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Figure S1. Preparation of Nikel-doped copper aerogels

Table S1: Molar ratio of Cu and Ni in the CuxNiy aerogels obtained using ICP and XPS.

ICP XPS

Aerogel name

Cu/Ni precursor 

molar ratio Cu/Ni (%) Cu2O/Cu (%) Cu/Ni (%) Ni(OH)2/Ni (%)

Cu 100/0 100/0 30.2/69.8 100/0 -

Cu98Ni2 98/2 98/2 31.8/68.2 96/4 87.2/12.8

Cu95Ni5 95/5 95/5 31.5/68.5 94/6 88.6/11.4

Cu93Ni7 93/7 92/8 32.3/66.7 90/10 90.4/9.6

Ni 0/100 0/100 - 0/100 91.3/8.7

Table S2. Electrochemical active surface area for different electrodes, attained by averaging the 

values from the linear relationship between anodic and cathodic peak currents and the square 

root of the scan rate.

Aerogel name

ECSA obtained using 
Ipa value (cm2)

ECSA obtained 
using Ipc value (cm2)

Average ECSA 
(cm2)

Cu 0.114 0.183 0.184

Cu98Ni2 1.190 1.455 1.323

Cu95Ni5 0.476 0.608 0.542

Cu92Ni8 0.476 0.661 0.569

Ni 0.108 0.167 0.146
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Figure S2. (a1-d1) CV curves of Cu95Ni5, Cu92Ni8, Cu and Ni, respectively in 0.1 M KCl 

containing 5.0 mM [Fe(CN)6]3-/4- at increasing potential scan rates (20, 30, 40, 50, 60, 70,  80, 90 
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and 100), and (a2-d2) linear fitting of the anodic and cathodic peak currents to the square roots of 

the scan rates.

Scherrer equation was employed to determine the relative crystalline size:

𝐷 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                                                   (1)

where D is relatively grain size, K is Scherrer constant which is 0.9, λ is the wavelength of the 

X-ray beam which is 1.5406 nm, β is the full width at half maximum (FWHM) of the peak at 2θ 

values of 31.7˚ and θ the Bragg angle. 

Figure S3. HRTEM images of a) pure Cu aerogel and b) Cu98Ni2 aerogels. The inset in Figure S7 

is the FFT at selected regions 
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Figure S4. SEM images of Cu95Ni5 (a) and Cu92Ni8 (b) aerogels

Figure S5. Histograms showing the diameter distribution of nanowire networks in the Cu (a) and 

Cu98Ni2 aerogels (b). The average diameters of the nanowires were found to be 25 nm, 23 nm, 

respectively.
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Figure S6. Cu LMM Auger spectra of the pure Cu and Cu98Ni2 aerogel samples.

Table S3. A quantitative comparison of the doping ratio with those reported for similar catalysts 

to substantiate the claim of “ultra-low” content.

S.N Ultralow Catalyst system dopant Dopant content Electrocatalysis system Ref.

1 Ru-Co)Ox-400 Ru 2.0% Water oxidation 1

2 Ni98.1Ru1.9 Ru 1.9 % PEMWE 2

3 Fe(III) -Ni3S2/NF Fe(III) 2.1% Enhanced OER 3

4 Pd5-(C12H25S)13 

nanoclusters 

Pd5 2% ORR and Ethanol 

oxidation reaction

4

5 Pt -(Nb–Ti)2AlC Pt 3% Low temperature fuel 

cell application

5

6 Ni on mesoporous SiO2 Ni 1.8% Hydrodeoxygenation of 

palmitic acid

6

7 Cu98Ni2 Ni 2% Formic acid oxidation 

reaction

This study
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Figure S7. CV curves of Cu, Ni, Cu98Ni2, Cu95Ni5 and Cu92Ni8 in 1 M KOH at scan rate of 50 

mV s-.

Then, overpotential is defined as the difference between the applied electrode potential and the 

thermodynamic potential for the same reaction on the same reference scale.
𝜂 = 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ‒ 𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐                                                                                          (2)

As reported in the literature, the standard potential for the oxidation of formic acid ranges from 

−0.17 V to −0.25 V vs. SHE.7 These values correspond to 0.656 V to 0.576 V vs. RHE at a pH of 

14, based on the equation .8 𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐻𝐸 + 0.059 × 𝑝𝐻

The anodic half-reaction and the standard potential for the oxidation of formic acid or formate in 

a basic medium (e.g. 1 M KOH solution) can be expressed as follows9:

HCOO− + OH− → CO2 + H2O + 2e−: standard potential (Eo) = 0.639 V vs. RHE. Using this half-

reaction, we can also calculate the standard potential for the oxidation of formic acid by using 

the standard Gibbs free energies obtained from thermodynamic tables. 

