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Introduction

Ternary PdANiO nanocrystals-ornamented porous
CeO,/onion-like carbon for electrooxidation of
carbon monoxide: unveiling the effect of supports
and electrolytest

Adewale K. Ipadeola, ©2° Aderemi B. Haruna,® Aboubakr M. Abdullah,*?
Rashid S. Al-Hajri,¥ Roman Viter,® Kenneth I. Ozoemena @ *¢ and Kamel Eid @ *P

Porous ternary Pd-based catalysts are highly promising for various electrocatalytic applications, due to their
low Pd mass, high surface area, accessible active sites, and tunable electronic structure; however, their
activity for CO oxidation (COyg) in different electrolytes is yet to be reported. Herein, ternary PdNiO
nanocrystals supported on porous CeO,/onion-like carbon nanostructures (PdNiO-CeO,/OLC) were
prepared by the sol-gel and impregnation approaches for electrochemical CO,yq in different electrolytes
at room temperature. Notably, porous CeO,/OLC acts as a support and nanoreactor for supporting the
growth of PdANiO without the need for reducing agents or surfactants. The as-obtained PdNiO-CeO,/OLC
had a porous sponge-like structure composed of ultra-small PANiO nanocrystals (8 + 1 nm) distributed on
porous flower-like CeO, and OLC, which possessed unique merits of multifunctional structure, clean
surface, low mass of Pd (10 wt%), porosity (0.30 cm® g™3), and high surface area (155.66 m? g™%). The COqyiq
activity of PdNiO-CeO,/OLC was higher than those of PdNiO/OLC, PdNiO-CeO,, and commercial Pd/C
catalyst, owing to the electronic interaction of PdNIO with CeO,/OLC support, which eases CO
adsorption/activation alongside activation/dissociation of H,O to generate active oxygenated species (i.e.,
OH) needed for accelerating COqyiq kinetics. The COiq activity of PANiO-CeO,/OLC in acidic electrolyte
(HClO,4) was better than those in alkaline (KOH) and neutral (NaHCOs3) electrolytes. This study may open
new doorways for understanding the effect of electrolytes and supports on the CO,,iq activity of porous
ternary Pd-based catalysts.

properties that devalue electrodes by blocking their active
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and morphologies supported on unique carbon platforms
(i.e., onion-like carbon (OLC), carbon black (CB), carbon
nanotubes, graphene etc.) to boost their electrical
conductivity, charge mobility, and stability against
aggregation.>*™> The impressive physicochemical merits of
the OLC, including zero-dimensional concentric shell-like
structures, nanosized diameter (<10 nm), high electrical
conductivity and stability, low toxicity, and large surface area,
are advantageous for improving Pd nanocatalysts’
performance.**** Also, alloying Pd with earth-abundant and
inexpensive transition metal oxides (M = CeO,, TiO,, C0,03,
Fe,03, MnO, etc.) modifies its d-band centre close to the
Fermi level that enable quick CO adsorption/activation on
the active sites, besides the spillover effect that generates
reactive oxygenated species (ie., OH radicals) from H,O
splitting,**™*' which are advantageously utilized for efficient
electrocatalysis.”>**™*® For example, the addition of CeO, to
Pd/OLC (Pd-CeO,/OLC) significantly increased its hydrogen
oxidation reaction (HOR) electrocatalytic activity by 13.2 and
15.0 times compared with Pd/OLC and Pd/CB, respectively,
due the induced defects and modified electronic structure of
Pd/OLC interfaced by CeO,.*” Hence, CeO,/OLC composite
support enables great interfacial interaction with Pd for great
electrocatalysis. The COgq mechanism includes the
adsorption of CO on Pd active sites and its removal by
oxygen-containing species (i.e., OH). The spillover effect of
co-metal oxides in the Pd-based nanocrystals promoted the
generation of OH species for easy desorption of adsorbed CO,
resulting in enhanced CO,q electrocatalysis.** ! NiO/CeO,
showed high performance for electrooxidation of organic
solvents (methanol, ethanol, phenol, etc.).> The NiO/CeO,
composites due to higher concentration of surface sites
promoted enhanced adsorption of CO and interaction with
oxygen species.” It was reported that Ni/Ce interface showed
high electron coupling and supported adsorption of OH",
suitable for fast electrooxidation applications.>*>®

Binary Pd-based nanocrystals are mostly fabricated for
electrochemical CO,iq. For example, Pd/Ni nanocrystals
embedded on metal-organic framework-derived porous
carbon nanosheets (Pd/Ni-MOF/PC) gave higher COqyiq
activity compared to Pd/C in acid, alkaline, and neutral
conditions by factors of 5.0, 2.9, and 2.3, respectively,
because of the large pores and abundant active sites of Pd/
Ni-N, in Pd/Ni-MOF/PC that enabled fast diffusion of
reactant/intermediate species, CO activation/desorption and
0, dissociation at low overpotential.>® Similarly, the
coordination of Pd and Co-N, in Pd/ZIF-67/C significantly
improved its CO.q electrocatalytic activity by 4.2- and 4.4-
fold compared with Pd/C in HCIO, electrolyte, owing to the
synergy between the catalytic merits of Pd (ie., facile CO
activation/adsorption and O, dissociation at low potential)
and physicochemical features of ZIF-67/C (i.e., porosity, rich
electron density, defects, and electrical conductivity).>* Also,
Rh nanoparticles were reported to effectively promote the
CO,yia catalysis of zeolite.”” As far as we are aware, there is
no report on the use of ternary Pd-based nanocrystals for
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COqyia electrocatalysis, let alone using the OLC platform.
Ternary Pd-based nanocrystals are expected to further improve
the d-band centre, whereas OLC increases the electron/charge
mobility that is maximally utilized for excellent COyqg.
Although there have been great achievements in the synthesis
of porous ternary Pd-based catalysts, their utilization in
electrochemical CO,yiq is not yet reported. Also, the effect of
electrolyte and support on the CO,q activity of porous ternary
Pd-based electrocatalysts remains ambiguous.

