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a  b  s  t  r  a  c  t   

 
Bimetallic nanoparticles  (NPs)  show interesting synergy to enhance the activity and durability in  elec- 

trocatalytic alcohol oxidation compared to single-component metal NPs. The  synthesis of bimetallic NPs 

often carried out in  solution  brings challenges in  separating, loading and dispersing these  NPs  on 

conductive carbon supports. We  herein report the direct growth of well-defined AuPd  bimetallic NPs in 

the size  range of 2e5 nm on nitrided carbon support. Our  method is based on  a seed-mediated growth 

method using Au seeds (1.8 ± 0.3 nm) supported on  nitrided carbon. We  show that the sizes and surface 

compositions of bimetallic NPs  are precisely controllable. The  resultant core-shell AuPd  bimetallic  NPs 

are thermally stable and they can  be converted to alloyed AuPd  NPs when subjected to thermal activation 

at 250 o C  for   1 h.  The   chemical compositions  of  the AuPd   alloyed  NPs  have  been  investigated  by 

combining electron microscopy dispersive X-ray analysis, X-ray photoelectron spectroscopy and surface 

oxygen desorption using electrochemical reduction of catalysts. The  catalytic activity, stability, poisoning 

tolerance and charge transfer resistance of AuPd  alloyed NPs for  the ethanol electrooxidation are largely 

enhanced compared to single-component NPs. Au0.45Pd0.55-5 nm exhibited the superior specific activity 

of  1.11 mA/cm2 and mass activity of  >0.4 A/mgmetal toward ethanol oxidation, approximately 5  times 

more active than commercial Pd/C.  We  expect that this synthetic method will  be  of interest to prepare 

metallic electrocatalysts having defined nanostructures and compositions directly on  conductive carbon 

for  applications in  fuel  cells  and batteries. 

© 2018 Elsevier Ltd. All rights reserved. 

 
 
 
 
 

1.  Introduction 

 
Direct alcohol fuel  cells  (DAFCs) using liquid fuels  such as 

methanol, ethanol and glycerol are  of interest for  power applica- 

tions. These are  superior over analogous devices that are  fed  with 

gaseous fuels  such as  hydrogen and natural gas,  due to  the high 

volumetric energy density and transportation portability [1e3]. 

Among those possible fuels,  less-toxic ethanol stands out   as  an 

alternative fuel  source which can  be  produced in  large quantities 

from renewable resources. Nevertheless, the direct ethanol fuel 

cells  suffer some drawbacks [4e6], e.g. sluggish anodic kinetic of 

ethanol electrooxidation and accumulation of  poisonous in- 

termediates, similar to other common DAFCs. Pt catalysts have been 
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widely used as the electrocatalysts for the alcohol oxidation due to 

their high electrocatalytic activity. However, the high cost  and the 

susceptibility to CO poisoning are  major problems for DAFCs using 

Pt catalysts [7]. The incorporation of the second metals into Pt, like 

PtNi [8], PtCo [9], PtFe [10,11], PtSn [12], PtRu [13] and PtAu [14], can 

lower the  overall cost   of  the  electrocatalysts and enhance the 

resistance to  poisonous CO while simultaneously maintaining the 

substantial activity. In addition, Pd-containing catalysts have been 

emerged as alternative “Pt-free” electrocatalysts for DAFCs since Pd 

has  Pt-like activity and it is less expensive [15]. Bimetallic NPs with 

core-shell [16],  dendritic [17],  Janus-type [18]  and intermetallic or 

alloyed [19]  nanostructures show tunable activity,  selectivity and 

durability in electrocatalytic alcohol oxidation [20].  When alloyed 

with Au, which displays high resistance for  CO adsorption, AuPd 

bimetallic nanoparticles (NPs)  are  one  of the more promising 

candidates  as   anodic  electrocatalysts  for   DAFCs  [21e25].   For 

example, Liu  et al.  reported that  the doping of  Au  to Pd  NPs 

enhanced the electrocatalytic activity for  DAFCs and the mass- 
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specific activity of Pd1.0Au/C (1.0 refers to the atomic ratio of Pd/Au) 

reached 2.3 times higher than that of Pd/C catalysts [22]. 

Although there is a large number of examples in the literature 

on  the synthesis of Pd-containing bimetallic NPs  through co- 

reduction and thermal decomposition in  solution  [26,27], the use 

of those bimetallic NPs  as  electrocatalysts for  DAFCs requires the 

support of  them on  conductive  carbon. Loading pre-synthesized 

NPs  on  conductive carbon supports often causes the aggregation 

of NPs. On one  hand, the interaction between pre-synthesized NPs 

and the carbon support is weak. The physical mixing usually does 

not provide any  control on  the distribution of NPs on  the support. 

Small  NPs  with high surface energy tend to  aggregate instead of 

well dispersion on carbon supports. On the other hand, the removal 

of surface ligands that are  commonly used to control the sizes  and 

shapes of NPs potentially leads to the sintering and restructuring of 

NPs,  in  particular under high temperature [28].  All of  those will 

result in the loss  of active surface area or complete deactivation of 

the nanocatalysts. 

We  recently reported the synthesis of  ultrasmall noble metal 

nanocatalysts (<2 nm,  e.g., Au, Pt and Pd)  directly on  nitrided car- 

bon   [29].  When doping activated carbon with nitrogen through 

“soft” nitriding, the strong metal-carbon interaction can  stabilize 

the nanocatalysts and prevent the overgrowth of the nanocatalysts 

during synthesis. We  herein further extend this synthetic strategy 

to prepare AuPd  bimetallic NPs supported on  nitrided carbon. 