Table S4. Standard Gibbs free energies values from thermodynamic tables.

Species ∆G°f (kJ mol⁻¹)

HCOO− −351

OH− −157

CO2 −394

H2O −237
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ΔG∘
products = (−394) + (−237) = −631 kJ mol⁻¹

ΔG∘
reactants = (−351) + (−157) = −508 kJ mol⁻¹

ΔG∘
rxn = (−631) − (−508) = −123 kJ mol⁻¹ = −123,000 J mol⁻¹

The change in standard Gibbs free energy (∆G°) can be converted to standard potential following 

equation 3 below:

𝐸𝑜 =  ‒
∆𝐺𝑜

𝑛𝐹
                                                                                                                                     (3)

Where n is number of electrons participated in the oxidation of formic acid (n = 2), and F is the 

Faraday constant (96485 C mol-1)

𝐸𝑜 =‒
( ‒ 123,000 𝐽 𝑚𝑜𝑙 ‒ 1)

2 × 96485

𝐸𝑜 = 0.637 𝑉 𝑣𝑠. 𝑅𝐻𝐸

Therefore, a thermodynamic potential 0.639 V vs. RHE was employed for the oxidation of 

formic acid when calculating the overpotential. The potential in Ag/AgCl scale is changed to 

reversible hydrogen electrode (RHE) scale following the equation 4 below: 

E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 + 0.059 × pH                                                      (4)

Table S5. Overpotential values obtained from the difference between applied potential and 

thermodynamic potential.

Eapplied potential

(V vs. Ag/AgCl)

Eapplied potential

(V vs. RHE)

Thermodynamic potential

(V vs. RHE)

Overpotential  (η) 

(V vs. RHE)

0.01 1.033 0.639 0.394

0.04 1.063 0.639 0.424

0.07 1.093 0.639 0.454

0.1 1.123 0.639 0.484

0.13 1.153 0.639 0.514

A Tafel plot is a plot of overpotential (η) versus log(current density) obtained from the 

polarization data in the kinetically controlled region of an electrochemical reaction. 

Mathematically, for instance for anodic reaction is given by:

𝜂 = 𝑎 + 𝑏𝑙𝑜𝑔𝑖                                                                                                                                    (1)
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Where , and b is slope ( , R is the universal gas constant 
𝑎 𝑖𝑠 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 (𝑎 =

2.3𝑅𝑇
𝛼𝐹

𝑙𝑜𝑔𝑖𝑜) 𝑏 =‒
2.3𝑅𝑇

𝛼𝐹

indicated by R (8.314 J mol-1 K-1 ), T is the absolute temperature (298 K), F is the Faraday 

constant (96485 C mol-1), η is the overpotential, i is the current density,  is the transfer 𝑎

coefficient, and   is the exchange current density. A smaller Tafel slope is preferable, as it 𝑖𝑜

indicates faster charge transfer kinetics, meaning the current increases rapidly with a small 

increase in overpotential. The  versus  provides an intercept of  and a slope of 𝜂 𝑙𝑜𝑔𝑖
𝑎 =

2.3𝑅𝑇
𝛼𝐹

𝑙𝑜𝑔𝑖𝑜

 , implying intercept = . Thus, . The intercepts from 
=‒

2.3𝑅𝑇
𝛼𝐹  𝑎 =‒ 𝑏𝑙𝑜𝑔𝑖𝑜 𝑙𝑜𝑔𝑖𝑜 =  ‒ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡/𝑠𝑙𝑜𝑝𝑒

the Tafel plot for Cu98Ni2, Cu95Ni5, Cu92Ni8 and Cu were 0.026, 0.032, 0.055, and 0.062, ‒ ‒ ‒ ‒

respectively. Taking the Cu98Ni2 aerogels as an example, the transfer coefficient and exchange 

current density can be calculated by assuming that one electron participates in the rate-

determining step, as follows:

