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Benchmarking

Table S1: Benchmarking of well-known electrocatalysts reducing COz to acetate.

Potential Current FE (%) Other
entry Catalyst )/ density for Products Electrolyte | Reference
(mMA cm?) | Acetate
. -1.05 V 0.1M
- [1]
1 Cu Foil vs RHE 7 0.3 C2H4, CH4 KHC03
Nanostructured
iron (1) -05Vvs 0.05M
2 oxyhydroxide | Ag/AgCl -0.36 60.9 HCOOH ' 2]
) KHCO;
on nitrogen- (3 M)
doped carbon
CH4, C2Hg
Mesostructured -0.57V ' ' 0.1M
3 -0.66 2.54 CzHa, n- (3]
Cu vs RHE CsH,0H KHCO3
N-doped
. -1.0V s -1.0 no other 05M
4 nanodiamond/ 77.6 4]
Si rod array RHE (approx) products NaHCO;
_ _072 V _ CH4, C2H4, [5]
5 Cu-Ag poly vs. RHE 78.8 4.2 C,H-OH 1 M KOH
-1.33V i CO, CHg, 05M [6]
6 CUzAgs vs RHE 0.85 2121 HcooH | KHCO;
-1.4Vvs HCOOH 05 M
- ' [71
7 Cu NP/CNT Ag/AGCI 100 56 CHsOH KHCO:
-1.25V 0.1M
8 Mn-Cor-CP Vs -0.8 63 CHC38H’ phosphate | This work
Ag/AgCl buffer (pH 6)




Experimental Section

Materials

All solvents and chemicals were purchased from commercial suppliers and were used without
further purification, unless otherwise noted. The aqueous solutions were prepared using Merck
HPLC grade water. Dry acetonitrile stored within a molar sieve MB-SPS-7, M. Braun Inert gas-
System GmbH (Garching, Germany) under argon and HPLC grade water has been used for all
spectroscopic and electrochemical measurements. Tetrabutylammonium hexafluorophosphate
(TBAPFs, Alfa Aesar) was recrystallized twice, with absolute ethanol, dried under high vacuum
and stored under argon before use. 5,1015-tris(pentafluorophenyl)corrole was synthesized
according to literature® Toray Carbon Paper, 19x19 cm, was purchased from Alfa aesar, D20 (D,
99.96 %) used in NMR and isotopic study, was purchased from Cambridge Isotopic Laboratory.
13C0O2 (99.0 atom %) from Icon isotopes U.S.A, was used for isotope labelling study. H20*8 (98.0
atom %) was purchased from Aladdin Industrial Corporation. CO2 and Ar used in electrochemical
measurements were purchased from Praxair with a purity of 99.95 %.

Material synthesis and characterization

Moisture sensitive syntheses were carried out under argon atmosphere using normal Schlenck-
technique and under reduced light conditions.

Free base 5,10,15-tris(2,3,5,6-tetrafluoro-4-(MeO-PEG(7)thiophenyl)corrole HsTpFPC(-S-
PEG(7)-OMe);l!

29 mg sodium hydride (95 %, 19 equiv., 1.19 mmol) were dissolved in 5 mL THFary in a 25 mL
Schleck-flask under argon atmosphere. Further 69.4 uL MeO-PEG(7)-thiol (3.2 equiv., 74 mg,
0.207 mol) were added with subsequent addition of 50 mg 5,10,15-trispentafluorophenylcorrole
(HsTpFPC) (0.0632 mol) in 5 mL THFary, and the reaction was stirred at room temperature for
20 min. The reaction was monitored via TLC (aluminium oxide 60, neutral) and mass
spectroscopy. After complete conversion, 10 mL water were added to quench the reaction. 10 mL
0.1 M HCI were added to the water-THF phase and extracted three times with 20 mL ethylacetate.
The combined organic phases were dried over Na2SOs, filtered and evaporated to dryness.
Purification was performed via column chromatography (aluminium oxide 60, basic, activity level
11, DCM:MeOH (200:1). HsTpFPC(-S-PEG(7)-OMe)s (102 mg, 0.0565 mol, 90 %) was obtained
as a turquoise-purple solid.

