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Experimental Section

Chemicals

All chemicals including cyclam (98%), tetrabutylammonium tetrafluoroborate (n-BuyBF,) (99%),
Cu(Cl0O4),.6H,0 (99.9%), lactic acid (85% in water), DMF (99.8%) and MeCN (99.9%) were
purchased from Sigma-Aldrich. Fluorine-doped tin oxide (FTO) coated glass slides with 7Q/sq
surface resistivity and a thickness of 600 nm were purchased from Solems (France). They were
rinsed with acetone and deionized water in a sonication bath prior to use. Cu,O was deposited on
FTO electrodes by electrodeposition from 0.2M CuSO,4.5H,0 and 3M lactic acid in 0.5M pH 12
K,HPO4/K;PO4 aqueous buffer at a constant potential of —0,3V vs Ag/AgCl for 1h (charge
passed = 1.2 C.cm2).! Metallic copper was deposited on FTO electrodes through electrolysis of
Cu(NO3),.3H,0 (0.05M) in aqueous KNO; (0.1 M) pH 6 at -0.1 V vs Ag/AgCl.?
Electropolishing of polycrystalline copper plates was achieved in H;PO, 85% at 0.2V vs
Hg/HgSO, for 15 minutes as previously described.?

Methods

SEM images and EDX spectra were recorded with a FEG-SEM (Leo 1530) operating at 5 kV
and equipped with a Princeton Gamma-Tech EDX system operating at 15 kV. X-ray
photoemission spectroscopy (XPS) analyses were performed with a Kratos Axis Ultra DLD
using a high-resolution monochromatic Al-Ka line X-ray source at 1486.6 eV. Fixed analyzer
pass energy of 20 eV was used for core level scans. Survey spectra were captured at pass energy
of 160 eV. The photoelectron take-off angle was normal to the surface, which provided an
integrated sampling depth of approximately 15 nm. All spectra were referenced with an external

gold substrate with a binding energy of 84.0 eV for Au 4f. Data were analysed using the



XPSPEAKA4.1 software; AFM measurements were done with a Bruker ICOM microscope. X-ray
diffraction measurements have been performed with a Bruker D8 Advance equipped with a
Goebel mirror and 2.5° soller as primary optic and 0.23° secondary soller and a scintillation
counter as detector. Diffraction pattern were recorded between 25 and 80° at an incident angle of
1° with a step size of 0.06°. Cu-based reflections have been fitted with pseudo-Voigt profiles and
the given crystallite sizes were estimated via Scherrer equation from the FWHM of the

reflections which were corrected for instrumental broadening.

XAS measurements at the copper K-edge were performed at beamline KMC-1 of the Helmholtz-
Zentrum Berlin for Materials and Energy (formerly BESSY II).# Spectra were collected at 20 K
in absorption and fluorescence mode as described elsewhere.’ The scan range of the excitation
energy was 8843-10008 eV. The energy windows of the single channel analyzers for the 13
elements of the fluorescence detector were set to the K,-emission of Cu. No filter foil was put
between sample and detector. For energy calibration, the energy axis of the experimental data
was shifted by an offset such that the first maximum in the derivative of the reference signal (Cu
foil, 5 um thick) aligned with the value of 8979 eV reported by Bearden and Burr.® The EXAFS
oscillations were extracted by minimizing a “knot-spline”” with 5 knots between 8999 and 10008
eV, which then was subtracted from the data. For Fourier transformation of the k3-weighted
EXAFS oscillations, a cosine window function covering the first 10% and the last 40% of the

data k range (2—16 A—1) was used to suppress sideloop artifacts.

Electrochemical measurements were performed in a three electrode two-compartment cell using
a Bio-logic SP300 potentiostat. FTO-coated glass electrodes (see inset in Figure 1, electrolytic
tape was used to define a 1cm? electrode surface), rinsed with acetone and deionized water prior
to use, were used as working electrodes throughout the study. Connection of the FTO electrode
to the potentiostat was made via an alligator clip. Ag/AgCl/3M KCI (hereafter abbreviated as
Ag/AgCl) was used as the reference electrode and placed in the same compartment as the
working electrode. A platinum counter electrode was placed in a separate compartment
connected by a glass-frit and filled with the electrolytic solution. All potential values are given
versus the potential of the Fc*/Fc couple added as an internal standard to the solution after the

measurements.



