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Metal oxides have been widely studied as promoter of catalytic performance of metal catalysts through
the strong metal-support interactions. However, the mechanism behind it is still debating. Here a series
of PdCu nanoparticles with size from 4.9 to 15.4 nm are prepared and loaded on CeO2 nanorods, which
are further characterized by HRTEM, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and electrochemical CO stripping. The coupling of PdCu nanoparticles and CeO2 nanorods induces com-
pressive strain on PdCu nanoparticles, which is strongly dependent on the size of PdCu nanoparticles. The
correlation among the compressive strain, down-shift of the d-band center, reduced CO binding energy
and augmentation of PdO content for PdCu nanoparticles is further discussed in details. Based on com-
prehensive analyses, it is concluded that the reduced CO oxidation potential on PdCu nanoparticles upon
CeO2 support is from enhanced PdO on PdCu, while the synergy of compressive strain, enhanced PdO and
oxygen vacancy remarkably promotes the catalytic performance of PdCu towards electrooxidation of for-
mic acid.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The rapid consumption of fossil fuel and the tremendous emis-
sion of greenhouse gas result in severe environmental problems,
thus pushing the researchers to look for alternative renewable
and clean energy sources. As a kind of promising clean and porta-
ble energy sources for electric vehicles and grid energy storage,
direct formic acid fuel cell (DFAFC) and direct methanol fuel cell
(DMFC) have stimulated enormous scientific and technological
attention in the past decades due to their high power density out-
put, low operating temperatures and zero levels of emissions of
noxious pollutants [1–6]. However, the commercialization of such
fuels cells is largely limited by the high cost and low catalytic activ-
ity of the noble metal catalysts towards the oxidation of the
organic fuels [7]. Although Pt exhibited superior electrocatalytic
performance towards formic acid oxidation reaction (FAOR) and
methanol oxidation reaction (MOR) [8–11], it is readily poisoned
by the CO intermediate [12–14]. Compared to Pt catalyst, Pd-
based catalysts display improved CO tolerance due to their prefer-
ential catalysis toward the dehydrogenation pathway [15–19].

Extensive efforts have been devoted to improve the catalytic
performance of these noble metal catalysts. For instance, alloying
with an earth-abundant metal (M) could not only reduce the con-
sumption of scarce Pd but also simultaneously modify their elec-
tronic structures enhance the catalytic performances [20–22]. For
example, alloying with Cu has been demonstrated markedly
enhanced CO tolerance and catalytic performance [12,23,24].
Core-shell M@Pd nanostructure has also been recognized as one
of such strategies to modulate the lattice strain, electronic struc-
ture and catalytic performance of Pd [25,26]. Yang et al. synthe-
sized core-shell structured Cu@Pd catalysts and associated the
catalytic performance for formic acid oxidation with the lattice
contraction of Pd shell [27].

Metal-support interaction has also demonstrated markedly
enhanced catalytic performance of the metal catalysts, but the
mechanism behind it remains debating. Some researcher ascribed
such enhanced catalytic performance to the strain-induced modifi-
cation of electronic structures of the catalysts [28,29]. For example,
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Sun and co-workers reported that the strong interfacial interac-
tions between CuPd particles and WO2.72 support, and the
enhanced catalytic activity of Pd was ascribed to the tensile strain
and reduced electronic density of Pd catalyst [30,15]. Instead,
others contribute such enhanced catalytic performance to the sur-
face defects of metal oxide support [3]. Sun et al. ascribed the
excellent specific activity and strong anti-poisoning ability during
methanol electrooxidation of Pt/CeO2 to the active oxygen species
supplied by CeO2 with high energy surfaces [31]. Ye and coworkers
investigated the size effect of Pt/CeO2 and contribute the best
1.8 nm Pt nanoparticles on CeO2 to the balance of the Pt dispersion
and oxygen vacancy on CeO2 support [32]. However, comprehen-
sive study for the metal-oxide support interaction from the two
aspects, especially from one research group is barely available in
the literature.