This article reports the controlled fabrication of ternary
PdNiO nanocrystals supported on porous CeO,/OLC
nanostructures (PdNiO-CeO,/OLC). The synthetic approach
entails the annealing of diamond to form OLC, then
undergone sol-gel method with cerium salt to form flower-
like CeO,/OLC nanostructure and then impregnation with Pd/
Ni precursors to form porous sponge-like PANiO-CeO,/OLC.
The fabrication mechanism is attributed to the ability of
CeO,/OLC to act as a reactor for promoting the reduction and
growth of PdNiO in the absence of reducing agents or
surfactants or organic solvents. The surface and bulk
characterization techniques evidenced the good contact of
porous PdNiO nanocrystals with 3D flower-like CeO, and OLC
nanostructures, which combine inimitable properties of the
multifunctional structure, clean surface, low mass of Pd (10
Wt%), porosity (0.30 cm® g™), and large surface area (155.66
m?* g™"). To investigate the effect of electrolytes and supports
on the catalytic performance of PdNiO-CeO,/OLC, its
electrochemical CO,yiq performance was tested and compared
with that of PANiO/OLC, PANiO-CeO,, and commercial Pd/C
in KOH, NaHCO3;, and HCIO, electrolytes.

Experimental

Chemicals and materials

Cerium(n) nitrate hexahydrate (Ce(NOs;);-6H,O0, =99%),
nickel(u) chloride hexahydrate (NiCl,-6H,0, =99%), potassium
palladium(u) chloride (K,PdCl,, =98%), potassium hydroxide
pellets (KOH, =85%), anhydrous sodium bicarbonate
(NaHCO3, 99.999%), perchloric acid (HClO,;, 70%), and
commercial Pd/C catalyst (Pd, 10 wt%) were purchased from
Sigma-Aldrich Chemie GmbH (Munich, Germany).

Preparation of PdNiO-CeO,/OLC, PANiO/OLC, and PdNiO-
CeO, electrocatalysts

OLC was prepared by the direct annealing of high-purity
nanodiamond powder in a muffle furnace at 1300 °C for 3 h
in Ar as reported before.”® CeO,/OLC was prepared by mixing
an aqueous solution of Ce(NO;); (1.50 g) and OLC (1.13 g) at
pH 12 under magnetic stirring and heating at 80 °C for 1.5 h.
The obtained black precipitate was centrifuged at 7000 rpm,
washed with deionized water and dried at 80 °C for 1 h and
then annealed at 250 °C for 2 h under air.

Hierarchical porous PdNiO-CeO,/OLC nanostructure was
synthesized by mixing aqueous solutions, containing K,PdCl,
(0.12 g), NiCl, (0.15 g), NaOH (pH 12), and CeO,/OLC (0.30
2), under sonication at 25 °C for 30 min and then kept under

This journal is © The Royal Society of Chemistry 2023
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reflux at 80 °C for 1 h. Finally, PANiO-CeO,/OLC was purified
via consecutive centrifugation at 7000 rpm for 20 min and
washed severally with deionized water.

PANiO/OLC and PdNiO/CeO, were also prepared by the
same method as that for PdNiO-CeO,/OLC, but in the
absence of CeO, or OLC supports, respectively.

Materials characterization

The as-formed nanocatalysts were characterized by a
scanning electron microscope (SEM, S-4800, Hitachi, Tokyo,
Japan) equipped with an energy dispersive X-ray analyzer
(EDX) and a transmission electron microscope (TEM,
TecnaiG220, FEI, Hillsboro, USA). X-ray photoelectron
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spectroscopy (XPS) was conducted with an Ultra DLD XPS
(Kratos, Manchester, UK). X-ray diffraction (XRD) patterns
were collected with an X'Pert-Pro MPD (PANalytical Co.,
Almelo, Netherlands). The N, adsorption-desorption
isotherm was conducted with a Micromeritics TriStar II 3000.
Thermal gravimetric analysis was conducted with a
PerkinElmer thermogravimetric analyzer (TGA  6000).
Inductively coupled plasma optical emission spectrometry
(ICP-OES) was conducted with an Agilent 5800 (USA).

Electrochemical CO oxidation measurements

The electrochemical COq was conducted with a Gamry
potentiostat (Reference 3000, Gamry Co., Warminster, PA,

PdNi-CeO,/OLC

——PdNiO-Ce0,/OLC
—PdNiO/OLC

—PdiC

Oni Pd Ce Ni

Counts / a.u.