Hydrogen evolution was analyzed with a Perkin-Elmer Clarus 500 gas chromatography equipped
with a porapack Q 80/100 column (6 1/8”) thermostated at 40°C and a TCD detector
thermostated at 100 °C. Carbon monoxide, methane and other volatile hydrocarbons from the gas
phase were analyzed using a gas chromatograph (Shimadzu GC-2010) equipped with a
methanizer, a flame induction detector (FID) and a shincarbon ST (Restek) column. Methanol
was assayed by gaz chromatography (Shimadzu GC 2010) using an Rtx-1 column (Restek) and a
flame induction detector (FID). Formate, oxalate and glyoxylate concentrations were determined
by ionic exchange chromatography (883 Basic IC, Metrohm). Formaldehyde was analyzed using
NASH and chromotropic acid methods.”> ® For cyclam, triazacyclononane and terpyridine
detection, the Cu-based modified electrodes were washed several times with the same solution of
aqueous hydrochloric acid (100 pL of 6M HCI). The solutions were collected together,
neutralized by adding 4.9 ml of 60 mM of Na,COs;. After evaporation to dryness, S00uL of water
and an excess (1 mg) of CuCl,.2H,0 were added. After 10 min, the suspension was centrifuged
and the supernatant was analysed by reverse phase HPLC. Cyclam and terpyridine complexes
were analysed on an Xbridge C18 column (Waters) with a water/acetonitrile 0.1% TFA gradient
system. Triazacyclononane complex was analyzed on an Atlantis C18 column (Waters) with 0.1
M carbonate—bicarbonate buffer (pH 9.2). Detection was achieved by UV absorbance at 260 nm
using a calibration curve obtained from cyclam, triazacyclononane and terpyridine solutions
similarly treated. The collected fractions were finally analyzed by ESI mass spectrometry.
Copper was quantified using an in-situ stripping electroanalytical method.® For the analysis, a
glassy carbon electrode was used and first polished using alumina slurries (0.05 pm) in water
and then ultrasonicated for 15 min in deinonized water. The Cu-based film was dissolved using
100pL of 6M aqueous hydrochloric acid and the resulting solution was added to a solution of 20
mM Hg(OAc), (10 mL) in 0.1 M acetate buffer pH 5.2. Then, Hg and Cu were co-deposited
from this solution on the glassy carbon electrode poised at —0.4V vs Ag/AgCl for 10 minutes.
Different pulse voltammetry (DPV) was used to acquire the signal of Cu (I;) over a potential
scan range from —0.4 to 0.5V vs Ag/AgCl. The concentration of Cu was then determined with
the formula given below thanks to a second measure achieved after addition of a standard 10 mM
Cu?" solution (200 uL) to the analyzed solution, and using DPV method to acquire the signal of
Cu (Ip).

I1 / I2 = [Cu2+]sample / ([Cu2+]sample + [Cu2+] added)



Quantification of formate within the film has been carried out using ionic exchange
chromatography (see above) after Cu-based film was dissolved using 100uL of 6M aqueous
hydrochloric acid. For carbonate/bicarbonate quantification, the dissolution step was carried out
in a gas-tight vial and the headspace was analyzed for the presence of CO, using gas

chromatography under similar conditions as for H, detection.

Electroactive surface area of the electrodes were determined under linear sweep voltammetric
conditions using the Randles-Sevcik relationship for the one-electron reduction of K;[Fe(CN)g]

in phosphate buffer (pH = 7). 10
i, = 2.69%10°%7 D2 ACV!”

with i, the peak current corresponding to the reduction of the redox species (Fe**/Fe?* couple), n
the number of transferred electrons (here n=1) , D the diffusion coefficient of [Fe(CN)y]*~
(6.2x107% cm?s7!), A the electroactive surface area, C the molar concentration of [Fe(CN)g]*~
(2.5x1073 M) and v the scan rate (here 0.1 V.s™!"). Calculated values are provided in the caption
of Figure SS5.

