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Experimental Procedure and Calculation Methods

a) Low temperature growth of Cu-based catalysts 

Low temperature growth of Cu-based catalysts was conducted in 0.1mol/L CuSO4 solution at 273 K 
temperature under DC power electric field. The positive and negative poles of DC power electric field were connected 
to copper foil and Cu-Zn-Al plate, respectively. Under 273 K temperature, the low temperature growth of Cu-based 
catalysts was carried out at 1V, 5V, 9V and 13V voltages, respectively. In order to guarantee even distribution of 
electric field in CuSO4 solution and drive directional diffusion of copper ions from cathode to anode, the cathode 
copper foil should face the anode steel plate, and the anode area is larger than the cathode area. The distance 
between cathode copper foil and anode steel plate is 10-12 mm. 

b) Microstructure characterization

The morphology of Cu-based catalysts was observed using scanning electron microscopy (SEM, SUPRA-55, 
Germany) and transmission electron microscopy (HRTEM, JEOL2100F, Japan). The crystallographic characterization 
was performed by an X-ray diffraction (XRD, Empyrean, Holland) with Cu Kα radiation at a scanning speed of 6 °/min. 
The compositions of Cu-based catalysts were analyzed using an X-ray photoelectron spectroscope (XPS Thermo 
Scientific K-Alpha, US) at room temperature. 

The optical contact angle meter system (JC2000D1, China) was used to measure the contact angle of lotus leaf 
and Cu-based catalysts, respectively.  The underwater contact angles of water or oil droplets on the surface of lotus 
leaf and Cu-based catalysts were measured by a contact-angle system (HARKE, China), which could calculate contact 
angles from the drop shapes with an accuracy of ±0.1°. In order to reduce testing error, each sample was measured 
for five times and an average value of five contact angles was employed 1.

c) Electrochemical characterization

All the electrochemical tests were carried out in an electrochemical workstation (PGSTAT302 N, Ecochemie Co. 
Holland) under room temperature (303 K) and low temperature (273 K), respectively. These electrochemical 
measurements were performed in a traditional three-electrode cell system with the platinum mesh electrode and 
saturated calomel electrode (SCE) as the counter electrode and the reference electrode, respectively. Moreover, a 
rotating disk electrode was deposited with catalysts as the working electrode, in which the catalyst ink was made by 
mixing 3.0 mg Cu-based catalyst and 25μL 5wt% Nafion solution. 

The ORR activities of the catalysts were evaluated by cyclic voltammetry (CV) and linear sweep voltammetry 
(LSV) tests in nitrogen and oxygen saturated 0.1 mol L-1 KOH solution successively at a scan rate of 50 mV s-1. 
Subsequently, the LSV curves of the catalysts were measured in oxygen saturated 0.1 mol L-1 KOH solution with a 
rotating speed of 500 rpm. As a benchmark, the ORR activity of commercial Pt/C (20 wt% Pt on carbon black, HiSPEC 
3000, Johnson Matthey) working electrode was also tested, in which the loading of Pt/C (20%) on the surface of the 
electrode is 0.2 mg/cm2. 

In addition, the electron transfer numbers were calculated using the Koutecky-Levich equation 2: 

    1/j = 1/jL + 1/jK = 1/(Bω1/2) + 1/jK                                                                         (1)

           B = 0.62nFC0(D0)2/3 ν-1/6                                                                            (2)

           jK = nFKC0                                                                                               (3)

Where, j is the measured current density; jL and jK are the diffusion- limiting and kinetic current densities, respectively; 
n represents the overall number of electrons gained per O2; F is the Faraday constant (F = 96485 C mol -1); C0 is the 
bulk concentration of O2; D0 is the diffusion coefficient of O2 in 0.1 M KOH electrolyte; ν is the kinetic viscosity of the 
electrolyte; ω is the angular velocity of the disk (ω = 2πN, N is the linear rotation speed) and k is the electron transfer 
rate constant.

Moreover, rotating ring-disk electrode (RRDE) tests were performed to measure the H2O2 yields and electron 
transfer of all Cu-based catalysts. 3 For comparison, a 20wt% Pt/C sample was adopted in our experiment. The 
equations used to calculate n (the apparent number of electrons transferred during ORR) and H2O2 yields (the 
percentage of H2O2 released during ORR) are the following:

                                                                              n = 4 ID/(ID + IR /N)                                                                                  (4)         
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                                                              H2O2 yield = 100 * (2 IR /N)/(ID + IR /N)                                                               (5)                             

Where IR and ID are the currents at ring and disk, respectively. N is the RRDE collection efficiency, which is calculated 
to 0.37 in our experiment. 

Furthermore, the AC electrochemical impedance spectra (EIS) of Cu-based catalysts were measured in the 
frequency range from 1000000 Hz to 1 Hz. In order to realize an equilibrium state, all three-electrode cells for EIS tests 
were stabilized for twenty minutes before measurement.

d) Theoretical calculations. 