Here we report that the PdCu alloy nanoparticles (NPs) of differ-
ent sizes (6.7 and 14.5 nm) supported on CeO2 nanorods (NRs) sup-
port. Benefiting from the lattice contraction of PdCu alloy induced
by CeO2 (NRs), a downshift of the d-band center was observed for
PdCu NPs. PdCu/CeO2 catalysts also demonstrate remarkably
reduced binding energy of CO and improved catalytic performance
towards the formic acid and methanol oxidation, which is 7.5 and
2.4 times that of Pd/C. In addition, the size effect on the metal-
support interaction was explored and the smaller PdCu nanoparti-
cles show larger enhancement of electrocatalytic activities than
the bigger one.
2. Experimental section

2.1. Chemicals

Palladium (II) acetylacetonate (Pd(acac)2, 98%), copper (II)
acetylacetonate (Cu(acac)2, 98%), oleylamine (OAm, 80–90%), bor-
ane tert-butylamine complex (BTB, 97%), cerium (III) nitrate hex-
ahydrate (Ce(NO3)3�6H2O, 99%) and sodium hydroxide (NaOH,
97%) were purchased from Energy Chemical. Nafion (0.5 wt%)
and commercial Pd/C were from Alfa Aesar. Hexane (98.5%), etha-
nol (99%), acetic acid (99.5%) and formic acid (88%) were from
Tianjin Damao Chemical Works. Carbon black (Vulcan XC-72)
was from Cabot. All chemicals were used as received from com-
mercial suppliers without further treatment. The deionized (DI)
water was obtained from a Barnstead Nanopure water system
(18.2 MX∙cm).

2.2. Synthesis of CeO2 NRs

In a typical synthesis, 0.868 g of Ce(NO3)3�6H2O and 9.6 g NaOH
were dissolved in 5 and 35 mL of DI water, respectively. Then, the
two solutions were mixed in a Teflon bottle and kept stirring for
30 min until the formation of a milky slurry. Finally, the autoclave
was transferred into an electric oven and maintained at 100 �C for
24 h. Then the fresh white precipitates were separated by centrifu-
gation, washed with deionized water for several times, followed by
drying at 60 �C in air overnight. The obtained yellow powders are
CeO2 NRs with dimension of (10 ± 1.3) nm � (50–200) nm, as evi-
denced by SEM images in Fig. S1.

2.3. Synthesis of PdCu

Firstly, 5 nm Pd NPs was synthesized through thermal reduction
of OAM. Under a nitrogen flow, 61 mg (0.2 mmol) Pd(acac)2 was
dissolved in 30 mL OAM and then heated to 60 �C in 10 min. Then
250 mg BTB was solvated in another 3 mL OAm and quickly
injected into the above solution. The OAm solution was heated to
90 �C and kept for 60 min. After cooling to room temperature
(RT), the OAm solution was added with 30 mL ethanol and the pro-
duct was separated by centrifugation (8000 rpm, 6 min). The pro-
duct was then dispersed in hexane. Then, PdCu NPs was
synthesized as followed. 52 mg (0.2 mmol) Cu(acac)2 was mixed
with 30 mL OAm and magnetically stirred at 80 �C under a gentle
N2 flow for 30 min. Then 21 mg (0.2 mmol) Pd NPs of 5 nm in
diameter dispersed in 2 mL hexane was dropped into the solution.
The solution was heated to 220 �C and kept for 1 h. When it was
cooled to room temperature, and the product was precipitated by
adding ethanol and hexane into the OAm solution, separated cen-
trifugation at 9000 rpm for 6 min and further washed with ethanol
twice by centrifugation. The final product was denoted as PdCu-1
NPs. The PdCu-2 NPs were synthesized via the same protocol, by
adjusting the amount of OAm to 30 mL.

To synthesize PdCu NPs of 10.7 nm, 20 mL OAm in a three-
necked flask was first heated to 220 �C under nitrogen atmosphere,
to which Pd(acac)2 (0.2 mmol) and Cu(acac)2 (0.2 mmol) in 5 mL
OAm was added dropwise in 20 s. The solution was stirred for
1 h and then cooled to RT. The final product was separated by add-
ing ethanol and centrifuging at 9000 rpm for 6 min, washed with
ethanol and dispersed in hexane. The derived product was labeled
as PdCu-3 NPs. The PdCu-4 and PdCu-5 NPs were synthesized via
the same protocol, by adding the Pd and Cu precursor solution in
1 min and 4 min, respectively.

2.3.1. Synthesis of PdCu/CeO2

PdCu alloy nanoparticles were loaded on CeO2 NRs with a mass
ratio of 1:2. In a typical process, 34.4 mg (0.2 mmol) CeO2 NRs in
3 mL OAm were added into PdCu NPs solution in OAm at 220 �C.
After stirring for 30 min, the OAm solution was cooled to RT and
the product was further precipitated by adding ethanol and cen-
trifugation and washed multiple times with ethanol to obtain the
coupled PdCu/CeO2.

