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ARTICLE INFO ABSTRACT
Keywords: Morphologically controlled Pd-based nanocrystals are the most efficient strategies for improving
Pd nanocrystals the electrocatalytic ethanol oxidation reaction (EOR) performance; however, their

Pd clustered nanospheres
Pd nanocubes

Ethanol oxidation

The effect of shapes

The effect of electrolytes

morphological-EOR activity relationship and effect of electrolytes at a wide pH range are still
ambiguous. Here, we have synthesized porous self-standing Pd clustered nanospheres (Pd-CNSs)
and Pd nanocubes (Pd-NCBs) for the EOR in acidic (H,SO4), alkaline (KOH), and neutral
(NaHCO3) electrolytes compared to commercial spherical-like Pd/C catalysts. The fabrication
process comprises the ice-cooling reduction of Pd precursor by sodium borohydride (NaBH,4) and
L-ascorbic acid to form Pd-CNSs and Pd-NCBs, respectively. The EOR activity of Pd-CNSs signif-
icantly outperformed those of Pd-NCBs, and Pd/C in all electrolytes, but the EOR activity was
better in KOH than in HySO4 and NaHCOs. This is due to the 3D porous clustered nanospherical
morphology that makes Pd active centers more accessible and maximizes their utilization during
EOR. The EOR specific/mass activities of Pd-CNSs reached (8.51 mA/cm?/2.39 A/mgpg) in KOH,
(2.98 mA/cm?/0.88 A/mgpq) in HzSO4, and (0.061 mA/cm?/0.0083 A/mgpg) in NaHCOg, in
addition to stability after 1000 cycles. This study affirms that porous 3D spherical Pd nano-
structures are preferred for the EOR than those of 0D spherical-like and multi-dimensional cube-
like nanostructures.

1. Introduction

The pursuit of developing environmentally benign and sustainable energy systems arose an enormous interest in fuel cell
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technologies, amongst which employed alcohol (i.e., methanol, glucose, and ethanol) [1,2], oxygen [3], solar-cells [4], biofuel [5], and
hydrogen [6-8]. Ethanol-based fuel cell (EFC) is a promising energy device that converts chemical energy from ethanol fuel into
electricity because of its low toxicity and low cost, high energy density, efficiency and negligible greenhouse gas emission [9-13].
Despite the great potential of the EFC, its anodic reaction (i.e., ethanol oxidation reaction (EOR)) and sluggish kinetics of oxygen
reduction reaction (ORR) at the cathode side of the EFC are the major determinants for the optimum functioning of the fuel cell. Hence,
necessitates the utilization of excellent electrocatalysts [14-17]. Palladium (Pd) nanocrystals are excellent materials for EOR elec-
trocatalysis and are extremely tolerant to carbonaceous species poisoning, particularly in alkaline media [18-24]. Studies are most
concerned with the enhancement of the Pd nanocrystals’ electrocatalytic EOR performance and stability [25,26].

Tailoring the morphology of Pd nanocrystals is a crucial strategy adopted for boosting the nanocatalysts’ physicochemical merits
for favorable EOR electrocatalysis and stability than the conventional catalysts (i.e., Pd/C) [13,27-32]. Different Pd nanocrystals with
unique morphologies, such as spherical nanoparticles, multi-twinned particles, spherical, single-crystalline nanoflowers, nanocubes,
urchin-like nanoparticles, concave tetrahedral, tetrapods and nanosheets were rationally designed and fabricated with impressive
liquid fuels electrocatalysis, due to their porous and interconnected structure, high surface area and abundant absorption sites, besides
their great tolerance to carbonaceous or intermediate species [33-35]. For example, chestnut-bur-like Pd nanostructures exhibited
superior EOR mass activity (0.57 A/mgpq) to Pd nanocube (0.32 A/mgpq), Pd nano-octahedron (0.22 A/mgpq4) and Pd/C (0.38 A/mgpq)
by factors of 1.78, 2.59 and 1.5, respectively, owing to the large surface area and rich catalytic active sites of the chestnut-bur-like
structures [36]. The EOR electrocatalysis of Pd trigonal bipyramidal/tetrahedral nanocrystals on Vulcan carbon (Pd TBTs/C, 1.59
A/mgpq) was 1.59 times higher than Pd/C (0.96 A/mgpq), besides its improved stability after 5000 s, attributable to the unique shape
with vertexes, edges, facets and coordinated atoms [37]. Size-controlled multipod Pd nanostructures (PdMNPs (Pd30)) displayed
increased EOR specific/mass activity (6.56 mA/cm?/1.42 A/mgpg) by 2.34/2.96 times to spherical Pd nanoparticles (PdSNPs (Pd10)),
due to the high surface energy and surface area of the multipod structures [38]. Indeed, the importance of the structures and sizes of Pd
nanocrystals cannot be overemphasized for EOR electrocatalysis. Various synthesis methods, like template-assisted [39], polyol [40],
solvothermal/hydrothermal [41], galvanic replacement [42], laser ablation [43], seed-mediated [44] and aqueous solution reduction
[45], employed for the synthesis of distinct structures of Pd electrocatalysts, are either tedious or complicated. However, the controlled
high-mass production of Pd-based catalysts for EOR remains a grand challenge [46-48]. Also, the morphological-EOR activity rela-
tionship of self-standing Pd nanostructures and the effect of electrolytes at a wide pH range are not yet reported.

