
Journal of Energy Chemistry 27 (2018) 395–403 

http://www.journals.elsevier.com/

         journal-of-energy-chemistry/

Contents lists available at ScienceDirect 

Journal of Energy Chemistry 

journal homepage: www.elsevier.com/locate/jechem 

Active sites contribution from nanostructured interface of palladium 

and cerium oxide with enhanced catalytic performance for alcohols 

oxidation in alkaline solution 

Fulong Wang 

a , Huaguang Yu 

a , Zhiqun Tian 

b , Huaiguo Xue 

a , Ligang Feng 

a , ∗

a School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 225002, Jiangsu, China 
b Collaborative Innovation Center of Renewable Energy Materials, Guangxi University, Nanning 530 0 04, Guangxi, China 

a r t i c l e i n f o 

Article history: 

Received 27 November 2017 

Revised 14 December 2017 

Accepted 15 December 2017 

Available online 20 December 2017 

Keywords: 

Alcohols oxidation 

Fuel cells 

Pd catalysts 

Electrooxidation 

CO stripping 

a b s t r a c t 

Nanostructured interface is significant for the electrocatalysis process. Here we comparatively studied 

the electrooxidation of alcohols catalyzed by nanostructured palladium or palladium–cerium oxide. Two 

kinds of active sites were observed in palladium–cerium oxide system, attributing to the co-action of 

Pd–cerium oxide interface and Pd sites alone, by CO stripping technique, a structure-sensitive process 

generally employed to probe the active sites. Active sites resulting from the nanostructured interfacial 

contact of Pd and cerium oxide were confirmed by high resolution transmission electron microscopy 

and electrochemical CO stripping approaches. Electrochemical measurements of cyclic voltammetry and 

chronometry results demonstrated that Pd–cerium oxide catalysts exhibited much higher catalytic per- 

formances for alcohols oxidation than Pd alone in terms of activity, stability and anti-poisoning ability. 

The improved performance was probably attributed to the nanostructured active interface in which the 

catalytic ability from each component can be maximized through the synergistic action of bi-functional 

mechanism and electronic effect. The calculated catalytic efficiency of such active sites was many times 

higher than that of the Pd active sites alone. The present work showed the significance of valid nanos- 

tructured interface design and fabrication in the advanced catalysis system. 

© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

Nanostructured Pd-based catalysts are significant to the elec-

rooxidation of alcohols, an important half reaction in direct

lcohols fuel cells that are considered to satisfy the increasing de-

ands of high power density at low cost for technological devel-

pments [1–6] . It has long been accepted that exploring highly

fficient catalysts for alcohols oxidation is urgent for the current

uel cells technology development due to the usage of noble met-

ls [7,8] . With this goal in mind, quite a lot of works have been

one to reduce the noble metal loading and increase the activity

nd durability by exploring novel hybrid catalyst materials [9–13] . 

A bi-functional mechanism of alcohols electrooxidation based

n a Pt–Ru material is well recognized, in which the Pt provides

ctive sites for the adsorption and oxidation of alcohols molecular

nd the neighboring Ru offers the oxygen-containing species for

he oxidation of intermediates produced during the alcohols ox-
∗ Corresponding author. 

E-mail address: ligang.feng@yzu.edu.cn (L. Feng). 

i  

t  

o  

h  

ttps://doi.org/10.1016/j.jechem.2017.12.011 

095-4956/© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academ
dation [10,14,15] . The electronic effect in atomic scale from the

nteraction of different components in the catalyst system is sig-

ificant in understanding the performance improvements [16] . De-

iving from the above mechanisms, noble metals like Pt and Pd

n combination with the transition metal oxides were intensively

eveloped and significant advances were made to push the de-

elopment of fuel cells catalyst industries [17–20] . For example,

latinum–nickel hydroxide was reported to have excellent cataly-

is activity and durability for methanol oxidation in alkaline so-

ution, due to the combined contribution from each component

nd the electronic effect via interaction of individuals [21] ; La 2 O 3 

an promote formic acid oxidation over Pd catalyst because of the

mproved electron transfer during electrochemical reaction [22] ;

ther kind of metal oxides like Co 3 O 4 [23] , MnO 2 [24] and TiO 2 

25] have been demonstrated to exhibit improved catalytic activity

nd durability for alcohols oxidation. 

