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ABSTRACT: Stabilizing a 3d-transition metal component M from an MPd alloy structure in an acidic environment is key to the en-
hancement of MPd catalysis for various reactions. Here we demonstrate a strategy to stabilize Cu in 5 nm CuPd nanoparticles (NPs) by
coupling the CuPd NPs with perovskite-type WO, 7, nanorods (NRs). The CuPd NPs are prepared by controlled diffusion of Cu into Pd
NPs and the coupled CuPd/WO, ;, are synthesized by growing WO, 7, NRs in the presence of CuPd NPs. The CuPd/WO, 7, can stabilize
Cu in 0.1 M HCIQ, solution and, as a result, they show Cu, Pd composition dependent activity for the electrochemical oxidation of formic
acid in 0.1 M HCIO, + 0.1 M HCOOH. Among three different CuPd/WO, 7, studied, the CusgPds,/WO, 7, is the most efficient catalyst with
its mass activity reaching 2086 mA/mgpq in a broad potential range of 0.40 to 0.80 V (vs. RHE) and staying at this value after the 12 h
chronoamperometry test at 0.40 V. The synthesis can be extended to obtain other MPd/WO, 7, (M = Fe, Co, Ni), making it possible to

study MPd-WO,,, interactions and MPd stabilization on

enhancing MPd catalysis for various chemical reactions.

INTRODUCTION

Developing a robust catalyst for electrochemical formic ac-
id oxidation reaction (FAOR) is an essential step for fabrica-
tion of commercially viable direct formic acid fuel cells
(DFAFCs)."® Recent efforts taken on searching for advanced
FAOR catalysts have helped to better understand the catalytic
nature, which in turn, lead to more rational design and tuning
of new forms of the catalysts.*® For example, catalysts based
on nanostructured Pd have been developed as a potential alter-
native to Pt for FAOR with better CO tolerance due to their
preferential catalysis toward direct 2-electron oxidation of the
adsorbed HCOOH* to CO,, commonly known as dehydro-
genation pathway.'®™® In contrast, the adsorbed HCOOH" on
Pt often follows not only the dehydrogenation, but also the
dehydration pathway (to CO* + H,0), causing the undesired
Pt surface deactivation by the strong Pt-CO binding."* The Pd
catalysis can be further improved if a more oxophilic metal
(M) is present adjacent to Pd. This M promotes the formation
of HO*, which oxidizes CO* on Pd, further increasing the CO
tolerance of Pd.” Despite these advantages demonstrated by
Pd over Pt, Pd is chemically less stable than Pt and M in the
alloy form is even more prone to fast oxidation and dissolution
under the acidic FAOR condition.

A common strategy explored to improve Pd-catalysis is to
couple the catalyst with a metal oxide through the strong met-
al-support interaction to tune Pd electronic/geometric struc-
tures and synergistic effects of the oxide support for the de-
sired catalysis," as demonstrated in Pd coupling with CeO,*,
Tio,", sn0,%, HoO,%, and M00,.”> We also found that Pd
nanoparticles (NPs) coupled with oxygen-deficient perovskite-
type WO, 7, nanorods (NRs) showed much improved catalytic
activity and stability towards the FAOR.™ Taking advantage
of the excellent acid resistance and good electron conductivity
of WO, ,,% here we report that Cu in CuPd alloy NPs can be
better stabilized by strong interfacial interactions between the

CuPd NPs and WO, ;, NRs, as illustrated in Figure 1, and the
stabilized CuPd shows much improved catalytic ability for the
FAOR. Among three different CuPd/WO, ;, systems studied,
the CuugPds,/WO, ,, shows the best FAOR performance with
its mass activity reaching 2086 mA/mgepq in a broad potential
range of 0.40 to 0.80 V (vs. RHE) in 0.1 M HCOOH + 0.1 M
HCIO, and its composition stabilized at Cus,Pdgo/WO, 7, dur-
ing the 48 h acid etching test. Our work demonstrates a new
strategy to stabilize a 3d-transition metal M from an MPd al-
loy structure in acid, which will help to develop robust MPd
NP catalysts for various chemical reactions.
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Figure 1. Schematic illustration of the synthesis of CuPd/WO, 7, with a
CuPd NP coupled to a WO, 7, NR, causing Cu to be enriched at the CuPd-
WO, 7, interface.