In this regard, porous self-standing Pd clustered nanospheres (Pd-CNSs) and Pd nanocubes (Pd-NCBs) were synthesized for the
electrocatalytic EOR and benchmarked to the commercial spherical-like Pd/C catalysts. The nanocatalysts’ formation process com-
prises the chemical reduction of potassium tetrachloropalladate(II) (KoPdCly) by sodium borohydride (NaBH4) at O °C to produce Pd-
CNSs and by ascorbic acid to form Pd-NCBs. The EOR activity and stability of 3D porous Pd-CNSs, Pd-NCBs, and Pd/C nanostructures
were tested in alkaline KOH (pH = 12), acidic H,SO4 (pH = 2) and neutral NaHCO3 (pH = 7.4) at room temperature to investigate the
effect of catalysts’ shapes and electrolytes.

2. Experimental
2.1. Materials/chemicals

Potassium tetrachloropalladate (II) (K3PdCly, > 99 %), sodium borohydride (NaBHg, 99 %), polyvinylpyrrolidone (PVP), L-ascorbic
acid (AA, > 99%), potassium hydroxide (KOH, > 85 %), sulfuric acid (H3SO4, 95-98 %), sodium hydrogencarbonate (NaHCOs3, > 95
%), commercial Pd/C (10 wt. %) were purchased from Sigma-Aldrich Chemie GmbH (Munich Germany).

2.2. Preparation of Pd-CNSs

The Pd-CNSs nanocrystals were prepared based on the previously reported method [49], but with slight modifications, including
the drop-wise addition of an aqueous solution of NaBH4 (0.1 M, 1.0 mL) to an aqueous solution of KoPdCly (15 mM, 10 mL) in an ice
bath at 0 °C under sonication for 2 min. The obtained opaque black precipitate of Pd-CNSs was dispersed in deionized water,
centrifuged at 7000 rpm for 5 min, washed with water severally, dried, and then stored for further use.

2.3. Preparation of Pd-NCBs

The Pd-NCBs nanocrystals were synthesized based on previously reported method [50], but with slight changes, including the
initial mixing of an aqueous solution of KoPdCl,4 (15 mM, 10 mL) with PVP (13.0 mg) under sonication for 30 s, then quick addition of
r-ascorbic acid (0.1 M, 1.0 mL) under sonication for 20 min. The obtained opaque black precipitate of Pd-CNBs was centrifuged at
7000 rpm for 5 min and washed severally with deionized water to remove PVP residues, then dried and kept for further use.

2.4. Materials characterization

A scanning electron microscope ((SEM), Hitachi S-4800, Hitachi, Tokyo, Japan) equipped with Energy Dispersive X-Ray Analyzer
(EDX) and a transmission electron microscope ((TEM), TecnaiG220, FEI, Hillsboro, OR, USA) were used for imaging and composition
analysis. The X-ray photoelectron spectroscopy ((XPS) was carried out on (Ultra DLD XPS Kratos, Manchester, UK). The X-ray
diffraction (XRD) was conducted on (X’Pert-Pro MPD, PANalytical Co., Almelo, Netherlands). The inductively coupled plasma optical
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emission spectrometry ((ICP-OES) was performed on (ICP-OES, Agilent 5800, USA).

2.5. Ethanol oxidation reaction (EOR) measurements

The electrochemical EOR measurements were conducted on Gamry potentiostat (Reference 3000, Gamry Co., Warminster, PA,
USA) using the three-electrode configuration, comprising Pt wire, Ag/AgCl, and glassy carbon (GC, 5 mm), as counter, reference and
working electrodes, respectively. A 2.0 mg of each electrocatalyst (as-prepared without any support) was dispersed in an aqueous
solution of isopropanol/H;0/Nafion (0.05 wt. %) (3/1/1 v/v/v ratio) and drop cast onto the cleaned GC electrodes, and the electrodes
were left to dry in an oven under vacuum at 80 °C for 1 h. The mass loading of Pd in the electrocatalysts modified on the GCE was
approximately 0.2831 + 0.0001 pgpq, as determined by the ICP-OES. Electrochemical CO stripping of the Pd nanocrystals and Pd/C
was carried out in CO saturated 1.0 M KOH for 30 min, using cyclic voltammetry (CV) at potential window (—0.1 to 1.2 V vs. RHE) and
50 mV/s, then the CO gas was switched to Ny and purged for 30 min, then the CV scan repeated. The electrochemical active surface

area (ECSA) was calculated from ECSA = % , where Q, S and 1 are the coulombic charge of the integrated PdO peak, coulombic
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Fig. 1. The aqueous-solution reduction synthetic scheme (a), SEM images (b, c), TEM images (d, e), HRTEM images (f, g), SAED (h, i) and EDX
analysis (j) of Pd-CNSs and Pd-NCBs, respectively.
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constant for monolayer Pd (0.424 mC cm’z) and mass loading of Pd.
3. Results and discussion