Rf=0.31 (DCM/MeOH 100:1); *H-NMR (300.1 MHz, CDCls, 25 °C): § =9.09 (d, 3Jn,x= 4.14 Hz,
2H; pyrrole-H), 8.80 (d, 3Jnn = 4.38 Hz, 2H; pyrrole-H), 8.61 — 8.58 (m, 4H; pyrrole-H), 3.91 (t,
3JuH = 6.20 Hz, 6H; CH>), 3.74 — 3.71 (m, 12H; CH>), 3.68-3.65 (m, 12H; CH>), 3.61 (bs, 12H;
CH2), 3.56-3.55 (m, 18H; CH2), 3.52-349 (m, 6H; CH2), 3.42-3.39 (m, 12H;



CH?2), 3.26 (s, 9H; CHs) ppm; *°F-NMR (282.4 MHz; CDCls3; 25 °C): § = -133.63 (dd, JrF = 25.20
Hz, 4JrF = 11.87 Hz, 4F; Fortno), -134.06 (dd, JFF = 25.76 Hz, 3JrF = 12.12 Hz, 2F; Fortho), -137.56
(dd, 3JFF = 25.50 Hz, “JrF = 12.21 Hz, 2F; Fmeta), -138.22 (dd, 3JrF = 24.94 Hz, *JrF = 11.73 Hz,
4F; Fmeta) ppm; BC-NMR (125.8 MHz, CDCls, 25 °C): § =147.3 (d, YJcF = 245.7 Hz; Ar-CF),
147.1 (d, YJcF=246.5 Hz; Ar-CF), 145.7 (d, YJcF = 249.6 Hz; Ar-CF), 145.3 (d, 1JcF = 250.8 Hz;
Ar-CF), 147.0 (d, YJcF = 247.2 Hz; Ar-CF), 146.9 (d, YJcr= 247.4 Hz; Ar-CF), 146.3 (d, 3JcF =
247.2 Hz; Ar-CF), 146.2 (d, Ycr = 247.4 Hz; Ar-CF), 142.7-140.0 (m; CC), 134.4 (s; CC), 130.4
(s; CH), 127.6 (s; CH), 126.3 (s; CH), 122.0-121.1 (m; CH), 120.9-120.5 (m; CH), 118.5-118.2
(m; CH), 117.0 (s; CH), 115.9-115.3 (m; CH), 99.1 (s; CC), 95.4 (s; CC), 71.8 (s; CH2), 70.7-70.4
(m; CH2), 58.9 (s; CH2), 34.4 (s; CHz) ppm; HRMS (ESI): m/z calcd for Cs2H104F12N40O21S3:
1805.6236 [M+H]", 1827.6061 [M+Na]"; found: 1805.6273 [M+H]*, 1827.6096 [M+Na]";
UV/Vis (ACN): Amax (log(&)): 415 (5.2), 568 (4.4), 606 (4.2) nm.

Mn-Corrole: Mn (TpFPC)(-S-PEG(7)-OMe)s

212 mg HsTpFPC(-S-PEG(7)-OMe)s (0.1174 mol) and 320.5mg manganese(ll)acetate
tetrahydrate (1.3077 mol) were dissolved in 8 mL DMFary in a 25 mL two-neck round bottom-
flask under argon atmosphere. The reaction mixture was heated to reflux for 30 min and the
reaction progress was monitored via UV/Vis. After complete metalation, the mixture was extracted
five times with ethylacetate and an excess of a saturated sodium chloride solution. The organic
phase was washed with water, dried over sodium sulfate, filtered and evaporated under reduced
pressure. Purification was done via column chromatography (aluminium oxide 60, basic, activity
level 1I, DCM:MeOH (200:1), where the green product Mn (TpFPC)(-S-PEG(7)-OMe)s was
obtained with 87 % yield (110 mg, 0.0592 mmol).

Rt = 0.47 (DCM/MeOH 100:1); **F-NMR (282.4 MHz, CDCls, 25 °C): & = -115.52 (bs; 3F),
-130.47 (s; 9F); HRMS (ESI): m/z calcd for CszHi101F12MnN4O21S3: 1857.5382 [M+H]",
1874.5653 [M+NH4]*; found: 1857.5373 [M+H]*, 1874.5601 [M+NH4]*; UV/Vis (ACN): Amax
(log(é)): 375 (4.6), 404 (4.8), 419 (4.8), 443 (4.5), 471 (4.5), 496 (4.3), 547 (4.1), 583 (4.2), 620
(4.2) nm.