EXPERIMENTAL SECTION

Chemicals and Materials. Tungsten (IV) chloride (WCly,
97%) and palladium (11) acetylacetonate (Pd(acac),, 99%) were
purchased from Strem Chemicals. Copper (Il) acetylacetonate
(Cu(acac),, 97%), borane tert-butylamine complex (BBA, 97%),
oleylamine (OAm, >70%), oleic acid (OAc, 90%), 1-octadecene



(ODE, 90%) and Nafion solution (5% in a mixture of lower ali-
phatic alcohols and water) were from Sigma-Aldrich. Hexane
(98.5%), ethanol (99%), 2-proponal (99%), perchloric acid (70%)
and formic acid (88%) were from Fisher Scientific. These chemi-
cals were used without further purification. The deionized water
was obtained from a Millipore Autopure System.

Synthesis of 5 nm Pd NPs. These NPs were prepared accord-
ing to the method published previously.*

Synthesis of 5 nm CuPd NPs. In a typical synthesis, 64 mg
(0.25 mmol) Cu(acac),, 15 mL OAm and 0.32 mL OAc were first
mixed by magnetic stirring in a 50 mL four-neck flask and de-
gassed under a gentle flow of N, at 70 °C for 30 min to form a
clear solution. Then 26 mg (0.25 mmol) Pd NPs dispersed in 2
mL hexane was dropped into the solution. The solution was heat-
ed to 260 °C at 2 °C/min and kept at 260 °C for 1 h before it was
cooled to room temperature. The CuPd NPs were separated by
adding 100 mL ethanol and centrifuging at 9500 rpm for 8 min.
The product was purified by dispersing in hexane and flocculating
with ethanol, and precipitated by centrifugation (9500 rpm, 8
min). The purification process was repeated once and the final NP
(CuygPds;) product was re-dispersed into hexane for further use.

In the same reaction condition, 128 mg (0.50 mmol) Cu(acac),
and 26 mg (0.25 mmol) Pd NPs gave CugsPdss NPs, while 32 mg
(0.125 mmol) Cu(acac), and 26 mg (0.25 mmol) Pd NPs yielded
Cu35Pdgs NPs.

Synthesis of CuPd/WO, 7,. In a typical synthesis, 90 mg (0.27
mmol) WCl,, 15 mL ODE, 3 mL OAm and 6 mL OAc were first
mixed by magnetic stirring in a 50 mL four-neck flask and de-
gassed under a gentle flow of Ar at 120 °C for 30 min to form a
clear solution. The solution was heated to 280 °C in 30 min and
kept at 280 °C for 10 h, after which, 42 mg (0.25 mmol) CuygPds;
NPs dispersed in 2 mL ODE was quickly injected into the solu-
tion. The solution was kept at 280 °C for another 10 min before it
was cooled to room temperature. The product, the coupled
CuygPds/WO, 7,, was separated and purified the same way as
described in the synthesis of 5 nm CuPd NPs, and re-dispersed in
20 mL hexane in the presence of one drop of OAm (to better sta-
bilize the composite dispersion) for further use.

In the same reaction condition, mixing 59 mg (0.25 mmol)
CugsPdss NPs or 35 mg (0.25 mmol) CussPdgs NPs with 90 mg
(0.27 mmol) WCl, yielded CugzPd3/WO; 7, or CuzsPdgs/WO, 7,
respectively. Without the addition of CuPd NPs, WO, 7, NRs were
synthesized as reported previously.™

Catalyst Preparation. 20 mg of KetjenBlack EC-300-J carbon
(C) was first mixed with 20 mL of hexane and then sonicated for
30 min to form a uniform suspension. Then each of 20 mg
CuPd/WO,7,, CuPd, and (CuPd + WO, ,) physical mixture in
hexane was added into the suspension drop-wise under sonication.
After 1 h sonication, the C-supported powder was separated by
centrifugation (8000 rpm, 8 min), washed with ethanol (3 times)
and dried at room temperature. To make the catalysis ink, the C-
supported catalyst was mixed with deionized water, 2-propanol
and Nafion (V/V/V=4/1/0.05) and sonicated to form a catalyst ink
(2 mg/mL). For each test, 20 pL of the catalyst ink was deposited
on a newly polished glassy carbon rotating disk electrode (GC-
RDE) (0.196 cm?) and dried in ambient conditions. For each sam-
ple, the catalyst (CuPd/WO,7,, CuPd or CuPd + WO, ,) total
mass loading was kept at 0.1 mg/cm?.