𝑇𝑜 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑠𝑙𝑜𝑝𝑒 = 𝑏 =‒
2.3𝑅𝑇

𝛼𝐹
=  ‒

2.3 × 8.314 × 298
𝛼 × 96,485

=  0.0815

𝛼 = (2.3 × 8.314 × 298)/(96,485 × 0.0815) = 0.72

Similarly, to calculate the exchange current density, we employed the following term;

𝑎 =
2.3𝑅𝑇

𝛼𝐹
𝑙𝑜𝑔𝑖𝑜

𝑎 =‒ 0.026 =
2.3𝑅𝑇

𝛼𝐹
𝑙𝑜𝑔𝑖𝑜 =

2.3 × 8.314 × 298
0.72 × 96,485

𝑙𝑜𝑔𝑖𝑜

𝑎 =‒ 0.026 = 0.082𝑙𝑜𝑔𝑖𝑜

𝑙𝑜𝑔𝑖𝑜 =‒
0.026
0.082

=‒ 0.317

𝑖𝑜 = 10 ‒ 0.317 = 0.48 𝑚𝐴/𝑐𝑚2

Table S6. Summary of kinetic parameters for formic acid oxidation over all the as-prepared 

aerogels.

Electrocatalyst Tafel slope 

(mV dec−1)

Exchange current 

density (mA cm−2)

Charge transfer 

coefficient

Apparent activation 

energy kJ mol-1

Cu98Ni2 81.5 0.48 0.72 23.8

Cu95Ni5 84.7 0.42 0.70 26.1

Cu92Ni8 110.1 0..39 0.54 34.4
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Cu 126.8 0.32 0.47 36.2

Figure S8. LSV curves of a) Cu, b) Cu92Ni8, and c) Cu95Ni5 aerogels in 1 M KOH + 1 M formic 

acid at different scan rate.

The activation energy (Ea) in the conventional Arrhenius equation is given by given equation 1 to 

4 below:10, 11

𝑘(𝑇) = 𝐴𝑒
‒ 𝐸𝑎/𝑅𝑇

                                                                                                                     (1)

𝑙𝑛𝑘(𝑇) = 𝑙𝑛𝐴 ‒
𝐸𝑎

𝑅𝑇
                                                                                                                       (2)   𝑜𝑟

2.303𝑙𝑜𝑔𝑘(𝑇) = 2.303𝑙𝑜𝑔𝐴 ‒
𝐸𝑎

𝑅𝑇
                                                                                    (3)

𝑙𝑜𝑔𝑘(𝑇) = 𝑙𝑜𝑔𝐴 ‒
𝐸𝑎

2.303𝑅𝑇
                                                                                                (4)

where A is a pre-exponential factor, k(T) is a rate constant, and R and T are gas constants and 

temperature, respectively. In a conventional Arrhenius equation, a plot of  versus 𝑙𝑜𝑔𝑘(𝑇)

reciprocal of temperature provides a slope = . The apparent activation energy ‒ 𝐸𝑎/2.303𝑅
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(Ea(app)) can be determined from the slope of the Arrhenius plot, which is created by plotting 

the logarithm of the measured currents at different temperatures against the reciprocal of those 

temperatures (  versus 1/T or  versus 1/T):10, 11𝑙𝑛𝑖 𝑙𝑜𝑔𝑖

𝐸𝑎(𝑎𝑝𝑝) =‒ 2.303𝑅⌈ 𝑑𝑙𝑜𝑔𝑖
𝑑(1/𝑇)⌉ =‒ 2.303𝑅 × 𝑠𝑙𝑜𝑝𝑒 𝑜𝑟  

𝐸𝑎(𝑎𝑝𝑝) =‒ 𝑅⌈ 𝑑𝑙𝑛𝑖
𝑑(1/𝑇)⌉ =‒ 𝑅 × 𝑠𝑙𝑜𝑝𝑒

From  versus 1/T plots (Figure 7c and Figure S9), the slopes were found to be 2868, 3137, 𝑙𝑛𝑖 – ‒

4133, and 4356 J mol-1 for Cu98Ni2, Cu95Ni5, Cu92Ni8, and Cu, respectively. Thus, the apparent ‒

activation energy is given by:

