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Experimental 

Preparation of catalyst 

Materials 

All regents and chemicals were acquired commercially and utilized without any 

additional purification. The sources of these chemicals were as follows: 

Ni(OAc)2·4H2O was procured from Sigma-Aldrich, Zn(NO3)2·6H2O from Macklin, 

Fe(NO3)3·9H2O, KOH (90 wt%) and ethanol from Sinopharm, 2-methylimidazole (2-

MeIM) from Macklin, Nafion solution (5 wt%) from DuPont, and Pt/C (20%, Macklin). 

Preparation of NiFe-ZIF-8 

To prepare the catalyst, 2.3 g quantity of 2-methylimidazole (2-MeIM) was 

dissolved in 50 mL of methanol by sonication for 5 min. Separately, a mixture 

containing 1.04 g of Zn(NO3)2·6H2O, 60 mg of Ni(OAc)2·4H2O, and 60 mg of 

Fe(NO3)3·9H2O in 50 mL of methanol was sonicated until a transparent solution was 

obtained. The resulting solution was then added to the 2-MeIM solution and stirred for 

24 h at 60 ℃. The precipitate was collected via centrifugation, washed several times 

with methanol, and dried under vacuum at 60 ℃ overnight. 

Preparation of NiFe-NC 

NiFe-NC was successfully synthesized utilizing a facile pyrolysis approach. 

Initially, NiFe-ZIF-8 powder was subjected to heating in an Ar atmosphere at a rate of 

5 ℃/min until it reached a temperature of 1000 ℃, after which it was maintained at this 

temperature for 3 h. The resulting product was then allowed to naturally cool to room 

temperature. Moreover, the synthesis of NiFe-NC-900 and NiFe-NC-1100 involved 

altering the pyrolysis temperature to 900 ℃ and 1000 ℃, respectively. In order to 

synthesize Ni-NC, Fe-NC, and NC, the same procedure as above was utilized, with the 

exclusion of Fe(NO3)3·9H2O and Ni(OAc)2·4H2O, respectively. 

Characterization 

We conducted X-ray diffraction (XRD) measurements on a D8 Advance X-ray 

diffractometer (Bruker, Germany) using Cu-Kα radiation (λ= 0.15406 nm). Raman 



 

 

spectra were obtained using a LabRAM HR spectrometer. X-ray photoelectron 

spectroscopy (XPS) was performed on an ESCALAB 250Xi (Thermo Scientific) XPS 

spectrometer with Al Kα excitation source (1486.6 eV). Scanning electron microscope 

(SEM) and transmission electron microscope (TEM) images were taken using SU-8010 

and Talos F200X (FEI, USA), respectively. 

Electrochemical measurements 

The electrochemical measurements were conducted in a standard three-electrode 

configuration using a CHI 660E electrochemical workstation. The potentials were 

referenced to the reversible hydrogen electrode (RHE) and converted utilizing the 

following formula: 𝐸RHE = 𝐸Hg/HgO + 0.098 + 0.059 × pH  (alkaline medium) or 

𝐸RHE = 𝐸Ag/AgCl + 0.197 + 0.059 × pH  (neutral medium). All the electrochemical 

data were measured without internal resistance (iR) compensation. 

CO2RR measurement 

To prepare the catalyst ink, 5 mg of the catalyst was dispersed in a solution 

containing Nafion (50 μL), ethanol (350 μL), and water (100 μL) using ultrasonic 

dispersion for 30 min. 

The Faraday efficiency of the gas products was calculated using the following 

equation: 

FE =
eoutput

einput
× 100% =

N(CO/H2)
×n×F

I×t
                                (1) 

t = 
60×v

r
 Second                                               (2) 

where FE is the Faraday efficiency of a particular product, einput and eoutput 

represent the total charge provided and the charge used for the reduction of the product, 

respectively. N(CO/H2) is the number of moles of CO or H2 product (measured by GC), n 

is the number of electrons transferred to produce 1 mole of the product, with a value of 

2 for CO and H2. F is the Faraday constant (96485 C mol-1), I is the test current density, 

t is the time taken for the sample to fill the loop, v is the volume of the loop, and r is 

the CO2 flow rate. 