Fig. 1a shows the synthetic schemes for the preparation of the Pd-CNSs and Pd-NCBs, which involve the direct chemical reduction
of KoPdCly at 0 °C by NaBH4 and 1-ascorbic acid, respectively. The NaBH4 with its severe reduction power induces the burst nucleation
of Pd%* to form multiple Pd nuclei which are highly energetic and coalescence to reduce their total surface energies, resulting in direct
attachment growth to yield porous Pd clustered nanospheres (Pd-CNSs). Meanwhile, the sluggish reduction of ascorbic acid promotes
the reduction of Pd*" to produce Pd nuclei, covered by the adsorption of PVP on Pd nuclei and acts as a structure-directing agent
leading to homogenous growth to form porous Pd cubic-like nanostructure (Pd-NCBs). This is evident in the SEM images, which display
the formation of Pd-CNSs in 3D porous clustered spheres composed of ultra-small nanoparticles (Fig. 1b), but the Pd-NCBs shows flake-
like structure (Fig. 1c). The TEM images confirm that the Pd-CNSs composed of small clustered nanocrystals with an average particle
size (7.85 nm) assembled in 3D porous structure, owing to the direct attachment growth mechanism, while the Pd-NCBs has an obvious
uniformly distributed nanocube-like morphology with an average diameter of (9.61 nm) (Figs. 1d and e and S1).

The high-resolution TEM (HRTEM) images disclose the lattice fringes with an interplanar distance of 2.260 A in Pd-CNSs (Fig. 1f)
and 2.262 A in Pd-NCBs (Fig. 1 g), corresponding to {111}facet of face-centred cubic (fcc) crystal structure of Pd. The selected area
electron diffraction (SAED) patterns denote the usual diffraction rings for {111}, {200}, {220}, {311} and {222} crystal planes of the
fece Pd (Figs. 1h and i), as usually observed for Pd-based nanocatalysts [51-53]. Fig. 1j shows the EDX analysis of the Pd-CNSs and
Pd-NCBs, which represents the presence of pure Pd atoms with atomic content (100 %), attributable to the complete reduction of Pd*
ions by NaBH, and 1-ascorbic acid. Notably, the estimated Pd mass loading in the aqueous solution was 15.9 mg, whereas the mass of
Pd loading in Pd-CNSs was 15.3 mg and 14.31 mg in Pd-NCBs, which indicate the successful reduction of 96 % and 90 % of KoPdCly,
using NaBH4 and r-ascorbic acid, respectively. Thus, the mass balance of Pd loading in the powder was 90-96 wt. % of that in aqueous
solution.

The XRD analysis of the Pd-CNSs, Pd-NCBs, and Pd/C reveals the diffraction patterns assigned to {111}, {200}, {220}, {311} and
{222} crystal planes of fcc Pd, in line with the ICDD: 98-006-4920; 98-064-8675; and 98-018-0870, respectively (Fig. 2a) [51,54]. The
Pd-CNSs, Pd-NCBs and Pd/C have a similar cubic Fm-3m space group with distinct crystallite sizes of 12.32, 14.38 and 15.02 nm,
respectively at {111} facets as calculated from the Scherrer equation. All the catalysts prevalently display high intensity for {111} facet
of Pd nanocrystals, which is the most active sites for the electrocatalysis. However, the Pd-CNSs (2.48) has higher ratio of {111}/{200}
than Pd-NCBs (2.21) and Pd/C (2.19), which proves that {111} is the most active sites for enhanced EOR activity. There is no resolved
peak for Pd-O, due to the complete reduction of pd** by NaBH4 and 1r-ascorbic acid, which implies the uniformity of thus obtained Pd
nanocrystals. Notably, compared with spherical-like Pd/C catalyst, the XRD peaks of Pd-CNSs and Pd-NCBs are slightly shifted towards
a lower angle value, indicating the lattice expansion with lower lattice parameters of 3.18 A for Pd-CNSs and 3.20 A for Pd-NCBs than
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Fig. 2. XRD (a), XPS full survey (b), and high-resolution Pd3d (c, d) of Pd nanocrystals.
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that of Pd/C(3.89 A). This is plausibly owing to the anisotropic clustered nanospheres and nanocubes morphologies with decreased
Pd-Pd interatomic distance during the direct attachment growth, which is beneficial in promoting the adsorption/activation of re-
actants during EOR electrocatalysis.