Determination of the standard potential of the CO,/HCOOH couple in DMF

Most of the method used below is directly taken from reference '! but we reproduce it in full for
the sake of clarity. Of note however is the fact that we do not include the interliquid junction
potential in the value of the standard potential of the CO,/JHCOOH couple versus NHE but in a
second stage when we refer it to the reference system used to measure electrochemical

potentials.

We will first determine the standard potential of the CO,/HCOOH couple in a solvent S and in
the presence of a weak acid AH referred to the aqueous normal hydrogen electrode (NHE). The

redox half-reaction reads as follows:

COys) +2 HAg) + 2 € = HCOOHjg) + 2A )
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Scheme S1

We used the thermodynamic cycle shown in Scheme S1 and derived the following equation

E%(CO,/HCOOH,AH)=E?,,(CO,/HCOOH)—

0 0
RTIn10 RT [Kh coyaqog) 208G, 4 soaq AGy, 1cooH, s-aq
pKa(s)(AH) In
F 2F h,C0,, S—g 2F
with

E%4(CO,/HCOOH) =-0.11 V vs NHE at pH 0 12

A6 L ° =0.186 eV
t, H', DMF-aq 11,13

0
AG, Hcoon, pMF—aqg == 0.05 eV

Pcoz/
PO
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(see below)

CO, with [CO,]s) the solubility if CO, in the solvent of interest under Pco, = 10° Pa; PO =
10° Pa and C°= 1 mol.L™!



[COzlpmr = 0.2 mol.L!* and [CO,],e= 0.038 mol.L!'13

RTIn10
We obtain E%r(CO,/HCOOH, AH) = -0.342Vvs NHE—  F

pKa g (AH)

Considering now that H,CO; formed by hydration of CO, is the strongest acid in the CO,-saturated
DMEF/H,0 (97:3 v/v) and using the pKa value of 7.37 previously determined for this couple in DMF,

We finally obtain:
E’%Mr(CO,/HCOOH, H,CO;) =—-0. 78 V vs NHE

To refer this potential versus the Fc*/Fc couple, we used the experimentally determined value of
E(Fc'/Fc)=0.50 V vs Ag/AgCI/KCl 3 mol.L! (Epg/agci = 0.210 V vs NHE) and corrected it
with the interliquid potential (0.142 V)!! between the aqueous electrolyte of the Ag/AgCl
electrode and the DMF solution containing n-BuyBF, (0.1 mol.L™"). This yields Epyp(Fc'/Fc) =
0.57 V vs NHE.

Thus E%pne(CO/HCOOH, H,CO;) =-1.35V vs Fc'/Fc

Determination of the solvation free enthalpy variation for HCOOH for the transfer from
DMF to water.

For the calculation of solvation free enthalpy, we used the SMD implicit solvation method'®
with the M05-2X DFT functional!” and the TZVP basis.!® We first check this method for the
determination of the solvation energy of formate in water, for which a value of —74.6 kcal.mol!
has been reported.'®> 2° We calculated a value of —73.39 kcal.mol™!, close to the experimental
value. We thus anticipate that this method could be quite accurate for the determination of
solvation free enthalpy variations, since systematic errors will be compensated during the
calculation.