Through a facile  seeded-growth on ultrasmall Au seeds, AuPd 

bimetallic NPs with precisely controllable sizes  (monodispersed, 2- 

5 nm) and chemical compositions could be  synthesized. The  mass 

loading  of  bimetallic  NPs  on   carbon supports  reached  40 wt% 

without any aggregation or overgrowth. The grown AuPd bimetallic 

NPs  are  thermally stable on  the carbon even when subjected to 

thermal activation at  250 o C for  1 h.  The  electrocatalytic perfor- 

mances of AuPd  bimetallic NPs were investigated for ethanol 

oxidation.  The   alloying  of   bimetallic  NPs   showed  significant 

enhancement of the catalytic activity, stability and CO tolerance all 

of which are  highly desired as anodic catalysts in DAFCs. 

 
2.  Experimental 

 
2.1.  Chemicals and  materials 

 
Gold  (III) chloride trihydrate (HAuCl4$3H2O,  99.999%),  sodium 

tetrachloropalladate (II) (Na2PdCl4, 99.999%),  4-mercaptobenzoic 

acid  (4-MBA),  L-ascorbic acid  (AA, >99%), urea, ethanol, sodium 

hydroxide (NaOH),  sodium borohydride (NaBH4,  >99%)  were pur- 

chased from Sigma-Aldrich and used as  received. Printex U acti- 

vated carbon (AC) was kindly provided by  Orion Co.  Deionized 

water (High-Q, Inc. 103 S Stills)  with a resistivity of >10.0 MU was 

used in all experiments. 

 
2.2.  Synthesis of Au seeds  on nitrided carbon 

 
We used Au nanoclusters (AuNCs) supported on nitrided carbon 

(Au-2@NC) as seeds for the further growth of bimetallic NPs. AuNCs 

were grown in situ using NaBH4  as the reducing agent and nitrided 

carbon as  the support by  following our  previous report [29].  The 

soft nitriding of  Printex U carbon was carried out   by  annealing 

Printex U carbon with urea at  300 o C. After  thoroughly washing 

with water and ethanol, nitrided Printex U carbon was used for all 

experiments throughout. In a typical experiment to grow AuNCs, 

100 mg  of nitrided carbon was dispersed in  200 mL of water, and 

sonicated for  30 min. 0.5 mL of HAuCl4  aqueous solution (10 mg/ 

mL) was then added. After sonicating for 1 h, 6 mL of ice-cooled and 

freshly prepared NaBH4   solution (1 mg/mL) was quickly injected. 

The solution was stirred for another 2 h. The product was collected 

by centrifugation and further washed with water and ethanol. The 

obtained powder was dried for overnight under vacuum at 40 o C. 
 

 
 
2.3.  Synthesis of AuPd bimetallic NPs on nitrided carbon 

 
AuPd  bimetallic NPs  on  nitrided carbon (AuxPd1-x@NC) were 

prepared using a seed-mediated growth method [30]. The resultant 

Au-2@NC (1.8 ± 0.3 nm) were used as seeds. In a typical synthesis of 

Au0.45Pd0.55-5@NC, with  a feeding molar ratio of Au: Pd ¼ 50:  50, 

5 mg  of Au-2@NC powder was dispersed in  an  ethanol/water so- 

lution  (10 mL,  3:1   v/v)   containing  4-MBA   (0.4 mg,   0.275 mM), 

HAuCl4$3H2O     (1.5 mg,      0.382 mM)      and    Na2PdCl4    (1.3 mg, 

0.442 mM).  The mixture was stirred for 10 min before the addition 

of AA solution (0.488 mL, 42 mM),  followed by  gentle stirring for 

5 min. The  solution was left undisturbed  for  overnight until the 

product finally precipitated with a clear supernatant. The  product 

was centrifuged and washed with ethanol three times (5000 rpm, 

10 min). The final product was dried under vacuum at 40 o C. Other 

bimetallic NPs were prepared using the same procedure except the 

different amounts  and  ratios of  the  precursors. The   details  of 

feeding ratios for  AuxPd1-x@NC  having different chemical compo- 

sition are  summarized in Table  1. We  also  prepared AuxPd1-x@NC 

having varied sizes  by tuning the ratios of Au-2@NC seeds and the 

amount of the two precursors. 

To remove surface ligands and improve the alloying of bimetallic 

AuPd NPs, we also carried out  a thermal treatment by annealing the 

catalysts [28,31,32]. The collected AuxPd1-x@NC  powder was heated 

in  a tube furnace and calcined at  250 o C for  1 h  under air  with a 

heating rate of 10 o C /min. The sizes  of bimetallic AuPd  NPs before 

and after the thermal treatment were not varied as confirmed using 

electron microscopy as shown in Fig. 4. 
 

 
 
2.4.  Characterizations 

 
Transmission electron microscopy (TEM) was carried out  using a 

Thermo Fisher Scientific Tecnai T12 S/TEM with an  accelerating 

voltage of  120 kV.  High-angle annular  dark-field  scanning TEM 

(HAADF-STEM) and STEM mapping were performed using a Talos 

F200X   Atomic  Resolution   Analytical  Microscope.  TEM  samples 

were prepared by casting the suspension of materials on  a carbon 

coated copper grid (400 mesh). The wide-angle XRD patterns over a 

2q range of 20e85o  with a continuous scan rate of 0.5o /min were 

obtained using a Rigaku Ultima IV diffractometer (Cu Ka radiation, 

l ¼ 1.5406 Å) with an  operating voltage of 40 kV and a current of 

44 mA. Scanning electron microscopy (SEM) was performed using 

an FEI Nova NanoSEM 450 with an accelerating voltage of 10 kV and 

a beam current of 10 mA. SEM samples were prepared by casting a 

suspension of the materials on  silicon wafers. X-ray  photoelectron 

spectroscopy (XPS) characterization of  the synthesized materials 

was conducted on  a PHI model Quantum 2000 spectrometer with 

scanning ESCA multiprobe (ɸ Physical Electronics Industries  Inc.) 

using Al Ka radiation (l ¼ 1486.6 eV) as  the radiation source.  The 

spectra were recorded in  the fixed analyzer transmission mode 

with pass energies of 187.85 eV and 29.35 eV for  recording survey 

and  high resolution  spectra, respectively.  The  powder samples 

were pressed on  a  double sided carbon tape mounted on  an  Al 

coupon pinned to  a sample stage with a washer and screw then 

placed in  the analysis chamber. Binding energies (BE) were 

measured for Pd 3 d, Au 4f, N 1s, C 1s and O 1s. The obtained XPS 

spectra were analyzed and fitted using CasaXPS software (version 

2.3.16). Sample charging effects were eliminated by correcting the 

observed spectra with the C 1s BE value of 284.8 eV. 
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Table  1 

Summary for  atomic compositions of AuxPd1-x@NC calculated by  different methods. 