2.4. Characterization

X-ray diffraction (XRD) measurements were carried out on a
Bruker D8 diffractometer with Cu Ka radiation (k = 0.15406 nm).
The high-resolution TEM (HRTEM) was obtained on a JEOL JEM-
2010. The scanning TEM (STEM) images and electron energy dis-
persive spectroscopy (EDS) line-scan were obtained on Tecnai G2
F30 of FIE. The X-ray photoelectron spectroscopy (XPS) was
acquired on a Phi X-tool instrument.

2.5. Electrochemical measurements

The PdCu/CeO2 and PdCu NPs were loaded onto carbon black
(Vulcan XC-72) at a mass ratio of 1:2 and 1:4, respectively, to
ensure the same loading of PdCu during catalysis tests, which were
treated in acetic acid at 60 �C for 10 h to remove the surfactant and
washed with DI water and ethanol sequentially twice at RT [33].
The catalyst ink (1 mg/mL) was prepared by dispersing 1 mg of
carbon-supported samples (20 wt% loading) in 1 mL ethanol upon
sonication for 2 h. Prior to the catalyst deposition, the glassy car-
bon electrode (GCE, U = 6 mm) was subjected to mechanical pol-
ishing with 0.3 lm alumina powders on a polishing microcloth
for 20 min and subsequent sonicating in ultra-pure water and sul-
furic acid solution (3 M) for 10 min respectively. It was then
cleaned under UV-Ozone chamber for 10 min to remove the poten-
tial organics contaminants on the electrode surface. The cleaned
GCE was coated by 10 lg catalyst ink (1 mg/ml) and dried by air
flux in RT, followed by deposition of 5 lL Nafion (0.5 wt%) on top
of the nanoparticles and evaporation of solvent in air. The loading
of all catalysts was organized in Table S1.

The electrochemical characterizations were carried out on a CHI
650E electrochemical workstation (CH Instruments Inc.), with a
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conventional three-electrode system at room temperature (25 �C).
The catalyst-coated GCE was used as the working electrode, a SCE
(in acidic medium) or Hg/HgO (in alkaline medium) with saturated
KCl solution as the reference electrode and a Pt slice as counter
electrode. The Pd/C, PdCu, or PdCu/CeO2 catalysts were first acti-
vated by cyclic voltammetric (CV) scans in 0.5 M H2SO4 or 1 M
KOH aqueous solution at a scan rate of 100 mV s�1 and then sub-
ject to the characterization of the catalytic activity towards elec-
trooxidation of formic acid in 0.5 M HCOOH in 0.5 M H2SO4

solution or methanol oxidation in 1 M methanol in 1 M KOH aque-
ous solution at a scan rate of 50 mV∙s�1.

The CO stripping was investigated in 0.5 M H2SO4 solution as
described below. First, the 0.5 M H2SO4 solution was purged with
N2 for 20 min. Then the chronoamperometric (CA) measurement
was initiated at 0.2 V (vs. SCE) after CO bubbling for 5 min. Upon
CA measurement finished and CO bubbling stopped, the solution
was purged again by N2 for 20 min, followed by 2 cycles of CVmea-
surement with a scan rate of 5 mV∙s�1. The electrochemical surface
area (ECSA) was calculated based on CO stripping:
ECSA = Q/424WPd, where Q is the oxidation charge (lC) of CO cal-
culated by dividing the scan rate with the integral area of the CO
desorption peak, WPd represents the total amount of Pd (mg) on
the electrode and 420 is the charge (lC∙cm�2) required to oxidize
a monolayer of CO on the catalyst [34].
3. Results and discussion

The size of PdCu-x (x = 1, 2, 3, 4, 5) NPs was determined to be
4.9 ± 0.4 nm, 6.7 ± 0.5, 10.7 ± 0.8 nm, 14.5 ± 0.7 nm and
15.4 ± 0.5 nm by TEM respectively, as shown in Fig. S2. The interac-
tion of PdCu nanoparticles with CeO2 was first examined by
HRTEM. Take the PdCu-2 nanoparticles as example, shown in
Fig. 1. The lattice fringe of 0.227 nm is observed for PdCu-2 without
CeO2 (Fig. 1A and B), which is ascribed to the interplanar distance
of face-centered cubic (fcc) PdCu (1 1 1) [35]. Fig. 1D and E showed
the TEM and HRTEM images of PdCu/CeO2-2, where PdCu nanopar-
ticles are well dispersed on CeO2 NRs and the lattice fringe is deter-
mined to be 0.215 nm, much compressed compared to that of
pristine PdCu NPs. Fig. 1C and F shows the line scanning for
PdCu-2 NPs and PdCu/CeO2-2. The signal of Pd and Cu overlap very
well with each other across the whole nanoparticle for PdCu-2 NPs
Fig. 1. TEM, HRTEM and STEM-EDS line scan images of Pd
(Fig. 1C), suggesting the uniform distribution of Pd and Cu over the
PdCu alloy nanoparticles. In contrast, upon interaction with CeO2,
Cu element is enriched at the PdCu/CeO2 interface (Fig. 1F). Similar
results were also observed for PdCu-4 and PdCu/CeO2-4 samples,
as shown in Fig. S3. The compressive strain of PdCu nanoparticles
might be caused by mismatch of the lattice distance between PdCu
and CeO2 and also the migration of Cu atoms to the PdCu/CeO2