The XPS full survey shows that Pd is the only element present in the nanocrystals (Fig. 2b). The high-resolution XPS spectra of the
Pd3d in Pd-CNSs and Pd-NCBs were fitted into strong peaks assigned to Pd°3ds,; and Pd°3ds,, as the main metallic phase and two
weak peaks of Pd>"3ds,/; and Pd?*3ds 5 as minor oxide phase (Figs. 2¢ and d). The Pd3d spectra of Pd-CNSs are slightly shifted to lower
binding energies compared with those of Pd-NCBs, which implies upshifting of the d-band center of Pd-CNSs than that of Pd-NCBs,
clarifying the significant effect of morphology. Upshifting the d-band center of Pd is highly advantageous for promoting the
adsorption/activation of reactants and weakening adsorbed intermediates during EOR electrocatalysis. The electrochemical EOR
performance and stability of the Pd-CNSs and Pd-NCBs were initially measured in 1.0 M KOH and benchmarked to the commercial Pd/
Cs. The cyclic voltammetry (CV) curves of Pd-CNSs, Pd-NCBs, and Pd/C tested in Np-purged KOH electrolyte display the ideal sig-
natures of Pd-based catalyst with an obvious peak for reduction of PdO at (0.92 V-0.55 V) (Fig. 3a). The ECSA of the Pd-CNSs, Pd-NCBs
and Pd/C are about 28.1, 15.2 and 11.2 m?/g, respectively as calculated from the integration of PdO peak. The higher ECSA of Pd-CNSs
than Pd-NCBs and Pd/C is an indication of its inbuilt exposed active centers, meanwhile, the PdO peak of Pd-CNSs and Pd-NCBs are
significantly larger and slightly shifted towards lower potential than that of Pd/C catalyst, which implies the ease of oxygenated
species formation.

The CV curves measured in 1.0 M KOH/1.0 M ethanol on the tested catalysts reveal distinct oxidation peaks corresponding to the
peak current in the anodic direction (If) and the peak current in the cathodic direction (I), but with a higher Ir on Pd-CNSs (Fig. 3b).
The I; of PA-CNSs (47.91 mA/cm?) was nearly 2.4 and 11.4 times greater than those of Pd-NCBs (24.17 mA/cm?) and Pd/C (4.21 mA/
cmz), correspondingly. The onset potential (Eopset) of PA-CNSs (0.30 V) was lower than those of Pd-NCBs (0.44 V) and Pd/C (0.53 V),
implying the quick EOR kinetics on Pd-CNSs as evidenced by the linear sweep voltammetry (LSV) curves (Fig. 3c). This is further
corroborated by the high area of forward peak for the Pd-CNSs (2.27 mC cm~2) than Pd-CNBs (1.24 mC cm2) and Pd/C (1.12 mC
cm™?) Figs. S2a-S2c, besides lower Egpget/E10 of Pd-CNSs shown with the dash lines on the LSV curves (Fig. S2d). To this end, the Pd-
CNSs can generate a higher I value under a lower applied potential relative to Pd-NCBs and Pd/C, plausibly attributed to the porous
clustered nanospherical morphology, greater ECSA, and ease of formation of Pd-O. This is evident in the superior specific/mass ac-
tivity of the Pd-CNSs (8.51 mA/cm?/2.39 A/mgpq) than those of Pd-NCBs (7.83 mA/cm?/1.19 A/mgpq) and Pd/C (1.79 mA/cm?/0.20
A/mgpq) at an equivalent Pd mass loading (Fig. 3d). This implies the maximized utilization of Pd active centers in the Pd-CNSs than Pd-
NCBs and Pd/C catalysts, owing to the clean surface and porous clustered nanospherical morphology that make Pd active sites more
exposed and ease their usage during EOR electrocatalysis. Notably, the EOR specific/mass activities of Pd-CNSs are superior to pre-
viously reported Pd catalysts, like Pd-chestnut-bur-like (1.35 mA/cm?/0.57 A/mgpq) [36], Pd/CNTs-DPHE-2 nanocrystal (5.27
mA/cm?/2.12 A/mgpg) [55], Pd30 multipod (6.56 mA/cm?/1.42 A/mgpg) [38], Pd/PPyCC Cauliflower-like (2.04 mA/cm?/1.19
A/mgPd) [56], Pd nanoclusters (~4.20 mA/cm?/1.43 A/mg) [57] and others (Table S1).