 
Sample No.  Sample Feeding ratio  EDX-mapping XPS  Electrochemistry 

 

 Au (at %) Pd  (at %)  Au (at %) Pd  (at %)  Au (at %) Pd  (at %)  Au (at %) Pd  (at %) 

1 Au-5@NC 100 0  100 0  100 0  100 0 

2 Au0.91Pd0.09-5@NC 90 10  90.6 9.4  92.3 7.7  88.1 11.9 

3 Au0.82Pd0.18-5@NC 75 25  81.9 18.1  73.5 26.5  77.5 22.5 

4 Au0.45Pd0.55-5@NC 50 50  45.0 55.0  45.1 54.9  53.8 46.2 

5 Au0.26Pd0.74-5@NC 25 75  26.2 73.8  e e  17.6 82.4 

6 Au0.12Pd0.88-5@NC 10 90  11.7 88.3  e e  8.5 91.5 

7 Au0.07Pd0.93-5@NC 7 93  7.5 92.5  7.5 92.5  2.9 97.1 

8 Au0.70Pd0.30-2.5@NC 50 50  e e  e e  69.7 30.3 

9 Au0.57Pd0.43-3.5@NC 50 50  e e  e e  56.7 43.3 

 

 

2.5.  Electrochemical measurement 

 
A CHI 600 E electrochemical potentiostat (CH Instruments) was 

used  for   all   electrochemical measurements.  All  measurements 

were carried out  using a  three-electrode cell  with the saturated 

calomel electrode (SCE) as the reference electrode, a platinum wire 

as the counter electrode, and a coated pyrolytic graphite (PG) as the 

working electrode. The working electrode was fabricated by casting 

the catalyst ink  on the PG electrode. Typically, 2 mg  of the catalyst 

was dispersed in 475 mL  of water/EtOH (4:1 v/v)  by sonication for 

30 min in a 1.5 mL testing tube. Then,  25 mL of nafion solution was 

added and further sonicated for another 20 min. 10 mL of the cata- 

lyst   ink  was dropped on  the PG  electrode and dried overnight 

before use.  The electrochemical measurements were performed in 

N2-saturated 1 M  NaOH  solution with ethanol at  a  scan rate  of 

20 mV/s  at  room temperature. The  electrolyte was purged with 

high-purity N2 for 20 min before all electrochemical measurements 

and with a  N2  flow on  the top  of  the solution during the mea- 

surement. The  electrochemical active surface area (ECSA) of  the 

catalysts was estimated from surface desorption of a monolayer of 

oxygen on  the Au-Pd   surface. The  coulombic charge for  oxygen 

desorption on the pure Au and Pd are  400 mC/cm2  and 424 mC/cm2, 

respectively,  as  reported in  literature [33].   Chronoamperometry 

test was operated in  an  N2-saturated 1 M NaOH  containing 0.6 M 

ethanol solution for  1200 s at the peak potential for  each catalyst 

obtained from cyclic  voltammetry (CV) measurements. 

For the  CO stripping voltammetry,  the working electrode was 

immersed in  0.5 M H2SO4   solution (50 mL)  and the solution was 

purged with  CO  for   20 min at   room temperature to allow the 

complete adsorption of CO onto the surface of the catalyst at a fixed 

potential of 0.15 V vs  SCE. The  electrode was quickly moved to a 

fresh solution of N2-purged 0.5 M H2SO4  for  CO stripping voltam- 

metry measurement. The CO stripping voltammetry was recorded 

at  a sweep rate of 50 mV/s  in  the potential window of 0e1.3 V vs 

SCE. 

 
 

3.  Results  and discussion 

 
The  soft nitriding can  functionalize the carbon support with 

abundant surface N sites which potentially interact with and sta- 

bilize metal  nanoclusters  as   described  in   our   previous report 

[29,34]. Nitrided carbon can  be  used as  a support to  grow AuNCs 

through  chemical reduction  using  NaBH4    as   a  reductant.  The 

growth of AuNCs on  nitrided carbon was first revealed by electron 

microscopy (Fig. 1aec). AuNCs are  well-distributed on the nitrided 

carbon support. The  resultant AuNCs  are highly monodispersed 

with an  average diameter of 1.8 ± 0.3 nm  (denoted as  Au-2@NC). 

Au-2@NC  was used as  seeds for  the further growth of bimetallic 

NPs. To stabilize larger core-shell bimetallic NPs, 4-MBA was chosen 

as surface ligand to  assist the further growth of the outer shell in 

the presence of AA as the reductant. We first examined the growth 

of pure Au and Pd as the shell on Au-2@NC. When using HAuCl4  or 

Na2PdCl4 solely as the precursor in the second growth, the shell can 

uniformly grow on Au seeds. The resultant spherical core-shell NPs 

of Au@Au-5 and Au@Pd-5  before calcination were characterized as 

shown in Fig. 1dei. Both core-shell NPs are  well-dispersed on  the 

carbon support as verified from TEM images. Both Au- and Pd-shell 

NPs  have an  average size  of ca.  5 nm,  corresponding to  the shell 

thickness of 1.5e1.6 nm.  No  small Au seeds are  seen under TEM, 

suggesting that the shell is grown uniformly. The loading amount of 

the  core-shell NPs   on   carbon  reached  40 wt%  without  any 

aggregation. 

By varying the feeding molar ratios of the two precursors 

(HAuCl4  and Na2PdCl4), the shell compositions (or the compositions 

of bimetallic NPs) can  be readily tuned as bimetallic AuPd (Fig. S1). 