It is happy to see many advanced catalyst materials proposed

n recent years, however if we take a look at the work carefully,

here are still some flaws or imperfection in understanding the

rigin of performance [26] . For the catalysts system proposed, the

eterostructure of the active sites and neighboring promotion sites
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 

https://doi.org/10.1016/j.jechem.2017.12.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jechem
mailto:ligang.feng@yzu.edu.cn
https://doi.org/10.1016/j.jechem.2017.12.011


396 F. Wang et al. / Journal of Energy Chemistry 27 (2018) 395–403 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

s  

i  

c  

fi  

A  

C  

c  

b  

u

2

 

a  

p  

o

 

r  

a  

d

 

c  

d

 

P  

r  

p  

a

2

 

I  

C  

p  

a  

e  

A  

d

 

K  

d  

o  

s  

i  

b  

w  

u

2

 

m  

a  

o

2

 

w  

s  

t  

S  

1  

C  

r

surely can guarantee the catalysis process of adsorption and charge

transfer, and the promotion effect in all work was attributed to the

synergistic effect of the catalyst components in the system. Unfor-

tunately, by surveying the literatures, we do not find directly evi-

dence from the electrochemical measurements, though the connec-

tion interface was claimed visible in the microscopic images [27] .

Moreover, it is still not clear how the interface active sites con-

tributed to the improved activity. It is highly desirable that if we

could observe some clues from the electrochemical measurements

to confirm these active sites from the nano-interface contact and

analyze the contribution to the improved performance. 

Pd–cerium oxide system was reported as a highly efficient

catalyst for alcohols oxidation according to the bi-functional

mechanism and electronic effect [28] . Because cerium oxide has

multi-valences that can provide enough oxygen-containing species

during the electrochemical oxidation process, it was thought as an

efficient assistant-catalyst in alcohols oxidation. Though the effect

of fabrication approaches was intensively studied and the promo-

tion effect of oxide was evident, probing the promotion effect in

depth is still going on due to the complicated effect in this catalyst

system that involves the metal oxide state, surface compositions,

electronic effect and so on [29,30] . Herein, back to our concerns,

there is no active sites evaluation in the catalyst characterization

or even no relevant reports to disclose the active sites contribution

to catalytic performance. In the current study, we re-scrutinized

the Pd–cerium oxide system for alcohols oxidation in the alka-

line solutions to probe the possible active sites contribution to

the catalytic performance improvement. In considering the multi-

ple valence states of cerium oxide, it was shortened as CeO x in the

present work. A common approach for Pd based catalyst prepara-

tion was employed in which Pd nanoparticles were anchored on

the surface of hybrid support; with this method, different active

sites were anticipated to form by anchoring Pd particles on the car-

bon surface or CeO x surface. The catalyst material was thoroughly

measured and characterized; as expected, we find the consistence

not only from the physical characterizations but also from the elec-

trochemical CO stripping measurements. We also for the first time

analyzed the activity contributions from the different active sites

presented in the system and found the active sites from nanostruc-

tured interface are more active and efficient in the electro-catalysis

process. The importance of forming nano-interface from multiple

components is emphasized for the highly active electrode materials

preparation. The results are significant in understanding the cataly-

sis mechanism and developing new hybrid nano-catalysts material.

2. Experimental 

2.1. Preparation of Pd–CeO x /C 

The CeO x /C support was prepared as follows: A given amount

of Ce 2 O 3 was dissolved in 15 mL of concentrated HNO 3 and then

diluted in 100 mL mixed solution of ultrapure water and ethanol

(1:1 in volume ration). Then, a given amount of Vulcan XC-72 car-

bon was ultrasonically dispersed into the above solution, and the

solution was kept at room temperature (25 °C) under vigorous ag-

itation for 4 h. After stirring, 1 M NaOH and 0.5 M Na 2 CO 3 solution

were added in turn into the mixture to form precipitates. Subse-

quently, the suspension was stirred overnight and finally filtered

and the solid was transferred to a tubular oven at 550 °C for 3 h

under the protection of N 2 to obtain a stable CeO x /C support. 

