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Figure S1. Preparation of Nikel-doped copper aerogels

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

Cu/Ni precursor ICP XPS
Aerogel name molar ratio Cu/Ni (%) CuO/Cu (%) Cu/Ni(%) Ni(OH),/Ni (%)
Cu 100/0 100/0 30.2/69.8 100/0 -
CuggNi, 98/2 98/2 31.8/68.2 96/4 87.2/12.8
CugsNis 95/5 95/5 31.5/68.5 94/6 88.6/11.4
Cug;Niy 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.

ECSA obtained using ECSA obtained Average ECSA

Aerogel name I, value (cm?) using I, value (cm?) (cm?)
Cu 0.114 0.183 0.184
CuggNi, 1.190 1.455 1.323
CuygsNis 0.476 0.608 0.542
Cug,Nig 0.476 0.661 0.569
Ni 0.108 0.167 0.146
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Figure S2. (al-dl1) CV curves of CugsNis, CugyNig, Cu and Ni, respectively in 0.1 M KCI
containing 5.0 mM [Fe(CN)6]3#- 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:
KA
[cosO
where D is relatively grain size, K is Scherrer constant which is 0.9, A is the wavelength of the

X-ray beam which is 1.5406 nm, B is the full width at half maximum (FWHM) of the peak at 20

ey

values of 31.7° and 0 the Bragg angle.

Figure S3. HRTEM images of a) pure Cu aerogel and b) CuggNi, acrogels. The inset in Figure S7
is the FFT at selected regions
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Figure S5. Histograms showing the diameter distribution of nanowire networks in the Cu (a) and
CuggNi, aerogels (b). The average diameters of the nanowires were found to be 25 nm, 23 nm,

respectively.

S5



{CuLMM

cu’/cuf = 2,63

Counts (a.u)

1Cu’cu = 2.34

580

575 570
Binding energy (eV)

565

560

Figure S6. Cu LMM Auger spectra of the pure Cu and CuggNi, 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 !

2 Nigg ;Ruy 9 Ru 1.9 % PEMWE 2

3 Fe(III) -Ni3S,/NF Fe(IlI) 2.1% Enhanced OER 3

4 Pd5-(C,H,58) 13 Pd5 2% ORR and Ethanol 4

nanoclusters oxidation reaction

5 Pt -(Nb-Ti),AIC Pt 3% Low temperature fuel 3
cell application

6 Ni on mesoporous SiO, Ni 1.8% Hydrodeoxygenation of 6
palmitic acid

7 CuggNi, Ni 2% Formic acid oxidation | This study
reaction
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Figure S7. CV curves of Cu, Ni, CuggNi,, CugsNis and Cug,Nig 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.

N = E sppiiea = 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.” These values correspond to 0.656 V to 0.576 V vs. RHE at a pH of

14, based on the equation Frue = Esup +0.059 X pH s

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 follows®:
HCOO™ + OH™ — CO, + H,0 + 2¢: standard potential (E°) = 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 AG®°f (kJ mol™)
HCOO~ —351
OH~ —-157
CO, -394
H,0 —237
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AG®products = (—394) + (—237) = —631 kJ mol™!

AG°eactants = (—351) + (=157) = =508 kJ mol ™!

AG® iy = (—631) — (=508) = —123 kJ mol™ = —123,000 J mol™
The change in standard Gibbs free energy (AG®) can be converted to standard potential following
equation 3 below:

o A9 3)

nF
Where n is number of electrons participated in the oxidation of formic acid (n = 2), and F is the
Faraday constant (96485 C mol-!)
_(-123,000] mol™ ")
2 X 96485

E°=0.637V vs. RHE

EO

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 x pH 4)

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

thermodynamic potential.