interface, in agreement with results observed in earlier report [29].
The interaction of PdCu nanoparticles with CeO2 is further

investigated by XRD. The XRD diffraction patterns of PdCu-x and
PdCu/CeO2-x are shown in Fig. S4 respectively. The diffraction pat-
tern of PdCu is between that of fcc Pd and Cu, suggesting the for-
mation of PdCu alloy. The XRD patterns of PdCu-2 and PdCu-4,
the diffraction peak from PdCu (1 1 1) are apparently shifted to
high diffraction angels with CeO2 support, suggesting considerably
compressed inter-planar distances on PdCu nanoparticles. Based
on Bragg’s equation,

dhkl ¼ k
2sinh

; ð1Þ

dhkl ¼ afccffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p ð2Þ

where k = 0.154056 nm, h is diffraction angle in radians, hkl is Miller
indices and dhkl is the interplanar distance, the interplanar distance
of PdCu (1 1 1) can be determined. Take PdCu-2 as example, the
interplanar distance is 0.221 and 0.213 nm and lattice parameters
(afcc) 0.3800 and 0.3726 nm for PdCu-2 and PdCu/CeO2-2, suggest-
ing that compressive strain was introduced to PdCu nanoparticles
by CeO2 support, as observed in TEM analysis. Similar variation of
lattice distance and parameters is induced for other PdCu, as shown
in Table S2.

bcosh
k

¼ k
Lv

þ Khkl

afcc
aþ 4sinh

k
e ð3Þ

The crystallite size (Lv), stacking fault (a) and strain effect (e) of
PdCu and PdCu/CeO2 were estimated based on theWilliamson-Hall
method [36] via Eq. (3), where b is the full-width at half-maximum
(FWHM) of the diffraction peak, k is the Scherrer constant consid-
ering equal to 1, K(1 1 1) = 0.43, K(2 0 0) = 1 and K(2 2 0) = 0.71.
With the assistance of the free Fityk software [37], each diffraction
peaks of the samples were fitted via Pearson VII function and
Cu-2 NPs (A, B and C) and PdCu/CeO2-2 (D, E and F).



Table 1
Parameters evaluated from XRD patterns: interplanar distance (d(1 1 1)/nm), lattice parameter (afcc/nm), crystallite size (Lv/nm), stacking fault (a/%), and micro-strain (e/%).

Samples D (nm) d (1 1 1) afcc Lv a e

PdCu-2 6.7 0.221 0.3800 7.63 4.23 1.33
PdCu/CeO2-2 0.213 0.3726 8.03 4.04 1.72
PdCu-4 14.5 0.221 0.3792 14.63 3.32 0.39
PdCu/CeO2-4 0.214 0.3750 14.96 3.18 0.66
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depicted in Fig. S4. The calculated lattice parameter of (afcc), d
(1 1 1), Lv, a and e are listed in Table 1. It is observed that the Lv
and d(1 1 1) value of PdCu and PdCu/CeO2 are very close to the par-
ticle diameters and interplanar distance determined by HRTEM. In
addition, larger stacking fault (a) and micro-strain (e) are observed
for smaller PdCu nanoparticles than the larger one, suggesting that
the smaller PdCu nanoparticles possess more surface defects [38].
After coupling with CeO2, the stacking fault (a) is reduced but
the micro-strain (e) is slightly increased for PdCu due to the recon-
struction of the PdCu nanoparticles surface.

The lattice strain (s) of the PdCu alloy is determined by using
the following Eq. (4) [39]:

s ¼ a2 � a1
a1

� 100 ð4Þ

where a1 and a2 are the lattice parameters of the PdCu alloy in PdCu
NPs and PdCu/CeO2, respectively [25]. As shown in Fig. 2B, the com-
pressive strain of PdCu NPs induced by CeO2 NRs is strongly depen-
dent on the size of PdCu nanoparticles, which decreased 1.89–0.87%
when the diameter of PdCu alloy nanoparticles increased from 4.9
to 15.4 nm, suggesting that larger strain is induced on smaller
nanoparticles [28].

