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The electrocatalytic ethanol oxidation reaction (EOR) is a critical component of direct ethanol fuel cells,
while its reactivity, stability, and selectivity toward C; products are severely hindered by the poisoning
effect of CO species on the surface of noble-metal catalysts. In this work, we developed a hybrid
material of palladium nanoparticles and nickel single-atom catalysts (Pd NPs@Ni SAC) for efficient EOR.
The Pd nanoparticles catalyze the breaking of carbon—carbon bonds of ethanol, while the adsorbed CO
intermediates are removed by the Ni single-atom catalyst. The Pd NPs@Ni SAC structure exhibits
outstanding EOR performances, including high mass activity, good selectivities of C; products, and
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Introduction

Direct ethanol fuel cells (DEFCs) are of great potential for energy
storage and conversion, as ethanol possesses the characteristics
of low cost, low toxicity, and high volumetric energy density."
The ethanol oxidation reaction (EOR) can involve the C,
pathway of the incomplete oxidation process by transferring 2
or 4 electrons to generate acetaldehyde or acetic acid,’® or the C;
pathway of full oxidation by transferring 12 electrons to form
carbon dioxide (CO,).* The C; pathway toward CO, has the
potential of realizing low overpotentials and large energy
densities, while the selectivity of the C; pathway remains low
even for the best-reported noble-metal-based catalysts such as
Pt or Pd.® Moreover, the CO intermediates generated during the
EOR easily poison the noble metal catalyst surface, resulting in
poor electrochemical activity and durability.®”

Two strategies have generally been applied to promote the
selectivity and durability of the C; pathway on Pt- or Pd-based
catalysts. One is to reduce the adsorption affinity of CO inter-
mediates on the Pt or Pd surface by forming alloys with other
metals, such as Au,® Ag,® Cu,'® Sn,"* and so on. Alternatively, it is
also possible to eliminate the adsorbed CO intermediates by
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electrocatalysts for ethanol oxidation.

introducing hydroxide or oxide components, such as Bi(OH)3,">
Ni(OH),," Sn0,,*'* and CuO,."* An optimal catalyst to promote
the C; pathway should enable efficient breaking of C-C bonds
and removal of CO intermediates.'>'” Recently, single-atom
catalysts (SACs) have received extensive attention in catalysis
due to their unique reaction sites and high reactivity.'®>*
Among them, Ni SACs have been reported to provide abun-
dantly adsorbed OH (OH,q4) species.*?* The OH,q species have
been suggested to facilitate oxidative removal of CO species on
noble metal (Pd or Pt) sites through the Langmuir-Hinshel-
wood mechanism and improve the EOR stability.">"?

Herein, we developed a hybrid material composed of Pd
nanoparticles and Ni SACs (denoted as Pd NPs@Ni SAC), where
Pd nanoparticles were uniformly dispersed on the carbon
framework-supported Ni SACs (Fig. 1). The Pd nanoparticles
served as the main EOR catalytic sites to break the C-C bonds of
ethanol and promote the C, oxidation pathway. Meanwhile, the
produced CO species adsorbed on the Pd surface were electro-
chemically oxidized by Ni SACs in the alkaline electrolyte. The

° . : ° : ® * (‘%‘ -}- r
°
o o ®_ o o @ N N g "
° °
- f —
i i st ht s T s
0'00'00303.‘303. < o gis < SR
SIS IITILL IS — 5 Poey
CEFE LTSI LI S
L0205 %022t o
eSS aB e

@Pd @Ni eC o0 °H

Fig.1 Schematic illustration of the preparation process of Pd NPs@Ni
SAC (left panel), and the electrocatalytic oxidation of ethanol on Pd
NPs@Ni SAC (right panel).
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Pd NPs@Ni SAC exhibited an outstanding EOR performance
with a peak mass activity of 1093 mA mgpq ', good selectivity of
the C; pathway (28%), and excellent electrocatalytic stability,
substantially exceeding those of Pd nanoparticles with Cu SACs
or pure carbon substrates, thus suggesting the unique struc-
tures of Pd NPs@Ni SAC for efficient EOR activity.