In the second step, the Pd–CeO x /C catalyst was synthesized.

First, a given amount of CeO x /C hybrid support and H 2 PdCl 4 solu-

tion were ultrasonically dispersed in 50 mL of ethylene glycol. And

then the pH of the suspension was adjusted to about 11 by adding

1 M NaOH solution dropwise slowly under sonication. After that,

the suspension was kept at room condition for 1 h. The resulting
uspension was placed in the middle of a microwave oven operat-

ng at 700 W for 60 s on and 15 s off in turn for three times and

ooled to room temperature naturally. Finally, the suspension was

ltered, washed and dried overnight at 70 °C in a vacuum oven.

ll solutions were prepared using Thermo Fisher Scientific (USA)

o. Ltd. ultrapure water and analytical-grade reagents. For a valid

omparison, home-made Pd/C catalyst 20 wt% was also prepared

y the same approach. All of the materials were purchased and

sed without further purification. 

.2. Physical characterizations 

Transmission electron microscopy (TEM) and element mapping

nalysis were conducted on a TECNAI G2 operating at 200 kV. Sam-

les were sonicated and dispersed in ethanol and placed dropwise

nto a copper support grid for TEM observation. 

Scanning electron microscopy (SEM) and energy dispersive X-

ay detector spectrum (EDS) measurements were performed with

n XL30 ESEM FEG field emission scanning electron microscope to

etermine the morphology. 

X-ray photoelectron spectroscopy (XPS) measurements were

arried out on an ESCALAB250Xi spectrometer with an Al K α ra-

iation source. 

X-ray diffraction (XRD) measurements were performed with a

W1700 diffractometer (Philips Co.) using a Cu K α ( λ= 1.5405 Å)

adiation source operating at 40 kV and 40 mA. A fine powder sam-

le was grinded, then put into the glass slide and pressed to make

 flat surface under the glass slide. 

.3. Electrochemical measurements 

All the electrochemical measurements were carried out on an

NTERFACE 10 0 0 potentiostat/galvanostat (GAMRY INSTRUMENTS

o., USA) and a conventional three-electrode test cell was em-

loyed. The saturated calomel electrode (SCE, Hg Hg 2 Cl 2 ) was used

s reference electrode. All of the potentials were relative to the SCE

lectrode. A Pt plate with 10 cm 

−2 was used as a counter electrode.

 glassy carbon electrode coated by thin film catalyst (diameter

 = 3 mm) was used as a working electrode. 

Cyclic voltammetry measurements were carried out in 1 M

OH electrolyte and purged with high-purity N 2 to remove

issolved oxygen. Electrochemical experiments of methanol

xidation were performed in 1 M KOH containing 1 M methanol

olution and ethanol oxidation was performed in 1 M KOH contain-

ng 1 M ethanol solution. All solution preparations were supplied

y ultrapure water. All glass electrodes were cleaned by polishing

ith 0.05 μm alumina powder suspension (water) followed by

ltrasonic cleaning in deionized water before use. 

.4. Electrochemical pre-treatment 

The catalyst ink was prepared by ultrasonically dispersing a

ixture containing 5 mg of catalyst, 950 μL of ethanol and 50 μL of

 5 wt% Nafion solution. Next, 5 μL of the catalyst ink was pipetted

nto a pre-cleaned working electrode. 

.5. CO stripping 

The adsorbed carbon monoxide (CO ad ) stripping voltammetry

as measured in a 1 M KOH solution. CO was purged into the KOH

olution for 15 min to allow the complete adsorption of CO onto

he catalyst when the working electrode was kept at −0.8 V (vs.