The Nyquist plots of the Pd-CNSs, Pd-NCBs, and Pd/C were explored to probe the interfacial electrode/electrolyte interaction
during EOR in KOH electrolyte (Fig. 3e). All the nanocatalysts display a deformed semi-circle coupled with a diffusion region, but with
a smaller diameter of Pd-CNSs than Pd-NCBs and Pd/C, implying its better electrolyte-electrode interaction and charge transfer
resistance. This was further fitted by the Voigt electrical equivalent circuit (EEC) to determine the following EIS parameters (Fig. 3e
inset): solution resistance (R;); charge transfer resistance (R.); constant phase element (CPE); and Warburg impedance (Wy) (Table 1).
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Fig. 3. CVs at 50 mV/s in 1.0 M KOH alone (a), 1.0 M KOH/1.0 M EtOH (b), LSV at 50 mV/s (c), mass/specific activities (d), Nyquist plots with
Voigt electrical equivalent circuit (EEC, inset) (e), and Bode plots (f) of Pd nanocrystals and Pd/C.
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The lower Rg/R,; of the Pd-CNSs (3.19 ©/0.85 kQ) than Pd-NCBs (3.99 Q/1.06 kQ) and Pd/C (15.96 ©/4.24 kQ) reveal its higher
ionic conductivity and lower charge mobility resistance. Following the impedimetric process of the CPE (Zcpg) with accompanying
ideality factor (n) in the range of —1 and +1; when n = 0, the Zcpg becomes a pure resistor; when n = 1, the Zcpg becomes a pure
capacitor (i.e., Zcpg = Zcq1); when n = —1, the Zcpg becomes pure inductor; and when n = 0.5, the Zcpg becomes Wy. The n values in the
range 0.5-1.0 are recorded for the electrocatalysts showing their pseudocapacitive behavior during EOR, not an ideal double-double
capacitive (Cqp). The Wy of 435.86, 532.51 and 674.90 pS s1/2 are recorded for Pd-CNSs, Pd-NCBs and Pd/C, respectively. This result
elucidates rapid reactants diffusion with a greater diffusion coefficient on the Pd-CNSs than Pd-NCBs and Pd/C. Bode plots further
clarify the resistive and capacitive behavior of the nanocatalysts (Fig. 3f). The low overall resistance of the Pd-CNSs in the plots of Log Z
(Q) vs. Log f (Hz) at the low-frequency region compared to Pd-CNBs and Pd/C, reveals quick EOR kinetics on Pd-CNSs, while the phase
angles (60-65°) plausibly indicate the pseudocapacitive behavior of the nanocatalysts.

Figs. 4a—c show the CV curves of the Pd-CNSs, Pd-NCBs, and Pd/C at scan rates (25-300 mV/s) in 1.0 M KOH/1.0 M EtOH, where
increasing scan rates (v) concurrently increase the Ir values of all the electrocatalysts. Then, plots of Ir vs. v/ show that all the
electrocatalysts possess linearity with the regression coefficients close to unity (i.e., R? = 0.9744-0.9983) (Fig. 4d). This could serve as
evidence for EOR diffusion-controlled process. The high linearity slope of Pd-CNSs (2.14) relative to Pd-NCBs (1.91) and Pd/C (0.60),
implies the higher diffusion coefficient of EOR intermediates on the Pd-CNSs compared to Pd-NCBs and Pd/C. The improved alkaline
EOR kinetic of the Pd nanocrystals and Pd/C is probed by the Tafel plots that demonstrate a lower Tafel slope (b = 0.205 £+ 0.012 V/
dec) on the Pd-CNSs than those on Pd-NCBs (b = 0.250 + 0.013 V/dec) and Pd/C (b = 0.314 + 0.016 V/dec) (Fig. 4e), confirms the
higher EOR kinetics on the Pd-CNSs.

The EOR stability of Pd-CNSs, Pd-NCBs and Pd/C in 1.0 M KOH/1.0 M EtOH was studied with chronoamperometry (CA) for 1600 s
at steady-state conditions (Fig. 4f). All the nanocatalysts degrade, but the Pd-CNSs retain a higher current density than Pd-NCBs and
Pd/C. The stability of Pd-CNSs, Pd-NCBs and Pd/C toward alkaline EOR was further verified using CV for 1000 cycles (Fig. 5a—c),
which displays that the Pd-CNSs retained ~72 % of its initial It value compared to Pd-NCBs (~65 %) and Pd/C (~53 %) (Fig. 5d). This
is evidenced by the TEM images that reveal no significant morphological changes of the Pd-CNSs and Pd-NCBs after 1000 cycles, while
Pd/C showed an obvious aggregation of Pd nanoparticles (Figs. 5e-g).

The FTIR analysis conducted after EOR measurements in alkaline medium shows the vibrational mode of 3350 cm™, 1720 cm™
and 1470 cm™! attributed to (OH)acig, (C=0acia) and (C-Oacid), respectively of acetic acid (CH3COOH) (Fig. S3). That is the most
common product from the EOR on Pd-based catalysts in this study. Thus, the EOR mechanism could be proposed according to the
following equations (1)—(4) [18,19,58].