Characterizations. Transmission electron microscopy (TEM)
images were acquired from a Philips CM20 (200 kV). High-
resolution TEM (HR-TEM) images were obtained from a JEOL
2010 (200 kV). X-ray diffraction (XRD) patterns were collected
on a Bruker AXS D8-Advanced diffractometer (Cu Ko A=1.5418

A). The inductively coupled plasma-atomic emission spectrosco-
py (ICP-AES) was measured by a JY2000 Ultrace ICP atomic
emission spectrometer equipped with a JYAS 421 autosampler
and 2400 g/mm holographic grating. X-ray photoelectron spec-
troscopy (XPS) was performed on an ESCA 210 and MICROLAB
310D spectrometer using an Mg KR source. Scanning transmis-
sion electron microscopy (STEM) analyses were carried out on a
Hitachi HD2700C (200 kV) with a probe aberration corrector.
The electron energy loss spectroscopy (EELS) line-scan was ob-
tained by a high-resolution Gatan-Enfina ER with a probe size of

1.3 A

Electrochemical Measurements. Electrochemical measure-
ments were carried out on an Autolab 302 potentiostat (Eco
Chemie B.V, Holland) with GC-RDE (0.196 cm?) as a working
electrode, Ag/AgCI (4 M KCI) as a reference electrode, and
graphite rod as a counter electrode. The reference electrode was
calibrated to reversible hydrogen electrode (RHE) before the
measurements and all potentials were converted to the RHE scale
(Vagiagel + 0.26 V = Vgye). The loaded C-catalyst was first sub-
ject to potential cycling from 0 to 1.20 V in 50 mL N,-saturated
0.1 M HCIO, with a scan rate of 100 mV/s to activate the catalytic
surface until a stable CV shape was formed (approximately 30
cycles). Then the CV was obtained from 0 to 1.20 V in the Ny-
saturated 0.1 M HCIO, with a scan rate of 50 mV/s. The CVs for
FAOR were obtained in the N,-saturated 0.1 M HCIO, + 0.1 M
HCOOH electrolyte with a scan rate of 50 mV/s. Chronoam-
perometry was carried out at the constant potential of 0.40 V in
0.1 M HCIO,4 + 0.1 M HCOOH with the electrode rotation speed
at 1000 rpm. In the CO striping test, the catalyst was first im-
mersed in the CO-saturated 0.1 M HCIO, at 0.10 V for 20 min to
form a CO adsorption layer on catalyst surface. Then N, was
purged into solution for 20 min to remove the remaining CO in
solution. CO striping CV was performed from 0 - 1.20 V with a
scan rate of 20 mV/s.

RESULTS AND DISCUSSION

Material Synthesis and Characterizations. We first synthe-
sized 5 nm CuPd NPs through seed-diffusion method by using 5
nm Pd NPs as seeds. CuPd NPs were previously prepared either
by co-reduction Cu-/Pd-salt precursors with trioctylphosphine
(TOP),*® 24 or oleylamine (OAm) as a surfactant.’® However, the
presence of TOP led to the formation of strong Pd-P bond on the
surface of ~ 8 nm NPs and made it difficult to activate these NPs
without affecting NP morphology®® for next step coupling with
WO, 7,. The CuPd NPs prepared in the presence of OAm vyielded
~3 nm CuPd NPs, but the method was not readily extended to
prepare other MPd NPs with well-controlled sizes and composi-
tions. In the current seed-diffusion synthesis, we used OAm as a
solvent, a surfactant and a mild reducing agent, and oleic acid
(OAC) as a co-surfactant, and could control the CuPd NP size at
~5 nm at different compositions that were measured by inductive-
ly coupled plasma atomic emission spectroscopy (ICP-AES).
From the transmission electron microscopy (TEM) image of the
as-synthesized CugoPds; NPs (Figure 2A) and their size analysis
(Figure S1), we can see that the NPs have an average diameter of
5.3 + 0.5 nm. The high-resolution TEM (HRTEM) (Figure 2A
inset) confirms that the CuPd NP has the solid solution structure,
not the core/shell structure. The lattice fringe shown in the image
has an average spacing of 0.20 nm, which is very close to the
(111) interplanar distance of the face-centered cubic (fcc) CuPd
(111).%8