4
Energy / eV

Fig. 1 (a) Schematic preparation method. (b and c) SEM images, (d and e) TEM micrographs, (f and g) HRTEM images with Fourier-transform
HRTEM, and (h and i) SAED patterns of PANiO-CeO,/OLC and PdNiO/OLC, respectively, and (j) EDX analysis.
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USA) using a three-electrode cell, consisting of Pt wire as a
counter electrode, Ag/AgCl (KCl, 3 M) as reference electrode,
and glassy carbon electrode (GCE) as a working electrode.
The catalyst inks were prepared by dispersing each
electrocatalyst (2 mg) in ethanol/H,O/Nafion (0.05 wt) (3/1/1
v/v/v ratio) and drop-casting onto the polished GCE and then
left to dry in an oven under vacuum at 50 °C for 2 h before
measurements. The mass loading of the Pd on the GCE was
about 0.01 mgpq cm > as determined by ICP-OES. Cyclic
voltammetry (CV), linear sweep voltammetry (LSV),
electrochemical impedance spectroscopy (EIS), and
chronoamperometry (CA) tests were carried out in aqueous
solutions of HClO,, KOH, and NaHCO; electrolytes at room
temperature. The electrochemical active surface area (ECSA)
of the nanocatalysts was determined by eqn (1):

ECSA = Q/(S x m) (1)

where Q is the integrated charges in hydrogen underpotential
deposition-desorption area obtained after the double layer
correction, m is the Pd loading amount on the electrode, and
0.424 mC em™ is the charge required for the monolayer
adsorption of H, on the Pd surface.

Results and discussion

Fig. 1a shows the fabrication process of PdNiO-CeO,/OLC
involving the initial preparation of porous flower-like CeO,/
OLC nanostructure via the sol-gel approach in the presence
of the as-prepared OLC.*® Notably, adjusting the pH to 12 is
the key to inducing the formation of a black precipitate;
meanwhile, this method is green and allows the production
of uniform flower-like CeO, well dispersed over OLC. The as-
formed CeO,/OLC was then impregnated with aqueous
solutions of K,PdCl, and NiCl, at pH 12 under sonication
and then refluxed at 80 °C for 1 h to form porous sponge-like
PdNiO-CeO,/OLC nanostructure. CeO,/OLC somehow acts as
a reactor for prompt reduction and growth of PdNiO
nanocrystals without the need for reducing agents or
surfactants, which is plausibly attributed to the negative
reduction potential of CeO,/OLC relative to Pd and Ni ions.
This is evidenced by the SEM images which reflect the
formation of PdNiO-CeO,/OLC (Fig. 1b) and PdNiO/OLC
(Fig. 1c) in 3D porous sponge-like nanostructure, whereas Pd/
C possesses 3D spherical nanostructures (Fig. Siatf). The
TEM images demonstrate that PANiO-CeO,/OLC is composed
of small PANiO nanocrystals (2.54 nm) well anchored on
flower-like CeO, (20 nm) and OLC (30 nm) as indicated by
the arrows in Fig. 1d, only porous sheets of PANiO (4.34 nm)
on OLC (30 nm) in PANiO/OLC (Fig. 1e), and nanospheres of
Pd (7.25 nm) in Pd/C (Fig. S1b and S27). The good contact of
PdNiO over CeO,/OLC is highly beneficial for its stabilization
as well as electronic interaction during electrocatalytic CO
oxidations, while porosity is important for maximizing
atomic utilization and providing accessible active sites.
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The HRTEM micrographs of PdNiO-CeO,/OLC, PdNiO/
OLC, and Pd/C show the lattice fringes with multiple
crystalline defects (i.e., interfacial dislocation, intragranular
dislocation, and stacking fault) as indicated by the lines in
Fig. 1f and g and Sic.t Also, the lattice fringes are distributed
in various directions, which implies the non-epitaxial growth
of PANIO, as usually observed in the formation of binary and
ternary Pd-based catalysts. The defects may act as active
catalytic sites during COeyiq. The d-spacing of the resolved
lattice fringes of PANiO-CeO,/OLC is estimated to be 0.225
nm that is assigned to {111} facet of face-centred cubic (fcc)
Pd, {111} index of CeO, (0.315 nm), and {002} facet of OLC
(0.500 nm) (Fig. 1f). Likewise, the resolved lattice fringes of
PdNiO/OLC have a higher d-spacing of 0.227 nm for {111}
facet of fcc Pd and 0.500 nm for {002} index of OLC, which
are distributed in a different direction, but with fewer defects
than PdNiO-CeO,/OLC (Fig. 1g). Pd/C has the highest
d-spacing of 0.232 nm (Fig. Sict). The selected area electron
diffraction (SAED) patterns of PdNiO-CeO,/OLC and PdANiO/
OLC reveal typical rings of {111}, {200}, {220}, {311}, and
{222} facet of fcc Pd (Fig. 1th and i and S1df). The
EDX analysis reveals the existence of Pd/Ni/Ce/O/C in
PdNiO-CeO,/OLC and Pd/Ni/C in PdNiO/OLC with atomic
contents of 0.74/1.30/0.79/9.26/87.91% and 0.73/0.49/98.78%,
respectively (Fig. 1j). The ICP-OES analysis reveals that the
atomic contents are 9.79/11.47/29.37% for Pd/Ni/Ce in
PdNiO-CeO,/OLC and 10.27/11.79% for Pd/Ni in PANiO/OLC.