CE), and excess CO in the electrolyte was purged out with N 2 for

5 min. The amount of CO ad was evaluated by integration of the

O ad stripping peak, assuming 420 μC cm 

−2 of coulombic charge

equired for the oxidation of the CO monolayer. 
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Fig. 1. XRD patterns of Pd–CeO x /C catalyst, CeO x /C support and Pd/C catalyst. 
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Fig. 2. TEM images of Pd–CeO x /C catalyst (a, b) and Pd/C catalyst (c, d). Scale bars 

for (a) and (c): 50 nm; (b) and (d): 20 nm. 
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.6. Cyclic voltammetry measurements 

The activity of metal nanoparticles for methanol and ethanol

lectro-oxidation was measured. The measurements were carried

ut at room temperature in 1 M KOH containing 1 M methanol

olution or 1 M KOH containing 1 M ethanol solution at potential

ange between −1.0 and 0.2 V (vs. SCE). 

.7. Electrochemical impedance measurements 

The electrochemical impedance spectra (EIS) were recorded at

he frequency range from 10 0 0 kHz to 10 mHz with 15 points per

ecade. The amplitude of the sinusoidal potential signal was 5 mV.

. Results and discussion 

The crystal structure of hybrid Pd–CeO x /C was characterized by

-ray diffraction (XRD) measurements, and the characteristic pat-

ern was shown in Fig. 1 . It is noted that the characteristic peaks

f face-centered-cubic (FCC) structure of cerium oxide were obvi-

usly observed in the CeO x /C support indicating the successfully

abrication of aimed materials. These peaks were well kept after

d nanoparticles were deposited on CeO x /C surface; meanwhile,

he characteristic peaks of FCC phase of Pd at 40, 46, 68 and

2 degrees were clearly observed in consistent with those peaks

bserved in Pd/C catalyst. From the XRD pattern of Pd–CeO x /C

ample, the mixed crystal structure was formed as expected. The

rystal size calculated by the Scherrer formula based on (2 2 0)

eak was around 3.5 nm and 3.63 nm for the Pd–CeO x /C and Pd/C

atalyst respectively. The morphology of the prepared Pd–CeO x /C

nd Pd/C samples was probed by transmission electron microscopy

TEM) and the images were shown in Fig. 2 . The Pd nanoparticles

ere uniformly distributed over the support in both Pd–CeO x /C

nd Pd/C samples; the average particle size by counting randomly

50 particles was 3.61 nm and 3.86 nm for Pd–CeO x /C and Pd/C

eparately with a narrow size distribution (Fig. S1). 

The high resolution transmission electron microscopy (HRTEM)

as employed to examine the nanostructured interface formed in

he catalyst system, and some typical images were shown in Fig. 3 .

ne can clearly see the fringe lattice as addressed for the corre-

ponding nanoparticles; the hybrid unit consisted of Pd and cerium

xide and carbon support were observed that might be benefi-

ial to the catalysis process as the neighboring connection of Pd,

eO x and carbon can provide the necessary boundaries for adsorp-
ion, charge transfer and conductivity etc. ( Fig. 3 (a) and (b)). Simi-

ar case was also found in the catalyst system of Pd–Ni 2 P, Pd–CoP

19,31] . The element mapping was done on a randomly selected

rea, the elements of Pd, Ce, O and carbon were uniformly visi-

le over the support ( Fig. 3 (c–i)). The composition of the aimed

d–CeO x /C catalyst was analyzed by EDX (Fig. S2) and the weight

ercentage of Pd and Ce was approximately 20.62%, 14.21% respec-

ively; for Pd/C sample, the weight percentage of Pd was approxi-

ately 19.45%, which was also close to the nominal contents (Fig.

3). 

Surface analysis of the Pd–CeO x /C was carried out using X-ray

hotoelectron spectroscopy (XPS), the C 1 s value of 284.6 eV was

sed as references to calibrate all the peaks. The Pd 3 d spec-

ra of the Pd–CeO x /C and Pd/C catalysts were compared in Fig.