To prepare CuPd/WO, 7, without NP aggregation, CuPd NPs
(CuggPds; NPs, for example) were quickly injected into the reac-
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tion solution that was used to prepare 50x5 nm WO, 7, NRs (Fig-
ure S2).?" The reaction progress was monitored by TEM images
of the sample products formed at different reaction times (Figure
S3) and the ideal product (CusgPds,/WO, 75, for example)) was
separated from the reaction solution 10 min after the injection
(Figure 2B & S4). The HRTEM of a single CusgPdsy/WO, 7,
(Figure 2B inset) shows the lattice fringe spacing of CuPd (111)
at 0.22 nm and WO, 7, (010) at 0.38 nm. Comparing with the
uncoupled CuPd NPs, we can see that the CuPd NPs in the
CuPd/WO, 7, structure have their (111) lattice expanded from
0.20 nm to 0.22 nm, which is a good indication of strong coupling
between CuPd and WO, ;,, similar to what was observed in the
Pd/WO, 1, structure.'® The reaction condition we used to couple
CuPd to WO, 7, did not lead to the obvious CuPd composition
change — starting from CugsPdsg, CuggPds;, or CuzsPdgs NPs, we
obtained CU63Pd37/W02_72 CU43Pd52/W02'72, or CU33Pd67/W02'72
respectively.

Count (a.u.)
Count (a.u.)

s 2 4 & & 1 12
Position (nm)

Figure 2. (A) TEM image of the as-synthesized 5 nm CussPds; NPs. Inset:
HRTEM of a single CusPds; NP. (B) TEM image of the as-synthesized
CU4an52/W02.72. Inset: HRTEM of one CU43Pd52/WOz,72. (C, D) TEM
images of the C-CusPds; (C) and C-CusgPdsi /WO, 7, (D). (E, F) STEM-
EELS line scan of a single CusPds; NP (E) and a CusgPds, NP coupled
with W02.7z (F) (G) HAADF-STEM image of C-CU48Pd52/WOz,72 and (H)
STEM-EELS elemental mapping of a coupled CusgPds,/WO, 7,.

The CuPd and CuPd/WO, ;, were deposited on the carbon (C)
support, giving C-CuPd and C-CuPd/WO, ;,, as shown in Figure
2C&2D. Both CuPd and CuPd/WO,,, are well-dispersed on C
surface. The C-CuPd and C-CuPd/WO, ;, were further character-
ized by atomically resolved aberration-corrected high-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF-STEM) and STEM-electron energy loss spectroscopy
(STEM-EELS), as shown in Figure 2E,2F&S5. The uncoupled
CuPd NP shows the uniform alloy composition across the whole
NP (Figure 2E). As the comparison, the EELS line scan of the
CuPd in CuPd/WO,;, reveals a Cu-concentration gradient com-
position distribution (Figure 2F&S5) within the NP. The Cu en-
richment at the CuPd-WO,,, interface is also evident in the
HAADF-STEM image and the related elemental mapping of the
coupled CuPd/WO, 7, (Figure 2G&2H). From these image, line
scan and mapping analyses, we see no clear evidence of Cu deep
diffusion into the WO, ;, structure, which is different from what
we observed in the intercalated M,WO, 7, structure.?® Our anal-
yses indicate that Cu is attracted more strongly than Pd by WO, 7,,
causing the Cu gradient distribution within the CuPd alloy struc-
ture and Cu enrichment at the CuPd-WO, ;, interface.
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Figure 3. (A) XRD patterns of the C-CusPds; and C-CusgPdsy/ WO, 7,
with standard peaks of Pd (JCPDS 46-1043) and Cu (JCPDS 4-836). (B)
Pd 3d XPS spectra of the C-CuggPds; and C-CussPdso/WO,7,. (C) Cu 2p
XPS spectra of the C-CuggPds; and C-CusgPdso/ WO, 7,. (D) CO stripping
voltammetry of the C-CusPds; and C-CugPds,/WO, 7, obtained in 0.1 M
HCIO, with a scan rate of 20 mV/s. The solid line is from the first scan-
ning cycle and the dashed line is from the second scanning cycle.