Methods

Preparation of the working electrode

The carbon paper was immobilized with the Mn-Corrole to obtain the working electrode
(A=1 cm?). Therefore, a 1 mM solution of Mn-Corrole in acetonitrile was drop casted over the
carbon paper to achieve a loading of 0.5 mg cm™. Further the prepared electrodes were washed
with high purity water (18 MQ) to remove the excess of acetonitrile completely and were dried
under high-vacuum. These electrodes were used as working electrode for all heterogeneous
electrochemical measurements.

Cyclic Voltammetry (CV) and controlled potential electrolysis (CPE)

All air and water sensitive measurements were conducted under argon-atmosphere and with dry
solvents. The electrochemical measurements have been performed in CHI 400A or Pine
WaveDriver 20 DC Bipotentistat/Galvanostat workstation. A three-neck gas tight cell has been
used for all electrochemical experiments. Every time before performing controlled potential
electrolysis the working electrodes were cleaned thoroughly using the electrolyte. Pt wire as
counter electrode and Ag/AgCl (1M KCI) as reference electrode were taken in all cases.
Electrolysis was carried out in 0.1 M phosphate buffer with pH 6, if not mentioned otherwise. For
electrochemical measurements conducted in non-aqueous medium, a 0.8 mM Mn-Corrole solution
in acetonitrile with TBAPFs (0.1 M) as the supporting electrolyte was prepared and a three
electrode setup with glassy carbon as working, platinum wire as counter and a nonagqueous pseudo-
Ag/AQCI referecene electrode were used. Ferrocen was added at the end of nonaqueous
measurements as an internal standard. The converted potentials against Fc/Fc* were converted to
V vs NHE with the conversion of +0.630 V vs NHE according to literature!*®l. Controlled potential
experiments for CO2 reduction were done under CO: saturated pH 6 phosphate buffer with
continuous CO2 purging, while that for water oxidation was performed with pH 6 phosphate
buffer.

Spectroelectrochemical-ultraviolet-visible experiments (SEC-UV-vis)

SEC-UV-vis measurements were performed with an Omni Specac optical transmission thin layer
electrode cell (OTTLE cell, optical path less than 0.2 mm) with CaF2 polished crystal optic
windows (41mm x 23mm x 6mm) from Apollo Scientific*!l. The cell consists of a light transparent
platinum mini grid (32 wires per cm?) as working, a platinum mini grid as counter and a silver
wire as pseudo-reference electrode. Potentials were applied with an Emstat® potentiostat
electrochemistry station. Time resolved UV-vis spectra were recorded with a Varian CARY 100
Bio spectrometer. The potential was held for 1 min before the UV-vis spectra were recorded. The
UV-vis measurment was completed after 1 min.



Spectroelectrochemical fourier-transform infrared spectroscopy (FTIR) measurements
(SEC-FTIR)

Infrared spectroelectrochemistry (SEC-IR) measurements were carried out on a SP-02 cell
(Spectroelectrochemistry Partners) attached to a Bruker Tensor 27 FT-IR spectrometer with a Pike
Miracle ATR unit. A PalmSens4 was used as potentiostat with a standard three-electrode setup
(WE: glassy carbon electrode, RE: Ag wire, CE: Pt wire). All measurements were carried out in
CO:z saturated acetonitrile/water (4:1) mixtures containing 15 mM of the “Mn-Corrole” species
and 0.1 M TBAPFs as electrolyte. Prior to each experiment, the electrochemical cell was degassed
with Ar for 10 min and the atmosphere was maintained throughout the measurement. Furthermore,
the working electrode was prepared by successive polishing with 1.0 and 0.3 pum sandpaper and
subsequent sonication in acetonitrile for 10 minutes. The WE was placed 200 um above the ATR
crystal and the potential was held for 800 s before the IR scan was initiated. The IR measurement
(128 scans) was completed in roughly 260 s.

Electro paramagnetic resonance spectroscopy (EPR)

Electro paramagnetic resonance spectroscopic measurements were performed on a Bruker EMX
CW-micro X-band EPR spectrometer equipped with an ER4119HS high-sensitivity resonator,
with a microwave power of Ca 6.9 mW and modulation frequency and amplitude of 100 kHz and
5 G, respectively. The EPR spectrometer was equipped with a temperature controller and liquid
N2 cryostat for low temperature measurements.

