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1. Experimental details

1.1.  Chemicals and reagents 

Single-walled CNTs with an average tube diameter of 20–30 nm and length of 1–2 μm were 

obtained from Carbon NanoTech. Co., Ltd., South Korea. 1,5-NDA, yttrium (III) nitrate 

hexahydrate (Y2(NO3)3·6H2O), potassium tetrachloropalladate (II) (K2PdCl4), and sodium 

borohydride (NaBH4) were purchased from Sigma–Aldrich, Korea. Sulfuric acid and nitric 

acid were procured from Ducksan Pure Chemical Industries Co., Ltd. Methanol, ethanol, 

potassium hydroxide, and potassium chloride were purchased from Dae-Jung Co., Korea. All 

chemicals and reagents were used of analytical grade and were used without further 

purification.

1.2. Instruments 

A three-electrode configuration comprising a reference electrode (Ag/AgCl in a 3.0 M KCl 

filling solution), a counter electrode (Pt wire), and a working electrode (glassy carbon 
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electrode, GCE) with a uniform diameter of 3.0 mm was employed. To perform 

electrochemical analysis, we conducted cyclic voltammetry, linear sweep voltammetry, and 

chronoamperometry using a grounded three-electrode potentiostat in a Faraday cage. 

Moreover, an electrochemical workstation (CHI700C) and a rotating ring-disk electrode 

(RRDE) method (EG & G Model 636) were used for hydrodynamics. pH was accurately 

adjusted using a pH glass electrode with a JENCO meter. High-resolution transmission electron 

microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) were performed on a 

JEM-2100F microscope (200 kV). X-ray photoelectron spectroscopy (XPS) was conducted 

using a MultiLab 2000 instrument (Thermo Electron Corporation, England) with an Al Kα X-

ray source and an energy of 14.9 keV. Furthermore, inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) was used to determine the weight percentage of metal 

elements in the synthesized PdY/NCNTs nanostructure. X-ray diffraction (XRD) patterns and 

Raman spectra of the three samples were obtained from a Rigaku D/max-2500 instrument and 

a LabRam HR800 UV Raman microscope (Horiba Jobin-Yvon, France) using an Ar+ laser with 

515 nm excitation, respectively. 

K-L equation

  (1)

1
𝑗

=  
1
𝑗𝑘

+  
1
𝑗𝐿

=  
1
𝑗𝑘

+  
1

𝐵𝜔
1

2

B = 0.62 ƞ  (2)
𝐹𝐴𝐶𝑜2

𝐷2 3
𝑜2

 𝑉 ‒ 1 6

where j is the experimentally measured current density; jk and jl are the kinetic and diffusion 

limiting current densities (mA/cm2), respectively; ω is the angular velocity of the disk (ω = 2π 

rpm); A and ƞ are the surface area of the disk and electron transfer number, respectively; T and 

F are the temperature and Faraday constant (96485.2 C mol−1), respectively;  and  are 
𝐶𝑂2

𝐷𝑂2

the concentration (1.2 mM L−1) and diffusion coefficient (1.9 ×10−5 cm2 S−1) of dissolved O2 

in 0.1 M KOH, respectively; and V is the kinetic viscosity of the electrolyte (1 ×10−2 cm2 S−1. 

Based on the K–L equation, plots of  vs.  were analyzed at various electrode potentials. 𝑗 ‒ 1 𝜔1/2

These plots yielded a straight line, and the slopes of these plots reflected the B factor in equation 

(1).
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Figure S1: TEM images of pure Pd/NCNTs (a) PdY/CNTs (b) and HRTEM image of Pd/CNTs 

(c) and PdY/NCNTs (d), inset: the Pd NPs size dependent histogram.

FWHM K Lamda theta Particle size
Pd/NCNTs 1 0.897 0.1541 40.05 8.43
PdY/NCNTs 1.61 40.15 5.24

Figure S2: The enlarged XRD pattern at (111) plan of FCC Pd and the corresponding 

parameters used in the calculation. 
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Figure S3: XPS survey spectra of corresponding samples (a) and core level of Y 3d XPS 

spectra of PdY/NCNTs and Y/NCNTs (b). 