By using the analysis of XRD line broadening and the single-line
method, the variation of the microstrain (e0) of CeO2 (1 1 1), (2 0 0)
and (2 2 0) crystal planes upon loading of PdCu is estimated
[40,41], which is strongly related with defects such as oxygen
vacancies, kinks, steps and dislocation etc., and through which
PdCu and CeO2 are coupled. PdCu/CeO2-2 and PdCu/CeO2-4 are
analyzed as examples and shown in Table 2. The micro-strain of
CeO2 (2 2 0) increased from 1.53 to 1.89 for PdCu/CeO2-2 and to
1.79 for PdCu/CeO2-4, while no apparent variation is observed for
CeO2 (2 0 0) and (1 1 1) facets, suggesting that more defects are
induced on CeO2 (2 0 0) facets by loading of PdCu nanoparticles,
through which PdCu NPs and CeO2 are coupled. In addition, it
should be noted that PdCu-2 induces more change of micro-
strain on CeO2 (2 2 0) facets than PdCu-4, possibly due to smaller
size and more defects of PdCu-2.
Fig. 2. XRD patterns of (A) PdCu-2 and PdCu-4 with/without CeO2 support; (B) depen
nanoparticles.
The chemical state of Pd and the atomic percentage of Pd2+ of
PdCu-x with and without CeO2 support are strongly related with
the performance of the metal catalyst [25,42]. Figs. 3 and S6 show
the high resolution XPS spectra of Pd 3d for PdCu-X and PdCu/
CeO2-X, which are deconvoluted into two pairs of doublets. The
peaks at 335.0 and 340.35 eV are assigned to the binding energies
of Pd(0) 3d5/2 and 3d3/2, and these at 335.6 and 341.0 eV are
attributed to Pd(II) 3d5/2 and 3d3/2, respectively [43]. Similarly,
the high resolution XPS spectra of Cu 2p in PdCu and PdCu/CeO2

are equally deconvoluted into two pairs of doublets (Fig. 3B). The
peaks at 932.4 and 952.2 eV are assigned to the binding energies
of Cu(0) 2p3/2 and 2p1/2, and the binding energy for Cu(II)
2p3/2 and 2p1/2 are identified at 933.6 and 953.6 eV, respectively
[30]. Fig. S6A shows the high resolution XPS spectra of Ce 3d in
CeO2 and PdCu/CeO2. The deconvoluted peaks at 881.6, 887.74
and 897.35 eV are assigned to Ce4+, while that at 884.17 eV is
assigned to the Ce3+ [3]. Based on the XPS analysis, the atomic ratio
of Pd(II) in all Pd content and Ce3+ in all Ce content is determined
and listed in Table S3.

As shown in Table S3, the Pd2+ fraction in PdCu is increased by
15% upon coupling with CeO2 support, in agreement with earlier
report. However, no apparent size effect was observed on the
change of PdO content induced by CeO2 support. It should be noted
that the Pd-CeO2 interactions induce a significant change on the
oxidation state of Pd [44] and the rich Pd-PdO interface may pro-
mote the electrooxidation of formic acid through the dehydrogena-
tion pathway [45]. Meanwhile, the surface Ce3+ (oxygen vacancy)
fractions is increased from 14.6% for pristine CeO2 to 21.2% for
PdCu/CeO2-2, 19.6% for PdCu/CeO2-3 and 15.8% for PdCu/CeO2-4
(Table S3), respectively. It can be seen that larger enhancement
of oxygen vacancy on CeO2 was observed for smaller PdCu
nanoparticles, indicating a dependence on the size of PdCu
nanoparticles. This is also in agreement with the micro-strain anal-
ysis, where more micro-strain on CeO2 NRs was induced by PdCu
nanoparticles. These oxygen vacancies may promote the dispersion
of nanoparticles on the substrate and further the catalytic activity
[3].
dence of compressive strain induced by support of CeO2 NRs on the size of PdCu



Table 2
Lattice micro-strain (e0)a of different crystal planes of CeO2 NRs and PdCu/CeO2-2 and
PdCu/CeO2-4.