Fig. 2 shows representative TEM images of AuxPd1-x@NC  with 

different varied sizes  of  2.5 nm,  3.5 nm  and 5 nm.  Note that, the 

ratios in bimetallic NPs after calcination (denoted as AuxPd1-x) re- 

ported here are  from SEM energy-dispersive X-ray  (EDX) spec- 

troscopy (SEM-EDX)  results since the overall amount of  AuxPd1- 

x@NC includes the contribution of  Au seeds as  well.  The  growth 

of the bimetallic shell shows similar uniformity as pure Au and Pd 

shells on  Au-2@NC. Those results confirm that the sizes  and com- 

positions of NPs are  precisely controllable by  varying the feeding 

amounts and ratios of  metal precursors. We  synthesized several 

AuPd  bimetallic NPs on  nitrided carbon as summarized in Table  1. 

The  compositions and the loading amount of AuPd  bimetallic NPs 

were measured by SEM-EDX and X-ray  photoelectron spectroscopy 

(XPS), both of which are  in good consistence with the feeding ratio 

of the two precursors (see  Table  1). 

The  crystallinity and the formation of  AuPd  bimetallic shells 

were further examined by powder X-ray  diffraction (XRD) (Fig. 3a). 

Since   NPs  smaller than 3 nm   do  not show XRD peaks, XRD of 

AuxPd1-x-5@NC having 5 nm  in diameter and different ratios of Au/ 

Pd was collected. For Au-5@NC (pure Au grown on  Au seeds), four 

typical broad diffraction peaks located on  38.2o , 44.3o , 64.8o   and 

77.8o  can  be  indexed to the (111), (200), (220) and (311) planes of 

fcc  metallic  Au  (Fig.  3a,  curve 1).  With adding Pd  to   Au,  the 

diffraction peaks of  binary AuPd  NPs  exhibit a  gradual shift to 

higher 2Q values. We plotted 2Q of the (111) facet against the mole 

fraction of  Pd  in  bimetallic NPs.  A linear correlation showed the 

increase of  2Q when increasing the content of  Pd  (Fig. 3b).  This 

further confirms the formation of AuPd  alloy  according to  the 

Vegard's law  [35,36]. 

In  our   previous studies, we   showed that the use   of  organic 

surface ligands potentially blocked surface active sites and slowed 

down the electron transfer [31,37]. Therefore, the removal of sur- 

face  ligands is necessary before electrochemical measurements. 

High-temperature calcination at  250 o C in air  was used to remove 

4-MBA  ligands. To  confirm the  removal of  4-MBA  ligands, the 
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Fig. 1.  Representative TEM images and the corresponding size  distribution histograms of Au-2@NC  (aec), Au@Au-5@NC  (def) and Au@Pd-5@NC (gei). 

 

 
catalytic activity of representative nanocatalysts Au-5@NC, 

Au0.45Pd0.55-5@NC and  Au0.07Pd0.93-5@NC before and after calci- 

nation were compared using cyclic  voltammetry (CV) measure- 

ments for ethanol oxidation in N2  saturated 1 M NaOH containing 

0.6 M ethanol (Figure S2a-c). For Au-5@NC before calcination, the 

anodic oxidation peak is around 0.13 V (vs.  SCE, all  potentials re- 

ported is relative to SCE) with a peak current of 0.075 A/mgAu.  The 

removal of surface ligands resulted in the lowering of the oxidation 

peak potential ca. 20 mV after calcination and the increase of the 

peak current to 0.18  A/mgAu and 0.54  A/mgAuþPd  for Au-5@NC and 

Au0.45Pd0.55-5@NC, respectively (Fig.  S2d).  This  result, similar to 

what we  observed in  Au-2@NC,  is  likely   due to the removal of 

electron transfer barriers between catalysts and reactants [29,38]. 

In   contrast,  the  peak  potential  of   Au0.07Pd0.93-5@NC   shifted 

from -0.27 V to -0.23 V after calcination, although the increase in 

current density was apparent (Fig. S2c). This is presumably because 

of the diffusion of Au from the core  to the surface of NPs during the 

calcination. 

The  surface composition variation of  the two components on 

the surfaces during the calcination was investigated using CV in 1 M 

NaOH at a scan rate of 50 mV/s  in the potential range from -0.8 to 

0.5 V (Fig. 4 and Figs S3-4).  In the absence of ethanol, the oxidation 

(or  reduction) of the catalysts is a powerful method to analyze the 

surface compositions. For example,  an  evident reduction peak of 

the oxygen desorption peak at 0.02 V exhibited in the cathodic scan 

for  the Au-5@NC  (Fig.  4,  curve 1).  While for  the series of  AuPd 

bimetallic NPs, two distinguishable peaks were observed when the 

fraction of  Pd  is  less  than 50%. The  dominant cathodic peak at 

approximately 0.02 V can  be  ascribed to the reduction of gold  ox- 

ides  when compared with that of pure Au(0).  The  other peak at 

around  -0.25 V  for   Au0.91Pd0.09-5@NC   (Fig.   4,   curve  2)   and 

Au0.82Pd0.18-5@NC (Fig. 4, curve 3) is attributed to the reduction of 

AuPd alloy  domain as reported by Jirkovsk et al. [35].  This suggests 

the surface phase segregation of  Au-Pd   domains on  an  Au-rich 

surface. When comparing the CV of  Au0.45Pd0.55-5@NC before 

calcination      (Fig.        S4),        three       distinguishable      peaks 

at -0.45 V, -0.26 V and 0.02 V were observed in the cathodic scan. 