CO2RR measurement in H-cell 



 

 

All electrochemical measurements were performed in a custom-built H-cell 

system, which was equipped with a Nafion 117 membrane to separate the anode and 

cathode compartments. The counter electrode was a Pt mesh (1 × 1 cm2), and the 

reference electrode was an Ag/AgCl electrode (saturated KCl). The working electrode 

was prepared by depositing a carbon paper (CP, 1 × 1 cm2) with the catalyst ink (1 mg 

cm2). The electrochemical reduction of CO2 was conducted in an electrolyte of 0.5 M 

KHCO3, which was thoroughly saturated with CO2 for over 30 min before each test, 

with a constant CO2 flow rate of 20 cm3 min-1. During the experiments, the cathode 

chamber was connected to an online gas chromatograph (GC9860), equipped with a PQ 

column and a TCD detector to continuously analyze the gas products. 

CO2RR measurement in flow cell 

The flow cell electrolyzer testing was conducted using a home-made flow cell. A 

gas diffusion electrode was fabricated by carefully drop-coating 1 mg cm-2 of catalyst 

onto a 1 × 1 cm2 CP electrode. To ensure complete evaporation, the electrode was placed 

under an infrared lamp. A Ni foam was used as the OER catalyst in the anodic chamber. 

A cation exchange membrane (Nafion 117) was sandwiched between the cathode and 

anode compartments. The cathode compartment was continuously supplied with 3 M 

KCl, while the anode compartment was supplied with 1 M KOH, both of which were 

circulated using a pump. Throughout the test, a continuous flow of 20 cm3 min-1 CO2 

was delivered to the cathode, the gas products detected by GC. 

ORR measurement 

The working electrode was prepared by dispersing 5 mg of the as-synthesized 

catalyst in a mixture of 400 μL water, 50 μL of Nafion, and 50 μL of ethanol under 

ultrasonic treatment. 6 μL of the resulting homogeneous ink was coated onto the glass 

carbon electrode (GCE)/rotating disc electrode (RDE). The electrochemical 

measurements were conducted in 1.0 M potassium hydroxide (KOH) electrolyte using 

a three-electrode system with a CHI 760E Electrochemical Workstation (CH 

Instruments, Shanghai, Chenhua Co., Ltd.) The catalyst-coated GCE/RDE was utilized 



 

 

as the working electrode, while Hg/HgO electrode, and Pt wire were employed as the 

reference electrode and counter electrode, respectively. The ORR test was conducted 

using Linear sweep voltammetry (LSV) with a scan rate of 5 mV s-1 in O2-saturated 0.1 

M KOH electrolyte. 

The electron transfer number (n) was acquired by the Koutecky- Levich (K-L) Eq: 

1

J
=

1

JL
+

1

JK
=

1

Bω1/2 +
1

JK
                                          (3) 

B = 0.2nFC0D0
2/3

v−1/6                                          (4) 

JK =
1

nkFC0
                                                    (5) 

The variables in the study are denoted as follows: J, JK and JL represent the tested 

current density, kinetic current density, and limiting diffusion current density, 

respectively, measured in mA cm-2. The variable ω indicates the rotation speed of the 

rotating disk electrode, expressed in rpm min-1. F represents the Faraday constant, 

which has a value of 96485 C mol-1. C0 and D0 refer to the volume concentration and 

diffusion coefficient of O2, respectively. In a 0.1 mol L-1 KOH solution, C0 is equal to 

1.2×10-3 mol cm-3, while D0 is 1.9×10-5 cm2 s-1. The kinematic viscosity of the 

electrolyte is represented by the variable ν, which has a value of 0.01 cm2 s-1 in a 0.1 

mol L-1 KOH solution. Finally, k is the electron transfer rate constant. 

Zn-air batteries (ZAB) measurements 

A uniformly dispersed catalyst slurry was prepared by mixing 5 mg of cathode 

catalyst with 400 μL of water, 50 μL of ethanol, and 50 μL of Nafion solution, followed 

by sonication for 30 min. 100 μL of the resulting catalyst slurry was drawn up using a 

pipette and coated onto a 1 cm2 carbon paper substrate. After drying, the cathode was 

used for testing, with a loading amount of 1 mg cm-2. The anode consisted of pure zinc 

with a surface area of 1 cm2, and the electrolyte solution used was a mixture of 6 mol 

L-1 KOH and 0.2 mol L-1 zinc acetate. LAND testing system was used to measure the 

data of ZAB. 