The XRD analyses of PdNiO-CeO,/OLC, PdNiO/OLC,
PdNiO-CeO,, and Pd/C demonstrate the diffraction patterns
assigned to {111}, {200}, {220}, {311}, and {222} facets of fcc
Pd, besides {002} facet of graphitic carbon and two
additional peaks assigned to {111} and {220} facets of NiO
in PdNiO-CeO,/OLC and PdNiO/OLC (Fig. 2a). Notably, the
diffraction peaks of PdNiO-CeO,/OLC are slightly shifted
positively towards a higher 26 angle, relative to those of
PdNiO/OLC and Pd/C. This is due to the interaction of
PANiO with CeO,/OLC, which leads to the lattice contraction
of Pd, which occurs via the integration of NiO and
electronic interaction with CeO,/OLC. This is shown in the
lower Pd crystallite sizes on the integration of NiO and
NiO-CeO,, besides the lower crystallite sizes of PdNiO-
CeO,/OLC (7.19 nm) than those of PANiO/OLC (8.68 nm)
and Pd/C (9.03 nm), except PANiO-CeO, (7.02 nm), as
determined from the Scherrer equation.

The XPS full-survey scans display the valence states of
Pd3d/Ni2p/Ce3d/O1s/C1ls in PdNiO-CeO,/OLC, Pd3d/Ni2p/
C1s in PdNiO/OLC, and Pd3d/Cls in Pd/C catalyst. The
surface atomic contents of PdNiO-CeO,/OLC (Pd3d/Ni2p/
Ce3d/O1s/C1s) are 10.61/9.85/11.21/15.87/52.46%, of PANiO/
OLC (Pd3d/Ni2p/C1s) are 9.90/6.03/84.07%, and of Pd/C
(Pd3d/C1s) are 9.99/90.1% (Fig. 2b). The fitting of Pd3d
spectra of PANiO-CeO,/OLC, PdNiO/OLC, and Pd/C display
Pd°(3ds, and 3d;,) metallic phase as the major phase,
besides the minor oxide phase of Pd**(3ds, and 3dj,)*
(Fig. 2c-e). The ratio of Pd°/Pd®" is around 80% in both
PdNiO-CeO,/OLC and PdNiO/OLC. However, the binding

This journal is © The Royal Society of Chemistry 2023
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Fig. 2
of PdNiO-CeO,/OLC, PdNiO/OLC, PdNiO-CeO,, and Pd/C nanocrystals.

energies of Pd3d in PdNiO-CeO,/OLC are slightly shifted
negatively relative to those in PdNiO/OLC and Pd/C, which
serve as evidence for the increased d-band center of Pd in
PdNiO-CeO,/OLC. This is plausibly owing to the interfacial
interaction of PANiO and its electronic interaction with
CeO, and OLC supports, Le., increased screening of the
Pd 3d nucleus by the Ce*™ 3d conduction band.
Modulating the d-band center of Pd is one of the most
efficient strategies to induce the adsorption and activation
of reactants along with tolerating the adsorption of
poisoning  species during electrocatalytic  oxidation
reactions. The deconvolution of Ni2p spectra of PdNiO-
Ce0,/OLC and PdNiO/OLC reveals the major metal oxide
phase of Ni*'(3d;, and 3ds,) and their satellites
(Fig. 2f and g); likewise, Ce3d spectra show the mixed

This journal is © The Royal Society of Chemistry 2023
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(a) XRD patterns, (b) XPS wide-survey scans, high-resolution XPS spectra of (c-e) Pd3d, (f and g) Ni2p, (h) Ce3d, (i-k) Cls, and (1) FTIR spectra

oxide phases of Ce**(3ds, and 3d,,) representing v, and
uy, while those of Ce*'(3ds, and 3ds,) are denoted as v,
Vs, V3, Ug, U and uz in PANiO-CeO,/OLC (Fig. 2h).

The C1s spectra are deconvoluted into C=C as the main
phase, besides C-O and C=O0O phases in PdNiO-CeO,/OLC,
PANiO/OLC, and Pd/C (Fig. 2i-k).

The FTIR analysis of PANiO-CeO,/OLC and PdNiO/OLC
displays stretching vibration bands at 1868-2087 cm™" of

—O vibration and at 2087-2334 cm ' for C-O vibration
(Fig. 21). The bands of surface functional groups in PdNiO-
Ce0,/OLC are slightly broader than that in PdNiO/OLC,
implying the better electronic interaction between PdNiO and
CeO,/OLC.