For electrochemical reduction, 1 mM Mn-Corrole solution in acetonitrile with TBAPFs (0.1 M) as
the supporting electrolyte, was prepared in the EPR-tube, Ag/AgCl (0.1 M KCI) as the reference
and Pt wire as the counter electrode were used. A Statron was used as potentiostat to control the
potential for electrochemical reduction. The EPR spectra were recorded for the fresh “Mn-Corrole”
and immediately after electrochemical reduction at 110 K.

Product analysis by GC-MS

GC-MS analysis was performed using Trace 1300 GC and 1SQ QD single quadrapole GC-MS
system equipped with a DB-624 capillary column (30 m x 0.32 mm x 0.2 um). On the other hand
gaseous products of the electrolyte were analyzed by a TCD detector equipped with a CarboPLOT
007 capillary column (25 m x 0.53 mm x 0.25 pm). For the detection of acetate the electrolyte was
first acidified by HClconc. and then the acetic acid was extracted into DCM. This extracted solution
was then used for GC-MS analysis. Methanol was analysed by heating the electrolyte solution in
a head space vial at 60 °C for 10 minutes and taking the 100 uL head space gas for the analysis.
During the electrolysis in closed cell, 200 pL of the head space gas was taken for the quantification
of evolved gas. CO and Hz were detected during the electrolysis in the cathodic region. For the
quantification purpose the peak area was converted into gas volume using calibration curve.



Product detection and quantification by 'H-NMR

All liquids products have been quantified by a JEOL ECS-400 NMR spectrometer using D20 as
solvent. 50 uL of 25 mM phenol and 7 mM DMSO solution was used as internal standard. For this
purpose we have followed a previously reported procedure. 400 L analyte was taken directly from
the reaction mixture for the *H-NMR analysis. Further suppression of water peak was conducted
in order to make the COz2 reduced product peaks visible. Acetate along with methanol were found
as only reduced product from *H-NMR with corresponding peaks at 1.79 ppm and 3.23 ppm
respectively (Figure S14B and S15). Number of scans and other spectral acquisition parameters
were kept fixed during all acquisitions. During the quantification of the samples, each peak was
normalized with respect to the DMSO peak at 2.6 ppm.

13C-NMR analysis was done using a Bruker (*H 500 MHz, *C 126 MHz) NMR spectrometer. For
13C enriched acetate and methanol, proton coupled **C-NMR measurements were performed.

Electronic Absorption Spectroscopy (EAS)

For recording UV-vis spectra, a 0.02 mg mL™ Mn-Corrole in acetonitrile solution was prepared as well
as for chemical reduction experiments. EAS was performed using a Shimadzu UV-vis
spectrophotometer (UV 1800) in UV-Probe 2.5 or a Varian CARY 100 Bio spectrometer. After
controlled potential electrolysis in cathodic and anodic regions, the Mn-Corrole was re-dissolved from
the working electrode to check its stability after the electrolysis.

High resolution mass spectroscopy (HRMYS)

High resolution mass spectra were recorded with a Agilent 6520 Q-TOF mass spectrometer with an ESI
source and an Agilent G1607A coaxial sprayer. The Analyses were conducted in the positive and
negative ionization mode.

X-ray photoelectron spectroscopy measurements (XPS)

XPS was performed by using a Theta Probe, Thermo Scientific, UK, using monochromatic Cu Ka
X-rays (hv = 1486.6 eV), spot size 400 microns and with a photoelectron take-off angle of 90°
with respect to the surface plane. Charge neutralization was achieved using dual flood gun. The
binding energies were corrected using the C1s peak at BE = 284.6 eV that arises from adventitious
hydrocarbon. Survey spectra were recorded with a pass energy of 200 eV with energy steps of BE
1 eV, the detailed spectra were recorded with a pass energy of 50 eV and with energy steps of BE
0.05eV.