Assembly and tests of ZABs-powered CO2 flow electrolysis system 



 

 

Two ZABs are connected in series with a flow electrolytic cell (without reference 

electrode) and a 10 Ω resistor. The voltage across the resistor is collected using a voltage 

collector with a frequency of 200 s, and then the current density of the system at that 

time is calculated using the formula: 

I =
U

R
                                                        (6) 

DFT calculations 

DFT parameters 

All the calculations are implemented by PWSCF codes contained in the Quantum 

ESPRESSO distribution1. Spin-polarized DFT calculations were performed with 

periodic super-cells under the generalized gradient approximation (GGA) using the 

Perdew-Burke-Ernzerhof (PBE) functional for exchange-correlation and the ultrasoft 

pseudopotentials for nuclei and core electrons. The Kohn-Sham orbitals were expanded 

in a plane-wave basis set with a kinetic energy cutoff of 30 Ry and the charge-density 

cutoff of 300 Ry. The Fermi-surface effects has been treated by the smearing technique 

of Methfessel and Paxton, using a smearing parameter of 0.02 Ry. Periodical supercells 

containing single-layer graphene with 15 Å vacuum above were used to model various 

graphene doping structures. To model the doping N in the basal plane, we used the super 

cell of lateral size 4 × 4. For the doping N in the edge, we used the super cell of lateral 

size 3 × 5. We added 8 atoms of metal clusters, half each of NiFe alloy, underneath 

these active sites of graphitic carbon to simulate the graphene-covered metal cluster 

structure. For Ni (111), Fe (111) and NiFe (111) a 1×1 supercell and eight-layer slab is 

utilized. The bottom four-layer is fixed to model Ni, Fe and NiFe bulk. The Brillouin 

zone was sampled with (1 × 1 × 1) Monkhorst–Pack k-points. 

Virtual energetic span as the activity determining term 

Norskov’s approach uses the largest Gibbs energy (ΔGmax) as the activity 

determining term. This descriptor is proposed under the assumption of so-called “rate 

determining step assumption”: the slowest step should control the total kinetic of a 

series process2. Wever, for a multi-step reaction that takes place at limited position, such 



 

 

as catalytic reaction, it has been gradually noticed in last ten years that there is no such 

thing of a “rate determining step” (RDS), instead, there should be a “rate determining 

state”3. That is, the catalytic activity should be co-determined by several steps. Based 

on such idea, one should avoid use ΔGmax, but to build some newly proposed descriptor 

that abandon the using of RDS. There are now two such kinds of descriptors, one is the 

highest free energy of an reaction intermediate (denoted as Gmax (RI)) proposed by 

Exner et al4. The other is the “virtual energetic span” (𝛿𝐸𝑣) proposed by us5. And we 

will use the latter as the activity determining term in this paper. 

The “virtual energetic span” (𝛿𝐸𝑣) comes from the “energetic span” that proposed 

by Kozuch et al6. It is the simplification of the result of a full microkinetic model. We 

won’t go into too much details here because it have given detailed illustration in ref 5. 

Here we only give its brief conclusion: to use the virtual energetic span, we can still 

follow the basic principle of Norskov’s method, to build a TS-free FED. What is 

different from Norskov's approach is we can treat the mid-point of each joint line in 

FED, as the “virtual transition states (TSv)”. We name it virtual transition state because 

it is not the real energy of the transition state, but it has a constant difference to the real 

energy of the transition state. This can be strictly proved under the method of Norskov. 

Among those TSv, there is one that determines the turnover frequency (TOF), we name 

it the TOF determining TSv, aliased as TDTSv. On the other hand, for the energies of 

the intermediates, that is, the energy levels of the steps in FED, there is also one step 

that determines the activity. It is named as the TOF determining intermediate (TDI). 