The N, adsorption-desorption isotherm and pore radius
distribution of PANiO-CeO,/OLC and PdNiO/OLC reveal the
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features close to those of a type IV curve with an H4
hysteresis loop, but with a larger area at 0.35 < P/P, < 0.9
and two-step capillary condensation at P/P, < 0.1 and P/P, >
0.9 in PdNiO-CeO,/OLC, implying its multiple pores and
higher surface area (Fig. S3t). Thereby, the surface area of
PANiO-CeO,/OLC (155.66 m”> g¢') is greater than that of
PANiO/OLC (119.70 m> g™") as calculated using the
Brunauer-Emmett-Teller (BET) model from integrating the
isotherm curves. Meanwhile, the pore volume of PdNiO-
Ce0,/OLC (0.30 cm® g') is slightly higher than that of
PANiO/OLC (0.28 cm® g™'), besides multiple pore size
distribution ranging from 10 nm to 90 nm. The high surface
area and multimodal porosity of PdNiO-CeO,/OLC are
beneficial for providing accessible sites, enhancing reactant
diffusion, and maximizing the utilization of active sites
during electrocatalytic COxiq.
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The electrocatalytic CO.q activities of PANiO-CeO,/OLC,
PdNiO/OLC, and PdNiO-CeO, are benchmarked relative to
Pd/C at wide pH ranges. The CV profiles of PANiO-CeO,/
OLC, PdNiO/OLC, PdNiO-CeO,, and Pd/C tested in N,-
saturated HClO, (0.1 M) present the standard voltammogram
signatures for Pd-based catalysts, including double-layer
hydrogen adsorption/desorption (H,gs/des) and redox peaks of
Pd (Fig. 3a). Notably, the onset potential (Eonser) of OH
adsorption on PdNiO-CeO,/OLC (0.78 V) is lower than those
on PANiO/OLC (0.80 V), PANiO-CeO, (0.80 V), and Pd/C (0.83
V), indicating the ease of H,O activation and subsequent OH"
adsorption on PdNiO in PdNiO-CeO,/OLC, resulting from
the electronic interaction with CeO,/OLC.

Also, the Pd-O reduction peak of PdNiO-CeO,/OLC is
slightly shifted negatively to a lower potential than those of
PdNiO/OLC, PdNiO-CeO,, and Pd/C catalysts, indicating the
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ease of formation of Pd-oxygenated species, which is
plausibly attributed to the O,-rich CeO,/OLC support that is
highly desirable merit for enhanced CO,;q performance.

The area of H,ggdes for PANiO-CeO,/OLC is larger than
those for PANiO/OLC, PdNiO-CeO,, and Pd/C, implying its
higher surface area. The ECSA of PdNiO-CeO,/OLC (12.64
m? ¢™") is higher than PANiO/OLC (11.40 m*> g '), PdNiO-
CeO, (9.76 m> g "), and Pd/C (6.19 m> g'), implying its
higher number of exposed active sites. The CV profiles of
PdNiO-CeO,/OLC, PdNiO/OLC, PdNiO-CeO,, and Pd/C are
evaluated in CO-saturated HCIO; (0.1 M), which reveal
intense anodic current densities (Ianode) at higher potential
assigned to oxidation of CO to CO, and weak peak in the
reverse direction at lower potential (Fig. 3b). PANiO-CeO,/
OLC has increased Ixnode (2.50 mA cm™?), which is 1.74 times
that of PANiO/OLC (1.44 mA cm ), 3.73 times that of PANiO-
CeO, (0.67 mA cm?), and 2.63 times that of Pd/C (0.95 mA
cm™?), indicating the maximized utilization of active sites of
PdNiO-CeO,/OLC. This is evident in the LSV curves, which
imply the ability of PdNiO-CeO,/OLC to oxidize CO at a
higher Innoqe, but a lower applied potential compared with
PdNiO/OLC, PANiO-CeO, and Pd/C (Fig. 3c). This implies the
quick CO oxidation kinetics on PdNiO-CeO,/OLC as further
seen in its lower CO oxidation Eopset/COoxia potential (Eqyid)
(0.49 V/1.09 V) than PANiO/OLC (0.71 V/1.16 V), PANiO-CeO,
(0.88 V/1.00 V), PANiO-CeO, (0.80 V/0.99 V), and Pd/C (0.98
V/1.17 V) (Fig. 3d). This is owing to the synergism of PANiO
nanostructures, and their electronic interaction with CeO,/
OLC which facilitates the formation of oxygenated species
and accelerates the charge mobility needed for promoting CO
oxidation at low potential.