1

Pd-CNSs + OH- — Pd-CNSs-OH,qgs + ¢~ 6h)
Pd-CNSs + CH3CH,0H — Pd-CNSs(CH3CH,OH)yqs )
Pd-CNSs(CH3CH,0H)yqs + 30H™ — Pd-CNSs (CH3CO)yqs + 3H20 + 3¢~ 3)
Pd-CNSs(CH3CO),qs + Pd-CNSs-OH,qs + OH™ — Pd-CNSs + CH3COO~ + H,0 4

The electrochemical CO stripping of the Pd nanocrystals and Pd/C in CO-saturated 1.0 M KOH reveals a peak corresponding to the
oxidation of CO, however the oxidation peak diminished after the CO gas was switched to Ny, inferring to the removal of the adsorbed
CO on the nanocatalysts (Fig. 6). The CO tolerance of the nanocatalysts was investigated with Eqpset/0xidation potentials (Eoxi) and
oxidation current density (joxi). Hence, the Pd-CNSs has relatively lower Egpset/Eoxi (0.57/0.72 V) than Pd-CNBs (0.60/0.76 V) and Pd/
C (0.59/0.77 V), which is an indication of facile CO oxidation at lower energy (Figs. 6a—c). This proved that Pd-CNSs has better
tolerance toward carbonaceous (CO) species poisoning than Pd-CNBs and Pd/C. Moreover, the Pd-CNSs exhibits superior joy; (1.0 mA/
cm2) to Pd-CNBs (0.8 mA/cmz) and Pd/C (0.60 mA/cmz), inferring high CO oxidation kinetic on Pd-CNSs. This is attributed to the
clustered nanospherical morphology, clean surface, and more expose Pd active sites in the Pd-CNSs.

The EOR of the Pd-CNSs, Pd-NCBs and Pd/C was additionally measured in 0.5 M H,SO4 electrolyte. The CV curves of Pd-CNSs, Pd-
NCBs and Pd/C measured in Np-purged HySO4 electrolyte reveal the ideal voltammograms features of Pd, including double-layer
hydrogen adsorption/desorption and PdO reduction (Fig. S4a). Notably, the peak assigned to the reduction of Pd-O on the Pd-
CNSs is negatively shifted than those of Pd-NCBs and Pd/C, implying its higher active sites and ease of formation of oxygenated
species. This is observed in the greater ECSA of Pd-CNSs (11.2 m?/ g) than Pd-NCBs (3.8 m?/ g) and Pd/C (5.1 m?/ g). The CV curves
recorded in 0.5 M HySO4/1.0 M EtOH on all catalysts showed EOR features, but with a greater Iy value on the Pd-CNSs (16.12 mA/cm?)
than Pd-NCBs (12.59 mA/cm?) by 1.3 times and Pd/C (7.07 mA/cm?) by 2.3 times (Fig. S4b). The LSV show a lower Egpget on the Pd-
CNSs (0.28 V) than Pd-NCBs (0.54 V) and Pd/C (0.55 V), beside a higher I; at any potential point (Fig. S4c), implying a better EOR
kinetics on the Pd-CNSs. The specific (mass) activity (2.98 mA/cm? (0.88 A/mgpq)) of the Pd-CNSs are higher than Pd-CNBs (2.63 mA/
cm? (0.68 A/mgpa)) and Pd/C (2.09 mA/cm? (0.38 A/mgpg)) (Fig. S4d).

Table 1
EIS data of Pd nanocrystals and Pd/C for EOR in 1.0 M KOH/1.0 M EtOH.
Ry/Q R./kQ CPE/pS.s ™™ n Wa/pS.s'?
Pd-CNSs 3.19+0.2 0.85 £+ 0.00 80.92 +1.32 0.82 435.86 + 39.87
Pd-NCBs 3.99 £ 0.00 1.06 + 0.00 110.97 £+ 1.58 0.83 532.51 + 56.24
Pd/C 15.96 + 0.11 4.24 £+ 0.00 120.30 + 2.20 0.79 674.90 £+ 71.06
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The Nyquist plots of Pd-CNSs, Pd-NCBs, and Pd/C show deformed semi-circles, which were fitted with appropriate Voigt EEC to
extract the EIS data (Fig. S4e). A similar Rs (~4.50 Q) is recorded for the Pd-CNSs, Pd-NCBs and Pd/C, which infers the same ionic
conductivity of the Pd catalysts in the acidic condition. However, the R of the Pd-CNSs (3.47 k) and Pd-NCBs (3.66 kQ) are lower
than that of Pd/C (4.03 kQ) (Table S2), implying the lowest charge transfer resistance of Pd-CNSs. This is also evident in the lower CPE
impedance of the Pd-CNSs and Pd-NCBs than Pd/C, which reveal improved pseudocapacitive properties during EOR electrocatalysis.
Meanwhile, the n value of the Pd-CNSs and Pd-NCBs is closer to 0.5, implying their greater intermediates diffusion. The Pd-CNSs has
low overall resistance in the plots of Log Z (Q) vs. Log f (Hz) at the low-frequency region relative to Pd-CNBs and Pd/C, indicating high
acidic EOR kinetics on Pd-CNSs. The phase angles (64-67°) confirm the pseudocapacitive properties of the nanocatalysts (Fig. S4f).