Samples (1 1 1) e0 [%] (2 0 0) (2 2 0)

CeO2 NRs 2.51 2.49 1.53
PdCu/CeO2-2 2.50 2.44 1.89
PdCu/CeO2-4 2.50 2.43 1.79

a Determined from the analysis of XRD line broadening by the single-line method
using a pseudo-Voigt profile function [40,41].
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Fig. 3C and D displays the representative valence band spectra
of PdCu and PdCu/CeO2. The d-band width of PdCu-2 and PdCu-4
is 4.80 and 4.85 eV respectively, which is quite the same to each
other. Upon coupling with CeO2, the d-band width is increased to
6.1 eV and 5.70 eV for PdCu-2 and PdCu-4 respectively, with larger
variation observed for smaller nanoparticles. Such broadening of
the d-band is attributed to the compressive strain of the PdCu lat-
tice, which increases the electronic states overlap between the
metal atoms [27,39]. To keep the d-occupancy constant, a down-
ward shift of the d-band center occurs, as evidenced by the positive
shift of the binding energy of the peak in the valence band spectra
in Fig. 3C and D [46–48]. It is observed that the d-band center is
shifted from �2.2 to �3.9 eV for PdCu-2 and �1.5 to �2.8 eV for
PdCu-4 upon coupling with CeO2. More compressive strain induced
Fig. 3. The high resolution XPS spectra of (A) Pd 3d and (B) Cu 2p for PdCu-2, PdCu/CeO2

and (D) PdCu-4 and PdCu/CeO2-4.
on PdCu-2 results in more down-shift of the d-band center. Such
lowered d-band center of PdCu could weaken the chemisorption
energy of some reaction intermediates, such as H2 and CO, on the
Pd catalysts surface, thus alleviating the poisoning effect and pro-
moting the electrocatalytic activity and stability [49,50].

To evaluate the CO adsorption energy, the CO-stripping voltam-
mograms of the PdCu and PdCu/CeO2 of different sizes are mea-
sured in 0.5 M H2SO4 solution at a scan rate of 5 mV�s�1, as
shown in Fig. S7. For PdCu/C and PdCu/CeO2 catalysts, a typical
CO oxidation peaks in the range of 0.6–0.8 V are observed in the
first forward CV scan, and then disappear in the subsequent CV
scans, accompanied with the emergence of H deposition features
in the potential window of �0.25 to 0.0 V, due to the complete
removal of the adsorbed CO on the surface of the catalysts in the
first CV scan. The CO oxidation peak potential of all PdCu nanopar-
ticles with and without CeO2 support was derived from CO-
stripping voltammetry and listed in Table S4, and the ECSA of these
catalysts are calculated and listed in Table S5. It is observed that
PdCu/CeO2 display slightly large ECSA than PdCu, probably due
to the enhanced dispersity of PdCu NPs on CeO2 support.

As shown in Table S4, the peak potential of CO oxidation of
PdCu is lowered by 50 mV upon CeO2 support, suggesting weak-
ened adsorption of CO on PdCu/CeO2. Surprisingly, reduction of
CO oxidation potential keeps constant for all the five PdCu
nanoparticle and no size dependence was observed at all. Usually
-2, PdCu-4 and PdCu/CeO2-4; Valence band spectra for (C) PdCu-2 and PdCu/CeO2-2
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the reduced adsorption energy of CO on Pd is attributed to the
down-shift of the d-band center of PdCu as demonstrated in
Fig. 3 [47,49]. However, although the down-shift of the d-band cen-
ter of PdCu-2 and PdCu-4 induced by CeO2 support are very differ-
ent with each other, the reduction of the CO adsorption energy on
PdCu-2 and PdCu-4 induced by CeO2 NRs is the same, as high-
lighted in Fig. 4, suggesting that such weakened CO adsorption
on PdCu/CeO2 might not be from the down-shift of the d-band cen-
ter. By using density functional theory and Monte Carlo method, J.
M. Hensen lately revealed that higher oxidation degree of Pd clus-
ters could reduce CO binding energy and promote the CO oxidation
with an oxygen atom from CeO2 [51]. According to XPS analysis,
both PdCu demonstrate the same augmentation of PdO with
CeO2 NRs support, in excellent agreement with the reduction of
CO binding energy of PdCu. This suggests that such lowered CO
binding energy on PdCu upon coupling with CeO2 support is from
the enhanced oxidation degree of PdCu by CeO2 support, instead of
the lowered d-band center induced by the compressive strain.