Eapplied potential Eapplied potential Thermodynamic potential | Overpotential (1)
(V vs. Ag/AgCl) | (V vs. RHE) (V vs. RHE) (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 (n) 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:

n=a+ blogi €y
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o 23RT | 2.3RT
ais intercept (a = —Floglo) b=-
a

Where , and b is slope ( ~ aF | R is the universal gas constant

indicated by R (8.314 J mol! K-! ), T is the absolute temperature (298 K), F is the Faraday
constant (96485 C mol'), n is the overpotential, i is the current density, @ is the transfer
i

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

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

2.3RT
. . . . . . = ogt
increase in overpotential. The 7 versus [0gi provides an intercept of aF ° and a slope of
_ 2.3RT
aF | implying intercept =@ =~ Plogi, Thys, l0gi, = - intercept/slope The intercepts from

the Tafel plot for CuggNi,, CugsNis, Cug,Nig and Cu were —0.026, —0.032, -0.055, and - 0.062,
respectively. Taking the CuggNi, 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:

23RT 23 x8314x 298
aF @ X 96,485

= 0.0815

To calculate the transfer coef ficient, slope = b =-

a=(2.3 X 8314 x 298)/(96,485 x 0.0815) = 0.72

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

2.3 X 8.314 x 298
= ogl
0 0.72 x 96,485 9to

a=-0.026 =0.082logi,

2.3RT ,
a=-0.026 =———logi
aF

0,026
loglo =— m =-0.317

i, =103 = 0.48 m4/cm?

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

aerogels.
Electrocatalyst | Tafel slope Exchange current Charge transfer | Apparent activation
(mV dec™) density (mA cm™) coefficient energy kJ mol!
CuggNi, 81.5 0.48 0.72 23.8
CugsNis 84.7 0.42 0.70 26.1
Cug,Nig 110.1 0..39 0.54 344
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Cu 126.8 0.32 0.47 36.2
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Figure S8. LSV curves of a) Cu, b) Cug,Nig, and c¢) CugsNis aerogels in 1 M KOH + 1 M formic
acid at different scan rate.
The activation energy (E,) in the conventional Arrhenius equation is given by given equation 1 to

4 below:10: 11

~E/RT
k(T) = Ae (D
Ea
Ink(T) = InA - RT (2) or
Ea
2.303logk(T) = 2.303logA - BT 3
Ea
logk(T) =logA - ——— 4
0gk(T) = log 2.303RT )

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 [0gk(T) versus

- E_/2.303R

reciprocal of temperature provides a slope = . The apparent activation energy
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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 ({1 versus 1/T or 1091 versus 1/T):10: 11

_ dlogi |

E i app) = 2'303R[d(1/T) =-2.303R X slope or
_ dini 1

Eiappy =R aan| = R X slope

From [N versus 1/T plots (Figure 7¢ and Figure S9), the slopes were found to be ~2868, — 3137,
4133, and — 4356 J mol! for CuggNi,, CugsNis, CugyNig, and Cu, respectively. Thus, the apparent

activation energy is given by:

_ dini 1
Eotapp) = m =- R X slope
Taking the CugNi, electrocatalyst as an example, the apparent activation energy was

calculated to be Ea(aPP) =-R X slope _ 8314 x- 2868 = 23,844 Jmol! =23.8 k] mol'!
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Figure S9. LSV curves of Cu, CugsNis, and Cug,Nig aerogels in 1 M KOH + 1 M formic acid

at different temperature at 50 mV s-!

Figure S10. al) SEM image and a2) TEM images of CuygNis aerogel before electrocatalysis; bl)
SEM image and b2) TEM images of CuggNis aerogel after electrocatalysis.
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Figure S11. XPS spectra of a) Cu 2p, and b) Ni 2p spectra for CuggNis 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.

S.N Electrocatalyst

PtNi-C

Pd/FeP-250

AuPt-24

Pt/BGA

5 (Y-Pt)-PtTe,
HPNT/C

SnO,@Pd NCs

Pd@CP

8 p-PtlrBi NPs/C

9 PdNiP-H

10 Pd-1.5

11 Net-Pd-HEAA

Electrolyte

0.5M H2SOs4 + 0.5M
HCOOH

0.5M H,SO,+0.5M
HCOOH

0.5 M HCOOH + 0.5 M

H2SO4 (N2-saturated)

