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Experimental Section:
Catalysts Synthesis
Preparation of carbon support

Ketjen EC 600JD (AzkoNobel) was stirred in 0.5 M HCI for 24 hours and then rinsed with DI
water to reach neutral pH. Afterwards, the dried carbon was refluxed in concentrated nitric acid
for 8 hours at 90 °C followed by rinsing with DI water till the pH value turned to 7. After drying
at 90 °C in the oven, the carbon will be referred to as carbon support. Before any further utilization
in catalyst synthesis, the carbon support was sonicated in 50 mL DI-water till homogenously

dispersed.
Synthesis of Fe-N-C

Preparation of the Fe-N-C follows a procedure published in Ref'. 3 ml of aniline, 5 g iron chloride
(FeCls) and 5 g ammonium persulfate (APS, (NH,4),S,0g) was added to 0.5 L of 1 M HCI and
stirred for one hour. Then, the suspension was stirred for 48 hours along with 0.4 g of dispersed
carbon support. Afterwards, the suspension was dried at 95 °C for 24 hours. After drying, the solid
mixture was ball-milled in a Zr,O3 container with Zr,0O; balls (ball diameter 1 cm). Heat treatment
(HT) was performed in a furnace with a ramp of 30°C min-! to 900 °C and kept at this temperature
for 1 hour within N, atmosphere (flow rate: 30 ccm). After cooling down, the material was washed
in 2 M sulfate acid (AW) overnight and rinsed to neutral pH by use of vacuum filtration. An HT-
AW- HT-AW-HT-procedure was performed to obtain the final Fe-N-C catalyst.

Synthesis of Ni-N-C

The synthesis of Ni-N-C is analogous to the Fe-N-C preparation but NiCl, is used as metal

precursor and one additional AW-HT cycle is performed compared to Fe-N-C.

Note: Distinct from iron, metallic nickel has a special interaction with carbon species. This is why
nickel is commonly used as a catalyst for nanotube growth.? 3 Taking this into consideration, Ni
particles formed during the synthesis are likely to be further covered and encapsulated by the
carbon matrix. This results in the formation of acid-unsolvable Ni particles, protected by a carbon
layers and strong signals in the XRD from a crystalline phase (Fig. S1). In Figure S2, we measured

that the thickness of the dense carbon layer is over 10 nm, denying the corrosion by the acid-



treatments during the synthesis steps, while simultaneously blocking any catalytic reactivity of

such particles as well as the XPS detection (on the crystalline).
Synthesis of metal free N-C

The synthesis of the metal free PANI (N-C) starts with an identical route to the Fe-N-C preparation
but does not involve any metal precursor. The N-C catalyst is obtained after the first HT and does

not involve any AW steps.



Physical and Chemical Characterization

Powder X-ray diffraction (PXRD) patterns were recorded with Bruker D8 Advance instrument
with Cu Ko radiation (A= 1.54056 A) in the 20 range of 10-90°. Transmission Electron Microscopy
(TEM) was performed using a FEI Tecnai G2 Microscope 20 S-Twin with a LaB6-cathode at 200
kV accelerating voltage (ZELMI Centrum, Technical University of Berlin). The samples were
ultrasonicated in ethanol and drop-casted onto Cu-grids. Corresponding analysis was done using
software from ImageJ. Specific surface area was obtained from N, physisorption measurements
conducted on an Autosorb-1 (Quantachome Instruments) using Brunauer-Emmett-Teller (BET)
theory and the electrochemical double layer capacitance of the 3 PANI candidates was measured
in N, saturated neutral potassium hydrogenphosphate solution (0.05 M K;POy4 + 0.05 M H3POy,,
pH = 6.9) at the scan rate 15 mV s!, 10 mV s!, 5 mV s' and 1 mV s'. CO chemisorption
measurements were performed using “Thermo Scientific TPD/R/O 1110”. For each measurement,
100150 mg of the as prepared catalyst was loaded in the sample chamber and the tests were
performed in helium atmosphere (He flow: 20 ccm) at —80 °C with six CO pulses. Bulk metal
content was measured with Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES). X-ray photoelectron spectroscopy (XPS) measurements was performed using Thermo
Scientific K-Alpha® X-ray Photoelectron Spectrometer. All samples were analyzed using a
microfocused, monochromated Al K a X-ray source (1486.68 eV; 400 um spot size). The K-
Alpha* charge compensation system was employed during analysis to prevent any localized charge

buildup. The N1s spectra was analyzed using the software CasaXPS.
Density Function Theory Calculation