The 𝛿𝐸𝑣 is calculated simply by the difference between TDTSv and TDI: 

𝛿𝐸𝑣 = 𝑇𝐷𝑇𝑆v − 𝑇𝐷𝐼                                                  (S1) 

When obtaining the 𝛿𝐸𝑣, the TOF can be simply calculated by  

𝑇𝑂𝐹 = 𝑘0exp (−𝛿𝐸𝑣/𝑅𝑇)                                             (S2) 

The result should be the same as that deduced from a complete microkinetic model. 

So, the only question left would be the definitions of TDTSv and TDI. We can collect 

all the energy of the intermediates7, and the all the energies of the TSv {TSv
i}. Then we 



 

 

pick one TSv
i and one {Ii}. The difference between them should form a new set: {TSv

i 

− Ij}. In this set, we add an element ΔGr
ij, which will lead the general term formula of 

the set to be: {TSv
i− Ij + ΔGr

ij}, where ΔGr
ij is expressed as: 

𝛥𝐺𝑖𝑗
𝑟 = {

𝑛𝜂𝑒                      𝑖𝑓  𝑖 < 𝑗 (𝑚𝑒𝑎𝑛𝑠 𝐼𝑗  𝑙𝑜𝑐𝑎𝑡𝑒𝑠 𝑎𝑓𝑡𝑒𝑟 𝑇𝑆𝑖
𝑣)

0                            𝑖𝑓 𝑖 > 𝑗 (𝑚𝑒𝑎𝑛𝑠 𝐼𝑗  𝑙𝑜𝑐𝑎𝑡𝑒𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑇𝑆𝑖
𝑣)

             (S3) 

With n and η the total electron transfer number and the applied overpotential. TDTSv 

and TDI are then the TSv
i − Ij that will maximize {TSv

i − Ij + ΔGr
ij}. 

A brief introduction of the computational hydrogen electrode (CHE) 

method. 

Generally speaking, when studying about the electrocatalytic reaction through first 

principle, there are two difficulties, one is to calculate the reaction barrier of the proton 

coupled electron transfer (PCET) reaction, the other is the Gibbs free energy of the 

solvated H+. The CHE method8 proposed by Norskov et al is aiming at settling or 

bypassing these two difficulties. In the framework of CHE method, for the reaction 

H++e→1/2H2                                                       (S4) 

reaches equilibrium on USHE=0 V, one can replace the energy of H+ with that of 1/2H2: 

GH+=1/2GH2                                                        (S5) 

The energy of electron can be expressed by –Ue, where U is the electrode potential 

vs. SHE. As for the reaction barrier of PCET, the CHE method assumes the 

overpotential of the electrocatalytic reaction is the overpotential least to make standard 

reaction Gibbs free energies of all the elementary step to be exothermic. And such 

potential is called the reaction limiting potential, which is denoted as Ul. Usually, Ul is 

an activity descriptor, as for CO2RR, Ul can be used to judge the exact reaction pathway. 

The reaction models and pathway 

The reaction mechanisms for CO2RR written as follows: 

CO2+H++e+*→COOH*                                              (S6) 

COOH*+H++e→ CO*+H2O(l)                                         (S7) 

CO* →CO(g)+*                                                     (S8) 

The asterisk stands for the sites on the surface of the catalysts. 

In calculating the Gibbs free energy differences from R4 to R8, the associated 



 

 

adsorption free energy of the adsorbates are calculated by the following expression: 

GA =EA+ZPE-TS+∫CpdT                                             (S9) 

Where EA is the total energy of a certain molecule or adsorbate A*. When A is 

representing a certain molecule, the total energies can be calculated directly. When A is 

representing a certain adsorbate, it is calculated by the difference between the DFT 

based substrate with (EA*
DFT) and without adsorbate A (E*

DFT):  

EA=EA*
DFT-E*

DFT                                                   (S10) 

ZPE, TS and ∫CpdT are the correction from zero point energy, entropy and heat 

capacity, whose values are listed on Table S1. Other than that, H+ is calculated by the 

Gibbs free energy of 1/2H2, the energy of electron is calculated by -Ue. A correction of 

-0.51 eV is added to CO molecules for the errors for GGA-PBE functional. According 

to Ref.9. such correction can lead an agreement with experimental overall half reaction 

of CO2 reduction. 