 (a). For the Pd/C catalyst, the peaks at 335.26 eV and 340.45 eV

re attributed to metallic Pd (0), and Pd (II) species located at

espectively 336.30 eV and 341.55 eV. Analogously, for the Pd–

eO x /C catalyst, the peaks at 335.71 eV and 340.93 eV are at-

ributed to metallic Pd, whereas the peaks at 336.90 eV and

42.47 eV are assigned to Pd (II) species respectively. By compar-

ng the peaks position, an evident shift of ca. 0.5 eV was observed

o the high binding energy (BE) direction for Pd 3 d in the Pd–

eO x /C catalyst which indicated an electronic interaction between

he CeO x support and Pd nanoparticles [32] . Similar results were

eported on the Pt–CeO x materials, in which the partial electron

ransfer from Pt surface to cerium oxide was thought due to the

edox reaction between Pt and high oxidation state of cerium, and

he details chemical equations can be found in the cited reference

ere [32] . This electronic effect can modify the electronic and cat-

lytic properties of metal nanoparticles and the matrix by activat-

ng the surface state toward electrode processes, which is impor-

ant for the electrochemical reactions. 

Fig. 4 (b) presented the results of analyzing Ce 3 d XPS spectrum

ecorded from the Pd–CeO x /C sample. The whole peak could be de-

onvoluted to Ce 3 d 3/2 and 3 d 5/2 peaks, the energy separation be-

ween the two spin–orbit levels was found to be 18.4 ± 0.2 eV, that

as consistent with previous data [33] . The binding energy peaks

t 882.9 eV, 889.3 eV, 898.8 eV, 901.2 eV, 907.5 eV, 917.2 eV are re-

ated to Ce 4 + species while the peaks at BEs of 881.3 eV, 885.3 eV,

99.5 eV, 903.9 eV are assigned to Ce 3 + species [34] . All decon-

olution peaks were used to calculate the relative contributions
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Fig. 3. (a, b) HR-TEM (scale bar: 5 nm) images of Pd–CeO x /C sample; (c) STEM; (d–i) elemental mapping images of the Pd–CeO x /C (scale bar: 500 nm). 
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of the Ce 4 + and Ce 3 + states on the surface [33] and it was 82%

and 18%, respectively. Fig. 4 (c) shows the O 1 s XPS spectrum of

Pd–CeO x /C catalyst. It can be deconvoluted into five peaks; the

main component of 530 eV peak is surely attributed to the lat-

tice oxygen and the 531.71 eV peak to OH or adsorbed H 2 O [35] ;

the 532.7 eV peak is associated with oxygen bound to Ce 4 + cations

in CeO x [36] , whereas the binding energy peak at 533.6 eV is as-

sociated with C 

–O 

–H or C 

–O 

–C and the peak at BE of 535.07 eV

is related to O 

–Ce 3 + surface bonds [37] . The abundant oxygen-

containing species formed on the cerium surface was thought as

a good plus to provide active sites for adsorption of intermediates

and accelerate the alcohols oxidation ability. 

CO electrooxidation is a structure-sensitive process that gen-

erally is employed to probe the active sites during the catalysis

[38] . Here the CO stripping experiment was done to evaluate the

possible active sites and the electrochemical active surface area

(ECSA), and the corresponding voltammetry curves were compared

in Fig. 5 (a). As expected for Pd–CeO x /C catalyst, two obvious peaks

for CO oxidation were observed at −0.3 V and −0.24 V respectively

indicating there were two kinds of active sites in Pd–CeO x system.