𝐸𝑎(𝑎𝑝𝑝) =‒ 𝑅⌈ 𝑑𝑙𝑛𝑖
𝑑(1/𝑇)⌉ =‒ 𝑅 × 𝑠𝑙𝑜𝑝𝑒

Taking the Cu98Ni2 electrocatalyst as an example, the apparent activation energy was 

calculated to be  =  J mol-1 = 23.8 kJ mol-1𝐸𝑎(𝑎𝑝𝑝) =‒ 𝑅 × 𝑠𝑙𝑜𝑝𝑒 ‒ 8.314 ×‒ 2868 = 23,844
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Figure S9. LSV curves of Cu, Cu95Ni5, and Cu92Ni8 aerogels in 1 M KOH + 1 M formic acid 

at different temperature at 50 mV s-1

Figure S10. a1) SEM image and a2) TEM images of Cu98Ni5 aerogel before electrocatalysis; b1) 

SEM image and b2) TEM images of Cu98Ni5 aerogel after electrocatalysis. 

Figure S11. XPS spectra of a) Cu 2p, and b) Ni 2p spectra for Cu98Ni5 aerogel before and after 

electrocatalysis.
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Table S7. Catalaytic activities of non-noble metal electrocatalysts towards formic acid oxidation reaction in basic solution.
Activity

S.N Electrocatalyst Electrolyte Scan rate

(mV s-1)

A g-1 mA cm-2 Onset 

potential

Stability Ref.

1
Pt₃Ni–C

0.5M H₂SO₄ + 0.5M 

HCOOH
50 mV/s ~195 - 0.05 V vs. SCE

25% activity retention after 2400s, at 0.3 

V vs.SCE

12 

2
Pd/FeP-250

0.5 M H2SO4 + 0.5 M 

HCOOH
50 mV/s

1540
19.6 0.14 V vs. RHE

~25% activity retention after 3600s, at 

0.1 V vs. RHE

13

3
AuPt-24

0.5 M HCOOH + 0.5 M 

H₂SO₄ (N₂-saturated)
50 mV/s

1.94 7.89
0.3  V vs. RHE

~≈ 34.4  % activity retention after  

3600s, at 0.61 V vs. RHE

14

4
Pt/BGA

0.5 M H₂SO₄ + 0.5 M 

HCOOH
20 mV/s - 5.57

~0.25 V vs. 

Ag/AgCl

NA 15

5 (Y-Pt)-PtTe2 

HPNT/C

0.5M H₂SO₄ + 0.5M 

HCOOH
50 mV/s 6.4 5.4

~0.25 V vs. 

RHE

80.4% current retention after 32,400s, at 

0.4V vs.RHE

16

6
SnO2@Pd NCs

0.5 M HCOOH  + 0.1 

M HClO₄
50 mV/s 2.46 -

0.15 V vs. 

RHE,

NA 17

7
Pd@CP

0.1M H₂SO₄ + 0.1M 

HCOOH
10 mV/s 210.3 1.0

~0.1–0.2 V vs. 

Ag/AgCl

33.0 % current retention After 3600s, at 

0.4 V vs. Ag/AgCl

18

8 p-PtIrBi NPs/C 0.1 m HClO4 + 0.5 m 

HCOOH
50 mV/s 8.2 18.2

116 mV vs. 