X-ray diffraction (XRD) patterns of both C-CuPd and C-
CuPd/WO, 7, show that CuPd (111) and (200) peaks locate be-
tween the corresponding Pd and Cu peaks, as shown in Figure
3A, confirming that the CuPd NPs have the fcc-type solid solution
structure (We see no evidence of the formation of the B2-
CuPd.).?® The difference between the two samples is that once
coupled with WO, 7, (there is a characteristic WO, 7, (010) peak at
23.5°%), the CuPd peaks shift to smaller diffraction angles, indicat-
ing the slight lattice expansion of CuPd, which is consistent with
the TEM analysis. These two samples were also characterized by
X-ray photoelectron spectroscopy (XPS, Figure S6). From the Pd
3d spectrum (Figure 3B), we can see that both uncoupled CuPd
NP and coupled CuPd/WO,,, show a single Pd 3d doublet that
can be assigned to 3ds;, and 3ds, peaks of Pd (0), which confirms
the metallic nature of Pd in both CuPd and CuPd/WO, -,.X° How-
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ever, when comparing the detailed peak positions of two samples,
we see a slight positive binding energy shift in CuPd/WO, 7, than
in CuPd (3dsp,: 335.94 eV for CuPd/WO, 7, and 335.90 eV for
CuPd; 3dg,: 341.27 eV for CuPd/WO,7, and 341.19 eV for
CuPd), which seems to infer a slight decrease of electron density
on Pd in the CuPd/WO,, structure.?® In the Cu 2p spectrum
(Figure 3C), we see similar Cu 2p doublets and peak shifts (2pa,:
932.72 eV for CuPd/WO,;, and 932.45 eV for CuPd; 2pip:
952.50 eV for CuPd/WO, 7, and 952.40 eV for CuPd), suggesting
the metallic character of Cu and the decrease of electron density
on Cu. However, the Cu 2p XPS does show an extra, albeit weak,
peak at 935.27 eV, which can be assigned to Cu (11).* The pres-
ence of this Cu (Il) feature further supports the observation made
from EELS line scan analysis that Cu interacts with WO, 7, more
strongly than Pd. From the O 1s XPS (Figure S7), we see that the
peak related to lattice O around 531 eV is negatively shifted once
CuPd is coupled with WO, ;,, while those associated with the
adsorbed O (~532.5 eV) and water molecules (534.1eV), which
are often observed on a metal oxide surface,? stay at the same
positions. Similarly, once CuPd coupled with WO, 7,, the W 4f
peak (Figure S8) is also negatively shifted. These indicate that in
the CuPd/WO,;, structure, there exists a charge transfer from
CuPd to WO, 7, due to the strong CuPd-WO, 7,. The slight reduc-
tion of surface electron density on CuPd in the CuPd/WO,,
should help to stabilize CuPd and to increase its CO tolerance,*
which is further confirmed by the CO-stripping tests, as demon-
strated in Figure 3D. From this test, we see clearly the negative
shift of the CO oxidation peak on the CuPd/WO,;, (0.89 V on
CuPd/WO,7, vs 0.97 V on CuPd). We expect that the
CuPd/WO, 7, should promote the FAOR even more towards the
dehydrogenation pathway.

Electrocatalysis for FAOR. The FAOR catalysis of the NP
samples was studied in 0.1 M HCIO4 and 0.1 M HCOOH. Cyclic
voltammograms (CVs) of both C-CusPds; NPs and C-
CuygPds,/WO, 7, were first obtained in 0.1 M HCIQ,, as shown in
Figure S9&4A. The first CV scan clearly shows the surface Cu
oxidation and reduction peaks at around 0.69 V and 0.48 V, re-
spectively. After 30 cycles of CV scans, the NP surface is better
conditioned and Cu-oxidation peaks are barely visible.* The
broader capacitive region and higher proton reduction/hydrogen
desorption peaks from the CuPd/WO,;, infer that the catalyst is
conductive and has larger electrochemically accessible area.
Compared to the metal oxidation peaks that are barely seen in the
CVs, the corresponding reduction peaks are easily visible and the
peak from the CuPd/WQO,,, (0.68 V) is negatively shifted from
that of the CuPd (0.71 V), indicating that there is more Cu present
in the CuPd/WO,, than in the CuPd.** ** When 0.1 M HCOOH
is present in the 0.1 M HCIO,, the CVs of both samples show the
typical FAOR catalysis behaviors (Figure 4B). From the forward
anodic scan in the presence of C-CuPd, we can see a FA oxidation
peak around 0.60 V after which the current density starts to drop.
The weak oxidation peak at 0.84 V corresponds to CO oxidation,
which is typical for the Pd-catalyzed FAOR.® This indicates that
dehydration pathway still exists on the surface of the CuPd. Simi-
lar scanning in the presence of CuPd/WO, ;, gives a quite differ-
ent CV behavior from the CuPd. The current density in the anodic
scan reaches sharply to near maximum value at around 0.40 V and
stays (with monotonic increase to over 2000 mA/mgp,) at this
high value till the scanning potential reaches 0.80 V, after which
Pd is oxidized and the FAOR current drops sharply. From this CV
behavior, we cannot see the peak related to CO-oxidation as ob-
served in the CuPd case. The fast increase in the FAOR current
density and the lack of CO-oxidation peak indicate that the FAOR
is catalyzed by CuPd/WO, 7, predominantly via the dehydrogena-
tion pathway.
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Figure 4. (A) CVs and (B) FAOR CVs for the C-CugPds; and C-
CuggPds/WO,7,. (C) FAOR CVs for the physical mixture of C-
(CuygPds;+WO, 7;) as-loaded and annealed. (D) Cu composition change
during the acid etching test in 0.1 M HCOOH + 0.1 M HCIO, solution.
(E) CVs for the C-CusgPds; and C-CugsPds,/WO, 7, before (solid line) and
after (dashed line) 12 h chronoamperometry test at 0.40 V (F) FAOR mass
aCtiVity for C'CUAQPdsl, C'CUASPdgsz/WOz]z and C'(CU49Pd51+WOz_72).
Solid bars are before stability test and dashed bars are after stability test.
The CVs were obtained at a scan rate of 50 mV/s.