While only one peak at −0.24 V can be attributed to the CO oxi-

dation for Pd/C catalyst and no peak was observed for the CeO x /C

support. Thus, the active sites in the Pd–CeO x /C should come from

Pd sites on carbon surface and the sites on Pd–cerium oxide in-

terface. The perfectly match of the peak at −0.24 V in both Pd–
eO x /C and Pd/C catalyst indicated that peak should come from

he same kind of active sites, namely Pd nanoparticles. The other

eak at −0.3 V, ca. 60 mV negative than the aforementioned peak,

as no doubt arising from the active sites formed at the inter-

ace of Pd and cerium oxide active boundary. The peak was fur-

her fitted in order to know the contribution from two different

ctive sites, and the peak area was employed to calculate the ac-

ive sites ( Fig. 5 b); and it was calculated to be 58% arising from Pd

ctive sites and the rest of 42% was from the newly formed active

nterface of Pd and cerium oxide. The electrochemical active sur-

ace area (ECSA) was calculated by assuming a full monolayer of

O adsorption on the Pd surface and the charge demand for oxi-

ation is 420 μC cm 

−2 . It was calculated to be 58.3 m 

2 g −1 and

9.9 m 

2 g −1 for Pd/C, Pd–CeO x /C catalysts, respectively. The elec-

rochemical active surface area represents the available active sites

or reactive molecular adsorption and oxidation; the ECSA of Pd–

eO x /C was about 1.7 times higher than that of Pd/C catalyst, so

he active sites from nano-structured interface can provide more

ctive sites for the catalysis process though it only occupies less

han half content. Specifically, if we assumed both Pd sites in Pd/C

nd Pd–CeO x /C have similar activity, the electrochemical active sur-

ace area of 33.8 m 

2 g −1 could be attributed to the Pd sites and

he rest of 66.1 m 

2 g −1 was assigned to the formed nano-interface

ctive sites; and the efficiency of the latter was about 2.7 times

igher than that of the original Pd sites. 
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In order to verify the catalytic performance, alcohols of

methanol and ethanol electro-oxidation were studied by cyclic

voltammetry and chronoamperometry approaches. The background

of cyclic voltammograms in 1 M KOH solution for the interested

catalyst was shown in Fig. S4; typical electrochemical behavior

of palladium was observed with hydrogen adsorption and desorp-

tion and Pd redox. For methanol oxidation, the peak current den-

sity was 121.4 mA cm 

−2 and 40 mA cm 

−2 respectively for the Pd–

CeO x /C and Pd/C catalyst and it was evident that the hybrid sup-

port of CeO x /C had negligible current density ( Fig. 6 (a)). Judging

from the peak current density, the catalytic activity for methanol

oxidation on Pd–CeO x /C was three times as high as that of Pd/C

catalyst. Moreover, the onset potential for methanol oxidation of

the Pd–CeO x /C catalyst was −0.54 V, about 80 mV lower than that

of the Pd/C catalyst. According to the above active sites analysis

in the Pd–CeO x /C system, if the activity of 58% coming from the

Pd active sites, it contributed to ca. 23 mA cm 

−2 (taken Pd/C of

40 mA cm 

−2 as references); and the rest ca. 100 mA cm 

−2 should

come from the active sites at Pd–CeO x nano-interface and the nor-

malized current density to 42% of active sites in the system was

around 238 mA cm 

−2 (divided by 42% for consistence) about seven

times higher than that of 40 mA cm 

−2 for Pd/C catalyst. Thus, the
ignificance of nanostructured interface is obvious and fabrication

uch kind of active sites as many as possible should be consid-

red during the materials fabrication. If we do not distinguish the

ifferent active sites but directly compare the specific activity by

ormalizing to the electroactive surface area, the current density

alculated was 0.96 and 1.7 mA cm 

−2 , which indicated that the

pecific activity was also increased by ca. two times thanks to the

anostructured boundaries, though the active sites from nanoin-

erface contributed only ca. 42% based on the CO stripping re-

ults. The catalytic stability for methanol oxidation was compared

n Fig. 6 (b), and it was very clear that Pd–CeO x /C exhibited much

etter stable trend than that of the Pd/C catalyst. Specifically, the

nal current density was 10.2 mA cm 

−2 and 0.4 mA cm 

−2 respec-

ively for the Pd–CeO x /C and Pd/C catalyst after 3600 s. The nor-

alized stability was calculated by referencing to the initial cur-

ent density, the value was 22% for the Pd–CeO x /C, about 4.6 times

igher than that of the Pd/C catalyst. 