Characterization of the free base- and Mn-Corrole
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Figure S1: *H-NMR of 5,10,15-tris(2,3,5,6-tetrafluoro-4-(MeO-PEG(7)thiophenyl)corrole HsTpFPC(-S-
PEG(7)-OMe); in CDCls.
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Figure S2: *F-NMR of 5,10,15-tris(2,3,5,6-tetrafluoro-4-(MeO-PEG(7)thiophenyl)corrole HsTpFPC(-S-
PEG(7)-OMe)s in CDCls.
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Figure S3: *C-NMR of 5,10,15-tris(2,3,5,6-tetrafluoro-4-(MeO-PEG(7)thiophenyl)corrole HsTpFPC(-S-
PEG(7)-OMe)s in CDCls.
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Figure S4: HRMS of (2,3,5,6-tetrafluoro-4-(MeO-PEG(7)thiophenyl)corrole HsTpFPC(-S-PEG(7)-OMe)3
in MeOH.
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Figure S5: UV-vis spectrum of (2,3,5,6-tetrafluoro-4-(MeO-PEG(7)thiophenyl)corrole HsTpFPC(-S-
PEG(7)-OMe)s in acetonitrile.
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Figure S7: HRMS of Mn (TpFPC)(-S-PEG(7)-OMe)s in MeOH.
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Figure S8: UV-vis of Mn (TpFPC)(-S-PEG(7)-OMe)zin ACN.
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Characterization of Mn-Corrole on Carbon Paper electrode

XPS measurements before and after electrocatalysis
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Figure S9: (A) High resolution XPS spectra of the Mn-Corrole on Carbon Paper electrode before and (B)
after electrocatalysis reaction at -1.25 V vs Ag/AgCl over 5 h CPE, corresponding Mn2p, S2p and N1s,
binding energy regions and the peak quantification of Mn to N (ratios Mn/S = 1/3, Mn/N = 1/4) in each
case, indicating that the manganese ion is located in the center of the corrole macrocycle and Mn-Corrole
is adsorbed on the electrode surface in an unmodified way before as well as after electrocatalysis.
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Electrochemical measurements
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Figure S10: Cyclic voltammetry of Mn-Corrole dissolved in CHsCN wunder Ar containing
0.1 M TBAPFs as supporting electrolyte with glassy carbon as working, platinum wire as counter and
nonaqueous pseudo-Ag/AgCl as reference electrode with a scan rate of 100 mV s,

Electro paramagnetic resoncance (EPR) measurement
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Figure S11: EPR spectrum of Mn-Corrole in ACN under argon after electrochemical reduction, indicating
the formation of a Mn(l1)species.
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Heterogeneous electrochemistry with Mn-Corrole-Carbon Paper
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Figure S12: Controlled potential electrolysis of the electrochemical CO; reduction at varying potentials
(-1.1to -1.4 V vs Ag/AgCl) with Mn-Corrole-CP over 5 h, pH 6.
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Figure S13: Charge passed vs time plot for the controlled potential electrolysis over 5 h at varying
potentials with the Mn-Corrole modified-CP electrode.
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Figure S14: A) *H-NMR spectra of the liquid products formed after 5 h of constant potential electrolysis
at different potentials by Mn-Corrole-CP electrode (-1.1 V to -1.4 V vs Ag/AgCl, 0.1 M phosphate buffer,
pH 6, phenol as internal standard). B) *H-NMR spectrum of the liquid products formed after 5 h of
controlled potential electrolysis at -1.25 V vs Ag/AgCl by Mn-Corrole-CP electrode (0.1 M phosphate
buffer, pH 6, phenol as internal standard). C) *H-NMR spectrum of the liquid products formed after *CO;
reduction at -1.25 V vs Ag/AgCl for 5 h by Mn-Corrole modified Carbon Paper electrode (pH 6, 0.1 M
phosphate buffer).
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Calculation of Faradaic efficiency and Turn over frequency

Faradaic efficiencies (FE%) of the obtained products were calculated with the following
equation;*?

amount of product - n - F

Q

-100

FE% =

where
n = number of electrons involved in formation of one product molecule
F = Faradaic constant (96485 C mol)
Q = amount of charge passed through the working electrode (C)
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Figure S15: *H-NMR spectrum of the liquid products formed after CO; reduction at -1.25 V vs
Ag/AgCl for 5 h by Mn-Corrole modified Carbon Paper electrode (pH 6, 0.1 M phosphate buffer).
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Molar concentration (mM) of the reduced product was calculated from the H-NMR
spectrum using the following procedure:
NMR sample contains:

400 pL analyte + 50 pLL. D20 + 50 uL external standard (7 mM DMSO + 25 mM phenol)

Total volume of the NMR sample = 500 puL

Effective strength of DMSO in the sample = (7 mM - 50 pL)/500 pL= 0.7 mM

IH-NMR signals of acetate and methanol were integrated and normalized with respect to
DMSO.