This is proved by the EIS studies conducted to get more
insights into the interfacial interaction between the
nanocatalysts during the electrooxidation of CO. The Nyquist
plots of the obtained PANiO-CeO,/OLC, PANiO/OLC, PdNiO-
CeO,, and Pd/C show deformed semi-circle curves in CO-
saturated HClO, (0.1 M) (Fig. 3e). The EIS data are fitted by a
Voigt electrical equivalent circuit (EEC) model to determine
the solution resistance (R;), charge transfer resistance (R.),
and constant phase element (CPE) (Fig. S4af). All the
nanocatalysts have similar Ry values within the confinement
of the error bars, implying the same ionic conductivity in
the HCIO, electrolyte. However, PdNiO-CeO,/OLC has a
lower R (36.22 Q) than PANiO/OLC (52.90 Q) and Pd/C
(278.11 Q), revealing lower charge transfer resistance and
consequent better reaction kinetics on PdNi-CeO,/OLC
(Table 1).
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Following the power law of CPE impedance: Zgpg = 1/
(Q(jw)™), with ideality factor n. The Pd-based nanocatalysts
PANiO-CeO,/OLC (49.72 uS s"®) and PdNiO/OLC (43.05 pS
s1"9) possess high CPE impedance relative to PdNi-CeO,
(18.44 ps s"9) and Pd/C (24.01 uS s*™¥), implying high
charge transport on the roughness and porosity of
multimetallic PdNi-CeO,/OLC. This is evident in the Bode
plots (Fig. 3f), which proved the lower overall impedance in
the low-frequency region of PANiO-CeO,/OLC than PdNiO/
OLC, and Pd/C. Also, the lower phase angle of PANiO-CeO,/
OLC (75.9°) than that of PdNiO/OLC (80.8°), PANiO-CeO,
(82.7°), and Pd/C (83°) further proves superior diffusion of
intermediates during CO oxidation on PdNiO-CeO,/OLC. The
diffusion of intermediate species on the nanocatalysts during
CO electrooxidation is corroborated by measuring the CV
curves at different scan rates (v, 25-300 mV s™'), which
disclose that Innode increases at high o (Fig. 3g-j). The
Randles-Sevcik plots express the linear relationship between
Innode and the square root of scan rate (ul/z) that proves a
diffusion-controlled process of CO on the tested
nanocatalysts (Fig. 3k). Notably, PANiO-CeO,/OLC exhibits a
higher slope (0.40) than PANiO/OLC (0.31), PANiO-CeO,
(0.07), and Pd/C (0.20), evidencing the faster diffusion of CO
intermediates on PdANiO-CeO,/OLC.

The stability of CO electrooxidation on the catalysts was
investigated by CA and accelerated stability test (AST) in CO-
saturated HCIO, (0.1 M) at 50 mV s™'. The CA results show
gradual CO oxidation activity loss on all the nanocatalysts at
steady-state conditions, but with a lower degradation, besides
preserving a higher current density, on PANiO-CeO,/OLC than
PdNiO/OLC, PdNiO-CeO,, and Pd/C (Fig. 31). After 1000 stability
cycles of CV curves in CO-saturated HCIO, (0.1 M), PANiO-CeO,/
OLC lost only 14.5% of its initial CO oxidation activity compared
with PANiO/OLC (27.8%), PANiO-CeO, (25.0%), and Pd/C
(37.9%) (Fig. S4b-f}). This indicates the superior CO oxidation
durability of PANiO-CeO,/OLC as further proved by the TEM
image obtained after AST, which showed the structural stability
without any obvious morphological change (i.e., aggregation or
attachment of PANiO) (Fig. S4g+).

The CO,yq €electrocatalysis on the Pd-based nanocatalysts
was investigated in KOH (0.1 M) medium. The CV curves
measured in N,-saturated KOH (0.1 M) of PdNiO-CeO,/OLC,
PdNiO/OLC, PdNiO-CeO,, and Pd/C display the
voltammogram of Pd with a noticeable negative shift of the
Pd-O reduction peak of PdNiO-CeO,/OLC relative to PANiO/
OLC, PdNiO-CeO,, and Pd/C. This implies the ease of
generating oxygenated species on Pd. The ECSA of PdNiO-

Table 1 EIS data for PANiO-CeQO,/OLC, PdNiO/OLC, PdNiO-CeO,, and Pd/C in CO-saturated HCIO,4 (0.1 M)

R (Q) Re (Q) CPE (us s1™) n
PANiO-Ce0,/OLC 0.99 + 0.07 36.22 + 0.68 49.72 +2.31 0.80
PANiO/OLC 1.02 + 0.04 52.90 + 0.52 43.05 + 1.57 0.89
Pd/C 1.48 + 0.75 278.11 + 1.08 24.01 + 0.22 0.90
PANiO-CeO, 1.28 + 0.52 398.27 + 3.32 18.44 + 0.54 0.88
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Fig. 4 CV curves at 50 mV s in (a) N,-saturated KOH (0.1 M) and (b) CO-saturated KOH (0.1 M). (c) LSV at 50 mV s™*. (d) Mass/specific activities.
(e) Nyquist plots. (f) Bode plots. (g-j) Scan rate studies. (k) Randles-Sevcik plots (anoge Vs. p/?) and (1) CA of PdNiO-CeO,/OLC, PdNiO/OLC, PdNiO-

CeO,, and Pd/C in CO-saturated KOH (0.1 M).

Ce0,/OLC (53.09 m> g™") is greater than PANiO/OLC (42.01
m? g™"), PANiO-CeO, (31.76 m* g™*), and Pd/C (25.76 m*> g™)
(Fig. 4a). The CV profiles of the PANiO-CeO,/OLC, PANiO/
OLC, and Pd/C catalysts tested in CO-saturated KOH (0.1 M)
show the CO oxidation features with a higher I hoqe (2.486
mA cm?) on PANiO-CeO,/OLC than on PANiO/OLC (1.46 mA
cm™?), PANiO-CeO, (1.12 mA cm ), and Pd/C (1.33 mA cm™)
(Fig. 4b). Also, the LSV results display the lower Egngec on
PdNiO-CeO,/OLC (0.65 V) relative to PANiO/OLC (0.68 V) and
PdNiO-CeO, (0.71 V) along with a higher generated Ixnode
than PdNiO-CeO, and Pd/C under any applied voltage point
on PdNiO-CeO,/OLC (Fig. 4c and d), indicating its faster CO
electrooxidation kinetics. The mass (specific) activity of
PANiO-Ce0,/OLC (245 mA mg ™" (4.61 mA cm™?)) are higher
than those of PANiO/OLC (146 mA mg ' (3.58 mA cm?)),