0.5 M H2S04+ 0.5 M
HCOOH

0.5M H2SOs4 + 0.5M
HCOOH

0.5M HCOOH + 0.1
M HCIO4

0.1M H2SO4 + 0.1M
HCOOH

0.1 m HCIO4 + 0.5 m
HCOOH

0.5 M H2S04 + 0.5M
HCOOH

0.5 M H2S04 + 0.5M
HCOOH

0.5 M H2S04 + 0.5M
HCOOH

Activity
Scan rate A gl mA cm? Onset
(mV s1) potential
50 mV/s ~195 - 0.05 V vs. SCE
1540
50 mV/s 19.6 0.14 V vs. RHE
1.94 7.89
50 mV/s 0.3 Vvs. RHE
~0.25 V vs.
20 mV/s - 5.57
Ag/AgCl
~0.25 V vs.
50 mV/s 6.4 5.4
RHE
0.15 V vs.
50 mV/s 2.46 -
RHE,
~0.1-0.2 V vs.
10 mV/s 210.3 1.0
Ag/AgCl
116 mV vs.
50 mV/s 8.2 18.2
RHE
50 mV/s 1.454 1.985 -0.46V vs. RHE
~20.7 ~0.85 V vs
50 mV/s 634
RHE
~0.10 V vs
50 mV/s 5.94 8.94
RHE

Stability

25% activity retention after 2400s, at 0.3
V vs.SCE
~25% activity retention after 3600s, at
0.1 Vvs. RHE
~=34.4 % activity retention after
3600s, at 0.61 V vs. RHE
NA

80.4% current retention after 32,400s, at
0.4V vs.RHE
NA

33.0 % current retention After 3600s, at
0.4V vs. Ag/AgCl

55.9 % current retention After 5000s, at
0.3 Vvs. RHE

12.5% current retention After 3500s, at

0.314 V vs RHE

95.3 % current retention after 1000s, at

0.1 Vvs RHE
92.93% activity retention after 5000s,

0.3 Vvs RHE

Ref.

13

14

15

16

17

18

19

20

21

22
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13 Pd;P PNTs 0.5 M H:SOs+ 0.5M 10.37% activity retention after 10,000s, 24
50 mV/s 360.2 70.1 0.11 V vs. RHE
HCOOH at 0.7 Vvs. RHE

15 PdFe/C HT, 0.1 MHCOOH + 0.1 M 20.72% activity retention after 3600s, at 26
20mV/s  352.64 18.97 0.3 Vvs RHE
HCIO. 0.40 V vs. RHE

17 Pt;Cu,NW 1.0 M HCOOH +1.0 M 28
20 mV/s - 2.69 ~0.6 V vs RHE NA
HCIO,

19 Pd/IN-CQDs- 0.5 M H2S0++ 0.5 M ~0.05-0.10 V ~21.9 % activity retention after 3600s, 30
50 mV/s 0.951 13.47
Si0:-4rGO HCOOH vs. Ag/AgCl at 0.2 V (vs Ag/AgCl)

21 0.5M HSO++ 0.5 M ~0.15-0.20 V.  ~16.5 % activity retention after 2 000 s , 32
PtTe, NSs/C 50 mV/s 3.6 14.3
HCOOH vs. RHE. at 0.6 V vs. RHE.

|
w

. 0.1 MHCIOs++ 0.2 M 83% activity retention after 3600s, at 34
CuNi@Pt—Cu 50 mV/s 3.57 25.2 0.45V vs.
HCOOH 0.72 V vs. Ag/AgCl
nano-octahedra/C Ag/AgCl
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25 0.5 M H:S0:+0.5M ~0.08-0.10V ~21% activity retention after 3600s, at ~ 36

PACN-P-200 50 mV/s 2.503 6.265
HCOOH vs. RHE +0.37 V vs. RHE

27  Ultrathin PdCu 0.5 M H2S04 + 0.25 M 50 mV/s 1655.7 139.8+ Vs Ag/AgCl N/A 38
Alloy FA + 74.6 14.9
mA m2 gpq!
mglpg

29  Ultrathin PdAg 0.5 M H,SO, + 0.5 M 50mVs! 987 50.1 A 0.3 Vvs SCE N/A 40
nanosheets HCOOH mA m2
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