The ORR activities of Cu-based catalysts were predicted by first-principles calculations using the Vienna ab 
initio simulation package (VASP) code within the framework of density functional theory (DFT). The triclinic Cn3Zn 
crystallizes in the space group P1, in which the lattice parameters of triclinic Cn3Zn are a=0.84 nm, b=0.45 nm, c=0.10 
nm. The monoclinic CuO crystallizes in the space group 15 C2/C, and the lattice parameters of monoclinic CuO is 
a=0.46 nm, b=0.34 nm, c=0.51 nm. The cubic Cu2O crystallizes in the space group 224 PN-3M, and the lattice 
parameters of cubic Cu2O is a=b=c=0.42 nm. The exchange coorelation energy of electrons was described within the 
generalized gradient approximation (GGA) as parameterized by Perdew, Burke, and Ernzerhof.4 The energy cut-off is 
set up to 300 eV, and the k-point sampling of the first Brillouin zone is set up to 6 × 6 × 6.
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Fig. S1 SEM observation of Cu-based catalysts synthesized at different voltages
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Fig. S2 EDS elemental analysis of ultrathin copper nanowires. 
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Fig. S3 is the XRD analysis of Cu-based catalysts obtained at different reaction voltages. The diffraction peaks at 
49.6°and 87.5°are attributed to Cu3Zn(200) and Cu3Zn(110), respectively (JCPDS card, No. 03-065-6567). The 
diffraction peak at 42.6°is related to Cu2O(200) and CuO(200) (JCPDS card, No. 00-034-1354, 01-078-0428). The 
diffraction peaks of Cu2O(111) and Cu2O(311) at 36.5°and 73.6°are also found (JCPDS card, No. 01-078-2072). 
Therefore, Cu3Zn and Cu2O are the main components of 5V voltage synthesized ultrathin copper nanowires. 

Fig. S3 XRD patterns of Cu-based catalysts synthesized at different voltages
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To uncover the chemical states and chemical elemental compositions of ultrathin copper nanowires, XPS 
characterization is performed. As shown in Fig. S4, the characteristic weak satellite peaks of Cu+ 2p and Cu2+ 2p 
appeared at 947.0 eV and 943 eV binding energies, which suggests the existence of Cu2O and CuO, respectively.5, 6 
Notably, 2p3/2 and 2p1/2 doublet peaks of Cu+ are revealed at 932.62 and 952.5 eV, respectively, 5, 6 as shown in Fig. 
S4(a). Obviously, Cu+ is present on the surface of ultrathin copper nanowires, which is in agreement with the above 
XRD analysis of Cu2O phase. In the high-resolution O 1s XPS spectrum of Fig. S4(b), the deconvoluted two peaks at 
531.2 eV and 532.2 eV are originated from surface adsorbed oxygen and adsorbed water molecules, respectively, 
suggesting the existence of O2-. 7, 8

Fig. S4 XPS analysis of ultrathin copper nanowires
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Under room temperature (303 K) and low temperature (273 K) tests the CV curves of ultrathin copper 
nanowires demonstrate obvious reduction peaks in oxygen saturated 0.1 mol L-1 KOH solution, indicating their ORR 
activities (Fig. S5, Fig. S6, Table S1 and Tables S2). Compared with other Cu-based catalysts, the ultrathin copper 
nanowires have much larger electrochemical surface-active area than other Cu-based catalysts, signaling their 
superior electrochemical properties. Under room temperature the onset potential and halfwave potential of ultrathin 
copper nanowires are 0.85 V and 0.78 V, respectively. In recent literatures Cu-based catalysts exhibit good ORR 
performances. For example, Yang et al reported a halfwave potential of 0.88 V for single atom copper catalyst in 
alkaline solution 9, and a halfwave potential of 0.89 V for single-site copper catalyst in alkaline media is reported by Sun et 
al 10. Moreover, a halfwave potential of 0.83 V was reported in our recent experiment of Cu-O-C catalysts 7. These ORR 
performances are much higher than those of Co3O4 nanosheets (0.8 V) 11 and NiO/CoO nanostructures (0.66 V) 12 cases, 
demonstrating the superior ORR performances of Cu-based catalysts. 

Due to the high energy conversion efficiency, low emission pollution and quiet operation advantages, fuel cells 
can be viewed as the ideal new energy powers. Nevertheless, the slow kinetics of oxygen reduction reaction (ORR) of 
fuel cells limits their widely commercial applications. Nowadays, the exploration footsteps of human beings are 
reaching deep-sea, outer space and other extremely cold regions, and the slow ORR kinetics issue of fuel cells is 
especially obvious under these low temperature conditions. Compared to room temperature ORR activities, the low 
temperature ORR activities are much more difficult. Although Pt and Ir demonstrate good low temperature ORR 
activities, their high-cost disadvantages are still not satisfied. The good low temperature ORR activities of ultrathin 
copper nanowires will provide some insights for the low temperature commercial applications of fuel cells.



9

Fig. S5 Room temperature CV curves of Cu-based catalysts in nitrogen or oxygen saturated 
0.1 mol L-1 KOH solution. 