From the *H-NMR integration results: amount of acetate in the sample = 0.39 mM

In 400 pL analyte the amount of acetate is = 0.39 mM - 0.4 mL = 0.156 umol

Total volume of the electrolyte taken for the CPE = 30 mL

So, total amount of acetate produced during electrolysis (at -1.25 V) = 11.7 umol

Total amount of charge passed after 5h=14.4C
Faradaic efficiency of acetate at -1.25 V after 5 h of electrolysis:

— 11.7-10°°- 8 - 96485 100
o 14.4

=62.7

Turn Over Frequency (TOF) was calculated using the equation;*?!
TOF — 1 FE
N - F - ngy

=8.25h't
where

i = current (A)

FE = Faradaic efficiency for acetate

N = Number of electrons in the half reaction (N = 8 for COz2 to acetate conversion)
F = Faradaic constant (96485 C mol™)

Ncat = total moles of the catalyst employed for the electrolysis
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(A)

Figure S16: A)*H-NMR spectrum of the electrolyte after 5 h of CO; electrolysis with blank CP as working
electrode at -1.25 V vs Ag/AgCI (Phenol and DMSO as internal standard). B) *H-NMR spectrum of the
electrolyte after electrocatalysis with free-base corrole-CP at -1.25 V vs Ag/AgCl after 5h CPE. C) *H NMR
spectrum of electrolyte with PEG7-OMe-SH on CP at -1.25 V vs Ag/AgCl after 5h CPE (20 mL electrolyte).
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After catalysis characterization

The following characterizations of the catalyst were performed after the controlled potential
experiment to check the stability and molecular integrity of the catalyst. After electrolysis, the
catalyst was dissolved of the electrode with acetonitrile, which was used for further analysis. From
its electronic absorption spectrum, no shift of the characteristic bands was observed, except a
hypochromic shift of the charge transfer band, which could be assigned to the absorption of CO2
and Hz0 on the axial site of the Mn-Corrole (Figure S17A).

The cyclic voltammogram measured after 5 h of CO2 electrolysis showed no shift of the cyclic
voltammetry curve along with nearly identical current density (Figure S17B) imparting stability
of the catalyst after extended hours of activity.
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Figure S17: Characterization of the Mn-Corrole after 5 h CPE at -1.25 V vs Ag/AgCl. (A) Electronic

absorption spectra before and after electrolysis in ACN. (B) Electrochemical characterization of the Mn-
Corrole-CP electrode by CV: before and after electrolysis.
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Effect of Deuterium subst
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Figure S18: Mass spectrum of deuterated acetic acid obtained after CO; electrolysis at -1.25 V vs Ag/AgCl
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Figure S19: Mass spectrum of deuterated methanol obtained after CO; electrolysis at -1.25 V vs Ag/AgCI
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by Mn-Corrole-CP in pH 6 phosphate buffer (D,O/H,0 = 1/5) for 6000 s.
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Reduction studies of possible intermediates

To get a deeper insight of which intermediates could be involved in the CO2 reduction mechanism,
contant potential electrolysis has been conducted with two different possible intermediates, formic
acid and oxalic acid, under the same conditions as used for COz2 reduction.

10 mM formic acid was added to 30 mL electrolyte (pH 6, 0.1 M phosphate buffer) to perform
reduction studies. *H-NMR analysis of the electrolyte after 6000 s CPE at -1.25 V vs Ag/AgCl,
confirmed the presence of methanol due to formic acid reduction as singlet at 3.23 ppm (Figure
S20). Apart from methanol no other product was detected from the *H-NMR and GC-MS after
formic acid reduction.

Same kind of reaction was also performed with 10 mM oxalic acid in 0.1 M phosphate buffer,
pH 6. After 6000 s of controlled potential electrolysis at -1.25V vs Ag/AgCl, the *H-NMR
spectrum of the electrolyte showed the formation of acetic acid as singlet at 1.79 ppm (Figure S21).
From these results it can be concluded that formic acid and oxalic acid are two key intermediates
for the methanol and acetic acid production respectively. The two pathways are different, which
was confirmed from the absence of acetic acid during the formic acid reduction and methanol
being absent after oxalic acid reduction.