Similar case was also observed when the catalysts were used

or ethanol oxidation ( Fig. 6 c). The peak current density in the for-

ard direction was 158 mA cm 

−2 , about 2.1 times higher than that

f Pd/C catalyst (75 mA cm 

−2 ); similar case with negligible current

ensity was observed for CeO x /C in ethanol oxidation. Furthermore,
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(a) (b)

(c) (d)

Fig. 7. Tafel plots of Pd–CeO x /C and Pd/C catalysts in 1 M KOH/1 M CH 3 OH solution (a), and 1 M KOH/1 M C 2 H 5 OH solution (b); Nyquist plots of Pd/C and Pd–CeO x /C catalysts 

in 1 M KOH/1 M CH 3 OH solution at −0.3 V (insert is the electrical equivalent circuit) (c), and Nyquist plots of Pd/C and Pd–CeO x /C catalysts in 1 M KOH/1 M C 2 H 5 OH solution 

at −0.3 V (insert is the electrical equivalent circuit) (d). 
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T  
he current density of Pd–CeO x /C catalyst was also larger than

he Pd based catalyst in the literature such as the peak current

f 85 mA cm 

−2 [39] , 69.3 mA cm 

−2 [40] , 68.71 mA cm 

−2 [41] and

4.2 mA cm 

−2 [42] . If we take the same approaches to analyze per-

ormance origin, the catalytic efficiency of newly formed interface

ctive sites was ca. 3.6 times higher than that of Pd/C catalyst; it

as lower than that of seven-fold for methanol oxidation due to

he more complicated and difficult process for ethanol oxidation

43] . The specific activity normalized to the electroactive surface

rea was 2.21 and 1.8 mA cm 

−2 respectively indicating the more

ctive of the co-action of Pd–CeO x in the catalyst system. More-

ver, a much negative shift of the onset potential for ethanol ox-

dation was also observed on Pd–CeO x /C catalyst compared with

d/C sample. The highly improved catalytic stability for ethanol ox-

dation was also observed on Pd–CeO x /C catalyst when compared

ith Pd/C catalyst ( Fig. 6 d). After 3600 s, the current density of Pd–

eO x /C was 10.3 mA cm 

−2 , about 7.9 times higher than that of Pd/C

atalyst. Here, taken all together, it was confirmed that the cat-

lytic activity and stability of Pd/C catalyst for alcohols electrooxi-

ation was greatly improved by adding CeO x in the catalyst system.

As we know that the sluggish kinetics of alcohols oxidation is

 serious point that hinder the performance improvement, the ki-

etics and mechanism revealed by electrochemical measurements

as further studied. The Tafel slope of Pd–CeO x /C and Pd/C catalyst
or methanol and ethanol oxidation was shown in Fig. 7 (a) and (b),

espectively. It was observed that Tafel slope in both methanol and

thanol oxidation for Pd–CeO x /C was smaller than that of Pd/C cat-

lyst indicating an improved kinetics for the alcohols oxidation. It

hould be noted that the difference of the slope value for these

wo catalysts was small, the improved kinetics probably coming

rom the change of the adsorption amounts of reactive alcohol

olecules as the adsorption of oxygen containing species became

asier on the cerium oxide. 

Impedance was employed to probe the reaction kinetics during

he electrocatalysis process and the corresponding Nyquist plots at

ifferent potentials were shown in the Fig. S5 with a typical be-

avior for alcohols oxidation. As the potential increased to −0.6 V,

he shape of the Nyquist plots transferred from a straight line

o an arc which was consistent with the cyclic voltammetry be-

avior and it was indicative of the increased kinetics for alcohols

xidation. From −0.5 V to −0.3 V, the shape of the Nyquist plots

hanged to a semicircle which was related to charge transfer re-

istance. The minimal diameter was observed at −0.3 V that is an

ndication of the smallest charge transfer resistance and the high-

st kinetics for alcohols oxidation. With the further increase of

he potential ( −0.2 V to −0.1 V), due to the passivation and poi-

oning of Pd active sites, the increased resistance can be observed.