The M-N-C models were created in ASE by a 3 x 5 unit cell of graphene with a functionalized
Metal-N, site, having the outmost carbon atoms fixed in position and periodic boundaries were
applied. Furthermore the Ag(111) structures was made by a 3 x 3 x 3 slab model, with the two
lower layers fixed and periodic boundaries. The electronic calculations were carried out with the
GPAW software* with the projector augmented wave method, spin polarization for the M-NC
models and the revised Perdew—Burke—Ernzerhof (RPBE) functional.> We applied a 0.18 grid
spacing together with a (2 x 2 x 1) and (4 x 4 x 1) k-point sampling for the M-NC and the Ag(111)
slab. All the structures were relaxed to a force below 0.1 eV/A. The free energy diagrams were

calculated using the hydrogen electrode® and thermodynamic values from reference.” The



functional error of the calculated CO, RPBE energy was corrected by 0.45 eV together with a -OH

water correction of 0.25 eV and a *CO water correction of 0.1 eV.8

Electrochemical Characterization with H-Cell

A catalyst ink was produced with 15 mg catalyst, 150 pl isopropanol, 800 ul DI water, and 50 pl
5 wt.% Nafion perfluorinated resin solution (Sigma-Aldrich). After the dosing and mixing, the ink
suspension was sonicated using an ultrasonic horn for 8 minutes. 50 ul of ink were deposited onto
glassy carbon with 1 ¢cm? area resulting in a catalyst loading of 0.75 mg cm™. The catalyst ink of
the reference AgOy (Sigma-Aldrich, Ref. Nr.:223638) sample was prepared analogously. The
prepared electrode was inserted into a CO,-saturated, 0.1 M KHCOj solution (Honeywell) in a two
compartments, home-made H-cell, divided by an anion exchange membrane (Selemion AMV,
AGC Engineering Co., LTD). The electrochemical reduction reaction is controlled using a SP-300
potentiostat (Biologic). 50% of the ohmic drop was automatically corrected and the rest was
corrected manually. Before the bulk CO, electrolysis, a Linear Sweep Voltammetry step (LSV)
was performed at the scan rate 5 mV s! from -0.1 V vs. RHE towards the desired working potential

and then kept the potential constant for 60 minutes.

CO; Reduction in Micro Flow Cell

Measurements at high current densities were performed in a commercial Micro Flow Cell (MFC)
supplied by ElectroCell. In all Flow-Cell experiments a commercial Ir-MMO plate (ElectroCell)
was used as anode. The catalyst-inks were spray-coated on the microporous layer (MPL) of a
Freudenberg C2 gas diffusion layer (GDL) on a geometric area of 3 c¢cm? to achieve a catalyst
loading of 1 mg cm. Nafion (Sigma-Aldrich, 5 wt% resin solution) was used as binder and for
ionic conductivity of the catalyst-layer. For usual fabrication of the respective inks 6 mg of the
AgOy catalyst, or 15 mg of the M-N-C powders were dispersed with 60 pl Nafion solution in a
mixture of Milli-Q water and isopropanol. An aqueous solution of 1 M KHCOj; was used as anolyte
and catholyte, which were separated by an anion exchange membrane (Selemion AMV, AGC
Engineering Co., LTD.). Both electrolytes were cycled through each respective compartment at
100 mL min'!. The CO, feed was supplied at rate of 50 mL min™! to the cathode and was flown

from the back of the carbon paper through the catalyst-layer. Measurements were performed



galvanostatically for two hours at each respective current during the catalytic tests, sweeping the

current from low to high values.