Experimental section
Synthesis of the Ni SAC, Cu SAC, and carbon substrate

In a typical synthesis, 300 mg of sucrose and 12 mg of nickel(u)
chloride hexahydrate were dispersed in 10 mL of deionized (DI)
water, and 11 pL of sulfuric acid (H,SO,) was injected into the
solution. Next, 3 g of sodium chloride (NaCl) was added with
stirring. The mixture was transferred to a plastic container and
frozen rapidly in liquid nitrogen. After being dried in a freeze
dryer overnight, the obtained sample was annealed at 100 °C for
5 h to ensure the complete removal of any residual water.
Afterwards, the sample was transferred into a quartz tube and
annealed at 700 °C for 120 min with a heating rate of 5 °C min "
under an Ar atmosphere. Finally, the Ni SAC was obtained by
centrifugation and washed with DI water several times after
annealing. The Cu SAC was also synthesized under similar
conditions, except for replacing nickel(u) chloride hexahydrate
with 11 mg of copper(u) chloride dihydrate. In comparison, the
synthesis of the carbon substrate did not require any metal
salts.

Synthesis of Pd NPs@Ni SAC, Pd NPs@Cu SAC and Pd NPs@C

In brief, 15 mg of Ni SAC and 25 mg of palladium(u) chloride
were dispersed in 50 mL of DI water, and sonicated until evenly
dispersed. Then, 17 mg of sodium borohydride (NaBH,) was
dissolved in 20 mL of DI water, and the solution was added
dropwise to the above mixture with stirring. After stirring for
30 min, the Pd NPs@Ni SAC was collected by centrifugation and
washed with DI water to remove excess NaBH,. The Pd NPs@Cu
SAC and Pd NPs@C were synthesized by the same method by
replacing Ni SAC with Cu SAC and the carbon substrate,
respectively.

Results and discussion

The Pd NPs@Ni SAC and Pd NPs@Cu SAC were synthesized
through a two-step method. First, Ni SAC or Cu SAC was
prepared by freeze-drying followed by thermal annealing. Next,
Pd nanoparticles were formed on Ni SAC or Cu SAC by in situ
reduction of palladium salt with sodium borohydride (Experi-
mental section). The X-ray diffraction (XRD) patterns of Pd
NPs@Ni SAC, Pd NPs@Cu SAC, and Pd NPs@C (i.e., without Ni
or Cu content) showed the same diffraction patterns with
diffraction peaks at 40.1°, 46.7°, 68.1°, 82.1°, and 86.6° (Fig. 2a),
corresponding to the (111), (200), (220), (311), and (222) crystal
planes of Pd (PDF 46-1043). In comparison, when no Pd nano-
particles were loaded, the XRD patterns of the Ni SAC, Cu SAC,
and carbon substrate only showed a broad peak centered at
26.4° (Fig. S17), assigned to graphitic carbon.>® Meanwhile, no
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Fig.2 Structural characterization. (a) XRD patterns of Pd NPs@Ni SAC,
Pd NPs@Cu SAC, and Pd NPs@C. (b) SEM images, (c and d) TEM
images, and (e) STEM images and corresponding elemental maps of Pd
NPs@Ni SAC.

diffraction peaks of Ni or Cu metal were observed, suggesting
that the Ni or Cu atoms were uniformly dispersed in the form of
single atom metal centers on the carbon substrate.

Scanning electron microscopy (SEM) of all the samples
showed that the carbon substrates were constructed from 2D
ultrathin graphene-like nanosheets to form interconnected
frameworks (Fig. 2b and S27). Transmission electron micros-
copy (TEM) showed that Pd nanoparticles with an average size
of 2 to 5 nm were evenly dispersed on the carbon substrate
(Fig. 2c¢ and S3f). High-resolution TEM images of the Pd
nanoparticles on Ni SAC showed lattice fringes of the (111)
planes with a distance of 0.224 nm (Fig. 2d), indicating the high
crystallinity. The scanning transmission electron microscopy
(STEM) image and corresponding elemental maps showed the
uniform and isolated distribution of Ni or Cu elements in the Pd
NPs@Ni SAC, Ni SAC, and Pd NPs@Cu SAC, respectively (Fig. 2e
and S47). The percentages of Pd, Ni, and Cu contents in these
samples were quantified by inductively coupled plasma
measurements (Table S17).