Those peaks are  attributed to  the oxygen desorption of Pd,  AuPd 

alloy   and Au  respectively.  Merging of  the three peaks at  lower 

potentials  for   the   calcined   Au0.45Pd0.55-5@NC is   indicative   of 

“realloying” during calcination where the surface of bimetallic NPs 

became more homogenous. This  result further supports the in- 

crease in  the oxidation potential of  Au0.45Pd0.55-5@NC  after the 

removal of surface ligands as described above. In addition, a gradual 

negative shift on  the oxygen desorption peak potential of alloyed 

AuPd    from   -0.24 V   for    Au0.91Pd0.09-5@NC   to    -0.46 V   for 

Au0.07Pd0.93-5@NC was seen with increasing Pd content in NPs. This 

reveals the potential of the reduction of bimetallic NPs is propor- 

tional to  the  composition as  shown in  Fig.  4b   [33,39,40].  The 

calculated mole fractions from the electro characterization of the 

two metals is also  listed in Table  1. Those values are  relatively close 

to the XPS and SEM-EDX results (see  below). 
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Fig. 2.  Representative TEM images and corresponding size  distribution histograms of Au0.70Pd0.30-2.5@NC (aec), Au0.57Pd0.43-3.5@NC (def), and Au0.45Pd0.55-5@NC (gei). 

 

 
The electrochemical active surface areas (ECSAs) of the catalysts 

were further estimated from surface reduction of those catalysts, by 

the equation (see  Table  2),  ECSA ¼ Qo/qo, where  Qo  is the surface 

charge that can  be  obtained from the area under the CV trace of 

oxygen desorption and qo is the charge required for desorption of a 

monolayer of oxygen on the Au-Pd  surface. qo was calculated using 

q0 ¼ qAu* mAu   þ qPd*  mPd,  where qAu  and qPd   are  the coulombic 

charge for the oxygen desorption on pure Au and Pd, and mAu  and 

mPd  are  the mole fraction of Au and Pd (%), respectively [33,39]. 

XPS was carried out  to confirm the compositions and chemical 

states of Au and Pd in  bimetallic NPs. All samples for  XPS studies 

were  calcined to   remove  the  surface ligands. The   XPS  survey 

spectra are given in Fig. 5, showing the absence of S element in the 

NPs  and further confirming the complete removal of the ligands. 

The chemical compositions of NPs can be estimated from Au 4f and 

Pd  3 d  peaks  as   summarized  in  Table   1.  The   compositions   of 

bimetallic NPs are  consistent with SEM-EDX results (see  Table  1). 

The  high resolution Au  4f  peaks and Pd  3 d  peaks suggest the 

different oxidation states of Au and Pd with different compositions. 

Pure Au-5@NC show Au 4f7/2 and Au 4f5/2 binding energies at 84.3 

and 88.0 eV  (Fig.  5b),  respectively.  A gradual decrease in  Au  4f 

binding energy was observed when alloying with Pd. For example, 

Au  4f7/2  shifted to  84.2 eV  for  Au0.91Pd0.09-5@NC, 84.1 eV  for 

Au0.45Pd0.55-5@NC and 84.0 eV for Au0.07Pd0.93-5@NC. On the other 

hand, Pd  3d3/2 peaks shift to slight higher binding energy when 

increasing the Pd amount in bimetallic NPs (Fig. 5c). In case  of Pd 

3d3/2 peaks, a large hump at  337.5 eV was found in  all  bimetallic 

samples and this hump became more pronounced when increasing 

the content of Pd. It is likely  because of the oxidation of Pd during 

the calcination in air.  Note that, the Pd 3 d and Au 4 d overlapped 

and it  is  difficult to  estimate the oxidized Pd  content [41]. 

Au0.07Pd0.93-5@NC show more metallic  Au(0)  with a lower binding 

energy,  compared to  other catalysts, given that Pd  has   a  lower 

oxidation potential than Au (Fig. 5b). 

The change in nanostructures of bimetallic NPs before and after 

calcination was further  revealed using HAADF-STEM.  Since   the 

initial Au seeds are  less  than 2 nm,  it is very challenging to analyze 

the crystal lattices of the core  and the shell directly using electron 

microscopy. The  dark-field STEM images were recorded using 

Au0.07Pd0.93-5@NC because the pure Pd shell should have the better 

contrast with Au seeds. NPs grown on the nitrided carbon support 

did not aggregate or sinter after calcination (Fig. 6). The average size 

is measured to be  about 4.9 ± 0.4 nm.  The dark-field STEM images 

of as-prepared Au0.07Pd0.93-5@NC exhibit larger contrast where a 

brighter core  is surrounded by a relatively darker shell (as circled in 

Fig. 6c). This contrast is likely  because of the electron density dif- 

ference of the core  (Au) and the shell (Pd).  In contrast, after calci- 

nation the boundary between the Au core  and Pd shell blurred and 

even disappeared on  most of NPs, suggesting that the diffusion of 

the core  and the shell to form more uniform alloyed NPs. 

The  catalytic activity of  AuxPd1-x@NC  for  the electrochemical 

ethanol  oxidation was examined using CV in  N2-saturated 1 M 

NaOH solutions with different concentrations of ethanol at  a scan 

rate of  50 mV/s.   All  the currents were normalized to  both the 
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Fig. 3.  (a) XRD patterns and (b) (111) diffraction peak positions for (#1) Au-5@NC, (#2) 

Au0.91Pd0.09-5@NC, (#3)  Au0.82Pd0.18-5@NC, (#4)  Au0.45Pd0.55-5@NC, (#5)  Au0.26Pd0.74- 

5@NC, (#6)  Au0.12Pd0.88-5@NC and (#7)  Au0.07Pd0.93-5@NC. 

 
 

loading mass and the ECSAs of metals including Au and Pd on  the 

PG electrode. For Au-5@NC, the oxidation peak current at ~0.11 V in 

 
Table  2 

The   electrochemical active surface area (ECSA)  and the fitted equivalent circuit 

parameters of ethanol oxidation for  materials with the varying ratios of Au/Pd. 
 