3042 | Catal Sci. Technol,, 2023, 13, 3035-3046

PANiO-CeO, (82 mA mg™" (1.93 mA cm™?)), and Pd/C (99 mA
mg (3.19 mA cm™?)) (Fig. 4d). This is based on an
equivalent Pd mass, which implies the maximized utilization
of Pd in PdNiO-CeO,/OLC, plausibly due to the porosity,
electronic interaction, and higher concentration of surface
sites.

The Nyquist plots show semi-circle curves but with a
smaller diameter for PdNiO-CeO,/OLC than PdNiO/OLC,
PdNiO-CeO,, and Pd/C in CO-saturated KOH (0.1 M),
implying a better interfacial interaction between KOH
electrolyte and PdNiO-CeO,/OLC. The fitting of EIS data
demonstrates the lower Ry/R. (0.98 Q/45.52 Q) for PANiO-
CeO,/OLC than PANiO/OLC, PANiO-CeO,, and Pd/C (Fig. 4e),
indicating quicker CO.q kinetics and faster charge mobility
on PdNiO-CeO,/OLC. This is validated by the Bode plots

This journal is © The Royal Society of Chemistry 2023
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which depict the lower logZ in the low-frequency region for
PdNiO-CeO,/OLC than PdNiO/OLC, PANiO-CeO,, and Pd/C,
in addition to a lower phase angle (67°), indicating the fast
diffusion of reactants on PANiO-CeO,/OLC (Fig. 4f).

This is shown in the steady linear increase in Ixpege Of the
tested catalysts with increasing v from 25 to 300 mV s and
the linear relationship between Innoqe vs. v (Fig. 4g-j). This
demonstrates the diffusion-controlled process for CO
electrooxidation on PdNiO-CeO,/OLC, PdNiO/OLC, PdNiO-
CeO,, and Pd/C; however, the higher slope for PANiO-CeO,/
OLC (0.45) implies its faster COqyq kinetics (Fig. 4k). CA
conducted in CO-saturated KOH (0.1 M) implies higher
durability with lower degradation of Iynoqe for PANiO-CeO,/
OLC than PdNiO/OLC, PdNiO-CeO,, and Pd/C (Fig. 4l).
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Additionally, after 1000 CV cycles (AST), PdNiO-CeO,/OLC
retains 94.2% of its initial In,oqe compared to PANiO/OLC
(83.1%), PANiO-CeO, (86.8%), and Pd/C (73.4%) (Fig. S51).
The CV curves measured in Ny-saturated NaHCO; (0.1 M)
on PdNiO-Ce0,/OLC, PANiO/OLC, PdNiO-CeO,, and Pd/C
show the ideal voltammogram of Pd-based catalysts, but with
an obvious higher peak area of PdO and negatively shifted
peak on PdNiO-CeO,/OLC than PdNiO/OLC, PdNiO-CeO,,
and Pd/C (Fig. 5a). This implies a higher surface area and
ease of generation of oxygenated species on PdNiO-CeO,/
OLC and PdNiO/OLC. Thereby, the estimated ECSA are about
9.10, 6.78, 5.19, and 3.60 m*> g for PdNiO-CeO,/OLC,
PdNiO/OLC, PdNiO-CeO,, and Pd/C, respectively. The CV
curves measured in CO-saturated NaHCO; (0.1 M) disclose
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Fig. 5 CV profiles at 50 mV s in (a) N,-saturated NaHCOj3 (0.1 M) and (b) CO-saturated NaHCOj3 (0.1 M). (c) LSV at 50 mV s™. (d) Mass/specific
activities. (e) Nyquist plots. (f) Bode plots. (g—j) Scan rate studies. (k) Randles-Sevcik plots (/lanode VS. v¥2) and () CA of PdNiO-CeO,/OLC, PdNiO/

OLC, PdNiO-CeO,, and PdC in CO-saturated NaHCO3 (0.1 M).
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the CO oxidation voltammogram, but with a greater Innoqe
on PdNiO-Ce0,/OLC (1.23 mA c¢cm ?) than PANiO/OLC (0.69
mA cm ), PANiO-CeO, (0.57 mA cm?), and Pd/C (0.54 mA
em™) by 1.76, 2.14, and 2.26 times correspondingly
(Fig. 5b). The LSV test shows the ability of PANiO-CeO,/
OLC to oxidize CO and generate higher Inhoqe at a lower
potential than PANiO/OLC, PdNiO-CeO,, and Pd/C (Fig. 5c),
indicating faster CO electrooxidation kinetics on PdNiO-
Ce0,/OLC.