The CV curves measured at different v ranged from 25 to 300 mV/s on Pd-CNSs, Pd-CNBs, and Pd/C in 0.5 M H2S04/1.0 M EtOH
reveal a linear increase in the I; values with increasing v (Figs. S5a-S5¢). The plots of I vs. 02 give a linear relationship with the
regression coefficients close to 1, revealing that the mechanism of EOR is a diffusion-controlled process (Fig. S5d). The higher slope on
Pd-CNSs (0.98) than Pd-NCBs (0.90) and Pd/C (0.50), implies the higher diffusivity of carbonaceous intermediates on Pd-CNSs. This is
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Fig. 6. Electrochemical CO stripping of Pd nanocrystals and Pd/C in CO-saturated 1.0 M KOH at 50 mV/s.

also observed in the Tafel plots showing low b on the Pd-CNSs (0.131 + 0.010 V/dec) than Pd-NCBs (b = 0.160 + 0.008 V/dec) and Pd/
C(b=0.167 £ 0.010 V/dec) (Fig. S5e), confirming quicker EOR kinetics on the Pd-CNSs. The CA measured for 1500 s displays a higher
stability on the Pd-CNSs than Pd-NCBs and Pd/C (Fig. S5f). Also, after 1000 cycles, the Pd-CNSs preserves ~53 % of its initial I value
which was more stable than Pd-NCBs (~48 %) and Pd/C (~39 %) (Fig. S6).

The CV curves measured in Ny-purged 0.5 M NaHCOs electrolyte reveal the voltammogram characteristics of Pd, but with a higher
area for hydrogen adsorption/desorption and reduction of PdO on Pd-CNSs than Pd/C and Pd-NCBs (Fig. S7a). The ECSA of Pd-CNSs,
Pd/C and Pd-NCBs are about 1.35, 1.30, and 0.80 m?/g respectively. The CV curves measured in 0.5 M NaHCO3/1.0 M EtOH at 50 mV/
s shows the superior EOR activity of the Pd-CNSs with I (0.15 mA/cm2), which is 1.1 times of Pd/C (0.14 mA/cm?) and 1.5 times of Pd-
CNBs (0.10 mA/cm?) (Fig. S7b). The LSV curves display that the EOR occurs at an earlier Eqpget (0.35 V) for Pd-CNSs relative to Pd-
NCBs (0.54 V) and Pd/C (0.47 V), besides delivering a higher current at a lower applied potential (Fig. S7c). The specific (mass) activity
of the Pd-CNSs (0.061 mA/cm? (0.0083 A/mgpq)) are substantially greater than those of Pd-CNBs (0.048 mA/cm? (0.0054 A/mgpq))
and Pd/C (0.055 mA/cm?> (0.0078 A/mgpq)) (Fig. S7d). This is of great importance because the self-standing Pd clustered nano-
spherical structures have enhanced EOR activity than the commercial Pd/Cin all the electrolyte media.

The Nyquist plots of the Pd-CNSs, Pd-NCBs and Pd/C in 0.5 M NaHCO3/1.0 M EtOH reveal semi-circle lines, but with a lower
diameter of the Pd-CNSs than Pd/C and Pd-NCBs, implying its lower charge transfer resistance and superior NaHCOj3 electrolyte-
electrode interaction as further evident in the extracted EIS data using the Voigt EEC (Fig. S7e). All tested nanocatalysts exhibit
similar Rg (~42 Q) inferring their similar ionic conductivity, however, the Pd-CNSs displays a lower Rt and CPE than Pd-CNBs and Pd/
C (Table S3), which implies better charge mobility and pseudocapacitive properties of the Pd-CNSs, as also shown in its lower n value
that was close to 0.5. This indicates ease of diffusion of EOR intermediates on the Pd-CNSs in the neutral electrolyte.

The Bode plots depict that the Pd-CNSs has a low overall resistance in the plots of Log Z (Q2) vs. Log f (Hz) at the low-frequency
region relative to Pd-CNBs and Pd/C, implying superior EOR kinetics on the Pd-CNSs. Additionally, the estimated phase angles on
the Pd-CNSs, Pd-CNBs and Pd/C are about (52-55°) verifies their pseudocapacitive features (Fig. S7f).

