or edges of graphene can provide the
p-system with one p electron, while pyrrolic N bonds with
three sp2 C atoms can contribute two p electron to the p-sys-
tem, changing the valence band structure of graphene [43].
The high-resolution of S 2p peak could be fitted with three dif-
ferent sulfur moieties (Figure 3B). It can be seen that the two
peaks of binding energies at 162.1 eV and 167.6 eV can be
assigned to the reduced (–SH) and oxidized (–SOn–) sulfur
moieties, respectively [44]. Additionally, another two small
peaks at 163.7 eV and 165.1 eV could be clearly detected,
which are in agreement with the ever reported S 2p3/2 and S
2p1/2 positions of thiophene-S owing to their spin-orbit cou-
pling [41]. It is generally considered that co-doped two-types
N and sulfur are responsible for the interaction with metal
catalysts and prevent them from aggregation together [31].

The high-resolution Pd 3d photoelectron peaks of
Pd/NS-rGO catalyst are presented in Figure 3C, the binding
energies for Pd 3d5/2 and Pd 3d3/2 could be resolved into three
doublets. The doublet peaks with binding energies of
335.6 eV (Pd 3d5/2) and 340.9 eV (Pd 3d3/2) are attributed to

Fig. 1 (A) Raman spectra of rGO and NS-rGO. (B) XRD patterns of
Pd/NS-rGO, Pd/N-rGO, Pd/CNTs and Pd/XC-72.

Fig. 2 (A) TEM image, (B) high-resolution TEM image and (C) particle
size distribution of Pd/NS-rGO composite.
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metallic Pd [45]. The other doublet peaks with binding ener-
gies at 337.3 (Pd 3d5/2) and 342.5 eV (Pd 3d3/2) can be assigned
to Pd2+ in PdO [46], and the binding energies at 338.9 eV
(Pd 3d5/2) and 344.1 eV (Pd 3d3/2) are corresponding to PdO2

species [47]. The spectrum of Pd 3d indicates that the oxide of
Pd (including PdO and PdO2) is predominant in the
Pd/NS-rGO composite with a relative abundance accounting
for 75.7% of the total metal Pd loading, which is ~3.1-fold
higher than the Pd in the form of metal Pd. Interestingly, as
shown in Figure 3D, the compared four catalysts exhibit simi-
lar binding energies for Pd0 and Pd2+. It is a different phenom-
enon that only the as-synthesized Pd/NS-rGO sample shows
the form of PdO2 at higher binding energies. The strongest
peak intensities for PdO and PdO2 in Pd/NS-rGO catalyst
illustrate that the co-doped N/S in the composite has a strong
interaction force with the precursor of Pd under the same
reduction conditions.

Cyclic voltammograms (CV) are executed to evaluate the
electrochemical activity of Pd/NS-rGO, Pd/N-rGO, Pd/CNTs
and Pd/XC-72 catalysts in N2-saturated 0.5M NaOH solution.
As shown in Figure 4A, CV curves of the different catalysts
are investigated in the range of –0.8 V to 0.4 V at a scan rate of
50 mV s–1. It can be seen that all catalysts have similar curve
profiles and exhibit a very distinct reduction peaks at
~ –0.38 V. The reduction peaks could be ascribed to the trans-
formation of PdO to metal Pd0 [48], and the required coulomb
charges could be used to estimate the electrochemically active

surface area (EAS) of the catalysts. Generally, the coulomb
charges are assumed to be the electrochemical reduction of a
closed-packed monolayer of PdO on the catalyst’s surface
(PdO + 2H+ + 2e– « Pd + H2O) [49]. The EAS is estimated
using the equation EAS = Q/SL [50], where Q is the charge of
electrochemical reduction of PdO in microcoulomb (mC), S
(405 mC cm–2) represents the proportionality constant which
stands for the charge required to reduce monolayer of PdO,
and L is the total amount of Pd (g) on the electrode. The calcu-
lated EAS results are listed in Table 1, and it is obviously
revealed that the EAS value of Pd/NS-rGO is much larger
than the ones of the other compared catalysts. The improved
EAS value can be ascribed to the appearance of well-dispersed
PdOx-rich Pd on NS-rGO support and could expose much
more active sites than others for interface reactions [51].

The high EAS value is generally supported by high electro-
catalytic activity. Figure 4B shows the CV curves of
Pd/NS-rGO together with Pd/XC-72, Pd/N-rGO and
Pd/NCTs catalysts in 0.5M NaOH + 1.0M C2H5OH solution
with a scan rate of 50 mV s–1. It can be observed from CV
curves that all onset potentials of the ethanol electro-oxidation
begin at ~ –0.70 V, and the peak potentials of ethanol oxida-
tion are in the range of –0.17 to –0.22 V for positive-going
potential scan. In the forward-going scan, the oxidation peak
is corresponding to the oxidation of freshly chemisorbed spe-
cies coming from ethanol adsorption [52]. The reverse scan
peak is primarily associated with removal of carbonaceous

Fig. 3 High-resolution XPS spectra of (A) N 1s, (B) S 1s and (C) Pd 3d of Pd/NS-rGO. (D) Comparison of the sub-spectra of Pd 3d orbital from differ-
ent catalysts.
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species not completely oxidized in the forward-going scan
than the oxidation of freshly chemisorbed species [53, 54].
Bianchini et al. using In situ FTIR spectroscopic techniques
exhibited that the main forward-going oxidation product is
sodium acetate at NaOH concentrations higher than 0.5M [55].
It can be seen that the current density of Pd/NS-rGO catalyst
on the forward-going scan (jf) is 1,054.0 mA mg–1 Pd, which is
1.84-fold higher than for Pd particles on N-rGO and CNTs cat-
alysts and 1.93-fold higher than for the Pd/XC-72 catalyst, as
shown in Table 1.