he minimal charge transfer resistance was observed at −0.3 V for
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both methanol and ethanol oxidation with a bit little hysteresis as

observed in the CV curves. The Nyquist plots for the impedance

data collected at −0.3 V on these two electrodes were shown in

the Fig. 7 (c) and (d) respectively for methanol and ethanol oxi-

dation. The charge transfer resistance was correlated to the semi-

circle or arc diameter; namely the large the diameter, the larger

the charge transfer resistance. The electrochemical impedance data

were fitted by an equivalent circuit (inset in Fig. 7 (c) and (d)). The

electrochemical elements in the circuit have the universal meaning

in which R S represents the uncompensated solution resistance, R CT 

corresponds to the charge-transfer resistance arising from alcohols

oxidation, R 0 is probably related to the contact resistance between

the catalyst material and the glassy carbon electrode. Constant

phase element (CPE) composition for double-layer capacitance was

necessary in the equivalent circuit; and one more CPE was neces-

sary for a better fitting due to the more complicated process in

ethanol oxidation; and an inductors L was needed in the case for

methanol oxidation that is not normally involved in electrochemi-

cal processes usually caused by an external circuit inductance. The

data obtained from the electrical equivalent circuit was compared

in Tables S1 and S2; the R S value for all the catalyst materials was

round 5 � cm 

−2 , and it was evident that in both conditions Pd–

CeO x /C catalyst showed much smaller diameter than that of the

Pd/C catalyst. So Pd–CeO x /C catalyst had much faster charge trans-

fer rate during the alcohols oxidation, and hence greatly improved

catalytic activity was observed. 

From the above physical characterization and electrochemical

measurements, we can see that the introduction of cerium oxide

into Pd/C system greatly increased the catalytic activity and stabil-

ity for alcohols oxidation. Actually the catalytic performance origin

of Pd–cerium oxide system was quite complex, it refers to the sev-

eral factors, e.g., catalyst dispersion, particle size, electronic effect,

effect of oxygen vacancies and state of cerium and discussions in

details can be seen in some previous reports [29,30] . Anyway, the

origin of the performance improvement is absolutely attributed to

the co-action of Pd and CeO x in the catalyst system as each sin-

gle component cannot guarantee the high catalyst performances.

According to our current work, the co-action of Pd and cerium

oxide arising from the intimate connection could form the active

interface that can be efficient for alcohols oxidation according to

the bi-functional mechanism and electronic effect [29] . The perfor-

mance attribution from different active sites to the catalytic ability

for the alcohols oxidation was first analyzed, and the catalytic effi-

ciency was greatly improved on the co-action of Pd and cerium ox-

ide compared with Pd active sites alone. From the morphology and

XPS analysis, the nano-interface connection of Pd, cerium oxide

and carbon was well supported and the active sites can be probed

through the electrochemical CO stripping voltammetry. When the

alcohols oxidation was carried on this kind of catalyst, the bound-

ary active sites arising from different components synergy was

quite active and robust in the catalysis process. 

4. Conclusions 

Nanostructured palladium and palladium–cerium oxide cata-

lysts were comparatively studied to probe the origin of perfor-

mance improvements in catalysis reaction; two kinds of active sites

were formed in the nanostructured Pd–cerium oxide system and it

was found that the active sites from nanostructured interface con-

nection of Pd and cerium oxide were much more active for alco-

hols oxidation. The active sites from nanostructured interface were

consistently supported by HRTEM and electrochemical CO strip-

ping techniques. Electrochemical measurements from CV, CA and

impedance demonstrated the active sites from nanostructured in-

terface were also in favor of the catalytic activity, stability and anti-

poisoning ability. In light of the substantial role of nanostructured
nterface in the hybrid catalyst, more attention should be carefully

aid to the active interface design and fabrication in the advanced

ybrid catalyst system. 
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