Products Quantification

The gas (CO,: 99.999%) was continuously purged into the cell and the exhaust was directly
introduced to the Online GC (Shimadzu GC 2014) for H-Cell experiments, whereas the
catholyte/gas mixture was returned to the catholyte reservoir first, in the Flow-Cell, from where
sampling was performed. Gas products were analyzed at 15 and 60 minutes (H-Cell) or every 30
min (Flow-Cell) of bulk electrolysis by Flame Ionization Detector (FID, for CO, CO,, CH,4 and
C,Hy) and Thermo Conductivity Detector (TCD, for H,, O, and N;). After the reaction, the
electrolyte was injected in HPLC (Agilent 1200, Detector: RID, for formate) and liquid GC
(Shimadzu 2010 plus, Detector: FID, for alcohols) for liquid products quantification. Calculation
details are presented in the Supplementary Equations S1-S4.



Equation S1. Production Rate of Gas Products
V=C
AxVy,

n=

N Generation rate of the product / mol s cm?

V. co, gas flow rate / L s/

C: Concentration of the product detected by GC - Volume fraction
A: Geometric area of the electrode / cm~

Vi: Molar Volume / 22.4 L mol!

Equation S2. Faradaic Efficiency of Gas Products
nxz*F
FE= —~ " x100%
Jtotal
N Generation rate of the product / mol s cm?
FE: Faradaic Efficiency of the product / %
z: Charge transfer of each product

F: Faradaic Constant / C mol!

Jtotal: Total current density during CO; bulk electrolysis / A cm™

Equation S3. Partial current density
FEx * jtotal
100

Jx
Jx: Patial current density / mA cm™

FE: Faradaic Efficiency of the product / %

Jrowi total current density / mA cm?

Equation S4. RHE potential

Epig = Eper + Eqgjagci+0.059 * pH + U x 1

Erye: RHE potential /' V

Eger: Applied potential against the reference electrode /' V

Egugci: Potential of the reference electrode measured against NHE (0.21 V) /' V
PH: pH-value of the electrolyte

U: Ohmic resistance between working and reference electrode / Q

I: Total Current of the experiment



Physical and Chemical Characterizations

Table S1. Physical and chemical Characterizations

¢) Metal d) Metal

a) BET b) DL-Capa )
) ) P content ratio

O ratio S ratio

Sample mg' pF cm” wt.% (ICP) %, (XPS) 7o state Yore
Fe-N-C 634 72.4 1.05 0.82 3.55 053 8892 60
Ni-N-C 238 22.5 10.2 0.38 191 1.17 92.88 0

N-C 174 25.3 -- --

339 1.03 88.9 0

a) BET: N, ad/desorption-based surface area; b) Double layer capacity values, geometric area of

each electrode is 1 cm? with 0.75 mg cm catalyst loading; ¢) Overall metal content determined

from ICP-OES measurement. d) Interfacial atomic ratio quantified with X-ray photoelectron

spectra. e) CO uptake at -80°C based on CO chemisorption measurement.
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Figure S1. Powder XRD patterns of N-C, Fe-N-C and Ni-N-C catalysts.



TEM image of encapsulated crystalline nanoparticles in Ni-N-C catalyst

Thickness,= 10.3 nm

Figure S2. HR-TEM image of carbon-encapsulated crystalline nanoparticles in Ni-N-C catalyst.

BET surface area and Pore size distribution:
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Figure S3. a) N, specific ad/desorption isotherm profile; b) pore size distribution of the N-C, Fe-
N-C and Ni-N-C catalysts.



Interfacial surface area determination: BETSA vs. ECSA
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Figure S4. Cyclic voltammetry of a) N-C, b) Fe-N-C and c) Ni-N-C catalysts conducted in N-

saturated 0.05 M K,HPO,+ 0.05 M KH,PO, (pH=6.9) solution at scan rate 15 mV s}, 10 mV s,

5mV s, 1 mV s! to determine the double layer capacity. Potential was scanned between -0.1 and

0.42 V vs. RHE. d) Double layer current densities (extracted at +0.16 Vryg) on N-C, Fe-N-C and

Ni-N-C catalysts at each scan rate. e) Correlation of double layer capacity (ECSA) and the N,

adsorption derived BET surface area (BETSA). Catalysts loading: 0.75 mg cm™.