To prove that the strong coupling between CuPd and WO, 75 is
key to the observation of the enhanced catalysis, we performed a
control experiment by physically mixing CusPds; NPs and
WO, 7, NRs through sonication (mixture molar ratio 1:1, Figure
S10) and by depositing the physical mixture onto the C-support at
room temperature (Figure S11). The C-(CuPd+WO, ;) was fur-
ther annealed in an Ar atmosphere at 300 °C for 1 h (Figure S11)
to improve the NP and NR interactions. Figure 4C summarizes
the FAOR activity of this mixture. We can see that the as-
prepared mixture functions similarly to the C-CuPd, but the an-
nealed mixture shows degrees of improvement in its catalysis with
its CV behavior getting close to that of the C-CuPd/WO, 7, (still
less active than the C-CuPd/WO, ;, due to the less degree of the
control of the CuPd-WO, ;, interactions in the physical mixture).
Combining what we observed from the C-CuPd, C-CuPd/WO, 7,
and C-(CuPd+WO,,,) catalyzed FAOR, we can conclude that
strong coupling between CuPd and WO, 7, is indeed necessary for
CuPd NPs to show the enhanced catalysis for the FAOR.



Figure 5. TEM images of (A) C-CugPds; and (B) C-CusgPdss/ WO, 72, as
well as STEM-EELS elemental mapping of a representative (C) CusoPds;,
and (D) CuggPds/WO, 7, after 12 h chronoamperometry test at 0.40 V.

The strong coupling between CuPd and WO, 7, helps to stabi-
lize Cu against fast acid etching and to enhance CuPd catalysis for
the FAOR. Figure 4D shows the Cu-concentration change of both
C-CuygPds; and C-CuygPdsy/WO, 7, during the 48 h acid etching
test in 0.1 M HCOOH + 0.1 M HCIO,. Aliquots were taken at
each time point and ICP-AES was applied to monitor the Cu
composition changes. The test shows that the C-CuPd/WO,,
retains a large amount of Cu and the Cu, Pd composition is stabi-
lized at CugoPdg,. As a comparison, the C-CuPd has poor Cu-
retaining ability with Cu being etched away slowly in the 48 h
etching test. The enhanced stability of C-CuPd/WO,;, over C-
CuPd is further shown in the steady FAOR behavior demonstrated
by C-CuPd/WO,, after the 12 h chronoamperometry test at 0.40
V (Figure 4E) in which the curve from the C-CuPd/WO,,, is
nearly unchanged while that from the C-CuPd exhibits the obvi-
ous drop, which is consistent with the Pd-catalyzed FAOR.3* %
The mass activity of the C-CuPd/WO, ;, can be stabilized around
2086 mA/mgp, after 12 h chronoamperometry test at 0.40V, while
that of the C-CuPd drops from 779 to 398 mA/mgp, (Figure 4F).
Analyzing the C-CuPd and C-CuPd/WO, ;, after the 12 h chrono-
amperometry test using TEM and STEM-EELS mapping (Figure
5), we can see that CuPd NPs in both C-CuPd and C-CuPd/WO, 7,
show no obvious morphology changes (Figure 5A, B), but the
alloy structure is much better stabilized in the C-CuPd/WO, 1,
than in the C-CuPd (Figure 5C, D). There is an obvious Cu loss
from the C-CuPd and the alloy CuPd NPs are turned into
core/shell CuPd/Pd NPs (Figure 5C). As a comparison, the CuPd
NPs in the C-CuPd/WO,;, have predominantly an alloy-type
structure with a slight Pd-enrichment on the NP surface (Figure
5D&S12). The stability of C-(CuPd+WO,,), both as-loaded and
annealed, is between that of C-CuPd and C-CuPd/WO, 7, (Figure
4F&S13).