X-ray photoelectron spectroscopy (XPS) was conducted to
probe the chemical compositions of all samples and the
chemical states of metal elements. The overall survey scans
confirmed the existence of Pd, Ni, Cu, O, and C elements
(Fig. S5, Tables S2 and S3t). The Pd 3d XPS spectra of the Pd
NPs@Ni SAC exhibited a 3d;,, peak at 334.9 eV and 3d;,, peak at
340.2 eV (Fig. 3a).2**” The Pd 3d5/, XPS spectra was split into two
peaks at 334.9 and 340.2 eV corresponding to the metallic Pd
species, and the Pd 3d;, peaks at 336.6 and 341.9 eV were
ascribed to the Pd(u) species. The different chemical states of Pd
in the Pd NPs@Ni SAC suggested the existence of an oxide layer
on the surface of Pd nanoparticles.”® Moreover, the Ni 2p XPS
spectra of Pd NPs@Ni SAC were deconvoluted into three peaks
at 855.8, 859.6, and 862.5 eV, respectively (Fig. 3b).>* The peaks
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Fig. 3 XPS and synchrotron radiation X-ray absorption fine structure
spectra of Pd NPs@Ni SAC. (a) Pd 3d and (b) Ni 2p XPS spectra of Pd
NPs@Ni SAC. (c) XANES spectra, (d) first derivatives of the XANES
region, and (e) Fourier-transform of Ni K-edge EXAFS spectra of the
NiO, Pd NPs@Ni SAC, and Ni foil. (f) Ni K-edge EXAFS fitting results of
the Pd NPs@Ni SAC.

at 855.8 and 859.6 eV were attributed to the Ni species higher
than Ni(u).>?° Due to the higher valence state, the metal atoms
centered in the Ni SAC preferred to form the Ni-OH and Ni-O
bonds. The C 1s, Pd 3d, Ni 2p, Cu 2p, and O 1s XPS spectra of
other samples are provided in Fig. S6-S8.f From XPS
measurements, the contents of Pd in Pd NPs@Ni SAC, Pd
NPs@Cu SAC and Pd NPs@C were 25.2, 26.2, and 27.5 wt%,
respectively. The contents were utilized to normalize the current
density, as they indicated the element percentages within a few
nanometers of the catalyst surface where the electrocatalysis
occurred.

The synchrotron radiation X-ray absorption near-edge
structure (XANES) spectroscopy was conducted to further
investigate the atomic bonding in the Ni SAC structures. The
energy of the absorption edges became higher from Ni foil
and NiO, to Pd NPs@Ni SAC (Fig. 3c). Meanwhile, the char-
acteristic peaks of Ni foil, NiO, and Pd NPs@Ni SAC in the
first derivative spectra were positioned at 8333.0, 8343.5, and
8346.0 eV, respectively (Fig. 3d), implying that the valence of
Ni species in Pd NPs@Ni SAC was higher than that of Ni(u),
consistent with the XPS analysis results.*"** As elucidated by
the Fourier-transform (FT) k>weighted extended X-ray
absorption fine structure (FT-EXAFS) spectroscopy of Ni foil,
NiO and Pd NPs@Ni SAC (Fig. 3e), there was only one peak at
~1.6 A in Pd NPs@Ni SAC that was attributed to the scattering
of the Ni-O interaction. Compared with the peaks at ~1.6 and
2.6 A observed in NiO, there was only one peak at ~2.1 A in Ni
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foil, confirming that the Ni atoms in Pd NPs@Ni SAC were
atomically dispersed by forming Ni-O coordination. In
addition, the EXAFS fitting curves showed that the Ni atoms
in Pd NPs@Ni SAC were coordinated with O atoms with
a bond length of 1.6 A (Fig. 3f). The structural parameters of
Pd NPs@Ni SAC obtained from EXAFS fittings are given in
Table S4.7

The electrocatalytic EOR performances of Pd NPs@Ni SAC,
Pd NPs@Cu SAC, and Pd NPs@C were evaluated in the three-
electrode system with 1 M KOH and 1 M ethanol as the elec-
trolyte (Methods section in the ESI}). All the applied potentials
reported in this work were converted into the reversible
hydrogen electrode (RHE) scale. Cyclic voltammetry (CV)
measurements of the Pd NPs@Ni SAC, Pd NPs@Cu SAC, and Pd
NPs@C samples were first conducted between 0.04 and 1.19 V
(Fig. 4a). In all the curves, the peaks in the forward scan from
0.84 to 1.04 V were attributed to the oxidation of ethanol to
several intermediate products, while the peaks in the backward
scan from 0.84 to 0.64 V were assigned to the oxidation of the
intermediate products.*® The maximum current density of Pd
NPs@Ni SAC reached 1093 mA mgpq " at 0.92 V, suggesting its
high EOR reactivity, while the peak current densities of Pd
NPs@Cu SAC and Pd NPs@C were 965 and 787 mA mgpq ',
respectively.
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Fig. 4 Electrocatalytic EOR measurements. (a) CV curves of Pd
NPs@Ni SAC, Pd NPs@Cu SAC and Pd NPs@C at 50 mV st in 1 M KOH
with 1 M ethanol. (b) Faradaic efficiencies of C; and C, products. (c)
Electrochemical Raman spectra of Pd NPs@Ni SAC. (d) Cycling stability
of Pd NPs@Ni SAC, Pd NPs@Cu SAC, and Pd NPs@C. Data were
constructed by periodically extracting the anodic current at 0.92 V
during continuous cycling. (e) Long-term durability of Pd NPs@Ni SAC.
The arrows indicate when the catalyst was reactivated and electrolyte
was replaced.
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The liquid products after the chronoamperometric EOR tests
were detected by "H NMR to study the different selectivities of
Pd NPs@Ni SAC, Pd NPs@Cu SAC, and Pd NPs@C (Fig. S9t).
The representative data of nuclear magnetic resonance spectra
are shown in Fig. $10.1 During the chronoamperometric tests,
the initial current density (at time = 0 s) reached higher than
1000 mA mgpq ', and then became stable with the progress of
the EOR. The calculated faradaic efficiencies (FE) of C, and C;
products are shown in Fig. 4b. At the applied potential of 0.92 V,
the C; product selectivity on the Pd NPs@Ni SAC reached 28%,
higher than those of the Pd NPs@Cu SAC (15%) and Pd NPs@C
(1%), suggesting the better anti-toxicity of the Pd NPs@Ni SAC.