Samples ECSA (cm
2
) Cdl  (mF) Rct (U) k

0 
(cm/s) 

Au-5@NC 1.41 0.12 54.6 2.5 X 10
-6

 

Au0.91Pd0.09-5@NC 3.37 0.39 66.3 2.1 X 10-6
 

Au0.82Pd0.18-5@NC 2.68 0.19 27.1 5.0 X 10-6
 

Au0.45Pd0.55-5@NC 3.09 0.90 21.2 6.4 X 10-6
 

Au0.26Pd0.74-5@NC 4.72 0.26 25.2 5.4 X 10-6
 

Au0.12Pd0.88-5@NC 6.83 1.22 36.9 3.7 X 10-6
 

Au0.07Pd0.93-5@NC 2.66 0.16 21.7 6.2 X 10-6
 

5% Pd/C 1.30 0.54 42.0 3.2 X 10-6
 

 
 
the  anodic scans increased with  the  concentration of  ethanol 

(Fig. 7a).  The  mass activity,  known as  the mass-normalized peak 

current density,  increased up  to  0.14  A/mgAuþPd  in  0.6 M ethanol. 

The  peak current started to level  off  when the concentration of 

ethanol is higher than 0.6 M (Fig. 7b). This is mostly contributed by 

the limited active sites on the surface of the electrode [37,42,43]. At 

higher ethanol concentration, the  oxidation activity cannot in- 

crease since all active sites are occupied by the adsorbed ethanol. 

Fig. 7c shows the CV scans of Au-5@NC in N2-saturated 1 M NaOH 

solutions with 0.6 M ethanol at different scan rates up to 150 mV/s. 

A  linear relationship when  plotting the  catalytic peak current 

density against the square root of  the scan rate (v1/2) is  seen in 

Fig. 7d,  indicating the diffusion controlled mechanism in the elec- 

trochemical ethanol oxidation by Au-5@NC. 

The  electrocatalytic activity of Au0.07Pd0.93-5@NC is showed in 

Fig. 8. A similar oxidation behavior was observed on  AuPd  bime- 

tallic NPs. However, a large backward oxidation peak was seen in all 

cases (see   Fig.  S5).  The  proportional  increase of  oxidation peak 

current at  ca. -0.29 V with the concentration of ethanol (<0.6 M) 

was also  observed. The  mass activity peaked at  0.23  A/mgAuþPd 

with 0.6 M ethanol, followed by a plateau when further increasing 

the concentration of ethanol as  shown in  Fig. 8b.  The  maximum 

mass activity of Au0.07Pd0.93-5@NC is ca. 1.6 times higher compared 

to that of Au-5@NC. The similar diffusion controlled mechanism can 

also  be determined from the linear manner between peak current 

density and v1/2  plotted in the Fig. 8c and d. 

Catalytic activities of  AuxPd1-x-5@NC with different composi- 

tions toward ethanol oxidation were also  evaluated and summa- 

rized in Fig. 9. With a higher content of Pd (>50%), AuxPd1-x-5@NC 

shows the oxidation peak potentials of  ethanol around -0.25 V, 

that is ca. 360 mV less positive than that of Au-rich catalysts (the Pd 

content <50%) (see  Fig. 9a and b). Pd has  been reported as a good 

catalyst for the alcohol oxidation in alkaline media [44,45]. With a 

low content of Au (<50%), the low oxidation potentials suggest that 

the thermodynamic binding affinity of ethanol was not varied on 

 
 

 
 

Fig. 4.  (a) CVs in N2-saturated 1 M NaOH  at 50 mV/s and (b)  Oxygen desorption peak position for (#1) Au-5@NC, (#2) Au0.91Pd0.09-5@NC, (#3) Au0.82Pd0.18-5@NC, (#4) Au0.45Pd0.55- 

5@NC, (#5)  Au0.26Pd0.74-5@NC, (#6)  Au0.12Pd0.88-5@NC and (#7)  Au0.07Pd0.93-5@NC. All samples were calcined to remove surface ligands. 
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Fig. 5.  (a)  Survey XPS spectra, high resolution (b)  Au 4f and (c) Pd  3 d XPS spectra of (#1) Au-5@NC,  (#2)  Au0.91Pd0.09-5@NC, (#3)  Au0.82Pd0.18-5@NC, (#4)  Au0.45Pd0.55-5@NC and 

(#7) Au0.07Pd0.93-5@NC. 

 
 

 
 

Fig. 6.  Respective (a, e) TEM images, (b-c,  f-g)  HAADF-STEM images and (d, h)  the size  distribution histograms of Au0.07Pd0.93-5@NC before (aed) and after (eeh) calcination. The 

dark field image in  (c)  show the core-shell structures as  circled. 

 

 
bimetallic NPs compared to that of pure Pd NPs. However, the mass 

activity (normalized to the loading mass of metal NPs in the cata- 

lysts) and the specific activity of bimetallic NPs (normalized to the 

ECSAs of  the catalysts) are  largely improved compared to 

Au0.07Pd0.93-5@NC and  commercial  Pd  black (5 wt% loading). For 

example,  Au0.45Pd0.55-5@NC exhibits  the  highest   mass  activity 

(0.43    A/mgAu  Pd)   and  specific  activity  (1.11 mA/cm2)  toward 

ethanol  oxidation in  comparison with the  other catalysts. It  is 

approximately 5 times more active (specific activity) than that of 

commercial Pd black on carbon (5% Pd/C), and 2.3 times more active 

than that of Au0.07Pd0.93-5@NC, respectively, as summarized in the 

Fig. 9c. To evaluate the size effect on the electrochemical properties 

of AuPd bimetallic catalysts, AuxPd1-x@NC of 2.5 nm  and 3.5 nm was 

prepared for comparison. Au0.70Pd0.30-2.5@NC showed the highest 

specific activity of 4.43 mA/cm2 toward ethanol oxidation as given 

in  Fig. S6, although the content of bimetallic NPs has  a deviation 

from the feeding ratio due to the presence of Au seeds. 