WO, 7, NRs are also effective in stabilizing other CuPd NPs.
CU64Pd35 NPs (56 + 0.6 nm) and CU35Pd65 NPs (51 + 05 nm)
(Figure S14) were prepared and coupled to WO, 7, NRs, giving
CugsPd37/WO, 7, and CussPds;/ WO, 7, (Figure S15) respectively.
The NPs show typical XRD pattern of the CuPd NPs with slight
changes in diffraction angles (Figure S16&3A). Their acid stabil-
ity was tested in 0.1 M HCOOH + 0.1 M HCIO, solution for 48 h
and the Cu change during this time period was monitored by ICP-

AES, as shown in Figure S17. We can see clearly the effect of the
WO, ;, stabilization: the Cug4Pdss NPs are stabilized at Cuy;Pdsg
and Cus3Pds; NPs at Cu,sPdss. After 12 h chronoamperometry test
at 0.40 V, we observed no obvious NP morphology change on
these WO, 7, coupled samples (Figure S18). As a result, the
CuPd/WO, 7, NPs show much enhanced catalysis for the FAOR
(Figure S19).

Our studies show that efficient coupling between CuPd and
WO, 7, is essential to protect Cu from heavy loss from the CuPd
alloy structure in acid and to retain the high catalytic efficiency of
CuPd in the FAOR condition. Comparing with all three different
kinds of CuPd/WO, 7, and CuPd NPs we have tested, we can con-
clude that 1) the CuPd/WO, ;, catalyst is much more active than
the CuPd one; 2) the CuPd/WO, 7, shows Cu/Pd composition-
dependent catalysis; and 3) the Cu,gPds,/WO, ;, catalyst is most
active and stable for the FAOR. The high activity and stability
demonstrated by CuPd/WO, ;, makes it a promising class of Pd-
catalyst that can replace Pt-catalyst for highly efficient FAOR.

CONCLUSION

In this paper, we demonstrate a new strategy to stabilize CuPd
NPs by coupling CuPd NPs with WO, 7, NRs. The 5 nm CuPd
NPs are prepared by controlled diffusion of Cu into Pd NPs, and
WO, ,; NRs are grown in the presence of CuPd NPs, forming the
CuPd/WO, 7, composites. Due to the strong CuPd-WO,;, cou-
pling, the CuPd (111) lattice is expanded and Cu is pulled towards
WO, 7,, causing Cu to enrich at the CuPd-WO, ;, interface. The
Cu in the CuPd/WO, 7, is much better stabilized in 0.1 M HCIO,
and the 48 h etching changes the CuygPds,/W, 7, to a stable form
in CuyoPdge/WO, 7,. The CuPd/WO, 7, is very active and stable in
catalyzing the FAOR in 0.1 M HCIO, + 0.1 M HCOOH. Among
three different CuPd/WO,7, studied in this paper, the
CuygPdsy/W, 7, shows the best catalytic performance with its mass
activity reaching 2086 mA/mgp, in a broad potential range of 0.40
to 0.80 V (vs. RHE) without activity drop in the 12 h chronoam-
perometry test at 0.40 V. The CuPd/WO,,, is among the most
active Pd-based NP catalyst ever reported for the FAOR (Table
S1) and has the potential to replace Pt to catalyze the FAOR. The
reported seed-diffusion method is not limited to the synthesis of
CuPd NPs, but can be extended to the preparation of other MPd
NPs (M = Fe, Co and Ni) as well (Figure S20 and Table S2),
providing a general approach to the production of MPd/WO, ;, for
studying MPd-WO, 7, interactions and their effect on M stabiliza-
tion and M-enhanced Pd catalysis for various chemical reactions.
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