The same method was then used for the calculation of the solvation free energy of formic acid in

different solvants:



AG,(HCOOH, water) =-7.19 kcal.mol™!
AG,(HCOOH, DMF) =-6.01 kcal.mol™!
AGY%, (HCOOH, CH;CN) = -5.74 kcal.mol !

thus,

AG, HCOOH,O DMF—aq =~ 1.18 kcalmol™ 1—_0.05eV
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Figure S1. Cyclic voltammograms of the blue material deposited from [Cu(cyclam)]*" as
described in Figure 1 successively measured in CO,-saturated DMF solution (3% H,0, 0.1M n-
BuyNBF,) (black, solid trace), after N, purge (red trace) and resaturation with CO, (black dashed

trace).
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Figure S2: Effect of water concentration in DMF on current densities during electrolysis of CO,-
saturated solutions at — 2.0 V vs Fc*/Fc. A blue electrode material (a charge of 3C passed during

electrodeposition from [Cu(cyclam)]*" was used. In the first experiment (left panel) the solvent



was pure DMF and water

was added (3% final) after 900 s. In the second experiment (right

panel), the solvent was DMF/H,0 (97:3 v/v) and water was added after 3500 s to reach 10%.
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Figure S3. Evolution of the electrocatalytic current during potentiostatic deposition of the blue

material from [Cu(cyclam)

Fc*/Fc (red trace) and —2.0

1** at different potentials: —1.5 V vs Fc¢*/Fc (black trace), 1.7 V vs
V vs Fc*/Fc (blue trace) on FTO electrodes (1cm?) in CO,-saturated

DMF (3% H,0, 1 M n-BuyNBF,) solutions of [Cu(cyclam)]*" (1.3 mM, 6 mL).
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Figure S4. Evolution of the electrocatalytic current during potentiostatic deposition of the blue
material at —2.0 V vs Fc*/Fc on FTO electrodes (1 cm?) in CO,-saturated DMF (red trace) or
CH3CN (black trace) solutions of [Cu(cyclam)]?** (1.3 mM, 8 mL) added with 3% H,O and 1 M
n-BuyNBF,.
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Figure S5. Evolution of the electrocatalytic current during potentiostatic CO, reduction assay at —
2.0 v vs Fc/Fc in DMF/H,0 (3%) solution measured for blue materials (1cm?ge,m) obtained by
electrodeposition from [Cu(terpy),]*" (red trace), [Cu(TACN)]** (blue trace) and [Cu(cyclam)]**
(black trace). The faradic yields for formic acid production were found to be respectively 49, 68

and 86%.
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Figure S6. Evolution of the electrocatalytic current during potentiostatic CO, reduction assay at —
2.0 v vs Fc'/Fc in DMF/H,O (3%) solution measured for the blue material obtained from
[Cu(cyclam)]** (blue trace, lcm?g,m) and FTO electrode (lecm?geom) modified through
electrodeposition as described for the preparation of the blue material but in the absence of
cyclam ligand (black trace). The faradic yields for formic acid production was found to be 86-
91% for the blue material and 58% for the material electrodeposited in the absence of the cyclam

ligand.
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Figure S7. Long-term (10h) evolution of the electrocatalytic current during potentiostatic CO,
reduction assay at —2.0 v vs Fc™/Fc in DMF/H,0 (3%) solution measured on a blue material-
modified FTO electrode (1cm?, black trace, obtained from [Cu(cyclam)]**) and unmodified FTO

electrode (red trace, 1 cm?).
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Figure S8. Evolution of the electrocatalytic current during potentiostatic CO, reduction assay at —
2.0 v vs Fc*/Fc in DMF/H,0 (3%) solution measured on various electrodes (geometrical area =
lcm?; the measured electroactive surface area A is indicated for each electrode): blue material
from [Cu(cyclam)]?* (blue trace, A = 2.26 cm?), metallic copper electrodeposited on FTO (black
trace, A = 2.55 cm?), electro-polished polycrystalline Cu plate electrode (green trace, A = 1.32
cm?) and Cu,O electrodeposited on FTO (red trace, A = 2.08 cm?) . The faradic yields for formic
acid production was found to be 58% for electrodeposited metallic copper, 32% for electro-
polished polycrystalline Cu plate electrode and 53% for the Cu,O/FTO electrode. Under similar
conditions, the blue material displays faradic yield of 88+/-3 %.
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Figure S9: AFM image of the edge of a scratch made in the surface of a blue electrode material
(left panel) and variations of the thickness of the film across the corresponding line mapping
(right panel)
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Figure S10. SEM image and Energy-dispersive X-ray spectroscopy (EDAX) spectrum of the
blue material obtained from [Cu(cyclam)]*". Two differents areas are analyzed: on the left side,