(c) (d)

(b)(a)

0.6 0.8 1.0 1.2

-2

-1

0

1

C
ur

re
nt

 D
en

sit
y(

m
A

/c
m

2 )

Potential(V(vsRHE))

 O2

 N2

0.6 0.8 1.0 1.2

-0.6

-0.3

0.0

0.3

C
ur

re
nt

 D
en

sit
y(

m
A

/c
m

2 )

Potential(V(vsRHE))

 O2

 N2

0.6 0.8 1.0 1.2
-0.8

-0.4

0.0

0.4

C
ur

re
nt

 D
en

sit
y(

m
A

/c
m

2 )
Potential(V(vsRHE))

 O2

 N2

0.6 0.8 1.0 1.2

-0.8

-0.4

0.0

0.4

C
ur

re
nt

 D
en

sit
y(

m
A

/c
m

2 )

Potential(V(vsRHE))

 O2

 N2



10

Fig. S6 Low temperature CV curves of Cu-based catalysts in nitrogen or oxygen saturated 
0.1 mol L-1 KOH solution
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Fig. S7 LSV curve of 20wt% Pt/C catalyst
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Table S1 Room temperature (303 K) onset potentials (Eonset) and halfwave potentials (E1/2)
of Cu-based catalysts synthesized at different voltages

 Voltage (V) 1 5 9 13

Onset potential (V) 0.79 0.85 0.82 0.82

Halfwave potential (V) 0.76 0.78 0.73 0.75
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Table S2 Low temperature (273 K) onset potentials (Eonset) and halfwave potentials (E1/2)
of Cu-based catalysts synthesized at different voltages

 Voltage (V) 1 5 9 13

Onset potential (V) 0.77 0.82 0.79 0.8

Halfwave potential (V) 0.71 0.73 0.72 0.71



14

Fig. S8 The H2O2 yields (a) and electron transfer (b) of Cu-based catalysts and 20wt% Pt/C sample
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ORR occurs at the triple phase regions of electrocatalysts, in which O2 diffusion and charge transfer are two 
critical steps to govern the kinetics of oxygen reduction catalysis. It is well known that EIS is a powerful technique to 
investigate the mass diffusion and charge transfer phenomena of fuel cells, lithium batteries and other new energy 
conversion systems. To elucidate the ORR kinetics of ultrathin copper nanowires, EIS measurements of ultrathin 
copper nanowires are conducted (Fig. S9(a-b)). 

It is reported that the Randles circuit is usually adopted to describe the oxygen reduction reaction (ORR) 
kinetics for fuel cells, in which the O2 diffusion coefficients of ORR are closely related to the Warburg impedance ZW, 
charge transfer resistance Rct and double-layer capacity Cdl of the equivalent electrical circuits (EECs) in EIS results 13, 14. 
As shown in Table S3 and Table S4, the Cu-based catalyst synthesized at 5 V demonstrates the fastest electron 
transport in all Cu-based catalysts with the lowest interface charge transfer resistance (Rct). 

Calculating the diffusion length δ2 and diffusion time τD from the Randles circuit of EIS results, the O2 diffusion 
coefficients Deff can be given by equation:

                                                                                     Deff = δ2/τD                                                                                   (6)                

It turns out that the O2 diffusion coefficient of 5 V voltage synthesized ultrathin copper nanowire sample is 
obviously higher than those of other Cu-based catalysts, as shown in Fig. S9. These results confirm the good O2 
diffusion abilities promoted by zigzag-surface copper nanowires. In addition, i-t tests of Cu-based catalysts are 
performed under room temperature (303 K) and low temperature (273 K), respectively, which reveal that the current 
density of ultrathin copper nanowires is higher than other Cu-based catalysts (Fig. S9(c-d)), demonstrating good 
electrochemical durability in 0.1 mol L-1 KOH solution. 
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Fig. S9 Nyquist diagram and i-t tests of Cu-Zn-Al catalysts in oxygen saturated 0.1 mol L-1 KOH solution
(a) Room temperature Nyquist diagram; (b) Low temperature Nyquist diagram

(c) Room temperature i-t tests; (d) Low temperature i-t tests
Where, the insets of (a) and (b) are their equivalent circuits, respectively 
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Table S3 Room temperature (303 K) charge transfer resistance (Rct) and diffusion resistance (Rd)
of Cu-based catalysts synthesized at different voltages

 Voltage (V) 1 5 9 13

Rct (Ω cm2) 0.21 0.18 0.23 0.28

Rs (Ω cm2) 0.35 0.32 0.38 0.45



18

Table S4 Low temperature (273 K) charge transfer resistance (Rct) and diffusion resistance (Rd)
of Cu-based catalysts synthesized at different voltages

 Voltage (V) 1 5 9 13

Rct (Ω cm2) 0.32 0.26 0.33 0.40

Rs (Ω cm2) 0.44 0.41 0.50 0.51
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Fig. S10 O2 diffusion coefficients of Cu-based catalysts synthesized at different voltages
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Copper Nanowire Sample
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Fig. S11 Underwater air-bubble contact-angle tests of copper nanowires and lotus leaf samples
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