When performing ethanol oxidation, carbonaceous in- 

termediates, e.g. aldehydes and acids,  form first in the anodic scan; 

and then the adsorbed intermediates are further oxidized to desorb 

those intermediates in  the backward sweep. Thus,  the peak asso- 

ciated with the removal of  incompletely oxidized carbonaceous 

species was observed in the reserve scan (Fig. S7). Thus, the activity 

ratio of the forward scan (jf) to the backward scan (jb) peaks, jf/jb, 

represents the accumulation of carbonaceous intermediates on the 

electrode. The  jf/jb  was plotted in  Fig. 9d.  The  highest jf/jb  ratio of 

Au0.91Pd0.09-5@NC was 5.8 among all catalysts. This value was even 

higher than that of Au-5@NC, which showed the weak binding to 

CO and other species as  studied in  our  previous report [37].  It is 

mainly attributed to the synergic effect between Au and Pd; that is, 

Pd contributes to the enhanced activity and the neighbor Au helps 

to desorb the accumulated intermediates. While, the jf/jb  ratio of 

Au0.82Pd0.18-5@NC decreased dramatically to 2.5  with a bit  higher 

Pd concentration. Other catalysts having higher Pd content gave  a 

much lower jf/jb  ratio of 0.5e0.6, indicating that the more Pd frac- 

tion on  the surface of NPs resulted in  the accumulation of carbo- 

naceous intermediates and inhibited the catalytic activity. 

CO is often considered as the main poisoning intermediates in 

DAFCs on  Pd-based catalysts [44,46e48]. We  used CO stripping 

voltammetry to  ascertain the  effect of  the AuPd   alloys on   the 

enhanced catalytic stability against CO poisoning. The CO stripping 

voltammetry was recorded at  a sweep rate of 50 mV/s  in  the po- 

tential window of 0e1.3 V. A very broad oxidation peak from 0.6 to 

1.1 V appeared in the first cycle  for all the catalysts except the pure 

Au-5@NC and Au0.91Pd0.09-5@NC which is assigned to the oxidation 

of surface adsorbed CO molecules (Fig. 10).  This was confirmed by 

performing the second scan where the oxidation peak disappeared. 

All bimetallic NPs containing highly than >10% of Pd are subjected 

to CO poisoning. The  superior CO-tolerance performance of  Au- 

5@NC  and  Au0.91Pd0.09-5@NC was  seen  likely   because of  weak 
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Fig. 7.  (a) CVs for Au-5@NC  after calcination at 50 mV/s in N2  saturated 1 M NaOH  containing (a) 0, (b)  0.02,  (c) 0.05,  (d)  0.10,  (e)  0.15,  (f) 0.20,  (g) 0.25,  (h)  0.30,  (i) 0.35,  (j) 0.40,  (k) 

0.45,  (l) 0.50,  (m)  0.55,  and (n)  0.60 M ethanol. (b)  Dependence of CV oxidation peak current density (j) on concentration of ethanol. (c) CVs of 0.6 M ethanol in  N2  saturated 1 M 

NaOH  solution for Au-5@NC at different scan rates (mV/s): (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 100 and (g) 150. (d) Effect  of scan rate (v) on electrocatalytic oxidation peak current 

density of ethanol for  Au-5@NC. 

 
 

 
 

Fig. 8.  (a) The forward scans of CVs for Au0.07Pd0.93-5@NC after calcination at 50 mV/s in N2  saturated 1 M NaOH  containing (a) 0, (b) 0.02,  (c) 0.05,  (d) 0.10,  (e) 0.20,  (f) 0.30,  (g) 0.40, 

(h)  0.50,  (i) 0.55,  and (j) 0.60 M ethanol. (b)  Dependence of CV oxidation peak current density (j) on  concentration of ethanol. (c) The  forward scans of CVs of 0.6 M ethanol in  N2 

saturated 1 M NaOH  solution for Au0.07Pd0.93-5@NC at different scan rates (mV/s): (a) 10, (b) 20, (c) 30, (d)  40, (e) 50, (f) 100 and (g) 150. (d)  Effect  of scan rate (v) on electrocatalytic 

oxidation peak current density of ethanol for  Au0.07Pd0.93-5@NC. 

 
binding affinity to CO. Those results are consistent with the larger jf/ 

jb  ratios for  Au-5@NC  and  Au0.91Pd0.09-5@NC compared to other 

catalysts (Fig. 9d).  There are  two CO stripping shoulder peaks for 

the Au0.91Pd0.09-5@NC and Au0.82Pd0.18-5@NC. That means there are 

two different active sites that have different binding affinity to CO 

molecules in  these catalysts. This  was also  observed in  other Pd- 

rich  catalysts [49]. 

In order to investigate the electrochemical stability of AuxPd1-x- 

5@NC with different compositions, chronoamperometric response 

for those catalysts was recorded at peak potential for 1200 s in 1 M 

NaOH  containing 0.6 M  ethanol (Fig.  S8).  The  current  decay for 

AuxPd1-x-5@NC are  much slower than pure commercial 5%  Pd/C, 
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Fig. 9.  The  current density normalized with respect to the loading mass (a)  and the ECSAs (b)  in  the forward scans for  (#1) Au-5@NC,  (#2)  Au0.91Pd0.09-5@NC, (#3)  Au0.82Pd0.18- 

5@NC, (#4) Au0.45Pd0.55-5@NC, (#5) Au0.26Pd0.74-5@NC, (#6) Au0.12Pd0.88-5@NC, (#7) Au0.07Pd0.93-5@NC and commercial 5% Pd/C  loaded on  PG electrode. All curves are  obtained in 

1 M NaOH  containing 0.6 M ethanol at 20 mV/s. (c)  Comparison of specific and mass activity of AuxPd1-x-5@NC with different molar ratio. (d)  Dependence of CV oxidation peak 

current density ratio of the forward (jf) to the backward scan (jb),  jf/jb, on the mole fraction of Pd. 

 
 

 
 

Fig. 10.  CO stripping voltammetry (red: first cycle, black: second cycle) for  (#1) Au- 

5@NC, (#2)  Au0.91Pd0.09-5@NC, (#3)  Au0.82Pd0.18-5@NC, (#4)  Au0.45Pd0.55-5@NC, (#5) 

Au0.26Pd0.74-5@NC, (#6) Au0.12Pd0.88-5@NC and (#7) Au0.07Pd0.93-5@NC in 0.5 M H2SO4 

at 50 mV/s. (For  interpretation of  the references to colour in  this figure legend, the 

reader is referred to the Web version of this article.) 