X-ray Photoelectron spectra:
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Figure S5. X-ray photoelectron spectra. a) Survey XPS spectra of the PANI derived materials with
the main features assigned and high resolution spectra of b) N1s of M-N-C catalysts according to
the peak positions: M-Ny moieties (399.7eV), pyrrolic (401.3eV), pyridinic (398.6eV),
quaternary (402.5 eV), and graphitic (403.9 eV) according to ref>-!! ¢) Fe2p assignment of Fe-N-
C and d) Ni2p of Ni-N-C. Please note, XPS data on Fe-N-C and N-C catalysts were already
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Electrochemical CO,RR in H-cell
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Figure S6. a) Geometric CO production current densities and b) CO faradaic efficiency as a
function of applied IR-corrected electrode potential. Lines to guide the eye. Conditions: 60 min at

constant electrode potential in CO,-saturated 0.1 M KHCOj3 with 0.75 mg cm catalysts loading.
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Figure S7. Faradaic efficiency of CH,4 as a function of applied IR-corrected electrode potential.

Lines to guide the eye. Conditions: 15 min at constant electrode potential in CO,-saturated 0.1 M

KHCO; with 0.75 mg cm catalysts loading.



DFT calculation of different Ni-Nx-C coordination motifs
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Figure S8. Free energy diagram of CO, reduction to CO on the Ni-N-C and Fe-N-C catalysts.

Influence of hydrogenating the Ni-N4-C on the binding strength for the *COOH and *CO

intermediate.



Polarization curve and partial CO current in the MFC:
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Figure S9. Catalytic testing in flow-cell under current control on N-C (black), Fe-N-C (red), Ni-
N-C (blue) and AgOy (cyan) catalyst. IR-corrected polarization curve (a), partial current for CO
formation as a function of current density (b) and CO faradaic efficiency as a function of iR-
corrected potential (c¢). Catalyst loading of 1 mg cm™ on a total GDE active geometric area of 3

cm? in CO, saturated 1 M KHCOs. Lines to guide the eye.



SEM measurements of the Ni-N-C and AgOx GDE before and after reaction in the MFC:

Figure S10. SEM images of the Ni-N-C catalyst before (a) and after (b) electrolysis, as well as the
silver catalyst before (c) and after (d) electrolysis. In both cases, testing was performed in the MFC.



Stability test of Electrochemical CO,RR in the MFC:
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Figure S11. Stability test of Ni-N-C GDL for CO,RR on in MFC. a) Faradaic efficiency of CO
and b) Cell potential (voltage) as a function of stationary electrolysis time. Conditions: 20 hours at
constant 200 mA cm? working current density in CO,-saturated 1 M KHCO; with 1 mgcm™

catalysts loading and 3 cm? total geometric electrode area. Line to guide the eye.



Table S2: Summary table of the catalytic performance towards CO,RR referred to Gas
Diffusion Electrode.

Catalysts Electrolyte Reported condition | Potential (Vruyg) | Product efficiency | Reference
NOBLE METAL
REFERENCE: 1.5M R FEco: ~80 %
Ag-based GDE KHCOy/ 0.1 Wi flfi,’:'AcZ’:'r ont 14Schmid
Cat. Loading: M K,SO, 8 jco: 240 mA cm?
Not given
NOBLE METAL
REFERENCE: 1 M KHCO;3 Over -1.2 FEco: 90 %
CD-Ag/PTFE 150 mA cm?? I5Sargent
Cat. Logding: 1 M KOH Working current 0.8 FEco: 90 %
Not given
M-N-C Candidates: -0.75 V' vs. RHE FEco: 90% o
Ni-GS 0.5M X . ) Jiang et
. Working current -0.75 Jco: ~54 mA cm
Cat loading: KHCO;3 e . 3 al.
= below 60 mA cm j60A g
0.2 mg cm
M-N-C Candidates: CO: ~85%
Ni-PANI 50 to 700 mA cm> Jjco: >200 mA .
Cat loading: IMIECHCO; Working current U cm? LI LT S
1 mg cm? (>200A g
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