Increasing the v from 25 to 300 mV/s leads to increasing the EOR current density to reach the highest value at 300 mV/s on the Pd-
CNSs, Pd-CNBs and Pd/C in 0.5 M NaHCO3/1.0 M EtOH, but with a superior activity on the Pd-CNSs under all v (Figs. S8a-S8c). The
Randle Sevcik plots (¢ vs. 0'/2) of the Pd-CNSs, Pd-CNBs and Pd/C give a linear relationship, implying the diffusion-controlled process
of the EOR (Fig. S8d). The Pd-CNSs has a higher slope (0.0044) compared to Pd-NCBs (0.0022) and Pd/C (0.0025), implying the better
ability of EOR intermediates to diffuse easily on the Pd-CNSs. This is corroborated by the lower Tafel slope on the Pd-CNSs than Pd/C
and Pd-CNBs (Fig. S8e). The CA tested for 1500 s demonstrates better stability at steady-state condition with higher current density on
the Pd-CNSs than Pd/C and Pd-CNBs (Fig. S8f). This is also observed in the CV curves measured for 1000 cycles, which show that the
Pd-CNSs loses only ~30 % of its initial Ir value compared with Pd-NCBs (~40 %) and Pd/C (~48 %) (Fig. S9).

These results clearly warrant the substantial EOR performance of self-standing Pd-CNSs in KOH than in H,SO4 and NaHCO3, owing
to its clean surface and porous clustered nanospherical structures, which provide abundant active catalytic sites for adsorption of
reactants and ease their diffusion to buried atoms. This not only makes the active sites more accessible, but also maximizes their
utilization for EOR electrocatalysis. The upshifting d-band center of Pd may enhance the adsorption and activation of ethanol mol-
ecules along with facilitating HO activation/splitting to generate active OH™ species that subsequently promote the cleavage of C-H
cleavage in ethanol and facilitate easy desorption of carbonaceous intermediates. The dissimilar voltammogram features and their
related ECSA, mass/specific activity and EIS parameters on the Pd-CNSs, Pd-NCBs, and Pd/C in KOH than those in HoSO4 and NaHCO3,
infers the significant effect of electrolytes at varied pH and catalyst shapes on the EOR activity and durability. This is due to the
following reasons of EOR in alkaline condition: (i) decreased ethanol crossover, i.e., the abundant OH" species adsorbed on the
electrode could facilitate the quick conversion of ethanol to ethanoic acid, (ii) mitigate the danger of adsorbed spectator ions on the
electrode that may hinder the electrocatalysis, and (iii) the electrode is less prone to corrosion. However, the results indicate that the
porous self-standing 3D clustered spherical nanostructure is the most active and most stable EOR electrocatalyst than the nanocube-
like counterpart.

4. Conclusion

This study emphasizes the effect of Pd catalyst shapes and electrolytes at varied pH on the EOR activity and stability. Mainly, porous
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Pd clustered nanospheres (Pd-CNSs) and Pd nanocube-like (Pd-NCBs) were synthesized by the chemical reduction of Pd precursor at
0 °C by sodium borohydride (NaBH4) and 1-ascorbic acid, respectively. The ice-cooling reduction of NaBH,4 induces the burst nucle-
ation and direct attachment growth to generate 3D porous Pd clustered spherical nanostructures, meanwhile, sluggish reduction by L-
ascorbic promotes the nucleation and subsequent homogenous growth to form cubic-like nanostructures. To investigate the effect of
shapes and electrolytes, the EOR activity and stability of the Pd-CNSs, Pd-NCBs, and Pd/C were measured in alkaline (KOH, pH = 12),
acidic (H2SO4, pH = 2) and neutral (NaHCOs, pH = 7.4), which displayed the superior performance of the Pd-CNSs than Pd-NCBs, and
Pd/C at all the pH values. This originated from the 3D porous clustered nanospherical morphology which provides abundant channels
for the adsorption of reactants (CH3CH2OH and OH), accelerate their diffusion, makes Pd active centers more accessible, and maxi-
mizes their utilization during EOR electrocatalysis. The electrolyte-electrode interaction and electron mobility in KOH were better than
in H,SO4 and NaHCOj3 on the as-synthesize nanocatalysts. Notably, the EOR specific/mass activities of the Pd-CNSs reached (8.51 mA/
cm?/2.39 A/mgpq) in KOH, (2.98 mA/cm?/0.88 A/mgpq) in H,S04, and (0.061 mA/cm?/0.0083 A/mgpq) in NaHCOs, in addition to its
great stability after 1000 cycles, implies better activity in KOH electrolyte. The study herein verifies that porous self-standing 3D Pd
clustered spherical nanostructures are preferred for the EOR than non-porous 0D special-like supported Pd/C and multi-dimensional
self-standing cube-like Pd nanostructures over a wide pH values.
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