The mass (specific) activity of PANiO-CeO,/OLC (31 mA
mg ' (1.40 mA cm?)) are higher than those of PANiO/OLC
(20.34 mA mg™" (1.00 mA cm™2)), PANiO-CeO, (12.98 mA
mg (0.95 mA cm™?)), and Pd/C (7.92 mA mg " (0.84 mA
em™?)) (Fig. 5d). The Nyquist plots obtained in CO-
saturated NaHCO; (0.1 M) show semi-circle curves, but
with a lower diameter for PdNiO-CeO,/OLC than PdNiO/
OLC, PdNiO-CeO,, and Pd/C, that could serve as evidence
for the higher electrical conductivity. Fitting of EIS data
using Voigt EEC displays the similar Ry of the tested
catalysts but with smaller R, for PdNiO-CeO,/OLC than
PdNiO/OLC, PdNiO-CeO,, and Pd/C, which indicates better
electrolyte-electrode interaction and higher charge transfer
on PdNiO-CeO,/OLC (Fig. 5e and Table S21). This is also
seen in the higher CPE impedance of PdNiO-CeO,/OLC
(47.76 pS s"¥) than those of PANiO/OLC (40.71 pS s®™9),
PANiO-CeO, (25.78 pS s™¥), and Pd/C (37.74 pS s'™9) as
further confirmed in the Bode plots, where PdNiO-CeO,/
OLC exhibits low logZ in the low-frequency range
alongside a lower phase angle (65.2°) relative to PANiO/
OLC (67.4°), PdNiO-CeO, (71.8°), and Pd/C (74.7°)
(Fig. 5f). This implies a better diffusion of reactants on
the porous PdNiO-CeO,/OLC during COqxid.

The increase in Iypoqe With increasing » from 25 to 250 mV
s™' on PANiO-CeO,/OLC, PANiO/OLC, PANiO-CeO,, and Pd/C
along with the linear relationship of Innde vs. 0>
diffusion-controlled mechanism for the electrooxidation of
CO (Fig. 5g-j). However, a greater slope for PANiO-CeO,/OLC
(0.19) than PANiO/OLC (0.15), PANiO-CeO, (0.09), and Pd/C
(0.13) (Fig. 5k) implies the improved diffusion of reactants
and intermediate species on PANiO-CeO,/OLC during COxid.
CA measured in CO-saturated NaHCO; (0.1 M) for 1000 s
displays the lower degradation of Iy,oge 0N PANiO-CeO,/OLC
than PdNiO/OLC, PdNiO-CeO,, and Pd/C (Fig. 5l).
Meanwhile, after 1000 CO oxidation durability cycles,
PdNiO-CeO,/OLC only lost 15.6% of its initial catalytic
activity compared with PANiO/OLC (27.6%), PANiO-CeO,
(18.0%), and Pd/C (32.2%) (Fig. S61). PANiO-CeO,/OLC
retained 84% of its initial ECSA relative to PdNiO/OLC
(72%), PANiO-CeO, (82%), and Pd/C (68%) in addition to
the absence of any voltammogram features related to
degradation of PdNiO.

The CO electrooxidation results for PdNiO-CeO,/OLC,
PdNiO/OLC, and PdNiO-CeO, are compared with previous
findings in the literature (Table S31). The CO oxidation on
PdNiO-CeO,/OLC is proposed to follow the Langmuir-
Hinshelwood mechanism, presented in eqn (2)-(4):>°

reveal a
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H,0 + CO + 2PdNiO-CeO} — Pd*~CO,qs
+ NiO-CeO5-OH,yqs + H + € (2)

Pd*-CO,g5+NiO-CeO3 -OH,q45 — 2PdNiO-CeO5-[CO-OH]

ads

(3)

PANiO-CeO5-[CO-OH], 4, — CO, + H' + PANiO-CeO3 + ¢ (4)
where “*” and “,4¢” represent the nanocatalyst's active sites
and adsorbed species, respectively.

Conclusion

This article presents the controlled synthesis of ternary
PdNiO nanocrystals supported on porous CeO,/onion-like
carbon (PdNiO-CeO,/OLC) nanostructures based on the sol-
gel, annealing, and impregnation approaches. Under typical
conditions, flower-like CeO,/OLC supported the growth of
PdNiO nanocrystals without the need for reducing agents or
surfactants. This leads to the formation of porous sponge-
like PdNiO-CeO,/OLC, coupled with the unique merits of
multifunctional structures, low mass of Pd (10 wt%), pore
volume (0.30 m® g™"), and great BET surface area (155.66
m? g7). The effects of supports and electrolytes on the COqyiq
activity and durability of PANiO-CeO,/OLC were investigated.
The electrocatalytic CO,yiq activity of PANiO-CeO,/OLC was
superior to those of PdNiO/OLC by at least 1.66 times,
PdNiO-CeO, by at least 1.88 times, and commercial Pd/C by
at least 2.12 times in all electrolytes, besides great durability
after 1000 cycles. This is owing to the electronic interaction
of PdANiO with the CeO,/OLC support, which eases CO
adsorption/activation, alongside activation/dissociation of
H,O0 to generate active oxygenated species (i.e., OH) needed
for accelerating CO,yiq kinetics. Also, the COgyiq of PANiO-
Ce0,/OLC in different electrolytes followed the order of
HCIO, > KOH > NaHCO;. This study may allow the synthesis
of other ternary Pd-based electrocatalysts for CO oxidation
along with an understanding of the effect of supports and
electrolytes.
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