Electrochemical Raman spectroscopy was conducted to
further investigate the EOR process. The characteristic bands of
ethanol, acetaldehyde, acetic acid, and carbon were observed in
the Raman spectra under different applied voltages (Fig. 4c and
S117). Specifically, bands at 1348 and 1596 cm ™" were related to
the D and G bands of carbon,** which were also observed in all
the spectra with applied potentials. During the electrochemical
tests, several new peaks were observed at a potential as low as
0.04 V. For the products of the EOR, the bands located at 740,
762, 790, and 840 cm ™! were attributed to the C-H vibrations of
acetaldehyde, while the peak at 925 cm ™' was assigned to the
CH; band of acetic acid.*® Moreover, the peaks at 875 and
1454 cm™ " were assigned to the characteristic Vs(c-c-o0) and d(c-
o-u) bands of ethanol.*® The v,c-c-0) and y(c-o-n) bands were
also found at 1048 and 1090 cm™*.*”

The polarization curves and the Levich plot (Fig. S12}) of Pd
NPs@Ni SAC, Pd NPs@Cu SAC, and Pd NPs@C with a rotating
disk electrode at 100 mV s~ in 1 M KOH indicated that Pd
NPs@Ni SAC had a higher electron transfer number for the
EOR, consistent with the C; selectivity under the test condi-
tions. Furthermore, the CO stripping and the electrochemically
active surface area (ECSA) measurements of Pd NPs@Ni SAC, Pd
NPs@Cu SAC, and Pd NPs@C were displayed (Fig. S137). The
potential of scavenging CO was more negative on Pd NPs@Ni
SAC than the other two samples, also suggesting the inhibition
of CO poisoning on Pd NPs@Ni SAC." From the CV curves, the
ECSA was calculated to be 85 m* g~ for Pd NPs@Ni SAC. In
addition, the electrochemical impedance spectroscopy (EIS,
Fig. S147) measurements suggested that the similar electro-
chemical impedance would not be the main factor to affect its
EOR performance.

The durability of Pd NPs@Ni SAC was investigated by con-
ducting cycling stability and long-term chronoamperometric
measurements. After 4000 cycles of cyclic voltammetry
measurements, the retention was 90% of the initial current
density on Pd NPs@Ni SAC (Fig. 4d), while the retention for Pd
NPs@Cu SAC and Pd NPs@C was 59% and 27%, respectively.
Furthermore, Pd NPs@Ni SAC exhibited an outstanding elec-
trocatalytic durability by chronoamperometric tests, with peri-
odic reactivation by performing several CV cycles (Fig. 4e). After
about 17 000 s, the current was still maintained at 50% of the
initial value. Compared to previous literature studies including
the Pd-based and other noble metal-based catalysts,"***** our
Pd NPs@Ni SAC exhibited not only a high current density, but
also a much higher electrochemical stability (Fig. S157).
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Conclusions

In summary, we successfully developed a hybrid material of Pd
nanoparticles and Ni SACs, proving to be an efficient EOR
catalyst. The Pd nanoparticles served as active sites for breaking
the C-C bonds, and the Ni single atom catalyst functioned as
a substrate to promote elimination of CO intermediates. The Pd
NPs@Ni SAC presented an outstanding EOR performance,
including improved selectivity of the C; pathway, excellent
activity, and one of the highest electrochemical stabilities. Our
work suggests an attractive route of combining noble-metal
nanoparticles and single atom catalysts toward efficient elec-
trochemical ethanol oxidation.
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