large particles (um in diameter) and on the right side, nanoparticles with 100 nm diameter.
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Figure S11. XANES spectra of Cu(Il) compounds recorded at the Cu K edge: (red) blue material
from [Cu(cyclam)]*" (deposition of 1C.cm™?), (green) Cu(Il) oxide, (orange) Cu(Il) oxalate,
(blue) Cu(IT) malachite and (black) [Cu(cyclam)](ClOy),.
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Figure S12. Fourier transforms of k3-weighted EXAFS spectra recorded at the Cu K edge: (red)
spectrum of the blue material from [Cu(cyclam)]** (deposition of 1C.cm™2) after subtraction of
metallic contribution and (blue) Cu(I) oxide (Cu,0). The peaks of Cu(I) oxide are labeled with
the absorber-ligand distances of the corresponding O and Cu coordination shells. The first and
second main peaks in the Cu-based material spectrum are labeled with 1 and 2. Peak 1 and 2
were fitted with a model based on the crystal structure of Cu(I) oxide. For peak 1, the fitted Cu-O
coordination yields a distance of R=1.86 = 0.02 A and, for peak 2, the fitted Cu-Cu coordination
a distance of R=2.98 = 0.02 A. These are a bit longer than the corresponding Cu(I) oxide
distances and, therefore, indicate the presence of an additional Cu(Il) species (see Table SI).
This is supported by the fitted coordination number of N=2.4 + 0.5 for peak 1 which is higher
than N=2 for Cu-O in Cu(l) oxide and points towards Cu(Il) species with N=4. The low
amplitude of peak 2 indicates that the Cu(l) oxide in the blue material is very disordered at
higher distances than 1.83A.
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Figure S13. Top: Evolution of the electrocatalytic current during potentiostatic CO, reduction
assay at —2.0 V vs Fc¢*/Fc in DMF/H,0 (97:3 v/v) solution measured on FTO electrodes modified
with the blue material (1cm?) from [Cu(cyclam)]?>*. The electrodes differed by the quantity of
charge passed during the deposition step: 1.0C (red trace) and 4.0C (blue trace); Bottom: XRD
diffraction pattern recorded on the FTO substrates ( black trace), 1C-deposited blue material film
(red trace) and 4C-deposited blue material film (blue trace). Peaks assigned to Cu and Cu20

crystallites are labelled with circles and squares, respectively.
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Figure S14. Evolution of the electrocatalytic current during potentiostatic CO, reduction assay at
—2.0 V vs Fc'/Fc in DMF/H,0 (3%) solution measured on FTO electrodes modified with the
blue material (1cm?) from [Cu(cyclam)]** (4C passed the deposition) without O, plasma
treatment (blue) and after 30 minutes O, plasma treatment at the power of 100W (red). Under
these conditions, HPLC titration indicates almost complete removal of the cyclam ligand from
the film. For comparison, the evolution of the electrocatalytic current under similar conditions
but measured for the FTO electrode (1cm?eeom) modified through electrodeposition as described

for the preparation of the blue material but in the absence of cyclam ligand is shown as a black
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trace.
Compound First Cu-O/N distance Coordination number N
[A]
1C.cm™ blue material from 1.86 = 0.02 24+0.5

[Cu(cyclam)]**




Cu(I) oxide 1.83 2
Cu(Il) malachite 1.93 2
Cu(II) oxalate 1.94 4
Cu(II) oxide 1.95 4
[Cu(cyclam)](ClOy,), 2.03 4

Table S1. Selection of investigated Cu compounds ordered according to the respective Cu-O/N
distance. The corresponding coordination numbers are presented in the third column. The Cu-
O/N distances were determined by simulation of the EXAFS spectra of the compounds (curve
fitting of A3-weighted EXAFS spectra). For the blue material, the Cu-O distance and the
coordination number were determined by simulation of the EXAFS spectrum as obtained after
correction for a metallic contribution of 20%.
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