Table S1: Elemental composition of all samples data obtained from the area of XPS peaks.

C wt% O wt% N wt% Y wt% Pd wt%
OCNTs 66.1 33.9 - - -
NCNTs 60.2 25.8 14 - -
Pd/NCNTs 68.9 10.2 9 11.9
Y/NCNTs 69.3 11.4 8.9 10.4
Pd/CNTs 74.5 8.9 - - 16.6
PdY/NCNTs 61.2 8.6 7 10.1 13.1

Figure S4: EIS spectra of electrocatalysts recorded in an Ar-saturated 0.1 M KCl containing 5 

mM Fe(CN)6
3-/4- solution at a frequency range from 106 to 10–2 Hz (a); insets: enlarged EIS 

spectra and the equivalent circuit model, the comparison of ECSA calculated from the CV 

curves (b). 
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Figure S5: LSV curves at various speed ranges for Pd/NCNTs (a) and Pd/CNTs (b); insets: 

corresponding K–L plots at a potential range of 0.0 to 0.6 V (vs. RHE).

Figure S6: RRDE curves for ORR at 1600 rpm in respect to the variable potential from 1.0 to 

0.0 V (vs. RHE) on disk electrode and a constant applied potential of 0.8 V (vs. RHE) on the 

ring electrode. 



7

Figure S7: CA curves of all Pd-containing catalysts and Pt/C in O2-purged 0.1 M KOH 

electrolyte at a constant applied potential of 0.8 V (vs. RHE).

Figure S8: Enlarged CV curves of EOR at E0 region (a) and Tafel plots (b) of all Pd-loaded 

catalysts. 

Figure S9: CA curves of all Pd-containing catalysts at jf of PdY/CNTs (0.92 V vs. RHE) in 

Ar-purged 1 M KOH electrolyte containing 0.2 M ethanol.
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Table S2: Comparison of PdY/NCNTs with recently reported Pd-based catalysts in respect to 

the ORR performance. 

Materials Electrolyte E0 
(V vs. RHE)

E1/2 
(V vs. RHE)

MA (mA 
mgPd

-1) @~E1/2
SA 

(mA cm-2)
Refs.

PdY/NCNTs 0.1M KOH 0.98 0.865 1317 16.775 This work
CPCo-3 0.1M KOH 0.932 0.886 - 17.08 [S1] 2023

Sn18Pd82 alloys 0.1 M KOH 1.05 0.92 2300 3.46 [S2] 2023

Pd@CoOx/NC1 0.1 M KOH 1.07 0.95 280 3.7 [S3] 2023

N-10h-Pd3P2S8 0.1 M KOH 0.9 0.76 760 0.45 [S4] 2022

Pd/FeCoNC 0.1 M KOH 0.95 0.86 - - [S5]2022

P-PdPb NFs 0.1 M KOH 1.06 0.95 130 9.2 [S6]2022

Pd NBs/C 1 M KOH 0.99 0.95 1210 3.6 [S7]2021

PdBi_8h 0.1 M KOH 0.99 0.93 180 5.3 [S8]2021

PdY nanosponges 0.1 M KOH 1.02 0.90 4.00# 7.98 [S9] 2023

Au@Pd NWs 0.1 M KOH - 0.927 910 1.3 [S10] 2023

PdZn bimetallene 0.1 M KOH 1.13 1.05 1.11# 2.16 [S11] 2023

*mA/cmPd
2; # mA µgPd

-1
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Table S3: Comparison of PdY/NCNTs with recently reported Pd-based catalysts in respect to 
the EOR performance.

Materials Electrolyte E0 (V vs. 

RHE)

ECSA 
(m2 g-1)

jf/jb MA (mA ) 𝑚𝑔–1
𝑃𝑑

@ jf

Refs.
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*vs. (SCE)
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