 
 

indicating that alloying Au with Pd not only  enhances the electro- 

catalytic activity, but  also  improves the stability of catalysts 

[25,50,51]. Noticeably,  Au0.45Pd0.55-5@NC maintained the highest 

steady-state current density that is ca. 2.9 times higher than that of 

 
 
commercial 5% Pd/C.  The  enhanced electrochemical stability and 

the results from CO stripping voltammetry confirm that the pres- 

ence of  Au  is  beneficial for  the removal of  adsorbed poisoning 

species during the continuous electrocatalytic oxidation of ethanol. 

As reported previously,  ethanol is  oxidized to acetate on  Pd- 

based electrocatalysts especially in  the strongly alkaline media 

[52,53]. The overall oxidation of ethanol can be described by eq (1). 

 

CH3 CH2 OH þ 5OH- / CH3 COO
- þ 4H2 O þ 4 e-                               (1) 

 

A generally accepted reaction mechanism for ethanol oxidation 

on  Pd-based catalysts in alkaline media involved four  consecutive 

steps (eqs  (2)e(5)) [15,44]. 

 

M þ OH- / M - OHads  þ e-                                                                             (2) 

 
M - ðCH3 CH2 OHÞads   þ 3OH- / M - ðCOCH3 Þads  þ 3H2 O þ 3 e- 

(3) 

 
M - ðCOCH3 Þads   þ M - OHads /M - CH3 COOH þ M                 (4) 

 
M - CH3 COOH þ OH- /M þ CH3 COO

- þ H2 O                          (5) 
 

The rate determining step is the stripping of the adsorbed ethoxi 

species. Therefore, the weak binding to COads  on the bimetallic NPs 

of  AuPd  will  accelerate the removal of  the ethoxi intermediates, 

reduce the charge transfer resistance and result in  the enhance- 

ment in  the reaction kinetics. Electrochemical impedance spectra 

(EIS) were used to further study the charge transfer kinetics. Fig. 11a 

and Fig. S9 display the EIS of all catalysts obtained at peak potential 

in the frequency range of 0.1e100000 Hz. The EIS spectra can allow 

us to better understand the interfacial process and reaction kinetics 

in  this system. The  charge transfer resistance (Rct)  and the rate 

constant (k0)  estimated from the equivalent circuit fit curves are 

given in Table  2 [54,55]. The  pure Au-5@NC and Au-rich catalysts 

show large impedance arcs  in  the Nyquist plot and have charge 

transfer resistances of 54.6  and 66.3 U, respectively. Those are  2e3 
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Fig.  11.  (a)   Electrochemical impedance  spectra  for   (#1)  Au-5@NC,   (#2)  Au0.91Pd0.09-5@NC, (#3)  Au0.82Pd0.18-5@NC, (#4)  Au0.45Pd0.55-5@NC, (#5)  Au0.26Pd0.74-5@NC, (#6) 

Au0.12Pd0.88-5@NC, (#7) Au0.07Pd0.93-5@NC and commercial 5% Pd/C  in N2  saturated 1 M NaOH  containing 0.6 M ethanol at peak potential. (b)  The  best fit equivalent circuit model 

for the complex impedance. Rs, is solution resistance, Rct, is charge transfer resistance and Rsl, is resistance to migration respectively, while Cdl, is electric double layer capacitance of 

the electrode, Csl, is capacitance of the surface passivation layer, and Zw,  is Warburg impedance. 

 

 
times higher than that of other bimetallic catalysts. After incorpo- 

rating Pd to Au, the higher conductivity and acceleration of charge 

transfer was obtained, evident with the smaller Rct  between 21.2 

and 36.9 U. The k0 of Au0.45Pd0.55-5@NC is 6.4 X 10-6 cm/s that is 3- 
folder higher than that of  pure Au  and  Au0.91Pd0.09-5@NC. This 

further proves the AuPd  alloy  have faster electrolysis rates for  the 

ethanol oxidation [37]. 

 
4.  Conclusions 

 
In summary, we demonstrated the direct growth of well-defined 

AuPd bimetallic NPs in the size range of 2e5 nm  on nitrided carbon 

support. Our  method is based on  a seed-mediated growth and it 

provides a promising way to precisely tune the sizes  and chemical 

compositions of  bimetallic NPs.  Ultrasmall Au  nanocrystals sup- 

ported on   nitrided  carbon were  used  as  seeds  to   grow  AuPd 

bimetallic shells. We  showed the mass loading of AuPd  bimetallic 

NPs on  carbon supports reached 40 wt% without any  aggregation. 

The resultant core-shell AuPd bimetallic NPs were thermally stable 

and could be  converted to AuPd  alloyed NPs  when subjected to 

thermal annealing at 250 o C for 1 h. The chemical compositions of 

the AuPd  alloyed NPs  were investigated by  combining SEM-EDX 

mapping,  XPS  and  surface  oxygen  desorption  using  electro- 

chemical reduction of catalysts. The  catalytic activity, stability, 

poisoning tolerance and electrical conductivity in  the ethanol 

electrooxidation relative to the monometallic catalysts can  be 

largely enhanced by the incorporation of Au into Pd. Au0.45Pd0.55- 

5@NC exhibited superior mass activity (0.43  A/mgAuþPd) and spe- 

cific activity (1.11  mA/cm2) toward ethanol oxidation in comparison 

with the other catalysts, approximately 5 times more active than 

commercial 5% Pd/C and maintained the highest steady-state cur- 

rent density after 1200 s that is ca. 2.9  times higher than that of 

commercial 5% Pd/C. We  expect that this synthetic method will  be 

of  interest to  prepare electrocatalysts having defined nano- 

structures and compositions directly on  conductive carbon for ap- 

plications in fuel  cells  and batteries. 
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