23 HCOOH

TTTT UG T
100 90 80

X : parts per Million : 1H

Figure S20: *H-NMR spectrum of the electrolyte after 10 mM formic acid reduction with Mn-Corrole-CP
at -1.25 V vs Ag/AgCl for 6000 s.
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Figure S21: *H-NMR spectrum of the electrolyte after 10 mM oxalic acid reduction with Mn-Corrole-CP
at -1.25 V vs Ag/AgCl for 6000 s.
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DFT calculations

The geometry optimization and frequency calculations of all the structures were B3LYPM with
Grimme’s dispersion correction D3!*# as implemented in Gaussian 09 software package!*®!. Pople
basis set of valence double ¢ quality (6-31G*)*81 with polarization function over all the atoms (Mn,
S, O, N, C and H). The integral equation formalism of the polarized continuum model (IEF-
PCM)[" was used to consider the solvent water. DFT calculations were done using a Mn-Corrole
complex in which the PEG(7)-OMe unit was replaced with PEG(1)-OMe unit (Optimized Mn(l11)-
Cor structure is give in Figure S25 and the coordinates are given on
p.31-33). Analytical vibrational frequencies were computed to verify the nature of the stationary
states.

The results obtained were used to calculate the binding energy differences between various
geometries for CO2 reduction. Only Mn-Corrole molecule was modeled and not the support
electrode CP since the latter doesn’t influence the electroactivity. Theoretical redox
potential calculations were carried out using self-consistent reaction field (SCRF) approach
based on the integral equation formalism of the polarized continuum model (IEF-PCM)
level of theory and the solvation free energies (AGs®) for the complex in all the oxidation
states (Mn(I11), Mn) was found out using default options as given in Gaussian 098],

Adsorption and subsequent activation of CO-

On monitoring the change in the Mulliken charges on reduction of the metal center in
Mn-Corrole from Mn(lI1) to Mn(ID2®] it can be concluded that charge on the metal center has
changed from +1.129 (Mn(l11)) to +1.029 (Mn(l1)) while the charges on nitrogen atoms of both
the species have an average value of ca. -0.76. Further CO2 molecule gets adsorbed onto the 1 e~
reduced Mnt*®l centre via its C atom and the geometry of the CO2 molecule is a bent one (<O—C—
0: 145.6°, C-0: 1.19 A) as opposed to the linear form found in its free state which evidences the
presence of a more stable configuration (chemisorption) then other weak adsorptions
(physisorption)2°! between CO2 and the metal center (Figure S22(A)). This configuration is called
as bent (8) CO2 and this initial adsorption is accompanied by the charge transfer to the COz
molecule from the metal center resulting in the formation of metal bound carboxyhydroxyl
intermediate (Mn(111)-COOH) (Equation S4) where the bending in the protonated CO2 molecule
is further enhanced (<O-C-0O: 120.8°, C-O: 1.20 and 1.35 A) (Figure S22(B)).
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Figure S22: Optimized structures of (A) Mn-CO2 agsorbed @and (B) Mn(111)-COOH at B3LYP-D3/6-31g™* level
of theory (For clarity the S-PEG(7)-OMe unit is not shown).

During this process, the charge on the metal centre in (Mn(I11)-COOH) changes to +1.03 which is
slightly greater than that in free Mn(l11)-Cor and the charges on the carbon and oxygen atoms in
CO2 (C = +0.42, O = -0.42 and -0.57) were found to be different from that of the free CO:
(C =+1.05; O =-0.52 each) implying an occurrence of charge transfer. To probe into the origin of
charge transfer and the underlying mechanism, the interaction between Mn site of Mn(I11) Corrole
and carboxyhydroxyl species on the Mn(111)-COOH intermediate was studied. On examination of
HOMO orbital of Mn(I11)-COOH (Figure S23), a charge transfer transition between Mn(l11) dz?
orbital (35.64%) to n* antibonding orbital (55.59%) of CO2H was observed.?!]