 

Figure S1 SEM images of (a) NiFe-NC-900, (b) NiFe-NC, (c) NiFe-NC-1100, (d) Ni-

NC, (e) Fe-NC, and (f) NC. 



 

 

 

Figure S2 XRD patterns of NiFe-NC-900, NiFe-NC-1000, and NiFe-NC-1100. 



 

 

 

Figure S3 Raman spectra of NiFe-NC-900, NiFe-NC, and NiFe-NC-1100. 



 

 

 

Figure S4 The XPS survey of NiFe-NC. 



 

 

 

Figure S5 (a) LSV curves of the prepared catalysts measured in CO2-saturated 0.5 M 

KHCO3 electrolyte; (b) FECO and (c) FEH2 of the prepared catalysts; (d) CO partial 

current density of the prepared catalysts. 



 

 

 

Figure S6 EIS spectrum at -0.3 V vs. RHE. 



 

 

 

Figure S7 (a-d) CV curves at different scan rates. 

 



 

 

Figure S8 (a-c) CV curves at different scan rates. (d) The double-layer capacitance (Cdl) 

of different samples. 

 

Figure S9 (a) LSV curves of NiFe-NC measured in flow cell (in different electrolytes). 

(b-c) FECO and corresponding current densities of NiFe-NC in flow cell (in different 

electrolytes). 



 

 

 

Figure S10 CVs of catalysts in Ar and O2 saturated 0.1 M KOH, at a scan rate of 50 

mV s-1. 



 

 

 

Figure S11 K-L plots for NiFe-NC and the electron transfer number at various 

potentials. 



 

 

 

Figure S12 the physical picture of Zn-air battery with NiFe-NC and a small bulb being 

lighted by ZAB 

 

 

Figure S13 the photograph of self-driven CO2 flow electrolysis system 



 

 

 

Figure S14 the voltage across the resistor 

 

 



 

 

Figure S15 the voltage across the CO2 flow electrolytic system 

 

 

Figure S16 N doped graphene structure, green circle is the active site 

 

Figure S17 graphene-covered Ni clusters. 



 

 

 

Figure S18 graphene-covered Fe clusters. 

 

Figure S19 graphene-covered NiFe clusters. 

 

Figure S20 Ni, Fe and NiFe alloy structures. 

 



 

 

 

Figure S21 The free energy diagrams (FED) of CO2RR. 

 

Figure S22 The free energy diagrams (FED) of ORR. 



 

 

Table S1 The correction from the zero-point energy, entropy and heat capacity for 

converting the total energies to Gibbs free energies (units: eV). All the associated values 

are taken from these references10-14. 

Species ZPE TS ∫CpdT 

COOH* 0.41 0.17 0.09 

CO* 0.11 0.08 0.05 

*OOH 0.37 0 0 

*O 0.072 0.038 0.025 

*OH 0.4 0 0 

H2 0.27 0.42 0.09 

H2O 0.58 0.42 0.09 

Table S2 Summary of electrochemical CO2 reduction to CO in a flow cell for different 

catalysts reported in the literature compared to our work. 

Catalyst Loading 

(mg cm-2) 

Catholyte Cathode 

potentials 

JCO (mA 

cm-2) 

CO FE 

(%) 

Reference 

NiFe-NC 1.0 3 M KCl -1.19 V vs. RHE 241.09 91.6 This work 

NiFe-NC 1.0 3 M KCl -0.59 V vs. RHE 63.14 98.88 This work 

Ni-NCN 2.0 0.5 M 

KHCO3 

-1.13 V vs. RHE 102.4 97.9 15 

Cu-

In/PNGC 

1.0 0.5 M 

KHCO3 

-0.7 V vs. RHE 136.4 91.3 16 

Ni-N-C 2.0 1 M KOH -1.18 V vs. RHE ~726 ~91 17 

NiSAs/FN-

CNSs) 

0.5 2 M 

KHCO3 

2.5 V 175 ＞90 18 

CA/N-Ni 1.0 1 M 

KHCO3 

-0.9 V vs. RHE 300 91 19 
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