Generally, the ratio of current densities in the forward-
going scan (jf) compared to the backward-going scan (jb) is
associated with the accumulation and removal of intermediate
species coming from incompletely oxidized ethanol. The ratio

of jf/jb for Pd/NS-rGO is 1.45, which is apparently higher than
that of the other three catalysts (see Table 1).

The excellently electrocatalytic performance and anti-poi-
soning intermediate species of Pd/NS-rGO catalyst could be
explained by the fact that the co-doped N/S in the graphene
substrate could provide enough homogeneous active sites and
strong interaction force with the precursor of Pd. After the
microwave-assisted ascorbic acid reduction treatment, the
well-dispersed PdOx-rich Pd particles on NS-rGO with small
size are formed. It is generally considered that small sized and
well dispersed particles could apparently increase the utiliza-
tion of particles, and thus enlarge the EAS value and enhance
the electrocatalytic performance to some extent. In addition,
the concomitantly generated large proportion of PdOx in the
hybrid electrocatalysts could promote the electrocatalytic
activity and anti-poisoning properties from another aspect,
and it could be expressed as follows:
(i) The rich PdOx composition in Pd/NS-rGO could better

adsorb hydroxyl than metal Pd0 [56], and the metal Pd
could adsorb the dissociative ethanol molecules and then
further oxidize to the resultant ethoxi, such as (CH3CO)ads

on the surface of metal Pd0 when the potential run higher
than onset potential (–0.7 V), see Eqs. (2)–(4):

PdOx + OH– « (PdOx)–OHads + e– (1)

Pd + OH– « Pd–OHads + e– (2)

Pd + CH3CH2OH « Pd–(CH3CH2OH)ads (3)

Pd–(CH3CH2OH)ads + 3OH– fi
Pd–(CH3CO)ads + 3H2O + 3e– (4)

(ii) The (CH3CO)ads are strongly adsorbed onto the active
sites of the Pd0 surface and it can be stripped off from the
Pd0 surface by the adsorbed hydroxyl species [57]. As a
result, the ethanol could be continuously oxidized with
increase of the potential, i.e., Eqs. (5)–(6):

Pd–(CH3CO)ads + (PdOx)–OHads «
Pd + PdOx + CH3COOH (5)

Pd–(CH3CO)ads + Pd–OHads « Pd + CH3COOH (6)

(iii) After the potential runs to the peak current density, it will
start to decline with a further increase of the potential.
The decreased in current density is considered relevant to
the formation of Pd(II) oxide layer on the surface of the
electrode at higher potentials [58]. The formed oxide layer
could block the adsorption of fresh ethanol molecules
onto Pd0 surface and thus lead to a decrease in the electro-
catalytic activity.

Stability is another important criterion to evaluate a devel-
oped catalyst. Thus, long-term stability was conducted in a
solution of 0.5M NaOH + 1.0M C2H5OH for 7,200 s at a fixed
potential of –0.2 V. As shown in Figure 5, it could be observed

Fig. 4 Cyclic voltammograms of Pd/NS-rGO, Pd/N-rGO, Pd/CNTs
and Pd/XC-72 in (A) 0.5M NaOH and (B) 0.5M NaOH + 1.0M
C2H5OH with a scan rate of 50 mV s–1.

Table 1 Electrocatalytic activity of different catalysts.

Catalyst EAS / m2 g–1 jf / mA mg–1 Pd jb / mA mg–1 Pd jf / jb

Pd/NS-rGO 35.7 1054.0 728.0 1.45

Pd/N-rGO 23.6 571.4 732.8 0.78

Pd/CNTs 22.5 574.0 438.0 1.31

Pd/XC-72 30.8 546.0 478.0 1.14
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that all catalysts initially display a sharp current density
decay, and then turn into a pseudo-steady state. As shown the
insert chart in Figure 5, it could be observed that the current
density of Pd/NS-rGO catalyst is 109.5 mA mg–1 Pd after run-
ning 7,200 s, which is 1.84, 3.40 and 1.53-fold higher than Pd/
N-rGO, Pd/CNTs and Pd/XC-72, respectively. The admirable
stability of Pd/NS-rGO catalyst could be regarded relevant
with well-dispersed Pd particles, the stronger binding force
between Pd and co-doped N and S to inhibit agglomeration of
particles, and rich-PdOx provided lots of adsorption hydroxyl
to remove intermediate species.

4 Conclusions

In this work, we have demonstrated a facile process to
synthesize NS co-doped graphene supported PdOx-rich Pd
electrocatalysts via microwave-assisted ascorbic acid reduction
method. The NS co-doped graphene provide uniformly active
sites to deposited PdOx-rich Pd particles. The stronger binding
force between PdOx-rich Pd particles and the support success-
fully suppressed the particles exfoliation and agglomeration
after long-time stability testing. In addition, the Pd/NS-rGO
catalyst also revealed a larger electrochemically active surface
area, higher forward current density and tolerance to inter-
mediate species poisoning. The well-dispersed PdOx-rich Pd
particles on NS co-doped graphene in this study possess excel-
lent electrocatalytic properties and stability for ethanol electro-
oxidation in alkaline media and may be of great potential
regarding ethanol sensor and direct ethanol fuel cells.
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