Figure S23: Spatial representation of HOMO orbital of Mn(111)-COOH showing interaction of Mn(l1l)
with coordinated COOH".
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Possible equations involved in CO; electroreduction along with respective
reaction free energies:

Mn(III) 4 @™ = [MR(II)]™ wreereererrermsmssssnsenseete (51) AGyy = —2.88 eV
alternative (Hydride formation)

[MR(ID]™ + HY 4 €= = [MRII) — H]™ woeeeeeeeesesiiis (52) AGyy = +4.18 eV

[Mn(ID]™ + COu = [MN(II) — COy qgs]™  wweerereeesesssmssssssmnisinisisisiees (§3) AGyy = —0.21eV

[Mn(II) — CO, ggs]™ + HT = [Mn(III) — COOH®  «eeoveremsmmnimiiiiiiiiciii, (54) AGyq = +0.74 eV

Carbon Monoxide Pathway:

[ Mn(III) — COOH]O + H* + e~ > [Mn(III) — CO]O F HyO covvveeseveeennnenninneninens (S5)

Acetate Pathway:

[Mn(III) — COOH]® 4+ COy + e~ = [Mn(III) — OCO — COOH]™ +wreereeerreeseeseneene. (56) AGyq = —1.04 eV
[Mn(III) — 0CO — COOH]™ + 2H* + 2e~ - [Mn(III) — 0CO — CHOI° + H,0 - (S7) AGyq = —0.77 eV
[Mn(II) — 0CO — CHO]® + 2H* + 2e~ — [Mn(III) — 0CO — CH,0H]® ++eseen- (58) AGyq = —2.40 eV

[Mn(II) — 0CO — CH,0H]® + 2H* + 2e~ » [Mn(III) — 0CO — CHs]~ + H,0 - (59)

Methanol pathway:

[Mn(III) — COOH]O +HY+ e” - [Mn(II) — HCOOH]O ..................................... (510)
[Mn(III) — HCOOH]® + e~ = [Mn(III) — HCO']? + OH™ «+eereveerveerunsinnniinnicnninnns (511)
Mn(III) —HCO 4+ e + Ht = Mu(III) — HCHQO ++++soeeevverrreeesmmmniniiiiiinnniiien (512)
Mn(III) — HCHO + e~ + H* - Mn(III) — OCH;  -ovveeermrmreeesiieeeniiie i (513)
Mn(III) — OCHs + e~ + H* = Mn(III) 4 CH3z0H -+eoveeeeseesemimiiiiiiiiiniiie, (514)
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Computational Redox Potential

The half-cell reaction corresponding to one electron reduction can be given as

Ox" (solv) + e~ — Red™* (solv)

where Ox = oxidized species and Red = reduced species.

Now the corresponding thermodynamic cycle for Gibbs free energy calculation is given as follows
(Figure S24)

AG 0, redox

gas
OXg + eg ! Redg
AGY (Ox) 0
' AGg (Red)
OXsoty + e + ~0, redox > RedSOIV
A(Tsolv

Figure S24: Thermodynamic cycle for the calculation of Gibbs free energy for the one electron reduction
process.

AGX1ed°% which is the standard Gibbs free energy of a redox half reaction in a solution which can

be calculated via the following equation:
AGI% = AGPas 4 + AG(Red) - AGS(0x)
solv gas S s
Where AGg;ffd"X, is the free energy change in the gas phase, AGS(Red) and AG?(0Ox), are the
solvation free energies of the reduced and oxidized forms respectively.

Further AGYr¢9°* = _F x E°

solv calc

where F = 23.06 kcal mol™* V! and E2,,. = standard one electron reduction potential.

calc

E:((:)alc Vs (Ag/AgCI) = Ec(:)alc - E:gHE - E:exp,Ag/AgCl
Where Eyr = absolute potential of the standard hydrogen electrode, in acetonitrile it is reported
to be at 4.429 VI and E,,, o,/agc1= €Xperimental redox potential of Ag/AgCI couple which is

0.222 V relative to the standard hydrogen electrode.

Absolute potential for the standard hydrogen electrode in water, Edyp = 4.281 V
For one electron reduction of Mn-corrole® — Mn-corrole’-
Eg@éwn(m)—)Mn(H): +3.356 \/

Vs (Ag/AQCl)acetonitrite = -1.29 V (Experimental value : -1.14 V)

EMn(III)—>Mn(II)
Vs (Ag/AQCHwater = -1.15 V (Experimental value : -1.20 V)

E

calc
Mn(I1I)-»Mn(II)
calc
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Figure S25: Optimized structure of Mn(lll)-Corrole at B3LYP-D3/6-31g* level of theory (orange =
manganese, blue = nitrogen, green = fluorine, orange = phosphorous, red = oxygen, black = carbon, pale

blue = hydrogen).

Coordinates of optimized geometry of Mn(l11)-Corrole
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