3.1. Electrooxidation of formic acid

The electrocatalytic performance of all PdCu and PdCu/CeO2 of
different sizes towards FAOR were evaluated in 0.5 M
H2SO4 + 0.5 M HCOOH aqueous solution, as shown in Fig. S8A
and B, from which the specific activity is derived and listed in
Table 3.[52]. Fig. S8C and D showed the CV scans of PdCu/C,
PdCu/CeO2/C and Pd/C catalysts in 0.5 M H2SO4 solution. The ano-
dic current between �0.25 and 0.1 V is ascribed to the desorption
of hydrogen and sulfate anion on the PdCu surfaces [46,53] and the
Fig. 4. Cyclic voltammograms of CO-stripping on the commercial Pd/C catalyst (A),
PdCu/C-2 (6.7 nm) (B), PdCu/C-4 (14.5 nm) (C), PdCu/CeO2-2 (D) and PdCu/CeO2-4
(E) in 0.5 M H2SO4 at a scan rate of 50 mV∙s�1.
cathodic peaks around 0.4 V are ascribed to the reduction of PdCu.
Apparently, the surface area of PdCu is largely enhanced upon cou-
pling with CeO2 support, suggesting the much-enhanced oxygen
species on PdCu surfaces (see Scheme 1).

The dependence of the specific activity of PdCu nanoparticles on
the size of PdCu nanoparticles with and without CeO2 are shown in
Fig. 5(A), both of which shows a volcano-shape dependence on the
size of PdCu alloy nanoparticles. For PdCu nanoparticles, maximum
specific activity was achieved at the size of 14.5 nmwhile that with
CeO2 support reached maximum at 6.7 nm. The enhancement of SA
of PdCu nanoparticles by CeO2 support equally shows apparent
size effect (green line), which decreases with the size of PdCu
nanoparticles and reach minimum at the size of 14.5 nm. Since
the compressive strain of PdCu nanoparticles induced by CeO2 sup-
port decreases linearly with the size of PdCu nanoparticles, thus, it
is concluded that the enhancement of specific activity of PdCu
nanoparticles strongly dependent on the compressive strain
induced by the CeO2 support, which shows an inverse volcano-
shape dependence on the change of the compressive strain of PdCu
nanoparticles induced by CeO2 support.

Among all these catalysts, PdCu/CeO2-2 demonstrates the high-
est specific activity (4.7 mA∙cm�2) and mass activity (1.72 A�mg�1

Pd ),
which is 9.4 and 7.5 times that of Pd/C (0.23 A�mg�1

Pd ). Although PdCu
nanoparticles share the same CO adsorption energy, the specific
activity is different from each other. This suggests that the difference
of catalytic activity of PdCu is not only governed by the CO poisoning
effect, but other factors, such as the surface defects and exposed
facets of PdCu as reflected by the analysis of XRD and the desorption
features of hydrogen and sulfate anions on PdCu (Fig S8C and D) may
play roles [46].

According to the analysis above, the enhanced specific activity
of PdCu by CeO2 support is partially attributed to the augmentation
of PdO content and the Pd-PdO interface, as demonstrated by XPS
analysis, which is active in pulling the hydrogen from the reaction
intermediates due to the higher affinity to H* and promote the
electrooxidation of formic acid through the dehydrogenation path-
way, bypassing the dehydration pathway and CO poisoning
[18,45]. In addition, the weakened adsorption of CO induced by
the enhanced PdO content through CeO2 support may also promote
the catalytic performance.[46] In addition, XPS analysis demon-
strates that the oxygen vacancies in CeO2 have increased from
14.6% for pristine CeO2 to 15.8% upon loading of PdCu, which
increases up to 21.2% with the size of PdCu nanoparticles
(Table S3). Thus, it is highly possible that such increased oxygen
vacancies [3,31] in PdCu/CeO2 promote the formic acid oxidation.
The micro-strain and stacking fault of PdCu-2 and PdCu-4 is thor-
oughly analyzed by XRD, which is a direct reflection of surface
defects such as kinks, steps and dislocation etc. [40,41], through
which PdCu nanoparticles coupled with CeO2. Smaller PdCu
nanoparticles demonstrate larger micro-strain and stacking fault,
and induce stronger coupling with CeO2 and more oxygen vacan-
cies on CeO2 NRs, in agreement with the variation trend of the cat-
alytic activity (Fig. 5B). Thus, we conclude here that the synergy of
both the PdO content and oxygen vacancy in CeO2 NRs promote the
catalytic activity of PdCu/CeO2.

The catalytic activity of PdCu-2 and PdCu-4 towards methanol
oxidation is examined and shown in Table S5 and Fig. S9. The
specific activity of PdCu-4 and PdCu/CeO2-4 towards methanol oxi-
dation is almost identical to each other, although PdO content, CO
adsorption energy and d-band center are apparently changed by
CeO2 NRs, and the oxygen vacancy on CeO2 NRs changes slightly.
This suggests that the factors of PdO, CO adsorption energy and
d-band center do not contribute to the catalytic activity of PdCu-
4 towards methanol. However, PdCu/CeO2-2 shows apparent
enhancement of catalytic activity as compared to PdCu-2, consis-
tent with the more augmentation of oxygen vacancy on CeO2



Table 3
The ECSA and specific activity (SA) of PdCu electrocatalysts towards FAOR in 0.5 M H2SO4 + 0.5 M HCOOH derived from Fig. S8.