RHE

55.9 % current retention After 5000s, at 

0.3 V vs. RHE

19

9 PdNiP-H 0.5 M H₂SO₄ + 0.5M 

HCOOH
50 mV/s 1.454 1.985 -0.46V vs. RHE

12.5% current retention  After 3500s, at 

0.314 V vs RHE

20

10 Pd-1.5 0.5 M H₂SO₄ + 0.5M 

HCOOH
50 mV/s 634

~20.7 ~0.85 V vs 

RHE

95.3 % current retention  after 1000s, at 

0.1 V vs RHE

21

11 Net-Pd-HEAA 0.5 M H₂SO₄ + 0.5M 

HCOOH
50 mV/s 5.94 8.94

~0.10 V vs 

RHE

92.93% activity retention after 5000s, 

0.3 V vs RHE

22



S14

12

B-PdCuAu NAs

0.5 M H₂SO₄ + 0.5 M 

HCOOH 50 mV/s 1.21 2.29
≈ 30–50 mV

~18.75 %  activity retention after 2000 s 

at 0.3 V vs. Ag/AgCl

23

13 Pd3P PNTs 0.5 M H₂SO₄ +  0.5 M 

HCOOH
50 mV/s 360.2 70.1 0.11 V vs. RHE

10.37% activity retention after 10,000s, 

at 0.7 V vs. RHE

24

14 Pt₂–PtTe₂ 

HJNSAs/C

0.5 M H₂SO₄ +  0.5 M 

HCOOH
50 mV/s 6.1 8.4 ~0.4 V vs. RHE

~ 26.8  % activity retention after 4000s, 

at 0.6 V vs. RHE

25

15 PdFe/C HT2 0.1 M HCOOH + 0.1 M 

HClO₄
20 mV/s 352.64 18.97 0.3 V vs RHE

20.72% activity retention after  3600s, at 

0.40 V vs. RHE

26

16 Pd₇/R 50 µM H₂SO₄ + 0.5 M 

HCOOH
10 mV/s 37.7 ≈ 0.151

0.1 V vs. 

Ag/AgCl

NA 27

17 Pt3Cu1NW 1.0 M HCOOH +1.0 M 

HClO4
20 mV/s - 2.69 ~0.6 V vs RHE NA

28

18
a-FeOx/CoOx/Pt 0.3 M HCOOH 100 mV/s - 16.4

− 114 mV (vs. 

Ag/AgCl)

~ 9.32 % activity retention after 12,600s 

at 50 mV vs. Ag/AgCl

29

19 Pd/1N-CQDs-

SiO₂–4rGO

0.5 M H₂SO₄ + 0.5 M 

HCOOH
50 mV/s 0.951 13.47

≈0.05–0.10 V 

vs.  Ag /AgCl

≈ 21.9 % activity retention after 3600s, 

at 0.2 V (vs Ag/AgCl)

30

20
Pd/CeO2

0.5 M H₂SO₄ + 0.5 M 

HCOOH
50 mV/s

4161.7

2

9.17 30V mV vs. 

RHE

79.9% activity retention after 40,000s, at 

~0.4 V vs. RHE.

31

21
PtTe2 NSs/C

0.5 M H₂SO₄ + 0.5 M 

HCOOH
50 mV/s 3.6 14.3

~0.15–0.20 V 

vs. RHE.

~16.5 % activity retention after 2 000 s , 

at 0.6 V vs. RHE.

32

22
meso-Pd-B

0.5 M H₂SO₄ + 0.5 M 

HCOOH
50 mV/s 1310 5.43

~0.05–0.15 V 

vs. SCE

~ 22 activity retention after 3600s, at 

0.25 V vs. SCE

33

23
CuNi@Pt–Cu 

nano-octahedra/C

0.1 M HClO₄ + 0.2 M 

HCOOH
50 mV/s 3.57 25.2 0.45 V vs. 

Ag/AgCl

83% activity retention after  3600s, at 

0.72 V vs. Ag/AgCl

34
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24 Pd/Ti/Pd 0.5 M H₂SO₄ + 0.5 M 

HCOOH
50 mV/s

0.56
-

~1.5 V vs. RHE NA 35

25
PdCN-P-200

0.5 M H₂SO₄ + 0.5 M 

HCOOH
50 mV/s 2.503 6.265

≈ 0.08 – 0.10 V 

vs. RHE

~21% activity retention after 3600s, at ~ 

+0.37 V vs. RHE

36

26 PdCu ANCs alloy 0.5 M H2SO4 + 0.5 M 

HCOOH solution

50 mV s-1 

for 6 

cycles

554.53 

mA mg

Pd
−1

- 0-1.2 V (vs 

RHE)

88.6% retention of the initial current 

density After running for 44 000 s

37

27 Ultrathin PdCu 

Alloy 

0.5 M H2SO4 + 0.25 M 

FA

50 mV/s 1655.7 

± 74.6 

mA 

mg-1
Pd

139.8 ± 

14.9 

m2 gPd
−1

Vs Ag/AgCl N/A 38

28 Net-Pd-HEAA 0.5 m H2SO4+ 

3 m HCOOH 

50 mV/s 5.94 A 

mgPd
-1

- ~ 1.4 V vs NHE 92.93% (5.52 A mgPd−1) of the initial 

value

39

29 Ultrathin PdAg 

nanosheets 

0.5 M H2SO4 + 0.5 M 

HCOOH

50 mV s-1 987 

mA 

mg-1

50.1 A 

m-2

0.3 V vs SCE N/A 40

30 Cu98Ni2 1 M KOH + 1 M FA 50 572 142 0.045 V vs. 

RHE

82% activity retention after  10 h, at 0.1 

V vs. Ag/AgCl

This study
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