Samples D (nm) ECSA-PdCu (m2 g�1) ECSA-PdCu/CeO2 (m2 g�1) SA-PdCu (mA cm�2) SA-PdCu/CeO2 (mA cm�2) DSA (mA cm�2)

PdCu-1 4.9 31.2 36.5 1.7 4.2 2.5
PdCu-2 6.7 29.9 36.6 2.4 4.7 2.3
PdCu-3 10.7 26.6 32.1 2.6 4.4 1.8
PdCu-4 14.5 25.1 31.9 3.5 4.2 0.7
PdCu-5 15.4 25.0 29.7 3.0 3.9 0.9

Scheme 1. Schematic illustration of the synthesis of PdCu/CeO2 and the enhanced catalytic activity by the PdO and oxygen vacancy induced by the oxide support.

Fig. 5. Dependence of specific activity (SA) (left axis) of PdCu and PdCu-CeO2 nanoparticles and the enhancement of SA (right axis) of PdCu nanoparticles upon CeO2 support
on the size of PdCu nanoparticles (A) and the concentration of oxygen vacancy (B).
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NRs. This might indicate the augmentation of the oxygen vacancy
is promoting the electrochemical oxidation of PdCu-2 towards
electrochemical oxidation of methanol [54,55].

The cycling stability of PdCu/CeO2, PdCu and Pd/C for FAOR in
the potential window of �0.2 and 0.8 V (vs. SCE) at a scan rate of
50 mV�s�1 is carried out and shown in Fig. 6. After 500 sweeping
cycles, Pd/C loses 75.2% of its initial mass activity, and the
PdCu-2 and PdCu-4 lose 79% and 78.2% of their initial activity,
respectively. However, the mass activity of PdCu/CeO2-2 and
PdCu/CeO2-4 decay by 48.3% and 54.1% after 500 sweeping cycles,
respectively, suggesting much improved cycling stability of PdCu
nanoparticles by CeO2 NRs [56]. The CA measurements of PdCu/
CeO2, PdCu and Pd/C catalysts were recorded at 0.2 V (versus
SCE) for 1000 s in 0.5 M H2SO4 + 0.5 M HCOOH aqueous solution,
as displayed in Figs. S10 and 11. The slower decay rate of the
PdCu/CeO2 suggests improved durability than PdCu and the com-
mercial Pd/C catalyst. CV scans of PdCu/CeO2 before and after CA
measurements are almost identical to each other, indicating that
the catalyst itself is stable and the current decay in CA measure-
ment was mainly resulted from the poisoning intermediates dur-
ing the formic acid oxidation, instead of the destruction of the
catalyst themselves [36].
4. Conclusions

In this study, a series of PdCu alloy NPs with diameter of 4.9, 6.7,
10.7, 14.5 and15.4 nm was prepared and the interfacial interaction
of PdCu alloy NPs with CeO2 NRs support was examined by TEM,
XRD, XPS and CO stripping. It is observed that CeO2 NRs induce
apparent compressive strain on PdCu alloy nanoparticles through
the facets of CeO2 (2 2 0) and PdCu (1 1 1), which further broad-
ened the d-band and lowered their d-band center of PdCu nanopar-
ticles. Such compressive strain induced by CeO2 support shows



Fig. 6. (A, B) Cycling stability of Pd-based electrocatalysts in 500 cycles between �0.2 and 0.8 V (vs. SCE) in 0.5 M H2SO4 + 0.5 M HCOOH aqueous solution at a scan rate of
50 mV∙s�1.
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apparent size effect, which decreases with the size of PdCu
nanoparticles. The reduced CO adsorption energy was ascribed to
the augmentation of PdO due to the CeO2 support. These PdCu
and CeO2 supported catalysts display much enhanced catalytic
activity toward FAOR and MOR, which is ascribed to the synergy
of compressive strain, augmentation of the surface Pd oxide and
the oxygen vacancies on CeO2 NRs. This work exclusively unrav-
eled the mechanism of the enhanced catalytic activity of metal cat-
alyst by CeO2 nanorods support, which may shed light on rational
design of high-performance anode catalyst of fuel cell.
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